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Abstract
High-level ab initio calculations using the CASPT2 method and extensive basis sets have
been performed on two 3d6 pseudo-octahedral FeII (L)n (NCS)2 complexes, Fe(NCH)4 (NCS)2
and Fe(bpy)2 (NCS)2 .

The structural properties that change during spin crossover

processes, the High Spin-Low Spin energy di↵erences, and potential energy profiles
were studied.

The validation of the method was performed on the model complex,

Fe(NCH)4 (NCS)2 . Several active spaces, basis sets, and geometries were considered. The
CASPT2[10,12] procedure, with CASSCF active spaces consisting of two

ligands or-

0

bitals with eg symmetry, five Fe-3d orbitals, and five Fe-3d orbitals, with medium-sized
basis set is considered as an adequate method. For geometry optimization, a hybrid
CASPT2/PBE0 method (the metal-ligand distance is optimized at CASPT2 level while
the rest of molecule is optimized at PBE0 level) is recommended as an inexpensive alternative to obtain geometries close to the fully CASPT2 geometry.
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ABSTRACT

Samenvatting
Er zijn nauwkeurige ab initio berekeningen, gebruikmakend van de CASPT2 methode en
uitgebreide basissets, uitgevoerd voor twee 3d6 pseudo-octahedrale FeII (L)n (NCS)2 complexen, namelijk Fe(NCH)4 (NCS)2 en Fe(bpy)2 (NCS)2 . De structuureigenschappen die
veranderen tijdens spin crossover processen, de Hoog Spin-Laag Spin energieverschillen,
en de potentiële energieprofielen werden bestudeerd. Het modelcomplex Fe(NCH)4 (NCS)2
werd gebruikt ter validatie van de methode. Verscheidene actieve ruimtes, basissets en
geometrieën werden in beschouwing genomen. De CASPT2[10,12] procedure, waarbij de
CASSCF actieve orbital ruimte bestaat uit twee

ligand orbitalen met eg symmetrie,

vijf Fe-3d orbitalen en vijf Fe-3d0 orbitalen, met een middelgrote basisset wordt aangemerkt als een geschikte methode. Voor geometrie optimalisaties wordt een gemengde
CASPT2/PBE0 methode aanbevolen, waarbij de metaal-ligand afstand wordt geoptimaliseerd op CASPT2 niveau terwijl de rest van het molecuul wordt geoptimaliseerd op
PBE0 niveau, als een goedkoop alternatief om geometrieën te krijgen die overeenkomen
met de volledige CASPT2 geometrie.
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Introduction

Molecular magnetism is a new class of fascinating materials. These molecules exhibit a
finite number of interacting spin centers and provide ideal opportunities to study fundamental concepts of magnetism. The spin crossover (SCO) is one type of molecular
magnetism where the spin state and magnetic moment of the transition metal complexes
can be changed or controlled by external constraints. The spin crossover processes are
accompanied by the structural change.
In order to understand the nature and the mechanism of SCO, it is necessary to
investigate the di↵erence in molecular geometry between the two states. The occurring
spin transition (ST) influences the structure of the compounds, especially the metalligand bond distances, which are very sensitive to the spin states. In the family of FeN6
pseudo-octahedral complexes, the Fe-N bond distances change by about 0.2 Å [1], the
Fe-N bond distances being longer in the HS state and shorter in the LS state. Moving
the electrons from the t2g (Oh ) to the eg (Oh ) orbital causes an increase of the electron
repulsion, resulting in longer Fe-N bonds. This lengthening of Fe-N bonds make the
ligand field strength weaker and as a consequence the HS state becomes energetically
more preferable.
To study the relationship between the spin crossover and the structural properties, we
took one of the compounds in the family of FeII (L)n (NCS)2 , namely Fe(bpy)2 (NCS)2 [2]
(bpy = bipyridine) (Figure 1b). The complex is a thermally active SCO compound [3].
However, the size of this complex prohibits it to be used for finding a suitable computational procedure with sufficient accuracy. Therefore, the Fe(NCH)4 (NCS)2 (Figure 1a)
was used as a hypothetical model [4] for Fe(bpy)2 (NCS)2 , where two bidentate bpy ligands
are replaced by four monodentate NCH ligands. After validating the method used for the
model, the same method was used to describe the target compound for which the spin
crossover phenomenon is observed. In this work, we will focus on studying the structural
properties that change during the spin crossover processes, the ST energy di↵erence, and
the potential energy profiles.
The thesis is organized in four chapters. Chapter one starts with an introduction to
1
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Figure 1: Spin crosser complexes: (a). The model system Fe(NCH)4 (NCS)2 (b). The real system
Fe(bpy)2 (NCS)2

SCO, followed by rationalization of the spin crossover phenomenon by ligand field theory
[3]. In addition, the multiconfigurational second order perturbation theory (CASPT2) and
density functional theory are briefly described. The methodologies that are being used in
the investigation are discussed in chapter two. Results on both the hypothetical method,
Fe(NCH)4 (NCS)2 complex, and the real system, Febpy2 (NCS)2 complex, are presented in
chapter three. Finally, the thesis ends with conclusions and an outlook for some possible
future investigations.

Chapter 1
Theoretical Background
1.1

Introduction to Spin Crossover

Spin crossover (SCO) is a phenomenon, in which the spin state of some transition metal
compounds can change between two states: low spin (LS) and high spin (HS). The interchange between two states, LS and HS, can be induced by external stimuli such as
changing the temperature (thermal spin-crossover), changing the pressure, changing the
solvent, applying magnetic field, or by irradiation with light (light-induced excited state
spin trapping, LIESST) (Figure 1.1) [5, 6].
The spin crossover phenomenon was discovered for the first time by Cambi and coworkers in a synthetic compound in the 1930s [7]. The interconversion of two spin states as
a result of variation in temperature was observed in Fe(III) dithiocarbamate derivatives.
Besides in synthetic systems, spin transitions are also found in natural systems. In nature,
the ST plays an important role in the chemical reactivity of biological systems, such
as metalloenzymes, e.g., the catalytic cycle of cytochrome P450 [8] and some of haem
derivatives, e.g., haemoglobin [9]. The structural switch of haemoglobin between its active
and inactive form is strongly coupled with the LS-HS spin transition in response to the

Figure 1.1: Schematic description of the spin crossover process for a transition metal-3d6 system.
The spin transition between two states can be induced by temperature, pressure, and light.
(adapted from Ref. [4])
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oxygenation-deoxigenation process [10, 11].
SCO complexes are intensively investigated due to their highly potential as candidates
in electronic materials. The SCO compounds have been proposed for some applications,
such as a thermal sensor, optical switch, memory, and data storage devices [1, 12]. Recently, the SCO compounds are proposed to be used as dye-sensitizers in dye-sensitized
solar cells [13].
The SCO phenomenon is observed in some transition metal compounds with a d4 to
d7 electronic configuration in an octahedral ligand field. The family of quasi-octahedral
compounds of Fe(II) is the best known and the largest number of the active spin-crossover
compounds [3, 14]. This family presents an important class of switchable molecular systems [15]. The electronic structure of Fe(II) complexes will be explained in the following
section (Sec. 1.2).

1.2

Ligand Field Theory

In the octahedral crystal field, the five-3d orbitals of the transition metal ion are split into
lower-energy triply degenerate t2g orbitals, namely dxy , dyz and dxz , and higher-energy
doubly degenerate eg orbitals, namely dz2 and dx2
and dx2

y2

y2

(Figure 1.2). The electrons in the dz2

(eg ) orbitals are concentrated along the axes whereas the electrons in the dxy ,

dyz and dxz (t2g ) orbitals are concentrated in regions that lie between the ligands (Figure
1.3). In ligand field theory, the six ligands are represented as six point negative charges
in an octahedral array around the central metal ion. The electrons in the eg orbitals are
repelled more strongly by the negative charge on the ligands than the electrons in the
t2g orbitals. As a result, the two degenerate eg orbitals lie above the three degenerate t2g
orbitals [16]. The splitting between the two sets, t2g and eg orbitals, is called ligand-field
splitting,

o

or 10Dq.

The ligand-field splitting

o

depends on the ligand field strength and the metal-ligand

distance as 1/rn , with n=5-6 [3]. Shorter metal-ligand distances increase
longer metal-ligand distances decrease

o.

o,

whereas

In the case of the iron(II) complexes, the

iron(II) center has the valence electronic configuration 3d6 (Figure 1.1). In strong fields,
the electrons occupy the lower t2g orbitals (t62g , 1 A1 , low spin, large

o)

fields, they occupy both t2g and eg orbitals (t42g e2g , 5 T2g , high spin, small

while in weak
o ).

The spin

state of iron(II) can change from diamagnetic (S=0) in the LS state to paramagnetic
(S=2) in the HS state.
The nature of the spin states of the SCO complexes originated from the competition
between the pairing energy of the electrons in the valence d orbitals (⇧) and ligand-field
splitting (

o)

[3,14]. In the situation where the spin-pairing energy is larger than

HS state is favored. If the spin-pairing energy is smaller than

o,

o,

the

the LS state is favored.

5
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Figure 1.2: The electronic configurations of the two possible ground states for iron(II) in an
octahedral crystal field.
(taken from Ref. [3])

Figure 1.3: The five d orbitals: dx2

y2 ,

dxy , dyz , dxz , and dz 2 .

(taken from http://www.mikeblaber.org/oldwine/chm1045/notes/Struct/Orbitals/Struct06.htm)
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Figure 1.4: Adiabatic potentials for the HS and LS state along the most important reaction
coordinate, the breathing mode, for spin crossover, namely the totally symmetry metal-ligand
stretch vibration denoted r(Fe-L).
(taken from Ref. [3])

The energy di↵erence between HS and LS, denoted as

EHL ( EHL = EHS

ELS ), is a

key parameter for determining the spin transition [14]. Thermodynamically, the condition
for the phenomenon of a thermal spin crossover to occur,

EHL should be of the order of

thermally accessible energies, kB T (Figure 1.4). At very low temperature, the complexes
should be in LS state, whereas at higher temperature the HS state is populated entropydriven [3]. It was shown experimentally that the active thermal spin-crossover compounds
exhibit a

EHL in the order of 0-2000 cm

complex is 844 cm

1

[17]. For a

1

[3, 5], e.g.,

EHL of the Fe(bpy)2 (NCS)2

EHL larger than 2000 cm 1 , the SCO is difficult to

1
reach thermally. It is found that for the Fe(II)(bpy)2+
3 complex ( EHL ⇡ 6000 cm ) [18],

the spin transition can be reached optically (LIESST).

1.3

Multiconfigurational Second Order Perturbation
Theory

The multiconfigurational second order perturbation theory (MRPT2) is a standard scheme
to account for dynamic and non-dynamic correlations in the case of the multiconfigurational wave functions of medium- to large-sized systems [4]. The complete active space
second order theory (CASPT2) is one of the most widely used MRPT2 methods [19].
CASPT2 is constructed by applying second-order perturbation theory on a complete active space self consistent field (CASSCF) wave function as a reference. The CASSCF wave
function is obtained by performing a full configuration interaction (FCI) in a limited ac-

1.3. MULTICONFIGURATIONAL SECOND ORDER PERTURBATION THEORY
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tive space and simultaneously optimizing both CI and all occupied and active orbital
expansion coefficients.
The idea of CASPT2 method is simple: to compute the second-order energy with a
CASSCF wave function as the zeroth-order approximation. The approximate zeroth-order
Hamiltonian Ĥ (0) and reference (root) function
Ĥ (0)
where E0 is the eigenvalue of

(0)

(0)

(0)

= E0

should satisfying

(0)

(1.1)

.

The reference wave function
The reference wave function in CASPT2 method is a CASSCF wave function. The
CASSCF wave function is obtained by performing a full CI in a limited active space.
In the full configurational interaction (FCI) method, the wave function is constructed by
including all possible excitations
(0)

= c0

0+

X

cia

i
a

+

a,i

X

cij
ab

ij
ab

a<b
i<j

X

+

cijk
abc

ijk
abc

+ ...

(1.2)

a<b<c
i<j<k

ijk
where c0 , cia , cij
ab , and cabc are expansion coefficient of ground state, singly, doubly, and

triply excited configurations, respectively, while

0,

i
a,

ij
ab ,

and

ijk
abc

are ground state,

singly, doubly, and triply excited determinant, respectively. The ground state HF determinant is used for the

0.

The FCI approach is an exact method within the chosen one electron basis. However,
this approach is highly demanding on computer resources. This method is mainly used
in accurate studies of small molecules. For larger systems, the number of configurations
is being restricted, which is the basis idea of the multiconfigurational self-consistent field
(MCSCF) method. The MCSCF wave function is a truncated CI expansion
M CSCF

=

X
I

cI |

Ii

(1.3)

in which both the CI expansion coefficient cI and the orbital coefficients in the configuration state functions (CSF) |

Ii

are simultaneously optimized governed by variational

principle. CSF is the smallest expansion in the term of Slater determinant (SD), that
obey the spin- and symmetry requirement for a wave function.
In a CASSCF wave function, the molecular orbital space consists of three di↵erent
subspaces: inactive, active, and external. The inactive orbitals are assumed to be doubly
occupied in all CSFs while the external orbitals are assumed to be unoccupied in all CSFs.
The remaining active orbitals consist of occupied and virtual orbitals which are carefully
selected. Selecting the ‘correct’ active spaces need some ‘experimenting’ with di↵erent

8
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choices of active spaces in order to asses the adequacy and convergence behavior [19]. In
the case of Fe(II) compounds, it is necessary to account for the double-shell e↵ect (extra
d-shell) [20].

The Zeroth-order Hamiltonian
For the multiconfigurational case, the zeroth-order Hamiltonian is chosen as:
Ĥ (0) = P̂0 F̂ P̂0 + P̂K F̂ P̂K + P̂SD F̂ P̂SD + P̂X F̂ P̂X

(1.4)

where P̂ and F̂ are the projection and the Fock operator, respectively. The CI space is
partitioned into four di↵erent subspaces: 0 refers to the reference (root) function, K refers
to the rest of CAS CI space, SD refers to the all singly and doubly excited CSFs with
respect the CAS reference, and X refers to the rest of CI space.
The generalized Fock matrix is assumed as a summation of one-electron operators:
F̂ =

X

fpq Êpq

(1.5)

p,q

where
fpq = hpq +

X

Drs [(pq|rs)

r,s

1
(pr|qs)]
2

The fpq corresponds to the matrix element for molecular orbitals

(1.6)
p,

q

and Êpq corre-

sponds to the conventional spin-summed excitation operator in second quantization. The
orbital indices are denoted i, j, k, l for inactive orbitals, t, u, v, x for active orbitals, and
p, q, r, s in the absence of any specification.

The CASPT2 wave function
The dynamical correlation is obtained by using second order perturbation theory on a
CASSCF reference wave function. The second-order energy correction is obtained from:
E2 = h
where

1

0 |Ĥ1 |

1i

(1.7)

is built from two-electron excitations from the root function.
1

=

X

Cpqrs Êpq Êrs

0

(1.8)

pqrs

Nowadays, the multiconfigurational perturbation theory (CASPT2) is the gold standard method to treat nearly degenerate between di↵erent electronic configurations [21].
The CASPT2 method is the accurate method in widely applications, particularly in electronic spectroscopy [22].
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1.4

Density Functional Theory

The basic idea of density functional theory (DFT) is to relate the total ground-state
energy of a system to its ground-state density E , ⇢(~r). The ground-state electronic
energy of an n-electron system can be expressed as
n

1X
2 i=1

E[⇢] =

Z

⇤
r1 )O2i
i (~

⇤
r1 )d(~
r1 )
i (~

+ EXC [⇢]

ZZ
N Z
X
1
Zx
⇢(~
r1 )⇢(~
r2 )
⇢(~
r1 )d(~
r1 ) +
d(~
r1 )(~
r2 )
rxi
2
|(~
r1 ) (~
r2 )|
x=1
(1.9)

where

i ’s

are the Kohn-Sham orbitals, the first term correspond to the kinetic energy of

non-interacting electrons, the second term represents the nuclear-electron interaction, the
third term refers to Coulombic repulsions between two electron densities, and the fourth
is exchange-correlation term, represents the correction to the kinetic energy arising from
the interacting nature of electrons and all non-classical correction to the electron repulsion
energy [23]. The ground-state electron density ⇢(r) can be expressed as a sum of densities
of a set of one-electron Kohn-Sham orbitals:
⇢(r) =

n
X
i=1

| i (r)|2

(1.10)

The Kohn-Sham orbitals are obtained by solving the Kohn-Sham equation which can be
obtained by applying the variational principle to the electronic energy E[⇢].
ĥi i (r1 ) = "i i (r1 )

(1.11)

where ĥi and "i correspond to the Kohn-Sham Hamiltonian and the Kohn-Sham orbital
energy, respectively. The Kohn-Sham Hamiltonian can be expressed as
ĥi =

1 2
O
2 1

N
X
Zx
x=1

r~xi

+

Z

⇢~
r2
d~r2 + VXC [~r1 ]
|~r1 ~r2 |

(1.12)

where VXC refers to the functional derivative of the exchange-correlation energy which is
given by
EXC [⇢]
(1.13)
⇢
The Kohn-Sham equation is solved in a self-consistent method, starting from a guess
VXC [⇢] =

charge density ⇢ which is a superposition of atomic densities. The VXC is calculated by
using an approximate EXC , yielding an initial set of Kohn-Sham orbitals. A new density
is obtained from this set of Kohn-Sham orbitals (Equation 1.10). This process is repeated
until the density and exchange-correlation energy have fulfilled a chosen convergence criterion. After the convergence criterion was satisfied, the electronic energy is computed
by 1.9 [23].
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Equation 1.9 must be solved approximately because the exact exchange-correlation
(xc) functional is unknown. If the exact EXC were known, these equations would have
produced the exact total energy and density. Several approximations have been proposed:
Local Density Approximation (LDA)
The simplest approach to represent the exchange-correlation functional is the local density
approximation (LDA). In LDA, it is assumed that the exchange-correlation energy at any
point in space is a function of electron density at that point in space only and can be
specified by the electron density of a homogeneous electron gas of the similar density. In
1930, Dirac proposed local density approximation for the first time as
Z
LDA
EXC [⇢] = ⇢~(r)"ueg
r)]d~r
xc [⇢(~

(1.14)

where "ueg
r)] is the exchange-correlation energy per particle of the uniform electron
xc [⇢(~
gas which can be split into contributions from exchange and correlation as shown as
"ueg
r)] = "ueg
r)] + "ueg
r)]
xc [⇢(~
x [⇢(~
c [⇢(~
where the exchange energy can be specified as
✓ ◆1/3
3 3
ueg
"xc [⇢(~r)] =
⇢4/3 (~r)d~r
4 ⇡

(1.15)

(1.16)

The correlation energy "c per particle is hardly to obtain separately from the exchange
energy. Usually this is obtained by a suitable interpolation formula, starting from a set of
values calculated for a number of di↵erent densities in a homogeneous electron gas [23].
Although its conceptual simplicity, the LDA approximation is surprisingly accurate,
despite some typical deficiencies, such as the adequate cancellation of self-interaction
contributions. In particular, LDA usually yields an underestimation to the atomic groundstate energies and ionization energies, while binding energies are typically overestimated.
Local Spin Density Approximation (LSDA)
The local spin density approximation (LSDA) accounts for spin dependence into functionals. The LSDA is devised to solve several conceptual problems of LDA that are subjected
to an external magnetic field, polarized system, and relativistic e↵ects. The exchange
functional in LSDA is specified by
"LSDA
[⇢]
x

=2

✓ ◆1/3 Z
3
4/3
(⇢4/3
)d~r
↵ +⇢
4 ⇡

1/3 3

(1.17)

where ⇢↵ and ⇢ are spin up, spin down densities, respectively. For closed-shell systems,
⇢↵ and ⇢ are equal, and LSDA becomes identical to LDA. It is also recognized to overly
favor high spin-state structures. In general LDA is worse for small molecules, improving
with the size of the system.
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Generalized Gradient Approximation (GGA)
A homogeneous electron gas are commonly very di↵erent from molecular systems. In
reality, any real system is spatially inhomogeneous; it has a spatially varying density.
This e↵ect is accounted in generalized gradient approximation methods (GGA) by making
the exchange and correlation energies dependent not only on the density but also on the
gradient of the density O⇢(r).
XC
EGGA
[⇢]

=

Z

"XC (⇢, |O⇢|, O2 ⇢)d~r

(1.18)

Generally, GGA methods improve significantly compare to the LDA methods. GGA
methods give a better results for total energies, atomization energies, structural energy
di↵erences, and energy barriers. GGA methods usually give reliable results for covalent,
ionic, metallic, and hydrogen bonds, however they fail for van der Waals interactions
[24, 25]. In the solid state, GGA functionals do not yield significantly better results than
LDA, nor in the calculation of ionization potentials and electron affinities [26–28].
The next step in improvement of gradient approximations is called meta-GGA. MetaGGA was developed by including additional semilocal information beyond the first-order
density gradient contained in GGA. These methods depend explicitly on higher order
density gradients or typically on the kinetic energy density, which involves derivatives of
the occupied Kohn-Sham orbitals. Meta-GGA methods give a significant improvement in
determination of properties such as atomization energies.
Hybrid Density Functionals
Hybrid density functional methods combine the exchange-correlation of GGA method
with a certain percentage of Hartree-Fock exchange.
XC
EHybrid
= Ec + ↵ExHF

(1.19)

where ↵ is percentage of Hartree-Fock exchange. A certain degree of empiricism is used
in optimizing the weight factor for each component and the functionals that are mixed.
In the case of PBE0 functional, this functional contains 25% HF exchange [29].
Hybrid functionals represent a significant improvement over GGA for many molecular
properties. Hybrid density functional methods have become a very popular choice in
quantum chemistry and are now widely used. In solid-state physics this type of functional
was much less successful due to difficulties in computing the exact-exchange part within
a plane-wave basis set, i.e., B3LYP [30–32].
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Chapter 2
Methods
Symmetry was enforced during the calculations. The Fe(NCH)4 (NCS)2 complex has D4h
symmetry while Fe(bpy)2 (NCS)2 has C2 symmetry. Some limitations of the software to
make use of symmetry cause the pseudo-octahedral complexes to be treated in the D4h
or D2h point group for Fe(NCH)4 (NCS)2 . Figure 2.1 shows the correlation between the
di↵erent point groups. In Oh symmetry, the five 3d orbitals of the transition metal split
into t2g and eg . In D4h symmetry, the t2g (Oh ) reduces to b2g
to a1g

eg whereas eg (Oh ) reduces

b1g . In D2h symmetry, the irreducible representation of D4h point group, b2g

reduces to b1g , eg to b2g

b3g , a1g to ag , and b1g to ag . Furthermore in C2 symmetry, b1g

and ag of the D2h point group reduces to a, while the b2g and b3g reduce to b [33].
The geometry optimizations were performed for two di↵erent spin states: singlet
and quintet. To study the structural properties of the SCO compounds, the geometry optimizations were performed at three di↵erent levels of theory: fully optimized at
DFT(PBE0) level, optimized metal-ligand distances at CASPT2 level and the rest at
DFT level (CASPT2/PBE0), and fully optimized at CASPT2 level.

Figure 2.1: Schematic correlation table between the irreducible representations in the Oh , D4h ,
D2h , and C2 point group.
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2.1

Optimization at DFT level

All DFT calculations were performed using TURBOMOLE V6.3 [34]. All calculations
were performed in D4h and D2h symmetry. The calculations were performed using the
PBE0 functional using the def2-TZVP basis set. This basis set give reasonable geometries
with inexpensive computational costs.
The PBE0 functional has been shown to be the most adequate for giving reasonable
structures for transition metal complexes [35]. As is shown in Ref. [35], the Hartree-Fock
(HF) method tends to overestimate Fe-L distances, while the local DFT method tends to
underestimate Fe-L distances. By mixing 25% of HF exchange into the PBE0 functional
seems to give a reasonable structure. PBE0 functional with def2-TZVP give a reasonable
structures for transition metal complexes.
The geometry optimizations were performed for the closed-shell singlet state, corresponding to the 1 A1g (b22g e4g ) state in D4h . In order to find the lowest-energy quintet
configuration and to see if the excited states was Jahn-Teller active, the di↵erent electronic configurations were calculated (Figure 3.1). A Jahn-Teller distorted structure was
checked by further lowering the symmetry to D2h . Five di↵erent electronic configurations
were studied: two configurations belong to the D4h point group and three others configurations belong to the D2h point group. Two configurations in D4h point group correspond
to 5 B1g (b22g e2g a11g b11g ) and 5 Eg (b12g e3g a11g b11g ). Three configurations in D2h correspond to
5

B1g (b21g b13g b12g a1g a1g ), 5 B2g (b11g b13g b22g a1g a1g ), and 5 B3g (b11g b23g b12g a1g a1g ).
On the PBE0 optimized geometries of the lowest quintet 5 B1g (b22g e2g a11g b11g ) and the

singlet 1 A1g (b22g e4g ) state were followed by single point CASPT2 calculations.

2.2

Optimization at CASPT2 level

The CASSCF/CASPT2 calculations were performed using MOLCAS 7.6 [36, 37]. The
scalar relativistic e↵ects were included using a second order Douglas-Kroll-Hess (DKH)
Hamiltonian [38, 39]. All CASPT2 calculations were performed using atomic natural
orbital (ANO)-type basis sets, in particularly the ANO-rcc basis set [40]. This basis set
is designed to include relativistic e↵ects and to provide an improved description of semi
core correlation. In basis I, the Fe ANO-rcc basis set, contracted to [7s6p5d2f1g] was
combined with ANO-rcc basis sets for other atoms, contracted to [4s3p1d] for O and N,
contracted to [5s4p2d] for S, and contracted to [2s1p] for H. In basis II, the Fe ANOrcc basis set, contracted to [7s6p5d3f2g1h], was combined with ANO-rcc-type basis sets
for other atoms, contracted to [4s3p2d1f] for N and C atoms, contracted to [5s4p2d1f]
for S atoms, and contracted to [3s1p] for H atoms. In basis III, the Fe ANO-rcc basis
set, contracted to [10s9p8d6f4g2h], was combined with ANO-rcc-type basis sets for other
atoms, contracted to [8s7p4d3f2g] for N and C atoms, contracted to [8s7p5d4f2g] for S

2.3. OPTIMIZED METAL-LIGAND BOND DISTANCES AT CASPT2 LEVEL AND THE
REMINDER AT PBE0 LEVEL (CASPT2/PBE0)
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atoms, and contracted to [6s4p3d1f] for H atoms.
In order to know the information about the importance and the source of nondynamical correlation e↵ects, we increased the active space gradually. Four di↵erent
active spaces were used to obtain the CASSCF wave function. The CASSCF wave function is constructed by performing a full configuration interaction (FCI) in a limited active
space and simultaneously optimizing both the CI and orbital expansion coefficients. The
CAS[10,10] is considered as minimum active space to capture the essential correlation
e↵ects. In CAS[10,10], the active space consists of the five Fe-3d, two bonding ligand
orbitals of eg symmetry, and three orbitals Fe-3d0 of t2g symmetry (Figure 2.2). In
CAS[10,12], the active space consists of the five Fe-3d, two bonding ligand of eg symmetry to describe non-dynamic correlation e↵ects associated with covalent metal-ligand
interactions, and five Fe-3d0 to describe the so-called double-shell e↵ect [41]. This active
space ensures the balanced description of the dynamical correlation associated with the
Fe-3d electrons [42,43] and non-dynamical correlation e↵ects associated with the covalent
metal-ligand interactions [35, 41, 44]. In CAS[10,13], the active space consists of the five
Fe-3d, two bonding ligand of eg symmetry, three orbitals Fe-3d0 of t2g symmetry, and
three ligand ⇡ ⇤ orbitals. In CAS[10,15], the active space consists of the five Fe-3d, two
bonding ligand of eg symmetry, five orbitals Fe-3d0 of t2g symmetry, and three ligand ⇡ ⇤
orbitals [18].
For the singlet state, ten electrons are distributed in two types of orbitals: six electrons
occupying t2g orbital and four electrons occupying two bonding ligand eg symmetry. For
the quintet state, ten electrons are distributed in three types of orbitals: four electrons
occupying t2g orbital, two electrons occupying eg orbital, and four electrons occupying
two bonding ligand eg symmetry. In all CASPT2 calculations the core electrons, i.e.,
from N,C, S, and H, 1s and Fe 1s-2p were kept frozen. All CASPT2 calculations were
performed using an imaginary level shift of 0.1 and an IPEA shift 0.25 to avoid intruder
states and to provide a balanced description of open and closed shells [45, 46].

2.3

Optimized metal-ligand bond distances at CASPT2
level and the reminder at PBE0 level (CASPT2/PBE0)

The equilibrium structures for the HS and the LS states were obtained by a series of point
calculations for the two states. A series of structures was first obtained from a partial
optimization with PBE0, fixing only the metal-ligand distances at a certain value. After
performing single-point CASPT2 calculations on each of these structures, the optimal
metal-ligand distances at the CASPT2 level were obtained from a quadratic fitting [35].
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Figure 2.2: The selection of active spaces for CASSCF/CASPT2[10,12] calculations in the
Fe(NCH)4 (NCS)2 complex.

Chapter 3
Results and Discussion
3.1
3.1.1

Results of Fe(NCH)4(NCS)2
Relative stability of the high spin state

In Figure 3.1, the di↵erent electronic configurations of the high spin state were explored
to find the lowest configuration and to see if the excited states was Jahn-Teller active.
The Jahn-Teller distorted structure was checked by lowering the symmetry from D4h to
D2h . The PBE0 results for the relative stability of di↵erent configurations of the high spin
state are shown in Table 3.1.
The energies of 5 B2g (D4h ) and 5 B1g (D2h ) states are identical. As expected, the JahnTeller e↵ect does not influence the geometry of the lowest HS state. The 5 B2g and 5 B3g
states of D2h have a lower energy than 5 Eg state of D4h , but the energy-lowering is not
sufficient to make one of them the ground state. The structure of the HS state does not
distort to lower symmetry. For further calculations, the 5 B2g (D4h ) was used for the HS
state structure.

Table 3.1 PBE0 results of the relative stability of the di↵erent electronic configurations of the
high spin state in kcal/mol with respect to 5 B1g state (D2h ).
Energy
D4h
5B
2g
5E
g

Energy
D2h
5B
1g
5B
2g
5B
3g

0.00
32.63
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0.00
10.00
10.00
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Figure 3.1: The di↵erent electronic configurations of the quintet states.

3.1.2

The optimized structure

The optimized geometries at PBE0 level were compared with CASPT2 optimized metalligand distances (CASPT2/PBE0), as well as fully optimized geometries at the CASPT2
level (Table 3.2). The PBE0 geometries for the ligands are in good agreement with the
CASPT2 geometries (except N-C distances), while the metal-ligand distances are quite
di↵erent. The metal-ligand distances di↵er by up to 0.058 Å while the ligand distances
(N-C) di↵er by up to 0.019 Å. The improved structures, the optimized metal-ligand
distances from a quadratic fitting (CASPT2/PBE0), are really in good agreement with
fully optimized geometries at CASPT2 level. The metal-ligand distances di↵er by up to
0.005 Å. The CASPT2/PBE0 optimization can be used as an inexpensive method to
optimize metal-ligand distances.
In the low spin state, the Fe-NCS distance is slightly longer than the Fe-NCH distance.
The di↵erence between them is only 0.02 Å. The situation is di↵erent in the quintet state.
When the electrons go from the non-bonding t2g (Oh ) orbital to the antibonding eg (Oh )
orbital, from LS to HS, the electronic repulsion strongly increases while occupying the
antibonding eg . As the consequence of increasing the electronic repulsion, the lengthening
of the Fe-N bond lengths occurs. The Fe-NCH distance is longer than the Fe-NCS distance
by about 0.25 Å. The Fe-NCH changes 0.35 Å from the LS to the HS structure while the
F-NCS changes 0.11 Å. The change in metal-ligand bond lengths between two states is
considered as driving force for the spin crossover processes [3, 47].

3.1.3

CASPT2 energies

In Table 3.3, the energy di↵erence between HS and LS is shown for the three di↵erent
geometries and based on four di↵erent actives spaces. All methods show that the high
spin state is lower in energy than the low spin state. The energy di↵erence between
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Table 3.2 Bond distances (in Å) for the optimized geometries at di↵erent levels of theory
Bond

Low
Spin
-NCH
Fe-N
N-C
C-H
-NCS
Fe-N
N-C
C-S

PBE0

CASPT2/
PBE0
Basis I

CASPT2/
PBE0
Basis II

Fully
CASPT2
Basis II

PBE0

CASPT2/
PBE0
Basis I

CASPT2/
PBE0
Basis II

Fully
CASPT2
Basis II

High
Spin
1.921
1.140
1.068

1.870
1.140
1.068

1.863
1.140
1.068

1.863
1.159
1.067

2.266
1.142
1.069

2.226
1.142
1.069

2.211
1.142
1.069

2.216
1.149
1.067

1.930
1.172
1.612

1.885
1.172
1.612

1.883
1.172
1.612

1.883
1.186
1.615

1.991
1.178
1.602

1.990
1.178
1.603

1.992
1.178
1.603

1.993
1.183
1.610

HS and LS is a↵ected by the geometry significantly. The energy di↵erence at PBE0
optimized structure is about 1000 cm

1

larger than the energy di↵erence at the fully

optimized CASPT2 structure. The energy di↵erences are improved by about 800 cm

1

with CASPT2/PBE0 structure.
The information about the importance and sources of (non-dynamical) correlation
e↵ects is obtained by gradually increasing the active space. The CAS[10,10] is considered
as minimum active space to capture the essential correlation e↵ects. In CAS[10,10], the
reference wave function is built by distributing ten electrons over two ligands orbitals
with eg symmetry and three non-bonding orbitals of iron 3d with t2g symmetry. The
virtual orbitals with predominant iron d character, the anti-bonding eg orbitals and the
t02g orbitals of iron are included in the active space. The t02g shell is included in order to
describe the double-shell e↵ect, i.e. radial correlation e↵ects within the iron 3d shell [35].
In CAS[10,12], two anti-bonding orbitals of e0g symmetry are included to fully describe the double-shell e↵ect on HS state. The state average (SA) and state specific (SS)
CAS[10,12] methods were performed. In the SA method, the LS CASSCF wave function
is obtained by averaging 94% weighted to singlet ground state and 6% weighted to three
low-lying singlet excited states while for HS CASSCF wave function was obtained by
100% weighted to the quintet ground state. The SS CAS[10,12] method is constructed of
CAS[10,10] for LS state and CAS[10,12] for HS state. The SA CASPT2[10,12] result has
larger

HL

than the SS CASPT2[10,12] result, due to averaging. The LS state obtained

from SA CAS[10,12] goes a little bit high in energy. We consider the SS CASPT2[10,12]
is sufficient in order to get reasonable

HL .

For the LS state, we kept CAS[10,10]. As

consequence of having no electrons in the anti-bonding eg orbitals, it is not necessary to
include e0g shell in the active space. The possible unbalance in the description with this
choice of CASSCF wave functions is corrected by including dynamical correlation with
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Table 3.3 The energy di↵erence of high spin and low spin states in cm
optimized
geometry
PBE0
CASPT2/PBE0
Fully CASPT2
a

DFT
PBE0
-5751

CASPT2
(10,10)
-6662
-5850
-5671

SA CASPT2
(10,12)a
-4248

CASPT2
(10,12)b
-4205
-3379
-3200

1

with basis II

CASPT2
(10,13)
-6304
-

CASPT2
(10,15)
-2910

LS: 94% weighted to singlet ground state and 6% weighted to three singlet excited states, HS: 100%

weighted to quintet ground state
b
CASPT2[10,12] for HS spin state and CASPT2[10,10] for LS spin state

CASPT2 procedure.
Increasing the active space from CAS[10,10] to CAS[10,12] for the HS state does lead
to a significant gain in non-dynamical correlation e↵ects, of about 2300 cm 1 . This
improvement is due to having a double shell also for the e0g orbitals in the active space.
Adding extra ⇧⇤ ligands orbitals to the CAS[10,10] and CAS[10,12] does not change the
relative energies significantly, only about 300 cm 1 . The computational cost of adding
extra three orbitals to the active space is not justified by the improvement of

HL .

In

conclusions, the CAS[10,12] is considered as an adequate method.

3.1.4

Basis set dependency

To investigate the basis sets e↵ects on

HL ,

three di↵erent basis sets were used

in the CASPT2 calculations(Table 3.4).

The investigations were performed using

CASPT2[10,12] procedure on the fully CASPT2 structure.
In this work, the smallest basis set (basis I) was still fairly extensive, quintuple-zeta
with up to g-type polarization functions on the metal and triple-zeta with d -type polarization functions on the ligand donor atoms. Adding polarization functions up to h-type
on the metal and f -type on the ligand donor atoms (basis II) improved

HL

significantly,

1

with about 1000 cm . Apparently higher polarization functions on metal and ligands
are needed in order to get better the

HL .

In Ref. [35], the basis II was considered as an adequate basis set to calculate

HL .

To check the adequacy, the basis II was compared to an extremely large basis set (basis
III), octuple-zeta with up to h-type polarization functions on metal and the ligand donor.
The basis III does not give significant improvement on

HL ,

about 300 cm 1 , which is

still within chemical accuracy 1 kcal/mol (350 cm 1 ). The basis set II is considered as a
adequate basis set for further study, it compromises computational cost and accuracy.
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Table 3.4 The CASPT2 energy di↵erence of high spin and low spin with di↵erent basis sets
(in cm

1)

Basis set
CASPT2[10,12]
a

a

ANO-rcc (basis I)
-4128

ANO-rcc (basis II)
-3200

ANO-rcc (basis III)
-2953

CASPT2[10,12] for HS spin state and CASPT2[10,10] for LS spin state

3.1.5

Potential energy profile

The potential energy profile was investigated in order to get an estimate of the activation
energy for the spin transition. The potential energy profile of Fe(NCS)2 (NCH)4 is obtained by doing linear interpolation for all coordinates between LS structure to HS structure (Figure 3.2). The symmetric vibrational mode was chosen as a reaction path [48].
The pseudo-octahedral Fe(II) complexes are known to exhibit a rather weak ligand-field
splitting, which leads to the presence of two energetically nearly degenerate states [13]. It
was found that this complex has HS ground state. It might be that all six ligands cause a
too weak field. In a previous study, Domingo and coworkers [4] have demonstrated that
the NCH ligand causes a weaker field than the NCS ligand. They have demonstrated that
the ligands, H2 O <NH3 <NCH <NCS <CO <PH3 , form a spectrochemical series from
weak to strong field.
As consequence of the fairly weak field, the energy gap between the non-bonding t2g
and the anti-bonding eg orbitals,

0,

is small. In the situation when the

0

is smaller than

the spin-pairing energy, the HS state is favored. The two states do not have the same
equilibrium distances. For the Fe(NCS)2 (NCH)4 , this complex reaches the equilibrium
distance for the LS state at 1.86 Å for Fe-NCH and 1.88 Å for Fe-NCS. For HS state,
the equilibrium distance is reached at 2.22 Å for Fe-NCH and 1.99 Å for Fe-NCS. The
displacement for the -NCH ligand is larger than that for the -NCS ligand because of the
smaller mass of the ligand. The metal-ligand averaged distance (2.14 Å) in the HS state
is close to the distance found when all ligand-metal distances are forced to be equal (2.12
Å) as shown in Ref. [4]. The activation energy to go from the LS state to the HS state is
about 1200 cm 1 , while the reverse process has an activation energy of about 4400 cm 1 .

3.2

Results of Fe(bpy)2(NCS)2

After validation of the method on the model system, Fe(NCH)4 (NCS)2 , the proposed method was used for the real system, Fe(bpy)2 (NCS)2 , which has C2 symmetry.

CASPT2[10,12] was used for calculating the HS-LS energy di↵erence.

CASPT2/PBE0 procedure was used for the geometry optimization.

The
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Figure 3.2: Potential energy profile of Fe(NCS)2 (NCH)4 .

3.2.1

Relative stability of the high spin state

Three di↵erent electronic configurations for the HS state in the C2 symmetry were explored
to find the lowest electronic configuration (Figure 3.3). Two 5 A states configurations are
degenerate. The 5 B state has the lowest energy (Figure 3.3). The lowering in energy
from 5 A to 5 B state is 0.13 kcal/mol (6 meV). For further calculations, the 5 B state (C2 )
geometry was used as the HS state structure.

3.2.2

The optimized structure

The optimized structure at PBE0 level, CASPT2/PBE0, and the experimental structure
are shown in Table 3.5. The PBE0 optimized structures are in good agreement with
experimental data [2]. The metal-ligand distances optimized with PBE0 di↵er from the
experimental data by up to 0.009 Å for the LS geometry and 0.12 Å for the HS geometry.
The CASPT2/PBE0 optimized structure tends to have shorter distances than the PBE0
optimized structure. The metal-ligand distances optimized with the CASPT2/PBE0 procedure deviate c.a. 0.1 Å for HS and LS state from the experiment data.
The Fe-N(NCS) bond-lengths are more or less the same as the Fe-N(bpy) bond-lengths
in the LS state, about 1.9 Å. The metal-ligand Fe-N bond-lengths become longer in the HS
state. In HS state, the agreement between the PBE0 and M-L CASPT2 results is very
reasonable, but the deviation from the experimental values is rather large. The bondlengths di↵erence between HS and LS state is called
Fe-N(NCS) is 0.1 Å, while

rHL . The experimental

rHL for

rHL for Fe-N(bpy) is 0.2 Å [2]. The PBE0 method gives

rHL in good agreement with experimental data, while the CASPT2/PBE0 procedure
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Figure 3.3: The di↵erent electronic configurations of the quintet states and PBE0 relative energy
in kcal/mol with respect to 5 B state.

Table 3.5

Bond distances (in Å) for the optimized geometries at di↵erent levels of theory and

compared with experiment (Ref. [2])
Bond

Low
Spin
Fe-NCS
Fe-N(bpy)(1)
Fe-N(bpy)(2)

PBE0

1.941
1.973
1.979

CASPT2/
PBE0
Basis I

1.888
1.897
1.870

Exp.

PBE0

1.945(3)
1.964(2)
1.969(3)

High
Spin
2.026
2.233
2.289

CASPT2/
PBE0
Basis I

Exp.

2.017
2.229
2.272

2.053(5)
2.181(4)
2.166(4)
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Table 3.6 The energy di↵erence of high spin and low spin states in cm
geometry
PBE0
CASPT2/PBE0
Exp.
a
b

DFT
PBE0
-3480
-5630

CASPT2
(10,12)b
-1111
573

1

with basis I

Exp.a

844 ± 42

reference [17]
CASPT2[10,12] for HS spin state and CASPT2[10,10] for LS spin state

overestimates the

3.2.3

rHL .

The HS-LS energy di↵erence

The energy di↵erence between HS and LS states,
try a↵ects

HL

wrong value for

HL ,

is shown in Table 3.6. The geome-

significantly. The PBE0 structure gives a qualitatively and quantitatively
HL .

The PBE0 method gives HS ground state, which is not in agreement

with experimental ground state. The HS-LS energy di↵erences at the PBE0 level and the
CASPT2 level, both are calculated at the PBE0 optimized geometry are -3480 and -1110
cm 1 , respectively. Evaluating the

HL

using the CASPT2/PBE0 optimized structure

improves this energy di↵erence significantly. The HS-LS energy di↵erence at CASPT2
level with the CASPT2/PBE0 optimized structure is 573 cm
agreement with experimental

HL

of 844 ± 42 cm

1

[17].

1

which is really in good

Chapter 4
Conclusions
4.1

Summary

Multiconfigurational second-order perturbation theory (CASPT2) has been applied to
study the structural properties that change during SCO processes, the relative energy
di↵erence between HS and LS states, and the potential energy profiles. The aim of
investigation the hypothetical model, Fe(NCS)2 (NCH)4 , is to establish an appropriate
computational procedure (geometries, active space and basis set) to study SCO systems.
The gradually increasing active spaces and basis sets lead to an increasing account of the
important source of non-dynamical correlation e↵ects, leading to a better description of
the energy di↵erence between HS and LS states.
Based on this investigation, the CASPT2[10,12] approach turns out to be sufficient
to study the structural properties, the relative energy di↵erence, and potential energy
profiles. The CASPT2 [10,12] approach is a compromise between computational cost and
accuracy. The quintuple-zeta basis on Fe with polarization functions up to h-type and
triple-zeta basis on the donor ligand atoms with polarization functions up to f -type on the
ligand donor atoms, is necessary in order to obtain an accurate HS-LS energy di↵erence.
The CASPT2/PBE0 method is recommended as a relatively inexpensive alternative to
obtain geometries close to the fully CASPT2 geometry.

4.2

Outlook

Further work is to investigate some low-lying excited states in order to understand why
the Fe(bpy)2 (NCS)2 complex is not an active-LIESST complex.
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Valera Veryazov, Per-Olof Widmark, Maurizio Cossi, Bernd Schimmelpfennig, Pavel
Neogrady, and Luis Seijo. MOLCAS: a program package for computational chemistry.
Computational Materials Science, 28(2):222–239, October 2003.
[37] Francesco Aquilante, Luca De Vico, Nicolas Ferré, Giovanni Ghigo, Per-Åke
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