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Singlet fission is a multiple-exciton-generation process found in organic materials that could
help to enhance the efficiency of future photovoltaic devices, by overcoming the Shockley-
Queisser limit. In spite of considerable experimental and theoretical attention, different
aspects of the process are still not fully understood. The main reason for this is that singlet
fission is characterised by a complex interplay of electronic states, vibrational modes and

electrostatic screening effects.

In this thesis we employ ab initio electronic structure techniques to study the excitations in-
volved in fission in molecular crystals and dimers, using the well-studied pentacene molecule

as a reference system.

Linear-scaling density functional theory (LS-DFT) is used to model the influence of the crys-
tal environment on charge-transfer (CT) configurations in the pentacene molecular crystal.
We derive a general dipole correction scheme that allows us to eliminate finite-size effects
from the calculations. We find that CT energies are significantly lowered by the response of
the crystal environment, bringing them close to the energies of local excitations. This result
lends support to the idea that the photoexcited precursor state to fission has significant CT

character, and emphasises the role played by CT configurations in fission in the crystal.

Furthermore, we use DFT to parametrise a linear vibronic coupling Hamiltonian of a covalent
dimer of pentacene, forming the basis for many-body quantum dynamics calculations of the
interplay between electronic and vibrational degrees of freedom. This reveals an interesting
role for symmetry in fission in such dimers. Due to their high symmetry, couplings that could
enable figssion are precluded at the ground-state geometry. However, dynamic symmetry
breaking by vibrational modes opens up an efficient pathway for fission, via an avoided

crossing mediated by virtual CT configurations.

Finally, we explore the influence of different side-groups and solvent environments on fission
in pentacene dimers. To this end, we employ DFT with both implicit and explicit solvent
models, combined with large-scale calculations to achieve sufficient sampling of solvent-solute

configurations.
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Chapter 1

Introduction

In recent years, the field of organic electronics has attracted increasing interest from the
scientific community, and has turned into a dynamic area of research that shows great
promise for the future [1]. Organic materials have the potential to provide an alternative to
traditional inorganic semiconductors for important applications such as photovoltaics (PVs),

with the advantages of much reduced cost and less energy-intense production.

However, progress in this field is hampered by relatively poor theoretical understanding of
electronic processes in organic materials. One reason for this is that the ‘band’ picture of
weakly interacting electrons and holes, that is so successful for inorganic semiconductors,
breaks down. Instead, electrons and holes in organics form tightly bound quasiparticles,
called excitons. This is a consequence of the fact that organic materials have relatively
small dielectric constants. In addition, disorder is much more prevalent due to the complex
molecular structures encountered in organic materials, strongly affecting the dynamics and

energetic alignment of excitons.

Organic solar cells have emerged as a potential alternative to the established silicon cells,
promising much lower manufacturing cost and a lot more versatility with regards to form
factor. The basic principle of operation of an organic solar cell is illustrated in Fig.[I.1 An
electron donor material absorbs light, creating excitons. The excitons are electrostatically
bound electron-hole pairs which diffuse through the material and can dissociate when they
meet the donor-acceptor interface. In order for dissociation to be energetically favourable,
the conduction band edge of the acceptor has to be lower than the conduction band edge
of the donor. Dissociation creates free electron-hole pairs, building up a voltage across the
device. A current disadvantage of organic PVs is their relatively low efficiencies compared
to inorganics, of up to about 13% [2]. This is in part due to higher recombination resulting

from stronger binding of electron-hole pairs, compared to inorganic semiconductors.
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Figure 1.1: The basic working principle of an organic solar cell: light absorption in
the donor creates excitons which dissociate at the donor-acceptor interface, creating
free charge carries.

Another factor imposing a bound on efficiencies of PVs (organic and inorganic) made from a
single absorbing material is known as the Shockley-Queisser limit . Given a single absorber
with a certain band gap, only photons from the solar spectrum that match the band gap
in energy can be converted efficiently into charge carriers (Fig. . Photons with energies
below the band gap simply cannot be absorbed and hence fail to create electron-hole pairs.
While high-energy photons can be absorbed, their excess energy above the band gap is also
wasted. This is because excited electrons above the conduction band edge thermalise their
excess energy very quickly and fall back to the band edge. Given the solar spectrum this
means that an ideal solar cell with a single absorber can achieve a maximum efficiency of

around 34%.

Omne approach to circumvent the Shockley-Queisser limit is to construct solar cells with
multiple absorbing materials with different band gaps, giving better coverage of the solar
spectrum . While such multi-junction solar cells achieve high efficiencies, this is at the
expense of much higher manufacturing complexity and cost. Building a multi-junction cell
requires the layering of a range of different materials, effectively connecting several PV
interfaces in series. Because of the electrical connection in series, the band gaps have to be
chosen carefully such as to ensure that the currents across each interface are matched, given

the solar spectrum.
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Figure 1.2: Illustration of the Shockley-Queisser limit. Low-energy sub-band-gap
photons cannot be absorbed. Electrons promoted above the conduction band edge
by high-energy photons quickly thermalise their excess energy and fall back to the

band edge.

Multiple exciton generation (MEG) [5] provides an alternative way of tackling the problem.
The basic idea is simple: thermalisation losses due to relaxation of electrons to the conduc-
tion band edge would be avoided if high-energy photons could be converted into multiple
excitons (each with lower energy, close to the band edge). This process is known to occur

in quantum dots made from inorganic semiconductors [6].

A particularly interesting type of MEG has been observed in organic materials such as
pentacene, called singlet exciton fission or singlet fission for short [7,[8]. In singlet fission,
photoexcited singlet excitons rapidly and spontaneously convert into pairs of triplet excitons
with about half the energy each. The process can occur very efficiently since it is spin-
allowed: the triplet excitons are correlated in such a way that the overall spin-wavefunction
is still a singlet. Giving a satisfactory account of singlet fission has been a challenging
problem for theory. There is ongoing debate in the literature about which electronic states
are involved in the process, and how sufficiently strong coupling is established between these
states. The difficulty for theoretical modelling lies in the involvement of different electronic

states with distinct characters that couple strongly to both the vibrational and electrostatic
environment.

In this thesis we aim address some of these challenges by investigating singlet fission in
pentacene using ab initio techniques. To capture the disorder and environment interactions

which are so important in organics, accurate electronic structure methods are required that
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scale favourably to large system sizes. Linear-scaling density functional theory [9] is such
a method, and it has become available only relatively recently. It holds a lot of promise
to elucidate a range of phenomena that arise in organics due to the complex electron-hole
interactions, and which are largely absent in inorganics. We also use density functional
theory to parametrise effective models of the interaction between electronic and vibrational
degrees of freedom, forming the basis for sophisticated quantum many-body simulations of

singlet fission.
This thesis is structured as follows:

e Chapter 2 reviews the theoretical underpinnings of our primary computational tool,
density functional theory (DFT). In addition to the ground state case, we also review
two excited-state methods, constrained DFT and (linear-response) time-dependent
DFT. The rest of the chapter introduces the concept of linear-scaling DFT in the
context of its implementation in the ONETEP code.

e Chapter 3 lays out the basics of electronic excitations in organic semiconductors, as well
as the basics of the singlet fission process and its potential relevance for photovoltaics.
We elaborate these concepts for the case of pentacene and discuss prior experimental

and theoretical work on the mechanism of singlet fission in pentacene.

e Chapter 4 details our work on using constrained DFT to obtain bulk-converged en-
ergies of intermolecular charge-transfer states in the pentacene crystal. We devise an
electrostatic correction scheme that allows us to obtain energies in the infinite-crystal

limit from a range of supercell DF'T calculations.

e Chapter 5 discusses work on modelling the dynamics of singlet fission in a molecu-
lar pentacene dimer. We employ DFT to parametrise a simplified vibronic coupling
Hamiltonian for this system. Quantum dynamics calculations allow us to trace the
time evolution of electronic states during singlet fission, elucidating the crucial role of

vibrational modes in the process.

e Chapter 6 continues our investigation of molecular pentacene dimers, now focusing
on how fission is affected by side-group engineering and solvent environments. We
perform large-scale time-dependent DFT calculations on dimers, embedded in solvent
shells sampled from empirical-potential molecular dynamics, to model environmental
effects. We relate our results to experimental studies of fission in pentacene dimers

with different side-groups in a range of solvents.

e Chapter 7 provides a summary of the findings and an outlook.
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Chapter 2

Density functional theory

The starting point for all theory of electronic structure is the Hamiltonian describing a

systems of electrons and nuclei,

B- oy Pl ooy A
B P 2me ‘ 2 it 471'60|I‘i—1‘j‘ I 47['60‘1'1‘—]:-{[‘
hQ 1 Z[ZJ62
R N v e 2.1
;21\41 I+2;4WEO|RI—RJ|’ (2.1)

where lower/upper case indices refer to electrons/nuclei. The Hamiltonian is composed
of kinetic terms for electrons and nuclei (1st and 4th term), electron-electron Coulomb
interaction (2nd term), potential energy of electrons due to nuclei (3rd term), and nucleus-

nucleus interaction (5th term).

We adopt the Born-Oppenheimer or adiabatic approximation [10], which separates electron
and nuclear dynamics. This is justified due to the separation of mass scales, i.e. m, < M,
which means that the timescale of electron dynamics is much shorter than the timescale of
nuclear dynamics. Thus the nuclei act as a quasi-stationary background for the electrons,
and restricting the analysis to electrons only is a good approximation. We will drop this
simplified assumption in chapter [5| where we discuss the interaction of electronic and nuclear

degrees of freedom in the context of singlet fission.

Disregarding nuclear motion, the fundamental Hamiltonian of electronic structure reads
ﬁ:T+‘2nt+‘7ext+EIIa (22)

with (electronic) kinetic energy operator T, electron-electron interaction th, external poten-
tial due to nuclei Vext, and Coulomb interaction of nuclei Er;. Within the Born-Oppenheimer

approximation Fryis a constant that does not affect electron dynamics, and can be ignored in



18 Chapter 2. Density functional theory

most contexts. For the sake of notation we use Hartree atomic units A = m, = ¢ = 4dmweg = 1

in the following.

Essentially, electronic structure comes down to finding eigenenergies and eigenstates of the
fundamental Hamiltonian. However, attacking this problem directly is completely imprac-
tical for all but the simplest of cases. The reason for this is the exponential explosion of the
Hilbert space with the number of degrees of freedom. This chapter is dedicated to density
functional theory, a reformulation of the problem that allows the development of approxi-

mate computational schemes with much more favourable scaling than the direct approach.

2.1 Fundamentals of density functional theory

In the following we review the theoretical basis of density functional theory (or DFT for
short), constituted by the Hohenberg-Kohn theorems, stating that the problem of electronic
structure can be reduced to considering functionals of the electronic density only. Fur-
thermore, we discuss the Kohn-Sham approach which is need to make DFT a useful tool
for practical electronic structure calculations. Our exposition of the fundamentals of DFT
largely follows Ref. [11].

2.1.1 The Hohenberg-Kohn theorems

The Hohenberg-Kohn (HK) theorems [12] lie at the heart of density functional theory. The
first theorem states that for a many-electron system in an arbitrary external potential Vey(r),
this very potential Ve (r) is determined up to an additive constant by the ground state
electron density no(r). Hence, ng(r) fixes the system Hamiltonian (up to a constant) and
thereby the whole energy spectrum of the system including the associated wave functions.
This means that all system properties are fully determined by the ground state electron

density ng(r) alone.

The statement of the second HK theorem is that one can define an energy functional E|[n|

of the electron density n(r) for any external potential Vi (r), given by
E[n] = F[n] + /d3r%Xt(r)n(r), (2.3)

where F'[n] is a universal functional (independent of the potential), such that the ground
state energy Ej of the system with external potential Ve (r) is the global minimum of E[n].
The density n(r) for which this global minimum is attained is precisely the ground state

density ng(r), i.e. Ey = E|[ng].
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Proof of the Hohenberg-Kohn theorems

The proof of the first theorem proceeds by contradiction. We suppose there existed two
external potentials V;(Xlt)(r) and Ve(ft) (r), differing by more than a constant, which give rise
to the same ground state density ng(r). The two potentials lead to different Hamiltonian
operators ﬁ(l), ﬁ(z), and different ground state wave functions ‘\I'(l)> and }\11(2)> which we
assume to have the same density ng(r). Since the ground state wave function minimises the
energy expectation value of its respective Hamiltonian according to the variational principle,

we have the inequalities

Em:<Mnghm»<<@m

ﬁmﬁwy (2.4)
and

E®:<@ﬂgwhm»<<@%gmhﬂ», (2.5)

The strict inequalities assume that the ground state is non-degenerate. The theorem also
holds in the degenerate case as will be shown in the discussion of the constrained search
picture. The right hand side of inequality (2.4) can be rewritten with reference to the

external potentials:
wamw@% :<@ﬂg®@my%¢ﬂgm_wa®>
= B0+ [ & [V - V)] noto).

The Hamiltonians only differ in the external potential part since the kinetic and interaction

terms are universal for all many-electron systems. Combining this with Eq. (2.4)) one obtains

E@<E@+/&rmgw—mﬁwymn (2.6)
An analogous inequality follows from Eq. (2.5)), i.e.
B < B0+ [ a0 [V2) - V8 w)] mo). 2.7

Adding inequalities (2.6)) and (2.7)) together leads to the contradictory statement
EW + E® <« EM 4 @)

Hence, the initial assumption must have been false and there cannot exist two different
external potentials that lead to the same ground state density. Reversing the statement,
this means that the ground state density uniquely determines the external potential (up to
a constant). Therefore, the ground state density fixes the Hamiltonian of the system, from
which all physical properties follow, in particular the excitation energy spectrum and the

associated wave functions.
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To prove the second theorem we note that since the density determines all properties of the

system including the ground state energy, one can write down the total energy functional
E[n] = F[n] + / 31V (r)n(r). (2.8)
The functional F'[n] includes kinetic and interaction energy of the electrons:
Fln] = T[n] + Eint[n]. (2.9)

It is by construction a universal functional which applies to all many-electron systems,
independent of the external potential Vet (r). Given some system with ground state density
nM(r) and associated external potential V(l)(r), the total energy functional yields the

ext

ground state energy, equal to the expectation value of the Hamiltonian in the ground state:
EW = B[] = <\1/<1>| aw ‘q,<1>>. (2.10)

A different density n(®(r) must correspond to a different wave function ‘\I/(Q)> which is
therefore distinct from the ground state wave function. Due to the variational principle this

means that the corresponding energy E?) must satisfy
gD — <\1,<1>‘ W ‘\11(1)> < <\1,<2>‘ Jed ‘\1,<2>> — E®), (2.11)

demonstrating that the functional E[n] attains its global minimum for the density n(!)(r),

i.e. precisely for the ground state density of the system.

Constrained search picture of DFT

The proofs of the Hohenberg-Kohn theorems as shown are not constructive. They merely
demonstrate the existence of a universal density functional but provide no prescription
whatsoever for how this functional might be evaluated. Here, the constrained search picture
of DFT due to Levy and Lieb [13-15| provides an alternative perspective and gives an explicit

(though computationally impractical) definition of E[n].

For any wave function |¥), the energy is just the expectation value of the Hamiltonian

operator, namely
E = (U] H W) = (V| T |0 + (¥| Vig |T) + /d%%xt(r)n(r), (2.12)

where the expression has been broken down into kinetic energy, interaction energy, and
potential energy due to Vex(r). The ground state of this system can in principle be found
by minimising the energy expectation value over all possible (normalised) wave functions,
i.e.

Ey = n&li;n (U| H | ) (2.13)
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Now, the idea is to interpret this minimisation as a two-step process, first minimising over
all wave functions consistent with a given density n(r), and then minimising this object over
all possible densities:

Ey = min L\Pmin U|H M} = min E[n]. (2.14)

n(r) y—n(r) n(r)
One can split E[n] into the kinetic and interaction energy of electrons which is independent
of the external potential, and the potential energy:

Blo) = min (017 |9) + (9] Vit |9)] + /d?’rvext(r)n(r). (2.15)

This provides an explicit definition of the universal density functional:

Flj = min (0T [9) + (0] Vi [0)] (2.16)

2.1.2 Making DFT practical: The Kohn-Sham system

In principle, the Hohenberg-Kohn theorems state that it is possible to reduce the problem of
electronic structure theory to only considering the density and a universal functional of it.
However, it turns out that this alone is of very limited use in practice since the relationship
between density and system properties is extremely subtle. For example, it is generally not
known how to infer even general system features - like whether a material is a metal or
an insulator - from the electron density. The crux is that density functional theory in its
pure form gives no prescription for a computationally feasible construction of the density

functional.

The idea of Kohn-Sham (KS) theory [16] is to replace the real, interacting electron system
with a fictitious, non-interacting system (the Kohn-Sham system). The basic assumption
is that the exact ground state density ng(r) can be represented by the density of the non-
interacting auxiliary system. The Hamiltonian consists of the usual kinetic energy operator
T = —% >, V2 plus an effective potential Veg(r) which includes the external potential and

in principle all many-body effects:
Haux = T + Vgt (). (2.17)

Because now we are dealing with a (formally) non-interacting system, the wave-function can
be represented by a single Slater determinant of spin-orbitals ¢)y. The density is then simply

given by a sum of the squared moduli of the spin-orbitals:

n(r) = Z W7 (x)] . (2.18)
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Similarly, one can easily evaluate the kinetic energy T of the non-interacting system in

terms of the spin-orbitals:

T, = ;Z/d% IV (1) (2.19)

Now we are in a position to state the Kohn-Sham form of the ground state energy functional

(Eq. (2.8). It is given by

Exs|n] = Ts[n] + Exartree[n] + Fxc[n] + /dngext(r)n(r), (2.20)

where the Hartree energy is defined as the self-interaction energy of a classical charge dis-

tribution with density n(r) due to Coulomb repulsion:
1 5 ,n(r)n(r’
EHartree[n] = 2/d37’/d57“/‘(r)_5_,‘)- (2.21)

The exchange and correlation energy FEy. formally takes care of all the contributions due
to many-body exchange and correlation effects not accounted for by the other terms. In
particular, both effects will tend to keep the electrons apart, thereby lowering the Coulomb
(and hence total) energy of the system. This can be interpreted as the binding energy of
each electron with a positive exchange-correlation hole that it creates in the surrounding

charge distribution.

Still, Fxc[n] is an unknown functional since it contains all the subtle many-body effects.
However, the Kohn-Sham approach brings the advantage that the exchange-correlation en-
ergy is only a relatively small component of the total energy, and it can be approximated
to a good degree as a (semi-)local functional of the density. Given some approximation
for the xc-functional we would like to minimise Eq. with respect to the spin-orbitals
representing the density. This is a variational problem leading to an effective Schrédinger

equation with Hamiltonian

Hgs =T + Vks(r), (2.22)
with
(SE rtr 5EX
o = S B
= VHartree (I‘) + ch(r) + ‘/ext(r>- (223)

The eigenvalue equations for the orbitals resulting from the Hamiltonian Eq. are
known as the Kohn-Sham equations. They are independent-particle equations with a poten-
tial that depends on the density. Hence, a solution must be found self-consistently since the
orbitals determine the density via Eq. . In practice, this problem is usually tackled in

an iterative manner, i.e. starting from some initial guess the density is updated based on
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the orbitals found in the last iteration, leading to a new potential and new orbitals obtained
from solving the Kohn-Sham equations using this new potential. This procedure is repeated
until the change of the density/orbitals becomes smaller than some specified convergence

goal.

2.1.3 Exchange-correlation functionals

Finding an exact expression for the exchange-correlation functional Fi.[n] is as unrealistic
as finding an exact form of the universal energy functional F[n]. However, because of the
separation of independent-particle kinetic energy and long-range Coulomb interaction from
Ex.[n] in the Kohn-Sham formulation, it is possible to find reasonable approximations which
are local or at least semi-local in the density. Here, we will give a short overview of the most

important and widely used approximations for Fy.[n].

The local density approximation

The local (spin) density approximation or L(S)DA starts from the observation that the
valence electron density of many condensed matter systems of interest (e.g. metals) is
reasonably close to that of a homogeneous electron gas. For a system close to that limit
it is known that exchange and correlation effects are local in nature, and thus independent
of the electron density at a distance. This warrants the following Ansatz for the exchange-
correlation functional:

ELDA] — / P () eom (1)), (2.24)

XC

hom

where €

(n) is the xc energy per particle of a uniform (and unpolarised) electron gas
with density n. The exchange part of this energy can be calculated analytically from the

Hartree-Fock theory of the uniform electron gas, one obtains

1/3
ehom () — —Z <3> /3, (2.25)

™

If spin polarisation plays a role, i.e. n'(r) # nt(r), one has to consider the more general

form ebom = ehom(pT ) The correlation energy of the homogeneous electron gas cannot
be calculated analytically, except for limiting cases which can be treated perturbatively (i.e.
the high-density limit). However, it is possible to obtain this energy numerically to high
accuracy employing Monte Carlo methods [17]. Empirical fits to these results are usually

used in practical DFT calculations.

Because LDA treats the effects of exchange in a purely local manner, it suffers from self-

interaction errors which are especially pronounced in very confined systems (e.g. atoms).
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Still, the approximation gives decent results for a wide range of systems. This is due to the
fact that LDA obeys a range of certain conditions or sum rules that have to be satisfied by
the exact xc-functional Fy.[n] since the approximation is exact in the homogeneous case [18].
Also, its low computational cost makes it an attractive choice in practice, especially when

treating large systems.

Generalised-gradient approximations

There is a wide variety of approximate functionals that go beyond the LDA. As a first
refinement one can formulate functionals that not only depend on the local density but
also its gradient (and higher derivatives), known as generalised-gradient approximations
(GGAs) [16},19,20]. A GGA functional has the general form (including spin)

ESCAT ] — /d?’rn(r)exc(nT, nt, [Val], VRt .. ). (2.26)

This method amounts to a low-order expansion of exchange and correlation energies in
derivatives of the density. The coefficients of this expansion can be calculated analytically.
However, this approach does not result in a systematic improvement compared to LDA. The
problem is that GGA functionals violate exact conditions satisfied by LDA, and the low-

order expansion often breaks down due to the rapidly changing densities in real materials.

Examples of popular choices of GGAs are the PBE functional proposed by Perdew, Burke
and Enzerhof |21, and the BLYP functional combining an exchange term proposed by
Becke [22] and a correlation term proposed by Lee, Yang and Parr [23].

Hybrid functionals

A host of more refined functionals have been developed that go beyond LDA and GGA by
including more non-locality. One can abandon the notion of explicit density functionals and
reference the KS orbitals directly (as in the definition of Ts). This makes it possible to define
functionals that include Hartree-Fock exchange between the KS orbitals. Such functionals
are known as hybrid functionals. This approach can be motivated with the idea of adiabatic
connection. Starting with non-interacting electrons, one can imagine the Coulomb interac-
tion between the electrons being turned on slowly until it reaches its physical value. For the
non-interacting system Hartree-Fock exchange is exact, whereas the exchange-correlation
of the fully interacting system can be approximated with a (semi-)local functional. This
suggests taking some weighted average of the two to define a functional. An example of a
widely used hybrid functional is B3LYP [24]:

BN = FLDA 4 go(BIF — BEPA) 4, (BSGA — BLPA) 4+ 0, (ESSA — BEPY), - (2.27)
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where ag = 0.20, ax = 0.72, and a, = 0.81. Hybrid functionals overcome some of the errors
inherent in the (semi-)local functionals, but significantly increase the computational cost of

calculations.

Range-separated hybrid functionals

While hybrids constitute an improvement over LDA /GGA, they still have significant short-
comings in scenarios where long-range exchange is important, such as charge-transfer and
dissociation curves. Because they only contain a fraction of Hartree-Fock exchange the ex-
change potential asymptotically behaves as —ag/r, where ag is the fraction of Hartree-Fock
exchange (ap = 0.20 for B3LYP), instead of the exact —1/r behaviour. One can correct the
long-range behaviour while retaining the functional at short ranges by splitting the Coulomb
interaction into short and long-range parts |25]:

1 _ 1 —erf(ur) N erf(pur)

r r T

, (2.28)

where erf is the error function and p is a parameter controlling the separation between
short and long ranges. Now, the LDA/GGA contribution to exchange is calculated using
the short-range Coulomb interaction, while the long-range part is used in the evaluation of
Hartree-Fock exchange. This procedure is referred to as long-range-correction (LC). Given
a (semi-)local starting functional, such as BLYP, one obtains a long-range-corrected version
of the functional, in this case LC-BLYP.

2.2 Time-dependent density functional theory

Kohn-Sham DFT as described in the previous section is a ground state theory. As such it is
therefore not directly suited to treat excitations of a system. The energy eigenvalues of the
Kohn-Sham orbitals in ground state DF'T generally do not have physical meaning, except
for the eigenvalue of the highest occupied orbital which corresponds to the negative of the
first ionization energy (by virtue of Koopmans’ theorem [26]). In particular, eigenvalues of
unoccupied orbitals cannot be interpreted as excitation energies. In order to make progress
it is necessary to go beyond ground state DFT by including time dependence. This time-
dependent version of DFT (TDDFT) is capable of describing excitations from the ground
state and the associated energies. The central object of this approach is the time-dependent
density n(r,t) which bears essentially a one-to-one relationship with the time-dependent
external potential Vey(r,t), established by the Runge-Gross theorem [27]. In a manner
similar to ground state DF'T, one can construct a time-dependent Kohn-Sham system. In the

TDDFT framework, the excitations and their energies manifest themselves in the response
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of this Kohn-Sham system to time-dependent perturbations of the external potential. The

brief review of the TDDFT method we present here mostly follows Ref. [28].

2.2.1 The Runge-Gross theorem

The general time-dependent many-electron problem is governed by the time-dependent

Schrédinger equation:
10, |W(1)) = HW(t) = |T + Vins + Vess (D) | [(2)) (2.29)

where Vi (t) is the operator corresponding to the time-dependent external potential Ve (r, ¢).
The Runge-Gross theorem is the time-dependent analogue of the Hohenberg-Kohn theorems
in the time-independent theory. It states that there exists a one-to-one correspondence be-
tween the time-dependent density n(r,t) and the external potential Vey(r,t), given that
the time evolution starts from a fixed initial state |¥(0)) = |¥q) [27]. By considering the
equations of motion for the current density j(r,t), the proof of the theorem demonstrates
that densities evolving from the initial wave function |¥g) in different time-dependent po-
tentials Vex(r,t) are necessarily different. This assumes that the potentials are analytic in
time around the initial time. In addition, the solutions of the time-dependent Schrédinger
equation are known to be unique, hence the one-to-one correspondence is established. As
a consequence, the time-dependent density (together with the initial state) uniquely de-
termines the wave function up to a phase. This means that the expectation value of any

observable is a functional of the density and the initial state.

2.2.2 Time-dependent Kohn-Sham system

Asin the ground state theory, finding explicit functionals of the density which are practically
useful is a hard problem. Again, switching to a non-interacting (but now time-dependent)
Kohn-Sham system is the way forward. The non-interacting wave function must reproduce
the density found in the interacting case. The question of whether this is possible in general is
known as the (non-interacting) V-representability problem [29]. The answer to this question

turns out to be positive under a range of reasonable assumptions about the density [30].

The time-dependent KS equations describe the time evolution of the KS orbitals:
o o 1 o
05 (0.) = |~ 592 + Vil 1,0)| .0, (2.30)

with a KS potential that splits into Hartree, exchange-correlation, and external potential

contributions as in the ground state case, i.e.

Vks[n](r,t) = /d%’M + Vie[n](r, t) + Vext[n](r, t). (2.31)
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Strictly, the functionals not only depend on the density but also on the initial states of the
interacting and non-interacting systems. However, if these states are non-degenerate ground
states (which is the case for a wide range of systems) then all potentials are functionals of

the density alone.

2.2.3 Linear-response formalism for TDDFT

In principle, one could now start in the ground state and then integrate the time-dependent
KS system with a perturbation of the external potential. The (time-domain) Fourier trans-
form of the density response would then give access to the excitation spectrum. A more
practical approach that works directly in the frequency domain is based on a linear-response
formalism which considers the first order response of the density to a perturbation of the
external potential |31,32]. Poles of the response function in the frequency domain corre-
spond to resonant driving, i.e. excited eigenstates of the system. This approach is known
as linear-response TDDFT (LR-TDDFT).

We consider a system that is in its ground state initially. At time ¢ = 0 a perturbation of

the external potential is switched on (e.g. electromagnetic wave). We write the potential as
‘/ext (I‘, t) = V;zxt,()(r) + 5Vext (r7 t), (232)
with §Vext(r,t) = 0 for t < 0. We now define the linear density response function x as

0 t
X(ra t, I'/, t,) _ ’I’L(I‘, )

= 7 2.
5‘/Zext(r,at/) ( 33)

‘/ext,O

In terms of x the first order density response nq to the perturbation §Vey is given by

ni(r,t) :/ dt’/dsrlx(r,t; v’ ) Vext (v, ). (2.34)
0

Using time-dependent perturbation theory, the response function can be evaluated in terms

of the full spectrum |¥;), Q;, yielding the spectral representation:

A w) =3 [<\Po\ﬁ(r)\‘1’j> (Wil () [Wo) — (Wo| a(r') [W)) (W[ A(r) [Yo)

; w—Q; +1i0F B w+Q; +i0F » (2:35)
where n(r) = ). 6(r — 1;) is the density operator, |¥() denotes the (unperturbed) ground
state, and a Fourier transform from the time difference t — ¢’ to the frequency w has been
applied (exploiting time-translational invariance). As such, this expression is not helpful if
applied to the full interacting system since its evaluation already requires full knowledge of
the spectrum. The idea of LR-TDDFT is to calculate the response xkg of the non-interacting

KS system using Eq. (2.35), and then relate xxs to the “real” response function .
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In order to evaluate the response of the KS system one has to enumerate all its states. They
are simply given by all possible Slater determinants of the KS spin-orbitals 7. Plugging
those into Eq. (2.35) yields

vt = 307 - HORTEEETIE, e

where the € denote KS eigenvalues and the f7 are the occupation numbers of the KS spin-
orbitals in the ground state. To relate the KS response ks to the “real” response x we

essentially employ the chain rule for functional derivatives, i.e.

on(r,t)

6Vext I‘ t) Vexct,0
_ /dt///ds no on r7 ) ) 5VKS(PN7t”)
V@) |y Vet (0 7)

(5VK ( /! t//)
— dt// d3 " t' ! t//
/ / ™ XKS (I', NS ) (5‘/ext(r t )

x(r, t;x' ¢ =

‘/ext,O

x(? 0
The remaining derivative in the expression can be rewritten using the definition of the KS
potential Eq. (2.31)):

5VKS (I‘H, t//)
5‘/ext (I'/, t/)

1
3.1 N/l "mog1, gl
Ipl — 1] X ) ? ’ ) )
/dT [| 1 ///|+fc[n](r Ur t):|X(I‘ t"re' )
r-—r
+ 6" —2")o(t" - )

‘/ext,O

The exchange-correlation kernel fy. is defined as

Vie[n](r, t)

el M —
fXC(ratar 7t) - (5n(r’,t’)

(2.37)

no
We now put everything together and perform a Fourier transform with respect to t —#'. The

convolution theorem takes care of the remaining time variables ¢, ¢/, and we obtain

x(r, v w) = xks(r,r',w)
b [ @ [ s e, ) e 6 £ )07,
(2.38)

with the Hartree-xc kernel fiy. given by

frxe(r, v/, w0) = + fre(r, v W). (2.39)

=

To simplify notation we can interpret the functions in Eq. (2.38)) as infinite-dimensional

matrices with entries labelled by position coordinates, and write

X(w) = xks (@) + xks (@) - frxe(w) - x(w)- (2.40)
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Rearranging gives
[1 = Xxks(w) - frxe(w)] - x(w) = xxs(w). (2.41)
Now, while x has poles at the true excitation energies, the poles of xkg occur at the dif-
ferent excitation energies of the KS system. Therefore, for the equation to hold the matrix
described by the expression in square brackets must have vanishing eigenvalues for the true
excitation energies (such that it can cancel the poles). Put a different way, for the eigenvalue
equation
Vi (@) - fre(w) - €(w) = M@)E(), (2.42)
with eigenvalues A(w) and eigenvectors {(w) we necessarily have A(€2;) = 1 at the true
excitation energies §};. For the purpose of practical use in calculations this equation is
recast into a form first introduced by Casida [33], namely an eigenvalue equation for the
true excitation energies:
D [Mag () + wodgq] By = 0By (2.43)
7
The expression uses double-indices ¢ = (i, a) labelling transitions of the KS system from
orbital ¢ to a with energy w, = €, — €;. 34 is a vector describing the excitation in terms of

these KS transitions labelled by ¢q. The matrix M is given by
My (w) = aq//d3r/d3r'(I>Z(r)foc(r,r',w)@q/(r’), (2.44)

with ay = £2 depending on whether the transition ¢’ is from occupied to unoccupied

(positive sign) or vice versa, and the transition density defined as
Dy (r) = ¥ (r)tba(r). (2.45)

Eq. contains infinitely many KS transitions and must therefore be truncated in prac-
tice. Also, it is often a good approximation to only include transitions from occupied to
unoccupied KS orbitals. This so-called Tamm-Dancoff approximation [34] is justified for
systems where the KS orbitals provide a reasonably accurate description of the fully in-
teracting ground state. Another approximation that is widely employed is the adiabatic
approximation, i.e. making the exchange-correlation kernel independent of frequency. This
assumes that the exchange-correlation potential depends essentially only on the instanta-
neous density, and has no memory of the history of n. This makes M independent of w,
hence the problem of solving Eq. becomes much more tractable.

2.3 Constrained density functional theory

An alternative way to go beyond a pure ground state theory is constrained density functional

theory (¢cDFT). As the name suggests, the idea is to impose constraints on the system,
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specifically on the electron density. The states described by such constraints are generally
not energy eigenstates (as in TDDFT) but so-called diabatic states. As properties of the
systems of interest are changed (such as geometry) diabatic states defined by charge density
constraints retain their electronic character (e.g. being of charge-transfer type). At the same
time, the character of (adiabatic) eigenstates is generally significantly altered as the system
parameters change. In order to obtain eigenstates from cDFT it is necessary to identify
and construct a relevant subspace of the Hilbert space with appropriate constraints, and
calculate couplings between the states in this subspace. A diagonalisation of the subspace

Hamiltonian then yields approximate eigenstates.

A main advantage of constrained DFT over the previously described LR-TDDFT with local
functionals and the adiabatic approximation is its accuracy in predicting energies of charge-
transfer states (i.e. states with significant spatial charge separation) [3536]. Also, while the
adiabatic approximation in TDDFT precludes the successful description of multi-excited
states, such excitations are accessible for cDFT providing appropriate constraints can be
formulated [37}38].

Mathematically, the problem of constrained DFT can be formulated using an extended
energy functional. It consists of the familiar total energy functional F[n] augmented with a

set of Lagrange multiplier terms which impose a chosen set of constraints on the density:

Win, (Vi)] = Eln] + 3 Vi ( / a3 wf (r)n” (r) - Nk> , (2.46)
k o

where the V}, are constraining potentials (Lagrange multipliers), the w{ are spin-dependent
weight functions, and the N}, are target populations. The role of the weight functions w{ is to
select designated regions of the spin-density to integrate over. By adjusting the constraining
potentials self-consistently these integrated electron populations are to be matched with
the chosen target populations Ng, while minimising the total energy with respect to the
density. The result of this procedure is a total energy and density such that the density is
consistent with the chosen constraints and the total energy is minimal. With reference to
the newly introduced functional Wn, (V})] one can reformulate the problem as a minimax

optimisation, i.e.

E = minmaxWin, (V)]

n Vi
= mgn max Eln] + ZVk (/ d%ZwZ(r)n”(r) — Nk>] . (2.47)
k o

As long as at least one of the constraints is not satisfied some of the expression in round
brackets are non-zero. This means that the inner maximisation over the constraining poten-

tials Vi, can make the value of the functional arbitrarily large. Hence, the outer minimisation
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over n can only be successful on the submanifold that is consistent with all the constraints.
On this submanifold in turn W{n] = E[n| holds since all the terms in round brackets vanish.
Therefore, for the density ng which solves the optimisation problem Eq. , we also have
Wino] = E[no].

We defined populations to be targeted by the cDF'T procedure through explicit integration
of the spin-density with weight functions. In practice, there exists a certain arbitrariness
in how the weight functions are chosen. This is especially the case if the spatial regions to
be constrained are not well separated, but belong to a single molecule or molecules with
significantly overlapping orbitals. The linear-scaling methods which are subject of the next
section represent the electronic state in terms of a density operator expanded in local, non-
orthogonal basis functions. Here, it is natural to refer to the local basis functions to define
subspaces and calculate populations. However, finding the right prescription for projecting
out subspace populations using a non-orthogonal basis set turns out to be quite a subtle
issue, which is briefly touched upon in section [2.4.4] and then covered in more detail in
chapter [4]

2.4 Linear-scaling DFT with ONETEP

Traditional implementations of DFT construct the non-interacting KS system with an ap-
proximate xc functional as was outlined above, and then explicitly solve the KS equations
iteratively until self-consistency is reached. Since computing resources are limited, it is
necessary to expand all the functions in a finite basis set. Most commonly, plane waves
commensurate with the simulation cell with an adjustable short-wavelength cutoff are used,
in combination with appropriate pseudopotentials. A plane wave basis set makes it espe-
cially easy to apply the kinetic energy operator, and switching between basis and real-space
representations can be done with efficient fast Fourier transforms. However, the approach
comes with an inherent cubic scaling of the method with system size. The reason is that
solving the KS equations amounts to a matrix diagonalisation which scales cubically. Some
methods (especially suited for larger systems) employ an iterative scheme rather than direct
diagonalisation of the KS system. Still, enforcing the orthonormality requirement on the
set of KS orbitals is an operation that scales cubically. Even though this scaling behaviour
is quite moderate compared to higher-level methods, it still limits calculations to systems

with hundreds to a few thousands of atoms on high-performance hardware.

The ONETEP code [39,40] is an example for a range of approaches that aim to enable
DFT calculations which scale linearly with system size. In order to achieve this goal, it

is necessary to do away with explicit references to a plane wave basis set and to the KS
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equations/orbitals. These concepts are replaced with a density matrix expanded in a set of
non-orthogonal, local orbitals centred on the atoms. A distinctive feature of ONETEP is
that even though it does not use plane waves directly, its basis set of localised functions is
equivalent to plane waves. This greatly facilitates comparisons with traditional DFT codes.
A further requirement for achieving linear scaling is to exploit the fact that systems with a
band gap are ‘nearsighted’, i.e. the local density does not depend on the potential beyond

a certain range.

2.4.1 Density matrix formulation of DFT with localised orbitals

In the ONETEP method the concept of Kohn-Sham orbitals is replaced with an equivalent

description in terms of the (single-particle) density matrix p(r,r’) given by
plrx') = futi(r)ue(r'), (248)
k

where the ¢y, are KS orbitals and the fi are occupation factors. For the sake of simplicity
we disregard spin-dependence of the orbitals in this discussion. For the class of systems with
a band gap all orbitals up to the Fermi level are doubly occupied with spin up and spin
down electrons (fy = 1), while all higher orbitals are empty (fx = 0). As a result of this
binary occupation scheme and the fact that the KS orbitals are orthonormal it follows that
the density matrix is idempotent, i.e. p?> = p. The local electron density can be recovered

from the diagonal elements of the density matrix, since
n(r) =23  fitp(0)un(r) = 2p(r,v), (2.49)
k

where the factor of 2 accounts for the double occupation of the orbitals due to spin-
degeneracy. In the density matrix framework the total energy is obtain by tracing the

associated operator with the Hamiltonian, namely
E=2tr (ﬁﬁKS) — Epcln], (2.50)

where Epc accounts for double counting in the Hartree and xc terms. This form of the
energy suggests an alternative approach to DFT that does not reference the KS orbitals
explicitly, i.e. to minimise the energy given by the trace formula with respect to the density
matrix. During this minimisation it has to be ensured that the total number of electrons N

is conserved. This is achieved by constraining the trace of the density matrix:

2/d3'rp(r,r) = N. (2.51)
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In addition, the density matrix must satisfy the idempotency constraint such that the system

obeys Fermi statistics:
Pd) = [ @l ) = gl ) (252)

At this point, it is important to note that even though we have abandoned direct references
to KS orbitals, the density matrix still has order N2 entries. This means that without further
approximations, key steps of the calculation like evaluating the total energy (Eq. ) do
not scale linearly. Here, the concept of ‘nearsightedness’ that was alluded to earlier comes in.
It has been shown that for a system with a band gap the density matrix decays exponentially
with separation [41-43], i.e.

p(r,r) ~ e 7 (2.53)

at large separations |r—r’|. This property makes it possible to truncate the density matrix at
large separations, making it sparse, and thereby reducing the scaling to order N. However,
in order to exploit this kind of locality it is necessary to use a set of local functions to
represent the density matrix. Expanded in functions which span the whole system (like
KS orbitals or plane waves) p would still appear fully dense. Therefore, ONETEP uses so-
called non-orthogonal generalised Wannier functions (NGWFs) as its basis set [44]. These
functions which we denote by ¢, (r) are centred on the atoms and are each confined within a
cutoff radius R, (ensuring locality). Expanding the density matrix in terms of the NGWFs

(using operator notation for simplicity) yields
plrx’) =(e[p|') = > (rléa)(s”|6]67 ) (@slr")
o,
= Y $a(®)(9°1716”)5(x)
o,

= Z%(r)m%g(r’), (2.54)
a,B

where the last line introduces the density kernel K% and the functions with upstairs indices
denote duals of the NGWFs, satisfying (¢5|¢“) = d5. Since the NGWFs are not chosen to
be orthogonal the duals are not simply equal to the NGWFs themselves but rather result
from a transformation of the basis with the inverse of the NGWF overlap. Because the
NGWFs form a set of localised basis functions it is possible to exploit the exponential decay
of the density matrix by discarding entries of the density kernel corresponding to NGWFs
further apart than some cutoff radius Ri. This makes K®? a sparse matrix which can be
processed with a computational effort that scales order N. The resulting approximation
is controlled both by Rg and the NGWEF cutoff radii R,. Linear-scaling calculations with

kernel truncation should be converged with respect to these parameters.
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2.4.2 Optimisation procedure

The approach to minimising the energy taken by ONETEP involves both optimising the
(density) kernel and the NGWFs. In principle, one could keep the basis fixed and only
optimise the kernel. This has the disadvantage of requiring a large basis set to accurately
represent, the density matrix. The philosophy of ONETEP is to use a minimal basis set of

NGWFs which are optimised in situ in conjunction with the kernel.

To ensure idempotency, the method uses a combination of purification transformations and
penalty functionals [45-47]. A purification transformation is a polynomial operation on the
density matrix which is designed to push its eigenvalues (i.e. the occupation numbers fy)
towards 0 or 1. Purification only works as long as the eigenvalues are within certain bounds,
so an additional method is needed (especially early in the calculation). This is the penalty

functional method which adds a functional P[p] to the energy to enforce impotency.

The NGWF optimisation requires the NGWFs to be represented as a linear combination
of functional primitives, such that the optimisation can be performed by adjusting the
expansion coefficients. The ONETEP method uses so-called psinc functions for this purpose.
They can be defined as linear superpositions of plane waves on a finite grid, and each psinc
is non-zero on exactly one grid point only. In addition, they have the convenient property
of being mutually orthogonal. Because of the definition of the psinc functions in terms of
plane waves it follows that the NGWEFs are also related to plane waves. Hence, switching
between plane waves and a real space representation on the finite grid (needed to evaluate
the energy) can be efficiently implemented using fast Fourier transforms (FF'Ts). If the FFTs
were performed globally on the whole simulation cell, however, this would lead to a scaling
worse than order N. Global FFTs are actually not needed since each NGWF has a strict
cutoff and is non-zero only in some small part of the simulation cell. Therefore, the so-called
FFT box technique is employed which associates a smaller FFT box with each NGWF [48].
It is centred on this NGWF and contains it together with its overlapping neighbours which
is necessary for consistency. With the FFT box technique, ONETEP is able to retain order

N scaling for all parts of the evaluation of the density and the Hamiltonian.

2.4.3 LR-TDDFT in ONETEP

The linear-response formalism for TDDFT is also implemented in ONETEP [49]. A number
of modifications are necessary to obtain a method that is linear-scaling. These are very much
in the spirit of previously described approaches, i.e. avoiding explicit matrix diagonalisations

and using a description in terms of density matrices instead of KS orbitals.
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Since the minimal set of NGWFs is optimised specifically to represent the occupied space, it
will generally only poorly represent the manifold of excited states. To overcome this problem,
a second set of NGWFs y,, is generated to represent the space of low-lying excited states [50].
This is done in a second optimisation procedure after the ground state calculation. The
NGWFs ¢, representing the occupied states are used in the Hamiltonian to project out the
valence manifold and shift it to higher energies. The energy of this conduction Hamiltonian
is then minimised with respect to a conduction density kernel and the conduction NGWFs
Xa- A limitation of the method is that the localised conduction NGWFs do not provide a

natural basis for higher energy delocalised or even unbound conduction states.

The central object of the linear-scaling approach to LR-TDDFT is the response density
matrix

pr,r) = Xa(r)RPG5(x), (2.55)

a,

with a representation in terms of valence and conduction NGWFs given by the response
kernel RS, The response density matrix describes a (single-particle) excitation of the non-
interacting system as a superposition of transitions from valence to conduction NGWFs. To
avoid having to construct the TDDFT matrix appearing in Casida’s equation (Eq. )
out of KS orbitals the problem of finding the low-lying eigenvalues can be rebranded as a
minimisation [49]. To perform the minimisation it is necessary to evaluate the action of the
TDDFT matrix on the response density matrix. If all components of the Hamiltonian are
represented in the set of valence/conduction NGWTFs, all references to KS orbitals disappear.
In addition, the locality of the basis set means that sparse matrices are obtained in this
representation. Hence, it is possible to evaluate the action of the TDDFT matrix with sparse
algebra, provided that the response and conduction density matrices can be truncated as
well. For many systems this truncation appears to be a reasonable approximation, at least
for obtaining low-lying excitations [51.52|, even though a general argument to justify this

approach is lacking.

2.4.4 cDFT in ONETEP

The ¢cDFT implementation in ONETEP uses local functions centred on the atoms as projec-
tors to define populations of constrained subspaces. Possible choices for the local functions
are pseudo-atomic orbitals or the self-consistently optimised NGWFs themselves. A compli-
cation arises from the fact that the local functions are non-orthogonal. It is then necessary
to have an appropriate definition of projector duals. Here, an ambiguity arises regarding
the question over which function space the duals should be constructed. Possible choices

are duals local to each atom, global duals, or duals that are local to each of the constrained
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subregions of the given cDFT calculation. The two extreme positions suffer from significant
overcounting, and highly non-local behaviour of the population analysis, respectively. A
good compromise is the third option, it can also be shown to be ‘tensorial’, i.e. it ensures
that the population analysis is independent of the choice of local basis functions [53]. We
have implemented this prescription in ONETEP and employ it for our ¢cDFT calculations
on the pentacene system presented in chapter There we also provide a more detailed

description of this approach.
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Chapter 3

Excitations in organic materials and
singlet fission

3.1 Excitons: bound excitations

Electronic excitations in materials with a band gap result from the promotion of electrons
out of the ground state into the manifold of states above the band gap. Each electron that is
promoted to an excited state leaves a positively charged hole in the ground state manifold.
In inorganic semiconductors, such as Si or GaAs, the dielectric constant is fairly large due to
the presence of a population of high-mobility charge carriers created by thermal excitation at
non-zero temperatures. These screen the Coulomb interaction between electrons and holes
very effectively and warrant a description in terms of non-interacting quasiparticles. The
quasiparticles essentially behave like free charges, such that the electronic properties of the

material can be described in terms of a band structure comprised of single-particle states.

In contrast, organic materials are characterised by a much smaller dielectric constant. As
a result, the Coulomb interaction is screened less effectively, and an independent-particle
description of excitations is no longer valid. Rather than behaving like free charges, the
electron and hole created in an excitation event form a coulombically bound state, called an
exciton. Typical binding energies are in the range of a few tenths of an eV. The Coulomb
attraction between electron and hole in conjunction with inevitable disorder in most organic
materials lead to localisation of the excitons. According to the relative localisation of elec-
tron and hole, a distinction is drawn between so-called Frenkel and charge-transfer excitons

(details below).
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3.1.1 Frenkel excitons

Localised Frenkel excitons have as their defining property that electron and hole essentially
occupy the same space, and no significant charge separation (compared to the ground state)
is present. In organic molecular crystals this usually means that the exciton is mostly
confined to just a single molecular unit. The proximity of the quasiparticles means that the
exchange interaction is significant. Hence, relative spin alignment has a marked effect on
the energy of Frenkel excitons. To see this we look at a very simplified model which only
considers the two electrons in the highest occupied molecular orbital (HOMO) in the ground
state configuration. Also, we restrict the Hilbert space to only the HOMO and the lowest
unoccupied molecular orbital (LUMO), denoted by ¢y (r) and ¢y, (r), respectively. A single-
particle excitation is then approximated as the promotion of one electron from the HOMO
to the LUMO. If the excitation is a spin-singlet with total spin 0 and antisymmetric spin
wave function, then, in order to obey Fermi statistics, the spatial part of the two-particle

wave function is necessarily symmetric, i.e.

Ys(r,r') = [gu(r)oL(r') + ér(r)dn(r')]/ V2. (3.1)

On the other hand, for triplet excitations with total spin 1 and symmetric spin wave func-

tions, we require an antisymmetric spatial wave function

Yr(r,r') = [or(r)oL(r') — ér(r)én )]/ V2. (3.2)

For a spin-independent Hamiltonian the energy difference Fg — Et is twice the exchange

energy J, where

7= [@r [0 g e)onte). (33)
This describes the self-interaction energy of a ‘charge distribution’ given by the HOMO-
LUMO overlap. For localised Frenkel excitons this will be significant, resulting in a large
singlet-triplet gap. The energy difference exhibits a downwards trend with increasing size of
the molecular units: if HOMO and LUMO are delocalised over a large molecule, the “charge
distribution” is more delocalised as well, resulting in a smaller self-interaction energy. For

1/2

a linear molecule with length ¢, wave function normalisation requires ¢y, ¢, ~ £~ /=, hence

the exchange interaction scales J ~ £~! by dimensional analysis.

3.1.2 Charge-transfer excitons

Charge-transfer (CT) excitons are characterised by a spatial separation of electron and hole.
One can draw a distinction between intra- and intermolecular CT' states according to the

localisation of the quasiparticles on the same molecular unit or different units. The overlap
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of initial and final orbital of the transition is much smaller for CT excitons due to spatial
separation. This means that the exchange energy J and the singlet-triplet gap are usually
negligible, especially in the intermolecular case. Using a classical point-charge model the
energy of a CT exciton is determined approximately by the band gap Egap and the screened

Coulomb interaction of electron and hole [54]:

1

) 3.4
€rTCT ( )

ECT = Egap -

with relative dielectric constant €, and electron-hole separation rcr.

In contrast to the case of Frenkel-like excitations, LR-TDDFT with local functionals tends
to perform poorly on CT-like excitations. In particular, energies of CT states are often
grossly underestimated [35,36]. Here, cDFT provides a much more successful alternative,
provided it is feasible to formulate an appropriate set of constraints to describe the desired
state. It should be kept in mind that the states obtained from cDFT are diabatic states

rather than eigenstates in general.

3.2 Singlet fission

Singlet fission (SF) is a process by which a singlet exciton is transformed into two triplet
excitons. It has been observed in a range of organic materials [7,8]. SF is an example of multi-
exciton generation, since in a material supporting SF, an optical absorption (initially creating
one singlet exciton) can yield more than one triplet excitation. The process is of great interest
for photovoltaics as it could be employed to build photovoltaic devices that overcome the

Shockley-Queisser limit to the efficiency of solar cells with a single junction [55-57].

3.2.1 Basic concept

SF has been observed in organic materials such as polyacenes, carotenoids, and polymers,
all of which have photoexcitable sites known as chromophores [7,8]. In some materials, SF
takes place on very rapid timescales, on the order of picoseconds or less, with the fastest

rates encountered in molecular crystals.

For the following discussion we denote the ground state of a chromophore with Sy (closed-
shell singlet state), the first excited singlet state with S;, and the lowest-energy triplet state
with Ty. SF does not occur in isolated small-molecule chromophores, it either requires
aggregation of small molecules (such as in molecular crystals) or larger molecules with more
than one excitation site. A possible rationalisation of this observation is that the two triplets

resulting from a SF event have to be accommodated by at least two excitation sites. This
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Figure 3.1: Cartoon picture of singlet fission mechanisms using a simplified two-
chromophore model.

property of relying not just on a single chromophore, together with the fact that SF is
a multi-exciton process, exacerbates the difficulty of theoretical modelling considerably. A
very simplified picture can be obtained by just considering two weakly coupled chromophores
(Fig. [3.1). We assume that one of the chromophores has been excited to the S; state
(assumed to be of Frenkel type), while the other one remains in the ground state Sp. The

basic SF process is then expressed as a rate equation, namely
So+S1 B 1(TT) B Ty + 7T, (3.5)

where k1, ko are rate constants and !(TT) denotes two correlated triplets forming an overall
singlet. The latter is required for conservation of spin. Processes which do not conserve spin
are strongly suppressed in organic materials without heavy elements that could give rise to
significant spin-orbit coupling. The actual SF process corresponds to the first arrow, whereas
the second arrow describes a subsequent dissociation of the correlated triplets, resulting in
two independent triplet excitons. In general, the reverse process, known as triplet fusion or
triplet-triplet annihilation, is also possible. However, when uncorrelated triplets meet, spin
statistics tells us that they will only form an overall singlet in a quarter of cases (1 singlet

vs 3 triplets). The requirement for favourable energetics is that the energy of the singlet
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excited state is at least twice the triplet energy, i.e.
E(S1) > 2E(Ty). (3.6)

If this is the case, then SF does not require additional activation energy (e.g. thermal)
in order to occur. The singlet-triplet gap is given by two times the exchange interaction
(Eq. (3.3), as was discussed earlier. Plugging this into Eq. (3.6) yields the condition

4J > E(S1), (3.7)

requiring a large exchange energy in relation to the energy of the first singlet state. Both
J and E(S;) become smaller with increasing size of the chromophore, with E(S;) having
a stronger dependence on size: J scales like /=1 for linear molecules of length ¢, while
a simplistic particle-in-a-box model gives E(S1) ~ £72. Therefore, it is often possible to
achieve more favourable energetics by choosing a larger chromophore. A good example is the
singlet-triplet alignment of tetracene versus pentacene. Whereas SF is slightly endothermic
for tetracene, it becomes exothermic for the pentacene molecule which has one additional

acene unit [7].

Efficient SF also requires that the correlated triplet state ! (TT) is only weakly bound, other-
wise dissociation into free triplets would be hampered, and triplet fusion with a subsequent
loss of the excitation could become more likely [7]. Since the triplets are thought to reside on
different chromophores, they usually are weakly coupled, so this condition is met relatively
easily and thus is less restrictive than Eq. .

At this point it should be stressed that this outline of the SF process relied on a minimal
model with a dimer of chromophores. There is increasing evidence that the molecular
environment of this dimer can have a very significant impact on the energetics and dynamics
of SF. This aspect will be explored further in the discussion of pentacene in this as well as

the next chapter.

Relevance to photovoltaics

A SF event following absorption of a photon constitutes multi-exciton generation (MEG), as
was mentioned before. This makes SF an interesting candidate process for overcoming the
Shockley-Queisser (SQ) limit to the efficiency of photovoltaic cells with a single junction [3].
A single-junction cell has one absorbing material with a fixed band gap. The result is that
photons with energies below the band gap cannot be absorbed. Photons with higher energies
can be absorbed, though any additional energy above the band gap is quickly dissipated and
does not contribute to the output voltage. As a consequence, the efficiency of photovoltaic

cells with a single absorbing material exposed to the solar spectrum is limited to about 34%.
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This limit could be overcome if it were possible to generate more than one charge pair from
high-energy photons, and as we have seen SF enables just that. For a practical implemen-
tation of this idea a SF material could be combined with a conventional sensitiser that
absorbs low-energy photons. Even though this approach relies on more than one sensitiser
material, no current-matching is necessary, unlike in a conventional multi-junction cell. In
addition, converting photons into triplet rather than singlet excitons bears the advantage
of much longer lifetime of the excitations. This is because radiative decay of triplets is
spin-forbidden and therefore slow in organic materials lacking heavy elements. This means

that longer diffusion lengths are possible, and radiative losses are reduced [58,59].

3.2.2 Proposed mechanisms

So far, to our knowledge, no theoretical mechanism has been proposed that has been able to
fully explain the entire range of experimental observations relating to SF. The reasons for
these theoretical difficulties are several: SF occurs in quite different materials, on timescales
spanning some orders of magnitude, it is a multi-exciton process, and it relies on aggregation
of chromophores. Most experimental techniques that have been applied to the investigation
of SF are based on optical absorption and emission. As a consequence, intermediate states
that may be involved in the process but are optically dark (like CT states), are not directly
observable. This is a major impediment to progress in understanding since the debate mainly

revolves around the relevance and characteristics of intermediate states.

We now briefly outline the two main mechanisms that have been suggested to contribute
to SF. A more in-depth discussion of the matter for pentacene follows in the next section.

For the sake of clarity, we stick to the minimal dimer picture considering only a pair of
chromophores (cf. Fig. [3.1).

Direct fission

We consider the dimer of chromophores (labelled A and B) to be in the ground state SpSo
initially. Now, photoabsorbtion promotes chromophore A to the optically bright singlet state
S1, yielding S1So. The rate of direct (i.e. first order) transitions from this photoexcited state
to the correlated triplet pair is then determined by the matrix element (*(TT)|H|S:So). A

transition rate can be obtained from Fermi’s golden rule, yielding

w(SF)

= 20 (TT) | H1S180) (), (3:8)

with the density of final states factor p(E) implicitly accounting for the Franck-Condon

weighting of vibrational transitions. This rate tends to be relatively small since the matrix
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element contains overlap densities of orbitals mostly localised on different chromophores [7].
An intuitive interpretation of the direct fission process would be to imagine that the excited
electron from the chromophore A is transferred to chromophore B, with a simultaneous
backtransfer of an electron from B to A, and spins of the transferred electrons chosen such

that the correlated triplet is the result.

CT-mediated fission

Eq. only takes the first-order coupling of initial and final states into account. In
principle, intermediate states can significantly contribute to the transition rate. In the
minimal dimer model there are two more states which can be expected to contribute to SF
by virtue of their energetic alignment: the lowest two intermolecular CT states. Starting in
the ground state of the chromophore pair, they result from the transfer of one electron from
chromophore A to B or vice versa. Taking CT states into account, additional contributions
to the transition amplitude of the form (*(TT)|H|CT)(CT|H|S1S0)/AE enter at the second
order of perturbation theory. The denominator AE denotes the energy difference between
CT states and initial /final states. In the picture of the intuitive interpretation given for direct
fission, the process is now split into two virtual transitions: first the excited chromophore
donates an electron, creating a CT state, and subsequently an electron with different spin is
transferred back. In contrast to direct fission, each step in the process involves the transfer
of a single electron only, meaning that the total contribution can still be very significant
compared to the direct amplitude. The relative importance of the direct and the mediated
mechanism depends crucially on the energetic alignment since AFE divides the product of
matrix elements. If the CT states are sufficiently close in energy to the singlet and correlated

triplet, the CT-mediated pathway can dominate the transition amplitude.

3.3 Fission in crystalline pentacene

The pentacene molecule (CooHiyg) belongs to the class of polyacenes. Its structure can be
described as five linearly fused benzene rings (Fig. ) The molecule forms molecular crys-
tals which appear in at least four slightly different polymorphs [61]. The crystal structures
are made up of layers of roughly vertically oriented pentacene molecules in a herringbone
configuration. The unit cell consists of two molecules with parallel long axes, and a rotational
offset between the two pentacene units around the long axis (Fig. ) The polymorphs
differ mainly in the stacking of the herringbone layers. However, experiments have shown

that the physics of the excitations is only marginally dependent on the specific polymorph.
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oo

Figure 3.2: The pentacene (CooHiy) single molecule and molecular crystal (S-
phase ) The unit cell contains two molecules. The third lattice vector ¢ points
out of the page.
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Solid pentacene has been observed to exhibit rapid SF with very high yield [57]. This,
together with its simple molecular and crystal structure, makes it a very appealing material
for experimental and theoretical investigations of SF. Accordingly, it has been widely studied
in the literature. However, to our knowledge, no definite conclusion has been reached about
the detailed mechanism by which SF occurs in pentacene. The rest of this section is dedicated
to outlining the current state of the debate about various experimental findings and their

theoretical interpretations.

3.3.1 Experimental investigations

Highly time-resolved photoinduced absorption measurements have observed the kinetics of
singlets and triplets in bulk pentacene and thin-films. It has been established that SF
in pentacene occurs on ultrafast timescales of less than 100 femtoseconds [62,[63]. The
literature largely agrees on assigning an energy of approximately 1.83 eV to the excited
singlet S; [64,/65], and roughly 0.86 eV to the triplet state Ty [66]. Hence 2E(T;) = 1.72
eV, fulfilling the energetic condition Eq. with an exoergicity of about 0.1 eV. Less
agreement exists regarding the energetic alignment of the intermolecular CT states. While
earlier measurements put the CT states at least 0.3 eV above the excited singlet [67,/68|,
more recent measurements [69-71] suggest energies of ~ 1.9 eV, just slightly above the
singlet. These experiments are supported by high-level theoretical calculations employing
many-body perturbation theory [72},|73], as well as our own results obtained with ¢cDFT

which are outlined in the next chapter.

Recent time-resolved two-photon photoemission measurements indicate that the correlated
triplet pair }(TT) is energetically resonant with Sy [63]. The method first photoexcites the
sample, subsequently applies a high-energy ionization pulse, and finally analyses the energies
of the resulting photoelectrons. It was found that a feature with a photoelectron energy of
0.11 eV above the signal assigned to T rises essentially simultaneously with S; (within the
20 fs time-resolution). This feature was identified as the correlated triplet pair *(TT). The
authors interpreted the data as showing that '(TT) is energetically resonant with S; and

strongly coupled to it via an empirically derived matrix element of 330 meV.

3.3.2 Debate about CT intermediates

Knowledge about the precise alignment of the C'T excitons and the singlet is crucial to deter-
mine the importance of the CT-mediated mechanism compared with the direct mechanism,

as was discussed earlier. Put differently, the closer the states lie in energy, the more mixing
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of the CT states into the optically excited bright state that precedes the fission event is ex-
pected. We now give a brief account of the different theoretical proposals, ordered according

to the relevance they assign to CT excitons in the SF process.

CT states not involved

It has been proposed that CT-like states do not play a significant role in SF [74-78|. Rather,
it has been claimed on the basis of high-level quantum chemistry calculations that single
pentacene molecules can accommodate a dark state D with multi-exciton character which
is close in energy to the excited singlet S1. After photoexcitation, the excited molecule is
supposed to form a temporary bound state with a neighbour (a so-called excimer). During
the formation of this bound state the molecules approach each other, leading to a conical
intersection of the potential energy surfaces of D and Sy, facilitating a crossover from S; to
D. The assumption that CT states do not play a role is supported by TDDFT calculations
which seem to show that the lowest bright state of a pentacene decamer does not exhibit any
significant electron-hole separation [78]|. This assertion runs counter to recent experimental
results [69-{71] and calculations based on higher-level theory than DFT [72,[73]. The excimer
mechanism has also been critisised on grounds of yielding insufficient coupling strengths (1-5

meV) to explain the rapid SF observed in pentacene [79].

High-lying CT states

A range of other proposals acknowledges the likely involvement of CT states in SF [79-81].
The authors calculate couplings in DFT based on overlaps of KS orbitals of the relevant
states with the KS Hamiltonian. The energies are either directly taken from experiment, or
adjusted to match experimental values. This includes putting the CT energy significantly
above the energy of the singlet Frenkel exciton, in accordance with early experimental results.
The proposals argue that the primary driver of SF is coupling mediated by these high-lying
CT states, dubbed a ‘super-exchange’ mechanism. However, the effective coupling strength
between initial and final states derived from this mechanism lie in a range of only 10-100
meV [79,80,82]. This is still insufficient to explain the rapid sub-20-fs coherent rise of the
multi-exciton state observed in photoemssion experiments, implying a matrix element of 330
meV [63].
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Low-lying CT states

Recent theoretical and experimental results challenge the notion that the CT states are sig-
nificantly removed in energy. Measurements based on spectroscopic generalised ellipsometry
find an electronic excitation centred at 1.887 €V [71]. From the polarisation-dependence of
the excitation the authors concluded that it may have very significant intermolecular CT
character. The absorption peaks seem to occur at polarisation directions that roughly coin-
cide with connecting lines of neighbouring pentacene molecules in the herringbone lattice.
This interpretation is supported by electron energy-loss spectroscopy [69,70] and theoret-
ical calculations of the absorption spectrum using many-body perturbation theory in the
GW/BSE formalism [72,73|. The authors of the latter results show that the calculated low-
lying singlet excitations in molecular crystals of pentacene are delocalised over neighbouring
molecules and exhibit significant intermolecular electron-hole separation. In the next chap-
ter we present our own cDFT calculations of CT energies, adding even further support to
this body of work. We conclude that recent results suggest that intermolecular CT ener-
gies in pentacene are significantly lower than previously assumed, challenging the notion
that S; is predominately of Frenkel type. A crucial consequence is that the CT-mediated
contribution to SF should be revised upwards, potentially closing the current gap between

experiment and theory.

3.3.3 The role of vibrations

It has become increasingly apparent that the interplay between electronic states and molec-
ular vibrations is a crucial element of a satisfactory account of the SF process. Lines of
evidence include theoretical arguments that show that electronic couplings between the
initial and final states of fission vanish for symmetric dimers in the ground-state geome-
try [7,83]. This hints at the necessity of symmetry-breaking nuclear motion to facilitate
fission. In addition, ultrafast spectroscopy experiments strongly suggest a significant role
of vibrations and nuclear motion in SF dynamics [84,[85]. This has motivated theoretical
work aimed at constructing joint models of electronic and vibrational degrees of freedom

and their interaction [79}81].

In chapter p| we use DFT to parametrise the vibronic coupling Hamiltonian of a molecular
dimer of pentacene. This then forms the basis for many-body wave function calculations of

the electronic-vibrational dynamics, providing detailed insight into the fission process.
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3.4 Fission in molecular dimers

More recently, experiments have demonstrated that fast and efficient SF occurs in several

covalently-linked dimers of pentacene [86H89).

These molecules are very good systems for the exploration of SF physics, for several reasons.
For one, since they are physical dimers, the dimer model is not just a crude approximation.
This limits both the total number of electronic configurations that a theoretical model needs
to consider, as well as the complexity of electronic structure calculation per state due to the
relatively small total number of atoms to consider. In addition, the geometrical structure
of covalent dimers is quite well-defined, obviating the need to potentially consider various
defect structure that can arise in molecular crystals [90]. Furthermore, with covalent dimers
it is possible to systematically explore the influence of the electrostatic environment by
placing the dimers in different solvents. This is particularly interesting in relation to the

involvement of CT states, which exhibit strong electrostatic environment interactions.

Fission in covalent dimers will be addressed in detail in chapters b and [6] This includes an
in-depth review of experimental results which are then related to electronic structure and

vibrational models.
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Charge-transfer in crystalline
pentacene

As discussed in the previous chapter, intermolecular charge-transfer (CT) states spanning
nearest-neighbour molecules are thought to play a central role in the ultrafast SF process
in pentacene and similar molecules [79-81,91]. In molecular crystals, neighbouring pairs
of molecules (dimers) undergoing charge-transfer are embedded in a complex molecular

environment where screening and hybridisation effects are important.

CT states are difficult to access with experimental techniques as they are optically dark,
making it challenging to measure accurate excitation energies [64,92]. They also pose a
challenge to electronic structure theory, as alluded to in the previous chapter. For example,
linear-response time-dependent DF'T with local exchange is known to perform poorly on
CT-like states, severely underestimating their energies [35]. This stems from the fact that
local functionals are unable to describe the long-ranged electron-hole interaction correctly,
a problem that is related to, and which compounds, the well-known band-gap error of
the underlying ground-state DFT calculation. A possible remedy is the use of long-range
corrected functionals with asymptotically correct exchange |25]. However, this comes at the
expense of introducing additional parameters and of a greatly increased computational cost.
It is thus desirable and timely to construct a low-cost method that scales well to large system
sizes and complex environments, and which simultaneously describes the electrostatic and

quantum mechanical features of CT states with reasonable accuracy.

Here, we make use of constrained DFT [9396] in combination with linear-scaling DFT
(ONETEP), applying it to intermolecular charge-transfer in two nearest-neighbour dimers
taken from the pentacene crystal structure. The cDFT method has been applied to a wide
variety of molecular systems, to date, in the context of CT excitation energies [97-100],

electronic couplings [101H103], electron transfer |[104-107] and molecular dynamics [108,[109].
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A largely unresolved issue in this context, however, is that of achieving supercell convergence
of CT excitations in extended models suitable for capturing the screening and hybridisation
effects encountered in realistic systems. A solution to this problem, such as the one we
propose here, is then readily transferable to a range of complex systems of technological
interest, not only in the context of photovoltaics, but also organic electronics [1,/110}/111]

and spintronics [112].

In any implementation of cDFT a certain amount of ambiguity arises from the choice of how
one defines the electron populations of groups of atoms and molecules of the constrained sys-
tem. In ONETEP the atom-centred NGWFs provide a natural way of defining subspaces of
the system associated with atom groups and their respective electron populations. However,
subtleties arise from the non-orthogonality of the NGWFs. Our approach to the problem is
presented in the following section. An alternative implementation of ¢cDFT in the context
of linear-scaling has been described in Refs. [113,/114].

We calculate CT energies for the dimers in isolation, and we subsequently include screening
effects by embedding such dimers in a small cluster of neighbours, and in supercells of the
crystal. Supercell calculations allow us to approach the infinite limit using a correction
scheme that eliminates the spurious dipole-dipole interactions between periodic images of
the simulation cell. The only inputs required for this correction are the intrinsic dipole of
the CT configuration and the dielectric tensor of the crystal. The latter is obtained from
a density functional perturbation theory (DFPT) calculation [115]. We find that a single
parameter, fit to the results of a series of calculations on different supercells, is sufficient
to correct for the overestimation of electrostatic screening as a result of the aforementioned
band-gap problem of DFT. The isolated calculations facilitate a comparison of the cDFT
method with higher-level theory results from the literature [116]. In addition, comparison
between clusters and the infinite limit enables us to directly confirm the validity of the

cluster approximation.

4.1 Subspace-consistent constrained DFT

This section deals with our approach to cDFT in the context of the ONETEP linear-scaling
formulation of DFT, and the specific issues that need to be considered. First, we remind
ourselves of the original definition of the cDFT problem in terms of the real-space charge

density:

W = Eprr + » Vi ( / drwg(r)n(r) — Nk> , (4.1)
k
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where we have left out the spin indices for simplicity. In ONETEP we have the NGWFs at our
disposal, a set of atom-centred functions optimised in-situ to provide a good representation
of the charge density of the system under consideration. FExploiting these functions in
cDF'T opens up the opportunity to avoid some of the arbitrariness otherwise inherent in the
definition of the weighting functions wg. To this end, we first have to reformulate the ¢cDFT

functional in terms of the density matrix p, i.e.
W = Eprr + Vi (Tr[f?kﬁ] - Nk> . (4.2)
k

As before, the Vj, are Lagrange multipliers that enforce occupancy targets Ni on chosen
constrained regions or sites in the system. However, instead of weighting functions we
now have projection operators B, acting on the density matrix which yield site occupation
numbers via the trace operation. We remind the reader that Tr[p] = N, where N is the total
number of electrons, i.e. we obtain the total electron number if the projector is the identity.
Similarly, with an operator that projects down to a subspace (or site) we obtain a definition
of the occupancy of said site. The sites in question may, generally, be atoms, groups of
atoms or entire molecules. For example, if one aims to describe an intermolecular CT state,
each of the two molecules involved constitutes a site. The Lagrange multipliers Vi act as
artificial constraining potentials that cause charge to move around the system (cf. Fig.[.1h).
These potentials are optimised in-situ, via a further conjugate gradients algorithm nested
between kernel optimisation and NGWF optimisation, and iterated until the population
targets Nj for the chosen sites are met. In the case of intermolecular CT states, these
targets are, respectively, one fewer charge on the donor molecule and one additional charge

on the acceptor, relative to the ground state.

At this point we can naturally incorporate the optimised basis provided in ONETEP by
defining the site projectors in terms of NGWFs [117]. In doing so we encounter a number
of issues which stem from the non-orthogonality of the NGWF basis [118,[119]. Our aim is
to formulate a definition of the site projectors that addresses these issues. To illustrate the

problem, we first consider the following naive (and incorrect) definition,
pk = Z |¢a> <¢a| ) (4'3)
OLEIA;
where Ij; denotes the set of NGWF indices associated with the atoms constituting site k.

Defined like this P is not even a projection operator since it fails to be idempotent:
PE= ) [6a)(0al®s) (05l = D |6a)Sas(dsl # Pr. (44)
a:BGIk a)ﬁélk
Due to the non-orthogonality of the NGWFEs, their overlap matrix S,g differs from the

identity, upsetting the idempotency relation. A proper definition needs to make reference
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ground state CT state
a)

Figure 4.1: a) Schematic of the ¢cDFT scheme used in this work: A nonlocal
constraining potential (illustrated by a 2D potential energy surface) constructed
from atom-centred functions is applied to the single-electron density matrix. This
causes charge to redistribute to obey chosen population constraints, and allows
the description of CT excitations within the framework of standard DFT. b) Block
scheme of truncated NGWF overlap matrix to ensure site-localisation of contravari-
ant duals. Blue and red denote the constrained sites, grey the remaining system.
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to the contravariant duals [¢%) of the NGWFs. We write them with a superscript instead of

the subscript used for the standard covariant functions, and their defining relation is

(6%¢p) = 35, (4.5)

for all indices a and . Using the concept of duals we can attempt a more promising
definition,
Py=" 6% (¢al - (4.6)
acly

This expression actually defines a projection operator since

B =" [¢™){¢ald’) (sl

a,BET

= Y [¢M)6(esl
a,BET

= [6")dal = P (4.7)
a€cly

If the NGWFs constituted an orthonormal basis the duals would simply be identical to the
NGWFs. Due to the non-orthogonality the expansion of the duals in the original basis

involves the inverse of the NGWF overlap matrix S,4:
o —1\Ba
%) =D los) (S71)™. (4.8)
B
Then we have
(@10) = Y _($log) (ST
v
-y s
¥
= Sp(sT = 5, (4.9)
5

where we have used the symmetry of the NGWF overlap matrix for real-valued NGWEFs.
Given that the overlap and inverse overlap matrices can both be made sparse by appropriately-
chosen truncation, it is possible to construct the inverse in linear-scaling computational effort

using a sparse matrix implementation of Hotelling’s algorithm [120)].

We can see from Eq. that the duals defined in this way do not generally maintain
the localisation of their corresponding NGWUFs. Hence, duals of NGWFs belonging to one
constrained site will in general extend beyond that same site. This presents a problem for
use in cDFT since it implies that site projectors and thereby the constraining potentials

act non-locally on the charge density, blurring the lines between what constitutes a donor,
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acceptor or unconstrained region. This is extremely problematic when using a fixed set
of projectors since the fixed projector duals do not maintain their orthogonality with the
changing NGWFs during optimisation. As a result, site populations become contaminated
by charge densities from other sites and/or unconstrained regions. Appropriate localisation
of the duals, to the region of the system of interest for defining a site, is therefore desirable.
Eq. constitutes the case of fully delocalised duals. At the other extreme one could
choose to define the duals on a per-atom basis which would ensure that the duals maintain
the localisation of the NGWFs. However, this choice suffers from significant overcounting
since duals of one atom have non-zero overlap with NGWFs of neighbouring atoms. Between
these two extremes the third option is to define duals on a per-site basis which achieves a

good compromise between localisation and accurate population counting.

This can be achieved by suitably truncating the NGWF overlap matrix before its inversion
[53]. We introduce the following version of the overlap matrix with a ‘site-block’ scheme

imposed on the sparsity,

Ous = {Sa,@ = (@aldp) if k(a) = k(D) (4.10)

0 otherwise

Here the function k(«) maps an NGWF index to the index of the constrained site it belongs
to. For the purpose of this definition the NGWFs outside any of the constrained sites con-
stitute a single, unconstrained site, ensuring that k(«) is well-defined over its entire domain.
The matrix O, has a block-diagonal form as illustrated in Fig. for a constrained pen-
tacene dimer that is part of a larger crystal. Once this matrix has been inverted, it retains
the same block pattern of sparsity, meaning that subspace duals are defined as a linear

combination of only those NGWFs on the same constrained site:
—1\8
6°) = "1ég) (O71)77. (4.11)
B

When the sites are defined in self-contained manner, thereby, bi-orthogonality is unavoidably
lost between NGWFs and duals localised to different sites, in the event that these sites
overlap to some degree. This carries the disadvantage the sum of charges over a set of such
sites, covering the system, may not equal the true total charge. For well-separated donor and
acceptor regions such as in the system at hand, any overestimation of site charge due to the
latter effect is insubstantial in comparison to the dramatic overestimation incurred by using
delocalised duals. On the other hand, even when the donor and acceptor regions do overlap
substantially, unlike methods employing fully delocalised duals our approach ensures that
the constraining potentials remain fully localised to their respective regions, with a smooth,

non-oscillatory transition at the boundary.
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An important consideration in devising the ¢cDFT procedure is which NGWFs the projec-
tors should be constructed from. The choice we make here is to use a set of NGWFs from
a converged ground state calculation which are kept fixed throughout the ¢cDFT run. One
could consider updating the projectors as the NGWFs change during the cDFT optimisation.
Only this would guarantee that the projectors are able to pick up the full charge distribution
of the cDFT configuration without any ‘leakage’ or double counting. However, the major
drawback of this choice is that it makes the optimisation problem somewhat ill-posed. This
is because the changing projectors mean that the optimisation objective does not stay fixed
during cDFT, making proper convergence very difficult. Using fixed NGWFs from a con-
verged ground state calculation has been shown to work well, provided that the projectors

are well-localised to their respective sites, as we explore in the next paragraph.

In order to obtain energies of CT excitations, we first perform a ground state DFT calcula-
tion. This yields both a total energy for the ground state and a set of converged ground-state
NGWFs which are subsequently used as ¢cDFT projectors. To define the population targets
for the cDFT run we simply add +1 to the ground state populations of the appropriate
sites (acceptor: +1; donor: —1). The difference between the constrained total energy and
the ground state energy yields the (vertical) CT excitation energy. Since we are interested
in ultrafast processes like singlet fission where nuclear relaxation in the excited state is less
significant, we restrict our attention to vertical excitation energies. In general, a geometry
optimisation in the excited state would be required in order to correctly describe longer-lived

CT states.

4.2 Computational Detalils

For all calculations we employ the LDA functional and norm-conserving pseudopotentials.
The energy cutoff is chosen as 750 eV. We use 1 NGWF per hydrogen atom and 4 NGWFs per
carbon atom. For the localisation radius of the NGWFEs a value of 10 Bohr is chosen. Using
these parameters, the total energy is converged to 1 meV/atom at 10 Bohr NGWF radius
compared to 14 Bohr, and to around 25 meV /atom at 750 eV cutoff compared to 1250 eV.
All NGWFs are initialised to pseudoatomic orbitals [121] and then optimised in-situ in terms
of the underlying psinc basis. The density kernel K®? is not truncated in these calculations
as all systems are small enough that sparse matrix algebra is only a minor component of
the total computational effort. For the later DFPT calculations, we utilise the CASTEP
plane-wave DFT code [122] with the same pseudopotentials and cutoff energy. The DFPT
calculations are performed with 12 k-points, corresponding to a maximum k-point spacing
of 0.05 1/A.
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Configuration H our method ‘ CASPT2/CASSCF ‘ GW/BSE

Herringbone 1 2.04 2.22 [116] 1.92 [116]
Herringbone 2 2.72 2.55 [116] 2.60 [116)
Parallel 2.61 3.03 [116] 2.45% [116]

Table 4.1: CT energies (eV) of isolated dimers, comparing our results with higher-
level theory. The authors of Ref. [116] identify the excitation marked by an asterisk
as a third locally excited state dominated by transitions between the frontier or-
bitals of the monomers. However, in a dimer there can only be two states of this
kind. Hence, we concluded that the excitation does in fact have CT character.

The S-phase molecular crystal structure considered here has two molecules per primitive cell
and triclinic (P — 1) space group symmetry. The lattice parameters are given by a = 7.90 A,
b=6.06 A, c=16.01 A, and o = 101.9°, § = 112.6°, v = 85.8° [123]. Optimised molecular
geometries are taken from Ref. [60] in order to facilitate comparison of our calculations with
Ref. [116] where high-level CASPT2/CASSCF and GW/BSE calculations were performed

using the same geometries.

For calculations on isolated dimers and clusters we employ open boundary conditions. This
is achieved by putting the dimers in a large simulation box and truncating the Coulomb
interaction at large distances to eliminate electrostatic interactions between periodic im-
ages [124]. The calculations on supercells of the pentacene crystal use periodic boundary

conditions.

4.3 Dimer & cluster calculations

The molecular geometries of the ‘herringbone’ dimer and the ‘parallel” dimer are shown in
Fig.[4.2] The herringbone dimer represents the unit cell of the pentacene crystal. While the
long axes of the molecules are mostly aligned, there is a rotational offset around the same
long axis between the units. In particular, this means that the two units in the herringbone

dimer are not related by symmetry.

In the parallel dimer, on the other hand, the pentacene molecules belong to the same sublat-
tice of the crystal and are related by a translation along lattice vector b (cf. Fig. . Asa
result the molecular planes of the molecules are parallel. The translational correspondence
together with the inversion syminetry of single pentacene molecules mean that the parallel

dimer has an inversion centre, i.e. the units are symmetry-equivalent.

First, we obtain CT energies for the dimers in isolation. The results are summarised in
Fig.[£.2] The most striking aspect is the significant energy gap between the two CT configu-

rations in the herringbone dimer due to their symmetry-inequivalence, as elaborated in the
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Configuration H isolated (2 mol) ‘ 4-mol cluster ‘ 10-mol cluster

Herringbone 1 || 2.04 (0.80) 2.16 (0.73) | 2.00 (0.63)
Herringbone 2 2.72 (0.80) 2.25 (0.73) 2.04 (0.68)
Parallel 2.61 (1.13) 2.35 (0.92) | 2.10 (0.87)

Table 4.2: Comparison of CT states for isolated dimers and clusters. The table
quotes the excitation energy of the CT state and the HOMO-LUMO gap of the
ground state configuration in brackets (in units of eV).

figure. In the parallel configuration the energies are degenerate due to inversion symmetry.
The excitation energies for the herringbone configuration are within ~0.2 eV of literature
values obtained with higher-level methods (cf. Table[f.1). For the parallel configuration the

discrepancy may be as large as ~0.4 eV, depending on the method compared to.

We next perform cluster calculations where we surround the dimers with a small cluster of
neighbouring molecules fixed in the geometry of the molecular crystal (Table . The 4-
molecule clusters (144 atoms) only include the CT pair and the two shared nearest-neighbour
molecules in the a-b-plane. In the 10-molecule clusters (360 atoms), all nearest-neighbour
molecules in the a-b-plane are included. The results are summarised in Table [{.2] We
observe a significant down shift of the mean energy and closing of the relative gaps as the
size of the cluster increases. This is driven by a reduction of the gap due to the hybridisation
and increased electrostatic screening by neighbouring molecules. It should be noted that the
degeneracy of the two parallel dimer CT states is very slightly lifted in the clusters (which
do not exhibit exact inversion symmetry), but only within the quoted accuracy. Therefore,

we only give a single value for the CT energy.

From the presented set of calculations alone it is difficult to determine whether sufficient

convergence to the infinite limit has been reached with the 10-molecule cluster.

4.4 Supercell calculations

We now consider the dimers embedded not in vacuum, but in the natural environment of
the molecular crystal. This immediately raises the issue of treating a non-periodic, infinite
system in DFT. In practice, one has to use supercell calculations with periodic boundary
conditions in order to avoid spurious effects where molecules at the edges of the system
are exposed to vacuum. However, these suffer from finite-size errors which are particularly
pronounced in the case at hand, as can be seen from the large scatter of 0.1-0.3 eV of the
uncorrected CT energies in Fig. (blue bars). This is a consequence of the large dipole
moments of the CT configurations, resulting in significant dipole-dipole interactions between

periodic images. The problem is expected to be even more pronounced in systems with either
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a) Herringbone Dimer
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Figure 4.2: Dimer geometries and CT excitation energies from cDFT (quoted in
eV). The significant energy gap between the two CT states in the herringbone dimer
can be rationalised by considering the different charge distributions of electron and
hole, and the geometry. The hole orbital corresponds to the pentacene HOMO
which has a node on the long axis of the molecule. The electron orbital (LUMO),
on the other hand, does not feature such a node. The partial alignment of the
upper molecule with the dipole vector means that the bimodal charge distribution
on the upper molecule has a lower Coulomb energy in configuration 1 as compared
to configuration 2. In the parallel case the two CT states are related by inversion
symmetry and the energies are degenerate.
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larger CT-dipoles, like biological photo-reaction centres, or smaller polarisabilities (e.g. due

to smaller pi-systems).

4.4.1 Dipole correction: motivation

We address this problem by deriving an energy correction that cancels the spurious interac-
tions to leading order. This makes it possible to obtain energies with a much better degree
of convergence with respect to cell size. We apply this correction to a range of calculations
using supercells of varying shapes and sizes to demonstrate consistency of the method. The

largest supercell considered has dimensions 3 x 3 x 2, or 18 unit cells (1368 atoms).

Mathematically, the general idea can be described as follows:
Ecor = Eppr — Edip- (4.12)

Here, Eppr is the energy obtained from the ¢cDFT calculation, Eeo the corrected energy,
and Fgjp the correction term. In the limit of infinite cell size the correction term Eg;, will
tend to zero as the periodic images of the dipoles move further and further apart. This
means that both Eppr and Fg, converge to the same limiting value as the size of the
supercell increases. However, at any finite size of the simulation cell, E.o; will be a much

better approximation to the limiting value than Eppr.

4.4.2 Makov-Payne and generalisations

Here, we give a relatively brief review of dipole corrections of increasing generality, in prepa-
ration for our results which applies to the most general case of non-cubic cells and anisotropic

dielectrics. The detailed derivation of this result is then described in the following sections.

Makov & Payne [125] considered the spurious interactions that arise when a periodic calcu-
lation is applied to an isolated system. They showed that the dominant term with respect
to cell size for an overall neutral system arises from dipole-dipole interactions and has the

form:

2
PP
3Veen
where P is the total dipole moment of the simulation cell. The Makov & Payne result is only

Egip = — : (4.13)

valid for cubic cells. It was further shown that after the subtraction of this correction term
the energy converges to the infinite limit as ch/ 3, faster than the uncorrected convergence
as V!

cell -

The Makov & Payne correction assumes that the system under consideration is isolated, and

hence the electrostatic interactions are mostly mediated through the vacuum. This assump-
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tion breaks down if the aperiodic system to be studied is embedded in a crystalline solid, as
is the case with CT dimers in a pentacene molecular crystal. Here, the spurious dipole-dipole
interactions are screened by polarisation of the bulk crystal. If the bulk crystal can be ap-
proximated as an isotropic dielectric, we can apply the phenomenological approach by Leslie
& Gillan [126]. Here the dipole-dipole interaction is reduced by the relative permittivity of
the bulk crystal, i.e.

2r  |P|?

— C—_— 4.14
3Veen € (4.14)

Egip =

In order to be useful for CT states in pentacene supercells it is necessary to generalise these
results to arbitrary cell shapes and, crucially, anisotropic dielectrics [127-129|. To achieve
the first step we can employ the following expression by Kantorovich which is valid for
general periodic cells and can be obtained by evaluating the Ewald formula for a periodic

lattice of point dipoles [130]:

Egip = 3\F PP+ QZPQ%BP@ (4.15)
where 7 is Ewald’s parameter, and
kaks _
Yo = o 3 S ST H (o), (4.16)
cell k20 ‘ ’ 120

where k denotes reciprocal lattice vectors, and 1 denotes direct lattice vectors. Furthermore,

we have

_ Yalp 4 — 2}
H, = —daph + [Bh + —=e Y 4.17
o) = =8ushly) + 5 |3h(ly)) + —= (417)
with )
2 eV erfe(y)

WEETE T

Our aim is to generalise Kantorovich’s results for the case of dipoles embedded in an

(4.18)

anisotropic dielectric background medium. His derivation relies on the Ewald method which
we review in the following section. This is necessary since we later need to generalise the
derivation for an anisotropic dielectric background. After that, we provide a detailed deriva-
tion of Kanotrovich’s correction term which is only sketched out very briefly in Ref. [130].
Finally, we generalise the Ewald method to a general dielectric medium and adapt the terms

in Kantorovich’s expression for the dipole correction accordingly.

4.4.3 Review of the Ewald method

In preparation for the derivation we review the Ewald summation method for the relevant

case of a system of classical point charges. In our exposition we mainly follow Ref. [131].
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We consider charges ¢; at locations r; in a supercell that is repeated on an infinite three
dimensional lattice. Each of the repeated cells is associated with a direct lattice vector L.

Then the total electrostatic energy of the charges in one cell is given by
qu]
4.19
ORI (119

where ’ denotes that the sum over j excludes the index ¢ if 1 = 0. This eliminates spurious
self interaction of the charges. The factor of 1/2 addresses double counting. This can
be re-expressed in terms of the electrostatic potential that each charge of the original cell

experiences due to the other charges in this cell and all periodic image charges, as follows:
1
=3 ; ai¢p)(ri), dp(r Z Z r—r 41 rj Tl (4.20)

The notation ¢f; denotes the total potential without the contribution of charge i (in the

original cell) itself, namely

1) (r) = ¢(r) — ¢i(r). (4.21)
For the next step we switch to a description of the system in terms of charge density. In our
case of point charges this can be done using delta functions. The charge density of a point
charge ¢; is

pZ(I') = qi(;(l‘ — I'i). (422)

In this description the potential of all charges excluding charge ¢ is then given by

¢pi)(r) ZZ / d’r’ p] *) Tl (4.23)

The central issue with the expressions for energy and potential presented so far is that
the sum over lattice vectors converges only slowly due to the slow polynomial decay of
the Coulomb interaction. Ewald summation addresses this problem by artificially splitting
the point charge density into a short-range and long-range part using a Gaussian smearing

function. This is accomplished as follows:

pi(r) = qid(r —r;) — ¢;Gy(r — 1;) + ¢:Gy(r —ry). (4.24)
Py (r) pf(r)

The Gaussian smearing function is given by

G()—(")3 (—n?|r[? 425
771‘— ﬁ €xp 77|I'|), ( )

where the (inverse) width is controlled by 7 which is also known as Ewald’s parameter.
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In the short-range part pf the point charge is screened by a diffuse charge of equal and
opposite sign, making it immune to Coulomb interactions at ranges much longer than the
width of the Gaussian. The long-range part p however is non-neutral and still ‘sees’ other
charges at greater separations. Even so it turns out to be short-range in reciprocal space

since the charge distribution is smooth and non-singular.

Both parts of the charge density cause respective short- and long-range potentials which in

turn can be seen as inducing separate contributions to the electrostatic energy,

B= 53 o) + 3 Y aot ) — 5 3 aiokr) (4.26)

ES EL Eself
Here the self-interaction energy of ¢; with its own diffuse long-range part is included in
ET for later convenience. For overall consistency these additional contributions have to be

subtracted from the expression which is accomplished by E*°!f,

In the next step we derive the electrostatic potentials due to the long- and short-range
parts of the charge distribution. To this end we need to solve the Poisson equation for the

Gaussian smearing function,

V2¢,(r) = —4nG,(r). (4.27)

Due to the spherical symmetry of the problem this can be integrated straightforwardly in

spherical coordinates, yielding
1
¢n(r) = — erf(n|r|). (4.28)

r|
With this result we can directly write down the short and long-range potentials of a point
charge,
Gi
7 (r) = L erfe(n|r —ry]), (4.29)

|r — 1]

with the complementary error function erfc(x) = 1 — erf(z), and

01 (r) = o2 ert(nle — i) (4:30)

We can see that the complementary error function causes the short-range part to decay

quickly to zero. In the long-range part the error function cures the pole of the potential at

r;.

Armed with this result, we are now in a position to write down the short-range potential

for the entire lattice,

a4
Ppy(r) = Z Z’m erfe(nlr —r; +1|), (4.31)
1 J
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as well as the short-range Coulomb energy
4:4;
Z gi ) (r;) = Z Z Z - r]+ i erfe(n|r; — r; +1]). (4.32)

The expression we obtain is identical to the standard Coulomb energy, except for the addi-
tional factor erfc which truncates long-range interactions between charges. Therefore, E°
is efficiently calculable as a sum in real space over lattice vectors close to the origin of the

periodic system.

We can also obtain the self energy from the expression for the long-range potential, using
the limit lim,_,gerf(x)/z = 2//,

Eelf % Z Qz¢ZL(rz) — % Z qZ.Q‘ (433)

Now we turn to the long-range part of the energy. In order to sum it efficiently we have
to switch to reciprocal space. The evaluation in reciprocal space is facilitated by the fact
that the long-range charge distribution is a smooth mixture of Gaussians. Furthermore, by
having separated out E%! we can obtain E¥ from ¢’ which is fully periodic since it does
not exclude any charges in the original cell (as opposed to d){;}). The periodic long-range

charge distribution inducing ¢* is given by
=YD e+ =D qGyr — i +1). (4.34)
1 1

This function is related to the potential ¢¥ via the Poisson equation
V2pl(r) = —4npl(r). (4.35)
Transforming to reciprocal space gives
k2ol (r) = dmpl(r). (4.36)

Hence, given p, the Fourier transform of p%, we can trivially obtain QBL . Then we just need
to transform back to real space to obtain ¢%. First, we derive the Fourier transform of p”,

yielding
Pl (r) :/Vd?’rpL(r)e_ik'r (4.37)
:/Vd?’r qu (r —r; + e kT (4.38)
_qu/ BrGy(r —r;)e T, (4.39)
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where we have combined the integration over the cell volume and the sum over lattice vectors
into an integral over all of space. This is possible because the reciprocal lattice vectors are

—ikl — 1 At this point we can employ

commensurate with the direct lattice vectors, i.e. e
the well-known result that the Fourier transform of a Gaussian is another Gaussian with
the inverse standard deviation. The offsets r; of the Gaussians from the origin simply add

phase factors. We obtain
= Z e~ Terie Tk An®, (4.40)
i

Now, the long-range potential in reciprocal space follows straightforwardly,

—k2/4n

=dn Z gie~kms (4.41)

To get the potential in real space we apply the inverse Fourier transform,

1 A kr
= V Z (ZSL(r)elk (4.42)
e~k /4n?
L8 S i
k;éO i

Note that the we have excluded the k = 0 term from the sum. This term is singular in
general. However, if the cell has neutral charge the term vanishes and we obtain a finite
long-range potential. In this case we can also observe that the sum over reciprocal space
converges quickly since contributions from vectors k with large norm are exponentially

suppressed. The long-range Coulomb energy follows directly:

_ % Z Gid" (r:) (4.44)

_k2/4772

ZZQ@QJ ik (ri—r;) T (4.45)

k¢0 i,J

We have now evaluated all the terms contributing to £/ and can combine the results into a

final expression,

E = ES + Bl — peelf (4.46)
%q
=3 ZZZ ey el — x4 1) (4.47)
—k?/4n?
2m ik-(r;—r;) €
k#£0 4,j

- % Z ¢2. (4.49)
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4.4.4 Ewald summation of a lattice of dipoles

As a next step, we provide the derivation of Kantorovich’s result for the dipole correction
arising for a general cell shape. The details of this derivation are not given in Ref. [130],
but are crucial for deriving the generalised result for anisotropic dielectrics. The strategy is
to evaluate the Ewald formula for a lattice of point dipoles. This is achieved by considering
a cell with two point charges ¢+ = +P/d at positions X1 = X + %d, where d = |d|. Then
we take the limit d — 0, resulting in an expression for the electrostatic interaction energy
of a periodic lattice of point dipoles with dipole moment P = (P/d) - d. We will see that

the absolute position X of the dipole in the original cell is irrelevant.

First, we evaluate the self-energy contribution:

2n P2
Eself = 2 — 4.50
f Z f d2 ( )

This term diverges as we send d to zero, however we will see that it is exactly cancelled by

another term that contributes to the short-range part of the energy.

The long-range part can also be evaluated easily, by substituting charges and positions into
the inner sum of the expression (4.48)),

P2 . .
ZQZQJ ik (r;—rj) _ ﬁ (2 - ezk-d - efzk-d>

2P

-
2

_ 2; {2(1( d)? +O(d4)]

= (k-P2+0d) ¥ (kx-P)2 (4.51)

[1—cos(k-d)]

Thus we obtain the following expression for the long-range contribution to the energy:

e K2 /4n?
EF = ?Z(k P)> —a (4.52)
k=0

which is identical to the first term in Eq. (4.16)) if rewritten in tensor notation.

Most of the complications arise in the short-range Coulomb energy. We start by considering

the case 1 = 0, where the inner sum over 7 and j is restricted to values satisfying i # j:
4iq;
Eo = Z Ir; — = erfc n|ri — rj])
ar fe(nld]) + — exte(] - dI)
=—— erfc erfe(n| —
2@ |[d] —a
2
= —E

erfc(nd). (4.53)
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Next, we Taylor expand the complementary error function, yielding

p? 2n 27 5 5
- g+ =
R + 3fd +0(d”)
P2 277 p? 277

The first term describes the direct in-cell Coulomb interaction of the charges constituting

s _
Eilo = —

the dipole, and is therefore irrelevant for the dipole correction. The second one exactly
cancels the self-energy (Eq. (4.50))). The third term corresponds to the first contribution in
Kantorovich’s expression Eq. (4.15). The rest vanishes as we take the limit d — 0.

Having dealt with the special case 1 = 0, we turn our attention to the terms that arise from
1 # 0. Now, the sum over ¢ and j is unrestricted and, starting with the terms where ¢ = j,

we obtain

2P? 1
l;éOz = E 1 erfe(n|l|) = d2 E - erfc (4.54)
2% 17&0

with [ = |1]. Again, this diverges as d — 0. However, it is cancelled exactly by the lowest-

order term of the contribution for ¢ # j:

1 p? 1 1
S _
Eisoizj = 5 Z "l [“ —d erfc(nl+d|) + ‘ —d erfe(n|l — \)] (4.55)
P2 0
=— Z i erfc(nm +0(d?) | . (4.56)

There is no term first-order in d since the expression in brackets is invariant under chang-
ing the sign of d. All terms higher than second order will vanish as well as we take d
to zero. Hence, our strategy is to evaluate the second order term in the expansion of
erfc(n|l +d|)/|1 + d|. By symmetry the total contribution in the bracket is then twice that.
To obtain a power series in d for the denominator we employ the dipole expansion (with 7

inserted for later convenience),

1 1 1-d 3(1-d)? —1?d?

1 1 5
vd gl ® 2 o PO
1 -d 23 d y2d?
= - y? + % - )y5 +O(d®), (4.57)

where we introduce the notation y = nl and y = nl. In a similar fashion we expand n|l + d|,
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the argument of erfc:

1+d?  ?+21-d+d?

1 = = 4.
1-.d 1 —(1-d)?+1%d? 3
—p -4 . 4.
n|l— ==+ —— +O(d) (4.59)
.d 2 _ .d 2 4 2d2
=y X4 % it/ ;3 T2 o), (4.60)

xT

Next, we write down the Taylor expansion of erfc around y with expansion parameter x,

2 2
erfc(y + ) = erfe(y) — eV Sy O(z?). (4.61)

NG Val

Substituting the expression for x and collecting orders of d yields:

erfe(n|l +d|) = erfe(y + z) =
2 2 2 2 72
%Qy?yd+2”eﬁryd)_wfﬂjyd
VT y VT Y 2y

Finally, we evaluate the product of this with the dipole expansion Eq. (4.57)), only keeping

= erfe(y) — +0(d®). (4.62)

track of the relevant second-order terms,

1
|1—"_d’eI'fC(77|1"‘d):| =

O(d?)
3 —y? 2
n o | erfe(y) 2 eV (y-d) 4 2
_ _ . = 4,
5 d " N + 7 3h(y)+ﬁe (4.63)
h(y)

At last we can go back to Eq. (4.56]) to obtain the missing terms contributing to the short-
range energy in the limit d — 0,
3

Biso= 5 > {—PQh(y) + w [3h(y) + \;e—y?] } . (4.64)

Y

By inspection, this corresponds to the remaining terms in Kantorovich’s expression, specif-
ically the second half of Eq. (4.16]).

4.4.5 Generalisation to dielectric background medium

To obtain a dipole correction applicable to the problem at hand, in which space is filled with
a dielectric medium (the pentacene crystal), we need to go one step further. The dielectric
response of a uniform, but in general anisotropic medium can be described using a dielectric

tensor €. The dielectric tensor is a symmetric 3 x 3 matrix with eigenvalues {¢;,7 = 1,2,3}
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representing the permittivity of the medium along is principal axes. In this setting the

Poisson equation is modified, with € now appearing inside the Laplacian, namely
V'eVp(r) = —dmp(r). (4.65)

Fischerauer [132] showed that the solution of this general Poisson equation for a point-charge
can be reduced to the isotropic case by a coordinate transformation. The new coordinates
that achieve this are precisely the ones corresponding to the principal axes of €. Let C be

the principal axis transformation diagonalising ¢, i.e

€1 0 0
C'e«C=10 e 0 |. (4.66)
0 0 €3

C is an orthogonal matrix obeying gfl = gt and a determinant equal to unity. The only
remaining anisotropy is now due to the eigenvalues ¢;. It can be removed by means of an
additional diagonal scaling matrix D,
Vi 00
D= 0 Ve, 0 . (4.67)
00 Ve

Applying this subsequently reduces € to the unit matrix,

1 00
D7'C'e«CcD'=|0 1 0|, (4.68)
0 01
or equivalently,
e=CD?C". (4.69)
In terms of position vectors, the complete transformation is then defined as follows:
r'=D7'C'r, r=CDr (4.70)

In terms of the new coordinates the form of Poisson’s equation reverts to the vacuum case,
i.e.
A'¢(x") = —4mp(r'). (4.71)

If we consider a point-charge centred at the origin this becomes

Nor') = ——T_ 5. (4.72)

\/dete

The denominator that appears is the Jacobian determinant of the transformation,

8@-
ox

J = det =detCD =det(C -det D = /dete. (4.73)

/,
J
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It ensures that the normalisation of the delta function in the new coordinates is consis-

tent with being unity in the original frame (which is not scaled by D). The solution is

straightforwad:
1 1
N = C—. 4.74
o) = (4.74)
Going back to the original coordinates we thus obtain:
1 1 1 1
o(r) = (4.75)

y/dete | [D~'C'r| - \/detg. \/rtg—lr.

The last equality follows since

_ \/ D-LCr) (D1 C'r)

:\/rtC:Dﬁgtr = ,/rtg—lr.

Ideally we would like to adapt this procedure, demonstrated here for a point-charge, to
the full derivation of the Ewald method and dipole correction. We would hope to obtain
expressions that are essentially completely analogous, up to a coordinate transformation of
the direct and reciprocal lattice vectors. However, it turns out that a direct application of
the method fails. The reason is that the univariate Gaussian used for splitting the charge

distribution in the Ewald method becomes multivariate in the transformed coordinates,
7 3
Gy(r) = <ﬁ> exp(—n°r'r) (4.76)

3
— (L) e [-(cor)cor) (4.7

_ <\;7E>3exp[ 2/ D2y ’} (4.78)

Hence, the corresponding potential can no longer be obtained easily in spherical coordi-
nates, and the mathematical expressions start to differ substantially from the vacuum case.
To understand how to circumvent this problem we recall that the smearing function was
introduced artificially and we were free to chose its (inverse) width as defined by Ewald’s
parameter 7. Taking this idea further, we could consider a multivariate smearing function.

A particularly interesting choice turns out to be

3
G (r) = — <”> exp(—rPrler), (4.79)

Ve V7

where we have inserted the inverse dielectric tensor g_l = gD_2gt in the exponential,

and the prefactor ensures normalisation. The inverse dielectric tensor exactly cancels the
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transformation matrices and we obtain a univariate Gaussian in the primed coordinates:

3
60) = e (5 ) enw [-rPlCDr)e cr)

_ 1 Ui ’ 2.1t t —1 ’
— Tote (ﬁ) exp [—n r"DC'e er}

_ 1 < % >3exp L] - \/(%Gn@’). (4.80)

s equation is now completely analogous to the vacuum case,

Hence, the solution of Poisson

we obtain
G5 (r) =~ - L erf(e’) (481)
p(r) = dote ’r,’er n|r .
1
= : f(n|D~1Ctr|). 4.82
e g TR (4.82)

If we follow through the derivation of Ewald’s formula with this result, we end up with
equivalent expressions for short-range and self-energy, up to an overall factor of 1/ \/@
and transformed position and lattice vectors, r — r’ and 1 — 1'. As a consequence, the
real-space terms of Kantorovich’s expression have the same form as in the vacuum case, up

to the prefactor and primed direct lattice vectors and dipole vector.

Turning to the reciprocal space part, the Fourier transform of the long-range charge distri-

bution with the modified smearing function is given by

~L _ 3 € —ikr
p(r) = Z qi » d’rGy(r —ri)e (4.83)

K2

=D u / AP Gy (x = f)e (4.84)
i R?

=3 g T, (4.85)
7

Here k' = DC'k, ensuring that k' - v’ = k-r. The prefactor of 1/,/det e cancels with
the Jacobian incurred due to the change of variables under the integral. This expression is
identical to Eq. up to the primed vectors. Also, the Poisson equation in the primed
system has the same form as in the vacuum case. This means that the form of the reciprocal-
space term in the Ewald formula is again unchanged up to the vector transformations.
Note that we do not obtain an additional prefactor of 1/\/@ in this case. Again, these

properties carry over to the reciprocal-space contribution in Kantorovich’s formula.

Now, we are ready to state the final result for the dipole correction in a uniform, anisotropic

background medium:

1 2

/det € 37

Egip =

1
P2+ 3 > PlahgPh | (4.86)
a)ﬂ
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with K
1’12 2
ﬁ KA 257 Hag(nl'), (4.87)
I'#£0

and H,g as given in Egs. (.17) and (4.18). For completeness, we also restate how the

4
w’af%Z

K'#£0

coordinate transformation acts on the relevant vectors, namely

P'=D7'C'P, I'=D"'C"l, ¥ =DC'k, (4.88)

and we introduce
174
V= : (4.89)

./detg

This rescaling of the cell volume is consistent with the transformation of the direct lattice

vectors and is a convenient way to account for the fact that the reciprocal-space term does
not share the prefactor 1/,/det e.

4.4.6 Applying the correction

First, we perform a DFPT calculation using the CASTEP code to obtain the dielectric
tensor for the primitive cell of the pentacene crystal:
3.48 —0.18 —-0.12

-0.18 3.14  0.19
—-0.12 0.19 5.61

Epppr =

The effective dielectric tensor as it is experienced by the constrained charges in the cDFT

calculation is assumed to be obtained by a uniform scaling ¢ = ¢ The scaling

- € :

=DFPT
accounts for the overestimation of screening due to the band-gap error, as previously dis-
cussed. By using a single scaling parameter ¢ we employ the simplifying assumption that
the overscreening of DFPT is isotropic. The dipole moments were taken from dimer cDFT

calculations in vacuum (atomic units):

Phert = (1.45, —6.70, —2.07)", |Phert| = 7.16
Prero = (—1.19, 7.58, 2.33)", |Phes| — 8.02
Poarijp = +(-7.89, 4.23, 1.85)", P part 2| = 9.14

The dipole correction is applied to the supercell energies as follows:
Ecor = Eppr — Edip- (4.90)

Minimising the combined standard deviations of the corrected supercell calculations across
all three dimer configurations yields a best-fit value ¢ = 0.378. The effect of the correction

using this value of ¢ for the three cases is shown graphically in Fig. [£.3] We note that the
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Figure 4.3: (Top) Herringbone 1 (Centre) Herringbone 2 (Bottom) Parallel. Un-
corrected energies (blue) and dipole corrections (red) for CT states across a range
of supercell embeddings. Dashed lines indicate corrected mean energies. Note
that the dipole correction is negative for the 531 supercell for both herringbone
configurations.
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Configuration H isolated (2 mol) ‘ 4-mol cluster | 10-mol cluster | crystal

Herringbone 1 2.04 2.16 2.00 2.01
Herringbone 2 2.72 2.25 2.04 2.04
Parallel 2.61 2.35 2.10 2.10

Table 4.3: Comparison of dipole-corrected CT energies in the crystal with isolated
and cluster results. Excitation energies are quoted in units of eV.

value of ¢ is in approximate agreement with the ratio of the DFT gap of ~ 0.8 €V to the
quasiparticle gap of ~ 2.4 eV calculated with many-body perturbation theory [60], as might
be expected.

Having applied Eq. , for the herringbone dimer we obtain corrected mean energies of
2.01 eV and 2.04 eV, respectively (cf. Tab.[£.3)). The parallel dimer yields a mean energy of
2.10 eV. The spread of corrected energies is down to 0.03-0.08 eV, a reduction by a factor of
3-4, demonstrating the success of the method. The significantly larger spread of values in the
parallel dimer compared to the herringbone dimer is a result of enhanced dipole interaction
between periodic images. This is due to the fact that the dimer (and hence dipole) is aligned
with the crystal lattice (along lattice vector b, cf. Fig. and the dipole moment is largest

among the three configurations.

4.5 Discussion

As elaborated above, the empirical parameter ¢ in the method accounts for the overscreening
of DFPT with local functionals. There are additional uncertainties due to the fact that the
separation of periodic images is small, implying that the supercell calculations still exhibit
a relatively high density of electron-hole pairs. This can modify the dielectric properties.
Further errors may stem from higher-order electrostatic corrections as a result of the fact
that the CT configurations considered take up a significant portions of the supercells and
hence do not constitute perfectly point-like dipoles. All these effects are integrated in the
c parameter. The remaining spread of energies is presumably related to residuals of these

sources of error which cannot be eliminated with the single ¢ parameter.

It is apparent that the dipole-corrected energies are essentially degenerate with those ob-
tained for the 10-molecule cluster, within the quoted precision of 10 meV (cf. Table .
Presuming this holds for still-larger clusters, this result demonstrates the validity of the clus-
ter approximation for molecular crystals of pentacene and likely a range of similar molecules
(eg. tetracene). In case where the molecular unit of a molecular crystal has a net dipole,

the cluster approach in vacuum would incur significant difficulties due to the unscreened
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net-dipole [133|. The current approach, in employing periodic boundary conditions, would

not encounter such problems.

We observe that aggregation has a twofold effect on CT energies in the pentacene molecular
crystal: an overall downshift, and a decreasing separation of the different CT configurations
considered. The latter is particularly striking in the herringbone dimer, where the initial
splitting of nearly 0.7 eV in isolation is reduced to only a few 10 meV when embedded in
the crystal. Interestingly, the ordering of the three CT energies also changes. In the isolated
dimers, the parallel CT energy is situated between the two herringbone energies, whereas in
the crystal the parallel energy is slightly above the two (now nearly degenerate) herringbone

energies.

We also note that although our calculations employ the computationally cheap LDA func-
tional they do not appear to suffer from a systematic underestimation of excitation energies
relative to those calculated with higher levels of theory. This observation can be ratio-
nalised by noting that in ¢cDFT the excited electron orbital is fully occupied. No DFT
eigenvalues of unoccupied orbitals which are subject to large systematic underestimation
enter the calculation. TDDFT with local exchange requires computationally expensive and
parameter-dependent range-separated hybrid functionals in order to yield CT energies that
are not severely underestimated [25]35]. By contrast, using the novel combination of linear-
scaling methodology with projector-based cDFT, we are able to perform relatively cheap

calculations which scale well to large system sizes (1368 atoms, in this work).

We further note that the relatively low CT energies in the crystal of just above 2 eV put them
on the lower end of experimental estimates [64]. They are in line with previous theoretical
results indicating a significant admixture of CT-like components into the lowest singlet
exciton in pentacene [72,73[134]. The low energies also lend support to the notion that a CT-

mediated ‘super-exchange’ mechanism can play a crucial role in ultrafast fission [79-81},91].

Our procedure should also be transferable to other systems in which CT states are situated
in a complex screening environment. These include (but are not limited to) a variety of

organic materials for organic photovoltaics and optoelectronics/spintronics.

At this point there remain a number of limitations that need to be addressed by future
work. Our method as presented here relies on the system in question exhibiting sufficiently
homogeneous dielectric properties which can be approximated by a single dielectric tensor.
Furthermore, the cDFT approach necessitates prior knowledge of the excited state structure
such that appropriate donor and acceptor regions can be defined. Another current drawback
is the requirement of performing calculations on a range of supercells for the purpose of

the single parameter fit, increasing computational cost. This limitation may be overcome
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by using a more accurate functional (or higher-level theory than DFT) for the response
calculation, provided that the unit cell is not so large as to make this computationally

infeasible.

4.6 Conclusions

In this chapter we have demonstrated the application of (linear-scaling) constrained DFT
to charge-transfer states in the pentacene molecular crystal. Our results for isolated dimers
are in reagonable agreement with higher-level theory calculations from the literature. Fur-
thermore, we have used cluster calculations to illustrate the transition to the crystal limit,
showing that CT energies are lowered both by screening and the formation of bands. We
have devised a scheme based on periodic supercell calculations in combination with a dipole
correction, in order to establish the limit of the infinite molecular crystal. Our dipole cor-
rection method is novel in that it is applicable to very general systems (non-cubic with
anisotropic dielectric properties). It is also of significant interest that in spite of the high-
polarity of the CT configurations, the excellent agreement between results for the cluster
approximation and for the crystal limit reveals an unexpectedly high screening capability
for pentacene, with important consequences for the modelling of pentacene interfaces and

film structural imperfections.
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Chapter 5

Dynamical modelling of singlet fission
in dimer pentacene

Singlet fission has been observed to occur in DP-Mes, a covalently linked pentacene dimer,
on ultrafast sub-picosecond timescales with the yield of triplet pairs from initial singlets
approaching 100%, depending on the specific solvent environment [88,89]. The geometrical
structure of the molecule is shown in Fig. Specifically, the pentacene units assume an

orthogonal configuration, with the dihedral angle at the linking C-C bond close to 90°.

In this chapter, we develop a dynamical model of singlet fission in DP-Mes. As we will see,
the high symmetry of the molecule precludes coupling of the electronic states at the equi-
librium geometry. This make DP-Mes an ideal test-case for exploring the interplay between
electronic states and symmetry-breaking molecular vibrations in the fission process. We em-
ploy a combination of DFT and a multi-reference description of the electronic states using
a minimal basis of frontier orbitals to parametrise the vibronic coupling Hamiltonian of the
system. This parametrisation forms the basis for subsequent simulations of the full quan-
tum dynamics of the system using tensor network methods. We reveal how ultrafast fission
on time-scales on the order of hundreds of femtoseconds arises from a series of symmetry
breaking vibrational motions that drive fission via CT-mediated super-exchange. The reor-
ganisation of the vibrational environment after photoexcitation is found to spontaneously

create the couplings enabling fission with a high (~ 90%) yield of triplet pairs.

The high degree of symmetry of the DP-Mes molecule leads to a lot of structure in the
electronic-vibrational coupling. Exploiting this structure is crucial for making such high-
level modelling possible at reasonable computational cost. Hence, DP-Mes presents itself as

an ideal model system for detailed theoretical studies of fission.
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Figure 5.1: 3-dimensional geometry of the covalent pentacene dimer DP-Mes
(13,13’-bis(mesityl)-6,6’-dipentacenyl). At the lowest-energy configuration in the
electronic ground state the pentacene units are orthogonal, with a dihedral angle
close to 90°. This geometry minimises steric repulsion between the hydrogen atoms.



5.1. Geometry and electronic structure 79

Figure 5.2: HOMO (left) and LUMO (right) of pentacene monomer, top and
edge-on view, respectively. Both orbitals are antisymmetric about the molecular
plane (w-character), and symmetric about a perpendicular plane through the short
axis. With respect to an orthogonal plane through the long axis, the HOMO is
antisymmetric, whereas the LUMO is symmetric.

5.1 Geometry and electronic structure

All DFT calculations for this chapter are performed with the NWChem electronic structure
code in vacuum [135]. The relaxed ground-state structure is obtained employing analytical
Hessians at the cc-pVDZ/B3LYP level of theory. Excited singlet state energies are calculated
from (linear-response) TDDFT at the cc-pVDZ/LC-BLYP level of theory. The long-range
corrected functional is required to correctly describe the Sy state of pentacene as well as the
states with charge-transfer character. An optimised range-separation parameter p = 0.29 is
used in the LC-BLYP functional . This choice gives a good description of the energy
of the first excited singlet of the pentacene molecule. For TT the quintet state (total spin
2) is used as a proxy for the purpose of calculating energy and forces. Even though the spin
wave function is incorrect, it forces a doubly-excited state with local triplet character on
each pentacene unit. This can be expected to be sufficient for the purpose of energies and

forces due to the weak coupling between the pentacene units in the ground-state geometry.

The choice of the relatively small cc-pVDZ basis set is due to limited computational re-
sources. However, tests show that TDDFT energies of the low-lying excitations of DP-Mes

are converged to within 10 meV compared to the larger cc-pV1Z basis set.
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5.1.1 Low-energy excitations

The lowest-energy singlet and triplet excited states S; and T (the ground state being Sp) of a
single pentacene molecule are dominated by a HOMO to LUMO transition (see orbital plots,
Fig. . It can be seen that the HOMO is antisymmetric about a plane through the long
molecular axis and orthogonal to the molecular plane, whereas the LUMO is symmetric
about this plane. This means that the Sy — S; transition is polarised along the short

molecular axis. The triplet is optically dark since the S; — T transition is spin-forbidden.

Upon dimerisation, each pentacene molecule mostly retains its S state with little change in
energy. However, dipole coupling of the transitions causes Davydov splitting and hybridi-
sation into symmetric and antisymmetric locally excited states LE* = %(SfSOB + SéS]f’),
where A and B denote the monomers. In the dimer configuration the pentacene units are
aligned along their short axes, i.e. their transition dipoles. The dipoles add constructively
for a transition to the LET configuration and cancel exactly for LE~. This means that LE™
is optically bright, and represents the state populated by photoexcitation from which fission
proceeds. LE™, on the other hand, is optically dark. At the relaxed ground state geometry,
our calculations put LE' at 2.15eV, with LE™ at 2.28 eV, higher by about 130 meV due to

energetically less favourable dipole alignment.

In addition to the locally excited states, the dimer also supports excitations of charge-transfer
character. The lowest-energy pair of these states is again well described by HOMO-LUMO
transitions, e.g. from the HOMO of unit A to the LUMO of unit B, and vice versa for the
second CT state. In the absence of external symmetry-breaking, the CT states undergo
weak (~10 meV) hybridisation into (anti-)symmetrised ‘charge-resonance’ states denoted
CT*. We calculate energies of 2.75eV and 2.76 €V, respectively. However, we note that
these values should be treated with caution since they are obtained from a linear-response
(TDDFT) calculation for a state with significantly altered charge distribution compared to
the ground state.

The final state of fission is believed to be the TT state which is a doubly excited state
constructed from Ty pairs (one for each unit), such that the overall wave function is a singlet.
The TT energy is approximately given by twice the T energy for weakly interacting units.
The quintet state, which we use as a proxy for TT, gives an energy of 1.87¢eV above the

ground state.
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Figure 5.3: Potential energy surface for the electronic ground state along the
dihedral coordinate. Each data point represents the total DFT energy relative to
the 90°-configuration after geometry relaxation with the dihedral angle fixed at the
respective value.

5.1.2 Frontier orbitals and role of dihedral coordinate

In the ground state the minimal total energy of DP-Mes is attained at a dihedral angle of
90°. However, the potential energy surface along the dihedral coordinate is quite shallow,
enabling the molecule to explore an angular range of about 10-20° either side of the minimum
at room temperature (see Fig. . Only at large deviations steric repulsion of the hydrogen

atoms becomes energetically prohibitive.

Most importantly, the dihedral coordinate determines coupling between the monomers.
The monomeric HOMO and LUMO orbitals are antisymmetric with respect to a reflec-
tion through the molecular plane, but symmetric about a perpendicular plane through the
short axis. Hence, all hopping matrix elements have to vanish by symmetry at the 90°
geometry (Fig. . A coupling can only arise as the dihedral angle moves away from this

configuration.

This can also be demonstrated using DFT by looking at the energy gaps between HOMO-
1/HOMO and LUMO/LUMO+1 levels of the dimer, respectively (Fig. [5.4). The HOMO-1
(LUMO) and HOMO (LUMO-1) levels result from a hybridisation of the HOMO (LUMO)
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Figure 5.4: (top left) Schematic diagram showing how the HOMO-1/HOMO and
LUMO/LUMO-+1 levels of the dimer arise from a hybridisation of the monomer
HOMOs and LUMOs, respectively. (top right) DET results corresponding to figure
demonstrate angle-dependence of level-splitting. (bottom) Frontier orbitals of
DP-Mes. They are well-described as (anti)symmetric linear combinations of the
monomeric frontier orbitals, compare Fig. 5.2l The different symmetries of the
orbitals with respect to the pentacene plane and a perpendicular plane through
the short axis, respectively, mean that inter-unit hopping integrals vanish at the
orthogonal geometry.
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levels of the two pentacene units. The degeneracy present at 90° is increasingly lifted as
the angle deviates from this value, with the gaps approximately corresponding to twice the

respective hopping integrals t(hh), t(¢0).

5.2 Symmetry considerations and frontier-orbital description
of excitations

In this section we discuss the symmetries of the DP-Mes molecule, more specifically the
properties of its point group Dog. This includes a review of its symmetry transformations (or
elements) and irreducible representations. In combination with a frontier orbital description
of the electronic states which we outline in the following, the irreducible representations allow
us to classify these states according to how they transform under the molecular symmetries.
In a similar manner, the vibrational normal modes of DP-Mes can be assigned to irreducible
representations. When we later couple the electronic excitations to the vibrational modes,

this analysis is crucial for understanding the interplay of electronic transitions and vibrations.

5.2.1 The D,; point group

Fig. shows the DP-Mes structure and the symmetry operations that leave the structure
invariant. These symmetries, also referred to as symmetry elements, constitute the point
group Dyg. As per the group definition, Doy has an identity element, denoted F, which
simply leaves space invariant and is therefore a trivial symmetry. The principal or figure
axis of the molecule is a twofold rotation axis (Cs), i.e. rotations around this axis by
27/2 = m leave the structure invariant. We note that the extremal hydrogens on the
mesityl groups on either side break this and other symmetry operations of the point group.
However, this is irrelevant for the low-energy excitations since the frontier orbitals do not
meaningfully extend onto the mesityl groups (cf. Fig.[5.4). In addition to being a twofold
rotation axis, the principal axis is also a fourfold improper (or alternating) rotation axis
(S4). This means that rotations around this axis by an angle 2w/4 = /2 followed by a
reflection through a perpendicular plane leaves the geometric structure invariant. Note that
there are two distinct Sy elements since rotations by +7/2 are inequivalent (as opposed to
+7 rotations). Furthermore, both pentacene planes constitute mirror planes (o4). Finally,
there are two twofold rotation axes (C%) perpendicular to the principal axis and bisecting

the angles between the mirror planes.

A group representation is a map that assigns a linear transformation to each symmetry
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Figure 5.5: DP-Mes structure with symmetry elements of the Dyy point group,
and unit-localised frontier molecular orbitals. Note that extremal hydrogens of
mesityl side-groups weakly break the point group symmetry. However, this is
irrelevant for the low-energy excitations since the frontier orbitals firmly reside on
the pentacene units.
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irrep || E 28y Cy 20, 204
Aq +1 +1 +1 41 +1
Ao +1 41 +1 -1 -1
B +1 -1 +1 41 -1
By +1 -1 +1 -1 +1
FE +2 0 —2 0 0

Table 5.1: Character table of Doyg.

element, s — R(s), such that
R(Slsg) = R(Sl)R(SQ), (5.1)

for all group elements s1, so. The representation of the symmetry transformation obtained
by applying so and then s; is simply the product of the linear transformations assigned to
s1 and s9. This condition can be interpreted as saying that the linear transformations of the
representation are compatible with the group structure. The dimension of a representation
refers to the dimension of the vector space the elements of the representation act on. There
is no upper limit to the dimensionality of a representation since we can always combine
representations into a larger one, using the direct sum of the linear transformations for
each group element. Similarly, representations can be decomposed into lower-dimensional
ones if there are subspaces of the representation space that remain invariant under the
elements of the representation. A representation that cannot be decomposed further is
called ‘irreducible’. The irreducible representations (irreps) of a symmetry group are of

fundamental importance since all other representations can be built up from them.

The irreps of Doy are are listed in Tab. together with the ‘characters’ of the symmetry
elements under each representation. The characters are simply the traces of the transforma-
tion matrices corresponding to the groups’ elements under each irreducible representation,
ie.

Xr(s) = Tr[R(s)]. (5.2)

It follows that the character of the identity element E is equal to the dimension of the
representation. As can be seen from the table, Doy has four one-dimensional irreps (A1, As,
B, B3) and one two-dimensional irrep (£, not to be confused with the identity element!).
For the one-dimensional irreps the characters are simply equal to the 1 x 1 transformation
‘matrices’. They indicate how an object (e.g. a wave function) that transforms as a particular
irrep changes sign under the symmetry elements of the group. The irrep A; leaves the
representation space invariant for all symmetry elements. For this reason it is also known

as the ‘totally symmetric representation’, and is trivially an irrep of all point groups.
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5.2.2 Symmetry classification of excitations using frontier orbitals

With this background on the point group Doy, we are now in a position to apply represen-
tation theory to the electronic states of DP-Mes that are relevant for fission. These insights
will be relevant for understanding the structure of coupling between electronic states and
molecular vibrations which we derive later in this chapter. For this purpose it is conve-
nient to introduce an approximate description of the electronic states, in terms of Slater
determinants built from a small active space of frontier orbitals of DP-Mes. However, using
the fully delocalised frontier orbitals (Fig. for this makes the resulting wave functions
difficult to interpret. To address this issue, we perform an orthogonal transformation in the
HOMO-1/HOMO and LUMO/LUMO+1 subspaces, respectively:

ha = \}5(|HOMO—1>—|HOMO)), (5.3)

hy — %(\HOMO—1>+|HOMO)), (5.4)
and

(n = %(LUMOJrl)—\LUMO}), (5.5)

s = ——(JLUMO + 1) + [LUMO)). (5.6)

S5

2

Here, the subscripts A and B refer to the two pentacene units of DP-Mes. The unit-localised
orbitals resulting from this transformation are shown in Fig.[5.5] By construction, this set is
orthogonal and the new orbitals remain valid eigenfunctions due to the energetic degeneracy
in the HOMO and LUMO spaces as a result of the orthogonal geometry of DP-Mes (cf.
Fig. [5.4). Normally, obtaining approximately localised orthogonal orbitals in an extended
system requires some form of Lowdin orthogonalisation [7]. In our case, however, this is

obviated by the special geometric properties of the DP-Mes molecule.

In the next step, we use these orbitals to write down approximate wave functions for the
electronic states of interest, following Ref. [7]. The authors use a minimal basis which consists
of the HOMO and LUMO orbitals of each unit of a dimer. This basis is sufficient for a first
approximation of the low-energy electronic states of DP-Mes, which are all dominated by
transitions between HOMOs and LUMOs of the pentacene units. At this level of description,

the ground state is given by the following single Slater determinant:
GS = |haahpShpahpp|, (5.7)

where o and 3 label the electron spin states. The interpretation is straightforward, namely

each localised HOMO orbital is doubly occupied. The antisymmetrisation of the Slater
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determinant takes care of the spin adaption, resulting in a pure singlet. Next, we consider
the locally excited states. There are two of them, since there are two pentacene units,
on either of which the excitation can reside. Naively, one would take the ground-state

determinant and simply promote one of the electrons to the respective LUMO orbital:
LE, = |hactaBhpahgf). (5.8)

The problem becomes apparent when we notice that this choice breaks the (anti)symmetry
between the spin labels. Hence, the wave function as written is not a pure singlet state. We

need to explicitly take care of the correct symmetry adaptation,

LEy = ;5 (IRaataBhnahif| — [haBlaahpahs] (5.9)

and analogously,

|
i = [|hAahA5hBazBﬁ| - \hAahAﬁhBBEBa|]. (5.10)

The wave functions of the CT states look very similar, the difference being that the electron

is promoted not to the LUMO of the same pentacene unit, but rather to the LUMO of the

other unit:
1
CTy = 7[|hAa€B,8hBahBﬁ|_‘hAﬁfBahBahBﬁ|}v (5.11)
V2
1
CTy = 5 [Ihaahafhnalal - [haakafhnfiaal . (5.12)

Because of the equivalence of A and B, the thus defined states are degenerate and will

hybridise into (anti)symmetric linear combinations, as pointed out earlier,

LE* = [LEx + LEg], (5.13)

1
V2
1
V2

We remind the reader that LET is optically bright relative to the ground state since the

CT: = [CTA + CTyl. (5.14)

transition dipoles add constructively, whereas they cancel for LE™, resulting in a dark state.

Another consequence of the interaction of transition dipoles is that LE™ is lower in energy.

The final state to consider is the correlated triplet pair TT. Its wave function in our minimal

basis is given by the expression |7]

1

TT
V3

|haalaahgBleB| + |haBlaBhpalpal

(|haalpBhpalpB| + |haclaShpBlpal + |haBlaahpalsf| + ’hAﬂﬁAOthBEBaD].
(5.15)

1
2
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| E 25, Cy 205 204
ha || +ha  Fhg —ha +hg TFha

hg +hg Lha —hg =*ha =hgp
7 +lp by —fpn Flg Fla
g || +f8 TFlan —lp Flyn =*lp

Table 5.2: Transformations of localised frontier orbitals under the symmetry
elements of Dyg.

The spatial wave function of this state can be interpreted straightforwardly. It is doubly
locally excited, with one electron promoted from the HOMO to the LUMO on each unit.
However, the interpretation of the spin part is less transparent. To elucidate what is going

on, we write it in terms of its components on the two pentacene units:

(laB)a +1Ba)a) ® —= (laB)s +|Ba)s)
(5.16)

It is now apparent that the spin wave function is composed entirely of local two-electron

;g aa)a ® [BB)s + BB)a @ |aa)s —

1 1
V2 V2
triplets. One can verify that it is also an eigenstate of the total spin operator with eigenvalue

zero, i.e. an overall singlet state.

Using this picture, one can now classify the electronic states according to irreducible repre-
sentations of the point group. First, one considers how the minimal orbital basis ha, hp,
L4, ¢ transforms under the symmetry operations of Dyy. For example a Cy rotation about
the principle axis induces the mapping ha — —ha, hg — —hg, la — —{a and Ig — — (3.
A systematic summary of these transformations is presented in Tab.[5.2] Substituting these
transformations into the wave functions makes it possible work out how the electronic states
transform under the symmetry elements. In doing so, we can focus on the how the spatial
part of the wave function transforms, and ignore transformations of the spin part. This
is because we can always choose a spin quantisation axis that is invariant under a given
symmetry element. In addition, all the states of interest are singlets, i.e. the form of their

spin wave functions is necessarily independent of the choice of spin quantisation axis.

We will now demonstrate this symmetry analysis using the example of the locally excited
states LET, and then just state the remaining results in tabular form in the interest of
brevity. It is clear that we do not need to explicitly check the effect of the trivial element
E since it leaves every state invariant by definition. Similarly, we can notice that Co acts
trivially as well since it introduces a minus sign to each orbital, but does not transform
between them. These minus signs necessarily cancel because we are looking at four-electron

wave functions. The remaining symmetry elements to consider are 2S4, 2C%, and 20,.
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Starting with 254, we evaluate its action on LEx,
LEy, = \}5 :+ |haclp BhpahpfB| — |hAB£AahB04hB/B|:
254, \}i :_ |hpalBhacha Bl + \hBBEBahAahA/J’I:
— \}5 :— |haahaBhgalpf] + \hAozhAﬁhBWBa\:
= —LEp. (5.17)
In analogous fashion we obtain
LE; 224 _LE,. (5.18)
Now it follows that
LET = \}i [LEA + LEg]
25, \2 [~LEp — LE,]
— \}Q [LEx + LEg] = —LE, (5.19)
and
LE- = —[LE, - LFg]
\/5
25, \2 [~LEp + LE4]
= \2 [LEx —LEg] = LE . (5.20)

Under the assumption that these states do in fact transform as irreps (which turns out to

be the case) this result already tells us that LET can be assigned to one of the irreps Bj,

By, whereas LE™ belongs to either Ay or As (see Tab. .

Turning to the symmetry elements 2CY, we repeat the procedure to obtain

17 _
LEA = E + |hAOzfAﬁhBOthﬂ| — |hAﬁ€A05hBOéhB5|
2C4 17 ,
— Ll |hpalpBhaahaB| + |hgBleahaaha S
17 _
= —| — |haahaBhpalpf| + |hacahaBheBlpal
V2l ]
= 7LEB7

and

20!
LEg —2 —LEa,

(5.21)

(5.22)
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state || E (eV) || irrep | E 28y Cy 2C, 204
GS 0.00 Ay | +1 +1 +1 +1 41
TT 1.87 Ay +1 +1 +1 +1 +1
LET 2.15 By | +1 -1 41 -1 +1
LE™ 2.28 Ay | +1 +1 +1 4+1 41
CTt || 2.75 Ay | +1 +1 +1 -1 -1
CT™ 2.76 By | +1 -1 +1 +1 -1

Table 5.3: Excitation energies and symmetry classification of electronic states.

in complete equivalence to the previous case. The differences in sign changes between the

two symmetry elements cancel in the Slater determinants. Hence, we also have

2,

LET — -LET, (5.23)
C/
LE- 22 LE* (5.24)

Finally, the reflections 204 leave the orbitals invariant up to changes of sign. For orbitals
belonging to the same pentacene unit (A or B) these changes of sign are the same under both
oq reflections. As the locally excited states have two electrons per unit, the signs neutralise.

Hence, both LET and LE™ are invariant under the 20, symmetry elements.

In conclusion, we have shown that LE" transforms as the irreducible representation Bs,
whereas LE™ transforms according to the totally symmetric representation A;. The trans-
formation properties and assignments of the remaining states can be found in Tab. In
addition to LE™, both the ground state GS and the triplet pair TT transform as the totally

symmetric representation Aj.

5.3 Coupling electronic states to molecular vibrations

In the next step, we consider the interplay between the low-energy excitations and vibrational
modes of the DP-Mes molecule. The section is structured as follows: first, we review the
molecular Schrédinger equation which provides the physical basis of the discussion, largely
following the review article by Worth & Cederbaum [137]. This includes a breakdown of
the alternative treatments of this equation in terms of the adiabatic picture and the more
tractable diabatic picture. We introduce the diabatic potential matrix which describes the
coupling of electronic states and nuclear motion. It is convenient to describe the nuclear
motion in terms of normal mode coordinates which are also briefly reviewed. This prepares
the ground for a discussion of an approximate parametrisation of the potential matrix (and

thereby the molecular Hamiltonian) using electronic structure methods.
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5.3.1 The molecular Schrédinger equation

The ultimate goal of this chapter is to (approximately) solve the full molecular Schrédinger

equation of the DP-Mes system, including both electronic and nuclear dynamics:
ih— = HU, (5.25)
The full Hamiltonian can be decomposed as follows:
HR,r)=T,(R) + Hy(R,1), (5.26)

where T}, is the nuclear kinetic energy operator and the remaining terms are collected in the
familiar electronic Hamiltonian, H.;. In the notation we employ here, R refers to the nuclear
coordinates, and r to the electronic coordinates. The electronic Hamiltonian is parametri-
cally dependent on the nuclear coordinates. Up until this point, we have always adopted
the Born-Oppenheimer approximation which separates electronic and nuclear dynamics by

assuming that the nuclei provide a static background for the electrons.

5.3.2 Adiabatic picture

The adiabatic electronic wave functions are defined as the solutions of the clamped nuclei

eigenvalue equation

A

H®(r;R) = V;(R)®;(r; R), (5.27)

where 7 labels the electronic eigenstates or adiabatic states. The equation depends on the
nuclear configuration R, since the electronic Hamiltonian depends parametrically on R.
Hence, the adiabatic wave functions are also parametrically dependent on R. The energy of
the adiabatic states in dependence of the nuclear coordinates defines the adiabatic potential
energy surfaces V;(R). Within in the Born-Oppenheimer (or adiabatic) approximation,
these potential energy surfaces are independent. The nuclei simply move along the surfaces,
and there is no coupling between them which would allow parts of the wave function to
transfer from one surface to another one. In this picture, transfer can only happen at points
where potential surfaces intersect. However, it turns out that the separation of electronic

and nuclear dynamics breaks down severely at such points.

Without ignoring the coupling of the adiabatic surfaces, the adiabatic wave functions still
provide a useful basis for restating the molecular Schrédinger equation. Using them, the
Schrédinger equation can be rewritten as a matrix equation:

[T,14+V —Alx = z‘h%’:, (5.28)
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where x is the nuclear wave function with components on the adiabatic surfaces, V the
diagonal matrix of the potential energies of the electronic surfaces (Eq. ), and A is
the matrix of nonadiabatic coupling operators. As the name suggests, this matrix describes
the coupling of the adiabatic surfaces, removing the independence assumption of the adi-
abatic approximation (hence ‘nonadiabatic’). This matrix is challenging to treat since the
components of A are non-local derivative operators. More specifically, the matrix elements
contain terms of the form (®;|V®;) and (®;|V?®;).

5.3.3 Diabatic picture

Near some nuclear configuration of interest, the problem can be simplified greatly by switch-
ing to the diabatic picture. The diabatic picture is attained by means of a unitary transfor-

mation at each nuclear configuration
d = S(R)®, (5.29)

where S is square with dimension equal to the number of electronic states under consid-
eration. This transformation can be chosen such that the derivative coupling terms are
cancelled, and only local coupling terms (i.e. without derivatives) remain. In the diabatic

basis the molecular Schrédinger equation then takes the form

[T,1 + W]x = m%’;. (5.30)
In the diabatic picture all the couplings between electronic states are contained in the
diabatic potential matrix W which has only local terms and is therefore much easier to deal
with. The diabatic basis can be fixed by the requirement that it is equal to the adiabatic
basis at a suitable point (here S is equal to the identity). In the case of DP-Mes the relaxed
ground state provides such a point naturally. At this geometry (also called the ‘Franck-
Condon geometry’), the adiabatic states of DP-Mes are well-distinguished by their different
electronic configurations and symmetries. This makes them suitable for providing diabatic

templates onto which the electronic wave function can be projected at nearby geometries.

Assuming that in the course of the dynamics the geometrical change is not too large, one can
obtain an approximate description of the dynamics using a low-order expansion of W around
some nuclear configuration Rg. If one is concerned with dynamics following photoexcitation,
as is the case for fission, a convenient choice is the Franck-Condon point. In DP-Mes this
refers to the photoexcitable state LET at the Franck-Condon geometry. If we take the

diabatic basis to be equal to the adiabatic basis at Ry, we obtain the expansion

W(R)=V(Ro) + W + W . (5.31)
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As we take the diabatic basis to be equal to the adiabatic basis at Rg, the zeroth-order
term V(Ry) is diagonal with the adiabatic energies as the non-zero entries. The first-order

matrix elements can be expressed in the adiabatic basis at Ry as [137]

n
Winre,) = Z K@i <I>j>

«
where R/ is the displacement of the nuclei from Rg. The index « labels the nuclear coordi-

OH,,

3R R., (5.32)

nates. The diagonal coefficients are simply the adiabatic forces associated with the respective
electronic states at the Franck-Condon geometry. In order to calculate the off-diagonal ele-
ments, we employ the aforementioned frontier orbital description of the electronic states as

we lay out in the following.

5.3.4 Normal modes and symmetry constraints on coupling

A first-order expansion of the potential matrix is insufficient for a satisfactory description
since the resulting Hamiltonian is generically unbounded from below. Hence, higher-order
terms in the nuclear coordinates are necessary to obtain physically sensible behaviour. A
straightforward way to achieve this, is to include the adiabatic ground-state Hamiltonian to
second order in nuclear displacements, namely the vibrational Hamiltonian of the system.
It can be diagonalised yielding normal coordinates which behave as independent harmonic

oscillators:
2\ 0Q2

with the ground-state normal coordinates @, in dimensionless mass-frequency-scaled units.

Ho(Q)=Zn:M"< ia +Qi), (5.33)

The assumption is that the differences between the vibrational frequencies for the relevant
electronic states are small. This is justified to the extent that electron reconfiguration in
the frontier orbital space between states can be considered small relative to the bulk of the

electrons.

As is the case with the electronic states, the vibrational normal modes can be assigned to
irreducible representations of the point group. These symmetry assignments together with
the assignments of the electronic states determine which elements of the coupling matrix

are non-zero. To see this, we rewrite Eq. (5.32)) in terms of normal coordinates:

1
W(‘Piq’j) B Z [<CI)Z

In order for a matrix element to take a non-zero value, the product of the irreps of its

OH,,
0Qn

@j>] o 530

constituent wave functions and operators has to transform as the totally symmetric repre-

sentation. The reason is that matrix elements are scalars which are necessarily invariant
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| AL Ay B1 By
Ay | Ay Ay By B
Ay | Ao Ay By B
By | By By A A
By | Bo By Ay A

Table 5.4: Product table of 1D-irreps of Dag.

under the symmetry transformations of the system. A non-zero scalar can only stay in-
variant if it transforms according to the totally symmetric representation. A zero scalar,
on the other hand, remains invariant under all irreps. For our one-dimensional irreps the
product of irreps is simply obtained by taking the product of the respective signs for each
symmetry element. A product table of the one-dimensional irreps of Doy can be found in
Tab. 5.4l Note that only the product of an irrep with itself yields the totally symmetric
representation A;. Hence, if the wave functions transform according to irreps R; and Rj,
the operator OH,; /0Qy, must transform as R; - R; to yield a non-zero matrix element. Since
the electronic Hamiltonian shares the symmetry of the molecule, the operator 8.Hel/ 0Qn
transforms in the same way as the normal mode coordinate @,,. For example, modes con-
tributing to the coupling between LET (Bg) and CT™ (As) necessarily transform as B; (see
Fig. for an example of a By mode). The relationships between symmetries of electronic

states and coupling vibrational modes are systematically summarised in Fig.

5.3.5 Derivation of off-diagonal matrix elements

To approximately evaluate the off-diagonal elements of the diabatic potential matrix to
first order we can now go ahead and substitute the frontier orbital representations of the
electronic states into Eq. (5.32). This is a relatively crude approximation in terms of the

representational power of the basis, but more importantly, it correctly captures the symme-

drop the superscript (1) and define

Wia;) = Z

(e}

tries and spin structures of the relevant electronic states. In a slight abuse of notation we
8ﬁel

= (D;|W]D;). (5.36)

R/

(5.35)

We note that W is a one-body operator as a results of the derivative of the electronic
Hamiltonian with respect to the nuclear coordinates. The two-body part (i.e. the electron-
electron interaction) drops out when taking the derivative since it does not depend on the
nuclear coordinates. This means that we can evaluate matrix elements of W between Slater

determinants using the Slater-Condon rules for one-body operators. Let ¥ be a Slater
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Figure 5.6: Normal mode number 99 of DP-Mes; it transforms according to the
By irrep of the Dyg point group and has a calculated vibrational frequency of
720.8 cm ™.
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Figure 5.7: Electronic states with irreps in the symmetry group Dsg. The lines in-
dicate vibrational coupling and the symmetries of the corresponding normal modes.
The grey lines involve 2-electron transfer and do not contribute to the coupling ma-
trix to first order. Courtesy of F. A. Y. N. Schroder.
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determinant constructed from spin-orbitals ¢;. Then we use the notation ¥}, to denote the
Slater determinant that results from replacing spin-orbital ¢,, with spin-orbital ¢, in the
determinant W. The Slater-Condon rules for a one-body operator can then be stated as
follows:

(UWW) = > (i W), (5.37)

1

(UIW[TL) = (G| W|p). (5.38)

All matrix elements between Slater determinants that differ by two or more spin-orbitals

evaluate to zero.

We begin by considering the locally excited states (before anti/symmetrisation), reminding

the reader of their expressions in terms of the frontier-orbital basis,

1
LEx = 5 [IaotaBhnohss| — bastaahsahs], (5.39)
LEy — ;5 [1haahaBhpats B — [haahaBhstsal. (5.40)

In the expression for (LEA|W|LEA) we only need to consider the interaction of each of the
two terms with itself since the other combinations differ by two spin-orbitals. Then, applying
the first Slater-Condon rule for identical spin-orbitals (Eq. (5.37))) yields

(LEA|W|LEA) = (ha|W|ha) + (Ua|W[la) + 2(hn|W |hz). (5.41)
Completely analogously, one also obtains
(LER|WI|LER) = (hp|W|hg) + (£s|W|ls) + 2(ha|W|ha). (5.42)

Note that there are technically contributions from all the occupied orbitals below the
HOMOs when evaluating the first Slater-Condon rule. However, these contributions ul-

timately cancel for the off-diagonal matrix elements, so we do not include them here.

Furthermore, we have
(LEA|W|LEg) = 0, (5.43)

since we need to exchange two electrons to get from one state to the other. Now, we can

evaluate the matrix element between the two locally excited eigenstates, i.e.
. 1 . . . .
(LE*[W[LE™) = - [(LEA|WILEs) — (LEA|W[LEg) + (LEg|W|LEy) — (LW |LEg)]

(LEAIW|LEA) — (LEg|W|LEg)

N =N =

[ (bW [ha) + (W lhe) + (Ca I 1Ea) — (tsWIem) |, (5.44)
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where the second equality uses the fact that the wave functions of the (approximate) eigen-

states are real-valued.

The treatment of the charge-transfer states is analogous. Again, we remind the reader of

the expressions:

1

CTa = = [Ihaatnshuans | — |aBtahsaln]. (5.45)
1

CTg = \ﬁ“hAahABhBafAﬂ_|hAahABhBﬁ€Aa|}‘ (5.46)

The matrix elements are obtained in very similar fashion, yielding

(CTAIW|CTA) = (ha|W|ha) + (€5 W|ts) + 2(hg|W |hs), (5.47)
(CTB|W|CTg) = (hg|W|hg) + (€a|W|0a) + 2(ha|W|ha), (5.48)
(CTA|W|CTR) = o. (5.49)

Now, the matrix element between the eigenstates evaluates to

(CTHWICT) = % —(halWha) + (hp|W(hs) — (€A|W|€a) + (65| W]es) | (5.50)

For the next step we consider matrix elements between locally-excited and charge-transfer
states. Starting with LEs and CT, it can be seen that the latter is obtained from the

former by moving the excited electron from £5 to fg. Hence, by the second Slater-Condon

rule (Eq. (5.38)),
(LEA[W|CTA) = (£a|W|ts), (5.51)
and similarly
(LEg|W|CTg) = (s|W|la) = ((a]W|ts). (5.52)

In contrast to the previous cases we also get non-zero cross-terms between states associated
with A and B. This is because (say) CTy can be obtained from LEA by moving a single
electron from hp to hy. When applying the second Slater-Condon rule we need to make sure
that the spin-orbitals in the determinants are ordered such that the matching orbitals are
paired up. Achieving that requires a swap of two spin-orbitals in one of the determinants,

giving an overall minus sign:
(LEA|W|CTE) = —(hs|Wlha) = —(halW|hs), (5.53)
and

(LEg|W|CTa) = —(ha|W|hg). (5.54)
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Now, we are able to evaluate all the matrix elements between eigenstates of LE and CT

type, yielding

A 1 ~ o o o
(LE*[W|CT*) = 2 [(LEAIW|CT4) + (LEa|W|CTg) + (LEA|W|CTg) + (LEg|W|CTa)]
1 o o o o
= 5 [¢ealVIes) + (ealW[€s) — halWIhe) = (halVW |hg)
= (La|W|lg) = (ha|W|hs), (5.55)
. 1 . . . .
(LEFIWICT™) = 5 [{LEAIWICTA) — (LER|W|CTg) — (LEA|W|CTg) + (LER|IW|CT)]
1 . . . .
=3 {<€A’W‘€B> — (La[Wlt) + (ha[W|hg) — (ha|W|hz)
= 0, (5.56)
o 1 o ~ ~ A
(LE-[WICT*) = [(LEA|W|CTA) — (LEg|W|CTg) + (LEA|W|CTg) — (LEg|W|CT4)]
1 . . . .
= 5 [(ealVV i) — (ealW[€B) — (halWIhB) + (ha |V |hg)
= 0, (5.57)
e 1 . A ) A
(LE"[W|CT™) = 5 [(LEA|W|CTA) + (LEg|W|CTg) — (LEA|W|CTg) — (LEg|W|CT4))]
1 ~ A o o
= 5 [alWlt) + (aIW|t) + (ha W |hm) + (ha |V |hm)

= (ea|W]eB) + (ha|W|hg). (5.58)

Finally, we look at how T'T couples to the other excited states. At this level of approximation,
we only need to consider matrix elements with the charge-transfer states. They are related
to TT by a single electron transfer, whereas conversion from/to the locally-excited states
requires the transfer of two electrons. Once again, we remind the reader of the relevant wave
function in the frontier-orbital picture,
1
V3
1
- 5(\hAOé€A5hBOé€B/3! + [hacla BhpBlpal + [haBlyahgalp S| + ’hAﬁfAOéhBﬁﬁBa\)]-
(5.59)

To make the subsequent application of the Slater-Condon rules more transparent we permute

TT ‘hAOzanhBﬁﬁBm -+ |hAﬁ€ABhBa€Ba]

the spin-orbitals in CTy to align better with the order in TT, i.e.
1

CT
AT

(Ihaahpahns B~ [haBhuahyBlaal (5.60)
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Accordingly, T'T can be broken down into two contributions that can be matched up with
the two terms in CT 4, respectively, and remaining terms:
1

V3
b

V3
1
i

where changes of sign compared to the original expression compensate for rearrangements

1
TT = {\hAOéﬁAOéhBWBm + ilhAahBaﬁAﬂfBﬁq

1
[1haBhnataBlaal + SlhaBachnfpal]

+—||hacts BhnpBlaal + |hAﬁeAahBazBm}, (5.61)

of spin-orbitals. The first two contributions are related to the respective terms of CTa by
a transfer of an electron between orbitals £4 and hg. The remaining terms differ by two

spin-orbitals and do not yield a contribution, hence

(TT|W|CTs) = \/zwuwwhm. (5.62)
In analogous fashion we have
(TT|W|CTg) = \/§<EB|W|hA> — \/§<hA\W|eB>. (5.63)
With this we finally obtain

(TT|W|CTE) = [(TT]W]CTA) + (TT\W|CTB)]

| S Sl -

[(€A|W|hB> + <hA|W|eB>} : (5.64)

All in all, we have derived the following off-diagonal, non-zero contributions to the first-order

potential matrix (using compact notation, see Eq. (5.35)):

1
Wisrie) = 5 ["Wana) + Wonsns) + Wieaen) = Wieses)] (5.65)
1
Wierrery = 5 [=Wnana) + Wiawhe) = Wiaea) + Wiests)] (5.66)
Wagrerty = Wieats) = Winahsg) (5.67)
Weg-cty = Woats) + Winang) (5.68)
V3
Werrarsy = 5 [W(eAhB) + W(hAEB)] (5.69)

The individual terms W4,) in these expressions are matrix elements of OH,; /OR between
pairs of one-electron orbitals ¢ and . The relevant part of the electronic Hamiltonian that
depends on the nuclear coordinates is the Coulomb potential between nuclei and electrons.
This means the terms can be evaluated as the electrostatic ‘forces’ on the nuclei due to
the overlap-density p(r) = ¢(r)y(r). These coupling vectors are then transformed to the
normal-coordinate basis which is the natural choice for the dynamics calculations described

in section [5.41
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5.3.6 Computational details and limitations

The vibrational modes are obtained at the relaxed ground-state geometry, employing ana-
lytical Hessians at the cc-pVDZ/B3LYP level of theory. Excited state forces, corresponding
to the diagonal elements of W, for LE* and CT* are calculated from (linear-response)
TDDFT gradients at the cc-pVDZ/LC-BLYP level of theory. The frontier molecular or-
bitals at the cc-pVDZ/LC-BLYP level are also used as inputs for the evaluation of the

off-diagonal couplings.

There are a number of limitation of the methods and approximations described. These
include treating the normal modes in the harmonic regime, and only accounting for the
coupling between vibrations and electronic states to first order in the nuclear displacements.
Furthermore, the evaluation of the off-diagonal elements of the potential matrix is based
on a description of the electronic states in terms of a small active space of frontier-orbitals
only. This is necessary to correctly capture the spin-structure of the states involved in
fission, at the expense of the representational power of the basis used. In addition, these
wave functions are constructed from Kohn-Sham orbitals which are eigenfunctions of the
non-interacting Kohn-Sham system rather than the full electronic Hamiltonian. Since these
orbitals are expressed in terms of Gaussian basis functions centred on the nuclei we also
do not capture Pulay terms when evaluating the off-diagonal elements of W according to
Eq. . Finally, it should be noted that CT energies from TDDFT, while not severely
underestimated thanks to the use of range-separation, come out relatively high. There is a
certain amount of tension with lower cDFT estimates of these energies discussed in the next
chapter. Partly, this can be explained simply by the fact that we have not included any
solvent effects so far. Additionally, we can suspect that the lack of diffuse functions in the
basis set and the linear-response nature of the TDDF'T calculations play a role here. Both

hamper the ability to capture the intra-molecular relaxation of a CT configuration.

Given all these limitations, our parametrisation of the vibronic coupling Hamiltonian of

DP-Mes should be considered semi-quantitative.

5.4 Quantum dynamics calculations

In the preceding section we have described a method for constructing a linear vibronic
coupling Hamiltonian for the DP-Mes system from DFT. Next, we will briefly outline the
methodology behind quantum dynamics calculations using this Hamiltonian, which have
been performed by F. A. Y. N. Schréder, describing the dynamics of singlet fission in DP-
Mes.
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Using slightly more compact notation than before, the linear vibronic Hamiltonian reads

R 318 (BIL + l;n) A
Hpye = H5+ZW”T + Hyip, (5.70)
n=1 2

where the sum runs over all 318 harmonic normal modes of DP-Mes (108 atoms, hence
3 x 108 — 6 = 318 modes). The normal modes are associated with creation and annihilation
operators IA)IL, by Hg and W, are 5 x 5 matrices, corresponding to the five excited states
we consider, LE*, CT* and TT. The first term Hg is diagonal in the vertical excitation
energies of these states. The W, describe the induced electronic couplings as the system is
perturbed along mode n, to first order. The harmonic oscillator Hamiltonians of the normal

vibrational modes are collected in the term flmb.

As written, the Hamiltonian is computationally intractable due to the large number of
vibrational modes coupling to the electronic states. In order to reduce the complexity of
the Hamiltonian, a k-means clustering analysis of the (normalised) coupling patterns W, is
performed [138]. This makes it possible to group the modes into a minimal set of independent
environments ¢. This clustering analysis results in the discovery of a minimal set of seven
independent groups with associated coupling centroids W;. Each couples to a single system
operator, and each bath can then be mapped onto a harmonic oscillator chain fAIC,i using the
orthogonal polynomial transformation [139-141]. Since the clustering analysis is performed

after a normalisation step, the relationship of the centroids to the original couplings is
W, =W, XA, (5.71)

where A, is the relative coupling strength for mode n. This procedure yields the following
form of the Hamiltonian:

7

ﬁstar =Hg + ZW1|)‘1|
P V2

St .
a; o+ a; .
M H,;, (5.72)

with the d;o the so-called reaction coordinate (RC) of chain i, and the \; the vectors of
relative coupling strengths of modes belonging to chain i. In this formulation the electronic
part of the Hamiltonian only couples directly to the RC of each chain. The independent
environments discovered by the clustering procedure closely correspond to the symmetry
classification of the normal modes into irreps of the Doy point group. We obtain one chain
for modes of Ay symmetry and two each for modes of Ay, By, and By symmetries (see
Fig. . The A; modes couple diagonally to all electronic states as tuning modes, while

the others act as off-diagonal coupling modes, mixing the states.

The resulting model parameters, together with a table of the most significant coupling

modes, can be found in the appendix.
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Figure 5.8: Normal modes are clustered according to their coupling to the elec-
tronic system, and each cluster is mapped onto a chain model. Each of the groups
can be associated with an irreducible representation of Doy and acts as an indepen-
dent environment. The electronic system is connected to the chains through a tree
of entanglement renormalisation (ER) tensors. Courtesy of F. A. Y. N. Schroder.

The model is simulated using a tree tensor network state (TTNS) , namely a low-
rank tensor approximation to the full system-environment wave function. This allows very
efficient and accurate simulations of the system with many explicit quantum degrees of
freedom which can also be highly excited. This approach is a multi-dimensional extension
of matrix-product state (MPS) approaches to open quantum system dynamics [144][145]. To
illustrate the basic idea of the TTNS method, we briefly outline how a matrix-product state
can approximate a many-body wave function. Considering a 1D chain of L subsystems or

sites, a general quantum state can be written as

di
) = Y Uy g lna,..ong), (5.73)
{nr}=1
where the nj index the local Hilbert spaces of sites & with local dimensions dj. In the
MPS approach the single rank-L tensor ¥y, . », describing the amplitudes is approximately
decomposed into L rank-3 tensors A™ which can be interpreted as indexed matrices of size

Dk—l X Dk;
dy,

Wprps) = Y Tr[A™A™ ... A™]|ny,... ,ng). (5.74)

{ng}=1
The amount of entanglement that can be encoded in an MPS state is directly related to
the choice of bond dimensions D of the matrices. Provided that the bond dimensions
can be chosen relatively small while retaining a satisfactory approximation to the quantum
state, the MPS decomposition makes it possible to hugely reduce the numerical resources
necessary to simulate the many-body dynamics of the system. The MPS representation can

be straightforwardly used to for each of the seven chains of transformed oscillators. However,
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Figure 5.9: Populations (a) and environmental reaction coordinate occupation
dynamics (b,c). For < 100fs SF is controlled by Bs, while B; defines the long-time
state. Simulations show SF with almost 90% TT yield. Courtesy of F. A. Y. N.
Schroder.

the core tensor representing the interaction of the electronic system with the chains would
still contain seven independent bond indices, leading to a very large number of components.
To address this problem, the core tensor is further decomposed into a tree of auxiliary
entanglement renormalisation (ER) tensors [146,|147|. This tree network allows an efficient

description of the entanglement between the electronic states and the harmonic chains.

The TTNS is time-evolved by employing the time-dependent variational principle (TDVP)
[1411/148]. The simulations are performed at zero temperature (i.e. no initial environmental

excitations), and start from the optically bright state LET.

5.5 Results
5.5.1 Fission dynamics

The central results of simulating the electronic-vibrational dynamics of DP-Mes after pho-
toexcitation to LE™ are shown in Fig. [5.90 Panel (a) presents the population dynamics
of the electronic states, panels (b, c¢) show the occupation expectation of the vibrational
reaction coordinates broken down by chains/symmetries. Singlet fission mediated by vibra-
tions occurs on a 200fs timescale, with a final TT yield of about 90%. There is a certain
amount of scale-separation in the dynamics obtained from the simulation. Early on, in the

course of the first ~50fs we observe ultrafast, damped Rabi-like oscillations between states
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LET, CT" (mediated by B; modes) and states LET, LE~ (mediated by By modes). This is
associated with noticeable transfer of populations from LE" to LE™, and rapid excitation
of the By modes which couple these states (Fig[p.7). The excitation of these modes occurs
spontaneously, breaking the initial symmetry in the process. Subsequently, at times >50 fs
we observe a rapid rise of the TT population, mirrored by the decay of LE™ population. On
the vibrational side this conversion is associated with a strong build-up of B; occupation.
The By modes couple LE™ to TT via CT™ (see Fig. , opening a vibronic super-exchange
pathway for fission. The rapid modulation seen in the T'T population corresponds to the

fast oscillatory activity observed in the Ao tuning modes.

5.5.2 Dynamic energy surfaces

Additional insights into the fission mechanism can be gained by considering the time-
evolution of energy surfaces, specifically the adiabatic potential energy surfaces (PES) and
the total energy surfaces (TES). They are defined as the time-dependent eigenvalues of the
effective potential energy and effective Hamiltonian of the electronic system, respectively.
The time-evolution of these surfaces is shown in Fig. Initially, at around 20 fs the TES
of the TT state is initially pushed above LE*. This rise co-occurs with the rapid displace-
ment of the By reaction coordinate. Subsequently, the TT surface slowly drops in energy,
eventually crossing the LE™ surface. However, in the PES no significant crossing is appar-
ent which suggests that conical intersection dynamics is not relevant for the fission process.
Rather, we observe an avoided crossing in both the PES and TES at about 80fs with re-
spective gaps of 220 meV and 10 meV. This corresponds to an effective LET to TT coupling
of 110 meV which results from the excitation of both By and By modes. The avoided cross-
ing allows resonant population conversion from LET to TT and occurs sufficiently slowly
for the bulk of the LE™ population to convert to TT. A crucial enabler of this resonant
transfer is the existence of the By super-exchange pathway LE~ — CT~ — TT, allowing
coupling through CT™ as a virtual state. Coupling is thus enabled without incurring the
significant energy penalty that would otherwise be required to occupy the state. While the
TES make the resonant nature of the process apparent, the PES demonstrate that fission
dynamics is continuously downhill. This suggests that fission should be reasonable robust

against perturbations, such as a change of solvent environment.

5.6 Conclusions

In this chapter we developed a dynamical model of the singlet fission process in a covalent

pentacene dimer, DP-Mes. This was achieved by means of an approximate DFT parametrisa-
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Figure 5.10: Energy surfaces and their diabatic populations. The filled areas
indicate the amount of diabatic population on each surface. The surfaces (dots)
are coloured according to their mixing of electronic states. (a) The dynamics are
not caused by conical intersections in the adiabatic potential energy surfaces. (b)
Instead the vibronic mixing and super-exchange is sufficient to produce an avoided
crossing of LE" and TT in the total energy surfaces, causing rapid fission. Courtesy
of F. A. Y. N. Schréder.
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tion of the vibronic coupling Hamiltonian, forming the basis for tree tensor network quantum
dynamics calculations. Both the parametrisation and the dynamics simulations take advan-
tage of the high symmetry of the DP-Mes molecule. Even though this symmetry precludes
direct electronic couplings between the relevant electronic states, the simulations show that
fission can still be achieved through symmetry-breaking vibrational coupling. In particular,
it is demonstrated that SF in DP-Mes is facilitated by the activity of modes of By and Bs
representations which spontaneously break the initial symmetry. Furthermore, it is shown
that fission proceeds via an avoided crossing (rather than a conical intersection) and takes
advantage of a super-exchange pathway mediated by high-lying states of charge-transfer

character.
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Chapter 6

Solvent effects on electronic
excltations in dimer pentacene

Following the investigation of fission dynamics in DP-Mes in the previous chapter, we now
turn to the questions of how the solvent environment affects the electronic structure and
thereby fission in dimer pentacene. Previously, we had completely disregarded this aspect
for the sake of simplicity, by performing the DFT calculations in vacuum. In addition to the
effect of solvents, we also explore the influence of the choice of side-groups of the pentacene
dimers. This is accomplished by contrasting the behaviour of DP-Mes with another dimer,
DP-TIPS. DP-TIPS has the same basic structure, with a pair of centrally linked pentacene
molecules forming an orthogonal configuration. However, it differs from DP-Mes in terms

of its side-groups, which contain silicon and are linked to the pentacene molecules via C=C
triple bonds (see Fig. [6.1]).

First, we review experimental investigations of fission in DP-Mes and DP-TIPS conducted
by Lukman et al., for which we provided support from the theory side [88,89]. These include
measurements of fission rates and yields, as well as transient absorption (TA) spectroscopy,
in a range of solvent environments. TA allows us to probe the dynamics of the absorption
spectrum of a sample, giving time-resolved access to the populations of different electronic
states implicated in the fission process. Based on the experimental results, a model is
proposed to explain differences in the observed behaviour of DP-Mes and DP-TIPS. In
accordance with the results of the previous chapter, a virtual CT intermediate is conjectured
in the case of DP-Mes, whereas the measurements indicate a ‘real’ CT intermediate for DP-
TIPS (i.e. the CT state is substantially populated). In addition to fast fission dynamics, the
experiments reveal interesting long-time behaviour. This includes triplet-triplet annihilation
(the inverse process of fission), as well as substantial solvent stabilisation of residual LE and

CT states in polar solvents. The latter is possibly associated with significant geometric
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Figure 6.1: DP-Mes (left) and the second dimer DP-TIPS (right), where the
mesityl side groups are replaced by triisopropylsilylethynyl. The TIPS side groups
contain silicon atoms and link to the pentacene molecules via C=C triple bonds.

change in the pentacene dimers.

Following the discussion of experimental results, we turn to the question of to what extent
electronic structure theory can elucidate the observed differences between the dimers, and
the influence of the solvent environment on the electronic states and fission. To this end, we
perform a range of DFT calculations of the significant electronic states, using TDDFT, ¢cDFT
and global spin constraints. Solvent effects are accounted for both with implicit continuum
solvation models as well as explicit solvent. For the explicit solvent calculations we employ
a hybrid approach of molecular dynamics (MD) and DFT. Computationally inexpensive
empirical-potential MD is used to generate realistic solvent-solute configurations in thermal
equilibrium. Subsequently, we take the configurations thus generated as input geometries
for DF'T and TDDFT. In this way we can obtain ab initio spectra of representative solvent-
solute configurations without the need for full MD which would be prohibitively expensive

computationally.

Finally, the theoretical results are compared to the experimental observations, from the
point of view of the experimentally motivated fission model. This leads on to a discussion
of the merits and limitations of the presented DF'T methods in shedding light on the effects

of complex environment interaction on electronic excitations.
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6.1 Overview of experiments and solvent environments

The excitations and fission dynamics in DP-Mes and DP-TIPS have been investigated us-
ing optical steady-state absorption, delayed photoemission and transient absorption (TA)
measurements [88,[89]. In TA the time-evolution of the absorption spectrum of a sample
which has been hit by a sharp pump-pulse to create excitations can be recorded with high
(sub-picosecond) time resolution [149|. Specific features in the spectrum can be matched to
particular electronic states, with feature intensity being proportional to population of the
respective state. This makes it possible to extract the full time-evolution of the electronic

states in the sample after excitation through the initial pump-pulse.

The two pentacene dimers were measured in dilute solution of a variety of solvents, listed in
Tab. [6.1] In the context of this work the salient solvent properties affecting the physics are
polarity and polarisability. More precisely, polarity characterises the long-term dielectric
response of a solvent. This relies on the reorientation of solvent molecules with intrinsic
dipoles and is comparatively slow. A good way to quantify this is the static dielectric
constant €y. Highly polar solvents with large values of ¢y have large intrinsic dipole moments,

as can be gleaned form the table.

Polarisability, on the other hand, describes the short-term response of a solvent on optical
timescales. This property can be quantified using the refractive index, or equivalently, the
infinite-frequency dielectric constant e¢,,. The effect relies on the polarisation of electron
orbitals and is particularly pronounced in the presence of delocalised valence orbitals. This
explains the relatively high polarisability of toluene and o-DCB which have delocalised pi-
systems. A special case is hexane which does not have an intrinsic dipole. Here, the entire
dielectric response is due to orbital polarisation, meaning that polarity and polarisability

are virtually identical.

At low polarity, triplet yields in DP-Mes are close to 200%, but decline gradually decline
with increasing polarity, down to about 120% in DMSO. Low-polarity yields in DP-TIPS
are slightly lower, about 180%), but initially go up with increasing polarity, before ultimately
declining down to roughly 160% [89).

6.2 Absorption and photoluminescence
6.2.1 Experimental details

The absorption spectra of DP-Mes and DP-TIPS are shown in Fig. (a) and (d). Com-

pared to the respective pentacene monomers with two side-groups, the absorption is shifted:
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Solvent H €0 ‘ €00 (D) ‘ Dipole moment (D) ‘
Hexane 1.88 1.89 0.00
Toluene 2.38 2.24 0.36
Chloroform 4.81 2.09 1.04

o-dichlorobenzene (o-DCB) || 9.93 2.41 -

Ethanol 24.6 1.85 1.69
Acetonitrile (ACN) 37.5 1.81 3.92
Dimethylformamide (DMF) 38 2.05 3.82
Dimethyl sulfoxide (DMSO) || 46.7 2.19 3.96

Table 6.1: Dielectric properties of the range of solvents used in experiments. The
high-frequency dielectric constants are calculated as the squared refractive index
at the sodium D line.

to the red in DP-Mes, and to the blue in DP-TIPS. This results from a competition between
side-group delocalisation and Davydov splitting. In general, a redshift of the absorption with
increasing polarisability is apparent in both molecules. This observation is consistent with

the fact that absorption probes the dielectric response of the sample on optical timescales.

Significant differences between DP-Mes and DP-TIPS emerge in the delayed photoemission
or photoluminescence (PL). The relevant spectra are displayed in Fig.|6.2| (b) and (e). Since
the PL response occurs over a longer (nanosecond) timescale, the observed redshifts are

sensitive to solvent polarity rather than polarisability.

In the case of DP-Mes, the entire spectrum redshifts uniformly, with the shape staying
largely invariant. In addition, the PL decays uniformly (c) which indicates the presence
of just a single long-lived species for each solvent. However, there is a separation of decay
timescales in that the rate of decay in hexane is significantly faster than in DMSO. This
hints at the fact that the emissive species in hexane is distinct from the emissive species in
DMSO, as is corroborated by the TA data discussed below.

The PL response of DP-TIPS, on the other hand, shows a loss of structure and very strong
redshifts at high polarity values. The PL decay reveals two species with different lifetimes
at low polarity, and a single species at higher polarities. A spectral decomposition of the PL
decay shows that the first component is only weakly affected by solvent polarity. The second
component is spectrally broad, with a slightly shorter lifetime and redshift strongly with
increasing polarity. These properties are indicative of states with charge-transfer character
[150].

The results show that the populations of electronic states in both pentacene dimers strongly
depend on solvent polarity. Furthermore, the side-groups which distinguish the two dimers

also have a significant effect on the excitations.
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Figure 6.2: Solvent dependence of absorption and emission. Absorption spectra
of DP-Mes (a) and DP-TIPS (d) exhibit redshifts with increasing solvent polaris-
ability. The photoluminescence (PL) spectra of DP-Mes (b) and DP-TIPS (e) show
strong redshifts with increasing solvent polarity. (c) The decay of the PL spectra
of DP-Mes is uniform across the spectral range for both polar and non-polar sol-
vents. (f) In DP-TIPS the decay kinetics vary across the spectrum in the case
of hexane (filled circles). This indicates the presence of several, distinct emissive

states. Reproduced from Ref. [89).
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6.2.2 Electronic structure calculations

Attempting to model the absorption of pentacene dimers constitutes a valuable test-bed for
large-scale TDDFT with explicit solvent. It can be seen as a first step towards modelling
the full range of interactions between solvent and the electronic structure of the solute.
Techniques similar to the ones we will lay out have been applied to ab initio predictions of

the colour of dyes in different solvent environments [151}/152].

Obtaining realistic spectra at finite temperature is made challenging by the requirement to
sufficiently sample the space of geometrical configurations of the solvent-solute system. This
is because excitation energies are strongly affected by geometry, especially in the case of the
low-lying excitations of the relatively large and flexible pentacene dimers we are interested in.
A full ab-initio MD simulation of solvent and solute would be computationally prohibitive.
Hence, we opt for a hybrid approach, namely using empirical potential MD to generate
solvent-solute configurations in thermal equilibrium, which form the basis for subsequent
TDDFT calculations.

For the purpose of this analysis we focus on two solvents, toluene and acetonitrile (ACN).
The molecular structures are show in Fig. This selection is motivated by the contrasting
properties of these two molecules, c¢f. Tab. [6.I] Toluene, on the one hand, only has a
small intrinsic dipole, but a delocalised m-system in the from of the benzene ring. As a
consequence, toluene is easy to polarise, manifesting itself in a relatively high e, of 2.24.
The static dielectric constant €p is only marginally higher (2.38) due to the lack of a large
intrinsic dipole. ACN, on the other hand, has low polarisability as a result of its small
size with no delocalised electron system. However, a large intrinsic dipole is set up by the
differing electron affinities of nitrogen and carbon. This leads to low polarisability (es of

1.81), but high polarity with a static permittivity of 37.5.

Empirical MD for configuration sampling

For the MD calculations the AMBER molecular dynamics package is employed [153], using
the general AMBER force field (GAFF). We embed the pentacene dimers in a truncated
octahedral solvent shell with a radius of 25 A, and impose periodic boundary conditions. This
translates to about 700 molecules of toluene or about 1700 molecules of ACN, respectively.
A 200ps run in the NVT ensemble is performed to equilibrate the temperature, which is
gradually raised from 0 to 300 K (using the Langevin thermostat [154]). Subsequently, the
pressure is equilibrated for another 200 ps, this time in the NPT ensemble, with the pressure

held constant at 1 atmosphere. After thermal equilibrium at the relevant temperature and
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Figure 6.3: (a) Toluene and (b) acetonitrile solvents used in calculations. While
toluene is highly polarisable due to delocalised electrons in the benzene ring, its
permanent dipole is weak. Acetonitrile, on the other hand, has a large permanent
dipole but has low polarisability.

pressure has thus been achieved, we conduct a production run lasting 1000 ps. From this
run we sample a set of 100 snapshots for each of the four solute-solvent combinations,

respectively.

TDDFT calculations

To prepare simulation cells for the TDDFT part of the calculation we need to reduce the
size of the explicit solvent region in the interest of manageable computational cost. This
is achieved by carving out a sphere around the centre of mass of the pentacene dimers,
only retaining solvent molecules that completely fall within a radius of 15 A. This results
in simulation cells with 600-800 atoms and ensures that the solute molecule is completely
covered by explicit solvent on all sides, cf. Fig.[6.4 The explicit region is then surrounded
by implicit solvent with a dielectric constant corresponding to €y of the respective solvent.
This ensures that any random net dipole of the explicit solvent region is screened and avoids
a potential closure of the band gap as a results of such dipole fields [133]. It should be
noted that in this setup the solvent geometry is strictly frozen, and the entire response of
the solute-solvent system is due to the electrons, i.e. polarisability (e,). However, this is
sufficient to model absorption taking place on optical timescales during which the geometry

does not change significantly.

For the TDDFT calculations, we employ the PBE functional and norm-conserving pseu-
dopotentials. Further, we choose an energy cutoff of 750eV and an NGWF localisation

radius of 10 ag. These values have been shown to yield reliable results for low-energy exci-



116 Chapter 6. Solvent effects on electronic excitations in dimer pentacene

Figure 6.4: DP-Mes in toluene solvent sphere (radius 15A) with isosurfaces in-
dicating electron-hole density of the excited state. m-7 interactions between solute
and solvent manifest as a delocalisation of the excitation onto solvent molecules.
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tations of organic molecules [155]. We then converge the four lowest excited singlet states
for each snapshot. These states comprise two of Frenkel type and two of charge-transfer
type. TDDFT with (semi-)local functionals such as PBE is known to severely underesti-
mate the energies of CT-like states. However, this is not a concern for the prediction of
the optical absorption spectrum since CT states carry negligible oscillator strength. The
two states of Frenkel type correspond to the bright and dark local singlet excitations of the
dimers discussed in the previous chapter. However, due to disorder these states tend to mix
significantly, with the bright state often lending significant oscillator strength to the dark

state.

In toluene solvent we find that the solvent molecules, specifically their m-systems, can par-
ticipate in the excitation of the pentacene dimer to a certain extent. This is evidenced by
the fact that the electron-hole density of the excitation can delocalise onto close-by toluene

molecules. An example of this can be seen in Fig.

Convergence of spectra

To obtain absorption spectra from the TDDFT runs, all we have to do in principle is to
construct a convolution of the excitation energies of the snapshots with a suitable smearing
function, weighted by the oscillator strength of each excitation [156]. However, since we
are only able to calculate excitation energies for a finite sample of configurations, it is
important to evaluate the degree of convergence of the spectra. In particular, we need to
ensure sufficient convergence to resolve the shifts of the spectral maxima which are only a few
10 meV between the chosen solvents. In order to achieve this, we sample 100 configurations
for each of the four solvent-solute combinations, which is at the upper end of feasibility in

terms of available computational resources.

A semi-quantitative estimate of the convergence can be obtained from Fig. [6.5b, for the
example of DP-Mes in ACN. Here, we subdivide the 100 snapshots into equal portions of
various sizes, and plot families of averaged spectra for each sample size. The degree of
variation between these families then gives an indication of the convergence that has been
achieved for a particular sample size. In the figure and all of the following analysis we use a
Gaussian smearing function of width 0.03 eV. This choice ensures sufficiently low variability
of the spectral shape when averaged over all 100 samples, without completely washing out
the shape information, cf. Fig. [6.5h.

In order to estimate the error in the spectral maximum for all 100 samples we would like to
avoid having to draw multiple such samples for reasons of computational feasibility. Rather,

we extrapolate the variance seen in the families of spectra with smaller sample size to the
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with respect to number of snapshots (for smearing width 0.03eV). The families of
spectra are averaged over 1, 5, 10, 20, 50 and all 100 snapshots, respectively. (c,
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snapshots, for the same three different values of the smearing width. The variance
is extrapolated to 100 snapshots using a linear fit to the inverse variance.
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full set. To this end, we plot the variance and inverse variance of the spectral maxima in
dependence of the sample size (Fig. , d), and for three different smearing widths.

In the limit of large smearing widths, calculating the maximum of the averaged spectra
becomes equivalent to simply calculating the oscillator-strength-weighted average of the
individual energies. This is because in the vicinity of the maximum, Gaussians are approxi-
mately quadratic. Hence, the spectral maximum becomes the point with minimum squared
deviation from the data points, i.e. their (weighted) mean. In line with the known basic
properties of the variance of the mean, it is then expected that the variance of the maximum
behaves like 1/N if N is the number of snapshots. Hence, the inverse variance is expected

to be proportional to the number of snapshots.

In the limit of very small smearing width, on the other hand, spectral averaging would not
be expected to reduce the variance of the maximum significantly, since there would be only

small overlap between the supports of spectra corresponding to different snapshots.

This behaviour is also apparent in Fig. [6.5, where the variance of the maximum decays more
quickly for large smearing width, and more slowly for a smaller value of the smearing width.
Looking at the inverse variance (d) for our chosen smearing of 0.03 eV, we see that it grows
less quickly than what would be expected from proportionality to N. However, the trend is
still well-described by a linear function if we relax the constraint that it should intercept the
origin. The plot of the variance (c) confirms that this constitutes a good fit also for small
numbers of snapshots. Extrapolating, the inverse of the variance of the spectral maximum
for all 100 snapshots is about 10*eV~2. This translates to a standard deviation of about

0.01eV, with very similar numbers applying to all four solute-solvent combinations.

6.2.3 Results

The normalised absorption spectra for DP-Mes and DP-TIPS in toluene and ACN solvents
are shown in Fig. It is apparent that the calculated spectra are strongly redshifted
compared to the experimental spectra, which have maxima in the vicinity of 2eV. This is
caused by two systematic errors in the calculations. Firstly, semi-local functionals are known
to significantly underestimate the TDDFT energies of low-lying excitations in polyacenes
such as pentacene [157]. This is reflected by the fact that the calculated vacuum energy
of S; in DP-Mes is only 1.56eV. Secondly, errors in the empirical potentials mean that
MD geometries exhibit systematic deviations from the ones that would be sampled by ab
initio MD. These deviations have a tendency to close the band-gap, lowering excitation
energies further. If the vacuum S; energy in DP-Mes is evaluated at the fully relaxed

geometry of the empirical potential, a value of only 1.28 eV is obtained. As a result, absolute
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excitation energies obtained by this method cannot be considered meaningful without further

correction.

Turning our attention to the relative shifts, we observe that DP-TIPS energies are redshifted
relative to DP-Mes, by about 0.07eV which compares favourably to the experimental value
of roughly 0.1eV. This difference between the dimers can be explained by looking at the
transition densities associated with S; as plotted in Fig. It is apparent that in the case
of DP-TIPS there is stronger delocalisation of the excitation onto the side group, specifically
the region around the linking carbon atom and the C=C triple bond. This can be expected

to lead to lower excitation energies in DP-TIPS relative to DP-Mes.

Comparing the two solvents, theory predicts respective redshifts of 0.008eV and 0.014eV
for DP-Mes and DP-TIPS going from ACN to toluene. This qualitatively matches the ob-
servations in terms of direction of shifts, but does not reproduce the values derived from
experiment with any precision (0.05¢eV and 0.04 eV, respectively). However, given the mul-
tiple uncertainties due to the electronic structure methods and the sampling, as well as the
small absolute magnitude of the shifts in question, this can still be considered a success. It
should also be noted that we use a simple Gaussian smearing function for the convolution,
whereas in reality the natural line shape is determined by Franck-Condon effects. Recent

work has shown that improved spectra are obtained if this is accounted for [156].

6.3 SF kinetics and solvent dependence

In the following section we discuss the TA results which provide much more detailed insights

into the nature and dynamics of the electronic states involved in fission.

6.3.1 Experimental details

DP-Mes

The kinetics of SF in DP-Mes is shown in Fig. (a) and (b) for the hexane and DMSO
solvents |89|. The populations are derived from the transient absorption data which can
be disentangled using an evolutionary algorithm [88], identifying three distinct species: the
initial singlet excitation Sy, the triplet pair TT, and an emissive species S* which is created

from triplets through triplet-triplet annihilation (TTA).

The population dynamics show that fission in DP-Mes proceeds as a one-step process, di-
rectly from S; to TT, without any detectable intermediate. The fission rate is solvent

dependent and increases with polarity. This hints at a role of CT states as facilitators of
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Figure 6.6: Calculated absorption spectra of (a) DP-Mes and (b) DP-TIPS. Each
spectrum is averaged over 100 MD snapshots.
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Figure 6.7: Transition densities of S; for DP-Mes and DP-TIPS. The C=C triple
bonds of the TIPS groups participate significantly in the excitation. This lowers
the S; energy in DP-TIPS compared to DP-Mes where the side-groups participate
only weakly.

the electronic coupling which are, however, not directly observed (cf. the model discussed
in the previous chapter). The spectral features associated with the initial singlet suggest

that it has some admixing of CT character.

In non-polar solvents like hexane, fission is followed by TTA, which then converts the triplets
into an emissive species denoted S*. There are a few lines of evidence that suggest that S* is
a geometrically relaxed version of S;. The spectral features associated with S* are redshifted
and broadened compared to Si, and its formation is impeded by geometrical restriction of
DP-Mes with a rigid polystyrene matrix . This provides evidence that the formation of
S* requires significant geometrical change, possibly from the orthogonal configuration to a

more planar configuration with a lower dihedral angle between the pentacene units.

At higher polarities the fission rate increases (c), but the triplet yield declines. This is
due to solvent stabilisation of singlets which are subsequently unable to undergo fission for
energetic reasons. Fig. (b) illustrates this phenomenon for DMSO where about half the
singlets do not convert to TT, but rather experience solvent relaxation and settle into the

species denoted Sgiap.
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Figure 6.8: Species kinetics for DP-Mes in (a) hexane and (b) DMSO as de-
rived from transient absorption (TA) measurements. Filled regions indicate the
normalised population of electronic states, circles denote the intensity of the raw
TA features averaged across three spectral regions. In hexane the entire singlet
population converts into triplets which later decay yielding an emissive state S*.
In DMSO, on the other hand, about half the singlet population fails to convert,
and settles into a stabilised state Sgap. (¢) The lifetime of S; exhibits a strong
dependence on solvent polarity. DP-TIPS kinetics in (d) hexane, (e) o-DCB and
(f) DMF show explicit intermediate CT state. Hexane exhibits a residual singlet
population, whereas residual CT states are present in highly-polar DMF. Adapted

from Ref.
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DP-TIPS

As in DP-Mes, fast triplet formation can also be observed in DP-TIPS, as shown in Fig.
(d-f). However, in contrast to DP-Mes, there are additional spectral features present between
singlet decay and emergence of T'T. The kinetics of these features match the kinetics of the
PL that corresponds to CT-like emission, motivating the labelling of the intermediate as
a CT state. Furthermore, spectral decomposition reveals that the state exhibiting these
features is intermediate to triplet formation. In addition, its spectrum matches that of a
radical anion-cation pair. This constitutes a direct observation of a CT intermediate in
singlet fission. As in DP-Mes, the decay of the singlet accelerates with increasing polarity
(however it converts to CT rather than TT), and conversion to CT becomes more efficient.
In hexane (d) a small fraction of the S; population settles into Sgtan, without undergoing

fission. However, the amount of Sgap is reduced with increasing polarity.

The rate of CT to TT conversion also depends on the solvent; at high polarities residual
CT states can be observed, like in DMF (f). Here the strong solvent relaxation makes CT
an energetic trap for fission. As polarity is decreased, we obtain less CT residual. A kind of
optimum is achieved in 0o-DCB solvent (e), where both S; to CT and CT to TT conversion

are near 100% efficient.

If the geometrical freedom of DP-TIPS is constrained by means of a rigid polymer matrix, no
CT intermediate can be detected. Fission still takes place, but via the direct pathway like in
DP-Mes. This suggests that substantial geometrical relaxation plays a role in enhancing the
electronic coupling between S; and CT and/or lowering the CT energy. Both phenomena
would contribute to CT appearing as a significantly populated real intermediate in DP-TIPS
as opposed to just a virtual intermediate as in DP-Mes. We will return to this point in the

theoretical section.

6.3.2 Proposed model

The interpretation of the experimental findings in terms of the electronic states and tran-
sitions between them is summarised in Fig. Due to the importance of CT states as
intermediates (albeit virtual in DP-Mes) fission has a strong dependence on solvent polarity
which significantly affects CT energies. For DP-TIPS in low-polarity solvent, the CT energy
is presumed higher than the Sgap energy, leading to a slow transition of the initial singlet
to CT, which also competes with relaxation into Sgiap. As polarity increases, the CT energy
comes down, enabling faster conversion to CT. However, in high-polarity solvents CT is

lowered so much that it becomes an energetic trap. This causes a reduction of the fission
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Figure 6.9: Fission model motivated by experimental data. (a) In the case of
DP-TIPS, the initial singlet is stabilised by solvent and converts to intermediate
CT states, which in turn transition to triplet pairs. The CT energy is strongly
dependent on solvent polarity. This creates an energetic trap at high polarities,
frustrating triplet formation. (b) Triplet formation is direct in DP-Mes, with no
detectable CT intermediate. The process competes with solvent stabilisation of the
initial singlet into Sgtap, which is more pronounced in polar solvents. In low-polarity
media triplet pairs convert to an emissive state S* with altered geometry through
triplet-triplet annihilation. Solid arrows denote population conversions, with thick-
ness indicating efficiency. Dashed errors indicate radiative decay. Reproduced from

Ref.
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yield.

The general picture is similar in DP-Mes, the main difference being that CT presumably only
appears as a virtual intermediate and cannot be directly detected. At high solvent polarities,
relaxation competes with fission as it does in DP-TIPS, but not through the lowering of CT
but Sgtap. The latter is more strongly affected by solvent in DP-Mes than in DP-TIPS. The
results suggest that the initial S; state in DP-Mes already has significant admixture of CT
character, whereas it is predominantly of Frenkel type in DP-TIPS, and requires geometric
change in order to couple and transition to CT. In the subsequent theoretical section we
explore how these differences in the observed behaviour relate to differences in the electronic
structure between the two dimers. Specifically, it is of interest what effect the Mes and TIPS

groups have on the relative energies of S; and CT states.

6.3.3 Electronic structure calculations

In an attempt to elucidate the observations about differences in fission dynamics between
the two dimers, we conduct excited-state calculations with the NWChem code, using the
COSMO implicit solvation model [135,/158]. This makes it possible to look at all the relevant
excited states and solute-solvent combinations with reasonable computational effort, even

when using more accurate hybrid functionals.

First, the geometries of the dimers are relaxed at the cc-pVDZ/B3LYP level of theory. To
obtain local singlet excitations, we use TDDFT at the cc-pVDZ/LC-BLYP level. Range
separation is necessary here since it has been shown standard hybrid functionals without
asymptotically correct exchange perform poorly for low-lying TDDFT excitations in poly-
acenes |136]. However, it should be noted that there is no guarantee that the improvements
seen for individual oligoacenes also carry over to dimers. In both dimers the lowest singlet
excitation from TDDFT is bright and corresponds to the optically excited S; state. For
the CT state we use ¢cDFT at the cc-pVDZ/B3LYP level. The constraint used is a net
charge and spin of one electron on one half of the molecule, and one fewer on the other half.
The additional spin constraint is needed to ensure the correct limit of the energy for large
electron-hole separations [159]. For the TT state two proxies are considered: the quintet
with an overall net-spin of 4 electron units, and a constrained configuration with a net up-
spin of 2 units on one half of the molecules, and a net down-spin of 2 units on the other half.
Both approaches yield energies within 10 meV of each other, which is encouraging. Still, it
should be noted that neither of these proxies captures the multi-reference spin configuration

of the TT state correctly.

The COSMO solvation model fills the space outside the molecule (as defined by the Van der
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Figure 6.10: Equivalent of Fig. with theoretical values for excitation energies
calculated with implicit solvent. The chosen solvents hexane and DMSO represent
the low and high ends of the polarity scale (cf. Tab.[6.1]). The band of CT energies
in DMSO reflects the range of relaxation through slow reorientation of solvent

molecules.

Waals radii of the atoms) with a uniform, isotropic dielectric of a given permittivity [158].
We choose to consider the two solvents at opposite ends of the polarity scale, namely hexane
and DMSO (see Tab. . In the case of a non-polar solvent like hexane, short-term and
long-term responses are effectively identical and can be described by a single value of the
permittivity. For a highly-polar solvent like DMSO, on the other hand, e, and ¢y differ
very significantly. On very short timescales an excited state will experience only €, with a
gradual transition to € as the solvent molecules reorient over time. In DMSO this timescale
is on the order of 10 ps [160], comparable to the timescale of fission. This process of solvent

relaxation is particularly significant for the CT states with their large dipole moments.

6.3.4 Discussion

Fig. is the equivalent of Fig. with theoretical numbers. The solvents hexane and
DMSO correspond to the low- and high-polarity scenarios in Fig.[6.9] The overall alignment
of the energy levels broadly agrees with the experimental picture. However, it is notable

that the calculated energy of TT is significantly lower than S;. The calculated TT energy



128 Chapter 6. Solvent effects on electronic excitations in dimer pentacene

2.5

L m—— DP-Mes .
L Sl e DP-TIPS A
] ‘ 0.13 CT _
> | 0:09
.2. 2.0 B — .
| TT _
o0
3 i 0.16 1
S - I -
£2

1.5 .

Figure 6.11: Comparison of calculated excitations energies for DP-Mes and DP-
TIPS in implicit hexane solvent. Relative shifts are indicated. The differential
shifts can be explained as a result of the differing degrees of side-group delocalisa-
tion.

is very close to twice the energy of a single triplet confined to one of the pentacene units, as
expected. The slight tension with experiment may indicate inaccuracy in the DFT estimate

of the strength of the exchange interaction, which determines the singlet-triplet gap.

Even so the calculations agree well with the idea that in highly polar environments the
CT states can fall significantly below T'T, thereby creating an energetic trap for fission.
According to the model, this effect is directly observable in DP-TIPS. In DP-Mes, on the
other hand, CT is thought to be admixed into Sy, causing strong relaxation into Sgap in
polar environments. However, it is not entirely clear how the calculation results mesh with
this supposed difference between DP-Mes and DP-TIPS. The theoretical picture looks very

similar for both molecules, except for an overall redshift in the case of DP-TIPS.

To elucidate what is going on we directly compare DP-Mes and DP-TIPS energies in the
case of hexane, as shown in Fig. This perspective does indeed reveal differential shifts
which could help explain the observed differences between the two dimers. The dominant
feature is a redshift of the DP-TIPS energies, of 130 meV for S;. As previously stated, this
is a result of stronger side-group delocalisation of the frontier orbitals in DP-TIPS, slightly
closing the band gap. Interestingly, this shift is reduced for the CT states, down to 90 meV.
A natural explanation is that the same delocalisation effect causes a slight increase of the

electron-hole separation in DP-TIPS, making the CT energy a bit higher than what would
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be expected purely from the change in the band gap. For TT, on the other hand, the
shift actually increases to 160 meV. This appears to be a straightforward consequence of
the band gap reduction in DP-TIPS. The effect is stronger compared to Sy since TT is a
doubly-excited state.

We return to the question of to what extent theory backs up the experimentally motivated
model. Taken at face value, the computed numbers do not agree with the notion that S; and
CT energies are relatively closer in DP-Mes to explain strong CT mixing into the optically
excited initial state in DP-Mes, but not in DP-TIPS. However, it should be kept in mind
that the calculated S;-CT difference is susceptible to systematic uncertainties, especially
given the different methodologies used to obtain the energies (TDDFT vs ¢cDFT). Within
these uncertainties, it is certainly possible that S; and CT are in fact very close in DP-Mes.
If that were the case, the differential shifts could then account for a larger S;-CT separation
in DP-TIPS. The limitations of DF'T' and the small magnitude of the energy differences
in question mean that it is difficult to support a more definite statement. The picture is
further complicated by the observation that the differences between DP-TIPS and DP-Mes
are robust in experiment even though the precise S1-CT alignment is strongly affected by

the solvent environment.

6.4 Conclusions

In this chapter we considered experimental observations of singlet fission in two pentacene
dimers in a range of different solvent environments. Furthermore, we employed excited-state
DFT with both explicit and implicit solvent models in order to understand the observations
from an electronic structure point of view. We find that our calculations show general
agreement with experiment in terms of how the electronic states involved in fission are
aligned and are influenced by the different solvent environments. However, question remain
which are not fully answered by the presented theoretical models. A better understanding
may require a combination of techniques from the previous chapter with the ones applied in
the present chapter. It appears likely that geometrical relaxation and vibrational dynamics
play a crucial role in a satisfactory explanation of the observed differences between DP-Mes
and DP-TIPS. This is strongly suggested by the experimental result that fission dynamics in
DP-TIPS becomes similar to DP-Mes when the molecules are restricted in their geometrical

freedom.
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Chapter 7

Concluding remarks

7.1 Summary of findings

In this thesis we employed ab initio electronic structure methods to investigate excitations
in the molecular crystal and in covalent dimers of pentacene. This was motivated by a desire

to gain a better understanding of the singlet fission process in pentacene-derived systems.

Linear-scaling DFT was used to model the influence of the crystal environment on CT
configurations in the pentacene crystal. This was combined with a general dipole correction
scheme that allowed us to eliminate finite-size effects of the calculations. We found that
CT energies are significantly lowered by the response of the crystal environment, bringing
them close to the energies of local excitations. This result lends support to the idea that
the photoexcited precursor state to fission has significant CT character, and emphasises the

role played by CT configurations in fission in the crystal.

We then shifted our attention to molecular dimers of pentacene. We used DFT to parametrise
a linear vibronic coupling Hamiltonian of a pentacene dimer, forming the basis for many-
body quantum dynamics calculations of the interplay between electronic and vibrational
degrees of freedom. This revealed an interesting role for symmetry in fission in such dimers.
Due to their high symmetry, couplings that could enable fission are precluded at the ground-
state geometry. However, dynamic symmetry breaking by vibrational modes opens up an
efficient pathway for fission. We showed that the process proceeds through an avoided cross-
ing of the surfaces corresponding to the photoexcited state and the triplet pair. The coupling
between the surfaces is enabled by superexchange via CT states resulting from symmetry

breaking.

As a next step we, we performed a systematic comparison of two dimers of pentacene with

different side groups. Experimental evidence showed significant differences in how fission
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proceeds between the molecules. In one case, explicit CT configurations could be detected
in the dynamics, but not in the other case. Rather, the initial bright excitation showed signs
of significant CT character. Also, experiments revealed a striking influence of the solvent
environment on the rate and yield of fission in both molecules. We attempted to elucidate
these observations using DFT calculations in explicit and implicit solvent. The calculations
showed that CT can become an energetic trap for fission in highly polar solvents, as is
observed. However, we also found that our approach was insufficient to fully account for
the observed differences between the molecules. This highlights the limitations of the DFT
methods that were employed, as well as of a partial approach that does not include a full

treatment of both the electrostatic and vibrational environments.

7.2 Future directions

The are a number of directions for future work that promise to address some of the short-

comings of present approaches.

In order to achieve a more complete and detailed picture of fission, theoretical models must
include a comprehensive treatment of both the electrostatics and vibrational effects of the
environment. This requires electronic structure methods that are both accurate and scale
well to larger system sizes. One significant direction in this context is combining linear-

scaling approaches with hybrid functionals [161].

A significant limitation of DFT in the context of modelling fission is its inability to give a
satisfactory description of all the relevant electronic states in a unified framework. In this
work we tried to address this issue to some extent by combining TDDFT and cDFT. The
former is quite good at describing locally-excited states, whereas the latter can be applied
successfully to states with charge-transfer character. However, cDFT requires prior knowl-
edge about the state for defining appropriate constraints. Also, this approach is insufficient
for excitations of mixed Frenkel and charge-transfer character, which appear important in
fission. In addition, it would be desirable to have a more principled method that can deal
with multi-excited states like the triplet pair. Methods beyond DFT, like the GW/BSE
formalism, may provide a way forward [116],162]. GW/BSE promises to be able to describe
such states states in a unified framework, at still reasonable computational effort compared
to high-level quantum chemistry methods like multireference configuration interaction. An-
other interesting direction are projector-based embedding schemes that make it possible to

integrate accurate high-level models of subsystems into large-scale DFT calculations [163].

Finally, there are a number of improvements that could be made to the linear vibronic
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coupling model of fission that we presented for a pentacene dimer. As a linear coupling
model, it only included couplings to first order in the nuclear displacements. In particular,
this means that two-electron couplings that could open up a direct pathway for fission
were not included in the model. Adding higher-order terms would address some of these
shortcomings, albeit at the expense of increased complexity. Furthermore, the vibrational
modes were modelled as harmonic. It seems likely that some of the slower modes leave
their harmonic regime during the fission dynamics. Taking account of this would allow more
accurate modelling especially at later times, and may shed light on the long-time dynamics

which includes the triplet-triplet annihilation observed in some solvents.
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Vibronic coupling Hamiltonian

Optimal coupling centroids from clustering analysis (columns ordered as TT, LET, LE™,

CT*, CT™):
0 0.75
0.45 0.3
Wy, =— 0.38 ,VVAL2 =
0.57
0.57
0 1
0
Wa, =— 0 ;
1 0
0
0 0.63
0 —0.73
Wp,, =— 0 0.26 |,
—0.73 0
0.63 0.26 0
0 0.28
0 -0.33
Wpg,, = 0 -09 |,
—0.33 0
0.28 —0.9 0
0 0
0 0.86 0
Wpg,, =— 0.86 0 Wg,, —0.86
0 0.52
052 0

—0.86
0
0
0.52

0.52
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Irrep. w/ecm™' A/em™! | Irrep. w/em™! A/em™!
A 903.4 1454.6 | Aip 13773  4012.6
Bia 450.1 1851.5 | Bip 225.4 628.2
Boi 11937 10839 | Bay 10794  986.4

Ao 428.0 560.5

Table A.1: Reaction coordinate frequencies and couplings.

No. w/em™ X/em™! | No. w/em™' X/em™!
Arn | 28 129.8 3985 | 40 259.5 198.1

42 269.2 479.3 | 60 471.3 -116.9

82 579.6 -712.3 | 88 613.7 112.6

98 706.0 495.3 | 146 991.7 167.9
178 1190.0 -175.4 | 200 1339.6 150.8
225 1464.6 -270.9 | 228 1469.2 297.9
236 1505.6 -326.3 | 260 1595.6 242.7
266 1654.6 -282.4 | 271 1692.1 -338.9
A1 | 116 805.2  1094.8 | 158 1036.0 -092.1
174 1164.9 536.7 | 182 12194 537.7
186 1232.4 -850.0 | 190 1265.1 974.3
192 1271.4 1010.4 | 208 1372.5 985.2
214 1426.0 12174 | 216 14453  -1804.3
256 1579.0  -2285.9
Ao 24 122.4 -206.8 | 38 248.0 263.0

50 302.3 3234 | 66 493.3 92.2
100 726.3 136.2 | 112 783.1 -111.8
120 873.7 -93.7 | 134 937.9 2224
By | 35 234.9 -1484 | 39 250.6 1137.4

61 479.2 1157.9 | 65 484.9 439.0

99 720.8 493.0 | 111 782.7 214.7
133 921.5 389.9 | 135 939.6 305.9
Bia 25 122.6 410.0 | 49 301.7 -475.8
Byq | 41 268.2 -373.6 | 83 587.8 -242.6

85 296.7 1231 | 95 696.9 230.6
119 828.6 -131.1 | 159 1036.0 2351
173 1140.8 126.3 | 177 1188.2 1441
185 1231.1 141.8 | 187 1249.5 -440.6
207 1347.7 -187.2 | 227 1466.9 213.2
235 1503.2 155.8 | 255 1576.6 676.0
Bso 21 108.5 -1314 | 33 217.3 -98.9

ol 324.6 944 | 81 072.2 298.5

91 638.6 174.8 | 113 797.6 545.7
181 1218.6 -146.7 | 191 1270.6 -162.5
209 1384.4 202.7 | 215 1435.2 -600.8
226 1464.7 -163.0 | 237 1522.9 78.9
265 1654.1 100.5 | 272 1692.1 95.7

Table A.2: All modes containing at least 90% of the total coupling.
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