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ABSTRACT: The present contribution provides a “perspective” on the work on
transition metal (TM) bonding and spectroscopy by Björn O. Roos, performed by means of
the CASPT2 method in the period 1992–2010. After giving a short overview of important
nondynamic correlation effects appearing in TM atoms and molecules, ample attention is
given to the work on the Cr2 molecule and to Björn’s fascination for multiple bonds in
inorganic molecules containing TM. A short description is also given of his contributions to
bioinorganic chemistry, with emphasis on the blue copper proteins. © 2011 Wiley
Periodicals, Inc. Int J Quantum Chem 111: 3291–3301, 2011
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1. Introduction

I n this article, an overview of some important
achievements of Björn Roos in the field of com-

putational transition metal (TM) chemistry is given.
The overview essentially starts in 1992, the year
when the CASPT2 method [1, 2] (second-order per-
turbation theory based on a complete active space
SCF wave function) was implemented into the MOL-
CAS software, developed in Roos’ group at the
University of Lund (Sweden) [3, 4]. Before this time,
several studies on small molecules such as NiH [5],
Ni(C2H4) [6], MCO (M = Fe, Ni, Cu) [7, 8], CuX2

Correspondence to: K. Pierloot; e-mail: Kristin.pierloot@chem.
kuleuven.be

(X = F, Cl) [9], and a first CASSCF study on Cr2 [10]
are of course also worth mentioning. These stud-
ies were performed at the CASSCF or (limited) CI
level. Even though each of them was a must read
for every researcher attempting to use correlated ab
initio methods to describe TM systems, they in fact
only presented small steps in a field that at the time
was largely unexplored, mainly because of computa-
tional limitations. Undoubtedly, the introduction of
CASPT2 into this domain was revolutionary. From
one day to the next it became possible to study
the bonding and electronic spectra of “genuine” TM
complexes such as Cr(CO)6 [11] and ferrocene [12],
leaving behind the strict limitations on the size of
the reference wave function and on the total number
of correlated electrons that used to jeopardize both
the size of the system and the accuracy to be obtained
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from a CI treatment. What was needed though was a
thorough knowledge of the character and the impor-
tance of possible nondynamic correlation effects in
the systems under study. Indeed, as these correla-
tion effects cannot be handled properly in the sec-
ond, perturbational step of the calculation, including
them in the first, CASSCF step is a prerequisite for
obtaining accurate CASPT2 results. Over the years,
hardware developments and improvements in the
MOLCAS software have stretched the limits of the
the active space used to build the CASSCF wave
function from 10–12 to 15–17 orbitals. As we will
show in section 2, this is sufficient to describe the
ground state electronic structure of most TM sys-
tems, providing CASPT2 results with an accuracy
(0.02 Å for interatomic distances and 0.3 eV for rela-
tive energies) that is comparable with what can be
expected for more standard organic molecules [13].

2. Nondynamic Correlation Effects in
TM Complexes: The “Basic Ten” and
the “Double-Shell Effect”

The very first application of CASPT2 in TM chem-
istry concerned the spectrum of the nickel atom [14].
This atomic case was chosen because of its reputation
of being extremely hard to treat with ab initio meth-
ods. The ground state of the nickel atom is d9s1(3D),
with a very close-lying d8s2(3F) state at 0.03 eV (aver-
aged over the j manifold). However, at the numerical
Hartree-Fock (HF) level, the latter state is calcu-
lated as much as 1.63 eV below the 3D ground
state (including relativistic effects). An even larger
error is obtained for the lowest d10(1S) state, calcu-
lated 4.33 eV above 3D with numerical HF, 2.49 eV
higher than the experimental excitation energy of
1.74 eV.

CASPT2 calculations on the nickel atom were
performed with extended ANO-type basis func-
tions, uncontracted in the core-valence region to
provide an accurate description of (3s3p) correla-
tion effects, and several active spaces were tested,
the largest space consisting of 10 electrons in 14
orbitals (3d,4s,4p,3d′). The results obtained from this
ambitious set of calculations were surprisingly accu-
rate. After including relativistic effects (taken from
numerical HF calculations [15]), a maximum devi-
ation of 0.1 eV was obtained. This certainly was a
promising start for CASPT2 in TM chemistry. How-
ever, the most important conclusion was that to
reach this type of accuracy including in the active

space a second 3d′ shell is indispensible. The 3d
double-shell effect was born, and its importance
would later prove to be systematic in all studies
on complexes containing a first-row TM with a
more-than-half filled 3d-shell, in particular when
considering electronic transitions involving a change
of the 3d occupation number, for example, 3d → 4s or
charge-transfer excitations. The importance of the nd
double-shell effect is, however, drastically reduced,
when going to the second and third TM series [16].

A next important question concerning the use of
CASPT2 in TM chemistry was then of course how to
construct the active space for TM complexes contain-
ing more than one or two ligands. With an increasing
number of ligands, it obviously becomes impossible
to include all valence orbitals in the active space, so a
rational choice has to be made. A satisfactory answer
to this problem was found in three studies on the
bonding and spectroscopy of different organometal-
lic systems, that is, the TM carbonyls Ni(CO)4,
Fe(CO)5, Cr(CO)6 [11], Ni(C2H4) and ferrocene [12],
and a series of hexacyanometallate complexes of
first-row TM ions [17]. Important correlation effects
were found to be connected to the formation of
covalent bonds between the metal 3d-orbitals and
the ligands, either involving σ - or π -donation of
an electron pair from the ligands into the (formally
empty) metal 3d orbitals, or π -backdonation from a
doubly occupied d-orbitals into a ligand π∗ orbital.
Such correlation effects would have to be accounted
for in the CASSCF wave function by including in
the active space both the bonding and antibond-
ing metal d-ligand valence combinations involved
in the covalent bond(s). In essence it means that all
molecular orbitals containing a significant metal d
contribution should be active. With five d-orbitals,
this then, in practice, gives an active space of ten
orbitals. It was also found that, for example, in case of
d10 Ni(CO)4 the correlating shell, quite conveniently,
contains a mixture of CO π∗ and 3d′ character, such
that it serves to describe both the double-shell effect
and the correlation effects connected to Ni-to-CO
π -backdonation.

Remaining correlation effects were dealt with in
the second, CASPT2, step. Based on an active space
of 10 orbitals, ground state structures and binding
energies were calculated in close agreement with the
available experimental data, with deviations of less
than 0.02 Å for metal–ligand distances and less than
5 kcal/mol for (total) binding energies. A similar
accuracy was also obtained for excited states: the lig-
and field spectra of hexacyanometallate complexes
could be reproduced with an accuracy, 0.3 eV, that
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was unprecedented in ab initio quantum chemistry
for molecules (containing TM) of this size.

As a critical note, it should be mentioned that the
good results obtained from CASPT2 for the binding
energies for these organometallic systems may have
been the result of a fortunate cancellation of errors,
mainly related to limitations of the ANO-s basis
sets used in these studies. The ANO-s library was
constructed in 1995 [18], aiming at providing a sys-
tematic series of moderately sized ANO-type basis
sets for all elements H Kr, thus making it possible
to perform reasonably accurate correlated calcula-
tions on large systems such as ferrocene. However,
a major drawback of the ANO-s basis sets for the
TM was that inclusion of metal (3s3p) correlation
was not considered in the construction of the con-
tracted sets. Semicore (3s3p) correlation was shown
to have a considerable influence both on the relative
energies of different low-lying states in TM atoms
and ions [14, 19] as well as on the binding ener-
gies of their complexes [11, 12]. However, because
the appropriate basis functions for the description
of this type of correlation were lacking from the
ANO-s (and also the ANO-l [20]) basis sets, includ-
ing (3s3p) correlation would lead to huge basis set
superposition errors (BSSE) on the binding energies,
in the order of 30 kcal/mol or more. These errors
were corrected for by means of a (standard) counter-
poise method, however giving corrections that were
afflicted with quite large error bars. Together with
the somewhat preliminary description of relativis-
tic (Darwin and mass-velocity) effects, this makes
that the accuracy of the computed binding ener-
gies should be looked at in their proper perspective.
Both relativistic (Douglas–Kroll–Hess) and semicore
correlation effects were included in the construc-
tion of the recently developed ANO-rcc basis sets
for the TM [21], which should therefore be capable
of providing much more accurate CASPT2 binding
energies for these prototype organometallic systems.

3. The Cr Cr Bond: A Golden Wire
through the Career of Björn Roos

Any introductory course on multiconfigurational
methods almost as a rule starts from the dissocia-
tion problem of the H2 molecule [22]. Making use
of a molecular orbital (MO) picture, students are
taught that, whereas at the equilibrium distance the
H H single bond in this molecule may be adequately
described by a closed-shell HF configuration σ 2

g , with
σg the bonding MO combination of the 1s orbitals

on both H, occupation of the antibonding σu MO
needs to be invoked to describe the bonds at a longer
distance, leading to proper dissociation. The course
might further continue by extending this concept to
N2, where six orbitals are needed to describe the dis-
sociation of a formally triple bond. If the course is
taught by Björn Roos, the story would certainly be
finalized with an introduction to the Cr2 molecule,
as the “golden case” for multiconfigurational ab ini-
tio quantum chemistry. Indeed, in its 7S ground state,
each chromium atom possesses five unpaired 3d and
one 4s electron and can therefore, in principle, afford
to form a fully sextuple bond. In reality, however, due
to several weakening factors (cfr section 4) the effec-
tive bond order (EBO) of the Cr Cr bond is closer
to four than to six. As such, it should come as no
surprise that the ground state of Cr2 is highly mul-
ticonfigurational in character. This is demonstrated
by the weight of the closed-shell HF configuration
in the total wave function, which is only 45% at the
equilibrium geometry [23].

With a Cr Cr quadruple bond, one would still
expect a strongly bonded dichromium system. This
expectation is corroborated by the experimentally
observed short Cr Cr distance, only 1.68 Å [24]. On
the other hand, the corresponding bond energy D0

of 1.53 (±0.06) eV [25], rather points a much weaker
bond. This weakness of the Cr Cr bond is caused
by two important factors [26]. The most important
factor is the difference in size between the 3d and 4s
orbitals. The much larger 4s orbital generates a 4s–4s
bond with a much longer bond length than the 3d–
3d bond. This 4s–4s bond is in fact manifested by a
shoulder at a longer Cr Cr separation around 3.0–
4.0 Åin the experimental potential energy curve [27].
Another weakening contribution is due to the closed
3p shells, which have about the same radial exten-
sion as the 3d orbitals. This gives rise to a repulsive
interaction between both shells at the equilibrium
distance, thus further decreasing the Cr Cr binding
energy.

Over the years, a multitude of theoretical efforts,
both with conventional correlated methods and with
density functional theory (DFT), have been devoted
to the understanding and quantitative description of
the Cr Cr bond. For an overview, we would like to
refer to a recent review article by Brynda et al. [28]
and references therein. Afirst CASSCF study with 3d
and 4s active and including 12 electrons was already
presented in 1983 [10]. It was found that CASSCF
is not capable of providing a qualitative correct
description of the wave function at all bond dis-
tances, leading to an unbound molecule. Clearly, the
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dynamic correlation effects are too large. A method
was needed that can account for such effects on top
of a very large reference wave function. The (12in12)
CASSCF wave function comprises 28,784 configu-
ration state functions (CSFs), obviously too much
to serve as the reference for a traditional multiref-
erence configuration interaction (MRCI) treatment.
In 1999, an MRACPF calculation was presented by
Dachsel et al. [29], based on a reduced (to 3088 CSFs)
reference wave function. The CI calculation com-
prised almost 1.3 billion configurations and was
presented as a “tour de force,” involving massively
parallel computations. The binding energy result-
ing from this calculation was still 0.4 eV too low.
This error was attributed to limitations in the one-
particle basis set and the lack of relativistic effects.
This CI study was presented a few years after the
development [1, 2] and application to Cr2 [30] of the
CASPT2 method, which allowed to treat dynamic
correlation in a robust way, starting from the full CAS
wave function, by replacing the time-consuming CI
by a second-order perturbational treatment. How-
ever, even though already providing a reasonable
description of the potential energy curve, the first
CASPT2 calculation of Cr2 was afflicted by a number
of severe problems, related both to the formulation
of the CASPT2 method (i.e., the zeroth-order Hamil-
tonian), the one-particle basis set and the description
of relativistic effects. Over the years, solid solutions
for these problems were implemented in the MOL-
CAS software, and most often Cr2 was used as a
primary test case for improvements in the methodol-
ogy. In fact, looking back today at the determination
and systematics with which different solutions were
proposed and implemented one cannot avoid won-
dering whether the Cr2 problem did not in fact (in
the back of Björn’s mind) play a determining role as
a driving force for such improvements.

In the first CASPT2 calculations on Cr2, a large
number of intruder states appeared, giving rise to
quite a number of singularities along the potential
energy curve [30]. In 1995, a level shift technique was
introduced [31], which made it possible to remove
the intruder states from the first-order wave func-
tion and to produce stable second-order energies and
smooth potential curves. Some time later Forsberg
and Malmqvist presented an alternative, very effec-
tive way of dealing with the singularities, replacing
them by a small distortion of the potential func-
tion, called the imaginary denominator shift [32].
Again, the potential curve for Cr2 was used as an
illustration. Another problem with the description
of the Cr2 potential energy curve was due to the

original formulation of the zeroth-order Hamilton-
ian Ĥ(0) in CASPT2, which would systematically
favor high spin over low spin states [13, 33]. A first
remedy was formulated by Kerstin Andersson in the
so-called g1, g2, and g3 modifications of Ĥ(0). Using
such modified forms of the zeroth-order Hamilton-
ian a detailed description of a large number of Cr2

excited states could be provided [34]. Later the IPEA
modified Ĥ(0) was introduced [35] and became the
standard zeroth-order Hamiltonian in MOLCAS 6.4.
Once the problems with the CASPT2 methodology
itself were dealt with, remaining sources of error in
the description of the Cr2 potential curve were due
to the incapability of the available ANO basis sets
of properly describing semicore (3s3p) correlation
(giving rise to large BSSE) and to the approximate
treatment of relativistic effects. The first problem was
solved by the development of the ANO-rcc series of
basis sets for the TM [21] (and for the rest of the
periodic system), while the combination of CASSCF
with relativistic quantum chemistry [36] (in terms of
the Douglas–Kroll–Hess ansatz and including spin-
orbit coupling [37]) made it possible to improve also
this aspect of the computation.

In 2003, just after his retirement, Björn Roos
presented his final CASPT2 calculations on the
chromium dimer [23]. The computed bond dis-
tance is 0.017 Å shorter than the experimental value,
whereas the computed value for D0 is 1.65 eV, 0.12 eV
larger than experiment. Up to a distance of 2.7 Å,
the shape of the dissociation curve obtained from
CASPT2 is virtually indistinguishable from the RKR
(Rydberg–Klein–Reese) curve, deduced from the
experimental vibrational frequencies [27]. At higher
distance, both curves start to deviate somewhat. It
was suggested that this might be due to deficiencies
in the RKR potential rather than to inadequacies in
the theoretical treatment.

Obtaining an accurate CASPT2 description for the
Cr2 dissociation curve, however, did not mean the
end of Björn Roos’ activity on the dichromium dimer.
On the contrary, as we shall see in the next section, it
rather marked the beginning of a very active research
period on molecular systems involving this dimer as
well as its second- and third-row analogs Mo2 and
W2.

4. Recent Studies on Multiply Bonded
TM Systems

With six available electrons in the nd and (n +
1)s orbitals, the bare dimers of the group six B
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elements Cr2, Mo2, and W2, potentially provide the
most extreme example of multiple bonding between
two TM. However, these molecules have no sta-
ble existence at room temperature, making them
of limited relevance to inorganic chemists. A great
challenge for synthetic work in this field is rather
to stabilize multiply bonded metal–metal species
by providing them with appropiate ligands, either
coordinated terminally or as a bridge between the
two metals. However, each ligand that is introduced
also reduces the possibility for multiple metal–metal
bonding, because those metal valence orbitals that
become involved in the metal–ligand interaction are
no longer available for bonding with the neigh-
boring metal. The search for the highest possible
multiplicity of the metal–metal bond got its first
success in 1965, with the synthesis by Cotton and
Harris [38] of the room temperature stable Re2Cl2−

8
species with a formal quadruple bond. Since then,
a large number of similar compounds that con-
tain a multiply bonded TM dimer were synthesized
and theoretically studied, among which many low-
valent chromium–chromium compounds [39]. How-
ever, until 2005 the maximum bond multiplicity of
four was never exceeded in any of these compounds,
and Re2Cl2−

8 therefore remained the prototype of
multiply bonded metal dimers.

Only 5 years ago Nguyen et al. [40] succeeded
in synthesizing for the first time a stable Cr Cr
complex, [ArCrCrAr] (Ar′ = C6H3−2, 6(C6H3−2, 6−
Pri

2)2), in which two chromium ions appear as Cr(I)
d5, thus sharing five electron pairs in a (formally)
fivefold bond, with a distance of 1.835 Å. This dis-
covery marked a new milestone in the experimental
research on multiply bonded TM complexes and
was the start of a very productive period in the
synthesis of other low-valent chromium–chromium
complexes [41–45], all aiming at reaching the shortest
possible bimetallic distance in coordination com-
pounds. These experimental studies were accompa-
nied by a number of theoretical studies, aiming at
characterizing the extent of multiple bonding in the
experimentally reported Cr Cr cores.

It also gave an additional boost to Björn’s work
on dimetallic systems, resulting in a series of publica-
tions in highly cited journals [26, 46, 47]. The method-
ology and basis sets were at this time available in
MOLCAS to obtain accurate CASPT2 numbers for
structures, bond strengths, and relative energies.
However, although such numbers are presented in
the articles, this recent work was primarily focused
on providing conceptual insight into the multicon-
figurational nature of the metal–metal bonds in the

experimentally reported complexes. To this end a
quantity named EBO was defined, which quanti-
fies the extent of multiple bonding obtained from
(reflected by) a CASSCF wave function [26].

Bond order is a concept that stems from molecular
orbital theory, where it is defined as half the dif-
ference between the total number of electrons occu-
pying the bonding molecular orbitals and the total
number of electrons occupying the corresponding
antibonding orbitals. Without considering correla-
tion, these occupation numbers are integers and so
is the bond order. For example, in the HF ground
state wave function of Cr2, six unpaired electrons
originating from (3d, 4s) couple into six bonding
molecular orbitals, leaving the corresponding anti-
bonding orbitals empty. This then gives a bond order
six. On the other hand, in in the [ArCrCrAr] dimer
synthesized by Nguyen, [40] the Cr Cr bond order
is diminished to five, because one of the unpaired
electrons on each side is now used for Cr Ar bond
formation, leaving only 10 electrons to gather in five
bonding molecular orbitals of σ -, π -, and δ-type.
(The latter two each describing a pair of degener-
ate orbitals). Similarly, the Re Re bond in Cotton’s
Re2Cl2−

8 complex is most conveniently described as
built from two Re(III) 5d4 ions, ionically coordi-
nated by four Cl− ions each, and each providing four
electrons to one σ , two π , and one δ-type bonding
molecular orbital, thus giving a bond order four.

The bond order defined as such is conveniently
used among inorganic chemists, forming the basis
for the description of the bond multiplicities in all
publications reporting the synthesis of TM dimer
complexes. Even if the authors of these articles may
be aware that this is in fact an oversimplified pic-
ture of bonding that only works for strong bonds,
a more quantitative measure of bond multiplicity
cannot be provided by any single-configurational
molecular orbital description of the ground state.
However, when allowing instead a multiconfigura-
tional description using a CASSCF wave function,
the definition of bond order may in a straightfor-
ward way be extended to give the following EBO =
(ηb − ηa)/2, ηb and ηa now representing the occupa-
tion numbers of the natural orbitals obtained after
diagonalization of the first-order density matrix. The
CASSCF calculation should have an active space
consisting of (at least) the bonding and antibond-
ing molecular orbitals describing the metal–metal
bond, ηb and ηa then are noninteger numbers with
1 ≤ ηb ≤ 2 and 0 ≤ ηa ≤ 1, adding up to two
for each specific bond. In the limit of a very strong
bond, ηb is two whereas ηa is zero, thus giving an
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EBO = 1. However, weak bonds have an occupation
number ηb that strongly deviates from two, and vice
versa for ηa. In the limit that both occupation num-
bers approach one, true bond formation has been
replaced by antiferromagnetic coupling between the
two electrons. Such a situation occurs for example
for the δ bonds in Cr2. Twelve orbitals are used to
describe the bonds in this molecule. The calculated
occupation of the bonding orbitals are: 4sσg 1.90,
3dσg 1.77, 3dπu 1.81, 3dδg 1.58, and those of the anti-
bonding orbitals are: 4sσu 0.10, 3dσu 0.23, 3dπg 0.19,
3dδu 0.42. This gives an EBO of 0.90 for the 4s σ , 0.77
for the 3d σ bond, whereas for each of the two 3d
π and 3d δ bonds an EBO of, respectively, 0.81 and
0.58 are found. The total EBO computed from these
numbers is 4.45, significantly smaller than the possi-
ble limit of six, and the main reason for the deviation
is the weak interaction between the 3d δ orbitals,
which can be described as an intermediate between a
chemical bond and four antiferromagnetically cou-
pled electrons. In this way, the EBO does not only
provide a quantitative measure of the actual rather
than the formal bond multiplicity but also points
to the presence of weak bond components, which
may be associated in an intuitive manner with pos-
sible reactivity with external compounds or with the
supporting ligands themselves [48].

The presence of weak δ bonds is typical for TM
dimers. It was also found in a CASSCF/CASPT2
study of the complex [ArCrCrAr] synthesized by
Nguyen et al. [40]. Both for this complex and for a
model complex with the large Ar groups replaced by
phenyl groups [47], the computed EBO, 3.43–3.52,
is far lower than the quintuple multiplicity that is
commonly assigned to this bond. In another recently
reported dichromium complex the Cr Cr core is
coordinated by two bridging diazadiene ligands,
giving rise to a trigonal coordination environment
around each Cr consisting of two N atoms and
the neighboring Cr atom [41]. This again gives a
Cr(I) Cr(I) system with a formally quintuple bond.
Interestingly, however, the Cr Cr bond distance in
this complex is only 1.803 Å, shorter by ∼0.03 Å than
in the former [ArCrCrAr] complex. Yet the calculated
EBOs of both complexes are very similar, around
3.5. This obvious lack of correlation between bond
order and bond distance is explained by a differ-
ent electronic structure of the formally Cr(I) ions
in both complexes [49]. In the [ArCrCrAr] both Cr
essentially use one of their electrons to form the
Cr Ar σ bond. On the other hand, in the diazadiene
complex, one of the chromium δ orbitals becomes
intensively involved in π -backdonation with the

imine-containing ligands, thus partly loosing inter-
est in Cr Cr δ bond formation. Most recently [48]
a CASPT2 study of a series of other bridged Cr Cr
complexes was reported, in which the diazadiene lig-
and is replaced by other N-donor containing bridg-
ing ligands (amidinate, aminopyridinate, guanidi-
nate), giving rise to a similar electronic structure.
Within this series of compounds belonging to the
same class of supporting ligands, a linear correlation
is found between the bond order and bond length,
the latter, however, being dictated primarily by struc-
tural constraints imposed by the ligands on the
Cr Cr core. The most effective ligand in producing
an extremely short Cr Cr distances is guanidinate:
1.73 Å, the shortest metal–metal distance observed
to date [45] (apart from the bare Cr2 molecule with a
Cr Cr bond length of 1.68 Å). However, most impor-
tant, even for such short intermetallic distances, the
associated EBO of the Cr Cr bond never exceeds a
value of 4.

The question then naturally arises: what is the
maximum multiplicity of the chemical bond? This
question was adressed in Ref. 26. Within the TM
series, the maximum number of unpaired electrons
in the nd, (n + 1)s shells is six. This is, therefore, also
the maximum bond multiplicity within this series,
which can be reached only for the group VIB metals
(and possibly the monocations of VIIB). Excluding
Cr2 with its EBO of only 4.46, Mo2 and W2 still remain
promising candidates. Indeed, the most important
bond weakening factors in Cr2, the difference in size
between the 3d and 4s orbitals (making the 4s bond
repulsive at the equilibrium geometry) and the sim-
ilar size of 3p, 3d (giving rise to a repulsive (3p,3p)
interaction) become much less important in Mo2 and
even less in W2. An important role is played by rela-
tivistic effects. Relativistic contraction of the (n+1)s-
and np-shells and concomitant dilatation of the nd-
shell makes the bonding in these two molecules
much more balanced than in Cr2, thus giving rise to
much stronger bonds, with bond energies of 4.41 eV
(4.48 eV) for Mo2 and 5.37 eV (5 ± 1 eV) for W2

(experimental values are given within parentheses),
when compared with only 1.65 eV (1.53±0.06 eV) for
Cr2. Analysis of the natural orbitals gives an EBO of
5.17 for both Mo2 and W2, again much higher than
the Cr2 value. Providing that in naming the multi-
plicity of a bond one may then use the lowest integer
value larger than the EBO, a sextuple bond exists in
Mo2 and in W2, but not in Cr2. For even higher bond
orders, one has to go beyond the TM and invoke an f-
shell. The lanthanides may be ruled out, because the
4f-shell is screened from its environment by the 6s-
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and 5d-shells, and hardly participates in any chemi-
cal bond. In one of his last lectures, presented in Crete
on October 19, 2006, Björn Roos effectively ruled
out the possibility of a higher than quintuple bond
between any two (equal) actinides, by presenting a
detailed analysis of such bonds in all low-lying states
of the early actinide dimers Ac2, Th2, Pa2, and U2, and
extending the observations to the heavier actinides.
This lead to the following timeless conclusion: The
maximum bond order achieved between two atoms
in the periodic table is six and is represented by the
Mo and W diatoms.

5. Applications in Bioinorganic
Chemistry

Computational bioinorganic chemistry is a field
that started to flourish in the beginning of the
nineties, with the rise of density functional theory.
At that time, CASPT2 applications in TM chem-
istry were still in an explorative phase. Within a
period of just a few years, the low computational
cost and (sometimes misleading) accuracy of density
functional methods created an explosive activity in
DFT applications to problems of biochemical interest
involving TM, leaving little or no space for con-
ventional correlated methods. To many bioinorganic
chemists quantum chemical methods became syn-
onymous with density functional methods [50–53].
This is therefore without any doubt the field where
CASPT2 has had to put in the greatest effort to even
keep the door ajar. However, a few great successes
were certainly scored in problems involving elec-
tronically excited states, where CASPT2 is obviously
superior to time-dependent DFT [54]. Only recently,
when it became clear that DFT in fact suffers from
a few systematic deficiencies when applied to prob-
lems involving TMs [51, 55–58], the CASPT2 method
was “recovered” as a viable alternative [59, 60].

A first breakthrough of CASPT2 in biochemistry
was attained in 1996, with an extensive theoreti-
cal study of the blue copper proteins. In this work,
DFT and CASPT2 were used hand in hand to pro-
vide new important insights into the geometrical and
electronic structure and the spectroscopic features of
these enzymes. The study was initiated by Ulf Ryde,
who got intrigued by the long-standing “enduced
rack” or “entatic state” theories explaining enzyme
reactivity in general, and the redox properties of blue
copper proteins in particular [61–64]. According to
this theory, the tertiary protein structure forces the

oxidized Cu(II) form of these proteins into a geom-
etry similar to the one preferred by the reduced
Cu(I) form, thus, accounting for a small reorgani-
zation energy accompanying reduction and, hence,
to a high rate of electron transfer [65].

However, DFT structure calculations on different
realistic vacuum models of the Cu(II) surround-
ing in plastocyanin, a typical blue copper protein
(involved in photosynthesis), all gave structures that
are quite close to the crystal structure of the oxi-
dised form of this protein [66]. In plastocyanin,
a single copper ion (with oxidation state varying
between I and II) is four-coordinated by the thiolate
S of a cysteine residue, two Nδ atoms of histidine
residues and a methionine thioether group. In the
oxidized form, the Cu(II) ligand surrounding is trig-
onal, with the two histidine-N and the cysteine-S
(at an unusually short distance) forming the trigo-
nal plane, and the methionine-S bound in an axial
position at a large distance. Such a trigonal struc-
ture is quite peculiar for Cu(II): four-coordinated
inorganic complexes of this ion are almost invari-
ably square-planar. On the other hand, it is close
to the (distorted) tetrahedral surrounding found for
the reduced Cu(I) form of the same protein, hence
the idea that the trigonal Cu(II) structure is in fact
enforced by protein strain to reduce the reorganiza-
tion energy accompanying reduction. In the largest
model used in the DFT calculations, cysteine was
modeled by an SCH−

3 ligand, methionine by S(CH3)2

and histidine by imidazole. No protein environ-
ment was present, still the optimized structure of
this Cu(imidazole)2(SCH3)(S(CH3)2)

+ complex was
obviously trigonal, and in fact virtually identical
to the crystal structure of plastocyanin. This sim-
ple but sensational result ruled out any possibility
of strain, and, as formulated by the founder of the
induced-rack theory, Malmström: “forced a com-
plete reorientation of the thinking about blue copper
proteins.” [67].

Two important questions immediately arose: (a)
why does Cu(II) in the blue copper proteins pre-
fer a trigonal rather than a tetragonal coordination
environment; (b) how can the low reorganization
energy be explained, if not by protein strain. These
questions were addressed by studying the struc-
tures and reorganization energies of a series of small
copper complexes in which the ligands are system-
atically varied [68, 69]. From these studies, it was
concluded that not the protein environment, but
rather the proper choice of ligands is reponsible for
the extraordinary properties of blue copper proteins.
In particular, the softness of the methionine and
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cysteine ligands plays a crucial role. Soft ligands give
rise to both a flattening of the potential energy sur-
face for twisting between a tetragonal and trigonal
structure and to oxidized structures that are quite
close to a tetrahedron (rather than tetragonal). Fur-
thermore, the large and soft cysteine thiolate group
forms a strongly covalent bond to the copper ion, in
which charge is transferred from the thiolate group
to the Cu(II) ion, thus bringing the effective charge
on this metal closer to Cu(I).

The special role played by the cysteine and
methionine ligands was further analyzed and diver-
sified in a series of CASPT2 studies of the electronic
structure and spectrum of a variety of blue cop-
per proteins, that is, plastocyanin, cucumber basic
protein, pseudoazurin, nitrite reductase, and stel-
lacyanin [70–72]. The first four of these proteins
are characterized by the same copper ligands of
two histidines, cysteine, and methionine, whereas
in stellacyanin the methionine ligand is replaced by
glutamine. However, distinct differences are found
in the structures, electronic spectrum, and ESR
characteristics of these different proteins. Within
the series plastocyanin—cucumber basic protein—
pseudoazurin—nitrite reductase, X-ray diffraction
data display a distinct flattening of the structure,
together with a lengthening of the copper–cysteine
bond and concomitant shortening of the copper–
methionine bond.At the same time, a gradual change
is observed in the signals obtained from ESR: from
an axial spectrum in plastocyanin to a gradually
more rhombic spectrum in the other three proteins.
The most striking differences, however, are found
in the electronic spectra. Each of these spectra con-
sists of two intense bands at approximately the same
wavelength: ∼460 and ∼600 nm (together with four
weaker bands at lower energies). However, the rel-
ative intensity of these two bands strongly varies
between the four proteins. Plastocyanin has a very
strong absorption peak at 600 nm, which is respon-
sible for the intense blue color of this protein. The
second, 450-nm band appears as a weak shoul-
der in plastocyanin. However, this band becomes
much more prominent in the (according to their ESR
characeristics) rhombic-type proteins pseudoazurin
and cucumber basic protein, at the expense of the
600 nm absorption. Nitrite reductase is the limiting
case: here the 600-nm absorption peak is reduced
by a factor 3 compared with plastocyanin while the
460 nm has become the most intense. As a conse-
quence, nitrite reductase is green rather than blue.

The CASPT2 calculations of the electronic spec-
tra were spectacular in se, as they provided the very

first fully ab initio interpretation of the spectrum of a
chromophore in a metalloprotein. However, on top
of that, based on these calculations the relationship
between the structural and spectroscopic properties
of different blue copper proteins was given a solid
explanation. Again, bonding between copper and
the cysteine thiolate group was found to play a cru-
cial role. The CASSCF calculations indicated that the
thiolate sulphur group has the potential of form-
ing two strongly covalent bonds with the Cu(II) ion,
of either σ or π -type. Two different Cu 3d orbitals
are involved, and both bonds are constructed by the
formation of a bonding–antibonding MO pair with
strongly delocalized character over the Cu S bond.
Both bonding MOs are of course doubly occupied
in the ground state. However, with nine electrons in
the 3d shell, one of the antibonding orbitals is dou-
bly occupied, leaving a single electron in the other
antibonding orbital. Both the structure and spec-
troscopic properties of the copper environment are
then determined by the character of the ground state
singly occupied orbital (SOMO). In plastocyanin,
this orbital has (almost) pure π character. It is built
from a π (anti)bond between two lobes of the Cu
3d orbital in the trigonal plane and the thiolate S
pπ orbital, the two remaining lobes of the former
orbital involved in a σ -interaction with the nitrogen
ligands belonging to the two histidines. As such, no
room is left for the methionine, which is present at
long distance at the axial position, mainly bound by
electrostatic interaction. On the other hand, in the
rhombic-type proteins, the ground state SOMO con-
tains a mixture of π and σ character, the latter gaining
more importance as the structure becomes more
tetragonally distorted, that is, in the order cucumber
basic protein—pseudoazurin—nitrite reductase. As
a σ bond only takes one lobe of the Cu 4d orbitals, the
extra lobe becomes available for σ interaction with
the methionine, which moves closer to the copper
center. The calculations also confirm that the Cu-
cysteine bond length increases as the character of
this bond moves from π to σ .

Once the differences in ground state electronic
structure of these proteins are understood, expla-
nation of their main spectroscopic features becomes
straightforward. As confirmed by the CASPT2 calcu-
lations, both intense bands in the spectra correspond
to charge-transfer states, in which an electron is
excited from one of the bonding Cu 3d–cysteine S
molecular orbitals, either of σ or π character, into
the ground state SOMO. Excitation out of the π

orbital takes least energy, and gives rise to the band
around 600 nm, whereas the band at 460 nm is due to
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excitation out of the σ bonding orbital. The relative
intensity of these two spectroscopic features is deter-
mined by the overlap between both orbitals involved
in the transition, hence by the character of the ground
state SOMO. In plastocyanin, with its trigonal struc-
ture and Cu–cysteine π bond, the 600-nm band is
strongly dominating, whereas the intensity of this
band is decreased in favor of the 460-nm band in
the rhomic-type proteins. In a separate study [72], it
was shown that also stellacyanin could fit into this
picture. Based on its spectral properties, stellacyanin
is classified among the rhombic blue copper pro-
teins. However, the copper environmant is in this
protein close to trigonal, as it is for the axial pro-
teins. This is shown to be due to the glutamine ligand
binding at a much shorter distance to copper than
the corresponding methionine ligand in the normal
blue copper proteins. This bonding forces a signif-
icant amount of σ -contribution on to the ground
state SOMO, such that, even with a trigonal structure
the 460-nm band gets a significantly higher intensity
than in plastocyanin.

The CASPT2 project on blue copper proteins was
performed in a close collaboration between Leu-
ven and Lund in the period 1994–1998. The results
were presented in several articles [66, 68–74] and
reviews [75, 76], and they marked a milestone in the
field of ab initio bioinorganic chemistry, in particu-
lar, for the spectroscopic properties. The results of
a TDDFT study of the spectra of plastocyanin were
presented by Solomon et al. several years later [54]
but turned out to fail completely in describing the
electronically excited states of this protein, with all
ligand field transitions calculated much too high
in energy, whereas the charge-transfer states are
calculated much too low and in the wrong order.

After the blue copper project was finished, Björn
Roos mainly turned his interest toward the chem-
istry of heavy elements and their description by
means of a combined CASPT2-relativistic approach.
Only during the last few years, Abhik Ghosh man-
aged to attract his attention again to some problems
in bioinorganic chemistry that are troublemakers to
DFT [59, 77]. An article that is worthwhile men-
tioning in this respect concerns the study of the
electronic structure of chloroiron corrole by means
of CASSCF/CASPT2. In this molecule, the central
iron is formally Fe(IV) (3d4) surrounded by a trian-
ionic corrolate ligand and axially coordinated by a
Cl− anion. Making use of CASSCF, it was shown that
the actual triplet ground state wave function is rather
built from antiferromagnetic coupling between an
S = 3/2 Fe(III) ion (with configuration d2

xyd1
xzd

1
yzd

1
z2 )

and a corrolate dianion radical, that is, the corro-
late ligand is in this complex “noninnnocent.” In
addition, the CASPT2 results rule out any Fe(IV)
state, whether high- or low-spin, within 1.5 eV of the
ground state. We believe that the (near) future will
indicate this article as a trendsetter in computational
studies of metal-heme systems containing metals in
(formally) high oxidation states, such as corroles
and corrolazines, but also five- or six-coordinated
metal porphyrin systems. The latter are very impor-
tant as possible intermediates in biological reactions
involving heme enzymes. The theoretical characteri-
zation of the electronic structure of such metal–heme
complexes, although already repeatedly reported
by DFT [53], still remains a subject of controversy.
This is primarily due to the fact that two important
aspects involved in the description of the low-lying
states in these systems, that is, the variety of pos-
sible spin states on the metal and the possibility
of noninnocence for the ligands, are in fact both
truly problematic for any available density func-
tional today [55, 56, 78–82]. This is already illustrated
in two recent CASPT2 studies [60, 83]. The first [60]
concerns the electronic structure of compound I,
the active intermediate in the cytochrome P450 cat-
alytic cycle, whereas in the second study [83], a
CASPT2 investigation of the electronic structure of
four-coordinated copper corroles is reported. We are
convinced that this is just the beginning of a series
of CASPT2 studies in this very intriguing domain of
bioionorganic chemistry !

6. Personal Perspective

The first time when I met Björn Roos was in
1988, at a conference in Girona, Spain. I was a post-
doc at the time, with several years of experience
in TM coordination chemistry using mainly semi-
empirical methods, that is, ligand field theory. I had
just set my first steps in ab initio quantum chem-
istry, already being confronted with the difficulties in
treating the open 3d-shell with its many close-lying
states, when I found myself sitting in a lecture hall
listening to a red-heared man with a loudly carry-
ing voice explaining full of enthusiasm how he had
designed a method called CASSCF that was not only
capable of handling near degeneracies but could
also provide a balanced treatment of all low-lying
states in an electronic spectrum. The lecture in fact
dealt with electronic spectra of organic molecules,
but I clearly remember experiencing at that moment
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what is called in German an “Aha-Erlebnis,” realiz-
ing on the spot that this method was going to be my
method of choice in the continuation of my work in
computational TM chemistry.

One year later, in 1989, I was one of the par-
ticipants of the first “Summer School in Quantum
Chemistry,” organized by Björn Roos in Tjörnarp,
Sweden. I have to admit that during this school I
became a bit disappointed to have to hear that appar-
ently the largest TM molecules that could be treated
with correlated ab initio methods were NiH, NiCO,
and so on, and that the primary interest of most of
the teachers seemed to be to obtain accurate struc-
tures and dipole moments for molecules consisting
of two or at most three atoms.

Things of course changed quite rapidly after that.
I became involved in the first applications of CASPT2
in TM chemistry. In the beginning of this period of
close collaboration between Björn and myself, it still
sometimes felt like two different worlds meeting,
him with his strong background in physics and phys-
ical chemistry, and me coming from of a research
group with a tradition in inorganic coordination
chemistry. Obviously, we had a lot to learn from each
other. At least I know that I have gained so much
knowledge from our collaborations that it has had a
strong and lasting impact on my scientific career, also
at a later stage when our interests had drifted more
apart.And I do hope that I have also been able to steer
his ideas somehow with my arguments about σ -
donation and π -backdonation, “nephelauxetic” and
“Jahn-Teller” effects, and so on.

One thing is certain: Björn Roos was a very open-
minded scientist, who was always looking for actual
chemical problems, and was eager to learn the lan-
guage used to define them. His recent work on the
bimetallic systems (section 4) may serve as an illus-
tration. In a way Björn Roos was a lucky man, being
able to start his career at the dawn of computational
quantum chemistry, develop his “own” computa-
tional method, and see this method come to life in
so many beautiful applications, by himself and by
others. However, to be able to present this kind of
pioneering work in so many different domains of
chemistry and physics certainly requires a brilliance
that is exclusive to just a few among us.
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B. O.; Serrano-Andrés, L.; Urban, M.; Veryazov, V.; Lindh, R.
J Comput Chem 2010, 31, 224.

5. Blomberg, M. R. A.; Siegbahn, P. E. M.; Roos, B. O. Mol Phys
1982, 47, 127.

6. Widmark, P.-O.; Roos, B. O.; Siegbahn, P. E. M. J Phys Chem
1985, 89, 2180.

7. Bagus, P. S.; Roos, B. O. J Chem Phys 1981, 75, 5961.
8. Bauschlicher, C. W., Jr.; Bagus, P. S.; Nelin, C. J.; Roos, B. O.

J Chem Phys 1986, 85, 354.
9. Bauschlicher, C. W., Jr.; Roos, B. O. J Chem Phys 1989, 91, 4785.

10. Walch, S. P.; Bauschlicher, C. W., Jr.; Roos, B. O.; Nelin, C. J.
Chem Phys Lett 1983, 103, 175.

11. Persson, B. J.; Roos, B. O.; Pierloot, K. J Chem Phys 1994, 101,
6810.

12. Pierloot, K.; Persson, B. J.; Roos, B. O. J Phys Chem 1995, 99,
3465.

13. Andersson, K.; Roos, B. O. Int J Quantum Chem 1993, 45, 591.
14. Andersson, K.; Roos, B. O. Chem Phys Lett 1992, 191, 507.
15. Martin, R. L.; Hay, P. J. J Chem Phys 1981, 75, 4539.
16. Pierloot, K. Computational Organometallic Chemistry; Cun-

dari, T. R., Ed.; Marcel Dekker, Inc.: New York, 2001; p 123.
17. Pierloot, K.; Van Praet, E.; Vanquickenborne, L. G.; Roos, B. O.

J Phys Chem 1993, 97, 12220.
18. Pierloot, K.; Dumez, B.; Widmark, P.-O.; Roos, B. O. Theor

Chim Acta 1995, 90, 87.
19. Pierloot, K.; Tsokos, E.; Roos, B. O. Chem Phys Lett 1993, 214,

583.
20. Pou-Amerigo, R.; Merchan, M.; Nebot-Gil, I.; Widmark, P.-O.;

Roos, B. O. Theor Chim Acta 1995, 92, 149.
21. Roos, B. O.; Lindh, R.; Malmqvist, P.-Å.; Veryazov, V.; Wid-

mark, P.-O. J Phys Chem A 2005, 109, 6575.
22. Roos, B. O. Lecture Notes in Quantum Chemistry, European

Summer School in Quantum Chemistry, in: Lecture Notes
in Chemistry, 58; Roos, B. O., Ed.; Springer-Verlag: Berlin,
Heidelberg, New York, 1992; p 177.

23. Roos, B. O. Collect Czech Chem Commun 2003, 6, 265.
24. Bondybey, V. E.; English, J. H. Chem Phys Lett 1983, 94, 443.

3300 INTERNATIONAL JOURNAL OF QUANTUM CHEMISTRY DOI 10.1002/qua VOL. 111, NO. 13



TRANSITION METALS COMPOUNDS

25. Simard, B.; Lebeault-Dorget, M.-A.; Marijnissen, A.; ter
Meulen, J. J. J Chem Phys 1998, 108, 9668.

26. Roos, B. O.; Borin, A. B.; Gagliardi, L. Angew Chem Int Ed
2007, 46, 1469.

27. Casey, S. M.; Leopold, D. G. J Phys Chem 1993, 97, 816.
28. Brynda, M.; Gagliardi, L.; Roos, B. O. Chem Phys Lett 2009,

471, 1.
29. Dachsel, H.; Harrison, R. J.; Dixon, D. A. J Phys Chem A 1999,

103, 152.
30. Andersson, K.; Roos, B. O.; Malmqvist, P.-Å.; Widmark, P.-O.

Chem Phys Lett 1994, 230, 391.
31. Roos, B. O.; Andersson, K. Chem Phys Lett 1995, 245, 215.
32. Forsberg, N.; Malmqvist, P.-Å. Chem Phys Lett 1997, 274, 196.
33. Roos, B. O.; Andersson, K.; Fülscher, M. P.; Malmqvist, P.-Å.;

Serrano-Andrés, L.; Pierloot, K.; Merchán, M. Advances in
Chemical Physics: New Methods in Computational Quantum
Mechanics, Vol. XCIII; Prigogine, I.; Rice, S. A., Eds.; Wiley:
New York, 1996; p 219.

34. Andersson, K. Theor Chim Acta 1995, 91, 31.
35. Ghigo, G.; Roos, B. O.; Malmqvist, P.-Å. Chem Phys Lett 2004,

396, 142.
36. Roos, B. O.; Malmqvist, P.-Å. Phys Chem Chem Phys 2004, 6,

2919.
37. Malmqvist, P.-Å.; Roos, B. O.; Schimmelpfennig, B. Chem Phys

Lett 2002, 357, 230.
38. Cotton, F. A.; Harris, C. B. Inorg Chem 1965, 4, 330.
39. Cotton, F. A.; Walton, R. A. Multiple Bonds between Metal

Atoms; Wiley-VCH: New York, 1982.
40. Nguyen, T.; Sutton, A. D.; Brynda, M.; Fettinger, J. C.; Long,

G. J.; Power, P. P. Science 2005, 310, 844.
41. Kreisel, K. A.; Yap, G. P. A.; Dmitrenko, O.; Landis, C. R.;

Theopold, K. H. J Am Chem Soc 2007, 129, 14162.
42. Noor, A.; Wagner, F. R.; Kempe, R. Angew Chem Int Ed 2008,

47, 7246.
43. Tsai, Y.-C.; Hsu, C.-W.; Yu, J.-S. K.; Lee, G.-H.; Wang, Y.; Kuo,

T.-S. Angew Chem Int Ed 2008, 47, 7250.
44. Hsu, C.-W.; Yu, J.-S. K.; Yen, C.-H.; Lee, G.-H.; Wang, Y.; Tsai,

Y.-C. Angew Chem Int Ed 2008, 47, 9933.

45. Noor, A.; Glatz, G.; Müller, R.; Kaupp, M.; Demeshko, S.;
Kempe, R. Z Anorg Allg Chem 2009, 635, 1149.

46. Gagliardi, L.; Roos, B. O. Nature 2005, 433, 848.

47. Brynda, M.; Gagliardi, L.; Widmark, P.-O.; Power, P. P.; Roos,
B. O. Angew Chem Int Ed 2006, 45, 3804.

48. Macchia, G. L.; Manni, G. L.; Todorova, T. K.; Brynda, M.;
Aquilante, F.; Roos, B. O.; Gagliardi, L. Inorg Chem 2010, 49,
5216.

49. Macchia, G. L.; Aquilante, F.; Veryazov, V.; Roos, B. O.;
Gagliardi, L. Inorg Chem 2008, 47, 11455.

50. Deeth, R. In Principles and Applications of DFT in Inor-
ganic Chemistry II: Structure and Bonding; Kaltsoyannis, N.;
McGrady, J. E., Eds.; Springer, 2004; vol. 113, p 37.

51. Siegbahn, P. E. M.; Borowski, T. Acc Chem Res 2006, 39, 729.

52. Siegbahn, P. E. M.; Himo, F. J Biol Inorg Chem 2009, 14,
643.

53. Shaik, S.; Cohen, S.; Wang, Y.; Chen, H.; Kumar, D.; Thiel, W.
Chem Rev 2010, 110, 949.

54. Solomon, E. I.; Szilagyi, R. K.; George, S. D.; Basumallick, L.
Chem Rev 2004, 104, 419.

55. Ghosh, A.; Taylor, P. R. Curr Opin Biol Inorg Chem 2003, 7,
113.

56. Ghosh, A. J Biol Inorg Chem 2006, 11, 712.
57. Siegbahn, P. E. M. J Biol Inorg Chem 2006, 11, 695.
58. Siegbahn, P. E. M.; Blomberg, M. R. A.; Chen, S.-L. J Chem

Theory Comput 2010, 6, 2040.
59. Roos, B. O.; Veryazov, V.; Conradie, J.; Taylor, P. R.; Ghosh, A.

J Phys Chem B 2008, 112, 14099.
60. Chen, H.; Song, J.; Lai, W.; Wu, W.; Shaik, S. J Chem Theory

Comput 2010, 6, 940.
61. Vallee, B. L.; Williams, R. J. P. Proc Nat Acad Sci USA 1968, 59,

498.
62. Gray, H. B.; Malmström, B. G. Comments Inorg Chem 1983,

2, 203.
63. Malmström, B. G. Eur J Biochem 1994, 223, 207.
64. Williams, R. J. P. Eur J Biochem 1995, 234, 363.
65. Marcus, R. A.; Sutin, N. Biochim Biophys Acta 1985, 811, 265.
66. Ryde, U.; Olsson, M. H. M.; Pierloot, K.; Roos, B. O. J Mol Biol

1996, 261, 586.
67. Malmström, B. G.; Leckner, J. Curr Opin Chem Biol 1998, 2,

286.
68. Olsson, M. H. M.; Ryde, U.; Roos, B. O.; Pierloot, K. J Biol Inorg

Chem 1998, 3, 109.
69. Olsson, M. H. M.; Ryde, U.; Roos, B. O. Protein Sci 1998, 7,

2659.
70. Pierloot, K.; De Kerpel, J. O. A.; Ryde, U.; Roos, B. O. J Am

Chem Soc 1997, 119, 218.
71. Pierloot, K.; De Kerpel, J. O. A.; Ryde, U.; Olsson, M. H. M.;

Roos, B. O. J Am Chem Soc 1998, 120, 13156.
72. De Kerpel, J. O. A.; Pierloot, K.; Ryde, U.; Roos, B. O. J Phys

Chem B 1998, 102, 4638.
73. Ryde, U.; Olsson, M. H. M.; Roos, B. O.; Kerpel, J. O. A. D.;

Pierloot, K. J Biol Inorg Chem 2000, 5, 565.
74. Ryde, U.; Olsson, M. H. M.; Roos, B. O.; Borin-Carlos, A. Theor

Chem Acc 2001, 105, 452.
75. Ryde, U.; Olsson, M. H. M.; Roos, B. O.; Pierloot, K.; Ker-

pel, J. D. The Encyclopaedia of Computational Chemistry;
v. R. Schleyer, P.; Allinger, N. L.; Clark, T.; Gasteiger, J.; Koll-
man, P. A.; Schaefer, H. F., III; Schreiner, P. R., Eds.; Wiley:
Chichester, 1998; p 2255.

76. Ryde, U.; Olsson, M. H. M.; Pierloot, K. Theoretical Biochem-
istry. Processes and Properties of Biological Systems; Erksson,
L. A., Ed.; Elsevier: Amsterdam, 2001; p 1.

77. Ghosh, A.; Gonzalez, E.; Tangen, E.; Roos, B. O. J Phys Chem
A 2008, 112, 12792.

78. Pierloot, K.; Vancoillie, S. J Chem Phys 2006, 125, 124303.
79. Pierloot, K.; Vancoillie, S. J Chem Phys 2008, 128, 034104.
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