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The Centre for Theoretical and Computational 
 Chemistry (CTCC) is a Norwegian Centre of Excellence 
(CoE) established by the Research Council of Norway 
in July 2007. The goal of the CoE program is to stimu-
late Norwegian research groups to establish larger units 
 focusing on frontier research at a high international 
level, and contribute to raising the quality of Norwegian 
research. 

The CTCC is one of 21 national centres of excellence 
in Norway and the only one in chemistry. The centre has 
two nodes of equal size, hosted by the University of Oslo 
and the University of Tromsø. The CTCC receives an 
 annual funding from the Research Council of  Norway 
of about 9.5 MNok for the period July 2007 – June 2017. 
The centre also receives substantial support from the 
host institutions. 

The vision of the CTCC is to become a leading 
 international contributor to computational chemistry 
by  carrying out cutting-edge research in theoretical and 
computational chemistry at the highest international 
level.  

The CTCC has established an extensive visitors 
 program for world-leading scientists, as well as for PhD 
students and postdocs from other research groups who 
wish to benefit from the expertise available at the centre.  

The CTCC is actively engaged in communicating 
the potentials offered by computational chemistry in 
all areas of chemistry, offering courses in the efficient 
 utilization of quantum-chemistry programs on the com-
putational infrastructure available in the Norwegian 
 supercomputing program. 

 More information about the CTCC can be found at 
http://www.ctcc.no. 

The Centre for Theoretical and 
Computational Chemistry (CTCC) 

About the CTCC
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With the midterm evaluation passed and the center  being 
granted a second five-year period, 2012 has to a large 
 extent been a year in which it has been “back to basics”, 
focusing on developing advanced computational meth-
ods that are applied to solve challenging chemical prob-
lems. This focus has lead to new records in publication 
and citation numbers, with more than 90 publications 
in 2012 and the CTCC papers being cited almost 1200 
times in 2012 alone. We thank all CTCC members for their 
dedication to scientific excellence and for contributing to 
these excellent scientific results.

A very important step made in 2012 has been the com-
pletion of a video conference room at the CTCC in Oslo, 
allowing the CTCC now to have weekly group meetings 
by video conferencing, as well as other informal meetings 
when necessary. In addition to creating awareness of the 
science conducted at the two nodes, it also helps contrib-
ute to consolidate the CTCC as a center by removing the 
physical separation of the two nodes.

Building on these video conference facilities and our 
strong ties with the other Norwegian quantum chemistry 
groups, we have also started teaching advanced courses 
in topics where the CTCC staff members are the nation-
al experts, thus forming a larger framework and course 
program for our Master and PhD students. Our ambi-
tions is to extend this into a national curriculum in com-
putational and theoretical chemistry that in a sustainable 
manner can provide a wide range of courses that covers 
all facets of our research. 

An important goal for the CTCC is to develop new 
computational methodology that will help chemists, ex-
perimental as well as computational, to attack and solve 
challenging problems in chemistry. We are happy to see 
that we are making good progress towards reaching this 
goal. We are seeing an increasing number of collaborative 
papers arising from collaborations with colleagues both 
within as well as outside of the CTCC in solving chemical 
problems. The methods developed at the center allow us 
to tackle systems of unprecedented size as well as in much 
longer and more realistic dynamical simulations. It is also 
very rewarding to note that even the newest  methods can 

be used to solve important chemical  problems, as will be 
shown in some of the highlights in this annual report.

An ongoing work for the CTCC leadership is to  develop 
a long-term strategy that accommodates both the ERC 
projects contained within the activities of the CTCC, but 
also local strategic discussions on how the CTCC can con-
tribute to furthering chemical research at the host insti-
tutions. Progress has been made, but there is more work 
that needs to be done, also in developing a sustainable 
exit strategy for the CTCC in response to the mid-term 
evaluation.

We are happy to note that the University of Oslo has 
hired a new associate professor in theoretical chemistry, 
Thomas Bondo Pedersen, and he will join the CTCC as a 
full member. We welcome him to the CTCC and look for-
ward to his contributions in the years ahead. 

Many PhD students and postdocs have completed 
their appointments at the CTCC and moved on to new 
challenges, both in academia and in the private sector. 
We would like to thank them for their contributions to 
the CTCC activities and wish them all the best in their 
 future careers. At the same time, a number of new PhDs 
and postdocs have been and is being hired, and we 
are  convinced that they will help us maintain the high 
 scientific standards of the CTCC in the years ahead.

A productive year

Kenneth Ruud Trygve Helgaker
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The year of 2012 represents another highly successful 
 scientific year for the CTCC, with a record number of 
published articles and citations. We would like to thank 
all CTCC members for their continued dedication to 
 scientific excellence and for their contributions to these 
impressive scientific milestones for the CTCC.

The Board of Directors would also like to congratulate 
Centre director Trygve Helgaker, researcher Erik Tell-
gren, PhD student Kai Lange and CTCC visiting  professor 
Mark Hoffmann on their article published in Science in 
July 2012. The board recognizes the ground-breaking 
nature of publications in Science, and considers this an 
excellent example of the scientific quality of the research 
conducted at the CTCC. We are very happy to see that the 
collateral media attention made this science story the top 
story on the internet pages of the national news paper 
Dagbladet on the day of publication, illustrating the 
great potential of many research findings in appealing to 
the general public if presented in an attractive manner. 
The board of director strongly encourages the CTCC to 
 continue to further develop its dissemination program.

As such, the Board of Directors would also like to 
thank CTCC researcher Simen Kvaal for his excellent con-
tributions to communicating science to the general pub-
lic, through blogs and radio shows. Such contributions 
are vital to ensure continued public support and increased 
public understanding for the importance of  science. We 
would also like to thank CTCC senior researcher Abhik 

Ghosh for his work on rejuvenating chemical education 
and for popularizing chemical research through books 
and research articles.

The Board of Directors congratulates CTCC director 
Kenneth Ruud with the appointment as Chairman of the 
Scientific Steering Committee of PRACE (Partnership for 
Advanced Computing in Europe). As the biggest high-
performance computing (HPC) project in Europe, this 
appointment is a recognition of the scientific  quality 
and standing of the entire CTCC and puts the CTCC in 
the  driver seat in terms of knowing the future of HPC in 
 Europe.

The CTCC successfully passed the midterm  evaluation 
in 2011 with very high marks. The main criticism raised 
against the CTCC was the lack of a convincing exit 
 strategy. The Board has in 2012 been actively engaged in 
the  development of a new strategy for the centre for the 
second period of operation, and this has been an agenda 
item at the board meetings during the year. Although 
some progress has been made, the Board would like to see 
an even stronger focus on the CTCC strategy  document 
and especially on exit strategy from the leadership.

Based on the scientific achievements of the CTCC and 
on its many outreach and dissemination activities in the 
past year, we are confident that the CTCC will continue its 
outstanding performance in the coming years.

From the Board of Directors

Professor Fred Godtliebsen          
(Vice Dean at The Faculty of Science and Technology)

Chairman of the board

Professor Anne-Brit Kolstø 
(University of Oslo)

Vice-chairman of the board

Dr. Nina Aas
(Statoil)

Professor Ragnar Winther
(Director of Centre of Mathematics for Applications, CMA)

Associate Professor Ole Swang
(Innovative Natural Gas Processes and Products, inGAP, and Senior 

Scientist at SINTEF Materials and Chemistry)
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Research focus: Scientific activities at the CTCC are 
 concerned with understanding  how the building blocks 
of the atoms—the nuclei and the electrons—interact with 
one another to create molecules. The focus of the CTCC 
is thus on the fundamentals of chemistry. To obtain new 
 insights in this area of research, the CTCC conducts re-
search along two complementary but interlinked axes: 
first, the development of new computational quantum-
mechanical methodologies and computer implementa-
tions of these methodologies; second, the use of such 
methodologies to solve important chemical problems.

The scientific activities of the CTCC are organized into 
seven thematic work packages, each headed by a  principal 
scientist, most of whom also contribute to one or more 
of the other work packages. Two work packages are 
concerned with methodological developments: (1) large 
periodic and nonperiodic systems and (2)  multiscale 
methods with wavelets. Two packages contain significant 
elements of both methods development and applica-
tions: (3) properties and spectroscopy, and (4) dynamics 
and time development. Finally, three of our work pack-
ages are application oriented: (5) bioinorganic chemistry; 
(6) catalysis and organometallic chemistry; and (7) bio-
molecular modelling, the last being a new activity at the 
CTCC introduced in its second period of operation.

Following the mid-term evaluation of the Centres of 
Excellence, in which it was strongly recommended that 
all centres should have Scientific Advisory Boards (SAB) 
that are actively engaged in the activities of the Centres, 
a new Scientific Advisory Board has been  appointed, 
 consisting of Kersti Hermansson (Uppsala Univer-
sity), Mike Robb (Imperial College, London), Gunnar 
 Nyman (University of Gothenburg), and Vidar R. Jen-
sen  (University of Bergen). To engage the SAB actively 
in the scientific  activities of the CTCC, SAB members are 
invited to the CTCC  meetings on a regular basis, allowing 
them to get a first-hand impression of the science and 
to  discuss scientific and organizational matters with the 
CTCC members. Two members of the SAB participated at 
the CTCC meeting at Gran in January 2013. 

After a particularly busy year in 2011, in which much 
attention was given to the mid-term evaluation and to 
the International Year of Chemistry, where many CTCC 
researchers were central to the organization of the 
 national event, 2012 has been of a more regular nature, 
the main focus being on excellence in science, training, 
outreach and dissemination. This year also saw a genera-
tion change, with many of the first hired PhD students 
and postdocs completing their studies at the CTCC and 
moving on to new challenges. They have been replaced by 
a new generation of skilled and ambitious PhD  students 
and postdocs.

In the following, we give an overview of the most 
 important achievements at the CTCC in 2012, in research, 
training, and outreach and dissemination. 

Research: 
The high scientific activity of the CTCC continued in 2012. 
Indeed, as in all previous years, CTCC set a new record in 
the number of publications in 2012, with 91 publications 
registered in the Web of Science for 2012 and a total of 
395 publications registered since the CTCC was initiated 
in 2007. The science conducted at the centre continues to 
have a strong impact on the scientific community, with 
almost 1200 citations to CTCC papers registered in 2012. 

2012 in brief

Figure 1: Published Items in Each Year
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Overall, the work published by the CTCC has been cited 
more than 3300 times during its five and a half years of 
operation. The most highly cited paper continues to be 
that of Centre Director Trygve Helgaker with the group 
of prof. David J.Tozer from the University of Durham   
(J. Chem. Phys. 128, 044118 (2008)) on the evaluation 
and diagnostic test for excitation energies in density 
 functional theory, which has been cited 281 times since 
its publication in January 2008.

In 2012, the works in Prof. Helgaker’s group on the 
 behaviour of molecules in strong magnetic fields lead 
to the surprising prediction of a new chemical  bonding 
mechanism. Despite more than 90 years of studies into 
the nature of the chemical bond, Prof. Helgaker, CTCC 
 visiting professor Mark R. Hoffmann (University of 
North Dakota), CTCC postdoc researcher Erik Tellgren 
and CTCC PhD student Kai Lange discovered an entirely 
new mechanism for bonding, generated by the stabili-
zation of antibonding molecular orbitals in very strong 
 magnetic fields, such as those present around white 
dwarfs and other stellar objects. Their work was pub-
lished in the  international leading scientific journal Sci-
ence. Apart from receiving widespread attention in the 
 scientific community including Nature, New Scientist, 
 Physics World, and Chemistry World, this discovery also 
attracted popular media attention—the internet news 

story  created by the newspaper Dagbladet on the new 
chemical bond became the most popular story on their 
web site that day.

In 2012, the long-term strategy of the CTCC to  provide 
experimental chemists with state-of-the-art compu-
tational tools for better science is beginning to pay 
 dividends. There are increasing collaborations between 
members of the CTCC and experimental chemists outside 
CTCC on the use of state-of-the-art computational tools 
to further chemical research. We here highlight two such 
studies from 2012.

During the last year, the research group of Prof. Mats 
Tilset together with CTCC adjunct professor Odile Eisen-
stein and CTCC postdoc David Balcells were able for the 
first time to structurally characterize an Au(III)-alkene 
complex. These compounds are a missing link in gold 
chemistry and their theoretical analysis highlighted a 
weak metal-to-ligand backbonding in this complex that 
may explain the lack of Au(III) complexes. The work was 
published in Angwandte Chemie.

In 2012, CTCC director Kenneth Ruud together with 
CTCC postdoc Michal Repisky and CTCC visiting PhD 
student Taye B. Demissie collaborated with colleagues 
in organic chemistry and marine bioprospectation to 
characterize structurally a highly modified halogenated 
dipeptide isolated from Thuiaria breitfussi. Despite ex-
perimental mass spectroscopic, NMR and atomic force 
microscopy studies, the structure of these compounds 
had not be unambiguously determined. Owing to the 
presence of heavy halogens such as bromine and io-
dine, relativistic effects become important, necessitating 
the need for four-component relativistic methodology. 
Comparing the results of such calculations with observed 
chemical shifts, a unique assignment of the structure of 
the compounds was achieved. Their work was published 
in Angewandte Chemie and highlighted in Chemistry 
World.

In 2012, CTCC director Kenneth Ruud was appointed 
as the Chairman of the Scientific Steering Committee of 
PRACE (Partnership for Advanced Computing in  Europe). 
With PRACE being the leading HPC project in Europe, this 
is a strong recognition of the work  conducted at the CTCC.

Figure 2: Citations in Each Year
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Training: 
The CTCC continues to focus on the training of PhD 
 students and postdocs in presentation skills. In June  
12-13, the CTCC organized the annual meeting of the 
 Division of Computational Chemistry of the Norwegian 
Chemical Society, chaired by CTCC senior researcher 
Prof. Bjørn Olav Brandsdal, at Hamn in Senja. Apart 
from the plenary lectures given by well-established re-
searchers, Prof. Vidar Jensen (University of Bergen) and 
Prof. Xin Xu (Fudan University, Shanghai, China), the 
meeting  focused on presentations by PhD students and 
postdocs, including 16 presentation by CTCC members.

CTCC director Trygve Helgaker organized togeth-
er with Jeppe Olsen and Poul Jørgensen from Aarhus 
 University the 12th Sostrup Summer School in Quantum 
Chemistry from July 1–July 13 2012. The summer school 
gathered 70 participants from all over the world for two 
intense weeks on advanced methods of quantum chemis-
try. In addition to Prof. Helgaker, several CTCC postdocs 
and researchers were involved in the school as tutors.

Outreach and dissemination: 
The CTCC has had an increased outreach and dissemina-
tion activity in 2012. The publication of the Science paper 
by the group of Prof. Helgaker created considerable media 
attention outside of the regular academic  communities. 
However, more important has been the dedication of 
CTCC researcher Simen Kvaal on the  dissemination of sci-
ence to the general public. Kvaal is a regular blogger on 
the popular science web-site  kollokvium.no, and  several 
of his blogs have been picked up by the press, including 
Dagbladet. He and other members of the CTCC team in 
Oslo have appeared on national radio, in the program 
Ekko. In addition, Prof. Einar Uggerud has been a  regular 
participant on the weekly popular science program 
“Abel’s tårn.” These activities have clearly helped put the 
CTCC on the map as an important and reliable communi-
cator of science.

During 2012, the CTCC supported the organiza-
tion of two international conferences. In June 4–6, the 
 conference “Accurate Methods for Accurate Properties” 
was organized at the University of Zürich by Prof. Kim 
Baldridge and CTCC director Kenneth Ruud, in celebra-

tion of the 60th birthday of Prof. Peter R. Taylor — a 
long-time collaborator of CTCC senior researchers Ab-
hik Ghosh and Trygve Helgaker and the postdoc mentor 
of CTCC director Kenneth Ruud. This meeting gathered 
about 50 people and highlighted the importance of Prof. 
Taylor’s many scientific contributions to the method-
ology that is currently used for calculations of accurate 
 molecular properties, topics of key importance to the 
CTCC. Profs. Ghosh and Helgaker presented  lectures 
at the conference. In connection to the celebration of 
Prof. Taylor, a special issue of Molecular Physics was 
made,  edited by Prof. Jürgen Gauss from the Univer-
sity of Mainz, CTCC director Trygve Helgaker, and Prof. 
John Stanton from the  University of Texas at Austin. The 
 special issue  gathered a large number of papers, with sev-
eral contributions by CTCC members.

The second conference that CTCC was involved in, 
through CTCC director Kenneth Ruud, was “Vibrational 
Optical Activity: Interplay of theory and experiment”,  
 organized at the Scuola Normale Superiore in Pisa in 
 collaboration with Cecam (Centre Europeen de  Calcul 
Atomique et Moleculaire). The conference was also 
the 3rd international conference of Vibrational Optical 
 Activity. The conference gathered about 100 experimen-
talists and theoreticians interested in vibrational optical 
activity and multidimensional vibrational spectroscopy, 
with the goal of identifying new developments in these 
fields that would benefit from a stronger collaboration 
between theoreticians and experimentalists. CTCC PhD 
student Magnus Ringholm gave a contributed talk at the 
event, on a new analytic approach for calculating non-
linear vibrational spectroscopies.

Outreach and dissemination activities are central to 
the CTCC and will continue to be so. In the following, we 
present four highlights of recent CTCC research, which 
will provide a more detailed insight into some recent 
 activities at the centre.
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Everything around us (as well as ourselves) is made of 
atoms and molecules, which means interacting nuclei 
and electrons. If we know which interactions are active 
among these elementary particles, we know everything!

Unfortunately, things are not so simple as they 
 appear and even if we know which interactions are ac-
tive (through the quantum mechanical, QM, theory) we 
cannot predict the behavior and the properties of  matter 
in an exact way because it is practically im possible to 
simulate the huge numbers of interacting nuclei and 
electrons required to define a macroscopic body. As a 
consequence, we have to reduce the length-scale beyond 
a sub-nanoscopic level. In this process of reduction, we 
risk loosing important interactions among the constitu-
ents and, as a result, the picture we get could be different 
from the real one.

In most of the problems of interests in chemistry 
and biology, we can however introduce a trick! We can 
 explicitly treat the nuclei and electrons of only a  cleverly 
selected small part of the real system and include the 
 effects of the other atoms/molecules at a much lower 
level of accuracy, usually in terms of a classical (e.g. 
non QM) model. This “focused strategy” is particularly 
 effective any time we are interested in simulating “em-
bedded” systems, i.e. macrosystems in which the pro-
cess or the phenomenon of interest can be localized in 
a well- defined portion of the system which can be seen 
as “embedded” in the “perturbation field” of the rest: ex-
amples of embedded systems are solvated molecules, but 
also molecular probes intercalated in DNA or in proteins, 
reactive sites within enzymes and many others. Although 
this may seem like a crude approximation, the validity 
of this approximation is in many ways at the heart of 
 chemistry as a science, where we speak of the properties 
of individual molecules even though they are only one in 
a large ensemble.

Among the focused models developed so far, two main 
strategies are adopted. If we keep the atomistic nature of 
the environment we can describe the electrostatic effects 
among the atoms using point-like charges and introduce 
some simple mathematical expressions to describe the 

remaining nonelectrostatic interactions. Alternatively, 
we can decide to completely neglect the atomistic nature 
of the environment and treat it as an infinite continuum 
dielectric characterized by a macroscopic parameter, 
the dielectric constant, which defines its response to the 
 electric field. The first approach is referred to as hybrid 
QM/MM approach where MM is short for “ Molecular 
Mechanics”, which is the computational method ology that 
defines the mathematical expressions used to  describe 
the interactions among the atom-type particles and to 
determine the required numerical parameters (such as 
the point-like charges). In this scheme, the  positions of 
the particles which define the environment have to be 
known: generally this is obtained with a preliminary 
calculation using classical Molecular Dynamics simula-
tions. Alternatively they can be determined together with 
the geometry of the QM system, but this strategy is much 
more computationally expensive. The second approach 
is called QM/Continuum and it does not require knowl-
edge of the positions of the atoms in the environment, as 
they are no longer present. Instead, a boundary between 
the QM part of the system and the infinite dielectric has 
to be introduced: this boundary is generally defined in 
terms of the surface of the cavity which embeds the QM 
system, also called the molecular cavity. 

Highlight:  
Can we simulate the «real world»?

FIgure 1: A graphical representation of the two alternative QM/classical 
models that can be used to describe a  molecular system in water.
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Obviously this second approach is by far simpler than 
the first one, but at the cost of neglecting all specificities 
related to atom-atom interactions between the QM part 
and the environment. This could constitute an enormous 
limitation of the QM/Continuum models to the point of 
making them almost useless. Nevertheless, experience 
shows that these models give very good results for many 
different types of embedded systems: how can this be?

The key is that what we have called “environment” is 
a dynamic system in which the positions of the atoms 
change in time: the final net effect that the QM part of 

the system “feels” is thus an average on many different 
configurations. The dielectric is exactly a possible repre-
sentation of such an average and this is the reason why it 
manages to give correct effects.

The CTCC is particularly active in developing accu-
rate formulations of these QM/classical approaches and 
to generalize them to embedded systems of increasing 
complexity, such as fluorescent probes in protein  matrices 
and molecular systems at the interfaces between the air 
and a liquid, or between two liquids. 

Highlight: An approximation gone astray 
The overall goal of quantum chemistry is to understand, 
in extreme detail, how the laws of physics make it possi-
ble for atoms to glue together to form molecules. Armed 
with this insight, we may predict physical and chemical 
 phenomena at the molecular level. While understanding 
molecules is scientifically important, the ability to predict 
molecular properties is important also for our everyday 
lives. Quantum chemistry aids in developing, for  example, 
more  efficient solar cells, more energy-efficient catalysts 
and fuel cells, nanoscale materials for drug delivery, and 
novel electronic devices based on single molecules.

All molecular properties of interest in chemistry are 
ultimately determined by the electrons of each molecule, 
 making electronic structure theory the cornerstone of quan-
tum chemistry. Although the fundamental laws governing 
the electronic structure have been known for a century, the 
mathematical equations expressing these laws have only 
been solved for very simple systems such as the hydrogen 
atom. It is the fact that the hydrogen atom contains only 
one electron that makes the equations solvable. For all other 
atoms and molecules, containing more than one electron, 
the equations are too complex to solve without resorting to 
mathematical approximations. The resulting equations then 
become solvable using high-performance computing. Still, 

the required computational effort is formidable: a highly 
accurate calculation of the electronic structure of a protein 
may be estimated to take on the order of the age of the uni-
verse to complete using current state-of-the-art computer 
technology. Not surprisingly, much of our research efforts at 
CTCC (and at other labs around the world) are put into the 
development of faster algorithms.

The problems associated with many electrons  originate 
from Coulomb's law, which states that an electron 
(charge –e) at the point r experiences a repulsive force  
F=e2/4πЄ0|r–r´|2 due to another electron at the point 
r´. The motion of electrons in a molecule thus becomes 
 correlated. The correlated electrons are the curse and bliss of 
quantum chemistry. While an accurate account of electron 
correlation provides predictions that often surpass the accu-
racy of experimental measurements, it is also the source of 
formidable computational challenges.

The fundamental ingredient in electronic  quantum 
interactions is two-electron integrals of the form  

where the functions ϕi, ϕj, ϕk, ϕl are atomic orbitals 
forming the basis for describing the electronic quan-

An approximation gone astray

The overall goal of quantum chemistry is to un-
derstand, in extreme detail, how the laws of physics
make it possible for atoms to glue together to form
molecules. Armed with this insight, we may predict
physical and chemical phenomena at the molecular
level. While understanding molecules is scientif-
ically important, the ability to predict molecular
properties is important also for our everyday lives.
Quantum chemistry aids in developing, for exam-
ple, more efficient solar cells, more energy-efficient
catalysts and fuel cells, nanoscale materials for drug
delivery, and novel electronic devices based on sin-
gle molecules.

All molecular properties of interest in chemistry
are ultimately determined by the electrons of each
molecule, making electronic structure theory the
cornerstone of quantum chemistry. Although the
fundamental laws governing the electronic struc-
ture have been known for a century, the mathe-
matical equations expressing these laws have only
been solved for very simple systems such as the hy-
drogen atom. It is the fact that the hydrogen atom
contains only one electron that makes the equations
solvable. For all other atoms and molecules, con-
taining more than one electron, the equations are
too complex to solve without resorting to mathe-
matical approximations. The resulting equations
then become solvable using high-performance com-
puting. Still, the required computational effort is
formidable: a highly accurate calculation of the
electronic structure of a protein may be estimated
to take on the order of the age of the universe to
complete using current state-of-the-art computer
technology. Not surprisingly, much of our research
efforts at CTCC (and at other labs around the
world) are put into the development of faster al-
gorithms.

The problems associated with many electrons
originate from Coulomb’s law, which states that an
electron (charge −e) at the point r experiences a
repulsive force F = e2/4πϵ0|r−r′|2 due to another
electron at the point r′. The motion of electrons
in a molecule thus becomes correlated. The corre-

lated electrons are the curse and bliss of quantum
chemistry. While an accurate account of electron
correlation provides predictions that often surpass
the accuracy of experimental measurements, it is
also the source of formidable computational chal-
lenges.

The fundamental ingredient in electronic quan-
tum interactions is two-electron integrals of the
form

Mij,kl =

!

R3

!

R3

φi(r)φj(r)φk(r′)φl(r′)

|r − r′| drdr′

where the functions φi,φj ,φk,φl are atomic orbitals
forming the basis for describing the electronic quan-
tum state of the molecule. The sheer number of
integrals (on the order of N4 integrals, with N the
number of atoms) combined with the complexity
of evaluating them, makes it worthwhile to develop
approximations for the integrals. In so doing, it is
important that a significant computational speedup
is gained, while the results remain virtually unaf-
fected by the approximation. It is especially impor-
tant to ensure that the approximation preserves the
fundamental properties of the exact integrals. An
important example is the positive semidefiniteness
of the integral matrix M , which in quantum terms
expresses the basic consequence of Coulomb’s law:
electrons repel.

A popular integral approximation is the
resolution-of-the-identity (RI) method, which is ca-
pable of speeding up calculations by 1–2 orders of
magnitude (e.g., from a week to a few hours). For
larger molecules with more than about 100 atoms,
further speedup is gained through additional lo-
cal approximations which, however, tend to signifi-
cantly reduce the quality of the results unless a so-
called robust correction is used. While the robust
formula was proposed in the late 1970s and thus
is very well established, we have recently demon-
strated that it contains one serious, hitherto unno-
ticed, flaw: it introduces an artificial electron at-
traction when used in conjunction with local ap-
proximations.

1
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Figure 1: Iterative solution of the 
Kohn-Sham equations for 3-butyn-
2-one. The red curve shows an 
example of
articial electron attraction causing 
increasingly large energy errors after 
iteration number 4.

tum state of the molecule. The sheer number of integrals 
(on the  order of N4 integrals, with N the number of at-
oms) combined with the complexity of evaluating them, 
makes it worthwhile to develop approximations for the 
 integrals. In so doing, it is important that a signicant com-
putational speedup is gained, while the results  remain 
 virtually unaffected by the approximation. It is  especially 
 important to ensure that the approximation preserves the  
 fundamental properties of the exact integrals. An impor-
tant example is the positive semidefiniteness of the in-
tegral matrix M, which in quantum terms expresses the 
basic consequence of Coulomb's law: electrons repel.

A popular integral approximation is the resolution-of-
the-identity (RI) method, which is capable of speeding up 
calculations by 1-2 orders of magnitude (e.g., from a week 
to a few hours). For larger molecules with more than about 
100 atoms, further speedup is gained through additional 
local approximations which, however, tend to significantly 
reduce the quality of the results unless a so called robust 
correction is used. While the robust formula was proposed 

in the late 1970s and thus is very well established, we have 
recently demonstrated that it contains one serious, hither-
to unnoticed, flaw: it introduces an articial electron attrac-
tion when used in conjunction with local approximations.

Through sample calculations on about 300 molecules 
we have shown that the articial attraction gives rise to 
spectacular failures in about 1% of the cases. In these 
 cases the artificial attraction causes the electrons to  cluster 
around the atomic nuclei in a spurious state. We have been 
able to come up with a generally applicable solution to 
this  problem but, unfortunately, it increases the computer 
time to a level comparable to simply evaluating the exact 
 integrals.

The bottom line is that a class of popular integral 
 approximations for speeding up quantum chemical 
 calculations must be handled with great care in practical 
applications. This work has been submitted to the Journal 
of Computational Chemistry.
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Enzymes play a key role in nearly all biological processes, 
as they accelerate a wide range of metabolic reactions, 
control energy transduction, transcription and transla-
tion of genetic information as well as signaling.  The re-
markable capacity to accelerate reactions by many  orders 
of magnitude compared to their uncatalyzed counter-
parts enables crucial processes that would otherwise not 
occur on biologically relevant timescales. Classical en-
zymology together with structural biology has made a 
profound impact in this field, but microscopic computer 
simulations can reach beyond experimental methods 
to provide atomistic insights into how enzymes cata-
lyze chemical reactions. Many proposals have been put 
forward to explain the catalytic power of enzymes, and 
 protein dynamics is by far the most controversial. 

We have been interested in enzymes that have  optimal 
working temperatures close to the freezing point of water 
due to their remarkable properties. Cold-active enzymes 
are found to be much more efficient catalysts when com-
pared to their warm-active counterparts, but at the cost 
of reduced thermal stability. Differences in the internal 
motions of cold- and warm-active enzymes have been 
the main mechanism proposed to explain these fea-
tures. Normally, rigorous quantum mechanical or hybrid 
quantum mechanics/molecular mechanical 
models are needed to examine the details of 
enzyme catalysis with computer modeling, 
but such methods become extremely costly 
to use in terms of computing time when the 
number of atoms in the system is large (75 
000 – 100 000). 

In our studies we have utilized classical 
molecular dynamics simulations combined 
with advanced free energy techniques. 
These simulations are typically carried out 
using 32 CPUs for up to 8 hours. With the 
enormous advancement of computing 
power during the last decade, we are able 
to simulate the atomic details of individual 
steps in enzyme-catalyzed reactions, and 
obtain quantitative information about re-

action rates. The entropic and enthalpic contributions 
to catalytic rates are far more difficult to obtain with a 
high level of accuracy. We have carried out thousands of 
simulations to obtain high-precision Arrhenius plots and 
thus derived a new way of obtaining activation entropies 
and enthalpies. It turns out that enzymes living at differ-
ent temperatures change both the entropic and enthalpic 
contributions in order to maintain function. Interesting-
ly, cold-active enzymes obtain their improved catalytic 
effect mainly due to reduced activation enthalpy. 

The ability to accurately predict free energy  profiles 
together with the entropic and enthalpic contribu-
tions of enzyme-catalyzed reactions represents a major 
breakthrough in computational enzymology. With the 
computational tools available combined with the power 
of modern supercomputers, the ability to predict the 
 effect of amino acid substitutions is now emerging. The 
most important application of this understanding is the 
 rational design or redesign of enzymes to solve specific 
tasks. Tailor-made enzymes represent the natural solu-
tion to many of the problems mankind face today; they 
can reduce the consumption of water, energy spending 
and the use of harmful chemicals and make new indus-
trial processes feasible.

Highlight: Computer simulations of 
enzyme catalysis 

Figure 1: Enzyme-substrate complexes generated using computer modeling show that 
scissile bond is in position for cleavage. 
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In marine bioprospectating one searches for bioac-
tive molecules and compounds from marine sources 
that have new, unique properties and the potential for 
commercial applications. Amongst others, applications 
 include medicines, food and feed, textiles, cosmetics and 
the process industry.

At the University of Tromsø’s Centre for Research-
based innovation on Marine bioactivities and drug dis-
covery (SFI-MabCent), a new promising compound was 
isolated from the marine coral-like hydrozoan  Thuiaria 
breitfussi. As it is a promising target molecule, it is 
 important to determine the molecular structure of this 
 species.

Using a number of experimental techniques, including 
mass spectrometry, nuclear magnetic resonance (NMR) as 
well as atomic force microscopy to actually see and vi-
sualize the positions of the atoms in the molecule (see 
figure 1), a very detailed picture of the molecule could be 
obtained. However, in the five-membered oxazole ring, 
none of the experimental techniques could determine 
the relative position of the nitrogen and oxygen atoms in 
this structural unit.

From a computational point of view, a particular 
 challenge with this molecule is the presence of heavy 
 halogen atoms such as bromine and iodine. When 
 computing molecular properties in general, and NMR 
properties in particular, the presence of heavy atoms 
such as iodine (and to some extent also bromine) makes 
conventional quantum-chemical methods inadequate, as 
the effects of relativity must be taken into account.

Relativistic methods are in general much more expen-
sive than conventional quantum-chemical calculations 
and thus normally not capable of handling large bio active 
compounds. However, at the CTCC in Tromsø, postdocs 
Michal Repisky and Stanislav Komorovsky, in collabo-
ration with coworkers in Bratislava, have  developed 
 efficient relativistic methods that allow us to calculate the 
relativistic NMR spectrum of molecules containing up to 
60-70 atoms.

Using this four-component relativistic method-
ology, a visiting PhD student from the Polish Academy 

of  Sciences, Taye B. Demissie, could calculate the NMR 
spectrum of the active compound and compare it to 
the experimentally observed spectrum. In this manner, 
the theoretical methods developed at the CTCC could 
 contribute to resolving the structure of the bioactive 
 marine compound in Thuiaria breitfussi, making it 
 possible to design synthetic strategies for this molecule as 
well as further explore structures built on this molecular 
skeleton for even better drug properties.

This work represents the first collaboration between 
the CTCC and the SFI-Mabcent, and in addition using 
some of the most recent computational methodology 
 developed at the CTCC. We believe there is more potential 
for such collaborations in the future.

The work was published in Angewandte Chemie.

Highlight: Finding the molecule

Figure 1: Atomic Force 
Microscopy picture of 
Thuiaria Breitfussi.
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The Almlöf-Gropen Lecture 2012 was given in Tromsø on 
Monday, August 22 and in Oslo on Wednesday, August 22 
by Professor Harry B. Gray, Arnold O. Beckman Profes-
sor of Chemistry and Founding Director of the Beckman 
Institute, California Institute of Technology, USA.

The 2012 lecture entitled “Solar-driven molecular ma-
chines” attracted a large audience, as the topic was at the 
crossing point between so many aspects of chemistry 
and physical sciences. Gray and associates at Caltech’s 
NSF Center for Chemical Innovation in Solar Fuels (CCI 
Solar) try to design solar-driven molecular machines 
that can be used on a global scale to store solar energy by 
splitting water into its elemental components, hydrogen 
and oxygen. Hydrogen is a clean fuel that can be used 
directly or combined with carbon dioxide to produce 
methanol, a liquid fuel. He emphasized that solar energy 
research is inherently interdisciplinary, involving chemi-
cal synthesis, solid-state chemistry and physics, elec-
trochemistry, chemical kinetics and mechanisms, and 
theoretical and computational chemistry. In addition, it 
involves concepts of homogeneous and interfacial chem-
istry between solids, liquids, and gases. Investigators in 
CCI Solar are focusing on fundamental research to de-
velop the  scientific basis for building a solar water split-
ting system. Understanding the fundamental processes 
of light absorption, charge transport, and multielectron 
redox catalysis is the challenging goal of the CCI Solar 
program. Given the enormous size of the energy sector, 
the work focuses on materials and molecular complexes 
that are compatible with widespread use, i.e. based on 
raw materials that are abundant and inexpensive. The re-
search is focused on three primary areas: development of 
enhanced light absorbers, discovery of optimized catalyst 
materials, and integration of components into functional 
assemblies. In conjunction with the CCI Solar research 
program,  hundreds of students have been recruited in 
a successful outreach program to join a “Solar Army” 
whose mission is the discovery of brand new metal- 
oxide catalysts for solar water splitters. The foot soldiers 
in the Solar Army are volunteers from high schools and 
colleges across the globe. They are under direct orders 

from  “General  Harry B. Gray” to join the front lines in 
the search for the  catalysts needed to realize this dream. 
They are scouring the periodic table for unique combi-
nations of elements that can catalyze the water splitting 
chemistry that is at the heart of the goal to develop clean, 
renewable solar fuels. Their findings are presented on a 
frequently updated web page.

On the occasion of the Almlöf-Gropen Lecture, CTCC 
also organized a “Harry Gray Young Scientist  Seminar” at 
the CTCC both in Oslo and in Tromsø.  During this seminar, 
many young researchers from various  research groups at 
the Departments of Chemistry gave short  presentations 
of their research projects, followed by  discussions and 
exchange of ideas with Prof. Gray and the other partici-
pants. This was a very successful  arrangement, thanks to 
Harry Gray’s all-encompassing interest in chemistry and 
his genuine involvement in the training of enthusiastic 
young scientists.

Almlöf-Gropen Lecture 2012
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Visiting scientists

Name Title From Period (from - to)

Taye B. Demissie PhD student Poland 130112-311212

Maarten Beerepoot Master student Netherlands 090112-160612

Thomas Jagau PhD student Germany 100212-150612

Pawel Kozlowski Professor USA 130412-270512

Magdalena Pecul-Kudelska Professor Poland 030212-100212

Stephan Bernadotte PhD student Germany 120212-190212

Jurgen Gauss Professor Germany 100412-150412

Petr Bour Professor Czech Republic 270312-230412

Vit Novak PhD student Czech Republic 130412-230412

Artur Wodynski PhD student Poland 210512-210612

Jeanet Conradie Professor South Africa 030512-270512

Kyle Lancaster Professor USA 120512-160512

Anna Pikulska PhD student Poland 160512-160712

Harry Gray Professor USA 190812-210812

Jeanet Conradie Professor South Africa 270812-070912

Magdalena Pecul-Kudelska Professor Poland 020712-090712

Susmita Roy Postdoc Sweeden 190812-220812

Kiran Sankar Maiti Postdoc Sweeden 190812-220812

Petr Stepanek PhD student Czech Republic 210812-110912

Alexey Arbuznikov Professor Germany 170912-011012

Penny Brothers Professor New-Zeland 020912-060912

Heike Fliegl Researcher Norway 311012-081112

Shubhrodeep Pathak PhD student India 191112-171212

Anezka Kristova PhD student Poland 221012-121112

Sonia Coriani Professor II Italy 040312-090312

Atanas Terziyski Professor II Bulgaria 120312-190312

Taku Onishi Professor II Japan 160312-030412

Taku Onishi Professor II Japan 250812-200912

Jonas Juselius Postdoc Norway 250412-270412

Ludwik Adamowicz Professor USA 060712-030812

Jean-Claude Guillemin Director of research France 170812-240812

Harry B. Gray Professor USA 210812-230812

Rahul Maitra Postdoc India 120812-310812

Debalina Sinha PhD student India 120812-310812

Debashis Mukherjee Professor India 230812-310812

Jürgen Gauss Professor Germany 290812-060912

Alex Borgoo Postdoc Storbritannia 220812-280812

Mark Hoffmann Professor USA 071012-141012
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- Why did you choose to visit the CTCC, and how did 
you learn about the CTCC and its visitors program?

I learned about the CTCC and its visitors program from 
Prof. Abhik Ghosh. My interaction with Abhik dates back 
to 1995 when we were post-docs in  competing groups. 
At that time Abhik was working with Prof.  David Bocian 
at the University of California, Riverside and I was with 
Prof. Tom Spiro at Princeton University. We both worked 
on the same problem, related to  binding of CO to heme 
and the mechanism by which nature  discriminates CO in 
favor of O2. As friendly  competitors, both groups made 
important contributions to this  fundamental  problem; 
Abhik and David demonstrated that the  distortion 
 potential for deformation of the Fe-C-O unit is much 
softer that people thought and Tom and I predicted the 
transition dipole moment for distorted  Fe-C-O does not 
follow the C-O direction but rather Fe-C. Our studies 
reconciled a long standing controversy and initiated a 
long-term friendship between Abhik and me. Since that 

time, I have followed Abhik's work including his accep-
tance of a position in Tromsø University and moving to 
Norway. After his relocation we continued to meet and 
discuss research interests on several occasions including 
the Porphyrin Conference in Dijon and the ACS  Meeting 
in San Diego. During these discussions, I first became 
aware of the CTCC, which was founded in July 2007. At 
that time Abhik suggested a possible visit. As I learned 
more about the CTCC, I was delighted to find that Prof. 
Kenneth Ruud is also a faculty member at the same 
 department. I had followed Kenneth's work for a long 
time dating back to my post-doctoral studies with Prof. 
Peter Pulay when I was computing NMR shielding tensors 
of metalloporphyrins. My initial visit to CTCC was a short 
10 day trip in 2008 to meet with Abhik and Kenneth. I 
was impressed with the facility and returned for longer 
stays in 2010 and 2012.

Interview with visiting scientists  
Pawel Kozlowski
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Interview with visiting scientists  
Pawel Kozlowski

- In what way was the stay at the CTCC important for 
your scientific activities?

My primary research activity as an independent scien-
tist at the University of Louisville has focused on vitamin 
B12. Vitamin B12 (cyanocobalmin or CNCbl) is biologi-
cally inactive, but its derivatives such as methylcobala-
min (MeCbl) or adenosylcobalamin (AdoCbl) cofactors, 
catalyze complex molecular transformations in which 
cleavage of the cobalt-carbon (Co-C) constitutes one of 
the key steps. The B12 derivatives are considered among 
the most complex biological cofactors. Despite exten-
sive research the factors responsible for the Co-C bond 
 labilization and the nature of electronically excited states 
are still poorly understood at a molecular level. Due to 
their complexity, where the full structure of MeCbl has 
183 atoms or AdoCbl being even larger (209 atoms), and 
the presence of a transition metal make these systems 
very challenging for computational studies. 

The strong research emphasis on molecular prop-
erties calculations at the CTCC made it an ideal set-
ting to  extend my computational B12 work into more 
 challenging  areas. Based on my discussions with  Kenneth 
 during my first visit to Tromsø, it became apparent that 
at the CTCC we could calculate MCD spectra of complex 
biological  systems with transition metals such as the B12 
co factors. In a joint effort involving graduate students 
Harald  Solheim (UT) and Karina Kornobis (UofL) we 
used truncated models consisting of about 50 atoms with 
the parent vitamin B12 and MeCbl as our primary  targets. 
This successful collaboration led to a publication in the 
Journal of Physical Chemistry B 115, 737-748 (2011) and 
encouraged further interactions. The following year, my 
student Karina Kornobis visited the CTCC to carry out 
calculations on the super reduced form of vitamin B12, 
the so called "supernucleophile". This paper was recently 
accepted in the Journal of Physical Chemistry A (DOI: 
10.1021/jp310446c). 

Through the interactions with the CTCC, my research 
has expanded into new directions. As a result of our 
joint publications, Kenneth and I have established new 
collaborations with an experimental group from Prague 

led by Prof. Petr Bour. The work has also received atten-
tion from the scientific community and I have presented 
 invited lectures on this topic. Clearly, the CTCC has had a 
broad reaching impact on my research.       

- How did you find the working conditions and social 
and scientific environment at the CTCC?

During my scientific career I have had the unique and 
pleasurable opportunity to visit many research environ-
ments around the world including Norway, Japan, Israel, 
Spain, and Singapore in addition to my time spent in the 
USA and Poland. As a frequent scientific visitor, I find that 
host institutions are generally very welcoming and accom-
modating. This is certainly the case at the CTCC. While the 
scientific environment at most institutions  includes only a 
small number of computational chemists to interact with 
on a deep level, at the CTCC there is an  order of magnitude 
increase in the number of high- quality, stimulating com-
putational scientist to interact with. 

- How did you find Norway in general and Tromsø in 
particular?

Tromsø is a spectacular place to visit. The location 
combines breathtaking natural beauty and isolation with 
a highly collaborative, modern research institute. Both of 
my hosts, Abhik and Kenneth took me for a tour by car of 
the island and we visited the fjords. I recall bird watching 
with Abhik and visiting the Tirpitz site with Kenneth. I 
also enjoyed my time walking through the city center and 
visiting the Kaffebønna for a coffee. 

- Assuming you would recommend the visitor program 
of the CTCC to your colleagues, what would you say are the 
strengths of the program and the benefits to the visitors?

The CTCC is a unique destination for a visiting  scientist. 
The dynamics of the Centre and the diversity of students, 
post-docs, and visitors allow for a multitude of interest-
ing and deep scientific interactions. The entire operation 
is smooth from the initial contact through the entire stay. 
I would especially like to thank Stig Eide for his excellent 
organization and arrangement for my stay.   
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Total revenue and expenditure figures

FINANSIERING i tusen kroner

Reell
finans

2007-2011

Reell
finans
2012

Planlagt
finans
2013

Planlagt
finans
2014

Planlagt
finans
2015

Planlagt
finans
2016

Planlagt
finans
2017

Total 
finans

REGNSKAPSFØRTE INNTEKTER PÅ SFF ved vertsinstitusjonen
Vertsinstitusjonen 35 499 3 514 5 398 4 822 5 109 4 669 1 474 60 485

Norges forskningsråd - SFF 44 921 11 923 7 800 8 100 8 280 8 759 4 080 93 863

Universitetet i Oslo (UiO) 0
Internasjonale midler 0
Andre offentlige 0
  Andre NFR-prosjekter 0
 Andre offentlige enn NFR 0
Andre private 0
Sum regnskapsførte inntekter 80 420 15 437 13 198 12 922 13 389 13 428 5 554 154 348

ANDRE INNTEKTER = Ikke regnskapsførte midler på SFF ved vertsinstitusjonen
Universitetet i Oslo (UiO) 4 686 2 212 2 288 2 001 2 441 1 686 15 314
Samarbeidspartner B 0
Vertsinstitusjonen 0
Andre 0
Sum ikke regnskapsførte midler 4 686 2 212 2 288 2 001 2 441 1 686 15 314

0
Sum årets finansiering 80 420 20123 15 410 15 210 15 390 15 869 7 240 169 662

Finansieringsplanens beløp 0
Avvik fra finansieringsplanen 80 420 20 123 15 410 15 210 15 390 15 869 7 240 169 662

Overført  (+/-) 14 835 110 4 012 2 059 456 -347 860 21 985
Sum finansiering og overføring 95 255 20 233 19 422 17 269 15 846 15 522 8 100 191 647

KOSTNADER i tusen kroner

Reelle
utgifter

2007-2011

Reelle
utgifter

2012

Utgifts-
budsjett

2013

Utgifts-
budsjett

2014

Utgifts-
budsjett

2015

Utgifts-
budsjett

2016

Utgifts-
budsjett

2017
Totalt

budsjett
REGNSKAPSFØRTE KOSTNADER PÅ SFF ved vertsinstitusjonen
Personell og lokaler 68 333 7 551 9 960 8 645 9 324 8 753 3 584 116 150
(Lønn og sosiale kostnader) 0
(Lokaler - husleie og drift) 0
Innkjøpte FoU tjenester 0
Utstyr 0
Andre driftskostnader 11 977 1 465 1 096 1 096 1 046 1 046 436 18 162
Sum regnskapsførte utgifter 80 310 9 016 11 056 9 741 10 370 9 799 4 020 134 312

ANDRE KOSTNADER = 
Ikke regnskapsførte kostnader på SFF ved vertsinstitusjonen
Personell og lokaler Universitetet i Oslo (UiO) 6 232 5 407 6 222 5 023 4 073 3 782 30 739
(Lønn og sosiale kostnader) 0
(Lokaler - husleie og drift) 0
Innkjøpte FoU tjenester 0
Utstyr 0
Andre driftskostnader 973 900 850 800 790 298 4 611
Sum ikke regnskapsført 7 205 6 307 7 072 5 823 4 863 4 080 35 350

Sum utgifter 80 310 16 221 17 363 16 813 16 193 14 662 8 100 169 662
Til overføring (+/-) 14 945 4 012 2 059 456 -347 860 0 21 985
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WP1: Large periodic and non-periodic 
systems

Scientists in charge: Trygve Helgaker and Thomas 
Bondo Pedersen
In 2012, the most significant contributions to WP1 include: 
massive parallelization of LSDALTON, finalization of lin-
ear-scaling and massively parallel divide-expand-consol-
idate (DEC) second-order Møller–Plesset (MP2) energies 
and gradients, initial work on linear-scaling coupled-
cluster methodology and F12 explicitly  correlated cor-
rections, a pilot implementation of a fast exact-exchange 
approximation as needed for hybrid density-functional 
theory (DFT), and implementation of additional first-
order response properties (including  nuclear-magnetic 
resonance parameters). Additionally, the code has taken 
several steps towards modularization, the work on the 
Gaussian-based periodic boundary  conditions (PBC) 
code has continued, total energies and analytic gradients 
of the random-phase approximation (RPA) to the elec-
tron correlation energy have been implemented, and the 
work on our local density-fitting method for the exact ex-
change contribution has been concluded. Finally, much 
progress has been made regarding the study of molecules 
in strong magnetic fields.

The hybrid MPI/OMP parallelization of the Kohn–
Sham DFT molecular code has been tested and bench-
marked extensively through the European PRACE part-
nership. Our current implementation scales well up to 
2000 cores, allowing for the study of systems formerly 
beyond our reach. Thus, a conventional CAM-B3LYP/cc-
pVDZ calculation on insulin (with 787 atoms and 7604 
basis functions) takes one hour per self-consistent-field 
iteration with 64 cores on the NOTUR facility ABEL, using 
their octo-core 2.60 GHz Intel Xeon Processors E5-2670.

Through the DEC framework, developed in collabo-
ration with Prof. Poul Jørgensen at Aarhus University, 
the LSDALTON code may now perform linear-scaling and 
massively parallel MP2 energy and gradient calculations 
on molecular systems containing more than thousand 
atoms. For example, a DEC-MP2 energy calculation for a 

system containing 1056 atoms and 8556 basis functions 
completed in 2.37 hours using 94240 cores, see Figure 1. 
The DEC framework builds on the inherent locality of the 
electron correlation problem to express the correlation 
energy in terms of small independent fragment energies, 
and employs small subsets of highly local Hartree–Fock 
orbitals, both occupied and virtual. 

Unlike the closely related MP2 method, RPA offers a 
low-scaling approximate description of electron corre-
lation that can be applied to metallic systems as well as 
semiconductors and insulators. Computing the RPA cor-
relation energy using Kohn–Sham orbitals, we obtain an 
affordable, parameter-free (non-empirical) description 
of dispersion interactions at the DFT level of theory. In 
2012, we completed a pilot implementation of RPA total 
energies and analytic gradients in DALTON. To the best 
of our knowledge, this is the first formulation and imple-
mentation of analytic gradients at the RPA level of  theory. 
The formulation is based on that of coupled-cluster 
 theory. In 2013, we plan to exploit the DEC framework of 
LSDALTON to obtain a linear-scaling and massively paral-
lel implementation of RPA energies and gradients. During 
2012, the PBC code has been fully integrated in LSDAL-
TON, although a few minor issues remain; at present, only 
 Hartree–Fock total energy calculations are supported.

For large molecular systems, an accurate calculation 
of the exact exchange contribution is essential for obtain-
ing the correct long-range asymptotic behavior of the ex-
change–correlation potential. However, the conventional 
evaluation of this contribution is much slower than the 
state-of-the-art evaluation of the other components 
(Coulomb and correlation): indeed, the inclusion of this 
term may increase the computational time by more than 
two orders of magnitude. Therefore, efficient algorithms 
for exchange evaluation have received significant atten-
tion the last few years.

In an attempt to reduce the computational complexity 
of the exchange contribution, we have explored the use 
of a highly local pair-atomic resolution-of-the  identity 
(PARI) approximation for exact exchange. For a large 
number of molecular systems, the PARI approximation 

Appendix B: Activity reports
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works well, but the method does not always provide re-
liable solutions. Through a careful analysis of the PARI 
approach, we have identified and carefully documented 
an inherent problem with all local resolution-of-identity 
(RI) approaches, as described in one of the highlights in 
this annual report.

As an alternative to the PARI approximation, we are 
now exploring another approach for evaluation of the 
exact exchange—namely, the auxiliary density matrix 
method (ADMM) of Guidon, Hütter and VandeVondele, 
in which the exact-exchange contribution is evaluated 
in a smaller auxiliary basis set by means of a projection 
technique. Our preliminary results are promising both 

when it comes to accuracy and speed. As an example of 
the computational gain, the completion of one SCF itera-
tion is reduced from about one hour to about five min-
utes for the 64 core insulin cam-B3LYP/cc-pVDZ example 
mentioned above. We are currently working on the first 
implementation of molecular gradients for the ADMM 
method. The resulting gradient code will be especially 
important for molecular dynamics, enabling more reli-
able studies of large systems.

In 2012, we have continued an important work of 
an automated testing framework, which has greatly 
improved the robustness of our code. We have further 
worked on modularization of the integral components 
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Figure 1 DEC-MP2 electrostatic potential (a.u.) for insulin on an isoden-
sity surface of 0.001 atomic units.

Figure 3 Stable helium clusters in a strong perpendicular magnetic field 
of 2.00B, where B0 = 2.35 x 105 T. 

Figure 2 Potential energy curve of H2 in the triplet state in a perpendicular magnetic field of strength 2.25B0, where B0 = 2.35 x 105 T, calculated us-
ing unrestricted Hartree–Fock (UHF) and full configuration-interaction (FCI) theory. In the absence of a magnetic field, the molecule is dissociative 
in this state.
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so that the most important integral components may 
now easily be called from external software by linking 
to the LSDALTON library bundle. This work has already 
been useful for interfacing to other codes like CFOUR 
and MRCC, and we will continue and extend this inter-
face in 2013. By the end of 2012 we are getting ready for 
the upcoming 2013 release of Dalton. As part of this we 
plan to interface LSDALTON components into DALTON by 
 extending the LSDALTON library bundle.

Finally, we have made considerable progress in our 
studies of molecules in strong magnetic fields, utilizing and 
developing further our London code for such systems. In 
particular, an article was published in the Science journal 
on a new bonding mechanism in strong magnetic fields (by 
stabilization of antibonding orbitals perpendicularly ori-
ented in the field), leading to widespread interest in nation-
al and international media (Figure 2). We have  further pub-
lished an article on the evaluation of molecular gradients 
and the optimization of molecular structure in a magnetic 
field, with emphasis on helium clusters (Figure 3). Recent 
and current work includes application of a complete-ac-
tive-space self-consistent-field (CASSCF) code and a cou-
pled-cluster-doubles (CCD) code for energy and first-order 
properties in magnetic fields. Finally, we mention progress 
on Lieb optimizations of the universal density-functional 
in magnetic fields and the development of a code for cur-
rent-DFT (CDFT) calculations in magnetic fields, in con-
junction with the ERC Advanced Grant project ABACUS. 

WP3: Multiwavelets
Scientist in charge: Tor Flå
The work of the group in 2012 was concentrated on further 
development of MRChem, a program for solving the Kohn-
Sham equations of Density Functional Theory (DFT) with 
the goal of linear scaling of calculations  using  molecular 
electronic orbitals.  Our approach is based on an inte-
gral reformulation of the Kohn-Sham (KS) equations 
which makes it possible (1) to use powerful separation of 
 variable techniques for the integral kernels, allowing these 

 operators to be expanded with the same complexity as in 
one dimension and (2) to employ multiwavelets combined 
with the Non-Standard representation of operators. In this 
frame-work, elementary operations like convolution of 
separated integral kernels and multiplication of linear and 
nonlinear potentials can be done with linear complexity at 
any given arbitrary precision.

The main activities of 2012 can be summarized as 
follows:
Durdek, Flå, Frediani and Jensen have successfully 
 implemented three direct optimizers for all-electron 
calculations within DFT: (1) a straightforward iteration 
of the integral equations, (2) a DIIS-like procedure and 
(3) a Krylov accelerated method. The latter, which is 
the most efficient method, is based on a stepwise direct 
orthonormalization of the N occupied orbitals and the 
Fock matrix space spanned by the occupied orbitals. A 
scheme based on both the history of orbital variations 
and diagonalized Fock matrix variations is employed in 
the iterations. The method has been tested for some small 
molecules such as water and benzene and found to yield 
robust convergence for a wide range of initial values of N 
orbitals and eigenvalues. We have a paper in preparation 
describing the method. A basis for the convergence of the 
method has also been suggested. Iterative methods based 
on perturbation arguments have also been considered.

Recently, Flå, Frediani, Jensen and Wind have  further 
improved the strategy for dealing with KS orbitals by 
 developing a localization procedure based on the Foster-
Boys functional and orthogonal transformations of the 
orbitals. An equivalent method with induced orthogonal 
transformations on the spatial observables in the Foster-
Boys functional has also been developed by Flå and has 
potential for reduced complexity.

Frediani has visited Goedecker’s group in Basel,  laying 
the foundation for future collaborations on  areas of 
 relevance to both groups. In early 2013, Antoine  Durdek 
 successfully defended his Ph. D. thesis entitled “On 
Kohn-Sham solver based on Multi-Wavelet framework”. 
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WP4: Molecular properties 
Scientist in charge: Luca Frediani
WP4 seeks both to develop new computational methods 
for calculating molecular properties as well as the use of 
molecular property calculations for assisting experimen-
tal studies and to help rationalize the electronic or molec-
ular structure of molecules. The latter has become quite a 
prominent line of activity in WP4. We would in particular 
like to highlight that the combined computational and 
experimental studies of molecular responses in two cases 
has been used to unambiguously determine the structure 
of naturally occurring biomolecules isolated as part of 
the marine bioprospectating activities at the University 
of Tromsø. 

In one case, theoretical calculations of the Raman Op-
tical Activity (ROA) and vibrational circular dichroism 
(VCD) spectra of the relevant compounds was compared 
with experimental spectra recorded in the laboratories 
of our colleagues at the Czech Academy of Sciences and 
Institute of Chemical Technology in Prague. Both these 
techniques are among the very few methods that allow 
the absolute configuration – that is, the handedness – of a 
molecule to be determined. Two mirror images of a chiral 
molecule, the enantiomers, will display the same  Raman 
and infrared (IR) spectra, but their chiral  analogues ROA 
and VCD will produce spectra for the two enantiomers 
that are each other’s mirror images. However, assign-
ing a given spectrum to a particular enantiomer is only 
 possible by comparing experimental data with computed 
spectra.

A second case in which the structure of a naturally 
occurring biomolecule could be determined through a 
comparison of experimental data with computed spectra 
was a compound isolated from the hydrozoan Thuiaria 
breitfussi. In this particular case, the uncertainty in the 
structure was isolated to the location of an oxygen atom 
and a nitrogen atom in an oxazole ring. As iodine was 
attached to the oxazole ring, a relativistic 2- or 4-com-
ponent approach is required in order to recover the NMR 
data even for such a light element as carbon due to the 
spin-orbit effects on the NMR chemical shift of the car-

bon atom attached to the iodine. Using a state-of-the-art 
4-component relativistic code developed at the CTCC in 
collaboration with researchers at the Slovak Academy of 
Sciences in Bratislava, we could determine the  structure 
of the compound in question by comparing with the 
experimentally determined NMR spectrum. This work 
is also described in one of the highlights of this annual 
 report.

In line with the focus on stronger interactions be-
tween theory and experiment, we have during 2012 also 
worked on further extending our models for calculating 
vibronic effects in electronic spectra to new  chiroptical 
spectroscopies. Although the property is not novel per 
se, a particularly demanding study was the circular 
 dichroism spectra of a molecule in which the  chirality 
was  vibrationally induced. Whereas ROA and VCD by 
 design are sensitive to vibrationally induced chirality, this 
is not the case for circular dichroism, as this technique 
only probes the electronic structure of the molecule. 
In this particular study, additional complications arose 
 because each of the enantiomers had two conformations, 
leading to very subtle and delicate cancellation effects in 
the final vibronic CD spectrum.

A goal of the work on vibronic effects in electronic 
chiroptical spectroscopy is to extend it to new spectros-
copies and magnetic circular dichroism (MCD) in partic-
ular, since this spectroscopy allows us to study molecules 
with degenerate electronic states. On route towards this 
goal, where the first results will be published in 2013, we 
have also collaborated with experimental colleagues at 
the Czech Academy of Sciences in combined theo retical 
and experimental studies of MCD in porphyrins, with 
the specific target of trying to understand whether MCD 
could be used to determine the protonation state in these 
molecules.

Our work on the OpenRSP project has also been 
 continued in 2012, with a particular focus on two  aspects 
of the code: 1) The implementation of a recursive scheme 
for calculating molecular properties of arbitrary order, 
determining automatically the optimal computational 
route to the final property. At the Hartree-Fock level of 
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theory, the code has been verified to give correct results 
for fourth-order geometrical derivatives of fifth-order 
frequency-dependent electric responses, thus corre-
sponding to an in total ninth-order molecular property. 
2) Extend the scheme for evaluating exchange-correla-
tion functionals using automatic differentiation to the 
evaluation of geometrical derivatives. This work has now 
been completed up to fourth order, allowing us to do 
analytic calculations of quartic force fields at the density-
functional level of theory.

We have in 2012 extended our previous study on the 
wild-type Green Fluorescent Protein (wtGFP) to a wider 
group of mutated fluorescent proteins using the polar-
izable embedding approach. wtGFP is a naturally occur-
ring protein with very interesting spectral properties 
which have not yet been fully understood. The mutants 
are  similar proteins, either occurring naturally, or ob-
tained in vitro, where the spectral properties are slightly 
 modified with respect to wtGFP. By making use of a meth-
od that describes the chromophore quantum mechani-
cally, whereas the protein is described at a lower level of 
theory, we have reproduced the main features of the ab-
sorption spectra of these systems and have shed light on 
the underlying structure-to-property relationships. The 
use of a PE to deal with the protein environment, yielding 
a feedback mechanism between the chromophore and 
the protein, is crucial for obtaining the correct trends in 
the series of investigated systems.

We have in 2012 been able to include the PCM mod-
ule for continuum solvation in a version of the Dirac 
program for 2- and 4-component relativistic quantum 
chemistry calculations. We have in this way obtained the 
first calculations at the four-component level of theory 
that simultaneously include both solvent and relativ-
istic effects for a molecular system. The importance 
of the interplay of the two effects has been tested on 
the series of molecules H2X (X=O, S, Se, Te, Po), com-
puting the dipole moments at the HF and DFT levels of 
theory. The implementation of a linear response solver 
within the same framework has also been completed 
and will be tested and documented during 2013.  Current 

work on the PCM module includes the treatment of 
 planar and spherical dielectric interfaces, the inclusion 
of metal nanoparticles, linear response and geometri-
cal derivatives for the wavelet-PCM implementation. 

WP5: Dynamics and time-development 
Scientist in charge: Einar Uggerud
We have continued our activities in developing and im-
plementing efficient methods for Born-Oppenheimer 
dynamics (BOD), and to apply these to chemical  problems 
connected to our experimental endeavours, in particu-
lar to reactions in the gaseous state. In 2012 we made 
 significant progress in establishing an efficient reaction 
dynamics code within the developmental version of 
 Dalton. The combination of efficient integration rou-
tines with linearly scaling DFT methods (see WP1, Prof. 
 Helgaker) for electronic structure calculations has turned 
out to be very powerful. We now want to take advantage 
of this development by applying the code to chemical 
problems involving bond breaking and bond formation, 
in particular to the dynamics of mechanical stretching 
of  polymer molecules and to chemical processes within 
water clusters. Two co-workers associated with the CTCC, 
postdoctoral fellow H.S. Smalø and Ph.D. student V. 
 Rybkin (now located in Karlsruhe), have worked with 
projects connected with this work package.

Very recently, Rybkin et al. published a paper demon-
strating the capacity of the aforementioned BOD code by 
performing large-scale calculations for protonated water 
clusters, (H2O)nH+, for n = 20 and 21. Besides demon-
strating the feasibility and efficiency of the computation-
al approach, the calculations reveal interesting dynamical 
details of water evaporation and proton mobility.

Smalø and Uggerud have applied a constrained geom-
etry optimization (COGEF) scheme in combination with 
density functional theory to probe the effect of an external 
force on small molecule models of polymers. When the 
external force overcomes a critical value, one bond will 
break. In linear alkanes, it is not the thermochemically 
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weakest central bond that breaks upon the application of 
a continuously increasing force applied to the opposite 
ends of the molecule, but the terminal bond. It is found 
that the dissociation energy, harmonic force constant and 
the angle between the given bond and the external force 
all are important factors in this process. A manuscript 
has now been submitted. This study is restricted by the 
limitations of the constrained geometry optimization 
 approach. However, it is clear that dynamical effects may 
also play a role. In the future, we will explicitly consider 
such effects by incorporating natural thermal fluctua-
tions in the forces via molecular dynamics calculations.

1,2,3-triazole moieties embedded in the backbone of 
long polymers have previously been shown to undergo 
ring opening mediated by ultrasound. Smalø and Ugger-
ud, applying the COGEF approach, studied this highly in-
teresting reaction, concluding that both ring opening and 
chain dissociation of polymeric triazoles are  facilitated 

by mechanical stretching of the molecules — the latter 
more than the former, in contrast to earlier mechanistic 
suggestions.

Furthermore, students and collaborators have been 
active in a number of experimental investigations, for 
which quantum chemical models are essential for their 
interpretation. The experimental activities include 
 studies of bond breaking and bond forming reactions 
of relevance to the photosynthetic dark reaction and to 
interstellar chemistry, and the physical and chemical 
 properties of hydrogen-bonded clusters of importance 
to atmospheric science, including CO2 uptake dynamics.

Figure 1 Figure 3

Figure 2
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WP6: Bioinorganic chemistry 
Scientist in charge: Abhik Ghosh
“The weird and the wonderful”, i.e. transition met-
al  complexes with unusual geometric and electronic 
 structures, have continued to provide much of the in-
spiration for bioinorganic research at the CTCC. In the 
last year we have been able to pursue a broad range of 
such research, taking advantage of the relative financial 
security afforded by the CTCC. Much of this research has 
focused on what inorganic chemists call noninnocent 
systems, which theoreticians would describe as multide-
terminantal (even though the two terms don’t mean quite 
the same thing). These complexes cannot be described by 

a single Lewis structure. Metal nitrosyls are perhaps the 
paradigms of such complexes and during the past year 
we have continued our studies on a variety of nonheme 
nitrosyls. Key players in this effort include former CTCC 
postdocs Drs. Kathrin Hopmann and Bruno Cardey as 
well as collaborators Profs. Jeanet Conradie (University 
of the Free State, South Africa) and Stephen J. Lippard 
(MIT, USA), among others. On the experimental front, 
we have worked largely on metallocorroles, which are 
synthetic, typically high-valent complexes that may be 
viewed as stable, structural models of the highly reactive 
heme  protein intermediates Compounds I and II. Key 
synthetic work was carried out by postdocs Drs. Kolle 

Figure 1. A strongly folded copper corrole (the “taco”) and the analogous, planar gold complex (the “pancake”). Courtesy: Dr. Kolle E. Thomas.
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Thomas and Abraham Alemayehu and students Can 
 Capar and  Steffen Berg, among others, with crystal struc-
tures solved at the Advanced Light Source of the Law-
rence Berkeley National Laboratory. Sterically hindered 
copper and gold corroles, which we informally describe 
as the “taco” and the “pancake” (Figure 1), are illustra-
tive of this work. Adjacent pyrrole rings in the copper 
complex are nearly orthogonal whereas the gold corrole 
core is essentially planar; this unprecdented 85° differ-

ence in dihedrals has been ascribed to ligand noninno-
cence in the Cu case but not in the Au case. This work 
was presented at Professor Peter Taylor’s 60th birthday 
symposium at the University of Zurich, which the CTCC 
sponsored in part. A variety of sterically hindered cor-
roles and related ring systems were also synthesized both 
as free ligands and as complexes. We hope that this line of 
work will lead to novel shape-selective catalysts. Figure 2 
shows the X-ray structure of one such compound, a cop-
per undecaarylcorrole. The various molecules studied 
in our laboratory, on their own, may be viewed as mere 
oddities. Their real value, in our opinion, derives from 
their cumulative force.  Together, the various structures 
extend our conception of chemical bonding, mecha-
nisms and other issues of broad relevance. In that spirit, 
a review article on our X-ray structural studies on metal-
locorroles, emphasizing structure as a mirror of ligand 
noninnocence, was published in Accounts of Chemical 
Research.

During the past year, the Ghosh group deepended its 
involvement in the world of chemistry education and pop-
ular science. In the educational area, the key project in-
volves a new mechanistic way of  teaching  inorganic chem-
istry (the reader may have noted that  arrowpushing, the 
universal language of organic  mechanisms, is  unknown in 
introductory inorganic texts). This  approach, developed 
by Steffen Berg and Prof. Ghosh, has now been closely 
integrated with CTCC research. Collaborating with Prof. 
Conradie, the group has shown that modern DFT calcula-
tions are generally readily able to distinguish between the 
different mechanistic possibilities that one can come up 
with using simple arrowpushing. During 2012, Berg and 
Ghosh made substantial progress on an inorganic mech-
anisms text based on these ideas, which is expected to be 
published by John Wiley and Sons, Inc. in the near fu-
ture. Significant progress was also made on a second edi-
tion of the multiauthor book Letters to a Young Chemist 
(LtYC), a popular science book on career opportunities in 
chemistry research. While maintaining a clear emphasis 
on  science, the first edition strongly highlighted women’s 
role in chemistry. The second edition of LtYC will broaden 

Figure 2. The first crystal structure of a copper undecaarylcorrole. 
Courtesy: Steffen Berg.
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its social objectives, focusing on new areas such as chem-
istry education as a career and LGBT scientists. These 
endeavors are being carried out as loose collaborative 
efforts with Profs. Harry Gray (Caltech, chemical educa-
tion), Carl Wamser (Portland State University, chemical 
education and popular science), Stephen Lippard (MIT, 
popular science) and Dr. Eric Patridge (Yale, LGBT issues). 

WP7: Catalysis and organometallic 
chemistry 
Scientist in charge: Mats Tilset
Catalysis is of paramount importance for the develop-
ment of efficient, selective, and environmentally benign 
processes in the production of bulk and fine chemicals 
and materials. The research group of the leader of WP7 
has developed new and efficient synthetic procedures 
that give access to a variety of new Au(III) complexes. 
Any rational approach to catalyst design requires an in-
depth understanding of the underlying reaction mecha-
nisms and catalyst structure. Currently, the most fruitful 
way to gain this insight is to combine experimental and 
computational approaches. Li-Ming Yang, who served 
his final year as a postdoc at CTCC in 2011, focused on 
specific  heterogeneous systems (MOFs). During 2012, the 
main focus has been shifted towards systems of relevance 
to homogeneous catalysis. David Balcells started as a new 
CTCC post-doctoral fellow in June 2012, and will contrib-
ute to WP7 with computational chemistry that supple-
ments Tilset’s experimental work in organometallic 
chemistry and homogeneous catalysis. In addition Prof. 
Odile Eisenstein, Montpellier, has joined CTCC as an ad-
junct professor. She has already done an admirable job at 
coordinating and initiating activities in conjunction with 
various research groups at the Department of Chemistry, 
including in particular those that do chemistry within 
the scope of WP7. Several students who are primar-
ily experimentalists working on University- or Research 
Council-funded projects have dedicated parts of their 
 efforts to computational approaches that will supplement 

their experimental activities. In 2012, this has included 
Eirin Langseth, Martin Hennum, and Jens Aasheim 
(experimental PhD students), Margaret Scheuermann 
(visiting experimental PhD student from University of 
Washington), and Damian Hruszkewycz (visiting exper-
imental PhD student from Yale University). The efforts 
in computational organometallic chemistry and catalysis 
primarily utilize DFT methodologies. Two examples that 
describe results from 2012, and also serve to define major 
directions for future activities, will be described in the 
following. 

 Catalysis by Au(I) and Au(III) is a hot topic in 
 current chemistry research. We recently synthesized 
unusual pseudo-5-coordinated Au(III) complexes with 
6,6’- disubstituted bipyridine ligands. An X-ray crystal 
structure indicated one long (axial) and one short (in-
plane) Au-N(bipy) bond. The NMR spectra suggested 
fluxional behavior involving exchange of the two N 
sites via a trigonal bipyramidal 5-coordinated transi-
tion state, see Figure 1 (top). The DFT studies reproduced 
well the pseudo-5-coordinated ground state and the 
5-coordi nated transition state (Figure 1, bottom), and 
the  energetics of the fluxional process. This work was 
 published in  Organometallics.

Figure 1. Site-exchange in pseudo-5-coordinate Au(III) bipy complexes.
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Most catalytic applications, including those of Au(III), 
concern reactions of unsaturated organic molecules, 
such as alkenes and alkynes. It is therefore astonish-
ing that until very recently, no Au(III) alkene or alkyne 
complexes had been conclusively characterized by spec-
troscopic and crystallographic methods. PhD students 
Eirin Langseth and Margaret Scheuermann successfully 
isolated the first Au(III) alkene complex to be crystal-
lographically characterized, (cod)AuMe2+ (where cod 
= 1,5-cyclooctadiene). Realizing the importance of this 
complex, David Balcells and Odile Eisenstein contrib-
uted with a thorough DFT investigation of the bonding 
in this complex (Figure 2). A NMBO analysis revealed the 
very weak ligand-to-metal backbonding in the complex 
– a feature which undoubtedly contributes to the scarcity 
of Au(III) alkene complexes. This work was recently pub-
lished in Angewandte Chemie.

Figure 2. (cod)AuMe2+ was the first Au(III) alkene complex to be crys-
tallographically characterized.
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WP10: Biomolecular modelling 
Scientist in charge: Bjørn Olav Brandsdal
The empirical valence bond (EVB) method developed by 
Arieh Warshel allows us to study chemical reactions in 
solution, including enzyme-catalyzed reactions, using 
classical molecular dynamics combined with the free 
energy perturbation technique. A proper reference reac-
tion for the uncatalyzed reaction is first parameterized to 
reproduce experimental (or ab initio) rate constants and 
 barriers. The parameters obtained are then used  directly 
in the enzyme-catalyzed reaction to obtain the free energy 
reaction profile. We have established a close  collaboration 
with Prof. Johan Åqvist (Uppsala  University) to exam-
ine temperature dependence of chemical  reactions with 
 special focus on how to calculate activation entropies and 
enthalpies accurately. Geir Isaksen (PhD student) and 
Brandsdal have visited the Åqvist group several times in 
2012, and we also organized a workshop on theoretical 

modeling of enzymatic reactions using the EVB method 
in Uppsala. 

We have now employed the EVB method to study how 
enzymes adapt to different temperatures function. Cold- 
and warm-active trypsins were used as a model system to 
examine the evolution of enzymatic activity to  different 
temperatures through massive molecular dynamics 
free energy calculations. The tetrahedral intermediate 
 formation step in the acylation process for serine pro-
teases has previously been shown to be rate limiting in 
different serine proteases that are adapted to different 
temperaturs. Our calculations reproduce the absolute 
rates of the two trypsins at 300 K, as shown in Fig. 1. The 
simulations clearly demonstrate the catalytic effect on 
this reaction for both enzymes, with a stabilization of the 
tetrahedral intermediate and the transition state by more 
than 10 kcal/mol and 6 kcal/mol, respectively.

Figure 1 Calculated free energy profiles for the tetrahedral intermediate formation step in the acylation process for the reference reaction in water, 
in anionic salmon trypsin (AST) and in bovine trypsin (BT) at 300 K.
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Figure 2 Calculated Arrhenius plot (∆G‡/T vs 1/T) for the tetrahedral intermediate formation step in the acylation reaction in a) mesophilic bovine 
trypsin and b) psychrophilic salmon trypsin. The clear difference in slopes demonstrates that salmon trypsin has a lower activation enthalpy than 
bovine trypsin.

A

B
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Kinetic data reveal that cold-active enzymes lower 
the activation enthalpy, which is counteracted by a more 
 negative activation entropy when compared to their 
warm-active counterparts. Despite significant efforts 
since the early 1970s, the important question of how this 
takes place still remains largely unanswered. Calculating 
the free energy profiles at eight different temperatures 
(275 – 310 K) attacked the problem of separating the 
 enzyme free energy barriers into entropic and enthalpic 
contributions. Typically 100 - 150 independent MD/FEP/
EVB simulations are required at each of the temperature 
points in order to obtain high-precision Arrhenius plots 
(e.g. R2 > 0.8), resulting in a total simulation time of 
408 – 612 ns for each enzyme. Fig. 2 shows the obtained 
 Arrhenius plots, and it is immediately clear that the cold-
active trypsin has a smaller slope compared to the warm-
active counterpart. This directly translates into a lower 
activation enthalpy. 

The simulations thus quantitatively reproduce the rate 
of catalysis and the high-precision Arrhenius plots reveal 

the trends in activation enthalpy and entropy. We are 
now in the process of analyzing the data in more detail. 
It appears that temperature adaptation is a combination 
of fine-tuning of long-range electrostatics and molecular 
plasticity outside the active site, rather than the classical 
view of a more flexible active site. Several key residues 
important to the thermodynamic activation parameters 
have been pinpointed, and mutations of these clearly 
demonstrate how optimized thermodynamic parameters 
can evolve.

As mentioned, in order to obtain high precision 
 Arrhenius plots, about 1000-1200 simulations are 
 required, generating huge amounts of data for analysis. 
We have developed a package (Qtools) to be used with 
studies that require many simulations and large data sets 
to be analyzed. In addition, Davide Michetti started as 
a PhD student in August 2012, working on DNA binding 
protein (endonuclease). He has successfully parameter-
ized the uncatalyzed reaction and is now working with 
the enzymatic reaction.
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