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ABSTRACT

BENCHMARKING TADF ACTIVITY OF SULFONE
BASED COMPOUNDS

Thermally activated delayed fluorescence (TADF) mechanism can be explained
as transfer of excitons from the first triplet excited state (T) to the first singlet ex-
cited state (S;) by reverse intersystem crossing (RISC). In this study, the activity of
sulfone-based TADF compounds was examined with descriptors by using density func-
tional theory (DFT). Besides structural properties, photophysical properties of studied
compounds were investigated. Dihedral angles obtained from optimized geometries are
shown to change with respect to donor units. The nature of excited states was exam-
ined because of its impact on TADF efficiency. As seen in results, we can say that
M062X functional is the only functional that gives locally excited (LE) character at
triplet excitations. The energy difference between S; and T, excited states (AEgr) is
one of the analyzed descriptors and generated with three different functionals. The cal-
culated AEgr values are consistent with experimental values. To evaluate efficiency of
functionals, the relationship of experimental kr;sc with calculated 1/AEgr and spin-
orbit coupling (SOC) that is required for reverse intersystem crossing (RISC) process
is examined. As a result, BSLYP accidentally generates the best AEgr values while
MO062X is the only functional that gives correct relationship between kgrsc-SOC. Ac-
cording to comparison based on the effect of AEgy and SOC values on the (R)ISC
possibility (), M062X is the most reliable functional. The obtained visualization of
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) and &, indices are consistent with other descriptors. Finally, absorp-
tion and emission spectra are generated and compared with experimental spectra. The
obtained results will have contributions to the selection of the most reliable functional

and design strategies for TADF compounds.



OZET

SULFON ICEREN MOLEKULLERIN TADF
AKTIVITESININ KARSILASTIRILMASI

Termal aktif gecikmeli floresans (TADF), eksitonlarin geri sistemigi gecig (RISC)
ile ilk uyarilmig triplet halden (T;) ilk uyarilmig singlet hale (S;) transferi olarak
agiklanabilir. Bu galigmada yogunluk fonksiyonel teorisi (DFT) kullanilarak siilfon
iceren TADF molekiillerin aktivitesi gesitli parametreler ile incelenmistir. Molekiillerin
yapisal ozelliklerinin yanisira fotofiziksel ozellikleride aragtirilmigtir. Optimize olmusg
geometrilerden elde edilen donme agilarinin dondr gruplarina baglh olarak degistigi
gortilmiigtiir. TADF verimine olan etkisinden dolay1 uyarilmig hallerin karakterleri in-
celenmigtir. Elde edilen sonuclara gore M062X fonksiyonelinin triplet uyarilmalarda
lokal uyarilmig karakter (LE) veren tek fonksiyonel oldugunu soyleyebiliriz. Analiz
edilen parametrelerden biri olan S; ve T arasindaki enerji farki (AEgr), ¢ farkh
fonksiyonel ile elde edilmigtir. Hesaplanan AEgr degerleri deneysel degerler ile uyum-
ludur. Deneysel kgrrsc degerleri ile hesaplanan 1/AEgr ve RISC igin gerekli olan
spin yoriinge etkilesimi (SOC) degerleri arasindaki baglanti kullanilan fonksiyonellerin
etkisini gormek ic¢in incelenmistir. Sonug olarak B3LYP fonksiyoneli AEgy degerlerini
kazara en iyi sekilde elde ederken M062X kr;sc-SOC arasindaki baglantiyr dogru veren
tek fonksiyoneldir. M062X, AEgy ve SOC degerlerinin (R)ISC olasiligy () tizerindeki
etkisine dayanan kargilagtirmaya gore en giivenilir fonksiyoneldir. En ytiksek enerjili
dolu orbital (HOMO) ve en diigiik enerjili bog orbitalden (LUMO) elde edilen gorseller
ve ®, indeksleri diger parametreler ile uyumludur. Absorpsiyon ve emisyon spek-
trumlari elde edilerek deneysel spektrumlar ile karsilagtirilmigtir. Elde edilen sonuglar
en giivenilir fonksiyonel se¢imine ve TADF molekiillerin dizayn stratejilerine katki

saglayacaktir.
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1. INTRODUCTION

Electroluminescence of organic compounds was one of the research fields that
takes great attention for ideal lighting sources. The process of electroluminescence
can be described as generating light by application of an electric field. Organic Light-
Emitting Diodes (OLEDs) which has a working principle based on electroluminescence
is reported by Tang et al. in 1987 [1]. Besides lighting, OLEDs have come to the
forefront of display applications because of their properties such as providing improved
image quality, high brightness, low fabrication costs, low power consumption and high
durability [2,3]. The five functional layers which are hole injection layer (HIL), hole
transporting layer (HTL), emission layer (EML), electron transporting layer (ETL) and
electron injection layer (EIL) located between two electrodes constitute the structure
of OLEDs as seen in Figure 1.1 [4]. When electrical voltage is applied to electrodes,
the holes which are injected from anode and electrons which are injected from cathode
meet and recombine at emissive layer. After recombination, emitters release their

excess energy as photons [5].

—— Cathode

——— Electron Injection Layer r\ o
— Election Transpor L Layer )

——s Light Emitting Layer
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— Anode

Figure 1.1. Device structure and working principle of OLEDs.

Efficiency of an OLED device can be described by external quantum efficiency
(EQE) and internal quantum efficiency (IQE) values. EQE is described as the ratio of
the photons escaped from the OLED device over the number of electrons injected while
IQE is the ratio of the photons emitted over the number of electrons injected [6]. To

increase the efficiency, OLEDs are based on different processes and divided into three



generations. Fluorescent materials are used as emitters at first generation OLEDs.
Due to spin-statistics, 25% of the excitons formed by the recombination of electrons
and holes go to singlet excited state while 75% of the excitons are located at triplet
excited state [7,8]. The first generation OLEDs suffer from an intrinsically low 25%
IQE and 5% EQE because the singlet state is the only emissive state and 75% of the
excitons cannot be harvested [7,8]. Then, two new mechanisms have been proposed
to overcome this limitation by triplet harvesting. Phosphorescent OLEDs (PhOLEDs)
which are known as second generation OLEDs use phosphorescent materials as emitters
that harvest both singlet and triplet excitons by intersystem crossing (ISC) which led
to 100% IQE and 20-30% EQE as shown in Figure 1.2 [9]. ISC is the transfer of excitons
from singlet excited states to the triplet excited states. Heavy atoms (Pt, Ir) that are
used in phosphorescent materials cause high spin-orbit coupling (SOC) that accelerates
the ISC. However, these atoms are not environmentally friendly, and besides, the rarity

of these atoms increases the production cost [10-16].

Thermally activated delayed fluorescence (TADF) mechanism which is utilized
in third generation OLEDs offers us a low cost channel to overcome the limitations
of the first two generations. Thermally activated delayed fluorescence (E-type delayed
fluorescence) is an intramolecular mechanism and up conversion process is the reason

for delayed fluorescence [17].
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Figure 1.2. Schematic representation of three generations of OLEDs.



The first organic TADF emitter was reported by Adachi [18]. TADF mecha-
nism is not completely understood [19,20]. Triplet excitons are harvested by reverse
intersystem crossing (RISC) in TADF mechanism, thus, 100% IQE with 30% EQE
is achieved. RISC can be described as the up-conversion process of electrons from
the lowest triplet excited state (T) to the lowest singlet excited state (S;) and it is
known that SOC and thermal energy are required for RISC. Studies show that room
temperature is enough for RISC [21]. A small AEgr that describes the energy dif-
ference between S; and T, states is required for efficient TADF mechanism. AEgr is
important, but not sufficient, to observe efficient TADF process [22-25]. A relatively
large rate constant of reverse intersystem crossing (kgrsc) and small overlap between
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) are other primary factors for generating efficient TADF mechanism. kgsc

can be expressed by the following equation:

AFE
krrsc oexp(— kB;T). (1.1)

Relationship between AEgr and krrsc can be seen from Equation (1.1). AEgy can be

defined by the following equations:

AEsy = 2J (1.2)
Es=E+K+J (1.3)
Er=E+K-—J (1.4)

* 1 *
J = /cplsoz—sowld?“ (1.5)
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where E represents the orbital energy, K represents the electron repulsion energy. Elec-
tron arrangement at singlet and triplet states is the same for the same molecule and
this results in the same E and K values in singlet and triplet states. J represents the
degree of stabilization and destabilization [9]. The overlap integral of frontier molec-
ular orbitals (HOMO and LUMO) determines the value of J. Small overlap between
HOMO and LUMO resulted in small J value and this situation provides small AEgy

which is one of the requirements of efficient TADF process [9]. This can be achieved by



a molecule that has an excited state with a strong charge transfer character resulted

from the presence of electron donor and electron acceptor units.

There are two ways to excite a TADF molecule. The molecule can be excited
to local excited state 'LE (locally excited) which can radiatively decay to the ground
state (Sg) or transfer an electron to 'CT (charge transfer) state [23,26]. On the other
hand, the molecule can be excited directly to the !CT state [23,27]. Both 'CT and 'LE
states can decay radiatively but 'LE contribution at emission spectra vanishes while
'CT emission continues because of the repopulation of *CT state by RISC [23]. For
that reason, only one singlet state (S;) is considered. The TADF mechanism shows
four state model which is the second order coupling of 'CT, 3LE, 3CT [23,28-31].
LCT state can either decay radiatively forming prompt fluorescence which has a fast
radiative transition from an excited singlet state to a ground singlet state with ap-
proximately in nanoseconds or it can undergo ISC and populate *LE state as shown
in Figure 1.3. 3CT and 3LE states are mixed by non-adiabatic coupling and thermal
energy. However, studies show that the equilibrium between *CT and 3LE is weakly
temperature dependent and small AEgy and vibronic coupling are enough for popu-
lating 2CT even at 0 K. To sum up, there is only one mixed triplet state as the lowest

excited triplet state (T4) [23,29,32].
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Figure 1.3. Representation of TADF mechanism.



Up to date, many studies have been conducted to get the answer of how to design
an efficient TADF molecule which is constructed by acceptor and donor units and some
design techniques are reported. There are some structure types of TADF molecules such
as donor (D) — acceptor (A), D-m—A, D-A-D and D—-7—A—7—D. Donors that are used
in the construction of TADF molecules are diphenylamine [2,33-35], carbazole [36-44],
acridine [45, 46|, phenothiazine [47], phenoxazine [48-51], 5,10-dihydrophenazine [52]
and thianthrene [53] derivatives. The commonly used acceptor moieties are sulfone
[33,47,54-59], boron [60] and benzophenone [45] derivatives. The structures of donor
and acceptor moieties are shown in Figure 1.4. Selection of these donor and acceptor
moieties plays a critical role in the performance of devices. In addition, the selection

of building units provides a way for tuning emission color.

In this study, molecules under investigation are sulfone group containing organic
compounds in which the sulfur atom is bonded to two carbon atoms and two oxy-
gens in a tetrahedral arrangement. Sulfone has become attractive part of the TADF
emitters due to its outstanding electron accepting and transporting ability [61]. Sul-
fone containing molecules exhibit S; and T, states which have large CT excitation
characteristics that help to reduce the AEgr and enhance the RISC [58]. However,
sulfone based TADF emitters can show instability which limits their applications in
OLEDs because of the low bond dissociation energy of C-S bonds. For that reason,
both high efficiency and long-term stability should be considered for designing sulfone
based emitters [62]. In comparison with traditional sulfone counterparts, the effective
conservation of relatively weak C-S bonds by rigid cyclic systems can enhance their

chemical and electrochemical stability [63].
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Figure 1.4. Chemical structures of acceptor and donor units.

The studied compounds have different type of sulfone-based acceptor units. One
of the building block as acceptor unit which is the diphenylsulfone (DPS) has come to
the forefront especially in TADF based OLEDs thanks to the strong electron affinity,
good thermal stability, and unique steric effect of sulfone and two phenyl ring [64]. DPS
has outstanding electron withdrawing property due to a twist angle in the middle and
it is the third most widely used acceptor for the design of blue TADF emitter because
of its low LUMO energy level and obvious twist configuration [65-68]. The sulfone
derivatives are generated to increase the electron accepting strength. The stronger
electron withdrawing property of sulfone groups is resulted in the lower LUMO en-
ergy level [63]. The narrow emission spectrum can be generated by increasing rigidity
of acceptor unit [69]. The DMTDAC emitter contains rigid acceptor unit called as
DMTD and exhibits narrow emission band because the interlocking of the two phenyl
units which are linked to the sulfone unit prevents molecular motion of the acceptor
unit [62,70,71]. TADF molecule DMAC-TTR contains additional sulfone unit as accep-
tor. The addition of another sulfone unit as acceptor improves the charge separation

and this resulted in a stronger intramolecular charge transfer (ICT) characteristic [72].



The two phenyl rings could be fused to construct a five-membered ring system which
is called dibenzothiophene sulfone (DBSO) and DBSO is used to prepare green TADF
emitter such as DTC-DBT [24,62,73,74]. High efficiency blue TADF emitter Ac-OSO
which contains angular linked phenoxathiin dioxide as acceptor unit is reported with
20.5% EQE [63]. A C=O0 bridge was introduced in another study with cyclic biarylsul-
fones to form thioxanthones, constructing emitters which are called as TXO-TPA and

TXO-PhCz with 18.5% and 21.5% EQE [73,75].
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Figure 1.5. Chemical structures of acceptor moieties studied in this work.

Molecules under investigation are divided into six groups. Group 1 contains com-
pounds named 1 [47], 2 [47], 3 [47], 4 [47] and 5. Compounds have carbazole (Cz),
dimethylacridine (DMAC), phenoxazine (PXZ), phenothiazine (PTZ) and dipheny-
lamine (DPA) as donor units and DPS as an acceptor unit. Donor units are located
to the acceptor unit at the meta position. All of the compounds have D-A-D type

structure. Compound 5 does not have experimental data.
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Figure 1.6. TADF emitters which have been included in Group 1 [47].

SF2C [56,57,59], PTSOPT [55,56, 58,59, 76], PXZ-DPS [54, 58,75, 77], DMAC-
DPS [54,75,77) and DPA-DPS [33,75, 78] construct Group 2. These compounds have
the same structure type and donor-acceptor unit as Group 1 compounds. However,

donor units are located to the acceptor unit at the para position.
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Figure 1.7. TADF emitters which have been included in Group 2 [33,54,55,59].



Group 3 consists of rigid acceptor and donor units with D-A-D and D-A types.
PXZ and DMAC are used as donor units while DBSO and DMTD are used as acceptor
units. la [20,79], 4ASOA [80,81], DPO-TXO02 [82] and DDMA-TXO2 [71,82,83] have
D-A-D type structures. PXZ-DBTO2 [22] has D-A type structure.

O\\ //O O\\ //O \:\ //:
4ASOA PXZ-DBTO2

% P55 %ﬁ

Figure 1.8. TADF emitters which have been included in Group 3 [20,22,81-83].

DPO-TXO?2 DDMA-TX02

Group 4 contains compounds Cz-TTR [36], DMAC-TTR [84,85], PXZ-TTR [85]
and PTZ-TTR [84] with D-A type structure. These compounds have TTR as an
acceptor unit and Cz, DMAC, PXZ and PTZ are used as donor units. PXZ-TTR has

just theoretical data in the literature.
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Figure 1.9. TADF emitters which have been included in Group 4 [36,84,85].
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Group 5 contains CzPhDSO2 [86], ACRDSO2 [84,87], PXZDSO02 [87] and PTZ-
Ph-TTR [84]. These compounds have D-B-A structure type which is the bridge form
of Group 4 compounds. TTR is used as an acceptor unit while Cz, DMAC, PXZ and

PT7Z are used as donor units.

o_,0
\\S//
i:s i
2\
o/ //\\:‘\‘\
N

CzPhDS02 ACRDSO2
\\s// \\ //
7 \\:‘\‘\ // \\ /@
ﬁNj
PXZDs02 PTZ-Ph-TTR

Figure 1.10. TADF emitters which have been included in Group 5 [84,86,87].

Group 6 is the smallest group that contains 3 TADF emitters. Ac-OSO [63,88],
CzSOXO [89,90] and TXO-PhCz [75,91] have D-A type structures. Ac-OSO consists
of DMAC donor unit and OSO as an acceptor unit. CzSOXO and TXO-PhCz have
TXO as an acceptor unit and Cz as donor unit. However, TXO-PhCz has Cz unit that

is located to the acceptor unit at different position and has additional phenyl unit.

Figure 1.11. TADF emitters which have been included in Group 6 [63,75,90].
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Computational studies provide information to make more clear way for designing
efficient TADF molecules. In this study, DFT calculations are used to get a clear design
strategy for sulfone-based TADF emitters. To provide rationale, different sulfone-based
TADF emitters are modeled and comprehensive conformer search is done. The absorp-
tion and emission spectra are generated and compared with experimental spectra. The
descriptors such as dihedral angle, AEgr, SOC constants and ®, indices are investi-
gated with different donor and sulfone based acceptor units. In addition, the x term
which represents the effect of AEgr and SOC constant on (R)ISC process is examined.

The x term can be expressed as

Hso
AEgsrp

X« (1.6)
As seen in Equation (1.6), small AEgy and high Hgo are required for effective TADF

mechanism mathematically. y term is used to get effective functional for calculations.

1.1. Aim of the study

Computational studies provide information to make more clear way for design-
ing efficient TADF molecules. Sulfone becomes attractive part as an acceptor unit
in TADF emitters due to its outstanding electron accepting ability. Molecules under
investigation contain different sulfone groups as acceptor units and donor units that
are found at studied compounds are Cz, DMAC, PXZ, PTZ and DPA. In addition,
investigated TADF emitters have different structural types such as D-A-D, D-A, D-7-
A and different substitution position. To provide rationale, the relationship between
structure of compounds and TADF activity is examined. Descriptor analysis is done to
describe the TADF activity. In theoretical calculations, the reliability of methods used
for calculations needs to be benchmarked toward efficient design of TADF emitter. Di-
hedral angle, nature of states, AEg7, SOC and ®g indices are the analyzed descriptors
and three different functionals are B3LYP, PBEO and M062X are used at descriptor
analysis. According to obtained results, M062X is the most reliable functional among
all of the used functionals. The results of descriptor analysis are in good correlation

between each other. Besides descriptors, absorption spectra and emission spectra are
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reproduced and compared with experimental spectra. However, the generated emis-
sion spectra are not correlated with experimental spectra. In conclusion, the important
strategies for efficient structural design of TADF emitters are obtained and the best
functional to observe TADF activity is provided by comparing experimental and theo-
retical results. This study can be used as a reference study for both experimental and

theoretical studies about sulfone-based TADF emitters.
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2. METHODOLOGY

2.1. Density Functional Theory

The Schrodinger’s equation is important for quantum mechanics [92]. It is called
the most comprehensive description of any system and wavefunction is obtained by

solution of the Schrédinger’s equation. Equations can be expressed as

ih%\lf(r, t) = HU(r,t) = —%VQ\D(T, )+ V(r)W(rt) (2.1)
Bi(r) = — 2920 + V). 22)

Equation (2.1) is the time-dependent Schrodinger’s equation while Equation (2.2) is the
time-independent Schrodinger’s equation. W(r,t) is the wavefunction, r is the position
in three-dimensional space, H is the Hamiltonian operator, m is the mass and V(r) is
the potential at point r. The Schrodinger’s equation can be solved for small systems
such as hydrogen atom but how about the larger systems? The equation is many-
body problem and the solution of equation for large systems is complicated. Different

approximations are built to solve this complication.

Density Functional Theory (DFT) introduces electron density to solve many-body
problem. DFT was first reported by Hohenberg-Kohn and Kohn-Sham in 1960s [93,94].
The Hohenberg-Kohn theorem consists of the uniqueness and variational theorems.
According to the first theorem, the unique functional of ground state electron density
no(r) gives the ground state energy from Schrodinger’s equation. Uniqueness theorem
proves the existence of functional but does not obtain that functional. Variational
theory proves an important property of that functional. Variational theory states that
the full solution of Schrédinger’s equation (ground state energy) can be obtained by
minimizing the energy in terms of electron density n(r). The energy can be expressed

by summation of kinetic energy, electrostatic energy and the energy of non-interacting
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electron moving under external potential as

By = Tingry) + Uy + / V (P)n(F)d’r. (2.3)

By using universal functional of the electron density n(r) the first two terms can be

written as

T — / 13—0[37r2n(7’)]§n(r)dr (2.4)
),
U_2/|T_T,|d dr. (2.5)

The Hohenberg-Kohn theory found a way for calculating energy in terms of electron
density. However, the method is not accurate because the presentation of kinetic energy

T is not adequate.

According to Kohn-Sham theory, finding the true ground state electron density
resulted in finding the lowest energy of the system and the ground state of the system.
In addition, ground state density can be found by theorem. Kohn-Sham states the

ground state energy as a functional of the charge density:

1

n(r)n(r)
En(r)) = Tinr)) + Eeatint) + 5 / T

a + Vacln(r)]- (2.6)

2) |r—r

Terms represent the kinetic energy, interaction between electron and the external
potential, electron-electron electrostatic interaction and the non-classical exchange-
correlation energy. Then, Kohn and Sham reintroduced the single particle wavefunc-

tions as

n(r) = Zw;%rwi(r). (2.7)
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Representation of kinetic energy in terms of wavefunctions:

Tla(r)] = =5 3 (b | V71 42) 23)

Schrodinger’s equation of non-interacting particles moving in an effective potential

Vers(r):
R _,
—%V Ui (1) + Vepp(r)ii(r) = eabi(r). (2.9)
Vesr(r) can be written as
1 n(r’)
I/eff(’f’) = Vemt(’f’) + I/xc(T’) + 5 / Wdr'. (210)
The exchange-correlation potential is expressed as
5E:pc[n('r)]
e(1) = —— 00 2.11
aelr) = ot (211)
Finally, equation of energy can be expressed as
- L[ n() 0 Eveln(r)]
E, = i—= | ———— 4+ Epeneen — | ——— dr. 2.12
m=3e=g [ [t B - [ e (212

The term ¢; is an exact term. The exchange-correlation functional, E'x¢, creates prob-
lem for solution of equation because the term is not known. The problem of exchange-

correlation functional will be discussed at following section.

2.2. Functionals

As mentioned above, the exchange-correlation term is not known and approxi-
mation functionals are proposed for exchange-correlation term. The development of
these functionals is based on simplicity and accuracy. Exchange-correlation functionals

can be divided into three categories that are the local density approximation (LDA),
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general gradient approximations (GGA) and hybrid functionals.

LDA is the reasonable first and simplest approximation for exchange-correlation
functionals [95]. The idea behind LDA is based on uniform electron gas of the same

local density as

Eexm) = /ezc(n(r))n(r)dr. (2.13)

exc(n) refers to the exchange-correlation energy of a uniform electron gas that has

density n. The opening versions of e,(n) and e.(n) are shown as

4

es(n) = Y r58 (2.14)
0.44

e.(n) = 178 (2.15)

rs means radius of sphere containing one electron. Distribution of electron density in
a system is not homogenous in real and this creates some drawbacks for LDA such
as overestimating exchange-correlation energy and insufficient calculations that have

dominant electron-electron interaction effect.

The addition of gradient expansion term to the LDA functional resulted in the

GGA functional as

Eer(n) = /em(n(r),| on(r) |)n(r)dr. (2.16)

BLYP, PBE and PW91 are examples of GGA functionals [96]. A.D. Becke has contri-
butions to some of the first GGA exchange functionals that have abbreviations as “B”
while C. Lee, W. Yang and R. G. Parr have contributions to the correlation functional

that has abbreviations as “LYP”.

Hybrid method is the mixture of Hartree-Fock theory that ignores electron cor-

relation energy and exchange-correlation from other sources. The rationale of hybrid
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functional was first proposed by Axel Becke in 1993. B3LYP is the famous hybrid

functional and can be expressed as
BEIYP = BEDA L (EXS — BEPA) 4o, (ESA — EEPA) 4, (EOO) — BEPY). (217)

The values of ag, a, and «, are obtained by fitting the expected values to a set of
experimental data [97]. M062X is one of the most used Minnesota functional that
depends on meta-GGA approximation [98]. Hybrid-exchange correlation for M062X

can be expressed as

X X
B = =BT+ (1- =) ERFT + EQ™. 2.18
xc = qpptx T 100)x T he (2.18)
The errors of atomization energies that resulted from LDA functional are decreased by
GGA and hybrid functional. Hybride functionals can handle with some problems that
cannot be solved by LDA and GGA functionals such as highly localized f electrons in

transition metals.
2.3. Basis Sets

Atomic orbitals are described by basis sets functionals and molecular orbitals
are constructed by linear combination of basis sets functionals. Wave functions for
electronic states are built by molecular orbitals [99]. The linear combination of atomic

orbitals (LCAO) can be expressed as
Y = ZCU%’ (2.19)
J
where i refers to number of molecular orbitals, ¢; is the number of atomic orbitals
and ¢;; is the coefficient. Constant coefficients can be provided by applying variational

method.

The main classes of basis sets contain Slater Type Orbitals (STO) and Gaus-



18

sian Type Orbitals (GTO). The electron density around the nucleus can be explained
and more accurate solutions to Schrodinger’s equation of hydrogen-like atoms can be
obtained by STOs. On the other hand, electron-state correlations are not explained
precisely via STOs because of the absence of many-electron interactions in hydrogen-
like atoms. In addition, there is computational difficulty for calculation of integral with
STOs. This difficulty resulted in development of GTOs by S. Francis Boys. It is known
that STOs are the linear combination of GTOs [100].

The electrons will be restricted to a particular region of space by basis set. The
larger basis set resulted in fewer constraints on electrons and thus more precise approx-
imations of real molecular orbitals or electron density are obtained. The core functions
are represented by the first number at basis set while valence functions are represented
by number after dash. Diffuse and polarization functions can also be added to increase
the accuracy of calculation. There is proportional relationship between accuracy and
computational cost. Flexibility is applied to the orbital for better representation of
electron density in bonding regions by polarization functions. The diffuse functions

are used for increasing electronic radius at places that can have electrons.

The basis set 6-311+G(d,p) in Pople notation denotes a split-valence triple zeta
basis set with 6 d-type basis functions for heavy atoms, 3 p-type basis functions for
H atoms, and the ”+" denoting the addition of diffuse function for heavy atoms while
7(4+4)” refers to addition of diffuse functions for hydrogen. Polarization function can

k%

be represented as (d) or * for heavy atoms while (d,p) or ** represent the applying

polarization function for hydrogen atoms.

2.4. Polarizable Continuum Model

To get more realistic calculations, solvent environment is important. Solvent can
be applied to the calculations explicitly and implicitly. Each of the solvent molecule is
treated individually at explicit solvation models and this resulted in high computational
cost. For that reason, the usage of implicit, continuum, solvation model becomes desir-

able [101]. Solvent is treated as a continuous medium covering the solute. The overall
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solvation process of continuum solvation model consists of several physical effects and

total solvation free energy can be described as

AC;’solvation - ACJcavity + AC;(dispersion + AC;’electrostatic + AG(repulsio*rr (220)

The terms in Equation (2.20) represent addition of solute to the system, interaction
between solvent and solute, electrostatic interaction energy between solvent and solute

and exchange solute-solvent interactions.

The Polarizable Continuum Model (PCM) was first reported by Tomasi et al [102].
Solute cavity that is constructed by covering spheres around the atoms of the solute
molecule is used at PCM. The radii of these spheres are determined by the van der
Waals radius of the atoms multiplied by a predefined factor. To simulate solvation
effects, the solute cavity is overlapped by a continuous dielectric medium. The reaction
field is expressed by the point charges on the cavity surface. There are several methods
to apply PCM. Dielectric PCM (D-PCM), Conductor-like PCM (C-PCM), and Integral
Equation Formalism PCM (IEF-PCM) can be given as example for these methods [103].
The medium is constructed as a conductor instead of dielectric at C-PCM [104]. The
[EF-PCM model is used as solvation model in this thesis.

2.5. Time-Dependent Density Functional Theory (TD-DFT)

DFT has inherent limitations, while being a fairly successful theory. The static
ground-state density and static DFT are insufficient to explain the dynamics and ex-
citation of a system in reaction to a time-dependent external perturbation. Time-
dependent density-functional theory (TD-DFT ) is a variation of DFT that deals with
excited-state characteristics, dynamics, and spectroscopy. TD-DFT was established
by Runge and Gross, who extended the Hohenberg-Kohn theorem to time-dependent

densities and potentials. The primary idea of TD-DFT is to represent systems using
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the many-body Schrodinger equation as

i%l/}({T}at) = H({r}, )% ({r},1). (2.21)

The Hamiltonian operator is denoted by H , while the coordinates of N electrons are

denoted by r. The Hamiltonian operator can be expressed as
H({r},t) = T({r}.6) + W({r},t) + Vel {1} ). (2:22)

The first term which is the kinetic energy function T'({r},t) can be described as

N

T({r}) = —%Zw?. (2.23)

The electron-electron repulsion term and the external potential term can be written as
N

/W({T},t)z—% > “; (2.24)

ij=lizj ' "* i

‘A/ext({r}at) = Zvext(rht)- (225)

The Coulomb interaction of electrons with a group of nuclei is also described as

Nn Z’U
Veat (1, 1) = — 2 RG] (2.26)

The charge and location of the nucleus are represented by Z, and R, respectively,

where v and N,, denote the total number of nuclei in the system.

The chance of detecting one electron at r; and another at r, at a given time t is

the absolute square of the wave function ¢ ({r},¢) and can be expressed as

p(r,t) = N/d3r2...d3rN | U(r,7o..7n, ) |2 (2.27)
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When comparison is done between DFT and TD-DFT, both show a direct relationship
between density and external potentials. In both cases, density is the most critical
factor. The density in DFT is only determined by the space coordinate, but the density
in TDDFT is determined by both the time and space coordinates. The potentials have
the same distinction. The static Schrodinger equation that is used in DFT is a second
order differential equation in spatial coordinate, so it’s possible to express it as an
eigenvalue problem. On the other hand, a first order differential equation in the time

coordinate constitutes the time-dependent Schrodinger equation in TD-DFT.

2.6. Tamm-Dancoff Approximation (TDA)

The failure of TD-DFT, the extended version of DFT, in certain areas, such
as precisely anticipating charge-transfer state excitation energies and providing the
exact long-range 1/R dependence on donor-acceptor distance, is linked to triplet in-
stability problems [105-107]. Problems resulting from triplet instabilities are solved
and computationally more workable response equations are provided by introducing
Tamm-Dancoff approximation (TDA) to TD-DFT for calculation of triplet excitation
energy [108]. As a result of solving triplet instability problems, more accurate re-
sults are obtained. TDA considers only positive energy electron-hole pairs and the
interaction between positive and negative charge electron-hole pairs are ignored. As a

consequence, one electron-hole pair is supposed to raises at any time interval.

To determine linear optical characteristics and express polarization functions, the
Bethe-Salpeter equation (BSE) is used. However, the system that has large amount
of electron-hole pair resulted in complex non-Hermitian BS that is hard to solve [109].
The solvable Hermitian BS is obtained from reducing non-Hermitian BS by applying
TDA [110]. The reduced equation can be expressed as

MX, = w,X,. (2.28)

X, represents amplitude vector while w,, represents the excitation energy term and w,
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can be expressed as

wpy = (ea—€)X2+ > [(ib]laj) + Ba,,]) Xai Xe;. (2.29)

ai abij

The total energy for the excited state of p when the effects of the solvent are considered

as
GIPA =Gl +w,. (2.30)

The first term represents the ground state energy while second term represents the

TDA excitation energy.
2.7. Wigner Distribution

Quantum mechanics contains operators and wave functions (or,more generally,
density operators) as opposed to classical physics. Distribution function was used to
formulate quantum mechanics by Wigner in 1932 [111]. It allows quantum mechanics
to be re-stated in terms of classical ideas, with quantum mechanical expectation val-
ues now being expressed as averages over phase-space distribution functions. In other
words, statistical data from the density operator is converted to a quasi-classical (distri-
bution) function. The Wigner distribution can be constructed using either coordinate-
space or momentum-space wave functions. By using coordinate-space function, Wigner

transform for a one-dimensional system can be stated as

W(x,p) = % /_: P* (:)3 + §>w<x - g)é”sds (2.31)

where 1 denotes the wavefunction, p represents momentum, and x indicates position.

The term ¢* (w + %) can be rewritten as

¢*<x+§> :<¢|x+§>. (2.32)
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Equation (2.31) also has a term zb(x - %) that can be written as

¢<az—§> - <a:—§|1/1>. (2.33)

The third term e in Equation (2.31) is multiplied by 1/2 in the following equation,

and the third term becomes:

Lo = L ety L —ipag) (2.34)

e =
2m \ 27 2T

It is possible to rewrite Equation (2.34) in a different way:

1 . sy 1 : s S S
——ePet3) e~ P=3) — <x + = ><x - = >ds. 2.35
Equation (2.31) is expanded using the expressions from Equation (2.32), (2.33), and
(2.34), yielding the following equation:

W(z,p) = /_oo <w | x+§><x+§ ]p><p |z — §><x— g | w>ds. (2.36)

[e.9]

The first term is the amplitude of a particle in the state ¢ with the (ac — %) position

while the amplitude of a particle with a location of (w — %) and momentum p represent
the second term. The amplitude of a particle with a location of <a:—+— %) and momentum
p is the third term and the amplitude of a particle in the state ¢ with the position of
(QJ+§> represents the last term. Integration over s can be used to create a superposition
of potential trajectories, which finally leads to a quasi-probability distribution in phase

space [112].

The Wigner function was first used in statistical mechanics, but more recently,
it has been discovered to be beneficial in a variety of fields, including hydrodynamics,
plasmas, quantum corrections for transport coefficients, collision theory, signal analy-
sis and optical systems and devices [113]. However, the W function has restrictions,

particularly for particles with spin and relativistic particles.
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2.8. ¢, Index

Evaluation of the charge-separation property of compounds is important to un-
derstand the charge transfer efficiency. A quantum mechanical descriptor, ®,, which is
the measurement of the overlap between attachment and detachment densities is used
to get rationale about charge transfer ability [114]. As mentioned before, ®; is related
to the density matrices and density matrices related to ground state (F) and excited
state (P,) can be obtained from excited state calculations. The difference density

matrix A is expressed as

K
A=P,—Py= Y (AS)u =0. (2.37)
k=1
If there is no electron exchange in the system, the entropy change AS' is equal to zero.
The eigenvalues of A in the diagonal matrix ¢ can be obtained via unitary similarity

transformation:

UIS = UTAU; 6;; =0V i # 5. (2.38)

Two novel diagonal matrices that have positive and negative eigenvalues obtained from
diagonalizing A are used to provide Detachment I" and Attachment A density matrices.

These density matrices can be explained in the space of K atomic orbitals as

Z(FS)W - Z(As)uu- (2.39)

Then, detachment /attachment densities can be expressed in 3D space as

K K
0r(€1:62,68) = ) D (Mwpulbr, &2, 6)0u(61, 6, 65) (2.40)

p=1 v=1

7=T,A. (2.41)
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&1, &, &3 represent the three spatial coordinates. The detachment from the ground
state and attachment in excited states are described by two aforementioned functions.

The detached/attached charged can be expressed as

0= [ des [ dea [ deiontenn = [ #ealo) (2.42)

Finally, the measurement of overlap between attachment and detachment densities, ®,

can be written as
B, =9 /R /o €oNE). (2.43)

®, indices that are reported in this thesis are based on Lowdin and Mulliken charge
distributions. The equal separation of overlap population between two atoms of a bond
in Mulliken analysis resulted in values that are far from reality in some cases. Atomic
orbitals are transformed to an orthogonal basis set in Lowdin charge distribution and
this resulted in advanced population analysis [115]. The values of ®; indices change
from 0 to 1. Values close to 0 mean small overlap between densities and thus charge
transfer (CT) character while values close to 1 represent high overlap between densities

and locally excited (LE) character.

R3

Detachment

) Attachment

—
>

Figure 2.1. Descripton of the ®, index as the overlap between the attachment and

detachment densities.
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2.9. Spin-Orbit Coupling

Spin-orbit coupling (SOC) that is the interaction of the magnetic moment of
an electron under the effective magnetic field was reported by Thomas [116]. The
relativistic quantum electron theory was used to further explain the SOC by Dirac [117].
SOC that gives rise to change in the atomic energy levels of electron can be expressed

as interaction between magnetic moments of nucleus and electron.

Summation of spin angular momentum and orbital angular momentum gives the

total angular momentum ; of electron as

j=1+% (2.44)
The magnetic moment of an electron can be described as
e
= —— 2.45
Y (2.45)

where M represents the electron’s mass while L represents the electron’s angular mo-

mentum. Equation (2.45) can be written with quantum case as

1 .
i, = ———0Lj. 2.46
1% oM A ( )

The term ji, can be expressed in open form as

R eh
My = —mml = —upmy. (247)

Bohn magneton term is described by pup term. Then, the Hamiltonian can be written

as
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The open form of f(r) can be expressed as

f(r) = 1 Vi) (2.49)

2M?2c2r  dr
The reformed version of Equation (2.48) can be written by application of the square

of the total momentum (J2 = L? — 2 ) as
1 o A A
Hs o = 5f(r)J? — L - S% (2.50)
Finally, f(r) term can be written as

VA <1
<f(7")> = W/(; ﬁ ‘ Rnl(r> |2 ')"2d7“. (251)

Z represents the atomic number. As described in introduction part, high Hgo value is
required for effective RISC process. Increase in atomic number resulted in increase at
Hgo value as shown in Equation (2.51). For that reason, heavy atom containing com-
pounds have high SOC constants. In TADF mechanism, the spin angular momentum
changes when electron transfer from 77 excited state to S; excited state while orbital

angular momentum remains unchanged and SOC becomes zero or close to zero.
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3. RESULTS

Important parameters for efficient TADF mechanism were explained in introduc-
tion part. TADF efficiency of studied compounds which can be found in Figurel.6-1.11
was examined with different descriptors and reported in this chapter. Results chapter
consists of three main sections. Firstly, computational procedure is explained. De-
scriptor analysis section which contains subsections (dihedral angles and geometries,
nature of states, AEgr, SOC constants and NTO analysis and @, indices) follows the

computational procedure. Lastly, theoretical spectra analysis is discussed.

3.1. Computational Procedure

Density Functional Theory (DFT) calculations have been conducted with Gaus-
sian 16 program package [118]. 6-31+G(d,p) basis set and 6-311++G(3df,3pd) extra-
basis set are used at all of the ground and excited state calculations except for the
SOC calculations [119]. Extrabasis set is used to increase the accuracy of calculations
because molecules under investigation contain sulfur atoms. To include solvent effects,
the integral equation formalism polarizable continuum model (IEF-PCM) has been

applied implicitly.

Ground state and excited state optimizations were done with M062X functional be-

cause it is known that M062X is good at generating ground state geometries of aromatic
rings [98]. Optimized geometries of ground and excited states were obtained by the
CYLview software package. Firstly, a comprehensive conformer search was done and
experimental absorption spectra solvents were used for optimizations. The dihedral

angles and differences in geometries were discussed.

Fxcited state calculations were conducted with the lowest energy conformer that is

provided from the conformer search.Tamm-Dancoff Approximation (TDA) was ap-

plied to the excited state calculation. S; and T, excited state energies were obtained

with B3LYP/6-31+G(d,p), M062X/6-314+G(d,p) and PBE0/6-314+-G(d,p). Theoretical



29

AEgr values were generated in experimental solvent and compared with experimental

AEgr values.

Spin-orbit coupling (SOC) constants were obtained with B3LYP, M062X and PBEO

functionals with DZP basis set for RISC while ISC SOC constants were obtained with
MO062X functional. T geometries were used for RISC SOC constants while S; geome-
tries were used for ISC SOC constants because RISC occurs from T to S; excited state
and ISC occurs from S; to T; excited state. Amsterdam Density Functional (ADF)

program was used for the calculation of SOC constants [120].

Natural transition orbital (NTO) analysis was done for Sy — Sy and Sy — T excita-

tions at both Sy and Ty geometries with NancyEX code to visualize the distribution of
frontier molecular orbitals [121]. B3LYP, M062X, PBEO functionals with 6-314+G(d,p)
were used for NTO analysis. Visualization and nature of excited states were obtained
by Avogadro program package [122]. ®, indice which is the measurement of overlap
between HOMO and LUMO was calculated with Nancy EX software package in Lowdin
and Mulliken charge distribution [123].

UV-Vis absorption spectra and emission spectra were reproduced in experimental spec-

tra solvent for all of the studied compounds. B3LYP, M062X, PBEO and BLYP func-

tionals and 6-31+G(d,p) basis set were used for reproducing absorption spectra while
MO062X functional was used for generating emission spectra with 6-31+G(d,p) basis
set. The vertical electronic excitations Sy — Sq1, S1 — Sp and T; — Sg were used to
obtain absorption, fluorescence and phosphorescence spectra, respectively. The absorp-
tion spectra were obtained from 40 different initial conditions (conformations) that are
generated with Wigner distribution to include dynamic effect by Newton-X software
package [124]. The comparison between experimental and theoretical spectra was done

and the effect of functionals was examined.
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3.2. Descriptor Analysis

3.2.1. Dihedral Angles and Geometries

The geometries of ground and excited states are important for understanding the
TADF mechanism. For that reason, the optimizations at the ground state (Sy) and
excited states (S; and T;) were done at M062X/6-314+G(d,p) level. Besides geometries,
the dihedral angle between the donor and adjacent units is one of the descriptors that
were analyzed to provide rationale for effective structural design of TADF emitters.
The studied compounds have five different donor units that are called Cz, DMAC,
PXZ, PTZ and DPA and these donor units are combined with different sulfone-based

acceptor units.

The comparison between ground and excited states was done to examine differ-
ences between geometries. First of all, the angle between phenyl units that construct
DPS acceptor structure at S; and T; geometries shows differences from ground state
geometries as shown in Table 3.1-3.2. Donor units DMAC, PXZ and PTZ can show
folded structure property at ground state geometries while these structures can become
planar at S; and Ty geometries. PXZ-DBTO2, PXZ-TTR and PXZDSO2 have folded
PXZ donors at Sy geometry while S; and T; geometries have planar donor units. Com-
pounds 4 and PTZ-Ph-TTR have one folded donor unit at Sg, S; and T geometries.
The Sy geometries of compound 2, PXZ-DPS and PTSOPT have two folded donor
units while S; and T; geometries have one folded and one planar donor structure.
Compounds 3, 1a and DPO-TXO2 have two folded donor units at Sy, one folded donor
unit at S; and T geometry has 2 planar donor units while DMAC-TTR and PTZ-TTR
have one folded donor unit at So and T; geometries and donor becomes planar at S;
geometry. The optimized geometries of ground and excited states are shown in Table

3.1-3.6.



Table 3.1. Optimized geometries of Group 1 compounds at Sy, S; and T; energy

levels.
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Compounds

So Level

S;1 Level

T, Level
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Table 3.2. Optimized geometries of Group 2 compounds at Sy, S; and T; energy

levels.

Compounds So Level S: Level T; Level

SF2C

PTSOPT

102.1°

PXZ-DPS

DMAC-DPS

DPA-DPS
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Table 3.3. Optimized geometries of Group 3 compounds at Sy, S; and T; energy

levels.

Compounds So Level S1 Level T; Level

la

4ASOA

PXZ-DBTO2

DPO-TXO2

DDMA-TXO2
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Table 3.4. Optimized geometries of Group 4 compounds at Sy, S; and T; energy

levels.

Compounds

So Level S;1 Level T, Level

Cz-TTR

DMAC-TTR

PXZ-TTR

PTZ-TTR

PR iy
B
D g
NG
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Table 3.5. Optimized geometries of Group 5 compounds at Sy, S; and T; energy

levels.
Compounds So Level S1 Level T; Level
ACRDSO2 %% %
PXZDS0O2

PTZ-Ph-TTR

g i, Wi
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Table 3.6. Optimized geometries of Group 6 compounds at Sy, S; and T; energy

levels.

Compounds So Level S:1 Level T Level

Besides the differences between structures, the dihedral angles between donor-

acceptor and donor adjacent units (bridge) are different for Sg, S; and T; geometries.
Dihedral angle affects the efficiency of the TADF mechanism and perpendicular posi-
tioning of donor unit to the acceptor unit resulted in small AEgy and small overlap
between HOMO and LUMO which are required for effective TADF mechanism. Firstly,
ground state (Sg) geometries are examined and the relationship between dihedral angles

and AEgr values is reported.

The dihedral angle between donor-acceptor and donor-bridge is ~ 50° for Cz
donor unit. The less rigid structure and more freely move of Cz unit are responsible
for low dihedral angle. Deviation from ideal dihedral angle which is the 90° resulted

in high AEgr values > 0.1 eV for both experimental and theoretical results except
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for the compounds CzSOXO and TXO-PhCz. We can say that Cz unit gives the
approximately same dihedral angle as all of the studied sulfone-based acceptor units.
Carbazole unit in TXO-PhCz has different substitution position and additional phenyl
unit which is resulted in lower dihedral angle < 50° between acceptor and donor units

while dihedral angle between phenyl and carbazole is close to 50°.

DMAC is the most rigid donor unit among all studied donor units. For that
reason, we expect to get ideal dihedral angle with DMAC. As expected, DMAC has ideal
dihedral angle and located to the adjacent units perpendicularly. Compound DMAC-
TTR that has TTR as an acceptor unit is an outlier compound. The dihedral angle
between donor-acceptor units is ~ 10° with folded shaped DMAC and DMAC-TTR
has planar conformation which is not desired structure for TADF emitters. DMAC

containing compounds have small AEgy values < 0.09 eV except for DMAC-TTR.

PXZ donor unit creates dihedral angle between ~ 70° — 100° and all of the PXZ
containing compounds have small AEgy values. PXZ has the highest dihedral angle
value with DMTD and para substituted DPS acceptor units. The addition of bridge
at compound PXZDSO?2 resulted in higher dihedral angle between bridge-donor when
compared to non-bridge form PXZ-TTR. PTZ containing compounds at Group 1 and
2 with DPS acceptor have approximately 75° dihedral angle while the compounds at
Group 4 and 5 with PTZ donor units have low ~ 15° dihedral angle with planar
conformation. As expected, the planar conformation and lower dihedral angle resulted

in higher AEgr values.

The least rigid donor unit DPA consists of two phenyl units that are not linked
to each other can move freely without sterical restriction. As a result of dihedral angle
approximately lower than 40°, compounds that have DPA donor units have high AEgp
values. According to dihedral angles, DMAC and PXZ are the ideal donor units for
the TADF mechanism. This idea should be supported with other descriptor analyses.
The dihedral angles of investigated compounds at Sy, S; and T levels are reported in

Figure 3.1-3.6.
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Compounds B(D-Al 8(0-A)
O o, 0 O Q o o @ (So/S4/T) (S0/S4/T)

oY e AR VA 1 52.45/59.74/55.72 53.17/60.72/44.73
N“@ N N/ @E‘jﬂ 2 -99.76/-88.74/-89.89 75.03/-77.68/-78.82

O O ©/ U = 3 73.63/88.17/84.75 73.63/87.71/84.75
4 92.38/-89.71/-10421  108.04/106.61/113.13

5 -25.20/-41.88/-22.79 41.79/53.01/53.02

Figure 3.1. Dihedral angles (©) for the Group 1 emitters measured from the Sy, S; and T; geometries (M062X/6-31+G(d,p)).
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Figure 3.2. Dihedral angles (©) for the Group 2 emitters measured from the Sy, S; and T; geometries (M062X/6-31+G(d,p)).

PXZ-DPS
Compounds B0-Al B(0-AL
(S/54/Ty) (S/54/Ty)
SF2C -51.39/-53.88/-45.78 51.40/63.11/46.54
PTSOPT -74.86/-74.47/-71.45 77.11/88.05/96.55
PXZ-DPS -104.20/-105.73/-106.21 102.17/89.53/69.12
DMAC-DPS -91.08/-92.03/-105.44 89.23/89.55/72.95
DPA-DPS -30.48/-43.11/-34.82 -30.40/-43.18/-32.57




PXZ-DBTQ?Z
t 4 8(D-A), B(D-A),
mpounds
(S0/54/T)) (So/54/Ty)
1a 75.80/89.64/90.06 -75.83/-78.61/-90.08
4AS0A 90.15/91.23/90.62 -90.16/-91.50/-90.63

PXZ-DBTO2 -76.00/-91.63/-109.80 -
DPO-TX02 102.26/102.74/105.58 -102.27/-50.17/-105.58
DDMA-TX02 89.07/90.14/101.81 -89.07/-89.30/-101.81

DPO-TXO? DDMA-TX02

Figure 3.3. Dihedral angles (©) for the Group 3 emitters measured from the Sy, S; and T; geometries (M062X/6-31+G(d,p)).
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Cz-TTR DMAC-TTR PXZ-TTR
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2N 8(D-A),
| Compounds
NN (So/S4/T1)
S Y] CzTTR 19.02/65.43/45.36
DMAC-TTR -9.57/-90.38/-5.43
PXZ-TTR -83.98/-92.63/-102.05
PTZ-TTR 15.11/-90.76/5.53
PTZ-TTR

Figure 3.4. Dihedral angles (©) for the Group 4 emitters measured from the Sy, S; and T; geometries (M062X/6-31+G(d,p)).



D‘-:J?D WP
5 5 g
909 0 X
y 3 &
AL 183 o= S 13 5 AL 183 9
o’ "o 0" o 6. 8 o "o
4 6 I,I'I 4 7 4 g
i N i

CzPhD502 ACRDSO2 PXZDs502
\\S—ffo
| RS f\ . J 8(D-A), 8(D-A);
. mpounds
= 7 h'“; 3 5 (So/54/Ts) (So/S4/T4)
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PTZ-Ph-TTR 36.08/20.08/2.63 17.34/-1.56/2.32
PTZ-Ph-TTR

Figure 3.5. Dihedral angles (©) for the Group 5 emitters measured from the Sy, S; and T; geometries (M062X/6-31+G(d,p)).



Ac-050 CzSOX0 TXO-PhCz
Compounds 8(D-A); 8(D-A),
(So/54/T1) (So/S4/T)
Ac-0350 89.29/89.38/66.90 -
Cz50X0 -53.24/-55.65/-41.96 -
TXO-PhCz 37.32/38.35/15.45 56.92/57.01/58.96

Figure 3.6. Dihedral angles (©) for the Group 6 emitters measured from the Sy, S; and T; geometries (M062X/6-31+G(d,p)).
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Figure 3.7. The dihedral angles A) ©(D — A); and B) O(D — A), of the investigated compounds at Sg, S; and Ty optimized
geometries (M062X/6-314+G(d,p)).
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The comparison between dihedral angles at Sy, S; and T; geometries was done
via Figure 3.7. ©(D — A); and O(D — A), are represented in A and B respectively.
The changes in dihedral angles for Sy, S; and Ty levels are different for ©(D — A);
and ©(D — A),. Generally, dihedral angles of different levels are close to each other.
The higher differences resulted from change in conformation. For example, the dihedral
angle differences between S; and other levels (Sp and Ty ) of DMAC-TTR and PTZ-TTR
are high and these compounds have planar conformation with folded donor units at Sy
and T; geometries. However, folded donor structure becomes planar at S; geometry

and dihedral angle shows change when compared to other levels.

3.2.2. Nature of States

Nature of states is important descriptor for TADF mechanism and it mostly
depends on CT character. However, Penfold and Monkman suggest the TADF mech-
anism based on S¢r, Tor and Trg. According to mechanism, krysc has higher value
because of the mixed character (*CT and LE) of triplet states that are coupled by
non-adiabatic (vibronic) coupling. Higher kg;sc resulted in more efficient TADF mech-
anism, so nature of states takes important role in the TADF mechanism. The nature
of singlet and triplet excited states were obtained from NTO analysis and analyzed

with B3LYP, M062X and PBEO functionals for both Sy and T; geometries.

The natures obtained by B3LYP and PBEO functionals are similar while M062X
functional shows difference and gives the highest LE nature among all of functionals.
CT character is dominant at singlet excitations for both Sy and T; geometries. B3LYP
and PBEO give CT character for singlet excitations at all of the compounds. On the
other hand, M062X gives increased LE character for singlet excitations especially at low
dihedral angle donor containing compounds. Besides low dihedral angle compounds,
PTZ containing compound 2 has CT-LE character with M062X functional. We can say
that all of the functionals give correct character (CT) for singlet excited states except
for outliers. According to TADF mechanism proposed by Penfold and Monkman,
addition of LE character to the triplet state increases the efficiency of mechanism, so

triplet excited states should have LE character. All of the compounds have increased
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LE nature at triplet excitations when compared to singlet excitations especially with
M062X functional while BSLYP and PBEO almost give CT character for all compounds.
DMAC and PXZ containing compounds DMAC-DPS, 1a, 4ASOA, DDMA-TXO2 and
PXZ-TTR are prone to generate CT character at both singlet and triplet excitations
for Sp and T, geometries. The rigidity of building moieties and ideal dihedral angles
of these compounds can be responsible for CT nature and absence of LE character
at triplet excited states can decrease the efficiency of mechanism. Despite of low
dihedral angle, compounds SF2C and DPA-DPS have CT nature for singlet and triplet
excitations at both Sy and T; geometries. Differences at Sy and T; geometries as
explained before resulted in changes of nature at some of the compounds. As mentioned
before, we expect to get C'T character at singlet excitations while LE character at triplet
excitations. M062X is the only functional that gives correct character for triplet excited
states while B3LYP and PBEO give wrong character for triplet excited states. Table
3.7-3.12 consist of the nature of excited states for all of the studied compounds and
contain nature of the second triplet excited states if T state has lower energy than S;

excited state.

Table 3.7. Natures of different excited states for Group 1 with B3LYP, M062X and
PBEO functionals.

Group 1
So Geometry | T; Geometry So Geometry T; Geometry
Compound Method So — S1 So — S1 So — T4 So — T2 So — T4 So — Ta
CT vs LE CT vs LE CT vs LE CT vs LE
B3LYP CcT CcT CcT CT CcT CcT
1 MO062X CT CT LE LE CT CT
PBEO CcT CcT CcT CT CcT CcT
B3LYP CcT CcT CcT CT cT CT
2 M062X CT-LE CcT CT-LE LE CT-LE CT-LE
PBEO CcT CcT CcT CT CcT CT-LE
B3LYP CcT CcT CT CcT CcT CT
3 M062X CcT CcT CT-LE CT-LE CcT CcT
PBEO CcT CcT CcT CT CT CcT
B3LYP CcT CcT CcT - CcT -
4 M062X CcT CcT CT-LE - cT -
PBEO CcT CcT CcT - CcT -
B3LYP CcT CcT CT-LE CcT CcT cT
5 MO062X CT-LE CcT CT-LE CT-LE CcT CcT
PBEO CcT cT CT-LE CT cT CcT
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Table 3.8. Natures of different excited states for Group 2 with B3LYP, M062X and
PBEO functionals.

Group 2
So Geometry | T; Geometry So Geometry T; Geometry
Compound | Method So — S1 So — S1 So - T1 So — Tso So —» T So — Tso
CT vs LE CT vs LE CT vs LE CT vs LE
B3LYP CcT CcT CcT CT cT CcT
SF2C M062X CcT CcT CcT CT CcT CcT
PBEO CcT cT CcT CcT CcT CcT
B3LYP CcT CcT CT CT cT CT
PTSOPT M062X CcT CcT LE LE cT LE
PBEO CT CT CT CT CT CT
B3LYP CcT CT CT CT CcT CT
PXZ-DPS M062X CcT CcT CT-LE CT-LE CcT LE
PBEO CcT CcT CcT CT CcT CcT
B3LYP CT CcT CT CT CcT CT
DMAC-DPS M062X CcT CcT CT CcT cT CcT
PBEO CcT CcT CcT CT cT CcT
B3LYP CcT CT CT CT CcT CT
DPA-DPS M062X CT CT CT CT CcT CT
PBEO CcT CcT CcT CT cT CcT

Table 3.9. Natures of different excited states for Group 3 with B3LYP, M062X and
PBEO functionals.

Group 3
So Geometry | T; Geometry So Geometry T; Geometry
Compound Method So — S1 So — S1 So —» T So — T2 So —» T So — Tso
CT vs LE CT vs LE CT vs LE CT vs LE
B3LYP cT CcT CcT CcT cT CcT
la MO062X CcT CcT CcT CT CcT CcT
PBEO CcT CcT CcT CT CcT CcT
B3LYP CcT CcT CcT CcT CcT CcT
4ASOA M062X CcT CcT CcT CT CcT CcT
PBEO CcT cT CcT CT CT CcT
B3LYP CcT CT CT - cT -
PXZ-DBTO2 M062X CcT CcT CT-LE CT-LE cT LE
PBEO CcT CcT CcT - CcT -
B3LYP CcT CcT CcT CT CcT CcT
DPO-TX0O2 M062X CcT cT LE LE cT cT
PBEO CcT CcT CcT CT CcT CcT
B3LYP CcT CcT CcT CT CcT CcT
DDMA-TXO2 M062X CcT CcT CT CcT cT CT
PBEO CcT CcT CcT CcT CcT CcT
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Table 3.10. Natures of different excited states for Group 4 with B3LYP, M062X and
PBEO functionals.

GROUP 4
Sp Geometry | T; Geometry So Geometry T; Geometry
Compound | Method So — S1 So — Sy So —» T1 So — Tso So —» T So — To
CT vs LE CT vs LE CT vs LE CT vs LE
B3LYP cT CT cT - CT-LE -
Cz-TTR M062X CcT CT-LE CcT - LE -
PBEO cT CcT CcT - LE -
B3LYP CcT CT CcT - CT -
DMAC-TTR M062X cT CT cT CT-LE CT CT-LE
PBEO CT CT CT - CT -
B3LYP CcT CcT CcT - CT -
PXZ-TTR MO062X CcT CT CcT - CT -
PBEO CcT CT CcT - CT -
B3LYP CcT CcT CcT - CT -
PTZ-TTR MO062X CcT cT cT CT-LE CT CT-LE
PBEO CcT CT cT - CT -

Table 3.11. Natures of different excited states for Group 5 with B3LYP, M062X and
PBEO functionals.

GROUP 5
So Geometry | T; Geometry So Geometry T1 Geometry
Compound Method So — S1 So — Sy So -+ T1 So — Tso So — T Sog — To
CT vs LE CT vs LE CT vs LE CT vs LE
B3LYP CT CcT CcT - CT-LE -
CzPhDSO2 MO062X cT CT-LE CT-LE LE CT-LE CT-LE
PBEO cT CT CcT - CT-LE -
B3LYP CcT CcT CcT - CT -
ACRDSO2 MO062X CcT CT-LE CcT - CT-LE -
PBEO cT CT cT - CcT -
B3LYP CcT CcT CcT - CT -
PXZDS02 MO062X CcT CT-LE CT-LE CT-LE CT-LE LE
PBEO cT CT cT - CT -
B3LYP CT CT CT - CT -
PTZ-Ph-TTR MO062X CcT CT CT-LE - CT-LE -
PBEO CcT CcT CcT - CT -
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Table 3.12. Natures of different excited states for Group 6 with B3LYP, M062X and
PBEO functionals.

GROUP 6
So Geometry | T; Geometry So Geometry T; Geometry
Compound | Method So — S1 So — S1 So - T1 So — Tso So —» T So — Tso
CT vs LE CT vs LE CT vs LE CT vs LE
B3LYP CcT CcT CcT - cT -
Ac-OSO M062X CcT CcT CcT LE CcT LE
PBEO CcT cT CcT - CcT -
B3LYP CcT CcT CcT - cT -
CzSOXO M062X CcT CcT CcT CT cT LE
PBEO CcT CcT CcT - CT -
B3LYP CcT CT CT - CcT -
TXO-PhCz M062X LE CcT LE CT-LE CT-LE LE
PBEO CcT CcT CcT - CcT -

3.2.3. AEgr Values

To provide design strategies for TADF emitters, AEgr is one of the primary
descriptors that are analyzed. Triplet excitons are harvested by RISC and small energy
difference between S; and T; excited states, AEgr, is required for effective RISC.
Ideal dihedral angle and small overlap between HOMO and LUMO is the most known
strategy to obtain small AEgy values. According to studies, the value of AEg7 should
be < 0.3 eV for successful RISC. However, there are examples of TADF emitters that
have AEg7 values > 0.3 eV. Calculated AEgr values were obtained for all of the studied
compounds with B3LYP, M062X and PBEO functional.

Most of the compounds have calculated AEg7r values that are in good correla-
tion with experimental values. However, the calculated AEgr values of compounds
PTSOPT, Cz-TTR, ACRDSO2 and PXZDSO2 show deviations from experimental
values. The deviation of Cz-TTR, PXZDS0O2 and ACRDSO2 can result from differ-
ences in experimental and theoretical conditions. The experimental values of Cz-TTR,
ACRDSO2 and PXZDSO2 are obtained in film while AEgr values are calculated in
absorption spectra solvent. As mentioned, Cz and DPA donor units create low dihedral
angles which is not ideal situation for getting small AEgr. For that reason, Cz and

DPA donor units containing compounds 1, SF2C, CzPhDSO2, 5 and DPA-DPS have
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high AEgr values. In contrast to other Cz containing compounds, CzSOXO and TXO-
PhCz have small AEgr because TXO that is located as an acceptor unit has special
conjugation break property that resulted from twisted carbonyl group. As mentioned
before, orthogonality is desired structure for TADF emitters. DMAC and PXZ con-
taining compounds that have dihedral angle ideal or close to ideal dihedral angle have
small AEgr values as expected. In contrast to orthogonality, DMAC-TTR, PTZ-TTR
and PTZ-Ph-TTR have planar conformation, low dihedral angle, which is resulted in
high AEgr values. According to AEgy values (< 0.1 eV), DMAC and PXZ are the
best options for donor unit selection. The experimental and calculated AEgy values

are shown in Table 3.13.

The calculated AEgr values show that all of the functionals can be used to
generate AEgr values because of their good correlations with experimental values.
Generally, BSLYP and PBEO give similar results while M062X gives the higher results
among all functionals. This result is consistent with the nature of states because higher
LE character resulted in higher HOMO-LUMO overlap and AEgy values. Besides
focusing on the results, we also examine the trends between experimental and calculated
results. The graphs are generated for each group of emitters to decide which functional
generate the similar trend to the experimental results. Generated graphs are shown in
Figure 3.8. Generally, generated trends are consistent with experimental trends. All
functionals generate similar trends at Group 4 and 5. When we look at the graphs,
we can see the similar trends between B3LYP and PBEO except for Group 3. B3LYP
functional creates the most similar trend to the experimental graph at Group 1, 3, 4
and 6 while M062X and PBEO are the best functionals for Group 2 and 5, respectively.
However, BSLYP and PBEOQ give wrong nature of states as mentioned before and this
means that they will also give wrong energies for excited states. It is known that
B3LYP and PBEO functionals underestimate CT energies with respect to LE energies.
B3LYP and PBEO accidentally give AEgr values close to experimental data and this

is the reason of widely usage of these functionals at literature.



6-314+G(d,p) basis set.

B3LYP Mo062X PBEO Exp. AEsr
1 0.15 0.42 0.20 0.44
2 0.03 0.30 0.05 0.01
3 0.03 0.20 0.04 0.06
4 0.03 0.10 0.04 0.05
5 0.38 0.58 0.46 -
- eeoP2 ]
B3LYP Mo062X PBEO Exp. AEsr
SEF2C 0.24 0.41 0.31 0.28+0.03
PTSOPT 0.02 0.20 0.02 0.41
PXZ-DPS 0.01 0.02 0.02 0.08
DMAC-DPS 0.01 0.00 0.01 0.09
DPA-DPS 0.46 0.58 0.54 0.54
- erours ]
B3LYP Mo062X PBEO Exp. AEsr
la 0.01 0.04 0.02 0.06
4ASOA 0.02 0.01 0.02 0.09
PXZ-DBTO2 0.014 0.057 0.020 0.068
DPO-TXO2 0.01 0.10 0.01 0.07+0.03
DDMA-TXO02 0.01 0.00 0.01 0.00
- erowr4 ]
B3LYP Mo062X PBEO Exp. AEsr
Cz-TTR 0.23 0.41 0.29 0.10
DMAC-TTR 0.51 0.78 0.60 0.45
PXZ-TTR 0.03 0.04 0.03 -
PTZ-TTR 0.45 0.80 0.56 0.38
- ewours ]
B3LYP Mo062X PBEO Exp.AEst
CzPhDSO2 0.13 0.45 0.18 0.30
ACRDSO2 0.002 0.004 0.004 0.058
PXZDSO2 0.003 0.019 0.005 0.048
PTZ-Ph-TTR 0.30 0.65 0.40 0.57
- erotPs |
B3LYP Mo062X PBEO Exp.AEgsr
Ac-OSO 0.02 0.01 0.02 0.06
CzSOXO 0.13 0.29 0.16 0.05

TXO-PhCz 0.121 0.397 0.162 0.073

o1

Table 3.13. Calculated and experimental AEg; values of studied compounds with
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Figure 3.8. Comparison trend between calculated and experimental AEgr values.




23

The value of AEgr affects krrsc constant and relationship between kr;sc and
AEgr is shown in Equation 1.6. The experimental kr;sc values of ten compounds that
are 4, DMAC-DPS, PXZ-DPS, 4ASOA, PXZ-DBTO2, DPO-TX02, DDMA-TXO2,
Cz-TTR, Ac-OSO and CzSOXO are available in literature. The experimental and cal-
culated AEgr values and the relationship between kgrrsc-1/AEgr of these compounds
generated by three different functionals are expressed in Figure 3.9. As shown in Fig-
ure 3.9.A, BSLYP and PBEOQ give similar results and M062X gives higher values when
compared to other functionals. We cannot say that functionals generate the trend
same as experimental trend. However, B3LYP generates the most similar trend to the
experimental data for selected group of compounds as similar to the assessment of all
compounds in Figure 3.8. According to Equation (1.6), proportional relationship be-
tween krrse and 1/AEgr is expected and Figure 3.9.B shows that all of the functionals
generate proportional relationship between kgrsc and 1/AEgy. The comparison be-
tween functionals was done via R? factor. B3LYP gives the highest R?=0,63 factor
while PBEO and M062X follow B3LYP with R? factors 0,3536 and 0,0516. To sum
up, B3LYP is the best functional to generate AEgr values. However, we know that it

accidentally gives AEgr values close to experimental data as mentioned before.
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Figure 3.9. Graph representing relationship between calculated-experimental AEgr

and kRjgc—l/AEST.
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3.2.4. SOC Constants

Spin-orbit coupling (SOC) is one of the important descriptors required for RISC
process. We know that SOC value is proportional to the atomic number so heavy atom
containing compounds have higher SOC constants compared to organic compounds.
In addition, SOC has property which is that when S; and T states have same nature
such as CT vs CT or LE vs LE, SOC constants are prone to be smaller while S; and
T, states have different nature such as CT vs LE or LE vs CT, SOC constants are
prone to be higher values. According to mathematical description of Equation 1.6,
high SOC constant and small AEgr values are required to obtain high kr;sc. SOC
constants were generated with B3LYP, M062X and PBEO functionals with DZP basis
set. The usage of Ty geometries to calculate SOC constants is more rationale because

RISC occurs from T excited state to S; excited state.

According to Table 3.14 and Figure 3.10, BSLYP and PBEO functionals give
similar SOC constants. M062X gives the highest LE nature among all functionals in
triplet state and addition of LE character resulted in higher SOC constant as mentioned
above, so compounds should have the highest SOC values with M062X functional.
However, compounds CzPhDSO2 and PTZ-Ph-TTR do not obey this correlation and
two sulfone groups located on TTR acceptor unit may be the reason for that situation,
so additional functional wB97XD was used to calculate SOC constants of compounds
at Group 4 and 5 to solve this conflict. The nature of states that are generated
with wB97XD are similar to the M062X functional. However, SOC constants that
are generated with wB97XD functional are almost the same with M062X as can be
seen from Figure 3.10. As a result, the addition of wB97XD functional is not effective

solution to solve the problem of stated compounds.



M062X, PBEO and wB97XD) and DZP basis set.

B3LYP Mo062X PBEO
1 0.268 0.485 0.298
2 0.021 0.255 0.030
3 0.001 0.191 0.000
4 0.078 0.374 0.090
5 0.108 0.231 0.121
- erowr2z ]
B3LYP Mo062X PBEO
SEF2C 0.159 0.233 0.169
PTSOPT 0.020 0.978 0.022
PXZ-DPS 0.098 0.444 0.107
DMAC-DPS 0.078 0.509 0.094
DPA-DPS 0.091 0.102 0.090
- erowrs ]
B3LYP Mo062X PBEO
la 0.002 0.614 0.002
4ASOA 0.000 0.620 0.000
PXZ-DBTO2 0.096 0.489 0.107
DPO-TXO2 0.067 0.668 0.082
DDMA-TXO02 0.079 0.634 0.098
- emowr4 ]
B3LYP Mo062X PBEO wB97XD
Cz-TTR 0.437 0.103 0.438 0.070
DMAC-TTR 0.344 0.289 0.343 0.228
PXZ-TTR 0.076 0.205 0.077 0.191
PTZ-TTR 0.512 0.441 0.537 0.350
- erowrs ]
B3LYP Mo062X PBEO wB97XD
CzPhDSO2 0.269 0.193 0.257 0.147
ACRDSO2 0.179 0.442 0.206 0.412
PXZDS02 0.070 0.500 0.082 0.532
PTZ-Ph-TTR 0.100 0.034 0.090 0.029
- erowPse ]
B3LYP Mo062X PBEO
Ac-0S0 0.177 0.510 0.192
CzSOXO 0.140 0.518 0.152

TXO-PhCz 0.055 0.210 0.051

25

Table 3.14. SOC constants of studied compounds with different functionals (B3LYP,
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Figure 3.10. The comparison between different functionals for generating SOC

constants.

SOC constants have proportional relationship with kr;sc as mentioned in Equa-
tion (1.6). To provide rationale between experimental results and our calculated results,
comparison between experimental krrsc and SOC constants was done. Figure 3.11.
shows that M062X is the best functional to generate SOC constants while BSLYP and

PBEO show almost the same trend and have reverse relationship with kgsc.
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Figure 3.11. Relationship between kgrsc and calculated SOC constants with BSLYP,
MO062X and PBEO functionals and DZP basis set.
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We obtained calculated AEgr and SOC constants, so we can provide the theo-
retical xy term. The theoretical x term is compared with experimental kg;sc values in
Figure 3.12. All of the functionals have proportional relationship between experimental
krrsc values and theoretical y terms. B3LYP has the highest R? factor when com-
pared to other functionals. However, we know that B3LYP and PBEOQ generate reverse
relationship between SOC constants and experimental kr;sc. As a result, theoretical
X terms are also compared with SOC constants and 1/AEgy values. M062X gives
the best results and Figure 3.13. contains the relationship between x terms and other
descriptors that constitute y terms with M062X functional for experimental kgrrsc
available compounds. Linear correlation between y-SOC and x-1/AEgr is obtained as
expected from Equation (1.6). with 0.2244 and 0.9767 R? factors. In addition, the re-
lationship between x terms and other descriptors that constitute y terms with B3LYP
and PBEO functionals can be found in appendix part. Despites of M062X, there is
reverse relationship between x-SOC with B3LYP and PBEO functionals.
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Figure 3.12. The comparison between experimental krrsc values and theoretical y

terms that generated via B3LYP, M062X and PBEO functionals.
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Figure 3.13. The relationship between y-SOC and x-1/AEgr with M062X functional.

In addition to RISC SOC constants, we also calculated SOC constants for ISC
process with M062X functional because M062X is the best option for calculating SOC
constants. S; geometries are used for ISC SOC calculation because ISC occurs from S
to T, state. Singlet excited state has higher energy when compared to triplet excited
state and transition from higher energy level to the lower energy level is easier, so
we expect to get higher ISC SOC than RISC SOC values. Most of the compounds
have higher ISC SOC values while compounds 4, 4ASOA, DMAC-TTR, PXZ-TTR,
PTZ-TTR and TXO-PhCz have higher RISC SOC values when compared to ISC SOC
values. The reason is that the mutual spin-orbit coupling is rather small for these

compounds and vibronic effects may have to be considered [125].

Table 3.15. RISC and ISC SOC constants of Group 1 compounds with different
MO062X functional and DZP basis set.

GROUP 1
Compounds ISC RISC
1 0.611 0.485
2 0.260 0.255
3 0.304 0.191
4 0.224 0.374
5 0.603 0.231




Table 3.16. RISC and ISC SOC constants of Group 2 compounds with M062X

functional and DZP basis set.

Compounds ISC RISC
SEF2C 0.667 0.233
PTSOPT 1.115 0.978
PXZ-DPS 1.259 0.444
DMAC-DPS 0.989 0.509
DPA-DPS 0.121 0.102

Table 3.17. RISC and ISC SOC constants of Group 3 compounds with M062X

functional and DZP basis set.

Compounds ISC RISC
la 0.869 0.614
4ASOA 0.580 0.620
PXZ-DBTO2 0.992 0.489
DPO-TXO02 1.180 0.668
DDMA-TXO2 0.943 0.634

Table 3.18. RISC and ISC SOC constants of Group 4 compounds with M062X

functional and DZP basis set.

Compounds ISC RISC
Cz-TTR 0.668 0.103
DMAC-TTR 0.064 0.289
PXZ-TTR 0.143 0.205
PTZ-TTR 0.293 0.441

Table 3.19. RISC and ISC SOC constants of Group 5 compounds with M062X

functional and DZP basis set.

Compounds ISC RISC
CzPhDSO2 0.295 0.193
ACRDSO2 0.784 0.442
PXZDS0O2 0.755 0.500

PTZ-Ph-TTR 0.111 0.034

29
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Table 3.20. RISC and ISC SOC constants of Group 6 compounds with M062X

functional and DZP basis set.

GROUP 6
Compounds ISC RISC
Ac-0OSO 0.668 0.510
CzSOXO 1.265 0.518
TXO-PhCz 0.170 0.210

3.2.5. NTO Analysis and &, Indices

To visualize overlap between HOMO and LUMO, natural transition orbital (NTO)
analysis was done for singlet and triplet excitations. B3LYP, M062X and PBEO func-
tionals were used to visualize frontier molecular orbitals at both Sg and T, geometries.
®, indice is the measurement of overlap between frontier molecular orbitals, so we ex-
pect good correlation between frontier molecular orbitals visualization and ®, indices.
Lowdin and mulliken charge distributions are used to obtain ®, indices. Higher over-
lap resulted in higher ®, indices while smaller overlap resulted in smaller ®, indices.
®, indices increase with the increase at LE character because overlap between HOMO
and LUMO increases with LE character. As previous results, B3LYP and PBEO almost
give same results while M062X shows more delocalized distribution (higher overlap).
According to TADF mechanism, singlet excitations have good charge separation, CT,
character and HOMO is located on donor unit while LUMO is located on acceptor
unit. The distribution of frontier molecular orbitals and ®, indices of compounds with

B3LYP, M062X and PBEO functionals are shown in appendix part.
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Cz and DPA donor units have low dihedral angles that resulted in high delo-
calization and planarization of the compounds. As a result, Cz and DPA containing
compounds show high overlap between HOMO and LUMO that is not the desired
situation. DMAC and PXZ containing compounds that have ideal or close to ideal
dihedral angle have small overlap between HOMO and LUMO. PTZ containing com-
pounds have small overlap with DPS acceptor unit when compared to TTR acceptor
unit. The compounds that have planar conformation DMAC-TTR, PTZ-TTR and
PTZ-Ph-TTR have high overlap between frontier molecular orbitals. Acceptor units
TTR is prone to generate high overlap while DPS, DBSO, DMTD and TXO are prone
to generate small overlap between frontier molecular orbitals. The addition of bridge
resulted in better charge separation at compounds ACRDSO2 and PXZDSO2 while
addition of bridge is not effective for better charge separation at CzPhDSO2 and PTZ-
Ph-TTR. Table 3.21-3.22 contain HOMO-LUMO distribution of some compounds at
So and Ty geometries with M062X functional for both Sy — S; excitation and Sy —

T, excitation.

There is good correlation between distribution of frontier molecular orbitals and
®, indices. M062X gives the highest ®, indices among all of the studied functionals
as expected and reported @, indices are consistent with dihedral angles and overlap
between frontier molecular orbitals. Cz and DPA that generate low dihedral angles
resulted in high ®, indices while DMAC and PXZ that generate perpendicular or close
to perpendicular dihedral angles give low ®, indices. Table 3.23-3.24 show &, indices
in Lowdin and Mulliken charge distributions for So — S; and So — T excitations with

M062X functional.



Table 3.21. Distribution of frontier molecular orbitals for compounds SF2C,

DPA-DPS, PXZ-TTR and PXZDS02 at Sq — S; excitation and Sq — T excitation.

Molecule Mo062X/6-314+G(d,p)
So — S1 Excitation So — T7 Excitation
HOMO LUMO HOMO LUMO
SFaC So Optimization So Optimization
Ty Optimization Ty Optimization
So Optimization So Optimization
DPA-DPS ¢
. v ‘ "
T, Optimization T Optimization
So Optimization So Optimization
PXZ-TTR
L~ L= ("
T, Optimization T; Optimization
So Optimization So Optimization
Ty Optimization T; Optimization
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Table 3.22. Distribution of frontier molecular orbitals for compounds 4ASOA,
DPO-TXO2, DMAC-TTR and Ac-OSO at Sy — Sy excitation and Sq — T4

excitation.

63

Molecule Mo062X/6-314+G(d,p)
So — S1 Excitation So — T1 Excitation
HOMO LUMO HOMO LUMO
AASOA So Optimization So Optimization
T; Optimization T, Optimization
So Optimization So Optimization
DPO-TXO02
: [ : [ :
T; Optimization Ty Optimization
%
Ll ¢ o
So Optimization So Optimization
DMAC-TTR
- - (S
« L Py .
T; Optimization T; Optimization
So Optimization So Optimization
Ac-OSO

#
;
§

T; Optimization

T, Optimization

#
i
#
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Table 3.23. @4 indices for studied compounds in Lowdin (L) and Mulliken (M) charge
distributions for the excitations from Sy to S; (TDA:M062X/6-314+G(d,p)).

So Geometry T, Geometry
Compound
L M L M
1 0.5570 0.6595 0.5968 0.7386
2 0.4703 0.5810 0.3306 0.4352
3 0.4383 0.5456 0.4230 0.5027
4 0.3939 0.4601 0.3352 0.4861
5 0.7416 0.8776 0.6402 0.8128
So Geometry T, Geometry
Compound
L M L M
SF2C 0.7047 0.7487 0.7269 0.8004
PTSOPT 0.3310 0.4202 0.2434 0.3683
PXZ-DPS 0.2485 0.4401 0.5146 0.7627
DMAC-DPS 0.1642 0.2308 0.3938 0.5478
DPA-DPS 0.7594 0.8234 0.7631 0.8279
So Geometry T, Geometry
Compound
L M L M
la 0.1854 0.3092 0.1602 0.1786
4ASOA 0.1712 0.1825 0.1567 0.1668
PXZ-DBTO2 0.1435 0.2702 0.5615 0.6611
DPO-TXO2 0.2809 0.4708 0.4694 0.5873
DDMA-TXO2 0.3465 0.4097 0.4591 0.5519
So Geometry T; Geometry
Compound
L M L M
Cz-TTR 0.5372 0.6048 0.6195 0.6939
DMAC-TTR 0.7150 0.8397 0.7653 0.8827
PXZ-TTR 0.5143 0.6580 0.6361 0.7622
PTZ-TTR 0.6951 0.8025 0.7249 0.8336
So Geometry T; Geometry
Compound
L M L M
CzPhDSO2 0.7649 0.8196 0.7635 0.8161
ACRDSO2 0.4644 0.5488 0.5449 0.6122
PXZDS0O2 0.2247 0.3882 0.7169 0.8632
PTZ-Ph-TTR 0.6631 0.7579 0.7470 0.7856
So Geometry T; Geometry
Compound
L M L M
Ac-OSO 0.2870 0.3644 0.4516 0.5277
CzSOXO 0.5029 0.5709 0.5565 0.6294

TXO-PhCz 0.4630 0.4849 0.5933 0.6367
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Table 3.24. @4 indices for studied compounds in Lowdin (L) and Mulliken (M) charge
distributions for the excitations from Sy to T (TDA:M062X/6-31+G(d,p)).

So Geometry T, Geometry
Compound
L M L M
1 0.7721 0.8781 0.8210 0.9206
2 0.7920 0.8824 0.5113 0.6086
3 0.7597 0.8619 0.4744 0.5660
4 0.6062 0.6792 0.4828 0.6695
5 0.8193 0.9671 0.7883 0.9065
So Geometry T, Geometry
Compound
L M L M
SF2C 0.8405 0.8789 0.8563 0.9120
PTSOPT 0.7845 0.9099 0.2758 0.3985
PXZ-DPS 0.4301 0.5961 0.4778 0.7106
DMAC-DPS 0.1692 0.2371 0.5399 0.6931
DPA-DPS 0.8375 0.8890 0.8288 0.8957
So Geometry T, Geometry
Compound
L M L M
la 0.3842 0.4907 0.2250 0.2466
4ASOA 0.2102 0.2224 0.1627 0.1767
PXZ-DBTO2 0.5049 0.6072 0.5848 0.6788
DPO-TXO02 0.8393 0.8954 0.5074 0.6271
DDMA-TXO2 0.3422 0.4047 0.5383 0.6278
So Geometry T; Geometry
Compound
L M L M
Cz-TTR 0.6815 0.7521 0.9528 0.9714
DMAC-TTR 0.7941 0.8950 0.8429 0.9354
PXZ-TTR 0.5156 0.6590 0.6152 0.7430
PTZ-TTR 0.8187 0.9002 0.8268 0.9242
So Geometry T; Geometry
Compound
L M L M
CzPhDSO2 0.9017 0.9655 0.8941 0.9296
ACRDSO2 0.4545 0.5344 0.8311 0.9064
PXZDS0O2 0.5210 0.6610 0.7065 0.8476
PTZ-Ph-TTR 0.8496 0.9997 0.8352 0.8776
So Geometry T; Geometry
Compound
L M L M
Ac-OSO 0.3646 0.4385 0.5842 0.6816
CzSOXO 0.5258 0.5702 0.6481 0.7195

TXO-PhCz 0.4285 0.4437 0.7680 0.8301
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®, indices can increase or decrease at T geometry when compared to Sy geometry.
This results from changes between Sy and T; geometries. The comparison between S
and Ty geometries of @, indices is shown in Figure 3.14 for M062X functional. The &,
indices obtained from singlet excitations and Lowdin charge distribution are used in
Figure 3.14. because Lowdin charge distribution generates more accurate results when
compared to Mulliken charge distribution. As shown in Figure 3.14, ®, indices of S
and T, geometries are different. This is expected result because these geometries have
different dihedral angles and different dihedral angles resulted in changes at overlap

between HOMO and LUMO, so &, indices.

S, *®
T, e
0.9
08 - " ® ] °
0.7 [ ] n s .
[ ] L ] =
06 | e . ]
n L ]
] L [ ]
L, 05 . - . .
© 0.4 [] °
° =
03 ° " - .
e B
[
0.2 [ ] 'l.
0.1
0
BgB858 " QRRREEEEGIAESE L
EN2s $83z02RP228828¢
axr<a 0o g aREEERT<08
s a = > N g a N ol
=] #0353 a © N
a
Compounds

Figure 3.14. ®, indices of studied compounds at Sy and T; geometries with M062X

functional.

To obtain small AEgr, small overlap between HOMO and LUMO is required and
small overlap means small @, indices, so the correlation between AEgr and @, indices
is expected. To examine this relationship, the graph was generated in Figure 3.15. As

expected, proportional relationship between ®, indices and AEgr values is observed.
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Figure 3.15. Relationship between ®, indices and AEg7 values for all of the studied
compounds with M062X functional.

Finally, the relationship between SOC constants and ®, indices was examined
and Figure 3.16 shows relationship between SOC constants and &, indices for all of
the studied compounds with M062X functional. S; and T, excited states ®, indices
obtained from Sy geometries are shown in Figure 3.16. There is reverse relationship
between SOC constants and @, indices. As mentioned in SOC constants section, the
difference at the nature of S; and T; excited states has important effect on SOC
constant, so it is not rationale to describe to relationship between SOC constants and

®, indices based on one excited state. S; and T; excited states should be treated

together.
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Figure 3.16. Relationship between SOC constants and ®, indices for all of the studied

compounds with M062X functional.
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3.3. Theoretical Spectra

UV-Vis absorption spectra of compounds were generated with B3LYP, M062X,
PBEO and BLYP functionals and 6-311++G(3df,3pd) was used as extrabasis set while
6-31+G(d,p) was used as basis set. In order to examine the Sy — S; excitation, 40
different initial coordinates, conformations, are provided by Wigner distribution and
experimental spectra solvents were used at calculations. Almost all of the compounds
have absorption spectra in toluene except for la and Cz-TTR. la has experimental
absorption spectrum in DCM while Cz-TTR has experimental absorption spectrum in
ethyl ethanoate. In addition, CzPhDSO2 has absorption spectrum in film, so theo-
retical spectra were generated in toluene. Compounds 5 and PXZ-TTR do not have

experimental absorption spectra data.

According to comparison between experimental and theoretical spectra, B3LYP is
the best functional to generate absorption spectra. However, there is same situation for
B3LYP functional as explained in AEgr section. BSLYP gives wrong natures of states
and accidentally generates absorption spectra that similar to experimental absorption
spectra. PBEOQ follows the B3LYP functional and they generate similar absorption
spectra at some of the compounds such as 2, 4, DMAC-DPS etc. M062X functional
shows hypsochromic shift (blue shift) while BLYP shows bathochromic shift (red shift)
when compared to other functionals. BLYP has the highest theoretical .. values
while M062X has the lowest \,,,, values as expected. Despite generating hypsochromic
shift, M062X is the best functional to reproduce absorption spectra of PTSOPT, DPA-
DPS, 1a, DDMA-TX0O2 and PTZ-Ph-TTR. It is interesting for 1a and DDMA-TXO2
because these compounds have rigid acceptor and donor units that resulted in good
charge separation CT character. Theoretical absorption spectra are reported in Figure

3.17-3.22. Experimental absorption spectra can be found in Appendix C.1-C.6.
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Figure 3.19. Absorption spectra for Group 3 TADF emitters calculated at different levels of theory and experimental \,,,, values in
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Figure 3.20. Absorption spectra for Group 4 TADF emitters calculated at different levels of theory and experimental \,,,, values in
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4. CONCLUSION

Several descriptors were analyzed to get rationale for efficient TADF mechanism.
Geometries and dihedral angles are one of the analyzed descriptors because of their im-
pact on TADF efficiency. According to comparison between ground and excited states
geometries, dihedral angles show deviations and some of the folded donor structures
become planar at excited states. In addition, dihedral angles change with respect to
donor unit and flexible donor units such as Cz and DPA resulted in low dihedral angle
which is not the desired situation for TADF mechanism while rigid donor units resulted

in ideal dihedral angles.

Natures of excited states were examined and M062X was shown to give the highest
LE character while BSLYP and PBEO functionals give similar natures. Generally,
singlet excitations have CT character as expected from TADF mechanism with all of the
functional while we can say that M062X is the only functional that gives correct nature
of states (LE) for triplet excitations. Differences at Sy and T; geometries resulted in

changes at nature of states at some of the compounds.

Ideal dihedral angle and small overlap between HOMO and LUMO are the most
known strategy to obtain low AEgr values. According to calculated AEgr values,
MO062X gives higher results among all of the functionals. This is expected because
MO062X gives the highest LE character which means higher overlap between HOMO
and LUMO. Low dihedral angles resulted in high AFEgr values while high dihedral
angles resulted in low AEg7 values. According to comparison between theoretical and
experimental AEgr values and relationship between experimental krrsc and 1/AEgr,
B3LYP is the best functional. However, BSLYP generates wrong nature of states for
triplet excitations and energies for excited states, so we can say that B3LYP acciden-

tally gives the AEgr values close to experimantal data.

SOC is important descriptor for RISC process and SOC constants obtained from
M062X functional give the highest values in general. The proportional relationship
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between krrgec and SOC constants was obtained with M062X functional while other
functionals give reverse relationship which is not correct. In addition, the relationship
between (R)ISC probability (x) and SOC-1/AEgr is examined and M062X was ob-
tained as the best functional. Lastly, ISC SOC values were obtained and ISC SOC

values are higher than RISC SOC values at most of the compounds.

The results of NTO analysis are consistent with previous results and M062X gives
the more delocalized distribution while B3LYP and PBEO give localized distribution.
Some of the acceptor groups are prone to generate high overlap such as TTR while
DPS, DBSO, DMTD and TXO are prone to generate small overlap between frontier
molecular orbitals. In addition, dihedral angle has effect on overlap and low dihedral
angle resulted in high overlap. The ®, indices are in good correlation with distribu-
tion of frontier molecular orbitals and M062X gives the highest results among studied
functionals. Because of the differences between dihedral angles, Sy and T; states have
different ®, indices. As expected, proportional relationship between @, indices and
AEgr is obtained because the increase in @, indices means an increase at overlap and

this resulted in high AEg7 values.

According to comparison between theoretical and experimental absorption spec-
tra, BSLYP is the best functional for generating absorption spectra. However, BSLYP
is not reliable functional because of the wrong nature of states and energies as men-
tioned above. M062X shows hypsochromic shift while BLYP shows bathochromic shift.
In contrast to absorption spectra, reproduced emission spectra are not successful when
compared to colors of experimental and theoretical spectra. As is seen from generated
spectra, PXZ and PTZ containing compounds are prone to generate higher emission

wavelength and addition of bridge unit causes smaller emission wavelength.

To sum up, different sulfone-based TADF emitters were examined and effect of
building moieties on the efficiency of TADF mechanism was discussed. According to
AEgr results, BSLYP accidentally generates the best results and this is the reason of
mostly usage of BSLYP at literature. However, M062X is the only functional that gives
the correct relationship with SOC and the relationship between y and SOC-1/AEgy
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confirms the M062X as the most reliable functional. This study can give an idea about
the design strategy of sulfone-based TADF emitters and correct functional for DFT

studies.
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Table B.1. Distribution of frontier molecular orbitals for compounds 1, 2 and 3 at Sy

— Sy excitation and Sy — T excitation (TDA: B3LYP/6-314+G(d,p)).

Molecule B3LYP/6-314+G(d,p)
So — S1 Excitation So — Ty Excitation
HOMO LUMO HOMO LUMO
1 So Optimization So Optimization
(9 [ (%
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T; Optimization T; Optimization
So Optimization So Optimization
2 E E !
T; Optimization T, Optimization
So Optimization So Optimization
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T, Optimization T, Optimization
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Table B.2. Distribution of frontier molecular orbitals for compounds 4 and 5 at Sy —

Sy excitation and Sy — Ty excitation (TDA: B3LYP/6-31+G(d,p)).

Molecule B3LYP/6-314+G(d,p)
So — S1 Excitation So — Ty Excitation
4 HOMO LUMO HOMO LUMO
So Optimization So Optimization
T1 Optimization T Optimization
So Optimization So Optimization
5
LY
T; Optimization T1 Optimization

Table B.3. Distribution of frontier molecular orbitals for compound 1 at Sy — S

excitation and Sy — T excitation (TDA: M062X/6-314+G(d,p)).

Molecule

M062X/6-314+G(d,p)

So — S1 Excitation

So — T Excitation

HOMO LUMO

HOMO LUMO

So Optimization

So Optimization

¥

T; Optimization

T; Optimization
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Table B.4. Distribution of frontier molecular orbitals for compounds 2, 3, 4 and 5 at

So — 51 excitation and Sy — T excitation (TDA: M062X/6-31+G(d,p)).

Molecule MO062X/6-314+G(d,p)
So — S1 Excitation So — Ty Excitation
5 HOMO LUMO HOMO LUMO
So Optimization So Optimization
T Optimization T1 Optimization
So Optimization So Optimization
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a; t!! i « !
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Table B.5. Distribution of frontier molecular orbitals for compounds 1, 2 and 3 at Sy

— S excitation and Sy — T excitation (TDA: PBE0/6-314+G(d,p)).

Molecule PBEO0/6-31+G(d,p)
So — S1 Excitation So — Ty Excitation
HOMO LUMO HOMO LUMO
1 So Optimization So Optimization
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T; Optimization T; Optimization
© ;! L!l k
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Table B.6. Distribution of frontier molecular orbitals for compounds 4 and 5 at Sg —

Sy excitation and Sy — Ty excitation (TDA: PBE0/6-31+G(d,p)).

Molecule PBEO0/6-31+G(d,p)
So — S1 Excitation So — Ty Excitation
4 HOMO LUMO HOMO LUMO
So Optimization So Optimization
T, Optimization T1 Optimization
So Optimization So Optimization
5
1% s .
T; Optimization T Optimization
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Table B.7. Distribution of frontier molecular orbitals for compounds SF2C, PTSOPT

and PXZ-DPS at Sy — S; excitation and S — T, excitation (TDA:
B3LYP/6-31+G(d,p)).

Molecule B3LYP/6-31+G(d,p)
So — S1 Excitation So — T1 Excitation
HOMO LUMO HOMO LUMO
SF2C So Optimization So Optimization
!E l! E; ﬂ!i
T Optimization T Optimization
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Table B.8. Distribution of frontier molecular orbitals for compounds DMAC-DPS and

DPA-DPS at Sg — S; excitation and Sqg — T excitation (TDA:
B3LYP/6-31+G(d,p)).

Molecule B3LYP/6-314+G(d,p)
So — S1 Excitation So — T1 Excitation
HOMO LUMO HOMO LUMO

DMAC-DPS Y P

So Optimization So Optimization

T1 Optimization Ty Optimization

So Optimization So Optimization

Ty Optimization Ty Optimization

Table B.9. Distribution of frontier molecular orbitals for compound SF2C at S — S;

excitation and Sy — T excitation (TDA: M062X/6-314+G(d,p)).

Molecule MO062X/6-31+G(d,p)
So — S1 Excitation So — T1 Excitation
HOMO LUMO HOMO LUMO
SFoC So Optimization So Optimization

%

Ty Optimization

Ty Optimization
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Table B.10. Distribution of frontier molecular orbitals for compounds PTSOPT,
PXZ-DPS, DMAC-DPS and DPA-DPS at Sp — S; excitation and Sqg — T excitation
(TDA: M062X/6-314+G(d,p)).

Molecule M062X/6-314+G(d,p)
So Optimization So Optimization
PTSOPT
v « L, ¢
b o » [ Y %
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Table B.11. Distribution of frontier molecular orbitals for compounds SF2C,

PTSOPT and PXZ-DPS at Sy — S; excitation and S — T excitation (TDA:
PBE0/6-314+G(d,p)).

Molecule PBE0/6-314+G(d,p)
So — S1 Excitation So — T1 Excitation
HOMO LUMO HOMO LUMO
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Table B.12. Distribution of frontier molecular orbitals for compounds DMAC-DPS

and DPA-DPS at Sy — S; excitation and Sy — T, excitation (TDA:
PBE0/6-314+G(d,p)).

Molecule PBE0/6-314+G(d,p)
So — S1 Excitation So — T1 Excitation
HOMO LUMO HOMO LUMO
DMAC-DPS ‘ -

So Optimization So Optimization

Ty Optimization
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Table B.13. Distribution of frontier molecular orbitals for compounds la, 4ASOA and
PXZ-DBTO2 at Sqg — S; excitation and Sy — T excitation (TDA:
B3LYP/6-31+G(d,p)).

Molecule B3LYP/6-314+G(d,p)
So — S1 Excitation So — T1 Excitation
HOMO LUMO HOMO LUMO

1 So Optimization So Optimization

a
Ty Optimization T, Optimization
So Optimization So Optimization
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(% b . “ P, L2
T1 Optimization T; Optimization
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Table B.14. Distribution of frontier molecular orbitals for compounds DPO-TX0O2
and DDMA-TXO2 at Sy — S excitation and Sg — T, excitation (TDA:
B3LYP/6-31+G(d,p)).

Molecule B3LYP/6-31+G(d,p)
So — S1 Excitation So — T; Excitation
HOMO LUMO HOMO LUMO
So Optimization So Optimization
DPO-TXO0O2
[
T Optimization T Optimization
¢ ¢
So Optimization So Optimization
DDMA-TXO2

e
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¥

L

T Optimization

T Optimization

Table B.15. Distribution of frontier molecular orbitals for compound la at Sq — S;

excitation and Sy — T excitation (TDA: M062X/6-314+G(d,p)).

Molecule MO062X/6-31+G(d,p)
So — S1 Excitation So — T1 Excitation
HOMO LUMO HOMO LUMO
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Table B.16. Distribution of frontier molecular orbitals for compounds 4ASOA,
PXZ-DBTO2, DPO-TX0O2 and DDMA-TXO2 at Sg — S; excitation and Sp — T,
excitation (TDA: M062X/6-31+G(d,p)).

Molecule Mo062X/6-314+G(d,p)
So — S1 Excitation So — T; Excitation
HOMO LUMO HOMO LUMO
LASOA So Optimization So Optimization
Ty Optimization T Optimization
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Table B.17. Distribution of frontier molecular orbitals for compounds 1a, 4ASOA and

PXZ-DBTO2 at Sqg — S; excitation and Sy — T excitation (TDA:

PBE0/6-31+G(d,p)).

Molecule PBE0/6-31+G(d,p)
So — Si1 Excitation So — T1 Excitation
HOMO LUMO HOMO LUMO
1 So Optimization So Optimization
a
Ty Optimization T, Optimization
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Table B.18. Distribution of frontier molecular orbitals for compounds DPO-TX0O2
and DDMA-TXO2 at Sy — S excitation and Sg — T, excitation (TDA:
PBE0/6-314+G(d,p)).

Molecule PBE0/6-31+G(d,p)
So — S1 Excitation So — T; Excitation
HOMO LUMO HOMO LUMO
DPO.TXO2 So Optimization So Optimization
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Table B.19. Distribution of frontier molecular orbitals for compounds Cz-TTR,
DMAC-TTR, PXZ-TTR and PTZ-TTR at Sy — S; excitation and Sy — T}
excitation (TDA: B3LYP/6-31+G(d,p)).

Molecule B3LYP/6-314+G(d,p)
So — S1 Excitation So — T; Excitation
HOMO LUMO HOMO LUMO
Co.TTR So Optimization So Optimization
»
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Table B.20. Distribution of frontier molecular orbitals for compounds Cz-TTR,
DMAC-TTR, PXZ-TTR and PTZ-TTR at Sy — S; excitation and Sy — T}
excitation (TDA: M062X/6-31+G(d,p)).

Molecule M062X/6-314+G(d,p)
So — S1 Excitation So — T; Excitation
HOMO LUMO HOMO LUMO
Co.TTR So Optimization So Optimization
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< [ 9 < <
Ty Optimization T; Optimization
So Optimization So Optimization
PXZ-TTR
L L= .
T, Optimization T; Optimization
uéli % ~m u’: ; : ‘ uﬂ%
So Optimization So Optimization
PTZ-TTR

<
#
4
4

T; Optimization

T; Optimization

4
3
:
4




Table B.21. Distribution of frontier molecular orbitals for compounds Cz-TTR,
DMAC-TTR, PXZ-TTR and PTZ-TTR at Sy — S; excitation and Sy — T}
excitation (TDA: PBE(0/6-314+G(d,p)).

Molecule PBE0/6-31+G(d,p)
So — S1 Excitation So — T; Excitation
HOMO LUMO HOMO LUMO
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Table B.22. Distribution of frontier molecular orbitals for compounds CzPhDSO2,
ACRDSO2, PXZDSO2 and PTZ-Ph-TTR at Sp — S; excitation and So — T,
excitation (TDA: B3LYP/6-31+G(d,p)).

Molecule B3LYP/6-31+G(d,p)
So — S1 Excitation So — T; Excitation
HOMO LUMO HOMO LUMO
C2PhDSO2 So Optimization So Optimization
T, Optimization T, Optimization
So Optimization So Optimization
ACRDSO2
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Ty Optimization T Optimization
So Optimization So Optimization
T, Optimization T; Optimization
So Optimization So Optimization
PTZ-Ph-TTR

¢
¢

'

T, Optimization

T; Optimization

v
{
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Table B.23. Distribution of frontier molecular orbitals for compounds CzPhDSO2,
ACRDSO2, PXZDS0O2 and PTZ-Ph-TTR at Sy — S; excitation and Sy — T,
excitation (TDA: M062X/6-31+G(d,p)).

Molecule M062X/6-314+G(d,p)
So — S1 Excitation So — T7 Excitation
HOMO LUMO HOMO LUMO
C2PhDSO2 So Optimization So Optimization
T, Optimization T, Optimization
So Optimization So Optimization
Ty Optimization Ty Optimization
So Optimization So Optimization
% b 5
T, Optimization T; Optimization
So Optimization So Optimization
PTZ-Ph-TTR

¢
¢

¢
¢

T, Optimization

T; Optimization

¢
¢
f

4
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Table B.24. Distribution of frontier molecular orbitals for compounds CzPhDSO2,
ACRDSO2, PXZDSO2 and PTZ-Ph-TTR at Sp — S; excitation and So — T,
excitation (TDA: PBE(0/6-314+G(d,p)).

Molecule PBE0/6-31+G(d,p)
So —S1 Excitation So — T7 Excitation
HOMO LUMO HOMO LUMO
C2PhDSO2 So Optimization So Optimization
Ty Optimization T, Optimization
So Optimization So Optimization
e W % W %
Ty Optimization Ty Optimization
So Optimization So Optimization
T; Optimization T; Optimization
So Optimization So Optimization
PTZ-Ph-TTR

¢
&
¢

4

T; Optimization

T; Optimization

¢
<
¢
¢
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Table B.25. Distribution of frontier molecular orbitals for compounds Ac-OSO,

CzSOXO and TXO-PhCz at S — S; excitation and Sy — T excitation (TDA:
B3LYP/6-31+G(d,p)).

Molecule B3LYP/6-314+G(d,p)
So — S1 Excitation So — T; Excitation
HOMO LUMO HOMO LUMO
Ac.0SO So Optimization So Optimization
LS ;E ‘.! .
Ty Optimization T, Optimization
(5 Ly (3
So Optimization So Optimization
LS e [ %
T Optimization T1 Optimization
LY l © !’
So Optimization So Optimization
TXO-PhCz

i
¢
i

e

T; Optimization

Ty Optimization

i
4
i

W
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Table B.26. Distribution of frontier molecular orbitals for compounds Ac-OSO,

CzSOXO and TXO-PhCz at S — S; excitation and Sy — T excitation (TDA:
M062X/6-31+G(d,p)).

Molecule M062X/6-314+G(d,p)
So — S1 Excitation So — T7 Excitation
HOMO LUMO HOMO LUMO
Ac.0SO So Optimization So Optimization
Y L% y [ & w
Ty Optimization T, Optimization
.
1% P -4
LS <
So Optimization So Optimization
CzSOXO
5 b «
LY LY
T1 Optimization T1 Optimization
So Optimization So Optimization
TXO-PhCz

¥
?
¢
#

T1 Optimization

T1 Optimization

i
?
1
3
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Table B.27. Distribution of frontier molecular orbitals for compounds Ac-OSO,
CzSOXO and TXO-PhCz at S — S; excitation and Sy — T excitation (TDA:
PBE0/6-314+G(d,p)).

Molecule PBE0/6-31+G(d,p)
So — S1 Excitation So — T7 Excitation
HOMO LUMO HOMO LUMO
Ac.0SO So Optimization So Optimization
[, L
l.!- L!E
Ty Optimization T, Optimization
So Optimization So Optimization
CzSOXO
¢ (%
T Optimization T Optimization
u% sw F" ~¢§% u¢%?
“ [, . L
So Optimization So Optimization
e % w W t?&%
T1 Optimization T1 Optimization




Table B.28. &, indices for compounds in Lowdin (L) and Mulliken (M) charge

distributions for the excitations from Sy to S; for Group 1.

GROUP 1
So Geometry T; Geometry
Compound Method
M L M

B3LYP  0.4078 0.5203 0.4775 0.6364

1 M062X  0.5570 0.6595 0.5968 0.7386
PBEO 0.4402 0.5403 0.4740 0.6156

B3LYP  0.2761 0.4080 0.2329 0.3197

2 MO062X  0.4703 0.5810 0.3306 0.4352
PBEO 0.3062 0.4296 0.2378 0.3090

B3LYP  0.3325 0.4212 0.2544 0.2961

3 MO062X  0.4383 0.5456 0.4230 0.5027
PBEO 0.3623 0.4402 0.2882 0.3272

B3LYP  0.2234 0.2830 0.2818 0.4323

4 MO062X  0.3939 0.4601 0.3352 0.4861
PBEO 0.2457 0.2849 0.2687 0.3757

B3LYP  0.6169 0.7551 0.5168 0.6565

5 M062X  0.7416 0.8776 0.6402 0.8128
PBEO 0.6321 0.7530 0.5336 0.6544

Table B.29. &, indices for compounds in Lowdin (L) and Mulliken (M) charge

distributions for the excitations from Sy to T; for Group 1.

GROUP 1
So Geometry T; Geometry
Compound Method
L M L M

B3LYP  0.4741 0.5806 0.5654 0.7087

1 M062X  0.7721 0.8781 0.8210 0.9206
PBEO 0.5772 0.6620 0.6361 0.7694

B3LYP  0.3332 0.4587 0.2673 0.3560

2 M062X  0.7920 0.8824 0.5113 0.6086
PBEO 0.4181 0.5316 0.2897 0.3616

B3LYP  0.3665 0.4563 0.2830 0.3227

3 M062X  0.7597 0.8619 0.4744 0.5660
PBEO 0.4127 0.4895 0.3164 0.3531

B3LYP  0.2465 0.3124 0.3092 0.4593

4 MO062X  0.6062 0.6792 0.4828 0.6695
PBEO 0.2962 0.3421 0.3105 0.4222

B3LYP  0.7512 0.8535 0.6584 0.7700

5 M062X  0.8193 0.9671 0.7883  0.9065
PBEO 0.7646 0.8622 0.6936 0.7956
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Table B.30. @, indices for compounds in Lowdin (L) and Mulliken (M) charge

distributions for the excitations from Sy to S; for Group 2.

GROUP 2

So Geometry T; Geometry

Compound Methods

L M L M

B3LYP 0.5460 0.6495 0.5982 0.7400
SF2C Mo062X 0.7047 0.7487 0.7269 0.8004
PBEO 0.5720 0.6352 0.6334 0.7505
B3LYP 0.2042 0.2677 0.2277 0.3531
PTSOPT M062X 0.3310 0.4202 0.2434 0.3683
PBEO 0.2633 0.3396 0.2279  0.3387
B3LYP 0.1492 0.3740 0.4886 0.7726
PXZ-DPS M062X 0.2485 0.4401 0.5146 0.7627
PBEO 0.1670 0.3385 0.4407 0.6794
B3LYP 0.0997 0.2021 0.3154 0.4530
DMAC-DPS M062X 0.1642 0.2308 0.3938 0.5478
PBEO 0.1146 0.1862 0.3386 0.4635
B3LYP 0.7086 0.7733 0.7266 0.7898
DPA-DPS Mo062X 0.7594 0.8234 0.7631 0.8279
PBEO 0.7139 0.7683 0.7423 0.8106

Table B.31. @, indices for compounds in Lowdin (L) and Mulliken (M) charge

distributions for the excitations from Sy to T; for Group 2.

GROUP 2

So Geometry T, Geometry

Compound Methods

L M L M

B3LYP 0.7309 0.8289 0.7672 0.9103
SF2C Mo062X 0.8405 0.8789 0.8563 0.9120
PBEO 0.7829 0.8346 0.8048 0.9141
B3LYP 0.2308 0.2941 0.1995 0.3198
PTSOPT M062X 0.7845 0.9099 0.2758 0.3985
PBEO 0.3266 0.3964 0.2080 0.3174
B3LYP 0.1589 0.3536 0.3989 0.6627
PXZ-DPS M062X 0.4301 0.5961 0.4778 0.7106
PBEO 0.1862 0.3513 0.3613 0.5742
B3LYP 0.1168 0.2200 0.3653 0.5071
DMAC-DPS M062X 0.1692 0.2371 0.5399 0.6931
PBEO 0.1390 0.2142 0.4174 0.5409
B3LYP 0.7835 0.8383 0.8016 0.8888
DPA-DPS M062X 0.8375 0.8890 0.8288 0.8957
PBEO 0.8080 0.8571 0.8162 0.9005
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Table B.32. &, indices for compounds in Lowdin (L) and Mulliken (M) charge

distributions for the excitations from Sy to Sy for Group 3.

GROUP 3
So Geometry T; Geometry
Compound Method
M L M
B3LYP 0.1191 0.1862 0.1038 0.1241
la M062X 0.1854 0.3092 0.1602 0.1786

PBEO 0.1269 0.1893 0.1116  0.1247

B3LYP  0.1044 0.1141 0.1049 0.1138

4ASOA Mo062X  0.1712 0.1825 0.1567 0.1668
PBEO 0.1154 0.1214 0.1107 0.1193

B3LYP  0.1005 0.1623 0.4006 0.4821

PXZ-DBTO2 MO062X  0.1435 0.2702 0.5615 0.6611
PBEO 0.1128 0.1785 0.3802  0.4530

B3LYP  0.1918 0.3178 0.3165 0.3903

DPO-TXO0O2 MO062X  0.2809 0.4708 0.4694 0.5873
PBEO 0.2065 0.3355 0.3457 0.4063

B3LYP  0.2954 0.3781 0.3470 0.4466

DDMA-TXO2  M062X  0.3465 0.4097 0.4591 0.5519
PBEO 0.2769 0.3364 0.3428 0.4239

Table B.33. @, indices for compounds in Lowdin (L) and Mulliken (M) charge

distributions for the excitations from Sy to T; for Group 3.

GROUP 3
So Geometry T; Geometry
Compound Method
L M L M
B3LYP 0.1443 0.2096 0.1063 0.1275
la M062X 0.3842 0.4907 0.2250 0.2466

PBEO 0.1615 0.2240 0.1288 0.1446

B3LYP  0.1291 0.1379 0.1104 0.1202

4ASOA Mo062X  0.2102 0.2224 0.1627 0.1767
PBEO 0.148 0.1576 0.1255 0.1369

B3LYP  0.1357 0.1975 0.3504 0.4336

PXZ-DBTO2 MO062X  0.5049 0.6072 0.5848 0.6788
PBEO 0.1739 0.2405 0.3403 0.4141

B3LYP  0.2073 0.3332 0.3001 0.3683

DPO-TXO02 MO062X  0.8393 0.8954 0.5074 0.6271
PBEO 0.2300 0.3598 0.3420 0.4047

B3LYP  0.3035 0.3847 0.3690 0.4617

DDMA-TXO2  M062X  0.3422 0.4047 0.5383 0.6278
PBEO 0.2764 0.3336 0.3832  0.4569




Table B.34. @, indices for compounds in Lowdin (L) and Mulliken (M) charge

distributions for the excitations from Sy to S; for Group 4.

GROUP 4

So Geometry T; Geometry

Compound Method

M L M

B3LYP  0.4345 0.4894 0.2369 0.2810
Cz-TTR MO062X  0.5372 0.6048 0.6195 0.6939
PBEO 0.4719 0.5318 0.2341 0.2715
B3LYP  0.5583 0.6500 0.6746 0.7606
DMAC-TTR Mo062X  0.7150 0.8397 0.7653 0.8827
PBEO 0.5939 0.7019 0.7014 0.7989
B3LYP  0.5300 0.6635 0.6489 0.7625
PXZ-TTR MO062X  0.5143 0.6580 0.6361 0.7622
PBEO 0.5035 0.6330 0.6246 0.7447
B3LYP  0.5016 0.5592 0.5962 0.6693
PTZ-TTR MO062X  0.6951 0.8025 0.7249 0.8336
PBEO 0.5368 0.6089 0.6267 0.7187

Table B.35. @, indices for compounds in Lowdin (L) and Mulliken (M) charge

distributions for the excitations from Sg to T; for Group 4.

GROUP 4

So Geometry T; Geometry

Compound Method

M L M

B3LYP  0.5134 0.5785 0.8940 0.9224
Cz-TTR MO062X  0.6815 0.7521 0.9528 0.9714
PBEO 0.5866 0.6587 0.9421 0.9711
B3LYP  0.7291 0.8271 0.7972 0.8798
DMAC-TTR MO062X  0.7941 0.8950 0.8429 0.9354
PBEO 0.7643 0.8718 0.8212 0.9159
B3LYP  0.5045 0.6358 0.6014 0.7173
PXZ-TTR MO062X  0.5156 0.6590 0.6152 0.7430
PBEO 0.4874 0.6161 0.5735 0.6888
B3LYP  0.7397 0.8112 0.7748 0.8617
PTZ-TTR MO062X  0.8187 0.9002 0.8268 0.9242
PBEO 0.7833 0.8687 0.8031 0.9077
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Table B.36. @, indices for compounds in Lowdin (L) and Mulliken (M) charge

distributions for the excitations from Sy to Sy for Group 5.

GROUP 5

So Geometry T; Geometry

Compound Method

M L M

B3LYP  0.4579 0.4918 0.5643 0.6276
CzPhDSO2 M062X  0.7649 0.8196 0.7635 0.8161
PBEO 0.4890 0.5227 0.5972 0.6682
B3LYP  0.2411 0.2797 0.4112 0.4780
ACRDSO2 M062X  0.4644 0.5488 0.5449 0.6122
PBEO 0.2749 0.3273 0.4598 0.5365
B3LYP  0.1052 0.1731 0.6138 0.7305
PXZDS02 MO062X  0.2247 0.3882 0.7169 0.8632
PBEO 0.1008 0.1661 0.5940 0.7112
B3LYP  0.4107 0.4782 0.5992 0.6430
PTZ-Ph-TTR  MO062X  0.6631 0.7579 0.7470 0.7856
PBEO 0.4508 0.5312 0.6346 0.6833

Table B.37. &, indices for compounds in Lowdin (L) and Mulliken (M) charge

distributions for the excitations from Sg to T; for Group 5.

GROUP 5

So Geometry T; Geometry

Compound Method

M L M

B3LYP  0.6433 0.6826 0.7991 0.8470
CzPhDSO2 MO062X  0.9017 0.9655 0.8941 0.9296
PBEO 0.7195 0.7595 0.8412 0.8957
B3LYP  0.2592 0.3005 0.5612 0.6360
ACRDSO2 MO062X  0.4545 0.5344 0.8311 0.9064
PBEO 0.2997 0.3564 0.6476 0.7299
B3LYP  0.1089 0.1778 0.5304 0.6416
PXZDS02 MO062X  0.5210 0.6610 0.7065 0.8476
PBEO 0.1094 0.1745 0.5144 0.6232
B3LYP  0.6692 0.7767 0.7768 0.8203
PTZ-Ph-TTR  MO062X  0.8496 0.9997 0.8352 0.8776
PBEO 0.7389 0.8566 0.8004 0.8520
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Table B.38. @, indices for compounds in Lowdin (L) and Mulliken (M) charge

distributions for the excitations from Sy to S; for Group 6.

GROUP 6

So Geometry T; Geometry

Compound Method

M L M

B3LYP 0.1608 0.2226 0.4213 0.4997
Ac-OSO M062X 0.2870 0.3644 0.4516 0.5277
PBEO 0.2117 0.2638 0.4246 0.5036
B3LYP 0.4185 0.4671 0.5106 0.5674
CzSOXO M062X 0.5029 0.5709 0.5565 0.6294
PBEO 0.4307 0.4800 0.5392 0.5948
B3LYP 0.3224 0.3661 0.4453 0.4768
TXO-PhCz M062X 0.4630 0.4849 0.5933 0.6367
PBEO 0.3561 0.3965 0.4586 0.4881

Table B.39. &, indices for compounds in Lowdin (L) and Mulliken (M) charge

distributions for the excitations from Sy to T; for Group 6.

GROUP 6

So Geometry T; Geometry

Compound Method

L M L M

B3LYP  0.1664 0.2267 0.4209 0.5100
Ac-0OSO MO062X  0.3646 0.4385 0.5842 0.6816
PBEO 0.2435 0.2953 0.5026 0.5926
B3LYP  0.4123 0.4655 0.5235 0.5894
CzSOXO MO062X  0.5258 0.5702 0.6481 0.7195
PBEO 0.4511 0.5060 0.5692 0.6352
B3LYP  0.4321 0.4878 0.5939 0.6276
TXO-PhCz MO062X  0.4285 0.4437 0.7860 0.8301
PBEO 0.5306 0.5765 0.6515 0.6840
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Figure B.1. ®, indices of studied compounds at Sy and T; geometries with three different functionals.
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APPENDIX C: ABSORPTION SPECTRA

Table C.1. Experimental and theoretical absorption spectra for Group 1.
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Table C.2. Experimental and theoretical absorption spectra for Group 2.

Compounds
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Table C.3. Experimental and theoretical absorption spectra for Group 3.
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Table C.4. Experimental and theoretical absorption spectra for Group 4.
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Table C.5. Experimental and theoretical absorption spectra for Group 5.
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Table C.6. Experimental and theoretical absorption spectra for Group 6.
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APPENDIX D: EMISSION SPECTRA ANALYSIS

Emission spectra of studied compounds were generated with M062X functional.
Generated emission spectra are not successful when compared to experimental spec-
tra. According to comparison between experimental and theoretical emission spectra,
there is not good correlation between experimental emission colors and theoretical
emission colors. None of the compounds have similar emission color with experimental
data. This shows that emission spectra were not successfully reproduced. As expected,
M062X functional shows hypsochromic shift (blue shift). According to experimental
spectra, the dominant emission colors are blue and green while the dominant color is
violet for theoretical spectra. This is the proof for the hypsochromic shift property of
MO062X functional. Among all of the donor units, PXZ and PTZ containing compounds
are prone to generate higher emission wavelength. We expect to get higher emission
wavelength by addition of bridge unit to the structure because of the increase at con-
jugation length. However, compounds CzPhDSO2, PXZDSO2 and PTZ-Ph-TTR have
smaller wavelength when compared to non-bridged form. Figure D.1-D.6 contain fluo-
rescence spectra of studied compounds. Hyphen in figures represent the emission band
at <380 nm for theoretical part while hyphen in experimental part means that there
is no experimental data for this compound in literature. Theoretical wavelenght (nm)

that are obtained from phosphorescence spectra calculations can be found in Table

C.1.
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Table D.1. Phosphorescence wavelengths of studied compounds.

Compounds  Wavelength (nm)

346.06, 335.75, 333.50
493.21, 440.19, 369.74
437.25, 435.50, 389.36
415.88, 350.78, 345.16
423.10, 401.15, 350.64

QU | W N | =

Compounds  Wavelength (nm)
SF2C 415.72, 368.92, 327.01
PTSOPT 507.70, 450.00, 381.10
PXZ-DPS 483.02, 402.61, 381.45
DMAC-DPS  447.78, 421.56, 345.84
DPA-DPS 516.85, 426.30, 350.18

Compounds  Wavelength (nm)
la 458.78, 457.20, 409.67
4ASOA 417.18, 415.75, 408.41
PXZ-DBTO2  469.37, 405.33, 394.09
DPO-TXO02 416.93, 412.45, 387.96
DDMA-TXO2 381.16, 376.76, 336.50

Compounds  Wavelength (nm)
Cz-TTR 420.18, 364.04, 341.68

DMAC-TTR  472.20, 327.83, 306.15
PXZ-TTR 551.51, 406.06, 372.97
PTZ-TTR 468.60, 326.06, 310.77

Compounds  Wavelength (nm)
CzPhDSO2 525.40, 347.29, 328.08
ACRDSO2 495.74, 383.59, 338.67
PXZDS0O2 498.15, 405.26, 402.29

PTZ-Ph-TTR  542.56, 355.75, 325.35

Compounds  Wavelength (nm)
Ac-OSO 420.85, 336.67, 318.97
CzSOXO 481.23, 426.58, 377.62

TXO-PhCz 507.46, 423.38, 379.38
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