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Abstract

This thesis comprehensively investigates the molecular photoswitch of norbornadiene and
quadricyclane, spanning electronic structure, non-adiabatic dynamics and ultrafast experi-
mental observables. The theoretical results are closely linked to state-of-the-art experimental
results, both of already-completed and future experiments. These molecules display promise
as molecular solar thermal (MOST) systems, which capture, store and release solar energy.
Norbornadiene and quadricyclane access the same intersection after photo-excitation, offering
a unique opportunity to study a photochemical reaction through the same conical intersection
from two different starting geometries.

We show a full multi-configurational exploration of the valence potential energy surfaces,
with specific emphasis on the topography of the S;/Sy conical intersection. The surface
hopping dynamics of norbornadiene is then performed with four electronic structure models
(CASSCF and XMS-CASPT2 with two active spaces), and the dynamics is compared to the
CASSCF(2,2) surface hopping of quadricyclane, affording a greater understanding of the
potential energy surfaces and the dynamics itself. Both molecules display a rapid (sub-100
fs) decay, and different electronic structure methods show notably different quantum yields.
The pre-conical intersection motion is the principal arbiter of the dynamical outcome, with
minor contributions from conical intersection topography, a feature we posit is common in
photoswitches. These dynamics are used to predict x-ray scattering patterns and time-resolved
photo-electron spectra, allowing for suggestions for realistic potential experiments and critical
examination of the experimental methods.

A complete, novel assignment of the static absorption and photo-electron spectra of the two
molecules is presented, and finally, the results of an ultrafast time-resolved photo-electron
spectroscopy experiment are explained via surface hopping/RMS-CASPT2 simulations. The
dynamics simultaneously excites Rydberg and valence states, with notably faster dynamics on
the latter, and fully explains the observed bipartite nature of the experimental signal.

This study provides a computationally feasible model that entirely elucidates the ultrafast
dynamics of the norbornadiene/quadricyclane system, offering a framework to improve the
design for MOST and photoswitch applications. Additionally, this system remains a target
of future ultrafast experiments, inevitably requiring correct and reliable simulations for their
interpretation. More generally, this system is an excellent example of photoswitch systems,
showing quick, coherent, and simple dynamics with complex outcomes.

xiii
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Introduction

Photochemistry, as the name implies, is the reaction of molecules following absorption of
light. It is the process at the heart of vision,® photosynthesis,®? atmospheric chemistry, 1%11
bioluminescence, '? photocatalysis 137> and photochemical rearrangements.'®!” Understand-
ing photochemical reactions is also critical for designing novel technologies, such as solar
energy harvesting, 1872° molecular motors,?!7%3 light-activated drugs,?*?> and photoswitch
devices. 26728

In Fig. 1.1, we show a schematic of a photochemical reaction: the reaction of norbornadiene
(NBD) into quadricyclane (QC), the subject of this thesis. The wavepacket initially resides in
the ground state equilibrium, but is then excited by UV light. The wavepacket is now non-
stationary, rapidly evolving on the excited state surface until it finds the conical intersection,
where the two electronic states are degenerate. Here, the coupling between the states is strong,
and the wavepacket transfers to the ground state. Interestingly, this particular system has
two potential energy wells, separated by a large barrier, and either can be accessed from the
conical intersection. The deeper minimum, where the wavepacket starts, corresponds to NBD
and the shallower to QC.

Until now, we have only mentioned the possibility of non-radiative, singlet-to-singlet
decay — otherwise known as internal conversion. Of course, other decay processes, such as
intersystem-crossing, fluorescence, and phosphorescence, are all possible, but the system we
study shows dynamics on the sub-100 fs femtosecond time-scale, too fast to allow any other
process. Finally, we mention that we concentrate on the gas phase, precluding collisional or
solvent-induced decay.

Photochemistry offers a unique advantage in studying chemical reactions; modern ultrafast
lasers allow measurements on the timescale of nuclear motion, watching the chemical trans-
formations as they unfold.!?°3! These invariably rely on the pump-probe technique, which
we cover more in Chapter 4. Unfortunately, the experimental observation of photochemistry is
exceptionally challenging. Not only are the motions of nuclei extremely fast, occurring on the
femtosecond timescale, but the experiments project the high-dimensionality dynamics onto
a comparatively low-dimensional observable, making the interpretation of the experimental
signal often so challenging it necessitates theoretical input. As such, computational simulations
are indispensable tools for studying photochemistry.

Simulation of non-adiabatic dynamics

Photochemical simulation requires non-adiabatic dynamics, which describes the coupled mo-
tion of electrons and nuclei. To perform this, we almost always separate the two, propagating
anuclear wavefunction (covered in Chapter 2) on the potential energy surfaces of the electrons
(covered in Chapter 3). Crucially, these simulations must allow the nuclear wavefunction to
transfer between electronic states, covering the critical non-adiabatic decay processes. In prin-
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Energy

Figure 1.1: Schematic of the photochemical reaction of norbornadiene and quadricyclane. Upon
excitation to the upper state, the wavepacket towards the conical intersection, transferring
to the ground state and falling into either of the two wells. These are the two isomers:
norbornadiene (right, where the wavepacket starts) and quadricyclane (left). On the ground
state surface, these two geometries are separated by a large potential energy barrier, and so do
not interconvert. The two coordinates, .. and ry,, are discussed in more detail in Chapter 5.

ciple, the dynamics of both the electrons and nuclei should be solved quantum mechanically.
Unfortunately, full quantum calculations scale exponentially with the system size, and are
entirely unfeasible for the systems we study in this thesis without significant approximation.

For electrons, the particles are so light that all methods, of which there is a surplus, will treat
the electrons fully quantum mechanically. These are challenging calculations, and we often
must make significant approximations to reduce the calculation time. The particular challenge
of photochemistry is describing all important electronic states correctly and without significant
biases, generally leading to costly and time-consuming calculations. This is especially true
near conical intersections, which require multi-configurational calculations that invariably
involve human-selected active spaces. Understanding these calculations, and how to balance
accuracy and computational efficiency, is often the primary factor in whether a photochemical
simulation is correct.

On the other hand, the nuclei are much heavier and can be described, at least qualitatively,
using Newtonian mechanics. In doing this, we represent the nuclear wavefunction with an
ensemble of point particles, propagating them individually according to Newton’s laws. The
trajectories represent plausible dynamics paths, modelling the spread of the wavepacket and
allowing for processes such as wavepacket splitting. This reduces the computational time
from exponential to linear, but in doing so, we lose the ability to describe nuclear quantum
effects such as tunnelling or wavepacket interference.



Ideally, we would use the best methods available to simulate both the electrons and nuclei.
But, given the intense scaling of these procedures and the finite computational resources and
time scales of our projects, this is almost always impossible. We must, therefore, balance
the levels of approximation to provide a reasonable model for the system at hand, aiming
for the best results within a given timeframe. It is common, for example, to compromise our
description of the nuclei, reducing their computational cost, to get a slightly better electronic
simulation, or vice versa.

However, using approximations introduces errors. To validate these models and understand
whether they can be used more generally, we can compare their results with either higher-level
methods or experimental observations. Unfortunately, high-level quantum calculations are
often unfeasible for larger systems, leaving experimental validation as a crucial step in ensuring
the reliability of the simulations. The system studied in this thesis is on the cusp of our current
computational ability, just small enough to find some convergence while showing qualities
of much larger systems. As such, we explore both paradigms, using careful comparisons to
higher-level theory and experimental validation to benchmark our predictions.

As mentioned, this project focuses on a single photochemical system, aiming to achieve as
complete an understanding of the dynamics as possible. We then contextualise the results in
the broader scheme of photochemistry, aiming to find and explore essential features that might
be more general phenomena. From here, we strive to combine our findings with experiments
to elucidate and validate as much as possible of these complex dynamics. In doing this, we
also consider the possible extent of experimental validation, and whether current experiments
can hope to challenge the results of our dynamics simulations.

Norbornadiene and quadricyclane

2 3
2 3
5 -7 6 ‘L_V 5 6
x
1 4
L)y 1 4
QC NBD

Figure 1.2: The reaction of quadricyclane (QC, left) and norbornadiene (NBD, right) can be
driven with UV light. NBD converts its two C=C bonds to form a highly-strained four-carbon
ring at the base of QC, gaining = 1 eV of energy.

This thesis focuses on norbornadiene (NBD) and quadricyclane (QC), a quintessential exam-
ple of a molecular photoswitch. These are a class of molecule that isomerises after absorption
of light, storing a binary state with the system’s current geometry (i.e. isomer). Photoswitches
have many potential uses, from light harvesting, '#2° logic devices, 26?332 molecular motors, ??
data storage,3>3* super-resolution microscopy,>>*¢ photopharmacology,?42>37 and bio- and
smart-molecules.>® From a purely photochemical point of view, these systems are targets for
ultrafast experiments for three primary reasons: firstly, they show fast, coherent dynamics with
localised structural changes, allowing for an in-depth study of a single process. Secondly, the
two isomers provide two different starting geometries and, hence, two potential experiments,
allowing a much better understanding of the potential energy surfaces involved. Thirdly, and
most practically, the overall structure of the molecule is preserved in both isomers. This is
useful both theoretically, as it simplifies the electronic structure, and experimentally, as it
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allows scattering experiments to track the dynamics across the entire photochemical reaction,
unlike in photodissociation.

NBD and QC are shown schematically in Fig. 1.2. Upon electronic excitation, NBD (right,
Fig. 1.2) breaks the two double bonds to perform a retro-[2+2]-cyclo-addition, forming the
eponymous four-carbon ring at the base of QC (left, Fig. 1.2), and vice versa. We have already
shown a schematic of the potential energy surfaces in Fig. 1.1, with an example reaction after
photoexcitation from NBD. The key features of a photoswitch are apparent in this model: two
ground-state isomers separated by a large barrier, and a conical intersection that allows the
dynamics to form either. After photoexcitation, the wavepacket can then find and become
‘trapped’ in one of the potential energy wells, storing the state of the system.

Due to the strain of the ring, QC has a ground state energy approximately 1 eV higher than
NBD, as implied in Fig. 1.1. Practically, this makes the NBD/QC system a promising candidate
for molecular solar thermal (MOST) systems 18720:3%40 Simply, after reacting with sunlight,
NBD forms QC, storing energy that can later be released as heat via a catalytic back reaction.
These systems represent a credible alternative to solar cells for applications such as domestic
heating. Interestingly, QC has also been researched for rocket propulsion, illustrating the high
energy storage density. 41743

Aside from being of practical interest, NBD and QC are attractive for theoretical purposes,
with quick, limited phase-space dynamics proceeding through a single conical intersection. It
is a clear example of a [2+2]-cyclo-addition, a fundamental element of photochemistry. 4443
However, the two ethylenic moieties are held together by the backbone of the molecule, limiting
their conformational freedom, which leads to both theoretical and experimental simplification.
As mentioned earlier, the two different isomers also afford two different starting conditions
and, hence, two different sets of dynamics through the same conical intersection. This has
made NBD and QC a target for modern ultrafast experimental techniques3®#%47_ In particular,
the system can be studied by scattering experiments,3%4¢ as the motion is not hydrogenic, and
photo-electron spectroscopy*’, as the molecule displays strong Rydberg features 148
ionisation potential. -2

Before we move on, we should temper our expectations slightly. The NBD/QC system
is exceptionally complex, and the unsubstituted variant we cover in this thesis lacks the
properties necessary for practical engineering. Further, we only consider gas-phase molecules,
whereas practical applications will almost certainly be in the condensed phase.

Most of the absorption to unsubstituted NBD and QC is to Rydberg states at energies above
6 eV. These are not the states used in practical systems, as they show slow and incoherent
dynamics. The most critical state for practical applications is the low-lying reactive valence
state. In unsubstituted NBD, this state only absorbs light weakly and at approximately 5.25 €V,
where there is little actinic flux.>**>° Additionally, excitation of NBD does not form significant
amounts of QC, at least in the long time limit,?° making the reaction inefficient.

Engineering this system is a highly active area of research. !8720:40:51-55 This is achieved by
substitution, with primary goals of increasing both the efficiency of the conversion reaction
and the amount of energy stored as a function of total molecular mass. Finally, the substitutions
aim to energetically lower and strengthen the absorption to the reactive valence state, along
with removing the effects of the Rydberg states.

That said, the simplicity of the system we study allows for a more in-depth understanding
of the reaction, and even in its unsubstituted form, the NBD/QC system provides critical
insights into the principles governing molecular photoswitches. As such, we present two
separate studies of this system. The first is a valence-only model, where we aim to elucidate the
fundamental dynamics of the system as well as our understanding of molecular photoswitches
and photochemistry in general. This also connects strongly with the potential design and

and a low



modification of the system for photoswitch and MOST applications, which utilise the low-lying
valence states, explicitly avoiding the Rydberg states.

In the second part, we consider the Rydberg states. The reason for this is twofold: firstly,
molecular Rydberg states are of fundamental photochemical interest. *356758 Secondly, as
mentioned earlier, NBD and QC are the targets of ultrafast experiments, which are easier
to perform when exciting the higher cross-section Rydberg states. The second half of this
thesis thus focuses on the Rydberg states to connect both with already completed and future
experiments.

Reader’s guide to the thesis

The remainder of this thesis is split into three parts. In Part I, we go through the theory
used in the remainder of the work, starting with the non-adiabatic dynamics. First, Chapter 2
covers the complete quantum picture and discusses the most critical regions of the potential
energy surfaces: the conical intersections. After that, we include a survey of the important non-
adiabatic dynamics methods we will use in our work and discuss some practical details involved
in simulation. Chapter 3 covers electronic structure theory. As this topic is well-understood,
we only cover the methods used in this thesis, which all come from multi-configurational
quantum chemistry. Finally, given our desire to strongly link to experiments, Chapter 4
discusses the theory of three separate experimental observables: x-ray and electron scattering
and photo-electron spectroscopy. These provide excellent probes of electronic structure and
dynamics, each shedding a slightly different light on the underlying molecules.

The following two parts concentrate on the photochemistry of the NBD/QC system. Part II
is a self-contained, consistent analysis of the valence states. Chapter 5 starts by presenting
an exploration of the electronic structure, taken from Ref. 4, where we evaluate the static
picture of the photochemistry of the system, looking at important features of the potential
energy surfaces. In this chapter, we identify four electronic structure models suitable for non-
adiabatic dynamics simulations, benchmark them against higher-level methods, and evaluate
all important regions of the potential energy surfaces.

After that, we move to the valence dynamics of NBD in Chapter 6, which makes up Ref.
5. We use the same initial conditions for four sets of surface hopping dynamics using the
aforementioned electronic structure methods. This study covers a multitude of different areas.
First, it serves as a valuable approach for understanding the driving forces of the dynamics of
NBD. As we use four well-understood potentials, we can ascribe outcomes of the dynamics to
specific features on the potential energy surfaces, also possibly guiding chemical substitution
on these systems for potential applications. Extending this, it is an intriguing study of the
interplay of potential energy surfaces and dynamics, and how significant the effects can be
from relatively minor changes in the potentials. The efficiency of the electronic structure also
allows for well-converged simulations with few approximations, testing the non-adiabatic
dynamics algorithms themselves. Finally, this system presents a fascinating case study of
dynamics through conical intersections. The electronic structure methods show relatively
similar local conical intersection topography but different dynamics before their passage,
leading to distinct outcomes.

Chapter 7 makes a quick detour to predictions of ultrafast experimental observables from the
NBD dynamics, which will be part of Ref. 6. In this chapter, we use our different ensembles as
four sets of plausible dynamics, comparing their predicted x-ray scattering patterns and photo-
electron spectra. This leads to direct suggestions for future experiments, the assignment of
separate signals within the predictions, and a more general discussion about which dynamical
variables are deducible from such measurements. For the latter, having a deep understanding
of the underlying dynamics gives context to the features of the signals.
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We round off Part II with the valence dynamics of QC in Chapter 8, primarily to give an
alternative view of the dynamics on the potential energy surfaces. This is taken from Ref.
7. We make extensive comparisons to the NBD dynamics, using almost identical analysis,
contextualising and confirming the results of the previous sections.

The final part of the thesis, Part III, presents a couple of investigations that directly bridge
theory and experiments. Chapter 9 explores the static absorption and photo-electron spectra
of both NBD and QC, taken from Ref. 2. While this work may not directly align with the
rest of the thesis, as it primarily focuses on the high-lying Rydberg states, it is crucial for
conducting future experiments on NBD. This work was carried out in close collaboration with
David Holland and Mike Ashfold, and led to a final assignment of the excitation spectrum of
this molecule.

The final results in the thesis are shown in Chapter 10, which presents a theoretical study
of the dynamics of QC following excitation at 200 nm, considering both Rydberg and valence
state excitation, taken from Ref. 1. This work is connected to a time-resolved photo-electron
spectroscopy experiment performed at the FERMI free-electron laser in Trieste, in collaboration
with the group of Daniel Rolles, and aims to explain the signals observed in the experiment.

Here, we must emphasise that the work in this final chapter was carried out before all
of the other work presented in this thesis and, therefore, does not use the full range of
methods presented in the earlier valence-only chapters. To simultaneously describe the
Rydberg manifold and the valence states was a particularly challenging task, leading to our
use of RMS-CASPT?2, a new variant of electronic structure theory. Later, we found that this
method does not describe the valence states particularly well, leading to somewhat flawed
dynamics when held against the benchmark of our later work. However, the overall picture
of the photochemical dynamics remains unchanged, and the qualitative agreement with the
experiment is still good. This does stress an underlying theme of this work, in that ultrafast
experiments are not necessarily sensitive to all of the subtleties of the dynamics, and agreement
between theoretical and experimental results does not guarantee that the underlying dynamics
is exactly the same.
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Dynamics

First, we explore non-adiabatic dynamics, the theory of coupled nuclear and electronic motion.
We start at a fairly low level, first deriving the fully quantum equation of motion from the
time-dependent Schrédinger equation. To solve this equation, we partition our wavefunction
into two sections: a nuclear and an electronic part. In this chapter, we are concerned with
the nuclei’s motion on the electrons’ potential energy surfaces, so we leave a more in-depth
discussion of electronic structure theory to Chapter 3.

Using the partitioning, we can find relatively simple-looking equations of motion for the
nuclei. Unfortunately, solving these equations for molecules is computationally intensive,
requiring integration over the nuclear configuration space, which scales exponentially with
the number of degrees of freedom.*>® This is challenging even for small molecules, but
for the molecules we consider in this thesis, it is effectively impossible without significant
approximation.

As such, we use classical approximations, where we approximate the entire wavepacket as
the sum of a series of classical trajectories.®! ™3 Unlike the quantum equations, Newtonian
mechanics is exceptionally computationally efficient, requiring only information about the
trajectory’s exact position and momentum, removing the need to integrate over all space.
However, classical approximations cannot describe nuclear quantum effects, such as tunnelling
or zero-point energies, and, thus, will never fully recover the quantum picture. In this thesis,
the method we focus on most is surface hopping, a very popular approach, but we also cover
classical Ehrenfest dynamics and ab initio multiple spawning.

All the methods discussed are explicitly non-adiabatic, allowing nuclear motion to induce
transitions between different electronic states. For this, the most critical regions of the potential
energy surface are conical intersections, where two electronic states are degenerate. As these
are so crucial to the work of this thesis, we review them in some detail, including a relatively
simple classification scheme.

Here, we have explicitly not included any coupling to an external field. While the processes
we model in this thesis are pump-probe experiments that start and end with this coupling, we
treat these interactions as extremely fast. This allows us to use the results of the observable
calculations (shown in Chapter 4) as uncoupled from the main dynamics, and all dynamics in
this thesis will be propagated ‘field-free’.

2.1 — Non-adiabatic Dynamics

Chemistry, being a subject concerned with the very small, is a naturally quantum mechan-
ical discipline. Quantum mechanics, which first came from the work of Schrédinger and
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64,65

Heisenberg 4%, is founded on a single equation — the time-dependent Schrédinger equation!

ia%‘l’(,%,t) ) 2.1)

In this equation, i is the imaginary unit, t is time, and H is the Hamiltonian operator of our
system. ¥(&, 1), known as the wavefunction, is the central element of quantum theory, and is
dependent on the coordinates of the system, Z.

The Hamiltonian operator H also has a set of eigenstates {¥;(%, 1)} and eigenvalues {E;},
which are defined by the time-independent Schrédinger equation

HY(R) = EY{(R). (2:2)

These form a complete (orthonormal) basis over Hilbert space.

As we deal with molecules in an idealised gas phase, well separated from any other molecules,
we make a natural approximation; the Hamiltonian of our system only consists of the kinetic
and potential energy operators for the isolated molecule. This is written

H=T,+ T, + Ve + Vo + Ve
ZoZp Z, (2.3)

N D I B Y NI

ij i ap Tep g T

with rqg = |ra — rg| the distance between particles A and B, V, the gradient operator for
particle A, and Tand V indicating kinetic and potential energy operators, respectively.

In a general case, we could consider a total wavefunction containing all of the nuclear and
electronic degrees of freedom, denoted previously as %. Unfortunately, this is very challenging
computationally, and thus, we make a distinction between electron (denoted with 7) and nuclear
(R) coordinates. Mathematically, we partition the Hamiltonian into two terms as

H=T,+ Ty + Vee + Vigyy + Ve (2.4)

Ierl

where we call H®! the electronic Hamiltonian. Using this as the Hamiltonian in Eq. (2.2), we
can find the eigenvalues {Ef,}(R)}, the nuclear-position-dependent potential energy surfaces of
the electrons, and their corresponding orthonormal electronic wavefunctions {¢,,(r; R)}. The
wavefunctions have a parametric dependence on R, denoted by the semicolon. We shall leave
all discussion of how to calculate these quantities until Chapter 3. The electronic eigenstates
are often called the adiabatic states and correspond to the limit of a system with no nuclear
motion. In this thesis, we only consider singlet electronic states, which we shall label S,,, with
the ground state given the label n = 0, the first excited n = 1, etc.

We expand the total time-dependent wavefunction using the Born-Huang ansatz, %667

YR 1) = ) YR DYm(r; R), (2.5)

where ¥,(r; R) is an electronic eigenstate containing the electronic degrees of freedom, and
Xm(R, 1) a nuclear wavefunction, which contains all of the time-dependence. This is an expan-
sion of the wavefunction into a basis of electronic states, and as long as the sum over m is

!In this thesis we use atomic units, where # = m, = e = 47r¢, = 1. For indexing, we shall use i, j for electrons,
a, f for nuclei and m, n for electronic states throughout this thesis. We shall also use the ~ symbol for operators,
boldface text for vector quantities, and italic for scalar (and magnitudes of vector quantities).

10



2.1. Non-adiabatic Dynamics

not truncated, this representation is exact. Here, we also note that we shall assume that the
electronic wavefunctions are real, with all phase information in the nuclear wavefunctions.

The nuclear wavefunctions {y;,(R,t)} are state-specific, defining the current state of the
nuclei on a given electronic state. We define the square norm

Po(t) = / tm(R DR

as the population on electronic state m, and normalise such that

> Py = 1. (2.6)
m
Combining Egs. (2.1) and (2.5), we can find equations of motion for the nuclear wavefunctions
.0 A 1
i (R 1) = |70+ B vu@® )= AT > K xm(R.1), (2.7)
a a m

with the couplings

Kr(zzm(R) = /_Oo ’70;("; R)v§{¢m(r§R)dr+2 [Oo lﬁ;(rQR)valpm(r; R)dr'va- (2.8)

grm(R) d%.(R)

The nuclear wavefunction y;, (R, t) evolves as a function of time according to two separate terms:
a pseudo-Hamiltonian [Tn + E,er}] consisting of the nuclear kinetic energy and the adiabatic

potential energy surface of state m, and a coupling term )., ﬁ > m Kum- For the nuclear

wavefunction y,(R,t), the two terms imply quite different dynamics, with the first implying
unitary propagation on state n, without changing the norm of y,(R,t). The second term, on
the other hand, allows for the interaction with other electronic states, generally allowing for
the population of state m to change.

The two coupling terms g%, and dy, are of crucial importance and thus worth further
discussion. The former, g%,, is known as the scalar coupling and is often neglected, %%
while the latter, dyy,, is known as the non-adiabatic coupling and plays a crucial role in non-
adiabatic dynamics.! It is a vector (in nuclear space) between two states. For real electronic
wavefunctions, the diagonal elements dy, = 0 due to the anti-hermicity of the gradient operator
V. For the non-diagonal elements, we can use Hellmann-Feynman theorem to find

4 = oo | iR (V) gt RO (29)

giving the characteristic inverse energy-difference scaling of the non-adiabatic coupling.®’
In regions where KJ, is small (for all m and a), Eq. (2.7) reduces to

.0 A
i (R, ) = |70 + ES] u(R0). (2.10)

This is often called the Born-Oppenheimer approximation, describing unitary evolution on a
single state. This can be alternatively derived by considering an initial ansatz of

Y7, R, t) = xu(R,t)Y(r; R) (2.11)

iThere are many different naming conventions for these quantities. We choose this particular one as the term
non-adiabatic coupling in practical electronic structure theory almost always refers to the single-derivative term
d,,. Referring to the combination K2, as non-adiabatic couplings is also common. As we neglect the term g2, in
this thesis, the only difference is a factor of two and the V, operator. We also mention that the neglecting of the
scalar coupling is primarily performed for computational, not principled, purposes.

11
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R ¢{g h}

Figure 2.1: Energy of the conical intersection in different coordinate planes, with Ry at the
origin. Left: the branching-plane, where the double cone can be seen. Middle: one branching
and one seam coordinate, where the energy gap increases along g but not along R. Right: two
seam coordinates, there the energy gap is zero. For simplicity, AH(R) is set to 0.

for some n, insertion into Eq. (2.1), and neglecting the diagonal scalar coupling term gyy,, which
can be considered as a correction to the adiabatic potential energy surface ESL

We now have two separate equations, Egs. (2.7) and (2.10), which describe the motion of the
nuclei. The question remains: which shall we use? Clearly, Eq. (2.10) is identical to Eq. (2.7)
when K, = 0. We can see from Eq. (2.9) that the non-adiabatic couplings will be small when
the state m is energetically separated from all other states. There is no population transfer
between states in this approximation, and the dynamics is known as adiabatic.

When K, # 0, there will be differences between the two frameworks. The wavepacket will
transfer between the states, especially in regions with low energy separation, and we call this
dynamics non-adiabatic. The coupling allows for complicated photochemical processes and is
epitomised by our next topic, conical intersections.

2.2 — Conical Intersections

It is now useful to investigate points where electronic states are degenerate — that is, regions
where ES((R) — ESX(R) = 0 and, by Eq. (2.9), d%,(R) is singular. As discussed earlier, such
regions play a key role in non-adiabatic dynamics. We can gain some intuition by taking the
simplest possible model, a two-state system. A generic Hamiltonian for this system can be
written as

Hy(R) le(R))
Hy(R) = (1 . 2.12
2s(R) <H12(R) Hys(R) (212)
The potential energy surfaces are found by diagonalisation, returning
Hy(R) + Hp(R) | Hi(R) — Hyy(R)\?
E,(R) = — = ( " ) +|Hip(R)2 (2.13)
= H(R) + \/(AH(R))2 + |Hy2(R)?. (2.14)

For a degeneracy, i.e. when E,(R) = E_(R) = H(R), the radical must equal zero, which only
occurs when both the energy difference AH(R) and the Hamiltonian coupling |H;5(R)| equal
zero. Generically, this requires two separate degrees of freedom in R and means that pseudo-
one-dimensional systems, such as diatomics in the limit of no rotational or translation coupling,
do not have degeneracies.

12
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We can also approximate the quantities around the degenerate geometry Ry using a simple
first-order Taylor expansion as

H(R) =~ H(Rx) + VH(Ry) - AR (2.15)
AH(R) = V(AH)g, - AR (2.16)
|Hi2|(R) = V (IHy2))g, - AR, (2.17)

where AR = R — Ry, V is the gradient operator in R and the subscript indicates evaluation
at Ry. To break the degeneracy, we need either AH(R) or |H;5(R)| to become non-zero,
which only happens when the displacement has non-zero projection along one of the two
vectors V(AH)g, = gand V(|Hy|)g, = h. These two coordinates, known as the difference
gradient (g) and the Hamiltonian coupling (h), together form the branching-plane. This linear
approximation leads to the two potentials being conical around the degeneracy. The other
N, — 2 coordinates, while they might change the average energy H(R) do not separate the two
states (at least to first-order), and are known as the seam or intersection-space. The conical
intersection is therefore a (N, — 2)-dimensional manifold within the total N.-dimensional
space.

In Fig. 2.1, we show a schematic example of a conical intersection in three different slices of
configuration space. On the left, we show the two states in both branching-plane coordinates,
and the characteristic double cone can be easily seen. In the centre, we show one branching-
plane coordinate and one seam coordinate, noticing that the states only separate along the
former, and the right-hand plot shows the states in two seam coordinates. Here, we can only
see one state, as they are degenerate.

Conical intersections (and the surrounding regions) are essential to photo-dynamics due
to the strength of the coupling. Near a degenerate point, population will readily transfer
between two adiabatic states. In the next section, we move to a characterisation scheme, but
here it is worth mentioning the geometric phase effect. When a wavepacket moves in a closed
loop around a conical intersection, there will be an additional term of 7 in the wavefunction
phase.®”7% Hence, conical intersections can influence dynamics even when the wavepacket
does not explicitly feel the coupling in the conical intersection. These effects are important in
simple chemical reactions,”!73 but require a higher-level treatment of the dynamics than we
consider in this thesis, and so we mention them only for completeness.

Characterisation of Conical Intersections

Due to their importance, there are many classification schemes for conical intersections.”4~78

In general, we use these to provide a simplified understanding of the nature of these points

and how the potential energy surfaces look in the vicinity. It is well known that the local

topography of conical intersections can have a strong effect on the coupling rate,”%7°786

we show the follow the work of Fdez. Galvan et al.,”® who provide a simple, robust framework.
First, we use two new coordinates, g and i&, such that

and so

& =g cos(p)+h-sin(p), h= —g-sin(f) + h - cos(p),

_ 1 g _28h (2.18)
p=gtn (g-g—h'h)'

This is an orthogonalisation of the two branching-plane coordinates and is derived from a
unitary rotation of the electronic states at the point of intersection.”® As the two original states
are degenerate, so are the new states, and they constitute an equivalent set of eigenstates for

13
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E/eV

X /A

Figure 2.2: Example of a peaked (left) and sloped (right) intersection. The former is a local
minimum on the excited state, guiding excited state trajectories to the high-coupling region.
The latter is not a local minimum and is less likely to be encountered in excited state dynamics.

the electronic wavefunction. Further, we are free to normalise these vectors, which we shall
call Xand, as y
L oyt
&l |h|
Displacements in the branching-plane can now be written as (x, y), corresponding to the
projection along X and Y, respectively. Finally, we introduce the sum-gradient coordinate,

(2.19)

s= %(VEI + VE]), (220)

the overall tilt of the intersection, which is invariant to the rotation of electronic states. From
here, we define four parameters: the intersection pitch and asymmetry

b3

==

_ gg_ .

§ 8+t

5=>(g-g+h-h). A , (2.21)

DN | =
=
=

which quantify the overall energy scale and the difference in energy separations in the orthog-
onal axes, respectively. As the choice of fin Eq. (2.18) is unique up to an arbitrary phase of §>
we choose the value such that A > 0. Next, we have the relative tilt and tilt-heading

o= %\/(s X2 +(s-Y)?, 6,=tan! (i—;() (2.22)

which are the projection of the sum=gradient on the branching-plane and the tilt angle,
respectively. Together, these parameters allow for a linear approximation of energies in the
branching-plane as

E*(r,0) = E(Ry) + 5r(0'cos (6 - 6,) + /1 + Acos (29)) , (2.23)

using the standard definition of polar coordinates as

r=yx2+y% 0=tan"! (X) (2.24)
x

Equation (2.23) provides a reasonable approximation for the energies in the branching-
plane. Importantly, the quantities used in this approximation, i.e. electronic gradients and
non-adiabatic couplings, are readily available from electronic structure calculations.
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E/eVv

XA

Figure 2.3: Example of a single-path (left) and bifurcating (right) intersection. To understand
the difference, we can imagine the potential energy along a constant-radius circle around the
degeneracy. The former would only show one minimum on the ground state, and thus can
only form one product. The latter would have two clear minima, allowing for the formation of
two isomers.

Fdez. Galvan et al. also provided a useful two-number analysis of the local topography of
the conical intersection.’”® Starting with the overall slope parameter P, defined as

-9 -
P= A2 (1 — Acos (26,)), (2.25)

with P < 1 indicating a peaked and P > 1 a sloped intersection. This distinction is shown
in Fig. 2.2, with peaked intersections (left panel) being local minima (maxima) on the upper
(lower) state. Peaked intersections are generally associated with much faster upper-to-lower
state decays due to the wavepacket being funnelled towards the region of high coupling.”~8!
Contrastingly, sloped intersections (Fig. 2.2, right panel) are not a local minimum and so do
not give rise to such fast decays.

The second parameter B defines the number of minima on the ground state and is given by

B= (%)g (3/(1 T+ A)cos? (6,) + 3/(1 — A)sin® (es)) , (2.26)

with A defined in Eq. (2.21). When B > 1, we have a ‘single-path’ intersection, and with B < 1,
a ‘bifurcating’ intersection. This quality is best understood through an example, given in
Fig. 2.3. For the single-path intersection (left panel), if one were to plot the energy as a function
of 6 on the ground state surface, there would only be one minimum. Taking the example
of a photochemical reaction, dynamics through a single-path intersection should only form
one product — the structure at the bottom of the single minimum. Bifurcating intersections
(Fig. 2.3, right panel) show two distinct minima on the lower surface. A photochemical reaction
could potentially form two different products, giving the ‘bifurcating’ moniker.

Both P and B are continuous parameters, and values near the bordering value of one
indicate less extreme examples. In this thesis, we are particularly interested in peaked and
bifurcating intersections, which return fast, two-product dynamics — an essential for molecular
photoswitches.

2.3 — Mixed-Quantum-Classical Approaches

While the quantum mechanical equations of Egs. (2.7) and (2.10) are simple-looking equations,
their solution requires integration over the entirety of coordinate space, which scales exponen-
tially with the number of dimensions. This is possible for a handful of dimensions, but as we
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Born-Oppenheimer Surface hopping Ehrenfest dynamics

Figure 2.4: Schematic of the different mixed-quantum-classical approaches. Born-
Oppenheimer dynamics only exists on one state, ignoring the coupling region. Surface hopping
can ‘hop’ from one state to another, evolving according to its current active state. Ehrenfest
dynamics propagate on an averaged potential, leading to incorrect behaviour at divergences.

move towards more complex molecules, such as those we study here, the explicit integration
becomes impossible to perform computationally. As such, we must move to approximations.

In this thesis, the most pertinent method of solving Eqs. (2.7) and (2.10) relies on classical
approximations. Generically, we approximate our wavefunction as

Nir

YR 1)~ ) wy ), 6h(t) SR — Ry(t)) Yin(r; R) (2.27)

where u enumerates the N;; trajectories, which are represented as delta functions centred
at R,(t), the moving centre of the trajectory. Each of these trajectories has a given set of
coefficients ¢, (t), which is state-specific, and weight w,. For simplicity, we will just set
w, = N%r’ equally weighting the trajectories.

The state coefficients form an ‘electronic wavefunction’ for each trajectory, allowing us to
generalise the notion of population as

Nur
1
Bult) = <= 2. I OF,
tr o

with a similar normalisation as in Eq. (2.6). As we shall see later, there are two main types of
electronic wavefunction: the single-set and multi-set formalisms. In a single-set formalism,
the wavefunction is only on one state at a time, and ¢4 = &,,;. There is no such restriction in
the multi-set formalism, and the wavefunction can be on multiple states at a time.

Generally, these trajectories are propagated classically. In short, that means that the nuclear
position R,(t) obeys Newton’s equations, i.e.

MR,(t) = F,(R,(1)), (2.28)

where R,(t), M, and F,(R,(t)) are the acceleration vector, mass matrix, and force vector of
trajectory u, respectively. These are generally represented in cartesian coordinate space,
enumerating them over x, y, and z for each atom — a total of 3N,toms degrees of freedom.
We integrate these equations in time with a finite time-step (At), usually using a symplectic
algorithm like velocity-Verlet. A key feature of classical dynamics is the preservation of the
total energy of the trajectory, also ensuring that the total energy expectation value of the
wavefunction is conserved.
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2.3. Mixed-Quantum-Classical Approaches

The integration of Eq. (2.28) is far simpler than (e.g.) Eq. (2.7), as the equation is entirely local
— it only contains terms from the trajectory point. This allows the propagation of dynamics
‘on-the-fly’, updating the position and calculating the energy for each new time-step.

As the mass is constant, the only thing which changes in different trajectory-based methods
is the evaluation of the force. In the simplest method, Born—-Oppenheimer dynamics, we
assume that the sum over m in Eq. (2.27) can be truncated to only one state, as described in
Egs. (2.10) and (2.11). Then, we can write the force as the gradient of a single potential energy
surface at the trajectory centre, or

F(R,(1)) = —VE{(Ry(1)). (2.29)

We will call this state the ‘active state’ and always denote it by i. We show a representative
example in Fig. 2.4, where the trajectory, located on the upper state, moves along the potential
classically, never crossing to the other state. We can immediately see the Achilles heel of
Born-Oppenheimer dynamics: the lack of description of non-adiabatic coupling. This specific
trajectory would be trapped on the upper surface and unable to transfer to another state.
There are cases where this behaviour is perfectly acceptable — for example, pure ground state
dynamics such as a protein in an aqueous environment — but it is entirely inappropriate for
photo-chemistry, where coupling is critical.

Ehrenfest Dynamics

Ehrenfest dynamics is the simplest method for mixed-quantum-classical dynamics, and can be
readily derived from quantum-mechanical equations. To begin, we use a multi-set formalism
for the electronic wavefunction, beginning with the ansatz for the wavefunction:

VER (R, 1) = yE () y (R 1) = (Z cm<t)¢m(r;R>) X(R.1), (2.30)

The wavefunction is split into a nuclear and electronic part, which both depend on time, and
neither are state-specific. The Ehrenfest coefficients ¢,,(t) hold the information about the
makeup of the Ehrenfest electronic wavefunction nghr(r, t), which we will represent in the
basis of adiabatic states, again normalised as Y, |c,,* = 1.

From this and Eq. (2.1), we can derive two coupled equations of motion 87

igtl//Ehr(r’ = fe + /oo X*(R, t)Vtot(r’ R))((R, t)dR] lﬁEhr(r, £) (2.31)
i%X(R, t) = ’fn + /°° lthr*(r’ t)I:Iel(r, R)lﬁEhr(r, t)dr] Y(R.D). (2.32)

Definitions of operators can be found in Egs. (2.3) and (2.4), and we have used Vtot(r, R) =
Vee() + Ve (7, R) + Vo (R), making explicit the dependencies. These equations are a mean-field
approximation, where the electronic and nuclear wavefunctions evolve in effective potentials
derived from each other’s energy expectation values. This is due to the second terms on the
right-hand sides of Egs. (2.31) and (2.32), where the propagation of the electronic (nuclear)
wavefunction is mediated by the integration over the entirety of the nuclear (electronic)
wavefunction.

Until now, this is a fully quantum set of equations. We will now take the classical limit,
setting the nuclear density to

IX(RD)* = 5(R— Ry(t)). (2.33)

Eventually, we will sum over many individual trajectories, all denoted by u, and so we will
also use a trajectory-specific set of coefficients ¢/, (¢) that define a trajectory-specific Ehrenfest
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wavefunction Y= (r, Ry, t), which now explicitly depends on R, (as the nuclear wavefunction
is localised). Finally, we shall not show the time-dependence of R, for concision.
The classical limit" of the nuclear force for trajectory u is given by

rRat) = ( [ Y, Ry DBl RYUEV R, ) (2.34)
== Y G OPVE,R) = Y. i (O)ci(t) dyn(R,) - (Ex(R,) — En(R,)),  (2.35)

where we have also used Egs. (2.9) and (2.30), and we use d,,,(R) to indicate the coupling across
all atoms. For the electronic equation Eq. (2.31), we can derive

i%¢Ehr(r’ Rw t) = [’fe + Vtot(Ru)] ¢Ehr(r, Ru, t) — ﬁel(Ru)wEhr(r, Ru, t) (236)

where Vot (R,) and H((R,) are the potential and electronic Hamiltonian evaluated at nuclear
position R,,. Alternatively, we can find an equation of motion for the coefficients c4(t) as

dai® _ Y y
G = HOR®R) = ) i 0dn(R) Ry (2:37)

To summarise, we now have an equation that gives the classical force for a classical point
particle, and an equation that derives the change in the electronic wavefunction for those
trajectories. Putting these together, we can create an classical Ehrenfest trajectory, which takes
a given initial state defined by a set of nuclear geometries R,(t = 0) and velocities R,(t = 0),
and a set of electronic coefficients ¢k (t = 0), and propagates it forward in time. In a simulation,
we will run many of these to simulate the spread of the nuclear wavefunction.

To calculate observables for the ensemble, we simply sum the observables for each trajectory.
To give a simple but critical example, the classical Ehrenfest populations are given by

Nir

PER() = <= D I(OF. (2.38)
tr oy

Finally, we turn to Egs. (2.31) and (2.34), which gives a particularly nice way of understanding
Ehrenfest dynamics: propagation on an averaged potential energy surface (shown here for the
classical case)

EPhr(R,, 1) = / T Ry DA R Ry Dr = 3 lenOPERR)  (239)

m

We show this schematically in the rightmost panel of Fig. 2.4. This also belies the crucial flaw
of classical Ehrenfest — the wavefunction ansatz (and average potential energy surface) implies
total electronic coherence, leading to incorrect asymptotic behaviour. Ehrenfest dynamics is a
useful theoretical method, as it provides a simple framework and can be rigorously derived from
quantum-mechanical equations. However, due to over-coherence issues, Ehrenfest trajectories
are generally used with additional ‘decoherence’ algorithms, which we will cover later.

Surface Hopping

Surface hopping, at its simplest, can be considered a non-adiabatic extension of Born-Oppenheimer
dynamics, where we allow the active state i to change throughout the dynamics. Clearly, how

iiiWe do not go into the details here as it is covered well elsewhere. *%7
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2.3. Mixed-Quantum-Classical Approaches

i—->m,i>m

Figure 2.5: Re-scaling in surface hopping, for a hop from states i to m. Left: hop to a higher state.
The component of old momentum MR,, along the coupling dj,,(R,) is re-scaled, producing a
new momentum MR, and a lower kinetic energy to adjust for the higher potential energy.
Right: hop to alower state. The same process is followed, except the kinetic energy is increased
to compensate for lower potential energy.

the active state is chosen is critically important. We show this schematically in Fig. 2.4 (middle
panel), which shows an example surface hopping trajectory. Initially, the trajectory propagates
on the upper state, but in the coupling region, it can ‘hop’ to the lower state, where it then
propagates further.

We will first introduce the industry standard algorithm: Tully’s fewest switches surface
hopping (FSSH). %288 In this, we perform a dual propagation. Firstly, we propagate a single-state
wavefunction, written as

USSR ) = Y. Y R) SR — Ry(1)) & = Yi(r: B) S(R — Ry(1)). (2.40)

As in Eq. (2.33), we have used a delta-function for the nuclear wavefunction. This ansatz
is used for two purposes: firstly, this state is used to propagate the nuclear dynamics, as in
Born-Oppenheimer molecular dynamics (see Eq. (2.29)). Secondly, all observables from the
trajectories are calculated using this wavefunction.

Simultaneously, we propagate an Ehrenfest electronic wavefunction, starting with the initial
ansatz in Eq. (2.30). As detailed in that section, we can calculate the electronic coefficients
using Eq. (2.37), propagating the Ehrenfest coefficients along a classical trajectory. Here, we
stress that this is not the same as classical Ehrenfest dynamics, as we are using the single-state
force.

The key to this dual propagation is to use the Ehrenfest electronic wavefunction to decide
the active state i. For FSSH, this is performed using a stochastic sampling at each time-step.
First, the probability of hopping from state i to state m is calculated using the equation

—2Re (d;,(R,) - R, c*(t) (1)) At
PU(t) = max (O, (R ” - 2m QL10) ) (2.41)
()
where At is the time-step. If a uniform random number 0 < ¢ < 1 fulfils the condition
YR <L< Y, P, (2.42)

n<m n<m

the hop is accepted, and we change the active state to m.

We then use a process called re-scaling, depicted schematically in Fig. 2.5, to change the
velocity of the trajectory such that the total energy is conserved in the hopping process. If the
total energy can only be conserved by negative kinetic energies, then the hop is ‘frustrated’
and abandoned. In this case, the component that would have been re-scaled is sometimes
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Figure 2.6: Decoherence. For a simple avoided crossing, the quantum wavepacket will split
and decohere, with the lower state wavepacket moving further right and the upper state
wavepacket being reflected. In surface hopping, if the trajectory does not hop, it will be pushed
back towards the crossing, while a hopping trajectory will continue away from the crossing.
With no decoherence, the Ehrenfest populations on the other state (represented with unfilled
circles) will behave non-physically. A pure Ehrenfest trajectory will feel the force from both
states, leading to no overall force, unlike either of the correct options.

‘reflected’, i.e. multiplied by minus one. In practice, we only re-scale the component of the
momentum that lies along the non-adiabatic coupling vector. 4263

As in Ehrenfest dynamics, we generally run an ensemble of surface hopping trajectories to
model the spatial extent of the wavepacket. As mentioned before, we derive all observables
from the single-state ansatz, e.g. for population

Nir

P3(t) = Z Siyms (2.43)

where we have used the somewhat clumsy i, to indicate the active state of trajectory u (which
is time-dependent). We also have an Ehrenfest wavefunction, and thus, we can calculate
Ehrenfest populations a la Eq. (2.38). The Ehrenfest populations are often referred to as the
quantum populations and the single-state populations as the classical populations.

Decoherence Corrections

Unfortunately, surface hopping and classical Ehrenfest dynamics inherently lack any deco-
herence. This is a generic problem, but here we show a particularly vivid example: a simple
avoided crossing system, as shown schematically in Fig. 2.6. Considering first the fully quan-
tum picture in the left panel, the wavepacket will approach the conical intersection, interact
with the coupling region (where the wavepacket will be coherent), and then split into two
separate wavepackets, one on each state. Here, the wavepacket decoheres, and the dynamics of
the two branches are no longer the same — the wavepacket on the upper state will be reflected
towards the intersection, while the wavepacket on the lower state will be pushed further away.
For surface hopping, the trajectory approaches the crossing located entirely on one state,
as in the quantum picture. When it reaches the coupling region, it will either hop or stay on
the same surface — schematically designated in the middle two panels of Fig. 2.6. After the
crossing, the single-state electronic wavefunction |i);) is located entirely on one state, while
the Ehrenfest electronic wavefunction, defined by the coefficients {¢,,}, is coherently spread
across both states. As there is no coupling between the states in this region, the Ehrenfest
electronic wavefunction will stay like this until the next coupling region (cf. Eq. (2.37)).
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2.3. Mixed-Quantum-Classical Approaches

As in the wavefunction case, if the active state remains the upper, and the trajectory returns
to the coupling region. If it hops, the trajectory then will be forced away from the coupling
region. Either way, the portion of the Ehrenfest wavefunction not on the active state will
behave non-physically by ‘moving uphill’. When the trajectory next reaches a coupling region,
there will be a spurious interference between the two states. We also have a similar issue in
the pure Ehrenfest dynamics case, shown on the right of Fig. 2.6. If the two states’ populations
are similar, then the force on the classical trajectory, given by Eq. (2.34), is like neither of the
individual states, and neither of the correct cases is seen.

The root of the decoherence problem in surface hopping is the dual propagation of wave-
functions. When there happen to be situations when the two electronic wavefunctions are not
the same, then there will always be some degree of non-physical behaviour. This is known as
the internal consistency problem® — a correct surface hopping simulation will have

PET(£) = PR3(1).

These effects have led to the (sometimes contentious) topic of decoherence corrections. Simply,
these attempt to find some additional way of correcting the simple surface hopping picture to
remove the non-physical behaviour of the Ehrenfest populations.

The most commonly used method is the energy-based decoherence (EDC) correction,
which corrects the Ehrenfest wavefunction to resemble the single-state wavefunction. To do
this, the Ehrenfest coefficients'” on all non-active states are exponentially decayed away using

88-90

R\
) = en(exp (~Atz), c{(t>=c,-(t>(2 M) ,

mm la@F

1 C
Tim = 1+
|Em - Ei| Ekin

where the prime indicates the corrected coefficients, At the time-step, C is a constant usually
set to the value of 0.1 E}, and 7, is the decoherence time between states i and m. The corrected
coefficients are then used at the start of the next step. Taking the example in Fig. 2.6, the
energy-based decoherence correction would remove the Ehrenfest populations on the non-
active state and, hence, the non-physical behaviour. We note that this method was originally
applied to classical Ehrenfest dynamics in a slightly modified manner. 8%

The energy-based decoherence method can be controversial, as the decoherence lifetime is
calculated in a somewhat ad hoc manner, which can not be derived from underlying quantum
theories. ! It is, however, used in almost all modern surface hopping calculations, as it has ef-
fectively no computational cost and gives at least qualitatively correct results, an improvement
on plain fewest switches surface hopping. Alternative methods also exist, with the augmented
fewest switches algorithm®*! and mapping inspired approaches®?~%* both available. The
former involves propagating additional auxiliary trajectories to calculate the decoherence rate,
so it is not often used, while the latter has only recently been introduced.

(2.44)

Frozen Gaussians

Here, we very briefly cover the most common method of improving on mixed-quantum-
classical methods, namely frozen Gaussian methods.?”-*°~7 These use fixed-width Gaussian
functions to model the nuclear wavepacket, which are usually propagated using classical or
semi-classical equations of motion for the central phase-space coordinate.

¥QOccasionally this is implemented to the Ehrenfest populations. Practically, this attaches a factor of two to the
decay rate and does not normally make a great deal of difference.
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Figure 2.7: Example of ab initio multiple spawning. The constant width (frozen) Gaussian
approximates the nuclear wavefunction and is propagated according to the classical dynamics
of the centre. In coupling regions, a new Gaussian can be spawned, which travels according to
its centre. These Gaussians can transfer population, indicated by the changing heights of the
Gaussians.

An intriguing aspect of these methods is that the frozen Gaussians form a basis in which
the full Schrodinger equation is solved, as given in Eq. (2.7). Therefore, the dynamics can, in
principle, be converged to the correct quantum answer, in the limit of a complete basis and
no algorithmic approximations. Unfortunately, this is seldom achievable, as the number of
trajectories would be far too large for any practical calculation.

In this thesis, we use a simple variant, ab initio multiple spawning (AIMS), with a
schematic example shown in Fig. 2.7. This method resembles surface hopping, as each frozen
Gaussian is propagated according to a single-state classical trajectory. In regions with large
non-adiabatic couplings, we ‘spawn’ a new frozen Gaussian on the non-populated state and
propagate it independently. The two Gaussians can then interact, transferring population
between each other, and the new frozen Gaussian is also free to spawn new frozen Gaussians,
leading to a steadily increasing number of basis functions. The finer details of AIMS are not
particularly important to this thesis, and are covered elsewhere.®’

97,98

2.4 — Initial Conditions

For both frozen Gaussian and mixed-quantum-classical dynamics methods, a trajectory requires
an initial condition: a set of electronic coefficients, nuclear positions and momenta. The
outcome of the dynamics is significantly affected by all three of these factors, so finding the
correct set of initial conditions is extremely important for good-quality dynamics.

Generally, as we are trying to simulate photo-dynamics, we try to simulate the excitation
process from the wavefunction’s ground electronic state. To perform this, we first need a
representation of the nuclear wavefunction y(R) in phase-space. The simplest way to do this
is using the Wigner quasi-probability distribution, defined (in one dimension) as

W(R,P) = i /_°° X (R+s)x(R— s)exp (2iPs) ds, (2.45)

where P and R indicate momentum and position displacements from the minimum. The most
common distribution to use is the Wigner transform of the ground-state Ny;,,-dimensional
harmonic oscillator, which has the simple form

1

Niim 1 —9 RZ 1
W(R,P) = H —exp | — [ = + =mjw?R? | |, (2.46)
/1

wj 2ml- 2
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2.4. Initial Conditions

where mj, w; are the mass and angular frequency of mode i, R = (Ry,...,Ry, ) and P =
(P, ..., PNdim)' This assumes that all modes are orthogonal, and is usually performed in the
vibrational normal mode basis.

This method has two issues: first, it assumes a harmonic oscillator and, thus, does not deal
with anharmonicity (or multiple minima) in the ground state potential, and second, we use
Cartesian normal modes, which do not describe rotational coordinates well. As such, it is
also common to use full ground state (Born-Oppenheimer) dynamics simulations, with the
potentials calculated using electronic structure theory.?>1%° These can more adequately deal
with these restrictions, although they generally lack a good description of nuclear quantum
effects (such as the zero-point energy). The most high-level techniques currently employed
use a molecular dynamics simulation coupled to a ‘quantum thermostat’ to better approxi-
mate nuclear quantum effects.*>1°1:1%2 Either way, the molecular dynamics simulations will
approximate a ground state distribution within the limit of long simulation time, following
the ergodic hypothesis, and thus, we can sample random points in time.

From whichever distribution we have chosen, we sample N;, points with phase-space
coordinates (R, P,), and for each point calculate the transition energies Ej;, and transition
dipole moments

s = / Ui (r: ROV R)dr

for a set of final electronic states indexed by z. We can then calculate the relative probability
of the point u being excited into state z from state m as

Y V(B

mz
Emz

2
sl (2.47)

where 7 (E) is an energetic window function (which models the energy spread of the excitation
pulse).

For each transition, we generate a uniform random number 0 < { < 1, and the initial
condition is accepted if { < pjy,,/max(p*), normalising the probability to the maximum of the
ensemble. We then use the accepted initial condition u to start a trajectory localised on state z
(e.g. for surface hopping |c%(t = 0)|?> = 8,,, and z as the active state). As an additional benefit,
we can calculate the photo-absorption spectra via the nuclear ensemble approximation ‘for
free’, 100:103.104 v yy5ing the formula

Nsa
oNEAE) o« Y N Bl |yih|” g(E. Elh), (2.48)

z u

where oNEA(E) is the absorption spectrum. g(E, Ey,) is a function (usually a Gaussian or
Lorentzian) centred at Ej,, introducing a phenomenological broadening.

When simulating experiments, we have to match the window function W(E) to the exper-
iment’s excitation process. Generally, this will involve a comparison of experimental and
predicted absorption spectra, shifting the excitation window function to better match the
region of the spectrum excited in the experiment rather than the absolute energies of the
experimental pump-probe experiment. This practice is somewhat controversial, but can help
mitigate some of the errors that occur when one uses an electronic structure method that does
not describe the transition energies particularly well.
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3

Electronic Structure Theory

Almost all previously derived equations require separating the system into two parts. In this
section, we deal with electronic structure theory, which concerns itself with the electronic
part, solving the electronic time-independent Schrédinger equation®

Hel|‘//m> = Eml‘//m>’ (3.1)

which was defined in Egs. (2.2) and (2.4) earlier. Electronic structure theory aims to calculate
the electronic energies, E,,, and wavefunctions, [i};,). As the goal of this work is to describe
non-adiabatic dynamics and conical intersections, we are interested in methods which allow
the calculation of more than one electronic state, as well as analytical calculations of the
gradients V,E,, = (4,|V,H|t4,) and non-adiabatic couplings d%, = (Y|V4/i,). We shall not
show any of the details of the calculations of these quantities; instead, we will focus on the
qualitative differences in the wavefunctions and potential energies of the methods.

In contrast to the nuclei, the electrons are very light, and so only fully quantum solutions
to the Schrodinger equation give reasonable answers. Additionally, except for the most
straightforward cases, the solution of these equations is a numerical procedure, where the
solution must be found through optimisation. Unfortunately, the correct result, which we will
later see is called full-CI, scales exponentially with the system size.

The central problem of modern electronic structure theory is chiefly electron correlation.
In this thesis, we use the definition

1
P(r,r) # EP(H)P(rz), (3.2)
where we have defined the two-electron density as '
|
P(ry, 1) = (il p (1, r2) [y, with p (ry, 1) = 2 Z 5(r—1r)8(r,—r)) (33)
i

and the one-electron density as %>

Ne
p(r) = (P (r) ), with 5 (r) = Y 6(r =10 (34)

In short, the position of one electron affects the position of another. Correlation comes in
two distinct forms, Fermi and Coulomb, which arise from different effects. Fermi correlation
is the manifestation of the Pauli exclusion principle, stating that two electrons with the same

iIn the following, we will use the Dirac notation, implicitly including the dependence of these energies and
wavefunctions on the nuclear position R.
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3. Electronic Structure Theory

spin cannot exist in the same position. As we shall see, all of the methods we cover here
deal with this essentially perfectly. The second type, Coulomb correlation, arises from the
electron-electron repulsion interaction, acting to decrease the system’s energy by increasing
the inter-electronic separation. This is much harder to calculate and, in general, can only be
perfectly calculated in the simplest of systems.

Inside Coulomb correlation, there are two other common distinctions: static and dynamic
correlation. Defining these can be difficult, as they arise from the same physical interaction
(electron-electron repulsion). We shall use a working definition, where we use static correlation
to mean ‘qualitative’ correlation (i.e. the wavefunction is qualitatively wrong without it)
and dynamic correlation to mean ‘quantitative’ correlation (i.e. the wavefunction is only
quantitatively wrong without it). In this thesis, static correlation is particularly important
around areas of electronic degeneracy, such as conical intersections. Thus, to describe photo-
dynamics, we will need a robust way to deal with it. On top of that, dynamic correlation
refines a picture that is already approximately correct.

We begin by looking at Hartree—Fock, the ‘worst acceptable method’, and forms the basis
of all other methods. Hartree-Fock accounts for Fermi correlation, but does not account
for Coulomb correlation. Next, we discuss configuration interaction, defining the brute
force correct answer and some practical algorithms to approximate it. After, we move to
multi-configurational calculations, which are generalised versions of Hartree-Fock that make
qualitative improvements, generally giving static correlation, and then briefly cover multi-
reference perturbation theory, which is a highly effective method to add dynamic correlation
to multi-configurational wavefunctions.

3.1 — Hartree-Fock

As it is the basis of almost all electronic structure, we first cover the Hartree—Fock method. 10°~107

This approach is straightforward, often giving qualitatively correct wavefunctions, and is
frequently used as a starting point for the calculation of higher-level methods.
First, we describe the electronic wavefunction as a single Slater determinant (labelled ¢)

HFy _ e () @)
|¢ > = |¢>, <x1,xZ, |¢> = \/% (Pl(xz) ‘Pz(xz) , (3.5)

where x; = (13, s;) is the combined position and spin coordinate of electron i, N, is the number
of electrons, and the functions ¢, are molecular spin-orbitals. Using this wavefunction, we
solve for the energy self-consistently such that the overall energy of the wavefunction is
minimised (i.e. variationally).

The anti-symmetry of the determinant causes the function to obey the Pauli principle, and
the value of the wavefunction tends to zero at x; = x;. This leads to the key strength of
Hartree—Fock theory: we model Fermi correlation. However, the single Slater determinant
does not allow any Coulomb correlation, so Hartree-Fock gives a higher energy than the
correct one.

While Hartree—Fock theory has issues, the results are generally qualitatively good, except
around conical intersections or dissociation limits. The next section covers ways to add
dynamic correlation to Hartree-Fock, improving its qualitative accuracy. In the following
section, we discuss adding static correlation and improving its description around conical
intersections.
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Figure 3.1: Example of excited configurations reachable in an SRCISD calculation. The super-
script a, findicates whether the excitation operator acts on alpha or beta spins.

3.2 — Configuration Interaction

As we shall see, configuration interaction (CI) is a conceptually simple but very powerful way
to improve the results of a Hartree—Fock calculation. 105,108 1y general, a CI wavefunction is
written

W =) clgy), (3.6)

ieD

where the CI wavefunction [1/*") is formed as the weighted sum of the set D of Slater determi-
nants |¢;). Configuration interaction, like Hartree—Fock, is a variational theory; we aim to find
the minimum energy solution for the equation

Hel|¢CI> — ECI|¢CI>, (3_7)

with the set of weights {¢;} often called the CI vector.

Configuration interaction calculations are popular due to their simplicity; they are easy to
implement, understand, and calculate properties for. They also give a hierarchy of improvement
in the expansion of D — due to the variational optimisation, adding configurations will always
provide a better wavefunction. With that, we will discuss three methods to construct the set D.

A special example of CI is when D contains all possible configurations which preserve
the number of electrons and the spin- and space-symmetry. This is called full configuration
interaction (FCI), representing a brute-force solution to the Schrédinger equation in a partic-
ular basis. 1%>1%8 This method addresses both Fermi and Coulomb correlation and is of such
importance that the most common definition of correlation energy,

Eeorr — EFCI _ EHF, (3.8)

is defined as the difference between the FCI and Hartree-Fock energies.
The issue with full CI is simple: the number of Slater determinants in D scales as

= (or) () 9

where N, indicates the number of orbitals and ny and n; the number of spin-up and spin-
down electrons respectively. For ny = n; = N, this is a scaling of O(Ng 14No), and increases
exponentially. For all but the very smallest systems (N, = ny +n; = N, < 20), full-CI is not
computationally feasible.

The simplest approximate method for constructing D is single-reference configuration inter-
action (SRCI). 1% In this, the configurations are generated by applying excitation operators Ey,
to a reference determinant, usually a Hartree-Fock wavefunction. The calculation is limited
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3. Electronic Structure Theory

in the number of excitation operators applied, with the calculation most often being truncated
at only single- and double-excitations (SRCISD). This can be written as

iy SRCISDY — ¢ |HF) 4 Z Caldia) + Y, Cijablijap)- (3.10)

ij,ab

where |¢; ) = Eiaﬁjb .. |¢TE)i represents the configuration'l! consisting of an n-tuple exci-
tation from the HF reference, and ¢;j_g, . its weight. We illustrate this process schematically in
Fig. 3.1. Unfortunately, the quality of an SRCISD calculation is strongly related to the quality
of the original reference, and it cannot reliably improve a Hartree—Fock calculation which is
not already qualitatively correct.

A useful generalisation of this is multi-reference configuration interaction (MRCI).
this case, the excitation operators are applied to a set of reference Slater determinants R = {¢§},
which should already recover much of the static correlation. Truncating at only singles- and
doubles, the generalisation is thus

AR WO RN YA AR Y 6.1

£eR i,a,£€R ij,ab,£€R

105,109 In

where |¢g

cf'; b, its coefficient. We will cover the choice of the reference set in the chapter on multi-
configurational self-consistent field theory below. Multi-reference configuration interaction
improves significantly on its single-reference cousin, especially when the original reference is

) = Eiaﬁjb ...|¢%) is n-tuple excitation from the reference determinant ¢ and

good. Unfortunately, the number of variational parameters (i.e. ¢;; ., ) can be large, making

ij
MRCI an expensive method.
£

We mention the internally contracted formalism, which requires that i ab..
each £ This leads to the total number of variational parameters being similar to the single-
reference case. While it appears to be a reasonably significant approximation, it does seem to
give reasonable results.

One glaring fault of both of these methods is their lack of size-consistency. 17112 Briefly,
if two non-interacting subsystems A and B are considered, then a calculation performed
on the subsystems separately or together should return the same result. When calculating
separately, both [y3RIP) and [y3RPY will contain up to double excitations, which leads to
effective quadruple excitations upon combination. If the calculation were performed with the
two systems together, then the combined wavefunction |¢§§%ISD> will only contain double
excitations. Thus, the two calculations contain different configurations, giving different
energies.

This issue has led to the superseding of SRCI by coupled-cluster techniques. In MRCI,
however, it is not obvious how to generalise the coupled cluster methods to multiple refer-
ence configurations. 113114 Therefore, there exist several ad hoc strategies, sometimes called
Davidson corrections, which aim to correct the MRCI energy. 1°%119 In the MRCISD case, they
are often denoted by adding a ‘+Q’ to the end of the truncation. In this thesis, we use the

renormalised Davidson correction, 1%°

is the same for

1-¢?
EMRCI+Q _ pMRCISD |~ — %0 (EMRCISD _ g0y (3.12)

203—1

where ¢ = e R(cg)2 is the reference weight and E? is the reference energy. Unfortunately, this
correction only affects the energy. All molecular properties which depend on the wavefunction

iiWe use a, b, ¢ to represent virtual orbitals
iif\We use configuration here to indicate either Slater determinants or spin-adapted combinations thereof.
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Figure 3.2: Example of configurations allowable in CASSCF calculation, in this case, a (2,2)
active space (denoted by the dashed box). The subscripts on the determinants describe the
occupation of orbitals inside the active space. The final configuration excites both from and to
orbitals outside of this active space (either is sufficient) and is not included in the configuration
expansion.

(e.g. dipole moments, scattering, etc.) are unaffected by this correction, and the size-consistency
issues are not easily fixable. Additionally, properties that depend on the potential energy
surfaces, such as the gradient and frequencies, can no longer be calculated analytically. While
it is possible to use numerical differentiation, this requires at least 6N,; — 11 calculations per
point and is generally not feasible in a dynamics simulation.

In this section, we showed only single-state variants of these methods. In CI, finding more
than one energy from Eq. (3.7) is relatively easy, giving multiple sets of coefficients, one for
each state. Equally important is that the calculation of gradients and non-adiabatic couplings
is relatively simple, as well as observable quantities such as dipole moments or the scattering
patterns discussed in Section 4.2.

3.3 — Multi-configurational Self-consistent Field

We previously mentioned that MRCI gives good wavefunctions if its reference is statically
correlated. To find that reference, we use a method that combines configuration interaction
and Hartree-Fock, the multi-configurational self-consistent field (MCSCF) method. !1>~117
Like Hartree-Fock, MCSCF only really gives qualitative accuracy (i.e. is not dynamically
correlated), but unlike Hartree—Fock, it can be used to give good wavefunctions when static
correlation is needed.”

The ansatz for multi-configurational self-consistent field is

MOSCE)Y = 3" gl (3.13)
ieD

which looks identical to the CI ansatz in Eq. (3.6). The difference is that both the coefficients
{¢;} and the orbitals {(pq} which make up the configurations are varied. As in CI, MCSCF is
variational, and one varies both parameters until the overall energy is minimised. This is
normally done in an iterative process, where a CI procedure is first performed, followed by
an orbital optimisation step similar to a Hartree—Fock calculation. The new orbitals are then
fed back into the CI procedure, and so on, until both the orbitals and the coefficients are
converged. For the same set D, the additional flexibility in this method leads to lower energies

than configuration interaction and, hence, better wavefunctions.
The most common variant of MCSCF is the complete active space self-consistent field
(CASSCF) method. >"117 In this method, a subset of orbitals (the active space) is chosen, and

“To be clear, MCSCF can give dynamical correlation in the limit of having many determinants, just as in CL
Often, it is used with comparatively small numbers of determinants, primarily recovering static correlation.
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a full-CI calculation is performed within this space, which limits the number of orbitals to =
14. Active spaces are usually denoted by (m, n), where m is the number of electrons and n is
the number of orbitals in the active space. This process is depicted schematically in Fig. 3.2 for
the simplest case, the (2,2) active space.

While this nomenclature is useful, more important than the number of orbitals in the active
space is their nature. The orbitals must be adequate to describe the qualitative chemistry of the
molecule, 118 for instance, if one is describing a bond-breaking process, the active space should
include configurations where electrons are in either the bonding or anti-bonding orbital. This
gives the wavefunction the flexibility to describe the electronic density as the bond stretches,
giving a good description of the states at all points of the reaction.

CASSCEF calculations can also be performed in a state-averaged (SA) manner.
this, we calculate N; individual states from the CI procedure and average them, creating the

119,120 In

state-averaged energy as
N
Esp = ), wE, (3.14)
Y

where E, is the energy of state y and wy the weight, generally set to NL’ equally weighting all
of the states. The variational procedure then optimises this state—aversaged energy.

This is a cheap and flexible method for describing systems where more than one state is
required, but it is notoriously tricky in its application, 1°%118 as there are many parameters (size
of active space, choice of orbitals, number of states) which all affect the results significantly.
Consequently, SA-CASSCF calculations are often plagued by bias, where different states or
geometries are described with different quality. This can lead to qualitatively incorrect potential
energy surfaces, such as predicting the wrong ordering of states or crossings far away from
their correct positions.

It is, however, a cheap and flexible method to describe multiple states. It allows for the
calculation of properties such as gradients and non-adiabatic couplings,’® observables such as
those covered in section Chapter 4,?! and different spin-manifolds, all with relatively simple
implementations. Critically, it is ideal for calculating conical intersections, as it considers both
states equally in the calculation. All in all, this means that SA-CASSCF is the workhorse for
non-adiabatic dynamics, even if the potential energy surfaces often lack dynamic correlation.

To fix this, we often base dynamically correlated treatments on a base of SA-CASSCF. This
includes MRCI, and the topic of the next section, multi-reference perturbation theory.

3.4 — Multi-reference Perturbation Theory

There are often cases where a relatively cheap, dynamically correlated multi-configurational
method capable of describing multiple states is needed — particularly in the case of non-
adiabatic dynamics. Simulations of dynamics require good potentials, especially at conical
intersections, but also efficient calculations, as one will perform many calculations.

While CASSCF often provides good-quality wavefunctions, it often lacks a proper treatment
of dynamic correlation. We have already covered one statically and dynamically correlated
method — MRCI — but this method is very expensive. For dynamcis, the most commonly
used method is multi-state second-order complete active space perturbation theory (MS-
CASPT2) 22, and its ‘extended” (XMS-CASPT2)123 and ‘rotated’ (RMS-CASPT2) 24125 ¢cousins.
These are quasi-degenerate extensions of standard perturbations theory applied on a basis
of multiple reference Slater determinants. Aside from (X/R)MS-CASPT2, there are a host of
other similar algorithms, all with their own barely intelligible string of letters and numbers,
but they are not as often used nor as significantly developed. 12127
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3.4. Multi-reference Perturbation Theory
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Figure 3.3: Schematic description of the three different states from a (X/R)MS-CASPT?2 calcula-
tions. The original reference state y comes from an SA-CASSCF calculation and is located in
the xy-plane, representing the reference space R. The MS-CASPT2 state y©12 has a non-zero
projection onto the z-axis, representing the perturbation space. Projecting y*2 down to
the xy-plane (and re-normalising) gives the perturbation-modified state y*™, which is not
necessarily the same as the original state y.

The detailed theory of MS-CASPT?2 is quite involved, so we will only give a cursory descrip-
tion, but the differences between individual standard, rotated, and extended variants are both
easy to understand and result in significant differences. We begin a MS-CASPT?2 calculation
with a SA-CASSCEF calculation, which returns a set R of Nj states. We then find the expectation
value of the Fock operator

frg = hpq+ D, Dis [(qurS) - %(prICIS)], (3.15)

where D) is the one-electron density matrix element (in the SA-CASSCF molecular orbital
basis) for state y and orbitals r and s, and (-|-) the electron-electron repulsion integral in
Chemist’s notation. 1% This operator is state-specific, applying to the state y.

From here, we generate an effective Hamiltonian matrix H' eff The actual procedure for
doing this involves solving for the first-order perturbatively-corrected wavefunction, which
introduces effective single and double excitations in a perturbative manner. We do not cover this
as it is quite involved, and covered well elsewhere. 1?7128 After finding H off it is symmetrised
and diagonalised, receiving the MS-CASPT2 energies.

This diagonalisation will generally mix the states, describing the rotation of the original
CASSCEF states into the new MS-CASPT2 states. We can also simply rotate the CASSCF
states (without applying the perturbation) to retrieve the perturbation-modified (PM-CASSCF)
states 128, which serve as zeroth-order approximations to the MS-CASPT?2 states and allow
easy calculation of properties. This rotation is shown schematically in Fig. 3.3.

MS-CASPT2 has been shown to give excellent results, especially for excitation energies.
This is primarily due to the state-specific Fock operator, which allows for a tailored description
for each state. The most obvious improvement is that it can alter the CASSCF states. For
example, in systems with non-physical mixing of states at the SA-CASSCF level, MS-CASPT2
can separate two states, allowing for a much better qualitative description. Unfortunately,
there are issues with MS-CASPT?2. If we perform a unitary transformation of the CASSCF
states before calculating the Fock operators, the state-specific Fock operators will be different
and, thus, so will the MS-CASPT2 energies. This is not usually an issue but becomes essential
around conical intersections, where any linear combination of the two degenerate states is
also an eigenstate of the Hamiltonian. MS-CASPT2, however, gives different energies upon
mixing, leading to incorrect descriptions around conical intersections.

To fix this, extended MS-CASPT2 (XMS-CASPT2) was developed. Here, we use a state-
averaged Fock operator, which can be found by taking the definition of the Fock operator in
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3. Electronic Structure Theory

Eq. (3.15) and replacing the state-specific one-electron density matrix with the state-averaged
density matrix, given as

DA =" w,Ds, (3.16)

Y€ER

where wy is the weight of state y. After that, the calculation proceeds almost identically to the
MS-CASPT2 calculation, and we generate and diagonalise an effective Hamiltonian, which
includes the perturbation. Again, the initial SA-CASSCF states are intermixed into the final
XMS-CASPT?2 states, and a set of PM-CASSCEF states can be generated.

The main benefit of XMS-CASPT2 is a much better wavefunction near electronic degenera-
cies, as the state-specific Fock operator is invariant to unitary transformations of the CASSCF
states. Unfortunately, we no longer have the state-specific Fock operator, so XMS-CASPT?2 is
known not to provide excitation energies as accurately as MS-CASPT2.

The final (and most recent) alteration was rotated MS-CASPT2 (RMS-CASPT?2). This method
combines the benefits of both methods, using a state-averaged Fock operator to retrieve an
intermediate set of states but then a state-specific Fock operator (like in MS-CASPT2) to
generate the energies. In principle, this leads to the advantages of both methods, namely, good
excitation energies while maintaining smooth potential energy surfaces around the conical
intersections. As this is a new method, the benchmarking performed on RMS-CASPT?2 is not
as complete as it is on XMS- or MS-CASPT2, and it is unclear whether it provides a better
overall result than its predecessors.

Overall, the (X/R)MS-CASPT2 methods provide a robust description for both strongly and
weakly correlated systems and are flexible enough to deal with both excited and ground
states. Furthermore, they are often computationally affordable, especially compared to similar
methods such as MRCI, and have been implemented in various programs. They are particularly
efficient in their internally contracted forms. Recently, gradient and non-adiabatic coupling
implementations have become available, 12>12° which makes them applicable for non-adiabatic
dynamics simulations — in fact, they are often considered among the best methods available.
Finally, the PM-CASSCF wavefunctions allow for cheap calculation of molecular properties,
which, while approximate, usually give acceptable results.
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4
Observables

In this chapter, we cover the theory and calculation of three different ultrafast experimental
observables, summarised as

A+hw - A+ho (x-ray scattering)
A+e” — A+e (electron scattering)
A+ho — A" +e  (photo-ionisation).

The first process, x-ray scattering, involves the incident photon fiw colliding with a target A,
changing its momentum. We then measure this change, giving information about the target
A. This thesis focuses entirely on non-resonant processes when the photon is of sufficiently
high energy, generally in the hard x-ray regime. The second process is a variant of the first:
electron scattering, where instead of an x-ray photon the scattering particle is a high-energy
electron. Thankfully, this has very similar physics to x-ray scattering; we will describe both in
a similar framework.

Finally, we have photo-ionisation, where the molecule absorbs the incident photon, and an
electron is ejected. We use this technique in photo-electron spectroscopy, which uses a laser
to ionise a molecule and measure the kinetic energy of the departing electron. This allows the
measurement of the energy differences between the neutral and ionic energy manifolds.

These three methods are leading methods for ultrafast experiments, 1:31:31:47:48,130-141 54
they can be readily extended down to the femtosecond regime of time-resolution. This is due
to the advent of new light-sources, such as free-electron lasers (FELs) 1135142 and their x-ray
cousins (XFELs), #3714 as well as a host of other new photonic breakthroughs. 137-145-148

These three methods are also complementary. Scattering provides mainly spatial informa-
tion, helping understand the locations of the particles in the molecule. In contrast, spectroscopy
probes the energy of the wavepacket on the potential surfaces. Together, these methods offer
a more comprehensive understanding of the wavepacket than either one alone.

4.1 — Time-resolved Measurements

Before we get into the details of each technique, we will quickly discuss the basics of time-
resolved measurements and create a framework to calculate observables for time-resolved
wavefunctions.

The workhorse of ultrafast photochemistry is the pump-probe technique, depicted schemati-
cally in Fig. 4.1. The sample is first irradiated by a pump pulse, which moves the molecule
to an excited electronic state. For simplicity, we will set the time of excitation to be t = 0.
A second pulse, called the probe pulse, then measures the sample, giving information about
the state of the sample at time t after excitation. This has led to the term ‘molecular movie’,
envisioning the separate times as individual frames.2? While somewhat quixotic, this analogy
neatly summarises the goal of ultrafast experiments.
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Sample Detector

|

Figure 4.1: Schematic diagram of pump-probe experiment. The pump pulse (indigo) hits
the sample, exciting the molecule. At time ¢ later, the probe pulse (green) hits the sample,
measuring its state, and then is recorded on the detector. In this thesis, t is in the femtosecond
(1071 s) range.

Each technique in this thesis is primarily an electronic observable, corresponding to matrix
elements that are integrals over electronic coordinates. In that sense, we can use the Born-
Huang representation to define a generic cross-section as

o(t) = Z/ Xm(R. 1) [/ Ym(r; R)(j%(r; R)dr| x,(R,t)dR
mn —0; —00 (4.1)
=, / X (R )0, (R) yn(R,1)dR

where o is the cross-section of the process and Ois the characteristic operator of the process
with O,,,(R) = f_o; Um(r; R)Oyy,(r; R)dr its electronic matrix element. As mentioned, we are
using these equations to model a pseudo-instantaneous interaction, which only occurs at time t.
In Chapter 7, we shall introduce how to include energy/time uncertainty into the measurement.
The equations are also somewhat generic; they account for static and dynamic measurements
and can be used for all electronic observables.

Since we will be working extensively with classical trajectories, we shall also explicitly
describe the special case of the nuclear wavefunction represented as a sum of point functions,

Ner
o) = 1= . Y e OGO O (R0 )
tr u mpn
Here, the sum is both over the N;, trajectories and electronic states, and ¢, is the coefficient
for the electronic state m and trajectory u (e.g. ¢,(t) = py;, for a surface hopping trajectory).
In each of the next sections, we will describe a different observable, and how to calculate the
electronic matrix elements O,,,,(R). As in the previous chapter, we will use the Dirac notation,
with Oy(R) = (Yu|OlY,), remembering the implicit parametric dependence on R.

42 — X-ray Scattering

We first consider the most basic case of x-ray scattering, the scattering of a free particle. This
is given by the Thomson cross-section

d 272 \2
Oh _ p(_€2° ) (4.3)
dQ 4reyme?

with P the polarisation factor, e the elementary charge, Z and m the charge and mass of the
particle, €, the permittivity of free space, and c the speed of light. The Thomson cross-section
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4.2. X-ray Scattering

Figure 4.2: Scattering detection geometry. The incoming photon (labelled k) travels along
v, strikes the sample (at the origin), and scatters. The scattered photon (with momentum k)
is measured by a detector, with the number of photons detected in a small solid angle dQ
proportional to the differential scattering cross-section. Each solid angle is characterised by
its momentum transfer q = ky — k. Elastic scattering events have |k| = |ky| while inelastic do
not. For a rotationally-averaged experiment, the signal only depends on the magnitude of the
momentum transfer, g, which can be related to the angle of deviation by Eq. (4.6).

is negligible for any particle except electrons due to the m™2 scaling, and so x-ray scattering
is (to an excellent approximation) described purely by photon-electron interactions. We will
not describe the details of polarisation effects on the scattering, as they are well covered
elsewhere. 1%’

We now move to molecules, where the scattering pattern is formed of the interference of
the scattering of all of the N, electrons. If we measure all scattered photons, we measure the

two-electron x-ray scattering matrix element 14150,
do A do
t Th __doth
O);’m = do <¢m|LTL|¢n> = d—QAmn. (4'4)

149,150

L is the scattering operator, given in the position representation by

Ne
L= én, (4.5)
i

where q is the momentum transfer vector. This is the change in momentum of the scattered
photon relative to the initial photon, ¢ = k — ky, depicted schematically in Fig. 4.2. The
magnitude of the momentum transfer q is given by

q = 2% sin<§), (4.6)

with 6 the scattering angle. Before we move on, we note that the definition of the scattering
operator uses the first Born approximation, ®!>! where the x-ray only interacts once with the
sample, and Eqs. (4.4) and (4.6) use the Waller-Hartree approximation, 1>? where the initial
and scattered photons have the same wavelength, i.e. |k| = |ky|. These are both excellent
approximations, especially at lower momentum transfers, 1>%13

We have been entirely generic in considering both the diagonal and off-diagonal elements
of Eq. (4.4). The diagonal elements give the total scattering and include all scattering events
starting from the same state.!#*13 The off-diagonal elements pertain to the coherent-mixed
scattering signal, which can only be measured when the wavefunction displays electronic
coherence. ** This quantity is not relevant to this work, so we will concentrate on the diagonal
elements A, but still maintain the generality of the equations.
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As mentioned, total scattering does not distinguish between events that change the scattered
photon energy. If we can measure scattered photon energies, as may be experimentally feasible
soon, we can distinguish between two types of scattering: elastic and inelastic.

Elastic scattering, where the energy of the photon does not change, uses the diagonal
one-electron x-ray scattering matrix elements

dot s . dory
O = & Ul Won) il L) =~ Ll (47)

The inelastic scattering, where the energy does change, is given by the sum over the
off-diagonal one-electron x-ray scattering matrix elements

X,ine d i i d
Oin® = =28 3 Wl WUl Llg) = 2 7 1Ll (4.9)

f#m f#m

This is the sum of several individual transitions, each with matrix element L,, fIn the limit of
perfect energy resolution, all of these would be individually detectable with an x-ray energy
shift equal to the transition energy Ey, s = Ef— Ey,. Here, we will only consider the sum of all
inelastic transitions, sometimes called the ‘net inelastic’. Using Eq. (4.4) and the completeness
of the electronic states {i/,,}, we can write

A = D Ul LI W XP L) = Y Ll (4.9)
f f

indicating that the total scattering (Eq. (4.4)) is the sum of the elastic and inelastic terms
(Egs. (4.7) and (4.8)), as expected. Both elastic and inelastic use the Thomson cross-section, as
before.

Assuming our wavefunctions are real-valued, we can use the definition of the scattering
operator (Eq. (4.5)) to derive formulae for the evaluation of these elements as

L@ = [ pn @) o )8, (4.10)
Amn(@) =2 // Pon(r1,12)e 4 drydry + NoSyp- (4.11)

The one-electron scattering matrix element is the double Fourier transform of the product of

two one-electron densities 102147

NE
Pn(1) = Yl p(OI), with p(r) = Z 6(r—m),

and the two-electron scattering matrix element is the double Fourier transform of the two-
electron density 19>-14°

Ne
Pon1:12) = (il . ), with (ri,m) = > 37 8 = 1) 8(r =),

i,j#i

and a constant term equal to the number of electrons.
As a quick aside, we can see that the two different scattering terms are almost identical,
except in elastic scattering, we use the classical two-particle density

1
Pr?m(rl’ r2) = Epmn (rl) Pmn (7“2) >
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4.2. X-ray Scattering

, as defined in Eq. (3.2). 1> This quantity is the mean-field cousin of the two-particle density and
is completely uncorrelated. Here, we mention that the two quantities have slightly different
integrals 1°° with

® NZ =N,
// Poy(ry,12)drydry = % (4.12)
// Prym(ry,r2)drydry = 76 (4.13)

The former reflects the number of unique electron pairs in the system, while the latter, as a
mean-field quantity, includes the density from when r; and r, are the same electron. We note
here that these quantities are the same ones introduced at the beginning of Chapter 3, and
x-ray scattering is a promising means to directly measure electron correlation and bonding
effects. 156157

Although in principle one could calculate the inelastic scattering by converging the sum
over fin Eq. (4.8), this is an extremely difficult task !°®. Even though L,, is only non-zero

when m and fare connected by a single-electron excitation (as L is a one-electron operator),
this includes both excited states and ionised states, where the electron in the continuum is
still interacting with the system. A far simpler way to calculate the net inelastic scattering is
to rearrange Eq. (4.9) to find

Z |me|2 = [Z |me|zl - |me|2 = Npm — |me|2: (4.19)
f

f#m

merely subtracting the elastic scattering from the total.

Implicit in this section is the assumption that we detect all photons with equal probability.
If this is not the case, and we have a detector which only detects within a certain window,
then the sum over inelastic transitions in Eq. (4.9) is truncated, and we do not measure all
scattering events. Thankfully, transitions with significant energy changes, which would fall
outside the detection window, generally occur at higher momentum transfer, which we often
do not measure experimentally. 1>

Rotational Averaging

Hitherto, the Fourier pair (r,q) have been vectors, and all scattering signals have all of the
information about the alignment of the molecules. In actual gas-phase experiments, the
molecules are not aligned, and to calculate a scattering pattern comparable with experiment,
we must average over all possible rotational orientations of the molecule. 1491501551 Thjs is
notoriously hard to do numerically, 161162 5o we re-derive the equations to produce rotationally
averaged quantities. 149163164 A a result, we will Fourier transform over two scalar quantities
(r12,q),1 the electron-electron distance and the momentum transfer magnitude, respectively.

Starting first with total scattering, the density we now use is the radial pair-distribution

function 1 T,,,,(r1,), which can be found as

rmn(ﬁz):/Pmn(rlz,s)rlzdedS, (4.15)

{In a pump-probe experiment, molecules are preferentially excited when their transition dipole moment is
along the polarisation axis of the pump pulse, introducing a cos? alignment, **'*° but we do not consider that here.

iiWe use the sub-scripted r,, as the electron-electron distance to connect with the language of explicitly
correlated electronic structure.
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transforming our coordinates to S = %(rl +1y), rg = ry —ry. Q indicates the solid angle of ry,
and the integration is over all of S and Q. We can perform the same manipulation using the
classical two-electron density Py,,,(r;, 1) to get the classical radial pair-distribution function
Tn(rig)- 1>

We can calculate the rotationally averaged diagonal one- and two-electron scattering matrix
elements as

L@ = 2 /O [ m(r12) sine (qriz) driz (4.16)
Amm(Q) =2 A me(ﬁz) sinc (quz) dr12 + Ne’ (4-17)
5111(‘1”12)

where sinc (gry;) = is the zeroth-order spherical Bessel function.

qr2
For completeness, we mention the reverse process, the sine transform. Reversing Eqgs. (4.16)
and (4.17), we can find

r * )

i) = 22 [ (@ g sin arz) dg (@19
r « ,

o) = 22 [ (b = N g sin(ar1z) g (@19)

In principle, this can be used to directly find the pair-distribution functions, but it is more
commonly used to measure interatomic distances.*® This hinges on the fact that the core
electrons of any atom are held closely to the nuclei; thus, a peak in the pair-distribution
function appears at the interatomic distance. When applying this to experimental data, we are
generally constrained by the experimentally measured momentum-transfer range. In most
experiments performed currently, we measure approximately 0.5 < g/ A™" <10 or worse. This
leads to most experimental sine-transforms having fairly poor spatial-resolution.

The technical details of calculating the scattering matrix elements are covered briefly in
Appendix A.

Electron Scattering

Here, we briefly mention electron scattering, only covering the more pertinent rotationally
averaged picture. Firstly, the electron scattering off a free particle with charge Z is the
Rutherford cross-section 14

dory _ , 4 (4.20)

Z 5
d@afq

where g is the Bohr radius and g is the momentum transfer'. While this may seem a small
change to the Thomson cross-section (Eq. (4.3)), the effects are quite large. The Rutherford
cross-section does not have the m ™2 scaling of the Thomson cross-section, and thus, electrons
scatter non-negligibly off of both electrons and nuclei. This leads to additional terms in the
scattering signal not present in x-ray-based measurements. Additionally, we notice a g~*
scaling.

As we now must also consider nuclei, we use a modified scattering operator, 14 which gives

Ne Nat
E=) e 7R, (4.21)
i a

iiig is often used instead of q for electron scattering. For consistency, we do not change here.
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Figure 4.3: Rotationally-averaged x-ray scattering components for hydrogen fluoride, calcu-
lated with HF/aug-cc-pVQZ. The total and elastic scattering give values of N2 = 100 at g = 0,
while the inelastic scattering starts at 0. As g increases, the inelastic scattering increases to its
asymptotic value of N, = 10, while the elastic scattering decays to 0. The total scattering thus
also goes to N, = 10. Irepresents the scattering in units of the Thomson cross-section.
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Figure 4.4: Separated electron scattering contributions for hydrogen fluoride, calculated with
HF/aug-cc-pVQZ. The mixed nuclear/electronic cross-term gives a value of —2N? at g = 0,
while the elastic (x-ray) and nuclear each equal N?, adding together to cancel the mixed
scattering. The total scattering is the sum of all other scattering types shown in the figure. The
elastic (x-ray) scattering is combined with the nuclear and mixed terms to retrieve the elastic
electron scattering, which is then combined with the inelastic to return the total electron
scattering, shown as the solid indigo line. I represents the scattering in units of the Rutherford
cross-section.
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Figure 4.5: Electron scattering components for hydrogen fluoride, calculated with HF/aug-cc-
pVOQZ. All three forms of scattering start at 0, rising as g increases. The oscillatory structure
is much more present than in x-ray scattering. I represents the scattering in units of the
Rutherford cross-section.

with R, and Z, the position and charge of atom «. From this, we can calculate

Emn(@I” = 1Ln(@F + S | Y., ZaZpsine(qRop) =2, /0 Z,J1,(Rig) sinc(qR,) dRyy | (4.22)
a.p 44

Emn(@) = Amn(q) + Smn Z ZoZp Sinc(qRa/)’) —2 Z /O Z11o(Ris) sinc(qRiq) dRjg, (4.23)
ap a

where R;, is the distance between an electron and the nucleus «, and I1,(R;,) is the electron
radial distribution function from the nucleus, the probability of finding an electron at a given
distance from nucleus a. The purely nuclear term gives direct information about the distances
between the nuclei, unmodulated by any electron distributions. On the other hand, the mixed-
electron-nuclear term comes from the cross-terms in the self-product of 5 and relates the
positions of the nuclei to the positions of the electrons. Again, the calculation of these matrix
elements is covered in Appendix A.

The Qualitative Picture

To gain a qualitative understanding of the x-ray scattering matrix elements, we plot the three
types of scattering (total, elastic and inelastic) in Fig. 4.3. Most important are the limiting
values at small and large g. At small momentum transfer, the limits are

lim ILun(@))* = 0 form # n
q—)

Jim Lym(@)]® = N& (4.24)

: — N2
lim A, = N¢.
q—0
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4.2. X-ray Scattering

While there is no inelastic scattering at zero momentum transfer, the elastic and total scattering
are proportional to the number of electrons squared. For large momentum transfers,

Jim 3 L@l = Ne

n#m
. 2
qlgl;lo ILm(@)|” =0 (4.25)
lim A, = N..
q—

At infinite momentum transfer, the story is flipped, and only the inelastic scattering contributes
to the total signal.

To extend these results to electron scattering, we only need to look at the additional terms
present in Eqgs. (4.22) and (4.23), an example of which is given in Fig. 4.4. The mixed-nuclear-
electronic term has limits of

neu

lim [—2 > / Z,I1,(Ry) sinc(qR;y) dRia] = 2N, ). Z,= —2N¢
9= a 70 a

- (4.26)
lim [—2 Z /0 Z1,(R;,) sinc(qRi,) dRia] =0,
o

q—>°

where we use the symbol = to indicate equality for a neutral atom/molecule. Secondly, the
purely nuclear term gives limits of

2
éi_r)l}) gﬂ: ZyZp sinc(qRaﬁ) = (Z Za)

lim Z ZoZg sinc(qRaﬁ) = Z Z2.
q—0 T

(4.27)

Combining these with the x-ray results shown earlier, we get limits for the elastic, inelastic
and total terms at small momentum transfer of

lirr(l) |§'mn(q)|2 =0form=n
q—)
2
. 2 neu
Yo Em (1" = N¢ + (Z Za) — 2N, ), 2, =0 (4.28)
a [24

2
(}13(1) Epn = N2 + (Z Za) —2N, Y Z,=0.
a o

These are shown in Fig. 4.4. The limits for elastic and total scattering are equal, as in x-ray
scattering, since there is no inelastic scattering at zero momentum transfer.
For large momentum transfer, the limits are given as

Jim 3 lemn(@l” = Ne

n+m

. 2
Jim Enn(@)l” = >,z (4.29)
(44
lim 5, =N, + Y Z2.
g0 mn e Za: (04

This time, the additional term of ., ZZ is present in both the elastic and inelastic scattering
due to the constant same-nucleus scattering background. Finally, we mention that we have
not included the proportionality of the Rutherford cross-section here, which does have a g~*
dependence, changing the scaling of the signals.
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43 — Photo-electron Spectroscopy

In photo-electron spectroscopy, we measure the kinetic energy of a laser-ionised electron to
deduce information about the electron binding energies in the molecule. 197167 In this work,
we concentrate on valence photo-electron spectroscopy, 1167 where the laser only has enough
energy to ionise the higher-energy valence electrons in the system.

The two quantities of interest in photo-electron spectroscopy are the ionisation potential and
the photo-electron cross-section. We first concentrate on the latter, which can be calculated
using the observable operator'? of

Om = Wl & WX YK ilmd = B e Y e s (4.30)
where /i 1s the dipole moment operator. In photo-electron spectroscopy, [i/¢) is an ionised state.
As before, we will ignore the off-diagonal elements, which give effects related to electronic
coherence, as they are irrelevant here.

Ionisation is a complicated process, so we will limit ourselves to a simple set of approxima-
tions. Firstly, that we can write the ionised electronic wavefunction as a product of an ionic
(N — 1) state (|¢f)) and a free-electron state (|9/)), as [{/¢) = | )[Jf). 168,169 Thjs is valid when
there is little overlap of the ionised and free-electron wavefunctions, which often makes it a
better approximation when the free electron is high-energy.>%17°

Applying this to Eq. (4.30), we can write 163

pm = OfKeflAlvm). (4.31)

There are methods that allow us to calculate these matrix elements from ab initio wavefunctions,
generally using a further series of approximations made about the interaction of the free
electron with the ionic state (e.g. making the approximation that the ionic state can be well
modelled by a point charge). We have not used these methods in this thesis, so we shall only
cover them briefly at the end of the discussion.

Instead, we will make a series of approximations that entirely disregard the free-electron
wavefunctions, allowing for the calculation of approximate relative cross-sections for different
transitions.!”! Here, writing the integrals explicitly rather than in bracket form is useful.
Eq. (4.31) is written as

HEm = \/ﬁe/_: 19;(r1)ﬁ(r1)/--- /_: <,0;§(r2,...,rn)l//m(rl,rz,...,rn)drldrz ...dr,
-/ : T oy () (432)
Here, we have introduced the concept of the Dyson orbital
)= AN [ [ s

which is the overlap of the N, and (N, — 1) electron wavefunctions’. Physically, we can
interpret this as the ‘effective orbital from which the electron was ionised’.

We have ignored the dipole operator’s interaction with the field as E€- i, where E and € are the electric field
strength and polarisation vector, respectively. These effects are unimportant for the discussions we are having
here.

YThe \/ﬁe term comes from the fact that any of the N, indistinguishable electrons could be ionised.
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4.3. Photo-electron Spectroscopy

We can approximate the magnitude of /if,, by claiming that the interaction with the J(r; ) i(r;)
term is constant for all different ionisation channels. From this, the relative ionisation cross-
sections for different channels are equal to the square of the norm of the Dyson orbital,

opt> = om flom ). (4.33)
This is a real number between zero and one, with higher numbers indicating stronger transi-
tions. The Dyson norm measures the overlap between the neutral and ionic wavefunctions.
When this value is large, it indicates that the ionic state can be reached by simply removing
one electron from the neutral wavefunction. When it is small, it indicates that one would have
to both ionise and excite the molecule. The latter process requires two separate interactions
with a photon and thus is not possible with only one photon. As a shorthand, we shall call the

transitions Koopmans’ forbidden when Jrl?fs = 0, whereas they are called Koopmans’ allowed
for O'rilfs =~ 1.

Of course, this approximation is relatively poor — it contains no information about the dipole
operator or free electron — but it allows a relatively cheap calculation and is available whenever
one can calculate both the ion and the neutral wavefunctions. Higher-level methods explicitly
consider the free-electron in Eq. (4.31), requiring more computational power. These methods
range from the simple ezDyson 18172 method to the more precise R-Matrix approach, 173174
but both are beyond the scope of this work.

Until now, we have not mentioned the additional nuclear wavepacket terms in Eq. (4.30). In
this thesis, we use two distinct cases, the first being trajectory simulations. Here, y,,,(R,t) =
O(R — R,(1)), and we simply use the point of the trajectory to calculate the cross-section.
Chapter 9, on the other hand, discusses vibrationally resolved photo-electron spectra, where
we use the eigenstates of the harmonic oscillator to model the vibrational wavefunctions. }7>17

For succinctness, we shall not discuss these models here.

Ionisation Potentials

As we have just discussed the photo-ionisation cross-sections, we are left to describe the
photo-ionisation energy. Total energy has to be conserved, giving

ho = EIP + EKE’ (434)

where wis the angular frequency of the ionising photon, Epp is ionisation potential, the potential
energy difference between the initial and final states of the molecule,"! and Egg, is the kinetic
energy of the system. As the kinetic energy is of the free electron and ionised molecule (i.e. a
continuum), this condition can be satisfied for any value of iw > Ep. However, we can make
some general statements about where the two contributions to the energy are from.

While the final state is the combined state of the N, — 1 electron core and the free electron,
the potential energy difference is entirely located on the core molecule and is a property of the
given molecule/ion system. The kinetic energy, on the other hand, is almost entirely located
on the electron, as it is far less massive than the ionised core (i.e. My, > 1800 m,). Due to the
conservation of momentum,

Il = Mion|Rion| (4.35)

where 7 and Ry, are the translational velocity of the electron and ion, respectively. In the
centre-of-mass frame, the velocity of the electron is far higher than the ion. As kinetic energy
depends quadratically on the velocity, the electron dominates it even further.

“'We will switch between ionisation potential and binding energy, which (for our purposes) are synonymous.
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4. Observables

As such, any photon above the ionisation threshold can ionise the molecule, with the excess
energy being taken by the electron. Experimentally, one cannot simply measure the absorbance
of photons, as in a photo-absorption experiment: multiple photon energies ionise the same
electronic transition. We, therefore, shift to measuring the kinetic energy of the electron. From
this, in addition to knowing the energy of the ionising photon, we can reverse Eq. (4.34) to
find EIP-

Computationally, Ep can be calculated using electronic structure theory. For some wavefunction-
based methods, one can directly calculate the ionisation potential from the neutral wavefunc-
tion, which is generally denoted by prepending ‘IP’ to the method name '’ 18! (e.g. IP-LR-CC3,
which calculates the ionisation potential from a CC3 calculation). The method we shall primar-
ily use is the so-called ‘delta’ (A) method, where we calculate the ionisation potential using
the formula

Ne

Byl =B - E (4.36)

1

where EY ! and EiN ¢ are the energies of the ionic state fand neutral state i, respectively. To
perform this, we calculate the ion and neutral molecule at the same nuclear geometry, with
the energy difference being the ionisation potential. To denote this, we shall use a A, e.g.
ACASSCF.
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Norbornadiene & Quadricyclane: Valence States
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5

Electronic Structure of the Valence States

In this chapter, we describe the electronic structure of the valence states of norbornadiene and
quadricyclane. These states are critical in understanding this system’s photoswitch nature.
This work is taken with only minor alterations from J. C. Cooper, A. Kirrander, Electronic
structure of norbornadiene and quadricyclane, submitted.

The electronic structure of the excited states in the QC/NBD system is challenging. Even
when not considering Rydberg states, the system exhibits strong multi-configurational elec-
tronic structure with dramatic changes as the molecule distorts between the QC and the NBD
isomers during the dynamics. Consequently, different electronic structure methods can yield
quite different results, and many suffer significant stability issues. Benchmarking predictions
against experimental data is non-trivial. Standard spectroscopy only reveals information
about the bright states of the two isomers, and then only in the Franck-Condon regions (see
Chapter 9), and the dynamics is so fast that it has been difficult until recently to perform exper-
iments on the time-scale. Therefore, the electronic structure must be assessed via secondary
properties such as quantum yields and, as here, by carefully comparing different electronic
structure methods.

This chapter aims to undertake a series of theoretical explorations of the QC/NBD system and
to provide systematic benchmarks for this important system, concentrating on the electronic
structure of the unsubstituted molecule. The insights provided by systematically evaluating

S,/S, CI
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Figure 5.1: Reaction schematic. QC transforms to NBD (and vice versa) with UV light via a
rhombic conical intersection (CI) with partial bonding. The ground state reaction requires
catalysis. The two ‘wings’ of the molecule (carbons 1 & 2, and 3 & 4) have double bonds in NBD,
which break to form the single bonds holding the four-carbon ring in QC. The coordinates
defined in Eqgs. (5.1) and (5.2) are used as approximate x and y coordinates, respectively.
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5. Electronic Structure of the Valence States
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Figure 5.2: Schematic of the four principal orbitals, with only carbons 1-4 and their p, orbitals
shown (cf. Fig. 5.1). In NBD, the B; and B, orbitals are the HOMO and LUMO, respectively, and
vice versa in QC. Inter-nuclear nodes are drawn as dashed lines. All four orbitals constitute the
(4,4) active space, while the dashed box denotes the (2,2) active space. Orbitals from electronic
structure calculations are shown in the Figs. B.1 and B.2.

different electronic structure methods allow us to make observations regarding static vs.
dynamic correlation, the role of doubly-excited character, the validity of the results away from
the Franck-Condon region, and to discuss the different electronic structure methods considered.
In doing so, we report extensive benchmarks using multi-configurational active space methods
(CASSCF, XMS-CASPT2, and MRCI), as well as coupled cluster methods (LR-CC3 and LR-
CCSD). These systematic comparisons allow us to evaluate the electronic structure methods
and identify those suitable for dynamics.

More generally, we aim to find a series of feasible-for-dynamics electronic structure methods.
A necessary prerequisite for dynamics simulations is accurate, computationally feasible, and
globally valid electronic structure models. Several recent publications highlight the impact of
potential energy surfaces and their couplings on non-adiabatic simulations, 327185 and the
electronic structure models presented here can be exploited to investigate how comparatively
subtle changes in the potential energy surfaces affect the photochemical dynamics.

One of the first studies to consider the role of the excited electronic states in the dynamics
was carried out by Antol, who used an augmented CASSCF(4,4)+3s approach to predict how
an excited 3s state may decay through a doubly and then a singly excited state to a conical
intersection with the ground electronic state. '3 Coppola et al. used CASSCF(4,7) and CASPT2
to highlight the role of the doubly-excited state in non-adiabatic transfer, '3’ in close accord
with Antol.

We also mention two primarily dynamics studies, which are discussed more in the next
chapter. Hernandez et al. performed surface-hopping dynamics simulations (including on
a substituted derivative).>® Finally, Valentini et al. used CASSCF(4,8)-level theory to model
coherent control experiments in the QC/NBD system.'® For completeness, we mention
the work of Chapter 10, where we simulated the dynamics in photoexcited QC using RMS-
CASPT2(2,6) electronic structure and compared the results to time-resolved photoelectron
spectroscopy experiments.! All the previous treatments listed above include Rydberg states,
differing primarily in how and which additional Rydberg orbitals are included, and most
employ active spaces closely related to the (4,4)-active space. Some previous studies consider
also more systematically the role of substitutions on the QC/NBD system. 3

5.1 — Qualitative Photochemistry

In this section, we discuss the general trends in the electronic structure of QC/NBD. These
qualitative aspects manifest in all the electronic structure methods investigated here and
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Figure 5.3: State correlation diagram for the QC/NBD system, with energy increasing up the
diagram. Figure drawn to scale for SA(3)-CASSCF(2,2)/p-cc-(p)VDZ energies.

provide general insights into the overall photochemical behaviour of this system. Notably,
they constitute an essential background for analysing the efficacy of the various approaches
to the electronic structure.

Consider first the two isomers shown schematically in Fig. 5.1. NBD (right) has two double-
bonded ‘wings’ formed by atoms C,;=C, and C,=Cs, respectively. In QC (left), the wings move
closer together as the molecule undergoes retro-[2+2]-cyclo-addition, whereby the double
bonds break and cyclise to form the four-membered ring of QC. Given the central role played
by the four carbons C;-C,, it is reasonable to start with a simple Hiickel-like picture. The four
symmetrised combinations of C(p,)-orbitals are shown in Fig. 5.2, with the x-axis aligned with
the C;—C, and C3—C, bonds in QC and the y-axis with the C;=C, and C,=C; bonds in NBD.
The former bonds have predominantly o-character, while the latter are 7-character.

Each orbital has a symmetry label, which we refer to throughout the text, sometimes
combined with a pithy label that indicates the 7-bonding character for the wings (along y)
and the o-bonding character between the wings (along x). For example, in the B;(7r0™) orbital
the label in parenthesis signifies that the orbital has bonding character along the C;—C, and
C,—C3 m-bonds, but anti-bonding character for the C;—C, and C3—C, o-bonds. As each
carbon contributes one electron, we have four electrons in these orbitals. The corresponding
configuration state functions (CSFs) in this subsystem are labelled as |4, 75 718,74,), Where n
denotes the occupation for each orbital, either 0, 1 (u for up and d for down spin), or 2.

We consider three states: the ground S, (14;) state, the first excited S; (1A,) valence state,
and the second, doubly excited S, (2A4,) valence state. The S; (1A,) state is the simplest, with
|2ud0) the leading configuration at both QC and NBD geometries. The two A; states, Sg and
S,, are more complicated. In NBD, S;, has [2200) character while S, has [2020). In QC, this is
reversed, with the ground state having [2020) character and S, |2200). This can be rationalised
using the orbital characters in Fig. 5.2, and it is clear exciting either the S; or S, state from the
NBD minimum will cause motion towards the QC minimum, or vice versa.

The correlation between states is shown pictorially in Fig. 5.3. Thus, the origin of the MOST
and photoswitch nature of this system is apparent: the ground state isomerisation involves
a change in the character of the wavefunction, resulting in a large barrier, while the excited
states couple to the other isomer’s ground state, leading to efficient excited-state isomerisation.

For non-radiative decay, the S;/S, conical intersection (CI) plays a crucial role, as depicted
in Fig. 5.1. We show the representative minimum energy conical intersection (MECI) geometry
in Fig. 5.4. The S; state has A, symmetry and thus the MECI distorts to C, symmetry, with a
distinctive rhombic arrangement of atom C;-C,. This distortion resembles other [2+2] systems,
such as the well-studied ethylene dimerisation, 44,45,189,190 (vith the frame of the molecule
(specifically C5_7) holding the system in a ‘23 + 25’ arrangement. The A, displacement indicates
that the intersection has both left- and right-handed variants — we shall not distinguish them.
At the S{/S, conical intersection, the wavefunction is exceptionally multi-configurational,
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5. Electronic Structure of the Valence States

with all three of the [2020), |2ud0) and [2200) configurations strongly occupied in the S, and
Sy states.

During dynamics, the molecule will break the C,, symmetry, and so we shall drop the state
symmetry labels and use only the adiabatic S,, labelling scheme, punctuated with a leading
character label to keep track of the state character. Finally, we stress that the model introduced
here does not include the Rydberg or other valence states that appear between the singly- and
doubly-excited valence states in the gas phase. The current adiabatic labels S,, are thus only
valid in the context of this model. A complete analysis of the spectra of these molecules in the
gas phase is given Chapter 9,2 and more details on why this approximation is valid are given
in Appendix B.1.

5.2 — Computational details

Electronic structure calculations

Electronic structure calculations are performed using OpenMolcas v23.02°! (CASSCF, XMS-
CASPT2), COLUMBUS 7.6 1°% (CASSCF, MRCI) and e’ 1.91%3 (LR-CC). For CASSCF calculations,
the results from OpenMolcas and COLUMBUS are effectively identical. The XMS-CASPT2
calculations are performed with a level-shift of 0.2i, the minimum value required to remove
all intruder states. The MRCI calculations are performed using COLUMBUS with the uncon-
tracted formalism, and the XMS-CASPT2 use the single-state single-reference formulation in
OpenMolcas. Cholesky decomposition 1°11%® (CD) is used when possible, and the inclusion of
this does not significantly change the results. All correlated methods (MRCI, CASPT2, LR-CC)
use frozen carbon 1s orbitals. Compute times are reported for a single-threaded OpenMolcas
calculation running on an Intel® Xeon® Silver 4314 CPU with a clock-speed of 2.40GHz.

The electronic structure calculations are not overly sensitive to the basis, provided the
basis set is sufficiently diffuse. In view of future non-adiabatic dynamics simulations, which
require many electronic structure evaluations, we have developed a custom basis that is both
efficient and accurate for this specific system. The basis is an altered version of cc-pVDZ.1%4,
denoted p-cc-(p)VDZ. We remove the polarisation functions from the hydrogens, giving a
[4s]2s] contraction equivalent in size to def2-SV(P) or 6-31G*, and add only the additional p
diffuse functions from the aug-cc-pVDZ basis '*> to the carbons, resulting in a [9s5p1d|3s3p1d]
contraction. All calculations presented in this work, except when explicitly denoted otherwise,
use the p-cc-(p)VDZ basis. The full contraction is given in Table B.1.

Interpolations of internal coordinates

To compare the different electronic structure methods, we calculate the electronic struc-
ture along linear interpolations in internal coordinates (LIICs), which provide effective one-
dimensional ‘reaction coordinates’. We use two different sets of LIICs. The first, which is
similar to that used in Chapter 10, connects the QC ground state equilibrium geometry to the
S1/Sy MECI and proceeds to the NBD ground state equilibrium. We note that the combined
LIIC involves a change in direction at the S;/S; MECI. The second LIIC proceeds from the
NBD ground state to the S; minimum, and then to the S;/Sq MECI. This approximates the
path for dynamics that proceeds via the S; minimum. This second LIIC does not include the
final path from the MECI towards QC since this is already included in the first LIIC.

The first LIIC (QC—S/Sq—NBD), used in Figs. 5.6 to 5.8, is defined based on molecular
geometries optimised using CASSCF(2,2)/p-cc-(p)VDZ for CASSCF calculations, while the
LIIC is based on MRCI(2,2)/p-cc-(p)VDZ optimised geometries when comparing all other
electronic structure methods. The second LIIC (S/Sq—S; min—NBD), used in Fig. 5.10, exists
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Figure 5.4: Representative molecular geometries. The QC ground state (top left) has the
characteristic four-membered ring, whereas the NBD (top right) has two separate double-
bonded ‘wings’. The S;/Sy MECI (bottom left) has a distinct rhombic arrangement of the
four-carbon moiety, while the S; minimum (bottom right), which appears in some of the
calculations, is quite similar to the NBD ground state, with slightly closer wings. The optimised
geometries shown are obtained using SA(3)-CASSCF(2,2)/p-cc-(p)VDZ.

in one version only, obtained using CASSCF(2,2)/p-cc-(p)VDZ geometries. For reference, the
CASSCF(2,2)/p-cc-(p)VDZ optimised geometries are shown in Fig. 5.4.

Finally, we show two-dimensional potential energy surfaces in Figs. 5.9 and 5.11. These are
calculated by using linear interpolations in Cartesian coordinates. Figure 5.9 shows potential
energy in the plane that contains the NBD and QC minima and the S;/Sq MECI, and Fig. 5.11
in the plane containing the NBD and S; minima and the S;/S; MECL

5.3 — Results

Static correlation

The multi-configurational and doubly-excited character of the NBD/QC system means that
single-reference methods, such as ADC(2) and TDDFT, often give poor results, especially
around the critical S;/Sy CI. The exception to this are high-order coupled cluster calculations,
which are discussed later, but these are too expensive for dynamics in a system of this size. As
such, we focus mainly on multi-configurational methods.

From the qualitative discussion in Section 5.1, it is clear that a global representation of
the electronic states requires that the active space includes the [2200), [2020), and |2ud0)
configurations, which make leading contributions to the three states. A standard approach
would be to utilise the complete set of the four orbitals and electrons as detailed in Fig. 5.2, i.e.
a CASSCEF(4,4) approach. Almost all previous work on the excited states of these molecules
used methods based on this active space, generally including Rydberg states. >>186:188 We show
how the addition of Rydberg states affects these potentials in Appendix B.1.

Alternatively, one could remove the A; and A, orbitals; these orbitals are fully occupied or
unoccupied in the important configurations. This leads to a CASSCF(2,2) approach, which has
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Figure 5.5: Absolute energies for the three states Sy, S;, and S, at NBD equilibrium geometry
for the (2,2) (left) and (4,4) (right) active spaces, calculated at the SA(3)-CASSCF/p-cc-(p)VDZ
level. Note that although the state-averaged energy is lower for the (4,4) calculation, the S,
state energy is higher for the (4,4) active space compared to the (2,2).

particular computational advantage as state-averaging over three states leads to both orbitals
always having a state-averaged occupation number of 1, leading to very stable convergence.

This additional stability is evident in practice. The (4,4) active space has trouble converging
to the same active space in QC-like geometries due to the formation of the o-bond; the A;
orbital, with o-bonding character, drops significantly in energy, while the A, orbital, with
o”-anti-bonding character, rises significantly, leading to those orbitals being replaced in the
optimisation. A third choice is a (4,3) active space, which gives similar results to the (2,2)
active space but exhibits similar instabilities as the (4,4) active space.

We find that the (2,2) active space provides a better qualitative description of the potential
energy surfaces, with the (4,4) active space biased against the S; |2ud0) state. This is seen
in Fig. 5.5, which shows the absolute energies for the (2,2) and (4,4) active spaces at the
NBD geometry. The critical S; |2ud0) state has a higher absolute energy in the larger (4,4)
active space than the (2,2), While this may seem counter-intuitive, as the (4,4) state has more
parameters and hence should give a lower variational energy, this only applies to the optimised
state-averaged energy rather than the energy of individual states.

The poor description of S; in CASSCF(4,4) can be rationalised using orbital occupations.
The two A; states contain four orbitals with occupations significantly different from 2 or 0,
indicating that all four orbitals contribute to the correlation. The A, state, on the other hand,
only has the central two orbitals B; (7o) and B,(r*0) with occupations not close to 2 or 0, and
is not highly correlated. CASSCF(4,4), therefore, describes the two A; states better than the A,
state, leading to qualitatively incorrect energy gaps, while CASSCF(2,2) gives a more balanced
description of the individual states. This pattern is seen in other molecules with two 7-bonds,
such as cyclopentadiene 1°® and 1,3-cyclohexadiene 1°7, where the doubly-excited state is lower
in energy than the singly-excited state in CASSCF. Only by including more correlation, in
those cases via XMS-CASPT?2, does one retrieve the correct state ordering.

Here, we note that the CASSCF(2,2) does not describe the S, state well in either NBD or
QC. Specifically in the region around the NBD ground state equilibrium, the CASSCF(2,2)
method does not include the [uudd), |2002), and |0220) configurations, which all contribute
~ 10% to the doubly excited state. This leads to a significant increase in energy of the S, state
for CASSCF(2,2), as seen in Table 5.1. Fortunately, both the S; and S states are well described,
even in regions with significant doubly-excited character. Additionally, we do not expect S, to
be populated to any notable degree during photoexcited dynamics (see the discussion below,
Chapters 6 and 8, and Appendix B.1), so the poor description should not affect simulations.
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Figure 5.6: Energies for Sy, S1, and S, calculated using SA(3)-CASSCF(2,2) (solid indigo lines),
SA(3)-CASSCF(4,4) (dashed rose), and MRCI+Q(4,4) (dotted green) with the p-cc-(p)VDZ
basis set. The (4,4) active space fails to converge around QC and is thus not shown in that
region. CASSCF(2,2) and MRCI+Q(4,4) agree on the shape of the potential but not on the
excitation energy at the NBD ground state equilibrium. Details of the LIIC pathway are given
in Section 5.2

The analysis so far only concerns the NBD geometry. A better overview is gained by making
the comparison using potential energy cuts (PECs) along the LIICs introduced earlier (see
Section 5.2 for details), with the results shown in Fig. 5.6. The indigo solid lines are the relative
energies for the three states in the SA(3)-CASSCF(2,2) calculation. We start on the right of
the diagram, corresponding to NBD. The ground state, which has primary [2200) character,
begins to rise as we move towards the centre of the plot, the S;/Sq MECI. Correspondingly,
the S; state, with primary |2ud0) character, comes down in energy to meet the ground state at
the MECLI. In the CI region, in the middle of the plot, these two states are of mixed character,
containing strong contributions from the |2200), |2ud0) and |2020) configurations. The S, state
starts at much higher energy but then descends, mixing with the other two states. We note
that in CASSCF(2,2), the doubly excited state is not well described, as mentioned earlier, but
the two dynamically important states — Sy and S; — are well described across the LIIC. Finally,
as we continue left in the plot, towards QC, the lowest two states separate again. The ground
state, now with primary [2020) character, comes down to a value approximately 1 eV above
the NBD ground state minimum. This difference between QC and NBD ground state energies
is the difference exploited for energy storage in MOST systems. 132° Correspondingly, the S,
state again acquires primary |2ud0) character, and the S, state rises very high in energy, where
it is of primary |2200) character.

The rose dashed lines in the same plot show the relative energies for SA(3)-CASSCF(4,4). At
the NBD equilibrium geometry, the S obtained by (4,4) is quite similar to (2,2), but as observed
above, the S; [2ud0) state appears at around 7.5 €V, far higher than the experimental value of
5.25 eV, 2:49:50.198-203 1) tarmg of dynamics, this would have a severe impact, both due to the
energy shift and changes in gradients. Additionally, this pushes it closer to the S, [2020) state,
leading to their interaction region appearing closer to the NBD geometry. Moving towards the
MECIL, the two states do not quite meet, an artefact of using the CASSCF(2,2) geometries for
the LIIC. When the states separate as we move to QC, we can see a notably steeper S; state,
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Figure 5.7: Energies for Sy, S1, and S, calculated using XMS-CASPT2(2,2) (solid, indigo), XMS-
CASPT2(4,4) (rose, dashed), and LR-CC3 (green, dotted) with the p-cc-(p)VDZ basis set. All
three methods agree well and also with MRCI+Q(4,4) shown in Fig. 5.6. XMS-CASPT2(4,4)
shows a notably lower and different shape potential around the NBD geometry. Details of the
LIIC pathway are given in Section 5.2.

again reflecting the poor description of the [2ud0) state. As mentioned earlier, the active space
is unstable in QC, so we do not show the energies.

In summary, the CASSCF(2,2) calculations, while exceptionally simple, give a balanced
description of the potential energy surfaces. On the other hand, the CASSCF(4,4) calculations
specifically bias against the S; |2ud0) state, increasing its energy. This is further confirmed in
the next section, where we add dynamic correlation.

Dynamic correlation

Methods beyond CASSCF are required to recover the dynamical correlation. To evaluate the
methods, we use a very similar LIIC, except calculated with a correlated method (MRCI(2,2)/p-
cc-(p)VDZ, see Section 5.2). We now discuss MRCI, XMS-CASPT2, and, finally, methods that
do not define an active space, such as linear response theories.

MRCI

We first focus on MRCI, which considers excitations from reference configurations taken from
CASSCEF. This method gives high-quality energies and wavefunctions but lacks size-extensivity
and is computationally expensive compared to perturbative and density-functional-based
methods. The calculations shown here are MRCI+Q, which uses only single and double
excitations"! and adds a size-consistency correction (here the renormalised Davidson correction,
Eq. (3.12)).

For the (2,2) active space, the MRCI reference weights for all three roots are approximately the
same, indicating that the quality of all three states in the original CASSCF calculation is similar.
Indeed, the CASSCF(2,2) calculations show nice overall agreement with the MRCI+Q(2,2)
calculations, as shown in Fig. B.6. The highest S, state comes down in energy in the MRCI

Y'The use of MRCI(m,n) denotes MRCISD performed on a CASSCF(m,n) reference.
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5.3. Results

compared to CASSCF(2,2), but in dynamics at reasonably low energies, say < 8 eV, this state is
not expected to be populated.

For the (4,4) active space, it is crucial to include the Davidson correction (see Fig. B.6).
Interestingly, MRCI+Q(4,4) gives a similar potential energy surface to CASSCF(2,2), as shown
in Fig. 5.6 (green dotted lines). Notably, the two states are relatively parallel on the right-hand
side of the pathway, only beginning to diverge around the conical intersection. The lack of
agreement between the CASSCF(4,4) and MRCI+Q(4,4) calculations reflects the comments
about the S; |2ud0) state above; the reference weight of this state is much lower than the other
two states, confirming its poor description in the CASSCF picture.

Overall, the MRCI+Q calculations give excellent quality potential energy surfaces, but
the computational expense means they are unsuitable for on-the-fly dynamics. This is espe-
cially true since the Davidson correction only corrects the energy and not the underlying
wavefunction, meaning that it is not possible to calculate analytical gradients and couplings.

XMS-CASPT2

An alternative to MRCI is CASPT2, with XMS-CASPT2!%3 the most popular dynamically-
correlated multi-reference electronic structure method for dynamics. This is a variant of
the MS-CASPT2 method '?? that gives exceptionally high-quality, smooth wavefunctions and
potential energy surfaces,?*%0> yet is computationally less expensive than its variational
cousin MRCI.!?2 Crucially, analytical gradients and non-adiabatic coupling vectors have
been implemented in multiple software packages. 123129191206 Other forms of multi-reference
perturbation theory, such as QD-NEVPT2, MS-CASPT2 and XMC-QDPT?2, give similar results,
as expected.

At first glance, the XMS-CASPT2 calculations with the (2,2) active space, shown as the
solid indigo lines in Fig. 5.7, agree well with the MRCI+Q(4,4) calculations (Fig. 5.6) across all
states. Furthermore, XMS-CASPT2(4,4) calculations, also included in Fig. 5.7, agree well with
both these methods, with only minor differences in the excitation energy of S;. So far, the
conclusion is that MRCI+Q(4,4) produces credible reference potential energy surfaces but is
unsuitable for on-the-fly dynamics. The three methods that are feasible for dynamics, namely
CASSCF(2,2), XMS-CASPT2(2,2) and (4,4), all agree on the overall topography of the potential
energy surfaces. In the next section, we turn to non-active space methods as a final arbiter.

Non-active space methods

As a final check, we perform LR-CC3,297 which generates excitation energies from a high-
quality coupled-cluster ground state wavefunction. Although this method is unstable around
ground state conical intersections, it provides highly accurate energies elsewhere.2°7-208 Most
importantly, LR-CC3 calculations are relatively free of human bias, as they have no active
space. In Fig. 5.7, we show the calculations for LR-CC3 for the ground and first excited
|2ud0) state, compared to XMS-CASPT2. The LR-CC3 agrees closely with the XMS-CASPT2
and MRCI+Q calculations for both active spaces, indicating that both methods do not show
significant human bias. It agrees particularly well with XMS-CASPT2(4,4), with the two states
being parallel across the majority of the potential energy surfaces. Additionally, this indicates
a nice qualitative agreement with the CASSCF(2,2) calculations. Unfortunately, LR-CC3 is
exceptionally expensive, which, combined with its instability, makes it unsuitable for dynamics
simulations. Other coupled cluster methods, such as LR-CC2 and LR-CCSD, do not describe
doubly-excited states well and so are not well-suited for this particular system.
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Figure 5.8: Basis set comparison of p-cc-(p)VDZ (solid indigo), cc-pVDZ (dashed rose), and ANO-
L-VTQZ (dotted green), using the SA(3)-CASSCF(2,2) method. The S, S{, and S, energies agree
very well for p-cc-(p)VDZ and ANO-L-VTQZ, which both have sufficiently diffuse character,
while cc-pVDZ shows a significant increase in energy for the S; and S, excited states. Details
of the LIIC pathway are given in Section 5.2.

Basis sets

As mentioned earlier, the electronic structure calculations in QC/NBD are relatively insensitive
to the choice of basis. However, accurate energies require that the basis is sufficiently diffuse.
This is particularly notable for the S; |2ud0) state, which has a marked diffuse character
due to strong mixing with the 3p, Rydberg state near the QC equilibrium geometry.!? To
demonstrate, we compare SA(3)-CASSCF(2,2) energies using the p-cc-(p)VDZ and cc-pVDZ
basis sets in Fig. 5.8. The p-cc-(p)VDZ basis, which lacks hydrogen polarisation functions
but adds diffuse p functions, shows a significantly lower excitation energy for the valence
state than cc-pVDZ, especially near the QC ground state equilibrium geometry. The large
ANO-L-VTQZ basis agrees well with the p-cc-(p)VDZ, justifying the new contraction.

The p-cc-(p)VDZ basis uses only 135 spherical functions, reducing compute time for a
single-point SA(3)-CASSCF(2,2) by two orders of magnitude compared to the ANO-L-VQZP
basis. This computational efficiency is crucial for non-adiabatic dynamics simulations, which
can involve a vast number of evaluations of the electronic structure. Finally, we note that if
the Rydberg states are to be accounted for in the calculations, even more specifically-adapted
diffuse basis sets are required.’
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Figure 5.9: Potential energy surfaces in the plane defined by the NBD and QC minima and
the S;/Sy MECI, calculated at the CASSCF(2,2)/p-cc-(p)VDZ level. The surfaces are plotted
as a function of r.. and r, (see Egs. (5.1) and (5.2)). The S, surface (rose) has two clear
minima corresponding to the equilibrium geometries of QC ((r e, 1y) = (1.5,0) A) and NBD
((ree»rvn) = (2.5,0) A), separated by a large barrier. The S; surface (yellow) connects with the
Sy surface at the rhombic conical intersection on top of this barrier, indicated by the arrow.
The S, surface (light blue) interacts most strongly at r,. = 2.0 A, halfway between the two
minima. Molecular structures from Fig. 5.4 are included for reference.

Table 5.1: Selected carbon-carbon distances (see Egs. (5.1) to (5.3)) and vertical excita-
tion energies calculated for CASSCF(2,2) /p-cc-(p)VDZ optimised geometries (with XMS-
CASPT2(2,2)/ ANO-L-VQZP excitation energies in brackets) for the QC and NBD ground state
equilibrium geometries, the S;/S; MECI, and the S; minimum. Leading configurations are
given in occupation number representation for each of the three states S-S, in the format
Ina,mB,1B,NA,) (orbitals as in Fig. 5.2), with Mix indicating that the states contain strong con-
tributions from all of the |2200), |2ud0), and |2020) configurations.

Geometry 1o /A np/A rg /A Si/ev S,/ eV So Sy S,

QC 1.55 0 153 6.22(5.75) 14.02(11.59) [2020) |2ud0) [2200)
NBD 2.47 0 133 596(534) 11.24(7.85) [2200) [2ud0) |2020)
S1/SyMECI 194  +050 144  0(0.20) 336 (3.11)  Mix  Mix  Mix
S, min. 2.12 0 141  2.85(2.85)  4.56(3.29)  [2200) |2ud0) |2020)
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5.4 — Discussion

Critical points on the potential energy surface

For the sake of visualisation, we define three coordinates involving carbon atoms C;-C,, as

1
Fee = 5 (r12 +134) (5.1)
"'th =713 —T24 (5.2)
1
rdb = 5(r14 +7123), (5.3)

where r;; = [R;—R;| indicates the distance between carbons i and j(see Fig. 5.1 for the numbering
of the atoms). . is a measure of the wing-separation and is the mean distance between the two
ethylenic moieties, with a large value in NBD and a small in QC. r,, represents the rhombicity
and is the difference between the two diagonal distances across the four-carbon ring C;-C,.
This is zero at the NBD and QC ground states and increases as the four-carbon ring distorts to
rhombic or parallelogram-like geometries (as seen at the S;/Sqg MECI in Fig. 5.4). Finally, rq
corresponds to the mean length of the carbon bonds that acquire double bond character (and
hence shorten) in NBD. We show LIIC pathways in the (7., 7;,)-plane in Fig. B.3.

Figure 5.9 shows the potential energy surfaces for the three important states in the plane
defined by the QC and NBD minima and the S;/Sy MECI. The barrier between the two ground
state minima is immediately obvious, with two distinct wells on the ground state surface
corresponding to QC and NBD. The conical intersection linking to the ground state appears
on top of this barrier, which explains the photoswitch nature of the system — depending on
the path through the intersection, a wavepacket can end up in either potential well. Finally,
the S, state sits well above the S; state at the geometries shown in Fig. 5.9, with a trough
mirroring the potential barrier on the ground state. The change of character in the ground state
wavefunction is evident, with strong coupling between the [2020) and |2200) configurations.

The NBD, QC, and S;/Sy MECI geometries remain relatively consistent across the different
electronic structure methods (see Table 5.2 later). However, in some methods, an additional S;
minimum with Cy, symmetry and 1! A, |2ud0) character is found. This local minimum appears
at higher energies than the S;/Sy MECI, with the molecular geometry approximately halfway
between QC and NBD ground-state geometries (r.. = 2.1 A, rg;, = 1.4 A). Notably, the plane
shown in Fig. 5.9 does not contain the S; local minimum. In the electronic structure methods
where this minimum does not appear, a first-order symmetric saddle-point separates the left-
and right-handed variants of the S;/S, CI.

Since the S; minimum appears relatively close to the Franck-Condon region of NBD, see
Fig. 5.4, we anticipate it may significantly affect the dynamics. A deep minimum imprints
a valley on the potentials, attracting the initially excited wave packet before allowing it to
proceed to the CL. Without this minimum, there is a ridge, and the wavepacket will evolve
directly towards the CI. Interestingly, at the geometry of the local minimum, the Sy and S,
states have different symmetry (A; and A,, respectively), and thus do not interact. When
displacing towards the S;/S CI (an A, distortion), both states change to the A irreducible
representation, leading to coupling and mixed |2ud0) and |2020) character in both states.

The vertical excitation energies and the leading configurations at these four molecular
geometries are given in Table 5.1. As discussed earlier, the ground state wavefunctions for
NBD and QC have different leading configurations, whereas the S; state always maintains
the |2ud0) configuration. At the MECI geometry, the Sy and S; states are degenerate, and
the second excited state is much lower in energy than near the NBD and QC minima. The
electronic states are thus strongly multi-configurational, with all three states having significant
contributions of the |2200), [2020) and |2ud0) configurations.
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Figure 5.10: Energies for Sy, Sy, and S, calculated along the LIIC pathway from the S;/Sy MECI
to the S; minimum, and finally to the NBD equilibrium geometry (see Section 5.2 for details). All
calculations employ the p-cc-(p)VDZ basis. Left: CASSCF(2,2) (indigo solid), CASSCF(4,4) (rose
dashed), and MRCI+Q(4,4) (green dotted). The CASSCF(4,4) is again qualitatively incorrect,
whereas CASSCF(2,2) shows a qualitatively correct shape, including a barrier between the
S{ minimum and the S;/S; MECL The MRCI+Q(4,4) shows a small artefact around the S,
minimum due to the Davidson correction and the two excited states mixing. Right: XMS-
CASPT2 [(2,2) solid indigo, (4,4) rose dashed] and LR-CC3 (dashed green). All three methods
look very similar, but the XMS-CASPT2(2,2) shows no barrier between the S; minimum and
S1/S¢ MECI, while the other two only have a very small one.

Further, a S,/S; CI appears when dynamical correlation is included. This CI epitomises the
aforementioned mixing of the [2020) character into the S; state, but, as it is a peaked CI being
approached from the lower S; surface, we do not expect the S, state to significantly affect the
dynamics.®> Further discussion is presented in Appendix B.1.

Nature of the potential energy surfaces

In the following, we specifically discuss two key points on the potential energy surfaces. The
first is the S; minimum, which only appears when using a subset of the electronic structure
methods, and the second is the S;{/S, conical intersection, which governs decay onto the
ground electronic state. While all electronic structure methods evaluated provide reasonably
similar descriptions of the conical intersection, even subtle differences in the topography of
the potential energy surfaces near a conical intersection could have consequences for the
photoexcited dynamics. For simulations, it is thus crucial to describe this region as accurately
as possible.

The S; minimum

As previously mentioned, the local symmetric S; [2ud0) minimum geometry is not present in
all methods; namely, XMS-CASPT2(2,2), CASSCF(4,4) and MRCI(4,4) do not show it."" This is

vitye have not optimised the minimum using MRCI+Q or LR-CC3, since those methods do not have analytical
gradients available, but we believe that the methods show minima, as discussed later.
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5. Electronic Structure of the Valence States

due to the increase in energy of the |2ud0) state (vide supra). This leads to the S; state being of
primary |2020) character, leading to a strong slope to the S;/Sy MECI, eliminating the possibility
of a local minimum. In CASSCF(4,4) and MRCI(4,4), this simply means that a local minimum
would exist on the S, surface, still with primary |2ud0) character. For XMS-CASPT2(2,2), the
crossing of the states occurs very close to the would-be minimum, distorting the potentials
and leading to no observed minimum. Further discussion of the S,/S; crossing is included in
Appendix B.1.

To explore this region of configuration space, we construct a different LIIC pathway, first
going from the NBD ground state geometry to this local S; minimum and then onwards to the
S1/S¢ MECI geometry.

The potential energy cuts for the previously shown methods are shown on this pathway in
Fig. 5.10. The key feature in this pathway is a barrier between the S; minimum and S;/Sy MECI,
which must be present for there to be an excited state minimum. Clearly, CASSCF(2,2), XMS-
CASPT2(4,4) and LR-CC3 all show a small barrier, while CASSCF(4,4) and XMS-CASPT2(2,2)
do not. The apparent barrier in MRCI+Q(4,4) is most likely to be an artefact of the optimisation
procedure. CASSCF(4,4) stands out as clearly divergent, with a crossing of S, and S;, showing
that it lacks even the correct qualitative description. CASSCF(2,2), on the other hand, is at
least qualitatively correct, although the conical intersection is higher than the other methods.
LR-CC3 and XMS-CASPT2(4,4) agree closely on the shape of the potentials, with only a small
energy offset — we would expect almost identical dynamics from these methods. Finally, we
note that the aforementioned XMS-CASPT2(2,2) S,/S; CI occurs just off the pathway shown
here, but we can see that the S, state is notably closer in energy at the S; minimum than in
other methods, indicating much stronger influence.

To highlight these effects, in Fig. 5.11 we show the S; potential energy surface in the plane
defined by the NBD and S; minima and the S;/Sy MECIL For CASSCF(2,2) (top left), XMS-
CASPT2(4,4) (bottom left) and LR-CC3 (bottom right), the overall shape of the potential energy
is consistent, with a notable slope towards the S; minimum (at (rec, ) = (2.1,0) A). We can
clearly see the S; minimum, with a characteristic ‘pinching’ of the contour lines around a
saddle-point between the minimum and the conical intersection. XMS-CASPT2(2,2) (Fig. 5.11,
top right) shows an entirely different shape, with a gradient pushing away from the would-be
minimum and no obvious saddle-point. This is due to the crossing of the [2ud0) and |2020)
states, leading to the S,/S; conical intersection (see further discussion in Appendix B.1).

In summary, with both XMS-CASPT2(4,4) and LR-CC3 all showing an S; minimum, we
believe the evidence leans towards the presence of a bound local minimum on the excited
state, as predicted by CASSCF(2,2).

The S,/S, conical intersection

The central S;/S; conical intersection plays a central role in the non-radiative decay to the
ground state. As mentioned previously, all three [2200), [2020), and |2ud0) configurations are
important in this region. To analyse the performance of the different electronic structure
methods in this region, we use the ‘local linear approximation’ of Fdez. Galvan et al.,”8 covered
in Section 2.2. The orthonormalised branching plane vectors X and Y are shown in Fig. 5.12.
X is a wing-separation coordinate related to both r.. and rg,; extension along positive X
moves towards the NBD ground state, while negative X tends towards QC. Y is a rhombic
distortion clearly related to r,, with positive displacement increasing the rhombicity and
negative displacement increasing the squareness of the four-carbon ring. Unsurprisingly, these
vectors are reminiscent of the branching-plane vectors in ethylene dimerisation. 418%190 The
energy gap is smallest along the Y coordinate, and thus motion along X is most likely to induce
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Figure 5.11: S; potential energies in the Cartesian plane defined by the NBD and S; minima and
the S;/Sy MECI geometries, calculated at CASSCF(2,2)/p-cc-(p)VDZ level. Energies calculated
with CASSCF(2,2) (top left), XMS-CASPT2(2,2) (top right), XMS-CASPT2(4,4) (bottom left),
and LR-CC3 (bottom right). Locations of optimised geometries (if they exist) are shown for
the active space methods — we note that, for XMS-CASPT?2, these are not the minimum
geometries in this plane, as it is calculated using the structures at CASSCF(2,2) level. All but
the XMS-CASPT2(2,2) have a similar overall shape, with a notable gradient towards the S,
minimum. LR-CC3 shows instability around the conical intersection but is smooth elsewhere.

Figure 5.12: Branching plane X and Y vectors from S;/Sy MECI, optimised at CASSCF(2,2)/p-cc-
(p)VDZ level.”® Displacements here lie approximately in the plane of the four-carbon ring. The
X vector shortens the C;{C,4 bond and lengthens the C;C, bond, forming NBD in the positive
direction and QC in the negative. The Y coordinate controls the rhombicity, with negative Y
displacement forming the square four-carbon ring of NBD and QC. Hydrogen displacements
are small and thus not shown.
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5. Electronic Structure of the Valence States

Table 5.2: Conical intersection parameters. P and B parameters and carbon-carbon distances
(in Angstroms) for the S;/S; MECI optimised with the (2,2) and (4,4) active spaces for SA(3)-
CASSCF, XMS-CASPT2, and MRCI, all with the p-cc-(p)VDZ basis. The conical intersections
all have a C, optimised geometry.

Method (mn) P B fee  Tdb th
CASSCF (2,2 0.79 0.86 194 144 40.50
(44) 082 1.82 203 151 =+0.75
MRCI (2,2 058 083 196 145 40.49
(44) 078 1.11 199 148 +0.62
XMS-CASPT2 (2,2) 0.56 1.17 201 149 40.56
(4,4) 030 0.83 199 149 =+044
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Figure 5.13: Local linear approximation of energies in the branching plane of the S;/S; MECI,
optimised at CASSCF(2,2)/p-cc-(p)VDZ level. This is a peaked bifurcating conical intersection,
and the branching plane vectors are shown in Fig. 5.12. Approximately, NBD is located towards
positive X and negative Y, and QC towards negative X and Y. Two plausible reaction paths are
shown, one pointing towards QC and the other towards NBD.

non-adiabatic effects.’® We can also mention that this analysis has previously been applied to
this system, '8137 albeit in the context of different electronic structure theories.

Table 5.2 gives the P and B values (see Section 2.2) for the MECI geometries for the multi-
configurational methods tested here (standard MRCI is shown due to the lack of analytical
gradients/couplings in MRCI+Q). All methods agree that this is a peaked conical intersection
(P < 1), which agrees well with previous studies and is concordant with the rapid dynamics
seen in experimental work. The different methods, however, do not agree on the number of
minima, with methods alternating between predicting bifurcating and single-path intersections.
With the exception of the CASSCF(4,4), with a value of B = 1.823, all methods converge on
values around B = 1 + 0.2, indicating that if there are two minima, one is shallow.

In Fig. 5.13, we show the energies in the branching plane for CASSCF(2,2), with the other
methods in this study giving very similar surfaces. Here, we can see the ground state potential
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barrier, in line with the potential energy surface shown in Fig. 5.9. The (quasi)bifurcating
nature reflects this system’s utility as a photoswitch — there are two minima, corresponding to
the QC and NBD products, which both can be accessed from this intersection. In the present
case, NBD has the deeper ground state minimum, while the minimum in the QC direction is
shallower and more sensitive to the method used for the calculation. The borderline values of
B hint at the unsubstituted system’s low quantum yield; no significant potential energy well
promotes the conversion of excited NBD into QC. In the context of applications, we suspect
that substituted systems with both a lower B value and the deeper minimum towards QC
would lead to a more efficient route for the formation of QC and, thus, a higher quantum yield.

These numbers provide a valuable distillation of the potential energy surfaces and help
assess the similarity of the different electronic structure methods. However, we must remember
that while the nature of the conical intersection is important to the outcome of the dynamics,
the dynamics preceding the CI are likely to play an even more critical role.

Interestingly, we notice that the earlier results by Hernandez et al.,*3, which indicate signif-
icant formation of ground state NBD at relatively short time-scales, are based on electronic
structure calculations similar to the CASSCF(4,4) we show. This aligns nicely with the pro-
nounced single-path nature of the conical intersection observed in this particular method.

5.5 — Conclusions

A multi-configurational analysis of the electronic structure of the valence states of quadricy-
clane and norbornadiene is presented. The previously used CASSCF(4,4) is shown to disagree
with higher-level methods, including XMS-CASPT2, MRCI and LR-CC3, while the compact
CASSCF(2,2) model is found to yield qualitatively correct results. Additionally, we present
a small basis which provides excellent results compared to larger basis sets, limiting the
computational time and, thus, the computational cost of dynamics simulations.

The system displays a complex set of potential energy surfaces. As they contain differ-
ent orbital occupations, the two ground-state minima are separated by a significant barrier.
Connecting the two is a singly excited state that spans the two minima, providing a key
relaxation channel through a rhombic conical intersection well-known from other [2+2]-
cyclo-additions. *#1%° In the region surrounding this CI, the wavefunction gains significant
doubly-excited character, and the dynamics through this intersection is posited to be able to
form either isomer on the ground state.

The effects of different electronic structure methods on the potential energy surfaces are
demonstrated, specifically concerning the presence of an S; minimum and the shape of the S;/S,
conical intersection. The S; minimum, present in the highest-level methods, is absent in the
XMS-CASPT2(2,2) calculations. On the other hand, the conical intersection is fairly consistent
between low- and high-level multi-configurational methods, with only comparatively minor
differences in the topography related to the number of available pathways on the ground state
surface.

From this work, three electronic structure methods suitable for dynamics are identified:
CASSCEF(2,2), XMS-CASPT2(2,2) and XMS-CASPT2(4,4). Clearly, further work performing the
actual dynamics simulations is essential to better understand the interplay between dynamics
and electronic structure, both in this system specifically and more generally. Furthermore, the
erroneous CASSCF(4,4) model can be used as a control case, making it possible to assess how
much the dynamics are affected by qualitatively incorrect surfaces. The effect of the conical
intersection topography on the outcome of the dynamics is quite interesting, particularly
regarding how dynamics prior to and at the conical intersection may affect the (short-time)
quantum yields of products.
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This work constitutes the foundations of our work on the valence states. This is built upon
further in the following three chapters, which explore the dynamics of NBD, the observables
observed from those dynamics, and finally, the dynamics of QC.
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Dynamics of Norbornadiene

As the norbornadiene/quadricyclane isomerisation reaction is a [2+2]-cyclo-addition/reversion,
the reaction on the ground state is formally Woodward-Hoffman forbidden, while the excited
state reaction occurs readily.'®** The photoexcited dynamics, starting from NBD, can excite
into a singly-excited valence state, with absorption centred at around 5.25 eV.? The molecule
decays to the ground electronic state via a rhombic conical intersection (CIL, shown in Figs. 5.1
and 5.4), which sits on top of the ground state reaction barrier from where it can access the
potential energy minima of both isomers.

In the previous chapter, we introduced a set of simplified three-state valence-only models
of the electronic structure: CASSCF(2,2), XMS-CASPT2(2,2), and XMS-CASPT2(4,4). All three
approaches provide reasonable approximations to higher-level electronic structure methods
that are too expensive computationally to be feasible for simulations, yet there are subtle
differences between the three methods’ potential energy surfaces. The most notable difference
is the absence of a symmetric local minimum geometry on the S; state when using XMS-
CASPT2(2,2), which is present in the other two methods. Additionally, the previously used
CASSCF(4,4) model>>188 was shown to perform poorly compared to higher-level methods.

Previous simulations in this system include quantum dynamics using a reduced dimension-
ality model by Valentini et al.,'® primarily in the context of coherent control. Hernandez
et al.” performed surface-hopping dynamics, including on some substituted isomers, and
achieved qualitative agreement with product formation ratios. These previous works used
extensions of the CASSCF(4,4) method to deal with Rydberg states, which are important at
higher energies than what we study here.

In the context of dynamics, the QC/NBD system presents an archetypal example of efficient
internal conversion via a conical intersection, with the dynamics dominated by a comparatively
small number of nuclear degrees of freedom. This chapter shows that three parameters (inter-
atomic distances) are sufficient to characterise the dynamics. The molecular wavepacket
exhibits highly coherent vibrational dynamics, likely the cause of its utility as a photoswitch,
and a very fast decay. These properties make it an excellent model system for benchmarking
nuclear dynamics methods, with the speed of the dynamics ensuring affordable simulations
even for comparatively computationally demanding methods.

In the following, we evaluate dynamics simulated using the same initial conditions, with the
electronic structure evaluated using both CASSCF and XMS-CASPT2, with both the (2,2) and
(4,4) active spaces. Our comparative study demonstrates how the dynamics is affected by the
subtle differences in the potential energy surfaces, allowing us to suggest how the efficiency
of the photoisomerisation process in QC/NBD might be improved.

This work is part of a submitted article, ]J. C. Cooper, C. Brown, J. Kara, A. Kirrander,
submitted. The author of this thesis completed all computational work and analysis.
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Figure 6.1: Potential energy surfaces for the Sy and S; state along two idealised pathways
from the NBD minimum to the S;/S; conical intersection. The first, going from the centre
to the left of the plot, goes directly between the NBD and the S;/S; CIL. The second, on the
right of the plot, passes through the local S; minimum. While the CASSCF(2,2) (indigo solid
lines, ‘CAS’ removed for brevity), XMS-CASPT2(2,2) (rose dashed, XMS-CAS’ removed) and
XMS-CASPT2(4,4) (green dotted) methods are fairly similar, CASSCF(4,4) (yellow dash-dot)
completely disagrees. Within the concordant methods, XMS-CASPT2(2,2) shows steeper
gradients around the conical intersection and is not energetically bound at the S; minimum.
The pathways are calculated using linear interpolation in internal coordinates (LIICs), all
geometries are calculated using CASSCF(2,2)/p-cc-(p)VDZ, and the energy zero has been set at
the vertical excitation point to highlight the different dynamics after similar excitation. These
pathways represent the idealised reaction coordinates detailed in Fig. 6.2.

6.1 — Theory

Electronic Structure theory

In Chapter 5, we arrived at four electronic structure methods suitable for the dynamics. These
are all multi-configurational methods, comprising SA(3)-CASSCF(2,2), XMS(3)-CASPT2(2,2),
XMS(3)-CASPT2(4,4), and SA(3)-CASSCF(4,4). 12729 The first three agree qualitatively with
each other on the topography of the potential energy surfaces, while the fourth does not, and is
only included to contextualise previous work.>>188 For clarity, we will drop the state-averaging
from the acronyms. All four methods use the same basis set, p-cc-(p)VDZ (see Chapter 5
and Table B.1), which is a pruned version of aug-cc-pVDZ.

The key results of Chapter 5 are shown in Fig. 6.1. The centre geometry of the plot cor-
responds to the Sy minimum of NBD, the starting point of the simulations. From there, the
dynamics can either proceed straight to the S;/S; conical intersection, as shown on the left-
hand side of the plot, or can first visit the S; minimum geometry, shown on the right-hand
side (shown schematically in Fig. 6.2, see Fig. 6.3 for geometries). We propose these as two
plausible pathways for the excited-state dynamics, after which the dynamics will transfer
to the ground state and move to the QC and NBD minima. Our primary three methods,
CASSCEF(2,2), XMS-CASPT2(2,2) and XMS-CASPT2(4,4) all show qualitatively similar poten-
tials, while CASSCF(4,4) clearly does not. Inside the primary methods, we see that the key
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Figure 6.2: Schematic of the photochemical pathways. Each box represents an idealised
geometry, positioned approximately as in Fig. 6.3. The symmetry-related partner to the S;/5,
CL located below the r; = 0 line, is not shown. indigo solid lines indicate excited state
dynamics, starting from NBD and proceeding to the S;/S, CI with or without going through
the S; minimum. Green dashed lines indicate ground state processes, with both QC and NBD
formed after passage through the intersection. Approximate time-scales of each process are
shown. The relative probability of these processes is determined principally by the electronic
structure method used in the dynamics.

point of disagreement is at the S; minimum, where XMS-CASPT2(2,2) does not show a barrier
while the other methods do.

Internal Coordinates Used for Analysis

The surface-hopping simulations are performed in Cartesian coordinates and thus include all
nuclear degrees of freedom. As in Chapter 5, we use a set of three coordinates to analyse the
nuclear geometries. These all involve carbon atoms C;-C, and are defined in Egs. (5.1) to (5.3).
We will also make use of the velocities along these directions, calculated by finite differences
in the trajectories and denoted by e.g. 7., = dr../dt.

Fig. 6.3 shows critical geometries for the studied methods in the (7., r;,)-plane, which we
will refer to extensively in our analysis of the dynamics. The ground state minimum of NBD
(also referred to as the Franck-Condon region) is where our excited state dynamics starts. This
is situated at r.. ~ 2.5 A and rj, = 0, conforming to the symmetric C,, geometry of NBD shown
schematically in Fig. 5.1. Moving left along the r,;, = 0 line, we first note the S; minimum,
only present in a subset of the electronic structure methods, and then the QC ground state
minimum at r,. = 1.5 A. Above and below the r,;, = 0 line, we see the two symmetry-related
S1/Sy minimum energy conical intersections (MECIs). The two MECI geometries have C,
symmetry, as discussed in Chapter 5.

We note two points: first, these three coordinates span the entire set of displacements of the
irreducible representation A of the planar C, four-carbon ring. Secondly, r,, is not orthogonal
to either r,. or g, except at symmetric C,, geometries. While we show these coordinates as a
plane (e.g. in Fig. 6.3), these are projections from the curved manifold of all 39 dimensions.
Further discussions of the coordinate system are given in Appendix B.2.

Valentini et al., in their reduced-dimensionality model, used a set of internal coordinates
closely related to these three distances. Unlike our choices, their coordinates included both
angles and displacements of hydrogen atoms but were entirely centred on the lower four-
carbon ring, as in our study. These choices were necessitated by their use of a fully quantum
propagation method, which requires a limited number of nuclear degrees of freedom to
be computationally feasible. In contrast, we choose our carbon-carbon distances for their
conceptual simplicity but have made no approximation concerning the internal degrees of
freedom in the simulations. Additionally, we find that the branching plane vectors of the
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Figure 6.3: Optimised geometries for various methods shown on (7, r1,) plane. All methods
agree on the location of the NBD ground state. The QC ground state cannot be calculated
using (4,4) methods, and the S; minimum is only present in some methods. The S;/Sy; MECI
is described consistently by all methods but CASSCF(4,4), which seems to overestimate the
rhombicity. The branching plane vectors X, Y of the CASSCF(2,2) MECI are shown, with other
methods giving similar values.

S1/Sy conical intersections (shown in Fig. 5.12 and as vectors in Fig. 6.3) are almost entirely
contained within these three distances, which further supports that these variables allow for a
detailed study of the motion in the branching plane.

6.2 — Computational Details

The surface-hopping simulations were performed using our in-house code. The dynamics
was propagated with a velocity-Verlet algorithm?!? for the nuclei and a matrix-exponential
propagator method for the electronic equation of motion. The time-step (At) was fixed at 5
a.u. (= 0.12 fs) for the nuclei and 0.25 a.u. (= 0.006 fs) for the electronic component, and all
dynamics was initiated on the S state. Tully’s original version of the hopping probability
was used 2, along with the energy-based decoherence correction® (as in Eq. (2.44)) with the
standard value of C = 0.1 Ey, on the coefficients, not the populations, as per the original
formulation®8. Analytical non-adiabatic coupling (NACME, d,,,) vectors were used to propa-
gate the wavefunction coefficients and were linearly interpolated across the nuclear time-step.
NACME vectors were phase corrected by ensuring that d,,;,(R,(t)) - dp,(R,(t + At)) > 0 for
m # n, with R,(t) the position of the trajectory at time t. For XMS-CASPT2(2,2), the ‘CSF’
contribution to the coupling was neglected7812%211 To reduce computational time for the
XMS-CASPT2(4,4) calculations, the NACMEs are not calculated between states separated by
more than 0.1 Ey, (= 2.71 €V) or when both states have quantum populations below the value
0.01. These approximations did not change the simulation outcomes in testing. After hopping,
the momentum was re-scaled along the non-adiabatic coupling vector, and frustrated hops
were not reflected. The classical populations were analysed using bootstrapping (with 10000
samples). In total, 639 trajectories were calculated for each electronic structure method and
were propagated for 3300 a.u. (= 80 fs). The (2,2) active space trajectories conserved total
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energy on the excited state to within 0.01 eV, while the (4,4) active space generally conserved
to within 0.1 eV (more detailed analysis provided in Appendix B.2). On the ground state, larger
energy fluctuations were observed, but these did not affect the rate of population transfer nor
the assignment of reaction channels. Additional computational details for the CASSCF(4,4)
dynamics are provided in Appendix B.2. An example individual trajectory is provided in
Fig. B.15.

Electronic structure calculations were performed using Molpro 20222'2 for CASSCF, Open-
Molcas v23.31°! for XMS-CASPT2(2,2) and BAGEL?% for XMS-CASPT2(4,4). Different pro-
grams for XMS-CASPT2 were used due to NACME instabilities for OpenMolcas in the (4,4)
active space. All calculations were state-averaged over three singlet states (Sy, Sy, and S;)
and used density fitting (Molpro/BAGEL, using aug-cc-pVDZ-JKFIT as the density fitting
basis) or Cholesky decomposition (OpenMolcas, using the RICD keyword). The XMS-CASPT2
calculations used an imaginary shift of 0.2 E}, and no IPEA shift. The XMS-CASPT2(4,4)
used the single-state single-reference (SS-SR) approximation?%. Oscillator strengths were
calculated using the CAS-SI method, using the PM-CASSCF functions for XMS-CASPT2(2,2),
except for XMS-CASPT2(4,4), which used a full calculation of the transition dipole moment.
These are only used illustratively; no further calculation depends on this approximation. The
basis set was p-cc-(p)VDZ throughout, as described in Chapter 5.

Ab initio multiple spawning (AIMS) calculations were performed using the Molpro 2022.2
program with the FMS90 interface?'2?!® with the independent first generation and zeroth-
order saddle point approximations.?!* All AIMS calculations used CASSCF(2,2)/p-cc-(p)VDZ
for the electronic structure with all three singlet states. The threshold to enter spawning
mode was |d,,,(R,(t))| > 3 a.u.. The dynamics was propagated on a 10 a.u. (= 0.24 fs) time-
step, dropping down to 2 a.u (= 0.048 fs) in coupling regions. During periods of non-energy
convergence, a minimum time-step of 0.1 a.u. (= 0.002 fs) was used. Trajectories were not
allowed to spawn if they had a population less than 0.005 and used an OMax value of 0.1.
Testing of these parameters showed no strong dependence on the specific parameter values.
Trajectories were propagated until t = 2500 a.u. (= 60 fs) with the default Gaussian width
parameters of 22.7 a.u. (carbons) and 4.7 a.u. (hydrogens). The trajectories used the same
initial conditions as the surface hopping dynamics.

6.3 — Results

Initial Conditions

To keep the comparisons between the individual methods as consistent as possible, we use
the same initial conditions for all four electronic structure methods. For simplicity, we select
the initial conditions from a Wigner-sampled ground state harmonic oscillator%°, using
the optimised geometries and frequencies from CASSCF(2,2). All four methods yield close
equilibrium molecular geometries in the NBD ground state, with only minor variations in
the vibrational frequencies, especially in the key ‘wing-flapping’ modes. However, Wigner-
sampling of the different ground state minima gave similar distributions overall.

The excited state (the A, symmetry S;) is formally dipole-forbidden at symmetric C,,, ge-
ometries, necessitating a post-Condon treatment. The Wigner-sampling method is a variant
of the nuclear ensemble approach and accounts for Herzberg-Teller effects via Monte Carlo
integration of the transition dipole moment over the ground state harmonic oscillator wave-
function. No specific coordinate was identified where Herzberg-Teller effects were particularly
prominent, presumably reflecting that 27 non-totally-symmetric modes can increase the oscil-
lator strength. The spectrum calculated at the CASSCF(2,2) level of theory is shown as a solid

69



6. Dynamics of Norbornadiene

= Total (x 0.5)
—— CASSCF(2,2)
— = CASPT2(2,2)
- CASPT2(4,4)

CASSCF(4,4)

Absorption (arb.)

L

5.0 - 5.5 6.0 6.5 7.0 7.5 8.0
E/eV

Figure 6.4: Wigner-sampled absorption spectrum obtained from 10000 points. All individual
transitions are broadened by a Gaussian with full-width at half-maximum (FWHM) of 0.1 eV.
The black solid line indicates the Wigner-sampled S; absorption for CASSCF(2,2) (scaled as
x0.5), while the other lines correspond to the spectrum contributions from the initial conditions
used in the actual dynamics only (i.e. a subset of 639 of the Wigner points). The initial
geometries yield lower initial energies for XMS-CASPT2(2,2) (light blue dashed) and XMS-
CASPT2(4,4) (green dotted) methods than CASSCF(2,2) (indigo solid), while the CASSCF(4,4)
(yellow dashdot) is much higher. Both (4,4) methods have a lower net cross-section.

black line in Fig. 6.4, and presents as a broad peak centred at = 6 eV, the vertical excitation
energy.

We chose initial conditions for the dynamics using a stochastic algorithm 2! inside a [5.8, 6.2]
eV window, a relatively large range reflecting the anticipated bandwidth when using a very
short pump pulse with an FWHM pulse duration under 10 fs (assuming Gaussian pulses).
All excitations were into the S; state'. In Fig. 6.4, we also show the spectra resulting from
the selected initial conditions but with the various electronic structure methods used in the
present study. CASSCF(2,2) predicts higher initial energies than either of the XMS-CASPT2
methods, which both predict an excitation centred around 5 €V, in better agreement with
experiments. The CASSCF(4,4) method, following Chapter 5, shows much higher excitation
energies. Notably, the (4,4) active space yields a lower oscillator strength in both CASSCF
and XMS-CASPT?2. As the initial momenta are the same but the potential energies are not,
each electronic structure method will result in a different total energy. This will certainly
affect long-term dynamics on the ground state. However, we only consider the short-time
non-adiabatic decay, which is dominated by the dynamics on the initially excited electronic
state and its potential energy surface between the Franck-Condon region and the conical
intersection (cf. Fig. 6.1).

iIn CASSCF(2,2) and XMS-CASPT2, this had |2ud0) character. In CASSCF(4,4), 81 of the 639 trajectories
had |2020) character. Running the dynamics starting on S, (with |2ud0) character) for these trajectories made no
appreciable difference to the S, population.
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Table 6.1: Fitting parameters for the sum of error functions fit (Eq. (6.1)) for each electronic
structure method tested. For CASPT2(2,2), a satisfactory fit is achieved with only two error
functions. The CASSCF(2,2) shows little (8 %) population transfer for the fast (= 30 fs) direct
pathway, while the other two show significant transfer. The final error function shows the
increase in time for the CASSCF(2,2) and CASPT2(4,4) and corresponds to the portion of the
wavepacket moving via the S; minimum pathway.

Function 1 Function 2 Function 3
Method t; / fs ay o /fsT 1, /fs a, ¢ /fsTt 15 /fs as c3/fs!
CASSCF(2,2) 27 0.06 0.45 38 0.41 0.38 44 0.38 0.11
CASPT2(2,2) 29 0.45 0.28 37 0.48 0.09
CASPT2(4,4) 33 0.31 0.22 44 0.33 0.42 54 0.24 0.14

Dynamics

With four viable electronic structure methods, we now analyse the differences in dynamics
starting on the S; state. All other parameters are kept identical for maximum consistency,
including the initial conditions, as discussed previously. We first consider the population
transfer. In doing this, we find that the CASSCF(4,4), which gave some suspect results even
in static analysis, gives qualitatively different results, and we only discuss it further in Ap-
pendix B.2. After that, we discuss the quantum yields for the remaining three methods, define
three separate reaction channels (decay pathways), and disentangle the population transfer.
We then discuss the molecular geometries visited by each set of trajectories, again examining
the differences between both methods and reaction channels, before finally discussing the role
of the velocity at the crossing geometry.

Populations

Three of the four evaluated electronic structure methods yield very similar results for the pop-
ulation transfer, as shown in Fig. 6.5. The CASSCF(2,2) and the two XMS-CASPT2 calculations
exhibit the same ultrafast S; to Sy decay, with > 80% of the S; population having decayed by
t = 60 fs. In contrast, CASSCF(4,4) exhibits a markedly slower and less efficient decay. This
immediately resonates with the previous analysis of the topography of the electronic states
shown in Chapter 5. In the interest of being concise, we shall leave the CASSCF(4,4) dynamics
to a brief discussion in Appendix B.2, focusing on CASSCF(2,2) and the two XMS-CASPT2
methods hereon.

The CASSCF(2,2) and XMS-CASPT?2 simulations find little population transfer to the S, state,
despite some non-adiabatic coupling in the vicinity of the S5/S; CI (Appendix B.1) encountered
well before the trajectories experience coupling to the Sy state. This lends further credence to
the analysis that the S,/S; intersection does not lead to significant population transfer (due to
its peaked character) and that the S; state has a mix of |2ud0) and |2020) character around the
S1/Sy conical intersection.

Some minor differences between the three similar population decays are present. The
CASSCF(2,2) and XMS-CASPT2(4,4) dynamics decay more slowly, with the largest population
transfer occurring at t = 40 fs. The XMS-CASPT2(2,2) decays quicker, with the main portion
of the transfer happening 10 fs earlier. Notably, XMS-CASPT2(2,2) gives a smooth rise, while
CASSCF(2,2) and XMS-CASPT2(4,4) have a distinct kink, albeit at different times and population

71



6. Dynamics of Norbornadiene

1.0 F T T T T T T =
— CASSCF(2,2)
== CASPT2(2,2)

0.8 [ ---+ CASPT2(4,4)

CASSCF(4,4)

c
206 |
3]
E
Q.
(@]
& 04
w

0.2 F

0.0 =

t/fs

Figure 6.5: The populations on the electronic ground state S, as a function of time calculated
using surface hopping and different electronic structure theories. The lines in the centre of
each shaded field indicate the bootstrapped mean population, and the shaded area indicates
one standard deviation. The XMS-CASPT2(2,2) (rose dashed line) rises quickly at = 25 fs,
while the CASSCF(2,2) (indigo solid) and XMS-CASPT2(4,4) (green dashed) start rising later
with a distinct kink, albeit at different times. The rise of these three methods slows at = 50
fs, reaching = 80% % att = 60 fs. The CASSCF(4,4) (yellow dashdot) results are strikingly
dissimilar.

values. For a more quantitative analysis, we fit the rises to a sum of error functions,

N

P = Y, 5 (erfle(t =) + 1), (61)

i

where Pg;(t) is the fitted population as a function of time, erf(¢) is the error function, and a;, ¢;,
and #; are fitting parameters. For each error function, g; (0 < g; < 1) corresponds to the amount
of population transfer, t; (> 0) the centre of population transfer, and ¢; (-2 < ¢; < 2) is the rate of
population transfer. The results are shown in Table 6.1. The choice of error functions as a fitting
basis is somewhat phenomenological, considering the Gaussian wavepacket approximation;
given a localised coupling region (like a conical intersection), the fraction of the wavepacket
which has experienced the coupling (and hence hopped, in our model) is given by an error
function centred at the time when the centre of the Gaussian hits the coupling region. We
mention that this model is clearly only appropriate in the short-term coherent limit, and more
statistical processes should dominate at longer times.

For CASSCF(2,2), the bulk of the population transfer occurs in the latter two error functions,
which make up 79% of the total 85% transfer. The small initial decay captured by the first error
function only makes up 6% of the transfer. In XMS-CASPT2(2,2), most of the transfer is in
the first rise, coinciding with CASSCF(2,2), with a slower decay occurring later. Only two
error functions give a satisfactory fit here, reflecting a lack of complexity compared to the
other two methods. XMS-CASPT2(4,4) shows a similar decay structure to CASSCF(2,2), albeit
slightly delayed, but has a much more substantial first decay, with over 30% of the trajectories
transferring. Notably, the final transfers have longer c values, indicating that the excited state
wavepacket becomes more spread later in the simulation.

72



6.3. Results

700 ' pm NBD EH QC BN ES |

CASSCF(2,2) CASPT2(2,2) CASPT2(4,4)

Figure 6.6: Numbers of trajectories in different pathways. The trajectories are sorted according
to simulation (electronic structure method) and their final destination (NBD, QC, and ES; see
text). The CASSCF(2,2) dynamics has the greatest number of trajectories ending up as NBD
(indigo, /-hatching), while CASPT2(2,2) has the most QC-ending trajectories (rose, +-hatching).
The CASPT2(4,4) yields intermediate numbers. All three simulations have under 20% of ES
trajectories at the end of the simulation (green, \-hatching)

Quantum Yields

It is helpful to identify three different reaction channels in the dynamics according to the
character of the trajectories at times close to the end of the simulation. Firstly, we determine
if the trajectories are still on the excited state at £ (With fg,; = 2200 a.u. (= 53 fs) for
CASSCF(2,2) and tg,);; = 2600 a.u. (= 63 fs) for the two XMS-CASPT2 methods). This time is
defined as the first point that the initial decay stops (see Fig. 6.5). If the trajectory is still on
the excited state, it is labelled as an ‘excited-state’ (ES) trajectory. The variation in ty,;; reflects
the subtly different dynamics, with XMS-CASPT?2 trajectories having lower velocities on the
excited state, leading to slightly slower decay dynamics.

Of the trajectories which have decayed down to Sy by #qpj;, we split these into two channels.
The first channel leads to NBD-like molecular geometries on the ground electronic state
(labelled NBD). This is a non-reactive channel, where the excited molecule returns to the ground
state via the S;/S conical intersection and reforms norbornadiene. According to spectroscopic
evidence, this seems to be the predominant pathway in long-time measurements.?° The second
channel yields QC-like geometries (labelled QC), quickly decaying to form quadricyclane. This
channel is the ‘reactive pathway’ to be optimised for photoswitch and MOST applications. We
split these two channels using the value of 7., at the end-point of the dynamics (= 80 fs), with
values above 2 A recognised as NBD-forming and values below as QC-forming trajectories.
This split is particularly evident at 80 fs, as this corresponds roughly to the time taken to decay
to the ground state and then make half of an oscillation in the ground-state potential energy
well. Since the conical intersections are located at roughly the midpoint between the two
isomers, this means that at this point, the two sets of trajectories achieve maximum separation.

The trajectories that remain on the excited state at the end of the simulations are more
likely to follow a statistical pattern than the two short-lived channels, which are distinctly
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Figure 6.7: The populations on the electronic ground state S, (as shown in Fig. 6.5) separated
according to trajectory outcome. The fraction of trajectories in each category is given in
brackets in the legend of each panel. The left panel shows the results for CASSCF(2,2), the
middle CASPT2(2,2), and the right CASPT2(4,4). All methods show an initial increase in
Sp population of QC-trajectories (rose dashed lines) at = 30 fs and NBD-trajectories (indigo
solid) at = 40 fs. Intriguingly, a second rise for the QC-trajectory populations is observed
for CASSCF(2,2) and XMS-CASPT2(4,4). The ES trajectories (green dotted) S, population is
shown as a dotted green line. This is mainly due to trajectories that have yet to decay onto the
ground state, but there is a small contribution from trajectories that hop back to the excited
state from the ground state.

non-ergodic. Notably, since the same conical intersections are accessed when exciting from
either isomer, only the rapid, non-ergodic channels are useful for controlling a photoswitch.
For ergodic processes, the outcome of the excited state dynamics is decided by the nature of
the conical intersection, which, since it is identical in both cases, leads to the same products.
We note that ergodic processes are sufficient for MOST applications, but it is crucial that the
conical intersections preferentially lead to the higher-energy isomer.

The distinctions drawn here are not the same as experimentally measured long-time quantum
yields; those will be affected significantly by dynamical and thermal processes on the ground
state. The electronic structure methods used in this study have not been extensively tested to
determine ground state properties (e.g. barrier heights and transition states), so we constrain
our dynamics to the excited state decay and the processes immediately after. On these short
time-scales, splitting the trajectories into those that immediately form QC or NBD allows for a
detailed analysis of the dynamics at the conical intersection. Finally, we also do not distinguish
between trajectories which decay through the ‘right-handed’ (positive r},) and ‘left-handed’
(negative rp,) conical intersections, as they are symmetrically equivalent geometries with
identical dynamics.

Fig. 6.6 shows the relative numbers of these three pathways for each electronic structure
method. The CASSCF(2,2) simulations show the least propensity for reaction, with most of
the trajectories returning to their NBD origins. On the other hand, the XMS-CASPT2(2,2)
simulations are the most reactive, with just over 60% of the trajectories immediately forming the
QC product. The XMS-CASPT2(4,4) results fall between the two, with 50% of the trajectories
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returning to the NBD reactant and 40% forming the QC product. All three methods have a
similar < 20 % ES channel, indicating that this system has a very coherent, fast decay.

To examine the decay characteristics of each channel, we turn to Fig. 6.7, which shows the
Sy populations for each method, split by reaction channel. Considering first the top panel
of Fig. 6.7, which shows the results for CASSCF(2,2), we see clearly that the NBD-ending
trajectories appear with a single rise at approximately 40 fs. The population for the QC-ending
trajectories exhibits more structure; a sharp initial rise at approximately 30 fs is followed by a
second rise at around 45 fs. The initial rise corresponds to a small group of trajectories that
immediately decay to QC, constituting around one-third of the QC-ending trajectories. The
later rise is somewhat slower than the NBD-ending ensemble. As expected, the ES trajectories
show little activity except for a slight increase around the 40-60 fs mark from ‘back-hopping’
trajectories, which hop to the ground state and immediately return to the excited state.

The results for XMS-CASPT2(2,2) are quite different, as shown in the middle panel of Fig. 6.7.
Here, the dominant QC-ending channel exhibits only one feature, which corresponds to a
coherent decay at early times — intriguingly on a similar time-scale to the early CASSCF(2,2)
QC-forming trajectories. The NBD-ending trajectories decay more slowly than in CASSCF(2,2),
with a notable tail. This confirms the results of the earlier fitting, finding that two error func-
tions adequately fit the populations. Finally, XMS-CASPT2(4,4) again exhibits an intermediate
version of the dynamics. The QC-ending trajectories have a similar double rise to CASSCF(2,2),
but the height of the two rises is flipped, while the NBD-ending trajectories are somewhat
coherently formed at later times, with the same tail seen as in XMS-CASPT2(2,2).

A closer analysis of the channel-separated population rises also shows the QC and NBD
channels often rise at the same time, reflecting that these processes are not entirely efficient;
the passage of a wavepacket through the intersection does not lead to all of the constituent
parts behaving identically. This feature is also seen later when analysing the velocities at the
crossing point.

As we used the same set of initial conditions for each electronic structure method, we can
investigate the dependence of the outcome on the initial condition. No statistically significant
correlation was found between the initial conditions and outcomes for different electronic
structure methods. This leads us to conclude that the primary factor in deciding the nature of
each reaction channel is the potential energy surface between the Franck-Condon region and
the conical intersection regions, and not a feature of the initial condition (as it is in Chapter 10).

Molecular Geometries

The dynamics of each trajectory, projected onto the (7., ;) plane, is shown in Fig. 6.8 (see also
Fig. 6.3 for specific stationary points in this plane). For clarity, we only show each trajectory
while it remains on the excited states. Immediately, we notice a distinct difference in the
shape of the overall dynamics for the three electronic structure methods considered. Starting
with CASSCF(2,2), the trajectories, which are excited in the region of r,. ~ 2.5 A and ryy, = 0
A, first reduce ., proceeding along the r,;; = 0 A line. Atr, ~ 2.0 A, the trajectories
split into two sets, one with positive and one negative r;,. Each set circles back, forming
a ‘fishhook’ structure. The NBD-ending and QC-ending trajectories disappear soon after
(indicating passage through the intersection to the ground state), while trajectories in the ES
channel oscillate with less discernible structure after the initial fishhook motion.

The XMS-CASPT2(2,2) trajectories, on the other hand, look significantly different. Both
QC- and NBD-ending trajectories seem to start more diagonally, almost immediately breaking
the symmetry around r,; = 0. The QC-ending and NBD-ending trajectories disappear soon
after at r.. = 2.0 A and r, = 0.5 A, again via the S;/S; conical intersection. The coherence
of these trajectories is clear, even in this reduced dimensionality representation, and agrees
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Figure 6.8: Trajectories plotted in the (7., r;p)-plane, with time as the parametric variable. The
key geometries are shown in Fig. 6.3. Each row shows a different electronic structure method,
and each column corresponds to a set of trajectories with the same destination (NBD/QC/ES,
see text). In all cases, the trajectories are only shown while they remain on the excited state.
Trajectories start from the cluster centred at r.. = 2.5 A and r,;;, = 0 A (i.e. the NBD Franck-
Condon region), and decay to the ground state at the S;/S, conical intersection (r,. =~ 2 A
and ry, = £0.5 A). The CASSCF(2,2) and XMS-CASPT2(4,4) agree broadly on the initial shape,
while the XMS-CASPT2(2,2) shows qualitatively different dynamics.
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nicely with the population decays discussed earlier. The ES trajectories are more spread out,
exhibiting less obvious coherence. Finally, XMS-CASPT2(4,4) (bottom panel) shows the same
‘fishhook’ structure as CASSCF(2,2), albeit a bit more spread out.

The two extreme cases, CASSCF(2,2) and XMS-CASPT2(2,2), correspond to either the
rhombic character increasing later or immediately, are shown schematically in Fig. 6.2, and
can be understood by reference to an analysis of the topography of the excited state potential
energy surfaces as shown in Fig. 5.11 and Chapter 5. The local C,, symmetry S; minimum
atr,. ~ 2.1 A and r,, = 0 A, which is present in both CASSCF(2,2) and XMS-CASPT2(4,4),
helps to confine the wavepacket in the region between the conical intersection and the FC
region in the excited state. The wavepacket is thus tightly bunched with only little rhombic
distortion. In XMS-CASPT2(2,2), which does not have this minimum, the potential energy
surface is ridged along r,;, = 0. This cleaves the wavepacket much earlier in the dynamics,
giving a more direct mechanism.

The two dynamical pathways are seen in the left- and right-hand sides of Fig. 6.1. The
XMS-CASPT2(2,2) potential is notably steeper on the S; state around the conical intersection
and also drops just after the S; minimum. This clearly agrees with the previous point, with
the dynamics able to break the symmetry much earlier. The other two methods, CASSCF(2,2)
and XMS-CASPT2(4,4), show much more proclivity to stay in symmetrical geometries due
to a subtle barrier, which can be seen between the S; minimum and the conical intersection
in Fig. 6.1. This argument is also lent credence by the slightly less deep minimum in XMS-
CASPT2(4,4) (cf. Fig. 6.1), explaining the intermediate nature of these dynamics — the minimum
does not confine the dynamics quite as strongly as in CASSCF(2,2), but does not spread as
strongly as in XMS-CASPT2(4,4). After passage through the intersection, the dynamics is
relatively simple; the trajectories are funnelled towards the ground state minima.

Geometries and Velocities at Crossing

To link the individual nature of each trajectory on the excited state to its final destination,
we examine the molecular geometry and the velocity vectors at the instant of hopping to the
electronic ground state (S; — Sy). For the ES trajectories, we examine the point of closest
energy separation to the ground state during the first 50 fs to decipher the specific causes that
may prevent these trajectories from reacting. Figure 6.9 shows the crossing geometries split
according to method and destination.

The CASSCF(2,2) hopping geometries are tightly grouped, with two lobes centred atr.. = 1.9
Aandr., =~ +0.4 A (cf. the S;/Sy MECI in Fig. 6.3). The NBD-ending trajectories are particularly
compact, while the QC-ending trajectories are spread towards larger r.. values. Manual analysis
of the QC-ending trajectories indicates that many of them pass to the ground state at the
second crossing, with the crossing very soon after the first (non-hopping) crossing. This keeps
them on the excited state slightly longer and prejudices towards QC formation. For the ES
trajectories, the points of closest separation are distributed randomly across the entire 1, axis,
reflecting that those particular trajectories simply miss the conical intersection without any
further unifying feature.

The XMS-CASPT2(2,2) shows a much larger spread in 7. and seems also to exhibit a definite
increase in .. for the QC-ending trajectories. This may appear counter-intuitive, as one
would expect that QC-ending trajectories would pass onto the ground state closer to the QC
ground-state minimum at lower values of r,., but we later see that the velocity plays a larger
role. The XMS-CASPT2(4,4) crossing geometries look more similar to the CASSCF(2,2), with
two tight groups and small tail to longer r... In both XMS-CASPT2 methods, trajectories cross
at slightly larger values of r,, as per the MECI optimisations shown in Fig. 6.3.
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Figure 6.9: The values of 7. and ry}, at each crossing geometry (for trajectories leading to NBD
(indigo circles) or QC (rose squares)), or point of minimum energy separation between S; and
Sp for ES trajectories (green diamonds). Left: CASSCF(2,2). The crossing geometries are closely
grouped around 7. = 1.9 A and r}, + 0.4 A (cf Fig. 6.3). The ES trajectories have minimum
energy separation points distributed across r,. Middle: XMS-CASPT2(2,2). The crossing
geometries are more spread in 7., and have slightly larger r;,. QC-ending trajectories have
larger r... Right: XMS-CASPT2(4,4). The geometries are grouped similarly to CASSCF(2,2) but
with a slightly larger r... QC-ending trajectories have slightly lower ry,.

In Fig. 6.10, we show the crossing (or point of nearest separation for ES trajectories) velocities,
depicted as vectors in the (r..,7q,) plane. The vectors are centred at the crossing time, shown
on the x-axis, and crossing double-bond length along the y-axis, and are plotted separately
for each set of trajectories. We reiterate that NBD has a high value of 7. and a low value of
rap, while QC has the opposite, and, thus, we have included arrows in Fig. 6.10 indicating the
approximate velocity needed to create QC and NBD from the conical intersection. Further
analysis of the rest of the dynamics in the rg}, coordinate is shown in Appendix B.2.

Examining the results for XMS-CASPT2(2,2), the initial early dynamics splits the wavepacket
and sends the trajectories directly to the conical intersections. We see this clearly with the
group of trajectories at ¢t = 30 fs all pointing towards QC, with decreasing r,. and increasing
r4p- The direction, which is well aligned with the X vector in the branching plane, causes a
highly efficient transfer to the ground state as per the prediction of Fdez. Galvan et al. that
non-adiabatic transitions should be particularly strong along X.”® This rationalises the earlier
observation that the QC-ending trajectories hop at relatively large, more NBD-like 7. values
(see Fig. 6.9); they maintain their momentum on the ground state, overcoming the potential
energy barrier separating QC and NBD, and continue to the QC ground state.

The CASSCF(2,2) trajectories, on the other hand, predominantly turn around before hitting
the conical intersection, as shown in Fig. 6.8. Their velocity, now directed towards positive
rec and negative rgp, pushes the trajectories towards the NBD ground state, increasing the
formation of NBD. This is seen in the top panel of Fig. 6.10, where a group of indigo arrows
can be seen at t = 40 fs, all pointing down and right, aligning with the NBD forming vector.
This delineation in this analysis is clear, and one can even see that the slower QC-forming
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Figure 6.10: Velocity vectors. The base of each vector represents the S;/S, crossing times
(x-axis) and rg}, values (y-axis) split into methods (rows) and result (colour: NBD indigo, QC
rose, and ES green). The direction of the vector represents the velocity, with 7. along the
x-axis and 74, along the y-axis. For clarity, the approximate velocity needed to form QC and
NBD from the S;/Sy Cl is indicated as the black vector — alignment with these vectors indicates
motion towards the respective isomer at the point of crossing. ES trajectories are shown at
the point of minimum energy separation from the ground state. Top: CASSCF(2,2). The NBD-
forming trajectories coherently form at 40 fs, with crossings having 7. > 0 and 7g, < 0. The
QC-forming trajectories have either negative or zero r,., but positive 74,. Middle: CASPT2(2,2).
The QC-forming trajectories form early, all having 7. < 0, while the NBD-ending trajectories
are later. Bottom: CASPT2(4,4). This panel shows features of both previous panels. This figure
is also shown more clearly separated in Fig. B.17.
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trajectories in CASSCF(2,2) (at = 45 fs) show an increasing ryp, clearly separating them from
the NBD-forming trajectories.

Finally, the XMS-CASPT2(4,4) trajectories show a mixture of the behaviour of the other two
methods, aligning nicely with all other observations of this being the intermediate case. These
results, combined with the insights from the analysis of the populations and excited state
geometries, explain the difference in quantum yield between the simulations. Trajectories
that have been ‘reflected” before the intersection have velocity pushing them towards the
NBD ground state, and so do not react. In contrast, trajectories that continue directly to the
intersection carry velocity towards QC, and so do react.

These results are opposed to what might be expected from a purely static (or topographical)
analysis of the conical intersections (cf. Table 5.2). The XMS-CASPT2(2,2) surface indicates a
purely ‘single-path’ intersection, with only one local minimum in the direction of the NBD
ground state minimum and a (small) barrier in the direction of the QC ground state minimum.
The prediction from this would be the formation of only ground-state NBD, without any QC.
However, as the XMS-CASPT2(2,2) trajectories approach directly from the Franck-Condon
region (i.e. the NBD ground state), the momentum is directed away from NBD. This leads to
them passing through the intersection with enough kinetic energy to pass over the barrier,
directly forming QC as a photoproduct. CASSCF(2,2) and XMS-CASPT2(4,4), on the other
hand, predict a ‘bifurcating’ conical intersection, with a minimum both in the direction of the
QC and NBD ground state minima, suggesting the formation of both products. However, the
pre-conical intersection dynamics aligns the trajectories back towards the NBD ground state,
preferentially forming NBD.

For the slower trajectories, when the energy has had more time to disperse among all of the
vibrational coordinates, the intersection’s topography should have a more significant role. In
this case, the velocity inside the branching plane will be decreased, and the dynamics inside
the branching plane will be more affected by the gradient of the conical intersection. We do
see some evidence of this in the lack of a second decay in the XMS-CASPT2(2,2) QC-ending
trajectories (see Fig. 6.7). The slower trajectories are more liable to follow the ‘single-path’
conical intersection to form NBD. This effect is not present in either the CASSCF(2,2) or
XMS-CASPT2(4,4) trajectories with bifurcating intersections, where slower trajectories do
form QC.

Ab Initio Multiple Spawning

As the CASSCF(2,2) method is very efficient, frozen Gaussian methods are computationally
tractable. Here, we use ab initio multiple spawning (AIMS), as described in Chapter 2. As
the dynamics occurs on identical surfaces, the pre-hopping dynamics is identical for surface
hopping and AIMS.

In Fig. 6.11, we show the S, population for the AIMS dynamics compared with the surface
hopping (labelled dTSH) performed with identical initial conditions and electronic structures.
It is immediately apparent that the surface hopping dynamics decays approximately 10% more
than the AIMS dynamics, showing a very similar overall shape. This difference is quite a
significant deviation, indicating that even this relatively simple decay, with only one crossing
region, can cause disagreements between dynamics methods. The difference in decay was not
caused by an increased population on the S, state, with both methods agreeing that it remains
very marginally populated.

Unfortunately, AIMS is a somewhat opaque algorithm with many user-set parameters,
making it hard to be sure one has converged. We used values for the various thresholds that
are identical to, or better than, those suggested by Lassmann and Curchod,?! and tested
extensively to try to identify any specific threshold we would have set ‘incorrectly’. Variation
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Figure 6.11: Sy population for EDC surface hopping (dTSH, indigo solid line) and AIMS (rose
dashed line), both calculated with CASSCF(2,2)/p-cc-(p)VDZ and identical initial conditions.
The AIMS population decay is notably lesser than in surface hopping, reaching an asymptotic
value of = 0.7 at its final time of 60 fs. Other than that, the overall shapes of the decay are
similar. Populations are estimated by bootstrapping, with the central line indicating the mean
and the coloured region one standard deviation.

of the different parameters and thresholds leads to an (at most) 1% increase in the Sy decay
rate, slightly, but not significantly, improving the agreement with surface hopping. As surface
hopping is effectively a parameter-free algorithm (with only C in the EDC (Eq. (2.44)) being
variable), we are confident that the results have converged to their theoretical limit.

Aside from the populations, we can also examine the quantum yields and geometries of AIMS.
As the amount of decay is decreased, the amount of NBD-ending and QC-ending decreases,
with quantum yields of NBD = 0.50, QC = 0.18 and ES = 0.32. To compare the quantum yields,
we therefore use the ratio of NBD:QC, finding that the AIMS calculations return a ratio of
NBD:QC = 2.88, compared to a ratio of NBD:QC = 2.75 for the surface hopping calculations,
indicating close agreement. Thus, we infer that the disagreement between surface hopping
and AIMS is just that initial coherent decay is less strong, but the underlying dynamics of the
different channels remains quite similar. This is understandable when considering that AIMS
and surface hopping propagate on the same surfaces, and the continuous vs. discrete nature of
the population transfer in the two methods. A more detailed analysis of the other properties
is possible (e.g. bond lengths), but this leads to almost identical results to the surface hopping,
with the differences only relating to the difference in the decay amplitude, rather than any
qualitative changes in the dynamics.

6.4 — Conclusions

To summarise, the mixed-quantum-classical dynamics of photoexcited norbornadiene (NBD)
has been simulated using four different levels of electronic structure theory. The destination
of individual trajectories is first and foremost affected by their evolution on the excited state,
before passing through the conical intersection. QC-forming trajectories generally have a
decreasing wing-separation at the hopping geometry, while NBD-forming trajectories exhibit
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an increasing wing-separation. This observation is consistent across all electronic structure
methods considered, although the individual branching ratios change due to the prior dynamics.
In slower trajectories, there was some evidence that subtle differences in the topography at
the intersection had some effect on the outcome.®? This dovetails with previous studies, which
show effects on the decay outcomes either from different initial conditions (either positions
or momenta) 43,217,218 light interaction, 2197221 or substitution. 3?22 Here, we show this by
changing the potential energy surfaces but keeping all else constant. Aside from anything else,
this stresses the need to perform a full dynamics simulation to predict quantum yields, and
that static analysis of the potential energy surfaces alone cannot reliably predict the dynamics.

Of the four electronic structure methods, CASSCF(4,4), which has been used previously, 33,188
was excluded from more careful analysis due to it having quite different results in the dy-
namics. In the remaining three methods, the CASSCF(2,2) and XMS-CASPT2(4,4) dynamics
broadly agree regarding both populations and molecular geometries. The initially excited state
population, which decays within 60 fs, proceeds via a rhombic S;/S; conical intersection to
the ground state, forming more NBD than QC. The initial dynamics occurs primarily along the
i = 0 dividing line, before the trajectories are reflected and break the symmetry to approach
the conical intersection (CI). Upon passage through the CI, the trajectories appear in the QC
or NBD ground state minimum within 80 fs of the initial excitation.

The XMS-CASPT2(2,2) simulations give similar population decays but strikingly different
dynamics, despite using the same active space as CASSCF(2,2). The dynamics immediately
breaks the symmetry and proceeds directly to the conical intersection. On the ground state, the
trajectories decay to the two separate minima as in the other methods, but QC is preferentially
formed. Due to the results of Chapter 5, in particular the comparison with MRCI+Q and
LR-CC3, we believe that a S; minimum does exist, and therefore the real-life dynamics are
likely to be more similar to the CASSCF(2,2) and XMS-CASPT2(4,4) dynamics. However, the
XMS-CASPT2(2,2) dynamics provide an exciting example of just how significant a difference
can be found from only marginally different potentials.

The close comparison of the dynamics leads to insights into possible routes for the engineer-
ing of substituted molecules suitable for various applications. Even though we suspect it to be
incorrect, we can see that that dynamics akin to XMS-CASPT2(2,2), along a more ‘ridged’ po-
tential energy surface (with a maximum along the r;, = 0 line), directs the wavepacket directly
to the CI and causes the efficient, coherent formation of QC. We could utilise this principle
in ‘designing’ molecules, engineering the potential energy surfaces to favour this pathway.
Indeed, the current state-of-the-art molecular systems have asymmetric substitution,?°, and
this mechanism could already play a part in their effectiveness.

Finally, we compared the calculations of CASSCF(2,2) to AIMS dynamics, finding that the
surface hopping dynamics predicted a significantly more rapid decay to the ground state.
Otherwise, the predictions of the methods are in close agreement, with similar quantum
yields and geometries observed. It is currently unclear whether the AIMS calculations have
converged to the parameter limit, but if they have, this discrepancy encourages the completion
of more tests on how the addition of nuclear quantum effects changes this reaction, for example,
using ab initio multi-configurational Ehrenfest dynamics®” or variational multi-configurational
Gaussian dynamics“®. Finally, greater knowledge of the dynamics after photoexcitation of QC
would allow for a better understanding of how dynamics before passage through the conical
intersections affects the end products, and is explored in Chapter 8.

The work in this chapter used the same initial conditions for all methods, primarily to isolate
the differences between the excited state potential energy surfaces from the description of the
ground state minimum. Limited initial testing shows that the dynamics of XMS-CASPT2(2,2)
are affected by using Wigner sampling at the XMS-CASPT2(2,2) level, with a marginally slower
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population decay and slightly lower proportion of QC formation. It does not, however, change
the geometry dynamics seen in Fig. 6.8, nor does it change the qualitative picture seen in the
dynamics. This indicates that the CASSCF(2,2) Wigner-sampling is suitable to understand the
dynamics of these methods, as well as allowing for a much closer comparison of the dynamics.
We mention that we expect these issues to be largest in the XMS-CASPT2 dynamics, and are
therefore not the reason that the CASSCF(4,4) dynamics is so divergent.

In summary, we have presented a series of simulations of the non-adiabatic dynamics of
photoexcited norbornadiene. We anticipate that our analysis and predictions of the photoex-
cited dynamics will be challenged and complemented by future measurements using ultrafast
time-resolved spectroscopic 23224 and scattering 14225226 experimental techniques. There-
fore, in the next chapter, we use these dynamics to predict these variables and comment on
what can, or cannot, be observed in these experiments.

83






7

Ultrafast Experiments on Norbornadiene

Comparison with experimental measurements is a cornerstone of validation of theoretical
models. Converging non-adiabatic dynamics simulations is challenging at best, and at worse
impossible. On the other hand, ultrafast experiments provide true results, in the sense that the
underlying dynamics is the actual dynamics of the molecule. However, ultrafast experiments
project complex multi-dimensional dynamics onto lower-dimensional observables, and a
significant amount of information is invariably lost in this process. Further, experimental
measurements are inherently limited in terms of their resolution, not to mention the innate
technical challenges of performing practical work. Therefore, attempting to deduce the
underlying dynamics of a molecule purely experimentally is incredibly challenging.??’ Instead,
most experiments rely on extensive comparisons to theoretical simulations.

It is therefore common to publish ultrafast experimental results alongside theoretical calcu-
lations, often including full non-adiabatic simulations of the dynamics. 1-131:135,140,143,228-230
Published papers almost always demonstrate close agreement between the theoretical pre-
dictions and the experimental data, with little consideration of confirmation bias. Therefore,
our guiding question is: does this agreement actually imply that the theoretical dynamics are
correct?

For this comparison, we use the four sets of simulations of Chapter 6 to predict time-
dependent observables. We then attempt to determine for each observable the key features it
is sensitive to. In a sense, we are using the dynamics as a set of four plausible experimental
results, trying to see what can be understood about the dynamics purely from the experimental
observables. Given that we know exactly what happens in these dynamics, we can then
evaluate our predictions. The differences between the four sets of simulations range from
rather subtle, e.g. comparing CASSCF(2,2) and XMS-CASPT2(4,4), all the way to qualitatively
different. e.g. CASSCF(2,2) vs. CASSCF(4,4).

To understand exactly how the results differ, we can separate the experimental predictions
into their component channels. For example, we can analyse how the NBD-forming channel
differs from the QC-forming channel, and whether those differences are consistent between
electronic structure theories. In particular, we highlight how each experimental technique
provides information about a different facet of the system. Here, we show x-ray scattering'
and photo-electron spectroscopy, two very popular methods for ultrafast dynamics.

Ultimately, this chapter not only aims to increase our understanding of the relationship
between theory and ultrafast experiments, but also to advocate for a more critical perspective
on the conclusions derived from combined theory-experiment studies. We also recommend
multi-modal approaches in ultrafast experimental studies, recognising that only the combined

'We do not show results for electron scattering as the independent atom model, which is the primary model
used here, shows primarily quantitative differences in electron and x-ray scattering (see Appendix A and Ref. 231)
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information gained from complementary techniques allows us to understand these complex
phenomena.

7.1 — Computational Details

All calculations of observables used the dynamics detailed in Chapter 6 for the underlying
geometries and electronic wavefunctions (see computational details therein). The x-ray scat-
tering cross-sections used the independent atom model (IAM) with form factors taken from
the International Tables of Crystallography.?3? These calculations were performed for every
time-step using a grid of 0 < ¢/ a.u. < 10, with a spacing of 0.05 a.u (1 a.u. = 1.89 A1), for the
momentum transfer. For the fixed initial reference (see Eq. (7.8)), we used the ground state
Wigner sampled ensemble (10000 points, see Chapter 6), calculated at the CASSCF(2,2)/p-cc-
(p)VDZ level. Ab initio scattering calculations were performed using our in-house code. The
calculations used Cartesian basis functions, which gave energies and wavefunctions similar to
spherical basis functions. The ab initio scattering calculations are far more computationally de-
manding than IAM, and were thus performed every 100 a.u. (= 2.4 fs) on a momentum-transfer
q grid half as dense as for the IAM calculations. Similarly, the ab initio scattering calculations
were only performed for a representative 50% of the CASSCF(2,2) dynamics ensemble, using
the CASSCF(2,2) electronic structure for the wavefunction.

Photo-ionisation energies were calculated by a ‘A’ method, made by calculating the (doublet)
ionic states and taking the absolute energy differences with respect to the singlet states (see Sec-
tion 4.3). We used the corresponding ionic electronic structure for each set of dynamics, found
by removing one active space electron. This gives SA(2)-CASSCF(1,2) for CASSCF(2,2), XMS(2)-
CASPT2(1,2) for XMS-CASPT2(2,2), XMS(4)-CASPT2(4,4) for XMS-CASPT2(4,4) and SA(4)-
CASSCEF(3,4) for CASSCF(4,4). The state-averaging was chosen to ensure all available channels
were seen. The p-cc-(p)VDZ basis, with density-fitting or Cholesky decomposition, was used
for all electronic structure calculations. The CASSCF calculations used Molpro 2022.2%12 the
XMS-CASPT2(1,2) calculations OpenMolcas v23.02°!, and the XMS-CASPT2(3,4) calculations
Bagel%® (commit 800fbe2). Further details on the electronic structure theory can be found in
Chapters 5 and 6).

Photo-electron cross-sections were calculated using the Dyson norm method, using the
norm of the Dyson orbital between the neutral and ionic states as a relative cross-section
(see Section 4.3). For XMS-CASPT?2, these were performed using the PM-CASSCF states
described in Section 3.4.233 The author knows of no implementation of Dyson orbitals for
full XMS-CASPT?2 wavefunctions currently available, so no definitive benchmarking can be
performed, but other properties show acceptable agreement when using the PM-CASSCF
wavefunctions.?3* Calculations were performed every 20 a.u. (= 0.5 fs) concurrently with the
trajectory propagation, ensuring the correct wavefunction was used. The neutral wavefunction
was used as the initial guess for the ionic wavefunction.

7.2 — Experimental Resolution
For Gaussian pulses, the time-bandwidth product Pt s given by
P = AEAt > 4hIn2 (7.1)

where AE and At are the full-widths-at-half-maximum (FWHMs) in energy and time respec-
tively. This relation, which is equivalent to the energy-time uncertainty principle, limits the
resolution of the overall measurement.
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In the previous section, we used a top-hat excitation window between 5.8 and 6.2 eV. To
make the following calculations easier, we will use a Gaussian of equivalent variance to this
function, which gives a Gaussian FWHM of

AE = | gln(z) X% (7.2)

where % is the full width of the top-hat function, here 0.4 €V, giving AE = 0.2719 eV.
Henceforth, we shall assume that all pulses are Gaussian, and all pulses are Fourier-limited
(i.e. they satisfy the equality in Eq. (7.1)). For the excitation pulse studied, this gives a FWHM in
time of At,, ~ 6.7118 fs, where the ‘pu’ indicates this is the pump pulse. As we cannot change
the dynamics ex post facto, we must use this (or worse) time resolution in our predictions. On
the other hand, the probe pulse (labelled as ‘pr’) can be changed after performing the dynamics,
as the dynamics does not depend on its value. The overall time uncertainty of the experimental
setup is the cross-correlation of the pump and probe pulses, which gives a Gaussian with

At = J(Atpu)z + (Abyp)2. (7.3)

This value is the minimal uncertainty in time of the entire measurement process, and in

experimental comparisons, we will broaden the signal by this width. In contrast to time, the

energy uncertainty of the pump pulse has already been accounted for in the selection process

for the dynamics and, hence, need not be considered further. Therefore, the energy uncertainty

we use to broaden the measurement process is simply given by the probe pulse, i.e. AE = AE,,.
For total x-ray scattering, the uncertainty in momentum transfer Aq is given by

_gAE

A 5
q E,

(7.4)
where E is the mean energy of the x-ray pulse. Most modern x-ray scattering experiments
occur in the ten keV range, and so even with a very narrow time-uncertainty (e.g. A, =1
fs, giving AE,; = 1.82 €V and the total time-resolution At ~ At,,), the overall uncertainty
in the measurement is very low, at approximately Ag/q = 10~%1 In the calculations, we
use a grid size larger than this value, so the effect of energy uncertainty on total scattering
experiments can be neglected. Further, pulses in the Af,, = 1 fs range are available currently
at XFELs, 2397238 at Jeast in the soft x-ray range.

In time-resolved photo-electron spectroscopy, the picture is simpler. From Eq. (4.34), the
error in the measured binding energy Ejp is given by

ABp = \J(AEy)? + (AFgp)? (7.5)

where Egg is the electron kinetic energy. If there is minimal uncertainty in the measurement
of electron kinetic energy (i.e. AEgg = 0), then the uncertainty in the binding energy is simply
the uncertainty in the probe pulse.

To perform the broadening in time, we use a convolution, defined as

o(t) = /°° o(r)gt — 7, At)dr, (7.6)

where o(t) and o(¢) are the original and convolved observables (here differential scattering
cross-section or photo-ionisation cross-section), and g(t, At) is a normalised Gaussian of
FWHM At. This is performed for each value of q or E, depending on the observable.

iThe LCLS facility currently advertises AE/E = 107323
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Figure 7.1: Percent-difference total x-ray scattering for the S; local minimum (rose solid lines),
the S;/Sy MECI (green dotted lines) and the QC ground state minimum (purple dashed). All
three geometries are quite reminiscent, reflecting that all involve distortion in the r,. direction
(see Fig. 6.3). All patterns use the IAM for the scattering and geometries calculated using
CASSCEF(2,2).

As described, the scattering pattern is calculated without broadening, using Eq. (4.2). The
photo-electron spectrum is broadened according to the formula

Mr"‘j ]Vion

ot E) =) . laif(Ru(t)Pg(E, AEyy), (7.7)
u f

where Nip,; is the number of trajectories, Njo, the number of ion states, g;¢(R,(t)) is the Dyson
orbital between neutral active state i and ionic state f at nuclear geometry R,, which is a
function of time ¢ for each trajectory u. Again, g(E, AE,,) represents a Gaussian, but this time
in energy, with FWHM AE,,; determined by the theoretical pump pulse.

7.3 — X-ray Scattering

Scattering calculations are ubiquitously shown as a percent-difference, A%I(t, q), which is given

by
I(t,q) — It < 0,q)

I(t < 0,q9)

A%I(t,q) = 100% - (7.8)
where I(¢) is the scattering signal at pump-probe delay time . This is the difference in
scattering between a given time and the initial state (before the interaction with the pump
pulse), modulated by the strength of the signal and expressed as a percentage.

For reference, in Fig. 7.1 we show the x-ray total percent-difference scattering signal at
the S; minimum, the QC minimum and the S;/Sy MECI, relative to the NBD minimum. The
signals all start at A%I = 0 at ¢ = 0, as all samples show the same value of scattering (i.e.
I(t,q=0) = Ng = 2500). After that, the individual geometries show similar patterns, with the
two primary features being the peak at ¢ = 1.5 A7 and the trough at ¢ = 2.5 A_l, which we
will take to be the signatures of the motion away from the NBD minimum. The differences get
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Figure 7.2: Percent-difference scattering patterns for the four ensembles. Top left: CASSCF(2,2).
Top right: XMS-CASPT2(2,2). Bottom left: XMS-CASPT2(4,4). Bottom right: CASSCF(4,4).
All patterns show a strong feature at = 40 fs corresponding to passage through the conical
intersection, but differ at long times due to different quantum yields.

less pronounced at higher values of momentum transfer, as the scattering patterns all converge
to their large momentum transfer limit (i.e. I(t,q = o) = N, = 50).

We show the scattering patterns for the individual dynamics ensembles in Fig. 7.2. At very
early times, the patterns all have A%I = 0, indicating their proximity to the reference pattern,
the Wigner-sampled NBD ground state minimum. At around ¢ = 30 fs, all sets exhibit a strong
negative feature at around g = 2 A™", with a smaller positive feature appearing at g = 1.5 A
This is due to the motion of the wavepacket away from the Franck-Condon region towards the
S1/Sy MECI and S; minimum geometries, as discussed in earlier chapters (see Fig. 7.1). We note
that it is difficult to differentiate between the signals from CASSCF(2,2) and XMS-CASPT2(2,2),
despite the notably different dynamics of the two ensembles (see Chapter 6).

Att = 30 fs, the wavepacket begins to decay to the ground state and split into the respective
final products. The CASSCF(2,2) and XMS-CASPT2(4,4) ensembles show an apparent down-
ward tilt of the strong negative feature, clearly splitting into two features. XMS-CASPT2(2,2)
shows this feature splitting but staying at higher momentum transfer values. This matches
well with the results in Chapter 6, with the XMS-CASPT2(2,2) ensemble showing significant
differences at this point to the CASSCF(2,2) and XMS-CASPT2(4,4). Finally, the CASSCF(4,4) en-
semble shows an almost oscillatory feature, reflecting the much longer excited state dynamics
(see Appendix B.2).

Towards the end of the simulations, the CASSCF(2,2) shows both lower signal strength and
a negative feature at ¢ = 0.5 A_l, a strong indication that the system has returned to where it
started in NBD. In contrast, XMS-CASPT2(2,2) shows a much stronger overall signal and a
positive feature at low momentum transfer, indicating the formation of QC, as clearly shown
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Figure 7.3: X-ray total scattering, separated into electronic structure method (rows:
CASSCF(2,2) top, XMS-CASPT2(2,2) middle, and XMS-CASPT2(4,4) bottom) and reaction
channel (columns: NBD-ending left, QC-ending middle, and ES right). The differences between
the reaction channels are clear throughout for the different dynamics ensembles, but the
differences between electronic structure theories within each reaction channel are more subtle.

in the static patterns of Fig. 7.1. Pleasingly, the XMS-CASPT2(4,4) shows a signal somewhere
in between, perhaps slightly favouring the more similar dynamics of the CASSCF(2,2).

To understand how the individual features arise, we plot the scattering patterns separated
into different reaction channels in Fig. 7.3 (details given in Chapter 6). Here, we do not plot the
CASSCF(4,4) ensemble, as it does not neatly fall into the same set of reaction channels. The
first column shows the NBD-ending trajectories for each of the different electronic structure
methods, showing that the overall structure of these patterns is exceptionally similar, with
similar behaviour seen across the entire range of time and momentum transfer.

The QC-ending trajectories (middle column, Fig. 7.3) show some separation, with the
CASSCF(2,2) and XMS-CASPT2(2,2) trajectories showing a notably different shape att = 55 fs.
This reflects the differing nature of the two sets of QC-ending trajectories in the two methods,
with CASSCF(2,2) showing a less direct pathway than XMS-CASPT2(2,2). XMS-CASPT2(4,4),
which showed both paths in the dynamics, again shows a pattern with features of both others.
The ES trajectories all show a similar oscillation, again indicating the motion around the
central part of the potential energy surfaces, not yet forming either ground state isomer.
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Figure 7.4: Ab initio scattering. The total x-ray scattering for CASSCF(2,2) dynamics. Left: full
ab initio percent-difference signal. Centre left: ground state ab initio percent difference signal
(labelled Sy). Centre: IAM percent difference signal. All three plots look reassuringly similar.
Centre right: ground state vs full ab initio double difference signal. The overall magnitude of
this signal is minimal, indicating few electronic effects present. Right: IAM vs full ab initio
double difference signal. The discrepancies are much larger but still under +2% difference,
approximately 10% of the total percent difference signal.

One of the benefits of scattering experiments is the uniform cross-section — all parts of the
wavepacket scatter with probability equal to their density, and there is no bias towards specific
geometries. Along with the clear separation of the different reaction channels in Fig. 7.3, this
could potentially allow ultrafast x-ray scattering experiments to disentangle the quantum
yields of the process, even if it could not directly show the details of the excited state pathway.

However, it is difficult to imagine that a scattering experiment could pick out the nuanced
differences shown in the early-time dynamics of the CASSCF(2,2), XMS-CASPT2(2,2) and
XMS-CASPT2(4,4) ensembles. The early-time patterns of each ensemble are very similar,
indicating a general lack of sensitivity of ultrafast x-ray scattering to very subtle changes in
structure.

Electronic Effects in X-ray Scattering

As discussed in Section 4.2, the x-ray total scattering cross-section is the Fourier transform of
the two-electron pair-distribution function. Despite this, much of the signal is related to the
nuclear positions, as the electron-electron distances are often closely related to the interatomic
distances (e.g. for core electrons). Here, we ask whether there are features in the scattering
that are related to electronic effects in the signal. These range from state-specific effects, which
we define as being due to the different densities between electronic states, to more general
effects arising from changes in chemical bonding and correlation at different geometries.

In Fig. 7.4, we show the x-ray scattering pattern calculated in three different ways: The
leftmost plot shows the full ab initio scattering signal (see Appendix A), calculated using
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cm(t) = &y, in Eq. (4.2), ie. the signal from the active state. This represents our ‘best
prediction’. Second from left is the ‘S’ scattering signal, found by performing the ab initio
scattering but using the ground state density, i.e. ¢y(t) = 1 if m = 0 in Eq. (4.2). This becomes
identical to the full ab initio signal as the wavefunction decays to the ground state, as the
calculations use the same density. Clearly, any differences between these two signals arise
purely from the difference in electron density between the two electronic states. Finally, third
from the left are the IAM results. These differ as the electrons are directly tied to ‘their’ nucleus
and cannot distort due to bonding or correlation effects. Additionally, the IAM signal does not
change with different electronic states. The difference between this and the previous signals
is, therefore, both a state-specific effect and a reflection of the inadequacy of the IAM.

The three patterns are very similar to the naked eye, with only minor differences. Therefore,
on the right of the figure, we show the double-difference scattering, defined as

AA%I(t, q) = A%I(t, q) — A%I™(t, @), (7.9)

the difference between a percent-difference pattern and a reference (here, the full ab initio
scattering pattern).

Second from the right (Fig. 7.4) is the double-difference for the ground state signal, with the
differences exclusively down to differences in the electronic contributions from the excited
electronic states as compared to the ground state. This signal is small, indicating that electronic
effects in the scattering signal are subtle, showing well under 1% in the double-difference
pattern (i.e. 5% of the total variation in the percent-difference signal), and primarily present at
early times when the electronic wavefunction is most diffuse. The fading of the difference at
longer times occurs when the wavefunction of the dynamics returns to the ground state, at
which point the ‘ab initio” and the ‘S’ signals become identical.

On the far right of Fig. 7.4 is the double-difference for the IAM. As expected, the IAM
shows much more significant deviation than the ground state signal, peaking at over 2% in
the double difference (i.e. > 10% of the total variation in the percent-difference signal). It is
also interesting to note that the IAM shows its most significant deviation at = 40 fs, when the
trajectories reach the conical intersection. This is perhaps unsurprising, since the complex
nature of the wavefunctions around the conical intersection cannot possibly be well described
by the simple independent atom model.

Overall, there are electronic effects in x-ray scattering, but they are small compared to the
absolute magnitude of the signal. This both confirms the utility of the IAM and the fact that
the x-ray scattering signal gives mostly nuclear information, at least in a standard molecular
pump-probe experiment, but also that subtle electronic effects are present and noticeable
in the signal. With current experimental resolution,?*>24? it is difficult to imagine that the
state-specific effects will be clear, but ‘post-IAM’ effects in the scattering signal can and have
been identified. 1>’

7.4 — Photo-electron Spectroscopy

t1,139,241

For photo-electron spectroscopy, to be consistent with experimen we shall show the

difference signal
Aopgs(t, Egg) = opps(t, Epg) — opps(t < 0, Egg), (7.10)

where opgs(t, Egg) is the photo-electron spectrum for a given time ¢ and binding energy Egg.
This removes the signal from the non-excited portion of the initial ground state wavefunction,
which is static in the limit of only one-photon excitation processes. Therefore, the spectra will
show two sets of features with opposite signs: the excited state signal, which gives a positive
signal, and the ground state bleach signal, which gives a negative. Later, we shall show the
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Figure 7.5: Ionic potential energy surfaces on the QC—S;/Sq MECI->NBD LIIC (see Section 5.2).
For each, the energy zero has been set at the QC minimum. Left: CASSCF(1,2) (solid indigo
lines) shows two states, the lower relatively flat at 7 eV and the higher changing much more
rapidly, which corresponds to D, in Table 7.1. CASSCF(3,4) (rose dashed) shows two more
states, corresponding to the Dy and D, in Table 7.1. IP-LR-CC3 (green dotted, both panels)
shows a similar lower state but requires more roots to find the additional states. Right:
The XMS-CASPT2 [(1,2) indigo solid, (3,4) rose dashed] and IP-LR-CC3 calculations all agree
strongly when they find the same states, but there are additional channels in XMS-CASPT2(3,4)
not seen in the other methods. As in Chapter 5. we do not show the results for the (4,4) active
space in QC.

signal split into both individual reaction and ionisation channels, using the plain opgs(t, Egg)
for simplicity.
Nature of the Ionic Potential Energy Surfaces

To calculate the theoretical time-resolved photo-electron spectra, we first need a way of
describing the ionic states. Here, we use a simple method — we use the same electronic

Table 7.1: Ionic states, calculated at the NBD geometry using AXMS-CASPT2(3,4)/p-cc-(p)VDZ,
using XMS-CASPT2(4,4) for the neutral states. Ionisation potentials (Ep) and Dyson norm
cross-sections are shown for ionisation from S and S;. The wavefunction character is shown
in occupation number representation (orbitals in Fig. 5.2), with weights over 20% shown. States
that can be described in the (2,2)/(1,2) active space are denoted in the final column.

Epp/ eV Cross-section
State So S Character So S; In(1,2)?
Dy 8.42 3.42 |2u00) 0.93 0.47 Yes
D, 9.33 4.32 [u200) 0.94 0.03 No

D, 1261 7.61 0.66]20u0) + 0.21/02u0) 0.03 030  Yes
D; 1331 830 0.47]200u) + 0.37|uud0)  0.05 032  No
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Table 7.2: Probe energy bandwidths AE,,; and total experimental time-resolutions Af for a
given probe pulse resolution Af,,, relative to an excitation pulse resolution of At,, = 6.7118 fs.
All quantities are full-widths-at-half-maximum (FWHMs).

Aty /fs  AE, / eV At/fs

1 1.8250 6.7859
6.7118 0.2719 9.4919
20 0.0912 21.0962
40 0.0456 40.5592

structure theory with a single electron removed from the active space, e.g. CASSCF(2,2) gives
CASSCEF(1,2). Details of all of these are provided in the Computational details above.

In Fig. 7.5, we show the potential energy cuts for these methods, using the high-level IP-LR-
CC3 as a reference. We can first notice the two states in CASSCF(1,2) (left panel, solid indigo
lines), with a relatively flat state at = 7 eV and a very steep state which transitions between
14 and 9 eV across the plot. These states represent the two states made from the |2u00) and
|20u0) configurations, with the former making up D on the right of the pathway and D; on
the left. 2242243 These two states are Koopmans’ allowed from the S; state (of [2ud0) character).
To understand the other doublet states, we need to move to a method with more flexibility —
XMS-CASPT2(3,4).

These potentials of XMS-CASPT2(3,4) (dashed rose lines, right panel of Fig. 7.5) clearly
also show the two states of |2u00) and |20u0) character but add a low lying D; state in NBD,
which rises in energy across the potential. We include the binding energies, cross-sections, and
configurations for the four states in Table 7.1. Here, we can see that Dy, with [u200) character,
cannot be described in the CASSCF(1,2) calculations. Thankfully, this state is Koopmans’
forbidden from the S; state, and so should not significantly affect the predicted signal from the
excited state dynamics.

We finally note that these are not complete descriptions of all ionic states. This is analogous
to the earlier case in Chapter 5, where we ignored the Rydberg and other valence states to
concentrate on our model space. While this does imply we do not describe certain ionisation
channels, the important (high cross-section) channels are described, and the non-important
channels all occur higher in energy, above the ground state ionisation potential of = 8.5 eV.
This is important as transitions larger than the ground state IP are more challenging to observe
in an experiment, as the spectrum is congested with the ground state bleach signal.

Time/Energy Resolution

Before we delve into the actual appearance of the signals and the differences in the dynamics,
we first examine the experimental resolution. As discussed earlier, shorter pulses give poorer
energy resolution, and thus, our goal is to find the pump pulse which would maximise the
detail in the spectra. We test four different pulses, detailed in Table 7.2, showing the results
for the CASSCF(2,2) dynamics in Fig. 7.6

Immediately, it is clear that the shortest probe pulse duration (Af,, = 1 fs, (upper left panel,
Fig. 7.6) is unusable, due to two reasons: the energy resolution of the pulse (AE,, = 1.82 V)
is too large, and there is still an overall = 7 fs time-resolution in the signal due the pump
pulse. At the other end of the scale, the longer durations of 20 and 40 fs (Fig. 7.6, bottom left
and right panels respectively) show little detail as the motion occurs more quickly than the
time-resolution. Even though we have very high energy resolution, the energetic spread of
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Figure 7.6: TRPES calculations for various experimental pulse shapes, as listed in Table 7.2.
All calculations are for CASSCF(2,2) dynamics and use the Dyson norm approximation. The
shortest probe pulse (upper left panel, At = 6.79 fs, Af,, = 1 fs) and longer probe pulses
(bottom left panel, At = 21.10 fs, Atpr = 20 fs and bottom right panel, At = 40.56 fs, Atpr =40
fs) show little structure. The upper right panel shows the At = 9.49 fs, At,, = 6.71 fs probe
pulse, which matches the resolution of the pump pulse, shows detail in both energy and time.
The individual spectra have been normalised to aid comparison.

the excitation process (and hence the trajectories) is wider, meaning we do not gain much
energy resolution either.

The middle ground of At,, = Aty (top right panel, Fig. 7.6) shows the most structure, with
enough resolution to pick out features in both energy and time.! Although these results only
show the CASSCF(2,2) dynamics, the other sets of dynamics give very similar results, and we
use the At,, = 6.71 fs probe pulse for all TRPES data.

Here, we briefly note that we believe that this approximate level of experimental resolution
(AE = 0.3 eV, At = 10 fs) to be a ‘Goldilocks zone’ for this kind of ultrafast decay process. 0.3
eV is enough energy resolution to notice the significant changes as the molecule breaks bonds,
and 10 fs is fast enough to capture the dynamics of all but hydrogenic motion. Moving to
much shorter or longer pulses either compromises the timescale or the energy, either way
obscuring the dynamics.
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Figure 7.7: Time-resolved photo-electron spectra for different sets of dynamics. The two (2,2)
active space methods (upper panels) show similar structure, albeit with a notable binding energy
shift. The XMS-CASPT2(4,4) (lower left) shows a few additional features while still resembling
the (2,2) methods, with CASSCF(4,4) (lower right) adding even more. All spectra show a similar
double feature at early times, with a low-binding energy and a high-binding energy feature
moving together and crossing, signalling passage through the conical intersection.

Electronic Structure Methods

The simulated time-resolved photo-electron spectra are shown in Fig. 7.7, separated into the
different electronic structure methods. We first notice the similarity between the CASSCF(2,2)
and the two XMS-CASPT?2 signals. There are two principle features, one decreasing and one
increasing in binding energy as we move away from t = 0. At the conical intersection (= 40
fs), these two features meet, and then the majority of the signal proceeds to around Ejp = 8
eV, indicative of the formation of both ground state NBD and QC (see Table 7.1). We also
notice that the ground state bleach (the strong negative feature) is higher in the CASSCF(2,2)
calculations, reflecting the energy of D being too low, as seen in Fig. 7.5.

The time-scale for the dynamics is immediately apparent. For example, the XMS-CASPT2(2,2)
dynamics give a crossing of the two early features at around 25 fs, earlier than in CASSCF(2,2)
and XMS-CASPT2(4,4) (cf. Fig. 6.5). In addition, we can use the lack of low-binding-energy
features at later times to infer that the wavepacket has moved down the potential to the ground
state. The CASSCF(4,4) dynamics, on the other hand, shows a significant signal at lower
binding energies and later times, reflecting the longer excited state lifetime. We also note

WAL, = At,, always gives the highest combined resolution, as the overall time-bandwidth product is

P® = AEAT = 4hln(2)\/(Atpu)2 n (Atpr)z\/(Atpu)’z + (AL,

using the equality in Eq. (7.1) and Eq. (7.3). This function is minimal (P® = 8xIn(2)) at At,, = At,.
g q y q q pr pu
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Figure 7.8: Ionisation channels for CASSCF(2,2) dynamics. Ionic states were calculated using
CASSCEF(1,2), with cross-sections calculated with Dyson norm approximation. The S;—=D,
descends from Egg = 2 €V to Egg = 4 eV, meeting with the rising S;—D; channel at 40 fs.
After that, most of the signal is from the Sy—D, ground state channel, which oscillates around
the ground state minima, and no Sy—D; signal is seen.

that even the qualitatively incorrect CASSCF(4,4) shows a somewhat similar signal, but the
presence of extra channels due to the mixture of S; and S, dynamics (cf. Appendix B.2) is
immediately visible.

Here, it is worth discussing what can be understood about the dynamics only from these
observables. As just discussed, the electronic decay time-scale is evident from all sets of
dynamics, especially the extended excited state lifetime of CASSCF(4,4). Further, we could
predict the reformation of NBD in CASSCF(2,2) and XMS-CASPT2(4,4) due to the longer-time
signal occurring at the same binding energy as the ground state bleach signal. Contrastingly,
we could predict the formation of a new isomer in XMS-CASPT2(2,2) by the signal’s strong
presence above the bleach. That being said, we likely could not easily distinguish product
ratios, as the signals of the two isomers both overlap in energy and give different cross-sections.

In the following few sections, we cover how each of the features in the signals arises,
covering both photo-ionisation and reaction channels.

Photo-ionisation Channels

In this section, we break down the spectra into separate ionisation channels, defined by an
initial (neutral) and final (ionic) state (e.g. S; =D, indicates the channel from the first excited
neutral singlet state to the ground ionic doublet state). In principle, these different signals are
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Figure 7.9: Ionisation channels for XMS-CASPT2(2,2) dynamics. Ionic states were calculated
using XMS-CASPT2(1,2), with cross-sections calculated with Dyson norm approximation. This
displays very similar behaviour to the CASSCF(2,2) spectra (Fig. 7.8), except notably quicker
and at higher binding energies.

all observed simultaneously on the detector.V In a theoretical calculation, we can separate
these channels to interpret the makeup of the total spectrum. For clarity, we will only show
strongly contributing channels and again drop the analysis of CASSCF(4,4).

In Fig. 7.8, we show this separation for the CASSCF(2,2) dynamics. The low- and high-
binding-energy features in the total spectra arise from the S;—>D, feature (top left panel in
Fig. 7.8) and S;—D; feature (top right panel in Fig. 7.8). Their meeting, at ¢ = 40 fs, foretells
population decay onto S eV, as states are closest at the conical intersection geometry (see
Fig. 7.5), where the orbital energies are close to degenerate. We notice that the initial binding
energy for S;—Dj is predicted at 2 eV, higher than the correct value of = 3.5 eV. This comes
from two separate issues in CASSCF(2,2) — firstly, the first excitation energy is at = 6 eV, higher
than the correct value of = 5.25 eV. Secondly, the first ionisation energy is approximately 1 eV
too low, as seen in Fig. 7.5.

On the ground state, the only significant contribution is from the Sy—D, channel, as the
So—D; channel is Koopmans-forbidden (and high energy). The So—D, channel shows a quick
decay before the emergence of a strong feature at t = 45 fs, containing mainly NBD features
from highly vibrationally excited ground state dynamics (see Chapter 6).

The spectra of XMS-CASPT2(2,2), shown in Fig. 7.9, show the same features as CASSCF(2,2)
despite the different dynamics. The meeting of the two excited state channels is earlier,

¥Unless one measures photo-electron angular distributions, which give information of the angular momentum
of the departing free electrons, relative polarisation axis of the probe pulse. In that case, it might be possible to
separate the individual channels.
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Figure 7.10: Ionisation channels for XMS-CASPT2(4,4) dynamics. Ionic states were calculated
using XMS-CASPT2(3,4), with cross-sections calculated with Dyson norm approximation.

reflecting the faster decay (cf. Fig. 6.5), and the Sy—D, channel shows a strong signal from
mainly vibrationally excited QC ground state dynamics.

For the XMS-CASPT2(4,4) dynamics, shown in Fig. 7.10, the S; =D, channel is strongly
reminiscent of the two (2,2) methods. The S;—D; and S;—=D, channels together make up the
S1—D; channel in the (2,2) methods, understood by comparing the potential energy cuts of
XMS-CASPT2(2,2) and XMS-CASPT2(4,4) (in Fig. 7.5, right panel). The additional state (of
|u200) character) in the XMS-CASPT2(3,4) calculations (D; in the Franck-Condon region, see
Table 7.1), quickly rises in energy above the |20u0) state. The difference is thus just an artefact
of the adiabatic labelling, and the signal comes from the transition of |20u0) character. Finally,
the S; —>D3 channel, which cannot be calculated in the (2,2) methods, shows a feature at very
high binding energy very early in the dynamics — the ground-state bleach signal would likely
obscure this.

When the dynamics passes on to the ground state at around 40 fs, the Sy—Dg channel shows
similar results to the (2,2) active space methods, but we can see the presence of two signals —
clear evidence of both NBD and QC formation. On the other hand, the Sy—D; channel does
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Figure 7.11: Time-resolved photo-electron spectra for each method and reaction channel. Top
row: CASSCF(2,2). Middle row: XMS-CASPT2(2,2) (denoted XMS-PT2(2,2)). Bottom row:
XMS-CASPT2(4,4) (denoted XMS-PT2(4,4)). Left column: NBD-forming trajectories. Middle
column: QC-forming trajectories. Right column: ES trajectories. As opposed to Fig. 7.3, the
differences between the different reaction channels are relatively minor compared to those
between the different electronic structure methods. The cross-section has been normalised so
all panels’ maximum signal is unity.

show some signal, again reflecting that D, has a different character around the Franck-Condon
region and that it is Koopmans’ allowed from the ground state.

Reaction Channels

Figure 7.11 shows the photo-electron spectra split into individual reaction channels. Again,
we do not show the CASSCF(4,4) dynamics, as it does not neatly fit into the same schema we
used for the other methods. Immediately, we can see that the separation between the methods
(i.e. down the columns) is larger than the separation between the pathways (i.e. along the
rows). This contrasts strongly with the x-ray scattering data.

The first column shows the TRPES predictions for the NBD-forming channel of the dynamics.
The NBD-forming channel is coherent for all ensembles, with one path leading to a strong
oscillation in ground state NBD (at = 8 €V, = 60 fs). The final oscillation is somewhat obscured
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in the difference signal in Fig. 7.7, as it occurs at the ground state bleach energy — hardly
surprising, as both signals arise from ground state NBD.

The QC-forming pathway (centre column, Fig. 7.11) shows a bit more structure. For the
XMS-CASPT2(2,2), there is only one coherent channel, which forms ground state QC very
rapidly upon photo-excitation (see Chapter 2). This gives a single, relatively clean channel
with little spread. For the other two methods, there are two separate decays (as shown in
Fig. 6.7), and we see some evidence of multiple features after passage through the intersection
(= 40 fs). We also notice that the binding energy on the ground state is marginally lower that
the NBD-ending trajectories, in line with the lower ionisation potential in QC. This signal
appears above the ground state bleach as visible in the combined XMS-CASPT2(2,2) data
(e.g. the top right panel of Fig. 7.7). Therefore, a useful marker for QC formation from NBD
dynamics would be a notable signal above the ground state bleach.

Finally, the ES trajectories (right column, Fig. 7.11) show most of their signal at 6 eV or
lower binding energies, notably higher than the corresponding QC and NBD channels. While
some trajectories have larger binding energies, these are likely either exploring a particularly
odd part of the potential, or have a particularly strong S;—D; absorption.

7.5 — Conclusions

Predictions of experimental x-ray scattering and time-resolved photo-electron spectroscopy
signals are presented using the four sets of dynamics shown in Chapter 6. The results are
analysed extensively, splitting the predicted signals into their contributing components, and
features in the signals are related to the underlying dynamics.

The x-ray scattering clearly contains structural information, can delineate between the
individual reaction channels, and could even be used to experimentally measure quantum
yields. However, it is difficult to distinguish between the different sets of dynamics, indicating
a lack of sensitivity to subtly different reaction channels. The x-ray scattering is also not
particularly sensitive to the time-scale of the reaction, with all methods predicting relatively
similar initial signals despite the high time-resolution used (At = 7 fs). These conclusions
will almost certainly be system-dependent, and this system, with relatively subtle geometry
change compared to others, 132244245 does not show particularly large changes in the signal.

We have investigated the presence of purely electronic signals by comparing ab initio
scattering patterns for the CASSCF(2,2) trajectories. This shows small deviations compared
to the independent atom model (= 2%, = 10% of the signal variation), again confirming the
utility of the IAM approximation. Further, the purely electronic component of the scattering
signal, found by subtrhcting the signal for the active state from the ground state, was shown
to be small (= 0.5%, = 3% of the signal variation) and mostly present at early times. Therefore,
determining which electronic state is populated is difficult in x-ray scattering, and likely only
possible through secondary attributes like significant changes in the dynamics. While these
results are clear, they are far from absolute, and certainly an area for further exploration.

It is difficult to extract any vibrational information for time-resolved photo-electron spectra.
As we only have one variable that significantly changes (binding energy) through the dynamics,
the signals from different nuclear geometries overlap, making their discrimination difficult.
TRPES may be able to provide some guidance into the ground-state product ratios, but that is
only true when the products have substantially different ionisation potentials and the signal
is present above the ground-state bleach. We also comment here that, despite the ability to
potentially measure quantum yields, the true ratios are also hidden behind the photo-ionisation
cross-sections, the determination of which can be complex.
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7. Ultrafast Experiments on Norbornadiene

That being said, time-resolved photo-electron spectra are very sensitive to electronic in-
formation. The lowering in energy of the wavepacket is apparent from all plotted spectra,
which leads to easy parsing of the time-scale of the decay. One can even estimate the passage
through the intersection by the crossing of the S; —>D, and S;—D; features.

This chapter mainly constitutes a qualitative study, attempting to find critical features
which distinguish different scattering patterns and spectra. Further work using higher-quality
calculations for the observables, in particular for the photoelectron spectra, could provide
a more quantitative analysis. For scattering, the path forward is simple, with the use of ab
initio scattering giving essentially perfect results and allowing extension to electron scattering.
Time-resolved photo-electron spectroscopy, however, requires treatment of the departing
electron, which is non-trivial. While a range of different methods are available, the calculation
using R-matrix theory,!7>17 would certainly lead to an acceptable benchmark. This work
also did not touch on photo-electron angular distributions, which could plausibly be used to
distinguish the individual ionisation channels, further validating the models shown.

This work implies that ultrafast photo-electron spectroscopy constitutes a promising avenue
to challenge the predictions in this thesis experimentally. The overall time-resolution should
ideally be close to = 10 fs, with a pump exciting at = 5.25 eV. Using a probe with comparatively
low energy, = 6 eV, we could likely monitor the nonradiative decay process through the crossing
of the Sy—Dj and Sy—D; features. but a higher-energy probe, > 8 eV, would allow direct
measurement of ground state dynamics, potentially confirming the formation of QC. Such
experiments would be challenging, but rapid advances in new light-generation technologies,
such as hollow-core fibres, bring hope that they are achievable. !37-246

A different avenue for the experimental exploration of this system would be x-ray scattering.
In this case, the absolute time-resolution is not as important, as the scattering patterns did
not show great sensitivity to the decay lifetime. However, the notably different signals of the
NBD and QC decay pathways might be able to definitively state the branching ratio, indirectly
lending credence to a specific channel in the dynamics. These last two suggestions neatly
summarise the clear conclusion of this chapter. On its own, each experiment is insufficient.
Only in their combination, with a healthy dose of theoretical guidance, can we begin to
understand the dynamics.
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Dynamics of Quadricyclane

In Chapter 6, we calculated and compared the dynamics of NBD with four electronic structure
theories. This explored the differences in dynamics arising from subtle changes in the potential
energy surfaces while keeping the initial conditions constant. In this chapter, we do the
opposite — we hold the potential energy surface constant while changing the starting point of
the dynamics. This gives an alternative view, allowing us to understand which features are
inherent to the potentials and which are dependent on the initial conditions.

For this, we use the other isomer as a starting point, simulating the photo-excited dynamics
of QC. For clarity, we shall denote these as the QC-initiated dynamics, with the work of
Chapter 6 denoted as the NBD-initiated dynamics. We use our simplest model of the potentials,
the CASSCF(2,2) method. We limit the study to this electronic structure model as it exhibits
reasonable dynamics, as discussed in Chapter 6, and as there is a lack of suitable alternatives;
XMS-CASPT2(2,2), as shown in Chapter 6, does not show qualitatively correct dynamics and
XMS-CASPT2(4,4) does not converge around the QC isomer, rendering the dynamics unusable.

For QC, this electronic structure model is less closely matched to experiments than in NBD.
Excitation into the valence state of QC happens much closer to the Rydberg manifold — see
the two following chapters — and thus, dynamics would consist of significant coupling to these
states. This is discussed more in Appendix B.1 and Chapter 10.

In addition to investigating the photochemistry of QC, this chapter aims to use the different
dynamics in QC to help understand and contextualise the observations in NBD. In particular,
the system’s dynamics around and before the conical intersection, and how the physical
observables (e.g. quantum yields) change around this critical juncture. Aside from being of
purely theoretical interest, understanding what affects the quantum yields of this system has
potential uses in the engineering of this system for increased efficiency in applications.

To do this, we effectively retrace our steps, selecting a suitable set of initial conditions
and performing surface hopping simulations, keeping all parameters identical. As the two
molecules (and their dynamics) are very similar, we can reuse almost all the machinery used
in the previous analyses. For the comparisons to be as vivid as possible, we will use equivalent
figures as those used in Chapter 6 (and refer to the corresponding figure in the caption).

8.1 — Computational Details

All electronic structure calculations were performed using the Molpro 2022.2 package ?!2, using
SA(3)-CASSCF(2,2) with the p-cc-(p)VDZ basis (described in Chapter 5). Density fitting was
used with the aug-cc-pVDZ-JKFIT basis. The electronic structure was state-averaged over
three singlet states. Further details are shown in Chapter 5.

Dynamics calculations were performed with an in-house code, performing Tully’s fewest
switches surface hopping.®? The calculations were performed using all three states optimised
in the electronic structure. The energy-based decoherence correction®® was applied (using
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Figure 8.1: Wigner-sampled absorption spectrum for valence-only model of QC. The total
spectrum (thick black line) is calculated from 10000 Wigner points broadened by a 0.1 eV
Gaussian, with the contribution to the spectrum from the initial conditions of the dynamics
shown in indigo. Equivalent to Fig. 6.4 for NBD.

C = 0.1 Ep), scaling the coefficients (not the populations). The electronic propagation was
performed with a matrix-exponential propagator with a time-step of 0.25 a.u. (= 0.006 fs),
using the non-adiabatic coupling vector to calculate the time-derivative couplings. The nuclear
propagation was performed with a velocity-Verlet integrator, with a time-step of 5 a.u (= 0.12
fs). The propagation was performed until 8000 a.u (= 193 fs). Energy re-scaling was performed
along the non-adiabatic coupling vector, with no reflection for frustrated hops. For brevity,
we have not discussed all of the parameters as they exactly match the CASSCF(2,2) dynamics
performed in Chapter 6, with the propagation performed with identical versions of the surface
hopping and electronic structure codes. In total, 453 trajectories were propagated, all initiated
on the S; surface. 90% of trajectories conserved total energy to within 0.01 eV on the excited
state, increasing to 97% at 0.1 €V., as shown in Fig. B.12. This was worse than the NBD
dynamics (cf. Chapter 6), likely due to the longer propagation and slightly different dynamics.
An example trajectory is shown in Fig. B.16.

8.2 — Results

Initial Conditions

Matching the method used in the NBD-initiated dynamics, we utilise a Wigner-sampling
method to select initial conditions, as described in Section 2.4, showing the simulated spectrum
in Fig. 8.1 alongside the contribution to the full spectrum from the initial conditions used
in the dynamics. The overall shape of the spectrum is relatively simple, with a single broad
peak centred at = 6.2 €V, the vertical excitation energy. In concord with the NBD-initiated
dynamics, we use a [5.8, 6.2] €V (top-hat) excitation window, giving the same estimated time-
uncertainty of At,, = 6.71 fs, and all conditions selected are on S;. It is worth mentioning that
the QC ground state is approximately 1 eV higher than the NBD ground state, leading to the
trajectories having a higher total energy.
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Figure 8.2: Adiabatic state populations for the QC-initiated surface-hopping dynamics. The
dynamics occurs primarily on the ground and first excited states, with the second excited state
showing minimal population. The dynamics shows an early decay, at = 10 fs, but the largest
decay happens at = 80 fs, with 80% of the population having transferred by 100 fs. Equivalent
to Fig. 6.5 for NBD.

Secondly, the excitation window is slightly below the vertical excitation energy of 6.22 eV,
contrasting with NBD, where we centred the excitation around the vertical excitation energy
(at 5.96 €V, see Table 5.1). This preferentially chooses initial conditions further down the well,
perhaps marginally speeding up the dynamics. Out of the 10000 initial Wigner-sampled points,
453 were selected as initial conditions for the dynamics.

Population and Reaction Channels

In Fig. 8.2, we show the bootstrapped population and errors for each of the three states of QC.
Immediately, we can notice that QC has a much longer excited-state lifetime than NBD (cf.
Fig. 6.5), with the majority of the decay onto the ground state happening at 80 fs, much later
than the 40 fs decay of NBD. Apart from that, there are some similarities, with a small initial
rise of ground state population, followed by a notably coherent principal decay and a very low
S, population. Unlike in NBD, there is a significant delay between the first and second rises.

In the NBD-initiated dynamics, we defined three separate reaction channels: NBD-ending,
QC-ending, and excited-state. We can reuse these definitions with only minor tweaks for the
QC-initiated dynamics.

Firstly, we define the excited-state (ES) trajectories. These were defined in the NBD-initiated
case as trajectories that have not decayed to the ground state after the bulk of the decay. Here,
we only need to change the time used to separate the trajectories — we use 4150 a.u. (= 100
fs). The other two channels, NBD-ending and QC-ending, are defined almost identically as
in the NBD-initiated case, with those with end geometries with r.. > 2 A being classified as
NBD-ending and those with .. < 2 A as QC-ending. Unlike previously, the definition of the
‘reactive’ channel in the QC-initiated dynamics changes to the NBD-ending channel, as this
channel involves a change in isomer.

The one difference we find is the presence of some trajectories that do not visit the rhombic
S1/S¢ CI, instead breaking one or more of the C,;C; (or the equivalent C,Cs, C3C, or C,Cy)
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Figure 8.3: S population for each of the three reaction channels for dynamics of QC-initiated
dynamics. The very early dynamics (= 10 fs) is split between the QC-ending (rose dashed
lines) and NBD-ending channels (indigo solid), but most of their decay occurs later, at = 80 fs.
Later, DA trajectories (yellow dash-dot) show a notable rise just before the main rise of the
other channels, while the ES trajectories (green dashed) show little decay to Sy. Equivalent to
Fig. 6.7 for NBD-initiated dynamics.

bonds before reaching the ground state. The final stage of this reaction would be the full
retro-Diels-Alder reaction,?¥” shown in Fig. 8.4, removing one of the ethylenic wings to form
1,3-cyclopentadiene and acetylene. We will understand why these reactions occur in the next
section, but the active space has not been tested in describing this process, so we do not trust
the dynamics to be unbiased. As such, we remove them from our analysis when we compare
the QC trajectories to the NBD trajectories, as this pathway is absent. These trajectories, which
we call the ‘DA’ (Diels—Alder) pathway, form about 12% of the total number of trajectories and
are identified by having a S; -, crossing geometry with r. > 2.3 A, confirming this value
with a manual analysis.

In Fig. 8.3, we show the channel-separated populations. Immediately, we notice the very
fast (= 10 fs) initial decay contains both NBD- and QC-ending trajectories. When we reach the
principal coupling region, the QC-ending trajectories show a smooth rise to their asymptotic
value of 0.26, the quantum yield for this pathway. In contrast, the NBD-ending trajectories

2 3 7
5 6 é > ¢ ¥ 3
X
1 4 T—)y 1 4
NBD CP CH,

Figure 8.4: Formation of 1,3-cyclopentadiene (CP) and acetylene (C,H,) from NBD, via a
[4+2] cyclo-addition. This reaction, which occurs after the excitation of QC, is denoted the
‘Diels—-Alder’ channel. It proceeds either with C,Cs- and C5C,-cleavage (as here) or C;Cs- and
C5Cg-cleavage.
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Figure 8.5: Average trajectories in the (7, |r;n|)-plane for QC-initiated dynamics, separated by
reaction channels. We stress these averages should only be used as qualitative reaction paths.
The trajectories all initially form excited NBD (at (r.., [nnl) = (2.5,0.1) A), then returning
through the S;/Sy conical intersection, where they diverge. Notably, the pathways all oscillate
around the centre of the potential (r,, = 0.1 A). We show the DA channel (yellow dash-dot
lines) until 7., and ry}, are no longer good coordinates to represent these trajectories. Loosely
equivalent to Fig. 6.8.

have a slower but more significant decay, with a final quantum yield of 0.43. By definition, the
ES trajectories are much slower, with the decay not being complete by the end of the figure at
150 fs. Finally, the Diels—Alder trajectories decay quite early, which we shall show to be due
to significant differences in the dynamics (vide infra).

It is notable here that the ratio of NBD- and QC-ending trajectories is quite different to those
found in the NBD-initiated dynamics, with a branching ratio of NBD:QC = 1.65, compared to
the value of NBD:QC = 2.73 in the NBD-initiated dynamics. Even if one ignores the initial very
fast (= 10 fs) decay, the ratio is around NBD:QC = 2, well below the value of the NBD-initiated
dynamics.

Geometry Analysis

In the QC-initiated dynamics, ‘spaghetti plots’, akin to Fig. 6.8, are difficult to read, as the
dynamics visits the same points in the (7., r;,)-plane multiple times. As such, we show
idealised ‘average trajectories’, calculated as

N

F(t) = i > r ). (8.1)

where r, indicates the value for trajectory u of the coordinate we are using, here r.; or |,
using the absolute value of r}, to avoid the cancellation of the positive and negative branches.
This does cause the trajectories to be artefactually displaced from the r,j, = 0 line, the average
when no absolute value is used. We note that averaged trajectories are only meaningful within
a coherent pathway; thankfully, that is the case here.

In Fig. 8.5, showing the average trajectories in the (r.., [rn])-plane for the QC-initiated
dynamics, we see that the initial section of the dynamics is the same for all reaction channels,
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Figure 8.6: Average trajectories in the (7, |ryn|)-plane for NBD-initiated dynamics, split into
separate reaction channels. Dynamics calculated with CASSCF(2,2) (see Chapter 6). Here, we
have further split the QC-ending trajectories into a fast (rose dashed lines) and slow (yellow
dash-dot) set, corresponding to the two rises in Fig. 6.7, upper panel. All channels, except the
QC (fast) channel, first move symmetrically along the r;, = 0.1 A line, turning around before
hitting the conical intersection and splitting. The NBD-ending trajectories (indigo solid) head
back to the initial geometry, the NBD ground state minimum, while the NBD-ending (slow)
trajectories move to the QC minimum. The ES trajectories (green dotted) oscillate around the
centre of the potentials. Data taken by averaging over Fig. 6.8.

with the average trajectory smoothly moving away from the initial point at (7., |r;n|) = (1.5,0.1)
A, quickly reaching (rec, [rn]) = (2.5,0.25) A and transiently forming NBD (albeit rhombically
distorted) on the excited state after exciting QC.

After, the Diels—Alder trajectories overshoot the NBD structure, with the momentum in the
wing separation coordinate sufficient to break one of the bonds connecting the wings (any
of the C,C; equivalent bonds). At this point, the efficacy of the electronic structure method
has not been tested, so we do not show the rest of the pathway and remove them from the
rest of the dynamics. Because of this, we can no longer be confident in our predictions for the
ensemble as a whole, but we can still be confident in the other trajectories and the relative
ratios between them.

The three other groups of trajectories (NBD, QC, and ES) all turn back, moving to lower
I, and then quickly oscillating.! This again shows the importance of the local minima on
the S; excited state, located at (r.., 1) = (2.1,0) A, which pulls the trajectories back towards
rec = 0, keeping them close to the centre of the potentials.

The three average trajectories then move towards the S;/S, conical intersection (at (rec, 7yp) =
(1.9,0.4) A). Here, the QC-ending trajectories hop to the ground state, maintaining their velocity
towards negative 7., quickly turning to head to the minimum whence they came. The NBD-
ending trajectories, on the other hand, turn and head to the NBD ground state minimum (at
(Tee» Iren]) = (2.5,0) A). The ES trajectories fall somewhere in the middle, oscillating around the
middle of the potential energy surfaces on the excited state.

"The dynamics cross the r,. = 0 line in the data without the absolute value.
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Figure 8.7: r.. heat-map for the QC-initiated dynamics, separated into the reaction channels.
All start similarly, extending .. to 2.5 A. After this, the NBD-ending (top left), QC-ending
(top right), and ES (bottom left) trajectories decrease .., reaching the conical intersection at
= 80 fs and diverging. The Diels—Alder trajectories (bottom right) split at the maximum of 7.,
indicating vastly different dynamics.

For contrast, we also show the average trajectories for the CASSCF(2,2) NBD-initiated
dynamics in Fig. 8.6, again split into the three different trajectory pathways. We have further
split the QC trajectories into a ‘fast’ and ‘slow’ branch, according to whether they were part of
the first or second decays in Fig. 6.5. We can see that the trajectories have much less excitation
in the r}, coordinate before reaching the conical intersection, allowing them to approach the
intersection (at (7., iyp) = (1.9,0.4) A) with increasing r... After this, the NBD-ending and the
QC-ending (slow) trajectories soon return to their respective ground state minima, while the
ES trajectories oscillate around the excited state. Finally, we can see the QC (fast) trajectories,
which do not turn around at all, quickly crossing over and heading straight to the ground state.

To get a complete picture of all of the dynamics, in Figs. 8.7 and 8.8, we show ‘heat maps’,
which plot the density of the trajectories in one coordinate as a function of time. For .,
(Fig. 8.7), the dynamics is initially somewhat reminiscent of the dynamics of NBD, with a fast,
coherent motion in the 7., coordinate. Unlike in NBD, the QC trajectories start by lengthening
this coordinate, eventually reaching a maximum value of .. = 2.5 A. As before, the Diels—Alder
trajectories (bottom right) overshoot NBD, and we do not consider them further. For the three
other channels (NBD, QC, and ES), the dynamics hereon is very similar to the NBD dynamics;
the trajectories swiftly move from ., = 2.5 A to the conical intersection at t ~ 80 fs and ., ~ 2
A, where they separate into three distinct groups: the NBD-ending trajectories transition to
the ground state and turn sharply upwards, reacting to form ground state NBD. The QC-ending
trajectories decay to the ground state and continue their momentum through the intersection,
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Figure 8.8: r, heat-map for the QC-initiated dynamics. Again, all trajectories start similarly,
with r}, increasing in magnitude at = 40 fs. After that, the trajectories re-converge, crossing
the r,;, = 0 line twice before reaching the conical intersection at = 80 fs. The Diels—Alder
trajectories (bottom right) do not return to the r;;, = 0 ground state minima.

returning to their starting point of QC, and the ES trajectories continue oscillating around the
centre of the coordinate.

Moving on to the 7}, coordinate, we can see a similar picture, with the NBD, QC and ES
trajectories all showing very similar dynamics until the crossing point of 80 fs. Here, we see
three distinct wobbles as the trajectories separate along the 7, axis, aligning nicely with our
understanding from the average trajectories, before hitting the conical intersection. Overall,
this paints a very similar picture to the dynamics starting in NBD, except for the initial
dynamics moving from QC to NBD (or rather, a rhombically distorted excited state version of
NBD).

At this point, we can see that the Diels—Alder trajectories are substantively different from
the others in the ensemble (and the NBD-initiated dynamics). As we both do not trust the
dynamics after this point (due to not designing the electronic structure to deal with these
processes) and the fact that the investigation of the QC dynamics is to contextualise the NBD
dynamics, we will no longer include the Diels—Alder pathway in our analyses.

Velocity at Points of Crossing

In Fig. 8.9, we show the velocities in the (r,c, 74y )-plane, mirroring . The velocities are depicted
as a vector (with the x-axis as ., and the y-axis as 7y},) centred at the time and the value of
rqp at the S;—8S; crossing. As before, we include the velocities required to form NBD and
QC from the S;/Sy CI in black. We first notice a strong group of trajectories at very early
times, corresponding to the initial decay seen in Fig. 8.2. All trajectories show some degree
of non-adiabatic coupling in this region, as seen in the example trajectory in Fig. B.16. As
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Figure 8.9: Velocities at crossing points for QC-initiated dynamics. The vectors represent the
velocities in the (r.c, 7qp)-plane (i.e. the x-component equals r. and the y-component 74;,), with
the base the time and value of g}, at crossing. Points of closest separation (within the first 100
fs) are shown for the ES trajectories. For clarity, the displacement from the S;/Sy CI to NBD
and QC is shown as the black arrow. An initial grouping of trajectories shows an exceptionally
fast decay, but most trajectories decay at = 80 fs, with northwest-pointing vectors leading to
QC formation and southeast-pointing vectors to NBD formation. Equivalent to Fig. 6.10 for
NBD.

the wavefunction moves from QC to NBD on the S; surface, the character of the ground state
changes from |2020) to |2200) (cf. Table 5.1), swapping with the S, state. As such, these two
states both move close in energy to the S; state (e.g. in Fig. B.16). Coupling can therefore
occur between S; and either of these states, and is strongest when the system is far from
the symmetrical C,,, geometries. The trajectories favour hopping to S, both as the upwards
population transfer is small and the few hops seen are often frustrated.!

In the main bulk of the decay (at around 80 fs), we notice a similar pattern to that seen in
the NBD dynamics, with the QC-ending trajectories (rose arrows) all showing 7. < 0 and
Fap > 0 (i.e. velocity towards QC) and all NBD-ending trajectories showing 7., > 0 and 7gp, < 0
(i.e. velocity towards NBD). This, in addition to the results in the mean trajectories, lets us
begin to understand why the observed branching ratio of NBD:QC is lower in the QC-initiated
dynamics than in the NBD-initiated dynamics. The pre-conical intersection dynamics in
the QC-initiated dynamics aligns the trajectories with negative 7., (i.e. moving towards QC).
In the NBD-initiated dynamics, the motion is quite different, with the trajectories aligned
to have positive 7. (i.e. moving towards NBD). This observation confirms the result of the
NBD-initiated dynamics, showing that the dynamics before the conical intersection (and thus
velocity near it) is the crucial variable for the outcome of the dynamics of this molecule.

As for what causes the separation between the QC-ending and NBD-ending trajectories,
we can see in Fig. 8.9 that the NBD-ending trajectories both have much stronger negative 7y,
and decay slightly later. We postulate that the somewhat later crossing time affords one more

iThis can be understood by considering the S,/S, CI branching plane vectors, shown in Fig. B.8. The initial
velocity is toward NBD, i.e. approximately along negative Y, the gradient difference, and has little component
along X, the non-adiabatic coupling. Therefore, the projection of the velocity along the coupling is low, giving
little transfer and frustrated hops (cf. Fig. 2.5).
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half-oscillation in the r4;, coordinate, as well as more time to be reflected off the large potential
wall on the excited state (see e.g. Fig. 5.11, where the low-r. side of the conical intersection is
steeply repulsive). Both factors align the velocity towards NBD.

Finally, we return to the trajectories that decay very early (= 10 fs). These trajectories all
decay to the ground state with very strong positive velocity in the 7. direction (i.e. towards
NBD) but are split roughly equally between QC-ending and NBD-ending. Manual analysis
shows that all of these trajectories visit the NBD isomer on the ground state, confirming our
statement that the velocity at hopping is the critical factor in which ground state isomer is
formed. However, roughly half of the trajectories rebound off the ground state potential well
with enough momentum to crest the barrier, reforming ground state QC. Therefore, all of the
trajectories in the early dynamics do form NBD, as predicted by the positive 7., but it is the
ground state dynamics which reforms QC.

8.3 — Conclusions

Dynamics simulations of photo-excited QC were performed using parameters identical to
the simulations of NBD. The two ensembles showed clear similarities, with the QC-initiated
dynamics even transiently forming NBD before reaching the intersection. Apart from ap-
proximately a tenth of the trajectories, which undergo a separate retro-Diels-Alder reaction,
similar pathways to those in the NBD-initiated dynamics are seen, with two coherent decay
channels forming NBD and QC and one slower channel which remains on the excited state.
The dynamics proceeds through the same S;/Sy conical intersection, which has a notably
rhombic geometry, but the overall decay to the ground state is slower than in the NBD-initiated
dynamics, with an excited state lifetime of around 80 fs. Again, very little S, population was
seen.

The relative ratio of NBD to QC formation is lower than that seen in the NBD-initiated
dynamics, explained by the dynamics before reaching the conical intersection. In the NBD-
initiated dynamics, the trajectories approach the intersection with increasing r., leading to
a far higher proportion of NBD formation (NBD:QC = 2.73). Conversely, the QC-initiated
dynamics have much more excitation in the 7}, coordinate, leading to an approach to the
intersection with decreasing r,. and a lower proportion of NBD (NBD:QC = 2, removing the
very fast trajectories). As the two dynamics were performed on identical surfaces, it is clear
that the nature of the approach is the defining feature of dynamics in this system, rather than
the local topography of the intersection, confirming the results of Chapter 6.

A few trajectories revealed an alternative decay channel involving very rapid coupling
(= 10 fs) and a highly coherent decay directly to ground-state NBD. Enhancing this pathway,
likely by forcing the molecule to break the symmetry earlier, could have practical applications
for photoswitch systems, providing a potentially efficient and coherent conversion pathway.
However, one would also need to suppress the vibrational NBD—QC ground state conversion,
affecting roughly half of the trajectories, to make this approach viable.

Overall, this dynamics provides an intriguing contrast to the dynamics presented in Chap-
ter 6, highlighting the sensitivity of dynamics to their initial conditions, especially in this
coherent, non-ergodic limit. Unfortunately, this particular dynamics is challenging to isolate
experimentally, as we have deliberately not included Rydberg states, which would affect the
absorption process. We showcase a combined experimental/theoretical study of this system in
Chapter 10.
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Absorption Spectra

This chapter covers the vibrationally resolved absorption and photo-electron spectra of NBD
and QC. A set of high-resolution absorption spectra were taken at the SOLEIL synchrotron using
Fourier transform spectroscopy. We concentrate on the low-energy, dynamically important,
spectroscopically bright states of NBD and QC. This leaves out the notable exception of the low-
lying valence state of NBD, which was the topic of the previous sections, as it has low oscillator
strength and does not show any vibrational structure. For brevity, we have not covered the
theory used in this work in this thesis, namely Franck-Condon calculations 7>176-248 and the
MP2 127249 and ADC(2) 18920 methods, but they are well covered elsewhere.

This work was taken with only minor changes from J. C. Cooper, D. M. P. Holland et al., J.
Chem. Phys, 160, 064305 (2024)2, with the permission of AIP publishing. The work represented
here is shortened to the most pertinent results, generally of the low-energy regions of the
absorption and photo-electron spectra. More depth can be found in Cooper et al..?

The calculations were all performed by the author of this work, whereas the joint interpre-
tation of experimental data with theoretical calculations was conducted in collaboration with
David Holland and Mike Ashfold. As I did not contribute to the experimental data collection, I
shall include a brief description here.

The data were captured at the DESIRS beamline?’! at the SOLEIL synchrotron (Paris,
France), using the Fourier-transform spectrometer®>?. This calculates the absorption spectrum
by forming an interferogram between two optical paths of different lengths. The interferogram
is then Fourier-transformed to retrieve the absorption spectrum, which we shall refer to as
an FTS. Prior to being measured, the photon beam passes through a low-pressure vapour cell
containing gaseous QC or NBD. The NBD data was taken without significant contamination,
while the QC data had a small contamination of NBD from the synthesis. The NBD absorption
is significantly larger than QC, and so this contamination had a relatively large effect on the
raw data. To rectify this, the NBD data (multiplied by a small constant) was subtracted from
the QC data until there was no presence of peaks attributable to NBD.

9.1 — Computational Details

Calculations were undertaken with the algebraic diagrammatic construction (second order)
(ADC(2)) and the Mgller-Plesset perturbation theory (second order) (MP2) methods. These
related methods afford a consistent description of the ground and excited electronic states and
a balanced description of valence and Rydberg excited states in a single-reference manner.
The ADC(2), MP2 and CC2 calculations were performed using the ricc2?°® program in the
TURBOMOLE 7.5 package,?*? using the resolution-of-the-identity (RI) technique, to obtain
vertical transition energies and oscillator strengths. All ion calculations were performed
using unrestricted Hartree-Fock as a reference. All optimisations/frequency (wavenumber)
calculations used the aug-cc-pVQZ basis, 1> which was found to agree well with the larger d-
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Figure 9.1: NBD vertical excitations. The experimental spectrum is shown as the black line for
the measured region, with vibronic structure seen across the entirety of the spectrum. Vertical
transitions (ADC(2)/aug-cc-pVQZ, Table 9.1) are shown as blue arrows, with the height defined
by the oscillator strength (arrow tip not included). The first ionisation continuum is marked
with the red line. Reproduced from Cooper et al., 7 Chem. Phys, 160, 064305 (2024), with the
permission of AIP Publishing.

aug-cc-pV5Z basis and basis set extrapolated values. Benchmark calculations were performed
with MS-CASPT2 and LR-CCSD, both of which gave similar results to those reported here.?
All optimised geometries gave predominantly single-configurational ground states, generating
good Hartree-Fock references for the response theory calculations. The present calculations
were performed without explicit symmetry, except for the 1!B, valence state of NBD, which
has a Gy, 1st-order saddle-point geometry very close to the NBD ground state minimum. We
conjecture that this saddle-point has a sufficiently long lifetime to support a few vibrational
oscillations in the photoexcited molecule, giving some lifetime-broadened vibrational structure
(as reported by Robin and Kuebler?>%). The imaginary frequency of this saddle-point breaks
either the C5C; or the C4C; bond and leads to formation of a toluene-like intermediate with
significant planarisation of the six-membered ring, significantly separated from the ground
state NBD minimum. In order to run Franck-Condon calculations on this state, the mode was
forced to be real and positive (i.e. the saddle point was assumed to be a minimum in all modes).

The excitation characters of the various vertical transitions were determined using natural
transition orbitals (NTOs)2°572%8 calculated using the TheoDORE package.?>® NTOs represent
separable particle and hole orbital pairs, with their relative weights showing the contribution
each particle/hole pair makes to any given transition. Typically, therefore, transitions with
mixed character will be carried by several NTO pairs, whereas pure transitions tend towards
one pair with unit weight. We will denote the orbitals using a symmetry label. For clarity,
we shall use lower-case symmetry labels for valence orbitals (shown in Fig. B.1), descriptive
names for Rydberg orbitals (e.g. 3p,), and upper-case symmetry labels for electronic states. In
this work, we do not show images of the Rydberg orbitals as they are typical examples, but
full details, including NTO plots, can be found in Cooper et al..?
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Table 9.1: Calculated first ten excitations and oscillator strengths from the NBD ground state.
Calculations performed with ADC(2)/aug-cc-pVQZ. Vertical excitation energies (VEEs) are
given in eV. With each electronic state, the weights of individual excitations, calculated using
natural transition orbitals (NTOs), are shown, along with the character of the electronic
transition. NBD shows primarily Rydberg states, intermixed with some valence transitions
(notably 1' A, S; and 1!B, Ss.

State Excitation 1 Excitation 2

Sym. Adia. AE,.+ Osc.Str Hole Particle  Cont. Hole Particle Cont.

114, S, 5334  0.0000 5b; 5b, V 91.4
1'B; S, 5896  0.0189 5b;  8ay 3s 90.1
1'B, S, 6.162  0.0255 7a;  5b, V 779 5b;  3ay,V 12.8
21A; S, 6.361  0.0243 5b;  6by 3p, 751 7a;  8ay 3s 17.4
2'A, Ss 6.423  0.0000 5b;  6b, 3p, 90.8
2B, S 6.510  0.0012 5b;  9a; 3p, 90.7
2'B, S, 6.802  0.0886 5b;  4ay3dy, 805 Ta;  5b,V 10.8
314, Sg 6.826  0.0202 7a;  8a; 3s 753 5b;  6b; 3p, 158
3B, S, 6.947  0.0173 5b;  10a;3d,. 853 T7a;  6by 3py 6.6

4'A; Sy 6.983  0.0006 5b;  7b;3d,, 825 7a;  9a; 3p, 9.5

Vibrational calculations were performed using the FCClasses 3.0 package,?*® using an
adiabatic Hessian sum-over-states method to allow resolution of individual vibronic transi-
tions. 2% For the QC and NBD ground states and each excited state considered, a minimum
was optimised, and subsequent frequency calculations were performed, thereby creating vi-
brational harmonic oscillator wavefunctions. The overlap of the vibrational wavefunctions of
the initial and final states was calculated and squared to give the Franck-Condon factor (FCF).
Anharmonicity was not considered as it was not particularly apparent in the experimental
spectra. Time-independent calculations?® were checked against the time-dependent method
to ensure that the effects of the truncation of the sum-over-states were minimal. Transition
dipole moment gradients were calculated by numerically differentiating the transition dipole
moment at the ground state minimum, and subsequently used in the calculation of Herzberg-
Teller contributions to the 1'B; - 11 A; (3s<-5b,) transition in NBD. Theoretical stick’ spectra,
generated from the calculated vibrational transition intensities and excitation energies, were
convolved with a Gaussian function to facilitate comparison between simulated band profiles
and the corresponding experimental spectra. The width of the Gaussian function was chosen
to optimise the comparison.

Calculations of the ground (12B;) state of the NBD cation using the MP2/aug-cc-pVQZ
method returned normal mode wavenumbers that (in some cases) were significantly lower
than the experimental values, and thus a discrepancy in the Franck-Condon envelope. Using
the related CC2/aug-cc-pVQZ method gave vibrational envelopes for the ground state ion in
much better agreement with the experimental data.

9.2 — Vertical Transitions, Geometries, and Vibrations

As before, the geometries of QC and NBD are shown in Fig. 1.2, along with the definition of the
coordinate system. Calculated vertical energies and oscillator strengths for transitions from
the ground state to the first ten singlet excited states of NBD and QC, are listed in Tables 9.1
and 9.2, respectively. For each excited state, the principal particle/hole orbital pairs for the
corresponding vertical transition are also given. As these data show, the excited states of QC

117



9. Absorption Spectra

Table 9.2: Calculated first ten electronic excitations and oscillator strengths for the QC ground
state minimum. Calculations performed with ADC(2)/aug-cc-pVQZ. Vertical excitation en-
ergies are shown in eV. NTO weights shown when above 20%, with orbital character also
denoted. All states shown are dominated by pure Rydberg transition.

State Excitation 1
Sym. Adia. AEy,; Osc.Str Hole Particle Cont.
1B, S 5477  0.0002 5b,  8aj 3s 91.1
1'4, S, 5814  0.0000 5b,  6b; 3p, 91.2
21A; S, 5925 0.0007 5b,  6by 3p, 90.7
2'B, S, 6.019  0.0017 5b,  9a; 3p, 91.0
31B, Ss 6.480  0.0001 5b,  10a; 3d, 90.9
314, Sq 6.534 00133 5b,  7by3d,, 90.7
1'B; S, 6.565 00147 5by  4a, 3dy, 90.7
214, Sg 6.660  0.0000 5b,  7b; 3d,, 91.0
4'B, S, 6.832 00114 5b, 1la;3d2 . 911
314, Sy 6.863  0.0000 2a,  8a; 3s 88.4

in the vertical region all have dominant Rydberg character; the first predominantly valence
state lies much higher in energy. In contrast, the 7 and 7* orbitals in NBD ensure that several
predominantly valence excited states (labelled V in Table 9.1) are interspersed between, and
mixed with, the Rydberg states of NBD at energies within the range investigated in the present
work. Note, the various Rydberg state potentials typically support two local minima — one
QC-like, the other NBD-like — corresponding to the respective minima of the QC and NBD
cations, 1:186

Normal mode vibrational wavenumbers for the ground states, the excited electronic states
formed by 3s<~HOMO electron promotion, and the ground state cations, of both NBD and
QC, at the respective minimum energy geometries, are given in Table 9.4. Also included in
Table 9.4 are the normal mode vibrational wavenumbers for the 1! B, valence state in NBD.
Note, in both molecules, the calculated normal mode wavenumbers for the 3s, 3p and 3d
Rydberg states are very similar (reflecting the similar topographies of the respective potential
energy surfaces), so only the values for the respective 3s states are listed. The vibrational
modes are numbered using the Herzberg convention.!”> The normal mode wavenumbers for
the ground (1! A,) state neutral molecules and the associated nuclear displacements accord
well with those reported previously for NBD?®! and QC.262

Comparisons between the simulated vibronic bands and the experimental spectra involved
the following sequence of actions. The FC predicted intensity distribution was placed on a total
energy scale by summing the theoretical adiabatic excitation energy (the separation between
the minima of the ground and excited state potentials) with the vibrational energy contribution.
In all cases the simulations employed the calculated harmonic wavenumbers (Table 9.4), except
those of the absorption band due to the transition into the 3s 1! B; Rydberg state of NBD
(Figs. 9.3 and 9.4) where a scaling factor of 0.94 was used. The resulting vibronic simulations
matched the experiment well, apart from a (generally small) energy offset. Comparisons
shown in this work are post-application of an appropriate energy shift to the simulated data,
the magnitude of which is reported in the relevant figure caption. This energy offset is a
consequence of the incorrect excitation energies in the theoretical data.

Comparisons between the vibrational simulations and the experimental spectra revealed
additional transitions beyond the simple cold (0 K) Franck-Condon picture. In the case of the
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3s 11 B state of NBD, Herzberg-Teller effects were considered up to first order. Additionally,
the wavenumbers of several normal modes of NBD are sufficiently low (see Table 9.4) that
hot-band excitations (i.e. excitations from levels with v/ > 0) are readily identifiable in the
room temperature spectrum.

Finally, we note that the 3p, 11 A, state in QC couples strongly with the 5b,()5b; (7*) valence
state upon opening of the angle between the two four-member rings (i.e. distorting towards the
NBD geometry). This can be expected to preclude the observation of any associated vibrational
structure (due to lifetime broadening), and to provide a route for non-adiabatic coupling back
to the ground state on short time-scales!. This work is covered in Chapter 10.

Table 9.3 provides a summary of the geometric structures of NBD and QC used in this chapter
in two coordinates: r.. and ryy, as defined in Egs. (5.1) and (5.3). For all of the geometries here,
th = 0, and they have C,, symmetry. The two carbon-carbon ‘wings’ are well separated in the
NBD ground state equilibrium geometry, as evidenced by the large r,. (2.46 A). rgy, is short
(1.34 A), reflecting the double bond in the respective C=C moieties. This contrasts with the
ground state of QC, with formal C,C, and C5C, single bonds; the r,. and rg;, values therefore
mirror typical CC single bond values (= 1.5 A). We note that the present values of .. and rg;,
in the 11 A; state of QC are very similar to the results obtained by Palmer et al.?4? using the
MP4(SDQ) approach. In both molecules, the equilibrium geometry of the 3s Rydberg state
closely mirrors that of the ground state cation. In both cases, these geometries are displaced
from those of the corresponding ground state neutral species with the deformation towards
the other isomer.

9.3 — Norbornadiene

Overview of Spectrum

The low energy end of the low resolution (2.13 meV FWHM), absolute photoabsorption cross
section of NBD is plotted in Fig. 9.1, together with the theoretically predicted electronically
excited states using the transition energies and oscillator strengths given in Table 9.1. The
overall appearance of the spectrum is similar to those reported previously,>%198:199:254.263 34
the present theoretical predictions are consistent with the earlier results of Roos et al..!%®
The results from earlier electron impact experiments have also been used. In regard to
valence transitions of NBD, Doering and McDiarmid identified two dipole forbidden transitions

Table 9.3: Optimised geometries for various states in the two molecules, with distances defined
in Egs. (5.1) and (5.3). All geometries are C,,. The ground state agrees closely with the results
of previous chapters. The Rydberg states (NBD 1!B; S, and QC 1!B; S,) show intermediate
values between the two extremes of the ground states, closely mirroring their respective ions.
Finally, the NBD valence excited state (1!B, S3) is positioned fairly close to the NBD ground
state.

Molecule  State ree /A rgp /A

NBD 11A; S, 246 134
1!B;S,3s 222 1.37
1'B, S5V 246  1.40
12B; Ion 224 138

QC 11A; S, 1.51 1.54
1'B; S5 3p, 1.66 1.47
12B, Ion 1.67 147
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Table 9.4: Vibrational wavenumbers (in cm™!) for NBD and QC electronic states. For NBD,
the ground (1'A;) and ionic (12B;) state calculations were performed with MP2/aug-cc-pVQZ,
and the Rydberg (3s 1!B;) and valence (V 1! B,) excited state with ADC(2)/aug-cc-pVQZ. The
negative wavenumber for 59 in the 1!B, state is the imaginary frequency of the transition
state. For QC, the ground (1! A,) state calculations were performed with MP2/aug-cc-pVQZ,
the ionic (1! By) state calculations with CC2/aug-cc-pVQZ, and the Rydberg (3s 1!B,) excited
state with ADC(2)/aug-cc-pVQZ.

Norbornadiene Quadricyclane
Sym. Mode 1'A, 3s1'B; V1!B, 1?B; 1'A; 3s1'B, 1?B,
Aq %] 3265.5 32125 3259.8 3254.2 3262.6 3201.0 3277.0
V9 3168.3 3161.1 3173.5 32128 3230.8 3181.7 3249.8
V3 3089.4 3071.9 3115.5 3089.5 3081.1 3094.7 3118.6
Vg 1608.2 1547.2  1447.8 1519.3 1493.3 1492.2 14944
Vs 1491.4 1474.6  1400.5 1480.4 1372.5 1451.4 1386.9
173 1256.4 1279.6  1124.6 1278.9 1282.2 1367.4 1348.7
vy 1124.0 1117.4 1089.0 1124.0 1104.5 1171.6  1079.3
Vg 960.4 1004.9 963.9 1005.2 1017.7 1055.1 1061.2
Vg 903.6 917.1 738.8 914.9 964.7  1022.9  939.0
V10 784.7 829.8 602.9 839.1 924.9 935.6 881.7
V11 747.2 772.0 496.2 772.8 819.2 772.8 752.6
V1o 427.5 394.9 245.3 383.0 732.3 729.1 668.8
A, Vi3 3239.4  3208.2 3239.7 3236.2 3242.4  3198.2 3259.5
V14 1297.0  1287.4 12584 1285.6 1209.2  1251.1 12535
V15 1267.6 1240.7 1187.0 1244.1 1193.2 1177.5 1187.3
Vig 1138.1 1130.7 1034.9 1141.6 1047.2 1048.4 1076.9
V17 938.0 970.4 954.2 965.1 1016.2 990.5 1004.7
Vis 914.1 881.7 692.7 896.2 852.6 812.4 825.2
Vi9 721.7 703.1 516.0 707.2 710.9 625.3 632.3
120 453.9 370.4 286.9 376.6 532.7 382.4 389.9
By Va1 3263.7 32119 32583 3252.6 3252.3 3199.9 3267.5
Voo 3166.1 3160.8 3238.2 3166.9 3141.0 3175.2 3189.6
Vo3 1568.9 1421.6  1768.0 1509.7 1267.8 1563.0 1330.6
Vog 1229.9 1168.9 12481 1174.4 1064.9 1101.4 1076.9
Vo5 1077.2 1079.1  1056.3 1086.8 1011.9 1047.4 1003.5
Vog 1032.9 1001.8 978.1 1005.9 931.2 979.9 983.4
Vo7 929.6 862.5 954.1 865.8 857.7 927.3 846.2
Vog 677.6 717.6 566.8 720.3 794.5 728.7 702.0
Vg 505.9 449.5 454.9 449.7 391.1 414.9 412.2
B, V30 3240.1 3205.9 3238.2 3237.7 3254.6 3198.4 3267.8
V31 3165.8 31748 3172.7 3211.5 3227.8 31904 3247.7
V39 1341.4 1360.3 1307.2 1360.2 1387.8 1386.1 1413.0
V33 1272.4 1281.4 1127.1 1284.9 1281.9 1272.5 1286.2
V34 1166.5 1207.7 963.1 1206.4 1245.0 1262.6  1265.9
Va5 975.2 1017.4 888.9 1039.9 1056.6 1006.9 1067.4
V3¢ 930.7 950.6 866.8 984.4 975.9 950.8 960.4
V37 899.3 912.0 671.7 916.1 921.6 809.9 905.2
V3g 819.4 802.0 443.1 849.1 710.3 767.6 768.2
V39 550.7 3723  -325.8 577.4 664.0 502.6 641.4
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Figure 9.2: (a) A comparison between the experimental 1°B; state photo-electron band of
NBD?#? and our hot (300 K) and cold (0 K) vibrational simulations. The simulations have been
obtained from the theoretical stick spectra after convolving with a Gaussian function of 20
meV (FWHM) to facilitate the comparison with the experimental spectrum. (b) The 300 K stick
spectrum, employing the calculated adiabatic ionisation energy and ground and excited state
vibrational wavenumbers (Table 9.4). All calculated spectra in this Figure have been shifted to
higher energy by 0.299 eV so that the 128 transition aligns with the experimental peak at 8.716
eV. Reproduced from Cooper et al., 7. Chem. Phys, 160, 064305 (2024), with the permission of
AIP Publishing.
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9. Absorption Spectra

at = 5.25 (the state of interest in the Chapters 5 to 8) and = 7.50 eV, and two dipole allowed
transitions at = 5.95 and = 6.65 eV.*’

Since the geometry of a Rydberg state molecule is generally similar to that of the ionic state
onto which the series converges, the FC factors connecting the ground and Rydberg states are
expected to be similar to those connecting the ground and corresponding ionic state. This is
particularly useful for Rydberg states belonging to series converging onto the 12B; state of the
NBD cation as the photo-electron band exhibits extensive vibrational structure.?*? Moreover,
as the 12B; state photo-electron band is the only band containing vibrational structure, it is
a reasonable starting assumption that any Rydberg absorption band exhibiting vibrational
structure is likely to correspond to a member of a series converging onto the 12B; state
ionisation limit.

Fig. 9.2(a) compares the experimental 12B; state photo-electron band recorded using a room
temperature sample of NBD?? with our hot (300 K) and cold (0 K) vibrational simulations
of the corresponding structure. The simulations have been obtained from the theoretical
stick spectra (only the 300 K stick spectrum is shown in Fig. 9.2(b)) after convolving with
a Gaussian function of 20 meV (FWHM) to facilitate the comparison with the experimental
spectrum. The simulated spectra, employing the calculated adiabatic ionisation energy and
ionic ground state vibrational wavenumbers (Table 9.4), have been shifted in energy so that
the 128 transition aligns with the experimental peak at 8.716 V. As reported previously, the
spectrum is dominated by progressions in the lowest wavenumber totally symmetric (A;)
normal mode 12 (the 'wing-flapping’ or ’butterfly’-like C-C-C bending motion) — alone or
in combination with other modes. The hot (300 K) and cold (0 K) vibrational simulations
show that, contrary to a recent analysis,?*? the peak in the experimental spectrum at 8.328 eV
incorporates the adiabatic transition and the peak at 8.279 eV arises solely through hot-band
transitions.

In accord with previous studies the present calculations predict that the
first excited singlet state of neutral NBD is a valence state (sometimes termed the V1 state),
arising via the optically forbidden 1'A, — 1'A; (5b,«5b;) transition and with a vertical
excitation energy of 5.33 eV (Table 9.1). This conclusion is consistent with our previous work
(Chapter 5) and evidence from electron impact investigations, *2°%20! indicating that a peak
observed at = 5.25 €V should be ascribed to a singlet«singlet, optically forbidden transition,
and with the optical activity study reported by Lightner et al.2%® Palmer et al.’®® considered
the effect of Herzberg-Teller coupling in the 1' A, state and suggested that such contributions
might be observable close to threshold in the absorption spectrum.

It has long been accepted that excitations into two states (one valence and the other Rydberg)
occur in the energy range = 5.6 — 6.3 eV, *?°0:198-201.254.263 it} the structured progression
(with an average peak separation of = 45 meV, that is again attributable to FC activity in
V1) associated with transitions to the 3s 1! B; Rydberg state and the underlying continuum
with excitation into the 1' B, valence state, sometimes termed the V2 state (Fig. 9.1). This co-
existence was first established by Robin and Kuebler 2>*2%3 (using high-pressure measurements)
and later confirmed by Xing et al.>® (using 2+1 REMPI measurements).

The 1! B, valence state involves major contributions from two one-electron excitations,
5by«7a; and 3ay<5b;, and the present calculations predict a vertical transition energy of
6.16 eV (Table 9.1). The electron impact studies?’? associated a peak occurring at 5.95 eV
with this optically allowed 7"« transition. A comparison between the simulated vibrational
structure associated with the transition into the 1! B, state (employing the calculated 1! B, state
vibrational wavenumbers (Table 9.4)) and the spectrum recorded by Robin and Kuebler2>4263
is shown in Fig. C.1. The poorly resolved structure in the simulated spectrum, after convolving
the calculated stick spectrum (not shown) with a 40 meV FWHM Gaussian function and

49,50,198-203,254,263
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9.3. Norbornadiene

shifting in energy so that the features peaking at 5.73 eV align, is in good qualitative accord
with the experimental data. The diffuseness of this absorption band is a clear indicator of the
short-lived nature of this 1' B, valence state. A non-lifetime broadened simulation of this same
band (similarly shifted in energy), calculated with a resolution (= 2 meV FWHM) matching
that employed in the present experimental study, shows much richer structure (Fig. C.1). The
vibrational excitations associated with the major peaks in the spectrum plotted in Fig. C.1
have been labelled.

The vibrational progressions appearing between 5.5 and 6.3 eV have been observed pre-
viously in single photon®%198199.254263 314 2.1 REMPI®!%® studies, and associated with
transitions to a single Rydberg state (the 3s 1!B; state). This work, including reassignments
of the band origin, is shown in the next section. As a consequence of these revisions, and
the anticipated envelope of the absorption band due to transitions into the 1! B, valence state,
all the sharp structure appearing in the experimental spectrum between = 5.5 and 6.0 eV is
assigned to vibrational progressions associated with transitions into the 3s 1! B; Rydberg state.
No evidence is found for resolved peaks associated with transitions into the 1! B, valence state.

The present calculations predict vertical transition energies of 6.36 and 6.51 eV for the 2! A; -
11 Ay (3py<=5b;) and 2! B; — 11 A; (3p,«5b;) Rydberg excitations, respectively, with the former
transition having the higher oscillator strength (Table 9.1). The vibrational structure associated
with the 12B; state photo-electron band spans a width of = 0.8 eV.?*? This is a similar width
to that of the absorption band observed between 5.5 and 6.3 eV (Fig. 9.1). Also relevant to the
interpretation of these absorption bands are the findings from the REMPI studies, 1°® which
suggested that the symmetry of the excited state associated with the sharp structure observed
in the range 5.636 — 5.975 eV was B; or By, whilst the structure between 6.048 and 6.794 eV
was associated with one or more states of A; symmetry.

To investigate whether the experimental evidence might be affected by the data being
recorded using different techniques (one-photon absorption in the present work; two-photon
absorption in Roos et al.}?®), one- and two-photon excitation cross sections were calculated for
excitation to some of the lower energy excited states of NBD, under various photon polarisation
conditions. When calculating two-photon excitation cross sections, the photon energy was set
to half the transition energy (i.e. the process was treated as a one-colour, two-photon excitation).
The results from these calculations (Table C.1) show that the two-photon excitation cross
section for the 3p, 2! A; Rydberg state is much higher than that for the 3s 1'B; Rydberg
state. Thus, the two overlapping transitions have significantly different relative transition
probabilities under one- vs. two-photon excitation. Note, however, that REMPI detection
probabilities depend on more than just the initial multi-photon transition strengths. The
ionisation probability is also a sensitive function of the stability of the resonance-enhancing
state; shorter-lived excited states typically have a much lower ionisation (and thus detection)
efficiency. 264

From hereon we focus on the one-photon absorption data. The peaks in the range = 5.5 - 6.4
eV (Fig. 9.1), generally associated with the 1'B; - 11 A; (3s<-5b;) transition, become noticeably
broader and the vibrational envelope more complex as the excitation energy increases. This
trend is consistent with an excited state lifetime that decreases with increasing energy, as a
result of pre-dissociation and/or anharmonic coupling to the increasing density of background
vibrational levels, as suggested by Xing et al.’ In that study, the observed reduction in the
lifetime of the higher vibrational levels in the Rydberg state was attributed to a rapid depletion
through coupling between the 3s 1! B; Rydberg and 1! B, valence states.

The present calculations give an oscillator strength for the 2! A; — 11 A; (3p,«5b;) transition
that is = 30% greater than that for the 1! B; — 11 A; (3s<5b;) transition (Table 9.1). The measured
spectrum displays several short, somewhat irregular, vibrational progressions with = 45 meV

123



9. Absorption Spectra

Energy (cm™)
45000 46000 47000 48000 49000 50000
1 L 1 L | L | L | ' 1

18- (a) 12" P1 -

16 + 41127 P3 =

4'1['12"

14 -

12

10 +

me e cmccccccccccccmccccaaay

Photoabsorption cross section (Mb)

T T T — T T T T T T T T
55 5.6 57 5.8 5.9 6.0 6.1 6.2 6.3

Energy (eV)

Energy (cm™)
45?00 46?00 47([)00 48?00 49(])00 50(])00

1 (o) 127
0.020 2
’ \ 12°

0.015 4

0.010 4

Intensity (arbitrary units)

0.005 4

0.000
55 5.6 5.7 5.8 5.9 6.0 6.1 6.2 6.3
Energy (eV)

Figure 9.3: (a) The absolute photoabsorption cross section of NBD in the energy range en-
compassing vibrational structure due to the 1'B; - 11 A; (3s<5b;) transition. The estimated
positions for the origins of progressions P1, P2 and P3 are marked with dashed lines. (b)
Simulation of the vibrational structure associated with the 1!B; - 1! A; transition in NBD in
the form of a stick spectrum. Only the stronger vibrational excitations have been labelled,
and only transitions stronger than the 0-0 transition have been plotted. The calculated ex-
citation energies have been shifted to higher energy by 0.1349 eV so that the energy for the
12} excitation coincides with the experimental value of 5.6029 eV. The spectrum employs the
calculated vibrational wavenumbers (Table 9.4). For display purposes, the intensity of the stick
representing the 0-0 (origin) excitation has been multiplied by a factor of 50 and plotted in red.
Reproduced from Cooper et al., J. Chem. Phys, 160, 064305 (2024), with the permission of AIP
Publishing.
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Figure 9.4: Comparison between the experimental (black trace) and simulated vibrational
structure associated with the transition to the 3s 1'B; Rydberg state of NBD. The main
simulation (blue) is for a 0 K sample (i.e. all molecules initially in the v = 0 level), while the
localised red trace shows the origin band re-plotted on a x50 expanded vertical scale. The
vibrational wavenumbers employed in the simulation are the calculated values (Table 9.4,
multiplied by a scaling factor of 0.94, and the simulated spectrum has been shifted to higher
energy by 0.126 eV so that the peak due principally to the 125 excitation aligns with the
experimental peak at 5.8323 eV. Reproduced from Cooper et al., 7. Chem. Phys, 160, 064305
(2024), with the permission of AIP Publishing.

peak spacings in the energy range between = 6.0 and 6.5 eV. These short progressions are not
included in the extended progressions discussed in detail in the discussion of the structure
of the 3s state, shown next, since it is reasonable to propose that they could be attributable
to transitions to the 3p, 2! A, state — in accord with the present theoretical predictions and
the REMPI polarisation results. Bearing in mind the likely vibrational envelopes of the
overlapping transitions into the 3s 1! B; and 3p, 2! A, states (i.e. wherein the bands associated
with absorption to the lowest v{} levels are weak), it remains uncertain whether some of the
absorption contributing to the broader peaks at energies above = 6 eV should be attributed to
the 3p, 1! A; state rather than to the 3s 1! B; state. Excitations into the 3p, 2!B; state (with
a predicted transition energy of 6.51 eV) might also contribute to the spectrum at the high
energy end of this region, but the calculated oscillator strength for this transition (0.001) is
low (Table 9.1).

As we move to higher energies, the spectrum becomes more congested and, accordingly, the
assignments become more tentative. Further, at high energies the density of states increases
significantly, shortening the lifetime and, hence, broadening the features of the spectrum. As
such, we do not include it here, and reference the reader to our more complete work. 2

Vibronic Progressions in the 3s State

Our high resolution (0.27 meV FWHM) photoabsorption spectrum of NBD, covering the energy
range 5.5 — 6.3 eV, is plotted in Fig. 9.3(a). Six progressions, all associated with the 1'B; -
11 A; (3s<5b,) transition, are labelled (P1 - P6) and colour-coded. The predicted vibrational
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9. Absorption Spectra

structure associated with the 1! B; - 1! A; transition, in the form of a stick spectrum, is plotted
in Fig. 9.3(b), where only the stronger vibrational excitations are labelled. The simulation
includes Herzberg-Teller coupling. The very good agreement between the simulated and
observed structure allows the bands in the experimental spectrum to be assigned.

As discussed in previous studies, >%198:199:254.263 the progressions associated with the 11 B,
~ 11 A (3s«5b;) transition involve excitation of v;,, the wing-flapping mode, either alone or
in combination with other modes. The first step in unravelling the vibrational assignments
comes from comparing (Fig. 9.4) the present experimental spectrum and a simulation for the
1B, - 11 A; transition at 0 K (i.e. with all ground state molecules in their v/ = 0 level). The
origin (0-0) band is extremely weak (Fig. 9.4); its calculated FCF is almost 500-times smaller
than that of the strongest (n = 7) member of the 12 progression. Unsurprisingly, therefore,
when the simulated and experimental spectra are aligned (using the 12§ band as the reference),
the theoretically predicted origin band is too weak to be discerned in the room temperature
absorption spectrum. The peak observed at 5.6029 eV actually corresponds to the 12} member
of progression P1. Thus, our experimentally determined energy for the (unobserved) origin
band is 5.5567 €V, assuming that the energetic spacing between the 0-0 and 12} transitions is
the same as that between the 12} and 122 transitions.

Similar comparisons between the experimental spectrum and the vibrational simulations
have enabled estimation of the origins for the P2 and P3 transitions, and the estimated origins
for the P1, P2 and P3 progressions are marked in Fig. 9.3 using dashed lines.

Our vibrational simulations indicate that progressions P2 (green) and P3 (blue) involve
excitation of the v;; mode in combination with the excitation of a single quantum of the v;
(another wing-flapping mode) or the v, (C=C stretch) mode, respectively, both of which have
a; symmetry. The experimental spectrum yields separations of 100.0 meV (806.6 cm™!) and
187.6 meV (1513.1 cm™!) for one quantum in the v;, and v; modes, respectively, in the 3s 11 B,
Rydberg state. In comparison, our calculated (harmonic) energies for the v;q and v4 modes are
102.9 and 191.8 meV (829.8 cm ™! and 1547.2 cm™!), respectively (Table 9.4).

It now becomes evident, in accord with our vibrational simulation, that progression P4
(cyan) corresponds to excitation of vj, in combination with a single quantum in both the v,
and the v;; modes. Note, in contrast to the earlier studies, 20,199 these intervals obtained in
the present analysis all match well with predicted totally symmetric excited state vibrational
modes. FC activity in these modes can be understood by reference to the calculated changes in
equilibrium geometry upon excitation from the ground state to the 3s 1! B; Rydberg state (see
Table 9.3). v;, and vy both involve wing-flapping motions and are thus sensitive to r.., which
decreases upon excitation to the Rydberg state. The observed FC activity in the symmetric
C=C stretch mode, vy, is similarly understandable given the predicted increase in ry4;, upon
excitation to the Rydberg state.

The inclusion of Herzberg-Teller coupling, allowing the excitation of an odd number of
quanta in non-totally symmetric vibrational modes, explains the appearance of progression
P5 (magenta) which involves the excitation of v;, in combination with a single quantum of
the 1,3 (b;) mode (involving stretching of the C;Cs;, C5C,, C3C4 and C,C, single bonds). The
sticks corresponding to this progression are labelled in Fig. 9.3. Using the excitation energies
of 5.9524 €V for the 23}12} transition and 5.7868 eV for the 12 transition leads to an energy of
165.6 meV (1335.7 cm™!) for one quantum of excitation in the v,3 mode in the 3s 1! B; Rydberg
state. The calculated energy for this mode is 176.3 meV (1421.6 cm™ !, Table 9.4). Given the
1B, state symmetry, activity in this b; mode presumably reflects vibronic interaction with a
near-resonant, optically allowed electronic state of ! A; symmetry — plausibly the 2! A; state.

Next, we consider hot-band transitions. Vibrational simulations were calculated for ground
state NBD molecules, and are most likely to include excitation in the low energy v(5 (a1), vo (as,
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Figure 9.5: (a) The absolute photoabsorption cross section of NBD in the energy region close
to threshold. Peaks due to hot-band transitions are labelled, as well as those associated with
progression P1. A peak associated with progression P6 (the hot-band progression built on v3
= 1) is also labelled. The estimated position of the origin (0-0) band is marked with a dashed
line. (b) A simulation of the vibrational structure associated with the 1!B; — 1'A; transition.
The calculated excitation energies have been shifted to higher energy by 0.1349 eV so that the
energy for the 12} excitation coincides with the experimental value of 5.6029 eV. Reproduced
from Cooper et al., J. Chem. Phys, 160, 064305 (2024), with the permission of AIP Publishing.
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Figure 9.6: QC vertical excitations. Unlike in NBD, there is very little vibronic structure
seen in the experimental spectrum (black line). Vertical transitions (ADC(2)/aug-cc-pVQZ,
Table 9.2) are shown as blue arrows, again with the height defined by the oscillator strength.
The ionisation continuum is very low, showing the amount of strain in the system. Reproduced
from Cooper et al., . Chem. Phys, 160, 064305 (2024), with the permission of AIP Publishing.

ring twist), 159 (b, CH, wag) or 139 (by, ring pinching/twisting) modes. We show the threshold
region of the NBD in Fig. 9.5. The simulated hot-band spectrum for the v;5 mode allows all the
observed structure to be assigned. Note the absence of a peak corresponding to the origin.
The excellent match between the experimental and simulated spectra after inclusion of the
hot-band structure — for example, the relative intensities of the triplet feature at excitation
energies of = 5.60 eV, the doublet of comparably intense features = 5.65 eV, and the features
with up to three quanta in ground state modes — is key to confirming the proposed numbering
of the 12 progression and thus the true energy of the (unobserved) band origin. The present
analysis shows that the feature hitherto attributed to the 1'B; - 1! A; origin by Xing et al.>°
and, later, by Palmer et al. 199 is actually the 12(1) transition.

As already mentioned by Robin and Kuebler,?>* the relative intensities of progressions P1 —
P4 vary as a function of the number of quanta in v;,, with P1 being the strongest progression
for low values of v, whereas P2 and P4 become more prominent for the higher vibrational
levels (particularly evident above 6.1 eV). Our simulations indicate that a progression due
to 10%12" excitations becomes significant at energies above 6.0 eV and will contribute to the
apparent broadening of the peaks associated with the higher vibrational levels.

9.4 Quadricyclane

In QC, we start by exploring the vibrational structure in the 12B, state photo-electron band
of QC, as these theoretical predictions help guide our interpretation of the bands in the QC
photoabsorption spectrum. The simulation, shown as a stick spectrum in Fig. 9.7(a), has been
shifted in energy so that the stick representing the 10412} excitation aligns with the feature
at 7.858 eV in the experimental spectrum. The simulation employs the calculated vibrational
wavenumbers for the 12B, ionic state given in Table 9.4. The present simulation is in very
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Figure 9.7: (a) A stick spectrum showing the simulated vibrational structure associated with
the first (12B,) photoelectron band of a 300 K sample of QC. Only the stronger vibrational
excitations are labelled and, since all originate from the v’ = 0 level, the subscript zero has
been omitted from each label. The simulation has been shifted to lower energy by 0.057 eV
so that the stick representing the 10312} excitation aligns with the feature at 7.858 eV in the
experimental spectrum. 242 The simulation employs the calculated vibrational wavenumbers
for the 12B, ionic state given in Table 9.4 (b) Comparison between the experimental 12B, state
photoelectron band of QC22 (black trace) and the 300 K vibrational simulation obtained by
convoluting the stick spectrum shown in (a) with a 20 meV FWHM Gaussian function (red
trace). Reproduced from Cooper et al., 7. Chem. Phys, 160, 064305 (2024), with the permission
of AIP Publishing.
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good accord with that reported previously by Palmer et al., %42 and displays rich vibrational
structure attributable to excitation of several a; symmetry normal modes. At the low energy
end of the band, the structure arises primarily through excitation of two modes (v;y and v;5),
either alone or in combination with each other. Ascending in energy, these two modes are
predicted to be excited in combination with other modes, principally v;;, 15, 5 and vs. All
these modes involve (symmetric) deformation of the heavy atom skeletal modes, primarily
C-C stretch and CCH bending motions. 262

A comparison between the experimental 12B, state photo-electron band of QC, measured
at a photon energy of 30 eV,?*? and a convolved (20 meéV FWHM) version of this vibrational
structure is shown in Fig. 9.7(b). The convolved simulation has been shifted in energy as
already described for the stick spectrum. The total width of the measured photo-electron
band is almost 2 eV, with a vertical ionisation energy of = 8.4 eV, but vestigial vibrational
structure is only evident on the low energy side (spanning the first = 0.5 V). The adiabatic
ionisation energy is 7.671 €V.%4? The peaks at the high energy side of the experimental photo-
electron band (first appearing at = 8.45 €V) are due to NBD contaminant in the QC sample
and can be disregarded. As previously, 242
structures on the low energy side of the experimental photo-electron spectrum well, thereby
providing confidence in the use of our current simulations to guide our interpretation of
the QC photoabsorption spectrum. Only the 12B, state photo-electron band of QC exhibits
any vibrational structure.?4? Hence, any features showing similar structure in the pure QC
absorption spectrum are likely to be associated with Rydberg states formed through excitation
from the 5b, orbital.

The low energy part of the pure QC absolute photoabsorption spectrum is plotted in Fig. 9.6,
together with the theoretically predicted excited electronic states using the transition energies
and oscillator strengths given in Table 9.2. The present calculations confirm the conclusions
reached previously 187263 that transitions to Rydberg states dominate the low energy region
of the absorption spectrum of QC. As noted earlier the saturated nature of the bonding in
QC ensures that vertical excitation to states with dominant zr* valence character occur at
substantially higher energies.

The present calculations give a vertical excitation energy of 5.48 eV for the lowest energy
spin-allowed transition in QC, the 1'B, — 1'A; (3s<-5b,) excitation, and a low oscillator
strength. The experimental spectrum does not exhibit a distinct threshold; the absorption cross
section is seen to increase gradually from the low energy limit of the current measurements
(5.4 €V). Time-resolved photo-electron spectroscopy studies*® returned a term value (with
respect to the vertical ionisation limit) of 2.88 eV for the 3s 1! B, Rydberg state in QC. This
corresponds to a vertical transition energy of = 5.5 €V, in good agreement with the current
theoretical prediction. As can be seen in Fig. 9.6, the overall vibronic signal seen in the
spectrum is minimal, especially in contrast with NBD (Fig. 9.1). This is primarily due to
spectral congestion, as well as strong non-adiabatic coupling to reactive valence states, as
discussed in Chapter 10. The vibrational features that can be determined are discussed in more
length in Cooper et al..2

the convolved FC simulation reproduces the broad

9.5 — Conclusions

High-resolution absorption spectra of both NBD and QC were analysed and assigned. The
absorption spectrum of NBD exhibits some sharp structure due to transitions into Rydberg
states, superimposed on several broad bands attributable to valence excitations. Some resolved,
but much weaker, structure also appears in the photoabsorption spectrum of QC. Assignments
have been proposed for some of the absorption bands using calculated vertical excitation
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energies and oscillator strengths obtained with the ADC(2) method. The character of the
excited state has been investigated using NTOs, and several of the transitions in NBD have
been shown to possess a mixed Rydberg/valence character.

Simulations of the excited state vibrational structure were generated from calculated transi-
tion intensities and excitation energies. These calculations include excitations allowed within
the FC approximation, and also those appearing through Herzberg-Teller coupling. Hot-band
excitations have also been studied. Simulations of the vibrational structure associated with
ionisation into the 12B; state in NBD and the 12B, state in QC are consistent with the measured
photo-electron spectra and proved helpful in identifying absorption bands due to transitions
into Rydberg states associated with series converging onto these limits.

A comparison between the predicted vibrational structure for the 1!B; — 1'A; (3s<5b;)
transition in NBD and the experimental absorption spectrum in the energy range = 5.5 - 6.3
eV allowed the excitation energy of the origin band to be established and the active vibrational
modes to be identified. Six vibrational progressions have been assigned in the 1'B; - 114,
absorption band. Four of these progressions involve excitation to Franck-Condon active modes
of a; symmetry. Another involves excitation of the 155 (b;) mode, enabled by Herzberg-Teller
coupling, while the sixth is assigned as a hot-band progression involving the 139 (b;) mode. The
present vibronic analysis reveals the need for some reassignments relative to those proposed
previously. >%1%

For dynamics, the most notable feature of this work is the multitude of long-lived, sharply
resolved Rydberg states in NBD. Experimentally, it is known that these states decay on a sub-
picosecond time-scale?%®, but it is clear that there is at least some dynamics beforehand. As
future time-resolved spectroscopic works on this molecule will likely investigate this part of the
potential energy surfaces, it is clear that a full non-adiabatic simulation of the Rydberg/valence
coupled dynamics of NBD is necessary, and will likely have relatively long-lived Rydberg
states.
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Rydberg & Valence Dynamics in Quadricyclane

In this chapter, we explore the dynamics of quadricyclane, including Rydberg states in the
calculations. This work was motivated by a time-resolved photo-electron spectroscopy (TRPES)
experiment performed at the FERMI free electron laser in Trieste, where an excitation laser
of 6.2 eV was used, exciting Rydberg and valence states, and the dynamics was probed by a
=~ 19 eV ionising laser. In the experiment, two distinct features were seen: one attributable to
long-lived Rydberg dynamics, while the other seemed to imply much more rapid dynamics,
which will be attributed to direct valence excitation.

First, we will briefly cover the experimental results, before discussing the electronic structure
of the NBD/QC system when one considers both Rydberg and valence states. This is a much
more challenging task that is undertaken in Chapter 5, as the electronic structure method must
give an equally good description to both the Rydberg and valence states. As such, compromises
are made, and while we find an efficient and relatively accurate method, more recent work
showed the dynamics of the valence state to be only qualitatively correct.

After choosing the electronic structure method, we find that that the experiment directly
excites two pure valence states and one mixed-Rydberg/valence state. The results of the
simulations are almost entirely dependent on the nature of the initially excited state, with the
Rydberg states predicting slow, meandering dynamics, while the mixed-Rydberg/valence state,
which is the state in question in Chapters 5 and 8, gives a rapid decay straight to the ground
state.

This work was reproduced with only minor additions from K. Borne, J. C. Cooper et al.,
Nat. Chem., 16, 2024, 499-505, with permission from Springer Nature. The author of this
thesis completed all theoretical work and contributed both to the writing and interpretation of
experimental data, but completed no experimental work. For reference, we include a small
discussion of the specifics of the experiment here.

The experiment was performed at the FERMI free-electron laser<®’ at the Low Density
Matter beamline.?*3%%° XUV probe pulses at 18.97 eV using an initial seed laser at 261.4
nm. The UV pump pulse were generated using the fourth-harmonic of a Ti:sapphire laser at
6.1840.02 eV. The delay of the XUV probe pulse to the UV pump pulse was varied between
-500 and 1000 fs, with an overall instrument response function of 186 + 28 ts (FWHM). The
I35 using a retardation voltage

267

data was collected with a magnetic bottle electron spectrometer
of 9.7 eV, and overall gave an energy resolution of = +0.5 eV.

10.1 — Computational Details

Electronic structure calculations for the neutral species were performed using RMS-CASPT2 124125
based on SA(9)-CASSCF(2,6) with the 6-31G(d) basis augmented by additional diffuse func-
tions (8s8p contracted to 1s1p) centred on the bridging CH, fragment (contraction shown in
Table C.2). The active space contained two valence orbitals (as the CASSCF(2,2) in Chapter 5),
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as well as one 3s Rydberg and three 3p Rydberg orbitals (images shown in Fig. C.2). No
3d orbitals were included in this study, as their presence was not seen in the experimental
data. The lowest six (Sy—Ss) states were deemed sufficient to describe the dynamics observed,
though state-averaging over the first nine roots returned by the calculations was required for
convergence. All nine states were active in the simulations, however, only a very small fraction
of population ever appeared on the states Sq and above during the dynamics. We note that this
approach fails to capture the second valence excited state of NBD %3 but this omission is judged
to have little impact on the dynamics initiated by photo-exciting QC. Electronic structure
calculations for the molecular ion were performed with the same method and basis, although
with one electron removed, i.e., RMS-CASPT2/SA(6)-CASSCF(1,6), using the neutral orbitals
as an initial guess. This accounts for all ionisations from the active electron, including the D
and D, ionic states of interest (see Fig. C.3 for further details). The absence of Rydberg states
in the ion wavefunction leads to lower relative energies in the ion than the neutral, leading to
a small bias towards lower Epp values. All calculations included an imaginary shift of 0.5 Ey,
to remove intruder states and were performed in a development branch of OpenMolcas !°!
implementing gradients for RMS-CASPT2. 1%

The potential energy curves in Fig. 3 are calculated along linear interpolation in internal
coordinates (LIIC) that connects the ground state equilibrium geometry of QC to the S;/S,
MECT, and then along a LIIC from this MECI geometry to the ground state equilibrium geometry
of NBD. This is very similar to the first LIIC shown in Chapter 5, but is calculated using different
geometries. The C,-ring geometry at the MECI is rhombic 186188 and does not lie directly
between the equilibrium geometries of the two isomers, as shown in Fig. 6.3. Since this is an
essentially barrier-less process, there is no obvious conceptual advantage in considering a
minimum energy pathway over the LIICs.

Non-adiabatic trajectories were run using the surface-hopping method with a locally modi-
fied version of SHARC 2.1.27° Couplings were calculated using the local-diabatic approach.
Limited numerical issues with the stability of the gradients were mitigated by a variable
time-step for the integration, which halved upon non-conservation of energy. The initial con-
ditions were selected from a Wigner-sampled ground state QC geometry using the delta-pulse
method % inside a 5.75 + 0.07 eV window, chosen to overlap well with the calculated partial
absorptions to the 3p Rydberg states of QC (Fig. 10.3). Trajectories were categorised into
those excited into S, (121 trajectories, 45%) and those excited into S3 and S, (146 trajectories,
55%). Strictly, one-photon excitation Sy—S, is forbidden at the equilibrium geometry and the
excitation is therefore attributable to the Herzberg-Teller effect with the transition gaining
strength from the mixing of valence character into the S, state. Inspection showed that within
the envelope of the Wigner sampling, the character of the states remained separated, with the
S, state corresponding to the 3p,/V configuration, whereas the S and S4 states each involved
a mixture of excitations to the 3p) and 3p, orbitals. This separation is confirmed by the dis-
tinctly different, excitation-character-dependent, dynamics displayed by the respective sets of
trajectories. A very small sample (5 trajectories) was excited to the S; (3s) state at this energy.
These are not considered further in the current analysis. For the analysis, the trajectories
were sorted according to initial state, allowing resolution of the dynamics into state-specific
components. A small portion (7% of the total) of trajectories undergo a retro-Diels-Alder
reaction from NBD-like geometries (as shown in Fig. 8.4) after passing through the MECI
geometry, yielding CsHy and C,H, fragments, but these were excluded from the analysis as
the selected active space cannot describe the fragmentation pathway accurately. Molecular
geometries were analysed using the same set of coordinates as used earlier, defined in Egs. (5.1)
and (5.2).

134



10.2. Experimental Results

0 T T T T T T
0.4
2 - -
10.2
% 4+ 4 n
~ 10.0§
T <
1-0.2
-0.4

-0.2 0.0 0.2 0.4 0.6 0.8 1.0
t/ps

Figure 10.1: Time-resolved experimental photo-electron spectra for quadricyclane. Photoelec-
tron spectra as a function of binding energy (Egg, with respect to the first ionisation potential,
Dg) and pump-probe time delay (f) between pump (UV) and probe (XUV) pulses, plotted
as the electron yield difference between spectra taken with and without the UV-excitation
pulse (Aopgs). Values of Aopgg are arbitrary. Negative delays correspond to the probe pulse
preceding the pump pulse. Data taken from and further details shown in Borne et al..!

Photo-ionisation cross-sections and energies were calculated by selecting a random time
point in each 5-fs period within each trajectory. The squared Dyson norm (see Section 4.3)
was calculated between the active state in the surface hopping and all ionic states, and used as
an approximation to the photo-ionisation cross-section. The method yields qualitatively lower
cross-sections for valence states than for Rydberg states when compared to experiment so, for
display purposes, the intensities in Fig. 10.7 with Egg >3 eV have been multiplied by a factor
of 3. The ionisation potential difference between QC and NBD is roughly 0.3 eV with EI%C =
7.67/8.4 eV and EEI,BD = 8.02/8.7 eV (first value from present vertical calculations in Table 1,

second value approximate vertical values from Figs. 9.2 and 9.7, respectively).

10.2 — Experimental Results

Figure 10.1 shows the time-resolved photo-electron spectra (TRPES) taken at FERMLI, initiated
from gas-phase QC by a UV excitation pump pulse at 200.6 nm (6.18 €V), followed by an XUV
ionisation probe pulse at 18.97 eV (65.35 nm).

Several prominent features are apparent. A narrow and long-lived feature at = 2.3 eV binding
energy (Egg), visible as a faint horizontal line in Fig. 10.1, is assigned to two of the three 3p
Rydberg states of QC in accordance with the literature. *® The 3s Rydberg state can be seen at a
Egg of = 2.9 eV in Fig. 10.1 but has a weaker signature than in earlier studies, *® suggesting less
excitation to the 3s state at 200.6 nm compared to 208 nm. Figure 10.1 also shows a spectrally
broad and short-lived vertical feature in the Egg range of = 1.5-7 eV between ¢t = 0 — 0.2
ps, which merges into a long-lived horizontal band at = 7-8 eV Egg, both of which were not
observed in the earlier work that did not have a sufficient photon energy to ionise this Egg
region. These observations suggest the existence of a rapid (<100 fs) de-excitation pathway
leading to the formation of vibrationally hot photo-products, while the longer timescale of
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Figure 10.2: Potential energy curves for the ground state Sy and excited states S;-Ss, as well as
the cation ground state Dy and first excited state D; (dashed lines), calculated along the LIICs,
first from QC to the S;/Sy MECI and then from the MECI to NBD, using RMS-CASPT2(2,6)/6-
31G(d)+ (Section 10.1). The two proposed reaction pathways are indicated schematically by
black arrows, with the slow Rydberg pathway supporting vibrational motions on the Rydberg
states before relaxing via the S; state, while the fast valence pathway descends on Sq, bypassing
the MECI on the initial descent, before crossing onto the Sy ground state to form both products.
The molecular geometry at the MECI has a distinct rhombic distortion. Egtorage indicates the
energy stored in QC relative to NBD (= 1 eV). Corresponding vertical excitation energies are
listed in Table 1,

the Rydberg-associated features indicates the existence of a second, slower decay mechanism,
which corresponds to the pathway identified in earlier work.*® Finally, there is a pronounced
negative signal in the difference spectrum in the Egg range 8-9 €V, assigned to the depletion
of the QC ground state, followed by a partial recovery.

10.3 — Electronic Structure Theory

Unlike in the previous sections concentrating on the valence states, in this chapter we also
consider Rydberg states. Mixed-Rydberg-valence dynamics has a particular set of requirements
above and beyond plain valence dynamics. In particular, calculations with Rydberg states must
contain extremely diffuse basis sets to describe the large separation of the Rydberg electron
from the central core. Secondly, the methods must be dynamically correlated. If they are not,
one characteristically underestimates the excitation energy, as Rydberg states are, by their
very nature, less correlated than valence states.
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10.3. Electronic Structure Theory

Table 10.1: Excitation energies and ionisation potentials for the first five singlet states and
lowest doublet ionic state. Calculated at RMS-CASPT2(2,6)/6-31G(d)+, with all values given in
eV and the character of the state inlcuded in brackets.

State QC (character) MECI (character) NBD (character)
S 5.29 (3s) 0.00 (V) 5.25 (V)

S, 5.82 (3p,/V) 274 (3s) 5.61 (35)

Ss 5.88 (3p,) 3.31 (3py) 6.11 (3p,)

Sy 6.05 (3p,) 3.47 (3p,) 6.28 (3p)

Ss 7.53 (3p,/V) 3.53 (3p,) 6.34 (3p,)

IP (Sp—Dgy) 7.67 5.26 8.02

In Fig. 10.2, we show the potential energy curves, calculated using RMS-CASPT2/6-31+G(d)
(see methods), for the QCS;/Sy«>NBD LIIC. This method is ideally suited to this study, as
the state-specific Fock operator allows for a good description of both the Rydberg and valence
states, whereas a state-averaged Fock operator (as in XMS-CASPT2) would lead to a mixed
description, not correctly describing either manifold. Further details on this LIIC can be found
in the computational details and Chapter 5. Starting from the QC ground state minimum
geometry on the left-hand side, we can see a large array of states centred at = 6 eV. This
manifold contains the three 3p Rydberg states, with the upper two being of pure Rydberg
character (S3 3p, and S, 3p) and the lower mixed Rydberg/valence S, 3p,/V'. Below, there
exists the 3s state, and above, the partner of the Rydberg/valence state, the S5 V/3p, state. The
valence and 3p, Rydberg state mix as they are both A, symmetry, while the other Rydberg
states are not A,, and so do not mix.

Moving to the right, we approach the S;/S; MECI geometry. While the Rydberg states
stay relatively flat at = 6 eV, the Rydberg/valence state descends to meet the ground state,
forming the intersection. As this occurs, the Rydberg character of the state is lost, leaving a
pure valence state. Accordingly, the partner state, Ss, descends into the Rydberg manifold,
becoming of pure 3p, character, and these characters remain as we move to NBD. Excitation
energies and characters are tabulated in Table 10.1 Looking back at the work in Chapter 5,
we can clearly identify the valence state as being consistently described between these two
works, except around the QC minimum, where the state interacts with the Rydberg manifold.

The potential energy curves in Fig. 10.2 suggest the possible mechanisms that underpin
the features observed in the TRPES data, with the two pathways indicated schematically by
black arrows. From the QC ground state, the bandwidth of the pump pulse (£0.02 eV) allows
excitation to a manifold of closely spaced states with 3p Rydberg character. Population in the
3p,/3p, Rydberg states (S3 and S, in the FC region) then evolves via a (comparatively) slow
Rydberg pathway on the rather flat Rydberg manifold at excitation energies of = 6 eV; we
anticipate that this would correspond to the pathway observed previously. 8

Due to the similar topographies of the Rydberg and ground-state ion (D) adiabatic potential
energy surfaces, the Egg values for the slow Rydberg pathway can be expected to be relatively
constant—as observed experimentally. Conversely, in the fast valence pathway, the population
in the strongly mixed Rydberg—-valence 3p,/V state (S, in the FC region) is subject to efficient
non-adiabatic coupling to Sy, funnelling down towards a conical intersection with the S state.
In the proposed model, the Egg values for the fast valence pathway would increase rapidly,

'V indicates the [2ud0) configuration in the language of Chapter 5. This state, denoted as a mixed Rydberg/va-
lence state, is the same state excited in Chapter 8. There, we use a diffuse basis, allowing the active space to become
more diffuse to describe the state, whereas here we see contributions from both valence and Rydberg orbitals.
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Figure 10.3: Wigner-sampled absorption spectrum of QC using 10000 initial conditions broad-
ened with a Gaussian (FWHM=0.1 eV). Calculated using geometries and energies at the
RMS(9)-CASPT2(2,6)/6-31G(d)+ level. The black line indicates the total spectrum, found by
adding all the individual state contributions, shown as the shaded regions. The excitation
peaks at = 5.8 eV, where the excitation occurs.

consistent with the short-lived structure observed for experimental Egg values in the range of
~ 1.5-7 eV.

10.4 — Dynamics

We confirm these hypothesised mechanisms using non-adiabatic mixed quantum-classical
trajectory simulations (Section 10.1). The simulations divulge that the photo-dynamics of
excited QC are strongly dependent on the initial excited state. Figure 10.3 shows the absorption
spectrum of the molecule, split into the contributions from the separate states. Immediately, it
is clear that multiple states will be excited.

In Figs. 10.4, 10.6 and 10.7 we show the results of the simulations, separated into two sets.
Dynamics initiated on the S, (3p,/V) state are labelled fast valence (always shown on the
top row), while dynamics initiated on the S3 and S4 (3p,, and 3p,) states are labelled slow
Rydberg (always shown on the bottom row). The plots in Figs. 10.4 and 10.5 show heat-maps
of the nuclear dynamics along the r.. and r,}, coordinates, respectively, as defined in Egs. (5.1)
and (5.2), which together define the motion between QC, NBD and the S;/S; CI. The left and
right sides show the trajectories on the excited states and ground state, respectively. Figure 10.6
shows the time-dependent electronic-state populations and the fraction of population best
defined as NBD-like, while the false-colour maps in Fig. 10.7 finally show the contributions to
the simulated TRPES spectrum to aid comparison with the experimental data in Fig. 10.1.

We first examine the simulation results for the fast valence mechanism, corresponding to
trajectories initiated on the S, (3p,/V) state. One-photon excitation to the 3p,/V state from
the S, state is symmetry forbidden at the exact equilibrium geometry, but the transition gains
strength from the Herzberg—Teller effect (45% excitation fraction; Methods). The nuclear
dynamics in the electronic excited states (Fig. 10.4, left side) breaks the C;C, and C5C, bonds,
allowing the molecule to deform towards NBD-like geometries (1. > 2.0 A). The wave packet
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Figure 10.4: .. heat-maps, with excited state density in the left and ground state density in
the right. The valence channel (top row) shows an extremely fast single oscillation on the
excited state, before moving to the ground state, where it oscillates. The slow Rydberg pathway
(bottom row) has much less motion, with the trajectories merely oscillating around the QC
Rydberg minimum at 1.75 A, where they slowly decay via the same mechanism as the valence
channel.

then returns towards QC-like geometries (smaller 7.. ) and crosses to the Sy ground state via
a conical intersection, appearing on the right side. It immediately partitions into QC-like
and NBD-like geometries. The recurrences in the upper map reflect the persistence of the
‘butterfly’-like vibrational motion of the NBD products when they first reach the S state (with
wave number v = 428 cm™ !, see Table 9.4). The corresponding motion in QC has a higher
wave number (v = 721 cm ™!, see Table 9.4) but can also be discerned in the lower maps. In
the ry, coordinate (Fig. 10.5, top row), we see an immediate breaking of the symmetry on the
excited state, and a large distortion to rhombic geometries. The wavepacket then rebounds
once, crossing the r;;, = 0 line before moving the ground state, where it incoherently vibrates.
This picture is confirmed in the populations (upper plot, Fig. 10.6), which shows almost
immediate population transfer from S, to S; via internal conversion, followed by another rapid
internal conversion to Sy, with only a small fraction (<10%) of the population remaining in
the Rydberg manifold after 1 ps. The time-dependent fraction of molecules with NBD-like
geometries (that is, with r,. > 2.0 A) in the same graph shows a rapid early increase and then
decline (mirroring the S; state population), finally converging to a branching ratio of = 3:2 for
NBD-like to QC-like geometries in the S, state. This ratio is set by the decay dynamics rather
than energetics, as the timescales are far too short for thermalisation on the ground state.
The theoretically predicted TRPES signal in Fig. 10.7 (top panel) shows a curved band of
intensity evolving from the Epg values of the Rydberg state (= 2.1 V) down to that of the
Sy state (= 7 eV), in good accord with the ‘hockey-stick’-shaped feature in the experimental
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Figure 10.5: r, heat-maps, with excited state density in the left and ground state density in
the right. The fast valence channel (top row) gives a single, large amplitude oscillation before
moving to the ground state, then oscillating incoherently. The slow Rydberg pathway (bottom
row) overall stays much less rhombically distorted, although shows some small deviations due
to the coupling to the valence decay channel.

data (Fig. 10.1). In part, this broad feature reflects the very fast motion of the wave packet
down the 3p,/V surface, with a corresponding rapid increase in the Egg with respect to Dg. In
addition, there is a smaller contribution from the D, ionisation channel when the wave packet
approaches the MECI. Figure 10.4 (upper left panel) shows that the bond breaks and reforms
in under 100 fs, faster than the instrument response function of the experiment, making these
features appear almost simultaneously at time ¢ = 0.

Next, we consider the slow Rydberg pathway with trajectories initiated on the S3/S4 (3p,/3p,)
states, shown in the bottom row of the figures. Already on the left side of Fig. 10.4, it is
apparent that the excited-state dynamics persist for substantially longer than in the fast
valence mechanism, and that the dynamics are more centred at QC-like molecular geometries
(ree < 2.0 A), with only a small fraction of the trajectories exploring NBD-like geometries in
the 3p excited states, discernible as a faint signal at r. > 2.0 A. The r,;, coordinate (Fig. 10.5,
bottom row), shows similarly slow, long-lived dynamics, without significant rhombic distortion.
Examining the populations in Fig. 10.6, we see a comparatively slow but steady deactivation
of the Rydberg manifold states (S, and higher) with a matching increase in Sy population.
The decay proceeds via the same 3p,/V state as the fast valence mechanism, evidenced by
the build-up of population in the S; intermediate state, which acts as a funnel towards the
Sy state via the conical intersection. It appears that this dynamical decay process is similar
between the fast valence and slow Rydberg channels, as the fraction of NBD (Fig. 4b, bottom)
approaches the same value at long times.
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Figure 10.6: Populations and fraction of trajectories in NBD-like geometry (r.. > 2.0 A). The
population on states higher that S; has been summed. The fast valence pathway (top) quickly
decays to the ground state, with the majority of the decay happening before 500 fs. The
population decay happens via the S; state, which has a large transient population. The slow
Rydberg pathway (bottom) decays much more slowly, but comes to agree on the fraction of
population in NBD.

The simulated TRPES signal in Fig. 10.7 shows a long-lived feature with Egg = 2.1 eV,
corresponding to the 3p Rydberg states (with potentials along the LIIC of interest that closely
track that of the Dy ionic state), in good accord with the experimental data, which show
the corresponding feature attributable to ionisation from these Rydberg states at Egg = 2.3
eV (Fig. 10.1). At long times, the TRPES signal seen in the slow Rydberg and fast valence
dynamics are essentially identical. Both pathways involve similar ultimate decays to the S
state, yielding similar branching ratios of hot QC and NBD products. Note that the vertical
ionisation potentials of QC and NBD are similar, differing by = 0.3 eV (Methods). Thus, the
TRPES signals of hot ground-state QC and NBD species overlap, and the experimentally
observed bleach recovery in Fig. 10.1 includes components from both isomers.

Notwithstanding the very good agreement between experiment and theory, some discrep-
ancies are evident. The simulations return longer Rydberg state lifetimes than observed
experimentally, which could reflect shortcomings in the electronic structure theory, for exam-
ple, regarding the strength and location of the couplings with the 3p,/V state, additional decay
paths not accounted for by the active space used or the accuracy of the predicted ionisation
cross-sections.

In summary, TRPES studies using XUV photons from a seeded FEL have provided new
and detailed insights into the relaxation pathways of electronically excited QC molecules
formed by photoexcitation at 200.6 nm, from Rydberg states through to vibrationally excited
hot ground-state QC and NBD molecules. We present observations of the dominant relaxation
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Figure 10.7: Predicted time-resolved photo-electron spectra. The fast valence pathway (top)
shows a ‘hockey-stick’ feature, with the binding energy quickly decreasing from 3 eV to a
broad signal at 7 eV. The slow Rydberg channel (bottom) shows the characteristic constant
binding-energy feature of Rydberg states, which slowly decays. The decay happens by a
similar channel to the valence pathway, but without the coherent start. Features above 3 eV
binding energy have been multiplied by three to better match experimental spectra. Convolved
with a bi-variate Gaussian of 94 fs and 0.1 eV.

pathway in QC, involving strong Rydberg-valence coupling, alongside the previously observed
Rydberg-state-mediated isomerisation. “® The present combined experimental and theoretical
study shows that all three 3p Rydberg states of QC are excited by the 200.6 nm pump pulse.
The lowest-energy (3p,) state is strongly coupled to a valence state, giving rise to the fast
valence pathway characterised by ultrafast electronic decay and nuclear motion. The other
two support initial nuclear dynamics in the Rydberg manifold, prior to comparatively slower
decay to the ground state (identified here as the slow Rydberg pathway). The simulations
suggest that = 40% of the vibrationally excited ground-state products sampled at pump-probe
delays of = 1 ps correspond to QC-like structures, irrespective of the decay pathway followed,
and that this early-time partitioning is determined by the molecular dynamics rather than
thermodynamics.

The insights provided by the present study point to key features that affect the photo-
dynamics: the partial absorption cross-sections, the strength of the non-adiabatic couplings to
the valence excited state and the relative stabilities and geometries of the regions of maximal
interstate coupling, that is, the conical intersection between the S; and S, states. For potential
applications, these properties could be manipulated using substituent groups, using spatial
confinement and/or by the choice of excitation wavelength. 18253271 For instance, the detailed
nature of valence/Rydberg mixing in the valence state controls its energy and accessibility,
which could be used to affect the system’s function as a molecular photoswitch. The manner
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in which the wave packet approaches the S;/S; conical intersection region is also important,
and this could be manipulated either in the preparation of the wave packet or by altering the
position and shape of the conical intersection.

From a broader photochemical perspective, one might conjecture that the bipartite dynamics
found here will be a common feature whenever a manifold of Rydberg states intersects valence
states in the FC region.?’2~27* The excitation energies to Rydberg states typically fall within
~ 3 €V of the associated ionisation limit, and, in most small to medium-sized molecules, will
overlap with those of one or more excited valence states. Rydberg excitations will manifest as a
longer-lived trapping component, whereas excitations to valence states (or, as here, to a mixed
Rydberg-valence state) will lead to more-rapid relaxation that gives rise to broad features in
the photoelectron spectrum. Broadband excitation can excite both types of states, leading
to both types of mechanism. Bifurcation of wave packets has been reported previously, for
example, in the photo-isomerisation of stilbene?”> and in photoexcited inverse dithienylethene
derivatives,2’® but in most such cases studied hitherto, the bifurcation arises as a result of
sampling a ‘transition-state’-like region of a common excited state (for example, a 77 state),
the potential energy surface of which supports multiple minima.

The current results demonstrate the utility of TRPES with XUV probes for characterising
complex photochemical mechanisms. Comparison with previous experiments“® indicates
that a systematic examination of the effect of excitation wavelength would be useful. Ideally,
this should be coupled to complementary experimental work more sensitive to molecular
geometry. For instance, ultrafast electron diffraction and ultrafast x-ray scattering experi-
ments 131:134228.244 yioht offer further insights into the dominant conical intersection and, at
longer times, reveal fragmentation products from the hot ground-state molecules. We antici-
pate that future experiments should provide an even deeper understanding of the intriguing
ultrafast ring re-configurations in this photoswitch molecule.
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Conclusions

Over the last six chapters, we have presented a detailed analysis of a model photoswitch
system’s electronic structure, dynamics and experimental observables.

We first explored the nature of the valence states, starting with the electronic structure
in Chapter 5. Here, we investigated the system’s qualitative photochemistry, finding the
topographically important features of the potential energy surfaces. This work provided a
general framework for simulating these systems, accurately describing the regions that drive
photochemical behaviour. This was highlighted by a detailed, multi-method description of the
single S1/S, conical intersection. All methods agreed that the intersection was peaked, but
predicted different numbers of pathways on the ground state surface. In addition, an excited
state minimum was identified and confirmed using high-level electronic structure methods.
This minimum was posited to play a role in the dynamics, with the methods that lacked the
feature potentially providing qualitatively different results.

An important outcome of Chapter 5 was four dynamically-feasible electronic structure
models. These models were benchmarked against each other and high-level MRCI+Q and LR-
CC3 methods, finding that the CASSCF(4,4) method, previously used on the system, produces
qualitatively dubious results. The other three methods all agreed on the approximate shape
of the potentials, with only minor differences. This consensus lends more credibility to the
ensuing dynamics simulations, but also provides an intriguing testbed of subtly different
potential energy surfaces on which to evaluate different non-adiabatic dynamics methods.
Finally, we introduced a custom basis set, p-cc-(p)VDZ, which achieves results almost identical
to larger basis sets for a fraction of the cost.

In Chapter 6, we simulated the non-adiabatic dynamics of the system using the four electronic
structure methods, using otherwise identical parameters in the simulations. Building on the
qualitative, static analysis of the potential energy surfaces presented in Chapter 5, we found
that the CASSCF(4,4) electronic structure yields qualitatively incorrect results, while the other
electronic structure models gave approximately similar results. Looking more closely, we
found that the presence of the S; local minimum significantly affected the results, with the one
model not predicting the minimum, XMS-CASPT2(2,2), resulting in notably different molecular
dynamics. Most interestingly, the branching ratios depended primarily on the velocity of the
trajectories before they reached the conical intersection region rather than on the hopping
region or the local topography of the intersection, ®38%217221277 which changed through
the electronic structure methods. These results, which contrast the purely static analysis,
underscore the importance of performing simulations when predicting photochemical reaction
outcomes.

With the dynamics established, Chapter 7 focused on experimental observables, calculating
time-resolved x-ray scattering patterns and photo-electron spectra. These two experimental
techniques offer plausible routes for establishing the validity of our predicted dynamics. We
analysed the predicted signals to determine which features in the dynamics were experimen-
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11. Conclusions

tally verifiable, and decomposed the signals into their constituent parts, affording a detailed
understanding of both these features and the observables themselves. Finally, we suggested
two experiments that would probe two separate attributes. This work, above all, demonstrated
the need for multi-modal experimental studies. For the sake of an example, the ultrafast
decay dynamics was well understood by (e.g.) time-resolved photo-electron spectroscopy,
but the motion of the nuclei was much more clearly seen in ultrafast scattering experiments.
Combining the measurements lead to an understanding of both, and a whole greater than the
sum of its parts.

Chapter 8 explored the dynamics of QC after valence state excitation. These dynamics
showed surprising similarities to Chapter 6, with the dynamics initially forming excited-state
NBD with a significant rhombic distortion. After that, the trajectories passed through the
same S1/S, CI, with the trajectory outcome again principally affected by the velocity prior to
passage through the conical intersection, confirming the earlier results of Chapter 6. These
results also showed an intriguing ultrafast channel with coherent, NBD-forming decay within
10 fs of the initial excitation.

Finally, Chapters 9 and 10 showed two joint theoretical/experimental studies. In Chapter 9,
we thoroughly analysed the static absorption and photo-electron spectra of NBD and QC,
looking primarily at the Rydberg and higher-lying states. This work disentangled the entire
spectrum, assigning all the important visible progressions, including reassigning the important
band origins. While not directly connected to the other chapters, this work remains vital for
future studies on the norbornadiene system, including any potential ultrafast experiments that
initially excite the low-lying Rydberg states.

In Chapter 10, we showed the results of a combined experimental-theoretical study of the
Rydberg/valence dynamics in photo-excited quadricyclane. The dynamics depended almost
entirely on the initial state excited, with a very fast decay after excitation into the 3p,/V state,
and slower, more leisurely dynamics upon excitation into the 3p,, and 3p, manifolds. This work
provided a particularly dramatic example of the importance of the initial state in photo-excited
dynamics, predicting bipartite dynamics with a slower Rydberg and faster valence channel,
a feature likely common in small organic molecules. This highlighted the benefit of mixed
experimental/theoretical studies, with the theory providing insight and identifying general
photochemical features from a complex ultrafast experiment.

The work presented in this thesis provides a holistic overview of an important model system,
encompassing state-of-the-art experiments, potential energy surfaces and dynamics. However,
the study of this system is far from complete, and therefore, we add a brief discussion of
possible avenues for future research, as well as contextualising this work in the broader field
of photochemistry.

It has long been known that photochemical dynamics outcomes are highly dependent on
conical intersections, 68.76:79-86:217.221,222,278 pyrther, there are two limiting cases of dynamics:
where the motion before the conical intersection is important, 68,82,217,218,222.278 4nd where
the local topography of the potentials dictates the outcome.307838%217 The conclusion of
Chapters 6 and 8 is that the NBD/QC system falls very firmly into the former camp, with
the primary factor being the velocity of the wavepacket before the intersection. We posit
that this feature is common in photoswitches, as it seems a relatively straightforward way to
achieve efficient, multi-outcome processes.?’°~281 We should thus expect photoswitches to
often show peaked, bifurcating intersections, which bias the dynamical outcomes less than
sloped intersections.

Although this system shows coherent dynamics from the excitation to the intersection, it
is also possible to imagine a less coherent photoswitch process, where the excited dynamics
is initially trapped in an excited-state minimum.?’® From there, it can gradually ‘leak’ out,
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moving towards the intersection from a well-defined region in phase space. Alternatively, the
dynamics before the intersection could allow for the wavepacket to cross at different locations
on the seam, each with variable local topography.?!” Therefore, one could alter the quantum
yield by controlling which intersection is accessed.

The QC/NBD system is an exciting test-bed for control and reactivity in photochemistry,
especially concerning short, coherent dynamics. Focusing on this coherent limit affords
higher-level simulations, as well as more clearly isolating the key factors governing the
reaction outcomes, which are central to the design of practical applications. While this work
concentrated on the unsubstituted isomer, exploring how substituent groups influence the
potential energy surfaces and dynamics is a natural next step. This allows for further subtle
changes in the dynamics, leading to both potential and inertial effects, *®222 improving our
knowledge of this system and dynamics through conical intersections as a whole.

Understanding these factors will also refine our emerging ‘design rules’, both increasing
our theoretical understanding and potentially leading to more efficient devices. For example,
many systems currently under consideration for practical applications are asymmetrically
substituted?°, aligning with our predictions that breaking the symmetry could lead to a more
efficient reaction (see Chapters 6 and 8). Testing our understanding by performing that
substitution in this efficient, reliable and well-understood computational model is, therefore, a
crucial next step. Finally, we add that solvent effects on the potentials and dynamics will be
significant, and should be explored further.

Chapters 6 and 8 explore the variations in dynamics after changing two key parameters:
the potential energy surface and the initial conditions. The third key ingredient in dynamics
simulations is the method used to solve the nuclear equations of motion, and QC/NBD pro-
vides an excellent testing ground for comparing different dynamics methods. The system is
comparatively simple, exhibiting ultrafast internal conversion via a single, well-defined conical
intersection, and the CASSCF(2,2)/p-cc-(p)VDZ model is highly computationally efficient. Yet,
even small changes in the potentials lead to notable discrepancies in decay times and quantum
yields, and understanding how the dynamics method affects these observables is undoubtedly
of interest. This is highlighted by the notably divergent ab initio multiple spawning results,
confirming the value of benchmarking mixed-quantum-classical and semi-classical dynamics
methods in this system.

For this, a helpful tool would be a set of parameterised potential energy surfaces. As shown
in this work, the key dynamics in this system occurs in a relatively small set of internal
coordinates, a feature already noticed by previous authors. 138 However, it should be noted that
NBD/QC is not suitable for a description using a simple linear vibronic coupling model, and so
a set of calculated potential energy surfaces in a limited subspace of selected internal degrees
of freedom is the next step. Of course, this would allow for a fully-quantum simulation, and
possible validation of the simple classical models we have used here to study the dynamics.

An underlying theme of this work is the connection of theoretical results to experiments.
Currently, computer simulations cannot provide correct answers for anything but the most
straightforward systems, and validation to experiment is the linchpin of understanding non-
adiabatic dynamics. In light of this, careful consideration must be given to the calculation
of experimental observables, both in terms of the correctness of the predictions and, more
saliently, how we compare experiments to theoretical simulations. To what extent different
experimental techniques are sensitive to changes in dynamics should be extended to other
molecules, especially as this system displays such a limiting case of dynamics. We also focused
only on two specific observables — photo-electron spectroscopy and x-ray scattering — but
future work should branch into other experimental techniques, such as electron scattering, 46

147



11. Conclusions

282,283 284-288

Coulomb explosion imaging,
spectroscopy. 289,290
Naturally, predicting experimental variables invites a connection to actual experiments. This
work, which has already been started (see Chapters 9 and 10), requires extensive collaboration
with a host of groups worldwide. Ultrafast experiments are still in their infancy and rapidly
improve each year, with breakthroughs in light sources, detectors and, as highlighted in
this thesis, theoretical understanding. This, combined with their dependence on theoretical
exposition, implies that experiments should be pre-empted by theoretical work, which can
guide the experimental parameters to ensure a positive outcome. In this work, we closely
looked at time- and energy-resolution, providing tangible goals for experimental work and
suggesting regions and features for close analysis in experiment. Given the extreme expense,

core electron spectroscopy and transient absorption

both financial and ecological, of experimental time at modern facilities, an in-depth theoretical
exploration of these features, as well as a realistic discussion of what could be observed, should
be standard practice before embarking on these experiments.

For the interpretation of future experiments, a set of simulations of NBD dynamics including
Rydberg states is a necessary next step. Traditionally, this requires the explicit description of the
Rydberg states in the electronic structure, as described in Chapter 10, which is computationally
challenging, as the varied nature of the states often leads to one part of the system being
described more correctly than another. For this, we believe that combining the results of
multi-channel quantum defect theory,®!7? an excellent way to describe Rydberg states, with
standard ab initio electronic structure theory, is a promising approach for future studies.

More broadly, this system serves as an invaluable case study in photochemistry. Its short
and coherent dynamics make it particularly appealing for practical applications, where effi-
ciency and controllability are paramount, but it pushes the boundaries of currently available
experimental techniques, presenting technical and theoretical challenges for measurements
and their interpretation. Fully understanding this system, and how to simulate, control and
modify it, offers valuable insights into ultrafast chemical reactions, pushing the boundaries
for a greater influence of non-adiabatic simulations on modern chemistry. Eventually, this
could lead to further advances in our general understanding of photochemical processes, a
tantalising goal since the advent of femtochemistry more than 20 years ago.
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A

Calculation of Scattering Observables

Using ab initio electronic structure theory calculations (such as those covered in Chapter 3),
one can calculate the properties needed for both x-ray and electron scattering (Egs. (4.16),
(4.17), (4.22) and (4.23)). These calculations, which we denote as ab initio scattering (AIS),
are performed using an code developed in the group. The details of these calculations are
unimportant to the results, as the calculations we return are essentially perfect!. As the
wavefunction from the ab initio calculations gets better, the scattering pattern should also,
as it is a direct measure of the wavefunction. Technical details of how these calculations are
performed are beyond the scope of this work and can be found elsewhere, 121:291:292

A very popular approximation of the scattering signal can be found in the independent atom
model (IAM). 14%150 In this, we approximate the one-electron density of a molecule as the sum
of atomic densities, or

Nat
pPPM ) =) p* (R, (A1)

where p%(r;R,) is the density of atom « centred at position R,. From this, one can derive
equations to calculate the total scattering as

Nat . Nat
AN (@ = > @ fr@eTRr+ > S, (q) (A.2)
D(,ﬂ o
Lo I () fZ Lt (@)

where f, (q) is the coherent form factor for atom a. This is the same quantity as L,,,,, but we
shall use the term form factor to distinguish the different uses. These are coherently summed,
modulated by the distance between the two atoms Ry, to give the elastic IAM scattering.

S« (q) is the incoherent form factor for atom e, calculated as (A, — |me|2) (i.e. the inelastic
scattering), and the incoherent sum of these leads to the inelastic scattering. Both of these
quantities are tabulated in the International Tables of Crystallography (ITC), and we shall use
these values in all calculations from here on.

Of course, we could re-frame this equation into a rotationally averaged calculation, and
retrieve

Nat Nat
A @ =Y (9 f5(@) sinc(qRep) + D Sala) - (A3)
a,ﬂ [0
ILAMZ (g) fz LM (g)

iBy perfect, we mean that they are a faithful reproduction of the scattering pattern for a given electronic
wavefunction, within the 1st Born approximation and with no relativistic effects. Of course, the calculation of the
electronic wavefunction will itself also be imperfect.
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A. Calculation of Scattering Observables

The calculations for electron scattering can be found in an analogous way. For this, we use
the modified formula for the coherent form factors

8@ = fo (@) — Z (A.4)

This is then used in the same expression as in Eq. (A.3), giving
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ap
Nat
= AIBM(g) — 2 Z fl@)Zp smc(qRaﬁ) Z ZoZg sinc(qRa/;) .
ap

Again, we retrieve two additional terms related to the nuclei. The mixed term, shown here in
its form factor form, and the nuclear term, which is identical in the ab initio and IAM cases.

The independent atom model is an odd method. As the density is merely the sum of the
individual atomic densities, it is incapable of describing any distortions of the electron density
due to the molecular environments. This includes the very significant bonding and correlation
effects that are seen in all molecules, as well as the difference between different electronic states.
Despite the fact that Eq. (A.1), at least on the surface, seems an extremely harsh approximation,
the IAM is annoyingly accurate. To use the example of dynamics, the majority of the change
in electron density is caused by the motion of nuclei and the subsequent motion of the core
electrons. This is particularly stark for heavy atoms, for example iodine, where the IAM gives
fantastic results. The core electrons of iodine are just not particularly affected by the chemical
environment, and if they are, the effect is only a very small motion, which scattering is not
sensitive enough to pick up.
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Valence States

B.1 — Electronic Structure

Orbitals Images

BEHR

Ai(mo)  Bi(wo*) Bo(m*o) Ag(m*o™)

Figure B.1: Orbitals (iso-surface value of 0.05) for CASSCF(4,4)/p-cc-(p)VDZ at the NBD
geometry. We use the same labelling as Fig. 5.2.

In Fig. B.1, we show the orbitals in NBD for CASSCF(4,4), matching Fig. 5.2. For the CASSCF(2,2)/p-
cc-(p)VDZ calculations, as shown in Fig. B.2, the state-averaged (SA) natural orbitals do not
resemble the orbitals of the (4,4) active space. This is due to the effect of the S, state, which is
not well described, adding asymmetry. The natural orbitals for the S, state (or the S; state),
show the more familiar shapes, akin to the B; and B, orbitals in the (4,4) active space. The
asymmetry in the orbitals does not affect the calculations — the two sets of orbitals are simply

a rotation of each other.

So natural SA natural
B1 (mo*) Ba(m*0o) Orb 1 Orb. 2

Figure B.2: Orbital (iso-surface value of 0.05) for CASSCF(2,2)/p-cc-(p)VDZ at the NBD geome-
try. On the right, we show the state-averaged (SA) natural orbitals, which exhibit pronounced
asymmetry. The state-specific orbitals for the S, state (left, S; state gives similar results), do
not show this asymmetry, and look much closer to Fig. B.1.
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B. Valence States
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Figure B.3: Carbon-carbon distance coordinates for the two LIICs used in the (7., r;p)-plane,
with key geometries labelled. All geometries are calculated at CASSCF(2,2)/p-cc-(p)VDZ level.
The projection of the two branching plane coordinates X and Y into the plane are also shown
(cf. Fig. 5.12).

Pathway Geometries

In Fig. B.3, we show the two LIICs in the (r,, 1y, )-plane. The QC+S;/S; MECI«+>NBD LIIC
(solid indigo line) travels straight between the minima and the conical intersection, conserving
approximate C, symmetry. The S;/Sq MECI<S; minimum«NBD LIIC first traverses from the
conical intersection to the S; minimum, maintaining (approximate) C, symmetry, and then
moves to NBD, maintaining r,, = 0 and C,,, symmetry. It is clear that we do not need to plot
the QC+S;/Sy MECI on both pathways. These pathways approximate the CASSCF(2,2) and
XMS-CASPT2(2,2) dynamics, respectively (cf. Chapter 6).

Rydberg States

In Fig. B.4, we show the potential energy cuts for SA(8)-CASSCF(4,8)/aug-cc-pVDZ, a method
similar to those used in previous work.>>!88 This adds a 3s and three 3p orbitals to the (4,4)
active space (shown in Fig. C.2). Without CASPT?2, this does not improve on the CASSCF(4,4)
surface, and even predicts the Rydberg states (the flat manifold at = 4 eV) below the va-
lence state (the steeply sloped excited state) in NBD. Figure B.5 shows the results with
XMS-CASPT2(4,8)/aug-cc-pVDZ, an improvement on CASSCF(4,8)/aug-cc-pVDZ, compared
to CASSCF(2,2) and XMS-CASPT2(4,4) (both using p-cc-(p)VDZ). We can clearly see that the
important S; valence state in NBD, on which the dynamics of Chapter 6 is based, is unaffected
by including the Rydberg states, validating our model. In the QC isomer, this is less clear, and
the valence state becomes close in energy to the Rydberg states. As such, our valence-only
model (see Chapter 8) would not explain all of the observed experimental dynamics, as shown
in Chapter 10.

MRCI

Here we show the PECs for the QC«<S;/Sy MECI++NBD LIIC for CASSCF (indigo solid lines),
MRCI (rose dashed) and MRCI+Q (green dotted) for the (2,2) (left panel) and (4,4) (right) active
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B.1. Electronic Structure
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Figure B.4: Potential energy cuts for SA(8)-CASSCF(4,8)/aug-cc-pVDZ. Left: QC+S;/S,
MECI<NBD. Right: S;/Sy MECI+<S; min.<>NBD. The valence state (the strongly sloped
excited state potential) is far higher in energy than the Rydberg state (the flat potentials at = 4
eV, which would lead to vastly different dynamics.
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Figure B.5: Potential energy cuts for XMS(8)-CASPT2(4,8)/aug-cc-pVDZ. Left: QC+S;/S,
MECI&NBD. Right: S1/Sq MECI+S; min.«>NBD. The CASSCF(2,2) (indigo solid), XMS-
CASPT2(4,4) (rose dashed) and XMS-CASPT2(4,4) (green dotted) all show strong agreement for
the lowest two states (Sq and the valence excited state). Unlike the other two, XMS-CASPT2(4,8)
shows Rydberg states at = 6 eV, which do not interact with the lower valence states. As such,
ignoring the Rydberg states is a valid approximation for the valence dynamics.
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8 s F
6 o b
3z 4 T 4r
> o0 N >
j=1s] j=1s]
5] 5]
S 2 S 21
0 — CASSCF(22) 0r — CASSCF(3,2)
— - MRCI(22) — = MRCI(4,4) ™
- MRCI+Q(222) - MRCI+Q(44) ~<2
2t . . -2t . 9
QC S:1/Sy MECI NBD QC S,1/Sy MECI NBD
Pathway Pathway

Figure B.6: MRCI on the QC+S;/Sy MECI<>NBD LIIC. Left: CASSCF (solid, indigo) vs MRCI
(dashed, rose) vs MRCI+Q (dotted, green), with both (2,2) (left) and (4,4) (right) active spaces.
All calculations are performed with the p-cc-(p)VDZ basis set. The (2,2) active space subtly
changes the description for Sy around the NBD minimum, but qualitative agreement is seen
elsewhere, even with the Davidson correction. For the (4,4) active space, the three methods
do not agree even qualitatively, with a notable = 2 eV discrepancy in excitation energy in
NBD. Notably, the MRCI+Q(4,4) calculations give a similar shape to all three (2,2) active space
methods.

spaces. The (2,2) case gives very close agreement for all states, whereas the (4,4) case requires
the Davidson correction for the calculation to be even qualitatively correct.

E/eV

—0.05

X/& 0.05 -0.05

Figure B.7: Energies in the branching-plane of S;/S; conical intersection, using the local linear
representation’8. This is a peaked, bifurcating intersection. The branching plane vectors are
shown in Fig. B.8, with X breaking the symmetry and Y preserving it. The conical intersection
was optimised using XMS-CASPT2(4,4)/p-cc-(p)VDZ. An illustrative trajectory is shown, which
would travel from NBD to the S;/S; conical intersection, missing the S,/S; conical intersection
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The S,/S; Conical Intersection

B >

Figure B.8: Branching plane vectors for the S,/S; conical intersection, optimised using XMS-
CASPT2(4,4)/p-cc-(p)VDZ. The X vector is a rhombic displacement, which takes the molecule
almost directly to the S;/S; conical intersection, while the Y vector is very similar to the
displacement vector from NBD to QC. All vectors are almost entirely within the plane of the
figure.

When using XMS-CASPT2(4,4)/p-cc-(p)VDZ, the S,/S; conical intersection can be found at
(Fee>Tehs Tdb) =~ (2.01,0,1.48) A, close to the S; minimum (it does not exist in CASSCF(2,2)).
Figure B.7 shows the branching plane energies for this intersection (using the approximation
in Section 2.2). It has Cy, symmetry, with S, defined as A; and S; as A,. This is a peaked,
bifurcating intersection. By looking at the vectors in the branching plane (shown in Fig. B.8),
we can identify the X direction as breaking the symmetry with a rhombic displacement
(increasing magnitude of ), while the Y direction is symmetric, decreasing r.. and increasing
F4p- In short, X moves towards the S;/S; conical intersection, while Y from NBD to QC. As this
is a symmetric geometry and the two states have different symmetries, X can be identified
unambiguously with the non-adiabatic coupling and Y with the gradient difference.

Using Fig. B.7, it is clear that any dynamics which started in NBD (i.e. coming from negative
Y along the lower S; surface) would be split into two separate channels, each going to the
mirror-image copies of the S;/Sy CI, and we expect minimal S, population. For clarity, we
illustrate this with an example trajectory, drawn as a vector. This conical intersection is also
present in the XMS-CASPT2(2,2) method, with similar energies and branching plane vectors.
Notably, the conical intersection is more peaked, leading to less transfer to the S, state.

Basis Set Contraction

For clarity, we include a table of the basis set primitives and contractions of p-cc-(p)VDZ in
Table B.1.
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'th =TA — 1B

(o) Tdb

Figure B.9: Definition of four-carbon ring distances. Here it is drawn as a planar parallelogram,
with the C;C, and C3C4 distances equal (r,.), as well as the C;C3 and C,C5 distances (r},). The
angle 6 and the two distances r,. and ryy, is sufficient to define the shape. In a non-symmetrical
shape (such as a trapezium), information about all of the angles and distances is necessary.

Table B.1: Primitives and contractions for the p-cc-(p)VDZ basis set. This is a effectively a
pruned aug-cc-pVDZ basis set, removing all diffuse and polarisation functions off of hydrogen
atoms (a [4s|2p] contraction), and the S and D angular momentum diffuse functions off of
carbon atoms (a [9s5p1d|3s3p1d] contraction). Zero values are not shown.

Atom Ang. mom. Primitives Contractions
H S 13.01 0.019685
1.962 0.137977
0.4446 0.478148
0.122 0.50124 1
C S 6665 0.000692 -0.000146
1000 0.005329 -0.001154
228 0.027077 -0.005725
64.71 0.101718 -0.023312
21.06 0.27474 -0.063955
7.495 0.448564 -0.149981
2.797 0.285074 -0.127262
0.5215 0.015204  0.544529
0.1596 -0.003191 0.580496
P 9.439 0.038109
2.002 0.20948
0.5456 0.508557
0.1517 0.468842 1
0.04041
D 0.55 1
B.2 — Dynamics

Coordinate Non-Orthogonality

In the Egs. (5.1) to (5.3), we introduce three separate distance coordinates to measure the
displacements in dynamics. These coordinates are the wing-separation coordinate r,, =
0.5(r2 + r34), the rhombicity coordinate r,;, = rj3 — ry4 and the double-bond length ryq, =
0.5(r14 + 193), defined in figure B.9. These constitute a complete description of the geometry
of the four-carbon ring in a planar C, symmetry — i.e. a parallelogram. Of course, in the
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Figure B.10: Contour maps of coordinate planes. rg, = 1.442 A, i.e. the value of the CASSCF(2,2)
S1/Sq MECI, and the geometry is constrained to planar C; symmetry. Left: Constant 6 values
in the (7., r;p)-plane. At 6 = 0.5 there is no rhombicity. 6 decreases as ryy, increases, with the
rate decreasing as a function of r... The same effect is seen as rgp, increases. Right: Constant
ryp values for (7., 8)-plane. At smaller values of 7., a value of ry, indicates a larger value of 6.

dynamics this symmetry is broken, and there are countless geometries associated with each of
the values (rec, vh, Yab)-
r;n can be related to the other distances and the angle 6 (see Fig. B.9) as

I'th = \/rczc + ’ﬁb + 2rgrapcos(6) — \/rczc + rgb — 2rerapcos(0),

which can be inverted into

”rh\/ 4(r& +r) —ra

4rectdp '
The sign ambiguity is due to the two opposite chiralities. Here, we define that 0 <0 < IZI to
always return positive ry,.

As ry, is not simply a scaled version of 6, which is always orthogonal to r.. and 7y, is not
generically orthogonal to 7., and rg,. As the dynamics are performed in cartesian coordinates,
this does not affect the results.

To help understand how r,;, maps on to the angle 6, in figure B.10 we show lines of constant 0
(left) and ryy, (right) in the (ree, rpn)- and (7, 0)-planes, respectively. We see that as 7. decreases,
the value of r,, for a given angle 0 decreases, and vice versa. In the region we study, namely
between 1.5 A and 2.5 A, the effect is relatively subtle, and we can approximate (quite well)
the difference as distances as the rhombic angle.

We chose to use 1y, primarily for simplicity — it mirrors the definitions and units of the other
coordinates studied in this work while capturing all of the necessary information. Additionally,
it avoids complicated boundary behaviour of angles, as well as the choice of which of the
angles (or which combination thereof) should be used.

cos(f) = +

Total Energy Errors

To quantify total energy errors, we use two statistics: total energy drift, defined as

AEgyige = max(Eyo) — min(Eyor)
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Figure B.11: Energy error histograms for the NBD-initiated dynamics. All figures have a
logarithmic y-scale. Top: CASSCF(2,2). The overall error level is excellent, with only almost all
trajectories (bar two) having a energy error under 0.02 eV. Middle: XMS-CASPT2(2,2). A very
similar picture to CASSCF(2,2). Bottom: XMS-CASPT2(4,4). Note that the energy scale has
changed by an order of magnitude. These trajectories show much worse energy conservation.

and maximum single-step energy change
AEss = maX(|Etot(t + At) - Etot(t)D

with Eyoi(t) = Eyin(t) + Epot(t). Importantly, AEgs < AEyyif. For both of these metrics, we are
only considering dynamics on the excited state, as it is the focus of this work.

Histograms for the two energy errors for the CASSCF(2,2) (top), XMS-CASPT2(2,2) (middle)
and XMS-CASPT2(4,4) ensembles are shown in Fig. B.11. For both the (2,2) active space calcula-
tions, there was very little energy error, with the vast majority of trajectories staying beneath a
total error of 0.01 eV. The (4,4) calculations are more susceptible to CASSCF convergence issues
(see Chapter 5), manifestig as significant energy deviation. Almost all trajectories conserved
energy to beneath 0.02 eV, while there were some outliers with up to 1 eV of energy error.
As these trajectories made up only a small fraction of the dynamics, they were kept in the
analysis.

On the ground state, significant energy deviations are seen for all electronic structure
methods, but these do not affect the decay pathway nor the assigned channel.

Figure B.12 shows the equivalent plot of the QC-initiated dynamics of Chapter 8. The
overall conservation of energy is wose than the corresponding CASSCF(2,2) ensemble in the
NBD-initiated dynamics (cf. Fig. B.11, upper panel), but is still at an acceptable level.
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Figure B.12: Energy error histograms for the QC-initiated dynamics. The total energy of the
trajectories is generally conserved to within 0.05 eV, with most trajectories below 0.2 eV, worse
than in the NBD-initiated CASSCF(2,2) dynamics (cf. Fig. B.11).
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Figure B.13: Populations for CASSCF(4,4) dynamics. The immediate, large transfer to S,
differentiates the CASSCF(4,4) dynamics from the other methods.

CASSCF(4,4) Dynamics

The CASSCF(4,4) dynamics transfers significant population onto the second excited state, due
to the increased energy of S; relative to S,, as discussed in Chapter 5. This can be seen clearly
in Fig. B.13. The other methods only transfer ~ 5%. As such, the dynamics is much slower,
and leads to quite different molecular geometries. This is shown in Fig. B.14, which shows a
heat-map (a population density) for the r.. and r;j, coordinate. We do not show the same r,
vs. 1yn plots, as the excited state dynamics is much longer and visits the same points in the
(Tee» 1yh)-plane multiple times. The most crucial difference is the presence of some dynamics on
the S, (with |2ud0) character) surface, which is described too high in energy. It therefore does
not couple to the [2020) state, which leads to the motion towards the S;/S; conical intersection,
and is trapped on the r,;, = 0 line.

Example Trajectories

Here, we show some example trajectories. Figure B.15 shows an example NBD-forming
trajectory for the NBD-initiated dynamics, calculated with CASSCF(2,2). Looking first at the
energies (left panel), we see the three electronic states (the three non-black lines), with the
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Figure B.14: Heat maps for CASSCF(4,4) dynamics. Left: r... The dynamics exhibits two
distinct channels and oscillation around the minimum of the S, state (of |2ud0) character).
Right: r,,. The two channels which split to 7., + 0.75 A constitute the rapid decay, similar
to the other methods. Note the slightly larger r.. value (cf. Fig. 6.3). The central channel is,
which remains at r.. = 0, is the S, ensemble, which is not present in the other methods.
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Figure B.15: Example of a NBD-initiated, NBD-ending trajectory for CASSCF(2,2). Left:
Energies. The trajectory (active state, black circles) starts at 6 eV on S; (rose line), before
rapidly moving to hit the ground state (indigo) at = 40 fs. The S, state (green) comes close but
does not cross the S; state. After that, the trajectory drops into the NBD ground state well and
the other states separate. The total energy is constant at = 8 eV. Right: Geometric parameters.
The wing-separation r. (indigo solid) smoothly decreases to just under 2.0 A, before rising
back to almost 3.0 A on the ground state. The double bond length (green dotted) oscillates
around 1.4 A, while the rhombicity ry, (rose dashed) rises at the S;/S, conical intersection at
=~ 40 fs.
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Figure B.16: Example of a QC-initiated, NBD-ending trajectory for CASSCF(2,2). Left: Energies.
The trajectory again starts with S; (rose line) as the active state (black circles). The trajectory
immediately crosses to QC, as can be seen by the avoided crossing between the S (indigo) and
S, (green) potentials. The trajectory reaches the S;/S CI at = 80 fs, transferring to the ground
state. Right: Geometric parameters. 7. (solid indigo) rises with the QC to NBD motion, before
dropping towards the S;/S, CI, with a corresponding increase in ry}, (dashed rose). At longer
times, 7, increases as ground-state NBD is formed. Again,ry;, oscillates around 1.4 A, lowering
with the formation of NBD.

active state depicted by the black circles. The dynamics starts at 6 eV on Sy, rapidly moving to
the S;/Sy CI at = 40 fs, before dropping to the NBD minimum. Just before the crossing, we
see the lowering of the S, state, which maintains energy separation as predicted in Chapter 5.
Finally, the total energy (the flat black line at = 7.5 eV) stays constant across the pathway.

The right panel shows the three carbon-carbon distances (Egs. (5.1) to (5.3)) across the
trajectory. As seen in Fig. 6.8, r.. (indigo line) lowers from 2.5 A, increasing just before the
intersection, which shows large rhombicity (rose dashed line, 13, = 0.4). ryp, (green dotted line)
nutates around the value of 1.4 A.

Fig. B.16 shows an example QC-initiated, NBD-ending trajectory, calculated with CASSCF(2,2).
Looking at the energies (left panel), the first item of note is the avoided crossings of the S,
and S, states (indigo and green lines, respectively). This is a characteristic feature of crossing
from QC-like to NBD-like geometries, due to the change in character of the ground state. The
active state (black circles) stays as S; (rose lines) until = 80 fs, when it transfers to the ground
state at the S;/Sy CL The total energy (flat black line at = 8 eV) is constant on the excited state,
but shows some variation on the ground. Looking now at the right panel, showing distances,
we see the rapid increase in .., denoting motion from QC to NBD, before it drops to ~ 2 A at
the CL This is accompanied by a corresponding increase in ryy,. 74, again stays fairly constant,
around 1.4 A.

Separated Figures
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Figure B.17: Colour-blind friendlier version of Fig. 6.10, otherwise identical.
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Experiments

— Absorption Spectrum

One- vs Two-Photon Processes

Electronic Vertical tran- One-photon Two-photon Two-photon
state sition energy  oscillator (linear) cross  (circular)
/ eV strength section / a.u. cross section
/ au.
114, (V) 5.328 0.0000 0.530 0.795
1'B; (3s) 5.830 0.0161 13.6 20.4
1'B, (V) 6.132 0.0211 15.3 23.0
2'A; 3py)  6.296 0.0218 376 271
214, 3p,) 6358 0.0000 63.7 95.6
2'B; (3p,) 6.441 0.0007 4.17 6.26
2'By 3dy,) 6755 0.0720 14.0 21.1

Table C.1: Calculated (CC2/aug-cc-pVQZ method) vertical transition energies to the first seven
excited singlet states of NBD, along with the respective oscillator strengths and two-photon
cross sections (in atomic units) under both linear and circularly polarised photoexcitation.
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Figure C.1: (a) A comparison between the experimental?®3 11 B, — 11 A; absorption band of
NBD and a simulation of the vibrational structure. The simulation employs the calculated 1' B,
state vibrational wavenumbers (Table 9.4) but the 1! B, state is predicted to be unbound in one
normal mode. For the purposes of this calculation, the sign of the one imaginary wavenumber
has been changed to positive (see comment below). The simulated spectrum was obtained by
convolving the calculated stick spectrum (not shown) with a 40 meV FWHM Gaussian function.
The simulated spectrum was shifted to higher energy by 0.116 eV to align the features peaking
at 5.73 eV in the simulated and experimental spectra. (b) A simulated spectrum obtained by
convolving the stick spectrum with a 2 meV (FWHM) Gaussian function (comparable to the
instrumental resolution in the present experiment), similarly shifted in energy. The peak
marked with a * in (b) is an artefact associated with excitation to the 139=2 level that only
exists after the sign change mentioned above, while other peaks associated with this mode are
not distinct enough to label. The effect of these spurious transitions on the overall spectrum is
minimal, for two primary reasons: Firstly, the most intense transitions (those that create the
visible structure) have no excitation into this mode and would be unchanged in the simulation.
Secondly, the spurious transitions lack intensity compared to the surrounding transitions,
and so merely contribute to baseline ‘noise’. Thus, the transitions add a small error to the
simulation, but the qualitative agreement to the experimentally measured spectrum of Robin
and Kuebler2®3 is unaffected.
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C.2 — Rydberg/Valence Dynamics in Quadricyclane
Orbital Images

& & B B

ALV By V
A1 3s B1 3px B2 3py A1 3py

Figure C.2: The active space consists of 2 electrons in a space of 2 valence and 4 Rydberg
orbitals. Extending the active space to include one additional pair of virtual and occupied
orbitals creates the (4,8) active space of Valentini et al.. '3 The two orbitals that extend the
(2,6) active space are identified by a (4,8) in their caption. The iso-surface cutoff value has been
adjusted such that 80% of the total density is shown for each orbital, and Rydberg orbitals are
shown zoomed out to fully render their spatial extent.
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Figure C.3: Theoretical fast valence TRPES signal decomposed into ionisation to Dy, (left panel),
ionisation to D; (center panel), and ionisation to all modelled continua (right panel). All plots
are shown on identical colour bars and convolved with bi-variate Gaussians with 94 fs and 0.1
eV FWHMs.

Figure C.3 shows the contribution to the fast valence photo-electron signal from the two
important ionisation channels, Dy and D;. Further information on the character of these states
can be found in Chapter 7.
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Basis Set Contraction

Table C.2: Basis sets primitives and contraction coefficients for the additional S and P basis
functions placed on the bridging carbon. Primitives taken from Kaufmann et al..?%3,

S P
Prim. Coeff. Prim. Coefl.
0.24624 0.61938966 0.042335 0.095483047
0.11253 -1.6065374 0.019254 -0.21148730

0.005858  0.62877974 0.009988 -0.87477491
0.003346  -1.2909713 0.005689  0.22484356
0.002948 1.5983647 0.003476 -0.47278922
0.001324 -0.12722174 0.002242  0.40679967
0.000893 0.6792952 0.001511 -0.23103729
0.000624 -0.16767218 0.001055 0.061411951
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