Index

a
absorption 20-22
coefficient 64
spectra of exciplexes
spectrum 102
strength analysis 21
acridine orange 277
ACRXTN and ACRSA 282-285
adiabatic electronic energies 299
Ag,Cl,(dppb), 34
Ag(dbp)(P,-nCB) 38, 44
characterization of 40-45
emission quenching 36-38
Ag(I)-based TADF compounds
Ag,Cl,(dppb), 34
Ag(phen)(P,-nCB) 34-38
characterization of Ag(dbp)(P,-nCB)
40-45
emission quenching in
Ag(phen)(P,-nCB) 36-38
energetically lower-lying 4d-orbitals
34
ligand-centered (LC) orbitals 34
nido-carborane-bis-
(diphenylphosphine) (P,-nCB)
34
sterical hinderance 38-40
Ag(I) complexes 1-46, 84—85
Ag(phen)(P,-nCB) 34-38, 40
aggregation-induced emission (AIE)
403, 472, 563
angular dependence_TADF 215
anionic bidentate ligand
diphenyl-bis(pyrazol-1-yl)borate
(pz,Bph,™) 142

338

anthracene crystal 199

atomic force microscope (AFM),
ITO/PEDOT 484

Au(I) complexes 84, 150, 159

Avogadro number 21

b

B3LYP/def2-SVP level of theory 15,
20, 21, 23, 24

benzothiazole 403, 404

benzoxazole 403, 404

bidentate binap 84

bilayer-type exciplex 416

2,2'-bipyridyl based ligands 181-182

1,3-bis(carbazol-9-yl)benzene (mCP)
143,170, 517

1,3-bis{3-[3-(9-carbazolyl)phenyl]-9-
carbazolyl}benzene (CPCB)
514

2,7-bis(9,9-dimethyl-acridin-10-yl)-9,9-
dimethylthioxanthene-S,S-
dioxide (DDMA-TXO2) 449,
457-460

bisdiimine-type copper(I) complexes
([Cu(NN),J*) 131

bis(diisobutylphenylphosphino)amido
(PNP) ligands 157

bis(diphenyl-phosphino)methane
(dppm) 181

bis(diphenylphosphino)ethane (dppe)
181

bis[2-(diphenylphosphino)phenyl]ether
(POP) 131, 168, 181, 214, 449

6,6’-bis(2-4diphenylquinoline) (B1PPQ)
338

Highly Efficient OLEDs: Materials Based on Thermally Activated Delayed Fluorescence,

First Edition. Edited by Hartmut Yersin.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2019 by Wiley-VCH Verlag GmbH & Co. KGaA.

573



574

Index

2,7-bis(phenoxazin-10-y1)-9,9-
dimethylthioxanthene-S,S-
dioxide (DPO-TXO02) 431,432,
436, 441-443

bis-4,6-(3,5-di-3-pyridylphenyl)-2-
methylpyrimidine (B3PYMPM)
332, 365, 414

1,3-bis(9H-carbazol-9-yl) benzene
(mCP) 474, 475, 478, 484, 485,
487, 495

2-(bis(trimethylsilyl)methyl)-6-
fluoropyridine (3L) 100

2-(bis(trimethylsilyl)methyl)-6-
methylpyridine (2L) 100

2-(bis(trimethylsilyl)methyl)pyridine
(1L) 100

2-(bis(trimethylsilyl)methyl)quinoline
(4L) 100

blended single-layer exciplex 414-416

blue fluorescent emitter 486-490

blue OLEDs

academia 552-554
efficient, stable 550-552

blue PHOLED emitters 257

Boltzmann constant 2

Boltzmann distribution 4, 109, 121,
235, 263

Boltzmann statistics 274, 301, 318

Boltzmann thermal distribution 4

Born—Oppenheimer approximation
299, 304, 305

buffer hole-injection layer (Buf-HIL)
515

tert-butylcarbazole donor 526

C

canonical partition function 259

carbazolyl-modified 1-(2-pyridyl)-
pyrazole based ligands
191-192

cationic Cu(I)-bis-phen complexes
275,276

cationic Cu(I) complexes 62

cationic [Cu(NN),]* and
[Cu(NN)(PP)]* complexes 178

charge-neutralized Cu(I) complex 140

charge-neutral three-coordinate Cu(I)
complexes 146-155
charge-separated state 347
charge separation versus charge
recombination 343-345
charge transfer (CT)
emitter 528
exciplex 332
chelating diphosphine POP ligand 180
chemical structures, of host 517
closed quantum system 312
combined steady-state and decay data
analysis  250-252
Commission Internationale de
I'Eclairage (CIE) 504, 551
comprehensive efficiency analysis of
OLEDs 206-209
computation of ISC and RISC rate
constants  264—265
Condon approximation 260
electronic spin-orbit coupling matrix
261-262
overlap of vibrational wavefunctions
262-263
confined exciplex systems 356
conformational rigidity 270
contact radical ion pair (CRIP)
342-343
copper (I) complexes
four-coordinated
Cu(I)-bis-phenanthroline
275—277
three-coordinated
Cu(I)-NHC-phenanthroline
complex 270-275
Coulomb energy 434, 435

elements

complexes

crystalline Cu(I) complexes 128
[Cu(CH;CN),(POP)]BF, 141
Cu,ClL,(N"P), 27
[Cu(dbp)P,]BEF, 133

[Cu(dbp)(POP)]BE, 133

[Cu(dmp),]* (dmp = 2,9-dimethyl-
1,10-phenanthroline) complex
123

[Cu(dmp)(dtbp)]* (dtbp = 2,9-di-tert-
butyl-1,10-phenanthroline) 179



Cu(dmp)(phanephos)t 15-17, 20, 23,
28-30
[Cu(dmp)(phanephos)](PF)
134
[Cu(dmp)(POP)]BF, 131
[Cu(dppbz),]BE, (48) and
[Cu(dppbz)(POP)]BE,
[Cu(dppbz),]* (dppbz = 1,2-bis
(diphenylphosphino)benzene
complex 123
Cu(dppb)(pz,Bph,) 9, 22-25,29, 30
Cu,(4L), 111
Cu(I) complexes
with large AE(S,-T;)
absorption 20-22
DFT and TD-DFT calculations 16
flattening distortions and
non-radiative decay 16-18
radiative S; »S, rate  20-22
Strickler-Berg relation 20-22
TADF properties 18-20
molecular and electronic structure on
178-181

18, 19,

145

emissive properties
for OLEDs
energy levels of molecular orbitals
in tetrahedral geometries 122,
123
ligand variation 123-125
with small AE(S,-T,)
DFT and TD-DFT calculations
22-23
emission spectra and quantum
yields 23
temperature dependence of the
emission decay time and TADF
28-30
triplet state T, and spin-orbit
coupling 23
Cu(I)-NHC-phenanthroline complex
270-275
Cu(I)-phenanthroline complex, ultrafast
dynamics ofa 313-316
Cu(L;p,)(SPh) 152
Cu(Ly,)(SPh) 152
[Cu(p-CAN)], (CAN =2-(bis
(trimethylsilyl)methyl) pyridine
derivatives)

Index

absorption spectrum 102
DFT calculation 103, 104, 112
emission decay kinetic analysis
106, 108, 109
emission properties
measurement 111
OLED device 110,112
outline 100
planer 8-membered cyclic ring 112
synthesis 111
X-ray crystallographic study 101,
102
X-ray structure analysis
Cu,(p-I)4 cubane unit 81
Cu,(p-X), cores 155,156
[Cu(NN)(PP)]* complexes
142
with NN ligands 134-142
with phen or bipy derivatives as
ligands 130-134
[Cu(N~*N)(POP)] complexes 78
[Cu(NAN)(P"P)] 61,77-79
[Cu(NAN)(PAX)]  77-79
[Cu(
(

105,

104, 105

112

132,133,

Cu(phen)(POP)](BE,) 189

Cu(PP),] 61,78

cuprous emissive complexes

Cu(pympz)(POP)]* 78

[Cu(pytfmpz)(POP)]* 78

Cu,(3L), 111

[Cu(tmbpy)(POP)]BF, 133

[CuX(PPh,),(4-Mepy)] (X=CI, Br, I)
complexes 79

cyano-based TADF molecules
391-396

cyclometalated iridium(III) complexes
93,120, 122

177

d
DCz-DBTO2, temperature dependent
emission of 434
decay data analysis 249-252
decay timez 6
delayed fluorescence (DF)
203-204, 300-301
kinetics /of the 1CT prompt state
449
intensity 249

199,

575



576

Index

delayed fluorescence (DF) (contd.)
lifetime 233
TADF 467
time resolved emission in solid state
440, 446
delayed S;— S, fluorescence 5
AE(S;-T;) minimization 7
density functional theory (DFT) 16,
64, 267, 469, 555
density matrix formalism of MCTDH

311-312

Dexter energy transfer 383, 487,
495

DFT and TD-DFT calculations 16,
22-23

DFT-based multireference
configuration interaction 267
diazafluorene 404—405
1,4-diazatriphenylenes (ATP) 402, 403
dibenzothiophene-S,S-dioxide acceptors
531
9,10-dicyanoanthracene (DCA) 336
1,4-dicyanobenzene (DCB) 343
diimine ligands ([Cu(NN),]*) 177
dilute methyl cyclohexane (MCH)
dimeric Cu(I) chlorido NHC-picolyl
complexes 82
dimethylacridine (DMAC) 552, 564
2,9-di-n-butyl phenanthroline ligand
38
dinuclear Cu(I) complex
[Cu,(NNG6),P,](BE,),
dinuclear Cu(I) complexes
[(dppbz)CuX], 146
for OLEDs
other dinuclear Cu(I) complexes
157
possessing Cu, (p-X), cores
155-157
dinuclear Cu(I) halide complexes 83
dinuclear TADF-type Cu(I) emitters
122
diphenyl ketone 408-410
2-Di-phenylphosphinopyridine
(PyrPHOS) 83
diphenyl sulfoxide 405-407
diphosphine ligands 147
dipole moment operator 64

431

137
80-83

dipyrido[3,2-a:2’,3'-c]phenazine (dppz)
137
donor-acceptor (D-A) molecular
systems, TADF
cyano group 391-396
design principles of 384-386
intramolecular or intermolecular
architectures 391
molecular designs and properties of
380
nitrogen heterocycle 396
down-hill process 259, 260
DPEPO (bis[2-(diphenylphosphino)
phenyl]ether) 214
[(dppbz)Cu(p-X)], (X) 155
DPTZ-DBTO2
emission spectra of 437
phosphorescence spectra of 438
steady-state fluorescence spectra of
439
Direct Singlet Harvesting 46
Duschinsky rotation effect (DRE)
DV-CDBP 511,512,518
DV-MOC-DPS 511

308

e
electrical excitation 240
conditions for efficient
electroluminescence 241-244
steady-state 240-241
electric dipole radiation 201
electrochemical cyclo-voltammetry
measurements 437
electroluminescence (EL)
501
devices 490
efficiency 242
emitters 257-258
4P-NPB 489
properties, of emitters 507
quantum efficiency 202-203
electroluminescence (or external)
quantum efficiency (EQE)
202-203, 282, 382, 390

476, 482,

electron-accepting moieties 365-368,
391, 396

electron-donating 368

moieties 360



electron donor molecules 360

electronic excitation 2, 267, 271, 277,
286, 331, 347,471

electronic spin-orbit coupling (SOC)
259

matrix elements 261-262

electronic spin-spin coupling (SSC)
259

electron paramagnetic resonance (EPR)
spectroscopy 302

electron-rich pyridylpyrazole ligands
NN20-NN22 141

electron transfer (ET) 333, 437,
471

electron transport layer (ETL) 202,
392, 393, 458, 481

El-Sayed rules 261, 262, 268, 345

El-Sayed’s law 302

emission decay kinetic analysis 105,
106, 108, 109

emission decay time 5-7, 28-30, 41,
45, 46, 151, 158, 177, 182, 213,
274

emission layer (EML) 1,2, 4, 201, 202,
481, 484, 486, 561

emission properties 22, 23, 29, 34, 40,
52, 81, 99, 104-105, 132, 133,
143, 148, 273, 277, 428—-438

emission quenching in
Ag(phen)(P2-nCB) 36-38

emission spectra and quantum yields
23

emissive charge-neutral
three-coordinate Cu(I)
complexes 154

emissive Cu(I) complexes 123, 160,
177,178, 180-182, 184

emissive [Cu(NN)(PP)]* complexes

194

emitter host interactions 258,
457-459

emitters 2, 36, 61-86, 119-170, 353

energetically lower-lying 4d-orbitals
34
energy diagram for TADF 459
energy gap law 76, 131, 140, 262, 280,
436, 524
energy level diagram 426

Index

energy separation AE(S,-T;) 30-34
eosin dyes 6, 19, 28, 29, 44, 321, 426,
485, 493
E-type delayed fluorescence 62, 121,
199, 258, 426
evaporation chamber 548
excimer 104, 232, 331, 386
exciplex 332
bilayer-type 416
blended single-layer 414
decay processes of
charge-separation vs charge
recombination 343-345
CRIP and SSRIP 342, 343
fluorescence rate 340-341
ISC  345-346
electron acceptor molecule 360
electron donor molecule 360
electron-accepting moieties
365-368
electron-donating moieties
360—-365
electronic structures of
charge-transfer (CT) 332
formation 332-335
HOMO and LUMO 332
local-excitation (LE) 331
molecular orbitals 332
stabilization 335, 337
OLEDs. See organic light-emitting
diodes (OLEDs)
optical properties of
absorption spectra
photoluminescence
organic solid films
prompt vs. delayed fluorescence
347-350
spectral shift 350-352
triplet LE state 346
excitation energies and radiative rate
constants
DFT-based multireference
configuration interaction 267
fluorescence and phosphorescence
rates 268-269
time-dependent density functional
theory 266

338-339
336-338

577



578

Index

excited states 450
cycles 235-238
properties 452-455

f

fac-Ir(ppy), derivatives 93

FASAF, chemical structure of 433

FDQPXZ 524

Fermi’s Golden rule (FGR) approach
259, 278, 302, 303

first order Fermi’s golden rule 320

first order mixing coefficient 297

first-order perturbation theory 260

flattening distortion dynamics of the
MLCT excited state 76-77

flattening distortions and non-radiative

decay 16-18
fluorescence (FLUO) 544
blue 199

efficiency 239
materials, TADF 563-564
OLED 119
and phosphorescence decays
and phosphorescence rates
quantum yield 234
rate constant 340
formed 335
Forster resonant energy transfer (FRET)
258
Forster energy transfer
Forster ENT 358
four-coordinated
Cu(I)-bis-phenanthroline
complexes 270, 275-277
Fourier transform photocurrent
spectroscopy (FTPS) 338
Franck—Condon factors 2, 16, 36, 76,
414
Frank—Condon weighted density of
states 446
full wave at half maximum (FWHM)
482
fullerenes

232
268-269

383

245, 379, 380

9
gated iCCD detection system 440

generic Jablowski diagram for TADF
460

green and blue emitters 77-79

grid based quantum nuclear wavepacket

dynamics 305
ground and excited-state wavefunctions
298

gyromagnetic factor 261

h

halogen-bridged binuclear copper
complex [(dppbz)Cu(p-X)],
147

halogen-bridged Cu(I) complexes 81

halogen-bridged dinuclear Cu(I)

61, 95, 156

159, 313, 425

complexes
heavy atom effect
heptazine 401
heteroatom lone pair orbitals 427
heteroleptic Cu(I) complexes 77, 83,
133, 134, 180, 182-188, 191-194
heteroleptic [Cu(N”N)(PAP)] complexes
61,78
heteroleptic [Cu(NN)(PP)]* complexes
177,178, 181
heteroleptic diimine/diphosphine
[Cu(NN)(PP)]* complexes
with 2,2’-bipyridyl based ligands 181
with carbazolyl-modified
1-(2-pyridyl)-pyrazole based
ligands 191-192
with 1-phenyl-3-(2-pyridyl)pyrazole
based ligands 192-193
with 3-phenyl-5-(2-pyridyl)-
1H-1,2,4-triazole based ligands
193-194
with 2-(2’-pyridyl)benzimidazole and
2-(2'-pyridyl)imidazole based
ligands 182-185
with 1-(2-pyridyl)-pyrazole based
ligands 189-190
with 2-(2-pyridyl)-pyrrolide based
ligands 188
with 5-(2-pyridyl)tetrazole based
ligands 185-187
with 3-(2'-pyridyl)-1,2,4-triazole
based ligands 187-188



heteroleptic PyrPHOS dinuclear
complexes 83
highest occupied molecular orbital
(HOMO) 3, 63,123,178, 200,
270, 298, 332, 382, 469, 470, 491,
545
highly efficient thermally activated
delayed fluorescence device
214-218
highly emissive d'° metal complexes
advantages 61
Ag(I) complexes 84-85
Au(I) complexes 84-85
Cu(I) complexes 61
dinuclear Cu(I) complexes 80-83
flattening distortion dynamics of the
MLCT excited state 76,77
green and blue emitters 77,79
molecular structures of Cu(I)
complexes 65
molecular structures of d10 metal
complxes 84
Pd(0) complexes 84-85
phosphorescence and TADF
mechanisms 62, 64
photophysical properties 72
Pt(0) complexes 84-85
structure-dependent photophysical
properties 64-76
three-coordinate Cu(I) complexes
79, 80
hole transport layer (HTL) 201, 202,
547
HOMO-LUMO excitation 8, 40, 45
homoleptic [Cu(NN),]* complexes
177-179
homoleptic [Cu(phen),]* complex 179
homoleptic [Cu(PP),]* complexes 134
homoleptic complex [Cu(POP),]* 134
homoleptic copper(I) bisdiimine
complex [Cu(dtp),]BF, 3
(dtp =2,9-di-tert-butyl-1,10-
phenanthroline) 131

i
internal quantum efficiency (IQE) 93,
156, 199, 202, 218, 257, 258, 279,

Index

286, 332, 353, 382, 466, 486, 487,
501
intersystem crossing (ISC)
425, 467, 501
rate constants
beyond the Condon approximation
263-264
computation of ISC and RISC rate
constants 264
Condon approximation 260-263
statical approaches 265
intraligand charge-transfer (ILCT)
intramolecular charge transfer (ICT)
426, 469
emission 121
processes 277
intramolecular D-A molecules
bilayer-type exciplex 416
blended single-layer exciplex
414-416
ionisation potential 434
Ir-based phosphorescent materials
120
isoemissive point 442, 445
isolated heteroleptic complexes
[Cu(dmp)(PP)]* 134
i-Pr (propyl) substituted DPTZ-DBTO2
456

1, 345-346,

125

J
Jahn-Teller distortion 80, 150, 313

k

Kasha’s rule
ketones 245
kinetics of the !CT prompt state 449

300

/

3LE, phosphorescence (PH) 441, 444

ligand-centered (LC) orbitals 34

ligand-to-ligand charge transfer (LL’CT)
3,139

light-emitting dendrimers 502, 528

light emitting electrochemical cells
(LEEC) 1,133,177

light-outcoupling efficiency 203, 501

579



580

Index

light-outcoupling factor 202, 205, 218,
222
linear vibronic coupling (LVC) model
307
liquid crystal displays (LCDs) 466, 501
lock-in technique 452
low efficiency roll-off triplet-triplet-
annihilation device 218-222,
405, 407,411, 416, 417, 490, 495
lowest unoccupied molecular orbital
(LUMO) 3,63, 123, 200, 270,
298, 332, 382, 469, 470, 491, 546
low order Taylor expansion 306
low-priced pure blue-phosphorescent
OLEDs 120
luminescence decay curves of
Ag(dbp)(P,-nCB) 42
luminescent Cu(I) complexes 83, 122,
134, 156, 179, 191, 270
luminescent cyclometalated Ir(III)
complexes 61, 62
luminescent dinuclear copper
complexes
[Cu(p-CAN)], (CAN =2-(bis
(trimethylsilyl)methyl)pyridine
derivatives) 100
cyclometalated iridium(III)
complexes 93
distortion 93
fac-Ir(ppy), derivatives 93
luminescence properties 99, 100
1,10-phenanthroline derivatives 93
structure  94-99
luminescent neutral [Cu(N*N)POP]
complexes 78

m
mCP (1,3-bis(N-carbazolyl)benzene)
214
MO06/def2-SVP level of theory 38
measured decay time 6, 16, 19, 29, 217
metal complexes exhibiting TADF
157-159
metal-free TADF emitters
acridine orange 277
delayed fluorescence 278

dibenzothiophene-S-S-dioxide
DBTO2 acceptor 278
Duschinsky effects 278
mechanism of the triplet-to-singlet
upconversion 282-285
phenothiazine (PTZ) donor 278
photophysics 279
reverse internal conversion 278
second-order spin-orbit 260
1,2,3,5-tetrakis(carbazol-9-yl)-4,6-
dicyanobenzene (4CzIPN) 279
(metal + ligand L) to ligand L’ charge
transfer (" MLL/CT) 34
metal-to-ligand charge 262
metal-to-ligand charge transfer (MLCT)
3,17, 62,93, 100, 103, 120, 259
2-methyltetrahydrofuran (2-MeTHF)
125, 450
microscopic spin-orbit Hamiltonians
261
m-MTDATA:PBD exciplexes 357
molecular fluorescence 300
monodentate halide anions 146
mononuclear Cu(I) complexes for
OLEDs
bis(diimine) type 129, 131
Boltzmann equation 127
charge-neutral three-coordinate Cu(I)
complexes 146-155
[Cu(NN)(PP)]* complexes
with NN ligands 134-142
with phen or bipy derivatives as
ligands 131-134
decay rate of emission 127
electroluminescence processes 126
electron exchange 126
emission mechanism 127
emission processes of phosphorescent
emitters 126
equilibrium constant 127
free energy change 127
intramolecular exciplex 126
non-radiative rate constant 127
photophysical properties 128
radiative constant 127
radiative rate constant 126
rate constants 128



simple excited state model 126
SOC interaction 126
temperature-dependent non-radiative

processes 128
tetrahedral Cu(I) complexes with the
LUMO on the PP ligand 129,
142-146
mononuclear Cu(I)-phenanthroline
complexes 313
MTXSFCz 490-492
absorbance P 491
molecular structure of 491
multi-configurational Ehrenfest (MCE)
310

multi-configurational time-dependent
Hartree (MCTDH) approach
265, 310-311

n

National Television System Committee
(NTSC) 504, 512, 523

natural transition orbital (NTO) analysis
124, 144, 388

neutral Cu(I) complexes
142

neutral mononuclear Cu(I) complexes
139

N-heterocyclic carbene (NHC) Cu(I)
complexes 153,270

nido-carborane-bis-(diphenylphosphine)
(P,-nCB) 34

nitrogen heterocycle-based TADF
molecules

62, 81, 140,

benzothiazole and benzoxazole
derivatives 403-404

diazafluorene derivatives 404—405

1,4-diazatriphenylenes (ATP)
402-403

heptazine derivatives 401-402
oxadiazole 401
pyrimidine derivatives 400-401

quinoxaline derivatives 404
thiadiazole 401
triazine derivatives 396-400

triazole 401
nonadiabatic coupling elements
309

304,

Index

non-isotropic emitter orientation
204-205, 209, 214, 216, 218, 222

non-polar zeonex matrix 446

non-radiative (NR) quenching 450

non-radiative exciton quenching
processes 202

non-radiative rate constant 107, 108,
121, 126-128, 474, 476

nonpolar solvents 139, 343, 430,
433-435, 450, 468

nonradiative decay processes 122, 258,
349
normal fluorescence (NF) 120, 467

NPB, TPBi exciplexes 357

N-phenylcarbazole (N-PhCz) 469

n—z*/m—x* mixed state transitions 431

(o}

optical modeling 205-206

optical properties of the DPTZ-DBTO?2
451

optical transition dipole vectors (TDVs)
200, 204, 205, 208, 215-218, 220,

222

organic donor-acceptor systems 258,
262, 269, 286

organic light-emitting diode (OLED)
177,501

black box 209-214

comprehensive efficiency analysis
206-209

delayed fluorescence

device 110-112,483

electroluminescence quantum
efficiency 202-203

emitter materials 544—547

highly efficient thermally activated
delayed fluorescence device
214-218

low efficiency roll-off
triplet-triplet-annihilation device
218-222

non-isotropic emitter orientation
204-205

optical modeling 205-206

optical transition dipole vectors

TADF materials

199, 203-204:

200

581



Index

organic light-emitting diode (OLED)
(contd.)
device structures and operation
mechanisms 380-382
382
host materials and sensitizers
382-383
host-free 383
research of 380
TX 465
Using Exciplexes 353
to vacuum-deposited counterparts
526-527
working principle

emitters

200-202

organic photo-voltaics (OPVs) 331,
347

organoboron-based TADF molecules
411-412

oxadiazole 137,401, 402

p

p-and e-type delayed fluorescence
Pd(0) complexes 84
perturbation theory 259, 260, 268,
269, 271, 303, 319
PFO1 (4,4’ -bis[phenyl(9,9’-
dimethylfluorenyl)amino]
biphenyl) for HTL (40 nm)
phase alternating line (PAL) systems
504
phenanthroline-based ligands 179, 180
1,10-phenanthroline (phen) 34
phenothiazine 446
donors 531
phenothiazine donor and a
dibenzothiophene-S,S-dioxide
acceptor (PTZ-DBTO2)
absorption of 431
chemical structures of 430
phenothiazine donor unit (PTZ) 452
phenothiazine-dibenzothiophene-§,S-
dioxide (PTZ-DBTO2) 429
3-phenyl-5-(2-pyridyl)-1H-1,2,4-triazole
based ligands 193-194
1-phenyl-3-(2-pyridyl)pyrazole based
ligands 192-193

199

110

1-phenyl-3-(2-pyridyl)pyrazole diimine
ligands 192-193
phosphorescence (PHOS) 6, 544
and TADF mechanisms 62-64
and triplet state measurements
438-439
decay time 6
lifetime 232
phosphorescent emitters
TADF 564
phosphorescent OLEDs (PHOLEDs)
120, 209, 257, 297, 493
phosphorescent red and green emitting

61, 199

materials 199
photoexcitation
conditions for efficient TADF
239-240

excited-state cycles 235-238
fluorescence and phosphorescence
decays 232-233
rate equations 232
steady-state fluorescence and
phosphorescence intensities
233-234
TADF on-set temperature 238
photoluminescence of DPTZ-DBTO2
450
photoluminescence of exciplexes
336-338
photoluminescence quantum efficiency
(PLQY) 545
photoluminescence quantum yield
(PLQY) 177,181, 348, 382
photophysical properties, of emitters
505
photophysics of TADF
absorption of PTZ-DBTO2 431
absorptivity 437
2,7-bis(phenoxazin-10-yl)-
9,9-dimethylthioxanthene-S,S-
dioxide 431
broad Gaussian profile 432
chemical structure of FASAF 433
Coulomb energy 434
dibenzothiophene-S,S-dioxide 429
dual fluorescence 434
dynamical processes 455-457



electrochemical cyclo-voltammetry
measurements 437

electron transfer 437

emission spectra of DPTZ-DBTO2
437

emission Stokes-shift 430

emitter host interactions 457-459
energy diagram 459

energy gap law 436

excitation power 437

excited state properties 452-455

excited states involved 450-451

fluorene units 429

Gaussian band shape 430

intensified CCD cameras

ionisation potential 434

kinetics of the CT prompt state
449-450

Lippert-Mataga plot 433

next generation materials

nonpolar solvents 435

n-7*/m—7* mixed state transitions
431

optical absorption spectra 431

phenothiazine-dibenzothiophene-
S,S-dioxide (PTZ-DBTO2) 429

phosphorescence and triplet state
measurements 438-439

photoluminescence quantum yield
438

picosecond and nanosecond
fluorescence lifetime
measurement 428

polar solvents 435

PTZ-DBTO?2 absorption spectrum
430

red edge absorption 436

solvatochromism 433, 435

solvent orientation polarizability
parameter 433

solvent polarity 436

standard integrating sphere
measurement 437

temperature dependent emission of
DCz-DBTO2 434

time correlated singlet photon
counting techniques 428

428

428

Index

time resolved emission in solid state
446-448
time resolved emission in solution
440-446
twisting mechanism 434
X-ray crystal structure of DPO-TXO2
432
platinum group metals (PGM) 549
PMMA-doped emitter 36
4P-NPB 486, 487
polarized angular dependent emission
spectroscopy 206, 207
polar polyethylene oxide (PEO) 322
polar solvents 280, 285, 435, 437, 471,
514
polycyclic aromatic hydrocarbons
polymer-based OLED 199
poly(para-phenylenevinylene) 297
polystyrene (PS) host matrix 533
poly(vinyl carbazole) (PVK) 133
potential energy surfaces 304—309
p-polarized angular dependent emission
pattern 211
prompt and delayed fluorescence
intensities 245-248
prompt fluorescence (PF) 234, 300
prompt versus delayed fluorescence
347-350
prototype OLEDs 142
pseudo-equilibrium constant 63
pseudo Jahn-Teller distortion 313
pseudo-Jahn-Teller (PJT) effect 68,
125, 313
[Pt(0)(binap),] 84
Pt(0) complexes 84
P-type delayed fluorescence
Purcell effect 202, 205, 208
Purcell factor 205, 208, 353, 358
2-(2'-pyridyl)benzimidazole ligands
137,139
2-(2'-pyridyl)benzimidazole unit 139
2-(2'-pyridyl)benzimidazolylbenzene
183, 184
2-(2'-pyridyl)benzimidazolyl diimine
ligands 183, 185
2-(2'-pyridyl)benzimidazolyl ligand
184

245

426

583



584

Index

1-(2-pyridyl)-pyrazole based ligands
189-190
2-(2-pyridyl)-pyrrolide based ligands
188-189
1-(2-pyridyl)-pyrazole (czpypz) based
diimine ligand 191
5-(2-pyridyl)tetrazolate (NN13)
185-187
5-(2-pyridyl)tetrazole based ligands
185-187
3-(2'-pyridyl)-1,2,4-triazole based
ligands 187-188
3-(2'-pyridyl)-1,2,4-triazole diimine
ligands 187-188
pyrimidine 360, 365, 400
PyrPHOS dinuclear complexes 83

140,

q
quadratic vibronic coupling (QVC)

model 307
quantum mechanical considerations 6,
27, 32-34, 45
quantum-well (QW) 481-483, 485
quantum yield of triplet formation
230, 410
quinoxaline 360, 365, 366, 404, 525

r

radiative decay rates 18, 19, 21, 32, 33,
38, 45, 205, 274, 275, 298, 300,
323, 382, 452, 467, 468, 477, 524,
561

radiative exciton fraction 202-204,
206, 208-213, 218, 219, 221, 222

radiative fluorescence rate k.(S;—S,) 7

radiative quantum efficiency (RQE)
202, 210, 211, 213, 217

radiative rate constants 62-64, 69,
107, 108, 119, 121, 128, 266—-269

radiative singlet-singlet rate k.(S; —S,)
30

radiative S; S, rate 20

rate equations 232, 240, 263, 347

Rayleigh-Schéodinger perturbation
269

refractive index 21, 33, 64, 208, 340,
341, 390

reverse intersystem crossing (rISC) 5,
63, 120, 258, 302, 426, 467, 502
PTZ-DBTO2 316-322
triplet-to-singlet transformation
377,378
roll-off effect 3, 120
Rosenberg-Parker method 245, 249
[Ru(bpy);]** (bpy =2, 2'-bipyridine)
120

S

saturation/triplet-polaron quenching
3

sensitizers 331, 356360, 377,
382-383, 399, 410, 416, 417

single particle density operators
(SPDO’s) 312

singlet and triplet excitons 2,93, 117,
120, 121, 178, 298, 377, 381, 382,
466, 486, 487, 495, 502, 560

singlet exciton sensitizers 383, 416

singlet harvesting mechanism 2,5

slow spin-lattice relaxation (SLR) 26

small energy separation AE(S;-T;) 2,
3,32

small-molecule OLEDs 257

small splitting AE(S,-T;) 8

small zero-field splittings (ZFS) 26

solid state lighting (SSL) 501, 502

solution-processed blue TADF materials
and devices 504-512

solution-processed green TADF

512-523

solution-processed TADF polymers and
dendrimers

non-TADF monomer, TADF
532
531

materials and devices

macromolecule
phenothiazine donors
TTA 528
solution-processed yellow-to-red TADF
materials and devices 523-526
solvatochromism 341, 433, 435, 471
solvent orientation polarizability
parameter 433
solvent-separated radical ion pair
(SSRIP) 342-344



spectral shift 19, 64, 79, 150, 350—-352,
414

spin angular momentum 63

spin-orbit coupling (SOC) 1, 23-27,
62, 63,70, 81, 83, 85, 120, 177,
202, 259-262, 297, 302, 332, 381,
466

spin-orbit coupling matrix element
(SOCME) 260-262, 264, 268,
269, 276, 277, 281, 286, 302, 315,
316, 318

spin-coating or blade-coating 528

spin-dependent interaction operator
259

spin-lattice relaxation (SLR) 4, 28

spin-orbit coupling (SOC) 1-4, 6, 23,
26, 27, 44, 46, 120, 131, 157, 177,
178, 259-263, 277, 284, 297, 302,
332, 345, 454, 466, 502

S;—=S, fluorescence 3, 30

steady-state data analysis 245-249

steady-state fluorescence and
phosphorescence intensities
233

S—T energy gaps 121, 122, 214, 258,
259, 262, 270, 279, 280, 427, 495

sterically encumbered phenanthroline
ligands 179

Stokes shift 69, 70, 80-82, 85, 140,
190, 263, 280, 430

Strickler-Berg equation 64

Strickler-Berg relation  20-22

strongly green—blue emitting
[Cu(pypz)(POP)]* 78

substituted phen ligands 34

synthesized heteroleptic d'° metal
complexes 79

t

TADE-type heteroleptic copper(I)
emitters 142

TADEF-type OLEDs 121, 144, 152, 157

Tamm-Dancoff approximation (TDA)
266, 316

TB-1PXZ 510,511,522

temperature dependence, emission
decay time and TADF  28-30

Index

temperature-dependent radiative
constants 64
2,4,5,6-tetra(carbazol-9-yl)-1,3-
dicyanobenzene (4CzIPN) 512
1,2,4,5-tetracyanobenzene (TCB) 342,
343
tetrahedral Cu(I) complexes
127
tetrahedral Cu(I) complexes with the
LUMO on the PP ligand 129,
142-145
tetrahedral d'° copper (I) complexes
160
tetrahedral four-coordinate Cu(I)
complexes 79-80
tetrahedral TADF-type Cu(I) complexes
129
1,2,3,5-tetrakis(carbazol-9-yl)-4,6-
dicyanobenzene (4CzIPN)
279-282
tetra-ter-butylperylene (TBPe) 285
thermally activated delayed fluorescence
(TADE) 199, 377, 502
approaches 559-566
blue OLEDs
academia 552-554
efficient, stable 550-552
chromophore 529
Cu-complex 379
data analysis
combined steady-state and decay
data 250-252
decay data 249-250
steady-state data 245-249
development of 377, 379
diphenyl ketone 408-410
diphenyl sulfoxide 405-407
donor-acceptor (D-A) molecular
systems 377
emitter materials, OLED 544-547
emitters 554, 555
copper (I) complexes 269
emitter-host interactions 258
excitation energies and radiative
rate constants 266
intersystem crossing 259
metal-free TADF emitters

122,123,

277

585



586 | Index

thermally activated delayed fluorescence
(TADF) (contd.)
metal-to-ligand charge-transfer
(MLCT) 259
singlet and triplet-coupled
open-shell configuration 258
spin-orbit coupling (SOC) 259
thermally stable dyes 258
energy diagram of 467
energy transfer 561
eosin 379
fluorescent materials 563-564
intramolecular D-A molecules 413
kinetics
Arrhenius equation 229
Boltzmann-weighted average 230
complex schemes 244
direct ISC 229
electrical excitation 240-244
excitation types 231
photoexcitation 232
quantum yield of triplet formation
230
radiative rate constants 229
rISC 229
three-state scheme 229
luminescent efficiency of 389-391
material design
Ag(I)-based TADF compounds
34-36
Boltzmann constant 2
Cu(I) complex with large AE(S;-T;)
15-22
Cu(I) complex with small
AE(S,-T;) 22-30
energy separation AE(S,;-T;) 30
Franck-Condon factors 2
intersystem crossing 1
ligand-to-ligand charge transfer
(LL'CT) 3
metal-to-ligand charge transfer 3
molecular parameters, and
diversity of materials 4-15
photocatalysis 1
photoluminescence quantum yields
2
photon generation 2

photophysical principles 1
relaxation properties 1
saturation/triplet-polaron
quenching 3
S;—=S, fluorescence 3
S;—S, fluorescence rate  30—34
singlet harvesting mechanism 2
spin-orbit coupling 1
triplet emitters 2
triplet harvesting effect 2
zero-field splitting 3
OLEDs 379, 380, 467
on-set temperature 238
organoboron 411-412
phosphorescent emitters 490-495,
564-566
polymers 412
processing aspects 547-549
with quantum-well structure
481-486
singlet-triplet energy splitting
386-389
sustainability aspects  549-550
TADF emitters 562-563
x-bridged diphenyl ketone 410-411
x-bridged diphenyl sulfoxide
407-408

thermally stable dyes 258
thiadiazole 401, 402
thiones 245
thioxanthone (TX) 465

OLEDs 465-467

phosphorescent emitters  490-495

TADF emitters with QW 481-486

TX-based TADF emitters 468-490
WOLED based 4P-NPB  486—490

9-H-thioxanthen-9-one-10,10-dioxide

(TXO) 469

third generation-emitter materials

199, 222

three-coordinate Cu(I)

complexes 79, 80, 147, 155
phenathroline complexes 80

three-coordinated

Cu(I)-NHC-phenanthroline
complex 270-275



time correlated singlet photon counting
techniques 428

time-dependent density functional
theory (TDDFT) 16, 64, 81,
266-270, 276-283, 286, 316, 318,
475

time-dependent Hartree (TDH) method
310

time-dependent Schrodinger equation
303

time-dependent self-consistent field
(TDSCF) 310,311

time-independent electronic
Schrodinger equation 303

time-resolved EL and PL spectroscopy
207

time-resolved electroluminescence (EL)
207,221

time resolved emission in solid state
446-448

time resolved emission in solution
440-446

time resolved fluorescence decay of
DPO-TXO2 441,442

time resolved gated emission
measurements 428

time resolved normalized emission
spectra of DDMA-TXO2 449

transition dipole moment 23, 32, 62,
63, 204, 205, 210, 219, 222, 269,
276, 285, 297, 340, 358, 384, 390,
525

transition dipole vector (TDV) 200,
201

transition electric dipole moment
(M), 64

triazine derivatives 396—400

triazolylpyridine ligand N24-N27 141

4,44 -tri(9-carbazoyl)triphenylamine
(TCTA) 481

triphenylamine (TPA)
412, 469

triphenylphosphine (PPh,)
180-182

triplet emitters 2

triplet exciplex 127, 345-348, 358,
386, 414, 415

395, 401, 403,

69, 79,

Index

triplet exciton-polaron quenching
(TPQ) 383
triplet fusion (TF) 278, 425
triplet harvesting effect 2
triplet lifetime 120, 313, 443, 444
triplet relaxation processes 230
triplet state T, and spin-orbit coupling
23-27
triplet—triplet annihilation (TTA) 8,
104, 120, 178, 199, 356, 383, 425,
502, 528
4,4/ 4" -tris(N -carbazolyl)-
triphenylamine (TCTA) 332,
414
1,3,5-tris(N-phenylbenzimidazole-2-yl)
benzene (TPBI) 477,478
tris-or bis(cyclometalated) iridium(III)
complexes 120
T,—S, and S, =S, decay processes 4
Tully’s Trajectory Surface Hopping
(TSH) 309
twisted intramolecular charge transfer
(TICT) 63,471
twisting mechanism 434
two-emitting states model
TX-based TADF emitters
aggregation-induced emission 472
delayed component 477
high radiative decay rate 469
mCP 474
OLED structure 475
TCTA 481
temperature dependence 474
TICT 471
TPBI 477
TXO-TPA and TXO-PhCz 469, 471
TXO-PhCz 471

121

emission characteristics 470
mCP 485

molecular structure 478
TADF 482

transient PL. 478
TXO-PhCz:TPBI 477-480
TXO-TPA

absorption spectra 471
AIE 472

blue fluorescent emitter 486

587



Index

TXO-TPA (contd.)

emitting layer 475
mCP 474, 486
molecular structures
phosphorescent 471
single crystal structure 473
TCTA 481
temperature dependence 474
TPBI 477
transient P 475
triplet energy 471
UV-vis absorption 472

TXO-TPA:mCP 474, 476, 486

468

u
ultrafast spin-vibronic dynamics 315

4
vacuum thermal evaporation (VTE)
547
vapor-deposited OLEDs 81, 155, 157
variational multi-configurational
Gaussian wavepacket (YMCG)
310
vibrational thermalisation 300
vibrational wavefunctions, overlap of
262
vibronic coupling
adiabatic electronic energies 299
Born—-Oppenheimer approximation
299
delayed fluorescence 300-301
density matrix formalism of MCTDH
311-312
election exchange interaction 298
electronic ground state 298
Fermi’s Golden rule (FGR) approach
303
first order mixing coefficient 297

ground and excited-state
wavefunctions 298

model Hamiltonian 306-309

multi-configurational time-dependent
Hartree approach  310-311

perturbation theory 303

poly(para-phenylenevinylene) 297

potential energy surfaces 304-306

radiative rate 297

rISC  302-303

rISC of PTZ-DBTO2 316-322

singlet and triplet excitons 298

systematic material design 299

time-dependent Schrodinger
equation 303

time-independent electronic
Schrodinger equation 303

Tully’s Trajectory Surface Hopping
(TSH) 309

ultrafast dynamics of a
Cu(I)-phenanthroline complex
313-316

w

white organic light emitting diodes
(WOLED) 486, 488, 490

work function (WF) 200, 515

X

xanthene dyes 245

X-ray crystallographic study 101-102

X-ray crystal structure of DPO-TXO2
432

z

Zeonex 237,238, 245-251, 438, 446,
448, 450, 452, 457, 458

zero-field splitting (ZFS) 3, 6,7, 26, 70,
120, 230, 260



