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Abstract
The excitation of molecules by the absorption of photons has wide applicability, for instance
in sensitizers and photocatalysts for systems driven by energy carried by light. A key issue
is how the energy is then distributed and how the atomic structure rearranges after the
photoexcitation, as such processes can critically affect the outcome and efficiency of light
energy conversion. The pathways of energy and atomic structure relaxation of three widely
studied molecules, two binuclear photocatalytic transition metal complexes and one organic
photoactive compound, are investigated using density functional theory (Density Functional
Theory (DFT)) calculations. The vibrational decoherence and energy dissipation channels of
the photoexcited [Pt2(P2O5H2)4]4� (PtPOP) molecule in solution are studied using multiscale
molecular dynamics simulations where the Excited State (ES) of the complex is calculated
with a time-independent density functional approach. It is found that the energy delivered to
the Pt-Pt pinching mode upon photoexcitation is released to the solvent through the ligand
atoms rather than directly from the Pt atoms. Differences in energy relaxation channels in
water and acetonitrile are explained in terms of the differences in solvation structure and
interaction of the solvent molecules with the platinum atoms. The Ground State (GS) potential
energy surface of the [Ir2(dimen)4]2+ (dimen = para-diisocyanomenthane) (IrDimen) complex
is explored to assist the interpretation of ultrafast experiments of the dynamics of conversion
between two GS conformers induced by light absorption. A range of density functional
approximations is assessed, finding that hybrid exchange-correlation functionals with added
dispersion interactions are needed to reproduce the experimental observations. The minimum
energy path between the two conformers is computed and a population analysis performed
to support the experimentally observed depletion and restoration of the nearly equal GS
populations. Lastly, the potential energy surface of the N,N’-dimethylpiperazine (DMP)
cation, a diamine, is investigated with various density functional approximations. This has
become an important test case for the balance between localized and delocalized charge density
and has recently raised some controversy. The original hybrid functional of Becke as well as
some double hybrid functionals produce a minimum on the energy surface corresponding to
a localized electronic state where the charge sits mainly on one of the N-atoms, in addition
to the global, delocalized state minimum with the charge evenly shared by the two N-atoms.
But, commonly used functionals such as PBE and PBE0, as well as recent neural network
trained functionals do not produce the localized state. It is also found that explicit Perdew-
Zunger self-interaction correction produces a localized state, while downscaled correction
by a half does not. The calculated energy surfaces for the DMP cation thus provide valuable
information about the delicate balance between localized and delocalized charge distribution
in the various density functional approximations.





Ágrip
Örvun sameinda við upptöku ljóseinda hefur víðtæka notkun, til dæmis í ljósgjafaefnum fyrir
kerfi sem eru knúin af orku frá ljósi. Lykilatriði þar er auðkenna hinar ýmsu rásir sem orkan
getur dreifst um hvernig atóm endurröðun er háttað eftir ljósörvun þar sem slíkir ferlar geta haft
gríðarleg áhrif á útkomu og skilvirkni á upptöku ljósorku. Dreifirásir orkulosunar og slökun á
atómuppbyggingu þriggja víð rannsakaðra sameinda, tveggja ljóshvatandi flóka sem eru með
tvíkjarna hliðarmálma og lífræn sameind sem er ljósvirk, eru kannaðar með útreikningum
byggðum á þéttnifallskenningu (DFT). Titringsóstyrkur og orkulosunarleiðir ljósörvaðrar
PtPOP flóka í lausn eru rannsakaðar með fjölþátta sameindahreyfingarhermun, þar sem örvuða
ástandið er reiknað með tíma óháðri þéttnifallsnálgun. Niðurstöður sýna að orkan sem berst til
Pt-Pt klemmuhamsins við ljósörvun losnar út í leysinn í gegnum tengla flókans fremur en beint
frá Pt atómunum. Munurinn á orkulosunarleiðum í vatni og acetonítríl er skýrður með mismun
í byggingu og víxlverkun leysissameinda við platínuatómin. Orkuyfirborð grunnástands
IrDimen flókans er kannaður til að styðja túlkun á ofurhraðri tilraunadýnamík við umbreytingu
milli tveggja stellingarhverfa við örvun með ljósi. Ýmis felli byggð á þéttnifallskenningunni
eru metnar, og kemur í ljós að hýbríð felli að viðbættum dreifiáhrifum eru nauðsynleg til
að endurskapa tilraunaniðurstöður. Lágmarksorkuleiðin milli stellingarhverfa er reiknuð og
framkvæmd til að styðja við tilraunaathuganir á rýrnun og endurheimt nánast jafns stór hluta
af stellingarhverfunum tveimur. Að lokum var orkuyfirborð DMP katjónarinnar, tvíamíns,
rannsakað með ýmsum fellum byggt á þéttnifallskenningu. Þetta hefur orðið mikilvægt
prófunartilvik til að skoða jafnvægið milli staðbundinnar og óstaðbundinnar hleðsluþéttleika
og hefur nýlega vakið umræður. Upprunalega hýbríð fellið frá Becke sem og nokkur tvöföld
hýbríð felli mynda lágmark á orkufletinum sem samsvarar staðbundnu rafrænu ástandi þar sem
hleðslan situr að mestu á einu af N-atómunum, til viðbótar við lágmark óstaðbundins ástands
þar sem hleðslan er jafnt dreifð milli tveggja N-atómanna. Algeng felli eins og PBE og PBB0,
ásamt nýlegu taugakerfisþjálfuðu felli, mynda ekki staðbundna ástandið. Einnig kemur í ljós
að sjálfsvíxlverkunarleiðréttingu Perdew-Zunger myndar staðbundið ástand, en niðurstillt
leiðrétting um helming gerir það ekki. Útreiknuðu orkufletirnir fyrir DMP katjónina veita því
dýrmætar upplýsingar um fínstillt jafnvægi staðbundinnar og óstaðbundinnar hleðsludreifingar
í mismunandi þéttnifallsnálgunum.
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1 Introduction
In pursuit of sustainable energy solutions and environmental remediation, the development
of ef�cient photocatalytic systems presents signi�cant potential. These systems absorb light
to initiate chemical reactions such as pollutant degradation, hydrogen production, organic
synthesis and energy storage with the promise of transforming multiple industries. In or-
der to accelerate the identi�ction and design of photocatalytic systems, quantum chemical
calculations play a crucial role, as they can provide insights into the electronic structure
of photoactive molecules and materials at the atomic levels, which are often not available
experimentally. By combining the theoretical predictions with experimental observations, the
discovery of next-generation photocatalytic materials with transformative potential to address
global energy and environmental challenges can be accelerated.

Using methods such asDFT[1], [2], the energy levels, electronic transitions, and charge
transfer processes that are essential for photocatalytic activity can be predicted. These
calculations can also provide mechanistic insights into the pathways of energy and structural
relaxation unfolding after light absorption when combined with energy path and molecular
dynamics methods. By computing reaction mechanisms, energy pro�les, and spectroscopic
properties, quantum chemical methods can elucidate the complex kinetics and dynamics of
photocatalytic reactions, assisting in the design of more ef�cient and selective catalysts[3],
[4].

Despite their promise, quantum chemical calculations face challenges related to the accurate
description of excited states, transient species, and complex reaction environments. Ongoing
research efforts focus on the development of advanced computational methodologies, improv-
ing accuracy and scalability. The development of multiscale modeling approaches is one way
to address these challenges[5].

This dissertation consists of three articles presenting the results of calculations of the energy
relaxation and atomic structural rearrangements induced by photoexcitation in three well-
studied molecules, with a preceding introduction to the theoretical and computational methods
applied in these studies. The 2nd chapter introduces the electronic structure method used,
namely DFT together with the corrections employed in the present studies to improve the
commonly used density functional approximations.

The 3rd chapter outlines the multiscale simulation scheme used in article I. The 4th chapter
introduces the methods used for the exploration of potential energy surfaces in articles II-III.
The 5th chapter illustrates the approach used to identify the channels of vibrational energy
relaxation of a photoexcited molecule, which is used in acticle I. Finally, a summary of articles
I-III can be found in the 6th chapter.
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2 Electronic Structure Methods
In this chapter, the electronic structure methods used for the computational study of atoms and
molecules in Articles I-III are presented. First, the widely usedDFT is presented, followed
by the corrections to standard Kohn-Sham functionals[2] used in Articles I-III. Common
Kohn-Sham functionals fail to describe long-range interactions, which are important in, e.g.,
bimetallic complexes. Long-range dispersion interactions can be included in DFT using
Grimme's dispersion corrections [6], which are here used to get a better description of the
two bimetallic complexes studied in Article I-II. Another limitation of DFT is the presence of
the self-interaction of electrons. Sometimes, the self-interaction is not problematic, thanks
to a cancellation of errors. However, in systems with a localized electron, the application
of a Self Interaction Correction (SIC) is necessary, as shown in Article III for an organic
molecule. Variational, time-independentDFT calculations ofESs offer in many cases an
improvement over the commonly used time-dependentDFT approach. However, they can
prove dif�cult to perform in practice. This is due to the fact that the excited state solutions
represent saddle points on the electronic energy surface, and therefore, variational collapse to
theGScan occur. Here, a novel direct optimization approach based on saddle point search
methods [7]–[10]together with Maximum Overlap Method (MOM) [11] is used in Articles I
and III.

Figure 2.1. Isosurface representation of the electron density for the short isomer of IrDimen,
studied in article II, calculated with Kohn-Sham DFT.
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2.1 Density Functional Theory

The theoretical study of atoms and molecules requires a methodology providing a reasonably
accurate description of the electronic structure. The methodology should also be ef�cient
enough to enable studies of systems including several atoms.DFT has seen widespread
application as it provides relative accuracy and ef�ciency. It is based on the principles of
quantum mechanics and provides a computationally ef�cient approach to understand the
behavior of electrons in complex systems.

At the core ofDFT lie the Hohenberg-Kohn theorems, which provide the theoretical founda-
tion of the method[12]. The �rst theorem states that the GS electronic density,r (r), determines
the external potential,Vext(r), given by:

Vext(r) = Vext[r (r)] (1)

The second theorem states that there exists a universal function,F[n(r)], of the electron
density, which determines the GS energy,E0, for a given external potential:

E0 = F[r (r)] +
Z

r (r)Vext(r)dr (2)

The Kohn-Sham equations provide a practical way to solve the electronic structure problem
in DFT[2]. They introduce a set of �ctitious non interacting electrons moving in an effective
potential,Ve f f(r), such that the electron density of these �ctitious electrons matches the
electron density of interacting electrons. The Kohn-Sham equations are:

(�
1
2

Ñ2 + Ve f f(r)) f i(r) = ei f i(r) (3)

wheref i(r) are the Kohn-Sham orbitals andei the corresponding orbital energies. The
exchange-correlation functional, denoted asEXC[r (r)], approximates the exchange and corre-
lation effects between electrons[13]. It is typically the most challenging part ofDFT due to
the lack of an exact expression and requires approximations. The total energy functional in
DFT is expressed as.

E[r (r)] = T[r (r)] + Vext[r (r)] +
Z Z r (r)r (r0)

jr � r0j
drdr0+ EXC[r (r)] (4)

Kohn-ShamDFT �nds widespread applications in various �elds such as chemistry, physics,
materials science, and biology[14]. However, challenges remain in accurately describing
van der Waals interactions[15], removing the self-interaction error, and calculating excited
electronic states, which require further advancements in computational methodologies and
approximations, as described in the next section.

2.1.1 Dispersion Interaction

Dispersion interaction, in the context of molecular chemistry and physics, refers to the
attractive forces between molecules or atoms that arise due to �uctuations in their electron
distributions. Even in nonpolar molecules or atoms, electrons are in constant motion, leading
to transient dipole moments. These induced dipoles can then induce similar dipoles in

4



neighboring molecules, resulting in an attractive force between them. These forces are often
referred to as van der Waals forces, London dispersion forces, or simply dispersion forces,
and play a crucial role in determining the properties of materials, including their structure,
stability, and interactions[16].

Grimme's approximation to the dispersion interaction [6], [17] is designed to address the
de�ciencies of standardDFT functionals by adding an empirical correction term to the
total energy expression [18]. This correction term accounts for the attractive dispersion
forces between molecules by approximating it as a pairwise interaction of atoms and their
distance-dependent contributions to the energy:

Edisp = � å
i< j

5

å
n= 3

Ci j
2n

r2n
i j

fn(a D
i j ) (5)

whereCi j
n is a dispersion coef�cent for atom pairsi and j , r i j the distance between atoms

i and j, and fn(a D
i j ) a damping function that turns off the interaction at short distance. The

total energyEtotal in a DFT-D calculation is the sum of the electronic energyEelec obtained
from a Kohn-ShamDFT functional plus the long range dispersion energy contributionEdisp:

Etotal = Eelec+ Edisp (6)

This represents an ef�cient but highly approximate way to include dispersion interactions
in quantum mechanical calculations and Grimme has been steadily improving his DFT-
D methodology. The �rst release of DFT-D only had a two-body dispersion term with a
simple damping function. This damping function was improved upon with the DFT-D2
version. With the release of DFT-D3, an optional three body dispersion term is added and
further improvements made to the damping function as well as the addition of a geometry-
dependent dispersion coef�cient, which takes into account the geometric space of each atom
and parametrizes accordingly, improving the accuracy. In the most recent release DFT-D4
a many body dispersion term was added as well as a charge dependent term. Furthermore
a reparametrization of the empirical parameters was performed. This again signi�cantly
improves the accuracy of the DFT-D methodology as can be seen in Article II.

2.1.2 Self-Interaction Correction

The self-interaction of electrons in Kohn-ShamDFT functionals arises from the use of only
the total electron density in the estimate of the classical Coulomb interaction, often referred
to as the Hartree term. Even if the system only contains a single electron, this estimate
gives a non-zero interaction. The exchange-correlation term in the functional attempts to
cancel out the self-interaction error, but a semi-local approximation cannot fully cancel the
non-local Coulomb self-interaction. This leads to inaccuracies in determining the energy
of systems, especially for atoms and molecules with localized electrons. The remaining
error can be somewhat mitigated with the use of hybrid functionals, which include a portion
of the Fock exchange from Hartree-Fock theory. Alternatively, an explicit self-interaction
correction can be applied as proposed by Perdew and Zunger, Perdew-Zunger Self Interaction
Correction (PZ-SIC) [19]. This is an orbital-by-orbital correction and the self-interaction
corrected energy ESIC is:

ESIC = EDFT [r ] �
Ne

å
i= 1

(EH [r i ] + EXC[r i ]) (7)

5



where EDFT is the total energy computed using a Kohn-ShamDFT functional,EH [r i ] and
EXC[r i ] are the Hartree and exchange-correlation energy evaluated for a single orbital, andr i
is the orbital density of orbitali.

ThePZ-SIChas been found to improve the accuracy ofDFT calculations[20], [21], particu-
larly for systems with localized electrons, such as transition metals, and electrons in diffuse
orbitals, such as dipole-bound molecular anions and Rydberg states[22], [23]. However, it
can also overcorrect in some cases, such as for atomization energies of molecules. For these
cases, a scaled down version of PZ-SIC has been found to perform better[24], [25].

2.2 Excited State Calculations

Electronic excitations, where electrons are excited to energy levels above the ground state,
typically occur due to the absorption of photons by molecules or materials. High level
wave function methodologies, such as multireference con�guration interaction and coupled
cluster methods, provide accurate calculations of excited electronic states[26]. However, the
computational cost of these methods increases rapidly with the system size, signi�cantly
limiting their applicability to large systems or to the simulation of the dynamics of atoms in
excited states. Thus, less expensive methods have been developed, which calculate excited
states more ef�ciently.

A commonly used method for calculations of excited states of large systems is the time-
dependent formulation of DFT (TD-DFT)[27], [28]. Practical implementations of TD-DFT
typically employ linear-response theory and ground state functionals within the adiabatic
approximation, neglecting the time dependence of the exchange-correlation kernel. With
these approximations, TD-DFT usually provides an accurate description of low-lying excited
states with character of valence excitation. However, it tends to fail for excitations involving
a large change of the electron density. For example, when TD-DFT is employed with a
semi-local functional, it is prone to severely underestimating the excitation energy of charge
transfer excited states[29], [30]. Hybrid functionals, particularly range-separated functionals
that add Fock exchange in the long-range part of the interaction potential, can improve the
results[31], [32]. However, this comes at an increase of the computational cost, and moreover
the fraction of Fock exchange and the range separation parameters are typically treated as
empirical parameters, meaning that they are expected to perform well only for the systems for
which they have been optimized.

Time-independent, variational formulations of DFT for excited states have also been de-
veloped[33]–[35]. While these extensions of DFT provide the theoretical foundations for
calculating excited states in a time-independent density functional framework, they often
involve state-speci�c functionals with a complicated form. A pragmatic approach is to
use ground state functionals and compute the excited states as solutions to the Kohn-Sham
equations with energy higher than the ground state[36]. This approach is often referred to
asDSelf-Consistent Field (DSCF), indicating that the excitation energy is computed as the
difference between the energy of the excited and ground states, both obtained self-consistently.
Although this approach is less commonly used than TD-DFT, it provides a better approxi-
mation of Rydberg[37], [38], charge transfer[29], [39] and doubly excited states[36], often
yielding good results already with semi-local functionals. Furthermore, since the excited
states are calculated variationally, atomic forces can be computed using the Hellman-Feynman
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theorem, making it possible to perform geometry optimizations and molecular dynamics
simulations in excited states[40]–[42]. This is exploited in article I, where molecular dynamics
simulations of a photoexcited complex are presented.

Since the variationally optimized excited states correspond to solutions to the Kohn-Sham
equations higher in energy than the ground state with a non-aufbau occupation of the orbitals,
any variation of the orbitals leading to the ground state lowers the energy. Thus, excited states
typically represent saddle points on the surface describing the variation of the energy as a
function of the electronic degrees of freedom[43]. This poses a challenge to the variational
optimization of orbitals in time-independent density functional calculations of excited states.
SCF algorithms commonly used for ground state calculations, which are based on sequential
diagonalization of the Kohn-Sham matrix and interpolation schemes, often struggle in excited
state calculations, leading to collapse to the ground state or exhibiting erratic convergence
behavior[7], [44]. A common approach to reduce the risk of variational collapse is the Maxi-
mum Overlap Method (MOM)[11], [45]. However,MOM alone does not ensure convergence
to a target saddle point on the electronic energy surface. In the work presented here, a recently
developed methodology is used[7], [10], which is based on direct optimization of the orbitals
using quasi-Newton algorithms for saddle points.

2.2.1 Direct Optimization

In direct optimization, the orbitals are variationally optimized by directly �nding a unitary
transformationU that makes the energy stationary:

fff stat= Ufff 0 (8)

wherefff 0 is the vector of initial guess orbitals, andfff stat is the vector of optimal orbitals. The
unitary transformation is conveniently parametrized as the exponential of an anti-Hermitian
matrix kkk = � kkk †:

U = ekkk (9)

In this way, stationary points of the electronic energy surface can be found by optimizing
the energy with respect to the elements ofkkk , and since anti-Hermitian matrices form a linear
space, this can be done using ef�cient iterative unconstrained optimization techniques, such
as quasi-Newton algorithms. The excited state calculations performed in this work use linear
combination of atomic orbital (LCAO) basis sets, where the initial orbitals are expanded in a
linear combination of basis functionsjjj :

fff 0 = jjj CCC0 (10)

Therefore, in this case, the objective of direct optimization is to �nd a set of optimal coef�-
cients making the energy stationary:

CCCstat= CCC0ekkk (11)

The initial orbitals for an excited state calculation are usually chosen as the orbitals from
a ground state calculation with occupation numbers changed to re�ect the promotion of
electrons from occupied to unoccupied orbitals. The initial electronic Hessian is constructed
using a diagonal approximate Hessian with elements[46], [47]

¶2E
¶k2

i j
� � 2

�
ei � ej

� �
fi � f j

�
; (12)
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whereei and fi are the orbital energies and occupation numbers, respectively. Thus, the initial
electronic Hessian has one negative eigenvalue for each pair of occupied-unoccupied orbitals
where the unoccupied orbital is lower in energy, i.e. for each pair of orbitals involved in
excitations of electrons between the ground state occupied and unoccupied spaces. Since
excited states correspond to saddle points on the electronic energy surface, a quasi-Newton
method that is able to propagate a non-positive-de�nite approximate Hessian is needed. In
article I, a limited-memory symmetric rank-one (L-SR1) algorithm is used, as implemented
in the GPAW software[48]. A description of the calculation of the energy gradient and other
details of the implementation can be found in references[7], [10].

While designed to converge to saddle points, the direct optimization method with the L-SR1
quasi-Newton algorithm can still be affected by variational collapse. Therefore, it is usually
supplemented with MOM (see next section). A more robust direct optimization method
that does not require MOM has been recently developed[43] in the research group were the
present work was conducted (the calculations of article I were performed before these latest
developments).

2.2.2 Maximum Overlap Method

In order to further reduce the risk of variational collapse in the ES calculations presented in
article I, the MOM [11], [45] is utilized. It reduces the risk of converging to a solution other
than the desired excited state by selecting the occupied orbitals as the orbitals that overlap the
most with the orbitals of previous iterations or with the orbitals of the initial guess.

At each iteration of the SCF, the following projections of the orbitals on the space of the
reference orbitals are computed

w j =

vu
u
t

Ne

å
i= 1

jOi j j2 (13)

whereOi j are the elements of the overlap matrix

Oi j = hf re f
i jf j i (14)

Then, theNe orbitals with largestw j are occupied. Thus,MOM ensures that at each iteration,
the orbitals with the largest overlap with the reference orbitals are occupied, reducing the risk
that the optimization drifts away from the saddle point closest to the initial guess.
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3 Multiscale Simulations
Within, this chapter, the multiscale simlulation scheme used in Article I is presented. Such
hybrid approach allows to ef�ciently simulate large systems. The area of interest is simulated
with a higher level of accuracy, while the rest of the system is described with a more ef�cient
but less accurate methodology.

In Article I, theQM/MM method[49] is used, modelling a solvated complex with Quantum
Mechanics (QM) and the surrounding solvent molecules with classical Molecular Mechan-
ics (MM). The interactions between the two regions are computed according to a so-called
electrostatic embedding scheme[50], where the long-range electrostatic interactions are de-
scribed using the classical Coulomb potential of point charges in the MM region embedded in
the effective Hamiltonian of the QM region, while short-range repulsive and attractive interac-
tions are represented with aL-J[51] potential. Finally, in order to simulate the nonequilibium
time evolution of a photoexcited molecule in solution the nuclei are propagated classically
with a Langevin thermostat applied to solvent molecules to include a heat bath.

Figure 3.1. Visualization of a QM/MM system. Here, the electronic structure of the solvated
PtPOP complex is described with DFT, a higher level of theory than the classical force �eld
potentials used to describe the surrounding acetonitrile solvent molecules (see Article I).
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3.1 Quantum Mechanics/Molecular Mechanics

QM methods solve the Schrödinger equation to obtain accurate descriptions of electronic
structure and chemical bonding. These methods include ab initio techniques such as Hartree-
Fock theory, post-Hartree-Fock methods andDFT, which has been brie�y described in the
previous chapter.QM calculations provide detailed information about bond breaking and
formation, electronic transitions, and reactive intermediates. TheMM part approximates the
potential energy surface of a system using classical force �elds, which describe interatomic
interactions based on empirical parameters.MM methods are computationally ef�cient and
can handle large systems. However, they cannot accurately describe chemical reactions and
electronic structure effects. Therefore, they are most suited for modeling an environment,
such as a solvent, a protein, and other biomolecules, where it is not important to describe
large electronic rearrangements.

The total energy in aQM/MM additive scheme is the sum of contributions from theQM
region, the MM region, and the interaction between these two regions:

Etotal = EQM + EMM + EQM=MM (15)

where EQM is the energy obtained withQM calculations, EMM is the energy obtained with
classical MM methods and EQM=MM is the interaction between theQM andMM regions,
which is handled in various ways depending on the coupling method. This hybrid approach
allows for the study of complex chemical systems where both quantum effects and the
interactions with an environment play signi�cant roles[52], [53].

3.1.1 Long-Range Electrostatic Interactions

Electrostatic embedding involves embedding theQM region, where the description of elec-
tronic structure effects is important, within theMM environment, which represents the rest of
the system[50], [53], [54]. This embedding ensures that theQM region is in�uenced by the
electrostatic �eld generated by the surroundingMM atoms, i.e. theQM region is polarized by
the MM region. In electrostatic embedding, the electrostatic potential generated by theMM
point charges is included in theQM Hamiltonian as an external potential and is expressed as:

Vext = � å
i2MM

qi

jr � r i j
(16)

whereqi andr i are the charge and positions of thei-th MM atom, andr are the positions of
theQM electrons.Vext represents the potential of Coulomb interaction betweenQM electrons
andMM point charges. This potential acts on theQM electrons, affecting their energies and
wave functions, while theQM electrons in turn contribute to the total electrostatic potential
experienced by the MM atoms[55], [56].

3.1.2 Short-Range Interactions

In the context ofQM/MM simulations, theL-J potential plays a crucial role in describing
non-bonded interactions between atoms or molecules within the classicalMM region and
between theMM and QM regions. It represents the van der Waals interactions, which
contribute signi�cantly to the overall stability and structure of molecular systems. TheL-J
potential is a simple yet effective model used to describe the interactions between neutral
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atoms or molecules. It consists of two terms: a short-range repulsive and attractive terms.
Mathematically, the L-J potential VLJ between two atoms or molecules is given by:

VLJ(r) = 4e[(
s
r

)12 � (
s
r

)6] (17)

wherer is the distance between atoms,e is the depth of the potential well, ands is the
distance of the potential well.

While the L-J potential provides a useful approximation for non-bonded interactions in
QM/MM simulations, it is important to consider its limitations, such as the neglect of elec-
tronic polarization effects[57], [58] and the reliance on empirical parameters.

3.2 Molecular Dynamics

Langevin dynamics is a computational method used to simulate the classical dynamics of
atoms in molecular systems in the presence of thermal �uctuations and frictional forces[59]. In
QM/MM simulations, Langevin dynamics is typically employed for the classical MM region,
incorporating both the effects of classical interatomic interactions and the in�uence of thermal
�uctuations on molecular motion, while the QM region is propagated in the microcanonical
ensemble. Langevin dynamics accounts for the effects of thermal �uctuations by introducing
random forces that mimic the collisions between particles. Additionally, frictional forces are
included to simulate the damping effect experienced by molecules as they move through a
viscous environment, such as a solvent[60]. The equation of motion for a particle in Langevin
dynamics is described by:

m
d2r
dt2

= � ÑV(r) � g
dr
dt

+ R(t) (18)

wherem is the mass of the particle,d2r
dt2 is the acceleration,ÑV(r) is the force derived from

the potential energy,gdr
dt represents the frictional force, withg as the friction coef�cient,and

R(t) is a random force term representing thermal �uctuations, with a zero mean and variance
proportional to the temperature.

For the nonequilibrium molecular dynamics simulations presented in Article I, the Langevin
thermostat is applied only to solvent molecules far from the solute, while thePtPOPcomplex
and the closest solvent molecules are not coupled to a heat bath, to minimize the in�uence
of the thermostat on the dynamics of the complex and solvation shell. The thermostat is
gradually switched on, increasing the friction coef�cient linearly from 0 to 1 ps� 1 within a 2
Å buffer region extending radially in the simulation cell starting from a radius of 12 Å from
the geometric center of the solute.
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4 Mechanism and rate of transitions
In this chapter, the theories and methods used in Articles II-III to explore mechanisms and
rates of transitions on a given Potential Energy Surface (PES) are presented. First, the
PESis scanned between minima with the Nudged Elastic Band (NEB) method, obtaining
a MEP and the transition state between two minima. With these critical points identi�ed,
Harmonic Transition State Theory (HTST) can be applied to obtain the reaction rate of
a given reaction and subsequently population analysis can be performed. Key processes
such as photoexcitation, vibrational relaxation, internal conversion, intersystem crossing,
and reaction pathways all depend on how the molecule moves on and between different
acPESs. Understanding the structure of these surfaces especially at key points like conical
intersections and reaction coordinates is crucial for predicting the behavior of molecules
following photoexcitation.

Figure 4.1. NEB optimization pro�le of the interversion between the long and short isomer of
IrDimen. Here, the elastic band is optimized from an inital guess towards the MEP, revealing
a very �at energy surface with a low barrier height.
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4.1 Nudged Elastic Band Method

TheNEB method is a computational technique used to �nd theMEP or transition pathway
between two stable con�gurations or states of a system[61]. It is particularly useful for study-
ing chemical reactions, phase transitions, and other processes involving the rearrangement of
atoms or molecules[62], [63]. InNEB, theMEP is represented as an elastic band connecting
the initial and �nal states, where the band is subject to both internal elastic forces and external
forces that drive the system to theMEP. The elastic band is discretized into a set of images
and the positions of these images are iteratively optimized to minimize the energy of the band.
The total force acting on an imagei in theNEB method is divided into two components, the
perpendicular component of the true force from the potential energy surface that pushes the
image toward the MEP given as:

F?
i = � ÑV(r i) + ( ÑV(r i) � t̂ i)t̂ i (19)

whereÑV(r i) is the gradient of the potential energy at imagei, andt̂ i is the tangent to the
path at imagei and the spring force, which keeps the images evenly spaced along the band
given as:

F jj
i = ki [(r i+ 1 � r i) � ki� 1(r i � r i� 1)] � t̂ i t̂ i (20)

wherek is the spring constant, andr i represents the position of thei-th image. The forces
from both components are then combined as:

Fi = F?
i + F jj

i (21)

This combined force is used to optimize the pathway to ensure that the images converge to the
MEP. The Climbing Image Nudged Elastic Band (CI-NEB) method is an extension ofNEB,
designed to improve the accuracy of the highest energy point along the path and thereby the
estimate of the activation energy[64]. In the standardNEB method, all images between the
reactant and product states are optimized simultaneously along theMEP, but point of highest
energy along theMEP, which is a saddle point on thePESis not explicitly targeted.CI-NEB
addresses this by re�ning the highest energy image to converge directly to the saddle point.
In CI-NEB, the image with the highest energy (Climbing Image (CI)) is identi�ed, and the
forces acting on it modi�ed to eliminate the spring force and drive it up in energy. Speci�cally,
the parallel component of the true force is inverted, allowing this image to climb to the saddle
point:

FCI = � ÑV(r i) + 2(ÑV(r i) � t̂ i)t̂ i (22)

This modi�cation ensures that the climbing image moves up to the point of maximum energy
along the path, thus providing a more accurate location of the saddle point, and thereby the
transition state.

4.2 Harmonic Transition State Theory

Classical Transition State Theory (TST)[65] postulates that the rate of a chemical reaction is
determined by the rate at which reactant molecules cross a transition state dividing surface.
The key assumption is that once a trajectory crosses the dividing surface and is heading away
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from the reactant region, it represents a reactive trajectory. Recrossings of the dividing surface
are neglected. TST provides an expression for the rate constantk of a reaction as:

k =
kBT

h
e� DG‡=kbT (23)

wherekB is the Boltzmann constant,T is temperature,h is the Planck constant, andDG‡

the Gibbs free energy of activation.TST is a fundamental method in chemical kinetics
that provides a theoretical framework for predicting the rate of chemical reactions based on
the properties of the energy surface. The harmonic approximation,HTST, builds upon the
principles of classical transition state theory but makes the further approximation that the
PESnear the initial state minimum and within the transition state can be approximated as
harmonic[66], [67]. This is expressed as:

k =
kBT

h
Q‡

vib

QR
vib

e� DE‡=kbT (24)

whereQ‡
vib is the vibrational partition function of the transition state,QR

vib is the vibrational
partition function of the reactant,DE‡ is the energy difference between the reactant mini-
mum and the saddle point.HTST is an approximation toTST by incorporating harmonic
approximations for the vibrational modes of the reactant and transition states.
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5 Calculation of Energy Fluxes
In the following chapter, the method newly introduced in article I, used to map the energy �ow
of vibrational relaxation within aQM/MM framework is presented. Vibrational relaxation,
where an excited molecule loses vibrational energy and returns to a lower energy state, is a
crucial process in Molecular Dynamics (MD), as it impacts phenomena such as heat transfer,
molecular reactivity, and the ef�ciency of energy conversion. The study of vibrational relax-
ation to understand how energy dissipation occurs in molecular systems in an environment,
such as a solvent, is therefore essential.

A novel approach to estimate the �ux of excess vibrational energy of a photoexcited molecule
in solution within aQM/MM framework is presented in article I. First the vibrational modes of
the solute are computed, and then the pathways of intra- and intermolecular energy dissipation
are tracked using the power of the solvent calculated from the QM/MM embedding atomic
forces projected on the vibrational modes. The generalized normal mode scheme[68] used in
article I is presented below, followed by a description of the energy �ux analysis based on the
power of the solvent.

Figure 5.1. Visualization of the highest energy vibrational mode of PtPOP, obtained using a
generalized normal mode analysis. Here, the Pt atoms (grey) are moving symmetrically in a
pinching fashion, with simultaneous small distortions of the ligand cage.
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5.1 Generalized Normal Modes

A generalized normal mode analysis of a system of atoms is a vibrational analysis at any
�nite temperature, which generalizes the de�nition of normal modes as the collection of
independent harmonic oscillators obtained as the eigenvectors of the Hessian matrix at low
temperature.

Generalized normal modes can be obtained fromMD simulations. An approach presented
by Strachan [68], [69] is utilized in article I. In this method, the generalized normal modes
for a system consisting ofN atoms at a �nite temperature are de�ned as the 3N modes with
velocities �Qi that ful�ll the following condition:



�Qi(t) �Q j (t)

�
µ di j i; j = 1;2; : : : ;3N (25)

whereh: : : i denotes time averaging anddi j is the Kronecker delta. These modes are obtained
by diagonalizing the covariance matrix of the mass-weighted velocities:

K =
1
2

D
�q0(t) �q0†(t)

E
(26)

where, �q0 represents a column vector of mass-weighted velocities�q0
k =

p
mk �qk, for k =

1;2; : : : ;3N. These velocities are expressed in a body-�xed reference frame that both translates
and rotates with the molecule, derived fromMD simulations. The instantaneous velocities of
the generalized normal modes are then expressed as:

�Q(t) = L† �q0(t) (27)

whereL is the unitary matrix that diagonalizes the covariance matrixK. The generalized
normal mode velocities�Qi satisfy the condition in equation 25, as



�Q(t) �Q†(t)

�
= 2T, where

T is a diagonal matrix whose elements represent the average kinetic energy of the generalized
normal modes. The total instantaneous kinetic energy can be represented as a sum over all
generalized normal modes:

T(t) =
1
2

�Q†(t) �Q(t) =
1
2

3N

å
i

�Q2
i (t) =

3N

å
i

Ti(t) (28)

This formulation allows for a representation of the system's kinetic energy in terms of its
generalized normal modes.

5.2 Energy Flux Analysis

The time variation of the kinetic energy of a generalized normal modei (referred to as power,
Pi) can be expressed as:

Pi(t) =
dTi(t)

dt
= �Qi(t)L

†
i �

d �q0(t)
dt

= �Qi(t)L
†
i � F0(t) (29)

whereLi represents a column vector of the transformation matrixL (see eqs 26 and 27),
which corresponds to modei, andF0(t) is a vector of mass-weighted atomic force components
F0

k(t) = Fk(t)=
p

mk, k = 1;2; : : : ;3N, as obtained fromMD simulations. The change in kinetic
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energy of a generalized normal modei (referred to as work,Wi) over a time intervalt is
calculated as:

Wi(t ) � DTi(t ) =
Z t

0
Pi(t)dt =

Z t

0
�Qi(t)L

†
i � F0(t)dt (30)

In QM/MM simulations of a solute-solvent system, the instantaneous power of a generalized
normal mode of the solute can be decomposed into contributions from each solute atom as
follows:

Pi(t) = å
a 2QM

Pa
i (t) = å

a 2QM

�Qi(t)L
a †
i � F0

a (t) (31)

where,La †
i contains only the coef�cients of the generalized normal mode transformation

that correspond to solute atoma andF0
a (t) is the vector representing the mass-weighted

instantaneous force acting on solute atoma . Consequently, the kinetic energy change for
modei can be broken down into contributions from the work of each solute atom:

Wi(t ) = å
a 2QM

Wa
i (t ) = å

a 2QM

Z t

0
�Qi(t)L

a †
i � F0

a (t)dt (32)

In the QM/MM embedding scheme of a solute-solvent system, the force on a QM atom
includes components due to the QM interactions (FQM

a = ¶EQM=¶Ra ), the electrostatic
interaction between the solute and solvent (Fel

a = ¶Eel=¶Ra , see section 3.1.1), and other
short-range interactions between the solute and solvent (Fsr

a = ¶Esr=¶Ra ), here described
with anL-J potential (see section 3.1.2), whereRa is the position vector of QM atoma . Thus:

Fa (t) = FQM
a (t) + Fel

a (t) + Fsr
a (t) (33)

Therefore, the kinetic energy change of a solute vibrational mode can be separated into
contributions from the work ofQM forces, and the forces exerted by the solvent on the solute
atoms, both electrostatic and short-range interactions. This can be expressed as:

Wi(t ) = å
a 2QM

h
Wa ;QM

i (t ) + Wa ;el
i (t ) + Wa ;sr

i (t )
i

= WQM
i (t ) + Wel

i (t ) + Wsr
i (t ) (34)

where:

WQM
i = å

a 2QM
Wa ;QM

i

Wel
i = å

a 2QM
Wa ;el

i (35)

Wsr
i = å

a 2QM
Wa ;sr

i

By neglecting the polarization of the solute due to the solvent electrostatic potential, the �rst
term on the right side of equation 34 represents intramolecular vibrational energy redistribu-
tion. The last two terms describe the energy transfer between vibrational modei of the solute
and the solvent, which represents external energy �ux.

The approach described here can be applied to nonequilibriumMD simulations where the
solute is initially electronically excited. The electronic excitation leads to a simultaneous exci-
tation of vibrational degrees of freedom of the solute. By utilizing the instantaneousQM/MM
forces acting on the solute atoms, one can monitor the energy �ux between the excited solute
vibrational modes and the solvent and analyze the individual atomic contributions.
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6 Summary of Articles I-III

6.1 Decoherence and vibrational energy relaxation of
the electronically excited PtPOP complex in solu-
tion

Article I investigates the vibrational decoherence and energy relaxation of the photoexcited
PtPOPcomplex in solution, focusing on identifying the pathways of transfer of vibrational en-
ergy to the surrounding solvent molecules. UsingQM/MM simulations, the study models the
ESof the complex and analyzes the mechanisms behind its remarkably long-lived vibrational
coherence, in water and acetonitrile.

Figure 6.1. Time evolution of the average pinching mode coordinate obtained from
nonequilibrium QM/MM molecular dynamics trajectories of PtPOP excited to the lowest
singletESin water (top) and acetonitrile (bottom). The oscillation period,T, and coherence
decay time,t c, are obtained from �tting a periodic function with an exponentially decaying
amplitude. The decoherence time is in close agreement with the results of ultrafast transient
absorption and �uorescence up-conversion experiments of PtPOP in water[70] (t c of
1.76� 0.08 and 1.5� 0.5 ps, respectively), where intersystem crossing occurs on longer time
scale than vibrational relaxation[70] (t ISC > 13ps).
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The key �nding is that the vibrational decoherence time for the Pt-Pt pinching mode (see
Figure 5.1) is approximately 1.6 ps in both solvents, in good agreement with experimental data,
see Figure 6.1. After photoexcitation, most of the excess vibrational energy is concentrated in
the Pt-Pt bond contraction, but energy dissipation to the solvent directly from the Pt atoms
is minimal. The study reveals that energy transfer to the solvent occurs primarily through
short-range interactions between ligand atoms and solvent molecules, rather than through
direct interactions with the Pt atoms.

Figure 6.2. Change in kinetic energy, T(t ) � T(0), of the pinching mode compared to all
other modes after photoexcitation obtained from the generalized normal mode analysis
described in section 5.1. The dotted lines represent the instantaneous change in kinetic
energy, while the continuous lines represent an average of the instantaneous kinetic energy
change over 300 fs time intervals.

Speci�cally, the ligand-solvent interactions, involving both repulsive and attractive forces,
play a critical role in transferring energy out of thePtPOPcomplex. In water, although solvent
molecules occasionally form transient interactions with the Pt atoms, the net energy transfer
from the Pt atoms is minimal. In contrast, most of the energy dissipation occurs through the
ligands, as the shielding effect of the ligands around the Pt atoms limits the direct transfer of
vibrational energy from the metal centers to the surrounding solvent molecules.

In both systems, short-range ligand-solvent interactions are responsible for transferring most
of the vibrational energy to the solvent, with only small contributions from long-range
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Figure 6.3. Instantaneous average external work on the pinching mode of PtPOP due to
electrostatic (left) and short-range repulsive and attractive L-J (right) interactions with the
solvent, and decomposition into contributions of the Pt and ligand atoms, in water (top) and
acetonitrile (bottom). In water, a signi�cant fraction of excess vibrational energy is released
to the solvent via direct short-range interactions with the Pt atoms. However, a comparable
amount of energy is received by the complex through electrostatic Pt-solvent interactions, so
there is no net energy transfer via the Pt atoms. In acetonitrile, there is no signi�cant energy
transfer to the solvent through direct Pt-solvent interactions.

electrostatic forces. The lack of strong direct energy transfer from the Pt atoms to the solvent,
coupled with the rigidity of the ligand structure, allows the PtPOP complex to maintain its
vibrational coherence for an extended period after photoexcitation. This prolonged coherence
is largely solvent-independent, with similar energy relaxation dynamics observed in both
water and acetonitrile.

In conclusion, the study highlights the inef�cient energy transfer directly from the Pt atoms
due to their shielding by the ligands, and emphasizes the role of ligand-mediated short-range
interactions in the dissipation of vibrational energy to the solvent. These �ndings are crucial
for understanding the mechanisms that govern vibrational energy relaxation in photoexcited
complexes and provide insights into the design of molecules with tailored energy dissipation
properties for applications in photochemistry and solar energy harvesting.
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6.2 Characterization of Deformational Isomerization
Potential and Interconversion Dynamics with Ultra-
fast X-ray Solution Scattering

Article II investigates the deformational isomerization and interconversion dynamics of
the IrDimen complex in solution. The study focuses on DFT and minimum energy path
calculations to characterize the Ir-Ir distances and dihedral twist of the two conformational
isomers of the complex, and to explain the role of long-range dispersion interactions in
determining their relative stability. The results complement ultrafast X-ray Solution Scattering
(XSS) and Optical Transient Absorption Spectroscopy (OTAS) measurements of the structural
changes and isomer interconversion dynamics after photoexcitation.

Figure 6.4. Ir-Ir distances from geometry relaxations started from preliminary
long-and-eclipsed (� ) and short-and-twisted isomer (� ) geometries. The coloring of the
markers denotes the functional class; GGA:blue, Meta-GGA:Green, Hybrid:Orange,
Range-Separated:Purple, Double-Hybrid:Brown. The black dashed lines at 3.6 Å and 4.4 Å
are experimental values obtained for the short and long isomer respectively, the green shade
covers the experimental uncertainty. Functionals labeled in grey were too computationally
expensive for a vibrational frequency analysis. The upper panel shows results where two
isomers were found and the lower panel show results where only one isomer was found.

The calculations performed in this work assesses severalDFT functionals with various types
of dispersion corrections with respect to the potential energy surface of the ground state of
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the complex and geometry of the long and short isomers. The study highlights the signi�cant
in�uence of long-range dispersion corrections to accurately predict the two distinct isomers
of the complex. Different functionals and dispersion correction schemes, such as D3 and D4,
are tested. Pure functionals without dispersion corrections fail to predict two isomers, giving
instead a single isomer, often with an overestimated Ir-Ir distance.

Figure 6.5. Contributions in terms of interactions between different groups of atoms to the
total dispersion interaction energy difference (DED4) along the minimum energy path from
the long/eclipsed to the short/twisted isomer of IrDimen. The dispersion interactions are
modelled with the D4 correction for PBE0. The total dispersion interaction energy difference
is shown in black and a breakdown of the dispersion energy contributions is as follows: Ir-Ir
interactions (blue), Ir-ligand interactions (orange) and ligand-ligand interactions (green).

Hybrid functionals combined with dispersion correction provide better agreement with experi-
mental �ndings. This indicates that the inclusion of Fock exchange and dispersion interactions
play a crucial role in determining the geometry and stability of the isomers. In particular,
ligand-ligand interactions dominate the total dispersion energy contribution, followed by
metal-ligand interactions, with metal-metal interactions playing a lesser role (see Figure 6.5).

Figure 6.6. Ir-Ir distances, dIr� Ir, of the optimized geometries of IrDimen obtained by
minimizing the energy given by the hybrid functional PBE0 with dispersion corrections in
vacuum (black markers) and in acetonitrile as modeled with a polarizable continuum model
(CPCM, blue markers), starting from guess structures for the long/eclipsed (� and� ) and
short/twisted (� and+ ) isomers. The black dashed lines and green patches indicate the
values deduced from X-ray solution scattering measurements and the corresponding
experimental uncertainties, respectively. Including solvent effects in the calculations
improves the estimate of Ir-Ir distance for the long/eclipsed conformer.

Furthermore, the effect of solvent screening is explored using a Conductor-like Polarizable
Continuum Model (CPCM) for acetonitrile. The inclusion of solvent effects increases the
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Ir-Ir distance for the long isomer, bringing it closer to the experimental values, while having
less impact on the short isomer Ir-Ir distance.

Additionally, the study estimates the relative populations of the long and short isomers using
harmonic vibrational frequency calculations, as shown in Figure 6.7.

Figure 6.7. Population analysis of the long and short isomers of IrDimen calculated with
different density functional approximations and an analysis of harmonic vibrational
frequencies. The "x"-markers represent results of vacuum calculations, while the "+ "
represent results of calculations including solvent effects described using CPCM. The black
dashed line represents the experimentally obtained short conformer population.

TheNEB method is used to map theMEP between the two isomers. A linear relationship
between the Ir-Ir contraction and the dihedral twist as the molecule transitions from the long
to the short isomer is found. Moreover, the minimum energy path reveals a low-energy and
�at barrier, highlighting the anharmonic nature of the potential energy surface. This indicates
that the harmonic approximation can only give a qualitative picture of the relative populations
of the two isomers, as it does not capture the anharmonic nature of the system. The �ndings
emphasize the importance of anharmonicity in accurately describing the energy landscape of
IrDimen and suggest that further re�nement of the theoretical model is necessary to improve
agreement with experimental observations.
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Figure 6.8. (A)MEP of the deformational isomerism from the long isomer to the short isomer.
The �lled circles represent the energy change as a function of the reaction coordinateDR.
The solid line is a piecewise cubic interpolation between images using the tangential atom
force and energy. (B) Decrease in Ir-Ir distance along the MEP, correlated with the
cumulative displacement of atoms. (C) Increase of the dihedral angle along the MEP,
correlated with the cumulative displacement of atoms.
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6.3 Localized and Delocalized Charge Distribution in
a Diamine Cation: A Challenging Test for Density
Functionals

Article III investigates the electronic structure of theDMP cation, focusing on the challenge
of accurately modeling the balance between localized and delocalized charge distribution
usingDFT. This work is originally motivated by measurements of the excitation to a Rydberg
electronic state of DMP where it was found that a localized state is �rst formed where the
hole is sitting on one of the N-atoms, but with time the system transforms to a more stable
delocalized state where the hole is distributed over both N-atoms. This can be deduced from
the binding energy of the Rydberg excited electron. Some theoretical calculations using
high level wave function based methods have concluded that also theDMP+ cation can
exist in two distinct electronic con�gurations: a localized state where the positive charge is
centered on one nitrogen atom and a delocalized state where the charge is evenly distributed
between both nitrogen atoms. The two states then correspond to two different minima on the
potential energy surface describing how the energy of the ion varies as a function of the atomic
coordinates. This has, however, become quite controversial as other high-level methods have
not provided an energy minimum corresponding to the localized state. The delocalized
state is generally more stable and lower in energy, making it the default outcome in many
computational models. Most density functionals do not predict the presence of a localized
state and this can be expected as there is generally a tendency to overly favor delocalized
electron distribution in Kohn-Sham DFT functionals. The original hybrid functional, BHLYP,
that contains Fock exchange with a weight of 0.5, however, does predict the presence of a
localized state. The question addressed here is to what extent various functionals predict the
presence of a localized state and even if a minimum is not present, whether the energy surface
is smooth enough in that region of con�guration space so that the in�uence of the Rydberg
electron, which is expect to be weak, can induce the observed localized state in the Rydberg
excited state.

Table 6.1. Energy difference between delocalized and localized state and the calculated
barrier for the DFT functionals where the presence of both states is predicted.

XC-Functional Ebarr [eV] D E [eV] L-D state
PBE0(50 % HF)a 0.0225 -0.205 X
BHandHLYP 0.034 -0.178 X
PBE-PZ-SIC 0.046 -0.229 X
B2GPLYP 0.002 -0.475 X
MRCI+Q 0.054 -0.381 X
Exp. - -0.33 X

A variety of DFT functionals was tested, including generalized gradient approximations
(GGA), hybrid functionals, meta-GGA functionals, range-separated hybrids, and machine-
learned functionals. A key problem identi�ed in most functionals is the self-interaction error
inherent in Kohn-Sham functionals, which leads to an overemphasis on the delocalization. In
order to correct for this, Fock exchange is included in hybrid functionals, but its weight is
often adjusted so as to get the optimal performance. Here, it was found that a relatively high
fraction of Fock exchange (40% or more) is needed to stabilize a localized state of the cation.
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Another approach is to apply an explicit self-interaction correction as proposed by Perdew
and ZungerPZ-SIC. This does stabilize the localized state, but it is known from several other
studies that this self-interaction correction, which is done orbital-by-orbital and therefore is
an independent electron approximation, provides an over correction. For various purposes
such as the estimation of bond energy in molecules and band gap in solids, a scaling of the
correction by a half gives better results. The study carried out here shows that such scaling
eliminates the local minimum on the energy surface corresponding to the localized state.

Figure 6.9. Energy surface of DMP+ with the PBE-SIC functional and the aug-cc-pVDZ
basis. Two energy minima are present, a higher one corresponding to a localized state and a
lower one corresponding to a delocalized state. A clear energy barrier is present in between
the two states.

The research includes calculations of the energy surface forDMP+ , represented by the
variation of the energy of the ion as a function of the two dihedral angles of the six-membered
ring. The results show that certain functionals, such as BHLYP and PBE0 with Fock exchange
scaled up to 50%, predict a metastable localized state and an energy barrier separating it from
the delocalized state. The calculations further reveal that the energy barrier between these two
minima is relatively small, highlighting the sensitivity of the presence of the localized state to
the level of theory used. The semilocal functionals that do not include Fock exchange show
no sign of minima corresponding to a localized state, not even an energy valley toward the
con�gurations characterizing the localized state. The recent neural network machine learned
functionals, DM21 and DMmc, that are trained to provide piecewise linear dependence of the
energy on fractional charges, an important feature for obtaining the right balance between
localization and delocalization, also do not predict minima for the localized state but there are
clear valleys with gentle slopes in the region of the localized charge density, possibly smooth
enough for the in�uence of a Rydberg excited electron to induce a local minimum. The DM21
an DMmc calculations do not include structural relaxation because atomic forces have not
been implemented for these machine learned functionals. Instead, the atomic coordinates are
taken from the BHLYP calculations.
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Figure 6.10. Minimum energy paths for the transition between the localized and delocalized
state obtained with three different functionals: PBE0 (with a weight of 0.5 on Fock exchange),
PBE-PZ-SIC and BHLYP.

In conclusion, theDMP+ cation provides a valuable test case for evaluating the performance
of density functionals in managing the delicate balance between charge localization and delo-
calization. Commonly used functionals of GGA and hybrid functional form do not predict a
localized state while hybrid functionals with a higher fraction of Fock exchange or full, ex-
plicit self-interaction correction do. The scaling of Perdew-Zunger self-interaction correction
by 1/2 gives similar results as the PBE0 functional where the weight of Fock exchange is 0.25.
This is consistent with previous results showing that calculations of atomization energy of
molecules and band gap of solids give better results when the self-interaction correction is
scaled by 1/2. The reason for this is that the Perdew-Zunger self-interaction correction is an
orbital-by-orbital correction, and therefore represents an independent electron approximation.
When orbital densities overlap, the many body nature of the wave function calls for reduced
correction, analogous to the scaled Fock exchange in hybrid functionals.
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