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Abstract

The transport of charge and energy are two essential processes in optoelectronic
devices. In this thesis, using quantum chemical methods, molecular properties, as well
as charge and energy transfer performance are studied in novel N-heteropolycycles. N-
heteropolycycles are formally N-doped heterocyclic nanographene segments. The
position and number of the nitrogen substitution, as well as further modification, can
fine-tune their molecular properties such as energy levels, diradical characters, and
charge and energy transfer rates. For the investigation of energy transfer, particular
interest lies in singlet fission (SF), which has the potential to dramatically increase solar
cell efficiency by converting one singlet exciton to two free triplet excitons or a
correlated triplet pair. In chapter 3, quantum chemical methods based on DFT and
constrained DFT are applied to rationalize how SF is affected by systematic chemical
modifications introduced into phenazinothiadiazoles (PTD). The results indicate that
unlike unsubstituted tetracene, PTDs fulfill the energetic requirement of SF (E(S;) =
2 X E(T;)), and the effective coupling can be up to 75.8 meV. Hence, PTDs are
promising candidates for SF. In chapter 4, a single-reference DFT-based protocol is
proposed to simulate the absorption spectra of excited states involved in SF. The
resulting spectra show good agreement with the experiment. This could be helpful for
the identification of various species in SF and the understanding of SF dynamics. On
the other hand, N-heteroacenes are known as electron-poor counterparts of the acenes,
and they are electron transport (n-type) materials. Since the charge transport moiety in
bulk films of azaacenes is thought to be the radical anion, in chapter 5, the energetics,
electronic structures, and spectroscopic properties of negatively charged N-
heteroacenes are investigated. It is found that the anions of the azapentacenes and their
derivatives are stable with respect to electron loss and disproportionation into the
dianion and the neutral compound. This motivates a further look into their electron
transport properties. The results of electron transfer integrals and charge mobilities are
demonstrated in chapter 6. Excellent performance of electron transport has been
proved for halogenated 6,13-Diethynyl-5,7,12,14-tetraazapentacenes, especially for the

bromine and iodine derivatives.
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Zusammenfassung

Ladungs- und Energietranfer sind zwei fundamentale Prozesse, die in
optoelektronischen Halbleiterbauelementen ablaufen. In dieser Dissertation stelle ich
meine quantenchemischen Untersuchungen zur Effizienz von Ladungs- und
Energietransferprozessen in neuartigen N-Heteropolyzyklen als auch meine Studien zu
deren molekularen Eigenschaften dar. N-Heteropolyzyklen sind formal betrachtet N-
dotierte Nanographene. Durch die Position und Anzahl der Stickstoffsubstitutionen
sowie auch durch andere Modifikationen am Nanographen, konnen dessen molekulare
Eigenschaften wie z.B. Energieniveaus, Diradikal-Charakter und Ladungs- und
Energietransferraten verédndert bzw. eingestellt werden. Bei der Untersuchung von
Energietransferprozessen wird ein besonderes Augenmerk auf die sogenannte
Singulett-Spaltung — im Englischen Singlet Fission (SF) — gelegt werden. Der Grund
hierfiir liegt unter anderem darin, dass durch den Prozess des Singlet Fission die
Effizienz von Solarzellen signifikant erh6ht werden kann, ndmlich aufgrund der
Umwandlung eines Singulett-Exzitons in zwei Triplett-Exzitone oder ein korreliertes
Triplett-Paar. Kapitel 3 beschiftigt sich mit der Fragestellung, in wie fern der SF
Prozess durch systematische chemische Modifikationen an Phenazinothiadiazolen
(PTDs) beeinflusst wird. Fiir die Untersuchungen werden verschiedene
quantenchemische Methoden basierend auf der Dichtefunktionaltheorie (DFT), u.a. die
sogenannte constrained-DFT-Methode verwendet. Die Ergebnisse meiner Rechnungen
weisen darauf hin, dass im Gegensatz zum unsubstituierten Tetrazen, PTDs die
energetischen Voraussetzungen fiir SF ndmlich, dass gilt: (E(S;) = 2 X E(Ty)),
erfillen und die effektive Kopplung bis zu 75.8 meV betrdgt. Hieraus ldsst sich
schlieBen, dass PTDs vielversprechende Kandidaten fiir SF sind. In Kapitel 4 wird eine
Vorgehensweise zur Simulation von Absorptionsspektren von Systemen in denen SF
ablauft vorgestellt. Die berechneten Spektren stimmen gut mit experimentellen
Spektren iiberein. Dies ist ein vielversprechendes Ergebnis, da die Vorgehensweise
nicht nur hilfreich bei der Identifikation verschiedener Arten angeregter Zustinde die
an SF Prozessen beteiligt sind sein kann, sondern iiber dies hinaus auch zu einem
besseren Verstindnis von SF Dynamiken beitragen kann. Auf der anderen Seite sind

N-Heteroazene als elektronarme Pendants zu Azenen bekannt und sie sind
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Elektrontransport-(n-Typ)-Materialien. Da angenommen wird, dass der molekulare
Part in Azaazen Bulk-Schichten, in dem der Ladungstransport ablduft, das Radikal-
Anion ist, diskutiere ich in Kapitel 5 hauptsidchlich die Energien, die elektronische
Strukturen und spektroskopische Eigenschaften von negativ geladenen N-
Heteroazenen. Es wird festgestellt, dass Anionen von Azapentancenen und
Azapentacen Derivaten stabil gegeniiber Elektronenverlust und Zerfall in Dianion und
neutrale Verbindung ist. Dieses Resultat regt mich dazu an, die Elektrontransport-
Eigenschaften dieser molekularen Systeme weiter und niher zu erforschen. In Kapital
6 werden die Ergebnisse der Berechnungen von Elektrontransfer Integralen und
Ladungstragermobilititen vorgestellt und diskutiert. Fiir halogenierte 6,13-Diethynyl-
5,7,12,14-tetraazapentacene, insbesondere fiir die bromierten und iodierten Derivate,

wurde eine ausgezeichnete Performanz des Elektrontransports nachgewiesen.
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1. Introduction

The transport of charge and energy are two fundamental processes in semiconductor
materials and optoelectronic devices.[!! The creation, spatial redistribution, diffusion,
and annihilation of charges and excitons, as well as reorganization of molecular
geometries, are involved in the interconversion of electric and light energies. The
understanding of transfer phenomena in molecular systems requires quantum chemical
treatment that should not only be able to describe the properties of the ground state, but
also characterize the electronic couplings and transfer rates between excited states. On
the other hand, it is of great importance to discover novel materials that exhibit superior
charge and energy transfer properties. Quantum chemical calculations provide an

efficient and economical way to screen for the materials and predict the performance.

Organic semiconducting (optoelectronic) materials are organic materials with
semiconductor properties, which is an interdisciplinary research frontier encompassing
chemistry, physics, materials science. Organic photovoltaic materials have the
advantages of low cost, easy processing, excellent flexibility, and large-scale
production. They are widely used in organic electronic devices, such as field-effect
transistors (OFETs),1>*! light-emitting diodes (OLEDs)" ¢!, and solar cells (OSCs)!-1!.
The research field of organic electronics started from the discovery of the electrical
conductivity of p-type doped trans-polyacetylene by Shirakawa et al. in 1977.1'") Since
then, the research in the field of organic semiconductors and its application into
technology resulted in the development of organic photovoltaics nowadays. Especially
the ease of solution processing in comparison to inorganic semiconductors and the
possibility of printing onto flexible substrates has triggered high interest in academia

as well as industry.

Depending on the character of the major charge carrier, organic semiconductors can be
classified into hole and electron transport materials. When the ionization energy closely
matches the Fermi level of the electrode, the material can be assigned to the first

category. In case the electron affinity lies in energetic proximity to the Fermi level of



the electrode, the molecule belongs to the class of electron-transport materials.!*) The
critical quantity that characterizes the charge transport properties of either class is the
carrier mobility x4 which describes the ability of a charge carrier to move within a bulk

semiconductor under a given electric field.!?!

While hole transport materials with high charge carrier mobilities are well-known, the
development of effective electron transport materials still proves to be a challenge to
the scientific community. However, in 2007 Winkler and Houk identified nitrogen-rich
oligoacenes as potential candidates for n-channel semiconductors.'*) Two years later,
Bunz et al. experimentally verified this hypothesis by the synthesis of 6,13-Diethynyl-
5,7,12,14-tetraazapentacene (TIPS-TAP).!'"Y] TIPS-TAP exhibits, in comparison to its
carbon-analog, distinctly decreased frontier orbital energies, which results in the
improved electron transport properties. The molecular class of azapentacenes, therefore,
represents a promising approach in the development of novel electron transport

materials with high charge carrier mobilities.

In conventional solar cells, the absorption of a photon generates a singlet exciton (S1).
The exciton can hop to the chromophore—acceptor interface, and then separate into a
hole and an electron. However, due to radiative and radiationless decays from the
singlet exciton to the ground state, the photoelectric conversion efficiency cannot

surpass 33%, which is called Schockley—Queisser limit.!!>]

Singlet fission (SF) is a multiple exciton generation process in which a singlet exciton
shares its energy with neighboring ground-state chromophores and splits into two triplet
excitons.”> 1% Due to the doubled number and long lifetime of triplet excitons, it has
been proposed that SF could provide a path to exceed the Shockley-Queisser limit.!®!
Therefore, SF can dramatically increase solar cell efficiency. Materials undergoing SF

are promising candidates for next-generation solar cells.

SF has been a hot topic in recent years, but the debate regarding its underlying
mechanism continues to today.”> 7! Figure 1.1 shows primary routes and processes
for a dimer to undergo SF. The phenomenon initiates with the absorption of a photon
to generate a bright singlet state S1So. S1So undergoes internal conversion to a dark state,
which has been characterized by quantum chemical calculations based on multi-
reference methods as two triplets coupled into an overall singlet, '(TT). The '(TT) state

is often referred as the multiexciton or doubly excited state. Moreover, a recent
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experiment found direct evidence for the existence of '(TT) state using time-resolved

two-photon photoemission (TR-2PPE) spectra.

CT mediated
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= A | E(CT) > E(S)
\ 2

CA (MR methods)
(TR-2PPE)

== Direct ME =] sein | iffuse
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SeSo

triplet-triplet annihilation

Figure 1.1. Schematic representation of routes and processes for singlet fission in a

dimer.

It is generally agreed that the formation of '(TT) can occur by the following
mechanisms: (1) direct coupling between S; and !(TT) states by a simultaneous two-
electron process, or (2) S1 converts to !(TT) via the involvement of charge-transfer (CT)
states as intermediates. If the CT state lies below S1, a sequential CT-mediated process
might take place, whereas if the CT state is higher in energy than Si, a superexchange

mechanism would be responsible.

Spin and electronic decoherence of the !(TT) state can make it possible to populate a
quintet state, >(TT), or to generate two non-interacting free triplet states (T1 + T1). The
free triplet states are then available for “harvesting” at the chromophore—acceptor
interface. In the absence of either decoherence or triplet diffusion, the system can decay

to the ground state through other channels such as triplet-triplet annihilation.

In this thesis, various quantum chemical methods have been applied to study molecular
properties, as well as charge and energy transfer performance in novel N-
heteropolycycles. A short introduction and description of the employed methods is
given in chapter 2. In chapter 3, the effect of systematic chemical modifications
introduced into phenazinothiadiazoles on SF is investigated. The results indicate that

the electronic coupling is more sensitive to the geometrical changes than to the changes



in the electronic properties. In chapter 4, I evaluate the performance of various single-
reference DFT-based approaches on the spectroscopic signatures of excited states
involved in SF. The results show good feasibility and applicability of single-reference
DFT-based methods, in combination with a rational choice of the exchange-correlation
functional. In chapter 5, the molecular properties of a series of N-heteropolycycles and
their charged species are investigated. Subsequently, the electron transport properties

of TIPS-TAP and its halogenated derivatives are discussed in chapter 6.



2. Theoretical Methods

2.1 Basic concepts of quantum chemistry

2.1.1 Stationary state Schrodinger equation for molecules

Molecules are many-particle systems composed of nuclei and electrons. There are
complicated interactions between the particles, which determine the motions of the

nuclei and electrons, as well as properties of molecules.

If we apply quantum mechanics to study a molecule at a stationary state, we need to

solve the time-independent Schrodinger equation (SE),
AHY = EvY, 2.1)

H is the Hamiltonian of the molecular system. Solving equation (2.1) will result in
eigenvalues of energies E,, and the corresponding eigenfunctions ¥, (n=0, 1, 2, ...).
We can obtain information about the molecular system from the eigenvalues and

eigenfunctions, such as energy levels, charge population, etc.

The Hamiltonian of a molecular system includes kinetic energies and potential energies
of all electrons and nuclei. Therefore, the total Hamiltonian for a molecule in atomic

units (A=me.=e=1) is

—~ -1 -1 1 Z ZoZ
IR NTREDICLEDWIED W FAEDIPI SacE
a ZMa : i 2 ~ =T a i Tai a f>a Raﬁ ()

i j>i

where the first and second terms are kinetic energy operators of nuclei TV and
electrons T, respectively. The last three terms refer to potential energy operators
between electrons and nuclei, V¢, V¢V, and VNN, Therefore, the total Hamiltonian

can be rewritten as



HT =TN + Te +Vee + VeN 4 NN, (2.3)

2.1.2 Born-Oppenheimer Approximation

The total Hamiltonian and the wave function of the molecule depend on the positions

of nuclei R and electrons r, explicitly including the positions in equation (2.3), we get
H™(r,R) =TN(R) + T¢(r) + V¢¢(r) + VeN(r,R) + VNN (R). (2.4)

Since electrons move much faster than nuclei, due to relatively large nuclear mass, the
Born-Oppenheimer (BO) Approximation (also called adiabatic approximation) states
that one can separate the electronic and nuclear motions, and the total wave function

can be expressed as a product of nuclear and electronic wave functions
YT = yhype, (2.5)

At any given instant, the position of the nuclei R can be considered as fixed parameters

that define an effective Hamiltonian for the electrons.

At any fixed configuration of the molecule, the electrons “feel” the effective

Hamiltonian that depends on the positions of the nuclei,
He(r,R)=T°(r) + [Vee(r) + Ve¥(r,R) + VVN(R)], (2.6)

where R denotes the dependence of H® on all the nuclear positions {R} at once.
Hence H€ is an operator in the electronic space that depends parametrically on R. Its

eigenvalues Ef(r,R) and eigenfunctions W7 (r,R) satisfy the electronic SE
HeWE(r,R) = EfWE(r, R). 2.7)

This is the key concept of the BO Approximation, which allows us to compute the
electronic structure of a molecule very accurately without saying anything about the

quantum mechanics of the nuclei.



The Ef(R) will give us the potential energy surfaces experienced by the nuclei. After
solving the electronic SE, we can obtain the effective Hamiltonian and wavefunction

for the nuclei,

ANWN) = [TN(R) + Ef (R)]IWN) = EN|WN), (2.8)



2.2 Electronic ground-state methods

The calculation of the ground state is the most fundamental procedure in quantum
chemistry. In this section, different strategies for the description of the ground state are
introduced. This section is mostly based on the books “Modern Quantum Chemistry"
by A. Szabo and N. S. Ostlund,* “Ideas of Quantum Chemistry” by L. Piela.?!); as

well as the literature by J. B. Foreman.??!

2.2.1 Hartree-Fock Theory
Slater determinant

For an N-electron system, considering the electrons are independent, the electronic

wave function W can be written as a Hartree-product,

LIJTIZP = X1 (X x2(X2) . xn(Xp). (2.9

where y,(X,) is called a spin-orbital, which is the product of a spatial orbital and

either the o or B spin function,

In(Xn) = pp(r)a(s),
n(Xn) = Pn(r)B(s).

(2.10)

However, Pauli exclusion or antisymmetry principle states that if two electrons are in
the same orbital, they must have opposite spin. In order to fulfill the antisymmetry
principle, Slater determinants were introduced. Therefore, an N-electron wave function

can be approximated by a single Slater determinant,

(X)) xi(Xz) - xi(Xn)

wSD — L X2(X1)  x2(X2) - x2(Xy)
VN! : : :
v an&z) o xn(Xw)

= |XaX2 XN (2.11)



where \/% is a normalization factor. The single Slater determinant is constructed from

one-electron spin-orbitals, which are also called molecular orbitals (MOs). The Slater
determinant enforces an antisymmetric wavefunction. If we interchange the coordinates
of two electrons, the corresponding rows of the Slater determinant have to be

interchanged as well, which results in a change of the sign of the wave function.

Hartree-Fock energy

The Slater determinant based on the Hartree-product assumes that each electron moves
independently, but it feels an effective Coulomb potential coming from the average
positions of all electrons. This is also the underlying assumption of the Hartree-Fock
(HF) theory; hence HF theory is also referred to as an independent particle model or a

mean-field theory.

Now that we know the form of the electronic wave function (single Slater determinant),
we can obtain the energy of the electronic system, by computing the expectation value

of the electronic Hamiltonian,
E¢ = (¥SP|He|wsP). (2.12)

Using the physicist’s notation, in which the complex conjugates are collected on the
left-hand side of the operator, and integrating out the spin, we first define one-electron

and two-electron operators and integrals.

A one-electron operator h is expressed as follows

R 1, Zy
h(r) = -5Vi = ) — (2.13)

For electron i, this operator yields its kinetic energy and its attraction to all nuclei.

The one-electron integrals are written as

(i1hl)) = f b (rOh(r) e, (r)dr. (2.14)



A two-electron operator U(i,j) can be defined as

1

0(i,j)) = o (2.15)
u

which represents the Coulomb repulsion between electrons i and ;.

The antisymmetrized two-electron integrals are then defined as
(il[kl) = (ijlkl) = (ij|lk), (2.16)
where

1
(ijIkl) = f B r)0jr) = BB drsdre 2.17)

The electronic Hamiltonian can be written in a much more straightforward way, as

Z h(i) +Zv(l j) + VNN

i<j

- Z A + EZ (i, j) + VNN
7 T

According to the BO approximation, V™'V is a constant for a given set of nuclear

(2.18)

coordinates {R}, and we will ignore it for now.

Therefore, using Slater-Condon rules (see next section), the HF energy Enrin terms of

integrals of the one- and two-electron operators can be expressed as:

Enr = (P|H|W)

= (ol ZZWIIU)

= Z(ilﬁ(i)li )+ EZ(iﬂij) — (ijlji) (2.19)

Z hii + 5 Z Jij — Kij

10



where J;; is called “Coulomb integral”, which refers to the Coulomb repulsion

between electron 1 in orbital 1 and electron 2 in orbital j; K;; is the “Exchange integral.

Slater-Condon rules

To evaluate the expectation value of equation (2.12), we can apply the Slater-Condon
rules. Briefly, Slater-Condon rules (also called Slater’s rules) allow us to express the
matrix elements of the electronic Hamiltonian H;; = (W;|H |¥;) in terms of one- and
two electron integrals. Since they are needed later in many derivations, the rules are
listed below. The derivation of these rules can be found in Szabo’s book, section 2.3.4.
After the determinants are arranged in maximum coincidence, we can see how many

spin orbitals they differ by, and the following rules can be applied:

1. Identical Determinants:

(‘P1|H|‘P1) = 2(m|h|m) + Z (mn||mn)

m>n

N (2.20)
Z R Z(mn”mn)
m
2. Determinants that Differ by One Spin Orbital:
|¥;) =|..mn...),
|¥z) = |...pn...),
N N
7y o 2.21
W2|A#2) = (mlRlp)+ ) mnlpm) (22D
m n
N
= (mnllpn)
n

3. Determinants that Differ by Two Spin Orbitals:

W) = |..mn ...), (2.22)

11



W) = |..pq ...),

(P1|H|¥,) = (mn||pq).

4. Determinants that Differ by More than Two Spin Orbitals:

|¥;) =|...mno ...),
|¥,) = |...pqr ...), (2.23)
(l{l1|ﬁ|l{12) = 0.

Hartree-Fock equation

Minimizing the HF energy with respect to the orbitals results in the HF equations for

the orbitals,

N
[E’(H) + Z J(ry) — 7/5(7”1)] Yi(r) = e (). (2.24)

Here we further define the Fock operator
N
f02) = () + ) 3G =), 2.25)
i

The Fock operator f working on any molecular orbital ; yields the orbitals energy

€; times the orbital

fr)wi(r) = e (ry). (2.26)

It is noted that the sum of the orbital energies ¢€; is not equivalent to the total energy
of the ground state. Using Slater-Condon rule and adding up the orbital energies €;, we

get,
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N N N N
>e= (Al =) i+ D iy, 227)
i i i iLj

whereas the total energy writes as equation (2.19),

4

- 1
B = ) (ilRdli) +3 ) (1) = @j1ji). (2.28)
i,j
We can see that the difference lies in the factor % in the second term.

Roothan-Hall equation

Now we introduce a basis set and express orbitals as a linear combination of atomic

orbitals (LCAO),

W = Z CoiP (2.29)
u

We can then convert the HF equation into a much simpler linear algebra problem,
f DY) = epi(ry),

. (2.30)
fz Cui Py =¢& z Cﬂi Pui-
T “

When multiplying ¢j; from the right and integrating, equation (2.30) is transformed

into a matrix equation,

z FuuCui =g 2 S, Cuis 2.31)
A A

which is called the Roothaan equation. F,3 = (u|f|A) represents the Fock matrix and

Sua = (u|4) is the overlap between the atomic orbitals ¢, and ¢;.

13



If the basis functions are orthonormal to each other, then §,; =1 and the Roothaan

equation can be written in a shorter form as
FC = ¢C. (2.32)

As can be seen from the Roothaan equations, € collects the expansion coefficients for
each orbital expressed as a LCAO. However, € depends on F,and F depends on its
own eigenvectors C, to solve the Roothaan equation, the self-consistent field (SCF)

method is usually employed.

Remember that HF replaces the instantaneous electron-electron repulsion with the
repulsion of each electron with an average electron charge cloud. However, according
to Coulomb’s law, electrons repel each other, with the repulsion energy r;; =1, This
introduces an error in the wavefunction and the energy. The energy error is called the
correlation energy. The correlation energy is defined as the difference between the

exact energy and HF energy.

Ecorr = €0 — Eyp. (2.33)

2.2.2 Configuration interaction
Full configuration interaction

To compute the exact energy and include electronic correlation, one can allow for the
explicitly correlated motion of multiple electrons. This can be realized by the full
configuration interaction (FCI) method. In FCI, the exact ground state wave function
@' is represented as a linear combination of all possible substitutions (or excitations) of

n electrons from the HF “reference” wave function P&F,

HF b b b b
Dy =¢o|¥ )+ E cf ¥ + E i |W5) + E A PERE) +
i<j,a<b i<j<k,
a<b<c

(2.34)
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where |¥#) means the Slater determinant formed by replacing spin-orbital i in |W}F)
with spin-orbital a, etc., with the indices i, j, k, [ referring to the occupied orbitals and

a, b, ¢, d to the virtual orbitals.

Impose intermediate normalization (¥fF|®°) = 0, then co=1. And include a factor
(1/n!)? in front of the summation to remove the restriction (e.g., i <j, a < b, etc.) and

ensure a given excited determinant is included in the sum only once.
2

1 1\ 1)?
Py = |¥§T) + (F) Zcial'f’{l) + (5) Z cfP1wE) + (g) ZC%CW%C) o 235)

ia ijab abc
ijk

®° can also be written in the following shorthand notation,
@y =10) + ¢4|S) + cqlD) + ¢ |T)+ ¢4lQ) + -+, (2.36)

where |S),|D),|T) and |Q) represent blocks of singly, doubly, triply, and quadruply

excited determinants, respectively.

Then the general structure of the CI matrix is

O}[0)  (O[HIS) (O/HID) (OHIT) (OHIQ) --- \

(SIHI0) (SIMIS) (SIHID) (SHIT) (SIHIQ) -

(DIH|0) (DIH|S) (DIH|D) (DIH|T) (DIHIQ) ---

(TIHI0) (TIH|S) (TIHID) (TIHIT) (TIHIQ) - 2:37)
(QIHI0) (QIHIS) (QHID) (QHIT) (QHIQ)

Reducing the size of the Full configuration interaction space

In order to perform the CI calculations in a reasonable time, the FCI matrix needs to be
truncated. We can first simplify the matrix by the fact that many of the off-diagonal

blocks are zero.

First, the Hamiltonian matrix H is Hermitian; if only real orbitals are used, as is usually

the case, then the Hamiltonian is also symmetric.

15



(0|H|S) = (S|H|0),(D|H|S) = (S|H|D). (2.38)

Second, Brillouin’s theorem states that singly excited determinants do not couple with

the HF ground state,

WHFAIWE) = hia + ) (ikllak) = Fia =0, 239)
keW,

where the Fock matrix element Fq is defined as

Fyq = hpq + z (pkllqk). (2.40)
KEP,
Therefore,
(0|H|S) = (S|H|0) = 0. (2.41)

Furthermore, according to the Slater Condon rules, matrix elements of the Hamiltonian

operator are zero, when determinants differ by more than two spin-orbitals

(O|H|T) = (T|H|0) = 0,(S[H|Q) = (Q|H|S) = 0. (2.42)

Therefore, the FCI matrix becomes a diagonally dominated matrix

(®o| [ (DolH|Do)
<<S ( |0 ) <<S|IHIIS>> (D|H|D)
D| | (D|H|®y) (D|H|S) (D|H|D
=7 0 D (T|H|S) (T|H|D) (T|H|T) (2.43)
(@l 0 0 (QIHID) (QHIT) (QIH|Q)

Moreover, there are still some blocks <X|H|Y> which are not necessarily zero; for
example, the matrix element (‘Pi‘;b |H |‘P,fg:7fl ) of the block <D|H|Q>, will be nonzero

only if i and j are contained in the set {k, /, m, n}, and if a and b are contained in the set

{c, d, e, f}.
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Configuration interaction singles and doubles

Since only the doubles directly couple with the Hartree-Fock reference, double
excitations are expected to make the most substantial contributions to the CI
wavefunction. Singles are much less critical to the energy than doubles, however,
because they have relatively small number and greater importance in describing one-
electron properties such as dipole moment, singles are generally included in CI

treatments

Therefore, in practice, one always only includes “singly and doubly excited” Slater
determinants into the total wave function, then we have total CI Singles and Doubles

(CISD) wave function

[Peiso) = IP6F) + ) ¥ + D e e
o i<ja<b (2.44)

= |P§F) + [Weis) + [Wep)-

Excitation operators

Now we define excitation operators as operations act on a reference determinant to

generate excited determinants times coefficients,

Ty |Wo) = Z (1), (2.45)
ia
1 ab ab
T,|¥,) = Zz tiP|wEP). (2.46)
ijab

The doubly-excited determinants have two distinct contributions:

1. from pure double excitations: connected doubles, t{l]-b is referred to as a connected

cluster amplitude.
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T,|¥Wo) = 42 taP|wal). (2.47)
ijab

2. from products of single excitations: disconnected doubles, products such as t{lt}’

are referred to as disconnected cluster amplitudes. Disconnected terms vanish

whenever one or several indices are identical.

TE|Wo) = zzt PIWE). (2.48)

ia jb

The total amplitude for a specific excitation class is hence the sum of all connected and

disconnected amplitudes.
In the configuration-interaction (CI) theory, we retain only the connected excitations.

With this notation, CISD is just

|Pcisp) = (1 + T, + Tz)”’é”)- (2.49)

2.2.3 Perturbation theory

Except for CI, perturbation theory is another powerful tool to approximate the
correlation energy of molecules. The general concept of Rayleigh-Schrodinger
Perturbation Theory (RSPT) is a partitioning of the exact Hamiltonian H into two parts.
The first part Ho, with known exact eigenfunctions, and the second part V, which is

called perturbation.
Heie|¥o) = (Ho + V) |¥o) = Eo|¥)). (2.50)
Expand the exact eigenfunctions and eigenvalues as a Taylor series in A, and set A =1,

Eo =E® +EM +EP + -, (2.51)
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[¥o) = |¥0) + [W) + [¥5) + -+, (2.52)

where the subscript 0 indicates the ground state, and the superscript (0) is the reference

function.

In the case of Mpgller-Plesset (MP) perturbation theory (PT), the zeroth-order

Hamiltonian is the Fock operator

N
Ho=F=)f, (2.53)

while the perturbation V' is the difference between the HF mean-field interaction and

1
the exact — operator
ij

V=H,,—F= z rl - 2 vHF Q). (2.54)

i<j Y 7

Since the canonical MOs are eigenvectors of f,

fidi = €y, (2.55)
then the zeroth-order problem is
N
Hol9) = EV1¥8) = ) & 1), (2.:56)
i
The first-order energy correction is
N
ESY = (WOIVIWE) = (WQIHere¥8) — (WS IHo|¥) = EF = > e, 257)

i
which is just the difference between the HF energy £ and the sum of MOs’ energies.

The second-order energy correction can be expressed as
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Eéz) — AEMP2

= (%" v¥)
(2.58)

)

2
5 |wevies®)
Eéo) _ Er(lm

n+0

Because singly excited Slater determinants do not contribute due to the Brillouin
theorem, and we only have (¥, |V|‘}'f]‘-b) # 0, the second-order formula is written in a

basis of doubly excited Slater determinants.

0 by|?
AEMPZ — z |(W0|V|q'g' )| .
€ +€ —€—€p (2.59)

i<j
a<b

Using Slater Condon rules, and expanding the numerator in terms of occupied and

virtual orbitals, we obtain

Y g [

€+ € —€—€p

a<b
_ xC l(jllab)?
ij
i<j Aab
a<b

_ 1 Kjllab)?

4 J
ijab Aab

(2.60)

Since the eigenfunctions of Hy form an orthonormal complete set of functions and they

can be applied to express any other function, the wave function |‘P0(1)) is given by

70y = D), 2.61)

n=+0

as shown above, |‘P0(1)) in MP?2 is essentially a linear combination of |‘P§-b ,
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0
9y = Tl %)

1
=2 1wy
ijab (2.62)

_ L @llab) o,
i ij b
4-ijab Aab

where t{’jbis defined as MP2 t-amplitude

(ijllab)

b _

= (2.63)
ab

2.2.4 Density functional theory

Density Functional Theory (DFT) is a theory that uses the electron density distribution
as the primary variable to study the ground-state properties of multi-particle systems. It
started from the Thomas-Fermi model in the 1920s, and combined with Hohenberg-
Kohn theorems into modern DFT. Since the establishment of DFT under the local
density approximation in the 1960s (1964), and the derivation of the famous Kohn-
Sham (KS) equation, DFT has been the most popular tool for computing electronic
structures and properties in the field of condensed matter physics. Since DFT uses the
electron density as the basic variable, rather than the electronic wave function, it
dramatically simplifies theoretical calculations and opens up a new way for the

development of quantum chemistry.

Hohenberg-Kohn theorems

The principle of DFT is: physical properties of the ground states of atoms and molecules
can be described as a function of electron density p(r). In 1964, using the Thomas-
Fermi model, Hohenberg and Kohn proposed the famous Hohenberg-Kohn (HK) first
and second theorems. These two theorems are the theoretical basis of DFT and can be
summarized as:
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The first HK theorem: “the ground state of any interacting many-particle system with a
given fixed inter-particle interaction is a unique functional of the electron density p(7)”
(Hohenberg and Kohn, 1964). That is, p(r) determines the physical properties of the

ground state of the system.

The second HK second theorem: there is an energy functional E[p] for non-
degenerate ground states, the energy functional takes the minimum value when the
density is the true ground state density. The variation of the energy functional with

respect to the density gives the energy E;[p] of the ground state of the system.

The Hamiltonian of a multi-electron system is
AH=T+0+7V, (2.64)

where T represents the kinetic energy term of electrons, U represents the Coulomb
repulsion term, and V represents the local potential v(r), which is the effect of the
external field. For a given local potential v(r), the energy E|[p] is defined as a

function of the electron density p(r):

E(p) = f drv(@p(r) +(IT + Ulg). (2.65)

Further define an unknown functional which is unrelated to the external field F[p],

Flp] =(IT + Ul9), (2.66)
. | ,
Fpl = Tlp] +5 f f drdr % + Eyelp]. (2.67)

The first two terms of equation (2.67) are the kinetic energy of the electrons and the
Coulomb repulsion between them, the last term Ex[p] is called exchange-correlation
energy, it represents all the interaction terms which are not included in the non-

interacting electron model.

Kohn-Sham equations
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Kohn and Sham replaced the corresponding terms in the interacting electronic

Hamiltonian with the non-interacting electron model, and were able to include the

differences to interacting electrons into the exchange-correlation functional Ey.[p],

thereby converting them into a single-electron equation:

N
p() = ) 16
i=1

(2.68)

The T[p] term is replaced by kinetic energy functional of the non-interacting electrons

Ts[p],
N
Lol = ) [ drg: @709,
i=1

Substitute the variation of the energy with the variation of ¢;(r), we get

S{E[p(M] = XL, Eilf dre; (r¢i(r) — 11}
5¢;

(r) =0,

' P(T/) 8Exclp]
lr—7'l " &p()

{—\72 +v(r) + J dr
Define an effective potential as,

'P(T’) +6EXC[p]
lr—r] " 8p()

Verr(r) =v(r) + f dr

} ¢i(r) = E;jp; (7).

(2.69)

(2.70)

2.71)

2.72)

Equations (2.68), (2.71), and (2.72) are called Kohn-Sham equations. Solving equation

(2.71) and equation (2.68) will give us the electron density of the ground state.
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2.3 Electronic excited-state methods

Theoretical calculations of excited states are essential for obtaining spectroscopic
properties and investigating photochemical reactions. Since there is great diversity in
electronic excited-state methods, here [ will only briefly introduce approaches based on
a single-reference ansatz. This section is based mainly on the literature of 4. Dreuw et.
al.1?*?* and the book “Fundamentals of time-dependent density functional theory” by

Marques et. al.!*)

2.3.1 Single excitation configuration interaction (CIS)
CIS Matrix

Except for the application to the electronic ground state, CI can also be used to describe
excited states. The excited states can be obtained by the higher eigenvalues and

respective eigenvectors of the CI matrix.

Expanding the block represented by (S|H|S) yields the CIS matrix. The matrix is

hermitian if real basis functions are employed as usual.

(L0 H|T°) 0 0
0 (Do |H|e)  (Wo|H|WE) ...
0 (WO H[TY) (UL H[TE) - (2.73)

CIS energy equations

The CIS excited state wave function is a linear combination of all possible singly

excited Slater determinants.
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|Wers) = 2 ci'|¥1). (2.74)

i,a

Pluging Equation (2.74) to the time-independent electronic Schrodinger equation gives

us

z H|¥#) ¢f = Egis El‘z"i“)ci“. (2.75)
i,a ia

the CIS total energy Ecis can be obtained as a projection onto space of singly excited

determinants, that is, multiplying Equation (2.75) from the left with (‘ij |, yields

|Wers) = 2 1P, (2.76)

i,a
z<‘z"}’|H|‘z"f‘>c{’ = Ecis 2(‘1"1”%61) ¢ = Eczsz ¢i'8ij0ab) (2.77)
ia ia ia
and for a closed-shell HF reference, the general matrix element expression of the CIS
matrix is

(WPIHIWE) = (Eyr + €4 — €)81045 + (aj||ib), (2.78)

where €, and €; are the orbital energies of the single-electron orbitals g, and ¢;,

respectively, (aj||ib) is an antisymmetrized two-electron integral. A detailed

derivation of CIS matrix elements is in the next section.

Insertion of the matrix element expression Equation (2.78) in the CIS energy equation
Equation (2.77), and subtraction of Exr on both side, yield an expression for the

excitation energies

wers = Acis= Ecis — Enr, (2.79)

> ((ca = €088a + (@B = Eeis Y cf8y8ay —Eur ) cfdysay 350

ia ia ia
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= (Ecis — Enr) z CiCLSij6ab
ia

— a
= wczsz i 5ij5ab .

la

In matrix form, the CIS energy equation can be rewritten as an eigenvalue problem for

solving excitation energy
AX = wX, (2.81)

A = H — Eyp is the shifted CIS matrix. X is the matrix of the CIS expansion
coefficients, o is the diagonal matrix of the excitation energies. The eigenvalues and
eigenvectors of the shifted CIS matrix correspond to excitation energies and excited-

state wave functions.

The matrix elements of 4 are given as

Ajgjp = (€ — €)6;j0ap + (aj||ib). (2.82)

Derivation of the matrix element of CIS matrix

When i #j and a # b, the singly excited determinants may differ from each other by
two spin orbitals. If so, the determinants are already in maximum coincidence, and the

matrix element is of the form
(WHH|PPY = (a.j. |[H| i b ) = (aj]lib) = —(jallib),  (2.83)
or

(WRH[YPY = (o wea o |H| b i) = (alIbi) = —(aj||bi).  (2.84)
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For the case i =, a # b, the matrix elements are

(WH|lH|PEY = (.a..|H|..b..)

= hyy + z (ak]||bk)
keWo ki (2.85)
= Fyp — (ail|bi).

Likewise, for the case i # j, a = b, the matrix elements are

(WHA|PH = (ivea . |H| aj )

=—hy— Y (akllbk) (2.86)
kE{‘PO+a}
= —Fj; — (iallja).

Wheni=janda =05,

3 1 . .
(wa|A|we) = z i + 3 Z (kLKLY — hys + hyq — z (ki || Jei)

KEP, Kk, IE¥, KEP,
+ ) (kallka) = (ial|ia) 2.87)
KEY,

= Eyp — Fy; + Fyq — (iallia)

= Eyr — & + &4 — (iallia).

Finally, using Kronecker deltas and supposing the orbitals to be real-valued, one obtains

the following general expression
(PR H|¥P) = EnpbijSap + Fapbi; — Fijbap + (ajl|ib). (2.88)
And for a closed-shell HF reference

(WEH|Y)) = (Eur + €4 — €)6i;8ap + (aj||ib). (2.89)
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2.3.2 Time-dependent density functional theory

Time-dependent density functional theory (TDDFT) is a theory to study the properties
and dynamics of many-body systems in the presence of time-dependent potential
(electric or magnetic field). With the influence of the electric or magnetic field, TDDFT
can be used to analyze the excitation energies, frequency-dependent response properties,
and absorption spectra of molecules and solids. TDDFT is an extension of DFT. They
share basic concepts and fundamental theory. However, DFT is limited to systems
independent of time and is only applicable to the study of ground-state properties of the
system. In order to study the properties of excited states, Runge and Gross proposed the
Runge-Gross theory based on HK theorems, that is, there is a one-to-one
correspondence between the time-dependent electron density and the time-dependent
external potential. The establishment of TDDFT can be divided into two stages: the
first is its derivation and proof of the time-dependent KS equation; the second is,
expressions of the excitation energies and the transition moments based on linear-

response theory.

Runge-Gross Theorems

The approximation proposed by Runge and Gross considers a single Slater determinant
system in the presence of time-dependent external potential. the Hamiltonian of this

system is described as,
HO) =T+ U + Vert (0), (2.90)

where V,,.(t) is the time-dependent external potential. In fact, the external potential
involves the interaction between electrons and nuclei. The many-body wave function is

developed based on the time-dependent Schrodinger equation,
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HOIP@®) = ih%W(t)). (2.91)

Taking the time-dependent Schrodinger equation (TDSE) as the starting point, the
Runge-Gross Theorem shows that there is a one-to-one correspondence between the

electron density and the external potential,
Y1) = Plp(O](t)e™". (2.92)

This theory can be proven in two steps: the first is assuming that the external potential
can be expanded as Taylor series around a given time such that at least some of the
expansion coefficients differ by more than a constant; the second step is to show that

different current densities correspond to different electron densities.

Time-dependent Kohn-Sham equation

For a given potential, the Runge-Gross Theorem shows that there is a one-to-one
correspondence between the electron density and the external potential. According to
the KS approximation, we know that assuming a non-interacting system, particles move
under the potential energy of a fixed time, and the density formed at this time is
equivalent to the density in the interacting system. The advantage of this process is that
it is easier to deal with non-interacting systems (non-interacting wave functions can be
represented by a single Slater determinant of single-particle orbitals), while single-
particle orbitals are determined by a partial differential equation with a single variable.
The kinetic energy of a non-interacting system can be accurately expressed according

to their orbitals. The solution, therefore, depends on the potential energy Vs(r,t) or

Vgs(r, t).

The Hamiltonian of a non-interacting system can be written as
H @) =T+ V(). (2.93)

Solving the TDSE gives the Slater determinant,
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~ 0
H;(OI¥ () = i [¥ (). (2.94)
The single-electron orbitals can be obtained by single-electron SE,
1_, .0
5 Vv ) |i(r, ) = i i, D). (2.95)

Time-dependent density can be expressed as

N
ps () = ) [i(r, O (2.96)
i=1

Here pg(r,t) is equivalent to the electron density of the interacting system p(r,t).

Then the one-particle potential can be derived,

p(r',t) 0Ax[p]
lr—7'| ~ op(r,t)

vs(r, t) = v(r,t) + f dasr’ (2.97)

where A, is the exchange-correlation part of the so-called action integral. Inserting

equation (2.97) into (2.95) gives us the time-dependent Kohn-Sham equation

.0 _ 1 P ) | 0Ax[p]
Lalpi(r, t) = (—EViZ +v(r,t) + J d3r P + 3p(r, t))lpi(r, t). (2.98)

Since no approximation was introduced in the derivation of the time-dependent KS
equation, this equation is exact. However, to solve the exact solution of the time-
dependent KS equation, the approximation to the exchange-correlation part has to be
introduced. Currently, the most widely used is the adiabatic local density approximation
(ALDA). It assumes that the density of the system changes slowly with time, then time-
independent local exchange-correlation functionals substitute the time-dependent

exchange-correlation kernel.
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Linear-response time-dependent density functional theory

After establishing the KS equation, there are two different methods to obtain the energy
and oscillator strength of the excited state: one is the real-time TDDFT method, which
propagates the time-dependent KS wave function in time; the other is the linear-
response TDDFT, which examines the linear response of the KS equation. The latter is

the most commonly used.

Assuming that the external perturbation of the system is small, that is, the ground state
structure of the system is not entirely destroyed, linear-response TDDFT can be applied.
In this case, the linear response of the system can be analyzed. The advantage of this
method is that, for the first-order response, the variables of the system depend only on
the wave function of the ground state, so all the properties of DFT can be simply used.
The linear response equation is further obtained by analyzing the linear response of the
KS equation. Then for a standard time-independent KS equation, the density matrix can

be expressed as

D EPRY - BPED) = 0. (2.99)

q

Hence, the time-dependent KS equation can be written as,

9
> FogPar = PagFar) = i For (2.100)
q

F and P refer to the KS density matrix.

When a time-dependent external field is applied to the system, the corresponding
density matrix and Hamiltonian will produce a specific response. Here, only the first-
order linear response is considered, and it is treated as a perturbation of the system.
Then according to perturbation theory, the density matrix and the Hamiltonian of the
system are respectively equal to the sum of the first-order time-dependent change and

the non-perturbative ground state amount, i.e.,
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— O 4 p®
Fpq = Fxd +E, (2.101)

Py = PO + P (2.102)

Plugging F,, and B,, into the time-dependent KS equation (2.100), we get

0
D EPPY - BYED + BB - ROED) =i PP (2103)
q

After a series of transformation, the matrix representation of the non-Hermitian

eigenvalue equation for the LR-TDDFT method can be obtained

7 alll=ol A0 (2.104)

with X and Y as the TD-DFT excitation and “de-excitation” amplitudes and w as the

excitation energy.

The matrix elements of A and B are given as

Aia,jb = é‘ijé‘ab(sa - gi) + (ijlab) + (ijlfxclab):
(2.105)
Bia,jb = <ib|aj) + <ib|fxc|aj>-
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2.4 Basic theory of charge transfer and excitation energy

transfer

Although charge transfer and excitation energy transfer are different processes, they
share similar strategies in computing the couplings. This section is mainly based on
books: “Charge and Energy Transfer Dynamics in Molecular Systems” by V. May and
0. Kiihn?%!| and “Multimode Molecular Dynamics Beyond the Born-Oppenheimer
Approximation” by H. Képpel, W. Domcke and L. S. Cederbaum!?”), as well as the

literature by Hsu et al.,l'*2! and Van Voorhis et al.[*% 3]

2.4.1 Rate equations
Fermi’s golden rule

The rate of ET and ET processes can be described by Fermi’s golden rule
21 2
iy == |Vie| 6(E; — Ef), (2.106)

in which V¢ is the electronic coupling describing the transition between the initial and
final electronic states (i and f). 6(E; — Ef) is the density of states at the energy Ef of

the final states. Therefore, the rate constant k is proportional to the square of the

electronic coupling V between i and f'states.

Marcus equation

Based on Fermi’s golden rule, the Marcus rate equation can be derived,

2 , _(4G+2)?
kis=—|Vif|? ——=e 4*2ksT . )
iof =% |Vif| 4MkBTe B (2.107)
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Again, Viris the electronic coupling, 4 is the reorganization energy, which is the energy
cost due to geometry modifications to go from the initial to the final state. AG is the
Gibbs free energy change, which will be equal to 0 for self-exchange processes such as
charge transfer in homogenous materials. 7 is the temperature, and k3 is the Boltzmann

constant, 7 is the reduced Planck constant.

As indicated by the formula, at any given temperature 7, large electronic coupling and

small reorganization energy will result in a high transfer rate k.

2.4.2 Non-adiabatic coupling in adiabatic representation

As can be seen from equations (2.106) and (2.107), the electronic coupling is essential
to determine the transition rate. However, it cannot be obtained within the BO
approximation. Because the BO approximation does not allow two electronic states to
cross. The BO approximation fails to predict the transition between the two states. In

this case, we need to consider the exact SE.

Within the adiabatic (BO) representation, we can obtain a set of electronic
eigenfunctions {¥/ (r, R)}, which forms a complete basis in the electronic space at any
value of R. Therefore, we can write the exact total wavefunction WT as a linear

combination of the electronic eigenfunctions (basis) of H¢,
YT(r,R) = Z Xi(R)¥f (r, R). (2.108)
i

Equation (2.108) is called Born-Huang expansion. The expansion coefficient ; is just

the nuclear wave function. Inserting the expanded wave function into the SE leads to

HTYT = FyT, (2.109)
(TN + A®)WT = ETYT, (2.110)
(TN + He—ET)WT =0, (2.111)
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(TN + H¢ — ET) ZI‘{'f)xi =0, (2.112)
i

TNZI‘Pf>xi+(Ee—ET)ZI‘Pf>xi=0- (2.113)
i i
Multiply equation (2.113) by (¥7| and integrate over the electronic space,

Z[(‘Iﬁelf’“xil‘l’ﬁ] + (E¢—ET) Z[(‘I’fl‘l’f)xi =0, (2.114)
z[<‘*’f|Tinl‘Pf>] + (E¢ —EM)x; = 0. (2.115)

Rewrite (f|= (jl, |¥¢) = |i),and TV = —— V2 using V2AB = (V2A)B + 2VA -

VB + AV2B,
~ o1 2LVl >] + (B = ET)xi = 0, (2.116)
i
=237 2, LIVEXl0) + 2G1VxVIE) + [G D V210 + (E° = ET)xi = 0, (2.117)
l.
TV —%Z{[ZUIVIOV + IV} + (B¢ — ENy; = 0. (2.118)
i
Setting
Fii(R) = (jIVIi), (2.119)
G;i(R) = (jIV?]i). (2.120)
We finally get
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1

(TN + E¢ —ET)y; — WZ[ZF”V + Gjilxi = 0. (2.121)
i

The second term is referrred to as non-adiabatic coupling Aj;, which gives transitions

between the BO states.

1

1 (2.122)
— . - . 2 -
oM (2 <j|V]i >V +<j|Ve|i >].
Inserting Aj; into the total SE we get the nuclear wave function
(TN +E¢ — ET)x; — Ajixi = 0. (2.123)

We note that the Gj term refers to scalar coupling (also called the diagonal BO
correction), which is usually quite small and can be neglected. On the other hand, the
Fj;i term, called derivative coupling, can be quite large. The derivative coupling is

usually referred to as the non-adiabatic coupling term (NACT).

2.4.3 Diabatic representation

Equation (2.122) indicates that the transition between electronic states can be given by
the NACT. However, in order to compute NACT in adiabatic representation, we need
to do derivatives of electronic wave functions with respect to nuclear coordinates (R).

This calculation is very complicated and expensive.

Fortunately, we can get rid of the dependence of nuclear coordinates (R) by expressing
the electronic Hamiltonian in the so-called diabatic representation. In this way, the
electronic coupling is just the off-diagonal element of the diabatic electronic
Hamiltonian, which is much easier to compute. By definition, the strict diabatic
electronic states do not depend on R, and so derivative coupling between any two states

vanishes at every possible nuclear configuration, R
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d
Fji(R) = (%] ﬁ‘{’id) = 0. (2.124)

The diabatic states can be obtained by a unitary transformation of the adiabatic

electronic wavefunctions
W4y = U|wad), (2.125)

The matrix U is called the adiabatic-to-diabatic transformation (ADT) matrix. U is

essentially a rotation operation, for a two-state system, it can be written as

U= (Gins cost ) 2.126
Then the electronic Hamiltonian in diabatic representation:
UH® = UTH*Y, (2.127)
with the matrix elements of the diabatic electronic Hamiltonian given by
HE = (P |H|wf). (2.128)

2.4.4 Constrained density-functional theory—configuration
interaction

There are many strategies to construct diabatic states and compute the couplings
between them. Since in my doctoral studies, I mainly applied constrained density-
functional theory-configuration interaction method (CDFT-CI), here I will only

introduce the idea of CDFT-CI.

The basis of the CDFT approach is that diabatic states can be obtained by optimizing

the wave function subject to a constraint on the density,
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Jwe@p@dr - Ne =0, (2.129)
where w, refers to a weighting function, p is the total electron density, and N is the
constraint value.

Adding an extra external potential V w, to the usual KS equation,

—%Vz + v, (1) + [ %dr’ + Ve (1) + Vewe (D) | ¢ = 19, (2.130)

and minimizing the KS energy under the constraint of equation (2.129) will give us the
solution of an effective KS equation, where V. is a Lagrange multiplier which will

satisfy equation (2.129) at convergence.

Subsequently, the diabatic-like states obtained from CDFT can be used to build a CI
matrix. However, the pure constrained states are not orthogonal, because they are
eigenstates of different Hamiltonians. For a two-state system, electronic coupling

matrix element in the nonorthogonal basis can be written as
Hup = (V4| HE®|Wp). (2.131)

By symmetric orthogonalization, we can finally obtain the off-diagonal element

between the orthogonal states,
/ 1 (2.132)
Hyp = (Hag — SagHpB), )

where Syp = (¥,|W5) is the overlap between the wave functions.

38



3. Tailoring Ultrafast Singlet Fission by the
Chemical Modification of

Phenazinothiadiazoles

This chapter is largely based on the results of theoretical calculations presented in

published work:

N. Alagna, J. Han (co-first author), N. Wollscheid, J.L. Perez Lustres, J. Herz, S.
Hahn, S. Koser, F. Paulus, U.H.F. Bunz, A. Dreuw, T. Buckup, and M. Motzkus,

Tailoring  Ultrafast Singlet Fission by the Chemical Modification of
Phenazinothiadiazoles. Journal of the American Chemical Society, 2019. 141(22): p.
8834.

3.1 Abstract

Quantum chemical methods based on DFT and CDFT are applied to rationalize how
singlet fission (SF) is affected by systematic chemical modifications introduced into
phenazinothiadiazoles (PTD). Substitution of the terminal aromatic ring of TIPS-
tetracene by a thiadiazole group leads to a considerable change in the relative energies
of its Sy and T states. Thus, in contrast to TIPS-tetracene, SF becomes exothermic for
various PTD derivatives, which show S;—2T; energy differences as high as 0.15 eV.
This enables SF in PTD as corroborated by femtosecond transient absorption
spectroscopy and TD-DFT calculations. The latter report T-T spectra consistent with
thin film UV—vis femtosecond transient absorption of PTDs at long delays. TD-DFT
calculations also show that the S;—T energy gap can be rationally tuned by introducing
N atoms into the aromatic scaffold and by the halogenation of one side ring of the PTD.
In addition, the specific Si-to-!(TiTi) electronic coupling depends on the crystal
morphology and the electronic properties simultaneously. Thus, both of them govern

the strength and the interplay between direct and superexchange couplings, which in

39



the most favorable cases shows 75.8 meV effective coupling value. Remarkably, direct
coupling was found to contribute considerably to the total effective coupling and even

to dominate it for some PTDs investigated here.

3.2 Introduction

The prospect of economic and population growth, on the one hand, and environmental
factors, on the other hand, have fostered research on renewable energies based on solar
energy conversion.*!: 32! The design of new materials for photovoltaics, in particular,
organic dyes, has emerged as an important research field promising to supersede
inorganic semiconductors.*>**! Tailored organic dyes have pushed the efficiency of
photovoltaic devices by extending the usable spectral window for light harvesting and
by the multiplication of charge carriers via a process called singlet fission (SF).!') First
observed in anthracene!®® 37! and tetracenel*®! crystals, SF converts an excited singlet
exciton into two triplet states of nearly half energy. Thereby, the absorption of a single
photon is able to produce two charge carriers through an ultrafast spin-allowed process.
The underlying mechanism is summarized in equation (3.1).”) S;S¢ represents an on-
contact molecular pair, where one of the partners is in the photoexcited singlet state S
and the other remains in ground electronic state So. '(TiT1)correlated i the correlated
triplet pair, also known as the multiexcitonic state. SiSp may form a coherent

39. 401 The latter is subject to decoherence

superposition with the '(T1T1)correlated State.!
processes and finally diffuses apart to form two isolated triplets T1. SF is the process
occurring from left to right, while triplet fusion takes place essentially in the opposite
direction.

fission 1 decoherence dif fusion
SoS1— (T)eorr. — Ty Ty —— T + Th. (3.1

Several materials displaying SF have been exploited for charge multiplication, for
which thermodynamic and geometric requirements have to be fulfilled. Energy
conservation, for example, demands that the first-excited singlet state S; has twice the
energy of the ensuing triplets Ti: E(S1) > 2E(T1). This unusual condition is nearly

fulfilled by tetracene, for which an activation energy for SF of about 1500 cm™' was
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obtained in crystals.[*!! This barrier seems to be surmounted at room temperature,*!! so
that SF efficiently competes with other deactivation channels and constitutes the main
decay route in crystals and films. Recent studies indicate, however, that ultrafast SF is
temperature-independent in tetracene crystals, which was explained by entropic effects
or tunneling.?% 42%] In contrast, covalently linked bis-tetracenes exhibit prompt and
delayed fluorescence signals with relative contributions depending on the geometry of
the linker.[*®) SF has been used to explain the rapid decay of the prompt fluorescence,
while delayed fluorescence results from the fusion of the triplet pair. In parallel, triplet—
triplet annihilation may also quench the triplet pair. The respective rates and activation
energies depend on the linker architecture, demonstrating that geometric factors play
an important role in the coupling of the singlet exciton to the triplet pair and in the

survival probability of the triplets.[*#"]

Another molecular system intensively investigated in the context of SF is pentacene. [

30-56] Pentacene shows a favorable energetic balance for SF because E(S1) — 2E(T)) is
calculated to be 900 cm™'.”) Accordingly, SF was observed in microcrystalline
pentacene thin films'-** and cross-conjugated dimers.[*> 3] Organic photovoltaic cells
based on pentacene and using a fullerene as an electron acceptor were reported to reach
an internal quantum efficiency of 160% for irradiation at 670 nm.” 81 The
performance of pentacene has also been optimized by functionalization via the covalent
linking of triisopropylsilylethynyl (TIPS) groups at positions 6 and 13, favoring both
solubility and the capability of self-assembly by stacking.>®! More recently, diaza and
tetraaza substitution of aromatic carbon atoms of TIPS-pentacene has been shown to
increase the chemical stability of the parent molecule and to accelerate SF substantially
in spin-coated films, as demonstrated by femtosecond broadband transient
absorption.[%%®!] In addition, the halogenation of singlet fission chromophores has also

been suggested as a design strategy for promoting SF.[6%]

In parallel, computational studies pointed to rational approaches to protect acenes from
oxidation. This can be first achieved by introducing sp® nitrogen atoms into the aromatic
scaffold and by halogenation,'%3! which lead to the stabilization of the frontier orbitals.
This, however, distorts SF because electronegative atoms such as nitrogen tend to
localize the molecular orbitals, reducing the diradical character of the parent compound,

making SF less exothermic for pentacene or even endothermic for tetracene.!®*
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Alternatively, the replacement of the benzene ring with a thiophene ring has been
shown to have a large influence on the diradical character!® and hence on the energy-
matching condition for SF. The frontier orbital energies, £(S1) and £(T1), induced by
the thiophene ring can be rationally tuned by the position and number of thiophene rings

as well as the connection patterns between benzene units and thiophene rings.[®”]

In spite of the significant contributions made by femtosecond spectroscopy!*® 4% 42 50-

56, 68-75 63, 76-84

I'and quantum chemistry! I'to the current understanding of early stages in
SF and the structural parameters controlling the coupling strength between the S1So and
TiT: states,l*® 47 811 there are still conflicting interpretations. One of the most
controversial points is the nature of the reaction intermediates. For instance, the
coherent superposition of the S1So and T:T; states was observed on the femtosecond
time scale by the two-photon photoemission spectroscopy of pentacenes.[- 76 8
Ultrafast formation of the correlated triplet pair was also invoked in femtosecond
transient absorption experiments addressing SF in tetracene derivatives!*"> 7l and N-
substituted pentacenes.!®! In turn, Marciniak et al. concluded from their analysis of the
femtosecond transient absorption of microcrystalline pentacene films at various
excitation incidence angles that a long-living excitonic singlet state mediates SF.[> 7]
This intermediate state of singlet character would result from Davydov splitting of the
monomeric S; states.>?! SF was proposed to be thermally activated and would occur in
the picosecond time window. In contrast, other authors found no indication of

50,5151 and

intermediate states in transient absorption experiments on pentacene films!
oligoacene heterodimers.[®> A similar variance is deduced from a number of quantum
chemical studies on SF. Excimer-like states®? and a dark doubly excited singlet state®®!
were suggested to mediate SF in pentacene dimers. The latter explanation, which
favored an indirect mechanism mediated by coupling to a low-lying charge-transfer
state, was refuted by Zeng et al.l®”) This view was in turn challenged by quantum
chemical calculations and femtosecond transient absorption measurements in
bipentacenes, which demonstrate that SF rates do not depend on solvent polarity and
hence question the role of charge-transfer states.!®3) More recently, studies in substituted
bipentacenes evidenced polarity effects and showed that charge-transfer states may
either enhance SF by indirect coupling or participate as intermediates in the reaction.]
While some of those apparent contradictions may be explained by experimental and/or

computational conditions, they also hint at the possibility that SF may follow diverse
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pathways depending on molecular structure and environmental factors. Therefore, an
accurate characterization of SF entails structural information, a knowledge of electronic
states in the neighborhood of the first-excited singlet state, and time-resolved
spectroscopy over a vast range of time scales so that a microscopic quantum dynamical

model can be put forward.[3¢90-2)

To address the interplay of geometrical factors and chemical substitution, a new family
of molecules for SF is investigated here with femtosecond spectroscopy and quantum
chemistry: phenazinothiadiazoles (PTD, Chart 1).1%%] The substitution of a terminal
benzene ring of TIPS-tetracene by a thiadiazole and the introduction of two or more N
atoms into the aromatic scaffold strongly affect the SF in PTD polycrystalline films.
The process is studied by broadband transient absorption from the femtosecond to the
microsecond time scales. Experimental crystal structures are used as input geometries
to find by quantum chemical calculations the coupling mechanisms relevant to SF. Our
results indicate that halogen substitution in the opposite terminal ring fine tunes the SF
rate. Moreover, the influence of the substitution pattern and packing geometry on the

coupling strength is discussed.

Chart 1. Molecular structures of the phenazinothiadiazoles analyzed in this work.

Acronyms are indicated for every structure.
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3.2.1 Molecular Geometries.

The dimer geometries of TDT, TDCl4, and TDF4 were obtained from crystal structures
archived in the Cambridge Crystallographic Data Centre.!®® %3] The crystal structures
show two dimer geometries susceptible to involvement in SF. Both dimer pairs (named

A and B) were considered in quantum chemical calculations (Figure 3.1).

EELLy o FEED

TDT-A TDT-B TDTm-a

.
b4
s g I—
< < ( x
TDF,-A ¢ TDF,-B TDTm-a;
-
.
.
TDCl,-A TDCl,-B TDTm-ag

Figure 3.1. Dimer pair geometries considered in the computational part of this work.
TIPS side groups and hydrogen atoms are not shown. A and B geometries were obtained
from the experimental crystal structures of TDT, TDF4, and TDCls. m-a geometries
were constructed by replacing two —CH with nitrogen atoms, four fluorine atoms with
hydrogen atoms, and four chlorine atoms with hydrogen in TDT-A, TDFs-A, and
TDCl4-A, respectively.

Moreover, because the geometry of the TDTm dimer pair is experimentally unavailable
from crystal structures, three different dimer pairs were artificially modified by
replacing two —CH with N, four F with H, and four CI with H in the TDT-A, TDFs-A,
and TDCl4-A structures, respectively. Therefore, these three compounds are chemically

the same (i.e., TDTm), but the dimers were artificially constructed using the A
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geometry of the respective original dimer. The artificial geometries of TDTm thus
contain suffixes with labels making reference to the geometry and structure of the
parent compound: TDTm-a (for TDT-A), TDTm-ar (for TDFs-A), and TDTm-aci (for
TDCls-A). These geometries are of course experimentally unavailable but are very
helpful in understanding how SF coupling depends on electronic structure and dimer
geometry. As shown in Figure 3.1, the incorporation of the thiadiazole moiety into the
aromatic structure leads to a slip-stacked crystallization motif, which was also observed
for TIPS-pentacene.”> %% ) This contrasts with the herringbone packing typical of
tetracene®> ¥ and the distorted herringbone-like packing of TIPS-tetracene. Both
TDCls and TDF4 exhibit the same brick-wall-type packing in their crystal structures.
The n—r distances are very similar for all three compounds, which, however, show a
larger variance in their shifts along the long and short molecular axes (Table 3.1 and

Figure 3.1).

Table 3.1. Relative Shift along x, y, and z axes (A) in Figure 3.1 for Dimer Pairs of
TDT, TDTm, TDF4, and TDCI4, as Obtained from the Crystal Structure

dimer pair long axis (Ax) short axis (Ay) - (Az)
TDT A 1.81 1.21 3.35
TDT B 5.87 1.05 3.40
TDTm a same as TDT-A
TDFs A 2.15 3.07 3.43
TDF4s B 4.65 0.82 3.29
TDTm oF same as TDFs-A
TDCls A 3.18 1.32 3.44
TDCls B 6.72 0.17 3.34
TDTm ac same as TDCls-A
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3.3 Computational Methods

All calculations were performed with Q-Chem version 4.4.19) In the following section,

detailed protocols for the various topics addressed in this work are described.

3.3.1 Excited-State Energies and Calculation of Transient
Absorption Spectra

The ground-state geometries of the monomers were optimized at the RB3LYP/6-31G*
level of theory. Single-point calculations with the M06-2X functional and the 6-31G*
basis set were performed to obtain the energies of the frontier molecular orbitals and
the vertical excitations to all singly excited states involved in SF. Specifically, the
energies of the S; and T states were evaluated with closed-shell TD-DFT, ! while for
the Ty states the Tamm-—Dancoff approximation (TDA)7! was applied. This combined
MO06-2X/TD-DFT/TDA protocol was found to agree with high-level wave function-
based methods in SF chromophores.*® *) For further validation, TIPS-tetracene UV—
vis absorption and phosphorescence!’? show that the S; and T states are located 2.30
and 1.20-1.30 eV above the ground state. Respective values of 2.43 and 1.40 eV are
computed for the gas phase, suggesting an accuracy of 0.2 eV. Triplet excited state
absorption (ESA) spectra were obtained by computing transition dipole moments
between excited states with RB3LYP. Very good agreement with experimental

transient absorption spectra of the long-lived species was found.

3.3.2 Diradical Character of the Ground State

The diradical characters (yo) of the optimized molecules were computed on the broken-
symmetry solution for the ground states with spin-projected unrestricted Hartree—Fock
(PUHF)!'%! and the 6-31+G* basis set, following the procedure of Nakano et al.[6% 101]
The value of yo ranges from 0 (closed-shell) to 1 (pure open-shell). It was suggested
that increasing the diradical character tends to decrease £(T1). Thus, molecular systems
with intermediate diradical character are expected to fulfill energy requirements for SF.

(65,84, 1011 T the framework of PUHF, yy is defined as
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2T,
1- )

Yo = (3.2)
where 7o can be expressed in terms of non-spin-projected occupation numbers of the
HONO (highest occupied natural orbital) and LUNO (lowest unoccupied natural
orbital), nnono and nruno, respectively, obtained from UHF calculations

T — Nyono — NLuno
0 — 2 -

(3.3)

3.3.3 Electronic Coupling Calculations

To evaluate the effective coupling between the SoS; and !(TT) states, direct and charge-
transfer (CT)-mediated mechanisms were considered in the framework of second-order

perturbation theory."

2l o v _2(VsyscaVearr + Vsys,caVacrr)
el|f141 ~ Sosl,TT

, 3.4)
[Ecr — Err] + |Ecr — Es,s,]

<5051“)

The first term on the rhs of Eq. (3.4) corresponds to the direct coupling
(SOSl(O) |ﬁe,|T1T1(O)>, while the second term accounts for the charge-transfer-mediated

superexchange coupling mechanism. Note that the charge-transfer states contribute to
the SoSi-T1Ti coupling indirectly by simultaneous interaction with the SoS; and the
T1T states but the charge-transfer states do not become populated in the superexchange
mechanism. It is, however, conceivable that polar interactions downshift the charge
transfer states and thereby affect the second-order contribution to the SoSi-TiTi
coupling. The energies of diabatic states (E(CT), E(TT) and E(SoS1)) were computed
with Constrained-DFT (CDFT)!'%? and the maximum overlap method (MOM).[1%3] CA
and AC refer to the cationic-anionic configurations in the dimer and vice versa. The
electronic couplings were calculated with CDFT based configuration interaction
(CDFT-CI).B% It is important to note that the effective coupling results from the sum
of the direct and super-exchange contributions with their signs. Once the effective

coupling is obtained, only the absolute value is relevant since the rate is assumed to be
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proportional to the magnitude of the effective coupling strength squared, according to
Fermi’s Golden Rule. Further details are given in next paragraph. All CDFT-CI
calculations were performed at B3LYP/6-31G* level.

Diabatic |SyS;), |CT) (|JAC) and |CA)) as well as |*(T,T;)) states were considered
to be involved in SF in this work. The spin-adapted multireference states were

constructed by proper linear combinations of twelve spin-impure single-reference states

(eq. (3.5)-eq. (3.8)).

1

505 = 7l R ). (3-3)
Lt l

'AC)ZEON ¢>_|u T>) (3.6)
1 l 1

=514 al=l ) G.7)

GUNE (0 R ) Rl G B R O R HS S

Here the broken-symmetry SoS-like states were obtained by maximum overlap method
(MOM) employing ASCF procedure, while CT-like (CA and AC) and '(TT)-like states
were calculated with Constrained-DFT (CDFT) by constraining charge and spin on
each monomer in the dimer system. The promolecule method was applied to the CT-

like and '(TT)-like states to get better monomer densities.

The energy of spin-adapted |S,S;) state was estimated by spin purification formula

(equation (3.9)),1%!

EQSs) = 28 (|| *>)—E(|N D) (3.9)

while the energies of CT and '(TT) states were estimated by the energies of spin-impure

states in which the small couplings of CT and !(TT) states were ignored.

The electronic couplings between spin-pure states were calculated using constrained-

DFT based configuration interaction (CDFT-CI). Moreover, generalized Slater-Condon
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rule!'® %] was applied for nonorthonormal molecular orbitals to simplify the electronic

coupling to the sum of couplings between selected spin configurations (equations

(3.10)-(3.14)).

siaran)= [, a1+, !

R oW Yyn
<5051|H|CA>_(<N T|H|T N) <Tl T|H|

_ Lo ? Un
(Sosi|H|AC) = (<u T|H|Tl ¢>_<u T|H|Tl

)= B (L, ot D+l 4

peimtam)= L D+l a0 )

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

Because CDFT states are eigenstates of different Hamiltonians, they are not orthogonal,

electronic couplings in the orthogonal basis (V;; in equation (3.4)) were obtained by

proper orthogonalization,!!% 1% for example,

V. _ 3 2ETS - STS(ETT + ES)
SN AN TC RN R

where
B Lol T) < Lot l)
ETS_<N JAL )+ FlHL )
o T) < m ¢>
Sts <u ¢|¢ it oo

AP )
ETT:(T WAl l)
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_ Lo l
ES_<T¢ T|H|Tl T>'

Finally, we obtained CDFT-CI Hamiltonian matrix in orthogonalized basis, for

example, for TDT(A) dimer,

S,5, T,T, CA AC
SoS1 /1377 —-59 —147 —84
_ T,Ty| -59 1655 —189 169
ee™ ca | -147 —-189 2346 0
AC \ -84 169 0 2170

)

where the off-diagonal elements are electronic couplings V;;, the diagonal elements are
energies of diabatic states. Since E(CT) is greater than E(SoSi) and E('(TT)), the
sequential CT-mediated pathway is excluded, while the superexchange mechanism is

considered as equation (3.4).

3.4 Results

Single-point M06-2X76-31G* calculations were performed to calculate the energies of
the HOMO and LUMO orbitals and to locate the S1, T1 and T states of the compounds
investigated in this work (monomer forms, Chart 1). TIPS-tetracene (TIPS-Tn) was

also computed for comparison.

The chemical modifications here analyzed impact the HOMO-LUMO energy gap,
excited state energies and diradical character. The influence of the thiadiazole ring is
summarized first. It considerably lowers the HOMO-LUMO energy gap and induces
the stabilization of S; and Ti. The S; energy is lowered from 2.432 eV in TIPS-Tn to
1.915 ¢V in TDT. In the case of T, there is a stabilization from 1.398 to 0.883 ¢V. This
is accompanied by a significant increase of the diradical character (yo): it grows from
0.342 in TIPS-Tn to 0.503 in TDT. In contrast to the slightly endoergic SF in TIPS-Tn,
which shows an energy difference 4E(S1-2T1) (in short ASF) of —0.364 eV, SF becomes
exothermic in TDT. ASF is predicted to be 0.150 eV for TDT, reflecting the stronger
stabilization of the T, state compared to Si. A further introduction of two N atoms to

the aromatic scaffold of TDT (TDTm) increases in turn the HOMO-LUMO energy gap.
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This increases £(S1) more than £(T;) and reduces the diradical character (o = 0.488).
An orbital localization effect induced by the nitrogen atoms (Figure 3.2) explains the
change in the diradical character. Finally, the introduction of halogenated atoms to form
the TDF4 and TDCls compounds contributes to a decrease of the HOMO-LUMO
energy gap and to a simultaneous increase of the diradical character. It is noted that
while chlorine is less electronegative than fluorine, the former is more effective in
lowering HOMO and LUMO energies. This is consistent with earlier studies and is
attributed to conjugation effects of chlorine with the aromatic ring.[197- 191 The S; (1.932
eV for TDF4 and 1.916 eV TDCl4) and the T energies (0.902 ¢V in TDF4 and 0.914
eV in TDCly) are reduced.

Table 3.2. Frontier orbital energies, HOMO-LUMO energy gap [AE(LUMO-
HOMO)]® and vertical excitation energies [E£(S1), E(T1) and E(T2)]° [in eV] as well as
diradical characters (yo)° for TIPS-Tn, TDT, TDTm, TDF4 and TDCl4 molecules

TIPS-Tn TDT TDTm TDF4 TDCl4
E(LUMO) -1.932 -2.667 -3.048 -3.374 -3.456
EHOMO) -5.932 -6.095 -6.558 -6.803 -6.857

AE(LUMO-HOMO) 4.000 3.429 3.510 3.429 3.401

E(S1) 2432 1915 2.016 1932 1916
E(T1) 1.398 0.883 0.952 0.902 0.914
E(T2) 2.634 2341 2420 2274 2.227
AE(S1-2T1) -0.364 0.150 0.113 0.128 0.089
AE(T2-2T1) -0.162 0.576 0.517 0.469 0.400
y0 0.342 0.503 0.488 0.496 0.493

“Computed with M06-2X/6-31G*. Calculated using TD-DFT for E(S1) and E(T2),
TDA for E(T1) with M06-2X/6-31G*. “Evaluated from occupation numbers of
unrestricted natural orbitals at PUHF/6-31+G*.
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Summarizing, the intermediate diradical characters of 0.488 < yo < 0.503, and the
exothermic ASF values ranging from 0.089 to 0.150 eV in the PTD molecules indicate
an energetically favorable SF process. In addition, comparing with TDT, further N
substitution and halogenation reduce ASF, making 2E(T1) closer to E(S1), and reducing
the energy loss for SF. Calculated energy levels for the triplet states also show that
triplet—triplet annihilation' could play a significant role for TIPS-Tn (T2 < 2T}), while
it may be less efficient for the PTD compounds investigated here, for which greater
AE(T»-2Ty) values are calculated (Table 3.2). This already hints to much higher SF rates
and longer TT lifetimes for the PTD compounds compared to TIPS-Tn. From the
viewpoint of energy loss, TDCls shows smallest ASF = 0.089 eV and is expected to
perform SF most efficiently.

TDF,

TDCI,

Figure 3.2. Kohn—Sham frontier molecular orbital diagrams (isodensity value: £0.05
a.u.) and direction of transition dipole moment between ground and S; states for TIPS-

Tn, TDT, TDTm, TDF4 and TDCl4 at DFT(TD-DFT)/M06-2X/6-31G*.
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Electronic coupling strengths calculated via CDFT-CI are shown in Table 3.3 (detailed
values of each coupling term in equation (3.4) are listed inTable 3.4). The comparison
of electronic couplings between A and B dimer pairs shows that the electronic coupling
is very sensitive to packing structure. The focus is placed on the electronic couplings
of the A-type pairs. The effective couplings of B pairs are calculated to be much smaller
and hence, SF is expected to be much slower for the B geometry. Monomers in A pairs
exhibit more symmetric displacements in transversal and longitudinal directions, the
longitudinal (Ax) shifts are also shorter as in the B dimers (Table 3.1) throughout this

series of compounds.

Table 3.3. Electronic coupling values (meV) calculated via CDFT-CI at B3LYP/6-
31G* for dimer pairs in Figure 3.1.

Dimer pair Direct coupling Superexchange coupling Effective coupling
TDT A -59.4 -16.4 -75.8

TDT B 0.1 10.9 11.0
TDTm «a -40.2 39.0 -1.1

TDFs A 0.5 -39.9 -39.4

TDFs B 14.4 -15.6 -1.2
TDTm  of 1.0 67.3 68.2
TDCls A 32 -23.4 -20.2
TDCls B 0.0 -0.1 -0.1
TDTm ol -5.8 14.6 8.8

The effective coupling strength decreases in the order TDT-A > TDF4-A > TDCl4-A.
Introduction of a thiadiazole group in the TIPS-tetracene backbone leads to a dimer
geometry TDT-A with the shortest longitudinal shift (Ax = 1.81 A, Table 3.1), TDT-A
also shows a strong effective coupling of —75.8 meV, the largest among the dimer
structures of PTDs (Table 3.3). The lateral (short-axis) and longitudinal (long-axis)
displacements in the A dimers of TDFs+ and TDCls become larger and this structural

change is accompanied by a decrease of the direct coupling contribution and a
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simultaneous increase of the superexchange part. To summarize, these results indicate
that the direct coupling tends to be maximized for relatively small displacements of the
stacked & systems. As the overlap decreases, the contribution of the superexchange part
increases for moderate symmetrical shifts and decreases again as the two © systems
shift by more than 4-5 A. In particular, due to the largest longitudinal shift and almost
zero transversal shift, the TDCls—B dimer exhibits nearly vanishing coupling for both

direct and superexchange contributions.

The general trend shown by the coupling strength as a function of the dimer geometry
(A forms of TDT, TDCl4 and TDF4) was outlined above. It is, however, deduced from
the comparison of dimers with different electronic structures so that the geometrical,
steric and polarizing contributions of the substituents cannot be disentangled.
Corroborating results are obtained for the artificial a geometries, which show highest
direct coupling for best overlap (TDTm-a, —40.2 meV) and highest superexchange
coupling for moderate xy displacements in TDTm-ar: 67.3 meV. Qualitatively, the
calculations point to a transition from direct to superexchange coupling mechanisms as
the geometry of the dimer is distorted by transversal and longitudinal shifts. Note that
the TDTm-or-like geometry is assumed for the crystal structure of TDTm. It will be
shown that this geometry exhibits the best matching between the calculated SF coupling

and the experimental SF rate constant.

Table 3.4. Electronic couplings (meV) of various terms in equation (3.4) for dimer
pairs in Figure 3.1 at CDFT-CI/B3LYP/6-31G* level of theory. V.. is the super-

exchange coupling and Vg refers to the effective coupling.

Vsosirr | Vsosica | Vsostac | Vearr | Vacrr | VsosrcaVearr | VsosiacVacrr | Vex Ve
TDT A -59.4 -142.2 -83.6 -188.6 169 27731.1 -14136.1 -16.4 | -75.8
TDT B 0.1 -147 -97.2 433 41 -6152.4 -3980.7 10.9 11
TDTm o -40.2 -3.3 149.2 -155.7 | -1539 506.3 -22947.7 39 -1.1
TDF, | A 0.5 113.7 98 122.8 | 117.6 13960.2 115252 -39.9 | -394
TDF, B 14.4 2.5 -63.2 143.1 | -1432 359.9 9048.8 -15.6 | -1.2
TDTm | or 1 154.5 -125.9 -176 165 -27195 -20771.2 67.3 68.2
TDCL | A 32 26.8 58.4 100.5 99.3 43349 5804.5 2234 | 202
TDCL | B 0 43.1 46.5 1.1 1.1 29.5 49.1 -0.1 -0.1
TDTm | aq -5.8 29 71.1 -87.8 -87.4 -2542.4 -6215.7 14.6 8.8
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3.5 Discussion

First of all, an unambiguous corroboration of the ultrafast formation of triplet states
originates from the comparison between the calculated oscillator strength of the triplet
state with the transient absorption signal at 5 ps in thin film (Figure 3.3). The spectral
position of the calculated optical transitions (525 nm, 570 nm, 580 nm, 590 nm, 628
nm) are in very good agreement with the experimental ESA peaks (530 nm, 575 nm,
620 nm) (Figure 3.3). The small spectral shift between calculated and experimental
values are partially explained by spectral distortion induced by the overlap of ESA and
ground-state bleach and by an underlying vibrational progression. This also explains
the different relative amplitudes of the transient absorption features compared to the

calculated oscillator strengths.

—_
1
T
-

Normalized Oscillator Strength

Normalized A absorption

o

450 5CI)0 SéO 6(I)0 GéO 760

wavelength / nm
Figure 3.3. Transient absorption spectrum of TDCl4 at 5 ps delay (red circles). Triplet—
triplet optical transitions calculated with TD-DFT/RB3LYP/6-31G(d) (black vertical

bars), amplitudes are proportional to the corresponding oscillator strengths.

The effect of chemical substitutions and geometry on ultrafast SF can be finally
rationalized by the computational results, in particular, the electronic coupling between
S1So and !(TT)) states (Table 3.3). Geometry effects cannot be directly quantified in
the transient absorption measurements of this work. Nevertheless, both A and B
geometries are present in the respective crystal structures and a comparison between
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experimental and theoretical trends is possible because one of the geometries, namely
A, shows in all cases clearly stronger coupling values. TDT with its single nitrogen-
pair substitution (via the thiadiazole group) shows the fastest SF with a time constant
of 63 fs, followed very close by TDTm with a time constant of about 110 fs. TDCl4 and
TDF4 show slower SF (413 and 370 fs, respectively) compared to TDT. Such a trend
of SF rates (TDT > TDTm> TDF4> TDCl4) matches very well the trend obtained for
the effective couplings (Table 3.3): The two molecules with the fastest experimentally
observed SF, TDT and TDTm, possess the largest effective couplings of |-75.8| and
68.2 meV, respectively, while in the other two cases, TDF4 and TDCl4, SF showed both
the smallest effective coupling values of |-39.4| and |-20.2| meV, respectively, and the
longest time constants of about 300—400 fs. It is, however, important to note that the
effective coupling value for TDTm is affected by a larger error because its crystal
structure is unknown. The dimer geometry of TDF4-A is assumed for TDTm (TDTm-
or), as suggested by the best matching between calculated coupling strength and

experimental SF rate constant.

Further insight can be obtained by connecting the characteristic SF time constant and
the SoS1-T1Ti coupling strength through a damped Rabi oscillation between the two
nearly degenerate states. The period of this oscillation, which would characterize the
SF time constant, ranges from 100 to 300 fs if effective coupling strengths of 100 to 50
meV are assumed. Alternatively, Fermi’s Golden Rule reports characteristic times of
70 pm eV fs and 260 pm eV fs, for effective coupling strengths of 100 and 50 meV,
respectively. Under this assumption, Franck—Condon weighted densities of states pm of
about 1 eV~! for the nearly degenerate coupling of the SoS;-T T states are expected.
This suggests that the interplay between the direct and superexchange coupling
mechanisms predicts the right order of magnitude for the coupling and captures the

main underlying physics.

Such a remarkable agreement between experiment and quantum chemical calculations
underlines the effect of chemical substitution and, in particular, the interplay between
nitrogen and halogen substitution as a means of fine-tuning the coupling strength
relevant for SF. On the one hand, the introduction of the thiadiazole group tunes the
HOMO, LUMO and excited state energies, increasing thereby the chemical stability,
and renders SF exothermic. Notably, the effective coupling (Vey) is dominated by the
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direct contribution in TDT. This contrasts with the trend shown by unsubstituted acenes

9. 10. 86) ywhere the direct coupling

calculated with the Model Hamiltonian approach,!
typically amounts to 5 meV and is usually ignored. In TDTm, the introduction of two
aromatic nitrogens further enhances the chemical stability and ASF but reduces the
effective coupling, which is detrimental for SF, as also evidenced by a slower SF rate.
A similar dependence of the number of nitrogen substitution on SF rate has been
observed for TIPS-pentacene and its aza-derivatives.” ¢!l On the other hand,

108, 1091 1t also makes the

halogenation was shown to enhance the electron mobility.!
PTDs more stable and less exothermic for the SF process, leading potentially to faster
SF. Unfortunately, halogenation causes at the same time a significant decrease of the
effective coupling and SF rate, slowing down SF. Our results suggest that electron-
withdrawing substituents do not necessarily enhance the effective coupling and rate.
An improvement of charge transport and SF rate might require different chemical

modification strategies.

In order to further separate the dependence of packing and chemical effects on the
electronic coupling, we have performed coarse scans of the intermolecular distances for
TIPS-Tn, TDT, TDTm and TDF4 dimers. For this purpose, TIPS- groups were truncated
by H3Si- to ensure computational tractability without introducing significant error.
Starting from the perfectly stacked geometry and fixing the Az value at 3.5 A, one
monomer was displaced along the x- and y-axis by 2 A steps up to Ax = 6 A and by 1
A up to Ay = 3 A, respectively. The electronic couplings were calculated at each
displacement. The values for TDT are shown in Figure 3.4. Values for all other dimers

are summarized in Table 3.5 to Table 3.8.

Although the electronic coupling strength varies differently for each dimer system,
several general trends can be established for the dependence on the packing geometry.
First, the effective coupling almost vanishes for the perfectly stacked geometry (Ax =
0, Ay = 0), which is mainly attributed to negligible contributions from Vsosi,rr, and
Verr. Displacement along the x axis shows a strong decrease for both types of
couplings, while transversal displacement (i.e., along the y axis) leads to strong sign
and magnitude changes for both kinds of coupling. The magnitude of Vsosi T increases
at Ay =1 A, decreases at Ay =2 A, and increases again at Ay =3 A. A similar trend is

found for product terms Vsosi,caVcarr and Vsosi,acVac,tt, which involve charge-
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transfer states. At Ay = 1 A, the direct coupling Vsosi,rt reaches its maximum absolute
value. At this geometry, the couplings involving the charge-transfer states show high
values too, but they bear different signs. Consequently, the superexchange coupling
interferes destructively, possibly canceling out completely, and the direct coupling
(Vsos1rr) dominates Verr. The cancellation effect disappears at Ay = 2 and 3 A.

Eventually, the superexchange coupling reaches its maximum absolute value at Ay =3

A, where it achieves the major contribution to Ves.
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Figure 3.4. Electronic couplings for the truncated TDT dimer at various displacements

along the long (Ax) and short (Ay) intermolecular axes.
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Table 3.5. Electronic couplings (meV, CDFT/B3LYP/6-31G*) of various terms in

equation (3.4) for H3Si-Tn dimers with different displacement along x and y directions

at Az = 3.5 A. Vi is the super-exchange coupling and V. refers to the effective

coupling. The displacement (in A) is given after the characters X or Y, which indicate

the shift direction.

Shift | Visosi,rr | Vsosi,ca | Vsostac | Vearr | Vacrr | VsosicaVearr | VsostacVacrr | Vex Verr |
Shift along x axis

X0YO0 1.1 1319 | -1543 | 2.7 2.3 -351.2 -356.6 3.8 | 49

X2Y0 0 -201.9 | 3694 -0.5 0.3 90.9 125.9 -03 | -04

X4Y0 0.2 133.6 | -265.8 0.1 -0.5 19.5 129.8 -0.2 | -0.1

X6Y0 0 -240.7 | -240.4 0.1 0.2 -24.7 -50.8 0.1 0.1
Shift along y axis

X0Y0 1.1 1319 | -1543 | 2.7 2.3 -351.2 -356.6 3.8 | 49

X0Y1 | 60.9 -162.2 | 2984 83.2 86 -13499.2 25656.1 -20.8 | 40.2

X0Y2 | -07 -129.3 | -2259 | 54.8 31.9 -7077.9 -7210.1 279 1272

X0Y3 -23 -102.8 | -244.2 | 187.1 147 -19229.5 -35903.4 9 | 72.9

Table 3.6. Electronic couplings (meV, CDFT/B3LYP/6-31G*) of various terms in

equation (3.4) for H3Si-TDT dimers with different displacement along x and y

directions at Az = 3.5 A. Vi is the super-exchange coupling and Ve refers to the

effective coupling. The displacement (in A) is given after the characters X or Y, which

indicate the shift direction.

Shift ‘ Vsos1,1m | Vsosi,ca ‘ Vsosi,ac | Vearr ‘ Vacrr | VsosicaVearr | Vsossac-Vacrr ‘ Vex | Vesr
Shift along x axis

XoYo 0.5 140.5 151.1 -3 -3 -424.3 -459.5 2.2 2.7

X2Y0 0 148.3 | -264.2 -0.1 0.1 -12.3 -19.5 0.1

X4Yo 0 -108.3 | 200.2 -0.1 -0.1 12 -23.3 0

X6Y0 0 -150 -58.2 0.1 -0.1 -9.3 3.2 0
Shift along y axis

XoYo 0.5 140.5 151.1 -3 -3 -424.3 -459.5 2.2 2.7

X0Y1l | 40.5 -173.3 | -270.7 | 84.3 -82 -14617.8 22204.6 -8.3 | 32.2

X0Y2 2.3 1389 | -137.8 | -48.6 38.6 -6748.1 -5314.4 19.5 | 21.8

Xoy3 | -17.1 -87.9 253.8 | 168.4 | -146.1 -14807.3 -37077 67.3 | 50.2
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Table 3.7. Electronic couplings (meV, CDFT/B3LYP/6-31G*) of various terms in

equation (3.4) for H3Si-TDTm dimers with different displacement along x and y

directions at Az = 3.5 A. V. is the super-exchange coupling and Vg refers to the

effective coupling. The displacement (in A) is given after the characters X or Y, which

indicate the shift direction.

Shift | Vsoss,rr | Vsossea | Vsoszac | Vearr | Vagrr ‘ Vsoss,ca*Vea,rr | Vsosac'Vactr | Vex Vesr
Shift along x axis

X0YO0 0.0 -212.0 | -212.0 -6.7 -6.7 1420.4 1420.4 4.2 | -4.2

X2Y0 0.0 142.1 | -142.1 -0.5 0.5 -71.1 -71.1 0.2 0.2

X4Yo 0.0 93.2 -127.8 0.1 0.1 9.3 -12.8 0.0 0.0

X6Y0 0.0 -54.2 79.0 0.1 0.1 -5.4 7.9 0.0 0.0
Shift along y axis

X0YO0 0.0 -212.0 | -212.0 -6.7 -6.7 1420.4 1420.4 4.2 | -4.2

X0Y1 | -40.6 114.6 | -117.7 88.3 87.9 10119.2 -10345.8 0.4 | -40.2

X0Y2 -4.1 -52.8 -87.2 2.7 26.3 -142.6 -2293.4 4.4 0.4

X0Y3 5.2 96.5 71.1 -110.8 | -76.5 -10692.2 -5439.2 26.0 | 31.2

Table 3.8. Electronic couplings (meV, CDFT/B3LYP/6-31G*) of various terms in

equation (3.4) for H3Si-TDF4 dimers with different displacement along x and y

directions at Az = 3.5 A. V. is the super-exchange coupling and Vg refers to the

effective coupling. The displacement (in A) is given after the characters X or Y, which

indicate the shift direction.

‘ Vsosi,rr | Vsosi,ca | Vsost,ac | Vearr | Vacrr ‘ VsssierVearr | VsosiaeVacrr | Vex Vey
Shift along x axis
X0Y0 0 1952 | -1952 | -5.7 5.7 -1106.5 -1114.9 34| 34
X2Y0 0 -167 -167 1.4 1.4 -236 -236 0.6 | 0.6
X4Y0 0 75.7 -98.1 0 0 2.5 -1.7 0 0
X6Y0 0 -62.5 -77.2 0.1 -0.1 -1.7 10 0 0
Shift along y axis
X0YO0 0 1952 | -1952 | -5.7 5.7 -1106.5 -1114.9 34 | 34
X0Y1 | -36.8 -98 -84.6 | -83.7 | 924 8194.5 -7811.6 -0.7 | -37.5
X0Y2 0.1 54.1 -67.5 1.1 -0.9 57.4 61.5 -0.2 | -0.2
X0Y3 -2.3 79.8 -74.3 112.4 | -103.4 8970.5 7677.5 -27 | -29.3
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It is important to note that the direct coupling also dominates the truncated TIPS-Tn
dimer at Ay = 1 A. This indicates that the stronger direct coupling is a consequence of
the packing geometry rather than the change in electronic properties induced by the
chemical modification. Similar behavior was predicted by CDFT-CI calculations!''%! of
the TIPS-pentacene dimer at y-axis displacements of around 1 A (0.89 A). Therefore,
it is expected that the direct coupling values tend to be underestimated by computational
methods which assume frozen monomer orbitals.!> #”) In turn, its important role in SF
can be revealed by methods such as CDFT-CI, which take orbital relaxation effects into

account.

In general, our results are consistent with previous studies for ethylene, unsubstituted
acene, and oligorylene dimers,!!% 82 1111121 where effective couplings are found to be
generally small in the case of perfect stacking. The slip-stacked dimer configuration is
in turn favorable for SF. Moreover, an intermediate slip along the direction of the
HOMO to LUMO transition dipole moment in the individual chromophores (y axis
direction in our case, see Table 3.8) would produce sizable coupling strength whereas
atoo large slip would reduce it. Conversely, a shift perpendicular to the transition dipole
moment does not increase the coupling strength. Michl et al. also suggested that the
almost vanishing coupling at perfect stack might be avoided by polarizing the molecular
orbitals by substituent effects.”) This could not be corroborated for face-to-face

stacking in the PTDs.

Once the strong influence of the packing geometry on SF coupling has been established,
it remains a question of how variations in the electronic structure impact SF. The
influence of electronic properties on SF can be clearly seen by comparing the coupling
values of A and m-a dimer pairs because both kinds of dimers have the same packing
geometry but different electronic structure. For instance, TDTm-a shows an almost
vanishing Verrvalue of —1.1 meV, indicating a tremendous reduction by the introduction
of an additional nitrogen pair in the aromatic scaffold. The decrease in effective
coupling by nitrogen substitution is not due to weaker direct and superexchange
couplings (superexchange coupling is even enhanced) but rather is due to a cancellation
between both coupling mechanisms: the superexchange coupling has a magnitude that
is similar to the direct coupling, but they bear opposite signs (Table 3.3). The main

reason for this effect rests on the significant changes in the signs and magnitudes of
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coupling terms involving charge-transfer states (Table 3.4). Moreover, the effect of
halogenation on the strength of direct coupling is small but substantial for
superexchange contributions. A comparison of TDF4-A and TDCls-A with TDTm-or
and TDTm-ac, respectively, shows that for the same geometry fluorination reduces the
superexchange coupling while chlorination enhances it. Consequently, although all m-
o dimer pairs are chemically the same, the cancellation of direct and superexchange
contributions does not take place for TDTm-ar and TDTm-oc geometries, which can

only be explained by their different packing motifs.

3.6 Conclusions

SF in PTD derivatives was characterized by quantum chemical calculations based on
DFT and CDFT. The work focused on specific chemical changes and their effect on the
SF process. The first modification was the introduction of a thiadiazole group into the
TIPS-Tn skeleton. This leads to a slip-stacked arrangement and renders the SF process
exothermic for the PTD derivatives investigated. Further chemical modifications with
electronegative atoms on these derivatives lead to the same brick-wall-type packing
with similar m—n separation and improved energy matching condition but different
dimer geometries and triplet formation time constants in thin films. Triplet formation
has been observed for all compounds on a time scale faster than a few hundred
femtoseconds. The SF rate typical for TIPS-Tn is thus accelerated by chemical
modification, leading to a quantum yield of 200% on the early picosecond time scale
for all compounds studied here. The dependence of the characteristic triplet formation
time on the number of carbon-to-nitrogen substitutions qualitatively matches previous
observations for TIPS-pentacene and its aza-derivatives.> ®!] Here, the additional
introduction of two nitrogen atoms in PTD leads to a deceleration of the SF process,
similar to the deceleration observed for tetraaza TIPS-pentacene compared to diaza
TIPS-pentacene. This trend was rationalized by the calculation of the effective coupling
strength via CDFT-CI. The computational methods applied here reproduce the same
structural dependence of SoS1—T1T1 coupling strengths as experimentally observed for

the triplet formation rates. Moreover, they provide the relative contributions of the
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direct and superexchange mechanisms to the effective coupling. Remarkably,
calculations show that one of the possible dimer geometries, namely A, shows the
highest effective coupling strength. In the cases studied, the most effective geometry
also shows a relatively small displacement between the m systems of the partners.
However, the dominant mechanism depends on the electronic structure and dimer
configuration of the compound: for TDT, direct coupling is stronger, while for TDF4
and TDCly, the superexchange mechanism makes the strongest contribution for the
same kind of dimer geometry (A). Thus, depending on the PTD derivate, there is an
optimal geometry leading to a large effective coupling strength. The latter can stem

either from direct or superexchange contributions.

In summary, this work suggests that the PTDs are promising candidates for SF, and
direct and superexchange couplings can make comparable contributions compatible
with ultrafast SF. Chemical modification by the introduction of thiadiazole and
electron-withdrawing groups can fine-tune the chemical stability, diradical character,
excitation energies, SF rate, and electronic coupling. The effect of chemical
modification is divided into pure geometrical changes in the dimers and changes in the
electronic structure. Our results indicate that the electronic coupling is more sensitive
to the geometrical changes than to the changes in the electronic properties. On the basis
of improved electronic properties, future synthesis endeavors should aim to maximize

the SF process by proper displacement of the respective chromophores.
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4. Evaluation of Single-reference DFT-
based Approaches on Spectroscopic
Signatures of Excited States Involved in

Singlet Fission

4.1 Abstract

Singlet fission (SF) has the potential to dramatically increase solar cell efficiency by
converting one singlet exciton to two free triplet excitons or a correlated triplet pair.
Identification and characterization of excited states involved in SF are of great
importance for understanding the dynamics and the end product of SF, and the latter
also determines the strategy for harvesting electrons from the triplets. However, it is
non-trivial to distinguish species in transient absorption spectra due to their spectral
overlaps and ultrafast feature. Theoretical modeling of SF and the electronically excited
state absorptions (ESAs) is always challenging due to the multiexciton nature of the
correlated triplet pair, which usually requires description from expensive high-level ab
initio method. In this work, we attempt to use single-reference DFT-based methods to
simulate ESAs of SF. In particular, the correlated triplet pair and its ESAs are
characterized by broken symmetry DFT and TDDFT, and the role of orbital relaxation
is highlighted. The singlet and triplet ESAs are evaluated by TDDFT, QR-TDDFT,
SLR-TDDFT, SF-TDDFT, and UTDDFT With a rational choice of exchange-
correlation functionals. The resulting spectra show good agreement with experiments,

and they could be even more consistent than high-order CI methods.
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4.2 Introduction

Singlet fission (SF) is a multiple exciton generation process in which a singlet exciton
shares its energy with neighboring ground-state chromophores and splits to two triplet
excitons.” 1% Due to the doubled number and long lifetime of triplet excitons, it has
been proposed that SF could provide a path to exceed the limit of power conversion

efficiency in conventional solar cells (~33%, i.e., the Shockley-Queisser limit).!%]

According to earlier and more recent experimental and theoretical literature, % 13- 80- 113-

1151 the kinetic model of SF can be approximately written as S, + hv — S; —
Y1, 7)) » (Ty...Ty) > Ty + T,. After an initial excitation to the first bright S; state,
chromophores undergo singlet fission can rapidly convert to a dark multiexciton state,
Y(TWTv), which usually refers to be a correlated triplet-pair state in a simplistic dimer
picture. The !(7T}) state is an overall spin-singlet state with two constituent triplets
coupled with spin and electronic coherence. Because the transition from S to '(7171)
states is a spin-allowed process, the formation of the !(T17)) state is essentially an
internal conversion which can occur on an ultrafast timescale. In the case of SF in
aggregates or crystalline solids, i.e., intermolecular SF (xSF), the '(7'T}) state can loss
the electronic coherence but maintain the spin correlation, and form '(7}...T) state via
spatial diffusion of the two triplets and coupling to the phonon bath. The spin dephasing
and intersystem crossing in the '(7}...T}) state will eventually result in two separated
triplets (71+ T1), which can be harvested for solar cell applications.?% 114111 Whereas,
for SF in oligomers or polymers (intramolecular SF, iSF), the '(7171) state is likely
trapped on the molecular system up to hundreds of nanoseconds, and hardly decays to
the !(71...Th) state or separates into free triplets. "% 171201 However, triplet part states
of quintet character, >(T:71), might be produced by strong exchange coupling at much
longer timescale.['>! In the end, the electrons could be directly extracted from the bound

(T T) state by multi-electron acceptors.[!?2 123]

The identification and characterization of excited states involved in SF are crucial for
understanding SF dynamics. In this context, electronic spectroscopic signatures
obtained from ultrafast laser technologies in conjunction with quantum chemical

simulation could play an essential role in uncovering the populations and
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interconversion of different excitons. Experimentally, femtosecond transient absorption
(TA) spectroscopy serves as the most commonly used technique for the study of
ultrafast SF process.**! The TA signal is recorded by taking the difference of the
absorbance between excited and unexcited molecules at any given time delay. In this
way, one can observe negative contributions in the differential absorption such as
ground state bleaching (GSB) and stimulated emission (SE), as well as positive signals
resulting from excited state absorption (ESA) or photoproduct absorption (PA).[?4
Although earlier TA investigations successfully assigned the spectral features of S1 and
T states,>* © 73] demonstrating the initial and final states of SF, the signatures of the
mysterious and most challenging correlated triplet pair states were overlooked, since
the spectra of (T1T1), '(T1...T1) and triplet excitons always largely overlap. The
correlated triplet pair states are not only critical intermediate states of the SF process
but also of significant fundamental interests due to their multiexcitonic nature. With the
advances of time-resolved TA technique, distinct spectral features of the correlated
triplet pair states were observed in recent experiments.['® 122125126 The TA signal of
the !(T1Ti) state was first assigned from concentrated solutions of
bis(triisopropylsilylethynyl)(TIPS)—tetracene by Friend and coworkers in 2015.[7%]
The ESA of the !(71T}) state resembled the absorption of free triplets in the UV-Vis
spectral region and was systematically blue-shifted by 5-10 meV on a broad
background. The similarities and subtle differences with free triplets indicate a dual
singlet-triplet character and nonnegligible interaction within the bound pair of triplets.
Similar findings have also been evidenced on crystalline TIPS-tetracene!'?”! and TIPS-
pentacene!''*] as well as their derivatives!''* ?") and oligomers!*> 1'% 1281 One the other
hand, because the '(7}...T)) state is spectroscopically indistinguishable from the free 7}
state, it was missing in the earlier kinetic model of SF!®- %], Pensack et al. measured TA
spectra on solids of pentacene derivatives and first proposed that the separation of the
Y(T1Ty) state required an additional noninteracting triplet-pair state (71...T1). When
including the (71...71) state in the kinetic model of SF, a better global target analysis
of the TA data was achieved.!''*! They also concluded that the S1, (71 71), and '(T1...Th)
states could be clearly distinguished in the near-infrared (NIR) spectral region. Grieco
et al. further extended the TA measurement to the mid-infrared region, where new
electronic transitions of the S) and !(717) states were identified.!''> Besides, Trinh et

al. probed SF in an end-connected pentacene dimer (BP0) where the bound '(7'7)) state
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is confined and presents a much longer lifetime than that in the condensed phase.!''®!

They assigned distinct ESA peaks at around 1 and 1.8 eV to !(TiTi)-to-singlet
transitions, which also suggests the singlet character of the '(77}) state and the strong
coupling between the two constituent triplets. Although it is impossible to convert the
Y(T\T)) state to the !(Ty...T)) state in BP0, the spin evolution from the '(717}) to >(T 1)
state was manifested by experiment applying both time-resolved TA and electron spin

resonance spectroscopic techniques.!!?!

While TA techniques have been successfully used to probe SF in recent years, it is
always quite challenging to assign the species involved in SF due to their spectral
overlaps and ultrafast transitions, and an incomplete kinetic model could even lead to a
confusing interpretation of the TA data.['8) Therefore, theoretical modelings of the
electronic spectra, though are seldom reported, could be powerful tools to facilitate the
assignment and characterization of excited states involved in SF. Zimmerman and
coworkers pioneered the first quantum chemical description of the !(717)) state on a
pentacene dimer, by using the complete-active space self-consistent field (CASSCF)
method.®” Later on, they further simulated ESAs of SF on quinoidal bithiophene
(QOT2)!M7:123] and tetracene dimer!'?*! by calculating transition dipole moments (TDM)
in the framework of restricted active space spin-flip with double spin-flip (RAS-2SF).
By comparing the ESAs obtained from RAS-2SF TDM with experiment TA data, they
suggested that spectral signatures of '(717}) should be similar, though shifted, to the
triplet in tetracene, which is consistent with previous experimental work;!"?! in contrast,
the triplet separation or conversion to quintet is not feasible in QOT2 due to enormous
binding energy in the '(T;T1) state. On the other hand, Khan and Mazumdar performed
multiple reference singles and doubles configuration interaction (MRSDCI)
calculations within the m-electron Pariser-Parr-Pople (PPP) Hamiltonian to rationalize
the ESA measurements in crystalline pentacene!'*%, BPO!'!”] as well as heteroacene
dimers of TIPS-pentacene and TIPS-tetracene!!?’l, The detailed analysis distinguished
the ESAs of '(T1T1) and free T} states, further provided additional insight on how the
subtle difference between those transient signals was affected by molecular packing

and intermolecular coupling.

The accurate description of excited states in SF is of great importance and interest,

especially for the '(7171) state. However, computational characterizations are not easy

67



to make owing to the intrinsic multiexcitation nature of the '(717}) state, and strong
electron correlation in m-conjugated systems!!!- 1311 Therefore, linear response single
reference methods which are incapable of computing multiple excitations such as time-
dependent density functional theory (TDDFT)!?*! cannot be used in processes involving
multiexcitons, due to limitations of its standard adiabatic approximation. Although
active-space or multireference CI methods such as CASSCF/CASPT2, RAS-2SF, and
MRSDCI have been successfully applied to investigate SF in a variety of materials !’
17, 119, 120, 123, 129, 130, 132-133] 'the computational cost of these high-level ab initio methods
grows dramatically with the size of the systems. Furthermore, they also suffer from the
limitation of the choice of the active space. This could lead to unbalanced descriptions

of excitation energies and ESAs!!!% 122,

Although conventional TDDFT is not capable of dealing with double excitations and
hence the (7' T1) state, it exhibits achievable accuracy for the calculations of Si and T}
states. Recent benchmark studies proved that TDDFT with the Tamm/Dancoff
approximation (TDA), and ASCF formalisms could yield a good agreement on the
vertical and adiabatic excitation energies of S1 and 71 with more sophisticated post-
Hartree-Fock methods.[”® *) It is also suggested that single-reference methods could
describe excitations with dominant (>85%) single-excitation character !3¢! and this is
usually the case for the S and T states in most SF chromophores®®. In addition, TD-
DFT based methods such as quadratic response (QR-TDDFT)!"3”) and more recent
second linear-response (SLR-TDDFT)!'*! have been successfully applied to estimate

the S1 ESAs of large conjugated polymers.[!3%- 140]

With respect to the multireference and multiexcitation problems in DFT and TDDFT,
there have been considerable efforts to provide alternative solutions. First of all, it is
well know that broken symmetry DFT (BS-DFT) can describe ground states with
diradical character.!®> 4! Casida et al. further demonstrated that BS-TDDFT is reliable
for calculating excited states of biradicaloids as long as the spin is conserved. In
addition, Rinkevicius et al. discovered that spin-flip TDDFT (SF-TDDFT) showed
remarkable improvement in the description of excited states with double and mixed
excitation characters in polyene oligomers.!'*?! DFT, in conjunction with a modified
ASCEF algorithm (Initial Maximum Overlap Method), was also found to be a promising

approach for modeling excited states with strong double excitation character.!'*l More
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importantly, constrained DFT (CDFT) and configuration interaction with CDFT
(CDFT-CI) methods (%2 have been recently employed to construct the !(7;T;) state and

rationalize trends of SF rates in a variety of acene derivatives.!!!? 127]

In view of the limitations of high-level ab initio methods in computing ESAs involved
in SF and motivated by the above-mentioned improvements over the standard DFT and
TDDFT, in this work, we present a simple and computationally less demanding
approach to obtain the energies and ESAs of excited state involved in SF. Herein, the
Y(T\T)) state and its ESA is obtained by BS-DFT and BS-TDDFT, respectively. The
ESAs of §1 and T are estimated by TDDFT, QR-TDDFT, SLR-TDDFT, SF-TDDFT,
and unrestricted TDDFT (UTDDFT), along with 10 exchange-correlation (XC)
functionals. By taking TIPS-Pn monomer and BP0 dimer as examples, and comparing
our results with extensive experiments and high-level ab initio methodsl> 73 76 115, 118,
91" we found that single reference DFT based methods with a rational choice of
functionals can provide an adequate description of energies and electronic transitions
of excited states involved in SF. In particular, the ESA of the '(717}) state computed by
BS-TDDFT could be more consistent with the experiment than far more expensive
multireference or active space methods. This entirely DFT based study provides an
efficient way to facilitate the identification and assignment of transient species in SF,

especially when it comes to large molecular systems.

4.3 Computational Details

Since the previous benchmark study suggested that PBEO provided the closest structure
with CASPT2 on small n systems,”®! ground state geometries of TIPS-pentacene
monomer and BP0 dimer (Figure 4.1) were optimized at PBEh-3c/def2-mSVP level of
theory. The PBEh-3c!!¥ is a reparameterized version of PBE(, which gives almost as
good geometries as PBEQ or MP2 with larger basis sets and is more reliable than the
most commonly used B3LYP/6-31G* protocol. To simulate the experimental solvent
environment!®>¥ for the geometries, the chloroform solvation effects were incorporated
by the polarizable continuum model (PCM) using the integral equation formalism
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variant (IEFPCM)!'4% 1481 Tt is noted that the solvatochromic shifts of the ground state
absorptions (GSAs) and ESAs are negligible (see Ref. "), Thus upon the optimized
structures, additional gas-phase single-point calculations were performed to compute
vertical excitation energies, spectra of GSAs, and ESAs. More specifically, the vertical
excitation energies and GSAs were first estimated with TDDFT and TDAP" by taking
spin-restricted closed-shell So as reference states. Once the TDDFT/TDA calculations
are done, the excitation energies and approximated wave functions can be obtained, and

then the state-to-state oscillator strengths can be evaluated by

2 . 2
fij = §5ij|(lpi|ll|‘pj)| )

where the W; and ¥; are the wave functions of initial and final excited states, &;
refers to energy difference, and (W;|A|¥;) represents TDM. In this way, the S1 and T\
ESAs are simulated in the framework of spin-restricted TDDFT/TDA. Alternatively,
the excitation energy and absorption spectra of the 71 state were also computed with
spin-unrestricted DFT (UDFT) and TDDFT (UTDDEFT) approach. Taking open-shell
T\ state as the reference state allows orbital relaxation/optimization. Hence the results
are, in principle, more reliable than spin-restricted TDDFT, as long as the spin

contamination is small.

Orbital relaxation effects could affect excited state properties such as energies and
electronic dipole moments!'> 81 which are not included in standard TDDFT.
Therefore, we applied QR-TDDFT and SLR-TDDFT to evaluate the orbital relaxation
effects on the §1 ESAs. In the context of QR-TDDFT, the transition properties between
two excited states are determined by the double residue of the quadratic-response
function.l'*> 3% [n the framework of SLR-TDDEFT, the state-to-state transition
properties are evaluated by comparing the transition dipoles from two LR
calculations.['*® %91 The former is the standard LR-TDDFT, and the second LR
calculation is performed on a ground state perturbed by the excited state of interest. The
results of SLR-TDDFT depend on the choice of perturbation intensity 4 and criterion
for relabeling the roots Ci in the second LR calculation. In addition, SF-TDDFT!>!
within the TDA formalism was also used to account for the double excitations on the
S1 ESA spectra. The non-collinear exchange-correlation kernel'>?! was used for all SF-

TDDFT calculations.
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Finally, the energy and ESA of the '(717)) state in the BPO dimer were computed by
BS-DFT and BS-TDDFT. More precisely, we partitioned the BP0 dimer into two
quartet TIPS-pentacene monomers with opposite spin directions, the initial guess of
(T T1) was subsequently constructed from the superposition of the converged MOs on
each fragment. An additional self-consistent field (SCF) procedure on the dimer system
allowed the fragment MOs to relax and generated the wave function of a BS (71 71).
This approach was based on equations of the locally projected SCF for molecular
interactions, which was initially proposed to speed up SCF for large systems.!!33! The

BS I(T1Th) state is a single determination spin-incomplete state since it only contains
one spin configuration H i), the ideal (S?) value should be 2. Performing UTDDFT

on the BS !(T1T)) reference state eventually gave us the '(7171) ESA.

It is well known that the results of TDDFT calculations depend on the choice and the
exact exchange admixture of the employed exchange-correlation (XC) functionals. We
evaluated the performance of 10 XC functionals with various amounts of exact
exchange for the vertical excitation energies, GSA, and ESAs of S1 and 7 on the TIPS-
pentacene monomer. This includes generalized gradient approximation (GGA)
functional BLYP (0%);!!** 155 global hybrid GGA (GH-GGA) functionals B3LYP
(20%),[13% 1571 PBEQ (25%)),[1% 1591 BHHLYP (50%);'%”) GH meta-GGA functionals
TPSSh (10%),'°1 BMK (42%),!'%*) M06-2X(54%);!1%] and range-separated hybrid
GGA functionals CAM-B3LYP (19-65%, w = 0.33),l!41 »B97X-D (22.2-100%, ®
=0.20),!'1 LRC-wPBE (0-100%, = 0.30).l'%¢! Functionals with good performance
were further employed in the calculations of BP0 dimer. The 6-31G* basis set!!¢”! was
used for all the excited state calculations, increasing the size of the basis set or adding

diffuse functions only showed negligible changes in the spectra.

All the geometry optimizations, restricted/unrestricted TDDFT, SF-TDDFT, as well as
BS-DFT/TDDEFT calculations were performed with Q-Chem version 5.2!1%%]. Dalton
201811 and NWChem 6.6"7% were used to conduct QR-TDDFT and SLR-TDDEFT,
respectively. The geometry relaxation and vibronic broadening effects on the
absorption spectra were neglected. All spectra were plotted by Multiwfn 3.6!'7!! and

were broadened using Gaussian functions with a full-width at half-maximum of 0.2 eV.
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Figure 4.1. Geometric structure of BP0 dimer optimized at PBEh-3c/def2-
mSVP/PCM(chloroform).

4.4 Results and Discussion

4.4.1 TIPS-Pentacene Monomer Calculated with
TDDFT/TDA/UTDDFT

Vertical excitation energies

Table 4.1 compares TDDFT/TDA/UDFT calculated S1 and 71 vertical excitation
energies with PPP-MRSDCI and experimental values. In general, our results of low-
lying excitation energies are consistent with previous benchmark literatures, for
detailed discussion, please refer to references [°>°% 17217331 The GSA, S, and T} ESA
spectra are also plotted in Figure 4.2 and Figure 4.3, in comparison with the
corresponding experimental spectra. Here we mainly focus on the discussion of those

electronic absorption spectra.

Table 4.1. Excitation energies of TIPS-pentacene in eV of references and calculated
by TDDFT/TDA/UDFT/6-31G* with 10 XC functionals (listed by increasing HF
exchange percentage) at ground state geometry for TIPS-pentacene monomer. The
experimental 771 energy was derived from the maxima of phosphorescence emission

spectrum.
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S1 T
Reference
Experiment 1.930118] 0.7806]
PPP-MRSDCI!] 1.88 0.89
TDDFT/TDA/UDFT/6-31G*

Functional HF exchange [%] | TDA | TD | TDA | TD | UDFT

BLYP 0 1.77 | 1.51 | 0.82 | 0.73 | 0.82
TPSSh 10 1.93 | 1.67 | 0.81 | 0.46 | 0.79
B3LYP 20 202 | 1.74 | 0.84 | 047 | 0.84
PBEO 25 2.07 | 1.80 | 0.82 / 0.80
BMK 42 224 | 1.95| 0.95 / 0.94
BHHLYP 50 229 |2.02 | 0.82 / 0.75
MO06-2X 54 233 | 204 1.05 | 072 | 1.02
CAM-B3LYP 19-75, w=0.33 | 2.34 | 2.04 | 0.88 / 0.84
wB97X-D 22-100, w=0.2 | 2.39 | 2.08 | 0.92 / 0.88

LRC-wPBE 0-100,w=0.3 | 2.49 | 2.17 | 0.89 / 0.83

GSA and S1 ESA spectra of TDDFT/TDA

We first discuss the singlet excited states, GSA and S1 ESA spectra. As expected, TDA
leads to a systematic blue shift for the GSA spectra compared to TDDFT. Whereas the
blueshift of the GSA-1 band (first bright state, S1 for TIPS-pentacene) is more
pronounced than GSA-n bands (n > 1). The upshift for the S excitation energy can be
up to 0.32 eV for LRC-wPBE. On the other hand, it can be clearly seen that the GSA
spectra are progressively blue-shifted with an increasing amount of exact exchange. In
the context of TDDFT, functionals with high HF exchange or long-range correction
such as BMK and CAM-B3LYP gave adequate S: energy, while functionals with less
HF admixture such as TPSSh and B3LYP produce too much red-shifted GSA-1 bands,
they provide more consistent GSA-n bands (n > 1), compared with experiment. TDA
can further improve the accuracy of the GSA-1 band for low exact exchange functionals.
Consequently, the GSA spectra of TDA/TPSSh shows the lowest deviations with the

experiment.

In contrast with the GSA spectra, the S1 ESA spectra are systematically red-shifted by
TDA, based on the fact that TDA has more impact on S1 than Sy (n >1). Similar to the

GSA spectra, increasing the HF admixture gradually brings the S1 ESAs to a higher
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energy region. The experimental S1 ESA spectrum of TIPS-pentacene in dilute solution
shows maxima at 450, 510-570, 870, and 1350 nm and in the UV-Vis and NIR spectral
region (Figure 4.2b). It is noted that the absorption band at 1130 nm corresponds to
vibrational progression of the band at 1350 nm, and negative absorptions at 650 and
710 nm are assigned to GSA and SE.[®) Additional absorption in the Mid-IR region
was recently observed and further assigned as a transition from S; to a doubly excited
state by CASSCF calculation.['"™ This lower-lying doubly excited state cannot be
captured by TDDFT and hence is absent on our S1 ESA spectra. However, for the
absorption spectra in the UV-Vis and NIR region, TDDFT can provide good agreement
with the experiment. For example, there are 5 ESA bands on the S1 ESA spectrum of
TDDFT/TPSSh, at 448, 536, 684, 860, and 1366 nm. The ESA-3 band at 684 nm is
likely overlapped with the GSB and canceled out on the experimental S; ESA spectrum.
For the other 4 S1 ESA bands of TDDFT/TPSSh, the errors are within 0.01 eV. The Si
ESA spectrum of B3LYP/TD is also acceptable, with minor blue-shift compared to
TDDFT/TPSSh. Functionals with more substantial HF exchange such as BMK, M06-
2X, and CAM-B3LYP produce only 4 S1 ESA bands and generally shift the NIR band
to around 950-1000 nm, but absorptions at around 450 and 550 nm are still manifested
on their S1 ESA spectra. This motivates us to examine the character of the allowed Si-
Sh transitions. A comparison of electron-hole pair analysis between TDDFT/TPSSh
(Table 4.2) and TDDFT/CAM-B3LYP (Table 4.3) indicates that the S; ESA-1,2,4,5
bands of TDDFT/TPSSh correspond to the S1 ESA-1,2,3,4 bands of TDDFT/CAM-
B3LYP, since the final states exhibit almost identical m—n* transition character. This
also suggests that the lower energy S1-Sn transitions undergo much stronger blueshift
than the higher energy transitions by switching from low HF exchange functionals to
the higher ones. In addition, there is no corresponding allowed transitions in
TDDFT/CAM-B3LYP for the S1 ESA-3 band at 684 nm in TDDFT/TPSSh. The hole
density of the final state (Ss) mainly appears on the TIPS- side groups, which might be

attributed to the difference in delocalization errors of different functionals.

74



GSA

S1ESA

Experimental spectra

| GSA
| 1|
. -
R:a | s .
<
: 3 E
| F
0 4.4C . L | L 00 somm “lado ; sl it
300 200 450 500 700 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Wavelength (nm) ‘Wavelength (nm)
.
Simulated spectra with TDDFT/TDA
318496.2 T T S T S 229 121418.2 . . ! . TR— . L L 120
GSA-TD/BLYP SI-ESA-TD/BLYP
285585.0 4 — GSA-TDA/BLYP L 205 108871.7 4 —— SI-ESA-TDA/BLYP 107
5 252673.7 o2 96325.1 - k095
£ 2197624 Fouss 37786 Loss
2 g -
.~ 186851.1 134 2 71232.0 4 - 0.70 &
£ s | L J L oss
2 1210286 ‘ Fost g 1 Foasg
£ s | Loes 33592.4 . L o33
£ I
E 552060 4 | r 2 1 r
= 55206.0 i 0.40 21045.8 0.21
H RN
22294.7 4 \ | R\ 0.16 8499.3 4 + 0.08
\ \
10616 4047

——————————T—T—T— T -0.08
200.0 250.0 300.0 350.0 400.0 450.0 500.0 550.0 600.0 650.0 700.0 750.0 800.0 850.0 900.0
Wavelength (nm)

Wavelength (nm)

T T T T T T T T T T T -0.04
300.0 400.0 500.0 600.0 700.0 800.0 900.0 1000.0 1100.0 1200.0 1300.0 1400.0 1500.0

426982.7 - - : - : - : - - : - 315 157318.2 - - - - - - - - - - 117
SI-ESA-TD/TPSSh
— SIEESA-TDA/TESSh
3828611 - boas 141062.0 4 S b Los
5 3387306 ko250 5 1248058 = k093
3 -
5 294618.0 GSA-4 217 108549.6 - 081
30
2 i °
2 250496.5 i Foss g 922933 - 0.68
3 Il B g
2 206375.0 - i Fiss 76037.1 Eosss
= 162253.4 - H‘ Liog £ 597809 . Loasg
£ nisisie | 087 £ u3s247 | Los
4 | : L
5 740103+ sty 055 5 2m2685 020
= 643 =
298888 - Jr 022 110123 o 0.08
142328 T T T T T T T T T T T -0.10 -5243.9 -0.04
2000 250.0 3000 350.0 400.0 450.0 500.0 550.0 600.0 650.0 700.0 750.0 800.0 300.0 400.0 500.0 600.0 700.0 800.0 900.0 1000.0 1100.0 1200.0 1300.0 1400.0 1500.0
Wavelength (nm) Wavelength (nm)
4832058 - - . - : - . - - - - 3.30 1434329 - - - - - - - - - - 1.06
—— GSA-TD/B3LYP —— SI-ESA-TD/BLYP
s | — oAy | seins — SEEATOABLY | o
5 333433 2.62 113790.1 % b o84
£ 333412.0 - GSA 228 98968.7 F o073
2 295 .
.~ 283480.7 4 1 k194 2 841473 r 0.62
£ 233549.5 H‘ 1.60 & 69325.9 828 b os1
H | -
< 1836182 i 126 54504.5 - s 0.40
5 w55 1. Fosr 248617 9 Y oas
2 616 ““‘ 1
33824.4 - 023 10040.3 / koo
3 I il a
-16106.9 47811 -0.04

Wavelength (nm)

T T T T T T T T 0.1
200.0 250.0 300.0 350.0 400.0 450.0 500.0 $50.0 600.0 650.0 700.0 750.0 800.0

avelength (nm)

300.0 400.0 500.0 600.0 700.0 800.0 900.0 1000.0 1100.0 1200.0 1300.0 1400.0 1500.0

)

i)

75




508472.7 3.01 141429.6 - — - - - - - — 105
— gsaToEBEO —— SI-ESA-TD/PBEO
455930.5 ——C3AT0A t 270 126815.2 - S SLESATTRAREED 0.94
£ 403388.3 4 L 230 £ 1122008 4 0.83
3 T
E 350846.1 - F 208 E 975864 0.72
a 2
“ 4 < 4
~ 298304.0 o 177 & - 82972.0 0.62 £
2 2457618 ‘ Loras g 2 63576 0512
< 1932196 | SERPS | s sz 040 £
5 140677.4 - | Foss £ 301280 0.29
5 ssissa bos 5 2asias 018
2 =
35591 | /M\ Lo 99001 007
P J
169491 +———————————————————————— -0.10 47143 —————————————— -0.03
2000 250.0 300.0 350.0 400.0 450.0 500.0 550.0 600.0 650.0 700.0 750.0 800.0 300.0 400.0 500.0 600.0 700.0 00.0 900.0 1000.0 1100.0 1200.0 1300.0 1400.0 1500.0
Wavelength (nm) Wavelength (nm)
566351.4 L L L L . L . 418 130925.9 0.97
—— GSA-TD/BMK S1-ESA-TD/BMK.
507828.5 - = QIATTRATNE 375 1173969 = SLASA-TDAIBME 0.87
§ 4493055 4 F 332 5 1038679 1013 0.77
E 390782.5 F 288 E 903389 0.67
a 2
: g 3 g
2 3322505 4 t 2458 o 76809.9 0.57 &
2 273736.5 | L2028 2 6as0s 0478
H H H 530 H
£ 2152135 ‘\ k1592 5 497518 \ 0372
i 4 H :
5 156690.6 - | o116 5 362228 ’ \ 0.27
£ £ |
5 981676 \ Lon 5 226938 M [ 017
2 | GsA-1 g 134
39644.6 | M /M’ ko029 9164.8 0.07
-18878.4 T T T T T T T T T T T -0.14 -4364.2 T T T T T T T T 3 T T -0.03
2000 250.0 300.0 350.0 400.0 450.0 500.0 550.0 600.0 650.0 700.0 750.0 800.0 3000 400.0 500.0 600.0 700.0 800.0 900.0 1000.0 1100.0 1200.0 1300.0 1300.0 1500.0
Wavelength (nm) Wavelength (nm)
608084.3 : : ' : : : : 451 162634.1 1.20
GSA-TD/BHHLYP SI-ESA-TD/BHHLYP
N — SIESA-TDA/
5452489 GSATDA/BHHLYP | L45528.5 SILESATDABHHLYP | | oo
§ as2413.6 4 F3ss £ 1200230 t 0.96
E 419578.2 4 o3 E 1122175 F
a 2
s & <
2 3567428 4 F 265 & = 954120 t
£ 2939074 - Faisg 2 78606.5 t
g H H
= 2310720 - ‘ Fing 2 618009 L
g -3 g
£ | £
£ 1682367 | Foias § 449954 t
k- £ |
5 1054013 L o078 5 281899 | | Lo
] :
2 E \
42565.9 /Dd\ 032 11384.4 | / \ - 0.08
-20269.5 T T T T T T T -0.15 -s421.
2000 250.0 3000 350.0 400.0 450.0 500.0 550.0 600.0 650.0 700.0 750.0 800.0

Wavelength (nm)

! T T T T T T T T T T T -0.04
300.0 400.0 500.0 600.0 700.0 800.0 900.0 1000.0 1100.0 1200.0 1300.0 1400.0 1500.0
Wavelength (nm)

0)

579818.2

519903.7 -

om™')

459989.1 -

400074.6 -

340160.0

280245.5

220330.9 -

160416.4

100501.8

Molar absorption coefficient & (L mol

40587.3 -

\
\

GSA-TD/M06-2X.
—— GSA-TDA/M06-2X

609

-19327.3

200.0 250.0 300,

T T T T T T -0.
.0 350.0 400.0 450.0 500.0 550.0 600.0 650.0 700.0 750.0 800.0

Wavelength (nm)

widuans 01e]11950

p)

152654.3 .
692 S1-ESA-TD/M06-2X
136880.0 — SI-ESA-TDA/M06.2X o
£ 1211058 ‘ \ 090
E 1053318 \ 018
s °
2 89557.2 \ 066 5
2 967 z
£ 737829 0558
£ H
= 580086 514 0432
§ 422344 348 \ / a1
5 26s60.04 \ 020
e}
=
10685.8 4 008
-5088.5

0.0
300.0 400.0 500.0 600.0 700.0 800.0 900.0 1000.0 1100.0 1200.0 1300.0 1400.0 1500.0
Wavelength (nm)

Q

r)

76




582985.4 - — — T 432 164644.8 B — 121
— GSA-TD/CAM-B3LYP 680 —— SI-ESA-TD/CAM-B3LYP
5227435 — GSATTDACAMBILYP | | o L761s ! — SIESA-TDAICAM-BILYP | | oo
5 acasor7] L5 1306152 L oss
3
5 402259.9 2.98 113604.9 g
2 3020181 213 t 96591.6 r
] I B
2 2817763 - I b 2002 79578.3 L
= 2215344 - i Loiead £ 625650 3
5 1010508 015 5 285384 Lo
z z
40809.0 4 318y F 030 11525.1 b o.0s
194328 —_— — -0.14 -5488.2 -0.04
2000 250.0 3000 350.0 400.0 450.0 500.0 550.0 600.0 650.0 700.0 750.0 800.0 300.0 400.0 500.0 600.0 700.0 800.0 900.0 1000.0 1100.0 1200.0 1300.0 1400.0 1500.0
Wavelength (nm) Wavelength (nm)
5788228 - — — TE— 429 183078.1 e — 136
~— GSA-TD/WB97X-D —— SI-ESA-TD/wB97X-D
— GSA-TDA/WB9TX-D — SI-ESA-TDA/WB97X-D
5190111 4 b oass 164160.0 A 122
 asor09.4 L s 1452420 L 108
3
E 399387.7 £ 1263239 g
2 <
2 339576.0 4 r = 1074058 r
2 2197604 | L 2088 s8487.8 L
= 219952.7 besé = 695697 Fosg
£ 1601410 119 £ sssie Foss
5 1003293 074 5 amas L 024
z z
40517.6 4 /‘\(ﬁ < k030 12815.5 b 000
> ~ N
-19294.1 —————————————— ———— 014 -6102.6 -0.05
2000 250.0 3000 350.0 400.0 450.0 500.0 550.0 600.0 650.0 700.0 750.0 800.0 300.0 400.0 500.0 600.0 700.0 800.0 900.0 1000.0 1100.0 1200.0 1300.0 1400.0 1500.0
Wavelength (nm) Wavelength (nm)
S81135.7 : : : 431 192477.6 143
TD/LRC-wPBE s
521085.0 - S S TDARCVIE L sy 172588.2 A — 128
5 4610343 152698.9 SENES
£ 009836 1 E 132809.5 Foss
2 3409329 4 \ t 1129202 084
5 |
£ 2808822 “‘ F 93030.8 Lo
E 220831.6 - “ L 731415 Loosag
5 160780.9 - ‘ s3252.1 L ooso
5 1007302 333628 m /I\ Foas
2
06795 /N[ L AR RS R b oo
19371 ——————————————— ——— 0.1 -6415.9 -0.05
2000 250.0 3000 350.0 400.0 450.0 500.0 550.0 600.0 650.0 700.0 750.0 800.0 300.0 400.0 500.0 600.0 700.0 $00.0 900.0 1000.0 1100012000 1300.0 100.0 1500.0
Wavelength (nm) Wavelength (nm)

Figure 4.2. GSA and S1 ESA of TIPS-pentacene extracted from experiments (a and b)
and calculated at TDDFT/TDA/6-31G* with 10 XC functionals (c-v). The experimental
GSA spectrum was taken from Ref. [115], and the S1 ESA spectrum was extracted and

combined from Ref, [7?! and 4],
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Table 4.2. Transition analysis of GSA and S1 ESA of TIPS-pentacene calculated of
TIPS-pentacene at TDDFT/TPSSh/6-31G* level. Isosurface values for electron and
hole densities: 0.0005 a.u..

S0—>Sn

S1—>Sn

State

eV

nm

MO
Transition

Hole Electron

Label

eV

nm

S1

745

0.15

H->L
100.8%

S2

2.57

482

0.00

H-1->L
90.3%
H->L+1
9.2%

ESA1

0.91

1365

1.06

S3

2.97

418

0.07

H-2->L
84.5%
H->L+2
15.0%

S4

399

0.00

H->L+1
88.7%
H-1->L
8.6%

ESA2

1.44

860

0.35

S8

3.48

356

0.01

H-5->L
68.5%
H-6 >L
15.4%
H-4 >L
11.6%

ESA3

684

0.25

S9

355

0.27

H->L+2
76.3%
H-2->L
12.8%
H-7->L
5.9%

S11

3.98

312

0.00

H-8->L
86.6%
H->L+4
11.1%

ESA4

2.31

536

0.20

S14

4.11

302

1.77

H->L+3
54.9%
H-3->L
33.4%
H-10->L
10.6%

S20

4.44

279

0.00

H->L+4
71.0%
H-8 >L
8.7%
H-3 ->L+1
6.5%
H-13->L
5.2%

ESAS5

2.77

447

0.16
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Table 4.3. Transition analysis of GSA and S1 ESA of TIPS-pentacene calculated at
TDDFT/CAM-B3LYP/6-31G* level. Isosurface values for electron and hole densities:
0.0005 a.u..

S0—Sn S1—Sn

State | eV | nm f MO Transition

Electron Lable | eV | nm f

H->L

S1 | 2.04 | 607 | 0.28 100.3%

H-1->L

S2 | 335|371 | 0.00 94.0%

ESA1 | 1.30 | 952 | 0.45

H-2->L
60.0%
H->L1L+2
34.7%

S3 | 3.44 | 361 | 0.04 1.39 | 890 | 0.00

H->L+1

S4 | 3.87 | 321 | 0.00
91.7%

ESA2 | 1.82 | 680 | 1.10

H-3->L

S5 | 3.89 | 319 | 0.15 93.3%

1.85 | 672 | 0.01

H-4->L
51.2%
H-8 ->L
12.8%

S9 | 447 | 278 | 0.01 H-2 > L+1
7.8%
H-1->L1L+2
6.2%

H-6 ->L 6.0%
H->L1+2
61.2% .
S10 | 4.53 | 274 | 2.60 B> L +
36.6%
H->L1L+4
34.5%
H-1->L1L+2
20.1%
H-4 >L
16.8%
H-2 ->L+1
9.2%
H-13 >L
8.8%

ESA3 | 2.43 | 512 | 0.35

3
iy

2.49 | 498 | 0.00

itk

S11 | 4.92 | 252 | 0.00 ESA4 | 2.87 | 432 | 0.03

T1 ESA spectra of TDDFT/TDA/UTDDFT/UTDA
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Turning to the results of triplet excited states, 71 energies obtained from TDDFT exhibit
considerable underestimation compared with the reference values. It is noted that the
experimental 77 energy (0.78 eV) was derived from the maxima of phosphorescence
emission spectrum, which is more related to the adiabatic excitation energy.
Dependence on the exact exchange admixture for triplet excitations is not as sensitive
as singlet excitations. TDDFT with high exact exchange functionals is generally not
capable of giving T1 energy, although M06-2X is exceptional. This is due to the well-
known triplet instabilities!!”* 1”5 of TDDFT calculations. The triplet instabilities can be
overcome with using TDA, where the B matrix of the TDDFT Casida equations is
neglected. Moreover, the usage of TDA also remarkably increases the energies and
hence improves the accuracy. The calculated UDFT 7 energies are not spin-
contaminated with all (S?) values are around 2.0. The UDFT provides slightly lower
energies than TDA but is still overall much better than TDDFT. Although BMK and
MO06-2X with TDA and UDFT predict much higher 77 energies than the PPP-MRSDCI
reference value (0.89 eV), it is essential to note that they performed very well for
pentacene molecule, in comparison with the vertical 77 energy of Multi-State-
CASPT2/cc-pVTZ (1.25 eV).”" Therefore, we believe that the vertical 7' energies of
BMK and M06-2X with TDA and UDFT would be much closer to the real values.

With respect to the 71 ESA spectra, TDA results in systematically redshift and blueshift
for the spin-restricted and spin-unrestricted calculations, respectively. Although the
trend of the 71 excitation energies concerning the HF admixture is not straightforward,
it is clearly seen that the 71 ESA spectra are gradually blue-shifted with an increasing
amount of the HF admixture. Within the spin-restricted formalism, RTD/B3LYP,
RTDA/BMK, and RTDA/M06-2X perform adequately well. Similarly, in the spin-
unrestricted formalism, UTDA/B3LYP, UTD/BMK, and UTD/M06-2X show good
agreement with the experiment. The above-mentioned methods all reproduce
transitions at around 470, 503 in the UV-Vis region, where the maxima of the
experimental 71 ESA spectra are observed. The experimental 71 ESA spectra show
three bands in the NIR region, whereas the calculated 71 ESA spectra only have one
band. However, it is not clear whether the experimental bands correspond to one

electronic transition with vibronic broadening or not.
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In order to characterize the calculated 71 ESA spectra, we analyzed transition character
for UTDA/B3LYP (Table 4.4) and UTD/BMK (Table 4.5). The spin contamination is
negligible for all allowed transitions since the (S?) values are all around 2.0. Again, the
electron-hole pairs for the final states of lower energy transitions (71 ESA-1,2 bands)
are correspondingly identical between UTDA/B3LYP and UTD/BMK. The hole
character for the final state of the 71 ESA-3 band with UTDA/B3LYP is somewhat
different from UTD/BMK, with more hole density accumulate at the TIPS- side groups.
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Figure 4.3. 71 ESA spectra of TIPS-pentacene extracted from experiments (a) and
calculated at TDDFT/TDA/UTDDFT/UTDA/6-31G* with 10 XC functionals (b-v).

£ 156,73]

The experimental 71 ESA spectrum was taken and combined from Re

Table 4.4. Transition analysis of 71 ESA of TIPS-pentacene calculated at
UTDA/B3LYP/6-31G* level. Isosurface values for electron and hole densities: 0.0005

a.u..
T1- 2 ",
State ESA <§°> | eV nm f MO Transition Hole Electron
Hb > Lb 64.4%
T2 ESA1 | 2.04 | 1.44 | 859 | 0.02 Ha -> La 33.9%
Ha ->La 56.2%
T5 ESA2 | 2.06 | 2.48 | 500 | 0.69 Hb ->Lb 27.5%
Hb-2 ->Lb+19.2%
Hb-3 > Lb 76.1%
T9 ESA3 | 2.09 | 2.68 | 462 | 0.10 Ha ->Lat+3 7.5%
Hb-1 ->Lb+15.4%
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Table 4.5. Transition analysis of 71 ESA of TIPS-pentacene calculated at UTD/BMK/6-

31G* level. Isosurface values for electron and hole densities: 0.0005 a.u..

State | TI-ESA | <S2> eV nm f MO Transition Hole Electron

Hb ->Lb
70.6%
Ha->La
27.7%

T2 ESA1 2.06 | 1.51 | 819 | 0.03

Ha->La
68.1%
Hb > Lb
26.8%

TS5 ESA2 2.09 | 2.53 | 490 | 0.59

Hb-3 ->Lb
46.2%
Hb-1 -> Lb+1
6.9%

Ha ->Lat3
7.7%
Ha-1 ->La+1
7.1%
Hb-7 ->Lb
5.8%

T8 ESA3 229 | 2.83 | 438 | 0.07

4.4.2 TIPS-Pentacene Monomer Calculated with QR-TDDFT/SLR-
TDDFT/SF-TDDFT

S1 ESA spectra of QR-TDDFT and SLR-TDDFT

In order to evaluate the effect of orbital relaxation on the Si ESA spectra, we also
performed QR-TDDFT and SLR-TDDFT calculations for TIPS-pentacene. Since GH
meta-GGA functionals such as TPSSh are not available for QR-TDDFT and SLR-
TDDFT methods, here we employed B3LYP and CAM-B3LYP. The corresponding

spectra are shown in Figure 4.4, 5, and 6.

As can be seen from the figures, orbital relaxation has a negligible impact on the peak
position, compared with the unrelaxed TDDFT results. However, orbital relaxation
leads to considerable variations on the oscillator strength. The S1 ESA spectra of QR-
TDDFT show reduced absorptions in the NIR region for both B3LYP and CAM-
B3LYP. On the other hand, the intensity of S1 ESA band at 627 nm of QR-
TDDFT/B3LYP are almost as twice as that of TDDFT/B3LYP. Whereas, the
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absorptions of QR-TDDFT/CAM-B3LYP are dramatically enhanced in the range of
400-500 nm, especially for the band at around 510 nm.

The results of SLR-TDDFT depend on the choice of the parameters 1 and Cio. We
progressively tuned A from 0.01 to 0.2 and compared the resulting spectra with the
experiment. Here we plot two sets of spectra with lower 4 values and higher 4 values
for each functional. (Figure 4.5 and Figure 4.6). As found in the spectra of QR-TDDFT,
the oscillator strengths of lower energy transitions are decreased to a great extent, in
the case of SLR-TDDFT/CAM-B3LYP, the NIR absorptions are almost vanishing.
Meanwhile, the relative intensities of ESAs in the UV-Vis region are increased. For
SLR-TDDFT/B3LYP, the ESA-3 band at around 650 nm is decreased with a higher 4
value. However, the band at 680 nm of SLR-TDDFT/B3LYP shows a much more

prominent absorption with a higher 4 value.

The relaxed S1 ESA spectra calculated with QR-TDDFT and SLR-TDDFT indicate that
the higher energy transition might be more intensive than the lower energy transition,
which is in contrast to the experiment (Figure 4.2b). It also seems like either QR-

TDDFT or SLR-TDDFT does not provide better results than the unrelaxed TDDFT.

However, it is noted that the experimental ESA spectra are usually plotted in a time-
averaged way.!!'¥ Therefore, the unrelaxed TDDFT ESA spectra might be more closed
to the time-averaged experimental ESA spectra, whereas the relaxed ESA spectra might

be more related to experimental ESA spectra measured at an early time.
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Figure 4.4. S1 ESA spectra of TIPS-pentacene calculated at QR-TDDFT/6-31G* level
with B3LYP and CAM-B3LYP.

74524.2 L : - - : : - ! s - 0.478
S1-ESA-SLR-TD/B3LYP(lambda=0.1,Ctol=0.5)|

66823.4 o — SI-ESA-SLR-TD/B3LYP(lambda=0.2,Clol=0.5)| o
E so1225 1 L 0.379
3 £ ;
s
E 51421.7 4 F 0.330
-
o 2
.~ 43720.9 F 0281 &
g
£ 36020.0 - F 02318
b} a
g 2
° e
= 28319.2 Fo0.182 2
g =
z
S 20618.4 F 0.132
2
3
5 12917.5 F 0.083
S
s ——

5216.7 S 003

-2484.1 -0.016

T T T T T T T T T T
300.0 400.0 500.0 600.0 700.0 800.0 900.0 1000.0 1100.0 1200.0 1300.0 1400.0
Wavelength (nm)

Figure 4.5. S1 ESA spectra of TIPS-pentacene calculated at SLR-TDDFT/6-31G* level
with B3LYP.
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Figure 4.6. S1 ESA spectra of TIPS-pentacene calculated at SLR-TDDFT/6-31G* level
with CAM-B3LYP.

GSA and S1 ESA spectra of SF-DFT
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Although SF-TDDFT is a single-excitation method, it can recover double excitations
(with respect to the singlet ground state configuration) by starting from the triplet
reference configuration. In order to account for the double excitation in the singlet
excited states, we computed GSA and S1 ESA spectra of TIPS-pentacene with SF-
TDDEFT in combination with B3LYP, CAM-B3LYP, and BHHLYP. We have shown
the resulting spectra and transition character in Figure 4.7 and Table 4.6, respectively.
Since SF-TDDFT does not account for spin-adaptation, it usually leads to spin-
incomplete singlet states. Here based on the assumption that any state with (S?) < 1.5
is a singlet, we characterized the singlet excited states by the (S?) values and the MO
transitions. We found that the L, and low-lying doubly excited state (D) are nearly spin-

pure with (S?) = 0, the L, and other singlet excited states are spin-impure with (S?) = 1.

In general, the GSA spectra obtained by SF-TDDFT exhibit a significant improvement
for the excited states in the high energy region but not for the low-lying excited states.
For example, the strongest absorption of the GSA spectrum of TDA/CAM-B3LYP is
located at 265 nm, and it is red-shifted to 314 nm by SF-TDDFT/CAM-B3LYP. The
same redshift can also be seen for other high energy transitions and other functionals.
In particular, the strongest ground state absorptions obtained by SF-TDDFT/CAM-
B3LYP (312 nm) and SF-TDDFT/BHHLYP (312 nm) show excellent agreement with
the experiment (310 nm). Transition analysis illustrates that the final state (S10 in
CAM-B3LYP) is a BS singlet state with (S*)=1.07, and includes 66% contributions
from double excitation. Therefore, energies of high-lying excited states can be
considerably stabilized by mixing with double excitations in the framework of SF-
TDDFT. Whereas, the first absorption bands of SF-TDDFT with CAM-B3LYP and
BHHLYP are too much blue-shifted, compared to the experiment. This is due to the
TDA formalism applied in SF-TDDFT. On the other hand, SF-TDDFT successfully
predicts an additional absorption in the NIR+mid-NIR region of the S1 ESA spectra,
which is absent on the spectra of TDDFT but revealed by the experiment and CASSCF
calculation!'), However, the order between these two absorptions is against previous
studies. Transition analysis reveals that the S1-ESA and S>-ESA band are corresponding
to La—~Lyand L,—D transitions, respectively. This means that the doubly excited state
(D) is higher in energy than the Ly state. Although SF-TDDFT B3LYP provides a

reasonable L,— Ly transition at 1539 nm, the L,—D transition is at 1320 nm, which is
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much higher than CASSCF calculated (2175 nm) and experimentally measured values
(5905 nm).

It is also noted that the S1-ESA spectra of SF-TDDFT also show enhanced features at
400-500 nm, as found in QR-TDDFT and SLR-TDDFT. The orbital relaxation is taken

into account by mixed with double excitations within SF-TDDFT.

While SF-TDDFT shows good performance for the high-lying excited states, it does
not provide a much superior GSA and S1 ESA spectra than TDDFT due to the
unbalanced description of the low-lying states. This might be improved by the spin-
adapted version of SF-TDDFT (SA-SF-TDDFT)!7® developed by Herbert and
coworkers. However, we cannot converge the SA-SF-TDDFT calculations, which is
usually the case for SA-SF-TDDFT, and as far as we know, the implementation of TDM
for SA-SF-TDDFT is not available yet.
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Figure 4.7. GSA and S1 ESA of TIPS-pentacene calculated at SF-TDDFT/6-31G* with
B3LYP, CAM-B3LYP, and BHHLYP.

Table 4.6. Transition analysis of TIPS-pentacene for selected singlet-like excited states
calculated at SF-TDDFT/6-31G* with B3LYP and CAM-B3LYP. In the column of MO
transition, S refers to singly occupied molecular orbital (SOMO), HD is the highest
doubly occupied molecular orbital (HDOMO), V represents virtual molecular orbital.

Transitions with double excitation character are labeled as DE.

State | <S*> MO transition S0—Sn S1—Sn

eV | nm f eV | nm f
SF-TDDFT/B3LYP/6-31G*
SO 0.05 S(2) -->S(1) 0.9861 0.00
S(1) -->S(1) 0.7110
S(2) --> S(2) -0.7001
HD -->S(1) 0.9362
S(2) --> V(1) 0.3071(DE)
S3,D | 0.12 | S(1)-->S(2)0.9579(DE) | 2.59 | 479 | 0.00 | 0.94 | 1318 | 0.27
HD-1 -->S(1) -0.4014

S1,La | 0.06 1.65 | 753 | 0.39 | 0.00

S2,Lb | 1.04 245|506 | 0.00 | 0.81 | 1540 | 0.32

S8 | L04 | g0 Vi3) 0.9005(DE) | 336 | 369 | 160 [ 171 ) 726 | 0.00
SF-TDDFT/CAM-B3LYP/6-31G*
S(1) > S(2) 0.1836
S0 | 0.10 S(2) > S(1) 0.9659 0.00
S(1) --> (1) 0.7036
Sl,La | 0.18 S(2) > 8(2) 06800 | 228|543 | 042 | 0.00
HD-7 > S(1) 0.1880
S2,Lb | 1.10 HD -->S(1) 08549 15 o7 1 432 | 0.00 | 0.58 | 2122 | 0.16

S(1) -> V(2) -0.1816(DE)
S(2) --> V(1) 0.3751(DE)
HD-3 --> S(1) -0.2926
HD --> V(1) 0.1823 (DE)
S5,D | 038 | S(1)-->S(2)0.8493(DE) | 3.12 | 398 | 0.00 | 0.84 | 1484 | 0.16
S(2) > S(1) -0.2163
S(2) --> V(4) 0.1961(DE)
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HD-1 > S(1) 0.5241
HD --> S(2) 0.1560 (DE)
S(2) -=> V(2) 0.8141 (DE)

S10 | 1.07 398 (311 | 1.84|1.70 | 731 | 0.00

4.4.3 BP0 Dimer Calculated with TDDFT/UTDDFT/BS-TDDFT

Vertical excitation energies

We have shown the feasibility of single-reference DFT-based methods for calculations
of the electronic absorption spectra of the TIPS-pentacene monomer. In the following,
we turn to the discussion for the BP0 dimer. Since the GSA spectra of SF-TDDFT and
the S1 ESA spectra of QR-TDDFT, SLR-TDDFT, and SF-TDDFT do not show
significant improvement over the ones with TDDFT, we only computed the GSA and
S1 ESA spectra for the BPO dimer within standard TDDFT formalism. For the sake of
simplicity, we will restrict to functionals which show good agreement with the

experiment for the investigation of BPO.

In Table 4.7, we list our calculated vertical excitation energies Si, So71, and (T171)
states for the BP0 dimer, in comparison with experimental and PPP-MRSDCI values.
Figure 4.8 and Figure 4.11 show the resulting GSA spectra and ESA spectra of S1, So71,
and (71 T) states.

Table 4.7. Vertical excitation energies of BP0 in eV of reference and calculated by
TDDFT/UDFT/BS-DFT/6-31G* with various XC functionals for BPO dimer. The
excitation energies of S1, SoT1, and !(717}) states are calculated with TDDFT, UDFT,
and BS-DFT, respectively. The <S?> values for spin-unrestricted calculations are

shown in parentheses.

Si SoT 1(T1T1) ZXS()Tl—l(TlT])
Experiment!'? | 1.89 / / /
PPP-MRSDCI!8I | 1.91 0.92 1.83 0.01
TPSSh 1.40 | 0.80 (2.03) / /
B3LYP 1.61 | 0.83(2.04) / /
CAM-B3LYP | 2.03 | 0.84(2.06) | 1.68 (2.09) 0.01
BMK 1.92 1 0.92(2.05) | 1.83 (1.94) 0.02
MO06-2X 2.01 | 1.04(2.03) | 2.04 (2.01) 0.03
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GSA and S1 ESA of BP0

First of all, the S) excitation energies of BMK with TDDFT (1.92 eV) provide excellent
agreement with reference values (around 1.90 eV),l''s: 191 CAM-B3LYP, M06-2X
slightly overestimate the energies by around 0.12 eV. Whereas, as can be seen in Figure
4.8c, functionals with low HF exchange such as TPSSh predict much lower S excitation
energies (1.40 eV), and the improvement by TDA is negligible (1.44 eV). On the other
hand, there is an additional absorption peak at around 500 nm on both the experimental
and PPP-MRSDCI GSA spectra for BP0, which is absent on the GSA spectra for TIPS-
Pn and assigned as a charge resonance state by exciton basis analysis with PPP-
MRSDCI. This charge resonance excitation cannot be described appropriately by
TPSSh (723 nm) but is adequately reproduced by functionals with a high amount of
exact exchange such as CAM-B3LYP (415 nm), BMK (498 nm) and M06-2X (441 nm).
Again, TDDFT/BMK performs the best in reproducing the GSA spectra of the BP0
dimer. Although TDA/TPSSh give the best agreement with experiment for the GSA
spectrum of TIPS-pentacene (Figure 4.2¢), it significantly underestimates the energies
of low-lying excited states for BPO. This can be attributed to the poor description of
low HF exchange functionals for the distance dependence of charge transfer or charge
resonance excitations, especially for large molecules. It is also noted that the
experimental GSA spectrum of BP0 is slightly red-shifted than that of TIPS-pentacene
(Figure 4.2 and Figure 4.8). Whereas, as can be seen from the PPP-MRSDC, I
calculated S1 energies for BP0 (1.91 eV), and TIPS-pentacene (1.88 eV), the GSA
spectrum of BPO is slightly blue-shifted relative to TIPS-pentacene. This is owing to
the consequence of incomplete active space, even a sizeable active space with 24
molecular orbitals was used in the PPP-MRSDCI calculations. Therefore, we conclude
that TDDFT, in conjunction with a high amount of HF exchange or long-range-
corrected functionals, can provide more consistent GSA spectra for simulating the

experiment of large m conjugated systems.

The experimental S1 ESA spectrum of BP0 reveals four maxima at 460, 544, 900, 1340
nm in the UV-Vis and NIR regions. PPP-MRSDCI calculations predicted additional
absorptions at around 2000 nm (Figure 5 (a) of Ref. [''l), which were not reached by
experiment. The final states of the transitions at around 2000 nm have considerable

double excitation character, and hence cannot be captured by TDDFT. However,

92



TDDFT has no problem in describing the transitions in the UV-Vis and NIR regions.
For example, TDDFT/CAM-B3LYP (Figure 4.8j) produces five absorption bands
located at 467, 546, 685, 936, 1386 nm. The band at 685 nm is likely to be overlapped
by GSB at around 660 nm. This indicates an excellent agreement with the experiment.
Moreover, due to the limitation of the active space, the high energy transitions are too
expensive to compute with PPP-MRSDCI. Because of the inadequate description of
excitations with charge-transfer character of low HF exchange functionals,
TDDFT/TPSSh does not provide good performance for the S1 ESA spectrum of BPO,
as in the case of TIPS-pentacene. Although TDDFT/BMK and TDDFT/M06-2X show
more consistent GSA spectra of BP0 than TDDFT/CAM-B3LYP, compared with the
experiment, they exhibit inferior S1 ESA spectra for BP0. In combination with the
discussion of the spectra of TIPS-pentacene, it is suggested that functionals give good
performance for the GSA (So to S, transitions), do not necessarily yield superior S1 ESA

spectra (S1 to S, transitions).

Comparison between BP0 and TIPS-pentacene monomer

Let us turn to the comparison between the S1 ESA spectra of BP0 and TIPS-pentacene.
Experimentally, the S1 ESA spectrum of BPO is slightly red-shifted relative to TIPS-
pentacene, without introducing additional absorptions. If we compare the best fitting Si
ESA spectra of BPO (TDDFT/CAM-B3LYP) with TIPS-pentacene (TDDFT/TPSSh),
the same conclusion can be made. This further confirms that the initial state of SF in
BP0, is more a “monomeric” Si-like state rather than a coherent superposition state of
both S; and (71 71) character. We have discussed that TDDFT/TPSSh cannot provide
accurate S1 ESA spectrum for BPO due to the underestimation of excitations with
charge-transfer character, a natural question is why TDDFT/CAM-B3LYP behaves
much better in the BP0 dimer than the TIPS-pentacene monomer. First of all, it has
already been found that a balanced description for the S1 (La) and S2 (Lp) is nearly
impossible for oligoacenes.['”> "3l The L. state exhibits some ‘“charge-transfer in
disguise” character, which can be accurately described by LRC or high HF exchange
functionals, but at the expense of overestimating the L, energy. This explains that LRC

and high HF exchange functionals with TDDFT can reproduce the GSA-1 band (So—

L, transition) of TIPS-pentacene, whereas the S1 ESA-1 band (L.— Ly transition) is
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considerably blue-shifted, compared to experiment. On the other hand, the Ly state has
a significant double excitation contribution, which, in principle, cannot be accounted
for by standard TDDFT. Although functionals with low HF exchange such as TPSSh
significantly underestimate the L. state, the L. — Ly transition energy is in good

agreement with the experiment. This is benefited from favorable error compensation.

Secondly, the final state of the S1 ESA-1 band of BPO at around 1350 nm was
characterized by exciton basis analysis with PPP-MRSDCI, as a linear combination of
single excitations on both TIPS-pentacene units, without any double excitation
character. Therefore, the S1 ESA-1 band of BPO is free of double excitation and can be
well described by functionals such as CAM-B3LYP. The electron-hole analysis of BP0
(Table 4.8) further shows that the final state of the S1 ESA-1 band is a “monomeric” S|
(La)-like state rather than an S> (Lyv)-like state, and this transition is, of course, absent
on the S1 ESA-1 band of TIPS-pentacene calculated with TDDFT/CAM-B3LYP.
Within TDDFT/CAM-B3LYP, the calculated Si1 ESA-2 band of BP0 at 936 nm
corresponds to the S ESA-1 band of TIPS-pentacene at 952 nm, which is of La—Ls
transition character. It is unknown whether there is a substantial double excitation
contribution to the final state of the S1 ESA-2 band of BP0 or not. If it is not the case,
then the S1 ESA at around 900 nm in the experiment could also be well reproduced by
TDDFT/CAM-B3LYP. The rest S1 ESA-3,4,5 bands of BP0 possess similar transition
character as S1 ESA-2,3,4 bands of TIPS-pentacene.
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Simulated spectra with TDDFT
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Figure 4.8. GSA and S1 ESA of BP0 extracted from the experiment (a and b) and
calculated at TDDFT/6-31G* with TPSSh, BMK, M06-2X, and CAM-B3LYP (c-j).

The experimental spectra were taken from Ref. [18],

Table 4.8. Transition analysis of GSA and S1 ESA of BP0 calculated at TDDFT/CAM-
B3LYP/6-31G* level. Isosurface values for electron and hole densities: 0.0005 a.u..

S0—Sn S1—=Sn

State | eV | nm f Hole Electron Label | eV nm f

S1 |2.03|612 041

S3 1292|425 0.00 ESA1 | 0.90 | 1385 | 0.46

S4 1299|4151 0.75 0.97 | 1286 | 0.00

S6 | 3.34| 371 0.00 ESA2 | 1.31 | 944 | 0.27

S7 13.39| 366 | 0.12 1.37 | 908 | 0.00
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S8 | 3.49 | 356 | 0.00 ESA3 | 1.46 | 849 | 0.08

S10 | 3.84 | 323 | 0.01 ESA4 | 1.81 | 685 | 0.88

S16 | 4.30 | 289 | 0.00 ESAS | 2.27 | 547 | 0.18

S24 | 4.68 | 265 | 0.00 ESA6 | 2.66 | 467 | 0.13

HOMO LUMO

HOMO-1 LUMO+1
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HOMO-2 LUMO+2

Figure 4.9. Frontier canonical molecular orbitals of BP0 So ground state calculated at

TDDFT/BMK/6-31G* level. Isosurface values: 0.03 a.u..

HOLO LULO

HOLO-1 LULO+1
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HOLO-2 HOLO-3

m
M

Figure 4.10. Frontier localized molecular orbitals of BP0 So ground state calculated at

TDDFT/BMK/6-31G* level. Isosurface values: 0.003 a.u..

SO0T; ESA of BP0

It has been confirmed that the interacting '(7;T) state could be traped in the BP0 dimer,
and not separate into non-interacting '(7}...T1) or free triplets. However, SoT states in
dimer systems would have a more closed relationship with '(71...T1) states or free T;
states in crystals or thin films, than 77 states in monomer systems. Furthermore, it is of
great importance to unambiguously identify the final state of SF, since harvesting
electrons from the !(717}) state or the '(71...T1) states requires different strategies.! "
123.177] Therefore, although the SoT state in BP0 does not exist in the experiment, it is
still included in our calculations and compared with PPP-MRSDCI. It is noted that the
Y(T\T) state and its ESA were calculated with unrestricted BS-DFT and BS-TDDFT.
We could not converge our calculations for the '(717}) state with low HF exchange
functionals such as B3LYP, the SCF procedures were either hard to converge nor
converged onto the Sy ground state. This suggests that the stabilization of the (7 71)

state requires favorable exchange energy interactions.

Nevertheless, since UTD/BMK and UTD/M06-2X have already been proven to give
adequate results for the calculations of triplet excited states on TIPS-pentacene
monomer, for the sake of consistency, our discussion and comparison between triplet

and triplet pair states are within UTD/BMK and UTD/M06-2X calculations.

As can be seen from Table 4.9 and Table 4.5, the calculated vertical excitation energies

of SoT states of BP0 are identical as 71 states of TIPS-pentacene within UDFT. This
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indicates that the triplet is localized on one fragment of BP0, which is further evidenced
by the spin density (Figure 4.12) and frontier molecular orbitals (Figure 4.13) of the
SoT1 state. Similar to the 77 states of the monomer, all the So7; states obtained from
UDFT exhibit negligible spin contamination, and BMK shows the best agreement with
PPP-MRSDCI.

We have shown the So71 ESA spectra of BP0 in Figure 4.11 and given the detailed
transition character analysis in Table 4.9. In contrast with three absorption maxima
feature in the 71 ESA spectra of TIPS-pentacene, So71 ESA spectra of BP0 calculated
with UTD/BMK and UTD/M06-2X all show five maxima in the UV-Vis and NIR
region, which are labeled as So71 ESA-1,2,3,4,5. The final state of the strongest So71
ESA-4 at around 500 nm is of the same local excitation character as that of 77 ESA-2
(Table 4.5). This SoT1 ESA-4 peak is slightly red-shifted by around 100 meV, whereas
the So71 ESA-1 in the NIR region is with more redshift by around 160 meV, which is
owing to the mixed charge transfer character of the final state. The So71 ESA-2 and
ESA-3 are unique for the BPO dimer, which is in line with the PPP-MRSDCI
calculations. The final state of the So71 ESA-2 is of charge resonance character, which,
of course, does not exist in the monomer. The final state of So71 ESA-3 is a linear
combination of local excitations on the So fragment. Whereas, this state was
characterized by the exciton basis analysis in the PPP-MRSDCI, as a double excitation

on the Sp fragment.
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Figure 4.11. '(71T1) ESA spectrum of BP0 extracted from experiment!!'8] (a). So7}
and '(T1T1) ESA spectra calculated at UTDDFT/BS-TDDFT/6-31G* with BMK,

MO06-2X (b-¢).
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Table 4.9. Transition analysis of So71 ESA of BP0 calculated at UTDDFT/BMK/6-
31G* level. Isosurface values for electron and hole densities: 0.0005 a.u. Transition

character is labeled with charge transfer (CT) or local excitation (LE).

State | SyT;-ESA | <S> | eV | nm f MO Transition Hole Electron

T4
Hb -> Lb 39.9% (CT) \,;o«i‘i’@
Hb-1 -> Lb 26.5% (LE) F

2 ESAL | 202 | 135 | 916 | 003 [ T S0R L
Ha -> La+1 10.9% (LE)
3| esa | 207 | s |26 [oas | e OERED
5 ESA3 | 2.04 | 197 | 630 | 0.19 II{{; L;blﬂ giﬁf&%
9 ESA4 | 2.12 | 2.43 | 510 | 093 | Ha->Latl 628%(LE)

Hb-1 -> Lb 24.2% (LE)

Ha-2 -> La 53.6% (CT)
15 ESAS | 2.52 | 2.89 | 430 | 0.23 | Hb->Lb+2 12.8% (CT)
Ha-3 ->La7.7%
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Figure 4.12. Spin density of BP0 So77 state calculated at UDFT/BMK/6-31G* level.

Isosurface values: 0.003 a.u..

La —_— — Lb+1 Ha +— Lb+2

Ha-1 ++ HE Ha-2+— b
++ b ++ Hb-1

0 T

LUMOa, LUMOb+1 HOMOa, LUMOb+2

HOMOa-1, HOMOb HOMOa-2, LUMOb

Figure 4.13. Frontier canonical molecular orbitals of BPO So77 state calculated at
UDFT/BMK/6-31G* level. Isosurface values: 0.03 a.u..
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HOLOa HOLOb

HOLOa-1 HOLOb-1

HOLOa-2 HOLOb-2

Figure 4.14. Frontier local molecular orbitals of BP0 So7: state calculated at

UDFT/BMK/6-31G* level. Isosurface values: 0.003 a.u..

I(T1T1) ESA of BP0

As can be seen from Table 4.7, our calculated vertical energies of the spin-incomplete
BS (T1T) state vary with the choice of functionals. BS-DFT/CAM-B3LYP predicts
lower energy (1.68 eV) than the reference PPP-MRSDCI value (1.83 eV). BS-
DFT/BMK shows a perfect agreement with the reference. Whereas, BS-DFT/M06-2X
overestimates the excitation energies. On the other hand, the binding energy of the

(TWT) state, defined as E, = 2 X E(SoTy) — E (T, Ty), is expected to be much
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higher than calculated values even with high-order CI methods.!'® 122] Therefore, the
relatively high bind energy predicted by M06-2X (0.03 eV) might be closer to the real
value, and M06-2X could be a better choice over BMK.

The BS-TDDFT calculated '(7171) ESA spectra of BP0 are plotted in Figure 4.11. The
transition analysis within BS-TDDT/BMK is listed in Table 4.10. The experimental
(T T1) ESA spectrum reveals three absorptions at 520, 685, and 1225 nm. In general,
our calculated results are in good agreement with the experiment. The '(7171) ESA
spectrum of BS-TDDFT/BMK shows four maxima at 527, 648, 856, and 1900 nm in
the UV-Vis and NIR region. For BS-TDDFT/MO06-2X, the spectrum is systematically
blue-shifted with four maxima at 499, 569, 825, and 1431 nm. Consequently, BS-
TDDFT/BMK provides a better description in the UV-Vis region; BS-TDDFT/MO06-
2X shows improvement in the NIR region. The calculated '(7171) ESA spectra are also
slightly red-shifted to the So71 ESA and 71 ESA spectra, which is also in line with the
experiment. In addition, the ESA at in the longer wavelength (> 1000 nm) is missing in
both 71 ESA and So71 ESA spectra, and hence can be seen as a distinct spectroscopic
signature for the !(T;T) state. The (S?) value for the final state is 1.10, which indicates
a BS singlet state. This is further evidenced by transition character analysis. The final

state of the !(7171) ESA-1 is of both charge resonance and singlet character and can be

approximately expressed as %(| Tll> + | TTl l>) PPP-MRSDCI calculations

2\t
suggested that this state corresponded to the additional transition on the GSA spectra of
BP0. The '(7171) ESA-2 bands at around 850 nm in our calculations are local
excitations mixed with minor charge transfer character. This transition might be hard
to observe in the experiment due to its low intensity. The (S?) value for the final state
of '(T1T1) ESA-3 is 1.22, which is another singlet-like charge-resonance state. This state
was characterized as a singlet 2e-2h charge transfer state by PPP-MRSDCI. Finally, the
{(T1T) ESA-4 is an analogy to the 71 ESA-2, the transition of the final state is of local
excitation character on one triplet unit, which is also in line with the assignment of the

experiment and PPP-MRSDCI calculations.

It is also important to note that the BS (73 7) in the present work shares a similar form
with diabatic-like CDFT (7' T;) state!!!% 1271 especially when the promolecue density
formalism is employed. The diabatic-like CDFT (7} T1) state was considered to be the
non-interacting '(7;...T1) state in a recent review paper.l'®! Here, we argue that the
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diabatic-like '(717}) state does include the interaction between the two constituent
triplets by orbital relaxation. The electronic interaction and orbital overlap in between
the triplet pair are considered by finding the stationary point on the single-Slater-
determinant energy surface of the BS (7T1) state. This can be evidenced by the
considerable binding energy, and the distinct '(771) to singlet absorptions, as well as

the overlap of the frontier localized molecular orbitals. (Figure 4.17).

RAS-2SF calculations have already demonstrated that the adiabatic '(7)71) wave
function can involve contributions from S and CT diabats & 1351781791 ‘However, for
most SF materials, the contribution of the !(717) diabat is more than 80% and even
90%. In addition, we can expect that couplings between different spin-impure
configurations of the spin complete (73 7}) state are small and hence can be neglected.
Therefore, we conclude that the energy and wave function of the adiabatic '(7171) can

be approximated by the single determination BS

Table 4.10. Transition analysis of '(7171) ESA of BP0 calculated at BS-
TDDFT/BMK/6-31G* level. Isosurface values for electron and hole densities: 0.0005

a.u.. Transition character is labeled with charge transfer (CT) or local excitation (LE).

State | ESA | <S*> | eV nm f MO transition Hole Electron

Ha ->La 53.0% (CT)

2 I | 110 1065|1902 | 047 | 00 "0, n
Hb-2 ->Lb 29.7% (LE)
Ha-2 -> La 27.1% (LE)
- +2 9.89
30| 2 | 192|145/ 856 | 0.0g | B Lar298% (LE)

Hb -> Lb+2 9.1% (LE)
Hb-1 ->Lb 8.0% (CT)
Ha-1->La7.1% (CT)

Ha-1 ->La 30.2%(CT)
Hb-1 -> Lb 22.9%(CT)
Hb -> Lb+1 19.3% (CT)
Ha -> La+1 14.5% (CT)

8 3 1.22 | 1.91 | 648 | 0.40
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13 4 2.03 | 2.35| 527 | 1.05

Ha -> La+2 34.5%
Hb -> Lb+2 32.3%
Hb-2 ->Lb 10.3%
Ha-2 ->La 10.0%

16 5 2.06 | 2.66 | 467 | 0.15

Hb -> Lb+3 19.0%
Ha ->La+3 15.4%
Hb -> Lb+5 9.4%
Ha -> La+5 8.6%
Hb -> Lb+7 7.0%
Ha -> La+7 6.3%

Figure 4.15. Spin density of BP0 '(717)) state calculated at BS-DFT/BMK/6-31G*

level. Isosurface values: 0.0005 a.u..

LUMOa+2

LUMODb+2
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HOMOa-1, LUMOb LUMOa, HOMOb-1

HOMOb-2 HOMOa-2

Figure 4.16. Frontier canonical molecular orbitals of BPO !(717}) state calculated at

BS-DFT/BMK/6-31G* level. Isosurface values: 0.03 a.u..
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HOLOa HOLOb

HOLOa-1 HOLOb-1

HOLOa-2 HOLOb-2

Figure 4.17. Frontier local molecular orbitals of BP0 '(7T1) state calculated at BS-
DFT/BMK/6-31G* level. Isosurface values: 0.003 a.u..

4.5 Conclusion

In the present work, we evaluated the performance of various single reference DFT
based methods (TDDFT/TDA, SF-TDDFT, QR-TDDFT, SLR-TDDFT, BS-
DFT/TDDFT) on the spectroscopic signatures of excited states involved in SF, i.e.,

GSA, Si1, Th, SoT1 and '(T1T1) ESA spectra. Taking TIPS-pentacene monomer and BP0
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dimer as examples and comparing the performance among 10 XC functionals, we found
that triplet ESAs can be well reproduced by TDDFT and UTDDFT with functionals
such as BMK and M06-2X. Although TDDFT is not capable of reproducing transitions
with strong double excitation characters on the S ESA spectra, such as the L.—D
transition in the mid-IR region, it has no problem to describe the transitions in the UV-
vis and NIR region. This is already enough to assign the singlet species in SF. TDDFT
with low HF exchange functionals such as TPSSh performs the best for TIPS-pentacene,
while TDDFT with LRC or a large amount of exact exchange such as CAM-B3LYP is

recommended for BPO.

SF-DFT can recover double excitations of singlet excited states and improve the
description of the high-lying states for TIPS-pentacene. However, the GSA and S1 ESA
spectra are rather than satisfactory, due to the unbalanced description of the low-lying
states. SA-SF-TDDFT might be a promising method, but we encountered severe

convergence problems.

The orbital relaxation effect on the properties of excited states and their ESA spectra
are also discussed and highlighted. The orbital relaxation tends to enhance the
absorptions in the UV-Vis region while lower the intensities of the NIR absorptions for
the S1 ESA spectra, when using QR-TDDFT, SLR-TDDFT and SF-TDDFT. More
importantly, it is always challenging to theoretically describe the '(77}) state due to its
multiexciton and mixed-configuration character. We show that the BS-DFT formalism
allows the orbitals to relax onto a BS (7171) state, which is a good approximation of
the real adiabatic '(7171) state and covers the essential character. The BS '(7171) state
can, in turn, be taken as a reference state to perform UTDDFT calculations to obtain
the (71 7T1) ESAs. The '(71T1) ESAs of BS-TDDFT in conjunction with BMK and M06-
2X show a good agreement with the experiment, and even more consistent than high-

order CI methods.

In conclusion, single-reference DFT based approach in combination with a rational
choice of the exchange-correlation functional, show good feasibility and applicability.
This provides an alternative and computationally much less demanding way to predict

and simulate the electronic spectra of various excited states involved in singlet fission.
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5. Theoretical Description and Prediction
of Molecular Properties of V-
Heteropolycycles

This chapter is largely based on the results of theoretical calculations presented in

following papers:

1. H.Reiss, L. Ji, J. Han, S. Koser, O. Tverskoy, J. Freudenberg, F. Hinkel, M. Moos,
A. Friedrich, I. Krummenacher, C. Lambert, H. Braunschweig, A. Dreuw, T.B.

Marder, and U.H.F. Bunz, Bromination Improves the Electron Mobility of

Tetraazapentacene. Angewandte Chemie International Edition, 2018. 57(30): p.
9543.

2. S. Mueller, J. Liittig, P. Maly, L. Ji, J. Han, M. Moos, T.B. Marder, U.H.F. Bunz,

A. Dreuw, C. Lambert, and T. Brixner, Rapid multiple-quantum three-dimensional

fluorescence  spectroscopy  disentangles  quantum  pathways.  Nature

Communications, 2019. 10(1): p. 4735.

3. L.Ji, A. Friedrich, I. Krummenacher, A. Eichhorn, H. Braunschweig, M. Moos, S.

Hahn, F.L. Geyer, O. Tverskoy, J. Han, C. Lambert, A. Dreuw, T.B. Marder, and

U.H.F. Bunz, Preparation, Properties, and Structures of the Radical Anions and
Dianions of Azapentacenes. Journal of the American Chemical Society, 2017.

139(44): p. 15968.
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2016. 55(35): p. 10498.

5. G. Xie, V. Brosius, J. Han, F. Rominger, A. Dreuw, J. Freudenberg, and U.H.F.
Bunz, Stable Radical Cations of N,N’—Diarylated Dihydrodiazapentacenes.
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6. L. Ji, S. Hahn, P. Biegger, H. Reiss, J. Han, A. Friedrich, [. Krummenacher, H.
Braunschweig, M. Moos, J. Freudenberg, C. Lambert, A. Dreuw, T.B. Marder, and
U.H.F. Bunz, Mono - and Dianion of a Bis(benzobuta)tetraazapentacene
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Abstract

In this chapter, molecular properties for a series of N-heteropolycycles and their radical
anions (cations) and dianions (dications) are investigated quantum chemically. This
includes diazapentacenes, tetraazapentacenes (TAP), a brominated tetraazapentacene
(Br4-TAP), a bis(benzobuta)tetraazapentacene derivative (bis-TAP) and a quinoidal
N,N'-diaryldiaza-N,N'-dihydropentacene derivative (Quino-CF3). DFT and TDDFT
are employed to predict and describe structure, energetics, UV-vis-NIR, and EPR
spectra, as well as charge population and aromaticity. In contrast to the acenes, the
anions of the azapentacenes are persistent and are stable with respect to
disproportionation into the dianion and the neutral compound. The radical anions show
a strongly red-shifted absorption (into the NIR), while the dianions all have blue-shifted
absorptions. Although there is no detectable charge pinning in the anionic
azapentacenes, bromine substituents influence the distribution of the negative charge in
the radical anion such that Br4-TAP has a higher probability of residing on the outer
rings. This might lead to an increased transfer integral in the solid-state of the Br4-TAP
in the presence of negative charges. In the case of bis-TAP, it shows different
aromaticity and spectroscopic properties from the azaacenes. The lowest energy
absorption in the UV-vis spectrum of the dianionic bis-TAP is redshifted in comparison
to that of the neutral compound. Oxidation of Quino-CF3 furnishes stable radical
cations, isoelectronic to the radical anions of the azaacenes, whereas the dicationic
species are isoelectronic to neutral azapentacenes. The spectroscopic properties of the
diaryldiazapentacenes and their oxidized mono- and dications are equivalent to that of

the dianion of TAP, its radical anion, and the neutral species.
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5.1 Introduction

Bis(triisopropylsilylethynyl)pentacene (TIPS-pen) and its heteroaromatic congeners,%
4,59, 180-184] particularly the N-Substituted pentacenes (azapentacenes),!!* 185 1861 gre

essential semiconducting organic molecules. 87194

TIPS-pen is a potent p-channel transporter, that is, the charge transport occurs via

hopping of holes, produced by the oxidation of its electron-rich aromatic core.

Azapentacenes, on the other hand, are n-channel transport materials. The presence of
nitrogen atoms in the n-system changes the electronic structure within the pentacene
frame. In particular, the symmetrical tetraazapentacene (TAP, 4) has been employed in
thin-film transistors with mobilities of up to several cm? V s 1921, At the electrode
interface in a thin film transistor, TAP is reduced to its radical anion 4~ and the injected
electrons then “hop” through adjacent molecules; this process is responsible for charge

transport in this material.

An important and not easily answered question is whether there is charge pinning in the
the azaacene framework. If it is the case, the charge might be localized on a particular
site in the molecule—most probably the nitrogen atoms. Such behavior could indicate
that n-channel charge transport might be hindered, due to a trapping of the charge on

the molecule.

In this context, charge pinning would entail that the electron density of the formed
radical anions is localized on one or two of the nitrogen atoms—a reasonable
assumption on first glance. Does the charge reside at a specific locus of 4~ (the nitrogen
atoms, form L) or is the charge delocalized over the whole nt-system (form D)?!!3¢! This
question is relatively difficult to answer when one looks at working devices, for
example, transistors containing 4, because, even if charge pinning would occur, the
charge transfer between two adjacent TAP molecules could be degenerate or possibly
without a significant activation barrier. Perhaps, more importantly, charge pinning
could occur at the interface between the metal and 4 during injection of electrons. In
the absence of charge pinning, one would assume the charge transfer to have a lower

activation barrier. Besides the question of charge pinning, the molecular and electronic
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structures of the radical anion and the dianion of compounds such as 4 are completely
unknown. Thus, investigating their spectroscopic properties, stability, and structure
would not only be of great fundamental interest but is also important due to the eminent

role of 4 in charge transport in n-channel transistors.

In a more fundamental way, the anions and dianions of different azapentacenes are
fascinating objects for study, as the azaacenes are relatively easily reduced by standard
reducing agents such as potassium anthracenide or lithium naphthalenide; they give
reasonably stable anionic species due to their low reduction potential. As the number
and the position of the nitrogen atoms are easily permuted, a consequence of recent
advances in synthetic methodology, one has an exquisitely tuned tool to examine the
variation of structures, properties and spectra, depending upon position and number of
nitrogen atoms. As a bonus, recent progress in azaacene chemistry allows the
introduction of TIPS-acetylene groups as solubilizing and stabilizing substituents.
These simplify the handling and crystallization of the radical anions and dianions.
Interestingly enough, radical anions and dianions of larger aromatic hydrocarbons have

been synthesized, but the number of crystal structures of such species is limited.

In addition, the peripheral substitution of the aromatic system can alter the electronic
properties and the morphology further. Therefore, in order to discover the effect of the
peripheral substitution with electronegative atoms, a brominated TAP (Br4-TAP) and

its negatively charged species are also characterized and compared with TAP.

Furthermore, while the size of stable azaacenes is limited, interspersed cyclobutadiene
units increase the number of Clar sextets and should allow the synthesis of larger
targets.[> 196! Cyclobutadiene-fused acenes show high p-channel mobilities in organic
thin-film transistors.!®”- 18 In this work, we also describe the properties of the radical
anion and the dianion of a doubly benzobuta-annelated tetraazapentacene, bis-TAP,

which also features TAP as a structural element (Figure 5.1, blue structure).

Moreover, larger N-heteroacenes are easily reduced into their N,N'-dihydro compounds,
much longer known and more stable than the N-acenes themselves. There are only a
few reports on the chemistry of the reduced compounds from Miao,!**- 2% Beckert,!2°!)
and Koutentis,'*?] and surprisingly little is known for the redox chemistry of these

materials.
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Chi et al. spectacularly investigated sulfur- and oxygen-embedded quinodimethane
acene analogs.[?-25] They demonstrated that their dications display properties very
similar to those of the acenes of similar length. However, for the larger representatives,
these dications are—contrary to the isoelectronic acenes themselves—isolable, stable,
and can be characterized. In this work, we extend this concept to N-heterocycles. A
quinoidal N,N'-diaryldiaza-N,N'-dihydropentacene (Quino-CF3), and its cation and

dication are taken as examples.

In this chapter, employing DFT and TDDFT, we investigated the molecular properties
of a series of N-heteropolycycles and their radical anions (cations) and dianions
(dications). This includes diazapentacenes (5,14-diethynyldibenzo[b,i]phenazine (1),
6,13 diethynylnaphtho[2,3-b]phenazine (2)), and tetraazapentacenes (7,12-
diethynylbenzo[g]quinoxalino[2,3-b]quinoxaline (3), 6,13-diethynylquinoxalino[2,3-
blphenazine (4, TAP)), as well as a brominated TAP (Br4-TAP), a
bis(benzobuta)tetraazapentacene derivative (bis-TAP) and a quinoidal N,N'-
diaryldiaza-N,N'-dihydropentacene derivative (Quino-CF3). The structures of all the

studied molecules are shown in Figure 5.1.

TIPS TIPS TIPS
I I |
/N
0 CCCD CLCO
N
I I I
TIPS 1 TIPS TIPS 3
TIPS TIPS
Il I II
/N N\ Br: /N
CLICD X QO
N N Br’ N
| | | | ” TAP-structure
TIPS 4 (TAP) TIPS Br4-TAP TIPS Dbis-TAP

F F Quino-CF3

Figure 5.1. Molecular structures of 1, 2, 3, 4 (TAP), Br4-TAP, bis-TAP and Quino-
CFs.
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5.2 Computational Details

The geometries of the neutral, anionic, and dianionic species of 1, 2, 3 ,4, Br4-TAP,
and bis-TAP have been optimized using DFT?%] in combination with the long-range
corrected exchange-correlation functional CAM-B3LYP and the 6-311G** basis set,
employing a polarizable continuum model using the integral equation formalism variant
(IEFPCM)!'4>- 1461 for THF solvation. All the optimized geometries were confirmed to
be local minima (all frequencies are real). Subsequent calculations for (nuclear-
independent chemical shift) NICS values were performed at the same level of theory
using gauge-independent atomic orbitals (GIAO)?%7- 2081 whereas the energies of the
optimized molecules were computed with 6-311++G**. The vertical excited states of
the neutral, anionic, and dianionic molecules have been computed at the theoretical
level of TDDFT/CAM-B3LYP/6-311++G**, again in combination with a PCM for
THF solution. The hyperfine coupling constants of the radical anions were calculated
by DFT using the UB3LYP/EPR-iii level of theory, based on the optimized geometry.
The TIPS groups were replaced by protons because the basis set for EPR-iii does not

include silicon.

The ground state geometries for the neutral, cationic, and dicationic of Quino-CF3 were
optimized at the B3LYP/6-311G** level of theory, employing the PCM for DCM
solvation. Upon these optimized geometries, additional calculations for NICS values as
well as vertical excitations using TD-DFT!**! were conducted at the same level of theory.

All calculations have been performed using Gaussian 09 Rev. D.01.12%%!

5.3 Results and Discussion

5.3.1 Azapentacenes

The molecular structures of 4 in the neutral, monoanion, and dianion form are depicted

in Figure 5.2. The changes of the bond lengths upon the reduction, are fairly small and
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not easily interpreted. This follows the same trend as the experimentally determined X-

ray structures.

Figure 5.2. Main bond lengths of 4 in the neutral, monoanion, and dianion form. Left:
bond lengths in DFT-optimized structure; right: bond length in X-ray determined
structure. Blue color: shortening, red color: lengthening. The bond lengths change in
neutral, monoanion, and dianion form of 4 in optimized structure agree with that in the

X-ray determined structure.

As a first step, the relative stabilities of the anions and dianions of 1-4 in THF with
respect to their neutral forms have been investigated. Therefore, based on the optimized
geometries, the energy differences between the neutral species and the anion or dianion
have been computed at DFT/CAM-B3LYP/6-311++G** level. In Table 5.1, it can be
seen that the anions are strongly stabilized in THF by 300—400 kJ/mol. The same is true
for all dianions, which are more stable than the neutral compounds by 600—700 kJ/mol
and more stable than the anions. Hence, the dianions are also electronically stable

entities in THF solution.
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Table 5.1. Computed Energies of the Anions E[M"] and Dianions E[M?>] of 14
Relative to the Neutral Parent Molecule and Corresponding Disproportionation

Reaction Energies AEgisa

E[M"1° kJ/mol E[M?]° kJ/mol AE4s° kl/mol
1 -361 —616 105
2 -357 —612 101
3 —404 —700 107
4 -391 —684 98

Computed using DFT/CAM-B3LYP/6-311++G** using a PCM model for THF
solution. A negative sign indicates the anion/dianion to be more stable than the neutral

compound. “A positive energy means the disproportionation reaction is endothermic.

Bock et al. have prepared and structurally investigated tetracene and rubrene radical
anions,?!%, which are structurally related to azaacenes. In the case of tetracene, it was
not possible to obtain the radical anion, as it is thermodynamically unstable toward
disproportionation, but the dianion of tetracene could be crystallized. Bock et al. also
noted that, with the increasing size of the aromatic hydrocarbon frame, the
disproportionation of the radical anion is thermodynamically advantageous. The bond
lengths in the peripheral rings are equalized and, therefore, different from the bond
lengths in tetracene itself, where the 1,2 bond is shorter than the 2,3 bond. This is
entirely reasonable, as the dianion of tetracene is a 4n-m-system, in which the
antiaromaticity has a strong delocalizing effect.l*!!! Are the azapentacenes similar to

tetracene and their relatives, or do they show differences with respect to reduction?

To investigate whether the anionic species disproportionate into neutral and dianionic
species, the reaction energies of the disproportionation reactions were calculated for 1~
-4" (Table 5.1). This energy is given as AEgis = E[M>] — 2E[M"] and it can be seen
that the disproportionation is endothermic by approximately 100 kJ/mol for all anions.
Even though the dianion is strongly stabilized by THF solvation, it is not sufficient to
provide a large enough driving force to make the disproportionation of the anions
energetically feasible. For this to happen, an additional stabilization of the dianions (by

the counterions, for instance) would be necessary. These results confirm the
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experimental observation that 1-4 form stable isolated anions and dianions in THF

solution.

With the help of density functional theory (DFT/UB3LYP/EPR-iii) calculations, the
solution EPR spectra of the radical anions 1*, 2*~, 3*~ and 4 could be satisfactorily
simulated (Figure 5.3; best-fit parameters are given in the caption). The spectra show
contributions from several partially resolved 'H and "N hyperfine couplings, which are
smaller than those in azaacenes with fewer fused benzene rings, such as phenazine
(a(**N) = 14.4 MHz, a('H) = 5.41 and 4.51 MHz),!*'> 2131 quinoxaline (a(}*N) = 15.8
MHz, a(H) = 9.30, 6.50, 2.80 MHz) (2122131 or 5,6,11,12-tetraazanaphthacene (a('*N)
= 8.35 MHz, a('H) = 3.92 and 2.35 MHz),?!?] consistent with an increased electron

delocalization.
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Figure 5.3. Experimental (black) and simulated (red) continuous-wave (CW) X-band
EPR spectra of 1°—4"" in a toluene/THF mixture. Experimental parameters: temperature
=298 K; microwave frequency = 9.38 GHz (1 and 3), 9.85 GHz (2 and 4); modulation
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amplitude = 0.1 G; conversion time = 60 ms; modulation frequency = 100 kHz.
Simulation parameters: 1": g = 2.004, a(**N) = 9.67 MHz, a(‘H) = 5.52, 3.56, 2.72,
1.75, 1.05 MHz; 2: g = 2.004, a('*N) = 6.80 MHz, a('H) = 5.28, 3.44, 3.42, 1.04, 0.97
MHz; 3" g =2.004, a(**N) = 5.79 and 4.63 MHz, a('H) = 2.38, 2.28, 1.66, 1.21 MHz;
4 g=2.004, a(**N)=5.32 MHz, a(*H) = 1.54, 1.40, and 1.35 (methine protons) MHz.

To further corroborate the existence of free anionic and dianionic species of 1-4 in THF,
the vertical excited states of the parent neutral, anionic, and dianionic molecules have
been computed at the theoretical level of TDDFT/CAM-B3LYP/6-311++G**, again in
combination with a PCM for THF solution. The results for the first excited state of all
molecules are in excellent agreement with the observed experimental absorption spectra
(Table 5.2; the spectra of TAP is shown in Figure 5.4 as an example). While the neutral
species exhibit a first excited S state at excitation energies between 15 150 and 16 130
cm™!, the corresponding open-shell anions have a strongly red-shifted first excited state
between 7980 and 9030 cm™! at the level of TDDFT/CAM-B3LYP. The first excited
states of the dianions are then strongly blue-shifted, even with respect to the neutral

compounds, and occur between 18 790 and 20 240 cm ™.

Table 5.2. Computed Vertical Absorption Energies, Wavelengths and Oscillator
Strengths of the Lowest Excited State of 1-4 and Their Anions and Dianions, as well

as the Main Orbital Contributions?

Vmax®/cm™! Aabs/nm Sose excitation character®
1 16 050 623 0.26 H — L (98.9%)
2 15320 653 0.27 H — L (99.4%)
3 15160 660 0.21 H — L (98.4%)
4 16130 620 0.32 H — L (99.2%)
1~ 8950 1117 0.10 Hp — Lg (93.7%)
2 7980 1253 0.11 Hp — Lg (95.2%)
3" 9030 1107 0.08 Hp — Lp (88.8%)
4+ 8310 1203 0.12 Hp — Lg (96.6%)
1> 18790 532 1.00 H — L (95.8%)
2% 20160 496 0.98 H — L (93.9%)
3% 19360 517 1.06 H — L (97.2%)
4 20240 494 111 H — L (96.7%)
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Computed using TDDFT/CAM-B3LYP/6-311++G** using a PCM model for THF
solution. °For the shape of the orbitals see Figure 5.5-Figure 5.8.
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Figure 5.4 Simulated absorption spectra of neutral, anionic, and dianionic TAP (1)
computed at TD-DFT/CAM-B3LYP/6-311++G** level. All spectra were broadened
using Gaussian functions with a full-width at half maximum of 0.2 eV. BS refers to

bright state.

All lowest excited states correspond to typical nn* excited states, as can be seen from
the main orbital contributions to the electronic transitions. The So — S transition of
the closed-shell neutral and the dianions are typical HOMO — LUMO transitions, but
the latter has much larger oscillator strengths. This is in agreement with the larger molar
extinction coefficients of the dianions, in comparison to those of the neutral compounds
measured experimentally. The interpretation of the transitions in the open-shell anions
is slightly more involved, as these anions possess two sets of orbitals, one for the alpha
and one for the beta electrons. The molecular frontier orbitals and the energies are
shown in Figure 5.5-Figure 5.8. In the azapentacenes 1"—4"", however, the lowest
excited state can be understood as an electronic transition from the HOMO of the

neutral into the now half-filled LUMO of the anion. This is in accord with the fact that
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the experimentally determined molar extinction coefficient of the Dy — D; transition
of the monoanion is only half that of the corresponding neutral compound. The Dy —
D, transition of the monoanion is from the half-filled LUMO to the LUMO+1 of the
neutral compound, which is the same as the So — S; transition of the dianion. This
again explains why the molar extinction coefficient of Do — D» transition of the

monoanion is smaller than that of the So — S; transition of the dianion.

Overall, our calculations fully support the interpretation of the measured absorption
spectra as those of the free neutral, anionic and dianionic species of 1-4 and explain the

observed trends nicely.
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Figure 5.5. Kohn—Sham frontier molecular orbital diagrams and energies (in eV) for

neutral, dianionic (left) and anionic 1 (right) in THF solution (isodensity value: +£0.015).
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Figure 5.8. Kohn—Sham frontier molecular orbital diagrams and energies (in eV) for
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In order to evaluate the origin of the two-quantum (2Q) resonance at 4.10 eV in the 2Q-
associated 3D spectral®!'¥l, we performed quantum chemical calculations by using DFT
and TD-DFT. All calculations were carried out with the Gaussian program package?%”,
The ground state equilibrium structure of TIPS-TAP?” was optimized with DFT/CAM-
B3LYP/6-311G** and employing a polarizable continuum solvent model for
tetrahydrofuran (THF) solvation. TD-DFT calculations were performed on the
optimized structure with BLYP functional and 6-31+G* basis set for the first 100
vertical transitions (So — S,). Subsequently, S1 — S, transitions were obtained by
computing transition dipole moments between excited states. In the So — S, spectrum
(Figure 5.9), the So — S transition energy (590 nm, 2.10 eV) is in good agreement with
the experimentally observed peak (602 nm, 2.06 eV). There are some higher excited
states with nonzero oscillator strength. However, at nearly twice the energy of the
So — S transition (295 nm, 4.20 eV), there is no transition with significant oscillator
strength present in the calculation, which is analogous to experimental observations.
Thus, this reflects that the experimentally observed 2Q state at 4.10 eV is unlikely to
be excited via a single one-photon transition due to the inversion symmetry of the

molecule.
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Figure 5.9. Calculated So — S, (n = 1, ..., 100) absorption spectrum of TIPS-TAP?",

broadened using Gaussian functions with a full width at half maximum of 0.33 eV.

In contrast, the S1 — S, absorption spectrum (Figure 5.10) features a transition into S74
(579 nm, 2.14 eV) with relatively high oscillator strength at nearly the same energy as
the So — Si transition. There is also a second optically bright transition at 1157 nm
(1.07 eV), which is not of relevance within our experiments because it is not covered
by the employed laser spectrum. Hence, we conclude that the 2Q resonance at 4.10 eV
in the 3D spectra origins from S74, which is only accessible via two consecutive one-
photon transitions So — S1 — S74. The calculated oscillator strength of the direct So —
S74 one-photon transition is zero, which further underlines that S74 is a two-photon

allowed but a one-photon forbidden electronic state.
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Figure 5.10. Calculated S; — S, (n =2, ..., 100) absorption spectrum of TIPS-TAP*",

broadened using Gaussian functions with a full width at half maximum of 0.33 eV.

5.3.2 Br4-TAP

The electron affinities were calculated at the DFT/CAM-B3LYP level to be 4.03 eV for
the parent TAP and 4.33 eV for Br4-TAP, thus making Br4-TAP attractive for n-

channel semiconductors.

The lowest computed vertical electronic transitions of Br4-TAP, its monoanion, and
dianion calculated at the TDDFT/CAM-B3LYP level follow the trend of the
experimental data (Table 5.3 and Figure 5.11). As in the case of TAP, the spectrum of
the radical anion is red-shifted the most, followed by that of neutral Br4-TAP. The
dianion has the most blue-shifted absorption spectrum. The optical properties and
excited electronic states of Br4-TAP are, in general, very similar to that of TAP and

its reduced species.
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Table 5.3. Computed relative energies (AF) and vertical excited states of Br4-TAP, its
anion Br4-TAP-, and dianion Br4-TAP?>~ at the DFT(TDDFT)/CAM-B3LYP/6-

311++G** Jevel.

Br4-TAP Br4-TAP~ Br4-TAP*
AE® 0 -4.33 ~7.69
BS, 1.91 (0.27) 0.97 (0.10) 2.39 (1.36)

[650 nm] [1280 nm] [519 nm]
BS,! 3.09 (1.03) 1.87 (0.43)

[401 nm] [662 nm]

[a] Relative energies in eV. The energy of neutral Br4-TAP is set to zero. [b] Vertical
excitation energies of bright states (BS) in eV, oscillator strengths in parentheses,

absorption wavelengths in brackets.
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Figure 5.11. Simulated absorption spectra of neutral, anionic and dianionic Br4-TAP
computed at TD-DFT/CAM-B3LYP/6-311++G** level. All spectra were broadened

using Gaussian functions with a full-width at half maximum of 0.2 eV.

The EPR spectra of Br4-TAP~ is shown in Figure 5.3. The simulated spectrum gives
giso=2.005, a(**N)=3.7 MHz, a('H)=3.7 MHz, and a("*®*'Br)=1.8 MHz. The hyperfine
coupling of nitrogen in Br4-TAP-~ is much smaller than that in the TAP radical anion
(a(**N)=5.32 MHz), while the hyperfine coupling constants of the protons in TAP-~ are
smaller than those in Br4-TAP-". This indicates that, in contrast to TAP-~, the unpaired
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electron in Br4-TAP-~ resides more on the outer rings than on the inner rings. This is
an indication of the inductive effect of the bromine substituents. The computed natural

charges at the DFT/CAM-B3LYP level support this finding (see Table 5.4).
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Figure 5.12. Simulated and experimental EPR spectra of Br4-TAP-".

The bromine atoms do indeed lead to a shift of the negative charge towards the outer
rings. This effect is more pronounced for the anionic and dianionic species than for the
neutral Br4-TAP. This observation will be important for the charge transport property.
Quantum chemical calculations confirmed that Br4-TAP? is a singlet, as the triplet

state lies 1.159 eV above that of the singlet.

Table 5.4. Difference of atomic natural charges between neutral, anionic and dianionic
TAP and Br4-TAP. A corresponds to the charge shift induced by the bromine atoms.
The charges of the rings are summed up according to the numbering scheme below, the
TIPS groups are excluded. Charges of atoms belonging to two rings are split. The

negative charge is shifted to the terminal ring in Br4-TAP compared to TAP.
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Br N\ N
2/ 3/
Br N

TIPS

fl

Br

Br

TIPS

Brd4-TAP | 2 3 4 5

TAP(0) 0.307 | -0.443 | 0.286 | -0.442 | 0.307
Br4-TAP(0) | 0.283 | -0.396 | 0.317 | -0.422 | 0.289
A 0.024 | +0.047 | +0.031 | +0.020 | -0.018
TAP(-1) 0.116 | -0.585 | -0.037 | -0.586 | 0.117
Br4-TAP(-1) | 0.058 | -0.569 | 0.025 | -0.567 | 0.080
A -0.058 | +0.016 | +0.062 | +0.019 | -0.037
TAP(-2) -0.067 | -0.698 | -0.451 | -0.698 | -0.067
Br4-TAP(-2) | -0.148 | -0.672 | -0.346 | -0.683 | -0.143
A -0.081 | +0.026 | +0.105 | +0.015 | -0.076

5.3.3 bis-TAP

supporting the lack of disproportionation.
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energies in eV; oscillator strengths in parenthesis.

The radical anion of bis-TAP is less stable than the TAP radical anion in air, as the
electron affinity of bis-TAP is lower by about 0.6 eV. Calculations (Table 5.5) of the
relative energies of the neutral, anion and dianion of bis-TAP reveal the anion to be
more stable than the neutral form by 3.64 eV in THF, and the dianion to be more stable

than the anion by another 2.8 eV at the DFT/CAM-B3LYP/6-311++G** level

Table 5.5. Calculated relative energies and lowest vertical excited states of the neutral,

anion, and dianion of bis-TAP. Relative energies in eV [kJ mol']; vertical excitation




bis-TAP  bis-TAP~  bis-TAP*
Relative energies 0 —3.64 [-351] —6.44 [—621]

Excited states
Ist 2.43(0.34) 1.43(0.12) 2.06(1.89)
2nd 2.83 (1.81) 1.70(0.57)

The calculated vertical excitation energies follow exactly the trends observed in the
experimental absorption spectra of bis-TAP, bis-TAP-, and bis-TAP?", respectively
(Table 5.5, Figure 5.13, and Figure 5.14). The lowest excited state of bis-TAP is a
typical n—n* HOMO-LUMO transition with excitation energy of 2.43 eV, which
corresponds to an absorption wavelength of 511 nm. The lowest excited state of the
anion exhibits excitation energy of 1.43 eV, and its absorption wavelength is redshifted
to 866 nm. The lowest excited state of the dianion bis-TAP?" again occurs at a higher
excitation energy of 2.06 eV, but still substantially lower than that for bis-TAP. Hence,
the lowest computed absorption peak of bis-TAP? is also redshifted, at 599 nm,
compared to that of bis-TAP. This is different for the neutral and dianion of TAP, as
the lowest absorption peak of TAP? is blue-shifted compared to that of TAP.
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Figure 5.13. Simulated absorption spectra of neutral, anionic, and dianionic bis-TAP

computed at TD-DFT/CAM-B3LYP/6-311++G** level. All spectra were broadened
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using Gaussian functions with a full-width at half maximum of 0.2 eV. BS refers to

bright state.

The trend observed for the lowest excited states of bis-TAP and bis-TAP?" as well as
TAP and TAP? is directly related to the computed HOMO-LUMO gap; in both
systems these states correspond to one-electron transitions from the HOMO to the
LUMO. In bis-TAP and bis-TAP?>", the gaps are 4.37 and 3.79 eV, respectively,
whereas in TAP and TAP? they are 3.98 and 4.45 eV, respectively, at the DFT/CAM-
B3LYP level.
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Figure 5.14. Kohn—Sham frontier molecular orbital diagrams and energies (in eV) for
neutral, dianionic (left) and anionic bis-TAP (right) in THF solution (isodensity value:

+0.015). The HOMO-LUMO gap decreases from the neutral to the dianion.

In the biphenylene radical anion, the spin distribution at the o-position (a(aH)=0.53
MHz) is much smaller than that at the B-position (a(fH)=7.8 MHz), indicating an
uneven distribution of the unpaired electron in the aromatic system.!*!>! In the EPR
spectrum of bis-TAP-~ (Figure 5.15), the hyperfine coupling constant of "*N (bis-TAP:
a(**N)=4.4 MHz, TAP: a('*N)=5.3 MHz), and of the aryl protons (bis-TAP-:
a('H)=1.0, 0.9, 1.1 MHz, TAP: a('H)=1.5, 1.4 MHz) are much smaller than those of
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TAP; these numbers indicate the decrease of spin density on the azapentacene unit and
confirm that the unpaired electron delocalizes on both the pentacene and the two
phenylene units. In contrast to the biphenylene radical anion system, the hyperfine
coupling constants of all aryl protons are similar to one another, indicating that the spin

density is distributed much more evenly than in the biphenylene radical anion.
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Figure 5.15. Experimental (black) and simulated (red) EPR spectra of bis-TAP-".

To investigate the aromaticity of the neutral and dianionic species we calculated the
NICS(1) zz values of bis-TAP, bis-TAP?>", TAP, and TAP* (Table 5.6). While
negative NICS(1) zz values indicate aromaticity, positive values refer to
antiaromaticity. TAP is an aromatic system with five aromatic six-membered rings; its
dianion has diminished aromaticity at the central ring and displays two antiaromatic
pyrazine units. The terminal rings 1 and 5 remain aromatic. The situation is different
for both bis-TAP and bis-TAP?>". While the terminal rings A and B are aromatic, the
four-membered rings m and n are highly antiaromatic, with more antiaromaticity upon
reduction. The incorporation of the four-membered rings reduces the aromaticity of
rings 1 and 5 drastically. Also, in the dianion bis-TAP?", the four-membered rings lead

to an increased antiaromaticity of the core, compared to that of TAP*".
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Table 5.6. NICS(1) zz values [ppm] of bis-TAP and bis-TAP?>" compared to the
NICS(1)_zz values of TAP and TAP? computed at the DFT/CAM-B3LYP/6-311G**

level.

QoOOO00D

TAP bis-TAP TAP?* bis-TAP*
A —18.98 —12.73
m 23.37 33.54
bis-TAP —18.78 —-3.86 —19.79 —-5.01
2 -29.47 -2036 -1.12 0.73

3 -29.71 -25.04 835 9.97
4 -29.21 -19.97 -133 1.21
5 —-18.38 328 —19.72 —4.46
n 23.35 33.91
B —18.50 —12.25

5.3.4 Quino-CF3

Figure 5.16 displays the molecular structure and the bond distances of the neutral and
the radical cation of Quino-CF3. The neutral species displays a significant bond
alternation, in accordance with the geometry derived from the single crystal structure,
that strongly suggests a quinoidal structure, as expected from the simple resonance
structures. The quinoidal character decreases when going from the neutral compound

to the radical cation, as expected.
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Figure 5.16. Molecular structures and bond lengths (blue: derived from the crystal
structure; red: calculated at the DFT/B3LYP/6-311G** level) of neutral Quino-CF3

compound (top) and its radical cation (bottom).

As can be seen from Figure 5.17, the simulated absorption spectra of the Quino-CF3
species are consistent with the experiment. The lowest electronic transition of Quino-
CF3 is a HOMO-LUMO transition with an excitation energy of 2.22 eV located at 559
nm in the simulated absorption spectrum. Due to neglect of vibrational effects, the
broadening of the absorption bands is not reproduced. The lowest absorption band of
Quino-CF3™ is redshifted to the near-infrared region with contributions from two
electronic transitions of HOMOo—LUMOa and HOMOB-LUMOB characters.
Furthermore, the first bright state of Quino-CF3*" lies in between those of Quino-CF;
and Quino-CF3™ with a Amax of 653 nm. Therefore, the first absorption band of Quino-
CF; is blueshifted compared to its cationic and dicationic species. A similar blueshift
feature also exhibits in dianionic TAPs>", when compared with TAP and TAP ™. Hence,
the character of each vertical transition for Quino-CF3 and TAP is compared and shown
in Table 5.7. It can be easily found that Quino/TAP?", Quino™/TAP ™ and Quino**/TAP
share common transition characters. For example, the most important contribution to
the first bright state (BS1) of Quino-CF3 is a HOMO to LUMO transition, the BS1 of
TAP? is analogously also mainly a HOMO-LUMO transition with similar molecular
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orbital shapes. Thus, the resemblance of the peak position in the absorption spectra and
the similar characteristics of the electronic transitions corroborate the isoelectronic

properties of Quino/TAP?", Quino™/TAP ™ and Quino**/TAP.
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Figure 5.17. Simulated absorption spectra of neutral, cationic and dicationic Quino-

CF3 computed at TD-DFT/B3LYP/6-311G** level. All spectra were broadened using

Gaussian functions with a full-width at half maximum of 0.2 eV.

Table 5.7. Comparison of most significant single excitation contributions of the bright
states (BS) for Quino-CF3 versus TAP?, Quino-CF3!* versus TAP!", and Quino-
CF32* versus TAP. The MO numbers are indicated below the MO pictures, where the
MO numbers in respective neutral specie are written in parentheses. The Quino-CF3
and TAP species were computed at B3LYP/6-311G**/DCM and CAM-B3LYP/6-
311++G**/THF level of theory, respectively.
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To shed further light on this aromaticity, we performed quantum chemical NICS-
calculations (Figure 5.18). In the neutral Quino-CF3, NICS-values of the three interior
rings are positive with the maximum value up to +9.5, yet smaller than those reported
for the formally antiaromatic ring in N,N'-dihydrotetraazapentacene (+23, NICS

(0)22).2'1 Upon monooxidation, the overall aromaticity of the open-shell system, as
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calculated by NICS, increases, and all of the rings now display negative NICS-values,
with the outer ones and the middle one being more aromatic than the formal pyridine-
like ones. Further oxidation to the closed-shell Quino-CF3*", necessitating a stronger
oxidant preparatively, also results in a fully aromatic system with similarly negative

NICS values.

Figure 5.18. NICS(1)., values of Quino-CF3 (top), Quino-CF3* (middle), and Quino-
CF3?* (bottom) calculated at B3LYP/6-311G** level employing a PCM model for
DCM solution.

5.4 Conclusions

In this work, we have investigated the molecular properties of a series of N-
heteropolycycles and their charged species. The theoretical description and prediction
were obtained by electronic structures, energetics, UV—vis—NIR spectra, NICS values,

and EPR spectra (radical anions).

For the symmetrical tetraazapentacene (TAP, 4), there is no detectable charge pinning
in 47. The reason for the lack of charge pinning is probably the size of TAP, which

allows the negative charge to be easily distributed over the whole molecule. That is
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perhaps not too surprising as, if one looks at the LUMO, its coefficients are equally
distributed over the whole of the molecule. So, the larger the molecule, we posit, the
less of an issue charge pinning is, even though electronegative atoms are present in the

molecular framework as in 4.

The reduction of four different azapentacenes containing two or four nitrogen atoms (1-
4) in the ring systems results in radical anions that are stable with respect to
disproportionation into the dianion and the neutral compound. The radical anions show
a strongly red-shifted absorption (into the NIR), while the dianions all have blue-shifted
absorptions. The one- and two-electron reductions do not lead to a dramatic change in
the overall geometry of the investigated azapentacenes, even though for the dianions,
the loss of bond length alternation is in line with the formation of an antiaromatic 4n -
system. Overall, our investigations have shed considerable light on the reduction of
azapentacenes. We conclude that the presence of the electronegative nitrogen atoms in
the rings is more important than their position to stabilize the radical anions, which do

not disproportionate.

Br4-TAP shows similar properties as TAP. However, several important trends emerge.
1) The addition of four bromine substituents increases the electron affinity as it
drastically stabilizes the anionic and dianionic species. 2) The bromine substituents
influence the distribution of the negative charge in the radical anion such that it has a
higher probability of residing on the outer rings. This might lead to an increased transfer
integral in the solid state of Br4-TAP in the presence of negative charges, which is

examined in Chapter 5.

The radical anion and the dianion of bis-TAP have been also studied. Both species
differ—due to the presence of the two benzocyclobutadiene units—in their properties
from those of the TAP radical anion and dianion. An important aspect is that upon
reduction of bis-TAP into its dianion antiaromaticity significantly increases according
to NICS-calculations, different from TAP (aromatic) and TAP-dianion (antiaromatic).
The distinctly different aromatic character of bis-TAP also goes along with a change
in spectroscopic properties, namely, that the dianion of bis-TAP displays a surprisingly
redshifted absorption when compared to that of the neutral compound. For TAP, the

opposite is true, that is, the dianion's longest wavelength absorption feature is
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blueshifted compared to that of the neutral compound. The conceptual reason for this

behavior is not easily understood and awaits further clarification.

The geometry, electronic structure, and spectroscopic data for the Quino-CF3 and its
radical cation and dication display a significant resemblance to the data collected for
the series of TAP dianion, radical anion, and TAP as neutral compound. The
resemblance is most striking if one looks at the spectroscopic data, and while the TAP
dianion does not feature a distinct quinoidal structure, Quino-CF3 does so. Yet the
spectra are very similar. More remarkable is that the TAP radical anion and the Quino-
CF; radical cations display red shifted spectra similar to each other suggesting an

extensive isoelectronic relationship.
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6. Theoretical Simulation of Electron
Transport Process in Halogenated N-
Heteroacenes

6.1 Abstract

Over the last decades, organic electronics has emerged as a vibrant, interdisciplinary
field of research. New organic semiconductors with excellent semiconducting
properties are considered as role models of their inorganic counterparts. In addition,
organic materials are modifiable, which might be a key feature for new innovative

technologies.

To specifically synthesize new organic semiconductors, a theoretical understanding of
charge transfer is essential. The popular Marcus theory offers a good opportunity to
calculate electron transfer rates of organic molecules due to its comparatively low
computational effort. Despite being a semi-classical theory, it can correctly predict

transfer rates on a qualitative level.

In this work, the Marcus theory is used to calculate the electron transfer properties of
N-heteroacenes. These are a promising class of organic semiconductors and are the
subject of this current research. The applicability of the approach is examined by
comparing results to available theoretical and experimental data. In the end, novel

derivatives are examined to reveal their potential as organic semiconductors.
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6.2 Introduction

6.2.1 Acenes

Larger acenes and their derivatives are commonly known p-type semiconductors. A

selection of them is shown in Figure 6.1.

Acenes none-Acene

QO
COCD CCO00 OoCD | QD
OO

Tetracene Pentacene Rubrene Pyrene

Figure 6.1. Two important acenes, a substituted acene derivative, and one polycyclic

aromatic carbon not belonging to the class of acenes.

Acenes, typically described by the fewest localized Clar resonant sextets per number of
aromatic rings, have been studied for over a century.l*! They are made up of linearly
fused benzene rings, thus contain only one single Clar resonant sextet. Therefore,
pyrene, despite having the same number of aromatic rings as Tetracene, does not belong
to the class of acenes because of a nonlinear structure. Due to this fact, it does not
exhibit the same typical properties of an acene. Acenes always have smaller HOMO-
LUMO gaps than any other hydrocarbon with an equal number of aromatic rings.?!®!
Since a sizeable HOMO-LUMO gap typically implies high kinetic stability and low
chemical reactivity, [2'%! acenes are per definition the most unstable class of polycyclic
aromatic hydrocarbons. The HOMO-LUMO gap is also closely related to the number
of benzene rings. It decreases with increasing acene length, which is why pentacene is
the largest well-characterized example. ¥ Larger acenes such as hexacene are

extremely unstable, undergoing dimerization and oxidation.!”!
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On the other hand, the larger acenes turned out to have excellent semiconducting
properties. Pentacene can show hole mobilities as high as 35 ¢m?/Vs at room
temperature?'® and is used as reference material for p-type semiconductors. However,
the electron-rich middle ring tends to be oxidized by atmospheric oxygen in a Diels-
Alder reaction at the 6,13-position leading to pentacenequinone. This is found to be one
of the major impurities in pentacene crystals and acts as an energy trap, thus decreasing
the charge mobility.*!®) Additionally, pentacene has very poor solubility in organic
solvents!*! and crystalizes in a herringbone packing motif with only minimal 7-stacking

leading to aromatic edge-to-face interactions. In Figure 6.2, this herringbone packing

183]

motif of unsubstituted pentacene is schematically depicted.!

schematic Pentacene schematic crystal structure

Figure 6.2. Crystal structure of pentacene (herringbone arrangement).¥!

Fortunately, all problems mentioned above can be circumvented through
functionalization with acetylene units, as shown by Anthony et al.!'®3 Introducing
bulky triisopropylsilyl (TIPS) substituents at the chemically active carbon positions 6
and 13, improves the stability, and pentacene becomes soluble in many organic
solvents. Furthermore, this modification changes the crystallization motif. A brickwork
arrangement is therefore favored leading to a robust face-to-face interaction, which in
turn means strong intermolecular coupling essential for excellent electronic
performance.?! The functionalized pentacene, as well as the brickwork arrangement,

are shown in Figure 6.3.
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schematic TIPS-TAP schematic crystal structure

Figure 6.3. Crystal structure of TIPS-pentacene (brickwork arrangement).?! For better

clarity, hydrogen atoms are not shown.

6.2.2 N-Heteroacenes

Acenes are unsuitable n-type semiconductors due to the formation of unstable radical
anions, which lose their charge in trap states or in the presence of oxygen. This can be
altered by the introduction of electronegative elements like nitrogen into the framework
of the acenes. Therefore, so-called N-heteroacenes are obtained in which one or more
rings have been substituted by pyridine or pyridazine rings. The overall structure
remains the same as for the acenes described above. Some of the problems of acenes
such as insolubility and lack of optimal packing are also directly translated to the N-
heteroacenes. Fortunately, they can be solved using the same method. Functionalization
with acetylene units leads to the substituted N-hetroacenes. What changes are their
electronic properties. The electronegative nitrogen atoms lead to a stable anionic state
giving them properties of an n-type semiconductor.['®) A common example, TIPS-
tetraazapentacene (TIPS-TAP) shown in Figure 6.4 exhibits excellent n-type

2
semiconducting properties with electron mobilities up to 11.1 =—.[219]
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TIPS-Pen TIPS-TAP

Figure 6.4. Two acene based organic semiconductors: TIPS-Pen (p-type), TIPS-TAP
(n-type).

6.2.3 Halogenated TIPS-TAP-Derivatives

Hydrogen atoms of TIPS-TAP can be substituted by halogen atoms, as shown in Figure
6.5. The electronegative halogen atoms further change the electronic properties of N-
heteroacenes and influence their semiconducting abilities.'%® 11 In particular, the
central symmetrical 4X-TAPs received significant attention due to excellent
performance as n-type semiconductors. With 4CI-TAP, Miao et al. even set a new

record for the electron mobility of n-channel organic field-effect transistors, reaching

2
electron mobilities as high as 27.8 % However, the fluorination of TIPS-TAP

drastically weakens their semiconducting properties, leading to rather poor electron
mobilities.'®® Bromination, on the other hand, also seems to improve the electron

mobility of TIPS-TAP. On similar fabricated devices, it shows electron mobilities 43
2
times higher than TIPS-TAP. Although, the reported electron mobility of 0.56 % is

not nearly as good as the values measured from Miao et al..!'%) Nevertheless, it shows
the potential of 4Br-TIPS-TAP and leaves the question of what electron mobilities
might be achievable when fabricated similar to 4Cl-TIPS-TAP. 4I-TIPS-TAP, recently

synthesized by Hilmar Reiss??], also lacks measured values for the electron mobility.

144



TIPS TIPS

If Il
@[NIjNiQ XD[NIjNﬁx X = Cl: 4CI-TIPS-TAP
N N X NN X X=Br 4Br-TIPS-TAP

Il Il

X =1: 4-TIPS-TAP

X = F: 4F-TIPS-TAP

TIPS TIPS

Figure 6.5. Symmetric halogen derivatives of TIPS-TAP.

6.2.4 Aim of this Work

The halogenation of TIPS-TAP significantly changes its properties as a semiconductor.
Although Miao ef al. compared the TIPS-TAP, 4F- and 4CI-TIPS-TAP on a theoretical
and experimental basis,!'%] a comparison to the heavier TIPS-TAP derivatives 4Br-

TIPS-TAP and 41-TIPS-TAP does not exist.

The subject of this work is the theoretical investigation of possible electron mobilities
for the tetra halogenated TIPS-TAP molecules, including fluorine, chlorine, bromine,
and iodine. Based on the crystal structure of these TIPS-TAP derivatives, electron
transfer rates for different dimer structures are calculated using the Marcus theory. With
the electron transfer rates and data of crystal structures, the electron mobilities are
estimated. The transfer integrals and reorganization energies used within the Marcus
theory framework, the Marcus electron transfer rates, and the approximated electron
mobilities achieved for the halogenated TIPS-TAPs are compared. Based on the
comparison, a statement about the potential of 4Br- and 4I-TIPS-TAP is given.
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6.3 Theory

6.3.1 Organic Semiconductors

Organic semiconductors are organic materials that show semiconducting properties.
The critical quantity that characterizes the charge transport in such semiconductors is
the carrier mobility y. Based on the ease of charge injection from electrodes, organic
semiconductors can be separated into two classes. If the Fermi level of an electrode is
close to the electron affinity of the material, injecting an electron into the material is
favored. Such materials are called n-type semiconductors. On the other hand, if its
ionization energy closely matches the fermi level of an electrode, the material would
be used as a hole transporter and called a p-type semiconductor. Independent of the
carrier, in the absence of an external electric field the charge transfer is purely diffusive,

and the charge mobility can be calculated by the Einstein-Smoluchowski equation:!

eD

U= m, (6.3.1)

where e is the electron charge, kp the Boltzmann constant, T the temperature, and
D refers to the diffusion coefficient. Diffusion in the absence of an external field can

generally be described by

) (6.3.2)
2n t
where n is the spatial dimensionality of the system, t is the time, and (x?)
represents the mean-square displacement of the charges. It can be seen as a local
displacement of the charge carriers around an average position. To change the average
position, an external electric field needs to be applied. It induces a drift of the charge
carriers across the organic semiconductor, which is the primary way of charge
migration in fabricated devices. Here, the charge mobility can be alternatively defined

as:
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(6.3.3)

where v is the velocity of the charges, and F is the amplitude of the external electric
field. !

In this work, the charge mobility is calculated through the definition of a purely

diffusive process. For evaluating the diffusion coefficient D, many different

221-224

approaches are used in the literature.! I Assuming no correlation between hopping

events and that the charge motion is a homogeneous random walk seems to provide!?**

224]

2
i

where 7 is the spatial dimensionality of the system, ¢ is the time, and (x(t)?) refers

to the mean-square displacement of the charges; i represents a specific hopping

pathway, 7; is the distance between the center of mass of two adjacent molecules along

pathway i (hopping distance), and W; is the hopping rate between neighbors along

pathway i. P; is the hopping probability and is calculated with

P = i (6.3.5)
X Wi

Miao et al. also used equations 6.3.4 and 6.3.5 to evaluate the charge mobility of TIPS-
TAP, 4F-TIPS-TAP, and 4CI-TIPS-TAP and correctly predicted the trend.!'%! Since we
aim to reproduce their results and calculate the bromine and iodine derivates for
comparison, this approach seems reasonable. However, equation 6.3.4 predicts

different diffusion coefficients for two seemingly similar systems shown in Figure 6.6.
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System 1 System 2

Figure 6.6: Two model systems to demonstrate the behavior of equation 6.3.4.

Here, the hopping rates are W, = 2Wjp, and the distances r are assumed to be equal
in the two systems. The dwell time 7 = (3}; W;)™?! is also identical for both system,
and the charge carrier jumps with distance r after time 7. However, evaluating the

diffusion coefficient with equation 6.3.4 provides:

1 ) 1 ) Wy
System1: D = o Zri W; P; :ﬂél-r WAM
t (6.3.6)
1.,
=Z‘r WAI
1 ) 1 2, Wa
System 2: D = %Zri WiPi=ﬁ8-r WBSWB
t (6.3.7)
1,1
:ZT EWA

System 2 only shows half of the diffusion coefficient of 1. Furthermore, when adding
more pathways to system B with Wy and r, the resulting diffusion coefficient remains
the same even though 7 decreases. The actual number of paths with the same hopping

rate and hopping distance in one system is meaningless after equation 6.3.4.

Stehr et al. made similar considerations for the charge mobility as mentioned above and

gavel223]

B B pi(r? >l
—%%< r?) = an (6.3.8)
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where i represents the different lattice sites and p; the probability that lattice site i
is occupied. Other variables are the same as defined above. For the one dimensional

(n = 1) case, the resulting diffusion coefficient is
1 b o2
D=3 ZPi AGDE (6.3.9)
ij

where € is the unit vector along the direction of the diffusion. In the absence of an
external electrical field, all lattice sites are equally populated since all lattice sites can

be taken as equal and the last equation simplifies to!??*]
1 L 2
D=3 Z w; (7€) (6.3.10)
J

Equation 6.3.10 and 6.3.4 are similar (also in the 1D case) with the exception of P;.
Assuming the 2D (3D) coefficient is just the mean of 2 (3) 1D coefficients, equation
6.3.10 could also be used to calculate the model system in Figure 6.6. Now the two
systems indeed show the same diffusion coefficient. Also, adding more paths with the
same hopping rate and hopping distance actually changes the diffusion coefficient,

which is contrary to equation 6.3.4.

In this work, the equation 6.3.4 is used, since it is the equation used by Miao et al. to
calculate the diffusion coefficient, and we intend to produce comparable results.
Additionally, all of the investigated systems show the same number of paths, which is
why the results can certainly be used to compare the substances. However, in future
works D should be calculated with a Monte Carlo simulation since it is used as a
reference method to simulate the random walk behavior of charge transport

processes.[??]

6.3.2 Charge-Transport Mechanism

Many models have been suggested for the charge transport in organic semiconductors.
From one-dimensional band transport to a variety of polaron-band/hopping models with

different kinds and degrees of electron-phonon coupling.?>>) Hopping models describe
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the thermally activated hopping of a charge over a barrier, which results in the mobility
increasing with higher temperatures. On the other hand, in a band-like regime, the
charge is fully delocalized and undergoes coherent motion. Due to higher phonon
scattering, mobility should decrease with higher temperatures.!??°! These are the two
extreme models for describing the charge transport, and typically none of these two

models can be applied exclusively in the case of organic semiconductors.

According to more general models the total mobility ¢ can be approximated as a sum

of two contributions: !

U= Ueyn + Upop, (6.3.11)

where s, 1s related to the tunneling of electrons, a coherent electron transfer
decreasing with higher temperatures. The latter py,, is related to the hopping motion,
an incoherent electron transfer increasing with higher temperatures. The relative
contributions do not depend solely on the temperature but on actual microscopic
parameters like electron-phonon coupling, electronic and phonon bandwidths, and
phonon energy. In this work only the hopping contribution is examined but for a
complete calculation of the mobility p;,,, needs to be considered too. It is important
to note, however, that the trend of the mobilities is the same with and without
considering the tunneling effect in the case of TIPS-TAP and 4F/4CI-TIPS-TAP.[!%]
Therefore although no quantitative mobilities are expected here, a qualitative

comparison between the TIPS-TAP derivates should be possible.

An equation for the hopping mobility ., can be given in the framework of small
polaron theory. In the classical limit, when the energy of an optical phonon hwg is
much smaller than kzT an Arrhenius-type law for the electron transfer rate W is

obtained:[?!

V. 2 0.5 _Epol
w = Wil i e 2knT, (6.3.12)
h \2EpoksT

where V is the transfer integral of the molecules between which the electron is
transferred. The polaron binding energy E,, 1is obtained by dividing the

reorganization energy A by 2 as shown in equation 6.3.13
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Epot = = (6.3.13)

N

Taking this into account equation 6.3.12 becomes

T o\0S __A_
(m) e 4kpT (6314)
B

_ [Vir|?

w
h

which is the classical Marcus equation®>”) when the standard Gibbs free energy change
AG® is zero. Since the electron transfer in TIPS-TAP crystals is a self-exchange
reaction, this holds true in our case. This is also the equation employed by Miao et al.
to calculate the hopping mobility and is used here in a similar manner.!'%] The next two
chapters are about the calculation of the transfer integrals V and reorganization

energies A.

6.3.3 Reorganization Energy

The reorganization energy is one of the key quantities that influence the electron
transfer rate. In organic crystals, it can be usually expressed as the sum of inter- and
intramolecular contributions due to the weakness of van der Waals interactions between
organic molecules. The intermolecular reorganization energy is the result of the

(2281 1t is typically much

electronic and nuclear relaxation of the surrounding medium.
smaller than the intramolecular reorganization energies and can, therefore, be
neglected.?*> 2% The physical meaning of the intramolecular reorganization energy is

illustrated in Figure 6.7.
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Figure 6.7. Sketch of the potential energy surfaces (PETs) for the neutral state E and
the anionic state E™. The red (green) arrow indicates the vertical transition from the
neutral (anionic) state to the anionic (neutral) state at the optimized neutral (anionic)
state geometry M (M™). A; and A, represent the two terms of the intramolecular

reorganization energy.[*?> 224

For an intermolecular electron transfer between similar molecules, the reorganization
energies can be obtained by calculating the energies Ey), Ew-), Epyy and Egy-). In
the case of an electron transfer between two TIPS-TAP molecules 1 and 2: The
acceptor 1 is in the neutral state at the minimum of the PES E(,y while the donor is
at the minimum of the anionic state PES E(;,-). If an electron is “hopping” from a
neighboured, negatively charged TIPS-TAP 2 to 1, two transitions will occur. 1
will be reduced (red arrow). At the same time, 2 will be oxidized (green arrow) at
frozen reactant geometries as a consequence of the Franck-Condon principle, which
requires the same nuclear configuration immediately before and after the electron
transfer. 1 is now on the anionic state PES but has the optimal geometry for the neutral
state E(;;y which means it will relax to the minimum of this PES E,-). The same
applies to 2, and it will relax from E(y-y to E) and concludes the electron transfer.
For an electron transfer to occur, the principle of energy conservation should also be

satisfied. However, as shown in Figure 6.7, the electronic vertical transitions (red and
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green arrows) do not match. It follows that thermal fluctuations from the equilibrium

nuclear configurations of the reactants are needed prior to the electron transfer.[??]

As shown in Figure 6.7, the reorganization energies can be calculated via:

A=A+ 2y (6.3.15)
Al = E(M_) - E(M)' (6316)

6.3.4 Electronic Coupling

The electronic coupling is of central importance for the charge transport in organic
semiconductors. If an electron is transferred from a donor D~ to an acceptor A, the

Hamiltonian matrix is

E, H
H= ( ‘ lf), (6.3.18)
Hif  Ef

where E; is the energy of the initial state corresponding to the D™A state and Ef is

the energy of the final state corresponding to the DA™ state. The off-diagonal matrix

elements are
Hip = (Y;|H|¥f), (6.3.19)

where H is the electronic Hamiltonian of the system, and W; and Wy are the
wavefunctions of the two charge-localized (diabatic) states D~A and AD~
respectively which are the states obtained in the hypothetical absence of any coupling
between the donor and acceptor. H; is the transfer integral (when W; and Wy are
orthogonal) and rigorously define the magnitude of the electronic coupling. In the basis

of eigenstates, H is
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CE 0
H= (0 Ez)’ (6.3.20)

with the eigenvalues

E; + Ef E; — Ep\°
Bp=—-—T 4 \/( _ ) +H2. (6.3.21)
In the more general case, where W; and ¥y are not orthogonal

an effective Hamiltonian can be obtained by symmetric Lowdin orthogonalization with

the off-diagonal elements (when W; and ¥f are normalized)

err _ Hir — (E; + Ef)Sis/2

(6.3.23)

where V;; is the transfer integral and will be used in the Marcus equation 6.3.14. 32311

Vi can be calculated based on the Hartree-Fock (HF) method or with correlated
methods like Configuration Interaction (CI). Since correlated methods are costly, they
impose computational challenges and are not practical to be used in large systems. On
the other hand, Hartree-Fock is less accurate due to the lack of electron correlation. An
alternative is the density functional theory (DFT), which can be very accurate while
maintaining low computational costs. Based on DFT, a possibility to calculate Vi is
by constraining charges to the individual fragments and thus constructing the charge-
localized (diabatic) states (CDFT).[?*”] One disadvantage of existing DFT functionals
is that, while capturing a large part of dynamic correlation efficiently, they tend to
behave erratically when it comes to static correlation. To include the static correlation,
CI has been incorporated in the CDFT method while retaining the efficiency of DFT.%
Therefore, CDFT-CI approach is used to calculate V;r in this work.
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6.4 Methods

6.4.1 Analysis of Crystal Structures

The crystal structures of TIPS-TAP!33] 4F-TIPS-TAP!'%] and 4CI-TIPS-TAP!%
were obtained from the Cambridge Structural Database.?**! 4Br-TIPS-TAP and 4I-
TIPS-TAP structures were provided by Hilmar Reiss.[*?") In Mercury,?** the 22 atoms
of the planar tetraazapentacene framework were taken to make planes, and the m-m
distances were measured. Mass weighted centroids of the complete molecules were
calculated and the distances were measured using Avogadro.?** Taking both distances
into account, different dimer structures were identified and used for the calculation of
transfer integrals. The displacement of the m stacking was measured in Avogadro

using the align molecules feature. The procedure is illustrated in below.

J S

short axis

long axis

5 b=

Figure 6.8. Defining the axis in the case of TIPS-TAP as an example. Hydrogen atoms
are removed for clarity, and TIPS, along with the acetylene linker are shown as wires,
which will be the case for all following pictures. Red marked atoms are taken to
calculate the orange centroid, and blue marked atoms are taken to calculate the light

blue centroid.
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First, two centroids were calculated, including the corresponding 11 atoms of the
tetraazapentacene framework when it is divided along its short axis. Second, two
centroids were calculated, including the corresponding 10 atoms of the
tetraazapentacene framework when it is divided along its long axis. By aligning the
molecules along with those four centroids, the displacement between the centroids
created from the total 22 atoms of the tetraazapentacene framework could be measured,

giving the mean displacement of the m stacking along its short and long axis.

6.4.2 Computational Details

Transfer Integrals

Transfer integrals V were calculated using the Configuration Interaction with
Constrained Density Functional Theory (CDFT-CI) method in Q-Chem 5.1 along
with the PBE5S0 functional?*®! and the 6-31G* basis set. The choice of the method, as
well as the functional, was made taking a benchmark by Blumberger et al. into account.
In their work, a comparison of High-level ab initio calculations to three DFT methods
was carried out, and CDFT in combination with a modified PBE functional containing

[237] Calculations with basis sets

50% Hartree-Fock exchange gave the best results.
containing diffuse functions as well as basis sets of triple zeta quality could not be
converged. However, when constraining Becke weight population, the use of diffuse
functions is not crucial since the obtained values with and without diffuse functions are
comparable.?*?] For lodine, the LANL2DZ ECP!>*®! was used to take the relativistic
effects of heavy elements into account. Because, in the case of 4Br-TIPS-TAP, the
LANL2DZ ECP gave similar results to the 6-31G* basis set. However, there are no

references further supporting this choice.

Reorganization Energies

The reorganization energies A were calculated using the four-point method as
described in the theoretical part. Geometry optimization, as well as the single point
calculations, were done in Gaussian 0912°°! on the B3LYP!3% 1371/6-31G** level of
theory. It was shown that the B3LYP functional could adequately describe the
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relaxation process in oligoacenes.[**> %% The 6-31G** basis set is mostly used
alongside the B3LYP functional in the literature. Therefore, for the sake of consistency
and comparison, B3LYP/6-31G** is employed here. In addition, the combination
B3LYP/6-31G** has already shown to describe the reorganization energies of 4F-, 4CI-
TIPS-TAP, and TIPS-TAP correctly.['%] For Iodine, the LANL2DZ ECP was used to
model the relativistic effects of heavy elements, retrieved from the Basis Set

Exchange.[?*!]

6.5 Results and Discussion

6.5.1 Transfer Integrals

In Figure 6.9 to Figure 6.14, electron pathways of the crystal structures TIPS-TAP and
4F-, 4Cl-, 4Br-, 4I-TIPS-TAP are displayed with their transfer integrals V. These
transfer integrals were calculated for each dimer and are labeled from A to C. Since in
the context of Marcus theory, the sign of V is irrelevant, only the absolute values of

V' are given. In the case of TIPS-TAP two different crystal structures were investigated,

108]

one obtained from Bunz et al.!'®! and the other one obtained from Miao et al.l

Figure 6.9. Electron transport pathways in the crystal structure of TIPS-TAP (Bunz)

and their electron coupling in meV.
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Figure 6.10. Electron transport pathways in the crystal structure of TIPS-TAP (Miao)

and their electron coupling in meV.

Figure 6.11. Electron transport pathways in the crystal structure of 4F-TIPS-TAP and

their electron coupling in meV.

Figure 6.12. Electron transport pathways in the crystal structure of 4CI-TIPS-TAP and

their electron coupling in meV.
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Figure 6.13. Electron transport pathways in the crystal structure of 4Br-TIPS-TAP and

their electron coupling in meV.

The shown pathways of 4CI-TIPSTAP and 4Br-TIPS-TAP are simplified to make this
kind of graphic possible. In the crystal structure, the transfer integrals are alternating
along their respective electron paths. Therefore, different parts of the crystal structure
where A swapped places with A2, and C swapped places with C2 do exist. However,

since these parts of the crystal structure are centrosymmetric to the parts displayed in

Figure 6.12/Figure 6.13, the overall number of different dimers remains the same.

Figure 6.14. Electron transport pathways in the crystal structure of 4I-TIPS-TAP and

their electron coupling in meV.

In the case of 4I-TIPS-TAP, it is more complicated. Along the electron pathway A/A2
and B/B2, the dimers and their transfer integrals are not alternating. Instead, an A-A-A2
pattern, as well as a B-B-B2 pattern along their respective electron transport paths,
could be observed. Therefore, a part of the crystal structure exists where the dimer A2
is exchanged with a second dimer A, and dimer B2 is exchanged with a second dimer
B. This part has two A dimers and two B dimers (and two C dimers), differently to the
one in Figure 6.14. Other parts of the crystal structure are centrosymmetric to one of

these two parts, thus showing the same number of different dimers.

In Figure 6.15, the transfer integrals are compared.
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Figure 6.15. Electron transfer integrals of different dimers in the crystals of TIPS-TAP
and 4F-, 4Cl-, 4Br-, 41-TIPS-TAP.

In Table 6.1, results are summarized, and detailed information about the crystal
structure is added. In Figure 6.16, the axes used are illustrated exemplarily for TIPS-

TAP. The axes for other dimers were chosen similarly.

e
./
i
\< -

Figure 6.16. Illustration of the axis used for the measurement of the r-7r distance and

the displacement of the m-stacking.
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Table 6.1. Displacement of the m-stacking, m-m distances, distances between the
center of mass r and the transfer integrals V for different dimers in the crystal

structure of TIPS-TAP and 4F-, 4Cl-, 4Br-, 41-TIPS-TAP.

Displacement of the -
stacking [A]

-1 El}\s]tance r [A] [mzv]
along the along the
short axis long axis
A 6.69 0.85 3.37 7.53 126.30
Tl(ll)gsufz‘)“’ B 924 1.73 326 9.96 43.78
C 15.93 0.89 0.12 15.95 3.97
A 6.75 0.94 3.38 7.61 113.13
TI(I;Z-;I;/)\P B 9.26 1.70 3.28 9.96 45.22
C 16.01 0.75 0.10 16.02 4.21
A 7.35 1.10 3.33 8.13 22.77
4F-TIPS-TAP B 9.57 1.76 3.26 10.22 5.22
C 16.92 0.67 0.07 16.93 0.68
A 6.25 0.27 3.42 7.19 141.35
A2 6.30 0.70 3.40 7.13 137.24
4CI-TIPS-TAP B 11.76 1.57 3.30 12.32 30.44
18.02 1.30 0.12 18.04 4.88
C2 18.06 2.27 0.09 18.23 3.67
A 6.30 0.11 3.40 7.22 140.14
A2 6.33 0.69 3.42 7.16 140.96
4Br-TIPS-TAP B 12.02 1.53 3.40 12.58 38.22
18.32 1.42 0.00 18.37 6.51
C2 18.34 2.22 0.03 18.48 5.15
A 6.21 0.48 3.40 7.13 148.92
A2 7.51 1.11 3.44 8.17 48.23
41-TIPS-TAP B 12.61 1.43 3.66 13.16 28.51
B2 11.31 0.80 3.87 12.18 10.35

C 18.82 1.91 0.07 18.92 5.38
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Transfer integrals along the same pathway share the same letter, as shown in Figure 6.9
to Figure 6.14. The two examined crystal structures of TIPS-TAP show different
transfer integrals for pathway A. This should not be the case since they are the same
molecules, but as shown in Table 6.1, the displacement m-stacking and the m-m
distance in crystal measured by Bunz et al. are slightly different. As pointed out by
Miao et al., the transfer integral is very sensitive to subtle changes in the 2D m-stacking
which is likely the reason for the difference. This sensitivity is likely due to the fact that
the electronic coupling is not related to the spatial overlap between adjacent molecules
but rather to the degree of wavefunction overlap.?! The electronic coupling can often
be estimated by only taking the LUMO (or HOMO) of a dimer into account. In that
scenario, the extreme dependence on the m-stacking can be rationalized by imagining
the bonding-antibonding pattern.* 24?1 For example, when displacing two dimers along
the long axis, minima and maxima of the transfer integral could be reached, while the
mean amplitude continuously decreases and reaches zero when there is no more spatial
overlap. The difference in the measured crystal structure could be caused by the
inaccuracy of x-ray crystallography, which is why only crystal structures with very high

quality can be used to estimate transfer integrals.

4F-TIPS-TAP is another prime example of the sensitivity of the transfer integral. It has
the smallest m-m distance while showing by far the smallest transfer integrals. Since
smaller m-rr distances should result in larger transfer integrals, the importance of the
n-displacements is shown again. These are quite different from all other derivatives,
and this kind of displacement is likely particularly unfavorable for wavefunction

overlap.

4CI-TIPS-TAP and 4Br-TIPS-TAP both exhibit a slightly larger m-m distances as
TIPS-TAP; thus, smaller transfer integrals could be expected. However, the -
displacements are different and lead to a greater spatial overlap and, in this case,
probably also to a better wavefunction overlap for A dimers since transfer integrals are
larger. The B dimers have a larger m-m distance and less spatial overlap, which indeed

leads to smaller transfer integrals compared to B dimers of TIPS-TAP.
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The A dimer of 4I-TIPS-TAP has the most significant transfer integral, thus exhibiting
the best wavefunction overlap out of all examined dimers. This might be partly due to
the smallest m-displacement along the long axis. However, as mentioned above, while

spatial overlap is necessary, it does not guarantee considerable wavefunction overlap.

The transfer integrals of TIPS-TAP and 4F-,4CI-TIPS-TAP were calculated previously
and are comparable to our values, though being smaller in general.l'”) However, the
same trend could be observed; that is, 4F-TIPS-TAP shows very small transfer
integrals, and 4CI-TIPS-TAP exhibits the largest. Smaller transfer integrals are due to
the different methods being used, but since both methods take significant

approximations, the exact reason is not clear yet.

6.5.2 Reorganization Energies

The geometries of the neutral and anionic TIPS-TAP, 4F-, 4Cl-, 4Br-, 4I-TIPS-TAP
were optimized, and the respective energies were obtained subsequently. Then the
energies of the neutral states at the optimized anionic geometries as well as the anionic

states at the optimized neutral geometries were calculated. The results are shown in

Table 6.2.

Table 6.2. Energies of the optimized geometries for the neutral E(; and anionic
E y-y state, the energies of the neutral states at the optimized anionic geometries

E -y and the energies of the anionic states at the optimized neutral geometries E .

Ewy [a.u.] Eqn [a.u.] Emy [a-u.] Eyy [a.u]
TIPS-TAP -2352.42641874  -2352.51252572  -2352.42273710  -2352.51630472
4F-TIPS-TAP  -2749.33912462  -2749.43324885  -2749.33479210  -2749.43769946
4CI-TIPS-TAP  -4190.78791297  -4190.89217492  -4190.78428483  -4190.89596497
4Br-TIPS-TAP  -12636.8266817  -12636.9310069  -12636.8234171  -12636.9346194
41-TIPS-TAP -2395.470221 -2395.576076 -2395.466939 -2395.579387

The reorganization energies of TIPS-TAP and 4F-, 4Cl-, 4Br-, 4I-TIPS-TAP were

calculated with
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Al = E(M_) - E(M)- (6525)

The obtained reorganization energies are shown in Table 6.3.

Table 6.3. Reorganization energies of the neutral state A4, the anionic state 4, and

the total reorganization energies A.

A [meV] A, [meV] A [meV]

TIPS-TAP 100.18 102.83 203.01
4F-TIPS-TAP 117.89 121.11 239.00
4CI-TIPS-TAP 98.73 103.13 201.86
4Br-TIPS-TAP 88.83 98.30 187.14
41-TIPS-TAP 89.31 90.10 179.41

The reorganization energies for TIPS-TAP and 4F-/4CI-TIPS-TAP match the

(198] The increased reorganization energy of 4F-TIPS-TAP

previously reported results.
was attributed to the enhancement of breathing, stretching vibrations of its pentacene
framework, and the additional stretching of C-F bonds.!'®! On the contrary, four CI
substituents seem to suppress the breathing and stretching vibration of the pentacene
framework. The weaker C-CI bond further attenuates the additional contribution to the
reorganization energy from the halogen-C bond, which leads to a rather similar

reorganization energy as TIPS-TAP.!1%!

4Br-TIPS-TAP is the first halogenated TIPS-TAP, which has reorganization energy
considerably lower than TIPS-TAP itself. This may be due to the weaker C-Br bonds
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and further suppression of other vibrations. 41-TIPS-Tap has the lowest reorganization
energy from all of the symmetric tetra halogenated TIPS-TAPs, which could be
attributed to further weaker C-halogen bond. Weaker C-halogen bonds lead in the case
of 4X-TIPS-TAP to smaller reorganization energies, which supports -earlier

findings!!®*, but further contributions cannot be excluded.

6.5.3 Marcus Electron Transfer Rates

With the obtained reorganization energies and transfer integrals, the Marcus rate

equation??®!

V2 05 A
W= - (Akrr T) e #kgT, (6.5.27)
B

was used to calculate electron transfer rates displayed in Table 6.4. As indicated by the
formula, large transfer integrals and small reorganization energies will result in a large
electron transfer rate. Therefore, dimer A in 4I-TIPS-TAP has the largest electron
transfer rate since it has the largest transfer integral, and 4I-TIPS-TAP has the lowest
reorganization energy. 4F-TIPS-TAP has especially low electron transfer rates due to

the high reorganization energy and small transfer integrals.
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Table 6.4. Resulting electron transfer rates for different electron pathways in the crystal

structures of TIPS-TAP and 4F-, 4Cl-, 4Br-, 41-TIPS-TAP.

V [meV] A [meV] W [s71]
A ~126.30 8.24 x 103
Tl(l];f:IlTZ";P B —4378 203.01 9.91 x 102
C ~3.97 8.15 x 1010
A 113.13 6.61 x 1013
TI(I;Z';)‘;P B 4522 203.01 1.06 x 1013
C 421 9.15 x 1010
A ~22.77 1.74 x 1012
4F-TIPS-TAP B 5.22 239.00 9.14 x 1010
C 0.68 1.55 x 10°
A ~14135 1.05 x 1014
A2 137.24 9.87 x 102
ACLTIPS-TAP B 30.44 201.86 4.86 x 102
4.88 1.25 x 101
2 3.67 7.04 x 1010
A ~140.14 1.23 x 101
A2 ~140.96 1.25 x 1014
4Br-TIPS-TAP B 38.22 187.14 9.18 x 102
6.51 2.66 x 1011
2 5.15 1.67 x 1011
A 148.92 1.53 x 1014
A2 4823 1.61 x 1013
41-TIPS-TAP B —28.51 179.41 5.62 x 102
B2 10.35 7.41 x 10
C 538 2.00 x 1011

6.5.4 Electron Mobilities

The diffusion coefficient D could be estimated with!!?® 2221
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1
D~ 2 2 W, P, (6.5.28)
i

P; = ﬂ (6.5.29)
XiW;

Table 6.5 shows the calculated diffusion coefficients for the diffusion in all directions
(3D) and the diffusion in the plane of the brickwork stacked molecules (2D). This plane
is close to the plane formed by the long and the m-m axis defined in Figure 6.16.
However, the plane is slightly sloped because of the m-displacement along the short
axis. Since there is no notable electron transport perpendicular to this plane, the 3D
diffusion coefficient is exactly 2/3 of the 2D diffusion coefficient. The electron
transfer rates were taken from Table 6.4, and the differences between the center of
masses were taken from Table 6.1. Since electron transfer rates are calculated with
transfer integrals, they change for every dimer. As explained in section 6.5.1, the
electron transfer rates along one pathway can be different. This is the case for 4Cl-,
4Br- and 4I-TIPS-TAP. Here, the transfer rates and the center of mass distances along

one pathway were averaged.

Table 6.5. Diffusion coefficients for the diffusion in the plane of the stacked molecules
D(2D) and for the diffusion in all directions D(3D).

D(2D) [10' cm? s71] D(3D) [101cm? s71]
TIPS-TAP (Bunz) 1.07 0.71
TIPS-TAP (Miao) 0.86 0.57
4F-TIPS-TAP 0.03 0.02
4CI-TIPS-TAP 1.25 0.84
4Br-TIPS-TAP 1.52 1.01
41-TIPS-TAP 1.80 1.20

The drift mobility of charge hopping @ was evaluated with the Einstein-
Smoluchowski equation below®], which also gives the bulk mobility of the crystals.

The results are summarized in

167



Table 6.6.

p=-—D. (6.5.30)

Table 6.6. Electron mobilities in the plane of the brick wall stacked molecules u (2D)
and the general electron mobility of the entire crystal u (3D).

u(2D) [em?V~rs 1]  u(@BD)[cm?V~1s71]

TIPS-TAP (Bunz) 4.16 2.78
TIPS-TAP (Miao) 335 2.24
AF-TIPS-TAP 0.11 0.07
4CI-TIPS-TAP 4.89 3.26
4Br-TIPS-TAP 5.91 3.94
AI-TIPS-TAP 7.03 4.69

6.6 Conclusion and Outlook

The aim of this work is to examine important electron transfer properties of TIPS-TAP
and 4F-, 4Cl-, 4Br-, 41-TIPS-TAP on a theoretical basis. Particular attention was paid
to the bromine and iodine derivatives since no experimental data is available yet. First
of all, transfer integrals and reorganization energies of TIPS-TAP and 4F-, 4Cl-, 4Br-,
41-TIPS-TAP were calculated. The substitution with bromine seems to fine-tune the
crystal structure in a similar way as chlorine, since they are, as well as the transfer
integrals, very similar. 4I-TIPS-TAP has a more complex crystal structure but also
shows the largest transfer integral. Reorganization energies follow the trend: 4F-TIPS-
TAP > TIPS-TAP = 4CI-TIPS-TAP > 4Br-TIPS-TAP > 41-TIPS-TAP, which further
indicates that lowering the carbon-halogen bond strength can be used to reduce the
reorganization energy. The fact that halogen atoms can fine-tune the crystal structure

to increase the electronic coupling and that lowering the C-halogen bond strength
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decreases the reorganization energy should be considered when designing new

semiconductors.

The estimated electron mobility of 4Br- and 4I-TIPS-TAP surpasses 4CI-TIPS-TAP,
which shows their potential as semiconductors. However, many approximations were
used to calculate the electron mobility. For a better estimation of the electron mobility,
the diffusion coefficient should be calculated through a Monte Carlo simulation, the
tunneling effect should also be taken into account by estimating vibronic coupling, and
dynamic disorder effect should be included by molecular dynamics. By incorporating
those effects, the prediction of electron mobility should be much more accurate.
Nevertheless, since not all effects can be considered in theoretical simulations, the
experimental data is also ery important. There might be new effects that need to be

considered when estimating the electron mobility of 4Br- and 41-TIPS-TAP.

Although not all the effects were considered in this work, the trend of the electron
mobility, as demonstrated above, matches existing experimental values. Therefore,
4Br- and 4I-TIPS-TAP should definitely be tested since they might show even larger
electron mobilities than 4CI-TIPS-TAP, which sets the current record for charge

mobility in n-type semiconductors.
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7. Global Summary and Outlook

In the present thesis, a series of novel N-heteropolycycles has been studied using
various quantum chemical methods. Particular interest lies in their molecular properties,
electron transport, and SF performance. In chapter 3, [ have demonstrated that PTDs
are promising SF materials by calculating the energies of low-lying excited states and
electronic couplings in the diabatic representation. This approach would be extended to
other materials such as perfluorobutyldicyanoperylene carboxydiimide and derivatives
of tetraazaperopyrene, which have been recently synthesized. On the other hand,
vibronic coupling plays an essential role in SF, and this would be taken into account in
future work. After all, SF is a dynamics process, a quantum dynamics simulation with
the multi-configuration time-dependent Hartree (MCTDH) algorithm is also in progress.
In chapter 4, I have simulated ESAs of various excited states (S1, T1, SoT1, and '(T171))
involved in SF, based on single-reference DFT based approach. The results showed
good agreement with the experiment. Future work will include vibrational effects in the
simulation of absorption spectra, other excited states such as CT and quintet states will
also be considered. In chapter 5, I have shown that the negative charges of N-
heteroacenes are stable with respect to electron loss. A natural question is whether their
excited states are still stable against electron emission? If they are not stable, what are
their lifetimes? These are the future plan for studying the radicals of N-heteropolycycles.
In chapter 6, the excellent performance of electron transport has been proved on
halogenated TAP, especially for 4Br-TIPS-TAP and 4I-TIPS-TAP. However, the
calculated charge mobilities can not be directly compared with the experimental values
yet, since effects such as nuclear tunneling and dynamic disorder are ignored in the
calculations. Molecular dynamics and kinetic Monte Carlo simulations are also

required in future work.
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