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The Centre for Theoretical and Computational
Chemistry (CTCC) is a Norwegian Centre of Excellence
(CoE) established by the Research Council of Norway
(RCN) in July 2007. The goal of the CoE program is to
stimulate Norwegian research groups to establish larger units focusing on frontier research at a high international level and to contribute to raising the quality of
Norwegian research.
The CTCC is one of 21 national CoEs in Norway
and one of two centres in chemistry. It has two nodes of
equal size, hosted by UiT the Arctic University of Norway (UiT) and the University of Oslo (UiO). The CTCC
receives an annual RCN funding of about 9.5 MNOK for
the period July 2007 – June 2017. In addition, it receives
substantial financial support from UiT and UiO.
The vision of the CTCC is to become a leading international contributor to computational chemistry by
carrying out cutting-edge research in theoretical and
computational chemistry at the highest international
level.
The CTCC has an extensive visitors program for scientists from around the world, as well as for PhD students
and postdocs from other research groups who wish to
benefit from the expertise at the centre. In addition, the
CTCC has organized a number of international meetings and conferences, bringing together computational
and theoretical chemists from all parts of the world.

Ten Years of the CTCC
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magnetic fields by researcher Erik Tellgren at UiO. Both
projects (funded by the RCN) are at the forefront of
theoretical chemistry, building on two unique software
packages developed at the CTCC over the last few years:
WILSON and LONDON.
The CTCC hosted one international meeting in 2016
and helped organize several conferences. Moreover,
Tromsø was selected as the venue for the 10th Congress
of the International Society for Theoretical Chemical
Physics (ISTCP) in 2019. This congress will attract hundreds of theoretical chemists to Norway and will provide
an excellent opportunity to highlight Norwegian contributions to quantum chemistry. Our outreach activities
are also bearing fruit: a sculpture installation dedicated
to Egil Hylleraas will open in 2017 in Engerdal, with participation of members of the CTCC.
Several honours should be noted. We would like to
congratulate PhD-student Glenn Miller on the student’s
teaching award “The Golden Spatula” at the Department
of Chemistry in Oslo, Prof. Kenneth Ruud on the election
to the Norwegian Academy of Technological Sciences
(Norges Tekniske Vitenskapsakademi, NTVA), and Prof.
Odile Eisenstein on the associate membership of North
Rhine–Westphalian Academy of Sciences and Arts.
Sadly, our colleague Prof. Harald Møllendal passed
away on 16 July 2016. Harald was affiliated with the CTCC
from the very beginning and contributed to the centre in
many positive ways, being always very supportive of its
activities. He will be deeply missed.
The CTCC terminates in the summer of 2017. Over
the last few years, we have extended our activities towards
multiscale computations and large systems, with an emphasis on biological systems. Together with matter-field
interactions and spectroscopic processes, these are key
elements of our proposal for a new Centre of Excellence
— the Hylleraas Centre for Quantum Molecular Sciences. Many efforts were spent on developing this proposal
in 2015 and 2016. A few days ago, we learned that our
application was successful. The Hylleraas Centre will
open in the second half of 2017, providing an excellent
platform for further research in theoretical and computational chemistry at the Universities of Oslo and Tromsø
in the years to come.
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The CTCC has now been in operation for almost a decade, with only one half year to go. Since 2007, we have
published about 730 scientific articles, which have been
cited 11000 times in the literature. These articles have
more than 1200 co-authors from 77 different countries
and have appeared in 138 different journals in such diverse fields as chemistry, physics, materials science, biochemistry, biophysics, pharmacy, mathematics, astrophysics, neurology, and zoology.
Over the years, members of the CTCC have won
three ERC grants, four Young Research Talent grants,
and a number of other research grants. These grants have
doubled our activities since 2008, our first year of full
operation. The success continues. This year, we would
like to congratulate researcher Kathrin Hopmann on the
award of 12 MNOK from Tromsø Research Foundation
(Tromsø Forskningsstiftelse) for her project “Catalysts
for homogeneous conversion of CO2”. With an additional funding from other sources, Hopmann is set
to make great strides in her research over the next few
years — see her highlight in this Annual Report. We also
congratulate Prof. Abhik Ghosh on a four-year NANO21
grant “Metallocorroles for photodynamic therapy and
bioimaging” of 10 MNOK from the RCN. It is nice to see
that our members are securing funding from technology-oriented sources, such as the RCN programme for
Nanotechnology and Advanced Materials.
The research programmes of Hopmann and Ghosh
are both in advanced computation, an area in which the
CTCC has excelled in recent years. Work on CO2, in particular, has taken the central stage. In last year’s Annual
Report, postdoc Ainara Nova wrote a highlight on CO2
functionalization. This year, no less than two highlights
focus on CO2 — “Catalysts for homogeneous conversion
of CO2” by Hopmann and “The chemistry of CO2 activation and fixation” by Prof. Einar Uggerud. In his project,
Uggerud combines mass spectrometry with computation
in collaboration with Prof. Knut Børve at the University
of Bergen.
The two remaining highlights this year concern methodological developments, written by two of our younger
centre members: simulations of multidimensional vibrational spectra by postdoc Magnus Ringholm at UiT and
studies of molecules in strong uniform and non-uniform
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The accomplishments of the CTCC after ten years of operation are impressive. With each new year, the CTCC
has extended its activities in new directions, increasing
its national and international impact. The work at the
CTCC has convincingly demonstrated that theoretical
and computational chemistry are enabling technologies,
elucidating such widely different phenomena as infrared human vision and chemical bonding in ultra-strong
magnetic fields. Clearly, a Centre of Excellence can be
successful also when shared between two institutions
— University of Tromsø – the Artic University of Norway and the University of Oslo. This fact should be an
inspiration for other research groups and constellations
in Norway.
The quality of the research that has been carried out at
the CTCC is well illustrated by prestigious external grants
that its members have secured of the years. Impressively,
all three ERC grants in chemistry awarded to Norwegian
chemists have so far gone to members of the CTCC.
Moreover, the younger members of the CTCC have
secured four out of five Young Research Talent (YRT)
grants of the RCN in chemistry and two Marie–Curie
grants. The extension and broadening of the activities at
the CTCC since 2007 could not have happened without

Professor Fred Godtliebsen
Vice Dean at The Faculty of Science and
Technology, UiT. Chairman of the board

Professor Ragnar Winther
University of Oslo
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these and many other grants secured by its members. We
also note the large number of meetings and conferences
organized by the CTCC, several with more than 100 participants. The CTCC has truly become a powerhouse of
chemistry in Norway.
The Board of Directors have been closely following
the efforts that members of the CTCC have put into the
proposal for a new Centre of Excellence over the last couple of years. We were delighted to learn that the proposal
for the Hylleraas Centre was successful. The new Centre
builds on the research that has been carried out at the
CTCC but takes it in new directions, targeting the new
chemistry, physics, and biology that become possible
with the construction of large new experimental facilities
in Europe and elsewhere.
It has been a pleasure for the Board to follow the
increasing activities of the CTCC since its beginning a
decade ago — the CTCC has been a fantastic success. The
new Centre of Excellence is an opportunity to carry the
work forward but this opportunity carries also a great
responsibility. We thank all past and current members of
the CTCC for the great work they have carried out and
wish the members of the new centre all the best for the
future.

Professor Anne-Brit Kolstø
University of Oslo
Vice-chairman of the board

Dr. Nina Aas
Aker BP

Professor Ole Swang
University of Oslo, and Senior Scientist
at SINTEF Materials and
Chemistry
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Research: In 2016, the CTCC published 79 articles in international journals. Our articles continue to have strong impact,
picking up 2200 citations in 2016. The 729 CTCC publications
registered by Web of Science have now been cited about 11 000
times with an H-index of 42. Four of the papers published by
CTCC members are identified as Highly Cited by Web of Science and one paper as Hot, placing it among the top 0.1% of all
papers in chemistry. One CTCC publication has received a total
of 660 citations and 9 publications more than 100 citations.
In 2016, CTCC researcher Kathrin Hopmann was awarded
a grant from Tromsø Forskningsstiftelse (TFS, Tromsø Research Foundation) for her project “Catalysts for Homogeneous
conversion of CO2”. The four-year project is supported by 29
MNOK in total, with 12 MNOK from TFS and 17 MNOK from
the UiT. The grant was presented to Hopmann on 12 December by the benefactor of TFS, Trond Mohn. In addition, Prof.
Abhik Ghosh was in 2016 awarded a four-year NANO21 grant
“Metallocorroles for photodynamic therapy and bioimaging”
of 10 MNOK from the RCN. The project will develop corroles
as new reagents for photodynamic therapy, bioimaging, and simultaneous therapy and diagnostics (theranostics). The funding
will cover one postdoc and one PhD student.
CTCC Researcher Heike Fliegl was awarded a Kristine
Bonnevie Fellowship by the UiO, allowing her to work for three
months on the project “Computational studies of biomimetic
solar cells” in the group of Prof. Ursual Röthlisberger at École
Polytechnique Fédéreale de Lausanne (EPFL) in Switzerland
during the spring of 2016. CTCC Researcher Ainara Nova
received a grant from RCN to travel to the University of California, Berkeley, where she will be working with Prof. Martin
Head-Gordon on “CO2 functionalization of MOF-supported
catalysts” in 2017, while her husband CTCC researcher David
Balcells will be working with Prof. Don Tilley at Berkeley on
water oxidation by manganese-cobalt-oxide cubanes.
In 2016, Prof. Trygve Helgaker gave the 17th Annual Ede
Kapuy Memorial Lecture “Molecules in Magnetic Fields” at the
Institute of Chemistry, Eötvös University in Budapest. Together
with Prof. Hans Peter Lüthi of ETH Zürich, he gave a Memorial
Lecture for Jan Almlöf at the Molecular Quantum Mechanics
(MQM 2016) meeting in Uppsala in June 2016. Eisenstein was
in 2016 elected as Associate Member to the North Rhine–Westphalian Academy of Sciences and Arts, while Prof. Kenneth

The number of CTCC publications 2007–2016 (top) and the
number of citations to CTCC publications 2007–2016 (buttom)

CTCC researcher
Kathrin Hopmann was
awarded one of first
three research grants
from the Tromsø Research Foundation
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Ruud was elected as member of Norwegian Academy of
Technological Sciences. The CTCC was host to 43 guests
and visitors in 2016, including Prof. Emily Carter and
Prof. Rod Bartlett.

Training: Although undergraduate teaching is not a central task for the CTCC, many of our members take active
part in teaching at their home institution. In 2016, CTCC
member Glenn Miller received the award “Den gyldne
spatel” (“The Golden Spatula”) for excellent teaching
from the undergraduate students at the Department of
Chemistry in Oslo; in 2015, the same award was won by
CTCC member Assoc. Prof. Thomas Bondo Pedersen.
We also note that the CTCC contributed significantly
to a reshaping of the study programme at the Faculty of
Mathematics and Natural Sciences at UiO: Assoc. Prof.
Michelle Cascella served on the committee responsible
for developing the Chemistry and Biological Chemistry
Study Programme, while Pedersen worked with members
of the Department of Mathematics to define the syllabus
of two new mathematics courses for students enrolled on
this programme.
The CTCC takes an active part in the education and
training of students and postdocs by organizing and
teaching at international summer schools. In 2016, Prof.
Trygve Helgaker gave lectures on “Derivative Theory and
Molecular Properties” at the Summer School “Modern
Wavefunction Methods in Electronic Structure” (MWM
2016) organized from 3–8 October by Prof. Jürgen Gauss
of the University of Mainz (a frequent visitor to the
CTCC) and Prof. Frank Neese of the Max Planck Institute for Chemical Energy Conversion in Mülheim. At the
same school, CTCC postdoc Elisa Rebolini and previous
postdocs Robert Izsak and Stella Stopkowicz were tutors,
whereas CTCC postdoc Andre Laestadius and PhD student Benedicte Ofstad participated as students.
CTCC postdoc Stig Rune Jensen lectured at the “MultiResolution Analysis (MRA) Summer School”, held at the
Institute for Advanced Computational Science at Stony
Brook University in New York, 1–12 August. On 25–28
August, Dr. Maarten Beerepoot organized the 7th Annual Meeting of BioStruct, a national graduate school in
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structural biology, at Jægtvolden Fjordhotell in Inderøy.
Kathrin Hopmann is a participant of the BioCat National
PhD school 2016–2024, as a member of the Board and as
teacher of the course “Enzyme Mechanisms”.
An important part of the training of master students,
PhD students, postdocs, and researchers are the regular
video-transmitted CTCC seminars, where each Friday
one or two progress reports on recent work are given by
members of the CTCC. As part of this seminar series, Ola
Solli Grønningsæter, Chris Andre Reierth, and Sveinar
Hammer from Drammen Upper Secondary School presented on 27 May their research project “GIMIC analyse
av pentabenzotriazasmaragdyrin viser antiaromatisk
klassifisering”, carried out at the CTCC under the guidance of Researcher Heike Fliegl.
In 2016, five PhD students Karen Oda Hjort Dundas
(RCN, UIT), Benedicte Ofstad (RCN, UiO), Ljiljana
Pavlovic (TFS, UiT), Birta Ravdna Sarre (TFK, UiT) and
Lluis Artus Suarez (RCN, UiO), five postdocs Mehboob
Alam (RCN, UiT), Kacper Blaziak (RCN, UiO), Rolf
Heilemann Myhre (ERC, UiO), Sangita Sen (RCN, UiO)
and Janakiram Vaitla (RCN, UIT), and one researcher
Lukas Wirz (CTCC, UiO) were hired on projects owned
by CTCC members.

Members of the CTCC designed two cover page illustrations in 2016.
Left: Kathrin Hopmann designed the cover of the ACS publication
Organometallics (Volume 35, Issue 22), illustrating how the computational studies of iridium-mediated reactions have advanced in the last
three decades. Right: Heike Fliegl together with Dage Sundholm and
Raphael Berger provided the cover for the Wiley publication WIRES
Computational Molecular Science (Volume 6, Issue 6), illustrating
magnetically induced currents densities.
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Outreach and dissemination: In 2016, the CTCC continued its tradition of organizing meetings and conferences. Apart from the CTCC Spring Meeting in Alta on
5–6 April, the CTCC organized the conference “Magical
Mystery Tour of Electron Correlation” at the Academy
of Science and Letters on 24–26 October. At the Congress of the International Society for Theoretical Chemical Physics (ISTCP) organized by Prof. Mark Hoffmann
(previous CTCC visitor) in Grand Forks, North Dakota
on 17–22 July, Prof. Trygve Helgaker was in charge of the
Symposium on Molecular Properties with 12 speakers.
At this meeting, the Board of Directors and National
Representatives decided that the next ISCTP Congress
will be organized by Prof. Kenneth Ruud in Tromsø,
11–17 July 2019. Prof. Odile Eisenstein co-organized a Japan-France-Spain Joint Symposium on Theoretical and
Computational Science of Complex Systems at the Fukui
Institute for Fundamental Chemistry, Kyoto University,
26–28 October 2016.
The CTCC continues its tradition of popular science
writings. Dr. Maarten Beerepoot wrote a popular account
“Bruker selvlysende protein for å bekrefte datamodell”
of his thesis work for Forskning.no and (together with
Ruud) an article “Verdens minste billøp” for the newspaper Nordlys, on the 2016 Nobel Prize in Chemistry.
Dr. Arne Bunkan and Maarten Beerepoot wrote articles
on the PhD work in Kjemi, the journal of the Norwegian
Chemical Society; Prof. Einar Uggerud wrote an article
about the 2016 Noble Prize in chemistry in the same
journal. Helgaker helped organize the Kjemi Grand Prix
Day at the Department of Chemistry in Oslo on October 27, where Uggerud talked about the Nobel Prize in
Chemistry: “Om årets nobelpris i kjemi – hvor liten kan
en maskin egentlig bli?” Uggerud continues to serve as
a member of the panel of Abels Tårn and Ekko, a popular-science program on Norwegian Radio.
Together with Dr. Brady Garabato and Prof. Pawel
Kozlowski, Dr. Taye Demissie and Prof. Ruud published
the paper Mercury Methylation by Cobalt Corrinoids:
Relativistic Effects Dictate the Reaction Mechanism, in
Angewandte Chemie, 55, 11503 (2016). This intriguing

paper led to three popularizations. The article Relativity:
Relatively uninteresting for chemists? was published by
Demissie alone in ATLAS of Science, while all four authors published Relativistic effects in Enzymes in ChemistryViews. Their work was also discussed in Chemical &
Engineering News.
Prof. Helgaker became a member of the Hassel Committee in 2016, responsible for the Hassel Lecture at the
University of Oslo. Helgaker is also a member of the
Academic Committee of Aker Scholarship, established
by Anne Grete Eidsvig and Kjell Inge Røkke in 2015 to
support master and PhD studies at eight top universities:
Caltech, MIT, Harvard, Stanford, University of Pennsylvania, Oxford, Cambridge, Imperial College London and
National University of Singapore (NUS). The purpose of
the Aker Scholarship is to help talented Norwegian students get first-class education — regardless of personal
finances and family background. It is open to all fields
of study and provides funding that complements other
sources of financial support (covering both tuition fees
and living costs) so that students will not need to take up
loans to finance their studies.
As an outcome of the Hylleraas Exhibition and Symposium organized by the CTCC in 2015, a sculpture
installation ABAKUS designed by Peder Isdal will open
4 August 2017 in Engerdal. The installation, which is financed by Sparebankens Hedmarks Kunstfond, consists
of seven elements as part of a science trail — see illustration below.

One of the seven elements of the ABAKUS sculpture installation in
honour of Egil Hylleraas in Engerdal, representing the helium atom.
To be opened on 4 August 2017.
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The CHOCO project focuses on development of Catalysts for Homogeneous conversion of CO2 (https://site.
uit.no/choco). The project is led by CTCC researcher
Kathrin H. Hopmann and involves a strong interdisciplinary research team including theoreticians and experimentalists. Co-leader of the team is organic chemist
Annette Bayer at UiT.

Fig. 1: CHOCO will use an interdisciplinary quantum chemistry and
organic chemistry approach to develop novel metal-based catalysts for
CO2 conversion.

CO2 is cheap, non-toxic, sustainable, and can serve
as a substitute for oil-based carbon sources. The interest in CO2 as carbon feedstock is thus rising. Potential
utilization of CO2 in synthetic processes goes far beyond
academic applications and has high industrial relevance.
Several industries already exploit CO2 in chemical syntheses, namely in production of urea, methanol, and aromatic carboxylic acids. However, currently only ~0.1 %
of CO2 on Earth is converted in chemical synthesis. The
main reason is the lack of suitable catalysts for the controlled transformation of CO2 into useful products.
CO2 is a relatively inert molecule, making development of catalysts for its conversion challenging. However, activation of CO2 can be achieved by using transition
metals, either as a surface (heterogeneous catalysis) or as
part of a soluble metal complex (homogeneous catalysis). Homogeneous catalysis has the advantage that the
catalysts are well-defined molecular species, allowing
for fine-tuning of reaction products. Despite important
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advances in homogeneous conversion of CO2 during the
last decade—see, for example, Cokoja et al. in Angew.
Chem. 2011, 50, 8510—there are still only few systems
that are able to form carbon–carbon bonds using CO2.
Carbon–carbon bond formation is not only the most
fundamental reaction in organic and biological chemistry—it is also considered the most desirable form of CO2
fixation.
CHOCO will develop novel homogeneous catalysts
for conversion of CO2 into useful products. The working approach will involve quantum-chemical studies of
known and novel catalytic systems, alongside experimental investigation and synthesis of promising catalyst
candidates (Fig.1). As a starting point, homogeneous
catalysts for formation of carboxylic acids from CO2 will
be developed. There is widespread interest to increase
the use of CO2 for production of carboxylic acids—for
example acrylic acid, a versatile molecule used in paint
(Fig. 2). Carboxylic acids are also found in many pharmaceuticals, where they are thought to be essential for
binding to drug targets in vivo.

Fig. 2: Some industrially relevant carboxylic acids.

As part of the CHOCO project, Positron Emission
Tomography (PET) tracers will be synthesized from CO2.
PET is an imaging technique to diagnose and monitor
diseases, but it is also increasingly employed to obtain
information about biodistribution of novel drug candidates. PET tracers carry a radioactive label, mostly fluorine-18. A promising alternative label is carbon-11 (11C),
given that every clinically relevant molecule contains carbon. However, the source of carbon-11 (11C-containing

CTCC
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CO2) is demanding to utilize due to the lack of suitable
techniques to incorporate 11CO2 into relevant PET tracers. CHOCO will investigate the use of CO2 catalysts for
11
C-marking of relevant PET tracers.

The CHOCO project is funded by the 2016 Recruitment Program of the Tromsø Research Foundation and
the Department of Chemistry at UiT. The CHOCO group
is also grateful for funding by the Research Council of
Norway (deFACTO project) and for computational
hours by NOTUR, which are essential to be able to do
the high-level quantum chemical calculations involved in
this work. Visit the CHOCO project at https://site.uit.no/
choco!

Fig. 3: Cyclotron-produced 11CO2 can be used to make tracers, whose
distribution in the body is studied using a PET scanner (example shows
an oxytocin agonist, see Riss et al., Angew. Chem. 2012, 51, 2698.)

Highlight: The chemistry of CO2
activation and fixation
Einar Uggerud
The two key reactions during photosynthesis are reduction of water to hydrogen and oxygen and fixation of carbon dioxide to give glucose, formally
2H2O → O2 + 2H2
6CO2 + 12H2 → C6H12O6 + 6H2O

(1)
(2)

In fact, hydrogen is never liberated as H2 in the first reaction but is transferred to the second reaction disguised
as the biological reduction agent NADPH. In biochemical
textbooks, the second step is known as the dark reaction
or the Calvin cycle. The Calvin cycle comprises a complex
manifold of reaction steps. To a simple-minded chemist,
the most interesting parts are the elementary reactions
in which a CO2 molecule forms a C–C bond to an evolving chain of carbon atoms accompanied by electron and
proton transfer of the units of disguised H2 molecules.

On this basis, we conveniently denote the overall process
reductive C–C bond formation. In green leaves. this is
accomplished in organelles called chloroplasts and the
active centre of the enzyme in question, RuBisCo, is a
magnesium atom.
Inspired by this natural process, we have devised a new
way to study reductive C–C bond formation. In our prototype system, we first fix the CO2 molecule reductively to
magnesium, and then investigate how this activated form
of CO2 can form bonds to carbon-containing molecules
of the kind involved in the Calvin cycle. A few years ago,
we started mass-spectrometric experiments from this
idea. By mixing oxalic acid and magnesium chloride in
water/methanol, we observed the formation of negatively charged adducts between magnesium, chloride, and
oxalate when the mixture was electro-sprayed into the
vacuum chamber of a mass spectrometer. By collisional
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activation of such an adduct, we could produce a new
class of compounds with formula XMg(O2C)–, here with
X = Cl, in which CO2 is bonded to the magnesium atom.
Gas-phase reactions of such compounds with X = OH,
Cl, Br, studied in situ by the means of mass spectrometry,
revealed the interesting results [1]:
XMg(O2C)– + H2O → XMg(OH)2– + CO (3)
XMg(O2C)– + CH3Cl → XMg(O2CCH3) + Cl–

(4)

which frequencies the adduct loses the D2 molecule,

D2·ClMg(O2C)– ClMg(O2C)– + D2

(5)

and could thereby reconstruct the IR absorption spectrum. Our computed spectrum, with CCSD(T)/aug-ccpVTZ, reproduced the experimental spectrum in detail,
which unequivocally confirmed the structure.
We are now pursuing these ideas in a new project from

Reaction 4 is an SN2 reaction and indeed gives rise to a
C–C bond. Moreover, accurate quantum-chemical calculations suggest that the most stable form of XMg(O2C)–
has the unusual structure indicated by the formula, in
which CO2 is bonded to Mg by its two oxygens and with
a strong carbenoid character of the carbon atom. The
central bonding motif is illustrated here.

To determine the molecular structure, we performed
infrared spectroscopic experiments at the Fritz Haber
Institute in Berlin in collaboration with the group of Prof.
Knut Asmis, giving rise to the first publication from their
brand new free-electron laser (FEL) [2]. The experiments
were done by first forming the extremely weakly bonded
adduct between the molecule of interest — in our case
ClMg(O2C)– — and a “messenger” molecule D2 inside the
mass spectrometer at 10 K. The resulting D2·ClMg(O2C)–
adduct was stored in an electrostatic cell and subjected
to frequency-variable infrared radiation from the FEL.
Varying the laser frequency step by step, we observed at
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the RCN, in collaboration with Prof. Knut Børve, University of Bergen. Our objective is to describe the essential
molecular factors, at the most fundamental level, that
govern how CO2 forms covalent bonds to hydrogen and
carbon, mediated by electrons and catalysed by specific
metals. This knowledge is relevant to large-scale processes in which CO2 is converted to commodity chemicals
and polymers — and of course to biological CO2 fixation.
(1) Dossmann, H. S.-L.; Afonso, C.; Lesage, D.; Tabet,
J.-C.; Uggerud, E. Angew. Chem. Int. Ed. 2012, 51, 6938.
(2) Miller, G. B. S.; Esser, T. K.; Knorke, H.; Gewinner,
S.; Schöllkopf, W.; Heine, N.; Asmis, K. R.; Uggerud,
E. Angew. Chem. Int. Ed. 2014, 53, 14407.

Highlight: Simulation of vibrational
spectroscopic experiments
with Wilson
CTCC

The Centre for Theoretical
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Magnus Ringholm

annual report 2016

Molecules can move in different ways — they can fly
through space, they can rotate and they can vibrate. Our
group is particularly interested in studying the latter —
the vibrations — from the perspective of quantum chemistry. In a project funded by the RCN from the fall of 2016,
we look closely at the vibrational motions that a molecule
can have and develop methods to simulate a broad class
of experiments that involve such vibrations.
Molecules can be made to vibrate by shining light on
them — predominantly infrared light. If that light has the
right wavelength, the quantum state corresponding to
the vibrational part of the molecular wave function can
be excited in a way that is characteristic of the molecular
system. This is exploited in the well-known experimental
technique of infrared spectroscopy, where an infrared
laser pulse is beamed onto the sample and vibrational
motion is induced in a way that can be detected and
presented as a spectrum. However, it is also possible to
subject the molecule to several different laser pulses of
different wavelengths, in order to create a complicated

sequence of vibrational excitations that affords a richer
and more detailed probing of molecular structural properties: In the class of experiments called wave-mixing
phenomena, the sample is struck by a number of laser
pulses in rapid succession, and the spectra thus produced
may depend on several wavelength variables and thereby
convey large amounts of information about the molecular system. Advanced versions of such experiments have
been developed recently and have gained considerable
interest among researchers.
These techniques are appealing because they permit
modes of analysis that are difficult or impossible to attain with conventional techniques, such as (1) probing of
interactions between the molecule’s characteristic vibrational motions, anharmonic effects, which can be used for
detailed analysis of molecular structural features; (2) isolating the detected signal to include only those molecules
that are situated at phase interfaces or surfaces, useful for
investigating processes at the surface of a cell or a catalyst
or processes taking place at a gas-liquid boundary; and

Results from a pilot version of WILSON suggest that characteristic 2D-IR spectral features may differ between geometrically similar isomers and
could therefore be used for fingerprinting, as shown above for the cis and trans isomers of formic acid.
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(3) tailoring the detection — for example, by adding visible-range pulses so that vibrational interactions taking
place in the infrared range can be detected and probed as
a visible-range output signal.
To simulate such experiments, we are developing a
program called WILSON, named after the US spectroscopist Edgar Bright Wilson (1908–1992). WILSON starts
from the fundamental quantum-mechanical equations
that govern molecular time behaviour. Using a recursive algorithmic approach, it then determines what will
happen in an arbitrary wave-mixing experiment involving molecular vibrations. This will provide both an
improved basis for the interpretation of well-established
experiments in this field and facilitate the design of new
experimental techniques that have not been tried before.
WILSON generates various mathematical expressions
that must be evaluated to produce the spectrum from the
desired experiment. These expressions involve molecular quantities called response properties, which are in

themselves difficult to determine. Luckily, the program
OpenRSP — another product of the CTCC — can calculate these properties with the help of other programs developed by us or by collaborating groups. Furthermore,
our project includes upgrading the OpenRSP functionality to incorporate effects from the surroundings of the
molecule of interest into the calculated response properties with the recently developed polarizable embedding
models. Our projects therefore both draws on our previous accomplishments and adds significant advances of
its own.
The theoretical basis underlying WILSON is now
close to maturity and a pilot version of the program has
been made. We are working on a full-fledged program,
refining its functionality and theoretical foundation
based on initial results and contact with experimentalists,
and exploring new spectroscopic phenomena and applications with the improved accuracy that the polarizable
embedding approach can offer.

Highlight: An in-silico high-magnetic
field laboratory
Erik Tellgren

When magnetic fields become strong enough to compete with other forces, new exotic physics and chemistry
emerges. Well beyond the present laboratory experiments,
such strong magnetic fields can arise on white dwarf stars
— even stronger fields arise on neutron stars. For example, hydrogen atoms lose their spherical symmetry and
become slightly prolate like rugby balls. Many charged
ions that are not bound under terrestrial conditions can
be become bound in such extreme environments.
By contrast, magnetic fields in chemical experiments
are typically weak in the sense that they only slightly per-
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turb the electrons in a molecule, rather than dramatically
changing its properties. This is reflected in the computational methods — most quantum chemistry software
elevates this typical situation to a model assumption to
gain efficiency. To simulate molecules in strong magnetic
fields, research at CTCC developed the LONDON program, named after the German physicist Fritz London
and his technique for improving the accuracy of calculated magnetic properties. Over time, several projects at
CTCC have come to be centred around LONDON.
First, what happens to molecular systems in strong
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fields remains relatively unexplored, as most astrophysical research is focused on atoms. Calculations with
LONDON have shown that magnetic forces stabilize
anti-bonding orbitals in hydrogen and helium molecules.
The stabilization is sufficiently large to enable new type of
chemical bonding.
Second, several quantum-chemical methods that take
into account the explicit correlation of electrons are implemented in LONDON. The most accurate (and computationally expensive) can be used to understand and
improve the less accurate (and computationally cheaper)
methods. Specifically, one of the most widely applied
methods — namely, density functional theory (DFT) —
is based on the remarkable fact that the electron density
determines all the other ground-state properties of a system. The combination of this formal mathematical result
with practical approximations has become a standard
method for molecules that are too large to be treated with
more accurate, wave-function-based methods. However,
the theory requires modification in the presence of magnetic fields, which necessitates working with the current
density in addition to the electron density. Most conventional approximations give a relatively poor description
of molecules in magnetic fields and little is known about
how to properly incorporate current density information
to improve the description. Here, LONDON provides a
valuable tool enabling results obtained with density functional approximations to be compared to more accurate
methods.
Third, magnetic fields that are not uniform but vary
over space give rise to novel phenomena and new challenges for density-functional methods. Molecules in
non-uniform fields are currently being studied by Dr.
Sangita Sen and myself, financed by a grant from the
RCN. One phenomenon studied is the breaking of a special symmetry related to spin. Each electron carries an
intrinsic angular momentum or magnetic moment called
“spin”. Under normal conditions, the spins of different
electrons are coordinated with each other to form specific states and only quantized values are possible for the
total spin. In a non-uniform magnetic field, this internal

coordination of spins must compete with the tendency of
the electron spins to align with the local magnetic field
direction. As a result, spin symmetry is broken — the
total spin is no longer quantized. Many transitions between the ground state and excited states that normally
do not occur because the spin states are in incompatible
quantized states can then become possible.
During 2016, work has focused on two main projects.
Using the LONDON program, we have investigated
the relative importance of spin effects and other effects
when molecules are subjected to nonuniform magnetic.
Preliminary findings indicate that the former effects
dominate. Another project has analysed the relationship
between the kinetic energy and the spin density of a
spin-symmetry broken system. This leads to the generalization of an old result due to von Weizsäcker on the
relationship between kinetic energy and electron density.
von Weizsäcker’s result has played multiple important
roles in DFT. The new generalization is likely to be useful
in extensions of DFT for spin-symmetry broken systems.

Spin density in a benzene molecule subject to a magnetic
field (not shown) directed along concentric circles. Black
arrows indicate the direction and colours the magnitude
of the spin density at each point. Normally, each arrow
would be parallel or anti-parallel to a single global axis,
but here the arrows align to the local field to the extent
that other forces allow.
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The 2016 Almlöf–Gropen Lecturer was Professor Emily
Carter from Princeton University, USA. Emily Carter is
Gerhard R. Andlinger Professor in Energy and the Environment and Professor of Mechanical and Aerospace
Engineering & Applied and Computational Mathematics at the Department of Mechanical and Aerospace Engineering, Princeton University. She received her B.S.
in Chemistry from UC Berkeley in 1982 and her Ph.D.
in Chemistry from Caltech in 1987. She is the author of
more than 335 publications and has delivered more than
500 invited lectures all over the world. She is the recipient
of numerous awards and honours.
The starting point for Carter’s lecture Quantum Solutions for a Sustainable Energy Future, given in Tromsø
on 13 June and in Oslo on 17 June, was the observation
that the current energy landscape is unsustainable, with
the burning of fossil fuels causing tremendous harm to
the planet and threatening the survivability of civilization. Carter showed how quantum-mechanical methods
can be used to explore the viability of alternative clean
energy strategies for conversion of sunlight to electricity
and fuels, clean and efficient combustion of biodiesel,
and optimization of robust materials for fusion reactor
walls. Her lectures were very well attended (see photos
from Oslo) and enthusiastically received—not only by
members of the CTCC but also other members of the
departments in Tromsø and Oslo.
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The Almlöf–Gropen Lecture Series was established
by the CTCC to honour the memory of two pioneers
of quantum chemistry in Norway: Prof. Jan Almlöf
(1945–1996) at the University of Oslo and Prof. Odd Gropen (1941–2005) at the University of Tromsø. Previous
Almlöf–Gropen speakers are Bjørn Roos, (University of
Lund, 2008), Tom Ziegler (University of Calgary, 2009),
Michele Parrinello (ETH Zürich, 2010), Pekka Pyykkö
(University of Helsinki, 2011), Harry B. Gray (Caltech,
2012), Fritz Schaefer (University of Georgia, 2013), Leo
Radom (University of Sydney, 2014), and Arieh Warshel
(University of Southern California, 2015).

CTCC Summer Mini-Symposium

Department of Chemistry, University of Oslo,The23Centre
Junefor2016
Theoretical
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The simultaneous visit of three prominent scientists to
the CTCC prompted a Summer Mini-Symposium at the
Department of Chemistry, University of Oslo on 23 June.
The first talk, Active-space state-selective multi-reference
coupled-cluster method (CASCC), was given by Prof. Ludwik Adamowicz of the Department of Chemistry and Biochemistry, University of Arizona. Adamowicz has been a
regular visitor to the CTCC during the summer months,
collaborating with CTCC members Dr. Erik Tellgren and
Prof. Trygve Helgaker. Adamowicz is a pioneer of coupled-cluster theory and the first postdoc of Prof. Rod
Bartlett at the Quantum Theory Project, the University
of Florida, the second speaker at the symposium. Bartlett’s deep association with coupled-cluster theory was

hinted at in the title of his talk: The transition to the dark
side: making Kohn–Sham DFT give the right answer for
the right reason. On the day after, Bartlett gave his own
account of the emergence of coupled-cluster theory with
his talk, The Force Awakens: Evolution of the gold standard in quantum chemistry, coupled-cluster theory and its
applications. The final talk of the mini-symposium, Single
vs. double carbon–carbon bond: a new role in cellular biology, was delivered by Prof. Stefano Vanni from Institut de
pharmacologie moleculaire et cellularie, Université Nice
Sophia Antipols and CNRS, a visitor to Assoc. Prof. Michele Cascella at the CTCC. All talks were followed by
lively discussions and were very well received.

Rod Bartlett (left), Ludwick Adomowicz with Simen Kvaal (middle), and Stefano Vanni (right).
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CTCC members
Principal Scientists
Bjørn-Olav
Brandsdal
Professor
UiT

Abhik Ghosh
Professor
UiT
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Associate
Professor
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Professor
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Mats Tilset
Professor
UiO

Researchers
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Tor Flå
Professor
UiT

Trygve Helgaker
Professor
UiO

Thomas Bondo
Pedersen
Associate
Professor
UiO

Kenneth Ruud
Professor
UiT

Einar Uggerud
Professor
UiO

Kathrin
Hopmann
UiT

Simen Kvaal
UiO

David Balcells
UiO

Erik Tellgren
UiO

Ulf Egil
Ekström
UiO

Heike Fliegl
UiO

Bin Gao
UiT

Peter Wind
UiT

Lukas Wirz
UiO

Mauritz
Ryding
UiO

Stanislav
Komorovsky
UiT

Espen Sagvolden
UiO
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Postdocs
Gustav
Baardsen
UiO

Alex Borgoo
UiO

Daniel Friese
UiT

Kacper Blaziak
UiO
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UiT
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Geir Isaksen
UiT

Ainara Nova
UiO

Clemens
Woywod
UiT

Yann
Cornaton
UiT

Stig Rune
Jensen
UiT

Elena Platania
UiO

Rolf Heilemann
Myhre
UiO

Andrea
Debnarova
UiO

Mehboob Alam
UiT

Elisa
Rebolini
UiO

Sangita Sen
UiO

Taye B.
Demissie
UiT

Andre
Laestadius
UiO

Magnus
Ringholm
UiT

Hima Bindu
Kolli
UiO

Hima Bindu
Kolli
UiO

Elke Fasshauer
UiT

Hugo Vazquez
Lima
UiT

Karen Oda Hjort
Dundas
UiT

Maarten
Beerepoot
UiT

Audun Skau
Hansen
UiO

Jon Austad
UiO

Roberto Di
Remigio
UiT

Tor-Arne
Andberg
UiT

Birta Ravdna
Sarre
UiT

Chandan
Kumar
UiO

Ljiljana Pavlovic
UiT

Karl R.
Leikanger
UiO

Marius
Kadek
UiT

Raphael Mathias
Peltzer
UiO

Davide
Michetti
UiT

Glenn B.S.
Miller
UiO

Lluis Artus
Suarez
UiO

Sarah Reimann
UiO

Benedicte
Ofstad
UiO

Sigbjørn
Løland Bore
UiO

PhD students
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Affiliates
Inge Røeggen
Professor
emeritus
UiT

Harald
Møllendal
Professor
emeritus
UiO

Claus Jørgen
Peter Klæboe
Nielsen
Professor
Professor
emeritus
UiO
UiO
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Svein Samdal
Professor
UiO

Administrative Staff
Stig Eide
Head of
Administration
UiT

Jan Ingar Johnsen
Head of
Administration
UiO

Senior Engineers
Niels H.
Andersen
UiO

Simen
Reine
UiO

John
Vedde
UiO

Michal
Repisky
UiT

Osamu
Sekiguichi
UiO

Adjunct Professors
Odile Eisenstein
Professor II
UiO

Arne Karlsson
Associate
Professor II
UiO

Board of Directors

Professor Fred
Godtliebsen

Vice Dean of the Faculty of
Science, University of Tromsø,

Chairman of the board
Professor Ragnar
Winther

Department of Mathematics,
University of Oslo

Andrew Michael
Teale
Professor II
UiO

Professor Anne Britt
Kolstø
University of Oslo

Dr. Nina Aas
Aker BP

Vice-chairman of the board

Associate Professor
Ole Swang

Centre for Material Sciences
and Nanotechnolgy , University
of Oslo, and SINTEF Materials
and Chemistry, Oslo

Scientific Advisory Board
Professor Kersti
Hermansson

Uppsala University,
Sweden
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Professor
Gunnar Nyman
University of
Gothenburg

Professor
Mike Robb

Imperial College London, UK

Magical Mystery Tour of Electron Correlation
The Norwegian Academy of Science and Letters, Oslo,The
24–26
October 2016
Centre for Theoretical
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In October 2016, Prof. Trygve Helgaker, Assoc. Prof.
Thomas Bondo Pedersen, and Dr. Simen Reine organized a three-day meeting at the Norwegian Academy
of Science and Letters in honour of Prof. Jeppe Olsen of
Aarhus University, Denmark, on the occasion of his 60th
birthday. At the conference, 31 speakers from 9 different
countries presented their latest work in electronic-structure theory, ranging from advanced computational studies to the latest methodological work. Emphasis was on
molecular response theory and electron correlation, areas where Olsen has contributed strongly since the early
1980s.

Jeppe Olsen outside McDonalds’s in Aabybro in Denmark
April 2015

Participants of the Magical Mystery Tour conference

CTCC Spring Meeting

Scandic Alta Hotel, Alta, 5–7 April 2016
The CTCC spring meeting was held at Scandic Hotel Alta on 5–7 April 2016. The meeting gathered 44 participants with 19 seminars
divided into 7 sessions. The topics reflected
the broad research activities within the Centre, ranging from mesoscale and coarse-grain
modeling of biological systems to relativistic
real-time time-dependent DFT calculations.
In addition, one keynote lecture was given by
Prof. Odile Eisenstein “Elucidating the Link
between NMR Chemical Shifts and Electronic Structure in d0 Olefin Metathesis Catalysts”.

CTCC group picture by dr. Elke Fasshauer
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Title

Period from-to

Lucas Konecny

master student

01.01.2016 – 01.12.2016

Pi Bresling Haase

master student

01.01.2016 – 17.02.2016

Antonio Rizzo

professor

14.02.2016 – 22.02.2016

Jaka Socan

PhD student

09.03.2016 – 21.03.2016

Petr Bour

professor

22.03.2016 – 03.04.2016

Jiri Kessler

PhD student

22.03.2016 – 03.04.2016

Jiri Prusa

PhD student

22.03.2016 – 03.04.2016

Jeanet Conradie

professor

20.04.2016 – 22.05.2016

Radek Marek

professor

16.05.2016 – 30.05.2016

Jan Novotny

postdoc

16.05.2016 – 27.05.2016

Daniel Crawford

professor

21.05.2016 – 26.05.2016

Jan Vicha

postdoc

22.05.2016 – 29.05.2016

Pawel Kozlowski

professor

29.05.2016 – 22.06.2016

Emily Carter

professor

12.06.2016 – 14.06.2016

Hugo Vazquez-Lima

postdoc

01.10.2016 – 22.10.2016

Troels Skrydstrup

professor

18.10.2016 – 20.10.2016
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Period from-to

Odile Eisenstein

professor

01.04.2016 – 15.04.2016

Patrick Melvin

PhD student

01.02.2016 – 30.04.2016

Robert Izsak

researcher

27.01.2016 – 30.01.2016

Stefan Philipp Jaschonek

PhD student

01.01.2016 – 31.03.2016

Andrew Michael Teale

assistant Professor

15.04.2016 – 22.04.2016

Anand Thirumalai

assistant Professor

01.05.2016 – 31.07.2016

Lalita Uribe

PhD student

22.04.2016 – 29.04.2016

Babak Minofar

researcher

25.04.2016 – 27.04.2016

Rod Bartlett

professor

22.06.2016 – 26.06.2016

Emily Carter

professor

14.06.2016 – 19.06.2016

Scott Gronert

professor

08.06.2016 – 10.06.2016

Jean-Claude Guillemin

professor

19.08.2016 – 26.08.2016

Ludwik Adamowicz

professor

17.06.2016 – 01.07.2016

Odile Eisenstein

professor

10.06.2016 – 24.06.2016

Stefano Vanni

CNRS researcher

22.06.2016 – 24.06.2016

Ashwani Kumar Tiwari

associate Professor

08.06.2016 – 11.06.2016

Javier Grajeda

PhD student

16.08.2016 – 31.12.2016

Natalie Schieber

PhD student

01.09.2016 – 31.12.2016

Daniel Haxton

researcher

04.09.2016 – 19.09.2016

Giuseppe Milano

professor

19.08.2016 – 26.08.2016

Antonio De Nicola

postdoc

19.08.2016 – 26.08.2016

Taku Onishi Assistant

professor

29.08.2016 – 30.09.2016

Hans Peter Luthi

professor

10.09.2016 – 13.09.2016

Odile Eisenstein

professor

19.09.2016 – 24.09.2016

Peter Taylor

professor

27.10.2016 – 27.10.2016

Natalie Gilka

researcher

27.10.2016 – 27.10.2016

Odile Eisenstein

professor

09.12.2016 – 23.12.2016
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Assistant Professor Anand Thirumalai at DigiPen Institute of Technology in Redmond, Washington
is an astrophysicist working on atoms in the atmospheres of white dwarf stars and neutron stars. He
has visited the CTCC three times since 2015, as part of an ongoing collaboration of the CTCC with
dr. Anand Thirumalai and Prof. Jeremy Heyl at the University of British Columbia, Canada.

– Why did you choose to visit CTCC and how did you
learn about the CTCC and its visitor program?
Having worked in the area of computational atomic
structure for a number of years, I was aware of the many
significant contributions to this field by various faculty
members of CTCC since about 2011. In particular, I knew
about the landmark study carried out by Dr. Helgaker,
Dr. Tellgren and Dr. Lange in 2012 on the computational
discovery of the existence of nature’s third type of strong
chemical bond, the so-called perpendicular paramagnetic bond. In the field of atomic and molecular structure
pertinent to astrophysics, this outstanding result heralded
the ushering in of a new field of study - that of molecules
in truly extreme environments and subsequently, a rather
unique merger between two disparate areas of research.
The focus of my research is compact objects, which
are the remnants of stellar evolution. Collectively these
are white dwarfs and neutron stars, and these are nature’s
most extreme laboratories. Nearly all the photons that we
receive from these objects originate from their thin but
astronomically dense, hot and highly magnetised atmospheres. For an astronomer, the key to beginning to understand these objects, which represent myriad physical
phenomena at the very frontiers of physics, lies, first and
foremost, in forming a clear and precise interpretation of
their spectra. However, a proper interpretation of their
spectra is impossible without a wealth of atomic and
now molecular data - a realm which is the computational
chemist’s bread and butter, and at the same time, an astrophysicist’s need of the hour.
As I was nearing the end of my postdoctoral fellowship
at Arizona State University (ASU) in 2015, I got in touch
with Dr. Helgaker regarding starting a collaborative project to study molecules in the atmospheres of compact
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objects, combining the world-class computational and
theoretical expertise at CTCC with astrophysical input
from myself and my collaborator Dr. Jeremy Heyl at the
University of British Columbia, in Vancouver, Canada. I
was first invited by Dr. Helgaker to visit UiO very briefly
in April of 2015 and later, I was able to spend about 7-8
weeks in the summer of 2015 at UiO working closely with
Dr. Helgaker, Dr. Tellgren and Dr. Lange on thrashing
out the scope of the project. The following year, the same
visitor’s program enabled me to visit for a longer period, just shy of 3 months in the summer to work in more
depth on the project and make preliminary headway
in molecular calculations for the hydrogen molecule in
strong magnetic fields.
Now, a year and a half after initially getting in touch
with Dr. Helgaker in April 2015, our collaborative project
is well underway, thanks to the peerlessly generous and
welcoming patronage of CTCC’s visitor program, and I
am very grateful for CTCC’s inspirational mentoring and
nurturing of visiting young researchers.
– In what way was the stay at CTCC important for your
scientific activities?
My stay at CTCC was crucial for establishing a longterm collaborative research project. My work is outside
the realm of expertise of astrophysicists, and by virtue
of the fact that the study involves astronomically strong
magnetic fields, which can only be found in white dwarfs
and neutron stars, it also gets placed at the very periphery
of the eminent field of study of molecular structure and
computational chemistry. Therefore, my stay at CTCC
enabled me to work closely with CTCC researchers and
faculty and begin asking the big questions in an area of
research which lies in the intersection of a strange Venn
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diagram of fields of study.
It enabled to me to begin work on numerous projects
by collaborating with different researchers. In addition
to working on the big question of molecules in strong
magnetic fields with Dr. Helgaker and Dr. Tellgren, I now
also have a couple other different ideas, that I am collaborating on with current and former researchers at CTCC.
Moreover, during my stay at CTCC, I was invited
to give talks at conferences both in Norway and across
the Atlantic in USA, with the costs covered by CTCC this was extremely generous and was crucial in giving a
young researcher such as myself the opportunity to present my work and visibility in the scientific community.
Also, as a visiting researcher at CTCC, I was given access
to computing resources available to UiO researchers,
which enabled me to make headway in my collaborative
projects. I was also able to expand my research interests
through conversations with other researchers at CTCC,
and thanks to CTCC’s visitor program, this has all ultimately enabled me to be more creative and productive as
a scientist.
– How did you find the working conditions and social
and scientific environment at the CTCC?
The working conditions at CTCC were absolutely
superb. The CTCC administrative staff are both kind and
understanding and often go out of their way to help visiting researchers. I felt very welcomed and through various
social gatherings such as barbecues and restaurant outings, I felt very much at home with the CTCC faculty and
staff and made many genuine friendships.
The scientific environment at CTCC is truly outstanding. The researchers and faculty are not only among the
best in the field, they are also very open to collaborations,
which is crucial for cross-fertilisation of ideas, and indeed, for asking the big questions. Working at CTCC for
me has been completely enjoyable and inspirational from
a scientific point of view and thoroughly pleasant from a
social point of view, and indeed, I look forward visiting
CTCC again.

– How did you find Norway in general and Tromsø in
particular?
I feel that Norway is a very special country, which
has a very special place in my heart. I have had the opportunity to visit various part of this beautiful country
during my stays and each experience has enriched me. I
have had the chance to visit Bergen, Stavanger, and also
Harstad and Tromsø in the north. During my stay in Oslo,
I have walked around nearly every part of this beautiful
city and gone walking everyday in the surrounding woods
that nestle Oslo. There are few places in the world where
the confluence of hills, mountains, fjords and the sea can
be found in one place, let alone in such picturesque and
awe-inspiring beauty. The past two summers in Oslo I
have taken so many photos that I have run out of space
on my computer to store them! The people in Oslo and
indeed in other parts of Norway that I have visited are very
friendly and welcoming. I have found in my interactions
with Norwegians that their advanced sense of morality
and consonance with the nuances of the world’s social
issues that were readily apparent to me through everyday
conversations, is something that the rest of the world
should aspire to and indeed, would do well to learn from.
Thanks to the CTCC visitor program, I therefore feel
not only thoroughly supported and encouraged as a scientist, but also feel that my experiences in Norway and Oslo
in particular, have enriched me in immeasurable ways.
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Total Revenue and Expenditure Figures

CTCC

Faktisk finansiering av all faglig aktivitet ved senteret ( i tusen kroner)
Egenfinansiering

The Centre for Theoretical
and Computational Chemistry
2016

annual report 2016
7 186

Innbetaling fra samarbeidspartner(e) til vertsinstitusjonen

0

Egenfinansiering hos samarbeidspartnere (in kind)

0

Forskningsrådet (SFF-bevilgning)

8 280

Eksterne prosjektmidler som inngår i kontrakten

0

Sum finansiering av senteret som avtalt i kontrakten

15 466

Finansiering av prosjekter med faglig tilknytning til senteret
Andre prosjektmidler fra Forskningsrådet
Internasjonale prosjektmidler
Offentlige prosjektmidler og annen offentlig finansiering
Private prosjektmidler og annen privat finansiering

11 150
7 777
0
808

Sum finansiering fra ekstern prosjekter

19 735

Finansiering av samlet faglig aktivitet

35 201

REGNSKAPSFØRTE KOSTNADER PÅ CTCC i tusen kroner
Lønn og sosiale kostnader
Driftskostnader
Sum kostnader

2016
14 347
1 846
16 193

Personellressurser på CTCC
Personellressurser i årsverk

45,7

Professorer, forskere o.l.

15,0

Doktorgradsstipendiater

12,6

Postdoktorstipendiater

11,0

Gjesteforskere

3,0

Teknisk/adm. Ansatte

4,1
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1. High Oxidation State Iridium Mono-mu-oxo Dimers
Related to Water Oxidation Catalysis By: Shaminghausen, Liam S.; Sinha, Shashi Bhushan; Shopov,
Dimitar Y.; et al. JOURNAL OF THE AMERICAN
CHEMICAL SOCIETY Volume: 138 Issue: 49 Pages:
15917-15926 Published: DEC 14 2016
2. Acceleration of Relativistic Electron Dynamics by
Means of X2C Transformation: Application to the
Calculation of Nonlinear Optical Properties By:
Konecny, Lukas; Kadek, Marius; Komorovsky, Stanislav; et al. JOURNAL OF CHEMICAL THEORY
AND COMPUTATION Volume: 12 Issue: 12 Pages:
5823-5833 Published: DEC 2016
3. Calculations of magnetically induced current densities: theory and applications By: Sundholm, Dage;
Fliegl, Heike; Berger, Raphael J. F. WILEY INTERDISCIPLINARY REVIEWS-COMPUTATIONAL
MOLECULAR SCIENCE Volume: 6 Issue: 6 Pages:
639-678 Published: DEC 2016
4. How Accurate is DFT for Iridium-Mediated Chemistry? By: Hopmann, Kathrin H. ORGANOMETALLICS Volume: 35 Issue: 22 Pages: 3795-3807 Published: NOV 28 2016
5. Calculation of NMR Spin-Spin Coupling Constants
in Strychnine By: Helgaker, Trygve; Jaszunski, Michal; Swider, Pawel JOURNAL OF ORGANIC
CHEMISTRY Volume: 81 Issue: 22 Pages: 1149611500 Published: NOV 18 2016
6. Probing the ATP-Binding Pocket of Protein Kinase
DYRK1A with Benzothiazole Fragment Molecules
By: Rothweiler, Ulli; Stensen, Wenche; Brandsdal,
Bjorn Olav; et al. JOURNAL OF MEDICINAL
CHEMISTRY Volume: 59 Issue: 21 Pages: 9814-9824
Published: NOV 10 2016
7. New quantum number for the many-electron
Dirac-Coulomb Hamiltonian By: Komorovsky, Stanislav; Repisky, Michal; Bucinsky, Lukas PHYSICAL
REVIEW A Volume: 94 Issue: 5 Article Number:
052104 Published: NOV 8 2016
8. Structure, substitution and hydrolysis of Bis(trifluorobenzoylacetonato-O,O’)dichloro titanium(IV):

9.

10.

11.

12.

13.

14.

15.

An experimental and computational study By: Kuhn,
Annemarie; Tischlik, Sonja; Hopmann, Kathrin H.;
et al. INORGANICA CHIMICA ACTA Volume: 453
Pages: 345-356 Published: NOV 1 2016
Unraveling sigma and pi Effects on Magnetic Anisotropy in cis-NiA(4)B(2) Complexes: Magnetization,
HF-HFEPR Studies, First-Principles Calculations,
and Orbital Modeling By: Charron, Gaelle; Malkin,
Elena; Rogez, Guillaume; et al. CHEMISTRY-A EUROPEAN JOURNAL Volume: 22 Issue: 47 Pages:
16848-16860 Published: NOV 2016
Open-ended response theory with polarizable embedding: multiphoton absorption in biomolecular
systems By: Steindal, Arnfinn Hykkerud; Beerepoot,
Maarten T. P.; Ringholm, Magnus; et al. PHYSICAL
CHEMISTRY CHEMICAL PHYSICS Volume: 18 Issue: 40 Pages: 28339-28352 Published: OCT 28 2016
Density Functional Study of Oxygen Insertion into
Niobium-Phosphorus Bonds: Novel Mechanism for
Liberating P-3(-) Synthons By: Morello, Glenn R.;
Cundari, Thomas R. ORGANOMETALLICS Volume: 35 Issue: 20 Pages: 3624-3634 Published: OCT
24 2016
Long-Range Interatomic Coulombic Decay in ArXe
Clusters: Experiment and Theory By: Foerstel, Marko; Mucke, Melanie; Arion, Tiberiu; et al. JOURNAL
OF PHYSICAL CHEMISTRY C Volume: 120 Issue:
40 Pages: 22957-22971 Published: OCT 13 2016
Chiral recognition by fullerenes: CHFClBr enantiomers in the C-82 cage By: Dodziuk, Helena; Ruud,
Kenneth; Korona, Tatiana; et al. PHYSICAL CHEMISTRY CHEMICAL PHYSICS Volume: 18 Issue: 37
Pages: 26057-26068 Published: OCT 7 2016
Synthesis of Co-II-NO- Complexes and Their Reactivity as a Source of Nitroxyl By: Walter, Melody R.;
Dzul, Stephen P.; Rodrigues, Andria V.; et al. JOURNAL OF THE AMERICAN CHEMICAL SOCIETY
Volume: 138 Issue: 38 Pages: 12459-12471 Published:
SEP 28 2016
Dinitrogen-Facilitated Reversible Formation of a
Si-H Bond in a Pincer-Supported Ni Complex By:
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16.

17.

18.

19.

20.

21.

22.

26

Charboneau, David J.; Balcells, David; Hazari, Nilay;
et al. ORGANOMETALLICS Volume: 35 Issue: 18
Pages: 3154-3162 Published: SEP 26 2016
Mercury Methylation by Cobalt Corrinoids: Relativistic Effects Dictate the Reaction Mechanism By: Demissie, Taye B.; Garabato, Brady D.; Ruud, Kenneth;
et al. ANGEWANDTE CHEMIE-INTERNATIONAL EDITION Volume: 55 Issue: 38 Pages: 11503-11506
Published: SEP 12 2016
Metallocorrole Interactions with Carbon Monoxide, Nitric Oxide, and Nitroxyl-A DFT Study of
Low-Energy Bound States By: Vazquez-Lima, Hugo;
Conradie, Jeanet; Ghosh, Abhik INORGANIC
CHEMISTRY Volume: 55 Issue: 17 Pages: 8248-8250
Published: SEP 5 2016
Demetalation of copper undecaarylcorroles: Molecular structures of a free-base undecaarylisocorrole
and a gold undecaarylcorrole By: Capar, Jan; Zonneveld, Job; Berg, Steffen; et al. JOURNAL OF INORGANIC BIOCHEMISTRY Volume: 162 Pages:
146-153 Published: SEP 2016
Synthetic and Computational Studies on the Rhodium-Catalyzed Hydroamination of Aminoalkenes
By: Strom, Alexandra E.; Balcells, David; Hartwig,
John F. ACS CATALYSIS Volume: 6 Issue: 9 Pages:
5651-5665 Published: SEP 2016
Magnetic properties with multiwavelets and DFT:
the complete basis set limit achieved By: Jensen,
Stig Rune; Fla, Tor; Jonsson, Dan; et al. PHYSICAL
CHEMISTRY CHEMICAL PHYSICS Volume: 18
Issue: 31 Pages: 21145-21161 Published: AUG 31 2016
Complete analytic anharmonic hyper-Raman scattering spectra By: Cornaton, Yann; Ringholm, Magnus; Ruud, Kenneth PHYSICAL CHEMISTRY
CHEMICAL PHYSICS Volume: 18 Issue: 32 Pages:
22331-22342 Published: AUG 28 2016
Mechanism and Site Selectivity in Visible-Light Photocatalyzed C-H Functionalization: Insights from
DFT Calculations By: Demissie, Taye B.; Hansen,
Jorn H. JOURNAL OF ORGANIC CHEMISTRY
Volume: 81 Issue: 16 Pages: 7110-7120 Published:

| CTCC – Annual Report 2016

23.

24.

25.

26.

27.

28.

29.

AUG 19 2016
Double-decker bis(tetradiazepinoporphyrazinato)
rare earth complexes: crucial role of intramolecular
hydrogen bonding By: Tarakanova, Ekaterina N.;
Trashin, Stanislav A.; Simakov, Anton O.; et al. DALTON TRANSACTIONS Volume: 45 Issue: 30 Pages:
12041-12052 Published: AUG 14 2016
Electronic Structure of Small Surfactants: A Continuum Solvation Study By: Mozgawa, Krzysztof; Frediani, Luca JOURNAL OF PHYSICAL CHEMISTRY
C Volume: 120 Issue: 31 Pages: 17501-17513 Published:
AUG 11 2016
A Global Analytical Representation of the Potential
Energy Surface of the FHF- Anion By: Cornaton,
Yann; Marquardt, Roberto JOURNAL OF PHYSICAL CHEMISTRY A Volume: 120 Issue: 30 Pages:
5959-5968 Published: AUG 4 2016
Building a Minimum Frustration Framework for
Brain Functions Over Long Time Scales By: Tozzi,
Arturo; Fla, Tor; Peters, James F. JOURNAL OF
NEUROSCIENCE RESEARCH Volume: 94 Issue: 8
Pages: 702-716 Published: AUG 2016
Comparison of Three Efficient Approximate Exact-Exchange Algorithms: The Chain-of-Spheres
Algorithm, Pair-Atomic Resolution-of-the-Identity
Method, and Auxiliary Density Matrix Method By:
Rebolini, Elisa; Izsak, Robert; Reine, Simen Sommerfelt; et al. JOURNAL OF CHEMICAL THEORY
AND COMPUTATION Volume: 12 Issue: 8 Pages:
3514-3522 Published: AUG 2016
Analytical State-Average Complete-Active-Space
Self-Consistent Field Nonadiabatic Coupling Vectors:
Implementation with Density-Fitted Two-Electron
Integrals and Application to Conical Intersections By:
Galvan, Ignacio Fdez.; Delcey, Mickael G.; Pedersen,
Thomas Bondo; et al. JOURNAL OF CHEMICAL
THEORY AND COMPUTATION Volume: 12 Issue:
8 Pages: 3636-3653 Published: AUG 2016
Gold Tris(carboxyphenyl)corroles as Multifunctional Materials: Room Temperature Near-IR Phosphorescence and Applications to Photodynamic Ther-
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30.

31.

32.

33.

34.

35.

apy and Dye-Sensitized Solar Cells By: Alemayehu,
Abraham B.; Day, Nicholas U.; Mani, Tomoyasu; et
al. ACS APPLIED MATERIALS & INTERFACES
Volume: 8 Issue: 29 Pages: 18935-18942 Published:
JUL 27 2016
Gauge-Origin Independent Calculations of the Anisotropy of the Magnetically Induced Current Densities By: Fliegl, Heike; Juselius, Jonas; Sundholm,
Dage JOURNAL OF PHYSICAL CHEMISTRY A
Volume: 120 Issue: 28 Pages: 5658-5664 Published:
JUL 21 2016
Wolves in Sheep’s Clothing: -Oxo-Diiron Corroles
Revisited By: Ganguly, Sumit; Vazquez-Lima, Hugo;
Ghosh, Abhik CHEMISTRY-A EUROPEAN JOURNAL Volume: 22 Issue: 30 Pages: 10336-10340 Published: JUL 18 2016
Interpreting the Paramagnetic NMR Spectra of Potential Ru(III) Metallodrugs: Synergy between Experiment and Relativistic DFT Calculations By: Novotny, Jan; Sojka, Martin; Komorovsky, Stanislav; et
al. JOURNAL OF THE AMERICAN CHEMICAL
SOCIETY Volume: 138 Issue: 27 Pages: 8432-8445
Published: JUL 13 2016
Enzyme surface rigidity tunes the temperature dependence of catalytic rates By: Isaksen, Geir Villy;
Aqvist, Johan; Brandsdal, Bjorn Olav PROCEEDINGS OF THE NATIONAL ACADEMY OF SCIENCES OF THE UNITED STATES OF AMERICA
Volume: 113 Issue: 28 Pages: 7822-7827 Published:
JUL 12 2016
Ligand Noninnocence in Silver Corroles: A XANES
Investigation By: Sarangi, Ritimukta; Giles, Logan J.;
Thomas, Kolle E.; et al. EUROPEAN JOURNAL OF
INORGANIC CHEMISTRY Issue: 20 Pages: 32253227 Published: JUL 2016
NMR absolute shielding scale and nuclear magnetic dipole moment of Pb-207 By: Adrjan, Bozena; Makulski, Wlodzimierz; Jackowski, Karol; et al.
PHYSICAL CHEMISTRY CHEMICAL PHYSICS
Volume: 18 Issue: 24 Pages: 16483-16490 Published:
JUN 28 2016

36. Analysis of the magnetically induced current density of molecules consisting of annelated aromatic
and antiaromatic hydrocarbon rings By: Sundholm,
Dage; Berger, Raphael J. F.; Fliegl, Heike PHYSICAL
CHEMISTRY CHEMICAL PHYSICS Volume: 18
Issue: 23 Pages: 15934-15942 Published: JUN 21 2016
37. Microwave and Quantum Chemical Study of Intramolecular Hydrogen Bonding in 2-Propynylhydrazine (HC CCH2NHNH2) By: Mollendal, Harald;
Samdal, Svein; Guillemin, Jean-Claude JOURNAL
OF PHYSICAL CHEMISTRY A Volume: 120 Issue:
23 Pages: 4071-4078 Published: JUN 16 2016
38. Metalloporphyrin-Nitroxyl
Interactions:
The
Low-Energy States of Reduced Manganese, Iron, and
Cobalt Porphyrin Nitrosyls By: Conradie, Jeanet;
Ghosh, Abhik JOURNAL OF PHYSICAL CHEMISTRY B Volume: 120 Issue: 22 Pages: 4972-4979 Published: JUN 9 2016
39. Explicitly correlated second-order Moller-Plesset
perturbation theory in a Divide-Expand-Consolidate (DEC) context By: Wang, Yang Min; Haettig,
Christof; Reine, Simen; et al. JOURNAL OF CHEMICAL PHYSICS Volume: 144 Issue: 20 Article Number: 204112 Published: MAY 28 2016
40. H-Bonding of Sulfuric Acid with Its Decomposition
Products: An Infrared Matrix Isolation and Computational Study of the H2SO4 center dot H2O center
dot SO3 Complex By: Rozenberg, Mark; Loewenschuss, Aharon; Nielsen, Claus J. JOURNAL OF
PHYSICAL CHEMISTRY A Volume: 120 Issue: 20
Pages: 3450-3455 Published: MAY 26 2016
41. Origin-independent two-photon circular dichroism
calculations in coupled cluster theory By: Friese,
Daniel H.; Hattig, Christof; Rizzo, Antonio PHYSICAL CHEMISTRY CHEMICAL PHYSICS Volume:
18 Issue: 19 Pages: 13683-13692 Published: MAY 21
2016
42. New insights into aromatic pathways of carbachlorins and carbaporphyrins based on calculations of
magnetically induced current densities By: Benkyi,
Isaac; Fliegl, Heike; Valiev, Rashid R.; et al. PHYSI-
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43.

44.

45.

46.

47.

48.

49.

28

CAL CHEMISTRY CHEMICAL PHYSICS Volume:
18 Issue: 17 Pages: 11932-11941 Published: MAY 2 2016
Deciphering Selectivity in Organic Reactions: A
Multifaceted Problem By: Balcells, David; Clot, Eric;
Eisenstein, Odile; et al. ACCOUNTS OF CHEMICAL RESEARCH Volume: 49 Issue: 5 Pages: 10701078 Published: MAY 2016
CH3Cl, CH2Cl2, CHCl3, and CCl4: Infrared spectra,
radiative efficiencies, and global warming potentials
By: Wallington, Timothy J.; Pivesso, Bruno Pasquini; Lira, Alane Moura; et al. JOURNAL OF QUANTITATIVE SPECTROSCOPY & RADIATIVE
TRANSFER Volume: 174 Pages: 56-64 Published:
MAY 2016
Non-nearest neighbour ICD in clusters By: Fasshauer, E. NEW JOURNAL OF PHYSICS Volume: 18 Article Number: 043028 Published: APR 19 2016
Electron localisation function in current-density-functional theory By: Furness, James W.; Ekstrom,
Ulf; Helgaker, Trygve; et al. MOLECULAR PHYSICS Volume: 114 Issue: 7-8 Special Issue: SI Pages:
1415-1422 Published: APR 17 2016
Oxidation of NO center dot by small oxygen species HO2- and O-2(center dot-): the role of negative charge, electronic spin and water solvation By:
Ryding, Mauritz Johan; Fernandez, Israel; Uggerud, Einar PHYSICAL CHEMISTRY CHEMICAL
PHYSICS Volume: 18 Issue: 14 Pages: 9524-9536 Published: APR 14 2016
Computer Simulations Reveal Substrate Specificity
of Glycosidic Bond Cleavage in Native and Mutant
Human Purine Nucleoside Phosphorylase By: Isaksen, Geir Villy; Hopmann, Kathrin Helen; Aqvist,
Johan; et al. BIOCHEMISTRY Volume: 55 Issue: 14
Pages: 2153-2162 Published: APR 12 2016
Averaged Solvent Embedding Potential Parameters
for Multiscale Modeling of Molecular Properties By:
Beerepoot, Maarten T. P.; Steindal, Arnfinn Hykkerud;
List, Nanna Holmgaard; et al. JOURNAL OF CHEMICAL THEORY AND COMPUTATION Volume: 12
Issue: 4 Pages: 1684-1695 Published: APR 2016
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50. Rotational Spectrum, Conformational Composition, Intramolecular Hydrogen Bonding, and Quantum Chemical Calculations of Mercaptoacetonitrile
(HSCH2C equivalent to N), a Compound of Potential Astrochemical Interest By: Mollendal, Harald;
Samdal, Svein; Guillemin, Jean-Claude JOURNAL
OF PHYSICAL CHEMISTRY A Volume: 120 Issue:
12 Pages: 1992-2001 Published: MAR 31 2016
51. A polarizable continuum model for molecules at
spherical diffuse interfaces By: Di Remigio, Roberto;
Mozgawa, Krzysztof; Cao, Hui; et al. JOURNAL OF
CHEMICAL PHYSICS Volume: 144 Issue: 12 Article
Number: 124103 Published: MAR 28 2016
52. Multiconfigurational time-dependent Hartree method for fermions: Implementation, exactness, and
few-fermion tunneling to open space By: Fasshauer,
Elke; Lode, Axel U. J. PHYSICAL REVIEW A Volume: 93 Issue: 3 Article Number: 033635 Published:
MAR 21 2016
53. Computing UV/vis spectra using a combined molecular dynamics and quantum chemistry approach:
bis-triazin-pyridine (BTP) ligands studied in solution By: Hoefener, Sebastian; Trumm, Michael; Koke,
Carsten; et al. PHYSICAL CHEMISTRY CHEMICAL PHYSICS Volume: 18 Issue: 11 Pages: 7728-7736
Published: MAR 21 2016
54. Range-separated time-dependent density-functional theory with a frequency-dependent second-order
Bethe-Salpeter correlation kernel By: Rebolini, Elisa;
Toulouse, Julien JOURNAL OF CHEMICAL PHYSICS Volume: 144 Issue: 9 Article Number: 094107
Published: MAR 7 2016
55. Experimental and Theoretical Study of the OH-Initiated Photo-oxidation of Formamide By: Bunkan, Arne
Joakim C.; Mikoviny, Tomas; Nielsen, Claus J.; et al.
JOURNAL OF PHYSICAL CHEMISTRY A Volume:
120 Issue: 8 Pages: 1222-1230 Published: MAR 3 2016
56. Elucidating the Link between NMR Chemical Shifts
and Electronic Structure in d(0) Olefin Metathesis
Catalysts By: Halbert, Stephanie; Coperet, Christophe; Raynaud, Christophe; et al. JOURNAL OF THE
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57.

58.

59.

60.

61.

62.

63.

AMERICAN CHEMICAL SOCIETY Volume: 138
Issue: 7 Pages: 2261-2272 Published: FEB 24 2016
Molcas 8: New capabilities for multiconfigurational
quantum chemical calculations across the periodic
table By: Aquilante, Francesco; Autschbach, Jochen;
Carlson, Rebecca K.; et al. JOURNAL OF COMPUTATIONAL CHEMISTRY Volume: 37 Issue: 5 Pages:
506-541 Published: FEB 15 2016
Structure, NMR and Electronic Spectra of [m.n]
Paracyclophanes with Varying Bridges Lengths (m,
n=2-4) By: Demissie, Taye B.; Dodziuk, Helena; Waluk, Jacek; et al. JOURNAL OF PHYSICAL CHEMISTRY A Volume: 120 Issue: 5 Pages: 724-736 Published: FEB 11 2016
Efficient linear-scaling second-order Moller-Plesset
perturbation theory: The divide-expand-consolidate RI-MP2 model By: Baudin, Pablo; Ettenhuber,
Patrick; Reine, Simen; et al. JOURNAL OF CHEMICAL PHYSICS Volume: 144 Issue: 5 Article Number:
054102 Published: FEB 7 2016
Three-photon circular dichroism: towards a generalization of chiroptical non-linear light absorption
By: Friese, Daniel H.; Ruud, Kenneth PHYSICAL
CHEMISTRY CHEMICAL PHYSICS Volume: 18 Issue: 5 Pages: 4174-4184 Published: FEB 7 2016
Analytic calculations of anharmonic infrared and
Raman vibrational spectra By: Cornaton, Yann;
Ringholm, Magnus; Louant, Orian; et al. PHYSICAL
CHEMISTRY CHEMICAL PHYSICS Volume: 18 Issue: 5 Pages: 4201-4215 Published: FEB 7 2016
Theoretical analysis of NMR shieldings in XSe and
XTe (X = Si, Ge, Sn and Pb): the spin-rotation constant saga By: Demissie, Taye Beyene PHYSICAL
CHEMISTRY CHEMICAL PHYSICS Volume: 18
Issue: 4 Pages: 3112-3123 Published: JAN 28 2016
Microwave and Quantum Chemical Study of Intramolecular Hydrogen Bonding in 2-Propenylhydrazine (H2C=CHCH2NHNH2) By: Mollendal, Harald;
Samdal, Svein; Guillemin, Jean-Claude JOURNAL
OF PHYSICAL CHEMISTRY A Volume: 120 Issue:
3 Pages: 407-416 Published: JAN 27 2016

64. Analysis of computational models for an accurate
study of electronic excitations in GFP (vol 17, pg 2582,
2015) By: Schwabe, Tobias; Beerepoot, Maarten T. P.;
Olsen, Jogvan Magnus Haugaard; et al. PHYSICAL
CHEMISTRY CHEMICAL PHYSICS Volume: 18 Issue: 2 Pages: 1349-1349 Published: JAN 14 2016
65. Orbital Energy and Bond Order of Covalent Helium Dimer By: Onishi, Taku Edited by: Simos, TE;
Kalogiratou, Z; Monovasilis, T, Conference: International Conference of Computational Methods in Sciences and Engineering (ICCMSE) Location: Athens,
GREECE Date: MAR 17-20, 2016 Proceedings of the
International Conference of Computational Methods
in Sciences and Engineering 2016 (ICCMSE-2016)
Book Series: AIP Conference Proceedings Volume:
1790 Article Number: UNSP 020002 Published: 2016
66. Small-molecule activation at Au(III): metallacycle
construction from ethylene, water, and acetonitrile
By: Holmsen, Marte Sofie Martinsen; Nova, Ainara;
Balcells, David; et al. DALTON TRANSACTIONS
Volume: 45 Issue: 37 Pages: 14719-14724 Published:
2016
67. Synergy between experimental and computational
approaches to homogeneous photoredox catalysis
By: Demissie, Taye B.; Hansen, Jorn H. DALTON
TRANSACTIONS Volume: 45 Issue: 27 Pages: 1087810882 Published: 2016
68. Osmium-nitrido corroles as NIR indicators for oxygen sensors and triplet sensitizers for organic upconversion and singlet oxygen generation By: Borisov, Sergey M.; Alemayehu, Abraham; Ghosh, Abhik
JOURNAL OF MATERIALS CHEMISTRY C Volume: 4 Issue: 24 Pages: 5822-5828 Published: 2016
69. Coordination and insertion of alkenes and alkynes
in Au-III complexes: nature of the intermediates
from a computational perspective By: Balcells, David; Eisenstein, Odile; Tilset, Mats; et al. DALTON
TRANSACTIONS Volume: 45 Issue: 13 Pages: 55045513 Published: 2016
70. Solvatofluorochromic, non-centrosymmetric pi-expanded diketopyrrolopyrrole By: Grzybowski,
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Based Adiabatic Connection By: Teale, Andrew M.;
Helgaker, Trygve; Savin, Andreas JOURNAL OF
THE CHINESE CHEMICAL SOCIETY Volume: 63
Issue: 1 Pages: 121-128 Published: JAN 2016
75. 5,7-Bis(2‘-arylethenyl)-6H-1,4-diazepine-2,3-dicarbonitriles: synthesis, and experimental and theoretical evaluation of the effects of substituents at
5,6,7-positions on the molecular configuration and
spectral properties By: Tarakanov, Pavel A.; Simakov,
Anton O.; Dzuban, Alexander V.; et al. ORGANIC &
BIOMOLECULAR CHEMISTRY Volume: 14 Issue:
3 Pages: 1138-1146 Published: 2016
76. Ligand noninnocence in FeNO corroles: insights
from beta-octabromocorrole complexes By: Norheim, Hans-Kristian; Capar, Jan; Einrem, Rune F.; et
al. DALTON TRANSACTIONS Volume: 45 Issue: 2
Pages: 681-689 Published: 2016
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Marek; Jezewski, Artur; Deperasinska, Irena; et al.
ORGANIC & BIOMOLECULAR CHEMISTRY
Volume: 14 Issue: 6 Pages: 2025-2033 Published: 2016
The Excitation Spectra of Naphthalene Dimers: Frenkel and Charge-transfer Excitons By: Fliegl, Heike;
You, Zhi-Qiang; Hsu, Chao-Ping; et al. JOURNAL
OF THE CHINESE CHEMICAL SOCIETY Volume: 63 Issue: 1 Pages: 20-32 Published: JAN 2016
A Molecular Orbital Analysis on Helium Dimer
and Helium-Containing Materials By: Onishi, Taku
JOURNAL OF THE CHINESE CHEMICAL SOCIETY Volume: 63 Issue: 1 Pages: 83-86 Published: JAN
2016
Evaluating Shielding-Based Ring-Current Models by Using the Gauge-Including Magnetically Induced Current Method By: Du, Dou; Sundholm,
Dage; Fliegl, Heike JOURNAL OF THE CHINESE
CHEMICAL SOCIETY Volume: 63 Issue: 1 Pages:
93-100 Published: JAN 2016
Alternative Representations of the Correlation Energy in Density-Functional Theory: A Kinetic-Energy
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Appendix B: Activity Reports 2016
WP1: Large periodic and nonperiodic
systems

CTCC

The Centre for Theoretical
and Computational Chemistry
Elisa Rebolini, Audun Skau Hansen, and Karl Leikanger.
The code is currently being tested in collaboration with
Lorenzo Maschio from the solid-state quantum chemistry research group at the University of Turin, Italy, and
Ida-Marie Høyvik from the Norwegian University of Science and Technology. This includes a scripting interface
between the Crystal software for HF and KS ground-state
calculations, orbital localization algorithms implemented in LSDalton, and our stand-alone periodic divide-expand-consolidate (DEC) coupled-cluster code. Initial
tests are carried out on simple 1-dimensional systems and
will be extended to 2- and 3-dimensional systems in 2017.
Preliminary results were presented at MQM2016 in Uppsala, Sweden, at STC16 in Lund, Sweden, and at EMN16
in Las Vegas, USA.
The ERC Starting Grant project BIVAQUM (led
by Simen Kvaal) has had an exciting year. 2016 saw the
recruitment of two new young and talented scientists:
Benedicte Ofstad started her PhD project “The Orbital-Adaptive Coupled-Cluster Method”, aiming to develop, test, and implement an experimental computational
technique. Furthermore, Rolf H. Myhre was hired as a
postdoctoral researcher (3 years). Andre Laestadius and
Simen Kvaal have studied coupled-cluster theory from a
mathematical perspective, with several novel results, including a complete analysis of the extended CC method.
Simen Kvaal presented novel mathematical results on the
bivariational principle to an audience of mathematicians
at a CECAM workshop in Roscoff, France, while Andre
Laestadius exposed our mathematical analysis of the extended coupled-cluster method at MQM2016 in Uppsala,
Sweden. In a cross-project collaboration, Karl Leikanger
and Andre Laestadius are studying mathematical error
estimates for CC calculations numerically.
The ambitious project of developing an open-ended
response code (OpenRSP) to calculate arbitrary-order
molecular properties, has been a major undertaking
from the Tromsø node. In 2016 the OpenRSP code has
been interfaced with the LSDalton code - through a joint
Oslo and Tromsø endeavour. This allows for combining
the generality of the OpenRSP code with the capability
and efficiency of the LSDalton code. As part of this work,
the LSDalton integral code has been extended to calcu-

annual report 2016

Scientists in charge: Trygve Helgaker and Thomas
Bondo Pedersen

The computational bottleneck of Hartree–Fock (HF)
and hybrid Kohn–Sham (KS) density-functional theory
(DFT) is the evaluation of exact-exchange interactions,
which are crucial for a quantitative description of molecular structure and chemical reactions. Much effort,
both at CTCC and elsewhere, has been devoted to the
development of fast linear-scaling exact-exchange algorithms that yield accurate and precise results. We have
in 2016 focused on two methods with great potential for
computational speed and accuracy: the pair-atomic resolution of the identity (PARI) method and the auxiliary
density-matrix method (ADMM). We have during 2016
continued the important development of tailored basis
sets for the ADMM method, and we will publish extensive benchmark studies during 2017. A master student,
Olav Homlong, is currently finishing up the first linear-scaling implementation of the PARI method, which
may be combined with the ADMM algorithm to provide
the potentially fastest exact-exchange algorithm to date.
Reports on these developments will be published in 2017.
Inspired by work in the field of materials science, we
have also performed extensive testing of a simplified
PARI flavor with auxiliary basis sets automatically generated from the regular atomic-orbital basis functions. This
investigation has been conducted by Lukas Wirz and has
revealed surprising variational instabilities, which we
have analyzed from a fundamental quantum-theoretical
perspective. This theoretical analysis has an impact beyond the PARI method and will be completed and published during 2017. Preliminary results were presented at
MQM2016 in Uppsala, Sweden.
The development of coupled-cluster methods for periodic systems (RCN-FRIPRO researcher project PBCCC,
led by Thomas Bondo Pedersen) has made significant
progress in 2016. Pilot implementations of second-order
Møller-Plesset theory and of the random-phase approximation (RPA) have been completed by Gustav Baardsen,
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late general-order geometrical and electrical derivative
integrals.

[WP2: defunct]
WP3: Multiwavelets
Scientist in charge: Tor Flå
The work of the group in 2016 was concentrated on further development of MRChem, a program for solving the
Kohn–Sham (KS) equations of density-functional-theory
(DFT) with the goal of linear scaling calculations of molecular electronic orbitals. Our approach is based on an
integral reformulation of the KS equations which makes
it possible (1) to use powerful separation of variable techniques for the integral kernels, allowing these operators
to be expanded with the same complexity as in one dimension and (2) to employ multiwavelets combined with
the non-standard representation of operators.
The code can treat small molecular systems with
unprecedented accuracy, both at the Hartree–Fock and
DFT levels of theory. The code has been interfaced to the
XCFun library, making a wide range of exchange–correlation functionals available.
On the theoretical side, Luca Frediani (LF) and
CTCC Stig Rune Jensen (SRJ) have worked on the linear
response formalism for electric and magnetic molecular
properties and shown that the code can achieve the basis
set limit. Tor Flå (TF) together with master student Magnar Bjørgve has worked on a new efficient, separable formalism to represent the free and bound state Helmholtz
kernels by a complexification of the semigroup related to
the Ewald method. This method is required both for frequency-dependent resonant effects molecular properties
and will also be a good basis for a new representation of
scattering effects to linear and higher order.
The implementation of a multiwavelet self-consistent-field scheme with quadratic precision in the energy
accuracy is now complete. Currently, SRJ and Peter Wind
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(PW) are working on the parallel implementation for
larger systems with near linear complexity by combining multiwavelet methods, orbital localization, Gaussian-smoothed representations for the nuclear potential
and the Poisson operator. To achieve linear scaling, the
most critical part is the exact-exchange for Hartree–Fock
and hybrid functionals. For larger systems, we are improving the parallel performance to exploit large cluster
architectures.
The implementation of the linear response solver for
static and low-frequency dynamic properties (SRJ) has
been completed, and we are working on including several perturbation operators to apply our model to a wide
range of molecular properties.
The code for the representation of multiwavelet trees
has been restructured by PW and SRJ. The core routines
have been rewritten so that the tree data is organized in
bunches of contiguous arrays, stored in predefined positions in memory. This allows trees to be sent to other
processors, using MPI, with almost no overhead. Routines to send trees, orbitals or sets of orbitals have been
developed. The code has been adapted to run on several
compute nodes, storing different part of the molecule.
The group was represented by SRJ as invited lecturer at
Stony Brooks MRA Summer school to present MRChem,
which now together with MADNESS are established as
the two adaptive basis multiscale implementations in the
world and currently the only one in Europe. It became
clear during the conference that MRChem is the only
multiwavelet code that can handle magnetic properties,
and a fully analytic tensor nonstandard, separable representation of operators in any dimension. In the coming
years, we plan to capitalize and leverage on these unique
strengths. On the other hand, our performance is still
worse than MADNESS, but work is ongoing to improve
on this front.
At the same summer school, TF gave a talk about his
approach to the very hard separable, implementation
problem of the free and bound state Helmholtz Green’s
function for many body KS theory. Many other topics
connected to the theoretical problems and related imple-
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mentation of multiwavelets in quantum chemistry were
discussed: descriptions of numerical generated noise
and possible numerical improvements in terms of log
density potentials; response theory; scattering theory;
numerical approaches to derivatives with adaptive given
resolution; separable representation of Green’s functions.
The atmosphere during the summer school was friendly and oriented towards sharing ideas to approach the
challenges faced, recognizing the importance of international collaborations in these areas. The MRA school
and collaboration should continue under the guidance of
an international committee with LF as a member from
Norway.
In 2016–2017, we have two master students in the
MRChem group: Magnar Bjørgve from mathematics,
who will finish his thesis on the frequency-dependent
Helmholtz operator in February 2017,and Rune Monstad
from chemistry, who will finish his thesis on the implementation of heterogeneous solvent effects in November
2017.

WP4: Molecular properties
Scientists in charge: Luca Frediani and Kenneth Ruud
The goal of WP4 is to develop and employ methods to
compute molecular properties for a wide range of applications: elucidation of molecular structure through
the understanding of structure-to-properties relationships, rational design of molecules and materials with
tailor-made properties, assisting experimental work by
providing modeling results that are complementary to
experimental investigations.
The method development activity comprises a wide
spectrum of tools to achieve an accurate and faithful
representation of the properties of the molecular targets
being investigated: for a correct description of the molecular electronic structure, a wide range of electronic
structure methods is employed, ranging from density-functional-theory (DFT) to coupled-cluster methods.
For a correct description of heavy elements, relativistic

effects are included through two- and four-components
methods; to reproduce the environmental effects, polarizable embedding, polarizable density embedding, and
the polarizable continuum model are employed.
2016 has been seen major steps taking in completing
the very general framework for calculating molecular
response properties of arbitrary order, collected in the
program system OpenRSP. In addition to the integration
of OpenRSP with the speed and functionality of LSDalton already mentioned in the report of WP1, OpenRSP
has been extended to include open-ended frameworks
for multiscale computations. This has been achieved
through two different development lines. In one extension, OpenRSP has been extended by the polarizable
continuum model, using the very modular PCMLib developed by PhD student Roberto Di Remigio. This work
has been done by Roberto Di Remigio in collaboration
with Maarten Beerepoot, Yann Cornaton, and Magnus
Ringholm.
A different approach to multiscale calculations of nonlinear response properties is the polarizable embedding
approach. This has been achieved by integration with the
FRAME library for inclusion the polarizable embedding,
a work done by Arnfinn Steindal, Magnus Ringholm, and
Maarten Beerepoot, in close collaboration with Magnus
Olsen from the University of Southern Denmark and
Nanna List from the Royal School of Technology in
Stockholm. Both the polarizable embedding and polarizable continuum approaches are currently limited to
electric perturbations only, but a new PhD student, Karen Dundas, will be working on extending this approach
to include properties that depend on distortions of the
nuclear framework, and thus to vibrational properties.
Daniel Friese has extended the OpenRSP framework
to a completely new property, three-photon circular dichroism. In this proposed property, three photons with
different circularity are absorbed simultaneously, and the
difference in absorption strength for photons of left and
right circular polarization are measured. This property is
an extension of the commonly used electronic circular
dichroism spectroscopy, which is widely used to deter-
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mine the absolute stereochemistry of chiral molecules.
In the last decade, this approach has been extended to
two-photon circular dichroism, which has proven that
the different selection rules allow additional structural
information to be extracted from the experiments to
electronic circular dichroism. Three-photon circular
dichroism may provide another, related approach to get
further insight into the electronic and geometric structure of chiral molecules.
Significant efforts have also been invested into extending the OpenRSP framework to the calculation of
double residues of response functions of arbitrary order,
allowing properties of electronic excited states to be
directly calculated from a ground-state wave function
or density. The approach allows excited-state electric
properties of arbitrary order to be calculated, and Daniel
Friese is working on extending this framework to nuclear
distortions, allowing excited-state vibrational spectra to
be computed, which will be important the efficient calculation of vibronic properties.
In our work on developing real-time time-dependent
DFT methods, Marius Kadek together with Stanislav
Komorovsky and Michal Repisky have extended the
two-component relativistic real-time code to the calculation of nonlinear optical properties. This has been
achieved through the use of an efficient quasirelativistic
exact 2-component form of the Dirac–Kohn–Sham
Hamiltonian. Although it proves difficult to achieve
as high numerical accuracy as with the traditional response-theory-based approach, the work forms the basis
for studying time-resolved spectroscopies in strong electromagnetic fields. The work has also involved a visiting
PhD student, Lukas Konecny from the group of Olga and
Vladimir Malkin in Bratislava.
Stanislav Komorovsky and Michal Repisky have also
proposed a new quantum number. It is seldom that new
quantum numbers are discovered in quantum chemistry.
However, by studying spin in the relativistic domain,
where the spin symmetry of non-relativistic theory
is lost, they have been able to identify a new operator,
denoted K+, that is built from time-reversal operators,
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and satisfies the criteria for being a symmetry operator.
They also demonstrated that this operator can take the
role of spin in relativistic quantum chemistry, allowing
effective spin Hamiltonians for electron spin resonance
spectroscopy of heavy-element containing systems to be
defined. This will open the way for a more efficient implementation of methods for solving many-electron problems in relativistic computational chemistry and physics.
It will further be possible to define a relativistic analogue
of spin contamination in unrestricted Hartree—Fock
theory and DFT.
In the domain on relativistic theory, there has been
continued work on determining accurate absolute shielding constants of heavy nuclei. Taye B. Demissie, in collaboration with Michal Jaszunski and Karol Jackowski from
Warsaw, has determined the absolute shielding constant
of 207Pb. Stanislav Komorovsky, together with the research
group of Prof. Radek Marek in Brno, has investigated
the paramagnetic NMR spectrum of potential Ru(III)
metallodrugs. The formalism and the corresponding
calculations are still in their infancy, but have already
proven that they can contribute to the understanding and
rationalization of experimental spectra.
Taye B. Demissie, CTCC visiting professor Pawel Kozlowski and his PhD student Brady Garabato, have for
the first time demonstrated that spin–orbit effects can
alter enzymatic reaction mechanisms. Desulfovibrio desulfuricans are Gram-negative sulfate-reducing bacteria
that are particularly noted for their ability to produce
methyl mercury from mercury(II)thiomethyl. Ignoring
relativistic effects, mercury methylation in these bacteria
was found to proceed in a stepwise manner via a methyl
carbanion, a very unusual reaction path for such methylation reactions. When properly accounting for relativistic effects, the reaction was instead found to proceed in
a single step involving a methyl radical. Although mercury rarely appears in enzymatic reactions, these results
demonstrate that relativistic effects also affect biological
reaction mechanism, and thus that relativity also has entered molecular biology. The paper was selected as a Very
Important Paper in Angewandte Chemie.
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In January 2016, Krzysztof Mozgawa defended his
PhD thesis entitled “Interfacial solvation modelling with
PCM”. Thanks to Mozgawa’s work, it is now possible to
perform electronic-structure calculations in the presence
of interfacial environments (planar and spherical), which
is extremely important in light of the many emerging
spectroscopic techniques to probe molecules at interfaces. In particular, in a paper published in 2016 (J. Phys.
Chem. C, 2016, 120 (31), pp 17501–17513), Mozgawa
showed the importance of the interplay of electrostatic
and non-electrostatic effects for the correct description
of interfacial solvation, which is an important step to
model and interpret spectroscopic findings.

WP5: Dynamics and time-development
Scientist in charge: Einar Uggerud
The main objectives of the work package are to develop and implement efficient methods for Born–Oppenheimer dynamics (BOD), and to apply these to chemical
problems relevant to on-going experimental activities
(CO2 fixation, mechanochemistry, small molecule reactivity, and properties of hydrogen-bonded clusters).
Mauritz Ryding has spent much time this year studying reactions between O2•−(H2O)n (n = 0–4) clusters with
formic acid. Both reactions with HCOOH and DCOOD
have been investigated and a highly interesting reaction
landscape has been disclosed, including a network of
successive proton and hydride transfer processes. In
particular, it is worth mentioning that we observe dehydrogenation of formic acid to give CO2 and HOOH as
reaction products. Besides this, the role of the hydrated
electron in clusters containing water and CO2 is essential
for understanding the observed reactivity. Prof. Israel
Fernandez, Universidad Complutense Madrid, a visitor
to CTCC in 2015, is in charge of the quantum-chemical modelling of these reactions. A manuscript will be
written during the spring term of 2017. Master student
Marius Friberg Otterstad studies the parallel reactions
of O2•−(H2O)n with acetic acid. Ryding has also been

collaborating with Prof. Mats Larsson and co-workers
from Stockholm University. By applying tandem mass
spectrometry, he has studied chirally sensitive collisionally induced dissociation of proton-bound complexes
of amino acids. A manuscript is ripe for submission in
January 2017.
Glenn Miller is in the last year of his PhD project on
CO2 activation chemistry. He is now preparing the last
two manuscripts for his thesis. In the first manuscript,
he characterizes the unimolecular dissociation of Mg2+
and Zn2+ complexes of three simple α-oxo carboxylates,
applying mass spectrometry and quantum-chemical
modelling. The study includes a retrosynthetic analysis
showing how Grignard reagents react with CO2. In the
second manuscript, Miller demonstrates C–C bond coupling of ClMg(O2C)- to acetaldehyde. Both manuscripts
are central to his efforts to show how reduced CO2 fixed
to a magnesium centre is a prototype for artificial photosynthetic CO2 fixation. This topic is highlighted elsewhere in this Annual Report.

Miller’s project will be continued under the umbrella of a new RCN project with the aim of studying how
CO2 forms covalent bonds to hydrogen and carbon.
One postdoctoral fellow, Kacper Błaziak was hired from
October 2017 for this project and new master student
Christian Sant Gjermestad is involved. During 2017, one
additional co-worker will be hired. One student, Joakim
Jestilä, finished his master work on decarboxylation and
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dehydration of magnesium complexes of succinic acid in
December 2016, also under the CO2 umbrella.
Andrea Debranova is close to finishing a manuscript
reporting a detailed and complex computational study
on Fenton chemistry. She continues to make progress in
developing a computational method for ring-polymer
molecular dynamics. When completed, this method
will enable us to describe more accurately quantum-mechanical effects (tunnelling and zero-point energies), of
particular importance to the real-time dynamics of hydrogen bonded species—a topic of great importance to
our experimental efforts on water cluster chemistry.

WP6: Bioinorganic chemistry
Scientist in charge: Abhik Ghosh
As in years past, novel transition metal complexes synthesized in our laboratory provided much of the inspiration for our theoretical work. Thus, new FeNO and
FeOFe corrole derivatives provided new insights into the
phenomenon of ligand noninnocence, with the corrole
emerging as essentially noninnocent — that is, as corrole(•2-) — in both these classes of complexes. In another major direction, research associates Dr. Abraham B.
Alemayehu and Dr. Kolle E. Thomas and master student
Rune Einrem synthesized several novel size-mismatched
complexes that combine sterically constrained corrole
ligands and large 4d and 5d metal ions, including Au,
99
Tc, and Re corroles as well as tungsten biscorroles,
the first corrole sandwich compounds (Figure 1). These
complexes provided many opportunities for combined
theoretical–experimental studies of relativistic effects.
Certain studies of relativistic effects, such as those on
superheavy elements, however, were undertaken independently of experimental work. A longstanding puzzle of main-group chemistry, illustrated by the blue-violet color of pentamethylbismuth, was interpreted as a
visible spin–orbit effect (saturated main–group element
compounds are generally colorless). Finally, we became
increasingly involved in exploiting the unique capabili-
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ties of new-generation light-sources as new probes of the
phenomenon of ligand noninnocence. Our first paper in
this area, a study of silver corroles carried out at the Stanford Synchrotron Radiation Lightsource, was published
in 2016, with several additional papers in the pipeline.
The year 2016 was also notable as the first year when
we documented and published substantive medicinal
and technological applications of the 5d metallocorroles
synthesized in our laboratory. The majority of the compounds were found to exhibit near-IR phosphorescence,
which led to new applications in oxygen sensing, as
phosphorescent dyes for photodynamic therapy, and in
triplet–triplet annihilation-based upconversion. Amphiphilic gold corroles proved not only highly effective
against ceratin cancer cell lines, but also proved to be
effective as dyes in dye-sensitized solar cells, with energy
conversion efficiencies of up to 3.5%, an impressive value
for relatively simple compounds. Another breakthrough
consisted of the synthesis of 99Tc corroles in collaboration with Professor Roger Alberto of the University of
Zurich, which we hope will lead to new classes of 99mTc
radioimaging agents.
In sum, 2016 was a productive year, with some published 15 papers, including a major review on metallocorrole electronic structure (http://dx.doi.org/10.1021/acs.
chemrev.6b00590).
The latter is expected to be part of a thematic issue
of Chemical Reviews on the subject of porphyrin analogues. The 5d metallocorrole work was also presented
via an invited lecture at the 9th International Conference
on Porphyrins and Phthalocyanines in July, 2016, in
Nanjing, China (Figure 2). The medicinal and technological applications applications of these compounds also
formed the basis of a successful grant application to the
NANO2021 thematic program of the RCN.
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Figure 1. X-ray structures of selected metallocorroles synthesized in the Ghosh laboratory in 2016.

Figure 2. Nanjing: site of 9th International Conference on Porphyrins and Phthalocyanines in July, 2016.
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WP7: Catalysis and organometallic
chemistry
Scientist in charge: Mats Tilset

Catalysis is of paramount importance for the development of efficient, selective, and sustainable processes in
the production of bulk and fine chemicals and advanced
materials under mild conditions. Organometallic chemistry, which focuses on the properties of compounds
containing metal–carbon bonds, is a fundamental pillar
of homogeneous catalysis. This work package is aimed
at the development of new transition-metal catalysts for
the synthesis of fine chemicals and the activation of small
molecular building blocks, including carbon dioxide, water, and simple hydrocarbons (e.g., ethylene and acetylene).
Our group has primarily been interested in experimental approaches to its catalysis research. During the
existence of CTCC, the group has steadily altered the
approach towards a synergistic use of experimental and
computational methods. We still distinguish between
the two, despite the fact that we have come to the realization that both approaches actually represent different
ways of performing chemical experiments, with much
of the mind-set, intellectual challenges, and analysis of
observations/data in common. During the existence of
the CTCC, it has been the ambition of the WP7 leader
that students who focus on experimental work should
also have computational methods in their “chemistry
toolbox” upon completion of their degrees. Today, the
status is that almost all PhD students and some MSc students in the group actively use computational studies as
a supplement to experiment — truly a paradigm shift for
the group. Computational methods are also used in collaboration with national and international experimental
groups. These include the groups led by Erwan LeRoux
(UiB), Richard Heyn (SINTEF Oslo), Nilay Hazari (Yale
Univ., USA), Robert Crabtree (Yale Univ., USA), and Alexander Miller (Univ. of North Carolina at Chapel Hill,
USA).
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The resources of the CTCC have been complemented
with additional external funding, including FRIPRO,
TOPPFORSK, and NANO2021 RCN projects granted to
Ainara Nova (Young Talent) on CO2 functionalization,
Mats Tilset on gold(III) chemistry and catalysis, and the
UiO Catalysis group including Tilset on confinement
effects in metal-organic frameworks and on CO2 functionalization and functionalization (in collaboration
with Prof. LeRoux, UiB, and Dr. Heyn, SINTEF). David
Balcells has his own independent project on catalytic
water oxidation, supported by the EU Marie Skłodowska-Curie program. Ainara Nova recently (August 2016)
hired Lluís Artús Suárez as a 3-year PhD student on her
FRIPRO project.
More recently, Tilset, in collaboration with Miller,
obtained funding from the GROW program of the US
NSF agency to support a six-month research stay of Javier Grajeda (August 2016 – February 2017), a PhD student
from the University of North Carolina at Chapel Hill,
who in addition to his major experimental efforts in gold
catalysis has been trained in computational chemistry.
This work has been co-supervised by Researchers Nova
and Balcells, who also obtained funding from the same
GROW program to support a three-month research stay
of Patrick Melvin (February–April 2016), a PhD student
from the Yale University working on computational
cross-coupling catalysis. These stays add to a growing
number of successful stints at CTCC by students from
the US. In Oslo, a number of PhD students who do
experimental research in the catalysis group with the
above-mentioned funding are trained in the use of computational chemistry, including Marte Holmsen, Franziska Ihlefeldt, Jakob Wåhlander, Eirik Mydske Thoresen,
and Vladimir Levchenko. It should also be mentioned
that Marcus Lima, an exceptionally talented BSc student,
actively participates in the computational activities.
The main focus of WP7 research is on metal complexes and reactions that are of relevance to homogeneous
catalysis using a variety of transition metals. In the following, selected examples of activities (published or near
submission) will be briefly described.

CTCC

The Centre for Theoretical
and Computational Chemistry

annual report 2016

We continue to unravel interesting chemical transformations promoted by the Au(III) complex (tpy)
Au(OAcF)2. The 2014 mechanistic report (J. Am. Chem.
Soc. 2014, 10104) on the functionalization of ethylene by
this complex established that insertion of ethylene was
thermodynamically feasible only in the position trans to
the N atom of the tpy ligand. A catalytic functionalization of ethylene was not realized because of a relatively
unfavorable protolytic cleavage of the Au–C bond of the
insertion product (Figure 1, left). On the other hand, catalytic acetylene functionalization occurs at the position
trans to the C atom of the tpy ligand. Contrary to the
case for ethylene, acetylene insertion is favourable in this
position due to the formation of a stronger Au–C(sp2)

bond; this Au–C bond undergoes facile protolytic cleavage caused by the high trans influence of the C atom of
the tpy ligand (Figure 1, right). The acetylene story is now
ready for submission. We anticipate that the mechanistic
insight gained from experiment and computations will
pave the way to catalytic reactivity also of alkenes by appropriate tweaking of the chelating ligand.
The complex (tpy)Au(OAcF)2 not only causes ethylene, water, and acetonitrile to yield a metallacycle in
a one-pot reaction as reported last year (Figure 2, left;
Dalton Trans. 2016, 14719). More recently we found that
presence of acid during the reaction causes formation
of the regioisomeric metallacycle in which the location
of O vs. N has been interchanged. The identities of the

Figure 1. Au(III) complex (tpy)Au(OAcF)2 causes a stoichiometric insertion of ethylene (left), but catalytically functionalizes acetylene (right).

Figure 2. Regioisomeric metallacycles form from ethylene, water and acetonitrile and (tpy)Au(OAcF)2 in the absence (left) and presence (right) of
acid.

CTCC – Annual Report 2016

| 39

CTCC

The Centre for Theoretical
and Computational Chemistry

annual report 2016

two were unambiguously assigned by a combination of
experimental (NMR, X-Ray diffraction) and computational methods. The mechanism is currently probed
computationally.
The insertion and functionalization reactions of
ethylene and acetylene that were mediated by (tpy)
Au(OAcF)2 prompted us to computationally investigate
the reactivity of these two small hydrocarbons towards
the Au–X bonds of the simple Au(III) species AuX3 and
AuX2+ (X = Cl, Me, and H) with a combination of DFT
and CCSD(T) methods (Dalton Trans. 2016, 5504; Figure
3). The insight into the bonding and energetics of these
species will facilitate future development and understanding of new Au(III) catalysts.

Ainara Nova and David Balcells worked in collaboration with the experimental group of Prof. Hazari with the
aim of determining the role of Ni(I) species in Suzuki–
Miyaura cross-couplings. These reactions are a powerful
tool for the synthesis of pharmaceuticals and other fine
chemicals. The use of Ni catalysts has several advantages
over those based on precious metals, including lower
price and toxicity. However, practical applications are
often encumbered by poor activity and robustness. This
issue was tackled by exploring the off-cycle reactions
related to both catalyst activation and deactivation. Once
the Ni(II) catalyst is activated by formal reduction to
Ni(0), these two complexes can undergo comproportionation into a Ni(I) species, which is detrimental to
catalysis due its low activity. DFT calculations revealed
an unprecedented mechanism for this process involving
Cl-transfer triggered by singlet-to-triplet spin crossover,
which is assisted by an unusual nickel-phenyl interaction
with the phosphine ligand of the catalyst (Figure 4). This
work was recently published in J. Am. Chem. Soc., 2017,
139 , 922.

Figure 4. Comproportionation structures before (singlet state, left)
and after (triplet state, right) spin crossover in the [Ni(dppf)(Cl)(Ph)]
catalyst.

trans

Figure 3. NLMOs associated with π(C=C) → σ*(M–Cl
) donation
and M(d) → π*(C=C) back-donation in complexes where the ethylene
CC bond axis is perpendicular to (A) or lies in (B) the coordination
plane of Au.
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WP7 also focuses on H2O-splitting catalysis. This
reaction plays a key role in the development of clean and
renewable energy sources, since it allows generating H2
from H2O without CO2-emissions. The computational
models of Balcells contributed to a multidisciplinary
approach also involving experimental SQUID magne-
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tometry (in collaboration with Prof. Roy at Columbia
University) and catalysis (in collaboration with Profs.
Crabtree and Brudvig at Yale University). The main goal
of the project is to develop a highly active and robust catalyst based on a binuclear Ir–O–Ir core. A key property
of this moiety is the strong electronic-coupling between
the two metal centers, which facilitates the access to the
high oxidation states required. UV-Vis spectroscopy was
used to explore this feature in combination with TD DFT
calculations. These showed that the intense absorption in
the Vis region of the spectrum can be reproduced only
by mixing two similar electronic configurations in the
singlet state (Figure 5). This work, recently published in
part (J. Am. Chem. Soc., 2016, 138, 15917), has started
a new collaboration with Profs. Pedersen (Oslo’s CTCC)
and Reiher (ETH Zurich), which will focus on state-ofthe-art DMRG-CASSCF models.

Figure 5. Unscaled (dark green) and scaled (light green) TD-DFT
UV-Vis spectra against the experimental (blue), including the electronic excitations from closed- (orange) and open-shell (violet) singlet
configurations.

[WP8: defunct]
[WP9: defunct]

WP10: Biomolecular modeling
Scientists in charge: Bjørn-Olav Brandsdal and
Michele Cascella
The CTCC-Tromsø node has continued its work on developing the graphical user interface Qgui, which enables
efficient setup and analysis of free energy calculations
using classical simulation techniques. All modules dealing with chemical reactions in solution and enzymes,
utilizing the empirical valence bond method, are now
fully functional. An interesting module enabling automatization of predicting free energy changes resulting
from point mutations in proteins has also been added.
This module is based on the rigorous and theoretically
exact free-energy perturbation method, and is combined
with soft-core potentials to obtain sufficient accuracy for
large mutations. So far, the method shows very promising results and can potentially be used to explore the effect of point mutations on protein folding free energies,
protein–protein interfaces as well as ligand binding.
The development of Qgui has also enabled us to address entropic and enthalpic effects of chemical reactions
both in solution and in enzymes. A notable example
here are enzymes that are adapted by evolution to work
at low temperatures. These cold-adapted enzymes show
the universal fingerprint of a less negative entropy and
lower enthalpy of activation than their warm-active
counterparts. This is the main adaptive feature that counteracts the exponential damping of reaction rates at low
temperature. The basic problem with connecting macroscopic thermodynamic quantities with the 3D protein
structure is that the underlying microscopic energetics is
essentially inaccessible to experiment. The new approach
we devised allows access to thermodynamic activation
parameters of reactions in solution and enzymes, and
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represents a major breakthrough in this area. The method is analogous to the experimental Arrhenius plots
and directly evaluates the temperature dependence of
calculated reaction free-energy profiles. We first analysed
this enthalpy–entropy partitioning with computer simulations of psychrophilic, mesophilic and hyperthermophilic citrate synthase, followed by simulations of coldand warm-active trypsin. These studies showed that the
rigidity of the protein surface well outside the active site
controls the enthalpy–entropy balance.
We have now examined the protein surface softness
hypothesis for orthologous cold- and warm-active endonucleases (EndA), which catalyze the cleavage of the
phosphodiester bond of both DNA and RNA (Fig. 1). It
is immediately clear from Fig. 2 that there is a significant
change in the enthalpy–entropy balance when comparing the Arrhenius plots for cold- and warm-active EndA.
Here, the calculations yield ∆H‡=8.4±0.9 kcal/mol
and ∆S‡=-7.3±0.9 kcal/mol in the psychrophile, while
∆H‡=15.4±0.8 kcal/mol and ∆S‡=0.0±0.8 kcal/mol in
the mesophile at 300 K. These values are all within the
experimental errors and thus in remarkable agreement
with experimental data, allowing us to search for structural signals behind this enthalpy–entropy change. The
two enzymes have a sequence identity of 71 %, and it is
difficult to identify which amino acid substitutions are
central to the process of thermal adaptation and which are
merely side effects of neutral drift, or adaptation to other
selective pressures. However, the application of positional
restraints to the enzyme surface has the remarkable effect
of turning the psychrophilic endonuclease into a variant
with mesophilic characteristics without introducing any
mutations. This unambiguously shows that the protein
surface softness well outside the active site can tune the
temperature dependence of catalytic rates.
The Oslo node has seen in 2016 the beginning of the
MSC project HYPERBIO (recipient: Hima Bindu Kolli),
dedicated to the development of a hybrid particle/field
approach to biomolecules. The first part of the project has
dealt with the implementation in the code OCCAM of
routines for the treatment of electrostatic interactions in
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Figure 1. EVB free energy profiles at obtained 300 K with the reference
reaction (in water) colored in black, VcEndA (mesophile) in red and
VsEndA (psychrophile) in blue.

Figure 2. Computational Arrhenius plots for cold- and warm-active
endonuclease derived with EVB/MD simulations. The blue line
represents the reaction of the psychrophile, while the red one the mesophile. The standard deviation bar is calculated using 100 independent
simulations.

the particle/field formalism. These interactions are crucial for a proper description of polyelectrolyte solutions.
The project is now continuing with the implementation of
Poisson solver methods to deal with non-homogeneous
dielectric response, and with the derivation and the
implementation of anisotropic constant pressure simulations in the field formalism for non-homogeneous charge
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densities. All these derivations and implementations are
necessary bases to build models for complex membranes.
Related to this project, we hosted for a threemonths visit PhD student Stefan Jaschonek from the
Johannes-Gutenberg University of Mainz, who worked,
among other things, on the implementation of a particle/field model for cholesterol. This is an additional step
towards the construction of an extensive library of lipids
for studies of complex biological membranes.
In parallel, we have been pushing forward the development of particle/field models for proteins. In this case,
first, an underlying, reliable coarse-grained (CG) model
is required. We are working on a CG model where the
bonded interactions are rewritten into functional forms
that can reproduce the complex conformational dynamics of polypeptide chains.
Thanks to metadynamics run on an all-atom model
system (glycine tetrapeptide), we obtained a sound model of the 2D free-energy surface regulating the statistical
distribution of the two angular and torsional degrees of
freedom that are order parameters for conformational
transitions. Simple functional potentials can then be devised to reproduce both qualitatively and quantitatively
the topology of the free-energy map, which was refined
by iterative Boltzmann inversion.
Figure 5 reports a preliminary analysis, where the
metadynamics surface is mapped using a 4th degree polynomial in the bending angle with coefficients expressed
as a sum of powers of the cosine of the torsional angle:

This functional form can be implemented easily and
efficiently. Importantly, it pre-sculpts intrinsic stability
of secondary structural elements while allowing for conformational flexibility and will be the base of our new
potential for the backbone.

Figure 5. Mapping procedure for intramolecular potentials. The combined (a,q) surface (bottom left) is obtained from metadynamics on a
small poly-gly peptide (upper left). At fixed values of q the surface takes
the shape of a double well potential. Upper right: mapping obtained by
direct fit of the polynomial coefficients, bottom right: mapping obtained
by expressing the coefficients as cos(q) series (truncated to the 4th power). Data from preliminary calculations.

Secondary structure propensity of different amino acids is at present being introduced into the model by tuning the dihedral potentials between two consecutive side
chains. Finally, solvent interactions are introduced by
establishing hPF parameters that control hydrophobicity
and affinity between side-chains of different chemical
nature. Modelling of the side chains will be implemented
both using bead and finite-elements approaches.
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