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ABSTRACT

STATIC AND DYNAMIC SIMULATIONS OF PHOTOPROCESSES IN
ORGANIC PHOSPHORESCENT AND THERMALLY ACTIVATED
DELAYED FLUORESCENT MATERIALS

The development of organic phosphorescent and thermally activated delayed fluo-
rescence (TADF) emitters have emerged as potential candidates for high efficiency organic
light-emitting diodes (OLEDs). The common design strategy of both organic phosphorescent
and thermally activated emitters is their purely organic structures which provides an oppor-
tunity to develop environmentally friendly, low-cost devices with high device efficiencies.
Investigation of working mechanisms and design strategies of all electronic devices is im-
portant to develop high efficiency technologies. In organic phosphorescent materials, device
efficiencies have been increased with the radiative decay observed from the 77 to Sy state. On
the other hand, efficiency of TADF materials is mainly controlled by the reverse intersystem
crossing (RISC) between 77 and S; states which leads to the harvesting of generated triplet

excitons.

In this thesis, experimentally synthesized TADF and room temperature organic phospho-
rescence materials (ORTP) with various structural properties were modeled to investigate the
photophysical processes in their working mechanisms. In the first part, a general benchmark
study has been performed on a wide range of TADF emitters with various structural properties.
The purpose of this general study was exploring the well performing computational protocol
for further, more specific theoretical analyses. In the second and third part of this thesis,
boron-based and sulfone-based TADF emitters were analyzed in detail and the role of boron
and sulfone containing acceptor moieties on RISC efficiency have been explored. These
studies provide a unique perspective on the underlying mechanism of photoprocesses in TADF

devices.



OZET

ORGANIK FOSFORESANS VE TERMAL AKTIF GECIKMELI
FLORESANS MALZEMELERIN FOTOOLAYLARININ STATIK VE
DINAMIK SIMULASYONLARI

Organik fosforesans ve termal aktif gecikmeli floresans malzemeleri OLED teknolojisi
icin olduk¢a 6nemli gelismeler olarak ortaya ¢ikmiglardir. Bu malzemelerin en 6nemli ortak
ozelligi, her iki grubun da tamamen organik yapida olmasindan 6tiirii cevre dostu teknolojilere

olanak saglamalari ve yiiksek verimli cihazlarin elde edilmesine firsat yaratmalaridir.

Biitiin elektronik cihazlarin ¢alisma prensiplerinin ve dizayn stratejilerinin lesfedilmesi,
yiiksek verimli ve diisiik maliyetli iirlinler yaratmak i¢in son derece 6nemlidir. Organik fos-
foresan materyallerinde cihaz verimleri, birinci uyarilmus triplet seviyesinden temel seviyeye
gerceklesen 151k yayilimli séniimlenme ile artirilmigtir. Ote yandan TADF materyalleri ise T;
ve S1 seviyeleri arasinda gerceklesen geri sistemler arasi gegis sayesinde triplet ekzitonlarinin

yeniden S| seviyesine toplanmasi ve 151k yayilimli rahatlamasi sistemiyle calismaktadir.

Bu tez calismasinda, deneysel olarak sentezlenmis ve aktiviteleri kanitlanmigs TADF ve
fosforesans malzemelerin teorik olarak modellemeleri yapilmistir. Tezin birinci ¢calismasinda,
farkli yapilarda molekiiller iceren genel bir metodoloji ¢alismasi yapilmis ve planlanan daha
ileri analizler icin en iyi metodolojik protokol raporlanmustir. Ikinci ve iigiincii calismalarda
ise bor ve siilfon temelli elektron kabul edici gruplar iceren TADF malzemeleri ele alinarak
bu gruplarin fotofiziksel ozelliklere etkileri incelenmistir. Tezin ilk ili¢ ¢aligmasinda statik
hesaplar yardimiyla analizler gerceklestirilirken, ii¢iincii ve son ¢alismada dinamik modelleme
gerceklestirilmistir. Dinamik simulasyonlar, benzofenon tiirevi olan bir organik fosforesans
malzeme lizerinde gerceklestirilmis ve bu malzemelerin fotofiziksel olaylar1 ayrintili bir

sekilde ele alinmigtir.
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1. GENERAL INTRODUCTION

This thesis focuses on employing computational methodologies to investigate the
intersystem crosssing (ISC), reverse intersystem crossing (RISC) processes and the role of
excited state descriptors on these photoprocesses. ISC and RISC transitions are the two main
steps of Phosphorescence and Thermally Activated Delayed Fluorescence activity of Organic
Light Emitting Diodes. Chapter 4 contains the results from the Density Functional Theory
Functional Study of a series of TADF emitters. Chapter 5 contains the results obtained from
photophysical analyses of a series of Boron Based TADF Emitters. Chapter 6 contains the
ISC and RISC mechanisms of a series of Sulfone Based TADF Emitters. Finally, Chapter 7
contains the dynamic Surface Hopping (SH) Between The Excited States simulations of a

model Room Temperature Phosphorescent (RTP) emitter.

1.1. Fluorescence

Generation of luminescence through excitation of molecules by ultraviolet or visible
light photons are known as photoluminescence [7]. Photoluminescence can be divided into
two categories which are Fluorescence and Phosphorescence. Fluorescence was first described
by George Gabriel Stokes in 1852, and, it is a member of luminescence processes in which
emission takes place between the states of the same multiplicity, within the 10~ and 107¢ s
range [8]. Moreover, Fluorescence, is a property of atoms or molecules to absorb light at a
particular wavelength and, to emit light at a longer wavelength which is known as the Stokes

shift [9]. Stokes shift is a situation arising from energy loss during the emission process [10].

Fluorescence emission which occurs between first excited singlet state and ground state
is a radiative deactivation without spin changes, thus, it is a theoretically allowed transition
[11,12]. Though they have important drawbacks, first generation fluorescent materials, which
are also known as organic light emitting diodes (OLEDs) offer several advantages such as
flexible device structures, reduced power consumption and high brightness [13, 14]. On the

other hand, despite possessing useful properties, their drawbacks such as insufficient device



efficiencies and high driving voltage limit their applications [4]. To overcome the device
efficiency problem, scientist improved second generation OLED materials which are known

as Phosphorescent emitters (PhOLEDs).
1.2. Phosphorescence

According to the International Union of Pure and Applied Chemistry (IUPAC) defi-
nition, Phosphorescence is a radiative transition between states of different electronic spin
multiplicities [15]. Phosphorescence can be observed by light absorption, electric current
and, by a chemical reaction. Light induced phosphorescence has great importance for the
photohysics and photochemistry of molecules and also for the electronic structure theory in
organic chemistry. Phosphorescent materials have attracted great attention due their potential
applications in display, optical storage, and sensor technologies [16]. There are two critical
photophysical processes in Phosphorescence, which are, 1) spin flipping from an excited
singlet state to a triplet state (ISC) and, 2) radiative decay from an excited triplet state to the

ground state (see Figure 1.1) [17].
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Figure 1.1. Illustration of the photophysical processes involved in Phosphorescence process.

It has been reported that luminophores with phosphorescent emission can potentially
utilize 75% of generated excitons and they function to eliminate short lived autofluorescence
[18]. Therefore, opening alternative emission channel through the population of triplet states
became an important improvement in preventing the loss of triplet excitons via non-radiative

decay processes. PhNOLED is an important innovation in display technology because the cause



of low device efficiencies in OLED mechanism is the ground of phosphorescence emission.
Moreover, phosphorescent materials have a wide application area such as in electronics, optics,
and biological areas [16, 19-23]. On the other hand, phosphorescent luminophores still have

an important drawback which is their sensitivity towards temperature and oxygen.

Phosphorescence is very sensitive to the access of oxygen, temperature and molecular
aggregation. Correspondingly, these obstacles prevent their applications in medicine, photobi-
ology and optoelectronics [24]. Until recent time, highly expensive, toxic and environmentally
unfriendly materials such as metal sulfides, oxides, and organometallic luminophores with Ir
(IIT) and Pt (IT) have been used as Phosphorescent emitters [16]. These kind of structures are
efficient phosphors because both spin flipping and radiative decay processes are promoted
by spin - orbit coupling (SOC) which is a parameter increasing with the presence of metals
and heteroatoms [25]. Moreover, since the phosphorescence activity of the luminophores is
normally observed under inert conditions, their usage in high technology applications has
been restricted. Correspondingly, materials with efficient room-temperature phosphorescence
(RTP) which brings an important solution to the efficiency problem of phosphorescent emitters

has drawn great attention [26,27].

Room temperature phosphorescence is known as the depopulation of lowest lying triplet
state (77) to the singlet ground state with a lifetime of more than 100 ms [28]. According
to the quantum mechanics, population of triplet states occur via non-radiative intersystem
crossing process (ISC) between singlet and triplet states which is a process controlled by
various factors such as the energy gap between the involved singlet and triplet states, and
the spin orbit coupling between the relevant states [29]. According to the heavy atom effect,
the SOC is proportional to the fourth power of nuclear charge, therefore, introducing non-
metal atoms is a widely used strategy to enhance spin orbit coupling via the heavy atom
effect [30]. For instance, inclusion of halogen atoms (Cl, Br, I etc.) and, introduction
of the carbonyl moiety of heteroatoms having a lone pair of electrons (O, S, N, P, Se,
etc.) strategies have been used to enhance SOC values, thus, the rate of ISC process [30].
Therefore, most effective room temperature phosphorescence emitters with strong ISC are

metal containing inorganic or organometallic compounds, which have the drawbacks of



high cost and toxicity, low processability, low flexibility and stability [31]. In contrast to
these drawbacks, organic RTP materials have the advantages of good biocompatibility [32],
stability and good processability [33—35]. Moreover, RTP materials have attracted tremendous
attention due to their applications in the field of intelligence security [27], optical detecting
[36] and biochemical imaging [37]. On the other hand, unfortunately, organic RTP can be only
observed in particular organic molecules. There are two key factors for the construction of
efficient organic RTP molecules which are; the inclusion of both singlet to triplet intersystem

crossing and the suppression of the nonradiative quenching processes from triplet states [35].

1.3. Thermally Activated Delayed Fluorescence

Thermally Activated Delayed Fluorescence (TADF), a photophysical process which
first rationalised by Perrin in 1929, is also known as E-type delayed fluorescence (DF) [38].
Later in 1941, it has been described by Lewis in fluorescein solutions. In 1961, TADF in
eosin and benzyl have been reported by Parker and Hatchard [39]. The progress of TADF
investigation was recently reinvigorated by Adachi and co-workers, and, it has been described
as a way of harvesting non-emissive triplet excited states in Organic Light Emitting Diodes

(OLEDs) [38].

TADF emitters have emerged as most promising organic emissive materials owing to
their 100% internal quantum efficiencies (IQE) [40], metal-free characteristic, low production
cost, and high thermal stability in their devices [1,41,42]. According to spin statistics, while
the 25% of electronically generated excitons are singlets, a large proportion, which is 75%,
are triplets [43]. Thus, the distribution of excitons to singlet and triplet states leads to decrease
in fluorescence efficiency, which is occured by the transition from first excited singlet state
(S7) to the ground state (Sp). Recently, organic materials with TADF characteristics, which
can utilize triplet excitons via reverse intersystem crossing (RISC) from triplet excited states

(T,,) to (S1) have become a hot research topic in display technology (see Figure 1.2) [44].
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Figure 1.2. Representation of TADF emission in Jablonski diagram.
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Utilization of triplet excitons is largely influenced by the competition between phospho-
rescence and RISC processes, which is controlled by the energy gap (AEsr) and spin-orbit
coupling between the involved states. Therefore, the key point in the design of TADF
molecules is to obtain small (AEs7) and strong SOC to promote the up-conversion of excitons

in triplet states to singlet state under thermal activation . As stated in Fermi’s Golden Rule,
2

krisc = - IVsoc|* X PEewD (1.1)
1 (AEST + /,1,)2
CMT
_ NS T 1.2
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reverse intersystem crossing rate constant (kgysc) which is the rate-determining factor of TADF
activity depends on spin orbit coupling matrix element (Vszoc) and thermokinetic barrier (p),
which depends on reorganization energy (A) , temperature (7'), Boltzmann constant (kg) and
AEgr [42]. To date, several efforts have been performed to achieve small energy gaps which
requires efficient separation of the highest occupied molecular orbitals (HOMOs) and lowest

unoccupied molecular orbitals (LUMOs). The reason behind this strategy is because the



main electronic configurations describing the states involved in RISC process correspond to
the HOMO-LUMO transition [45]. To meet this strategy, TADF emitters generally adopt
D-A, D-A-D, D-w-A, A-D-A, D-7n-A-7-D type (D = electron donor, A = electron acceptor)
structures [46,47]. On this basis, various donors such as phenoxazine [4], dimethylacridine
[48], phenothiazine , carbazole, diphenylamine, thianthrene, dihydrophenazine as well as
acceptors including dimesitylboryl units [49,50], sulphonyl groups [51], aromatic ketones [52]
and many aromatic nitrogen heterocyclic units [53] have been employed to develop high
efficiency TADF emitters. The connectivity between the D and A units also has a profound
effect on the singlet - triplet energy gap. Twisted geometries with near orthogonality around
the D-A bond are highly favorable to obtain small AEg7 values [38]. Moreover, the strength
of donating and accepting abilities of D and A groups also affect the degree of HOMO
and LUMO localisation, i.e. weak donors and acceptors induce less significant HOMO and

LUMO localisation, which leads to larger AEsy values and smaller TADF contribution [51].

As represented in Equation (1.1), another important parameter in RISC rate constant is
the spin orbit coupling matrix element. It is generally known that heavy metals such as Ir,
Pt, and halogens have large SOC due to their relativistic effects, hence favoring RISC [54].
For pure organic molecules SOC are much smaller, however they can be increased when the
triplet and singlet have a different electronic (diabatic) nature. According to the El Sayed
Rule, large SOC are observed between a singlet state with !(n, 7*) or ! (7, 7*) nature and
a triplet state with 3(7, 7%) or 3(n, 7*) nature. On the contrary, transition from ! (7, 7*) to

3(,*) and from ! (n, %) to 3(n, *) are unfavorable [55].

1.4. Photophysics and Photochemistry

Interaction between light and matter has been discovered since the very early stages
of humanity. A wide variety of concepts ranging from the nature of light to the excited -
state phenomena have attracted great attention in scientific community. Nowadays, various
technological developments and theoretical knowledge have boosted the understanding the

photo-processes observed with the interaction of light with matter. In general terms, pho-



tophysics describes the study of photo-induced processes where the initial structure of the
system is recovered after the deactivation of excited state [56]. On the other hand, photochem-
istry describes the characterization studies of photoproducts that occurred after the interaction

between light [56].
1.4.1. Light Absorption

Photoinduced processes start with the absorption of a photon used to excite the molecule
to a higher energy level. Changes observed upon light absorption, such as; rotational,
vibrational, and/or electronic structure depend on the photon energy. Systems in dark are
assumed to be in the ground state which describes the most stable arrangement of molecules.
After the absorption of UV-Vis radiation, the system is transferred to the excited state in
which the electronic structure is not the most stable one. There are two factors that determine
which excited state(s) are populated. The first factor is the photon energy, which is the energy
difference between the ground and excited state (AE) which can be stated as:

AE = hv. (1.3)
The second parameter comes from the Fermi’s Golden Rule which relates the probability
of the transition to the transition dipole moment (TDM) formed by the electric field of the

molecule during light absorption [57] is given as:

TDMy, . = Z <1Vm|.aa‘l//n> (14)

a=xy,z
The n and m are the ground and excited states respectively, and [l is the dipole moment

operator for the component alpha. According to the Equation (1.5), when TDM is zero,
the transition is forbidden and will not be observed upon the photoexcitation. Conversely,
when n to m transition has a large T DM, molecules will be excited. Absorptions observed
upon photoexcitation can be represented with photon energies giving the absorption spectrum
of the molecule and the area of the band is directly proportional to the probability of the
transition. Oscillator strength (f) which includes the terms AE and 7T DM can be calculated
by the equation:

Fuom = S AEwn [TDM, . (1.5)
While the excited states reported with large f are reported as the bright states, forbidden or

dark states are reported with f values close to zero [58].



1.4.2. Potential Energy Landscapes

Potential energy landscape determines the structure, dynamics and thermodynamics

within a particular electronic state.

1.4.3. Adiabatic Processes

After initial excitations of the molecules, the system relaxes towards the lower energy
region of the excited state. This is an ultrafast process which takes place in the femtosecond or
picosecond scale, and happens independently from the nature of the system under study. As
the molecule reaches minimum energy point of the state, the excess energy of the electronic
state can be removed by the emission of photon with the energy which is equal to the energy
difference between the excited and ground state energies. If excited state is a singlet state,
which has the same spin with the ground state, the emission process is called fluorescence

and occurs within the 10° - 100 s range [58].

1.4.4. Non-Adiabatic Processes, Internal Conversions and Intersystem Crossings

In some specific arrangements of the nuclei, two or more electronic states may have the
same energies. Points with the same energies lead to the high probability of non-adiabatic
jumps opening the alternative pathways that do not yield light emission. In some cases,
crossings are observed between the different spin states which lead to the population transfer
as ISC [59]. The population transfer between the different spin states requires strong spin orbit
coupling which is defined as the interaction between the magnetic moment of the electrons
and the magnetic field caused by their motion (see Equation (1.6)). The SOC parameter can

be states as:

% u=uxyz, (1.6)

SoCij = \/Z [(Tiu|Hs0|S))
u
where Hgg stands for the SOC Hamiltonian, S ;7 and T; refer to the singlet and the triplet states,

respectively. SOC is not the only parameter affecting the ISC probability, however, AE j;,

which is the energy gap between the states j and i, also plays an important role.



The ISC, which leads to the population transfer towards the triplet states opens an
alternative emission pathway which is known as the Phosphorescence. Phosphorescence

emission occurs as a transition from 7} to Sy state and is observed in the 1073 - 102 s range [15].
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2. OBJECTIVE AND SCOPE

The present thesis is devoted to the study of parameters underlying TADF and phospho-
rescence mechanisms, in particular, ISC and RISC processes, using adequate computational
tools. The first main goal tackled in this thesis is providing an exhaustive comparison between
different methodologies and proposing the most appropriate level of theory which describes
the parameters effective in ISC and RISC processes. Following the methodology study,
investigating the roles of various descriptors which are nature of states, singlet - triplet energy
gap and the SOC on photophysical properties of TADF and phosphorescent emitters was our

next purpose.

After understanding the role of methodology and descriptors, the next purpose was
assessing the relationship between molecular structure and photophysical properties for a
range of boron-based and sulfone-based TADF molecules, to understand the behavior of

boron and sulfone in different acceptor moieties.

Following the static calculations, simulating the surface hopping mechanism, in other
words, the ISC, by dynamic simulations and understanding the kinetic models together with
competitive photoprocesses in organic luminescent materials became our last scope to model

the complete picture of photoprocesses in these emitters.
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3. THEORETICAL BACKGROUND

3.1. Quantum Chemistry. A Historical Perspective
3.1.1. The Birth of Quantum Chemistry

Quantum chemistry, which is defined as the application of quantum mechanics to the
study of chemical processes, has been associated by the Austrian physicist Erwin Schrodinger’
publication in December, 1926 with the time-dependent Schrodinger equation [60] as follows:

ih%‘P(r,R,t) = HY(r,R,1), (3.1)
where i is the imaginary unit, 7 stands for the Planck constant divided by 27 is the time-
dependent Hamiltonian operator and W(r, R, ) refers to the wave function which depends
on the nuclear (R) and electronic (r) coordinates and time ¢ . According to the Equation
(3.1), stationary wave W(r,R) that do not depend on time can be determined and called as
time-independent Schrodinger equation [61] and given as:

H¥(r,R) = E¥(r,R), (3.2)
where Hj is the time-independent (static) Hamiltonian and E refers to the energy of the system
described by ¥(r,R). ﬁs contains all electron-electron, nucleus-nucleus, and electron-nucleus
interactions present in the system. In non-relativistic quantum chemistry, H, has the form
shown as:

R Ny, M 1 _, NMz NN
Hy==) 5Vi—), MVA—Z =+ ) —

A1 TiA ey 451
i=1A=1"1 i=1j>i"l
/ (3.3)

where i and j are the coordinates of two electrons, N and M state for the total number of
electrons and nuclei, respectively, A and B refer to the coordinates of two nuclei, V2 is the
Laplacian operator, Z4 is the atomic number of a nucleus A, Zp is the atomic number of a
nucleus B, r;; states for the distance between the ith and jth electrons, r;4 refers to the distance
between the ith electron and the Ath nucleus, and R4 stands for the distance between the Ath
and Bth nuclei. Thus, the five terms of Equation (3.3) corresponds to: 1) kinetic energy of the

electrons, ii) kinetic energy of the nuclei, ii1) Coulomb attraction between the electrons and
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the nuclei, iv) electronic repulsion, and v) nuclear repulsion.

3.1.2. Quantum Chemistry As A Research Tool In Chemistry

For medium- and large-size molecular systems, solving the eigenvalue problem in Equa-
tion (3.2) would be impossible and, this impossibility after the discovery of the Schrédinger
equation, became the origin of various methodologies. In 1927, Max Born and J. Robert
Oppenheimer proposed Born-Oppenheimer approximation, which states that the movement
of electrons can be treated independently from the nuclei, because the electrons are much
lighter than the nuclei, breaking down the wave function ¥ into its nuclear and electronic
parts [62] as:

W(r,R) = Yucler(R)X Werec (7). (3.4)
With the help of approximation in Equation (3.4), the second term of Equation (3.3) equals to
zero, and the fifth term becomes a constant. Consequently, y,;..(R) describes the electrons
moving in the field of the motionless nuclei. In this way, the electronic problem can be solved
as:

I:I\elec Yelec = Eelec Yelecs (35)

where PAIelec states for the electronic Hamiltonian operator.

Due to the multivariable dependencies of the electron repulsion term 1/r;;, following the
approximations stated until this part is still insufficient to solve the many-electron equations.
For the purpose of simplifying the resolution, Douglas R. Hartree and Vladimir Fock proposed
Hartree-Fock (HF) method in 1930 in which the electronic repulsion term of the Hamiltonian
is substituted by an average potential caused by the rest of the electrons. Within the HF
approximation, the multi-electron operator ﬁezec can be separated in effective one-electron

operators f; or just Fock operators (see Equation (3.6)) [63] and represented as:

fli) = —2v2 - f A 4 HE (i) (3.6)
2 S ' .

In Equation (3.6), v/F (i) represents the average potential seen by the i’" electron caused by
the other electrons. In this way, the complex many-electron problem is converted into simpler
one-electron problems in which the electron-electron interactions are treated in an average

way as [63]:
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f)x (xi) =Ex (xi), (3.7
being x the spin-orbitals which describe a given electron i with coordinates x;, including both
spatial and spin coordinates. The Equation (3.7) has to be solved through a procedure called
self-consistent field (SCF) procedure which was formulated at the beginning of the 1930s
decade. However, until some empirical values were used in the calculations, its application to
even small molecules was impossible and it could be used only for light atoms like helium. In
SCF strategy, some wave functions have been constructed to the Fock operator and then it
is iterated by using the output functions as new input functions or with more sophisticated

methods until the input and output functions are the same.

Despite the fact that HF method is a fast procedure, its well known inaccuracies
in the study of several molecular properties such as molecular geometries, excited states
and ionization energies boosted the development of post-HF methods, such as the density

functional theory (DFT) and many others which have been described in Section 3.2.

3.2. Molecular Quantum Mechanics

It is known that electrons as charged particles cause Coulomb repulsion and the motion
of one electron influences the motion of the others. Description of this dynamic correlation
which is arised by the instantenous mutual repulsion of electrons is the stem of HF theory.
Other methods such as Configuration Interaction (CI), Mgller-Plesset Perturbation Theory
and Coupled Cluster are also based on the wave function calculation, however, they are
computationally very expensive. On the other hand, Density functional methods with a lower

computational cost can offer accurate results [64].

3.3. Semi-Empirical Methods

In order to simplify the Hartree—Fock (HF) method, Semi-empirical (SE) methods use
parameters derived from experimental data and theoretical approximations. The distinct
approximations of semi-empirical methods to the Hamiltonian are neglecting many integrals,

especially two electron integrals, in order to speed up the calculations and reduce the com-
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putational cost. For these purposes, semi-empirical methods consider only the valence shell
electrons and use a minimal basis. Various semi-empirical methods have been parametrized
with different approximations and the most commonly used one is Zero Differential Overlap

approximation (ZDO) which can also be grouped to one and two electron integrals.

Zero Differential Overlap approximation neglects the overlap between different basis
functions centered on different atoms. While the complete neglect of differential overlap
(CNDO) [65] uses zero-differential overlap (ZDO) for the two-electron integrals, intermediate
neglect of differential overlap model (INDO) [66] covers the one-center two electron integrals
which are over the orbitals centred on the same atom. There are many modern semi-empirical
methods and the mostly used methods are the neglect of diatomic differential overlap model

(NDDO) [65] which includes the MNDO, AM1, PM3, PM6, and PM7 methods.

Modified neglect of diatomic overlap (MNDQO) method, introduced by Thiel and Dewar,
overestimates the repulsions between atoms which are separated by their van der Waals
distances [67]. In Austin Model 1 (AM1) [68], hydrogen bondings are treated better than
MNDO, but they are still misrepresented. On the other hand, equations and formalism of
parametrized model number 3 (PM3) [69] are same with the AM1 method, however, PM3
uses different number of parameters for each element. Improved models of PM3 are the
parametrized model 6 (PM6) and parametrized model 7 (PM7). While core-core interactions
and new parameters for transition metal systems are included in PM6, PM7 adds explicit

terms to describe non-covalent interactions (NClIs) [70].

3.4. Density Functional Theory

In 1964, Hohenburg-Kohn proposed that the density of a system determines all its
ground-state properties which is the stem of Density Funtional Theory [71]. Density Func-
tional Theory is one of the most popularly used method for quantum mechanical calculations
of many-body systems. Opposite to Hartree-Fock Theory which deals with the wave function,

DFT is based on the electron density.
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3.4.1. Electron Density

Solution of the time-independent Schrodinger equation is not the only strategy to solve

the many-electron problem. As an alternative approach, electron density p(r) can be used as a

descriptor of the electronic structure of the system. Since the p(r) is a measurable parameter,

employing it to a given system appear physically more intuitive than a wave function based
approach. Electron density is defined as [71]:

p(r) = N/. . / @ (r1,r2,...,rn) | dsidrs .. .dry, (3.8)

where p (r) stands for the probability to find any of the N electrons within the volume element

dry with arbitrary spin while the N —1 electrons have arbitrary positions and a spin represented

by ¢.
3.4.2. The Hohenger and Kohn Theorems

The first Hohenger-Kohn (HK) theorem states that every observable of a system can be
calculated from the ground-state p(r), thus, the observables can be written as a functional of
the ground-state p(r). According to the HK theorem which can be expressed as:

Erlp(n)] = Flp ()] + Ve [ ()], (3.9)
the total energy of the system can be determined by the sum of of the universal functional
F[p(r)] and an external potential V,, F[p(r)] [72]:

Flp] =Tolpl+Jlp]+ Tulp] +Vylp]. (3.10)
As represented in Equation (3.9), functional depends on the p(r) and since the ground
state energy is determined by the electron density, now it is important to find the p(r) that

minimizes the energy.
3.4.3. The Kohn Sham Procedure

In 1965, Kohn and Sham developed an orbital-based scheme in which the total kinetic
energy 7 is separated into the kinetic energy of non-interacting N-electrons (7p), with the
same density that the real interacting system, and a part which specifically accounts for

the interactions (7). Additionally, the electron-electron repulsion is divided into the a non-



16

classical contribution (V,) and classical Coulomb interaction (J). Consequently, the F[p(r)]
term of the Kohn-Sham approximation, can be expressed as [73]:
Flp]=To[p] +J[p] + Tulp] + Vy[p]. G.1D)
The unknown part of the kinetic energy (7;,) and the non-classical electron-electron interaction
energy given by (V) can be combined to form the exchange-correlation functional Ey.[p].
Accordingly, we can represent the total energy as:
Erlp] = To[p] +J[p] + Vex: [P] + Exc[p]- (3.12)
While the first three terms can be calculated explicitly, the exchange-correlation term E,.[p]
includes all unknown contributions to the energy arising from the non-classical effect of

self-interaction correction, exchange and correlation.

Over the last decades, various approximations have been reported, however, various
functionals arised not only from the methods used for the exchange energy, but also from the
precentage of HF exchange.

3.5. Density Functional Theory Functionals

According to the Local Density Approximation (LDA), electron density is uniform in

everywhere and can be stated as:

B2 p (1] = EF[p (0] + BN p (0] = [ p(rek™p(rydr+ [ p(r)elp(r)dr, (3.13)
EEPAIp(r)] = Cx / p(r)*3dr, (3.14)

and SLDA referring the exchange energy per electron as:
ekPA — cxp!/3, (3.15)

with Cx a constant, which is equal to 0.7386 [74,75]. On the other hand, Local Spin
Density Approximation (LSDA) accounts for spin dependence into the methods and allows
the presence of different spins for different orbitals of the electrons in the spin polarized
systems. EXPA[p(r)] is expressed as [76]:

Eg o ()] = g™ pa(r), pp(r)] = EX P pa(r), pg (r)] + EEPA pa(r), pp(r)], (3.16)
where o and f refers to spin up and down densities, respectively. EXPA[pg(r).pp(r)] is

defined as:
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EF P palr).pp(r)] = ~2'Cx [1pd (1) + py () (3.17)
and exchange energy per electron 8§SDA is described as:

eLSPA — _o1/3¢y [p1/3 l§/3]' (3.18)

The second generation of density functionals is the generalized gradient approximation (GGA).

Differently from LDA methods, GGA assumes that the electron density is not homogeneous

and includes both the density and gradients (Ap(r)) for the variation of p with position which
can be expressed as:

ES2pa(r).pp(r)] = [ £(pa(r).pp(r). Apa.App), (3.19)

where f is a function of py and pg, and their gradients. As stated in Equation (3.19), EggA is

divided into exchange and correlation parts and each part is modelled independently.

While Meta-GGA (M-GGA) version of the GGA depends on the kinetic energy density
or higher order density gradients, Hybrid density functional (H-GGA) methods join non-local
Hartree-Fock exchange (HFX) with local/semi-local conventional GGA exchange in the Ex¢
term obtained from KS orbitals. Ex¢ term can be expressed as:

Exc[p(r)] = aoEx " [{wi}] + (1 —ao)EX" " [p(r)] + E¢" " [p(r)], (3.20)

where aq coefficient refers to the fraction of HFX.

Another GGA version is the Hybrid-meta GGA (HM-GGA) which depends on the HF

exchange, the electron density and its gradient, and the kinetic energy density.

Lastly, the functionals used in this thesis are Hybrid M06-2X, Becke Three-Parameter
Hybrid functional B3LYP, Becke One-Parameter Hybrid functional BLYP, PBE correlation
including PBEIPBE and, Long-Range Corrected CAM-B3LYP and wB97XD functionals.

3.5.1. The M06-2X Functional

The M06-2X hybrid functional belong to a series of approximations to the E,.[p] term
developed by Truhlar and coworkers. In M06-2X method, the total exchange-correlation
energy (Ex°~?X) is computed through contributions of both DFT (E4*~?X) and HF (EZT)

exchange energies [77] as
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E)]}/IC(‘)672X _ %E)?F 1 (1 _ %) )1}/[0672X +E(]}/IO672X. (3.21)

In Equation (3.21), X equals to 54 and determines the percentage of Hartree Fock
exchange. The M06-2X functional is based on the mGGA, in which several corrections in the
calculation of the gradients of the electron density are introduced to palliate discontinuities of
the density faced for many systems [78]. Only three functionals, namely B3LYP and PBEO,
which are commonly used in TADF literature and M06-2X, which has been proved that it
best represenst the photophysical properties reported in this thesis, shall be briefly described

in the following.
3.5.2. The B3LYP Functional

B3LYP scheme is one of the most commonly used DFT functionals in which E,.[p] is
approximated as:

EBYP — (1 — q)EESPA 4 aEHE + bESS® 4 cEEYP + (1 — ¢)EXVY, (3.22)
where the X, C and XC subscripts refers to the exchange, correlation, and exchange-correlation,
respectively, and the LSDA refers to the local spin-density approximation method [72]. The
B388 states for the Becke exchange functional [79], LY P is the gradient-corrected correlation
developed by Lee, Yang and Parr, and VWN stands for the exact exchange energy of an
uniform electron gas defined by Vosko, Wilk, and Nusair in the framework of the LSDA
approximation [76]. The a, b, and c are the parameters fitted to optimally reproduce the
electron affinities (EAs), some total energies of a collection of small systems, atomization

and ionization energies [72].
3.5.3. The PBEO Functional

Perdew, Burke and Ernzerhof have introduced a GGA functional referred to as PBE
in which all the parameters are fundamental constants [80]. They obtained this using the
Perdew—Wang (PW) correlation functional, and a new exchange contribution which can be

expressed as:

bx?
EFBE — 3.23
* 1 + ax? ( )
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where 5=50.00336, a=50.00449 and x and p are the electron density and its gradient respec-
tively. PBEO is the parameter free density functional approach using the PBE functional and

HF exchange with predefined coefficients.
3.5.4. The Advantages and Drawbacks of DFT-Based Methods

The low computational cost of DFT-based methods is their most important advantage.
Therefore, calculation of geometries, energies, frequencies and other molecular properties
of small and medium-sized systems can be done in acceptable times. However, there are
important drawbacks which arise from the parameter adjustment performed in the design
of the functional. In other words, a DFT functional can provide good results for a specific
type of systems whereas can fail in the description of other type systems [81]. Thus, it is
always necessary to calibrate the DFT data toward accurate ab initio methods or, alternatively,

experimental recordings.
3.6. Basis Sets

The mathematical expression used to define the orbitals of a system and which is based
on linear combination of atomic orbitals (LCAO-MO) approximation is known as the Basis
Set and can be expressed as [82]:

Vi = i‘,l Pucui, (3.24)
where  is the i molecular orbital, Ou dengtes the u'™ atomic orbital, cui molecular orbital
coefficients, and n is the number of atomic orbitals. There are tho types of basis sets,
namely Slater-Type Orbitals (STO’s) [83], Gaussian-Type Orbitals (GTO’s) [84]. STO’s
have exponential dependence to the distance between the nuclei and electrons change. These
are more efficient and accurate at representing molecular orbitals. On the other hands,
GTO’s have exponential dependence to the quadratic distance between nuclei and electrons.
Though GTO’s provide a worse description of the molecular orbitals, they present a better
computational evaluation of the two-electron integrals and are widely used in the calculations

of electronic structures.
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Several different types of basis sets have been developed over the years, such as,
minimal, double zeta (DZ), triple zeta (TZ), quadruple-zeta (QZ), an so on. The concept
of minimal basis set suggests that only the minimum number of basis functions per atom is
used in the description of the occupied atomic orbitals. In DZ basis set, the number of basis
functionas are dublicated and this can be used for the first row elements. From a chemical
standpoint, it is known that the most important electrons are valence electrons, therefore, DZ
basis set has been simplified to dublicate only the valence basis functions valence double
zeta (VDZ) basis set have been developed. While trebling the number of basis functions,
same procedure leads to the TZ and valence triple zeta (VTZ) basis sets. In some cases, the
increase in the number of s and p functions for each atom is not enough to well describe the
properties within the study, and functions with higher angular momentum, such as p functions
for hydrogen and d functions for heavier atoms, can be required. In such cases, these functions

are called polarization functions, and they give rise to the DZP and TZP basis sets.

Over the years, Pople et. al introduced split-valence basis sets to split and treat valence
and core orbitals separately. These basis sets use only one basis function for each core atomic
orbital, and a larger basis for the valence atomic orbitals, thus decrease the computational
cost. Most commonly used Pople basis sets are 3-21G, 6-21G, 6-31G(d), 6-311G(d,p) and
6-31++G(d,p). In diffuse function, a plus sign (+) refers to the addition of diffuse functions to

heavy atoms and, two plus signs (++) show the addition of diffuse function to light atoms [85].

3.7. Solvation Models

Solvation models account for solvent environments of molecular systems and mimic
experimental environments to obtain more accurate results. The solvent models can be
categorized into two groups which are explicit and implicit solvent models. Explicit models
are more realistic than the implicit models, however, they are computationally more expensive.
While all solvent molecules are included in the explicit solvent model, and free energy of
solvation is calculated by considering interactions between solvent-solute, implicit solvent
model, which is also known as continuum solvation model presents the solvent as a continuous

medium and provides uniform polarizability by employing static dielectric constant. The
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equation represented as:

AGsotvation = AGcavity + AGaispersion + AGelectrostatic T AGrepulsion (3.25)
shows the relation for the calculation of total free energy of solvation, where AG 4y, refers
to the free energy required to form the solute cavity, AGy;spersion T€fers to the interactions
between solute and solvent, AG,jcrosraric 18 the electrostatic energy and AG . pyision 1 the

energy caused by the exchange solute-solvent interactions.

Various implicit solvation models have been developed, such as conductor-like polar-
izable continuum model (CPCM) [86], integral equation formalism polarizable continuum
model (IEF-PCM) [87], solute model based on density (SMD) [88], and COSMO [89], etc.
Tomassi and coworkers developed one of the commonly used implicit solvent model which is

Polarizable Continuum Model (PCM) [90,91].

PCM defines the cavity surface through spheres defined by Van der Waals (VDW)
radii centered at each atom. On the other hand, Conducter-like PCM (CPCM) treats the
conductor-like screening solvation boundary condition. Canc “es and Menucci developed
another commonly used continuum solvation model named as IEFPCM. IEFPCM uses a
set of overlapping spheres to model the solute, with radii of the spheres similar to solute

atoms [87].
3.8. Wigner Distribution Function

In 1932, Eugene Wigner introduced Wigner quasi-probability distribution or Wigner-
Ville distribution which is a quantum mechanical approach for relating wave function to
probability distribution in phase space [92]. Wigner distribution function has a wide range
of applications, including amplitude and phase retrieval, signal processing, optical devices,
and phase space coupling coefficient computation. There are two ways of generating Wigner
distribution, which are from the coordinate-space or momentum-space wave functions. The

Wigner transform using the coordinate-space function can be stated as:

W(x,p) = % /i v <x+ %) v (x— %) eiPSds, (3.26)

where y denotes the wave function, p represents momentum, and x indicates location. The
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term y* (x+ $) can be stated as:

v <x—i—%> :<w]x—|—§>, (3.27)
and the term y (x — %) in Equation (3.26) can be expressed as:
S == 2y, 3.28)
v(x-3)=(—31v) ©

3.9. Surface Hopping Dynamics

Surface hopping dynamics is an extension of classical molecular dynamics (MD) to
excited states. The term “hops” comes from the events where a trajectory switches from one
potential energy surface (PES) to another [93]. In PES of a particular state, the nuclei are
treated classically and move according to Newton’s equations and an electronic wavefunction
is propagated using the time-dependent electronic Schrédinger equation, which incorporates
non-adiabatic couplings (NACs) between the electronic states and these NACs determines the
time that a hop will occur. NAC is not the only coupling that affects the hops, but there are two
more types of couplings which are spin-orbit couplings (SOCs) and laser-dipole couplings

(LDCs).

In this thesis, ISC, IC and RISC processes are nonadiabatic electronic transitions and
there are more than one PESs which should be considered. In 2011, Prof. Dr. Letizia Gonzalez
and her research group developed a software package known as Surface-hopping-in-adiabatic-
representation including-arbitrary-couplings (SHARC) which is the software used in the
dynamic ISC and IC simulations of this thesis. Compared to other methodologies, surface
hopping provides a number of advantages such as being a user friendly method because the
classical mechanics ansatz for the nuclear motion makes the method conceptually simple and
easy to implement. Additionally, the trajectories need only local information such as energies
and couplings on the electronic states and each trajectory is independent from the rest of the

ensemble.

The widespread use of SH method arises from its applicability to large systems because
all degrees of freedom can be included in the simulation. In MD, the nuclear motion is

approximated with classical mechanics. Therefore, the nuclear equation of motion is given by
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Newton’s second law [94]: )

a7 Ra) = ~VaEp(R(1), (3.29)
where Ry is the nuclear position of atom A, my is the mass of atom A and -AsEg(R(t)) is the
gradient of the energy of the electronic state B with respect to the position of atom. In the
standard formulation of MD, Integration from time to time A; t + A; can be done with the

velocity-Verlet algorithm expressed by the following equations [95]:

1
aa(1) =~ VaEp(R(1), (3.30)
Ry (1 + A1) = Ry (1) +va(t)Ar + %aA(t)Atz, (3.31)
an(t +At) = —miAvAEﬁ (R(1 + A1), (332)
Va(t+ A1) =vu(t) + % [as(7) +as(r + Ar)] At, (3.33)

ay being the acceleration of atom A and v4 being the velocity of atom A. To include the
nonadiabatic effects for surface hopping scheme, a prescription for the choice of the correct
active state 8 at each time step is required and the choice of correct active state is based on

the evolution of an electronic wavefunction along the nuclear trajectory.
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4. COMPUTATIONAL DESCRIPTOR ANALYSIS ON EXCITED
STATE BEHAVIORS OF A SERIES OF TADF AND NON-TADF
COMPOUNDS

4.1. Overview

The thermally activated delayed fluorescence (TADF) behaviours of seventeen organic
TADF emitters and two non-TADF chromophores bearing various donor and acceptor moi-
eties were investigated, focusing on their torsion angles, singlet—triplet gap (AEs7), spin orbit
couplings (SOC) and topological ®g index. Electronic structure calculations were performed
in the framework of the Tamm—Dancoff approximation (TDA) allowing the possible reverse
intersystem crossing (RISC) pathways to be characterized. The electronic density reorganiza-
tion of the excited states was checked also with respect to the different exchange—correlation
functional and absorption spectra were obtained by considering vibrational and dynamical
effects through Wigner sampling of the ground state equilibrium regions. Examining all the
parameters obtained in our computational study, we rationalized the influence of electron-
donating and electron-accepting groups and the effects of geometrical factors, especially
torsion angles, on a wide class of diverse compounds ultimately providing an easy and

computationally effective protocol to assess TADF efficiencies.

4.2. Introduction

Since the original proposal of organic light-emitting diodes (OLEDs) by Tang and
Van Slyke in 1987 [96], significant progresses have been achieved in their development
and application in different technologies, including display apparatus. OLEDs represent an
important innovation in lighting markets, providing improved image quality, high brightness,
low fabrication costs, low power consumption and high durability [97,98]. They operate
based on the physical phenomenon known as electroluminescence (EL), i.e. the conversion of
electrical energy into light [99]. In OLEDs, EL is achieved by fluorescent materials, which

undergo a two-step process, an initial absorption leading to the population of an electronically
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excited state and a subsequent radiative decay to the electronic ground state, which is known

as prompt fluorescence [34].
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Figure 4.1. Jablonski diagram for OLED, PHOLED and TADF materials, respectively.

However, despite possessing useful properties, several drawbacks still limit the devel-
opment of OLEDs, notably related to technical issues, such as high-power consumption,
insufficient device efficiency, and high driving voltage. Insufficient device efficiencies in
OLEDs have led to the use of high quantum yield phosphorescent materials utilizing alter-
native routes to achieve radiative decay. These are based on intersystem crossing (ISC) and
hence the population of triplet states, leading to phosphorescence [100]. The exploitation of
both singlet and triplet excited states has led to an increase in internal quantum efficiencies
(IQE) up to 100%. Although the use of phosphorescent materials significantly increased quan-
tum efficiencies in OLEDs, the use of heavy metals, such as Ir or Pt, limited their application
due to increased device costs, environmental pollution, and toxicity. Moreover, the lack of
stability is an additional drawback of phosphorescent OLEDs (PhOLEDs). Indeed, chemical
degradation leading to charge traps, non-radiative recombination sites, and luminance loss,

are serious issues affecting PhOLEDs [100].

In the quest to increase OLED efficiencies, thermally activated delayed fluorescence
(TADF) materials have attracted great attention as they lead to the population of both singlet
and triplet states without using any heavy metals (see Figure (4.1)) [101-106] . Soon after
the first organic TADF emitter was reported in 2011, studies related to TADF based OLEDs
gained momentum and nowadays, external quantum efficiencies (EQE) reaching up to 30%

together with internal quantum efficiencies (IQE) of 100% have been reported. In addition to
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their applications in OLEDs, TADF materials also have applications in fluorescence lifetime
imaging [107], and oxygen sensing [108—112]. TADF materials also possess the critical
advantage of serving as host materials in emission layers [111], and enabling different color

emission [5,40,110,112-123].

Emission, which may span from blue to red, is mainly controlled by the degree of
intramolecular charge transfer (ICT) of the involved excited states [121]. Since ICT is one of
the most important parameters in TADF activity, numerous design strategies were attempted
to enhance this fundamental process. One strategy involves the use of donor—acceptor (D-A),
D-n—A, D-n—A-n-D molecular frameworks, in which the highest occupied molecular
orbitals (HOMO) and lowest unoccupied molecular orbital (LUMO) are localized on donor

and acceptor units, respectively, hence leading to spatially separated frontier orbitals [122].

Various donor and acceptor groups were designed to enhance charge transfer in TADF
luminophores. The most frequently used donor moieties are diphenylamine [34, 123,124],
carbazole [5, 125-133], acridine [45, 110], and phenoxazine derivatives [46, 134, 135], while
the most common acceptor units include boron [50, 118, 124, 136—140], sulfone [5, 116, 130],
and benzophenone derivatives (Fig. 2) [31, 110, 141, 142]. However, TADF systems are
not limited to these building blocks, as other interesting frameworks were designed such as
cyanobenzenes [142], triazines [143], oxadiazoles [142], sulfones [144], and spiro derivatives

[125,145].
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From a photophysical point of view, TADF is based on the up conversion from the
triplet (77) to the singlet (S) state, which is only possible if AEgy is sufficiently small, i.e.
less than 0.1 eV. This energetic alignment facilitates the reverse intersystem crossing process
(RISC), which is also known as the up-intersystem crossing process (UISC) [146]. Although
TADF compounds with AEgr values smaller than 0.1 eV show the best performances, some
fluorophores with AEsy values close to 0.5 eV exhibit TADF emission. However, though the
TADF mechanism usually involves RISC between 77 and S states, an alternative possible
pathway driven by higher excited triplet states is also observed. Indeed, in some circumstances
more than one triplet state is present below the S state, allowing reverse internal conversion
(RIC) between 77 and the upper lying triplet states. This is followed by a RISC between
T,, i.e. the triplet state closest to the first excited singlet state and S| [147]. Furthermore,
rigid molecular architectures are usually preferred over flexible ones for high performance
TADF devices, since they minimize non-radiative decay due to vibrational and rotational

motions [148].

In addition to a small AEgr gap, the electronic coupling between charge transfer singlet
ICT and local triplet CLE) states strongly influences TADF efficiency [47]. Indeed, the
magnitude of spin orbit coupling (SOC) is crucial to determine RISC efficiency and ultimately
delayed fluorescence [149]. The rate of RISC (kgssc) is usually expressed by combining

Fermi’s golden rule with Marcus’ theory [150], as:

27 _1 —FE
krisc = — |Hso|? (4nAksT) Zexp [ —= ), 4.1
h kg T
(AEs+ 1)
Ep=-—ST T2 42
A ) 4.2)

The key parameters being the reorganization energy A, the SOC expressed by Hgp,
and E4 which is related to the AEsr energy gap through Equation (4.2). More topological
descriptors of the electronic density reorganization such as the amount of CT (¢CT) and the
effective CT distance (“CT) for ground and excited states have also been used to computation-
ally preview TADF performance [151]. The CT character of 7; states has also been analyzed

through the excited state dipole moments [152].
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Furthermore, environmental factors are also important in dictating the overall TADF
efficiency, in particular the ISC rates, as shown by their sensitivity to solvent polarity [146].
In addition, as Yu-Zhong Xie and co-workers pointed out, minimum energy crossing points
(MECP) between S and 77 states are crucial, since they represent funneling regions, allowing

the non-adiabatic transition between different electronic states [153].

In our previous study, we investigated a series of benzophenone based TADF emitters
and non-TADF chromophores by quantum chemical calculations. Our main goal in that
contribution was to understand the photophysical properties of benzophenone emitters and
their derivatives in terms of absorption spectra, charge separations in the excited states, AEgy
gaps and SOC magnitude [154]. Here, on the other hand, we plan to extend the objectives of
the previous study investigating TADF emitters with various acceptor moieties and propose a
new, more general, computational strategy applicable to a large variety of TADF emitters. For
this purpose, we analyzed the relationship between molecular structures and photophysical
properties of a wide range of emitters by means of ab initio calculations. To understand the
correlation between the molecular structure and TADF properties, a comparative study is
performed along molecules that possess TADF features and compounds known to be poor

TADF emitters (henceforth, they will be referred to as non-TADF molecules).

Indeed, a systematic study on the relationship between structural, electronic properties,
and the TADF efficiency of different classes of compounds is somehow missing. We plan to
bridge this gap by using molecular modelling and simulation to provide a unified description
of the different parameters related to TADF performance. For this purpose, ground state
structural properties, such as the torsional angles, are explored and related to the optical
properties and the singlet—triplet gap. Our analysis of different excited state descriptors,
including singlet—triplet gap, SOC magnitude, and the amount of charge transfer provides
a useful and computationally effective protocol to rationalize TADF efficiency. Although
the RISC probability decreases with the increase in AEsy, Hgo which competes with AEsr,
albeit being usually overlooked, may play a significant role and hence, should be properly

accounted for to sketch useful design rules for TADF compounds.
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4.3. Computational Methodology

Prior to the evaluation of all optical and photophysical properties, conformational
analysis was performed using the Gaussian 16 software package [155] to characterize all
possible conformers of the chosen TADF and non-TADF molecules. Density Functional
Theory (DFT) calculations with the M06- 2X [77, 105] meta-hybrid functional and the 6-
31+G(d,p) [154] basis set have been carried out to optimize the ground state conformers
and the corresponding S and 77 geometries. However, all conformers are expected to share
the same TDA behavior since the latter is mainly dictated by the twisting angle between
donor and acceptor moieties or between the donor and bridge moieties, which are highly
conserved in the conformational space. While for ground state equilibrium geometries we
have checked that no imaginary vibrational frequencies are present, this was not performed
for S7 and 77 equilibrium geometries due to the lack of analytical hessians. The choice of
MO06-2X functional is justified by its good performance in reproducing the geometries of

aromatic compounds [156].

In our previous study, the excited state properties obtained by taking into account all
the possible conformers of TADF molecules have been proven identical to the ones of the
lowest energy conformer [154]. Thus, we continue our analysis considering the lowest energy

conformers of each molecule only.

The energy and nature of excited states are assessed at the B3LYP [157] /6-31+G(d,p),
M06-2X/6-31+G(d,p), CAM-B3LYP [158]/ 6-31+G(d,p), and ®B97XD [159] /6-31+G(d,p)
levels of theory, and 6-311++G(3df,3pd) [160] and 6-311++G(2d,2p) [161] basis sets were
used, in all calculations, for sulfur and phosphorus atoms, respectively. A series of benchmark
calculations with Becke’s hybrid B3LYP functional and 6-31+G(d,p) and 6-311+G(d,p) basis
sets are also performed. From this test, it is clearly observed that increasing the basis set does

not induce any noticeable change in the calculated absorption spectra.

Integral equation formalism polarizable continuum model (IEF-PCM) is used in all
calculations [162], to implicitly model the solvent environment. Optimized geometries were

rendered with the CYLview software package [163].
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Tamm Dancoff Approximation (TDA) was employed for all the excited state calcula-
tions. This choice is due to the fact that the TDA method provides a more balanced description
of both triplet and singlet excited states, and compared to Time- Dependent DFT (TD-DFT)
is free from triplet instability issues [164]. All excited state calculations have been carried out

with the Gaussian 16 software package.

Absorption spectra were modeled as vertical transitions from the Sy equilibrium geome-
try. Subsequently, to include dynamic and vibrational effects, 30 conformations, sampling
the vicinity of the Frack— Condon region, were generated through a Wigner distribution [92]
as implemented in the Newton-X [165] software package. Vertical transitions from each
Snapshot were convoluted using Gaussian functions of full-width at half length (FWHL)
of 0.15 eV. Absorption spectra calculations via the Wigner distribution method have been
performed with the B3LYP, PBEO, M062X, BLYP [166] and TPSSh [167] functionals using
the 6-31+G(d,p) basis set.

The nature of the excited states is evaluated using Natural Transition Orbitals (NTOs),
obtained with the Nancy-EX code [168, 168] and visualized with the Avogadro [169] software
package. In addition, ®g values, defining the overlap between the attachment and the

detachment densities, were calculated.

Spin—orbit couplings (SOC) between S; and 77 states have been calculated at the TDA
level by using the Amsterdam Density Functional (ADF) code [170,171] at the B3LYP/DZP
[172] and MO6-2X/DZP levels of theory. DZP was used since Pople basis sets are not available
in ADF.

4.4. Results and Discussion

Herein, a series of different TADF emitters with various donor and acceptor groups
were selected from the literature and were investigated by TDA-DFT methods (see Figure 4.4).
In an attempt to identify the presence of TADF characteristics in the selected emitters, several

descriptors were assessed, such as the twisting angle between donor and acceptor units, AEgr,
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NTO densities along with the charge transfer topology indices (®g) [173], and SOC values

between the S; and 7}, states involved in the RISC process.

We selected TADF compounds containing different acceptor groups, such as phosphine
oxides, phenazines, anthraquinones, phenanthrenes, diphenylsulfones and benzophenones.
Specifically, we consider the phosphine oxide (PX-ZPO, DPXZPO and TPX-ZPO [174)),
dibenzo[a,j] phenazine (MeODP-DBPHZ, POZ-DBPHZ) [175], anthraquinone-based com-
pounds (AQ-DMAC, AQ-DPA) [34], phenanthrene containing compounds (m-ATP-PXZ
[176], TPA-DCPP [133]) diphenylsulfone-based compounds (DMAC-DPS, PPZ-DPS) [34]
and benzophenone containing compounds (m-PX2BBP and Cz2BP) [142]. Additionally,
we studied PXZ-PXB bearing a 10H-phenoxaboryl electron acceptor group [135], DMAC-
TRZ with a 2,4,6-triphenyl-1,3,5-triazine (TRZ) acceptor moiety [177], and 2CzPN with
a dicyanobenzene group [98]. Furthermore, and as a comparison, we also considered two

non-TADF molecules namely, pCBP and PhCz [178].
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Figure 4.3. TADF molecules investigated in this study. Blue: donor; red: acceptor; black:
7-bridge.
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Figure 4.4. Non-TADF molecules investigated in this study. Blue: donor; red: acceptor;
black: m-bridge.

4.4.1. Twist angle between donor (D), acceptor (A) and bridge (B) moieties

The torsion angle between donor/acceptor units and the bridge moieties is a straightfor-
ward descriptor allowing one to rationalize the TADF activity, and the calculated values are
reported in Figure 4.5. As a matter of fact, twisting angles of 90 will constitute the perfect
arrangement to break conjugation, thus leading to small AEg7r values and, hence, enhance
TADEF. However, while minimizing AEsr values, perfectly orthogonal geometries lead to an
important disadvantage for luminescence, since the oscillator strength, which is one of the key
parameters for light emission, is then strongly reduced. Among seven different donor units
we show that the best performing group is clearly DMAC with its ~ 90° twisting, while the
PXZ moiety with ~80° twist angle is the second most efficient donor group. As expected, the
favorable value of the twist angle is reflected in PXZ-containing compounds which present
small AEgr values, as seen both experimentally and theoretically. PPZ and DHPZ display a
twisting of ~ 100° between the adjacent neighboring groups. These structural features also

correlate with ideal AEsy values (;0.1 eV) and well separated frontier orbitals.

On the contrary, TPA-DCPP, AQ-DPA and MeODP display relatively lower TADF
activity due to their small twist angle, which is close to 30°. The small twisting can be
attributed to the freely rotating phenyl rings, which cause a general planarization of the
compounds. The last donor unit, Cz, induces a torsion angle of around 50°- 60°. The
relatively low torsion angle of the carbazole moiety can be attributed to a smaller steric

repulsion due to the five-membered ring in the donor group.
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In addition to the torsion angles between the donor and adjacent moieties, we also
examined the twisting angles between acceptor units and their adjacent donor or bridge
moieties (Figure 4.5). While the triphenyl triazine acceptor induces a twisting angle of 90°,
DBPHZ and m-ATP units reach approximately 80°. On the other hand, the DPS moiety
leads to an ideal 90° twisting with DMAC and 100° angle with the PPZ group. Instead,
relatively low performance TADF emitters, such as Cz2BP and 2CzPN, assume a butterfly
shape. Benzophenone-containing TADF emitters presenting a D—A-D scaffold, reach twist
angles of ~ 52° and ~ 120° thus leading to a non-orthogonal geometry. Indeed, also due to

its efficient ISC, benzophenone was previously explored as an OLED emitter.

Table 4.1. Differences between the torsion angles of Sy and 77 states computed at

MO06-2X/6-31+G(d,p) level of theory.

So/Ty Geometries Torsion Angles
6(D-A)1 6(D-A)2
1 89.5/63.62
0(D-A)1 60(D-A)2
2 77.89/-69.93 | -104.7/-103.4
3 77.44/75.774 77.39/66.03
4 25.32/29.27 -27.27/-30.34
5 -91.08/71.68 89.23/71.68
6 | -103.56/-101.8 | 102.96/95.49
7 | 119.78/-56.63 | -59.8/-56.63
6(D-B)1 6(D-B)2
8 -78.74/69.19 53.94/37.06
6(D-B)1 6(A-B)1 6(A-B)2 6(D-B)2
9 | -34.98/-29.33 | -37.01/-27.72 | -36.93/-27.72 | -35.4/-29.33
10 | -35.84/-41.52 | -36.21/35.79 | 35.71/-15.04 | -36.2/-24.47
6(A-B)1 6(B-D)1 6(B-D)2 6(A-B)2
11 0/0 102.18/-90.34 | 102.18/90.24 0
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In addition to the Franck—Condon region, the torsion angles at the equilibrium 7
geometries were also examined, and, as reported in Figure 4.6, only slight changes can be
observed except for compound 7. Moreover, torsion angles at the S; equilibrium geometries
were also obtained for AQ-DMAC, POZ-DBPHZ, DHPZ-2BTZ, PPZ-DPS, Cz2BP, TPA-
DCPP, AQ-DPA and MeODPDBPHZ. It has been observed that equilibrium geometries for
the first excited singlet state are very close to those of the ground state. Therefore, to reduce
computational costs, further analyses have been performed in the Franck—Condon region,
only. Thus, geometry relaxation is important only for the 7} state, leading to a decrease in
orthogonality, and consequently to the increase of the HOMO-LUMO overlap and AEgr.
Indeed, excited state twisting is recognized as a key feature of TADF molecules. To sum
up, DMAC, PXZ and DHPZ units appear as the most appropriate donors to establish the
desired orthogonality leading to twisting angles around 80° and 100°. On the other hand, DPA
derivatives have smaller twisting angles (= 40°), which lead to an increased HOMO-LUMO
overlap Table 4.2 and AEg7. Moreover, when considering acceptor moieties, anthraquinone
and diphenylsulfone groups provide almost ideal orthogonal arrangements. It should be
pointed out, however, that the term ideal here refers to geometrical properties and twisting

angle only and not to the device performance.

4.4.2. Electronic density reorganization and effect of the functional

The reorganization of the electronic density due to the excited state population has been
analyzed by examining the behavior of the corresponding NTOs. Furthermore, we compare
the natures of S| and 77 states obtained using M06-2X, CAMB3LYP and ®B97XD to assess
the influence of the exchange— correlation functional in the topology of the electron density
reorganization (see Table 4.3), and hence, in providing the correct diabatic description of
the most relevant states. In this respect, the B3LYP functional was excluded, since TADF
compounds rely heavily on CT, exasperating the known deficiencies of hybrid functionals,
especially for bridged compounds leading to spatially long-range CT states. Since the
molecular set under investigation is composed of mostly donor—m—acceptor charge transfer
molecules, we did a benchmark study with medium-range separated M06-2X and long range

separated CAM-B3LYP and @B97XD functionals.
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Though slightly unsatisfactory performances of CAM-B3LYP and wB97XD have been
reported for some donor—acceptor systems [43], their behavior was not tested for the set of

molecules under investigation, which are typical donor—m—acceptor systems.

Table 4.2. Phi-S values of S; states computed at different levels of theory and the
6-31+G(d,p) basis set.

Phi-S Values MO062X | @wB97XD | CAMB3LYP
AQ-DMAC 0.310 0.511 0.479
POZ-DBPHZ 0.094 0.841 0.099
M-ATP-PXZ 0.144 0.176 0.134
PXZ-PXB 0.064 0.487 0.511
DMAC-TRZ 0.213 0.503 0.519
m-PX2BBP 0.247 0.525 0.549
DHPZ-2BTZ 0.085 0.733 0.746
PPZ-DPS 0.160 0.612 0.591
DMAC-DPS 0.201 0.550 0.564
TPX-ZPO 0.252 0.601 0.254
DPX-ZPO 0.252 0.647 0.26
PX-ZPO 0.212 0.525 0.235
TPA-DCPP 0.728 0.588 0.612
AQ-DPA 0.610 0.517 0.642
Cz2BP 0.410 0.579 0.633
2CzPN 0.599 0.567 0.584
MeODP-DBPHZ | 0.739 0.483 0.514
pCBP 0.782 0.497 0.587
PhCz 0.847 0.862 0.863

High &g values indicate a large overlap between electron and hole densities, thus, LE
character. On the other hand, small ®g values indicate that the degree of overlap between
electron and hole densities is small, and thus the presence of a CT excited state. S; states
computed with the M06-2X functional mostly present a noticeable CT character, which
is known to favor TADF efficiency. Conversely, CAM-B3LYP and wB97XD functionals
preview a locally excited S; state for some TADF compounds. Also taking into account the
orthogonal arrangement, which should indeed favor charge separation, it appears that the LE
character should be regarded as an artifact as opposed to the more reliable M062X results.

Hence, M062X will be consistently used hereafter.
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Table 4.4. Torsion angles and natures of S; states with different functionals.

Compounds | Torsion Angle M062X | CAM-B3LYP | wB97XD
S1 S1 S1
AQ-DMAC 89.39 CT LE CT+LE
PXZ-PXB 78.74 CT LE LE
DMAC-TRZ 89.5 CT CT CT
PPZ-DPS 103.56 CT CT+LE CT+LE
DMAC-DPS 91.08 CT CT+LE CT+LE
TPX-ZPO 103.6 CT CT+LE CT+LE
DPX-ZPO 103.62 CT CT CT+LE

40

Table 4.5. Torsion angles and oscillator strengths computed at M062X/6-31+G(d,p) level of

theory.
b O Torsion Angle f f

D-m or D-A So—S1 | So—S2

AQ-DMAC 89.39 0 0.0001
POZ-DBPHZ 77.89 0.0001 | 0.0004
M-ATP-PXZ 75.96 0.0015 | 0.0001
PXZ-PXB 78.74 0.0042 | 0.026
DMAC-TRZ 89.5 0.0001 | 0.0001
m-PX2BBP 104.53 0.0005 | 0.0005
DHPZ-2BTZ 0 0 0.0016
PPZ-DPS 103.56 0.0005 | 0.0016
DMAC-DPS 91.08 0.0001 | 0.0003
TPX-ZPO 103.6 0.0021 | 0.0023
DPX-ZPO 103.62 0.0026 | 0.0025
PX-ZPO 77.45 0.0028 | 0.0059
TPA-DCPP 143.99 0.5431 | 1.0986
AQ-DPA 144.51 0.0019 | 0.9761
Cz2BP 52.67 0.0158 | 0.768
2CzPN 131.64 0.1434 | 0.2731
MeODP-DBPHZ 153.54 1.1566 | 0.0418

Figure 4.7 reports the correlation between the change in the degree of overlap between
S1 and T, states and the energy gap between the relevant states. We may observe that when
the nature of S7 and 77 changes the energy gap increases. Though a linear relationship with
R? =0.99 could not be observed, a direct correlation with a positive slope has been observed.
However, these should not be necessarily considered as a drawback to the RISC mechanism,

since due to the El Sayed rule the SOC between states of different character should increase.
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Figure 4.7. Correlation between AEg7 and the change in electronic density reorganization
computed at M062X/6-31+G(d,p) level of theory.

4.4.3. Correlation between AEs, 7, and RISC efficiency

According to Kasha’s Rule [153], the population of high lying singlet states is followed
by ultrafast internal conversion (IC) to S1, and eventually ISC leading to the population of the
triplet manifold. IC is also active on the triplet manifold, hence leading to the 7} population.
Thus, RISC from 77 to S is not the only possible pathway, indeed reverse internal conversion
(RIC) between 77 and upper lying 7, states may be possible if the former are quasi-degenerate,

which in turn will open a channel for RISC between excited 7;, and S states [147,179].

Globally, however, RISC will be mainly determined by the energy order of singlet
and triplet states, together with their efficient couplings. Bredas et al. have shown that the
separation of frontier molecular orbitals alone is not sufficient to assure TADF efficiency and
highlighted the fact that other factors, including the possibility of mixed CT-T; states with
a small AEg7 gap, are crucial [179]. The electron donating character of the donor moiety
may also have a noticeable effect on AEsy, with the increase of electron donation leading
to its decrease. Additionally, using donor and acceptor moieties with appropriate ionization

potentials and electron affinities is another key parameter in minimizing the AEgr gap [152].
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As shown in Figure 4.8, the energy levels of singlet and triplet states indicate that for
many compounds, more than one triplet state is lying below the §; level. Additionally, in

some instances 77 and 75 states were found to be almost energetically degenerate.
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Figure 4.8. Energies of S| and 7175 levels computed at the M062X/6-31+G(d,p) level of
theory.

For some compounds, such as DHPZ-2BTZ and PPZ-DPS, a three-state degeneracy
involving S, 71 and 75 is observed. Globally, all these facts may point to the fact that higher
triplet states may, indeed, contribute to the RISC process. Therefore, to identify the states

responsible for RISC, the specific value of SOC should be analysed together with the energetic

gaps.
4.4.4. Correlation between SOC and RISC efficiency

Besides the AEsy descriptor, we also determined the effects of structural modifications
on the SOC between S; and 77 states. Indeed, despite giving rise to low lying CT with
negligible electron—hole overlap, orthogonal arrangement of donor and acceptor moieties may
have a negative effect on SOC, hence influencing in a more subtle way the ultimate RISC rate.
Although TADF compounds are generally known to have low SOC values, it is found that

RISC occurs on a timescale shorter than 100 ns at 300 K [179]. Furthermore, LE triplet states
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may be involved in increasing the possibility of RISC due to the El Sayed’s rule [180, 181]. In
this context, Penfold and Monkman suggested a RISC mechanism which involves a three state
degeneracy between Sc7, Ter and T g [182]. Herein, we computed the SOC between S and
the first five triplet states (see Figure 4.9). As represented in Figure 4.9, striking differences in
SOC between S; and different triplet states are observed. It should be pointed out that since
the SOC value enters the Marcus’s formula directly, couplings between the states involved in

RISC are highly important.

Detailed analysis of Figure 4.9 shows that the energy gap between the singlet and triplet
states with the largest SOC are very close to the experimental energy gaps. In other words,
we observed that the experimental AEg7 values are very close to the calculated gaps between
strongly-coupled singlet and triplet states. For instance, for AQ-DMAC, m-ATP-PXZ, DHPZ-
2BTZ, and AQ-DPA, the SOC between S| and 73 are larger compared to all the other states,
and the absolute deviations of the computed S1—73 energy gaps with the experimental values
are smaller than 0.05 eV. For POZ-DBPHZ, PXZ-PXB and TPX-ZPO, S; and 74 have the

largest SOC and their gaps deviate by less than 0.1 eV compared to the experiment.

On the other hand, for DMAC-TRZ, DPX-ZPO, PX-ZPO and 2CzPN, the SOC between
S1 and 77 states are the highest, moreover, their corresponding energy gaps deviate by
approximately 0.1 eV from the experiment, suggesting a more classic scenario involving only
the lowest triplet state. For the DMAC-TRZ emitter, it should be pointed out that the SOC
between S1—T15 states is larger than for S;—77. However, while the 73 state is higher, and hence
shows a large energy gap, 77 is almost degenerate with S;. Thus, when compared with the
experiment, the gap between S and 77 states is approximately 0.006 eV. As a matter of fact,
SOC appears as a more promising, and crucial descriptor in determining the states involved in
the RISC process. It should also be pointed out that various TADF groups are represented
in our set, and in all the cases SOC was able to reliably describe the experimental efficiency,
even in the presence of wide and diverse donor and acceptor groups, and in general different

functional moieties.
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As a general rule, good TADF efficiency requires either moderate SOC and very small
AE (S| — Ty) or moderate AE (S| — T;) and very high SOC. Thus, almost perfectly orthogonal
scaffolds including strong D and A moieties, which will result in very small AE (S; — T;) and
SOC values, will be less efficient than moderate strength D and A groups if they still present
torsion angles leading to acceptable AE (S| — T;) and strong SOC. Another important role of
SOC is its deterministic behaviour in competition between the direct transition from S; to Sp
and ISC/RISC. According to Hund’s rule transition dipole for the S; - Sy transition, causing a
slow radiative rate of fluorescence, hence, excited state dynamics favour the ISC to triplet

states [183].

For the molecule set under investigation, AEgr and SOC descriptors support the pref-
erence of ISC over fluorescence emission. As reported in Figure 4.9 and Table 4.6, TADF
emitters under investigation exhibit strong SOC values, thus strong ISC to the triplet states.
Moreover, Table 4.3 reports that these emitters exhibit CT character S states, with localized
HOMO and LUMO orbitals, thus, they are expected to have small transition dipole moments
for the radiative decay between S and Sy states. Moreover, due to the very small energy gaps

between the relevant states, the AEsy descriptor also favors ISC over fluorescence emission.

4.4.5. Topological g index

The ®g index measures the degree of overlap between particle and hole densities, and
the smaller its value the larger the charge separation in the excited states. Hence, the ®g
index can be used as an indicator for TADF efficiencies. As represented in Figure 4.10, going
from TADF to non-TADF compounds, ®g indices definitely increase. This situation is also

coherent with the decrease of orthogonality and increase of AEsy.

The compounds with the smallest twisting angles between donor and acceptor units,
such as Cz2BP, MeODP-DBPHZ, TPA-DCPP and AQ-DPA, or the non- TADF pCBP and
PhCz present higher ®g indices, because of the highly delocalized 7 electrons, which result

in hole and particle density overlap and increased LE character.
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Table 4.6. Spin orbit coupling values computed at M062X/6-31+G(d,p) level of theory at
ground state geometry.

Compounds Sl-Tl Sl-Tz Sl-T3 Sl-T4 Sl-T5
AQ-DMAC 0.433 0 3.792 | 0.001 | 0.008
POZ-DBPHZ | 0.132 | 0.45 | 0.092 | 1.036 | 0.079
M-ATP-PXZ 0.29 | 0.435 | 1.394 | 0.016 | 0.441
PXZ-PXB 0.792 | 0.182 | 0.058 | 0.845 | 0.572
DMAC-TRZ 0.428 | 1.195 | 0.649 | 0.075 | 0.013
m-PX2BBP 0.889 | 0.797 | 0.514 | 1.216 | 1.798
DHPZ-2BTZ 0.000 | 0.353 | 0.616 | 0.057 | 0.000
PPZ-DPS 0.332 | 1.082 | 0.099 | 0.034 | 0.167
DMAC-DPS 0.616 | 0.735 | 0.787 | 0.498 | 0.456
TPX-ZPO 0.015 | 0.017 | 1.077 | 0.561 | 0.67
DPX-ZPO 1.195 | 0.015 | 0.906 | 0.069 | 0.724

PX-ZPO 1.192 | 0.954 | 0.749 | 0.024 | 0.047
TPA-DCPP 0.082 | 0.065 | 0.059 | 0.17 | 1.244
AQ-DPA 1.295 | 0.098 | 3.312 | 0.077 | 0.042
Cz2BP 8.934 | 0.194 | 0.042 | 3.119 | 8.831
2CzPN 0.56 | 0.074 | 0.267 | 0.272 | 0.061

MeODP-DBPHZ | 0.143 | 0.086 | 0.063 | 0.342 | 0.217

4.4.6. Topological g index

On the other hand, compounds with higher twisting angles and lower AEgr values
exhibit lower ®g indices, which indicates an increased CT character [184]. As shown in
Figure 4.10 and Figure 4.11, while most of the TADF compounds have ®g values for S
smaller than 0.3, non-TADF compounds have ®g values close to unity. Namely this is the
case for TADF active MeODP, Cz2BP, TPA-DCPP, AQ-DPA and non-TADF pCBP, PhCz.
The latter also presents torsion angles far from 90° and the hole and particle densities are
delocalized over the conjugated bridges, thus justifying the high ®g values (see Table 4.3). On
the contrary, for compounds which have orthogonal D-A geometries, such as DMAC-TRZ,
DMAC-DPS and AQ-DMAC, hole densities are distributed on the donor moieties while

particle densities are almost perfectly localized on the acceptor groups.
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Figure 4.10. ®g indices of S states and frontier molecular orbital overlap differences of
TADF TPX-ZPO, m-ATPPXZ and non-TADF pCBP, PhCz molecules, respectively.

In Figure 4.11, &g indices for Sy, 71, 1>, T3, T; and T5 states have been reported. It is
obvious that while S; generally has a CT character with small ®g indices, triplet states have

larger ®g indices, thus indicating an increased LE character.
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Figure 4.11. Phi-S indices of Sy, T1, T2, T3 and T, states computed at the
M062X/6-31+G(d,p) level of theory.

Since the change in the nature of the states is favorable to enhance SOC, this feature
should be considered as beneficial for TADF efficiency. Moreover, when compared to
Figure 4.8, it has been observed that energetically degenerate states such as 73 and 7 in

AQ-DMAC have remarkable differences in their ®g indices, which leads to differences in
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their SOC values with the S state. This situation is a way of obtaining strong RISC between

the singlet and isoenergetic, mixed triplet states.

In summary, five main descriptors: torsion angle, nature of states, AEgr, Phi-S index
and SOC, were investigated for a series of TADF emitters, including benchmark calculations
via TDA approximation. Here are the main findings from the benchmark study: For the nature
of states analyses, PBEO, B3LYP, M06-2X, CAM-B3LYP and wB97XDfunctionals with the
6-31+G(d,p) basis set were used. In our calculations, we observed the deficiency of hybrid
functionals for modelling CT emitters. On the other hand, CAM-B3LYP and wB97XD were
found to represent LE singlet states, which is not consistent with the structural properties of

the TADF emitters.

Our calculations on the nature of excited states indicate that the M06-2X is the only
functional which well reproduces the nature of excited states for the TADF emitters under
investigation. To further check the degree of overlap between electron and hole orbitals, we
reported ®g indices computed at the M06-2X/6-31+G(d,p), CAM-B3LYP/6-31+G(d,p) and
wB97XD/ 6-31+G(d,p) levels of theory. Our findings indicate that the M06-2X/6-31+G(d,p)

level of theory provides the correct degree of separation between electron and hole orbitals.

Based on the results from the nature of states analysis, we further modelled the AEg7 and
SOC parameters with the M06-2X functional and observed that it nicely reproduces the exper-
imental AEsr data obtained from the literature and it represents reliable SOC values consistent
with RISC processes. Based on the findings from five descriptor analyses, we theoretically
proposed a comprehensive methodological approach for TADF design strategies.Moreover,
via considering the effects of five descriptors, we conclude that the SOC parameter has a
determinative role in TADF efficiency. Thus, the primary target in designing and synthesizing
new TADF emitters should be optimizing the SOC involved in the RISC process. Furthermore,
we highlighted the role of intermediate triplet states on TADF performance, which should be

taken into consideration when modelling the photophysical properties of TADF emitters.
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4.5. Conclusion

Through a systematic study of a large panel of potential TADF chromophores we have
elucidated the reasons behind the performance of the different descriptors, which may be used
to forecast RISC probability. Singlet/triplet gap, AEgr, is usually associated with twisting
angles and the presence of strong electron donating and withdrawing groups. The results

obtained with M06-2X are reliable and consistent with experimental data.

Additionally, we also observed a significant deviation in the twisting angles of TADF
molecules between ground and triplet excited state equilibrium geometries. The identification
of AEgr values for the states presenting the larger SOC, allows us to identify RIC accessible
channels and further supports the role of SOC as the most reliable descriptor of TADF perfor-
mance. Indeed, for most of the studied cases, SOC is the determinant factor in determining the
probability of RISC. Furthermore, as the electronic density reorganization seems fundamental
to assure TADF, ®g indices have been explicitly considered. A good correlation has been
observed with structural parameters, such as the twisting angles, or electronic properties,

including AEg7 values, also coherently with previously reported trends.

Oscillator strength may also be regarded as highly important, especially dictating
luminescence efficiency and is strongly correlated with the geometric properties. Our results
show that while designing new TADF emitters with favourable properties such as small
AEgr values and strong SOC, the geometrical features of the constituents should be carefully
adjusted vanishing oscillator strengths. Therefore, instead of perfect orthogonal geometries,
smaller torsions with moderate AEg7 values, strong SOC and strong oscillator strengths, will
lead to more efficient TADF devices. To sum up, our calculations successfully explain the
TADF performance of a wide range of donor and acceptor groups and their characteristic
structural behavior, also highlighting useful and computationally efficient indicators. We
also further analyzed the possible RISC paths and showed that RIC involving the highest
excited triplet states may play an important role in mediating RISC when leading to high SOC.
Hence, AEgt, oscillator strength, and SOC descriptors should be combined when performing

computational screening and rational molecular design.
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5. PHOTOPHYSICAL PROPERTIES OF BORON-BASED
CHROMOPHORES AS EFFECTIVE MOIETIES IN TADF DEVICES:
A COMPUTATIONAL STUDY

5.1. Overview

Thermally activated delayed fluorescence (TADF) materials have shown great potential
in the design of organic metal-free optoelectronic devices and materials and, therefore, are the
subject of intense investigations. This contribution presents the effects of various parameters
on the photophysical properties of a series of Boron-based TADF emitters. These include
torsion angle, the changes in the electronic density, energy gap between the first excited singlet
(S1) and the first excited triplet states (77), oscillator strength (f) and spin—orbit coupling
(SOC). Through a comprehensive structural analysis, we firstly show the most favorable
conformation of the ground state of donor (D) and acceptor (A) moieties that are popular in
TADF emitters. Further, the properties of the excited state manifolds are obtained with Tamm-
Dancoff Approximation (TDA), thus rationalizing their optical and photophysical properties.
Globally, our results settle the basis for the rationalization of the effects of different parameters
on reverse intersystem crossing (RISC) probabilities, which is the rate-limiting step for TADF,
thus favoring the rational design of novel highly efficient TADF materials with strong triplet

exciton harvesting.

5.2. Introduction

Although organic light emitting diodes (OLEDs) are some of the most promising devices
in displays and lighting technology, they still suffer from important drawbacks. Indeed, the
overall device efficiency, which is fundamental in applications, is one of the weakest points of
OLED technology. Due to the intrinsic limitations of spin-statistics, only 25% of the excitons
produced by the applied electric potential are generated as singlets while the remaining 75%

are in triplet states [185]. However, while organic materials may usually be fluorescent their
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phosphorescence quantum yield is generally low, resulting in the loss of the majority of
the excitons and in low electroluminescence [55]. Furthermore, OLED efficiency is also
limited by other non-radiative relaxation pathways of the singlet or triplet excitons [186]. To
cope with such phenomena and hence with the challenges of electron—light conversion, other
strategies, in addition to the optimization of fluorescence quantum yield, have been proposed
including triplet-triplet annihilation (TTA) [187], singlet fission (SF) [42], phosphorescence

emission, and thermally activated delayed fluorescence (TADF) (see Figure 5.1) [146].
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Figure 5.1. Photophysical processes observed in electronic excitations of optoelectronic
materials.

In TTA, one singlet excited state is originated from two low-lying triplet states leading
to the increase of the external quantum efficiencies (EQE) compared to OLED materials [188].
On the other hand, in SF, a molecule converts a singlet excited state into two triplet states,
with spin densities localized on adjacent moieties, leading to a theoretical EQE of 200%,

which can be highly attractive for solar cell applications [186].

Phosphorescence emission is achieved with the second generation OLED devices,
whose components include heavy metals, such as iridium and platinum, characterized by a
high efficient triplet state radiative decay due to the increased spinorbit coupling (SOC) [21].
Although, second generation emitters provide high efficiency devices, they also suffer from the
need to include rare metals, which are plagued by undesirable environmental and economic
shortcomings. Thus, the development of alternative approaches to harvest both singlet and
triplet states is still highly attractive. In this respect, TADF materials have been recently
proposed since they are capable of exploiting triplet excited states. This is achieved via reverse
intersystem crossing (RISC) in which lowlying triplets (77) are converted back to the singlet

manifold (S).
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TADFs are highly promising emitters in display technology and thus, have become a
hot research topic [189]. They are also referred to as ‘third generation” OLEDs and show
important advantages such as high efficiency [190], low fabrication costs, and wide emission
color range [191]. Furthermore, it has been shown that TADF emitters may also be used as
high-performance metal-free photosensitizers (PSs) with remarkable photosensitizing ability,
including in the domain of photodynamic therapy. As an example, in 2019, mitochondria-
targeting nanoparticles with TADF ability have been successfully used against cancer cells

[192].

From a photophysical point of view, in TADF materials, the population ratio between
singlet and triplet states is largely controlled by the competition between RISC and phos-
phorescence [193]. In particular, thermally activated RISC, which drives the population
accumulation in the triplet states, should be maximized. Fortunately, tuning RISC efficiency
should also lead to the concomitant minimization of competitive nonradiative decay. It is
generally recognized that to attain an efficient RISC the energy gap between S; and 77 states
(AEs7) should be sufficiently small to allow the population transfer between the two mani-
folds via thermal activation [146]. However, the spin conversion between S; and 7} is also
influenced by the magnitude of the spinorbit coupling (SOC), which should be high. AEs7 in
TADF materials can be minimized by adopting a donor (D) — acceptor (A) molecular design,
where the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) are spatially separated, thus reducing the exchange integral between S and
T; states and consequently closing the gap between the states [194,195]. On the other hand,
as stated by El Sayed’s rule, high SOC necessitates a large variation in the electronic density

of the excited states, which can also be achieved by n-orbital participation [150].

Several studies aiming at simulating the spinforbidden non-radiative transition between
S1 and T states have been reported. It is generally known that heavy metals such as Ir, Pt,
and halogens have large SOC due to their relativistic effects, hence favoring (R)ISC. For pure
organic molecules SOC are much smaller, however they can be increased when the triplet
and singlet have a different electronic (diabatic) nature. Generally, large SOC are observed

between a singlet state with ! (n, 7*) or ! (7, 7*) nature and a triplet state with (7, 7*) or
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3(n,*) nature. On the contrary, transition from ! (7, %) to 3(x, #*) and from ' (n,7*) to
3(n,m*) are unfavorable. Many molecular modeling studies have been devoted to the problem
of ISC in organic materials. In 2012, Marian summarized the theoretical principles and
calculation methods of SOC [25]. In 2017, Bredas discussed how AEgy and SOC influence
the RISC rate constants [179]. In 2016, Peng et al. defined a parameter, n-orbital composition,
describing the effects of heteroatoms on SOC matrix elements and the states involved in ISC

and RISC [6].
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Figure 5.2. Acceptor (blue) and donor (red) moieties in TADF literature.

It should also be noted that in RISC, in coherence with thermal activation, the rate
constant depends also on the Boltzmann constant (kp) and the temperature. As reported
in literature, D-A structures are not the only possible molecular arrangements for TADF
materials, other designs, such as, D-7-A, D-7w-A-7-D may be envisaged. In all these cases
HOMOs and LUMOs are spatially separated leading to small AEg7 gaps, high SOCs and blue
color emission. The main aim of incorporating donor and acceptor groups is enhancing char-
getransfer (CT) character leading to high efficiency emitters. The most commonly used donor

moieties in TADF emitters are dimethylacridine (DMAC), phenoxazine (PXZ), carbazole
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(Cz), diphenylamine (DPA), spiroacridan, phenothiazine (PTZ) and dihydrophenazine. On
the other hand, the most frequently used acceptor groups involve diphenyl sulfone (DPS),
benzophenone (BP), boron derivatives, cyano-substituted aromatics, triazine and pyrimidine

(see Figure 5.2).

In the various molecular modeling works published to date, TADF and RISC processes
have been analyzed with the help of various parameters. The most frequently used descriptors
are frontier molecular orbital (FMO) distributions, AEs7, SOC, and reorganization energy, A.
Moreover, parameters related to the topological description of the changes in the electronic
density in the excited states have also been proposed and their correlation with RISC has
been reported [150]. In addition to these electronic based descriptors, there have been studies
focusing on the correlation between geometric parameters and the evolution of the excited
state [194]. Furthermore, the probability of radiative decay from S; to Sy has also been
taken into account via the calculation of the corresponding oscillator strength, because a
good OLED candidate should show good intrinsic luminescence via either prompt or delayed

fluorescence [151].

In a previous contribution, we further investigated the effects of various descriptors to
determine RISC efficiency and concluded that SOC plays an important role in shaping RISC
pathways between triplet and singlet states [196]. We have also investigated the behavior
of different descriptors for benzophenone based TADF emitters and performed a functional
benchmark study for the molecular set under investigation [154]. In the present contribution,
we assess the relationship between molecular structure and photophysical properties for a

range of boron-based TADF molecules (see Figure 5.3 - 5.7).

Boron, participates in 7-conjugation via its available p, orbital, and thus enhances
charge transport, and, therefore, represents an attractive choice for optoelectronic materials
[197]. In 2015, Adachi and coworkers reported the first boron-based TADF emitters consisting
of 10H-phenoxaborin as acceptor and N-heterocyclic donor groups [198]. In 2016, a new
approach termed ‘multiresonance (MR) HOMO-LUMO separation’ has been proposed by

Hatakeyama and colleagues.
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MR is mainly observed in boron emitters in which the atom in para position with
respect to Boron is substituted with nitrogen, thus enhancing the resonance effect and leading
to remarkable HOMO and LUMO spatial separation [197-199]. Furthermore, it has also
been observed that MR-type blue TADF emitters have high device efficiencies, and narrow
emission bands with high color purity [200]. High color purity with very narrow emission
bands is an important property of MR-TADFs, however, this feature is also accompanied by

important drawbacks, such as, slower RISC rate compared to other TADF emitters [201].

One of the main strategies which can be used to accelerate RISC rate is to provide a high
density of close lying 3CT states, which can be achieved through peripheral substitution [202].
Alternatively the inclusion of heavy main group atoms such as S or Se to the molecular

skeleton can be considered [203]. Finally, the inclusion of heavy metals is a suitable strategy
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to increase SOC values and improve RISC rates in MR-emitters, although this reduces the
economic and ecological sustainability of the devices [204]. On the other hand, it has been
reported that increasing the molecular rigidity and suppressing large excited state structural
changes represents an efficient approach to achieve high color purity [203]. Therefore, design
strategies focused on rigidity of the scaffold have been implemented. As an alternative to fused
7 systems, ortho-substituted D-A structures that suppresses excited state structural changes
can also be used to obtain devices with high color purity. Design strategies of boron based
TADF emitters are not limited to these systems and other chromophores with various kinds
of boron acceptors such as, dimesitylboryl (Mes2B), 9,10-dihydro-9,10-diboraanthracene
(DBA) [205], phenoxaboryl [206], B,N-doped analogues [207], have been proposed.

Herein, we mainly focused on the effects of various donors and boron-based acceptors
on the character of the most relevant excited states. We also consider the relation between
their donor acceptor strength and the emission colors as well as their influence in affecting
RISC efficiencies. Moreover, we also analyze the possible electronic excitation pathways to
understand the exact mechanism leading to the excited state relaxation while presenting a

comprehensive comparison between the different emitting groups.

5.3. Computational Methodology

All the geometry optimizations were performed using Gaussian 16 [155] program
package to model all the possible conformers of boron-based TADF emitters. Ground
state geometries were optimized with Density Functional Theory (DFT) calculations; the
corresponding S and 77 equilibrium geometries have been obtained at TDA level. For
geometry optimizations, a series of benchmark calculations with TPSSh [53] /6-31+G(d,p),
wB97XD [208] /6-31+G(d,p) and M06- 2X [156] /6-31+G(d,p) levels of theory were used
and meta-hybrid M06-2X functional was chosen. This choice is also justified since it is well
known that this functional performs well in reproducing electronic energies, and equilibrium
geometries of compounds bearing aromatic moieties [156]. To increase the accuracy, 6-

311++G(3df,3pd) [209] basis set was used, in all calculations, for sulfur atom. For selected
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model compounds, the energy order of the different conformers was checked using a series of
single point calculations with B3LYP [157] and TPSSh [210] on top of M06-2X optimized
geometries confirming that the lowest energy conformer does not depend on the choice of the

functionals.

Following the assessment of the structural parameters, a comprehensive benchmark
study on the excited state properties has been conducted using Tamm Dancoff Approximation
(TDA) with LC-wPBE, M06-2X, CAM-B3LYP [158] and wB97XD functionals. Excited
state energies and oscillator strengths are the two main parameters used to judge the properties
of the functionals; we observed that except for LC-wPBE, the other three functionals behave

similarly in both oscillator strength and excited state energies.

In our previous study, which has been mainly focused on the effects of functionals on
descriptor analyses, we investigated the performance of M06- 2X, CAM-B3LYP and ®B97XD
functionals in detail and we observed that the nature of excited state calculations with M06- 2X
and wB97XD functionals yield more reliable results compared to the CAM-B3LYP functional
[196]. Figure S9 reports absolute deviations from experimental data and it is observed that
except for some outliers such as; Spiroacridan-Phenoxaboryl-TIPP, DACMES3B, NOBF2-
Cz [211] and NOBF2-DPCz [211], calculations with M06-2X/6-31+G(d,p) gave deviations
smaller than 0.05 eV. Moreover, absolute deviations from calculations with ®wB97XD /6-
31+G(d,p) also yielded small values, however, it has been observed that @B97XD could not
reproduce some of the most remarkable molecules such as PXZMES3B, 10H-Phenoxaboryl-
Phenyl-DMAC, DACMES3B, 2DACMES3B, B-2PTZ and B- 2DMAC. Overall, both M06-
2X and wB97XD are good performing functionals for energy gap calculations, however,

compared to ®@B97XD , calculations with M06-2X have smaller number of outliers.

Furthermore, the effects of the basis were assessed taking into account 6-31G(d) [124],
6-31G(d,p) [212], 6-31+G(d) [213], and 6-31+G(d,p) [124] sets. It was clearly observed that
increasing the basis set does not induce any significant change on the excited state energies
and the corresponding oscillator strengths. The choice of TDA over Time-Dependent DFT

(TDDFT) is due to its better performance in describing both singlet and triplet excited states,
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since it is not plagued with triplet instability issues [164].

The effects of conformational variability on the excited state properties was also checked
concluding that when the change in equilibrium geometries do not involve the angles close to
the donor moieties, their effect on excited state energies is negligible. Moreover, it has also
been observed that ground state conformational changes do not occur in the donor moieties,

and instead involve the acceptor fragments.

All calculations were performed taking into account solvent effects, in accordance with
experiments, by using the polarizable continuum model in the integral equation formalism

(IEF-PCM) [162].

The absorption spectra have been computed by generating 40 conformers through a
Wigner distribution [92] based on the calculation of the harmonic vibrational frequencies
as implemented in the Newton-X [165] software package. The final spectrum is obtained
by the convolution of all the vertical transitions and the corresponding oscillator strengths.
Absorption spectra were modeled using B3LYP, BLYP [53], PBEO [214,215], M06- 2X and
®B97XD functionals and 6-31+G(d,p) basis set. To reproduce the band shape the vertical
transitions from each snapshot were convoluted using Gaussian functions of full-width at

half-length (FWHL) of 0.15 eV.

The nature of excited states was assessed using Natural Transition Orbitals (NTOs) and
®y indices, defining the overlap between the attachment and the detachment densities that is,
the electron density removed/rearranged during the excitation. NTOs and ®g were obtained
with the Nancy-EX code [168,216] and visualized with the Avogadro [169] software package.
Other parameters describing the degree of overlap between HOMO and LUMO orbitals, such
as D-index, S-index and t-index were computed using the Multiwfn [217] software package.
SOC elements between S, and 7, states involved in RISC mechanism were calculated with
Amsterdam Density Functional Code (ADF) [170], at the M06-2X/DZP [172] level of theory.

Since Pople basis sets are not available in ADF, the Slater type DZP was chosen.
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5.4. Results and Discussion

We report the behavior of a series of D-7-A type TADF emitters bearing boron contain-
ing acceptor moieties and different donor groups such as PXZ, PTZ, DMAC, Spiroacridan, Cz,
Diphenylamino carbazole (DAC) and bis(diphenylamino) carbazole (2DAC) which are intro-
duced to the para- (1-9, 18-25 (in Figure 5.3) or ortho- (10-17 in Figure 5.4 - 5.5) position rela-
tive to the acceptor groups. Four important and widely used acceptors, namely Dimesitylboryl
(Mes2B), 10H-Phenoxaboryl, Difloroboron (-BF2), and 5,9-dioxa-13b-boranaphtho[3,2,1-
de]anthracene (OBA) are selected to understand their effects on the electronic properties.
Indeed, Mes2B unit has strong electron accepting ability coupled with p-7* conjugation and
is one of the most popular acceptor groups in TADF literature [148]. 10H-Phenoxaboryl
is important due to its rigid structure, which is highly efficient in assuring orthogonal ar-
rangements, hence favoring small singlettriplet gaps [135]. On the other hand, the -BF2 unit,
thanks to its strong electron withdrawing capability provides low LUMO levels leading to an
increase in intramolecular charge-transfer (ICT) character [218]. The last acceptor unit OBA
1s usually described as providing large torsion angle making it an efficient acceptor group in

blue emitting TADF materials [52].

5.4.1. Benchmark Analyses

To make sure that the methodology that we determined in our first article is appropriate
for the boron-based emitters, we performed a comprehensive functional benchmark analysis.
As reported in Figure 5.8, we observed that increasing the basis set does not change the
energies of excited states and the oscillator strengths. On the other hand, a series of widely
used DFT functionals such as, LC-wPBE, M062X, CAMB3LYP and wB97XD have been
used for the same excited state properties; excited state energies and oscillator strengths. In
our analyses, we observed that except LC-@wPBE, other three functionals behave similarly in

both oscillator strength values and excited state energies.
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Figure 5.8. Basis set and functional benchmark of compound 10H-Phenoxaboryl-Ph-DMAC.
Basis set benchmark has been calculated with M06-2X functional, and functional benchmark
has been calculated with 6-31G(d) basis set.

5.4.2. Torsion Angle Analyses

A comprehensive conformational analysis was firstly performed to investigate the
geometrical features of TADF molecules. As reported in literature, orthogonality, which
results in decreased Electron-Hole overlap and small AEg7 values is one of the key features
for TADF performance [219]. Table 5.1 reports the torsion angles between donor groups and
phenyl linkers in the boronbased TADF emitters (see also the schematic representation in
Figure 5.9). As shown in Table 5.1, dimethylacridine and spiroacridan stand out with their
perfectly orthogonal geometry (compounds 4-7), followed by phenoxazine and phenothiazine
with torsion angle close to 80°. On the other hand, carbazole, which is known for its poor
TADF activity has a torsion angle of 50° (para position) most probably since its five-
membered central ring has smaller steric hindrance compared to the other donors presenting

sixmembered rings.
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Table 5.1. Torsion angles of the donor units modeled in this study and the representation of
torsion angle in model NOBF2-DMAC [46] emitter.

Donor Moiety ;F]gr_sz(;liiﬁl?il)e
Phenoxazine (PXZ) ~80
Carbazole (Cz) — in para position ~50
Carbazole (Cz) — in ortho position ~75
Dimetyhlacridine (DMAC) ~90
Spiroacridan ~90
Diphenylamino carbazole (DAC) ~50
Bis(Diphenylamino carbazole) (2DAC) ~50
Phenothiazine (PTZ) ~80

Figure 5.9. Representation of torsion angle in model NOBF2-DMAC [46] emitter.

This fact is also partially justified by the observation that replacing the substituent to the
ortho position increases orthogonality and leads to an acceptable torsion of about 75° as shown
for Cz-o0-B (10),[66] Cz-Ph-o-B (11) [220], Cz- Pyridine-o0-B (12) [221], Cz-Pyrimidine-o-B
(13) and Cz-CN-o0-B (14) [221].

In light of these results, it can be stressed that changing the location of carbazole from
para to ortho position appears as an effective strategy to increase steric hindrance and induce
orthogonality, thus, decreasing AEsr. In other carbazole containing donor moieties, namely
DAC and 2DAC, it was observed that the addition of phenyl rings on carbazole does not

change steric hindrance, keeping the torsion angles close to 50°.

Thus, while DMAC, PXZ, Spiroacridan, and PTZ donors have favorable orthogonal
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geometrical arrangements, carbazole geometry may be tuned by changing its regioisomery
and increasing its steric hindrance. The torsion angles of the acceptor moieties were also
studied to infer the degree of separation between 7 - linkers and acceptor moieties, and hence

the possible disruption of conjugation leads to the separation of electron and hole orbitals.

The acceptor groups discussed in this study have a torsion angle of ~ 50° and thus their
effect on TADF efficiency seems more limited. This structural feature further suggests that the
modifications in donor moiety should lead to a greater change in ICT. This assumption will
be examined in more detail in the following sections. To assess the excited state properties
of the emitters we also optimized S| and 77 geometries and in particular we evidenced the

appearance of ‘Excited State Twisting’ as pictorially represented in Figure 5.10.

Excited State Twisting Between D and A Moieties

Sp Geometry T, Geometry

T, Geometry

Figure 5.10. Excited state twisting observed in 77 geometries.

Indeed, the orthogonality between donor and acceptor moieties decreases in the case of
the lowest triplet states. The twisted geometry partially reinstate conjugation and will favor

more local excited states.
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Figure 5.11. Distances (Angstrom) between the centroids of aromatic rings computed at
MO06-2X/6-31+G(d,p) level of theory.

Moreover, the optimized structures reported in Figure 5.11 show that the ortho substi-
tuted TADF emitters exhibit intramolecular 7 - 7 interactions between the carbazole unit
and the mesityl group of acceptor moiety, the two interacting unit being at about 3.43- 3.55
A distance. Within the whole set, intramolecular 7 - 7 interactions were observed only in
emitters where D/A groups are in close proximity and showing face-to-face arrangement.
Similarly, this kind of intramolecular interaction is expected to induce an increased rigidity
via the suppression of rotation around C-C bond between the central phenyl group and donor
moiety or the mesityl group of the acceptor. This feature is expected to affect not only the
TADF descriptors reported in our study such as Electron/Hole separation and AEgsr, but also
the photoluminescence quantum yield (PLQY) of these kinds of emitters, reducing occurrence

of competitive non-radiative decays [222].

Thus, ortho- substitution can lead to favorable device properties, such as, high PLQY
and faster RISC which can be observed via the smaller Electron/Hole overlap and AEgy
values. Moreover, SOC for these kind of emitters are larger than for the para- substituted ones,
such as Cz-Ph-Mes2B. The larger SOC values of ortho- substituted emitters can be attributed
to the hybridization of charge transfer and local excitation states, which is a behavior observed
in molecules exhibiting intramolecular 7 - 7 interactions between cofacially packed donor

and acceptor moieties [223].
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5.4.3. Oscillator Strength

To unravel the photoexcitation mechanisms, we further analyzed the magnitudes of
oscillator strengths and reported these values in Table 5.2. As a consequence of spatial
separation between HOMO and LUMO orbitals, excitations usually feature strong CT char-
acter, a behavior which leads to very small oscillator strengths, and is not compatible with
intense emission requirements. Therefore, separation between FMOs should be optimized to
both minimize AEg7 while maintaining sufficient oscillator strength to make light emission
possible. Herein, firstly oscillator strengths for So—S; transitions are determined and data
from this analysis are used to observe the effects of geometric parameters on excitation to the

first excited singlet state.

As represented in Table 5.2, a large group of compounds exhibit vanishing oscillator
strengths which are caused by large twist angle between donor and their adjacent moieties,
which result in poor overlap between electron and holes. On the contrary, emitters with small
twist angles such as Cz-Ph-Mes2B, DACMES3B, 2DACMES3B, NOBF2-Cz, NOBF2-DPCz,
and NOBF2-DTCz exhibit larger oscillator strengths compared to other emitters. In addition
to this expected trend, we have also observed that despite having large twist angles, NOBF2-
and OBA-based compounds exhibit large oscillator strengths (f 0.3-0.4). This indicates that
the Sop— S transitions for these compounds are dominant in their absorption spectra. Indeed,
large oscillator strength of NOBF2- and OBA- based emitters are consistent with their LE

character in S states.
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Table 5.2. Torsion angles between donor and 7 bridges of Sy geometries and oscillator
strengths corresponding to Sop— S transitions computed at M06-2X/6-31+G(d,p) level of

theory.
Oscillator Strengths
COMPOUNDS So—S1 | Torsion Angle (GS)
PXZ-Mes2B 0.0013 104.01
PXZ-Ph-Mes2B 0.0028 101.76
Cz-Ph-Mes2B 0.581 52.44
DMAC-Ph-Mes2B 0.0019 90.41
10H-Phenoxaboryl-Phenyl-DMAC | 0.0016 90.64
DMAC-Phenoxaboryl-TIPP 0.0001 88.39
Spiroacridan-Phenoxaboryl-TIPP | 0.0026 82.55
DACMES3B 0.4013 53.76
2DACMES3B 0.4544 52.48
Cz-0-B 0.0148 75.25
Cz-Ph-o0-B 0.0231 75.71
Cz-Pyridine-0-B 0.0201 77.91
Cz-Pyrimidine-o-B 0.0158 77.95
Cz-CN-o-B 0.0105 75.59
B-2DMAC 0.0016 3.96
B-2PTZ 0.0019 102.26
B-2PXZ 0.0012 101.69
NOBF2-Cz 1.4944 523
NOBF2-DPCz 0.976 51.78
NOBF2-DTCz 0.844 50.07
NOBF2-DMAC 0.5853 89.52
OBA-O 0.3246 78.4
OBA-S 0.3266 101.12
OBA-Br-O 0.3485 77.72
OBA-Br-S 0.3477 101.79

5.4.4. Energy Splitting Between S| and 7, States (AEs7)

Although, usually TADF compounds should have AEgr values smaller than 0.1 eV,
some TADF emitters with singlet—triplet energy splitting larger than this threshold have been

reported [39].

For the set of molecules under investigation, the energy gaps between S and the first

five triplet states have been computed at M06-2X/6-31+G(d,p) and @B97XD /6-31+G(d,p)
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levels of theory (see Table 5.3 and Table 5.4). The calculated energy gaps were compared
with experimental data and, as reported in Table 5.3, we found that the experimental energy
gaps involved in RISC are, globally, well reproduced when considering the gaps between S

and the closest triplet states.

It should also be underlined that some energy gaps represented in Table 5.3 have
negative signs, which indicate that the relevant triplet state is higher than the Sy state. This in-
cludes different kind of compounds such as PXZMES3B, 10H-Phenoxaboryl-Phenyl-DMAC
2DACMES3B, Cz-Pyridine-o0-B, Cz-Pyrimidine-o-B, Cz-CN-0-B, B-2PXZ, B- 2DMAC,
NOBF2-DTCz,[46] NOBF2-DMAC, OBA-O, OBA-S, OBABr1- O, OBA-Br-S. Thus, possible
reverse internal conversion R(IC) pathways between 77 and 7}, levels [147] cannot be excluded

for these compounds.

In addition to ISC/RISC analyses based on AEsy values, we also examined the relation
between torsion angles and the AEgr values. As we discussed previously, the analyses of
torsion angles show that PXZ, DMAC, Spiroacridan and PTZ moieties lead to orthogonal
structures. On the other hand, Cz based emitters have 500 torsion angles which are far from
orthogonality. In light of this structural analysis, AEg7 values of PXZ, DMAC, Spiroacridan
and PTZ containing emitters are expected to be smaller than the Cz containing emitters. As
shown in Table 5.3, the calculated AEg7 values sufficiently reproduces the expected correlation.
For instance, while PXZ-Ph- Mes2B, DMAC-Ph-Mes2B and Spiroacridan-Phenoxaboryl-
TIPP have AEgy smaller than 0.1 eV; Cz-Ph-Mes2B, Cz-0-B and NOBF2-Cz emitters have
AEgr larger than 0.1 eV.
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5.4.5. Singlet Triplet Alignment

As represented in Figure 5.12, the Jablonski diagrams obtained at GS, S; and T}
equilibrium geometries show different trends in both the energy and the nature of the involved
states. In particular, large differences in the state alignment depending on the equilibrium
geometry are present. This in turn limits considerably the possibility to rationalize TADF
from considerations drawn at Franck-Condon, without considering the excited state relaxation.
Indeed, for the compounds represented in Figure 5.12, at Franck- Condon geometry, S; is in
close proximity to a manifold of triplet states, which could possibly lead to thermally activated
ISC towards different states. However, this quasi-degeneracy in the triplet manifold is lifted
at both S; and 77 equilibrium geometry, where only the lowest triplet state remains accessible.

Furthermore, we also observed that the natures of S| and 7} states depends on the geometry.

Indeed, at the S; equilibrium geometry both states have CT character, which in turn
should lead to small SOC and low ISC probability. Conversely, at 77 equilibrium geometries
the two states are respectively local and charge-transfer, hence the SOC increases, favoring

RISC, despite the slight increase of the energy gap.

5.4.6. Nature of States

In our previous studies, we have stressed the importance of Natural Transition Orbitals
(NTOs) in analyzing the changes of the electronic density in the S| and 7} states [154]. Herein,
we characterize such changes with different parameters such as: the density based descriptor
D-index, which is the distance between electron and hole centroids, the Sm index, defining
the overlap between electrons and holes, the t-index, which measures the degree of separation
between frontier molecular orbitals, and finally, the ®g index which can be defined as the

overlap between attachment (electron) and detachment (hole) densities [168].
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The most important structural reorganizations are observed for the 77 states and our
calculations predict that the corresponding planarization is enhancing the LE nature of the state.
This effect can also be witnessed by the change in the topological descriptors computed at 7}
or Franck-Condon geometries, suggesting a different diabatic nature for this state. As shown
in Table 5.5, the nature of S| and 7 states are different at Sy and 77 equilibrium geometries.
The reason behind this behavior may be traced to the large structural reorganization, which is

observed upon excitation.

As we stated previously, the decrease in orthogonality, which is observed in 7 state
geometries, leads to higher LE character. Due to the time-scales of TADF-involved processes,
the systems have enough time to equilibriate along the 7| potential energy surface. Thus,
since we are mostly interested in RISC starting from 77 state, we mainly focused on the
descriptors obtained from the optimized 77 geometries. As can be seen from Table 5.6, the D
indices of the 7j states are systematically smaller than the corresponding indices for the S;
states, again pointing to a larger LE character of the former. Moreover, we observe that the D
indices of S| are generally larger than 3 A clearly identifying these states as charge-transfer.
However, D indices of the Sy states for the OBA-S, and OBA-Br-S, are found to be smaller
than 1 A, which can indicate that LE character is here dominant. The same behavior is also
confirmed by the other complementary descriptors including ®g. However, a sharp separation
between LE (close to 1.0) and CT (close to 0.0) value is observed for this descriptor while
smoother transitions were observed for the D index. Thus, ®g index appears, at least to this

respect, as a more reliable indicator for precisely assigning the natures of these states.

Indeed, as shown in Table 5.6, for the S; state ®g, especially for PXZ and DMAC
containing molecules, is mostly around 0.5 indicating mixed CT-LE character, while Cz-
containing molecules exhibit dominant LE character with high ®g values around 0.7. On the
other hand, ®y for the 77 state are generally found to lie close to 0.8, indicating dominant LE

natures.
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Figure 5.13 summarizes the main geometry changes observed in the excited states
of DMAC-Ph-Mes2B, Cz-0-B, NOBF2-DMAC and OBA-S together with the HOMO and
LUMO orbitals computed at So and 77 geometries. The main geometrical changes involve the
degree of orthogonality, or in some compounds such as OBA-S, the planarization of donor
moieties. It is clear that the decreased orthogonality in 77 states leads to an increased LE
character in FMO. Besides this, FMO analysis of OBA-S compound shows that the donor
groups, which are folded in the ground state, can stay planar in the excited state. As reported
in Table S49 and Table S50, unlike previous groups with CT/S; and LE/T; states, OBA-
and NOBF2- groups exhibit LE character in both singlet and triplet states. However, these
compounds may still be characterized by small singlet triplet energy gap and large SOC, thus
leading to efficient RISC. Moreover, as reported in Figure 5.14 and Table S60, our calculations
show that in addition to 77 other higher triplet states, whose population could be thermally
allowed, lay below S;. Hence, a competition between RISC-assisted TADF (involving higher

laying triplet states) and direct RISC from 77 to S; can be expected.

To check, more generally the involvement of higher triplet states in our set, the energy
differences between 77 and 7 states has been considered and close triplet states were analyzed.
In Figure 5.14 we report the energy of the first two singlet and five triplet states, and we
observe that generally, compounds with dimestiylboryl acceptor moiety and PXZ, DMAC
donor groups, (PXZMES3B, PXZ-Ph-Mes2B [49], DMAC-Ph-Mes2B [206], DACMES2B,
B-2PXZ and B-2DMAC [50]), have closer 77 and 7,. Since 75 levels are very close to S; and
Ty a possible RISC from 75 to S; can be envisaged. To analyze the effects of these close lying
T, states, their nature has been determined (see Table 5.7) and SOC between 7> and S; states

have been obtained.

Furthermore, in all the cases reported in Figure 5.14 the low energy triplet states are
found below S;. Therefore, RISC from multiple triplet states may represent a possible

deactivation pathway affecting the excited state dynamics and life-times.
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Table 5.7. Natures of Sy, 71 and T3 states computed from Sy geometries at
M062X/6-31+G(d,p) level of theory.

So Geometry
Emitters S1 T I3
PXZMES3B CT LE LE
PXZ-Ph-Mes3B CT LE+CT | LE+CT
Cz-Ph-Mes3B CT+LE LE LE
DMAC-Ph-Mes3B CT CT LE
10H-Phenoxaboryl-Phenyl-DMAC CT LE LE
DMAC-Phenoxaboryl-TIPP CT CT LE
Spiroacridan-Phenoxaboryl-TIPP CT LE CT
DACMES3B LE+CT | LE+CT LE
2DACMES3B CT LE+CT | LE+CT
Cz-0-B LE+CT LE LE+CT
Cz-Ph-0-B CT LE LE+CT
Cz-Pyridine-o-B CT LE LE+CT
Cz-Pyrimidine-o-B CT LE LE+CT
Cz-CN-0-B CT LE+CT | LE+CT
B-2DMAC CT LE CT
B-2PTZ CT LE LE+CT
B-2PXZ CT LE+CT | LE+CT
NOBF2-Cz LE+CT | LE+CT LE
NOBF2-DMAC LE+CT | LE+CT LE
NOBF2-DPCz LE+CT LE LE
NOBF2-DTCz LE+CT LE LE
OBA-O LE LE LE
OBA-S LE LE LE
OBA-Br-O LE LE LE
OBA-Br-S LE LE LE

5.4.7. Spin-Orbit Coupling (SOC)

SOC which arises from the one-electron Dirac equation is responsible for mixing
orbital and spin degrees of freedom, and thus allows the coupling of electronic states of
different multiplicities [147]. As reported in literature [98,224,225], reducing AEs7 should be
accompanied by the optimization of SOC, which in organic TADF molecules is challenging.
As reported in Table 5.8, for compounds 1, 2, 3, 4, 6 and 7, the SOC values between S1—T1; are

larger than the ones between S; — 77. Moreover, SOC from upper triplet states are generally
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lower than the SOC’s between S1—T13, which suggests that the upper triplet states may undergo

internal conversion to 7> and 7} followed by RISC through 77 — S; and 7, — S channels.

The role of higher triplet states, in providing a potential pathway for RISC, has been
extensively discussed in the previous studies. As reported in the literature, this has been
observed in anthracene derivatives, organic dyes, and excited state intramolecular proton
transfer (ESIPT) materials [226]. For anthracene, as reported by Kobayashi et al., RISC from
T, to Sy state can be observed when the 7; states further excited to higher triplet states [226].
On the other hand, the origin of RISC from upper triplet states can also be attributed to the
large T>—T; energy gap or the presence of heavy atom substitutions. It has been observed that
the RISC from highlying triplet exciton (hot exciton process) is an effective way of increasing
device efficiencies and is mainly controlled by the energy level alignment of the excited

states [227].

Mainly, based on the magnitude of SOC, we tried to compare our theoretical data
to experimental external quantum efficiencies (see Table 5.9). Our results show that the
computed SOCs are sufficient to fully reproduce the experimental results. Yet, care should be
taken when analyzing the experimental efficiencies, since the conditions of the preparation of
the device may be important in dictating the overall performance. Yet, even if the selected
molecules have been studied under different conditions some valuable tendencies can be
extracted. Indeed, compounds with SOC above 0.4 cm™~! usually exhibit efficiencies between
14.0 % and 23.0 %. Conversely, SOC below the 0.4 cm~! threshold correlates with efficiency
lower than 14.0 %, with two exceptions which are DACMes3B, 2DACMes3B and, PXZ-
Mes3B, whose efficiency is high despite the small SOC. However, the high efficiencies of
these emitters can be attributed to their extremely small AEgr less 0.04 eV, which can thus

favor RISC from an energetical point of view.



Table 5.8. Spin — orbit coupling values computed at M06-2X/DZP level of theory.

COMPOUNDS SOC(S1-T1) | SOC(S1-T2)
PXZ-Mes3B 0.393 0.835
PXZ-Ph-Mes3B 0.502 1.436
Cz-Ph-Mes3B 0.213 0.733
DMAC-Ph-Mes3B 0.544 0.702
10H-Phenoxaboryl-Phenyl-DMAC 0.619 0.565
DMAC-Phenoxaboryl-TIPP 0.554 1.031
Spiroacridan-Phenoxaboryl-TIPP 0.542 1.093
DACMES3B 0.215 0.227
2DACMES3B 0.21 0.04
Cz-0-B 0.301 1.265
Cz-Ph-o0-B 0.207 0.491
Cz-Pyridine-o-B 0.222 0.483
Cz-Pyrimidine-o-B 0.305 1.001
Cz-CN-0-B 0.495 1.124
B-2DMAC 0.406 0.411
B-2PTZ 0.369 0.202
B-2PXZ 0.077 1.153
NOBF2-Cz 0.425 0.169
NOBF2-DMAC 0.35 0.246
NOBF2-DPCz 0.18 0.307
NOBF2-DTCz 0.184 0.308
OBA-O 0.782 0.367
OBA-S 0.009 0.008
OBA-Br-O 0.865 0.351
OBA-Br-S 0.012 0.021

80
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Table 5.9. Experimental device efficiencies and theoretical SOC values of the investigated

TADF emitters.
Emitters NEQE (%) | SOC (S1-T1)
PXZ-MES3B 22.8 0.393
PXZ-Ph-Mes2B 17.3 0.502
DMAC-Ph-Mes2B 16 0.544
10H-Phenoxaboryl-Ph-DMAC 14.6 0.619
DMAC-Phenoxaboryl-TIPP 21.7 0.554
Spiroacridan-Phenoxaboryl-TIPP 20.1 0.542
DACMES3B 14 0.215
2DACMES3B 21.6 0.21
Cz-0-B 24.1 0.301
B-2PTZ 7.6 0.369
B-2PXZ 10.1 0.077
B-2DMAC 19.3 0.406
NOBF2-Cz 11 0.425
NOBF2-DMAC 13.2 0.35
NOBF2-DPCz 13.4 0.18
NOBF2-DTCz 12.7 0.184
OBA-O 17.8 0.782
OBA-S 4.4 0.009
OBA-Br-O 22.5 0.865
OBA-Br-S 9.2 0.012

Figure 5.15 represents the Jablonski diagrams of compounds Cz- Ph-Mes2B and Cz-0-B
computed at M06-2X/6-31+G(d,p) level of theory. Due to the lack of orthogonality between
the donor and 7- bridge, Cz-Ph-Mes2B was found to have large overlap in electron and hole
orbitals which lead to high AEg7 value (AEs7 = 0.463 eV). In the case of ortho- substituted
Cz-0-B emitter with the same donor and acceptor moieties but different isomerism, a larger
separation between Sy and 75 states, and larger SOC (0.3008 cm- 1) between S and 7} states
are observed. This result is attributed to the change in the nature of S; states in more sterically
hindered ortho Cz-o-B. Indeed, this regioisomery causes a mixed CT + LE character with
the increase in torsion angle with 7 bridge ( 75°), which leads to an increase in SOC value
with both 77 and 7, states. Overall, though larger SOC values are obtained between states of
different character, these values are still very small, which is a known consequence of charge

transfer contribution in TADF emitters [39].
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5.4.8. Donor — Acceptor Strengths

Herein, we focused our attention on two important points, the desired geometries of
selected donor and acceptor moieties, and the relative strengths of these units. As reported
in literature, one of the crucial strategies in designing high efficiency TADF molecules is
achieving a structure with spatially separated HOMO and LUMO orbitals and using strong
donor and acceptor moieties is a way of having localized and separated frontier molecular
orbitals. The spatial separation between HOMO and LUMO orbitals decreases the energy gap
between S and 77 states, which leads to enhanced RISC processes [55]. This implies that as
the strength of donating and accepting moieties increases, leading to more effective 7 electron
transfer in conjugated systems, the HOMO-LUMO gaps (Eg) decreases [191,228,229]. Thus,

reducing AEg7 is achieved by using strong donor and acceptor units [230,231].

Furthermore, the electron donating and accepting ability of D and A groups do not
only affect AEs7, but they also have an important role in tuning the emission color of TADF
emitters [232]. The experimental emission wavelengths show that the molecules cover
efficiently the blue and green portion of the electromagnetic spectrum. In our molecular set,
we benefited from the electron accepting ability of the boron atom and we have analyzed its
effect on LUMO orbitals. In general, acceptor moieties affect LUMO orbitals by reducing
their energies and for boron-based emitters this behavior is globally reproduced. However, we
observed that for NOBF2- based compounds, the boron atoms do not contribute to the LUMO
orbitals, differently from other molecules. Indeed, while for NOBF2-Cz, NOBF2-DTCz,
NOBF2-DPCz and NOBF2-DMAC boron has 1.061 %, 1.279 %, 1.274 % and 1.184 %
contribution to the LUMO, respectively, in Cz-Ph-Mes2B, and DMAC-Ph-Mes2B boron
achieves 25.431 % and 26.150 % contributions. This behavior indicates that the electron
accepting ability of NOBF2- moiety is mainly controlled by the nitrogen atom in NOBF2-
unit and the carbon atom in pyridine ring. On the other hand, in Cz-Ph-Mes2B and DMAC-
Ph-Mes2B emitters with dimesitylboryl acceptor moiety, boron has a more pronounced effect

on the LUMO.
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It is known that as HOMO energy increases, electron donating ability increases, and
as LUMO energy decreases, electron accepting ability increases, hence tuning the HOMO-
LUMO gap. In Figure 5.16 , HOMO-LUMO energies and AEg7 values computed at M06-
2X/6-31+G(d,p) level of theory were reported. We may observe that the donor strength order
is as: 2DAC > DAC > PXZ > DMAC > Spiroacridan > Cz (HOMO energies of related
compounds are; -6.0765 eV, -6.1808 eV, -6.3349 eV, -6.4135 eV, -6.6450 eV, -6.8956 eV for
compounds 2DACMes3B, DACMes3B, PXZ-Ph-Mes2B, DMAC-Ph-Mes2B, Spiroacridan-
Phenoxaboryl- TIPP and Cz-Ph-Mes2B respectively).

On the other hand, with the help of LUMO energies, the acceptor strength order may be
sketched as: 10H-Phenoxaboryl > Mes2B. Moreover, as reported in Figure 5.16 the relation
between AEsr and Eg values is consistent with the expected behavior correlating the decrease
of Eg with AEg7. This observation once again proves that the strong electron accepting and
donating abilities of donor and acceptor moieties are highly beneficial for achieving small

singlet—triplet energy gaps.

The electron accepting and donating strength can also be considered via the simulated
absorption spectra (see Figure 5.17, 5.18, 5.19, 5.20, 5.21 and 5.22). Although, the presence
of multiple absorption bands, arising from different 7 — 7* and n — 7* transitions, leads to
a rather complicated absorption spectrum, a trend of the absorption wavelength can be easily
observed, especially for the brighter £ — 7* band. As shown in Figure 5.17, the lowest energy
absorption band of 2DAC-Mes3B (9) takes place at longer wavelength than DAC-Mes3B
(8), which is followed by PXZ-Ph-Mes2B (2), DMACPh- Mes2B (5), Cz-Ph-Mes2B (3) and
10H-Phenoxaboryl-Ph- DMAC (5) respectively. On the other hand, no significant change in

the absorption spectra between 6 and 7 is observed.
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5.5. Conclusion

Herein, a series of tri-coordinated and tetra-coordinated boronbased TADF emitters,
which are widely used in display technology have been systematically investigated to under-
stand their RISC pathways and efficiencies. Indeed, due to their contribution to 7-conjugation
through the empty p, orbital, coordinated boron-based emitters show high photoluminescence
quantum yield. Moreover, due to their low electron withdrawing ability, they usually exhibit
blue emission, it is possible, however, by various design strategies, to obtain different color

emissions.

Globally, our systematic investigation has shown several important aspects: 1) cre-
ating highly orthogonal structures with sterically hindered donor moieties helps to reduce
singlet—triplet energy gaps, however, this strategy leads to a decrease of oscillator strength,
inherent emission probability, and SOC; 2) boron-based acceptor moieties used in this study
usually induce a 50° torsion angle, 3) the ground state geometries are very similar to Sy
equilibrium geometries, however, more pronounced geometry changes are observed at T}
equilibrium geometries, 4) the geometry changes in 77 lead to a corresponding change in the
nature of the excited states, thus increasing RISC efficiency; 5) while S states generally have
CT character, 77 can be characterized as LE or mixed CT-LE; 6) unlike other TADF emitters,
NOBF2- and OBA- based compounds have LE-S; states and LE-T; states, 7) the efficiency of
the carbazole moiety can be increased by forcing appropriate geometrical arrangements, for
instance via ortho- or para- regioisomery 8) the presence of quasidegenerate 77 and 75 states
opens alternative efficient channels for RISC, 9) up-conversion from higher triplet states to
S1 has been identified as a possible pathway for RISC 10) unexpectedly, NOBF2- and OBA-

based emitters, despite the same nature of S| and 77 states, have high SOC.

In light of all these findings, we highlight the importance of selecting the correct
connectivity between donor and acceptor moieties. Our results and observations reported
in this manuscript strongly suggest that possible alternative pathways may be operative for

RISC. In turn, this would require a careful selection of donor and acceptor moieties to achieve



93

the desired electron exchange energy, HOMO-LUMO gap, strong oscillator strength and high
SOC.

Finally, we observed that boron emitters can be used in different architectures either as
tri-coordinated or tetracoordinated; boron atom may or may not contribute to LUMOs and

they can achieve small AEg7 and strong enough SOC to allow efficient RISC.
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6. PHOTOPHYSICAL PROPERTIES OF SULFONE-BASED TADF
EMITTERS IN RELATION TO THEIR STRUCTURAL PROPERTIES

6.1. Overview

In this work, Thermally Activated Delayed Fluorescence (TADF) of a series of emitters
with sulfone-based acceptor moieties were studied by Density Functional Theory (DFT)
methods. Sulfone derivatives were shown to be high performing TADF emitters over recent
years. When discussing the TADF efficiency, various properties, such as, singlet—triplet
energy gap (AEsr), spin—orbit coupling (SOC) and, nature of states stand out due to their
roles in reverse intersystem crossing (RISC). Here, we mainly focused on three important
structural parameters that affect the intersystem crossing (ISC) and RISC pathways and their
efficiencies. These three parameters are: 1) effect of meta- and para- conjugation, 2) effect of

rigid acceptor moieties and 3) effect of phenyl bridge on photophysical properties.

6.2. Introduction

In recent years, Thermally Activated Delayed Fluorescence (TADF) materials have
attracted considerable attention due to their 100% exciton harvesting abilities and high device
efficiencies [233]. For traditional fluorescent materials, known as organic light emitting
diodes (OLEDs), only 25% of excitons lead to luminescence, and the remaining 75% are
triplets that are deactivated by nonradiative transitions [234-236]. To overcome low device
efficiencies of fluorescent emitters, phosphorescent materials (PhOLEDs) containing heavy
metals were developed and due to their emission from triplet state to ground state, the loss
of triplet excitons was prevented [148, 197]. Although the loss of excitons were prevented,
the heavy metals in their structure led to undesirable consequences, such as, high cost and
environmental pollution [154]. In 2012, Adachi and co-workers developed TADF materials
as a promising technology, which provides high efficiency, cost saving and environmentally

friendly applications (see Figure 6.1) [215,234,237,238].
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Figure 6.1. OLED, PhOLED and TADF mechanism.

Due to the efficient harvesting of triplet excitons, TADF materials offer advanced
applications in electroluminescence [128], sensors [113], bioimaging [113,238], and organic
lasers [214]. Metal free TADF emitters can achieve 100% internal quantum efficiencies by
harvesting triplet excitons via the RISC process from the first excited triplet state (77) to
the first excited singlet state (S;) under thermal activation [150,228,239,240]. Many TADF
materials usually adopt a twisted donor (D)—acceptor (A) geometry to minimize the overlap
between highest occupied molecular orbitals (HOMO) and lowest unoccupied molecular
orbitals (LUMO), which lead to small S1—T77 energy gap (AEst) [224]. AEgr parameter can

be represented as:

62

AEgr =2 / / (1)) @1 (2) Py (1)dridry ©.1)
decreasing the exchange interaction integral of the HOMO and the LUMO wavefunctions is
an efficient way to minimize the AEsy. Recent studies reported that in a cofacial configuration
of D and A moieties, emitters have the possibility to exhibit Through-Space Charge-Transfer
(TSCT) which leads to separation between the HOMO and LUMO, thus, leading to small
AEgr values. However, compared to the Through-Bond Charge-Transfer (TBCT) systems,
TSCT systems have relatively lower electronic interactions between D and A moieties, which
lead to increased rotations between D and A groups and strong non-radiative decays [241].
To sum up, there are two possible ways of separating frontier molecular orbitals, which is,

rationally designing TBCT and TSCT systems.
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Furthermore, TADF efficiency is not only dependent on AEg7, but also highly related
to the spin—orbit coupling (SOC), that is, effective RISC relies on both small AEsr and
large SOC [113,128,150,231,242]. For many TADF emitters, due to their purely organic
structures, SOCs were found to be intrinsically weak, which makes it difficult to obtain
efficient RISC in TADF and ISC in phosphorescence. To enhance SOC values in TADF
emitters, the heavy—atom effect was used; since SOC is proportional to the fourth power of
the nuclear charge, the most common strategy for improving SOC is introducing non-metal

atoms to the molecular structure, such as halogens [224,243].

In this work, we demonstrate photophysical and structural behaviors of a series of
sulfone-based TADF emitters using computational methods. As listed in Figure 6.2, the set of
molecules under investigation has various sulfone-based acceptor moieties such as; diphenyl-
sulfone (DPS), dibenzo- thiophene-S, S,-dioxide (DBTO?2), 9,9-dimethyl-9H-thioxanthene
10,10-dioxide (TX02), and thianthrene 5,5,10,10-tetraoxide (TTR).

The acceptor moieties depicted in this molecule set (see Figure 6.2) are reported in our
previous studies as well as in recent TADF literature [154, 196]. In our previous reports, we
theoretically investigated the characteristics of dimethylacridine (DMAC), carbazole (Cz),
phenoxazine (PXZ), phenothiazine (PTZ) and diphenylamine (DPA) as donor moieties [244].
By simulating a wide molecule set with different donor and acceptor moieties, we study the
effects and significance of the sulfur atom in various structures. As reported in literature,
DPS is a multi-talented acceptor moiety, with strong electron withdrawing ability due to the
highly electronegative oxygen atoms and provides excellent TADF activity due to its central
twist [48,245]. Moreover, since it has tetrahedral geometry, it is known to restrict the 7-
conjugation of the emitters leading to CT compounds. While the DBTO2 and TXO2 acceptor
moieties were used to understand the influence of acceptor rigidity on descriptors; the TTR
group was selected to predict the effects of two iso-energetic low energy conformers —SO?2
unit on conjugation between D-A units and on conjugation between D-A units and on energy

levels.
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Diphenylsulfone (DPS) Dibenzo-thiophene-5,S,-dioxide (DBTO2)  9,9-dimethyl-9H-thioxanthene-10,10-dioxide (TX02)

Thianthrene-5,5,10,10-tetraoxide (TTR) Phenoxathiine-10,10-dioxide (0SO) 9H-thioxanthene-9-one-10,10-dioxide (TXO)

Figure 6.2. Sulfone based acceptor moieties investigated in this study.

6.3. Computational Methodology

To better understand the structural and photophysical properties of the emitters discussed
in this study, a computational analysis was conducted using the Gaussianl6 [155] and
Amsterdam Density Functional (ADF) [170] software packages. Geometries in the ground and
excited S and 7 states were optimized at the M062X [77]/6-31+G(d,p) [246] level of theory.
Tamn Dancoff Approximation (TDA) [152] calculations for the So—S, and So— 7}, transitions
using the M062X/6-31+G(d,p) and @B97XD [208]/6-31+G(d,p) levels were performed with
respect to the optimized Sy state geometries. In our previous contribution, we modeled the
excited state behaviors of a series of TADF emitters with various functionals such as M062X,
®B97XD and CAMB3LYP and the results obtained with M062X were found to be reliable
and consistent with experimental data [196]. The reliability of data obtained with M062X

functional was tested with the nature of state and AEg7 analyses.

In light of our previous findings from methodological study, we chosed to model sulfone
based emitters with M062X functional and, ®B97XD has been used only for benchmark
purpose. TDA choice is due to the fact that the TDA method provides a more balanced
description of both triplet and singlet excited states, and compared to Time-Dependent DFT
(TD-DFT), it is free from triplet instability issues [164]. 6-311++G(3df,3pd) [247] extra basis
set was used for the sulfur atom in all calculations. From the theoretical calculations, it can

be observed that different acceptor and donor moieties exhibit characteristic torsions.
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Moreover, some compounds exhibit two different iso-energetic low energy conformers
presenting TADF as well as non-TADF activities. While near orthogonal geometries resulted
in very small AEg7 values making the RISC process viable, planar conformers were shown to

yield larger AEg7 values representing non-TADF behavior.

In order to better analyze electron processes at exited states, including internal con-
version (IC), ISC and RISC processes, we report the lowest 10 states for singlet and triplet
excitations. Surprisingly, energy differences between excited states show the possibility of
high-energy hot exciton pathways in ISC processes. Moreover, the nature of the excited
singlet and triplet states is evaluated using Natural Transition Orbitals (NTOs), obtained
with the Nancy-EX code [168] and visualized with the Avogadro [169] software package.
Additionally, ®g values, defining the overlap between the attachment and the detachment
densities were calculated. In other words, it measures the degree of overlap between particle
and hole densities and while the smaller its value shows the larger charge transfer character,

the larger its value represents larger local excitation character.

In consideration of the first-order perturbation theory, SOC values between excited
singlet and triplet geometries were computed at S7 and 77 geometries using the ADF software
package at M062X/DZP [172] level of theory. The choice of M062X functional for SOC
calculations is based on the analyses of the nature of states that we performed in our previous
contribution [196]. In our previous contribution, we modeled a TADF active molecule
set consisting various structures and aimed to investigate the best functional which well
reproduces the nature of excited states. In light of our data, we observed and reported that
S states that we modeled via M062X functional mostly present a noticeable CT character,
which is known to favor TADF efficiency. On the other hand, @B97XD presents locally
excited S; states for most of the TADF emitters. Moreover, due to the structural properties
of TADF emitters, they should favor CT character, therefore, LE states observed by the
®B97XD functional should be regarded as an artifact compared to the reliable performance
of M062X. According to the El Sayed rule, the nature of excited states plays an important

role on SOC, therefore, the functional which best reproduces the nature of states will be the
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most appropriate functional for the SOC calculations. The excited state energies, oscillator
strengths and, Phi-S indices, obtained from excited state calculations were calculated using
two different functionals, @B97XD and M062X. Herein, M062X was chosen for further SOC
analyses, which is highly important for (R)ISC processes and controlled by nature of states.

®B97XD has been used only for benchmark purposes.

The ultraviolet-visible (UV-Vis) absorption spectra of the investigated emitters were
modeled by generating 30 conformers through a Wigner distribution as implemented in the
Newton-X software package [92]. Vertical transitions from each snapshot were convoluted
using Gaussian functions of full-width at half length (FWHL) of 0.15 eV. Integral equation
formalism polarizable continuum model (IEF-PCM) was used in all calculations, to implicitly
model the solvent environment [46,213,248]. Toluene is used for all emitters except DBTO-
PXZ and Cz-TTR, which have been modelled in dichloromethane and ethyl ethanoate,

respectively. Optimized geometries were rendered with the CYLview software package [249].

6.4. Results and Discussion

6.4.1. Effects of meta- and para- Conjugation on Photophysical Properties

Although sulfone-based TADF emitters have been reported by several research groups,
the majority of these studies focus on para-substituted materials. Comparatively, we theo-
retically investigated both meta- and para-substituted sulfone based emitters to clarify the
effects of different positions of the donor moieties on photophysical properties. As depicted
in Figure 6.3, we modeled five meta- and five para-substituted molecules with the DPS donor

moiety and various donor groups, such as, Cz, PTZ, PXZ, DMAC and DPA.

It is well-known that photophysical properties of organic compounds are highly affected
by geometric parameters. The majority of the studies in literature focus exclusively on
symmetric emitters with D-A-D skeletons [250]. However, a few studies have been reported

to clarify the effects of asymmetric emitters in TADF efficiencies [250].
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Figure 6.3. Meta- (Group 1) and para-substituted (Group 2) TADF emitters with DPS
acceptor moiety.

Optimized geometries of meta- and para-substituted TADF emitters show that for Sy
state structures, the tetrahedral geometry of DPS moiety do not change, however, significant
changes were observed in the bending of donor moieties. As reported in Table 6.1 and 6.2,
while para-substituted DPS containing TADF emitters yield highly symmetrical structures,

their meta-substituted analogues have asymmetric geometries.

Table 6.1. Torsion angles of the Group 1 emitters computed at M06-2X/6-31+G(d,p) level of

theory.
Compounds Q(D-A)l S()/Sl/Tl G(D-A)Z So/Sl/Tl
m-Cz-DPS-Cz 52.45/59.74/55.72 53.17/60.72/44.73
m-PTZ-DPS-PTZ -99.76/-88.74/-89.89 | -75.03/-77.68/-78.82
m-PXZ-DPS-PXZ 73.63/88.17/84.75 73.63/87.71/84.75
m-DMAC-DPS-DMAC | -92.38/-89.71/-104.21 | 108.04/106.61/113.13
m-DPA-DPS-DPA -25.20/-41.88/-22.79 41.79/53.01/53.02

Table 6.2. Torsion angles of the Group 2 emitters computed at M06-2X/6-31+G(d,p) level of

theory.
Compounds 0(D-A)1 So/S1/T; 0(D-A)2 So/S1/T;
p-Cz-DPS-Cz -51.39/-53.88/-45.78 51.40/63.11/46.54
p-PTZ-DPS-PTZ -74.86/-74.47/-71.45 71.11/88.05/96.55

p-PXZ-DPS-PXZ -104.20/-105.73/-106.21 | 102.17/89.53/69.12
p-DMAC-DPS-DMAC | -91.08/-92.03/-105.44 89.23/89.55/72.95
p-DPA-DPS-DPA -30.48/-43.11/-34.82 -0.0216159
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Herein, a comprehensive analysis on the effects of symmetric and asymmetric geome-
tries as well as the bends in donor groups was performed. Bent conformations in ground state
are known to avoid molecular aggregation and the formation of intermolecular excimers [251].
Therefore, emitters with bent donor moieties are expected to be favorable in preventing
molecular aggregation, which leads to non-emissive decays [251]. Following the geometry
analyses, we further modeled the energy alignments of singlet and triplet states and aimed to

investigate the differences between meta- and para-substituted emitters.

Figure 6.4 demonstrates that except for the DPA-derivative, para-substituted emitters
yield lower energy triplet levels compared to their meta- counterparts; and low-lying singlet
state energies decreased in para-substituted emitters. Moreover, we also observed that many
compounds in the first two groups exhibit iso-energetic S and S, states, which may cause
multiple emission bands with identical or different natures. On the other hand, lower energy
triplet states in para-emitters create greater number of possible pathways for RISC process,
which also leads to greater amount of exciton harvesting from iso-energetic triplet states

below the Sy level.

In absorption spectra analyses, para-substituted emitters yield lower energy bands
compared to the meta-substituted compounds. This behavior of para-substitution suggests that
geometries with smaller distortion cause stronger electron conjugation in the excited state. It
should also be noted that theoretical absorption spectra of both meta- and para-emitters exhibit
dominant high intensity bands in higher energies, indicating that while So—S; absorptions are
almost negligible, strong excitations to upper singlet states are highly dominant in both Group
1 and 2 (Table 6.3). Comparisons between meta- and para-substituted emitters showed that
para-substituted compounds have larger oscillator strengths, which is an important parameter

in understanding excited state transitions.
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As listed in Table 6.3, except for para-substituted Cz-DPS-Cz and DPA-DPS-DPA
emitters, compounds usually exhibit negligible transition to S; level and strong transitions
to higher singlet states. It is also shown that for meta-substituted Cz-DPS-Cz emitters,
absorptions with relatively larger oscillator strengths are (>0.1) S4, S6, S8 and S9. On the
other hand, its para-substituted analogue has Sp—S; transition with quite strong oscillator
strength, f=0.6433. Similar to the Cz-DPS-Cz emitter, para-substituted DPA-DPS-DPA
emitter exhibits strong So—S; transition (f=0.9967), while its meta- analogue has negligible
transition to S; state, and quite strong transitions to higher singlet states. For meta- and
para-substituted PTZ-DPS-PTZ, PXZ-DPS-PXZ and DMAC-DPS-DMAC emitters, strong

excitations from Sy to S, states opens up alternative ISC channels for TADF emitters.

It is well-known that population of high energy excited states leads to more energy loss
during the IC process to the S level. Therefore, with the help of strong SOC values between
high energy singlet and triplet states, instead of IC, emitters may experience ISC between S,
and neighboring triplet states, leading to decreased energy loss and hence, higher efficiency.
Population of triplet states are affected by both the energy difference and the SOC between

relevant singlet and triplet states.

Though strong SOC between high oscillator strength singlet states and 77 or 7, states
is possible (such as in meta-Cz), a strong coupling between high-energy singlet levels and
high-energy triplet levels can also be observed (such as in meta-PTZ). Moreover, we also
observed that iso-energetic triplet states, such as, the ones observed in m/p-PXZ-DPS-PXZ,
p-DMAC-DPS-DMAC and p-PTZ-DPS-PTZ compounds may exhibit SOC values in different
strengths, which shows that these iso-energetic triplet levels are in different natures, 3¢7 /3£,

and state mixing processes enhancing RISC is possible in these emitters.
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The role of state mixing in enhancing RISC has been explained in El Sayed rule.
According to the El Sayed rule, the rate of intersystem crossing between the states of different
electronic character is found to be much faster than that between two states of same electronic
character [252]. Moreover, as first recognized by Monkman, when local excited states enter
into the picture and mix with charge transfer triplets, they prevent the El Sayed constraint of
S1 and T; states which are mostly CT character in TADF molecules [253]. Therefore, the
presence of states with different nature lying close in energy works as speeding up mechanism
for RISC [254,255]. For instance, p-PXZ-DPS-PXZ emitter has iso-energetic 71 and 7> states
which have 0.64 cm~! and 1.61 em~! SOC values, respectively, and this difference in SOC

values can be attributed to the different natures of 77 and 75 states (see Table 6.4).

Table 6.4. Natures of S, 71-75 states of the emitters in Group 1 and Group 2 computed at
M062X/6-31+G(d,p) level of theory in toluene.

) T, 2 T T Ts

Emitt
v 4 @5) | (@) | (@) | (Bs) | (D) | (@s)
CT | LE | LE | LE | LE | LE
S DPS (2 0557 1 07721 | 0.8095 | 0.8065 | 0.9629 | 0.9618
¥ CT.LE | CT.LE | CLLE | LE | LE | LE

0.7047 | 0.8405 | 0.8622 | 0.7503 | 0.7622 | 0.9676
CT-LE | CT-LE | LE |CT-LE| CT LE
0.4703 | 0.792 | 0.8164 | 0.5513 | 0.5599 | 0.703
CT |CT-LE | CT-LE | CT CT LE
0.331 | 0.7845 | 0.7859 | 0.4534 | 0.4614 | 0.6823
CT | CT-LE | CT-LE | LE LE | CT-LE
0.3939 | 0.6062 | 0.5834 | 0.8424 | 0.7313 | 0.5798
CT CT CT LE LE LE
0.1642 | 0.1692 | 0.1677 | 0.88 | 0.8798 | 0.7097
CT | CT-LE | CT-LE | CT-LE | CT-LE | CT-LE
0.4383 | 0.7597 | 0.7578 | 0.6758 | 0.6576 | 0.5843
CT |CT-LE| CT |CT-LE |CT-LE| LE
0.2485 | 0.4301 | 0.3921 | 0.784 | 0.7951 | 0.7599
CT-LE | CT-LE | CT-LE | CT-LE | LE LE
0.7416 | 0.8193 | 0.7288 | 0.7987 | 0.8031 | 0.8448
CT-LE | CT-LE | CT-LE | LE LE LE
0.7594 | 0.8375 | 0.8465 | 0.8208 | 0.8373 | 0.8241

m-PTZ-DPS- PTZ

p-PTZ-DPS- PTZ

m-DMAC-DPS-DMAC

p-DMAC-DPS-DMAC

m-PXZ-DPS-PXZ

p-PXZ-DPS-PXZ

m-DPA-DPS-DPA

p-DPA-DPS-DPA
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As mentioned previously, multiple triplet states below the S| level creates multiple
RISC possibilities. To analyze the probability of RISC from different triplet levels, SOC
values between relevant states were calculated. SOC dependence of RISC has been reported
in Fermi’s Golden Rule approximation. According to the Fermi’s Golden Rule approximation,
the square of root mean square coupling element (RMSCE, Vgoc) is directly proportional
to the RISC rate constant [256,257]. Another parameter which plays an important role in
kRISC is the Franck Condon weighted density of states (prcwp) which can be calculated
in the framework of Marcus-Levich-Jortner theory [179]. Herein, since the calculation of
prcwp 1s a high cost calculation for these wide molecule sets, we only calculated the |Vsoc|2
to foresee the RISC rates. The square of root mean square coupling element (RMSCE, Vsoc),
(51 e 1

divided into three to represent the average over the three triplet states for each possible value

has been calculated for all states (for transition between S| and 7] states,

of the total angular momentum J=-1,0,1). These formula can be represented as:
27

krisc = - IVsoc|* X prewn, (6.2)

27
krisc = - IVsoc|* X prewD. (6.3)

It is obvious that transition from any triplet state below S is possible with a strong SOC
value. Importantly, it was observed that the energy gaps closest to the experimental value
generally exhibit strongest \Vsoc|2, and generally, SOC values in para-substituted emitters are
larger than the meta-substituted ones (except emitters Cz-DPS-Cz and PTZ-DPS-PTZ). These
higher SOC values in para-substituted emitters can be attributed to the larger amount of state

mixing in iso-energetic triplet levels below the Sy state.

As represented in Table 6.5, among meta- and para-analogues, slight changes were
observed in HOMO-LUMO energies and the energy difference between these two molecular
orbitals (Eg). For compounds Cz-DPS-Cz, PTZ-DPS-PTZ and DMAC-DPS-DMAC, meta-
substitution leads to larger HOMO energies, thus, stronger electron donating ability of Cz,
PTZ and DMAC donor moieties. On the other hand, while the PXZ donor moiety represents
almost equal HOMO energies in meta- and para-substituted emitters, their DPA analogues

yield better donating ability with para-substitution.
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This behavior of DPA-DPS-DPA emitter can be attributed to the highly sterically
hindered and twisted structure in meta-compound, which results in disruption of conjugation

within the molecule.

For the electron accepting ability, LUMO energies of meta- and para-substituted com-
pounds were checked and it was observed that for PTZ-DPS-PTZ, DMAC-DPS-DMAC and
PXZ-DPS-PXZ compounds, para-substitution leads to smaller LUMO energies and stronger
electron withdrawing towards the acceptor moiety. Overall, the position of the donor moiety
in these two molecule sets did not cause large differences in Eg values and these results are
consistent with the similar AEgy values of meta- and para- isomers (except Cz-DPS-Cz and

PTZ-DPS-PTZ emitters).

To further compare the RISC behaviors of meta- and para-emitters, we theoretically
calculated the energy gaps between singlet and triplet states. As reported in Table 6.5,
experimental energy gaps were well reproduced and the largest absolute deviation was
obtained as 0.29 eV for p-PTZ-DPS-PTZ emitter. Importantly, these energy gaps correspond
to the gaps between S| and triplet state with largest RMSCE. In particular, proving the

deterministic effect of SOC is consistent with our recent study published in 2022 [196].

To summarize our findings so far, changing the position of the donor moiety from para-
to meta- results in an increase in the twisting angle between donor and acceptor moieties,
which is beneficial for separation of frontier molecular orbitals. For the molecules in the first
two groups, we have investigated the energy level alignments of excited states. Surprisingly,
there are more than one triplet states below the S; level. Moreover, the presented results show
that there are iso-energetic singlet and triplet states, which have the possibility to contribute

to ISC and RISC processes.

It should also be noted that though the first ten excited states were calculated to observe
the brightest states and the pathways for the possible ISC and internal conversions, the low

lying states, especially for singlets, play the main role in RISC process. Further analyses
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led us to conclude that the RISC process is mainly a SOC driven mechanism and it occurs
between the states with strongest SOC values. Additionally, we also present our findings for

the oscillator strength and its effect on IC/RISC pathways.

It should also be noted that Herzberg-Teller (HT) effect, which is a parameter that
enhances the ISC/RISC processes and represents the dependence of oscillator strength on
the internal coordinates is also an important factor in TADF efficiency [258]. Though
we did not calculate the emission spectra in this study, it is known that small molecular
deformations between S; and Sy states may enhance the emission oscillator strengths, which
is a phenomena named HT effect. Enhancement of the emission oscillator strength not only
affects the transition intensity, but it also affects the competition between the fluorescence and
ISC/RISC processes. Therefore, an important point to keep in mind is that the excited state
characteristics obtained with the Franck Condon (FC) approach are not the only parameters
that affect the TADF efficiency [44, 147,259,260]. In other words, photphysical properties of

these kind of compounds are affected by both the FC and HT components.

6.4.2. Effects of Rigidity of The Acceptor Moiety on Photophysical Properties

According to molecular design strategies, rigid compounds are good candidates for
spatially separated frontier molecular orbitals, which makes them CT based compounds due
to their short T—conjugation length and high steric hindrance. Therefore, here we analyzed
the behaviors of rigid TXO2, DBTO acceptor moieties and flexible DPS moiety to observe

and compare the photophysical differences arising from the degree of rigidity.

As shown in Figure 6.5, TTR, DBTO and DPS acceptor moieties with different rigidities
behave differently in photophysical properties. By virtue of the geometric analysis, we
observed that these three acceptor moieties create perfectly orthogonal geometries with
DMAC unit. On the other hand, their coupling with PXZ donor group leads to 10° shift from
orthogonality. We further investigated their electron accepting abilities with the help of Eg
values and observed that LUMO energies decrease in the order of TXO2-PXZ, p-PXZ-DPS-
PXZ and DBTO-PXZ which indicates that DBTO is the strongest and TXO?2 is the weakest
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electron acceptor. On the other hand, AEg7 values of the six emitters under investigation are

extremely small both experimentally and theoretically.

This indicates that any possible difference in RISC mechanisms of these compounds
can arise from any other parameter, but not from the singlet-triplet energy gap. At this stage,
since the natures of triplet states will be the determinative factor in RISC, the effects of these
acceptor moieties on the natures of excited triplet states have been analyzed. The results

obtained using metahybrid M062X functional are shown in Figure 6.5 and Table 6.6.

Table 6.6. Natures of Sy, 7T1-T5 states computed at M062X/6-31+G(d,p) level of theory in
toluene (TXO2-PXZ, p-PXZ-DPS-PXZ, TXO2-DMAC, p-DMAC-DPS-DMAC,
DBTO-DMAC) and in dichloromethane (DBTO-PXZ).

S T T T T Ts
(Ps) (Ps) (Ps) (Ps) (Ps) (Ps)
CT LE LE CT CT LE
0.2809 | 0.8393 [ 0.8372 | 0.3879 | 0.3939 | 0.8082
CT | CT-LE | CT-LE | CT-LE | CT-LE | CT-LE
0.2485 | 0.4301 | 0.3921 | 0.784 | 0.7951 | 0.7599
CT CT CT |CT-LE | CT-LE| LE
0.1854 | 0.3842 [ 0.4018 | 0.6394 | 0.6383 | 0.9497
CT CT CT LE LE LE
0.3465 | 0.3422 [ 0.3206 | 0.8951 | 0.8951 | 0.7484
CT CT CT LE LE LE
0.1642 [ 0.1692 [ 0.1677 | 0.88 | 0.8798 | 0.7097
CT CT CT LE | CTLE | CT-LE
0.1712 | 0.2102 | 0.2044 | 0.953 | 0.4715 | 0.4789

Emitters

TXO02-PXZ

p-PXZ-DPS-PXZ

DBTO-PXZ

TXO2-DMAC

p-DMAC-DPS-DMAC

DBTO-DMAC

The S; state natures of all emitters were found to be in CT character with perfectly
separated FMOs. Their 77 and 75 states are generally in CT character except TXO02-PXZ and
para-PXZ. For T», T3, T, and T5 states, while para-PXZ emitter represents mixed character,
DBTO-PXZ emitter represents an obvious increase in LE transitions. On the other hand,
TXO2-PXZ does not represent any regular trend from 75 to 75. A®g values in Figure 6.5 are
in well agreement with the SOC values which represent an enhancement with the increase

nature difference between singlet and triplet states.
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Comparing with their phenoxazine analogues, we observed the better FMO separation
of 71 and 7> states, which is reflected in ®g values, of DMAC containing emitters (see Table
6.6). Hence, the SOC from these low lying triplet states exhibit smaller values than their PXZ-
analogues. Besides lower ®g indices of the first two triplet states, T3, T4 and T5 states show
larger LE character, thus, larger SOC values. Considering all comparisons, we learned that
the different acceptor moieties may yield various SOC values with higher triplet levels and

there is no a regular trend between these acceptor groups.

Further analyses of excited state energies show that going from TX02-PXZ to DBTO-
PXZ, energies of the first singlet states decrease (see Figure 6.6), thus, compared to TXO2
acceptor moiety, DPS and DBTO yield bathochromically shifted absorption spectra. Accord-
ing to the our theoretical findings reported in Figure 6.6, energy comparisons are in well
agreement with the experimental emission spectra of investigated compounds which emit
in blue-green, blue and yellow for TXO2-PXZ [261], p-PXZ-DPS-PXZ [261] and DBTO-
PXZ [262] compounds respectively. Moreover, we observed the similar decreasing energy
trend for triplet states, and the energies of 77 and 7, states are iso-energetic in all emitters.
This degeneracy of triplet states leads to state mixing between the states in different nature,

thus, leading to larger SOC values and more efficient RISC processes.

To sum up, the nature of excited singlet states for TXO2, DPS and DBTO acceptor
moieties are similar and surprisingly, ®g values of emitters with DPS (flexible) and DBTO
(rigid) acceptor groups are found to be very close to each other (see Table 6.6). Additionally,
LUMO energies of these emitters are also quite similar representing their similar electron
accepting abilities, which is consistent with their similar absorption spectra. Moreover, energy
level alignments of this molecule set was found to behave differently from the first two
groups. In contrast to Groups 1 and 2, the molecule set under investigation have low lying

iso-energetic singlet and triplet levels with similar nature of states.
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6.4.3. Effects of Phenyl Bridges on Photophysical Properties

Density functional theory calculations of Groups 3 and 4 were performed on ground
state energy surfaces. As shown in Figure 6.7, Group 4 is the bridge-containing analogue of
Group 3. Herein, we aimed to theoretically examine the effects of bridging the donor and
acceptor moieties with a phenyl ring to observe the change in properties such as, geometric
parameters, excited state energies, FMO separations, energy gaps between HOMO and LUMO

orbitals and, energy gaps between the excited states involved in the RISC process.

Group-3 Group-4
00 0 0 00
S S 3 0 0
SOWeleH i O
S N5 § 3 N ]
. — . A
oo g0 0o L f 2 N - !
/= NS 00 Lo
\ "
4 P P
Cz.TTR DMAC-TTR Cz.Ph.TTR \ DMAC-Ph.TTR | \
P

00 00 0 0
( . y O 5§ _/‘\l Sy 00
g e \‘N’, ~g SN . N g NN Z S |
0o Lo oo @ 0o “‘N’Q SN g
| %o oo . \‘NQ
C o8
PXZTTR PTZ.TTR PXZ-Ph-TTR PTZ-Ph-TTR | /j/

Figure 6.7. Bridged and non-bridged TADF emitters with TTR acceptor moiety. Compounds:
Cz-TTR, DMAC-TTR, PXZ-TTR, PTZ-TTR, Cz-Ph-TTR, DMAC-Ph-TTR, PXZ-Ph-TTR
and PTZ-Ph-TTR.

In the set of molecules under investigation, the TTR moiety with two sulfur atoms has
been selected as the acceptor group and Cz, DMAC, PXZ and PTZ moieties with different
steric hindrance and aromaticity have been selected as the donor moieties. As reported in
Table 6.7 and Table 6.8, effect of inserting a phenyl bridge largely affected the torsion angles
between acceptor groups and their adjacent moieties. As an expection, the carbazole moiety
in Cz-TTR and Cz-Ph-TTR exhibits 40° and 37° torsion angle, respectively; thus, inserting
phenyl bridge in carbazole containing emitter do not cause large effect on torsion angle of Cz

moiety.
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Table 6.7. Torsion angles of Group 4 emitters computed at M06-2X/6-31+G(d,p) level of

theory.
Compounds 0(D-A)1 So/S1/Th
Cz-TTR 49.02/65.43/45.36
DMAC-TTR -9.57/-90.38/-5.43
PXZ-TTR | -83.98/-92.63/-102.05
PTZ-TTR 15.11/-90.76/5.53

Table 6.8. Torsion angles of Group 5 emitters computed at M06-2X/6-31+G(d,p) level of

theory.
Compounds 0(D-A)1 So/S1/T; 0(D-A)2 So/S1/Th
Cz-Ph-TTR 37.70/13.59/-1.93 53.36/46.33/42.18
DMAC-Ph-TTR | -38.58/-10.41/-8.05 | 90.40/92.63/62.57
PXZ-Ph-TTR | -39.45/-10.79/-12.91 | 102.92/92.30/72.00
PTZ-Ph-TTR 36.08/20.08/2.63 17.34/-1.56/2.32

As reported in Table 6.9, both experimental and theoretical AEsy values for the Cz-TTR
emitter are smaller than their phenyl containing analogue (Cz-Ph-TTR), a situation which can
be attributed to the larger electron-hole separation (see Phi-S indices in Table 6.10). On the
other hand, DMAC and PTZ containing emitters were found to have two possible conformers,
which are orthogonal and planar (see Figure 7). The relative energy differences between
orthogonal and planar conformers of these emitters are very small, indicating the presence of

iso-energetic low energy conformers in their D-A and D-7-A structures.

According to Table 6.9, effects of orthogonal geometries on singlet—triplet energy gap
were well reproduced and their TADF activity due to the iso-energetic low energy conformers
has been proved once again. Moreover, we also observed that the orthogonal geometries lead
to a decrease in the LUMO and an increase in the HOMO energies, thus, they yield smaller

Eg values.
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Table 6.10. Natures of Sy, T1-T5 states computed at M062X/6-31+G(d,p) level of theory in
toluene (for Cz-Ph-TTR, DMAC-TTR, DMAC-Ph-TTR, PXZ-TTR, PXZ-Ph-TTR,
PTZ-TTR, PTZ-Ph-TTR) and in ethy ethanoate (Cz-TTR).

S1 T ) T; T, Ts

Emitters
(Ps) (Ps) (Ps) (Ps) (Ps) (Ps)
CT-LE LE LE LE LE LE
Cz-TTR
0.5372 | 0.6815 | 0.9669 | 0.7556 | 0.6962 | 0.9489
C2z-Ph-TTR CT-LE LE LE LE LE LE

0.7649 | 0.9017 | 0.7723 | 0.9601 | 0.9118 | 0.9495

DMAC-TTR (Planar) CFLE| LE | LE | LE | LE [ LE

0.715 | 0.7941 | 0.7471 | 0.9543 | 0.9551 | 0.9622

CT CT CT LE LE LE

DMAC-TTR (Orthogonal) 0.2008 | 0.2255 | 0.4256 | 0.8829 | 0.949 | 0.7289

CT CT LE LE LE LE

DMAC-Ph-TTR (only Orthogonal) 57 e-6 75451 0.045 | 0.8793 | 0.7088 | 0.7127

PXZ-TTR CT-LE | CT-LE CT LE CT-LE | CT-LE

0.5143 | 0.5045 | 0.4417 | 0.7709 | 0.5976 | 0.5589

PXZ-Ph-TTR CT CT-LE LE LE LE LE

0.2247 | 0.521 | 0.7435 | 0.9473 | 0.8069 | 0.7076

PTZ-TTR (Planar) LE LE LE LE LE LE

0.6951 | 0.8187 | 0.7689 | 0.9175 | 0.8723 | 0.963

PTZ-TTR (Orthogonal) CT | CT | LE |CTLE| LE LE

0.1588 | 0.1974 | 0.7363 | 0.5658 | 0.7236 | 0.945

CT-LE LE LE LE LE LE

PTZ-Ph-TTR (Planar) 0.6631 | 0.8496 | 0.8313 | 0.8525 | 0.904 | 0.8741

CT LE CT-LE LE LE LE

PTZ-Ph-TTR (Orthogonal) 03481 | 0.7746 | 0.4652 | 0.9449 | 0.6797 | 0.6983

Due to the smaller Eg values calculated for orthogonal geometries, their emission
spectra were expected to be bathochromically shifted compared to their planar analogues,
and although we did not calculate theoretical emission spectra, by way of comparing with
experimental spectra reported in literature, we concluded that the calculated Eg values are
consistent with the experimental data reported in literature [263]. To further study the effects
of phenyl insertion and geometry changes on photophysical properties, we computed Phi-S
indices at the M062X/6-31+G(d,p) level of theory in experimental solvents. As summarized
in Table 6.10 and as represented in Figure 6.9, insertion of phenyl bridge may increase or

decrease the electron and hole separation of triplet states differently.
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Due to better separation in orthogonal geometries, going from planar to orthogonal
conformers, a general decrease in Phi-S indices was observed. Since the S states of orthogonal
emitters were found to be in CT or mixed character, their SOC values with triplet states in

strong LE character were observed to be the strongest couplings (see Figure 6.10).

We further compared the electron — hole overlaps of bridged and non-bridged emitters,
and observed that for Cz, PXZ and PTZ containing emitters, significant differences arise from
the presence of phenyl bridges. However, negative or positive effect of using phenyl bridge
can vary in different emitters. For instance, while the insertion of a phenyl bridge to Cz-TTR

and PTZ-TTR lead to increase in electron-hole overlap, separation increased in PXZ-Ph-TTR

emitter.

The contribution of a phenyl bridge to excited state energies and energy gaps were also
examined and the relative positions of the excited singlet and triplet states were reported in
Figure 6.8. With the incorporation of the phenyl moiety, an increasing trend in S energy levels
was observed in all emitters, except for DMAC-Ph-TTR. This situation can be attributed to the
larger decrease in the torsion angle of DMAC moiety in phenyl containing emitter compared
to the other donor moieties which leads to larger increase in planarity and conjugation length,

thus decrease in S| energy.

5.10

480 mS51l m52 T1 mT2 mT3 mT4 mT5
4.50
4.20
3.90
3.60
':: 3.30
> 3.00
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G 240
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1.80
1.50
1.20
0.90
0.60
0.30
0.00
Cz-TTR Cz-Ph-TTR DMAC-TTR DMAC-Ph-TTR PXZ-TTR PXZ-Ph-TTR PTZ-TTR PTZ-Ph-TTR

Figure 6.8. Energies of singlet and triplet excited states computed at M062X/6-31+G(d,p)
level of theory in toluene (for Cz-Ph-TTR, DMAC-TTR, DMAC-Ph-TTR, PXZ-TTR,
PXZ-Ph-TTR, PTZ-TTR, PTZ-Ph-TTR) and in ethyl ethanoate (Cz-TTR).



‘K1oanoadsar sfeingio QNN Pue OINOH Y} 03 puodsa11od S[ejIqio U019

pue 9[0H "(YLL-ZD) dreouepa [Ayio ut pue (Y LL-UYd-ZLd “YLL-ZLd “YLL-Ud-ZXd YLL-ZXd “YLL-Ud-DOVINd “dLL-OVINA “dLL-Yd-ZD I0})
QuaN[0) ur A103Y) JO [oA9] (d‘P)D+1¢-9/XZ-90IN 18 paindwiod s1ontwe ¢ dnoin pue 4 dnoin jo suonnquusip [e1qIo Je[NOJ[OW JONUOIL *6'9 N1

g s s s e R
s A i s

L€%

¥

¥
uoJ329|3 a|oH uoipa|3 3|oH uoay2|3 3|oH uoJ3a9|3 2|oH =
H11-Yyd-Z1d 411-Yd-ZXd Hl11-Yd-Ivna dl11-Yd-d E

» &

v

ey

uo.133|3 8|0H uoJa|3 8|oH uosI8|3 8|0H uoi3|3 3|0H

ﬁ yll-71d Hll-7Xd YL1-DVING 411-7)

's¢€%

S




"K1091) JO 1oA9] (dP)D+T€-9/XT-90IN 18 pAndwiod SI) I
ALL-OVINA PUB Y LL-Ud-ZLd “Y4LL-ZILd JO siduuojuod feuosoyiio pue reue[d Jo s[eIiqio 9[oy - uonde pue saLjowodd paziwundo 01-9 i

(1euo3oy1i0) 081°0 = 20S
(1eueld) 682°0 = 20S

Y¥ll-JVING

e

mﬁo.om//

due oy
deip oy

uo0.4329|3 9|oH

Y¥ll-dJVIAQ

LS6,

23pug |Auayd

(LEEIN

(1euo30y110) 06T°T = J0S
(+eueyd) ¥€0°0 = 20S

Yll-4d -Z1d

909°2L\ _
—
201°8€

o

uo4329|3 9|0H

Yll-Yd-Zid
SYE'LT

(jeuo30y110) 00t°0 = 20S
(seueid) Tvy°0 = 20S

hoﬁ.mh//

uo1d9|3

Yll-Zld

9|0H

1%
|euo3oynQ

's&’s

—————

<____——

Jeueld



121

On the other hand, compared to the D-A emitters, 77 energies of phenyl containing
analogues were increased, except compound with the PTZ moiety. Despite the benefit of
longer conjugation in bridge containing D-7-A emitters, increased electron-hole overlap
generally led to an increase in the LE character of the 77 state. Correspondingly, SOC values

of phenyl containing emitters were increased, leading to larger RISC probabilities.

Summarizing, insertion of the 7-bridge affected the behavior of emitters differently.
While some materials exhibit larger AEg7y values with 7-linkers, some of them represented
smaller AEs7 values. On the other hand, HOMO-LUMO gaps of the emitters were found to
be very close in emitters with or without z-bridges. Notably, DMAC-TTR and PTZ-TTR
emitters were found to have iso-energetic low energy conformers with different photophysical
properties. Our findings in AEg7 and nature of states analyses confirmed the TADF activity
of orthogonal conformers. Lastly, in most of the emitters under investigation, phenyl unit

containing TADF materials represented larger SOC values.

6.5. Conclusion

In summary, we present a comprehensive theoretical study on structural and photophysi-
cal properties of sulfone-based TADF emitters. Our investigations reveal that the molecule set
under investigation presents various geometric behaviors, such as bearing bent conformations
which prevent the formation of intermolecular excimers as well as having iso-energetic low
energy conformers, which exhibit TADF or non-TADF activities. Notably, our analyses on
the effects of meta- and para-conjugation showed that the regioisomers possess different
photophysical properties. The first two molecule sets were shown to have multiple triplet
levels below the S state, which opens alternative ISC/RISC pathways. Moreover, we also
presented the possibilities of IC, ISC and RISC processes between the high lying singlet and
triplet levels. Additionally, we observed that the larger amount of state mixing in iso-energetic

triplet levels below the S state enhances the SOC values and RISC probabilities.

In the last part of our study, we discussed the effects of phenyl bridges on structures
and photophysical properties. Our findings show that most of the phenyl bridge containing

TADF emitters present larger SOC values. This work is intended to provide insight and pave
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a way to design new TADF emitters. In light of our findings, it is possible to design new
emitters with desired properties and give rise to the developments in TADF technology with

new molecule designs.
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7. INTERSYSTEM CROSSING IN A CARBAZOLE-BASED ROOM
TEMPERATURE PHOSPHORESCENT LUMINOPHORE
INVESTIGATED BY NONADIABATIC DYNAMICS

7.1. Overview

The use of phosphorescent luminophore is highly beneficial in diverse high-technological
and biological applications. Yet, because of the formally forbidden character of intersystem
crossing, the use of heavy metals or atoms is usually necessary to achieve high quantum yields.
This choice imposes serious constraints in terms of high device cost and inherent toxicity.
In this contribution we resort to density functional based surface hopping non-adiabatic
dynamics of a potential organic luminophore intended for room-temperature applications.
We confirm that intersystem crossing is operative in a ps time-scale without requiring the
activation of large-scale movements, thus confirming the suitability of the El Sayed based

strategy for the rational design of fully organic phosphorescent emitters.

7.2. Introduction

Organic luminescent materials have recently attracted considerable interest due to their
suitability for applications in electroluminescence, organic lasers, and bioimaging [264-266].
Organic luminescence is produced by the radiative deactivation of sufficiently long-lived
excited states. Luminescence can, in principle, be observed either from singlet or triplet states
resulting in fluorescence or phosphorescence emission, respectively [267]. Fluorescence
emission which following the well-known Kasha’s rule occurs between the first singlet
excited state and the ground state, does not involve any change in spin, and is thus fully
allowed, resulting in relatively short lifetimes. Fluorescence is notably at the base of the
functioning of organic light emitting devices (OLEDs). Despite some limitations, OLEDs
offer several advantages such as flexible device structures, reduced power consumption,

and high brightness [34]. However, OLEDS are also plagued by the insufficient device
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efficiencies, partially due to the inherently short fluorescence lifetime, and the need of a high
driving voltage, which severely limit their applications [196]. To overcome the efficiency
problems plaguing OLEDs, a second generation of electro-luminescent materials based on
phosphorescence, and collectively known as Phosphorescent organic light emitters (PhOLEDs)

have been proposed.

Phosphorescence emission includes a forbidden transition between two states of dif-
ferent spin multiplicity, i.e. excited triplet and ground singlet states [268], thus significantly
increasing the elision lifetime. Furthermore, in the case of electroluminescent materials,
and because of spin statistics rules the applied electronic potential will generate 75% of the
excitons in their triplet state [6]. Therefore, opening alternative emission channel through
the engineering of room temperature phosphorescent materials has represented an important
improvement in increasing the global device efficiency [269]. In addition, phosphorescence is
usually red-shifted compared to fluorescence emission, thus allowing a deeper penetration
of light in biological samples, which is a most beneficial effects for instance in the case of
luminescent probes. Indeed, PhOLEDs, and more generally phosphorescent materials and
compounds, have found widespread applications in electronics [20,21], optics [16,22] and
biological sciences [23]. Yet, phosphorescence compounds due to the long-lived population
of the triplet manifold, are more sensitive to the presence of molecular oxygen since they can
sensitize the latter to its highly reactive singlet state. If the latter channel may be beneficial, for
instance in photo dynamic therapy (PDT) applications, it may lead to luminescence quenching
or material degradation [35]. Consequently, in some instances relevant phosphorescence
is observed only under inert or cryogenic conditions, thus drastically limiting their use in
portable devices or high technological applications. Therefore, the development of materials
and luminophores showing efficient room-temperature phosphorescence (RTP) is highly

sought [6].

RTP materials have attracted tremendous attention due to their applications in the field
of intelligence security [27], optical detection [36], and biochemical imaging [37]. As a matter
of fact, to be applicable RTP should require a relative fast ISC, to minimize the competition

with other radiative and non-radiative channels, such as prompt fluorescence or internal
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conversion (IC), conversely the depopulation of the triplet state manifold should be slow and
life-times of more than 100 ms have, indeed, been reported [270]. The population of triplet
states from singlet excited manifolds (Figure 7.2) is much slower than other fully allowed
relaxations, and as such can be regarded as one of the key phenomena dictating the efficiency
of phosphorescent luminophores. As stipulated by quantum mechanics laws, the selection
rules formally forbidding ISC, may be relaxed under the effects of several favorable terms,
such as a small energy gap between the involved singlet and triplet states, and a high spin

orbit coupling (SOC) between the relevant states [271,272].
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Figure 7.1. A) Schematic Jablonski diagram illustrating the relaxation processes operative in
phosphorescent luminophores and B) the carbazole-based compound reported by Zhao et
al. [6] and studied in the present contribution.

In a previous study devoted to Thermally Activated Delayed Fluorescent (TADF)
materials, by investigating various molecular and electronic descriptors we observed that
magnitude of SOC is, indeed, one of the most important parameters to control the efficiency of
reverse intersystem crossing (RISC), and thus by extension ISC [244]. Indeed, as shown in the
literature different strategies, and molecular engineering approaches, aimed at increasing SOC,
also by favoring hydrogen bond and space restrictions are pursued to enhance phosphorence
emission [273]. Usually, however, the most widespread strategy to increase SOC, and
hence favor ISC or RISC, is the inclusion high atomic number atoms, to exploit the so-
called heavy atom effect, since SOC is roughly proportional to the fourth power of nuclear
charge [3,274]. In many instances this objective ios achieved by the use of transition metal
components, usually up to the second and third row of the d-elements. Indeed, while Ru

complexes are known for ultrafast ISC, Ir-based compounds are among the most efficient
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phosphorescent emitters, allowing not only a bright luminescence but also tuning the emission
color. Conversely, metal complexed porphyrins are among the most common components for
PDT applications, having, in some cases, already found clinical use. Yet, metal- or heavy-
atom containing emitters also present significant drawbacks, in particular in terms of high
cost and toxicity, low processability, low flexibility, and in some cases low stability [3, 34].
Furthermore, the rarity of heavy metals also poses significant burdens in terms of resources

availability and sustainable development.

Therefore, the possible use of fully organic RTP compounds is regarded as highly
suitable to overcome these drawbacks, yet strategies to maximize SOC and ISC rates should
then be pursued. According to the well-known El Sayed rule, SOC will be maximum
between singlet and triplet states having a different diabatic nature, since in this case the
states can be coupled by the magnetic field operator. Thus, SOC and ISC will be maximized
when involving transitions between a ! (n, 7*) and a *(7, 7*) state. Consequently, the use
of conjugated moieties involving the presence of carbonyl units is highly favorable, due to
the presence of low-lying (n, %) states. Yet it has to be pointed out that the states in real
molecular systems are rarely of a pure diabatic nature and instead a different degree of mixing
between (n,7*) and (7, n*) character is observed, slightly complicating inferring general
tendencies. In this instance, benzophenone is a paradigmatic organic moiety, which can reach
a triplet conversion of up to 100% [13], also due to the extended three states quasi-degeneracy
involving S and two lowest triplet states 77 and 7>, as confirmed by a number of different
experimental and computational studies involving non-adiabatic dynamics [275,276]. The
benzophenone facile ISC is also at the base of its inherent phototoxicity toward DNA [277].29
Recently an extensive and systematic proposition of molecular rules for the enhancement of
ISC in organic emitters has been proposed by Zhao et al [6]. based on the consideration of

the El Sayed rule and the use of static density functional theory (DFT) calculations.

Among the different compounds, benzophenone and carbazole containing units have
appeared as the most favorable candidates to enforce high SOC and ISC rates. As concerns
carbazole, their rigid 7-conjugated scaffold is also optimal to enforce aggregation and crystal

formation. Indeed, the reduced vibrational disorder in the condensed phase may be beneficial
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in slowing non-radiative decay pathways, hence favoring luminescence. Yet, in this case ISC
should be achieved without the activation of large amplitude movements, which could be

impeded in the solid state.

In this contribution we will resort to non-adiabatic dynamics in the surface hopping
(SH) formalism to study ISC in the carbazole emitter presented in Figure 7.2, which despite
lacking any heavy atoms is displaying optimal luminescence and a phosphorescence quantum
yield of about 34% [6]. In particular, and going beyond the pure static picture, we will show
that the favorable alignment of the involved states and their optimal symmetry, in terms of
the El Sayed rule, translate into a ps-scale ISC rate, which, thus, should imply the facile
population of the triplet manifold. Furthermore, our SH study will also confirm that ISC does
not involve the activation of any large-scale movement, hence should remain operative also in

condensed media, further pointing to the optimal characteristic of the chosen compound.

7.3. Computational Methodology

Prior to the propagation of the non-adiabatic dynamics, the carbazole luminophore’s
ground state (GS) has been optimized at DFT level using the Gaussian 16 software package
[155]. The M06-2X [77] functional together with the 6-31+G(d,p) [278] basis set has been
chosen to this aim. The choice of M06-2X functional is justified by its good performance in

reproducing the geometries of aromatic compounds [156].

Integral equation formalism polarizable continuum model (IEF-PCM) is used in DFT
calculations, to implicitly model the solvent environment [162]. Optimized structures were

rendered with the CYLview software package.

Excited States have been calculated in the framework of Time Dependent-DFT (TDFT)
approach, due to its optimal compromise between accuracy and computational cost. More
specifically the Tamm Dancoff Approximation (TDA) has been consistently used for the

excited states calculations of both singlet and triplet states. This choice is due to the fact that
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the TDA provides a more balanced description of both triplet and singlet excited states, as

compared to TD-DFT since it is free from triplet instability issues [164].

Furthermore, and in addition to the GS, also the geometries of the lowest singlet (S)
and the three lowest triplet (77, 7> and 73) states have been fully optimized. Additionally, and
for benchmark purposes, the singlet and triplet excitation energies have been calculated from
the GS, S1, 71, T> and T3 equilibrium geometries using different functionals, namely, CAM-
B3LYP [158], M06-2X, PBEO [279], @B97XD [208], and different basis sets of increasing
size, 6-31G, 6-31G(d), 6-31G(d,p), 6-31+G(d), 6-31+G(d,p), 6-311++G(d,p).

The diabatic nature of the excited states have been evaluated using Natural Transi-
tion Orbitals (NTOs), which have been obtained post-processing Gaussian output with the
Nancy-EX [168] code and visualized with the Avogadro [169] software package. To further
characterized the nature of the excited states, the ®g index, defining the overlap between the

attachment and the detachment density matrices, has been obtained.

SOC elements between S and the lowest triplet states have been calculated, at the TDA
level, by using the ORCA code [280] at the M06-2X/TZP [172] and CAM-B3LYP/TZP levels
of theory and the TZP basis set.

To go beyond the simple static picture of ISC, we performed in vacuo SH dynamics
using the SHARC code [281,282] coupled with ORCA. Indeed, SHARC allows the use of
a generalized coupling between the states, such as SOC, and hence may provide the time-
scales of ISC. To simulate the effects of a wave-packet the SH dynamics has been averaged
over 200 independent trajectories, whose initial conditions have been obtained sampling the
Franck-Condon region through a Wigner distribution. The non-adiabatic dynamic trajectories
have been propagated at TDA level, explicitly calculating the SOC element at each step, at
CAM-B3LYP/6-31G level of theory, with a time-step of 0.5 fs for a total time of 2 ps (4000
steps). The common Persico correlation correction [276] was applied to avoid over-correlation
as typical in SH formalism. Our model involved explicitly the first excited singlet state, and

the lowest four triplet states. An initial total population of the §; state was considered, and
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the time evolution of the states’ population has been fitted with exponential models to obtain

the corresponding kinetic model and the global time-scales.

7.4. Results and Discussion

Upon optimization the ground state geometry of the carbazole-based luminophore
presents all the expected characteristics of these family of compounds. In particular, the
rigid core and the extended 7m-conjugation enforce a globally planar structure, while a non-
negligible torsion angle ( 30°) is observed between the carbonyl moiety and the phenyl
ring to minimize the sterical hindrance with the carbazole, as it is the case for the parent
benzophenone. The vertical excitation energies from the Franck-Condon region for the
lowest-lying excited states, on either the singlet and triplet manifolds are reported in Table

7.1.

Table 7.1. Vertical excitation energies from the Franck-Condon geometry calculated at
CAM-B3LYP/6-31G level of theory.

State | Excitation Energy (eV) | f (absorption)
S1 3.98 0.0014
A\Y) 4.61 0.0303
S3 4.87 0.1810
Sa 5.00 0.8612
T 3.37 -
I3 3.56 -
Tz 3.84 -
Ty 3.88 -
Ts 4.07 -

The low energy portion of the absorption spectrum is dominated by two excitations, the
lowest one being almost dark and the second one having a much higher oscillator strength.
Yet, the S state lies about 0.65 eV lower than the brighter S, states. Thus, even if the latter
should be populated due to the higher oscillator strength it is reasonable to assume that an
ultrafast, fs-based intersystem crossing, will drive an almost unitary population of the first

excited state. Interestingly, 4 triplet states are found at lower energies than the S state with
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T, being quasi-degenerate with S.

In Figure 2 we report the NTOs calculated for the most important states. The nature of
Sy is, thus, clearly identified as (n, "), while the second excited singlet state has a (7,7")
nature showing a partial charge-transfer character but being mainly localized on the carbazole
unit. The same nature of the states is also found in the triplet manifold, with a pronounced
(n, ") character for 7} and a partially charge-transfer (7, 7*) nature for 7. Interestingly, the
T states, which will be relevant for the further discussion, can again be described as a (7, ")

but is mainly localized on the phenyl ring.

: : f 0.0014 ﬂ ih

f 0.0303

a T,, CT+mu* m
: ai f=0.1810 ! ‘

f=0.8612

Figure 7.2. A) NTO study for S, states computed at CAM-B3LYP/6-31G level of theory. B)
NTO study for 7, states computed at CAM-B3LYP/6-31G level of theory.

The partial charge transfer character of the different states can also be appreciated by

the values of the topological ®g index reported in Table 7.2.



131

Table 7.2. Topological ®g index of the S, 71, 7>, and T3 states obtained from the Sy
equilibrium geometries with different functionals using the 6-31G basis set.

Functional M T T T3
MO062X 0.45 1 048 | 0.95 | 0.88
PBEO 0.47 | 0.61 | 0.92 | 0.76
wB97XD 0.45 | 0.57 | 0.93 | 0.90
CAMB3LYP | 0.45 | 0.65 | 0.91 | 0.89

The values of the SOC elements coupling the lowest triplet and singlet states are reported
in Table 7.3, highlighting small but non negligible coupling of the S; states with the triplet
manifold. The partial lifting of the El Sayed’s rule is most probably due to the partially mixed
nature of the states, to their partial charge-transfer character, and to the breaking of the o/
symmetry due to the twisted carbonyl-phenyl arrangement. Yet, this situation appears as

favorable to enforce efficient ISC.

Table 7.3. SOC elements between the different states calculated at CAM-B3LYP/6-31G level
of theory and Franck-Condon geometry.

Excited States | SOC (cm™1)
Si-T; 7.43
S1-T» 8.48
S1-Tx 17.23
S1-Ty 7.00
S,-T; 2.13
Sor-T» 0.27
S,-Ts 0.92
S»-Ty 0.17

Upon geometrical relaxation on the S potential, as indicated on the Jablonski diagram
reported in Figure 7.3, we may observe that the stabilization of S; closes the gap with
1> and the two states are now separated by only 0.05 eV. This situation is again pointing
toward a favorable, albeit non ultrafast ISC, involving those two states, also considering the

non-negligible SOC between the two states.
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Figure 7.3. Jablonski diagrams at the most relevant equilibrium geometries obtained at
CAM-B3LYP/6-31G level of theory.

As concerns the influence of the level of theory on the alignment of the states we report

in Figure 7.4 the vertical excitation energies for the lowest singlet and triplet states computed

using different exchange-correlation functionals and different basis set. It is evident that the

choice of the basis set has a negligible effect on the quality of the excitation energies, thus

justifying the following use of the smallest double-zeta basis for the non-adiabatic dynamics.

A slightly more important influence of the functional can be appreciated. Yet, the effects are

globally modest and the presence of partially charge-transfer excited states justifies the use of

long-range corrected functionals for the following study.
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Figure 7.4. Vertical transitions energies calculated from the Franck-Condon geometry with
different basis set (A) and exchange correlation functionals (B).
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Finally, to assess the mechanisms and the time-scales of ISC we have performed SH
dynamics over 200 independent trajectories. The results in terms of population of the different
excited states are collected in Figure 7.5, together with the ensuing kinetic model inferred
from the analysis of the hops between states of different multiplicity. Indeed, the population
of the §; state decays slowly but steadily at the advantage of the triplet manifold, whose
population increases. Interestingly, we may observe that after the raise in the population
of T, Tj is also readily accessed and becomes the dominant triplet state after about 150 fs.
At 2 ps we may observe a globally perfectly shared population between the singlet and the
triplet manifold, with 77 being now the largely dominant state. Yet, we may observe that
the population of 7> is persistent all along the SH dynamics being of about 10% at 2 ps.
Furthermore, we may also observe the raising of the population of the 73 state, which becomes

non-negligible at around 500 fs and stays only slightly lower than the one of 7.

A) 'R

06

Fopulation

0o

02

Figure 7.5. Time evolution of the population of the different states following the SH
dynamics (A). Kinetic model used to fit the time evolution of the population; the obtained
characteristic time constants are also reported. Note that the population obtained by applying
the fitting is also indicated in panel A with darker color shades.

Globally, this behavior appears quite surprising since, from the simple analysis of the
Jablonski diagram, one could have inferred a straightforward population drift going from

S1 to 7> and then rapidly towards 77. Instead, and because of the quasi-degeneracy of the
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triplet states, a more complicated mechanism takes place in the photophysics of the carbazole
derivatives. Indeed, while the first process of the S| decay is ISC towards 7>, which also
represents the time limiting step with a time constant T of about 2.5 ps, the population of this
state open up a complex equilibrium involving 77 and 73. If the IC towards the lowest triplet
state is clearly the most favorable process having a time constant of only 23 fs, a population
transfer towards 73 is also active, albeit having a much slower, yet ultrafast characteristic time
of about 400 fs. Interestingly, while 73 readily relaxes back to 7> (7 of 11 fs) a population

drift from 77 to 73 is also possible and is relatively fast (7 of 94 f5s).

Our SH dynamics have thus confirmed that ISC is operative in this carbazole systems,
thus justifying its efficiency as a luminophore. The rate limiting step of the ISC, which
amounts to 2.5 ps confirms that the process while possible is not ultrafast, probably due to

the relatively modest values of the involved SOC. However, this process hides a complex

equilibrium involving rather extended population transfers in the triplet manifold, which
ultimately leads to the persistence of anon-negligible population of 7, and 73 up to the ps

time-scale.

Furthermore, by analyzing the geometrical changes along the SH trajectories we may
evidence that no large-scale movement is necessary to trigger ISC. Instead only the activation
of small amplitude vibrational movements, mainly related to the carbonyl stretching are
necessary. This aspect is mostly favorable for the possible triggering of aggregation induced

phosphorescence, which is operative in the present carbazole-based luminophore.

7.5. Conclusion

In the present contribution we have studied by extensive TD-DFT modeling, comple-
mented with non-adiabatic SH dynamics the behavior of a carbazole-based chromophore
which is a most promising candidate for room temperature phosphorescence. In particular

we have confirmed the interplay between (n,7*) and (7, 7*) states in providing the most
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favorable conditions for high SOC in full organic compounds, thus favoring the ensuing ISC.
While we have confirmed that ISC takes place with a rate limiting step of about 2.5 ps, and
involves the transition between S| and 73, we also identify the instauration of a complex
equilibrium in the triplet manifold with multiple population transfers between the lowest lying
triplet states. In turn this imply that the population of 7, and T3 is persisting all along the SH

dynamics, thus exceeding the ps time-scale, and should be taken into account.

Furthermore, we have shown that ISC does not involve the activation of large amplitude
degrees of freedom, and may remain possible also in condensed phase, opening up the
possibility of aggregation induced phosphorescence behavior. Our results, show how SH
dynamics may be used to unravel complex and subtle mechanisms which may be important in
shaping the photophysical behavior of organic chromophores. They also point out the validity
of the exploitation of the El Sayed rule, involving the coupling between states of different
diabatic nature in providing efficient organic compounds featuring high ISC rates. In the
following we preview to extend this study to the chromophore in condensed phase to take

into account the effects of aggregation on its photophysical behavior.
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8. GENERAL CONCLUSION

This dissertation presents the outcomes of molecular structure and computational
methodology impacts on thermally activated delayed fluorescence and organic room tempera-

ture phosphorescence technology.

In the first part of the thesis, we explored the performance of different computational
protocols on static photophysical analyses of a wide range of TADF emitters. The results
obtained from static calculations of TADF molecules with various structural properties
demonstrates that the M06-2X functional well reproduces the descriptors important for TADF
mechanism, which are nature of states, spin orbit coupling, and singlet - triplet energy gap.
On the other hand, the basis set analyses obtained from the each study showed that the
increase in basis set does not cause any change in excited state properties. The most important
finding obtained from the first study is the deterministic role of spin orbit coupling on TADF

performance and its dominant effects compared to the other descriptors.

In the second study which is focused on the boron-based TADF emitters, the main
target was observing the role of boron on photophysical properties. Benchmark analyses
performed in this study reproduced the findings observed in the first article. Therefore, the
same computational methodology has been used in the calculations of boron based TADF
emitters. In this study, we observed that while the highly orthogonal structures affects
singlet - triplet energy gap positively, it leads to extremely small oscillator strengths, which
decreases emission probability, and small SOC values which decrease ISC/RISC probabilities.
Geometry analyses in this study showed that while ground state and first excited singlet states
represent highly similar geometries, an obvious geometry relaxation has been observed in
first excited triplet state which leads to increase in LE character of triplet state, which in turn,
causes greater amount of ISC/RISC processes. Another important finding of this study is
that we observed that it is possible to increase the performance of carbazole donor moiety,

which is known as a poor performing donor moiety due to its five membered central ring. The
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strategy to increase the performance of carbazole moiety is locating it to the ortho position of
acceptor unit and increase the steric hindrance, which is a situation enhancing the electron -
hole separation, thus, decreasing the singlet - triplet energy gap. Moreover, -7 interactions
were observed between the phenyl groups in close proximity, which reduces the free rotations

and increases the PLQY.

The third study reported in this thesis targets the role of sulfone based emitters on TADF
performance and static calculations obtained from a wide range of sulfone containing emitters
with various structures, showed similar properties reported in the previous articles. However,
differently from the first two article, we observed that the large amount spin mixing in low
lying, iso-energetic triplet states may play a positive role in enhancing the degree of SOC,

thus, RISC processes.

The last article reported in this thesis focuses on the dynamic processes of a model
room temperature phosphorescent emitter. In this contribution, the ISC processes between
first excited singlet and low lying triplet states were observed. The processes were found to
be consistent with the spin orbit coupling values between the relevant states. Moreover, we
observed that the kinetic model includes multiple states and all triplet states lying below and

close to the first excited singlet contribute to the ISC/IC processes.

To summarize, at the beginning of this thesis project, our main purpose was investigating
the structure - photophysical property relation of TADF emitters via computational methods.
At the end of this thesis study, we are in a position to predict the photophysical properties such
as SOC, oscillator strength, nature of states and AEgy of TADF candidates before their device
applications. Therefore, with the help of our findings on computational protocol and structure
- descriptor relationship, we can design and suggest new TADF emitters for the experimental
research groups. On the other hand, differently from the widely reported studies, the findings
from surface hopping dynamic simulations show us that the ISC and IC processes can be in a
complex equilibrium between the excited states. Thus, to predict the efficiency of emission as
phosphorescence, surface hopping dynamic simulations performed with the SHARC software

package are highly important. In light of all these findings, we highlight the importance
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of understanding the photophysical properties via the computational methods because our
findings and observations reported in this thesis will help the experimental research groups to

save both time and cost for the synthesis and device applications of the emitters.
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Introduction

Since the original proposal of organic light-emitting diodes
(OLEDs) by Tang and Van Slyke in 1987, significant progresses
have been achieved in their development and application in
different technologies, induding display apparatus, OLEDs
represent an important innovation in lighting madeets, providing
improved image quality, high brightness, low fabrication costs,
low power consumption and high durability. ™ They operate based
on the physical phenomenon known as electroluminescence (EL]
Le the conversion of clectrical energy into light* In OLEDs, EL is
achioved by fluorescent materials, which undergo a two-step
process, an initial absorpton leading to the populaton of an
electronically excited state and a subsequent radiative decay to the
clectronic ground state, which is known as prompt fluorescence *
However, despite possessing useful properties, several drawbacks
still limit the development of OLEDs, notably related to technical
issues, such as highpower consumption, insufficient device effi-
ciency, and high driving voltage. Insufficient device efficiencies in
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and compuationally effective protocol to assess TADF efficlencies.

OLEDs have led to the use of high quantum yield phosphorescent
materials utilizing alternative routes to achieve radiative decay.
These are based on intersystem crossing (ISC) and hence the
population of wiplet states, leading to phosphorescence.® The
exploitation of both singlet and triplet excited states has led to
an increase in internal quantum efficiencies [IQE) up to 100%.
Although the use of phosphorescent materials significantly
increased quantum efficiencies in OLEDs, the use of heavy
metals, such as Ir or P, limited their application due to
increased device costs, environmental pollution, and toxicity.
Moreover, the lack of stability is an additional drawback of
phosphorescent OLEDs (PhOLEDs). Indeed, chemical degrada-
tion leading to charge traps, nonradiative recombination sites,
and luminance loss, are serious issues affecting PhO LEDs® In
the quest to increase OLED efficiencies, thermally activated
delayed fluorescen oe (TADF) materials have attracted great atten-
tion as they lead to the population of both singlet and triplet
states without using any heaw metals (Fig. 1).*7™

Soon after the first organic TADF emitter was reported in
2011, studies related to TADF based OLEDSs gained momentum
and nowadays, extemal quantum efficiencies (EQE) reaching
up to 30% together with internal quantum efficiencies (K)E) of
100% have been reported.™ In addition to their applications in
OLEDs, TADF materials also have applications in fluorescence
lifetime imaging, and ooygen sensing.™ ™

TADF materials also possess the critical advantage of serving
a5 host materials in emission Iaycrs,“‘ and enabling different

Phys. Chem. Chem. Phys, 2022, 24, W167-16182 | 16167
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color emission.”™ ™ Emission, which may span from blue to

red, is mainly controlled by the degree of intramolecular charge
transfer (1CT) of the involved eeited states.™ ™ Sinee 1CT is one
of the most important parameters in TADF activity, numerous
design strategies were attempted to enhanee this fundamental
process, One strategy involves the use of donor-acceptor (D-A),
D-n-A, D-n-A-m-D molecular frameworks, in which the highest
occupied molecular orbitals (HOMO) and lowest unoccupied
molecular orbital (LUMO) are localized on donor and acceptor
units, respectively, hence leading to spatially separated frontier
orbitals.™ Various donor and acceptor groups were designed to
enhance charge transfer in TADF luminophores. The most
frequently used donor moicties ar  diphenylamine, ™"
carbazole, ™™ acridine,™* and phenmzine derivatives, ™
while the most common acceptor units include boron
sulfone,”***" and benzophenone derivatives (Fig. 2),%4%
However, TADF systems are not limited to these building
blocks, as other interesting frameworks were designed such
as ovanobenzencs,™ triazines,* meadiazoles,™ sulfones,™ and
spiro derivatives, ™

From a photophysical point of view, TADF is based on the up
conversion from the triplet (T,] to the singlet (S, ) state, which is
only possible if AFgp is sufficiently small, Le. less than 0.1 eV,
This energetic alignment facilitates the reverse intersystem cross-
ing pmoess (RIAT), which is abo lmown as the updntersystem
cmssing process (UISCL™ Although TADF compounds with A B,
values smaller than 0.1 ¢V show the best performances, some
fluorophores with AEg, values close to 0.5 eV exhibit TADF
emission. However, though the TADF mechanism usually
involves RISC between T, and 5, states, an alternative possible
pathway driven by higher excited triplet states is also observed.
Indeed, in some circumstances more than one triplet state is
present below the S, state, allowing reverse internal conversion
(HIC) between T; and the upper lying triplet states. This is
followed by a RISC between T, Le. the triplet state closestto the
first excited singlet state and 8,.** Furthermore, rigid molecular
amhitectures are usually prefered over flexible ones for high
performance TADF devices, since they minimize non-radiative

16168 Bhys Cham. Chem. Py, 2022, 24, W6I6T-16152
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decay due to vibrational and rotational motions.*” In addition
to a small AEg; gap, the electronic coupling between charge
transfer singlet ('CT) and local wiplet ["LE) states strongly
influences TADF efficiency.™ Indeed, the magnitude of spin
orbit coupling ($0C) is crucial to determine RISC efficiency and
ultimately delayed fluorescence.””

The rate of RISC (kusc) is usually expressed by combining
Fermi's golden rule with Marcus' theory,™ as:

kpase =2Trr|ﬁg|l[4ma'r]‘iap(;f;) i1
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The key parameters being the reorganization energy 4, the SOC
expressed by Hep, and E; which is related to the A energy
gap through eqn (2).

More topological deseriptors of the electronic density reor-
ganization such as the amount of CT [qmj and the effective CT
distanee (") for ground and excited states have also been used
to computationally preview TADF performance.™ The CT char-
acter of T, states has also been analyzed through the excited
state dipole moments.™ Furthermore, environmental factors
am also important in dictating the overall TADF efficiency, in
particular the 15C rates, as shown by their sensitivity to solvent
polarity,**

In addition, as Yu-Zhong Xie and coworkers pointed out,
minimum energy crossing points (MECF) between 8, and T,
states are crucial, since they represent funneling regions,
allowing the non-adiabatic transition between different electro-
nic states.™

In our previous study, we investigated a series of benzo-
phenone based TADF emitters and non-TADF chromophores
by quantum chemical calculations. Our main goal in that
contribution was to understand the photophysical properties
of benzophenone emitters and their derivatives in terms of
absorption spectra, charge separations in the excited states,
A Egp gaps and S0C magnitude.™ Here, on the other hand, we
plan to extend the objectives of the previous study investigating
TADF emitters with various acceptor moicties and propose a
new, more general, computational strategy applicable to a large
variety of TADF emitters. For this purpose, we analyzed the
relationship between molecular structures and photophysical
properties of a wide range of emitters by means of ab initio
calculations. To understand the comelation between the mole-
cular structure and TADF properties, a comparative study is
performed along molecules that possess TADF features and
compounds known to be poor TADF emitters (henceforth, they
will be referred to as non-TADF molecules). Indeed, a systema-
tiec study on the relationship between structural, electronie
properties, and the TADF efficiency of different classes of
compounds is somehow missing. We plan to bridge this gap
by using molecular modeling and simulation to provide a
unified description of the different parameters related to TADF
performance.

For this purpose, ground state structural properties, such as
the torsional angles, are explored and related to the optical
properties and the singlet-triplet gap. Our analysis of different
excited state descriptors, including singlet—triplet gap, SOC
magnitude, and the amount of charge wansfer provides a
useful and computationally effective protocol to rationalize
TADF efficiency.

Although the RISC probability decreases with the increase
in AEgp, Hgy which competes with AEg, albeit being usually
overlooked, may play a significant role and hence, should be
properly accounted for to sketch useful design rules for TADF
compounds,
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Computational methodology

Prior to the evaluation of all optical and photophysical pro-
perties, conformational analysis was performed using the
Gaussian 16 software package™ to characterize all possible
conformers of the chosen TADF and non-TADF molecules.
Density Functional Theory (DFT) calculations with the MOE&
2% meta-hybrid functional and the 6-31+G(d,p)™ basis set
have been carried out to optimize the ground state conformers
and the corresponding S, and T, geometries. However, all
conformers are expected to share the same TDA behavior since
the latter is mainly dictated by the owisting angle between
donor and acceptor moieties or between the donor and bridge
moieties, which are highly conserved in the conformational
space. While for ground state equilibrivm geometries we have
checked that no imaginary vibrational frequencies are present,
this was not performed for S, and T, equilibrivm geometries
due to the lack of analytical hessians. The choice of MO&-2X
functional is justified by its good performanee in reproduc ng
the grometrics of ammatic compounds.™ In our previous
study, the excited state properties obtained by taking into
account all the possible conformers of TADF molecules have
been proven identical to the ones of the lowest energy
conformer.”™ Thus, we continue our analysis considering the
lowest encergy conformers of each molecule only (see Tables $1-
85, ESIT). The energy and nature of excited states are assessed
at the BILYPY/6-31+G{d,p), MO6-206-31+G(d,p), CAM-BILYP?/
&31+G(d,p), and wBSTXD™/6-31+G[d,p) levek of theory, and
6-311++G[3df 3 pd)™ and 6-31 1++G{2d,2p™ basis sets wemr used,
in all caleulations, for sulfur and phosphorus atoms, respectively.
A series of benchmark caleulations with Becke's hybrid BILYP
functional and &31+G[(dp) and &-311+G[d,p) basis sets are also
peformed. From this test, itis cdearly observed that increasing the
basis set docs not induce any noticeable change in the calculated
ahsorption spectra (see Tables S6 and 57, ESIF).

Integral equation formalism polarizable continuum model
[IEF-FCM) is used in all caleulations,” to implicitly model the
solvent environment. Optimized grometries were rendered
with the CYLview software package.™

Tamm Dancoff Approdimation (TDA) was emploved for all
the excited state calculadons, This choice is due to the fact
that the TDA method provides a more balanced description of
both triplet and singlet excited states, and compared to Time-
Dependent DFT (TD-DFT) is free from trplet instability
issues.” All excited state caleulations have been carried out
with the Gaussian 16 software package Absorption spectra
were modeled as vertical ransitions from the 5, equilibrium
geometry. Subsequently, to include dynamic and vibrational
cffects, 30 conformations, sampling the vicinity of the Frack-
Condon region, were generated thrmough a Wigner distribution™
as implemented in the Mewton-X*™ software package. Vertical
transitions from each snapshot were convoluted using Gaussian
funetions of full-width at half lengrh (FWHL) of 0.15 ¢V, Absorp-
tion spectra cakulations wa the Wigner distribution method have
been performed with the BILYP, PBEO, MOG2X, BLYF and
TPS5h™ functionals using the &3 1+G(d,p) basis sct.

Phys. Chem. Chem. Phys, 20232, 24, 1I5167-6182 | 16160
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The nature of the excited states is evaluated using Matural
Transition Orbitals (NTOs), obtained with the Nanoy_EX code™™
and visualized with the Avogadro™ software package. In addition,
&z values, defining the overlap between the attachment and the
detachment densities, were caloulated. Spin—orbit  couplings
[S0C) between S, and Ty stabes have been caloulated at the TDA
level by using the Amsterdam Density Functional [ADF) code®®
at the BILYRDZF" and MOG2X/DEP levels of theory. DEP was
used sinee Pople basis sets are not available in ADF,
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Results and discussion

Herein, a series of different TADF emitbers with various donor
and acceptor groups were sdected from the literature and were
investigated by TDA-DFT methods (see Fig. 3). In an attempt to
identify the presence of TADF characteristics in the selected
emitters, several descri prors were assessed, such as the twisting
angle between donor and acceptor units, AFg., NTO densities
along with the charge transfer topology indices [ dg),* and S0C

MeDDP-DBPHE

NON-TADF
8008 §o

Fig. 3 TADF and non-TADF malecues invedigated in this study_ Blue: donor red: scceplor: black: n-bridge
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values between the 8, and T, states inwolved in the RISC
Proccss,

We selected TADF compounds containing different aceeptor
groups, such as phosphine oxides, phenazines, anthraqui-
nones, phenanthrenes, diphenylsulfones and benzophenones.
Specifically, we consider the phosphine oxide (PX-ZP0, DPX-
ZPD and TPX-ZPO™), dibenzofa,] phenazine (MeODP-DEFHZ,
POZ-DEPHE),"™ anthraquinone-based compounds [AQ-DMAC,
AQ-DPA),™™ phenanthrene contzining compounds (m-ATE-
FNZ'™  TPA-DCPP'™) diphenyisulfone-based compounds
(DMAC-DPS, PPZDPS)]™ and benzophenone containing com-
pounds [m-PX2BEP and Cz2BP)."" Additionally, we smdied
PXZPXE bearing a 10H-phenoxaboryl electron  acceptor
group,’™ DMACTRZ with a 2,4,6triphenyl-1,3 5-triszine
[THZ) acceptor moiety,’™ and 2CzPN with a dicyanobenzene
group.”™ Furthermore, and as a comparison, we also consi-
dered two non-TADF molecules namely, pCEP and PhCz.™

Twist angle between donor (D), acceptor (A) and bridge (B)
moictics

The torsion angle between donor/acceptor units and the bridge
moicties is a straightforward descriptor allowing one to ratio-
nalize the TADF activity, and the calculated values are reported
in Fig. 4. As a matter of fact, twisting angles of 90° will
constitute the perfect arrangement to break conjugation, thus
leading to small AEszr values and, hence, enhance TADF.
However, while minimizing AEg values, perfectly othogonal
grometries lead to an important disadvantage for hminescence,

- | ®
e
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since the oscillator strength, which is one of the key parameters
for light emission, & then strongly reduced. Among seven differ-
ent donor units we show thatthe best performing group is clearly
DMAC with its ~90° twisting, while the PXZ moiety with ~ 80"
twist angle is the second most efficient donor group.

As expected, the favorable value of the twist angle is reflected
in PXZ-containing compounds which present small AEg
values, as seen both eoperimentally and theoretically (Fig. 52,
ESI). PPZ and DHFE display a twisting of ~100° between the
adjacent neighboring groups. These structural features also
correlate with ideal AEg. values [<0.1 ¢V) and well separated
frontier orbitals as can be seen from Fig 53 (ESH). On the
contrary, TPA-DCPP, AQ-DPA and MeODP display relatively
lower TADF activity due to their small twist angle, which is
close to 30°, The small twisting can be attributed to the freely
rotating phenyl rings, which cause a general planarization of
the compounds. The last donor unit, Cz, induces a torsion
angle of around 50-607. The relatively low torsion angle of the
carbazole moiety can be attributed to a smaller steric repulsion
due to the five-membered ring in the donor group. In additon
to the torsion angles between the donor and adjacent moieties,
we also examined the twisting angles between acceptor units
and their adjacent donor or bridge moicties (Fig. 4). While the
triphenyl triazine acceptor induces a twisting angle of 907,
DEPHZ and m-ATP units reach approximately 807,

On the other hand, the DPS moiety leads to an ideal 907
twisting with DMAC and 100 angle with the PPZ group. Instead,
relatively low performance TADF emitters, such as Cz2BP and
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TPA-DCPP -34.598 3704 -36.93 -35.40
A0-0PA -35.64 -36.21 35.71 -35. 20
A-B-D-B-A B[A-Bl1  B(B-D]1  @iB-Dj2  A[a-Bl2
DHPZ-2BTZ 0,00 102.18 102.18 0,00
DABAD DAL ewEll oAbl oAz
m-PXIBEP T5.44 -30.90 -30.98 T5.45
TNonTADF  e(peji eleiea) epelz
PCER -55.44 37.55 -55.45

Phiz -55.59

Fig. 4 Ground stale twist angles of TADF and non-TADF molecutes D: donor unil, A acceplor unil, B: bridge unil.
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Table 1 30 representations of 5o and Ty geamelrie al some compounds wilh different g ound slale and exciled slale geamelries and charges in

torgon angle (MDE-20E-31+Gldp) level of theary)

DMAC-TRZ (1)
D%‘Z

DMAC-DPS (5} m-ATP-PRZ (3)

ICZPN (7]

p

8i0-A)2

TPA-DCPR ()

@ip-a)2

: i : 5a/T; Geometries Torsion Angles
! ] 8{o-A)1

{1 895/EaA2

' = 8(D-A)1

¢ 2 TTES/68.93 -104.7/-103.4
[FEsert s e {3 77447574 77.39/66.03
g {a 532827 27.27/-3034
£ m& {5 91087168  89.13/7168
g i & 'ifgf_':"' 102.96/95.49
7 11978/5663  -59.3/-56.63
""""""""""""""""""""""" 5 8(0-B11 6(D-B)2
o T8 TE7A4/E9.18  53.94/37.06
5 g g i 8(D-B)1 BAB)L BABlZ 6]
g 179 3498/2933  37.01/27.72 36932772 -354/-29.3
E {10 358404152  36.21/35.79  35.71/15.04  -36.2/24.4
i 8(A-B)1 B{B-D)1 B(B-D)2 BA-B)2
BT oo 102.18/90.34  102.18/90.24 0
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2(=PN, assume a butterfly shape. Benzophenone-containing
TADF emitters presenting a D-A-D scaffold, reach twist angles
of ~ 527 and ~ 1207 thus leading to a non-orthogonal geometry.
Indeed, also due to its efficient ISC, benzophenone was previously
explored as an OLED emitter.™

Inadditon to the Franck-Condon region, the torsion angles
at the equilibrium T, geometries were also examined, and, as
reported in Table 1, only slight changes can be observed except
for compound 7. Moreover, torsion angles at the 5, equilibrium
geometries were also obtained for AQ-DMAC, POZ-DEPHZ
DHPZ2BTZ, PPZDES, Cz22BP, TPA-DCPP, AQ-DPA and MeODR
DEPHZ. It has been observed that equilibrium geometries for the
first excited singlet state are very close to those of the ground state.
Therefore, to reduce computational costs, further analses have
been performed in the Franck—Condon region, only. Thus, geo-
metry relaation is important only for the T, state, leading to a
decrease in orthogonality, and consequently to the increase of the
HOMO-LUMO overlap and A Eg,. Indeed, excited state twisting is
recognized as a key feature of TADF molecules.

To sum up, DMAC, PXZ and DHPZ units appear as the
maost appropriate donors to establish the desired orthogonality
leading to twisting angles around B0® and 100°. On the other
hand, DPA derivatives have smaller twisting angles |~ 407,
which lead to an increased HOMO-LUMO overlap and AEq.
Maoreover, when considering acceptor moicties, anthraquinone
and diphenvisulfone groups provide almost ideal orthogonal
amangements. It should be pointed out, however, that the term
ideal here refers to geometrical properties and twisting angle
only and not to the deviee performance.
Electronic density reorganization and effect of the fanctional
The reorganization of the electronic density due to the excited
state population has been analyzed by examining the behavior
of the corresponding NTOs. Purthermore, we compare the
natures of 5, and T, states obtmined using MO&-2ZX, CAM-
B3LYP and «wBY7XD to assess the influence of the exchange-
corrgaton functional in the topology of the electron density
reorganization (Table S8, ESH), and hence, in providing the
correct diabatic deseription of the most relevant states.

In this respect, the BILYP functional was excluded, sinee
TADF compounds rely heavily on CT, exasperating the known
deficiencies of hybrid functionals, especially for bridged com-
pounds leading to spatally long-mnge CT states.™ Since
the molecular set under investigation is composed of mostly
donor-n-acceptor charge transfer molecules, we did a bench-
mark study with medium-range separated MO06-2X and long
range separated CAM-BILYP and wB97XD functionals. Though
slightly unsatisfactory performances of CAM-BILYP and wBS7XD
have been meported for some donor-acceptor systems,” " their
behavior was not tested for the set of molecules under investigation,
which are typical donor-r-acceptor systems.

Table 2 reports the @ values of 5; states computed with
MDE-2, mBY7 D and CAM-BILYP functionals, while the corres-
ponding NTO densities are reported in Fig. 53 (ESH ). High @
values indicate a large overlap between electron and hole
densities, thus, LE character. On the other hand, small g

This journal is & the Owner Societies 2022

183

Paper

Table 2 Phi-5 valess of 5, dates compuled at diflerent levels af theory
and the 6-31+Gid p) badis 2e1

Phi-5 Values MOG2N whHSTXD CAMB3LYP
ACHDMAC 0310 511 0479
POE-DRFHE 0094 Laa1 0055
M-ATP-FXZ 0144 w176 0134
FXZ-FXB 0064 L4687 0511
DMAC-TRZ 0.3 L5038 0.51%
m-FX2BEP 0.247 0L525 0549
DHFZ-2BTZ 0085 0733 0746
FPZ-DPS 0. 1640 612 0591
DMAC-DPS 0201 550 0564
TFR-ZPCY 0.252 L6 0.254
DFX-ZPO 0.252 L647 0260
FX-ZPCy 0212 0L525 0.235
TPADCPP 0,728 L5688 0612
ACHDEA 610 517 0642
Cxz2BP 0410 0579 0633
20PN 0,559 L5467 0584
MeODP-DRPHE 0.73%9 (483 0514
pCEP 0.782 L4597 0.587
Phi: 0847 L A6a2 0. 863

values indicate that the degree of overlap between electron
and hole densities is small, and thus the presence of a CT
excited state.

5, states computed with the MO6-2X functional mostly
present a noticecable CT character, which is known to favor
TADF efficiency. Conversey, CAM-BILYP and «B97XD func-
tionals preview a locally excited S, state for some TADF com-
pounds. Also taking into account the orthogonal arrangement,
which should indeed favor charge separation, it appears that
the LE character should be regarded as an artifact as opposed
to the more reliable MO&2X results (Table 3, see Tables S8 and
812 for the full list, ESIT). Hence, MOG2X will be consistently
used hereafter.

Fig. 5 reports the correlation between the change in the
degree of overlap between S, and T, states and AEg )
We may observe that when the nature of 5, and T, changes
the energy gap increases. Though a linear relationship with
B =099 could not be observed, a direct correlation with a
positive slope has been observed. However, these should not be
necessarily considered as a dmwback to the BFISC mechanism,
since due to the El Sayed rule the S0OC between states of
different character should increase.

Comelation betwemn AEs o+ and RISC efficicncy

According to Kasha's Rule™ the population of high lying
singlet states is followed by ultrafast internal conversion (IC)
to 5,, and eventually 15C leading to the population of the triplet
manifold. IC is also active on the wiplet manifold, hence
leading to the T, population. Thus, RISC from T, to 5, is not
the only possible pathway, indeed reverse internal conversion
(RIC) between T, and upper lving T, states may be possible
if the former are quasi-degenerate, which in turn will open
a channel for RISC between excited T, and S, states®"*
Globally, however, RISC will be mainly determined by the
energy order of singlet and wiplet states, together with their
efficient couplings. Bredas et al. have shown that the separation
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Table 3 Torsion angke and naturs of 5 fates with different funclionals

MG CAM-BILYP wBYTXD
Compounds  Tomion angle 5, 5 5
ACHDM AL 8939 CT LE CT+ LE
PXZ-FXB 78.74 CT LE LE
DMAC-TEZ 8950 CT CT CT
PFZ-DPS 103.56 CT CT+ LE CT+ LE
DMAC-DPS 9108 CT CT+ LE CT+ LE
TPX-ZIPO 10360 CT CT+ LE CT+ LE
DPX-ZPO 103.62 CT CT CT+ LE
LT
o
oo
[E )
% om
Zonm
&
don :
[
om
nm L]
¥ #
oo
L] o1 or & ] LE] LL] s a7

8,175

Fig. 5 Comelabon beween AFo and the change in eleciranic derily
reanganization computed at the MDE2IE- 31+ Gld p) level ol theory.

Energy (eV)
E B E E &

k
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of frontier maolecular orbitals alone is not sufficient to assure
TADF efficiency and highlighted the fact that other factors,
incduding the possibility of mixed CT T, states with a small
A Egy gap, are crucial. '™ The electron donating character of the
donor moiety may also have a noticeable effect on AEg, with
the increase of electron donation leading to its decrease.
Additionally, using donor and acceptor moicties with appro-
priate ionizaton potentials and electron affinities is another
key parameter in minimizing the Az gap.™

As shown in Fig. 6, the energy levels of singlet and triplet
states indicate that for many compounds, more than one triplet
state is lving below the 5; level. Additionally, in some instances
T, and T, states were found to be almost energetically degen-
erate. For some compounds, such as DHPZ-2BTZ and PPZ-DPS,
a three-state degeneracy involving 5,, T, and T, is observed.
Globally, all these facts may point to the fact that higher triplet
states may, indeed, contribute to the RISC process.

Therefore, to identify the states responsible for RISC, the
specific value of 50C should be analysed together with the
energetic gaps.

Comelation betwem S0C and RISC cfficicncy

Besides the AFg descriptor, we also determined the effects of
structural modifications on the S0C between 8, and T, states.
Indecd, despite giving rise to low lying CT with negligible
electron-hole overlap, orthogonal arrangement of donor and
acoeptor moicties may have a negative effect on S0OC, hence
influencing in a more subtle way the ultimate RISC rate.

ES1ETI®T2 T3ImT4 mT5

FILES IS EEES SIS

Fig. & Erengies of 5, and T,-T, levels computed at the MDB2X/E- T1=Gidp) level of theary.
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Although TADF compounds are generally known to have low
SO values, it is found that BISC occurs on a imescale shorter
than 100 ns at 300 K.""* Furthermore, LE triplet states may
be involved in increasing the possibility of RISC due to the El
Sayed's rule™ ™ In this context, Penfold and Monkman
suggested a RISC mechanism which inwolwes a three state
degeneracy between Sep, Tep and Tip™

Herein, we computed the S0C between 5, and the first five
triplet states (see Fig. & and Table 511, ESIT). As represented in
Fig. 7, striking differences in S0OC between 5; and different
triplet states are observed. It should be pointed out that sinee
the SOC value enters the Marcus's formula directly, couplings
between the states involwed in RISC am highly important
Detailed analysis of Fig. 7 shows that the energy gap between
the singlet and triplet states with the largest SOC are very close
to the experimental energy gaps. In other words, we observed
that the experimental AEg; values are very close to the calen-
lated gaps between strongly-coupled singlet and triplet states.

For instance, for AQ-DMAC, m-ATPPXE DHPFZ-2BTZ, and
AQ-DPA, the S0C between 5, and T, are larger compared to all
the other states, and the absolute deviations of the computed
5:-Ts energy gaps with the experimental values are smaller than
0.05 V. For POZ-DEPHZ, PXZ-PXE and TPX-ZP0, §, and T,
have the largest S8OC and their gaps deviate by less than 0.1 eV
compared to the experiment.

On the other hand, for DMAC-TRZ, DPX-ZP0, PX-ZP0O and
20=PN, the S0C between 5, and T, states ame the highest,
maoreover, their corresponding energy gaps deviate by approx-
mately 0.1 ¢V from the experiment, suggesting a more classic
scenario involving only the lowest riplet state. For the DMAC-
TRZ emitter, it should be pointed out that the S0C between
5:-Tastates is larger than for 5;-T,. However, while the Tz state
is higher, and hence shows a lage energy gap, T, is almost
degenerate with 5;. Thus, when compared with the experiment,
the gap between S, and T, states is approximately 0.006 eV,

As a matter of fact, SOC appears as a more promising, and
crucial descriptor in determining the states involved in the
RISC process. It should also be pointed out that various TADF
groups are represented in our set, and in all the cases S0C was

H

o Diew of 51-T1 W Dey of 51-T2
e D of 51T Diew of 51-Td
= Dy of 51-TS

-
]

&

E

AP

Absolute Energy Deviations from
Experiment V)
&

50C (em?)
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able to reliably describe the experimental efficiency, even in the
presence of wide and diverse donor and acceptor groups, and in
general different functional moieties.

As a general rule, good TADF efficiency requires either
moderate S0C and very small AEg . or moderate A¥g o, and
very high SOC. Thus, almost perfectly orthogonal scaffolds
including strong D and A moieties, which will result in very
small Afg o and S0C wvalues, will be less efficient than
maoderate strength D and A groups if they still present torsion
angles leading to acceptable Afg o and strong SOC.

Another important role of SOC is its deterministic behaviour
in competition between the direct ransition from S, to 5, and
ISC/RISC. According to Hund's rule, the T, state is lower in
energy than the 5, state and though both ISC and RISC
processes depend on the same S0C matrix dement between
5; and T, states, the ISC rate is always higher than RISC.
Moreover, there is competition between fluorescence emissions
and 15C; generally, fluorescence emissions are faster than the
15C, which is faster than the RISC process. However, in the case
of TADF emitters, a small singlet-triplet energy gap with
localized HOMO and LUMO orbitals leads to a small transition
dipole for the 5; — S ransition, causing a slow radiative rate
of fluorescence, hence, excited state dynamics favour the 15C o
triplet states.™

For the molecule set under investigation, AEg- and S0OC
descriptors support the preference of ISC over fluorescence
emission. As reported in Fig. 7 and Table 511 (ESIT), TADF
emitters under investigation exhibit strong SOC values, thus
strong ISC to the triplet states. Moreover, Table S10 (ESIT)
reports that these emitters exhibit CT character 5, states, with
localized HOMO and LUMO orbitals, thus, they are expected to
have small transition dipole moments for the radiative decay
between S, and 5; states. Moreover, due to the very small energy
gaps between the relevant states, the A Exp deseriptor also favors
ISC over fluorescence emission.

Topological @5 index
The & index measures the degree of overlap between particle
and hole densities, and the smaller its value the larger the

m51-T1 WS-TE w5113 0 51-T4 W51-TS

E

E

L

LS EI IS ES f‘fﬁf

Fig. 7 Abmelule devistions of 5-T gaps Fam the expariment and the SO values computed at the MOE2UE-I1=Gla ) level of theary.
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charge separation in the excited states. Hence, the @ index can
be used as an indicator for TADF efficiencies. As represented in
Fig. B, going from TADF to non-TADF compounds, ¢ indices
definitely increase.

This sitation is also coherent with the decrease of ortho-
gonality and increase of AEge. The compounds with the smal-
lest twisting angles between donor and acceptor units, such as
Cz2BP, McODPDEPHZ, TPA-DCPP and AQ-DPA, or the non-
TADF pCBP and PhCz present higher & indices, because of the
highly delocalized o electrons, which result in hole and particle
density overlap and inereased LE character (Fig. 53, ESIT). On
the other hand, compounds with higher twisting angles and
lower A Esy values exhibit lower g indices, which indicates an
increased CT character.™”

As shown in Fig. B and 9, while most of the TADF com-
pounds havwe @: values for 5; smaller than 0.3, non-TADF
compounds have &g values dose to unity. Namely this is the
case for TADF active MeODP, Cz2BP, TPA-DCPP, AQ-DPA and
non-TADF pCEP, PhCz The latter also presents torsion angles

i

m5l ®ETL w=TZ T3 ET4 =TS

e

SIS

(.saf'fsf 4;"" (f &
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far from 907 and the hole and particle densities are delocalized
over the conjugated bridges (Fig. 83, ESH), thus justifving the
high ¢ values (sce Table 2],

On the contrary, for compounds which have orthogonal D-A
geometries, such as DMAC-TRZ, DMAC-DPS and ACQ-DMAC,
hole densities are distributed on the donor moicties while
particle densities are almost perfectly localized on the acceptor
ETOUPS.

In Fig. 9, ¢z indices for 8, T1, Tz, Ty, Ts and Ts states have
been reported. It is obvious that while 5, generally has a CT
character with small ¢; indices, triplet states have larger @
indices, thus indicating an increased LE character (see
Table 512 for the full list of natures, ESIT). Since the change
in the nature of the states is favorable to enhance S0C, this
feature should be considered as beneficial for TADF efficiency.
Moreover, when compared to Fig. 6, it has been observed that
energetically degenerate states such as T, and T, in AQ-DMAC
have remarkable differences in their @ indices, which leads o
differences in their S0C values with the 5, state. This situation
is a way of obtaining strong RISC between the singlet and
isoenergetic, mixed triplet states.

In summary, five main descriptors: tosion angle, nature of
states, Al Phi-5 index and S0C, were investigated for a series of
TADF emitters, including benchmark ealeulbations wie TDA approd-
mation. Here are the main findings from the benchmark study:

»* For the nature of states analyses, PEEQ, BILYP, M06-2X,
CAM-BALYP and «BO7XD functionals with the 6-31+G(d,p)
basis set were used. In our calculations, we observed the
deficiency of hybrid functionals for modeling CT emitters.
On the other hand, CAM-BILYP and oBY7XD were found o
represent LE singlet states, which is not consistent with the
structural properties of the TADF emitters. Our caloulatons on
the nature of excited states indicate that the M06-2X is the only
functional which well reproduces the nature of excited states
for the TADF emitters under investigation.

|
1
Ry

Fig. 9 Phi-5 indices of 5, T, T,. T, and T, dales computed al e MDEDUE-31Glip) level af theary.
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= To further check the degree of overlap between dectron
and hole orbitals, we reported @z indices computed at the
MO6-23/6-31+G{d,p), CAM-BILYP/6-31+G[dp) and wBY7XLY
6-31+G{d,p) levels of theory. Our findings indicate that the
MO6-23/6-31+G{d,p) level of theory provides the correct degree
of separation between dectron and hole orbitals.

» Based on the results from the nature of states analysis,
we further modelled the AFg. and SOC parameters with the
M&-2X functional and observed that it nicely reproduces the
experimental AFg: data obtained from the literature and it
represents reliable SOC values consistent with RISC processes.

Based on the findings from five descriptor analyses, we
theoretically proposed a comprehensive methodological appmach
for TADF design strategies. Moreover, 1z considering the effects of
five descriptors, we conclude that the SOC pammeter has a
determinative mle in TADF efficiency. Thus, the primary target
in designing and synthesizing new TADF emitters should be
optimizing the S0OC involved in the RISC process. Furthermaore,
we highlighted the role of intermediate triplet states on TADF
peformance, which should be taken into consideration when
maodelling the photophysical properties of TADF emitters.

Conclusion

Through a systematic study of a large panel of potential TADF
chromophores we have elucidated the reasons behind the
performance of the different descriptors, which may be used
to forecast RISC probability. Singlet/triplet gap, A Esy, is usually
associated with twisting angles and the presence of stong
electron donating and withdrawing groups. The results obtained
with MO6-2X are reliable and consistent with experimental data,
Additionally, we also observed a significant deviation in the
twisting angles of TADF molecules between ground and triplet
excited state equilibrium geometries.

The identification of AEg; values for the states presenting
the larger SOC, allows us to identify RIC accessible channels
and further supports the role of 50C as the most reliable
descriptor of TADF performance. Indeed, for most of the
studied cases, 30C is the determinant factor in determining
the probability of RISC. Furthermaore, as the electronic density
reorganization seems fundamental to assure TADF, @5 indices
have been explicitly considered. A good corrdation has been
observed with structural parameters, such as the twisting
angles, or electronic properties, including A values, also
coherently with previously reported trends. ™

Oscillator strength may also be regarded as highly important,
especally dictating hminescence efficiency and is strongly corre-
lated with the grometric propertics. Our results show that while
designing new TADF emitters with favourable properties such as
small Al values and strong SOC, the geometrical features of the
consttuents should be carefuly adjusted vanishing oscillator
strengths. Therefore, instead of perfect orthogonal geometries,
smaller torsions with moderate AEgy values, strong SOC and
strong oscillator strengths, will lead to more efficient TADF
devices. To sum up, our calculations successfully explain the
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TADF performance of a wide range of donor and acceptor
groups and their characteristic structural behavior, also high-
lighting useful and computationally efficient indicators.
‘We also further analyzed the possible RISC paths and showed
that RIC involving the highest excited triplet states may play an
important role in mediating RISC when leading to high SOC.
Henee, AEgy, oscdllator strength, and S0C descriptors should
be combined when performing computatonal screening and
rational molecular design.
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Photophysical Properties of Boron-Based Chromophores as
Effective Moieties in TADF Devices: A Computational

Study**

Pelin Ulukan,® Antenio Monari,®®*9 and Saron Catak*™

Thermally activated delayed fluorescence (TADF) materials hawve
shown great potential in the design of organic metalfree
optoelectronic devices and materials and, therfore, are the
subject of intense investigations. This contribution presents the
effects of various parameters on the photophysical properties
of a series of boron-based TADF emitters. These include tomsion
angle, the changes in the electronic density, energy gap
between the first excited singlet (5,) and the fist excited triplet
states (T,), oscillator strength (f) and spin-orbit coupling S00).
Through a comprehensive structural analysis, we first show the

Intreduction

Although organic light emitting dicdes (OLEDs) are some of the
most promising dewvices in displays and lighting technology,
they still suffer from important drawbadis. Indeed, the overall
device efficiency, which is fundamental in applications, is one of
the weakest points of OLED technology. Due to the intrinsic
limitations of spin-statistics, only 25% of the exdtons produced
by the applied eledric potential are generated as singlets while
the remaining 75% are in triplet states” However, while
arganic materials may usually be fluorescent their phosphor-
escence quanturn yield is generally low, resulting in the loss of
the majority of the excitons and in low electroluminescence™
Furthermore, OLED efficiency is also limited by other non-
radiative relaxation pathways of the singlet or triplet exdtons™

To cope with such phenormena and hence with the
challenges of electron-light corversion, other strategies, in
addition to the optimization of fluorescence quartum yield,
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mast favorable conformation of the ground state of donor (O
and acceptor (A) moieties that are popular in TADF emnitters.
Further, the properies of the excited state manifolds are
obtained with Tamm-Dancoff Approgimation (TOA) thus ration-
alizing their optical and photophysical properties. Globally, our
results settle the basis for the ratioralization of the effects of
different parameters on mevese intersystem crossing (RISC)
probabilities, which is the rate-limiting step for TADF, thus
favoring the rational design of novel highly efficient TADF
materials with strong triplet exciton harvesting.

hawve been proposed induding triplet-triplet annihilation
(TTA)® singlet fission (SF)'® phosphorescence emission, and
thermally activated delayed fluorescence (TADF) (see Figure 1).®
In TTA, one singlet excited state is originated from two low-
lying friplet states leading to the inceass of the extemnal
quantum efficdencies (EQE) compared to OLED materials.™ On
the other hand, in 5F, a molecule converts a singlet excited
state into two triplet states, with spin densities localized on
adjacent moieties, leading to a theoretical BOE of 200%, which
can be highly attractive for solar cell applications.™ Phosphor-
escence emission is achieved with the second generation OLED
devices, whose components include heavy metals, such as
irdiurm and platinum, characterized by a high efficient triplet
state radiative decay due to the increased spin-orbit coupling
BEO0™ Although, second generation emitters provide high
efficiency devices, they also suffer from the need to include rare
metals, which are plagued by undesirable ermironmental and
economic shortcomings. Thus, the development of alternative
approaches to harvest both singlet and triplet states is still
highly attractive.

In this respect, TADF materials have been recently proposed
since they are capable of exploiting triplet excited states. This is
achiewed wig reverse intersystern crossing (RISC) in which low-
lying triplets (T,) are converted back to the singlet manifald (5)).
TADFs are highly promising emitters in display technology and
thus, have become a hot research topic™ They are also eferred
to as ‘third generation” OLEDs and show important advantages
such as high efficiency,™ low fabrication costs, and wide
emission color range"" Furthermore, it has been shown that
TADF emitters may also be used as high-performance metal-
free photosensitizers (P5s) with remarkable photosensitizing
ability, induding in the domain of photodynamic therapy. As an
example, in 2019, mitochondriz-targeting manoparticles with
TADF ability have been successfully used against cancer cells.'™

© 3023 Wilay-$CH GmbH
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Figura 1. Photophysical processes obsernved in elsctronic excitations of optoelsctronic maberiaks.

From a photophysical point of view, in TADF materizls, the
population ratic between singlet and triplet states is langely
controlled by the competition between RISC  and
phosphorescence™ In particular, thermally activated RISC,
which drives the population accumulation in the triplet states,
should be maximized. Fortunately, tuning RISC efficiency should
also lead to the concomitant minimization of competitive non-
radiative decay. It is generzlly recognized that to attain an
efficient RISC the enengy gap between 5, and T, states (4E.)
should be sufficiently small to allow the population transfer
betwesn the two manifolds wiz thermal activation."® However,
the spin conversion between 5, and T, is also influencad by the
magnitude of the spinorbit coupling (S0C), which should be
high.

AE,; in TADF materials can be minimized by adopting a
donor (0 - acceptor (&) molecular design, where the highest
pooupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) are spatially separated, thus reducing
the exchange integral between 5, and T, states and consae-
quently closing the gap between the states '

On the other hand, as stated by El Sayed's rule, high 50C
necessitates a large variation in the electronic density of the
excited states, which can also be achiewed by n-orbital
participation.”"® Saveral studies aiming at simulating the spin-
forbidden non-radiative tranmsition between 5, and T, states
hawve been reported. It is generzlly known that heavy metals
such as Ir, Pt, and halogens hawe lange 50C due to their
relativistic effects, hence faworing (R)ISC. For pure ongamic
molecules 50C are much smaller, however they can be
increased when the triplet and singlet have a different
electronic (dizbatic) nature. Generally, large 50C are observed
betwesan a singlet state with "{na®) or 'x.x%) nature and a triplet
state with *z, %) or *[n, 7%} nature. On the contrary, transition
from '@xa®) to ‘®x% and from {n, =% to Yn, a%) are
unfavorable"” Many molecular modeling studies have been
devoted to the problem of 15C in organic materials. In 2012,
Marian summarized the theoratical principles and calculation
miethods of S0C.™ In 2017, Eredas discussed how AE,, and S0C
influsnce the RISC rate constants™ In 2016, Peng et al. defined
a parameter, n-orbital composition, describing the effects of
heteroatoms om S0C matrix elements and the states involved in
I5C and RISC"™ It should also be noted that in RISC, in
coherence with thermal activation, the rate constant depends
also on the Boltzmann constant (ky) and the temperature.

ChemPhofoChem 2023, a202300047 2 of 15)

As reported in literature, D-A structures are not the only
possible molecular ammangements for TADF materials, other
designs, such as, D-x-A, D-a-A-x-0 may be envisaged. In all
these cases HOMOs and LUMOs are spatially separated leading
to small AE,; gaps. high 50Cs and blue color emission. The
main aim of incorporating donor and acceptor groups is
enhancing charge-transfer (CTy character leading to high
efficiency emitters. The most commonly used donor moieties in
TADF emitters are dimethylacridine (DMAC), phenoxazine (PXZ),
carbarole [Cz), diphenylamine (DPA), spiroacridan, phenothia-
zine (FTZ) and dihydrophenazine. On the other hand, the most
frequently used acceptor groups inwvolve diphenyl sulfone
(DPS), benzophenone (BF), boron derivatives, cyano-substituted
aromatics, triazine and pyrimidine (s2e Figure J).

In the various molecular modeling works published to date,
TADF and RISC processes have been analyrad with the help of
various parametars. The most frequently used descriptors are
frontier molecular orbital (FMOy distnbutions, AEg, 50C, and
reorganization energy, . Moreover, parameters related to the
topological description of the changes in the elactronic density
in the ewcited states hawe also been proposed and their
correlation with RISC has been reported. In addition to thess
electronic based descriptors, there have been studies foousing

- o Yy S g B
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Figura 2. Widely used acceptor (bhee) and donor {red] moieties n TADF
literature,
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on the comelation between geometric parameters and the
evolution of the excited state ™ Furthermore, the probability of
radiative decay from 5, to 5; has also been taken into account
wvig the caloulation of the comesponding oscillator strength,
because a good OLED candidate should show good infrinsic
luminescance via eithar prompt or delayed fluorescanca. ™"

In a previous contribution, we further investigated the
effects of various descriptors to determine RISC efficiency and
concluded that 50C plays an important role in shaping RISC
pathways between triplet and singlet states™ We have also
investigated the behavior of different descriptors for benzophe-
none based TADF emitters and performed a functional bench-
miark study for the molacular sst under invastigation ™

In the present contribution, we assess the relationship
between maolecular structure and photophysical properties for a
range of boron-based TADF molecules (see Figure 3. Boron,
participates in a-conjugation vig its available p, orbital, and thus
enhances charge transport, and, therefore, represents an
attractive choica for optoelectronic materials. ™  In 2015, Adachi
and coworkers reported the first boron-based TADF emitters
consisting of 10H-phenoxaborin as acceptor and N-heterocyclic
donor groups™ In 2016, a new approach termed ‘multi-
resonance (MF) HOMO-LUMO separation’ has been proposed
by Hatakeyama and colleagues. MR is mainly observed in boron
emitters in which the atom in parg position with respect to
Boron is substituted with nitrogen, thus enhandng the
resonance effect and leading to remarkable HOMO and LUMO

Parn faskesd P linn 1 —ERe, Fioiedy ared tin Benoe diler in 10 Flenasboe y | Soepio: Mainty

Figura 2. TADF emitters investigated in this study.

ChemPhoinCham 2023, a20@000147 (@ of 15)

& 7003 Wilkay WCH Gmbé



196

Chemistry
Research Article Ii Eurnpe
ChemPhotwoChem doiorg 10.00% cpre 202300147 i il

spatial separation.”"***" Furthermore, it has also been observed
that MR-type blue TADF emitters hawve high device efficiandes,
arvd narmow emission bands with high color purity.™ High color
purity with wery namow emission bands s an important
property of MR-TADFs, however, this feature is also accompa-
nied by important drawbacks, such as. slower RISC rate
compared to other TADF emittars.™ One of the main strategies
which can be used to accelerate RISC rate is to provide a high
density of close lving 'CT states, which can be achieved through
peripheral substitution™ Alternatively the indusion of heawy
main group atoms swch as 5 or 5e to the molecular skeleton
can be considerad.™ Finally, the inclusion of heavy metals is a
suitzble strategy to increase 500C values and improve RISC rates
in MR-emitters, although this reduces the economic and
ecological sustainability of the davices ™

On the other hand, it has been reported that increasing the
malecular rigidity and suppressing large excited state structural
changes reprasents an efficient approach to achieve high color
purity.™" Therefore, design strategies focused on rigidity of the
scaffold have been implementad. As an altemative to fused x
systems, ortho-substituted D-A structures that suppresses
excited state structural changes can also be used to obtain
dewices with high color purity. Design strategies of boron based
TADF emitters are not limited to these systems and other
chromophores with various kinds of boron acceptors such as,
dimesitylboryl  (Mes;BL™"  9,10-dihydro-9,10-diboraanthracene
(DEAL™ phenoxaboryl,™ BMN-doped analogues.™ have been
propased.

Herein, we mainly focused on the effects of warious donors
and boron-based acceptors om the character of the most
relevant excited states. We also consider the relation between
thieir donor acceptor strength and the emission colors as well as
thieir influence in affecting RISC efficiencies. Moreover, we also
analyze the possible electronic excitation pathways to under-
stand the exact mechanism leading to the exdted state
relaxation while presenting a comprehensive comparison
betwesan the different emitting groups.

Computational Methodology

All the geometry optimizations were performed using Gaussian
16™ program package to model all the possible conformers of
boron-based TADF emitters. Ground state geometries wers
optimized with Density Functional Theory (DFT) calculations;
the corresponding 5, and T, equilibium geometries hawe baen
obtained at TDA level (see Tables 51-537 for torsion angles and
relative energies of different conformers). For geometry opti-
mizations, & series of benchmark calculations with TPSSH™/
6-31+Gidp).,  wBITED™VEe-31 +Gidp)  and  MOS-2NHY
£-31+ Gjd.p) levels of theory were used and meta-hybrid M&-
¥ functional was chosen [see Table 538). This choice is also
justified since it is well known that this functional performs well
in reproducing electronic energies, and equilibrium geomeatries
of compounds bearing aromatic maoieties™ To increase the
accuracy, 6311+ +G{3df3pd)™ basis set was used, in all
calculations, for sulfur atom.

ChemPhoioChem 2023, a02300147 (4 of 15)

For selected model compounds, the energy order of the
different conformers was checked using a series of single point
calculations with B3LYP™ and TPSSh™ on top of MOD&-2X
optimized geometries confirming that the lowest energy con-
former does not depend on the dhoice of the fundionals (see
Table 539).

Following the assessment of the structural parameters, a
comprehensive benchmark study on the escited state proper-
ties has been conducted wsing Tamm Damcoff Approximation
(TOA) with LC-wPEE™ MO6-2¥, CAM-BILYP*® and aB37XD
functionals (Figure 58). Excited state energies and oscillator
strengths are the two main parameters used to judge the
properties of the functionals; we observed that except for LC-
wPBE, the other three functionals behave similarly in both
oscillator strength and excited state energies. In our previous
study, which has been mainly focused on the effects of
functionals on descriptor analyses, we investigated the perform-
ance of MOD&-2X, CAM-BILYP and wBITED functionals in detail
and we observed that the nature of excited state caloulations
with MO&-2X and wB%7XD functionals yield more reliable results
compared to the CAM-BALYP functional™ Figure 59 reports
ghsolute deviations from expermental data and it is ohserved
that except for some gutliers such as; Spiroacridan-Phenoxabor-
wi-TIPP, DACMES,B, NOBF2-Lz* and NOBFZDPCZ™ calcula-
tions with MD6-2X/6-31 +Gid.p) gave deviations smaller than
0,05 eV. Moreover, absolute deviations from calculations with
wBITEDVE-31 +Gid,p) also yvielded small values, howewver, it has
been observed that @BY7¥D could not reproduce some of the
miast remarkable molecules such as PEZMESE, 10H-Phenox-
aboryl-Phenyl-DMAC, DACMES.E. 2DACMES,B, E-2PTZ and B-
2DMAC. Owerall, both MODG-2X and wBY7XD are good perform-
ing functionals for energy gap cakulations, however, compared
to @BYTXED, calculations with MD6-2X have smaller number of
outliers. Furthermore, the effects of the basis were assessed
taking into account 6-31G[d,™ 6-31Gd,p),™ &21+ Gid),™ and
£-31 +Gid,p)"" sets. It was dearly observed that increasing the
basis set does not induce any significant change on the exdted
state energies and the comesponding osdllator strengths (see
Figure 58). The choice of TDW over Time-Dependent OFT (TD-
OFT) is due to its better performance in describing both singliet
and triplet excited states, since it is not plagued with ftriplet
instability issues™ The effects of conformational variability on
the excited state properties was also checked concluding that
when the change in equilibrium geometries do not imvolve the
angles close to the donor moieties, their effect on excted state
energies is negligible (see Table 540). Moreover, it has also baen
observed that ground state conformational chanmges do not
ocour in the donor moieties [see Tables 51, 54, 57, 510, and
513y, and instead involve the acceptor fragments.

Al caloulations were performed taking into account solvent
effects, in accordance with experiments, by using the polar-
izable continuum model in the integral equation formalism (IEF-
F‘EM;._""

The absorption spectra have been computed by generating
40 conformers through a Wigner distribution™ based on the
calculation of the harmonic vibrational frequencies as imple-
mented in the Mewton-X™' software package. The final
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spectrum is obtained by the conwolution of all the vertical
transitions and the comesponding oscillator strengths. Absorp-
tion spectra wers modeled using EILYP, BLYP™® PgEQ=>=
MO&-2X and @B XD functionals and &-31+ G{d,p) basis set. To
reproduce the band shape the wertical transitions from each
snapshot were convoluted using Gaussian functions of full-
width at half-length (FWHL) of 0.15 &V.

The nature of ewcited states was assessed using Matural
Transition Orbitals (NTOs) and £, indices, defining the overlap
betwesn the attachment and the detachment densities that is,
the electron density removed/rearranged during the exdtation.
MNTOs and %, wera obtained with the Nancy_EX code™ and
visualized with the Awogadro™ software package. Cthar
parameters describing the degree of overlap betwesn HOMO
and LUMD orbitals, such as D-index, S-index and t-index were
computed using the Multiwfn™ software package.

S0C elements between 5, and T, states involwed in RISC
mechanism were caloulated with Amsterdam Density Functional
Code (ADF),™™ at the MOS-2XDZF™ level of theory. Since Pople
basis sets are not available in ADF, the Slater type DZP was
chosen.

Results and Discussion

We report the behavior of a series of D-m-A type TADF emitters
bearing boron-containing acceptor moieties and different
donor groups such as PEZ, PTZ DMAC Spiroacridan, Cz
Diphenylamino carbazole (DAC) and  bis{diphenylaming)
carbazole (2DAC) which are introduced to the para- (1-9, 18-25
in Figure 3) or ortho- {(10-17 in Figure 3) position relative to the
acceptor groups. Four important and widely used acceptors,
namely Dimesitylboryl (Mes,B), 10H-Phenoxaboryl, Difloroboron
(-BF). and 5.9-dioxa-13b-boranaphtho{3.2,1-delanthracens
(OBA) are selacted to understand their effects on the electronic
properties. Indeed, Mes;E unit has strong electron accepting
ability coupled with p-x® conjugation and is one of the most
popular acceptor groups in TADF literature® 10H-Phenaxabor-
vl is important due to its rigid structure, which is highly efficent
in assuring orthogonal arrangements, hence favoring small
singlet-triplet gaps™ On the other hand, the -BF, unit, thanks
to its strong electron withdrawing capability provides low

LUMO levels leading to an increase in intramolecular charge-
transfer (ICT) character™' Tha last acceptor unit OBA is usually
described as providing large torsion angle making it an efficient
acceptor group in blue emitting TADF materials ™

Torslon angle analyses

A comprehensive conformational analysis was firstly performed
to investigate the geometrical features of TADF moleculas. As
reported in literature, orthogonality, which results in decreased
Blectron-Hole overap and small AE;, values is ane of the key
features for TADF performance™ Table 1 reports the torsion
angles between donor groups and phenyl linkers in the boron-
based TADF emitters (see also the schematic reprasentation in
Tablde 1).

As shown in Table 1, dimethylacridine and spiroacridan
stand out with their perfectly orthogonal geometry (com-
pounds 4-7), followed by phenoxazine and phenothiazine with
torsion angle dose to 807, On the other hand, carbazole, which
is known for its poor TADF activity has & torsion angle of ~507
(para position) most probably since its five-membered central
rineg has smaller steric hindrance compared to the other donors
presenting six-membered rngs. This fact is also partially
justified by the observation that replacing the substituent to
the ortho position increases orthogonality and leads to an
acceptable torsion of about 75" as shown for Cz-o-B (10, Cz-
Ph-o-B (11, Cz-Pyridine-oB (12, Cz-Pyrimidine-oB (13
and Cz-CH-0-B [14).% In light of thess results, it can be stressed
that changing the location of carbazole from para to ortho
position appears as an effective strategy to increase steric
hindrance and induce orthogonality, thus, decreasing AE.,. In
other carbazole containing donor moieties, namely DAC and
20ALC, it was observed that the addition of phenyl rings on
carbazole does not change steric hindrance, keaping the torsion
angles close to 507 Thus, while DMAC, PXZ Spiroacridan, and
PTZ donors have favorable crthogonal geometrical amange-
ments, carbazole geometry may be tuned by changing its
regicisomery and increasing its steric hindrance.

The torsion angles of the acceptor moieties were also
studied to infer the degree of separation between =-linkers and
aoceptor maoieties, and hence the possible disruption of

Tabla 1. Optimized tomsion angles of the donar units modeled in this study and the representation of torsion angle in model MOBF-DMATS emitter.
Dornor Moiety Tarsion Angle

(D - = linker
Pheroxazine (PXT) -8
Carbarole {Cx} - in para position =50 |‘=>L
Carbamole (2] - in ortha pasition 75 - : .
Dimetyhlacridine ([OMAD) -0 ,5' ;

Ty, Ty e

Spiroacridan -0 |_ -"'J"an \‘-]
Diphenylasming carbazole (DAC) 5D 1.1
Bis|Dipherylamino crbazole] (0N 5] T,.]
Pherathizzine (PTE) ~B0
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conjugation leads to the separation of electron and hola
orbitals.

As reported in Tables 51, 54, 57, 510 and 513, the acceptor
groups discussed in this study hawve a torsion angle of ~507 and
thus their effect on TADF efficiency seems more limited. This
structural feature further suggests that the modifications in
donor moiety should lead to a greater chamge in ICT. This
assumption will be examined in more detail in the following
sactions.

To assess the excited state properties of the emitters we
glso optimized 5, and T, geometries and in particular we
evidenced the appearance of ‘Excited S5tate Twisting” as
pictorially represented in Figure 4 [See also Table 52, 53, 55, 56,
58, 59, 511, 512, 514, 515). Indeed, the orthogonality between
donor and acceptor moieties decreases in the case of the
lowest triplet states. The twisted geometry partially reinstate
conjugation and will favor more local excited states.

Moregver, the optimized structures reported in Figure 5
show that the ortho substituted TADF emitters exhibit intra-
maolecular m-x interactions betwesn the carbazole unit and the
mesityl group of acceptor moiety, the two interacting wnit
being at abowt 3.43-355 A distance. Within the whole sat,
intramolecular a-7 interactions were observed only in emitters
where VA groups are in dose proximity and showing face-to-
face arangement.

Similarly, this kind of intramolecular interaction is expected
to induce an increased rigidity wig the suppression of rotation

<,
b -
[ =

Figura 4. Excited state twisting observed in T) geometries
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around C—C bond between the central phenyl group and donor
moiety or the mesityl group of the acceptor. This feature is
expected to affect mot only the TADF descriptors reported in
our study such as Electron/Hole separation and AE.,, but also
the photoluminescence quantum yield (PLOY) of these kinds of
emitters, reducing occurrence of competitive non-radiative
decays.™" Thus, ortho- substitution can lead to favorable device
properties, such as, high PLOY and faster RISC which can be
observed wvig the smaller Electron/Hole overlap and AE;, values.
Mareower, 50C for these kind of emitters are larger than for the
parg- substituted ones, such as CzPh-MasB. The larger S0C
values of ortho- substituted emitters can be attributed to the
hybridization of charge transfer and local ewxcitation states,
which is a behavior observed in molecules exhibiting intra-
miolecular a-% interactions between cofacially packed donor and
aCceptor moiaties ™

Energy splitting between 5, and T, states (AE;)

Although, usually TADF compounds should have AE; values
smaller thanm 0.1 &V, some TADF emitters with singlet-triplet
energy splitting larger tham this threshold have been
reportad™ For the set of molecules wnder investigation, the
energy gaps between 5, and the first five triplet states hawve
been computed at MO&2E%6-31+ Gidp) and oBI7HDMAGE-31+
Gid.p) levels of theory (see Table2? and Table 542). The
calculated energy gaps were compared with experimental data
and, as reported in Table 2, we found that the experimental
energy gaps inwoled in RISC are, globally, well reproduced
when considering the gaps between 5, and the dosest triplet
states. It should also be underined that some energy gaps
represented in Table 2 have negative signs, which indicate that
the relevant triplet state is higher than the 5, state. This
includes different kind of compounds such as PXZMESBE, 10H-
Phenoxaboryl-Phermyd-DMAC  Z20DACMES.B, Cz-Pyridine-o-B, Cz-
Pyrimidine-o-8, Cz-CM-o-B, B-2PXZ, B-2DMAC, MOBFZ-DTCz™
MOBF2-DMAC, 0BA-O, OBA-S, OBA-Br-0, OBA-Br-5. Thus, possi-
bl reverse intemal conversion R{IC) pathways between T, and
T, levels™ cannot be excludad for these compounds.

In addition to ISCRISC analyses based on AE., wvalues, we
also examined the relation between torsion angles and the AE.,
values. As we discussed previously, the analyses of torsion

Figura &. Distarices (Angstrom|) between the osntroads of aromatic rngs compated at MOE-Z0E-31 4 Gid.pl level of theary.
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angles show that PEZ DMALC, Spircacridan and PTZ moieties
lead to orthogonal structures. On the other hand, Cz based
emitters hawve ~50" torsion angles which are far from orthogon-
ality. In light of this structural analysis, AE;, walues of PXZ
DAL, Spiroacridan and FTZ containing emitters are expected
to be smaller than the Cz containing emitters.

As shown in Table 2, the cloulated AE,; values sufficiently
reproduces the expected comelation. For instance, while PXZ-
Ph-Mas.B, DMAC-Ph-Mes B and Spiroacridan-Phenoxabory-TIPP
have AEs smaller than 0.1 eV; Cz-Ph-Mes2B, Cr-o-B and NOEF2-
Cz emitters hawe AE.; larger than 0.1 eV,

Singlet triplet alignment

Az represented in Figure &, the lablonski diagrams obtained at
G5, 5, and T, equilibrium geometries show different trends in
both the energy and the nature of the inwolved states. In
particular, large differences in the state alignment depending
on the equilibium geometry are present. This in tum limits
considerably the possibility to rationalize TADF from consider-
ations drawn at Frande-Condon, without considering the
excited state relaxation. Indeed, for the compounds represented

ChemPhoioChem 2023, a023000147 (7 of 15)

in Figure &, at Franck-Condon geometry, 5, is in dose proximity
to @ manifold of mplet states, which could possibly lead to
thermally activated I5C towards different states. However, this
quasi-degeneracy in the triplet manifold is lifted at both 5, and
T, equilibrium geometry, where only the lowest friplet state
remains accessible. Furthermore, we also observed that the
natures of 5, and T, states depends on the geometry.

Indead, at the 5, equilibrium geometry both states hawve CT
character, which in turn should lead to small 50C and low 15C
probability. Conversely, at T, eguilibrium geometries the two
states are respectively local and charge-transfer, hence the S0C
increases, favoring RISC, despite the slight increase of the
EnErgy gap.

Mature of states

I our previous studies, we have stressed the importance of
Matural Transition Crbitals (NTOs) in analyzing the changes of
the electronic density in the 5, and T, states™ Herain, we
characterize such changes with different parameters such as:
the density based descriptor D-index, which is the distance
between electron and hole centroids, the 5 indax, defining the

& 2023 Wilkay-¥CH Gmbk

ﬁ Chemistry

Resoarch Article Europe

ChemPhotwoChem doi.org/ 10002/ cpte 202300147 S,
Tabla 2. Energy splitting (in V) between 5 and first fire trplet levels computed at MOE20%E-31 4 Gidpl level of theory.
Compounds AES-Ty) AES;-T) AE(5,-T;) AE(5-Ty) AE(5,-Tg) Experiment Ref.
PUIMESA (1) 0231 Qiss 0156 Qo0& 0063 0008 EE]|
PUZ-Fh-Mes B (3] 0.030 0006 0,059 Q116 0351 0033 7]
Cz-Phriies B (3) 0.463 a3 0.248 T 0085 0460 7]
DMAC-Ph-iees B 1) 0010 047 0103 01se 0242 0041 7]
10H-Phencoaborg-PhenyHDMAC (5] 0341 00&s 0.005 0062 0113 03 77
DMAC-Phencaabaonyl-TIPP (6] 0014 ([P 0220 0358 0573 006D [25]
Spiroacridan-P henoxzboryt TIPP () 0533 0476 0.D65 0137 0350 ool [25]
DACMES B (5) 0.413 0348 0212 0456 0543 ooe 133
2DACMES:E (=) 0.476 0304 0173 al44 0.058 007 133
CrocB (10 0.240 alzr 0.056 Q106 0,133 050 166]
Cz-Phc-B (1) 0.234 Q056 noz7 Q055 0141 DD 166]
Cz-Pyridine—o8 {12 0215 Q053 0007 Q085 0.165 0130 1E6]
Cz-Pyrimidire-o-8 (13} s Q036 0.020 Q146 0209 QuEn 1E6]
o B (14 0156 L.005 0.0a7 an 0242 050 1E6]
B-2PTZ (15) 0,180 Q166 0059 Qo 0049 o3 73
B-2FXZ (16 uDa3 ao 0109 Q139 0.161 039 73
B-ZOMAL (17) 0367 0066 om 0134 0.188 003n 73
NOBF2-Cz (18 0EM 0433 0.044 0006 0051 0200 g
NOBF2-DPC: (19) 0.361 a1&s VEE) 0368 0429 0u0ED g
NOBF2-DTCz (200 D664 0416 0.335 0376 0.167 0230 g
NOBF2-DRAC 21) 0.583 039z 0.329 0200 0.0E7 0200 g
DBA-D (21 D.606 0386 0.075 0oz 0amn 0050 ]|
DBA-5 (23] D.606 0418 0.078 0oz 0.061 0050 ]|
OBA-Br-0 (24) 0,508 a3z 0.052 0034 0059 0040 ]|
OBA-Br-5 (35) 0,508 03s7 0.054 0036 0am oo ]|
*Enengy differences represented as bold hawve the smallest absclute devations from experiment.
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Figura 6. labloreki disgrame for G5 (5, 5, and T, geometries of PXZ-Ph-Mes B and DMAC-Ph-Mes, B computed 2t MOE-2X06-31 4 Gld p) lewel of theory. Blue,

gre=n and red lines comespond to LE, LE & CT mied and CT stabes respectively.

overlap betwesn electrons and holes, the t-index, which
measures the degree of separation betwean frontier maolecular
orbitals, and finally, the %, index which can be defined as the
overlap between attachment (electron) and detachment (hole)
densitias, ™

The most important structural reonganizations are observed
for the T, states and owr calculations predict that the
comesponding planarization is enhancing the LE nature of the
state. This effect can also be witnessed by the change in the
topological descriptors computed at T, or Franck-Condon
geometries, suggesting a differant diabatic nature for this state.
Az showm in Table 3, the nature of 5, and T, states are different
at 5, and T, eqguilibrium geometries. The reason behind this
behavior may be traced to the large structural reorganization,
which is observed upon excitation. As we stated previously, the
decrease in orthogonality, which is observed in T, state
geometries, leads to higher LE character. Due to the time-scales
of TADF-involved processes, the systems have enough time to
equilibrate along the T, potential energy surface. Thus, since wea
are mostly interested in RISC starting from T, state, we mainly
focused on the descriptors obtained from the optimized T,
geometries. As can be sean from Table 4, the D indices of the T,
states are systematically smaller than the corresponding indices
for the 5, states, again pointing to a larger LE character of the
former. Morsower, we observe that the D indices of 5 are
generzlly larger than 2 A clearly identifying these states as
charge-transfar. Howewver, D indices of the 5, states for the OBA-
5 and OBA-Er-S, are found to be smaller than 1 A, which can
indicate that LE character is here dominant. The same behavior
is also confimmed by the other complementary descriptors
including #.. However, a sharp separation between LE (close to
1.0y and CT (cdose to 0.0 valua is observed for this descriptor
while smoother transitions were observed for the Dindex. Thus,

ChemPhofoCham 2023, a207300047 (8 of 15)

&, index appears, at beast to this respect, a5 a more reliable
indicator for precisaly assigning the natures of these states.

Indead, as shown in Table 4, for the 5, state 2., espedially
for P¥Z and DMAC containing molecules, is mosthy around 0.5
indicating mixed CT-LE character, while Cz-containing mole-
cules exhibit dominant LE character with high £, values around
0.7. On the other hand, €. for the T, state are generally found
to lie dose to 08, indicating dominant LE natures. To have a
degper understanding of the interplay bebwesn structural
effects and changes in the electronic density, €. has also been
computed at the ground state geometries and as reported in
Table 547, these values are found to be smaller than those at
the T, geometries, which is again coherent with the observed
excited state twisting.

Table 5 summarizes the main geometry changes cbserved
in the excited states of DMAC-Ph-Mes B, Cz-0-B, NOBF2-DMAC
and OBA-5 together with the HOMO and LUMO orbitals
computed at 5, and T, geometries. The main geometrical
changes involve the degree of orthogonality, or in some
compounds such as OBA-5, the plananzation of donor moieties.
It is clear that the decreased orthogonality in T, states leads to
an increased LE character in FMO. Basides this, FMO analysis of
OBA-5 compound shows that the donor groups, which are
folded in the ground state, can stay planar in the excited state.

Az reported in Table 549 and Table 550, unlike previous
groups with CT/5, and LET, states, OBA- and NOBF2- groups
exhibit LE character in both singlet and triplet states. However,
these compounds may still be characterized by small singlet
triplet enengy gap and large S0, thus leading to efficient RISC.
Moreover, as reported in Figure 7 and Table 560, our caloula-
tions show that in addition to T, other higher triplet states,
whase population could be thermally allowed, lay below 5.
Hence, a competition between RISC-assisted TADF (inwolving

& 7033 Wilay 5CH Gmbé



201

ﬁ Cliemistry
Resoarch Article Eurvpe
ChemPhotoChem doiorg 10002 cpre 202300147 Frhiny o

Tabla 3. Natures of 5; and T) states computed from 5y and Ty geometries at MOGZUE-31 4 Gidp) level of theory.

Compounds 5y Geometny T, Geometry Tomsion Angle Between [V and A Groups or DV and £ Brdges

5 T 5 T S Geometry Ty Geometry

PUEMES A (1) T LE LE&CT LE4+CT 10101 6453

PAE-Ph-Mes ;B (2] T LE+CT LE& T LE4+CT 10176 6234

Co-Ph-Mes B () CT4LE LE LE4CT LE4CT crad 4245

DMGAC-PH-less B () T T LE&CT LE4+CT 50,41 GIED

10H-Phencua boryl-PhenyHOMAC (&) T LE o LE4+CT 50,64 GAES

DMAL-Phencoabonyl-TIPP () T T o [a} 8830 5357

Spiraacridan-Pheraxabongd- TIPF (7) T LE o T B2.5S GA1E

CACMES:B (5 LE+ CT LE+CT LE4+LCT LE4+CT 53.76 43E8

IDRCMES;E &3 T LE4+CT LEL&+CT LE4+CT 5143 4250

CeoB (10 LE+ CT LE LE&CT LE4+CT 75.25 4200

C-Pheo-B (T7) (=) LE LE+CT LE+CT 150 4758

Cx-Pyridine-o-B {12) T LE LE4CT LE+CT mm 4784

Cx-Pyrimidine-o-8 (13) T LE LE&CT LE4+CT 75.75 7756

- No-B(14) T LE4+CT LE4CT LE4CT 7830 LOEZ

B-ZPTZ (15) T LE o LE4+CT 10226 B1.05

B-ZFXZ (16) T LE+CT o T 101,69 EZ3E

B-ZDMAC (17) T LE o LE4CT 11.88 B04E

NOBFZ-Cz (18) LE+ CT LE+CT LE&CT LE4+CT 5230 E04E

NOBFZ-0PCz (191 LE+ CT LE+CT o LE4+CT 51.78 4308

NOBF2-DTCz (200 LE4+CT LE LE4CT LE4+CT S0.07 4245

NOBFZ-DMAL [21) LE+ CT LE LE&CT LE4+CT B9.62 GEGE

0BAD (IH LE LE LE+CT LE T8.40 1MZE

DBA-5 (23] LE LE LE LE 10113 ey

D8A-Br-0 (24) LE LE o LE FEir Tioq

OBA-Br-5 [35) LE LE LE LE mIe 9156

i WELPL] mSRED ETIFC) o TEHRD @THFD mTHRD  THRG
458

8

5.50
i 08
158
E Lo
1.5
Lo
B68
]

L

Figura 7. Energies of 54, 53 ard first five triplet states computed at MOG34 Gid.p) bevel of theory. FC nefers to the Franck Condon, Le. the ground state
equilibrium geometry.

higher laying triplet states) and direct RISC from T, to 5 can be  T; states has been considered and dose triplet states were

expected. To check, more generally the involverment of higher  analyzed.

triplet states in our set, the energy differences between T, and In Figure 7 we report the energy of the first two singlet and
five triplet states, and we observe that generally, compounds
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Table 4. [ 5m, t indices and @ vabues for 5; and Ty states computed at MO6206-31 4 Gidp) level of theary at T; geometry.

5, State T, State

Compounds D [Argstrom}  Splaw)  tlangstrom) O Diangstroem)  Syfaw]  tlengstrom) O
PCEMES B [T} L7506 D00 i 0.E3L 58T 0237 1344 DEAS
PZ-Ph-Mex,B (2] LI&T 0or2 3781 0563 471 0.136 2579 DEST
Cr-Phr e, B (3] 313r 0278 Q151 (Fhrd | 1935 0280 QBEET DB4G
DMAC-Ph-Me< B 4] 4584 omaz2 2636 .08 1602 0244 1Lin oIre
10H-Phencuaborg-Phenyt-DMAC (5] E1831 0104 21653 0478 JEE] 0267 o DUEST
Dt C-Phencaabornyt-TIPP (6] 4834 00E3 21573 0419 4366 013z 2332 D623
Spiroacridan-Pheraxzbond-TIPP (7 4 7SR o.aas 2744 0500 g 0208 1542 DEST
DACMESH (&) G138 0.1zg 3435 0.EE1 AETG 0223 1569 (]
2DACMESE & L&l 0.168 21763 0.565 419 0247 1155 0.735
CeoB (10 2477 oz7 il wi] 0LEDR 1668 02BE il 0AE
Ce-Phec-B (11) 2546 0Zz5 QEAD 061G 1ExE 0316 0404 oire
Ce-Pyridine—o-B {12) k] 0212 L] 0629 1541 0314 Q280 0.763
Cr-Pyrimidire-c-8 (13} ] 0.100 1858 0.4B0 247 0s DUEEL 0484
Cr-Oo-E(14) 3004 0169 1211 0555 2330 0272 Q407 DGEE
B-2PTZ {15) LIG Dozs 3587 0336 T 020 1565 DELT
B-IFNT (16 3584 0048 2000 0242 ] 0081 1519 037
B-ZOMALC (17 4507 0o 3378 0.308 2709 0=09 0Fes 0353
NOBF-C= (18) 4803 0214 1819 Nz 2LE0 0zB7 Q5= B3
NOBF-DPC (19 4 B56 05 1703 DEST 2597 0269 03z 0B3T
NOBF2-DTC (20) E414 0.are 2487 05 3058 0353 el ] 0.B35
NOBF-DMALC (27) Lom DOTE 31743 0450 EILG 073 2442 DEGD
OBA-D (27) EA5E 0304 1.585% 0.738 GALE 0204 1589 B4
OBA-S (23) 0535 0414 1.067 076 DE2E 0414 1.0ar 0.B01
OBA-Br-0 (24) 7151 oA 4357 0638 il =] 0441 1606 0.E23
OBA-Br-5 [35) 0584 0412 1.056 a3 0E19 0401 1087 0755

Tabla 5. Gﬂm‘r:lfl:lel.—ii:ru'-ﬂﬁt:dmrﬂmdﬂril.ﬁ:umplndlip.dhmisim-ﬂ+ﬂﬂpihd:fﬂm.
DMAC-Ph-Mes; B NOBF:-DMAC

— Fg A Sy s
= %;ﬂ =R e
= ] f%;;u R &

Sy Geometry

ol
FMO H-.u.% *’Vun

Ti
Geomelry
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with dimestiylboryl acceptor moiety and PXZ, DMAC donor
groups, (PXZMESB™ PXZ-Ph-MesB™ DMACPh-MesB ™
DACMES:E,™ B-2PXZ and B-2DMAC™), have doser T, and T
Since T, lewels are very close to 5, and T, a possible RISC from
T, to 5, can be envisaged. To analyze the effects of these close
hring T, states, their nature has been determined [see Table 549
anvd S0C between T, and 5, states hawe been obtained (see
Table 551). As shown in Table 549-550, T; presents an increased
LE character compared to T,, which further supports the
contribution of mixed triplet states to RISC Furthermore, inall
the cases reported in Figure 7 the low energy triplet states are
found below 5,. Therefore, RISC from multiple triplet states may
represent a possible deactivation pathway affecting the excited
state dymamics and life-times.

Spin-orbit coupling (500C)

50C which amses from the one-electron Dirac equation is
responsible for mixing orbital and spin degress of freedom, and
thus allows the coupling of electronic states of different
multiplicities™ As reported in literature™ ™ reducing AE.,
should be accompanied by the optimization of S0C which in
organic TADF malecules is challenging.

As reported in Table 551, for compounds 1, 2, 3, 4, 6 and 7,
the 50C values between 5T, are larger than the ones bebtweaen
5%-T,. Moreover, 50C from upper triplet states are generally
lower than the 50C's between 5,-T,, which suggests that the
upper triplet states may undergo internal conversion to T, and
T, followed by RISC through T,— 5, and T.— 5, channels.

The role of higher triplet states, in providing a2 potential
pathway for RISC, has been extensively discussed in the
previous studies. As reported in the lterature, this has been

CE-Ph-Med B - G5 Giasilry

-Ph-Mes b -3, desmatry

observed in anthracene dervatives, organic dyes, and excited
state intramolecular proton transfer (ESIPT) materiak”™ For
anthracene, as reported by Kobayashi et al, RISC from T: to 5,
state can be observed when the T, states further excited to
higher triplet states.”™ On the other hand, the origin of RISC
from upper triplet states can also be attributed to the large
T,-T, energy gap or the presence of heavy atom substitutions.
It has been obserwed that the RISC from high-fying triplet
exciton (hot exdton process) is an effective way of increasing
device efficiencies and is mainly controlled by the energy level
glignment of the excited statas ™™

Figura 8 represents the Jablonski diagrams of compounds
Cz-Ph-MesB and Czo-B computed at MODS-2X%6-31+Gidp
lewel of theory. Due to the lack of orthogonality between the
donor and x-bridge, Cz-Ph-Mes B was found to have large
owerlap in electron and hole orbitals which lead to high AEs
value [AE,,=10.463 V). In the case of ortho- substituted Cz-o0-B
emitter with the same donor and acceptor moieties but
different isomerism, a larger separation between 5, and T,
states, and larger S0C (03008 cm™") between 5, and T, states
are observed. This result is attributed to the change in the
nature of 5, states in more sterically hindered ortho Cz-o-B.
Indeed, this regioisomerny causes a mined CT+ LE character with
the increase in torsion angle with @ bridge [~757), which leads
to an increase in 50C value with both T, and T, states. Owerall,
though larger 50C wvalues are obtained between states of
different character, these values are still very small, which is a
kmown consequence of charge transfer contribution in TADF
emitters "™

Mainly, based on the magnitude of 50C we tried to
compare our theoretical data to expenmental external quantum
efficiencies [see Table 561). Yet, this underlies that the com-
puted S50Cs are suffident to fully reproduce the experimental

Ea-Ph e - T, Buometry
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Figura B. Energy bevel diagrams for G5, 5; and T, geometries of Cz-Ph-ies B and Cr-0-8 emitters computed at MOS 20631 4 Gidp) level of theary.
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results. Yet, care should be taken when analyzing the exper-
imental efficiencies, since the conditions of the preparation of
the device may be important in dictating the owerall perform-
ance. Yet, even if the selected molecules have been studied
under different conditions some waluzble tendendes can be
extracted. Indeed, compounds with S0C above 0.4 cm™' wsually
exhibit efficiencies between 14.0% and 23.0%. Conversely, S0C
below the 04 cm™" threshold comrelates with efficiency lower
than 140%, with two exceptions which are DACMes,B,
IDACMesB and, PXZ-Mes,B, whose efficiency is high despite
the small 50C. However, the high efficiencies of these emitters
can be attributed to their extremealy small AE., less 004 eV,
which can thus favor RISC from an energetical point of view.

Donor-acceptor strengths

Herein, we fooused our attention on bwo important points, the
desired geometries of selected donor and acceptor moieties,
and the relative stremgths of these units. As reported in
literature, one of the crudal strategies in designing high
efficiency TADF molecules is achieving a structure with spatially
separated HOMO and LUMO orbitals and using strong donor
and acceptor moieties is a way of having localized and
separated frontier molecular orbitzls. The spatial separation
betwesn HOMOD and LUMO orbitals decreases the energy gap
between 5, and T, states, which leads to enhanced RISC
processes.” This implies that as the strength of donating and
accepting moieties increases, leading to more effective x
electron transfer in conjugated systems, the HOMO-LUMO gaps

{Eg decreases™ ™ Thus, reducing AE;, is achieved by using
strong donor and acceptor units™* Furthermore, the elactron
donating and accepting ability of D and A groups do not only
affect AE., but they also have an important role in tuning the
emission color of TADF emitters.™ The experimental emission
wavelengths are reported in 5l showing that the molecules
covers efficiently the blue and green portion of the electro-
magnetic spectrum.

In our mokecular set, we benefited from the eslectron
aocepting ability of the boron atom and we have analyzed its
effect on LUMO orbitals. In general, acceptor moieties affect
LUMD orbitals by reducing their energies and for boron-based
emitters this behavior is globally reproduced. However, we
obsenved that for NOBF2- based compounds, the boron atoms
do not contribute to the LUMO orbitals, differently from other
molecules  (Tables 552-557). Indesd, while for WOBFZ-Cz,
NOBF2-DTCz, MOBF2ZDPCz and MOBFZ-DMAC boron has
T061%, 1.279%, 1.274% and 1.084% contribution to the
LUMO, respectively, in Cz-Ph-Mes B, and DMAC-Ph-Mes.B boron
achieves 25.431% and 26.150% contributions. This behavior
indicates that the electron accepting ability of NOBF2- moiety is
mainly controlled by the nitrogen atom in NOBF2- wnit and the
carbon atom in pyridine ring. On the other hand, in Cz-Ph-
Mes B and DMAC-Ph-Mes,B emitters with dimesitylboryl accept-
or moiety, boron has a more pronounced effect on the LUMO.

It is known that as HOMO energy increases, electron
donating ability increases, and as LUMO energy decreases,
electron accepting ability increases, hence tuning the HOMO-
LUMD gap. In Figure 9, HOMO-LUMO energies and oE,; values
computed at MD&-2X/'6-31+0Gid.p) level of theory were re-
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Figura 9. HOMO and LUMO =nergies of first nine compounds and frontier maleoular orbital distributions computed at MOS-Z0E-31 4 Gidp) level of theary.
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ported. We may observe that the donor strength order is as:
IDAC = DAC = PRI = DMAC = Spiroacridan = Cz  (HOMO  ener-
gies of melated compounds are; —E0765 eV, —&.1308eV,
—6.3349 2V, —64135eV, —6E450 2V, —6B956 eV for com-
pounds 2DACMes B, DACMesB, PXZPh-Mes,B, DMAC-Ph-
Mes.B, Spiroacridan-Pheno@boryl-TIPP and Cz-Ph-MesB re-
spectively).

On the other hand, with the help of LUMO energies, the
acceptor strength order may be sketched as: 10H-Phenoxabor-
yl=Mes.B. Moreover, & reported in Figure 9 the relation
between oE;, and E; values is consistent with the expected
behavior corelating the decrease of E; with aE;. This
observation once again proves that the strong electron accept-
ing and donating abilities of donor and acceptor moieties are
highly beneficial for achieving small singlet-triplet energy gaps.

The electron accepting and donating strength can also be
considered wig the simulated absorption spectra (see Fig-
ure 510). Although, the presence of multiple absorption bands,
arising from different t—x® and n—x* transitions, leads to a
rather complicated absorption spectrum, a frend of the
absorption wavelength can be easily observed, especdially for
the brighter s—a® band. As shown in Figure 510, the lowast
energy absorption band of ZDAC-Mes,B (9) takes place at
longer wavelength than DAC-Mes,B (B). which is followed by
PeEZ-Ph-Mes B (2), DMAC-Ph-MeasB (%), Cz-Ph-Mes,E (3) and
10H-Pheno@boryl-Ph-DMAC  (5) respectively. On the other
hand, no significant change in the absorption spectra betwaen
6and 7 is observed.

Conclusions

Hergin, a series of tri-coondinated and tetra-coordinated boron-
based TADF emitters, which are widely used in display
technology have been systematically investigated to under-
stand their RISC pathways and efficencies. Indeed, due to their
contribution to m-conjugation through the empty p, orbital,
coordinated boron-based emitters show high photolumines-
cence quantum yield. Moreover, due to their low electron
withdrawing ability, they usually exhibit blue emission, it is
possible, however, by warious design strategies, to obtain
different color emissions.

Globally, our systemnatic investigation has shown several
impartant aspects: 1) creating highly orthogonal structures with
sterically hindered donor moieties helps to reduce singlet-triplet
energy gaps, however, this strategy leads to a decrease of
oscillator strength, inherent emission probability, and 50C;
Z) boron-based acceptor moieties used in this study usually
induce a ~50" torsion angle, 3) the ground state geometries are
very similar to 5, equilibrium geometries, however, more
pronounced geometry changes are chserved at T, equilibrium
geometries, 4) the geometry changes in T, lead to & come-
sponding change in the nature of the excited states, thus
increasing RISC efficiency; 5) while 5 states generally have CT
character, T, @n be dharacterized as LE or mixed CT-LE;
&) unlike other TADF emitters, NOBF2Z- and OBA- based
compounds have LE-5, states and LE-T, states, 7) the afficiency

ChemPhofoChem 2023, aX300147 (13 of 15)

of the carbazole moiety can be increased by forcing appropriate
geometrical arrangements, for instance wia ortho- or parg-
regicisomery ) the presence of quasi-degenerate T, and Ta
states opens altemnative effident channels for RISC, 9)up-
conversion from higher triplet states to 5, has been identified
as @ possible pathway for RISC 10y unexpectedly, NOBF2- and
OBA- based emitters, despite the same nature of 5, and T,
states, hawe high S0C

In light of all thase findings, we highlight the importance of
selecting the comect connectivity between donor and acceptor
mgieties. Jur results and observations reported in this manu-
script strongly suggest that possible altemative pathways may
be operative for RISC. In twrn, this would require a careful
selection of donor and acceptor moieties to achieve the desired
electron exchange energy, HOMO-LUMO gap, strong oscillator
strength and high 50C. Finally, we observed that boron
emitters can be wsed in different architectures either as tri-
coordinated or tetra-coordinated; boron atom may or may not
contribute to LUMOs and they can achieve small AE; and
strong encugh S0C to allow efficient RISC.

Supplementary Material

Supplementary data file consists of 30 representations of the
geometrias, their torsion angles and conformer enengies. Bench-
mark calculation results and oscillator strengths together with
other data from excited state calculations such as nature of
states, absorption spectra, spin-orbit coupling and Cartesian
coordinates are also included in the 5l file.
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In this work, themally activated delayed fluorescence (TADF] of a seres of emitters with sulfone- based
acceptor moleties was studied by density funcional theory (DFT] methods. Sultone dervatives werne
gnown to be high performing TADF emitters over recent years When discussing the TADF efficiency,
varkous properties, auch a the singlet-triplet enengy gap (AE, ). spin-orbit coupling (30C) and the nat-
wre of states, stand cut due to their roles in reverse intersystemn crossing (RISC). Here, we mainly focused
on three important gructural parameters that atiect the intersystem crosing (1I5C) and RISC pathways
and their efficiencies. These three parameters are: (1) the effed of meB- and para-conjugation, [ the
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Introduction

In recent years, thermally activated delayed fluorescence
[TADF) materials have attracted considerable attention due to
their 100% exciton harvesting abiliies and high device
efficiencies.” For traditional fluorescent materials, known as
organic light emitting diodes [OLEDs), only 25% of excitons
lead to luminescence, and the remaining 75% are triplets that
are deactivated by nonradiative transitions.** To overcome low
device efficiencies of fluorescent emitters, phosphorescent
materials [PhOLEDs) containing heavy metals were developed
and due to their emission from the triplet state to the ground
state, the loss of riplet excitons was prevented. ™ Although the
loss of excitons was prevented, the heaw metals in their
structure led to undesirable consequences, such as high cost
and environmental pollution.” In 2012, Adachi and co-workers
developed TADF materials as a promising technology, which
provides high efficiency, cost saving and environmentally
friendly applications [Fig. 1).**7% Due to the efficient harvest-
ing of triplet excitons, TADF materials offer advanced applica-
tions in electroluminescence,”” sensors,™ bicimaging,'™" and
organic lasers.™ Metal free TADF emitters can achieve 100%
intemal quantum efficiencies by harvesting riplet excitons vie
the RISC process from the first excited triplet state [T,) to the
first excited singlet state (%) under thermal activaton.™ "
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effect of rigid acceptor moleties and (3] the effect of the phenyl bridge on photophysical properties.

Many TADF materials usually adopt a twisted donor (D}-accep-
tor (4] geometry to minimize the overlap between the highest
occupied molecular orbitals [HOMO) and the lowest unoccu-
pied molecular orbitals [LUMOJ, which lead to small 5,-T,

energy gaps (Afg).™

2
AEst = zj]h[l]ﬁﬁ[l]:j@r_[z]ﬁ'ﬁ[l]dndn (1)

As represented in egn (1), decreasing the exchange inter-
action integral of the HOMO and the LUMO wavefunctions is
an efficient way to minimize the AEg,. Recent studies reported
that in a cofacial configuration of I} and A moieties, emitters
have the possibility to echibit through-space charge-transfer
[T5CT) which leads to separation between the HOMO and
LUMO, thus leading to small AE., values. However, compared
to through-bond charge-transfer (TBCT) systems, TSCT systems
have relatively lower electronic interactions between ) and A
moieties, which lead to inereased rotations between D and A
groups and strong non-radiative decays.™ To sum up, there are
two possible ways of separating Frontier molecular orbitals,
which is rationally designing TECT and TSCT systems.

Furthermore, the TADF efficiency is not only dependent on
A¥yy, but also highly related to the spin-orbit coupling [S00C],
that is, effective RISC relies on both small AEsr and large
SO0 por many TADF emitters, due to their purely
organic structures, S0Cs were found to be intrinsically weak,
which makes it difficult to obtain efficient RISC in TADF and
I5C in phosphorescence. To enhance S0C values in TADF
emitters, the heavy-atom effect was used; since S0C is propor-
tional to the fourth power of the nuclear charge, the most

Phys Chem. Chem. Pfys

Figure A.3. Article 3.
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common strategy for improving S0C is introducing non-metal
atoms into the molecular structure, such as halogens.*

In this work, we demonstrate the photophysical properties
and structural behaviors of a series of sulfone-based TADF
emitters using computational methods. As listed in Fig. 2,
the set of molecules under investigation has various sulfone-
based acceptor moieties such as diphenylsulfone [DPS),
dibenzo-thiophene-5,5,-dicxide  (DBTOZ), 9 5-dimethyl-9H-
thimcanthene 10,10-dioxide (T%02), and thianthrene 5,5,10,10-
tetramide (TTH).

The acceptor moieties depicted in this molecule set (Fg. 2)
were reported in our previous studies as well as in recent TADF
literature.™™ In our previous reports, we theoretically invest-
gated the characteristics of dimethylacridine |DMAC), carba-
zole [Cz), phenmxazine (FXZ), phenothiazine (FTZ) and
diphenylamine (DPA) as donor moieties.™ By simulating a
wide molecule set with different donor and acceptor moieties,
we study the effects and significance of the sulfur atom in
various structures. As reported in the literature, DPS is a mult-
talented acceptor moiety, with a strong electron withdrawing

& (=
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2 Generation OLED
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209

PCCP

@0
Electron-hole recombination

5% %, N

3™ Generation OLED
TADF

ability due to the highly electronegative mxygen atoms, and
provides excellent TADF activity due to its central mwist™™
Maoreover, since it has tetrahedral geometry, it is known to
restrict the m-conjugation of the emitters leading to CT com-
pounds. While the DETO2 and TXO2 acceptor moieties were
used to understand the influence of acceptor ngidity on
descriptors, the TTR group was selected to predict the effects
of two isc-energetic low energy conformers and phenyl bridges
on TADF descriptors.

Computational methodology

To better understand the structural and photophysical proper-
ties of the emitters discussed in this study, a computational
analysis was conducted using the Gaussianlé” and Amster-
dam density functional (ADF)™ software packages. Geometries
in the ground and excited 5, and T, states were optimized at the
MOEZX*6-31+G(d,p™ level of theory. Tamn Dancoff Approd-
mation [TDAF? calculations for the 8, — 5, and 5, — T,

9,9-dimethyl-9H-thiokanthene- 10, 10-diexide (TXOZ)

O. .r.-' -
0
Thianthrene-5.5,10, 10-tetracxide (TTR) Phencxathiine-10,10-dicaide [050) IH-thisxanthens-9-one-10,10-diaxide (TXO]

Fig.2 Sulfore baed scosphor moieties invesigated in fis sudy.
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transitions using the MOB2N/E-31+G[dp) and wBYTXD™ 6
31+G{d,p) levels were performed with respect to the optimized
5, state geometries.

In our previous contribution, we modeled the excited state
behaviors of a series of TAIDF emitters with various functionals
such as MOEBLY, @BY7XD and CAMEILYP and the results
obtained with MO&2ZX were found to be reliable and consistent
with experimental data™ The reliability of data obtained with
the MO62X functional was tested with the nature of state and
A B analyses. In light of our previous findings from a meth-
odological study, we chose to model sulfone based emitters
with the MO62X functional and, @BY7XD was used only for
benchmark purposes. TDA choice is due to the fact that the
TDA method provides a more balanced description of both
triplet and singlet excited states, and compared to time-
dependent DFI [TI-DET), it is free from wriplet instability
issues™ The 631 14++HG{3df,3pd)™ extra basis set was used for
the sulfur atom in all calculations. From the theoretical caleu-
lations, it can be observed that different acceptor and donor
moieties exhibit characteristic torsions | see Tables S2-56, ESI).
Maoreover, some compounds exhibit owo different iso-energetic
low energy conformers presenting TADF as well as non-TADF
activities. While near orthogonal geometries resulted in very
small AEg values making the KISC process viable, planar
conformers were shown to vield larger A £ values representing
non-TADF behavior.

In order to better analyze electron processes at exited states,
including internal conversion (1C), 1SC and RISC processes, we
report the lowest 5 states for singlet and triplet excitations.
Surprisingly, energy differences between excited states show
the possibility of high-energy hot exciton pathways in ISC
processes. Moreover, the nature of the excited singlet and
triplet states is evaluated using natural transition orbitals
[W'T0s], obtained with the Nancy EX code™ and visualized with
the Avogadro™ software package. Additionally, &, values, defin-
ing the overlap between the attachment and the detachment
densites were caleulated. In other words, it measures the
degree of overlap between particle and hole densities and while
the smaller its value the larger the charge transfer character,
the larger its value the larger the local evcitation character. Data
obtained from cakulations at the a9 7XIV6-3 1+HG(d,p) level of
theory were reparted in Tables $7-820 (ESIF). In consideration
of the firstorder pemturbation theory, S0 values between
excited singlet and triplet geometries were computed at 5,
and T, geometries using the ADF software package at the
MOE2XDZP level of theory. The choice of M062X functional
fior SO caleulations is based on the analses of the nature of
states that we performed in our previous contribution.™ In our
previous contri bution, we modeled a TADF active molecule set
consisting various structures and aimed to investigate the best
functional which well reproduces the nature of excited states.
Inlight of our data, we observed and reported that the S, states
that we modeled via the M0O62X functional mostly present a
noticeable CT character, which is known to favor TADF effi-
ciency. On the other hand, oBOTXD presents locally excited 5,
states for most of the TADF emitters. Moreover, due to the
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structural properties of TADF emitters, they should favor a CT
character, therefore, LE states observed by the mBY7XD func-
tional should be regarded as an artifact compared to the
reliable performance of M062X. According to the El Saved rule,
the nature of excited states plays an important role on S0,
therefore, the functional which best reproduces the nature of
states will be the most appropriate functional for the SO0
calculations. The excited state energies, oscillator strengths
and, Phi-8 indices, obtained from excited state caleulations
were calculated using two different functionals, oB97XD and
MO62X. Herein, MO62ZX was chosen for further SOC analyses,
which is highly important for (E)ISC processes and contmlled
by the nature of states. wBYTXD has been used only for bench-
mark purposes.

The ultraviolet-visible [UV-Vis) ahsorption spectra of the
investigated emitters were modeled by generating 30 confor-
mers through a Wigner distribution as implemented in the
Mewton¥ software package”™ Vertical transitions from each
snapshot were convoluted using Gaussian functions of a full-
width at half length (FWHL) of 0.15 eV [see Fig. 57, ESIT). An
integral equation formalism polarizable continuum model
(IEF-PCM) was used in all calculations, to implicitly model
the solvent environment.”™ ™" Toluene is used for all emitters
except DETO-PXE and Cz-TTR, which have been modelled in
dichloromethane and ethyl ethanoate, respectively. Optimized
geometries were rendered with the CYLview software package.™

Results and discussion

Effects of meta- and para-conjugation on photophysical
properties
Although sulfone-based TADF emitters have been reported by
several research groups, the majority of these studies focus on
parg-substituted materials. Comparatively, we theoretically
investigated both miete- and pame-substituted sulfone-based
emitters to clarify the effects of different positions of the donor
moieties on photophysical properties. As depicted in Fig. 3, we
maodeled five metz- and five pera-substinited molecules with the
DFS donor moiety and vardous donor groups, such as, Cz, PTZ,
FXZ, DMAC and DPAL

Itis well-known that the photophysical properties of organic
compounds are highly affected by geometrc parameters. The
majority of the studies in the literature focus exclusively on
symmetric emitters with D-A-1 skeletons.™ However, a few
studies have been reported to clarify the effects of asrmmetric
emitters in TADF efficdencies.™ Optimized geometries of meta-
and parg-substituted TADF emitters show that for S, state
structures, the tetrahedral geometry of the DPS moiety do not
change, however, significant changes were observed in the
bending of donor moieties. As reported in Tables 52 and 53
(ESIT), while parg-substituted DFS containing TADF emitters
vield highly symmetrical structures, their metzsubstituted
analogues have asmmethic geometries. Herein, a comprehen-
sive analysis on the effects of symmetric and asymmetric
geometries as well as the bends in donor groups was

Ahys Chem. Chem. Phys
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perfommed. Bent conformations in the ground state are known
to avoid molecular aggregation and the formation of intermo-
lecular oo mers ™

Themfore, emitters with bent donor moieties are expected to
be favomble in preventing molecular aggregation, which leads
to non-emissive decays.™ Following the geometry analyses, we
further modeled the energy alignments of singlet and triplet
states and aimed to investigate the differences between mete-
and parg-substituted emitters.

Fhys Chem. Chem. Fhys

m-DMAC-DPS-DMAC*  m-PXZ-DP5-PXZ**  m-DPA-DPS-DPA* p-Cz-DPS-Cz** p-PTZ-DPS-PTZY

Fig. 3B demonstrates that except for the DPA-dervative,
para-substituted emitters yvield lower energy triplet levels com-
pared to their metz-counterparts; and lowlyving singlet state
energies decreased in parg-substituted emitters. Moreover, we
also observed that many compounds in the first two groups
exhibit iso-energetic 5, and S; states, which may cause multiple
emission bands with identical or different natures. On the
other hand, lower energy triplet states in pare-emitters create
a greater number of possible pathways for the RISC process,
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which ako leads toa greater amount of exciton harvesting from
isc-energetic triplet states below the 5, level.

#s shown in Fig. 57 (ESIY), the absorption spectm of pare-
substimted emitters vield lower energy bands compared
to the metz-substituted compounds. This behavior of parg-
substitution suggests that geometries with smaller distortion
cause stronger electron conjugation in the excited state. It
should also be noted that the theoretical absorption spectra
of both metz- and pzre-emitters exhibit dominant high inten-
sity bands in higher energies, indicating that while 5, — 5,
absorptions are almost negligible, strong excitations to upper
singlet states are highly dominant in both group 1 and 2
(Table %21, ESH). Comparisons between metg- and parg-
substituted emitters showed that parg-substiited compounds
have larger oscillator strengths, which is an important para-
meter in understanding excited state transitions. As listed in
Table 521 [ESH), except for pere-substitited Cz-DPS-Cz and
DPA-DPS-DPA emitters, compounds usually exhibit negligible
transition to the 5, level and strong transitions to higher singlet
states. It is also shown that for meta-substituted Cz-DPS-Cz
emitters, absorptions with relatively larger oscillator strengths
are [ =0.1) 8,, S, 5 and 5, On the other hand, its paro-
substituted analogue has S — 5; transiton with quite strong
oscillator  strength, f = 06433, Similar to the Cr-DPS-Cx
emitter, the pam-substituted DPA-DPS-DPA emitter exhibits
STong S — % transition (= 0.9967), while its mero-analogue
has negligible tmngition to the %, state, and quite strong
transitions to higher singlet states. For mete- and pare-
substitited  PIE-DESPTE,  PEDPS-PXE and  DMAC-DES-
DMAC emitters, strong excitations from S, to 5, states open
up alternative 15C channels for TADF emitters.

It is wellknown that the population of high energy excited
states leads to more energy loss during the 1C process to the 5,
level. Therefore, with the help of strong SOC values between
high energy singlet and trplet states, instead of IC, emitters
may experience 1SC between S, and neighboring triplet states,
leading to decreased energy loss and hence, higher efficdiency.*
The population of triplet states is affected by both the energy
difference and the S0C between relevant singlet and triplet
states. As reported in Table 522 (ESIT), though strong SOC
between high oscillator strength singlet states and T, or T,
states is possible (such as in mereCz), a stong coupling
between high-energy singlet levels and high-energy trplet levels
can also be obsemed (such as in mers-PTZ). Morover, we
also observed that iso-energetic triplet states, such as, the ones
observed in myp-PXE-DPS-PXL, p-DMAC-DPS-DMAC and p-PTZ-
DPS-PTL compounds may exhibit S0C values in different
strengths, which shows that these iso-energetic triplet levels
are in different natures, “*CT/”LE, and state mixing processes
enhancing RISC is possible in these emitters. The role of state
mixing in enhancing KISC has been explained using the El
Saved rule. According to the El Saved rule, the rate of inter-
system crossing between the states of different electronic
character is found to be much faster than that between two
states of the same electronic character.™ Moreover, as first
recognized by Monkman, when local excited states enter into
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the picture and mix with charge transfer triplets, they prevent
the El Sayed constraint of 5, and T, states which are mostly CT
character in TADF molecules.® Therefore, the presence of
states with a different nature lying close in energy works as a
speeding up mechanism for RISC.* For instance, the p-PXZ-
DPS-PXZ emitter has iso-energetic T, and T states which have
0.64 em™" and 161 em™" S0C values, respectively, and this
difference in S0 values can be atributed to the different
natres of T, and T, states [Table 523, ESIT).

As mentioned previously, multiple triplet states below the 5,
level creates multiple RISC possibilities. To analyze the prob-
ability of RISC from different triplet levels, the SOC values
between relevant states were calculated. The SOC dependence
of RISC has been meported in Femmi's Golden Rule approwi-
mation represented in eqn (2). According to the Fermi's Golden
Rule approximation, the square of root mean square coupling
element (RMSCE, V) is directly proportional to the RISC rate
constant. ™" Another parameter which plays an importantrole
in kygy: is the Frandk-Condon-weighted density of states
(PFCWIY) which can be calculated in the framework of Mar-
cus—Levich—Jormer theory.”™ Herein, since the cakulation of
PFCWID is a high cost calculation for these wide molecule sets,
we only caleulated the |Veoo|® to foresee the RISC rates. As
reported in Table 522 (ESIt], the square of root mean square
coupling element [EMSCE, Vi) has been calculated for all
states (for transition between %, and T, states, (8 | B | T4} | i
divided into three to represent the average over the three triplet
states for each possible value of the total angular momentum

= —1, 0, 1, see eqn (3)).

o .
ke =T“mr.| O rown [2)
1, ;
‘soc = El'f_sllﬁmcl-rl}l 3)

It is obvious that transition from any triplet state below 5, is
possible with a strong SO0 value. Importantly, it was observed
that the energy gaps closest to the experimental value generally
exhibit the sorongest | Ve:|*, and genemlly, S0C values in pan-
substituted emitters are larger than the metz-substituted ones
[except emitters Cz-DPS-Cz and PTZDPS-PTZ). These higher
S0 values in parg-substituted emitters can be attributed to the
larger amount of state mixing in isc-energetic triplet levels
below the %, state.

As represented in Table 1, among mere- and parg-analogues,
slight changes were observed in HOMO-LUMO energies and
the energy difference between these two molecular orbitals (£,).
For compounds CzDPS-Cz, PIEDPS-PTEZ and DMAC-DPS-
DMAC, metg-substitution leads to larger HOMO energies, thus,
the stronger electron donating ability of Cz, PI'Z and DMAC
donor moietes. On the other hand, while the P2 donor
moiety represents almost equal HOMO energies in mera- and
para-substituted emitters, their DPA analogues vield a better
donating ability with pare-substitution. This behavior of the
DPA-DPS D PA emitter can be attributed to the high b sterically
hindered and twisted structure in mete-compound, which

Phys Cham. Chem. Pfys
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Table1l HOMO and LMD energies, and energy gaps of growp 1 and growp 2 emitters computed at the MDG2XG-31+5Gid p bewel of theary in toleems

Emitters HOMO LLUK0H LUMO-HOMD (Ey) V) Experimental AEq valuesd” (e¥) Theoretical AEo values (e¥)
m-Le-DPS-Cx —702 —1L25 5.77 L4 36
e PSCe =740 o S.82 25031 27
mFTEDPSFTE — b4 =130 539 iR ki
-PTE-DPS-FTE —6.70 —-1133 547 30 k21
me-I AT PS- DAL —6.54 -1H £33 LIX13 LIRS
- IAAC- DPS-DMAC — 654 —-127 532 ¥ kil
m-EXE-DPS P — bl —1.30 530 6 ki3
p-PRE-DPS-PXE — GG =136 5.24 008 02
m-DPA-DPS-DPA —6.69 —iL84 5481 — 33
FOPA-DP S DPA —Gu64 —iLA5 5.79 .54 42

* Experimental Afzy vahses obtained from the references: m-CeDPSCe mPTZ-DPSPIZ " m-DMAC-DPS-DMAC, " mPXZDPSPRE " m-DPA-
DPSOPA," pe DPSCr, ™ pPTE-DPSPTZ," pOMAC-DPS DMAC Y pPREDPSPAE, ™ and pDPA-DPSDPA

results in disruption of conjugation within the maolecule. For
the electron accepting ability, the LUMO energies of meta- and
parg-substituted compounds were checked and it was observed
that for PIEDPS-PTE, DMAC-DES-DMAC and PXE-DPS-EXE
compounds, pare-substittion leads to smaller LUMO energies
and stronger electron withdrawing towards the acceptor
moiety. Overall, the position of the donor moiety in these two
molecule sets did not cause large differences in £, values and
these results are consistent with the similar A £, values of
mete- and parg-isomers (except Cz-DPS-Cz and PIZ-DPS-PIZ
emitters).

To further compare the RISC behaviors of mefa- and pars-
emitters, we theoretically calculated the energy gaps between
singlet and triplet states. As reported in Table 1, experimental
energy gaps were well reproduced and the largest absolute
deviatdon was obtained as 0.29 eV for the p-PIZ-DPS-PIZ
emitter. Importantly, these energy gaps correspond to the gaps
between 5; and triplet states with the largest RMSCE. In
particular, proving the deterministic effect of S04 is consistent
with our recent study published in 202>

To summarize our findings so far, changing the position of
the donor moiety from para- to meerg- results in an increase in
the twisting angle between donor and acceptor moieties, which
is beneficial for separation of Frontier molecular orbitals. For
the molecules in the first wo groups, we have investdgated the
energy level alignments of excited states. Surprisingly, there are
more than one triplet states below the 5, level. Moreover, the
presented results show that there are iso-energetic singlet and
triplet states, which have the possibility to contribute to ISC
and RISC processes. It should also be noted that though the
first ten excited states were caleulated to observe the brightest
states and the pathways for the possible ISC and internal
conversions, the low-lying states, especially for singlets, play
the main role in the RISC process. Further analyses led us to
conclude that the RISC process is mainly a S0C driven mecha-
nism and it occurs between the states with the strongest SOC
values. Additionall, we also present our findings for the
oscillator strength and its effect on IG/RISC pathways.

It should also be noted that the Herzberg=Teller [HT) effect,
which isa pammeter that enhances the ISC/RISC processes and
represents the dependence of oscillator strength on the internal
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coordinates is also an important factor in TADF efficiency.™
Though we did not caleulate the emission spectra in this study,
it is kmown that small molecular deformations between 5; and
5, states may enhance the emission oscillator strengths, which
is a phenomena named the HT effect. Enhancement of the
emission oscillator strength not only affects the transition
intensity, but also affects the competition between the fluores-
cence and ISC/RISC processes. Therefore, an important point to
keep in mind is that the excited state characteristics obtained
with the Franck Condon (FC) approach are not the only para-
meters that affect the TADF efficiency.™ ™ In other words, the
photophysical properties of these kinds of compounds are
affected by both the FC and HT components.

Effect of rigidity of the acceptor moiety on photophysical
properties

According to molecular design strategies, rigid compounds are
good candidates for spatally separated Fronder molecular
orbitals, which makes them CT based compounds due to their
short zconjugation length and high steric hindrance. There-
fore, here we analyzed the behaviors of rigid TXO2 and DETO
acceptor moieties and a flexible DPS moiety to obsemve and
compare the photophysical differences arising from the degree
of rigidity. As shown in Fig. 4, TTR, DETO and DPS acceptor
mieties with different rigiditdes behave differently in terms of
photophysical properties. By virtue of the geometric anaksis,
we observed that these three acceptor moieties create perfectly
orthogonal geometries with a DMAC unit. On the other hand,
their coupling with the PX2 donor group leads to ~ 10 shift
from orthogonality (Table 54, ESIF). We further investigated
their electron accepting ahilities with the help of £, values and
observed that LUMO energies decrease in the order of TX02-
PXZ, p-PXEDPS-PXE and DETO-PXE which indicates that DETO
is the strongest and TXO02 is the weakest electron acceptor. On
the other hand, the AFEs values of the six emitters under
investigation are extremely small both ecperimentally and
theoretically. This indicates that any possible difference in
RISC mechanisms of these compounds can arise from any
other parameter, but not from the singlet-triplet energy gap.
At this stage, since the nature of triplet states will be the
determinative factor in RISC, the effects of these acceptor
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maoieties on the nature of excited triplet states have been
analyzed. The results obtained using the metahvbrid MO62X
functional are shown in Fig. 4 and Table §24 (ESIT). The 5, state
natures of all emitters were found to be in CT character with
perfectly separated FMOs. Their T, and Ty states are generally
in CT chamcter ewcept TXO2-PXE and parg-PXE. For Ty, Ty, T,
and T, states, while the parg-FXZ emitter represents a mixed
character, the DBETO-PXZ emitter represents an obvious
increase in LE transitions. On the other hand, TX02-PXZ does
not represent any regular trend from T: to Ts. Ady values in
Fig. 4 are in good agreement with the 50C values which
represent an enhancement with the increase in nature differ-
ence between singlet and triplet states. Comparing with their
phenmazine analogues, we observed better FMO separation of
Ty and T states, which is reflected in the @, values of DMAC
containing emitters (see Table 524, ESIT). Hence, the SOC from
these low lving triplet states exhibit smaller values than their
PXZ-analogues. Besides the lower &, indices of the first two
triplet states, T,, T, and T, states show a larger LE character,
thus, larger SOC values. Considering all comparisons, we
learned that the different acceptor moieties may vield various
S00C values with higher triplet levels and there is not a regular
trend between these acceptor groups.

Further analyses of excited state energies show that going
from TXO2-PXL to DETO-PXE, energies of the first singlet states
decrease (see Fig. 5), thus, compared to the TXO2 acceptor
moiety, DFS and DETO yield bathochromically shifted absomp-
tion spectra (see Fig. 57 ESIT). According to our theoretical

This journal s @ the Owner Societies 2023

findings reported in Fig. 5, the energy comparisons are in good
agreement with the experimental emission spectm of investi-
gated compounds which emit in blue-green, blue and yellow for
THOZ-PXE™ pPXEDPS-PXEY and DETOEXE™ compounds
respectively. Morteover, we observed a similar decreasing energy
trend for triplet states, and the energies of T, and T, states are
iso-energetic in all emitters. This degenermcy of wiplet states
leads to state mixing between the states in different nature,
thus, leading to larger S0C values and more efficient RISC
processes.

To sum up, the nature of excited singlet states for TXO2, DPS
and DETO acceptor moieties are similar and surprisingly, the
@, values of emitters with DPS (flesible) and DBTO (rigid)
acceptor groups are found to be very close to each other [see
Tahle 524, ESIT). Additionaly, the LUMO energies of these
emitters are also quite similar representing their similar elec-
tron accepting abilities, which is consistent with their similar
absorption spectra [see Fig. 57, ESIT). Moreover, the energy
level alignments of this molecule set were found to behave
differently from the first two gmoups (Fig. 3). In contrast to
groups 1 and 2, the molecule set under investigation has low
lving isc-energetic singlet and trplet levels with a similr
nature of states.

Effects of phenyl bridges on photophysical properties

Density functional theory calculations of groups 3 and 4 were
performed on ground state energy surfaces. As shown in Fig. 6,
group 4 is the bridge-containing analogue of group 3. Herein,

Phys Cham. Chem. Piys
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TTR.*™ DMAC-Ph-TTR.” PZ-Ph-TTR™ and PTZ-Ph-TTR®

we aimed to theoretically examine the effects of bridging the
donor and acceptor moieties with a phenyl ring to observe the
change in properties such as, geometric parameters, excited
state energies, FMO separations {en.etm.r gaps between HOMO

Fhy= Chem. Chem. Ffys.

and LUMO orbitals) and energy gaps between the excited states
involved in the RISC process. In the set of molecules under
investigation, the TTE moiety with two sulfur atoms has been
selected as the acceptor group and Cz, DMAC, PXZ and PTZ
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Table 2 HOMO- LMD erergies, E; and AFgrvalees of group 4 and 5 emitters computed st the MDBD(6- 31+ Gid, p) leva of thearny in tolwene ffor Cz-
Ph-TTR, DMAC-TTR, DMAC-Ph-TTR. PXZ-TTR, PXZ-Ph-TTR. PTZ-TTR, PTZ-Ph-TTR] art in ethy ethanoate (Cz-TTR)

LUMO-HOMO Expe rimental Thenretcal
Emithé HORO LU {Eg) (V) A Ear valued® (&) AEqr values (6W)
Cz-TTR —-7.24 -4 543 [N .55
Cz-Ph-TTR —6.98 —-La2 516 030 15
DMAC-TTR (plarar) -7.33 =150 5.83 045 033
DMAC-TTR (rthogrnal ) — 690 = L& 510 LT 03] LT13]
DMACPRTTR fonl orthogomal) —651 -l 469 [x [T
PRETTR —i6.69 184 4.85 — 037
FEPRTTR =50 -1.8 466 005 002
PTETTR (planar) —7.41 —1.4 502 038 024
FTZ-TTR o thogumal) — 79 —1.83 4486 (5T LT3
FTEZFh-TTR (planar) =705 =16 539 .57 0240
PTZFh-TTR |orthogumal) —fb2 —1.84 4.78 LX) 007

* Experimental AF; vahes are obtained from the references Co-TTR,™ DMAC-TTR,”” PXE-TTR,™ PTZ-TTR,” CaFh-TTR,™ DMACPh-TTR,"” PXZ-
=

Ph-TTR™ and PTZFh-TTR.

maoieties with different steric hindmnce and ammaticity have
been selected as the donor moieties. As reported in Tables 55
and 56 (ESIT), the effect of inserting a phenyl bridge largely
affected the torsion angles between acceptor groups and their
adjacent moieties. As an exception, the carbazole moiety in Cz-
TTR and CzPh-TTR exhibits ~40 and ~37 torsion angle,
respectively; thus, inserting a phenyl bridge in the carbazole

nrﬁ;gnnal

BTy

Planar
—————

AT
=,

PTZ - TTR

500 = 0.441 | Plamar]

SOC = 0,400 | Orthog onal)

S

Phanyl Bridga

50 = 0.034 | Plamar]
SOC = 1,190 | Orthogonal]

containing emitter does not have a large effect on the tomion
angle of the Cz maoiety. As reported in Table 2, both experi-
mental and theoretical A Er values for the Cz-I'TR emitter are
smaller than their phenyl containing analogue (Cz-Ph-TTR), a
situation which can be attributed to the krger electron-hole
separation (see the Phi-S indices in Table 525, ESIT). On the
other hand, DMAC and PIZ containing emitters were found to

Hale Elactren

o
o

38,402
= BOLOLE
b
Y TREDE
PTZ- Ph-TTR DAL - TTR

S0C = D280 [Planar)

SO0 = (480 (Orthogonal)

Fig.7 Optimized geometries and electron—hale orbitals of planar and onthogonal conformens of PTZ-TTR, PTZ-Ph-TTR and DMAC-TTR emitters
compubed at the MDE- D06-31+Gid p) bevel of Seory. Haole and electron arbitals cometpond o the HOMO and LUMO arbitals, respectively.
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Fig. B Franter mobeddar arbital digtribution of groug 4 and group 5 enitbers computed at the MD6-206-31+ G{d g level of thadary in tolwehe ffior C2-
Ph-TTR, DMAC-TTR, DMAC-Ph-TTR, PXZ-TTR, PXZ-Ph-TTR, PTZ-TTR, PTZ-Ph-TTR] and in ethyl sthanoate (Cz-TTRL Hale and ebectran arbitals

carmespond to the HOMO and LUMO arbitals respec fvely.

have two possible conformers, which are orthogonal and planar
|see Fig. 7). The relative energy differences between orthogonal
and plhnar conformers of these emitters are very small, indicat-
ing the presence of isc-energetic low energy conformers in their
D-A and D-m-A structures.

According to Table 2, the effects of orthogonal geometries on
the singlet-triplet energy gap were well reproduced and their
TADF activity due to the isc-energetic low energy conformers
has been proved once again. Moreover, we also observed that
the orthogonal geometries lead to a decrease in the LUMO and
an increase in the HOMO energies, thus, they vield smaller £,

.10
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a4.50
4.m
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5l mE2
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Erstrgy (eV]

|
|
|
|
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&30 I
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QTR GPhTTR BMAC-TTR BMAC-PRTTE

values. Due to the smaller & values calculated for orthogonal
geometries, their emission spectra were expected to be bath-
ochromically shifted compared to their planar analogues, and
although we did not ealculate theoretical emission spectra, by
way of comparing with experimental spectra reported in the
literature, we conchided that the caleulated £; values are
consistent with the experimental data meported in the
literature*” To further study the effects of phemyl insertion
and geometry changes on photophysical properties, we com-
puted Phi-5 indices at the M0O62X/6-31+G{d,p] level of theory in
experimental solvents.

TL W72 mT3 mT4 WTS

PRETTR  PRI-Ph-TTR FIETIE  FTZPH-TTR

Fig. 9 Energes of singlet and thiplet exdted states computed at the MDEZNME-31+Gld p) level of theory in toluene (for Cz-Ph-TTR, DMAC-TTR,
DMAC-Ph-TTR, PXZ-TTR, PXZ-Ph-TTR, PTZ-TTR, PFTZ-Ph-TTR] and in byl eharoasse (ICz-TTRL
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#As summarzed in Table 525 (ESIY) and as represented in
Fig. B, insertion of a phenyl bridge may increase or decrease the
electron and hole separation of riplet states differently. Due to
better sepamtion in orthogonal geometries, going from planar
to orthogonal conformers, a general decrease in PhiS indices
was observed. Since the S, states of orthogonal emitters were
found to be in CT or mived chamcter, their S0C values with
triplet states in strong LE character were observed to be the
strongest couplings (see Fig. 7). We further compared the
electron-hole overlaps of bridged and non-bridged emitters,
and observed that for Cz, PXZ and PI'Z containing emitters,
significant differences arise from the presence of phenyl
bridges. However, negative or positive effects of using a phenyl
bridge can vary in different emitters. For instance, while the
insertion of a phenyl bridge to Cz-TTR and PTZ-TTR lead to an
increase in electron-hole overlap, separation increased in the
PXZ-Ph-TTR emitter.

The contribution of a phenyl bridge to excited state energies
and energy gaps wasalsoexamined and the relative positions of
the excited singlet and triplet states are reported in Fig. 9. With
the incorporation of the phenyl moiety, an increasing trend in
5, energy levels was observed in all emitters, except for DMAC-
Ph-TTR. This situation can be attributed to the larger decrease
in the torsion angle of the DMAC moiety in phenyl containing
emitter compared to the other donor moieties which leads to a
larger increase in planarity and conjugation length, thus a
decmease in 8, energy (see Tables 55 and S6, ESIT).

On the other hand, compared to the D-A emitters, the T,
energies of phenyl containing analogues were increased, except
for the compound with the PI'2 moiety. Despite the benefit of
longer conjugation in bridge containing D-n-A emitters,
increased electron-hole overlap generally led to an increase
in the LE character of the T, state. Correspondingly, the S0OC
values of phenyl containing emitters were increased, leading to
larger RISC probabilities.

In summary, the insettion of the mbridge affected the
behavior of emitters differently. While some materials exhibit
larger AEgr values with n-linkers, some of them represented
smaller AE. values. On the other hand, the HOMO-LUMO
gaps of the emitters were found to be very close in emitters with
or without t-bridges. Notably, DMAC-TTR and PIZ-TTR emit-
ters were found to have isc-energetic low energy conformers
with different photophysical propertes. Our findings in AEer
and nature of states analyses confirmed the TADF activity of
orthogonal conformers. Lastly, in most of the emitters under
investigation, the phenyl unit containing TADF materials repre-
sented larger SOC values.

Conclusions

In summary, we present a comprehensive theoretical study on
the structural and photophysical properties of sulfone-based
TADF emitters. Our investigations reveal that the molecule set
under investigation presents various geometric behaviors, such
as bearing bent conformations which prevent the formation of
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intermolecular excimers as well as having iso-energetic low
energy conformers, which exhibit TADF or non-TADF activities.
Motably, our analyses of the effects of mete- and pans-
conjugation showed that the regioisomers possess different
photophysical properties. The first owo molecule sets were
shown to have multiple triplet levels below the 5, state, which
opens alternative ISC/RISC pathways., Moreover, we also pre-
sented the possibilities of IC, ISC and RISC processes between
the high ling singlet and triplet levels. Additonally, we
observed that the larger amount of state mixing in iso-
energetic triplet levels below the %; state enhances the S04
values and RISC probabilities.

In the last part of our study, we discussed the effects of
phenyl bridges on structures and photophysical properties. Our
findings show that most of the phenyl bridge containing TADF
emitters present larger SOC values. This work is intended to
provide insight and pave a wayto design new TADF emitters. In
light of our findings, it is possible to design new emitters with
the desired properties and give rise to developments in TADF
technology with new molecule designs.
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ABSTRACT. The use of phosphorescent luminophore is highly beneficial in diverse high-technological and
biclogical applications. Yet, because of the formally forbidden character of intersystem crossing, the use
of heawvy metals or atoms is usually necessary to achieve high quantum yields. This choice imposes serious
constraints in terms of high device cost and inherent toxicity. In this contribution we resort to density
functional based surface hopping non-adiabatic dynamics of a potential organic luminophore intended
for room-temperature applications. We confirm that intersystem crossing is operative in a ps time-scale
without requiring the activation of large-scale movements, thus confirming the suitability of the El Sayed
based strategy for the rational design of fully organic phosphorescent emitters.

INTRODUCTION.

Organic luminescent materials have recently
attracted considerable interest dus to their
suitability for applications in electroluminescence,
organic lasers, and bicimaging *3 Organic
luminescence is produced by the radiative
deactivation of sufficiently long-lived excited
states. Luminescence can, in principle, be
observed either from singlet or triplet states
resulting in fluorescence or phosphorescence
emission, respectively * Fluorescence emission
which following the well-known Kasha's rule
occurs between the first singlet excited state and
the ground state, does not involve any change in
spin, and is thus fully allowed, resulting in
relatively short lifetimes. Fluorescence is notably
at the base of the functioning of organic light
emitting devices ([OLEDs). Despite some
limitations, OLED=s offer several advantages such
as flexible device structures, reduced power
consumption, and high brightness * However,
OLEDS are also plagued by the insufficient device
efficiencies, partially due to the inherently short
fluorescence lifetime, and the need of a high
driving woltage, which severely limit their
applications ®. To overcome the efficiency
problems plaguing OLEDs, a second generation of
glectro-luminescent  materials based on
phosphorescence, and collectively known as
Phosphorescent organic light emitters (PhOLEDs)

have been proposed. Phosphorescence emission
includes a forbidden transition between two
states of different spin multiplicity, ie. excited
triplet and ground singlet states,”  thus
significantly increasing the elision lifetime.
Furthermore, in the case of electroluminescent
matenials, and because of spin statistics rules the
applied electronic potential will generate 75% of
the excitons in their triplet state % Therefore,
opening alternative emission channel through the
engineering of room temperature
phosphorescent materials has represented an
important improvement in increasing the global
device efficiency . In addition, phosphorescence
is usually red-shifted compared to fluorescence
emission, thus allowing a deeper penetration of
light in biclogical samples, which is a most
beneficial effects for instance in the case of
luminescent probes. Indeed, PhOLEDs, and more
generally phosphorescent  materials  and
compounds, have found widespread applications
in electronics, ™ optics, >3 and biological
sciences. ** Yet, phosphorescence compounds due
to the long-lived population of the triplet
mianifold, are more sensitive to the presence of
molecular oxygen since they can sensitize the
latter to its highly reactive singlet state. If the
latter channel may be beneficial, for instance in
photo dynamic therapy (PDT) applications, it may
lead to luminescence quenching or material

DOL: https:Vdot.org/10.26434/ chemeziv-202 3 -wdand
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Figure 1) Schematic Jablonski diagram illustrating the relaxation processes operative in phosphorescent
luminophaores and B) the carbazole-based compound reported by Zhao et al.% and studied in the present

contribution

degradation.® Conseguently, in some instances
relevant phosphorescence is observed only under
inert or cryogenic conditions, thus drastically
limiting their use in portable devices or high
technological applications. Therefore, the
development of materials and luminophores
showing efficient room-temperature
phosphorescence (RTP) is highly sought.® RTP
materials have attracted tremendous attention
due to their applications inthe field of intelligence
security,*® optical detection, and biochemical
imaging.*?

As a matter of fact, to be applicable RTP should
require a relative fast ISC, to minimize the
competition with other radiative and non-
radiative channels, such as prompt fluorescence
or intermal conversion (IC), conversely the
depopulation of the triplet state manifold should
be slow and ife-times of more than 100 ms have,
indeed, been reported **

The population of triplet states from singlet
excited manifolds (Figure 1) is much slower than
other fully allowed relaxations, and as such can be
regarded as one of the key phenomena dictating
the efficiency of phosphorescent luminophores.
As stipulated by quantum mechanics laws, the
selection rules formally forbidding ISC, may be
relaxed under the effects of several favorable
terms, such as a small energy gap between the
involved singlet and triplet states, and a high spin
orbit coupling (S0C) between the relevant
states. 22

In a previous study devoted to Thermally
Activated Delayed Fluorescent (TADF) materials,

by investigating various molecular and electronic
descriptors we observed that magnitude of SOC s,
indeed, one of the most important parameters to
control the efficiency of reverse intersystem
crossing (RISC), and thus by extension [5C.5
Indeed, as shown in the literature different
strategies, and molecular engineering
approaches, aimed at increasing S0C, also by
favoring hydrogen bond and space restrictions are
pursued to enhance phosphorence emission.®
Usuzlly, however, the most widespread strategy
to increase S0C, and hence favor ISC or RISC, is the
inclusion high atomic number atoms, to exploit
the so-called heawy atom effect, since S0C is
roughly proportional to the fourth power of
nuclear charge.® In many instances this objective
ios achieved by the use of transition metal
components, usually up to the second and third
row of the d-elements. Indeed, while Ru
complexes are known for ultrafast I5C, Ir-based
compounds are among the most efficent
phosphorescent emitters, allowing not only a
bright luminescance but also tuning the emission
color. Conversely, metal complexed porphyrins
gre among the most common components for
PDT applications, having, in some cases, already
found clinical use. Yet, metal- or heavy-atom
containing emitters also  present significant
drawbacks, in particular in terms of high cost and
toxicity, low processability, low flexibility, and in
some cases low stability.** Furthermore, the
rarity of heavy metals zlso poses significant
burdens in terms of resources availability and
sustainable development.

DOI: https://dot.org/10. 26434 chemrxiv-202 3-wdnnd



Therefore, the possible use of fully organic RTP
compounds is regarded as highly suitable to
overcome these drawbacks, yet strategies to
maximize 50C and ISC rates should then be
pursued. According to the well-known El Sayed
rule, 30C will be maximum between singlet and
triplet states having a different diabatic nature,
since in this case the states can be coupled by the
magnetic field operator. Thus, S0OC and 15C will be
maximized when involving transitions between a
Y{nm*) and a *nm*) state. Consegquently, the use of
conjugated moieties involving the presence of
carbonyl units is highly favorable, due to the
presence of low-lying ni* states. Yet it has to be
pointed out that the states in real molecular
systems are rarely of a pure diabatic nature and
instead a different degree of mixing between rE@*
and mm* character is observed, slightly
complicating inferring general tendencies. In this
instance, benzophenone is a paradigmatic organic
moiety, which can reach a triplet conversion of up
to 100%2 also due to the extended three states
quasi-degeneracy involving 5, and two lowest
triplet states Ty and T;, as confirmed by a number
of different experimental and computational
studies invalving non-adiabatic dynamics 222 The
benzophenone facile I5C is also at the base of its
inherent phototoxicity toward DNA 2 Recently an
extensive and systematic proposition of molecular
rules for the enhancement of I3C in organic
emitters has been proposed by Zhao et 2.8 based
on the consideration of the El Sayed rule and the
use of static density functional theory (DFT)
calculztions. Among the different compounds,
benzophenone and carbazole containing units
have appeared as the most favorable candidates
to enforce high S0OC and I13C rates. As concemns
carbazole, their rigid m conjugated scaffold is also
optimal to enforce aggregation and crystal
formation. Indeed, the reduced vwibrational
disorder in the condensed phase may be
beneficial in slowing non-radiative decay
pathways, hence favoring luminescence. Yet, in
this case I5C should be achieved without the
activation of large amplitude movements, which
could be impeded in the solid state.

In this contribution we will resort to non-
adiabatic dynamics in the surface hopping (SH)

224

formalism to study I3C in the carbazole emitter
presented in Figure 1b, which despite lacking any
heavy atoms is displaying optimal luminescence
and a phosphorescence guantum yield of about
34%. % In particular, and going beyond the pure
static picture, we will show that the favorable
alignment of the involved states and their optimal
symmetry, in terms of the El Sayved rule, translate
into a ps-scale |SC rate, which, thus, should imply
the facile population of the triplet manifold.
Furthermore, our 5H study will also confirm that
ISC does not involve the activation of any large-
scale movemnent, hence should remain operative
also in condensed media, further pointing to the
optimal characteristic of the chosen compound.

COMPUTATIONAL METHODOLOGY.

Prior to the propagation of the non-adiabatic
dynamics, the carbazole luminophore’s ground
state (G5) has been optimized at DFT level using
the Gaussian 16 software package 3. The M0&-2X
# functional together with the 6-31+G(d,p) * basis
set has been chosen to this aim. The choice of
MOB-2X functional is justified by its good
performance in reproducing the geometries of
aromatic compounds #. Integral equation
formalism polarizable continuum model (IEF-
PCM) is used in DFT calculations, to implicithy
model the solvent emvironment *. Optimized
structures were rendered with the CYlview
software package .

Excited 5tates hawve been calculated in the
framework of Time Dependent-DFT ([TDFT)
approach, due to its optimal compromise
between accuracy and computational cost. Maore
specifically the Tamm Dancoff Approximation
(TDA) has been consistently used for the excited
states calculations of both singlet and triplet
states. This choice is due to the fact that the TDA
provides a more balanced description of both
triplet and singlet excited states, as compared to
TD-DFT since it is free from triplet instability issues
*_ Furthermore, and in addition to the G5, also the
geometries of the lowest singlet (54) and the three
lowest triplet [Ty, Tz and T3) states have been fully
optimized. Additionally, and for benchmark
purposes, the singlet and triplet excitation
energies have been calculated from the G5, 54, Ty,

DOIL: https:/fdot.org/10.26434/chemrziv-2023-wdnnd



Tz and Tz equilibrium geometries using different
functicnzals, namely, CAM-B3LYP ¥, MOB-2¥,
PBED®*, wB97XD *, and different basis sets of
increasing size, ©-31G, 6-31G(d), 6-31G(d,p), &
31+G(d), 6-31+G(d,p), 6-311++G(d,p).

Table 1) Vertical excitation emnergies from the
Franck-Condon geometry calculated at CAM-
B3LYP/6-31G level of theory.

State Excitation Energy [eV) fl=
S 3.98 0.0014
52 461 0.0303
53 487 01810
Sa 5.00 08612
T: 3.37 -

Tz 3.56 -
Ts 3.84 -
Ts 3.88 -
Ts 4.07 -

The diabatic nature of the excited states have
been evaluated using Natural Transition Orbitals
{NTOs), which have been obtained post-
processing Gaussian output with the Mancy _EX *°
code and visualized with the Avogadro * software
package. To further characterized the nature of
the excited states, the @ index, defining the
overlap between the attachment and the
detachment density matrices, has been obtained
calculated,*®* as shown in 51 SOC elements
between 3: and the lowest triplet states have
been calculated, at the TDA level, by using the
Amsterdam Density Functional (ADF) code **%* at
the MOE-2X,/TZP ** and CAM-B3LYP/TZP levels of
theory and the TZP basis set.

To go beyond the simple static picture of 15, we
performed in vocwo SH dynamics using the SHARC
code *“* coupled with ORCA *. Indeed, SHARC
allows the use of a generalized coupling between
the states, such as 30C, and hence may provide
the time-scales of ISC. To simulate the effects of a
wave-packet the 5H dynamics has been averaged
over 200 independent trajectories, whose initial
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conditions have been obtained sampling the
Franck-Condon  region  through a Wigner
distribution. The  non-adiabatic  dynamic
trajectories have been propagated at TDA level,
explicitly calculating the 30C element at each
step, at CAM-B3LYP/6-31G level of theory, with a
time-step of 0.5 fs for @ total time of 2 ps (4000
steps). The common Persico correlation
correction™ was applied to avoid over-correlation
as typical in SH formalism. Our model invelved
explicitly the first excited singlet state, and the
lowest four ftriplet states. An initial total
population of the 54 state was considered, and the
time evolution of the states” population has been
fitted with exponential models to obtain the
corresponding kinetic model and the global time-
scales.

RESULTS AND DISCUSSION

Upon optimization the ground state geometry of
the carbazole-based luminophore presents all the
expected characteristics of these family of
compeounds. In particular, the rigid core and the
extended m-conjugation enforce a globally planar
structure, while a mon-negligible torsion angle
[(~30°) is observed between the carbonyl moiety
and the phenyl ring to minimize the sterical
hindrance with the carbazole, as it is the case for
the parent benzophenone. All the optimized
geometries for the different states are explicithy
provided in 5I. The vertical excitation energies
from the Franck-Condon region for the lowest-
lying excited states, on either the singlet and
triplet manifolds are reported in Table 1.

The low energy portion of the absorption
spectrum is dominated by two excitations, the
lowest one being almost dark and the second one
having a much higher oscillator strength. Yet, the
54 state lies about 0.65 eV lower than the brighter
5z states. Thus, evem if the latter should be
populated due to the higher oscillator strength it
is reasonable to assume that an ultrafast, fs-based
intersystem crossing, will drive an .
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Figure 2) A) NTO study for 5, states computed at CAM-B3LYP/6-31G level of theory. B) NTO study for Tn

states computed at CAM-B3LYP/6-31G level of theory.

almost unitary population of the first excited
state. Interestingly, 4 triplet states are found at
lower energies than the 5y state with Ts being
quasi-degenerate with 5y In Figure 2 we report
the NTOs calculated for the most important
states. The nature of 5; is, thus, clearly identified
as nm*, while the second excited singlet state has
a nmn* nature showing a partial charge-transfer
character but being mainly localized on the
carbazole unit. The same nature of the states is
also found in the triplet manifold, with a
pronounced nm* character for Ty and a partially
charge-transfer mm® nature for Tz Interestingly,
the T; states, which will be relevant for the further
discussion, can again be described as a nmn* but is
mainly localized on the phenyl ring. The partial
charge transfer character of the different states
can also be appreciated by the wvaluess of the
topological . index reported in Table 53
The values of the S0C elements coupling the
lowest triplet and singlet states are reported in
Table 2, highlighting small but non negligible
coupling of the 54 states with the triplet manifold.
The partial lifting of the El Sayed's rule is most
probably due to the partially mixed nature of the
states, to their partial charge-transfer character,
and to the breaking of the o symmetry due to the

twisted carbonyl-phenyl arrangement. Yet, this
situation appears as favorable to enforce efficient
ISC.

Table 2) S50C elements between the different
states calculated at CAM-B3LYP/6-31G level of
theory and Franck-Condon geometry.

S0C fem ™)
5T, 7.43
31-Ta 848
51 T3 17.23
5r-Ta 7.00
3Ty 2.13
Tl 0.27
3rTs 0.92
S5rTa 0.17

Upon geometrical relaxation on the S: potential,
as indicated on the Jablonski diagram reported in
Figure 3, we may observe that the stabilization of
53 closes the gap with Tz and the two states are
now separated by only 0.05 V. This situation is
again pointing toward a favorable, albeit non
ultrafast ISC, involving those two states, also
considering the non-negligible 50C between the
two states.
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Figure 3) Jablonski diagrams at the most relevant equilibrium geometries obtained at CAM-B3LYP/6-315

level of theory.

As concerns the influence of the level of theory
on the alignment of the states we report in Figure
4 the vertical excitation energies for the lowest
singlet and triplet states computed using different
exchange-correlation functionals and different
basis set. It is evident that the choice of the basis
set has a negligible effect on the quality of the
excitation energies, thus justifying the following
use of the smallest double-zeta basis for the non-
adiabatic dynamics. A slightly more important
influence of the functional can be appreciated.
Yet, the effects are globally modest and the
presence of partially charge-transfer excited
states justifies the use of long-range corrected
functionals for the following study. Finally, to
assess the mechanisms and the time-scales of 15C
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we have performed SH dynamics over 200
independent trajectories. The results in terms of
population of the different excited states are
collected in Figure 5, together with the ensuing
kinetic model inferred from the analysis of the
hops between states of different multiplicity.
Indeed, the population of the 5: state decays
slowly but steadily at the advantage of the triplet
manifold, whaose population increases.
Interestingly, we may observe that after the raise
in the population of Tz, Tyis also readily accessed
and becomes the dominant triplet state after
about 150 fs. At 2 ps we may observe a globally
perfectly shared population between the singlet
and the triplet manifold, with T, being now the
largely dominant state.
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Figure 4) Vertical transitions energies calculated from the Franck-Condon geometry with different basis

set (4) and exchange correlation functionals (B).
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Figure 5) Time evolution of the population of the different states following the SH dynamics (A). Kinetic
model used to fit the time evolution of the population; the obtained characteristic time constants are also
reported. Note that the population obtained by applying the fitting is also indicated in panel A with darker

color shades.

. ¥et, we may observe that the population of Tz is
persistent all along the 5H dynamics being of
about 10% at 2 ps. Furthermore, we may also
observe the raising of the population of the Tz
state, which becomes non-negligible at around
500 fs and stays only slightly lower than the one
of Tz Globally, this behavior appears guite
surprising since, from the simple analysis of the
Jablonski diagram, one could hawve inferred a
straightforward population drift going from 5z to
Tz and then rapidly towards T. Instead, and
because of the quasi-degeneracy of the triplet
states, a more complicated mechanism takes
place in the photophysics of the carbazole
derivatives. Indeed, while the first process of the
51 decay is ISC towards Tz, which also represents
the time limiting step with a time constant T of
about 2.5 ps, the population of this state open up
a complex equilibrium invelving T1and Ts. f the IC
towards the lowest triplet state is clearly the most
favorable process having a time constant of only
23 fs, a population transfer towards Tz is also
active, albeit having a much slower, yet ultrafast
characteristic time of about 400 fs. Interastingly,

while Tz readily relaxes back to Tz (v of 11 fs) a

population drift from Ty to T; is also possible and

is relatively fast (T of 94 fs).

Our 5H dynamics have thus confirmed that I5C is
operative in this carbazole systems, thus justifying
its efficiency as a luminophore. The rate limiting
step of the I5C, which amounts to 2.5 ps confirms
that the process while possible is not ultrafast,
probably due to the relatively modest values of
the involved 30C. However, this process hides a
complex equilibrium involving rather extended
population transfers in the triplet manifold, which
ultimately leads to the persistence of anon-
negligible population of Tz and T3 up to the ps
time-scale.

Furthermore, by analyzing the geometrical
changes along the 5SH trajectories we may
evidence that no large-scale movement is
necessary to trigger ISC. Instead only the
activation of small amplitude vibrational
movements, mainly related to the carbonyl
stretching are necessary. This aspect is mostly
favorable for the possible triggering of
aggregation induced phosphorescence, which is
operative im  the present carbazole-based
luminophore.
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COMNCLUSION

In the presemt contribution we have studied by
extensive TD-DFT modeling, complemented with
non-adiabatic SH dynamics the behavior of a
carbazole-based chromophore which is a most
promising candidate for room temperature
phosphorescence.  Im particular we  have
confirmed the interplay between nm* and mm*
states in providing the most favorable conditions
for high 30C in full organic compounds, thus
favoring the ensuing ISC. While we have
confirmed that |5C takes place with a rate limiting
step of about 2.5 ps, and involves the transition
between 5 and T; we also identify the
instauration of a complex equilibrium in the triplet
manifold with multiple population transfers
between the lowest lying triplet states. In turn this
imply that the population of Tz and Ts is persisting
all along the 5H dynamics, thus exceeding the ps
time-scale, and should be taken into account.
Furthermore, we have shown that |SC does not
involve the activation of large amplitude degrees
of freedom, and may remain possible also in
condensed phase, opening up the possibility of
ageregation induced phosphorescence behavior.
Owur results, show how SH dynamics may be used
to unravel complex and subtle mechanisms which
may be important in shaping the photophysical
behavior of organic chromophores. They also
point out the validity of the exploitation of the El
Sayed rule, invelving the coupling between states
of different diabatic nature in providing efficient
organic compounds featuring high ISC rates. Inthe
following we preview to extend this study to the
chromophore in condensed phase to take into
account the effects of agegregation on its
photophysical behavior.
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e rights in the Loese immedately upon receivng the Order Confirmation, e License is automatically revaked and s nul and waid, 25 § it had never been issued, if CCC
s Nat R omve COMMp lete D2y e e an 3 timely Dasis

T) General Limits an Use. Unless othenwise provded in the Order Confirmation, any grant of rights ta User () involves anly the nights set forth in $he Terms and does not
Inciude sunsequert or addisonal uses, (i) is nonexiusive and nondramsferaile, and (i) is sulbject to any and 2l imitafons and restrictions (such 25, but not imised fo,
lmitagars an duraton of use ar droulatan) induded in the Terms. Upan completan ofthe licersed use a5 set farth in the Order Confirmatian, User shal sither secure anew
permission for further use of the Workds) or mmediately osase any new use of the Warkds) and shall render inaccessible (sudh 25 by deleting ar by remasng or sevening linos
or ather lacatars) any further copies of $he Workc. User may anly make alterations ta the Warkif and 25 expressly set forth in the Order Confirmation. Mo Wark may be usedin
ary way tatis unlawful, including withoutlimitation ifsuch use would vialate applical e sandtions laws ar regulations, would be defamatory, vialate the nights of third partes
including such third partes’ ights of copyright, privacy, publicity, or other tanghle or intanghle property), or is otherwise llliegl seoually epliot, ar dbscene. in addigaon, User
maynat conjain a Wark with any ofher matenal that may resultin demage ta the reputation of the Rightshalder. Ay unlawdul use wil render any lcenses hereunder null and
waid User agrees to infarm OOC if it becomes aware af any infringementof amy rights in 2 Wark and o cooperate with amy reasanable request of COC or the Righshalder in
oomnedtion therewtin

&) Third Party Maienials. In fie event that fie material for which 2 Ucense is sought includes fhird party matenals (such a5 photggraphs, illusiratons, gragns, inserts and
similar materials) that are identified in sudh matenial 2s having been wsed by permission (or 2 smilar indicasor), User is responsible for idemifying, and seslong separate
licenses (under tis Sendce, if available, or otherwise) for anmy of such fird party materials; withowt 2 separate license, User may not use sud third party maserials wia e
Licemse.

9) Copyright Motice. Use of proper copyright natoe for 2 Wark is required 25 2 condition of 2ny Lioerse granted under the Service. Unless atherwse provided in e Order
Canfirmation, 2 praper capynght natice will read substantally 25 folaws: "Used with permission of [Rigmshalder's name], fam [Waork's tide, authar, wolume, editon number
ad year of copyrightl permission conveyed Srough Copyright Oearanoe Cemter, Inc.” Such notice must be provided in 2 reasonably legible font size and must be placed
afer an 2 cover page or in another locatan that any persan, upan ganing acoess ta the material which s the subject of a permission, shall see. or in the @se of republictian
Licerses, immediately adjacent ta the Work a5 used (for example, 25 part of 3 bydine or footnote] or in the place where substantialy all other oedits or notices for hhenew
wark comaining the republished Work are ooted. Falure o indude the required notce results in loss to te Aghtholder and COC, and the User shall be liable o pay
Iiquidated damages for each such Gilure squal ta twice the use fee speafied in the Order Confirmation, in addition o the use fee itself and any other fess and charges
speafied

10) Indemanity. User herely indemnifies and agrees to defend the Rigmshalder and OO0 and their respedtive emplayess and directors, against al daims, labilty, damages,
s and expenses, incdudng legal fees and expenses, ansng out of amy use of 2 Work beyond the scope of #he rights granted herein and in #he Order Cordfirmation, or any
use of 2 Wark which has been aitered in any unawtharzed way oy User, indudng clams of defamation or infrngement of rights of copyrighe, publiciey, privagy, or afher

fangible or inngible property.

11) Limétation of Lia biity. UNDER NO OROUMSTAMCES WILLCOC OR THE RIGHTSHOLDER BE LMBLE FOR ANY DIRECT, INDIRECT, CONSEQUENTIAL, OR BNCIDENTAL DAMAGES
(NCLUDENG WITHOUT LIMITATION DAMAGES FOR LO5S OF BUSINESS PROATS O INFOAMATION, OR FOR BUSIMESS INTERALFTION) ARESENG OUT OF THE USE OR BNABEITY
TOLEE A WORK, EVEN FF ONE OR BOTH OF THEM HAS BEEN ADMSED OF THE POSSIBRITY OF SUCH DAMAGES. In any event, the fotal liakility of e Rghtshalder and COC
(including their respective emplayess and directors] shal not exceed e total amount adually paid by User for the relevant License. User assumes full abilty for the actions
ard omissiors of s principals, employees, agents, affliates, sucoessors, and 2migrs.

12) Limsted Warranties THE WORKS) AMD RMGHTE) ARE PROVIDE D "AS 57 OO0 HAS THE BIGHT TO GRANT TO USER THE RIGHTS GRANTED BJ THE ORIDER COMFEM AT BON
DOCUMEMT. O0C AMD THE BGHTEH OLDE A DIS OLARM ALL OTHER WARAAN TIES RELATIMNG TO THE WORSE) AN D REEHT]S), EITHER EXPRESS OR BAPLUED, INCLUD NG WITHOUT
LEBATATION BPLED WARRANTIES OF MERCHANTABLITY OR RTHNESS FOR A PARTICLLAR PURARISE. ADDITEOMAL BGHTS MAY BE REQUIRED TO LEE RLUETRATIONS, GRAPHS,
PHOTOGRAPHS, ASSTRACTS, BNSEATS, OR OTHER PORTIOMG OF THE WORK (A5 OPPOSED TO THE ENTERE WORK) B A MANMNER (ONTEMPLATED BY USER USER
UMDERST A0 D5 AND AGREES THAT NEITHER OO0 MORA THE AIGHTSH OLDE A MAY HAVE SUCH ADDITRIMNAL RIGHTS TO GRANT .

13) Effed of Breach. fury failure by User to pay any amaount when due, or amy use by User of 2 Wark beyond the soope of the License set fordh in the Order Confirmation
andfr e Terms, shal be a matenial breach of such License. Ay breach not cured within 10 days of wristen natice thereof shall result in immediase termination of such
Licerse withow further notoe Any unsutonzed (owt Icersable) use of 2 Work $hat is serminated iImmediately upon notice thereaf may be liquidased by paymen of fe
Rghsholder's ardinary license price therefor; 2ny unauthanzed (and urlicensable] use $at is not erminated mmedately for any reason (nduding, for example, because
materials containing the Wark annat reasonaily be recailed) will be subject w0 2l remedes aailable atlaw or in equity, Dut inna eventto 2 payment of less #an tree tmes
e Rignshalder's ardinary license price for e most dosely analogous lloensable use phus Rightshalders andfor COC's costs and expenses incured in calledting sudh

payment.
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14) Additional Terms for Specific Products and Senvices. i 2 User & making ane of the uses descoibed in this Section 14, e addtonal terms and conditons apply:

2] Print Uses of Academic Cowrse Content and Materals (photecopies for academic rmoursepacks or classoom fendoues). Far photocanies for acdemic coursenaoos

ar dassroomhandouts the llowing addisonal terms apply:

hitps:!imarketplace copyright. com/rs-ui-web'mpficense/Sc 1d4b1 3-dBcT-485f-bodl-4 1 7ol 674ac2 BbaZ330-eaba-dded-ali2f-d 14862001222

1) The caples and anthalogies created under this License may he made and assembled by faouity members induiduallyar atther request by ancampus booostores ar
gy cenfers, or byoff@mpus copyshops and other smilar entities.

i) Ma Lioense granted shall in ary way- ) indude any right by User o create a substantively nonddentical capy of the Wark or ta edt ar in any ather way madfy the
‘Wark (eoooeptt oy means of deleting materal immediately preceding or fdlowing the engre porton of the Waork coped) () permit “puliishing wemures” where any
particular arthology would be systematically marketed 2t multple institutars.

) Sulect fo any Pulllisher Terms (2nd nowithstanding any apparent cmradician in the Order Confirmagaon arisng fom data prowded by User), any use autharized
wnder the academic pay-peruse sendce s limited a5 folows:

) any Ucerse granted shall 2nply to anly ane dass (Dearing 2 unique identfier 25 2xigned by the institutian, and therelry including 2l sedians ar other subnars
afthe class) atane iInsenwian;

B)use islimited o not mare than 25% of the tex of 2 book or of the ilems in 2 published callecton of ey, poems or artides;
Cluse islimited tonamare than the greater of (2) 25% ofthe textafan issue of 2 journal ar other periodical or (o) wo artides fram such anissue
D] na User may sell or distrbute any partcular anthdagy, whedher photocopied or electmnic, 2t maore than one insttution afleaming,

E] in the cxe of 2 photocopy permissian, na materials may be entered inta dectranic memary by User exceat in order to produce an idertical copy of 2 Wark
before or durng the academic term (or analagous period) a5 tawhich any partoular permissian is gramed. in the event $hat User shall choose to resain maserials
that are the subject of a photocopy permissian in dedranicmemary for purposes of producing identical coples mare than ane day afier such retention fowt stll
within the scape of ary permissian granted), User must notfy COC of such factin the applicabls permission request and such retention shall consttute ane copy
actually sald for purpases of ciculating permisson fees due and

F) any permissian granted shall expire at the end of the class. No permissian granted shall in any way indude any right by User fo ceate 3 substantvely nan-
idermical copy af the work or .0 edit or in any other way modify e Waork (except by means of deleting matenial mmediasely precedng or fallowing e emire
partion afthe Waork copied).

iv) Bogics and Records; Right to Audt As to each permission ganted under the academic pay-perase Senice, User shall maintain for 2t east four Ul clendar years
Ibagics and records sufficient for OCC to determine the numibers of coples made by User under such permission. {CC and any represeniatives & may designaie shall
Iawe the rignt to audit such books and recards 2t any time durng User's ardnary business hours, upon two days' prior natice. Hany such audit shall determine that
User shal have underpaid for, ar undereparted, any photooopies sald or by three perosnt (3%) or mare, then User shall bear all the costs of 2ny such 2udit afenaise,
OCC shall bear the coms afany sudh audit Ay amaunt desermined by sud 2uditto have been underpaid by User shall immediatelybe paid ta COC by User, togeter
with inferest thereon atthe rate of 10% per annum fromthe date sudh amauntwas anginally due. The pravsios of fhis paragragh shall survive the termination of this
License for any reasan.

o) mgital Pay-FPer-Uses of Academic Cowrse Content and Materials fe-coursepacks, electronic reserves, feaming management systems, acadenic insituiion
Intranets). For uses in ecoursspados, posts in elsctronic resenes, posts in leaming management systems, or posts on academic institulaon inranets, the Gllowng
additional tenms appiy-

1) The pay-per-uses subjed o this Sedion 140) include

A) Posting e.reserves, CoUrse management sysbems, ecoursepades for text-hased ontent, which gramts autharizatons to impart requested matenal in
dectranic format, and 2lows dedronic 2ces to this material o members of 2 desgrated wllege ar uniwersity dass, under the dredion of an Instruciar
desgnated by the college or univesity, socessiole only under approoriate lectronic cantrals (2.8, password)

) Posting -nesenies, COUrSE Manage ment Systems, eooursepades for i g of p ar ather still images not embedded in text. whidh
granis mat anly the suthaorizatons desaibed in Section 1400 N)4) sbove, but alsa the fdlamng authanzazar: ta inciude the requested material in course maderials
for use corsistent with Sactan 140)(KA) aoove, including any necessary resiang, refommatting ar madfication of the resolution of such requested matenial
(provided that sudh modification doss not alter e underiyng editonal coment or meanng of the requested matenial, and prowded that the resuiting madified
cantent is used sdely within the scope of, and in 2 manner wrsstent with, the partcular authonzation desoibed in the Order Confirmagion and the Terms), but
nat ndudng any other farm af manipulstion, alteration or editing of e requested matenal;

€] Posting e-reserves, @urss management systems, ecoursepades or other acdemic distribution for audiowisual content, which gramis not anly e
autharizatons descibed in Section 14b0XA) abowe, but also the kllowng authonzatons (1) to iklude the requested materal in course materak for we
consstentwith Secton 140 KA 2nove; (1) to dsplay and perfarm the requested matenial to such members of such class in the physical dassroom o remaotely by
means of streaming meda or ather Wdeo fomats and (i) o “dip” or reformat the requestsed matenial for purposes of time or coment management or ease of
dedivery, provided fhat such "dipping” or reformaiting does not alter e underlying editonial canfent or meaning of e requested matenal and thatthe resultng
matenial is used solely within the scope of, and in 3 manner comsistent with, the partcular authorization desoibed in the Order Confirmatian and the Terms.
Uniess expressly set farth in the relevam Order Conformation, e License does not aashorize any ather form of manipulagan, alteration or editng of $ie
requested materal.

1) Unles s eop ress iy set farth in e relevam Order Confirmation, no Lcerse gramted shallin amy waiy () indude 2ny ngt Dy User ta create 2 substantvely nonddentical
gy af f1e Yok or w0 edit ar in any other way modfy Se Wark fexept by meams of deleting matenal immedately preceding or fallowng the engre portion of the
‘Wark capied ar, in the case of Workes subject to Sedtiors 140)(1K8) or () abave, 25 desaibed in such Sectians) () penmit “publishing venftures”where any particular
course materials would be systemagcally mariceted 2t mulSple institutons.

1) Sunject o any further Imitatons determined in the Aghtshalder Terms (and notwithstanding any spparent contradiction in e Order Confirmation arisng from
data pravded by User), anyuse suthanzed underthe dedronic course content payperuse senice is imibed 2< fallows:

a)any Ucerse granied shall apply to anly one dass (oeanng a unique identfier 25 assigned oy the instiusan, and therelry including all sections or ather subparis
afthe clas) at ane Is@tution;

B)use islimited w0 not mare than 25% of the iex of 2 book or of the iems in 2 published callecton of exays, poems or antides;
Cluse islimited fonot more than fe greateraf(a) 25% of e text of an issue of 2 journal or other periodical or () twa artcles from sudh an issue;
D] na User may sell or distrbute any partcular materials, whether photocapied or ghectronic, 2t mare than ane nstitution aof leaming;

E) eectranic acoess ta matenial which 5 the sunjedt of an dedronicuse permisson must be imited by means of dectmonic passwaond, student identification ar
afher contral permiting access saldly o fudents and instructors in the class;
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F) User mustemsure (through use of an electranic cover page or ofer aporopriate means) that any persan, upon gainng eedranc socess ta the material, which is
the subjed of a permission, shall see:

o 3 proper cogyright notce, identfpngthe Rigmshader in whase name OOC has granted permissian,
@ & statementta the effect fat such copy was made pursuant fo permission,

& 3 statement demtifping the class to which the material applies and notfying the reader thatthe materialhas been made available dedroniclly saely faruse in
#he dass, and

& astatemnent to the offect hatthe material may notbe furfher dstrbuted fo any person outsde e dass, whether by copying or by tramsmissan and whether
dectranically or in paper farm, and User must also ensure that such oover page ar other means will print out in the ewent that the person acosssng e
material chooses to print out the material or any part thereaf

G) any permission granted shall expire 2t $he end of the dlass and, absent some other form of aufhonzation, User i thereupan nequined fo delete the 2pplicile
material from any electronic storage or to biode elecironic access ta the applcable material

) Uses of separate portions of a Wark, even If fiey are 0 be included in the same course material or e same university or callege dass, requine scparate
permissions under e eledronic course content pay-peruse Senvice. Unless atherwise pravided in the Order Cordirmation, amy grant of nghits to User islimised o use
complesed na later than e end of e acdemicterm (or analogous period) 25 8o which any partioular permission is ganted.

) Baoks and Records; Aight o fudit. fs to each permission granted under fhe dledronic course content Service, User shall maintain for atleast four full @lendaryears
booiks and records sufficient for CCC to determine the numibers of copies made by User under such permssion. C0C and any representatives & may designase shall
have the ngn to 2udit such boos and reconds 2t any tme durng User's ardnary business haurs, upan two days’ prior notice. if any sudh audt shall desermine that
User shall hawe underpaid for, or underreporied, any elecronic coples used by three percent (3%) ar more, $hen User shall bear all e costs of any such auds;
otherwise, CCC shall bear the cos®s of any sudh audit. Ary amount determined by such 2udit o have been underpaid by User shall immediately be paid to COC oy User,
ogefer with interest fereon 2t the rate of 10% per annum fram the date such amount was originally due. The provisions of #is paragragn shall sunave e
erminatan of this lloense for any reasan.

©) Pay-Per-Use Permissions for Certain Reproductions Mcademic photocopies for ibrany reserves and imteribrany loan reporting) (Won-a cademic internaliexte mal
business uses and commercial document defivery). The License expressy excludes $e uses Isted in Section (0)4v) below (which must be subjed to separate license
fram #he applicable Rightshalder) for: ademic photocopies for library resenves and imerlibrary loan reporting: and non2cademic intern afeoternal busness uses and
cammeroal dooument delivery

1) electranic stara ge af any reproducton iwhether in plainfest, PDF. arany other formaf) afher than on a transitory basis;

i) +1e nputofWarks or repraductions thereafinta any computenized database

i) reproductan of an entre Work (cower£o-cover copyng) except where the Workis 2 snge artide

i) repraductan for resale to anyone ather fan 2 specific customer of User;

) re pulblicatian in any different form. Please obtain autharzatars for these uses through other COC sendces ar diredtly from the nghtshalder.

Arwy liosnse granted is further limited a5 set farth in any restriciors induded in the Order Canfirmation andror in these Terms.

d) Blectronic Reproductions in Online Emar il de i e, i i and extrane (. For "eecdronk reproductans”, which generally includes e
mail use (ncluding instant messaging or ofher electronc trarsmissaon ko 2 defined group of redpients) or posting an an infranet, extanet or Intranet ste (nduding any
displey ar performance nadental theretal, the fallowing additanal tenms apoly
11 Unless athersise set forth in e Order Confirmation, e License is imited to use completed within 30 days for any use an the internet, 80 days for any usean an
imtranet ar extranet 2nd ane year for any other use, all 25 measured fam e “republication date” 25 identfied in the Order Confirmation, if any, and aterwise fram
the date of e Order Confirmagan

1} User may nat makoe ar permit any alterations ta the Work, unless expresily set forth n the Order Confirmation {after requestby User and approsal byRightshalder
prasded, howeser, that a Wark cansstng of phatographs or ofher stll images not embedded in text may, If necesary, be resized, reformatied or have it resadutian
madified without addtional exgress permissian, and 2 Work consisting of 2udavisual content may, f necessary, be cipped” or reformatted for purposes of emear
ment management or ease of delvery (provided $hat any such reszing. reformatting. resalution maodfication ar cipping” does nat alter e underlying edtonal
ontet or meaning af the Work used, and hat e resuling matenial is used salely within the scope af and in 2 manner comsstent with, the particular License
desaribed in the Order Confirmation and the Terms.

15) Miscellansous.

2) User acknowied ges that CCC may, from eme ta time, make changes ar additions ta the Sendce or to the Terms, and that Rightsnalder may maike changes or additions &0
the Righshalder Terms. Such updated Tenms will replace the prior terms and conditions in the order waoridlow and shall be effective 25 to any subsequent Licenses but
shall nat apply to Ucerses alreadygramed and paid for under 2 prior set of terms.

i) Use of User-redated infarmaton calledted thraugh e Senvce s governed by CO0s privacy palicy, 2vailainle anline 2t wiww.oo pyright.oo mfai out/privacy-palicyr.

€) The Lcerse is personalta User. Therefore, User may notassign or transfer ta any ather persan (whesher 2 nasural person or an arganization of any knd) the Liosnse ar
anyrnights gramed hereunder; provided, hawever, that, where applicainle, User may assign such License n i entirety an wrishen natice ta COCIn #he event of 2 ransfer of
all or sunstantially 2l of User's ights in ary new material wiich includes the Warkds) lieensed under this Senace.

d) Mo amendment or waker of any Terms s binding unless set forth Inwriting and signed by the appropriate parties, including, where apnlicible, fhe Rghtshader. The
Rignsnalder and CCC herely abjed ta 2y terms contained in any writng prepared by or an behalf of the User or its princpals, emplayees, agents or affilates and
purparting ta govwern ar atherwise relate ta the Licerse desaibed in the Order Confirmatian, which terms are in anyway noomsistent with 2ny Terms set forth in the Order
Confirmatan, andfar in CICs standard operating procedures, whether such wiiting is prepared pror ta, smultaneausly with o sulbsequent fo the Onder Corfirmatian,
and whether sudh writing 2ppears an 2 cagy of fe Order Confirmation or in 2 separate instrument.

€] The Lcense desaibed in the Order Confirmation shall be governed by and comstrued under the law of e State of New Yaork, USH, without regard to the principles
thereof of conflicts of law. Any case, contraversy, suf, adtion, or procesding anising awt af N connection with, or related ta such Ucense shall be brought, 2t C0Cs sale
discrefian, in amy federal ar state courtlocated in the Counfy of New York, State of Mew Yark, USA, ar in any federal or state court whose geographical jurisdiction oovers
the locatian afthe Rightshalderset forth in $he Order Confirmation. The partes expressly sulomit to the personal jurisdidtion and venue of each such federal or state court.

Last ypdated October 2082
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B.2. The License for Article 2 in Chapter 5

JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS

Nov 02, 2023

This Agreement between Pelin Ulukan ("You") and John Wiley and Sons ("John Wiley
and Sons") consists of your license details and the terms and conditions provided by John
Wiley and Sons and Copyright Clearance Center.

License Number

License date

Licensed Content
Publisher

Licensed Content
Publication

Licensed Content
Title

Licensed Content
Author

Licensed Content
Date

Licensed Content
Volume

Licensed Content
Issue

Licensed Content
Pages

Type of use

Requestor type

Format

Portion

Will you be
translating?

Title of new work

Institution name

Expected
presentation date

5660870008486

Nov 02,2023

John Wiley and Sons

ChemPhotoChem

Photophysical Properties of Boron-Based Chromophores as
Effective Moieties in TADF Devices: A Computational Study**

Pelin Ulukan, Antonio Monari. Saron Catak

Sep 27, 2023

Dissertation/Thesis

Author of this Wiley article

Print and electronic

Full article

Static and Dynamic Simulations of Photoprocesses in Organic
Phosphorescent and Thermally Activated Delayed Fluorescent
Materials

Bogazici University

Nov 2023

https://s100.copyright.com/AppDispatchServiet
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Order reference

20091993
number

Pelin Ulukan
Istanbul

Requestor Location
Istanbul. other
Turkey
Attn: Miss Pelin Ulukan

Publisher Tax [D EU826007151

Total 0.00 USD

‘Terms and Conditions

TERMS AND CONDITIONS

This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc.
or one of its group companies (each a"Wiley Company") or handled on behalf of a society
with which a Wiley Company has exclusive publishing rights in relation to a particular
work (collectively "WILEY"). By clicking "accept" in connection with completing this
licensing transaction, you agree that the following terms and conditions apply to this
transaction (along with the billing and payment terms and conditions established by the
Copyright Clearance Center Inc.. ("CCC's Billing and Payment terms and conditions"), at
the time that you opened your RightsLink account (these are available at any time at
http:/myaccount.copyright.com).

Terms and Conditions

» The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright.

You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis). non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-
time use only and limited to any maximum distribution number specified in the
license. The first instance of republication or reuse granted by this license must be
completed within two years of the date of the grant of this license (although copies
prepared before the end date may be distributed thereafier). The Wiley Materials
shall not be used in any other manner or for any other purpose, beyond what is
granted in the license. Permission is granted subject to an appropriate
acknowledgement given to the author, title of the material/book/journal and the
publisher. You shall also duplicate the copyright notice that appears in the Wiley
publication in your use of the Wiley Material. Permission is also granted on the
understanding that nowhere in the text is a previously published source
acknowledged for all or part of this Wiley Material. Any third party content is
expressly excluded from this permission.

With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and
no derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner. For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only,
the terms of the license are extended to include subsequent editions and for
editions in other languages, provided such editions are for the work as a whole
in situ and does not involve the separate exploitation of the permitted figures
or extracts, You may not alter, remove or suppress in any manner any copyright,
trademark or other notices displayed by the Wiley Materials. You may not license,
rent, sell, loan, lease, pledge. offer as security, transfer or assign the Wiley Materials
on a stand-alone basis, or any of the rights granted to you hereunder to any other
person.

The Wiley Materials and all of the intellectual property rights therein shall at all
times remain the exclusive property of John Wiley & Sons Inc, the Wiley
Companies, or their respective licensors, and your interest therein is only that of
having possession of and the right to reproduce the Wiley Materials pursuant to
Section 2 herein during the continuance of this Agreement. You agree that you own
no right, title or interest in or to the Wiley Materials or any of the intellectual

https://s100.copyright.com/AppDispatchServlet
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property rights therein. You shall have no rights hereunder other than the license as
provided for above in Section 2. No right, license or interest to any trademark. trade
name, service mark or other branding ("Marks") of WILEY or its licensors is
granted hereunder. and you agree that you shall not assert any such right, license or
interest with respect thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach
of this Agreement by you.

You shall indemnify, defend and hold harmless WILEY. its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any
breach of this Agreement by vou.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA. FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION SHALL APPLY
NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY
LIMITED REMEDY PROVIDED HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal. invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision,
and the legality, validity and enforceability of the remaining provisions of this
Agreement shall not be affected or impaired thereby.

The failure of either party to enforce any term or condition of this Agreement shall
not constitute a waiver of either party's right to enforce each and every term and
condition of this Agreement. No breach under this agreement shall be deemed
waived or excused by either party unless such waiver or consent is in writing signed
by the party granting such waiver or consent. The waiver by or consent of a party to
a breach of any provision of this Agreement shall not operate or be construed as a
waiver of or consent to any other or subsequent breach by such other party.

This A may not be d (i ing by op 1 of law or otherwise)
by you without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you
and WILEY concerning this licensing transaction and (in the absence of fraud)
supersedes all prior agreements and representations of the parties, oral or written.
This Agreement may not be amended except in writing signed by both parties. This
Agreement shall be binding upon and inure to the benefit of the parties' successors,
legal representatives, and authorized assigns.

In the event of any conflict between your abligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and
conditions, these terms and conditions shall prevail.

WILEY expressly reserves all rights not specifically granted in the combination of
(i) the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.

This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.
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« This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules.
Any legal action, suit or proceeding arising out of or relating to these Terms and
Conditions or the breach thereof shall be instituted in a court of competent
jurisdiction in New York County in the State of New York in the United States of
America and each party hereby consents and submits to the personal jurisdiction of
such court, waives any objection to venue in such court and consents to service of
process by registered or certified mail. return receipt requested. at the last known
address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY)
License only, the subscription journals and a few of the Open Access Journals offer a
choice of Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY ) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-

Creative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commereial (CC-BY-NC )License permits use,

distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

q (CC-BY-NC-
ND) permits use, distribution and reproduction in any medium, provided the original work
is properly cited, is not used for commercial purposes and no modifications or adaptations
are made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library
http://olabout wiley.com/WileyCDA/Section/id-410895 html

Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare@copyright.com.
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B.3. The License for Article 3 in Chapter 6

Thisis a Licerme fgresment between PELM ULUKAN ("User) and Copyright Clearance Center, bnc (0007 on behalfof the Rightshalder identified in the order details
below The Icense comsists of $he onder details, the Marietplace Permssons Genem | Terms and Conditions below, and any Rightshalder Terms and Condisians which

are included below

#l paymens must be made in fulito CCC in acoordanoe with e Marketplace Permissions General Terms and Conditions belawe

Order Date
Order License ID

[Pl crtian Ti e

AuthariEd itar

Partion Type
Pag e Rangss)

Taotal Number of Pages

[Fanmat (seleat 2l that appiy]
Wno Wil Repubiish the Conten®
Duration afUse

Lide timee Uinit Quantity

Instrucinr Name

Order Reference Number

Tithe, Descriptian ar Nume nic
Reference of the Partionis)

Edtar of Partianis)

Valume [ Editian
Pag e or Page Range of Partian

Marketplace Permissions General Terms and Conditions

10D 2023
14258951
1853907 G

Fhyscal chernistry diemical ghysics -
PCCP

Photopiyscal Properties of Sufone.
Hased TADF Emiteers in Aelagon Ta
Their Structural Praperties

Royal Sacetyof Chemistry (Great
Brntin], Demsche Bursen-Geselscad
fir Physilcaisdhe Chemie, Kaoninidi e
Mederlandse Chemsche Vereniging.,
Societd chimica italiana.

MG ECE]
Engish

United Kingdomn of Great Britain and
Martemn reland

Chapterfarticle
ANAEFATEA0

14

Frint, Elecranic
#utharafrequested content
Life of current edition

Up 1o 459

Statc and Dynamic Smulations of
Photoprocemses in Organic
Phospharescentand Thermally
Activated Delayed Fuorescent Matenials

Pedin Liukcan

LY

The phasophysical properses of
sulfane-based TADF emitters in relation
o #hair struciural properiies

Hepguler, Aslihan; Ulukan, Pelin; Catal
Zaran

=]
N4AEFI 470

Type of Use
Pun lsher
Partian

Rightshaider
Publication Type
StartPage

End Page

Vialumae

Rights Requested
Distributsan

Transiation

Capies for the Disablsd?
Minar Editing Privilege s?
Incidental Promational Use?

Currency

Institution Name
Expected Presentation Date

The Requesting Persan § Organization
to Appear an the Lioense

Tithe of the anticle f Chapter the
Partion ks Fram

futhor of Portionis)
Issue, if Republishingan Article Fram

aSernal
Publication Date of Partian

Regublish in 2 thesisidssertaton
ROYAL SOOETYOF OHEMEETRY
Chameranide

RAaoyal Society of Chemistry
jaumnal

EACCT)

ERC ]

LE]

25

Mainproduct

warkdwide

Original language of publication
Ma

Ma

Ma

uso

Bagard University
Z0E3 208

PELEN ULUKAN

Fhawphysical Properties of Sufane-
Based TADF Emisiers in Relation Ta
Thier Sirudiural Properiies

Henguler, fslinam Ulkan, Pein; Catak,
Zaran

4%

20Z3M-z2

The fallowing terms and conditions ("General Terms™), together with any 2ppliczinle Pubiisher Terms and Conditons, govern User's use of Works pursuant to #e Liosnses
gramed by Copyright Oearance Center, Inc ("CCC7) on behalf of fe appliceinle Aghshalders of such Works #rough CCCs apoicable Maretplace ransactional lioensing

servioes (mach, 2 Sendce]

1] Definitions. For purposes of these General Terms, e folowng definisons apoly:

“Licerse” is the licensed use the User albtains via the Marketph o pbtform in 3 particular lcensing transaction, 25 st farth in the Order Confirmation
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Order Canfirmatan® is the confimagian OCC provides to $he User 28 e condusion of each Marketplace ransacion "Order Confirmation Terms™ are additional terms set
farth on speafic Order Confirmatans not set forth in e General Terms that can indude terms 2pplicainle @0 2 particular COC Fransactonal licensing sermvice andrar any
RAghtshaderspecific terms.

Rigmshadersy are the holders of copyrigt rigms In the Warks for which 2 User ootains licenses via the Maretplace platform, which are displayed on specific Order
Corfirmations.

Terms™ means the termsand conditans set forth in these General Terms and any additional Order Corfirmation Tenms colectindly.

"User™ or You® isthe person or entity making the use granted under the releant License Where the person acceping the Terms on benalf of 2 User & 2 freslanosr or ather
third party wha the User autharized to aocept the General Terms on the User's behalf, such persan shallbe desmed jaintly 2 User for purposes ofsuch Terms.

“Warkis]" are e copynight protected works descrbed in releant Order Confirmations.

Z) Description of Service. (00 Marketplace enables Users to abtain Licenses fo use ane or mare Waorks in accordance with all relevant Terms. CCC grants Lcenses 25 an
agent an behalf of the copyright ightshalder identified in #he relevant Order Confinmation

3) Applicability of Terms. The Terms govern User's use of Works in comnedtion with the relesant License. In the event of any conflict betwesn General Terms and Order
Carfirmation Terms, the latter shal govern. User admowledges $hat Rightshaders have complete discretion whether fo grant any permission, and whether ta plaoce any
limitagiars on anygrant, and that CCC has no ight ta supersed e or to modfy any such discretanary a<t by a Rightshalder.

4) Representations; Acoeptance. By wsing the Sendos, User represents and warrants fat User has been duly authanized by the User ta acospt, and herely does acoepe, all
Terms

%) Scope ofLicense Limitations and Obligations &l Works and all rights therein, induding copyright rights, remain the sale and exdusve pmperty of the Righshader. The
Licerse pravides anly fhose nghts expressly set forth inthe terms and corveys na athernghts in any Warkes

&) General Payment Terms User may pay at tme of checkout by oredit card or choase to be inuoiosd. fthe User dhooses o be invoioed, e User shall- (i) remit paymentsin
the manner dentfisd an speafic invaices, (1) unless ofherwise speafically stated in an Order Confirmation or ssparate written agresment, Users shall remit payments upan
receiptafthe mikewantinwioe fram COC, ather by delivery or natification of avsilablity of the invaioe via the Maricetplaoe plagfarm, and (i) if the User doss notpay e imeaice
within 30 days of receipt, #he User may inour 3 senace charge of 1.5% per manth ar the macomum rate alowed by applcable law, whichever & less Whie User may exerase
fernghts in the Loerse immediately upan receiving the Order Confirmation, the Licemse s automatically revaked and & null and waid, a5 F it had never been issued, if 000
daes not reosive complete payment an a timely bass.

7) General Limits an Use. Unless otherwise pravded in the Omder Carfimmatian, any grant of rights to User () involes anly the nghts set forth in fhe Terms and dots nat
include subsequent or addiganal uses, (i) s nonexiusive and nondrarsferable, and (i) is subjett to any and all imitafons and restrictions (such a5, but not imised o,
Imitagars on duraton of use ar dnculation) induded in the Terms. Upon completian afthe licemsed use 25 setforth in the Order Confirmation, User shal either secure 2 new
permission for furfer use of the Work(s) or mmediately oease any new use of e Warks) and shall render inaccessible (sudh 25 by deleting or by removng or sevening lins
or gfer locators) any furfher copies of he Work User may anly mabe aierations ta the Warkif and 25 expressly set forth in the Order Confirmation. Mo Work may be usedin
any way fatis unlawful, including wishout imisation if such use would viclate applicainle sanations laws ar regulatians, would be defamasory, widate the nights of third partes
(ncluding sudh third parties’ nights of capyright, privacy, pullicity, or ather tanghle or intanghle property), or is otherwse lieg |, seouslly expliot, or abscene. in 2ddison, User
M2y nat conan a Work wish any ather masenial that may resultin damage to the reputation of e Rightshalder. Ay uniawiul use wil render any lcemses hereunder null and
waid User agrees i infarm CCC if it becomes aware of any infringementaf amy rigts in 2 Wiork and w0 cooperase with amy reasonaible request of CCC or the Righshalder in
mnmnedion therewth

E) Third Party Malerials. In e event that e matenal for which 2 Loense is sought includes #ird party matenials (sudh 25 photographs, ilhsratans, graghs, inserts and
smilar materials) that are identified in sudh material a5 hawing been used by permission (or 2 smilar ndicafor), User is responsiole for idemtifying, and seelng separate
licenses (under fis Sendce, if available, or otherwise) for any of such fhird party materials; withowt 2 separate licerse, User may not use sudh third party maserials via e
Lcense.

9) Copyright Notice. Use of praper capynight notoe for 2 Work is required 25 2 condition of any Licerse granted under the Service. Unless atherwse provided in #he Order
Carfirmation, 2 proper copyright notice wil read substantally 25 folows: "Used with permission of Rigntshalder's name]. fom [Waork's tide, 2uthor, wolume, edison number
and year of copyrignt] permission conveyed firough Copyrignt Jearance Center, Inc.” Such notice must be provided in 2 reasonably legible font size and must be placed
efher on 2 @ver page or in anather locafion that any persan, upon gaining acoess ta the material which is the subject of 2 permission, shall see, or in the @se of repulbiction
Licerses, immediately adjacent to the Waork 25 used (for examgle, 25 part of 2 oydine or foatnote] o in the place where sulstantialy all other credits or notces for fenew
wark comaining the republished Wark are looted. Fallure fo ndude the required notice results in loss o $he Aghshaider and CCC, and the User shall be liablke o pay
liquidated damages for each such filure squal to twice e use fee speafied in the Order Confirmation, in addtion to the use fee itself and any other fees and charges
spedfied

10) indemnity. User hereby indemnifies and agrees io defend the Rightshalder and CCC, and their respedtive employess and directors, aganst all daims, labilty, damages,
osts, and expenses, including legal fees and expenses, anising out of any use of a Work beyond the scope of the nights granted herein and in $he Order Corfirmation, or any
use of 2 Wark which has been altered in any unautharized way oy User, induding claims of defamation or infrngement of rights of copymght. publicisy, privacy, or ather
tangible or inangile praperty.

11) Limétation o fLiabiity. UNDER NO OROUMSTANCES WILLCCC OR THE RGHTSHOLDER BE LMBLE FOR ANY DRECT, BNDRECT, CONSEQUENTIAL, OR INCIDEN TAL DAMAGES
(NCLUD NG WITHOUT LIMITATION DAMAGES FOR LOSS OF BLEINESS PROATS OR INFOAMATION, OR FOR BUSIMESS INTER AU PTEON) ARISENG OUT OF THE USE OR INAERITY
TO USE A WOR, EVEM FOME O BOTH OF THEM HAS BEEN ADVEED OF THE POSSIEILITY OF SUCH DAMAGES. In ary euent, the iotal IIﬂlllﬁ‘ufhe I'lglmdde and COC
(including their respective emplayees and directors) shal not exceed the total 2mount actually paid by User for $he relevant License. User assumes full izbility for the actions
and amissions of s principals, employees, agenis, affliates, sucosssors, and assigrs.

1) Liméted Warranties. THE WORKS) AND REGHTS) ARE PROMVIDED "AS 5.7 C0C HAS THE RIGHT TO GRANT TO USER THE RIGHTS GRANTED BN THE ORDER CONFEMATION
DOCUMENT. C0C AND THE BGHTSHOLDE R DISCLABM ALL OTHER WARRAN TIES RELATING TO THE WORKS) AND RIGHT(S], BITHER EXPRESS OR BPLIED, INCLUDING WITHOUT
LEATATIIN B PLED WARRANTIES OF MERCHANTASILITY OR B TMESS FOR A PARTIOULAR PURPOSE. ADDITIOMAL FBGHTS MAY BE REQUIRED TO USE BLLUETRATIOMS, GRAPHE,
PHOTOGAAPHE, ABSTRACTS, INSERTS, OR OTHER POATIOME OF THE WORK (A8 OPPOSED TO THE ENTERE WORK) BJ A MANMER COMTEMPLATED @Y USER USER
UNDERST AMDS AND AGREES THAT NEITHER COC MOR THE RIGHTSHOLDE A MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. ary faillure by User ta pay ary amaunt when due, or 2ny use by User of 3 Wark beyond the scope of the License set forh in the Order Confirmatian
andkar the Terms, shal be 3 material breach of such Liosnse. Ay breach not cured within 10 days of wristen notice theresaf shall result in immediate termination of such
Licerse without further notice Any unsuthanized (out lcensable) use of 3 Waork that is terminated immediately upan naotice thersof may be iquidated by payment of e
RAghthalder's ardnary license price therefor; amy unauthaorized (and unlicensalle) use fat is not ferminated mmedietely for any resson (nduding, for example, because
maderials comtaining the YWork cennot reasonaibly be recalled) will be subject 1o all remedies awilable atlaw or in equity, but inno eventto a payment of less fan firee tmes
fhe Rigmshalder's ardnary license price for the mast dosdly analogous liosnsable use plus Rightshalder's andfor COCS omts and expenses incurred in cdleding sudh

payment.
14) Additional Terms for Specific Products and Services. If 3 User 5 maling one of the uses desonbed in this Sedtion 14, the addronal terms and conditons apply:
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2] Prnt ises of Academit Course Content and Materals (photocopies for academic course packs or classroom fandouts). Far photoropies for academic coursepaces
ar dassroom handouts the foliowng additonal terms apply-

1) The coples and anthalogies created under this Liosnss may be made and d by faculty oers indkiduallyar atther request by on<campus bodkstores ar
copy centers, or byoffcampus copy shops and other similar entities.

i) Mo License granted shall in any way: () indude any right by User to create 2 sudstantively nondderntical copy of fe Work or to edt or inany other way moddfy e
Wiark (exoept by means of deleting materal immedately preceding or fdlowing the entire portion of the Work copied) () permit “publishing wemtures” where any
particular anthalogy would be systematically marketed at multple institusans.

1] Sunject io any Publisher Terms (2nd nomwithstanding any apparent comradctan in #e Order Confirmatan arising fom data prasided by User), any use autharized
wnder the academic payperuse sendce 5 imited a5 folaws:

A any Ucerse granted shall 2pply to anly one dass (oeanng 2 unique identfier 25 assigned by the institutan, and thereby including 2ll sedions ar other subparts
afthe class) at ane insttutian;

) use islimited fo not mare than 25% of the e of 2 book or of the items in 2 published calecton of essays, poems or artides;
€] use islimited tona mare than the greater of (2) 25% afthe text of an issue of 2 jounal ar other periodical or (o) twa artides fom such an issues
D) na User may sell ar distrbute any partcular anthalogy, whether photocopied or gectmnic, 2t mare than one insttution of leaming:

E) in the cse of 2 photocopy permissian, na maserials may be entered into eectranic memary by User except in order to produce an identical copy of 2 Wark
before or during the academic term (or analogous periad) 25 tawhich amy partcular permission is granted. in the event St User shall dhoose ta retain materials
that are the subjed of a photocopy permission in eledranic memary for purposes of producing identical copies mare than ane day after such retention (out sall
within e scope of any permission granted), User must notfy OO0 of such factin the applicable permission request and such retention shall corsttute ane copy
actually sald for purposes of aloulating permission fees due; and

F) any permission granted shall expire 2t the end of the class. No permission granted shall in any way indude any night by User o oeate 2 substantvely naon-
identical copy af the Waork or o edit or in any other way modify e Wark (except by means of deleting matenial mmediately precedng or fallowing e entire
paortion of the Wark copied).

iv) Books and Records; Right fo Audit. As to each permission grrnted under the 2ca demic pay-perase Senice, User shall maintain for 2t keast owr ful clendar years
baoiks 2nd records sufficient for COC to determine the numbers of coples made oy User under such permissan. C0C and any representatives & may designate shall
nave the right to 2udit such books and recards 2t any tme durng User's ardinary business haurs, upon two days’ prior natice. i any sudh audit shall dessrmine that
User shal have underpaid for, ar underreparted, any phatooopies sald or by thres percent(3%) ar mare, then User shall bear all #he comts of any such aud it atherwise,
OCC shall bear the oosts af any sudh audit Ay smaunt determined by sudh auditto have been underpaid by User shall immediatelybe paid ta COC by User, together
with interest thersan atthe rate of 10% per annum from the date sudh amaunt was anginally due. The provsions of this paragragh shall sunvive the terminatian of this
License for 2y reason.

o) Digital Pay-Per-Uses of Academic Course Content and Materials fo-courscpacks, electronic reserves, Ji i Ty = academic insiubion
intranets) Far uses in ecoursepades, posts in decronic reseries, pasts in leaming management systems, or pud; an academic instilution inranets, the followng
additional terms apply-

1) The pay- per-uses suljed to this Sedtion 1400) include

A) Posting &-reserves, Course management systems, e<ourscpadks for text-based content, which gramts sufhorizafors to impart requested matenal in
electranic format, and allows eedranic aocess to this matenal to members of 2 desgrated mllege or university class, under the diredtion of an instructor
designated by fe cllege or university, accessble anly under appropriate electronic cnrals (2.8, paswordy

B) Posting e-resenves, CoUrse management systems, e<oursepades for matenial o g of p igraphs or other stil images not embedded in text, which
grants nat anly the autharizatons desoibed in Sedion 1400)))4) 2bove, but also the falowing authonizatorn ta include the requested matenal n curse maserals
for use corsistent with Sectan 140)()A) sbove, including any necessary resiing, refommatting ar modfication of the resalution of sudh requested material
(provided that such modification does not alter the underlying editonal comtent or meaning of the requested matenial, and prowded that the resulting madified
cantent s used saley within the scope of, and in 2 manner consistent with, the particular 2utharization desoibed in the Order Confirmatian and the Terms), but

naot ndudng any other form of manipulation, alteration or editing of fe requested material;

(s} . course t gyt ecoursepades or other d | st for auds al cantent, which grants not anly e
mhmzam: descnbed in Sedion 'I{h]]:[l;l aibove, but also the followng sutharizatons (1) to include the requested materal in course materals for use
consstentwith Secton 1400))KA) 2bove; (1) to dsplay 2nd perform the reque sted matenal to such memboers of such class in the physical dassroam or remately oy
means of streaming meda or other Wdeo fomats and (i) o "dip” or reformat the requested matenal for purpases of time or comtent management or ease of
delivery, pravided $hat sudh "dipping” or reformating does not alter fie underiyng editonal contert or meaning of e requested matenial and thatthe resuling
material is used salely within the scope af and In 3 manner comsistent with, the paricular autharization desoibed in the Order Confirmation and the Terms.
Unless expressly set forth in the relevamt Order Conformation, fhe Licerse does not autharize any ater form of manipulation, alteration or editing of fe
requested materal.

i) Unless expressly set farth in #he relevant Order Confirmaiion, no Lcense granted shallin amy waie () indude anyright byUser to create 2 substanively nonddenscal
oopy af fe Wark or o0 edit ar in any other way madfy the Wark (except by mears of deleting matenal imme dately preceding or fallowing the entire partion of the
‘Wark copied ar, in $he case of Warks subjedt to Sedtiors 1400)(1X8) ar (C) above, a5 desoibed in such Sections) (i) permit "pulblishing ventures™ whene any partioular
course materials would be systematically marketed 2t multple institutons.

i) Subject t0 any furfher imiatons determined in the Rightshalder Terms (and notwithstanding amy apparent confradiction in e Order Confirmation ansing from
data prawded by User], anyuse suthanzed underthe gedronic course content payperuse senvice is imited 2= fllows

A) any Ucermse granied shall apply o anly one dass (beanng 2 unique identfier 25 assigned oy the instiugon, and therelry including all sedions ar other subparis
afthe class) 2t ane ins8tution;

B) use islimited to not maore than 25% of the text of 2 book or of #he itemns in 2 published calection of essays, poems or artides;
Cluse ishimied o not maore than the greaterof(2) 25% of e ket of an iswe of 2 journal or ofher periodicalar (o) twao artcles from sudh anissue;
D) na User may sell or distribute any partoular matenials, whether photocopied or electrarnic, 2t mare than ane nstisution of leaming;

E) electranic access to material which 5 $e sudject of an dedronicuse permission must be imied by means of eectmnic password, student identification ar
ater cantral permittng aocess solely fo studemts and instnuctors in the class;

F) User musterswre (thraugh use of an eectranic cover page or ofer aporopriate means) that any persan, upan gaining eedranic 2ccess ta the matenal, which is
the sunject of 2 permission, shail see:
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0 2 praper camyright notoe, identfyngthe Righshalder n whase name COC has granted permission,
o saementta the e ffed fat such copy was made pursuam fo permission,

o 3 statement identifying the class to which the material applies and notfying the resder that the matenal has been made avalable dedranically salely foruse in
e dass, and

&

a statement fo the effect hatthe matenial may notbe further dstrbuted fo any person outside e dass, whether by copying ar by trarsmssan and whether
elecironically or in paper farm, and User must also ensure that sudh oover page or other means will print out in the event that the persan accessing e
maderial chooses 0 print outthe matenial or anypartthereof

G) any permission granted shall expire 2t the end of the class and, absent some ather form of authanizatan, User & thereugon required o delete the appliceble
material from any electronic storage or to biodc eectronic acoess ta the applcaiole material

iv) Uses of separate portions of a Work, even if they are o be included in the same course material or e same university or cllege dass, requine separate
permissions under the glenranic course canient pay-peruse Sendoe. Unless othenwise provided in the Order Confirmation, amy gram of ights to User is limised fo use
oompleted no later than the end of the academictermior snalagous perod) 25 to whidh any particular permission is gramted.

] Bagics and Rerds; Right io Audit. As o eacth permission gramed under e dedranic course coment Senvioe, User shall maintain for 2t least four full @iendaryears
Iboaics and recards sufficient for OCC to determine the numbers of copies made by User under such permissian. OCC and any representatives & may desgnate shall
Inawe the right to audit such books and records at any time during User's ardinary business haurs, upon two days' prior notice. Hany such audit shall determine that
User shall have underpaid for, or underepored, any electranic coples used by three peroemt (3%) or mare, fen User shall bear all e costs of any such auds;
atherwise, COC shall bear the costs of any sudh audit. Any amaunt determined by such audit to have been underpaid by User shall immediately be paid ta COC by User,
fogether with interest fherean at the rate of 10% per annum from the date such amount was ariginaly due. The provisions of fhis paragragh shall sundve e
serminason of fis lioense for anyreasaon.

<) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library resenves and interibrary foan reporting) (Non-academic internalfeste mal
business wses and commercial document defivery). The License expressly excludes Seuses Isted in Secton (9004 below (whidh must be subjed to separate icense
from the applicable Rightshaolder) for: academic photooopies for lirary reseries and interlibrary 0an reporting and nan-academic internaledtenal busness uses and
commerdal docurment deliveng

1) dectronic storage of any reproductian (whether in plain e, POF, arany other formaf) other than on a trarsitory basis;

i) ;e nputafWorks or reproductions thenea finto any computenzed datanose;

i) reproductan of an entre Wark (cover$0-cover copying) except wihere the Workis 2 snge artide;

s reproductan for resale to anyone ater fan 2 specific coustomer of User;

Wi repulbication n any different form. Please obiein autharzatorns for these uses frough other COC sendoes ordirectly fram the nghtshalder.
Airvy lioense granted is further limited a5 setforth in any restrictors nduded in the Order Confirmation andior in these Terms.

d) Electronic fReproductions in Onifne Environments (Von-Academicemail, intranet, internet and extrane . For “searonc reproducsons”, which generally incudes e
mail use (ncluding instant mesaging or ather electranic rarsmsson o0 3 defined group of redpients) or posting an an inranet, extranet or Intranet site (nduding amy
display ar performance nadental feretal, the fallowing addifanal terms apply

1) Unless otherwise set forth in the Order Confirmation, the License is Imited to use completed within 30 days far amy use an the Intemniet, 50 days for any usean an
imranet ar exranet and ane year for any other use, all 25 measured Fom e “repubication date” 25 identfied in the Order Comfirmatian, if any, and aterwse fram
e date of the Order Confirmaton.

i) User may not make ar permit any 2lterafons to the Work, unless expressly set fordh in the Onder Confirmation (afer request by User and approsal by Rightshader]
prawded, howeser, that 2 Wark consistng of photographs or ofher stll images not embedded in textmay, if necessary, be resized, reformated or hawe it resolution
maodfied wthaut additional express permissian, and & Work conssting of audiowisual confent may, # necessary, be cipped” or reformatted for purposes of eme ar
oombert management or ease of delvery (provided #hat any such reszing, reformatting, resolution modfiction or “tipping” does nat alter fe underlyng editonal
oomtent ar meaning of the Work used, and #at the resuling matenial is used solely within the scope of and in 2 manner comsstent with, the particular Lioerse
desoribed inthe Order Confirmation and the Terms.

15) Miscellansous.
2) User acinowled ges that 000 may, from 8me ta time, maiee changes ar 2ddtians ta the Serdoe or ta the Tems, and that Rightshalder may make danges or additions o
the Rightshalder Tenms_ Sudch updated Terms will replace the prior terms and conditions in the order waorkdflow and shal be effective 25 to any subsequent Licenses but
shall nat2pply o Ucenses aiready granted and paid for under 2 priar set ofterms.

i) Use of User.redated informaton calledted through the Senvice is governed by C0C's privacy palicy, available anline at wwww.oo pyright oomyabout/privacy-palicy!.

€) The Lcemse is personal ta User. Therefare, User may natassign or trams fer ta any other person (whesher 2 nagural person or an arganization of amy kond) te Lioense ar
anyrights granted $hereunder; provided, however, that, where applicable, User may assign such Lioerse in it entirety on written natice ta CCC in the event of 3 vransfer of
all or sunstantiallyall of User's ights in any new material which includ s the Warkds) liosnsed under this Sendce.

dINa amendment or waker of any Termns is binding unless st forth inwriting and signed by the appropriate parties, including, where applicaiole, the Rightshadder. The
Rightshalder and CCC herely abject ta any terms comtained i any writing prepared by or on behalf of the User or its prirncipals, emplayess, agents or affilates and
purparting o povern or atherwise relaie ta the Licemse desailbed in the Order Cordinmation, which terms are in any way ncomsistent with any Tenms set forth in the Order
Canfirmatan, andfar in OO0 standard aperating procedure s, whether such writing is prepared pror to, smultanesausly with or subsequent fo the Order Confirmatan,
and whether sudh writing appears an a cagy of e Order Canfirmatan or in 2 separate instrument.

&) The Ucense desaibed in e Order Confimmation shall be governed oy and corstrued under the law of the State of New York, USH, without regard to e princiges
thereaf of conflicts of law_finy cse, confrowersy, suit, adtian, ar procesding arisng aut af, In connection with, or related to such License shall be braught, at 0CC's sale
discrefan, in any federal ar state courtlocted inthe County of New York, State of New Yari, USA, ar in any federal ar state court whose geographical unsdicion covers
the lacation ofthe Rigtshalder set forth in the Order Confirmation. The partes exqpressly sulomit ta the personal junsdiction and venue af sach such federal or state court.

Last ypdated October 2027
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