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ABSTRACT

The excited-state dynamics of solvated systems is governed by the interactions be-
tween the solute and solvent molecules. In order to understand this dynamics, we
need to study not only the response of the solute’s degrees of freedom to the ex-
citation but also the accompanying changes in the solvent structure over possible
many pico- or even nanoseconds. A popular approach for simulating the excited-
state dynamics of solvated systems is the trajectory surface hopping method com-
bined with mixed quantum mechanical / molecular mechanical (QM/MM) meth-
ods. In this approach, the computational cost of the chosen QM method deter-
mines how long and how many of trajectories may be propagated, which can be
used to study and resolve the different degrees of freedom of a solvated system.
This means that access to more efficient QM methods enables the simulation of
excited-state dynamics on longer time scales and with more trajectories that re-
solve more details of the dynamical solvent structure.

This thesis describes a theoretical framework to combine linear vibronic cou-
pling (IVC) models with a molecular mechanics description of the environment
via electrostatic embedding, and its implementation into the SHARC package. The
combination of IVC models with surface hopping already is a highly efficient ap-
proach for simulating nonadiabatic dynamics of rigid molecules in the gas phase.
The thesis explains how vibronic coupling Hamiltonians can be extended to in-
clude electrostatic interaction with external point charges, analogous to the widely
used QM/MM approach; the resulting method is called LVC/MM. The description
of the electrostatic interaction in IVC models is realized through the use of diabatic
distributed multipole expansions. The parameters for the distributed multipole ex-
pansions can be obtained by the restrained electrostatic potential fitting algorithm,
which we extended to evaluate dipole and quadrupole terms. The thesis presents
the working equations of all these components, as well as other computational
aspects.

The new method is applied to resolve the dynamics of two small thiocarbonyls
in water, demonstrating that the IVC/MM method is both efficient and able to ac-
curately reproduce reference results in terms of solvation structure and electronic
energies. Additionally, the thesis describes in detail how the simulation of large
trajectory swarms allows the analysis of the three dimensional solvation structure
from two different perspectives. These different perspectives reveal drastic dif-
ferences in the relaxation dynamics of both thiocarbonyls. The thesis further de-
scribes the simulation of the photo-induced dynamics of [Fe(CN), (bipy)]*~ in wa-
ter. In comparison to a previous study on this system, the application of LVC/MM
facilitates surface hopping simulations on much longer time scales and with larger
trajectory swarms so that not only the electronic dynamics of long-lived excited
states but also the detailed behavior of the solvation shell in three dimensions
could be analyzed for the first time.
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ZUSAMMENFASSUNG

Die Dynamik angeregter Zustdnde von Systemen in Losung wird durch die Wech-
selwirkungen zwischen den geldsten und den Losungsmittelmolekiilen bestimmt.
Um diese Dynamik zu verstehen, miissen wir nicht nur die Reaktion der Freiheits-
grade des gelosten Molekels auf die Anregung, sondern auch die begleitenden Ver-
dnderungen in der Losungsmittelstruktur iiber méglicherweise viele Piko- oder so-
gar Nanosekunden untersuchen. Ein beliebter Ansatz hierfiir ist die trajectory sur-
face hopping-Methode unter Verwendung von gemischten quantenmechanischen/-
molekularmechanischen (QM/MM) Methoden. Bei diesem Ansatz bestimmen die
Rechenkosten der gewédhlten QM-Methode die Simulationszeit und die Anzahl der
Trajektorien, die zur Untersuchung und Auflésung der verschiedenen Freiheitsgra-
de eines solvatisierten Systems verwendet werden konnen. Dies bedeutet, dass
der Zugang zu effizienteren QM-Methoden die Simulation der Dynamik angereg-
ter Zustande auf ldngeren Zeitskalen und mit mehr Trajektorien, die mehr Details
der dynamischen Losungsmittelstruktur auflésen, ermoglicht.

Die Dissertation beschreibt den theoretischen Rahmen fiir die Kombination von
linear vibronic coupling (IVC) Modellen mit einer MM-Beschreibung der Umge-
bung durch elektrostatische Kopplung und deren Implementierung in das SHARC-
Paket. Die Kombination von IVC-Modellen mit trajectory surface hopping hat sich
bereits als hocheffizienter Ansatz zur Simulation der nichtadiabatischen Dynamik
starrer Molekiile in der Gasphase erwiesen. In dieser Arbeit wird erldutert, wie vi-
bronische Kopplungs-Hamiltoniane erweitert werden kénnen, sodass die elektro-
statische Wechselwirkung mit externen Punktladungen beschrieben werden kann.
Die resultierende Methode funktioniert analog zum weit verbreiteten QM/MM-
Ansatz und wird daher IVC/MM genannt. Die Beschreibung der elektrostatischen
Wechselwirkung in IVC-Modellen wird durch die Verwendung diabatischer verteil-
ter, atomzentrierter Multipol-Entwicklungen realisiert. Die Parameter dafiir kon-
nen mit dem restrained electrostatic potential-Algorithmus ermittelt werden, den
wir fiir die zusétzliche Ermittlung von Dipol- und Quadrupoltermen erweitert ha-
ben. In dieser Arbeit werden die Gleichungen all dieser Komponenten sowie wei-
tere rechnerische Aspekte vorgestellt.

In der Anwendung auf die Dynamik von zwei kleinen Thiocarbonylen in Wasser
wird gezeigt, dass die IVC/MM-Methode sowohl effizient als auch in der Lage ist,
Referenzergebnisse in Bezug auf die Solvatationsstruktur und elektronische Ener-
gien genau zu reproduzieren. Zusitzlich wird in der Arbeit detailliert beschrieben,
wie die Simulation grof3er Trajektorienschwérme die Analyse der dreidimensiona-
len Solvatationsstruktur aus zwei verschiedenen Perspektiven erméglicht. Diese
verschiedenen Perspektiven zeigen drastische Unterschiede in der Relaxationsdy-
namik der beiden Thiocarbonyle auf. Die Dissertation enthélt auch Ergebnisse
iiber die Simulation der photoinduzierten Dynamik eines Eisenkomplexes in Was-
ser, der zuvor in der Gruppe untersucht wurde. Die Anwendung von IVC/MM
ermdglicht surface-hopping-Simulationen auf viel langeren Zeitskalen und mit gro-
Beren Trajektorienschwérmen, so dass nicht nur die elektronische Dynamik von
langlebigen angeregten Zustdnden, sondern auch das detaillierte Verhalten der
Solvatationsschale analysiert werden kann.
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INTRODUCTION

A molecule seldom comes alone. More often, molecules are encountered in the
condensed phase, as mixtures of different classes of compounds in interaction with
each other. In the simplest case, one molecular species, the solute, is surrounded
by an abundance of molecules of another species, the solvent. The solvent mole-
cules interact with each other and the solute according to their charge distribu-
tion, resulting in Coulomb forces and Pauli repulsion, as well as their polarizability,
leading to London forces. These general interactions can, in some cases, also be
conceptualized into special mechanisms such as hydrophilicity/lipophilicity, hy-
drogen bonding or aromatic interactions. Additionally, the macroscopic proper-
ties of the solute’s environment are determined by the solvent, which hinders
the solute’s movement through viscosity and structure of the solvent molecules.
Through these various interaction modes, the solvent can considerably affect the
physical and chemical properties of the solute, and influence reaction kinetics
and thermodynamics, 2 as well as its photochemistry and spectroscopic proper-
ties; >~ phenomena such as electron and proton transfer®, photo-isomerization?,
and charge-transfer in metal complexes!? are also affected by the solvent.

The solute—solvent interaction is highly dynamic and responsive, with the sol-
vent molecules being able to react to changes of the solute within the femto-second
timescale, but can also stretch over long time scales into the pico- and nanosecond
range. 112 These changes in the solute can be induced through the absorption or
emission of photons which affect the electronic structure. Researchers have been
long interested in understanding the mutual interaction between solute and sol-
vent during the excited-state dynamics, and controlling such interactions can not
only help in the interpretation of experimental data and but also the design of
solvated-systems for technical applications. Therefore, one focus of this thesis is
the investigation and analysis of the intricate interplay between the solute and
solvent molecules in the context of photo-induced dynamical processes. For this
investigation, we have developed a new method for theoretical simulations of the
occurring dynamics and the obtained simulated results may ultimately be used for
interpreting, aiding and/or guiding experimental research, (see Fig. 1.1).

Experimentally, the dynamics of photo-induced processes can be investigated
via various sophisticated apparatus and techniques. The collection of methods,
which can be used for this purpose and is referred to as ultrafast spectroscopy, has
emerged into an active domain of research spanning many disciplines.*13:14 Es-
pecially interesting for the investigation of dynamical solute-solvent interactions
are experimental techniques that resolve the nuclear degrees of freedom and their
dynamical response after excitation. A widely used technique for this purpose
is X-ray scattering.'>?! For the solute, this spectroscopy can reveal vibrational
relaxation channels.® Further, the response of the solvent in terms of libration,
rotation, vibration and diffusion is also measured.!"'? If one is additionally in-
terested in the changes of the solute’s electronic structure either transient absorp-
tion spectroscopy %2223, X-ray fluorescence spectroscopy2%-242> or photoelectron
spectroscopy. 2%27 may be used.

Despite X-ray scattering being a powerful and widely used technique,!® there
are limits on its the temporal and spatial resolution: (i) The temporal resolution
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Figure 1.1: Illustration of how the combination experimental and theoretical investiga-
tions “illuminate” excited-state solute-solvent dynamics.

of X-ray scattering is limited by characteristic instrument response times which
are typically 50 fs or longer.?® (ii) The X-ray scattering technique only yields in-
formation on the inter-atomic distances in reciprocal space, and the full three-
dimensional information on all atomic positions in the condensed-phase system
cannot be obtained. (iii) The information on the structural changes of the solute
(solute term), of the bulk solvent (solvent term), and solvation shell surround-
ing the solute (solute-solvent cross term) is entangled in the measured data. 15
For these reasons, complementary information from other experiments and theo-
retical simulations are very beneficial for the interpretation of the results and in
the experimental design of X-ray scattering experiments (see Fig. 1.1).152 For
such complementary theoretical simulations, the methodological developments
presented in this thesis are deemed especially useful, since they can aid in the
distinction of the solute, solvent and solute-solvent cross terms by resolving the
solvation shell in three dimensions over long time scales.

Theoretical simulations of solvated system can be approached in various ways
and span a huge range of methodology.3%3* Usually, the solvent term is eval-
uated theoretically through Molecular Dynamics (MD) simulations using Force
Fields (FFs).!>:3>738 [n FF-MD simulations, the dynamics are computed by numer-
ically integrating Newton’s equation of motion; the molecular system is described
mainly in terms of two-body interactions between the atomic nuclei that carry
an effective charge.*! This makes the simulations very affordable, and even
large systems in solution such as the full SARS-CoV-2 spike protein, which con-
tains more than 4 million atoms, have been simulated.*? FF-MD simulations give
access to the equilibrium solvation structure of the chosen system in terms of
Radial Distribution Functions (RDFs) but also the distributions of solvent mole-
cules in Cartesian space, referred to as Three-Dimensional Spatial Distribution
Functions (3D-SDFs). 4344 The RDFs obtained are in close relation to the data ob-
tained by an X-ray scattering experiment; the 3D-SDFs can complement the exper-
imental data by providing the corresponding three-dimensionally resolved data to
the RDFs, In order to obtain all three fully dynamical terms (solute, solvent and
cross term) contained in the response function of the X-ray scattering experiment
through simulations, it is necessary to describe the photo-induced changes in the
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electronic structure of the solute over possibly long timescales. However, FF-MD
simulations are not able to describe the photo-induced changes in the electronic
structure of the solute. Typically, parameters for only one single electronic state
are contained in the FF.*® Despite this limitation, FF-MD simulations are used to
obtain the solvent term of the equilibrium which can be used to disentangle the
different contributions in the X-ray scattering data to some degree.®

Unfortunately, the dynamical solute—solvent interaction cannot be investigated
through a fully quantum mechanical description of the whole system, including
the solute and several thousand solvent molecules. The reason is that such a de-
scription would involve solving the temporal evolution of the electronic structure
and nuclei for a system of many thousand particles for long timescales, which
is either prohibitively expensive or outright impossible, even with modern algo-
rithms and hardware. Therefore, the introduction of the Quantum Mechanics /
Molecular Mechanics (QM/MM) method presented a major breakthrough. 30:46-4
This method allows the accurate quantum-mechanical description of the solute,
including different electronic states, in combination with describing the solvent
molecules approximately through computationally affordable FF-MD. Here, the
full electronic structure is only evaluated for a manageable subset of particles
belonging to the solute, which makes the whole QM/MM simulation computa-
tionally feasible. However, even when using QM/MM, often only stationary elec-
tronic structure calculations are used to study the solvent effects on more complex
solute molecules.>*>* For a dynamical description, a combination of Trajectory
Surface Hopping (TSH)3*>>50 with QM/MM may be used for the simulations
which can still be computationally very demanding.3%4748 This high computa-
tional demand makes it extremely challenging to simulate a full representation of
the dynamical response of not only the solute but all solvent molecules over long
timescales. Therefore, theoreticians often limit themselves to only represent the
solute’s degrees of freedom in full and to shorter timescales (up to a few picosec-
onds); this is especially the case for large solutes with many important electronic
states, such as transition-metal complexes.>”:>® For example, TSH in combination
with QM/MM has been used to simulated the photo-induced dynamics of an iron
complex and yield accurate time-dependent solute and solvent terms.>® However,
the study also illustrates the limits in the resolution the solute-solvent dynam-
ics imposed by the computational cost. While the authors were able to produce
time-dependent electronic populations and RDFs, they were limited to a simula-
tion length of 700fs and are not able to resolve the solute-solvent dynamics in
three-dimensions. These theoretical investigations could have benefited from an
increased the number and propagation time of the TSH trajectories to gain insight
the solute-solvent dynamics over longer time scales and with more details on the
changes in the solvent structure. In order to increase the number and propagation
time of trajectories, it is necessary to reduce the computational cost of the QM /MM
single-point calculations. Approaches for a reduction of the computational cost
include include semi-empirical methods in wave function or Density Functional
Theory (DFT) formulations, 62 the application of machine learning to predict
energies, gradients, and other properties,©6* the construction of the potential
energy surface through interpolation,®>® and excited-state self-consistent field
methods, called ASCF 67:68

An alternative method for cost-effectively representing the coupled excited-state
potential energy surfaces of molecules can be found in vibronic coupling models,
specifically Linear Vibronic Coupling (IVC) models.® The LVC method has been
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mainly utilized in multi-configurational time-dependent Hartree and other quan-
tum dynamics studies, ®*~71 but later was combined with the TSH approach within
the Surface Hopping including Arbitrary Couplings (SHARC) package. %7273 Us-
ing LVC models for TSH enables the accurate modeling of nonadiabatic gas-phase
dynamics for rigid molecules and transition-metal complexes encompassing nu-
merous electronic states.’# Although the applicability of IVC is limited to rigid
systems, it presents several merits compared to other low-cost computational
methods. Notably, the IVC method demonstrates high computational efficiency—
exhibiting linear scaling with the number of degrees of freedom and an effectively
quadratic scaling with the number of states— and does not use basis functions or
a self-consistent field cycle. Furthermore, LVC models can be parametrized using
any reference electronic structure calculations, giving access to a desired level
of accuracy with minimal computational expense. The models are able to repro-
duce the correct shape of conical intersections which, depending on the reference
method used, includes intersections with the ground state. In the context of TSH,
LVC models give access to analytical nonadiabatic coupling vectors, regardless of
the reference method used. For these reasons, we decided to aim at extending
LVC models for the simulations of explicitly solvated systems.

The goal of this thesis is the facilitation of large-scale simulations of photo-
induced solute-solvent dynamics. This thesis aims at enabling simulations that
allow not only for the description of dynamics on increasingly long timescales but
also the temporal resolution of three-dimensional solvation shells which go be-
yond RDFs. For this, we want to capitalize on the advantages of the IVC method
for solvated systems by adapting the underlying IVC Hamiltonian to be used in the
QM/MM approach. This new methodology is termed Linear Vibronic Coupling /
Molecular Mechanics (LVC/MM). This thesis will present the combination of sev-
eral published techniques used in the construction of the IVC/MM Hamiltonian,
its application to small thiocarbonyl test systems in aqueous solution, the gen-
eration and analysis of time-dependent Three-Dimensional Spatial Distribution
Functions (3D-SDFs), and the application of IVC/MM to an iron complex investi-
gated previously by members of this group.>?

The contents of thesis are structured as follows. With the introduction being
done in this chapter, the basic concepts of quantum dynamics, as well as the previ-
ously published techniques on which the IVC/MM is built, are presented in Chap-
ter 2. Chapter 3 then describes the changes made in the SHARC package, all
necessary equations and the formalism of the IVC/MM method published in Ref.
75, its validation and scaling, and explains details on the generation and analysis
of time-dependent Three-Dimensional Spatial Distribution Functions (3D-SDFs)
published in Ref. 76. Subsequently, applications of the IVC/MM method are pre-
sented: first on solvated thiocarbonyls as test systems in Chapter 4 published in
Refs. |75 and 76, and second on an iron complex in aqueous solution in Chapter 5.
Additionally, Chapter 6 presents a guide and considerations in the construction
of IVC models in general, and uses results on the iron system as examples in the
context of IVC/MM. The thesis draws conclusions and a resume of the achieved
contribution to research in the field nonadiabatic dynamics of solvated systems in
Chapter 7.



THEORY

This thesis presents the investigation of coupled nonadiabatic solute-solvent dy-
namics using a novel combination of IVC Hamiltonians with Molecular Mechanics
(MM) called IVC/MM. The newly developed method, published in Ref. 75 (see
Section A.1.1), is based on extending and combining various already existing
methodology. This chapter lays the theoretical foundation and present the preex-
isting methodology this work is built on. The first two sections focus on the quan-
tum mechanical fundamentals: Section 2.1 will describe the basis of quantum
mechanics for the description of molecular systems, and Section 2.2 introduces
the elementary equations in nonadiabatic dynamics and Surface Hopping (SH).
The subsequent three sections highlight different aspects in the description of
a molecular system in an environment: Section 2.3 introduces the diabatic ba-
sis and the LVC model, Section 2.4 summarizes QM/MM method and electro-
static embedding, Section 2.5 derives how one can obtain an approximation of
an electronic density for the evaluation of electrostatic interactions, and finally
Section 2.6 describes electrostatic interaction in terms of a Distributed Multipole
Expansion (DME).

2.1 The Schrédinger Equation and the Born-Oppenheimer Approxi-
mation

The foundation of quantum mechanics is the general Time-Dependent Schrodinger
Equation (TDSE), 77 which states in its non-relativistic form that

ih%\l/(R, t)=H(R,t)¥(R, ). 2.1)

Here, h is Planck’s reduced constant, ¥(R, t) is the wave function in the position ba-
sis, H(R, t) is the Hamiltonian operator. The latter two depend on the coordinates
of all particles in the system R and the time t. The wave function contains the
state of the whole system and all information on it; |¥(R)? yields the probability
distribution of the particles in the system. The wave function can be represented
as a vector (|-)) inside a Hilbert space and its inner product is postulated to be
normalized. The wave function is expressed in the position basis through a pro-
jection onto the basis vectors (R| as (R |¥) = ¥(R,t). Generally, the Hamiltonian
operator holds the applied physical laws and interactions within the system. The
TDSE is a partial differential equation that relates the temporal evolution of the
wave function to the result of the Hamiltonian operator acting on it.
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In quantum chemistry, the Hamiltonian operator, short Hamiltonian, describes
molecular systems in terms of electrons and nuclei, and their Coulomb interaction
as

N, 1 Ne o
AR,r)= o a+zk:—§vi
a
—_——————— .
T, T,
Sy 7.7
+sz R,—R,| Zz_m——m Z;}H—lﬂ @2
Vin Ven Ve

in atomic units;”® T are the kinetic energy operators, V are the potential operators,
N, and N, are the numbers of nuclei n and electrons e, m, is the mass of the
nucleus a, V2 is the inner product of the nabla operator V, Z, is the nuclear
charge of atom a, R, is the vector of the Cartesian coordinates of atom a, and ry is
the vector of the Cartesian coordinates of electron k. The described Hamiltonian
HA(R,r) already includes some approximation to the physical description of the
system: The interactions between the particles are instantaneous and there are
no relativistic effects, the particles are point-charges, and space-time is perfectly
flat and not influenced by the masses of the particles. This Hamiltonian does not
contain any external fields and is time-independent.

Since the molecular Hamiltonian is time-independent, we can split the TDSE
into an eigenvalue problem for the Hamiltonian, which is called the Time-Inde-
pendent Schrodinger Equation (TISE), and a differential equation for the time-
dependent part of the wave function. The TISE can be written as

H(R,1)¥;(R,r) =E;0;(R,1). (2.3)

Here, ©;(R,1) is the j-th eigenstate of the molecular Hamiltonian which is called
a stationary state, and E; is the corresponding eigenvalue which represents the
total energy of the molecular system in that state. Given a solution of the TISE in
the form of a stationary state, we can formulate a particular solution to the TDSE
as

Wi(R,1,t) = ©;(R,r)e (E/M, (2.4)

In this equation, the complex phase factor is a rotation on the unit circle in the
complex plane with its phase depending on the total energy of the system E;. The
probability density of such a time-dependent wave function in a stationary state is
time-independent. A general solution to the TDSE, ¥(R,r,t), can be constructed
as a linear combination of all stationary states,

TRr,0) =Y ¢;(1)0;(R,r)e B/, (2.5)
J

This general solution is then referred to as a wave packet and its probability dis-
tribution is time-dependent.3*7° The wave packet may be propagated in time by
propagating its time-dependent coefficients c;(t), which will be shown in the next
section.



2 THEORY

Even though we can formulate general solutions of the Schrodinger equation in
either the time-dependent or time-independent form, an analytical solution only
exists for two-particle systems, such as the hydrogen atom. For larger systems,
only numerical solutions are possible. For these solutions, one usually includes
approximations to the equation itself, the Hamiltonian operator, and/or the wave
function.

Before we can tackle the solution of the TISE, we can consider a simpler ver-
sion of this problem, which involves only the electronic part of the molecular
Hamiltonian (Eq. (2.2)) with fixed nuclei at configuration R, called the electronic
Schrédinger equation:

Hele(1;R)E(1;R) = Vet (R)E(1;R), (2.6)
with
Hele = Te+Vee+Vne+Vnn- 2.7)

Here, Hy. is the electronic Hamiltonian and Z(r; R) is the corresponding electronic
wave function with parametric dependence on R. V,.(R) is a function that maps
a set of the nuclear coordinates to the electronic potential energy. We can use
Eq. (2.6) to solve the full TISE by making the assumption that the full molecular
wave function (adiabatic wave function) can be written as a product of a nuclear
wave function and the mentioned electronic wave function Z(r;R):

O(R,r) = (R)E(r;R). (2.8)

This assumption is made with the following argument: The electron mass is much
smaller than the masses of the nuclei and thus the electronic relaxation time is so
fast that the nuclear dynamics are affected by the electrons in a mean-field sense.
This argument is not generally valid and tends to break down drastically when the
electronic relaxation is not fast enough to adapt to changes in nuclear positions.
Upon substitution of Eq. (2.8) into the full TISE Eq. (2.3) with H = T,, + Hj, we
obtain

H(R,1)[®(R)E(r;R)] = Ve (R)S(R)Z(1;R)

N,
h o1
> —[v2®)ErR) (2.9)
—2m, - ¢
+2V,$(R)V,E(r;R)
+&(R)V2E(r;R) |
=E®(R)Z(r;R).
In this, the last two terms, where V, acts on |2(r;R)), are proportional to 1/m,

in atomic units and thus are several orders of magnitude smaller than the other
terms.”? These terms are neglected and we can approximate Eq. (2.9) as

AR) ®R) =T, + V(R)|®(R) = E&(R). (2.10)

This is a TISE for nuclei under the influence of an effective electronic potential Ve,
which is known as a Potential Energy Surface (PES). The above stated approxi-
mations to the full molecular TISE are known as the Born-Oppenheimer Approx-
imation (BOA). Eq. (2.10) only describes the nuclei on a single PES; most often
this corresponds to the lowest eigenstate of H,j, called the electronic ground state.
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If we want to describe excited state dynamics, we cannot employ the BOA. In-
stead of using Eq (2.8), we can start with the formally exact® Born-Huang expan-
. 180
sion,

U(R,1)= > &(R)Z;(r,R), 2.11)

where {Z;(r,R)} is the full set of electronic states which solve the electronic TISE
Eq. (2.6). Inserting the Born- Huang expansion into the TISE (Eq (2.3)), multi-
plying with (

nuclear Schrodlnger equation: 7’

2. |AfE)em =2 [(=

=[Tn+\/j,ele(R)]¢j(R)—ZAijq>i(R) 2.12)

| Ta |2

Zi)+ (5 |Zi) Vi ete(R) ] 2:(R)

The equation above does not include any approximation yet and would result in
exact dynamics. Here,

Nl'l
=55t (5| | D15 (V2N +ValB) Vot E)VE) | 213)
a
N, 1
:—Za:—m[@ﬂvﬁ =i)+ (8] Va|2:) Va

are the NonAdiabatic Couplings (NACs). These terms represent couplings result-
ing from nuclear motion of the eigenstates of the electronic Hamiltonian in the
TISE also called adiabatic electronic states, and are neglected in the BOA. Through
the NACs, not only is the nuclear wave function influenced by one adiabatic elec-
tronic state, but all electronic states are also influenced by the motion of the nuclei
and can in-turn affect the nuclei. The NACs are not negligible where multiple PES
come energetically close and the electronic wave function changes drastically with
respect to small changes in nuclear coordinates. Both of these cases occur in the
study of electronic excited states. Nevertheless, the BOA remains useful and is in-
trinsic to chemical intuition, where reactants and products of a chemical reaction
are different points on a single PES. For excited-state dynamics, in which many
states are involved, the chemical landscape needs to be envisioned as not only one
but multiple coupled PES, on which the nuclear wave function is evolving. The
BOA and the mental picture of multiple coupled PES can be very instructive for
interpreting nonadiabatic dynamics presented in the next section.

2.2 Nonadiabatic Dynamics

While the previous section presented solutions for the TISE, this section is dedi-
cated to solving the TDSE. The starting point for this is the general solution in

4neglecting the continuum states
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the form of the wave packet introduced in Eq. (2.5). As mention above, the wave
packet can be propagated in time from step t to step t + At by propagating the
time-dependent coefficients, c]-(t).:”“’7O This is called wave packet dynamics or
quantum dynamics. It is the most rigorous way to numerically integrate the nu-
clear wave function, as the accuracy only depends on the chosen basis set, as well
as the electronic potentials and couplings used in Eq. (2.12).8! Quantum effects
such as zero-point energy, coherence phenomena, tunneling processes, or branch-
ing at conical intersections are fully accounted for.>* However, the discretization
on a grid scales exponentially with the degrees of freedom, which are 3N, —6 for
the nuclei. Therefore, only very low dimensional systems can be described or the
number of relevant degrees of freedom needs to be reduced drastically for ultrafast
chemical processes; typically three to four degrees of freedom are feasible.”® The
multi-configurational time-dependend Hartree method uses time-dependent func-
tions as a basis, but is still restricted to systems with about a dozen atoms.”%71:82
Handling the dynamics of bigger systems requires further approximations.

The most common approximation is intuitive: the nuclear wave function is col-
lapsed to discrete 3N, atomic positions. This means that the nuclei can be de-
scribed with classical mechanics as points with an associated mass. The complex-
ity of this approach scales linearly with the number of atoms. Instead of employing
the Schrodinger equation, we can treat the dynamics of the nuclei with Newton’s
second law:

32
a2

This equation states that the temporal evolution of the coordinates of nucleus a is
proportional to the derivative of the electronic potential energy function or PES
with respect to the same coordinates. The integration of this method yields a time-
series R(t), which will be referred to as a trajectory. The propagation of the nuclei
through Newton’s equation of motion is generally called MD.3#7° There are two
popular algorithms for numerically integrating Eq. (2.14): the leap-frog®? algo-
rithm and the velocity-Verlet®* algorithm. Regardless of the choice of algorithm,
the numerical integration involves the evaluation of Eq. (2.14) for all R(t) sequen-
tially. It is not necessary to compute the whole PES a priori; rather evaluation of
the derivative at the current nuclear positions or nuclear gradients is sufficient. If
the nuclear gradients are evaluated via solving the electronic TISE, the method
is referred to as ab-initio molecular dynamics.3* As will be shown below in Sec-
tion 2.4, the PES can also be approximated by sets of classical equations, referred
to as FF; using this to obtain the nuclear gradients leads to classical MD.
Simulated dynamics with Eq. (2.14) are limited to one PES (Vi,ele(R)). In order
to treat excited state dynamics with MD, it is necessary to extend the approach.
Similarly to the nuclear wave function, the electronic wave function may also be
expanded in a basis of electronic states; the adiabatic basis in this case:

IE(0)) = D i) |Z:(R(1)). (2.15)

L

R, =—M, 'V V; o(R). (2.14)

This leads to a wave function that is a mixture of multiple electronic states, and
results in an effective potential energy function. The corresponding effective gra-
dient applied to the nuclei can then be evaluated from V (2(t)|Hepe |2(t)), which
is the gradient of a mixture of multiple eigenstates of the electronic Hamiltonian.
This approach is called Ehrenfest dynamics.®> Central to quantum mechanics is
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the concept that the expectation value of an observable may be a mixture of differ-
ent solutions to the Schrodinger equation; however upon wave function collapse,
the expectation value of one solution will be measured. Unfortunately, the Ehren-
fest approach does not split the wave packet into respective reaction channels but
rather one unphysical average channel. 80

The problem of the Ehrenfest approach arises because the wave packet is propa-
gated on an effective PES, when it is supposed to follow different reaction channels
on respective PES. The correct distribution of the wave packet among all PES may
be recovered by a stochastic approach. In Surface Hopping (SH),>*>>:87 the wave
packet can be represented by a set of trajectories which are propagated using one
PES corresponding to one electronic state, referred to as active state. Each trajec-
tory can then stochastically change its active state by “hopping" to another state;
the probability for the hop is derived from the NAC term (Eq. (2.13)) between
the states. Overall, this results in a set of trajectories that follow physical reaction
channels. The fraction of the ensemble that follows a given channel converges to
the probability of the wave packet with increasing ensemble sizes,
lim Ntraj,i

Niraj =00 traj

=|c3(1)|. (2.16)

This is only possible if the electronic wave function is propagated alongside the
classical nuclei.

The time-dependent electronic wave function in the basis of the electronic eigen-
states (Eq. (2.15)) can be inserted into the electronic TDSE and integrated over
the electronic states with <EOJ~; this yields the equation of motion for the elec-
tronic coefficients c;(t) as

2 N
Ecj(t):_2[1<‘:‘j|Hele|‘:‘i>+R'Aij:|Ci(f)- 2.17)

1

As before, the second term represents the coupling between the surfaces. This
term depends on the chosen basis {=;} used to expand the wave function, which
is usually referred to as a representation.®#88 Eq. (2.17) can also be written in a
compact tensor form for all coefficients at once,

%c(t)z—[iH+R-A:|c(t), (2.18)

where A is the NAC matrix (Eq. (2.13)). The evaluation of NAC terms is expen-
sive and often not possible. This problem is solved by the local diabatization
approach®8? which reformulates Eq. (2.18) to use the overlap of the current
electronic wave function with the previous one (Z(t + At) |Z(t)). With this, the
propagation in SH is achieved by cycling through three basic steps: (i) Evaluation
of the electronic energies, nuclear gradients, and the overlap matrix using the
TISE. (ii) Propagation of the electronic wave function and stochastic selection
of an active state. (iii) Propagation of the nuclei with respect to the gradient of
the active electronic states. These steps are not exhaustive, as one also needs to
ensure energy conservation upon "hops" between electronic states and sufficient
decoherence between the trajectories. 349091

The efficiency of the SH approach is determined by the efficiency of step (i). For
big systems, the evaluation of (i) can prohibitively expensive which renders the
SH less favorable. For these systems, one can apply further approximations in the

10
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solution of the TISE to decrease the computational cost. The approximations used
in the frame of this thesis, which are the LVC Hamiltonian, the QM/MM approach
and the DME, are presented in the following sections.

2.3 Diabatic Representation and the Vibronic Coupling Hamiltonian

A commonly chosen alternative to the above introduced adiabatic basis is the so
called diabatic basis.” In this basis, the eigenfunctions of the electronic Hamil-
tonian have small or absent nuclear derivatives V,Z; and Vi =;. This means, the
basis is set up to minimize A; j; the change of Z;(r;R) is minimized with respect
to T,. The simplest version of achieving this is to choose electronic states as ba-
sis functions which are independent of R: Z;(r;R) — E;(r;Ry). This is called the
“crude adiabatic basis” and its basis functions are by construction solutions to the

electronic TISE for a specific set of nuclear coordinates Ry:”?
W(R,1) = > ®;(R)Z;(r;Ry), (2.19)
i
Hele(r;RO)Ei(r;RO) :Vi,ele(RO)Ei(rQRO)- (2.20)

The electronic eigenstates of the diabatic basis, Z;(r;Ry), will be abbreviated as
Eo,;- Inserting this into the full TISE and multiplying from the left with <Eo’j|
yields:

Z(Eo,j | H(r,R) |50,i>‘1’i(R) = Z(EO,J" [0+ Hee(r;R)] \Eo,i><1’i(R)-

(2.21)

The integrated equation above can be also simplified® to

Z(Eo,j |A(r,R) |50,i>‘1’i(R) = Z [(50,j| T |50,i> +W;(R)]&;(R).  (2.22)

i
Here, W(R) summarizes the electronic Hamiltonian in the diabatic basis so that
<Eo,j | Hee(1,R) |50,i> = W;;(R). (2.23)

The equations introduced above and the form of the potential-energy and kinetic-
energy expressions depends on the choice of the coordinate system in which R
is expressed. The construction of the kinetic-energy and potential-energy opera-
tors simplify considerably under the assumption that there are no motions with
large amplitude in the molecular system. This allows us to express the nuclear
coordinates R as displacements from a suitable reference; the equilibrium geom-
etry of the electronic ground state Ry is often used. With this, we can describe
nuclear motion in terms of vibrations with moderate amplitude around the ref-
erence geometry. For the description of these vibration, we introduce a new set

. T . .
of coordinates Q = (Ql, .. "QNvib) , called normal coordinates; 2 Ny, is 3N, —6
or 3N, —5 for linear molecules. These normal coordinates are obtained in their
dimensionless form as

3N,
Qr= 1/w_k2 VML AR (R —Ryg). (2.24)
z

11
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Here, w, is the vibrational frequency of the k-th normal mode, AR; is displace-
ments of the nuclear Cartesian coordinate [, and Ly; is an element of the lin-
ear transformation matrix that diagonalizes the Hessian matrix of the electronic
ground-state potential. Expanding the electronic ground-state potential energy
up to second order in AR and approximating the frequencies by their value at Ry,
which is the harmonic approximation, T,, and the potential energy function of the

electronic ground-state, V; .., take the form 6%:92
A 1 92
Ta=—-> =, (2.25)
2% 0
1
Vo,e1e(Q) = 3 Z kai- (2.26)
k

The elements of vibronic-coupling potential energy matrix W;;(Q) also called vi-

bronic coupling Hamiltonian can be expressed in the following expansion: %’
Wll(Q) VO ele(Q)+€ +Z (l)Qk+ZY(”)QkQZ + ... (227)
W;;(Q)=1;;(0) + Zl(” )Q + ZY(” )Q Qe (2.28)
where
@ _ ( oW;; )
K, = (2.29)
k 9Qxk Jo=0
y OW:
3= (—U ) (2.30)
0Qx Q=0
- %W,
(i) )
T =| 37— —wid . (2.31)
K (an o kZ)Q_O
Here, €; is the vertical excitation energy of the i-th electronic state, Kg(i) are the

first-order intra-state vibronic coupling constants, /) are constant inter-state

couplings, Ag{” ) are the first-order inter-state vibronic coupling constants, and
y(kll] ) are the second-order vibronic coupling constants. In the parametrization

done with the SHARC code, the assumption is made that the adiabatic and dia-
batic bases c01nc1de at Q=0, so that n(/) = 0. The )/(”) are state-specific shifts in

frequency and Ykl represent Duschinsky rotations*® which transform the normal
coordinates of the electronic ground state into the ones of the respective electronic
(D

excited state. The parameters €; and «, ~ can be obtained via the electronic ener-

gies and gradients at Ry.%% The }L(ij ) parameters can be obtained from the NACs at

R, or via numerical differentiation.’2%* The }/( 7) can be obtained via numerical
differentiation.

Additionally to these parameters, the Spin—Orbit Couplings (SOCs) can be added
as static parameters n/) to W;;(Q). SOCs describe the interaction of the electronic
spin with the magnetic field induced by the moving electron in a spatial orbital.
The SOCs are derived by solving the Dirac equation (the relativistic analogue to
the Schrodinger equation) and are formulated as an component in the Breit-Pauli-
Hamiltonian.®> The SOCs tend to be larger in elements of later periods as they

12
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depend on nuclear charge. In excited-state dynamics, the SOCs introduce cou-
pling between otherwise uncoupled states of different multiplicity and can lead
to InterSystem Crossing (ISC). 34+

The IVC method used in this thesis corresponds to the vibronic coupling Hamil-
tonian truncated after the first-order terms. It presents a highly-efficient way of
solving the TISE, even for larger systems with many electronic states.’2’# In this
work, we additionally used a subset of the y parameters y(”) for more accurate

state-specific frequencies in our IVC model in Section 5.

2.4 The Quantum Mechanical/Molecular Mechanical Method

As stated above, solving the electronic TISE for systems in the condensed phase
can be prohibitively expensive, especially in the context of dynamics simulations.
This is because of the polynomial scaling in terms of electrons and basis functions
of many electronic structure methods. However, if the molecular system investi-
gated can be split into a molecular region of interest and its environment, one can
treat the environment more approximately.2%*® The approximations to the envi-
ronment are approximations to the electronic potential energy function V,.(R)
from Eq. (2.6) (also referred to as PES). The approximated potential energy func-
tion can then be used to propagate the nuclei using Newton’s equation of motion
(see Eq. 2.14). Commonly, the electrons are not treated explicitly and all nuclei
have effective charges q. A general expression for an approximated V. can be
written as:

Vele ~ Vbonded + Vnonbonded- (2.32)

Here, the first term generally describes the potential energy between pairs of
nuclei that are considered to be connected by chemical bonds and the second
term for all others. Most commonly, Vindeq 1S @ truncated many-body expan-
sion with Vignded = Vhond + Vangle + Vdihedral fOr two-body, three-body and four-
body interactions. The nonbonded interaction only consists of two-body inter-
actions: Vjonbonded = Vcoulomb + Viennard-jones- 1he Coulomb potential contains
electrostatic interactions between point-like nuclei with effective charges g. The
Lennard-Jones term models both the repulsion from the Pauli exclusion princi-
ple and the attractive van-der-Waals (vdW) interaction. The Coulomb interaction
term has a much longer range and dominates the computational cost for large sys-
tems. The effective scaling of evaluating V. in this approximation is 0(Nr%). All
terms in the approximated electronic potential energy operator are formed from
empirically determined parameters and their collection is usually referred to as a
FF (Ve & Vip). 3941

Now that we have a way of treating the environment part of our molecular
system approximately with a FF, we need to establish how the molecular system
can interact with its environment and vice-versa. In the widely used Electrostatic
Embedding (EE) formalism, 30 both parts interact, as the name implies, via elec-
trostatic interactions. These are included into the electronic Hamiltonian of the
molecule (Eq. (2.7)) as

Nenv Ne

Hetepr = Here +ZZ |quZRb| Zb:Z Irii—bRbl' (2.33)

13
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Here, qy, is the effective charge of the FF of one of the atoms in the environment
Ne,y; these charges are collected in P.,, = {q;}. Eq. (2.33) states that the envi-
ronment electrostatically influences the result of the TISE and therefore the wave
function. Since the molecular system (mol) part of the system is treated quantum
mechanically and the environment part with classical mechanics, this approach is
usually referred to as QM/MM.3%46 The total energy of the system Eom/mm can
be obtained as

EQM/MM = Eele,EE - EFF,rnol’ + EFF,mol’+enV, (2.34)

where Eje gg; is the solution to the TISE using I—AIele’EE. Epgmor is the FF energy of
the molecular part with its charges set to zero (mol’). Epgmopteny iS the energy
of the entire system at FF level; again the charges of the molecule are set to zero
(mol’). Setting the charges of the molecule in the FF to zero (env’) prevents double-
counting of the Coulomb interactions between the atoms of the molecule and
environment.

As stated above in Eq. (2.33), the Coulomb interaction between the molecule
of interest and its environment can be described by

Nenv Nn Nenv NE

Z,
eleenv ZZ|qu Rbl ;Zl:lrli—bRbl (2.35)

The Coulomb potential energy function Ve(l eJ )en (R) for the coordinates of the whole

system R and the pairs of electronic states ij can be calculated as®’

vi) (r) =V (R)

ele env
Nenv Ne 1
— drq---dr,=¥(ry,...,1,) " — | - Ej(ry,...,1), (2.36
Zb:qbf 1 n l( 1 n) Zk:lrk_Rbl ]( 1 n) ( )
with
enV l'l qbZ
(=022 e el (.37)

Here, the Coulomb potential of the molecule’s electrons at the positions of the
environment charges R, (in brackets) is integrated over the electronic coordinates
f dry---dr,E*(ry,...,1,) for the wave functions of two electronic states Z; and E;.
We can simplify this equation by using Pauli’s principle, which states that electrons
are indistinguishable, to obtain

v (r)=vD (R)

eleenv
eﬂV 1 _
~Da | drydn G ) Ner—e | B em). 239
[r; —Ry|

After this, we can introduce the one-particle density p ) for the pair of electronic
states i,j as”®

p(ij(rl)zNeJdr2---drnfd1"2---dl"nE;f‘(rl,...,rn)Ej(rl,...,rn). (2.39)

14
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Under orthogonality constraints of both wave functions, the integral over the one-
particle density yields the number of electrons N, or O,

J dr; p (1)) =N,5;;. (2.40)
Now, if we apply the substitution of Eq. (2.39) to Eq. (2.38), we obtain Ve(1 e] an(R)
as
(i) (i) (U)(l‘l)
Vele env(R) Vn EHV(R) qu drl | Rb| (2.41)

where the second term describes the Coulomb interaction between all environ-
ment charges and the electronic density of the molecule.

In force fields, the Coulomb potential of the one-particle density p(ij)(rl) is
approximated as

(ij) /(lJ)

P (r

— E 2.42
f Y- IR, —R|’ (2-42)

Here, q, ") are monopolar charges at the positions R,. Most commonly, every nu-
cleus of the molecule is assigned such a charge. Further, the charges may already

include the nuclear charge of the corresponding nucleus q(U ) = qé(u )+ 0ijZq; SO
that we can simplify Eq. (2.41) to

Ny /(U)
(U) qpZa
eleenv( ) Z |R R |+quZ|R Rb|
Nenv Nn q(l])
a
AN T (2.43)
Zb: a |Ra_Rb|

One method to perform the approximation of Eq. (2.42) which evaluates the
charges on the nuclear position based on the ElectroStatic Potential (ESP) is pre-
sented in the next section.

2.5 The Restrained Electrostatic Potential Fitting Method

(i)

There are many different methods to obtain a representation, e.g., q;”’, of the one-

particle density p(”) according to Eq. (2.42).°° One method, where qaj ) lead to
physical observables, such as solvation shells, that are in good agreement with an
ab initio reference,? is the Re_s_trained ElectroStatic Potential (RESP) method.??
This method tries to find a {q((IU )} that minimizes the error of the approximation
made in Eq. (2.42) in a least-squares fashion. The notation below is an adaption
of the original work of Bayly and coworkers,®® which is used in the reprinted
publication A.1.1.7> The criterion for the minimization is the difference between

ESP of the reference and that of q(lJ ) at the grid points R,

N, Ny (if)
7 (ij) J
5ijz_a_fdr p(ry) Z Qa (2.44)
a |Ra_Rg| |r1 g| —Rg
VIR, ~ Vé;f,)(Rg). (2.45)
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@)
Note that, the term fdrl I (rlf can be evaluated as

(lJ)
fd ey (rl) ZZD(U) (@Bly,). (2.46)

1~

Here, (af3|y,) denotes a 3-center-2-electron integral over the atomic orbitals a

and f3; v, represents the grid point as a Dirac delta function at Ry; D¢ é) is an

element of the (transition) density matrix for state pair ij.

Now, the difference between the reference potential Ve(sé)(Rg) and the approxi-

mated one Ve(sé)(Rg) is minimized via a least-squares procedure,
(i) (i)
d (U) (l]) Vesp (Rg) Vesp ( g)
@) Z[Vesp (Rg)—Vesp (Rg) ] ZZ R, —R| =0. (247)
dq,’" g a’ g

This equation can be analytically solved and would yield q( 7 that reproduce the
ESP at all R,. However, these charges can be unphysically large®%%?; especially
for atoms without any grid points in the vicinity. For this reason, the RESP adds a
hyperbolic restraint function to Eq. (2.47),

iq mZ[ VSR -SR] +qZW (a2~ é’?)z—cg—cz]:

Ly ve(;{,)(R )= Vi Rg) c1q%” o .48
g |Ra’_ g| @) _ (G5 2_ 2
qa’ qa,O c2

Here, c; is a scale factor defining the asymptotic limits of the restraint, c, is the
curvature of the hyperbola, and q( D are target charges for the restraint. The latter
are often set to charges derived from population analysis or to 0. The derivative
of the restraint function will be abbreviated as

C
dFrestr (q(U)) - 1

N

Now, Eq. (2.48) can be rearranged by substituting dFrestr.(qc(li,j)) and inserting

Vé;é)(Rg) explicitly,

(2.49)

(U)(R ) Ny @i

esp qa (i) (@)

E E —qWdF, . (¢ =0. (2.50)
|Ra/ _ |Ra/ _ R |Ra _ Rl qa restr. q

We can then establish a system of linear equations, while swapping the sums over
a and g as

Ny (i) 1 ( ) (U)( )
esp g
E dFrestr (q 7 )5(1 ‘a + E |R Rl U E (2.51)
a | - g| |
By defining
(i)
; A )
@) _ Vesp \g/
Y, E (2.52)
¢ |Ra,
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and

2 1
L,,= 5 2.53
0= 2w, e R >

we can write Eq. (2.51) in matrix notation as
[L— 1dF,e, (P00) ] PO = 1), (2.54)

Here, P(7) = {q((lij )}, 1 is the identity matrix and dF,eg, (P"‘)) is a vector contain-

ing all elements dFrestr,(qg,j )). Since dF,eq; (P'))) depends on the fitted charges,

Eq. (2.54) has to be solved iteratively. The initial P4/ is obtained using Eq. (2.54)
without restraints. Afterwards, P is used to compute the constraint, which is
then added to the diagonal of L, and the linear equation system is solved to obtain
new P, This procedure is iterated until self-consistency.

In order to perform the RESP fit, the set of grid points R, around the mole-
cule needs to be constructed®® at which the ESP of the one electron density

Ve(;é)(Rg) can be calculated. The authors of Ref 99 use the Merz-Singh—Kollman
scheme 199102 which works as follows: First, a set of spherical shells s is gener-
ated around each atom a; the radii ry, of these shells are multiples of the atom’s
vdW radius ryqy 4. The set of shells of the Merz-Singh-Kollmann scheme (1.4,

1.6, 1.8, and 2.0 times ryqw ) 100-102 ¢ap be reproduced with the algorithm: 103

0.
T'sa = |:1-4+—4(i_1):| Tvdw,a> (2.55)

v N, shells

where Ngpois = 4. Second, a set of points on a shell are generated by a spherical
surface quadrature. For this, the Lebedev quadrature %4 is most suitable; its high
symmetry (point group Oy,) ensures that the fitted point charges align with the
symmetry of the molecule for most point groups. This results in a set of point
charges in shells around each atom {Rga)}. Lastly, all points Rga) in a shell s that
are closer to another atom a’ than its scaled radius r,, are removed. The residual
points serve as R, in the fitting scheme described above.

We chose the RESP method over other population analysis methods to obtain
representations of the one-electron densities in the IVC/MM method as charges
obtained by the RESP fit accurately reproduces the ESP of an electronic state and
lead to RDFs which are close to an ab-initio reference.”® The next section shows
an extension of the presented representation in terms of charges at the nuclear
positions that also includes higher-order terms of the multipolar expansion on the
nuclear coordinates.

2.6 Distributed Multipole Expansions

The charges q((ll] ) in the representation of the one-particle densities shown so far
are fully isotropic and hence cannot reproduce the anisotropies of p(7) at short
distances. Stone proposed a solution to this by employing a the Tailor expan-
sion of the Coulomb potential around the nuclear coordinates as centers called
DME. 105107 Higher-order terms of the Tailor expansion, such as the dipole and
quadrupole terms, capture aforementioned anisotropies in the short-range. This
allows representing, e.g., out-of-plane transition densities in planar molecules or
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lone pair electron clouds. For this reason, DMEs can be included into FFs for a
more accurate description of electrostatic interactions. 3’

The ESP at coordinate R, arising from o) (see Eq. (2.41) and Eq. (2.48)) can

be approximated as a Taylor expansion 107

g No | p 3 pWlpg 3 PR, Ry
VIR ) a Pa ™ S Tax Ragx | N7 Taxer Tagxtazx’ | o7 3| o 56
SRIND R L 2 RO

Here, Ry is the element of the distance vector between atom a and point g in

Cartesian direction x. Additionally to the monopolar terms P(Eij )= quf ), there are

the corresponding dipolar term Pgijp )’a = (Pg() ),Pg,] ),P(EIZJ )) and the corresponding

gd; da ™ (Pé;f)z,,P(El;Z) )T. This expansion can be cast into a
sum of scalar products between a tensor PU4), which contains all multipole terms,
and a geometric tensor T containing all corresponding prefactors. Note that we
use the index p to refer to the different elements in the multipole expansion on
an atom a (in the order: monopole, X, y, z, XX, VV, zz, Xy, Xz, yz); the mixed
quadrupole terms xy, xz, yz are here multiplied by 2. Eq. (2.56) can then be
written as

N, 10
VaPR)=> > (P Togp), (2.57)
a p

which equates a contraction over the indices a and p.

With the end of this section, the theoretical foundations and the preexisting
methodology are introduced, on which the work of this thesis is based: The nona-
diabatic dynamics of system in solution described by the TDSE are numerically
integrated using SH, for which we solve the TISE using LVC models in a QM/MM
approach called IVC/MM. The details on how a DME can be evaluated by extend-
ing the RESP method and how the IVC Hamiltonian is adapted for the QM/MM
approach are shown in the next chapter.

quadrupole terms P
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METHODOLOGICAL DEVELOPMENTS

The goal of this thesis is the simulation and analysis of time-dependent three-
dimensional nonadiabatic dynamics of solvated photoactive compounds over long
time scales. The methodological developments for efficient simulation of nonadia-
batic SH dynamics in solution in terms of the novel IVC/MM method and the analy-
sis in terms of time-dependent three-dimensional solvation shells are described in
this chapter.

This chapter will start by introducing the building blocks of the IVC/MM im-
plementation in the SHARC package'°® shown in Fig. 3.1 from top to bottom in

addition to all necessary details.

SHARC-INTERFACE
QM/MM (electrostatic embedding ) (MM)

LvC roto-translational) (P-representation
invariance DME + (RESP)

Figure 3.1: Schematic overview of the most important methodological developments
achieved for the realization the IVC/MM method. All boxes with blue outlines are pre-
existing blocks while green outlines mark novel additions.

Section 3.1 outlines the basic workflow in the SHARC package 1% and the devel-
opment of the pySHARC framework, 1% and introduces new generalized Python-
interface classes to be used with pySHARC (Fig. 3.1: SHARC-INTERFACE). The
latter allow for standardized interfaces with the same base functionality for the
LVC model and OpenMM program!1® (Fig. 3.1: IVC and MM), and a hierar-
chical QM/MM interface (Fig. 3.1: QM/MM) which is in principle ignorant and
independent of the Quantum Mechanics (QM) and MM interfaces used. Because
of the standardized base functionality of each interface, a modified version of
PYSHARC is able to utilize all of them. Section 3.2 derives and elucidates the
electrostatically-coupled and roto-translationally invariant [IVC Hamiltonian in-
cluding all necessary equations for energies, gradients and NACs. For this, we
decouple the evaluation of the LVC Hamiltonian from its reference nuclear coor-
dinates via a superimposition algorithm. Then, we include a DME (Section 2.6)
into the IVC model as a representation of the electronic densities, p(ij ), to evaluate
electrostatic interaction with point charges. In order to fit the parameters of the
DME used in the IVC model, we formulate an extension of the RESP method (Sec-
tion 2.5) in Section 3.3 so that it also yields higher order terms of the multipole
expansion.

Section 3.4 describes additional details on the implementation of the IVC/MM
method to increase its efficiency and shows an analysis of the method’s scaling
behavior with different system parameters. Lastly, Section 3.5 explains the gen-
eration and analysis of time-dependent three-dimensional solvent structures via
so-called 3D-SDFs.
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/" SHARC P )
.In
\
9 KQM.outl«/ y

Figure 3.2: Illustration of information exchange in the SHARC program adapted from
Refs. 56 and 109.

3.1 Generalized SHARC-Interfaces

The general working mechanism of the SHARC program°° is illustrated in Fig. 3.2.
The whole program is split in two parts: (i) the SH algorithm written in Fortran
and (ii) the code interacting with the electronic structure codes which is called
“interface” written in Python. During an MD simulation, the SHARC program cy-
cles between its two parts. The propagation of the electronic wave function (see
Eq. (2.17)) and the hops are evaluated in the SH code. Then, the nuclear coor-
dinates and specifications on required properties of the electronic wave function,
such as energies, gradients, NACs, SOCs, and the wave-function overlap to the
prior time step, are written to the QM. in file. This file is read by the interface
code and processed to perform an electronic structure calculation either through
an external program or directly, in the case of IVC. The requested results are then
written to the QM. out file and parsed by theSH code. The cycle is repeated from
here. The description of this cycle demonstrates two important aspects of the
code: (i) it is necessary to read and write files at two instances every cycle and
(ii) the interface code to every electronic structure program or other Hamiltonian
behaves the same in each cycle. Menger showed in his thesis that the first aspect
poses a hurdle to simulations using the LIVC Hamiltonian and other highly efficient
methods. '°° He showed that writing and reading the files every cycle, generally
referred to as “file input/output” or “file I/0”, is responsible for over 50% of the
computation time. In order to leverage the full efficiency of the [VC Hamilton-
ian, Menger modified the SH and |LVC interface code to directly communicate the
information contained in the QM. in and QM.out files between both parts of the
SHARC code.”?19? This drastically reduced the computation time of each cycle
and was also applied for SHARC simulations using machine learning models.®*
The codebase connecting the |SH code in Fortran and the Python interface via
Python bindings in C is called pySHARC, and is illustrated in Fig. 3.3.

Fig. 3.3 does not only illustrate pySHARC, but also introduces further develop-
ments based on it. The second aspect of the SHARC program (vide infra), that
every interface should behave in the same way, can also be seen in the illustration:
The interface puzzle piece is connected to the Fortran code via pySHARC but it
is split in two parts: the base part (blue) and the specific part (green). The base
part is defined as all points of interaction that are necessary to perform a single
point calculation with either pySHARC or the file I/O. The specific part is then
all programmatic logic to operate an external program or other model. Menger’s
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/" SHARC )

g'"pySHARC:"fBasé‘;f/ Specific

(SH codeld ]((3 E |nterfacea)§

\_ J

64.72,109

Figure 3.3: Illustration of the pySHARC scheme including a general interface
scheme. The Fortran part of [SHARC is connected to the Python interfaces via pySHARC
(orange shaded area). pySHARC interacts with the interfaces via a layer of base function-
ality (blue shaded area) which then call specific implementations (green shaded area) to
perform electronic structure calculations.

work concluded with the application of pySHARC to the IVC and machine learn-
ing models specifically, but this structure can be generally applied to all interfaces
in the SHARC code. 108

The first step in achieving the overall goal of this thesis lies in continuing where
Menger left off and defining a generalized form of a SHARC interface. In prepa-
ration for this step, the whole Python code base was ported from Python2.7 to
Python3. 1% In version 3.0 of the SHARC program every interface is essentially a
script, with a collection of functions, that adheres to the general working principle
depicted in Fig. 3.2. The generalization of the interfaces to the general structure
shown in Fig. 3.3 can be accomplished with object-oriented programming. In this,
every interface is an object with the same base functionality. This functionality can
be realized by a shared implementation or a specific one, which is referred to as
polymorphism. All programmatic logic that is specific to an external program or
model is then placed “behind” the base functionality, which is called abstraction.
The implementation of a specific interface can be fully or in parts obtained from
the implementation of the base interface object, which is called inheritance. In
this way, the interface object class can be implemented in a tree-like fashion. The
base functionality is implemented in the base class which can then be inherited in
the so-called derived classes.

The general concept of the base class and its functionality is illustrated in Fig. 3.4
for both a single point calculation using file I/O (from the right) and the calcu-
lation of a trajectory using pySHARC (from the left). In reference to Fig. 3.3,
all functions that have the same logic for all interfaces and can be implemented
in the base class have a blue border, and all functions with a green border will
have specific logic for every interface. The first step in a single-point calculation
is obtaining information about the molecular system that will be handled in the
computation; the setup_mo1l routine is receiving this information from either the
QM. in file or directly from pySHARC. Next, the information from the . resources
and . template files is processed in the corresponding functions read_resources
and read_template. The .resources file contains all information that does not
influence the result of a single-point calculation, such as the number of CPUs and
memory available. Therefore, this file looks similar for different interfaces and
the read_resources function is implemented in the base class; this function can
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} / b SHARC-Interface \
Trajectory Single Point

read_resources
read_template

setup_interface
1 one time

read_requests

1 repeated every step
[read_coords]

pySHARC

———| set_requests

—l—»[set_coords]

LNl (get—iMoutJ [write-oww—~ QM.ouf

Figure 3.4: Illustration of the generalized SHARC-interface class in the context of a single-
point calculation with the old SHARC scheme (from the right) and a trajectory with the
PpYSHARC scheme (from the left). The routines are called from top to bottom and have
borders indicating whether the implemented logic can be in the base class (blue) or have
to be implemented for every derived interface separately (green). The arrows indicate
communication of information from and to the interface.

then be altered or extended in the derived class if necessary. The .template
file contains all method specific information, e.g., as the basis set and functional
in the case of Time-Dependent Density Functional Theory (TDDFT) calculations.
Hence, the .template file and the read_template routine are specific for every
interface. The setup_interface routine generally combines and processes the
information received in the three prior routines (setup_mol, read_resources,
read_template). A this point there is a break on the trajectory side in Fig. 3.4.
All routines prior to this point are handling information that does not change dur-
ing a trajectory. Therefore these are only called once. The next routines, however,
have to be called every cycle or time step in the SHARC simulation. The proper-
ties of the electronic wave function that need to be computed can either be parsed
from the QM. in file (read_requests) as before or be set by pySHARC in separate
routines (set_requests). The same goes for the nuclear coordinates of the cur-
rent time step (read_coords or set_coords). Now that all necessary information
is gathered and processed, the run function is called, which is an abstraction of
setup and computation for the external programs or models. The run function
also calls post-processing programs like wfoverlap and the TheoDORE!!! pro-
gram. The get_QMout routine then handles parsing and prepares the results of
the single-point calculation. In pySHARC, this information can be directly com-
municated in memory to the SH code. In the old, file I/O based approach write_ -
QMout generates the QM. out file. Additionally, all interface specific functionality
that is used to setup single-point calculations or trajectories was moved from the
respective scripts of SHARC3.01% into the interface themselves.

Based on the definition of the base functionality of any interface (Fig. 3.4), the
specialized pySHARC code for the IVC and machine learning models was gener-
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alized so that it can replace sharc.x as the driver of the SHARC simulations in
nearly all cases.

The new interface scheme not only can be applied to rewrite existing inter-
faces to be usable with pySHARC but also to generate interfaces in a new way. In
QM/MM calculations, one has to perform single-point calculations with a chosen
electronic structure method or model and a FF (see Eq. (2.34)). With the new
interface base class, writing an interface that generally uses SHARC interfaces for
an QM/MM approach is straight forward. This is illustrated in Fig. 3.5. Here, the
QM/MM interface itself forwards requested properties and nuclear coordinates to
the chosen MM and QM interfaces. For electrostatic embedding, the point charges
are communicated from the MM interface to the QM interface. The QM /MM inter-
face then combines the properties (energies and gradients in Fig. 3.5) accordingly
and returns them.

The underlying concept of SHARC interfaces and its base class is currently being
generalized and extended by the SHARC development team, so that interfaces
can be grouped into (i) interfaces that use other interfaces (hybrid interfaces),
such as the QM /MM interface, (ii) interfaces that call external programs, and (iii)
interfaces with all algorithms directly implemented in SHARC, such as the IVC
interface.

For the evaluation of a single point on a PES with FFs (see Eq. (2.32)), a new
interface for the OpenMM '° code was written. The OpenMM !1° package comes
with two advantageous features: (i) its Python-based API, which allows in memory
communication and direct access to force and energy components, and (ii) its
inter-compatibility with topology and trajectory files of other popular FF programs
like Amber*! and GROMACS. 112

QM/MM Interface ™\

requests + coordinates MM

—energy + gradients

point charges

A

- energy + gradients

QM

requests + coordinates /

Figure 3.5: Schematic of the working principle inside the hierarchical QM/MM interface.
Upon receiving externally requested properties and coordinates (orange) from pySHARC,
it utilizes two generalized SHARC interfaces for QM (purple) and MM (yellow) calcula-
tions, and combines their results.

For the nonadiabatic simulations using IVC/MM, we use the above described
QM/MM interface structure and chose the IVC method and its corresponding in-
terface for the QM part. Hence, the IVC method needs to be extended to include
the interaction with point charges into the Hamiltonian. Once this is achieved, the
above described QM/MM interface can be used together with the OpenMM inter-
face to facilitate IVC/MM calculations. The extension of the IVC Hamiltonian and
further modifications of the algorithm, published in Ref. 75 (see Section A.1.1),
are described in the following section.
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3.2 Extension of VC Hamiltonians for Electrostatic Embedding

Before we can modify the IVC Hamiltonian to include electrostatic interactions,
we need to solve an arising issue: The IVC Hamiltonian is defined in terms of
mass—frequency-weighted normal-mode coordinates Q (see Eq. (2.24)), i.e. as
displacements from a reference or equilibrium geometry R,. Q explicitly excludes
all rotational and translational degrees of freedom. This is not a problem in gas-
phase calculations, where the molecule is in total isolation and these degrees of
freedom do not influence the potential energy of the system. However, if we
include an external force into the LVC Hamiltonian, energy will be transferred into
the roto-translational degrees of freedom which leads to corresponding motion
the whole LVC system. In the context of an environment, this is referred to as
diffusion of the molecule. The motion of the molecule in these roto-translational
degrees of freedom moves the center of mass away from Ry, which translates into
artificially larges displacements in Q and leads to unphysical forces. However,
the potential energy function is not dependent on roto-translational degrees of
freedom. Through a coordinate transformation, we can remove the contributions
to the roto-translational degrees of freedom from the nuclear coordinates in our
surface hopping simulation Rg. In other words, we can transform Rg into the basis
of our reference geometry Ry as

Rg(0) = Fs0(Rg). (3.1)

Here, Rg(gy are the coordinates of the simulation in the basis of the reference
coordinates and Fs, ,q is the function transforming between the two coordinate
systems. The transformation function may be constructed in multiple ways; here,
it is done by superimposing Rg onto R, via the Kabsch algorithm.!13 In this algo-
rithm, the first step is calculating the centers of mass cg and ¢, of Rg and Ry as

> mgRg. (3.2)

Mot
Here, m, is the mass of atom a and m,,, is the total mass of the molecule. Next, the
coordinates of all atoms in both Rg and Ry, are shifted towards a common origin
as Rgg—cg = RS,a and Ry, —¢p = RO,a' Now, an optimal rotation matrix T,
that minimizes the mass-weighted root-mean-square distances to the reference
coordinates, can be determined. For this, we construct the mass-weighted 3 x 3
cross-covariance matrix Kgg and perform a Singular Value Decomposition (SVD)
of it:

Kso = (Rgm)" -Ro = UZVT. (3.3)
Here, Rg and R, are N, x 3 matrices and m is a vector containing all masses m,.

Afterwards, the optimal rotation matrix Tgy between the coordinate systems of

the simulation “S” and the one of the reference “0” is defined as

100
To=U[0 1 0|V’ (3.4)
00 d

In this equation, d is the determinant of U-VT. With this, we can rewrite Eq. (3.1)
as

Rs(o) = (Rg—1¢;) - Ty + 1co, (3.5)
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where 1c is a short-hand notation for an N,, x 3 matrix with all rows being equal
to c.

After establishing the coordinate transformation between the simulation and
reference, the basic IVC Hamiltonian may be evaluated from transformed coordi-
nates, Rg(g), as before (Eq. (2.24)). All invariant properties, which do not change
under this transformation, may be used directly; these quantities are the energies
and wave function overlap in the context of SH. All other quantities like dipole
moments, gradients, and NACs may be trivially transformed back to the coordi-
nate system of the simulation by applying the inverse rotation matrix T T similar
to Eq. (3.5). However, the derivative of the vibronic coupling potent1al energy ma-
trix W(Q) (Egs. (2.23) and (2.25-2.28)) now also depend on the derivative of the
coordinates with respect to the transformation:

3W(Q) aW(Q) Qx aRS(O) a’x’
= . (3.6)
aRS,ax Zk: an ZZ aRS(O) a’x’ aRS,ax

a’  x’

M;%’:‘:“ can be obtained by differentiating Eq. (3.5) by applying the chain rule:

Trot

IRg(0),a'x’ 3 aTso X!
_— = E 6.,./0 Tt |, + E R —C XY 3.7
aRS,ax y ( aator Mot ) Sl ( Sy s y 5R S,ax ( )

In this equation, the derivatives of the coordinates and the corresponding cen-
ter of mass are trivial to obtain. However, the derivative of the rotation matrix

rot

0
with respect to the coordinates in the simulation aROX £ has to be obtained by

differentiating Eq. (3.4), which includes the differentiation of all matrices in the
SVD. 1 Note that this derivative was evaluated numerically in the first two pub-
lications”>7% (see Sections A.1.1 and A.1.2). The following analytical evaluation
will be included in the next publication. The analytical derivative of the rotation
matrix can be calculated as

dTg,  au

= (3.8)
d RS,ax aRS,ax

100 100
01 o]vl+ulo 1 0
0 0 d 0 0 d

As shown in Ref. 114, the derivatives of the matrices U and V! can be expressed
in terms of the derivatives of the covariance matrix Kgp:

25 a/6 Mg Ran (39)

With dKgq being a differential of Kg, the differentials of the matrices U and V can
be obtained as

dU=U[Fo(UTdKsoVE+32V!dKsoU) |+ (1-UUT )dKsoVE™,  (3.10)
dV=V[Fo(zU"dKsoV+V'dKI, UZ)]+(1-VT)dK Uzt  (3.11)

with

1
i k=l
Fkl={212 —Zx . (3.12)
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In this, o denotes the Hadamard product. The full derivation of the SVD derivative
can be found in Ref. 114.

With the formalism above, we have the ability to evaluate all properties needed
for SH using an IVC Hamiltonian, even if the molecule investigated is able to
move roto-translationally. Now, we can move on to add an external force into the
Hamiltonian in the shape of an electrostatic potential generated by a set of point
charges.

The addition of the electrostatic interaction into the vibronic coupling poten-
tial energy matrix W(Q) (Egs. (2.23) and (2.25-2.28)) can be trivially written in
matrix form as

Wee(Rmoln Renv: Penv) = W(Q(Rmol)) + X(Rmol: Renv: Penv)- (3.13)

Here, the vibronic coupling potential energy matrix including electrostatic embed-
ding Wee(Ry01, Renys Peny) directly depends on the coordinates of the whole system
R =R, + R,y and the point charges of the environment P,,,. Note that for a
simpler notation, W(Q(R,,.1)), implies a transformation with the above described
procedure to superimpose R, onto the reference coordinates. An element for
the pair of electronic states ij in the electrostatic coupling matrix X;; is directly
related to the Coulomb potential energy function between the molecule and a set

of point charges Ve(slg) (see Egs. (2.41) and (2.44)):

NeﬂV ..
Xij(RmolaRenV) Peny) = Z qbVe(slé)(Rb)
b
N, N,

env

mol 7 (i)
=> g |6, — P h GO
b a |Ra_Rb| |r1_Rb|

This definition of the electrostatic coupling matrix cannot be used for an ILVC
model, since the model does not include electronic densities p(r;) for the
model states. For this reason, we chose to approximate Ve(slé)(Rb) via a DME 10>:106
(see Egs. (2.56-2.57)), which is derived in Section 2.6. The IVC model based on
Eq. (3.13) is defined in the diabatic electronic basis, which means that the DME
parameters Pé;,l) also represent the electronic (transition) densities of the diabatic
states. For this reason, the electrostatic LVC/MM model is related to the diabatic
charge matrix approach of Park and Rhee,''®> who demonstrated that diabatic
charges retain validity for the same diabatic pair of states at different geometries.
We assume that the approximation made in employing a diabatic DME remains
valid in the same phase space as the IVC model itself.

By inserting Eq. (2.57) into the expression for X;;(Ry1, Renys Peny), we can write
the element ij in the interaction matrix as

Nenv Nmol 10

Xij(Rmola Renv: Penv) = qu ZZ |:Fr0t (Pc(ll]))Tg%t)p ’ Tabp] . (3.15)
b a p

Note that the DME, especially the higher order terms, are defined for a set coordi-
nate system, which makes it analogous to other parameters in the IVC model; the
coordinate system in which the IVC model and the DME are constructed to coin-

cide. In Eq. (3.15), the DME parameters Pgij ) have to be rotated to the coordinate
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system of the simulation by the function F™" using the rotation matrix Tg%t’T from
above (Eq (3.4)); the entries in the geometric tensor T, pp are already constructed
from coordinates R, and R.,, in the coordinate system of the simulation. The
function F™" can be written as

(i) _ 1)) pif) t t plif)
Frot (P8, 1) = {q¢ 7, ) -t g D it (3.16)

so that it rotates all orders of the DME accordingly. Note that the change in indices
from SO to OS for the rotation matrix indicates the transpose of it. By rotating
the DME to the coordinate system of the simulation, we can evaluate the total
potential energy according to Eq. (3.13).

Additionally, we require the derivatives of X;;. The derivative with respect to
one Cartesian coordinate of an environment atom in the coordinate system of the
simulation Rg p/, is

aXiJ' g O [ (ij) t, T aTapb
———=q Frr(p ), Ty —] (3.17)
IRg b/ Za:; ( ¢ )p ORs, b/

w1th

bemg the pth element in the vector (with the subscript S dropped)

dTab _Rabx’ Rab'Rab 2rabx’ _Rabx’Rabx”
dRy, 0P

Rgp|*” Rl Ryl
_ RapyRabx Rabx (5784, —2Rap"Rap)  5RaprT gy
Rgpl® 2[Rgp” T 2[Ryl
_ 5Rabx’r3bx// _Rabx” (Srasz’ —2Rgp 'Rab)
2[Rgp|” 2[Rgp”
Rapx (572 —2Rap 'Rab)  5RupyRaRapsr

— ,— . (3.18)
2|Rgp|” 2|Rgpl” )

>

>

The term Ry}, is the element in Cartesian direction x in the distance vector Ry,
between atom a and b, which has the length |R,].

The derivatives with respect to a Cartesian coordinate of an LVC atom Rg 4, is
more complex because the rotation matrix depends on these coordinates:

Nenv - oT
aRS @'x Zq Z [Frm (Pgu)’Tg%t)p ' aR:ji,
o Fot (ng), Té%t)p

Toop |, 3.19
aRs’a/x/ apb ( )
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. aTapb
with 57 ”

S,a’x!

being the pth element in the vector (subscript S dropped)

3

dTy, (Rabx/ Rap Rap =277 0 RupeRapyr
Ry ““\ Ryl Ropl Rl

RapxRapyr Rabx (5725, —2Rap *Rap) _5Rabx'rfbx~

Repl> 2[Rgp” 2[Rgp”

_ 5Rabx/rjbxn Rapxr (Srasz’ —2Rgp 'Rab)
2|Rgp|” 2|Rgp)

Rabx’”(srasz’ —2Ryp 'Rab) SRapxRax Rapx

2[Rgp|” T 2Ryl

J >

B

), (3.20)

P(ij) Trot,T

ap > Tgo )evaluated as

and with the derivative of the rotation function F rOt(

ap > 50
aRS’a/x/

rot

@ 9Tos
1 J

dlp’a 3Rs’a/x/

rot rot
aTSO pll) TrOt 4 rot. P(ij) . aTOS

K] quad,a ~0S SO ~ quad,a 0 :
RS,a’x’ RS,a’x’

8Fr0t (P(l]) TrOt,T)
:{ P (3.21)

The expression for the derivative of the rotation matrix is given above in Eq. (3.8).
Concluding this section, we have successfully included electrostatic interactions
with environment point charges into the IVC Hamiltonian.

3.3 Extension of the RESP Fitting Method

For the calculation of the electrostatic interaction in the IVC/MM model shown
above, we need to be able to compute the terms in the DME P(E;J) from an electron
density p'/. We accomplish that by extending the RESP method®® introduced in
Section 2.5 to yield atomic multipoles.”> We chose RESP because it is derived to
reproduce the molecular ESP, which is precisely the term we are interested in for
electrostatic embedding (see Eq. (3.14)). It has been shown that RESP produces
more accurate electrostatics compared to other population analysis methods, es-
pecially if buried atoms are involved.>°

In our implementation, we use the PySCF package 119117 to evaluate Ve(sié) atall
R, using Eq. (2.46). The required density matrices D7) are extracted from the
same electronic structure calculation at the equilibrium geometry that is used in
the LVC parametrization. However, for linear-response methods, only the ground-
state density matrix D(°?) and the ground-to-excited-state transition-density ma-
trices D(0D (i > 0) are readily available. The relaxed excited-state densities pli)
(i > 0) are obtained from, e.g., the Z-vector approach and require additional com-
putational effort. 118 The excited-to-excited-state transition density matrices p()
(i,j > 0) can be approximated!!? as

plii) = (D(Oi))T ) _pj). (D(Oi))T' (3.22)

The above extraction of density matrices necessitates that we transform the basis
set information given by the individual program into the standard used in PySCF;
this includes the normalization of primitive and contracted Gaussian basis func-
tions, the order of basis functions, and the normalization of the density matrices.
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The RESP method®? can be extended to also obtain higher order multipoles1°°
with the following extension. For this, we redefine the matrices used in the system
of linear equations from Eq. (2.53) and Eq. (2.52) in terms of the geometric tensor
with elements T,,, based on the atom and grid positions. First, we define

G

Larprap = 2Tarpg Tapgs (3.23)
4

which are the elements of the matrix L with composite index ap. Second, for each
state pair ij, we compute the vector Y with elements

G
Y =23 VY R ) Turyy (3.24)
4

Then, we can obtain all DME parameters pli) (i.e., all elements Pg,j)) analogous
to Eq. (2.54)

[L— 1dF, e (PU) ] P = Y1), (3.25)

where dF,.q, (P(7) is the vector collecting the restraint elements as in Eq. (2.49)

C1

dFrestr.(P(U)) = o) > .
ij
(Pa, ) _C22

a/

(3.26)

The system of linear equations in Eq. (3.25) can be used to fit all orders of the
DME at once. In order to recover standard RESP charges, we fit the parameters
order by order, i.e. monopoles first, then dipoles, then quadrupoles. In this, each
subsequent order is fitted onto the residual ESP of the preceding order. This proce-
dure also allows the restraint parameters c; and ¢, to differ for different multipole
orders, typically with stronger restraints for higher orders (see discussion in the
next paragraph). In addition to the “soft” restraints described above, we utilize
“hard” constraints to the DME parameters in our fit procedure. These “hard” con-
straints ensure that all monopoles sum up to the total molecular charge and that
the quadrupoles on each atom are traceless. Traceless quadrupoles are important,
as the potential of the trace of a quadrupole is equivalent to a monopolar term.
The constraints are added as additional equations to the system of linear equation
represented by Eq. (3.25).12°

Fig. 3.6 demonstrates the effect of different c¢; parameters on the sulfur-water
oxygen RDF of thioformaldehyde. It can be seen that the strength of the ¢; param-
eter 0.0005%° does not lead to an accurate reproduction of the RDF if applied to
all multipole orders. It appears that the restraint parameter has to be increased to
prevent overfitting the multipole orders with a larger number of degrees of free-
dom. For this reason, we set the default c¢; strength to 0.0015 for dipoles and to
0.003 for the quadrupole terms, which lead to the most accurate RDF according
to Fig.|3.6 (gray curve). The chosen values align with the base restraint strength
scaled by the number of degrees of freedom of each DME order where monopoles
have one, dipoles three, and quadrupoles six degrees of freedom.
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Figure 3.6: Radial Distribution Functions (RDFs) of waters oxygen (O) atoms around
the sulfur (S) atom of thioformaldehyde for different RESP fits (panel a) and their de-
viations from the reference (panel b). The RDFs stem from a 1ns QM/MM simulation
using SHARC-MD in the SO state. The different RDFs are evaluated for LIVC models with
different DME RESP fits and their BP86/def2-SVP reference (red). The base restraint
parameter ¢; = 0.0005 in the RESP fit is scaled for the dipole term as fc; and for the
quadrupole terms as 2f ¢; for the factors f =1 (green), f =2 (orange), f =3 (gray) and
f =4 (blue).

3.4 Computational Efficiency of the IVC/MM method in SHARC

In order to analyze solvent dynamics in detail, it is necessary to perform SH
dynamics on long time scales with possibly many electronic states and environ-
ment atoms on a large set of trajectories (see Section 3.5). For such simulations,
both execution time and the amount of data produced impose constraints onto
the systems that can be investigated. The performance of the IVC/MM method
plays a central role in the realization and feasibility of this enterprise. This sec-
tion briefly summarizes the additional measures taken to optimize the runtime of
LVC/MM single-point calculations, as well as one measure to reduce the amount
of data stored. Not included are the already mentioned steps taken to alleviate
the file-based communication inside of SHARC and the QM/MM interface (see
Section 3.1).

In the process of rewriting the LVC interface into an interface class described
above, the internal algorithm to evaluate energies, gradients, and NACs was imple-
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mented based on NumPy!2! arrays. This allowed us to move from using Python-

based loops in SHARC3.01%8 to highly-optimized and pre-compiled libraries for
linear algebra, like BLAS, LAPACK or MKL. The usage of NumPy is known to dras-
tically increase the performance of any code base performing linear algebra oper-
ations. This already reduced the execution time by a factor of about six for gas
phase calculations.

The next important measure added to the LVC interface is the possibility of
calculating an adiabatic subspace of states in the interface, i.e. only the lowest
n adiabatic states from N > n diabatic states in the model. In this, the full dia-
batic Hamiltonian is diagonalized but gradients and NACs are only evaluated for
the specified lowest n adiabatic states. Technically, one could also avoid diago-
nalizing the full Hamiltonian by using a Krylov subspace algorithm such as the
Davidson-Liu algorithm 22 to obtain the lowest n states directly; the diagonaliza-
tion, however does not represent a bottleneck for the number of diabatic states
used so far. The subspace evaluation of gradients and NACs is achieved by storing
the rectangular transformation matrices between the full diabatic state space and
the truncated adiabatic space, and rotating all necessary components in the evalu-
ation of the derivatives beforehand. Without introducing any approximation, this
saves additional computational effort in the most demanding parts of the algo-
rithm and also lessens the amount of data that has to be stored on the electronic
wave function in the SH algorithm.

For the later discussed system, [Fe(CN),(bipy)]*~ in a droplet of 5412 water
molecules (Section 5), scans along the different system parameters to gauge the
effective scaling of the IVC/MM implementation are performed. For this, the
evaluation time of the IVC/MM single points along a short trajectory (25fs, 50
time steps) are averaged. The reference system included 29 “IVC” atoms, 16236
“MM” atoms and 21 singlet states. Different sets of trajectories are then com-
puted, where (a) the IVC model is altered to include between 22 and all 29
atoms (disregarding physical meaning), (b) the number of water molecules is
changed between 500 and 5000 (between 1500 and 15000 atoms), (c) diabatic
states from the|LVC model are scanned between 1 and all 21 singlet states,? and
(d) the number of requested adiabatic states is scaled from 1 to 21 states, while
using all 21 diabatic states in the LVC model. The results for these scans are
shown in Fig. 3.7 in the respective panels. The data sets and linear fits in all
panels point to linear scaling, which can be reasoned by analyzing the algorithm
behind the LVC method. The panels ¢ and d have two separate linear fits for
states values below and above 10, as there are two scaling regimes visible. The
most expensive part of the calculation of a single point within the IVC method
are obtaining the gradients (Egs. (3.18)—(3.21)). The evaluation of the gradients
includes components with different scaling: (i) the derivative of the geometric ten-
sor Tgp,p, with scaling @ (Niyc atoms NMM atoms Nome) (Eq- (3.18) and Eq. (3.20)), (ii)
the differentiation of the DME terms with scaling @(Niyc atoms N (fiabadc states NDMED
(iii) the multiplication and summing of all components of the gradient with scal-
ing O(Niyc atoms VMMM atomsNdiabatic states)> and (iv) the computation of the differ-
entiated vibronic coupling matrix scaling with @(Nyyc atoms N, c%i abatic states): SINCE
Fig. 3.7 indicates linear scaling with respect to the scanned parameters, we con-
clude that the calculation is dominated by either contribution (i) or (iii). This
is the case as (ii) and (iv) scale quadratically with the number of diabatic states

4the number of adiabatic states in the/SH simulation is altered accordingly.
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Figure 3.7: Scaling of the LVC/MM implementation in SHARC with respect to different
system parameters for [Fe(CN)4(bipy)]2_ (29 atoms) in water (16236 atoms) and 21
singlet states. Shown are the average execution time (blue squares) of 50 single points
calculations (energies, gradients and overlap) with different numbers of LVC atoms (panel
a), MM atoms (panel b), diabatic states (panel c¢), and adiabatic states (panel d); the
calculations are performed on a single Intel Xeon E5-2650 v3 CPU. The gray lines indicate
linear fits of the measured execution times (blue squares); there are two separate fits for
panel c and d or states values below and above 10.

but not the MM atoms, so that 212 = 441 does not exceed 16236. The kink in
the execution times at 10 included states for both electronic state scaling plots
(panels c and d) can be attributed to a change of regime from being dominated by
(i) to (iii) as the number of adiabatic states surpasses the number of terms in the
DME (Npye = 10). The execution times in panel ¢ and d are very close to each
other after including 10 states, respectively, but differ at a lower number. This
can originate from the difference in the number of diabatic states and therefore
the execution time of (ii) and (iv).

For the chosen system, the scaling along all parameters is dominated by the al-
gorithms inside the IVC model; the computation with the FF and the embedding
logic inside the QM /MM interface are neglected. In the limit of having few ILVC
atoms and few diabatic states, the execution time will be limited by the computa-
tion of the Coulomb forces with the FF; this may be remedied by resorting to the
use of graphics processing units in such cases.

Overall, the execution time for the whole system (29 IVC atoms, 16236 MM
atoms, and 21 singlet states) of about 3.5s demonstrates the high efficiency of
the implemented IVC/MM method. This efficiency allowed the high number of
trajectories and time steps simulated in this thesis. The linear scaling with respect
to system size can be maintained for all systems,where Ny atoms = Nazdiabatic states?
which should be the case for most systems.

Another issue arose from the calculation of large solvated systems over long
time scales with SHARC:1%® The amount of stored electronic and nuclear data.
The nuclear data includes the coordinates and velocities of all atoms in the sys-
tem. The electronic data includes the Hamiltonian, wave-function overlap, and
unitary transformation matrices, as well as the coefficients in different bases. For
the discussed [Fe(CN)4(bipy)]>~ system (Section 5), a single trajectory produces
900 MB per 1000 time steps. This can be partially alleviated by reducing the num-
ber of steps recorded. However, as nuclear and electronic properties evolve on
different time scales, it can be difficult to find a acceptable compromise between
resolution and storage (especially for the electronic data). For large solvated sys-
tems the majority of the storage is used for the nuclear data. The electronic data
does not scale with system size, and is often needed at a higher temporal resolu-
tion than the nuclear data. For this reason, the existing code base of the SHARC
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driver was altered to allow the generation of two separate binary files containing
the electronic and nuclear data at different temporal resolutions.

All the above measures were necessary to be able to perform the large-scale sim-
ulations on the [Fe (CN)4(bipy)]2_ system described in Section 5 and Section A.2.1
in a timely manner and with manageable amounts of data produced

3.5 Generation and Analysis of 3D-SDFs

A partial goal of this thesis lies in the analysis of the structure and dynamics of
the solvent around the investigated molecule. This analysis is independent of
the method used for the MD simulation and is applicable for systems inside and
outside of equilibrium. Commonly, the ensemble of nuclear coordinates resulting
from a MD simulation are evaluated with respect to solvation shells in terms of
RDFs. RDFs are one-dimensional functions and show the occurrence of a set of
atoms of the solvent at different distances from another set of atoms on the solute.
Hence, RDFs cannot provide a complete representation of the solvent dynamics oc-
curring during the simulation. A more complete representation may be obtained
from a three-dimensional spatial distribution function which shows the frequency
of an atom type in a region in space. We will call these functions 3D-SDFs. This
section will focus on the generation and analysis of 3D-SDFs, which we published
in Ref. |76.

In the simplest case, 3D-SDFs can be obtained as three-dimensional histograms
around the solute with voxels as bins. Unlike RDFs, 3D-SDFs are not invariant
to the roto-translational motion of the solute and depend on the solutes position
and orientation. Assuming a random distribution of samples of nuclear coordi-
nates from the MD simulation, the coordinates have to be aggregated by aligning
them. The aggregation of nuclear coordinates from trajectories may be done in
(at least) two different ways: The coordinates of the full system can be aligned (i)
with respect to the solute at every time step or (ii) at t =0, so that they diverge
over time. We refer to the resulting sets of coordinates as the “molecule’s perspec-
tive” and “solvent’s perspective”. The molecule’s perspective aligns with RDFs and
allows analysis of solute-solvent interactions. The solvent’s perspective is akin to
a fixed and initial frame of reference, from which the absolute motions of solute
and solvent can be observed. This perspective gives access to the intrinsic solvent
fluctuations in three-dimensional space and the solvent relaxation times.

3D-SDFs are fundamentally a statistical device for the analysis of solvent struc-
tures. Their ability to depict the solvent structure strongly depends on the number
of data points sampled. If we want to temporally resolve the solvent dynamics,
it is necessary to sample every time step sufficiently. Consequently, the question
arises how many data points (here, the number of trajectories) are needed to ob-
tain interpretable 3D-SDFs. The estimation of the number of trajectories needed
in order to resolve solvent dynamics with a specific spatial resolution via 3D-SDFs
will be analyzed here. Inside the volume of a three-dimensional cell V., the ex-
pectation value of the number of, in this case, water molecules as the number of
oxygen (O) atoms can be computed as

Pwater NA Vcell

Mwater

<NO per cell> = Ntraj D (3.27)

where py,qer i the density of water, N4 is Avogadro’s constant, and M, 4., is the
molar mass of water. The equation includes the number of trajectories Ni,;, as the
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nuclear coordinates of all aligned trajectories can be added. For Vo = 0.125 A3,
at room temperature and for a single trajectory, the expectation value is about
0.0042; the grid cells are much smaller than a water molecule. The standard de-
viation of this expectation value (Ng per cent) arising from density fluctuations 123124
can be computed as

O 0percell =

kB TX pwaterNA
e Noperea) = VR T VMg G2 (328)

water

Here, kp is Boltzmann’s constant, T is temperature, and y is the isothermal com-
pressibility (about 0.45 GPa~! for water at standard conditions 12°). Fig. 3.8 shows
that the macroscopic value of y is not accurate for the small grid cells used for
the histograms; using TIP3P 2% water at standard conditions and V. = 0.125 A
leads to y =7.32GPa™ L.

Count

Figure 3.8: 3D histograms counts of a TIP3P water box with grid size 0.5A of 10,000
snapshots. The simulations were carried out with AMBER*! at 300K and 1 bar with peri-
odic boundary conditions. The mean and standard deviation are (Ng per cell) =41.10 and
O 0 percell = 6.40, respectively (lines indicate u (red) and (No percell) =300 percenn (black)).
Using Eq. (3.27), the effective isothermal compressibility of TIP3P for the used grid cells
is 7.32GPa™ L.

The accuracy of the 3D-SDFs may be estimated from the relative standard devi-
ation:

kg T x
Veen N; traj .

O 0percell

(3.29)

<N O per cell)

This equation shows that the error with respect to the number of particles in a
grid cell decreases with the size of the grid cell and the number of trajectories in
a simulation. This relation is depicted in Fig. 3.9. It can be recognized that many
thousand trajectories are needed if one aims for low relative standard deviation at
small grid spacings. Generally, we want to use three-dimensional grid cells with an
edge length of 0.5 A (Ve = 0.125 A3). This value roughly corresponds to the high-
est resolutions in contemporary experimental X-ray crystallography. 127:128 Since
we do not want to miss out on this spatial resolution, we need to increase the num-
ber of trajectories to obtain high quality 3D-SDFs. Now, the question arises which
relative standard deviation we should aim for. This question can be answered
with Fig. 3.10.

The figure illustrates, at the example of thioformaldehyde, how the chosen iso-
value and different numbers of trajectories affect the resolution of features in the

34



3 METHODOLOGICAL DEVELOPMENTS

100,000 [ \ ‘ \5‘0/ ‘ ‘ ‘ [

i 2°‘N \ low Nojse ]

8 10,000 ¢ \ 10%\5%\ E
S B 50% 20% 10% 5%. |
e B --~_----- -.-._______-‘-- ]
8 1000] 1°°%sso% 20% 10%
= g \ E
s & 200% \ 70 20%._. |
- [ Perce|, -
51000 N\ N % 4 Lopry
o B 500% 200%\100% 50%..
P » \ \ — 1
= 77 100%. -

S 0]y g e
= b (o \ 200%, |
10 s@‘ ! 200% \ [

|
02 04 06 0.8 1 12 14
Grid spacing / A

Figure 3.9: Contour plot of % as a function of Viey and Ny, for TIP3P at standard
per ce!

conditions and with y =7.32 GPa™! (Eq. (3.29)).

solvation shell. Strong features, such as the in-plane hydrogen bonding at the sul-
fur atom in equilibrium (Fig. 3.10a-d) stay visible, even at low numbers of trajec-
tories. However, weaker features such as the second solvation shell or the out-of-
plane hydrogen bonds of thioformaldehyde out of equilibrium in Fig. 3.10e-h are
only visible at larger numbers of trajectories or lower isovalues. It is important to
recognize at which isovalues (in multiples of the average number of particles) the
features appear that one wants to resolve. In principle, this requires one to know
the strength of the solvent distribution around the solute and how this strength

iso (n-avg.) = 5.00
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Figure 3.10: Comparison of time-dependent 3D-SDFs around CH,S the ground state
equilibrium (panels a to d) and excited state non-equilibrium (panels e to h) from the
molecule’s perspective for different isovalues for different numbers of trajectories. The
different isovalues are given in multiples of the average number of water oxygen and hy-
drogen atoms, and the number of trajectories are given on the left of each panel. The
distributions of oxygen atoms are shown in red and the hydrogen atoms in gray.
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changes during the dynamics. However, as a general rule of thumb, the number
of trajectories should be chosen so that

O 0percell

Ciso >3 +1. (3.30)

(N O per cell)

This means that the chosen isovalue should exceed the average number of solvent
atoms by three standard deviations plus one. This ensures that the features visible
at the chosen isovalue are significant. This can also be seen in Fig. 3.10: The
relative standard deviation for 500 trajectories is about 0.7, so we expect to see
noise at relative isovalues that are below 3-0.7 = 2.1 times above the average, i.e.
isovalues below 3.1. Indeed, we can see noise appear in the respective panels.

3D-SDFs may not only be constructed from three-dimensional histograms. Al-
ternatively, a 3D-SDF may also be constructed from a Kernel Density Estimation
(KDE) procedure. 12?130 While being computationally more demanding in its con-
struction than a histogram, a KDE requires less data points to achieve smooth
distribution functions. In the analysis done on the [Fe(CN),(bipy)]?~ system (see
Chapter 5 and Section A.2.1), we used a Gaussian distribution function as kernel
for the KDE, which was computed as

Ntra'
KDE(R )—z% L exp le_RiaIZ (3.31)
8 — < V2n02 202 ' '

Here, the KDE at the Cartesian grid point R, is the sum of three-dimensional
Gaussian distribution function for all trajectories Ni,; and all atoms of chosen
type in the system N, with coordinates R;,.

Overall, 3D-SDFs are an important gauge for investigating and visualizing the
dynamics of solvents in general. They extend the information obtained from RDFs
and can give access to intrinsic properties of solvation shells during dynamics; as
they may be constructed from the “molecule’s perspective” and the “solvent’s per-
spective”. The construction of noise-free 3D-SDFs requires an adequate sampling
size, which is the number of trajectories that can be estimated from first prin-
ciples. However, it can generally be recommended to calculate the isothermal
compressibility for the chosen solvent model and grid spacing so that the relative
standard deviation can be accurately computed. Unfortunately, this section also
shows that many thousand trajectories are generally necessary to obtain noise-
free time-dependent 3D-SDFs. Therefore, the efficiency of the method chosen to
evaluate the energies and gradients during the simulations is decisive.
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SIMULATIONS ON SMALL THIOCARBONYLS
IN WATER

After establishing the theoretical and methodological framework of LVC/MM in
the last two chapters, we will now assess its accuracy and demonstrate its capa-
bilities. Using small thiocarbonyls a test systems, the following sections will show
that LVC/MM is both able to reproduce the results of a|DFT/MM reference and go
beyond the capabilities of standard QM/MM methods in the extent of |SH simula-
tions facilitating time-dependent 3D-SDFs. The thiocarbonyls CH,S and CMe,S
are highly reactive compounds that oligomerize quickly in the gas phase and are
short-lived in solution.'3! Despite this, they are suitable test systems, and are
used here to validate the IVC/MM method and demonstrate its capabilities. This
has three reasons: (i) As the smallest thiocarbonyl, thioformaldehyde (CH5S) has
been already used as a test bed for electronic structure methods and decoherence
schemes in SH simulations. 132133 (ii) The nonadiabatic dynamics of simple thio-
carbonyls are governed by their 'nn*-3nn* (S;-T,) energy gap, which mainly
involve orbitals along the C-S bond. This energy gap is too large in the gas phase
to allow fast ISC, but can be dynamically modulated by hydrogen bonds (shown
in the next section).”” (iii) Insights from studies on simple thiocarbonyls can help
in the analysis of solute-solvent dynamics of larger molecules containing thiocar-
bonyl groups, such as thionated nucleobase analogues. 134138

The following two sections recapitulate investigations on CH,S and CMe,S
from the publications in Refs. 75 and 76 (see Section A.1). The first section
demonstrates that an IVC model for CH,S is accurate with respect to its TDDFT
(BP86/def2-SVP) reference in terms of their generated ESP, energies in gas phase
and solution, and most importantly their solvation shells in terms of their sulfur-
water oxygen RDF and water 3D-SDFs. The second section highlights how the effi-
ciency of the IVC/MM method can be leveraged to access not only time-dependent
RDFs and but also 3D-SDFs (see Section 3.5). The latter give insights into the sol-
vent dynamics that are unobtainable without low-scaling methods such as IVC/MM
and reveal drastic differences in the temporal evolution of the solvation shell of
both thiocarbonyls. In contrast to the section before, the corresponding IVC mod-
els are constructed from complete active-space second-order perturbation theory
reference data for which long QM/MM simulations would be computionally im-
mensely demanding.

4.1 Validation and Performance of the IVC/MM Method

CH,S has four electronic states at low energies (< 3.5€V) that are relevant for
the following results. 32 These are the closed-shell ground state (S), the singlet
nm* state (S1), the triplet Snm* state (T1), and the triplet 3t state (T,). The
corresponding vertical excitation energies at the gas phase minimum structure are
2.22 eV, 1.96 eV, and 3.44 eV computed with BP86/def2-SVP These four electronic
states arise from different electronic occupations of the n, 7, and 7* orbitals lo-
cated at the sulfur and carbon atoms. The arising ESP from this density is depicted
in two planes in Fig. 4.1. The most important details about the [ESPs of the dif-
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Figure 4.1: Electrostatic potential in the yz and xz planes of the first four excited states
of thioformaldehyde for a unit positive charge computed with BP86/def2-SVP.

ferent states are the overall dipole moment along the C-S axis, the minima (blue
areas) in the molecular plane for the Sy and T, states, and the minimal out of
the molecular plane for the other two states. Generally, it can be recognized that
the ESP of the Sy and T, states as well as the S; and T, states appear almost
equal to each other. In order to obtain the correct solvation structure, it is imper-
ative that these features of the ESP can be reproduced with the fitted DME. The
overall dipole moment of the molecular can be reproduced by monopoles already
(BP86/def2-SVP: 1.57 Debye, monopoles: 1.62 Debye). However, only the inclu-
sion quadrupolar terms can produce anisotropic minima in the molecular plane
for the S, state.

The ESP generated by an electronic state (computed from Eq. (2.41)) is always
positive in the vicinity of the nuclei and can be negative at further away as can
be seen from Fig. 4.1. This behavior cannot be reproduced by a DME: The ESP
produced by the the point-multipoles on an atom, cannot radially change sign,
i.e. on a straight line pointing away from the atom. Fortunately, atoms cannot
come close enough to penetrate deeply into the electron density due to Pauli re-
pulsion. This means that the ESP in the vicinity of the nuclei is less important for
accurate results in MD simulations. The Pauli repulsion is represented in FF sim-
ulations by the Lennard-Jones potential; this induces a repulsive potential that is
dominant around the nuclei. Tab. 4.1 shows the Mean Absolute Deviation (MAD)
and Root-Mean-Square Deviation (RMSD) of for a grid with 6482 grid points be-
tween 1.0 and 2.5 times the vdW radii which is different from the grid used for
the fit. The label “LJ weighted” indicates that the deviation from the reference
at each point are Boltzmann weighted (at 300K) corresponding to the Lennard-
Jones interaction energy of a hydrogen atom at the grid point position. Compared
to the unweighted analysis, with MADs of about 80 meV and RMSDs of about 150-
180 meV, the Boltzmann-weighted analysis shows significantly better results, with
MADs of about 10 meV and RMSDs of about 15 meV. All four electronic states can
be reproduced at approximately the same accuracy. This attests to the ability of
the DME representation to accurately reproduce the reference ESP around the
molecule.

Next, we compare the results of 1 ns MD trajectories in the S, state computed
with DFT/MM and LVC/MM with DME. The computations used TIP3P water 12
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Table 4.1: Mean Absolute Deviation (MAD) and Root-Mean-Square Deviation (RMSD) of
the fitted DME of CH,S with respect to the BP86/def2-SVP reference of the distributions
6482 grid points between 1.0 and 2.5 time the vdW radii in eV.
unweighted LJ weighted

MAD RMSD MAD RMSD

So | 0.075 0.148 0.008 0.014

S; | 0.082 0.180 0.008 0.013

T, | 0.080 0.179 0.007 0.013

Ty | 0.080 0.151 0.009 0.016

and GAFF213? parameters for CH,S. During the simulations, the water sphere that
extends about 15 A in every direction from the solute is stabilized with a droplet
potential 14? and the solute is kept in the center with a harmonic restraint. After an
equilibration time of 50 ps, 9502 snapshots are taken from the remaining 950 ps
of each trajectory. From these ensembles, we computed S-O RDFs and 3D-SDF of
water which can be seen in Fig. 4.2. Starting with the DFT/MM reference in panel
(a), we can see that around CH,S there are two regions with increased hydrogen
and oxygen atom counts. These regions are located in the yz molecular plane
around the sulfur atom. This finding indicates the formation of hydrogen bonds
in the molecular plane. The positions of the hydrogen bonds coincide with the
minima in the ESP of the S, state from Fig. 4.1. We follow from this that the
lone pair at the sulfur atom is responsible for these hydrogen bonds, which are
well-known for carbonyls. 141:142 This finding shows how anisotropic the solvation
shell around CH,S is.

(a) BP86/def2-SVP/TIP3P

\ ) ,./’ >
' ¥V 2 oos
~— 0.
(b) LVC/TIP3P < o6 — BP86/def2-SVP/TIP3P
2 oal — LVC/TIP3P |

Distance / A

Figure 4.2: Solvent distribution of water around thioformaldehyde. Panels (a) and (b)
show Three-Dimensional Spatial Distribution Functions (3D-SDFs) (grid spacing 0.5 A) of
water H (gray) and O atoms (red); the isovalue is three times the average density in the
box, for the DFT reference and LVC; panel (c) shows the difference between the 3D-SDFs
between (a) and (b) at 1.5 times the average density (negative deviations are blue for O
atoms and black for H atoms). Panel (d) shows the Radial Distribution Function (RDF)
of water O atoms around the S atom with BP86/def2-SVP/TIP3P(green) and IVC/TIP3P
(blue); panel (e) shows their difference.
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Fig. 4.2b shows a distribution of hydrogen and oxygen atoms compared to the
reference in panel a. The inclusion of quadrupole terms in the DME reproduce the
anisotropic minima in the ESP (Fig. 4.1) which result in the in-plane hydrogen
bonds. Even though there the 3D-SDFs are in good agreement visually, there are
still a few differences. The hydrogen bonds in panel a are slightly stronger (with
higher maximum occurrence) and are at an angle of 110° with the S-C bond,
whereas in panel d the hydrogen bonds are closer to an 90° angle (Fig. 4.2c).
Fig. 4.2d-e compare the RDFs of water oxygen atoms around the sulfur atom.
Here, the DFT/MM reference (blue) and IVC/MM (green) are in close agreement.
Both RDFs start to decrease after 12A due to the finite droplet used. We can
conclude from the results above that the accuracy of the ESP exerted by the DME,
also leads to an accurate reproduction of the solvation shell, especially in this
strongly anisotropic case.

Lastly, we compare the energies of the four electronic states computed with
TDDFT/MM and IVC/MM at each of the 9502 snapshots of the DFT/MM trajec-
tory. The results are collected in Fig. 4.3. Panel a establishes the reference results
and shows the difference between the results for the molecule surrounded by
point charges and in the gas phase at the same geometry. Hence, this plot depicts
the energy shifts induced by the electrostatic interaction with the environment,
which we will refer to as solvent shift. It can be recognized that both the Sy and
T, states are shifted towards lower energies by a similar margin (—0.30eV and
—0.26 eV), while the S; and T; states are much less affected. Reason for this are
the similar ESPs of the S, and T, states (see Fig. 4.1) The corresponding results of
the LVC/MM model are depicted in panel b and paint a very similar picture. The
general trends of the solvation shifts are reproduced, with strong shifts for the S
and T, states and little effect on the S; and T; states. There are however slight
differences, especially that the energy shifts of the Sy and T, states are systemati-
cally smaller than the reference. This aligns with the observations above that the
DME result in slightly weaker hydrogen bonds. Panels c and d give more quantita-
tive information on this difference, where we compare the two methods directly.
Panel c shows the difference in the gas phase energies, where the agreement is
excellent with errors below 0.02 eV (0.5 kcal/mol). However, panel d displays the
difference between the calculations that included point charges and we can see
the exact error of LVC/MM that appear by comparing panel a and b. The energies
of all electronic states are underestimated by about 0.05+0.04 eV (1—2 kcal/mol).
Fortunately, systematic shifts in the energy of all states should not influence the
results of the dynamics. Hence, the dynamics should be influenced by the residual
error of about 1 kcal/mol. This is typically a desirable accuracy in the computation
of electronic energies.

In total, this section showed that the IVC/MM model can reproduce the re-
sults of an ab-initio reference to a satisfactory degree. The inclusion of quadrupo-
lar terms recovers anisotropic minima in the ESP which are needed do describe
the hydrogen bonding in thiocarbonyl bonds. Both the RDF and 3D-SDF of the
ground state are recovered and the corresponding shifts in the electronic state en-
ergies are in close agreement. Due to the computational efficiency of the IVC/MM
model (see Section 3.4), the nanosecond-long ground-state trajectory was com-
puted more than ten times faster than the DFT/MM reference.”>
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Figure 4.3: Scatter plots of energy differences computed at 9502 geometries. (a) Energy
difference between BP86 calculation including point charges Egpgg (QM;MMpc) and BP86
without MM charges Eppgg (QM), i.e., electronic solvent stabilization energy. (b) Analo-
gous energy difference using LIVC-DME2/MM. (c) Energy difference between BP86 and
LVC without MM charges, i.e., gas-phase agreement between the methods. (d) Energy
difference between BP86/MM and LVC-DME2/MM, i.e., solution-phase agreement. The
states are color-coded as S, (black), S; (blue), T; (red), and T, (orange). The mean
values with standard deviations are included for each distribution (all in eV).

4.2 Time-Dependent Three-Dimensional Solute-Solvent Dynamics

The LVC/MM model was validated against its reference in the section before. Now,
we can demonstrate the full capabilities of the method. We used the procedure
from above to generate 9500 initial conditions, so that we can launch that many
trajectories and use them to resolve the time-dependent solvation shells via 3D-
SDFs. To the best of our knowledge, this has never been done before in nona-
diabatic dynamics. For this following section, we used a complete active-space
second-order perturbation theory reference for the parametrization of LIVC mod-
els for CH,S and CMe,S. The latter molecule can be seen as a heavier analog with
roughly equivalent electronic structure with the first four excited states majorly
involving the orbitals at the S-C bond. However, CMe,S has a much higher steric
extent due to its methyl groups. As we will show in this section, this has drastic
effects on the behavior of the solvation shell especially in the 3D-SDFs.
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Figure 4.4: Time-resolved Three-Dimensional Spatial Distribution Functions (3D-SDFs)
of water H and O atom occurrences around (a,b) CH,S and (c,d) CMe,S. The solvent
dynamics is displayed in two different ways, from the (a,c) molecule’s perspective and
(b,d) from the solvent’s perspective (see Section 3.5). In (a,c) all snapshots are aligned
to the ground state equilibrium of the respective solute molecule which is depicted. The
gray and red regions indicate H and O occurrences with an isovalue of 3Ny, (No per cell)-
Note that in (a) different points in time are shown than in the other panels, because the
solvent dynamics around CH, S in the molecule’s perspective has a much shorter timescale
than the ones in the other panels, as discussed in the text.

In order to investigate the time-dependent reaction of the solvation shell due
to a change in electronic state, we excited all 9500 trajectories from the S state
to the S;. For both thiocarbonyls, the trajectories are propagated for 3000 fs. The
resulting coordinates are aggregated as described in Section 3.5 to obtain not only
time-dependent RDFs but also 3D-SDFs in both the molecule’s and solvent’s per-
spective. The constructed time-dependent 3D-SDFs are shown in Fig. 4.4. We
start by looking the panel a and b for time Ofs. Here, we see the 3D-SDFs indi-
cating hydrogen bonding in the molecular plane mentioned before. Note that the
distributions are exactly the same in both perspectives by construction. We can
now compare this to the results of CMe,S in panels c and d. Here, we also find the
in-plane hydrogen bonds. However, they appear weaker and the calculated RDF
also shows that they are further away from the sulfur atoms due to the methyl
groups. There is also a weaker distribution of oxygen atoms behind the methyl
groups orthogonal to the molecular plane.

Now that we have quickly described the solvation shell of the ground state
equilibrium present at Ofs, we can analyse the time-dependent reaction of this
solvation shell to the change in electronic state. As a reminder, the S; state is
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characterized by a n-n* excitation and two minima in the ESP at the sulfur atom
orthogonal to the molecular plane. From the molecule’s perspective in panel a, we
can see that the solvation shell adapts to this new state within roughly 100 fs, es-
tablishing out-of-plane hydrogen bonds. These do not change drastically between
100 fs and 3000 fs, and appear to be weaker compared to the ground state. The
reason for this exceptionally fast solvent relaxation can be found in panel b dis-
playing the solutes perspective. We see that the solute coordinates quickly diverge
from each other within 100 fs; this especially is the case for the hydrogen atoms.
In contrast to panel a, the solvent distribution stays in place and weakens with
time. An analysis of the angular distribution of the molecular plane revealed that
CH,S is able to relax its solvation shell by rotating around the S-C axis. After the
rotation, the solvent distribution established in the ground state is able to stabilize
the excited state. For CMe,S, we see a very similar picture in panel d. The solvent
distribution gets weaker over time, but the solute coordinates do not diverge as
quickly and a rotation of the solute is not observed. This is due to the steric hin-
drance introduced by the methyl groups. From the molecule’s perspective in panel
¢, we see the effect of this. The relaxation of the solvation shell takes much longer,
the out-of-plane hydrogen bonds to establish later and remnants of the in-plane
oxygen distributions can still be seen after 1000 fs. Analysis of the time scales us-
ing SVD of the water oxygen distributions quantify the above described findings:
The solvation shells evolve on similar time scales for both molecules in the sol-
vent’s perspective; a bi-exponential fit of the first SVD component shows 38 fs and
866 fs for CH,S, and 50 fs and 947 fs for CMe,S. These time scales also agree well
with experimentally measured libration and relaxation of water, 11:16:21:143 How-
ever, the time scales obtained for the same analysis in the molecule’s perspective
differ drastically; 22 fs for CH,S, and 5 fs and 360 fs for CMe,S.

The above analysis for the comparably simple thiocarbonyls shows that tempo-
rally resolved 3D-SDFs hold valuable information of the excited-state dynamics
of the solute and solvent, which cannot be obtained through RDFs. The analysis
from both the molecule’s and solvent’s perspective revealed an unexpected relax-
ation mechanism for the smaller CH,S. This kind of detailed picture can only be
obtained from the generation of many data points facilitated by the efficiency of
LVC/MM. For the system discussed in the next chapter, this efficiency is even more
essential.
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APPLICATION TO AN IRON COMPLEX IN
WATER

In this chapter, we apply LVC/MM to an iron(II) complex in water in order to re-
solve the dynamical response of the solvation shell to photo-excitation in three
dimensions and over long time scales. Transition metal clusters—prominently
of 4d and 5d metals and recently also 3d metals—find applications in medicine,
catalysis and energy conversion.”#144148 Complexes with 4d/5d metals have
long lived Metal to Ligand Charge Transfer (MLCT) states, extending to nano-
to microsecond lifetimes in ruthenium(II)-poly-pyridyl complexes. 14?150 By con-
trast, in similar iron(II) complexes, the MLCT population is quenched typically
via Metal-Centered (MC) states within femtoseconds.2!:1°1:152 This is caused by
smaller d-orbital splitting in 3d metals compared to 4d/5d metals which leads to
low-lying MC states that quickly drain the MLCT population. 144153 The complex
investigated here, [Fe(CN) 4 (bipy)]?~, has a particularly strong ligand field intro-
duced by the cyano and bipyridyl ligands, and high charge, which destabilizes the
MC states against the MLCT states. >3 The complex is an interesting system (i) to
investigate the influence of combining o-donating and 7-accepting ligands to in-
crease the lifetime of MLCT states, 1541 (ii) to observe a potentially meta-stable
MC state in experiments, 1> and (iii) to additionally gauge the influence of the
solvent on the lifetimes of both MC and MLCT states.2*>%:153 The solvent has a
considerable effect on the dynamics of [Fe(CN), (bipy)]*~ as the MLCT popula-
tions is quenched in less than 200 fs in water?*1>3 but has lifetimes of multiple
picoseconds in dimethyl sulfoxide.1°7:158

A previous collaboration of members in our group simulated the excited-state
dynamics of [Fe(CN)4(bipy)]>~ in water for 700 fs using QM/MM together with
SHARC. %108 These simulations helped disentangling the dynamics observed by
experiments in terms of electronic populations, as well as nuclear solute and sol-
vent degrees of freedom, and provided corresponding time constants.> By using a
fit onto a kinetic model, the authors found that the initial singlet MLCT population
bifurcates within 210+20 fs into the MLCT and MC triplet states via ISC. The life-
times of the both triplet manifolds were found to be 2.2+ 1.5 and 6.9 ps. The
high uncertainty of these two lifetimes results from the small number of trajecto-
ries that underwent these pathways and the simulation time that is much smaller
than the determined lifetimes. The authors also investigated the coupled solute-
solvent response via time-dependent RDFs. Their results indicate that SHARC
simulations on longer time scales and with more trajectories can be beneficial
to resolve the long term dynamics and the different contributions of the coupled
solute-solvent response. The following two sections will first present our inves-
tigation and most important findings (for the full manuscript see Section A.2.1),
and then compare these findings with the results from Ref. 59.

5.1 ILVC/MM SHARC Dynamics and Solvent Reorganisation

We investigate the excited state dynamics of [Fe (CN)4(bipy)]2_ in water by simu-
lating a swarm of 4473 SHARC trajectories using an IVC/MM model for 5000 fs.
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Figure 5.1: Dynamics of the electronic populations during the simulation. Time-
dependent diabatic populations (thin lines) for the ground state (GS) in black, the IMLCT
states that was excited into in blue, the 3MC states in orange, and the 3MLCT states com-
prising all other triplet states (majorly MLCT character) in red. The thick lines indicate
the global fitting results from the shown kinetic model; the given time constants and un-
certainties are obtained from a bootstrapping procedure. >

In addition to electronic populations, time-dependent RDFs and bond length dis-
tributions, we extend the analysis with 3D-SDFs and time-dependent hydrogen
bond counts. We find similar electronic populations, time-dependent solute bond
lengths and RDFs as the previous work>? at a fraction of the computational cost.
This section only briefly presents the most important results on the simulated
excited-state dynamics of [Fe(CN)4(bipy)]2_ in water using IVC/MM. The full
description of our preliminary findings, all computational details and additional
analyses can be found in the manuscript draft in Section A.2.1 and corresponding
supporting information.

Before discussing the most important results, it should be noted that the param-
etrization of the LVC/MM model for [Fe(CN), (bipy)]?~ includes two novelties:
(i) the inclusion of state-specific frequency shifts in the form of y(kl,i) parameters
(Section 2.3) for all MC states and normal modes that affect the equatorial Fe—
ligand distances (discussed in Section 6.4 and in Section A.2.1), and (ii) the in-
clusion of the polarizability of water solvent molecules due to their electron densi-
ties through implicit solvation (dielectric constant set to &, = 1.7689) to alleviate
problems with low-lying excited states and avoid doubly counting solvent effects
(discussed in Section 6.2, Section 6.5 and Section A.2.1). The inclusion of the
y%? parameters significantly improved the accuracy of the MC states in the gas
phase compared to the reference. Further details can be found in the sections

mentioned above and will not be discussed here for brevity.

After preparing 30,000 initial conditions in a procedure similar to Ref. 59, we
were able to excite 4473 initial conditions in a window between 487 nm to 497 nm
(around 2.52eV) centered on the peak of the first absorption band; from them
4366 initial conditions (97.6%) are excited into the adiabatic S5 state, which has
MLCT character. We proceeded to propagate all 4473 initial conditions for 5000 fs
with IVC/MM SHARC.
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The dynamics of the diabatic populations can be seen in Fig. 5.1. The total
singlet population depletes quickly with a time constant T = 210 +4fs from the
IMLCT states (see Section. A.2.1); no 'MC population is observed during the dy-
namics. The terminal singlet population of about 6% is found to mostly stem
from the adiabatic S; state; a “cold” singlet state is added to the kinetic model
to account for that. Via ISC, the electronic population bifurcates into 3MC states
and the other triplet states with dominantly MLCT character. The >MC popula-
tion reaches a final value of about 32% with a trend to increase; the other triplet
states reach a final population of 62% with a decreasing trend; yet we determined
that the major dynamics have concluded and did not extend the propagation. The
ground-state singlet is slowly populated over time. The proposed kinetic model
in Fig.|5.1 is used to evaluate time constants for the population dynamics. The
bifurcation into the MLCT and MC triplet manifolds occurs with time constants of
311+ 6fs and 687 + 20 fs, respectively, and the states are populated with a ratio
of about 2.2/1. The aforementioned “cold” singlet population, labelled as ' Cold,
is populated slowly with a constant of about 2.8 ps. The fitted time constant of
the internal conversion from the 3MLCT to the 3MC with about 100 ps far exceeds
the simulated time which leads to large uncertainty values. Similarly, the radia-
tionless relaxation into the ground state from the *MC is on the same time scale.
The final populations at t = 5 ps are 62% >MLCT, 31% 3MC, 6% 'MLCT, and 2%
ground state.

The dynamics of the electronic states and the solvation structure mutually affect
each other. As the exerted electrostatic potential of an electronic state interacts
with the solvent molecules, they are attracted or repelled to or from different sites
at the molecule and in turn stabilize or destabilize different electronic states. This
interplay of the population dynamics of Fig. 5.1 can be recognized in the time-
dependent three-dimensional solvation shells displayed in Fig. 5.2.

At t =0, a strong solvation shell surrounding the cyanide ligands is visible which
forms rings around the nitrogen atoms; the features around the axial cyanide
ligands are more extensive and reach towards the nitrogen atoms on the bipyridyl
ligand. As expected from an aromatic system, the 3D-SDFs do not indicate a
strong hydrogen bonds or other features in the solvation shell at the bipyridyl
carbon atoms as expected from an aromatic system, which can also be seen in the
corresponding RDF in Fig. 4a in Section A.2.1.

After 100 fs, the solvation shell is diminished around all nitrogen atoms, partic-
ularly in the vicinity of the bipyridyl ligand; at the equatorial cyanide ligands, this
decrease is only observable on the outward-facing side. Additionally, the oxygen
atom occurrence is visibly increased above the center of the bipyridyl ligand (see
respective image in Fig. 5.2¢). This inertial response/libration motion is triggered
by the initial repulsion of the hydrogen atoms due to the change in partial charge
at the cyanide nitrogen atoms. Consistent with time scales from experiments for
such responses, }:12 a mono-exponential fit on the first SVD component of the
A3D-SDFs results in a time constant of 75fs. Analysis on corresponding time-
dependent difference RDFs lead to a similar time constant, which confirms this
result.

After 500 and 1000 fs, the solvation shell surrounding the equatorial cyanide
ligands is further reduced. The initial increase in oxygen atom occurrence at the
bipyridyl nitrogen sites diminishes after 500 fs. In the same time frame, the stable
3MLCT population leads to a subsequent increase in oxygen occurrence observed
above and below the para-carbon atoms of the bipyridyl ligand. Towards the end
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Figure 5.2: Symmetry adapted three-dimensional solvent distribution functions (3D-
SDFs) of water oxygen and hydrogen atoms at t = 0 fs and difference 3D-SDFs thereafter.
In all panels at t = 0fs, spatial regions with an occurrence higher than 2.5 times the av-
erage are colored red for oxygen atoms and pink for hydrogen atoms. For the A3D-SDFs
(t > 0fs), the iso value is set to 0.5 times the average; positive deviations are colored
with green colors and negative deviations with blue colors with oxygens in the darker
and hydrogens in the lighter shade. Panels (a-c) show different different orientations of
the system.
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Figure 5.3: Time-dependent hydrogen bond counts averaged over all 4473 trajectories
determined from geometric criteria scanned over the distance cutoff; the angular cutoff is
kept at 135°. Panel (a) shows the hydrogen bond counts for the cyanide nitrogen atoms
and panel (b) the counts for the bipyridyl carbon atoms. A bi-exponential fit (blue line)
for the first curve showing a libration response, which is indicated by a drastic change at
t =0fs, (black curve) results in the two time constants given in the plot.

of the simulation, these trends continue at a slower pace so that the established
solvation structure is intensified.

Investigation on the time-dependent difference RDF of the bipyridyl carbon and
water hydrogen pair shows an oscillation with 378 cm™! after the initial increase.
This frequency matches the frequency of the bipyridyl ring-ring stretch mode that
stretches both rings outward parallel to their connecting bond and has been sim-
ulated in Ref. 59. We expect that this oscillation solely stems from the solute
vibration and not from an oscillation in the solvation shell, as this feature is not
visible in the 3D-SDFs. This expectation is additionally confirmed by analyzing the
time-dependent behavior of slices originating from the bipyridyl feature in the 3D-
SDFs (see supporting information in Section A.2.1), in which no such oscillation
is recognizable.

Fig. 5.3 shows time-dependent hydrogen bond counts for Ny and G,y The
overall hydrogen bond counts at both sites are drastically different with Ny hav-
ing a count that is about ten times higher than Cy,,. The results confirm the visible
changes in the 3D-SDFs and show a fast initial response leading to a decrease in
Ncn—H-O counts and an increase Cy,,—H-O counts; the latter increase is contin-
ued further at a slower pace. Bi-exponential fits of the curves with a cutoff of
4.2 A result in respective time constants of 7;(Ngy) = 14 fs and T1(Cppy) = 240fs
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Figure 5.4: Deviations of in the three-dimensional spatial distribution function for a sub-
set of trajectories with dominant >MC at t = 5000 fs in comparison with the ground-state
equilibrium from three different perspectives. The used subset of trajectories had a stable
population in the MG states of at least 76% for the last 1000 fs. In all panels spatial
regions with an occurrence deviating more than 0.5 times the average are colored shown
for oxygen atoms and pink for hydrogen atoms; positive deviations are colored with green
colors and negative deviations with blue colors with oxygens in the darker and hydrogens
in the lighter shade.

for the initial response and 75(Ngy) = 132fs and 74(Cppy) = 495fs for the sec-
ondary response; this cutoff value was chosen because the curves show a drastic
change at t = 0 fs showing the libration motion of the water molecules. The estab-
lished hydrogen bonds at the Cy,, atoms represent a stark increase with respect
to the ground state and are expected to stabilize the long-lived the MLCT states
further. This reasoning is additionally strengthened by constructing the 3D-SDF
at t = 5000 fs from a subset of the trajectories that are dominantly in the 3MC
states. This subset of trajectories is confirmed to have at least 90% MC character
for 84% of the final 1000 fs; this means that the chosen trajectories had a 3MC
population of at least 76% in that time frame. The constructed 3D-SDF shown
in Fig. 5.4 is therefore assumed to be characteristic for the MC states. Since the
3D-SDF shown is constructed from a smaller number of trajectories, it is subject
to some noise which is mostly visible around the edges. In contrast to the solva-
tion shell of the full set of trajectories at 5000 fs (see Fig. 5.2), the MC-solvation
shell does not indicate changes in hydrogen bonds above and below the bipyridyl
ligand. The figure rather shows that the first solvation shell recedes around at the
cyanide ligands, which correlates with the bond length changes of the MG states
(Fig. 3 in the manuscript in Section A.2.1). This suggests that the strength in hy-
drogen bonds at the cyanide and bipyridyl ligands affects the MLCT and MC states
differently which can lead to different stabilization and lifetimes of the two states;
stronger hydrogen bonding at the bipyridyl ligand can be expected to stabilize the
MLCT states but do not affect the MC states.

5.2 Comparison with TDDFT Results

After showing the most important results obtained with IVC/MM SHARC, the
results should be briefly compared to the results of the on-the-fly TDDFT/MM
simulations in Ref. |59, which will be referred to as “reference” here.

We obtain qualitatively equal results in terms of overall ISC rate, time-dependent
RDFs, and average time-dependent bond lengths. However, the time scales of the
bifurcation into 3MLCT and ®MC states are not perfectly reproduced as the transfer
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into the 3MC states here takes about 30% longer (see Fig. 5.1). Even more drastic
are the difference in the time scales for the transfer from MLCT to 3MC states
and relaxation from 3MC into the ground state. The respective time constants
reported here are both a magnitude larger than the ones reported in the reference
(2.2 and 6.9 ps) and their ratio does also not match. These drastic differences can
neither be explained by the additional “!Cold” state in our kinetic model, which
accounts for persistent singlet population, nor the difference in simulated time
(5000 fs against 700 fs in the reference). The time constant for the relaxation into
the ground state of 6.9712 ps reported in the reference aligns with the experimen-
tally determined ones of about 13 ps.>® Hence, we conclude that the inaccuracy
must be caused by the used IVC/MM model. Kjer and coworkers describe that
the SMLCT—2MC conversion is directly influenced by the stabilization of the respec-
tive 3MC states. >3 Both the tyg and e, orbitals of the metal center are influenced
by the environment and in turn influence the stabilization of the MC triplet states.
The stabilization of the(MC states can also be expected to affect the relaxation into
the ground state. Hence, it can be reasoned that the MC states are not stabilized
enough in the IVC/MM model compared to the other triplet states, by either re-
strictions in the harmonic oscillators or the solvent interaction. An analysis of the
average diabatic excitation energies over time confirms that the lowest MC states
are close in energy to the lowest >MLCT states; the analysis is shown in Fig. S4
of Section A.2.1 and shows the time-dependent excitation energies of all MLCT
and MC states. Comparing the time-dependent bond length distributions with the
reference (Fig. 3 in Ref. 59 and Fig. 3 in the manuscript in Section A.2.1), we find
that, even though the average bond lengths are reproduced, the shape and width
of the distributions differ. The reference distributions of the Fe-Ny,,, and Fe-CN¢q
in the 3MC states are broad and appear to be skewed towards longer bond lengths.
This indicates both state-specific normal modes as well as strong anharmonicity
in corresponding modes. The respective distributions in the IVC model are both
symmetric and less broad. Both state-specific normal modes as well as strong an-
harmonicity cannot be represented in an IVC model. We, thus, conclude that for
a better description of the system additional second-order terms and terms that
account for anharmonicity have to be included into the model, so that the PES of
the MC states can be accurately modeled. This finding shows that anharmonicity
is very important for the excited-state dynamics of [Fe(CN), (bipy)]>~.

Besides the described shortcoming of the IVC/MM model, it needs to be reiter-
ated that the results for solvent structure, solute dynamics and|/ISC rate are remark-
ably close to the reference. With each trajectory being computed in about 13 h on
a single Intel Xeon E5-2650 v3 CPU, the whole SHARC simulation amounted to
about 60,000 CPUh. This represents a fraction of the much smaller simulation
done in Ref. 59, which has cost about 550,000 CPUh for 99 trajectories propa-
gated over 700fs. The additionally information obtained in terms of 3D-SDFs,
the resolved oscillation in the time-dependent RDF and the possibility of analyz-
ing specific, yet large enough, subsets of trajectories show the merit of utilizing
LVC/MM SHARC simulations to supplement experimental findings.
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CONSIDERATIONS ON THE CONSTRUCTION
OF LVC/MM MODELS

LVC models are by no means a "black box" approach for any type of rigid molecular
system. Throughout the work presented thesis, there were many pitfalls regarding
the construction and use of the IVC models, and by extension the IVC/MM model,
specially during the work on the [Fe(CN), (bipy)]*~ system. The purpose of this
chapter is to offer a guide in the construction of IVC/MM models including prac-
tices that help avoiding some of the pitfalls encountered here. For this purpose,
this chapter is accompanied by an exemplary analysis on the [Fe(CN), (bipy) 1%~
system.

A good starting point for the construction and evaluation of IVC models can be
found in Refs. 72,74,94, which present the parameterization of the model and an
overview over its capabilities. The chapter is divided into construction steps and
refer to the different parts of the IVC model (see Section 2.3): (i) prerequisites
of the molecular system and Q (Section 6.1), (ii) the included diabatic states and
€; (Section 6.2), (iii) standard parametrization with Kg(l) and Ag{” ) (Section 6.3),
(iv) inclusion of second order parameters, y(kl]z), (Section 6.4), (v) preparing sim-
ulations in solution and [DME (Section 6.5), and a concluding section on final
validations of the model (Section 6.6).

One aspect not mentioned here is the choice of the level of theory to describe
the selected system. The choice of the level of theory is specific to each system
and situation, and goes beyond the scope of this chapter.

6.1 Prerequisites of the Molecular System and the Normal Modes

The most important prerequisite is that the molecule of choice must be suitable to
be described by an LVC model. The key consideration for this are the constraints
on the nuclear degrees of freedom in the system. All nuclear motion in the phase
space one wants to observe must be mappable to normal coordinates in the har-
monic approximation. Consequently, every non-linear motion or rearrangements
of atoms cannot be described; this includes, e.g., torsions, dihedral rotations, dis-
sociations, and proton transfers. However, if these degrees of freedom are not
expected to greatly influence the dynamics, e.g., as in the case of the rotation of
methyl groups, one can exclude them or simply apply the harmonic approximation
to them. For the ground state, the constraints in the nuclear degrees of freedom
can usually be gauged through chemical intuition. If one cannot be sure whether
the geometry and hence the normal coordinates of the ground state are a good
basis for describing nuclear motion in the excited states, one should perform a
conformational analysis of the target states. 160

In the IVC model, the normal modes of one electronic state build the basis for
the description of nuclear motion in all electronic states. However, normal modes
that can describe the nuclear motion well in one state are not necessarily suitable
for all other electronic states. An example of this is 2-thiouracil. Here, the normal
coordinates of the ground state are not a good basis to describe nuclear motion
in the excited states. 2-Thiouracil is planar in the ground state, but pyramidalizes
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in the first excited states by moving its sulfur atom out of plane.1®! This changes
the center of mass and also the normal modes for the corresponding states. As a
consequence, these excited states cannot be well described with an IVC model.

If the molecule is deemed suitable, we can obtain the normal modes from a
frequency calculation. Usually, this is done with an optimized geometry for the
ground state. In order to obtain the normal coordinates in high quality it is recom-
mended to set very tight convergence parameters and use large integration grids.
If the molecule is symmetric, one should optimize using symmetry, as symmetry
imposes selection rules on the later derived coupling parameters; this leads to
fewer non-zero parameters that can be validated by applicable selection rules.

6.2 The Diabatic Basis and ¢

Choosing an appropriately sized diabatic basis for the IVC model is essential for
the accuracy of the computed adiabatic states along the trajectories. In principle,
one could include infinitely many states in the diabatic basis and, from it, be able
to perfectly evaluate the adiabatic states. In practice, this is not possible. Even
with the gradient evaluation adapted to an adiabatic subspace in the IVC interface
(see Section 3.2), including too many diabatic states will considerably increase
computational cost. Therefore, we should include only as many diabatic states
as necessary to represent the desired adiabatic states during the dynamics. The
choice of the included states depends very much on the system and dynamics that
need to be described, as they are the basis of electronic states with which the wave
function is propagated. If one or more important states are missing, the model
will not be accurate for the system.

Generally, one can choose the diabatic states on the basis of their character, mo-
lecular orbitals in the state transitions, and/or energetic gap with other states. For
gas phase simulations, obtaining an absorption spectrum on geometries sampled
from a Wigner distribution can be a good starting point to choose a diabatic basis.

In the case of [Fe(CN)4(bipy)]2_ in water (see Chapter 5), we needed to include
all low-lying triplet states with metal centered character (*MC).>? As a first check,
we calculated the first 30 singlet and 30 triplet states including water as implicit
solvent (dielectric constant ¢, = 80.2); the excitation energies for these states are
shown in Fig. 6.1a in the right column with the MC character highlighted. As can
be seen, all MC states occur below 3.5 eV. We could include all electronic states
below 3.5 €V into our diabatic states if we performed the whole parametrization
with implicit solvation and ¢, = 80.2. However, as we will show in Section 6.5
this leads to accounting for the solvent effects twice. This poses a problem to
solve: We want to include the MC states that occur in the aqueous solution but
cannot simply parametrize the model with implicit solvation parameters for water.
Therefore, we need to recover these states within a parametrization that does not
include the water implicitly. Parametrizing the model in the gas phase (¢, =1.0)
would be the logical conclusion; Fig. 6.1a shows in the left column that the MC
states have similar excitation energies as with ¢, = 80.2. However, the low excita-
tion energy of the first excited state (0.5 €V) can lead to convergence problems in
the TDDFT calculations that are necessary for the numerical differentiation pro-
cedure in the parametrization.** For this reason, we explored another possibility
than a parameterization in the gas phase. The center column in Fig. 6.1a shows
the excitation energies with &, = 1.7689. This value is the limit of dielectric con-
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Figure 6.1: Excitation energies of the first 30 singlet and 30 triplet states of
[Fe(CN)4(bipy)]2* with implicit solvation at different dielectric constants, €., (panel a)
and L? norms of the rows in the overlap matrix corresponding the first six MC states as
function of the included diabatic states; the overlap is determined between the first 30
excited states calculated with dielectric constants set to 80.2 and 1.7689 (panel b). The
color in panel a indicates the calculated MC character of the states.

stant for water at high frequencies and only accounts for the polarizability of the
electronic density of the solvent water molecules. The polarizability of the elec-
tronic density is not included by the FF, which uses static point charges, in the
LVC/MM calculations and thus do not lead to double counting. More importantly,
we can see the increase in excitation energies in Fig. 6.1a (center column), which
promise a better convergence behavior compared to the gas phase. Hence, the
parametrization of the LVC model is performed with the inclusion of implicit sol-
vation at this setting. Now, we need to pick the diabatic basis from the calculations
with our new setting such that we recover the desired 3MC states that occur in
water (&, =80.2).

Picking the diabatic basis only by considering the excitation energies can be
unreliable. We need to ensure that the desired MC states in the calculation with
€, = 80.2 can be represented in the diabatic basis that includes states computed
with &, = 1.7689. Therefore, we also performed an overlap calculation between
the respective single-point calculations with £, =80.2 and ¢, =1.7689. Fig. 6.1b
shows the L2 norms in the overlap matrix for the desired six 3MC states as a
function of the included triplet states. The L? norm of a row in the overlap matrix
shows to what extend the corresponding state in the calculation with ¢, = 80.2
is represented by the basis of states in the calculation with &, = 1.7689. It can
be seen that the lowest 3MC state reaches a norm close to 1 after including ten
states and the highest MC at 16. This means, that including the first 16 triplet
states is sufficient to recover the desired six 3MC states. By also considering the
singlet states and gaps in the excitation energies of all excited states, we decided
to include the first 21 singlet and 20 triplet states into our diabatic basis; their
excitation energies are included in the IVC model as the €; parameters.
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Figure 6.2: Contour plot of the differences in energy in an harmonic oscillator as a func-
tion of the displacement along a normal mode and the frequency of that mode.

6.3 Standard parametrization with k and A Parameters

An IVC model can be parameterized in the SHARC program from either a singu-
lar single-point calculation, which includes gradients and NACs,”? or from a set
of single-point calculations for numerical differentiation.** Regardless of the ap-
proach, tight convergence parameters for energies and derivatives are essential to
obtain a stable LVC model.

All parameters are then evaluated using the assumption that the diabatic and
adiabatic bases coincide at the reference geometry (Q = 0); this also means that
n(Q =0)=0. The € parameters are the excitation energies of all states at the
reference geometry. In the normal mode basis, the x parameters are defined as
the gradients at the reference geometry and the A are closely related to the NACs
at the reference geometry (see Egs. (2.29) and (2.30)). Although the gradients
at the reference geometry might be computationally expensive to evaluate, the
NACs are not readily available in every software or level of theory. For this rea-
son, we can approximate these quantities through numerical differentiation.*
We calculate the excitation energies at geometries that are displaced along the
normal mode coordinates and transform them into the diabatic basis using the
wave function overlap between the displaced and reference geometries. We can
then use the full diabatized energy matrices at the displaced geometries to calcu-
late k and/or A parameters using a finite-difference procedure. The accuracy of
the parameters depends on the numerical accuracy of the finite-difference proce-
dure and the overlap calculated. Usually, both are more accurate the smaller the
displacements along Q. However, displacements that are too small lead to numer-
ical instabilities as Fig. 6.2 shows. The figure displays the energy difference as a
function of displacement and frequency of a normal mode that can be expected
by using the harmonic approximation AE = %a)QZ. We can see that at very low
displacements and low frequencies the expected energy difference is at or below
1-1077 au, which can be below the convergence thresholds of the excitation en-
ergies calculated. As a rule of thump, a difference in energy of at least 5-10~° au
should be aimed for, which is above the convergence threshold for “tight” energy
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Figure 6.3: Excitation energies of singlet and triplet states in a gas phase trajectory of
[Fe(CN) 4(bipy)]2_ with an LVC model over time; the model is parametrized using a finite
differences procedure with displacements in Q of 0.05. The excitation energies of singlet
states are shaded in blue and triplet states are shaded in red; the active electronic state at
every time step is indicated by a black circle. The excitation energies show unphysically
large oscillations (up to 300 eV) indicating an unstable IVC model.

convergence in the GAUSSIAN program.!%® As can be recognized from Fig. 6.2,
especially for normal modes with lower frequencies it is advisable to calculate a
proper displacement value and specify it in the setup accordingly. Following the
recommendation to reach AE > 5-107° au, normal modes with frequencies lower
than 100 cm™! need displacements of about 0.10 to 0.15, frequencies between
100cm™ and 700 cm™! need displacements between 0.05 and 0.10. Otherwise,
the recommended displacement value of 0.05 in SHARC is sufficient.

Especially the coupling parameters, A, are heavily influenced by the displace-
ment value chosen. Numerical instabilities in the model can lead to detrimental
behavior of the model; this is illustrated by Fig. 6.3 showing the time-resolved
excitation energies of all singlet and triplet states in a gas-phase trajectory. With
the efficiency of the IVC method, simulating a small set of gas phase trajectories
can be done with less effort and presents a solid check of the stability of the model.
In first 600 fs, the excitation energies of the states stay within a band that is less
than 10 eV broad. However, after 600 fs there are unphysically large oscillations
of up to 300 eV in the singlet states; these oscillations likely stem from unphysical
geometries, i.e. large displacements in Q. Such behavior can often be attrib-
uted to the A parameters. Generally, |A| < 1-1072 which can be checked in the
LVC.template file. |A| values that are much large than 1-107° are rare and often
encountered due to problems in the numerical differentiation. In the case of the
model for [Fe(CN), (bipy)]?~, the problems shown in Fig. 6.3 could be alleviated
by increasing the convergence threshold of the excitation energies in all single
point calculations to 1e —7 au. Otherwise, instabilities can be often be alleviated
by choosing larger displacements (> 0.05) for an affected normal mode; if this
does not help, one can resort to removing/altering the suspicious A parameters,
or removing problematic normal modes altogether. A procedure to find important
normal modes for the dynamics and assess the validity of the parameters can also
be found in Ref. 162.
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Figure 6.4: Influence of the inclusion of y(kili) parameters (see Section 2.3) on the accuracy

of the IVC model in the gas phase for normal mode 31 and all MC states (states 10,11,
12, 13, 15 16). Panel a shows the motion of the nuclei in the normal mode 31 which

is a symmetric stretching mode of the axial CN ligands. The results of a scan along this
normal mode (panel b) with the TDDFT reference (black) against an IVC model with y%?

parameters (green) and without them (blue). The state-wise RMSD for the latter two
against the reference is shown in panel c.

6.4 Second-order Parameters y

Second-order parameters, y, can alter the basis of normal coordinates to some
extent and might be added to the[LVC model for this purpose. Eq. (2.31) is for ar-
bitrary y parameters, but we generally divide these parameters into three classes
(see Section 2.3): y%? for state-specific frequency shifts, ygll) for Duschinsky rota-
tions”3, and )/(kl,i) / y(kll] ) for second-order inter-state couplings. We have included
only the parametrization of the }/%? parameters in SHARC so far, even though the
LVC interface is able to handle all y(kllj ) parameters. The evaluation of all yy; pa-
rameters would necessitate the calculation of full Hessian matrices for the excited
states, either analytically or numerically, which makes the parameterization much

more expensive.”?

For the [Fe(CN),(bipy)]*~ system, the 3MC states change the strength of the
axial Fe-ligand bonds leading to different frequencies in the corresponding normal
modes. For this reason, we performed scans with the reference method, TDDFT
in our case, along different normal modes which change the distances between
the iron center and the axial ligands. As an example, the results for such a scan
in normal mode 31 are compiled in Fig. 6.4 It can be seen that the states T, T17,
T12, T13, T15 and T4 have a significantly higher RMSDs along the scan (panel b).
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Figure 6.5: Comparison of spectra in explicit solvation using TDDFT/MM (panel a) and
LVC/MM with models parameterized with implicit solvation using ¢, = 80.2 (panel b) and
g, = 1.7689 (panel c). The singlet states are collected into absorption bands as in Ref 59.

The inclusion of y(ki,i) mitigated these errors in the RMSDs and lead to a better
(i1)

k. are evaluated as

alignment of the energy curves in panel a. In this case, the y

N, isp.
_ _1 i ZWii(Qk"'hn)_VVii(o)
Kk Ndisp. h%

(6.1)

where Ngjgp is the number of displacements and W;;(Qy +h,) is the diabatized
energy matrix at the n-th displacement h,, in the normal mode coordinate Q.
(i1)
kk
for all 3MC states for normal modes that alter the axial Fe-ligand bonds and lead

to similar results as shown for mode 31.

The displacements chosen are 0.2 and +0.4. y,,’ parameters were calculated

6.5 Preparing for Simulations in Solutions and Evaluating the DME

In order to do calculations with the IVC/MM method, we need to add representa-
tions of the electronic densities to our model. This is done by fitting a DME at the
reference geometry using the our extended RESP method (Sections 2.6 and 3.3).
The goal is to use the IVC model to describe a solute in some environment, so that
the question arises of whether to include solvent effects in the parameterization.
An argument for including these effects is that the basis of diabatic states will be
closer to the actual electronic states in solution. Fig. 6.5 compares the spectra in
explicit solvation of the TDDFT/MM reference (panel a) with LVC/MM for a model
that was parametrized with implicit solvation (panel b) and without it (panel c).
It can be seen that the spectrum for the model with ¢, = 80.2 (panel a) is shifted
towards higher energies and does not reproduce the band structure. The band
for the S3 state is completely absent. The IVC model that was parametrized with
€, = 1.7689 is only shifted by a small margin and has a similar band structure.
The absorption bands of the higher singlet states are not expected to be as accu-
rate, as the completeness of the diabatic bases decreases for these higher states. It
should be noted that the LVC model in panel c also includes y parameters, and no
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DME:s for the transition densities. However, the strong shift in energy can only be
attributed to the double counting of solvent interaction: once within the model
through the parametrization with implicit solvation ¢, =80.2 and a second time
through explicit solvation. As said in the discussion in the section above, it is possi-
ble to set ¢, to the value in the high frequency limit so that only the polarizability
of the electronic densities of the solvent molecules is accounted for. Preferably,
the IVC model for the IVC/MM method and the DME should always be obtained
without accounting for the solvent via implicit solvation.

Although the RESP fit is stable with respect to the produced ESP at the fitting
points, there are some parameters that can be modified to improve the results.
A good starting point and common reference for this thesis is the work of Abedi
and coworkers®? that investigated the quality of RDFs of transition metal com-
plexes using different population analysis methods. For RESP, they recommend
using higher restraints of 0.01 and at least 1000 fitting points per atom. For the
generation of the fitting grid, the Merz-Singh—Kollman scheme is the standard al-
gorithm. 199 However, the used vdW radii for the atoms can influence the results
and might be adapted for different systems and atom types.'®® The monopole
terms of the obtained fits can be checked for physical meaning, as they should
roughly reflect the electronic character of the states and should reproduce in tan-
dem with the dipole terms the overall dipole moment of the electronic state.”>19°
Another aspect lies within the target charges specified for the restraint in the RESP
fit. These target charges are usually set either to O or the Mulliken charges. 164
These charges should not significantly influence the quality of the RESP fit,>° but
can help enforce a certain physically-sensible charge distribution.

6.6 Validation of the Model

After constructing an LVC or IVC/MM model, one should first try to validate the
model before starting many trajectories with it. As mentioned above, a few gas
phase trajectories can help to assert the stability of the parameters, as well as
having a closer look at the spectrum. If there are already initial conditions avail-
able for solvated systems, one can perform a scan by scaling the point-charge
strength. Doing so will generate a plot comparable to Fig. S20 in the supporting
information of Ref. 59, which shows how the individual states are increasingly
influenced by electrostatic interactions with the environment. Of course, it is also
possible to repeat this scan with the reference method and compare the results.
In difficult cases, scans along selected normal modes calculated in the gas phase
with the reference method can provide a lot of information (see Section 6.4 and
Fig. 6.4b). Compared to the results generated by the IVC model, problems with
K, A, and the necessity for y parameters may be identified from the plotted scans.
The IVC method also allows the computation of minimum energy geometries for
all diabatic states and the efficient optimization of the adiabatic minima in the
PES, which can be compared to the reference results.

Regardless of the simplicity of the system and the respective IVC model, per-
forming computations, e.g., scans along normal modes, short trajectories, absorp-
tion spectra, or scans with scaled environment point charges (see Ref. 59 Fig. S20),
to validate the model (possibly against the reference method) and gauge its be-
havior in different situations is always advised. These computations can not only
help to avoid pitfalls and subsequent erroneous simulations, but also aid in the
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understanding of the molecular system investigated. After all, a IVC Hamiltonian
is an analytical model of the electronic and nuclear degrees of freedom of the
molecule.
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CONCLUSIONS & OUTLOOK

This thesis presents a newly developed combination of [VC models with MM FF
via [EE, called IVC/MM, for the simulation of excited-state dynamics in solvated
systems within the SHARC program. 1% Such simulations are important for the
interpretation of time-resolved experimental results and the underlying physical
phenomena, and can help in guiding new research or in the design of new sol-
vated systems for different applications. While there are a number of methods
to perform such simulations, the excited-state dynamics of solvated systems often
require the description of many atoms and electronic states over long time scales.
Therein, the presented IVC/MM method is shown to be powerful enough for this
task and enables new ways of analyzing the produced structural data. There-
fore, this thesis does not only present the methodological developments of the
LVC/MM method and its application to solvated systems, but also describes how
the simulated data can be analyzed in new ways with focus on the time-resolved
solute-solvent dynamics.

The central achievement of this thesis, the IVC/MM method, is based on the
vibronic coupling Hamiltonian®”, which is available within SHARC for large scale
simulations in the gas phase.”+%% The thesis describes how the LVC Hamiltonian
can be extended to both allow for roto-translational motion, which is necessary
for diffusion processes, and the interaction with external point charges via a set of
diabatic DMEs. The diabatic DMEs are evaluated via an adjusted RESP fit during
the parametrization of the LVC model.

Another achievement of the thesis lies in several further development done
within the SHARC program.1%® The work of this thesis provides a generalization
of the SHARC interfaces and leverages in-memory communication between differ-
ent parts of the code. This builds the foundation for interfaces with hierarchical
structure such as the QM/MM interface that is used for the IVC/MM method. Ad-
ditional developments contribute to drastically improving the overall efficiency of
the IVC interface and allowing for more control over stored data in SHARC.

The efficiency of the IVC/MM method enables the simulation of large trajectory
swarms that open new possibilities in the analysis of nonadiabatic solute—solvent
dynamics. The possibility of constructing and analyzing the time-dependent sol-
vation structure in three dimensions via 3D-SDFs represents another achievement.
The thesis includes an in-depth analysis of the key considerations for the construc-
tion of 3D-SDFs, which are the strength of solvation features, the density fluctua-
tions and the number of necessary trajectories. Additionally, the thesis describes
how these 3D-SDFs can be built as either histograms or from a convolution, and
how the preparation of the nuclear data leads to two different perspectives that
each highlight different aspects of the solute-solvent dynamics.

At the example of two small thiocarbonyls in water, the thesis validates the
LVC/MM model and shows that the solvation shell in terms of RDF and three-
dimensional distribution of a TDDFT/MM reference can be reproduced. The shifts
in the energies of the electronic states due to the interaction with the solvent
molecules is sufficiently well described with an error between 1-2 kcal/mol. The
analysis of the time-resolved 3D-SDFs from two perspectives, facilitated by large
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trajectory swarms in the excited-state simulations, revealed how the self-rotation
of CH,S can relax its solvation shell within less than 100 fs.

This thesis further investigates the excited-state dynamics of [Fe(CN), (bipy) 1%~
in water. While this system was previously studied by members of the group, it be-
came apparent that SH simulations with vastly more trajectories and longer time
scales can be beneficial to the comprehension and interpretation of the excited-
state dynamics of [Fe(CN) 4 (bipy) >~ in water.®® Therein, IVC/MM is not only ef-
ficient enough to enable simulation with 45 times more trajectories over 5000 fs
instead of 700fs, but also reproduces the overall ISC rate, the bifurcating pop-
ulation transfer rates of the initial singlet population and time-dependent RDFs.
While the inaccuracy in the life times of the MLCT and MC states appear as a
problem, the analysis of the time-dependent bond length analysis shows the im-
portance of anharmonicity for the stabilization of the MC states. Additionally, the
time-dependent 3D-SDFs give detailed insight into the dynamical response of the
solvation structure in space. The analysis of a subset of trajectories with dominant
MC character reveals drastic differences in the solvation structure in comparison
to the MLCT dominated full set with considerable implications on the stabilization
and life times of both triplet manifolds.

The thesis also includes a chapter on considerations for the construction of
LVC/MM models, which aims to navigate several hurdles and pitfalls that may be
encountered. The corresponding chapter gives general advice on the construction
of LVC models, suggests different criteria for the choice of diabatic basis, the calcu-
lation of first-order coupling parameters and describes the possibility of including
second-order parameters to describe state-specific frequencies. Additionally, the
chapter describes how to prepare the model for simulations in solution, how to
compute the diabatic DMEs, and concludes with different ways of validating the
final model.

In conclusion, the IVC/MM model proved to be a immensely efficient method to
simulate excited-state dynamics in solution that is multiple orders of magnitude
less costly than typical TDDFT/MM simulations. This method facilitates simula-
tions in which the temporal response of the coupled solute-solvent dynamics can
not only be analyzed in terms of electronic degrees of freedom and nuclear dy-
namics via solute vibrations and RDFs over longer time scales than before, but
the solvent structure can also be resolved in three dimensions which leads to new
insights.

Since IVC models are well-researched, their possibilities and limits
in the applicability to various systems are well-known. This knowledge is almost
directly transferable to the application of IVC/MM models. Computational re-
search on many different systems that have used IVC models in the gas phase,
or that have been limited to the use of implicit solvation and short time scales in
explicit solvation using other methods can likely benefit substantially from simula-
tions performed with IVC/MM models. There is much that is still unknown about
excited-state dynamics of solvated systems and this thesis demonstrates how the
LVC/MM method can be applied to illuminate some of the fundamental processes.

69.,74,94,165
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APPENDIX

This appendix contains the reprints of the two publications and the manuscript
draft which are parts of this thesis, and were discussed in the previous chapters.
Section A.1 contains the two reprinted publications that contain the method devel-
opment and validation of the IVC/MM method (Section A.1.1), and the excited-
state dynamics of two small thiocarbonyls in water as well as the theory behind
the construction of 3D-SDFs (Section A.1.2). Section A.2 contains the manuscript
draft on the excited-state dynamics of [Fe(CN)4(bipy)]2_ in water and the corre-
sponding supporting information.

During the course of my PhD studies, the following additional publication, which
is not part of this thesis, has been produced:

T. PITESA, S. POLONIUS, L. GONZALEZ, S. MAI: Excitonic Configuration Interac-
tion: Going Beyond the Frenkel Exciton Model, J. Chem. Theory Comput., 20, 5609
(2024).

Contribution: Suggestion of Guanine quadruplex as test system, algorithms for
extraction and processing of density matrices and basis set information.
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APPENDIX A.1 SIMULATIONS ON SMALL THIOCARBONYLS IN WATER

APPENDIX A.1.1

LVC/MM: A Hybrid Linear Vibronic Coupling