
10-year report
CTCC The Centre for Theoretical

and Computational Chemistry



10-year report
CTCC The Centre for Theoretical

and Computational Chemistry

10-year report
CTCC The Centre for Theoretical

and Computational Chemistry

2 | CTCC Ten-Year Report

The Centre for Theoretical and 
Computational Chemistry
Ten-Year Report

Table of Contents
Words from the Directors ..........................................4

Words from the Rectors .............................................6

From the Board of Directors ......................................7

Members and Staff ......................................................8

Ten Years of CTCC ...................................................13

Social Activities ........................................................27

Cover Illustrations ...................................................30

Scientific Highlights .................................................31

Highlight 1:  
Helium Flakes and Huddling Penguins ...................31

Highlight 2:  
Let There be Light .....................................................34

Highlight 3:  
The Most Accurate Scales for Molecules:  
Multiwavelets ............................................................36

Highlight 4:  
A new concept for CO2 activation and fixation .......38

Highlight 5: 
The Elusive cis Tautomer of Free-Base Porphyrin — 
or Reflections on Serendipity in Science ..................40

Highlight 6: 
Gold, Catalysis, and Useful Chemicals  
– Experiments and Computations ...........................42

Highlight 7: 
Computation and Chemical Transformations – 
Speeding up the Windmill .......................................45

Highlight 8: 
Life in the Cold – Lessons from Simulations  
of Cold-Adapted Enzymes .......................................47

Almlöf–Gropen Lectures .........................................49

International Meetings and Conferences ................50

CTCC Annual Meetings ..........................................53

Division of Quantum Chemistry and Modelling ....54

Promoting Female Excellence .................................55

Education and Training ...........................................57

Outreach ..................................................................59

CTCC Publications ..................................................61

CTCC Books and Monographs ...............................65

CTCC Software ........................................................66

Prizes and Awards ....................................................68

Work Packages .........................................................69



10-year report
CTCC The Centre for Theoretical

and Computational Chemistry

10-year report
CTCC The Centre for Theoretical

and Computational Chemistry

CTCC Ten-Year Report | 32 | CTCC Ten-Year Report

The Centre for Theoretical and Computational Chem-
istry (CTCC) was 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 internation-
al level and to contribute to raising the quality of Norwe-
gian research.

The CTCC was one of 21 national CoEs in Norway 
and one of two centres in chemistry. It had two nodes of 
equal size, hosted by UiT the Arctic University of Nor-
way (UiT) and the University of Oslo (UiO). The CTCC 
received an annual RCN funding of about 9.5 MNOK for 
the period July 2007 – June 2017. In addition, it received 
substantial financial support from UiT and UiO.

The vision of the CTCC was 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 had an extensive visitors program for 
scientists from around the world, as well as for PhD 
students and postdocs from other research groups who 
wished to benefit from the expertise at the centre. In 
addition, the CTCC organized many international meet-
ings and conferences, bringing together computational 
and theoretical chemists from all parts of the world.
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Words from the Directors

At the end of a ten-year period as a Centre of Excel-
lence, it is appropriate to ask both whether we have met 
our own ambitions for the Centre for Theoretical and 
 Computational Chemistry (CTCC) and whether we 
have met the expectations of the Centre of Excellence 
programme of the Research Council of Norway. This 
ten-year report shows, in our opinion, that the answer to 
both questions is a resounding yes.

In 2007, our stated vision was for the CTCC to 
 become an internationally renowned contributor to the 
development and application of quantum-mechanical 
modelling in chemistry and materials science. This vision 
was to be achieved by building on a triad consisting of 
method  development, applications to chemical problems 
of experimental interest, and the education of a new 
 generation of computational chemists.

With almost 800 scientific publications that have 
garnered 13000 citations, the work at the CTCC has 
been both relevant and important. Scholars from around 
the world have made more than 500 visits to the CTCC 
through our visitor’s program and the world’s top scien-
tists in our field have been invited to deliver the annual 
Almlöf–Gropen Lecture. When attending conferences 
internationally, our colleagues and peers have shown a 
great interest in our activities, and recently also in our 
future now that our funding period was coming to an 
end. The CTCC has established itself as one of the inter-
nationally leading centres for theoretical and computa-
tional chemistry.

Historically, theoretical chemistry in Norway has 
been dominated by strong methodological contribu-
tions. The CTCC has changed that. At the end of its 
operational period, the CTCC was heavily engaged in 
collaborations with experimentalists, at its host institu-
tions and elsewhere. This change was brought about by 
integrating experimental and computational activities at 
the centre, by the strategic hiring of new staff members 
actively engaged with experimental colleagues, and by a 
generous visitor’s program that made it possible to invite 
experimentalist to work at the CTCC and interact with 
our staff and students. 

In addition to their regular teaching duties, CTCC 
staff members have organized eleven winter and summer 

schools and lectured at five other schools. Altogether, 
CTCC researchers have contributed to the training of 
more than 700 PhD students and postdocs from around 
the world. Our staff members have published several 
textbooks and monographs. Twelve of our former post-
docs and PhD students hold permanent academic posi-
tions. The educational imprint of the CTCC is therefore 
significant and will have a long-lasting impact on the 
field internationally. 

To what extent has the CTCC fulfilled the ambitions 
of the Research Council for the Centre of Excellence pro-
gramme — namely, to give Norway’s best scientists the 
opportunity to reach ambitious scientific goals?

During the 10 years of CTCC operations, four CTCC 
researchers have been awarded research grants from the 
European Research Council (ERC), perhaps the world’s 
most prestigious research grants. The ERC grants are 
awarded on the basis of the scientific boldness of the 
research proposed and the scientific standing of the prin-
cipal investigator. In fact, the four ERC grants awarded 
to CTCC members are so far the only grants awarded to 
Norway in the field of chemistry. It is noteworthy that 
two of these grants are Starting Grants, awarded to young 
members of the CTCC. Several other members have been 
invited for Starting Grant interviews, but did not make 
the final cut.

Four of our young excellent researchers have been 
awarded Young Research Talent (YRT) grants from the 
Research Council of Norway, allowing them to establish 
their independent research profile and their own research 
group under the CTCC umbrella. One of these young 
researchers has furthermore received a Starting Grant 
from the Tromsø Research Foundation, providing a ten-
ure-track opportunity for her as part of the establishment 
of a research group. We are particularly pleased that three 
of the four YRT grants were awarded to female members 
of the CTCC.

These highly prestigious research grants awarded to 
the CTCC demonstrates that the CTCC researchers are 
among the best chemists and scientists in Norway. 

Have our scientific goals been ambitious? We believe 
so. One example is the dedicated focus throughout the 
ten years of the CTCC on developing a computational 
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molecular framework based on multiwavelets. The 
computer program that has resulted from this work is 
recognized as one of the top two codes of its kind. From 
the inception of this project to the first publication, 
eight years passed, demonstrating the willingness and 
ability of the CTCC to provide precisely the long-term 
dedication and perspective in research that the Centre of 
Excellence program was designed for. A similar example 
is our successful long-term project of creating a general, 
open-ended infrastructure for first-principle calcula-
tions any possible molecular response property. Neither 
project could not have been completed within the usual 
framework of a three-year grant and their continuation 
would have been difficult as renewed applications could 
easily have been regarded as not sufficiently novel and 
original in the highly competitive Norwegian funding 
system.

Nevertheless, some our most remarkable results came 
about in a more accidental manner. The discovery of a new 
kind of chemical bond present in strong magnetic fields 
is perhaps the most spectacular of these. Realizing that 
the methodology being developed to describe periodic 
systems provided a unique tool for studying molecules 
in magnetic fields, researchers at the CTCC embarked on 
such studies. In magnetic fields much stronger than those 
found on Earth (but present in white dwarf stars), these 
studies revealed something completely unexpected — a 
new kind of chemical bond, different from the ionic and 
the covalent bonds so far known to chemistry. The ideas 
and perspectives generated by this discovery are current-
ly being actively pursued.

Another example, less spectacular but more immedi-
ately useful, is the most-cited paper of the CTCC, with 
nearly 750 citations since 2008. This work was built on 
the then growing realization that the work horse of com-
putational chemistry, density-functional theory (DFT), 
often fails to predict correct excitation energies. A simple 
diagnostic test was proposed and implemented, making 
it possible to a priori assess the quality of calculated ex-
citation energies, strongly facilitating the use of DFT for 
excitation energies. 

Several other examples of ambitious research goals 

and novel findings are discussed elsewhere in this CTCC 
report.

As the CTCC ends, it leaves behind a strong legacy, 
having strengthened the activities in theoretical and 
computational chemistry at its host institutions through 
the hiring of new permanent researchers. Importantly, 
the research directions brought in by the new staff are 
focus areas for the next ten years — within the frame-
work of the Hylleraas Centre for Quantum Molecular 
Sciences, established by the Research Council of Norway 
in 2017. The award of a new Centre of Excellence to a core 
group that has emerged from the activities at the CTCC 
is a testimony to the quality of the research at the CTCC, 
its ability to recruit excellent new staff, and its ability to 
be scientifically innovative. The future looks bright for 
theoretical and computational chemistry in Norway.

We would like to thank all those that have contributed 
to making the CTCC the success it has been. First and 
foremost, the principal investigators who created the 
Centre and ensured that its full potential was realized. 
Reaching the scientific ambitions of the centre would not 
have been possible without the many excellent master 
and PhD students, postdocs, and researchers who con-
tributed with their skills and hard work to the scientific 
activities of the CTCC. 

Our administrative leaders have ensured that the 
CTCC has run smoothly and that all visitors and new 
members were warmly welcomed and taken care of 
 exceptionally well. We are grateful to our host institu-
tions, which have supported the centre financially and 
provided the necessary facilities. We are particularly 
grateful for their long-term support provided through an 
expansion of the permanent staff of the theoretical and 
computational groups at the host institutions, without 
which the application for the Hylleraas Centre would not 
have been successful.

Finally, we would like thank the Research Council 
of Norway for establishing the Centre of Excellence 
 programme and entrusting us with one of their centres. It 
has been a wonderful journey and we are looking  forward 
to ten more years of scientific excellence.

Trygve Helgaker  Bjørn Olav Brandsdal Kenneth Ruud
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Words from the Rectors

The Centre for Theoretical and Computational Chem-
istry (CTCC) was established in 2007 by the Research 
Council of Norway as a joint Centre of Excellence shared 
between the University of Tromsø and the University of 
Oslo for a 10-year period. We are proud of what has been 
accomplished during these years. 

Researchers and university leaders face many demands 
from society. More often than before we are asked: What 
is the impact of your research? Why should it be funded? 
These questions are sometimes hard to answer, because 
it is not always obvious what the concrete effects of the 
research will be. But we know that excellent research 
 almost always is a prerequisite for innovation and impact. 
So excellence is always worth pursuing, and always worth 
investing in. 

And excellence is precisely what the CTCC represents. 
The Centre of Excellence Scheme is one of the 

 Research Council’s foremost funding instruments for 
promoting quality in Norwegian research. The long-
term financing enables the centres to achieve excellent, 
 pioneering research results. The significance of these 
centres is illustrated by the success they have in securing 
funding from the European Research Council (ERC). The 
CTCC is no exception. As we can read in this report, the 
four ERC grants awarded to CTCC members are the only 
grants awarded to Norway in the field of chemistry so far.

This report presents ambitious research goals and find-
ings and we encourage you to read it in full. It is uplifting 
and inspiring. The CTCC has also been remarkable in 
other respects. We would like to highlight the important 
work that has been done to promote young researchers 
and, in particular, female researchers. 

Although this is the end of the road for the CTCC, it 
leaves a solid legacy. It is a strong testimony to the excel-
lence of the CTCC that a core group that has emerged 
from the CTCC was awarded a new Centre of Excellence 
last year. We are certain that we soon will see great in-
sights and results coming from the Hylleraas Centre for 
Quantum Molecular Sciences. 

The new Centre has its name from Egil A. Hylleraas, 
who died in 1965. He was on the verge of becoming 
one of the forgotten heroes of Norwegian research. His 
models and calculations were so complicated that it was 
impossible to go further with the computer’s electrical 
calculators. He was simply many decades ahead of his 
time. Hylleraas’ methods were therefore largely unused 
until computer technology and software were adequately 
developed to run heavy calculations. Today, Hylleraas’ 
method is used by scientists all over the world in calcu-
lations on large molecules. In many ways, Hylleraas laid 
the foundation for the work conducted at the CTCC. So it 
is fitting that the continuation of the CTCC should carry 
Hylleraas’ name. The Hylleraas story is a reminder of why 
basic research and long-term research are important. 

We would like to thank everyone who has played a 
part in the CTCC story, and wish you all the best when 
pursuing new adventures.

Anne Husebekk, Rector at UiT Svein Stølen, Rector at UiO
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From the Board of Directors

Ten years as a Centre of Excellence have come to an 
end. It has been a privilege to follow and contribute to 
the development of the CTCC —from the early stages 
when the framework for cooperation and collaboration 
across the two institutions was laid, to the final years 
when the long-term investments in ambitious scientific 
goals have paid off.

We would like to congratulate the directors, Kenneth 
Ruud, Trygve Helgaker and Bjørn Olav Brandsdal, with 
the achievements of the CTCC. Their leadership, scien-
tific excellence, and perseverance have contributed to 
making the CTCC a success, as amply demonstrated in 
this 10-year report. By building a dynamic team of core 
researchers, recruiting the best young research talents, 
and creating, together with the centre administration, an 
open and stimulating research environment, results at the 
frontiers of international research have been achieved.

Another key to the success of the CTCC has been 
their continuous focus on improvement, learning both 
from their own experiences and those of others. This 
made it possible to adapt to changes in the scientific 
focus of the centre and to new opportunities created by 
external funding. Most impressively, it made it possible 
to advance from a midterm evaluation as “very good to 
excellent” to secure another 10-year Centre of Excellence 
grant for the “Hylleraas Centre for Quantum Molecular 
Sciences”.

The results achieved by the CTCC in its three pillars 
of method development, applications, and education 
are outstanding. A less prominent place was given to 
outreach activities, although we note the success of the 
Hylleraas exhibition and sculpture park. The scientific 

topic of the centre may not be the easiest to communi-
cate to the general public, but we believe the strength of 
Norwegian computational chemistry and the importance 
of quantum-mechanical modelling should be even better 
recognized nationally. We therefore encourage the mem-
bers of the Hylleraas Centre to have an even stronger 
focus on outreach. 

The CTCC has made important contributions to 
building the careers of young researchers and those of 
female researchers. The international FemEx conference 
series for promoting female excellence in theoretical 
chemistry is one of the legacies of the CTCC. Despite 
these efforts, gender balance remains a challenge among 
the CTCC members, demanding continued focus in the 
Hylleraas centre.

Another legacy of the CTCC is the Division for Quan-
tum Chemistry and Modelling of the Norwegian Chemi-
cal Society, established on the initiative and by the support 
of the CTCC. This division creates a national platform for 
computational chemistry in Norway, demonstrating that 
the CTCC has had an impact beyond itself.

Finally, we would like to thank all current and former 
members of the CTCC for their dedication and hard 
work, contributing to the success of the centre. We wish 
those members of the CTCC who are part of the Hylle-
raas Centre the best of luck with their new endeavour and 
look forward to ten more years of scientific excellence.
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2007– 2013:
Director Prof. Kenneth Ruud, 
Department of Chemistry, UiT
Deputy Director Prof. Trygve Helgaker, 
Department of Chemistry, UiO

2013–2017:
Director Prof. Trygve Helgaker, 
Department of Chemistry, UiO
Deputy Director Prof. Bjørn Olav Brandsdal, 
Department of Chemistry, UiT

Members and Staff
Directors and Deputy Directors of the CTCC

Principal Scientists of the CTCC

CTCC Affiliates

Name Title Affiliation Department Years

Bjørn Olav Brandsdal Prof. UiT Chemistry 2012–2017

Michele Cascella Assoc. Prof. UiO Chemistry 2014–2017

Tor Flå Prof. UiT Mathematics 2007–2017

Luca Frediani Assoc. Prof. UiT Chemistry 2007–2017

Knut Fægri Prof. UiO Chemistry 2007–2012

Abhik Ghosh Prof. UiT Chemistry 2007–2017

Trygve Helgaker Prof. UiO Chemistry 2007–2017

Claus Jørgen Nielsen Prof. UiO Chemistry 2007–2012

Thomas Bondo Pedersen Assoc. Prof. UiO Chemistry 2012–2017

Kenneth Ruud Prof. UiT Chemistry 2007–2017

Inge Røeggen Prof. UiT Physics 2007–2012

Mats Tilset Prof. UiO Chemistry 2007–2017

Einar Uggerud Prof. UiO Chemistry 2007–2017

Name Title Affiliation Department Years

Bjørn Olav Brandsdal Prof. UiT Chemistry 2007–2012

Harald Møllendal Prof. UiO Chemistry 2007–2016

Claus Jørgen Nielsen Prof. UIO Chemistry 2012–2017

Inge Røeggen Prof. UiO Physics 2012–2017

Svein Samdal Prof. UiO Chemistry 2007–2012
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CTCC Adjunct Professors

Name Title Affiliation Years Node

Sonia Coriani Assoc. Prof. University of Trieste 2007–2010 UiO

Odile Eisenstein Prof. University of Montpellier 2010–2017 UiO

Benedetta Mennucci Prof. University of Pisa 2010–2014 UIT

Magdalena Pecul Assoc. Prof. University of Warsaw 2007–2010 UiT

Espen Sagvolden Assoc. Prof. SINTEF, Oslo 2011–2017 UiO

Trond Saue Prof. University of Toulouse 2009–2014 UiT

Andy Teale Ass. Prof. University of Nottingham 2012–2017 UiO

Principal investigators, affiliates and adjunct professors at the CTCC: Bjørn Olav 
Brandsdal, Michele Cascella, Tor Flå, Luca Frediani, Knut Fægri, Abhik Ghosh, 
Trygve Helgaker, Claus Jørgen Nielsen, Thomas Bondo Pedersen, Kenneth Rud, 
Inge Røeggen, Mats Tilset, Einar Uggerud, Harald Møllendal, Svein Samdal, 
Sonia Coriani, Odile Eisenstein, Benedetta Mennucci, Magdalena Pecul, Espen 
Sagvolden, Trond Saue, Andy Teale.

CTCC Researchers
Name Affiliation Years

Dan Jonsson UiT 2007–2012

Alessandro Soncini UiO 2008–2009

Clemens Woywod UiT 2008–2013

Thomas Bondo Pedersen UiO 2009–2011

Li-Ming Yang UiO 2010–2011

Andrew Michael Teale UiO 2010–2011

Simen Sommerfelt Reine  UiO 2010–2011

Kathrin Hopmann UiT 2011–2017

Bin Gao UiT 2011–2017

Yizhen Tang UiO 2011–2012

Simen Kvaal UiO 2012–2017

Heike Fliegl UiO 2012–2017

Peter Wind UiT 2012–2017

Róbert Izsák UiO 2013–2014

Name Affiliation Years

Michal Repisky UiT 2013–2015

Erik Tellgren UiO 2013–2017

Espen Sagvolden UiO 2013–2017

Mauritz Johan Olof Ryding UiO 2013–2017

David Balcells UiO 2014–2017

Ulf Ekström UiO 2014–2016

Elisa Rebolini UiO 2014–2015

Hima Bindu Kolli UiO 2015–2016

Stanislav Komorovsky UiT 2015–2016

Lukas N Wirz UiO 2016–2017

Ainara Nova UiO 2016–2017

Arnfinn Hykkerud Steindal UiT 2015–2017

Magnus Ringholm UiT 2016–2017

Stig Rune Jensen UiT 2017–2017
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Name Affiliation Years

Erik Tellgren UiO 2010–2013

John Earles UiT 2011–2013

Hans Smalø UiO 2011–2013

Mauritz Johan Olof Ryding UiO 2011–2014

Ulf Ekström UiO 2011–2014

Stella Stopkowicz UiO 2012–2015

Stanislav Komorovsky UiT 2012–2015

David Balcells UiO 2012–2014

Alex Borgoo UiO 2012–2017

Elena Malkin UiT 2013–2015

Arnfinn Hykkerud Steindal UiT 2013–2016

Clemens Woywod UiT 2013–2016

Hugo Vazquez Lima UiT 2013–2016

Ainara Nova UiO 2013–2017

Daniel Friese UiT 2013–2017

Yann Cornaton UiT 2013–2016

Magnus Ringholm UiT 2013–2016

Andrea Debnarova UiO 2013–2016

Elke Fasshauser UiT 2014–2016

Stig Rune Jensen UiT 2014–2016

Taye B. Demissie UiT 2014–2017

Elena Platania UiO 2014–2017

Glenn Morello UiT 2015–2017

Geir Isaksen UiT 2015–2017

Mehboob Alam UiT 2016–2017

CTCC Postdocs

Name Affiliation Years

Andrew Michael Teale UiO 2007–2010

Lihn Bache-Andreassen UiO 2007–2008

Emmanuel Gonzalez UiT 2007–2009

Maxime Guillaume UiT 2007–2009

Jonas Juselius UiT 2007–2010

Andreas Krapp UiO 2007–2010

Maria Francesca Iozzi UiO 2007–2012

Mohammad Solimannjad UiO 2008–2008

Li-Ming Yang UiO 2008–2010

Adam Chamberlin UiT 2008–2010

Emmanuel Fromager UiT 2008–2010

Kathrin Hopmann UiT 2008–2011

Ville Weijo UiT 2008–2011

Radovan Bast UiT 2008–2011

Bin Gao UiT 2008–2011

Michal Repisky UiT 2008–2013

Alexey Konovalov UiO 2009–2010

Hui Cao UiT 2009–2010

Bruno Cardey UiT 2009–2010

Ying-Chan Lin UiT 2009–2013

Andreas Thorvaldsen UiT 2010–2011

Michal Przybytek UiO 2010–2011

Na Lin UiT 2010–2012

Thomas Kjærgard UiO 2010–2012

Niels Højmark Andersen UiO 2010–2013
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CTCC PhD
Name Affiliation Years

Lara Ferrighi UiT 2007–2007

Espen Tangen UiT 2007–2008

Andreas Thorvaldsen UiT 2007–2009

Ola Berg Lutnæs UiO 2007–2009

Harald Solheim UiT 2007–2010

Dimitry Shcherbin UiT 2007–2010

Erik Tellgren UiO 2007–2010

Simen Sommerfelt Reine UiO 2007–2010

Arnfinn Hykkerud Steindal UiT 2007–2013

Alexey Zatula UiO 2008–2012

Myhayo Musabila UiO 2008–2012

Vladimir Rybkin UiO 2008–2012

Anton Simakov UiO 2008–2012

Antoine Durdek UiT 2008–2012

Johannes Rekkedal UiO 2009–2014

Patrick Merlot UiO 2009–2014

Krzysztof Mozgawa UiT 2009–2015

Xiaojun Li UiT 2010–2012

Magnus Ringholm UiT 2010–2013

Stig Rune Jensen UiT 2010–2014

Arne Joakim Coldevin Bunkan UiO 2010–2014

Name Affiliation Years

Geir Isaksen UiT 2010–2015

Kai Kaarvann Lange UiO 2010–2015

Marco Anelli UiT 2010–2015

Maarten Beerepoot UiT 2012–2016

Davide Michetti UiT 2012–2017

Roberto Di Remigio UiT 2013–2017

Karl Roald Leikanger UiO 2013–2017

Glenn Bruce Sangolt Miller UiO 2013–2017

Jon Austad UiO 2013–2017

Sarah Reimann UiO 2013–2017

Marius Kadek UiT 2014–2017

Tor-Arne Andberg UiT 2014–2017

Raphael Mathias Peltzer UiO 2014–2017

Chandan Kumar UiO 2014–2017

Sigbjørn Løland Bore UiO 2015–2017

Audun Skau Hansen UiO 2015–2017

Karen Oda Hjort Dundas UiT 2016–2017

Benedicte Ofstad UiO 2016–2017

Ljiljana Pavlovic UiT 2016–2017

Birta Ravdna Sarre UiT 2016–2017

Lluis Artus Suarez UiO 2016–2017
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Administrative Staff

Technical Staff

Board of Directors

Scientific Advisory Board

Name Affiliation Years

Stig Eide UiT 2007 – 2017

Jan Ingar Johnsen UiO 2012 – 2017

John McNicol UiO 2007 – 2010

Anne Marie Øveraas UiO 2011

Name Affiliation Years

Niels H. Andersen UiO 2007 – 2017

Simen Reine UiO 2013 – 2017

John Vedde UiO 2007 – 2016

Michal Repisky UiT 2015 – 2017

Osamu Sekiguchi UiO 2007 – 2017

Name Affiliation Years

Tore Vorren (chair) UiT 2007–2008

Anne Brit Kolstø UiO 2007–2017

Nina Aas Statoil–Hydro 2007–2017

Knut Børve UiB 2007–2010

Aslak Tveito Simula Research Center 2007–2010

Fred Godtliebsen (chair) UiT 2009–2017

Ole Swang SINTEF 2011–2017

Ragner Winther UiO 2011–2017

Name Affiliation Years

Emily Carter Princeton 2007–2011

Odile Eisenstein University of Montpellier 2007–2011

Kersti Hermansson Uppsala University 2007–2017

Mike Robb Imperial College 2007–2017

Per-Olof Åstrand NTNU 2007–2011

Vidar Remi Jensen University of Bergen 2012–2017

Gunnar Nyman University of Gothenburg 2012–2017 

From left to right: Stig Eide, Jan Ingar Johnsen, John McNicol, 
Anne Marie Øveraas
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The decision to apply for a joint Centre of Excellence 
(“Senter for Fremragende Forskning”, SFF) in theoretical 
and computational chemistry shared between the Univer-
sity of Tromsø (UiT) and University of Oslo (UiO) goes 
back to a workshop on the Coastal Express from Tromsø 
to Kirkenes in September 2004. Further discussions led 
to the idea of an SFF incorporating not only theoretical 
and computational chemists, but also experimentalists 
using computation in support of their work.  

After the Research Council of Norway (RCN) made 
their second call for new SFFs in 2005, the decision was 
made to apply for an SFF with UiT as the host institu-
tion. The application for the Centre for Theoretical and 
Computational Chemistry (CTCC) was submitted in 
October 2015. Among the 98 first-round applicants, 26 
passed to the second stage in August 2016. Following the 
announcement of eight winners in December 2006, the 
CTCC began its operations on 1 July 2007. The follow-
ing gives an overview of the most important events and 
 activities in the CTCC in each year. 

2007
The CTCC was operational from July 1 in Tromsø and 
from August 1 in Oslo. The official opening of the CTCC 
was on September 19 in Tromsø, with opening addresses 
by the Rector of UiT Prof. Jarle Aarbakke and Chairman 
of the Board of Directors Prof. Tore Vorren. After a 
presentation of the Centre-of-Excellence program by a 
representative of the RCN, Trygve Helgaker and  Kenneth 
Ruud presented the CTCC. A local opening of the CTCC 
in Oslo was held on December 7, with addresses by Rector 
of UiO Prof. Geir Ellingsrud, the Vice-Dean of Research 

at the Faculty of Mathematics and Natural Sciences 
Prof. Anders Elverhøi, and the Head of Department of 
 Chemistry Prof. Tyge Greibrokk.

The CTCC held its first international meeting,  Coastal 
Voyage in Current Density Functional Theory, on the 
Coastal Express from Tromsø to Trondheim September 
19 – 22 and its first Annual CTCC Meeting at Lillestrøm 
on October 17, as part of the Norwegian Chemical  Society 
Meeting there.

The monograph Introduction to Relativistic Quantum 
Chemistry by Ken Dyall and Knut Fægri Jr., was  published 
in 2007.

Stig Eide was hired as head of office of the CTCC and 
John McNicol as office manager in Oslo. Sonia Coriani 
(University of Trieste) and Magdalena Pecul (University 
of Warsaw) were appointed in adjunct positions (første-
aman. II) in Oslo and Tromsø, respectively. There were 
20 visits to the CTCC during 2007.

Ten Years of CTCC

Prof. Trygve Helgaker, Rector of UiT Prof. Jarle Aarbakke and Prof. 
Kenneth Ruud at the opening of the CTCC in Tromsø September 19 2017.



10-year report
CTCC The Centre for Theoretical

and Computational Chemistry

10-year report
CTCC The Centre for Theoretical

and Computational Chemistry

14 | CTCC Ten-Year Report

2008
The annual Almlöf–Gropen Lecture Series was esta-
blished in 2008, the first lecture was given by Professor 
Bjørn Roos of Lund University. Elisabeth Almlöf and 
Eva Gropen, the widows of Jan Almlöf and Odd Gropen, 
 attended the lectures in Oslo and Tromsø, respectively.

The first meeting of the Division of Quantum Chem-
istry and Modelling of the Norwegian Chemical Society 
was held at Vinger Hotel in Kongsvinger on November 
6–8, organized by Einar Uggerud. The CTCC organised 
New Frontiers in Theory-Based Chemical Research, a joint 
a symposium of the Norwegian Chemical Society (NKS) 
and Royal Society of Chemistry (RSC) at the University 
of Oslo on May 5, followed by the Annual CTCC Meeting 
on May 6. In addition, the CTCC organized a Schrödinger 
workshop with 40 participants in Tromsø and held joint 
seminars with the Centre for Research-Based Innovation 
(SFI) Innovative Natural Gas Processes and Products 
(inGAP) and the Centre of Excellence (SFF) Centre for 
Mathematics for Applications (CMA) in Oslo.

In 2008, Trygve Helgaker was awarded the Centenary 
Prize of the Royal Society of Chemistry, and Kenneth 
Ruud received the Dirac Medal from the World Associa-
tion of Theoretical and Computational Chemists. A total 
of 53 researchers from 23 countries visited the CTCC in 
2008.

2009
The Almlöf–Gropen lecture was given Prof. Tom Ziegler 
of the University of Calgary, whose visit to the CTCC in 
May coincided with that of Hassel Lecturer Prof. Josef 
Michl, University of Colorado, Boulder. The CTCC or-
ganized Molecular Properties ´09 with 117 participants at 
Hotel Vettre in Asker in June 18–21, as a satellite to the 
ICQC meeting in Helsinki. The annual CTCC meeting 
was held at Sommarøy in May. The CTCC organized with 
the CMA (Centre of Mathematics for Applications) the 
seminar From ab initio theory to density functional theory. 
The three-year programme Atmospheric  Degradation of 
Amines (ADA), headed by Claus J. Nielsen, was funded 
under the Norwegian Government Carbon Capture 
(NGCC) initiative.

Prof. Daniel Crawford of Virginia Tech, visited the 
CTCC, spending three months in Tromsø and three 
months in Oslo. The CTCC established a collaboration 
with other Nordic research groups through the Nordic 
Network of National Centres of Excellence in Computa-
tional Chemistry (NCoECC) funded by Nordforsk. Luca 
Frediani received the UiT Young Researcher Prize. Prof. 
Fred Godtliebsen took over as chairman of the Board 
of Directors, replacing Prof. Tore Vorren. There were 31 
visits to the CTCC in 2009.

Invited speakers at the first meeting of the Division of Quantum 
 Chemistry and Modelling at Vinger Hotel in Kongsvinger 6–8 Novem-
ber 2017: Prof. Evert Jan Baerends (VU University Amsterdam), Prof. 
Pekka Pyykkö (University of Helsinki), Prof. Manuel Yanez (Auton-
omous University of Madrid), and Prof. A. Laaksonen (University of 
Stockholm)

Left: Prof. Trygve Helgaker receives the Royal Society Centenary Prize 
2007/20078 from Prof. David Clary. Right:  Prof. Kenneth Ruud receives 
the Dirac Medal of the World Association of Theoretical and Computa-
tional Chemists from Prof. Walter Thiel.

With 117 participants, Molecular Properties ‘09 was the largest 
conference organized by the CTCC.
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2010
In 2010, the CTCC was host to the conference Quantum 
Chemistry Beyond the Arctic Circle: Promoting Female 
Excellence in Theoretical and Computational Chemistry, 
held in Tromsø and Sommarøy June 23–26. This  meeting, 
which set the standard for future female excellence 
 meetings, was organized by Sonia Coriani and Magda-
lena Pecul, who qualified for full adjunct professors in 
2010. The Almlöf–Gropen lectures were given by Prof. 
Michele Parrinello, ETH Zürich, Switzerland. The annual 
CTCC meeting was held at Clarion Hotel Oslo Airport 
at Gardermoen in May 20–21 2010. Trygve  Helgaker 
co-organized the workshop Quantum Chemistry in 
Strong Magnetic Fields at LNCMI, Toulouse, France on 
September 13–14.

Much attention was given to the upcoming midterm 
evaluation of the CTCC. In preparation for this evalua-
tion, the Scientific Advisory Board visited the CTCC in 
2010, performing an internal evaluation of the Centre. 
Their positive and candid report was made available to 
the international evaluation committee.

Trygve Helgaker received an ERC Advanced Grant in 
2010, and CTCC affiliate Harald Møllendal was award-
ed the Dr. Barbara Mez-Starck Prize at the 23rd Austin 
 Symposium on Molecular Structure and Dynamics for 
outstanding work in the area of molecular structure. 
Prof. Odile Eisenstein (University of Montpellier) and 
Prof. Benedetta Mennucci (University of Pisa) were 
appointed adjunct professors (prof II), following Sonia 
Coriani and Magdalena Pecul in these positions. Prof. 
Mark Hoffmann, University of North Dakota, spent three 
months in Oslo in 2010. In total, there were 56 visits to 
the CTCC during 2010.

From left to right: CTCC visitor Prof. Jeanet Conradie, CTCC 
sabbatical visitor Prof. Daniel Crawford, Almlöf–Gropen Lecturer Prof. 
Tom Ziegler, and Hassel Lecturer Prof. Josef Michl in May 2009 at 
Storsteinen, 420 meters above Tromsø city.

Participants of the Quantum Chemistry Beyond the Arctic Circle: 
Promoting Female Excellence in Theoretical and Computational 
Chemistry in Sommarøy June 2010

Almlöf–Gropen Lecturer Prof. Michele Parrinello (left) with his 
wife and CTCC visitor Prof.Pawel Kozlowski from the University of 
Louisville (USA) overlooking the Tromsø island on a cold June day. 

Barbara Mez-Starck 2010 prize 
winners: Prof. James E. Boggs (left) 
and CTCC affiliate Prof. Harald 
Møllendal (right), with Dr.Jürgen 
Vogt, Director of the Barbara 
Mez-Starck Foundation

CTCC sabbatical visitor Prof. Mark 
Hoffmann, University of North 
Dakota, USA
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2011
The CTCC organized the 15th European Seminar on 
Computational Methods in Quantum Chemistry with 
89  participants at Oscarsborg Fortress in the Oslo 
Fjord June 16–19, while the annual CTCC meeting was 
held at  Malangen Brygger outside Tromsø, May 10–11. 
Prof.  Pekka Pyykkö, University of Helsinki, delivered 
the   Almlöf–Gropen lectures in October 2011 to large 
 audiences in Oslo and Tromsø.

Trygve Helgaker received the Research Council Award 
for Outstanding Research (Möbius Prize), and Kenneth 
Ruud was awarded an ERC Starting Grant in 2011. The 
collection Letters to a Young Chemist, with contributions 
from 17 leading international chemists edited by Abhik 
Ghosh, was published in 2011.

The CTCC was heavily involved with the Internation-
al Year of Chemistry 2011. The national committee for 
this event was chaired by Einar Uggerud, who received 
an Honorary Membership of the Norwegian Chemical 
Society for his contributions. In his capacity as president 
of the Norwegian Chemical Society, Kenneth Ruud also 
took an active role in the International Year of Chemis-
try. Einar Uggerud and Trygve Helgaker participated at 
the Festival of Chemistry at the Norwegian Museum of 
 Science and Technology November 19–27 November.

Prof. Wim Klopper from Karlsruhe Institute of Tech-
nology spent seven months at the CTCC in Oslo, from 
September 2010 to March 2011. There were 61 visits to the 
CTCC in 2011.

The 15th European Seminar on Computational Methods in Quantum 
Chemistry was held at Oscarsborg Fortress June 16–19 2011.

Almlöf–Gropen Lecturer, Professor Pekka Pyykkö, University of 
Helsinki, lecturing at the University of Tromsø

Trygve Helgaker receives the Möbius Prize from the Minister of 
Research Tora Aasland

CTCC sabbatical visitor Prof. 
Wim Klopper, Karlsruhe 
Institute of Technology
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Anne Marie Øveraas became office manager in Oslo, 
replacing John McNicol. An important event in 2011 was 
the positive midterm evaluation of the Research Council, 
allowing the CTCC to plan for the five years 2012–2017.

2012
Entering the second five-year period of the CTCC, a 
number of changes were implemented. Prof. Bjørn Olav 
Brandsdal and Assoc. Prof. Thomas Bondo Pedersen be-
came PIs, replacing Knut Fægri, Jr., Claus Jørgen Nielsen 
and Inge Røeggen, who continued as CTCC affiliates. A 
work package on biomolecular modelling (WP10) was in-
troduced, while WP2, WP8 and WP9 were discontinued.

The Almlöf–Gropen lectures were given by Prof. 
Harry B. Gray of Caltech, attracting large audiences. 
During his visits, Harry Gray Young Scientists Seminars 
were organized in Oslo and Tromsø. The meeting of the 
Division of Quantum Chemistry and Modelling of the 
Norwegian Chemical Society was hosted by the CTCC 
in Hamn on Senja. The CTCC co-organized the meeting 
Accurate Methods for Accurate Properties at the Universi-
ty of Zürich, celebrating the 60th birthday of Prof. Peter 
Taylor. Trygve Helgaker together with Jürgen Gauss from 
Mainz University (Germany) and John F. Stanton from 
the University of Texas at Austin (USA) edited a special 
issue of Molecular Physics on the occasion of Prof. Tay-
lor’s 60th birthday.

Left: Prof. Einar Uggerud chaired the national committee for the International Year of Chemistry, for which he received an Honorary Membership 
of the Norwegian Chemical Society from its president, Prof. Kenneth Ruud. Right: Einar Uggerud aslo organized a one-week Festival of Chemistry 
at the Norwegian Museum of Science and Technology in September 2011.

Almlöf–Gropen Lecturer Prof. Harry Gray, Caltech, USA

The 2012 meeting of the Division of Quantum Chemistry and Model-
ling of the Norwegian Chemical Society was hosted by the CTCC at 
Hamn on Senja 11–13 June.
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In 2012, Kenneth Ruud was elected into the Norwe-
gian Academy of Science and Letters. Jan Ingar Johnsen 
took over after Anne Marie Øveraas as office manager in 
Oslo. There were 38 visits to the CTCC in 2012.

2013
The Almlöf–Gropen lectures were given by Prof. Fritz 
Schaefer III, University of Georgia in Athens. The annual 
CTCC meeting was held at Sanner Hotell in Gran, Janu-
ary 30–31. The conference Very Accurate and Large Com-
putations and Applications, with 102 participants, was 
held at Strand Hotel Fevik June 9–12. It was organized 
by CTCC members Vebjørn Bakken, Knut Fægri jr. and 
Kenneth Ruud together with Prof. Hans Herlof Grelland 
of the University of Agder, in honour of the 60th birthday 
of Trygve Helgaker.

Heike Fliegl and Kathrin Hopmann received Young 
Research Talent grants from the RCN, while David Bal-
cells was awarded a Marie Curie Career Integration grant. 
Kenneth Ruud was appointed Chairman of the Scientific 
Steering Committee of PRACE. Odile Eisentein was 
elected into the French Academy of Science, becoming 
the only female member of its Chemistry Division. Mo-
lecular Physics published a Festschrift honouring Trygve 
Helgaker, edited by CTCC members Kenneth Ruud and 
Andrew Teale. 

Trygve Helgaker took over as Director of the CTCC, 
Bjørn Olav Bransdal becoming Deputy Director. There 
were 77 visits to the CTCC in 2013.

The conference Accurate Methods for Accurate Properties in honour of 
Peter Taylor was organized by Prof. Kim Baldridge of the University of 
Zürich and Prof. Kenneth Ruud in Zürich in June 4–6 2012.

Almöf–Gropen Lecturer Fritz Schaefer in discussion with Kenneth Ruud 
(left) and Bjørn Olav Brandsdal (right) in Tromsø.

The conference Very Accurate and Large Computations and Applica-
tions (VALCA) was organized by CTCC members Vebjørn Bakken, 
Knut Fægri and Kenneth Ruud together with Prof. Hans Grelland of 
the University of Agder at Fevik in June 2013. 
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2014
The conference Promoting Female Excellence in Theoreti-
cal and Computational Chemistry was held at Soria Moria 
Hotel in Oslo June 13–16. The conference was organized 
by Odile Eisenstein and Benedetta Mennucci, attracting 
105 participants. At the CTCC meeting at Rica Ishavs-
hotell in Tromsø April 7–8, the first preparations for a 
new SFF application were made. Heike Fliegl organized 
the meeting of the Division of Quantum Chemistry 
and Modelling in Lillestrøm October 29–30. Michele 
Cascella organized a CECAM workshop in Lausanne, 
September 17–19. The Almlöf–Gropen lecture was given 
by Leo  Radom from the University of Sydney (Australia). 
In Oslo, Radom’s talk was followed by a lecture by Prof. 
Ursula Röthlisberger EPF Laussane (Switzerland).

Einar Uggerud organized events marking the 150th 
 anniversary of the Guldberg–Waage law of mass action 
on March 11. Einar Uggerud and Trygve Helgaker par-
ticipated at the Festival of Chemistry at the Norwegian 
Museum of Science and Technology November 8–16.

CTCC members Heike Fliegl and Kathrin Hopmann were in 2013 
awarded Young Research Talent grants by the Research Council of 
Norway

CTCC member David Balcells won in 2013 a Marie Curie Career 
Integration Grant

The second conference Promoting Female Excellence in Theoretical and 
Computational Chemistry (FemEX) was organized by CTCC Adjunct 
Professors Odile Eisenstein and Benedetta Mennucci in 2014.

Dinner at Cru Vin & Kjøkken on June 18 2014 for Almlöf–Gropen 
Lecturer Prof Leo Radom. From left to right: Mats Tilset, Ursula 
Röthlisberger, Leo Radom, Faye Radom, Barbara Helgaker, Jan Ingar 
Johnsen, Einar Uggerud, Trygve Helgaker, and Michele Cascella.

Professor Einar Uggerud with Sangselskabet Guldbergs Akademiske 
Kor in Gamle Festsal in Urbygningen, University of Oslo, during the 
Celebration of the Guldberg–Waage Law of Mass Action on March 11 
2014.
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Simen Kvaal received an ERC Starting Grant, where-
as Erik Tellgren was awarded a Young Research Talent 
grant from the RCN. Odile Eisenstein was awarded an 
Honorary Doctorate from the University of Oslo on Sep-
tember 3. The next day, a symposium in her honour was 
organized by David Balcells and Mats Tilset at the Nor-
wegian Academy of Science and Letters. Abhik Ghosh 
and Steffen Berg published the textbook Arrow Pushing 
in Inorganic Chemistry on Wiley. Kenneth Ruud was in 
2014 elected member of Academia Borealis and external 
member of the Finnish Academy of Science and Letters.

Michele Cascella was appointed to the position of as-
sociate professor at the Department of Chemistry at the 
University of Oslo, becoming a PI of the CTCC. Profes-
sor Jürgen Gauss, University of Mainz, spent four months 
and Professor Peter Knowles three weeks at the CTCC in 
Oslo. In total, 72 visits were made to the CTCC in 2014.

2015
Two symposiums were organized by CTCC members in 
early 2015: Fundamentals of Density Functional Theory (57 
participants) at the Norwegian Academy of Science and 
Letters January 8–10 and Voyage from Molecules to Ma-
terials with Numerical Methods for Quantum Chemistry 
on the Coastal Express Tromsø–Kirkenes–Tromsø Jan-
uary 11–15 (50 participants). At the CTCC meeting held 
at Sundvolden Hotel April 22–24, further preparations 
were made for a new SFF application. Trygve Helgaker 
co-organized Advances in Electronic Structure Theory at 
University Pierre and Marie Curie in Paris on April 27–
29, on the occasion of the 65th birthday of Prof. Andreas 
Savin. A workshop on the polarizable continuum model 
(PCM) was held in Tromsø July 21–24. Michele Cascella 
co-organized a Psi-k workshop in Rome May 4–6 and a 
CECAM workshop in Paris June 29–July 1.

Banquet dinner at the Norwegian Academy of Science and Letters 
celebrating Odile Eisenstein’s Honorary Doctorate from the University 
of Oslo on September 2 2014

ERC Starting Grant winner dr. Simen Kvaal

CTCC sabbatical visitors Prof. Jürgen Gauss from the University of 
Mainz (top) and Prof. Peter Knowles from Cardiff University (bottom).



10-year report
CTCC The Centre for Theoretical

and Computational Chemistry

10-year report
CTCC The Centre for Theoretical

and Computational Chemistry

CTCC Ten-Year Report | 2120 | CTCC Ten-Year Report

Participants of Fundamentals of Density Functional Theory at the Norwegian Academy of Science January 8 – 10 2015.

The symposium Voyage from Molecules to Materials with Numerical Methods for Quantum Chemistry was held on the Coastal Express Tromsø–
Kirkenes–Tromsø January 11–15 2015
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The 2015 Almlöf–Gropen lecture was given by Nobel 
Laureate Prof. Arieh Warshel, University of Southern 
California, to large audiences in Tromsø and Oslo. 

At the Academy of Science and Letters, Einar Uggerud 
organized an interdisciplinary seminar on light in con-
nection with the International Year of Light on November 
11, while Trygve Helgaker organized an international 
symposium dedicated to the legacy of Egil Hylleraas on 
November 23. An exhibition on the life and work of Hyl-
leraas was opened at the CTCC in Oslo on April 15. Heike 
Fliegl supervised three students from Drammen Upper 
Secondary School in a research project on magnetically 
induced currents.

Ainara Nova recieved a Young Researcher Talent 
grant from the RCN, while Hima Bindu Kolli obtained a 
Marie Sklodowska-Curie Individual Fellowship. Trygve 
Helgaker was invited to the Centre for Advanced Study 
(CAS) at the Norwegian Academy of Science and Letters 

during the academic year 2017/2018, leading the project 
Molecules in Extreme Environments. Simen Kvaal was 
elected to the newly established Young Academy of 
Norway, whereas Thomas Bondo Pedersen received the 
Golden Spatula Award for excellent teaching at the De-
partment of Chemistry, University of Oslo. 

Dr. Anand Thirumalai, an astrophysicist from Arizo-
na State University, spent two months at the CTCC in 
Oslo. Professor Keiji Morokuma from Fukui Institute for 
Fundamental Chemistry, Kyoto University, visited CTCC 
for two days. A total of 54 visits were made to the CTCC 
in 2015.

Almlöf–Gropen lecturer Nobel Laurate Arieh Warshel at the University 
of Tromsø on June 25 2015 (top). Warshel attracted a large audience in 
Tromsø and Oslo (bottom).

CTCC postdoc Ainara Nova 
received a Young Research 
Talent grant from the Research 
Council of Norway in 2015.

CTCC postdoc Hima Bindu Kolli 
received a Marie Sklodowska-Curie 
Individual Fellowship. in 2015.

Astrophysicist Anand Thirumalai from Arizona State University visited 
the CTCC in Oslo for two months in 2015.



10-year report
CTCC The Centre for Theoretical

and Computational Chemistry

10-year report
CTCC The Centre for Theoretical

and Computational Chemistry

CTCC Ten-Year Report | 2322 | CTCC Ten-Year Report

2016
The Almlöf–Gropen lecture was given by Prof. Emily 
Carter, Princeton University in June. A mini-symposium 
was held at the University of Oslo on June 23, in con-
nection with the visit of Prof. Rod Bartlett. Trygve Hel-
gaker organized a symposium on molecular properties 
at the Congress of the International Society for Theoretical 
Chemistry (ISTCP) in Grand Forks, North Dakota on 
July 17–22. The decision was made by its board to hold 
the next ISTCP congress in Tromsø in 2019. The meeting 
Magical Mystery Tour of Electron Correlation was held 
by the CTCC at the Norwegian Academy of Science and 
Letters October 24–26, celebrating the 60th birthday of 
Prof. Jeppe Olsen, Aarhus University.

Participants of the Hylleraas Symposium at the Norwegian Academy of Science and Letters on November 23 2015.

Dinner for Keiji Morokuma at Restaurant Fjord in Oslo September 
1 2015. From left to right: Per Njål Skancke, Odile Eisenstein, David 
Balcells, Michele Cascella, Thomas Bondo Pedersen, Keiji Morokuma, 
and Anne Skancke. Per and Anne Skancke are professor emeritus in 
theoretical chemistry from the University of Tromsø.
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Almlöf–Gropen Lecturer Emily Carter at the University of Oslo June 17 2016.

Participants of the conference Magical Mystery Tour of Electron Correlation at the Norwegian Academy of Science and Letters, October 24–26 2016.

CTCC group picture at the CTCC meeting in Alta on April 5 – 7 2016
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At the CTCC meeting at Scandic Hotel in Alta on 
April 5–7, one extra day was allocated to preparation of 
the SFF application, having successfully passed the first 
round earlier in 2016. 

Kathrin Hopmann was awarded a grant from Tromsø 
Research Foundation, while Heike Fliegl received a Kris-
tine Bonnevie fellowship from the University of Oslo. 
Kenneth Ruud was elected member of the Norwegian 
Academy of Technological Sciences, and Odile Eisen-
stein was elected as a foreign member of the North Rhe-
in-Westphalian Academy of Science and Letters. PhD 
student Glenn Miller received the Golden Spatula Award 
for excellent teaching at the Department of Chemistry, 
University of Oslo. There were 43 visits to the CTCC in 
2016. 

2017
After ten years of operations, the CTCC came to an end 
on June 30 in Tromsø and on July 31 in Oslo. A final CTCC 
meeting was held at Clarion Hotel the Edge in Tromsø on 
October 2–4, with participation of current and previous 

CTCC members. At the meeting, Prof. Jack Simons, Uni-
versity of Utah gave the Almlöf–Gropen lecture 2017.

On June 14 in Tromsø, Kathrin Hopmann received 
the UiT Young Researcher Prize 2017. Maarten Beerepoot 
received the Yara Birkeland Prize 2017 for his PhD thesis 
entitled “Calculating molecular properties in realistic 
environments”. The prize was presented to him by the 
Prime Minister of Norway, Erna Solberg, in connection 
with the 150th anniversary of the birth of Kristian Birke-
land. Odile Eisenstein received an Honorary Doctorate 
from Technion, Israel Institute of Technology.

On June 30, Odile Eisenstein, Trygve Helgaker (chair) 
and Prof. Bogumil Jeziorski (University of Warsaw) orga-
nized the symposium 50th Anniversary Celebration of the 
International Academy of Quantum Molecular Sciences, 
with 52 participants, in Menton, France.

CTCC researcher Kathrin 
Hopmann was awarded a 
grant from Tromsø Research 
Foundation.

Participants at the final CTCC meeting in Tromsø October 2–4

Almlöf–Gropen Lecuterer Professor Jack Simons in Oslo on 5 October 
2017.
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The Hylleraas Park was opened on August 4 in Enger-
dal by Inger Hylleraas Bø, the daughter of Egil Hylleraas. 
At the opening, Trygve Helgaker gave a short presenta-
tion of Egil Hylleraas and his work.

On March 15 2017, the RCN announced the ten new 
Centres of Excellence 2017–2027. Among these was the 
Hylleraas Centre for Quantum Molecular Sciences, 
which began its operations on October 1. A presentation 
of the new centre was given by its Director Trygve Helga-
ker at the final CTCC meeting in Tromsø.

Top: CTCC researcher Kathrin Hopmann receives the UiT Young 
Researcher Prize 2017. Bottom: CTCC member Maarten Beerepoot was 
awarded Birkelandsprisen 2017.
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Social Activities

Science and outdoor activities were closely integrated 
at the CTCC, and former students and postdocs 
often left skis behind for use by visitors. Here Petr 
Bour from the Czech Academy of Sciences (left) 
together with CTCC researcher Kathrin Hopmann 
(middle) and CTCC postdoc Taye Demissie in 
scientific discussion.

From a summer evening hike in Tromsø, where the cloud banks came in from the ocean during the trip, giving a magical view from above the 
clouds . From left to right: CTCC postdocs Radovan Bast, Michal Repisky and Stanislav Komorovsky, and CTCC PhD student Stig Rune Jensen.

Winter skiing in Tromsø. Left to right: Jiri Prusa and Petr Bour from the Czech Academy of Sciences and CTCC researcher Dan Jonsson.
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Several Indian researchers have visited the CTCC and joined the group for hikes. Left picture: Swapan Chakrabarti from the University of Kolkata. 
Right picture: Ankan Paul from the Indian Association for the Cultivation of Science and PhD students Sayantanu Koley and Lopa Paul from the 
University of Kolkata.

CTCC day out at Hovedøya in the Oslo Fjord on Saturday August 18 2008. As part of the excursion, Head-of-Office John McNicol gave the 
participants a tour of the ruins of the Cistercian monastery on the island.

The Christmas Party in Oslo (left 2009, right 2016) was regularly attended by about 30 people.
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Valka Restaurant at Majorstuen in Oslo was regularly visited by the members of the CTCC, typically after work on Friday.

A regular event in Oslo was the June summer party of CTCC members and their families. To the left, frequent visitor to CTCC Ludwik Adamowicz 
from the University of Arizona in discussion with CTCC researcher Simen Kvaal.
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The CTCC published nearly 800 articles in the scientific 
literature from 2007 to 2017. The scientific contents and 
impact of these articles are discussed elsewhere in this 
report. This section contains seven highlights — short 
popular accounts of the work carried out at the CTCC. 

These highlights do not cover all science at the CTCC 
but should give a good indication of the broadness of our 
activities, ranging from hard-core method development 
to applications in chemistry, biology and astrophysics.

Scientific Highlights

Highlight 1:  
Helium Flakes and Huddling Penguins
Trygve Helgaker and Erik I. Tellgren

Chemistry is the science of matter and its transformations. 
Over centuries, chemists have built up a vast knowledge 
of chemical systems — atoms, molecules, and materials 
— their structure, stability and reactivity. In particular, 
we have developed an understanding of how chemical 
bonds are formed between atoms, generating molecules 
and materials. This concept of chemical bonding is funda-
mental to chemistry and is taught in schools. Specifically, 
two types of bonds are recognized: ionic bonds where 
binding occurs by attraction between oppositely charged 
atoms and covalent bonds where binding occurs by the 
sharing of electron pairs between neutral atoms.

However, our chemical knowledge is restricted to 
chemistry under “normal conditions” — that is, to 
 conditions that exist on Earth. Elsewhere in the Uni-
verse, conditions may be very different. For example, the 
magnetic fields that can be generated in laboratories are 
weak and usually do not affect chemistry in any percep-
tible  manner although it is important for spectroscopic 
processes such as those involved in magnetic resonance 
spectroscopies. By contrast, in the atmospheres of many 
white dwarf stars (the evolutionary end point of stars such 
as the Sun), magnetic fields exist that are up to a thousand 
times stronger than those that can be generated in labo-
ratories. In such fields, the magnetic forces on atoms are 
sufficiently strong to compete with the electrostatic forces 
responsible for ionic and covalent bonding. Under such 
conditions, we expect chemistry to become different and 

to change in manners that cannot be understood using 
our knowledge of chemistry under normal conditions. 
However, since these systems are not accessible to us, we 
cannot perform experiments and learn about them in 
this traditional manner.

There is, however, a different way to uncover and 
understand chemistry under such extreme conditions. 
Nowadays, chemistry can be studied in silico, on com-
puters. Molecules consist of electrons and nuclei, charged 
particles obeying the laws of quantum mechanics. In 
quantum mechanics, the behaviour of the electrons and 
nuclei is described in terms of a wave-like mathematical 
function called the wave function, obtained by solving 
the Schrödinger equation for the particles in the mole-
cule. Since the wave function is an enormously compli-
cated function of the coordinates of all the particles in 
the molecule, we cannot solve the Schrödinger equation 
exactly — we must instead be content with approximate 
solutions and approximate wave functions. With today’s 
powerful computers, it is nevertheless possible to calcu-
late the wave function to a very high accuracy for mole-
cules containing a few tens of atoms, giving us a tool to 
study chemistry reliably even when it is inaccessible to 
experiment. 

In 2008, we began developing LONDON, the first 
computer code designed for accurate and reliable quan-
tum-chemical calculations on molecules in a magnetic 
field [Tellgren et al., J. Chem. Phys. 129, 154114 (2008)]. 
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Using LONDON, we performed the first accurate study of 
molecules in a strong magnetic field [Lange et al., Science 
337, 327 (2012)]. In particular, we studied the simplest of 
all molecules — the hydrogen molecule H2 and the he-
lium molecule He2 — in the ultrastrong magnetic fields 
that exist on magnetic white dwarf stars. The surprising 
outcome of this study was the discovery of a new kind of 
chemical bond, different from ionic and covalent bonds.

It is well known that noble-gas or rare-gas atoms such 
as helium atoms and neon atoms are inert and do not 
bind to other atoms — their inertness is precisely why 
they are called `noble’. They cannot share electrons with 
other atoms to form covalent bonds nor can they accept 
charge from other atoms to form ionic bonds. A small 
residual attraction known as van der Waals interaction 
exists between noble-gas atoms but this attraction is 
much weaker than that of a chemical bond. The helium 
dimer, consisting of two helium atoms, is therefore too 
loosely bound to be considered a molecule.

Our study showed that this changes in ultrastrong 
magnetic fields. In a magnetic field, the energy of the 
helium atom increases. This so-called diamagnetic be-
haviour of the helium atom was already known since 
it is easy to study isolated atoms in a magnetic field. 
However, when we studied two or more helium atoms 
simultaneously, we found that the diamagnetic increase in 
their combined energy is less when the helium atoms are 
close together than when they are far apart. As a result, 
helium atoms in the field form molecules such as those 

illustrated in Figure 1 [Tellgren et al., Phys. Chem. Chem. 
Phys. 14, 9492 (2012)]. In a magnetic field, therefore, the 
helium atoms behave much like penguins in the freezing 
Antarctic winter — they freeze but freeze less when hud-
dling together. The low temperature binds the penguins 
just like the magnetic field binds the atoms.

More technically speaking, there are in the helium di-
mer two electrons in a bonding orbital of low energy and 
two electrons in an antibonding orbital of high energy. 
The helium dimer therefore has zero bond order and does 
not bind under usual conditions. In a strong magnetic 
field, the energy of each orbital increases but that of the 
antibonding orbital increases by a smaller amount when 
the two atoms come close together and the molecule is 
oriented perpendicular to the direction of the field. In a 
magnetic field, the two atoms will thus not only bind but 
also orient themselves such that the bond is perpendic-
ular to the field; see Figure 2. We termed this bonding 
mechanism perpendicular paramagnetic bonding.

Figure 1. Helium molecules in a magnetic field strength of 470.000 T oriented perpendicular to the molecular plane (left). Penguins huddling in the 
Antarctic winter, keeping warm at –24°C (Gunter Riehle/Solent News) (right),

Figure 2. Unhindered rotation of molecules in field free space (left). 
Molecules oriented relative to a magnetic field. Paramagnetic bonding 
occurs most strongly with the molecule in the perpendicular orientation 
[Schmelcher, Science 337, 302 (2012)].
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The perpendicular paramagnetic bonding occurs 
in all molecules but is most striking for the notoriously 
inert noble-gas atoms. The two-electron hydrogen mol-
ecule H2 exists in two states: the singlet state with paired 
spins and the triplet states with unpaired spins. Under 
normal conditions, only the singlet state is bound; in an 
ultrastrong field, both states are bound in the same man-
ner as the helium atoms discussed above.

Since the ultrastrong magnetic fields that are needed 
for paramagnetic bonding cannot be generated on Earth, 
one may wonder about the relevance of these studies. 

We first note that the chemistry in an ultrastrong 
magnetic field is in itself fascinating. Many other things 
happen to molecules in strong magnetic fields than we 
have discussed here: atoms and molecules are twisted and 
squeezed by the magnetic fields. Atoms become smaller, 
assuming the shape of a cigar and sometimes that of a 
flying saucer. Such a chemistry puts our own familiar 
chemistry in perspective and becomes a stress test for the 
generality of our models and computational methods.

Second, the chemistry in an ultrastrong magnetic 
field is of interest in astrophysics. The spectra of magnetic 
white dwarfs contain lines arising from atoms in their at-
mospheres. The position of these lines gives information 
about the field on the surface of the white dwarf. Such 
atomic observations have been carried out for a long 
time. Very recently, molecules have been observed on 
non-magnetic white dwarfs. To detect such molecules in 
magnetic white dwarfs, calculations are needed to guide 
observations and help identify molecules.

Third, in certain crystal impurities, the effects of a 
magnetic field are enhanced by several orders of magni-
tude. Indeed, it has already been shown that the spectra 
from atoms in such impurities resemble those of atoms in 
ultrastrong magnetic fields [Murdin et al., Nat. Commun. 
4, 1469 (2013)]. One may then speculate that paramag-
netic bonding may occur also in these impurities. Such 
speculations have already inspired studies of crystal 
impurities and have also grabbed the imagination of the 
popular press; see Figure 3. If paramagnetic bonding is 
discovered in crystal impurities, then we will for the first 
time be able to turn on and off chemical bonding in the 
laboratory, with potential technological consequences.

Fourth, a major challenge for computational chemis-
try is to meet the demand from experimental chemists 
for calculations of molecular magnetic properties in lab-
oratory-strength magnetic fields. The study of molecules 
in ultrastrong fields ties back to this challenge. Although 
the field strengths are very different, the same basic, 
approximate quantum-mechanical models underlie the 
calculations. What is learned about exotic strong-field 
situations therefore benefits also less exotic applications.

Figure 3. Article about paramagnetic bonding in the popular press (left) and in New Scientist (right)
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Vision is one of the most important senses of the human 
body. Everything we see, including the beautiful colours 
of a Norwegian winter sunset, is due to the interaction 
of visible light with matter. Such radiation is partially 
absorbed and partially scattered by the objects it hits, and 
eventually collected in our eye. 

We can use the interaction of visible or ultraviolet 
(UV) light with matter to unravel electronic and struc-
tural  information about a molecule or a material. The 
electronic energy of a molecule can take only discrete 
values with well-defined energy differences. These 
energy differences are characteristic of a molecule in a 
given  environment. When an individual light particle, 
a photon, hits a molecule and it has an energy equal to 
a molecular energy difference, it is typically absorbed, 
bringing the molecule to an electronic excited state. 

Most of the excited states that can be reached by mol-
ecules in our bodies by absorbing visible and UV light 
are stable, causing only structural changes of the mole-
cule. However, some of the excited states can be reactive. 
In these cases, the light can induce chemical reactions, 
changing the molecular composition in the sample. 

These light-induced reactions can be wanted (e.g., 
when cancer cells are destroyed in photodynamic 
 therapy) or they can be unwanted (e.g., when chemical 
reactions induced by UV light during sunbathing trigger 
the development of cancer cells). The basic principles are 
the same – the key difference is whether we can control 
the chemical reactions induced.

The absorption of a single photon by a molecule is an 
efficient process, which occurs with a high probability 
throughout the sample as long as there are photons in 
the light beam and these photons interact with molecules 
with the right energy differences.

If the intensity of the light is sufficiently strong – for 
example, with lasers – many molecules can simultane-
ously absorb two or more photons. Such processes are 
commonly referred to as two- or multiphoton absorption 
processes. However, the simultaneous absorption of 

 multiple photons is much less likely than the absorption 
of only a single photon. By focusing the laser beam using 
sophisticated lenses, we can ensure that multiphoton 
 absorption only happens at a specific, small region of 
space, the focal spot of the laser. 

In multiphoton processes, the molecular energy 
differences now have to match the combined energy of 
several photons. Each photon can therefore carry less 
energy than in one-photon processes and therefore be 
less likely to cause unwanted chemical reactions. Only 
at the focal spot of the laser is there a sufficient number 
of photons present for electronic excitations to occur. By 
precisely controlling the focal point of the laser, multi-
photon processes thus provide unique opportunities for 
imaging biological samples (bioimaging) and for induc-
ing destructive reactions only in cancer cells, not in the 
healthy cells.

CTCC researchers have for years been involved in 
the development of methods capable of calculating the 
 probability of simultaneous absorption of two photons. 
Using these methods in collaboration with experimen-
tal colleagues, we showed that the human eye is able to 
 observe infrared radiation – that is, heat – by simulta-
neously absorbing two photons [Palczewska et al., Proc. 
Nat. Acad. Sciences 111, E5445 (2014)]. Since the com-
bined  energy of the two photons absorbed matches the 
energy of visible light, it can be detected by receptors 
in the eye that otherwise only detect visible light by the 
absorption of a single photon. This finding was recently 
experimentally verified: Patients exposed to infrared 
light of wavelength 1043 nm were unable to distinguish 
this from green light of wavelength 543 nm [Artal et. al., 
Optica 4, 1488 (2017)].

During its ten years of operation, CTCC researchers 
have developed unique tools for calculating the prob-
ability of simultaneously absorbing multiple photons. 
With these tools, CTCC postdoc Daniel Friese was able 
to show that molecules that display strong one-photon 
absorption are likely to display strong three- and five- 

Highlight 2:  
Let There be Light
Michele Cascella and Kenneth Ruud
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photon absorption, while molecules that display large 
two-photon absorption also can be expected to display 
large four- and six-photon absorption [Friese et al., ACS 
Photonics 2, 572 (2015)]. More importantly, he was able to 
show how molecules that selectively enhance only one of 
these multiphoton processes can be designed.

Multiphoton absorption processes are much weaker 
than the corresponding one-photon absorption process. 
They also arise from more complex electronic processes 
and therefore depend strongly not only on the absorbing 
part of the molecule but also on the surrounding environ-
ment. Since control is the key to efficient photodynamic 
therapy and other applications, it becomes important, for 
instance, to understand the effect of a protein environ-
ment on multiphoton absorption probabilities.

CTCC researchers Arnfinn Steindal, Maarten 
 Beerepoot, and Magnus Ringholm have taken the first 
steps in this direction, developing multiscale models for 
calculating multiphoton processes in complex  systems 
[Steindal et al., Phys. Chem. Chem. Phys. 18, 28339 (2016)]. 
Together with colleagues at the University of Southern 
Denmark, they found that more elaborate models, with 
larger quantum regions, are needed when studying 
 multiphoton rather than one-photon processes. Much 
work remains to be done in this area – our research into 
multiphoton spectroscopy will therefore be continued 
with the Hylleraas Centre.

Figure 1. Photo-excitation of a (bio)chemical species (central panel) can 
be achieved by absorption of one photon having an energy matching 
the excitation energy (blue arrow) or by the concomitant absorption of 
two or more photons (red arrows) whose total energy matches the same 
energy gap.
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Imagine you are the captain of a large ship and that 
you want to know your weight. But the only scales you 
have are meant for a ship and not for a person. To weigh 
yourself, you first weigh the ship, then you get on board, 
measure again and take the difference. The problem with 
this bizarre method is that you need scales so sensitive 
that it can detect fractions of a kilogram when it is meant 
to measure thousands of tons (1010-1011 kg). You therefore 
need scales with at least twelve correct digits. Nobody 
would be so insane to attempt such a measurement — 
unless you are quantum chemist!

In quantum chemistry, we are often interested the 
 difference between the energies of two molecules — 
this difference will tell us, for instance, whether or not 
a  reaction will lead to a certain product. Tiny variations 
in the total energy that occur when a molecule interacts 
with light or a magnetic field give other important infor-
mation about the molecule. Quantum chemists then face 
the captain´s dilemma: they can only compute the total 
energy, but the differences are so tiny that the energy 
must be calculated to an accuracy of twelve digits.

Until a few years ago, this task posed a formida-
ble challenge, typically bypassed by relying on error 

 cancellation. Even if the calculation is not as precise as 
we would wish, we assume that the error stays constant 
from one molecule to another, when the light is turned 
on, or when the field is applied. The error ∆ then cancels 
when the difference is taken:

Highlight 3:  
The Most Accurate Scales for Molecules: 
Multiwavelets
Luca Frediani

Figure 1: Did you gain weight Mr. Captain? ©JorgeRoyan. I’m not sure. Give me scales accurate enough and I will find out! ©Hurtigruten

Figure 2: Multiwavelets are simple piecewise polynomials: one on the 
left side and one on the right side. Due to their clever construction, they 
possess excellent properties that allow accurate molecular calculations 
to be performed.

(E1+∆)-(E2+∆)=E1-E2+∆-∆=E1-E2
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It is like saying that the measured ship’s weight is not 
very accurate but that the error stays the same when the 
captain goes aboard.

Such an assumption is reasonable: most of the ener-
gy is concentrated near the nuclei, while the interesting 
changes occur far from them. An inaccurate but identical 
description of the electrons in the nuclear region should 
then not affect the overall result. Still, no matter how 
reasonable, this assumed error cancellation could not 
be properly confirmed until truly accurate scales arrived 
in the guise of multiwavelets, introduced into quantum 
chemistry by Robert Harrison and co-workers.

Multiwavelets are simple functions built from poly-
nomials that are very good at capturing the features of 
more complex functions such as the electron density in a 
molecule. Importantly, they make it possible to estimate 
the errors in a given calculation. We can therefore request 
that a calculation be performed to a certain predefined 
precision. Multiwavelets will then be adapted and com-
pressed to the level required to achieve that precision, 
without any reliance on an unknown, potentially inaccu-
rate, error cancellation.

Adapting quantum chemistry to multiwavelets was 
not easy: they require completely different algorithms 
and our code had to be rewritten several times to cope 
with new challenges that we encountered during the 

course of the work. 
Thanks to the skills and dedication of the group 

 members and the long-term commitment of the CTCC, 
we were able to overcome these challenges, finally 
achieving a multiwavelet code for molecular energies and 
properties equivalent to scales with twelve digits of preci-
sion. We would like to highlight two recent achievements 
made possible by our work. 

In a recent paper, we computed molecular  electronic 
energies to an unprecedented precision of twelve 
 digits (providing the most accurate scales available for 
 molecules) and assessed the validity of traditional scales 
 relying on error cancellation [Jensen et al., J. Phys. Chem. 
Lett. 8, 1449–1457 (2017)]. We concluded that the simplest 
traditional scales are able to tell if the captain is aboard, 
others can tell if the captain has gained 10 kg weight. The 
most accurate scales achieve a precision of 1 kg, but none 
has a guaranteed sub-kg precision like multiwavelets!

In another study, we examined the shielding constants 
of nuclear-magnetic-resonance (NMR) spectroscopy 
[Jensen et al., Phys. Chem. Chem. Phys. 18, 21145–21161 
(2016)]. To compute such constants precisely, we need a 
very good knowledge of the electronic structure close to 
the nuclei, where most of the error of traditional methods 
comes from. Multiwavelets outperform traditional meth-
ods, providing the correct answer, also for difficult mole-
cules such as MgO and O3, where even the most accurate 
traditional methods show significant limitations. Thanks 
to multiwavelets, we have been able to compute shielding 
constants with a guaranteed four-digits precision with re-
spect to the “ideal” basis-set limit, and therefore to check 
the quality of results obtained with traditional bases.

Figure 3: Among traditional bases, only pc-3 yields an average error 
of less than 1 kcal/mole on total energies. Error cancellation helps for 
atomization energies, but several bases remain above the 1.0 kcal/mole 
average error. Multiwavelets guarantee errors of 0.01 kcal/mole or less.

Figure 4: Basis-set errors on shielding constants. Multiwavelets 
outperform traditional bases already at level 4. At level 5 the error is 
well below 1 ppm. Multiwavelets at level 6 are employed as reference.
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Natural photosynthesis consists of two parts. In the first 
part, sunlight is absorbed whereupon water splits into 
hydrogen and oxygen, schematically:

2H2O → 2H2 + O2 (1)

This equation is an oversimplification since H2 is not 
liberated as such but transported further downstream 
in the process in the form of an NADPH (nicotinamide 
 adenine dinucleotide phosphate) molecule, where it 
enters the second part of photosynthesis. In this  second 
part, carbon dioxide CO2 reacts with NADPH in a mani-
fold of chemical reactions involving a pool of carbo-
hydrates (the Calvin cycle) and is ultimately converted 
into glucose. The overall reaction is (still with H2 in the 
disguised form of NADPH): 

6CO2 + 12H2 → C6H12O6 + 6H2O (2)

In artificial photosynthesis, the overall goal is es-
sentially the same — namely, to accomplish reductive 
fixation of CO2 to produce energy-rich compounds (in 
practice, liquid fuels or other commodity chemicals) 
using sunlight (and sometimes also electricity) as energy 
source. When looking for ways to achieve this, the chem-
ist finds inspiration in nature. At the same time, he or she 
has the privilege to go beyond the biochemical repertoire 
offered by nature, developing new concepts and ideas.

Some years ago, as a result of our long-standing 
 interest in water and water-cluster chemistry, we were 
inspired by a publication by Wang and co-workers [Wang 
et al., J. Chem. Phys. 119, 3631 (2003)], who investi gated 
electron photodetachment from anionic oxalate/water 
clusters. In reading their paper, it struck us that it might 
be possible to trap the intermediate CO2– anion formed 
upon electron detachment from C2O4

2– surrounded by a 
few water molecules. While CO2– itself cannot be trapped 

(since it autodetaches within some milliseconds), it 
would perhaps be possible to trap it in the form of a salt 
of an alkali metal or alkali earth metal. An opportunity 
to test this idea came in the summer of 2011, when the 
author was invited to Université Pierre-et-Marie- Curie 
as guest professor with generous access to talented 
co-workers and first-class instrumentation. Very quick-
ly, our team succeeded in isolating a magnesium/CO2 
 complex [Dossmann et al., Angew. Chem. Int. Ed. 51, 6938 
(2012)] — formed by first mixing magnesium chloride 
with oxalic acid in a mixture of water and methanol, then 
electrospraying the solution and isolating the magne-
sium/chloride/oxalate complex spontaneously formed in 
this manner, and finally achieving decarboxylation of the 
oxalate entity by collisional activation:

ClMgC2O4
– → ClMg(CO2)

– + CO2 (3)

The choice of magnesium was not random since the 
active site of RuBisCO (the enzyme responsible for CO2 
fixation in photosynthesis) has an Mg2+ at its centre. 

At this stage, we became interested in the molecular 
structure of the ClMg(CO2)– product formed in reaction 
3. Quantum chemical calculations suggested that the 
CO2 moiety is bonded to magnesium via both oxygen 
atoms in a bidendate fashion; [ClMg(κ2-O2C)]−(1), 
corresponding to an activated form of CO2. In this 
manner, it represented a novel binding motif, with little 
precedence in the chemical literature. It therefore be-
came mandatory to seek experimental evidence for the 
unexpected structure. However, when an elusive species 
is formed in extremely low quantities inside the vacuum 
chamber of a mass spectrometer, this is no trivial task. 
We were lucky in establishing contact with colleagues at 
the Fritz-Haber-Institut in Berlin, who gave us access to a 
highly advanced mass spectrometric experimental setup 
that is attached to the free electron laser (FEL) facility 

Highlight 4:  
A new concept for CO2 activation  
and fixation
Einar Uggerud
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at that institute—at that time brand new. In fact, when 
we published the paper [Miller et al., Angew. Chem. Int. 
Ed. 53, 14407 (2014)], it turned out to be the first pub-
lication based on the use of electromagnetic radiation 
from this FEL. Using IR action spectroscopy, the molec-
ular structure designated (1) in Figure 1 was confirmed. 
In 1, the bond angle is 114˚, while in CO2 it is 180˚. The 
experimental data were supported by the results of very 
accurate quantum chemical calculations.

During the work that resulted in the Paris paper 
[Doss mann et al., Angew. Chem. Int. Ed. 51, 6938 (2012)], 
we realized that 1 has two highly interesting properties. 
First, we noticed its carbenoid character, since it formal-
ly is a salt of dihydroxycarbene. Second, we could infer 
from electronic structure calculations that the charge at 
the carbon atom in the activated form 1 is the opposite to 
that of CO2 itself, meaning that the polarity of the bonds 
of carbon dioxide molecule is reversed upon addition to 
the metal—umpolung. An organic chemist would classify 
CO2 as an electrophile, while 1 is a nucleophile. The latter 
assessment was strengthened through experiments we 
performed that showed that 1 is able to displace chloride 
and bromide in gas phase SN2 reactions with CH3Cl and 

CH3Br, thereby giving rise to C–C bonds:

YMg(O2C)– + CH3X → YMgO2CCH3 + X–   
(Y = Cl, OH; X = Cl, Br) (4) 

The fact that 1 acts as a carbon nucleophile towards 
alkyl halides and forms C–C bonds is interesting in its 
own right but has limited significance for artificial photo-
synthesis. We therefore initiated a new series of measure-
ments. This time we wanted to investigate the reactivity 
of activated CO2 having the bidentate binding motif of 
1 towards carbohydrates. The electrophilic carbon atoms 
of the C=O groups of carbohydrate molecules were 
considered likely targets for nucleophilic attack from 
the nucleophilic carbon atom of 1. Carbohydrates are 
a class of molecules involved in CO2 fixation of natural 
photosynthesis. In the case of formaldehyde (the simplest 
possible carbohydrate), the reaction would be:

ClM(O2C)– + H2CO → ClM(O2CCH2O)– (5)

The alkali metals, the alkali earth metals and some 
transiton metals activate CO2 giving rise to the same 
characteristic bonding motif, [M(κ2-O2C)] as found in 1. 
To this end, we have shown how such species (M = Mg 
and Zn) add to aldehyde (acting as carbohydrate models) 
forming C–C bonds [Miller et al., Chem. Eur. J. {\bf 24}, 
4710 (2018)]. These results clearly support the idea that 
C–C bonds can be formed in this manner. However, in 
our model, CO2 fixation is accomplished by reduction 
of CO2 before the C–C bond is formed, while in the ca-
nonical mechanism for natural photosynthesis, catalysed 
by the RuBisCO enzyme, reduction is believed to occur 
after the C–C bond formation step. Only time will show 
whether this new paradigm for artificial photosynthesis 
is viable, or if it even has relevance to the mechanism of 
natural photosynthesis.

Figure 1. Vibrational predissociation spectrum (traces (I) and (II)), 
and quantum chemically simulated spectra (traces (III) and (IV)), 
of candidate ClMgCO2

− structures. (Taken from Miller et al., Angew. 
Chem. Int. Ed. 53, 14407 (2014))

Figure 2. Reactivity of ClMCO2
− structures. (Taken from Miller et al., 

Chem. Eur. J. {\bf 24}, 4710 (2018)).
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Much of our experimental research is inherently ex-
ploratory in nature and risks being disparaged as stamp 
 collecting, butterfly collecting, or a fishing expedition. 
Very often, there is no particular hypothesis to be tested 
and we simply brew things together in the hope that some 
new and wonderful molecule will crystallize out that we 
can analyse with X-ray crystallography. A couple of my 
religiously minded coworkers view such discoveries as 
divine gifts.

Our recent research provides a remarkable example 
of such a serendipitous discovery. In the course of a rou-
tine and rather tedious exercise in ligand synthesis, my 
colleague Dr. Kolle E. Thomas isolated a pure sample of 
a free-base porphyrin with seven trifluoromethyl groups 
on the pyrrole rings. I recall being somewhat unim-
pressed by the achievement — somehow, the presence 
of seven instead of eight CF3 groups on the porphyrin 
periphery violated my aesthetic sensibilities. The lovely 
crystallinity of the sample, however, prompted Kolle to 
ship the sample to the Advanced Light Source at the Law-
rence Berkeley National Laboratory, where crystallogra-
pher Dr. Laura J. McCormick, to my shock and disbelief, 
found that the molecule existed as a cis tautomer — that 
is, the two central hydrogens of the porphyrin were at-
tached to adjacent pyrrole nitrogens.

Once we were satisfied that the structural model 
was on solid ground, we were elated that we had finally 
 discovered the long-postulated cis intermediate of por-
phyrin tautomerism – the veritable white whale of the 
field! Over the years, many chemists had tried to isolate 
such a species by manipulating the peripheral substitu-

ents of porphyrins but to no avail. Our X-ray structure 
revealed a strongly saddled porphyrin and a water mol-
ecule on each face of the macrocycle that stabilized the 
cis NH groups via hydrogen bonds leading up to the 
unprotonated nitrogen atoms across the porphyrin ring. 
Density-functional calculations by Dr. Hugo Vazquez- 
Lima confirmed that both these factors are critical to 
stabilizing the cis tautomer of porphyrin, highlighting yet 
again the considerable role of computation in our pursuit 
of unusual molecules.

The research was accepted for publication in Ang-
ewandte Chemie, a classic venue for reports on unique 
molecules and structures, where it was accommodated 
in the Roald Hoffmann 80th birthday issue. The work 
was also presented at the Roald Hoffmann 80th birthday 
symposium at the 254th ACS National Meeting in Wash-
ington, D. C., much to the delight of the legendary theo-
retician, whose own career has intersected those of many 
porphyrin scientists, including R. B. Woodward and 
Martin Gouterman. For a similar story on a serendipitous 
discovery in the porphyrin field, see: Hoffmann, R. “One 
Shocked Chemist”, American Scientist, 99, 116–119 (2011).

Serendipitous findings are magical. For brief mo-
ments, they afford a refuge from the petty bureaucrats 
of science, dare us to tear up strategic plans and Gantt 
diagrams, and experience the joy of real discovery. We 
can’t wait for our next one!

Highlight 5: 
The Elusive cis Tautomer of Free-Base 
Porphyrin — or Reflections on Serendipity 
in Science
Abhik Ghosh
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Figure 1. Counter clockwise from bottom left: (a) Molecular structure of the dihydrate of the cis tautomer of a free-base β-heptakis(trifluoromethyl) -
-meso-tetraarylporphyrin; (b) frontispiece in the Roald Hoffmann 80th birthday issue of Angewandte Chemie; and (c) discussions over dinner at the 
Roald Hoffmann 80th birthday symposium at the 254th ACS National Meeting in Washington, D. C. 
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This account will describe some of our contributions, 
aided by computation and experiment, which are aimed 
at turning elemental (pure) gold into tailor-made catalysts 
that can be useful for the production of useful chemicals 
that cover societal needs. 

Chemistry deals with transformation of matter. The 
building blocks that we can use are the elements in the 
periodic system. Gold is a heavy element positioned 
among the precious “noble metals” in the periodic 
 system. Interestingly, gold (Au) is annually produced by 
mining in quantities that far surpass those of all other 
noble metals, by more than an order of magnitude! Nev-
ertheless, gold is the most expensive of the noble metals 
(although prices are subject to some fluctuations).

Despite its chemical inertness, gold can, however, be 
turned into other compounds under forcing conditions. 
During the last decade, chemists have learned that gold 
compounds can even function as catalysts for useful 
chemical transformations. Catalysts are used to aid the 
conversion of chemical feedstock, usually inexpensive 
and simple molecules, into useful chemicals of higher 
value and increased complexity. The catalysts do so by 
increasing reaction rates, improving selectivities and 
product yields, reducing waste, and reducing energy 
consumption for chemical processes. Numerous large-
scale, industrially important chemical processes are 

catalysed by metals and metal complexes. Precious noble 
metals have a prominent position in catalysis; platinum, 
palla dium, rhodium, and iridium are used in large-scale 
industrial catalysis as well as in the omnipresent automo-
tive engine catalysts. From a cost perspective, therefore, 
there is no obvious reason to disqualify the far more 
abundant metal gold in catalysis.

During the past five years at the CTCC, we have 
developed gold chemistry with catalytic applications in 
mind. In practice, the chemistry begins with dissolution 
of small lumps of metallic gold in aqua regia. This is a 
“famous reaction”, well known to all chemists, although 
few have done it in practice. When the solid obtained 
from the resulting solution is heated in a microwave oven 
in the presence of the colourless compound tolylpyridine 
(tpy), the beautiful, red, crystalline material (tpy)AuCl2 
is obtained, as visualized in Figure 1. This and closely 
 related compounds have been the important starting 
point for most of our ventures into gold chemistry and 
catalyst development.

In catalysis, we have targeted the chemical transfor-
mation of small molecules that have carbon–carbon dou-
ble (alkenes) or triple (alkynes) bonds as the structural 
core. Such small molecules are key building blocks for 
the chemical industry and therefore of great practical 
interest. In a golden strike of fortune, we were able to 

Highlight 6: 
Gold, Catalysis, and Useful Chemicals  
– Experiments and Computations
David Balcells, Ainara Nova, and Mats Tilset
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Figure 1. Preparation of crystalline (tpy)AuCl2 from metallic gold.
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prepare the compound (cod)AuMe2+ in 2013 (Figure 
2, left half; cod = 1,5-cyclooctadiene). This thermally 
sensitive compound (it decomposes rapidly above 0°C) 
was fully characterized by a range of methods, including 
today’s key experimental methods such as NMR and 
single-crystal X-ray structure methods. Four years later, 
this compound is still the only structurally characterized 
compound in which an Au(III) centre is bonded to an 
alkene — in this case, to the two C=C double bonds in 
cod. The novelty of this species prompted us to conduct 
a detailed analysis of its electronic structure by densi-
ty-functional calculations. This was recently followed up 
by a report on the bonding and reactivity of the simplest 
alkenes and alkynes – ethylene and acetylene – at Au(III) 
centres (Figure 2, right half). This analysis gives us in-
sight into why the alkene sticks to gold and how it might 
react with other compounds – a prerequisite for rational 
catalyst development. 

The reactivity of small alkenes and alkynes at the 
Au(III) complex (tpy)Au(OAcF)2 has been scrutinized, 
with the aim of achieving their catalytic functionaliza-

tion. In the case of ethylene, the mechanism was well 
 understood (Figure 3, left) thanks to highly successful par-
allel computational and experimental efforts [Langseth 
et al., J. Am. Chem. Soc. 136, 10104–10115 (2014)]. In a 
follow-up combined computational–experimental study, 
we demonstrated that the three small molecules ethylene, 
water, and acetonitrile cleanly produce a metallacycle 
at Au (Figure 3, right) [Holmsen et al., Dalton Trans. 
45, 14719–14724 (2016)]. Although the two reactions of 
ethylene as shown are feasible, catalysis is not observed 
because the inserted groups that have been formed can-
not be liberated from the Au centre. The computational 
results, however, provide insight into why catalysis does 
not occur – facilitating the next steps towards rational 
catalysis development.

The deep mechanistic insight and understanding pro-
vided by the computations for the above reactions with 
ethylene gave a perfect starting point for the next step. 
Thus, we successfully established a catalytic reaction in 
which acetylene, the simplest alkyne, is functionalized by 
Au(III) catalysis (Figure 4). Computation on the working 

(cod)AuMe2+ Cl3Au(CH2=CH2)

Figure 2. (left half) Structure of (cod)AuMe2
+ with NLMOs associated with Au(d)→π*(C=C) back-donation (Langseth et al., Angew. Chem. Int. 

Ed. 52, 1660–1663 (2013)). (right half) NLMOs associated with π(C=C)→σ*(Au–Cltrans) donation and Au(d)→π*(C=C) back-donation in the model 
complex Cl3Au(C2H4) where the ethylene C=C bond axis is perpendicular to (A) or lies in (B) the coordination plane of Au (Balcells et al., Dalton 
Trans. 45, 5504–5513 (2016)).
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system again provided fundamental mechanistic insight, 
this time into why catalysis does occur! In particular, the 
findings from parallel efforts in computations and exper-
iments [Holmsen et al., ACS Catal. 7, 5023–5034 (2017)] 
shed light on the decisive importance of the relative trans 
effects of N vs. C of the unsymmetrical chelate ligand tpy 
in each reaction step of the catalytic cycle. This, in turn, 
will enable the rational design of improved catalysts.

The product of this particular catalytic reaction, vinyl 
trifluoroacetate, is admittedly not a bulk chemical with a 

huge market. However, the compound is a close relative 
of vinyl acetate and vinyl chloride – two key chemicals 
that are the monomers in poly(vinyl acetate) and poly  
(vinyl chloride), respectively. In conclusion, we have 
shown how we can turn elemental gold into tailor-made 
catalysts that can be useful for the production of almost 
useful chemicals that cover societal needs!
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Figure 3. (left) The Au(III) complex (tpy)Au(OAcF)2 causes a stoichiometric insertion of ethylene, but no catalysis. (right) 
Metallacycle formation from ethylene, water and acetonitrile and (tpy)Au(OAcF)2, but no catalysis.
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Chemistry is the science of matter transformation. Over 
the years, chemists have developed elaborate and precise 
synthetic procedures to obtain specific compounds in 
high yield, while minimizing the occurrence of undesired 
products. They have also developed tools for identifying 
chemicals, based on their response to electromagnetic 
fields, including light. In this framework, computational 
chemists have contributed through a virtual representa-
tion of the reality based on the physical rules that describe 
the interactions between atoms and between molecules. 
This representation is unfortunately approximate due to 
the difficulty (sometimes impossibility) of representing 
the entire experimental system, especially for reactions 
occurring in solution or in heterogeneous media (the 
norm in synthetic chemistry). However, computational 
chemists have learned how to benchmark their models 
to ensure that calculations give valuable information that 
can be exploited by the experimental community. This 
collaboration between computational and experimental 
chemists is now recognized as an efficient problem-solv-
ing strategy. As “understanding” is one of the keys to 
prediction, this collaboration enables the design of new 
experiments based on computational results. Likewise, 
inappropriate experimental approaches can be excluded 
from the beginning, making chemistry greener and more 
sustainable.

We here highlight three contributions done in the last 
10 years at the CTCC in Oslo and Tromsø, all  employing 
state-of-the-art computational methods with the aim of 
understanding and thus contributing to suggest more 
efficient chemical transformations. These contributions 
describe 1) the determination of the productive reaction 
pathways transforming reactants into products by biocat-

alysts, 2) the determination and mitigation of detrimen-
tal side reactions by man-made catalysts, 3) the search for 
flags allowing for detecting reactivity patterns in a family 
of chemical systems. For an illustration of these three 
contributions, emphasizing their generality, see Figure 1.

1) Biocatalysis
Similar to a windmill grinding wheat into flour, a cata-
lyst transforms cheap feedstock into valuable products. 
Just like the windmills in the middle ages, catalysts have 
become an indispensable tool in modern chemistry. 
Without being consumed in the process, they accelerate 
chemical reactions that would otherwise be too slow 
and they can also reduce waste generation. Although 
catalysts can be made by chemists (artificial catalysts), 
many exist in Nature (enzymes).  One difficulty in the 
computational modelling of the latter is to represent the 
enzymatic environment, comprising a very large number 

Highlight 7: 
Computation and Chemical 
Transformations – Speeding up the 
Windmill
David Balcells, Odile Eisenstein, Kathrin Hopmann, and Ainara Nova

Figure 1. Catalytic processes and the windmill analogy
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of atoms. The Nitrile Hydratase (NHase) enzyme catalyz-
es the transformation of chemical compounds known as 
nitriles into amides. NHase is used in the production of 
polymer materials and in water treatment. The mechanis-
tic details of NHase have long been elusive. The enzyme 
has an unusual active site and since the mid-90s exten-
sive efforts have been aimed at unravelling the reaction 
mechanism of NHase, yet no consensus was reached. 
Understanding how iron and the special active site work 
could suggest ways to design other reactions of interest. 
Theoretical predictions by Kathrin Hopmann on a model 
of the active site of NHase were the first to suggest that 
the reaction occurs via an unprecedented metallacycle 
– a cyclic structure involving the substrate and the iron 
atom [Hopmann, Inorg. Chem. 53, 2760 (2014)]. The pre-
dictions received experimental confirmation [Martinez 
et al., J. Am. Chem. Soc. 136, 1186 (2014)] and stimulated 
further calculations on larger models, adding further 
support to the proposal [Kayanuma et al., J. Phys. Chem. 
B. 120, 3259 (2016)].

2) Artificial catalysis
Catalysts operate by a rotating mechanism, referred to 
as a catalytic cycle, similar to that at the core of wind-
mills. In the same way that windmills require wind to 
run, catalysts require activation to become productive. 
Also like a windmill, which can be stopped by lightning, 
catalysts can suffer deactivation by degradation. The re-
actions inside the catalytic cycle (in-cycle) transform re-
actants into the desired products, whereas those outside 
(off-cycle) activate and degrade the catalyst. Research 
has traditionally focused on the in-cycle reactions. As a 
result, information on the off-cycle is limited. This lack of 
knowledge hinders cutting-edge applications such as the 
use of catalysis to enable renewable energy sources. For 
example, the generation of hydrogen by artificial photo-
synthesis requires extreme conditions, which activate 
the catalyst but compromise its stability. Work by Ainara 
Nova and David Balcells contributed to the identification 
of active and robust catalysts relevant to the fine chemical 
industry. In collaboration with the experimental group 
of Prof. N. Hazari (Yale University, USA), a palladium 

catalyst enabling the coupling of different molecules was 
studied [Melvin et al., ACS Catalysis 5, 3680 (2015)]. This 
technology, known as Suzuki–Miyaura (Nobel Prize 
2010), is used to produce tons of pharmaceuticals. Per-
forming calculations, it was possible to design a model 
of an experimental system that could be tuned both to 
optimize the in-cycle transformation of reactants into 
products and to promote the off-cycle activation of the 
catalyst, while preventing its degradation. Experiments 
confirmed that this new catalyst stands out for its mild 
operating conditions and wide applicability.

3) NMR Analysis
Continuing with the windmill analogy, one should always 
be able to determine the identity of the seeds and the 
characteristics of the resulting flour. In chemistry, NMR 
(nulear magnetic resonance) is one of the most versatile 
non-invasive, non-destructive tools for identification of 
chemical species, applicable to systems of any type in 
essentially any condition. When applied to living organ-
isms, it is known as MRI (magnetic resonance imaging). 
This technique exploits the fact that certain atomic nuclei 
interact with an externally applied magnetic field in a 
way that is fully determined by its chemical environment. 
It is thus possible to obtain structural information from 
the interaction of the field with these nuclei. However, 
the factors that determine the acquired information 
were understood only at a qualitative level. While it was 
recognized that the answer was hidden in the interaction 
of the electron density around each nucleus with the 
magnetic field, the quantitative aspect of this interaction 
was not easy to obtain for species of chemical interest, 
even though the underlying quantum-mechanical theory 
was well known, especially at the CTCC. Using different 
chemical species that were known to catalyze relevant 
reactions and analogues that were not, Odile Eisenstein 
and co-workers established the link between their NMR 
signature (collected by the group of Prof. C. Copéret at 
ETH Zürich, Switzerland) and their catalytic activity 
[Gordon et al.,  ACS Central Science  3, 759 (2017)]. The 
value of the resulting model is thus twofold, interpreta-
tive and predictive.
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Extremophiles are organisms capable of surviving under 
harsh environmental conditions normally regarded as 
incompatible with life. It is easy to forget that the Earth 
is mostly cold and that most ecosystems are exposed to 
temperatures permanently below 5°C. This comes from 
the fact that about 70% of Earth’s surface is covered 
with water with temperature of 4–5°C below a depth of 
1000 m. The polar regions add another 15% of the surface, 
and, lastly, the area covered by glaciers and alpine regions 
should be added. Psychrophiles (or cold-loving) species, 
ranging from bacteria to invertebrates and deep-sea and 
polar fish, are extremophiles that are able to colonize 
and survive under such harsh conditions. Clearly, these 
 organisms have been adapted and optimized through 
millions of years of evolution to adjust their cellular 
compositions and machineries to function close to the 
freezing point of water. Our understanding of these 
adap tations at a molecular level remains elusive.  

However, a general feature that has emerged from 
decades of research is that their enzymes function highly 
efficiently in the cold, despite the fact that the motions 
of atoms and molecules is significantly reduced at low 
temperatures. Since the internal temperature of these 
organisms is the same as the outside, their enzymes must 
be able to function at temperatures near or even below 
the freezing point of water. These enzymes thus face the 
major challenge of overcoming the exponential decay of 
chemical reaction rates as the temperature is lowered. 
In addition to the shift of activity optima towards lower 
temperature, cold-adapted enzymes have a higher sensi-
tivity to heat and generally melt at lower temperatures 
compared with their warm-active counterparts.

All cold-adapted enzymes studied so far catalyse 
their reactions with lower activation enthalpies, coun-

terbalanced by more negative entropies, yielding higher 
rates at low temperatures compared with warm-active 
enzymes. This makes their reactions less temperature 
dependent, although the rates at room temperature are 
often similar. The structural mechanisms behind this 
universal property remain largely unknown. A prevailing 
hypothesis has been that a higher degree of flexibility, 
particularly in the active-site region, may be responsible 
for the shifted  enthalpy–entropy balance and the reduced 
thermostability of cold-adapted enzymes. The idea is that 
an enhanced flexibility of the active site and of the sub-
strate would incur a smaller enthalpy penalty associated 
with climbing the reaction activation barrier. But from 
an evolutionary perspective, mutations in the active site 
are not normally tolerated since amino acids in the active 
site typically take an active part in the catalytic reaction. 

Recent computer simulations have, however, shed 
new light on the structural mechanisms involved in 
low-temperature adaptation of enzymes. Trypsin (Figure 
1), a digestive enzyme from the North Atlantic salmon, 
was compared with its warm-active counterpart from 
cow using thousands of computer simulations [Isaksen et 
al., PLoS Comput. Biol. 10, e1003813 (2014)]. These simu-
lations allowed us to connect microscopic energetics with 
macroscopic observables (thermodynamics and kinet-
ics). The underlying microscopic energetics is virtually 
inaccessible to experiment but becomes addressable with 
such massive simulations. In essence, the wet-lab experi-
ments are fully reproduced in the computer but with the 
benefit of being able to examine the catalysed reaction at 
atomic resolution. These simulations demonstrated that 
it is not increased mobility of the active site but rather 
of regions on the protein surface, well outside the active 
site, that makes the reactions less temperature dependent 

Highlight 8: 
Life in the Cold – Lessons from Simulations 
of Cold-Adapted Enzymes
Bjørn Olav Brandsdal and Geir Villy Isaksen
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[Isaksen et al., Proc. Natl. Acad. Sci. USA 113, 7822–7827 
(2016); Åqvist et al., Nat. Rev. Chem. 1, UNSP 0051 (2017); 
Åqvist et al., Acc. Chem. Rev. 50, 199–207 (2017)].

Enzymes from extremophiles (extremozymes) are 
of interest also from the viewpoint of industrial and 
biotechnological applications — their use as biocatalysts 
may offer advantages precisely since their activity has 
been tailored to unusual conditions. These biocatalysts 
can either be extracted directly from extremophilic 
species or reengineered, given that the design principles 
of the desired biophysical properties are known. The 
advantages of cold-active enzymes with a high catalytic 
activity below room temperature and an ease of inacti-
vation are obvious for many industrial applications. An 
understanding of how they have been developed through 
evolution and the ability to predict how amino acid mu-
tations affect their characteristic properties are therefore 
likely to be very useful. Figure 1. Trypsin from North Atlantic Salmon is used as model system 

to uncover the evolutionary principles involved in enzymatic low 
temperature adaptation.
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An important and successful annual event at the CTCC 
has been the Almlöf–Gropen lectures. Every year, a 
prominent quantum chemist visited the CTCC, giving 
lectures in Tromsø and Oslo. The Almlöf–Gropen  Lecture 
Series was established by the CTCC in 2008 to honour 
the memory of two pioneers of quantum chemistry in 
Norway: Professor Jan Almlöf (1945–1996) at the Univer-
sity of Oslo and Professor Odd Gropen (1941–2005) at 
the University of Tromsø. We are very proud of the list of 
speakers since 2008 — none of the invitees declined and 
every visit was scientifically rewarding and memorable. 
Not surprisingly, Nobel Laurate Prof. Arieh Warshel drew 
the largest crowd but all talks were well attended. The 
Almlöf–Gropen Lecture Series is now firmly established 
at our home institutions and its continuation is guaran-
teed for at least another ten years with the establishment 
of the Hylleraas Centre.

1. Prof. Bjørn Roos, University of Lund, 2008: 
Multiconfigurational Quantum Chemistry: The State 
of the Art

2. Prof. Tom Ziegler, University of Calgary, 2009: 
Analyzing Complex Electronic Structure Calculations 
on Large Molecules in Simple Chemical Terms

3. Prof. Michele Parrinello, ETH Zürich, 2010: 
Through Mountains and Valleys with Metadynamics

4. Prof. Pekka Pyykkö, University of Helsinki, 2011: 
Relativity and Chemistry — Some Recent Results

5. Prof. Harry Gray, California Institute of Technology, 
2012: 
Solar-Driven Molecular Machines

6. Prof. Fritz Schaefer III, University of Athens at 
Georgia, 2013: 
From Donor–Acceptor Complexes to Gallium Nitride 
Nanorods

7. Prof. Leo Radom, University of Sydney, 2014: 
Adventures in Free Radical Chemistry: A 
 Computational Approach

8. Prof. Arieh Warshel, University of Southern  
California, 2015: 
How to Model the Action of Complex Biological 
Systems on a Molecular Level

9. Prof. Emily Carter, Princeton University, 2016: 
Quantum Solutions for a Sustainable Energy Future

10. Prof. Jack Simons, University of Utah, 2017: 
The Wonderful World of Molecular Anions

Almlöf–Gropen Lectures

From left to right: the first Almlöf–Gropen Lecturer Prof. Bjørn Roos, Eva Gropen, Kenneth Ruud, and 
chairman of CTCC board Prof. Tore Vorren
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In the ten years of its existence, the members of the 
CTCC have organized sixteen international conferences, 
meetings and workshops — in addition to local CTCC 
meetings and Norwegian Chemical Society meetings. 
These international meetings brought a large number of 
quantum chemists to Norway and contributed strongly 
to establishing CTCC as an internationally recognized 
centre of quantum chemistry. 

Two of these international meetings were held on 
the Coastal Express, gathering the top people in two 
specialized fields that have been important at the CTCC. 
The workshop Coastal Voyage in Current Density Func-
tional Theory consisted of one day at the UiT followed 
by two full days on the Coastal Express from Tromsø to 
Trondheim in September 2007, just a few months after 
the CTCC had been established. The main organizer 
was CTCC affiliate Trond Saue. In January 2015, Voyage 
from Molecules to Materials with Numerical Methods for 
Quantum Chemistry (NMQC) was held on the Coastal 
Express from Tromsø to Kirkenes and back again, orga-
nized by Luca Frediani and professor Dage Sundholm of 
the University of Helsinki. Each meeting attracted about 
60 specialists in the respective fields. The Coastal Express 
is in many ways an ideal venue for such workshops, creat-
ing an atmosphere conducive to the sharing of ideas and 
discussions. A similar specialist workshop, Fundamental 
Aspects of DFT, was organized by Trygve Helgaker and 
Simen Kvaal, as part of Helgaker’s ERC Advanced Grant, 
at the Norwegian Academy of Science and Letters in Jan-
uary 2015. Like the two coastal voyages, this DFT meeting 
gathered a large number of top international specialists 
for several days of lectures and active discussions. 

In June 2009, the conference Molecular Properties ´09 
— Bridging the Gap between Theory and Experiment was 
held at Hotel Vettre in Asker, as a satellite to the 13th In-
ternational Conference of Quantum Chemistry (ICQC) 
in Helsinki. With 117 participants, this was the largest 
meeting organized by the CTCC, with Trygve Helgaker 
as chair and Kenneth Ruud in the scientific committee. 
Two years later, in June 2011, the 15th European Seminar 
on Computational Methods in Quantum Chemistry was 

held at Oscarsborg Fortress, on a small island in the Oslo 
Fjord. With emphasis on young speakers, this conference 
series is an important venue for presenting new devel-
opments in molecular electronic-structure theory. The 
Oscarsborg meeting gathered 89 participants and was 
chaired by Trygve Helgaker.

In June 2012, the meeting Accurate Methods for Accu-
rate Properties was organized at the University of Zürich 
by Prof. Kim Baldridge and Kenneth Ruud. The meeting 
gathered about 50 participants in connection with the 
60th birthday of Prof. Peter R. Taylor. Prof. Taylor has 
been a long-time friend and collaborator with Trygve 
Helgaker and Abhik Ghosh, and also the postdoc men-
tor of Kenneth Ruud. Together with Prof. Jürgen Gauss 
(Mainz University, Germany) and Prof. John F. Stanton 
(University of Texas at Austin, USA), Trygve Helgaker 
edited a special issue of Molecular Physics honouring 
Peter Taylor.

In June 2013, the meeting Very Accurate and Large 
Komputations and Applications (VALKA) was organized 
by Vebjørn Bakken, Knut Fægri, and Kenneth Ruud from 
the CTCC and by Hans Grelland of the University of 
 Agder at Strand Hotel Fevik, near Grimstad. The occasion 
for the Fevik meeting, which attracted 102 participants, 
was the 60th birthday of Trygve Helgaker. Three years 
later, in October 2016, we celebrated the 60th birthday 
of Prof. Jeppe Olsen of Aarhus University, a long-time 
friend and collaborator of many CTCC members. The 
meeting Magical Mystery Tour of Electron Correlation 
attracted 60 participants and was held at the Norwegian 
Academy of Science and Letters. Organizers were Trygve 
Helgaker and Thomas Bondo Pedersen.

The CTCC has organized two meetings with empha-
sis on female quantum chemists, Quantum Chemistry 
Beyond the Arctic Circle (Promoting Female Excellence in 
Theoretical and Computational Chemistry) at Sommarøy 
in Tromsø in June 2010 and Promoting Female Excellence 
in Theoretical and Computational Chemistry II at Soria 
Moria Hotel in Oslo in June 2014. These FemEx meetings 
were organized by female adjunct professors (prof II) 
at the CTCC: the first by Sonia Coriani and Magdalena 

International Meetings and Conferences
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Pecul and the second by Odile Eisenstein and  Benedetta 
Mennucci. As a result of these pioneering meetings, 
which were supported by the Research Council of 
 Norway, a third FemEx meeting was held in Putten in 
the Netherlands June 22–25 2017, organized by Ria Broer 
at the University of Groningen, with Trygve Helgaker as 
a co-organizer. A fourth FemEx meeting will be held in 
2020, in Copenhagen.

The members of the CTCC have also organized or 
contributed to several one-day seminars and mini- 
symposiums, including the symposium New Frontiers 
in Theory-Based Chemical Research organized by the 
Faraday Division of the Royal Society of Chemistry in 
association with Norwegian Chemical Society and the 
CTCC at the University of Oslo in May 2008. At the 
symposium, Trygve Helgaker was awarded the 2008 
Centenary Lectureship Medal of the Royal Society of 
Chemistry by Prof. David Clary, Oxford University. On 
September 2 2014, CTCC members Mats Tilset and David 
Balcells  organized a mini-symposium at the Norwegian 
 Academy for Science and Letters for Odile Eisenstein, 
celebrating the Honorary Doctorate awarded to her from 
the University of Oslo on September 3. On November 23 
2015, the CTCC organized the Hylleraas Symposium with 
seven prominent speakers, all of whom had contributed 
decisively to the development of explicit correlation and 
F12 methods during the last couple of decades.

1. Coastal Voyage in Current Density Functional Theory 
Coastal Express Tromsø–Trondheim, Sep 19–22 
2007  
Trond Saue (chair), Kenneth Ruud, and Trygve 
Helgaker 
60 participants

2. New Frontiers in Theory-Based Chemical Research 
NKS–RSC, University of Oslo, May 5 2008  
Kenneth Ruud (NKS), Stanley Langer (RSC) 
60 participants

3. Molecular Properties ’09 — Bridging the Gap between 
Theory and Experiment 
Vettre, Asker, June 18–21 2009 
Trygve Helgaker (chair), Bogumil Jeziorski, Peter J. 
Knowles, Kenneth Ruud  
117 participants

4. Quantum Chemistry Beyond the Arctic Circle — 
Promoting Female Excellence in Theoretical and 
Computational Chemistry 
Sommarøy, Tromsø, June 23–26 2010 
Sonia Coriani and Magdalena Pecul 
77 participants (54 female)

5. Quantum Chemistry in Strong Magnetic Fields 
LNCMI, Toulouse, France, September 13–14 2010 
Geert Rikken, Carlo Rizzo, Antonio Rizzo, Trygve 
Helgaker 
35 participants

6. European Seminar on Computational Methods in 
Quantum Chemistry 
Oscarsborg, Drøbak, June 26–29 2011 
Trygve Helgaker, Jürgen Gauss, and Fred Manby 
89 participants

7. Accurate Methods for Accurate Properties 
University of Zürich, Switzerland, June 4-6 2012 
Kim Baldridge and Kenneth Ruud 
50 participants

8. Very Accurate and Large Computations and Applica-
tions 
Strand Hotel Fevik, Grimstad, June 9–12 2013 
Vebjørn Bakken, Knut Fægri jr., Hans Herlof 
Grelland, and Kenneth Ruud 
102 participants

9. Promoting Female Excellence in Theoretical and 
Computational Chemistry (FemEx) II 
Soria Moria Hotel, Oslo, June 13–16 2014 
Odile Eisenstein and Benedetta Mennucci 
105 participants

10. Minisymposium in Honour of Odile Eisenstein 
Norwegian Academy of Science and Letters, Oslo, 
September 2 2014 
Mats Tilset and David Balcells 
50 participants

11. Fundamental Aspects of DFT 
Norwegian Academy of Science and Letters, Oslo, 
January 8 – 12 2015 
Trygve Helgaker and Simen Kvaal 
57 participants
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12. Voyage from Molecules to Materials with Numerical 
Methods for Quantum Chemistry 
Coastal Express Tromsø–Kirkenes–Tromsø, January 
11 – 15 2015 
Luca Frediani and Dage Sundholm 
50 participants

13. Advances in Electronic Structure Theory 
University Pierre and Marie Curie (UPMC), Paris, 
April 27–29 2015 
Paola Gori-Giorgi, Trygve Helgaker,  
Julien Toulouse, Gustavo, Scuseria  
104 participants  

14. Hylleraas Symposium 
Norwegian Academy of Science and Letters,  
November 23 2015 
Trygve Helgaker 
60 participants

15. Magical Mystery Tour of Electron Correlation 
Norwegian Academy of Science and Letters, Oslo, 
October 22 – 26 2016 
Trygve Helgaker, Thomas Bondo Pedersen, and 
Simen Reine 
60 participants

16. 50th Anniversary Celebration of the International 
Academy of Quantum Molecular Science 
Salon de Grande Bretagne, Palais de l’Europe, 
Menton, France, June 30 2017 
Odile Eisenstein, Trygve Helgaker,  
Bogumil Jeziorski 
52 participants

The participants on the “Voyage from Molecules to Materials with Numerical Methods for Quantum Chemistry” on board the Coastal Express got 
to experience true Arctic climate with temperatures down to -26°C in Kirkenes.
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The annual CTCC meetings have been an important 
meeting place for the members of the Centre. At these 
meetings, priority has been given to the young mem-
bers—master and PhD students, postdocs and research-
ers—who have presented their work, exchanged ideas 
and discussed their science. Most of these meetings 
have involved one over-night stay, with science over two 
days. Except for the CTCC meeting in 2008, held back-
to-back with the NKS-RSC symposium the day before, 
all meetings have been away from our institutions, to 
maximize interactions and focus. Being a delocalized 
Centre, five of the ten the meetings have been in North-
ern Norway  (typically near or in Tromsø); the remain-
ing meetings near Oslo. The first meeting was held at 
Lillestrøm in  October 2007; the final CTCC meeting 
was held in Tromsø in October 2017, almost precisely ten 
years later. At the final meeting, the emphasis was on the 
 accomplishments of the CTCC over all ten years, with 
presentations by most of the PIs. A review of CTCC was 
given by Trygve Helgaker, who also presented the Hylle-
raas Centre, whose operations began on October 1 2017.

The following CTCC annual meetings 
were held from 2007 to 2017:

1. Norges Varemesse, Lillestrøm, 17 October 2007
2. Department of Chemistry, University of Oslo, Oslo, 

6 May 2008
3. Sommarøy Arctic Hotel, Sommarøy, Tromsø, 8–9 

May 2009
4. Clarion Hotel Oslo Airport, Gardermoen, 20–21 

May 2010
5. Malangen Brygger, Balsfjord 10–11 May 2011
6. Sanner Hotell, Gran, 30–31 January 2013
7. Rica Ishavshotell, Tromsø, 7–8 April 2014
8. Sundvolden Hotell, Hole, 22–24 April 2015
9. Scandic Alta, Alta, 5–7 April 2016
10. Clarion Hotel the Edge, Tromsø, 2–4 October 2017

In addition to the annual CTCC meetings, the CTCC 
members also attended eight meetings organized by the 
Division for Quantum Chemistry and Modelling. In 
most years, therefore, the members of the CTCC met 

twice for science and social activities.
Equally important for the CTCC were the weekly 

Friday seminars. After the installation of a video confer-
ence system at the CTCC in Oslo in 2012, these CTCC 
seminars became joint seminars of Tromsø and Oslo, for 
all members of the CTCC. Every year, 35–40 talks were 
video transmitted in this manner, to an audience of about 
25–30 people each Friday, creating an important meeting 
place for the CTCC. During the last year of the CTCC, 
these talks were also recorded and can be accessed from 
the CTCC web pages.

CTCC Annual Meetings

From the CTCC meeting at Sundvolden in April 2015

The annual Skibotn hackathon was an important meeting place for 
coordinating many of the activities at the centre and for providing 
training in various ad hoc topics.
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With the increasing use of computational methods in 
the chemical sciences, a process which gained significant 
momentum at the beginning of the new millennium, the 
Board of the Norwegian Chemical Society had on  several 
occasions discussed the need to establish a division of 
computational chemistry as a forum for its members who 
are active in or have interests in this field.

With the establishment of the CTCC in 2007, the 
time was ripe to bring these ideas to fruition. The CTCC 
would ensure a significant activity in the domain of 
computational chemistry. At the same time, the Centre 
expressed an interest in creating a national platform for 
this research domain and would help support the estab-
lishment both of the division and of the annual meeting 
that would be the core of the activity in the division.

Einar Uggerud put in April 2008 forward a proposal 
to the General Assembly of the Norwegian Chemical 
Society to establish a Division of Quantum Chemistry and 
Modelling, a proposal that was unanimously approved 
by the assembly. Einar Uggerud was elected as the first 
chairman of the division. The first annual meeting of 
the division was organized in November 2008, in the 
home town of the chairman, Kongsvinger. For the first 
time since the early 1980s, there was a national forum 
for scientific exchange and discussion in computational 
chemistry.

Several members of the CTCC have been active in the 
Board of the Division since its inception. Luca Frediani 
was chairman 2009–2010, following Einar Uggerud.

The number of members in the division has varied 
between 50 and 70. A challenge in terms of recruitment 
has been the fact that most of the PhD students and post-
docs in this field have come from abroad. Some benefits 
of membership in the Norwegian Chemical Society such 
as the subscription to the Norwegian-language member 
magazine Kjemi are then less relevant. Still, the nation-
al meetings have become an important meeting point 
for all researchers in this field. The division has had 
the clear ambition to develop this meeting arena into a 
forum where young researchers can present their work 

to an international audience, often for the first time, in 
 combination with topical lectures by internationally 
leading experts in the field.

With the continued support of the CTCC, the 
 Division is doing well, having organized eight national 
meetings from 2008 to 2015. Joining the celebration of 
the 125th anniversary of the Norwegian Chemical Society, 
the Division will organize a national meeting as part of 
the National Chemical Society meeting at Lillestrøm 
 October 16-18 2018. Former CTCC PI Knut Fægri is lead-
ing the program committee for this meeting.

Meetings marked in bold were organized by members 
of the CTCC
1. Vinger Hotell, Kongsvinger, 6–8 November 2008 
2. Grand Hotel Terminus, Bergen, 12–13 October 2009
3. Britannia Hotel, Trondheim, 22–23 November 2010
4. Norges Varemesse, Lillestrøm, 28–29 September 

2011
5. Hamn i Senja, Skaland, 11–13 June 2012
6. Strand Hotel Fevik, Fevik 9–12 June 2013
7. Norge Varemesse, Lillestrøm, 29–30 October 2014
8. Grand Hotel Terminus, Bergen, 28–29 June 2015

Division of Quantum Chemistry and 
Modelling
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As in most of the natural sciences, female researchers 
are underrepresented in theoretical and computational 
chemistry. This has also been the case at the CTCC, where 
all PIs have been male. An important endeavour of the 
CTCC has therefore been to promote female excellence 
in computational chemistry, identifying and building 
female role models for future generations. At the outset, 
the CTCC decided on two main measures for promoting 
female excellence: first, to appoint young talented female 
researchers as adjunct associate professors at the CTCC; 
second, to organize conferences that would help promote 
the contributions of female researchers in our field.

At the beginning of CTCC, two talented, young 
 female adjunct associate professors were appointed for 
four years: Sonia Coriani from the University of Trieste 
(hired at UiO) and Magdalena Pecul from the University 
of Warsaw (hired at UiT). They would visit the CTCC 
regularly, they were engaged in the supervision of PhD 
students, and support was provided to help them build 
a strong scientific track record. Our goal was twofold: to 
have female role models at the CTCC and to help build 

the scientific careers of these two adjunct professors. 
Today, both are full, tenured professors — Sonia Cori-
ani at the Technical University of Denmark and Magda 
Pecul at the University of Warsaw. In the second CTCC 
period, we again appointed two adjunct female profes-
sors, but this time senior researchers in theoretical and 
computational chemistry: Prof. Odile Eisenstein from 
the University of Montpellier (hired at UiO) and Prof. 
Benedetta Mennucci from the University of Pisa (hired at 
UiT). Odile Eisenstein, in particular, has been a catalyst 
for computational studies of reaction mechanisms at the 
University of Oslo.

The second measure for promoting female excel-
lence at the CTCC led eventually to the establishment 
of an international conference series: Promoting Female 
Excellence in Theoretical and Computational Chemistry 
(FemEx). Two FemEx conferences were organized by 
our female adjunct professors: the first at Sommarøy in 
Tromsø in 2010 with 80 participants (75% female) and 
the second at Soria Moria Hotel in Oslo in 2014 with 
105 participants (70% female). For the Oslo conference, 

Promoting Female Excellence
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a special issue of the International Journal of Quantum 
Chemistry was published with Mennucci and Eisenstein 
as guest editors, highlighting many of the contributions 
at the conference. At the Oslo conference, it was decid-
ed to turn these meetings into a permanent, triennial 
conference series. In 2017, a third FemEx conference was 
organized by Prof. Ria Broer in Putten in the Nether-
lands, under the auspices of the International Academy of 
Quantum Molecular Sciences. A fourth FemEx meeting is 
planned for Copenhagen in 2020. The FemEx conference 
series is thus an important legacy of the CTCC.

Our efforts to focus on gender balance and to  promote 
the work of female researchers were well received by the 
committee that performed the mid-term evaluation of 
the CTCC. The committee noted that “The Centre has 
worked very hard on the issue of gender equality and 
has done everything that might reasonably be asked of it 
to attract applications from females to its available posi-

tions. This is a subject area where the number of women 
researchers is very limited, so that these efforts may not be 
well reflected in the numbers actually in the Centre. The 
appointment of female adjunct professors to act as mentors 
and to stimulate workshops is an imaginative step which 
has been pursued successfully.” 

To follow up on these positive remarks, even more 
active measures were taken. Based on a commitment 
by both host institutions to increase the activity in the-
oretical and computational chemistry, a proposal was 
submitted to the Research Council of Norway to make 
available a position aimed at recruiting one of the young, 
talented female researchers at the CTCC. As a result, 
the UiT committed itself to make this researcher posi-
tion permanent at the end of the CTCC period. Former 
CTCC postdoc dr. Kathrin Hopmann was recruited for 
this position in 2011 and has since then established an 
independent, highly successful research program.

Big turnout for the second FemEx conference organized in Oslo in 2014.
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Although the CTCC has not operated its own postgradu-
ate school, its PIs have been heavily involved in the edu-
cation and training of future generations of researchers in 
theoretical and computational chemistry — in particular, 
we note that the CTCC members have been co-organiz-
ers of three series of graduate/postgraduate schools. 

The Sostrup Summer School on Quantum Chemistry 
and Molecular Properties has been organized every 
 second year since 1990 — in the years 2008, 2010, 2012, 
and 2014 as part of the CTCC activities. The school has 
in all these years been organized by Trygve Helgaker 
 together with Prof. Poul Jørgensen and Prof. Jeppe Olsen 
from Aarhus University, Denmark. Each school was of 
two weeks duration with 60–70 participants. Helga-
ker gave one third of the lectures at each school, while 

 members of the CTCC worked as tutors. The school thus 
not only educated graduate and postgraduate students 
from around the world, but also exposed CTCC postdocs 
and PhD students to supervision at the highest level in 
our research domain.

The two-week European Summer School in Quantum 
Chemistry (ESQC) has been organized every second year 
since 1989, with Trygve Helgaker as teacher since 1991. 
Each school gathers about 80 participants.  Since 2011, 
the ESQC has been directed by CTCC Adjunct Prof. 
Trond Saue.

Trond Saue has also organized, together with Kenneth 
Ruud and Prof. Patrick Norman from the Royal School 
of Technology in Stockholm, Sweden, several research 
schools on molecular properties. More specifically, 

Education and Training

Teachers and tutors at the last Sostrup summerschool (2014). From left to right: Elisa Rebolini (CTCC), Enrico Benassi, Stella Stopkowicz (CTCC), 
Michael Patzschke, Simen Reine (CTCC), Kasper Hald, Janus Juul Eriksen, Trygve Helgaker (CTCC), Poul Jørgensen, and Jeppe Olsen.
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the Molecular Response Properties Winter School was 
 organized in Chamonix (France) in 2010 and in Luchon 
(France) in 2016, and the Molecular Response Properties 
Summer School at Virginia Tech in Blacksburg, VA (USA) 
in 2015 and 2017. The winter schools gathered around 
40-45 students, whereas the summer schools gathered 
around 25 students.

The Sostrup Summer School and the Molecular Prop-
erties Winter/Summer Schools were in part motivated by 
the desire of the organizers to write advanced textbooks 
on specific topics. As detailed elsewhere in this report, 
three such monographs originate from the schools co- 
organized by CTCC members. Altogether, more than 
700 PhD students and postdocs have attended these three 
series of postgraduate schools, leaving a notable imprint 
on future generations of computational and theoretical 
chemistry across the world.

Our members have also contributed to schools 
 organized by others. Trygve Helgaker gave three lectures 
at the Winter School in Theoretical Chemistry in  Helsinki 
(Finland) in 2010, while Kenneth Ruud gave two lectures 
at the same school in 2013. Helgaker gave two lectures 
at the Modern Wavefunction Methods Summer School in 
Gelsenkirchen (Germany) in 2016 and twelve lectures 
at the Mini-School on Mathematics in Electronic Struc-
ture Theory at the University Pierre and Marie  Curie 
(UPMC) in Paris (France) in 2017. In the same year, 
Michelle  Cascella taught at the Virtual Winter School on 
 Computational Chemistry, the Advanced School in Bio-
molecular Simulations in Recife (Brazil), and the CECAM 
Summer School on Atomistic Simulation Techniques in 
Trieste (Italy). 

Another important educational activity has been the 
training of graduate students. 23 PhD students have grad-
uated from the CTCC since 2007, with 18 students in the 
process of completing their PhD studies.

The Molecular Response Properties Winter/Summer Schools were organized both in Europe and in the US. In 2016, the school was organized at a 
skiing resort in Luchon in the French Pyreenes (left), and in the US at Virgina Tech in Blacksburg, VA
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During its existence, the CTCC has been involved in a 
number of outreach activities. As described elsewhere, 
our members have written several textbooks and orga-
nized a number of large international school targeting 
PhD students and young researchers.

CTCC member Einar Uggerud organized two highly 
successful one-day symposiums at the Norwegian Acade-
my of Science and Letters. First, as part of the Norwegian 
Chemical Society’s celebration of the 150th anniversary of 
the Guldberg–Waage law of mass action, Einar Uggerud 
organized on March 11 2014 the symposium The Law of 
Mass Action and the Future at the Norwegian Academy 
of Science and Letters, followed by the event Fra Guld-
berg–Waage til kjemisk reaktorteknologi with popular 
talks at Domus Academica at the University of Oslo. On 
November 11 2015, The International Year of Light was 
celebrated with an interdisciplinary seminar on light, 
with eleven invited lecturers covering chemistry, physics, 
astrophysics, biology, medicine, light technology, art 
history, theology, and philosphopy. Einar Uggerud has 
also contributed in other ways to outreach — appearing, 
for example, regularly on the radio programme Abels 
tårn and organizing the Festival of Chemistry at the 
Norwegian Museum of Science and Technology in 2011 
and 2014. Several members of the CTCC have written 

popular science articles for newspapers such as Nordlys, 
Aftenposten, Dagbladet, and Dagens Næringsliv and also 
contributed with popular blogs.

At the Department of Chemistry, University of Oslo, 
the CTCC sponsored in 2013 a hands-on exhibition of 
the periodic table. In 2012, Trygve Helgaker initiated 
Kjemi Grand Prix and Chemistry Day at the department. 
The Chemistry Day has since become a regular event, 
with popular talks, oral and poster presentation awards, 
 followed by a social gathering at the department.

In 2015, three students from Drammen Upper 
 Secondary School (forskerlinjen) carried out a research 
project under the guidance of CTCC Researcher Dr. Heike 
Fliegl. The students successfully completed the project 
and submitted a 40-page report entitled GIMIC-analyse 
av pentabenzotriazasmaragdin viser antiaromatisk klassi-
fisering. They later presented their project at the CTCC 
Friday Seminar.

In 2015, a permanent exhibition was opened at the 
CTCC about the Norwegian physicist Egil Hylleraas 
(1898–1965), the founding father of Norwegian quantum 
chemistry and the first to confirm the validity of quantum 
mechanics for more than one electron. Hylleraas’ daugh-
ter Inger Hylleraas Bø, who had donated her father’s elec-
tric calculator and several books to the exhibition, was 

Outreach

To the left: students from Drammen Upper Secondary School (from left to right) Chris Andre Reierth Røgeberg, Sveinar Hammar, Ola Solli 
Grønningsæter with CTCC researcher Heike Fliegl. To the right: presentation of their project at the CTCC Friday seminar
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present at the opening. The exhibition had been prepared 
by Trygve Helgaker, Chloe Turlotte, Ellen Christina 
Sjøwall and Jan Ingar Johnsen. The article Superraske 
datamaskiner bruker Egil Hylleraas’ matematiske metoder 
by journalist Yngve Vogt was published in Aftenposten 
Innsikt. 

At the Hylleraas Symposium later in 2015, plans for 
a sculpture park honouring Egil Hylleraas was present-
ed by the Mayor of Engerdal Lars Erik Hyllvang and 
Wenche Høye from Sparebanken Hedmarks Kunstfond, 
who  donated 2 MNOK to the park. The park ABAKUS, 
 designed by the artist Peder Istad, was opened in Enger-
dal on August 4 2017 by Inger Hylleraas Bø and the  Mayor 
of Engerdal. At the opening, CTCC member Trygve 

 Helgaker spoke about the significance of Hylleraas work.
The CTCC also reached the popular media with their 

own science. The work on paramagnetic bonding, pub-
lished in Science in 2012, was presented in New Scientist 
(online and printed), Nature News, Ars Technica, Chem-
istry World, Physics World, Phys.Org, MailOnline, Aus-
tralian Popular Science, Spectroscopy Now, ScienceDaily, 
and the Norwegian newspaper Dagbladet. Likewise, 
the work on infrared human vision published in PNAS 
in 2014 received interest from Nature News, Scientific 
American, and MailOnline, while the work on relativistic 
effects in enzymes published in Angewandte Chemie in 
2016 was described in ChemistryViews and Chemical 
and Engineering News. 

Left: Inger Hylleraas Bøe and family members at the opening of the Hylleraas Exhibition in 2015. Middle: The ABAKUS park in Engerdal just 
before the opening in August 2017. Right: Inger Hylleraas Bøe with artist Peder Istand (right) and Mayor of Engerdal Lars Erik Hyllvang (left) at 
the opening of the park.
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The CTCC has published in total 783 papers with 13.000 
citations and H-index 47 (December 2017). The graphs 
below illustrate the output of the CTCC over the years. 
The least productive years are the first and last years, 
both of which represent only six months of production. 
Annual citations have increased steadily over the years to 
about 2300 in 2017.

The most cited paper is Excitation energies in  density 
functional theory: an evaluation and a diagnostic test 
[Peach et al., J. Chem. Phys. 128, 044118 (2008)], which 
had been cited 740 times at the end of 2017. At this time, 
a total of 13 CTCC papers had been cited more than 100 
times.

Regarding research areas as defined by ISI Web of 
 Science, the CTCC has published 693 papers in chem-
istry and 434 in physics — 26 or less in all other areas. 
Of the 693 chemistry papers, 468 are in physical chem-
istry, 110 in multidisciplinary chemistry, 89 in inorganic 
 chemistry, and 48 in organic chemistry. 

The members of the CTCC have published in 149 
different journals, the top ten being Journal of Physical 
Chemistry A (112), Journal of Chemical Physics (98), Phys-
ical Chemistry Chemical Physics (79), Journal of Chemical 
Theory and Computation (33), Molecular Physics (30), 
Inorganic Chemistry (26), Journal of Physical Chemistry B 
(22), Chemistry A European Journal (16), Dalton Transac-
tions (16), and Organometallics (16). 

Among the published CTCC papers, it is difficult to 
select a few to represent the total scientific output of the 
CTCC. Nevertheless, we have here selected ten papers 
that represent the scope and impact of the research at the 
CTCC. For each paper, we have tried to answered three 
questions: 

a. Why is this publication important? 
b. What was the centres’ role in this research?
c. Would this research have been possible without the 

centre financing?  

1. Excitation energies in density functional theory: 
an evaluation and a diagnostic test, M. J. G. Peach, 
P. Benfield, T. Helgaker, and D. J. Tozer, J. Chem. 
Phys. 128, 044118 (2008).

a. The vast majority of calculations of electronic 
excitations are carried out using density-functional 
theory. However, this method breaks down in 
many cases, giving results in poor agreement with 
experiment. In this paper, we proposed and applied 
a simple diagnostic for identifying problems in such 
calculations—telling the user when the calculated 
excitation energies cannot be trusted, thereby 
enormously increasing the usefulness of such 
calculations. The method has been widely adopted, 
and the paper has been cited more than 700 times.

CTCC Publications
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b. The idea was developed during the sabbatical of PI 
Helgaker with Prof. Dave Tozer at Durham Univer-
sity in the spring of 2007. The method was coded 
by Helgaker and the work was carried forward after 
the establishment of the CTCC until publication in 
2008. 

c. Although this work was initiated before the CTCC, 
the centre made it possible to continue a fruitful 
collaboration with Tozer, leading to one other 
important publication in the same area, in addition 
to many others.

2. A density matrix-based quasi-energy formulation 
of the Kohn-Sham density functional response the-
ory using perturbation- and time-dependent  basis 
sets, A. J. Thorvaldsen, K. Ruud, K. Kristensen, P. 
Jørgensen, and S. Coriani, J. Chem. Phys. 129, 214108 
(2008).

a. The paper represents the theoretical foundation for 
a large part of the activity that has been undertaken 
in WP4 and laid the foundation for a number of 
methodological advances at the CTCC.

b. The work originated from an RCN project to 
Kenneth Ruud (Yngre Fremragende Forskere grant), 
and was further developed within the core group of 
the CTCC. The solution to the general problem was 
found by a PhD student, Andreas J. Thorvaldsen, 
after the establishment of the CTCC, and inspired 
by discussions with colleagues at Aarhus university 
during an international stay he had in the research 
group of Prof. Poul Jørgensen.

c. As the work originated and was funded by other 
sources, this work itself did not depend on the 
centre funding. However, the centre funding has 
allowed us to capitalize fully on the potential that 
arose from these methodological advances.

3. On the mechanism of iridium-catalyzed asym-
metric hydrogenation of imines and alkenes: a 
theoretical study, K. H. Hopmann and A. Bayer, 
Organometallics 30, 2483–2497, (2011).

a. The paper is important because it explored asym-
metric hydrogenation with imines as substrates 
and put forward a novel outer-sphere mechanism, 
unexpected at the time (for asymmetric reactions 
and in analogy to alkenes, inner-sphere mechanisms 
were expected). On a personal level, it initiated a 

fruitful collaboration between CTCC postdoc Hop-
mann and experimentalist Bayer and it formed the 
basis for successful FRIPRO and Tromsø Research 
Foundation proposals, which had a decisive impact 
on the career of Hopmann.

b. The idea to work together on this system appeared 
during a discussion between Hopmann and Bayer 
in 2009. The novel mechanism was put forward by 
Hopmann, and the work was performed on Stallo at 
UiT. 

c. The research required financing of Hopmann and 
computation time, which was provided by the 
CTCC and would otherwise have been difficult to 
secure. The work benefited from discussions with 
other CTCC members—in particular, on dispersion 
modelling with A. Chamberlin and on entropy with 
L. Frediani. 

4. A paramagnetic bonding mechanism for diatomics 
in strong magnetic fields, K. K. Lange, E. I. Tellgren, 
M. R. Hoffmann, and T. Helgaker, Science 337, 
327–331 (2012).

a. The paper is important in that it identified and 
explained a new chemical bonding mechanism in 
extreme magnetic fields—in addition to covalent 
and ionic bonding. Such a bonding mechanism may 
be relevant in astrophysical studies of white dwarfs 
and other stellar objects and there is speculation 
that it may occur in certain crystal impurities under 
laboratory conditions, opening up the possibility 
of manipulating bonding by magnetic fields. The 
work was widely publicized and described in New 
Scientist.

b. The work was initiated and carried out in its entirety 
at the CTCC, as part of an ERC Advanced Grant, 
involving also one sabbatical visitor at the CTCC. 

c. This discovery of magnetic bonding would not 
have been made without the flexibility afforded by 
the long-term support at the CTCC. In 2008, we 
allowed ourselves the luxury of being side-tracked 
in WP1, adapting unique technology developed for 
other purposes to explore the unknown chemistry 
of strong magnetic fields, leading to the discovery of 
new phenomena.
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5. Spectroscopic identification of a bidentate binding 
motif in the anionic magnesium–CO2 Complex 
([ClMgCO2]), G. B. S. Miller, T. K. Esser, H. Knorke, 
S. Gewinner, W. Schöllkopf, N. Heine, K. R. Asmis, 
E. Uggerud, Angew. Chem. Int. Ed. 53, 14407–14410 
(2014).

a. The paper is important in that it demonstrates a 
novel binding of CO2 to a metal. The carbenoid 
complex formed in this manner shows very high 
reactivity in C–C bond formation reactions, of 
relevance to CO2 activation and fixation.

b. The CTCC's contribution was essential in 
that Glenn Miller’s Ph.D. work was supported by 
a position made available through the centre. The 
original idea came from the PI and the work was 
initiated at the centre. The computational work and 
important parts of the experiments were conducted 
at the centre, whereas the spectroscopic experiments 
were conducted at Fritz Haber Institute, Berlin, in 
collaboration with Knut Asmis’ group.

c. The research would most likely not have been con-
ducted without the CTCC, since salary for the PhD 
student was not available from other sources. The 
computational part of the project took advantage 
of the excellent quantum-chemical expertise at the 
CTCC and access to its computational resources.

6. Enzyme surface rigidity tunes the temperature de-
pendence of catalytic rates, G. V. Isaksen, J. Åqvist, 
and B. O. Brandsdal, Proc. Nat. Acad. Sci. USA, 113, 
7822-7827 (2016).

a. This study represents a major breakthrough in 
our understanding of evolutionary adaptation of 
enzyme kinetics required for organisms to survive 
at temperatures close to the freezing point of 
water. The reactions catalysed by cold-adapted 
enzymes are less sensitive to temperature due to a 
decreased activation enthalpy, which is surprising-
ly shown to be related to the mobility of protein 
surface regions well outside the active site.

b. The investigation of the evolutionary principles 
involved in enzyme temperature adaptation has 
been a key research theme in WP10. This particular 
study was carried out by a PhD student (Geir Villy 
Isaksen) in collaboration with Prof. Johan Åqvist 
(Uppsala University, Sweden) under the supervision 
of Bjørn Olav Brandsdal.

c. This research would not have been possible without 
the centre financing. The research environment was 
extremely important for us, particularly the combi-
nation of physics, informatics and mathematics to 
allow us to develop specialized software capable of 
attacking the enthalpy-entropy balance of enzymat-
ic reactions.

7. Mercury methylation by cobalt corrinoids: rela-
tivistic effects dictate the reaction mechanisms, 
T. B. Demissie, B. D. Garabato, K. Ruud, and P. M. 
Kozlowski, Angew. Chem. Int. Ed. 55, 11503 (2016).

a. Relativistic effects are known to be important in 
chemistry and physics but assumed to be unimport-
ant for biology. Our work demonstrates for the first 
time that relativity directly determines the preferred 
reaction mechanism in an enzymatic reaction, here 
involving a reaction with a mercury compound.

b. The work originated with a long-term visitor to the 
CTCC, Prof. Pawel Kozlowski from the University 
of Louisville. Most of the calculations and part of 
the analysis was done at the CTCC.

c. Without the CTCC visitor’s program, the collab-
oration between PI Kenneth Ruud and Kozlowski 
would probably never have happened. The frequent, 
extended visits made possible by this program 
provided the necessary time to see the potential for 
overlapping interests, and a number of publications 
have arisen from this collaboration over the 10 years 
of the CTCC. 

8. The elephant in the room of density functional 
theory calculations, S. R. Jensen, S. Saha, J. A. 
Flores-Livas, W. Huhn, V. Blum, S. Goedecker, and 
L. Frediani, J. Phys. Chem. Lett. 8, 1449–1457 (2017).

a. This is the first time the Kohn–Sham DFT energy 
of an extensive set of compounds (211 molecules) 
has been computed with guaranteed micro-Hartree 
precision relative to the basis-set limit, thanks to 
the multiwavelet formalism, using a unique code 
developed at the CTCC.

b. This research was initiated at the CTCC with the 
development of the MRChem code, which has made 
high-accuracy calculations possible. Collaboration 
with the groups in Basel and Duke provided the 
library of compounds for testing together with 
the benchmark calculations with other methods 
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 (numerical atomic orbitals, Gaussian atomic orbit-
als, augmented plane waves), whose precision has 
been assessed with the multiwavelet results.

c. The development of MRChem took roughly the 
entire duration of the CTCC to reach the current 
level of maturity, allowing for arbitrary-precision 
calculations of energy and response properties. This 
is a prototypical long-term investment: without 
the commitment of the CTCC, it would have been 
impossible to achieve this goal.

9. trans-Mutation at Gold(III): A mechanistic study 
of a catalytic acetylene functionalization via a 
double insertion pathway, M. S. M. Holmsen, A. 
Nova, D. Balcells, E. Langseth, S. Øien-Ødegaard, R. 
H. Heyn, M. Tilset, and G. Laurenczy, ACS Catal. 7, 
5023–5034 (2017).

a. The paper describes the detailed reaction mecha-
nisms for catalytic functionalization of small organ-
ic molecules (acetylene in this case) at molecular 
gold catalysts, with a tight integration of computa-
tion and experiment, the two approaches constantly 
pushing each other forward. What appeared at 
first glance to be a standard text-book mechanism 
turned out to be much more complex. The crucial 
influence of trans effects at the square-planar 
coordination plane of Au(III) is demonstrated, 
quantified, and understood by computation. The 
findings are essential for the development of new 
gold catalysts.

b. All computations were conducted at CTCC, while 
most of the experimental work was carried out in 
the UiO Catalysis Group. Some European collab-
oration was involved through the COST Action 
“CARISMA”. The work stands out because of the 
high added value arising from exceptionally tight 
integration of experiment and computations—con-
stant cross-fertilization between the two approaches 
pushed the investigation forward. Access to state-of-
the-art software and supercomputing infrastructure 
at the CTCC was crucial for the success.

c. For the crucial computational part of the paper, 
CTCC was instrumental in bringing David Balcells 
(CTCC funding) and Ainara Nova (CTCC and 
other funding) to Oslo, thereby catalysing their 
integration with the UiO Catalysis Group. The 
experimental work has been externally funded.

10. Ligand noninnocence in iron corroles: insights 
from optical and x-ray absorption spectroscopies 
and electrochemical redox potentials, S. Ganguly, 
L. J. Giles, K. E. Thomas, R. Sarangi, and A. Ghosh, 
Chem. Eur. J. 23, 15098–15106 (2017).

a. New-generation light sources and advances in X-ray 
spectroscopic techniques allow us to probe the 
electronic structures of transition-metal-containing 
substances in unprecedented detail. We have here 
used X-ray absorption near-edge spectroscopy 
(XANES) to study the 3d electron occupancy of a 
series of Fe corroles and thereby, indirectly, also the 
question of partial oxidation (so-called noninno-
cence) of the corrole ligand. The technique proved 
spectacularly successful and we are extending it to 
a wide range of corrole derivatives involving metals 
other than iron.

b. Although we used commercial quantum chemistry 
software to assign the X-ray spectra obtained in this 
study, there is considerable scope for improvement 
in the modelling of such spectra, using method-
ology developed at the CTCC. Thus, although the 
CTCC has come to an end, collaborative studies on 
this front are expected to continue.

c. This particular study could have been possible 
without centre funding. However, the study took 
place in the context of extensive studies on ligand 
noninnocence funded by the CTCC. Without that 
background, the idea for the study would probably 
not have materialized.
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CTCC Books and Monographs

Over the years, members of the CTCC have published a 
number of monographs and textbooks. Introduction to 
Relativistic Quantum Chemistry by Ken Dyall and Knut 
Fægri Jr. was completed before the establishment of the 
CTCC but published in 2007, after the establishment 
of the CTCC. Molecular Electronic-Structure Theory by 
Trygve Helgaker, Jeppe Olsen, and Poul Jørgensen was 
published as far back as in 2000 as an expensive hardback 
but it was reprinted as an inexpensive paperback in 2012. 
Both monographs are now classics in their field. 

Abhik Ghosh has published no less than two books 
since the establishment of the CTCC. He was the editor 
of Letters to a Young Chemist in 2011 and published in 
2014, together with his student Steffen Berg, the textbook 
Arrow Pushing in Inorganic Chemistry, to great acclaim. 
The monograph Principles and Practices of Molecular 
Properties: Theory, Modelling and Simulations by Patrick 
Norman, Trond Saue and Kenenth Ruud was completed 
in 2017 and will appear in 2018. Finally, Principles of Den-
sity-Functional Theory by Trygve Helgaker, Jeppe Olsen, 
and Poul Jørgensen is in an advanced stage of preparation 
and will be published in 2020.

1. Kenneth Dyall and Knut Fægri, Jr.,  
Introduction to Relativistic Quantum Chemistry,  
(Oxford University Press, Oxford 2007)  
ISBN: 9780195140866 (544 pages)

2. Abhik Ghosh, ed.  
Letters to a Young Chemist,  
(John Wiley & Sons, New Jersey, 2011)  
ISBN: 9780470390436 (298 pages)

3. Trygve Helgaker, Jeppe Olsen, and Poul Jørgensen  
Molecular Electronic-Structure Theory,  
(John Wiley & Sons, 2000; reprinted as paperback 
2012)  
ISBN: 978-1-118-53147-1 (944 pages)

4. Abhik Ghosh and Steffen Berg, 
Arrow Pushing in Inorganic Chemistry: A Logical Ap-
proach to the Chemistry of the Main Group Elements, 
(John Wiley & Sons, New Jersey, 2014),  
ISBN: 978-1-118-17398-5 (344 pages)

5. Patrick Norman, Kenneth Ruud, and Trond Saue, 
Principles and Practices of Molecular Properties,  
(John Wiley & Sons, 2018),  
ISBN: 978-0-470-72562-7 (528 pages)

6. Trygve Helgaker, Jeppe Olsen, and Poul Jørgensen, 
Principles of Density-Functional Theory, (Wiley, 
2020)
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The members of the CTCC have made long-term contri-
butions to several software packages that are distributed 
widely to the chemical community, free of charge:

 – The Dalton/ LSDalton molecular electronic 
 structure programs (http://daltonprogram.org)

 – The Dirac program for molecular relativistic 
calculations, (http://diracprogram.org)

 – The Molcas quantum-chemistry program system 
(http://www.molcas.org)

A paper describing the capabilities of Dalton and LS-
Dalton (Aidas et al., WIREs Comput. Mol. Sci. 4, 269–284 
(2014)) has been cited 470 times. The paper has 84 co-au-
thors — many of whom have been CTCC members, with 
corresponding author Trygve Helgaker. Likewise, a paper 
describing the capabilities of MOLCAS 8 (Aquilante et 
al., J. Comput. Chem. 37, 506–541 (2016)) with Thomas 
Bondo Pedersen as co-author has been cited 223 times.

In addition, a number of unique programs and stand-
alone program modules have been developed as part of 
the CTCC activities. Many of these are still in the final 
phases of preparation for public release, and for these 
programs it is too soon to report any impact in terms of 
program downloads/users. This applies to the following 
program modules:
 

 – ReSpect: ReSpect is a computer simulation pro-
gram enabling the prediction and understanding of 
molecular and material properties from advanced 
first-principle relativistic DFT calculations, starting 
from either two- or four-component relativistic wave 
functions. Highly optimized integral libraries and 
a matrix formulation of the small-component basis 
allow very large molecular systems to be treated 
efficiently using four-component relativistic theory. 
The program will be made available free of charge 
to the scientific community through the distribution 
of binaries (http://respectprogram.org/). Release 
is expected in early spring 2018, but the program is 
already distributed to 20 research groups.

 – PCMSolver: PCMSolver is a stand-alone, open-
source program to calculate electrostatic solvent 

effects on energies and molecular properties of ar-
bitrary order. The program has a clean and well-de-
fined Application Programming Interface (API), 
which has made it possible to interface it to a number 
of quantum-chemical programs, for one-, two- and 
four-component non-relativistic and relativistic 
wave functions. The module has been interfaced to 
LSDALTON, DIRAC, ReSpect og Psi4, and has been 
downloaded from GitHub 10000 times (https://
github.com/PCMSolver).

 – OpenRSP: OpenRSP is a program for calculating 
arbitrary response properties for single reference, 
self-consistent-field wave functions and Kohn-Sh-
am density functional theory. It can handle both 
frequency- and geometry-dependent perturbations, 
and is based on recursive programming techniques, 
making the program capable of calculating almost 
any high-order molecular property for which a per-
turbation ansatz remains valid. Residues can also be 
evaluated, making it the only program able to calcu-
late four- and higher-order multiphoton absorption 
cross sections. The program is scheduled for release 
in the spring of 2018, and will be distributed free of 
charge in the form of source code   (http://openrsp.
readthedocs.io/en/latest/).

 – XCFun. XCFun is a library of DFT exchange-correla-
tion (XC) functionals. It is based on automatic differ-
entiation and can therefore generate arbitrary order 
derivatives of these functionals. It is distributed free 
of charge and as open source under the LGPL license 
(https://github.com/dftlibs/xcfun). It is now used by 
a number of other quantum-chemical programs.

 – XCInt: XCint integrates the exchange-correlation 
(XC) energy and the elements of the XC potential 
matrix, as well as their derivatives with respect to 
electric field and/or geometric perturbations. The in-
tegration is performed on a standard numerical grid. 
It is distributed free of charge and as open source 
under the LGPL license (http://xcint.readthedocs.io/
en/latest/).

CTCC Software
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 – MRChem: MRChem is an efficient program for cal-
culating single reference, self-consistent field wave 
functions and Kohn-Sham density functional theory 
using multiwavelets as basis functions. This allows 
basis-set limit results to be obtained at a computation-
ally tractable price, making it possible to efficiently 
benchmark approximate basis sets normally used 
in quantum-chemical calculations. The program is 
made freely available under a LGPL license (https://
github.com/MRChemSoft/mrchem).

 – QCMatrix/TGlue: QCMatrix is a stand-alone mod-
ule acting as a matrix library translator. This allows 
programs to inherit general matrix operation rou-
tines from a host program or, if these do not exist, 
provide matrix functions to a specific program. This 
allows the inherent complexity of handling both  one-, 
two- and four-component wave functions as well as 
the use of sparse matrix operations to be hidden and 
transparent (https://gitlab.com/bingao/qcmatrix). 
QCMatrix is evolving into TGlue, which will become 
a full program development framework. 

 – Gen1Int: Gen1Int is a stand-alone module for the 
calculation of any kind of one-electron integral, 
including their geometrical derivatives to arbitrary 
order. The program is Open Source and distributed 
through Gitlab (https://gitlab.com/bingao/gen1int). 
The program has been used in several programs that 
are distributed to the scientific community: Dalton, 
Dirac, PELib, CFOUR and BDF.

 – Wilson: Wilson is an open-ended program for ana-
lysing vibrational response functions of arbitrary or-
ders. These vibrational response functions define the 
absorption cross sections of multidimensional vibra-
tional spectroscopies. The strength of Wilson lies in 
it being fully open ended, allowing any wave-mixing 
processes in the vibrational domain to be analysed 
automatically, and the relevant electronic response 
properties and corresponding geometrical deriv-
atives to be identified. The program will be made 
freely available to the scientific community, and will 

be distributed as a source code. Release is expected at 
the earliest in 2019, as there are still significant meth-
odological developments ongoing.

 – X-DEC: The X-DEC software library implements 
the divide-expand-consolidate framework for cou-
pled-cluster theory of extended systems with period-
ic boundary conditions in 1, 2, and 3 dimensions. It 
is written in python and C++ and uses a hybrid par-
allelisation scheme with multicore support through 
OpenMP and distributed messaging through Ze-
roMQ. It takes an optimized Hartree-Fock reference 
determinant as input in the form of occupied and 
virtual Wannier orbitals expanded in Gaussian-type 
functions and the associated direct-space Fock ma-
trix in atomic-orbital basis. The input Wannier orbit-
als may be optionally refined through an interface to 
the Powers of the Second and Fourth Moment locali-
sation module of the LSDalton program package.

 – London: London, after the physicist Fritz London, 
is a quantum chemistry program that was written to 
be a unique tool to explore molecules in magnetic 
fields. The standard quantum-chemical technique is a 
two-step process, where the system is first modelled 
in the absence of a magnetic field, and then effects of 
a weak magnetic field are added as small correction 
terms (a technique known as perturbation theory). 
By contrast, London models the magnetic field 
effects directly. As a result, London can be used to 
explore effects from weak as well as strong magnetic 
fields. Some of the most interesting effects occur for 
magnetic fields that are far beyond present-day lab-
oratory experiments, but which can be found around 
white dwarf stars. The code will be made publicly 
available in the near future (http://folk.uio.no/eriktel/
london/people.html)
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Many CTCC members have received honours, prizes and 
awards. Trygve Helgaker was awarded the 2007/2008 
Centenary Prize from the Royal Society of Chemistry, 
presented to him by Sir David Clary at Cardiff Univer-
sity in January 2008 (during a two-week lecture tour of 
the UK) and later again in Oslo in May 2008. Kenneth 
Ruud was in 2008 awarded the Dirac Medal of the World 
Association of Theoretical and Computational Chemists 
(WATOC), presented to him at the WATOC Congress 
in Sydney in 2008. Luca Frediani received the University 
of Tromsø Young Research Award in 2009, while Harald 
Møllendal was awarded the Dr. Barbara Mez-Starck Prize 
in 2010.

At the 8th International Conference of Computational 
Methods in Sciences and Engineering (ICCMSE) in 2010, 
Trygve Helgaker was awarded the ICCMSE Research Ex-
cellence Award. In 2011, Trygve Helgaker was awarded 
the Research Council Award for Outstanding Research 
(Møbius Prize), presented to him by the Minister for 
Higher Education and Research Tora Aasland in the Oslo 
Concert Hall. In 2013, Molecular Physics printed a Spe-
cial Issue in Honour of Trygve Helgaker. In 2015, Trygve 
Helgaker was invited to the Centre for Advanced Study 
at the Norwegian Academy of Science and Letters for the 
academic year 2017/2018. Thomas Bondo Pedersen won 
the Golden Spatula Teaching Award at the Department 
of Chemistry, University of Oslo, in 2015, and honour 
that was given to CTCC PhD student Glenn B.S.Miller in 
2016. Finally, Kathrin Hopmann received the University 
of Tromsø Young Research Award in 2017.

In 2011, Einar Uggerud received an Honorary Mem-
bership of the Norwegian Chemical Society. Kenneth 
Ruud became elected into the Norwegian Academy of 
Science and Letters in 2012, and Odile Eisenstein was 
in 2013 elected into the French Academy, to become 
the only female member of its Chemistry Division. She 
received an Honorary Doctorate from the University of 
Oslo in 2014, while Kenneth Ruud was elected mem-
ber of Academia Borealis and external member of the 
Finnish Academy Science and Letters. Simen Kvaal was 
elected to the Young Academy of Norway in 2015. In 

2016, Odile Eisenstein was elected associated member of 
the North Rhine–Westphalian Academy of Science and 
Letters, while Kenneth Ruud in the same year was elected 
as member of the Norwegian Academy of Technological 
Sciences in 2016.

Four members of the CTCC have received grants 
from the European Research Council:
1. Trygve Helgaker, ERC Advanced Grant 2010: 

Ab-initio adiabatic-connection curves for  
density-functional analysis (ABACUS)

2. Kenneth Ruud, ERC Starting Grant 2011: 
Theoretical multiphoton spectroscopy for under-
standing surfaces and interfaces (SURFSPEC)

3. Simen Kvaal, ERC Starting Grant 2014: 
Bivariational approximations in quantum mechanics 
and quantum chemistry (BIVAQUM)

4. Andy Teale, ERC Consolidator Grant 2017: 
Topological approach to electron correlation in 
density-functional theories (topDFT)

Four members have received Young Research Talent 
(YRT) grants from the Research Council of Norway:

1. Heike Fliegl, 2014: 
Hydrogen bond strengths for large molecules by local 
magnetically induced currents

2. Kathrin Hopmann, 2014: 
Eeny, meeny, miny, moe: Selectivity-determining 
factors in asymmetric catalysis

3. Erik Tellgren, 2015:  
Molecular Spin Frustration

4. Ainara Nova 2016  
Rational catalyst design for transforming CO2 into 
industrially attractive products: Formic acid, polycar-
bonates and polyurethanes

Kathrin Hopmann received a grant from Tromsø 
Forskningstiftelse (TFS) in 2016: Catalysts for Homoge-
neous conversion of CO2 (CHOCO). 

Prizes and Awards
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The work at the CTCC has been organized in ten work 
packages (WPs). Each work package has been led by 
one or two Principal Investigators. Among these, WP2, 
WP8 and WP9 were discontinued after five years, while 

WP10 was introduced for the second five-year period. In 
the following, we report on the work carried out in each 
work package.

Work Packages

WP1: Large periodic and non-periodic 
systems
The main goal of WP1 has been to make quantum- 
mechanical calculations on large periodic and non- 
periodic systems a routine task, thus enabling synergetic 
computational and experimental studies of complex 
chemical problems. For non-periodic systems (mole-
cules), our efforts have been directed at Kohn–Sham (KS) 
density-functional theory (DFT) and multi-configura-
tional wave functions, especially complete-active-space 
self-consistent-field (CASSCF) and second-order per-
turbation-theory (CASPT2) methods, while for periodic 
systems (solids) we have focused on Hartree–Fock (HF), 
coupled-cluster (CC) methods, and relativistic DFT.

1. Linear-scaling methods
As part of WP1, the open-source software package LSDal-
ton has been developed (Bak et al., WIREs Comput. Mol. 
Sci. 4, 269–284 (2014)). The package consists of 1.5 mil-
lion lines of code and yet another 1 million lines of code 
when including its external libraries, developed by CTCC 
members and close collaborators. LSDalton has had four 
official releases as part of the Dalton suite, in 2011, 2013, 
2015 and 2016, with more than 2000 issued licenses. LS-
Dalton is a versatile quantum-chemical software, with an 
efficient and linear-scaling HF and DFT SCF module and 
a linear-scaling divide-expand-consolidate (DEC) CC 
module. Both modules are capable of running molecular 
calculations on systems consisting of more than 1000 at-
oms, through hybrid MPI/OMP parallelization schemes 
and efficient approximate methods. LSDALTON can 

Name Years PIs in charge

WP1 Large periodic and nonperiodic systems 2007–2017 Helgaker, Pedersen

WP2 Fragment approach for large systems 2007–2012 Røeggen

WP3 Multiscale methods with wavelets 2007–2017 Flå, Frediani

WP4 Properties and spectroscopy 2007–2017 Frediani, Ruud

WP5 Dynamics and time development 2007–2017 Uggerud

WP6 Bioinorganic chemistry 2007–2017 Ghosh

WP7 Catalysis and organometallic chemistry 2007–2017 Tilset

WP8 Gas-phase reactions and photochemistry 2007–2012 Nielsen

WP9 Clusters, surfaces and solids 2007–2012 Fægri

WP10 Biomolecular modelling 2012–2017 Brandsdal, Cascella
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calculate energies, structures, transition states, excitation 
energies, electrical and magnetic properties, molecular 
dynamics, solvent effects, interaction energies and more. 
Developments by CTCC members include integral evalu-
ation and linear-scaling techniques, exchange–correlation 
functional evaluation and integration, approximate inte-
gral-evaluation schemes such as density-fitting techniques 
for Coulomb and exchange contributions and the ADMM 
exchange evaluation, geometry-optimization techniques, 
molecular dynamics and F12 integrals. It also involves 
 general code developments such as parallelization schemes 
scaling to more than 1000 nodes, automated nightly test-
ing, matrix-library developments, memory management, 
documentation, and automated code building framework. 
CTCC has additionally hosted three of the Dalton devel-
oper meetings, in 2010, 2013 and 2014.

In the early phase of the CTCC, the main development 
in LSDalton was directed towards building an efficient 
and linear-scaling atomic-orbital (AO) based self-consis-
tent-field (SCF) code. By 2010, all components for lin-
ear-scaling integral evaluation, wave-function optimiza-
tion and response calculations were completed. Together 
with acceleration techniques, approximations and code 
optimization, speed-ups of several orders of magnitude 
for the evaluation of the Coulomb and exchange–correla-
tion contributions and for the geometry optimizer were 
achieved compared with the legacy DALTON code. This 
allowed for instance for the full geometry optimisation 
using the pure DFT functional PB86 of a 392-atom model 
of the Titin protein, depicted in Figure 1.1, on a single 
node (Reine et al., J. Chem. Phys. 133, 044102 (2010)). 
It early on became apparent that similar speed-ups for 
the exchange contribution, even using linear-scaling 
 techniques, was much more difficult, constituting a  major 
bottleneck for HF and hybrid KS calculations. 

Much effort has therefore been directed at finding 
suitable approximation techniques for the exchange 
contribution. Early on, a local density-fitting scheme was 
developed, bridging the conventional Coulomb-metric 
fitting to the overlap-metric fitting, allowing for lin-
ear-scaling fitting of both the Coulomb and the exchange 
contribution (Reine et al., J. Chem. Phys. 129, 104101 
(2008)). Still, because of the long-range decay behaviour 
of the fitting parameters, exchange speed-ups were lim-
ited. As a result, a highly local fitting approach denoted 
PARI was developed (Merlot et al., J. Comput. Chem. 34, 
1486–1496 (2013)). PARI gives improved speed-ups com-
pared with overlap-metric fitting for exchange—up to a 
factor of 20 compared with conventional linear-scaling 
techniques for exact exchange evaluation. Nevertheless, 
exchange evaluation remains the bottleneck in all calcu-
lations. Thus, the search for faster approximate schemes 
for the exchange continued. Two directions have later 
been examined: a modified PARI approach (Wirz et al., 
J. Chem. Theory Comput. 13, 4897–4906 (2017)), based 
on only two-centre integrals, and the ADMM approach, 
evaluating the exchange in a small basis and adding a 
first-order exchange generalized-gradient-approxima-
tion (GGA) correction. The former of the two surprising-
ly revealed problems with variational stability, which was 
thoroughly examined. The latter gave tremendous speed 
ups but with an unacceptable loss in accuracy (Rebolini et 
al., J. Chem. Theory Comput. 12, 3514–3522 (2016)). Modi-
fied versions of the ADMM approximation (Merlot et al., 
J. Chem. Phys. 141, 094104 (2014)) and tailored auxiliary 
basis sets were developed. The accuracy, as a result, can 
be controlled, albeit only by sacrificing speed ups. Thus, 
even with significant speed-ups, the search for a faster 
exchange approximation continues today.

On a different note, the linear-scaling DEC CC scheme 
was developed by one of our main collaborators, the 
group of Prof. P. Jørgensen in Aarhus. This work relied 
heavily on the integral library developed by CTCC mem-
bers, requiring considerable tailoring of the integrals for 
fragment and batch-wise integral evaluation, F12-type 
integrals, and resolution-of-identity (RI) techniques. As 
a result, the DEC code is today capable of linear-scaling 
MP2, CCSD and CCSD(T) using F12 theory (Wang et 
al., J. Chem. Phys. 114, 204112 (2016)). An example of the 
capabilities of the DEC machinery is given in Figure 1.2, 
depicting the error in the electrostatic potential of insulin 
(792 atoms) of B3LYP compared to a DEC-MP2 reference 

Figure 1.1 The Titin-I27 model, comprising 392 atoms
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calculation (Jakobsen et al., J. Chem. Theo. Comp. 9(9), 
3978 (2013)). It shows that the B3LYP functional signifi-
cantly overpolarizes the charge, which can be attributed 
to the fact that the B3LYP functional only has 20% exact 
exchange and thus lacks 80% of the long-range self-re-
pulsion energy.

Another use of the LSDalton integrals was made 
possible by an early discovery at CTCC, namely that 
the real solid-harmonics Gaussians used in most quan-
tum-chemical software can be expanded in Hermite 
rather than the conventional Cartesian Gaussians (Reine 
et al., Phys. Chem. Chem. Phys. 9, 4771–4779 (2007)). 
This observation not only allowed for much faster two- 
and three-centre integral evaluation—for example, in RI 
techniques—but also allowed for a general-order geo-
metrical derivative code. Such integrals are now available 
for the calculation of high-order molecular properties in 
LSDalton (and in no other codes).

Since its inception in the 1960s, the KS method has 
dominated computational studies of solids, wave-func-
tion methods being used only rarely. This is mainly due 
to the immense cost of such methods—in particular, 
when the thermodynamic limit is approached. Over the 
past two years, in the RCN-FRIPRO grant of Pedersen, 
we have worked on an implementation of the CC hier-
archy of increasingly accurate methods. Starting from 
HF orbitals computed with the Crystal program, we have 
adapted the DEC local-correlation framework to period-
ic boundary conditions. We are currently validating our 
implementation of the simplest CC model, second-or-
der Møller–Plesset theory, in collaboration with Dr. L. 
Maschio at the University of Turin.

3. Density-functional theory
Density-functional theory is the workhorse of quan-
tum chemistry, providing a good compromise between 
computational efficiency and accuracy. The limitations 
of DFT can all be traced to the approximations made in 
the exchange–correlation functionals. A large number of 
density-functional approximations (DFAs) have been de-
veloped over the years, none of which provide a satisfac-
tory description of all phenomena of interest to chemists.

In WP1, we have carried out a broad analysis and study 
of the exchange–correlation functional in DFT, much of 
it within the framework of Helgaker’s ERC Advanced 
Grant ABACUS (Ab-initio adiabatic-connection curves 
for density-functional analysis and construction). In 
particular, we have implemented and performed the first 
accurate calculations of adiabatic-connection curves for 
molecules in DFT (Teale et al., J. Chem. Phys. 130, 104111 
(2009), ibid. 132, 164115 (2010)), providing invaluable 
information about the elusive correlation functional of 
DFT; see Figure 1.3. Our approach is based on a systematic 
application of the concepts and tools of convex analysis. 
For example, we have shown that there is a one-to-one 
correspondence between ground-state densities and the 
minimizing densities in the Hohenberg–Kohn variation 
principle (Kvaal and Helgaker, J. Chem. Phys. 143, 184106 
(2015)). Also, we have shown how the non-differentiabili-
ty of the universal density functional (the underlying rea-
son for the non-representability problem of Kohn–Sham 
theory) can be removed by Moreau-Yosida regularization 
(Kvaal et al., J. Chem. Phys. 140, 18A518 (2014)). Finally, 
we have analysed and applied DFT in magnetic fields, as 
discussed below.

Figure 1.2 The electrostatic-potential difference between 
DEC-MP2 and B3LYP

Figure 1.3 Adiabatic-connection curves for the H2 molecule at different 
bond distances R (plotted points). The curves have been calculated at the 
FCI/aug-cc-pVQZ level of theory. The full and dashed lines have been 
obtained using a simple two-parameter model fitted to all points and to 
the end points, respectively.
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3. Molecules in magnetic fields
As part of our work on the implementation mole-
cule-based electronic-structure methods for periodic 
systems, we developed an integral code for mixed basis of 
Gaussians and plane waves. It was soon realized, how ever, 
that this code could be used to accomplished a subtask 
of an ongoing RCN project — namely, the development 
of methods for the study of molecules in finite magnetic 
fields. A new code LONDON was written in C++ for 
quantum-mechanical studies in a finite magnetic field. 
LONDON is the first code ever developed for the study 
of general molecules in magnetic fields in a gauge-origin 
invariant manner, achieved by the use London atomic 
orbitals. The first studies using LONDON revealed an 
interesting behaviour of paramagnetic closed-shell mole-
cules such as BH, with a characteristic change from para- 
to diamagnetism at a critical field strength. These studies 
of molecular para- and diamagnetism involved postdoc 
Erik Tellgren (the main author of LONDON) and CTCC 
researcher Alessandro Soncini (Tellgren et al., J. Chem. 
Phys. 129, 154114 (2008), Phys. Chem. Chem. Phys. 11, 
5489–5498 (2009)).

In the following years, the LONDON code was 
 further developed, to include more levels of theory and 
computational techniques. In particular, in a collabo-
ration with visiting scientist Prof. Mark Hoffmann of 
the University of North Dakota at Grand Forks, PhD 
student Kai Lange and Erik Tellgren developed a full 
configuration-interaction (FCI) code for molecules in 
magnetic fields. Use of this code revealed a fascinating 
chemistry in field strengths of about an atomic unit—
that is, about four orders of magnitude stronger than 
the strongest non-pulsed laboratory fields. In particular, 
we showed how a hitherto unknown chemical bonding 
mechanism—termed by us perpendicular paramagnetic 
bonding—arises at such magnetic field strengths by a 
stabilization of antibonding orbitals in a perpendicular 
orientation to the field direction (Lange et al., Science, 
337, 327–331 (2012)). In a publication in the same year 
(Tellgren et al., Phys. Chem. Chem. Phys. 14, 9492–9499 
(2012)), we showed how paramagnetic bonding gives 
rise to stable helium molecules of equilateral triangles, 
suggestive of fragments of a hexagonal crystal lattice; see 
Figure 1.4. Indeed, the effects of strong magnetic fields 
are similar to those of extreme pressure, arising from the 
confinement and squeezing of the systems. Subsequently, 
the LONDON code was extended to include CC theory 

by postdoc Stella Stopkowicz (Stopkowicz et al., J. Chem. 
Phys. 143, 074110 (2015)). Use of this code has revealed 
paramagnetic bonding in more complicated systems than 
helium- and hydrogen-based molecules. The chemistry 
of molecules and materials in strong magnetic fields and 
high pressure is pursued further in the project “Molecules 
in Extreme Environments” at the Centre for Advanced 
Studies at the Norwegian Academy of Science and Letters 
in the academic year 2017–2018, led by Trygve Helgaker.

An important part of our work has been the develop-
ment of DFT for magnetic fields. There are two varieties 
of DFT in magnetic fields: magnetic field DFT (BDFT) 
with an explicit field dependence in the exchange–cor-
relation functional and current-density-functional theory 
(CDFT) with an explicit current dependence in the ex-
change–correlation functional. We have implemented 
and applied the first BDFT and CDFT code for molecules 
in magnetic fields (Tellgren et al., J. Chem. Phys.  140, 
034101 (2014)), reporting a poor behaviour of standard 
exchange–correlation functionals in general but a good 
behaviour of meta-functionals (Furness et al., J. Chem. 
Theory Comput.  11, 4169–4181 (2015)). In addition, we 
have analysed the relationship between BDFT and CDFT 
(Reimann et al., J. Chem. Theory Comput. 13, 4089–4100 
(2017)) and the variables in CDFT (Tellgren et al., Phys. 
Rev. A 86, 062506 (2012); ibid. 89, 012515 (2014)).

Figure 1.4 Paramagnetically bonded helium flakes in a magnetic field of 
strength 2 a.u. perpendicular to the plane.
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4. Multiconfiguration self-consistent field theory
The CASSCF and CASPT2 methods are designed to 
properly describe ground and excited states of systems 
with several nearly degenerate electronic configurations, 
so-called static electron correlation, at a significantly 
reduced computational cost compared with the facto-
rial-scaling cost of the formally exact full configuration 
interaction (FCI) method. Nevertheless, despite the 
omnipresence of nearly degenerate electron configu-
rations in chemical transformations, the application of 
CASSCF/CASPT2 methodology has been hampered by 
the steep increase in computer time with system size. 
There are two sources of increased cost. The size of the 
active orbital space defining the interacting electron 
configurations, which affect the FCI treatment, and the 
size of the inactive and secondary orbital spaces, which 
affect the efficiency of molecular orbital optimisation 
and the second-order perturbation treatment. Our main 
focus has been on the latter, whereas the former has been 
addressed through external collaborations (Freitag et al., 
Phys. Chem. Chem. Phys. 17, 14383–14392 (2015)), specifi-
cally the density-matrix renormalisation group (DMRG) 
formulation of FCI developed by Prof. M. Reiher and 
coworkers at ETH Zürich.

Our work on the CASSCF and CASPT2 methods 
has been implemented in the Molcas program package 
(Aquilante et al., J. Comput. Chem.  31, 224–247 (2010), 
ibid. 37, 506–541 (2016)), which is now freely available 
under the LGPL open-source software license. The 
 implementation is based on Cholesky decompositions of 
the expensive two-electron integral tensor (Pedersen et 
al., 124, 1–10 (2009)) and has been shown to accelerate 
CASSCF and CASPT2 calculations by one to two orders 
of magnitude compared with the conventional approach, 
while consuming only a fraction of the disk space. It can 
be used for the calculation of ground and excited state 
energies and properties (Boström et al., J. Chem. Theo-
ry Comput. 5, 1545–1553 (2009), ibid. 6, 747–754 (2010), 
ibid. 8, 1921–1928 (2012)), forces (Delcey et al. J. Chem. 
Phys. 140, 174103 (2014), ibid. 143, 044110 (2015)), and 
non-adiabatic coupling vectors (Galván et al., J. Chem. 
Theory Comput. 12, 3636–3653 (2016)). The latter are par-
ticularly important for the study of conical intersections; 
see Figure 1.5. The details of our implementations have 
been published in top international journals along with 
thorough benchmark studies validating the approxima-
tions used.  In the final phase of the Centre, these efforts 

led to a combined experimental and computational 
study of oxo-bridged iridium dimers that are promising 
candidates as water oxidation catalysts. These dimers 
pose a challenge to approximate density functionals and 
our CASSCF and CASPT2 implementations, combined 
with semi-automatic DMRG-based active space selec-
tion, were used to elucidate their multi-configurational 
character, validate the KS results, and firmly support the 
experimental characterization; see Figure 1.6 (Sinha et 
al., J. Am. Chem. Soc. 139, 9672–9683 (2017)).

Figure 1.5 Ubiquitous in photochemical processes, conical intersections 
occur in regions where two potential energy surfaces are degenerate

Figure 1.6 Multi-reference Zs(1) diagnostic on different oxidation states 
of two oxo-bridged iridium dimers and selected orbitals
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WP2: Fragment approach for large 
systems

In chemistry and physics, a huge body of experimental 
results can be interpreted by the notion that matter con-
sists of atoms. In spite of this tremendous success, the 
fundamental theory of chemistry — quantum mechanics 
— cannot rigorously support the notion of a well-defined 
state of an atom in a complex. Quantum mechanics is a 
holistic theory. Hence, even the states of non-interacting 
subsystems of a complex, if previously entangled, are 
not well defined. A trivial case is the dissociation of the 
hydrogen molecule in the ground state. Nevertheless, we 
do not consider a proper wave function for the whole 
universe. Non-interacting complexes are described by 
simple products of wave functions.

In WP2, we have focused on the concept of perturbed 
atoms in a complex. After a rather long journey of trial 
and error, we finally arrived at the PATMOS (Perturbed 
AToms of MOlecules and Solids) model, based on four 
 assumptions (Roeggen and Gao, J. Chem. Phys. 139, 
094104 (2013)). First, the root function is an unrestricted 
Hartree–Fock wave function. Second, localized orbitals 
are determined by the Edmiston–Ruedenberg locali-
zation scheme. Third, a minimal distortion principle is 
applied to define atoms (or ions) in a complex. Fourth, 
the total energy is calculated according to the energy 
incremental scheme. The PATMOS model has both 
conceptual and computational advantages. The decom-
position of the total electronic energy into intra- and 
interatomic components opens up for a new type of 
analysis of chemical bonding. This interpretative feature 
has been demonstrated by a study on different groups of 
molecules. The structure of the model — that is, the inde-
pendent calculations of intra- and interatomic terms — 
makes it ideally suited for parallel processor computers.

In the study of the electronic structure of molecules 
and solids, standard computational models are formulat-
ed within the framework of one-electron basis sets. The 
quality of the one-electron basis determines the overall 
accuracy that can be obtained within a chosen compu-
tational model. If m is the number of one-electron basis 
functions, the computation time for the most popular 
computational models scales from m3 to m7, depending 
on the level of accuracy. Since m usually is proportional 
to the number of electrons of the system, this scaling 
represents a serious challenge for large systems. It is well 

known that, in a molecular complex, the dominant part 
of the electron density is located in the near regions of 
the nuclei. This feature is built into the PATMOS model 
with its concept of perturbed atoms. The most appropri-
ate  basis set for an atom should be accurate in the region 
near the nucleus but can be less accurate in the outer 
regions of the nucleus. Hence, different basis sets for 
different atoms. The basis set of an atom then comprises 
a large set of one-electron functions centred at the corre-
sponding nucleus and a small set of functions located on 
the other nuclei of the system. In this way, one can partly 
circumvent the steep m-dependency in the computation-
al models. It has been demonstrated that this novel basis 
approach is particularly useful for periodic systems.

In accurate condensed-phase quantum chemistry, 
metallic systems are particularly demanding. One 
 approach in this field is the use of finite cluster models 
and the energy incremental scheme. The incremental 
scheme is based on localized orbitals. However, the local-
ized orbitals are very sensitive to the localization criterion 
adopted and the size of the cluster. The PATMOS model 
with its emphasis on atoms can eliminate some of the 
arbitrariness of the localized orbitals. Metallic systems 
are the central theme in a research program based on the 
PATMOS model.

WP3: Multiwavelets
The WP3 project goes back to 2004, when Kenneth 
Ruud wrote an application for a YFF (Yngre, fremra-
gende forskere) grant for exploring wavelets in quantum 
chemistry and has since been carried forward by Tor Flå 
from the mathematical side and Luca Frediani from the 
chemical side. Their work has led to the development of 
MRChem, a program for solving the Kohn–Sham equa-
tions of density-functional-theory (DFT) with the goal of 
 linear-scaling calculation of molecular electronic orbit-
als. The approach is based on an integral reformulation 
of the Kohn–Sham equations that 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. 

Initial work benefited from the expertise of Eirik Foss-
gaard, who had completed a thesis on wavelets applied 
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to High Resolution Satellite Pictures. Even so, it took 
nine years to the first application of the code (Frediani 
et al., Mol. Phys. 111, 1143-1160 (2013)) and twelve years 
to study basis-set limit for energies (Jensen et al., J. Phys. 
Chem. Lett. 8, 1449−1457 (2017)) and magnetic properties 
(Jensen et al., Phys. Chem. Chem. Phys. 18, 21145–21161 
(2016)).

In addition to Flå and Frediani, several group 
 members have contributed to the success of WP3: Jonas 
Juselius provided the first rewrite of the code to C++, 
essential for providing a maintainable software environ-
ment. Stig Rune Jensen has been the mastermind of most 
code development, making it robust, efficient and pro-
viding much of its current functionality. Antoine Durdek 
has worked on the mathematical side of the self-consis-
tent-field implementation, while Peter Wind has curated 
optimization and parallelization. Lately,  Rune Sørland 
Monstad has introduced solvent effects and Magnar 
Bjørve focuses on the extension to periodic boundary 
conditions. We have benefitted from support from the 
High Performance Computing team at the university — 
in particular, from Radovan Bast and Dan Jonsson. 

The MRChem code is able to treat small molecular 
systems with unprecedented accuracy, at the Hartree–
Fock and Kohn–Sham levels of theory (both closed- and 
open-shell systems). It has been interfaced to the XCFun 
library, making a wide range of exchange–correlation 
functionals available. 

On the theoretical side, Frediani and Jensen have 
worked on the linear response formalism for electric and 
magnetic molecular properties and shown that the code 
can achieve the basis set limit. Flå together with master 
student Bjørgve has worked on a new efficient, separable 
formalism to represent the free and bound state Helm-
holtz kernel by a complexification of the semigroup 
related to the Ewald method. This method is required 
both for frequency-dependent molecular properties and 
excitation processes, 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-consis-
tent-field scheme with quadratic precision in the energy 
accuracy is now complete. Currently, Jensen and Wind 
are developing a parallel code for larger systems with near 
linear complexity by combining multiwavelet  methods, 
orbital localization, Gaussian-smoothed representa-
tions for the nuclear potential and the Poisson operator. 

Test runs on systems comprising up to 81 orbitals have 
 successfully been achieved. To achieve linear scaling, the 
most critical part is the exact-exchange for Hartree–Fock 
and hybrid Kohn–Sham calculations. To treat larger 
systems, we are improving the parallel performance to 
exploit massively parallel architectures. 

The implementation of the linear response solver for 
static and low-frequency dynamic properties has been 
completed and work is ongoing to include several per-
turbation operators to apply our model to a wide range 
of molecular properties. An interface to the GIMIC pro-
gram has been written by Jensen and Juselius, making it 
possible to compute and visualize magnetically induced 
currents. We have started coupling MRChem with di-
electric continuum models, incorporating the dielectric 
properties of the environment in the Poisson equation.

The code for the representation of multiwavelet 
trees has been restructured by Wind and Jensen. 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 over-
head. 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 parts of the 
molecule.

The group was represented by Jensen as invited lec-
turer to present MRChem at Stony Brooks MRA Summer 
school 2016. MRChem together with the Madness code 
are now established as the two adaptive-basis multiscale 
implementations in the world. It became also clear during 
the conference that MRChem has certain unique features 
such as the ability to compute magnetic properties, and 
a full analytic tensor non-standard, separable represen-
tation of operators in any dimension. The atmosphere 
during the summer school was sharing and solution- 
oriented and it was decided that there was plenty of room 
for international collaboration in the above areas. The 
MRA school and collaboration will be continued under 
the guidance of an international committee with Frediani 
as a representative of Norway.

The group will continue its work on the MRChem 
program in the new Centre of Excellence, The Hylleraas 
Centre, under the guidance of Luca Frediani. Tor Flå 
will be an affiliate of the Hylleraas Centre, continuing to 
provide his contribution to the project.
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WP4: Molecular properties and 
spectroscopy

During the 10 years of the CTCC, a number of advances 
have been made in the domain of WP4, molecular prop-
erties. Many CTCC members have contributed to the 
activities of the work package and the developments have 
been made in close collaboration with other work pack-
ages—in particular, the developments of large periodic 
and non-periodic systems in WP1 and multiwavelets in 
WP3. The methods developed in WP4 have also been 
applied in WP6 (bioinorganic chemistry) and in WP7 
(catalysis and organometallic chemistry). Many PhD 
students and postdocs have actively contributed to this 
work package. Without their dedication and hard work, 
the achievements made in this work package would not 
have been possible. The work package has greatly benefit-
ted from additional external funding, from the Research 
Council of Norway and the European Research Council.

Taking a birds-eye view of the advances made in the 
area of molecular properties and spectroscopy, three 
 general directions can be identified: 1) versatile, flexible 
and open-ended methodologies for the calculation of mo-
lecular properties; 2) multiscale methods for the calcula-
tion of molecular properties and spectroscopic responses 
in complex environments; and 3) new methods for the 
calculation of relativistic effects on molecular properties 
and reactivity. In all directions, new colla borations with 
experimentalists have been established, allowing for the 
novel approaches developed to address the structural 
characterization of new chemical compounds, either 
made synthetically or discovered natural products. These 
collaborations have led to new research projects — for 
instance, in the search for molecules that can be used 
to fight antibacterial resistance, which recently secured 
significant external funding.

In the following, some details and highlights from 
these three general research directions are given.

1. Open-ended schemes for calculating molecular 
properties
An activity that has been ongoing throughout the 
 existence of the CTCC has been the work on developing 
a general, open-ended scheme for the calculation of mo-
lecular properties to arbitrary order, with focus on prop-
erties involving nuclear displacements and high-order 
absorption processes. This work has been motivated by 
the advances made in the field of multiphoton absorption 

properties and in multidimensional spectroscopies—for 
the latter, in particular, in the vibrational domain.

The expertise of the CTCC has always been in the 
calculation of molecular properties beyond what is read-
ily accessible in other research groups. This expertise has 
been built in close collaboration with colleagues in Sweden 
and Denmark. Nevertheless, experimental advances have 
made it clear that the property-by-property strategy that 
had so far been applied—in particular, for vibrational 
spectroscopies—could lead to theoretical advances trail-
ing far behind the experimental advances. From the start 
of the CTCC, we have therefore focused on developing 
methodologies that are fully automatic, limited only by 
the validity of the underlying perturbation theory. This 
goal has required the use of new methods from computer 
science, such as automatic differentiation (Ekström et al., J. 
Chem. Theory Comput. 6, 1971–1980 (2010)) and recursive 
programming (Ringholm et al., J. Comp. Chem. 35, 622–
633 (2014)), allowing us to match experimental advances 
in the field of multiphoton absorption spectroscopy and 
in high-accuracy vibrational spectroscopy and, to some 
extent, also in multidimensional vibrational spectroscopy.

The theoretical foundation for our approach was pub-
lished already in 2008, in collaboration with researchers 
in Aarhus (Thorvaldsen et al., J. Chem. Phys. 129, 214108 
(2008)). We have since worked on implementing the for-
malism in an efficient, open-ended manner. Following 
the first experimental report of five-photon absorption in 
2013, we reported the first ab initio calculations of four- 
and five-photon absorption (Friese et al., ACS Photonics 
2, 572–577 (2015)) and we have developed a simple model 
for insight into structural features that support high-or-
der multiphoton processes (Alam et al., J. Chem. Phys. 
146, 244116 (2017)).

Figure 4.1 The open-ended response theory approach allows the absorption 
of any number of photons to be studied computationally in a unified frame-
work, here exemplified by three- and four-photon absorption processes 
[D.H.Friese et. al., J.Chem:Theory Comput. 11, 1129 (2015)].
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As a “tour de force” of this general framework for 
calculating molecular properties, we have recently pub-
lished, together with researchers at the University of 
Georgia, Athens and the Quantum Theory Project in 
Florida, a benchmark study of the vibrational spectrum 
of H2CO, in which the analytic fifth- and sixth-order 
geometric derivatives have been explored to calculate 
anharmonic corrections to fourth order in vibrational 
perturbation theory.

2. Multiscale methods for the calculation of molecular 
properties and spectroscopic responses in complex 
environments
To expand the applicability of the methods developed 
in WP4, a large effort has been undertaken to include 
environment effects in the calculation of molecular 
properties. A significant component of this activity has 
considered the extension of the open-ended formalism to 
solvation models such as the polarizable embedding (PE) 
model, the polarizable density embedding (PDE) model, 
and the polarizable continuum Model (PCM). In par-
ticular, the PCM has been used to model multi-photon 
absorption spectroscopy of prototype chromophores (R. 
Di Remigio et al., Phys. Chem. Chem. Phys. 19, 366–379 
(2017)), whereas a similar multi-photon study has been 
carried out for biological systems such as the Green 
Fluorescent Protein with PE Steindal et al., Phys. Chem. 
Chem. Phys. 18, 28339 (2016).) The more sophisticated 
PDE model has been developed in close collaboration 
with Magnus Olsen and Jakob Kongsted at the Univer-
sity of Southern Denmark, providing some prototype 
studies of molecular properties of simple chromophores 
(Olsen et al., J. Phys Chem. A 119, 5344–5355 (2015)). The 
first fully polarizable, layered QM/MM/PCM method 
for response properties has been implemented, showing 
how layering the different models can help to provide the 
benefits of both an atomistic description of short-length 
interactions and a mediated description of long range 
ones through the continuum (Steindal et al., J. Phys. 
Chem. B 115, 3027–3037 (2011)).

Significant attention has also been devoted to the 
assignment of the absolute enantiomeric configuration 
of biological compounds (Li et al., J. Phys. Chem. A 117, 
1721−1736 (2013)). Reaching this goal has been instru-
mental for developing a new strategy in the discovery 
of new antimicrobial agents, given that the correct 
 determination of the structure of biological systems is an 
essential prerequisite for their synthesis and application 
in the pharmaceutical industry. This development led 
ultimately to larger joint experimental and theoretical 
initiatives in the discovery of new antimicrobial agents, 
such as AntiBioSpec and DigiBiotics (site.uit.no/antibi-
otics).

3. Novel methods for the calculation of relativistic 
effects on molecular properties and reactivity
It has been an ambition for the development of a flexible 
framework for calculating molecular properties that the 
scheme should be independent of the explicit form of the 
self-consistent field density, by formulating the approach 
in an atomic-orbital basis. This would allow us to use the 
same general framework for non-relativistic and rela-
tivistic theories. We presented very early the first cubic 
response calculations at the four-component relativistic 
level of theory, which remains the only analytic calcula-
tions of such properties at the relativistic level of theory 
(Bast et al., Chem. Phys. 356, 177–186 (2009); Bast et al., 
Theor. Chem. Acc. 129, 685–699 (2011)).

Figure 4.2 Three-layered multiscale model of acrolein solvated in bulk 
water. [J. Phys. Chem. B 2011, 115, 3027 (2011).]
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In part due to the expertise recruited and in part 
due to new research goals, we decided in 2011 to change 
development platform for our activity in the domain of 
relativistic theory. The ReSpect program (http://www.
respectprogram.org) is a highly optimized two- and 
four-component relativistic program, which has been an 
excellent platform for large-scale relativistic calculations, 
both in terms of the size of molecules that can be studied 
and the computational costs of these calculations. This 
platform has allowed us to study the NMR spectrum 
of large organometallic complexes containing up to 150 
 atoms, calculations that are of unprecedented size (Hrdá 
et al., J. Comp. Chem. 35, 1725–1737 (2014)). The  calculated 
large relativistic corrections forced experimentalists 
to search outside the conventional frequency range to 
 assign the molecular structure (Vicha et al., Inorg. Chem. 
55, 10302–10309 (2016)).

The efficiency of the ReSpect program has allowed 
us to move toward the study of ultrafast processes and 
strong electromagnetic fields. We have implemented the 
first two- and four-component real-time time-dependent 
DFT code and applied it to the study of L2/3 edges in 
X-ray absorption spectroscopy and nonlinear optical re-
sponses in the presence of strong electromagnetic fields. 
In the case of the L2/3 edges in X-ray absorption spectros-
copy, they arise from spin–orbit splitting of the 2p core 
orbitals, mandating a variational inclusion of spin–orbit 
effects through the use of two- and four-component rel-
ativistic DFT.

Another major advance in WP4 is the reassignment 
of a large number of absolute chemical shielding con-
stants (119Sn, 17O, 33S, 207Pb, 175Lu, 197Au, 61Ni, 105Pd, 195Pt) as 

a consequence of a new theory for nuclear spin–rotation 
constants. This theory demonstrated that the non-rela-
tivistic relation between nuclear spin–rotation constants 
and  absolute shielding constants breaks down when 
relativity is taken into account. We demonstrated that 
the difference in relativistic effects between these two 
properties can be reliably calculated using relativistic 
methods (Malkin et al., J. Phys. Chem. Lett. 4, 459–463 
(2013)). These new absolute shielding constants can in 
turn be used to update reference values for the nuclear 
magnetic dipole moments.

We finally note that we published the first example of 
how relativistic spin–orbit effects change an enzymatic 
reaction mechanism compared to the non-relativistic 
case, demonstrating that relativistic effects are essential 
also for biology (Demissie et al., Angew. Chemie Int. Ed. 
55, 11503–11506 (2016)).

WP5: Dynamics and time-development
The scientific environment of the CTCC and the funds 
made available through this affiliation have been very 
fruitful for our activities. The aspirations and scien-
tific goals that we defined at the onset of CTCC have 
been  fulfilled by (i) having interacted tightly with our 
 colleagues involved with method development (WP1), 
and (ii) by taking advantage of the expertise in electron-
ic-structure calculation and computational resources 
available at the CTCC.

1. Mechanochemical properties of organic and 
biological molecules
A collaboration with Julio Fernandez and co-workers at 
Columbia University initiated the work conducted at the 
CTCC in mechanochemistry. A paper published in 2008 
by our team demonstrated how stretching of a protein 
molecule (titin), by means of atomic force microscopy, 
substantially increases the rates of disulphide bond 
 reduction reactions (Ainavarapu et al., J. Am. Chem. Soc. 
130, 6479–6487 (2008)).  On this basis, a series of stud-
ies were conducted at CTCC to address the relationship 
 between bond elongation and activation energy. 

In the first paper, we established, on the basis of bench-
marking against accurate quantum-chemical methods 
(CCSD(T)), that single-reference-based methods, 
 including DFT, describe the essence of mechanical bond 
breaking (Iozzi et al., Mol. Phys. 107, 2537–2546 (2009)). 

Figure 4.3 Through the work done at the CTCC, large molecular com-
plexes can now be handled at the two- and four-component relativistic 
DFT level of theory. [Hrdá et al., J. Comp. Chem. 35, 1725–1737 (2014)].
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It was shown that potential energy profiles could be well 
fitted with Morse potentials. Furthermore, the effect of 
conformational rigidity of the protein environment was 
seen to have little influence on the mechanochemical 
characteristics of the S–S bond itself. Upon stretching 
(Figure 5.1), the diradical character of the disulphide 
bridge increases, while the energy difference between the 
singlet ground state and low-lying triplet state decreases. 
Disulphide reduction is promoted by an external force 
in the range 0.1–0.4 nN (Iozzi et al., J. Phys. Chem. A 115, 
2308–2315 (2011)).

A follow-up DFT study showed how ring opening 
and chain dissociation are facilitated by the mechanical 
stretching of polymeric triazoles, the latter more than 
the former, providing a sound theoretical model for 
experiments in which ultrasound has been applied for 
depolymerisation (Smalø et al., Chem. Commun. 48, 
10443–10445 (2012)).

Following this, a series of organic molecules were 
investigated and it was found that it is not necessarily 
the thermodynamically weakest bond that breaks (Smalø 
et al., Chem. Commun. 48, 10443–10445 (2012)). It was 
found that the dissociation energy, the harmonic force 
constant and the angle between the given bond and the 
external force are all important factors in the process. 

In a final paper, dynamical effects on the mechano-
chemistry of linear alkane chains, mimicking polyeth-
ylene, were studied by molecular dynamics (Smalø et al., J. 
Phys. Chem. A, 118, 7683–7694 (2014)). The application of 
a fixed external force to a thermodynamically pre-equil-
ibrated molecule leads to a preference for cleavage of the 
terminal C−C bonds, whereas a sudden application of 
the force favours bond breaking in the central part of the 
chain. In all cases, transition-state theory predicts higher 
bond-breaking rates than found from the more realistic 
molecular dynamics simulations. 

Maria Francesca Iozzi (2007–2010) and Hans Sverre 
Smalø (2011-2013) were employed in postdoctoral 
 positions by the CTCC for this project. Parts of the work 
was conducted in collaboration with representatives 
of the DALTON team within CTCC, in particular with 
Trygve Helgaker (WP1), who is a co-author on several of 
the published papers.

2. Dynamics of water clusters
Water clusters (H2O)n (n=1,2,…300) containing inorgan-
ic and organic cations or anions have been investigated 
in our laboratory since 2005. Such clusters are formed by 
electrospray ionization, and elementary processes and 
properties simulating bulk water are studied—including 
proton migration, water evaporation, cluster structure 
and reactivity. Besides obtaining unique insights into 
these key processes and properties, the experiments pro-
vide knowledge on how properties and reactivity varies 
with cluster size, thereby providing a clearly defined step-
by-step bridge between the molecules in their isolated 
state and in solution. To understand the experimental 
findings better, computational chemical modelling has 
been invaluable.

Structures were calculated for H+(NH3)m(H2O)n clus-
ters demonstrating preference for ammonia molecules in 
the first solvation shell (Hvelplund et al., J. Phys. Chem. A 
114, 7301–7310 (2010)). However, this does not in general 
indicate a rigid tetrahedral structure with one central 
ammonium covered with an inner solvation shell of four 
ammonia molecules, with water outside. Instead, water 
and ammonia have comparable affinities to the binding 
sites of the first shell, with a preference for ammonia for 
the first two sites, and water for the last two. Despite this, 
the enhanced stability of the H+(NH3)5(H2O)20 cluster 
may be related to a tetrahedral ammonium core encap-
sulated in a dodecahedral (H2O)20 structure, typically 
found in clathrates. A closely related study, published 
a few years later, addresses the magic number cluster 
H+(H2O)21 structure, also having a dodecahedral struc-
ture (Ryding et al., Phys. Chem. Chem. Phys. 17, 5466–5473 
(2015)).  Here, it was found that the experimental results 
obtained by substituting water with tert-butanol (TB) 
one by one, fit excellently to the picture of a size 21 clus-
ter originally having nine dangling hydrogen atoms that 
can be replaced with tert-butyl groups without altering 
the internal cluster structure, while a tenth TB molecule 

Figure 5.1 Stretching of the protein titin-I27SS computed at the B3LYP/  
6-31G(d) level of theory. (Iozzi et al., J. Phys. Chem. A 115, 2308–2315 
(2011)).
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cannot be incorporated. The experimental findings were 
nicely reproduced by large scale hybrid density functional 
calculations using the “in-house” LSDALTON program, 
developed in WP1.

The dynamics of evaporation and proton migration in 
protonated water clusters has been studied by large-scale 
on-the-fly Born–Oppenheimer direct dynamics (Rybkin 
et al., J. Comput. Chem. 34, 533–544 (2013)). These calcu-
lations revealed interesting details, in that elimination of 
water molecules was found to be fast for the cluster sizes 
investigated and rather insensitive to the initial geometry. 

As a part of this research program, we have investi-
gated CO2 uptake in water, of relevance to the balance 
between atmospheric CO2 and that dissolved in oceans. 
Most noticeable, the study gave rise to a reaction mech-
anism in which hydrolysis and protolysis of CO2 to give 
bicarbonate unites in one single reaction step. This mech-
anism was inferred from detailed quantum chemical 
calculations (Ryding et al., Phys. Chem. Chem. Phys. 16, 
9371–9382 (2014)).

It should also be mentioned that quantum-chemical 
calculations have been central to studies of reactions of 
superoxide water clusters, O2–(H2O)n, with NO and alkyl 
halides, both of atmospheric chemistry relevance, and 
for the former, also of relevance to biological processes 
(Ryding et al., Phys. Chem. Chem. Phys. 18,9524–9536 
(2016)). The computational calculations showed clearly 
how adding water molecules to the O2– core reduces 
overall rates, in full accordance with experiment.  

Andrea Debranova (2014-2017) has been employed in 
a postdoctoral position by the CTCC on this project. The 
essential contributions of Mauritz Ryding and Alexey 
Zatula are acknowledged. Much of the computational 
work has been conducted in collaboration with Israel 
Fernandez, Universidad Complutense de Madrid, Theo 
Kurtén, University of Helsinki, and Vladimir Rybkin and 
several other co-workers at the CTCC. 

3. CO2 fixation and related processes
Based on previous work on the unimolecular dissocia-
tion of carbohydrate anions and similar compounds, and 
in particular our discovery of an activated form of CO2, 
[M(h2-O2C)] (M = divalent metal, see below), CO2 fix-
ation has become a major topic in our laboratory during 
the last four years. By supplying two electrons to the CO2 
molecule in the form of [M(h2-O2C)] a carbon nucleop-
hile is formed (formally a carbenoid) capable of displac-
ing a leaving group in an SN2 reaction or adding to an 
electrophilic carbon of a carbonyl compound (Dossmann 
et al., Angew. Chem. Int. Ed. 51, 6938–6941 (2012)). Both 
reactions give rise to C–C bonds by CO2 fixation, and rep-
resents a promising novel concept for organic synthesis 
in general and artificial photosynthesis in particular. As a 
part of a new research program initiated late 2016, we will 
continue to investigate the scope of this concept on CO2 
activation and C-C bond formation by conducting gas-
phase experiments underpinned by high-level quantum 
chemical calculations. To this end, within WP5 of CTCC, 
we have already made progress in this direction, which 
will be illustrated by work published in two papers. In 
the first paper, the magnesium complex incorporating 
the novel metal–CO2 binding motif ([M(h2-O2C)]) was 
spectroscopically characterized (Miller et al. Angew. 
Chem. Int. Ed. 53, 14407–14410 (2014)). By means of 
infrared photodissociation spectroscopy (radiation sup-
plied by the free electron laser in Berlin), it was shown 

Figure 5.2 Transition state for the reaction OH–(H2O)4 + CO2 → 
HOCO2–(H2O)4, showing simultaneous hydrolysis and protolysis during 
bicarbonate formation (Ryding and Uggerud, Phys. Chem. Chem. Phys. 
16, 9371–9382 (2014)).
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that the complex indeed has a four-membered ring 
structure. We employed high-level electronic-structure 
calculations to support interpretation of the spectro-
scopic data. In the second paper, we demonstrated CO2 
fixation via this complex, demonstrating its ability to add 
to acetaldehyde, a mimic of ribulose 1,5-bisphosphate of 
the Calvin cycle of natural photosynthesis (Miller et al., 
to be submitted). In this project, Glenn Miller’s work was 
supported by a PhD position made available through the 
CTCC. Miller will defend his thesis early 2018. 

WP6: Bioinorganic chemistry
A strong synergy between experimental and computa-
tional approaches underpinned much of the research in 
the Ghosh group, which made for unusually rigorous and 
comprehensive studies on porphyrin analogues and relat-
ed materials (Figure 6.1). The approximately 100 papers 
(Figure 6.2) and more than 50 single-crystal X-ray struc-
tures (Figure 6.3) that we published from mid-2007 to 
mid-2017 shed light on a variety of interesting questions, 
including those related to ligand noninnocence (multi-
configurational character), relativistic effects, catalysis, 
luminescence, bioimaging, and photodynamic therapy, 
as briefly recounted below. For a more comprehensive 
exposition of many of our recent findings, the reader may 
consult our recent review on metallocorroles (Ghosh et 
al., Chem. Rev. 117, 3798–3881 (2017)).

Figure 5.3 Vibrational predissociation spectra of tagged ClMgO2C
–. 

Experimental spectra using an OPO free elctron laser (trace I) and a 
free electron laser (trace II). Computed spectra using CCSD(T)/aug-
cc-pVTZ: traces III and IV (Miller et al., Angew. Chem. Int. Ed. 53, 
14407–14410 (2014)).

Figure 6.1 Widely used ligands in our research

Figure 6.2 A selection of recent journal covers featuring our recent 
porphyrinoid research
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Ligand design. The design of new macrocyclic ligands 
is critical to our goal of synthesizing transition metal 
complexes with unusual electronic structures and novel 
and useful reactivity. A wide variety of new porphyrinoid 
ligands have been synthesized over the last 10 years, 
including b-octabromocorroles, undecaarylcorroles, ste-
rically hindered isocorroles, and b-octaiodoporphyrins. 
Very recently, chiral corrole ligands have been synthe-
sized in our laboratory, allowing an investigation of chiral 
metallocorroles as new, enantioselective group-transfer 
catalysts in collaboration with Prof. Gérard Simmoneaux 
of the University of Rennes, France. 

Ligand noninnocence. Corroles have provided a large 
number of fascinating examples of the phenomenon of 
ligand noninnocence, which in many ways overlaps with 
the quantum chemical concept of ‘multiconfigurational 
character’. The phenomenon was found to be most prev-
alent for first-row transition metal corroles. Broken-sym-
metry DFT calculations generally afforded a qualitatively 
excellent description of the phenomenon; in a few cases, 
multiconfiguration reference ab initio studies were also 

employed to map out the low-energy excited states. 
A key finding is the development of a simple substitu-
ent-effect-based UV-vis probe that corrole researchers 
can reliably use to detect substantial noninnocent/radical 
character in a given family of metallocorroles.

Biometal-diatomic interactions. Our interest in 
biometal-diatomic interactions goes back to the early 
days of DFT, when the new theory, in one of the earliest 
 applications to bioinorganic systems, correctly explained 
the molecular basis of CO/O2 discrimination by heme 
proteins. This work was greatly expanded at the CTCC, 
via a series of DFT studies of the interaction of small 
molecules such as NO, HNO, N2O3, and nitrite with 
metalloporphyrins, metallocorroles, and nonheme bio-
metal sites (such as Roussin’s red and black salts). These 
studies were largely carried out by Drs. Jeanet Conradie, 
Espen Tangen, Kathrin Hopmann, and Bruno Cardey. Of 
particular note was a set of DFT studies, in collaboration 
with Professor Stephen J. Lippard of MIT, on transition 
metal nitrosyls supported by tropocoronand ligands, 
many of which exhibit unusual spin states and/or unique 
structural features.

X-ray science. Synchrotron-based research (conduct-
ed at the Stanford Synchrotron Radiation Lightsource/
SSRL, the Advanced Light Source, Berkeley, and BESSY 
II in Berlin) has become an increasingly important part 
of the group’s electronic-structural research. Thus, X-ray 
absorption spectroscopy (XAS), in particular X-ray ab-
sorption near-edge spectroscopy (XANES), was applied 
for the first time to the problem of ligand noninnocence 
in metallocorroles, where it has proven immensely useful, 
especially for iron corroles (Ganguly et al., Chem. Eur. 
J. 23, 15098–15106 (2017)). The potential role of related 
methods such as X-ray emission spectroscopy (XES) and 
resonant inelastic X-ray scattering (RIXS) is also being 
actively explored. Key contributors to this area include 
UiT researchers Drs. Sumit Ganguly and Kolle Thomas 
and SSRL researcher Dr. Ritimukta Sarangi.

Heavy elements and relativistic effects. In recent 
years, senior researchers Drs. Abraham Alemayehu and 
Kolle Thomas and master student Rune Einrem have syn-
thesized a variety of 4d and 5d transition metal corroles, 
including the first 99Tc, Re, Os, Pt, and Au corroles as well 
as the first RuVIN corroles and Mo and W biscorroles 
(Figure 3). These size-mismatched complexes, which in-
corporate a large metal ion within a sterically constrained 
corrole ligand, were initially pursued only as scientific 

Figure 6.3 Selected single-crystal X-ray structures obtained during 
our CTCC years. Credits: Dr. Abraham Alemayehu, Steffen Berg, Jan 
Capar, Rune Einrem, Dr. Kolle E. Thomas, and Ivar K. Thomassen.
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curiosities, but they soon turned out to be useful in a 
wide variety of arenas, as described below. Spectroscopic 
and electrochemical studies of analogous 4d/5d pairs of 
complexes, in conjunction with relativistic and nonrela-
tivistic DFT calculations by Dr. Hugo Vazquez-Lima, led 
to some of the first detailed, experimentally calibrated 
measures of relativistic effects on metalloporphyrin-type 
complexes. Certain other studies of relativistic effects 
were carried out independently of experimental work. In 
one such study, the blue-violet color of pentamethylbis-
muth (an unusual characteristic for a simple main-group 
compound, which tends to be colorless) was attributed to 
a visible spin-orbit effect. Elsewhere, in a study of the va-
lence states of copernicium and flerovium, we predicted 
that CnF4 (the superheavy analogue of highly unstable 
HgF4) should be moderately stable.

Biological imaging and sensing. Free-base corroles 
and many of their lighter main-group element complexes 
are strongly fluorescent. Amphiphilic derivatives of these 
molecules are currently being studied as dyes for fluores-
cence and two-photon absorption microscopy. In addi-
tion, several of the 5d metallocorrole families, including 
Ir, Au, OsVIN, and ReVO corroles, have been found to 
exhibit room-temperature near-IR phosphorescence, 
which in turn has led to several applications in oxygen 
sensing and triplet-triplet upconversion (Borisov et al., J. 
Mater. Chem. C 4, 5822–5828 (2016)). 

Photodynamic therapy. Near-IR phosphorescence is 
also thought to underlie the efficacy of several of the 5d 
metallocorroles in photodynamic therapy experiments. 
So far, the experiments have focused on gold corroles 
and rat bladder cancer cells (Alemayehu et al., ACS Appl. 
Mater. Interfaces 8, 18935–18942 (2016)). Promising, pre-
liminary results have also been obtained with other 5d 
corroles and with human cancer cell lines. These experi-
ments have been performed by UiT master student Rune 
Einrem and NTNU researcher Dr. Odrun Gederaas.

Renewable energy. Some of the phosphorescent 5d 
metallocorroles have also proven to be efficient photo-
sensitizers in dye-sensitized solar cells, reaching energy 
conversion efficiencies of nearly 4%, an impressive value 
for simple metal complexes. As in oxygen sensing and 
photodynamic therapy experiments, the long triplet life-
times of the molecules are thought to be the key factor 
underlying this functionality. In other studies, 3d metal-
locorroles have been found to be useful as electrocatalysts 
for water splitting, both proton reduction and oxygen 

evolution. These avenues of research are currently under 
active investigation. 

Radioimaging. The successful synthesis of ReVO 
 corroles led us to attempt a similar synthesis of 99Tc 
corroles. In a collaborative project with Professor Roger 
Alberto of the University of Zurich, Rune Einrem syn-
thesized the first 99Tc corrole derivatives (Einrem et al., 
Chem. Eur. J. 22, 18747–18751 (2016)). Vigorous efforts are 
currently underway to develop 99Tc porphyrinoids as a 
new class of radioimaging agents.

Inherently chiral chromophores. The Mo/W biscor-
roles recently prepared in our laboratory are worthy of 
note on multiple counts. They are not only the first fully 
corrole-based sandwich compounds, they are also a new 
class of inherently chiral molecules. Successful resolution 
of a tungsten biscorrole by means of chiral HPLC proved 
that the square-antiprismatic coordination is stereo-
chemically rigid and stable toward racemization (Schies 
et al., Chem. Commun. 53, 6121–6124 (2017)). Their elec-
tronic circular dichroism spectra were found to be fairly 
well simulated by means of CAM-B3LYP calculations 
with relativistic effective core potentials for W.

Ultrafast proton transfer in porphyrins. Substantial 
progress was made in the area of elucidating N–H…N 
hydrogen bonding and NH tautomerism in porphy-
rinoids. One of the highlights of our work in this area 
was the successful, if accidental, stabilization of the long- 
postulated cis tautomer of a free-base porphyrin (Kolle et 
al., Angew. Chem. Int. Ed. 56, 10088–10092 (2017)). This 
remarkable story is recounted as a Highlight elsewhere in 
this Annual Report.

Figure 6.4 Books on chemistry education and outreach. Lower left: 
Steffen Berg, coauthor of Arrow Pushing in Inorganic Chemistry. Upper 
right: Professor Harry B. Gray, who wrote a Foreword for the book.
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Chemistry education and outreach. Over the last 10 
years, we have also been deeply involved in chemistry 
education and outreach. In 2011, Ghosh edited a popular 
science book titled Letters to a Young Chemist, where 18 
leading scientists wrote “letters” to hypothetical young 
protagonist Angela about career opportunities in their 
respective research fields. In 2014, we published a  second 
book titled Arrow Pushing in Inorganic Chemistry: A 
Logical Approach to the Chemistry of the Main Group 
Elements, describing a new logical approach to teaching 
descriptive inorganic chemistry. Both books have since 
become bestsellers, with second editions already in the 
planning stages.

WP7: Catalysis and organometallic 
chemistry
Catalysis is of paramount importance for the develop-
ment of efficient, selective, and sustainable processes in 
the production of bulk and fine chemicals and advanced 
materials under mild conditions. Organometallic chem-
istry, which focuses on the properties of compounds 
containing metal-carbon bonds, is a fundamental pillar 
of homogeneous catalysis. This work package has target-
ed 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, based on insight into 
catalyst structures and reaction mechanisms.

The group of the WP senior scientist has primarily 
utilized experimental approaches to its catalysis research. 
During the existence of CTCC, the group has steadily 
altered the approach towards a synergistic use of experi-

mental and computational methods. Since the conception 
of CTCC, it was the ambition of the WP7 leader that 
 students and co-workers who focus on experimental work 
should also have computational methods in their “chem-
istry 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. This sets the stage for the group’s research strat-
egies beyond the duration of CTCC: The centre has had a 
tremendous impact on catalysis research in the group.

The group applies computational methods also in 
 collaborative efforts with other, national and inter-
national, experimental groups. CTCC resources have 
been complemented with additional external funding, 
including RCN FRIPRO, TOPPFORSK, and NANO2021 
pro jects, as well as the EU Marie Skłodowska-Curie pro-
gram. Numerous young international visiting researchers 
have been supported by the GROW program of the US 
NSF agency and other sources.

The main focus of WP7 research has been on metal 
complexes and reactions that are of relevance to homo-
geneous catalysis using a variety of transition metals. In 
the following, selected examples of activities (published 
or near submission) will be briefly described.

During the early years of CTCC, computational 
methods were applied to investigate electronic structures 
of MOFs (metal-organic frameworks). MOFs represent 
materials that are of great interest to several members of 
the UiO catalysis group. CTCC postdoc Li-Ming Yang’s 
computations on MOFs provided insight into their 
bonding and electronic structures in a series of papers, 
see Figure 7.1.

Zr6O4(OH)4(BDC)12
 node of UiO-66

Figure 7.1 Electronic structure (density of states; left) in the Zr-based UiO-66 MOF (right); Yang et al., J. Mater. Chem. C 2, 7111–7125 (2014)).
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However, the major impact of CTCC to the catalysis 
research has been in homogeneous catalysis (catalysis 
by molecular species in solution). This research started 
with CTCC postdoc Andreas Krapp’s contributions, one 
example being the development of a Rh(I)-based cyclo-
propanation catalyst with a very unusual and high cis 
stereoselectivity (Figure 7.2). The catalyst has since been 
applied to the synthesis of natural products.

The truly symbiotic relationship between experi-
mental and computational catalysis research was firmly 
established during the second half of CTCC’s existence. 
It was at this time that Odile Eisenstein was appointed as 
an adjunct professor at CTCC, coinciding with the em-
ployment of two researchers, Dr. David Balcells (CTCC 
funding) and Dr. Ainara Nova (external RCN funding). 
Balcells and Nova have successfully started on their path 
to independent scientific careers with individual EU 
Marie Skłodowska-Curie and RCN Fripro grants, respec-
tively. Among their research interests, mostly conducted 
as parts of local (UiO), national and/or international 
collaborations with experimentalists, we find issues such 
as Pd and Ni-catalyzed cross-coupling reactions, catalysis 

of water oxidation, catalytic CO2 reduction by molecular 
species and in MOFs, and catalytic hydrogenation of 
CO2. The multitude of activities attests to the success 
with which computation has been embraced by experi-
mentalists, locally and elsewhere. Some of these activities 
are described in a separate highlight in this report.

Au(III) catalysis has been developed in the UiO group 
during the past few years, with a truly symbiotic and 
dynamic relationship between computations and exper-
iments. A brief summary is given in the following; more 
details are found in a separate highlight in this report. 

We described in 2013 the preparation, crystal struc-
ture, and DFT investigation of the Au(III) complex (cod)
AuMe2+ (cod = 1,5-cyclooctadiene; Figure 7.3), which 
still remains the only published example of a structurally 
characterized Au(III) alkene complex! This discovery 
prompted us to probe the structure, bonding, and reac-
tivity of related Au(III) complexes (not experimentally 
available) containing the smallest of alkenes and alkynes 
— that is, ethylene and acetylene. These species are mod-
els for catalysts and should facilitate the development of 
new catalytic systems with Au(III). 

Figure 7.2 Cyclopropanation Rh(I) catalyst and transition-state structures for the stereochemistry-determining reaction step (Rosenberg et al., 
Organometallics 30, 6562–6571(2011))

Au
Me

Me

(cod)AuMe2
+

Figure 7.3 Structure of (cod)AuMe2+ (left) with two NLMOs associated with Au(d)→π*(C=C) back-donation (right) (Langseth et al., Angew. 
Chem. Int. Ed. 52, 1660–1663 (2013)). 
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The mechanism of the stoichiometric function-
alization of ethylene at (tpy)Au(OAcF)2 (Figure 7.4, 
left) was established by concurrent computational and 
experimental efforts (Langseth et al., J. Am. Chem. Soc. 
136, 10104–10115 (2014)). The insertion of ethylene was 
thermodynamically feasible only in the position trans to 
the N atom of the tpy ligand. Catalytic functionalization 
of ethylene could not be realized because of a relatively 
unfavourable protolytic cleavage of the Au–C bond of the 
insertion product. On the other hand, catalytic acetylene 
functionalization occurs at the position trans to the C 
atom of the tpy ligand (Figure 7.4, right). 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 cleav-
age caused by the high trans influence of the C atom of 
the tpy ligand. The findings from parallel, synergistic 
efforts in computations and experiments (Holmsen et al., 
ACS Catal. 7, 5023–5034 (2017)) shed light on the decisive 
importance of the relative trans effects of unsymmetrical 
chelate ligands in each reaction step of the catalytic cycle.

A few years ago, and certainly at the start-up of CTCC, 
theoretical–experimental collaborations were typically 
started after puzzling experiments were completed, tar-
geting a rational interpretation. Nowadays, calculations 
and experiments are performed in a parallel and synergic 
manner, as illustrated by the gold catalysis described 
above. Fostering and spreading this new approach has 
been a main objective for WP7 in CTCC and has met 
with success. New research projects with external co-
funding have been started on the basis of an expanding 
network of national and international collaborations. The 

training activities have grown and are locally spreading 
at the Department of Chemistry in Oslo, and computa-
tional methods are found in the chemistry toolbox of an 
increasing number of MSc and PhD candidates.

WP8: Gas-phase reactions and 
photochemistry
In the early stage of the project we combined theoretical 
studies of the electronic ground-state potential surfaces 
of chemical reactions with results from gas-phase kinetic 
experiments employing stable isotopes. The motivation 
was to build expertise in calculating rates of chemical 
reactions from first principles, and ultimately to apply 
this knowledge to reactions that are difficult or even im-
possible to address in experiments. Once reference meth-
odologies were established, the activities were directed 
towards the more general issue of developing complete 
atmospheric degradation schemes of compounds from 
first principles.

In connection with the Norwegian Government 
Carbon Capture (NGCC) initiative, we were contacted 
to evaluate the environmental impact of large-scale 
 implementation of amine-based capture technologies. A 
literature survey showed that several compounds of envi-
ronmental concern could result from amines emitted to 
the atmosphere — in particular, the carcinogenic nitros-
amines and nitramines. The literature also revealed such 
a serious lack of knowledge that no reliable prediction 
of the amount of carcinogenic compounds formed post 
emission of amines could be presented. The NGCC ini-
tiative, adhering to the precautionary principle, therefore 

N
Au

AcFO OAcF

N
Au

AcFO
OAcF

N
Au

OAcFAcFO

AcFOHAcFO

initiation

catalysis

ACETYLENE:

N
Au

AcFO OAcF

N
Au

AcFO
OAcF

AcFOHAcFO

ETHYLENE:

no catalysis (tpy)Au(OAcF)2

Figure 7.4 The Au(III) complex (tpy)Au(OAcF)2 causes a stoichiometric insertion of ethylene (left), but catalytically functionalizes acetylene (right)
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commissioned the atmospheric chemistry group at UiO, 
a 3-year experiment program to map the atmospheric 
chemistry of amines – the Atmospheric Degradation of 
Amines (ADA) project (Nielsen et al., http://urn.nb.no/
URN:NBN:no-30510; University of Oslo: Oslo, 2012), 
which was accompanied by theoretical studies at CTCC 
in the period 2009–2011. The ADA-CTCC partnership 
resulted in unprecedented, time-resolved atmospheric 
chemistry results that have not been matched by any 
other research group in the world since. We mapped 
the complete atmospheric chemistry of a long series of 
amines as well as of the major primary products formed 
in the atmospheric oxidation of amines (Nielsen et al., 
Chem. Soc. Rev. 41, 6684–6704 (2012)). The interplay 
between theoretical chemistry and advanced smog- 
chamber experiments allowed us to set up reliable atmos-
pheric chemistry models for amines based on relatively 
simple DFT calculations followed by statistical treatment 
of molecular dynamics.

The WP8 was terminated in 2011, but the activity 
continued under the umbrella of the NGCC initiative 
at the  CO2 Technology Centre Mongstad (TCM, http://
www.tcmda.com/en/), see Figure 8.1. We have developed 
complete atmospheric chemistry models for more than 
15 technologically important amines as part of the unique 
service that we provide technology vendors at TCM. This 
service would not have been possible had it not been the 
fundamental studies carried out as part of CTCC.

WP9: Clusters, surfaces and solids
This work package was not initiated owing to other duties 
of the PI. 

WP10: Biomolecular modelling
Extremophilic organisms grow and thrive under extreme 
environmental conditions, including species that are 
adapted to high and low temperature, high and low pH, 
high salt concentration and high pressure. A major ques-
tion is how the proteins and enzymes of such organisms 
have evolved to cope with these extreme conditions. A 
large fraction of the activity of this work package has 
been focused on understanding the adaptation of en-
zymes to function at temperatures close to the freezing 
point of water. Adaptation of enzymes to low temperature 
involves optimization of two key parameters: stability of 
the protein and its catalytic power.

According to the Arrhenius equation or transition 
state theory, the reaction rates naturally decrease ex-
ponentially as the temperature is lowered, which is the 
major challenge to overcome. Interestingly, cold-active 
enzymes display an increased catalytic efficiency at 
low to moderate temperatures when compared to their 
warm-active counterparts. Their catalyzed reactions in-
variably show a smaller activation enthalpy and a more 
negative activation entropy, which precisely weakens the 
exponential temperature dependence of the reaction rates. 
However, the structural origin of the universal change in 
the activation enthalpy-entropy balance has remained 
largely unknown. This is mainly due to the problem of 
connecting macroscopic thermodynamic quantities to 
the 3D protein structure as the underlying microscopic 
energetics is difficult to access experimentally. However, 
this is also a major challenge for computations, but as we 
have explained extensively in our account (Åqvist et al., 
Acc. Chem. Res. 50, 199–207 (2017)), recent advances in 
calculating thermodynamic activation parameters from 
extensive MD simulations may offer a solution to this 
problem. 

The methodology we have developed uses the empir-
ical valence bond method to accurately determine the 
activation free energy relative to the reactant minimum 
and then to evaluate the temperature dependence of the 
free energy by repeating the simulations at different tem-
peratures. Then, analogous to experimental Arrhenius 
plots of the logarithm of the rate constant versus inverse 

Figure 8.1 The two Carbon Capture units at Technology Centre 
Mongstad. Left, the amine-technology absorber tower; right, the chilled 
ammonia-technology absorber unit
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temperature, the activation enthalpy and entropy can be 
obtained by linear regression from: ∆G‡(T)=∆H‡/T-∆S‡.

The critical point here is to obtain sufficient precision 
of the calculated ∆G‡, which means that a huge number 
of configurations need to be sampled and their energies 
calculated. This also demands highly specialized software 
to handle the massive number of simulations and provide 
efficient data analysis. As a response, the graphical user 
interface Qgui was developed, providing a high through-
put interface for automated setup and analysis of free 
energy simulations. The concept of the methodology is 
illustrated in Figure 10.1.

With this framework, the temperature dependence of 
cold-active trypsin was examined. These simulations re-
produced the experimental reaction rates of trypsin from 
North Atlantic salmon and cow, and fully captured the 
activation enthalpy-entropy changes (Isaksen et al., PLoS 
Comput. Biol. 10, e1003813 (2014)). Most interestingly, 
these calculations showed that protein rigidity outside 
the active site seemed to control the enthalpy-entropy 
balance, and thus the temperature adaptation of the re-
action rates. As a direct consequence of these findings, 
new computer experiments were carried out where the 
protein surface rigidity is gradually changed by applying 
positional restraints to the protein surface (Isaksen et 
al., Proc. Natl. Acad. Sci. U.S.A. 113, 7822–7827 (2016)). 
These experiments had the remarkable effect of turning 
the cold-adapted trypsin into a variant with mesophilic 
characteristics without introducing any mutations. 

The emerging hypothesis (Åqvist et al., Nat. Rev. 
Chem. 1, UNSP0051 (2017)), to explain the low tempera-
ture activity of cold-adapted enzymes is that evolutionary 
optimization increases the surface mobility of the protein 
surface, yielding the proper enthalpy-entropy balance to 
function at temperatures close to the freezing point of 
water.

Finally, in the last years of the CTCC, the activities of 
the WP extended to multiscale modeling, in particular 
to hybrid coarse-grained/mesoscale models. The idea is 
to extend the limits of molecular-resolution computer 
simulations to very large systems in the multi-phase. This 
possibility would open for the exploration of realistic 
models of membrane and membrane/protein interac-
tions, with the aim of having significant impact, among 
others, on rational design of new antibiotics. A resume 
on the potentialities of such method can be found in a 
recent perspective article (Soares et al., J. Phys. Chem. 
Lett. 8, 3586–3594 (2017)). 

Figure 10.1 Relating the potential energies of a solvated enzyme system 
(a), using the empirical valence bond (EVB) approach (b) to calculate 
free energy profiles (c) and the thermodynamics (d).
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