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Accurate Evaluations of Intermolecular Potentials

Berta Fernández Rodríguez

University of Santiago de Compostela, Santiago de Compostela, Spain

Results of the accurate evaluation of ground-state intermolecular potential energy surfaces of weak intermolecular complexes will 
be presented. In particular for the He-C2H2

1 and the CO-N2 complexes. We used coupled-cluster methods and large basis sets 
extended with sets of midbond functions.2 With the obtained potentials, we calculated the bound states and compared the results with 
those of previous theoretical studies and the experimental data available.

1 N. Moazzen-Ahmadi, A.R.W. McKellar, B. Fernández, D. Farrelly, J. Chem. Phys. 142 , 084312 (2015) ; http://dx.doi.
org/10.1063/1.4913492.

2 F. M. Tao and Y. K. Pan, Mol. Phys., 19, 553 (1970).

Fernández Rodríguez, Berta

http://dx.doi.org/10.1063/1.4913492
http://dx.doi.org/10.1063/1.4913492
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Nonadiabatic Dynamics of Photoinduced Proton-Coupled Electron Transfer

Sharon Hammes-Schiffer

University of Illinois, Urbana, IL, USA

Photoinduced proton-coupled electron transfer (PCET) plays an essential role in a wide range of energy conversion processes. 
Experiments on a phenol-amine complex in solution have provided evidence of an electron-proton transfer (EPT) excited state 
characterized by both intramolecular charge transfer and proton transfer from the phenol to the amine. Quantum mechanical/molecular 
mechanical nonadiabatic dynamics simulations were used to investigate the relaxation pathways following photoexcitation of this 
complex. The potential energy surface was generated on-the-fly with a semiempirical multiconfigurational method for the solute 
and a molecular mechanical force field for the explicit solvent molecules. The transferring hydrogen nucleus was represented as 
a quantum mechanical wavefunction, and surface hopping trajectories were propagated on the adiabatic electron-proton vibronic 
surfaces. The simulated relaxation times are qualitatively consistent with experimental measurements. The simulations illustrate that 
the proton transfers from the phenol to the amine on the EPT state and then transfers back to the phenol rapidly upon decay to the 
ground state. The roles of solvent dynamics and vibrational relaxation in facilitating both proton transfer and decay to the ground 
state are elucidated.  The hydrogen/deuterium isotope effect is predicted to be negligible, indicating that the absence of an isotope 
effect does not imply the absence of proton transfer in these processes.

P. Goyal, C. A. Schwerdtfeger, A. V. Soudackov, and S. Hammes-Schiffer, J. Phys. Chem. B 119, 2758-2768 (2015).

P. Goyal and S. Hammes-Schiffer, J. Phys. Chem. Lett. 6, 3515-3520 (2015).

P. Goyal, C. A. Schwerdtfeger, A. V. Soudackov, and S. Hammes-Schiffer, J. Phys. Chem. B, DOI:10.1021/acs.jpcb.5b12015.

Hammes-Schiffer, Sharon



17

0029

Oxidative Damage to Amino Acids and Proteins by Free Radicals

Bun Chan1,2, Christopher Easton3,2, Leo Radom1,2

1University of Sydney, Sydney, NSW, Australia, 2Centre of Excellence for Free Radical Chemistry and Biotechnology, Sydney, NSW, 
Australia, 3Australian National University, Canberra, ACT, Australia

Hydrogen-atom abstraction from amino acid residues in peptides and proteins is a critical event that may lead to fragmentation 
of the peptide chains. Such degradation processes are associated with pathological conditions including ageing, cancer, and 
neurodegenerative disorders.  We have been using computational quantum chemistry to study the barriers and reaction energies 
associated with such hydrogen abstractions.  Our latest results will be described.

Chan, Bun 1,2, Easton, Christopher 3,2, Radom, Leo 1,2
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Analytical CASPT2 nuclear gradients

Toru Shiozaki

Northwestern University, Evanston, IL, USA

In this talk, we present the development of analytical CASPT2 nuclear gradients with full internal contraction (MacLeod and 
Shiozaki, JCP 2015), which was realized for the first time since Roos and co-workers proposed the CASPT2 method in early 1990’s. 
Parallel algorithms and numerical examples will be presented. The code is implemented in the BAGEL package (http://www.
nubakery.org) under the GNU General Public License.

Shiozaki, Toru
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Multireference Methods for Excited-States and Transition-Metal Containing Systems

Rebecca Carlson, Samuel Odoh, Konstantinos Vogiatzis, Donald Truhlar, Laura Gagliardi

University of Minnesota, Minneapolis, USA

The electronic structure of multireference molecular systems cannot be described to a good approximation by only a single way 
of distributing the electrons in the orbitals of a single Slater determinant. In this lecture I will describe our latest developments of 
Multi-Configuration Pair-Density Functional Theory, MC-PDFT, aimed at treating multireference systems using middle to large-
size active spaces.[1]  This is achieved by generating the initial wave function using the generalized active space, GAS, concept.[2] 
Results of calculations on excited states of organic molecules and systems containing transition metals will be presented.[3]

[1] S. O. Odoh, G. L. Manni, R. K. Carlson, D. G. Truhlar, and L. Gagliardi, Separated-pair approximation and separated-pair pair-
density functional theory, Chem. Sci., 2016, 7, 2399-2413.

[2] K. D. Vogiatzis, G. Li Manni, S. J. Stoneburner, D. Ma, and L. Gagliardi, Systematic Expansion of Active Spaces beyond the 
CASSCF Limit: A GASSCF/SplitGAS Benchmark Study, J. Chem. Theory Comput., 2015, 11, 3010-3021.

[3] R. K. Carlson, S. O. Odoh, S. J. Tereniak, C. C. Lu, and L. Gagliardi, Can Multiconfigurational Self-Consistent Field Theory 
and Density Functional Theory Correctly Predict the Ground State of Metal–Metal-Bonded Complexes? J. Chem. Theory Comput., 
2015, 11, 4093–4101.

Carlson, Rebecca, Odoh, Samuel, Vogiatzis, Konstantinos, Truhlar, Donald, Gagliardi, Laura
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New Kohn-Sham exchange-correlation functionals with broad accuracy for chemistry

Haoyu S. Yu, Xiao He, Pragya Verma, Wenjing Zhang, Shaohong L. Li, Donald G. Truhlar

University of Minnesota, Minneapolis, MN, USA

This lecture will discuss new Kohn-Sham exchange-correlation density functionals, especially MN15, which is a global-hybrid 
meta-nonseparable-gradient approximation designed to have broad accuracy for single-reference and multi-reference systems, for 
thermochemistry, thermochemical kinetics, and noncovalent interactions.

Yu, Haoyu S. , He, Xiao, Verma, Pragya, Zhang, Wenjing, Li, Shaohong L. , Truhlar, Donald G. 
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The role of the inter-pair electron correlation in Natural Orbital Functional Theory

Mario Piris

UPV/EHU & DIPC & IKERBASQUE, San Sebastian, Spain

In 1974, Gilbert proved an existence theorem for the functional of the one-particle reduced density matrix (1-RDM) analogous to the 
Hohenberg-Kohn theorem for the density. Hence, one can employ the exact energy functional with a 2-RDM that is  reconstructed 
from the 1-RDM. The 1-RDM functional is called Natural Orbital Functional (NOF) when it is based upon the spectral expansion 
of the 1-RDM. An approximate reconstruction, in terms of the diagonal 1-RDM, has been achieved by imposing neccessary 
N-representability conditions on the 2-RDM.  Appropriate forms of the two-particle cumulant have led to different implementations 
[1].

Recently [2], an interacting-pair model has been proposed to attain a new NOF:  PNOF6. The new approach belongs to the JKL-only 
family of functionals. PNOF6 is superior to its predecessor PNOF5, which is an independent-pair approach. The functional is able to 
treat properly the static correlation and recover an important part of dynamic correlation, thereby putting together the advantages of 
the other members of this functional series. In this presentation, the theory will be briefly outlined and some challenging examples 
are presented including the bonding conundrum in the C2 dimer. Special emphasis will be done on strong correlated problems. The 
exact and approximate energies provided by 8 known NOFs in the singlet state of the 4e- harmonium atom will be analyzed. It will 
be shown that  PNOF6 exhibits the most consistent behavior along all confinement regimes studied.

[1] M. Piris, Int. J. Quantum Chem. 113, 620 (2013).

[2] M. Piris, J. Chem. Phys. 141, 044107 (2014)

Piris, Mario
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Semiempirical OM2/MRCI surface-hopping dynamics

Walter Thiel

Max-Planck-Institut fuer Kohlenforschung, Muelheim, Germany

Semiempirical quantum-chemical methods are well-established tools for computational studies of large molecules [1]. Methods 
with explicit orthogonalization corrections (OM1, OM2, OM3) offer better overall accuracy in standard statistical evaluations 
of ground-state properties as well as qualitative improvements for hydrogen bonding and conformational properties [2,3]. OMx-
based studies of electronically excited states employ a general implementation of the GUGACI approach in a semiempirical 
framework which provides analytic gradients and nonadiabatic couplings. Comparisons with high-level ab initio benchmark data 
show that OMx/MRCI methods describe electronically excited states reasonably well [4]. They can thus be used in mixed quantum-
classical dynamics to investigate fast nonradiative relaxation processes after photoexcitation. Numerous such surface-hopping 
dynamics studies have been carried out at the OM2/MRCI level in recent years [1], for example simulations on DNA bases in 
different environments, azobenzenes, molecular motors [5] and switches, GFP chromophores [6], and Schiff bases, covering both 
photophysical and photochemical processes  The lecture will address the theoretical background of the OMx/MRCI surface-hopping 
methodology and present selected OM2/MRCI applications.

[1]  W. Thiel, WIREs Comp. Mol. Sci. 4, 145-157 (2014).

[2] P. O. Dral, X. Wu, L. Spörkel, A. Koslowski,  W. Weber, R. Steiger, M. Scholten, W. Thiel, J. Chem. Theory Comput. 12, 1082-
1097 (2016).

[3] P. O. Dral, X. Wu, L. Spörkel, A. Koslowski und W. Thiel, J. Chem. Theory Comput. 12, 1097-1120 (2016).

[4] M. R. Silva-Junior, W. Thiel, J. Chem. Theory Comput. 6, 1546-1564 (2010).

[5] A. Nikiforov, J. A. Gamez, W. Thiel, M. Filatov, J. Chem. Phys. Lett. 7, 105-110 (2016).

[6] X.-Y. Liu, X.-P. Chang, S.-H. Xia, G. Cui, W. Thiel, J. Chem. Theory Comput. 12, 753-764 (2016).

Thiel, Walter
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Jahn-Teller theory revisited

Wolfgang Domcke1, Daniel Opalka2, Leonid Poluyanov3

1Technical University of Munich, Garching, Germany, 2Max Planck Institut für Festkörperforschung, Stuttgart, Germany, 3Institute 
of Chemical Physics, Chernogolovka, Russia

At the birth of Jahn-Teller (JT) theory in 1937 [1], ab initio electronic-structure theory was nonexistent. During the past several 
decades, we have witnessed relentless progress in computational chemistry, while innovations in JT theory were limited. To keep 
up with the possibilities provided by modern electronic-structure theory, substantial generalizations and extensions of traditional JT 
theory are required. In this talk, two such timely developments are discussed. (I) The traditional low-order Taylor expansion of the 
JT Hamiltonian in symmetry-adapted vibrational coordinates is replaced by an expansion in invariant polynomials up to arbitrarily 
high orders. This development allows the interpolation and extrapolation of large amplitude multi-dimensional ab initio potential-
energy surfaces of JT systems with high accuracy [2]. (II) A “fully relativistic” JT theory is formulated which includes strong spin-
orbit coupling effects beyond low-order Taylor expansions in vibrational coordinates [3]. This extension of JT theory is required for 
the accurate description of global multi-sheeted potential-energy surfaces of molecules or coordination complexes containing heavy 
elements. The formal developments are illustrated by first-principles calculations of vibronic spectra and time-dependent quantum 
wave packets for selected molecules and atomic clusters.

1. H. A. Jahn and E. Teller, Proc. Roc. Soc. A 161, 220 (1937). 
2. D. Opalka and W. Domcke, J. Chem. Phys. 132, 154108 (2010). 
3. W. Domcke, D. Opalka and L. V. Poluyanov, J. Chem. Phys., in press.

Domcke, Wolfgang 1, Opalka, Daniel 2, Poluyanov, Leonid 3
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From Direct CI to Bioenergetics: Legacy Lecture for Per Siegbahn

Margareta Blomberg

Department of organic chemistry, Stockholm University, Stockholm, Sweden

After attending the Löwdin summer-school in 1968 Per Siegbahn joined the Björn Roos quantum chemistry group at Stockholm 
University as a PhD student. This was an intense and productive period in computational quantum chemistry, not least in the Roos 
group. During his PhD studies Per was heavily involved in developing the direct CI method. After his postdoc period Per was 
engaged in the development of multireference methods in a direct CI form and of the CASSCF method. The generalization of 
direct CI to complete CI-expansions was his final contribution along these lines. Since the mid-eighties Per has devoted most of 
his research to applying quantum chemistry to solve chemical problems, mostly in enzymes. A large number of enzymatic reaction 
mechanisms have been solved in our group, using the quantum mechanical cluster approach with the hybrid DFT functional B3LYP. 
Most of the enzymes studied are redox-active with one or more transition metal in the active site. The cluster models are built on 
X-ray structures, and the largest models have more than 300 atoms. The most challenging types of mechanisms studied are for the 
important class of enzymes where electrons and protons enter or leave during the catalytic cycle. The most important contribution is 
the elucidation of the mechanism for O2 formation in photosynthesis. Other important enzymatic reactions studied are the reduction 
of molecular oxygen in Cytochrome c Oxidase in the respiratory chain and reduction of nitric oxide in Nitric Oxide Reductase in 
the nitrogen cycle. Cytochrome c oxidase (CcO), the terminal enzyme in the respiratory chain, is one of the  corner stones in cellular 
energy conservation. Significant contributions have been made to solve the mechanisms both for the chemistry and for energy 
conservation in CcO.

Blomberg, Margareta
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Efficiently, accurately and reliably approaching the full CI limit for larger active spaces

Frank Neese

1Max Planck Institute for Chemical Energy Conversion, Mülheim an der Ruhr, Germany, 2Rheinische Friedrich-Wilhelms-
Universität, Bonn, Germany

The full CI method is a cornerstone of present day multi-reference approaches due to the fact that the 0th order wave function is 
typically chosen to be a complete active space, in most cases in conjunction with variational orbital optimization (CASSCF). Full 
CI is generally recognized to be a factorial scaling method and hence its application is severely limited. In fact, over the past more 
than twenty years the practical limit has been around 14 active orbitals. This provides unwanted restrictions to the application of 
multi reference theories since for many chemical phenomena more than 14 active orbitals would be needed. We have developed 
wave function based approaches that converge towards the full CI limit and typically closely approximate it. The talk will discuss 
the algorithms developped, their numerical validation, their application and will also provide a comparison to alternative approaches 
such as DMRG.

Neese, Frank
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Methods and models for investigating mechanisms of redox-active enzymes

Per Siegbahn

Arrhenius Laboratory, Stockholm, Sweden

After an introduction of my life as a Swedish quantum chemist, I will

go over to what I am presently doing. Methods and models have been

developed during the past twenty years that are capable of solving

mechanistic questions for redox-active enzymes. The strategy adapted

has been to base all conclusions on experience, without

presumptions. A very large number of model calculations were

performed to test the strategy chosen, by far more than by any other

group in this area of quantum chemistry. The starting point was from

the beginning using small models (less than 50 atoms) but using as

high-accuracy quantum chemical methods as possible. After studies over

several years it became clear that the method of choice was B3LYP with

a reduction of exact exchange to 15 %. Rather few problems were

found, but most of them were later corrected by adding dispersion

effects. As demands on the accuracy increased, the models increased to

the range 200-300 atoms, normally adapted now. To conform to the enzyme

environment back-bone atoms were kept fixed. This strategy has by now

solved some of the most difficult problems in biochemistry, most

notable the one of water oxidation in Photosystem II. But for many

other enzymes the calculations have given mechanisms, never suggested

before, which only later on have been confirmed by experiments.

Siegbahn, Per
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Analytical Free Energy Gradients for Ultrafast Quantum/Molecular Mechanics Simulations

Tomasz Janowski1,3, Krzysztof Wolinski1,2, Peter Pulay1

1University of Arkansas, Fayetteville, AR, USA, 2Marie Curie-Sklodowska University, Lublin, Poland, 3Duke University, Durham, 
NC, USA

In Quantum/Molecular Mechanics (QM/MM), the active region is described by QM and the solvent/environment by a force field 
(MM). The flexible environment must be sampled statistically to get reliable free energies, usually 106-107 times, making full QM/
MM with ab initio QM too expensive. Our Ultrafast QM/MM method [1] obviates the need to perform a QM run for each solvent 
configuration. The latter is required to account for the polarization of the solute by the solvent.  We keep the solute fixed and 
precalculate its Generalized Polarizabilities [2], i.e. the second derivatives of the energy with respect to a set of basis functions for 
the electric potential. The solvent potential inside the solute is expanded in these basis functions and the polarization energy is given 
by a fast matrix-vector product. With a few hundred explicit water molecules, Ultrafast QM/MM is about 104 times faster than full 
QM/MM, and is accurate to ~0.05 kcal/mol [1]. Even this speed (~10 ms/config) is insufficient for mapping 2D potential surfaces 
by Free Energy Perturbation. We implemented ultrafast free energy gradients using analytical polarizability derivatives. They allow 
the use of very efficient Thermodynamic Integration. Examples will be given for SN2 reactions and internal rotations. The method 
is compared with the MESS-E/H techniques [3], and with coarse-grained methods [4].

[1] Janowski, T.; Wolinski, K.; Pulay, P. Chem. Phys. Lett. 2012, 530, 1.

[2] Pulay, P.; Janowski, T. Int. J. Quantum Chem. 2009, 109, 2113.

[3] Sodt, A.J.; Mei, Y.; König, G.; Tao, P.; Steele, R. P.; Brooks, B. R.; Shao, Y. J. Phys. Chem. A 2015, 119, 1511.

[4] Zhang, Y.; Liu, H.; Yang, W. J. Chem. Phys. 2000, 112, 3483.
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Quantum mechanical virtual screening: most accurate and efficient tool for computational drug design

Pavel Hobza

Institute of Organic Chemistry and Biochemistry, Prague, Czech Republic

We present the SQM/COSMO filter (Ref. 1), a novel scoring function featuring a quantitative semiempirical quantum mechanical 
(SQM) description of different types of noncovalent interactions coupled with implicit COSMO solvation. The present SQM/
COSMO function clearly outperforms the widely used academic and commercial scoring functions.

The key part of the SQM/COSMO function is the SQM PM6-D3H4X method, developed and parametrized in our laboratory (Ref. 
2). The method provides reliable and accurate description of a wide range of noncovalent interactions occuring in protein - ligand 
interactions including hydrogen- and halogen-bonding as well as electrostatic, dispersion and stacking interactions. The reliable 
description of solvation energy in the SQM/COSMO filter is equally important and the used implicit solvation method (COSMO) 
based on PM6 electron densities performed best among different solvation models. (Ref. 3).

1 A. Pecina, R. Meier, J. Fanfrlik, M. Lepsik, J. Rezac, P. Hobza, C. Baldauf, Chem. Comm. 2016, 52, 3312.

2 J. Rezac, P. Hobza, Chem. Rev. 2016, 116, 0000.

3 M. Kolar, J. Fanfrlik, M. Lepsik, F. Forti, F.J. Luque, P. Hobza, J. Phys. Chem. B 2013, 117, 5950.

Hobza, Pavel
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UV-response in green plants – the UVR8 protein mechanism of action studied by DFT cluster calculations and MD simulations.

Min Wu1, Åke Strid2, Leif A. Eriksson1

1University of Gothenburg, Göteborg, Sweden, 2Örebro University, Örebro, Sweden

The UV resistant locus 8 (UVR8) protein has been identified as the main plant UV-B ‘antennae’, and undergoes a number of events 
in order to trigger the genetic response towards UV stress response in green plants. UVR8 is a highly globular protein, with a seven-
bladed β-propeller WD40 repeat structure. The N- and C-termini are both located at the bottom side of the barrel, and the top part 
contains a unique structural arrangement rich in tryptophan and arginine.

The protein is present in the cytosol as a homodimer, with the tryptophan-rich sides of each monomer facing each other. Upon 
UV-radiation, the first step is a cascade of excitation and electron/proton transfer events within the Trp-rich regions, which in turn 
triggers breakage of the dimer. The protein thereafter enters the nucleus as a monomer, where part of the C-terminal tail interacts 
with COP1 and HY5 (+ further UV radiation) to initiate the gene expression.

The crystal structure of UVR8 was determined only four years ago,1 and published shortly after a detailed homology model thereof.2  
Several studies, both theoretical and experimental, have been reported aiming to shed light on the initial UV-response leading 
to monomerisation of the homodimer. We will herein outline our latest findings and plausible model of the mechanism of action 
of UVR8, based on detailed density functional theory calculations on cluster models of the Trp-rich region,2,3,4 combined with 
molecular dynamics simulations, including replica exchange and steered MD simulations, force field development, and de novo 
protein folding5,6

References:

1. D.M. Christie et al, Science 2012, 335, 1492−1496; D. Wu, et al, Nature 2012, 484, 214−219.   2. M. Wu, E. Grahn, Å. Strid, L. 
A. Eriksson, J. Chem. Inf. Model. 2011, 51, 1287–1295. 3. M. Wu, Å. Strid, L.A. Eriksson, Chem.Phys.Lett. 2013, 584, 188–194.  
4. idem, J. Phys. Chem. B 2014, 118, 951−965.  5. idem, J. Chem. Inf. Model. 2013, 53, 1736−1746.  6. idem, Theor. Chem. Acc. 
2013, 132, 1371 (1-11).

1. 

Wu, Min 1, Strid, Åke 2, Eriksson, Leif A. 1
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QM/MM study of firefly bioluminescence

Isabelle Navizet

University East-Paris Marne-la-Valle, Noisy-Champs, France

The emitting light in fireflies arises from the electronic relaxation of oxyluciferin, an organic compound resulting from the oxidation 
of the D-luciferin substrate inside an enzyme called luciferase. In order to theoretically study such systems, the use of quantum 
mechanical/molecular mechanical (QM/MM) methods is required. Accurate QM level is needed for dealing with electronic transition 
and charge transfer phenomena. Taking into account the surrounding protein at the MM level is essential in order to understand the 
colour modulation and influence of the enzyme.

The present lecture will discuss some of the results obtained on this system with calculations done with the coupling of the programs 
MOLCAS (CASPT2/CASSCF) or G09 (DFT) and TINKER (AMBER force field) and how the complementary of experimental data 
and theoretical results can give understanding of such phenomenon.

The transition energy corresponding to a fluorescence experiment for the wild type emitter and a modified emitter will be presented.

Calculations give insights to decipher the emitter conformation even with a lack of experimental crystallographic structure. And 
insights to explain the color modulation due to the surrounding environment.

Navizet, Isabelle
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Björn Roos (1937-2010) and multi-configurational electron structure theory

Roland Lindh

Uppsala University, Uppsala, Sweden

Björn Roos contributions to the computational chemistry community has been and still is significant. In this legacy lecture I will 
give a review on his contributions and work, which span from new fundamentals tool to simulate the wave function with the multi-
configurational ansätz to important contributions in the field of applications. On the theory side we will look at his contributions, 
for example, to treat the near-degeneracy effects, dynamic electron correlation, and 1-component spin-orbit coupled wave function 
models. On the applications sided we will view some of his earlier contributions to more complicated as those involving transition-
metal complex and the elusive chemistry of actinides and lanthanides. I will briefly discuss his work on the development of robust 
and accurate simulations tool for the computational chemist – the MOLCAS program project, and finally we will meet him as the 
great tutor and organizer – the European Summer school in Quantum Chemistry (ESQC).

Lindh, Roland
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Time-Dependent Perturbation Theory for Strongly Correlated Systems

Alexander Sokolov, Garnet Chan

Princeton University, Princeton, NJ, USA

Strong electron correlation problem remains a driving force for the development of new quantum chemical methods. There are now 
many methods that describe strong correlation in active spaces with up to 50 orbitals to produce a multireference wavefunction that 
is formally a sum of many determinants. The remaining challenge is to efficiently describe weak (dynamic) correlation outside of 
the active space. While a variety of multireference theories for dynamic correlation have been developed, they are computationally 
very expensive for large active spaces.

In this talk I will present a new method that efficiently describes multireference dynamic correlation using the framework of time-
dependent perturbation theory. Within such a framework, the ground-state molecular wavefunction is expressed in a time-dependent 
perturbation expansion. The correlation energy can be efficiently evaluated as an expectation value of the low-order time-dependent 
operators in the active space. As an example, I will discuss a time-dependent formulation of the second-order N-electron valence 
second-order perturbation theory (t-NEVPT2) and demonstrate its performance for multireference systems.

Sokolov, Alexander, Chan, Garnet
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Coupled Cluster Methods for the Reduced BCS Hamiltonian

Thomas Henderson

Department of Chemistry and Department of Physics and Astronomy, Rice University, Houston, Texas, USA

Traditional coupled cluster theory provides an excellent treatment of correlation when the exact wave function is dominated by a 
single mean-field reference, but struggles to describe the strong correlations present when the mean-field picture breaks down.

  The strong superconducting correlations in the pairing or reduced BCS Hamiltonian are particularly difficult for standard coupled 
cluster theory, which for sufficiently strong interactions predicts complex energies.

  I discuss how these deficiencies can be remedied by introducing various modifications of conventional coupled cluster theory.

Henderson, Thomas
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Experimental vs computed electronic spectra: the role of vibrational effects.

Malgorzata Biczysko

Shanghai University, Shanghai, China

The most popular approaches to simulate electronic spectra (UV–vis, Circular Dichroism, photoelectron, X-ray, etc.) still rely 
on computation of vertical or adiabatic excitation energies and related transition moments, which are further convoluted by 
phenomenological (mostly symmetrical) distribution functions to mimic the broadening observed in the experimental line-shapes.

In reality any electronic spectra hide a complex set of vibronic transitions and inclusion of vibrational  effects is not only crucial 
for the interpretation of high-resolution experiments showing a detailed vibrational structure but also for low-resolution spectra, 
allowing to simulate realistic asymmetric band-shapes and to account correctly for the relative intensities of transitions. In particular,  
vibrational effects are often mandatory for reliable simulation of ECD spectra where the overall line shapes are due to cancellation 
of positive and negative vibronic transitions from close-lying electronic states.

We will present several examples highlighting that simulations of realistic electronic spectra line-shapes, including vibrational 
contributions, is often necessary in order to interpret correctly the experimental findings. Hence, inclusion of vibrational effects is 
at least as important as a proper choice of  the level of applied electronic structure theory.

1. M. Biczysko, et al., Theor. Chem. Acc. 131, 1201/1-19, 2012

2. V. Barone, et al. ChemPhysChem, 15, 3355-3364, 2014

3. M. H. Palmer, et al. J. Chem. Phys. 143, 164303, 2015
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Spin-Free Relativistic Quantum Chemistry

Jürgen Gauss

Institut für Physikalische Chemie, Johannes Gutenberg-Universität Mainz, Mainz, Germany

Relativistic quantum-chemical computations are generally considered significantly more costly than corresponding non-relativistic 
treatments. Nevertheless, if spin-orbit effects are small, spin separation offers a convenient and computationally efficient route for 
an accurate treatment of scalar-relativistic effects.

The focus of the lecture will be on the formulation and implementation of spin-free approaches in the context of both two- and four-
component relativistic schemes. The range of methods discussed comprises single-reference approaches such as HF, MP2, and CC 
as well as various multireference treatments. Analytic-derivative techniques for the efficient computation of molecular properties 
will be presented as well as the possibility to include spin-orbit effects in a perturbative manner on top of a spin-free treatment.

Gauss, Jürgen
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Unidirectional rotary motion achieved by a light-driven molecular motor lacking both point chirality and helicity

Jun Wang, Baswanth Oruganti, Bo Durbeej

Linköping University, Linköping, Sweden

Light-driven rotary molecular motors produce unidirectional rotary motion around a C=C or C=N bond through consecutive 
photoisomerization reactions. The key requirement to ensure that the two rotations occur in a unidirectional fashion is asymmetry 
between the excited-state potential energy surfaces for clockwise and counterclockwise rotations. To date, such asymmetry has 
typically been guaranteed by the presence of a stereocenter or a helical motif. Here, we demonstrate by means of non-adiabatic 
molecular dynamics simulations using complete active space self-consistent field theory that unidirectional rotary motion can be 
achieved by a cyclohexenylidene-pyrrolinium-based motor lacking both point chirality and helicity. Instead, the direction of rotation 
is dictated by the in-plane or out-of-plane conformation of one of the carbon atoms of the cyclohexenylidene moiety, which is a 
consequence of ring strain.

Wang, Jun, Oruganti, Baswanth,  Durbeej, Bo
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Analysis of the magnetic exchange coupling using broken-symmetry single determinants

Grégoire David1, Jean-Paul Malrieu2, Nathalie Guihéry2, Nicolas Ferré1

1Aix-Marseille Université, Marseille, France, 2Université Paul Sabatier, Toulouse III, Toulouse, France

Large magnetic systems are challenging for quantum chemistry, due to the intrinsic multireference character of their low-energy 
states[1]. While detailed wavefunction-based analysis have evidenced the relative importance of several mechanisms (direct 
exchange, kinetic exchange, spin and core polarization), the systematic decomposition of the magnetic exchange coupling into its 
various physical contributions is still in its infancy. In that presentation, I will introduce such a decomposition scheme using one 
of the simplest approach for large molecular systems: the broken-symmetry DFT Kohn-Sham method with selective freezing of 
orbitals[2-4]. After a quick review of the different steps entering in our calculation protocol, particular emphasis will be placed on 
the kinetic exchange contribution for which we will show an improved evaluation, based on the energy of the broken-symmetry 
solution built on orbitals describing the true low-spin state.

[1] Malrieu, Caballol, Calzado, de Graaf, Guihéry, 2014. DOI:10.1021/cr300500z

[2] Coulaud, Malrieu, Guihéry, Ferré, 2013. DOI: 10.1021/ct400305h

[3] Le Guennic, Ferré, 2014. DOI: 10.2174/1877944103666140110225547

[4] Ferré, Guihéry, Malrieu, 2015. DOI: 10.1039/c4cp05531d
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1Aix-Marseille Université, Marseille, France, 2Université Paul Sabatier, Toulouse III, Toulouse, 
France 

Large magnetic systems are challenging for quantum chemistry, due to the intrinsic 
multireference character of their low-energy states[1]. While detailed wavefunction-based 
analysis have evidenced the relative importance of several mechanisms (direct exchange, 
kinetic exchange, spin and core polarization), the systematic decomposition of the magnetic 
exchange coupling into its various physical contributions is still in its infancy. In that 
presentation, I will introduce such a decomposition scheme using one of the simplest approach 
for large molecular systems: the broken-symmetry DFT Kohn-Sham method with selective 
freezing of orbitals[2-4]. After a quick review of the different steps entering in our calculation 
protocol, particular emphasis will be placed on the kinetic exchange contribution for which we 
will show an improved evaluation, based on the energy of the broken-symmetry solution built on 
orbitals describing the true low-spin state. 
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[2] Coulaud, Malrieu, Guihéry, Ferré, 2013. DOI: 10.1021/ct400305h 
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Automatic Rhodopsin Modeling as a Prospective Tool for High Throughput Photobiology

Massimo Olivucci1,2, Federico Melaccio1, Fabio Montisci1, Alessio Valentini1, Silvia Rinaldi1, Marco Cherubini1, Hoi Ling Luk2

1Università di Siena, Siena, Italy, 2Bowling Green State University, Bowling Green, USA

We report on a prototype protocol for the automatic and fast construction of congruous sets of QM/MM models of rhodopsin-like 
photoreceptors and of their mutants. In the present implementation the information required for the construction of each model is 
essentially a crystallographic structure or a comparative model complemented with information on the external counterions position 
and state of ionizable side-chains. Starting with such information a bare model formed by a fixed environment system, a flexible 
cavity system and a chromophore system interlinked by a hydrogen bond network is automatically generated. The results of the 
predicted vertical excitation energy for 12 different rhodopsins including vertebrate, invertebrate and microbial pigments indicate 
that such basic models could be employed for predicting trends in spectral changes and/or correlate the spectral changes with 
structural variations in large sets of proteins.

Olivucci, Massimo 1,2, Melaccio, Federico 1, Montisci, Fabio 1, Valentini, Alessio 1, Rinaldi, Silvia 1, 
Cherubini, Marco 1, Ling Luk, Hoi 2
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Evaluation of spin-orbit coupling terms based on linear-response TDDFT and TDDFTB theories: from small to large 
molecules

Xing Gao1, Mario Barbatti2, Daniele Fazzi1, Thomas Niehaus3, Walter Thiel1

1Max-Planck-Institut für Kohlenforschung, Mülheim an der Ruhr, Germany, 2Aix-Marseille Université, Marseille, France, 3Université 
Claude Bernard Lyon 1, Lyon, France

A new versatile code based on Python scripts has been developed to calculate spin-orbit coupling elements (SOCs) between singlet 
and triplet states. The code, named PySOC, has been interfaced to the third-party quantum chemistry packages Gaussian 09 and 
DFTB+. SOCs are evaluated based on the linear-response TD-DFT (and TD-DFTB) frame, adopting Casida’s wavefunctions and the 
Breit-Pauli spin-orbit Hamiltonian with effective charge approximation. The integrals used by PySOC are obtained from MolSOC.

SOCs calculated via PySOC have been benchmarked for several molecular systems, spanning several SOC regimes. The computed 
SOCs show little variation on the basis set, however, they are highly sensitive to DFT functionals considered. Usually they are larger 
for range-separated functionals (as -B97XD) than for hybrid ones (as B3LYP), because the former give larger orbital energy gaps. 
The benchmark results are in reasonable agreement with reference data obtained from the Dalton code, based on response theory 
and from the SPOCK code, based on DFT/MRCI.

PySOC can easily be interfaced to other third-party codes yielding CI-like wavefunctions, as well as extended to perform additional 
functions, such as quantum dynamics and evaluation of phosphorescence and intersystem crossing rates.
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A new versatile code based on Python scripts has been developed to calculate spin-orbit coupling elements (SOCs) between singlet 
and triplet states. The code, named PySOC, has been interfaced to the third-party quantum chemistry packages Gaussian 09 and 
DFTB+. SOCs are evaluated based on the linear-response TD-DFT (and TD-DFTB) frame, adopting Casida’s wavefunctions and 
the Breit-Pauli spin-orbit Hamiltonian with effective charge approximation. The integrals used by PySOC are obtained from 
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SOCs calculated via PySOC have been benchmarked for several molecular systems, spanning several SOC regimes. The computed 
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for range-separated functionals (as w-B97XD) than for hybrid ones (as B3LYP), because the former give larger orbital energy gaps. 
The benchmark results are in reasonable agreement with reference data obtained from the Dalton code, based on response theory
and from the SPOCK code, based on DFT/MRCI.  
PySOC can easily be interfaced to other third-party codes yielding CI-like wavefunctions, as well as extended to perform additional 
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Bootstrap Embedding

Troy Van Voorhis, Matthew Welborn, Takashi Tsuchimochi, Nathan Ricke

MIT, Cambridge MA, USA

Strong correlation poses a difficult problem for electronic structure theory, with computational cost scaling quickly with system size. 
Fragment embedding is an attractive approach to this problem. By dividing a large complicated system is into smaller manageable 
fragments ‘embedded’ in an approximate description of the rest of the system, we can hope to ameliorate the steep cost of correlated 
calculations. While appealing, these methods often converge slowly with fragment size because of small errors at the boundary 
between fragment and bath. We describe a new electronic embedding method, dubbed ‘Bootstrap Embedding,’ a wavefunction-
in-wavefunction embedding theory that uses overlapping fragments to improve the description of fragment edges. We apply this 
method to the one dimensional Hubbard model and a translationally-asymmetric variant, and find that it performs very well for 
energies and populations. We find Bootstrap Embedding converges rapidly with embedded fragment size, overcoming the surface-
area-to-volume-ratio error typical of many embedding methods. We anticipate that this method may find application to strong 
correlation in large molecular systems.

Van Voorhis, Troy, Welborn, Matthew,     Tsuchimochi, Takashi       Ricke, Nathan
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Exploration of Potential Energy Surfaces of Chemical Reactions Using the Global Reaction Route Mapping (GRRM) 
Strategy

Keiji Morokuma

Kyoto University, Kyoto, Japan

We have recently developed the Global Reaction Route Mapping (GRRM) strategy for automatic exploration of reaction pathways 
of complex molecular systems [1]. The strategy consists of two independent search methods, the ADDF (adiabatic downward 
distortion following) method and the AFIR (artificial force-induced reaction (AFIR) method. AFIR puts an artificial force between 
reacting fragments and finds approximate minima (MINs) and transition states (TSs,) from which the true structures are easily 
optimized, and repeats the procedure until all or most of important TSs are found. Both methods can also be used to find the 
minima on the conical intersection and crossing seam hypersurfaces (MECIs and MESXs) between two potential energy surfaces 
for discussion of photochemical reactions [2].

In the present talk, I will discuss the development and applications of the GRRM strategy to reaction mechanisms of complex organic 
and organometallic reactions [3] as well as photofunctional reactions. The first part will include Passerini and Biginelli reactions 
as well as metal-catalyzed Mukaiyama aldol reactions, and the second part will include quenching pathways of multiluminescent 
acenes as well as environment-sensitive emission of N,N-dialkylamine derivatives.

[1] S. Maeda, K. Ohno and K, Morokuma, Phys. Chem. Chem. Phys. 15, 3683-3701 (2013).

[2] S. Maeda, T. Taketsugu, K. Ohno. K. Morokuma, J. Am. Chem. Soc. 37, 3433–3445 (2015).

[3] W. M. C. Sameera, S. Maeda and K. Morokuma, Acc. Chem. Res. in press.
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Ab initio quantum mechanical studies of mutual neutralization

Åsa Larson1, Sifiso M. Nkambule1, Nils Elander1, Ann E. Orel2

1Stockholm University, Stockholm, Sweden, 2University of California, Davis, Davis, CA, USA

Mutual neutralization is the reaction where oppositely charged ions collide and driven by non-adiabatic interactions occurring at 
large internuclear distances an electron is transferred and neutral fragments are formed. Here the reaction is studied ab initio where 
all degrees of freedom are treated quantum mechanically. Collisions between light atomic ions are studied at relative low collision 
energies.  The challenges and limitations of the computations are discussed and results from quantum studies are compared with 
semi-classical Landau-Zener calculations and measurements. The extension of the theoretical scheme to studies of collisions of 
atomic and molecular ions is briefly discussed.

Larson, Åsa 1, Nkambule, Sifiso M. 1, Elander, Nils 1, Orel, Ann E. 2
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Computational Design of Efficient Long-Wavelength Absorbing Chromophores

Anne-Marie Kelterer

Graz University of Technology, Graz, Austria

The purpose of the presented work is the design of new organic chromophores, which can be excited in the visible region. For 
advanced applications, e.g. as sensors or initiators of reactions, such molecules need to be excited with cheap LEDs instead of 
technically expensive UV lamps. To be efficient as fluorophores, large Stokes-shifts and high fluorecence quantum yields are desired 
properties.

Well-known chromophores with good luminescence characteristics  are selected as starting compounds  in this design study. Chemical 
modification by donor and acceptor groups was performed at specific positions of the molecules. Density functional theory was used  
together with a continuum solvation model. The absorption and emission processes are computed, and in one example the singlet 
and triplet excited states were inspected.

Two systems are presented in this talk. Carbostyrils are analogues of coumarin, often used as dye and sensor materials. Substitution 
of the neat compound with methylamino and cyano groups as electron donating and electron withdrawing groups produce the 
highest efficient fluorophores.  The most promising carbostyril shows absorption around 400 nm, red emission and a quantum yield 
of about 0.6 in a series of investigated molecules [1]. The second presented chromophore is tetrazole, which can act as initiator of 
photoinduced polymerization. It was especially challenging to find a modified tetrazole, which performs the proper photochemical 
reaction after shifting the absorbance to the Vis. In most cases the yield of the desired follow-up product was too low to be effective. 
Therefore, the aromatic system was enlarged  and fixed to prevent non-radiative relaxation of the excited states. With this strategy 
an appropriate photoinitiator could be designed and its effectivity was confirmed in experimental studies [2].

With the help of computational photophysics, the design of highly efficient chromophores was performed. Tetrazole compounds 
need to be further investigated to understand the mechanism of the first steps in the photochemical follow-up reaction.

[1] A.-M. Kelterer, G. Uray, W.M.F. Fabian, Comp. Theor. Chem. 1055 (2015) 25-32.

[2] Y. Sugawara, A.-M. Kelterer, C. Barner-Kowollik, et al., in preparation for Chem. Comm.
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High-dimensional quantum dynamics of functional organic polymer materials: coherence and correlations at the nanoscale

Irene Burghardt1, Matthias Polkehn1, Jan Wahl1, Robert Binder1, Hiroyuki Tamura2

1Institute for Physical and Theoretical Chemistry, Goethe University Frankfurt, Frankfurt, Germany, 2WPI-Advanced Institute for 
Material Research, Tohoku University, Sendai, Japan

We present high-dimensional quantum dynamical studies of ultrafast photoinduced exciton migration and dissociation in functional 
organic materials, in view of understanding the intricate interplay of electronic delocalization, coherent nonadiabatic dynamics, 
and trapping phenomena. As highlighted by recent experiments, quantum coherence plays a key role in the elementary transfer 
steps, despite the presence of static and dynamic disorder. Our approach combines first-principles parametrized Hamiltonians, 
based on TDDFT and/or high-level electronic structure calculations, with accurate quantum dynamics simulations using the Multi-
Configuration Time-Dependent Hartree (MCTDH) method [1] and its multi-layer and Gaussian-based [2] variants, and as well 
as non-Markovian reduced dynamics techniques [3]. This talk will specifically address (i) exciton dissociation and free carrier 
generation in donor-acceptor materials, including models for P3HT-PCBM heterojunctions [4] and highly ordered thiophene-
perylene diimide assemblies [5], (ii) exciton multiplication in acene materials [6], and (iii) the elementary mechanism of exciton 
migration in polythiophene and poly-(p-phenylene vinylene) type materials. Special emphasis is placed on the optimal tailoring of 
the hierarchical multiconfigurational approach to vibronic lattice models in many dimensions, along with the consistent description 
of the transition to a classical statistical regime.

[1] M. H. Beck, A. Jäckle, G. A. Worth, and H.-D. Meyer, Phys. Rep. 324, 1 (2000).

[2] G. W. Richings, I. Polyak, K. E. Spinlove, G. A. Worth, I. Burghardt, and B. Lasorne, Int. Rev. Phys. Chem., 34, 265 (2015).

[3] K. H. Hughes, B. Cahier, R. Martinazzo, H. Tamura, and I. Burghardt, Chem. Phys. 442, 111 (2014)

[4] M. Huix-Rotllant, H. Tamura, and I. Burghardt, J. Phys. Chem. Lett. 6, 1702 (2015).

[5] M. Polkehn, H. Tamura, P. Eisenbrandt, S. Haacke, S. Méry, and I. Burghardt, J. Phys. Chem. Lett, DOI: 10.1021/acs.
jpclett.6b00277 (2016).

[6] H. Tamura, M. Huix-Rotllant, I. Burghardt, Y. Olivier, and D. Beljonne, Phys. Rev. Lett., 115, 107401 (2015).
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Development of Methods to Describe Molecules Containing Three or More Transition Metal Atoms.

Jeppe Olsen

Department of Chemistry, Aarhus University, Aarhus, Denmark

The development of accurate wave function methods to describe molecules containing several transition metal, lanthanide, or 
actinide atoms is a very active field of research where fundamentally new methods, including the Density Matrix Renormalization 
Group Approach, are competing with incremental and technological improvements of well-established multi-configuration methods, 
such as XASSCF, X = C,R,G with perturbative corrections.

In this talk, I will review recent work, where I am developing methods based on non-orthogonal orbitals to describe the above group 
of molecules. The motivation for the use of non-othogonal orbital methods, is that these are excellently suited to describe molecules 
containing atoms with partly occupied orbitals with limited overlap. That is, the very reason that makes traditional MO-based 
cumbersome to use for these molecules is an advantage for the use of non-orthogonal methods.

Methods for performing non-orthogonal CI and orbital optimization, as described in a recent paper (JCP, 143, 114102 (2015)) , are 
first discussed and it is shown how compact  zero-order wave-functions may be obtained for the chromium dimer and trimer. It is 
then showed how improved energetics and wave functions may be obtained by writing the wave function as a sum of expansions 
containing different orbital sets as well as by the use of internal contraction methods.

Olsen, Jeppe



46

0194

Exploration of electron densities - influence of electron correlation on QTAIM parameters

Tatiana Korona1, Sirous Yourdkhani2,1

1University of Warsaw, Warsaw, Poland, 2Tarbiat Modares University, Tehran, Iran

A full description of electronic molecular states requires not only energy calculations, but also an analysis of the wave function or 
electron density. Popular approaches for such an analysis involve e.g. Bader’s Quantum Theory of Atoms-in-Molecules (QTAIM) 
or the Natural Bond Orbital (NBO) method. For instance, QTAIM provides a separation of the 3D space into atomic basins, defines 
bond paths (BPs), critical points (CPs) and related properties, like values of the density, its Laplacian, and energy density at CPs, 
as well as atomic multipole moments, obtained from the integration restricted to atomic basins. The range of methods which can 
be used for a calculation of charge densities spans from Hartree-Fock (HF) or density-functional theory up to various ab initio 
methods including electron correlation, like Møller-Plesset (MP)  or coupled cluster (CC) theories and their locally-correlated 
variants (e.g. LMP2). In this contribution electron densities obtained with several models will be examined for a set of molecules 
and a dependence of the QTAIM parameters will be analyzed with respect to the method/basis set. In particular, it will be shown 
that a different number of BPs can occur for  HF, LMP2, and MP2 correlated densities for molecules with intramolecular hydrogen 
bonds. On the other hand, differences between descriptors obtained from various  correlated methods are usually insignificant. An 
important take-home message for practical calculations of large molecules is that LMP2 charge densities can be utilized for QTAIM 
instead of more expensive computationally canonical MP2 densities, provided that the locality criteria are somewhat relaxed.

Korona, Tatiana 1, Yourdkhani, Sirous 2,1
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Density Matrix Embedding Theory for the ground state and response properties in correlated systems

Dimitri Van Neck, Sebastian Wouters, Klaas Gunst

Ghent University, Gent, Belgium

Density Matrix Embedding Theory (DMET) uses a system/bath decomposition of the global quantum system, where the small-
dimensional “system” is treated at a high level and must be matched in some way to a lower-level description of the system+bath.

We extend a recently proposed implementation (Zuo Fan and Quan-lin Jie, Physical Review B 91, 195118 (2015)) for the ground 
state of spin-lattice systems to include (frequency-dependent) response properties for several lattice geometries and Hamiltonians, 
and explore the possibility of a generalization to fermionic systems.

Van Neck, Dimitri, Wouters, Sebastian, Gunst, Klaas
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Temporary yet fatal: metastable electronic states as a gateway for electron-attachment induced chemistry.

Ksenia Bravaya

Boston University, Boston, USA

Electronic states metastable with respect to electron ejection are ubiquitous in highly energetic environment, chemical, and biological 
systems, and often lead to chemical destruction. Prediction of the energetics and lifetimes of the metastable states, resonances, is 
crucial for understanding the processes of electron capture and the resulting chemical conversion.

In this talk I will give a general introduction to the phenomenon of metastable states and to the theoretical tools for treatment of 
resonances. Specifically, the focus will be on non-Hermitian quantum mechanics approaches for calculating energies and lifetimes 
of metastable electronic states from the first principles [1]. Non-Hermitian formalisms allow one to exploit quantum chemistry 
methods developed for conventional bound electronic states for treatment of resonances, which belong to continuous spectrum. I 
will also discuss the role of the metastable states in chemical and biological processes. In particular, I will present the result of our 
recent computational studies of electronic structure para-benzoquinone, prototypical biological electron acceptor, and highlight the 
role of resonances in electron capture by the molecule [2].

1. D. Zuev, T.-C. Jagau, K.B. Bravaya, E. Epifanovsky, Y. Shao, E. Sundstrom, M. Head-Gordon, and A.I. Krylov. Complex absorbing 
potentials within eom-cc family of methods: Theory, implementation, and benchmarks. J. Chem. Phys., 141:024102, 2014.

2. A.A. Kunitsa and K.B. Bravaya; First-principles calculations of the energy and width of the 2Au shape resonance in p-benzoquinone, 
a gateway state for electron transfer. J. Phys. Chem. Lett., 6:1053–1058, 2015.
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Many-body transformation approach for magnetic systems.

Marcel Nooijen, Dilip Nandy, Siyuan Wu

Waterloo, Ontario, Canada

In recent years we have developed the Multireference Equation of Motion Coupled Cluster approach, which enables the calculation 
of a large number of electronic states -100’s - based on a single state-averaged CASSCF, a single set of ‘cluster’ amplitudes that are 
used to define a transformed hamiltonian that describe short-range correlation, and a compact CI diagonalization of the transformed 
Hamiltonian. Because of the dimension of the final diagonalization step, which is larger than the CAS, the size of the active space 
in the MREOM approach is limited to about 10 orbitals in practice.

 To describe magnetic clusters containing many magnetic sites much larger active spaces and a corresponding very large 
number of accessible states are involved. Moreover, physical phenomena are described by finite temperature statistical mechanics, 
rather than ground state quantum mechanics. Nonetheless, also for this problem we can use a two-pronged approach: Many-Body 
similarity transformations, followed by a statmech approach for a simplified transformed Hamiltonian. A first sequence of many-
body transformations is used to describe dynamical correlation (as in MREOM). We are left with a Hamiltonian acting in the 
magenetic CAS space, which is described by localized orbitals. In a second step we perform a many-body transformation in the 
active space to eliminate all ionic terms from the transformed Hamiltonian. In a final transformation, we distinguish between the 
low-lying ground state neutral configurations of each atom (labeled |I>) and the remaining (neutral) valence configurations |A>. We 
will discuss a transformation that decouples the low-lying states from the remaining valence states, as well as a reduction to nearest 
neighbour interactions. The final Hamiltonian is well suited to be tackled by techniques of statistical mechanics.

 The work on magnetic systems is in its initial stages. The presentation will focus on the conceptual ideas and applications 
to simple model systems, designed to explore and establish the techniques.

Nooijen, Marcel    , Nandy, Dilip     , Wu, Siyuan   
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Open-shell PNO-LMP2 and PNO-LCASPT2 methods

Hans-Joachim Werner, Daniel Kats, Christoph Köppl, Christine Krause, Qianli Ma, Filipe Menezes

Institute for Theoretical Chemistry, University of Stuttgart, Stuttgart, Germany

We present new implementations of local open-shell MP2 and CASPT2 methods. In both cases excitations are made into domains 
of projected atomic orbitals (PAOs) or pair natural orbitals (PNOs). The PNOs are generated from semi-canonical amplitude 
approximations in the PAO basis and used for most excitation subspaces. However, for some semi-internal configuration spaces it 
is necessary to use PAO domains.

The high-spin open-shell PNO-LMP2 method is based on ROHF reference functions and is fully spin-adapted. This means that in 
contrast to spin-orbital based RMP2 or UMP2 methods only a single set of spin-free amplitudes is needed, as in the closed-shell 
case. This is particularly useful for PNO methods, since only a single set of PNOs is required for each (spatial) orbital pair.

The PNO-LCASPT2 is fully internally contracted. Non-orthogonal internally contracted configuration subspaces are symmetrically 
orthogonalized, and the PNOs are defined in this orthogonal configuration basis. Consequently, the amplitude equations must be 
formulated in the orthogonal basis as well. The resulting rather complex equations have been implemented in a semi-automatic way 
using the integrated tensor framework (ITF) of G. Knizia, which has been extended to treat local approximations and PNOs by D. 
Kats.

The accuracy and efficiency of both methods is demonstrated for reaction energies, ionization potentials, electron affinities, and 
electronic excitation energies. Strategies to define suitable active spaces for CASPT2 calculations on large molecules are also 
discussed.

Finally, we will address the problem that the calculation of the HF or CASSCF reference functions usually takes much longer than 
the subsequent PNO-LMP2 or PNO-LCASPT2 calculations. This bottleneck can be much reduced by local density fitting and 
further local approximations in the Fock-matrix evaluation.

Werner, Hans-Joachim    Kats, Daniel  , Köppl, Christoph    Krause, Christine    , Ma, Qianli    , Menezes, 
Filipe
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On the nature of an extended Stokes shift in mPlum fluorescent protein

Shirin Faraji

1University of Heidelberg, Heidelberg, Germany, 2University of Southern California, Los Angeles, USA

Far-red fluorescent proteins (FPs) enable deep-tissue in vivo imaging. Combination of FPs with large and small Stokes shifts can be 
used in single-excitation/dual-emission multicolor applications. The atomic-level understanding of excited-state relaxation causing 
Stokes shift is still incomplete, which hinders the design of new FPs with desired properties [1]. Our recent study [2] using the 
hybrid quantum mechanics/molecular mechanics (QM/MM) scheme revealed that the large Stokes shift observed in mPlum is due 
to the excited-state relaxation of the chromophore and the flexibility of its hydrogen-bond network. The following amino acids play 
the most important role: ILE65 and GLU11. The MD simulations reveal two ground-state populations with direct (Chro…ILE65…
GLU11) and water-mediated (Chro…ILE65…Wat231…GLU11) hydrogen bond patterns. In the excited state, both populations 
relax to an emitting state with water-mediated hydrogen bond pattern.

The most recent time-resolved experimental findings reported two relaxation times for mPlum: 4 and 71 ps [3-4]. In this presentation 
the nature of the fluorescence response function of mPlum chromophore will be explored by means of excited-state ab initio 
molecular dynamics (AIMD) simulations. A quantitative description of the experimentally observed relaxation time-scales will be 
provided.

[1] Wu, B. et al, Curr. Opin. Cell Biol. 2011, 23 (3), 310−317.

[2] S. Faraji and A. I. Krylov, J. Phys. Chem. B, 2015, 119 (41), 13052-13062.

[3] Abbyad, P. et al, Proc. Natl. Acad. Sci. U. S. A. 2007, 104 (51), 20189−20194.

[4] Konold, P. et al, J. Phys. Chem. B, 2014, 118, 2940-2948.
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The Contrasting Behavior of Transition Metal Complexes in Noncovalent X-Z···Y Interactions: Z=Transition Metals vs 
Main Group Elements

Jyothish Joy and Eluvathingal D Jemmis

Indian Institute of Science, Bangalore 560012, India

We show that the continuum behavior in the variation of the X-H stretch from blue- to red- through zero- shifting observed in 
H-Bonds also holds good for X-Z stretch in X-Z---Y complexes where Z = a main group fragment.[1,2] This has been studied by 
ab-initio electronic structure calculations using Z= Hydrogen, Halogens, Chalcogens and Pnicogens as prototypical examples. Our 
analysis revealed that, the competition between negative hyperconjugation within the donor (X-Z) molecule and Charge Transfer 
(CT) from the acceptor (Y) molecule is the primary reason for the X-Z bond length change. Proper tuning of X- and Y-group for a 
particular Z- can change the blue-shifting nature of X-Z bond to zero-shifting and further to red-shifting. Our explanations based 
on the model of anti-bonding orbitals  can be transferred from one class of weak interactions to another. In contrast to the weak 
intermolecular interactions in main group compounds, electron-saturated (18-electron) transition metal complexes show reluctance 
towards weak metal-bond formation. Available literature data and searches in the Cambridge Structural Database (CSD) support this 
observation. In particular, electron saturated transition metal complexes of partially filled d-orbitals (Type-I) show higher reluctance 
in comparison with complexes of fully filled metal d-orbitals (Type-II). We propose that the nature of valence electron density 
distribution in transition metal complexes is the primary reason for this reluctance. We demonstrate this concept by surveying 
the interaction of a few electron-saturated transition metal complexes with electron donating ligands. A changeover in the donor-
acceptor nature of metal center towards different types of incoming molecules is also unveiled in the present analysis. We take the 
idea of continuum behavior of the weak interactions  (blue-, zero- and red-shifting) further to propose that weak interactions form a 
part of the larger continuum of the nature of the chemical bond. The strong among the so-called weak interactions are stronger than 
the weak among regular X-Z bonds.[3] (http://ipc.iisc.ernet.in/jemmis.html)

1. J Joseph, E. D. Jemmis, J. Am. Chem. Soc. 2007, 129, 4620-4632.

2. J. Joy, A. Jose, E. D. Jemmis, J. Comp. Chem, 2016, 37, 270-279.

3. To be published.

Eluvathingal, Jemmis  Joy Jyothish
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Ab initio condensed-phase chemistry

So Hirata

University of Illinois at Urbana-Champaign, Urbana, USA

The development of ab initio wave function theories (such as MBPT, MBGF, and CC) for condensed matter is today’s major frontier 
of chemistry, physics, and computing. It entails (i) formulating new mathematical theories that integrate quantum mechanics and 
thermodynamics, are rigorously (diagrammatically) size consistent, and can describe metals and superconductors, (ii) transforming 
non-scalable, matrix-algebra-based algorithms into more scalable ones, and (iii) applying them to uniquely condensed-phase issues 
such as dispersion, transport, temperature- and pressure-dependence, and phase transitions.

In this lecture, we review our recent advances made on all three fronts: (i) the development of new finite-temperature MBPT and CC 
formalisms and their applications to metal-insulator (Peierls, CDW, and SDW) transitions in one-dimensional solids, as well as the 
introduction of theorems concerning the conditions for CDW and SDW instabilities, (ii) the implementation of a scalable, stochastic 
algorithm of MBPT and MBGF as a new quantum Monte Carlo that can directly calculate energy differences (such as quasiparticle 
energy bands) without a sign problem, and (iii) the application of scalable embedded-fragment MBPT and CC to liquid water, ice 
Ih, and its anomalous properties including pressure-induced amorphization.

Financially supported by U.S. Department of Energy and U.S. National Science Foundation.
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Embedding theories for chemical reactions in the condensed phase

Thomas F. Miller III

California Institute of Technology, Pasadena, CA, USA

The use of computational methods for the study of renewable energy applications faces important challenges from the perspective 
of electronic structure theory.  Relevant applications exhibit both large system sizes and subtle electronic structures, often involving 
transition metal complexes with strong multi-reference character.  To address these challenges, we have developed quantum 
embedding methods [1-3] to leverage the efficiency of density functional theory (DFT) methods and the accuracy of rigorous 
wavefunction theory (WFT) methods (such as CCSD(T) or MRCI).  This approach provides a promising and straightforward tool 
for the investigation of a range of molecular systems and processes, including the oxidative decomposition of lithium-ion battery 
electrolytes [4] and the rational design of a new class of cobalt-based hydrogen-evolution catalysts.

[1] Goodpaster JD, Ananth N, Manby FR, and Miller TF. “Exact non-additive kinetic energies for orbital-free density functional 
theory.” J. Chem. Phys., 133, 084103 (2010).

[2] Manby FR, Stella M, Goodpaster JD, and Miller TF. “A simple, exact density-functional theory embedding scheme.” J. Chem. 
Theory Comput., 8, 2564 (2012).

[3] Fornace ME, Lee J, Miyamoto K, Manby FR, and Miller TF. “Embedded mean-field theory.” J. Chem. Theory Comput., 11, 568 
(2015).

[4] Barnes TA, Kaminski JW, Borodin O, and Miller TF. “Ab initio characterization of the electrochemical stability and solvation 
properties of condensed-phase ethylene carbonate and dimethyl carbonate mixtures.” J. Phys. Chem. C, 119, 3865 (2015). 
(Feature Article)
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Three-electron integrals

Giuseppe Barca, Pierre-Francois Loos, Peter Gill

Australian National University, Canberra, Australia

Explicitly-correlated F12 methods have become the first choice for high-accuracy molecular orbital calculations, and can often 
achieve chemical accuracy with relatively small Gaussian basis sets.  In most calculations, the many three- and four-electron 
integrals that formally appear in the theory are avoided through judicious use of resolutions of the identity (RI).  However, in order 
not to jeopardize the intrinsic accuracy of the F12 wave function, the associated RI auxiliary basis set must be large.  In this lecture, I 
will present an algorithm to compute three-electron integrals over Gaussian basis functions and a very general class of three-electron 
operators, without invoking RI approximations.

Barca, Giuseppe, Loos, Pierre-Francois, Gill, Peter
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Recent Developments with the Graphically Contracted Function Electronic Structure Method

Ron Shepard1, Gergely Gidofalvi2, Scott Brozell1

1Argonne National Laboratory, Argonne, IL, USA, 2Gonzaga University, Spokane, WA, USA

We have developed a novel expansion basis for electronic wave functions [see J. Chem. Phys. 141, 064105 (2014) and references 
therein]. In this approach, the wave function is written as a linear combination of graphically contracted functions (GCFs), and 
each GCF in turn is formally equivalent to a linear combination of configuration state functions (CSFs) that comprise an underlying 
linear expansion space of dimension NCSF. The underlying structure of each GCF is based on the Shavitt Graph representation of the 
Graphical Unitary Group Approach (GUGA). The CSF coefficients that define the GCFs are nonlinear functions of a smaller number 
of essential variables N

j
=NCSF. In the initial implementation of this method (see Int. J. Quantum Chem. 107, 3203 (2007) and 

references therein), a single partially contracted wave function was associated with each node of the Shavitt graph within each GCF; 
this is now called a single-facet GCF. Recently we have generalized the expansion form to allow multiple partially contracted wave 
functions to be associated with each Shavitt graph node; this is called a multifacet GCF. Relatively compact SFGCF expansions 
with NGCF=10 to 20 basis functions or MFGCF expansions with facet counts fMAX=4 to 10 can approach the full-CI PES to within 
chemical accuracy (1 kcal/mole or better). Because the wave function is a linear combination of NGCF basis functions rather than a 
single expansion term, the energies are variationally bounded and the method may be applied in a straightforward manner to both 
ground and excited electronic states. The nonlinear essential parameters are optimized to minimize either a single-state energy or 
a state-averaged energy. The individual CSF coefficients within an MFGCF are given by an ordered product of rectangular arc 
factor arrays; this means that it is formally a matrix product state (MPS), and the resulting wave function corresponds to a linear 
combination of such MPSs. This talk will discuss some of the features of the MFGCF generalization, some implementation features, 
and some applications to interesting chemical systems.

Shepard, Ron 1, Gidofalvi, Gergely 2, Brozell, Scott 1
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Equation of Motion Coupled Cluster Theory from CC2 through (non-trivial examples of) CCSDTQ

John Stanton, Devin Matthews, Joshua Baraban

University of Texas at Austin, Austin TX, USA

The equation-of-motion coupled-cluster (EOM-CC) approach is a popular method for treating excited states of atoms and molecules 
and, through the so-called EOMIP-CC, EOMSF-CC and EOMEA-CC variants, other exotic states of open-shell molecules.   While 
the method was first implemented using CCSD reference states, it can, in principle, be formulated for any CC method by means 
of simply forming and diagonalizing the matrix that must be formally inverted to solve for the derivatives of the wavefunction 
parameters.   Over the years, both cheaper (CC2) and more expensive models (up to “full CC” by Kallay and coworkers) of EOM-
CC methods have been formulated, but the EOM-CC2 and EOM-CCSD methods are still the most popular.

This talk will review EOM-CC methods and present results for various levels of theory from CC2 to CCSDTQ, the latter results 
obtained by a new and very efficient formulation of CCSDTQ by Matthews.    In addition, non-iterative corrections to both EOM-
CCSD and EOM-CCSDT will be reviewed, explained, and illustrated by example.

The most interesting conclusions of this talk are: 1) EOM-CC2 and, to a lesser extent, its EOM-CC3 and EOM-CC4 “cousins” can 
exhibit pathological problems that are manifested in the reference state (rather than in the final state); 2) EOM-CCSDTQ achieves 
essentially full CI accuracy; 3) non-iterative techniques perform somewhat differently based on whether one is interested in the final 
state potential energy surface or the ubiquitous (but experimentally unobservable) vertical excitaiton energies, with the former being 
“easier” to improve significantly.

Stanton, John   , Matthews, Devin   , Baraban, Joshua
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Theory-Based Design Rules for Singlet-Fission Materials

Eric Buchanan1, Zdenek Havlas1,2, Petr Felkel3, Josef Michl1,2

1Department of Chemistry and Biochemistry, University of Colorado, Boulder, USA, 2Institute of Organic Chemistry and Biochemistry, 
Academy of Sciences of the Czech Republic, Prague, Czech Republic, 3Department of Computer Science, Technical University, 
Prague, Czech Republic

Singlet fission1 converts singlet excitation on a chromophore into two triplet excitations in a dimer, aggregate, or solid.  
A combination of a singlet fission capable and an ordinary sensitizer (no current matching) should raise the theoretical solar cell 
efficiency limit from 1/3 (Shockley-Queisser) to nearly 1/2.  Only a few materials are now known to perform singlet fission with 
200% triplet yield, and they are impractical.  We have used the principles of quantum theory and a series of physically motivated 
approximations to develop simple algebraic formulas and structural design rules for a search for additional materials.  Separate 
rules apply to the choice of chromophores (biradicaloids are best2) and to the choice of the spatial relation between them in a 
dimer (optimal geometries maximize the square of the electronic matrix element for singlet fission3 and minimize singlet Davydov 
splitting).  The simplicity of the approximate algebraic expressions obtained permitted millions of numerical calculations in the full 
six-dimensional space of rigid dimer geometries for illustrative model systems.  The results were validated by comparison with more 
sophisticated calculations at numerous dimer geometries.

Acknowledgement.  The work was supported by IOCB, ASCR (RVO: 61388963) and GA_R (15-19143S) in Prague and 
the U.S. DOE BES (DE-SC0007004) in Boulder.

1.  Smith, M. B.; Michl, J. Annu. Rev. Phys. Chem., 2013, 64, 361.

2.  Paci, I.; Johnson, J. C.; Chen, X.; Rana, G.; Popovi_, D.; David, D. E.; Nozik, A. J.; Ratner, M.  A.; Michl, J. J. Am. Chem. Soc. 
2006, 128, 16546.

3.  Havlas, Z.; Michl, J. Isr. J. Chem. 2016, 56, 96.
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Calculation of the Hyperfine Coupling Tensor with CAS methods the neptunium hexafluoride as a benchmark.

Hélène Bolvin1, Jochen Autschbach2, Frédéric Gendron2

1Laboratoire de Physique et de Chimie Quantiques - Université Toulouse III, Toulouse, France, 2Department of chemistry- State 
University of New York, Buffalo, New York, USA

Electron Paramagnetic Resonance can be modelled by a spin Hamiltonian whose parameters are fitted on the experimental 
spectra. The “g-tensor” models the Zeeman interaction of the electronic magnetic moment, the zero-field splitting describes the 
splitting of the ground S or J manifold by the ligand field and finally, the “hyperfine tensor” describes the electron-nucleus interaction. 
Reliable computational calculations for the spin Hamiltonian parameters are important for gaining physical insight about structure 
and bonding from measured spectra.

NpF6
 
is an octahedral 5f1 actinide complex which has served as benchmarks for numerical methods because of the 

simplicity of the electronic configuration and of the high symmetry of the molecular structure. The SO-CASPT2 method describes  
successfully the g-factor in this molecule [1]. Recently, J. Autschbach proposed a method based on CAS calculations to calculate 
the hyperfine coupling constants (HFC) [2]. This work is devoted to the calculation using both DFT and CAS methods of the 19F  
HFC constants in  the NpF6

 
molecule.

This molecule is an excellent test since the spin-orbit coupling and the covalency of the bond are both important leading 
to important fermi-contact (delocalization of the spin density on the F nucleus), spin-dipole (interaction between the electron and 
nucleus spins) and paramagnetic spin-orbital (due to the orbital contribution of the paramagnetic center) contributions. In this work 
made in collaboration with Jochen Autschbach and Frédéric Gendron of the University of Buffalo, we  show how CAS calculations 
permit to  analyse the different contributions to the HFC constants.

[1] F.P. Notter and H. Bolvin, J. Chem. Phys. 130, 184310 (2009).

[2] K. Sharkas, B. Pritchard and J. Autschbach, J. Chem. Theory Comput. 11, 538 (2015).

.

[2] K. Sharkas, B. Pritchard and J. Autschbach, J. Chem. Theory Comput. 11, 538 (2015).

Bolvin, Hélène 1, Autschbach, Jochen 2, Gendron, Frédéric 2
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Challenges for Quantum Chemistry

Markus Reiher

ETH Zurich, Zurich, Switzerland

The focus of (experimental) chemistry has shifted from understanding structure and reactivity of (typically small) molecules to the 
understanding and design of functional molecules and materials. This shift brings about new challenges for theoretical chemistry. 
As the electron correlation problem prevails, we are faced with the necessity to obtain theoretical results of predictable accuracy for 
molecules of increasing size and number. Moreover, the molecular composition, which is required as input for a quantum chemical 
calculation, might not be known, but the target of a design attempt. Then, the relevant chemical processes are not necessarily known, 
but need to be explored and identified. Whereas parts of these challenges have already been addressed by the developments of specific 
methods (such as linear scaling or high-throughput screening), the fact that an enormous multitude of structures featuring various 
types of electron correlation needs to be considered calls for integrated approaches. This holds particularly true for predictions on 
complex chemical processes that encode function (e.g., through reaction networks). In my talk, I will discuss such challenges and 
present some of our latest developments that range from automated and interactive explorative approaches with error control for 
density functional theory to benchmarking based on automated density matrix renormalization group calculations including dynamic 
correlation. I will connect these developments to those of other research groups, of which many will be presented at MQM2016.

Reiher, Markus
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Recent advances in response theory techniques to address linear and nonlinear X-ray absorption spectroscopies

Patrick Norman

KTH Royal Institute of Technology, Stockholm, Sweden

With the installation of the fourth-generation synchrotron facility MAX IV in Sweden and XFEL facilities around the world, 
the Knut and Alice Wallenberg Foundation has initiated a concomitant investment in the development of theory and simulation 
techniques. The resulting Consortium for Theoretical X-ray Sciences (CoTXS) initiative builds on the active collaboration and 
synergy between seven leading theoretical groups in Sweden with principal investigators P. Norman, I. Abrikosov, R. Lindh, O. 
Eriksson, L.G.M. Pettersson, Y. Luo, and H. Ågren.

We will present recent advances in response theory, designed to address molecular systems under electronic resonance conditions 
and referred to as the complex polarization propagator (CPP) approach. 3 Efficient formulation and implementation of response 
equations enable treatments of frequency “windows” in the UV/vis as well as X-ray regions of the spectrum, which, from a 
methodological perspective, puts the corresponding spectroscopies on an equal footing. Electronic relaxation in the core-excited 
state becomes a matter of electron correlation as illustrated in studies employing the hierarchical set of coupled cluster methods. 

The description of the pronounced relativistic effects in e.g. L-edge spectroscopies can be accomplished by adopting an underlying 
four-component electronic structure theory method. An exact treatment of interactions with electromagnetic fields, not relying on 
gauge-origin dependent multipole expansions, has been demonstrated.

Last but not least, the CPP approach is open-ended towards extensions towards nonlinear X-ray spectroscopies, such as e.g. X-ray 
two-photon absorption, which are of concern in connection with research at X-ray free electron laser (XFEL) facilities.

3  Norman, A perspective on nonresonant and resonant electronic response theory for time-dependent 
molecular properties, Phys. Chem. Chem. Phys., 2011, 13, 20519 

Norman, Patrick
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Quantum computer simulation of chemistry and materials: Advances and Perspectives

ALAN ASPURU-GUZIK

Harvard University, Cambridge, MA, USA

Quantum computers promise the numerically exact simulation of molecules and materials.

Furthermore, they are amongst the algorithms that have the lowest resource requirements for surpassing the power of classical 
computers. In this talk, I will briefly introduce the basic

concepts of quantum computing and quantum simulation. Then, I will review the recent rapid progress in developing more efficient 
algorithms that have been achieved by many researchers in the field including our research group. I will describe the families of 
available algorithms (phase estimation, adiabatic and variational quantum eigensolver approaches) as well as the status of several 
experimental implementations of them either carried out or underway. These implementations span most of the currently available 
quantum architectures including quantum optics, ion traps, NV centers and superconducting quantum bits. I will provide a prelude 
of the relevance of these applications to society and will conclude with the prospects of the field.

ASPURU-GUZIK, ALAN
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Molecular-based Approach to Characterizing Polaron Transport in Materials

Michel Dupuis

University at Buffalo, Buffalo, NY, United States Minor Outlying Islands

In this presentation we will highlight the molecular-based approach that we devised to characterize electron and hole (e/h) transport 
in semiconductors in the context of efficient solar energy conversion to fuels. Efficient and selective e/h mobility is important for 
high solar energy conversion efficiency and facet engineering.1 We use DFT+U to describe the localized states in the two-state 
Marcus/Holstein model to determine the barrier to carrier mobility from the reorganization energy and the electronic coupling matrix 
element.2-4 We will present results for a number of semi-conductors5 and describe the extension of the approach to e/h recombination

Dupuis, Michel
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Current-density-functional theory of molecules in weak and strong magnetic fields

Trygve Helgaker1, Alex Borgoo1, Ulf Ekström1, James Furness2, Jürgen Gauss3, Simen Kvaal1, Kai Lange1, Sarah Reimann1, Espen 
Sagvolden1, Stella Stopkowicz3, Andrew Teale1,2, Erik Tellgren1

1University of Oslo, Oslo, Norway, 2University of Nottingham, Nottingham, UK, 3University of Mainz, Mainz, Germany

We have undertaken a quantum-mechanical study of molecules in finite magnetic fields, using a recently developed computer 
code London for the calculation of many-electron molecules [Tellgren et al. J. Chem. Phys. 129, 154114 (2008)], including full-
configuration-interaction theory, coupled-cluster theory, and Kohn–Sham density-functional theory (DFT).

The application of DFT to magnetic fields requires modifications of the standard theory, by introducing either a field dependence 
(BDFT) or a current dependence (CDFT) in the universal density functional. However, essentially all applications of Kohn–Sham 
theory to magnetic phenomena ignore these modifications—yielding, for example, NMR shielding constants that are unreliable 
[Teale et al., J. Chem. Phys. 138, 024111 (2013)]. We present an implementation of Kohn–Sham CDFT for molecules in magnetic 
fields, comparing the results with those of coupled-cluster theory. The Vignale–Rasolt–Gerard (VRG) functional (based on the 
uniform electron gas) performs poorly, strongly overestimating the effects of paramagnetic bonding of rare-gas atoms [Lange et al., 
Science 337, 327 (2012)]. On the other hand, the meta generalised-gradient approximation, with a dependence on the kinetic-energy 
density, provides a natural framework for introducing a current dependence [Dobson, J. Chem. Phys. 98, 8870 (1993)] in CDFT. 
Indeed, the Tao–Perdew–Staroverov–Scuseria (TPSS) meta functional modified for magnetic fields performs well compared with 
CCSD(T) theory in strong magnetic fields [Furness et al., J. Chem. Theory Comput. 11, 4169 (2915)], accurately recovering the 
effects of paramagnetic bonding. Certain general aspects of CDFT are also discussed, including the Hohenberg–Kohn theorem and 
choice of variables [Tellgren et al., Phys. Rev. A 86, 062506 (2012)].

Helgaker, Trygve 1, Borgoo, Alex 1, Ekström, Ulf 1, Furness, James 2, Gauss, Jürgen 3, Kvaal, Simen 1, Lange, Kai 1, 
Reimann, Sarah 1, Sagvolden, Espen 1, Stopkowicz, Stella 3, Teale, Andrew 1,2, Tellgren, Erik 1
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CASPT2 theory with DMRG reference wavefunction

Takeshi Yanai

Institute for Molecular Science, Okazaki, Japan

The Complete Active Space Second Order Perturbation Theory (CASPT2) was introduced by a research group in Lund, Roos et 
al., in early 90s as an efficient way to account for dynamic electron correlation effects in the framework of multireference (MR) 
wavefunction theory. It has been widely used as a highly practical method to study chemical reactions, transition metals, excited 
states, radicals, etc. In my presentation, I will show our recent work to extend the CASPT theory by combining it with Density 
Matrix Renormalization Group (DMRG) method to use large-dimensional CAS reference wavefunctions [Y. Kurashige et al., JCP 
135, 094104 (2011); 141, 174111 (2014)]. In the resulting method referred to as the DMRG-CASPT2, the three-electron reduced 
density matrix (3-RDM) of the DMRG wavefunction is evaluated with the extended Zgid-Chan algorithm exploiting its Matrix-
Product-State (MPS) representation, while the four-electron RDM is computed with cumulant reconstruction in an approximate 
manner. The applications of the DMRG-CASPT2 method for binuclear non-heme iron mediated enzyme reaction [Chalupský et al., 
JACS 136, 15977 (2014)], naphthalene excimer formation [Shirai, JCTC, under revision], etc, will be presented. In addition, I will 
discuss a recent development of DMRG-based internally-contracted MRCI method [Saitow et al., JCP 139, 044118 (2013); JCTC 
11, 5120 (2015)] to pursue high-accuracy treatment of MR dynamic correlation.

Yanai, Takeshi
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The electron correlation problem in the lower part of the periodic table

Stefan Knecht

Laboratorium für Physikalische Chemie, ETH Zürich, Zürich, Switzerland

In the past decades, relativistic quantum chemistry has significantly contributed to a deeper understanding of the (electronic) structure, 
chemical bonding, and reactivity of heavy- element compounds. A reliable study of the chemistry of heavy elements calls for a  
rigorous description of relativity and electron correlation – static and dynamic – on an equal footing. In the first part of my talk, I 
will point out challenges and potential pitfalls of such calculations. I will then discuss in the second part our efforts to develop new 
relativistic multiconfigurational and multireference electron-correlation approaches [1], including the density matrix renormalization 
group algorithm (DMRG) [2,3], that are suitable for heavy- element applications and include spin-orbit coupling either variationally 
from the outset or in a two-step procedure [4]. I will illustrate their capabilities with a few examples of lanthanide and actinide 
complexes for which we calculate various magnetic properties such as g-tensors of electronic ground- and excited states.

[1] S. Knecht, H. J. Aa. Jensen, and T. Fleig, J. Chem. Phys. 132, 014108 (2010). 
[2] S.Knecht, Ö. Legeza, and M.Reiher, J. Chem.Phys. 140, 041101(2014). 
[3] S. Battaglia, A. Muolo, S. Keller, S. Knecht, and M. Reiher, in preparation. 
[4] S. Knecht, S. Keller, J. Autschbach, and M. Reiher, to be submitted.
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Electron correlation in a relativistic perspective

Trond Saue

Laboratoire de Chimie et Physique Quantiques, Toulouse, France

This talk adresses the definition of correlation energy within 4-component relativistic atomic and molecular calculations. In 1958 
Löwdin proposed the following definition of the non-relativistic  correlation energy: “The correlation energy for a certain state with 
respect to a specified Hamiltonian is the difference between the exact eigenvalue of the Hamiltonian and its expectation value in 
the Hartree-Fock approximation for the state under consideration” In practice, the “exact” value is provided by a full Configuration 
Interaction (CI) calculation with some specified one-particle basis. The extension of this definition to the relativistic domain is not 
straightforward since the corresponding electronic Hamiltonian, the Dirac-Coulomb Hamiltonian has no bound solutions.

Present-day relativistic calculations are carried out within the no-pair approximation, where the Dirac-Coulomb Hamiltonian is 
embedded by projectors eliminating the troublesome negative-energy solutions. Hartree-Fock calculations are carried out with the 
implicit use of such projectors and only positive-energy orbitals are retained at the correlated level, meaning that the Hartree-Fock 
projectors are frozen at the correlated level. We argue that the projection operators should be optimized also at the correlated level 
and that this is possible by full Multiconfigurational Self-Consistent Field (MCSCF) calculations, that is, MCSCF calculations using 
a no-pair full CI expansion, but including orbital relaxation from the negative-energy orbitals. We show by variational perturbation 
theory that the MCSCF correlation energy is a pure MP2-like correlation expression, whereas the corresponding CI correlation 
energy contains an additional relaxation term.

We explore numerically our theoretical analysis by carrying out variational and perturbative calculations on the two-electron rare 
gas atoms with specially tailored basis sets. We in particular show that the correlation energy obtained by the suggested MCSCF 
procedure is smaller than the no-pair full CI correlation energy, in accordance with the underlying minmax principle and our 
theoretical analysis.

The well-known 1/Z

 - expansion in non-relativistic atomic theory follows from coordinate scaling. We point out that coordinate scaling for consistency 
should be accompanied by velocity scaling. In the non-relativistic domain this comes about automatically, whereas in the relativistic 
domain an explicite scaling of the speed of light is required. This in turn explains why the relativistic correlation energy to lowest 
order is not independent of nuclear charge, in contrast to non-relativistic theory.

Saue, Trond
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Potato Epoxide Hydrolase StEH1 as a Model for Understanding Enzyme Enantioselectivity

Lynn Kamerlin

Uppsala University, Uppsala, Sweden

Understanding and ultimately harnessing the catalytic power of enzymes is one of the main goals of biocatalysis. In particular, both 
natural and artificially designed enantioselective enzymes have been of central interest to the fine chemicals and pharmaceutical 
industries. Our recent research has focused on investigating the enantioselective ring opening reaction of a biocatalytically 
important potato epoxide hydrolase (StEH1)1,2. This enzyme shows enantioconvergent catalytic behaviour with phenyl-substituted 
epoxide substrates, and StEH1 has also been successfully engineered to control its substrate scope and selectivity. We have used a 
combination of kinetic, crystallographic and computational studies to understand the selectivity of this enzyme, and demonstrate 
herein the importance of conformational diversity and the role of residues further from the active site in determining selectivity and 
product outcomes.

The European Research Council provided financial support under the European Community’s Seventh Framework Programme 
(FP7/2007-2013)/ERC Grant Agreement 306474. Support from the Swedish Research Council and from COST Action 1303 
(Systems Biocatalysis) is also gratefully acknowledged.

1) B. A. Amrein, P. Bauer, F. Duarte, Å. Janfalk-Carlsson, A. Naworyta, S. L. Mowbray, M. Widersten, S. C. L. Kamerlin. ACS 
Catal. 2015, 5, 5702.

2) P. Bauer, Å. Janfalk-Carlsson, B. Amrein, D. Dobritzsch, M. Widersten, S. C. L. Kamerlin, Org. Biomol. Chem., 2016, In Press. 
DOI: 10.1039/C6OB00060F.
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Nonadiabatic Dynamics From First Principles on Graphical Processing Units

Todd Martinez1, James Snyder1, Edward Hohenstein2, Fang Liu1, Chenchen Song0

1Stanford University, Stanford, CA, USA, 2City College of New York, New York, NY, USA

Recent advances in both algorithms and computer architectures have led to significant increases in the size of molecular systems for 
which the electronic structure problem can be solved. The first such applications concerned ground electronic state problems, using 
principally self-consistent field methods such as density functional theory. We have now expanded the scope of these improvements to 
encompass also excited state electronic structure methods such as time-dependent density functional theory (TDDFT) and complete 
active space self-consistent field (CASSCF) methods. We discuss some of the details of these methods and document their improved 
efficiency – allowing excited state calculations for molecules with O(1000) atoms. We then describe recent calculations of excited 
state proton transfer in Green Fluorescent Protein using QM/MM approaches with large QM regions containing hundreds of atoms.

Martinez, Todd 1, Snyder, James 1, Hohenstein, Edward 2, Liu, Fang 1, Song, 
Chenchen 0
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Theory and Experiment Work Together to Elucidate Mechanisms of Organocatalytic Reactions

Julia E. Rice

IBM Almaden Research Center, San Jose, CA, USA

In this talk I will discuss our recent progress in the study of organocatalytic reactions. As opposed to many metallic catalysts, organic 
catalysts are particularly desirable because they lead to environmentally friendly products. In particular I will discuss reactions 
catalysed by N-heterocyclic carbenes that result in either linear or cyclic polymers.

Rice, Julia E. 
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Calculation without computation: predicting molecular conductance from chemical structure alone

Mikkel Strange1, Kim G. L. Pedersen2, Yuta Tsuji3, Roald Hoffmann4, Gemma C. Solomon2

1Technical University of Denmark, Kongens Lyngby, Denmark, 2University of Copenhagen, Copenhagen, Denmark, 3Kyushu 
University, Fukuoka, Japan, 4Cornell University, Ithaca, NY, USA

The last 20 years has seen significant developments in the computational methods available to model molecular conductance and 
good qualitative agreement can be expected between theory and experiment. While this is not the same high standards of accuracy 
as have been achieved in other areas of computational chemistry, it is no small feat. Today, one challenge for the field is to move 
forward and develop chemical intuition for transport properties, not simply perform “computational experiments”. Here we present 
a diagrammatic approach that allows for back-of-the-envelope predictions of molecular conductance. We show that the calculations 
performed with this method are generally in good qualitative agreement with both non-equilibrium Green’s function computations 
and experiment. The benefits of this approach are found in the physical insight we can obtain, both in our ability to rationalise 
experimentally obtained trends and in our ability to link conductance to other chemical concepts such as aromaticity, diradical 
structure and polarizability.

Strange, Mikkel 1, Pedersen, Kim G. L. 2, Tsuji, Yuta 3, Hoffmann, Roald 4, Solomon, 
Gemma C. 2
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The Algebraic Diagrammatic Construction - a versatile approach to excited electronic states, ionization potentials and 
electron affinities

Andreas Dreuw

University of Heidelberg, Heidelberg, Germany

The algebraic diagrammatic construction (ADC) scheme for the polarization propagator provides a series of ab initio methods 
for the calculation of excited states based on perturbation theory. In recent years, the second-order ADC(2) scheme has attracted 
attention in the computational chemistry community due to its reliable accuracy and reasonable computational effort in the 
calculation of predominantly singly-excited states. Owing to their size-consistency, ADC methods are suited for the investigation of 
large molecules. In addition, their Hermitian structure and the availability of the intermediate state representation (ISR) allows for 
straightforward computation of excited state properties.

In this talk, I will summarize our recent developments in the framework of ADC, which have all been implemented in our adcman 
module as part of the Q-Chem 4.3 program package. These developments comprise ADC(3) for direct computation of excitation 
energies, ionization potentials and electron affinities of closed and open-shell molecules. The excitation ADC methods have also 
been adapted to exploit the spin-flip approach to study also ground-state multi-reference molecules, bond-breaking and conical 
intersections. For the treatment of core-excited states, the core-valence separation (CVS) approximation has also been applied to 
ADC making efficient CVS-ADC(2) and CVS-ADC(3) programs available. Nuclear excited state gradients are now also available 
at ADC(2) and ADC(3) level of theory. In addition to the calculation of excited state energies and properties, also an extensive set 
of density analysis tools are available ranging from standard population analysis tools up to advanced transition density matrix 
analyses.

Dreuw, Andreas
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On systems with and without excess energy in environment ICD and other interatomic mechanisms

Lorenz S. Cederbaum

University of Heidelberg, Heidelberg, Germany

How does a microscopic system like an atom or a small molecule get rid of the excess

electronic energy it has acquired, for instance, by absorbing a photon? If this microscopic system is isolated, the issue has been much 
investigated and the answer to this question is more or less well known. But what happens if our system has neighbors as is usually 
the case in nature or in the laboratory? In a human society, if our stress is large, we would like to pass it over to our neighbors.

Indeed, this is in brief what happens also to the sufficiently excited microscopic system. A new mechanism of energy transfer has 
been theoretically predicted and verified in several exciting experiments. This mechanism seems to prevail “everywhere” from the 
extreme quantum system of the He dimer to water and even to quantum dots. The transfer is ultrafast and typically dominates other 
relaxation pathways.

 
Can there be interatomic/intermolecular processes in environment when the system itself (again, an atom or small molecule) does not 
possess excess energy? The answer to this intriguing question is yes. The possible processes are introduced and discussed. Examples 
and arguments are presented which make clear that the processes in question play a substantial role in nature and laboratory.

Work on the interatomic processes discussed can be found in the Bibliography:

http://www.pci.uni-heidelberg.de/tc/usr/icd/ICD.refbase.html

Cederbaum, Lorenz S.
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Green’s function embedding methods for molecules and solids

Dominika Zgid

University of Michigan, Chemistry Department, Ann Arbor, USA

The experimental study of strongly correlated materials is among the most exciting and challenging areas of research in 
chemistry and materials science. In strongly correlated materials, the motion of a single electron depends crucially on the motion 
of all the other electrons. These systems reveal many fundamentally interesting and potentially very useful phenomena that can be 
harnessed into future devices such as highly efficient oxide perovskite solar cells and battery materials.

Currently, the numerical description of strongly correlated materials can be done either by studying model systems and 
employing methods of condensed matter physics or using realistic systems but employing methods such as density functional theory 
(DFT) common in chemistry. Both of these approaches rely on empirical parametrizations.

I will describe an embedding framework that we are developing in my group for general multiscale methods free from 
empirical parameters.  In such methods a strongly correlated subsystem is embedded into a many-body correlated field generated 
by weakly correlated electrons present in the system. I will show results of such embedding as applied to molecules and discuss its 
possible generalization to solids. Finally, I will mention our newest development that is stochastic embedding framework where the 
weakly correlated part is modeled by quantum Monte Carlo and can describe realistic solid with thousands of orbitals and electrons.

Zgid, Dominika
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Per-Olov Löwdin – Scientist – Founder – Leader

Erkki Brändas

Uppsala University, Ångström Laboratory, Department of Chemistry, Uppsala, Sweden

In 2016 we will celebrate the hundredth anniversary of Per-Olov Löwdin, appointed to the first chair in Quantum Chemistry at 
Uppsala University in Sweden in 1960. The kvantkemiska forskningsgruppen was established already in 1955, and 5 years later he 
initiated a similar research program as Graduate Research Professor in Chemistry and Physics, at the University of Florida, USA.

He was one of the Founders in establishing the science of Quantum Chemistry by developing strong links between mathematics, 
physics, chemistry and biology. His many varied scientific accomplishments, introducing fundamental concepts, adding rigour to 
the field, are today part the technological development of theoretical chemical physics.

Just as important are his contributions to the sociology of science, i.e. the Summer Schools in the Scandinavian Mountains, the 
Winter Institutes at the Sanibel Island in the Gulf of Mexico, known for their mix of intense lectures schedules, hard and adventurous 
mountain hikes, cruel football and polo games. Recently, the 55:th Sanibel Symposium was organised by the Florida Quantum 
Theory Project in Gainesville, Florida, founded by POL as a parallel sister organization to the Uppsala Quantum Chemistry Group. 
The Florida Project is today one of the largest research centers for theory, modelling of nouvel molecular and material systems.

In order to establish the field as a mature scientific enterprise, based on deductive reasoning and logical thinking, POL started the 
series Advances in Quantum Chemistry in 1964 and later did set up the International Journal of Quantum Chemistry in 1967, where 
he laid out, in detail, the Nature of Quantum Chemistry. as well as being one of the founders of AQMS, the Academy of Quantum 
Molecular Science, Menton – all standing the test of time!

POL, or Pelle as he wanted to be addressed, was the most colourful, exciting and fascinating person, always maintaining that we all 
worked in quantum chemistry “JUST FOR FUN”!

Brändas, Erkki
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Jan Almlöf – Pioneer

Peter Taylor

Aarhus University, Department of Chemistry, Aarhus C, Denmark

Jan Almlöf can best be labelled a pioneer in computational quantum chemistry.  Perhaps best known for his development and 
implementation of the integral-direct SCF approach with his collaborators in Oslo at the end of the seventies, he was involved 
in a multitude of novel methods, such as the implementation of molecular symmetry to decrease the computational labour of a 
calculation, the recognition (simultaneous with other authors, but independently) that the efficiency of the calculation of molecular 
integrals over Gaussian basis functions could be substantially improved by exploiting re-use of common terms, atomic natural 
orbital basis sets, and methods for multiconfigurational SCF calculations.  These were pioneering high points, but there were other 
pioneering contributions, including to methods for linear scaling of the computational work in a quantum-chemical calculations, to 
the calculation of properties as energy derivatives. and to increasing the efficiency of perturbation theory calculations, to say nothing 
of numerous contributions via application calculations, for example in fullerene structure and chemistry.

I was privileged to collaborate with Jan over more than a decade and to call him a friend for considerably longer.  In this talk I will 
intersperse reviews of various aspects of Jan’s scientific work with some personal recollections of our interactions over the years.

Taylor, Peter
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As if it were Transition Metal Compounds: the Amazing Electronic Structure and Reactivity of Hypervalent Iodine Reagents

Hans Peter Lüthi

ETH Zürich, Zürich, Switzerland

Hypervalent iodine compounds, in particular trivalent iodine species (λ3 iodanes), have become important reagents for the transfer 
of electrophilic substituents to arenes and other nucleophiles.  However, relatively little is known about the mechanism of these 
transfers.  Our research has shown that iodanes show a rich and often complex reactivity, reminiscent of the one of organometallics.  
Whereas many aspects of the reactivity of these compounds can be expressed by simple “back-of-the-envelope-rules”, the prediction 
of activation energies may require extended dynamics simulation as entropy contributions may determine the course of a reaction 
[1].

In this presentation, we explore fundamental aspects of the structure, the bonding and the reactivity of these compounds, whose 
electronic structure is usually described in terms of a 3-center-4-electron (3c-4e) bond model, involving the iodine central atom and 
its two trans-substituents; the third substituent is bound by a classical 2-center bond (see figure). Using the Domain Averaged Fermi 
Hole method, we are able to show which factors govern the formation of 3c-4e bonds, the heart of the iodane reactivity [2].

[1] O. Sala, H.P. Lüthi, A. Togni, M. Iannuzzi, J. Hutter, J. Comp. Chem., 36, 785 (2015)

[2] H. Pinto de Magalhães, H.P. Lüthi, P. Bultinck, PhysChemChemPhys, 18, 846 (2016)

Lüthi, Hans Peter
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Reduced-scaling one- and many-body electronic structure methods in LCAO representation

Edward Valeev

Virginia Tech, Blacksburg, VA, USA

The Linear Combination of Atomic Orbitals (LCAO) technology has well-recognized shortcomings when high accuracy is 
demanded. The traditional challenges of poorly conditioned equations and high costs of operator computation in large basis sets 
are aggravated by the failure of conventional means of reducing the computational complexity based on element sparsity. This talk 
will highlight our recent progress in developing efficient and robust reduced-scaling one- and many-body LCAO methods that are 
applicable to problems requiring high accuracy. A common theme in these efforts is joint exploitation of element and local rank 
sparsities of operators and states.

Valeev, Edward
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Inga Fischer-Hjalmars (1918-2008) - Swedish Pharmacist, Human Rights Activist and Pioneer Quantum Chemist

Johannes Johansson

Swedish Nuclear Fuel and Waste Management Co., Stockholm, Sweden

The life and career of Inga Fischer-Hjalmars (born Fischer) is a fascinating story of devotion, strive, and an unyielding curiosity 
about nature. As a young pharmacist, she had a central role in the development of the local anesthetic Xylocaine (also known as 
lidocaine), but the major part of her career was dedicated to explain the biological, chemical, and physical properties of molecules 
using the most fundamental principles available: quantum mechanics. Inga Fischer-Hjalmars was a pioneer in applying quantum 
mechanics to chemical problems, and she became the first female professor in theoretical physics in Sweden. Among her more 
important contributions were a detailed investigation of the dissociation of H2 together with Coulson, early CI calculations on O3, 
development of semi-empirical methods, and pioneering work on bio-inorganic complexes. Beside her scientific work, Inga Fischer-
Hjalmars was a human rights activist dedicated to the freedom of scientists, especially in the Soviet Union. For this engagement, she 
was awarded with the New York Academy of Science’s Human Rights of Scientists Award in 1990.

Johansson, Johannes
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From inner projections to quantum mechanics/capacitance molecular mechanics

Hans Ågren

KTH Royal Institue of Technology, Stockholm, Sweden

As we celebrate the 100th anniversary of the birth of Per-Olov Löwdin, who in many ways defined quantum chemistry as a subject, 
we may reflect on his legacy and the role that his work still plays today. Among many contributions to quantum chemistry that 
will always be associated with Per-Olov Löwdin is a highly personal style of linear algebra and quantum mechanics, well suited 
for addressing the chemical problems of his time. Students of his summer and winter schools were well trained in the so-called 
linear algebra bold-face notation and the use of partitioning techniques and projection operators. In his historical series of papers, 
Studies in Perturbation Theory I-XI, these techniques presented a general formulation of perturbation theory, and that work is 
the foundation of most of the response theoretical models, such as TD-DFT, that were developed and implemented many years 
later. In particular, it is by using an inner projection of a resolvent operator that allows us to express results of perturbation theory 
without explicit knowledge of the excited states of a system. Inspired by these ideas, we recently designed and implemented 
hybrid quantum mechanics/capacitance mechanics theory for properties of molecules in heterogeneous environments, consisting of 
metallic nanoparticles and organic solvent molecules. The developed approach is capable of describing the coupled response of the 
whole system (quantum and classical parts) to external electromagnetic perturbations in a uniform fashion under non-resonant and 
near resonant conditions. Thus, investigations of linear and non-linear properties of the quantum part of the system can be carried 
out even in cases when the electromagnetic field is in resonance with the metallic part of the classical region, i.e. under plasmon 
excitation conditions. This feature of our developed approach enables systematic investigations of various plasmon induced effects 
on molecular properties. Preliminary “proof of principle” results will be presented for molecules physisorbed on gold nanoparticles. 
We expect the developed approach to become an important tool for theoretical design of heterogeneous plasmonic structures at the 
nanoscale.

Ågren, Hans
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Describing oxygen atom transfer with DFt and multiconfiguRaTional methods

Kristine Pierloot1, Sergio Jannuzzi2,1, Quan Manh Phung1, Alex Domingo1, Andre Formiga2

1KU Leuven, Leuven, Belgium, 2University of Campinas, Campinas, Brazil

An important goal in the study of transition metal-mediated oxidative catalysis is to gain understanding of the relationship between 
the electronic structure of the metal-oxo species delivering the oxygen and its reactivity. Crucial factors are the radical character on 
the oxo-group, the availabilty of an empty metal-d-orbital, the presence of low-lying states with different spin and/or metal oxidation 
state. In this lecture, we will focus on the electronic structure of manganese-oxo porphyrins, and study the reactivity of such species 
in C-H bond hydroxylation. Due to the lack of oxyl character, the MnV singlet ground state is unreactive.  Oxygen atom transfer 
reactions should therefore proceed through thermally accessible triplet and quintet states.  The possibilities of multiconfigurational 
perturbation theory:  CAS-PT2, RAS-PT2, and in particular the novel DMRG-PT2 approach, are explored and the results are used to 
benchmark a wide range of GGA and hybrid density functionals. With the latter functionals both the MnV → MnIV promotion energy 
and the diradical character of the Mn–O π bond in the  MnV triplet state are found to be extremely dependent on the contribution of 
exact exchange. For this reason, GGA functionals are to be preferred for further reactivity studies.

Reference:  S. A. V. Jannuzzi, Q.  M.  Phung,  A.  Domingo,  A. L. B. Formiga,  K.  Pierloot,  Inorg. Chem. 2016, published online,  
DOI:10.1021/acs.inorgchem.5b02920

Pierloot, Kristine 1, Jannuzzi, Sergio 2,1, Phung, Quan Manh 1, Domingo, Alex 1, Formiga, 
Andre 2
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Survival of the Most Transferable: New Semi-empirical Density Functionals from a Combinatorial Design Strategy

Narbe Mardirossian1,2, Martin Head-Gordon1,2

1Department of Chemistry, University of California, Berkeley, CA, USA, 2Chemical Sciences Division, Lawrence Berkeley National 
Laboratory, Berkeley, CA, USA

I shall discuss progress in the design of a next generation of density functional theories [1,2,3].  In contrast to most approaches 
to functional design, we have adopted a combinatorial approach, in which we have trained a huge number of functionals (over 
100,000 in the case of the generalized gradient approximation models [1], and over 1010 in the case of meta GGA functionals [2,3]).  
The functional from each class that performs best on independent test data (survival of the most transferable) is self-consistently 
trained to yield a new generation functional that seems very promising for application purposes.  The 3 resulting functionals involve 
significantly fewer parameters than many of the best functionals of recent years.  I shall then discuss the results of benchmarking the 
functionals against other existing functionals.

[1] “ωB97X-V: A 10 parameter range separated hybrid density functional including non-local correlation, designed by a survival of 
the fittest strategy”, N. Mardirossian and M. Head-Gordon, Phys. Chem. Chem. Phys. 16, 9904-9924 (2014).

[2] “Mapping the genome of meta-generalized gradient approximation density functionals: The search for B97M-V”, N. Mardirossian 
and M. Head-Gordon, J. Chem. Phys. 142, 074111 (2015).

[3] “ωB97M-V: A combinatorially-optimized, range-separated hybrid, meta-GGA density functional with VV10 nonlocal 
correlation”, N. Mardirossian and M. Head-Gordon, J. Chem. Phys. (submitted, 2016).

Mardirossian, Narbe 1,2, Head-Gordon, Martin 1,2
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Next Generation First-Principles Based Multiscale Simulations

Ursula Rothlisberger

EPFL, Lausanne, Switzerland

First principles based molecular dynamics simulations can nowadays give insights into atomistic mechanisms of many complex 
phenomena but in some cases, the use of high-level electronic structure methods imposes severe limits on the tractable system size 
and the accessible time scale. These limitations are especially cumbersome in the simulation of biological systems that often contain 
10’000 to 100‘000 of atoms and involve typical time scales that can exceed even milliseconds. In addition, functional and non-
functional conformations of biological systems can lie in a very narrow energy range setting stringent requirements for the accuracy 
of a computational method.

In this talk, some typical examples of biological problems will be discussed that illustrate the need for high-accuracy methods. 
Different approaches that can potentially address this combined challenge of extended size, long time scales and high accuracy 
such as the on-the-fly adaption of classical force fields and semiempirical methods based on data from high-level quantum chemical 
methods will be presented together with efficient QM/QM and QM/MM methods based on multiple time step integrations and on-
the-fly machine learning.

Rothlisberger, Ursula
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Time-dependent molecular fields: The derivation of the Wave Equations

Michael Baer

Fritz Haber Center for Molecular Dynamics, The Hebrew University of Jerusalem, Tel Aviv, Israel

This lecture is based on studies given in Int. J. Quantum Chem. 114, 1645 (2014) and Molec. Phys. 114, 227 (2016) and presents a 
theory related to the possibility to induce a novel field – to be called Molecular Field. This field is produced via the interaction of an 
external electro-magnetic/electric field and a molecular system. Assuming the molecular system is made up of two coupled adiabatic 
states the theory leads from one spatial Curl equation, two Space-Time Curl equations and a space-time Divergence equation to a 
set of decoupled wave equations usually encountered for fields. In the present study, Wave Equations are derived for an external 
field with an intensity at the high limit. For this situation, the study reveals that the just mentioned interaction creates two fields that 
coexist within a molecule: one is just initial scalar field essentially identical to the original external Electric field and the other, a 
vectorial field, produced by the (two) Field Dressed non-adiabatic coupling terms (NACT). In addition, we mention that the wave 
velocities related to these two fields are identical to the wave velocity, v, of the external field.

With these assumptions in mind we encounter the following three Wave Equations:

(a) The Wave Equations for the (two) components of the Field Dressed NACTs:

(b) The scalar Wave Equation

Baer, Michael
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Effective hyperfine-structure functions of ammonia

Lucie Augustovicova1, Pavel Soldan1, Vladimir Spirko1,2

1Charles University in Prague, Prague, Czech Republic, 2Academy of Sciences of the Czech Republic, Prague, Czech Republic

The hyperfine structure of the rotation-inversion v2=0+,0-,1+,1- states of the 14NH3 and 15NH3 ammonia isotopomers is rationalized in 
terms of effective hyperfine-structure functions, which are determined by fitting to available experimental data within the framework 
of the non-rigid inverter theory. Using only a moderate number of fitting parameters in the vibration-inversion-rotation and effective 
Hamiltonian, the global fit provides immediate functions for the majority of fitted data. The predicted characteristics provide 
values of parameters in the effective Hamiltonian for a large number of lines in the ammonia rotation-inversion spectrum. In future 
experiments this may help derive spectroscopic constants of the observed inversion and rotation-inversion transitions deperturbed 
from the hyperfine effects. The significance of the deperturbed band centers of ammonia comes to the forefront in the study of 
fundamental physics as probes of a variable proton-to-electron mass ratio, since they are more adequate than their counterparts 
obtained at the usual `rotational’ resolution.

Augustovicova, Lucie 1, Soldan, Pavel 1, Spirko, Vladimir 1
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Description of antiferromagetism for solids/molecules with extremely ionized anions using the uniquely determined advanced 
basis set in the DV-DFT method supported by the finite element method

Kimichika Fukushima

Advanced Reactor System Engineering Department, Toshiba Nuclear Engineering Service Corporation, Yokohama City, Kanagawa 
Prefecture, Japan

Since the 1930s, it has been an unsolved problem whether the density functional theory (DFT) describes the antiferromagnetism. We 
found that a suitable DFT predicts the (periodic) antiferromagnetic ground state of solid copper oxides due to extremely delocalized 
electrons on oxygen ions, as Hohenberg-Kohn theorem. LCAO uses atomic oribitals for an isolated ion, while in experiment oxygen 
ions, which are doubly ionized in solids/molecules, are singly ionized in a vacuum. The author formulated a method using the 
discrete variational DFT method (magnetism by GGA resembles to that by the original DFT than by VWN), in which numerical 
atomic orbitals are calculated by adding a well potential of an arbitrary radius and depth to the potential on electrons in an ion. Our 
SIWB method, which considers the Coulomb potential from surrounding extended charges in solids/molecules for the basis set, 
derives the radius and depth of the well uniquely. Our method with a shallow well depth of -0.34 Eh predicts the antiferromagnetic 
state of the Cu oxide with the lower total energy than the normal state, unlike the conventional method with a well depth of -1 Eh. 
The total energies by our method for LiH and BeO are 0.056 and 0.31 Ry lower, respectively, than the conventional method. The 
solutions for these molecules by the finite element method, which are exact in the zero lattice spacing limit, are closer to the results 
by our method than those by the usual method.

References

1.K Fukushima J Phys Soc Jpn 69(2000)1247

2.K Fukushima Adv Quantum Chem 70(2015)1

3.K Fukushima Int J Quantum Chem 112(2012)44

4.K Fukushima J Comput Chem Jpn 12(2013)95

5.K Fukushima and H Sato J Comput Chem Jpn 12(2013)197

Fukushima, Kimichika
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Molecular modeling of synthetic analogs of humic and fulvic acids

Valentina Litvin1, Boris Minaev1,2, Gleb Baryshnikov1,3, Valentina Minaeva1, Hans Agren3

1Bohdan Khmelnitsky National University, Cherkassy, Ukraine, 2Institute of Chemistry, Beijing, China, 3Department of Theoretical 
CheRoyal Institute of Technology, Stockholm, Sweden

The interest in synthetic analogs of humic substances (SHS) is expaplained by the possibility of SHS preparations with definite 
properties, which makes it possible to avoid difficulties associated with standardization of natural humic substances. However, the 
molecular-scale mechanisms and dynamics of the SHS formation processes are not well understood. Molecular computer modelling 
of synthetic humic substances is a highly effective tool to understand and quantitatively predict the molecular mechanisms of SHS 
formation. We are trying to simulate the initial stages of consecutive oxidation of structural elements of a certain precursor, leading 
to a product containing protogenic groups with widely varying pK values. The DFT and semiempirical calculations by the РМ3 
method were used to optimize the structural fragments of the precursors of synthetic humic and fulvic acids. Since the synthetic 
fulvic acids (SFA) were obtained by oxidative polycondensation of pyrocatechol, we chose a linear fragment of the polyphenylene 
chain containing ortho-hydroxy groups in the benzene rings for the starting structure to simulate the process of the SFA formation. 
In the case of humic acids, we chose for the starting structure a fragment of the chain of polyelectrolyte I. On the ground of 
this structure we simulated the strongly oxidized spicies which are components of synthetic analogs of natural humic acids. The 
oxidation process was simulated by stepwise changing the structure of the starting fragments. The corresponding changes in the 
thermodynamic parameters (enthalpy of formation, entropy, and Gibbs energy) were determined and a conclusion was obtained if 
the postulated processes are thermodynamically possible.

Litvin Valentina 1, Minaev, Boris 1,2, Baryshnikov, Gleb 1,3, Minaeva, Valentina 1, Agren, Hans 3
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A simple strategy to eliminate ghost-interaction in standard and range-separated ensemble density functional theory

Md Mehboob Alam1, Stefan Knecht2, Emmanuel Fromager1

1Laboratoire de Chimie Quantique, Institut de Chimie, CNRS/Universite de Strasbourg, Strasbourg, France, 2Laboratory of Physical 
Chemistry, ETH Zurich, Vladimir-Prelog Weg 2, Zurich, Switzerland

The main hurdle for ensemble density functional theory to gain the status of the state-of-the-art method for excitation energy (ω) 
calculation is the unwanted ghost-interaction (GI),[1] which arises because of using approximate exchange-correlation functional 
and when one enters the ensemble density (nw) into the ensemble hartree energy expression. Previous works [1,2] invoke the use 
of orbital dependent functional, but in this work, we have proposed a simple strategy to deal with it. We used a double generalized 
adiabatic connection [3], which eliminates the hartree-exchange terms in the final expression of the ensemble energy (Ew) thereby 
vanishing the GI. This approach demands the use of optimized effective potential (OEP). To circumvent the use of OEP we have 
calculated the GI corrected Ew as the expectation value of full Hamiltonian over the long-range interacting nw matrix and adding to 
it the multi-determinant correlation. We applied it on five system viz. H2 (R=1.4a0, 3.7a0), He, HeH+ (R=8.0a0) and Be using srLDA 
functional and aug-cc-pVQZ basis set. The results show that the curvature in Ew is now eliminated (Fig.1) and the ω calculated using 
linear interpolation method [4] is found to be much closer to full CI than those calculated from the uncorrected ensemble energies, 
which reflects the potential of our approach.

[1] N. Gidopoulos, P. Papaconstantinou, and E. Gross, Phys. Rev. Lett. 88, 033003 (2002). [2] E. Pastorczak, N. I. Gidopoulos, 
and K. Pernal, Phys. Rev. A 87, 062501 (2013). [3] O. Franck and E. Fromager, Mol. Phys. 112, 1684 (2014). [4] B. Senjean, E. 
Hedegard, M. Alam, S. Knecht, and E. Fromager, Mol. Phys. DOI : 10.1080/00268976.2015.1119902.
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Unravelling the Key Driving Forces of the Spin Transition in p-Dimers of Spiro-biphenalenyl-Based Radicals

Maria Fumanal1,2, Fernando Mota1, Juan J. Novoa1, Jordi Ribas-Ariño1

1Universitat de Barcelona, Barcelona, Spain, 2Université de Strasbourg, Strasbourg, France

Spiro-biphenalenyl (SBP) boron radicals constitute an important family of molecules for the preparation of functional organic 
materials. The building blocks of several SBP-based crystals are p-dimers of these radicals, in which two phenalenyl (PLY) rings 
face each other and the other two PLYs point away from the superimposed PLYs. Remarkably, the dimers of ethyl-SBP undergo a 
spin transition between a diamagnetic and paramagnetic state upon heating.1 Here, we present a computational study that stablishes 
the driving forces of this spin-transition undergone at ~140 K.2 By means of wave-function and density functional theory calculations 
we determine that the ground state of the p-dimers below 140 K is a singlet state in which the SBP unpaired electrons are partially 
localized in the superimposed PLYs, whereas above 140 K, the unpaired electrons are localized in the nonsuperimposed PLYs. 
Our investigations elucidate that these high-temperature structures are exclusively governed by the ground triplet state because the 
open-shell singlet with the unpaired electrons localized in the nonsuperimposed PLYs does not feature any minimum in the potential 
energy surface of the system. Furthermore, we show that the electrostatic component of the interaction energy between SBP radicals 
in the p-dimers is more attractive in the triplet than in the singlet, thereby partially counteracting the bonding and dispersion 
components, which favor the singlet. This electrostatic stabilization of the triplet state is a key driving force of the spin transition of 
ethyl-SBP and a key factor explaining the paramagnetic response of the p-dimers of other SBP-based crystals.

1 Chi, X. et al. J. Am. Chem. Soc. 2001, 123, 4041−4048.

2 Fumanal, M. et al. J. Am. Chem. Soc. 2015, 137, 12843-12855.
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Ab initio adiabatic and quasidiabatic potential energy surfaces and dynamics of H++CO system: A study of the ground and 
the first three excited electronic states

Saheer V C1, Sanjay Kumar2

1Government College Madappally, Calicut, Kerala, India, 2Indian Institute of Technology Madras, Chennai, Tamilnadu, India

The global ground and first three excited electronic state adiabatic as well as the corresponding quasidiabatic potential energy 
surfaces (PESs) are reported as a function of nuclear geometries in the Jacobi coordinates using Dunning’s cc-pVTZ basis set at 
the internally contracted multi-reference (single and double) configuration interaction level of accuracy. Nonadiabatic couplings, 
arising out of relative motion of proton and the vibrational motion of CO, are also computed in terms of coupling potentials. The 
quasidiabatic PESs and the coupling potentials have been obtained using the ab initio procedure for the purpose of dynamics studies. 
The system exhibits interesting dynamical couplings as all of them evolve nonadiabatic interactions. The ground state PES of the 
H++CO(X1Σ+) system is 1Σ+ symmetry for the collinear geometry and is 1A′ symmetry for off-collinear geometry and thus they 
would couple with the excited states of the same symmetries. The adiabatic potential energy curve (PEC) for the lowest four states 
and its asymptotic correlations are shown in figure.

The dynamics of ion-molecule collisions often proceeds via the breakdown of Born-Oppenheimer approximation, and it 
evolves on coupled PES. The treatment beyond the Born-Oppenheimer approximation poses theoretical challenges and selection of 
a proper electronic basis for numerical solutions of nuclear Schrodinger equations still remains a theoretical bottleneck. Quantum 
dynamics studies have been carried out for the title systems under vibrational close-coupling rotational infinite order sudden 
approximation (VCC-RIOSA) framework using the computed quasidiabatic potential energy surfaces and the scattering quantities 
such as cross section, average energy transfer, transition probability etc. have been obtained for the elastic/inelastic as well as lowest 
charge transfer channel.

References :  (1) V. C. Saheer  and S. Kumar, The Journal of Chemical Physics, 144, 024307 (2016)
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Electronic and photophysical properties of ReI(CO)3(dmp)(imi), a redox unit for long-range electron transfer in modified 
blue-copper protein Pseudomonas aeruginosa azurin

Maria Fumanal, Chantal Daniel

Université de Strasbourg, Strasbourg, France

ReI tricarbonyl complexes constitute an important family of molecules for their application as luminescence probes due to their 
long-lived metal-to-ligand (MLCT) emission properties. However, the redox activity of the excited state (EE) has also been widely 
exploited to trigger long-range electron transfer (ET) reactions through biological systems. Remarkably, investigations of metal-
modified derivatives of a blue-copper protein Pseudomonas aeruginosa azurin revealed that these ET processes can be highly 
accelerated if an appropriate intervening redox center is used. This is the case of ReI(CO)3(dmp)(H124)¸(W122)¸AzCuI, in which 
rapid formation of CuII was detected after photoexcitation to *ReII(CO)3(dmp¸-)(H124).1,2 Here, we report a computational study on 
the absorption and emission properties of ReI(CO)3(dmp)(imi). By means of SA-CASSCF/CASPT2 and TDDFT, we determine 
the electronic structure and energy of the low-lying EEs involved in the ultrafast femtosecond intersystem-crossing (ISC) step. The 
comparison between both methodologies allow us to validate the results as well as to highlight the importance of an adequate set 
up in the simulations. Furthermore, it appears that spin-orbit coupling (SOC) must be explicitly considered to properly interpret the 
spectroscopic properties. Our calculations indicate that the lowest two singlet and three triplet MLCT EEs participate in the photo-
decay of the main absorbing singlet to the long-lived triplet state. The energetics and structural characteristics of these EEs provide 
the key features of the scenario of the primary step of this complex mechanistic long-range ET process that occurs within the protein.

1Shih C. et al. Science, 2008, 320, 1760-1762.

2Blanco-Rodríguez A. M. et al. Chem. Eur. J., 2011, 17, 5350-5361.
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copper protein Pseudomonas aeruginosa azurin

ReI tricarbonyl complexes constitute an important family of molecules for their application as luminescence probes due to their 
long-lived metal-to-ligand (MLCT) emission properties. However, the redox activity of the excited state (EE) has also been widely 
exploited to trigger long-range electron transfer (ET) reactions through biological systems. Remarkably, investigations of metal-
modified derivatives of a blue-copper protein Pseudomonas aeruginosa azurin revealed that these ET processes can be highly 
accelerated if an appropriate intervening redox center is used. This is the case of ReI(CO)3(dmp)(H124)÷(W122)÷AzCuI, in which 
rapid formation of CuII was detected after photoexcitation to *ReII(CO)3(dmp•-)(H124).1,2 Here, we report a computational study on 
the absorption and emission properties of ReI(CO)3(dmp)(imi). By means of SA-CASSCF/CASPT2 and TDDFT, we determine the 
electronic structure and energy of the low-lying EEs involved in the ultrafast femtosecond intersystem-crossing (ISC) step. The 
comparison between both methodologies allow us to validate the results as well as to highlight the importance of an adequate set 
up in the simulations. Furthermore, it appears that spin-orbit coupling (SOC) must be explicitly considered to properly interpret the 
spectroscopic properties. Our calculations indicate that the lowest two singlet and three triplet MLCT EEs participate in the photo-
decay of the main absorbing singlet to the long-lived triplet state. The energetics and structural characteristics of these EEs provide 
the key features of the scenario of the primary step of this complex mechanistic long-range ET process that occurs within the protein.

1Shih C. et al. Science, 2008, 320, 1760-1762.
2Blanco-Rodríguez A. M. et al. Chem. Eur. J., 2011, 17, 5350-5361.
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Atoms in Molecules through Electrostatic Viewglasses

Anmol Kumar, Shridhar Gadre

Indian Institute of Technology Kanpur, Kanpur, Uttar Pradesh, India

The electric field in the molecules offers an immense potential in unearthing the reactivity patterns of molecules, however it still 
remains to be explored in detail. In the present work, we study the conceptual as well as practical aspects of the gradient vector 
field of molecular electrostatic potential, V(r) (negative of the electric field).[1] Atoms in molecules (AIM)-like partitioning 
has been achieved[2] on the basis of zero flux surfaces (ZFS) of V(r). Such ZFS may completely enclose some atoms in the 
molecule, in contrast with the electron density based atomic partition. Partitioning the molecule using this tool visually brings 
out the electronegative atoms or the atoms to which the charge is transferred. The picture may differ from that offered by atomic 
charge models and reveals the atoms prone to electrophilic or nucleophilic attack. We have also provided a necessary and sufficient 
condition for such a closed ZFS of V(r) to exist. Further, the manifestation of anisotropy in the gradient paths of electrostatic 
potential points out to its ability in understanding the stereodynamics of the interacting molecules. The demonstration of the various 
phenomenon is brought out through a variety of examples e.g. CO, OF●, :CH2 , H2O, NH3BF3, Al2Cl6, NiCO4, CrCO6 etc.

Figure: Illustration of atomic basin  in CO molecule based on zero flux surface of ∇V(r) (pink mesh) and negative of electric field 
lines (blue lines).

References:

1. A. Kumar, S. R. Gadre, J. Chem. Theory Comput. DOI: 10.1021/acs.jctc.6b00073

2. DAMQT-2.1.0: A. Kumar, S. R. Gadre, S. D. Yeole, R. López, J. F. Rico, G. Ramírez, I. Ema, D. Zorrilla, J. Comp. Chem. 
36, 2350-2359, 2015.
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Atoms in Molecules through Electrostatic Viewglasses
The electric field in the molecules offers an immense potential in unearthing the reactivity patterns of molecules, 
however it still remains to be explored in detail. In the present work, we study the conceptual as well as practical 
aspects of the gradient vector field of molecular electrostatic potential, ∇V(r) (negative of the electric field).[1] Atoms 
in molecules (AIM)-like partitioning has been achieved[2] on the basis of zero flux surfaces (ZFS) of ∇V(r). Such ZFS 
may completely enclose some atoms in the molecule, in contrast with the electron density based atomic partition. 
Partitioning the molecule using this tool visually brings out the electronegative atoms or the atoms to which the charge 
is transferred. The picture may differ from that offered by atomic charge models and reveals the atoms prone to 
electrophilic or nucleophilic attack. We have also provided a necessary and sufficient condition for such a closed ZFS 
of ∇V(r) to exist. Further, the manifestation of anisotropy in the gradient paths of electrostatic potential points out to 
its ability in understanding the stereodynamics of the interacting molecules. The demonstration of the various 
phenomenon is brought out through a variety of examples e.g. CO, OF●, :CH2 , H2O, NH3BF3, Al2Cl6, NiCO4,
CrCO6 etc.

Figure: Illustration of atomic basin  in CO molecule based on zero flux surface of ∇V(r) (pink 
mesh) and negative of electric field lines (blue lines).    
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New mechanism of TADF via intermolecular triplet-singlet energy transfer

Glib Baryshnikov1,2, Boris Minaev1,2, Vladislav Cherpak3, Pavlo Stakhira3, Hans Ågren1
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Here we present a novel vision on thermally activated delayed fluorescence (TADF) via the intermolecular triplet-singlet energy 
transfer (TSET) [1]. We have prepared two OLEDs which emissive layers are composed of low-cost fluorophores DMAC27 (device 
A) and DMAC36 (device B) doped into the BIPC3 host matrix (Fig. 1). As follows from our TDDFT/B3LYP/6-31G(d) calculations 
the T1→S0 transition in host BIPC3 is spin forbidden and S1→S0 transition is very weak due to the orbital features. As a result, 
an efficient S1~S1 intermolecular energy transfer from BIPC3 to the guest DMAC27 and DMAC36 takes place, that explains the 
prompt fluorescence of OLED. The spectra of the delayed fluorescence of host-guest systems are identical to those of the prompt 
fluorescence and coincide with the photoluminescence spectra of the guest films. Such congruence of the prompt and delayed 
fluorescence spectra is explained by the TSET from T1 states of the host to the S1 states of the guest molecules providing delayed 
fluorescence. The T1 energy of BIPC3 (2.99 eV) is in a perfect resonance with the S1 level of DMAC36 (3.05 eV). The S1 energy 
level of DMAC27 (3.13 eV) is far from the resonance, according to TD DFT calculations and experimental measurements [1]. Thus, 
the TSET for DMAC36 is much more effective than it is for DMAC27.

Fig. 1. The mechanism of electroluminescence for the TSET-based blue OLEDs.

[1] D. Volyniuk, V. Cherpak, P. Stakhira, B. Minaev, G. Baryshnikov, M. Chapran, A. Tomkeviciene, J. Keruckas, J. V. Grazulevicius, 
J. Phys. Chem. C, 2013, 117, 22538.
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Electron-electron repulsion energy participation in non-relativistic electronic Schrödinger equation via the coupling strength 
parameter in Hartree-Fock theory: Analyzing the totally non-interacting reference system (TNRS)

Sandor Kristyan

Hungarian Academy of Sciences, Research Centre for Natural Sciences, Budapest, Hungary

No detailed analysis has been published yet about the ratio or participation of electron-electron repulsion energy (Vee) in total 
electronic energy – aside from virial theorem and the very detailed and well-known algorithm Vee is calculated during the standard 
HF-SCF and post-HF-SCF routines. Using particular modification of the SCF part in Gaussian package we have analyzed the 
ground and excited state solutions of the electronic Hamiltonian H

¸
Hne+ aHee

 via the coupling strength parameter “a” (known as 
adiabatic connection). Technically, this modification was essentially a modification of a single line in the SCF algorithm, wherein 
the operator rij

-1 was overwritten as rij
-1 ® a*rij

-1, with making “a” as input. The most important findings are that the repulsion energy 
Vee(a) is a quasi-linear function of “a”, as well as the statement and analysis of the extended 1st Hohenberg-Kohn theorem (0(a=1)
¸Hne¸Y0(a=0)) and its consequences in relation to “a”. The latter allows an algebraic transfer from the simpler solution of case a=0 
(where the single Slater det. is accurate form) to the realistic wanted case a=1. More, the case a=0 generates orto-normalized set of 
Slater det., which can be used as basis set for CI calculations (the 1st  approx. and diagonal elements of TNRS-CI matrix are Eelectr,k≈ 
Eelectr,k(TNRS)¸ eelectr,k+ (N(N-1)/2)<Yk|r12

-1|Yk> for ground and excited (k≥0) states with off-diagonal elements <Yk’|Hee|Yk>), as well 
as we have generalized the emblematic theorems Hund’s rule and virial/ Møller-Plesset/ Hohenberg-Kohn/ Koopmans/ Brillouin 
theorems and configuration interactions formalism in relation to “a”.
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energy (Vee) in total electronic energy – aside from virial theorem and the very detailed and well-known 
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CO2 adsorption on functionalized boron nitride nanotubes
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Boron nitride nanotubes (BNNT) are promising complexes as far as the gas adsorption processes are concerned. The electronic 
and vibrational properties of pristine and cobalt functionalized single walled BNNT of zig-zag and armchair chiralities interacting 
with a CO2 molecule are determined through the use of density functional theory and the discrete variable representation method, 
respectively. When compared to similar simulations concerning carbon nanotubes, a stronger interaction is observed between the 
CO2 molecule and the functionalized BNNT. A density of state study suggests that the doping induces major changes in the electronic 
structure standard in the sense of critically reducing the original energy gap. Furthermore, we observe that the zig-zag chirality 
tends to present higher values of vibrational frequencies for most of the states considered, independently of the nanotubes being 
functionalized or not. Our results indicate that functionalized zig-zag BNNT are among the best possible candidates for adsorption 
purposes. CNPq, FAPDF, CAPES.
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K- and L-edge X-ray absorption spectroscopy through damped linear response theory
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As core excitations exhibit strong relaxation effects, theoretical considerations of such processes are particularly challenging. 
Additionally, a reliable treatment of spin-orbit coupling is necessary in order to obtain correct spin-orbit splittings and intensity ratios for 
L1,2-edge X-ray absorption spectra. Here we use a damped formalism of linear response theory1 in order to consider K- and L-edge 
X-ray absorption spectra, as implemented in coupled cluster2 and time-dependent density functional theory (TDDFT). The latter has 
recently been made available in a four-component relativistic setting.3

For the X-ray absorption spectrum of liquid water, coupled cluster theory has been used to benchmark calculations using TDDFT and 
transition potential density functional theory, obtaining good correspondence between the methods.4 Furthermore, we report good 
agreement between TDDFT calculations and experiment, enabling the investigation of the correlation between spectral features and 
local structure.

Considering L1,2-edge absorption spectra, four-component TDDFT produce theoretical results in good agreement with experiments5 
– particularly for the relative intensities, which may diverge significantly from the statistically expected 2:1 ratio.

[1] Norman et al., JCP 123, 194103 (2005).

[2] Coriani et al., JCTC 8, 1616-1628 (2012).

[3] Villaume et al., JCP 133, 064105 (2010).

[4] Fransson, et al., PCCP 18, 566-583 (2016).

[5] Fransson, Burdakova, and Norman, submitted.
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Molecular simulations of photo-induced electron transfer between coumarin fluorescent dye and guanine
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Photo-induced electron transfer (PET) reaction has been observed and widely studied in many biological systems such as in proteins 
and oligonucleotides. PET between a fluorescent dye and an amino acid or a DNA bases can lead to fluorescence quenching of the dyes. 
Such quenching reaction can affect the fluorescence intensities especially when the dye is employed to probe the conformation of the 
biomolecular systems. The most effective quencher among nucleotides is guanine, the easiest oxidizable base. 7-methoxycoumarin 
(C-3H) is one of the coumarin derivatives widely used as a fluorescent dye and can be reduced by guanine in the PET reaction. 
In this work, the molecular simulation is employed to elucidate the underlying mechanism of the C-3H fluorescence quenching 
triggered by PET. Quantum mechanical (QM) method is used to simulate electron transfer from a quencher to a fluorescent dye in 
its excited state. The modified semiempirical method is selected for faster calculations especially in the dynamics simulations. The 
standard semiempirical method is incorporated with the floating occupation molecular orbital-configuration interactions approach 
to describe the multi-reference nature of an electron in the PET reaction. The effect of the surrounding is included in the calculation 
using molecular mechanical (MM) force field. Hence the overall potential is of the QM/MM one. The dynamics simulations on the 
first and second singlet excited states (S1 and S2) of the dye-guanine cluster have been performed. The nuclear quantum dynamical 
characteristics of the cluster is described by the full multiple spawning (FMS) method, which solves the electronic Schrödinger 
equations and nuclear equation of motion simultaneously. The obtained results indicate that the PET reaction pathway likely starts 
from S2 of the cluster and pass through its transient S1 state to the ground state. The similar pathway is also found in other coumarin 
dye (Barmen, et al. J. Phys. Chem. A 2013, 117, 3945-3953), which also emphasizes the role of hydrogen bonding. From our 
simulations, we likewise found that the formation of hydrogen bond between C-3H and guanine is necessary for the PET to occur.

Boonsen, Wutthinan 1, Punwong, Chutintorn 1,2
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SHARC Non-Adiabatic Molecular Dynamics with Linear Response TD-DFT for Simulating Intersystem Crossing
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1University of Vienna, Institute for Theoretical Chemistry, Vienna, Austria, 2ETH Zurich, Zurich, Switzerland

In the fields of dye-sensitized solar voltaics and  organic light emitting diode development, the use of transition metals is ubiquitous. 
These have photochemical properties which can be tuned to improve the efficiency of such devices. Theoretical chemistry can 
help in improving our understanding of such systems, but the use of conventional wavefunction methods is usually prohibitively 
expensive and thus, density functional theory (DFT) and its time-dependent (TD) version are the preferred options. Combining 
TD-DFT with dynamics will open up the pathway to the study of intersystem crossing (ISC) via exploration of the potential 
energy surface for large molecules. Herein, we present a newly developed version of SHARC[1] interfaced to ADF[2], permitting the 
calculation of non-adiabatic ab initio molecular dynamics using TD-DFT including on-the-fly spin-orbit couplings. The code has 
been applied to the calculation of the excited state dynamics of the model complex [Ru(bpy)3]

2+, for which ISC has been predicted 
to be ultrafast[3,4]. In particular It is experimentally known that [Ru(bpy)3]

2+ will undergo ISC in less than 30 fs[3]. In our calculations 
we observe population in the triplet states already after 2 fs.

1) (a) M. Richter, P. Marquetand, J. González-Vázquez, I. Sola, L. González, J. Chem. Theory Comput. 2011, 7, 1253; (b) S. 
Mai, P. Marquetand, L. González, Int. J. Quantum. Chem. 2015, 115, 1215

2)  Theoretical Chemistry, Vrije Universiteit Amsterdam, ADF, Amsterdam Density Functional program, URL: http://www.scm.com

3) M. Chergui, Acc. Chem. Res. 2015, 48, 801

4) I. Tavernelli, B. F. E. Curchod, U. Rothlisberger, Chem. Phys. 2011, 391, 101
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Computational design of the tunnel-like carbon allotrope and its lithium complex
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A novel tunnel-like carbon allotrope and its Li-containing complex (Fig. 1) have been designed on the basis of DFT approach at the 
B3LYP/6-31G(d) level of theory using the Gaussian 09 software package. It has been established that the simplest porous cluster 
of the (4, 6, 6, 8) topology belongs to the D2h symmetry point group and includes short double (C6 – C7 1.337; C1–C2 1.341 Å) 
and long saturated (1.523 – 1.691 Å) bonds. Being 1.496 Å in length, the C1 – C8 bond is indicated as one having an intermediate 
type due to a partial π-bond contribution. The band structure calculation for the three-dimensional (3D) periodic model has revealed 
that the 3D tunnel-like carbon allotrope possesses a semiconducting nature with a wide direct band gap of 2.985 eV. An interesting 
feature is that the valence band maximum occurs not at the Γ-point which is related with a two-dimensional nature of bonding in the 
studied tunnel-like carbon allotrope.

Moreover, it was found that the unique structure of the designed tunnel-like carbon allotrope allows to include the two Li atoms (the 
Li-Li interatomic distance equals to 1.72 Å) into the inner cavity (Fig. 1 b). The coordination sphere of each Li atom represents the 
irregular quadrangular prism inclined by 15º (Fig. 1 c). Predominantly, all the Li–C bonds in the studied complex possess the ionic 
nature and can be interpreted as the closed-shells interaction in terms of the Bader theory formalism. The total complexation energy 
of the eight Li–C bonds calculated by the Espinosa formula equals to –67 kcal·mol–1 specifying the great stability of the designed 
complex.

Fig. 1. The optimized structure of the tunnel-like carbon allotrope (a), Lithium-containing complex with the macrocyclic tunnel-like 
ligand (b), and the prism-shaped coordination cage consisting of the Li atoms.

[1] D. Volyniuk, V. Cherpak, P. Stakhira, B. Minaev, G. Baryshnikov, M. Chapran, A. Tomkeviciene, J. Keruckas, J. V. Grazulevicius, 
J. Phys. Chem. C, 2013, 117, 22538.
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Resonance Raman calculations of new ruthenium polypyridyl based photosensitizers

Magdalena Staniszewska, Julien Guthmuller

Gdansk University of Technology, Gdansk, Poland

The work presents a theoretical investigation of the molecular and optical properties of newly synthesized sensitizers [1] derived 
from the [Ru(bpy)3]

2+ complex. Especially Resonance Raman spectra calculated for strongly allowed singlet states give information 
about the early state dynamics occuring in complexes after photoexcitation. Namely, excited states gradients, important for the 
evaluation of excited state properties, were directly used to calculate RR intensities. Additionally, not only singlet but also triplet 
excited states are characterized, in order to reproduce the emission spectra. All the calculations employ well known density functional 
theory (DFT) and its time-dependent version (TDDFT), together with the Polarizable continuum model (PCM) in order to model 
solvent effects.

This family of compounds is composed of homoleptic complexes [Ru(Li)3]
2+ and heteroleptic complexes ([Ru(bpy)2Li]

2+, [Ru(bpy)
(Li)2]

2+), in which the ligands L1 and L2 contains additional phenyl and triazole aromatic rings. Elongation of the linker parts is 
expected to increase efficiency of light-harvesting and to prevent charge recombination processes.
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Hydroxylation by a Rebound Mechanism using Metal-Oxo Species in Solvent: Don’t Count on It.

Kyung-Bin Cho1, Hajime Hirao2, Sason Shaik3, Wonwoo Nam1

1Ewha Womans University, Seoul, Republic of Korea, 2Nanyang Technological University, Singapore, Singapore, 3The Hebrew 
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A rebound mechanism in Cytochrome P450 refer to the abstraction of a hydrogen atom from a substrate by a Por(*+)Fe(IV)O 
species (so called Cpd I), whereby the resulting OH moiety is returned to the substrate to hydroxylate it. This mechanism is well 
established in P450 systems. However, we have both experimentally and theoretically investigated many C-H activation reactions 
by biomimetic metal-oxo species in solvent, and noticed certain anomalies that were incompatible with a rebound mechanism. For 
instance, biomimetic Fe(IV)O systems produce Fe(III) products, rather than Fe(II) products that would be expected in a rebound 
mechanism. Also, the product yield does not exceed 50% relative to the amount of Fe(IV)O catalysts, and substrate bromination 
instead of hydroxylation occurs when CCl3Br is present in the solution. To date, we have tested Fe(IV)O, Mn(IV)O, Cr(IV)O, 
Ru(IV)O, Fe(V)O and Mn(V)O species with the same results.[1] This led us to conclude that not all hydroxylation reactions occur 
through the rebound mechanism, but through a dissociative mechanism (Figure 1) where the substrate radical after the H-atom 
abstraction step dissociates out of the cage, to react with a second catalyst.[1] DFT calculations confirm that in absence of any 
restricting issues, such as a hydrogen bond or enzymatic residues holding the substrate in the place, dissociation is almost always 
preferred over rebound or desaturation barriers.[1]

Figure 1. Proposed dissociation mechanism a®d®e®f in the case of Fe(IV)O species.

[1] K.B. Cho, H. Hirao, S. Shaik and W. Nam, Chem. Soc. Rev., 2016, 45, 1197.
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NNO hydrazone ligand complexed with copper: DFT study

Joao B. L. Martins1, Claudia C. Gatto1, Fernanda de S. Tiago2
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The huge interest in hydrazone derivatives are due to the versatility of this Schiff bases as coordination ligands for new complexes 
synthesis and application. Schiff bases with N,N,O coordination atoms typically afford stable complexes with most transition metal 
cations. Due to their potential biological and catalytic properties, such hydrazone-based complexes are widely studied1. Hydrazones 
also display several biological effects and have been recognized as potent anticancer, anti-bacterial, anti-fungal, and antiviral 
compounds. This work explore, under the theoretical point of view, the crystal structure of synthesized complexes of a copper(II) 
complex – [Cu(HL)(NO3)2]·H2O – based on 2-acetylpyridine-benzoylhydrazone ligand. In this complex, copper(II) is five-coordinate 
with two nitrate ligands and a tridentate NNO-donor. The copper center has square pyramidal geometry with an axial nitrate and 
the equatorial positions occupied by another nitrate and the hydrazone. Plane wave and localized basis set calculations support 
the distorted square pyramidal geometry. Simulation of absorption spectra for polyatomic systems requires some compromise 
between computational cost and accuracy related to the experimental data. Time dependent (TD) method shows to be one of the 
least expensive methods for systems of large number of atoms, without including multielectron excitations. Theoretical calculations 
using several DFT functionals were used to study the performance of functionals for this complex. Solvent effect was studied on 
optimized geometries allowing better support to its spectroscopic data. Noncovalent ππ stacking  interactions were also analyzed. 
CNPq, FAPDF, CAPES.
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complex – [Cu(HL)(NO3)2]·H2O – based on 2-acetylpyridine-benzoylhydrazone ligand. In this complex, 
copper(II) is five-coordinate with two nitrate ligands and a tridentate NNO-donor. The copper center has 
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Molecular modeling of synthetic analogs of humic and fulvic acids
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2Bohdan Khmelnytsky National University, Cherkasy, Ukraine

The interest in synthetic analogs of humic substances (SHS) is expaplained by the possibility of SHS preparations with definite 
properties, which makes it possible to avoid difficulties associated with standardization of natural humic substances. However, the 
molecular-scale mechanisms and dynamics of the SHS formation processes are not well understood. Molecular computer modelling 
of synthetic humic substances is a highly effective tool to understand and quantitatively predict the molecular mechanisms of SHS 
formation. We are trying to simulate the initial stages of consecutive oxidation of structural elements of a certain precursor, leading 
to a product containing protogenic groups with widely varying pK values. The DFT and semiempirical calculations by the РМ3 
method were used to optimize the structural fragments of the precursors of synthetic humic and fulvic acids. Since the synthetic 
fulvic acids (SFA) were obtained by oxidative polycondensation of pyrocatechol, we chose a linear fragment of the polyphenylene 
chain containing ortho-hydroxy groups in the benzene rings for the starting structure to simulate the process of the SFA formation. 
In the case of humic acids, we chose for the starting structure a fragment of the chain of polyelectrolyte I. On the ground of 
this structure we simulated the strongly oxidized spicies which are components of synthetic analogs of natural humic acids. The 
oxidation process was simulated by stepwise changing the structure of the starting fragments. The corresponding changes in the 
thermodynamic parameters (enthalpy of formation, entropy, and Gibbs energy) were determined and a conclusion was obtained if 
the postulated processes are thermodynamically possible.

Litvin, Valentina 2, Minaev, Boris 1,2, Baryshnikov, Glib 1,2, Galagan, Rostislav 2, Minaeva, Valentina 2, Ågren, Hans 1,2
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The interest in synthetic analogs of humic substances (SHS) is expaplained by the possibility of 
SHS preparations with definite properties, which makes it possible to avoid difficulties 
associated with standardization of natural humic substances. However, the molecular-scale 
mechanisms and dynamics of the SHS formation processes are not well understood. Molecular 
computer modelling of synthetic humic substances is a highly effective tool to understand and 
quantitatively predict the molecular mechanisms of SHS formation. We are trying to simulate the 
initial stages of consecutive oxidation of structural elements of a certain precursor, leading to a 
product containing protogenic groups with widely varying pK values. The DFT and 
semiempirical calculations by the РМ3 method were used to optimize the structural fragments of 
the precursors of synthetic humic and fulvic acids. Since the synthetic fulvic acids (SFA) were 
obtained by oxidative polycondensation of pyrocatechol, we chose a linear fragment of the 
polyphenylene chain containing ortho-hydroxy groups in the benzene rings for the starting 
structure to simulate the process of the SFA formation. In the case of humic acids, we chose for 
the starting structure a fragment of the chain of polyelectrolyte I. On the ground of this structure 
we simulated the strongly oxidized spicies which are components of synthetic analogs of natural 
humic acids. The oxidation process was simulated by stepwise changing the structure of the 
starting fragments. The corresponding changes in the thermodynamic parameters (enthalpy of 
formation, entropy, and Gibbs energy) were determined and a conclusion was obtained if the 
postulated processes are thermodynamically possible. 
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The JEDI Analysis – a Method for the Description of Mechanically Stretched Molecules

Tim Stauch, Andreas Dreuw

University of Heidelberg, Heidelberg, Germany

Mechanical forces can be used to initiate chemical reactions. If a molecule is deformed by an external force, the stress energy is 
distributed among the internal modes of the molecule, i.e. its bonds, angles and torsions. To analyze this distribution, we have 
developed the JEDI (Judgement of Energy DIstribution) analysis.[1,2] Based on the harmonic approximation, an energy is calculated 
for each redundant internal mode of the molecule, thus delivering a comprehensive picture of mechanochemical processes.

We have used the JEDI analysis to investigate the mechanochemical behavior of polymer strands that are tangled into knots.[3] 
The force that is needed to rupture a knotted polymer chain is 50% smaller than in the case of a linear, unknotted chain. Moreover, 
rupture always occurs at the “entry” or “exit” of the knot. Using the JEDI analysis we have found that most stress energy in knotted 
polymer chains is stored in the torsions around the curved part of the chain. This causes the knot to “choke off” the chain in its 
immediate vicinity, which facilitates the bond rupture.

[1]: T. Stauch and A. Dreuw, J. Chem. Phys. 2014, 140, 134107

[2]: T. Stauch and A. Dreuw, J. Chem. Phys. 2015, 143, 074118

[3]: T. Stauch and A. Dreuw, Angew. Chem. Int. Ed. 2016, 55, 811-814
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A fresh look at the photochemistry of tolanes

Maximilian Krämer, Andreas Dreuw

University Heidelberg, Heidelberg, Germany

Diphenylacetylene (tolane) represents an important molecular building block in organic opto-electronic and functional 
materials, but its photochemistry has not yet been understood in detail.[1,2] It remains unclear, why bridged twisted 
tolanes (tolanophanes) show a hypsochromic shift in absorption, but emission spectra identical to planar tolanes. In 
addition, twisted tolanes exhibit phosphorescence at low temperatures in rigid media, but planar derivatives not.[3,4]  
Using state-of-the-art quantum chemical methodology, its optical properties and photo-initiated processes 
were investigated at the level of TDDFT/cam-B3LYP and ADC2(s).[5,6] Two relevant reaction coordinates 
of tolane were investigated: the relative torsion of the phenyl rings and a trans-bent coordinate leading to a 
stilbene-like structure. These computed potential energy curves fully explain the experimental observations. 
Planar  tolane undergoes a HOMO to LUMO transition in the first excited state, which exhibits a planar minimum responsible for 
the observed fluorescence. Twisted tolanes are excited to an energetically higher-lying state, which however, relaxes to the same 
planar S1 minimum, i.e. they planarize. However, these derivates possess sufficient excess energy, which allows to access the global, 
trans-stilbene like, S1 minimum. This „dark state“ is long-lived and can undergo ISC to populate the lowest triplet state. The global 
triplet minimum is linear and planar and is responsible for the observed phosphorescence.

[1] Bunz, U. H. F. Chem. Rev. 2000, 100, 1605

[2] Bunz, U. H. F. Poly(Arylene Etynylene)s: From Synthesis to Application; Springer: Berlin, 2005; Vol. 177; p 1.

[3] Menning, S.; Krämer, M.; Coombs, B. A.; Rominger, F.; Beeby, A.; Dreuw, A.; Bunz, U. H. F. J. Am. Chem. Soc. 2013, 135, 
2160–2163.

[4] Menning, S.; Krämer, M.; Duckworth, A.; Rominger, F.; Beeby, A.; Dreuw, A.; Bunz, U. H. F. J. Org. Chem. 2014, 79, 6571–6578

[5] Schirmer, J. Phys. Rev. A 1982, 26.

[6] Schirmer, J.; Trofimov, A. B. J. Chem. Phys. 2004, 120
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LoFEx: A Local Framework for calculating Excitation energies

Pablo Baudin, Kasper Kristensen

Aarhus University, Aarhus, Denmark

We present a local framework for the calculation of coupled cluster excitation energies of large molecules (LoFEx). The method 
utilizes time-dependent Hartree-Fock information about the transitions of interest through the concept of natural transition orbitals 
(NTOs). The NTOs are used in combination with localized occupied and virtual Hartree-Fock orbitals to generate a reduced 
excitation orbital space (XOS) specific to each transition where a standard coupled cluster calculation is carried out. Each XOS 
is optimized to ensure that the excitation energies are determined to a predefined precision. We apply LoFEx in combination with 
the RI-CC2 model to calculate the lowest excitation energies of a set of medium-sized organic molecules. The results show that 
significant computational savings can be gained without affecting the accuracy of CC2 excitation energies.

FIG. 1: Convergence of the lowest excitation energy of palmitic acid with the size of the XOS.
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Detailed Insight into Core-Excited States: Physical Properties, Exciton Analysis and Visualizations at the CVS-ADC Level 
for Analysis of X-Ray Spectroscopy

Jan Wenzel, Andreas Dreuw

University of Heidelberg, Heidelberg, Germany

The theoretical simulation of X-ray spectroscopies is a challenging task. However, for small and medium-sized organic molecules, 
the algebraic diagrammatic construction scheme (ADC) for the polarization operator in combination with the core-valence separation 
(CVS) approximation has proven to yield core-excitation (CE) energies and transition moments with almost quantitative accuracy 
allowing for reliable construction of XA spectra. [1-3] To understand CE processes in detail, properties like state densities and 
static dipole moments are important as they provide deeper insight into the nature of core-excited states. This information can be 
computed directly by employing the intermediate state representation (ISR) approach in combination with the CVS approximation 
(CVS-ISR).

Here, we present results obtained by our recent development of the CVS-ADC/CVS-ISR approach. [4] For this purpose, fluoroethene 
as a small benchmark system as well as acenaphthenequinone (ANQ) and 2,2’-bithiophene (BT) as typical representatives from 
the field of organic electronics are investigated. Plotting electron and hole densities helps to determine the character of the state 
and the investigation of detachment/attachment densities provides information about orbital relaxation effects that are crucial for 
understanding CE. Besides advanced analyses of core-excited state densities by means of exciton sizes and the calculation of core-
excited state dipole moments, first calculations are presented demonstrating the influence of solvents on X-ray spectra using a 
recently implemented polarizable continuum model (PCM). [5]

[1] J. Wenzel, M. Wormit, A. Dreuw, J. Comp. Chem., 35, 2014, 1900

[2] J. Wenzel, M. Wormit, A. Dreuw, J. Chem. Theory Comput., 10, 2014, 4583

[3] J. Wenzel, A. Holzer, M. Wormit, A. Dreuw, J. Chem. Phys., 142, 2015, 214104

[4] J. Wenzel, A. Dreuw, J. Chem. Theory Comput., 12, 2016, 1314

[5] J.-M. Mewes, Z-Q. You, et. al., J. Phys. Chem. A, 119, 2015, 5446
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In this work we study the light-driven insertion of an dioxygen molecule into the Pt(II)-C bond in the complex [Pt(L)Me][SbF6] 
under ambient light, where L is a 6,6’ disubstituted terpyridine.[1] The mechanism for the reaction has been studied at the M06/6-
31+G(d)/LANL2DZ(f) level (Figure 1). The reaction consists in the photochemical excitation of the complex and subsequent 
quenching by molecular oxygen, relaxing to an intermediate where the singlet oxygen coordinates to the Pt(II) centre, displacing 
the methyl ligand. Finally, the methyl can migrate to the oxygen to yield the methylperoxo product, where hydrogen bond-forming 
substituents go through a different transition state than sterically hindering ligands.

Figure 1. Free Energy profile of the reaction. Energies in kcal.mol-1.

Fernandez-Alvarez, Victor M. 1, Maseras, Feliu 1,3, Britovsek, George J.P. 2
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X-ray photoelectron spectroscopy (XPS) is a well-known sensitive and selective mean to access electronic and structural properties 
of molecules. Higher sensitivity may be reached using double core hole (DCH) spectroscopy, in which two inner-shell electrons 
are ejected from a molecule. The chemical shift is especially pronounced when the two core holes are located on different atoms 
(two-site DCHs) compared to the single-site DCH configuration, where a single atom is doubly ionized in the core shell [1]. As a 
consequence, two-site DCH states formation allows to probe equivalent atoms, which may be indistinguishable by conventional 
XPS.

Study of doubly core-ionized molecules received a strong impetus since 2009 through the recent and rapid development of  X-ray 
free electron lasers (XFELs). Despite the very small cross sections of DCH states compared to singly ionized species, XFELs 
open the possibility to efficiently produce DCH states by X-ray two-photon absorption. The theoretical description of this X-ray 
two-photon photoelectron spectroscopy (XTPPS) is challenging due to the competition between x-ray photon absorption, nuclear 
dynamics and electronic relaxation by Auger decay which all occur at similar timescales.

In this work, we present the methodology and the numerical implementation of a complete description of XTPPS. Our model takes 
into account for the first time all competitive processes. Vibrationally resolved photoelectron spectra of singly and doubly ionized 
isolated carbon monoxide are calculated using a full quantum description of the nuclear motion which includes explicitly the laser 
pulse and the Auger decay of the unstable core-ionized states.

[1] L. S. Cederbaum, F. Tarantelli, A. Sgamellotti and J. Schirmer, On double vacancies in the core, J. Chem. Phys. 85, 6513-6523 
(1986).
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Density functional theory and random phase approximation for solids based on multipole-accelerated density fitting
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Due to electron correlation, it may be difficult to achieve chemical accuracy for extended systems with affordable computational 
demand. Density functional theory (DFT) offers a compromise between accuracy and efficiency but in practice DFT may yield 
unacceptable errors for weakly bound adsorbates. Using the adiabatic random phase approximation (RPA), long range dispersion 
effects can be included starting from a DFT calculation (see [1] and citations therein). As RPA is parameter-free, non-perturbative, 
robust for small gaps, and may have a computational cost close to the Hartree-Fock method, it is an alternative for wave function 
methods such as lower order coupled cluster.

First, we present a brief overview of DFT calculations obtained from our implementation for solids based on Gaussian-type basis 
functions and multipole-accelerated density fitting (RI) with a charge-projected Coulomb metric.[2,3,4] The Kohn-Sham matrix 
is calculated in direct space and with linear scaling of the operation count. The density matrix is integrated over wave vectors k. 
Starting from this DFT code,  which is now available in Turbomole, we extended the density fitting approach to compute RPA 
correlation energies under periodic boundary conditions on the Gamma point and provide results for periodic model systems, where 
effects of dispersion are observed (e.g., see Figure 1).

                                                                                                                        
 
 
 
 
 
 
 
 

Fig. 1
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Excited state proton dissociation and transfer in microhydrated hydroxylamine clusters
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Excited-state proton transfer is considered to be one of the most important reactions in photochemical and electrochemical processes. 
This reaction is characterized by proton dissociation upon irradiation, which leads to an increase in the acidity of molecules that 
are regarded as photoacid [1]. In this work [2], dynamics and mechanism of proton dissociation and transfer in microhydrated 
hydroxylamine clusters are theoretically studied using NH2OH(H2O)n(n = 1-4) as model systems and the TD-DFT/B3LYP/aug-
cc-pVDZ method and BOMD simulations as model calculations. The quantum chemical calculations suggest that the intermediate 
complexes are formed only in the S1 state in a low local-dielectric environment (e.g.,  = 1) and that upon the S0 ® S1 transition, 
the photon energy excites mostly NH2OH, which leads to a homolytic cleavage of the O-H bond and to dynamically stable charge-
separated Rydberg-like H-bond complexes (e.g., NH2O˙-H3O

+˙) [3,4]. The potential energy surfaces for proton displacement suggest 
the intersection of the S0 and S1 states in low local-dielectric environments, whereas in a high local-dielectric environment (e.g., 
= 78), these two states are completely separated. The BOMD results show that the dynamic behaviour of the dissociating proton in 
the S1 state is not different from that of the protonated H-bond systems in the ground state, which is characterized by the oscillatory 
shuttling and structural diffusion motions. The current theoretical study suggests guidelines for the investigation of the dynamics of 
the photoacid-dissociation and transfer processes in the Förster acidity scheme [1], provided that the exciting photon does not lead 
to a significant change in the structure of the intermediate complex in the excited state.

1.  L. M. Tolbert and K. M. Solntsev, Acc. Chem. Res., 2002, 35, 19-27.

2. J. Thisuwan, P. Suwannakham, C. Lao-ngam and K. Sagarik, Phys. Chem. Chem.

    Phys., 2016, 18, 5564-5579.

3.  A. L. Sobolewski and W. Domcke, J. Phys. Chem. A., 2002, 106, 4158-4167.

4.  A. L. Sobolewski and W. Domcke, Phys. Chem. Chem. Phys., 2002, 4, 4-10.
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for proton displacement suggest the intersection of the S0 and S1 states in low local-dielectric environments, whereas in a high 
local-dielectric environment (e.g., e = 78), these two states are completely separated. The BOMD results show that the dynamic 
behaviour of the dissociating proton in the S1 state is not different from that of the protonated H-bond systems in the ground state, 
which is characterized by the oscillatory shuttling and structural diffusion motions. The current theoretical study suggests 
guidelines for the investigation of the dynamics of the photoacid-dissociation and transfer processes in the Förster acidity scheme 
[1], provided that the exciting photon does not lead to a significant change in the structure of the intermediate complex in the 
excited state.

1.  L. M. Tolbert and K. M. Solntsev, Acc. Chem. Res., 2002, 35, 19-27.
2. J. Thisuwan, P. Suwannakham, C. Lao-ngam and K. Sagarik, Phys. Chem. Chem.

Phys., 2016, 18, 5564-5579.
3.  A. L. Sobolewski and W. Domcke, J. Phys. Chem. A., 2002, 106, 4158-4167.
4.  A. L. Sobolewski and W. Domcke, Phys. Chem. Chem. Phys., 2002, 4, 4-10.
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Mechanistic study on the sulfur transfer in the mercaptopyruvate sulfurtransferase
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1Department of Biological Science and Technology, National Chiao Tung University, Hsinchu City, Taiwan, 2Institute of Bioinformatics 
and Systems Biology, National Chiao Tung University, Hsinchu City, Taiwan

Mechanism of sulfur transfer for S-sulfhydration is generally anticipated to proceed through the transfer of the SH group. The 
other route involves the sulfur atom transfer between two sulfhydryl anions and is considered electrostatically unfavorable. 
Mercaptopyruvate sulfurtransferase (MST) catalyzes sulfur transfer from mercaptopyruvate to sulfur acceptors, and the initial step 
of the catalytic reaction is the formation of cysteine persulfide via S-sulfhydration of the corresponding cysteine residue in the active 
site (Figure 1). In the enzyme system of human MST (4JGT), we utilize QM/MM methodology to demonstrate that the sulfur atom 
transfer is relatively more kinetically favorable than the SH transfer by 27.3 kcal/mol in ΔG‡ at ONIOM(M06-2X:Amber) level. 
The Ser250 residue of the Ser250/His74/Asp63 (SHD) triad around the active site first deprotonates the sulfhydryl group of the 
mercaptopyruvate substrate to trigger the sulfur atom transfer, and additionally stabilizes the product in the form of pyruvate enolate 
with hydrogen-bond interactions. We further conclude one electrostatic-interaction model to account for the mechanism of sulfur 
atom transfer: the relatively electron-rich region of the sulfur atom being transferred interacts with its surrounding NH/OH groups 
of the Cys248-Gly249-Ser250-Gly251-Val252-Thr253 (CGSGVT) loop, which structurally orients the electron-deficient region of 
the sulfur atom facing toward the lone-pair electrons of the sulfhydryl anion of Cys248. Extensive analyses of electrostatic potentials 
and frontier orbitals could show that the specific conformation of this CGSGVT loop not only stabilize the sulfhydryl/persulfide 
anions of the Cys248 residue, but is also able to enhance the electrophilicity of the persulfide anion. The sulfur atom transfer which 
is seldom regarded possible is hence, facilitated by both of the SHD triad and by the loop effects of the catalytic enzyme.

Figure 1. S-sulfhydration.
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An efficient and accurate linear scaling MP2 method with a sparsity infrastructure

Peter Pinski1, Christoph Riplinger1, Edward Valeev2, Frank Neese1

1Max Planck Institute for Chemical Energy Conversion, Mülheim an der Ruhr, Germany, 2Virginia Tech, Blacksburg, USA

Techniques to compute dynamic correlation energies have a steep scaling of the computational cost with both the number of atoms 
and the basis set size. Thus, different approaches were devised to exploit locality in correlated methods. Particularly noteworthy in 
the context of this work are implementations based upon the domain approximation.1,2 Progress has been achieved in recent years 
by reviving the pair natural orbital approach3 in the context of local correlation methodology. In combination with the domain 
approximation, Coupled Cluster calculations can be performed on systems containing hundreds of atoms, while reproducing 
canonical energy differences to within chemical accuracy.4

In this work, a linear scaling local MP2 method5 was developed along with an infrastructure to facilitate the treatment of sparsity in 
data structures. Canonical RI-MP2 energy differences in benchmark sets are reproduced with default thresholds to an accuracy of 
typically <0.2 kcal/mol. The computational cost of the correlation energy computation is usually comparable to or below that of an 
SCF calculation accelerated with the RIJCOSX method, and for alkane chains with more than about 25 carbon atoms our method 
becomes faster than RI-MP2. This allowed an energy calculation of the protein Crambin (644 atoms) in def2-TZVP basis to be 
accomplished in less than four weeks on a single CPU core.

The method, along with the sparse map infrastructure, serves as a basis for further development of local correlation methodology 
in our group.

[1] P. Pulay; Chem. Phys. Lett. 100 (1983), 151-154

[2] M. Schütz, G. Hetzer, H.-J. Werner; J. Chem. Phys. 111 (1999), 5691

[3] W. Meyer; J. Chem. Phys. 58 (1973), 1017

[4] C. Riplinger, B. Sandhöfer, A. Hansen, F. Neese; J. Chem. Phys. 139 (2013), 134101

[5] P. Pinski, C. Riplinger, E.F. Valeev, F. Neese; J. Chem. Phys. 143 (2015), 034108
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The explicitly correlated Same Number Of Optimized Parameters (SNOOP) scheme for calculating intermolecular 
interaction energies

Troels Hels Rasmussen, Yang Ming Wang, Thomas Kjærgaard, Kasper Kristensen

Aarhus University, Aarhus, Denmark

We augment the recently introduced Same Number Of Optimized Parameters (SNOOP) scheme [Kristensen et al., J. Chem. Phys. 
142, 114116 (2015)] for calculating interaction energies of molecular dimers with an F12 correction and generalize the method to 
enable the determination of interaction energies of general molecular clusters. The SNOOP, uncorrected (UC), and counterpoise 
(CP) schemes with/without an F12 correction are compared for the S22 test set of Jurecka et al. [Phys. Chem. Chem. Phys. 8, 1985 
(2006)]—which consists of 22 molecular dimers of biological importance—and for water and methane molecular clusters. The 
calculations have been performed using the Resolution of the Identity second-order Møller-Plesset perturbation theory (RIMP2) 
method. We conclude from the results that, with or without an F12 correction, the SNOOP scheme is generally more accurate for 
determining interaction energies than the UC and CP approaches. Specifically, using the SNOOP scheme with an F12 correction 
yields the computationally most efficient way of achieving accurate results at low basis set levels. These conclusions hold both for 
molecular dimers and more general molecular clusters.

Statistical measures for relative RIMP2 errors in % (compared to the MP2 complete basis set limit) obtained using the UC, CP, and 
SNOOP schemes with aug-cc-pVXZ (X=D,T,Q) basis sets as well as F12-corrected numbers for the aug-cc-pVDZ basis set.

Rasmussen, Troels Hels, Ming Wang, Yang, Kjærgaard, Thomas, Kristensen, Kasper
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The Formal and Practical Convergence of Coupled Cluster Perturbation Theory
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We investigate the convergence rates and radii of the recently proposed CC[mP]([mQ]-n) coupled cluster (CC) perturbation series, in 
which the difference in energy between a parent (CC[mP]) and a target (CC[mQ]) model is expanded in orders of the Møller-Plesset 
(MP) fluctuation potential [1]. By probing for possible front- and back-door intruder states, the convergence radii of the series are 
determined for a selection of prototypical closed-shell examples. Aided by a novel general-order implementation, we find the formal 
convergence behavior to be governed solely by the choice of target CC model, and hence not by the choice of parent CC model, 
irrespective of how close in energy these two might be. Thus, whenever intruder states are dominated by highly excited determinants, 
they are intrinsically avoided in truncated expansions such as the established CCSD(T-n) triples and CCSDT(Q-n) quadruples series 
[2,3], whereas for low-level excited back-door intruders that fail to overlap with the CC ground state wave function, the known 
divergence problems of MP perturbation theory persist [4]. However, due to the bivariational and stable nature of the CC[mP]
([mQ]-n) series, such formal divergences are not found to invalidate the use of their leading-order corrections. Numerical examples 
will be reported, and the theoretical origin of the intruder states will be discussed from a simple comparison of the Jacobians for the 
MP and CC-based perturbation series.

[1]: Eriksen, J. J. et al., JCP 140, 064108 (2014)

[2]: Eriksen, J. J. et al., JCP 142, 014102 (2015)

[3]: Eriksen, J. J. et al., JCP 143, 041101 (2015)

[4]: Olsen, J. et al., JCP 112, 9736 (2000)
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Accurate prediction of H-bond parameters α, β using a minimal set of DFT descriptors
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The α, β scale is a useful measure of a molecule’s hydrogen-bond donor and acceptor properties. Simple multiplicative formulas link 
α and β to association constants in solution [1,2], and are easily extended to free energies of phase transfer [3].

These parameters were originally measured experimentally [4]. Currently, a quadratic function of the molecular electrostatic 
potentials (MEP) at the surface is being used to predict them [3]. However, the resulting overall correlation between experimental 
and calculated α and β (R2

α,β = 0.88, 0.78) is low for acceptors, thus requiring an atom type-dependent correction factor in order to 
improve its performance to R2

β = 0.89.

In the present work, two quantities are taken into account, in addition to MEP, for the prediction of the hydrogen-bond parameters: 
the derivative of MEP with respect to the electron density, and the falloff length of the density. These quantities add information 
about the molecule’s surrounding volume, and are shown to slightly correlate with the target values themselves. Taking advantage of 
a trivariate polynomial function, α and β are predicted with R2

α,β values (0.90, 0.84) which are in line with the previous “corrected” 
model, but without the need for knowledge-based atom type definitions, which are limiting for generic classes of molecules.

The new analytical model is used along with our footprinting algorithm to generate a DFT-based coarse-grained description of a set 
of molecules.

[1] R. Cabot and C. A. Hunter, Org. Biomol. Chem., 2010, 8, 1943

[2] J. L. Cook et al., Angew. Chem., Int. Ed., 2008, 47, 6275

[3] C. S. Calero et al., Phys. Chem. Chem. Phys., 2013, 15, 18262

[4] M. H. Abraham et al. J. Chem. Soc., Perkin Trans. 2, 1989, 699 and later works
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Systematic design of novel compounds with multiple desired properties via the best first search scheme

Freija De Vleeschouwer, Paul Geerlings, Frank De Proft

Free University of Brussels (VUB), Brussels, Belgium

Designing novel compounds with some desired characteristics in a rational way is the ultimate challenge for any quantum chemist. 
The main problem is the large number of possible structures that are accessible through the systematic variation of the composition 
of the molecular system. In the inverse molecular design approach, the design of molecules is translated to finding an optimal 
external potential, generating a molecular system with the associated target property[1]. We have introduced several inverse design 
strategies, based on the discrete best first search scheme[2], that allow for the simultaneous optimization of multiple properties or 
the optimization of the most vital target property with constraints for secondary properties[3]. The proposed approaches were tested 
for the particular case of finding the most electrophilic while stable thiadiazinyl radical[4,5]. A detailed assessment of the different 
optimization techniques was carried out, and special attention was paid to improve the cost efficacy and performance by tuning the 
process parameters. Our suggested protocol allows for a more successful optimization routine when additional boundary conditions 
are desired.

References
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Structural characterization of Pa(IV) in aqueous solution and quantum chemical investigations of the tetravalent actinides 
up to Bk(IV): the evidence of a curium break.

Florent Réal1, Valérie Vallet1, Nidhu lal Banik2, Réda Mohamed Belmecheri3, Bernd Schimmelpfennig2, Jörg Rothe2, Rémi Marsac2, 
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1University of Lille, Villeneuve D’Ascq, France, 2Institut für Nukleare Entsorgung, Karlsruhe, Germany, 3Faculté de Chimie, Bab-
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Whereas for the tetravalent actinide Th, U, Np, and Pu, an essential basic understanding of their chemistry in aquatic solution was 
achieved recently, this is not the case for Pa(IV ). Pa(IV) with the simple electronic configuration, 5f1, in its ground state enables 
speciation by optical spectroscopy, and is also of interest for quantum chemical studies to probe the nature of the actinide-water 
chemical bonds across the actinide series. However, due to constricted availability of Pa, the cascade of its α-emitting daughters, 
and the low redox potential only few studies have been performed in this field. Our work aims at filling the gap in the understanding 
of aquatic chemistry of tetravalent actinides by unravelling the properties of Pa(IV) in various media combining complementary 
experimental methods and quantum chemical methods to systematically explore the characteristic chemical behavior of Pa(IV) and 
the neighboring tetravalent ions. For open-shell systems, we have performed multi-reference CASPT2 calculations distributing one 
to four unpaired electrons in the seven 5f orbitals. All spin-states corresponding to a given fn (n=1,4) configuration were coupled, i.e 
7 doublets for Pa(IV), 21 triplets, 28 singlets for U(IV), 35 quartets, 122 doublets for Np(IV), 35 quintets, 210 triplets, 196 singlets 
for Pu(IV), 21 sextets, 224 quartets, 490 doublets for Am(IV), 140 quintets, 588 triplets, 490 singlets for Cm(IV), Our results thus 
demonstrate that Pa(IV) resembles its early actinide neighbors and that a reduction of the coordination number appears at Cm(IV) 
in the series.

Réal, Florent 1, Vallet, Valérie 1, Banik, Nidhu lal 2, Mohamed Belmecheri, Réda 3, Schimmelpfennig, Bernd 2, Rothe, Jörg 2, 
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Mechanistic Insights on Iodine(III) Promoted Metal-Free Oxidative Cross Coupling

Sreenithya A, Raghavan Sunoj
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Hypervalent iodine chemistry witnessed significant growth after the development of catalytic methods. Transition metal like reactivity 
of hypervalent iodine enabled large number of efficient and environmentally benign coupling reactions.1 Despite the significant 
advances in hypervalent iodine chemistry; mechanistic understanding of these reactions is scarce. In the poster, mechanistic insights 
gained through a Density Functional Theory study (SMD(TFE)/M06-2X/LANL2DZ(I),6-31G**) on a hypervalent iodine mediated 
dual C-H activation involved in the oxidative cross coupling of dianilide derivative2 will be discussed (Scheme 1).

Different likely pathways for the coupling reaction are investigated and corresponding energies are calculated. Our calculations 
suggest the possible involvement of a novel iodonium ion as the key intermediate unlike the usually proposed O-iodo enolate 
intermediate. Trifluoroactete counterion is found to assist the C-H activation.3

Scheme 1. Phenyliodine(III) bis(trifluoroacetate) mediated oxidative cross coupling of dianilide to spirocyclic bis-oxindole.
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 The methane dry reforming (CH4 + CO2 → 2CO + H2) is an attractive reaction to satisfy economic and social concerns, 
the conversion of CH4 in compounds of industrial interest as well as environmentally innocuous. However, the methane activation 
is very difficult and, therefore, the search of catalyst enable to activate the methane is one of most important research subjects. One 
used strategy to do this activation is adsorb atoms on the surface of catalysts. In this work, the results of the adsorption of Pd, Pt, Rh, 
Ru and Ni atoms on δ-MoC (001) surface is presented. The first four was chosen because their solids are already used as methane 
dry reform catalysts and the last one because it has been used in many catalysts of others reactions. This is the first step to analyze 
the viability of the methane activation by these adatoms on this support. According to our results, the best adsoption occurs with 
Ru atom – table 1. The sequence of adsorption energy does not follow the ionization energy sequence of the atoms, so the charge 
transfer cannot explain the atoms adsoption at all. The transition energy excitation of Pt and Ru show an inversion of the atomic 
spin state after adsorption while Ru maintain its atomic spin. The density of states (DOS), electron localization function (ELF) and 
charge density difference were also analysed.

Table 1 – Adsorption energy (Eads) of atoms, transition energy required to excite from high to low spin for the isolated (DEatom) and 
adsorbed (DEads) transition metal atoms on δ-MoC (001) surface

Metal Pd Pt Rh Ru

Eads (eV) -5.5184 -6.7105 -6.8700 -8.5427

DEatom (eV) -0.4819 -0.2857 -0.7543

DEads 4.1269×10-4 -2.8×10-7 4.0×10-7
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Large-scale v2RDM-driven CASSCF methods
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Complete active space self-consistent field (CASSCF) methods are enormously important in quantum chemistry, as they allow 
for the description of states dominated by more than one electronic configuration.  The electronic structure of the active space is 
often represented by a configuration interaction (CI) expansion of the active-space wave function.  Unfortunately, the exponential 
complexity of the full CI wave function severely limits the size of the active space that can practically be considered.  For a 
large-active-space CASSCF algorithm, one must abandon CI in favour of an approach with more desirable scaling properties, 
such as the density matrix renormalization group (DMRG) or variational two-electron reduced-density method (v2RDM) methods.  
Using state-of-the-art semidefinite programming techniques and density-fitting approximations, we have developed a computer 
implementation of a v2RDM-driven CASSCF procedure.  We applied the method to the singlet-triplet energy gaps in a family 
of dinitrene biradical compounds and the linear polyacene series.  For the dinitrene compounds, v2RDM-CASSCF with partial 
three-particle N-representability conditions yields singlet-triplet energy gaps within one third of one kcal/mol of those predicted by 
CI-CASSCF.  For the polyacene series, two-particle conditions yield singlet-triplet energy gaps in good agreement with those from 
DMRG and experiment.  Our largest computations considered an active space with 50 electrons in 50 orbitals and the simultaneous 
optimization of 1892 orbitals.  Hence, v2RDM-driven CASSCF approaches may be a powerful alternative to CI- or DMRG-based 
approaches.
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Theoretical study of the ground and excited state tautomersim in curcumin using DFT based methods
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Curcumin, a yellow pigment of turmeric is mainly responsible for numerous therapeutic activities associated with turmeric in diseased 
area of gastrointestinal systems, acnes, pains and skin.[1] It is potential photodynamics agent, and its electronic structure is greatly 
affected upon irradiation and by surrounding environment.[2,3] The chemical structure of curcumin has two o-methoxy phenols 
attached symmetrically through α, β-unsaturated β-diketone linker. This β-diketone linker in curcumin induces intramolecular keto–
enol tautomerism. The keto-enol-enolate equilibrium of the heptadienone moiety of curcumin determines its physicochemical and 
antioxidant properties. Though various reports regarding curcumin tautomersim are known but the fundamental aspect of proton 
transfer in curcumin is not understood clearly. In the present work, the mechanism of proton transfer in both ground and excited state 
(es) is explored. The results of both EOM-CCSD and TD-DFT were compared for curcumin. Following this, ground and six lowest 
excited states of curcumin have been studied theoretically using TD-DFT. Curcumin was characterised by two step proton transfer 
in absence of water molecule, and one step transfer in presence of water molecule. The second es of both syn and anti enol forms 
(ππ*), first es for TS (ππ*) and fifth es for keto (ππ*) were favorable. Transition state barrier was decreased by more than half in es. 
PES alongwith other results indicate the possiblity of proton transfer become more favorable in excited state.
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   Over the last two decades, the vibrational solvatochromism of small infrared (IR) probes has been of great interest for the 
chemistry community because it can be used to extract the critical (spatial and dynamical) information about the local molecular 
environments in bulk solutions and in biopolymers.[1,2] The combination of a vibrational solvatochromism model with appropriate 
ultrafast vibrational spectroscopy tool opens a window to look for processes within 0.1-100 ps time resolution.[2] However, in order 
to successfully use the IR probes for that purpose, it is crucial to understand the underlying physics of the vibrational frequency shift 
and transition dipole moment changes upon solvation process.

   The vibrational solvatochromism models that were used so far were limited to the Coulombic interactions treated semi-empirically.
[2,3] Here, we show the ab initio model which is capable of reproducing experimental vibrational frequency shifts of localized 
vibrational chromophores.[4] Our theory is fully derived from the gas-phase properties of solute and solvent molecules and does 
not involve any empirical parameterization. In particular, our results show that exchange-repulsion induced blue shifts are strong, 
especially in the case of H-bonding. In addition, dispersion effects contribute to strong red shifts. The neglect of these effects leads 
to breakdown of the vibrational Stark model in protic environments.
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   Over the last two decades, the vibrational 
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chemistry community because it can be 
used to extract the critical (spatial and 
dynamical) information about the local 
molecular environments in bulk solutions 
and in biopolymers.[1,2] The combination 
of a vibrational solvatochromism model 
with appropriate ultrafast vibrational 
spectroscopy tool opens a window to look for processes within 0.1-100 ps time resolution.[2] 
However, in order to successfully use the IR probes for that purpose, it is crucial to understand 
the underlying physics of the vibrational frequency shift and transition dipole moment changes 
upon solvation process. 

   The vibrational solvatochromism models that were used so far were limited to the Coulombic 
interactions treated semi-empirically.[2,3] Here, we show the ab initio model which is capable of 
reproducing experimental vibrational frequency shifts of localized vibrational chromophores.[4] 
Our theory is fully derived from the gas-phase properties of solute and solvent molecules and 
does not involve any empirical parameterization. In particular, our results show that exchange-
repulsion induced blue shifts are strong, especially in the case of H-bonding. In addition, 
dispersion effects contribute to strong red shifts. The neglect of these effects leads to 
breakdown of the vibrational Stark model in protic environments. 

 

[1] J. Ma et al., Annu. Rev. Phys. Chem., 2015, 66, 357-377 

[2] H, Kim and M. Cho, Chem. Rev., 2013, 113, 5817-5847 

[3] S. D. Fried and S. G. Boxer, Acc. Chem. Res., 2015, 48, 998-1006 

[4] B. Błasiak and M. Cho, J. Chem. Phys., 2015, 143, 164111 
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Tuning the protein-induced absorption shifts of retinal in engineered rhodopsin mimics

Carl-Mikael Suomivuori1,2, Lucas Lang2, Ana P. Gamiz-Hernandez2, Dage Sundholm1, Ville R. I. Kaila2

1University of Helsinki, Helsinki, Uusimaa, Finland, 2Technische Universität München, Garching, Germany

Rational design of light-capturing properties requires understanding the molecular and electronic structure of chromophores in their 
native chemical or biological environment. We employ here large-scale quantum chemical calculations to study the light-capturing 
properties of retinal in recently designed human cellular retinol binding protein II (hCRBPII) variants (Wang et al. Science, 2012, 338, 
1340-1343). Our calculations show that these proteins absorb across a large part of the visible spectrum by combined polarization 
and electrostatic effects. These effects stabilize the ground or excited state energy levels of the retinal by perturbing the Schiff-base 
or β-ionone moieties of the chromophore, which in turn modulates the amount of charge transfer within the molecule. Based on the 
predicted tuning principles, we design putative in silico mutations that further shift the absorption properties of retinal in hCRBPII 
towards the ultraviolet and infrared regions of the spectrum.

Suomivuori, Carl-Mikael 1,2, Lang, Lucas 2, Gamiz-Hernandez, Ana P. 2, Sundholm, Dage 1, Kaila, Ville R. I. 2
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Towards Effective Fragment-Based Approach to Computation of Excitation Energy Transfer Couplings

Bartosz Błasiak1,2, Michał Maj1,6, Żaneta Czyżnikowska4, Filip Pawłowski5, Minhaeng Cho1,2, Robert W. Góra3

1Center for Molecular Spectroscopy and Dynamics, Seoul, Republic of Korea, 2Department of Chemistry, Korea University, Seoul, 
Republic of Korea, 3Department of Physical and Quantum Chemistry, Faculty of Chemistry, Wroclaw University of Technology, 
Wroclaw, Poland, 4Department of Inorganic Chemistry, Wroclaw Medical University, Wroclaw, Poland, 5Institute of Physics, 
Kazimierz Wielki University, Bydgoszcz, Poland, 6Department of Chemistry, University of Wisconsin-Madison, Madison, USA

   Excitation energy transfer (EET) phenomenon is responsible for the non-radiative energy transfer between electronically coupled 
chromophores and its importance for functioning of light harvesting complexes is hard to be overstated.[1] However, the fast and 
accurate calculation of the EET coupling constants, which govern the energy transfer rates, is still not fully resolved issue.

   In this contribution, we present the novel potential fragment-based approach to model EET coupling constants which is based on 
distributed parameters derived from ab initio calculations for isolated molecules. Recently, we developed the distributed multipole 
model (TrCAMM) that can be obtained directly from the transition density matrices of isolated monomers.[2] This model is shown 
to be superior to the other widely used approximate schemes based on the point dipole approximation (PDA), the distributed 
transition charges from fitting to transition potential (TrESP) or the transition density cubes (TDC). In the new model we also study 
the induction, exchange-overlap and charge-hole transfer effects from the perspective of the fragment-based methodology [3]. Also, 
the polarization effects due to the surrounding medium are treated explicitly in terms of the distributed dipole-dipole polarizabilities.

[1] C. Curutchet and B. Mennucci, Chem. Rev., 2016.

[2] B. Błasiak, M. Maj, M. Cho and R. W. Góra, J. Chem. Theory Comput. 2015, 11, 3259.

[3] B. Błasiak and M. Cho, J. Chem. Phys. 2014, 140, 164107.
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   Excitation energy transfer (EET) phenomenon is 
responsible for the non-radiative energy transfer between 
electronically coupled chromophores and its importance 
for functioning of light harvesting complexes is hard to be overstated.[1] However, the fast and 
accurate calculation of the EET coupling constants, which govern the energy transfer rates, is 
still not fully resolved issue. 

   In this contribution, we present the novel potential fragment-based approach to model EET 
coupling constants which is based on distributed parameters derived from ab initio calculations 
for isolated molecules. Recently, we developed the distributed multipole model (TrCAMM) that 
can be obtained directly from the transition density matrices of isolated monomers.[2] This 
model is shown to be superior to the other widely used approximate schemes based on the 
point dipole approximation (PDA), the distributed transition charges from fitting to transition 
potential (TrESP) or the transition density cubes (TDC). In the new model we also study the 
induction, exchange-overlap and charge-hole transfer effects from the perspective of the 
fragment-based methodology [3]. Also, the polarization effects due to the surrounding medium 
are treated explicitly in terms of the distributed dipole-dipole polarizabilities. 
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The IPEA Dilemma of CASPT2

J. Patrick Zobel, Juan J. Nogueira, Leticia Gonzalez

University of Vienna, Vienna, Austria

The CASPT2 approach has become a very popular method for describing multiconfigurational processes with high accuracy since 
its development by Roos and co-workers 25 years ago.[1] In 2004, an empirical correction to the zeroth-order Hamiltonian, the IPEA 
shift, was introduced to correct for an unbalanced description of open-shell states in comparison to closed-shell states that lead to 
an underestimation of dissociation energies.[2] It was assumed that this problem was also present in the calculation of excited states, 
and the IPEA shift is being widely employed since its introduction. We have extensively surveyed the literature using the unmodified 
version of CASPT2 and we rebuke the claim of a noticeable underestimation of excitation energies at equilibrium geometries. We 
have performed benchmark calculations for di- and triatomic molecules comparing CASPT2 to FCI results and found only a slight 
underestimation in the excitation energies which is partially corrected for by the IPEA modification. We have observed that the size 
of the IPEA correction scales with the size of the system and it becomes immoderate already for small and medium-sized organic 
molecules, e.g., those comprising the Thiel benchmark set.[3] Moreover, the performance of CASPT2 in combination with the IPEA 
shift strongly depends on the basis set. This contradicts the idea of a global IPEA shift value while at the same time complicating 
the determination of the ideal value for a specific state. Comparing with other ab initio methods the unmodified CASPT2 variant 
still provides an excellent description of vertical excited states and should be used without the empirical correction in the future.

[1] Andersson, Malmqvist & Roos, J. Chem. Phys. 96, 1218 (1992)

[2] Ghigo, Roos & Malmqvist, Chem. Phys. Lett. 396, 142 (2004)

[3] Schreiber, Silva-Junior, Sauer & Thiel, J. Chem. Phys. 128, 134110 (2008)
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Linear-Scaling Multi-reference DLPNO N-Electron Valence Perturbation Theory

Yang Guo1, Kantharuban Sivalingam1, Edward Valeev2, Frank Neese1

1Max Planck Institut für Chemische Energiekonversion, Mülheim an der Ruhr, Germany, 2Department of Chemistry, Virginia Tech, 
Blacksburg, USA

Multi-reference (MR) electronic structure methods, such as MR configuration interaction (MRCI) or MR perturbation theory 
(MRPT), can provide reliable energies and properties for many molecular phenomena. Among the state-of-the-art MR methods, 
second-order N-electron valence state perturbation theory (NEVPT2) is an efficient, size-consistent and intruder-state-free method. 
However, there are still two important bottlenecks in practical applications of NEVPT2 to large systems: a) the high computational 
cost of NEVPT2 for large molecules, even with moderate active spaces and b) the prohibitive cost for treating large active spaces. 
In this work, we address problem a) by developing a linear scaling ‘partially contracted’ (PC) NEVPT2 method. This development 
uses the idea of domain-based local pair natural orbitals (DLPNOs) to form a highly efficient algorithm. As shown previously in the 
framework of single-reference methods, the DLPNO concept leads to an enormous reduction in computational effort while at the 
same time providing high accuracy (approaching 99.9% of the correlation energy), robustness and black-box character. A minimal 
set of conservatively chosen truncation thresholds controls the accuracy of the method. With the default thresholds, about 99.9% 
of the canonical PC-NEVPT2 correlation energy is recovered while the crossover of the computational cost with the already very 
efficient canonical method occurs reasonably early. Calculations are reported for systems with more than 300 atoms and 5400 basis 
functions.

[1] C. Angeli, R. Cimiraglia, et al., J. Chem. Phys., 114, 10252 (2001)

[2] C. Angeli, R. Cimiraglia, J. Malrieu, J. Chem. Phys., 117, 9138 (2002)

[3] F. Neese, WIREs Comput. Mol. Sci., 2, 73, (2012)

[4] P. Pinski, C. Riplinger, E. F. Valeev and F. Neese, J. Chem. Phys. 143, 034108 (2015)

[5] C. Riplinger, P. Pinski, et al., J. Chem. Phys. 144, 024109 (2016)

[6] Y. Guo, K. Sivalingam, E. F. Valeev and F. Neese, J. Chem. Phys. 144, 094111 (2016)
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Redefining Enzyme Catalysis: Chemical Control in the Battle Against Fidelity in Promiscuous Terpene Synthases

Dan Major

Bar-Ilan University, Ramat-Gan, Israel

Terpene cyclases are responsible for the initial cyclization cascade in the multistep synthesis of more than 60,000 known natural 
products. This abundance of compounds is generated using a very limited pool of substrates based on linear isoprenoids. The 
astounding chemodiversity obtained by terpene cyclases suggests a tremendous catalytic challenge to these often-promiscuous 
enzymes. In the current presentation, we will focus on representative mono- and sesquiterpene cyclases. Specifically, we will 
describe a novel view of enzyme catalysis based on the biosynthesis of these terpene synthases. For these enzymes, the catalytic 
challenge is chemical control of hyper-reactive intermediate carbocation species, rather than rate acceleration. Based on multiscale 
simulations, we propose that to ensure catalytic specificity these enzymes employ their active site contour to fold the initial substrate 
and sequester intermediates. Chemical control is obtained through conformational selection, electrostatic steering, dispersive 
interactions that adapt to changing electronic requirements during catalysis, as well as carefully placed basic residues. Nonetheless, 
this catalytic toolbox is not sufficient for exclusive product formation, providing a rationale for fidelity in the largely promiscuous 
terpene cyclases.1,2,3

1. Weitman, M.; Major, D. T. J. Am. Chem. Soc. 2010, 132, 6349.

2. Major, D. T.; Weitmann, M. J. Am. Chem. Soc. 2012, 134, 19454.

3. Major, D. T.; Freud, Y.; Weitman, M. Curr. Opin. Chem. Biol. 2014, 21, 25.
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Theoretical investigation of photolytic properties of alkyl and non-alkyl cobalamins

Maria Jaworska1, Pawel M. Kozlowski2,3, Piotr Lodowski1, Brady D. Garabato2, Tadeusz Andruniow4

1Department of Theoretical Chemistry, Institute of Chemistry, University of Silesia, Katowice, Poland, 2Department of Chemistry, 
University of Louisville, Louisville, USA, 3Department of Food Sciences,Medical University of Gdansk, Gdansk, Poland, 4Advanced 
Materials Engineering and Modelling Group, Department of Chemistry, Wroclaw University of Technology, Wroclaw, Poland

Derivatives of Vitamin B12 (cyanocobalamin, CNCbl) such as methylcobalamin (MeCbl), adenosylcobalamin (AdoCbl), 
hydroxocobalamin (HOCbl) are organometallic molecules containing cobalt atom and macrocyclic corrin ring. Under influence 
of light alkylcobalamins (MeCbl, AdoCbl) undergo Co-C bond photodissociation, whereas cobalamins with non-alkyl groups are 
photostable.

Photochemistry of CNCbl, MeCbl, AdoCbl and HOCbl was studied by DFT/TDDFT method with the BP86 functional, 
TZVPP basis set and COSMO solvent model. The geometries of the ground and lowest excited states (S1) were optimized. In the 
aim to elucidate mechanism of photodissociation and deactivation of cobalamins the potential energy surfaces of the S1 states were 
determined as a function of axial ligand bond lengths. They are presented in Fig. 1. For alkylcobalamins the energy pathways on the 
S1 surface connecting MLCT and LF minima can be associated with photolysis of Co-C bond, observed experimentally, whereas 
the energy pathways between minima and seams associated with crossing of S1/S0 surfaces, are the most efficient for internal 
conversion (IC) to the ground state.

Fig. 1. Potential energy surfaces of the ground state and lowest excited states of MeCbl, AdoCbl, CNCbl and HOCbl

Jaworska, Maria 1, Kozlowski, Pawel M. 2,3, Lodowski, Piotr 1, Garabato, Brady D. 2, Andruniow, Tadeusz 4
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Linear-scaling domain-based local pair natural orbital coupled-cluster approach for open-shell species

Masaaki Saitow, Frank Neese
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The coupled-cluster approach including single and double excitations (CCSD) gives highly accurate molecular electronic wave 
function if a single-determinantal description serves as a good zeroth-order approximation. However, the high computational cost of 
CCSD has prohibited its routine use to semi-realistic systems, which are often composed of more then 100 atoms.

The pair-natural orbital (PNO) approximation provides highly compact sets of orbitals in the virtual space without much loss of 
accuracy. The CCSD based on PNOs (LPNO-CCSD)[1] shows a drastic speedup in comparison with its canonical counterpart, 
recovering more than 99.5% of the CCSD correlation energy. Recently, we have proposed a more sophisticated approach (DLPNO-
CCSD) in which the PNOs are constructed in local pair-domains.[2] The DLPNO method maximally utilizes the sparsity in the 
electronic wave function,  allowing the CCSD equations to be solved in linear-scaling time with respect to the molecular size.

In this session, we present the extension of the DLPNO-CCSD scheme for open-shell species.[3] The open-shell LPNO-CCSD[4] 
has several drawbacks in its formalisms, which stems from the use of unrestricted PNOs. To this end, we make use of the N-electron 
valence perturbation theory to define the open-shell PNOs. The open-shell DLPNO-CCSD has been efficiently implemented in the 
development version of Orca suite. The CCSD calculation for radicals with more than 10,000 atomic basis is no longer obstacle in  
the common computational environment. In addition, it covers more than 99.8% of the CCSD correlation energy.

[1] JCP 2009, 130, 114108.

[2] JCP 2016, 144, 024109.

[3] To be submitted.

[4] JCP 2011, 135, 214102.
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Calculation of molecular properties using the Domain-based Local Pair-Natural Orbital Coupled-Cluster (DLPNO-CC) 
theory

Dipayan Datta, Frank Neese

Max-Planck-Institut für Chemische Energiekonversion, Mülheim an der Ruhr, Germany

The domain-based local pair-natural orbital coupled-cluster (DLPNO-CC) theory1-3 has recently emerged as an efficient and 
powerful quantum-chemical method for the calculation of energies for large molecules comprising several hundred of atoms. It is 
well documented that the pair-natural orbitals (PNOs) provide a highly compact description of the virtual space. The DLPNO-CC 
approach exploits full advantage of the locality by expanding the PNOs for each electron-pair in terms of the projected atomic orbitals 
that belong to the domain of the corresponding electron-pair. In this poster, we report on the development and implementation of an 
analytic scheme for the calculation of the first derivatives of the DLPNO-CC energy within the singles and doubles approximation 
(DLPNO-CCSD) for closed-shell molecules. The analytic scheme is derived by using the Lagrangian formulation employed in the 
case of the canonical coupled-cluster theory4.  Perturbation independent one-particle density matrices have been implemented in 
order to account for the response of the CC wave function to the external perturbation. We carefully investigate the dependence of 
the computed first-order electrical properties (e.g., dipole moment) on the three major adjustable parameters used in a DLPNO-CC 
calculation, namely, the domain size cutoff, the natural orbital occupation number cutoff used for the construction of the PNOs, and 
the weak electron-pair cutoff. It is demonstrated that ~99% accuracy in the calculation of properties can be achieved. However, this 
comes with the price of tightening the thresholds for the natural orbital occupation number and weak-pair cutoffs by an order of 
magnitude compared to the DLPNO-CCSD energy calculations.

References:

1. C. Riplinger and F. Neese, J. Chem. Phys. 138, 034106 (2013).

2. C. Riplinger, B. Sandhöfer, A Hansen, and F. Neese, J. Chem. Phys. 139, 134101 (2013).

3. C. Riplinger, P. Pinski, U. Becker, E. F. Valeev, and F. Neese, J. Chem. Phys. 144, 024109 (2016).
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Towards the Prediction of the Metalation Effect in Expanded Porphyrins

Mercedes Alonso, Paul Geerlings, Frank De Proft

Vrije Universiteit Brussel (VUB), Brussels, Belgium

Expanded porphyrins are very promising in metal coordination chemistry since they exhibit novel coordination behaviours including 
the formation of homo- and heterobismetal complexes and large structural rearrangements upon metalation.1 Depending on the 
metal ion, Hückel or Möbius-type complexes have been isolated exhibiting different coordination modes and properties. This 
structural diversity makes it very difficult to predict a priori the metalation behaviour of expanded porphyrins. For this reason, we 
performed a quantum chemical study with the aim of determining the critical factors controlling the structure and properties of the 
metal complexes of hexaphyrins. By using computational and conceptual DFT approaches, we have recently demonstrated that 
the molecular topology of group 10 and group 11 metal complexes of hexaphyrins depends on the sensitive interplay between the 
intrinsic ligand strain and the metal-ligand interaction strain.2 As such, aromaticity of the ligand and effective charge of the metal 
are the key factors determining the binding mode and the preference for Möbius or Hückel structures. These findings offer a new 
perspective to rationalize the experimental observations available for metalated hexaphyrins and we proposed several guidelines for 
designing novel complexes of hexaphyrins, such as the hitherto unknown Möbius [26]hexaphyrin complex. Aromaticity is shown 
to be a key concept in expanded porphyrins, determining the electronic, magnetic and the nonlinear optical properties of expanded 
porphyrins.3,4

References:

1. M. Stępień, N. Sprutta, L. Latos-Grażyński, Angew. Chem. Int. Ed. 50, 4288 (2011).
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3. M. Alonso, P. Geerlings, F. De Proft, Chem. Eur. J. 18, 10916 (2012).
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(2016).
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Theoretical study of the catalytic mechanism of a new class of DNA relaxase using a histidine to form a transient protein/
DNA adduct.
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Endonuclease enzymes are also called relaxases, as their relaxes the supercoiled DNA and initiates its mobilization to another 
bacterial host of the same or different species. This process of horizontal gene transfer is responsible for rapid bacterial evolution 
and adaptation as well as the antibiotic resistance spread among pathogenic bacteria.[1] MobM belongs to the HUH endonuclease 
superfamily, which members depend on a single metal ion (e.g. Mn2+) for the activation of the scissile phosphate bond and on a 
catalytic residue (i.e. typically a tyrosine), that performs a nucleophilic attack to form a protein-5’-DNA adduct.[2] However, an 
initial visual analysis of MobM suggested that a histidine -which is assumed to be a weak nucleophile- would actually be in position 
to form the covalent protein/DNA complex.

We performed a Quantum Mechanics/Molecular Mechanics study to describe the catalytic mechanism followed by MobM, including 
ab initio QM(DFT)/MM free energy calculations. According to our results, His22 nucleophilically attacks on the scissile phosphate 
group through a concerted SN2-like mechanism and an energy barrier of ~15 kcal/mol. Moreover, we have proposed that the nearby 
glutamate 129 is acting as a general acid that protonates the leaving O3’ group and facilitates the nucleolitic reaction (See Figure 
below). The latest is also supported by ab initio pKa calculations indicating that Glu129 would be initially protonated to later on 
behave as an strong acid once the catalytic complex is assembled.

Fig. 1. Proposed catalytic mechanism for MobM.

Altogether, our QM/MM study able us to propose a feasible catalytic mechanism for MobM which -to the best of our knowledge- 
constitutes the first description of an enzyme using a metal/histidine catalytic machinery for DNA cleavage and ligation.

References:
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Peierls transition in a 1-D molecular crystal

Gerrit-Jan Linker1, Ria Broer1, Piet van Duijnen3, Paul van Loosdrecht2

1Zernike Institute of Advanced Materials, Groningen, The Netherlands, 2Physics Institute 2, Cologne, Germany, 3Stichting 
Moleculaire Quantum Mechanica, Leek, The Netherlands

We use quantum chemical methods to study metal-insulator phase transitions in 1-D molecular charge-transfer crystals. Due to the 
1-D character of the conduction, these systems can be unstable with respect to a Peierls transition. In this poster, we present studies 
on the phase transition in ethylene-dioxytetrathiafulvalene-phosphorhexafluoride: (EDO-TTF)2PF6 [1], which involves structural 
reorganisations and charge localisation phenomena. Our periodic calculations on the material, in which we made dimerising 
displacements, show evidence that the transition is indeed of the Peierls type. We show that, above the phase transition temperature, 
the nuclei ‘feel’ a single minimum potential with respect to such a displacement. At lower temperatures, the system resides in one 
of two equivalent charge ordered minima separated by a barrier. We were able to estimate the barrier height as 0.7 kcal/mol (kTM-I 
≈ 0.6 kcal/mol) by a study of the electronic coupling. Also, from the analysis of the frontier crystal orbitals calculated for the X 
ray geometry in both phases, we show [2] that dimers in the low temperature phase have stronger interactions than in the high 
temperature phase.

References:
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Orbital localization and electron correlation in [n]acenes and [n]phenacenes
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The [n]acenes and [n]phenacenes (see figure below for two examples) are two homologous series of polycyclic aromatic hydrocarbons 
(PAH). They are finite-sized precursors of carbon nanoribbons of minimal width, derived from ziz-zag or armchair single-wall 
carbon nanotubes (SWCNT). This work addresses the problem of generation of localized orbitals (especially for the π system) in 
these PAHs, and their subsequent use for correlation energy calculations. The [n]acenes and [n]phenacenes from n = 1 (benzene) up 
to n = 30 were considered and a closed-shell electronic ground state was assumed, in order to allow for the application of different 
methods of orbital localization and local correlation treatment [1-3]. It is shown that rather different methods for localization and 
electron correlation, if correctly and properly applied, yield practically the same results. The issue of extrapolation to the limit of 
the infinite chain is also addressed.

Figure: Hexacene ([6]acene, top) and benzo[c]picene ([6]phenacene, bottom).

[1] (a) H. Stoll, Phys. Rev. B 46 (1992) 6700; (b) H. Stoll, Chem. Phys. Lett. 191 (1992) 548; (c) H. Stoll, J. Chem. Phys. 97 (1992) 
8449; (d) B. Paulus, Phys. Rep. 428 (2006) 1.

[2] H.-J. Werner, K. Pflüger, Annu. Rev. Comput. Chem. 2 (2006) 53.

[3] D. Maynau et al., J. Chem. Phys. 116 (2002) 10060.
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Behaviour of Nonlocal Correlations and Quantum Information Theoretic Measures in Molecular Trimers and Wheels

Amit Tribedi
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Genuine Quantumness present in Quantum Systems is the resource for implementing Quantum Information and Computation 
Protocols which can outperform the classical counterparts. These Quantumness measures encompass non-local ones known as 
quantum entanglement (QE) and quantum information theoretic (QIT) ones, eg. quantum Discord (QD). In this paper, I have studied 
two well-known measures of QE and QD in two naturally available molecular magnetic systems, one is a trimeric complex and 
the other is a wheel-like cluster compound, where the dominant interaction is the spin-spin exchange interaction. I have used exact 
analytic methods. Some counter-intuitive non-trivial features, like enhancement of quantum correlations with temperature, non-
vanishing quantum-ness at high temperatures etc. indicated by the behaviour of the correlation and the QIT measures have been 
found. The measures, being operational ones, can be used to realize the resource of Quantumness in experiments.

 

Fig 1. Plot of Discord between the 1st and the 3rd spin site of the trimeric complex with T for different values of the axial exchange 
parameter.
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Multiresolution Coupled-Cluster: Towards CC2 excitation energies with controlled precision
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We have reformulated the CC2[1] ground state and response equations in a first quantized (basis-set independent) form that is 
suitable for direct numerical computation of the pair functions and relaxed orbitals and scales as N3. In a diagrammatic representation 
the same diagrams as for standard coupled-cluster theory can be used with adjusted rules for interpretation. Singularities that arise 
from the coulomb potentials are regularized using an explicitly correlated Ansatz, which leads to equations that solve for a cusp-free 
residue of the pair function comparable to previous work.[2] For this work the equations are solved in an adaptive multiwavelet basis 
and are implemented into the MADNESS library.[3] First calculations of the CC2 ground state are in agreement with extrapolated 
LCAO results. CCS excitation energies agree with large LCAO basis sets and will be used as first guess for the CC2 response 
equations.[4]

1. O. Christiansen, H. Koch, P. Jørgensen. Chem. Phys. Lett., 243(5-6), 409 (1995).

2. F. A. Bischoff, J. Chem. Phys., 141, 184106 (2014).

3. MADNESS, https://github.com/m-a-d-n-e-s-s.

4. J. S. Kottmann, S. Höfener, F. A. Bischoff. Phys. Chem. Chem. Phys., 17(47), 31453 (2015)
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Potential Energy Surface of the Cr2 Re-re-revisited with Multiconfigurational Perturbation Theory

Steven Vancoillie, Per Åke Malmqvist, Valera Veryazov

Lund University, Lund, Sweden
The chromium dimer has long been a benchmark molecule to evaluate the

performance of different computational methods ranging from density

functional theory to wavefunction methods.  Among the latter,

multiconfigurational perturbation theory was shown to be able to reproduce the

potential energy surface of the chromium dimer accurately. However, for

modest active space sizes, it was later shown that different definitions

of the zeroth-order hamiltonian have a large impact on the results. In this

work, we revisit the system for the third time with multiconfigurational

perturbation theory, now in order to increase the active

space of the reference wavefunction. This reduces the impact of the

choice of zeroth-order hamiltonian and improves the shape of the potential

energy surface significantly. We conclude by comparing our results of the

dissociation energy and vibrational spectrum to those obtained from

several highly accurate multiconfigurational methods, including DMRG-PT2  and experiment. For a meaningful comparison, we 
used the extrapolation to the complete

basis set for all methods involved.

Vancoillie, Steven, Malmqvist, Per Åke, Veryazov, Valera
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Triplet Mediated C-N Dissociation vs Internal Conversion in Electronically Excited N-Methylpyrrole

Lluís Blancafort1, Virginia Ovejas2, Raúl Montero2, Marta Fernández-Fernández2, Asier Longarte2

1Institut de Química Computacional i Catàlisi, Universitat de Girona, Girona, Spain, 2Departamento de Química Física, Universidad 
del País Vasco (UPV/EHU), Bilbao, Spain

The photochemical and photophysical pathways operative in N-methylpyrrole, after excitation in the near part of its UV absorption 
spectrum, have been investigated with high level ab initio calculations and time-resolved total ion yield and photoelectron 
spectroscopies,.1 The results are remarkably different from the observations made for pyrrole and other aromatic systems, whose 
dynamics is dictated by the presence of πσ* excitations on X-H (X: N, O, S…) bonds. The presence of a barrier along the C-N 
dissociation coordinate that can not be tunnelled, triggers two alternative decay mechanisms for the S1 A” πσ* state. While at low 
vibrational content the C-N dissociation occurs on the surface of a lower 3ππ* state reached after efficient intersystem crossing, 
at higher excitation energies, the A” πσ* directly internally converts to the ground state through a ring twisted S1/S0 conical 
intersection. The findings explain previous observations on the molecule and may be relevant for more complex systems containing 
similar C-N bonds, such as the DNA nucleotides.

1Blancafort, L.; Ovejas, V.; Montero, R.; Fernández-Fernández, M.; Longarte, A. J. Phys. Chem. Lett. 2016, DOI: 10.1021/acs.
jpclett.6b00195.
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Ab-Initio Molecular Dynamics on Trichromium Extended Metal Atom Chains.

Mariano Spivak1, Xavier López1, Vaida Arcisauskaite3, John McGrady3, Coen de Graaf1,2

1Universitat Rovira i Virgili, Tarragona, Spain, 2ICREA, Barcelona, Spain, 3Oxford University, Oxford, UK

Extended Metal Atom Chains (EMACs) compounds consist of multiple metal-metal bonds held in place by multi quelating organic 
ligands and inorganic axial ligands. The metallic manifold has relevant redox and electron transport properties that, together with a 
good structural tunability, make the EMACS suitable candidates for electronics material.

Recently, EMACs with different transition metal atoms (Cu, Ni, Cr, Mn, Ru), chain sizes (3 to 7), and axial ligands (Cl, CN, NCS) 
were synthesized and studied in the cited context. In the three metals case, two possible arrangements of the chain can be observed. 
Metal-metal bonds distances can be equal (symmetric) or different (unsymmetric), and that depends on the identity of the metals 
and the axial ligands.

Cr3(dpa)4(NCS)2 has been subject to some controversy in the assignment of the structure from experimental data. As of today, 
no computational method has been able to depict the unsymmetric minimum interpret by the crystallographic results. Previous 
multiconfigurational calculations have shown an extremely flat potential energy surface (PES) with a symmetric minimum. In this 
work, we explored the PES using Ab-Initio Molecular Dynamics for the isolated molecule (CPMD) and the solid state (VASP). The 
results seems to indicate a symmetric structure with thermal delocalization of the central atom, with no significant packing effects 
in the solid.

Berry, J. F.; Cotton, F. A.; Lu, T.; Murillo, C. A.; Roberts, B. K.; Wang, X. Molecular and Electronic Structures by Design: Tuning 
Symmetrical and Unsymmetrical Linear Trichromium Chains. J. Am. Chem. Soc. 2004, 126, 7082-7096.

Arcisauskaite, V.; Spivak, M.; McGrady, J. E. Structure and bonding in trimetallic arrays containing a Cr-Cr quadruple bond: A 
challenge to density functional theory. Inorg. Chem. Acta. 2015, 424, 293-299.

Spivak, Mariano 1, López, Xavier 1, Arcisauskaite, Vaida 3, McGrady, John 3, de Graaf, Coen 1,2
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Anisotropic magnetic properties of transition metal complexes

Tilmann Bodenstein, Karin Fink

Karlsruher Institut für Technologie, 76344 Eggenstein-Leopoldshafen, Germany

Anisotropic magnetic properties of mono- and polynuclear transition metal complexes are obtained from quantum chemical 
calculations based on spin-orbit coupled complete active space wave functions. We focus on mononuclear and exchange coupled 
systems with first order spin orbit effects where second order perturbation theory fails. We obtain the low lying electronic states 
by multireference methods and include spin-orbit coupling and external magnetic fields. Zero-field splittings and g-tensors are 
extracted by means of effective Hamiltonian theory [1,2]. Dynamic correlation effects are considered by shifting the diagonal terms 
of the spin orbit CI matrix (SOCI*). Using these methods, approximate spin-reversal barriers and magnetic axes were calculated for 
complexes containing Fe2+, Co2+, Ni2+, as well as Ni1+ ions.

Fig. 1 Magnetic susceptibility data (rhs) of a mononuclear trigonal prismatic Co-complex (lhs). Black dots: experimental data; red 
line: simulated from the SOCI* energies (middle); blue line: from the spin Hamiltonian H=D(Sz

2–S(S+1)/3)+E(Sx
2 - Sy

2)+gμBS·B, for 
S=3/2, with D,E, and g fitted to the magnetization data at low temperatures.

[1] R. Maurice, R. Bastardis, C. de Graaf, N. Suaud, T. Mallah, N. Guihéry, J. Chem. Theor. Comput. 2009, 5, 2977-2984

[2] H. Bolvin, Chem. Phys. Chem. 2006, 7, 1575-1589
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A direct spin-orbit CAS-CI program for exchange coupled systems

Tilmann Bodenstein1, Andreas Heimermann2, Christoph van Wüllen2, Karin Fink1

1Karlsruhe Institute of Technology, Karlsruhe, Germany, 2Technische Universität Kaiserslautern, Kaiserslautern, Germany

We have developed a complete active space configuration interaction (CAS-CI) program including a spin-orbit mean-field operator. 
We aim for a routine treatment of magnetic properties of exchange coupled systems, like polynuclear transition metal or lanthanoid 
complexes.

Usually, spin-orbit effects are considered in a two-step procedure after the CAS-CI by means of quasi-degenerate perturbation 
theory which requires conveniently large CI expansions to converge, although often only a few low-lying electronic states contribute 
to the electronic properties at low temperature. Therefore, a procedure was implemented which includes spin-orbit interactions 
directly within the CAS-CI step [1]

We have  developed a direct spin-orbit CAS-CI program based on the spin string formalism proposed by Knowles and Handy [2]. 
Orbital relaxation effects of the charge-transfer states are considered by the MCAS-CI approach [3].

The implemented multi-state Davidson method relies on the construction of the determinant subspace. In order to provide a 
reasonable initial guess, we developed and tested a startvector construction method based on tensor multiplication of CI subspaces 
of the individual sites of a multinuclear compound. Furthermore, a Kramers-restricted basis is used for systems with an odd number 
of electrons in order to minimise operation counts and improve convergence.

[1] D. Ganyushin, F. Neese, J. Chem. Phys. 2013, 138, 104113.

[2] P. J. Knowles, N. C. Handy, Chem. Phys. Lett. 1984, 111, 315-321.

[3] K. Fink, V. Staemmler, Mol. Phys. 2013, 111, 2594-2605.
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Real-Time Quantum Chemistry

Alain C. Vaucher, Markus Reiher

ETH Zurich, Zurich, Switzerland

Quantum chemistry provides insight into atomic rearrangements at a molecular level, which is of prime importance to understand 
chemical reactivity. With conventional quantum chemical software, conducting quantum chemical calculations requires knowledge 
about both the molecular system under consideration and the quantum chemical methods employed. Furthermore, setting up the 
calculations and evaluating their results involve dealing with text-based input and output files. As a result, extensive quantum 
chemical studies can be cumbersome and human time intensive.

To make reactivity studies more accessible and intuitive, our group proposed real-time quantum chemistry for interactive reactivity 
studies [1-3]. This concept relies on a real-time exploration of the potential energy surface made possible by ultra-fast electronic 
structure calculations that deliver quantum chemical results instantaneously. We implemented this concept in a program [3] that 
displays a three-dimensional molecular structure and allows an operator to interact with it. Operators can induce structural changes 
with a computer mouse or a haptic device and perceive the effect of their manipulations immediately through visual and/or haptic 
feedback. For fast electronic structure calculations, we employ currently different semi-empirical methods, which can deliver 
properties in the millisecond timescale, while providing a qualitatively correct description of the potential energy surface [4]. 
However, fast methods of density functional theory are also feasible [2,5].

[1] Marti, K. H., Reiher, M., J. Comput. Chem., 2009, 30, 2010-2020.

[2] Haag, M. P., Reiher, M., Int. J. Quantum Chem., 2013, 113, 8-20.

[3] Haag, M. P., Vaucher, A. C., Bosson, M., Redon, S., Reiher, M., ChemPhysChem, 2014, 15, 3301-3319.

[4] Vaucher, A. C., Haag, M. P., Reiher, M., J. Comput. Chem., 2016, 37, 805-812.

[5] Luehr, N., Jin, A. G. B., Martínez, T. J., J. Chem. Theory Comput., 2015, 11, 4536-4544.
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Toward an Optimal Model for the Electrostatic Energy in Force Fields

Balazs Nagy, Frank Jensen

Aarhus University, Aarhus, Denmark

Despite of its well-known limitations, the simple partial-charge-based Coulomb expression is still the dominating formula in the 
majority of popular force fields for calculating the electrostatic interaction energy term. Although inclusion of higher order multipoles 
(dipoles, quadrupoles, etc.) improves the accuracy of representing the true electrostatic potential (ESP) at long ranges, the error at 
typical van der Waals distances is still on the order of 10-3 Eh/e [1]. The remaining error is mainly due to the charge penetration effect.

We have explored the capabilities of a charge-penetration-corrected expression derived for the calculation of the ESP [2]. The 
formula is based on the screened description of the charge density, where an exponential damping function is invoked to ensure the 
proper decay of the ESP at short ranges. Several linear and non-linear optimization strategies have been applied in order to find the 
optimal screening as well as the optimal exponential parameters for the damping function. Results obtained for a set of small- to 
medium sized molecules show that even a multipole expansion truncated at charges and augmented with a Newton-Raphson-
optimized penetration correction is capable of adequately describing the reference ESP taken from density functional calculations. 
The error in reproducing the latter is at least an order of magnitude smaller than that can be obtained with traditional charge fitting 
procedures.

References

[1] S. Jakobsen and F. Jensen J. Chem. Theory Comp. 10 (2014) 5493-5504.

[2] Q. Wang, J. A. Rackers, C. He, R. Qi, C. Narth, L. Lagardere, N. Gresh, J. W. Ponder, J.-P. Piquemal, and P. Ren J. Chem. Theory. 
Comp. 11 (2015) 2609-2618.
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Modeling of the gas phase Fe catalyzed transformation of acetylene to benzene

Yavuz Tikman, Erdi A Bleda, Zikri Altun

Marmara University, Istanbul, Turkey

Gas phase conversion of acetylene to benzene, assisted by a single metal cation such as Fe(+), Ru(+), and Rh(+) [1] offers an attractive 
prospect for application of computational modeling techniques to catalytic processes. Gas phase processes are not complicated by 
environmental effects and the participation of a single metal atom is a significant simplification. Still the process is complex, owing 
to the possibility of several low-energy spin states and the abundance of alternative structures. Though DFT methods have been 
employed in modeling the process [2,3], multi-configurational states call for MCSCF methods.

We locate and characterize a number of extreme points on the FeC6H6(+) surface, some of which have not been described previously. 
These include eta-1 and eta-2 complexes of Fe(+) with the C4H4 ring. We identify the key role of the five-membered metallacyclic 
ring Fe(C4H4)(+); acetylene adds to this species and produces the Fe(+) complex of benzene without an activation enthalpy barrier.

The abundant energy of complexation allows detachment of the Fe(+) and production of benzene despite the strong binding of Fe 
cation to benzene. Energy (eV) values relative to 6Febenzene for landmarks along the reaction pathway are shown in a histogram 
where ethyne is represented by the capital letter A.

[1] D. Schröder, D. Sulzle, J. Hrusak, D. K. Bohme, H. Schwarz, Int. J. Mass Spectrom. Ion Processes 1991 110: 145

 [2] S. Chrétien, D. R. Salahub, J. Chem. Phys. 2003 119:12291.

[3] M. Martinez, M. del Carmen Michelini, I. Rivalta, N. Russo, and E. Sicilia, Inorg. Chem 2005 44:9807
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Modeling Ferrocene to Titanocene  metal-metal charge transfer spectra

Zikri Altun1, Erdi A Bleda1, Carl Trindle2

1Marmara University, Istanbul, Turkey, 2University of Virginia, Charlottesville,VA, USA

Iron(II)-to-titanium(IV) metal-to-metal-charge transfer (MMCT) is important in the charge transfer in solid-state metal-oxide 
photocatalysis, and has been invoked to explain the blue color of sapphire. Paul Wagenknecht’s group at Furman University has 
prepared and characterized spectra of species with alkynyl linkages between ferrocene (Fc) and titanocene [1].  These include 
Cp2Ti(C2Fc)2, Cp*2Ti(C2Fc)2, and Cp2Ti(C4Fc)2. All of the complexes with both Fc and Ti show an intense absorption (4000 to 8000 
M–1cm–1) between 540 and 630 nm, absent in Cp2Ti(C2-C6H5)2 complexes.

B3PW91/6-311G(d,p) describes these systems well. Natural Transition Orbital (NTO) analysis [2] of the lowest energy transition 
demonstrates that the red bands in the titanocene- ferrocene systems have two components, (1) a Fe to Ti charge transfer with weight  
59% and (2) a more local ligand to metal Cp to Ti transition of weight 22%. The significant charge transfer is illustrated by the S1-S0 
difference density below).

Solvatochromism of the Fe-Ti charge transfer band is not well described by PCM models of the solvent. The Catalan empirical 
scale associates spectral shifts with solvent polarizability and (oddly) basicity. We will report the results of more sophisticated 
representations of the solvent.

[1] M. D. Turlington, J. A. Pienkos, E. S. Carlton, K. N. Wroblewski, A. R. Myers, C. Trindle, Z. Altun, J. J. Rack, and P. S. 
Wagenknecht, Inorg. Chem., 2016 55:2200

[2] R. L. Martin, J. Chem. Phys. 2003 118:4775
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Automated Active Orbital Space Selection for Multi-Configurational Methods

Christopher J. Stein, Markus Reiher

ETH Zürich, Laboratorium für Physikalische Chemie, Zürich, Switzerland

Quantum-chemical multi-configurational methods facilitate calculations of qualitatively correct wave functions for molecules with 
close-lying frontier orbitals. This class of methods, however, requires the selection of a subset of active orbitals within which all 
possible configurations are considered. A poor choice of this subset leads to the exclusion of important configurations and therefore 
even qualitatively wrong results. Currently, these active orbitals are manually selected based on empirical rules [1] or natural orbital 
occupation numbers obtained from a precedent calculation (see e.g. [2]). We propose selection criteria that additionally take entropy 
based orbital entanglement measures into account [3]. These entanglement measures can be obtained from partially converged 
density matrix renormalization group algorithm (DMRG) calculations [4]. These fast exploratory calculations and the ability of 
DMRG to handle active orbital spaces of up to 100 orbitals around the Fermi level enable the automated identification of a set of 
active orbitals for a converged calculation. Here, we present results obtained with this approach for challenging molecules such 
as , 

 
and oxo-Mn(salen). Furthermore, we demonstrate that the wave functions obtained from 

this automated approach are well suited for subsequent multi-reference perturbation theory calculations [5]. With our protocol we 
overcome the tedious and error prone active orbital selection step in multi-configurational calculations.

[1] V. Veryazov, P. Å. Malmqvist, B. O. Roos, How to Select Active Space for Multiconfigurational Quantum Chemistry?, Int. J. 
Quantum Chem., 111 2011, 3329 – 3338.

[2]  S. Keller, K. Boguslawski, T. Janowski, M. Reiher, P. Pulay, Selection of Active Spaces for Multiconfigurational Wavefunctions, 
J. Chem. Phys. 142 2015, 244104.

[3]  C. J. Stein, M. Reiher, Automated Selection of Active Orbital Spaces, J. Chem. Theory Comput. 2016, DOI: 10.1021/acs.
jctc.6b00156.

[4] Ö. Legeza, J. Solyom, Optimizing the Density Matrix Renormalization Group Method Using Quantum Information Entropy, 
Phys. Rev. B 68 2003, 195116.

[5] C. J. Stein, V. von Burg, M. Reiher, in preparation.
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An evaluation of QM/MM multi-scale free energy simulations of water-cyclohexane transfer free energies in the blind 
SAMPL5 prediction challenge

Gerhard König1,2, Frank C. Pickard IV2, Bernard R. Brooks2, Walter Thiel1

1Max Planck Institut für Kohlenforschung, Mülheim an der Ruhr, NRW, Germany, 2LCB, NHLBI, NIH, Bethesda, MD, USA

One of the main forces in biology is the entropy-driven hydrophobic effect. Traditionally, hydrophobicity is measured by the 
partitioning of solutes between water and apolar phases like cyclohexane. Calculating the associated transfer free energies serves as 
a major test whether methods are able to correctly capture the effects of the solvent environment.

The water-cyclohexane partitioning data of a subset of 23 molecules of the blind SAMPL5 challenge are used to evaluate the 
performance of several methods a) MM simulations with the CHARMM General Force Field b) QM calculations with the SMD 
implicit solvent model (using M06-2X/6-31G* and OLYP/DZP) c) QM/MM explicit solvent calculations (BLYP/6-31G* for the 
solute) d) analogous SQM/MM explicit solvent calculations with the semi-empirical methods OM3, OM2, OM1, PM3, and AM1.

MM yields a root mean square deviation (RMSD) from experimental results of 5.0 kcal/mol, BLYP/6-31G* exhibits an RMSD of 
3.7 kcal/mol, and the semi-empirical methods yield RMSD between 3.5 and 5.3 kcal/mol (OM2<OM3<OM1<PM3<AM1). The 
best results are obtained with the SMD implicit solvent model, which yields an RMSD of 2.8 kcal/mol with OLYP/DZP and an 
RMSD of 3.2 kcal/mol with M06-2X/6-31G*. It is also discussed in how far convergence, pKa predictions, solute dimerization, the 
formation of hydrates in the apolar phase, and impurities in the aqueous phase influence the results.

König, Gerhard 1,2, Pickard IV, Frank C. 2, Brooks, Bernard R. 2, Thiel, Walter 1
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Efficient, accurate and black-box coupled cluster methods for ionized, electron-attached and excited states of large molecules

Achintya Kumar Dutta, Frank Neese, Robert Izsak

MPI für Chemische Energiekonversion, Mülheim an der Ruhr, Germany

We present an efficient strategy to extend the equation of motion coupled cluster (EOM-CC) method1 for large molecules using 
pair natural orbitals. In the first step, we use the domain based local pair natural orbital coupled cluster (DLPNO-CCSD) method2 

for the ground state, while the excited state excitation energy, ionization potential or electron affinity calculations are performed in 
the canonical basis. The most expensive external exchange term in EOM is calculated using the semi-numerical chain of spheres 
exchange (COSX) method, which gives nearly 10x speed up and removes the associated storage bottleneck3. Our new (back 
transformed) bt-PNO-EOM-CCSD method can be routinely applied to medium size molecules and gives results which are generally 
within 0.02 eV of canonical EOM-CCSD4. For excitation energy calculations, a second similarity transformation5 can lead to further 
gain in accuracy and efficiency. The bt-PNO-STEOM-CCSD can also be used to calculate valence and core-excitation spectra of 
larger species. We plan to progressively adapt all the computationally extensive steps in the PNO basis and eventually arrive at a 
linear scaling implementation.

References

(1) JCP. 98, 7029 (1993).

(2) JCP 138,034106 (2013).

(3) JCP 144 (2016).

(4) submitted for publication

(5) JCP 107, 6812 (1997).
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Improving the Accuracy of Fast Methods

Pavlo O. Dral, Walter Thiel

Max-Planck-Institut für Kohlenforschung, Kaiser-Wilhelm-Platz 1, 45470 Mülheim an der Ruhr, Germany

Accurate high-level quantum chemical methods are generally too slow for calculating properties of huge numbers of molecules or 
very large molecules, and hence there is a need for approximate fast methods. In our laboratory we pursue improving the accuracy 
of NDDO-based semiempirical quantum chemical (SQC) methods and recently also of machine learning (ML) techniques and their 
combinations.

Some of the most successful SQC methods include orthogonalization corrections (OMx, x = 1–3 methods). Recently we published 
details on their theory and implementation[1] along with a very extensive benchmark study,[2] which compared the OMx methods 
with MNDO, AM1, RM1, PM3, PM6, and PM7 and revealed the robustness of the OMx approach. Currently we are working on 
improving the OMx methods by including dispersion corrections, reparametrizations etc.

We also developed ML techniques for on-the-fly reparametrization of SQC methods for individual molecules[3] and for an efficient 
yet accurate reproduction of ab initio potential energy surfaces used to calculate highly accurate rovibrational spectra of small 
molecules (error ca. 1 cm−1).[4]

[1] P. O. Dral, X. Wu, L. Spörkel, A. Koslowski, W. Weber, R. Steiger, M. Scholten, W. Thiel, J. Chem. Theory Comput. 2016, 12, 
1082.

[2] P. O. Dral, X. Wu, L. Spörkel, A. Koslowski, W. Thiel, J. Chem. Theory Comput. 2016, 12, 1097.

[3] P. O. Dral, O. A. von Lilienfeld, W. Thiel, J. Chem. Theory Comput. 2015, 11, 2120.

[4] P. O. Dral, A. Owens, S. N. Yurchenko, W. Thiel, in preparation.
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Quantum chemistry study of the interactions between industrial gas stream molecules and fragments of a metal-organic 
framework, IRMOF-1.

Gabriela de Carvalho Costa1, Giane Benvinda Damas2, Luciano Tavares da Costa2

1Universidade Federal Fluminense, Niterói, RJ, Brazil, 2Uppsala Universitet, Uppsala, Sweden

The main source of energy nowadays are fossil fuels, which raise the concentration of greenhouse gases in the atmosphere.1 Since 
metal-organic frameworks (MOFs) have been investigated as potential materials in gas capture, our research group have been 
developing a theoretical study with the purpose of compare and investigate the contributions of IRMOF-1 in the adsorption of 
industrial gas stream molecules, such as CO2, SO2 and H2S. For this work, we have used the approach of fragment investigation2, 
which allows to ascertain the contributions of the ligand 1,4-benzenedicarboxilate (BDC) and the metal cluster (Zn) of IRMOF-1. 
It was also performed calculations for the IRMOF-1 model and the same gases towards comparing the results with the fragment 
approach. The calculations are being performed on Gaussian093 using the Perdew-Burke-Ernzerhof (PBE) functional4 and 
6-311+G(d,p)5 basis-set. As previous results, we have found that the binding energy (BE) of H2O was significantly larger for 
IRMOF-1 when compared with the other gases (H2O=-10,18kcal/mol, SO2=-5,52kcal/mol, CO2=-3,15kcal/mol). The BE for the 
BDC fragment and the gases were consistent with the previous results (H2O=-10,24kcal/mol, SO2=-10,48kcal/mol, CO2=-7,29kcal/
mol). It was calculated the energy gap of each system, being the data well correlated with the BE values (H2O=4,16eV, SO2=5,75eV, 
CO2=6,80eV). Once the BE with H2O has a more negative value, the energy gap was also smaller for this system, showing that the 
interaction is stronger in agreement with the instability of MOF-5 in presence of water.6 With the results, it was possible to verify that 
the fragment study of MOFs is consistent and can give reliable data for the investigation of adsorption of gases in these materials. 
Another advantage of this protocol is the significant reduction of computational cost, since the MOF structure is relatively large, and 
the study of its parts can reduce it for accurate theoretical calculations. As DFT calculations count with many different functionals 
and basis-sets, our group is still performing fragments calculations with different approaches, towards investigating which of these 
present better chemical information for MOFs systems in gas capture/conversion.

1Liu, Y.; Wang, Z. U.; Zhou, H. C. Greenhouse gases science and technology 2012, 239. 2Mueller, T.; Ceder, G. J. Phys. Chem. B 
2005, 109, 17974. 3Frisch, M. J.;et al. Gaussian 09, Revision D.01 Gaussian, Inc., 2009. 4Perdew, J. P.; Burke, K.; Ernzerhof, M. 
Phys. Rev. Lett. 1996, 77, 3865. 5 Ditchfield, R.; Hehre, W. J.; Pople, J. A. J. Chem. Phys. 1971, 54 (2). 6 Greathouse, J. A.; Allendorf, 
M. D. JACS Communications, 2006, 128, 10678.
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Exchange-correlation energy under the bubbles and cube numerical framework

Wenhua Xu1,2, Eelis Solala1, Sergio A. Losilla1, Dage Sundholm1, Pauli Parkkinen1

1University of Helsinki, Helsinki, Finland, 2Northwest University, Xi’an, China

  Kohn-Sham density functional theory (KS-DFT) calculations have become one of the major workhorses for studies of the electronic 
structure of molecules and materials. KS-DFT implementations using real-space three-dimensional (3D) numerical methods have 
many advantages as compared to global basis set approaches. Numerical calculations yield results that are close to the basis set limit 
and the computations are relatively easy to parallelize. The numerical description of the steep functions in the vicinity of the atoms 
requires some extra attention to obtain high accuracy. Usually the problem is solved by refining the grid. Alternatively, the problem 
is hidden under the carpet by using soft effective core potentials.[1,2,3] We tackle the cusp problem by employing our bubbles and 
cube method, where the functions containing the steep nuclear cusps are expanded using local functions on atom-centered one-
dimensional (1D) numerical grids (bubbles) multiplied with spherical harmonics. The remainder, which is the cusp-free and smooth 
difference between the main atomic contributions and the exact molecular function, is represented by a tractable amount of grid 
points (cube).[4,5,6] Here, a KS-DFT implementation of the bubbles and cube approach is presented. The accuracy of the methods 
is demonstrated by 3D numerical KS-DFT calculations on molecules.

1 Harrison, R. J.; Fann, G. I.; Yanai, T.; Gan, Z.; Beylkin, G. J. Chem. Phys. 2004, 121, 11587.

2 Durdek, A.; Jensen, S. R.; Juselius, J.; Wind P.; Flå, T.;  Frediani, L. Appl. Numer. Math. 2015, 92, 40.

3 Mohr, S.; Ratcliff, L. E.; Genovese, L.; Caliste, D.; Boulanger, P.; Goedecker, S.; Deutsch, T. Phys. Chem. Chem. Phys. 2015, 17, 
31360.

4 Losilla, S. A.; Sundholm, D.  J. Chem. Phys. 2012, 136, 214104.

5 Toivanen, E. A.; Losilla, S. A.; Sundholm, D.  Phys. Chem. Chem. Phys.  2015, 17, 31480.

6 Losilla, S. A.; Watson, M. A.;  Aspuru-Guzik, A.; Sundholm, D. J. Chem. Theory Comput. 2015, 11, 2053.
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Spectroscopy of Bimetallic Complexes with Multireference Methods

Rebecca Carlson, Laura Gagliardi

University Of Minnesota, Minneapolis, MN, USA

The assignment of UV-vis spectral peaks for a series of first row transition metal homo- and hetero-bimetallic complexes1 in a 
trigonal ligand scaffold has been characterized as an excited state to excited state, metal to metal charge transfer. The metal pairings 
across the periodic table are Co-Mn, Co-Fe, Co-Co, Co-Ni, and Co-Cu that result in a systematic decrease of the excitation energy 
from left to right across the periodic table.  These bimetallic complexes have substantial multireference character and many nearly 
degenerate excited states, resulting in a densely packed spectrum up to ~7eV.  State averaged RASSCF calculations were performed 
for all accessible spin states for each complex on all states within the ~7eV manifold.  The multistate RASPT2 excitation energies 
and peak assignments show good agreement with experiment.  Comparison with TDDFT results is also made, when available, to 
show the challenges of assigning the spectra of these highly multireference complexes with various methods.

1. Tereniak, S. J.; Carlson, R. K; Clouston, L. J.; Young, V. G., Jr.; Bill, E.; Maurice, R.; Cheng, Y.-S.; Kim, H. J.; Gagliardi, L.; Lu. 
C. C. J. Am. Chem. Soc. 2014, 136, 1842-1855.
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Magnetizability of fluorine-containing molecules

Terri Field-Theodore, David Wilson

La Trobe University, Melbourne, Victoria, Australia

The accurate calculation of molecular magnetic properties of fluorine-containing molecules still remains a challenging task.1,2 
Extensive basis sets are necessary to reach good agreement with experimental data. However, with recent advances in computing 
power, it seems opportune to reinvestigate the magnetizability of fluorine-containing molecules, specifically PF3, and revisit this 
study against Huttner’s revised values of experimentally derived anisotropic magnetizabilities and g-values.3 We present a systematic 
study which explores a number of methods and basis sets for the magnetizability of fluorine-containing molecules, including PF3. 
Kohn–Sham density functional theory (DFT) has emerged as a theory of choice in many applications of quantum chemistry, but we 
herein report the statistical evaluation and performance review of DFT for molecular magnetic properties. We also present results 
computed within Hartree-Fock, and more importantly we execute an accurate coupled-cluster study. The use of London atomic 
orbitals ensures gauge invariance and rapid basis set convergence.4,5 Excellent agreement with experiment is obtained for both 
isotropic and anisotropic magnetizabilities.

1 U. Fleischer and M. Schindler, Chem. Phys. 120, 103 (1988).

2 K. Ruud, T. Helgaker, P. Jørgensen, and K. L. Bak, Chem. Phys. Lett. 223, 12 (1994).

3 W. Huttner, P. Nowicki and M. Gamperling, Chem. Phys. Lett. 288, 553 (1998)

4 K. Ruud, P. O. Åstrand, and P. R. Taylor, J. Phys. Chem. A. 105, 9926 (2001).

5 K. Ruud, T. Helgaker, R. Kobayashi, P. Jørgensen, K. L. Bak, and H. J. Aa. Jensen, J. Chem. Phys. 100, 8178 (1994).
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Assessment of semiempirical methods for transition metal complexes

Tamara Husch, Markus Reiher

ETH Zurich, Zurich, Switzerland

Semiempirical quantum mechanical (SQM) methods offer rapid calculations of molecular properties based on electronic structure 
theory by simplification of the underlying theoretical framework and incorporation of empirical parameters. While SQM methods 
have been benchmarked for organic molecules [1], a similar investigation is missing for transition metal complexes. We evaluate the 
performance of PM6 [2] and PM7 [3] models on the examples of (a) the WCCR10 database [4], which contains experimental ligand 
dissociation energies, and (b) a set of 25  CCSD(T) reaction energies of Schrock-type nitrogen-fixation complexes [5]. PM6-DH+ 
[6] reproduces the experimental energies surprisingly well neglecting one severe exception. The error statistics suggests the ability 
to compete with the density functional PBE0 in certain cases. Structure optimizations with SQM methods may lead to strongly 
distorted compounds in comparison to structures obtained with standard density functionals. The deviation of the results obtained 
with SQM methods from the reference data is very unsystematic as indicated by a low Pearson correlation.

Our results show that SQM methods yield unreliable and unsystematic results for a broad range of transition metal compounds and 
even for structurally similar complexes. We discuss options to improve on this situation.

[1] P. Dral et al., J. Chem. Theory Comput. 2016, 12, 1097-1120.

[2] J. Stewart, J. Mol. Model. 2007, 13, 1173-1213.

[3] J. Stewart, J. Mol. Model. 2013, 19, 1-32.

[4] T. Weymuth et al., J. Chem. Theory Comput. 2014, 10, 3092-3103.

[5] G. N. Simm, M. Reiher, to be submitted.

[6] M. Korth, J. Chem. Theory Comput. 2010, 6, 3808-3816.
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Optimization of bandgaps in Diamondoids by use of Inverse Molecular Design

Jos Teunissen, Freija De Vleeschouwer, Frank De Proft

Vrije Universiteit Brussel, Brussels, Belgium

     Nano-scale molecular diamonds, also called diamondoids, are cage-like hydrocarbon molecules with a diamond-like structure. 
They show great potential in a wide variety of electronic and mechanical applications due to their high thermal conductivity, 
hardness and thermodynamic stability. [1] These properties are strongly affected by substitution and doping.

     An Inverse Design methodology [2] via the Best First Search algorithm [3,4] is applied to find modified diamondoids with 
improved electronic properties. The design of molecules is translated to finding an optimal external potential of the system, 
generating a structure with the associated target property.

     New compounds, based on adamantane and diamantane, i.e. diamondoids consisting of respectively 1 and 2 crystal cages (see 
figure), are designed with tuned minimal and maximal bandgap. For adamantane (bandgap 9.5 eV) a minimal bandgap structure of 
2.9 eV and a maximal bandgap structure of 10.6 eV were designed.

Figure: The structure and corresponding positions of the sites that are tuned: adamantane and diamantane respectively.

References:

1.  Schwertfeger H., Schreiner P.R, Chem. Unserer Zeit 44 (2010): 248-253.

2.  Wang M.L., Hu X., Beratan D.N., Yang W. J. Am. Chem. Soc., 128 (2006): 3228-3232.

3.  Balamurugan D., Yang W., Beratan D.N. J. Chem. Phys., 129 (2008): 174105:1-9

4.  De Vleeschouwer F., Yang W., Beratan D.N., Geerlings P., De Proft F. Phys. Chem. Chem. Phys., 14 (2012): 16002-16013.
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The Electronic Nature of Small Cobalt Clusters

Andreas Heimermann, Christoph van Wüllen

TU Kaiserslautern, Kaiserslautern, Germany

Transition metal clusters show magnetic properties that are quite different from the bulk metal. Especially Iron, Cobalt and Nickel 
clusters show considerably  increased magnetic moments. The reason for this behaviour is the partially filled 3d shell which gives 
rise to a huge complexity in the electronic structure. Therefore, the magnetic moments (per atom) of   small transition metal clusters 
show large and seemingly arbitrary variations with the cluster size, and structural, electronic and magnetic properties are strongly 
correlated and affect each other.

Lots of experimental and theoretical work has been done in the past. Focus of these works were mainly structural clarification, 
determination of bond lengths and total magnetic moments. Many studies however fall short when it comes to the analysis of the 
electronic structure, that is, the generation of insight beyond just the structural and magnetic data.

Quantum chemical calculations were performed on small Co clusters with 3-10 atoms. For all systems a population analysis of the 
total electron density and of the spin density was performed, in addition, the singly occupied (natural) orbitals were localized.

With this information we can discriminate unpaired electrons in localized atomic 3d shells from those in  delocalized band-like 
orbitals built from 4s atomic orbitals. This data gives a more complete picture of the electronic structure of the clusters.

We found that the magnetic moment scales approximately with 2µB per atom. This arises from 2 localized d-type singly occupied 
orbitals at each atom. Deviations from this scaling are caused by additional delocalized s- or d-type singly occupied orbitals.
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Initiation Chemistries in Hydrocarbon (Aut)Oxidation

Sandhiya Lakshmanan, Hendrik Zipse
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The (aut)oxidation of hydrocarbons proceeds through complex radical chain reactions. In the present work, we have modelled the 
effective initiation reactions involved in the (aut)oxidation of toluene using high level quantum chemical approaches. For the (aut)
oxidation of toluene to benzyl hydroperoxide, benzyl alcohol, benzaldehyde and benzoic acid, the thermochemical profile for various 
radical-generating reactions has been compared. A key intermediate in all these reactions is benzyl hydroperoxide. Homolytic O-O 
bond cleavage in benzyl hydroperoxide is strongly endothermic and thus unlikely to contribute significantly to initiation processes. 
In terms of reaction enthalpies, the most favorable initiation process involves bimolecular reaction of benzyl hydroperoxide to 
yield hydroxy and benzyloxy radicals along with water and benzaldehyde. The reaction enthalpy and free energy of this process 
is significantly more favorable than those for the unimolecular dissociation of known radical initiators such as dibenzoylperoxide 
(DBPO) or dibenzylhyponitrite.

Figure: Thermochemical data calculated at CBS-QB3 level for uni- and bimolecular decay of benzyl hydroperoxide.

References:
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Is the chemistry of lawrencium peculiar?

Wen-Hua Xu1,2, Pekka Pyykkö1
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The Periodic Table (PT) is about chemistry. Lawrencium (Lr, Z = 103) is a short-lived man-made element. Its position in the PT had 
been debated for some time.1 Recent experimental work2 confirmed the theoretical predictions of its ground state,3 which is different 
from that of its lanthanide counterpart lutetium. Lr is 7s2(7p1/2)

1, not 7s26d1. In this study, we find that lawrencium atomic ionization 
potentials and molecular electronic structures are similar to lutetium in various regards. The molecular systems considered include 
hydrides, trichlorides, monocarbonyls and other organometallic molecules, from zero- to trivalent lawrencium. We conclude that 
the peculiar atomic ground state of Lr does not lead to special chemistry, thus further supporting the current position of lawrencium 
in the PT.

References

1 W. B. Jensen, Found. Chem., 2015, 17, 23-31.
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A. Toyoshima and N. Trautmann, Nature, 2015, 520, 209-211.
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Crystall structure prediction - results and discussion
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One of the biggest challenges of theoretical chemistry is a crystal structure prediction based only on the molecular 
formula of the investigated compound without any other information about the crystal. Despite enormous progress 
in crystal predictions that has been witnessed recently, this task is far from being solved for an arbitrary class 
of a monomer. The major problem in crystal structure predictions are small differences between polymorphic 
structures of the investigated system that demands highly accurate description of the intermolecular interactions. 
 
In this work, we present and discuss the results of our predictions in the sixth blind test organized by the Cambridge Crystallographic 
Data Center (CCDC). We used an intermolecular potential calculated with symmetry-adapted perturbation theory based on density 
functional theory treatment of the monomers [SAPT(DFT)]. The initial step was carried using the molecular packing via MOLPAK 
(molecular packing software), where rigid monomers are set in the most common crystal coordination sphere patterns. Tens of 
thousands resulting hypothetical structures were sorted in terms of the energy and then the molecular dynamics simulations were 
performed on a few hundred of the most stable ones (with the lowest lattice energy). In this step, the final energy ordering and the 
geometric structure of the polymorphic forms at room temperature were found. We also compare our results to the experimental 
structure presented by CCDC.
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Four-component relativistic density-matrix renormalization group
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We present the implementation of the relativistic quantum chemical two- and four- component density matrix renormalization group 
(DMRG) algorithm in our DMRG program QCMaquis.[1,2] Once a relativistic Hamiltonian is chosen, [3] significant computational 
savings can be achieved by adopting the proper symmetries. In particular, the time reversal operator is to be addressed and double 
point groups (DG) are employed.[4] Additionally the unitary group U(1) is included in order to account for the conservation of the 
number of particles. The resulting U1DG symmetry reduces the number of many particle states through the appropriate characters 
and multiplication tables. Numerical results based on the four component Dirac-Coulomb Hamiltonian are presented for the standard 
reference molecule for correlated relativistic benchmarks, thallium hydride (TlH), and for a considerably larger system, a complex 
of dysprosium.[5]

[1] S. Keller, M. Dolfi, M. Troyer, M. Reiher, An efficient Matrix Product Operator Representation of the Quantum Chemical 
Hamiltonian, J. Chem. Phys., 143 2015, 244118.

[2] S. Keller, M. Reiher, Spin-adapted Matrix Product States and Operators, J. Chem. Phys., 2016, in press

[3] M. Reiher, A. Wolf, Relativistic Quantum Chemistry, 2nd ed., Wiley-VCH: Weinheim, 2015.

[4] K. Faegri, K. G. Dyall, Introduction to Relativistic Quantum Chemistry, Oxford UP, New York, 2007.

[5] S. Battaglia, S. Keller, S. Knecht, A. Muolo, M. Reiher, An efficient relativistic density-matrix renormalization group 
implementation in a matrix-product operator formulation, in preparation.
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Theoretical Investigations on the Sulfite Reductase Active Site
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Sulfite reductase is a siroheme-containing metalloenzyme found in bacteria, fungi, and plants, that catalyses the six-electron 
reduction of sulfite (SO3

2-) to sulfide (S2-) [1]. A detailed mechanism of this reaction has previously been proposed based on DFT 
calculations performed on models of sulfite reductase’s active site in which the iron–sulfur cofactor [4Fe-4S] was omitted [2]. In 
the present study, the iron–sulfur cofactor is added to the previously proposed models, and a series of possible magnetic states are 
investigated at a higher DFT level of theory. Additionally, a new model in which the [4Fe-4S]2+ is mimicked by a diamagnetic Zn2+ 

ion is incorporated in this study, as a reference providing information on the charge component of the influence exerted by the 
iron–sulfur cluster . The preference of sulfur oxide/oxyanion intermediates to bind via sulfur or oxygen atoms to the siroheme iron 
is also investigated.

Figure 1:  Right: ribbon diagram of sulfite reductase (PDB code: 1AOP). Left: close view of the modeled active site.
Acknowledgements: Funding from the Romanian Ministry of Education and Research (grant PN-II-ID-PCE-2012-4-0488) and the 
Swedish Research Council (grant 2014-5540) is gratefully acknowledged. The computations were performed on computer resources 
provided by the Swedish National Infrastructure for Computing (SNIC) at Lunarc at Lund University.
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Ruthenium polypyridyl complexes are abundant in the fields of solar energy conversion or the development of organic light emitting 
diodes. The promising photophysical properties of ruthenium polypyridyls have led to numerous spectroscopical studies, in particular 
on ruthenium tris-bipyridine, the prototype complex of the series [1]. To back up experimental results, high-accuracy ground- and 
excited-state electronic structure and dynamics calculations are needed.

In this work, we employ multiconfigurational calculations based on complete active space self-consistent field (CASSCF) and the 
density matrix renormalisation group (DMRG) methods [2,3] to obtain an accurate excitation spectrum of ruthenium tris-bipyridine. 
Additionally, we demonstrate the advantages of the orbital entanglement analysis, [4,5] a novel tool which has been successfully 
used to characterise the amount of static and dynamic correlation present in single orbitals or bonds, [6] as a quantitative measure 
for a systematic selection of the active space for excited state multiconfigurational calculations.

[1] A. Cannizzo, F. van Mourik, W. Gawelda, G. Zgrablic, C. Bressler, M. Chergui, Angew. Chem. 118 (2006) 3246–3248.
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[5] K. Boguslawski, P. Tecmer, Ö. Legeza, M. Reiher, J. Phys. Chem. Lett. 3 (2012) 3129–3135.
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Theoretical studies of binding isotope effects as a tool to detecting allosteric sites of HIV-1 reverse transcriptase
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IARC, Lodz University of Technology, Lodz, Poland

HIV-1 reverse transcriptase (RT) is one of three enzymes involved in the human immunodeficiency virus (HIV) replication. Half of 
26 anti-AIDS approved antiretroviral drugs target RT at allosteric cavity or RNase H active site. Resistance of RT mutants to current 
drugs prompted us to explore computationally binding to other, recently identified sites of RT: the Knuckles, the NNRTI Adjacent, 
and the Incoming Nucleotide Binding.

Theoretical approach has been used to indicate the most favorable binding pocket and to characterize protein-ligands interactions 
which are crucial for rational drug design. Our computational protocol was evaluated based on nine, FDA approved RT nucleoside 
(NRTI) and non-nucleoside (NNRTI) inhibitors.1 Subsequently, we have applied multi-scale QM/MM simulations to obtain binding 
energetics of novel triazole-based, N-(2-chloro-4-sulphamoylphenyl)-2-((4-(2,4-dimethyl-phenyl)-5-(thiophen-2-yl)-4H-1,2,4-
triazol3yl)sulpha nyl)-acetamide (L-1) inhibitor in RT allosteric cavity and RNase H active site.2 Finally, the L-1 molecule was 
docked to the Knuckles, the NNRTI Adjacent, and the Incoming Nucleotide Binding sites.  Complexes of the inhibitor with the 
protein have been obtained after long QM/MM MD simulations. Heavy-atom (13C, 15N, 18O, 34S and 37Cl) binding isotope effects 
have been analyzed in the context of distinguishing between binding sites. Specific interactions between the isotopically labeled 
atoms of the inhibitor and RT residues have been also characterized.
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Perturbative universal state-selective correction: an efficient and rigorous framework for improving state-specific multi-
reference coupled cluster methods
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The recently proposed universal state-selective (USS) correction [1] to approximate multi-reference coupled-cluster (MRCC) 
energies can be commonly applied to any type of MRCC theory based on the Jeziorski-Monkhorst exponential ansatz [2-3].

In this work, we introduce a new perturbative formulation and efficient parallel implementation of the Universal State-Selective 
correction (USS(pt)) with singles and doubles. In particular, we illustrate the impact of the USS correction on the accuracy of 
Hilbert-space state specific Brillouin-Wigner and Mukherjee MRCC methods. The scope of the work focuses on three major issues: 
a) Performance and significant reduction of the computational cost. We show that the USS(pt) correction is much cheaper than the 
previously introduced full USS approach, while maintaining its accuracy. b) Reduction of two know problems of the Hilbert-space 
methods. We demonstrate that the USS correction suppresses the lack of invariance to orbital rotations in the active space to a 
large extent. We also demonstrate that USS-corrected MRCC methods reduce the errors in the description of a triplet state, i.e. the 
non-degeneracy of its MS = 0 component (computed by the MR method) and MS = 1 component (computed by a single-reference 
approach). c) Unification of Brillouin-Wigner and Mukherjee approaches. We provide evidence that the differences between the 
Brillouin-Wigner and Mukherjee MRCC approaches are significantly reduced by adding the USS corrections. These results provide 
a strong argument in favour of the universality of the USS formalism. We have also investigated local pair natural orbital (LPNO) 
approach for the USS correction.

[1] K. Kowalski, J. Chem. Phys. 134, 194107 (2011)

[2] J. Brabec, H. JJ van Dam, J. Pittner, K. Kowalski, J. Chem. Phys., 136, 124102 (2012)

[3] S. Banik, L. Ravichandran, J. Brabec, I. Hubač, K. Kowalski, J. Pittner, J. Chem. Phys.,

     142, 114106 (2015)
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A Complete Active Space – Self-Consistent Field implementation using the spin-free Dirac-Coulomb Hamiltonian

Filippo Lipparini, Jürgen Gauss

Johannes Gutenberg-Universität Mainz, Mainz, Germany

A correct description of heavy transition-metal chemistry is challenging for computational chemistry, as it requires taking into 
account both the possible multireference character of such systems and relativistic effects. Four component approaches starting 
from the Dirac equation offer a rigorous tool to describe relativistic effects but, due to the presence of the spin-orbit interaction 
in the Dirac-Coulomb Hamiltonian, introduce a significant computational overhead. When spin-orbit interactions are expected to 
be small compared to scalar relativistic effects, spin separation[1] can be used to define a spin-free Dirac-Coulomb Hamiltonian, 
which allows one to exploit fully spin and spatial symmetry as well as real algebra, with significant computational savings.  
 
In this contribution we present a quadratically convergent implementation of the CAS-SCF method tailored for the spin-free 
Dirac-Coulomb Hamiltonian, aimed at describing transition metal complexes. Our implementation is based on the norm-extended 
optimization[2] algorithm and on determinant-based direct CI techniques and is suitable for the large active spaces required by 
d-block metals. With respect to non-relativistic implementations, only the orbital optimization part introduces a significant overhead, 
while the rate-determining CI step maintains the same computational cost.

[1] K. G. Dyall, J. Chem. Phys. 100, 2118 (1994)

[2] H. J. Aa. Jensen, H. Ågren, Chem. Phys. 104, 229 (1986)
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Linear and Nonlinear optical properties of Laurdan and C-laurdan probes in a DOPC membrane.

Silvio Osella, Stefan Knippenberg, Natarajan Arul Murugan, Hans Agren
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The fluorescent marker Laurdan (6-lauroyl-2-(N,N-dimethylamino)naphthalene), and its new derivative, C-laurdan (6-dodecanoyl-
2-[N-methyl-N-(carboxymethyl)amino]-naphtalene), have been investigated in a DOPC lipid bilayer and a comparison is made with 
results from fluorescence experiments. The latter probe is known to have a higher sensitivity to the membrane polarity at the lipid 
head-group region and has higher water solubility.

Molecular dynamics (MD) simulations are used to study the position of the fluorescent probe in the membrane, which might 
differ dependent on the membrane phase (solid, liquid ordered or liquid disordered). A multiscale integrated approach is further 
on used to assess the optical properties in both membrane and water environment, using a polarizable embedding QM/MM 
formalism implemented in the Dalton package of programs. One and two photon absorption spectra are investigated and the first 
hyperpolarizability is calculated.

Preliminary results from MD simulations show that Laurdan is oriented with the carbonyl group towards the head of the membrane, 
with and angle of ca. 60-70° between the molecular backbone and the normal to the bilayer, while C-laurdan is more flat on the 
surface, with an angle of 30-40°, although the carbonyl group has a similar orientation as for Laurdan. This different orientation will 
reflect the difference in transition dipole moment between the two probes and, in turn, the different optical properties.

High level excited state methods such as ADC(2), ADC(2)-x and ADC(3) are used to gain deeper insight into the optical properties 
of the two probes. Comparison is made with CC2 and TDDFT along with B3LYP, HSE, wB97xD functionals in an approach which 
copes with influences from different environments.

Osella, Silvio, Knippenberg, Stefan,  Murugan, Natarajan Arul, Agren, Hans
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Probing membrane phases with fluorescent dyes
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de Pharmacie, Limoges, France, 3UMR 850 INSERM, Faculté de Pharmacie, Limoges, France, 4Regional Centre of Advanced 
Technologies and Materials, Palacký University, Olomouc, Czech Republic, 5Biomedical Research Institute, Hasselt, Belgium

A new BODIPY-based membrane probe (BNP) [1] is described and is compared to the commercially available DiI-C18 one. The 
latter one can be excited in the red spectral region, while the previous one can be pinpointed to the blue part. Molecular dynamics 
simulations of BNP in a model of the DOPC bilayer indicate that the average angle of the transition moments with respect to 
the membrane normal is ca. 70o, which is comparable with the value reported for DiI-C18. The directions of the absorption and 
emission transition dipole moments of BNP are calculated to be parallel, which is experimentally reflected in the high steady-state 
fluorescence anisotropy.

Probe BNP partitions in the same lipid phase as DiI-C18(5) for lipid mixtures containing sphingomyelin and for binary mixtures of 
DPPC and DOPC (dipalmitoyl and dioleoyl phosphatidylcholine, respectively). In the literature however, no unambiguous answer 
is available about the nature of the preferred phase, which is highly determined by the chosen concentration of the various lipids 
[2]. To investigate it, Gibbs free energy profiles are calculated for both compounds by means of Gromacs, the 43A1-S3 force field 
and the Z-constrained method. The liquid disordered (Ld) phase of DOPC at room temperature is considered, as well as the gel (S0) 
phase and Ld phases of DPPC at 298 K and 323 K, respectively, and the liquid ordered (Lo) phase of a 2:1 mixture of Sphingomyelin 
and Cholesterol at room temperature.

To investigate the influence of the different phases on the (non-) linear absorption spectra of the DiI fluorescent probe, benchmark 
calculations are performed using CC2 and higher order ADC methodologies. 40 snapshots are selected per membrane phase and 
polarizable embedding QM/MM calculations along with TDDFT/CAMB3LYP are currently performed using the Dalton package 
of programs.

[1] M. Bacalum, et al.; Langmuir, accepted.

[2] T. Baumgart, et al.; Biochim. Biophys. Acta, 2007, 1768, 2182.
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Local Structure and Reactivity at the Cuprite-Water Interface

Joakim Halldin Stenlid1, Adam Johannes Johansson2, Tore Brinck1

1KTH Royal Institute of Technology, Stockholm, Sweden, 2Swedish Nuclear Fuel and Waste Management Co (SKB), Stockholm, 
Sweden

The interplay between water and cuprite (Cu2O) controls many industrially and economically important processes. These include 
copper corrosion as well as numerous catalytic processes, such as CO oxidation, methanol production and photo-catalytic water 
splitting. Atomistic studies of the water-cuprite interface provide valuable insight into the features that governs local properties and 
reactivity, insight that can be used to promote a more efficient use of Cu and Cu2O and as a guide in materials and catalyst design.

   Despite many years of studies, the structure of the low-index surfaces of cuprite is still known in detail. Using a combination 
of DFT, XPS, LEED and STM, we have, in close collaboration with experimental groups, studied the surface reconstruction of 
the Cu2O(100) surface providing an atom-resolved picture of the structure [Soldemo et al, J. Phys. Chem. C, 2016, 120, 4373]. 
In addition we have studied the effect of a H2O environment. This has yielded evidence of a larger degree of water dissociation 
on the surface than previously anticipated. Furthermore, we have been able to characterize the Cu2O surface structure underneath 
the wetting layer, resulting in the identification of a unreconstructed surface with little resemblance to the favoured reconstruction 
pattern under ultra-high vacuum conditions.

Halldin Stenlid, Joakim 1, Johannes Johansson, Adam 2, Brinck, Tore 10120 
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Figure 1. The 
Cu2O(100) 
surface under 
UHV conditions 
and upon H2O 
exposure. 
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Conical intersection optimization and characterization with density-fitted two-electron integrals
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1Department of Chemistry - Ångström, The Theoretical Chemistry Programme, Uppsala University, Uppsala, Sweden, 2Uppsala 
Center for Computational Chemistry - UC3, Uppsala University, Uppsala, Sweden, 3Centre for Theoretical and Computational 
Chemistry, Department of Chemistry, University of Oslo, Oslo, Norway, 4Chemical Sciences Division, Lawrence Berkeley National 
Laboratory, Berkeley, California, USA, 5Kenneth S. Pitzer Center for Theoretical Chemistry, Department of Chemistry, University of 
California, Berkeley, Berkeley, California, USA, 6Dipartimento di Chimica „G. Ciamician”, Università di Bologna, Bologna, Italy

A complete characterization of conical intersections is proposed based on the gradient and nonadiabatic coupling vectors at the 
intersection point. The characterization gives an explicit and unambiguous definition for the potential energy surfaces and the 
branching plane vectors, allowing comparison between different methods or systems. Intersections are also classified according to 
their likely effect on the dynamics.

Analytical nonadiabatic coupling vectors are implemented in Molcas [1] for state-average complete active space SCF (SA-CASSCF) 
wavefunctions with density-fitted two-electron integrals. The overall performance improvement of using density-fitted integrals in 
typical calculations is of at least one order of magnitude, whereas an even greater reduction in the disk and memory requirements 
is observed.

Optimization of conical intersections is implemented within the projected constrained optimization (PCO) method. The combination 
of conical intersections with additional constraints (geometric constraints, location of transition states, minimum energy paths in the 
intersection space, etc.) is straightforward.

[1] F. Aquilante, J. Autschbach, R. K. Carlson, L. F. Chibotaru, M. G. Delcey, L. De Vico, I. Fdez. Galván, N. Ferré, L. M. Frutos, 
L. Gagliardi, M. Garavelli, A. Giussani, C. E. Hoyer, G. Li Manni, H. Lischka, D. Ma, P. Å. Malmqvist, T. Müller, A. Nenov, M. 
Olivucci, T. B. Pedersen, D. Peng, F. Plasser, B. Pritchard, M. Reiher, I. Rivalta, I. Schapiro, J. Segarra-Martí, M. Stenrup, D. G. 
Truhlar, L. Ungur, A. Valentini, S. Vancoillie, V. Veryazov, V. P. Vysotskiy, O. Weingart, F. Zapata, R. Lindh. J. Comput. Chem. 37 
(2016) 506.
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Origin of the LH2 to LH3 850->820 nm absorbance blue shift
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Lund, Sweden

Light harvesting (LH) complexes are responsible for the capture, transfer and exploitation of solar energy in several families of 
bacteria. The most common of such complexes, denoted LH2, is characterized by a barrel-like arrangement of protein’s alpha helices, 
which provide scaffolding for the chromophores, namely carotenoids and bacteriochlorophylls (BChls). The BChls are arranged into 
two rings, constituted by 18 and 9 units and indicated as B850 and B800, following their characteristic near-IR absorption peaks. 
These rings, their characteristic absorptions, and their capability to efficiently transfer the absorbed light’s energy, represent one of 
the most studied, both theoretically and experimentally, photochemically active, biological systems.

A naturally occurring variant of LH2, called LH3, presents the same general structure, but shows a blue-shifted absorbance peak 
from 850 to 820 nm. In our hypothesis, subtle differences in the protein scaffolding promote different BChl conformers, with 
accordingly different absorption wavelengths. Excitation energies for BChls extracted from the crystal structures of both LH2 and 
LH3 were computed with MS-RASPT/SA-RASSCF and TD-DFT. The calculations reveal that indeed a change in conformation of 
the BChl macro cycle ring (figure) is responsible for a strong blue shift (90 nm). The coupling with the other chromophores in the 
protein complex regulates the intensity of such blue shift.

References:

- A. Anda, T. Hansen, L. De Vico; Journal of Chemical 
Theory and Computation 2016 12 (3), 1305-1313

- A. Angerhofer, R. J. Cogdell, M. F. Hipkins; Biochimica 
et Biophysica Acta 1986 848, 333-341

- I. Kosztin, K. Schulten in “Quantum Effects in Biology” 
pp. 123-143, ed. M. Mohseni, Y. Omar, G. S. Engel, M. B. 
Plenio 2014, Cambridge University Press.
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Polynitrogen (PN) compounds have been suggested as promising high energy-density materials, due to the exceptional energy 
difference between single, double and triple N-N bond1. However, their stability at ambient conditions is very low, and up to now 
only three stable compounds have been experimentally isolated, namely N2, N3

- and N5
+. In the last two decades there have been 

efforts, at both the theoretical and experimental levels, to predict new stable species2 and to form stable molecular salts using PN 
ions. Molecular confinement in carbon nanostructures (carbon nanotubes and fullerenes) has been explored as a possible way to 
stabilize nitrogen clusters and chains2,3,4. Following this approach, we investigate the possibility to employ carbon nanotubes as ideal 
hosts to stabilize the N5

+ pentanitrogen cation and the N3
- azide anion (See Figure).

In order to accurately predict the stability of these systems, we perform first-principles calculations, using ab-initio molecular orbital 
theory; in particular the CASSCF and the NEVPT2 methods. Since the nanotubes here treated are finite systems, they are capped 
with hydrogen atoms at both ends, such that orbital edge effects5 have to be taken into account.

[1] V. E. Zarko, Comb., Expl., and Shock Waves 2010, 46, 121 – 131.

[2] H. Abou-Rachid, A. Hu, V. Timoshevskii, Y. Song, L.-S. Lussier, Phys. Rev. Lett. 2008, 100, 196401.

[3] H. Sharma, I. Garg, K. Dharamvir, V. K. Jindal, J. Phys. Chem. C 2010, 114, 9153 – 9160.

[4] Z. Wu, E. Benchafia, Z. Iqbal, X. Wang, Angew. Chem. 2014, 126, 12763 – 12767.

[5] V. G. Chilkuri, S. Evangelisti, T. Leininger, A. Monari, Adv. Cond. Mat. Phys. 2015, 2015, 1 – 14.
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Achieving accuracy and efficiency in the implementation of TD-DFT analytical frequencies
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We discuss the accuracy and efficiency issues related to the implementation of the analytical second derivatives of the excited state 
energies obtained using Time-Dependent Density Functional Theory (TD-DFT) [1].  In particular, we focus on four important 
aspects. First, we critically assess the viability of standard double precision for the evaluation of the third and fourth derivatives of 
the exchange correlation (XC) functional. Secondly, we discuss how to best organize the evaluation of the multitude of terms that 
arise from the nonlinearity of the XC kernel with respect to the density matrix, allowing also for the frozen-core approximation to 
be used. Furthermore, we illustrate the application of efficiency measures already used in ground state DFT frequencies calculation 
[2]  to the case of excited states, both for fully QM and QM/MM systems. In particular, we demonstrate that the actual cost of 
computing the excited state frequencies for a focused methods like ONIOM(QM:MM) including electrostatic embedding (EE) 
without any approximation, is less than expected [3]. Finally, we briefly illustrate how to include solvent effects in the calculations 
using an implicit solvation model like the Polarizable Continuum Model (PCM) in its most general Integral Equation Formalism 
(IEF) version. We show that the overhead due to the solvent model in an excited state frequency calculation is limited.

[1] Liu, J.; Liang, W., J. Chem. Phys. 2011, 135 (18), 184111;

[2] Thompson, L. M.; Lasoroski, A.; Champion, P. M.; Sage, J. T.; Frisch, M. J.; van Thor, J. J.; Bearpark, M. J., J. Chem. Theory 
Comput. 2014, 10 (2), 751;

[3] Williams-Young, D.; Scalmani, G.; Li, X. and Frisch, M. J.; in preparation.
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Bowl-shaped structures from acylphloroglucinols: an ab initio and DFT study

Liliana Mammino

University of Venda, Thohoyandou, South Africa

Molecular structures containing concave bowl-shaped cavities are interesting for purposes such as hosting metal ions [1]. 
Polyhydroxybenzenes such as resorcinol and pyrogallol derivatives were already investigated for building such structures because 
their OH groups enable hydrogen bonding between monomeric units [1]. This study investigates the viability of acylphloroglucinols 
– derivatives of I,3,5-tihydroxybenzene containing also a COR group. The occurrence in nature of trimeric and tetrameric 
acylphloroglucinols with the units linked by a methylene bridge and two hydrogen bonds (IHB) suggests this as a workable option 
for building bowl-shaped structures. Representative structures consisting of three or four identical acylphloroglucinols units were 
considered, selecting different R. Two conformers were considered for each R, on the basis of the results of previous extensive 
investigations of monomeric acylphloroglucinols [2]. Calculations were performed at the HF/6-31G(d,p) and DFT/B3LYP/6-
31+G(d,p) levels with fully relaxed geometry, complemented by single point MP2/HF/6-31G(d,p) calculations. Corresponding 
open structures were also calculated for comparison sake. The parameters of all the IHBs are compared, as indications of the strength 
and stabilising effect of the IHBs. The results show that trimeric bowl-shaped structures are less favourable (likely because of 
steric constraints), whereas tetrameric bowl-shaped structures are viable and their geometries are close to one of the local-minima 
geometries of corresponding open structures.

1. P. Jin, S. J. Dalgarno, J. L. Atwood, Coordin, Chem. Rev. 2010, 254, 1760–1768.

2. M.M. Kabanda, L. Mammino, Int. J. Quantum Chem. 2012, 112, 3691-3702.
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Formation and binding properties of cyclohexylhemicucurbiturils.
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Purpose

Cyclohexylhemicucurbiturils (CycHC) are cyclic host molecules capable of binding neutral and charged guests. They are the first 
known enantiomerically pure members of the cucurbituril family. CycHCs are composed of (R,R,N,N’)-cyclohex-1,2-diylurea 
monomers linked by methylene. The size, shape, and electronic structure of 6- to 10-membered cycHC’s were studied via DFT 
modelling, in order to understand their structure and binding properties. Modelling was used to uncover the mechanism of the size-
selective cycHC formation.

Methods

Geometries were optimized with DFT, using the BP86 and B97-D functionals with def2-SV(P) and def2-TZVPD basis sets. 
Vibrational corrections were added to get enthalpies and free energies. Solvent effects, where relevant, were modelled with the 
COSMO model. Bonding was analysed with QTAIM.

Results

The LUMO is located inside of the cavity which gives the molecules preferential affinity towards anions. Due to flexibility of the 
molecules, they can accommodate guests of various sizes and shapes, including some which only partially fit in the cavity. Up to 14 
weak bonds (comparable in strength to hydrogen bonds) were identified using QTAIM analysis between host and guests.

Reaction mechanism for template-controlled formation of cycHCs was modelled based on a simplified system where the elementary 
steps of chain propagation and depropagation could be studied in detail.

Conclusions

Location and shape of frontier orbitals support experimental evidence of preferential affinity of cycHCs towards anions. The 
proposed reaction mechanism explains observed template-controlled formation and re-formation of the macrocycles.

Ref: Chem. Commun., 2015, 51, 10921
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We present experimental and theoretical studies of the mechanisms, kinetics and yields of aqueous reactions between a-hydroxyalkyl 
radicals and various monohalogenated organic substrates, such as haloacetates, alkyl halides, halophenols, and halogenated 
nucleobases. The presence of a proton accepting anion within common buffer systems, such as HCO3

–, HPO4
2– or CH3COO–, is 

typically required to incite the reactions. Despite relative simplicity, these systems exhibit a range of mechanisms, most importantly 
a simultaneous transfer of the electron and proton from the radical (proton-coupled electron transfer, PCET), which has long been 
receiving a huge attention owing to its importance for numerous biochemical and man-made redox processes. We show that a 
clear fingerprint of PCET in these systems is the one-electron reduction and subsequent dehalogenation of the organic substrates 
accompanied by a chain reaction that significantly enhances the dehalogenation yields. By varying the halogen atom of the substrate, 
proton affinity of the buffer anion and/or the alkyl moiety of the a-hydroxyalkyl radicals we are able to fine-tune the yields due to 
the PCET channel. This enables a fundamental research into the properties, concertedness, and efficacy of PCET under controllable 
conditions. The approaches currently tested for the description of the elementary charge transfer dynamics include DFT and MP2 
coupled with the PCM framework for the water solvent.

Figure. SOMO of a PCET transition state (a-hydroxyethyl radical + iodoethane)

Ljubic, Ivan, Dzeba, Iva,    Bonifacic, Marija      Sabljic, Aleksandar
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On the CH-Stretching Vibrational Trends and 13C Chemical Shift in Natural Gas Hydrates
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Natural gas hydrates (NGHs) are of interest both as energy resources and for technological applications. Raman and NMR 
technologies are powerful tools to characterize NGHs. In this work, CH stretching vibrational Raman spectra of hydrocarbon 
molecules encapsulated in the water cages of the sI, sII, sH, and sK crystal phases of NGH are derived from quantum-chemical 
computations at the ωB97X-D/6-311++G(2d,2p) level of theory. The trend of the CH stretching frequencies is found to follow the 
prediction by the “loose cage – tight cage” model: as the size of water cavity increases, the CH frequencies will first decrease and 
then increase until equal to that in gas phase. [1, 2] Also, the 13C NMR chemical shifts of hydrocarbon molecules in NGHs from first-
principles calculations on solid state phases are presented. The chemical shift is found to decrease as the size of the water cavities 
increases for single occupancy NGHs, and to increase as the amount of CH4 increases for the multi-occupancy cases. [3] The results 
may aid in the identification of the types of clathrate phases and guest molecules included in NGH samples taken from natural sites.

Figure 1. (a) The CH-stretching vibrational trends of hydrocarbon molecules as the size of cavities increase in NGHs; (b) the 
chemical shift of guest molecules in NGHs under the external pressures.

 [1] Yuan Liu and Lars Ojamäe, J. Phys. Chem. A 2014, 118, 11641-11651.

[2] Yuan Liu and Lars Ojamäe, J. Phys. Chem. C 2015, 119, 17084-17091.

[3] Yuan Liu and Lars Ojamäe, J. Phys. Chem. C 2016, 120, 1130-1136.
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Electric properties of spatially confined carbon monoxide and boron fluoride molecules

Marta Choluj, Wojciech Bartkowiak
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In the last few decades there has been a growing interest in studies of molecular systems under spatial confinement. Among many 
physical and chemical properties, strongly affected by the confining environment, the linear and nonlinear optical properties are of 
particular importance. Therefore, the aim of this study is to analyze the influence of the spatial confinement on the electronic part of 
the dipole moment, polarizability and first hyperpolarizability of CO and BF molecules. These two molecules for many years have 
been an object of extensive experimental and theoretical research because of the fact that the sign of the dipole moment of both is 
opposite to what could be expected based on the electronegativity of the atoms [1,2].

In our study the effect of spatial confinement was modeled by applying the two-dimensional harmonic oscillator potential of 
cylindrical symmetry. In the scope of this approach, the electric properties calculations were carried out for both molecules at their 
experimental geometry and also including the geometry relaxation in the presence of the confining potential. Additionally, within 
supermolecular approximation, the series of cages, mimicking cylindrical topology and built of helium atoms, was used to model 
the confining environment. The calculations were performed using CCSD(T)/aug-cc-pVXZ (X=D, T, Q, 5) method.

Our results demonstrate that the investigated electric properties strongly depend on how the confining environment is modeled. 
Interestingly, when the harmonic oscillator potential is included in the calculations, the unexpected increase of the dipole moment 
values of BF is observed with the increasing confinement strength. Moreover, the sign of the z-component of the dipole moment 
for CO molecule at its experimental geometry becomes negative in the region of strong confinement. It is also worth emphasizing 
that the obtained results clearly indicate the significant influence of the geometry relaxation upon spatial confinement on the studied 
electric properties.

[1] F. Fantuzzi, T. M. Cardozo, M. A. C. Nascimento, J. Phys. Chem. A 2015, 119, 5335-5343

[2] G. Maroulis, J. Phys. Chem. 1996, 100, 13466-13473
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Systematic Error Estimation for Chemical Reaction Energies

Gregor N. Simm, Markus Reiher

ETH Zurich, Zurich, Switzerland

For the theoretical study of the reactivity of complex chemical systems accurate relative energies between intermediates and 
transition states are necessary. Despite its

 popularity, density functional theory (DFT) often fails to provide that, especially for

 molecules containing transition metals [1]. Due to the large number of intermediates that

 need to be studied for all but the simplest of chemical systems [2], DFT is to date the

 only method that is computationally feasible. Here, we present a Bayesian framework

 for DFT that allows for error estimation of calculated properties [3, 4]. Since the optimal

 choice of parameters in current density functionals is strongly system-dependent [5], we

 advocate a system-focused re-parameterization. While this approach conflicts with the

 first-principles character of DFT, it is well-justified because of stochastically

 meaningful error estimation. By re-parameterizing a functional derived on a sound physical basis

 to a chemical system of interest we obtain a functional that yields reliable confidence

 intervals for reaction energies. We demonstrate our approach at the example of catalytic

 nitrogen fixation [6].

References
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 T. Weymuth, E. P. A. Couzijn, P. Chen, M. Reiher, J. Chem. Theory Comput.

 2014, 10, 3092–3103.

[2] M. Bergeler, G. N. Simm, J. Proppe, M. Reiher, J. Chem. Theory Comput. 2015,

 11, 5712–5722.
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Heuristics-guided first-principles exploration of reaction mechanisms

Jonny Proppe, Gregor Simm, Tamara Husch, Markus Reiher
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Knowing all relevant chemical species and elementary reactions of a chemical process is the basis of understanding its underlying 
mechanism and kinetics. Without automation and creative exploration, searches for relevant reaction subspaces will be tedious and 
possibly unfeasible as mechanistic complexity may grow rapidly. Chaotic growth of reaction networks is a particular issue if reactive 
species such as radicals or charged particles are involved causing a myriad of side reactions.

A powerful strategy to circumvent elaborate screening of energy surfaces by first principles is to guide exploration based on heuristic 
rules derived from chemical concepts. The efficiency of such heuristics-guided quantum-chemistry methods has recently been 
illustrated by Zimmerman [1], Aspuru-Guzik and co-workers [2], Suleimanov and Green [3], and us [4].

Here, we present developments within our first-principles-based heuristic approach [4], which has been applied to study ammonia 
production catalyzed by a Schrock dinitrogen-fixation catalyst [5]. These developments comprise procedures to discover chemical 
species formed through arbitrary elementary reactions (association, dissociation, substitution, and rearrangements including 
conformational changes). Moreover, we will present a kinetic-modeling approach accounting for uncertainty of the time-dependent 
species concentrations.

[1] P. M. Zimmerman, J. Comput. Chem. 2013, 34, 1385–1392.

[2] D. Rappoport, C. J. Galvin, D. Y. Zubarev, A. Aspuru-Guzik, J. Chem. Theory Comput. 2014, 10, 897–907.

[3] Y. V. Suleimanov, W. H. Green, J. Chem. Theory Comput. 2015, 11, 4248–4259. 
[4] M. Bergeler, G. N. Simm, J. Proppe, M. Reiher, J. Chem. Theory Comput. 2015, 11, 5712–5722. 
[5] D. V. Yandulov, R. R. Schrock, Science 2003, 301, 76–78.
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Survey of haeckelites with hexagonal symmetry

Olga Mazaleva, Ilya Ioffe

Lomonosov Moscow State University, Moscow, Russia

Unique properties of graphene originate from its highly symmetric hexagonal structure. However, real-life graphene usually features 
various defects such as non-hexagonal rings. Curiously, those defects may even enhance the properties of graphene. For example, a 
stripe of 5 and 8- membered rings has been shown to improve transport characteristics of a graphene fragment [1].Graphene analogs 
with regularly distributed non-hexagonal cycles are known as haeckelites [2]. Previous studies have demonstrated that haeckelites 
can be stable enough compared to other carbon nanostructures. One can expect that inclusion of non-hexagonal cycles may offer 
more versatile possibilities of tuning the electronic properties, e.g. due to enhanced local reactivity and formation of electron-
withdrawing substructures for charge-transfer binding. Unfortunately, the vast structural library of haeckelite networks has not yet 
been addressed systematically enough.

In the present work, we provide a DFT survey of a series of haeckelite structures with hexagonal unit cells composed of 5, 6 and 
7-membered rings. We report their geometric and electronic structure and assess their potential for noncovalent functionalization. 
In terms of per-atom energy, haeckelites without adjacency of pentagons fall into the gap between graphene and C60. The 
haeckelite family demonstrate lower Fermi energy than in graphene and a range of band structure types: metallic, semimetallic, and 
semiconducting.

The present work was supported by the RFBR grants 16-33-00496 and 15-03-05083.

[1]J. Lahiri et al., Nat. Nanotechnol., v. 5, 5, pp. 326–329, 2010.

[2]H. Terrones et al., Phys. Rev. Lett., v. 84, 8, pp. 1716–1719, 2000.
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Open-ended formulation of self-consistent field response theory with the polarizable continuum model for solvation
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The study of high-order absorption properties of molecules is a field of growing importance. Quantum chemical studies can help 
design chromophores with the desired characteristics.

Given that most experiments are performed in solution, it is paramount to devise a cost-effective strategy to include solvation effects 
in quantum chemical studies of these properties. We present an open-ended formulation of self-consistent field (SCF) response theory 
for a molecular solute coupled to a polarizable continuum model (PCM) description of the solvent. Our formulation relies on the 
open-ended, density matrix-based quasienergy formulation of SCF response theory of Thorvaldsen et al.1  and the weak formulation 
of the PCM, as presented by Lipparini et al.2  Within the PCM approach to solvation, the mutual solute-solvent polarization is 
represented by means of an apparent surface charge (ASC) spread over the molecular cavity defining the solute-solvent boundary. 
In the weak formulation, the ASC is an independent, variational degree of freedom. This allows us to formulate response theory 
for molecular solutes in the fixed-cavity approximation up to arbitrary order and with arbitrary perturbation operators. For electric 
dipole perturbations, pole and residue analyses of the response functions naturally lead to the identification of excitation energies 
and transition moments.3 We document the implementation within the DALTON program package4 using the OpenRSP5 and 
PCMSolver libraries6 and present results for one-, two-, three- and four-photon absorption processes of para-nitroaniline and the 
green fluorescent protein chromophore in solution.

1A. J. Thorvaldsen et al., J. Chem. Phys., 2008, 129, 214108.

2F. Lipparini et al., J. Chem. Phys., 2010, 133, 014106

3D. H. Friese et al., J. Chem. Theory Comput., 2015, 11, 1129

4Dalton, a molecular electronic structure program, Release Dalton2016.1 (2015), see http://daltonprogram.org

5M. Ringholm et al., J. Comp. Chem., 2014, 35, 622

6PCMSolver, an Application Programming Interface for the Polarizable Continuum Model electrostatic problem, see http://
pcmsolver.readthedocs.org

Di Remigio, Roberto      Beerepoot, Maarten T. P.      Cornaton, Yann      Ringholm, Magnus        Hykkerud Steindal, Arnfinn         Ruud, 
Kenneth          Frediani, Luca
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1Georgia Institute of Technology, Atlanta, Georgia, USA, 2Instituto Tecnologico de Aeronáutica, São José dos Campos, Brazil

The theoretical decomposition of intermolecular interaction energies in various physical components is an indispensable tool to 
the understanding of various chemical and biochemical processes. Although all decompositions into non-observable quantities 
are in essence arbitrary, Symmetry-Adapted Perturbation Theory (SAPT) [1] is one of the most successful as it naturally yields 
electrostatics, exchange, induction and dispersion from the interaction energy.

Until recently, most SAPT implementations were limited to closed-shell systems, precluding the analysis of interactions between 
high-spin radical systems or between radicals and closed-shell molecules. In the present work, we implement in the software Psi4 
[www.psicode.org] the open-shell version of low-order SAPT energy terms: E(10)

 elst, E(10)
exch, E(20)

ind,r and E(20)
exch-ind,r with orbital 

relaxation, E(20)
disp and E(20)

exch-disp. All terms make efficient use of the density-fitting approximation, thereby allowing application to 
large radical systems.

We then evaluate the accuracy of open-shell SAPT on a test set of small and medium-sized radical dimers. We examine in particular 
the benzene dimer radical cation at different configurations and intermonomer distances. Our results indicate that open-shell SAPT 
yields quantitative results, except when charge transfer becomes substantial. Finally, we examine how ionization affects  
interactions in DNA base pair steps.

[1] Jeziorski, B.; Moszynski, R.; Szalewicz, K., Chem. Rev., 1994, 94, 1887.
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The theoretical decomposition of intermolecular interaction energies in various physical components is an indispensable tool to 
the understanding of various chemical and biochemical processes. Although all decompositions into non-observable quantities are 
in essence arbitrary, Symmetry-Adapted Perturbation Theory (SAPT) [1] is one of the most successful as it naturally yields 
electrostatics, exchange, induction and dispersion from the interaction energy.
Until recently, most SAPT implementations were limited to closed-shell systems, precluding the analysis of interactions between 
high-spin radical systems or between radicals and closed-shell molecules. In the present work, we implement in the software Psi4 
[www.psicode.org] the open-shell version of low-order SAPT energy terms: E(10)

elst, E(10)
exch, E(20)

ind,r and E(20)
exch-ind,r with orbital 

relaxation, E(20)
disp and E(20)

exch-disp. All terms make efficient use of the density-fitting approximation, thereby allowing application 
to large radical systems.
We then evaluate the accuracy of open-shell SAPT on a test set of small and medium-sized radical dimers. We examine in 
particular the benzene dimer radical cation at different configurations and intermonomer distances. Our results indicate that open-
shell SAPT yields quantitative results, except when charge transfer becomes substantial. Finally, we examine how ionization 
affects p-p interactions in DNA base pair steps.
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Analytic Grafdient of the Multireference Equation-of-Motion Coupled Cluster Method
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Multireference equation-of-motion coupled cluster method (MREOM) [1-3] is a useful tool to study excited states dominated by 
excitations within a well defined active space. MREOM  is based on “transform and diagonalize” strategy. Here, the starting point 
is a complete active space manifold of reference states,. The Hamiltonian is first transformed in a series of transformations using 
global cluster operators. Subsequently, the transformed Hamiltonian is diagonalized in a compact space, yielding the energies of the 
excited states. The advantages of the MREOM approach include compact parameterization of the wave function, invariance with 
respect to orbital rotations, and relatively simple working equations.

However, so far only single point MREOM calculations were available. To obtain optimized geometries for larger molecules, an 
analytic gradient is required. In this poster, we report development of analytic gradient based on the MREOM-T|SXD method. 
Standard Lagrangian technique is employed here. The Lagrangian of MREOM method reads as 

¸ 

F = ¸Ll Gl m(g,h, t,s) Rm ¸ w ¸LmRm + m¸ k Sk(g,h, t,s) + l k Tk¸ (g,h, t) + zk ck¸ (g,h,t )

Here, G stands for transformed Hamiltonian, L
λ
 and R

m
 for its left and right eigenvectors, 

¸ 

g for CASCSF cumulants, Sk and Tk to 
residuals, and mk and λk to  Lagrange multipliers. Stationarity of F to eigenvectors, mk and λk yields original MREOM equations. 
Equations for mk and λk are obtained from stationarity of F wrt. cluster amplitudes. The response densities are obtained from the 
stationarity of F wrt. Hamiltonian. The last term of F corresponds to the orbital response part of CAS SCF gradient. All working 
equations are implemented by APG. The generated Fortran subroutines are included in the  ACES II package.

[1] D. Datta, M. Nooijen, J. Chem. Phys. 137, 204107 (2012)

[2] M. Nooijen et. al., J. Chem. Phys. 140, 081102 (2014)

[3] L. Huntington, O. Demel, M. Nooijen, JCTC 12, 114 (2016)
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Magnetism in single-walled carbon nanotube transmission elements
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Axially confined single-walled carbon nanotubes of the zigzag type (zSWCNTs) adopt magnetic ground states as a consequence 
of dimensional reduction [1,2]. The focus of this contribution is on the challenge of zSWCNT applications in spintronics. Utilizing 
a zSWCNT as a transmission element in a nanoelectronic circuit requires designing conductive junctions that connect the tube to 
metal electrodes while leaving the spin polarization at the tube edges unquenched. A circuit is proposed, consisting of a zigzag-edge 
zSWCNT as a gate with attached transacetylene chains anchoring 2-mercaptopyridine residues as conducting junctions, and gold 
clusters as electrodes [3]. This system is modeled by density-functional theory (DFT), with both plane-wave and atom-centered 
Gaussian bases. Spin polarization is found to be preserved in the zSWCNTs, and spin conductivity is observed through the entire 
circuit. These findings are relatively insensitive to the zSWCNT diameter and the gold cluster size, suggesting that the present design 
may be an interesting candidate for a nanotube-based spin filter prototype.

                                       

[1] A. J. Du, Y. Chen, G. Q.Lu, S.C.Smith,  Appl. Phys. Lett. 93, 073101(2008)

[2] Wu, J.; Hagelberg, F. Phys. Rev. B 79, 115436 (2009)

[3] O.V. Khavryuchenko, G.H. Peslherbe, F. Hagelberg, J. Phys. Chem. C 119 3740 (2015)
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Auxiliary basis sets from and for atomic natural orbitals basis sets
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Efficient and accurate explicitly correlated F12 calculations [1] require up to three additional auxiliary basis sets, i.e., a basis for 
the density-fitting approximation to two-electron integrals (CBAS), a basis for the density-fitting approximation to the matrix 
representation of the exchange operator (JKBAS), and in order to avoid the evaluation of nearly innumerable three- and four-electron 
integrals a complementary auxiliary basis set (CABS). While in case of atomic natural orbital (ANO) basis sets [2] a recently 
developed scheme [3] allows to construct the CABS systematically, the CBAS and the JKBAS must be optimized individually for 
each basis set.

In this work all three types of auxiliary basis sets are presented for the ANO-RCC basis set family [4-6].

A benchmark for a representative set of molecules shows that F12 computations employing compact polarized triple-zeta ANO-RCC 
basis sets yield results with significantly smaller basis set incompleteness errors than those obtained from conventional computations 
using large uncontracted polarized quintuple-zeta ANO-RCC basis sets.

[1] C. Hättig, W. Klopper, A. Köhn, and D.P. Tew, Chem. Rev., 112, 4 (2012).

[2] J. Almlöf and P.R. Taylor, J. Chem. Phys., 86, 4070 (1987).

[3] M.E. Harding and W. Klopper, Mol. Phys., 111, 2585 (2013).

[4] P.-O. Widmark, P.-Å. Malmqvist, and B. O. Roos, Theor. Chim. Acta, 77, 291 (1990)

[5] B.O. Roos, V. Veryazov, and P.-O. Widmark, Theor. Chem. Acc., 111, 345 (2003)

[6] B.O. Roos, R. Lindh, P.-Å. Malmqvist, V. Veryazov, and P.-O. Widmark, J. Phys. Chem. A, 112, 11431 (2008).
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Properties and Optical Spectra of Helical Gold Nanorods and Related Nanostructures
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We have recently established the stability of bare helical gold nanorods with 24, 32, and 40 gold atoms.[1] These structures have a 
core comprised of a linear strand of 3, 4, and 5 gold atoms and a shell comprised of seven helical strands of 3, 4, and 5 gold atoms. 
We have also established the stability of Au40 with various adsorbed molecules.[2] We have studied the IR spectra of these species 
and also the corresponding vibrational circular dichroism (VCD) spectra. A detailed examination of the VCD spectra of Au40 
with adsorbed CClHDT (an extremely simple chiral molecule) allowed us to establish helical gold nanorods as chiral recognition 
nanostructures.[3] More recently, we have studied the UV spectra of these species and also the corresponding CD spectra and we 
have examined the emergence of the localized surface plasmon resonance.

1. Liu, X. J.; Hamilton, I. P.; Krawczyk, R. P.; Schwerdtfeger, P. J. Comp. Chem. 2012, 33, 311.                                                                                                                                             
2. Liu, X. J.; Hamilton, I. P. J. Comp. Chem. 2014, 53, 1967.                                                        

3. Liu, X. J.; Hamilton, I. P. JACS 2014, 136, 17757.
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Accurate Spin-State Energetics of Fe(III) and Ru(III) Aqua Complexes. Importance of Solvation Effects.
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Prediction of spin-state energetics for transition metal complexes is a challenge for quantum chemistry methods [1]. Since the results 
are often method-dependent,  benchmarking against reliable experimental data of spin-state energetics becomes highly important. 
Here, vertical energies of the lowest-energy spin states of Fe(III) and Ru(III) aqua complexes are studied by a number of DFT and 
ab initio methods, including C(R)ASPT2, NEVPT2, CCSD(T)-F12, and other CC methods up to CCSDT. We show that for gaseous 
[M(H2O)6]

3+ models (M = Fe, Ru), the predictions of ab initio methods differ considerably from the experimental data, in accord with 
earlier observations by other authors [2,3]. By performing DFT and CASPT2 calculations for [M(H2O)6]

3+ and [M(H2O)6·(H2O)12]
3+ 

model – the latter ones containing 12 water molecules in the second coordination sphere – we demonstrate that the discrepancies 
may be plausibly resolved by invoking explicit solvation effects. We show that hydrogen bonding with the second-shell water 
molecules affects the geometry of the first coordination sphere, giving rise to stabilization of the lower-spin with respect to the 
higher-spin state by 3–4×103 cm-1 (~10 kcal/mol). Once this effect is accounted for, the CCSD(T) and NEVPT2 results are found to 
be in a good agreement with the experimental data for both complexes. Moreover, by combining periodic DFT optimization with 
single-point CASPT2 calculations, an analogous medium effect on the spin-state energetics is discovered for FeIII perchlorate in 
the solid state. Our work shows that (opposite to anecdotal beliefs) solvation/medium effects may contribute significantly to d–d 
excitation energies.

[1] M. Swart, Int. J. Quantum Chem. 2013, 113, 2.

[2] Y. Yang, M. Ratner, G.C. Schatz, J. Phys. Chem. C, 2014, 118, 29196.

[3] A. Ghosh, P.R. Taylor, Curr. Op. Chem. Biol., 2003, 7, 113.

[4] M. Radoń, K. Gąssowska, J. Szklarzewicz, E. Broclawik, J. Chem. Theory Comput. 2016, DOI: 10.1021/acs.jctc.5b01234.
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Current high-resolution IR databases of astronomically interesting molecules are not capable of supporting complete and accurate 
spectral analysis, atmospheric modeling, and simulations for varied celestial objects and environments where gas phase molecules 
can exist, e.g. exoplanets, the ISM, Titan, Venus, etc. Most databases only contain transitions derived from reduced Hamiltonian 
models fit from a limited number of recorded lines. The largest problems associated with these databases are the lack of “prediction” 
capability and completeness. These limitations originate from the nature of the molecule, the experimental setup and sensitivity, 
the temperature, and the complexity of spectral congestion, etc. The only realistic path that can lead us to the required IR databases 
is to combine high level first-principles theoretical computations with high-resolution experimental studies. Through our approach 
of combining “Best Theory” and “High-resolution Experiment”, the IR line lists we computed have achieved the critical level of 
precision to be trusted by spectroscopists, i.e. a Prediction Accuracy of 0.01-0.03 cm-1 for rovibrational IR line positions, 10 MHz 
or better for Far IR line positions, 1-3% uncertainty for the intensity of the strongest IR bands, and 5-20% for much weaker bands. 
We will show examples of the following: a) how bad the IR database deficiencies are; b) what we have accomplished in the last 
10 years for NH3, CO2 and SO2; c) how well the most recent experiments agree with our line list predictions; d) what impact and 
collaborations we have made; e) how our line list predictions compare to colleagues.

Huang, Xinchuan 1,2, Schwenke, David 2, Lee, Timothy 2
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Molecules from simple to as complex as fullerenes have been identified in various astrophysical environments such as 
the interstellar media, dark clouds, hot cores, outflows of carbon stars, proto-planetary disks, and in the atmospheres of (exo)
planets. How these large polyatomic molecules are synthesized in such exotic conditions is not well known. Barrier-less ion-
molecule interactions may play a major role  – ions provide electrostatic steering force – in guiding molecules towards each other and 
initiating reactions. We study these condensation pathways to determine whether they are viable means of forming large pure and 
nitrogen-containing hydrocarbon chains, stacks, and even cyclic compounds. We investigated the processes of growth, structures, 
mechanisms, and spectroscopic properties, such as UV-Visible and vibrational IR spectra of the ensuing products after pairing small 
carbon, hydrogen, and nitrogen-containing molecules with similar hydrocarbon ions. We found the molecular building blocks of 
polycyclic aromatic hydrocarbons such as phenyl cations can be synthesized by the combination of smaller hydrocarbons followed 
by hydrogen loss. We have also investigated how nitrogen atoms are incorporated into the carbon ring during growth, specifically, 
in conjunction with an ion-mobility experiment. We used accurate ab initio coupled cluster theory, Møller-Plesset perturbation 
theory, density functional theory together with large correlation consistent basis sets in these investigations. We found that a series of 
hydrocarbons with a specific stoichiometric composition prefers cyclic molecule formation rather than chains. We further explored 
the reaction between pyridyl radical and 1,3-butadiene that forms nitrogen-substituted polycyclic aromatic hydrocarbons (PANHs) 
1,4-dihydro quinoline in molecular beam experiment. We found that the reaction proceeds through the formation of a van der 
Waals complex which circumnavigates the entrance barrier implying it can operate at very low kinetic energy and therefore at low 
temperatures of 10 K as present in cold molecular clouds such as TMC-1. The discovery of facile de facto barrierless exoergic 
reaction mechanisms leading to PANH formation could play an important role in providing a population of aromatic structures upon 
which further photo-processing of ice condensates could occur to form nucleobases.

Bera, Partha 1, Peverati, Roberto 2, Head-Gordon, Martin 2, Lee, Timothy 1
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Hydantoins, a class of cyclic imides, have broad range of biological and agricultural activities. Treatment of various types of epileptic 
convulsions and seizures is accomplished by the hydantoin derivatives1. Hydantoin and its derivatives are also important precursors 
in the synthesis of several amino acids and pyruvic acid derivatives due to the diversity of the synthetic methods for the modification 
of the exocyclic double bond2. Chirality of a drug molecule is known to have an effect on its pharmacological activity. Due to the 
importance of these compounds, we have synthesized a derivative of thiohydantoin, 5-benzyl-3-o-tolyl-2-thiohydantoinn(R-M, 
S-M, R-P, S-P) and have observed the interconversion of S and R stereoisomers (Figure 1).  In this study, DFT calculations have 
been used in order to understand the interconversion of the stereoisomers R-M to S-M and R-P to S-P respectively. For this purpose, 
the mechanistic details of the conversion is investigated. All calculations are performed with the B3LYP/6-31+G* methodology and 
the explicit solvent model is utilized in order to mimic the reaction environment.

Figure 1. Synthesis of 5-benzyl-3-o-tolyl-2-thiohydantoin
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Orbital optimization with the Helmholtz kernel

Eelis Solala, Dage Sundholm
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Real-space three-dimensional (3D) electronic structure theory methods have many advantages as compared to global basis set 
approaches. The results obtained in the 3D numerical calculations are close to the basis set limit and the algorithms can be formulated 
in such a way that they are easily parallelizable. The one-particle Schrödinger equation can be solved numerically by iteratively 
integrating the energy-dependent Helmholtz kernel instead of constructing and diagonalizing the corresponding Hamiltonian matrix.
[1] The Helmholtz kernel approch is the method of choice in large-scale numerical calculations,[2,3] because such calculations 
involve millions of basis functions rendering traditional self consistent-field (SCF) approaches computationally expensive. Since 
molecular electronic structure calculations involve functions that have steep cusps in the vicinity of the atomic nuclei, some special 
treatment of the steep functions is required for obtaining high accuracy.  The cusp problem can either be solved by using denser grids 
close to the nuclei or avoided by approximating the core electrons with soft effective core potentials.[2,3,4] In our our bubbles and 
cube appraoch, the functions containing the steep nuclear cusps are expanded using local functions on atom-centered one-dimensional 
(1D) numerical grids (bubbles) multiplied with spherical harmonics. The cusp-free and smooth remainder is represented by an 
equidistant 3D grid (cube).[5] Here, we present our implementation of the bubbles and cube approach for numerically integrating 
the Helmholtz kernel of molecular Schrödinger equations. The accuracy of the numerical method is demonstrated with Hartree-Fock 
(HF) calculations on molecules.

1. Kalos, M. H. “Monte Carlo calculations of the ground state of three-and four-body nuclei.” Phys. Rev. 128.4 (1962): 1791.

2. Harrison, R. J., Fann, G. I., Yanai, T., Gan, Z., & Beylkin, G. (2004). Multiresolution quantum chemistry: Basic theory and initial 
applications. J. Chem. Phys., 121(23), 11587-11598.

3. Frediani, L., Fossgaard, E., Flå, T., & Ruud, K. (2013). Fully adaptive algorithms for multivariate integral equations using the 
non-standard form and multiwavelets with applications to the Poisson and bound-state Helmholtz kernels in three dimensions. Mol. 
Phys., 111(9-11), 1143-1160.

4. Mohr, S.; Ratcliff, L. E.; Genovese, L.; Caliste, D.; Boulanger, P.; Goedecker, S.; Deutsch, T. Phys. Chem. Chem. Phys. 2015, 
17, 31360.

5. Losilla, S. A., & Sundholm, D. (2012). A divide and conquer real-space approach

for all-electron molecular electrostatic potentials and interaction energies. J. Chem. Phys., 136(21), 214104.
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Carbocations efficiently catalyze the Diels-Alder reaction

Camilla Gustafsson, Tore Brinck

Royal Institute of Technology – School of Chemistry, Applied Physical Chemistry, Stockholm, Sweden

Recent experimental studies have reported a new type of Lewis acid catalysis of the Diels-Alder reaction, where carbocations are 
used as catalysts for activation of the dienophile [1,2].

In the present study we have investigated the mechanism and the free energy surface for triphenylmethyl cation as catalyst, acrolein 
as dienophile, and two dienes, cyclohexadiene and dimethylbutadiene. We have also studied how the counter ion, BF4

-, affects the 
mechanism and potential energy surface of the reaction between cyclohexadiene and acrolein.

Figure 1. a) Rate determining step for catalytic circle for reaction between activated acrolein and cyclohexadiene catalyzed by 
trityl. b)Transition state (TS) for exchange of product for dienophile. 

All reactions were studied with the hybrid functional M06-2X/6-311G(2df, 2p) in gas phase, and in dichloromethane modeled with 
the polarizable continuum model.

The results indicate that the trityl cation has a very large catalytic effect on the Diels Alder reaction. The rate limiting step seems 
to be the exchange of product from the catalyst to a new dieonphile (acrolein). The results show a great potential for the use of 
carbocations as Diels-Alder catalysts and may have implications for the rational design of Diels-Alderases.
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Regio- and Stereoselective Ru-catalyzed Alkyne-alkene Coupling: A DFT-based Mechanistic Study

Guijuan Cheng, Puneet Gupta, Stephan Rummelt, Alois Fürstner, Walter Thiel

Max-Planck-Institut für Kohlenforschung, Mülheim an der Ruhr, Germany

The Ru-catalyzed alkyne-alkene coupling reaction provides an effective methodology for the synthesis of complex molecules. 
Much effort has been devoted to this field; however, the reaction was originally limited to monosubstituted olefins. Only recently, 
the Fürstner group extended the reaction to internal olefins and obtained high regio- and stereoselectivity in product formation. Here, 
we present a DFT-based mechanistic study on this reaction to unravel the reason for the high selectivity.
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The role of spin states in the catalytic mechanism of intra- and extradiol cleavage of catechols

Marcel Swart1,2, Davide Angelone2, Stepan Stepanovic3, Maja Gruden3

1ICREA, Barcelona, Spain, 2Univ. Girona, Girona, Spain, 3Univ. Belgrade, Belgrade, Serbia

Iron-dependent enzymes and biomimetic iron complexes can catalyze the ring cleavage of very inert, aromatic compounds. The 
mechanism of these transformations and the factors that lead either to extradiol or intradiol cleavage are not fully understood. By 
using Density Functional Theory we have elucidated1 the mechanism of the catalytic cycle for two biomimetic complexes, and 
explained the difference in the experimentally obtained products.2

Scheme 1. Reaction scheme for competing extra- and intradiol pathways

It is also shown that, although the sextet state is the ground state at the beginning and at the very end of the catalytic cycle, the quartet 
state governs the reaction and determines the product distribution.

Part of this work was supported by COST Action CM1305 (ECOSTBio), and financial support by ICREA, MICINN, MINECO and 
GenCat is gratefully acknowledged.
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Excitons and polarons are the major players in governing energy and charge transfer phenomena in soft materials [1]. They are the 
primary outcome of light-matter interactions.

Our understanding about their formation and relaxation mechanisms has significantly improved, however several features are 
still obscure. For instance, there is not a clear comprehension yet about the high-energy ultrafast exciton relaxations in complex 
molecular systems, leading to polaron formation / recombination phenomena.

In this contribution, via time dependent density function theory (TD-DFT) calculations and surface hopping techniques [2,3], we 
get mechanistic insights into three processes: 1) ultrafast exciton relaxations and charge transfer dynamics [2,3], 2) singlet-triplet 
excitons dynamics and spin-orbit coupling mechanisms [4], 3) polarons generation and their spectroscopic signatures [5].

A survey of the above processes over different classes of organic materials is presented, spanning from thiophene-based molecules 
vs. aggregates, homo- vs. low band gap co-polymers (e.g. P3HT vs. C- and Si-PCPDTBT), and donor/acceptor interfaces.

Fundamental mechanisms are tackled and critically discussed, proposing molecular design rules to effectively improve the light-to-
current conversion efficiency in functional organic materials.

[1] Savoie B. M. et al., Acc. Chem. Res., 2014, 47, 3385.

[2] Fazzi D. et al., PCCP, 2015, 17, 7787.
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Excitation transition properties from real-time propagation TDDFT: application to macromolecular systems with thousands 
of atoms.
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2Max Planck Institute for the Structure and Dynamics of Matter and Center for Free-Electron Laser Science, Hamburg, Germany

Electronic transitions from ground state to excited states are mainly driven by the coupling of the ground and one excited states with 
the dipole moment operator. The transition dipole moment and transition densities are usually computed using molecular quantum 
mechanics based on solving time independent Schrodinger equation using multiconfigurational methods, or solving Casida’s 
equation on time-dependent density functional theory in the linear response regime. Both strategies are based on the obtention of the 
wave function of the electronic excited state built from electron excitation in a set of molecular orbitals. However, these methods are 
not applicable to the study of molecular systems where a good convergence of virtual orbitals are often not accessible.

Here, we present a new approach to obtain the transition dipole moments and transition densities using real-time propagation 
TDDFT. We demonstrate that the transition density of a molecular system can be obtained directly from the Fourier transform of 
the time dependent response density. This method gives information of the nature of the transition, as previously suggested for Na-
clusters.1 This strategy is based on the time propagation of the occupied Khon-Sham orbitals, hence convergence of virtual orbitals 
are not need, making it suitable for the study of large systems such as biomolecules or nano-clusters.

Here we present, as a proof of concept, the transition properties of a chlorophyll molecule (136 atoms) and a real application on the 
spectroscopic study of the major light harvesting complex II of the spinach plant (5759 atoms).

Figure 1: Transition density obtained from real-time TDDFT using PBE-ADSIC xc functional, corresponding to the maximum of 
the Q-band peak of the LHC-II monomer(5759 atoms).

[1]Wang, Xu, and Ke J. Chem. Phys. 137, 054101 (2012)
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A novel continuum model for the calculation of solute-solvent dispersion contribution to the electronic excitation energy in 
solution

Claudio Amovilli, Franca Maria Floris

University of Pisa, Pisa, Italy

In a recent work [1], we have presented a method to estimate the dispersion interaction energy between two molecules based on 
the measure of  the electronic field fluctuations by means of quantum Monte Carlo (QMC) methodologies. The approach  has been 
extended to the calculation of  the dispersion contribution to the free energy of solvation  within a continuum model framework.  
An explicit expression has been given and  test calculations have been performed on atomic  solutes in water as solvent. Here, we 
show for the first time, the generalization of the method to non-spherical  solutes in ground an low lying excited states and in various 
solvents.  The method involves the accurate calculation of  the electronic wave function of the solute in ground and excited states 
while the solvent is treated as a continuum and is characterized by the refractive index and the ionization potential.  We present 
results for different cavities. In all our calculations, we observe a red shift due to this contribution in the vertical  electronic excitation 
energy of the solute.

[1] C. Amovilli and F. M. Floris, J. Phys. Chem. A 119: 5327 (2015)
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Record High Magnetic Exchange in Radical-bridged M2 (M = CrIII, MnII, FeII, CoII) Complexes: A Theoretical Perspective

Velmurugan Gunasekaran, Mukesh Kumar Singh, Rajaraman Gopalan

Department of Chemistry, Indian Institute of Technology Bombay, Mumbai, Maharastra, India

Density functional theory and ab initio methods were used to investigate the origin of very strong magnetic exchange and to predict 
the generic mechanism of coupling of a series of redox-active tetraazalene bridged transmetallic complexes [(TPyA)2M2(L

3−¸)](n−1)+ 
(M = CrIII (1), MnII (2), FeII (3), CoII (4)) reported.1 The computed results show that the exchange coupling between the metal centers 
is very weak, but the M2-radical coupling is so strong (J = -567, -156, -317, and -396 cm-1 for M = CrIII (1), MnII (2), FeII (3) and CoII 

(4), respectively) for each complex. To the best of our knowledge, all these complexes exhibit strongest magnetic exchange coupling 
ever to be observed in a single-molecule magnets. Moreover, the strength of magnetic exchange in the complexes increases linearly 
with decreasing M–L bond distance in the oxidized analogues due to effective nuclear charge.2 The magneto-structural correlations 
developed for complex 1 indicates that the shorter M–L distance paves a way forward for strong exchange coupling in 1. To this 
end, our study indicates that radical bridging is an attractive alternate to achieve a strong exchange interaction and single-molecule 
magnet behaviour, including magnetic blocking.3
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Density functional theory and ab initio methods were used to investigate the origin of very 
strong magnetic exchange and to predict the generic mechanism of coupling of a series of 
redox-active tetraazalene bridged transmetallic complexes [(TPyA)2M2(L3−)](n−1)+ (M = CrIII (1), 
MnII (2), FeII (3), CoII (4)) reported.1 The computed results show that the exchange coupling 
between the metal centers is very weak, but the M2-radical coupling is so strong (J = -567, -156, 
-317, and -396 cm-1 for M = CrIII (1), MnII (2), FeII (3) and CoII (4), respectively) for each complex. 
To the best of our knowledge, all these complexes exhibit strongest magnetic exchange 
coupling ever to be observed in a single-molecule magnets. Moreover, the strength of magnetic 
exchange in the complexes increases linearly with decreasing M–L bond distance in the 
oxidized analogues due to effective nuclear charge.2 The magneto-structural correlations 
developed for complex 1 indicates that the shorter M–L distance paves a way forward for strong 
exchange coupling in 1. To this end, our study indicates that radical bridging is an attractive 
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Coupled-Cluster Theory for Atoms and Molecules in Strong Magnetic Fields
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1Institut für Physikalische Chemie, Universität Mainz, Mainz, Germany, 2Department of Chemistry, Centre for Theoretical and 
Computational Chemistry (CTCC), University of Oslo, Oslo, Norway

Very strong magnetic fields are highly relevant in the astrochemical context: in space, intense magnetic fields can be found around 
white dwarf stars (up to 100 kT), neutron stars (up to 100 MT) and magnetars (up to 100 GT). The chemistry of atoms and molecules 
exposed to such fields changes drastically as at around 100 kT the magnetic and Coulomb forces start to be equally important.

Obviously, such strong fields cannot be generated in even the most specialized laboratories on Earth and the current limit for non-
destructive magnets is about 100 T.

Therefore, quantum-chemical investigations are essential to interpret and predict observational spectra and to understand the 
substantial influence of such strong fields on the energies and properties of atoms and molecules. To obtain reliable results, a 
rigorous treatment of the magnetic field dependence, combined with a highly-accurate methodology are required.

Previous investigations at the full-configuration-interaction level of theory already led to new insights as, for example, a previously 
unknown bonding mechanism, the perpendicular paramagnetic bonding1. Retaining the high-accuracy in the wave function and 
predictive capabilities but extending the applicability to systems with more than three electrons we present an implementation of 
coupled-cluster theory for the treatment of atoms and molecules in finite magnetic fields. We present results obtained at the coupled-
cluster singles-doubles-perturbative-triples (CCSD(T)) level for field strengths up to about 200 kT, discussing the effect of an 
increasing magnetic field on binding energies, total energies and the influence of electron correlation.

[1] K. K. Lange, E. I. Tellgren, M. R. Hoffmann, and T. Helgaker, Science, 337, 327 (2012)
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Comparison of three efficient approximate exact-exchange algorithms: chain-of-spheres, pair-atomic resolution of the 
identity, and the auxiliary density matrix method
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1Centre for Theoretical and Computational Chemistry, University of Oslo, Oslo, Norway, 2Max-Planck Institute for Chemical Energy 
Conversion, Mülheim an der Ruhr, Germany

We compare the performance of three approximate methods for speeding up evaluation of the exchange contribution in Hartree-
Fock and hybrid Kohn-Sham calculations: the chain-of-spheres algorithm (COSX)1, the pair-atomic resolution-of-identity method 
(PARI-K)2, and the auxiliary density matrix method (ADMM)3. Both efficiency relative to a conventional linear-scaling algorithm 
and accuracy of total and orbital energies are compared for a subset containing 25 of the 200 molecules in the Rx200 set using 
double-, triple-, and quadruple-  basis sets. The accuracy of relative energies are compared for small alkane conformers (ACONF 
test set) and Diels-Alder reactions (DARC test set). Overall, we find that the COSX method provides good accuracy for orbital 
energies as well as total and relative energies and delivers a satisfactory speedup. The PARI-K and, in particular, ADMMS algorithms 
require further development and optimization to fully exploit their indisputable potential.

1 Neese et. al., Chem. Phys., 2008, 356, 98-109

2 Merlot et. al., J. Comput. Chem., 2013, 34, 1486-1496

3 Guidon et.. al., J. Chem. Theory Comput., 2010, 6, 2348-2364
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Thermal decomposition of nitrogen-rich high-energetic compounds: new insights from high-level ab-initio calculations
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Nitrogen-rich heterocycles and their derivatives are promising environmental friendly energetic compounds. In the present 
work, we studied theoretically primary thermolysis reactions of recently synthesized azobistetrazole (ABTZ), azobistriazole 
(ABTrZ), their nitro- and methyl-substituted derivatives, and a prototypic nitrogen-rich species diaminotetrazole (DATZ, Scheme 
1). To this end, the highly accurate CCSD(T)-F12 methodology was employed. Apart from this, we studied tautomerism and mutual 
interconversion between tautomers of DATZ.
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In the case of DATZ, amino and imino tautomers turned out to be in fast equilibrium due to the concerted double H-transfer in 
the H-bonded complexes. The elimination of N2 from the amino tautomer was found to be the most important primary reaction of 

DATZ thermolysis. The Arrhenius parameters for this reaction were calculated to be =aE  44.8 kcal/mol and ()=¸1/log sA  14.7 
in a good agreement with existing experimental values.

Thermal decomposition of ABTZ, ABTrZ and its derivatives was found to occur via the ring opening followed by elimination 
of molecular nitrogen. The activation barrier of this reaction for ABTrZ is close to DAT and turned out to be ~45 kcal/mol. In the 
case of ABTZ, these values are close to ~25 kcal/mol. This fact agrees well with experimentally observed high sensitivity of these 
compounds.
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Complex chemical reactions can be broken down into basic reaction steps, most of which involve a functional group containing one 
or more hetero-atoms, e.g. oxygen, nitrogen or sulphur at the active site. We performed quantum chemical calculations to explore 
new routes in understanding nitrogen and sulphur chemistry.

To probe the influence of hydrogen-bonding on the electronic structure of at nitrogen K-edge in acetonitrile and acetonitrile-water 
mixtures have been investigated using the steady-state resonant inelastic X-ray scattering (RIXS). We employed first principles 
restricted active space self-consistent field (RASSCF) calculations in order to interpret experimental electronic structure probes via 
nitrogen core-level transitions. In the current study, we elucidate with elemental specificity the relative involvement of different 
molecular orbitals (MO). These calculations give explicit access to each electronic state with the extracted information allowing 
assigning the dominant transitions in the X-ray absorption spectrum, and unearthing the electronic character of every final valence 
excitation resulting from RIXS at a specific incident photon energy.

We also used ab initio calculations to validate and understand the character of new transitions in time-resolved sulfur-1s spectroscopy 
to model an electronically excited aromatic thiol system. These calculations were used to calculate and compare the X-ray absorption 
spectrum in order to understand the spectral signature of radical generation and formation of two thione isomers. The simulations 
also explain the regio-selectivity of the thione isomerization reaction. With these calculations, chemical reaction pathways and 
transient products of sulphur-containing molecules can be established from experimental sulfur-1s spectroscopic data. The results 
are in very good agreement with experiment.
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Quantum chemical investigation of the photophysical properties of 4-(N,N-dimetylamino)benzoylaminothiazole/
oxazole  difluoroboranyl derivatives
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Nantes, Nantes, France

Recently, a series of novel donor-acceptor difluoroboranyl derivatives (Fig. 1) bearing benzoxazole/benzotiazole moiery was 
synthesized. To the best of our knowledge this is first joined experimental and theoretical study on the difluoroboranyl compound 
presenting such a molecular architecture. In order to appropriately evaluate the photophysical properties, several experimental 
techniques, as well as theoretical approach were used. Our calculations, in agreement with experimental data, predict that the O→S 
replacement as well as addition of a phenyl ring, induce sizeable bathochromic shifts of both absorption and emission maxima. 
Our theoretical calculations were able to accurately predict absorption maxima and AFCP (absorption-fluorescence crossing point). 
Moreover, they provided complementary insights into the nature of the excited-states and enable estimation of the charge-transfer 
parameters (e.g. CT distance and dipole moments). Another aspect of this study, which is currently in progress, is the determination 
of the vibronic couplings, which may allow for satisfactory reproduction of the experimental band shapes.
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benzoxazole/benzotiazole moiery was synthesized. To the best of our knowledge this is first 
joined experimental and theoretical study on the difluoroboranyl compound presenting such a 
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theoretical calculations were able to accurately predict absorption maxima and AFCP 
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CT distance and dipole moments). Another aspect of this study, which is currently in progress, 
is the determination of the vibronic couplings, which may allow for satisfactory reproduction of 
the experimental band shapes. 

 

Fig 1: Examined structures 
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Theoretical perspectives on the resonant inelastic scattering processes (RIXS) in iron-based catalyst models.

Erik Källman, Lasse Kragh Sörensen, Meiyuan Guo, Marcus Lundberg

Uppsala University, Department of Chemistry, Theoretical Chemistry Programme, Ångström Laboratory, Uppsala, Sweden

The K-alpha resonant inelastic X-ray scattering process is currently being investigated in model systems of iron-based transition 
metal enzymes. This process specifically involves absorption through the resonant 1s to 3d orbital excitation and detection of the 
2p to 1s emission. Through applying the core restricted active space method (core-RAS) as implemented in the Molcas software 
package, and the currently developed X-ray process toolbox Scatter, theoretical RIXS planes can be calculated, and spectral features 
can be mapped to specific orbitals, included or excluded from the active space. Of particular interest is the polarization and angular 
dependence of the incoming and outgoing light.
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Investigating the local vibrations of hydroxyl groups in clay minerals: Theoretical simulation of oxygen K-edge resonant 
inelastic scattering in Kaolinite

Emelie Ertan1, Franz Hennies2, Jan Erik Rubensson3, Thorsten Schmitt4, Vladimir Strocov4, Marcella Iannuzzi5, Faris Gel’mukhanov6, 
Alexander Fölisch7, Michael Odelius1, Annette Pietzsch7

1Stockholm University, Stockholm, Sweden, 2Lund University, Lund, Sweden, 3Uppsala University, Uppsala, Sweden, 4Paul Scherrer 
Institute, Villigen, Switzerland, 5University of Zurich, Zurich, Switzerland, 6Royal Institute of Technology, Stockholm, Sweden, 
7Helmholtz-Zentrum Berlin fur Materialien und Energie, Berlin, Germany

In a recent study the electronic structure of both synthetic and natural kaolinite was determined using X-ray absorption and first-
principle calculations and the band gap was analysed [1].

In this work the local electronic and vibrational structure of the hydroxyl groups in Kaolinite Al2(Si2O5)(OH)4 has been explored 
through a combination of ultra-high resolution X-ray spectroscopy and spectrum simulations, based on periodic density functional 
theory (DFT). The aim with these investigations is to study vibrations of the hydroxyl group in a complex environment where there 
is an interaction between the sheets and the cavity around OH.

By applying resonant inelastic X-ray scattering (RIXS), we can probe the local electronic environment of the core-excited atom, 
thereby exploring local variations in the potential energy surfaces of the electronic ground state and of excited electronic states. 
Through theoretical modelling we seek to determine the information content in the resulting RIXS spectra and to establish whether 
it is possible to discriminate between the different oxygen sites in the crystal structure, and probe the local electronic and vibrational 
structure separately.

The experimental measurements were carried out with near-edge X-ray absorption spectroscopy (XAS) and RIXS [2] at the oxygen 
K-edge.

[1] A. Pietzsch, J. Nisar, E. Jämstorp and J. Gråsjö, C. Århammar, R. Ahuja and J.-E. Rubensson, Journal of Electron Spectroscopy 
and Related Phenomena, 202, 11-15, (2015)

[2] S. Schreck, A. Pietzsch, B. Kennedy, C. Såthe, PS. Miedema, S. Techert, VN. Strocov, T. Schmitt, F. Hennies, J.-E. Rubensson 
and A. Föhlisch, Scientific Reports, 7, 20054, (2016)
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Third-order Algebraic Diagrammatic Construction scheme of the polarization propagator: Excited state geometries and 
X-ray absorption spectra

Dirk R. Rehn1,2, Andreas Dreuw2, Patrick Norman1

1Department of Physics, Chemistry and Biology, Linköping University, Linköping, Sweden, 2Interdisciplinary Center for Scientific 
Computing, Heidelberg University, Heidelberg, Germany

The algebraic diagrammatic construction (ADC) scheme of the polarization propagator [1] is an excited-state method based on 
perturbation theory. It uses the Møller-Plesset partitioning of the Hamiltonian to derive models for various orders in perturbation 
theory. Excitation energies resulting from the strict second-order model (ADC(2)-s) are similar to those of CC2, while the third-
order model (ADC(3)) has been shown to yield results comparable to CC3 [2].

Analytic gradients are of utmost importance for the theoretical description of e.g. the determination of excited state minima, or 
the calculation of potential energy surfaces. Here, we present analytic derivatives for the ADC scheme for closed- and open-shell 
systems. Apart from the derivatives for the ADC(2)-s model which have been published before, also the gradient of the extended 
second-order model (ADC(2)-x), as well as the third-order model ADC(3) have been implemented [2]. We present benchmark 
results on diatomic molecules and investigated the lowest excited states of octatetraene and 2,2’-bithiophene.

The theoretical description of X-ray absorption spectroscopy (XAS) poses a challenging task. ADC in combination with the 
core-valence separation (CVS) approximation has proven to yield core-excitation energies and transition moments with almost 
quantitative accuracy allowing for reliable construction of XA spectra [3]. In the X-ray region one typically encounters a situation 
of a high density of states which can limit the simulation of absorption spectra based on the computation of excitation energies and 
transition moments. Here, we present a numerically more efficient alternative based on the evaluation of the complex frequency-
dependent polarizability [4] which can be obtained through the ADC scheme of the complex polarization propagator (CPP-ADC).

[1] A. Dreuw and M. Wormit, WIREs Comput. Mol. Sci., 2015, 5, 82.

[2] D. R. Rehn and A. Dreuw, in preparation.

[3] J. Wenzel, M. Wormit, A. Dreuw, J. Chem. Theory Comput., 2014, 10, 4583.

[4] J. Kauczor and P. Norman, J. Chem. Theory Comput., 2014, 10, 2449.
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An accurate description of electron correlation is the focus of the development of new quantum chemical theories. Spanning material 
sciences to biology, the effects of electron correlation are ubiquitous: packing of molecules into solids, self-assembly, molecular 
recognition, three-dimensional structures of proteins, interaction of substrates with surfaces, homogeneous/heterogenous catalysis, 
to name but a few.

Among the available methods, wave function theory performs excellently for the prediction of correlation energies, but at the 
expense of large computational cost. As a result, such methods are limited to relatively small systems (i.e., ca. 100 electrons), 
warranting efforts to design methods that can bring the computational cost down.

Herein, we report the implementation and performance of (i) a spin-component-scaled double-hybrid density functional theory 
(SCS-DFT), and (ii) a new variety of cost-effective double-hybrid density functional theory based on the resolution-of-identity 
(RI) approximation: RI-SCS-DFT. Within a tolerable error, RI-SCS-DFT is suitable for large molecular systems and provides 
considerable speed-up.

Roch, Loïc M. 1, Baldridge, Kim K. 1,2
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Franck-Condon Factor Calculations on Three- and Six-dimensions Including Duschinsky Effects
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Technology, Weijin Road 92, Nankai District, Tianjin., China

Analytic formulas for multidimensional Franck-Condon (FC) overlap integral including Duschinsky effect has been programmed, 
based on the harmonic oscillator approximation. The photoelectron spectra of H2O and H2CO have been convoluted from three- and 
six-dimension FC values, respectively. The equilibrium geometries of H2O and H2CO and their three cationic states are compared at 
various levels of theory, including density functional theory (DFT), and Coupled-Cluster with singles and double and perturbative 
triples (CCSD(T)), using Def2-tzvp basis set. In addition, the effect of different basis sets on the photoelectron spectra has been 
studied.
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KKinetic Monte Carlo Simulations for Organic Devices

Riccardo Volpi, Mathieu Linares
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In the last decades organic semiconductors, and in particular polymeric materials, have attracted a huge interest. They 
are low cost to produce and exhibit peculiar characteristics that can lead to new promising applications such as organic 
light-emitting diodes (OLED) and organic solar cells (OPV). Theoretical studies are very useful for the improvement 
of such devices. The intrinsic probabilistic nature of the conduction, together with the structural disorder exhibited 
by these materials, render an analytical expression of the mobility difficult; while these aspects are instead suitable to 
be modeled with Kinetic Monte Carlo (KMC) simulations [1-3]. Recently, we proposed a model to take into account 
polarization of surrounding molecules in our KMC scheme and showed how this inclusion allows us to get a good 
qualitative agreement with experiments for mobility temperature and field dependence in C60 [4]. In particular, the 
external reorganization energy, revealed to be the most important factor, shifting the inverse Marcus region to higher 
fields and allowing the good qualitative agreement [4]. We then proceed to study the dynamics of the CT state splitting 
[5], a process that is intimately related to the efficient generation of free charge carriers in organic solar cells. An 
analysis of the possibility of the CT state splitting at organic interfaces using Marcus rates is also done and can be 
confirmed by KMC simulation of the CT state splitting at C60-Anthracene interfaces [5]. Again we will show how it is 
essential to include polarization in the model.

[1] M. Jakobsson, M. Linares, S. Stafström, J. Chem. Phys. 137, 114901 (2012)

[2]V. Rühle, A. Lukyanov, et al., JCTC 7, 3335 (2011)

[3] R. Volpi, S. Stafström, M. Linares. J. Chem. Phys. 142, 094503 (2015)

[4] R. Volpi, S. Stafström, M. Linares. JCTC 12, 812 (2016)

[5] R. Volpi, R. Nassau, M. Linares. Submitted
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The divide-expand-consolidate local coupled cluster CCSD(T) model.

Thomas Kjaergaard, Kasper Kristensen, Janus Eriksen, Pablo Baudin, Dmytro Bykov, Poul Jorgensen

Aarhus University, Aarhus, Denmark

Poul  Jørgensen, Thomas Kjærgaard, Kasper Kristensen, Ida-Marie Høyvik, Patrick Ettenhuber, Janus Juul Eriksen, Pablo Baudin, 
Dmytro Bykov.

It will be described how the Divide-Expand-Consolidate (DEC) strategy that previously has been applied to MP2 and CCSD can 
also be applied to RI-MP2, MP2-F12 and CCSD(T) leading to a linear scaling and embarrassingly parallel algorithm. Numerical 
examples will be given to demonstrate the error control that may be imposed on the precision of the correlation energy through the 
fragment optimization threshold (FOT) parameter. This brings the DEC strategy on par with standard implementations where the 
parameter representing the threshold for the residual norm of the amplitude equations impose the error control on the correlation 
energy.

Kjaergaard, Thomas    Kristensen, Kasper    Eriksen, Janus,   Baudin, Pablo   , Bykov, Dmytro    Jorgensen, Poul
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The pH Influence on Anabaena Sensory Rhodopsin Photochemistry
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Anabaena Sensory Rhodopsin (ASR) is a unique photochromic biosensor showing, thanks to the chirality of the embedded 
retinal chromophore, two reversible functionally relevant half-cycles starting from both isomers[1,2]; these features makes ASR 
photochemistry particularly interesting. Although it is known that the structure of the hydrogen-bonding network of ASR is pH-
dependent, affecting the photocycle kinetics and the ground-state absorption maximum, it is so far unclear how pH influences the 
photoreactivity of ASR[3,4].

In this communication, we introduce a complete and realistic model for ASR starting from crystallographic and NMR structures 
and predicting the protonation state of the titratable residues at different pH values using the Constant pH Molecular Dynamics 
(CpHMD) method implemented in Amber[5]. Then relevant photophysical and photochemical properties are investigated by means 
of QM/MM calculations performed on a set of snapshots extracted from CpHMD trajectories (fig.1). Ultimately, this multiscale 
approach is expected to become of predictive power, allowing interpretation of detailed experimental data and clarifying the factors 
affecting ASR photoreactivity.

[1] Strambi, A.; Durbeej, B.; Ferre, N.; Olivucci, M. Proceedings of the National Academy of Sciences 2010, 107.

[2] Schapiro, I.; Ruhman, S. Biochimica et Biophysica Acta (BBA) - Bioenergetics 2014, 1837.

[3] Rozin, R.; Wand, A.; Jung, K.; Ruhman, S.; Sheves, M. The Journal of Physical Chemistry B 2014, 118.

[4] Tahara, S.; Kato, Y.; Kandori, H.; Ohtani, H. The Journal of Physical Chemistry B 2013, 117.

[5] Swails, J.; York, D.; Roitberg, A. J. Chem. Theory Comput. 2014, 10.

Fig.1: ASR histidine residues titration curves obtained from CpHMD data
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New Generation Molecular Nanomagnets: A DFT and ab initio study on Lanthanide(III) complexes with Higher Order 
Symmetry and Radical Bridges

Rajeshkumar Thayalan, Rajaraman Gopalan

Indian Institute of Technology Bombay, Mumbai, Maharastra, India

Molecular Nanomagnets possessing 4f block elements has drawn the attention of the researchers due to their unquenched orbital 
moments and is capable of producing single ion anisotropies. Usually orbitals of the neutral ligands in bridges promote weaker 
exchange and thus inducing Quantum Tunnelling of Magnetization (QTM) resulting in low energy barriers (Ueff). Recently report on 
N2

3- radical-bridged dilanthanide complex shows the presence of strong magnetic coupling compared to the non-radical counterpart 
[1]. We have performed DFT calculations coupled with NBO analysis to probe the mechanism which results in strong magnetic 
coupling. Magneto-structural correlations are developed which clearly depicts the impact of N-N distance on the exchange values 
and also the ways to increase the exchange further are explored [2]. The Dy(III) containing Single Ion Magnet (SIM) with pseudo-
D5h symmetry possess highest barrier height and high blocking temperature reported for any SIMs. Here we have investigated role 
of higher order symmetry using ab initio (CASSCF + RASSI) calculations in obtaining large energy barriers in Single Ion Magnets 
containing Dy(III) ions [3].

References

[1] Rinehart, J. D.; Fang, M.; Evans, W. J.; Long, J. R. Nat. Chem. 2011, 3, 538. [2] Rajeshkumar, T.; Rajaraman, G. Chem. Commun, 
2012, 48, 7856. [3] Gupta, S. K.; Rajeshkumar, T.; Rajaraman, G.; Murugavel, R. M. Chem. Sci. (Manuscript under revision)

Thayalan, Rajeshkumar  , Gopalan, Rajaraman

0175 

New Generation Molecular Nanomagnets: A DFT and ab initio study on Lanthanide(III) 
complexes with Higher Order Symmetry and Radical Bridges 

Rajeshkumar Thayalan, Rajaraman Gopalan 

Indian Institute of Technology Bombay, Mumbai, Maharastra, India 

Molecular Nanomagnets possessing 4f block elements has drawn the attention of the 
researchers due to their unquenched orbital moments and is capable of producing single ion 
anisotropies. Usually orbitals of the neutral ligands in bridges promote weaker exchange and 
thus inducing Quantum Tunnelling of Magnetization (QTM) resulting in low energy barriers (Ueff). 
Recently report on N23- radical-bridged dilanthanide complex shows the presence of strong 
magnetic coupling compared to the non-radical counterpart [1]. We have performed DFT 
calculations coupled with NBO analysis to probe the mechanism which results in strong 
magnetic coupling. Magneto-structural correlations are developed which clearly depicts the 
impact of N-N distance on the exchange values and also the ways to increase the exchange 
further are explored [2]. The Dy(III) containing Single Ion Magnet (SIM) with pseudo-D5h 
symmetry possess highest barrier height and high blocking temperature reported for any SIMs. 
Here we have investigated role of higher order symmetry using ab initio (CASSCF + RASSI) 
calculations in obtaining large energy barriers in Single Ion Magnets containing Dy(III) ions [3]. 
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Spintronic magnetic anisotropy : To new molecular devices
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The slowdown of the information technology development spawned the need to look for  alternative ways of data storing and 
treating. Nowadays a great challenge for the applied science appeared : to develop new electronic devices at the molecular scale. 
Molecular spintronic addresses this challenge offering multifunctional molecules of great potential, reducing the size of devices to 
the nanoscale.

Superparamagnetism of magnetic molecules is a useful effect for nanoscale applications as memories.  The underlying magnetic 
anisotropy barrier originates from spin–orbit interaction and can nowadays be probed.

In this study, we have determined by polarized neutron diffraction (PND) the low-temperature molecular magnetic susceptibility 
tensor of the anisotropic low-spin complex Pph4[FeIII(Tp)(CN)3]H2O [1]. We found the existence of a pronounced molecular 
easy magnetization axis, almost parallel to the C3 pseudo-axis of the molecule, which also corresponds to a trigonal elongation

BOILLEAU, Corentin 1, RIDIER, Karl 2, Mondal, Abhishake 3, Ccador, Olivier 4, Gillon, Béatrice 2, 
Chaboussant, Grégory 2, Le Guennic, Boris 4, Costuas, Karine 4, Lescouëzec, Rodrigue 3

Spintronic magnetic anisotropy : To new  molecular devices

The slowdown of the information technology development spawned the need to look for  alternative ways of data storing and 
treating. Nowadays a great challenge for the applied science appeared : to develop new electronic devices at the molecular scale. 
Molecular spintronic addresses this challenge offering multifunctional molecules of great potential, reducing the size of devices to 
the nanoscale.
Superparamagnetism of magnetic molecules is a useful effect for nanoscale applications as memories.  The underlying magnetic 
anisotropy barrier originates from spin–orbit interaction and can nowadays be probed.
In this study, we have determined by polarized neutron diffraction (PND) the low-temperature molecular magnetic susceptibility 
tensor of the anisotropic low-spin complex Pph4[FeIII(Tp)(CN)3]⋅H2O [1]. We found the existence of a pronounced molecular 
easy magnetization axis, almost parallel to the C3 pseudo-axis of the molecule, which also corresponds to a trigonal elongation 
direction of the octahedral coordination sphere of the FeIII ion. The PND results are coherent with electron paramagnetic 
resonance spectroscopy, magnetometry, and ab initio investigations using explicitly correlated ab initio methods (SA-
CASSCF/MS-CASPT2 with three different sizes of active space).

Through this particular example, we demonstrate the capabilities of PND to provide a unique, direct, and straightforward picture 
of the magnetic anisotropy and susceptibility tensors, offering a clear-cut way to establish magneto-structural correlations in 
paramagnetic molecular complexes.

[1] K. Ridier and all., Angewandte, 2016, Volume 55, Issue 12, p. 3963–3967
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A theoretical perspective on mechanism of proton reduction catalyzed by CoII-polypyridyl complex: the role of water
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Conversion from solar energy to chemical energy has attracted great interest in recent decades. Hydrogen evolution is one of the 
reactions in solar energy conversion that has a promising future. Reduction of water to produce H2 under first-row transition metal 
catalysts (such as Ni, Fe Co) via a photocatalytic and/or electrocatalytic cycle has been studied and reported extensively. As part 
of the research area, our collaborators recently reported a Co(II)-polypyridyl [CoII(bpma)(H2O)2]

2+ (bpma = bipyridinylmethyl-
pyridinylmethyl-methyl-amine) catalyst for electrochemical as well as light-driven proton reduction in aqueous media.1 Therefore, 
DFT calculations with B3LYP* functional (15% HF exact exchange) and B3LYP-D3 version of Grimme’s dispersion correction were 
used to investigate catalyzed proton reduction. Based on the calculated results of redox potentials of different cobalt species, pKa 
values and reaction barriers for all possible pathways for hydrogen-formation, and the results from experiment, we can rationalize 
the electrochemical behaviour at different pH and distinguish between alternative hydrogen-formation mechanisms. Two hydrogen-
formation mechanisms for this reaction are proposed. These findings shed light on designing more effective catalysts for proton 
reduction.

References:

1. Singh, W. M.; Mirmohades, M.; Jane, R. T.; White, T. A.; Hammarstrom, L.; Thapper, A.; Lomoth, R.; Ott, S. Chem. Commun. 
2013, 49, 8638.
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The formation and early growth of atmospheric aerosols are currently believed to involve sulfuric acid (SA) together with bases, 
ions and oxygenated organic compounds. We present calculated Gibbs free energies of formation for clusters consisting of C6H8O7, 
sulfuric acid, water, ammonia and/or dimethylamine (DMA). For sampling the cluster structures, we have used semi-empirical PM6 
method. For optimizing the geometries, we used density functional theory (DFT) with three different density functional (M06-2X, 
PW91, ωB97X-D). For calculating the binding energies of the clusters, we used a high level coupled cluster method (DLPNO-
CCSD(T)).

 We identified that C6H8O7 interacts very weakly with itself and sulfuric acid. The origin of the weak clustering of the 
C6H8O7 is due to the formation of strong internal hydrogen bonds and the lack of a strong hydrogen bond acceptor. The presence of 
H2O, NH3 or DMA is found to enhance the interaction between C6H8O7 and SA. However, the reaction free energies are relatively 
low and the C6H8O7 could readily re-evaporate. The addition of second C6H8O7 to the (C6H8O7)(SA)(X) cluster is thermodynamically 
unfavourable in all cases. Adding a second SA to the (C6H8O7)(SA)(X) cluster is favourable. However, the addition of a second 
C6H8O7 to the (C6H8O7)(SA)2(X) cluster is not favourable. Several other formation paths were considered, but none of them predict 
the formation of two C6H8O7 containing clusters.

  Results of this study leads to the conclusion that autoxidation products containing only peroxy acids, hydroperoxide and 
carbonyl groups cannot be key species in the initial steps of new-particle formation and thereby only contributes to the growth of 
atmospheric particles. Multi-carboxylic acids will most likely produce stabile clusters at atmospheric conditions and thereby should 
be the focus for further investigations on the effect of highly oxidized organic compounds in new-particle formation.
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Organic thermoelectric materials found a wide application in modern life, including optics, photoelectronics, biosensors, touch 
screens, etc. The most studied and applied by industry material among organic thermoelectrics is poly(3,4-ethylenedioxythiophene), 
or PEDOT. This polymer is less toxic, transparent, has high conductivity, and it forms water-soluble polyelectrolytes. Substantial 
spin-orbit coupling may bring new level of functionality to these polymers. Therefore, it is relevant to study the physics of PEDOT 
and its selenium (PEDOS) and tellurium (PEDOTe) derivatives from the first principles can bring a light into the field.

In our research, we used DFT-based methods to study the structure of PEDOT and its selenium and tellurium derivatives. The Carr-
Parrinello molecular dynamics (CPMD) was done with soft norm-conserving Troullier-Martins pseudopotentials under a cut-off of 
90 Ry and exchange-correlation functionals BLYP. The bond lengths, angles and dihedral angles were analyzed and compared for 
all three polymers. Our investigation shows that in the row sulfur-selenium-tellurium the planarity of the polymer chain is increasing 
due to formation of connections between heteroatom and neighboring monomer units. As a result, PEDOTe is expecting to have 
a higher charge transfer properties. We also studied the highest occupied and the lowest unoccupied molecular orbitals (HOMO 
and LUMO). Molecular orbitals were calculated with CPMD and confirmed with calculations on Gaussian code under B3LYP/6-
31+g(d) level of physics. We found a declining trend for band gaps in PEDOT-PEDOS-PEDOTe row, which agrees with earlier 
studies of pentocyclic polymers.

Mirsakiyeva, Amina 1, Hugosson, Håkan W. 1, Delin, Anna 1,2
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GPU-enabled and Laplace transformed DEC-RI-MP2

Thomas Kjaergaard

Aarhus university, AArhus, Denmark

We present some results from the GPU-enabled Laplace-Transformed DEC-RI-MP2 method. The DEC-RI-MP2 method introduced 
in [Baudin et al., J. Chem. Phys. 144, 054102 (2016)] are significantly improved by introducing the laplace transform of the orbital 
energy denominator in order to construct the doubles amplitudes directly in the local basis and reducing the set of the auxiliary 
functions employed in the individual fragments.

Furthermore the porting to GPU gives an additional factor 8 speedup on the TITAN supercomputing system at Oak Ridge National 
Laboratory.

Kjaergaard, Thomas
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Unveiling Redox Reaction Mechanism of Ru-complex Electrocatalysts Under CO2 Reduction Conditions from First-
principles Theory

Giane Damas1, Dmytro Ivashchenko2, Luciano Costa3, Ivan Rivalta2, C. Moyses Araujo1

1Uppsala Universitet, Uppsala, Sweden, 2École Normale Supérieure de Lyon, Lyon, France, 3Universidade Federal Fluminense, 
Niterói, RJ, Brazil

Solar fuel production through the so-called artificial photosynthesis (AP), which involves carbon dioxide reduction, has attracted a 
great deal of attention to the development of a new world energy matrix that is renewable and environmentally friendly. Here, CO2, 
water and sunlight energy should be combined to form O2 gas and organic fuel (e.g. CH3OH).1 In 2010, Sato et al.2 demonstrated 
that it is possible to achieve totally photon-driven CO2 reduction to formic acid, an important step toward AP implementation. They 
have used N-doped Ta2O5 compound as photocatalyst, with adsorbed [Ru(X-bpy)2(CO)2]

2+ (with X= –H or –COOH) complexes 
as electrocatalyst, immersed in a solution of triethanolamine (TEOA)/acetonitrile. Despite of the relevance of this system, the 
fundamental understanding of the reaction mechanisms at work has not been achieved yet. In this work, we have undertaken a 
thorough investigation of the redox reaction mechanism of Ru-complexes under the experimental conditions in acetonitrile by 
means of density functional theory3. The redox potentials were calculated according to the Born-Haber thermodynamic cycle, 
using the implicit solvent model, such as PCM5 and SMD6, to obtain the data in solvated phase. Different pathways and degrees 
of substitution in the bpy ligands have been studied. It was found, for instance, that we that the reduction of [Ru(bpy)2(CO)2]

2+  to 
[Ru(bpy)2(CO)2]

0 involves ligand release processes with the loss of bpy being more energetically favourable. Such scenario changes 
when carboxyl groups (-COOH) are added to the bpy stabilizing the complexes. These results are relevant to further understand the 
role of Ru-complex electrocatalysts on the CO2 reduction reaction. The reaction free energies for the two distinct pathways involving 
the hydride formation and direct Ru-CO2 interaction will also be presented and discussed.

References

1-Akimov, A. Jinnouchi, R., Shirai, S. et al. J. Phys. Chem. B 2015, 119, 7186-7197.

2-Sato, S., et al. Angew. Chem. 2010, 120, 5227-5231

3-Frisch, M. J., et al. Gaussian 09, Revision 01. . Gaussian, Inc. . Wallingford CT.  , 2009.

4-Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5652.

5-Stephens, P.J. et al. J.Phys. Chem. A, 2002, 106(25), 6102-6113.

6-Truhlar, D. G. et al. J. Phys. Chem. B 2009, 113(18), 6378-6396.
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Linear absorption spectra beyond the electric-dipole approximation
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1Department of Physics, Chemistry and Biology, Linköping University, Linköping SE 58183, Sweden, 2Laboratoire de Chimie et 
Physique Quantiques, UMR 5626—CNRS/Université Toulouse III (Paul Sabatier), 118 route de Narbonne, F-31062 Toulouse 
Cedex, France, 3Department of Physics, Chemistry and Pharmacy, University of Southern Denmark, DK-5230 Odense M, Denmark

The interaction between electromagnetic radiation and molecules is typically described within the electric-dipole approximation, 
which relies on the assumption that the wavelength of the probing field is large compared to the molecular dimensions. While 
this is a good approximation in most cases in the UV-Vis region, the spatial field variations become increasingly important as the 
wavelength of the light shrinks to the molecular scale, such as in X-ray spectroscopies.

Here, we present an implementation of the full semi-classical light-matter interaction operator in the response theoretical framework 
for describing linear absorption in molecular systems subjected to weak, linearly polarized light.[1] By virtue of the exactness 
of the interaction operator, the resulting cross sections are inherently gauge-origin independent and always positive, as befits the 
observable quantity.[2] To extend this work to the case of isotropic samples, we further present an efficient yet accurate scheme for 
computing rotationally averaged spectra based on a combination of analytical and numerical integration.[3] Illustrative examples are 
given to investigate non-dipolar effects in linear absorption as well as the computational cost of the method as compared to truncated 
multipole expansion schemes.

[1] N. H. List, J. Kauzcor, T. Saue, H. J. Aa. Jensen, P. Norman, J. Chem. Phys., 142, 244111, 2015.

[2] P. J. Lestrange, F. Egidi, X. Li, J. Chem. Phys, 143, 234103, 2015.

[3] N. H. List, T. Saue, P. Norman, Mol. Phys., 2016, submitted.
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A DFT STUDY: BECKMANN REARRANGEMENT REACTION MECHANİSM VIA MEISENHEIMER COMPLEX

Fethiye Aylin Sungur, Muammer Melin Demirkizak

Istanbul Technical University Informatics Institute, Istanbul, Turkey

The Beckmann rearrangement reactions that have a high industrial impact enable the formation of amides and lactams from oximes. 
However, traditional reagents used in the experimental studies suffer from several problems including poor reactivity, hazardous 
byproduct formations. Recently, cyclopropenium ion has been used as an efficient organocatalyst in Beckmann rearrangement 
reactions and the product was obtained with a better yield and high stereoselectivity. According to the experimental studies in 
literature, the reaction may follow via either self-propagating or organocatalytic paths.1,2

The aim of this study is to elucidate the organocatalytic mechanism of the Beckmann rearrangement reaction via Meisenheimer 
complex formation (Figure 1)1. It has been stated that Meisenheimer complexes exist in shallow minima, and ether formation is a 
fast process where the computed stationary points on potential energy surfaces may identified as a transition state or local energy 
minima. It was also aimed to clarify the uncertainties about the status of Meisenheimer complex on potential energy surfaces 
of Beckmann Rearrangement reaction. The DFT calculations were done at the M062X/ 6-31G (d, p) level of theory including 
acetonitrile as a solvent at elevated temperature.

Cl

H3CO OCH3

O

H
N

Ph
N

Ph

OH

80
 °C

CH3CN

Figure 1. Modeled cyclopropenium catalyzed Beckmann rearrangement1

References:

1.Srivastava, V. P., Patel, R., Garima, Yadav, L. D. S. (2010). Cyclopropenium ion catalysed Beckmann rearrangement. Chem. 
Commun., 46, 5808-5810.

2.Vanos, C.M., and Lambert  T. H. (2010). Cyclopropenium-activated Beckmann rearrangement. Catalysis versus self-propagation 
in reported organocatalytic Beckmann rearrangements. Chem. Sci., 1,705-708.
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Error Estimates of Arponen’s Extended Coupled-Cluster Method

Andre Laestadius, Simen Kvaal
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The Coupled-Cluster (CC) method is a highly successful method for ab initio electronic structure calculations applied to atomic, 
molecular and solid-state systems, as well as nuclear structure. Including excitations up to second order, as well as third order 
corrections as perturbations, is commonly referred to as the “gold standard” of quantum chemistry. In this work, a particular 
generalization of the CC method is investigated and, furthermore, connected to a guiding variational principle - the so-called 
bivariational principle. The extended CC method was first given by Arponen. The aim here is to provide a mathematical analysis 
of the extended CC theory along the lines of the continuous CC method developed by Schneider and Rohwedder. We have, so far, 
proved an existence and uniqueness result for the extended CC equation, both in the full infinite-dimensional amplitude space as 
well as for truncated versions of it. Furthermore, a quasi-optimality estimate has been derived that gives a bound for the error using 
truncated amplitudes. The results have been obtained by proving a type of  monotonicity property for the gradient of the extended 
CC energy and are on par with previous results for the classical CC theory. We hope that further studies will reveal even sharper error 
estimates for the extended formalism that will give impetus to further developments and connection to the bivariational principle.

This work has received funding from the ERC-STG-2014 under grant agreement No 639508.

Laestadius, Andre    Kvaal, Simen
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Supercharged Oxygen Storage in Nanoceria Clusters from Hybrid Density Functional Calculations

Dou Du, Kersti Hermansson, Peter Broqvist

Uppsala University, Uppsala, Sweden

Recent experiments have shown that the oxygen storage capacity (OSC) of nano-ceria is size [1] and shape dependent [2], and a 
dramatically increased OSC has been measured for very small nanoparticles (d < 5 nm) [1]. Based on theoretical calculations, this 
effect has been suggested to originate from the adsorption and desorption of superoxo-ions at the corners and edges of initially 
partially reduced ceria nanoparticles, thereby “supercharging” them [3]. However, there remained a quantitative discrepancy 
between the theoretically predicted superoxo binding energy, and that deduced from experimental TPR data [1]. Bearing in mind 
that the accuracy of the binding energies calculated in Ref. [3] is likely to have been limited to some extent by the theoretical method 
that was used (PBE+U), we set out to refine and confirm those predictions using a higher level of theory.

To do so, we used the screened Coulomb hybrid density functional HSE06, as implemented in the VASP code, which is known 
to provide a significantly improved description both of ceria and of the O2 molecule. We also used a modified HSE06 density 
functional, in which we have tuned the amount of exact exchange from the standard 25%, which performs better for the electronic 
properties of bulk ceria, but leads to a small overestimation of the O2 binding energy. Thus, while no single hybrid functional is yet 
capable of describing our system flawlessly, by combining results from both functionals, we are able to estimate binding energies 
for direct comparison with experimental data. The nanoparticles that were used in Ref. [3] are too large to be treated within the 
current computational method. Instead, we use a series of small stoichiometric, reduced and supercharged clusters (containing 4–10 
Ce ions) which have been shown in a previous study to serve to exhibit a similar supercharged oxygen chemistry to the larger ceria 
nanoparticles [4].

Our calculations show that, while stability trends between the stoichiometric, reduced and supercharged clusters are similar using the 
hybrid and the PBE+U functionals, the absolute values differ. In particular, the reduced clusters are significantly destabilized using 
the hybrid functional relative to PBE+U, whereas the stoichiometric and supercharged clusters are little affected. This effect results 
in a stronger adsorption energy for the O2 molecules associated with the supercharged clusters than in the corresponding PBE+U 
calculations. Thus, these results provide support for the interpretation that the superoxo-ions are responsible for the dramatically 
increased OSC seen in experiments [1].

[1] J. Xu et al., Chem. Commun. 46, 1887–1889 (2010)

[2] Z. Wu et al., Langmuir 26, 16595–16606 (2010)

[3] J. Kullgren, K. Hermansson, P. Broqvist, J. Phys. Chem. Lett. 4, 604–608 (2013)

[4] J. Kullgren, K. Hermansson, P. Broqvist, Proc. SPIE 8822, 88220D1–88220D8 (2013)
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Ultra-fast computation of electronic spectra for large systems by tight-binding based

simplified Tamm-Dancoff approximation (sTDA-xTB)

Christoph Bannwarth, Stefan Grimme

University of Bonn, Bonn, Germany

We present an ultra-fast method designed to compute electronic excitation spectra for large systems. In the excited state treatment, 
the highly efficient simplified Tamm-Dancoff approximation (sTDA) is employed.[1] In order to remove the hitherto existing 
computational bottleneck, i.e., the ground state Kohn-Sham density functional theory (KS-DFT) calculation, a modified tight-
binding model[2] with extended basis sets (xTB) is employed.

It provides orbitals and orbital energies which are then used in the mostly unaltered sTDA procedure. The minimal valence basis 
set, which is conventionally used in tight-binding (or extended Hückel) approaches, is augmented with an extra set of diffuse 
functions. Thus different from other semiempirical excited state methods, the sTDA-xTB scheme is not restricted to valence-valence 
excitations but also allows for a consistent treatment of Rydberg states. As can be seen from the correlation plot (left), the agreement 
for excitation energies (ranging from 0.5 to 10.5 eV) from sTDA-xTB with the reference (SCS-CC2/TZVP) is reasonable. Our 
semiempirical approach turns out to be an extremely fast, yet robust method to calculate absorption and even electronic circular 
dichroism spectra of very large systems (overall computation time of 70 s for 800 atoms).

[1] S. Grimme, J. Chem. Phys. 2013, 138, 244104.

[2] S. Grimme, C. Bannwarth, manuscript in preparation.
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Benchmarks of quantum-chemical methods for electronically excited states and conical intersections
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Benchmarking computational methods capable of describing electronically excited states is crucial for identifying those methodologies 
that can be reliably used for the exploration of photochemical reactions. In this poster, we will present the main findings of three 
comprehensive benchmark studies aiming towards this goal.

First, we have benchmarked the linear-response (LR) CC2 and ADC methods for the exploration of photochemical reaction paths, 
the geometry optimization of the S1/S0 minimum-energy conical intersection, and the topology of the S1/S0 surface crossing of the 
PSB3 system.1 Second, we have tested the semiempirical OMx/MRCI methods for the computation of vertical excitation energies, 
excited-state equilibrium geometries, minimum-energy conical intersections, zero-point vibrational energies, and 0–0 transition 
energies for several large benchmark sets of organic molecules.2 Third, we are testing different ab-initio methods (CC2, ADC(2), 
MRCI) and algorithms for the optimization of several S1/S0 and S2/S1 minimum-energy conical intersections of organic molecules.3

Our three studies show that the LR-CC2 and -ADC and the semiempirical OMx/MRCI methods are viable choices for the exploration 
of photochemical reaction processes and for the optimization of excited-state equilibrium geometries and minimum-energy conical 
intersections. The deviations against more accurate quantum-chemical methods (i.e. CASPT2, MRCI or LR-TDDFT, respectively) 
are found to be acceptable for exploratory studies of photochemical processes. The two classes of methods (approximate LR-CC2 
or -ADC(2) methods and OMx/MRCI) are highly efficient and are thus powerful items in the toolbox for excited-state quantum 
chemistry.

1 D. Tuna, D. Lefrancois, Ł. Wolański, S. Gozem, I. Schapiro, T. Andruniów, A. Dreuw, M. Olivucci, J. Chem. Theory Comput. 2015, 
11, 5758-5781.

2 D. Tuna, Y. Lu, A. Koslowski, W. Thiel, to be submitted.

3 D. Tuna, A. Nikiforov, W. Thiel, work in progress.
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Density Matrix Renormalization Group for Transition Metal Complexes: Does It Work?

Quan Manh Phung, Kristine Pierloot

KU Leuven, Leuven, Belgium

The density matrix renormalization group (DMRG) is considered one of the most promising novel methods to study strongly 
correlated molecular systems. With a polynomial scaling, DMRG can handle a much larger active space as compared to the 
conventional CASSCF method, allowing one to study large transition metal (TM) systems with 30-50 active orbitals. To account 
for dynamic correlation, so-called DMRG-cu(4)-CASPT2 or DMRG-PT2 has been very recently developed. In this work, we aim 
at answering a question “Does DMRG-PT2 work?” for TM systems, by studying the spin state energetics of two TM models (iron 
porphyrin FeP and manganese-oxo porphyrin MnOP+) with different active space sizes.

Encouraging results were obtained, DMRG-PT2 can reproduce the CASPT2 results to within 0.1-0.2 kcal/mol in calculations a small 
active space CAS(8,11) in FeP, and less than 2 kcal/mol for a medium-sized active space CAS(14,18) in MnOP+. In calculations with 
a large active space of about 30 orbitals in MnOP+, the performance of DMRG-PT2 is less impressive with an error up to 4 kcal/
mol due to the errors introduced by two sources: the finite number of renormalized states m, and an approximation in the 4-particle 
reduced density matrix. The answer for the question “Does DMRG(-PT2) works?” from our perspective is “Yes!”. However, a lot 
of work should be done to make this novel method user-friendly for ‘informed’ users. 

Manh Phung, Quan   Pierloot, Kristine
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Drugs are exposed to light along the pharmaceutical chain, from their manufacture until their dispensation or even after administration. 
Thus, it is crucial to investigate their photophysics and the photoreactive paths activated upon photon absorption for monitoring the 
potency of pharmaceuticals and identifying potential side products of photochemical origin [ref1]. Models to predict photostability 
and phototoxicity based on the frontier orbitals HOMO-LUMO energy gap are available in literature. However, their predictive 
power is limited and often they are complemented with indicators for the intensity of light absorption [ref2].

In this particular case, we have explored thiourea and ibuprofen’s behaviour after interaction with UV-vis light. As a first approach 
to the problem, we have modelled their absorption spectra. Then, with minimum energy path calculations, we have located the main 
stationary points, and deactivation funnels. For these systems, we have also explored the role of the triplet manifold in the decay 
mechanism. For this, at the position of the minima we have estimated the probability of intersystem crossing by locating the closest 
triplets and by evaluating the spin orbit couplings. The MS-CASPT2//SA-CASSCF [ref3-ref5] protocol was employed throughout 
our calculations.

These results provide a general overview of the different deactivation mechanisms, as well as suggest new indicators that could help 
anticipating the photophysical properties of drugs and thus refining the current phototoxicity models.

[ref1] Tønnesen H.H, Photostability of Drugs and Drug Formulations, New York: CRC Press, 2004.

[ref2] Peukert S, Nunez J, He F, Dai M, Yusuff N, DiPesa A, Miller-Moslin K, Karki R, Lagu B, Harwell C, Zhang Y. MedChemComm. 
2011;2(10):973-6.

[ref3] B. O. Roos, in Ab initio Methods in Quantum Chemistry II, ed. K. P. Lawley, Wiley, Chichester, 1987.

[ref4] K. Andersson, P. Å. Malmqvist and B. O. Roos, J. Chem. Phys., 1992, 96, 1218.

[ref5] J. Finley, P. Å. Malmqvist, B. O. Roos and L. Serrano-Andrés, Chem. Phys. Lett., 1998, 288, 299.
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Aromaticity refers to the special energetic stabilization and properties due to cyclic conjugation of a certain number of electrons. 
In the ground state, Hückel’s rule tells that 4n+2  electrons are needed. In the lowest * triplet states (T1), 4n  electrons are 
required according to Baird’s rule [1]. We have now investigated molecules which are simultaneously Hückel- and Baird-aromatic, 
and we call them Hückel-Baird hybrids.

   The molecule TMTQ (Figure 1a) has a small singlet-triplet energy gap (EST) of only 4.9 kcal/mol [2], originally ascribed to 
stabilization by T1 state Baird aromaticity of the central ring as in resonance structure TMTQ-b. Using several DFT functionals and 
multi-reference RASPT2 calculations, we showed that TMTQ is instead best described by the diradical resonance structure
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Hückel-Baird aromatic hybrids 

Aromaticity refers to the special energetic stabilization and properties due to cyclic conjugation of a certain number of electrons. 
In the ground state, Hückel’s rule tells that 4n+2  electrons are needed. In the lowest * triplet states (T1), 4n  electrons are 
required according to Baird’s rule [1]. We have now investigated molecules which are simultaneously Hückel- and Baird-
aromatic, and we call them Hückel-Baird hybrids. 
   The molecule TMTQ (Figure 1a) has a small singlet-triplet energy gap (EST) of only 4.9 kcal/mol [2], originally ascribed to 
stabilization by T1 state Baird aromaticity of the central ring as in resonance structure TMTQ-b. Using several DFT functionals 
and multi-reference RASPT2 calculations, we showed that TMTQ is instead best described by the diradical resonance structure 
TMTQ-a with ca 12% influence of TMTQ-b [3]. However, TMQ and MQ with fewer thiophene units (Figure 1a) display higher 
percentage of Baird aromaticity: 18% and 25%. These compounds are Hückel-Baird hybrids in which the balance between regular 
ground-state Hückel and excited-state Baird aromaticity can be tuned (Figure 1b). 

[1] (a) Baird, N. C. J. Am. Chem. Soc. 1972, 94, 4941. (b) Rosenberg, M.; Dahlstrand, C.; Kilså, K.; Ottosson, H. Chem. Rev.
2014, 114, 5379. [2] Streifel, B. C.; Zafra, J. L.; Espejo, G. L.; Gómez-García, C. J.; Casado, J.; Tovar, J. D. Angew. Chem., Int. 
Ed. 2015, 54, 5888. [3] Jorner, K.; Feixas, F.; Ayub, R.; Lindh, R.; Solà, M.; Ottosson, H. Chem. - Eur. J. 2016, 22, 2793. 
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aromatic, and we call them Hückel-Baird hybrids. 
   The molecule TMTQ (Figure 1a) has a small singlet-triplet energy gap (EST) of only 4.9 kcal/mol [2], originally ascribed to 
stabilization by T1 state Baird aromaticity of the central ring as in resonance structure TMTQ-b. Using several DFT functionals 
and multi-reference RASPT2 calculations, we showed that TMTQ is instead best described by the diradical resonance structure 
TMTQ-a with ca 12% influence of TMTQ-b [3]. However, TMQ and MQ with fewer thiophene units (Figure 1a) display higher 
percentage of Baird aromaticity: 18% and 25%. These compounds are Hückel-Baird hybrids in which the balance between regular 
ground-state Hückel and excited-state Baird aromaticity can be tuned (Figure 1b). 

[1] (a) Baird, N. C. J. Am. Chem. Soc. 1972, 94, 4941. (b) Rosenberg, M.; Dahlstrand, C.; Kilså, K.; Ottosson, H. Chem. Rev.
2014, 114, 5379. [2] Streifel, B. C.; Zafra, J. L.; Espejo, G. L.; Gómez-García, C. J.; Casado, J.; Tovar, J. D. Angew. Chem., Int. 
Ed. 2015, 54, 5888. [3] Jorner, K.; Feixas, F.; Ayub, R.; Lindh, R.; Solà, M.; Ottosson, H. Chem. - Eur. J. 2016, 22, 2793. 
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The spin-flip algebraic diagrammatic construction scheme (SF-ADC) for the polarization propagator for molecular systems 
with few-reference ground-state wave functions

Daniel Lefrancois, Andreas Dreuw

Interdisciplinary Center for Scientific Computing, Ruprecht-Karls University, Heidelberg, Baden-Württemberg, Germany

In general, for the theoretical description of systems with multi-reference ground-state wave functions as, for instance, in bond-
breaking, singlet-triplet gaps, or at conical intersections, methods like complete active space self-consistent field (CASSCF) or 
multi-reference configuration interaction (MRCI) are required.

An alternative is offered by the so-called spin-flip (SF) methods. The key idea of SF is to choose the triplet ground-state as reference 
and to calculate a multi-reference singlet ground-state as ”excitation”, in which the spin of the excited electron is flipped, using 
standard single-reference methodologies. Indeed this only works as long as the triplet ground-state wave function is not spin-
contaminated, which defines a few-reference system.

Here a spin-flip version of the algebraic diagrammatic construction (ADC) scheme for the polarization propagator up to third order 
perturbation theory (SF-ADC(3))[1] is presented and benchmarked for systems with few-reference wave functions. The results 
show a qualitatively correct picture for the calculated bond-breaking situations and yields reasonable energies.[1] Furthermore SF-
ADC happens to be very accurate for the calculation of adiabatic singlet-triplet gaps of various atoms and molecules with absolute 
mean errors of about 0.03 - 0.1 eV compared to experimental data.[2]

[1]: D. Lefrancois, M. Wormit, and A. Dreuw, J. Chem. Phys. 2015, 143, 124107

[2]: D. Lefrancois, D. Rehn, and A. Dreuw, 2016, submitted
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The edge-effect of polycyclic aromatic hydrocarbons in water adsorption

Tuomo Ponkkonen, Olli Pakarinen, Hanna Vehkamäki

University of Helsinki, Helsinki, Finland

Carbon particles are a major component of the particular matter in the atmosphere. About 10% of the tropospheric particulate matter 
contains carbon. These particles may travel far from original emitting position. The presence of black carbon (BC) in the atmosphere 
may promote heterogeneous nucleation of ice.

We are looking at the edge(s) effect of polycyclic aromatic hydrocarbons (PAH) in the context of water or ice nucleation. Main focus 
is the co-operative effect of multiple PAH rings in (pi)-stacked graphene-like structures and their aging products. In particular, we 
are looking at the effect of different stacking positions of PAH to each other and the effect of size of PAH. We are using a combined 
density functional theory (DFT) / wave functional theory (WFT) based approach.

Preliminary simulations show that edge-effect could enhance capability of BC to adsorb water. This effect should be considered to 
be separable from but additive to the aging effect. This can affect the capability of BC particles to act as cloud condensing nuclei in 
the atmosphere.
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Theoretical model for the polarization molecular and Hückel treatment of PhosphoCyclopentadiene in an external electric 
field: Hirschfeld study

Alejandro Morales-Bayuelo1,2, Ricardo Vivas-Reyes2,3

1Centro de Bioinformática y Simulación Molecular (CBSM), Universidad de Talca, 2 Norte 685, Casilla 721, Talca, Chile, Talca, 
Chile, 2Grupo de Química Cuántica y Teórica, Programa de Química, Facultad de Ciencias Exactas y Naturales, Universidad 
de Cartagena, Cartagena de Indias, Colombia, Cartagena, Colombia, 3Grupo CipTEC. Fundación universitaria Tecnológica de 
Comfenalco. Facultad de Ingenierias. Programa de procesos. Cartagena-Colombia, Cartagena, Colombia

In this study we relate the Hückel method and molecular polarization of PhosphoCyclopentadiene (P-cyclopentadiene) with respect 
to the Cyclopentadienyl, and its consequent separation of charges of particular set of conjugated diene systems.

The Hückel method and Molecular Polarization of P-cyclopentadiene is expressed as a function of the induced polarizability of 
Cyclopentadienylin an external electric field, presenting a technique to express the molecular polarizabilities and Hückel method 
of diene systems as a function of another in an external electric field, using local quantum similarity index (LQSI) based on 
the Hirschfeld partitioning in the framework of conceptual density functional theory, this index was introduced in the molecular 
polarization of cyclopentadienyl in an external electric field and in the secular determinant of the Hückel method applied to the 
Cyclopentadienyl in order to express the molecular polarization and Hückel method as a function of P-cyclopentadiene using six 
local similarity index: Overlap, Overlap-Interaction, Coulomb, Coulomb-Interaction, Overlap-Euclidian distance and Coulomb-
Euclidian distance.

The topo-geometrical superposition approach (TGSA) was used as method of alignment, which allows us to obtain high results in 
the proposed LQSIs, this method to be a straightforward procedure to cope with the problem of relative orientation of the molecules 
when evaluating, developing a new technique that will allow us to study structural systems that differ in one atom in its structure, 
and proposing methodologies for future studies on a much broader range of systems in which the Hückel method and molecular 
polarization of two species that differ only in one atom in its structure can be approximated in this way.

Keywords: Hückel method • TGSA • Quantum similarity • Molecular polarizability.

Bibliography:
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3. Morales-Bayuelo, A. Vivas-Reyes, R. Journal of Theoretical and Computational Chemistry (2012)  11 (01), 223-239
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Modelling of the CO2 to CO conversion reaction catalyzed by ZrO2 nanoparticles

Emil Kalered, Edvin Erdtman, Lars Ojamäe

Linköping University, Linköping, Sweden

Few now disputes the existence of global warming, and various forms of carbon capture methods have been suggested to reduce the 
carbon dioxide ratio in the atmosphere. Furthermore reports [1] argue that the fossil fuel deposits are depleting thereby making it 
crucial to obtain a new type of energy carrier. An interesting idea to address these two issues is the methanol synthesis from carbon 
dioxide [2]. In this study a crucial part of the reaction mechanism for the methanol synthesis is investigated, i.e. the CO2 to CO 
conversion catalyzed by ZrO2 nanoparticles, using quantum-chemical ab initio B3LYP calculations and kinetic simulations.

The computed reaction path shows that the introduction of the ZrO2 catalyst lowers the activation barrier compared to the gas-
phase reaction. The most promising reaction path involves an oxygen vacancy at the ZrO2 surface where the CO2 molecule easily 
can react, which result in high reaction rates. The study present a possible way to create vacancies only using CO2. The effects of 
coadsorbed hydrogen and water are also discussed.

Figure 1. Concentrations as a function of time for the initial steps in the CO2 to CO conversion.

[1] S. Shafiee, E. Topal, Energy Policy, 37 (2009) 181–189

[3] A. Goeppert, M. Czaun, J-P. Jones, G. K. Surya Prakash, G. A. Olah, Chem. Soc. Rev., 43 (2014) 7995-8194
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Massively parallel implementation of the first-order one-electron properties in the coupled cluster singles and doubles 
(CCSD) model using ScaTeLib tensor library

Dmytro Bykov1, Patrick Ettenhuber1, Dmytro Liakh2, Poul Jørgensen1

1Aarhus University, Aarhus, Denmark, 2Oak Ridge National Laboratory (ORNL), Oak Ridge, USA

The need of automated computational tools to facilitate the implementation of the correlational methods is large. Here we present 
in-house developed scalable tensor computation library – ScaTeLib, as well as the library based implementation of the first-order 
one-electron properties in the coupled cluster singles and doubles (CCSD) model[1]. The ScaTeLib enables storage of tensors 
in a dense format on a single computational node as well as in the parallel-distributed memory. The tensor contractions can then 
be implemented using simple unified interface regardless of the tensor storage type, number of modes or contraction patterns. 
The ScaTeLib interface needs only input in a simple string format. The library is build in the LSDalton program[2]. The scaling 
behavior and performance numbers for the CCSD one-electron properties are presented. Furthermore, straightforward extension to 
the divide-expand-consolidate (DEC)[3] scheme is discussed. Thus, using DEC and ScaTeLib the CCSD one-electron properties can 
be evaluated in a linear-scaling and embarrassingly parallel manner for large molecules.

Bykov, Dmytro 1, Ettenhuber, Patrick 1, Liakh, Dmytro 2, Jørgensen, Poul 1
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Theoretical studies of dissociative electron attachment reactions in the gas phase
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We present theoretical studies performed to explain results from gas phase dissociative electron attachment experiments on organic 
and organometallic molecules.

       Dissociative electron attachment of molecules can occur when gas phase molecules hold on to a thermal electron long 
enough (longer than autodetachment). While details of the attachment process can be considerably complex and may require use of 
methodology beyond the Born-Oppenheimer approximation, several studies suggest that potential energy surfaces of the ground-
state anion are sufficient in many cases to explain the observed fragmentation pattern. This may be a general case for molecules of 
a certain size. Accurate quantum chemical methods are nonetheless required to describe open-shell anions sufficiently well and the 
associated electron affinities and bond dissociation energies.

       Recently we have found DEA reactions where DFT methods do not perform satisfactorily for describing the energetics of these 
processes or predict incorrect fragmentation pathways. We find that using the parameterized coupled cluster method pCCSD/2a by 
Nooijen et al. in combination with local pair natural orbitals (LPNO) from Neese et al. to be a remarkably accurate and cost-effective 
methodology when compared with experimental data. This is further demonstrated by benchmarking of the method for electron 
affinities and subsets of the large GMTKN30 database by Grimme et al. where LPNO-pCCSD/2a performs better or much better 
than DFT methods for every subset.

       Calculations have been performed on: a) HF vs. CO dissociation and ring rearrangment pathways for ortho vs. para 
tetrafluorohydroquinone where NEB calculations were performed to locate saddlepoints b) CO dissociation from the large cluster 
compound HFeCo3(CO)12 c) dissociation of ligands from the organometallic FEBID precursor π-allyl ruthenium(II) tricarbonyl 
bromide.

Bjornsson, Ragnar    Ingólfsson, Oddur   , Ómarsson, Benedikt     Kumar 
T P, Ragesh     Thorman, Rachel
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First-Principles Predictions of Gibbs Free Energies of Solvation through Thermodynamic Integration
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(EAWAG), Dübendorf, Switzerland

A method is proposed for the prediction of Gibbs free energies of solvation from two additive contributions: (i) one component 
given by the free energy of solvation predicted by a computationally efficient method consisting of pairwise analytical potentials 
(MM); and (ii) a correction to the free energies of the beginning and end states of the solvation process using a more computationally 
intensive first-principles quantum-mechanical (QM) method. The MM free energy of solvation is computed from the alchemical 
insertion of the solute into the solvent over a series of molecular dynamics simulations using the thermodynamic integration 
formalism. The differences in the free energies between the MM and QM descriptions of the beginning and end states are also 
computed with thermodynamic integration, this time using a series of shorter molecular dynamics simulations where a weighted 
average of the QM and MM force evaluations, where the weight of the QM component is varied in intervals from 0 to 1, is used 
throughout each simulation. The method is tested for the aqueous solvation of five compounds with Henry’s law constants that 
are known from experiment. We used the generalized AMBER force field (GAFF) for the MM method and the B97M-V density 
functional for the QM method. Preliminary results suggest that the QM correction gives a modest improvement in performance over 
GAFF for Henry’s law constant predictions.

Sadowsky, Daniel 1, Arey, Samuel 1,2
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Thermodynamics and kinetics in sensor devices.
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Various metal oxide nanoparticles (such as RuO2 or IrO2) are used as gate material in sensors for detection of hydrogen containing 
gases. After adsorption and dissociation of the gas molecules, the hydrogen atoms are transferred and trapped at the interface of 
oxide and an insulator layer. This gives rise to a detectable electrical potential.

In this study the chemical reactions on the surface of the oxide nanoparticles are modelled. A cluster model of a RuO2 (110) 
surface was constructed and the adsorption and reactions of ammonia and hydrogen were studied in the presence of air (oxygen 
and nitrogen). In the computations the density functional theory B3LYP functional with Grimme dispersion corrections were used 
in combination with the CEP-31G basis set. Reaction and activation energies from the ab initio calculations were further used in 
thermodynamic and kinetics simulations. The results agree with the experimental studies of gas sensors, where water is produced 
and hydrogen is found at the surface responsible for the sensor response [1]. This method to study the thermodynamics and kinetics 
of surface reactions can easily be applied for other metal oxides nanoparticles, in catalytic reactions and in derivations of phase 
diagrams.

Figure 1. Surface phase diagram of the RuO2 surface showing the surface species at various temperature and gas compositions.

[1] A. Salomonsson, et al., J. Nanopart. Res., 8 (2006) 899-910.
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Design of Angiotensin-converting Enzyme 2 (ACE2) Inhibitors by Virtual Lead Optimization and Screening

Ricardo Vivas-Reyes1,2, Rosa Baldiris1,3, Juan E Torres1

1Grupo de Química Cuántica y Teórica, Universidad de Cartagena, Programa de Química, Facultad de Ciencias Exactas y 
Naturales, Campus de San Pablo. Cartagena, Colombia, Cartagena, Colombia, 2Grupo CipTEC. Fundación universitaria 
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de microbiología Clínica y ambiental de la universidad de Cartagena. Programa de Biología,  Facultad de Ciencias Exactas y 
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A group of presumed drug-like molecules that possess high in silico affinity for angiotensin-converting enzyme 2 were 
computationally designed. This enzyme is a promising new target in both cardio-renal disease and some coronavirus infections. A set 
of substrate analogous molecules were optimized by means of the LeapFrog module of the SYBYL package. Later, Molinspiration 
and Molsoft were used for screening out the compounds with low oral bioavailability. Similarly, OSIRIS was used for screening out 
the compounds having serious side effects. At the end of several stages of screening, seven candidates to anti-viral drugs fulfiling all 
the evaluated criteria were obtained. They are amenable for future studies in vitro and in vivo. These designed ligands were finally 
evaluated by Quantitative Structure Activity Relationship studies. 21 molecules were used to carry out the QSAR models. From 
these four molecules were taken as external sets yielding models with q2 = 0.652 and r2 = 0.962 values.
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In this work boron subphthalocyanines (SubPcs) functions as chromophores in dyads or triads for future use in solar cell applications. 
The SubPcs have maximum absorption intensities in the visible range of the spectrum. Investigations are performed at DFT/CAM-
B3LYP/6-311G(d) level of theory. Calculations show that functionalizing at the boron atom have little effect on the highest intensity/
lowest energy absorption peak, but that dimers absorb with twice the  intensity at the same wave length as monomers indicating that 
there is little or no coupling of the moieties in the dimer molecule.

In order to further characterize the systems a simple four level scheme (FLS) for the triads have been developed, where the donor 
is represented by a single energy level (ground state) the SubPc by two (the ground state and first excited state) and acceptor by one 
(first excited state).

Based on the computational work the alignment of the energy levels of the systems has been determined, design of a triad system 
proposed  and this will be the focus for future investigations.

Energy couplings of the moieties will be investigated using constrained Density Functional Theory (cDFT), and combination of this 
data will be used to construct a suitable Hamiltonian in order to model the dynamics of the triads.

The FLS will be placed in a harmonic bath  and the time evolution of the system will be studied  using the Redfield formalism to 
model ET reactions at both D-SubPc  and SubPc-A interfaces in order to determine the relevant time scale of electron transfer and 
suggest possible design parameters of candidates for future design.

Storm, Freja E,        Olsen, Stine T  , Hansen, Thorsten        , 
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Rhodopsins are light-sensitive membrane proteins found in all three domains of life. Their biological functions include, among 
others, acting as visual receptors, light-driven ion pumps, and as photosensors of various kinds. The present work is part of a 
project to model the pH dependence of Anabaena sensory rhodopsin (ASR) [1], a photochromic protein believed to regulate the 
photosynthesis in the cyanobacterion Anabaena sp. PCC 7120. As a first effort in this direction, we have examined the ability of a 
minimal computational model to reproduce and explain the pH effect on the absorption spectrum of ASR.

     The present model is based on the so-called automatic rhodopsin modeling protocol [2], in which the trimeric ASR system is 
approximated as a single monomer with all surrounding membrane and water removed. After relaxation of a limited region around 
the retinal chromophore, the corresponding vertical excitation energy is evaluated with a hybrid CASPT2/MM approach. The 
protonation states of all ionizable residues are assumed to be fixed and are selected based on pKa values predicted by an empirical 
method. By constructing a weighted average of excitation energies obtained with different such protonation states, we estimate the 
position of the absorption band maximum for a particular pH.

     The outcome of this initial study will be used as a basis for a more extensive modeling approach, going beyond the current fixed-
environment/fixed-protonation-state approximation.

[1] L. Vogeley, O. A. Sineshchekov, V. D. Trivedi, J. Sasaki, J. L. Spudich, H. Luecke, Science 306 (2004) 1390.

[2] F. Melaccio, A. Valentini, F. Montisci, S. Rinaldi, M. Cherubini, H. L. Luk, M. Olivucci, to be published.
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Universitaria Rafael Núñez, Cartagena, Colombia, Cartagena, Colombia, 3Centro de Bioinformática y Simulación Molecular 
(CBSM), Universidad de Talca, 2 Norte 685, Casilla 721, Talca, Chile, Cartagena, Colombia

Molecular Quantum Similarity (MQS) descriptors and Density Functional Theory (DFT) based reactivity descriptors were studied 
for a series of 4-Acetylamino-2-(3,5-dimethylpyrazol-1-yl)-6-pyridylpyrimidines compounds used for Parkinson’s disease (PD) 
treatment. The quantification of the steric and electronic effects was shown through scales of quantitative convergence; such scales 
allow us to establish a methodology to quantify the similarity from the local chemical reactivity (Fukui Functions) point of view. 
This procedure provides new considerations in the local reactivity of the Adenosine receptor antagonists in a disease of difficult 
control as PD. In addition, we present new considerations to the localized bonding theory and show a new methodology for quantum 
similarity on the Fukui Functions. Considering that the Fukui functions under a condensation scheme may have ambiguities in the 
(DFT) context.
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Direct formation of H2O2 from H2 and O2 has been known to be catalysed by noble metals for over a century. However, due to low 
yields and the high cost of noble metals, the process is not used industrially. We have recently reported [Fidalgo, A.B. et al. J. Phys. 
Chem. C 2016, 120, 1609−1614], to the best of our knowledge, the first case of a metal oxide (monoclinic nanometre sized powder 
of ZrO2) which is active as a catalyst in this reaction. In order to investigate the mechanism of catalysis, we conducted a DFT study 
on a minimal metal oxide cluster, including explicit water (motivated by the success of such clusters for predicting experimental 
barriers for the decomposition of H2O2 on ZrO2). The accepted mechanism for noble metal catalysed reaction involves splitting of 
H2 on the metal (something neat ZrO2 is known to do under UV irradiation). However, after conducting a large survey of plausible 
mechanisms on ZrO2, the lowest energy path found, was instead found to proceed via a surface bound hydroperoxyl radical. The 
hydroperoxyl radical mediates the homolytic cleavage of H2 between itself and O2. Inclusion of explicit water molecules was found 
to be important. The initial survey was performed using PBE0/LANL2DZ, the stationary points (including a MECP between the 
singlet and triplet surface) was optimized using PBE0/def2-TZVP. The accuracy of the PBE0 functional was found to be comparable 
to CCSD(T) (judging from experimental kinetic barriers and heats of formation).
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We have explored the stability and energetics of reactive oxygen species (ROS) and how they may form on the surface and bulk 
of ceria [1] and on small models of ceria nano particles (CNPs) [2]. Our Density functional theory (DFT) calculations shows 
that cerium rich, and hence partially reduced, CNP’s are stabilized in oxidative atmosphere through a strong interaction with O2 
molecules leading to the formation of superoxide species (O2

-) residing at the surface. This in turn results in oxygen rich particles, 
supercharged CNPs, which explain the dramatically increased oxygen storage capacity (OSC) found for small CNP’s. Recent 
experimental findings [3] provide support for our proposed mechanism. Besides the increased OSC for small CNP’s, the large 
amount of ROS opens up for low-temperature redox chemistry without the formation of explicit oxygen vacancies, a process 
associated with high energy barriers. I will present our current understanding of supercharging in CNP’s, based on our previous DFT 
calculations on simple model structures and show how self-consistent charge density functional tight binding (SCC-DFTB) can be 
used to study more complex structures.

[1] J. Kullgren et al., PSS. 4, 604−608  (2014)

[2] J. Kullgren et al., J. Phys. Chem. Lett. 4, 604−608  (2013)

[3] N. K. Renuka et al., RSC Adv. 5, 38837 (2015)
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Reliable coupled-cluster reference values for large non-covalent complexes

Andreas Hansen, Stefan Grimme

University of Bonn, Mulliken Center for Theoretical Chemistry, Bonn, Germany

The accurate prediction of thermodynamic properties is still a challenge for computational chemistry, at least if large molecules with 
sizeable long-range correlation are in the focus.

Although dispersion corrected DFT methods are routinely applicable with good accuracy, such approximate methods need to be 
benchmarked. Hence, a reliable reference method would be desirable, particularly if experimental reference data is not accessible. 
One of the most promising candidates for this purpose is the recently published LDLPNO-CCSD(T)[1,2] method. However, more 
experience has to be gained for “real-life” chemical problems in order to

finally judge whether LDLPNO-CCSD(T) can be used as general reference for thermodynamic properties of sizeable 
molecules as CCSD(T) is used for small systems. In particular, basis set related issues and the influence of the additional local 
approximations need to be investigated. Based on a detailed performance assessment of LDLPNO-CCSD(T) for association 
energies of large supramolecular complexes (S12L[3]/S30L[4] test sets) a standard protocol denoted CBS* for accurate 
theoretical thermochemistry of larger molecules is introduced. Using this protocol, improved reference values for the L7[5] test 
set (interaction energies of large noncovalent complexes) and further applications to large buckycatcher complexes are discussed. 

[1] Riplinger, C.; Sandhoefer, B.; Hansen, A.; Neese, F., J. Chem. Phys. 2013, 139, 134101. [2] Riplinger, C.; Pinski, P.; Becker, 
U.; Valeev, E. F.; Neese, F, J. Chem. Phys. 2016, 144, 024109. [3] Grimme, S., Chem. Eur. J. 2012, 18, 9955-9964. [4] Sure, R.; 
Grimme, S., J. Chem. Theory Comput. 2015, 11, 3785-3801. [5] Sedlak, R.; Janowski, T.; Pitonak, M.; Rezac, J.; Pulay, P.; Hobza, 
P., J. Chem. Theory Comput. 2013, 9, 3364-3374.
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Diclofenac in the water solution from first principles – interplay between molecule-molecule and molecule-solvent interactions

Mariana Kozlowska1, Pawel Rodziewicz1, Anna Kaczmarek-Kedziera2

1University of Bialystok, Institute of Chemistry, Bialystok, Poland, 2Nicholas Copernicus University, Faculty of Chemistry, Torun, 
Poland

Diclofenac is nonsteroidal anti-inflammatory drug (NSAID) of the phenylacetic acid class, which is the most widely prescribed 
NSAID worldwide [1]. It structural properties cause maximum twisting of the phenyl rings with respect to each other, what provides 
a good fit to the enzyme pocket to inhibit the inflammation process [2]. Apart from its excellent inhibition ability, diclofenac has 
low solubility and dissolution in water in its unionized form. This influence its bioavailability and leads to undesirable side effects 
in the gastro-intestinal tract after oral administration [3]. Therefore, till nowadays different modifications are made to increase the 
solubility of diclofenac.

In the present work we focus on the systematic description of intra- and intermolecular hydrogen bonds between diclofenac and 
water molecules to understand the origin of its low solubility. Both static DFT calculations and Car-Parrinello molecular dynamics 
simulations at 300 K are performed to provide the detailed analysis of the N-H···O, C-H···O and          O-H···O hydrogen bonds 
in the examined systems. The quantitative analysis of the hydrogen bonds is made using Quantum Theory of Atoms in Molecules 
on the basis of the values of the electron density and Laplacian of the electron density in the H-bond bond critical points. The time 
evolution of the H···O distances are obtained to analyze H-bond breaking and formation at finite temperature. The energetical 
parameters of the interactions between two diclofenac molecules are compared with those  between the diclofenac molecule solvated 
in water.

Information about the interplay between molecule-molecule and molecule-solvent interactions is crucial in planning and synthesis 
of possible diclofenac-containing drugs for their efficient delivery and release.

References:

[1] P. McGettigan, D. Henry, PloS Med., 2013, 10(2): e1001388.

[2] A.R. Sallmann, Am. J. Med., 1986, 80(4B): 29-33.

[3] I.I. Krasnyik, Jr., V. A. Popkov, V.Yu. Reshetnyak et al., Ross. Med. Zh., 2005, 6: 34-37.

Kozlowska, Mariana 1, Rodziewicz, Pawel 1, Kaczmarek-Kedziera, Anna 2



246

0211

A new form of hybrid density functional theory with a multiconfigurational wavefunction
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Density Functional Approximations have been very successful in quantum chemistry, being able to tackle large systems with an 
accuracy often rivaling many of the more computationally intensive wavefunction methods. Early approximations suffered from 
accuracy deficiencies in many categories of systems, but many solutions have been found since then, improving the accuracy for 
those systems while being able to retain the advantageous computational scaling of Kohn-Sham Density Functional Theory (KS-
DFT). One of the remaining shortcomings is the unreliability of current DFT approximations when dealing with systems with strong 
correlation, e.g. transition metals, diradicals, and transition states.

One of the most common strategies to incorporate these strong correlation effects in DFT has been to form hybrid methods, combining 
DFT with multiconfigurational self-consistent field methods (MCSCF). The main obstacle to develop such a theory is the double 
counting of the electron correlation and while many ideas have been suggested, none has yet become standard in the literature.

In this contribution, we present a new solution based on the separation of density in active and inactive orbital contributions, in 
a similar fashion to the concept of active space wavefunction methods. The remaining correlation is treated with second order 
perturbation on top of the multiconfigurational wavefunction. This method can be used with any existing density functional and 
retains the advantageous 4th order scaling with the system size of the standard MCSCF implementations. The accuracy of the 
scheme is tested against a few systems with strong correlation.

Potential energy curves of F2 with various methods. In this example, SF-NOCI was used as a MCSCF variant.

This shows that SF-NOCI-B3LYP reproduces well the reference SF-NOCI-MP2 result.

Delcey, Mickael 1,2, Head-Gordon, Martin 1,2
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Theoretical insight into BODIPYs excited states: in the pursuit of improved photodynamic therapy agents.
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Photodynamic therapy (PDT) is a medical treatment that exploits the interaction between light and a photosensitizer (PS) in the 
presence of environmental oxygen, to generate cytotoxic singlet oxygen (1O2). Generation of 1O2 is achieved through the population 
of a singlet excited state of the PS, followed by intersystem crossing (ISC) to a triplet state that would transfer its excess energy to 
surrounding oxygen molecules. BODIPY dyes have recently emerged as a new class of promising PDT agents. These compounds 
show also appreciable fluorescence, which competes with ISC to triplet states.[1]In pursuit of improving BODIPY dyes for PDT, we 
have studied, using the MS-CASPT2//SA-CASSCF protocol, the ISC process for the core BODIPY dye (1) and selected substituted 
derivatives, including pentafluorophenyl (2) and azido (3) substituted BODIPYs.[2]

Figure 1: Core BODIPY (1) and the substituted derivatives (2-3).

We have modelled the absorption spectra of these species to compare their shift in the phototherapeutic window. Next, we have 
mapped the deactivation mechanism from their lowest lying spectroscopic state, using minimum energy path calculations. In order 
to estimate the probability of ISC, we have considered both the energy of the singlet/triplet crossing points relative to the singlet 
minima and the calculated spin orbit couplings. The mechanistic path to the population of the triplets is expected to shed new light 
on the molecular implications of the use of BODIPYs in PDT processes and to guide the design of new PS with improved optical 
properties.

[1]Kamkaew, Anyanee, Siang Hui Lim, Hong Boon Lee, Lik Voon Kiew, Lip Yong Chung and Kevin Burgess. 2013. “BODIPY 
Dyes in Photodynamic Therapy.” Chemical Society Reviews 42(1): 77–88.

[2] Golf, Hartwig R A, Hans Ulrich Reissig, and Arno Wiehe. 2015. “Nucleophilic Substitution on (Pentafluorophenyl)
dipyrromethane: A New Route to Building Blocks for Functionalized BODIPYs and Tetrapyrroles.” Organic Letters 17(4): 982–85.
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Some iron-containing zeolites (e.g. ZSM-5 and *BEA) have the remarkable ability to oxidize methane to methanol at room 
temperature after activation with N2O.[1]  It is generally believed that an active oxygen species, called α-O, formed out of a precursor 
Fe(II), called α-Fe, is the oxidizing agent. Unfortunately, the presence of multiple iron species makes it difficult to identify the 
active species amongst a variety of spectator Fe. Therefore, the exact nature of both α-O and α-Fe remains a matter of debate.[2] In 
order to understand the reactivity of active sites, it is of key importance to have insight in the molecular and electronic structure. 
Spectroscopy combined with computational methods can be a great tool to provide this insight.[3] In the experimental part of 
this work, electronic spectra were obtained at different stages in the reaction of Fe-ZSM-5 with methane and N2O. These spectra 
revealed a band in the NIR region at 15000 cm-1 that is a feature of α-Fe. In the theoretical part of this work, the stability of Fe(II) at 
different cation exchange sites was evaluated with DFT and the electronic spectra were simulated with CASPT2 (see Figure). These 
calculations revealed that only at specific sites with a specific Al distribution, the 15000 cm-1 excitation can occur. Furthermore, 
these sites turned out to be more stable than the others. Based on the experimental spectrum and ab initio calculations, α-Fe can be 
assigned as a high spin square planar Fe(II) species. Similar results were obtained for Fe-BEA.
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Cryptochromes are flavoproteins playing different roles in variety of biological systems: they are involved in growth and development 
in plants, in the animal circadian clock, possess single-stranded DNA repair activity and are proposed as magnetoreceptors in 
migratory birds.1 Photoexcitation of the FAD cofactor initiates the cascade of electron transfer processes leading to the formation of 
the semi-reduced form of FAD. Tryptophan triad, three highly conserved Trp residues, is assumed to be the main electron transfer 
channel. However, recent experimental data on cryptochrome 1 and 2 of the flowering plant Arabidopsis thaliana point to possible 
existence of alternative electron transfer pathways. In particular, involvement of cellular metabolites such as ATP and NAD in 
alternative electron transfer pathway have been demonstrated.2,3

Here we will present the results of computational studies of electron transfer pathways in cryptochrome 1 from Arabidopsis 
thaliana. A new alternative electron transfer pathway is proposed that involves 3-step electron hopping from surface Y402 of cry1 
(Y399 of cry2) to FAD via adenine of ATP and adenine of FAD. The efficiency of the competing conventional and the alternative 
electron transfer pathways is estimated based on computed free energy changes, reorganization energies, and constrained density 
functional theory – configuration interaction4 (CDFT-CI) electronic couplings. Classical MD simulations are performed to sample 
configurational space of the system, while the energetic parameters are extracted within QM/MM electronic embedding approach 
using density functional theory. The results of preliminary surface-hopping nonadiabatic dynamics5 simulation of the ET process 
will be presented. The results contribute to understanding of complex electron transfer processes accompanying formation of 
photoactivated state of the protein in vivo and in vitro in diverse systems including cryptochromes in birds and humans.

[1] Chaves I. et al. Annu. Rev. Plant Biol. 2011, 62, 335

[2] El-Esawi M. et al. Plant Signal. Behav. 2015, 10, 9

[3] Engelhard C. et al. The Plant Cell. 2014, 26, 4519

[4] Van Voorhis T. et al. Annu. Rev. Phys. Chem., 2010, 61, 149

[5] Tully, J. C. J. Chem. Phys. 1990, 93, 1061
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Probing the Photodynamics of Rhodopsins with Reduced Retinal Models
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Design of rhodopsins featuring a high florescence quantum yield have been a long standing challenge in neuroscience for applications 
in action potential sensing and neuro optogenetics. Anabaena Sensory Rhodopsin (ASR): a photochromic microbial rhodopsin 
found in cyanobacterium PCC7120 has been identified as an interesting candidate in this context1,2. However, ASR needs to be 
reengineered as a highly fluorescent quantum yields system. This involves the construction of protein computational models of ASR, 
preparation of mutants and the simulation of light induced population dynamics. Here we propose that reduced retinal chromophore 
can be used to achieve useful, yet affordable, information on the system photodynamics. The methodology employs hybrid ab-
initio quantum mechanics / molecular mechanics (QM/MM) methods, with CASSC and amber force field, to simulate the motion 
of an ensemble of molecules with initial Boltzmann distribution. These simulations were carried out using Tully surface hopping. 
The results show that basic mechanistic features of the photoexcited full ASR chromophore can be reproduced with the reduced 
chromophore model. This study will lead to low-cost QM/MM rhodopsin models and will be used as an effective tools in high-
throughput in silico mutant screening.

1. Vogeley, L.; Sinehchekov, O. A.; Trivedi, V.D.; Sasaki, J.; Spudich, J. L., Luecke, H. Science 2004, 306, 1390-1393

2. Cheminal, A.; Leonard, J.; Kim, S. -Y.; Jung, K. -H.; Kandori, H.; Haacke, S. Phys. Chem. Chem. Phys. 2015, 17, 25429-25439
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For the development of high-performance organic thin-film electronic devices it is essential to have chemicals of extremely high 
purity. In case of the well-known homoleptic iridium(III) complexes, that serve as hole-transporting, matrix or emitting materials in 
organic light emitting diodes (OLEDs), two different isomers (meridional and facial) are possible reaction products which possess 
different physical and photophysical properties. As a result, even small traces of the undesired isomer might change the OLED 
device properties. Hence, the isomerical purity of the compounds in use is crucial and highly reliable purification methods are 
needed.

An acid mediated isomerization procedure for the conversion of iridium(III) complexes into their most thermodynamically stable 
form was developed. The experimental work was complemented by investigating possible reaction mechanism scenarios to 
systematically derive improved synthetic approaches. Density functional theory (DFT) was employed throughout the whole study in 
order to elucidate experimental findings (e.g. changes in the overall reaction yield depending on the acid used for the isomerization). 
The COSMO model was used to consider environmental effects while dispersion effects were accounted for by Grimme’s general 
dispersion correction scheme DFT-D3.

Summarizing, we discuss how the subtle interplay between steric and electronic effects distinguishes possible minimal energy 
reaction pathways from mechanistic dead ends and present comprehensive insights into the highly complex isomerization chemistry 
of homoleptic iridium(III) complexes.
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Theoretical studies of fragmentation processes induced by ion-molecule interactions are complex due to insufficient description 
of the fragmentation dynamics. Therefore, we have adopted three different state-of-the-art quantum chemistry methodologies in 
order to provide complementary information on the fragmentation process: 1) ab initio molecular dynamics simulations, that is 
Atom-Centered Density Matrix Propagation method [1] with  which, by imposing various initial conditions, it is possible to carry 
out an extensive statistical analysis of the fragmentation dynamics; 2) Density Functional Theory by performing calculations of 
minima and transition states on the potential energy surface (PES) of the most abundant channels appearing in the dynamical 
analysis. Exploration of the PES enables us to construct fragmentation pathways and observe energy barriers occurring during 
dissociation; 3) statistical Microcanonical Metropolis Monte Carlo method [2], an alternative approach which allows us to evaluate 
main fragmentation channels as a function of the excitation energy and to reproduce the mass spectrum of the molecule.

Using those methods, we examined in detail fragmentation pathways of neutral as well as singly- and doubly charged furan (C4H4O), 
a heterocyclic compound which can serve as an analogue of the deoxyribose sugar in the DNA. In conclusion, the overall dynamics 
of the neutral system is dominated by unimolecular opening of the furan ring and hydrogen transfer with the most frequent channels 
leading to production of C2H2 and C3H2 fragments.

Acknowledgments: We acknowledge financial support from COST Action (XLIC), Erasmus Plus programme (M.Ł) and GUT. 
Calculations have been done at Wroclaw Centre for Networking and Supercomputing, Centro de Computación Científica in Madrid 
and Universitätsrechenzentrum at FSU in Jena.
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Coupled cluster method with single and double excitations tailored by matrix product state wave functions
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We present an alternative method for accurate treatment of strongly correlated systems which combines the coupled cluster (CC) 
theory [1] and the density matrix renormalization group method (DMRG) [2]. The connection is done in the spirit of the tailored CC 
method of Kinoshita et al. [3]. Firstly, the configuration interaction (CI) coefficients corresponding to single and double excitations 
within the DMRG active space are computed by efficient contraction of the matrix product state (MPS) matrices and then transformed 
into CC amplitudes. These amplitudes are subsequently used to “tailor” a single reference CCSD method. As a result, the DMRG 
method is responsible for proper description of nondynamic correlation, whereas the dynamic correlation is incorporated through the 
framework of the CC theory. We illustrate the method on prominent multireference model systems like N2 or Cr2.

[1] J. Gauss, Coupled cluster theory, in The Encyclopedia of Computational Chemistry, edited by P. v. R. Schleyer et al., pp. 615-
636, Wiley, Chichester, 1998.

[2] S. Szalay et al., Int. J. Quant. Chem. 115 (2015) 1342.

[3] T. Kinoshita, O. Hino, and R. J. Bartlett, J. Chem. Phys. 123 (2005) 074106.
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Photoinduced decay paths and 2D-UV spectra of solvated adenine-uracil monophosphate.

Angelo Giussani1,2, Quansong Li3, Javier Segarra-Marti2, Artur Nenov2, Ivan Rivalta4, Alexander A. Voityuk5,6, Shaul Mukamel7, 
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1Instituto de Ciencia Molecular Universitat de València, P. O. Box 22085, ES-46071 Valencia, Spain, 2Dipartimento di Chimica 
“G. Ciamician”, Università di Bologna, Via Selmi 2, IT-40126 Bologna, Italy, 3Key Laboratory of Cluster Science of Ministry of 
Education School of Chemistry Beijing Institute of Technology, 100081 Beijing, China, 4Université de Lyon, CNRS Institut de Chimie 
de Lyon, École Normale Supérieure de Lyon, 46 Allée d’Italie, F-69364 Lyon Cedex 07, France, 5Institut de Química Computacional 
i Catàlisi and Departament de Química Universitat de Girona Campus de Montilvi, 17071 Girona, Spain, 6Institució Catalana 
de Recerca i Estudis Avançats (ICREA), Barcelona, Spain, 7Department of Chemistry University of California, Irvine California 
92697-2025, USA

Dinucleotides display long-living signals not present in isolated nucleobases.1 The origin of such signals and the role played by the 
involved excited states in the photophysics and photochemistry of the corresponding systems is fundamental in order to understand 
DNA and RNA photophysics and photochemistry. Adenine uracil monophosphate (ApU) in water has a complex photodynamic with 
three components of 2.0±0.1, 18±6 and 240±70 ps after 267 nm excitation.1 With the present study, we aim at the determination 
of the possible photodecays experimented by ApU in water under UV exposure, and at the theoretical simulation of the two-
dimensional electronic spectra characterizing each of the obtained paths.2 The work has been performed through the potential 
energy hypersurface exploration of the UV-accessible excited states of the system by means of QM/MM computations,3 combining 
a CASPT2//CASSCF description of the nucleobases while treating the environment using Amber. Quasi-absorptive bidimensional 
electronic spectra are computed with a development version of Spectron 2.7, using CASPT2 energies and CASSCF transition dipole 
moments coupled with the sum-over-states technique to compute the nonlinear response of the system.4,5 The results shown how the 
adenine 1Lb state, the lowest uracil ππ* state and a charge-transfer state can contribute to the experimental lifetimes of 18 and 240 
ps, being their corresponding minima characterized by barriers towards non-radiative decay. The obtained spectra suggest a probe 
window between 25000 and 38000 cm-1 in order to detect specific fingerprints for each decay path.

1 T. Takaya, C. Su, K. de La Harpe, C. E. Crespo-Hernández, B. Kohler, Proc. Nat. Acad. Sci. USA 2008, 105, 10285-10290.

2 Q. Li, A. Giussani, J. Segarra-Martí, A. Nenov, I. Rivalta, A. A. Voityuk, S. Mukamel, D. Roca-Sanjuán, M. Garavelli, L. Blancafort 
Chem. Eur. J. 2016 accepted.

3 M. Svensson, S. Humbel, R. D. J. Froese, T. Matsubara, S. Sieber, K. Morokuma, J. Phys. Chem. 1996, 100, 19357-19363.

4 A. Nenov, J. Segarra-Martí, A. Giussani, I. Conti, I. Rivalta, E. Dumont, V. K. Jaiswal, S. F. Altavilla, S. Mukamel, M. Garavelli, 
Faraday Discuss. 2015, 177, 345-362.

5 I. Rivalta, A. Nenov, G. Cerullo, S. Mukamel, M. Garavelli, Int. J. Quantum Chem 2014, 114, 85-93.

Giussani, Angelo 1,2, Li, Quansong 3, Segarra-Marti, Javier 2, Nenov, Artur 2, Rivalta, Ivan 4, Voityuk, Alexander A. 5,6, Mukamel, 
Shaul 7, Roca-Sanjuan, Daniel 1, Garavelli, Marco 2,4, Blancafort, Lluis 5



255

0225

Ultrafast X-ray Scattering from Quantum Molecular Dynamics Simulations

Adam Kirrander

University of Edinburgh, Edinburgh, UK

A theoretical framework for the analysis of ultrafast X-ray scattering experiments using non-adiabatic quantum molecular dynamics 
simulations is presented [1]. A detailed simulation of a pump−probe experiment in ethylene is used to examine the sensitivity of the 
scattering signal to simulation parameters. The multiconfigurational Ehrenfest method is employed for the simulations, with on-the-
fly ab-initio calculations of forces and non-adiabatic couplings in MOLPRO. The developed theory is used to analyze recent ultrafast 
X-ray scattering experiments on the electrocyclic ring-opening reaction of 1,3-cyclohexadiene [2], with additional comparison to 
time-resolved photo-electron spectroscopy measurements [3].

[1] A. Kirrander et al. J. Chem. Theo. Comp.  2016 (doi: 10.1021/acs.jctc.5b01042)

[2] M. Minitti et al. Phys. Rev. Lett. 2015 (doi: 10.1103/PhysRevLett.114.255501)

[3] C. Pemberton et al. J. Phys. Chem. A 2015 (doi: 10.1021/acs.jpca.5b05672)
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Frozen virtual natural orbitals for coupled cluster property calculations

Ashutosh Kumar, Daniel Crawford
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Frozen virtual natural orbitals (FVNO) approach, a very useful

reduced scaling technique for calculating ground state correlation energies, has been extended to calculate dynamic polarizabilities 
at coupled cluster level of theory. Compared to the correlation energies, the polarizabilities were found to be much more sensitive 
to the truncation of virtual space in the natural orbital basis, with the errors increasing linearly with respect to the number of frozen 
virtual natural orbitals. The reason behind this poor performance was attributed primarily to the loss of sparsity in the perturbed 
amplitudes in the natural orbital basis. Quite surprisingly, the canonical scheme, where truncation is based on orbital energies, 
produced relatively lower errors for polarizabilities due to inherent cancellation of errors. Finally, a new criterion was devised to 
help find the size of the optimal domain for truncation of virtual molecular orbitals in the canonical basis.
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Can Coupled Cluster Theory Describe Polyradical Character?

Andrew M. James1, T. Daniel Crawford1, Hans Lischka2
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Polycyclic aromatic hydrocarbon (PAH) systems have been the focus of many investigations in recent years. These materials are 
nano scale analogs to graphene, which has been shown to posses many properties that make it useful for applications in organic 
electronic devices.  While many PAHs have closed-shell ground states, many examples exist of PAH which have open-shell and 
radical character in the ground state.  In this work two classes of PAHs have been investigated to characterize polyradical features of 
their ground state electronic structure. The triangular non-Kekulé structures phenalenyl, triangulene, and a p-extended triangulene 
system with high spin ground states, and  zethrene, p-quinodimethane-linked bisphenalenyl, and the Clar goblet, which have singlet-
polyradical character in the ground state.  Unrestricted Hartree-Fock (UHF) and Coupled Cluster with singles and doubles (CCSD) 
computations have been carried out on these systems to compute singlet-triplet splitting for these molecules.  The natural orbital 
occupation numbers (NOONs) have been computed at the UHF and CCSD levels to quantify the open shell character of their 
electronic structure of the ground and lowest excited states.  Given the expense associated with high-level CCSD calculations, the 
agreement between NOONs and singlet-triplet splitting with different orbital freezing schemes has been investigated.

James, Andrew M. 1, Crawford, T. Daniel 1, Lischka, Hans 2
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Interaction of Oxygen and Water Molecules with Fluorine Impurities at CeO2(111)

Matthew Wolf, Jolla Kullgren, Kersti Hermansson

Uppsala University, Uppsala, Sweden

CeO2 (ceria) is a prototypical reducible oxide which is widely used as an active support in oxidation catalysis. In experiments on 
commercially produced single crystalline samples of ceria, quantities of F impurities on the order of 7–10% in the near-surface 
region were detected [1]. The origin of such a large impurity concentration is not known, but fluorine was also found to migrate 
into ceria films grown on CaF2 substrates upon annealing, suggesting that it is readily incorporated into the ceria lattice [2]. The 
substitution of F for O reduces the amount of available lattice oxygen, and might therefore be expected to decrease the redox activity 
of ceria. However, nanoparticles doped with 10% F were found to exhibit enhanced catalytic activity in an oxidative reaction [3]. 
This somewhat counterintuitive behaviour motivates further study of the influence of F on the surface chemistry of ceria. As some 
initial steps in this direction, we studied the interaction of such defects at the (111) facet with O2 and H2O, using DFT+U calculations.

For both molecules, we considered their interaction with F impurities at the surface, and compared it with the O vacancy. We find that 
F ions act as a “counterweight” in redox cycles involving these molecules, reducing the energy difference between the reduced and 
oxidised states of the surface, as their location changes between being in the surface, and on the surface. Thus, although the amount 
of lattice oxygen is decreased by the presence of F, it potentially facilitates the release of oxygen, thereby enhancing the oxidative 
activity. Furthermore, we find that extraction of F to the gas phase either in the form of F2 or HF is energetically unfavourable, and 
therefore it is stable at the surface.

[1] H. H. Pieper et al., Phys. Chem. Chem. Phys. 14 (2012) 15361

[2] J. Zarraga-Colina et al., J. Phys. Chem. B 109 (2005) p10978

[3] S. Ahmad et al., Inorg. Chem. 53 (2014) p2030
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What do we approximate and what are the consequences of this?

Lasse Kragh Sørensen, Roland Lindh, Marcus Lundberg

Uppsala University, Uppsala, Sweden

We will here critically examine the underlying approximations performed in electronic structure theory in the quest to find what we 
actually approximate and what are the consequences of these approximations?

These findings will be related to perturbation theory where we will demonstrate that finding the exact eigenfunctions and eigenvalues 
for the calculated zeroth-order Hamiltonian is trivial [1]. Since the exact eigenfunctions and eigenvalues for the calculated zeroth-
order Hamiltonian is always known any perturbative statement based on having the exact eigenfunctions and eigenvalues will hold 
trivially for any wave function ansatz and choice of basis set.

An example of a perturbative statement is in derivation of the origin-independent quadrupole intensities used in X-ray spectroscopy 
[2]. Here the origin independence is guaranteed, in the velocity representation, if the exact eigenfunctions and eigenvalues of the 
zeroth-order Hamiltonian is known. Since the exact eigenfunctions and values of the calculated Hamiltonian is trivially known 
the origin independence always guaranteed, in the velocity representation, irrespectively of the choice of basis and wave function 
ansatz. We will here give numerical examples of this using the recently implemented origin-independent quadrupole intensities [3] 
in MOLCAS.

Finally the requirement for exact conversion between the velocity and length representation is shown to depend on the commutation 
relation between the calculated zeroth order Hamiltonian and r.

[1] L. K. Sørensen, R. Lindh and M. Lundberg, In preparation

[2] S. Bernadotte, A. J. Atkins and C. R. Jacob, JCP 137, 204106 (2012)

[3] L. K. Sørensen, M. Guo, R. Lindh and M. Lundberg, submitted J. Mol. Phys.

Sørensen, Lasse Kragh,   Lindh, Roland, Lundberg, Marcus



260

0231

Assessment of exchange-correlation functionals in the calculations of vibrational reorganization energy: A case study of 
difluoroborates

Joanna Bednarska

Department of Physical and Quantum Chemistry, Wroclaw, Poland

  Simulations of electronic absorption spectra for medium- and large-sized molecules constitute a complex computational task, 
since they encompass determination of band position, intensity and shape. As the most widely used approach is TD-DFT, one may 
find in current literature many excellent works presenting the assessments of exchange-correlation functionals in the calculations 
of vertical and 0-0 transition energies[1] as well as vibrational progressions[2]. However, the benchmark of TD-DFT combined with 
a wide palette of functionals in computations of vibrational contribution to reorganization energy has not been reported so far. The 
latter quantity is expressed in terms of Huang-Rhys factors and hence it is directly related to absorption band shapes.

The main aim of this work is to examine a performance of numerous exchange-correlation functionals in the calculations of vibrational 
reorganization energy. The set of studied functionals includes, inter alia, B3LYP, CAM-B3LYP, LC-BLYP, LC-ωPBE, M06, M06-
HF, M06-2X and PBE0. The computations were carried out based on the linear coupling model for twenty organic compounds 
belonging to difluoroborates family and the results are compared with experimental data as well as CC2 reference values. This 
choice is dictated by recent experimental studies which demonstrate that electronic absorption bands for these molecules possess 
vibrational fine structure[3]. Noteworthy, the analysis of obtained results reveal substantial discrepancies in vibrational reorganization 
energy among tested functionals which lead to significant differences in absorption band shapes.

[1] D. Jacquemin, B. Moore,  A. Planchat, C. Adamo, J. Autschbach, J. Chem. Theory Comput. 2014, 10, 1677−1685

[2] F. Muniz-Miranda, A. Pedone, G. Battistelli, M. Montalti, J. Bloino, V. Barone, J. Chem. Theory Comput., 2015, 11, 5371−5384

[3] B. Ośmiałowski, A. Zakrzewska, B. Jędrzejewska, A. Grabarz, R. Zaleśny, W. Bartkowiak, Kolehmainen, J. Org.  Chem., 2015, 
80 (4), 2072–2080
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CO2 Reduction Pathways on Mn-NHC Catalysts
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[MnBr(N−ethyl−N’−2-pyridylimidazol−2-ylidine)(CO)3] and its derivatives are highly efficient catalysts for the two-electron 
reduction of CO2 to CO1. Herein, we use density functional theory and and domain based local pair natural orbital coupled cluster 
theory to map the catalytic pathway for this complex and its derivatives. The benzimidazol derivative is shown to proceed along 
the same pathway as its parent complex, but shows a higher barrier to H+ reduction. The phenolated complex show barrierless CO2 
addition to the activated catalyst, as opposed to a 12 kcal mol−1 barrier for the parent complex. The phenolated complex also shows 
a greatly reduced barrier for the rate-limiting step (22.0 kcal mol−1 vs 9.6 kcal mol−1) due to its ability to remove the hydroxyl group 
through intramolecular proton donation, leading to an increased turnover frequency.

1Agarwal, J.; Shaw, T. W.; Stanton, C. J.; Majetich, G. F.; Bocarsly, A. B.; Schaefer, H. F. Angew. Chem. Int. Ed. Engl. 2014, 53, 
5152–5155.
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Energy Contribution of [Tf2N]- and [B(CN)4]
- based ionic liquids to the solubility of gases from industrial gas stream

Giane Damas1, Gabriela Costa2, Luciano T. Costa2
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In a perspective of CCS (carbon capture and storage) technology, ionic liquids (IL) have been pointed out as promising solvents for 
gas capture and separation in industrial process, including CO2, SO2 and H2S. Some interesting properties such as low flammability, 
high thermal stability and low vapour pressure become ionic liquids good candidate in clean technology.1 In this sense, this work 
aims to establish the energetic contribution of ion pairs to the solubility of gases. In a first step, we have considered [Tf2N]- based 
IL with cations derived from imidazolium [Cxmim]+, where x=1-8 and denotes the number of carbon atoms in the alkyl chain of the 
cation, functionalized imidazolium and tetrahexylammonium. Now we have been working with [BCN]4

- based IL, which presents 
high solubility and selectivity in the CO2 capture.2 Basically, the enthalpic contribution can be established through binding energy 
calculations in gas phase, which require calculations with corrections of basis set superposition. AIM (Atom in Molecules) approach 
also complements the binding strength analysis. In this sense, the calculations are being performed within the DFT approach 
implemented on Gaussian093, in the B3LYP/6-311+G** level of theory4 . Dispersion effects are taken into account using the M062X 
functional by Truhlar.5 As previous results, we have found that the weakening of the cation-anion interaction enhances the interaction 
with the gas, due to the weaker interaction exhibited by cation-gas. [THA][Tf2N] displays a binding energy (BE) equals to -274.86 
kJ/mol, what suggests this IL can accommodate the gases in a higher extent, when compared to  [C8mim][TF2N], for example. 
[C4mim(BCN)4]  exhibits BE=-283.63 kJ/mol, which might indicate the interaction cation-anion is stronger. The interaction ion 
pair-gas is under investigation at the moment.
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Quantum Photoelectrochemistry
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Investigations of emerging solar energy conversion applications include first principles calculations of excited state evolution and 
photo-induced heterogeneous electron transfer processes. Capabilities to investigate excited state evolution in light-harvesting 
metal complexes and hetero-bimetallic donor-acceptor systems beyond the initially excited Franck-Condon region are explored 
through calculations of manifolds of multidimensional potential energy surfaces (Figure 1a). DFT and TD-DFT calculations of 
light-harvesting capabilities of promising donor-acceptor (D-A) polymers for bulk heterojunction solar cells provide opportunities 
to guide the development of polymers with improved electro-optical properties (Figure 1b). Interfacial electronic interactions in dye-
semiconductor interfaces are used to investigate long-range interfacial electron transfer in a spacer-mediated weak coupling limit 
(Figure 1c). Particular focus is given to recent advances in the development and understanding of earth abundant light-harvesting 
materials using iron carbene complexes.[1]

[1] Fredin et al, J. Phys. Chem. Lett. 5, 2066 (2014), Harlang et al, Nature Chem. 7, 883 (2015)

Persson, Petter



264

0237

Coupled Cluster Studies of Photoionization, Photodetachment and X-ray Photoabsorption
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Trondheim, Norway, 4UFRJ - Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil

Coupled cluster (response) approaches are undoubtedly among the most accurate ab initio techniques currently available for 
molecular properties and spectra, but their application to photoionization processes and to x-ray photoabsorption phenomena is still 
somewhat limited.

We will present an overview of our most recent efforts to extend the applicability of Coupled Cluster response methods to x-ray 
absorption spectroscopies, as well as photoionization and photodetachment phenomena [1-5].

[1] S. Coriani and H. Koch, J. Chem. Phys. 143, 181103 (2015);

[2] J. Cukras , P. Decleva , and S. Coriani, J. Chem. Phys. 141, 174315 (2014);

[3] R. H. Myre, S. Coriani, and H. Koch, submitted to J. Chem. Theory Comp.;

[4] R. H. Myre, H. Koch, and S. Coriani, to be submitted;

[5] B. N. C. Tenorio, A. Braga da Rocha,v M. A. Chaer do Nascimento, and  
S. Coriani, to be submitted.
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Ideal (or model) metal nano-clusters, both free and supported on MgO(100), have been the subject of numerous detailed experimental 
and theoretical studies. The free cluster studies yield insight about the morphology and the relation between size and atomic structure. 
The supported cluster studies probe effects of their interaction with the metal-oxide substrate.

 The present work probes the characteristics of non-ideal systems, in particular, gold, palladium and gold-palladium clusters. 
For that, gold and palladium nano surfaces first were prepared using sputtering and sol-gel method respectively. The presence of 
Au and Pd was corroborated by energy dispersive x-ray spectrometry (EDS) and they were characterized using high-resolution 
transmission electron microscopy studies (HRTEM).  Among the Pd HRTEM micrographs, we found an almost planar nano-surface 
(facet) with only forty-six atoms (Pd46).   From that micrograph, we obtained the coordinates of the atoms in the Pd46 nano-surface. 
For gold, from an Au HARTEM micrograph, we choose 25 atoms from one nano particle and we obtained their coordinates. With 
those coordinates, we did a detailed DFT first principles study of the Pd46 and Au25 electronic structure.

We also studied a near planar Au8, which was obtained theoretically from a DFT Born-Oppenheimer Molecular Dynamics calculation 
(one of more stable isomers).  Starting from this Au8 cluster, its geometry was optimized over the fixed Pd46 nano-surface.

From the Pd46 nano surface, eighteen Pd atoms were chosen to build an Au8Pd18 cluster, which was positioned on an MgO(100) 
surface with an O vacancy, and the charge transfer between the Au8Pd18  and MgO(100) support was determined using charge 
density difference analysis.

Charge transfer in Au8Pd46 and Au25Pd46 was determined via charge density difference analysis. For the Au8Pd18 and Au25Pd46 
clusters, regions important for electron transfer were characterized with Fukui analysis. We report the calculated Fukui functions F+ 
and F- and the charge density difference analysis. In addition, we did NBO and natural population analysis. All DFT calculations 
were performed with the PBE exchange-correlation functional via the deMon2k code

Quintanar, Carlos 1, Caballero, Reyna 1, Espinosa, Francisco 1,2
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Efficient auxiliary bases for the non-robust pair atomic resolution of the identity (PARI) method
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2-electron integrals are the time limiting factor in Hartree-Fock, Kohn-Sham and MP2 calculations as their number scales 
. Resolution of the identity/density fitting schemes that have been in use for several decades reduce the scaling to 
by fitting an auxiliary basis to orbital products.

The pair atomic resolution of the identity (PARI) scheme improves the scaling to a linear dependency by approximating orbital 
products by auxiliary functions that are limited to either of the two centres.  It has a high accuracy if Dunlap’s robust formulation 

is used, but may lead to indefinite Fock 
matrices and hence divergence and unphysical states.1

Ihrig et al.2 suggest the use of the non-robust formulation  which implies a higher error but 
requires only 2-centre integrals and is guarateed to lead to a positive-semidefinite Fock matrix.  The increased error can be controlled 
by constructing a large auxiliary basis from the regular basis set.

We expand on this general approach and assess the performance of different augmentation schemes for deriving efficient auxiliary 
bases.  We aim at devising a blackbox procedure that reliably performs for any basis set and can be applied to the Coulomb as well 
as the exchange contribution.

1 Merlot et al., J Comp Chem 2013, 34, 1486-1496

2 Ihrig et al., New J Phys 2015, 17, 093020
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We present a benchmark study of density cumulant theory (DCT) for the description of non-covalent interactions (A24 database), 
barrier heights of hydrogen-transfer reactions (HTBH38), radical stabilization energies (RSE30), adiabatic ionization energies 
(AIE), and diatomic bond stretching curves.  Our results indicate that the ODC-12 method is a reliable alternative to other O(n6) 
post-Hartree-Fock methods, with particular advantages for open-shell species.  For N2 and HF, its bond stretching curves show non-
parallelity errors (NPEs) of 14 and 3 mEh, compared to 27 and 15 mEh for CCSD.  Its BH bond stretching curve shows even better 
parallelity than CCSD(T), with an NPE of only 1 mEh.  For barrier heights of hydrogen transfer reactions, ODC-12 has a mean 
absolute error of 0.94 kcal mol−1 compared with 1.84 kcal mol−1 for CCSD.  The RSE30 test set reveals similar trends.  The two 
most severely spin-contaminated systems in the RSE30 test set are ethynyl radical and 1-cyanovinyl radical, with S2UHF values 
of 1.15 and 1.39 ħ2 instead of ¾ ħ2.  In these cases, CCSD(T) yields surprisingly large errors of 0.82 and 1.80 kcal mol−1 against 
CCSDT(Q), whereas ODC-12 has errors of only 0.07 and 0.29 kcal mol−1.  The AIE benchmark compares adiabatic, vibrationally-
corrected ionization energies to experimental reference values.   In this case, CCSD has twice the mean and almost four times the 
variance in its error distribution relative to ODC-12, which, perhaps fortuitously, outperforms even CCSD(T).  Encouraged by these 
promising results for cumulant parametrizations involving only double excitations, we are developing a DCT analogue to CCSDT 
with triple excitations.

Copan, Andreas    , Sokolov, Alexander     , Schaefer, Henry

Benchmark Studies of Density Cumulant Theory

We present a benchmark study of density cumulant theory (DCT) for the description of non-covalent interactions (A24 
database), barrier heights of hydrogen-transfer reactions (HTBH38), radical stabilization energies (RSE30), adiabatic 
ionization energies (AIE), and diatomic bond stretching curves.  Our results indicate that the ODC-12 method is a 
reliable alternative to other O(n6) post-Hartree-Fock methods, with particular advantages for open-shell species.  For 
N2 and HF, its bond stretching curves show non-parallelity errors (NPEs) of 14 and 3 mEh, compared to 27 and 15 mEh

for CCSD.  Its BH bond stretching curve shows even better parallelity than CCSD(T), with an NPE of only 1 mEh.  For 
barrier heights of hydrogen transfer reactions, ODC-12 has a mean absolute error of 0.94 kcal mol−1 compared with 1.84
kcal mol−1 for CCSD.  The RSE30 test set reveals similar trends.  The two most severely spin-contaminated systems in 
the RSE30 test set are ethynyl radical and 1-cyanovinyl radical, with ⟨S2⟩UHF values of 1.15 and 1.39 ħ2 instead of ¾ ħ2.
In these cases, CCSD(T) yields surprisingly large errors of 0.82 and 1.80 kcal mol−1 against CCSDT(Q), whereas ODC-
12 has errors of only 0.07 and 0.29 kcal mol−1.  The AIE benchmark compares adiabatic, vibrationally-corrected 
ionization energies to experimental reference values.   In this case, CCSD has twice the mean and almost four times the 
variance in its error distribution relative to ODC-12, which, perhaps fortuitously, outperforms even CCSD(T).  
Encouraged by these promising results for cumulant parametrizations involving only double excitations, we are 
developing a DCT analogue to CCSDT with triple excitations.
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UNO(LNO) DMRG calculations of effective exchange integrals for exchange-coupled systems

Takashi Kawakami1,2, Shinsuke Sano1, Toru Saito3, Sandeep Sharma4, Mitsuo Shoji5, Satoru Yamada1,2, Yu Takano2,3, Shusuke 
Yamanaka1, Mitsutaka Okumura1, Takahito Nakajima2, Kizashi Yamaguchi1,2

1Osaka University, Toyonaka, Japan, 2RIKEN AICS, Kobe, Japan, 3Hiroshima City University, Hiroshima, Japan, 4Max Planck 
Institute, Munchen, Germany, 5Tsukuba University, Tsukuba, Japan

[Theory] The DMRG method, which was first introduced by Prof. Steven R. White, had been developed in spin lattice system.   
Recently, Prof. Garmet Chan group and M. Reiher group applied it to molecular orbital theory. Prof. T. Yanai, Dr. Y. Kurashige, 
N. Nakatani, Dr. Sandeep Sharma et al. were successfully developed their program codes and reported many interesting data.   
Especially, the code ‘BLOCK’ by Dr. Sandeep Sharma is open source code and very useful for our investigation.

   In our studies, DMRG-CAS method is applied to study magnetic interaction in metal complex systems.   In our studies, DMRG-
CAS CI method is applied to study electronic correlation in both organic spin system and metal complex.   Because selection of 
initial reference orbital is very important for DMRG methods, we try to develop easy-to-use scheme for our purpose.   Detailed 
valuation of this method is carried out for dependency on numerical accuracy etc.

[Calcuation] In this study, we employ a model complex [MnIV
2O2(NHCHCO2)4] of MnIV

2O2(pic)4 (picH = picolinic acid).   Extensive 
studies of X-ray absorption fine structure suggest that the O2-evolving complex (OEC) in photosystem II is composed of di-m-oxo 
dimeric manganese units.   The ground state of each MnIV(d3) is a quartet and magnetic coupling between two spin sites cause lowest 
(singlet), highest (septet) and intermediate spin states.   In our previous paper [1], effective exchange integrals J were reported for 
broken-symmetry(BS) method and especially UB3LYP method can reproduce accurate value (-87.6 cm-1) to experimental value (-87 
cm-1).   Though such BS hybrid-DFT methods are very powerful to study magnetic coupling, post-HF CAS-based methods with high 
electronic correlation are desired.   Thus, in this study, we try to verify possibility of DMRG-CAS CI method.

[1] T. Soda, Y. Kitagawa, T. Onishi, Y. Takano, Y. Shigeta, H. Nagao, Y. Yoshioka, K. Yamaguchi, Chem. Phys. Lett., 2000, 319, 223.

Kawakami, Takashi 1,2, Sano, Shinsuke 1, Saito, Toru 3, Sharma, Sandeep 4, Shoji, Mitsuo 5, Yamada, Satoru 1,2, Takano, Yu 
2,3, Yamanaka, Shusuke 1, Okumura, Mitsutaka 1, Nakajima, Takahito 2, Yamaguchi, Kizashi 1,2
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Alternate Protein Targets and Drug Designing for Breast and Prostate Cancers

Pradip Biswas

Tougaloo College, Tougaloo, MS, USA

About 70% of breast and prostate tumors develop resistances in hormonal therapies and they sustain growth in hormone-independent 
manner. In order to develop inhibitors that could address the issue of hormonal therapy resistance, we elucidate protein-protein and 
protein-DNA interfaces of ER and AR and identify and validate alternate targets for drug designing. Using the crystal structures 
of ER and AR DNA and Ligand binding domains, molecular modeling, molecular dynamics simulations, and bioinformatics we 
identified the hydrogen-bonding contacts and the sequence motifs that are responsible for dimerization and/or DNA recognition. The 
crucial amino acids of a motif are then grafted on stable helices (alanine or leucine) in order to develop peptidic inhibitors. In ER 
ligand binding domain, out of the three sequence motifs found to be responsible for dimerization, we are using DXXTD (480-484) 
and LQXXHQXXAQ (497-506), as templates for designing peptide-based and small molecule inhibitors for ER dimerization – an 
essential process in ER mediated transcription. In-vitro testing of peptide inhibitors developed based on LQXXHQXXAQ sequence 
motif is found to inhibit ER in the presence of hormone. In AR, we didn’t find any suitable target in the ligand binding domain but 
found a suitable target in AR DNA binding domain: This LCAXRXD motif (578-584) has been grafted on alanine and glutamine 
helices and in-silico and in-vitro testings are in progress.

Author acknowledges financial support from MS-INBRE funded by NCRR/NIH-5P20RR016476-11 and NIGMS/NIH-
8P20GM103476-11.

Biswas, Pradip
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Assessing the Synergistic Effects of Cys34 Thiol Oxidation and Lys195 Glycation by Glucose on Human Serum Albumin 
(HSA) Structure, Dynamics and Reactivity

Jenner Bonanata, Federico Ortiz, E. Laura Coitiño

Lab. de Química Teórica y Computacional, Instituto de Química Biológica, Facultad de Ciencias, Universidad de la República, 
Montevideo 11400, Uruguay

As the most abundant protein in plasma, Human Serum Albumin (HSA) accounts for 60% of the total protein content of it. The 
physiological functions of HSA include transportation of endogenous/exogenous ligands, oncotic pressure maintenance, pH 
buffering, and exerting a protective role by scavenging oxidants and electrophilic species [1]. Ascribed such antioxidant capacity to 
the sole thiol in the protein (Cys34), 25% of circulating HSA carries Cys34 oxidized to mixed disulfides (mainly by reaction with 
free Cysteine) or higher oxidative modifications [2]. With a turnover of 21 days and a high concentration (~0.65 mM) HSA also 
represents a relevant target for glycation (non-enzymatic modification of Lys/Arg residues by reducing carbonyls) by glucose and 
methylglyoxal in diabetic organisms. Structural evidence for glycation of Lys195 by glucose was reported in 2013 [3] and impaired 
scavenging by the protein has been shown under diabetic condition [4]. On the other hand it was suggested that Cys34 oxidation 
would turn HSA more prone to suffer glycation [5], establishing thus a possible synergistic action between both phenomena.

Here we report a detailed assessment of such synergy between Cys34 oxidative damage by S-cysteinylation and Lys195 early-
glycation by glucose. Structure and dynamics of HSA and variants carrying the aforementioned modifications and mutual impact 
on the reactivity of Cys34/Lys195 residues were inspected by combining classical MD simulations (AMBER/GAFF) under near-
physiological conditions in the sub-microsecond time scale and QM/MM (ONIOM(DFT:AMBER)) and PCM-DFT electronic 
structure calculations of each residue reactivity and microenvironment. Our results sustain that S-cysteinylation alters Lys195 
properties favouring glycation while Lys195 glycation in turn alters Cys34, making the thiolate more exposed and reactive, thus 
more prone to oxidation.

[1] Peters, T. All about albumin. Academic Press; San Diego: 1996.

[2] Turell, L et al. J Chromatogr B Analyt Technol Biomed Life Sci  944:144 51, 2014.

[3] Wang, Y et al. J Biol. Chem. 288:15980, 2013.

[4] Rondeau, P et al. Biochimie 93:645, 2011

[5] Vlassopoulos, A et al. Free Rad Biol Med 60 :318, 2013.

 Funding: ANII – POS_NAC_2013_1_11831; PEDECIBA Química; CSIC –UdelaR INI
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A Study of Two Elimination Reactions from the Perspective of Theoretically Predicted Kinetic Isotope Effects

Rabindra Nath Manna1, Anna Grzybkowska1, Faina Gelman2, Agnieszka Dybala-Defratyka1

1Lodz University of Technology, Lodz, Poland, 2Geological Survey of Israel, Jerusalem, Israel

In this work we studied two elimination reactions which mechanisms were proposed based on the measured kinetic isotope effects 
(KIEs).1 Since the nature of these processes did not allow to unambiguously interpret the observed values of KIEs we explored 
these reactions by providing  theoretically predicted KIEs. However, the available theoretical frameworks designed to derive KIEs 
magnitudes that could be directly compared with the experimental values often fail at treating chemical reactions in solutions. 
Therefore, our main focus was the examination of the available popular theoretical methods along with different approaches for 
including environment effects and surpassing some of the limitations by designing a theoretical methodology able to deal with KIEs 
in homogeneous solution. Additional challenge in the undertaken analysis came from the fact of using multiple isotope effects as a 
mechanistic tool for the same reaction so we attempted at finding reconciliation between the experiment and theory for all of them2 
and/or possible reasons of failing doing so.

Acknowledgements: National Science Centre, Poland (UMO-2014/14/E/ST4/ 
00041)

1 Jia et al. J. Org. Chem. 2002, 67, 177

2 Grzybkowska et al. Phys. Chem. Chem. Phys. 2014, 16, 15164

Manna, Rabindra Nath 1, Grzybkowska, Anna 1, Gelman, Faina 2, Dybala-Defratyka, Agnieszka 1
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Hartree-Fock calculations using a priori Wannier orbitals for solids

Karl Roald Leikanger, Elisa Rebolini, Audun Skau Hansen, Gustav Baardsen, Thomas Bondo Pedersen

Centre for Theoretical and Computational Chemistry, University of Oslo, Oslo, Norway

Most calculations in periodic boundaries conditions use Bloch functions build on an underlying intrinsically delocalised plane wave 
basis set. To access post-Hartree-Fock calculations such as coupled-cluster or Møller-Plesset perturbation theory, local orbitals are 
required in order to use linear-scaling algorithms such as the divide-expand-consolidate scheme1. In this optics, we implemented a 
SCF code using a priori Wannier orbitals2 developed on a Gaussian basis set, which are then further localised by means of a fourth-
order moment algorithm3. Details of the implementation and preliminary results are given for test systems in order to explore the 
domain of application of this method, especially for systems presenting a small gap.

1 Ziółkowski, M., et. al. (2010). The Journal of Chemical Physics, 133, 014107.

2 Buth, C. (2007). Physical Review B, 75, 125121.

3 Høyvik, I. M., et. al., (2012). Journal of Chemical Theory and Computation, 8, 3137–3146.
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Atomic Kinetic-Energy Matrix Elements for Hylleraas CI

Frank E. Harris1,2

1University of Florida, Gainesville, Florida, USA, 2University of Utah, Salr Lake City, UtAH, USA

Hylleraas-CI (Hy-CI) is a superposition-of-configurations method in which each configuration is constructed as a Slater-type orbital 
(STO) product to which is appended (linearly) at most one interelectron distance rij.   The matrix elements needed for computation of 
the electronic energy in Hy-CI for atoms have been evaluated in three different ways:  (1) By expansion of rij (and 1/rij) in individual 
electron coordinates (see reference to Sims and Hagstrom); (2) By using a coordinate system that explicitly includes an interelectron 
coordinate (see reference to Ruiz); (3) By using the closed formulas developed by Remiddi, Fromm and Hill, Harris, and Pachucki.  
When approaches (2) or (3) are used, direct evaluation of the kinetic-energy (ke) integrals is found to be extremely complicated, with 
many pages of analysis and several pages of final formulas.

A more economical and efficient approach to the ke integrals would be to use formulas relating them to overlap and potential-
energy integrals.  Though such relationships have been used for about 80 years for STO products and for about 25 years for 
exponentially correlated STO’s, no corresponding relationships applicable to most Hy-CI ke integrals have been published.  The 
present contribution derives relationships applicable to all the ke integrals, obtaining the formulas by applying angular-momentum 
theory, and in particular using the properties of vector spherical harmonics.  This analysis can be presented in a few pages of 
mathematics, and leads to formulas that are only a few lines in length.  The new formulas have been validated by showing that they 
produce (to full precision) published tables of ke integrals.

See:  Sims and Hagstrom, Phys. Rev. A 4, 908 (1971); J. Chem. Phys. 55, 4699 (1971).

         Ruiz, J. Math. Chem. 46, 24 (2009); 49, 23457 (2011), and work in press.

         Remiddi, Phys. Rev. A 44, 5492 (1991).

         Fromm and Hill, Phys. Rev. A 36, 1013 (1987).

         Harris, Phys. Rev. A 55, 1820 (1997).

         Pachucki and Puchalski, Phys. Rev. A 70, 032502 (2004).
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DIVIDE-AND-CONQUER STRATEGY FOR PREDICTING AQUEOUS REDOX POTENTIALS AND 
REORGANIZATION ENERGIES ACCURATELY

J. Samuel Arey1,2, Jennifer J. Guerard3, Peter R. Tentscher2

1EPFL, Lausanne, Switzerland, 2Eawag, Dubendorf, Switzerland, 3University of Alaska, Fairbanks, USA

To facilitate the development of accurate ab initio methods for redox properties, we decompose the adiabatic free energy (AIEaq) 
of the one-electron oxidation reaction into: an initial vertical ionization energy of the reduced donor (VIEaq); and a half-cell 
reorganization energy (λaq), defined as the energy of relaxing the vertically oxidized donor species to the equilibrium configuration 
of the oxidized donor. Using concepts from linear response theory, we further disaggregate both AIEaq and λaq into four well-defined 
energy contributions: (i) a gas phase property (AIEgas or λgas); (ii) the shift in the vertical ionization energy upon moving from gas 
phase into aqueous solvent (∆VIEaq); (iii) the shift in the negative vertical electron affinity (∆NVEAaq) on moving from gas phase into 
aqueous solvent; and finally (iv) the contribution from non-linear solvent response (∆∆∆Gsolv

non-LR). We used accurate thermochemical 
methods to obtain the gas phase properties, quantum mechanical/molecular mechanical (QM/MM) molecular dynamics simulations 
followed by EOM-IP-CCSD with effective fragment potentials to model ∆VIEaq and ∆NVEAaq, and thermodynamic integration of 
solvated systems with classical force fields to determine ∆∆∆Gsolv

non-LR. For a set of neutral organic molecules, we obtain average 
errors of 0.17 eV for AIEaq and average errors of 0.06 eV for λaq. With this modular approach, appropriate computational methods 
can be designed and tested separately for each of the thermodynamic sub-properties that contribute to AIEaq and λaq. Additionally, 
theoretical results can be compared directly to experiment for several properties, including AIEaq, AIEgas, λaq, λgas, and ∆VIEaq.

Arey, J. Samuel 1,2, Guerard, Jennifer J. 3, Tentscher, Peter 
R. 2
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Molecules in ion-pair traps: energy storage and huge dipoles

Bryce Cochrane, Fedor Naumkin

Faculty of Science, UOIT, Oshawa, Ontario, Canada

Development of novel molecular species and assemblies is a focus of modern chemistry

studies. A class of insertion complexes of a small molecule trapped between two alkali-halide counter-ions is investigated ab initio. 
The shape of the molecule is altered inside the complexes and varies (up to recovering) in the corresponding anions. Stabilities 
for different dissociation channels and charge distributions are investigated. A strong charge-transfer occurs in the alkali halide 
component in effect through the almost neutral molecule, resulting in very large dipole moments of up to ~24 D. The most stable of 
the species is used to construct a dimer significantly bound (by ~1.5 eV) via dipole-dipole interaction and having a very large dipole 
moment of ~50 D. The ion-pairs thus effectively add polarity to nonpolar molecules, and bring them together. Still another complex 
with the molecule trapped between two alkali-halide diatoms represents a unit of the corresponding longer oligomer (up to polymer). 
This completes the array of systems of a given composition

with the molecule effectively in the ion-pair, ion-dipole, and dipole-pair electric fields. A possible procedure of producing such 
systems is considered. Potential applications are discussed as well, including efficient optical sensors, high-capacity energy storage 
at molecular level, molecular (self-)assembly, induced reactions, etc.

References: Chem. Phys. Lett. 643 (2016) 137

Cochrane, Bryce   , Naumkin, Fedor
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Molecules encapsulated in metal-shell cluster-cages: property evolution

Benjamin Irving, Fedor Naumkin

Faculty of Science, UOIT, Oshawa, Ontario, Canada

Cluster properties can be altered by inserting a core inside a cluster cage.

Novel Cn@Al12 core-shell nanoclusters have been investigated at a DFT level. The systems of Cn cores (n = 1-4) encapsulated by 
icosahedral Al12 have been characterized in terms of geometries and stabilities, ionisation energies and electron affinities. Other 
isomers, with the Cn moiety attached to the Al12 surface, have also been studied and found to be less stable. For both series, the 
stability peaks for n=2, which can be related to the relaxation energies of the carbon and aluminum fragments upon dissociation, and 
to their interaction in the system. The effect of the core on the vertical ionisation energies and electron affinities is most pronounced 
for n=1, even though the shell geometry alters increasingly with n, up to a considerable reshaping for n=4. Another peculiarity of 
the n=2

system is manifested in the relative VIE and VEA values of the core-shell and surface-attached isomers. Analysis of trends for these 
properties includes evaluation of contributions from the carbon and aluminium components, demonstrating the effects of shape and 
composition. A further interesting extension to C4@Al14 is also considered.

In general, comprehensive (involving composition, size, shape) structure-property relationships can be employed for cluster design 
and parameter manipulation. Applications of such and similar core-shell nanoparticles include new nanocomposite materials and 
tunable nanocatalysts.

References: ChemPhysChem 16 (2015) 233.
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Surface reactivity of active Si species during silicon carbide chemical vapour deposition

Pitsiri Sukkaew, Lars Ojamäe, Olof Kordina, Erik Janzén, Örjan Danielsson

Linköping University, Linköping, Östergötland, Sweden

Detailed surface reactivity is an indispensable ingredient in the design and modelling of the chemical vapour deposition (CVD) 
process. In this study we provide information on the adsorption-desorption kinetics of the species which are believed to be the 
main active Si contributors in the silicon carbide CVD, namely SiH, SiH2, SiX, SiHX and SiX2 where X represents F, Cl and Br. 
We model the SiC surface using clusters of Si13C13 and Si22C22. All present dangling bonds were passivated by hydrogen to avoid 
surface reconstruction. With correct stoichiometry, the Si active species are assumed to react with a pre-adsorbed methyl group 
(−CH3) deposited on the SiC(0001) surface. The optimized structures and vibrational frequencies were obtained at the B3LYP/
LanL2DZ with the dispersion (D3) correction from Grimme et al. 2010. All transition states have been verified by following 
the intrinsic reaction coordinates. The B3LYP electronic energies were later corrected by the M06-2X/GTLargeXP energies. Rate 
constants were obtained using conventional transition state theory. The calculations show that SiX2 which was predicted from 
thermodynamic equilibrium calculations to be present abundantly in gas phase are in fact the least reactive species in the study 
set. At the temperature of 1000 – 2500 K, the highest to lowest reactive species are shown to be SiH, SiH2, SiX, SiHX and SiX2, 
respectively. The activation energies (Ea) of the chemisorption rates fitted in term of ATnexp(-Ea/RT) are shown in the table below. 
The noticeable closeness of the Ea of the Cl and Br species helps explaining the similarity reported in the experimental SiC growths 
with the Cl and Br chemistries. On the other hand, the much larger Ea in SiF2 suggests an ineffective growth from a precursor which 
produces SiF2

Species Ea (kJ/mol) Species Ea (kJ/mol) Species Ea (kJ/mol)
SiH 69.8 SiH2 79.0 - -
SiF 91.6 SiCl 93.0 SiBr 93.1
SiHCl 111.6 SiHBr 112.2 SiHF 113.0
SiBr2 170.3 SiCl2 175.3 SiF2 203.26

Sukkaew, Pitsiri,    Ojamäe, Lars   , Kordina, Olof   , Janzén, Erik   , Danielsson, Örjan
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Assessment of Advanced QM/MM Models: Effects of Explicit MM Polarization and Boundary Potentials on Potential 
Energy and Free Energy Surfaces of Biochemical Reactions.

Abir Ganguly, Walter Thiel
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Two recent QM/MM models that differ in their treatments of MM polarization and long-range electrostatics are carefully explored 
and compared to the traditional QM/MM model in which the MM atoms are represented by an additive force field and long-range 
electrostatic interactions are treated with atomistic cutoffs. Model 1 consists of the QM region embedded in a polarizable MM 
force field, in particular the recently released Drude-oscillator based CHARMM polarizable force field and Model 2 is a fully 
polarizable three-layer QM/MM model consisting of a QM region, a MM region, and a boundary potential. While these QM/
MM models have been subjected to preliminary studies in the recent past, an in-depth analysis of their applications to complex 
biochemical reactions is required to fully understand the importance of two fundamental aspects of hybrid QM/MM methods: 
MM polarization and long-range electrostatic interactions. The models are assessed in terms of their accuracy, robustness, and 
efficiency by evaluating the potential energy and free energy surfaces underlying two well known enzymatic processes: the Claisen 
rearrangement catalyzed by the chorismate mutase enzyme and the transformation of p-hydroxybenzoate to 3,4-dihydroxybenzoate 
catalyzed by the p-hydroxybenzoate hydrolase enzyme.

Ganguly, Abir    , Thiel, Walter
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Pushing the boundaries of continuum solvation modeling.
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Chemical processes in a wide spectrum, from the behavior of biosystems to the properties of materials, are generally happening in 
an environment, which is often complex and structured.

To model the environment, most Quantum Chemistry codes feature one or more methods for continuum solvation. Such methods 
aim at reproducing the environmental effect on the quantic system in a mean-field sense.

Although quite successful at reproducing the solvent effect, such methods are often limited by the kind of environments that can be 
dealt with (homogeneous solvents) and the interactions considered (only electrostatics at the QM level).

To overcome such limitations, we have developed methods to treat systems with phase separations1,2, and at the same time to include 
non-electrostatic interaction is the Hamiltonian operator3. This allows for the first time to model electronic molecular properties at 
a phase boundaries with all relevant interactions taken into account. Unique insight can be gained by switching the effect of certain 
interactions off, to understand how much energy and properties are affected by non-electrostatic effect both in bulk solvent and at 
the phase boundary.

1. Frediani, L.; Cammi, R.; Corni, S.; Tomasi, J. A Polarizable Continuum Model for Molecules at Diffuse Interfaces. J. Chem. Phys. 
2004, 120, 3893–3907.

2. Mozgawa, K.; Mennucci, B.; Frediani, L. Solvation at Surfaces and Interfaces: A Quantum-Mechanical/Continuum Approach 
Including Non-electrostatic Contributions. J. Phys. Chem. C 2014, 118, 4715–4725.

3. Weijo, V.; Mennucci, B.; Frediani, L. Toward a General Formulation of Dispersion Effects for Solvation Continuum Models. J. 
Chem. Theory Comput. 2010, 6, 3358– 3364.
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Bond Scission Mechanisms of Ethylene Glycol on Pt Catalyst: Density Functional Theory

Mehdi Mahmoodinia, Thuat T. Trinh, Per-Olof Åstrand

Department of Chemistry, Norwegian University of Science and Technology (NTNU), Trondheim, Norway

Catalytic conversion of renewable biomass resources to a variety of useful fuels and chemicals is attracting considerable interest 
since it is a sustainable alternative to fossil fuels. Ethylene glycol (EG) has been used as a biomass model system to probe catalytic 
activity and selectivity for larger biomass-derived oxygenates. To design a catalyst with high activity and selectivity as well as low 
cost, it is critical to understand the bond scission mechanisms in biomass-derived molecules. Many theoretical and experimental 
studies have been devoted to the understanding of the decomposition pathways of EG on Pt surfaces. The main aim is to maximize 
the C-H, O-H, and C-C bond scissions while minimizing the C-O bond breaking [1].

Metal nanoparticles have extensively been used as catalysts because of their high catalytic activity and utilization efficiency 
together with a reduced requirement for precious elements such as Pt, Ag, Au, and Rh. Platinum clusters are also interesting for 
dehydrogenation and cracking in alkanes [2]. We have recently performed dispersion-corrected DFT calculations in line with the 
ZORA model for relativistic effect to study the Pt/C and Co/C interfaces [3, 4]. In this work, we used same computational approach 
to explore the bond scission mechanisms of EG on Pt clusters. The higher selectivity of the reaction pathways toward syngas (H2 
+ CO) production together with low energy barriers compared to bulk platinum may make Pt clusters a better candidate for the 
biomass conversion process.

References:

[1] M. Salciccioli, W. Yu, M. A. Barteau, J. G. Chen, and D. G. Vlachos, J. Am. Chem. Soc. (2011) 133, 7996-8004.

[2] V. Galvita, G. Siddiqi, P. Sun, A. Bell, J. Catal. (2010) 271, 209-219.

[3] M. Mahmoodinia, M. Ebadi, P.-O. Åstrand, D. Chen, H.-Y. Cheng, Y.-A. Zhu, Phys. Chem. Chem. Phys. (2014) 16, 18586-
18595.

[4] M. Mahmoodinia, P.-O. Åstrand, D. Chen, J. Phys. Chem. C (2015) 119, 24425-24438.
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Developments in Stochastic Coupled Cluster Theory

Alex Thom1, Ruth Franklin1, James Spencer2

1Univesity of Cambridge, Cambridge, UK, 2Imperial College, London, London, UK

We describe recent developments in Stochastic Coupled Cluster Theory[1-3], a method related to the Full Configuration Interaction 
Quantum Monte Carlo of Alavi et al. [4].  The samples the solutions to the Coupled Cluster equations by discretizing the representation 
of the wavefunction as a set of discrete excips which represent the amplitudes at excitation operators, and also samples the expansion 
of the exponential operator and the application of the Hamiltonian at the expense of introducing a systematically reducible stochastic 
error bar.  Overall this allows for significant reductions in the space requirements for large Coupled Cluster calculations (especially 
at high levels of truncation), and allows for large-scale parallelization with very low communication requirements.

We show that modifications to the sampling of the equations and the representation can lead to significant improvements in the 
efficiency of this method allowing larger systems to be studied than previously, and show some applications to molecular systems, 
using the open-source HANDE code[5]

[1] Stochastic Coupled Cluster Theory. A J W Thom, Phys. Rev. Lett. 105, 263004, (2010).

[2] Linked coupled cluster Monte Carlo. R S T Franklin, J S Spencer, A Zoccante, A J W Thom, J. Chem. Phys. 144, 044111, (2016).

[3] Developments in stochastic coupled cluster theory: The initiator approximation and application to the uniform electron gas. J S 
Spencer, A J W Thom, J. Chem. Phys. 144, 084108 (2016).

[4] Fermion Monte Carlo without fixed nodes: a game of life, death, and annihilation in Slater determinant space. G H Booth, A J W 
Thom, A Alavi, J. Chem. Phys. 131, 054106, (2009).

[5] Open-Source Development Experiences in Scientific Software: The HANDE Quantum Monte Carlo Project. J S Spencer, N S 
Blunt, W A Vigor, F D Malone, W M C Foulkes, J J Shepherd, A J W Thom, J. Open Res. Software 3, (2015)
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Unveiling the Details of the Phosphoryl Transfer Mechanism in Cyclin-Dependent Kinases: Insights from QM/MM 
Calculations.

Rodrigo Recabarren1, Edison Osorio2, Juliana Murillo-López1, Julio Caballero1, Jans Alzate-Morales1

1University of Talca, Talca, Chile, 2Fundación Universitaria Luis Amigó, Medellín, Colombia

Protein kinases have become the second most important therapeutic target after G-protein-coupled receptors1, therefore a complete 
understanding of the reaction mechanisms taking place in this protein family is desired. CDKs (Cyclin-Dependent Kinases) are 
crucial in the regulation of the eukaryotic cell cycle, and their misregulation has been connected to cancer2. However, despite the 
extensive research done on protein kinases, many aspects of the phosphoryl transfer mechanism are still unclear. One of them is 
whether the chemical transformation proceeds through a substrate-assisted or a base-assisted mechanism. In particular, in CDK2, 
the substrate-assisted mechanism involves a proton transfer reaction from a Serine residue to one of the oxygen atoms of the 
γ-phosphate; while in the base-assisted route, Asp127, a well-conserved residue in all kinases, assists deprotonation. Previous 
computational studies had suggested that the former mechanism would be preferred over the base-assisted pathway3, however more 
recent studies have endorsed the second route4. By means of quantum mechanics/molecular mechanics (QM/MM) calculations at 
the B3LYP/6-31+G*:OPLS-2005 level, we have studied in detail the phosphoryl transfer reaction catalysed by CDK2. We found an 
important difference in the energy barriers for both reactions positioning the base-assisted mechanism as the most favourable route.  
Charge and bond order analysis, over the atoms of the active site, also gave us new insights into charge transfer processes taking 
place in the reaction and details into why the base-assisted pathway is preferred. In summary, our results are conclusive in favour 
of Asp127 acting as a general base for the catalysis.  The potential energy profiles are being refined by a new implementation of the 
string method5 to obtain free energy barriers also considering two Mg2+ cofactors in the active site. This protein aspect has not been 
computationally addressed before.

1. Melnikova, I. & Golden, J. Nat. Rev. Drug Discov. 3, 993–994 (2004).

2. Malumbres, M. & Barbacid, M. Nat. Rev. Cancer 9, 153–166 (2009).

3. De Vivo, M. et al. Chem. Eur J. 13, 8437–8444 (2007).

4. Smith, G. K. et al. J. Phys. Chem. B 115, 13713–13722 (2011).

5. Zinovjev, K. et al. J. Chem. Theory Comput, 9, 3740–3749 (2013).
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SPIN-DEPENDENT REDOX PROPERTIES OF NON-HEME IRON ACTIVE SITES AND THEIR EFFECTS ON O2 
ACTIVATION STUDIED BY LARGE-SCALE MULTIREFERENCE AB INITIO CALCULATIONS

Libor Veis, Martin Srnec

J. Heyrovsky Institute of Physical Chemistry, Czech Academy of Sciences, Prague, Czech Republic

Mono and binuclear nonheme iron (NHFe) sites in proteins serve as efficient catalysts of many fundamental biological processes. 
The key step in their catalytic function is the activation of dioxygen by the iron site for its subsequent chemistry. Here, we will present 
a density matrix renormalization group complete active space self-consistent field (DMRG-CASSCF) and second-order perturbation 
theory (DMRG-CASPT2) study of electronic-structure properties of two bio-inspired cis-thiolate-ligated NHFe complexes and 
their effects on O2 activation. The advanced calculations are thoroughly calibrated against available electrochemical data (reduction 
potentials) and compared to previous DFT-based studies. Implications for reactivity of two biological NHFe species (superoxide 
reductase and cysteine dioxygenase) are discussed.
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CCSDT+ in the Uniform Electron Gas

Verena A. Neufeld1, Alex J. W. Thom1,2

1University Chemical Laboratory, Lensfield Road, Cambridge, CB2 1EW, UK, 2Department of Chemistry, Imperial College, London, 
Exhibition Road, London, SW7 2AZ, UK

We use coupled cluster Monte Carlo techniques to benchmark correlation energy calculations with different coupled cluster 
truncation levels in the uniform electron gas.

The coupled cluster Monte Carlo (CCMC) algorithm we are using has been introduced in

[6] based on the algorithm of full configuration interaction quantum Monte Carlo (FCIQMC)

[3, 4, 2]. It is a stochastic sampling version of coupled cluster theory (see review [1] for references) and can be used for higher 
truncation levels than CCSDT [6]. Preliminary uniform electron gas results using a version of CCMC have been published in [5]. 
They found correlation energies for densities with Wigner-Seitz radius r_s up to 2.0 using CCSD and CCSDT truncation levels. 
Here, higher r_s values up to 5.0, were also looked at with truncation levels up to CCSDTQ5, which includes quintuble excitations 
independently. The aim is to investigate what truncation level is needed to converge to the true energy for different densities. This 
research aims to gain a better understanding of the systems coupled cluster describes well and if a higher truncation level can help 
its suitability.

References

[1] R. J. Bartlett and M. Musia l. Rev. Mod. Phys., 79:291{352, 2007.

[2] G. H. Booth and A. Alavi. J. Chem. Phys, 132(17), 2010.

[3] G. H. Booth, A. J. W. Thom, and A. Alavi. J. Chem. Phys, 131(5), 2009.

[4] D. Cleland, G. H. Booth, and A. Alavi. J. Chem. Phys, 132(4), 2010.

[5] J. S. Spencer and A. J. W. Thom. J. Chem. Phys, 144(8), 2016.

[6] A. J. W. Thom. Phys. Rev. Lett., 105:263004, 2010.
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Computationally Discovery of Active Cobalt Decorated Metal-Organic Framework for Ethylene Oligomerization

Varinia Bernales, Laura Gagliardi

University of Minnesota, Minneapolis, MN, USA

The catalytic activity of single atom deposited on Zr6–NU-1000 was investigated by employing multi-reference wave function 
quantum chemical methods (CASSCF/CASPT2) and density functional theory. These systems can convert ethylene into large 

-olefins. This reaction was catalyzed by a nickel active center and extended to a cobalt isostructural species. The environment 
effect of the metal attached on a Zr6–based node of the NU-1000 metal-organic framework was considered. The direct coordination 
sphere of the active catalytic site and the orbitals involved were examined. The understanding of these systems helps us to rationalize 
which factors can be modified in catalyst design. Our interpretation is based on complete active space followed with second order 
perturbation theory, CASPT2, calculations performed on key intermediates and transition states.
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Parallel CASSCF Calculations Beyond the Limits of the Conventional CASSCF Implementations
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Strong correlation is central in modern electronic structure theory. Multi configurational wave functions can capture this type 
of correlation, but they are hindered from the size of active space. Currently, the size limit of a CASSCF calculation is about 18 
electrons in 18 orbitals. The Generalized Active Space (GAS) method offers an efficient reduction of the ineffective configurations 
allowing the exploration of larger active spaces. In the SplitGAS method, the GAS CI expansion is partitioned in two parts, the 
principal, which includes the most important configuration state functions (CSFs), and an extended part, containing less relevant but 
not negligible CSFs. An effective Hamiltonian is then generated by means of Löwdin’s partitioning technique, with the extended 
part acting as perturbation to the principal space.

We have developed a parallelization algorithm that allows the exploration of larger active spaces, beyond the limits of the conventional 
CASSCF. Our approach is based on the GAS concept, as it is implemented in the LUCIA code, which is now connected to the 
massively parallelized quantum chemistry package NWChem. The new algorithm is able to handle large active spaces, and a record 
CI calculation that includes 24 electrons in 24 orbitals (singlet state) was achieved.

Based on similar considerations, the parallel SplitGAS implementation will be presented and the scaling performance will be 
discussed.

Vogiatzis, Konstantinos 1, Jong, Wibe de 2, Gagliardi, Laura 1
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Why Replacing Different Oxygen of Thymine with Sulfur Causes Distinct Absorption and Intersystem Crossing?

Shuming Bai, Mario Barbatti
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Experimental replacement of oxygen atoms in thymine by sulfur has revealed absorption and intersystem crossings properties 
strongly dependent on the position and number of the substitutions, impacting the potential performance of these derivatives for 
photodynamical therapy. Using multireference quantum chemical methods, we calculated absorption spectra and spin-orbit couplings 
for thymine (Thy), 2-thiothymine (2tThy), 4-thiothymine (4tThy), and 2,4dithiothymine (2,4dtThy) to investigate this relationship 
between structure and performance. These simulations show how the position of sulfur substitution changes the molecular orbitals, 
leading to different absorption wavelengths and strengths. In particular, the delocalization of π orbitals along the C=C-C=S structure 
in 4tThy and 2,4dtThy planarizes the structure of the S1 state. As result, these molecules show relatively large spin-orbit couplings 
and small S1/T1 energy gaps, resulting in large intersystem crossing rates.
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Unexpected Thermolysis Reactions for Insensetive Nitro-Amino Energetic Species Revealed by ab initio Calculations

Vitaly Kiselev1,2, Nina Gritsan1,2
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1,1-diamino-2,2-dinitroethylene (DADNE, FOX-7) is among the most promising high-performance insensitive energetic compounds. 
Kinetics and mechanism of thermal decomposition are crucial for understanding the insensitivity and performance of this species. 
However, even though the thermal decomposition of DADNE under various conditions has been intensively studied experimentally 
and theoretically, there are still some contradictory assumptions concerning the initial reactions of its thermolysis. The reactions 
typical of nitroalkanes and nitroarenes (viz., C-NO2 bond dissociation, nitro-nitrite, and nitro-aci-nitro isomerization) have been 
widely discussed as possible primary channels of thermal decomposition of the title compound. Moreover, the chemical mechanism 
of initiation of DADNE is often symply related to the “weakest” or “trigger” bond C-NO2.

However, the highly accurate CCSD(T)-F12 computations revealed that none of conventional reactions dominate the thermolysis 
of DADNE. On the contrary, we propose the two competing primary reaction channels specific for this particular nitro enamino 
species, which have never been discussed before. The rate-limiting step of DADNE thermolysis is the H-transfer (enamino-imino 
tautomerization) with a gas-phase activation barrier ~48 kcal/mol followed by radical decomposition. Only a slightly higher overall 
activation barrier (~55 kcal/mol in the gas phase) was found for the second channel comprised of intramolecular cyclization to 
oxazete-N-oxide, which is prone to fast subsequent molecular decomposition.

We also found the proposed decomposition mechanism to be relevant in the case of triaminotrinitrobenzene (TATB), another 
insensitive high-energy compound widely used in applications. The activation barriers of the two above discussed decomposition 
pathways and nitro-nitrite rearrangement are very close to each other (~62 kcal/mol).

Kiselev, Vitaly 1,2, Gritsan, Nina 1,2
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Non-adiabatic dynamics and spectrum simulations with time-dependent density functional tight binding

Ljiljana Stojanović1, Thomas Niehaus2, Saadullah G. Aziz3, Rifaat H. Hilal3,4, Mario Barbatti1

1Aix-Marseille University, Marseille, France, 2Université Claude Bernard Lyon 1, Lyon, France, 3King Abdulaziz University, Jeddah, 
Saudi Arabia, 4Cairo University, Cairo, Egypt

Time-dependent density functional theory based tight binding (TD-DFTB) method, implemented in the DFTB+ code in linear 
response approximation, extends the possibility of computation of excited states in large molecular and supra-molecular systems with 
high densities of states, due to its low computational cost. This makes TD-DFTB method applicable for non-adiabatic phenomena 
description and in spectrum simulations of such systems.

We implemented an interface between the DFTB+ and the Newton-X codes, enabling simulations of non-adiabatic dynamics based 
on the fewest-switches surface hopping method and of absorption and emission spectra based on the nuclear ensemble approach.

The first part of the Newton-X/DFTB+ interface builds ensembles of initial conditions and uses TD-DFTB excited-state energies 
and oscillator strengths computed over the ensemble to simulate spectra. The ensembles of initial conditions are sampled with either 
harmonic-oscillator Wigner distribution or through dynamics equilibrated with a multivalued thermostat.

The second part of the interface drives the surface hopping non-adiabatic dynamics simulations using excitation energies and gradients 
also computed with TD-DFTB. Non-adiabatic couplings are obtained using finite-difference approach. It involves computation of 
overlaps between excited-state wave functions obtained in successive time steps. Such wave functions are represented using CIS-
like expansions, i.e., they are expanded in bases of Slater determinants obtained applying single electron excitations to the ground 
state determinant. Their corresponding time-dependent amplitudes are used as expansion coefficients.

Applications of non-adiabatic dynamics and spectra simulations with TD-DFTB, as well as their limitations, are going to be addressed. 

Stojanović, Ljiljana 1, Niehaus, Thomas 2, Aziz, Saadullah G. 3, Hilal, Rifaat H. 3,4, Barbatti, 
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Probing the oxidation and spin states of manganese complexes using partial fluorescence yield X-ray absorption spectra

Meiyuan Guo1, Markus Kubin2, Philippe Wernet2, Marcus Lundberg1
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The changes in the electronic structure of the Mn4CaO5 cluster in photosystem II during the photosynthetic process can potentially 
be probed at a free-electron laser using partial fluorescence yield X-ray absorption spectra (PFY-XAS) at the Mn L-edge (2p®3d 
excitations). Here two Mn complexes, MnII(acac)2 and MnIII(acac)3, with different oxidation state, spin state and bonding environment 
are used as model systems. Their PFY-XAS spectra have been measured experimentally and combined with simulations using the 
restricted active space (RAS) method. The performance of RAS on different types of X-ray processes has previously been tested 
on model complexes with various ligand environments.[1-4] These simulations pave the route to interpretations of spectra from the 
protein sample, even though accurate simulations of the L-edge XAS spectra of Mn4CaO5 remains a considerable challenge.

References:[1] Josefsson I, J. Phys. Chem. Lett., 2012, 3(23): 3565. [2] Engel N, J. Phys. Chem. B., 2014, 118(6): 1555. [3] Pinjari 
R V, J. Chem. Phys., 2014, 141(12): 124116. [4] Guo M, Phys. Chem. Chem. Phys, 2016, 18(4): 3250.
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Exploring the Bioconversion Mechanisms Catalysed by Lignin Peroxidase (LiP) from P. chrysosporium with DFT and QM/
MM approaches.

Jans Alzate-Morales1, Rodrigo Recabarren1,2, Isabel Fuenzalida-Valdivia1, Jorge Soto-Delgado2

1Centro de Bioinformática y Simulación Molecular, Facultad de Ingeniería, Universidad de Talca, Talca, Maule, Chile, 2Departamento 
de Ciencias Químicas, Facultad de Ciencias Exactas, Universidad Andrés Bello, Viña del Mar, Valparaiso, Chile

Lignin is a major component of plant cell walls, and is produced industrially from paper/pulp manufacture and cellulosic bioethanol 
production. Its conversion into renewable chemicals is a major unsolved problem in the development of a biomass-based biorefinery 
[1]. Among the enzymes involved in the lignin degrading mechanism are peroxidases, of which lignin peroxidase (LiP) and manganese 
peroxidase are the most common [2].  On the other hand, Vanillin is one of the most important aromatic flavor compounds used in 
foods, beverages, perfumes, and pharmaceuticals and is produced on a scale of more than 10 thousand tons per year by the industry 
through chemical synthesis [3]. Many natural precursors like eugenol, coniferaldehyde, and ferulic acid have been considered to 
produce the aromatic aldehyde. All of these have an alkyl side chain, which has to be cleaved to form vanillin. It has been reported 
that fungal lignin peroxidase (LiP) can cleave similar alkyl side chains in lignin and in lignin model compounds and may therefore 
have potential applications in the production of vanillin. Moreover, incubation of underivatised phenolic vanillin precursors like 
coniferyl alcohol with LiP and H2O2 yield unwanted lignin-like polymers. When the phenolic group is protected, as in O-ethyl 
isoeugenol, Ca-Cβ cleavage occurs yielding the corresponding benzaldehyde [4]. In this work, we calculated first the ionization 
potentials of several vanillin precursors with DFT methods; and then, we explored the plausible bioconversion mechanisms of 
veratryl alcohol (VA) into veratraldehyde, and ferulic acid (FA) into and vanillin, that are catalyzed by LiP. LiP mediated catalytic 
mechanisms are described using small quantum mechanics atomistic models of LiP interacting with VA and FA and also through 
QM/MM condensed models derived from previous molecular dynamics trajectories on the substrate-LiP complexes. To the best of 
our knowledge, this is the first attempt in describing the LiP catalyzed bioconversion of VA and FA substrates, using computational 
methods.

[1] Bugg, T.D.H.; Rahmanpour, R. Current Opinion in Chemical Biology 2015, 29:10–17

[2] Ten Have, R.; Franssen, M. FEBS Letters 2001, 487:313-317

[3] Priefert, H.; Rabenhorst, J.; Steinbüchel, A. Appl Microbiol Biotechnol. 2001, 56:296–314

[4] Ten Have, R. Et al. FEBS Letters 1998, 430:390-392
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Aromatic Sulfonation with Sulfur Trioxide: Mechanistic Insights from Molecular Dynamics
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Electrophilic aromatic sulfonation with sulfur trioxide is traditionally presented by a two-step SEAR mechanism involving a ?-complex 
intermediate with a single SO3 molecule. Recently, an alternative concerted pathway was proposed from static calculations, involving 
two SO3 molecules [1,2]. In this work, sulfonation of benzene in the presence of one and two SO3 molecules is studied with ab initio 
molecular dynamics (AIMD) simulations in gas phase, and in explicit noncomplexing (CFCL3) and complexing (CH3NO2) solvent. 
We investigate different possible reaction pathways, the number of SO3 molecules participating in the reaction, and the influence of 
the solvent. Our simulations confirm the existence of a low-energy concerted pathway with formation of a cyclic transition state with 
two SO3 molecules (Fig. 1). Based on the simulation results, we propose a sequence of elementary reaction steps and a kinetic model 
compatible with experimental data [3]. In addition, an alternative reaction pathway is proposed in complexing solvent.

Figure 1. Transition state for sulfonation of benzene with two SO3 molecules.

References:
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Bioinspired Cobalt Dithiolene Catalyst for Hydrogen Evolution: Insights from DFT

Tanya K. Todorova, Marc Fontecave, Caroline Mellot-Draznieks

College de France, Paris, France

The growing interest in renewable energy has focused considerable attention on artificial photosynthesis for the conversion of solar 
energy to chemical fuel.1 Great efforts have been devoted on the design of molecular electrocatalysts for hydrogen evolution, in 
particular complexes made of earth-abundant elements. Herein, we present a detailed theoretical study of the mechanistic pathways 
for hydrogen evolution catalyzed by a bio-inspired Co complex using a quinoxaline-pyran-fused dithiolene ligand (qpdt). This is 
a non-innocent ligand that closely resembles the molybdopterin one.2 The electronic structure of the active species is thoroughly 
examined. The calculated reduction potentials are compared to the electrochemical data obtained from cyclic voltammetry, in order 
to shed light on the proton-coupled electron transfer (PCET) reactions, comprised by the sequential or concerted proton and electron 
transfer steps. We show that protonation of the qpdt dithiolene ligand lowers the reduction potentials. Moreover, the S atom basicity 
plays a key role in the catalytic cycle demonstrating that hydrogen is formed through a deprotonated intermediate with a Co-H 
bond and a protonated S center from the dithiolene ligand. A fundamental understanding of the mechanism of these multielectron/
multiproton events is crucial for the design of effective molecular catalysts.

[1] Gray, H.B., Nat. Chem. 2009, 1, 7.

[2] Porcher, J.-P.; Fogeron, T. ; Gomez-Mingot, M.; Chamoreau, L.-M. ; Li, Y.; Fontecave, M., Chem. Eur. J. 2015, 22, 4447.
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Evaluation of the Factors Impacting the Accuracy of 13C NMR Chemical Shifts Predictions using Density Functional Theory 
and its Application to Natural Product Identification

Mark Iron
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Nuclear magnetic resonance (NMR) is an indispensible tool in organic, organometallic and inorganic chemistry. It is key in 
determining structure of compounds and following reactions. On occasion, however, it is not always definitive, and the actual 
structure may be debated. There are numerous examples in the literature (e.g., hexacyclinol, samoquasine A and elatenyne) where 
the initial structure determined by NMR was subsequently shown by independent synthesis and crystallography to be incorrect. In 
a number of these cases, using DFT to calculate NMR spectra was invaluable to this process.

Herein, an in-depth evaluation of the different factors affecting the prediction of chemical shifts, including the exchange-correlation 
method, basis set, integration grids, and NMR methodology. Over 70 functionals are considered, including many newer ones that 
have yet to be evaluated for NMR purposes.
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Large-scale QM/MM calculations of the CaMn4O5 cluster in the oxygen evolving complex of photosystem II: comparisons 
with XRD, XFEL and EXAFS structures
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Large-scale QM/MM calculations of the CaMn4O5 cluster in the oxygen evolving complex of photosystem II: comparisons 
with XRD, XFEL and EXAFS structures

  Large-scale QM/MM calculations [1] including hydrogen-bonding networks in the oxygen evolving complex (OEC) of photosystem 
II (PSII), 380 atoms in the QM part and 17000 atoms in the MM part, were performed to elucidate the geometric structures of the 
CaMn4O5 cluster in the key catalytic states (Si (i=0-3)) in the Kok cycle. The optimized Mn-Mn, Ca-Mn and Mn-O distances by the 
large-scale QM/MM starting from the high-resolution XRD structure by Shen-Kamiya group [2] were consistent with those of the 
XFEL by Suga et al [3]  EXAFS experiments by the Berkeley [4] and Berlin [5] groups in the dark stable S1 state. The optimized 
geometrical parameters for other Si (i=0, 2, 3) states were also consistent with those of EXAFS, indicating the importance of the 
large-scale QM/MM calculations  for the PSII-OEC [6].  Large-scale QM/MM calculations also elucidated hydrogen-bonding 
networks for proton release and water-inlet pathways for water oxidation in OEC of PSII [1].  Electronic and spin structures of the 
CaMn4O5 cluster in OEC of PSII have indicated important roles of four degrees of freedom; spin, charge, orbital and nuclear motion, 
that are characteristics of strong correlation electron system (SCES) in material science.   A new strategy for bio-inspired artificial 
photosynthesis was also proposed based on the basic concepts for SCES

1) M. Shoji et al, Mol. Phys. 113 (2015) 359.

2) Y. Umena et al, Nature, Nature 473 (2011) 55.

3) M. Suga et al., Nature 517 (2015) 99.

4) C. Glockner et. al, J. Biol. Chem. 288 (2013) 22067.

5) A. Grundmeier, H. Dau, Biochem. Biophys. Acta 1817 (2012) 88.

6) M. Shoji et al, Chem. Phys. Lett. in press (2016).

7) H. Isobe et al, Dalton Trans. 41 (2012) 13727.
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Fermionic orbital optimization in tensor network states and multiorbital entanglement in quantum chemical systems
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Tensor network states and specifically matrix-product states have proven to

 be a powerful tool for simulating ground states of strongly correlated spin

 models. Recently, they have also been applied to interacting fermionic

 problems, specifically in the context of quantum chemistry. A new freedom

 arising in such non-local fermionic systems is the choice of orbitals, it

 being far from clear what choice of fermionic orbitals to make. In this work,

 we propose a way to overcome this challenge. We suggest a method intertwining

 the optimization over matrix product states with suitable fermionic Gaussian

 mode transformations, hence bringing the advantages of both approaches

 together. The described algorithm generalises basis changes in the spirit of

 the Hartree-Fock methods to matrix-product states, and provides a black box

 tool for basis optimization in tensor network methods. In strong connection with this, multiorbital entanglement describing the 
nature of chemical bonding is also effected by the choice of basis, thus our procedure could also lead to a more refined picture of 
standard bonding theory.
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Decorated fullerene clusters: Storing Small Molecules by Tuning Adsorption
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In recent years neutral and charged fullerene complexes decorated with methane, ethane, carbon dioxide, or water have been 
modelled in our group. Global energy minima are generally very hard to find for fullerenes decorated with a larger number of 
adsorbate molecules and DFT theory is too expensive to sample a sufficiently large configuration space. The hierarchical pathway 
from DFT to analytical force fields can help to identify particularly stable structures and can also give insight into the temperature-
dependent dynamics of the adsorbed molecules. With such an approach we could, for example, find an appealingly symmetric 
minimum-energy structure for twelve CO2 molecules adsorbed on C60. In this contribution we discuss the merits and limitations 
of classical simulations and global optimizations with force fields for these clusters. All ingredients, the force fields itself, the 
global optimization procedure and for polar molecules also the charge distribution play important roles. With custom-made force 
fields based on dispersion-corrected DFT energies, and going beyond Lennard-Jones functions of the 12-6 power law, classical 
simulations can achieve more than expected without tuning parameters to match experimental results. The latest progress and results 
for C60(CO2)n

+,0,- and (C60)m(H2O)n
+,0,- are mentioned as well.

1 Ralser, Stefan; Kaiser, Alexander; Probst, Michael; Postler,Johannes; Renzler, Michael;  Bohme, Diethard K.; Scheier, Paul, 
Physical Chemistry Chemical Physics (2016),  18(4), 3048-3055

2 Kaiser, Alexander; Vines, Francesc; Illas, Francesc; Ritter, Marcel; Hagelberg, Frank;  Probst, Michael Nanoscale (2014), 6(18), 
10850-10858

3 Zottl, Samuel; Kaiser, Alexander; Daxner, Matthias; Goulart, Marcelo; Mauracher,  Andreas; Probst, Michael; Hagelberg, 
Frank; Denifl, Stephan; Scheier, Paul; Echt,  Olof, Carbon (2014), 69, 206-220
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Ultrafast correlated electronic and nuclear motions in molecules interacting with strong laser fields

Antoine Desrier, Jérémie Caillat, Richard Taieb

Sorbonne Université, LCPMR, Paris, France

High Harmonic Generation (HHG), resulting from nonlinear interaction between light and matter [1] enable to carry out time-
resolved measurements of ultrafast nuclear and electronic dynamics in atoms and molecules [2].

Besides,  vibronic coupling around a Conical Intersection [3] is a signature of electron and nuclear quantum correlations. 
Specifically, two different electronic states (obtained within the Born-Oppenheimer approximation) can cross each other, resulting 
in some population and energy exchange through specific vibrational modes.

Therefore, in order to follow and explain those ultrafast correlated motions, one has to take into account several degrees of freedom, 
resulting in very long computation time, even for small molecular systems.

In this work, we theoretically investigate ultrafast dynamics of small molecules (Conical Intersection in SO2
+

 for example) using 
a versatile reduced dimension model [4] which reproduces mainly the short-time wavefunction behavior at a reduced cost, with 
the aim of providing a physical interpretation of  time-resolved photoelectron and high harmonic Spectroscopies. The one active 
electron approximation, valid for ionization and HHG, opens the way to tracking the influence of such correlations on light matter 
interactions.

                                                              Fig. 1 Schematic Conical Intersection in pyrazine [5]
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Joined computational and experimental study on the reaction mechanisms of acireductone dioxygenases.

Anna Miłaczewska1, Ewa Wierus1, Przemysław Porębski1, Bartosz Trzewik2, Józef Korecki1, Thomas Makris3, Maksymilian 
Chruszcz3, Wladek Minor4, Tomasz Borowski1

1Jerzy Haber Institute of Catalysis and Surface Chemistry Polish Academy of Sciences, Kraków, Poland, 2Faculty of Chemistry 
Jagiellonian University, Kraków, Poland, 3University of South California, Columbia, USA, 4University of Virginia, Charlottesville, 
USA

Acireductone dioxygenase (ARD) is a mononuclear iron enzyme from the methionine salvage pathway, i.e. a common metabolic 
cycle used by cells to recycle sulfur-containing amino acid methionine. The reaction catalyzed by the native Fe-ARD is an oxidative 
cleavage of acireductone yielding formate and ketoacid products. Interestingly, when Fe(II) is replaced by other metal ions (Ni(II), 
Co(II), Mn(II)), the enzyme changes its product specificity and produces carbon monoxide, formate and carboxylic acid [2].

In order to advance our understanding of the mechanism behind the unique specificity switch upon the metal substitution, we 
have studied human form of ARD using both experimental and computational methods. On the experimental side we did protein 
expression and purification, analysis of metal content by ICP-OES, Mossbauer spectroscopy for native and substrate-bound forms 
and EPR spectroscopy for their NO-adducts. The crystal structure solved for a Fe-ARD-Se-Met complex served as a starting point 
for classical molecular dynamics simulations done with AMBER for the native form of Fe-ARD and various plausible structures of 
Fe-ARD-substrate complex. Equilibrated structures were used in subsequent ONIOM(B3LYP:amber) geometry optimizations, for 
which Mossbauer parameters were calculated at the B3LYP level with ORCA. Comparison between experimental and computed 
Mossbauer isomer shifts and quadrupole splittings helped to identify the most likely structure of the E-S complex. The latter was 
used for further ONIOM investigations on the reaction mechanism. The results presented on this poster allowed us to formulate a 
hypothesis that the unique ability of Fe(II) to promote the native reaction of ARD is due to its low red-ox potential allowing to cleave 
the O-O bond relatively early in the catalytic cycle.

References

[1] Chou H., Lin Y., Shiu G., Tang H., Cheng M., Shiao M., Pai, L. Journal of Biomedical Science 21 (2014) 64

[2] Deshpande A.R., Wagenpfeil K., Pochapsky T.C., Petsko G.A., Ringe D. Biochemistry 55 (2016) 1398

Miłaczewska, Anna 1, Wierus, Ewa 1, Porębski, Przemysław 1, Trzewik, Bartosz 2, Korecki, Józef 1, 
Makris, Thomas 3, Chruszcz, Maksymilian 3, Minor, Wladek 4, Borowski, Tomasz 1



300

0301

Highly hydrated crystals – perfect benchmark systems and rich sources of water information

Kersti Hermansson1, Getachew Kebede1, Anders Eriksson1, Anki Sen1, Jean-François Boily2, Pavlin D Mitev1

1Department of Chemistry-Ångström Laboratory, Uppsala University, Uppsala, Sweden, 2Department of Chemistry, Umeå 
University, Umeå, Sweden

Some highly hydrated crystal structures contain a high number of unique water molecules, i.e. with different surroundings. We 
propose that these constitute excellent “benchmark compounds” for assessment of theoretical methods and models (for water-
containing systems). They are also excellent sources of new structure-property relationships: here one can study many different 
bonding situations at the same computational level with data from one, or a few, compound(s).

We present DFT calculations (of different flavours) for four crystalline compounds which together contain 37 unique H2O 
molecules and 74 unique hydrogen bonds, from very weak to very strong ones. The compunds are Al(NO3)3 • 9H2O, MgSO4 •11H2O, 
MgSO4 • 7H2O and Na2CO3 • 10H2O. Here are our main results:

•  For Al(NO3)3• 9H2O we find extremely large “in-crystal” water dipole moments of 4.0–4.3 D, while for Na2CO3 •10H2O they are 
much smaller, namely 2.9–3.2 D. In both cases, the water molecules are considerably polarised compared to the gas-phase (calc. 
gas-phase value 1.83 D; expt. 1.86 D).

• The calculated anharmonic OH frequencies, ν(OH), vary from very strongly to very weakly bound:  2600–3450 cm–1. We propose 
methods to calculate ν(OH) for crystalline water molecules (cf. Fig. 1).

•  We manage to rationalise many of the effects of the water surroundings in terms of electric field effects.
•  We present a new ‘OH frequency vs. electric field’ relation to predict ν(OH) from AIMD simulations (cf. Skinner’s published 

relation).
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Calculated	0	K	(no	scalings!)	

Experimental	25	°C	

Experimental	–155	°C	

					Al(NO3)3•	9	H2O	crystal:	IR	spectra	
 

Figure 1: Anharmonic IR spectra for the 
Al(NO3)3 • 9H2O crystal from experiment 
(25 °C and –155 °C) and calculation (0 K, 
from periodic DFT calculations). 

Due to a multitude of OH contributions 
and couplings, the experimental spectra are 
naturally poorly resolved, but the calculated 
spectra can disentangle the situation.

Excellent agreement between calculations 
and experiment! 
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Gas phase DFT study of the Fenton-like reaction intermediates and mechanism.

Andrea Debnarova, Einar Uggerud

Department of Chemistry, University of Oslo, Oslo, Norway

Ferrous ions combined with hydrogen peroxide are able to catalytically oxidize most organic

compounds. This reaction is known as Fenton reaction and although discovered already in

1876 the investigation of its active intermediates, due to their short lifetime, continues to

this day. Fenton reaction is used in a broad range of industrial applications as it can be performed at ambient temperature in water 
with water as a side product.

We examine a seemingly simple model system:

Fe(OH)2 + 2 x H2O2 → Fe(OH)2 + 2 x H2O + O2

We carefully study the reaction pathway, benchmarking the optimized states using a

number of DFT functionals: PBE, PBE0, M06, M06L, B3LYP and TPSSh with Grimme

dispersion correction and wB97XD. We use CCSD to asses the influence of dynamic and trough the T1 diagnostic partially also 
static correlation.

We observe two distinct reaction pathways with a considerable number of degenerate

high-spin quintet and septet states. We describe the calculated energy paths as well as the reactive intermediates created. We discuss 
the usefullness of DFT as a method for correctly describing chemistry of this simple model transition metal complex. 
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From Gas-Phase to Liquid Water Chemical Reactions: The F + (H2O)n, n = 1 - 4

Guonliang Li1,2, Yaoming Xie1, Henry F. Shaefer III1

1Center for Computational Quantum Chemistry, University of Georgia, Athens, USA, 2School of Chemistry and Environment, South 
China Normal University, Guangzhou, China

Reactions involving water are very important to the environment.  In this research, the potential energy profiles for the reactions 
between the F atom and the water polymers (H2O)n, n = 1 - 4 have been systemically investigated using the “Gold Standard” 
CCSD(T) method with correlation consistent basis sets up to cc-pV5Z for F + H2O and up to cc-pVQZ for F + (H2O)n, n = 2 - 4 
reactions.  All the entrance complexes, transition states, and exit complexes on these reactions have been located.  Structurally, the 
stationary points on the F + (H2O)n potential energy surfaces are closely related.  Energetically, all the water tetramer reaction F + 
(H2O)4, water trimer reaction F + (H2O)3, and water dimer reaction F + (H2O)2 have no barrier, while the water monomer reaction 
F + H2O has a barrier of more than 2 kcal/mol, comparable to that for the prototypical F + H2.  Thus, the water tetramer F + (H2O)4 
surface is similar to the water trimer F + (H2O)3 and water dimer F + (H2O)2 surfaces, but much different from the water monomer 
F + H2O surface.

Li, Guonliang 1,2, Xie, Yaoming 1, Shaefer III, Henry F. 1
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Non-nearest Neighbour ICD in Clusters

Elke Fasshauer

CTCC - Department of Chemistry, University of Tromsø, Tromsø, Norway

Interatomic Coulombic Decay (ICD) is an electronic decay process of excited, ionized systems. It has been shown to occur in a 
multitude of small and large systems. The effects of more than one possible decay partner are discussed in detail illustrated by 
simulated ICD electron spectra of NeAr clusters and pure Ne clusters. Hereby, the mostly underestimated contribution of decay 
with non-nearest neighbours is highlighted. In the neon clusters, the lifetime of the bulk atoms is found to be in excellent agreement 
with experiment [1], while the lifetimes of the surface atoms differ significantly. Hence, the experimental lifetime can not purely be 
explained by the effect of the number of neighbours.

We propose the possibility to investigate the transition from small clusters to the solid state by us- ing the ICD electron spectra to 
distinguish between icosahedral and cuboctahedral cluster structures.

[1] Phys. Rev. Lett., 93, 173401 (2004).

[2] New J. Phys., 16, 103026 (2014).

[3] New J. Phys., 18, 043028 (2016).
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NEW INSIGHTS INTO THE ELECTRONIC STRUCTURES AND THE AQUEOUS STANDARD FREE ENERGIES OF 
FORMATION FOR CHLORAMINES AND BROMAMINES

Daniela Trogolo1, Jeremy Samuel Arey1,2

1EPFL, Lausanne, Vaud, Switzerland, 2EAWAG, Dubendorf, Switzerland

Chloramines, bromamines, and bromochloramines are halogen oxidants that are relevant to both water disinfection and mammalian 
immune defense. However, existing data on their speciation and equilibria in water are few and uncertain. We estimated total 
atomization energies, homolytic bond dissociation energies, and standard free energies of formation of halamines in gas and aqueous 
phase. We developed a benchmark level ab initio computational procedure, termed TA14,1 which was adapted from previous 
Weizmann and Feller-Peterson-Dixon protocols. TA14 employs a sequence of wave function theory calculations, including the 
evaluations of dynamical and static electron correlation (CCSDTQ), core/valence electron correlation contributions, scalar and spin-
orbit relativistic contributions, and anharmonic vibrations. Free energies of solvation were modeled with the SMD implicit model 
and also with a cluster-continuum approach adapted from Bryantsev and coworkers.2 The resulting standard aqueous free energies 
of formation for chloramines and bromamines are viewed to have uncertainties of 5-6 kJ/mol.3 These thermodynamic data are 
used to determine the stabilities of chloramines, bromamines, and bromochloramines, including the equilibrium constants leading 
to their formation in water. Additionally, analysis of electronic structure reveals that N-X bonds are bound largely or entirely by 
electron correlation forces, with small or negative contributions from the Hartree Fock energy component. This provides insights 
into the unusual reaction chemistry of chloramines and bromamines, such as their ability to undergo both nucleophilic reactions and 
homolytic cleavage to form radicals, in water.

(1) Trogolo, D.; Arey, J. S. Phys. Chem. Chem. Phys. 2015, 17 (5), 3584.

(2) Bryantsev, V. S.; Diallo, M. S.; Goddard III, W. A. J. Phys. Chem. B 2008, 112 (32), 9709.

(3) Trogolo, D.; von Gunten, U.; Arey, J. S. In preparation.
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New development of internally contracted MRCI and MRPT2 using graphic unitary group approach (GUGA)

Bingbing Suo1, Yibo Lei2, Zhenyi Wen1, Yubin Wang1

1Institute of Modern Physics, Northwest University, Xi’an, Shaanxi, China, 2School of Chemical and Martial science, Northwest 
University, Xi’an, Shaanxi, China

Abstract: The electronic excited states of a molecule play an important role in many areas of chemical and physical processes such 
as the electron and energy transfers in the light harvesting systems, photo-chemistry reaction and absorption, emission spectra of 
molecules etc. For small to medium size of molecules, the high-level multi-reference correlation theories such as MRCI and MRPT2 
are regarded as most reliable methods and have been intensively used. However, it is not easy to develop an efficient MRCI/MRPT2 
program especially when internal contraction is adopted. This poster will report our recent progress on developing the internal 
contracted MRCI (icMRCI) as well as MRPT2 based on graphical unitary group approach (GUGA).[1,2] The key-point of our new 
method is employing the hole-particle symmetry that not only allows us classifying configuration space according to excitation 
types, but also provide a uniform way to calculate internally contracted functions (ICFs) and coupling coefficients on ICFs. A very 
flexible internal contracted MRCI is developed in which we can contract any types of excitations and leave others un-contracted. 
In addition, the new approach is extended to MRPT2 by using of Dyall Hamiltonian. Multi-states calculation is accomplished by 
constructing an effective Hamiltonian. Some benchmark calculations will be presented.

Reference:
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Computation of frontier orbitals in linear scaling electronic structure calculations.

Anastasia Kruchinina, Elias Rudberg, Emanuel Rubensson

Uppsala university, Uppsala, Sweden

We propose methods to compute the frontier (homo and lumo) orbitals during recursive polynomial expansions for construction of 
the density matrix in linear scaling self-consistent field calculations. The recursive polynomial expansion facilitates the computation 
of the frontier orbitals giving accelerated convergence of iterative methods.1  We take advantage of eigenvalue estimates that can 
be extracted from the recursive expansion by a simple and robust procedure at a negligible computational cost.2 The proposed 
algorithms are implemented in the quantum chemistry program Ergo.3,4 The orbitals are calculated “on the fly” adding only a small 
overhead to the polynomial expansion. We show that linear scaling is achieved for systems where the homo-lumo gap and the 
distance between the frontier orbitals and the rest of the eigenvalue spectrum is preserved with increasing system size.
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Exponentially correlated basis set for calculation of QED corrections in the hydrogen molecule

Pawel Czachorowski, Krzysztof Pachucki

University of Warsaw, Faculty of Physics, Warsaw, Poland

Today’s most popular approach to computational chemistry involves an expansion of the molecular wavefunction in a Gaussian 
basis set. It is so due to the simplicity of integration algorithms and their straightforward extensibility to large systems. However, 
Gaussians have wrong asymptotic properties. When QED corrections to electronic energy are considered, it can lead to poor 
convergence or even wrong results. Calculating them require a well-optimized and mathematically adequate basis set. Our goal is to 
construct such a set and use it to calculate mα6 corrections for the H2 molecule. We use basis functions of the form:

ψ=exp(-t r12 −u(r1A +r1B)−w(r2A +r2B)−y(r1A −r1B)−x(r2A −r2B))

(subscripts 1,2 denote electrons and A, B -  nuclei)

They comprise of all possible correlation terms, satisfy Kato’s conditon and decay properly at large distances, which facilitates 
the calculation of expectation values of such operators as Dirac’s delta and negative powers of interparticle distances. The main 
problem with the application of this basis are difficult two-center integrals. The algorithm [1] being developed by us involves a 
Taylor expansion of them in the internuclear distance r. It is completely general in terms of the variational parameters t, u, w, y, x and 
r. Due to the quality of basis functions we are able to obtain high accuracy results in relatively small bases. The most recent results 
and developments will be presented.

[1] Pachucki K. Phys. Rev. A 86, 052514 (2012), Correlated exponential functions in

high-precision calculations for diatomic molecules
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