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LIST OF ABBREVATIONS

o.— Pool-Frenkel parameter

& —extinction

np — power efficiency

235 ax — absorption maximum

2™ max — emission maximum

Je— electron reorganization energy

An—hole reorganization energy

L — charge carrier mobility

Mo — zero field mobility

un— hole mobility

e — electron mobility

%01 — chi-square values from solution

2%iim— chi-square values from film

'HNMR — proton magnetic resonance

3CNMR — carbon-13 nuclear magnetic resonance
AIE — aggregation induced emission

Ar —aromatic(s), aryl

CD - circular dichroism

CIE — International Commission on Illumination
CIL — cathode interfacial layer

CV - cyclic voltammetry

d — doublet

dd — double doublet

DFT - density functional theory

DSC - differential scanning calorimetry

Eq— energy band-gap

Eoxu2— electrochemical half-wave oxidation potential
Eoxonset— €lectrochemical onset oxidation potential
Eoxpa — electrochemical oxidation anodic potential
Eoxpc — electrochemical oxidation cathodic potential
Eredpa — electrochemical reduction anodic potential
Ereapc — electrochemical reduction cathodic potential
EBL — electron blocking layer

EL — electroluminescence

EQE — external quantum efficiency

ETL — electron transporting layer

HIL — hole injection layer

HOMO - highest occupied molecular orbital
HRMS — high resolution mass spectrometry
HTL- hole transporting layer

IP — ionization potential



IR — infrared

k. — radiative decay rate constant

kn— non-radiative decay rate constant

L — brightness

LE — current efficiency

LEL - light emitting layer

LUMO - lowest unoccupied molecular orbital
m — multiplet

m.p. — melting point

MS — mass spectrometry

m/z — mass-to-charge ratio

OLED - organic light emitting diode
ORTEP —oak ridge thermal ellipsoid plot
OTFT - organic thin film transistor
PHOLED - phosphorescent organic light-emitting diode
PL — photoluminescence

ppm — parts per million

S —singlet state

s —singlet

T —triplet state

t —triplet

Tq— destruction temperature

Ty glass-transition temperature

Tm— melting temperature (also melting point)
TD-DFT — time-dependent density functional theory
TLC - thin layer chromatography

TOF —time-of-flight

XTOF — xerographic time-of-flight

WF —work function

Von — turn-on voltage

XRD - X-ray diffraction

3,7-DBTOF — 3,7-bis(9-methyl-9H-carbazol-2-yl)dibenzo[b,d]thiophene 5,5-dioxide
2,8-DBTOF — 2,8-bis(9-methyl-9H-carbazol-3-yl)dibenzo[b,d]thiophene 5,5-dioxide
2Cz-PBI —9,9’-(5-(1-phenyl-1H-benzo[d]imidazol-2-yl)-1,3-phenylene)bis(3,6-di-
tert-butyl-9H-carbazole)

4Cz-PBI — 3,6-bis(3,6-di-tert-butyl-9H-carbazole-9-yl)-9-(3-(1-phenyl-1H-
benzo[d]imidazol-2-yl)phenyl)-9H-carbazole

6Cz-PBI — 9,9’-(5-(1-phenyl-1H-benzo[d]imidazol-2-yl)-1,3-phenylene)bis(3,6-
bis(3,6-di-tert-butyl-9H-carbazole-9yl)-9H-carbazole)

2CzPN - 4,5-di(9H-carbazol-9-yl)phthalonitrile

4CzIPN - 2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile

4CzTPN-Ph — 2,3,5,6-tetrakis(3,6-diphenyl-9H-carbazol-9-yl)terephthalonitrile
26DCzPPy — 2,6-bis(3-(carbazol-9-yl)phenyl)pyridine
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35DCzPPy — 3,5-bis(3-(carbazol-9-yl)phenyl)pyridine

26PyzCz — 2,6-bis(9-phenyl-9H-carbazol-3-yl) pyrazine

ACBP — 10-(4’-(9H-carbazol-9-yl)biphenyl-4-yl)acridin-9(10H)-one

Algs —tris-(8-hydroxyquinoline)aluminum

BBTC — 3,6-Bis-biphenyl-4-yl-9-[1,1°,4°,1”]terphenyl-4-yl-9H-carbazole

BCBP — 10-(4-(9H-carbazol-9-yl)phenyl)-8,8-di-p-tolyl-8H-indolo[3,2,1-
de]acridine

BCP — 2,9-dimethyl-4,7 diphenyl-1,10-phenanthroline

BCPCB - 1,3-bis(3-(diphenylphosphoryl)-9H-carbazole-9-yl)benzene

BCzSi — 9-phenyl-9'-(triphenylsilyl)-3,3'-bicarbazole

BCzPh — 9,9'-diphenyl-9H,9'H-3,3'-bicarbazole

BCzPO — (9H,9'H-[3,3"-bicarbazole]-9,9'-diylbis(4,1-
phenylene))bis(diphenylphosphine oxide)

BCzPPh — 1,3-bis(3-(3,6-di-n-butylcarbazol-9-yl)phenyl)benzene

BCzPPm — 4,6-bis(3-(3,6-di-n-butylcarbazol-9-yl)phenyl)pyrimidine

BCzTPA — 4,4'-(9H,9'H-[3,3"-bicarbazole]-9,9'-diyl)bis(N,N-diphenylaniline)
BCzTPM - 9,9'-bis(4-tritylphenyl)-9H,9'H-3,3"-bicarbazole

BF4 — 7,7'-bis(N-hexylcarbazol-3-yl-ethenyl)-9,9,9',9'-tetrahexyl-[2,2']-bifluorene
BIMCzNPh_3b — 9-(Naphthyl-2-yl)-3-(4-(1-phenyl-1 H-benzo[d]imidazol-2-
yl)phenyl)-9H-carbazole

BIMCzPh_3a — 9-Phenyl-3-(4-(1-phenyl-1 H-benzo[d]imidazol-2-yl)phenyl)-9 H-
carbazole

BIQMCz — (6,6¢-(9-p-tolyl-9H-carbazole-3,6-diyl)bis(6H-indolo[2,3-
b]quinoxaline))

bis-CMPC — 9-(4-(bis(9-ethyl-9H-carbazol-3-yl)methyl)phenyl)-9H-carbazole
BPTRZ - 3-(carbazol-9-yI)-3'-(4,6-(dicarbazol-9-yl)-1,3,5-triazin-2-yl)-1,1'-bipheny!l
BSB-Cz — 4,4’-bis[(N-carbazole)styryl]biphenyl

BT-mCP —9,9’-(5-(triphenylen-2-yl)-1,3-phenylene)bis(9Hcarbazole)

BT-PC — 9-(4-(2,3-diphenylbenzo[b]thiophen-5-yl)phenyl)-9H-carbazole

CBP — N,N’-dicarbazolyl-4,4’-biphenyl

CBP-CN - 4,4’-bis((9H-carbazol-9-yl)-3,3’-dicyano)biphenyl

CBZ1-F2 — 9-phenyl-3,6-bis(9-phenylfluoren-9-yl)carbazole

CBZDPA - 9,10-bis(4-carbazole)phenylene-2-(1,3,5-trimethylphenyl)anthracene
CC2BP_2 — bis(4-(9H-[3,9'-bicarbazol]-9-yl)phenyl)methanone

CDClI; — deuterated chloroform

CFL — 4,4°-bis(N-carbazolyl )-9,9’-spirobifluorene

CFP — 2-(3,6-di-tert-butylcarbazol-N-yl)-7-pyrenyl-9,9-dihexylfluorene

CFTP — 2-(3,6-di-tert-butylcarbazol-N-yl)-7-(5-pyrenylthiophen-2-yl)-9,9-
dihexylfluorene

CFT2P — 2-(3,6-di-tert-butylcarbazol-N-yl)-7-(5’-pyrenyl-2,2’-bithiophen-5-yl)-9,9-
dihexylfluorene

CFT3P - 2-(3,6-di-tert-butylcarbazol-N-yl)-7-(5”-pyrenyl-2,2°:5’,2”-terthiophen-5-
y1)-9,9-dihexylfluorene



CFT4P — 2-(3,6-di-tert-butylcarbazol-N-yl)-7-(5-pyrenyl-2,2°:5°,2”:5%,2°”-
quaterthiophen-5-yl)-9,9-dihexylfluorene

CMP —-9°,9"-(2,2’-dimethyl-[1,1°-biphenyl]-4,4’-diyl)bis(3,3”,6,6-tetra-tert-butyl-
9°’H-9,3’:6,9”-tercarbazole)

CPMP — 9°~(4’-(3-(1H-pyrazol-1-yl)-9H-carbazol-9-yl)-2,2’-dimethyl-[1,1’-
biphenyl]-4-yI)-3,3”,6,6”-tetra-tert-butyl-9°H-9,3”:6°,9”-terbenzo[bJindole

Cz-2 - 3,3’-his(9-octylcarbazole)

Cz-3 — 3,6-bis[9’-octylcarbazol-3’-yl]-9-octylcarbazole

Cz-4 — 1,3,6-tri(9’-octylcarbazol-3’-yl)-9-octylcarbazole

Cz-5 - 1,3,6,8-tetra(9’-octylcarbazol-3’-yl)-9-octylcarbazole

Cz-2PBI — 3-(3,5-bis(1-phenyl-1H-benzo[d]imidazol-2-yl)phenyl)-9-phenyl-9H-
carbazole

Cz-4PBI - 3,6-bis(3,5-bis(1-phenyl-1H-benzo[d]imidazol-2-yl)phenyl)-9-phenyl-
9H-carbazole

Cz-6PBI — 9-(3°,5’-bis(1-phenyl-1H-benzo[d]imidazol-2-yl)biphenyl-4-yl)-3,6-
bis(3,5-bis(1-phenyl-1H-benzo[d]imidazol-2-yl)phenyl)-9H-carbazole

Cz-1TPE - 9-octyl-3-(4-(1,2,2-triphenylvinyl)phenyl)-9H-carbazole
Cz-2TPE(2,7) — 9-octyl-3-(4-(1,2,2-triphenylvinyl)phenyl)-9H-carbazole
Cz-2TPE(3,6) — 9-octyl-3,6-bis(4-(1,2,2-triphenylvinyl)phenyl)-9H-carbazole
Cz-3TPE - 9-octyl-1,3,8-tris(4-(1,2,2-triphenylvinyl)phenyl)-9H-carbazole
Cz-4TPE - 9-octyl-1,3,6,8-tetrakis(4-(1,2,2-triphenylvinyl)phenyl)-9H-carbazole
Cz-NPh — {4-[2-(9-Ethyl-9H-carbazol-3-yl)-vinyl]-phenyl}-naphthalen-2-yl-phenyl-
amine

Cz-Ph3 — 3-(2-anthracen-9-yl-vinyl)-9-ethyl-9H-carbazole

Cz-Phl_6 — 1-[6-(9-carbazolyl)hexyl]-2-phenylindole

Cz-SiPh — 9-ethyl-3-{(E)-2-[4-(1,1,1-triphenylsilyl) phenyl]-1-ethenyl}-9H-
carbazole

Cz2BP_1 — bis(4-(9H-carbazol-9-yl)phenyl)methanone

Cz3An — 9,10-bis(9-ethyl-9H-carbazol-3-yl)anthracene

Cz3Ant — 2-tert-Butyl-9,10-bis(9-ethyl-9H-carbazol-3-yl)anthracene

Cz3PhAn - 9,10-Bis[4-(9-ethyl-9H-carbazol-3-yl)phenyl]anthracene

Cz3PhAnt — 2-tert-Butyl-9,10-bis[4-(9-ethyl-9H-carbazol-3-yl)phenyl]anthracene
CzBPCb — 9-(3'-(9H-carbazol-9-y)-[1,1'-biphenyl]-3-yl)-9H-pyrido[2,3-b]indole
CzDPhI_8 — 9,9’-bis[6-(2-phenylindol-1-yl)hexyl][3,3’|bicarbazole

CzF1 — 2-(9H-carbazole-9-yl)-7-(4-cyanophenyl)-9,9-dihexylfluorene

CzF2 — 7-(9H-carbazol-9-yl)-7’-(4-cyanophenyl)-2,2°-bi(9,9-dihexylfluorene)
CzF3 — 7-(9H-carbazole-9-yl)-77-(4-cyanophenyl)-2,2°:7°,2”—ter(9,9-dihexyl-
fluorene)

CzF4 — 7-(9H-carbazole-9-yl)-7°"-(4-cyanophenyl)-2,2°:7°,2”:7,2°”-quarter(9,9-
dihexylfluorene)

Cz(MP)2 —9,9’-diisobutyl-9H,9°H-3,3’-bicarbazole

CzPAPCz - 2,6-bis(4-(3,6-di-tert-butyl-9H-carbazol-9-yl)phenyl)anthracene-9,10-
dione



CPBDC - 9-(3-(9H-carbazole-9-yl)phenyl-3,6-bis(diphenylphosphoryl)-9H-
carbazole

CPF - 9,9-bis[4-(9-carbazolyl)phenyl]fluorene

CPTBF - 9,9-bis[4-(carbazol-9-yl)phenyl]-2,7-di-tert-butylfluorene

Cz-G1 — 4,4’°-bis(3,6-di-tert-butyl-9H-carbazol-9-yl)-1,1'-biphenyl

Cz-G2 - 4,4°-bis(3,37,6,6”-tetra-tert-butyl-9°H-[9,3°:6°,9”-tercarbazol]-9°-yl)-1,1°-
biphenyl

Cz-G3 — 4,4'-bis(3,37,6,6"-tetra-tert-butyl-6’,6°’-bis(3,6-di-tert-butyl-9H-
carbazol-9-yl)-9”H-[9,3°:9°,3:6,9°:3°”,9””-quinquecarbazol]-9"-yl)-1,1'-biphenyl
CzDBF - 9-(3-(dibenzo[b,d]furan-2-yl)phenyl)-9H-carbazole

CzDPOTA — (((4-(9H-Carbazol-9-yl)phenyl)azanediyl)bis(1,4-phenylene))-
bis(diphenylphosphine oxide)

CzIM_M1 — (2-(4-(9H-carbazol-9-yl)phenyl)-1-phenyl-1H-phenanthro[9,10-
d]imidazole

CzIM_M2 - 1-phenyl-2-(4-(3-(1-phenyl-1H-phenanthro[9,10-d]imidazol-2-yl)-9H-
carbazol-9-yl)phenyl)-1H-phenanthro[9,10-d]imidazole

CzIM_M3 — 1-phenyl-2-(9-phenyl-9H-carbazol-3-yl)-1H-phenanthro[9,10-
d]imidazole

CzIM_M4 — 2,2°-(9-phenyl-9H-carbazole-3,6-diyl)bis(1-phenyl-1H-
phenanthro[9,10-d]imidazole)

CzIM_M5 — 2-(4’-(9H-carbazol-9-yl)-[1,1’-biphenyl]-4-yI)-1-phenyl-1H-
phenanthro[9,10-d]imidazole

CzOXD - 2,5-his(4-(9-(2-ethylhexyl)-9H-carbazol-3-yl)phenyl)-1,3,4-oxadiazole
CzPAMe — N,N-bis-[3,5-di(9H-carbazol-9-yl)phenyl]methylamine

CzPAPmM — N,N-bis-[3,5-di(9H-carbazol-9-yl)phenyl]pyrimidin-2-amine
CzPPCzQ - 9,9’-(quinoline-2,4-diylbis(4,1-phenylene))-bis(9 H-carbazole)
CzPPQ — 9-(4-(4-phenylquinolin-2-yl)phenyl)-9H-carbazole

CzPPQCz — 9-(4-(6-(9 H-carbazol-9-yl)-4-phenylquinolin-2-yl)phenyl)-9 H-
carbazole

CzPhB - 3-{4-(1,1- dimesitylboryl)-phenyl}-9-ethyl-9H-carbazole

CPhBzIm — 9-phenyl-3,6-bis(4-(1-phenyl-1H-benzo[d]imidazol-2-yl)phenyl)-9H-
carbazole

CzPhCN_3 - 4,4’-(9-hexyl-9H-carbazole-3,6-diyl)dibenzonitrile

CzPhCOMe_4 — 1,1°-((9-hexyl-9H-carbazole-3,6-diyl)bis(4,1-
phenylene))diethanone

CzPhO - 5-[4-(carbazo-9-yl)phenyl]diphosphole-5-oxide

CzPhOMe_2 — 9-hexyl-3,6-bis(4-methoxyphenyl)-9H-carbazole

CzPhONI — 6-{3,5-bis-[9-(4-t-butylphenyl)-9H-carbazol-3-yl]-phenoxy}-2-(4-t-
butylphenyl)-benzo[de]isoquinoline-1,3-dione

CzPhTr_4 — 9-hexyl-3-(4-(2-(4-(9-hexyl-9H-carbazol-3-yl)phenyl)ethynyl) phenyl)-
9H-carbazole

CzPO1 - 9,9’-(5-(diphenylphosphoryl)-1,3-phenylene)bis(9H-carbazole)

CzPO2 — 9-(3,5-bis(diphenylphosphoryl)phenyl)-9Hcarbazole

CzPPO - tetrakis-[3,3°,5,5’-(9H-carbazol-9-yl)]triphenylphosphine oxide



CZPT - 3,8-bis[4-(9H-carbazol-9-yl)-phenyl]-1,10-phenanthroline

CzPyr_5 — 3,6-bis(8,10-dihydropyren-1-yl)-9-hexyl-9H-carbazole

CzPySiSF - 9-(4-((4-(9,9’-spirobi[fluoren]-2-yl)phenyl) (phenyl)(4-(pyridin-4-
yl)phenyl)silyl)phenyl)-9H-carbazole

CzSiSF — 9-(4-((4-(9,9’-spirobi[fluoren]-2-yl)phenyl)diphenylsilyl)phenyl)-9H-
carbazole

CzT - 9-(4,6-diphenyl-1,3,5-triazin-2-y1)-9’-phenyl-3,3’-bicarbazole

CzT1 - 9-(4,6-diphenyl-1,3,5-triazin-2-yl)-9’-phenyl-3,3’-bicarbazole

CzT_7 —9,9’-Bis[6-(carbazol-9-yl)hexyl][3,3’bicarbazole

CzThB - 3-(5-(1,1-dimesitylboryl)-thiophen-2-y1)-9-ethyl-9H-carbazole
CzTPN — 2,5-di(9H-carbazol-9-yl)terephthalonitrile

CzTrDPh_1 — 3,6-di-tert-butyl-9-(4-(phenylethynyl)phenyl)-9H-carbazole
DBFDPOCz - 2-carbazolyl-4,6-bis-(diphenylphosphinoyl)dibenzofuran
DBFDPOCz2 - 2,8-dicarbazolyl-4,6-bis-(diphenylphosphinoyl)dibenzofuran
DBFSPOCz — 2-carbazolyl-6-(diphenylphosphinoyl)dibenzofuran
DBFSPOCz2 — 2,8-dicarbazolyl-4-(diphenylphosphinoyl)dibenzofuran
DCzGe - bis(4-(9H-carbazol-9-yl)phenyl)diphenylgermane

DCzP - 3,8-di(9H-carbazol-9-yl)-6-phenylphenanthridine

DCzPOTA — (4-(bis(4-(9H-carbazol-9-yl)phenyl)amino)phenyl)diphenylphosphine
oxide

DDPFTBC - 3,6-di[8-(7,10-diphenylfluoranthenyl)]-9-[4’-tert-
butylphenyl]carbazole

DEC — N-ethylcarbazole(N, N’-diethyl-3,3’-bicarbazyl)

DFBC - 3,3’-(2,7-di(quinolin-8-y1)-9H-fluorene-9,9-diyl)bis(9-phenyl-9H-
carbazole)

DMOC - bis[4-(3,6-dimethoxycarbazole)phenyl]sulfone

DPEC - 3,6-dipyrenyl-9-ethylcarbazole

DPEPO - bis[2-(diphenylphosphino)phenyl]ether oxide

DTCPFB — 1,4-bis(9-(4-(3,6-di-tert-butyl-9H -carbazol-9-yl)phenyl)-9H-fluoren-9-
yl)benzene

DTP-mCP - 9-(3,5-di(triphenylen-2-yl)phenyl)-9H-carbazole

DTPCZ - 3-dimesityboron-9-(4-(1,2,2-triphenylvinyl)phenyl)-9H-carbazole
EBCz-ThX - 9,9-bis(9-ethyl-9H-carbazol-3-yl)-9H-thioxanthene-10,10-dioxide
fac-Ir(mpim)s— fac -tris(mesityl-2-phenyl-1H-imidazole)iridium(ll1)

FCNIr — tris[(3,5-difluoro-4-cyanophenyl)pyridine]iridium(111)

FCNIrpic — bis((3,5-difluoro-4-cyanophenyl)pyridine) iridium picolinate
Flrpic — bis[2-(4,6-difluorophenyl)pyridinato-C2,N](picolinato)iridium(l11)
G2-PTP-G2 - 5,5”-bis{3,6-bis[4-(diphenylamino)-1-phenyl]carbazol-9-yl}-
2,2’:5°,2”-terthiophene

GITO — gallium-indium-tin-oxide

Ir(2-phq)s— tris(2-phenylquinoline)iridium(ll1)

Ir(dbi)s— tris[1-(2,4-diisopropyldibenzo[b,d]furan-3-yl)-2-phenylimidazole]
iridium(I1I)

Ir(mppy)s — tris[2-(p-tolyl)pyridine]iridium(l11)
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Ir(piq)s — tris[1-phenylisoquinoline]iridium(l11)

Ir(pig)s(acac) — bis[1-phenyl-isoquinoline](acetylacetonato)iridium(ll)

Ir(pg)s — tris[2-phenylquinoline]iridium(l11)

Ir(ppy)s — tris[2-phenylpyridine]iridium(l11)

ITO — indium-tin oxide (n In;O3 x m SnO,)

m-ATP-CDP — 9,9'-(dibenzo[f,h]quinoxaline-7,10-diyl)bis(N,N-diphenyl-9H-
carbazol-3-amine)

m-CBP — 9,9’-biphenyl-3,3’-diylbis-9H-carbazole

m-CzCzCN - 6-(3-(9H-carbazol-9-yl)phenyl)-9-ethyl-9H-carbazole-3-carbonitrile
m-CzOCN - 8-(3-(9H-carbazol-9-yl)phenyl)dibenzo[b, d]furan-2-carbonitrile
m-CzSCN - 8-(3-(9H-carbazol-9-yl)phenyl)dibenzo[b, d]thiophene-2-carbonitrile
MBPTRZ — 3-(carbazol-9-yl)-6,6’-dimethyl-3’-(4,6-(dicarbazol-9-yl)-1,3,5-triazin-
2-yl)-1,1’-biphenyl

mCP - N,N’-dicarbazolyl-3,5-benzene

mCP2PI — 1,3-bis(3-(9-pyrido[2,3-b]indol-9-yl)-9-carbazol-9-yl)benzene
mMCPCzCN - 6-(3,5-di(9H-carbazol-9-yl)phenyl)-9-ethyl-9H-carbazole-3-
carbonitrile

mCPPI — 9-(9-(3-(9-carbazol-9-yl)phenyl)-9-carbazol-3-yl)-9-pyrido[2,3-b]indole
mCPPO1 — 9-(3-(9H -carbazole-9-yl)phenyl)-3-(dibromophenylphosphoryl)-9H -
carbazole

meta_CBP_1 — 3,3’-bis(carbazolyl)biphenyl

meta_CBP_2 — 3,3’-bis(3,6-dimethylcarbazolyl)biphenyl

meta_CBP_3 — 3,3’-bis(carbazolyl)-6,6’-dimethylbiphenyl

meta_CBP_4 — 3,3’-bis(3,6-dimethylcarbazolyl)-6,6’-dimethylbiphenyl
mOXDDSiCz - 9,9’-{1,3,4-oxadiazole-2,5-diylbis[3,1-phenylene-
(diphenylsilanediyl)-3,1-phenylene]} bis(3,6-di-tert-butyl-9H-carbazole)
MTDATA — 4,4° 4”-tris(N-3-methylphenyl-N-phenylamino)triphenylamine
MTPC-Et — 9-ethyl-1,3,6,8-tetraphenyl-9H-carbazole

MTPC-Me — 9-methyl-1,3,6,8-tetraphenyl-9H-carbazole

MTXSFCZ — 3-methyl-2-(9-phenyl-9-(9-phenyl-9H-carbazol-3-yl)-9H-fluoren-2-
yl)-9H-thioxanthen-9-one

NFBC - 3,3’-(2,7-di(naphthaline-2-yl)-9H-fluorene-9,9-diyl)bis(9-phenyl-9H-
carbazole)

NPB — N,N’-di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine

0-CBP - 9,9’-biphenyl-2,2’-diylbis-9H-carbazole

0-CzCzCN - 6-(2-(9H-carbazol-9-yl)phenyl)-9-ethyl-9H-carbazole-3-carbonitrile
OFC-G2 - 9°,97-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis-9* H-9,3’ :6°,9” -tercarbazole
OFCT-G2 - 9,9’ -(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(3,6-di-2-thienyl-9H-
carbazole)

OxCz_1 — 2-(4-(7-(9H-carbazol-9-yl)-9,9-dihexyl-9H-fluoren-2-yl)phenyl)-5-(4-
(tert-butyl)phenyl)-1,3,4-oxadiazole

OxCz_2 — 2-(6-(7-(9H-carbazol-9-yl)-9,9-dihexyl-9H-fluoren-2-yl)pyridin-3-yl)-5-
(4-(tert-butyl)phenyl)-1,3,4-oxadiazole
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OxCz_3 — 2-(5-(7-(9H-carbazol-9-yl)-9,9-dihexyl-9H-fluoren-2-yl)thiophen-2-yl)-5-
(4-(tert-butyl)phenyl)-1,3,4-oxadiazole

OxCz_4 — 2-(4-(tert-butyl)phenyl)-5-(4-(7-(3,6-dimethoxy-9H-carbazol-9-y1)-9,9-
dihexyl-9H-fluoren-2-yl)phenyl)-1,3,4-oxadiazole

OxCz_5 — 2-(4-(tert-butyl)phenyl)-5-(4-(7-(3,6-di-tert-butyl-9H-carbazol-9-yl)-9,9-
dihexyl-9H-fluoren-2-yl)phenyl)-1,3,4-oxadiazole

OxCz_6 — 2-(4~(7’-(9H-carbazol-9-yI)-9,9,9°,9’-tetrahexyl-9H,9°H-[ 2,2’ -bifluoren] -
7-yl)phenyl)-5-(4-(tert-butyl)phenyl)-1,3,4-oxadiazole

OxCz_7 — 2-(4-(tert-butyl)phenyl)-5-(4-(3,6-di-tert-butyl-9H-carbazol-9-yl)phenyl)-
1,3,4-oxadiazole

OXD-7 — 1,3-bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl]benzene

PC — N-phenylcarbazole

PC-Z — bisphenol-Z polycarbonate

PCz-BFP - 3-(3-(carbazole-9-yl)phenyl)benzofuro[2,3-b]pyridine

PEDOT-PSS - poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)

Ph — phenyl

PHI_M1 — (2-(4-(9H-carbazol-9-yl)phenyl)-1-phenyl-1H-phenanthro[9,10-
d]imidazole

PHI_M2 — 1-phenyl-2-(4-(3-(1-phenyl-1H-phenanthro[9,10-d]imidazol-2-yl)-9H-
carbazol-9-yl)phenyl)-1H-phenanthro[9,10-d]imidazole

PHI_M3 — 1-phenyl-2-(9-phenyl-9H-carbazol-3-yl)-1H-phenanthro[9,10-
d]imidazole

PhosCz_3 — hexa-(3-carbazole-phenyoxy)cyclotriphosphazene

PhosCz_5 — hexa-(2-carbazole-5-pyridin-ox y)cyclotriphosphazene

PO-01 — bis(4-phenylthieno 3,2— c]pyridinato-N,C 2”)acetylacetonate

pOXDDSIiCz —9,9°-{1,3,4-oxadiazole-2,5-diylbis[4,1-phenylene-
(diphenylsilanediyl)-4,1-phenylene] } bis(3,6-di-tert-butyl-9H-carbazole)

PPO1 — 3-(diphenylphosphoryl)-9-phenyl-9H-carbazole

PPO2 — 3,6-bis(diphenylphosphoryl)-9-phenyl-9H-carbazole

PPO27 — 2,7-bis(diphenylphosphoryl)-9-phenyl-9H-carbazole

PPO36 — 3,6-bis(diphenylphosphoryl)-9-phenyl-9H-carbazole

PPO21 — 3-(diphenylphosphoryl)-9-(4-(diphenylphosphoryl)phenyl)-9-carbazole
PPS21 — 3-(diphenylphosphorothioyl)-9-(4-(diphenylphosphorothioyl)-phenyl)-9H-
carbazole

PPV — poly(p-phenylene vinylene)

PVK — poly(N-vinylcarbazole)

PzCz — hexakis(9H-carbazol-9-yl)cyclotriphosphazene

SBFC-G2 -9°,9” -(9,9 -spirobi[fluorene]-2,7-diyl)bis-9°H-9,3":6°,9” -tercarbazole
SBFCT-G2-9,9’ -(9,9’ -spirobi[fluorene]-2,7-diyl)bis(3,6-di-2-thienyl-9H-
carbazole)

SFC-G2 - 9°,9”-spiro[cyclododecane-1,9 -fluorene]-2°,7* -diylbis-9° H-9,3” :6° ,9”
-tercarbazole

SFCT-G2 -9,9’ -spiro[cyclododecane-1,9* -fluorene]-2’ ,7°-diylbis(3,6-di-2-
thienyl-9H-carbazole)
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SiDCz_2b — bis(4-( N-carbazolyl)phenyl)dimethylsilane
SiDCz_3b — bis(4-( N-carbazolyl)phenyl)diphenylsilane
SimCP — 3,5-bis(9-carbazolyl)tetraphenylsilane

SimCP2 — 3,5-di(9H-carbazol-9-yl)tetraphenylsilane

SitCz — 9’-triphenylsilanyl-9°H-[9,3°,6”,9”Jtercarbazole
SiTCz_2c - tris(4-( N-carbazolyl)phenyl)methylsilane
SiTCz_3c - tris(4-( N-carbazolyl)phenyl)phenylsilane
SPhCz_3 — bis[4-(3,6-di-tert-butylcarbazole)phenyl]sulfone
Spiro-2CBP — 2,7-bis(carbazo-9-yl)-9,9-ditolyfluorene
StiCz1 - (E)-1,2-Bis(9-ethyl-9 H-carbazol-3-yl)ethane
StiCz2 — (E)-1,2-Bis(9-ethyl-3,9 0-bi(9 H-carbazol)-6-yl)-ethene

StiCz3 — (E)-6,6’-(Ethene-1,2-diyl)bis(9-ethyl- N, Ndiphenyl-9 H-carbazol-3-amine)

(t-bt)2Ir(acac) — bis[2-(4-tertbutylphenyl)benzothiazolato-N,C? Jiridium
(acetylacetonate)

t-CmOxa — 9-{4-[5-(4-tert-butylphenyl)-[1,3,4] oxadiazol-2-yl]-benzyl}-9H-
carbazole

TAPC - 4,4”-cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine]
TBCPF — 9,9-bis[4-(3,6-di-tert-butylcarbazol-9-yl)phenyl]fluorine

TCPC-6 —27,77-bis(9,9-bis(6-(9H-carbazol-9-yl)hexyl)-9H-fluoren-2-yl1)-9,9”-
spirobi[fluorene]

TCTA — tris(4-carbazoyl-9-ylphenyl)amine

TCTP - 4,4’ 4”-tri(N-carbazolyl)triphenylphosphine oxide

TCzMe - 3,6-di(dicarbazolyl)-9(4-methylphenyl)-carbazole

THF — tetrahydrofuran

TP-mCP - 9,9’-(5-(triphenylen-2-yl)-1,3-phenylene)bis(9H-carbazole)

TPA — triphenylamine

TPBI —1,3,5-tris(N-phenylbenzimidizol-2-yl)benzene

TPCz — 3,6-bis(diphenylphosphoryl)-9-(4’-(diphenylphosphoryl)phenyl)carbazole
TRCz_6 — 3,5-bis-(3-(9-carbazoyl)-phenyl)-4-(4-butyl-phenyl)-4H-[1,2,4]triazole
TPD — N,N'-bis(3-methylphenyl)-N,N’-diphenylbenzidine

TRZ-1Cz(MP)2 — 6-(3-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)propyl)-9,9’-
diisobutyl-9H,9°H-3,3’-bicarbazole

TRZ-3Cz(MP)2 - 6,6”-(((6-(3-(3-(9,9’-diisobutyl-9H,9°H-[3,3’-bicarbazol]-6-
yl)propyl)phenyl)-1,3,5-triazine-2,4-diyl)bis(4,1-phenylene))bis(propane-3,1-
diyl))bis(9,9’-diisobutyl-9H,9'H-3,3’-bicarbazole)
TrzCz_1-9,9’-(4’,4”-(4-Phenyl-4H-1,2,4-triazole-3,5-diyl)bis(biphenyl-4’,4-
diyl))bis(9H-carbazole)

TrzCz_2 - 9,9°-(4’,4”-(4-Phenyl-4H-1,2,4-triazole-3,5-diyl)bis(biphenyl-4°,3-
diyl))bis(9H-carbazole)
TrzCz_3-9,9°-(3",3”-(4-Phenyl-4H-1,2,4-triazole-3,5-diyl)bis(biphenyl-4,3’-
diyl))bis(9H-carbazole)

TrzCz_4 -9,9°~(3’,3”-(4-Phenyl-4H-1,2,4-triazole-3,5-diyl)bis(biphenyl-3’,3-
diyl))bis(9H-carbazole)
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TRZ-Cz_la-12,12’-(6-([1,1°-biphenyl]-4-yl)-1,3,5-triazine-2,4-diyl)bis(11-phenyl-
11,12-dihydroindolo[2,3-a]carbazole)

TRZ-Cz_2a - 9’-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-3,3”,6,6”-tetraphenyl-
9°’H-9,3’:6°,9”-terbenzo[b]indole

TRZ-Cz_2b - 9°-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-9°H-9,3°:6,9”-
terbenzo[b]indole

TRZ-Cz_2c — 9-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-9H-3,9’-bicarbazole
TSPOL1 — diphenylphosphineoxide-4-(triphenylsilyl)phenyl

TSTC — 9-(4-triphenylsilanyl-(1,1°,4,1)-terphenyl-4"-yl)-9H-carbazole
TXO-PhCz - 2-(9-phenyl-9H-carbazol-3-yl)-9H-thioxanthen-9-one 10,10-dioxide
ZITO - zinc-indium-tin-oxid
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1. INTRODUCTION

“And God said, let there be light: and there was light. And God saw the light, that
it was good: and God separated the light from the darkness” — Genesis 1:3-4. As it
was in the beginning, today, light is still the most significant phenomenon that helps
the world to go round. The Sun was the main natural light source throughout all of
Earth’s history. Through the centuries, the desire of humankind to catch the light, to
store it and to produce it has been increasingly growing. At the beginning, the main
light source was the flame, then the industrial revolution brought light bulbs, later on,
halogen lamps and fluorescent light bulbs appeared. The ability to produce light
artificially made humanity more independent from the light of Sun.

The behavior of molecules under the exposure to radiation and the ability to
convert the different kinds of energy to light are still one of the main challenges in
science and technology. The breakthrough in synthetic chemistry and chemical
engineering, the ability to design molecule structures of materials with the required
properties and to synthesize them gave a rise to a variety of different electroactive
compounds. Organic semiconductors are the most widely used organic electroactive
materials. They are employed in optoelectronic devices such as organic and hybrid
solar cells, organic light emitting diodes (OLEDs) and in organic electronics, mainly
for the fabrication of organic field effect transistors (OTFTs). Among the huge amount
of different organic electroactive materials reported, compounds having carbazole
moiety occupy an important position [1-3]. Carbazole is a cheap heterocyclic aromatic
compound, which is extracted mostly from coal tar [4]. This heterocyclic building
block has attracted much attention due to the variety of possible substitutions, easy
functionalization, good chemical stability and excellent charge transporting properties
of the derivatives [5-7]. A search for organic electroactive materials with the desirable
properties has to be performed, especially considering the possibilities of their large
scale production

To prepare commercially available products, convenient synthetic routes are of
great importance. Therefore, researchers engaged in the development of hew organic
semiconductors must focus on the number of steps and overall yields of the target
products. Here are the following requirements for organic semiconducting materials,
which are intended to be produced on an industrial scale, as well:

- High thermal, chemical and electrochemical stabilities, which are needed to
ensure the long service time of optoelectronic devices.

- Ability to form stable molecular glasses by solution processing, which is of
interest in the context of low-cost device fabrication.

- An effective light-to-electricity conversion in organic solar cells of organic
semiconductors with a broad absorption spectra (low band gaps) are of great
relevance.

- The fabrication of efficient OLEDs organic electroactive materials with a
high luminescence quantum yield and good charge transporting properties are
needed.
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- Low costs of raw materials and of device fabrication.

An increasing interest in ambipolar organic semiconductors used in organic
optoelectronics and electronics raises new requirements concerning the availability of
starting compounds, simplicity of the synthesis and the properties of the target
compounds. Perylene derivatives form a class of promising n-type organic
semiconductors with effective luminescent characteristics [8,9]. Use of the
combination of the modified perylene aromatic system and carbazole moiety is
expected to result in effective ambipolar organic electroactive materials, which could
enable the fabrication of effective fluorescent light emitting diodes. Due to its lactam
rings, isoindigo moiety has a strong electron-withdrawing character, therefore, this
unit is useful as an acceptor for donor-acceptor-donor or acceptor-donor-acceptor
based systems [10]. In the researcher’s opinion, using a carbazole-isoindigo-carbazole
system it is possible to design and synthesize ambipolar compounds, with a broad UV-
vis absorption spectra i.e. with a low band gap. The employment of such isoindigo-
based materials in organic solar cells is still of great interest.

Helicenes represent an interesting type of heteroaromatic compounds with ortho-

annulated rings. These helical systems are well known, due to their inherent chirality
and their ability to behave as organic semiconductors [11]. Thus the synthesis of
carbazole and gquinolone based helical compounds and investigation of their behavior
in the presence of UV-vis radiation is of great importance.
It is known that the introduction of electron-donating methoxy groups into carbazole
moiety leads to the decrease of ionization potentials (IP) [12,13] of the derivatives,
however there is still a lack of information on the impact of the number and positions
of methoxy groups on properties of stand-alone carbazole and carbazole derivatives
with extended m-conjugation.

The suitability of new promising organic semiconducting materials for large scale
production is of great importance. Therefore, in the design of new organic
electroactive materials, it is important that they could be prepared with high yields
from relatively cheap and commercially available starting compounds by simple
synthetic procedures.

The aim of this work was synthesis, studies and estimation of applicability in
optoelectronic devices of new derivatives of carbazole in which different types of
organic moieties are linked to the most reactive positions (C-3, C-6, C-2, C-7) of
carbazole fragments. The following moieties were employed in the design and
synthesis of new electroactive materials:
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The following objectives were raised for the achievement of the thesis aim:

Investigation of the synthesis and properties of isomeric diphenylethenyl-
disubstituted dimethoxy carbazoles.

Synthesis of new chiral carbazole-based helicenes, their separation,
functionalization and investigation of the optical properties.

Synthesis of the derivatives of N-annelated perylene and carbazole,
investigation of their thermal, electrochemical, photophysical, photoelectrical
and charge transporting properties, along with the estimation of applicability
of the synthesized derivatives for the fabrication of effective OLEDs.
Investigation of the influence of the amount of methoxy groups and their
positions on the crystal structure of carbazole derivatives, and on their thermal
and electrochemical properties; application of multimethoxysubstituted
carbazole derivatives as strong electron-donors for the preparation of an
effective hole transporting materials.

Synthesis and investigation of the properties of electroactive carbazole
derivatives containing isoindigo moiety and estimation of their applicability
in organic photovoltaic devices.

The main statements of the doctoral thesis:

Methoxycarbazole derivatives substituted with diphenylethenyl moieties
possess high hole mobility, high thermal stability and show an aggregation
induced emission phenomenon.

N-annelated perylene derivatives as efficient green-emitting materials, with
ambipolar charge-transporting properties, are suitable for the fabrication of
effective OLEDs.
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Donor-acceptor-donor compounds based on carbazole and isoindigo moieties
exhibit ambipolar charge transport and can be used as electron-donating
materials in bulk heterojunction solar cells.

The novelty of the work:

New glass forming isomeric 3,6-dimethoxy- and 2,7-dimethoxycarbazoles
containing diphenylethenyl moieties, which possess high hole mobility, were
synthesized and characterized. It was established that the derivatives of 2,7-
dimethoxycarbazole exhibits an aggregation induced emission.

New carbazolyl-substituted N-annelated perylenes with the different linking
topologies of the chromophores were synthesized and the comparative
analysis of their properties was performed. Using the newly synthesized
compounds as emissive materials, the efficient fluorescent OLEDs with the
brightness value exceeding 62000 cd/m?and external quantum efficiency
reaching 4.2% were fabricated.

The influence of the amount of methoxy groups and their positions on the
crystal structure of carbazole derivatives, and on their thermal, optical,
electrochemical properties was investigated for the first time. It was
established that the introduction of methoxy groups leads to the decrease of
ionization potentials and to the increase of glass transition temperatures and
melting points.

New ambipolar carbazole and isoindigo derivatives, which possess broad
absorption spectra, were synthesized and characterized. Using the newly
synthesized materials, organic bulk heterojunction solar cells were fabricated
and characterized.

The contribution of the author

The author synthesized six different series of carbazolyl based compounds and
investigated their thermal, electrochemical, photophysical, photoelectrical and charge
transporting properties. The author participated in OLED preparation supervised by
dr. Dmytro Volyniuk (KTU). The theoretical calculations were performed in
contribution with dr. Gintautas Bagdziunas (Kaunas University of Technology,
Kaunas) and prof. B. F. Minaev (Khmelnytsky National University, Ukraine). Bulk
heterojunction solar cells were fabricated with the help of prof. L. Y. Chen (National
Tsing-Hua University, Taiwan).
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2. LITERATURE REVIEW

2.1. Evolution of organic electroluminescent devices

Electroluminescence (EL) is an electrical and optical phenomenon in which a
material emits light in response to an electric current or to a strong electric field [14].
The first time it was observed was in a piece of carborundum crystal in 1907 [15]. The
story of OLEDs started sixty years ago after Bernanose’s experiment, who first
observed EL in organic material by applying a high-voltage alternating current field
to a crystalline film of acridine orange and quinacrine [16-19]. Fifteen years later, an
EL cell using single crystals of anthracene was prepared and successfully tested on
400 V voltage, observing blue fluorescence [20]. Such a large operating voltage was
the main circumstance that constrained commercialization and investments to this
field. During the next twenty years, the first OLED was made using polyvinyl
carbazole doped with acridine orange or perylene. The device was fabricated using an
alkali cathode, which made a huge improvement in the OLED structure and
empowered it to operate at lower voltages [21-23]. In 1987, Tang and co-workers
reported on the first two-layer vacuum-deposited OLED based on small molecules,
which was a turning point in EL device history [24-26]. To improve the light
extraction, a transparent anode made from indium tin oxide (ITO) on a glass substrate
was used. They used hole-transporting film of aromatic diamine, emitting a layer of
tris-hydroxyquinoline aluminum (Algs) and magnesium as the electron-injecting
cathode. The use of updated OLED versions allowed the operating voltage to be
decreased to 10 V. A while later, a Cambrigde group published and patented the
successful results of a single-layer prototype, by introducing conjugated polymer
poly(p-phenylene vinylene) (PPV) into the OLED structure [27,28]. In 1991, the
Heeger group prepared a modified PPV version named poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene] or MEH-PPV[29], but due to its instability to
photo-oxidation the work was abolished. In 1998, Forrest and co-workers[30]
announced the first effective phosphorescent OLED (PHOLED) achieving 25%
internal and 4% external quantum efficiency (EQE) by inducing energy
transformation to light from both singlet and triplet (that constituted three-quarters of
the bound electron-hole pairs) state excitons. During the next decade, much work was
done to increase the PHOLEDs EQE from 15% to 19% or luminous power efficiency
from 40 Im/W to 124 Im/W [31-33]. The usage of heavy metal complexes as an emitter
has several disadvantages. Firstly, commonly used iridium is one of the rarest
elements (abundance is 40 times less than that of gold) on the crust of the Earth [34],
secondly, the recycling from the optoelectronic devices is inconceivable. The next
reasonable breakthrough in OLED history was the year 2012. Adachi et al. [35]
reported on the phenomenon of thermally activated delayed fluorescence (TADF) that
drives a reverse (from Ty to S1) intersystem crossing using metal-free materials. The
main dates throughout the history of OLED are presented on a time line at (Fig. 2.1).
Additionally, below the time-line is the development of the flat OLED TV by the
industry are shown.
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Fig. 2.1. OLED development stream though the history and OLED TV evolution

2.2. General information about OLEDs
2.2.1. Classification and structure

The average diameter of a human hair is 200 times thicker compared to todays
novel multilayer EL device thickness [36]. OLED is an optoelectronic device made
of thin organic semiconducting materials incorporated between two electrodes. Basic
and enhanced OLED structures are shqwn in Fig. 2.2 and Fig. 2.3 [37], respectively.

Metal cathode

Electron transport layer

Emitting layer
Hole injection layer

ITO anode
Glass substrate

Fig. 2.2. Basic structure of sandwich-structured OLED

The OLED basic working principle is presented in Fig. 2.3. Inside the device,
electrons and holes are injected from electrodes into the light emitting layer (LEL),
where they subsequently recombine, resulting in light emission. Efficiency of the
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device depends on the efficient injection of both electrons and holes. According to the
number of layers between electrodes, OLEDSs can be divided into three groups:

Single layer OLEDs, which possess a simple single layer structure consisting
of one emitting layer between an anode and cathode [38-40].

Three-layered devices consisting of a hole transporting layer (HTL), LEL and
an electron transporting layer (ETL) [41,42]. Generally such OLEDs possess
three layers sealed between two electrodes, including the hole
injection/transport layer, LEL and ETL.

OLEDs with two additional layers: electron blocking layer (EBL) and hole
blocking layer (HBL) [43].

The following paragraphs will focus on each layer, by introducing the role in the
working device, requirements which have an influence on the effectiveness of the
device and present the most popular compounds used. Information about layers is
summarized in Table 2.1.

LIGHT |

Metal Cathode
Cathode Interfacial Layer (CIL)
Electron Transporting Layer (ETL)

Hole Blocking Layer (HBL)
Light Emitting Layer (LEL)
Electron Blocking Layer (EBL)
Hole Transporting Layer (HTL)
Hole Injection Layer (HTL)
Anode

Glass substrate

< LGHT ——

Fig. 2.3. Structure of sandwich-structured OLED and principle working mechanism

Table 2.1. The role of each OLED layer

Layer The role Examples
Substrate Device foundation Glass, plastic
Anode The source of holes ITO, GITO, ZITO
Hole Injection Layer (HIL) To ease hole injection PEDOT-PSS, SiO;
Hole Transporting Layer Positive charge transition TCTA, TPD, NPB
Light Emitting Layer Light source Firpic, FCNIr
Electron Transporting Layer Negative charge transition Algs, BCP, TPBI
Cathode Interfacial Layer (CIL) | Cathode protection from oxidation LiF, CaF,, NaCl
Metal Cathode The source of electrons Au, Cu, Zn, Ag

According to the principles of exciton formation, OLEDs are classified into three
categories (Fig. 2.4):

Fluorescent OLEDs based on fluorescent emitting materials.
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e Phosphorescent OLEDs based on organic host materials and triplet guest
emitters i.e. organometallic complexes with heavy metals such as Ir, Pt and

Os (dopants).
e OLEDSs based on TADF.
O o O
Emitting material HOST Dopant HOST Dopant
s, Sy S s s 51 S, So
%%Tl LIGHTTB & . ) LIGHTTO & T, . LIGH‘I_;_D
o © 0.0 00
O FEN @)
Q0 © 00 o0
OO O OO O%FETO OO OgFETO OO
0© 0:0 0
o O0O0 O  ter-rorstere ergytransfer O O O O
Fluorescent OLED Phosphorescent OLED OLED with TADF

Fig. 2.4. Classification of OLEDs by working principle

2.2.2. The materials for cathode, anode, HIL and CIL
The main requirements for anode materials [37]:

Good optical transparency in the visible range.
High conductivity.

High work function (WF)

Good thermal and chemical stability.

Good film-forming properties.

Low fabrication cost.

o uhswh e

Recently, ITO, known as the n-type semiconductor, is the academic/industry-
dominant transparent conductive anode material for OLEDs [33,32,44-49]. When
preparing optoelectronic devices, the most complicated point of using ITO is a low
WF (~4.7 eV). The energy levels of commonly used materials for a host is ~5.8-6.0
eV. As a result, multiple charge transporting layers are needed to match such a low
ITO energy.

The cathode is the opposite electrode to anode, which performs electron injection
to the optoelectronic device. As in the case of an anode, the material used for a cathode
plays a huge role to the device performance, i.e. the lower the energetic barrier
between the cathode metal contact and ETL, the higher the density of electron reaches
the LEL. The main cathode material requirements are: [37]

High conductivity.

Low working function.

Good film-forming properties.

Good thermal and chemical stability.
Highly reflective or transparent.

arwdE
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The usage of various metallic cathodes and their WF values are presented in Table 2.2
[50-52]:

Table 2.2. Different cathode characteristics

Metal 1%t lonization Work_
energy, eV[53] | function, eV

Eu 5.67 2.54
Yb 6.25 2.63
Ba 5.21 2.70
Sm 5.64 2.73
Li 5.39 2.95
Ca 6.11 3.00
Tm 6.18 3.12
Mg 7.65 3.70
Al 5.99 4.30
Ag 7.57 4,32
Zn 9.39 4.47
Cu 7.72 4,70
Au 9.22 5.10

The low WF correlates with low ionization energy, which implies a high chemical
reactivity, i.e. the problem occurs in the contact between the cathode metal and
organic layer. Moreover, low WF metals are susceptible to atmospheric oxidation.
This issue was solved by researchers of the Kodak company [54], by preparing a two-
layer cathode, which consisted of metal and a thin (~1.5 mm) insulating material layer
deposited on top of the electrode (e.g., LiF, with band gap energy of 12 eV). This layer
is named as the cathode interfacial layer. Due to the tunnel injection effect [55], the
charge carries are injected to the organic material. Typical CIL materials are:

e LiF[56],CsF [57], CaF[58], NaCl [59];
e organic polymer surfactants [60];
e Li-doped Alg3 layer [61].

To improve the hole injection from an anode, HIL is used. This layer serves as an
interface connection layer between the anode and HTL, which improves the film
forming properties of HTL and facilitates the hole injection into HTL [37].
Additionally, HIL protects the LEL from the reactive ITO if HTL is absent. HIL
materials should fit these requirements:

o highest occupied molecular orbital (HOMO) level should be between HOMO
levels of the anode and HTL;

o minimal absorption of red, green, blues light which comes from LEL;

¢ high thermal and chemical stability.
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Currently used HIL materials:

e porphyrinic metal complexes (CuPc) [62] (advantage: high thermal stability;
disadvantage: HTM crystallization on the CuPc surface) [63];

e inorganic insulators (SiO-, SiOxNy) [64,65];

o fluorocarbon polymers [66];

e conducting polymers such as (PEDOT-PSS) [67].

2.2.3. Hole transport layer

Due to high impact to OLED performance, HTL materials are commonly analyzed
molecules. This layer serves as a pathway for holes to migrate from anode to LEL.
The basic requirements for this type of materials are [68]:

e good hole mobility;

e high glass transition temperature to form thermally and morphologically
stable film;

o low energy barrier for hole injection from anode to LEL, i.e. suitable HOMO;

o low impurity level, to exclude hole trapping;

o shallow lowest unoccupied molecular orbital (LUMO) energy, as it must act
as EBL;

¢ high triplet energy, to isolate triplet excitons in the LEL.

According to these requirements, the commonly used hole-transporting
compounds have triphenylamine and carbazole moieties. The examples of compounds
used for HTL are shown in Fig. 2.5 [69-72].

e Q©
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@LQ\@O\ ﬁ gg S

MTDATA

Fig. 2.5. Typical hole-transporting materials

2.2.4. Electron transport layer

ETL serves as a pathway for charge transport between a cathode and an emission
layer. The structures of electron-transporting compounds usually contain electron
withdrawing groups (cyano, oxadiazole etc.). The common requirements that must
follow ETL materials are [37]:

e considerable electron mobility;
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e suitable HOMO/LUMO to block holes and to ease electron injection;
o electrochemically stability, high thermal stability and not highly crystalline;
¢ high electron affinity;

The most popular among reported electron-transporting compounds are presented
in Fig. 2.6 [73-76].

)y Q

\N, Q \@
o Fro 70500

Fig. 2.6. Typical electron-transporting materials

2.2.5. Light-emitting layer

Due to the light output, the materials of LEL get most of the attention in fabrication
of OLEDs. There are three types of materials used for LEL: hosts [68], which serve
as a matrix for organometallic complexes [77]; highly emissive fluorescent materials,
which serve as a light emitting source by themselves [78] and materials, used as
dopants or matrix in OLEDs with a TADF effect [79]. The main four requirements
that satisfy effective host materials are [80]:

¢ high thermal, chemical, electrochemical stability;

e high triplet energy for efficient energy transfer and higher than that of triplet
emitters;

o balanced electron and holes transport properties to have more efficient
recombination of positive and negative charges;

e HOMO should be deeper and LUMO should be shallower than that of the
triplet emitter;

e bipolar charge transporting properties.

The basic requirements for effective non-doped and TADF emitters [37,79]:

e balanced HOMO and LUMO energy levels with HTL and ETL;

o high fluorescence quantum yield in the solid state;

¢ high thermal stability and ability to form molecular glasses;

e match the standard of International Commission on Illumination (CIE) 1931
coordinates: (0.30, 0.60) for green color, (>0.62, <0.37) for red color, (0.14—
0.16, 0.11-0.15) for blue color, (0.313, 0.329) for white color;

e small 4Est (for TADF emitters only).
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2.2.6. Estimation of characteristics of OLEDs

The source of EL are excitons resulting from the recombination of the positive
and negative charges [37]. According to quantum mechanics, the ratio of singlet (one
combination of antiparallel spins) and triplet excitons (three combinations of parallel
spins) is 1:3 [81]. Thus, the fluorescent materials used for the emitting layer can reach
the internal quantum efficiency (IQE) of 25%, while the emitters based on
electrophosphorescence can reach 100% IQE [82]. The principle scheme of singlet
and triplet radiation is shown in Fig. 2.7[83].

Anode 0 O‘ Cathode

25% / ’
/ \75%

45
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Fig. 2.7. Singlet and triplet exciton formation and radiation in OLEDs.
To make a quantitative assessment of OLED, five parameters are used [37]:

1. Turnon voltage (Von, in V).

2. Brightness (L, in cd m) or luminance; the level of light per unit area emitted
by OLED.

3. The power efficiency (i, in Im/W); expressed by the ratio of total light output
in lumens to electrical power in Watts.

4. The current efficiency (LE, in cd/A); defined by the ratio of the luminous
intensity in a forward direction, and the current flowing through an OLED.

5. The external quantum efficiency (EQE, in %); expressed by the ratio between
the number of emitted photons and the number of injected photons.

2.3. Carbazole-based molecular glasses as the components of OLEDs

To our knowledge, nho comprehensive review on carbazole-based compounds used in
OLEDs or PHOLEDs has been reported. Carbazolyl-containing derivatives can be
used as emitters and as host materials of emitting layers. In this chapter a review of
reported carbazole-based compounds which were employed in EL devices during the
recent decade is discussed. In order to analyze the suitability of the reviewed
compounds to the large scale production, the review will focus on the overall yield
and the number of steps needed to obtain the final compound throughout all the
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synthetic route. Additionally, the review will place emphasize on the glass-forming
ability and the thermal stability, which are important properties of the compounds
used in OLEDs. HOMO/LUMO energy levels and triplet energy values will also be
discussed, since these characteristics predetermine the energetic compatibility of the
layers. According to the role of the carbazole derivatives in OLEDs, they will be
classified into three main groups, i.e. compounds for electrofluorescent OLEDS,
compounds for electrophosphorescent devices (PHOLEDs) and compounds for
OLED:s based on thermally activated delayed fluorescence (TADF).

2.3.1. Low-molar-mass hosts for PHOLEDs

Carbazole is still one of the most popular moieties used for the design and synthesis
of host materials, since it fits most of the above mentioned requirements, i.e. high
thermal, chemical stability, high triplet energy, solubility etc. In the past 10 years,
nearly 200 PHOLED devices containing carbazole derivatives were reported. Doping
them with different triplet emitters (Fig. 2.8) many scientific groups obtained different
color PHOLEDs with external quantum efficiencies up to 33% [84]. The most
convenient heavy metal based phosphorescent emitters of different color are presented

inFig. 2.8:
{ O\
=Ir ) i

3
Ir(mppy); F(PPY)s |
Flrpic FCNIr r(pq);
BLUE GREEN RED/ORANGE

Fig. 2.8. Heavy metal based phosphorescent emitters

Ir(piq),(acac) Ir(piq);
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2.3.1.1. Carbazole-based hosts for blue PHOLEDs

Characteristics of carbazole-based hosts used in blue PHOLEDs are given in Table 2.3.

Table 2.3. Hosts for blue PHOLEDs doped with different Iridium complexes

> - .
X . < () o ° = X o 3 . N % o S
Host s | ¢ g > o %’ o1 e g S >c E 5% E wo| < § > <
e | a9 2% 2| g1 || 85 = | S U=l 9 Wl X 'z
s I 3 3 _ - g | w | u O @

Firpic
CBZ1-F2 92 1 552 | 214 | 288 | 171 | 429 21% - 39100 | 19.2 - 10.2 - 85
CPF 52 2 545|191 | 2.88 | 165 | 508 15% 5.1 | 25800 | 9.5 - - 470 - 86
CPTBF 18 3 557 | 203|284 | 163 | 511 15% 4.3 | 25900 | 13.0 - - 470 - 86
TBCPF 35 3 553 | 2.05| 2.88 | 212 | 540 20% 4.2 | 23300 | 13.0 - - 470 - 86
SiTCz 3c 36 2 6.01 | 2.44 | 3.00 | 152 - 10% 5.6 | 4000 - - 7.2 | 472 | 0.15;0.29 87
SiTCz 2c 22 2 6.01 | 2.49 | 3.00 | 149 - 10% 55 1500 - - 8.0 | 468 | 0.15;0.29 87
SiDCz 2b 27 2 6.05 | 250 | 3.00 | 99 - 10% 5.5 | 2500 - - 8.2 | 468 | 0.15;0.28 87
SiDCz 3b 39 2 6.01 | 2.44 | 3.00 | 120 - 10% 5.5 | 3000 - - 8.3 | 472 | 0.15;0.28 87
SiDCz 2b 27 2 6.05 | 250 | 3.00 | 99 - 2b/10% 45 | 8000 - 136 | 12.1 | 468 | 0.15;0.28 87
SitCz 52 5 554 | 230 | 3.00 | 168 | 402 10% 3.6 | 10514 | 46.3 | 36.5 | 27.2 | 472 | 0.17;0.34 88
CzPO1 37 2 578 | 220|281 | 111 | 391 10% 7.0 | 8000 | 3.8 - 2.0 | 475 | 0.15;0.32 89
CzPO2 32 2 585|234 | 282 | 96 | 386 10% 7.4 | 11000 | 23.6 - 105 | 475 | 0.16;0.32 89
BCzTPA 67 2 515 | 1.11 | 2.91 | 157 | 526 11% 2.8 | 5000 | 38.2|39.3|16.6 | 475 - 90
BCzPO 86 2 544|148 | 291 | 136 | 516 11% 29 | 5000 | 39.3|34.4|17.2| 475 - 90
BCzTPM 66 2 5.26 | 1.14 | 2.87 - 529 11% 29 | 3000 | 445|455 | 19.6 | 475 - 90
BCzPh 52 1 531|116 | 2.87 | 105 | 399 11% 2.8 | 20000 | 43.9 | 45.2 | 19.8 | 475 - 90
TrzCz 4 37 4 5,61 | 2.09 | 2.76 | 218 | 426 15% 3.2 | 5827 | 21.1 | 18.7 - 485 - 91
TrzCz 3 39 4 5,62 | 215 | 2.70 | 116 | 452 15% 3.2 | 6916 | 17.7 | 13.6 - 485 - 91
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Table 2.3. (continued)
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TrzCz 1 40 4 5.61 | 2.32 | 2.58 - 453 15% 4.4 517 22 | 1.2 - 485 - 91
TrzCz 2 42 4 6.62 | 2.19 | 2.56 | 156 | 454 15% 5.0 532 15 | 1.3 - 485 - 91
mCPCzCN 32 3 5.66 | 2.23 | 2.78 | 167 | 437 8% 40 | 9184 | 19.3|105| 9.2 | 475 | 0.16;0.40 92
m-CzOCN 29 3 563|219| 289 | 98 | 334 8% 3.6 | 12080 | 36.8 | 21.9 | 15.3 | 475 | 0.16;0.38 92
m-CzCzCN 33 3 5.62 | 2.20 | 2.82 - 186 8% 3.9 | 12530 | 334 | 21.0 | 16.4 | 475 | 0.14;0.35 92
0-CzCzCN 31 3 5.62 | 2.37 | 2.82 | 104 | 320 8% 48 | 24300 | 43.9 | 23.0 | 21.0 | 475 | 0.15;0.35 92
m-CzSCN 29 3 563|220 | 2.78 | 111 | 330 8% 40 | 14730 | 46.1 | 23.4 | 23.3 | 475 | 0.17;0.43 92
CzBPChb 34 3 6.09 | 258 | 2.75 | - - 10% 5.5 | 4600 | 47.0 | 35.0 | 27.5 | 480 - 93
BPTRZ 13 4 5.60 | 2.36 | 2.70 | 134 | 445 5% 6.0 | 24400 | 144 | 46 | 6.2 | 473 - 94
MBPTRZ 12 4 558 | 2.28 | 2.81 | 154 | 475 5% 5.0 | 30600 | 15.6 | 6.3 | 7.0 | 473 - 94
mCP - - 6.10 | 2.50 | 3.00 | 55 - 14% 4.3 | 5000 | 15.9 - 8.0 | 480 - 95
SimCP - - 6.10 | 2.50 | 3.00 | 101 - 14% 5.8 | 4000 | 22.1 - 13.0 | 480 - 95
SimCP2 - - 6.10 | 2.50 | 3.00 | 144 - 14% 47 | 4000 | 38.9 - 21.0 | 480 - 95
CzDBF 53 2 590|242 |282| - - 5% 4.0 | 2000 - - 23.9 | 480 | 0.15;0.30 96
PCz-BFP 29 3 6.10 | 252 | 2.89 | 78 - 5% 3.5 | 8000 - - 23.0 | 480 | 0.15;0.33 97
35DCzPPy 65 3 6.18 - 2.71 | 107 | 461 11% 3.0 | 16000 - 45.8 | 20.7 | 480 - 98
26DCzPPy 65 3 6.05 - 2.71 | 102 | 455 11% 3.0 | 21000 - 50.6 | 24.5 | 480 - 98
pOXDDSiCz 33 3 549 | 231|267 | 190 | 435 15% 6.8 | 2021 | 8.2 | 3.2 | 3.7 | 490 | 0.16;0.36 99
mOXDDSiCz 35 3 546 | 2.28 | 2.73 | 158 | 460 15% 7.2 | 3341 | 115 | 45 | 53 | 490 | 0.16;0.34 99
DTCPFB 45 3 5,63 | 2.16 | 2.85 | 242 | 442 30% 6.0 | 5000 | 24.0 | 8.8 - 470 | 0.14;0.23 100
PPO27 30 3 564 |136|281| - - 15% 3.0 | 10000 - 37.5 ] 23.9 | 480 - 101
TRCz 6 56 3 - - 290 | - - 6% 5.0 | 10000 | 14.2 - 9.8 - 0.14;0.31 102
DCzGe 25 2 577 | 2.21 | 3.02 | 110 | 377 10% 10.1 | 10000 | 15.2 | 3.8 | 6.9 | 480 - 103
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Table 2.3. (continued)
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EBCz-ThX 63 2 595 | 2.63 | 2.94 | 227 | 400 15% 3.0 6000 | 23.8 | 12.4 | 11.5 | 480 - 104
BCz-Si 36 2 5.62 | 2.30 | 2.77 | 130 | 487 5% 3.2 | 18000 | 46.5 | 45.8 | 21.0 | 480 | 0.16; 0.39 105
CBP 92 1 554 | 223 | 2.66 | 62 - 8% 3.9 | 10935 | 10.7 | 8.5 5.2 | 475 | 0.15;0.32 106
m-CBP 53 3 560 | 213|284 | 97 | 411 8% 43 | 21172 | 18.6 | 11.3 | 8.7 | 475 | 0.16;0.32 106
0-CBP 33 3 5551219 | 3.00| 82 | 317 8% 3.7 | 10252 | 29.9 | 25.3 | 14.2 | 475 | 0.16;0.31 106
CzDPOTA 20 2 5531|212 | 2.86 | 122 | 476 6% 3.1 7287 | 27.4 | 241 | 14.1 | 480 | 0.14;0.32 107
TCTA 90 1 509|163 | 2.85 | 152 | 489 6% 3.2 5560 | 29.4 | 24.4 | 145 | 480 | 0.15;0.31 107
DCzPOTA 21 2 544 | 205 | 2.84 | 148 | 471 6% 2.7 119910 | 33.0| 36.9 | 16.9 | 480 | 0.14;0.32 107
DBFDPQOCz2 30 2 6.10 | 2.84 | 2.88 | 116 | 508 10% 24 5000 | 11.1 | 12.7 | 5.1 | 480 - 108
DBFSPOCz2 15 2 6.09 | 2.67 | 2.91 | 116 | 456 10% 24 6000 | 13.1 | 145 | 7.4 | 480 - 108
DBFDPOCz 22 2 6.10 | 2.73 | 2.88 | 116 | 463 10% 24 9000 | 19.1 | 199 | 9.6 | 480 - 108
DBFSPOCz 36 2 6.06 | 2.54 | 2.90 | 116 | 455 10% 25 8000 | 199 | 23.1 | 11.5 | 480 - 108
TCTP 24 2 5.25 | 1.67 | 3.03 | 163 | 497 8% 3.2 | 35100 | 35.0 - 15.9 - 0.15; 0.34 109
TPCz 24 3 6.27 | 2.69 | 3.07 | 143 | 506 8% - - 36.4 - 16.7 - - 109
CzPAPmM 28 4 588|234 | 256 | 175 | 473 5% 5.1 3247 6.7 3.1 - 475 0.15; 0.34 110
CzPPO 37 2 584|235 271|169 | 536 5% 4.5 6498 9.3 5.0 - 475 | 0.15;0.35 110
CzPAMe 38 4 5.96 | 242 | 2.73 | 159 | 471 5% 5.6 2839 | 106 | 4.9 - 475 | 0.16;0.39 110
SimCP2 - - 6.10 | 2.44 | 2.70 | 144 | 466 5% 5.0 3775 9.2 2.8 - 475 | 0.15;0.34 110
CPF 43 2 5451191 | 2.88 | 165 | 508 8% 40 | 21100 | 11.4 - - 470 - 86

FCNIr

PPO1 47 4 6.16 | 260 | 3.02 | 74 - 15% 6.0 - 2051143 | 17.1 - 0.14; 0.16 111
PPO2 28 4 6.31 | 2.77 | 3.02 | 123 - 15% 5.0 - 21.1 | 166 | 18.4 - 0.14; 0.15 111
PPO36 30 3 5.73 | 1.07 | 3.01 - - 15% 4.0 2000 - 199 | 19.8 | 450 - 112
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Table 2.3. (continued)
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BCPCB 36 | 3 [6.25[273[3.00]146[ - 10% 55 | 3200 | - [234]19.7] 460 - 113
CPDBC 46 | 3 [613]259[301] - [ - 10% 5.0 | 4000 [ - [31.0]245] 460 - 113
PPS21 29 | 3 [6.14]258][300]120[ - 15% 35 | 1100 [ - - [12.0]482] 014,017 | 114
PPO21 20 | 3 [6.25]268[301]111[ - 15% 3.5 | 5000 [225]19.0]19.2|482] 0.14,0.16 | 114

FCNIrpic
mCPPO1 45 | 3 [6.13[264(300| - | - 3% 42 | 4000 | 31.0|29.8|250| - | 014,017 | 115
bic-CMPC 28 | 2 |6.16|276|295|140 | 377 | 10% 6.2 | 1000 | - - | 13.1|470| 0.14;021 | 116
DBFSi. Ir(dbfmi)
meta CBP 2 | 24 | 2 [556[217[297[107[349] 20%.5% | 3.1 [ 5000 | 0.9 | 0.6 | 0.5 [ 450 - 117
meta CBP. 4 | 17 | 2 |553|217 (293|120 | 319 | 20%.5% | 4.0 | 9300 | 45 | 3.3 | 2.6 | 450 - 117
meta CBP 1 | 20 | 2 |565[215[298| - [315] 20%.5% | 3.0 [ 5300 | 11.5[10.2 | 8.2 | 450 - 117
meta CBP. 3 | 15 | 2 |565| 216|295 | 108 | 319 | 20%.5% | 3.6 | 10800 | 12.2 | 10.2 | 8.7 | 450 - 17
Ir(dbi)s
mCPPI 33 | 2 [6.04]263]289][143[430] 10% 3.5 | 9000 [ - - [243] - [ 018;0.38 | 118
mCP2PI 44 | 2 [6.06]263]289]196[490| 10% 4.0 [ 8000 | - - |254] - [ 019;039 | 118
fac-lr(mpim)s
26DCzPPy | 65 | 3 [6.05] - [271]102][455] 10% [ 2.8 [12000]73.6[719[332] - | - | 84




Tremendous effort was made investigating various host materials for blue
PHOLEDs. Examples are presented in Table 2.3. Firpic is a dominant triplet emitter
among the blue ones. The concentration of the dopant ranges from 5 to 21%, but it
is not the main factor that predetermines performance of the devices. For example,
some authors [85,99,104] reported on EL devices (15-21% of Firpic) with EQE
reaching 12%, while other groups [96,97,105] presented PHOLEDs (concentration
of Firpic less than 5% of) with EQE reaching 24%. Taking into account EQE, the
best results were obtained by Lee et al. [93] in 2013 with the value of this parameter
reaching 27,5%. They prepared the multilayer device consisting of HIL
(PEDOT:PSS), HTL (TAPC), LEL and ETL (TSPO1), CIL(LiF) layers squeezed
between electrodes. LEL consists of host CzBPCb (Fig. 2.9), based on carbazole and
pyrido[2,3-b]indole moieties linked through a diphenyl-bridge, and 10% of dopant
(Firpic). CzBPCb was prepared in three steps, with an overall yield of 34%.
Brightness of the device was less than 5000 cd/m?. Deng et al. [92], Xie et al. [105],
Su et al. [98],Bin et al. [88] reported on the low turn-on voltage (<5.0V) EL devices
with the EQE higher than 20%, a current efficiency reaching 40 cd/A and the
brightness higher than 10000 cd/m?. Deng et. al. [92] used simple carbazole based
bipolar hosts 0-CzCzCN and m-CzSCN (Fig. 2.9) containing ciano groups, which

have a strong electron accepting ability.
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Fig. 2.9. Chemical structures of carbazole based host materials for blue PHOLEDs
The maximum brightness and current efficiency values of the prepared multilayer
devices reached 24000 cd/m? and 46 cd/A, respectively. The device containing m-

CzSCN showed the best results between carbazole and Firpic based PHOLEDs [92].
By introducing triphenyl silicon into the carbazole based derivatives, BCz-Si [105]
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and SitCz[88] (Fig. 2.9) were synthesized. They were employed as host materials in
blue PHOLEDs with EQE of 27.2 % and 21.0 %, respectively. For both these
devices, EQE was quite high with half smaller value of current density of 40
mA/cm?. BCz-Si was prepared in 2 steps with an overall yield of 36%, while its
counterpart (SitCz) was prepared in a five step synthesis with an overall yield of
52%. Due to the shorter synthetic route, BCz-Si is more convenient for preparation
on an industrial scale. In most of the studies, the scientific groups focus only on the
PHOLED effectiveness, but not on the synthetic routes of host materials. Sasabe et
al. [90] paid attention to both the yield of the host and to the efficiency of the device.
They reported a one-step preparation with 52% overall yield of the bicarbazole
compound BCzPh (Fig. 2.9), which was used to fabricate the low turn-on voltage
(2.8 V) EL device with a reduced efficiency roll-off (EQE of 19.8 % at 100 cd/m?
and 16.4 % at 1000 cd/m?) and with a maximum brightness reaching 20000 cd/m?.
By attaching triphenylamine, tetraphenylmethane and triphenylphosphine oxide to
bicarbazole moiety the same group prepared three compounds BCzTPA, BCzTPM
and BCzPO (Fig. 2.9) with an overall yield of a two-step synthesis of 66, 67 and
86%, respectively. By employing these hosts (BCzTPA, BCzTPM, BCzPO) into the
same multilayered device structure as BCzPh PHOLED, Sasabe et al. [90] reported
about a 75% decrease of the device brightness. By doping 8% of Flrpic into
4.4’ 47tri(N-carbazolyl)triphenylphosphine oxide (TCTP, Fig. 8) Ding et al. [109]
prepared an effective PHOLED with the maximum brightness reaching 35000 cd/m?
and an efficiency of 15.9%. TCTP is characterized by high glass transition and
decomposition temperatures, with the values of 163 °C and 497 °C, respectively. In
general, high morphological stability, easy preparation and the possibility to design
effective PHOLED makes TCTP a promising candidate for production on an
industrial scale.

The most effective PHOLED containing an other than Firpic emitter was
reported by Udagawa et al. [84] with the maximum EQE, brightness, current and
power efficiency of 33.2%, ~12000 cd/m?, 73.6 cd/A and 71.9 Im/W, respectively.
The emissive layer for the EL device was prepared by mixing 10% of blue-green
emitter fac-Ir(mpim)s with a host material 26DCzPPy (Fig. 2.9) that consists of two
carbazole moieties linked with a phenyl-pyridine-phenyl conjugated bridge. The
efficiency roll-off of the reported device was found to be very small, with an EQE
of 27% at 10000 cd/m?. There are two limiting factors that hinder production of such
a PHOLED on an industrial scale. Firstly, the device shows blue-green emission, i.e.
there are two maxima (474, 510 nm) in the EL spectrum. Secondly, a three step
synthesis of 26DCzPPy with 65% an overall synthesis yield is rather costly. The EL
spectra of all PHOLED examples presented in Table 2.3 show one (Flrpic) or two
(fac-Ir(mpim)s) emission maxima in the range of 475-510 nm. Therefore, the EL
devices exhibit blue-green, sky-blue, greenish-blue, bluish-green emissions, rather
than deep blue. Replacing Flrpic or FCNIrpic with FCNIrpic and doping it into the
carbazole and phosphine oxide based host material (PPOL1, PPO2, Fig. 2.9) Jeon et
al. [111] fabricated deep-blue PHOLEDs (CIExy 0.14, 0.15-0.16) with a maximum
EQE efficiency reaching 18.4% and maximum current efficiency of 21.1 cd/A. Later,
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the same group reported one more deep-blue PHOLED (CIExy 0.14, 0.16), prepared
using bipolar host material (PPO21, Fig. 2.9) doped with 15% of FCNIr [114]. The
EL device showed a low turn-on voltage of 3.5 V, maximum EQE of 19.2%, current
efficiency of 22.5 cd/A and power efficiency of 19.0 Im/W. Jeon et al. [115] also
reported on the host material mCPPOL1 (Fig. 2.9), which was employed in the EL
device (ClExy 0.14, 0.17), with the maximum EQE, current and power efficacy of
25%, 31.0 cd/A and 29.8 Im/W, respectively. In general, due to the low concentration
of expensive iridium dopant (FCNIr) (3%) and an effective three-step synthesis (45%
yield) of host material (nCPPOL1), it seems to be promising for commercialization.
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2.3.1.2. Carbazole based hosts for green PHOLEDs
Characteristics of carbazole-based hosts used in green PHOLEDS are given in Table 2.4.

Table 2.4. Hosts for green PHOLEDs doped with different Iridium complexes

S § %_ %_ > o] o] =) > NE '<ct H; X g 3— — S
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Ir(ppy)s

TSTC 83| 4 ]600 (250|240 | - - 6% 3.5 - 64.3 | 59.4 | 19.8 | 515 - 119
BCBP 14 | 3 | 545|213 | 2.60 | 173 | 412 9% 2.9 | 48420 | 52.7 | 41.1 | 13.7 | - 0.26; 0.65 | 120
DCzP 47 | 2 | 559 | 259|228 | - - 5% 8.0 | 23000 | 11.0 - - - 0.33;0.60 | 121
BIMCzNPh 3b | 40 | 3 | 5.93 | 2.77 | 2.50 - - 10% 4.1 4900 3.2 8.0 - - 0.28;0.52 | 122
BIMCzPh 3a 44 | 3 | 6.10 | 2.86 | 2.60 - - 10% 3.6 4500 | 46.7 | 12.0 - - 0.29;0.61 | 122
CBP-CN 47 | 2 | 6.06 | 2.63 | 2.69 | 162 | 440 6% 3.6 | 98650 | 80.6 | 48.9 | 23.1 | 510 | 0.31;0.62 | 123
TrzCz 4 37 | 4 |561]209]|276 | 218 | 426 8% 2.9 | 22500 | 32.7 | 22.1 - 510 - 91
TrzCz_3 39 | 4 562 215|270 | 116 | 452 8% 2.9 | 23771 | 289 | 21.8 - 510 - 91
TrzCz 1 40 | 4| 561]232]258| - |453 8% 27 | 16796 | 11.7 [11.1| - |510 - 91
TrzCz 2 42 | 4 | 6.62 | 2.19 | 2.56 | 156 | 454 8% 2.7 | 24544 | 130 | 11.2 - 510 - 91
CzDPhI 8 7 | 3|5.80 - - 64 - 3% 3.2 860 8.7 5.5 - - 0.31;0.62 | 124
CzT 7 25 | 2 | 5.80 - - 71 - 3% 3.2 2548 16.8 | 145 - - 0.31;0.62 | 124
Cz-Phl 6 45 | 2 | 6.00 - - 31 - 3% 6.0 | 13660 | 23.0 | 6.8 - - - 124
PHI_M3 26 | 3 |5.35]|2.03 - 132 | 430 16% 44 | 11590 | 142 | 93 | 5.2 - 0.42;0.46 | 125
PHI_ M1 37 | 2 | 550 2.33 - 132 | 405 0.15nm 3.0 | 12920 | 20.0 | 12.3| 6.9 - 0.25;0.46 | 125
PHI_M2 6 | 4535|222 - 207 | 515 15% 3.2 | 61500 | 33.3 | 23.0| 95 - 0.32;0.62 | 125
TP-mCP 10 | 3 |5.68 | 211 | 2.63 | 159 | 436 8% 3.0 | 25000 | 64.0 | 49.0 | 20.3 | - 0.28;0.64 | 126
DTP-mCP 16 | 3 1598|239 | 263|179 | 488 8% 3.0 | 20000 | 52.0 | 51.0 | 256 | - 0.29;0.63 | 126
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Table 2.4. (continued)
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CZPT 27 |3 ]576| - 320 - |500 6% 10.5 | 7000 3.0 - - | 530 - 127
Cz G1 35 |2 |561]233]262]| 175|478 6% 5.9 | 10930 | 183 | 64 | 54 - |0.28;0.62 | 128
Cz_G3 10 | 5 | 542|230 | 2.61 | 376 | 517 6% 48 | 11300 | 20.8 | 8.7 | 6.1 - |10.27;062 | 128
Cz G2 27 | 5545|229 | 2.60 | 300 | 502 6% 51 | 11991 | 238 | 82 | 7.0 0.28,0.63 | 128
Cz G1 35 |2 |561]233]|262)| 175|478 60/;'300?)2[)_ 50 | 19220 | 345 | 132|102 | - | 0.27;0.62 | 128
Cz_G3 10 | 5 | 542|230 | 2.61 | 376 | 517 60/;'3%3;)[)_ 3.8 | 19820 | 36.4 | 186 | 10.7 | - | 0.27;0.62 | 128
Cz_G2 27 | 5545229 | 2.60 | 300 | 502 60/;.3%?;?— 45 | 22020 | 38.7 | 157 | 114 | - | 0.28;0.63 | 128
Spiro-2CBP - - 1 5.00 | 1.60 - - - 20% 4.0 | 28800 | 77.0 | 44.0 - - 1032062 | 129
ACBP 57 12 |576]175]266]| - - 6% 3.3 2793 | 56.0 | 445|169 | - ]0.29;0.63 | 130
Ir(mppy)s
PhosCz_3 65 | 2 | 570 ] 2.10 | 3.00 | 108 | 454 15% 2.6 | 11530 | 353 | 335] 9.6 | 511 - 131
PhosCz 5 62 | 2520170299 | - |433 15% 2.8 510 3411378116 | - - 131
BCzPPm 40 | 4 | 569 | 189|277 | 56 | 448 11% 3.9 900 - 30.0 | 10.0 | 510 - 132
BCzPPh 35| 3 |5.68 - 2.79 | 51 | 436 11% 5.0 300 - 30.7 | 13.2 | 510 - 132
mCz_2 15 | 4 1524|1188 |273| 0 |442 10% 3.6 3720 9.1 | 82 | 2.8 | 510 - 133
mCz_5 15 | 4 1519185266 | 54 | 464 10% 3.1 1020 | 18.2 | 121 | 4.8 | 510 - 133
mCz 4 27 | 4 [521]189]268 ]| 40 | 494 10% 3.0 1180 | 22.1 | 18.2 | 6.9 | 510 - 133
mCz_3 22 | 45211190266 | 30 |490 10% 2.8 2310 | 35,5 | 33.6 | 10.6 | 510 - 133
Cz(MP)2 60 | 1 [520]180]280]| 59 - 10% 8.0 5000 | 20.0 - 5.9 | 520 - 134
TRZ-3Cz(MP)2 9 | 5]6.70 | 2.60 | 3.00 | 144 | 403 10% 7.0 | 18000 | 32.0 - 9.2 | 520 - 134




6€

Table 2.4. (continued)
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TRZ-1Cz(MP)2 | 5 | 7 | 5.20 | 2.60 | 2.80 | 98 | 399 10% 6.0 | 11000 | 19.0 | - - | 520 - 134

Cz-6PBI 21 | 3 | 5.64 | 2.30 | 2.66 | 223 | 519 10% 2.9 | 28000 | 47.8 | 296 | - - ] 0.30;060 | 135

Cz-2PBI 26 | 3 |5.61 205|267 143 | 386 10% 6.1 | 10000 | 41.3 | 139 | - - 1031060 | 135

Cz-4PBI 27 | 3 | 5.61 | 215|267 | 196 | 492 10% 3.2 | 28000 | 44.5 | 28.3| - - | 0.31;060 | 135

6Cz-PBI 35 | 2 | 5.26 | 2.01 | 2.66 | 285 | 510 10% 4.8 | 10000 | 27.5 | 143 | - - 032,060 | 135

4Cz-PBI 37 | 2 | 529|201 267|233 458 10% 5.7 | 25000 | 29.6 | 105 | - - 1031060 | 135

2Cz-PBI 38 | 2 | 5.46 | 1.98 | 2.68 | 186 | 408 10% 7.2 | 20000 | 389 | 122 | - - 031,060 | 135

Ir(pig)s

CFL 41 |5]6.00[260] - [151] - | 10% | 59 | 70000 | 39.0 | 25 [11.0] - [0.30;0.63 | 136
(TPm)2lr(acac)

CzT 55 | 2 1549277267134 |425] 8% | 2.8 | 110000 ] 753 [71.3/20.0| - |0.38,059 | 137
Ir(pbi)z(acac)

CPhBzIm 62 | 3549 ]237[248170[480| 10% | 2.0 | 96000 | 62.0 [ 62.0 | 19.2 | - ]0.42;0.56 | 138




The conventional metal-based complexes used for green EL devices are
Ir(mppy)s and Ir(ppy). Combining carbazole and triphenylene moieties, Lee et al.
[126] synthesized two host materials (DTP-mCP and TP-mCP, Fig. 2.10), which
possess high glass transition temperatures (179 °C and 159 °C) and high thermal
stability.
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Fig. 2.10. Chemical structures of carbazole based hosts for green PHOLEDs

CFL

The temperatures of the onset of thermal degradation were found to be 488°C and
436°C, respectively. Both compounds were tested as the hosts for green PHOLED
doping with 8% of Ir(ppy)s. The maximum EQE, current and power efficiency of the
DTP-mCP, TP-mCP containing EL devices, were found to be 25.6 and 20.3%, 52.0
and 64.0 cd/A, 51.0 and 49.0 Im/W, respectively. Both devices reached brightness
higher than that of 20000 cd/m2 The limiting factor that could hinder
commercialization of these materials is a hon-effective synthesis (3 steps, the overall
yield <16%). Jiang et al. [120] reported on a PHOLED based on an asymmetric CBP
derivative (BCBP, Fig. 2.10) as a host of an emitting layer with the maximum
brightness close to 50000 cd/m?. Unfortunately, the synthesis of BCPB was non-
effective with the low yield of the target product (<15%). Zhang and co-workers
[123] prepared another CBP derivative (CBP-CN) in a two-step synthesis by
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incorporating a ciano group onto each carbazole moiety with an overall yield
reaching 47%. By doping CBP-CN with 6% of Ir(ppy)s green PHOLED was
fabricated, which exhibited a maximum brightness close to 10000 cd/m?, power
efficiency of 80.6 Im/W and an external quantum yield of 23.1%. Currently, this is
one of the most effective reported green PHOLEDs fabricated using Ir(ppy)s as a
triplet emitter. Ban et al. [135] prepared a series of two or three step synthesis of
bipolar hosts with a different number of linked carbazole and benzimidazole moieties
(2Cz-PBI, 4Cz-PBI, 6Cz-PBI, Cz-2PBI, Cz-4PBI, Cz-6PBI, Fig. 2.10) with an
overall yield ranging from 21 to 38% [135]. With the exception of Cz-2PBlI, all the
compounds were employed as hosts of the light emitting layers of PHOLED by
mixing 10% of green dopant (Ir(mppy)s). The maximum brightness of the devices
ranged from 10000 to 28000 cd/m?, current and power efficiency ranged from 29.6
to 47.8 cd/A and from 10.5 to 29.6 Im/W, respectively. The lowest turn-on voltages
(2.9-3.2 V) were observed for the PHOLEDS prepared using Cz-4PBI and Cz-6PBI.
Spirobifluorene linked with two carbazole moieties (CFL, Fig. 2.10) exhibiting a
high glass transition temperature (151 °C) was also used as a host for green PHOLED
[136]. The devices emitting layer, which was prepared by mixing CFL with 10% of
Ir(piq)s, gave the maximum brightness of 70000 cd/m?, EQE of 11%, current and
power efficiencies of 39.0 cd/A and 25.0 Im/w, respectively. However, the five-step
synthesis is the limiting factor for commercialization of CFL. The promising hosts
for green PHOLEDs with respect of commercialization (high-yield synthesis and
high PHOLED efficiency) were reported by Chang et al. [137] and Hung et al. [138].
Chang et al.[137] prepared a bipolar host (CzT) containing dicarbazole and triazine
moieties with an overall yield of 55%. By incorporating the mixture of CzT with 8%
of (Tmp)lr(acac), the EL device was fabricated with a maximum brightness
reaching 110000 cd/m? and EQE of 20.0%. Hung and co-workers [138] achieved the
benzimidazole-carbazole based product (CPhBzIm, Fig. 2.10) in three steps with an
overall yield of 62%. The PHOLED with low turn-on voltage (2.0 V) PHOLED,
maximum brightness of 96000 cd/m? and EQE reaching 19.2% was prepared using
the CPhBzIm as host and Ir(pbi)2(acac) as the triplet emitter with the mass ratio of
90 to 10.
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& 2.3.1.3. Carbazole based hosts for orange and red PHOLEDs
Characteristics of carbazole-based hosts used in orange PHOLEDs are given in Table 2.5.

Table 2.5. Hosts for orange PHOLEDs doped with different Iridium complexes
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Ir(pa)s

CzPPQCz | 70 | 2 [583[271] 251 [138] 421 4% 2.7 1120274 [ 51.2 | 50.1 | 17.2 [ 582 | 0.55;0.45 | 139

CzPPCzQ |70 | 2 [579[250[ 295 [145] 419 4% 3.0 | 144746 | 59.4 | 53.4 | 21.6 [ 586 | 0.56;0.44 | 139

CzPPQ [85] 1 [577[245] 261 | 90 | 345 4% 3.0 | 129885 | 75.8 | 68.1 | 25.6 [ 580 | 0.55;0.45 | 139
Ir(pq)zpic

CPBDC |46 3 [643[259] 301 [ - | - 5% |40] 1000 | - [ - [151]583] - | 140
Ir(2-phg)s

NFBC 47 | 2 [590[290] 232 [183] 484 2% 3.7 | 18000 [ 32.0 | 26.5] 15.3 [ 600 | 0.57;0.42 | 141

DFBC 45| 2 [580[250| 233 [192]| 480 2% 3.0 | 18000 [ 20.1 [ 21.0 | - [584 | 055;0.42 | 142

TCzMe [68 [ 2 [548|171] 294 |130] 404 20% 25] 10000 | - | 16 | 7.5 [ 600 - 143

Ir(2-PhPyCz)2(acac) yellow

CzOXD |67 1 [550[250] 245 [ 65| 460 | 7% [55] 15232 [200] 50 [ - | - | 048,053 | 144
(t-bt)zlr(acac)

CzPhONI |11 ] 4 [560[310] 251 [142]| 474 | 24% |3.1] 41710 | 442 [333[165] - | 052,047 | 145

(CE3-bt)2lr(acac)

CMP 31 [ 4 [532]219] 290 [296] 469 10% 5.0 | 2157 [26.6 | 14.6] 96 [ - | 0.49;0.47 | 146
CPMP 15| 5 [ 530218 290 |233] 424 10% 47| 4186 [316166|11.2] - [ 050,047 [ 146
(CE3-bt)zlIr(acac). OXD-7
CMP [ 31] 4 [532]219] 290 [296| 469 [10%.30% |4.1| 6989 [355]225[13.0[ - | 0.50;0.47 | 146
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Table 2.5. (continued)
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CPMP 15 [ 5 [530[218| 290 |233] 424 |10%.30% [45| 6993 |395|255]|144| - [ 051,047 [ 146
Cz Gl 35| 2 | 561[233| 262 |175| 478 |8%.30% |4.1| 9745 |222|139| 7.9 | - | 051;0.47 | 128
Cz G2 27| 5 [545[229| 260 [300| 502 |8%.30% |3.9][ 12050 |322[202|11.4| - | 051,048 | 128
Cz G3 10| 5 | 542230 261 |376] 517 |8%,30% |38 10810 | 305192108 - [ 051,048 | 128
Os complex
CzPhO [ 34 ] 1 [578]233] 271 [105] 365 | 4% |25 52624 | 34,8 | 452|143 - [ 054,046 | 147
PO-01
26PyzCz [92] 1 |583[280] 251 |127] 410 | 6% [40] 20000 |655[519] - | - [ 048,050 | 148
Table 2.6. Hosts for red PHOLEDs doped with different Iridium complexes
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Ir(pig)s
CzPPQ [85] 1 [577 ] 245 | 261 | 90 | 345 4% 2.9 | 61485 [ 24.8 | 24.4 | 19.3 | 620 | 0.67,0.33 | 139
CzPPCzQ |70 [ 2 [ 579 ] 250 [ 2.95 [ 145 [ 419 4% 3.1 | 65867 | 24.4 | 205 | 19.4 | 620 | 0.67,0.33 | 139
CzPPQCz |70 | 2 | 583 ] 271 [ 251 [ 138 | 421 4% 3.0 | 68384 [ 27.5| 24.1 | 21.4 [ 620 | 0.67,0.33 | 139
Ir(pig)2(acac
MTXSFCz [40[ 4 [575] 293 [ 29 [ 127 [ 456 10% 4.4 ] 27031 [ 13.8 | 82 | 156 | 640 | 0.68;0.32 | 149
BBTC 28| 3 [568] 233 | 251 | 148 | 482 8% 2.9 | 82625 [ 164 | 130 [ 193 | - ] 0.68;0.32 | 150




£ Table 2.6. (continued)
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Ir(phg)2(acac

BT-mCP [20]| 5 [5.66 | 218 | 2.26 | 150 | 430 8% 2,5 [ 12000 [195] 204 [ 103 | - [ 0.62;0.37 [ 151

BT-PC [32] 4 | 596 | 257 [ 226 [ 110 [ 393 5% 2.5 | 12000 [ 236 ] 247 [ 128 | - ]0.63;0.38 | 151
Ir(DBQ)2(acac)

t-CmOxa |40| 3 [614] 262 | - [ 76 | 387 | 4% |40 13790 | - [9.89 | 95 [ 610 | 0.66;0.34 | 152

Ir(2-PhDeCz)2(acac)

CzOXD [67] 1 [550] 250 | 245 | 65 | 460 | 5% [113]| 4894 | 48 | 067 | - | - [0.64,036 | 144
(tmq)2Ir(acac)

BIQMCz |58] 2 | 556 | 294 | 294 | 197 | 497 | 4% [ 31 ] 62720 [32.4 ] 309 [ 24.9 | 618 | - | 153




As described above, many carbazole based host materials have been developed
and employed in blue and green PHOLEDs. However, carbazolyl-containing hosts
are not very common in red or orange devices. Wang et al. [145] synthesized
CzPhONI (Fig. 2.11) by incorporating carbazole and naphthalimide moieties. A
PHOLED fabricated using CzPhONI as a host of emitting layer exhibited current
efficiency of 44.2 cd/A with CIExy of (0.52, 0.47), maximum brightness of 41710
cd/m? and EQE of 16.5%. However, due to low overall yield (11%) of the five-step
synthesis, CzZPhONI does not seem to be promising for industrial production.
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Fig. 2.11. Chemical structures of carbazole based host materials for red and orange

PHOLEDs

Carbazole and phosphine oxide based host material (CzPhO, Fig. 2.11) was
prepared in a one-step synthesis with an overall yield of 34% [147]. By doping
CzPhO with Osmium-based orange emitter, a PHOLED with EQE of 14.3% and
maximum external efficiency of nearly 53000 cd/m? was prepared. Utilizing the
donor-acceptor approach, Chen et al. [139] synthesized three quinoline and
carbazole based compounds (CzPPCzQ, CzPPQCz, CzPPQ, Fig. 2.11). CzPPCzQ
and CzPPQCz) were obtained in a two-step synthesis with an overall yield reaching
70%, while CzPPQ was obtained in a one-pot synthesis with a high yield of 85%.
All three compounds were employed as the host materials in orange PHOLEDs
doped with 4% of iridium based complex (Ir(pq)s). The devices exhibited a high
maximum brightness ranging from 120000 to 145000 cd/m? (51.0-76.0 Im/W) and
an EQE ranging from 17.2 to 25.6%. Due to the simplicity of the synthesis, CzPPQ
might be the promising candidate for industrial production.

Characteristics of carbazole-based hosts used in red PHOLEDs are given in Table
2.6. Compared to the number of already published blue, green and orange
PHOLED:s, there are few reports on carbazole-based hosts used for red PHOLEDs.
However, recently reported red PHOLEDs demonstrated high efficiency. Kwak et
al. [150] reported on carbazole derivative BBTC (Fig. 2.11) containing diphenyl and
terphenyl moieties, which was obtained in a three-step synthesis route with an overall
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yield of 28%. Red PHOLED doped with (piq).Ir(acac) showed a low turn on voltage
of 2.9 V, maximum brightness of 82625 cd/m? (16.4 cd/A, 13.0 Im/W) and EQE
reaching 19.3%. Su et al. [153] fabricated a PHOLED using carbazole and
indoloquinoxaline based bipolar host material (BIQMCz, Fig. 2.11) with 4% of
deep-red emitter (tmq).Ir(acac). The PHOLED showed a maximum EQE of 25.0 %
with EL emission wavelength of 618 nm. A PHOLED based on BIQMCz showed
double the value of maximum current and power efficiency (32.4 cd/A and 30.9
Im/W, respectively) than the device containing BBTC. Moreover, BIQMCz was
prepared in two steps with an overall yield of 58%. Efficient red PHOLED was
reported by Chen et al.[139]. The host materials (CzPPCzQ, CzPPQCz & CzPPQ,
Fig. 2.11) were used to fabricate the devices with Ir(pig)s as an emitter. The devices
containing CzPPCzQ, CzPPQCz and CzPPQ showed a maximum EQE of 19.4%,
21.4% and 19.3%, respectively. All the devices showed small roll-off with only 1-
3% fall at 1000 cd/m?. Although PHOLEDs based on CzPPCzQ and CzPPQCz
showed higher efficiency, CzPPQ as a host material has apparently more
perspectives for synthesis on an industrial scale, as it was prepared in a one-pot
synthesis with the overall yield of 85%.

2.3.2. Derivatives of carbazole as emitters for fluorescent OLEDs

To eliminate phase separation and concentration quenching in the emissive layer
and to exclude heavy-metal complex usage as dopant in the emissive layer, non-
doped devices could be the option for large scale applications (Table 2.7). Gong et
al. [154] reported tetraphenylethene substituted carbazole derivatives Cz-1TPE, Cz-
2TPE(3,6) ,Cz-2TPE(2,7), Cz-3TPE and Cz-4TPE (Fig. 2.12) prepared in three steps
with an overall yield ranging from 36 to 71%.

Fig. 2.12. Chemical structures of carbazole based compounds as emitters for blue OLEDs
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Table 2.7. Carbazole based materials for blue OLEDs
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DDPFTBC - - 5.70 | 2.90 - - - - 2.8 14000 8.7 9.1 - 492 | 0.18;0.36 | 155
BF4 15 5 500|286 | 80° 39 - 5.0 534 0.04 - 0.02 450 | 0.19;0.21 | 156
Cz-NPh 51 3 512 | 2.15 - - 90 | 320 3.0 8207 2.0 15 2.3 460 | 0.14;0.09 | 157
Cz-SiPh 51 3 532 | 2.19 - - 80 | 311 10.1 450 0.5 0.1 3.3 450 | 0.15;0.11 | 157
CzThB 59 2 5.80 | 3.07| 99" 51 91 | 354 55 28300 10.1 | 4.9 6.9 473 | 0.13;0.21 | 158
CzPhB 54 2 592 291 | 97h 54 | 102 | 360 6.5 5350 3.3 1.3 4.3 449 | 0.15;0.09 | 158
CzTrDPh 1 19 3 - - 804 65 - - 10.3 66 0.08 - - 430 | 0.28;0.20 | 159
TCPC-6 24 3 5.47 - 99 b - 108 | 385 5.0 398 1.4 - 3.7 425 | 0.16;0.05 | 160
TCTP-4 12 3 5.49 - 99 b - 143 | 420 5.0 403 0.9 - 2.5 - 0.16; 0.05 | 160
3.7-DBTOC 21 3 - 210 | 98° - - 223 3.6 11422 3.3 - 2.0 475 | 0.16; 0.22 43
2.8-DBTOC 15 3 - 1.85| 48° - - 240 3.8 1716 0.6 - 0.6 450 | 0.16;0.13 43
BSB-Cz 48 3 580 | 3.10 | 100°¢ - 113 | 341 - - - - 2.0 444 - 161
CzPhOMe 2 57 3 5.67 | 250 | 199 - - - 8.5 - 0.06 - - 420 | 0.22;0.21 | 162
CzPyr 5 60 3 574 | 280 | 569 - - - 9.0 - 0.1 - - 460 | 0.18;0.21 | 162
CzPhCOMe 4 48 3 5.90 | 3.00 219 - - - 3.0 1088 0.8 - - 460 | 0.19;0.23 | 162
CzPhCN_3 58 3 597 | 293 | 969 - - - 3.0 628 1.1 - - 430 | 0.17;0.08 | 162
Denll 44 4 5.60 | 2.60 | 95° - - - 3.2 1000 0.4 - - - 0.15;0.10 | 163
Denl12 8 6 570 | 2.70 | 94° - - - 3.7 2000 0.7 - - - 0.15;0.09 | 163
CFP 50 2 549 | 235 | 84¢ - 95 | 390 4.0 6033 1.1 - 0.12 434 | 0.16;0.14 | 164
CFTP 42 4 543|261 | 36°¢ - 98 | 408 41 1277 2.5 - 0.16 480 | 0.16;0.36 | 164
CzF4 21 4 555 | 2.55 918 69 - 394 6.9 5135 1.8 | 0.85 - 416 | 0.16;0.09 | 165
CzF1 52 2 563|247 | 972 59 45 | 352 4.7 714 09 | 050 - 437 | 0.17;0.12 | 165
CzF2 28 3 558 | 252 | 982 67 64 | 383 5.1 1410 1.4 | 0.76 - 443 | 0.18;0.19 | 165




2 Table 2.7. (continued)
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CzF3 21| 4 |556|253| 88° | 67 | 70 | 389 | 47 | 1507 | 1.3 |0.74| - | 446 | 0.18,0.19 | 165
OxCz 2 21| 4 |529204] 997 [ 36| - | - | 39 - - - | 02 | 453 | 0.16;0.12 | 166
OxCz_1 22 4 526|180 | 88 38 - - 4.2 - - - 5.0 431 | 0.16;0.08 | 166
OxCz_3 24| 4 |525/197| 86' |17 | - | - | 30 - - - | 05 | 484 | 018,027 | 166
OxCz_6 34 6 520|180 | 99F 21 - - 3.2 - - - 0.6 452 | 0.16;0.11 | 166
OxCz_7 39 3 540 | 1.70 | 95F 29 - - 3.7 - - - 0.5 428 | 0.16;0.05 | 166
OxCz 5 41| 4 |545|177] 9% | 20| - | - | 30 - - - | 20 | 453 [ 0.15,0.10 | 166
OxCz 4 48| 4 |488|176| 807 | 17 | - | - | 28 - - - | 15 | 455 | 0.15,0.18 | 166
DPEC 80 2 550 | 260 | 73/ - - - 3.1 10000 4.8 - - 460 | 0.15;0.18 | 167
CzPhTr 4 | 31| 3 |548|232] 979 | - | - | 418 90 74001 | - - - [ 025,023 | 168
Cz3An 42| 2 | 548|268 71° | 24 | - | 448 | 33 | 12270 | 51 | - - | 468 | 0.15;0.22 | 169
Cz3Ant 42| 2 |550| 271 83° | 27 | - | 401 | 3.4 | 12841 | 3.4 | - - | 494 [ 0.22,0.38 | 169
Cz3PhAn 20 4 |552273] 72° | 25 | - | 495 | 31 | 37423 | 40 | - - | 504 [ 0.23;0.40 | 169
Cz3PhANt 19 4 556 | 2.78 | 85° 28 | 169 | 486 3.0 23049 4.7 - - 470 | 0.16;0.23 | 169
Czlm M1 | 37| 2 |550|233| 70° | 65 | 132 | 405 | 45 | 3342 | 0.7 |048| 1.9 | 420 | 0.17,0.05 | 125
Czlm_M4 8 | 2 |535]|206| 55° | 32 | 220 | 530 | 3.2 | 5446 | 1.3 |0.76 | 2.1 | 424 | 0.17,0.08 | 125
Czlm M5 | 30| 3 |553|210| 99° | 81 | 153 | 475 | 6.2 | 4822 | 09 |030| 15 | 424 | 0.17,0.08 | 125
Czlm_M3 26 3 5.35 | 2.03 | 50° 24 | 132 | 430 4.0 3602 0.6 | 0.32 15 420 | 0.17;0.05 | 125
Czim_M2 6 | 4 |535|222| 68° | 59 | 207 | 515 | 3.4 | 4543 | 15 |0.86| 3.0 | 428 | 0.17,0.06 | 125
Cz-1TPE 66 | 3 | 544|218 037° | 45 | 21 | 331 | 35 | 2585 | 35 | 24 | - | 492 | 0.18,0.34 | 154
Cz-2TPE(3.6) 71 3 553|234 |016°| 51 | 65 | 449 3.5 1353 4.9 3.9 - 500 | 0.20;0.40 | 154
Cz-2TPE(2.7) | 65| 3 |539| 228 023° | 61 | 138 | 443 | 42 | 1129 | 55 | 31 | - | 492 | 0.20;0.38 | 154
Cz-ATPE 36 3 539|226 | 022°| 48 | 94 | 463 3.6 2088 3.1 1.8 - 492 | 0.20;0.38 | 154




Table 2.7. (continued)
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Cz-3TPE 60 | 3 |537|221]018° | 58 | 70 | 493 | 33 | 986 | 31 | 22 | - | 492 | 0.20;0.39 | 154
DTPCZ 4 | 4 [498[175]038° | - | 123|241 | 60 | 4624 | 43 | - - [ 464 | 018,021 | 170
CzSiSF 37| 3 |562]239| - | - | 156|487 | 48 | 615 | 032 | - | 048 | 410 - 171
CzPySiSF | 11| 4 |563|243| - | - | 179|502 | 58 | 627 | 035 | - | 059 | 408 - 171
CBZDPA |21 | 3 |594[307| 94° | 60 | 188 | 416 | 35 | 3377 | 57 | 39 | 45 | 454 | 017,017 | 172
MTPC-Et - | - [520]200] - | - - | - | 45 | 1600 | - | - | 33 | 408 - 173
MTPC-Me - | - 520200 47¢ | - [ 220351 | 40 | 900 - | - | 23 | 408 - 173
stiCz1 59| 3 |505|205| 44° | - | - | 268 | 30 | 8703 | 33 | 19 | 2.3 | 454 | 0.17,0.19 | 174
StiCz2 38| 5 |547|217| 49° | - | - | 403 | 40 | 5533 | 2.9 | 20 | 24 | 454 | 0.16;0.15 | 174
StiCz3 40| 5 |500]205| 10° | - | - |349| 30 | 1081 | 2.8 | 2.3 | 1.3 | 484 | 0.20,0.31 | 174
DEC 68| 2 |560]250] - | - | - | - - - - | - | 15 | 420 | 019,021 | 175
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Due to the aggregation induced emission (AIE) phenomenon, all the compounds
exhibit a high PL quantum yield in the solid state reaching 61%. The materials were
employed as emitters in a multilayer device with EQE ranging from 1.8 to 3.9% and
a brightness reaching 2585 cd/m?. Taking into account the synthesis route, glass
transition temperature (138 °C) and the effectiveness of the OLED, Cz-2TPE(2,7)
could be a promising candidate for industrial production. A series of effective blue
or blue-green fluorescent devices with brightness reaching 38000 cd/m? were
prepared by Chang and co-workers [169] using carbazole and anthracene derivatives
Cz3An, Cz3Ant, Cz3PhAn and Cz3PhAnt (Fig. 2.12) as the emitters. Although
Cz3PhAn and Cz3PhAnt showed the highest brightness and thermal stability, Cz3An
and Cz3Ant seem to be more suitable for industrial production, because of the higher
overall yields and the shorter synthetic routes compared to Cz3PhAn and Cz3PhAnt.
Promising results in the synthesis of blue emitters, with overall yields ranging from
54 to 80% were reported by Lin et al.[158]and Tong et al. [167] Tong and co-workers
[167] designed a deep blue OLED (ClExy 0.15, 0.18) using a derivative of carbazole
and pyrene DPEC (Fig. 2.12) for the preparation of the emissive layer. The low turn-
on voltage (~ 3.1 V) fluorescent device exhibited a maximum brightness of nearly
10000 cd/m?. Due to the high yield of the synthesis (two steps, ~80 %) DPEC can be
of interest for production on an industrial scale. Lin et al.[158] synthesized bipolar
compounds CzPhB, CzThB (Fig. 2.12) possessing carbazole and dimesitylborane
moieties in two steps with an overall yield ranging from 54 to 59%. Employing
CzPhB and CzThB in the multilayered blue fluorescent devices, the maximum
brightness of 5350 and 28300 cd/m?, maximum current efficiencies of 3.3 and 10.1
cd/A and EQE of 4.3 and 6.9 %, respectively, were achieved.

Compared to blue emitting devices, the number of reports on effective non-blue
fluorescent OLEDSs based on carbazole derivatives as emitters is rather scarce (Table
2.8). Usluer etal. [176,177], reported on green (EL wavelength 512-516 nm) OLEDs
based on thermally stable (Tq«> 500 °C, Ty> 160 °C) derivatives of carbazole with
fluorene (OFC-G2,SFC-G2, SFCT-G2, SFC-GL1 in Fig. 2.13) and spirobifluorene
(SBFC-G2,SBFCT-G2,0FCT-G2 in Fig. 2.13). The brightness of the fluorescent
OLEDs ranged from 10000 to 25000 cd/m?. Although the highest brightness was
shown by SBFC-G2, SFCT-G2, SFC-G2, SBFCT-G2 based OLEDs, the device
based on OFC-G2 could be the best choice for industrial application, because of the
high yielded (~ 65%) of the three-step synthesis. Albrecht [178] and co-workers
fabricated an OLED with a maximum EQE and power efficiency of 3.4% and 8.5
Im/W, respectively using G3TAZ material as an emitter. Due to the six step
synthesis, G3TAZ does not look to be promising for commercialization. A series of
thiophene-containing derivatives of carbazole and pyrene (CFT2P, CFT3P, CFT4P
in Fig. 2.13) were synthesized and employed in green and orange OLEDs with the
maximum brightness reaching 49000 cd/m?[164]. Due to low yields (<27%) and the
complicated synthesis (>6 steps), the derivatives (CFT2P, CFT3P, CFT4P) are not
promising for production on the industrial scale.
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Table 2.8. Carbazole based materials for green, yellow and orange OLEDs
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G2-PTP-G2 14| 6 | 510 | 2.73 31°¢ - 172 | 544 4.0 1000 0.4 - - yellow | 570 | 0.50;0.49 | 179
Cz-Ph3 60 | 2 | 5.13 | 2.26 - 70 | 293 3.3 5393 1.7 0.7 | 0.7 green | 520 | 0.23;0.55 | 157
CFT2P 27 | 6 |5.36 | 2.69 34 ¢ - 102 | 416 2.2 48800 11.2 - 0.5 green | 509 | 0.27,0.61 | 164
CFT3P 17 | 8 | 5.28 | 2.74 10 ¢/ - 116 | 420 2.8 28722 3.1 - 0.1 green | 531 | 0.37;0.59 | 164
CFT4P 14 | 10 | 5.21 | 2.77 8¢ - 118 | 445 2.5 24096 3.1 - 0.1 | orange | 552 | 0.45;0.51 | 164
OFC-G2 61 | 3 | 538|214 35¢ - 253 | 505 4.0 19800 3.6 - - green | 516 | 0.28;0.52 | 177
SBFCT-G2 52 | 5 536|218 11°¢ - 227 | 617 2.5 25400 7.7 - - green | 516 | 0.28;0.53 | 177
OFCT-G2 65| 3 | 539|221 5¢ - 186 | 500 5.0 11300 2.8 - - green | 520 | 0.29;0.55 | 177
SBFC-G2 49| 5 | 545|221 11°¢ - - 650 3.0 23100 3.1 - - green | 516 | 0.28;0.53 | 177
SFCT-G2 32| 6 |537]219 4°¢ - 205 | 586 3.0 23000 3.7 - - green | 516 | 0.28,0.54 | 177
SFC-G1 41| 4 | 559 | 2.16 37°¢ - 166 | 552 6.0 10800 2.2 - - green | 512 | 0.27,0.49 | 177
SFC-G2 30| 6 | 546|222 9¢ - - 629 2.5 22400 1.9 - - green | 512 | 0.28;0.52 | 177
G2TAZ 41| 4 | 5.76 | 3.01 | 942/52 - 592 3.3 1000 - 6.0 | 24 green | 510 | 0.25;0.49 | 178
G3TAZ 21| 6 | 572]297 | 1002/31 - 620 3.5 1100 - 85 | 34 green | 510 | 0.27,0.49 | 178
GATAZ 7 |7 |568|280| 942/9 - 633 3.5 300 - 30 | 15 green | 510 | 0.23;0.37 | 178
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Flg. 2.13. Chemical structures of carbazole based materials for effective non-blue OLEDs
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2.3.3. Carbazolyl-containing compounds for OLEDs based on thermally
activated delayed fluorescence

In 2009, Adachi and co-workers [180] reported on the mechanism of thermally
activated delayed fluorescence (TADF), which gave the opportunity to fabricate
OLEDs with a metal-free emissive layer and to harvest both singlet and triplet
excitons altogether as shown in Fig. 2.7. In addition, it was found that triplet-triplet
annihilation, which could reduce the device efficiency in PHOLEDs with a narrow
charge recombination zone [68], was eliminated in the TADF based devices. Three
years later, Adachi et al. [181,182] made a real breakthrough in OLEDs, by
presenting the TADF-based device with a maximum EQE of 19.5%. They prepared
new derivatives 4CzIPN, 2CzPN and 4CzTPN-Ph (Fig. 2.14) based on carbazole
(electron-donor) and dicyanobenzene (electron acceptor) moieties in a one-step
synthesis with overall yields of 90%, 8,5% and 79%, respectively. By embedding
these compounds as dopants in 4,4’-9-bis(carbazol-9-yl)biphenyl (CBP) (5% of
4CzIPN, 4CzTPN-Ph) or in 1,3-bis(9-carbazolyl)benzene (mCP) (6% of 2CzPN),
Adachi and co-workers[181,182] fabricated green, blue and orange OLEDs with a
maximum EQE of 19.5%, 13.6% and 11.2%, respectively. Hirata et. al.[183]
reported on triazine and carbazole based TADF dopants (TRZ-Cz_1a, TRZ-Cz_2c,
TRZ-Cz_2b, TRZ-Cz_ 2ain Fig 2.14).

prkad :M:: |

O 4CzIPN

4CZTPN Ph TRZ Cz Zc
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DOPANTS

N O N
N 3 O "
O mCPSOB
PzCz
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Fig. 2.14. Chemical structures of carbazole derivatives used in OLEDs based on TADF
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Table 2.9. Characteristics of the compounds and the devices based on thermally activated delayed fluorescence
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SPhCz_3 73| 1 | 581|252 -10.32 10% in DPEPO | 3.7 | 400 - - 9.9 blue - 0.15;0.07 | 184
CzT1 55 | 2 549|277 | -/0.085 3% in DPEPO | 4.0 | 400 - 9.7 | 6.0 green 530 | 0.23;0.40 | 185
DMOC 79 | 2 | 555 - -10.24 10% in DPEPO | 4.0 | 2544 | 24.0 - 14.5 blue 460 | 0.16; 0.16 | 186
4CZTPN-Ph | 79 | 1 - - - 5% in CBP - - - - 11.2 orange - - 181
4CzIPN 90 | 1 |5.80 | 3.41 240/ - 5% in CBP - - - - 19.5 green - - 181
2CzPN 85| 1 |5.80 | 3.00 - 5% in PPT - - - - 8.0 blue - - 181
4CzIPN 90 | 1 |5.80 | 3.41 2.40 /- 2% in PPO27 | 4.0 | 2000 - 52.0 | 24.2 green - 0.20; 0.48 | 187
Cz2BP_1 90 | 1 574264 | 3.10/0.21 | 6% in DPEPO | 4.3 | 510 9.3 - 8.1 blue - 0.16; 0.14 | 188
CC2BP_2 89 | 1 |565|263]|3.02/0.14 | 6% inDPEPO | 4.4 | 3900 | 255 - 14.3 | sky-blue - 0.17;0.27 | 188
CzTPN 17 | 3 [6.20 [ 350 | 2.73/0.08 | 4% inPzCz | 4.2 | 18800 | 37.2 | 24.4 | 15.0 | blue-green | 494 | 0.18; 0.45 | 189
4CzIPN 90 | 1 | 580 3.41 2.40 /- 4% in PzCz 4.5 | 49200 | 60.2 | 38.6 | 18.2 green 506 | 0.20; 0.54 | 189
m-ATP-CDP | 37 | 3 | 5.70 | 3.10 | 3.02/0.26 6% in mCP 48| 3290 | 134 | 64 | 75 sky-blue 500 - 190
CzPAPCz 14 | 3 | 6.10 | 3.60 -/0.16 10% in CBP 3.7 | 20000 - - 9.0 orange 574 - 191
TXO-PhCz | 41 | 3 |5.78 | 3.58 -/0.09 5% in mCP 4.7 | 21000 | 76.0 | 70.0 | 21.5 green 520 | 0.31;0.56 | 192
TRZ-Cz la 7 4 - - - /0.09 6% in DPEPO | 4.2 | 4000 - - 7.7 sky-blue 506 | 0.26;0.43 | 183
TRZ-Cz 2c | 23 | 3 - - -/0.32 6% in DPEPO | 4.2 | 10000 - - 14.6 | sky-blue 477 | 0.18;0.28 | 183
TRZ-Cz 2b 7 4 - - -/0.28 6% in DPEPO | 4.2 | 12000 - - 16.8 | sky-blue 478 | 0.17;0.27 | 183
TRZ-Cz 2a 1 4 - - -/0.09 6% in DPEPO | 4.2 | 20000 - - 20.6 | sky-blue 487 | 0.19; 0.35 | 183
2CzPN 85| 1 |5.80 | 3.00 - 6% in mCP - - - - 13.6 sky blue 483 | 0.17;0.30 | 182
4CzIPN 90 | 1 |580] 341 240/ - mCP%OBA)r:I;be 3.5 | 4000 - 56.6 | 28.6 green - 0.21;0.53 | 193




At 6% dopant concentration in the bis[2-(diphenylphosphino)phenyl]ether oxide
(DPEP), the maximum EQE of the sky-blue OLED ranged from 7.7% (for TRZ-
Cz_1a) to 20.6% (for TRZ-Cz_2a). Although the significant efficiency was achieved
using TRZ-Cz_2a, very low overall yield (1%) of its synthesis makes it not very
promising with respect to production on a larger scale. Adachi et al. [189] reported
on the synthesis of hosts for OLEDs based on TADF. A compound consisting of six
carbazoles moieties linked to a cyclophosphazene core (PzCz in Fig. 2.14) was
employed in a multilayered OLED by doping it with 4% of carbazole based
derivatives (CzTPN and 4CzIPN). Devices based on CzTPN and 4CzIPN emitted
green light with a maximum brightness of 20000 and 49200 cd/m?, efficiency of 37.2
and 60.2 cd/A, and a maximum EQE of 15.0 and 18.2%, respectively. Due to the
high overall yield (>50%) of the one-step synthesis, 4CzIPN and CzPz make a
promising combination for an effective green OLED. 4CzIPN is one of the most
popular carbazole based dopants for green TADF based devices. A series of green
TADF-based OLEDs were prepared using PPO27 [187], mCP:BmPyPb[193] and
MCPSOB[194] as host materials. The device with an EQE of 28.6% was achieved
by employing the mixture of host materials with the different triplet energy
(mCPwith the triplet energy of 2.90eV and BmPyPb with the triplet energy of
2.78eV). With respect to brightness, current and power efficiency and low roll-off,
the best results were achieved for an OLED using mCPSOB as the host material
(20000 cd/m?, 81.2 cd/A, 79.0 Im/W).

2.4. Conclusions from the literature review

The analysis of more than 275 OLEDs was conducted (~190 PHOLEDs, ~85
OLEDs), which were prepared using carbazole based materials and found that there
is a limited number of promising compounds with respect to the possibilities of large
scale production. Many scientific groups focus their attention on the device
efficiency but not on the efficiency of the synthesis of new electroactive compounds
used in OLEDs. The most promising compounds for large scale production from
those reviewed in this chapter are summarize in Table 2.10. In the case of the blue
PHOLEDs, the highest value of EQE (~21%) was achieved using a bicarbazole
derivative possessing triphenylsilyl moiety (BCz-Si) [105], while the most
promising compound with respect to industrial production that could be easily
achievable (one step, 52% yield) is bicarbazolyl derivative (BCzPh) [90]. The device
fabricated using this compound showed an EQE of 19.8% and maximum brightness
of 20000 cd/m?. The analysis of the literature revealed two promissing host materials
for green PHOLEDs that can be produced on a large scale. The first one is based on
a bipolar host material based on bicarbazole and triazine moieties (CzT) [137], which
was achieved in a 3 step synthesis with an overall yield of 55%. By employing it as
a host material in a green PHOLED, the maximum EQE of 20.0 % and brightness of
110000 cd/m? were reported [137]. The second promising host for green PHOLED
(EQE = 19.2 %, L=96000 cd/m?) is CPhBzIm [138]. It is achieved in by a three step
synthetic route with an overall yield of 62 %. In the case of an orange PHOLED, an
efficient device (EQE = 25.6 %, L= 129885 cd/m?) can be fabricated using
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carbazole—quinoline hybrid (CzPPQ) [139] which is prepared in a one-pot synthesis
with an overall yield of 85%. The red PHOLED was prepared using the same host
material (CzPPQ) but a different Iridium complex [139] with an EQE of 19.3 % and
maximum brightness of 61485 cd/m?. Another promising red PHOLED (L = 62720
cd/m?, EQE = 24.9 %) was obtained employing an indoloquinoxalinyl and carbazole
based derivative (BIQMCz) [153], as host material, which was synthesized in two
steps with an overall yield of 58 %. Based on the TADF effect, one green and one
blue OLED can be chosen as promising candidates for large scale application. The
green device (EQE = 18.2 %, L= 49200 cd/m?) was based on 4CzIPN (1 step, 90 %
overall yield) doped in PzCz (1 step, 54 % overall yield) host material [189] and the
blue one (EQE = 14.6 %, L= 10000 cd/m?) was prepared using a carbazole-triazole
based material (TRZ-Cz_2c, 3 steps, 37 % overall yield) doped in commercially
available host material (DPEPO) [183].

Among the reported materials for fluorescent OLEDSs, only several compounds
can be considered for large scale application. For the blue OLED, based on the
bipolar fluorophore (CzThB, 2 steps, 59% overall yield) [158] possessing carbazole
and dimesitylborane moieties might be the field of interest. For a green light emitting
device; fluorene-carbazole dendrimer (OFC-G2, 3 steps, 61 % overall yield) [176]
can be regarded as a promising candidate for large-scale production. The blue OLED
reached a maximum brightness of ca. 50000 cd/m?, while the green device showed
a maximum brightness less than 20000 cd/m?.

Table 2.10. Promising materials for large scale applications

Type of

CPhBzIm [138] (host)

3 steps, 62 % yield

Color devi Material for LEL Synthesis Device parameters
evice
BCz-Si [105](host) 2 steps, 36 % yield | 18000 cd/m?, 21.0 %
Blue PHOLED | TCTP [109] (host) 2 steps, 24 % yield | 35100 cd/m?, 15.9 %
BCzPh[90] (host) 1 step, 52 % yield 20000 cd/m?, 19.8 %
i 2
Green | PHOLED CzT [137] (host) 3 steps, 55 % yield | 110000 cd/m?, 20.0 %

96000 cd/m?, 19.2 %

Red PHOLED

CzPPQ [139](host)
BIQMCz [153](host)

1 step, 85 % yield
2 steps, 58 % yield

61485 cd/m?, 19.3 %
62720 cd/m?, 24.9 %

OFC-G2 [176]

3 steps, 61 % yield

Orange | PHOLED | CzPPQ [139](host) 1 step, 85 % yield 129885 cd/m?, 25.6 %

Blue TADF TRZ-Cz_2c[183](dopant) | 3 steps, 23 % yield | 10000 cd/m?, 14.6 %
OLED DPEPO (Host)

Green TADF 4CzIPN [189] (dopant) 1 step, 90 % yield 49200 cd/m?, 18.2 %
OLED PzCz (Host) 1 step, 54 % yield

Blue OLED CzThB [158] 2 steps, 59 % yield | 28300 cd/m?, 6.9 %

Green | OLED CFT2P [164] 6 steps, 27 % yield | 48800 cd/m?, 0.5 %

19800 cd/m?, -

The greatest progress was done in the field of synthesis and application of host
materials for PHOLEDs. However the usage of an environmentally unfriendly and

55




expensive heavy metal complexes, emissive layer phase separation, triplet-triplet
annihilation makes them expensive, non-friendly for the environment and inefficient
for long lasting devices. Recently, the OLEDs with TADF effect started to displace
the PHOLEDs from the top of the efficient device position. Although TADF OLEDs
are friendly for the environment and as efficient as PHOLEDs, the preparation of the
TADF compounds and the devices are rather complicated. Therefore, the appliance
of TADF fluorescent devices for high scale industry is still problematic and non-
cost-effective. OLEDs exploiting singlet excitons do not lose their importance and
have a number of advantages against the devices exploiting both singlet and triplet
excitons. The fabrication of fluorescent devices using layer by layer evaporation
method is simple and there is no need of a concentration control, as LEL consists of
one material only. Furthermore, the simplicity of the synthesis of the singlet emitters
and of fabrication of OLEDs could decrease their cost. However, the choice of
organic materials, which could be employed as emitters or hole transporting
materials in effective blue or green fluorescent devices, is limited. For continued
research, carbazole moiety was selected due to its high thermal stability, good charge
transporting properties and easy functionalization.
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3. EXPERIMENTAL

3.1 Instrumentation

!H and *C nuclear magnetic resonance (NMR) spectra were recorded using a
Varrian Unity Inova (300 MHz (H), 75.4 MHz (C)) and Bruker Avance 111 400
spectrometer (400 MHz (*H), 100 MHz (**C)) apparatus. Chemical shifts (3) are
reported in parts per million (ppm) referenced to a tetramethylsilane or internal
(NMR) solvent signal.

Infrared (IR) spectra were recorded on a Perkin Elmer Spectrum GX
spectrometer. The spectra of the solid compounds were recorded using KBr pellets.

Mass spectrometry (MS) was performed with the Bruker maxis 4G.

High resolution mass spectrometry (HRMS) was performed using El (70 eV
ionization energy). Exact mass measurements were performed in the El mode at a
resolution of 10000 and also on a quadrupole orthogonal acceleration time-of-flight
mass spectrometer.

Elemental analysis was performed with an Exeter Analytical CE-440 Elemental.

Melting points (m.p.) of the synthesized compounds were estimated using
Electrothermal Mel-Temp apparatus.

For the X-ray crystallography analysis diffraction data was collected on a Bruker-
Nonius Kappa CCD single diffractometer using graphite monochromated Mo-Ka
radiation (1 = 0.71073 A). The crystal structure was analyzed solved by direct
methods [SIR-97] and refined by full-matrix least squares [SHELXL-97]. Mercury
3.3 software [195] was used for molecular graphics.

UV spectra were recorded with an Aventes AvaSpec-2048XL spectrometer.

Fluorescence (FL) spectra and fluorescence decay curves of the dilute THF
solutions and of the solid films of the compounds were recorded by an Edinburgh
Instruments FLS980 spectrometer. Fluorescence quantum yields were measured
using an integrated sphere calibrated with two standards: quinine sulfate in 0.1 M
H>SO, and rhodamine 6G in ethanol.

CD measurements were performed on a Jasco J600 spectropolarimeter. The
measurements were performed in quartz cuvettes. Photochemical reactions were
performed in the photochemical reactor equipped with interchangeable light sources
(300 nm, 350 nm lamps) using a quartz flask.
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Differential scanning calorimetry (DSC) measurements were carried out in a
nitrogen atmosphere with a Perkin Elmer at DSC 8500 equipment at a heating and
cooling rate of 10 °C/min. An empty pan was used as a reference.

Thermogravimetric analysis (TGA) was performed on a Perkin Elmer TGA 4000
apparatus in a nitrogen atmosphere at a heating rate of 10 °C/min. The samples were
filled with 2-3 mg of the investigated material.

Cyclic voltammetry (CV) measurements were carried out by a three-electrode
assembly cell from a Bio-Logic SAS and a micro-AUTOLAB Type Il potentiostat-
galvanostat. The measurements were carried out with a glassy carbon electrode in
dichloromethane  solutions  containing 0.1 M tetrabutylammonium
hexafluorophosphate as electrolyte, Ag/AgNO; as the reference electrode, and a Pt
wire counter electrode. The samples were filled with diluted solution of the
investigated materials in dichloromethane (10 M). Prior to each measurement, the
solutions were bubbled with inert gases (Ar or N2).

The ionization energies of the films of the synthesized compounds were measured
by an electron photoemission in air method as described before [196]. The samples
for the measurements were prepared by dissolving the materials in THF and by
coating on Al plates pre-coated with a ca. 0.5 um thick methylmethacrylate and
methacrylic acid copolymer adhesive layer [197]. The measurement method was, in
principle, similar to that described in the literature [198].

The charge transport properties of the drop-casted thin amorphous layer of the
materials were investigated by xerographic time-of-flight (XTOF) method, using the
experimental setup described in the literature [199,200]. The samples were prepared
by casting the solutions of the materials with or without bisphenol-Z polycarbonate
on to an ITO covered substrate. The charge carriers were generated at the sample
surface by illumination with pulses of nitrogen laser (pulse duration was 2 ns,
wavelength 337 nm). A high electric field was created using negative or positive
corona charging.

The charge carrier mobility («) measurements of the vacuum deposited layers of
target materials were also carried out by the time-of-flight (TOF) method [201]. The
sandwich-like samples (ITO/compounds/Al) were used for measurements. The
layers of materials were prepared on precleaned ITO-coated glass substrates from
Sigma-Aldrich, with a sheet resistance of 70-100 Q/sq. Then, Al electrodes were
evaporated at a pressure below 5x10° mbar. ITO-coated glass substrates were
cleaned by successive washing with deionized water, THF, and trichloroethene in an
ultrasonic bath. Each operation lasted over 5 minutes. The deposition rates of
materials and Al were 0.2-0.3 A/s and ~15 A/s, respectively. The thicknesses of the
films of the target compounds vary from 0.65 to 2.5 um, respectively, and the active
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area of the obtained samples was 6 mm?. The layers were undertaken by exciting
materials through the ITO layer. The charge carriers were generated at the layer
surface by illumination with a Nd:YAG laser EKSPLA NL300 (pulse duration was
3-6 ns, wavelength 355 nm). The total photogenerated charge was kept small enough
to avoid space charge effects. The electronic time response of the measurement
circuit (z = RC) was always selected to be smaller than the transit time (z << #). The
transit time was determined from the kink point in the transient photocurrent curves.
The transit time t; with the applied bias (V) indicates the passage of holes through
the entire thickness of the cell (d) and enabled the determination of the hole mobility
as u=d*/Uxty. The experimental setup consisted of a delay generator Tektronix AFG
3102C and a digital storage oscilloscope Tektronix TDS 3032C.

OLEDs with the structures: Device A: 1TO/Cul(8nm)/DMAC36(20nm)/NP-3-
Cz(30nm)/ Bphen(20nm)/ Ca(50nm)/ Al(200nm); Device B:
ITO/Cul(8nm)/DMAC36(20nm)/NP-9-Cz(30nm)/  Bphen(20nm)/  Ca(50nm)/
Al(200nm); Device C: ITO/Cul(8hm)/DMAC36(20nm)/NP-2-Cz(30nm)/
Bphen(20nm)/ Ca(50nm)/ Al(200nm), were fabricated by a step-by-step deposition
of different organic layers and metal electrodes onto precleaned indium—tin-oxide
(ITO)-coated glass substrate under a vacuum of 10 Torr. Cul and 3,6-di[di(4-
methylphenyl)amino]-9-ethylcarbazole (DMAC36) were used for the preparation of
HTL [202], Bphen was applied as the ETL [203]. Since Ca is highly reactive and
corrodes quickly in the ambient atmosphere, a Ca layer topped with 200 nm
aluminum (Al) layer was used as the cathode. The active area of the obtained devices
was 3x6 mm?. The density current-voltage and luminance-voltage characteristics
were measured using a semiconductor parameter analyzer (HP 4145A) in air without
passivation immediately after the formation of the device. The brightness
measurements were done using a calibrated photodiode [202]. The EL spectra were
recorded with an Ocean Optics USB2000 spectrometer.

The solution processed BHJ organic solar cells with ITO/PEDOT:PSS/active
layer/LiF/Al were prepared by a step-by-step of ITO coated glass substrate, organic
layers and metal electrodes. Water solution of PEDOT:PSS was spin casted onto the
cleaned ITO substrate to obtain a film with a thickness of about 60 nm. The layer
was dried at a temperature of 120 °C. A mixture of the compound and PCBM with
weight ratios of 1:1.5, 1:2, 1:3 and 1:4 in chlorobenzene solution was spin casted
onto the top of the PEDOT:PSS. The active layer thickness is about 130 nm. The
aluminum electrode was thermally deposited on the top of active layer under a
vacuum of 107 Torr. The current-voltage (J-V) characteristics of the BHJ organic
solar cells were measured using a computer controlled Keithley 238 source meter in
dark as well as under simulated AM1.5G illumination of 100 mW/cm?,
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3.2 Computational details

Time dependent density function theory (TD-DFT) calculations of UV-vis
spectra of 3a-b were performed with the Gaussian 09 software package [204]. The
geometries of the molecules of 3a and 3b were optimized from X-ray data as the
starting point using B3LYP functional and 6-31G(d,p) basis set, followed by
calculations of their harmonic vibrational frequencies to verify their stability. All the
calculated vibrational frequencies are real, which indicates the true minimum of the
total energy on the potential energy hypersurface. The alkyl chains were
approximated by methyl groups to reduce the computational time. The simulations
were performed for the THF solutions using a polarizable continuum model
(IEFPCM) to assess the influence of the solvent polarity onto the molecular vertical
excitation energies. The half-width at 1/e of the peak maximum ¢ value of 0.25 eV
was used in this work. Up to 10 lowest energies of the excited states were calculated.

Electron transfer rate constant (k;) for pathway | was calculated using the current
equation:

2 2
ki =+ IHil

1 (A + 4692 Q)
Ak, T xp <_ 4AkpT )

where H; is the electronic coupling between the initial and final states, A is the
reorganization energy (4 = Ain + Aow, i.€. the sum of both inner and outer-sphere),
AG? is the total Gibbs free energy change for the electron transfer reaction, ks is the
Boltzmann constant and T is the absolute temperature (298 K).

The internal reorganization energy (4in) value was calculated at the B3LYP/6-
311+G(d,p) level in vacuum according to the following equation:

Ain = [EX(g%) — E(gD)] + [E°(g*) — E°(g*)] (2)

where E corresponds to the energy of the neutral molecule (g°) in the geometry of
the cationic/anionic species (g*).

The electronic coupling (transfer) integrals H; were estimated using the energy
splitting in dimmer method [205] at the long-range corrected hybrid density
functional wB97X-D [206] and 6-31G(d) basis set using the Spartan’14 package
[207] in vacuum:

H, = EL+1(H);EL(H—1) 3)

where E [y and Ep+apn-17 are the energies of the LUMO and LUMO+1 (HOMO and
HOMO-1) levels taken from the neutral state from the crystal structures of the
molecules.

The diffusion coefficient (D) for migration of electrons or holes in the dimmers
was calculated using the current equation (4) [208]:
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where N is the dimensionality of the crystal (N=3) and di is the distance between the
dimmers mass centers.

The drift mobility (o) in the absence of an electric field was calculated using the
single-step approximation:

Mo = 1 ®)
where e is the electron charge, T=298 K.

The equilibrium structural parameters of the NP-9-Cz, NP-3-Cz, NP-2-Cz
molecules were optimized at the B3LYP/6-31G(d) [209-211] level of the density
functional theory (DFT) using the Gaussian 09 software package [204]. The
experiment has also calculated the vibrational frequencies for the studied compound
in order to verify determination of the true minimum on potential energy surface
(PES). All vibrational frequencies are found to be real, which indicates the location
of the sought-for energy minimum. The electronic absorption spectra of the studied
molecules have been calculated by the time dependent (TD) DFT method [212] in
the THF medium considering the polarized continuum model PCM) [213] using the
same B3LYP/6-31G(d) approach.

Reorganization energy values for the electron (1-) and hole (4+) carriers have been
calculated using the following equation, as this is being widely used for estimation
of the charge transport properties of organic materials [214]:

ok

A, =(E,, —E_)+(E], -E)

—I+ (6)

where Ey is the optimized ground state energy of the neutral molecule, E_+ is the

E

energy of the optimized anionic/cationic species, i is the energy of the neutral

molecule at the anionic/cationic geometry and B is the energy of the
anionic/cationic molecule at the optimized geometry of the neutral species. All
calculations are performed on the PDC supercomputers of the Royal Institute of
Technology, Stockholm.

The electronic circular dichroism (CD) spectra were calculated using TD-DFT
with the B3LYP hybrid function combined with the 6-31G(d,p) basis set and PCM
for chloroform. The excited states were calculated up to the 15 lowest energies. The
rotational strength velocity (Rver) and length formalism (Rien) were calculated. Both
formalisms were almost identical. Rotatory strengths were estimated in cgs units of
10% esu cm erg G, where 1 esu cm erg G corresponds to 3.336-10°C mJ T in

61



Sl units. The CD spectra of the individual conformers were visualized using SpecDis
version 1.61. The half-width at 1/e of the peak maximum o value of 0.30 eV and Ry
were used in this work. The calculated CD spectra were not wavelength corrected.

3.3 Materials

Carbazole (>96.0%, TCI Europe), N-bromosuccinimide (NBS, 99%, Aldrich),
potassium hydroxide (>90.0%, Reachem), copper(l) iodide (98%, Aldrich), sodium
(99%, Aldrich), 2-ethylhexylbromide (95%, Aldrich), potassium carbonate (>99.5%,
Reachem), diphenylacetaldehyde (95%, Aldrich), (rac)-camphor-10-sulfonic acid
(CSA, 98%, Aldrich), 1-Br-3-methylbutane, copper (spheroidal >10 microns, 99%,
Aldrich), tetrabutylammonium hydrogensulfate (97%, Aldrich),n-butyllithium ( 2.5
M in hexanes, Aldrich),2-iso-propoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(97%, Aldrich), bis(triphenylphosphine) palladium(ll) dichloride (98%, Aldrich),
perylene (>99.0%, Aldrich), triphenylphosphine ( >95.0%, Aldrich), 18-Crown-6
(99%, Aldrich), Acetic acid (glacial, 99.8%, Lach-Ner).

Chemicals received from commercial sources were used without further
purification. Solvents used in reactions were freshly distilled, or were otherwise used
as received.
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Table 3.1. Reference to the synthesis of the compounds

Compound Page
la page 64
1b page 64
2a page 64
2b page 65
3a page 65
3b page 66
3Br-Cz page 66
2Br-Cz page 66
NP page 67
H-NP page 67
A-NP page 67
2Br-ACz page 68
2BCz page 68
3Br-ACz page 68
3BCz page 69
A-NP-Br page 69
A-NP-I page 70
NP-3-Cz page 70
NP-9-Cz page 71
NP-2-Cz page 71
3 page 72
&) page 73
6 page 73
7 page 74
8 page 75
9 page 75
ISO page 76
1SO-a page 76
mISO-2Cz page 77
mISO-3Cz page 77
bISO-2Cz page 78
bISO-3Cz page 79
pTMCz page 79
TMCz page 80
pHMCz page 80
HMCz page 80
21ACz page 81
2MeQOCz page 81
3MeOCz page 82
TMeOCz page 83
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1a 2,7-Dimethoxycarbazole (la, FW=227 g/mol,
m.p.: 270-272 °C, lit.: 272-274 °C) was achieved

MeOOMe by an Ullmann-coupling and a Cadogan

H cyclization as reported in the literature [215,216].

Chemical Formula: C;4H;NO, 'HNMR (400 MHz, DMSO) 6 10.98 (s, 1H), 7.83
(d, J=8.5Hz, 2H), 6.93 (d, J = 2.2 Hz, 2H), 6.72

(dd, J = 8.5, 2.3 Hz, 2H), 3.82 (s, 6H). 3C NMR (101 MHz, DMSO) & 157.6, 141.0,
120.0, 116.5, 107.3, 94.7, 55.2.

o 1 oMe 3,6-Dimethoxycarl_aazole(lb, FW=227 g/mol,
m.p.: 130-131 °C, lit.: 131-133°C) was prepared
N by bromination and methoxylation reactions by

H the procedures described in literature [217,218].
Chemical Formula: C,4H,;NO, *H NMR (300 MHz, CDCls) § 7.74 (s, 1H), 7.49
(d, J=2.5Hz, 2H), 7.22 (dd, J=8.8, 0.5 Hz, 2H),

7.03 (dd, J = 8.8, 2.5 Hz, 2H), 3.91 (s, 6H). 13C NMR (75 MHz, CDCl3) & 153.7,
135.4, 123.8, 115.3, 111.7, 102.94, 56.2.

Me

2a 9-(2-Ethylhexyl)-2,7-dimethoxycarbazole (2a)

was prepared by the reaction of 2,7-

MeOOMe dimethoxycarbazole with an excess of 2-

N ethylhexylbromide under the basic conditions in

the presence of a phase transfer catalyst. 2,7-

Dimethoxycarbazole (1a, 0.40 g, 1.8 mmol), 2-

ethylhexylbromide (0.38 g, 2.1 mmol), potassium

Chemical Formula: CoHy0NO>  carhonate (0.10 g, 0.70 mmol), potassium

hydroxide (0.30 g, 5.3 mmol) and catalytic amount of tetrabutylammonium

hydrogensulfate were refluxed (2 h) in acetone (14 ml). After, a thin layer

chromatography (TLC) (acetone/hexane, 1:10) control, when the starting compound

la disappeared, the reaction was terminated, cooled down to room temperature,

treated with ethyl acetate and washed with distilled water. The organic layer was

dried over anhydrous Na>SO., filtered and the solvents were removed. The residue

was purified by silica-gel column chromatography using the mixture of hexane and

acetone (20:1) as the eluent. The yield of yellowish crystals was 75 %(0.45 g, FW =

339 g/mol, m.p.: 86-88 °C). *H NMR (400 MHz, CDCls) § 7.77 (dd, J=7.9, 1.0 Hz,

2H), 6.75 — 6.72 (m, 4H), 3.99 — 3.92 (m, 2H), 3.84 (s, 6H), 2.00 — 1.93 (m, 1H),

1.33 - 1.18 (m, 8H), 0.84 (t, J = 7.4 Hz, 3H), 0.80 (t, J = 7.2 Hz, 3H).23C NMR (75

MHz, CDCls, 8, ppm): 158.0, 142.4,120.0, 116.9, 106.5, 93.8, 55.6,47.3, 39.1, 30.9,
28.8,24.4,23.0,14.0,10.9.
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o 2b oM 9-(2-Ethylhexyl)-3,6-dimethoxycarbazole (2b)
e . ..

was synthe3|zeg| by a .S|m|Iar procedure as

N compound 2a using 3,6-dimethoxycarbazole (1b,

0.5 g, 2.2 mmol), 2-ethylhexylbromide (0.51 g,

2.6 mmol), potassium carbonate (0.12 g, 0.88

mmol), potassium hydroxide (0.37 g, 6.6 mmol),

catalytic amount of tetrabutylammonium

Chemical Formula: C,Hy0NO; - hygrogensulfate and 15 ml of acetone. The yield

was 77 % (0.58 g) of yellowish oil. *H NMR (300 MHz, CDCls, 8, ppm): 7.50 (s,

2H, Ar), 7.23 (d, J=8.9 Hz, 2H, Ar), 7.05 (dd, J:=8.9 Hz, J,=2.5 Hz, 2H), 4.05 (d,

J=7.4 Hz, 2H, NCH?), 3.90 (s, 6H, OCHs), 2.02-1.93 (m, 1H, CH), 1.33-1.19 (m,

8H, CH,), 0.86 (t, J=7.4 Hz, 3H, CHj3), 0.83 (t, J=7.3 Hz, 3H, CH3). *C NMR (75

MHz, CDCls, 3, ppm): 153.0, 136.5, 122.6, 114.9, 109.7, 102.8, 56.0, 47.5, 39.5,
30.9, 28.8, 24.3, 23.0, 14.0, 10.9.

Me

3,6-Bis(2,2-diphenylethenyl)-9-(2-ethylhexyl)-
2,7-dimethoxy-carbazole(3a). 9-(2-ethylhexyl)-
2,7-dimethoxy-carbazole (2a, 0.37 g, 1.08 mmol),
diphenylacetaldehyde (0.46 g, 2.37 mmol) were
dissolved in toluene (5 ml) at a reflux temperature
and catalyzed by CSA (0.30 g, 1.29 mmol). Water
generated during the course of the reaction (8 h)
was removed by a Dean-Stark trap. After TLC
control (ethyl acetate/hexane, 1:10), when the
starting compound 2a disappeared, the reaction
was terminated, cooled down to room temperature, treated with ethyl acetate and
washed with distilled water. The organic layer was dried over anhydrous Na,SOs,
filtered and concentrated under a vacuum. The residue was purified by silica-gel
column chromatography using the mixture of hexane and ethyl acetate (20:1) as the
eluent and recrystallized from the mixture of hexane and ethylacetate. The yield of
yellow crystals was 35 %(0.26 g, FW = 695 g/mol, m.p.: 166-167 °C).*H NMR (300
MHz, CDCls) 8 7.38 —7.17 (m, 22H), 6.89 (s, 2H), 6.65 (s, 2H), 3.97 — 3.94 (m, 2H),
3.86 (s, 6H), 2.01 - 1.94 (m, 1H), 1.39 — 1.25 (m, 8H), 0.98 — 0.86 (m, 6H).*C NMR
(75 MHz, CDCls, 8, ppm): 156.7, 144.3, 141.3, 141.2, 140.5, 130.6, 128.5, 128.2,
127.9, 127.0 (two peaks are overlapping), 124.0, 120.9, 119.2, 116.2, 91.2, 55.9,
47.3, 39.4, 31.1, 29.0, 27.1, 24.6, 23.2, 14.2, 11.1.IR (b, cm):3080, 3051, 3024
(arene C—H, 3100-3000 cm™); 2959, 2924, 2872, 2855 (aliphatic C—H, 3000-2850
cmt); 1605, 1492, 1463, 1443 (C—C in Ar, 1600-1585, 1500-1400 cm™); 1300, 1264,
1239 (C-N in Ar, 1335-1250 cm™); 1195, 1166, 1127 (C—0-C, 1250-1050 cm?);
807, 762, 697 (C—H in Ar, 900-675 cm™) cm™.EI-MS m/z 695.3751 (M+) (calcd
695.3763). Anal. Calcd for CsoHagNO2 (%): C 86.29, H 7.10, N 2.01, O 4.60. Found
(%): C 86.21, H 7.16, N 2.06.

Chemical Formula: C5,H;gNO,
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2,7-Bis(2,2-diphenylethenyl)-9-(2-

O O ethylhexyl)-3,6-dimethoxy-carbazole(3b). It
was synthesized by a similar procedure as

O O compound 3a using 9-(2-ethylhexyl)-3,6-

O O dimethoxycarbazole (2b, 0.50 g, 1.47 mmol),
diphenylacetaldehyde (0.69 g, 3.53 mmol),
(rac)-camphor-10-sulfonic acid (0.41 g, 1.767
mmol) and 5 ml of toluene. The residue was
purified by silica-gel column chromatography
using the mixture of hexane and ethyl acetate (20:1) as the eluent and recrystallized
from hexane. The yield of yellow crystals was 31 %(0.32 g, FW = 695 g/mol, m.p.:
144-145 °C).*H NMR (400 MHz, CDCls) § 7.32 — 7.16 (m, 24H), 6.59 (s, 2H), 3.89
(s, 6H), 3.19 — 3.07 (m, 2H), 1.53 — 1.47 (m, 1H), 1.14 — 1.05 (m, 3H), 0.97 — 0.87
(m, 3H), 0.79 (t, J = 7.3 Hz, 3H), 0.71 — 0.64 (m, 2H), 0.52 (t, J = 7.3 Hz, 3H).:*C
NMR (100 MHz, CDCls, 3, ppm):152.1, 144.0, 141.8, 141.2, 136.2, 130.8, 128.8,
128.2,128.0, 127.4, 127.2, 125.5, 124.3, 121.6, 110.8, 101.0, 56.5, 47.4, 38.5, 30.6,
28.4,27.1,24.0, 23.4, 14.3,10.9. IR (v, cm™): 3077, 3054, 3021 (arene C—H, 3100-
3000 cmt); 2954, 2930, 2870, 2858 (aliphatic C—H, 3000-2850 cm™); 1597, 1490,
1470, 1429 (C—C in Ar, 1600-1585, 1500-1400 cm™); 1310, 1269 (C—N in Ar, 1335-
1250 cm™); 1201, 1160, 1063 (C—O-C, 1250-1050 cm?); 823, 774, 764, 696 (C—-H
in Ar, 900-675 cm) cm™. EI-MS m/z 695.3740 (M+) (calcd 695.3763). Anal. Calcd
for CsoHagNO- (%): C 86.29, H 7.10, N 2.01, O 4.60. Found (%): C 86.19, H 7.17,
N 2.08.

Chemical Formula: C5qH49NO,

3-Bromo-9H-carbazole (3Br-Cz) was prepared
N . . .
O by bromination reaction following the procedure
O described in literature [217].
Br 3Br-Cz
Chemical Formula: C;,HgBrN

H 2-Bromo-9H-carbazole (2Br-Cz) was achieved
N O Br by the nitration and a Cadogan cyclization
procedure as reported in the literature [216].
2Br-Cz
Chemical Formula: C{,HgBrN
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OO 1-Nitroperylene (NP) was prepared from

‘ NO, perylene according to the reported procedure

[219]. Its identity was confirmed by *H NMR. *H

OO NMR (300 MHz, CDCls) 8 8.17 (t, J = 7.0 Hz,

NP 2H), 7.76 (dd, J = 15.5, 7.7 Hz, 3H), 7.66 (d, J =

Chemical Formula: CZOHI lNO2 8.6 HZ, 2H), 7.59 —7.46 (m, 3H), 7.41 (t, J=7.9
Hz, 1H).

O 1H-Phenanthro[1,10,9,8-cdefg]carbazole (H-NP)

‘ NH was prepared from 1-nitroperylene according to the

literature procedure [220]. The chemical structure

Oe was confirmed by *H NMR. 'H NMR (400 MHz,

H-NP DMSO) & 12.20 (s, 1H), 8.73 (d, J = 7.5 Hz, 2H),

Chemical Formula: C,oH, N 817 (d, J = 8.0 Hz, 2H), 7.95 (g, J = 8.8 Hz, 4H),
7.81(t, J = 7.8 Hz, 2H).

Oe 1-(2-Ethylhexyl)-1H-phenanthro[1,10,9,8-
cdefg]carbazole (A-NP). The following were
‘ N added to the solution of 1H-phenanthro[1,10,9,8-
OO _2’\’\ cdefg]carbazole (H-NP) (1.1 g, 4.2 mmol) in
A-NP acetone (100 mL): potassium carbonate (0.23 g, 1.7
mmol), potassium hydroxide (0.70 g, 12.5 mmol),
catalytic amount of tetrabutylammonium hydrogen
sulfate and an excess of 2-ethylhexylbromide (0.96 g, 5.0 mmol). The reaction
mixture was allowed to reflux for 2 hours. After TLC control, the reaction was
terminated, cooled down to room temperature, treated with ethyl acetate and washed
with distilled water. The organic layer was dried over anhydrous Na,SO, filtered
and the solvents were removed. After, the column chromatography, which was
performed using acetone/hexane (1:40) as an eluent compound, A-NP (1.25 g, 90
%), was obtained as yellow crystals. *H NMR (700 MHz, CDCl3) 6 8.64 (d, J=7.4
Hz, 2H), 8.12 (d, J = 7.9 Hz, 2H), 7.89 (d, J = 8.7 Hz, 2H), 7.80 (t, J = 7.7 Hz, 2H),
7.75 (d, J = 8.7 Hz, 2H), 4.55 — 4.47 (m, 2H), 2.24 — 2.17 (m, 1H), 1.47 — 1.23 (m,
8H), 0.94 (t, J = 7.5 Hz, 3H), 0.87 (t, J = 7.3 Hz, 3H). *C NMR (176 MHz, CDCl5)
5 132.3, 130.5, 128.9, 125.1, 125.0, 124.6, 123.7, 120.8, 117.5, 113.6, 49.9, 41.5,
31.1,28.9,24.4,23.1,14.2,10.9.

Chemical Formula: C,gH,7N
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2-Bromo-9-isopentyl-carbazole (2Br-ACz)
was synthesized by a similar procedure to
compound A-NP using 2-bromo-9H-carbazole

N Br
(2Br-Cz, 2.0 g, 8.1 mmol), 1-Br-3-methylbutane

(1.6 g, 10.6 mmol), potassium carbonate (0.4 g,
2Br-ACz . .

Chemical Formula: C,H,4BrN 3.3 mmol), p_otassmm hydroxide (1.4 9, 24

mmol), catalytic amount of tetrabutylammonium
hydrogensulfate and 150 ml of acetone. Purified by column chromatography using
hexane to obtain 2Br-ACz as slightly yellowish crystals (Yield 82 %). *H NMR (700
MHz, CDCls) 6 8.06 (d, J =7.7 Hz, 1H), 7.93 (d, J =8.2 Hz, 1H), 7.53 (d, J = 1.4
Hz, 1H), 7.49 (t, J = 7.6 Hz, 1H), 7.39 (d, J = 8.1 Hz, 1H), 7.33 (dd, J = 8.2, 1.5 Hz,
1H), 7.25 (t, J = 7.4 Hz, 1H), 4.28 — 4.24 (m, 2H), 1.75 - 1.70 (m, 3H), 1.04 (d, J =
6.2 Hz, 6H); *C NMR (176 MHz, CDCls) 5 141.2, 140.6, 126.2, 122.5, 122.0, 122.0,
121.6, 120.5, 119.4, 119.4, 111.8, 108.9, 41.7, 37.5, 26.3, 22.7.

9-1sopentyl-2-(4,4,5,5-tetramethyl-1,3,2-

j dioxaborolan-2-yl)-carbazole (2-BCz) was

N BQ XV synthesized by a procedure reported in literature

0 [221] using 2-bromo-9-isopentyl-9H-carbazole

(2Br-ACz) (1.0 g, 3.2 mmol), 2.78 mL of n-

. 2BCz butyllithium (7.0 mmol, 2.5 M in hexane), 2-

Chemical Formula: Cy3H30BNO, isopropoxy-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (0.71 g, 3.8 mmol) and dry THF (20 mL). After completion of the

reaction, the mixture was extracted with EtOAc, dried over Na,SO4 and

concentrated. The crude product was purified by column chromatography using

acetone/hexane (1:40) as an eluent to obtain the compound (2-BCz) (0.74 g, 64%)

as yellowish crystals. *H NMR (700 MHz, CDCls) & 8.13 (t, J = 7.7 Hz, 2H), 7.89

(s, 1H), 7.71 (d, J = 7.7 Hz, 1H), 7.50 (t, J = 7.6 Hz, 1H), 7.42 (d, J = 8.2 Hz, 1H),

7.24 (t,J = 7.4 Hz, 1H), 4.39 — 4.36 (m, 2H), 1.79 — 1.72 (m, 3H), 1.42 (s, 12H),

1.05 (d, J = 6.3 Hz, 6H); *C NMR (176 MHz, CDCl3) § 140.9, 140.0, 126.3, 125.5,

125.1,122.8,121.0, 119.8, 118.8, 115.1, 115.0, 108.8, 83.9, 41.48, 37.8, 26.3, 25.1,
22.9.

3-Bromo-9-isopentyl-carbazole (3Br-ACz) was

>/ synthesized by a similar procedure as compound

N A-NP using 3-bromo-9H-carbazole (3Br-Cz, 1.5

O O g, 6.1 mmol), 1-Br-3-methylbutane (1.2 g, 7.9
mmol), potassium carbonate (0.3 g, 2.4 mmol),

Br 3Br-ACz potassium hydroxide (1.0 g, 18 mmol), catalytic
Chemical Formula: C7HgBIN  amount of tetrabutylammonium hydrogensulfate
and 120 ml of acetone. Purified by column chromatography using acetone/hexane
(1:40) to obtain 3Br-ACz as slightly yellowish crystals (Yield 83 %). *H NMR (700
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MHz, CDCl) § 8.22 (d, J = 2.0 Hz, 1H), 8.06 (d, J = 7.8 Hz, 1H), 7.56 (dd, J = 8.6,
1.9 Hz, 1H), 7.52 (t, J = 7.1 Hz, 1H), 7.41 (d, J = 8.2 Hz, 1H), 7.29 — 7.25 (m, 2H),
4.25 (d, J = 15.2 Hz, 2H), 1.75 — 1.67 (m, 3H), 1.04 (d, J = 6.6 Hz, 6H).13C NMR
(176 MHz, CDCl3) § 140.6, 139.0, 128.3, 126.4, 124.7, 123.2, 121.9, 120.7, 119.3,
111.6, 110.1, 108.9, 41.5, 37.5, 26.2, 22.7.

9-1sopentyl-3-(4,4,5,5-tetramethyl-1,3,2-
dioxaboro-lan-3-yl)-carbazole (3-BCz) was

N synthesized by a similar procedure as

O O compound 2-BCz using 3-bromo-9-isopentyl-
9H-carbazole (3Br-ACz, 0.8 g, 2.5 mmol), 2.23

O'B-O 3BCz mL n-butyllithium (5.6 mmol, 2.5 M in hexane),
>K(\ 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-

Chemical Formula: C,;H;,BNO, dioxaborolane (0.57 g, 3.0 mmol) and dry THF

(15 mL). The mixture was extracted with
EtOAc, dried over Na,SQ., and concentrated. The crude product was purified by
column chromatography using acetone/hexane (1:40) as an eluent to obtain
compound 3-BCz (0.63 g, 68%) as yellowish oil. *H NMR (700 MHz, CDCI3) &
8.52 (s, 1H), 8.05 (d, J = 7.7 Hz, 1H), 7.84 (d, J = 9.1 Hz, 1H), 7.37 (t, J = 7.6 Hz,
1H), 7.32 - 7.28 (m, 2H), 7.16 — 7.13 (m, 1H), 4.23 — 4.19 (m, 2H), 1.66 — 1.56 (m,
3H), 1.31 (s, 12H), 0.92 (d, J = 6.5 Hz, 6H).

Br 3,10-Dibromo-1-(2-ethylhexyl)-1H-
OO phenanthro[1,10,9,8-cdefg]carbazole (A-NP-
Br). To the solution of compound 3 (1.2 g, 3.2

‘ N’Z,\’\ mmol) in DMF (50 mL), NBS (1.1 g, 6.4 mmol)

Oe was added, and the mixture was stirred at room

Br temperature for 1 h. The mixture was extracted

A-NP-Br with  EtOAc, dried over NaSOs and

Chemical Formula: C,gH,sBr,N concentrated. The crude product was purified

by column chromatography using hexane as an

eluent to give compound A-NP-Br (1.39 g, 82%) as a orange crystals.'H NMR (400

MHz, CDCls) & 8.47 (d, J = 7.6 Hz, 2H), 8.21 (d, J = 8.2 Hz, 2H), 7.83 — 7.76 (m,

4H), 4.19 — 4.07 (m, 2H), 2.02 — 1.94 (m, 1H), 1.34 — 1.22 (m, 8H), 0.92 — 0.83 (m,

6H); ®°C NMR (176 MHz, CDCI3) § 131.7, 129.7, 127.8, 125.5, 125.1, 123.9, 121.8,
118.1,117.1,116.1, 50.0, 41.3, 30.9, 28.7, 24.4, 23.1, 14.2, 10.9.
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[ 3,10-Diiodo-1-(2-ethylhexyl)-1H-

OO phenanthro[1,10,9,8-cdefg]carbazole (A-NP-1).

‘ N It was synthesized according to the Tucker

procedure [222] wusing 1-(2-ethylhexyl)-1H-

Oe ?’\’\ phenanthro[1,10,9,8-cdefg]carbazole 3 (0.5 g, 1.3

[ mmol), glacial acetic acid (15 mL), potassium

A-NP-I iodide (0.29 g, 1.7 mmol) and potassium iodate

Chemical Formula: CpgH,s,N (0.43 g, 2.0 mmol). After TLC control the reaction

was terminated, cooled down to room

temperature, treated with ethyl acetate and washed with distilled water. After, the

column chromatography, which was performed using hexane as an eluent compound

A-NP-1 (0.58 g, 70 %), was obtained as dark yellow crystals.\H NMR NMR (700

MHz, CDCls) 6 8.55 (d, J = 7.2 Hz, 2H), 8.19 — 8.14 (m, 4H), 7.83 (t, J = 7.8 Hz,

2H), 4.30 — 4.22 (m, 2H), 2.08 — 2.02 (m, 1H), 1.45-1.28 (m, 8H), 0.91 (t, J =74

Hz, 3H), 0.87 (t, J = 7.3 Hz, 3H). 3C NMR (176 MHz, CDCls) § 132.5, 130.0, 129.7,

129.4,125.8,123.9,123.4,121.9,116.9,93.1, 50.0, 41.3, 30.8, 28.7, 24.4, 23.2, 14.2,
11.0.

1-(2-Ethylhexyl)-3,10-bis(9-
isopentyl-9H-carbazol-3-yl)-1H-
phenanthro[1,10,9,8-cdefg]
carbazole (NP-3-C2) was

N . o
synthesized by the Suzuki-Miyaura
D OataV ~

N coupling reaction following the
O O O O procedure reported in literature
NP-3-Cz [223] wusing 3,10-dibromo-1-(2-

ethylhexyl)-1H-phenanthro
[1,10,9,8-cdefg]carbazole (A-NP-
Br, 0.35 g, 0.65 mmol), 9-isopentyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)-9H-carbazole (3-BCz, 0.55, 1.5 mmol), potassium carbonate (0.34 g, 2.5 mmol),
bis(triphenylphosphine) palladium(1l) dichloride (0.05 molar equiv.), THF (15 mL)
and water (2 mL). After completion of the reaction the mixture was extracted with
EtOAc, dried over Na,SO., and concentrated. The crude product was purified by
column chromatography using acetone/hexane (1:40) as an eluent to obtain
compound NP-3-Cz (0.32 g, 58 %) as yellow crystals. m.p.: 221-222 °C. *H NMR
(400 MHz, CDCls) 6 8.72 (d, J = 7.5 Hz, 2H), 8.46 (s, 2H), 8.23 (d, J = 8.3 Hz, 2H),
8.17 (d, J = 7.7 Hz, 2H), 7.90 — 7.83 (m, 4H), 7.78 (t, J = 7.9 Hz, 2H), 7.59 (d, J =
8.4 Hz, 2H), 7.55 — 7.45 (m, 4H), 7.29 — 7.22 (m, 2H), 4.61 (d, J = 7.5 Hz, 2H), 4.41
(t, J = 7.9 Hz, 4H), 2.37 — 2.27 (m, 1H), 1.90 — 1.74 (m, 6H), 1.47 — 1.22 (m, 8H),
1.09 (d, J = 6.3 Hz, 12H), 0.94 (t, J = 7.4 Hz, 3H), 0.83 (t, J = 7.1 Hz, 3H). 3C NMR
(101 MHz, CDCls) 6 140.9, 139.7, 138.3, 132.9, 132.5, 130.9, 128.6, 128.4, 125.9,
125.1, 124.7, 124.6, 123.2, 123.1, 122.2, 120.9, 120.7, 119.0, 116.8, 114.7, 108.9,
70
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108.5, 50.0, 41.7, 41.3, 37.8, 30.9, 28.7, 26.4, 24.3, 23.2,22.8, 14.2, 11.0. IR (v, cm’
1: 3053 (arene C—H, 3100-3000 cmt): 2953, 2929, 2869 (aliphatic C—H, 3000-2850
cm™);1598, 1487, 1468 (C-C in Ar, 1600-1585, 1500-1400 cm™); 1353, 1304, 1273
(C—Nin Ar, 1350-1250 cm™);892, 862, 794, 762, 746, 731 (C—H in Ar, 900-675 cmv’
1; m/z: 848 ([M + H]").

3,10-Di(9H-carbazol-9-yl)-1-(2-ethylhexyl)-1H-
phenanthro[1,10,9,8-cdefg]carbazole (NP-9-Cz)
was achieved by an Ullmann-coupling procedure as
reported in literature [224] using diiodo derivative

N
N 0 0 N A-NP-1 (0.25 g, 0.40 mmol), carbazole (0.17 g, 1.0
O Q.Q O mmol), potassium carbonate (0.44 g, 3.2 mmol),
copper (0.10 g, 1.6 mmol) and 18-crown-4 ether

NP-9-Cz (0.05 molar equiv.). After completion of the
Chemical Formula: C5,H,;N5 reaction, the mixture was filtered through a glass
filter. The crude product was purified by column
chromatography using hexane as an eluent to give compound NP-9-Cz (0.12 g, 43
%) as yellow crystals. *H NMR (700 MHz, CDCls) 6 8.77 (d, J = 7.1 Hz, 2H), 8.30
(d, J=7.8 Hz, 4H), 8.07 (s, 2H), 7.73 - 7.70 (m, 2H), 7.51 (d, J = 7.6 Hz, 2H), 7.42
—7.38 (m, 4H), 7.36 (t, J = 7.4 Hz, 4H), 7.20 (d, J = 8.0 Hz, 4H), 4.64 — 4.56 (m,
2H), 2.26 — 2.20 (m, 1H), 1.47 — 1.18 (m, 8H), 0.91 (t, J = 7.4 Hz, 3H), 0.75 (t, J =
7.2 Hz, 3H); *C NMR (176 MHz, CDCls) 5 142.8, 132.6, 132.6, 131.6, 130.7, 127.1,
126.9, 126.3, 126.2, 126.2, 125.6, 125.2, 123.4, 122.7, 122.2, 120.6, 120.0, 117.5,
115.3, 110.5, 110.5, 50.5, 41.5, 31.1, 28.7, 24.3, 23.1, 14.1, 10.9.IR (b, cm™): 3049
(arene C—H, 3100-3000 cm?t); 2956, 2926, 2870 (aliphatic C—H, 3000-2850 cm'%);
1596, 1567, 1477, 1450 (C-C in Ar, 1600-1585, 1500-1400 cm™); 1334, 1315, 1299
(C—N in Ar, 1350-1250 cm™); 860, 799, 744, 719(C—H in Ar, 900-675 cm™); m/z:
709 ([M + H].

1-(2-Ethylhexyl)-3,10-bis(9-isopentyl-
9H-carbazol-2-yl)-1H-phenanthro
[1,10,9,8-cdefg]carbazole (NP-2-C2)
was synthesized by a similar procedure as

N
O Q 0.0 O O compound NP-3-Cz using 3,10-dibromo-
1-(2-ethylhexyl)-1H-phenanthro[1,10,9,8-
N Q Q A cdefg]carbazole (A-NP-Br, 0.35 g, 0.65
/< NP-2-Cz j\ mmol), 9-isopentyl-2-(4,4,5,5-

. tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-
Chemical Formula: Cg,Hg N3 carbazole (2-BCz, 0.57, 1.6 mmol),
potassium carbonate (0.34 g, 2.5 mmol),
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bis(triphenylphosphine) palladium(ll) dichloride (0.05 molar equiv.), THF (15 mL)
and water (2 mL). After completion of the reaction the mixture was extracted with
EtOAc, dried over Na,SO., and concentrated. The crude product was purified by
column chromatography using acetone/hexane (1:40) as an eluent to obtain
compound NP-2-Cz (0.28 g, 51 %) as yellow crystals. 'H NMR (700 MHz, CDCls)
0 8.77 — 8.71 (m, 2H), 8.31 — 8.24 (m, 4H), 8.22 (d, J = 7.6 Hz, 2H), 7.94 (s, 2H),
7.83—-7.80 (m, 2H), 7.79 (s, 2H), 7.64 (d, J = 7.7 Hz, 2H), 7.53 (t, J = 7.2 Hz, 2H),
7.48 (d, J = 8.1 Hz, 2H), 7.31 (t, J = 7.0 Hz, 2H), 4.70 — 4.62 (m, 2H), 4.43 — 4.39
(m, 4H), 2.35 (d, J = 37.6 Hz, 1H), 1.85 (dd, J = 15.1, 6.9 Hz, 4H), 1.79 — 1.73 (m,
2H), 1.51 -1.26 (m, 8H), 1.04 (d, J = 6.6 Hz, 12H), 0.98 (t, J = 7.4 Hz, 3H), 0.84 (t,
J = 7.3 Hz, 3H); 3C NMR (176 MHz, CDCl3) 6 141.0, 140.7, 139.8, 138.6, 132.5,
130.9, 128.4, 128.3, 125.8, 125.1, 124.7, 123.0, 122.2, 121.8, 121.1, 120.6, 120.4,
119.1,117.0, 114.7, 110.5, 108.8, 77.3, 77.2, 77.0, 68.1, 50.0, 41.6, 41.4, 37.8, 31.0,
28.9, 26.3, 24.3, 23.2, 22.8, 14.2, 10.9.IR (b, cm™): 3050 (arene C—H, 3100-3000
cmt); 2954, 2927, 2868 (aliphatic C—H, 3000-2850 cm*); 1596, 1556, 1474, 1456
(C-Cin Ar, 1600-1585, 1500-1400 cm™); 1323, 1304, 1243 (C-N in Ar, 1350-1250
cm); 858, 824, 762, 746, 728 (C—H in Ar, 900-675 cm™); m/z: 848 ([M + H]").

9-(2-Ethylhexyl)-2,7-dimethoxycarbazole-3-

carbaldehyde (3). To a solution of DMF (5.3 mL,

69 mmol) at 0°C, POCI3(3.4 ml, 37 mmol) was

added dropwise and the reaction mixture was

0 N 0 stirred for 10 min to form the Vilsmeier salt. To

4 N this was added a solution of 9-(2-ethylhexyl)-2,7-

3 =0 dimethoxycarbazole2 (1.55 g, 4.60 mmol) in

Chemical Formula: C,3HoNO; DCE (10 mL) and the reaction mlxture_was s_tlrred

at room temperature for 2 h. The reaction mixture

was then quenched with 1 M KOAc solution. Ethyl acetate was added and the two

layers separated, the organic layer was washed with water, brine and dried over

MgSQO, and evaporated to dryness. Purification by column chromatography using

acetone/heptane (1:5) as eluent gave aldehyde 3 (1.25 g, 74 %) as a yellow solid. mp

134-136 °C; MS (ESI+) m/z 368 [MH']; HRMS(ESI-TOF) m/z: calcd for

C23H29NOs: 368.2147; found: 368.2220 [M+H].'"HNMR (300 MHz, CDCls, 25°C,

TMS) 6 10.47 (s, 1H), 8.44 (s, 1H), 7.89 (d, J = 8.4 Hz, 1H), 6.86 (dd, J = 8.5, 2.2

Hz, 1H), 6.80 (d, J = 2.1 Hz, 1H), 6.69 (s, 1H), 4.02 (d, J = 1.6 Hz, 1H), 4.00 (s, 1H),

3.91 (s, 3H), 2.05-1.97 (m, 1H), 1.41-1.27 (m, 8H), 0.94 (t, J = 7.4 Hz, 3H), 0.88 (t,

J = 7.1 Hz, 3H).2*C NMR (75 MHz, CDCls, 25°C, TMS) &: 189.5, 161.0, 159.0,

146.6, 143.1, 120.9, 120.6, 118.4, 117.3, 117.2, 107.9, 94.8, 90.9, 55.9, 55.8, 47.5,
39.2,31.1,28.9,245,23.1,14.2, 11.1.
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o 3-(2-(2-Chloroquinolin-3-ylvinyl)-9-(2-
N

2 ethylhexyl)-2,7-dimethoxycarbazole (5). A
//:&/@ solution of aldehyde 3 (0.380 g, 1.03 mmol)
dropwise was added to a stirred solution of

No) N Q o phosphonium salt 4 (0.617 g, 1.12 mmol) and

sodium hydride (0.062 g, 2.60 mmol) in
5 dichloromethane at 0 °C, after which the
reaction mixture was stirred for 3 h. The
crude product was purified by silica gel
Chemical Formula: C33H;5CIN,O,  column chromatography using
acetone/heptane (1:10) as eluent to obtain
compound 5 (0.535 g, 98%, Z/E~2:1 from *HNMR) as a yellow solid. m.p. 166-
168°C; MS (ESI+) m/z 527 [MH"*]; HRMS (ESI-TOF) m/z: calcd for CasHssCIN2O::
527.2387; found: 527.2387 [M+H]; *HNMR (300 MHz, CDCls, 25°C, TMS) é:
8.40 (d, J=21.0 Hz), 8.25 (s, 1H), 8.04 — 7.92 (m), 7.85 (d, J=8.0 Hz), 7.80 - 7.73
(m), 7.69 (t, J = 4.8 Hz), 7.66 — 7.53 (M), 7.52 (s), 7.49 (s), 7.41 — 7.30 (m), 7.13 —
7.11 (m), 7.09 — 7.05 (m), 6.88 — 6.83 (m), 6.80 (d, J = 4.1 Hz), 6.78 — 6.70 (m), 6.69
(d, J=2.2Hz), 6.66 (d, J = 2.2 Hz), 4.06 (dd, J = 7.4, 2.0 Hz), 4.02 (s, 3H), 4.00 (d,
J = 2.1 Hz), 3.93 (s, 3H, OCHs minor isomer), 3.86 (s, 3H, OCHs major isomer),
3.83 (s, 3H, OCH3 major isomer), 2.08 — 1.96 (m), 1.71 — 1.63 (m), 1.43 - 1.23 (m),
0.98 - 0.83 (m).2*C NMR (75 MHz, CDCls, 25°C, TMS)J 158.5, 158.3, 156.4, 156.0,
151.1, 150.6, 146.7, 146.6, 142.8, 142.7, 142.4, 142.3, 137.7, 137.1, 133.1, 131.7,
131.0, 130.0, 129.8, 129.4, 128.4, 128.2, 127.9, 127.7, 127.6, 127.3, 127.2, 127.0,
126.9, 123.9, 121.1, 120.5, 120.2, 118.5, 118.0, 117.1, 117.0, 117.0, 116.9, 116.4,
107.1, 106.8, 94.4, 94.2, 91.7, 91.6, 56.0, 55.9, 55.8, 55.7, 47.5, 47.4, 39.3, 35.6,
31.2,31.1, 29.0, 28.9, 26.6, 26.5, 24.5, 23.2, 23.1, 22.8, 14.2, 11.1.

2-chloro-7-(2-ethylhexyl)-5,9-dimethoxy-

CIN 7H-carbazolo[3,4-k]phenanthridine  (6).
0 O Argon was bubbled through a solution of
compound 5 (0.150 g, 0.28 mmol, mixture of

0 O \ O o two isomers) in toluene (440 mL) later, iodine

(0.094 g, 0.37 mmol) was added to it and then

6 excess propylene oxide was added to the

solution. A Rayonet photochemical reactor

(wavelength used is 350 nm) was used for

Chemical Formula: C33H33CIN,O, irradiation purpose and the reaction mixture
was irradiated for 48-50 h, after which it was

washed with aqueous Na,S;0s, water and brine, dried over anhydrous MgSQO, and
evaporated to afford a dark yellow residue. Purification by column chromatography
using Et,O/acetone/heptane (1:1:40) as eluent gave the racemic diaza[6]helicene 6
(0.079 g, 53 %) as a light yellow solid. m.p.: 242-244 °C; MS (ESI+) m/z = 525
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[MH]*;HRMS (ESI-TOF) m/z: calcd for CssHasCIN;Oz: 525.2231; found: 525.2277
[M+H];*H NMR (300 MHz, CDCls, 25°C, TMS) & 8.61 (d, J = 8.9 Hz, 1H), 8.28 —
8.18 (m, 3H), 7.69 — 7.62 (m, 1H), 7.27 — 7.20 (m, 2H), 6.92 (d, J = 1.9 Hz, 1H),
6.50 — 6.41 (m, 2H), 4.25 (d, J = 7.5 Hz, 2H), 4.20 (s, 3H), 3.88 (s, 3H), 2.24 — 2.13
(m, 1H), 1.55 — 1.34 (m, 8H), 1.03 (t, J = 7.3 Hz, 3H), 0.90 (td, J = 7.0, 1.9 Hz,
3H).2C NMR (75 MHz, CDCls, 25°C, TMS) 8:157.3, 154.3, 151.2, 143.4, 141.7,
141.1, 131.7, 128.6, 128.2, 126.1, 125.5, 125.2, 124.4, 124.0, 123.4, 123.3, 119.6,
117.5, 117.4, 112.3, 106.3, 93.6, 92.9, 56.3, 55.7, 47.7, 39.7, 31.3, 29.2, 24.8, 23.2,
14.2,11.1.

7-(2-ethylhexyl)-5,9-dimethoxy-N-((S)-1-

H phenylethyl)-7H-carbazolo[3,4-k]phenan
N_N thridin-2-amine (7). (S)-a-methyl benzylamine

Me - O (37uL, 0.29 mmol), Cs,COs (0.931 ¢, 2.86
mmol), rac-BINAP (0.007 g, 5 mol %), and

N y Pd(OACc), (0.005 g, 10 mol %) were added to a
0 O N Q o solution of 6 (0.120 g, 0.23 mmol) in dry toluene

(25 mL) and the reaction mixture was stirred at
80 °C for 12 h. Subsequently, the mixture was
diluted with ethyl acetate (40 mL) and washed
with water (3x20 mL). The organic fraction was
dried over MgSO, and filtered, and the solvent
was removed under vacuum. After column chromatographic purification using Et,O:
acetone: heptane (1:1:20) as eluent, a 1:1 mixture of diastereomers (0.074 g, 53%)
was obtained as a yellow solid. These diastereomers were readily separated by silica
gel column chromatography. m.p. 77-78°C; MS (ESI+) m/z = 610 [MH]*;HRMS
(ESI-TOF) m/z: caled for Cs1H43N30,: 610.3355; found: 610.3431 [M+H];*HNMR
(300 MHz, CDCls, 25°C, TMS, single diastereomer) ¢ 8.45 (d, J = 8.7 Hz, 1H), 8.00
(d, J=7.1 Hz, 1H), 7.88 (d, J = 7.6 Hz, 1H), 7.73 (d, J = 8.8 Hz, 1H), 7.60 (d, J =
7.2 Hz, 2H), 7.45 (t, J = 6.9 Hz, 1H), 7.38 (t, J = 7.4 Hz, 2H), 7.31 — 7.26 (m, 1H),
7.13 (s, 1H), 6.92 — 6.85 (m, 2H), 6.69 (d, J = 8.9 Hz, 1H), 6.43 (dd, J = 8.9, 2.3 Hz,
1H), 5.85-5.76 (m, 1H), 5.59 (d, J = 6.6 Hz, 1H), 4.22 (d, J = 7.3 Hz, 2H), 4.16 (s,
3H), 3.86 (s, 3H), 2.21 - 2.11 (m, 1H), 1.82 (d, J = 6.7 Hz, 3H), 1.51 — 1.28 (m, 8H),
1.00 (t, J = 7.3 Hz, 3H), 0.89 (t, J = 6.6 Hz, 3H).*C NMR (100 MHz, CDCls, 25°C,
TMS) &: 157.0, 154.2, 152.7, 141.4, 141.0, 131.1, 128.6, 128.1, 127.9, 127.1, 126.8,
126.3, 126.1, 124.3, 122.8, 122.7, 121.9, 121.6, 119.6, 117.8, 115.0, 112.2, 106.2,
93.4,91.9,56.2, 55.7, 47.6, 39.7, 31.3, 31.3, 29.9, 29.2, 29.1, 24.8, 23.2, 22.7, 14.2,
11.3,11.1.

7

Chemical Formula: C4;H,3N50,
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10-bromo-7-(2-ethylhexyl)-5,9-dimethoxy-N-
H ((S)-1-phenylethyl)-7H-carbazolo[3,4-
Me

N
=N O k]phenanthridin-2-amine (8).To a solution of
Br compound 7 (25 mg, 0.041 mmol) in chloroform
(5 mL) at -40 °C, NBS (6.9 mg, 0.038 mmol)
AN /
0 OQ o was added and reaction mixture was stirred at

this temperature for 3 h. After 3 h the reaction
mixture was diluted with ethyl acetate. The
organic layer was washed with water, brine and
. dried over MgSQO; and the solvent was removed
Chemical Formula: C4iHy3N30;  ynder vacuum. The crude product was purified
by silica-gel column chromatography using heptane/CHCl,/acetone (20:1:1) as the
eluent. Compound 8 (23 mg, 82 %) was obtained as a yellow solid. M.p. 70-73°C;
MS (ESI+) m/z 689 [MH]*;HRMS (ESI-TOF) m/z: calcd for CaHBrNsO2:
688.2534; found: 688.2536, 690.2526, 691.2549 [M+H]; *HNMR (600 MHz,
CDCls, 25°C, TMS) &: 8.46 (d, J = 8.7 Hz, 1H), 7.94 (d, J = 8.1 Hz, 1H), 7.86 (d, J
=8.2Hz, 1H), 7.76 (d, J = 8.7 Hz, 1H), 7.62 (d, J = 7.7 Hz, 2H), 7.54 (t, ) = 7.5 Hz,
1H), 7.40 (t, J = 7.7 Hz, 2H), 7.32 — 7.27 (m, 1H), 7.13 (s, 1H), 6.92 (t, J = 7.3 Hz,
1H), 6.89 (s, 1H), 6.82 (s, 1H), 5.84 — 5.78 (m, 1H), 5.66 — 5.59 (m, 1H), 4.25 (d, J
= 7.3 Hz, 2H), 4.18 (s, 3H), 3.97 (s, 3H), 2.18 — 2.11 (m, 1H), 1.83 (d, J = 6.7 Hz,
3H), 1.51 — 1.39 (m, 8H), 1.04 — 0.99 (m, 3H), 0.91 — 0.87 (m, 3H).2*C NMR (100
MHz, CDCls, 25°C, TMS) &: 154.7, 152.8, 152.6, 145.1, 144.8, 141.2, 139.7, 131.0,
129.7, 128.9, 128.4, 127.9, 127.4, 127.0, 126.5, 124.3, 123.0, 122.6, 121.5, 121.4,
121.1,119.8,118.3,115.4,111.1,102.5,92.1,91.7, 56.5, 56.2, 50.9, 47.6, 39.8, 31.4,
29.2, 24.8, 23.1, 22.4, 14.2, 11.3.IR (v, cm™): 3410 (N-H, 3500-3200 cm™); 3009
(arene C—H, 3100-3000 cm?t); 2956, 2927, 2871 (aliphatic C—H, 3000-2850 cm'%);
1594, 1572, 1503, 1450 (C-C in Ar, 1600-1585, 1500-1400 cm™); 1339, 1307(C-N
in Ar, 1350-1250 cm™); 1233, 1216, 1199, 1080(C-0—C, 1250-1050 cm™*); 885, 770
(C-H in Ar, 900-675 cm™);

8

7-(2-ethylhexyl)-5,9-dimethoxy-2-(((S)-1-

QH phenyleth yl)amino)-7H-carbazolo[3,4-
N_ N k]phenanthridine-10-carbaldehyde (9). To
Me |7 O a solution of DMF (0.050 mL, 0.66 mmol) at
& . 0°C, POCI5(0.03 ml, 0.33 mmol) was added

N , dropwise and the reaction mixture was stirred

© N Q © for 10 min to form the Vilsmeier salt. To this

9 was added a solution of compound 7 (20 mg,

0.033 mmol) in DCE (3 mL) and the reaction
mixture was stirred at room temperature for 3
h. The reaction mixture was poured into

crushed ice. Ethyl acetate was added and the
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two layers separated, the organic layer was washed with water, brine and dried over
MgSO4 and evaporated to dryness. Purification by column chromatography using
acetone/heptane (1:5) as eluent gave aldehyde 9 (8.9 mg, 42 %) as a yellow solid.
m.p. 92-94°C; MS (ESI+) m/z 638 [MH]*;HRMS (ESI-TOF) m/z: calcd for
Cs2HasN3Os+NH4: 655.3304; found: 655.3367 [M+NH4];'HNMR (300 MHz,
CDCls, 25°C, TMS) 6: 9.91 (s, 1H), 8.46 (d, J = 8.8 Hz, 1H), 7.95 (d, J = 8.1 Hz,
1H),7.88 (d,J=7.2 Hz, 1H), 7.77 (d, J = 8.9 Hz, 1H), 7.62 (d, J = 7.4 Hz, 2H), 7.53
—7.45(m, 1H), 7.41 (t, J = 7.4 Hz, 2H), 7.33 — 7.27 (m, 1H), 7.16 (s, 1H), 7.13 (s,
1H), 6.86 — 6.78 (m, 2H), 5.89 — 5.77 (m, 1H), 5.60 (d, J = 5.0 Hz, 1H), 4.26 (d, J =
7.3 Hz, 2H), 4.18 (s, 3H), 4.00 (s, 3H), 2.21 — 2.12 (m, 1H), 1.82 (d, J = 6.7 Hz, 3H),
1.56 —1.32 (m, 8H), 1.04 (td, J = 7.3, 2.1 Hz, 3H), 0.90 (t, J = 6.3 Hz, 3H).*C NMR
(100 MHz, CDCls, 25°C, TMS) &: 189.6, 158.8, 155.1, 152.6, 145.1, 144.5, 142.0,
130.1, 128.9, 128.6, 127.9, 127.4, 127.0, 124.4, 123.3, 122.54, 122.49, 1215,
121.45, 121.41, 121.3, 120.0, 119.9, 117.9, 117.5, 116.0, 112.4, 91.8, 90.8, 56.2,
55.9, 50.8, 47.7, 39.8, 32.1, 31.4, 29.2, 24.8, 23.1, 14.2, 11.3.IR (¥, cm™): 3430 (N—
H, 3500-3200 cm™); 3012 (arene C—H, 3100-3000 cm'*); 2955, 2927, 2857 (aliphatic
C-H, 3000-2850 cm'*); 1738 (C=0, 1750-1650 cm™); 1595, 1572, 1558, 1493 (C-
C in Ar, 1600-1585, 1500-1400 cm™); 1366, 1337(C—N in Ar, 1350-1250 cm™?);
1234, 1215, 1200, 1080 (C—-0O-C, 1250-1050 cm™); 815, 765 (C—H in Ar, 900-675
cm?);

6,6’-Dibromoisoindigo (ISO) was prepared

H
B N20 according to the literature procedure [225]
' O N\ O Br from 6-bromoisatin and 6-bromooxindole. *H
O™N NMR (300 MHz, DMSO) & 11.09 (bs, 2H),
H

8.99 (d, J=8.7 Hz, 2H), 7.18 (dd, J = 8.7, 2.0
ISO Hz, 2H), 7.00 (d, J = 2.0 Hz, 2H).
Chemical Formula: C;¢HgBr,N,0O,

Br. 1,1'-Bis(2-ethylhexyl)-6,6’-dibromo

O NAC/\ isoindigo (I1SO-a) was synthesized by
alkylation reaction described in literature

o I © [225].'H NMR (300 MHz, CDCl3) 5 9.03 (d,
JDVN Q ISO-a J = 8.6 Hz, 2H), 7.15 (dd, J = 8.6, 1.9 Hz,
2H), 6.88 (d, J = 1.8 Hz, 2H), 3.68 —3.53 (m,

Br 4H), 1.87 — 1.77 (m, 2H), 1.40 — 1.25 (m,

Chemical Formula: C5,H4,Br,N,0O, 16H), 0.97 - 0.85 (m, 12H).
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1,1'-Bis(2-ethylhexyl)-6,6'-bis(9-methyl-
9H-carbazol-2-yl)-isoindigo (mISO-2Cz)
was synthesized by the Suzuki-Miyaura
coupling reaction by a similar procedure as
compound 12 using 1,1'-bis(2-ethylhexyl)-
6,6'-dibromoisoindigo (0.40 g, 0.62 mmol),
9-methyl-2-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9H-carbazole (0.44 g,
1.43 mmol), potassium carbonate (0.33 g,
2.4 mmol), bis(triphenylphosphine)
palladium(ll) dichloride (0.05 molar
) equiv.), 16 mL of THF and 2.5 mL of water.
Chemical Formula: CsgHgoN4O; After completion, the mixture was extracted
with DCM, dried over Na>SO4, and concentrated. The crude product was purified by
column chromatography using DCM/hexane (1:1) to give compound mISO-2Cz
(0.30 g, 58 %) as dark red crystals. m.p.: 235-236 °C. *H NMR (300 MHz, CDCl3) &
9.27 (d, J = 8.4 Hz, 2H), 8.20 — 8.10 (m, 4H), 7.62 (d, J = 1.0 Hz, 2H), 7.54 — 7.48
(m, 4H), 7.46 — 7.40 (m, 4H), 7.31 —7.25 (m, 2H), 7.08 (s, 2H), 3.90 (s, 6H), 3.79 —
3.71 (m, 4H), 1.98 — 1.89 (m, 2H), 1.49 — 1.30 (m, 16H), 1.02 — 0.89 (m, 12H).:*C
NMR (75 MHz, CDCls) 6 168.9, 146.0, 145.8, 141.9, 141.6, 138.4, 132.54, 130.2,
126.2, 123.0, 122.6, 121.2, 120.9, 120.8, 120.6, 119.3, 118.4, 108.7, 107.1, 106.9,
44.3, 37.9, 31.0, 29.3, 29.1, 24.4, 23.3, 14.3, 11.0.IR (v, cm™): 3040 (arene C—H,
3100-3000 cm?); 2953, 2927, 2868 (aliphatic C—H, 3000-2850 cm); 1739, 1687
(C=0, 1750-1650 cm™); 1608, 1555, 1454 (C-C in Ar, 1600-1585, 1500-1400 cm"
1); 1348, 1325, 1247(C—N in Ar, 1350-1250 cm™); 871, 847, 811, 746, 773 (C-H in
Ar, 900-675 cm™); m/z: 846 ([M + H]*). Anal. Calcd for CsgHesoN4O, (%):C 82.43,
H 7.16, N 6.63, O 3.79. Found (%): C 82.32, H 7.22, N 6.70.

1,1'-Bis(2-ethylhexyl)-6,6'-bis(9-methyl-
9H-carbazol-3-yl)-isoindigo (MISO-3Cz)
was synthesized by a similar procedure as
compound mISO-2Cz, using 1,1'-bis(2-
ethylhexyl)-6,6'-dibromoisoindigo (0.70 g,
1.1 mmol), 9-methyl-3-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-9H-carbazole
(0.73 g, 2.4 mmol), potassium carbonate
(0.57 g, 4.1 mmol), bis(triphenylphosphine)
palladium(1l) dichloride (0.05 molar equiv.),
24 mL of THF and 3.5 mL of water. After
Chemical Formula: CsgHgoN4O,  completion, the mixture was extracted with
DCM, dried over Na,SO., and concentrated. The crude product was purified by
column chromatography using DCM/hexane (1:1) to give compound mISO-3Cz
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(0.56 g, 60 %) as dark violet crystals. m.p.: 284-285 °C.*H NMR (400 MHz, CDCl5)
09.23 (d, J =8.3 Hz, 2H), 8.34 (d, J = 1.3 Hz, 2H), 8.16 (d, J = 7.7 Hz, 2H), 7.77
(dd, J=8.5, 1.5 Hz, 2H), 7.52 (t, J = 7.4 Hz, 2H), 7.48 — 7.38 (m, 6H), 7.28 (t, J =
7.4 Hz, 2H), 7.06 (s, 2H), 3.86 (s, 6H), 3.82 — 3.65 (m, 4H), 2.01 — 1.87 (m, 2H),
1.52 - 1.29 (m, 16H), 1.00 — 0.95 (m, 6H), 0.91 (t, J = 6.9 Hz, 6H)."*C NMR (101
MHz, CDCI3) 6 169.0, 145.8, 145.8, 141.6, 141.1, 132.2, 131.7,130.1, 126.2, 125.1,
123.5, 123.0, 120.7, 120.6, 120.4, 119.4, 118.8, 109.0, 108.8, 106.6, 44.2, 37.9, 31.0,
29.4, 29.0, 24.3, 23.3, 14.3, 11.0.IR (9, cm™): 3041 (arene C—H, 3100-3000 cm?);
2955, 2924, 2855 (aliphatic C—H, 3000-2850 cm™); 1682 (C=0, 1750-1650 cm™);
1612, 1597, 1455, 1432 (C-C in Ar, 1600-1585, 1500-1400 cm™); 1357, 1275, 1249
(C-N in Ar, 1350-1250 cm™); 839, 830, 793, 742, 726 (C-H in Ar, 900-675 cm™);
m/z: 846 ([M + H]"). Anal. Calcd for CsgHesoN4O2 (%):C 82.43, H 7.16, N 6.63, O
3.79. Found (%): C 82.30, H 7.25, N 6.71.

1,1'-Bis(2-ethylhexyl)-6,6'-bis(9-
isopentyl-9H-carbazol-2-yl)-isoindigo
(b1SO-2Cz) was synthesized by a similar
procedure as compound mISO-2Cz using
1,1'-bis(2-ethylhexyl)-6,6’-dibromoiso
indigo (0.45 g, 0.70 mmol), 9-isopentyl-2
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)-9H-carbazole (2-BCz, 0.56 g, 1.5
mmol), potassium carbonate (0.37 g, 2.7
mmol), bis(triphenylphosphine)
palladium(1l) dichloride (0.05 molar equiv.),
16 mL of THF and 2.5 mL of degased water.
Chemical Formula: C44H-,N,O, After completion, the mixture was extracted
with DCM, dried over Na,SO4, and

concentrated. The crude product was purified by column chromatography using
DCM/hexane (1:1) to give compound bISO-2Cz (0.39 g, 59 %) as dark red
crystals."H NMR (400 MHz, CDCls) § 9.30 (d, J = 8.3 Hz, 2H), 8.17 (d, J = 8.1 Hz,
2H), 8.14 (d, J = 7.7 Hz, 2H), 7.63 (s, 2H), 7.54 — 7.48 (m, 4H), 7.47 — 7.42 (m, 4H),
7.27 (t, J=7.2 Hz, 2H), 7.12 (d, J = 1.1 Hz, 2H), 4.41 — 4.35 (m, 4H), 3.84 — 3.72
(m, 4H), 2.03 — 1.92 (m, 2H), 1.83 — 1.71 (m, 6H), 1.51 — 1.33 (m, 16H), 1.06 (d, J
= 6.3 Hz, 12H), 0.99 (t, J = 7.3 Hz, 6H), 0.91 (t, J = 7.0 Hz, 6H); *C NMR (101
MHz, CDCls) 6 168.8, 146.1, 145.7, 141.0, 140.8, 138.3, 132.5, 130.1, 126.0, 123.0,
122.6,121.2,120.8,120.8,120.6,119.1, 118.2, 108.7, 107.1, 107.0, 44.2, 41.4, 37.8,
37.6, 30.7, 28.9, 26.9, 26.2, 24.2, 23.2, 22.6, 14.2, 10.9.IR (v, cm™): 3045 (arene C—
H, 3100-3000 cm); 2956, 2927, 2870 (aliphatic C—H, 3000-2850 cm™); 1684 (C=0,
1750-1650 cm?); 1606, 1456, 1443(C-C in Ar, 1600-1585, 1500-1400 cm't); 1348,
1327, 1249 (C-N in Ar, 1350-1250 cm™); 877, 850, 809, 745, 723 (C-H in Ar, 900-
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675 cmr);m/z: 958 ([M + H]*). Anal. Calcd for CesH76N4O; (%):C 82.80, H 8.00, N
5.85, 0 3.34. Found (%): C 82.70, H 8.09, N 5.91.

1,1'-Bis(2-ethylhexyl)-6,6'-bis(9-
isopentyl-9H-carbazol-3-yl)-
isoindigo (b1SO-3C2) was
synthesized by a similar procedure as
compound bISO-2Cz using 1,1'-bis(2-
ethylhexyl)-6,6'-dibromoisoindigo (3-
BCz, 0.42 g, 0.65 mmol), 9-isopentyl-
2-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-3-yl)-9H-carbazole
(052 g, 1.4 mmol), potassium
carbonate (0.34 g, 2.5 mmol),
Chemical Formula: CgH74N4O, bis(triphenylphosphine) palladium(ll)
dichloride (0.05 molar equiv.), 15 mL
of THF and 2.5 mL of degased water. After completion, the mixture was extracted
with DCM, dried over Na>SO4, and concentrated. The crude product was purified by
column chromatography using DCM/hexane (1:1) to give compound blSO-3Cz
(0.38 g, 60 %) as dark violet crystals. m.p.: 237-238 °C.*H NMR (400 MHz, CDCls)
39.26 (d, J = 8.3 Hz, 2H), 8.37 (d, J = 1.6 Hz, 2H), 8.18 (d, J = 7.7 Hz, 2H), 7.78
(dd, J = 8.5, 1.7 Hz, 2H), 7.55 — 7.46 (m, 4H), 7.46 — 7.40 (m, 4H), 7.28 (t, J = 7.5
Hz, 2H), 7.08 (s, 2H), 4.37 — 4.31 (m, 4H), 3.83 — 3.68 (m, 4H), 2.02 — 1.90 (m, 2H),
1.81 - 1.70 (m, 6H), 1.52 — 1.32 (m, 16H), 1.05 (d, J = 6.3 Hz, 12H), 0.98 (td, J =
7.3, 1.4 Hz, 6H), 0.92 (t, J = 7.0 Hz, 6H); *C NMR (101 MHz, CDCls) & 169.0,
145.8, 145.8, 140.9, 140.4, 132.2, 131.7, 130.1, 126.2, 125.1, 123.6, 123.1, 120.8,
120.7, 120.4, 119.3, 118.9, 109.1, 109.0, 106.6, 77.2, 44.3, 41.6, 37.9, 37.7, 30.9,
29.0, 26.3, 24.3, 23.3, 22.8, 14.3, 11.0.IR (0, cm™): 3042 (arene C—H, 3100-3000
cm?); 2953, 2930, 2868 (aliphatic C—H, 3000-2850 cm™); 1705 (C=0, 1750-1650
cm?t); 1601, 1458, 1430(C-C in Ar, 1600-1585, 1500-1400 cm); 1352, 1333,
1246(C-N in Ar, 1350-1250 cm™); 869, 854, 810, 735 (C—H in Ar, 900-675 cm™);
m/z: 958 ([M + H]"). Anal. Calcd for CesH7sN4O2 (%):C 82.80, H 8.00, N 5.85, O
3.34. Found (%): C 82.68, H 8.07, N 5.90.

3,6-Dibromo-2,7-dimethoxy-9H-carbazole

H
o OO O’ was synthesized by a simple_ bromination
d procedure [217] using 2,7-
Br” oTmcz B Dimethoxycarbazole (2DMCz, 0.8 g, 3.5
Chemical Formula: C,,H,,;Br,NO, mmol), NBS (2.5 g, 14 mmol) and 30 mL of
DMF. The reaction mixture was stirred at

room temperature for 1.5 hours. After TLC control the reaction mixture was poured
into water and extracted with ethylacetate. The organic layer was dried with Na>SOs,
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filtered and concentrated under vacuum. The residue was purified
chromatographically using hexane and ethyl acetate (10 : 1) as the eluent. The yield
of white crystals was 70 %(1.30 g, FW = 385 g/mol).

2,3,6,7-Tetramethoxy-9H-carbazole was

Je prepared by the methoxylation procedure [218]
using metallic sodium (1.0 g, 3.1 mmol), absolute

~0 TMCz MeOH (16 ml), Cul (2.5 g, 4.2 mmol), dry DMF

(33 ml) and 3,6-Dibromo-2,7-dimethoxy-9H-
carbazole (1.0 g, 3.1 mmol) at a reflux
temperature, which was stirred for 2 hours under an argon atmosphere. After TLC
control the reaction mixture was cooled and EtOAc was added. Then the mixture
was filtered through a glass filter and washed with water. The organic layer was dried
with Na,SO., filtered and concentrated under vacuum. The residue was purified
chromatographically using hexane and acetone (10:1) as the eluent. The yield of
white crystals was 51 %(0.45 g, FW = 287 g/mol).*H NMR (400 MHz, DMSO) &
10.61 (s, 1H), 7.56 (s, 2H), 6.97 (s, 2H), 3.83 — 3.82 (m, 12H). °C NMR (101 MHz,
DMSO) & 147.8, 143.4, 134.2, 115.0, 102.8, 94.9, 56.2, 55.7.IR (b, cm*): 3405 (N-
H, 3500-3200 cm™*); 3003 (arene C—H, 3100-3000 cm?t); 1491, 1473, 1446 (C-C in
Ar, 1600-1585, 1500-1400 cm); 1363, 1272(C—N in Ar, 1350-1250 cm); 1223,
1196, 1159(C-0—C, 1250-1050 cm™); 837, 774 (C—H in Ar, 900-675 cm'?); m/z: 288
(IM +H]").

Chemical Formula: C;cH;7NO,

1,3,6,8-Tetrabromo-2,7-dimethoxy-9H-

OO carbazole was synthesized according to the

procedure as compound pTMCz using 2,7-

Br pHMCz Dimethoxycarbazole (2DMCz, 1.1 ¢, 4.8

Chemical Formula: C,4,HyBr,NO, mmol), NBS (1.6 g, 9.2 mmol) and 25 mL of

DMF. The reaction mixture was stirred at room

temperature for 1.5 hours. The organic layer was dried with Na,SO,, filtered and

concentrated under vacuum. The residue was purified chromatographically using

hexane and ethyl acetate (10:1) as the eluent. The yield of white crystals was 72

%(1.38 g, FW = 543 g/mol).'H NMR (400 MHz, DMSO) § 11.37 (s, 1H), 8.53 (s,
2H), 3.87 (s, 6H).

-0 H o 1,2,3,6,7,8-Hexamethoxy-9H-carbazole  was
/OO/ synthesized to the procedure as compound TMCz
_ _ using 1,3,6,8-tetrabromo-2,7-dimethoxy-9H-
o HMCz o carbazole (pHMCz, 0.40 g, 0.74 mmol), metallic

sodium (0.34 g, 14.7 mmol), absolute MeOH (4

Chemical F la: C,;{H,;NO
ermical FOrmUa- L18721%56 - mIy, cul (0.84 g, 4.4 mmol), dry DMF (8 ml) and
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at a reflux temperature, which was stirred for 2 hours under an argon atmosphere.
After TLC control the reaction mixture was cooled and EtOAc was added. Then the
mixture was filtered through a glass filter, washed with brine, dried with Na>SOs,,
filtered and concentrated under vacuum. The residue was purified
chromatographically using hexane and acetone (10:1) as the eluent. The yield of
white crystals was 7 % (0.018 g, FW = 347 g/mol). *H NMR (700 MHz, DMSO) §
10.81 (s, 1H), 7.42 (s, 2H), 3.94 (s, 6H), 3.87 (s, 6H), 3.81 (s, 6H). The structure was
proven by X-ray crystalography.IR (v, cm™): 3431, 3408 (N-H, 3500-3200 cm);
3023 (arene C-H, 3100-3000 cm™); 1574, 1494, 1468 (C-C in Ar, 1600-1585, 1500-
1400 cm't); 1336, 1303, 1266(C—N in Ar, 1350-1250 cm™); 1219, 1206, 1159(C-O—
C, 1250-1050 cm); 827, 810 (C—H in Ar, 900-675 cm™); m/z: 348 ([M + H]").

9-(2-Ethylhexyl)-3,6-diiodo-9H-carbazole

(21ACz) was prepared by the Tucker iodination

[222] and alkylation reaction [226] procedure. tH

N NMR (400 MHz, CDCl3) & 8.32 (d, J = 1.4 Hz,

2H), 7.70 (dd, 1= 8.6, 1.7 Hz, 2H), 7.14 (d, 1 = 8.6

| 2IACz | Hz, 2H), 4.07 (dd, J=7.5,2.1 Hz, 2H),2.01 - 1.94
Chemical Formula: CygHouLN (m, 1H), 1.38 — 1.21 (m, 8H), 0.92 — 0.83 (M, 6H).

General procedure for Ullmann reaction. To a solution of 9-(2-ethylhexyl)-3,6-
diiodo-9H-carbazole (21ACz,1 equiv.) and methoxysubstituted carbazole (2.2
equiv.) in 0-DCB was added potassium carbonate (8 equiv.) at 110 °C, 18-crown-4
(5 mol %) and copper powder (4 equiv.) at 150 °C and refluxed under argon at 180
°C. After TLC control the reaction was stopped, cooled and filtered. The solvent was
removed under reduced pressure and the residue was purified chromatographically
using respective eluent.

3,6-Bis(2,7-dimethoxycarbazole-9-yl)-9-(2-
ethylhexyl)carbazole (2MeOCz). Synthesis

2MeOCz according to the general procedure using 9-(2-
ethylhexyl)-3,6-diiodo-9H-carbazole(21ACz,

N
—o NN o~ 0.30 g 0.56 mmol), 2,7-

dimethoxycarbazole(2DMCz, 0.28 ¢, 1.3

mmol), potassium carbonate (0.62 g, 4.5

O o O O mmol), 18-crown-4 (0.007 g, 5 mol %) and

roo copper powder (0.14 g, 2.3 mmol). The product

Chemical Formula: C4gH47N304  was  purified  chromatographically — using
hexane:ethylacetate (20:1) as the eluent. Yield

of white powder was 68 % (0.28 g, FW = 730 g/mol). m.p.: 290-291 °C.*H NMR
(700 MHz, CDCl3) 6 8.22 (d, J = 1.8 Hz, 2H), 7.92 (d, J = 8.5 Hz, 4H), 7.68 — 7.62

81



(m, 4H), 6.87 (dd, J = 8.5, 2.2 Hz, 4H), 6.78 (d, J = 2.1 Hz, 4H), 4.41 — 4.33 (m, 2H),
3.79 (s, 12H), 2.27 — 2.21 (m, 1H), 1.59 — 1.34 (m, 8H), 1.07 (t, J = 7.4 Hz, 3H),
0.94 (t, J = 7.3 Hz, 3H); *C NMR (101 MHz, CDCls) § 158.5, 143.5, 140.9, 129.4,
126.1, 123.6, 120.2, 119.9, 117.4, 110.7, 108.1, 94.4, 77.2, 55.8, 48.2, 39.9, 31.2,
29.0,24.7,23.3,14.2,11.2. IR (v, cm™): 3015 (arene C—H, 3100-3000 cm?); 2942,
2930, 2890 (aliphatic C—H, 3000-2850 cm™); 1503, 1477, 1433 (C-C in Ar, 1600-
1585, 1500-1400 cm™); 1341, 1293(C—N in Ar, 1350-1250 cm); 1205, 1165, 1135
(C-0—C, 1250-1050 cm); 834, 817, 798, 764 (C—H in Ar, 900-675 cm™); m/z: 731
(IM + H]"). Anal. Calcd for CssH47N3O4 (%):C, 78.98; H, 6.49; N, 5.76; O, 8.77.
Found (%): C 78.82, H 6.56, N 5.84.

3,6-Bis(3,6-dimethoxycarbazole-9-yl)-9-(2-
ethylhexyl)carbazole ( 3MeOCz). Synthesis

3MeOCz according to the general procedure using 9-(2-
ethylhexyl)-3,6-diiodo-9H-carbazole(21ACz,

N
W NN o 023 g 043  mmol), 36

dimethoxycarbazole(3DMCz, 0.22 g, 0.95

mmol), potassium carbonate (0.48 g, 3.5
O O mmol), 18-crown-4 (0.006 g, 5 mol %) and
O. 0 copper powder (0.11 g, 1.7 mmol). The product
was purified chromatographically using
hexane:ethylacetate (20:1) as the eluent. Yield
of white powder was 75 % (0.24 g, FW = 730 g/mol). m.p.: 203-204 °C. *H NMR
(700 MHz, CDCls) & 8.21 — 8.19 (m, 2H), 7.62 (d, J = 1.2 Hz, 4H), 7.59 (d, J = 2.5
Hz, 4H), 7.30 (d, J = 8.9 Hz, 4H), 7.04 (dd, J = 8.9, 2.5 Hz, 4H), 4.37 — 4.30 (m,
2H), 3.96 (s, 12H), 2.25 — 2.19 (m, 1H), 1.58 — 1.33 (m, 8H), 1.04 (t, J = 7.4 Hz,
3H), 0.94 (t, J = 7.3 Hz, 3H); *C NMR (176 MHz, CDCl3) § 154.0, 140.6, 137.6,
129.9, 125.8, 123.5, 123.4, 119.5, 115.3, 110.8, 110.4, 103.1, 77.2, 56.3, 48.1, 39.8,
31.2,29.0, 24.7, 23.3, 14.2, 11.2. IR (b, cm™*): 3005 (arene C—H, 3100-3000 cmY);
2967, 2945 (aliphatic C—H, 3000-2850 cm™); 1531, 1442, 1412 (C-C in Ar, 1600-
1585, 1500-1400 cm?); 1352, 1295(C—N in Ar, 1350-1250 cm™); 1208, 1172,
1120(C-0—C, 1250-1050 cm™); 842, 810, 771, 752 (C—H in Ar, 900-675 cm™); m/z:
731 ([M + H]+). Anal. Calcd for C4sH47N304 (%)ZC, 78.98; H, 6.49; N, 5.76; O, 8.77.
Found (%): C 78.85, H 6.53, N 5.86.

Chemical Formula: C;gH47N;0,4

3,6-Bis(2,3,6,7-tetramethoxycarbazole-9-yl)-9-(2-ethylhexyl)carbazole
(TMeOCz). Synthesis according to the general procedure using 9-(2-ethylhexyl)-
3,6-diiodo-9H-carbazole(21ACz, 90 mg, 0.17 mmol), 2,3,6,7-
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dimethoxycarbazole(TMCz, 107 mg, 0.37

mmol), potassium carbonate (187 mg, 1.3

TMeOCz mmol), 18-crown-4 (2 mg, 5 mol %) and
\ copper powder (43 mg, 0.68 mmol). The

N
-0 O product was purified chromatographically
/

% Q N N O O using hexane:ethylacetate (20:1) as the
O O eluent. Yield of white powder was 42 % (60

0 o mg, FW = 850 g/mol). *H NMR (700 MHz,

o.!' " o CDCls3) 6 8.25 (d, J = 1.8 Hz, 2H), 7.67 (d, J

= 41.3 Hz, 4H), 7.50 (s, 4H), 6.82 (s, 4H),
4.42 — 4.34 (m, 2H), 4.04 (s, 12H), 3.82 (s, 12H), 2.28 — 2.23 (m, 1H), 1.60 — 1.35
(m, 8H), 1.08 (t, J = 7.4 Hz, 3H), 0.93 (t, J = 7.3 Hz, 3H); *C NMR (101 MHz,
CDCls) 6 148.5, 144.7, 140.8, 136.5, 130.0, 126.1, 123.6, 119.7, 115.5, 110.7, 102.1,
93.8,77.2,56.8,56.4,48.2,39.9, 31.2,28.9, 24.7, 23.3,14.2, 11.2. IR (b, cm™): 3010
(arene C—H, 3100-3000 cm?t); 2953, 2924, 2854 (aliphatic C—H, 3000-2850 cm'%);
1613, 1487, 1474, 1438 (C-C in Ar, 1600-1585, 1500-1400 cm™*); 1340, 1296(C-N
in Ar, 1350-1250 cm?); 1197, 1163, 1105 (C-0O—C, 1250-1050 cm); 848, 836, 814,
753(C—H in Ar, 900-675 cm™); m/z: 851 ([M + H]*).
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4. RESULTS AND DISCUSSION

4.1 1someric diphenylethenyl-disubstituted dimethoxycarbazoles

Carbazole derivatives have attracted much attention because of their flexible
synthesis and wide range of applications, such as organic light emitting diodes,
organic thin film transistors and solid-state dye-sensitized solar cells [227-230]. The
carbazole moiety can be easily modified via its C-3 and C-6 positions [231]. There
i a substantial number of studies on 3,6-substituted carbazole derivatives and on
their optoelectronic applications. In comparason, less research was done on 2,7-
substituted carbazole derivatives. Until recently, the main obstacle was the lack of
an efficient synthesis procedure for these compounds. The obstacle disappeared
when convenient synthetic pathways towards 2,7-dihalocarbazoles were reported
[232,233]. Since then, ongoing studies of 2,7-disubstituted carbazole compounds
revealed substantially higher hole mobilities compared to those of 3,6-disubstituted
counterparts [5]. In this work, the convenient synthetic method of 2,7-
diphenylethenyl disubstituted carbazole derivative by the direct reaction of 3,6-
dimethoxy substituted carbazole derivative with diphenylacetaldehyde is
demonstrated. During research the isomeric compound from 2,7-dimethoxy
substituted carbazole derivative was synthesized and a comparative study of the
properties of the obtained materials using theoretical and experimental tools was
performed. Diphenylethenyl-disubstituted derivatives of carbazole were earlier
prepared by the multi-step synthetic route, the last step of which was Pd-catalyzed
Suzuki coupling of diphenylethenyl borolane with the corresponding
dibromocarbazole derivatives [234,235], which showed good performance as hole-
transporting blue emitters in electroluminescent devices. In some fields of
application, such as dye-sensitized solar cells, electrochemically stable hole-
transporting materials with low ionization potentials are required. It is known that
the introduction of methoxy groups into the structures of aromatic amines, as well as
the attachment of methoxy-substituted diphenylamino groups to the carbazole
moieties, lead to the decrease of the ionization potential [12,13]. The possibility to
monitor ionization potentials is also important in the fabrication of OLEDs. The
hole-injection barrier differences can strongly affect the efficiency of the devices.
The role of the methoxy groups is found to be related to the mesomeric (p-donor)
effect and the possibility to establish hydrogen bonds [236]. The stronger influence
was observed for para-methoxy substituted derivatives, as compared to ortho- and
meta-methoxy substituted derivatives [13,236]. The para-methoxy substituted
derivatives also showed the highest hole mobilities [13,236]. The effect of the
methoxy substitution in carbazole derivatives on their photophysical and
photoelectrical properties, to the best of our knowledge, has not yet been studied.
Electrochemical and thermal stability is another important property of organic
semiconductors. This can lead to the corresponding device degradation [237-240]. It
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is known that 2,7-substituted derivatives of carbazole show irreversible oxidation
with the formation of new carbazolyl derivative [241]. By introducing methoxy or
diphenylethenyl groups into C-3 and C-6 positions of carbazole moiety compounds
have been obtained that demonstrate reversible oxidation and higher electrochemical
and thermal stability, in contrast to the non-substituted counterparts [5,234].

4.1.1 Synthesis

Diphenylethenyl-substituted dimethoxycarbazoles (3a, 3b) were synthesized by
condensation of the appropriate derivative of dimethoxycarbazole with
diphenylacetaldehyde (Scheme 4.1). This synthetic method of diphenylethenyl-
disubstituted derivatives is superior with respect of that reported earlier for the
synthesis of the similar derivatives containing no methoxy groups [234]. It does not
require the preparation of diphenylethenyl borolane and bromination of carbazole.

o N
R
e  CSA PhMe, A

MeOOM M/eO 3aOI\\/Ie
:'; sate'ptsy

R= ethylhexyl-

Scheme 4.1. Synthesis of 3a and 3b

The starting compound 2a was prepared by three steps. 2,7-
Dimethoxycarbazole (1a) was obtained by an Ullmann-coupling followed by
a Cadogan cyclization reaction using triphenylphosphine as reported in
literature [215,216]. Alkylation with 2-ethylhexylbromide was performed by
the conventional procedure [242]. Compound 2b was synthesized starting
from 3,6-dimethoxycarbazole (1b), which was prepared by bromination of
carbazole with N-bromosuccinimide (NBS) in dimethylformamide (DMF),
followed by the direct methoxide displacement of bromine [217,218] and
alkylation by the same procedure as mentioned above. The synthesized
compounds were identified by elemental analysis, IR, *H and *C NMR, and
MS. Compounds 3a, 3b were found to be soluble in common organic solvents
such as tetrahydrofuran, toluene and chloroform.
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4.1.2 Crystal structures

According to quantum chemical calculations molecular structures of 2,7-
dimethoxycarbazole, derivatives (2a, 3a) exhibit relatively high ground state dipole
moments (4.53 and 5.98 D, accordingly). At the same time, the derivatives of 3,6-
dimethoxycarbazole (2b, 3b) are non-polar with low ground state dipole moments
(0.30 and 0.69 D). Therefore, one could expect much stronger intermolecular dipole
— dipole interaction in case of crystals of 3a than for 3b, which in the absence of
molecular dipole is built by weaker London dispersion forces. The oak ridge thermal
ellipsoid plot (ORTEP) projections of 3a-b are shown in Fig. 4.land the
crystallographic data is listed inTable 4.1.
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Fig. 4.1. ORTEP diagrams, packing in the crystals and the possible intermolecular charge-
hopping channels of 3a-b

The racemic compound 3a crystallizes into the orthorhombic crystal system with
space group P-b-c-a. The n-frameworks of 3a have non-planar geometry and the
alkyl chains are extended out of the molecular plane. The analysis of the packing
pattern of the molecules of 3a in the crystalline state revealed that the molecules
form columns of alternating opposite interactions, such as C-H---O bonding, which
occurs between the enantiomers held together with the different kinds of weak
hydrogen atom at C-15 and the oxygen atom O-44 of methoxy groups with the
distance of 2.664 A, C-H---C bonding, which occurs between the hydrogen atom at
C-15 and the carbon atom C-45 or between the hydrogen atom at C-53 and the carbon
atom C-16 with the distances of 2.712 A and 2.738 A, respectively. The distances
along the different planes of carbazole rings vary from 3.54 to 3.63 A. The crystal of
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3b is formed from (S)-enantiomer only and is held by C-H---C interactions between
the hydrogen atoms at C-29, C-31 and C-49, and carbon atoms C-8, C-6, C-3 and C-
10 with the distances of 2.861, 2.899, 2.874 and 2.785 A, respectively. The C-H---O
interactions between the molecules of 3b was not observed. The angles between
ethenyl double bond and the carbazole plane of the molecules 3a (28.5°, 22.4°) and
3b (26.1°, 22.5°) were measured. These values were found to be comparable to those
of 2-methoxycarbazole 3,6-disubstituted with the diphenylethenyl moieties (30.11°,
23.78°) [243].

Table 4.1. Crystalographic data of 3a and 3b

3a 3b
Chemical formula CsoH4oNO> CsoH49NO2. Y2 CH30H
Crystal system orthorhombic monoclinic
Formula weight 695.93 695.93
Shape yellow plate yellow plate
Space group Pbca P21/n
alA 16.3265(2) 20.8163(5)
b/A 18.2018(2) 7.6277(2)
c/A 26.5776(3) 26.4292(5)
al® 90.00 90.00
Bl° 90.00 91.0202(15)
yl° 90.00 90.00
V/A 7898.1(2) 4195.78(17)
Z 8 2
D/gcm?® 1.171 1.118
Measurement temp./ K 173 193

4.1.3 Thermal properties

The thermal properties of the synthesized compounds were estimated by DSC and TGA. The
thermal characteristics are collected in Table 4.2. Compounds 3a and 3b possess high thermal

1% cooling 1%cooling ... ______.__]
~T,=70°C 2" heating
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g 1" heating £
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=
= A A =
c
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m
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Temperature (°C) Temperature (°C)

Fig. 4.2. DSC curves of 3a and 3b (scan rate 10 °C/min, N2 atm.)
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stability with 5% weight loss temperatures (Tq4) of 405 °C and 376 °C, respectively.
The DSC measurements showed that 3a and 3b are able to form molecular glasses.
Compounds 3a and 3b were isolated after the synthesis as crystalline substances and
their first DSC heating scans revealed endothermal melting signals (Fig. 4.2.). Due
to the presence of stronger dipole — dipole interactions the crystals of 3a showed by
25 °C higher melting point than those of 3b. Compound 3b exhibited polymorphism,
which is rather often observed for organic glass forming molecular materials [244].
The ability to form more than one crystal structure could be the result of the weak
dipole-dipole interaction between the molecules of 3b [245]. No crystallization was
observed during the cooling scans, which indicated the transition from the melt to
the glassy state. In the second and the following DSC heating scans 3a and 3b
exhibited glass transitions at 70 and 71 °C, respectively. This observation shows that
the linking topology of 3a-b has no effect on their glass transition temperatures.

4.1.4 Optical and photophysical properties

The normalized absorption and fluorescence spectra of the dilute solutions
in THF and the solid films of 3a and 3b are shown in Fig. 4.3.
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Fig. 4.3. UV-vis and fluorescence spectra of dilute THF solutions (105 M) and of the films
of compounds 3a, 3b. Aex= 350 nm
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The optical and photophysical characteristics are summarized in Table 4.2.
The absorption maxima of the dilute solutions of 3a and 3b were detected at
362 nm and 392 nm, respectively. UV-vis spectrum of 3b showed considerable
bathochromic effect of 30 nm with respect to the spectrum of its counterpart
3a. These results provide evidence for more effective and prolonged

conjugation length in 3b compared to 3a [246].

Table 4.2. Thermal,optical and photophysical characteristics of compounds 3a and

3b.

Tl Ta?/ 23 may sol | A¥Mmaxsol | Stokes| ®@sol/ 2./ Krsot / | Knrsol /
"y 2255 may film, 172%™ max shift, | @fiim, | tsol/ Tilm, NS 2)( 0 a | Krtitm, | Krfitm,
Ta%,°C nm imhm | nm | % AT " 108 sle 108 s e

0.10 (96%),
168/70/ 1.20/| 5.48 (4%) / 98.8/
3a 405 362/365 | 473/476 | 111 2.20 | 0.28 (86%), 1.08/1.18]1.2/0.8 34.9
3.7 (14%)
3.96/
3b 17218}1??6/ 392/396 | 501/510 | 109 ?ﬂ'%/ 0.69(77%), [1.07/1.210.9/ 1.7 1'264
© | 3.03(23%) :

2 - determined by DSC, scan rate 10 °C/min, N2 atmosphere; ® - 5% weight loss determined by

TGA, heating rate 10 °C/min, N2 atmosphere; ¢ counted for the most prevalent state; ¢ the chi-

square values show the quality of the fit.

Compounds 3a and 3b showed emission in the blue and green regions with
the emission maxima at 473 and 501 nm, respectively. Fluorescence spectra
of 3a and 3b exhibited considerable red shifts with respect to those of the

starting compounds (2a and 2b, Fig. 4.4).

Norm. Absorbance (a.u.)

——2aAbs
- = 2b Abs

- 2aFL
—-—2bFL

Norm. FL (a.u.)

T
250

T
300

350
Wavelength (nm)

T
400

450

Fig. 4.4. UV-vis and fluorescence spectra of dilute THF solutions (10-° M) of compounds

2a, 2b. Aex= 350 nm

89



The target compounds 3a and 3b are characterized by long Stokes shifts (~110
nm), which implies that the structures of the emitting state and ground state are rather
different. This difference apparently originates from the zwitterionic state of the
excited molecules 3a-b [247,248]. The absorption and emission spectra of the
solvent casted solid amorphous films of 3a and 3b were found to be similar to the
corresponding spectra of the solutions, but exhibited small red-shifts. Both the solid
films and the dilute solutions of 3b showed higher fluorescence quantum yields as
compared to those of 3a. This observation can be explained by the different
zwitterionic states of 3,6-dimethoxy- and 2,7-dimethoxycarbazoles containing
diphenylethenyl moieties [234]. Compound 3a exhibited the phenomenon of
aggregation induced emission, which is illustrated by Fig. 4.5a.
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Fig. 4.5. Fluorescence spectra of the molecular dispersions of 3a (a) and 3b (b) in water—
THF mixtures (104=10° M). The inset depicts the changes of fluorescence peak intensity.
(ws -water fraction of THF/water mixture (%)).4ex= 350 nm
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The FL intensity of the THF solution was very low and was almost unchanged
when water was added up to 60% (v/v), but then started to increase sharply upon
further addition of water. These results indicate that the molecules of compound 3a
started to aggregate when the volume fraction of water reached 70%. Clearly, the
fluorescence behavior of 3a is typical of an AIE luminogen [249]. The high ground
state dipole moment and high dipole-dipole interaction between the molecules of
compound 3a results the restrictions of the molecular motions, which can be a key
factor explaining the aggregation induced emission [250]. The X-ray analysis data
of 3a (Fig. 4.1) show that the neighboring dimers, which are arranged parallel but
with the opposite induced dipole moments (IDM) of the excited state, can form
configuration favorable for the formation of J-aggregates [251]. This presumption is
confirmed by fluorescence spectroscopy. The intensity maxima of aggregation
induced emission are batochromically shifted by ca. 15 nm compared to the emission
maxima of dilute solutions in THF. The totally opposite effect of aggregation-caused
guenching was observed for isomer 3b (Fig. 4.5b). In the case of 3b, the closest
dimers are parallel and IDM (Fig. 4.1) are of the opposite direction. However, the
ground state dipole moment of 3b is very small (0.69 D). Therefore IDM is also
small and they have no substantial effect on IDM of the surrounding molecules. For
this reason, no shift in fluorescence spectra was observed and the aggregation
induced quenching was monitored. Fig. 4.6 shows fluorescence decay curves of the
dilute THF solutions and of the solid films of 3a and 3b.
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Fig. 4.6. Fluorescence decay curves of the dilute (10-°M) solutions in THF and of the solid
films of 3a (a,b) and 3b (c,d). Blue lines indicate single or double exponential fits to the
experimental data. Fluorescence lifetimes (z) are indicated
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Fig. 4.7. Comparison of the experimental (black-dot) and calculated 3a and 3b (red) UV-
vis spectra at the B3LYP/6-31G(d,p)/PCM(THF) level (¢ = 0.25 eV); bars represent the
oscillator strength

Table 4.3. Properties of the selected transitions and their contribution to the UV-
vis spectra of 3a-b calculated at the B3LYP/6-31G(d,p)/PCM(THF) level

Exp UV | Cal UV 4, Tr Osc. Contributions (more than
A, nm nm © | Stren. a.u. | 20%)
362 376 1 0.637 H—L (95%)
3a 362 2 0.254 H-1—L (90%)
312 307 5 0.443 H—L+2 (77%)
296 6 0.265 H-1—-LA+2 (63%)
392 434 1 0.181 H—L(63%),H-1—L(35%)
3b 425 2 1.363 H—L(35%),H-1—L(63%)
317 327 5 0.253 H-2—L(67%)

The derivative 3a exhibited double exponential fluorescence decays originating
from two different molecular excited states with the fluorescence life times () of
0.10 and 5.48 ns for the solution and 0.28 ns 3.7 ns for the film with * ranging from
1.08 to 1.18 respectively. The fluorescence decay of the film of compound 3b can
also be described by the double exponential fit with the fluorescence lifetimes of
0.69 ns and 3.03 ns with 4 value of 1.21, while fluorescence decay of the dilute
solution of 3b was adequately described by the single exponential curve with the
lifetime of 3.96 ns (4* = 1.07). It is presumed that the emission with the shorter life
time (0.1-0.7 ns) originates from the excited dimethoxycarbazole moiety, while the
emission with the longer life time (3.0-5.5 ns) originates from the excited
zwitterionic states of 3a-b derivatives. To unveil the contributions of the competing
radiative and nonradiative relaxation processes, the radiative (k;) and nonradiative
(knr) decay rate constants were calculated from the singlet excited state using the
obtained values of @ and 7 by the following relations: kr = @ /7, knr = (1-®) /7. The
results are summarized in Table 4.2. Interestingly, the calculated krand k- values of
3a-b were found to be highly dependent on the position of methoxy and
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diphenylethenyl moieties. For both the isomers 3a-b the k. values obtained for the
solutions and the solid films showed no large differences, while the values of kg
observed for the solutions and films of 3a were found to be significantly higher than
those of 3b. Thus the nonradiative processes are predominant in the relaxation
processes of excited states of compound 3a.

In order to get more insight on the nature of the absorption bands of 3a-b, TD-
DFT calculations were performed. The significant similarities between the
theoretical and experimental UV-vis spectra of 3a-b were observed (Fig. 4.7). The
excitation energies and oscillator strengths for the molecules 3a-b are presented in
Table 4.3.

The lowest energy band for 3a is influenced by two transitions So—S: and So—S:
with the maxima of ¢ at 376 and 362 nm, respectively. The first excitation with the
oscillator strength of 0.637 for 3a corresponds to the HOMO—LUMO transition
(Fig. 4.8). This transition is localized on the diphenylethenyl and
dimethoxycarbazole moieties. Therefore, this excitation corresponds to 7m-m
transition for both conjugated chromophores. The absorption band with the
maximum at 312 nm of 3a corresponds to the calculated So—Ss and Sp—Ss
transitions.The So—Ss transition, according to the nomenclature of Platt [252] is
named as L, transition because the orbitals on the carbazole moiety are oriented
along the symmetry axis [253]. The absorption band with the similar wavelength for
N-substituted 2,7-dimethoxycarbazole was observed experimentally [254].
Therefore, these excitations are assigned to m-n” transition in the dimethoxycarbazole
moiety. The situation with 3b was found to be different. The lowest energy
absorption band of 3b is influenced by two lower energy transitions compared to
those of 3a, i.e. So—S1 and Sp— S, transitions which manifest themselves at 434 and
425 nm, respectively. The attachment of methoxy groups at the C-3 and C-6
positions of the carbazole ring generates the intramolecular charge transfer (ICT)
from carbazole to diphenylethenyl moieties, which subsequently results in the
zwitterionic state. A positive charge is delocalized at the C-3 or C-6 positions of the
carbazole moiety and a negative charge is on the diphenylethenyl moiety. The first
So—S; excitation with the oscillator strength of 0.181 a.u of 3b corresponds to the
HOMO—LUMO and HOMO-1—-LUMO transitions with 63 and 35 %
contributions, respectively (Fig. 4.8). This excitation is a mixture of the m-m"
transitions of both conjugated chromophores and ICT transition from carbazole to
diphenylethenyl moieties. In other words, So—S1 can be regarded as zwitterionic
transition in nature [234]. The electron density in the carbazole ring is delocalized
symmetrically because of the ICT transition. The second So—S; excitation at 425
nm corresponds to the same Se—S;: transition, but the orbital contributions are 35
and 63 %, respectively. Similarly, this excitation is a mixture of the n-n” transition
of both conjugated chromophores and ICT transition from the carbazole to the
diphenylethenyl moiety. The obtained oscillator strength (0.181 a.u) of the first
excitation of 3b is lower than that of 3a. The UV absorption band at 317 nm is
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influenced by So—Ss excitation, which corresponds to the HOMO-2—LUMO
transition. This So—Ss excitation is the mixture of m-n” transitions in the
diphenylethenyl and carbazole chromophores. The energies of HOMO and LUMO
of 3a-b were calculated using the same method as for UV-vis spectra. The energies
of HOMO and LUMO for 3a were found to be -4.97 eV and -1.16 eV, respectively,
and those observed for 3b were -4.93 eV and -1.60 eV, respectively. The calculated
HOMO energy levels are in good agreement with the experimental values (Table
4.4).

LUMO LUMO+2

HOMO-2

HOMO LUMO

Fig. 4.8. The computed spatial distributions of HOMO and LUMO orbitals for 3a and 3b
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4.1.5 Electrochemical properties and ionization potentials

Electrochemical properties of the solutions of the compounds in dichloromethane
with 0.1 M tetrabutylammonium hexafluorophosphate as a supporting electrolyte
were studied by the cyclic voltammetry using Ag/AgNQOs as the reference electrode
and a Pt wire counter electrode. The electrochemical characteristics are summarized
in Table 4.4. The CV curves of 3a-b are shown in Fig. 4.10.

Table 4.4. Electrochemical characteristics of 3a, 3b and 2a, 2b

Eonset, V' 2 on,pa. Va on,pc, Va EHOE:(S"\:A-P,/EVC Eg,eVd IP, eVe®
2a 0.41 0.53 - -5.17/ - 3.69 5.68
2b 0.35 0.51 0.33 -5.09/ - 3.16 5.50
3a 0.33 0.45 0.35 -5.06 /-4.97 3.05 5.38
3b 0.31 0.43 0.33 -5.03 /- 4.93 2.72 5.41

@ Onset, oxidation and reduction potentials vs Fc.¢ Enomo(eV) =—1.4Eonsetox(V) — 4.6, Where Eonset,ox
was determined by solution-based CV [255].9 The optical bandgap energies estimated from the
absorption edges. © lonization energy (IP) for the solid films was measured by the electron
photoemission in air method. fIrreversible oxidation

0.15 0.25 0.35 0.55 0.65

0.45
Potential vs Fc/Fc* (V)
Fig. 4.9. Cyclic voltammograms of 2a-b at 1072 mol L™ in a solution of in argon-purged
TBAP (0.1 M) in CH,Cl. v =50 mV/s

No reduction waves were observed down to ca -1.5 V in CV curves of all the
studied compounds. However, all the compounds showed the oxidation waves up to
ca 0.31 V. The oxidation was only found to be irreversible for compound 2a (Fig.
4.9), having unsubstituted C-3 and C-6 positions of carbazole ring. It was found to
be quasi-reversible for 2b. Irreversible oxidation of 2a was followed by coupling of
carbazole radical cations because of the higher electron spin density at the C-3 and
C-6 positions [256] and formation of new carbazolyl-containing compounds [241].

95



I (uA)

-5.0

0.1 0.2 0.3 0.4 0.5 0.6
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Fig. 4.10. Cyclic voltammograms of 3a-b at 10°mol L™ in a solution of argon-purged
TBAP (0.1M) in CHCl,. v=50 mV/s

The oxidation of 3a and 3b was found to be reversible up to ca 0.55 V. Precursor
2b and compounds 3a-b showed oxidation peaks at 0.51V, 0.45V and 0.43V,
respectively, and after five repeated oxidation and reduction cycles their CV curves
did not change. The oxidation of compound 2a started at 0.41 V and, subsequently,
the oxidation peak at 0.53 V was observed. The HOMO energy levels were
determined using the relationship Enomo(eV) = —1.4Eonsetox(V) — 4.6 [257]. The
HOMO energy levels of the derivatives 3a and 3b were found to be comparable and
slightly higher with respect to those of compounds 2a-b.

The HOMO levels acquired from the DFT calculations and from CV
measurements were found to be in good agreement for compounds 3a-b and showed
higher values compared to the diphenylethenyl-substituted derivatives of carbazole
containing no methoxy groups [234]. The ionization potentials of the synthesized
compounds were measured by the electron photoemission in air technique. The
results are presented in Table 4.4. Usually, the photoemission experiments are
carried out in vacuum, but in our case, the investigated organic compounds were
stable with respect to oxygen and the measurements could be carried out in air. All
the synthesized compounds showed lower IP values compared to compounds
containing electronically isolated carbazole moieties having no substituents at the
aromatic rings [258]. Methoxy-disubstituted carbazoles (2a,b) showed slightly
higher IP than the target compounds (3a,b). Compounds 3a and 3b were found to
exhibit comparable IP values. This observation proves our earlier finding that the
alteration of the substitution patterns of carbazole moiety practically does not affect
the ionization energy values [5].

4.1.6 Charge-transportingproperties

The hole-transporting properties of the layers of compounds 3a and 3b were
studied by XTOF and TOF techniques. The sample of compound 3b for the XTOF
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measurements was prepared by a drop casting technique with the layer thickness of
ca. 2.5 um.

Because of the high disposition to crystallization, it was not possible to obtain a
good quality amorphous film of compound 3a using the same film preparation
method. The value of hole drift mobilities of layer 3b was found to be 4.1x1073
cm?/Vs at an electric field of 1.23x10°8 V/cm.

Fig. 4.11a shows the hole photocurrent transients on log-log and linear (insets)
scales that were observed for the layer of 3b.

No transit times were detected in the linear plots, however, they were seen on
log-log plots. This observation shows that dispersive hole transport is characteristic
of the layer of 3b. Hole-transporting properties of compounds 3a and 3b were also
investigated by the TOF technique using the vacuum deposited amorphous layers.
The layer thickness was in the range of 0.65-2.8 um. Fig. 4.11b-c shows the hole
photocurrent transients of 3a and 3b on log-log and linear (insets) scales. The
different character of the transients is obvious. Compound 3a showed low dispersion
hole transport, while compound 3b demonstrated high dispersion transport.

Fig. 4.12 shows the electric field dependencies of hole-drift mobility values (u)
for the layers of 3a and 3b. The logarithm of the hole-drift mobility values showed
linear dependencies on the square root of the electric field. Similar characteristic
dependences were observed for many amorphous (disordered) organic
semiconductors and were explained in terms of the Bassler and Borsenberger model
[259].

The zero field hole drift mobility («o) and the field dependence parameter («)
were obtained by the extrapolation of the electric-field dependences of the hole drift
mobilities to the zero electric field (Fig. 4.12, Table 4.5). Compound 3b showed
higher hole mobility and a little lower field dependence parameter than 3a.
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Fig. 4.12. Electric field dependencies of hole mobilities in the layers of 3a and 3b
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Table 4.5. The hole mobility data for compounds 3a and 3b

o / 1o™®°", cm?/Vs 1, Cm?/\V/s? a, 10 cm/V
3a 1.8x10°/7.7x10® 2.6x10% 5.3
3b 1.4x10*/1.5x10* 6.2x10* 4.6

2 mobility value at an electric field of 2.5x10° V/cm

Compound 3a

Compound 3b

Channel 1

Channel 1

e

el

£,

Channel 2 Channel 2
Channel 3 Channel 3
Channel 4 Channel 4

Fig. 4.13. The intermolecular charge-hopping channels for 3a-b generated from X-ray data
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To get a deeper insight into the hole-transporting properties of the isomers 3a-b,
theoretical calculations were performed. The crystal structure to a large extent
determines the charge carrier transport pathways and charge mobilities in organic
molecular crystals [260]. For some compounds the mesoscopically connected
networks in the amorphous films are possible, even without a periodic order [261].

In this work, the crystal structures of 3a-b were used to generate a wide variety
of possible hopping pathways (dimmers) as showed in Fig. 4.1and Fig. 4.13.

According to the Holstein small polaron limit, the charge is localized on a single
organic molecule. The standard Marcus-Hush model (equation 1) describes the rate
of charge transfer between molecules [262]. Many theoretical and experimental
studies concerning 4 of single molecules were reported [263]. However, relevant for
charge mobility is the charge reorganization energy of organic solids. The charge
reorganization energy is the sum of inter- and intramolecular effects, where the
intramolecular effects dominate the charge—phonon coupling. However, their energy
is very small (10-100 meV) and the crucial point to access the impact to charge
mobility in the solid state is not performed [264]. The other factor is a charge carrier
polarization energy. The polarization energy is significant for the organic materials
and ranges between -0.1 eV and -1.0 eV [265]. The polarization energy (P* and P)
measures the contribution from intermolecular interactions in the crystal to hole and
electron transport levels, and includes both an electrostatic and a polarization
contribution[266]. P™ energy is defined as the difference between the solid state and
gas phase values of ionization potential [267]. It is assumed that the Gibbs free
energy (4G°) is approximately equal to the polarization energy for one dimension of
the crystal for holes and can be described as 4G° =~ -%4P*. The P* energy can be
estimated theoretically from the stand-alone molecule ionization potential (it can be
obtained from vertical IP calculation in vacuum) and the IP of the solid state (it can
be obtained from vertical IP calculation in one crystal lattice) using the formula P*
= IPsolid — IPvacuum. The calculated P* energy values were found to be -0.69 eV for 3a
and -0.57 eV for 3b.

The internal reorganization energy (4in) values were calculated using the normal-
mode analysis method (equation 2) [268]. The reorganization energies of 3a and 3b
for holes (/+) were found to be 0.32 and 0.26 eV, and for electrons (1-) these energies
were found to be 0.31 and 0.36 eV. These results show that the reorganization
energies for holes and electrons of 3a-b are somewhat similar.

The electronic coupling (transfer) integrals H; for the pathways (see Fig. 4.1 and
Fig. 4.13) were estimated using equation 3. This time, Eyj and Ei+1n-17 are the
energies of the LUMO and LUMO+1 (HOMO and HOMO-1) levels taken from the
neutral state from the crystal structures of 3a-b. The molecules in the crystal
structures were not optimized. The 2-ethylhexyl chains were approximated by
methyl groups to reduce computational time for the calculation of the reorganization
energies and the electronic coupling integrals.

The diffusion coefficient (D) for migration of electrons or holes in the dimmers
is given by equation 4. Then, according to the Einstein equation (5), the final drift
mobility (uo) in the absence of an electric field was calculated.
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The electronic coupling (transfer) integrals are very sensitive to the relative
positions of molecules in the solid state [205]. The electronic couplings were
evaluated using the dimmer model. Here, the single-crystal structures of 3a-b were
used to generate a wide variety of possible intermolecular charge-hopping channels
(transport pathways shown in Fig. 4.1 and Fig. 4.13). The distances between
molecular mass centers and charge transfer integrals for all hopping pathways are
listed in Table 4.6:

The molecules of compound 3a in channels 1 and 2 exhibit a close face-to-face
stacking arrangement with a short interplanar distance of ca 3.6 A. This stacked
fashion provided high electronic coupling reaching 59 and 42 meV for holes. The
channel 1 is not dominant in the charge carrier mobility between the molecules (Fig.
4.1, Table 4.6). The higher charge carrier mobilities were estimated for channels 2-
4. This theoretical observation demonstrates that the orientation of dimmers is very
important for charge carrier mobility.

Table 4.6. The data of the theoretical calculation of hole mobility at 298 K

Dimension Angle, kn,108 s for oh, 10°
(N=1) for 3a d A degg];.a Hin, meV holes ﬂcmZ/Vs
1 3.58 180 59 3.94 0.98
2 10.4 163 42 2.01 4.22
3 14.6 48 34 1.29 5.39
4 15.8 77 32 1.18 5.72
3a Dh, 10 cm?/s ton, 10° cm?/s/V
N=3 0.25 7.65
Dimension Angle, kn,107 st oh, 107
(N=1) for 3b d A de?y.a Hin, meV for hole lz:mZ/Vs
1 6.00 180 110 672 47.1
2 11.5 122 11 5.79 1.49
3 17.2 58 31 47.7 27.4
4 22.7 180 0.2 0.002 0.0047
3b Dh, 10 cm?/s ton, 10 cm?/s/V
N=3 3.89 1.51

athe torsions angle between dipoles of the L. transition of carbazole moiety in dimmers.

The orientation of dimmers was estimated from the torsion angle between dipoles
of L, transition in carbazole moiety. This transition dipole is parallel to the N-
C(alkyl) bond and is located on the carbazole moiety. The transition dipoles of
molecules 3a in channel 1 are parallel but with the opposite direction (Fig. 4.1 and
Fig. 4.13). Taking into account the distances between dimmers, the molecular
orientation has a crucial role in charge carrier mobility. This effect is even clearer in
the case of compound 3b. The higher hole mobility was estimated for channel 1 as
compared with 2-4 channels. The transition dipoles of molecules 3b in channel 1 are
parallel and with the same direction. These observations are well in line with the
exciton coupling model in the molecular spectroscopy [269]. In other words, the
excitonic coupling between the molecules plays a crucial role in charge carrier
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mobility. The calculated charge carrier mobilities are in good agreement with the
experimental data (Table 4.5). Considering the different polarity, the different charge
carrier mobilities of the target compounds 3a-b can be explained. According to some
authors, [270,271] a higher induced dipole moment may cause lower charge
mobility.

Concluding, 2,7-Dimethoxy and 3,6-dimethoxy carbazole derivatives
possessing diphenylethenyl moieties (3a-b) were synthesized by condensation
of the corresponding derivative of dimethoxycarbazole (2a-b) with
diphenylacetaldehyde. The structures of the synthesized compounds were
proven by X-ray crystallography. Both of the isomers exhibit high thermal
stability and form molecular glasses. Since the majority of molecules in the
crystal structure of 3a form J-aggregates, this compound showed the effect of
aggregation induced emission, while the other isomer, i.e. 3b, showed the
effect of aggregation-caused quenching. Both target compounds (3a-b)
showed comparable ionization potentials of ca. 5.4 eV, which are lower
compared to those of the parent dimethoxycarbazoles (2a-b). The derivative
3b showed superior charge transporting properties relative to its counterpart
3a. The TOF hole drift mobilities in its amorphous layers exceeded 107
cm?/Vs at high electric fields. The pronounced differences in charge carrier
mobility, thermal and optical properties were justified by the theoretical study
using DFT and TD-DFT calculations. According to them, the target molecules
of 3a were found to be highly polar with the ground state dipole moment of
5.98 D, in contrast to the molecules of 3b having the ground state dipole
moment of ca. 0.69 D. The polarity has shown a crucial effect on the molecular
arrangement in the crystals, consequently on the thermal transitions
(polymorphism) and on the charge-transporting properties of the isomers.

4.2 Chiral carbazole based diaza[6]helicenes

Helicenes belong to an interesting class of polycyclic aromatic or heteroaromatic
compounds with ortho-annulated rings. These unique and extended aromatic systems
are well known for their inherent chirality [272-279]. The system cannot remain
planar as the number of ortho-annulated rings increases, and releases the streric strain
by adopting either the P- or M-configuration [280]. These unique three-dimensional
aromatic systems are thermally stable and have attracted an ever-increasing amount
of attention, and their chemistry has been considerably enriched owing to their
interesting optical and electronic properties [281,282].

Helicenes, with heteroaromatic units incorporated in the m-systems, have been
extensively studied due to their interesting self-assembly in the solid state [283],
their ability to behave as organic semiconductors [11], and their use in optical
resolutions  [284,285]. Furthermore, the potential applications of the
enantiomerically pure functionalized derivatives of (hetera) helicenes can be
realized, as they are configurationally stable and form supramolecular architectures
that exhibit second-order nonlinear optical and chiro-optical properties [281,282].
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The last decade has highlighted carbohelicenes [278,286,287] as helical dominating
frameworks, but heterahelicenes, [288] for example aza- and thiahelicene have also
emerged as a very attractive class of molecules. The ambiguities associated with an
all-benzene helix can be removed by the introduction of a hetereoaromatic unit.
Azahelicenes belongs to a subgroup of heterahelicenes, with possible applications in
fields such as light-emitting devices and chemosensors [289]. Azahelicene
derivatives have also been reported to have applications in enantioselective
transformations, as chiral inducers, in the field of asymmetric catalysis [290,291],
self assembly [292], and metal coordination complexes [293].

Classical photochemical cyclization have been described by Caronna et al.
[294,295], and is one of the most utilized methods for the synthesis of azahelicenes.
A versatile synthetic method was described by Harrowven and coworkers
[296,297,298] based on BusSnH-mediated coupling. Furthermore, metal-catalyzed
cyclizations [298], include the [2 + 2 + 2] cycloisomerization of triynes [297], and
palladium catalyzed arylations. Recently, Lui et al. [299] described the synthesis of
carbazole based diaza[7]helicenes and described their application as a deep-blue
emitter in OLED. This new class of helicenes, with a carbazole framework, could
open new possibilities for the utilization of helicene derivatives in OLEDs and also
have potential applications in other fields of organic electronics [300,301]. We
envisage that combining the carbazole unit to the readily available quinoline building
block previously synthesized by us, would result in the formation of a donor-acceptor
hybrid system with interesting electronic properties and potential applications in
organic electronics. Furthermore, chiral resolution via diastereomeric separation and
post-cyclization functionalization could be realized with this system leading to a
chiral helical donor-acceptor hybrid system, which is an added advantage over the
previously synthesized chiral diaza[5]helicenes by this methodology.

In the present work, this quinoline and 9-(2-ethylhexyl)-2,7-dimethoxycarbazole-
3-carbaldehyde as building blocks is utilized to synthesize carbazole based helicenes.
These bifunctional systems comprising of chloroquinoline and carbazole units are a
useful combination. The chloro group can be substituted with a chiral amine, leading
to diastereomeric separation, and the chiral forms can further be functionalized via
electrophilic substitution on the carbazole unit. Post-cyclization functionalization via
substituting the carbazole unit opens new opportunities for the synthesis of chiral
functionalized materials.

4.2.1 Synthesis of carbazole based diaza[6]helicene

In the present approach  9-(2-ethylhexyl)-2,7-dimethoxycarbazole-3-
carbaldehyde 3 was utilized as one of the building block. This building block 3 was
prepared in two steps from 2,7-dimethoxycarbazole 1, which was prepared
according to earlier reported procedures [215]. Alkylation of compound 1 was done
using 2-ethylhexylbromide according to the literature procedure [217] to obtain
alkylated product 2 in 75% yield. Vilsmeier-Haack formylation of compound 2 gave
the aldehyde 3 in 74% yield (Scheme 4.2). Wittig olefinationof phosphonium salt 4,
prepared according to the literature procedure [302] and aldehyde 3 using NaH as a
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base in CHCl,, gave the asymmetric precursor 5 (Z:E ~2:1) in 98% yield. The alkene
was obtained with a moderate degree of Z selectivity. Characterization of compound
5 was fully done by *H and *C NMR spectroscopy and HRMS.

The ratio of the isomers was determined by integration of the *H NMR spectrum
to be Z/E=2:1. A high ratio of cis-isomer, which is beneficial during the irradiation
process as compared to the trans-isomer which shows poor solubility was observed.
The precursor 5 obtained was subjected to oxidative photocyclization using iodine
and toluene as the solvent (1.0 mM) (Scheme 4.3).
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Scheme 4.2. Synthesis of 9-(2-ethylhexyl)-2,7-dimethoxycarbazole-3-carbaldehyde 3
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Scheme 4.3. Synthesis of carbazole based diaza[6]helicene via Wittig reaction and
photochemical cyclization

A Rayonet photochemical reactor with interchangeable light sources (wavelength
used is 350 nm) was used for the irradiation process, to obtain the diaza[6]helicene
6 in 53% yield. Compound 6 was characterized by HRMS and NMR spectroscopy.
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4.2.2 Resolution via diastereomeric separation

Based on our previous knowledge of resolution via diastereomeric separation
using a chiral amine, the chloro group was substituted utilizing the Buchwald-
Hartwig amination reaction [302]. Amination reaction of 6 with S-(-)-a-methyl
benzylamine using Cs,COs, as the base, 10 mol% Pd(OACc),, 5 mol% rac-BINAP,
and toluene as the solvent gave the desired product 7 in 53 % yield (1:1 mixture of
diastereomers) (Scheme 4.4). The ratio was determined by integrating the *H NMR
spectra.

G N : @ ~0 O NR
SR ¥
\
\ N /
5 O Pd(OAC),(10 mol%), . N
O 5 mol%), 4
(o) N

_ CsyC0gz,rac-BINAP( \
g toluene,12 h, 53 % e} O o NH
R= /\(\/\

7 M,S/P,S = 1:1
Scheme 4.4. Resolution via diastereomeric separation

The obtained diastereomers were readily separated via standard chromatography.
The ease of separation of the chiral forms led to better characterization (NMR and
CD spectroscopy) and utilization in further functionalization. These diastereomers
were configurationally very stable at room temperature. (Qualitative analysis
showed that these diastereomers were stable for 12 hours at 150 °C, there is no
observable racemization after heating the diastereomers at 150°C for 12 hours).

4.2.3 Functionalization of chiral forms via electrophilic substitution

Functionalization of the chiral forms of diaza[6]helicene was done utilizing the
carbazole unit. The helicene core was functionalized via electrophilic substitution
reactions.

HN HN HN

—N

POCls, DMF,
DOE NBS, CHCl \
0-5°C, 3 h \o -40°C, 3 h \O
O CHO 429, O 82% O Br
¢ g g
R —~

—
N
© R

J

(o) H o~

9 R=-T( (P.S)-(+)-7 8

Scheme 4.5. Functionalization of chiral forms via electrophilic substitution
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The substitution of diastereomer (P,S)-(+)-7 with bromine was done using NBS
and CHCI3[303] as the solvent at -40 °C to furnish the brominated diaza[6]helicene
8 in 82 % yield. In addition to the references given, to prove the electrophilic
substitution reaction position as depicted in Scheme 4.5, the electrostatic charges of
the (P,S)-(+)-7 diastereomer were calculated using the B3LYP/6-31G(d,p) method.
The observed values at C-1, C-3 and C-8 positions of the carbazole fragment were
found to be -0.429, -0.420 and -0.356, respectively. Although C-1 is slightly (0.009)
electron richer than C-3, the higher reactivity of C-3 could be attributed to lower
steric shielding by the methoxy group present at the C-2 position. Vilsmeier-Haack
formylation of diastereomer (P,S)-(+)-7 using DMF and POCI; gave the formyl
substituted diaza[6]helicene 9 in 42% yield. The structural identity of the substituted
azahelicenes was confirmed by NMR, HRMS and CD spectroscopy.

4.2.4 Optical properties
The absorption spectra for compounds 6, 7, 8 and 9 in dilute CHCI; solutions are

shown in Fig. 4.14. Hypsochromic shift is observed for compound 7 compared to
helicene 6, which could be a result of the substitution of the helicene core with the
amine. The spectra of compounds 8, 9 are comparable to 7.

4x10° .y
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Fig. 4.14. UV-visible spectra of compounds 6-(black), 7-(dash), 8-(dash dot), 9-(dot) in
dilute CHCI5 solution (10 uM)
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Fig. 4.15. CD spectrum of diastereomer (P,S)-(+)-7(black), (M,S)-(-)-7 (dash),
(P,S)-(+)-8 (dash dot),(P,S)-(+)-9 (dot) in dilute CHClIssolution (10 uM).

In the CD spectrum of the diastereomer (+)-7 (Fig. 4.15) a small negative peak
was observed, followed by several large positive bands.

As expected, the spectrum of the other diastereomer (-)-7 is the mirror image of
this. Based on earlier literature [304], it is commonly accepted that the sign of the
CD-B-band is representative of the absolute configuration of the helicene, with a
positive band corresponding to the P helicity and vice versa. Based on this, P helicity
to diastereomer (+)-7 and M helicity to diastereomer (-)-7 can be attributed.

4.2.5 Theoretical calculations

CD calculations of the obtained three most stable conformers were performed,
using TD-DFT with the B3LYP functional 6-31G(d,p) basis set and PCM in
chloroform [305,306]. The CD spectra of the most populated conformers were
calculated and Boltzmann-averaged (see Table 4.7, Fig. 4.16, Fig. 4.17, Fig. 4.18,
Fig. 4.19). In many cases, the conformational equilibrium has an influence on the
CD spectra [307]. The results of the conformational analysis of 7 show changes on
CD spectra ranging between 350-370 nm. The shoulders in this range in the
experimental CD spectra at 366 and 360 nm for diastereomers (M,S)-7 and (P,S)-7
are the effect of different conformers (Fig. 3b, 3d). Excitation energies, oscillator
and rotatory strengths for the diastereomers of helicene 7 (confl) are presented in
Table 4.7.
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Table 4.7. Computational data of the selected transitions and their contribution to
the CD spectra of helicene (P,S)-(+)-7(confl) and (M,S)-(-)-7 (confl) calculated at
the TD-B3LYP/6-31G(d,p)/PCM(chloroform) level

Calc. . Rotatory
Comp. Exp. CD, 4, CD /, | Trans. Oscill. strength, Contributions
nm (4e) strength -
nm Cgs units
(M,S)-7 | 427 (4.7) 405 1 0.155 50.1 HOMO—LUMO (95%)
366 (-31) 354 3 0.337 -56.9 HOMO—-LUMO+1 (66%)
333 (-28) 277 4 0.176 -58.8 HOMO-2—LUMO (87%)
280 (-27) 286 8 0.114 -159 HOMO—-LUMO+2 (74%)
P,S)-7 427 (-11) 399 1 0.152 -38.3 HOMO—LUMO (91%)
360 (25) 348 3 0.175 35.6 HOMO—LUMO+1 (53%)
332 (35) 275 4 0.248 81.3 HOMO-2—LUMO (62%)
298 (54) 280 10 0.032 133 HOMO—-LUMO+2 (32%)

The molecular orbitals (MO) of the diastereomer (M,S)-7 were analyzed, since
the (S)-a-methyl benzylamine moiety has no effect on the MO of helicene. For the
helicene (M,S)-7 the lowest energy and small intensity with positive Cotton effect
(CE) band at 427 nm was influenced by one transition So—S; at 405 nm. The first
excitation with the oscillator strength of 0.155 for (M,S)-7 corresponds to the
HOMO—LUMO transition. This transition is localized on the helicene moiety and
is assigned to the forbidden *L; transition, by the Platt’s nomenclature [252]. This
transition is known to be less useful for the analysis of the CD spectra of helicenes
[308]. The bands with strong negative Cotton effects (CE) were observed at 277 and
286 nm for (M,S)-7, which are assigned as ‘B, and By, transitions, respectively.

The signs of these CEs can be readily used as tools for the estimation of the
absolute configuration of helicenes. Clearly visible levorotatory electron density
migration was observed from the transition So—S4 which corresponds to 87% of the
transition HOMO-2—LUMO. The electron density in the orbital HOMO-2 is located
on carbazole and quinoline parts of helicene. After excitation, the electrons migrate
to the quinoline part (LUMO). Comparing and interpreting the theoretical and
experimental data P (dextrorotatory) and M (levorotatory) helicities were obtained
and significant agreement between the CD characteristics of the helicenes was
observed (Fig. 4.16, Fig. 4.17, Fig. 4.18, Fig. 4.19). The main CD bands were
predicted with the correct Cotton effect and the positions were found to be
comparable with the experimental spectra for both compounds.
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Fig. 4.16. Theoretical CD spectra for individual conformers of diastereomer (M,S)-7 (confl
(dot), conf2 (dash), conf3 (dash dot)) and Boltzmann-averaged CD spectra (solid)
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Fig. 4.17. Comparison of the experimental (solid) and theoretical (dash) CD spectra of

most stable conformer of diastereomer (M,S)-(-)-7 was calculated at the TD-B3LYP/6-

31G(d,p) level (6=0.30 eV) for Boltzmann-averaged of the three most stable conformers
(black) CD spectra; bars represent the rotatory strength for the most abundant confl
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Fig. 4.18. Theoretical CD spectra for individual conformers of diastereomer (P,S)-(+)-7
(confl (dot), conf2 (dash), conf3 (dash dot)) and Boltzmann-averaged CD spectra (solid)

200

150

100

_1)

As (L moltem
T
[a)
o
sBo e
(sbo , 01 Py

--50

-40 1 T T T T T T T T T T -100
280 320 360 400 440 480

Wavelength (nm)

Fig. 4.19. Comparison of experimental (solid) and theoretical (dash) CD spectra of
diastereomers (P,S)-7, calculated at the TD-B3LYP/6-31G(d,p) level (¢=0.30 eV) for
Boltzmann-averaged of the three most stable conformers (black) CD spectra; bars represent
the rotatory strength for the most abundant confl

Additionally, DFT calculations were performed for helicene 7 to study the
HOMO and LUMO electronic distribution. Due to the strong electron-donating
property of carbazole moiety and electron-accepting property of quinoline species of
the helicene, the HOMO of 7 was mainly dispersed over the carbazole moiety, while
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their LUMO was localized on the quinoline part. (Fig. 4.20) The HOMO and LUMO
energy levels were calculated for helicenes (M,S)-7 and (P,S)-7 to be —4.95/-1.38
eV and -5.10/-1.48 eV, respectively. Taking into account the semiconducting
properties, these compounds act as electron donors and their HOMO is about -5 eV.
Moreover, for electron transporting n-type organic semiconductors, quite low
LUMO (~-3.0 eV) is needed [309]. In our case, the LUMO is below — 1.5 eV. This
observation shows that these compounds can be potentially of interest as hole-
transporting p-type semiconductors.

LUMO+1

LUMO+2
Fig. 4.20. (M,S)-7(confl) molecular orbitals (isovalue is 0.040)
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To summarize, an efficient method for the synthesis of carbazole based
diaza[6]helicenes has been developed. The presence of bifunctional units in this
strategy provides researchers with an opportunity for the substitution of the chloro
group of quinoline unit leading to the resolution of the racemic helicene and further
functionalization of the chiral forms utilizing the carbazole unit. Electrophilic
substitution reactions were performed, resulting in the formation of functionalized
chiral materials. The bromine and aldehyde groups are an ideal starting point for
further elaboration. It is envisaged that the bromine or the aldehyde can further be
converted to groups suitable in catalysis. An efficient synthetic methodology with
ease of further functionalization provides the chirals forms of diaza[6]helicenes for
various applications.

4.3 Derivatives of N-Annelated perylene and carbazole

Increasing interest in the application of ambipolar organic semiconductors for
fabrication of efficient organic light emitting devices requires balanced charge
carrier transport and high solid-state photoluminescence (PL) quantum vyields of
emitting materials [310-312]. Numerous emissive donor-acceptor combinations,
including bipolar low-molar-mass compounds [313,314], conjugated-polymer
blends [315], organic molecules mixtures [202,316,317] and organic-inorganic host-
guest systems [318-320]were used for the OLEDs fabrication. Perylene derivatives
form a class of interesting n-type organic semiconductors owing to an excellent
charge carrier transport together with the outstanding chemical, thermal and
photochemical stability [223,321]. Very high electron mobility of perylene
derivatives has qualified them to be widely employed in electronic and
optoelectronic devices [309,322]. Carbazole derivatives have also been extensively
studied as the hole-transporting or emitting materials for OLEDs [323,324]. The
combination of hole-transporting carbazole and with electron-transporting perylene
at the molecular level may lead to new donor-acceptor molecular materials with
interesting and useful optical and charge-transporting properties that are important
for various device applications.

On the basis of experimental studies and quantum chemical calculations in this
work, the impact of linking topology on the thermal, electrochemical optical and
photophysical properties of the newly synthesized derivatives of N-annelated
perylene and carbazole and demonstrate their applicability for the fabrication of
highly efficient OLEDs have been disclosed.

4.3.1 Synthesis

The synthetic route to the target compounds NP-9-Cz, NP-3-Cz, NP-2-Cz,
consisting of N-annulated perylene core and the differently linked carbazolyl
substituents, are shown in

Scheme 4.6. NP-3-Cz, NP-2-Cz were synthesized by the Suzuki-Miyaura
coupling reaction [223] of A-NP-Br with 9-isopentyl-3-carbazolyl and 9-isopentyl-
2-carbazolyl boronic acid pinacol ester, respectively. NP-9-C was obtained by
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Ullmann-coupling [215] of iodinated precursor A-NP-1 and carbazole. Halogenated
N-annulated perylene was prepared in four steps, including nitration of commercially
available perylene [219] followed by a Cadogan cyclization using
triphenylphosphine [216], alkylation with 2-ethylhexylbromide [242] and
bromination reaction with NBS in DMF [217] or Tucker iodination [222]. The
boronic acid pinacol esters of carbazole (3-BCz, 2-BCz) were prepared from 3-
bromocarbazole (3Br-Cz) and 2-bromocarbazole (2Br-Cz) by N-alkylation and
borylation using the procedure reported in literature [321]. The current synthetic
route could be applied on industrial scales using the technological scheme shown in
Appendix Fig. 1.

X
O‘O a NOz b c L d O‘O .
— e NH —> NR' ——— NR'
NP A-NP A-NP-X
X

H-NP

R:J_< NP-9-Cz O N ﬁl N ‘e—
-
W,

A-NP-Br: X =Br
A-NP-I: x=1

Scheme 4.6. Synthesis of NP-9-Cz, NP-3-Cz, NP-2-Cz. Reagents and conditions: (a)
fuming HNO3/H,0 = 1/1.6 (v/v), 1,4-dioxane, 60°C, 30 min; (b) PPh3, 0-DCB, 180 °C, 12
h; (c) CgH17Br, Ko:COs, KOH, TBAHS, A, 2 h; (d) NBS, DMF, 0 °C, 2 h (X = Br) / glacial
acetic acid, KI, KJOs, A, 2 h (X =1); (e) carbazole, Cu, K2CO3, 18-crown-6, 0-DCB, 180

°C, 15 h; (f) 3-BCz (2-BCz) Pd(Phs).Cl,, KOH, THF-H.0, 80°C, 10-12 h

The chemical structures of the compounds were confirmed by *H and *C NMR
and MS. In addition, the single crystal of mISO-2Cz was grown from a dilute
THF/hexane solution and X-ray analysis was performed. The ORTEP projection of
mISO-2Cz is presented in Fig. 4.21. The target compounds NP-9-Cz, NP-3-Cz,
NP-2-Cz were found to be soluble in common organic solvents, such as chloroform,
toluene, acetone and tetrahydrofuran.
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Fig. 4.21. ORTEP projection of the crystal structure of mISO-2Cz. Displacement ellipsoids
are drawn at 30% probability level

4.3.2 Thermal properties

Thermal transitions of NP-3-Cz, NP-9-Cz, NP-2-Cz were investigated by TGA
and DSC. The DSC curves of NP-3-Cz and NP-2-Cz are shown in Fig. 4.22. and the
thermal characteristics of all three compounds are collected in Table 4.8. NP-3-Cz,
NP-9-Cz and NP-2-Cz were found to exhibit very high thermal stability. Their 5%
weight loss temperatures range from 400 °C to 457 °C. The slightly lower thermal
stability of NP-9-Cz can apparently be explained by the fact that the C—N bonds
between the carbazole and phenanthrocarbazole moieties are less stable than the
corresponding C—C links.
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Fig. 4.22. DSC curves of NP-3-Cz and NP-2-Cz (scan rate 10 °C/min, N, atmosphere)

The melting points determined from the sharp endothermic peaks in the
thermograms of DSC were found to be 225, 241 °C, 175 °C for NP-3-Cz, NP-9-Cz
and NP-2-Cz respectively. No exothermic peaks associated with crystallization were
observed for compounds NP-3-Cz and NP-2-Cz when their melted samples were
cooled down to room temperature and an amorphous solid was formed. When the
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melted sample of NP-9-Cz was cooled down, a broad exothermic peak due to
crystallization was observed at ca 215 °C.

Table 4.8. Thermal characteristics of NP-3-Cz, NP-9-Cz, NP-2-Cz

T, °C? Tg, °C? Tq, °C?
NP-3-Cz 225 107 457
NP-9-Cz 241 - 400
NP-2-Cz 175 111 457

adetermined by DSC and TGA, scan rate 10 °C/min, N2 atmosphere.

On repeated heating cycles, the samples of NP-3-Cz and NP-2-Cz showed glass
transitions at 107 °C and 111 °C, respectively, and no other signals were observed.
Meanwhile, on the second heating scan, compound NP-9-Cz demonstrated an
endothermic melting peak at the same temperature (241 °C) as was observed on the
first heating cycle. Thus, it was not possible to transform NP-9-Cz into the glassy
state by slow cooling from melt. The stronger disposition to crystallization of NP-9-
Cz, having no branched alkyl chains at carbazole moieties, may be due to a more
favorable arrangement and stacking in the crystal as compared to NP-3-Cz and NP-
2-Cz. Nevertheless, thin uniform films of NP-9-Cz could be prepared by solution
processing and by vaccuum evaporation.

4.3.3 Optical and photophysical properties

UV and FL spectra of the dilute solutions of NP-3-Cz, NP-9-Cz and NP-2-Cz in
THF and of the solid films are shown in Fig. 4.23 and Fig. 4.24. The optical and
photophysical characteristics are summarized in Table 4.9

—— NP-3-Cz Abs /1"
—— NP-9-Cz Abs |,
NP-2-Cz Abs: 1
————— NP-3-CzFL /!
fffff NP-9-Cz FL |!
NP-2-Cz FL !

Absorbance
Normalized FL (a.u.)

200 300 400 500 600
Wavelength (nm)

Fig. 4.23. UV-vis and normalized fluorescence spectra (1ex=350 nm) of dilute THF
solutions (10-° M) of NP-3-Cz, NP-9-Cz and NP-2-Cz
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Fig. 4.24. Absorption and fluorescence spectra of the solid films of NP-3-Cz, NP-9-Cz and

NP-2-Cz
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Table 4.9. Optical and photophysical characteristics of compounds NP-3-Cz, NP-
9-Cz and NP-2-Cz

}Labmax,/ A®Mmaxsol /| |Stokes | @Psol / g2 I T Krad
ﬂabmax A max film, Shift, Drilm, Slb eV 6\1/’ fsos1 T, (ns) ){2 (108
fim(NM) | (nm) nm % b s1ns) [sins)
NP-3-Cz 458/ 76/ 2,56/
472 491/528 | 33/56 33 569 176 | 0.90 | 3.15 |1.15| 24
NP-9-Cz 443/ 68/ 254/
455 485/514 | 42/59 51 279 1.80 {049 | 4.07 |1.08| 1.7
NP-2-Cz 457/ 61/ 253/
471 4871528 | 30/57 42 272 176 | 1.06 | 2.62 |1.18| 2.3

asinglet levels of investigated molecules have been taken as the energies of maxima of FL spectra.

b triplet levels of investigated molecules have been calculated using the TD-DFT/B3LYP/6-31G(d)
method with the PCM solvent approach (THF was used as the model solvent accordingly to the
experimental measurements).

UV spectra of the dilute solutions and of the solid films of NP-3-Cz and NP-2-
Cz have comparable absorption profiles. The absorption bands observed in spectra
of the solutions of NP-3-Cz, NP-9-Cz and NP-2-Cz in the region of 285-310 nm can
be assigned to nzm* transition of carbazole moiety [5,325]. The lowest-energy
absorption bands observed at 460 nm in the UV spectra of the solutions of NP-3-Cz
and NP-2-Cz are red shifted by ca. 20 nm relative to that of NP-9-Cz. These
absorption bands can be attributed to the nn* transition in the annelated perylene
core [219], whiah are in good agreement with the quantum-chemical calculations.
As can be seen from Fig. 4.25, both HOMO and LUMO orbitals are localized on the
central 1H-phenanthro[1,10,9,8-cdefg]carbazole core with small contributions on
the peripheral carbazole moieties. It should be noted that the minor charge transfer
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HOMO

LUMO

from the carbazole fragment to the phenanthrocarbazole fragment occurs upon the
HOMO-LUMO transition for all the compounds. The share of charge-transfer
configuration increases in the series of NP-2-Cz, NP-3-Cz and NP-9-Cz, which
corresponds to the decreasing of the oscillator strength (fsos1) of the first singlet-
singlet transition. This result corresponds to the lower radiation rate constant for
luminescence of NP-9-Cz because of the fss; being directly proportional to the krag
values in accordance with the following equation: kraq = v*fs0s1/1.5003, where v is the
wave number for the corresponding transition So— S; (represented in cm™). These
results provide evidence of a more effective conjugation of m-electrons in the
molecules of NP-3-Cz and NP-2-Cz compared to that in NP-9-Cz. Dilute solutions
of compounds NP-3-Cz, NP-9-Cz and NP-2-Cz show intense green emission with
the wavelengths of intensity maxima ranging between 485 and 491 nm and
fluorescence quantum vyields ranging from 61 to 76 %. The emission intensity
maxima of the solid samples are red-shifted up to 40 nm and the quantum yield
values are lower by 20-40 %. It has to be stressed that the global PECs minima of
the ground and first excited (S1) singlet states almost coincide because of the small
Stocks shift and mirror relationship for absorption and fluorescence spectral
contours. Another indirect confirmation of this conclusion comes from this work
UB3LYP and TD DFT calculation of the excited triplet state (T1) and its comparison
with the properties of Sy, Sy states. The T1and S; states are both produced by HOMO-
LUMO excitation, thus their geometrical characteristics are similar. On the other
hand, geometry optimization of the Ty structure provides quite similar parameters to
the ground state one. Thus, it can be concluded that the calculated oscillator strength
values for the first singlet-singlet electronic transition determines directly the
intensity of the reverse emissive S1 — So transition. This fact allows the high
quantum yields values for NP-3-Cz, NP-9-Cz and NP-2-Cz by the high TD DFT
calculated values of fsgs; to be explained.
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NP-2-Cz NP-9-Cz
Fig. 4.25. Frontier molecular orbitals of NP-2-CzNP-3-Cz and NP-9-Cz stacked dimer
calculated with the B3LYP/6-31G(d) method

To get a deeper insight into the photophysical properties of NP-3-Cz, NP-9-Cz
and NP-2-Cz, the fluorescence decay curves of the solutions were recorded.
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Fluorescence decay curves were well described by the single-exponential functions
for all the target compounds (Fig. 4.26). Compounds NP-3-Cz, NP-9-Cz and NP-2-
Cz showed close values of fluorescence life time (z), which were found to be 3.15,
4.07 and 2.62 ns, respectively. The radiative (k;) and nonradiative (k.r) decay rate
constants of the singlet excited state were calculated using the following equations:
ke = @ /1, ke = (1-®) / 7. The estimated values are summarized in Table 2.
Compounds NP-3-Cz and NP-2-Cz exhibited almost the same k; values while kp,
was found to be almost 2 times higher for NP-2-Cz. As a consequence, the more
preferable nonradiative processes in the solution of the NP-2-Cz compound showed
approximately a 15 % lower fluorescence quantum yield as compared to NP-3-Cz.
Fig. 4.24 shows the absorption and emission spectra of the solid films of the target
compounds. The lowest-energy absorption band of NP-3-Cz, NP-9-Cz and NP-2-
Cz were observed at 528, 514, and 528 nm, respectively. The lowest energy
absorption bands of the thin films of NP-3-Cz, NP-9-Cz and NP-2-Cz exhibited red-
shifts of ca. 30 nm with respect to those of the dilute solutions. This difference is
generally a result of the intermolecular interactions in the solid state.
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Fig. 4.26. Fluorescence decay curves of the dilute (10-°M) solutions in THF of NP-3-Cz,
NP-9-Cz, NP-2-Cz

4.3.4 Electrochemical and photoelectrical properties

The electrochemical properties of NP-9-Cz, NP-3-Cz and NP-2-Cz were
investigated by CV to analyze energy transfer processes and the reversibility of
oxidation-reduction processes. The CV curves of NP-9-Cz, NP-3-Cz and NP-2-Cz
are shown in Fig. 4.27. The electrochemical characteristics are summarized in Table
4.10. The cyclic voltammograms of NP-3-Cz, NP-9-Cz and NP-2-Cz exhibited two
reversible oxidation waves with peaks at 0.29, 0.63, 0.41 V (vs Fc/Fc*) of the first
wave and 0.64, 0.97, 0.91 V of the second wave, respectively.
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Fig. 4.27. Cyclic voltammograms of NP-9-Cz, NP-3-Cz and NP-2-Cz at 103 mol L in a
solution of in argon-purged TBAP (0.1 M) in CH2Cl,. v =50 mV/s

Table 4.10. Electrochemical characteristics of NP-3-Cz, NP-9-Cz and NP-2-Cz

Enomo® /
E ,V E ODFT., E d IE DFTl’ “:)7
onzet on,paa \Y on,pmv El/27 \Y DFETHoeMcC LUZVC ‘ evgc eVe

NP-3-Cz 0.19 1(0.29/0.64 0.21 | 0.25 | -4.95/-4.73 -162 | 254/3.11|5.14

NP-9-Cz | 0.52 [0.63/0.97] 055 | 0.59 | -5.43/-5.16 | -2.00 |2.61/3.16 |5.53

NP-2-Cz 0.31 [0.41/0.91] 0.33 | 0.37 | -5.12/-482 | -1.62 |255/3.20|5.20

Each measurement was calibrated with ferrocene (Fc)

@ EoxP?, Eox®® —peak potentials corresponding to successive molecular oxidations.

® Exomo(eV) = —1.4Eonset, 0x(V) — 4.6

¢ theoretical values of Enomo and ELumo have been calculated at the B3LYP/6-31G(d) level of theory
accounting the solvent effect.

d optical bandgap energies Eg estimated from the absorption edges.

¢ lonization potentials of the solid samples were estimated by electron photoemission in air.

The redox processes of the solutions were found to be stable with no obvious
changes during subsequently repeated scanning (over 5 cycles). The HOMO energy
levels of NP-3-Cz, NP-9-Cz and NP-2-Cz were estimated to be -4.95, -5.43 and -
5.12 eV respectively, according to the relationship Ernomo(eV) = —1.4Eonsetox(V) —
4.6 [257] where Eonsetox is the onset of the first oxidation wave[255]. The DFT-
calculated HOMO energy levels are in good agreement with the experimentally
estimated values (Table 4.10), while the theoretical bandgap energies deviate to a
greater extent from the experimental values since the calculated E (LUMO) energies
are evidently overestimated, which is a known problem of DFT.
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lonization potentials of the solid layers of the synthesized compounds were
measured by the electron photoemission in air technique. The photoelectron
emission spectra of NP-3-Cz, NP-9-Cz and NP-2-Cz are presented in Fig. 4.28.
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Fig. 4.28. Photoelectron emission spectra of the thin films of NP-3-Cz, NP-9-Cz and NP-2-
Cz

The IP values were obtained from the intersection of the linear parts of the
photoelectron spectra drawn with an abscissa axis. The ionization potential values
vary in range from 5.14 to 5.53 eV. The IP value observed for NP-9-Cz was found
to be 0.3 eV higher compared to those of NP-3-Cz and NP-2-Cz.

4.3.5 Charge-transporting properties

To characterize the charge transporting properties, the layers of the synthesized
compounds NP-3-Cz, NP-9-Cz and NP-2-Cz were investigated using the TOF
technique at room temperature in air. The layers of the samples were prepared by
vacuum deposition. The layer thickness varied from 1.0 to 4.2 nm. Fig. 4.29 shows
the hole and electron photocurrent transients on log-log and linear (insets) scales that
were observed for the layers of NP-3-Cz, NP-9-Cz and NP-2-Cz.

The layers of all the synthesized compounds were found to be capable of
transporting both holes and electrons in air with good agreement to the close values
of the DFT calculated electron (1c) and hole (1) reorganization energies (the higher
A values corresponds to the lower parameters of conductivity), i.e. the NP-3-Cz, NP-
9-Cz and NP-2-Cz films possess the ambipolar semiconductive nature. Fig. 4.30
shows the electric field dependencies of charge carrier mobilities (u) for the layers
of NP-3-Cz, NP-9-Cz and NP-2-Cz. The linear dependencies of charge mobilities
on the square root of the electric field (E*?) were observed for all the synthesized
compounds. Such dependency was previously observed and explained by
Borsenberger [259].
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Fig. 4.29. TOF transients for the vacuum deposited layers of NP-3-Cz, NP-9-Cz and NP-2-
Cz in the log-log scales. The insets show transient curves of electrons and holes at the
corresponding surface voltages in the linear plot

The zero electric field charge mobility (po) and field dependence parameter («)
were calculated using Poole—Frenkel relationship: p=po exp(aVE). The TOF hole
and electron mobility data for all the compounds (NP-3-Cz, NP-9-Cz, NP-2-Cz) are
summarized in Table 4.11.
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Fig. 4.30. Electric field dependencies of hole and electron mobilities in the layers of NP-3-
Cz, NP-9-Cz and NP-2-Cz.

Table 4.11. The hole-electron mobility data for compounds NP-3-Cz, NP-9-Cz

and NP-2-Cz.
d, *1073,
Comp. [um] on / poe,[cM?/V/s]P un/ e, [cm2/Vs]? (Ecm V] Je, €VE | An, eV

NP-3-Cz 2.1 8.2x105/9.4x106 9.1x104/5.4x10° | 4.9/35 | 0.25 0.25

NP-9-Cz 1.0 1.4x10°/2.2x10° 2.5x104/3.9x10* | 5.8/1.4 | 0.22 0.37

NP-2-Cz 4.2 6.6x104/1.1x10°° 9.3x10%/2.6x10° | 53/1.7 | 0.29 0.21

amobility value at an electric field of 2.5x10° VV/cm
b the zero-field hole and electron drift mobility
¢ the electron (4e) and hole (4n) reorganization energies obtained from the B3LYP/6-31G(d)

calculations

The TOF measurements revealed, by nearly one, the order of magnitude higher
hole and electron mobilities in the layer of NP-2-Cz against those of the layers of
NP-3-Cz and NP-9-Cz. The zero field electron mobility of the vacuum deposited
layer of NP-2-Cz was found to be higher than 10°3cm?V-s? at room temperature. At
the electric field of 2.5x10° V/cm, hole-mobility values of the layers of NP-3-Cz,
NP-9-Cz and NP-2-Cz were found to be 9.1x104,2.5x10*, 9.3x10-3cm?V-1s%, while
the electron-mobility values were 5.4x10%, 1.3x10%, 2.6x1073, 2.6x10°cm?V-1s,
respectively. The highest charge mobilities in the layers of NP-2-Cz can apparently
be explained by a more effective conjugation of electrons between perlyne and
carbazole moieties. This conclusion is in good agreement with the lowest value of iy
for the NP-2-Cz molecule, while the A, value contradicts the experiment, this can be
explained by the crucial role of charge transfer integrals, which depend on the crystal
structure of the NP-2-Cz (this aspect has not been taken into account in the realized
DFT calculations).
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4.3.6 Performance in OLEDs

EL spectra of the fabricated OLEDs (Fig. 4.31) were found to be similar to the
PL spectrum of the films of NP-3-Cz, NP-9-Cz and NP-2-Cz. (Fig. 4.32). Thus, the
layers of the newly synthesized compounds were responsible for the OLED
emission. The EL spectrum of device B was found to be wider with a lower-energy
maximum at 490 nm.

Fig. 4.31. OLED structure and photos of the devices A, B and C
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Fig. 4.32. EL spectra (left), current density-voltage and brightness-voltage characteristics
(right) of the devices A, B and C
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Table 4.12. Characteristics of the devices A, Band C

Max. EQE and Max. power Turn-on Max. brightness
current efficiency efficiency voltage
Device A | 3.7%,12.9 cd/A 8.8 Im/W 20V (11_81\‘}?228%”/3(:[“2)
Device B |  1.9%, 6.5 cd/A 5 Im/W 22V 15 3/]:?:1()2%C:1T/(2:m2)
2
Device C 4.2%, 14.6 cd/A 11.4 Im/W 20V (15 s;a%%cﬂg}cm%

The basic characteristics of the fabricated devices A, B and C are presented in
Table 4.12. The high brightness of the fabricated devices (Fig. 4.32) can be explain
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by the high emission quantum yields of the films of NP-3-Cz, NP-9-Cz and NP-2-
Cz and ambipolar charge-transporting properties of these compounds.

The best characteristics observed for Device C can apparently be explained by
favourable charge-transporting properties of NP-2-Cz. Moreover, LUMO energy
levels of NP-3-Cz and NP-2-Cz matched with the energy levels of the anodes, which
provide low turn-on voltage of the devices (2.0 V) (Fig. 4.32).

In conclusion, N-annelated perylenes containing two differently linked
carbazolyl substituents were synthesized and their thermal, optical, photophysical
and electrochemical properties were studied. The synthesized compounds were
found to be efficient green-emitting fluorophores. They were used for the fabrication
of the emissive layers of the effective and highly luminous OLEDs. The brightness
value exceeding 62000 cd/m?and EQE of 4.2% were recorded. We suggest that such
high efficiencies of the fabricated devices are due to the high fluorescence quantum
yields of compounds in the solid state, as well as due to the high and balanced
electron and hole mobilities. The TDDFT calculated values of the S¢—S; oscillator
strengths were found to be very high and consequently causes the high fluorescence
ability. The oscillator strengths (0.9, 0.49, 1.06) are in correlation with the brightness
(14500, 31300 and 62000 cd/m?) and EQE (3.7, 1.9, 4.2 %) values that were
observed for the fabricated OLEDs.

4.4 Di-, tetra-, hexamethoxycarbazole derivatives

There is a substantial number of studies on 3,6-disubstituted and 2,7-
disubstituted carbazole derivatives and their applications [227-229]. Incomparison,
less research has been carried out on multisubstituted carbazole derivatives. Working
on the synthesis of multisubstituted derivatives of carbazole it was observed that for
the 3,6-substituted derivatives of carbazole the most reactive positions are C-3 and
C-6 followed by the C-1 and C-8 positions [6]. In the current work, a series of
carbazole derivatives substituted with two, four and six methoxy groups at C-1, C-
2, C-3, C-6, C-7 and C-8 positions will be presented. The impact of methoxy groups
on aromatic system of carbazole and subsequently on the optical, thermal,
electrochemical and photophysical properties of its derivatives will also be analyzed.
In addition, the comparative study with the 3,6-disubtituted carbazole derivatives
and discussion of the key differences of the thermal, optical, photophysical and
charge-transporting properties will be presented. Finally, the theoretical calculations
of all methoxy-substituted derivatives will be presented, along with a comparison of
the data obtained from the experimental results.

4.4.1 Synthesis

The disubstituted compounds (2DMCz, 3DMCz) were prepared in two steps,
starting from anisole and carbazole derivatives, respectively, using the previously
reported methods (Scheme 4.7) [215-218]. 2,3,6,7-Tetramethoxycabazole (TMCz)
and 1,2,3,6,7,8-hexamethoxycarbazole (HMCz) were obtained from the
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disubstituted derivative 2DMCz, via bromination [217] and methoxylation [218]
reactions. The compounds were identified by *H and **C NMR spectrometries.
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Scheme 4.7. Synthesis of di, tetra and hexamethoxycarbazole derivatives 3DMCz,

2DMCz, TMCz, HMCz

4.4.2 Crystal structures

Single crystals of 3DMCz, 2DMCz, TMCz, HMCz and Cz suitable for X-ray
analysis were grown from the diluted solutions. The ORTEP drawings and packing
in the crystals are shown in Fig. 4.33 and the crystalographic data is summarized in
Table 4.13. The tetra- and hexamethoxy derivatives (TMCz and HMC2z) crystalize
into the monoclinic crystal systems with space group P21 (#4), while

dimethoxycarbazole derivatives (3DMCz and 2DMCz) form crystals with triclinic
(space group P-1 (#2) and orthorhombic (space group P212121 (#19)) crystal
systems, respectively. The methoxy groups of 3DMCz, 2DMCz, TMCz lay in the
same plane as the carbazole aromatic rings. In the case of HMCz, due to steric
overcrowding in the space around carbazole aromatic system, the methoxy groups
bent below or above the carbazole plane. In the crystals, the molecules are held
together with different types of interactions: N-H---O, C-H---O, N-H---CAr, C-
H---CAr, ArC-H---CAr.

The strongest interactions, i.e. hydrogen bonds (N-H---O, C-H---O, Fig. 4.33),
were observed for 3DMCz and HMCz with the distances varying from 2.22 to 2.64
A. The weaker interactions (N-H---CAr, C-H---CAr, ArC-H---CAr), with the
distance higher than 2.72 A, are common to all the other crystal structures described
in this chapter.
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Table 4.13. Crystalographic data of Cz, 3DMCz, 2DMCz, TMCz, HMCz

Cz 3DMCz 2DMCz TMCz HMCz
Chemical formula | Ci2HgN C14H13NO2 C14H13NO2 C16H17NO4 CH2Cl2|C18H21NOg
Crystal system orthorhombic [triclinic orthorhombic  |monoclinic monoclinic
Formula weight 167.21 227.26 227.26 287.31 347.36
Shape yellow, prism  [colorless, chip | colorless, block | colorless, block (F:)crnilsr::ess,
Space group Pnma (#62) P-1 (#2) P212121 (#19) P21 (#4) P21 (#4)
alA 7.794(10) 6.338(7) 5.691(4) 11.240(9) 7.349(7)
b/A 19.19(2) 15.81(2) 7.584(7) 5.886(4) 8.146(8)
c/A 5.739(8) 18.75(2) 25.83(3) 26.47(2) 14.12(2)
al® 90.00 106.65(3) 90.00 90.00 90.00
ple° 90.00 95.92(2) 90.00 90.052(7) 98.51(2)
yl° 90.00 91.708(4) 90.00 90.00 90.00
V/A3 858(2) 1787(4) 1115(2) 1751(3) 836(2)
Y4 4 6 4 4 2
D/gcm? 1.294 1.267 1.354 1.366 1.380
Temperature / K 298 298 298 298 298

Fig. 4.33. Crystal packing and interactions of 3DMCz, 2DMCz, TMCz, HMCz
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4.4.3 Thermal properties

The glass-forming capabilities and thermal stability of the materials were
estimated by DSC and TGA, respectively. The thermograms of the compounds
(3DMCz, 2DMCz, TMCz, HMCz) are shown in Fig. 4.34 and the thermal
characteristics are collected in Table 4.14. Due to the low molecular weight, the
synthesized methoxycarbazoles are not capable of forming molecular glasses. These
compounds showed moderate thermal stability with 5% loss temperatures between
227°C and 254°C. Compared to non-substituted stand-alone carbazole (Cz),
methoxy groups have a positive influence on the degradation (sublimation)
temperature of the compounds. The T4 values of 3DMCz, 2DMCz, TMCz and
HMCz were found to be more than 30 °C higher than that of Cz. The increase of
thermal stability could be interpreted in terms of hydrogen bonding between oxygen
of the methoxy group and other hydrogen atoms (Fig. 4.33). In the first DSC heating
scan, carbazole (Cz) showed an endothermal peak at 246 °C, while
methoxysubstituted derivatives (3DMCz, 2DMCz, TMCz, HMCz) showed their
melting signals between 180 and 120 °C. Compared to Cz, the lower Ty, values of
3DMCz, 2DMCz, TMCz and HMCz can be explained by the plasticizing effect of
the methoxy groups.
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Fig. 4.34. DSC and TGA thermograms of methoxycarbazole derivatives
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4.4.4 Optical and photophysical properties

UV-vis and FL spectra of the dilute solutions in THF of 3DMCz, 2DMCz,
TMCz, HMCz are shown in Fig. 4.35. The optical characteristics are collected in
Table 4.14. The methoxysubstituted carbazole derivatives (3DMCz, 2DMCz,
TMCz, HMCz) showed the lowest absorption maxima wavelength values in the
range of 321-366 nm. The number and position of methoxy groups at the carbazole
moiety have a significant effect on the character of UV-vis spectra. The lowest
energy absorption band of 3,6-dimethoxycarbazole (3DMCz) was observed at 366
nm, while the dimethoxy (2DMCz) and tetramethoxy (TMC2z) counterparts showed
blue shifts and the lowest energy absorption bands for these compounds were
recorded at 320 nm. The multimethoxy-substituted carbazoles (3DMCz, 2DMCz,
TMCz, HMCz) showed emission in the ultraviolet and violet regions with the
wavelengths of emission maxima ranging from 343 to 390 nm. Fluorescence spectra
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of the methoxycarbazole derivatives exhibited considerable redshifts of 17-47 nm
with respect to non-substituted carbazole (Cz).
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Fig. 4.35. UV-vis and normalized fluorescence spectra (1ex=350 nm) of dilute THF
solutions (10> M) of 3DMCz, 2DMCz, TMCz, HMCz and Cz

In contrast to small Stokes shift estimated for carbazole solution, the
methoxysubstituted derivatives (3DMCz, 2DMCz, TMCz, HMCz) showed
enlarged Stokes shift values of 18-36 nm. This observation implies noticeable
differences between the emitting and ground state structures of methoxy derivatives
(3DMCz, 2DMCz, TMCz, HMCz).

Table 4.14. Thermal and optical characteristics of 3DMCz, 2DMCz, TMCz,
HMCz and Cz

iabmax, nm A max, NM StOkﬁ?nShlﬁ, Tsubl, oCP Tm, oC
3DMCz 366 390 24 227 120
2DMCz 320 357 37 254 140
TMCz 321 363 42 251 178
HMCz 346 378 32 230 -a
Cz 337 343 6 204 246

2 not observed; ® sublimation temperature

4.45 Electrochemical and photoelectrical properties

Electrochemical properties of the compounds (3DMCz, 2DMCz, TMCz, HMCz)
were studied by CV. The electrochemical data is collected in Table 4.15. The CV
curves of the solutions of the studied compounds are shown in Fig. 4.36. No
reduction waves were observed down to ca -1.5 V. Shigehare et al. [241] reported
that C-1,8 positions of the carbazole moiety are the next reactive positions if C-3 and
C-6 positions are occupied. It was noticed that 2,7-disubstituted (2DMC2z) and
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2,3,6,7-tetrasubstituted (TMCz) carbazole derivatives exhibited an irreversible
oxidation peak and the formation of new carbazolyl-containing compounds, while
3,6-disubstituted (3DMCz) and 1,2,3,6,7,8-hexasubstituted (HMCz) compounds
showed reversible oxidation processes. Compound 3DMCz exhibited one oxidation
peak at 0.62 V. HMCz showed two oxidation peaks at 0.48 and 0.83 V.
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Fig. 4.36. Cyclic voltammograms of 3DMCz, 2DMCz, TMCz, HMCz and Cz at
103mol L™ in a solution of argon-purged TBAP (0.1M) in CH,Cl,. v= 50 mV/s

The irreversible oxidation of 2DMCz, TMCz and Cz started at 0.44 V, 0.18 V
and 0.70 V, respectively. Compared to Cz oxidation, methoxy substituted derivatives
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3DMCz, 2DMCz, TMCz, HMCz showed 50-75 % lower oxidation values in
solutions.

Table 4.15. Electrochemical characteristics of 3DMCz, 2DMCz, TMCz, HMCz
and Cz.

Eonset.Va on,pa, A on,pc, Ve EHOMO, (ev)c Eg ; (ev)b |P, (ev)b
3DMCz 0.42 0.62 0.39 -5.31 3.25 5.45
2DMCz 0.44 - - -5.22 3.72 5.43
T™MCz 0.18 - - -4.85 3.54 5.37
HMCz 0.34 0.48 0.33 -5.17 341 5.34
Cz 0.70 - - -5.58 3.58 5.68

2 Eoxpa , Eoxpc —peak potentials corresponding to successive molecular oxidations.

b The optical bandgap energies Eq estimated from the absorption edges.

¢ EHomo(eV) = —1.4Eonsetox(V)— 4.6 [257],where Eonset,ox Was determined by solution-based CV [255].
4 1P for the solid films was measured by the electron photoemission in air method.

The HOMO energy values were calculated from CV results using the equation:
Evomo(eV) = —1.4Emsetox(V) — 4.6. Compared to carbazole, compounds
methoxysubstituted carbazole derivative showed the HOMO energy value increase
by 0.30-0.50 eV. In addition, the experimental HOMO values are comparable to the
theoretical results achieved using DFT calculations (Fig. 4.37, Table 4.15).

N

HOMO -4.92 eV HOMO -5.02eV | -5.45eV | HOMO -4.95eV HOMO -4.90 eV

3DMCz 2DMCz Cz HMCz
LUMO -0.74eV  LUMO -040eV | 971ev | LUMO -0.52eV LUMO -0.52eV

Flg 4.37. Molecular orbitals of 3DMCz, 2DMCz TMCz, HMCz calculated Wlth the
B3LYP/6-31** method

The IPs of the solid state were obtained using electron photoemission in air
technique. The results are collected in Table 4.15. The IP values vary in the range
from 5.34 eV to 5.45 eV. The lowest IP values were observed for tetra- and hexa-
subtituted carbazole derivatives (TMCz, HMCz) with values of 5.37 eV and 5.34
eV, respectively, which are much lower compared to that of Cz (5.68 eV).

To summarize, four carbazole derivatives substituted with methoxy groups via
C1, C2, C3, C6, C7 and C8 positions have been synthesized. All the structures were
proven by X-ray crystallography. Moreover, from X-ray data it was observed that
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methoxy groups of disubstituted (3DMCz, 2DMCz) and tetrasubstituted (TMCz)
carbazole derivatives lay in the same plane as carbazole aromatic rings, while, in the
case of hexasubstituted carbazole (HMCz), they are bent above or below the
carbazole plane. Additionally, due to hydrogen bonding between molecules,
compounds containing methoxy groups showed a higher degradation (sublimation)
temperature compared to that of carbazole temperature. Additionaly, compared to
stand alone carbazole, the target methoxysubstituted compounds (3DMCz, 2DMCz,
TMCz, HMCz) showed a significant red-shifted FL spectra that consequently
resulted in higher Stokes shift values. Carbazole derivatives substituted with two
methoxy groups via C2 and C7 (2DMC2z) or with four methoxy groups via C2, C3,
C6 and C7-positions (TMCz) exhibited irreversible oxidation peaks, while
1,2,3,6,7,8-hexamethoxycarbazole (HMCz) and 3,6-dimethoxycarbazole (3DMCz)
showed reversible oxidation processes. Moreover, DFT calculations revealed
comparable experimental and theoretical HOMO values for all compounds. The
estimated ionization energies of methoxysubstituted derivatives (3DMCz, 2DMCz,
TMCz, HMCz) vary in range from 5.35 eV to 5.45 eV and these values are lower
compared to that of the carbazole IP values.

4.5 Synthesis and properties of glass-forming carbazole trimers containing
methoxy-substituted carbazole moieties

4.5.1 Synthesis

The synthesis of the compounds 2MeOCz, 3MeOCz, TMeOCz consisting of N-
alkylated carbazole core substituted at C-3 and C-6 with the different methoxy-
carbazolyl substituents (3DMCz, 2DMCz, TMC2) is shown in Scheme 4.8.

O

Reaction conditions:
0-DCB, Cu, K,CO3, A

= 44%

Scheme 4.8. Synthe3|s of d| tetra and hexamethoxycarbazole derivatives 2MeOCz,
3MeOCz, TMeOCz

75%
R
N

N
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Compounds 2MeOCz, 3MeOCz, TMeOCz were prepared in high yields using
the modified Ullmann coupling reaction [326] of iodinated precursor (21ACz) with
methoxylated derivatives 3DMCz, 2DMCz, TMCz. All the new compounds were
identified by 'H and *C NMR. At room temperature, 2MeOCz, 3MeOCz,
TMeOCz were found to be soluble in acetone, DCM and THF.

4.5.2 Thermal properties

To investigate morphological and thermal stability under heating, compounds
2MeOCz, 3MeOCz, TMeOCz were analyzed by DSC and TGA. Thermal
characteristics are collected in Table 4.16. The thermograms of the compounds are
shown in Fig. 4.38.
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Compared with the thermal stability of the derivative having no methoxy groups
(1A, 384 °C) [5], carbazole derivatives dimethoxycarbazole moieties (2MeOCz,
3MeOCz) showed higher thermal stability with 5 % loss temperatures at 400 °C and
421 °C, respectively, while carbazole derivativepossessing tetramethoxycarbazole
species (TMeOCz) showed relatively low degradation temperature with 5%
temperature loss at 327 °C. DSC curves showed that all new compounds (2MeOCz,
3MeOCz, TMeOCz) form molecular glasses with glass-transition temperatures
ranging from 96 °C to 103 °C. Compounds 2MeOCz, 3MeOCz, TMeOCz were
isolated as white crystals. In the first DSC scans, these compounds showed
endothermal peaks of melting at 297 °C, 208 °C and 242 °C, respectively. In the case
of 3MeOCz, the exothermal peak of crystallization was observed during the second
heating scan, which consequently caused one more endothermal peak of melting (at
297 °C) during the same scan. Compared to derivative with no methoxy groups 1A
[5], all the methoxylated derivatives (2MeOCz, 3MeOCz, TMeOCz) showed

higher thermal stability.

4.5.3 Optical properties

The UV-vis absorption and fluorescence spectra of the dilute THF solutions of
compounds 2MeOCz, 3MeOCz, TMeOCz and TCz are presented in Fig. 4.39 and
the data is collected in Table 4.16.
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Fig. 4.39. UV-vis and normalized fluorescence spectra (1ex=350 nm) of dilute THF
solutions (10-° M) of 2MeOCz, 3MeOCz, TMeOCz and 1A

Due to n-n* transitions, 2MeOCz, 3MeOCz, TMeOCz showed low energy
absorption maxima at wavelengths ranging from 360 nm to 376 nm. Compared to
carbazole trimer with no methoxy groups 1A [5], the derivative containing 2,7-
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dimethoxycarbazolemoiety (2MeOCz) showed a small blue-shift, while the
derivatives containing 3,6-dimethoxycarbazole (3MeOCz) and 2,3,6,7-
tetramethoxycarbazole (TMeOCz) moieties exhibited small red-shifts (5-9 nm).
Dilute solutions of 2MeOCz, 3MeOCz, 1A [5] exhibited close vibrational peaks in
the FL spectra with the maximum intensity wavelengths of 389 nm, 404 nm, 391,
respectively, while TMeOCz showed a 16-30 nm red-shifted emission spectrum
with respect to other derivatives studied. The introduction of methoxy groups gave
a rise of Stokes shift wvalues in the following  order:
1A<2MeOCz<3MeOCz<TMeOCz.

Table 4.16. Thermal, optical and photophysical characteristics of compounds
2MeOCz, 3MeOCz, TMeOCz and 1A

Tm/Tga/Tdb, 28%max, | A¥Mmax, | Stokes | Eonset, Eoxpa, V| Eoxpe, | EHomo, IP

Material °C nm | nm [shift, nm| V ¢ \& eve | (eVv)d

2MeOCz | 297/96/400 | 360 | 389 29 0.64 - - -5.50 | 5.40

3MeOCz | 208/93/421 | 372 | 404 32 0.54 0.74 | 057 | -5.36 | 5.19

TMeOCz | 242/103/327| 376 | 420 44 0.46 058 | 049 | -524 | 544

1A [5] 182/82/384 | 367 | 391 24 0.57 - - -5.40 | 5.80

a - determined by DSC, scan rate 10 °C/min, N2 atmosphere;

b - 5% weight loss determined by TGA, heating rate 10 °C/min, N2 atmosphere;

© Eoxpa, Eoxpc —peak potentials corresponding to successive molecular oxidations.

4 1P for the solid films was measured by the electron photoemission in air method.

¢ Evomo(eV) = —1.4Eonsetox(V)— 4.6 [257],where Eonset,ox Was determined by solution-based CV [255].

4.5.4 Electrochemical and photoelectrical properties

The electrochemical behaviour of 2MeOCz, 3MeOCz, TMeOCz in solutions of
dichloromethane were investigated by CV. The CV curves of the compounds are
shown in Fig. 4.40.
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Fig. 4.40. Cyclic voltammograms of 2MeOCz, 3MeOCz, TMeOCz at 103mol L Y ina
solution of argon-purged TBAP (0.1M) in CHxCl,. v=50 mV/s
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After seven oxidation and reduction cycles, compounds 3MeOCz, TMeOCz
exhibited a reversible oxidation, while 2MeOCz showed irreversible oxidation
processes leading to the formation of new carbazole-based compounds [241]. The
oxidation of the target compounds started in the range 0.46-0.64 V. The oxidation
peaks of 2MeOCz, 3MeOCz, TMeOCz were observed at 0.75 V, 0.74 V and 0.58
V, respectively. The HOMO energy values were calculated from CV results using
the equation Enxomo(eV) = —1.4Eonsetox(V) — 4.6. Compared to the compound with no
methoxy groups (1A) [5],3MeOCz, TMeOCz derivatives showed higher HOMO
energies with the values of -5.24 eV and -5.36 eV, respectively, while 2MeOCz
showed a lower HOMO energy with the value of -5.50 eV.

lonization potential values of 2MeOCz, 3MeOCz, TMeOCz were measured by
electron photoemission in air technique. The IP values (Fig. 4.41) ranging from 5.19
to 5.44 eV were obtained, which are much lower compared to the value of the
derivative with no methoxy groups (1A, 5.80 eV) [5]. It seems that the position of
methoxy groups in 2MeOCz and3MeOCz derivatives has a substantial effect on the
IP value. 2MeOCz possessing 2,7-dimethoxycarbazole moieties showed a 0.2 eV
higher IP value (5.40 eV), compared with the IP of 3MeOCz with 3,6-
dimethoxycarbazolule moieties (5.19 eV).
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Fig. 4.41. Photoelectron emission spectra of the thin films of 2MeOCz, 3MeOCz,
TMeOCz

4.5.5 Charge-transportingproperties

The charge-transporting properties of the layers of 2MeOCz, 3MeOCz and
TMeOCz were studied by the TOF technique. The samples of compounds were
prepared using the vacuum deposition technique with the layer thickness ranging
from 1.4 to 4.8 um . The linear dependencies of charge mobilities on the square root
of the electric field (EY?) were observed for all the synthesized compounds (Fig.
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4.42). Such dependency was previously observed and explained by Borsenberger
[259]. The TOF measurements revealed by nearly one magnitude the higher hole
mobilities in the layer of 3MeOCz with respect to those of the layer of TMeOCz.
The value of hole drift mobilities of the layer of 3MeOCz was found to be 1.0x10®
cm?/Vs at the electric field of 5.0x10° VV/cm. Zero field electron mobility of the layer
of 2MeOCz was found to be the highest among the compounds with the value of
1.0x10° cm?/V/s. It is obvious that the position and amount of methoxy groups has
an effect on the hole-transporting properties of the synthesized compounds
(2MeOCz, 3MeOCz and TMeOCz). All the methoxylated derivatives showed
between 1-2 higher hole mobilities with respect to those recorded previously for
derivative with no methoxy groups (1A) [5].
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Fig. 4.42. Electric field dependencies of hole-drift mobilities for the vacuum deposited
films of compounds2MeOCz, TMeOCz and 3MeOCzmeasured by TOF method at room
temperature

In conclusion, three new carbazole derivatives (3MeOCz, 2MeOCz and
TMeOCz) substituted via C-3 and C-6 positions with 3,6-dimethoxycarbazolyl, 2,7-
dimethoxycarbazolyl and 2,3,6,7-tetramethoxycarbazolyl moieties were synthesized
using the modified Ullmann coupling reaction. The derivatives show high melting
points (>208 °C) and possess a glass transition temperature with the value ranging
between 93 °C and 103 °C. Additionally, solutions of carbazole derivatives
connected  with 3,6-dimethoxycarbazole  (3MeOCz) or  2,3,6,7-
tetramethoxycarbazole (TMeOCz) fragments showed electrochemical stability in
the range between 0.0-1.0 V, while the compound based on 2,7-dimethoxycarbazole
(2MeOCz) exhibited irreversible oxidation. The ionization potentials vary in the
range between 5.20 eV and 5.44 eVV. An amporphous layers of 3MeOCz, 2MeOCz
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and TMeOCz showed good hole transporting properties. In the case of 3MeOCz,
the TOF hole drift mobility value reached 10 cm?Vs at high electric fields.

4.6 Electroactive carbazole derivatives containing isoindigo moiety

For the preparation of optoelectronic devices such as OLEDs and bulk
heterojunction organic solar cells, ambipolar electroactive compounds are more
useful than hole-transporting compounds [327]. Isoindigo is one of the famous
structures used as an electron acceptor unit for donor-acceptor-donor or acceptor-
donor-acceptor based molecules [10]. In this work, the focus is on the synthesis and
characterization of new ambipolar carbazole-isoindigo-carbazole (D-A-D)
derivatives with different alkyl chains on carbazole moieties. The main aspects of
the synthesis and characterization of the new derivatives, as well as of their physical,
optical, thermal and electrochemical properties, will be reported. A comparative
theoretical analysis of the new compounds was performed using DFT calculations.
The effect of alkyl chain length on the thermal transitions and charge-transporting
properties will also be analyzed. In addition, the results of tests of the selected
compounds in the structures of bulk heterojunction organic solar cells will be
reported.

4.6.1 Synthesis

The synthetic route to the isoindigo based compounds (mISO-2Cz, mISO-3Cz,
bISO-2Cz, bISO-3Cz) with the differently linked carbazolyl substituents is shown
in Scheme 4.9.

All the new derivatives with methyl (mISO-2Cz, mISO-3Cz) or isopentyl
(b1SO-2Cz, b1SO-3Cz) alkyl chains on carbazole moiety were synthesized by the
Suzuki-Miyaura coupling reaction [223] of a-1SO with 9-isopentyl-3-carbazolyl and
9-isopentyl-2-carbazolyl boronic acid pinacol ester (3-mBCz, 2-mBCz) or 9-
methyl-3-carbazolyl and 9-methyl-2-carbazolyl boronic acid pinacol ester (3-BCz,
2-BCz), respectively. Halogenated isoindigo precursor (1SO) was prepared in two
steps of commercially available 6-bromooxindole and 6-bromoisatin following the
previous reported procedure [225]. To obtain the alkylated precursor (a-1SO) the
reaction with 2-ethylhexylbromide was performed by the conventional procedure
[242]. The boronic acid pinacol esters of carbazole (3-mBCz, 2-mBCz, 3-BCz, 2-
BCz) were prepared from 3-bromocarbazole (3Br-Cz) and 2-bromocarbazole (2Br-
Cz) by N-alkylation reaction with iodomethane or 1-Br-3-methylbutane and
borylation reaction using the procedure reported in the literature [321]. The chemical
structures of the compounds were confirmed by *H and **C NMR and MS. The single
crystal of mISO-2Cz was grown in the solvent mixture hexane/dicloromethane and
the structure of mISO-2Cz was confirmed by X-ray crystallography results (Fig.
4.43). The target compounds mISO-2Cz, mISO-3Cz, blISO-2Cz and blISO-3Cz
were found to be soluble in common chlorinated organic solvents such as
chloroform, dichloromethane.
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__J_ b1so2cz biso-scz

Scheme 4.9. Synthesis of isoindigo based derivatives mISO-2Cz, mISO-3Cz, bISO-2Cz,
b1SO-3Cz. Reagents and conditions:a) conc. HCI (cat.), acetic acid, 60°C, reflux 2 h (b)
CgH17Br, K,CO3, KOH, TBAHS, A, 2 h; (c) Pd(Phs).Cl;, KOH, THF-H,0, 80°C, 10-12 h

R'=

Fig. 4.43. ORTEP projection of the crystal structure of mISO-2Cz. Displacement ellipsoids
are drawn at 30% probability level
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4.6.2 Thermal properties

The thermograms of isoindigo based derivatives obtained by DSC and TGA are
shown in Fig. 4.44 and Fig. 4.45. Thermal characteristics are collected Table 4.17.
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Fig. 4.45. TGA thermograms of mISO-2Cz, mISO-3Cz, bISO-2Cz and b1SO-3Cz

From the TGA curves it is seen that the length of alkyl chain has no effect on
thermal stability. The destruction temperatures of all isoindigo derivatives are
comparable with the values ranging from 383 °C to 395 °C. Thermal behavior in
DCS scans showed different behavior, depending not only on carbazole substitution
position, but also the alkyl chain length as well. All the analyzed materials were
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obtained as crystalline materials, therefore, from the first heating scan the melting
point with the value ranging from 191 °C to 291 °C was observed. It is obvious that
shorter alkyl chains causes higher molecule density in the crystal and stronger
interactions, as well. Therefore, compared with bISO-2Cz derivative, mISO-2Cz
and mISO-3Cz showed 50-100 °C higher melting points, exceeding 240 °C.
Additionally, compounds with shorter alkyl chains (mISO-2Cz, mISO-3Cz) are
very crystalline, therefore, the first cooling curve showed exothermic peaks of
crystallization temperature. On the second heating scan of bISO-2Cz and mISO-
2Cz, glass transition temperatures with the values of 60 °C and 161 °C, respectively
were observed. In the case of mISO-2Cz, molecular glasses tend not to be very
stable, therefore, during the second heating scan one more endothermic peak was
observed.

4.6.3 Optical properties

UV-vis spectra of dilute solutions of isoindigo derivatives (mISO-2Cz, mISO-
3Cz, bISO-2Cz, bISO-3Cz) are shown in Fig. 4.46. For comparison, the spectrum
of precursor a-1SO is given. In UV-vis spectra of mISO-2Cz, mISO-3Cz, bISO-
2Cz, b1SO-3Cz a broad absorption covering almost all visible spectrum (380-750
nm) was observed.
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Fig. 4.46. UV-vis of dilute THF solutions (10° M) of mISO-2Cz, mISO-3Cz, bISO-2Cz,
bISO-3Cz and the precursor a-1SO
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Table 4.17. Thermal and optical characteristics of mISO-2Cz, mISO-3Cz, b1SO-
2Cz, b1SO-3Cz

Tm, °C? Tg, °C? Tq, °C? 2300axs (NM) IP, (eV)°®
a-iso - - 102 499 -
mISO-3Cz 291 - 390 551 5.32
mlISO-2Cz 243 161 395 538 5.48
bl1SO-3Cz - - 391 551 5.28
bl1SO-2Cz 191 60 383 538 5.42

2 determined by DSC and TGA, scan rate 10 °C/min, N2 atmosphere.? ionization potential

Therefore, the isoindigo derivatives could be of interest for solar cells application.
Compounds with different alkyl chains on carbazole moieties (mISO-2Cz, bISO-
2Cz or mISO-3Cz, bI1SO-3Cz) possess similar profiles of UV spectra. Compared to
bISO-3Cz, whose isoindigo moiety is linked to the carbazolyl group via C-3
position, the other isoindigo derivative, substituted with 2-carbazolyl fragment
(b1SO-2Cz), showed comparable absorption spectrum with the lowest energy
absorption band observed at 538 nm. In addition, the UV-vis spectra of mISO-2Cz,
mISO-3Cz, bISO-2Cz, b1SO-3Cz showed considerable bathochromic effect of 30-
50 nm with respect to the spectrum of their precursor a-1SO. These results provide
evidence for more effective and prolonged conjugation length in the target
compounds [246]. By exciting the solutions of the derivatives with radiation of
different energy, the samples did not exhibited any emission up to 750 nm. This
observation shows that non-radiative processes take place after excitation of the
molecules.

4.6.4 Electrochemical and photoelectrical properties

The redox behavior was investigated and experimental HOMO/LUMO values
were estimated using the CV technigque. The CV curves and electrochemical
characteristics of bISO-2Cz and blSO-3Cz are presented in Fig. 4.47 and Table
4.18, respectively.

Table 4.18. Electrochemical characteristics of bISO-2Cz and bI1SO-3Cz

Eoxonset, Eoxpa, | Eoxpes Eredonset, a b

Vv Va Va vV on,pa, \Y on,pc,V HOMOILUMO' (eV)
bISO-3Cz | 0.55 065 | 055 | -1.27 | -138 | -1.29 -5.37/-3.18
b1SO-2Cz 0.68 - - -1.26 -1.36 -1.28 -5.55/-3.21

qEoxP , Eox™’, Ered® , Ered”®—peak potentials corresponding to successive molecular oxidations
b Enomo(eV) = —1.4Eonsetox(V) — 4.6 [257], EvLumo(eV) = —1.19Eonsetred(V) — 4.78(V) [328] where
Eonsetoured Was determined by solution based CV [255].
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Fig. 4.47. Cyclic voltammograms of b1SO-2Cz and b1SO-3Cz at 102 mol L™* in the
solutions of argon-purged TBAP (0.1 M) in CH,Cl,. v =50 mV/s
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Fig. 4.48. The computed spatial distributions and the values of HOMO and LUMO orbitals
for bISO-2Cz and b1SO-3Cz
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The isoindigo derivative containing the carbazolyl group linked vis C-3 position
(b1SO-3Cz) after five repeated CV scan cycles showed reversible oxidation and
reduction peaks with the values of 0.55 V and -1.38 V, respectively. In the case of
bISO-2Cz, in which the carbazolyl group is linked via its C-2, the irreversible
oxidation and formation of new carbazole derivatives on the electrode were
observed. HOMO and LUMO values were calculated using the formulas: Exomo(eV)
= —1.4Eonsetox(V) — 4.6 [257], ELumo(eV) = —1.19Eonsetred(V) — 4.78(V) [328]
formulas and ferrocene as the standard of the redox system [329]. The linking
topology of isoindigo and carbazole moieties has a stronger effect on HOMO energy
than on LUMO energy. In the case of bISO-2Cz, HOMO and LUMO values were
found to be -5.55 eV and -3.21 eV, respectively, while in the case of bISO-3Cz, the
values were slightly higher (-5.37 eV, -3.18 eV).

The theoretical energies of HOMO and LUMO of blSO-2Cz and blISO-3Cz
were calculated using the B3LYP method with the 6-31G** basis set. LUMO
orbitals are localized on the central isoindigo core, while HOMO orbitals are
distributed on the peripheral carbazole moieties. The energies of HOMO and LUMO
for bISO-3Cz (-5.07 eV and -2.67 eV) and for bISO-2Cz (-4.93 eV and -1.60 eV)
are in good agreement with the experimental values (Fig. 4.48, Table 4.18).

The ionization potentials of mISO-2Cz, mISO-3Cz, bISO-2Cz and bISO-3Cz
were established from electron photoemission in air spectra (Fig. 4.49).

28
26 1
24 1
22 1
20 1
18 1

bISO-3Cz
5.28eV

5

S 124

0 T T T T T T T T T T T
52 53 54 55 56 57 58 59 60 61 62 63 64

hv(eV)

Fig. 4.49. Photoelectron emission spectra of the thin films of mISO-2Cz, mISO-3Cz,
bISO-2Cz and b1SO-3Cz

The ionization potentials of mISO-2Cz, mISO-3Cz, bISO-2Cz and bISO-3Cz
were established from the electron photoemission spectra (Fig. 4.49). The position
of the carbzolyl unit was found to have an effect on the IP values. mISO-2Cz, bISO-
2Cz showed 0.2 eV lower IP compared to that of mISO-3Cz, b1SO-3Cz. The length
of the alkyl chain on the carbazolyl moiety did not have any effect on the IP value.
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4.6.5 Charge-transporting properties

XTOF measurements were used to analyze charge-transporting properties of the
isoindigo derivatives (mISO-2Cz, mISO-3Cz, blISO-2Cz and blSO-3Cz). The
layers of the samples were prepared by the drop-casting technique. Due to high
crystallinity of the isoindigo compounds, the layers were prepared from a mixture of
the compound with inert polymer bisphenol-Z-polycarbonate (ratio of 1:3). The layer
thickness varied from 1.7 to 8.0 nm.

Fig. 4.50 shows the electric field dependencies of hole and electron drift mobility
values (u) for the layers containing isoindigo derivatives. The layer of bISO-2Cz
doped in PC-Z showed the ambipolar behaviour with hole and electron mobility
values of 4.8x107 and 3.7x108cm?V/s, respectively at an electric field of 2.5x10°
V/cm. (Table 4.19).
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Fig. 4.50. Electric field dependencies of charge mobilities in the layers of isoindigo
derivatives with (mISO-3Cz, bISO-3Cz and bISO-2Cz)or without (b1SO-2Cz) bisphenol-
Z polycarbonate

Table 4.19. Charge mobility data formISO-2Cz, mISO-3Cz, bISO-2Cz and
bISO-3Cz

*10-3
Compound [fr;l] pion / poe, [cmPIV/s] [clrlr:z/ Aﬂ;/’s]a (EC rr}/(i/]
mISO-3Cz + PC-Z, 1:3 5.0 | 1.7x10°/- 3.9x107/ - -
bISO-3Cz + PC-Z, 1:3 4.3 1.2x1010/ - 4.6x107/ - 6.3/ -
blISO-2Cz + PC-Z, 1:3 8.0 5.5x10%/8.4x10% | 4.8x107/3.7x108 2.2/-0.8
bISO-2Cz 1.7 3.5%x106/2.9x10® 2.1x104/ 8.0x10® 4.2/3/3

The glassy layer of blSO-2Cz derivative showed sufficient morphological
stability for the XTOF measurements. Hole and electron mobility values of 2.1x10
4 and 8.0x10° cm?/V/s, respectively were recorded at an electric field of 2.5x10°
V/cm. For the molecular mixtures of mISO-3Cz and bI1SO-3Cz with PC-Z, it was
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observed that the hole mobility was comparable with that of bISO-2Cz + PC-Z
(3.9x107 and 4.6x107 cm?/Vs, respectively) while electron transport was not
detected.

4.6.6 Performance in bulk heterojunction solar cells

Bulk heterojunction-photo-voltaic devices were prepared using solutions (40 mg/ml in
chlorobenzene) of mISO-2Cz and bISO-2Cz molecules as donor materials and PCBM as
acceptor material. The fabricated device structures and energetic levels are shown in Fig.
4.51. To analyze the device performance, different donor/acceptor weight ratio were used
(Table 4.20

Table 4.20).
LiF LiF
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345 43]4.2 4.3 |42
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Fig. 4.51. Energetic levels of the components of organicsolar cells based on mISO-2Cz and

bISO-2Cz

The J-V curves are shown in Fig. 4.52. The best performance was observed from
device C, which produced an open circuit voltage (Voc) of 0.74 V, a short-circuit
current (Jsc) of 0.053 mA/cm?, a fill factor (FF) of 0.31 and a power conversion
efficiency (PCE) of 0.012 %. In addition, the planar organic photovoltaic device (G)
using thermal evaporation was fabricated. The structure of the device is shown in
Fig. 4.51. Compared to bulk heterojunctionsolar cells (A,B,C,D,F), the experiment
showed that the PCE value of device G increased by the factor of 2.5.
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Table 4.20. Performance of bulk heterojunction solar cells containing mI1SO-2Cz

and bl1SO-2Cz derivatives

Device Ratio Voo, V Jsc, MA/cm? FF PCE,
(donor/acceptor) %
A (b1SO-2Cz:PCBM) 1.1 0.62 0.028 0.37 0.0048
B (b1SO-2Cz:PCBM) 1.2 0.74 0.04 0.29 0.0087
C (b1SO-2Cz:PCBM) 1.3 0.74 0.053 0.31 0.0121
D (bISO-2Cz:PCBM) 1.4 0.68 0.053 0.33 0.0118
F (mISO-2Cz:PCBM) 1.1 0.64 0.022 0.30 0.0042
G (OPV (mISO-2Cz)) - 0.74 1.03 0.39 0.30
0,04
i
_O’O8 1 1 1 1
-0,2 00 02 04 06 08 1,0
Voltage(V)

Fig. 4.52. J-V curves of photovoltaic devices containing mISO-2Cz and b1SO-2Cz

In conclusion, during research a series of new derivatives with isoindigo and
carbazole with the different linking topology and the different length alkyl side
chains (methyl or izopenthyl) were synthesized. All the new derivatives showed
relatively high thermal stability with 5 % weight loss temperatures exceeding 380
°C. The absorption spectra of the derivatives of isoindigo and carbazole cover almost
all the visible spectral range. Due to more effective conjugation, isoindigo
derivatives with a carbazolyl unit linked via C-3 position showed comparable spectra
with respect to those of the counterparts having carbazolyl moiety linked via C-2
position. Isoindigo derivative containing a carbazole unit linked via C-2 position
showed ambipolar charge-transporting properties in air with the hole mobilities
reaching 2.1x10%cm?-V~1s™* and electron mobilities reaching 8.0x10° cm?-V s at
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high electric fields. Due to the broad absorption spectra and effective charge
transport, the carbazolyl-substituted isoindigo derivatives were employed in the
organic bulk heterojunction solar cell, which exhibited a power conversion
efficiency reaching 0.3 %.
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5. CONCLUSIONS

148

1.

2,7-Dimethoxy and 3,6-dimethoxy carbazole derivatives possessing
diphenylethenyl moieties were synthesized by condensation of the
corresponding derivative of dimethoxycarbazole with
diphenylacetaldehyde. Both of the isomers exhibit high thermal stability and
form molecular glasses. Since the majority of molecules in the crystal
structure of 2,7-dimethoxy isomer form J-aggregates, this compound
showed the effect of aggregation induced emission, while 3,6-dimethoxy
isomer showed the effect of aggregation-caused quenching. Both the
compounds showed comparable ionization potentials of ca. 5.4 eV. The
derivative based on 3,6-dimethoxycarbazole showed superior charge
transporting properties relative to its 2,7-dimethoxy counterpart. The time-
of-flight hole drift mobilities in its layers exceeded 102 cm?Vs at high
electric fields.

An efficient method for the synthesis of carbazole based diaza[6]helicenes
was developed- Electrophilic substitution reactions were performed,
resulting in the formation of functionalized chiral materials. The
configuration of the diaza[6]helicene diastereomers was proven by time-
dependent density functional theory calculations. The new chiral carbazole
based helicenes absorb radiation in UV and the blue region up to 425 nm,
while the chlorinated, its precursor, showed a 30 nm red shifted spectra.
According to density functionnal theory calculations, these compounds can
potentially be of interest as hole-transporting p-type semiconductors.
N-annelated perylenes containing two differently linked carbazolyl
substituents were synthesized, and their thermal, optical, photophysical and
electrochemical properties were studied. The derivatives form molecular
glasses with glass transition temperatures of 107-110 °C. The compounds
showed high thermal stability with 5 % weight loss temperatures ranging
from 400 to 457 °C. The ionization potentials of the compounds vary in
range from 5.14 to 5.53 eV. The time-of-flight measurements revealed hole
and electron mobility values reaching 102 cm?Vs. The synthesized
compounds were found to be efficient green-emitting fluorophores. They
were used for the preparation of emissive layers of the effective organic light
emitting diodes with the brightness value exceeding 62000 cd/m? and
external quantum efficiency reaching 4.2%.

Four carbazole derivatives substituted with methoxy groups at C1, C2, C3,
C6, C7 and C8 positions were synthesized. It was established by X-ray
crystallography that methoxy groups of 3,6- and 2,7-disubstituted and
2,3,6,7-tetrasubstituted carbazole derivatives lay in the same plane as
carbazole aromatic rings, while, in the case of 1,2,3,6,7,8-hexasubstituted



6.

carbazole, they are bent above and below the carbazole plane. Compared to
standalone carbazole, all the target compounds showed a significant red-
shifted fluorescence spectra, which consequently resulted in higher Stokes
shift values. Compared to standalone carbazole, methoxysubstituted
derivatives showed higher HOMO energy values by 0.30-0.50 eV and lower
ionization potentials by 0.20-0.30 eV.

By the reactions of 3,6- and 2,7-dimethoxy and 2,3,6,7-
tetramethoxycarbazole with  9-(2-ethylhexyl)-3,6-diiodo-9H-carbazole,
three new glass forming (T4~93-103 °C) derivatives were synthesized. The
compounds with 3,6-dimethoxy and 2,3,6,7-tetramethoxycarbazole moieties
showed reversible oxidation-reduction waves up to 1.0 V in the experiments
of cyclic voltammetry. The ionization potentials of all the compounds vary
in range between 5.20 eV and 5.44 eV. For the layer of the 3,6-
dimethoxycarbazole based compound, the time-of-flight hole drift mobility
reached 10 cm?/Vs at high electric fields.

A series of new derivatives based on the isoindigo core linked via 6,6’-
positions with two 3-carbazolyl and 2-carbazolyl units alkylated with the
different alkyl chains were synthesized. The derivatives showed high
thermal stability with 5 % weight loss temperatures exceeding 380 °C. The
absorption spectra of isoindigo based compounds cover almost all visible
spectrum. lsoindigo derivative containing two 2-carbazolyl-9-isopentyl
fragments showed ambipolar charge transport in air with the hole mobilities
reaching 2.1x10* cm?*V1s? and electron mobilities reaching 8.0x10%
cm? Vs at high electric fields. Due to the broad absorption spectrum and
effective charge transporting properties, 2-carbazolylsubstituted isoindigo
compounds were employed in the organic solar cells, which exhibited a
power conversion efficiency reaching 0.3 %.
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11. APPENDIX

Technological scheme for large scale application of N-annelated perylene and
carbazole based materials

In Fig. | the process flow chart applicable for large scale OLED production is
presented. It shows the need of an effective synthesis (less steps, high yield of the
target product), less energy consumption and low cost raw materials. The price of
the product increases with every additional step of synthesis needed to achieve the
target product. OLED design is the second stage, which is rather similar for many
materials.
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Fig. 1. Process flow chart showing material one step synthesis and OLED fabrication

The search of material for large scale production starts from theoretical
calculations. The next step is to design the route of an effective synthesis and the
final step is the employment of the achieved material in the fabrication of OLED.

A process flow diagram of one step synthesis is presented in Fig. Il. M1, M2 and
M3 mixes the incoming raw materials with solvent. In the case of low material
solubility, a recirculation line and heat exchanger (H-1) is used. Afterwards, the
resulted solution is sent to the synthesis reactor R-1. The additives, used for reaction;
such as catalysts, can be injected directly into the reactor. In all the processes, (such
as dissolving, mixing and the synthesis), to avoid the reactive oxygen from the air —
a nitrogen gas atmosphere is used. In addition, to avoid overpressure in the volume
of all the mixers (M1, M2, M3) and the synthesis reactor (R-1), additional pipelines
with grease catchers (F-1, F-2) are connected. In the case of high-pressure reactions,
the nitrogen gas compressor (CO-1) can be used. After the reaction, the mixture is
directed to mixer M-4, which is needed to cool-down the solution before the
extraction stage. For an effective and fast extraction process - centrifugal extractor
EX-1 is employed. The final step to obtain the crystals of the organic compound -
the vessel for crystallization and solvent evaporation (CR-1) is used.
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Fig. I1. Process flow diagram of material synthesis. (M-1, M-2, M-3, M-4 — mixers; F-1, F-
2, F-4 — grease catcher; CO-1 — nitrogen gas compressor; P-1, P-2, P-3 — solution pumps;
EX-1 — centrifugal extractor; CH-1- chromatography column; R-1 — synthesis reactor with
heater; CR-1 — volume for cristallization and solvent evaporation; S-1 — crystal separator;

D-1 — dryer; SB-1 — volume for material sublimation; ST-1 — storage; H-1 — electrical
heater; B-1 — bypassing line.)

In case of the presence of oily impurities in the crude product, which possess a
high boiling point, the column for absorption chromatography (CH-1) can be
attached to the purification process. In the crystal separator S-1, the obtained crystals
are separated and directly sent to the dryer (D-1). Before storage (ST-1) the
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sublimation process is used (SB-1) to achieve a high purity of materials needed for
optoelectronic devices.

Using the presented process flow diagram (Fig. Il) carbazolyl-substituted
perylene derivatives (NP-9-Cz, NP-3-Cz, NP-2-Cz) can be synthesized. To
optimize the overall synthesis, steps a, b and ¢ (Scheme 4.6), which are used to
achieve precursor A-NP, can be combined into a one step process employing a
bypassing line B-1. Adding the next two steps (d and e or f, Scheme 4.6) a full view
of the high scale three-step production of organic semiconductors NP-9-Cz, NP-3-
Cz, NP-2-Cz is achieved, which can be used as emitters for effective fluorescent
OLED:s.
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