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DEVELOPMENT OF CARBAZOLE BASED DONOR ACCEPTOR TYPED
FLUORESCENT MATERIALS FOR OLED APPLICATIONS

SUMMARY

Organic lightemitting diodes QLEDs) are growing area for display and lighting
technologiesdue to their numerous applications for both scientific andustry
perspectivesTypically, an OLED device structure is formedthin multi organic
layers placed between positive amehjative kctrodes.The most crucial part of the
structure is the emissive layer, which emits the three primary colors red, green and
blue via the photoluminescence procegspecially blueemissive materials suffer
from severaproblemsdue to havinga wide band ap (Eg), through the red & green
ones.The main strategy tetate of art adevice structurés high photouminescence

(PL) and electroluminescenece (Elefficiency. The historical development of
OLEDs s divided into three generations by themission meeanism florescence,
phosphorescence and thermally acticated delayed fluores€eABDd-). While 1st
generationdevicesrely on PL emission pathwaypy fluorescence andnd@ ones are
based onphosphorescence. Both of them have their own cons and proscout 3
generation devicebave more superior features than othdrsis last generation
devices, TADF emitters, can meet requirements of the device performance that
efficiency, lifetime andlong-term stability

In this thesiswe aimed to designedynthesized ahcharacterizedarbazole based
organic materialgvhich emit blue lightvith intented to be shown TADF mechanism.

In the first chapter new welldefined structurallydifferent 9,10-bis(9-hexyt6-((E)-
styryl)-9H-carbazol3-yl)anthracenalerivatives, shortth a me d 1 6 a, 6b and
side groups having electron donating and withdrawing were systematically
synthesized using Suzuki cressupling andvVilsmeierHaack reactionsThe impact

of electron donating and withdrawing groups and their influence on thecuaies
photophysical properties has been investigafBae materials showed sibjue
emissions with high internalquantum efficiencies. Based on photophysical
investigations the most promising molecule (6a) hasnbselected and high
efficiency OLEDs withexternal quantum efficiency at very low current efficiency

(~1 mA/cn®) reaching 5 % (doped) were obtained.

In the second chaptewe report synthesis and photophysical properties of-diesp
emitting donoracceptor (DA) and donotacceptordonor (DA-D) thermally
activated delayed fluorescence (TADF) molecules using carbazole as a donor (D)
and a pyridyl (apulfonyl (A) based bifunctional group as an acceptor. The work
reveals how structural changes favor reverse intersystem crossing (riISC) by forming
emissive charge transfer (CT) state, which is thoroughly investigated in different
donor and asymmetric acceptor positions. Three comparison sets of regioisomers are
investigated. 2 substituted pyridine derivatives in Sketare DAa, D-aA, and D

Aa-D structures with asymmetric acceptor systems, revealing that the donor nearer to
the pyridine group substantially controls the TADF properties. If2Setodified the
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D-Aa-D structures reveal how ortho and meta positioned a relative to A (keeping the
carbazoleat meta to the A) affects themission properties, deactivagi TADF and
promotion triplettriplet annihilation. In the final set, 2gubstituted pyridykulfonyl
derivatives show that the positioning of the donor far from the pyridine group has
minimal influence. This final set of molecules show superior optical and physical
properties though, indicating the importance of correct positioning between D, a, and
A.

In the third chapterwe have designed and synthesized a pair of highly asymmetric
D-aA-D 6 « pyrigylsulfonyl based isomers comprising phenothiazine (PTZ) and
carbazole (Cz) donor units, which are able to emit thermally activated delayed
fluorescence. PTpS4Py-2Cz and PTANS4Py-2Cz both possess spatial separation

of HOMO/LUMO on the donor andcceptor moieties, resulting in small calculated
singlet triplet energy gaps (~0.25 eV). Both isomers exhibit dual emission, which is
attributed to charge transfer states associated with the Cz and PTZ moieties at higher
and lower energies, respectivelihotoluminescence quantum yields and time
resolved emission decays show significant differences for the two isomers, with the
para- isomer exhibiting more efficient emission and stronger delayed fluorescence
than themeta isomerin strong contrast to ren#ly reported analogous €2z D-aA-

D isomers. The findings clearly show that the interconversion of tripiethe riISC
mechanism is promoted when parallel Cz and PTZ charge transfer states are allowed
to interact, explaining the improved performancéhef C2ZPTZ materials compared

to the previous GLz ones. Finally, moderate device performance was achieved in
warmyellowish (CIE; 0.41; 0.53 & 0.49; 0.48) naloped OLEDs, which exhibited

0.5% & 1.9% maximum external quantum efficiencies for theta and para
isomers, respectively.
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OLED UYGULAMALARINDA KULLANILMAK UZERE DONOR
AKSEPT¥R TKP KARBAZOL TABANLI FLORESANS
GELKKTKRKLMESK

OZET

Organi k | kK & kar (YOaLyEaDn) , Cifhaarzk | € el ektron ve
°czel i kl erine sahip birdemnotk veakal oylu te
sékécktilemeydama s gel en el ektroni k DbElektikdevr ed
enerjisini éxkék enhemj bsi nen hdmgdeipdiigr@aim @b ED 0 |
ilgisini ceken,aydénl at ma ve ekran wuygul amal ar én
vaadeden bir teknolojidir.

Ekranveaydénl at ma teknolojilerinde kull aneéel
mavi , yekil ve kérmézé emisyon vermekted
ékék yayan organi k materyallel ecxiiyag emey e e
duy marlat SodkOnusyeni Kk bant aral éjéna (Eg) sal

yalret kenl erkion|dygrasdpebiidcairneazéen y¢gk t akeéma
azaltarak y¢kegn eékéek yayecé tabakaya gir
yayan organikno |l ek ¢l | eri n di zayné, sentezi, kar
dijer ana r-gepkliée)eglkeéernmamraddrazl a °nem t

OLED cihazy apésénén &nobl|l asnaeglaarej gk yayan Kk
materyalinyiksek fotoliminesans (Ple elektroliminesanEL) v er i ml i | i J e s
ol maséedeér . OLEDOGIl erin tarihsel gel i ki mi
kull anélan yaréiletken bilexkijin ékéma t
ékéma yapan mol ek¢l tBrirnnckiul hasél déjféeost
yaparar isei ki nci nesi | ol ar ek oraedd aamga e € ma k a

uyar el mal ar én teorik o | adurankdan fosfdcesansnu m %
ékémal arda ise %25 singlet v eorikkoramk t r i pl
topl am 1%lMi0Oegs an.skasfords® M, KK éma yapaebil en
genellikle nadir elementk u | | &lIn @tn©s vb) gerektirenve organometalik

bil eki k| esinglest r i gpi @esi ge-i Kkl erine olanak s:
konsudur . Ayréca organometali k bilexikler
ékéma yapan organi k mol ek¢l | esamsk@xa&snlaad a
ile 11 gili t¢m avant aj ve dezavantsilajl ar
TADF ( Thermally Activated Delayed Fluoresc
mol eke¢l | er her ki t ¢re ait Sentnesil ©° zel
OLEDO6Il erde kull anelan TADF matervyalleri;
verimlilijigevekdmdddrke elariit kar kél amakt ader
S°z konusu tezde; kar bazol esasl & mavi é
beklenerorganikmo | ek ¢l Il eri n tasar é@éme, sentezi vV e
Bu kapsamda tezinilk € s ménda; 6aadailerve m&@x,oledre&k r o

sal éce gr upl @is(*hekzil6€(E)-stmil)-OHKarbhz®i3-yl)antrasen
tUrevleri, Suzuki kenetlenmeVYilsmeierHaack ve HornerWadsworthEmmons
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reaksiyonlarée ile sentezl enmi knokekilkn r . El ekt

czerindeki etkisinin fotofi ziOkelilkel91® zel | i kl er
s¢bstit¢gye edil mik antrasen grubu; el ektron
yapéneéen ma v i renkte emisyon ver mesi ni sajl
metoksi (OMe) ve elektron cekici grup olarak triflorometiQF;) kull anél méxkt er
Ayr éca yapéneén -9 zeéenerl g7 éng artter mak a me
pozisyonununddredalf kimoll ek pitA ttirir pa ryaaspéénydaa ne nD y a
molekilin6bad uj u bel i rl enmi Ktir. Fotol ¢minesans a
yiukt r ansf er °zellijine sahip vV e € Ké ma me k a
emi syonun ger -ekl exti]i t ek mol ek ¢ | yine (

Sentezlenen Uigp molekilar mdangb a mol ek ¢ 1 & alswalrll amalna rdak | anm
ve mavi ékék yayan OLE ci haz &noldukcad ¢ K ¢ k ake
y¢ksek %5 déek kuantum verimine sahip ol duju

Tezin 1 ki nci -akkeptérrBA)nvd dondrakiseptifianor (D-A-D) tip,

TADF mekanizmasé i -eren ve mavi éEkék yayan
Ozelikleri ar ak t ér & kaneswk maekiullerdek&rbazol grubu dondr (D) ve
piridil (a)-stii f oni | ( A) grbplramé erspri atbapE@ammakt ad

farkl é vV e ask aneegtrirk pmpoxmni°syonl aryéampén amol ek ¢ |
dejki kl i kl er i kapsaml & bi r yiuktaksérinid €T)i ncel ener

sistemler araseée ge-iKi (r1 SC) nasél destekl e
Bu amacla ilgili konm izomerlerir ez onans vy aip-€l laa remnsli agk°tréer ma

I -eri si nde25pnoczeilseynommi ukntdiar .s ¢ b direvigrigDyAa, edi | mi Kk
D-aAveDAaD tip ve asimetrik sisteme °rnek tekk
set.i 1061 me ydollex.nSézk g @ uis u meskette 16e ai't mol ek ¢ |
rezonans yapéeRlBemnai salgirpbiumlaerdaha yakeén ol a
Ozelli klerini b¢yek ©°1-¢de kontrol et tifji be

Kar kél akt er-AaeD t9 ot yZadpdhke Ii-Dee6sisstitiye mridin 3, 5
turevlerinin sti f oni | a k soete we Metgpozidydnudda bulunan donére
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1. INTRODUCTION

Cambazole is an aromatic heterocyclocompound which has triple ring system
containing a five membered pyrraleit, in the middle of the structure thasedto a
benzeneing on each sidelhis moleculehas one nitrogen atomhich involving the
nonbonding edron pair on it The lone pair (n) in the electronic spectrum is
corresponding te-~ * t r ahmgeichanaatenssics that s8ame featurethose of
“-" *transitiors [1]. Based on that approach, carbazole mgqitiespecially N-
substituted derivatives linked betweenNCatoms act agn electron donoso a
variety oforganic optoelectronicompounds havaccomadated carbazole (Cz) as the
donor unit [2,3]. Additionally, insertion a carbazole group to the building block
demonstrate exceptionally good thermal and electrochemical stability as well as
sufficient electron donating characteristip$i 6]. The low cost of the starting
material,flexible adjustmenbf its structwe, strong holg¢ransporting characteristics,
andstructuralstability make carbazole derivatives attrac{ivg].

Molecules which are able to make transition from an excited triplet state to an
excited singletstate named asgeverse intssystem crossingriSC), exhibit TADF
propertiesT h e | o wehe energyHifference between é&ditriplet & singlet
state,could be occurred by the best combination with electron donor and electron
acceptor unitg[9,10]. From an another point of view, once minimizing orbital
overlap between HOMO dnLUMO in which localized on the donor and acceptor
respectivelyenough smallesp Ervalue can be obtaindd1i 13]. In the literature, it

is widely accepted thaeducingmp kst is essentiafor TADF, and it is the standard
design paradigm for such emit¢t4,15]

The D-A-D or D-A type structurs, in which Adenotego an electron acceptor unit
and Ddenoteso an electron donor unit, has emerged as one of the most effective
architectures oT ADF moleculeq16]. These molecules aralsoreferred to as pins

pull materialg17].

Up to now, it is a common strategy to create f#uatting materials using pusbull
tecnique by estri cti on o f .The nombanar sirgeae wittohighly e n gt h



steric hindrance is obtained by tivaitation of the electron mobilityThe p-linker as
an anthracener a direct linkage to the acceptor units is the most common method of
contructa D-A or D-A-D frameworkq18].

Due to their ease of chemical modification and strong photoluminescence
characteristic, anthracene derivatives are often employedeapblue colored
emitting OLED materials[19i 21]. However, anthraceneis quite rigid and It
molecule so itoften face to p-p stacking[22]. The electrophilic substitution of
anthracene at 9,10positions isbonded the out of plane so it would be help to
suppressing the planarif23,24]

The sulfonyl group is utilized as an electron acce#fr of TADF emitters to
control theemission wavelength of the whole molec(l5i 27]. Electronegative
oxygene atomsn the group &vetendency to bstrong electrorwithdrawing ability
Moreover electron delocatization of the molecule are restrictedilbyngl groups
hencetheir distorted tetrahedral geometfiL1]. Pyridine moleculedoes not have
electronacceptor capacity as much as sulfonyl groups but pyridine based OLED
materialsin the solid state exhibitigh photoluminescence quantum yidg@Bi 30].

On the other hand, combination @fridyl & sulfonyl groupsto strengtheracceptor

unit was not arguedah the literature.

All chapters in lis thesis discussl the relationshibetween structure and property

of carbazole based molecules.

In the first chafer; anthracene moity was used g% lanker to connectirectly with
carbazole (D) which including electron donatin@Nle), electron withdrawing- (
CFs) and neutral-H) groups.

In the second chaptercarbazole (D) was bonded wittifferently substituted
asymmetrigpyridyl-sulfonyl (aA) groups act as an electron acceptor tmhuild up
D-Aa-D, D-Aa & D-Aa type TADF materials.

In the last chaptetthe impact ofcarbazolg(D) unit was investigated in depthly by
changing bisdonor structure {8a-D) withph e n o t i alayicreated d kihd of D

Aa-DO6 structur e.



2. SYNTHESIS AND ELECTROLUMINESCENCE PROPERTIES OF
HIGHLY EFFICIENT BLUE -EMITTING MATERIALS BASED ON
ANTHRACENE -CARBAZOLE DERIVATIVES FOR OLEDS *

2.1 Introduction

Organic light emitting diodes (OLED#$)ave attracted a great deal of interest due to
their potential applications in display and solid state lighting technol§gjle32]. In

order to fabricate full color OLED display and white lighting, it is necessary to get
high performance red, green ahlie light emitters with high electroluminescence
(EL) efficiencies, good thermal propertieed long device lifetime$33,34] A
number of blue OLEDs based on small molecules with excellent electroluminescence

(EL) performance, high efficiency and theakstability have been report¢8s,36].

Anthracene and its derivatives have been extensively investigated for many years
especily as bluelight emitters[37i 39]. The derivatives have attracted attention as
small organic molecules possesing unconventigtalsical properties, such as
outstanding electroluminescence and photoluminescence, high thermal stability and
extensive conjuga e eklectron structur@0i 43]. In addition, anthracene derivatives

are stable compounds that are amenable for substitidtmea® and 10 positions

[447 47]. Modification of anthracene with bulky groups along with a great variety of
electrondonating (D and electrofwithdrawing (A) subtituents is of particular
importance for supressing aggregation by steric hindrance, improvement the EL
performance and enhancement o-cOnjugated structure[48i51]. Fluorene,
carbazole, naphthalene and triphenylsilanevdéves are often selected as blue
emitting building blocks for synthesis of anthracérased emitters. It was observed

that the introduction of substituents in thedsition of the anthracene leads to a-non

'This chapter is based on the paper O6Haykir, G.,

J. Y. and Turksoy, F. (2018), The investigation of-bkye emitting anthrace-carbazole derivatives:
Synthesis, photophysics and OLED applications. Organic Electronics, 58289
doi .org/10.1016/j.0rgel.2018.05.055%56



coplanar structure and suppression of thermblecular interaction, which results in

high efficiency and color purity for blue light emitting materi{@gi 54].

In here, we synthesized a series of-bkye emitting materials, which include 9;10
diphenytanthracene moiety athe center position oftsicture and side groups
contain carbazole and methoxy substitagfigure 2.1)Structurally, we made slight
changes on carbazole connecting side units which comprises either a strong electron
withdrawing or electron donating groups to understand tleetsfbf anthracene side
groups on molecular photophysics and device performance. Addressing this point,
the photophysical properties were fully investigated, particularly using temperature
dependent timeesolved gated spectroscopy. And device performawess made
comparing the materials in doped and +olmped form. According to the results, it
was highlighted that the anthracergrbazole based materials showed -skye
emission with reasonable external quantum efficiency (EQE) over 2.5% i non

doped anaver 4% in doped devices.
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Figure 2.1 : The synthesis route usedgdmepare 6.



2.2 Experimantal Details

2.2.1Material and instruments

All reagents were of analytical reagent grade and were used without further
purification Solvents were distilled by usistandart methods drpurged with argon
before useThe *H and'®C spectra were recorded on a Bruker Spectrospin Avance
DPX 500 spectrometer operating at 500, 470 and 125 MHz, respectively. Mass
spectra and High resolution Mass Spectrometry-{IGI~ESI) wee recorded on
BRUKER MALDITOF-microflex and LETOF microTOF Il. The absorption and
photoluminescence spectra were recorded on a Shimadza668PC UV-vis
spectrophotometer and HORIBA JOBINYVON, Fluorolog TCSPC Fluoresans
spectrophotometer in GBI, soluion, respectively. The thermal stability of the
compound was measured by differential scanning calorimBlyyig 1). A heating

rate of 10 € min® was used after reaching the first melting point the compound was
rapidly cooled down to room temperature.cly voltammetry (CV) was performed

in Acetonitrile containing 0.1 M tetrabutylammonium hexafluorophosphate at room
temperature using Gamry Instrument Reference 600. Platinum, platinum wire and
Ag/AgCl were used as the working, counter and reference eliesty respectively.
Each oxidation potential was calibrated using ferrocene as a reference.

2.2.2Time-resolved and steadystate measurements

Time-resolved decay measurements (TRDM) were taken in degassed solutions (~10
M) using at least threfreezethaw cydes in long necked quartz degassing cuvette.
The TRDM measurements (from 400 ps to 1 s) were performed using a high energy
pulsed nitrogen laser (LTB Lasertechnik Berlin) pulse width 3nergy 661 0 0 ¢ J
per pulse emitting at 3.68 eV (337 nm) was used as an excitation source. During the
experiments, the solution phase samples were mounted in a liquid nitrogen cryostat
(Janis) and the emission was detected with a highly sensitive iCCDanercos,
Stanford Computer Optics).

Temperature dependent PL measurements were taken in degassed solution using the
same aforementioned technique. The samples were mounted in a liquid nitrogen
cryostat (including temperature controller) and then moumebbbinYvon Horiba

Spex Fluoromax 3 spectrometer for temperature dependent -Stmdely

measurements.



2.2.3Device fabrication and measurements

The device layout of the nedoped blue OLEDs was indium tin oxide (ITO, 120
nm)/ poly(3,4ethylenedioxythiophengjoly(styrenesulfonate) (PEDOT:PSS, 60

n m) /-Fis(N41Bnaphthyl}N-phenylamino)biphenyl (NPD, 70 nm)/6a, 6b, or 6¢
(25 n m}(1,35behAhetytris(1-phenytl-H-benzimidazole) (TPBI, 35

nm)/ LiF (1 nm)/ Al (200 nm). The emitting layer was 25 nmck 6a, 6b or 6¢
emitter. In the case of the doped blue devices, the emitting layer was designed using
9,10di(1-napthyl)anthracenea¢ADN), where 25 nm thicka-ADN:6a, a-ADN:6b
anda-ADN:6c with the emitter doping concentration of 25%. The ITO subsivate
planarized by the spin coated PEDOT:PSS hole injection layer followed by
deposition of NPD, emitting layer, TPBI, LiF and Al in a high vacuum chamber by
thermal evaporation. The devices were protected from moisture and oxygen by
encapsulating the dews using a glass cover bonded to the ITO substrate using an
epoxy sealant in a nitrogen atmosphere. The encapsulated OLEDs were used to
characterize electrical and optical performances by CS1000 spectroradiometer and

Keithley 2400 source measurement unit.
2.2.4Synthesis

2.2.4.16-(10-(3-formyl -9-hexyl-9H-carbazol-6-yl)anthracen-9-yl)-9-hexyl-9H-
carbazole 3-carbaldehyde (4)

Compound 3 was synthesized by Suzuki Coupling reaction uSig
dibromoanthracene (2Znd 9-hexyl3-(4,4,5,5tetramethyll,3,2dioxaborolar2-yl)-
9H-carbazole (1accordingo the literaturg55].

POCE (0.21 mol, 33.35 g.) was added dropwise into DMF (0.45 mol, 35.0 ml) at O
°C under a nitrogen atmosphere. Then, a solutiazoofpound (3) (5,9 mmol, 4 g.)

in dry chloroform (CHG) (20 ml) was addednd the eaction mixturewas heated at

30 °C for 20 h than cooled to RT. The mixture was poured into ice water. The
agueous solution was extracted several times with gH®le CHC} solution was

dried with anhydrous sodium sulphate. After filtration, g@vent was removed
under reduced pressure. The residue was purified by column chromatography on
silica gel (hexane/ethylacetate (5:1) as eluent) to give the product (3,54 g. % 81)
whitish solid. m.p. 264 °CETIR (KBr, cmi'): 2954, 2855, 1685, 1625, 15%1,



766 (Figure Al). *H-NMR (500 MHz, CDC}): dH= 10.08 (d, 2H, J= 4), 8.60 (dd,

2H, J= 3,8.5), 8.32 (d, 2HJ=9), 8.108,07 (m,2H), 7.79 (dd, 4H, J=3.5), 7.72

7.66 (m, 4H), 7.59 (d, 2H= 8.5), 7.33 (dd, 4HJ= 3.5,7), 4.49 ( t, 4HJ)=7), 207-

2.01 (m, 4H), 1.571.5 (m, 4H), 1.48..33 (m, 8H), 0.93 ( t, 6H}= 7) (Figure C1).
13C-NMR (125MHz, CDC}): 191.7, 144.6, 140.6, 137.4, 131.1, 131.0, 130.6, 130.2,
130.1, 128.8, 128.7, 127.2, 127.1, 127.0, 125.1, 124.7, 124.5, 123.6, 123.5, 123.2,
123.0, 109.4, 109.3, 109.2, 43.8, 31.6, 29.1, 27.1, 22.6, Hgoreé C2). MS m/z

calcd for C52H48N202; [M]+ 733,(Figure B1).

2.2.4.2General procedure for synthesis of 9,10is(9-hexyl-6-((E)-styryl) -9H-

carbazol3-yl)anthracene (6ac)

To mechanically stirredatution of aryl phosphonate (53 (3eq) in THF (for 5c in
DMF) was added NaH (for 5¢c K€Bu) (8 eq.) portionwise at 0 °C and the mixture
stirred for 30 min. under Natmosphere. Thereafter, solution of compound (4) (1 eq.)
was added dropwise to cooled mouise within 10 min. The solution was allowed to
stir for an additional 30 min, then warmed to RT and stirred for 36 h. The reaction
was quenched with cold water and extracted with dichloromethane. The combined
organic layers were washed with brine and diridgSQ,). The solvent was
evaporated to afford crude product{®a
9-hexyl-3-(10-(9-hexyl-3-styryl-9H-carbazol6-yl)anthracen-9-yl)-6-styryl -9H-
carbazole (6a)

6a was purified by a column chromatograhpy on sijeh using
dichloromethane/hexane (1:1as an eluent. Further purification of 6a was
recrystallized with chloroform to yield compound as a yellow solid (0.155 g, 55%);
m.p. 318.4 °C. FTIR (KBr, cif): 2945, 2851, 1626, 1593, 1487, 1387, 960, 805,
767, 755, 692, 674F{gure A2). 'H-NMR (500 MHz,CDCly): dH= 8.28 (d, 2HJ=

4.5), 8.22 (dd, 2HJ= 1, 11), 7.84 (dd, 4H]= 3,7), 7.73 (d, 2H,J= 9), 7.657.6 (m,

4H), 7.53 (dd, 4HJ= 4.5,7), 7.48 ( d, 2HJ=9), 7.367.28 (m, 10H), 7.22 (t, 2H,
J=14.5), 7.13 (dd, 2HJ= 6.5,16.5), 4.44 (t, 4HJ=7), 2.062.0 (m, 4H), 1.561..5

(m, 4H), 1.451.33 (m, 8H), 0.93 ('t, 6H}= 7) (Figure C3). **C-NMR (125MHz,
CDCly): 143.4, 142.9, 140.6, 140.4, 133.3, 132.3 132.2, 131.9, 131.4, 131.3, 130.2,
130.0, 129.6, 128.8, 127.5, 127.4, 126.0, 125.8, 122¥41111.7, 111.4, 46.1,
34.3, 31.8, 29.8, 25.3, 16H@ure C4). MS m/zcalcd for C66H60N2; [M] 880,2
(Figure B2).



3-(4-methoxystyryl)-6-(10-(3-(4-methoxystyryl)-9-hexyl-9H-carbazol 6-
yl)anthracen-9-yl)-9-hexyl-9H-carbazole (6b)

m.p. 301.4 °C. FTIR (Rr, cm'l): 2926, 2853, 1603 1509, 1479, 1386, 1250, 1175,
1027, 963, 820, 804, 767, 6/8igure A3). 'H-NMR (500 MHz, CDCY): dH= 8.27

(d, 2H,J= 3.5), 8.18 (dd, 2HJ= 1, 11), 7.84 (dd, 4HJ= 3, 7), 7.69 (d, 2HJ= 9),
7.64-7.59 (m, 4H), 7.45 (dd, 6H= 4.5, 8.5), 7.31 (dd, 4H= 3, 7), 7.16 (dd, 2H]=

5, 16), 7.06 (dd, 2H]= 6.5, 16), 6.88 (dd, 4H= 3.5, 8.5), 4.42 ( t, 4HJ)=7), 3.81

(d, 6H,J= 2.5), 2.041.98 (m, 4H), 1.52.49 (m, 4H), 1.44..34 (m, 8H), 0.92 ( t,

6H, J= 7) (Figure C5). *C-NMR (125MHz, CDC}): 158.8, 140.5, 140.3, 137.8,
130.8, 130.7, 129.6, 129.2, 129.1, 127.5, 127.4, 127.3, 125.7, 124.8, 124.5, 123,3,
123,1, 123,0, 118.4, 114,1, 109.0, 108.7, 55,3, 43,5, 41,1, 31,6, 29,2, 27,1, 22,6, 14,0
(Figure C6). MS m/zcalcd for C68164N202; [M+H] 941,6(Figure B3).
3-(4-(trifluoromethyl)styryl) -6-(10-(3-(4-(trifluoromethyl)styryl) -9-hexyl-9H-
carbazol6-yl)anthracen-9-yl)-9-hexyl-9H-carbazole (6¢)

m.p. 308.9 °C. FTIR (KBr, cif): 2927, 2854, 1611, 1599, 1482, 1387, 1323, 1184,
1120,1108, 1108, 960, 948, 820, 805, 768, 6BRy(re A4). '"H-NMR (500 MHz,
CDCl): dH= 8.21 (d, 2HJ= 5),8.17 (dd, 2HJ= 1 J= 11), 7.77 (dd, 4HJ)= 3, 7),

7.67 (d, 2HJ= 8.5), 7.67.5 (m, 12H), 7.43 (d, 2H= 8.5), 7.33 (d1H, J= 5), 7.3

(d, 1H,J=5),7.26 (dd, 4HJ= 3,5,7), 7.06(dd, 2H, J= 6.2, 16.3, 4.38 (t, 4H,J)=7),
1.991.93 (m, 4H), 1.494.43 (m, 4H), 1.38.27 (m, 8H), 0.86 ( t, 6Hl= 7) (Figure

C.7). ®C-NMR (125MHz, CDC}): 151.8, 150.9, 144.1, 143.7, 143.0, 140.3, 136.8,
134.8, 134.7133.3, 132.5, 132.1, 131.3, 130.8, 130.6, 130.2, 130.0, 129.6, 128.9,
128.8, 128.2, 127.5, 127.3, 127.1, 126.8, 126.7, 126.0, 125.9, 125.6, 121.9, 121.8,
121.6, 119.6, 117.6, 112.2, 111.8, 111.7, 111.6, 111.5, 46.2, 34.3, 31.8, 29.7, 25.3,
16.7 Figure C8). MS m/zcalcd for C68H58N2F6; [M]1015,8 (Figure B4).

2.3 Resultand Discussion

2.3.1Synthesis

The synthetic routes for the compoundsc6are shown irFigure 21. Firstly, 9,10
bis(9-hexyt9H-carbazol3-yl)anthracene 3 was obtained Wd(Q-mediated Suzuki
Miyaura crosscoupling reactioa between and -‘Bexyl3-(4,4,5,5tetramethyl,3,2
dioxaborolan2-yl)-9H-carbazole 1 and 9,idibromoanthracene 2. Secondly, the
resulting bromoarene product 3 reacted with dry DMF and P@&h Vilsmeer-



Haack reaction toproduce 6,6(anthracen®,10-diyl)bis(9-hexyt9H-carbazole3-
carbaldehyde) 4 in 81 % vyield. Finally, the aromatic aldehyde 4 reacted with aryl
phosphonate 5 {@ via a HornerWadsworthREmmons (HWE) type reaction to
produce target molecules of 6¢a The compound of 6 (a) werecharacterized by
FTIR, NMR(*H-, *C-) and HRMS, the details of which were shown in materials and
details section.

2.3.2Thermal properties

We investigated the thermal properties of the compounds using differential scanning
calorimetry (DSC) and thermal gravimetric analysis (TGA) in &tmosphere. The

key thermal data of the anthracene derivatives are summarized in Z'abeSC
analysis revealed that all of the compounds are amorplodids,smelting between
273305 T upon first heamg. However upon second heating in addition to melting
points not only glass transitions for 6a, 6b and 6¢ were observed at 122, 128 and 137
°C, but also crystallisation for 6awere observed at 224, 176. Nevetheless, the
presence of starally bulky carbazole side groups increase the glass transition
temperature (Tg), which is higher than those of the well known blue emiting material
2-methyt9,10-di(2-naphthyl)anthracen@MADN, 120 °C) [56]. The TGA indicates

that compounds 6a exhibit good thermadtability with 5% weight loss temperatures

(DT s4) ranging from 436 °C to 477C. The high thermal properties of these
compounds will retain stable film morphological properties during the device

fabrication which are very desirable characteristic for D&Etability.

Table 2.1 :The physical and thermal propertiesGeéc.

Emitter | ®{nm)*® macS(nm)* & " QE (fr)° Ty To/ T/ Ta (°C)"

6a 375 375 434 458, 447 0,83 122/224/273/477
6b 376, 377 433 478, 450 0,80  128/175*, 240/297/436
6C 347 346 433 45F, 455 0,87 137/244/305/449

YMeasured in hexan&acetonitrile and insolid film.

9 Quantum yields measured in tetrahydrofuran solution relative todiph@nylanthracene at room
temperature in oxygen free environmdrexXc= 360nm,f F= 0,95).

"Obtained from TGA and DSC measurements an(% weight loss).

* Unexpected crystallization temperature.



2.3.3Photophysical properties

2.3.3.1Steady-state measurements

The normalized absorption and photoluminescence (PL) spectra of mole@tds (6

are shown irFigure 2.2 The broad range solubility of these materials allows us to
study the optical properties in variety of solvents (from nonpolar hexane to very
polar acetonitrile)ln Figure 2.2 the absorption spectra peaking around 350 nm in
different solvents, and shows a slight red shift by increasing the polarity of solvents,
which can be -AdA$sdcagiaatsed i winsh The -emission
structured in nofpolar solvent (e.g. hexane), however, in more polar solvents, the
emission spectra becomes broad and featureless. Moderate solvatochromic effects
are observed in the emission of 6a and 6c¢ (dustriang electron withdrawing
character of the GRunit), however, the emission of 6b shifts by more than 40 nm to
lower energy withincreasing solvent polarity (acetonitrile). The solvatochromic shift

is commonly faced with donacceptordonor (D-A-D) type molecules, screening of
Coulomb exchange between the charges on the D and A units or the change in
relative orientations of D and units stabilizes the intramolecular interactions,
concomitantly the excited charge transfer (CT) state is formed at lower energies. In
here, the strong CT character is observed with the material having methoxy groups at
the side arms of the structuf, which gives rise to strengthen hole transport
character of the emitter as confirmed in below (see se&i8y. However, the
photoluminescence quantum yield (PLQY) values of three materials are almost the
same (within the standart experimental erro4%, Table 2.1 The structure of the
emitters consists similar electron acceptor units (anthracene) at the central position,
and slight modifications to the side arms (donor groups) changed the CT properties,

concomitantly the slight difference has beenesbed in PLQY values.
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Figure 2.2 :Normalized absorption (ABS) and photoluminescence (PL) spectra of
6ac in different polarity solvents

The steadystate behavior of the molecules was observed in-puter methyl
cyclohexane (MCH) solution as a functiohtemperatureKigure2.3). The emission
peaking atca. 435 nmis assigned t§ -~ ) t r an s i t-0 tansitowhavidg t h e
the highest intensity with slightly vibronic structure at 295 K. However, for 6a and
6¢c molecules, when the temperature is decreased, the intensity of emission is
gradually dropoff and the spectra shift tdne¢ red byca. 1520 nm. Furthermore,
when the solvent totally frozen, the spectra of 6a shifts back to the blue from relaxed
state and emits closely around locally excited singlet stat€).( Instead, the
emission spectra of 6¢ shows stabilization in érozsolution and emitsa. 450 nm.

For 6b molecule, on cooling down to 170 K, the change in temperature do not make
significant effect to the intensity of emission, and no thermochromic shift is observed
until the solvent is frozen. However, at 145K andobal, the emission becomes
more structured and stabilizes at-shdfted €a. 10 nm) state, no return to blue is

observed.
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Figure 2.3 : Temperaturelependence of steadyate emission of the molecules+6a
c) in degasseICH solution

2.3.3.2Time-resolved measuements

The delayed fluorescence in MCH solution was studied with the aim to investigate an
environment where the molecules have weaker ion pair character in the charge
transfer (CT) state, i.e. the emissive state retains stioBgstate character. The
cortribution of triplet excited states to the overall emission was determined by
comparing the emission intensity in -gmturated and degassed MCH and 2
methyltetrahydrafuran (®eTHF) solutions Figure D1). The emission spectra
obtained in degassed and-saturated solutions match each other, indicating that the
emission comes always come from the same state. In MCH solution, the
enchancement in emission intensity was obtained ~22% for all the molecules.
However, once the measurements repeated in peMeTHF solution, a slight
decrease was observed for(649%)and 6b (~17% ) molecules, indeed, an increase

was observed for 6¢ (~33%) molecule.

Figure 2.4shows the decay curve of the molecules in MCH solution, where the
delayed fluorescence (DF) was reggpted at room temperature (RT) and 80 K.
Once the temperature was decreased to 80 K, the lifetime of the DF was increased

slightly increased for 6a and 6c¢ molecules (with very small prompt emission
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contribution) however, a significant increase in lifeemwas observed with 6b
molecule (including quite long prompt emission contributidddeviously highly
temperature dependent DF was repoifted 58] where a dramatical increase was
obtained in intensity as the tempererature was decreased, also the Défedepein
excitation intensity was found linear with aproaching value of slope ~1. These were
reported as typical behaviours of geminate eleetme pair recombination,
resulting in DF from monomolecular process. In here, the laser fluence dependence
of DF shows a monomolecular trend with the value of slap@8 Figure 2.4for 6a
molecule and other molecules follow the same trend), confirming the DF arising
from a monomolecular process. However, this is not a thermally activated delayed
fluorescence (TADB), because the increase in intensity with low temperatures is
clearly not consistent with the TADF mechanism. Consequentially, we conclude that

the DF arising from londgjved geminate CT state recombination, which is consistent

with the previous reportsiot any TADF or bimolecular recombination (e.g. triplet

triplet annihilation) is operativib8].
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Figure 24 : Lifetime decays of delayed fluorescence in MCH solution at RT and 90
K. Laser fluency dependence of DF is givenGarmolecule, where the exatiton
wavelength of 337 nm has been used at 40 ns delayedeidtegration times.

The analyses of the normalized theeolution spectraHigure 2.5 of 6a molecule

shows that the DF emission arises from singi€t(*CT) state, peakinga. 445 nm
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(between 38.9 ns to 292 ns) at RT and no significant shift is observed with time delay
(from 40.9 ns to 499 ns) at 80K. The phosphorescence (PH) emission is clearly
observed as the lowest energy level of the system, from where we can calculate the
triplet energyof 6a from its onset a3.02 eVand the energy gap betwe&dT and

locally excited triplet state’l(E) is ~0.23 eV.For 6b molecule, the prompt emission
from 'LE state decays ttCT state in ~30 ns, then retiifted (comparing the prompt
emission,FigureD.2) 'CT emission dominates the system, and no time evolution is
observed between 38.9 ns and 159.2 ns at RT and also between 38.9 ns and 23.5 us
at 80 K. The PH was weakly observed, which had an onset value of 3.1 eV,
indicating nearly zerdCT-3LE energygap. If the singletriplet energy gapXO ) is

small enough (on the order of thermal enef@y ), significant triplet cycling occurs
between the stateSQT-LE). This can allow for the population of the singlet CT
state followed by DF. This explains why we observed very weak Pidsem as

well as prolonged lifetime decay 6€T emission at 80 K. When it comes to 6¢c
molecule, the change in temperature (to 80 K) results irshited structured
emission spectra between 17.9 ns to 277. 3 ns, which includes contribution from the
longrlived prompt emission frorfLE state, however, at increasing delay tirffesm

383.6 ns to 2.2 ps) tHET state stabities significantly and dominates the system
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Figure 25 : Time evolution spectra of the molecules in MCH solution at RT and 80
K.
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Figure 2.6shows the decay curves of 6b molecule in dropcast film at 300 K and 25
K, where no welldefined separation between prompt and delayed emission, these
two distinct emissions are unclear at both temperatures. Emission spectra detected in
quite long tme delay region were observed at 25 K, indicating that the triplet state
makes contribution to overall emissiofigure 2.6shows the normalized spectra
collected in the whole region of analyses. At early times (from 1 ns to 16 ns), the
spectra show the dssion from’LE state, which continuously red shifts to higher
wavelengths until it achieves the CT state emission (e.g. 116 ns time delay at 300 K),
onset at 2.92 £ 0.01 eV. At 25 K, the same temelution trend occurs, where the

DF emission from a 6blfn shows clearly the presence of red shift emission co
existing with the PF. We can say that in the film there is a dispersion of molecular
environments, most of which have very limited molecular motion and likely to drive
weak (or no) charge transfer cheater to the excited state, but some of which
increase the possibility of formation of charge transfer state, by means of allowing
geometric relaxations followed by pinning the molecule in distorted configuration.
As a consequence, the film of 6b molechiées complexexcited state characteristics,

which should play a significant role in device performance.
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Figure 2.6 : Lifetime decayof 6bdropcast film and the time evoluation spectra at
RT and 25 K
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2.3.4Electrochemical properties

Electrochemical propertiesf 6ac were investigated by cyclic voltammetry (CV).
Cyclic voltammetry (CV) was performed in GEl, containing 0.1 M
tetrabutylammonium perchlorate at room temperature. All scans are giveguie

E.1. The electrochemical properties of these mateaagslisted in Table .2. The
HOMO (highest occupied molecular orbital) energy levels were calculated from
oxidation potential using ferrocene as a standard referenced to the energy level of
ferrocene (4.8 eV below the vacuum lej&9] and the LUMO (lowst unoccupied
molecular orbital) levels were estimated by subtracting the -Dapd errgy
(calculated from the extrapolation of the long wavelength) from the HOMO level.

Table 2.2: The electrochemical propertie§6a-c.

e Epe B 1Twe POMO LUMO G
6a 0,995 1,085 430 -5,34 -2,46 2,88
6b 0,91 0,981 432 -5,25 -2,38 2,87
6C 1,035 1,189 428 -5,38 -2,49 2,89

#Onset oxidation potentials versus Ag/AgCl obtained from Cyclic Voltammograms for Pt dkeiro
contact with a 0,1 M #Bu;NCIO,/CH,CI, solution ofcompounds 6& relative to ferrocene; scan rate
100 mV/s.

®The HOMO and LUMO levels were determined using the following equations;

Eromo =[Ecx T 1E(ferrocene) + 4,8], Emo =Enomo T oE.

°Optical band gap (§”) obtained from onset of the absorption spectra by extrapolatiffE240 /
Anse)

The HOMO level of 6b with methoxy group have relatively higher HOMO level than
the other anthracene derivatives. These could be explained thatothg donating
substituents reduce the oxidation potentials of the molecule and raise the HOMO

energy level.

2.3.5Theoretical calculations

The threedimensional ground state jjfSgeometry of all compounds was geometry
optimized using Density Function@iheory (DFT) [60] by using the Gaussian 09W
[61] package program and the hybrid functional BSLYP. The B3LYP is composed of
Becke's three parameter exchange functional [B3]) and the nonlocal correlation
functionalby Lee, Yang, and Parr (LYP93]. The basisat used for all atoms was 6
31G(d,p) in both DFT and timdependent density functional theory (-IF-T)
method.We have applied default GO9 grid for computations.
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For each compound, vibrational analyses were carried aodt the frequency
computations did rtoyield any nonreal frequencies, indicating that the structure of
each molecule corresponds to at least a local minimum on the potential energy
surface. The normal mode analysis was performed fo6 3Mbrational degrees of

freedom, N being the number atoms in the molecule.

The lowlying singlet excited states (S) of the compounds were relaxed to obtain
their minimum energy geometries using the -DBT as impemented in G09
package prograf@l]. The vertical excitation energies and oscillator strength® we
obtained for the lowest singlet transitions at the optimized ground state equilibrium
geometries by using TDFT at CAM-B3LYP hybrid functional and -81G(d,p)
basis sef64]. Optimized ground state structures were utilized to obtain the electronic
absoption spectra, including maximum absorption wavelengths, oscillator strengths,
and main configuration assignment by using-DBT. CAM-B3LYP functional has
been introduced as a better method for description of excitations using time
dependent theory (TDDFT)r Rydberg states araharge transfer excitatiofi85].

To gain insight into the electronic structures of the compound, the gstated
geometries and the frontier molecular orbital energy levels and electron distribution
were calculated using the deysiunctional theory (DFT) in Gaussian 09W program

at the B3LYP/631G(d,p) level. Geometry optimizations of all the compounds led to
twisted geometries with a dihedral angles 81°, 76° and 83° for 6a, 6b and 6c,
respectively. Therefore, in this twisted geziny, there is a chance of overlapping of
molecular orbitals to form a hybrid local and charge transfer state. Frontier molecular
orbitals involved in electronic transitions are givenFigure 2.7 HOMO energy

level for 6b was found to be slightly highieom that of 6a due to the existance of
electron donating methoxy group, similarly, the HOMO, HOI@nd HOMG2

levels of 6¢ decreased as a results of strongly electron withdrawingr@ip. The
charge distribution graphs of-8acan be seen iRigure 2.8

The LUMO level of 6b was mainly distributed on the anthracene moiety while the
HOMO level were largely located on the carbazole moiety, as expected. However, in
6a and 6¢ both HOMO and LUMO were located on the anthracene. The separation
between HOMO and.UMO levels might be favorable to the efficient hoknd
electrontransporting behaviors. The absorption spectra based on the TDDFT
computations (CAMB3LYP/6-31G(d,p)) revealed that; State for 6a was attributed
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to transition form HOMO to LUMO, whereaghe excitation states were mainly
refered to transitonfom H-1 YL+1 f or -2&lh+and oH 6¢c with osc
strengths 2.0560 and 2.4977, respectively (Tal3e

Table 2.3: Calculated absorption wavelengthe,{«xin nm), excitation energies (eV)
and oscillator strengths (f) féa, 6band6c.

Transition Excitation Oscillator

Compound Trarsition Coefficients ax Energy Strength

HYL 0.61004 360.19 3.4422 0.4909
H-1VYL+ 0.30270 308.91 4.0136 0.1253
H-2 YL 0.61303 360.68 3.4375 0.5097
H-1VYL+ 0.49975 310.07 3.9985 2.0560
HYL 0.66727 359.73 3.4466 0.5040
H-2 YL+ 0.40141 315.37 3.9314 2.4977
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Figure 2.7 : Frontier molecular orbital energies involved in excitations
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6¢
Figure 2.8 : Charge distributiomf 6ac.
2.3.6Electroluminescent properties

The device performances of the ndoped blue OLEDs we studied by just
changing the emitter in the emitting lay&he a-ADN was used as host materials

due to having high thermal, morphological stability and large energy band gap,
therefore which is widely preferred as the host material for blue and fidi co
OLEDs [66,67] The current density (J)voltage (V) and luminance (L) voltage

(V) data shows that the 6b provides higher J and L than other en(#terd-igure

2.9. The high J and L of the 6b emitter are assisted by the methoxy substituent
which grengthens hole transport character of the emitter as confirmed by the shallow
HOMO level of 6b compared to that of other emitters. In the molecular calculation
data, the HOMO is extended from the anthracene core to the carbazole derived side
groups. Ther®re, the methoxy substituent affects the hole injection and transport in
the emitter, increasing the J and L. However, the J and L were very low in the 6c
because the HOMO was localized only on the central anthracene core by the strong
electron withdrawig character of the GRunit. The deepened HOMO and localized
HOMO decreased the J and L of the 6¢ device.
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Figure 2.9 : Current densityoltageluminance data of nedoped 6a, 6b, and 6¢
devices

External quantum efficiency (EQE) data of the 6a, 6b,@ndevices are shown in
Figure 2.10 The EQE was relatively high in the 6a device because of balanced
carriers in the emitting layer. In the case of 6b, too high hole density disrupted carrier
balance in the emitting layer, while too low hole density hiedecarrier balance in

the 6¢ device. The maximum EQE of the 6a device was 2.8%, while it was 2.6% in
the 6b device and 2.4% in the 6¢ device.
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Figure 2.10: Quantum efficiencyjuminance data of nedoped 6a, 6b, and 6¢
devices

Electroluminescence (Elgpectra of the blue devices are presenteHignre 2.11

Three devices showed similar EL spectra although the EL spectrum of 6¢c was
slightly blueshifted. As the main chromophore of the emitters is the anthracene core,
there was little change of the EL esjpra by the carbazole side groups. Color
coordinates of the 6a, 6b, and 6¢c devices were (0.16,0.20), (0.16,0.22), and
(0.15,0.18).
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Figure 2.11: EL spectra of nomoped6a, 6b, and 6¢ devices

Doped blue OLEDs were also developed using the 6a, 6b6@eitters. Tha-

ADN was selected as the host because the emission spectriarADN is
overlapped with the absorption spectrum of the emitters. The trend of the current
density and luminance of the doped blue OLEDs was the same as that of the non
dopedblue OLEDs because the emitter can play a role of a carrier transport media at
high doping concentratiorfrigure 2.12.
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Figure 2.12: Current densityvoltageluminance data aloped 6a, 6b, and 6c
devices

The EQE of the doped device also followed theEESpder of the nowloped devices

as shown irFigure 2.13 The highest EQE was 4.1% in the 6a device and the lowest
EQE was 3.7% in the 6¢ device. The EQE was improved in the dbpedLEDs
because intermolecular interaction was suppressed by sepahatibigi¢ emitterdn
particular, the efficiency was maintained constant up to 1,000%cdithout any

efficiency drop. Compared with the efficiency roff data reported in otheworks
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[35], the efficiency roHoff was largely improved although the ef@aicy loss above
5000 cd/m was large due to instability of the materials used in the device structure.
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Figure 2.13: Quantum efficiencyluminance data aioped 6a, 6b, and 6¢ devices
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Figure 2.14: EL spectra of dopefia, 6b, and 6¢c dews

The longintermolecular distance improved color purity of the blue OLEDs and the
color coordinates of the 6a, 6b, and 6¢c devices were (0.14, 0.13), (0.14, 0.14), and
(0.14, 0.13), respectively. EL spectra are shown in Figure 2.14. All device
performances are sumnzad in Table 2.4.

22



Table 2.4: Device performances of naioped andioped 6a, 6b, and 6¢ devices

Emitter Exte_rn_al Quantum  Current efficiency Col_or

efficiency (%) (cd/A) coordinate

6a 2.8 2.7 4.3 4.2 0.16, 0.21

O'I\(')%rgd 6b 2.6 2.4 4.7 3.9 0.16, 0.22
6¢c 2.8 1.8 1.7 1.0 0.15,0.18

6a 4.3 4.7 4.8 4.4 0.14,0.13

Doped 6b 3.8 3.6 4.8 4.2 0.14, 0.14
6¢C 3.7 3.7 4.2 4.7 0.14,0.13

2.4 Conclusion

Three new anthracene carbazole derivatives with side groups hawngoel
donating or withdrawing properties have been synthesized in order to investigate
their effects to molecular photophysics and device performance. The CT state
potentially formed between-B units, which is strong in 6b molecule due to having
methoxy groups in side units. Besides, moderate solvatochromic effects were
observed in the emission of 6a and 6¢, where the molecules have weak CT character
due to having strong electron withdrawing units. The advantage of CT state in device
performance is repat by getting extra emission via delayed fluorescence
mechanism. In addition, the devices compared in doped andop®d structures,
according to the results the doped devices showed acceptable EL performance than
the nondoped devices. The best perforrmanvas taken from device 6a (doped),
which showed moderate electroluminescence performance (4.4 cd/A and 4.1% EQE)
nearly twice that of MADN. This study demonstrated that thesebkley emitting
materials have promising structural features that set anga&amdesign new blue

emitting molecules for potential OLED applications.
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3. EFFECT OF ASYMMETRIC ACCEPTOR AND DONOR POSITIONING
IN DEEP BLUE PYRIDYL -SULFONYL BASED TADF EMITTERS 2

3.1Introduction

The growing interest in statd-theart display apptations and illumination
technologies has made organic light emitting diodes (OLEDSs) a very attractive field
of research for the last three decaf568,69] Driven by this, materials that emit
light via thermally activated delayed fluorescence (TADBRyéhbecome a central
feature of materials chemistry due to their ability to convert theemaissive triplets

to emissive singlet excitons by reverse intersystem crossing (fl®CJ3]. As a
result, TADFOLEDs can attain 100% internal quantum efficierj@#] without
using scarce organometallic phosphorescent emjiztéis Additionally, heavy metal
complexes have not yet produced stable de#ep emitters suitable for applications,
which is still challenging[76]. The TADF mechanism provides an alternative
strategy for developing highly efficient debjue emitters for OLED applications
[77,78]

When designing TADF molecules, a small energy splitting is required between the
excited singl etgytaantdande riISCmhdahe coaversidn efdriplétspE
into emissive singlets. Achieving perpendicular dihedral angles between donor and
accepor units is now a common approach for designing highly efficient TADF
emitters, as the energies of the resulting charge transfer (CT) singlet states can be
tuned by the host environment to align localized donor or acceptor triplet states
[79,80] Such tuing of excited states can also be achieved by modifications of donor
or acceptor[77,81] types and position$82]. TADF molecules should also be
structurally rigid to suppress neadiative pathways to maximize the

photoluminescence efficiency. Cruciallhe 'CT state is ideally energetically very

% This chapter isbased onthepap 6 Hay ki r, G., Aydemir, M. , Danos,
Monkman, A. P. ad Turksoy, F. (2021), Effect Of Asymmetric Acceptor and Donor Positioning i
Deep Blue PyridySulfonyl Based TADFEmitters Dyes and Pigments, 194, 109579
doi.org/10.1016/j.dyepig.2021.1095Y9

25



close to a locally excited triplet statiLE) with dissimilar symmetnj83], where
secondorder spirvibronic coupling occurs betweéhE and a charge transfer triplet
excited state®CT), enabling the spin fliphat results in delayetCT state emission
[84].

Based on that approach, a small number of efficient blue TADF emitters have been
designed by using, sulfori@7,81,85] pyrimidine [86], pyridine [87], phosphine
oxide[88], pyridinecarbonitrile[89], diazle [11], triazine[90] and their derivatives.

In particular, the pyridine ring is found to have a suitably high triplet energy level
and good electron withdrawing ability as an acceptor. Electron withdrawing sulfonyl
groups show distorted tetrahedral gedm and restrict electron conjugation of the
compounds. Carbazole is also routinely used as a donor material for blue and green
TADF materiald81,91' 94] and host materiaf®5].

Although pyridine and sulfone based TADF molecules have been reportedeogl sev
groups, the majority of these reports focus exclusively on symmeti#c-CD
materials[96,97] Comperatively little work has gone towards understanding the
variety of possible pyridine positions and to clarify the resulting effects of
photophysical prperties on TADF emitters. In other TADF materials, location of the
acceptor on the target molecules played a significant rolemimni zi ng t he
value and lead to welleparated highest occupied molecular orbital (HOMO) and

lowest unoccupied molecular orbital (LUMEB2,98]

Herein, we present synthesis and photophysical properties of a series of asymmetric
deepblue emitting pynlyl-sulfonyl cored carbazole derivatives. The pyridyl
sulfonyl group is designed as an asymmetric acceptor, and carbazole groups are used
as the donors in various positions. Initially with the aim of understanding the
intramolecular interactions betweenrigyne (a)-sulfonyl (A) core and the carbazole

(D) unit, we designed the parent moleculespS2-Py, pS2Py-5Cz and CzpS2-Py-

5Cz, with the D attached to the asymmetricuadt on either (BAa, D-aA) or both

sides (DAa-D), respectively. Comparing these ter@als shows that foration of
charge transfer statéCT) is significantly promoted in asymmetric @A, 51°
dihedral angle) and symmetric {@A-D, 54°54° dihedral angle) systems, where the
delayed fluorescence arise from a rISC cycle between very elosgy>3LE-'CT

states.
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The TADF properties are further investigated in two addition&lsED comparison

sets. In CpS2-Py-6Cz and CzS3Py5Cz, the nitrogen on the pyridine ring is
changed fromortho (0) to meta (m) positions relative to the sulfonyl Awith
carbazole meta to the sulfonyl in both). Both materials show very similar emission
decay dynamics with rISC remaining operative betwd#dh'CT states, although
with (m) position nitrogen resulting in significantly reduced photoluminescence
quantum yeld (PLQY) and the appearance of trigigplet annihilation delayed
fluorescence. That gives insights into how the donor interactions with both parts of

the accepting unit impact the performance.

In a final comparison, for CpS4Py-2Cz and CanS4-Py-2Cz, the position of the

donor on the opposite side of the pyridine is varied. Consistant with observations in
the D-Aa, D-aA and DaA-D materials, these comparisons show that the influence of
the donor unit far from the pyridine is highly limited. Nonths|leshese new
structur al desi gns srgaluesd0.0t + G0O2 eV)oandweeatly s ma
enhanced PLQY values. This greatly improved performance when the two acceptor
units are arranged para to each other is because the TADF activation meckanism i
fundamentally altered compared to the parent molecules (where the formation of CT
state is not promoted) and the rISC cycling therefore occurs directly between locally
excited singletriplet states. These results therefore highlight the complexityrend t
potential performance gains that can be achieved by appropraite arrangement of the

same donor and acceptor units.

3.2 Experimental Details

3.2.1Material and instruments

All reagents and solvents were provided from commercial suppliers and used without
further puification. Solvents were distilled by using standard methods and purged
with N, before use. All the experiments were carried out undgr @Qblumn
chromatography was performed on silica gel 60 {280 mesh) and TLC was

performed on silica gel 60§ alumna plate.

The'H and®C spectra were recorded at 298 K on a 400 & M6 and 600 & 150
MHz spectrometer. All NMR data were referenced to the internal deuterated solvent

relative to protic residue from CD{espectively 7.26 ppm fdH and 77.0 ppm for

27



3C. Multiplicities are indicated as s (Singlet), d (Doublet), t (Triplet), g (Quartet), m
(Multiplet) and coupling constantg)(are reported in hertz units. High resolution
mass spectra were recorded @&muker Daltonics microTOF Il Ectrosprey
lonizatin Time-of-Flight mass spectrometer. The thermal stability of the compound
was measured by differential scanning caloriméPyris 1). A heating rate dfO
°C/min was used after reaching the first melting point the compound was rapidly
cooled down to roomtemperature. Cyclic voltammetry measurements were
performed on Gamry Instrument Reference 600 potentiostat/galvanosiat,
acetonitrile solutions (I®M) at a scan rate of 100 mVwith aplatinum plate as the
working, platinum wire as the counter and/AgCl as the reference electrode. The
supporting electrolyte watetrabutylammonium hexafluorophosphate (0.1 &nd
ferrocene was selected as an extestahdard The solutions were bubbled with a
constant nitrogen flow a couple of minute before measurtsiehe absorption and
photoluminescence spectra werecorded on a Shimadzu UM50PC UV-vis
spectrophotometer and Horiba Jobinyvon, Fluorolog TCSPC Hoemnee
spectrophotometer (for solutions) and Shimadzu-3690 spectrometer and Jobin
Yvon Fluoroma fluorescence spectrometer (for flmgjhe films were prepared
using zeonex host in 1% w/w ratidrop cast from toluene solution on quartz or
sapphire substrate®?LQYs were measured urrda@itrogen atmosphere using a
Horiba Quantai i nt egr at i ng Tanetreslves gatet spactrdscomyn t .
were perfomed using a pulsed Nd:YAG lasé8L312, EKSPLA) emitting at 355
nm, then the emission was focused onto a spectrograph ardedetn avery

sensitive gateddCD camera (Stanford Computer Optics).

3.2.2Synthetic procedure for halogenated phenylthiopyridine& phenylsulfonyl

pyridine derivatives

3.2.2.11,2-bis(4-bromophenyl)disulfane (3)

While solution of 4bromobenzenethiol (1) (2.0 g, 10.6 mmol)adhloroform and
dimethyl sulfoxide (8 mL:12 mL) was stirring in room temperature, Hygrogen
bromide % 48 (v/v) (1721, 10.6 mmol) was loading dropwise into mixture under
nitrogen atmosphere. The mixturasvstirred more 12 h at RT. Then chloroform was
evapaoated in reaction and residueyred into ice water (250 mLAfter filtration,

crude product was dried under vacuum then purified by column chromatography on
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silica gel (hexane as eluent) to give the product (2.73 g, 69 %) whitish Yelid.

NMR (600 MHz,CDCl) =ii7.43 (d,J = 8.5 Hz, 4H), 7.33 (dJ = 8.5 Hz, 4H)

(Figure C9). *C-NMR (150 MHz, CDC}) U= 135. 7, 13FRure, 129
C.10).

3.2.2.21,2bis(3br omophenyl )di sul fane (30)

While solution of 3br omobenzenet hi ol (106) ( 2ne0 g, 1
(100 mL) was stirring at 0°C, Pyridinium chlorochromate (2.28 g, 10.5 mmol) was

added into mixture under nitrogen atmosphere. The mixture was stirred until
compl ete comsumption of 106. Reaction mi .
After filtration, crude product was dried under vacuum then purified by column
chromatography on silica gel (hexane as eluent) to give the product (1.98 g, 50 %)
whitish solid."H NMR (600 MHz, CDC}) y=ii7.63 (s, 2H), 7.40 (d,= 7.9 Hz, 2H),

7.37 (d,J = 8.0 Hz, 2H), 7.18 (t) = 7.9 Hz, 2H) Eigure C11). *C-NMR (150 MHz,

CDCll) U= 138.6, 130.FHgue@129.9, 125.8, 123.1

Redox Reaction

-

1 (p-Br), 1' (m-Br) X: H (2), p-Br (3), m-Br (3')
z
ot
N// C-S Cross Coupling
Y:Br, |
Z:Br, I, H

BevaciicaciBeNen
N s \E)\, Br ZN BT N s
4 5 6 7
Br
LT LT LD
Br™ s Br s Br” s
8 9 9

Figure 3.1 : Synthetic route of Renylthiopyridined er i vati ves 4, 5, 6
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4,5,6,7,8,9&9'

Oxidation

Br
Br D/l N7 | ' N7 |
0 0, o} 0,
“s@/ SN 5N s
Cye I GLES O L
N Br Br
4

AcC 5Ac 6AC 7AC

Br Br

(0] N (0] — O —
Br@s /N Br S N S N

I — I N\ /, I N\ /,

O o) o)

Br Br
8Ac 9Ac 9Ac'
Figure 3.2: Synthetic route of Pherdulfonyl pyridine derivatives 4, 5, 6, 7, 8,9 &
96

3.2.2.32-(4-bromophenylthio)pyridine (4)

1,2-bis(4bromophenyl)disulfane (3) (0.5 4,33 mmol) and -bromopyridine (0.6 g,

3.8 mmol) were loading to a solution of dimethylsulfoxide (25 mL) at 65°C under
nitrogen atmosphere for a couple of minutes. After then potassium carbonate (0.524
g, 3.8 mmol) and copper(l)iodide (72.3 mg, 0.38 mmatre added while purging

N,. Reaction mixture was heated to 166°C and stirred for 36 h. Reaction cooled
down to room temperature and extracted with chloroform (3 x 50 mL). Combined
organic phase was washed with brine and dried oveE®ia After solventwas
removed and purified with silica gel column chromatography using hexane:ethyl
acetate (12:1) to yield product 0.252 g 38%. FTIR (K&n'): 3046, 1636, 1602,
1571, 1472, 1448, 1416, 1385, 1352, 1280, 1238, 1175, 1148, 1121, 1106, 1093,
1076, 1068, 108, 1009, 986, 958, 878, 817, 758, 732, 721, 700, 618, 527, 491, 474
(Figure A5). 'H NMR (600 MHz, CDC{) 1=U8.43 (d,J = 4.8 Hz, 1H), 7.54 (d] =

8.2 Hz, 2H), 7.50 (td) = 7.8, 1.9 Hz, 1H), 7.45 (d,= 8.4 Hz, 2H), 7.04 (dd1= 7.4,

4.9 Hz, 1H), 6.95dd, J = 8.1, 0.7 Hz, 1H) Kigure C13."*C-NMR (150 MHz,

CDCl) u= 160. 2, 149. 4, 137. 1, 136. 2, 132.

120.3 Figure C14). HRMS (ESI)m/z [M+H]" 265.9620, calc. for C11H9BIrNS
265.9634Figure BYS).

30



3.2.2.42-(4-bromophenylsulfonyl)pyridine (4Ac)

Under nitrogen atmosphere 30% aqueous hydrogen peroxide (0.65 mL) was added to
a solution of 2(4-bromophenylthio)pyridine (4) (0.33 g, 1.24 mmol) in acetic acid
(9.3 mL). The reaction mixture was strirred at 80°C for 2 h. After codabngpom
temperature, the residue was poured intoweger (80 mL) and stirred until
completion of precipitate. It was collected by filtration, washed with water and dried
under vacuum. The residue was purified through column chromatography on silica

gel [dichloromethane:hexane, (3:1)] to give the product (0.175 g, 48%) whitish solid.

FTIR (KBr, cmi®): 3434, 3081, 3052, 1571, 1471, 1451, 1427, 1389, 1320, 1279,
1254, 1169, 1154, 1122, 1090, 1068, 1010, 990, 905, 828, 776, 751, 733, 724, 698,
618, 602, 566477 Figure A6). 'H NMR (600 MHz, CDC}) =18.66 (ddd,) = 4.7,

1.5, 0.7 Hz, 1H), 8.19 (dd,= 7.9, 1.0 Hz, 1H), 7.96 7.90 (m, 3H), 7.70 7.65 (m,

2H), 7.47 (ddd) = 7.7, 4.7, 1.0 Hz, 1H)Fgure C15). *C-NMR (150 MHz, CDC})

U= 158. 5, 1 Figure5C16). HRVE.(ES|) m/z1[M+#Na](319.9346,

calc. for C11H8BrNO2S1Na 319.93Hidure B6).

3.2.2.55-iodo-2-(phenylthio)pyridine (5)

1,2-diphenylsulfane (2) (0.138 g, 0.63 mmol) and-@ijddopyridine (0.6 g, 1.81
mmol) were loading to a solution of dimethylsulfoxide (10 mL) at 65°C under
nitrogen atmosphere for a couple of minutes. After then potassium carbonate (0.175
g, 1.27 mmol) and copper(iodide (24.2 mg, 0.127 mmol) were added while
purging N. Reaction mixture was heated to 166°C and stirred for 36 h. Reaction
cooled down to rom temperature and extracted with chloroform (3 x 50 mL).
Combined organic phase was washed with brine and dried owSOhNaAfter
solvent was removed and purified with silica gel column chromatography using
hexane:ethyl acetate (20:1) to yield produc@.3 42%. FTIR (KBrcm™): 3057,

2923, 2851, 1582, 1547, 1475, 1439, 1347, 1305, 1276, 1217, 1141, 1111, 1089,
1067, 1024, 994, 919, 816, 751, 725, 704, 689, 624, 51gFge A7). *H-NMR

(400 MHz, CDC}) w=U8.60 (d,J = 2.0 Hz, 1H), 7.71 (dd] = 8.5, 2.2 Hz, 1H), 7.63

i 7.54 (m, 2H), 7.48 7.39 (m, 3H), 6.67 (dJ = 8.5 Hz, 1H) Figure C17). *C-

NMR (100 MHz, CDC}) 4=0161.0, 155.1, 144.7, 135.0, 130.2, 129.8, 129.5, 123.0,
87.8 Figure C18). HRMS (ESI) m/z [M+H]" 313.9456, calc. for C11H9I1N1S1
313.9495 Figure B7).
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3.2.2.65-iodo-2-(phenylsulfonyl)pyridine (5Ac)

Under nitrogen atmosphere 30% aqueous hydrogen peroxide (1.0 mL) was added to
a solution of Sodo-2-(phenylthio)pyridine (5) (0.58 g, 1.88 nui) in acetic acid

(14.0 mL). The reaction mixture was strirred at 80°C for 2 h. After cooling to room
temperature, the residue was poured intcweéer (500 mL) and stirred until
completion of precipitate. It was collected by filtration, washed with maatd dried

under vacuum. The residue was purified through column chromatography on silica

gel [dichloromethane:hexane, (3:1)] to give the product (0.589 g, 91%) whitish solid.

FTIR (KBr, cm™): 3435, 3117, 3093, 3042, 1631, 1581, 1554, 1539, 1476, 1445,

1351, 1326, 1305, 1283, 1261, 1237, 1169, 1135, 1115, 1076, 1025, 1001, 846, 801,

768, 753, 733, 713, 685, 623, 603, 56x(re A8). *H-NMR (600 MHz, CDC})

Un= 8.86 (d,J = 2.0 Hz, 1H), 8.26 (dd] = 8.2, 2.0 Hz, 1H), 8.05 (d,= 7.4 Hz, 2H),

7.96 (d,J = 8.2 Hz, 1H), 7.63 (t) = 7.5 Hz, 1H), 7.54 (t) = 7.8 Hz, 2H) Figure

C.19. ®C-NMR (150 MHz, CDC}) U= 157.8, 156.6, 146.4, 13
1290, 123.5, 98.1 Rigure C20). HRMS (ESl)ym/z [M+H]" 345.9384, calc. for

C11H9INO2S1 345.939F(gure BS).

3.2.2.72-(4-bromophenylthio)-5-iodopyridine (6)

1,2-bis(4bromophenyl)disulfane (3) (0.5 g, 1.33 mmol) and-d@jédopyridine
(1.257 g, 3.8 mmol) were loawd) to a solution of dimethylsulfoxide (24 mL) at 65°C
under nitrogen atmosphere for a couple of minutes. After then potassium carbonate
(0.184 g, 3.8 mmol) and copper(l)iodide (72 mg, 0.38 mmol) were added while
purging N. Reaction mixture was heated 166°C and stirred for 36 h. Reaction
cooled down to room temperature and extracted with chloroform (3 x 50 mL).
Combined organic phase was washed with brine and dried owSOhaAfter
solvent was removed and purified with silica gel column chromgbbgrasing
hexane:ethyl aceta(@5:1) to yield crude product 0.89 g. Regarding NMR analysis,

it was determined that product still had impurites after column chromatography. As a
next step, crude product was handled without any purificatt®MS (ESI) m/z
[M+H]* 391.8556, calc. for CL1H8Br111N1S1 391.860gure B9).
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3.2.2.82-(4-bromophenylsulfonyl)-5-iodopyridine (6Ac)

Under nitrogen atmosphere 30% aqueous hydrogen peroxide (2.16 mL) was added to
a solution of crude -24-bromophenylthio¥b-iodopyridine (6) (161 g, 4.1 mmol) in
acetic acid (31.0 mL). The reaction mixture was strirred at 80°C for 2 h. After
cooling to room temperature, the residue was poured intwater (250 mL) and
stirred until completion of precipitate. It was collected by filtration, \edstvith
water and dried under vacuum. The residue was purified through column
chromatography on silica gel [dichloromethane:hexane, (3:1}jive the product
(0.73 g, 42%)whitish solid. FTIR (KBr,cm?): 3435, 3082, 1565, 1535, 1468, 1438,
1385, 1350, 184, 1274, 1239, 1175, 1161, 1123, 1106, 1070, 1001, 834, 821, 755,
735, 722, 698, 622, 608, 56Bigure A9). ‘H-NMR (600 MHz, CDC}) =U8.86 (d,
J=1.6 Hz, 1H), 8.26 (dtJ = 8.2, 2.0 Hz, 1H), 7.94 (dd,= 8.2, 3.3 Hz, 1H), 7.92

7.88 (m, 2H), 7.76 7.72 (m, 1H), 7.70 7.66 (m, 1H) Figure C21). *C-NMR (150

MHz, CDCk) 4 = 1,356.6,346.5, 138.5, 132.530.5, 130.3, 123.4, 98.Bigure
C.22). HRMS (ESI TOF)m/z [M+H]" 423.8526, calc. for C11H8Br1l11N102S1
423.8496 Figure B10).

3.2.2.92-(4-bromophenyithio) -6-bromopyridine (7)

1,2-bis(4bromophenyl)disulfane (3) (0.5 g, 1.33 mmol) and-di&omopyridine

(0.9 g, 3.8 mmol) were loadind to a solution of dimethylsulfoxide (35 mL) at 65°C
under nitrogen atmosphere for a couple of minutes. After then potasarbonate
(0.524 g, 3.8 mmol) and copper(l)iodide (72 mg, 0.38 mmol) were added while
purging N. Reaction mixture was heated to 166°C and stirred for 36 h. Reaction
cooled down to room temperature and extracted with chloroform (3 x 50 mL).
Combined oganic phase was washed with brine and dried oveS®a After
solvent was removed and purified with silica gel column chromatography using
hexane:ethyl acetate (18:1) to yield crude product 0.76 g. Regarding NMR analysis,
it was determined that produdtlishad impurites after column chromatography. As a
next step, crude product was handled without any purificatttMS (ESI) m/z
[M+H]* 343.8784, calc. for CL1H8Br2N1S1 343.8{Bégure B11).

3.2.2.102-(4-bromophenylsulfonyl)-6-bromopyridine (7Ac)

Under nitrogn atmosphere 30% aqueous hydrogen peroxide (1.6 mL) was added to

a solution of crude -24-bromophenylthio¥-bromopyridine (7) (0.52 g, 1.51 mmol)
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in acetic acid (20.0 mL). The reaction mixture was strirred at 80°C for 2 h. After
cooling to room temperate, the residue was poured into-igater (150 mL) and
stirred until completion of precipitate. It was collected by filtration, washed with
water and dried under vacuum. The residue was purified through column
chromatography on silica gel [dichloromethdmexane, (3:1)] tagive the product
(0.29 g, 51%whitish solid. FTIR (KBr,cm™): 3400, 3082, 2921, 1562, 1542, 1469,
1417, 1388, 1329, 1280, 1260, 1183, 1175, 1162, 1133, 1122, 1095, 1076, 1066,
1007, 982, 824, 834, 806, 780, 739, 723, 698, 652, 6205876Figure A10). *H-

NMR (400 MHz, CDC}) 4= 8.13 (ddJ = 7.6, 0.8 Hz, 1H), 7.99 7.89 (m, 2H),

7.77 (t,J= 7.8 Hz, 1H), 7.73 7.67 (m, 2H), 7.64 (dd] = 8.0, 0.8 Hz, 1H)Kigure
C.23. ®C-NMR (100 MHz, CDC}) U =158.7, 142.8, 140.0, 137.0, 132.5, 132.0,
130.7, 129.7, 120.8F{gure C24). HRMS (ESI)m/z [M+Na]" 397.846, calc. for
C11H7Br2N102S1Na 397.84%6 igure B12).

3.2.2.113-(4-bromophenylthio)-5-bromopyridine (8)

1,2-bis(4bromophenyl)disulfane (3) (0.816 g, 2.17 mmol) anddtBomopyridine

(1.47 g, 6.2 mmol) were loadind to a solutimindimethylsulfoxide (30 mL) at 65°C
under nitrogen atmosphere for a couple of minutes. After then potassium carbonate
(0.856 g, 6.2 mmol) and copper(l)iodide (118 mg, 0.62 mmol) were added while
purging N. Reaction mixture was heated to 166°C andegtifior 36 h. Reaction
cooled down to room temperature and extracted with chloroform (3 x 50 mL).
Combined organic phase was washed with brine and dried owSONaAfter
solvent was removed and purified with silica gel column chromatograpimg u
hexane:thyl acetate(12:1) to vield product 0.41g 28%. FTIR (KBzm™): 3053,

1546, 1471, 1401, 1388, 1298, 1210, 1170, 1099, 1083, 1063, 1006, 870, 839, 818,
781, 726, 689, 646, 539, 491, 488gure A1l). *H-NMR (600 MHz, CDC}) 4=l
8.51 (d,J = 2.0 Hz, 1H), 8.41 (d) = 1.9 Hz, 1H), 7.67 (t) = 2.0 Hz, 1H), 7.54
7.48 (m, 2H), 7.30 7.27 (m, 2H) Eigure C25). *C-NMR (150 MHz, CDC})
148.8, 148.2, 139.3, 135.3, 134.0, 134.0, 133.0, 131.6, 123.0, Eiguoe( C26).
HRMS (ESI) m/z [M+H]" 343.8717, calc. for C11H8Br2N1S1 343.8730g(re
B.13).
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3.2.2.123-(4-bromophenylsulfonyl)-5-bromopyridine (8Ac)

Under nitrogen atmosphere 30% aqueous hydrogen peroxide (1.2 mL) was added to
a solution of 3(4-bromophenylthio)-bromopyridine(8) (0.393 g, 1.14 mmol) in
acetic acid (17.13 mL). The reaction mixture was strirred at 80°C for 2 h. After
cooling to room temperature, the residue was poured intwater (200 mL) and
stirred until completion of precipitate. It was collected by fiitla, washed with

water and dried under vacuum. The residue was purified through column
chromatography on silica gel [dichloromethane:hexane, (3:1)] to give the product
(0.28 g, 91%) whitish solid. FTIR (KBgmi): 3435, 3089, 3049, 2924, 1647, 1570,
1466, 1415, 1385, 1327, 1300, 1277, 1217, 1182, 1156, 1111, 1091, 1065, 1006, 893,
823, 796, 738, 700, 687, 650, 610, 568, 4Figure A12). ‘H-NMR (400 MHz,

CDCl3) w=19.02 (d,J = 2.0 Hz, 1H), 8.85 (dJ = 2.1 Hz, 1H), 8.31 (1) = 2.1 Hz,

1H), 7.86i 7.79 (m, 2H), 7.75 7.68 (m, 2H)(Figure C27). **C-NMR (100 MHz,

cbCh) U= 155.1, 146.5, 139.1, 13(gue, 137.
C.28. HRMS (ESI) m/z [M+H]" 397.8505, calc. for C11H7Br2N102S1Na
397.8456 Figure B14).

3.2.2.134-(4-bromophenylthio)-2-bromopyridine (9)

1,2-bis(4bromophenyl)disulfane (3) (2 g, 5.32 mmol) and-@dromopyridine (3.6

g, 15.19 mmol) were loading to a solution of dimethylstide (70 mL) at 65°C

under nitrogen atmosphere for a couple of minutes. After then potassium carbonate
(2.1 g, 15.19 mmol) and copper(l)iodide (290 mg, 1.519 mmol) were added while
purging N. Reaction mixture was heated to 166°C and stirred for 36 h.tiReac
cooled down to room temperature and extracted with chloroform (3 x 50 mL).
Combined organic phase was washed with brine and dried owSOhNaAfter
solvent was removed and purified with silica gel column chromatography using
hexane:ethyl acetate (49:to yield product 1.743 g 47.5%. FTIR (KBm“): 3076,

3045, 2924, 1904, 1640, 1557, 1519, 1471, 1449, 1386, 1361, 1265, 1222, 1175,
1134, 1106, 1090, 1069, 1009, 981, 862, 818, 765, 731, 701, 681, 625, 553, 525, 489
(Figure A13). *H-NMR (600 MHz, CDGQs) 4=18.10 (d,J = 5.4 Hz, 1H), 7.61 (d] =

8.4 Hz, 2H), 7.41 (d) = 8.4 Hz, 2H), 7.07 (d] = 1.3 Hz, 1H), 6.88 (ddl1= 5.3, 1.7

Hz, 1H) Figure C29). *C-NMR (150 MHz, CDC}) U= 152. 6, 149. 4,
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133.4, 127.5, 124.9, 124.0, 119.Figure C.30. HRMS (ESI) m/z [M+H]"
343.8727, calc. for C11H8Br2N1S1 343.878®(re B15).

3.2.2.144-(4-bromophenylsulfonyl)-2-bromopyridine (9Ac)

Under nitrogen atmosphere 30% aqueous hydrogen peroxide (1.2 mL) was added to
a solution of 2(4-bromophenylthio¥-bromopyridine (9) (0.38 g, 1.1 mmol) in
acetic acid (16.5 mL). The reaction mixture was strirred at 80°C for 2 h. After
cooling to room temperature, the residue was poured intwater (200 mL) and
stirred until completion of precipitate. It was collected fiityation, washed with

water and dried under vacuum. The residue was purified through column
chromatography on silica gel [dichloromethane:hexane, (3:1)] to give the product
(0.36 g, 87%) whitish solid. FTIR (KBgm'): 3435, 3082, 2922, 2852, 1642, B57

1542, 1467, 1445, 1386, 1355, 1331, 1270, 1163, 1126, 1098, 1075, 1067, 1006, 980,
879, 848, 817, 783, 738, 701, 683, 621, 568, 518, Biglie A14). 'H-NMR (600

MHz, CDCk) y=U8.57 (d,J = 5.1 Hz, 1H), 7.94 (s, 1H), 7.82 (d= 8.6 Hz, 2H),

7.73 (d,J = 8.6 Hz, 2H), 7.68 (dd] = 5.1, 1.4 Hz, 1HFigure C31). **C-NMR (150

MHz, CDCk) a= 151. 7, 151. 6, 143. 4, 138.
119.6Figure C32. HRMS (ES) m/z [M+H]" 375.8690, calc. for
C11H8Br2N102S1 375.863igure B16).

3.2.2.154-(3-bromophenylthio)-2-b r o mopyri di ne (906)

1,2-bis@3br omophenyl )di sul fane ( 3dibromopytidn® 5 g,
(3.5 g, 14.81 mmol) were loading to a solution of dimetHigside (70 mL) at 65°C

under nitrogen atmosphere for a couple of minutes. After then potassium carbonate
(2.04 g, 14.81 mmol) and copper(l)iodide (282 mg, 1.48 mmol) were added while
purging N. Reaction mixture was heated to 166°C and stirred for 3ehction
cooled down to room temperature and extracted with chloroform (3 x 50 mL).
Combined organic phase was washed with brine and dried owSONaAfter
solvent was removed and purified with silica gel column chromatography using
hexane:ethyl acetat@2:1) to yield product 1.42 g 40%. FTIR (KBxm?): 3428,

3041, 1561, 1516, 1464, 1448, 1401, 1363, 1245, 1227, 1168, 1146, 1133, 1099,
1067, 992, 978, 910, 862, 819, 780, 767, 757, 676, 662, 549F#Abg A15). *H-

NMR (600 MHz, CDC}) n=8.13 (dJ=5.4 Hz, 1H), 7.71 (1) = 1.6 Hz, 1H), 7.63
(d,J=8.1Hz, 1H), 7.48 (d] = 7.8 Hz, 1H), 7.36 (t) = 7.9 Hz, 1H), 7.10 (d] = 1.4
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Hz, 1H), 6.90 (dd,) = 5.4, 1.5 Hz, 1H)Rigure C33). **C-NMR (150 MHz, CDC}))
U= 152. 6, 1B%591336, 1333 181.43130.5, 124.2, 12Bigufe C34).
HRMS (ESI) m/z [M+H]" 343.8898, calc. for C11H8Br2N1S1 343.8739g(rre
B.17).

3.2.2.164-(3-bromophenylsulfonyl)-2-b r o mopyr i di ne ( 9Acd)

Under nitrogen atmosphere 30% aqueous hydrogen peroxide (}.@asladded to

a solution of 4(3-bromophenylthioR-b r o mopyr i di ne (906) (1. 38

acetic acid (60.0 mL). The reaction mixture was strirred at 80°C for 2 h. After
cooling to room temperature, the residue was poured irtevater (1 L) and stred

until completion of precipitate. It was collected by filtration, washed with water and
dried under vacuum. The residue was purified through column chromatography on
silica gel [dichloromethane:hexane, (3:1)] to give the product (1.27 g, 84%) whitish
sdid. FTIR (KBr, Cm'l): 3434, 3111, 3082, 3064, 1560, 1546, 1458, 1446, 1411,
1357, 1327, 1297, 1220, 1163, 1128, 1077, 993, 978, 914, 900, 837, 795, 782, 757,
719, 686, 671, 655, 612, 585, 512, 48K(re A16). 'H-NMR (600 MHz, CDC})
Uy=8.59 (dJ=51 Hz, 1H), 8.09 (s, 1H), 7.95 (s, 1H), 7.89dd; 7.8 Hz, 1H), 7.80

(d, J = 8.0 Hz, 1H), 7.71 (dJ = 5.0 Hz, 1H), 7.48 (s, 1HF{gure C35). *C-NMR

(150 MHz, CDC}) a= 151. 7, 151. 3, 143. 4, 141. 0,
123.8, 119.7 Kigure C.36).HRMS (ESI) m/z [M+H]® 375.8848, calc. for
C11H8Br2N102S1 375.863Figure B18).

3.2.3General procedure for Ulmann reaction

An ovendried flask was charged with corresponding halogenated plalighyl

pyridine derivatives (4Ac, 5Ac, 6Ac, 7Ac, 8Ac AT and 9Acé6)- (1.0
carbazole (1.1 eqg for 4Ac & 5Ac; 2.2 eq
xylene. After then copper(l)iodide (11% of 4Ac & 5Ac; 22% of 6Ac, 7Ac, 8Ac, 9Ac

& 9 Ac 0-phenartroline0(11% of 4Ac & 5Ac; 22% of 6Ac, 7Ac, 8Ac, 94&c

9Ac06) and potassium carbonate (2.0 eq f

0

9Ac & 9Acbd6) were added under nitrogen at

was refluxed for 48 h. After cooling to room temperature mixture extracted with
dichloromethang3 x 50 mL). Combined organjghase was washed with brine and
dried over NgSO,. After solvent was removed and purified with silica gel column

chromatography using dichlorometane:hexane (3:1).
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3.2.3.19-(4-(pyridin -2-ylsulfonyl)phenyl)-9H-carbazole (CzpS2Py)

The title compound was obtained from 4Ac (0.175 g, 0.58 mmol) as white colored
target molecule GpS2-Py in 54% (0.122 g)FTIR (KBr, cm?): 3435, 1591, 1500,
1479, 1450, 1426, 1365, 1325, 1314, 1286, 1227, 1166, 1147, 1123, 1104, 1088,
1072, 1014, 990, 93@15, 838, 790, 770, 743, 721, 679, 624, 600, F6gufe

A.17). *H-NMR (600 MHz, CDC}) U H= 8=4.8,@H),(8@7 8.26 (m, 3H),

8.13 (d,J=7.8, 2H), 8.00 (tdJ=7.8, 1.6, 1H), 7.79 (d]=8.5, 2H), 7.53 (ddd}=7.6,

4.7, 0.8, 1H), 7.47 (dJ=8.2, 2H), 7.44 7.40 (m, 2H), 7.32 (t)=7.4, 2H) Figure

C.37). *C-NMR (150 MHz, CDC})  158.7, 150.6, 143.0, 139.9, 138.2, 136.9,
130.9, 127.1, 126.8, 126.3, 124.0, 122.3, 120.9, 120.5, {P@bre C38). HRMS
(ESI)m/z [M]* 385.1012, calc. for C23H16N202S1 385.10BH(re B19).

3.2.3.29-(6-(phenylsulfonyl)pyridin -3-yl)-9H-carbazole S2-Py-5Cz)

The title compound was obtained from 5Ac (0.35 g, 1.01 mmol) as off white colored
target moleculeS2Py-5Cz in 90% (0.35 g). FTIR (KBgm): 3435, 3090, 3050,
1622, 1598, 1577, 1490, 1478, 1465, 1454, 1446, 1386, 1362, 1334, 1307, 1241,
1222, 1183, 118 1132, 1117, 1102, 1070, 1015, 998, 983, 931, 909, 863, 783, 764,
746, 717, 691, 678, 639, 613, 603, 569, 529, 513, Bithie A18). 'H-NMR (600

MHz, CDCkL) 1=i8.97 (dJ = 2.4 Hz, 1H), 8.45 (d] = 8.4 Hz, 1H), 8.19 8.15 (m,

3H), 8.13 (dJ = 7.7 Hz, 2H), 7.68 (t) = 7.5 Hz, 1H), 7.61 (t) = 7.8 Hz, 2H), 7.47

i 7.39 (m, 4H), 7.35 (ddd] = 7.9, 5.7, 2.4 Hz, 2H)Rgure C39). *C-NMR (150

MHz, CDCk) U = 156. 2, 148. 2, 139. 7, 138. 7,
126.6, 124.2, 123.4, 121.5, 120.7, 10FR)(re C40). HRMS (ESl)m/z [M+Na]"
407.0822, calc. for C23H16N202S1Na 407.0828re B20).

3.2.3.39-(4-(5-(9H-carbazol9-yl)pyridin -2-yl-sulfonyl)phenyl)-9H-carbazole
(Cz-pS2-Py-5C2)

The title compound was obtained from 6Ac (0.35 g, 0.82 mmol) as white colored
target moleculeCz-pS2Py-5Cz in 47% (0.21 g). FTIR (KBrem™): 3436, 3055,

2923, 1590, 1573, 1499, 1478, 1463, 1448, 1385, 1361, 1334, 12348, 1224,

1162, 1113, 1102, 1074, 1017, 929, 841, 781, 748, 723, 686, 676, 638, 623, 614, 602,
571 Figure A19). *H-NMR (600 MHz, CDC}) +=19.06 (d,J = 2.4 Hz, 1H), 8.53
(d,J=8.3 Hz, 1H), 8.41 (d] = 8.5 Hz, 2H), 8.23 (ddl = 8.3, 2.4 Hz, 1H), 8.14 (dd,
J=4.4, 3.2 Hz, 4H), 7.86 (d,= 8.5 Hz, 2H), 7.53 (dJ = 8.2 Hz, 2H), 7.49 7.42
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(m, 6H), 7.36 (dddJ = 16.9, 11.3, 4.2 HzH) (Figure C41). **C-NMR (150 MHz,

CDCk) = 155. 9, 148. 3, 14 36.63134.9] B39.1,926.9,13 9 .

126.7, 126.3, 124.3, 124.0, 123.5, 121.61.02120.7, 120.5, 109.6, 1@9(Figure
C.42). HRMS (ESI)m/z [M+Na]" 572.1466, calc. for C3823N302S1Na 572.1403
(Figure B21).

3.2.3.49-(4-(6-(9H-carbazol-9-yl)pyridin -2-ylsulfonyl)phenyl)-9H-carbazole
(Cz-pS2Py-6C2)

The title compound was obtained from 7Ac (0.30 g, 0.70 mmol) as white colored target
molecule CzS2-Py-6Cz in 52% (0.202 gFTIR (KBr, cm'l): 3435, 1625, 1591, 1501,
1490, 1478, 1451, 1363, 1334, 1314, 1284, 1224, 1192, 1176, 1156,1128, 1109,
1084, 1029, 992, 976, 913, 839, 810, 795, 768, 752, 721, 694, 678, 640, 622, 614,
596, 568 Figure A20). *H-NMR (400 MHz, CDC}) =i8.41i 8.35 (m, 2H), 8.23
(dd,J=7.6, 1.1 Hz, 1H), 8.19 (§,= 7.7 Hz, 1H), 8.14 (d] = 7.6 Hz, 2H), 8.08 (dd,
J=17.6,0.7 Hz, 2H), 7.90 (dd,= 7.8, 1.2 Hz, 1H), 7.86 7.81 (m, 2H), 7.77 (d] =

8.1 Hz, 2H), 7.46 (dJ = 8.1 Hz, 2H), 7.42 7.27 (m, 8H) Figure C43). *C-NMR

(100 MHz, CDCHii= 158. 3, 152. 2, 143. 3, 140. 5,
126.5, 126.3, 124.7, 124.0, 121.9, 121.5, 121.0, 120.5, 120.3, 118.1, 111.3,
109.7Figure C44). HRMS (ESI) m/z [M+Na]® 572.1408, calc. dr
C35H23N302S1N&72.1403 Figure B22).

3.2.3.59-(4-(5-(9H-carbazol9-yl)pyridin -3-ylsulfonyl)phenyl)-9H-carbazole
(Cz-pS3-Py-5C2z)

The title compound was obtained from 8Ac (0.25 g, 0.663 mmol) as white colored target
moleculeCz-pS3-Py-5Czin 63% (0.23 g)FTIR (KBr, cm'l): 3435, 3052, 1591, 1500,
1479, 1451, 1424, 1360, 1326, 1334, 1315, 1220, 1194, 1147, 1101, 1082, 1020, 976,
931, 912, 843, 827, 809, 768, 748, 723, 703, 691, 678, 641, 616, 607, 569, 530
(Figure A21). 'H-NMR (400 MHz, CDC}) ty= 9.28 (s, 1H), 9.16 (s, 1H), 8.55 (s,

1H), 8.26 (d,J = 8.0 Hz, 2H), 8.15 (dd] = 10.9, 7.7 Hz, 4H), 7.86 (d,= 7.9 Hz,

2H), 7.547 7.31 (m, 12H) Figure C45."*C-NMR (100 MHz, CDC}) = 151 .
146.2, 143.5, 139.8, 139.7, 139.4, 138.0, 135.4, 13AR0.0, 127.4, 126.7, 126.4,
124.2, 124.1, 121.5, 121.2, 120.8, 120.6, 109.6, 108dure C46). HRMS (ESI)

m/z [M+H]"* 550.1661, calc. foE35H24N302S550.1584 Figure B23).
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3.2.3.69-(4-(2-(9H-carbazol-9-yl)pyridin -4-ylsulfonyl)phenyl)-9H-carbazole
(Cz-pS4Py-2C2)

The title compound was obtained from 9Ac (0.2 g, 0.53 mmol) as off white colored
target moleculeCz-pS4-Py-2Cz in 61% (0.177 g)FTIR (KBr, cm™): 3435, 3039,

1591, 1576, 1500, 1489, 1479, 1465, 1449, 1406, 1362, 1329, 1314, 1284, 1274,
1244, 12261193, 1154, 1120, 1100, 1078, 1028, 1015, 1004, 993, 966, 931, 914,
890, 839, 833, 794, 768, 748, 722, 707, 680, 656, 644, 620, 607, 586, 586, 563, 534,
498 Figure A22). 'H-NMR (600 MHz, CDC}) 1=li8.96 (d,J = 5.1 Hz, 1H), 8.25
(d,J=8.6 Hz, 2H), 8.2 (s, 1H), 8.13 (dJ = 7.8 Hz, 4H), 7.92 (d) = 8.3 Hz, 2H),

7.85 (d,J = 8.6 Hz, 2H), 7.80 (dd] = 5.1, 1.3 Hz, 1H), 7.48 (8,= 8.3 Hz, 4H), 7.44

i 7.29 (m, 6H) Figure C47). ®*C-NMR (150 MHz, CDC§) U= 153. 4, 152.1,
143.7, 139.8, 139.0, 13.130.2, 127.3, 126.7, 126.4, 124.9, 124.1, 122.0, 121.2,
120.6, 120.4, 117.1, 115.4, 111.3, 10¢&yure C48). HRMS (ESlm/z [M+H]*
550.1656, calc. fo€35H24N302S550.1584 Figure B24).

3.2.3.79-(3-(2-(9H-carbazol-9-yl)pyridin -4-ylsulfonyl)phenyl)-9H-carbazole
(Cz-mS4-Py-2C2)

The title compound was obtained from 9AcbO
colored target molecul€z-mS4Py-2Czin 60% (0.21 g)FTIR (KBr, cm™): 3056,

2925, 1594, 1574, 1491, 1477, 1465, 1445, 1405, 1361, 1329, 1312, 1274, 1222,
1183, 1148, 1097, 1075, 1029, 994, 968, 916, 895, 843, 794, 778, 745, 720, 710, 690,
655, 640, 616, 589, 56Figure A23). 'H-NMR (600 MHz, CDC}) =18.93 (dJ =

5.1 Hz, 1H), 8.27 (s, 1H), 8.18 (s, 1H), 8.14J¢& 7.7 Hz, 2H), 8.09 () = 7.7 Hz,

3H), 7.92 (d,J = 8.0 Hz, 1H), 7.85 (dd] = 19.3, 8.0 Hz, 3H), 7.75 (d,= 5.1 Hz,

1H), 7.42i 7.29 (m, 10H) Figure C49). *C-NMR (150 MHz, CDC§) U= 153. 4,
151.8, 151.2, 141.7, 140.0, 139.5, 138.9, 132.5, 131.5, 126.7, 126.4, 126.2, 124.9,
123.8, 122.0, 120.9, 120.6, 120.4, 117.1, 115.4, 111.2, {P@dre C50. HRMS

(ESI)m/z [M+H]" 550.1436, calc. fo€35H24N302S550.1584 Figure B25).

3.3 Result and Discussion

3.3.1Synthesis

The starting materials 1, 16 and 2 were pur

and used without further puri fication. 3 an
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literature reports but with less product yie[@8,100] The swythetic routes and their
electronic resonance structures for thelecules Cz-pS2Py, pS2-Py-5Cz, CzpS2
Py-5Cz, Cz-pS2-Py-6Cz, CzpS3-Py-5Cz, CzpS4Py-2Cz and CanS4Py-2Cz are
outlined in Figure 3.3 The target molecules were obtained from using Br land
functionalized pyridylsulfonyl intermediates prepared by coppatalyzed Ulimann
reaction with moderate yields. The precursors 4Ac, 5Ac, 6Ac, 7Ac, 8Ac, 9Ac and
9ACc©O wer e synt hesi zed from t he oXxi da
phenylthiopyridine deriives which had similar yields regardless of whether the
substition was abrtho, metaand para position as 7Ac, 8Ac and 9Ac, respectively
(Figure 3.2) Commercially avaliable in different positioned halopyridine molecules
were reacted wordtphenyBhiogyndihe derivatiieso4, | 6, 7, 8, 9
and 96 wit h (RAgure 3d.1)ahe moreyrenarkatble observation was that
the highest yield €5 coupling reactions amongst 2,2,6, 3,5 and 2,5 substituted
pyridines which was positioned 2,4'hey were obtained from ligand free copper (I)
catalyzed C(AryBS coupling reactions preferentially occured at one carbon center
(C4, C2, C2/C6 and C3/C5) on pyridine ring.
NucleophilicAromatic Substitution(SNAr) Reactionof halopyridine derivative

are expected react with nucleophiles faster at C4 than at C2/C6 position which are
depended on nucleophile typE91]. Especially soft nucleophiles such as thiolates
readily undergo SnAr reactions ptara positions (C4) of halgyridines [102].
Neverthéess the place where the sulphur atom was attached at C2 or C4 position on
pyridine can be clarifed by using NMR spectrums of different positioned other
pyridyl-sulfonyl isomers. When compherensively discussed with compounds 4Ac,
5Ac, 6Ac, 7Ac and 8Ac cheltal shifts of carbon atoms on pyridine ring, they were
assigned unequivocally which carbon atoms bonded with sulphur, halogen or
hydrogen atoms. EspecialfSCNMR of 4Ac showed that G&Sulphur) atom (158.5

ppm) has the most downfielded shifted signal swbempared to C2Bromide) atom
(142.5 ppm) of 24ibromopyridine and G2ZHydrogen) atom (148. ppm) of
pyridine [103,104] Also the most deshielded signal of other compsuidd\c, 6Ac,

7Ac) are 157.8, 157.8nd 158.7 ppm, respectively but the higher ety peaks
for 9Ac and 9Acd have similar PeMMRnance
data analyses, Carb@ulphur bond formation must be placed at C4 position on
pyridine ring for 9Ac and 9AcbO. The con

electranic resonance structures. Set 1 moleculess@ifstituted pyridine derivatives
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have the most stable electronic resonance structure and elongaiedtron
conjugation. Delocalized electrons on the structures can reach at the the most
electron withdrawingatom, Oxygene. For set 2 molecules, while carbozsle
electrons can move to sulfonyl oxygene on the phenyl ring, pyreglectrons can

not. However CpS2-Py-6Cz has more stable resonance form, due to the nitrogen
atom in the pyridine ring bears a néga charge. Comparison set 3, like as set 2,
pyridine p-electrons can not reach at acceptor (A) unit but electron density
distrubition on the structure is more comfortable compared tgpS2#y-6Cz
because of its sulfonyl group leads to steric effect. t@a other hand donor
delocalized electrons on the phenyl ring is blockedni®ta positioned carbazole
moity of CzmS4Py-2Cz. For this 24ubstituted pyridine derivativey-electron

movement isestrictedfor both side.

The compound ofcz-pS2-Py, pS2-Py-5Cz, CzpS2-Py-5Cz, Cz-pS2-Py-6Cz, Cz
pS3Py-5Cz, CzpS4Py-2Cz and CanS4Py-2Cz were characterized by FTIR,
NMR (*H-, *C-) and HRMS, the details of which were shown in Apgig A.

3.3.2Photophysical poperties

Ultraviolet-visible (UV-Vis) absorption and photoluminescence (PL) spectra of
emitters in series of different polarity solvents {14 concentration) are illustred

in Figure D5. All molecules in the series hapep* transitions with some vibronic
structure in 33€B35 nm regionThis is very similar to what was previously observed
in carbazole systenij81]. Four of the moleculep$2-Py-5Cz, CzpS2-Py-5Cz, Cz
pS3-Py-5Cz and CzS4Py-2Cz) have an additional shoulder at038m and the
appearance of the shoulder is stronger ippS4Py-2Cz compound, indicating that
the D and A are more conjugated in the ground state. All molecules show
solvatochromic behavior in solution, with a +glift in onset of emission ranging
from 95-100 nm upon switching from cyclohexane to acetonitrile. In-paar
cyclohexane, vibronically structured emission is observed for all the materials,
changing to unstructured and Gaussian shape emission mdiee polar solvents
(Figure D5), which esthlishes predominately charge transfer (CT) character in the

emissive states of the molecules.
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Cross Oxidation
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Figure 3.3: The synthetic route of target molecules with comparison set 1, 2 & 3.

3.3.3Time-resolved photoluminescence

3.3.3.1Comparison set 1 (CzpS2-Py, pS2Py5Cz and CzpS2-Py-5Cz)

The photophysical properties of these differently connectelaland DaA(-D)
materials (D= carbazole, A=sulfonyl, a=pyridine) were investigated in nonpolar

polymer host zeonex (1% w/w, Figuf@4), in which the steadgtate emission

43



spectra ppears featureless and peak at 384, 400 and 405 nm{aBZRy, pS2Py

5Cz, CzpS2Py5Cz, respectively. This immediately shows that the CT energy is
lower in the DaA and DaA-D materials, a result of closer interactions between a
carbazole and the pyiite group. Surprisingly, this also indicates that the properties
of the DaA-D material are dominated by the-dA side of it,with the distant
carbazole (as in the-Ba material) having little influence. The photoluminescence
guantum yield (PLQY) values egiven in Table 3.1, where 0.21, 0.3 #&n82 were
obtained for the same comparison set order. The similarities between the PLQYs of

the D-aA and DaA-D materials are again apparent, and in contrast to tha.D
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Table 3.1: Photophysical propertiesid kinetics for the molecules in zeonex (1% wt/wt) films

Molecules o las PLOY S°  T.° gEst ki kng'  kisc®  knsc®  DF/PF PF? DF®
(nm) (nm) (%) (eV) (eV) (eV) (x10'sh) (x10°sh) (x10Psh) (x1C0Psh) ¢ (ns) (us)
366
Cz-pS2Py 2% 335 21 318 310 008 14 5.2 : : 0o 67 -
pS2Py-5C2 2983 335 30 320 318 002 39 0.9 16 1.0 0015 11 420
C2-pS2Py-5C7 j’ggi 33 32 322 318 004 52 11 2.4 39 0019 81 130
i
CzpS2Py-6Cz .0 329 98 337 318 019 45 41 23 34 003 70 58
C2-pS3Py-5C7 233 33 37 337 318 019 56 14 11 21 021 94 36
C2-pS4Py-2Cz gg?i 336 42 321 320 001 20 0.3 40 9.9 129 12 280
C2-mS4Py-2Cz gfgi 327 54 318 316 00l 25 0.2 36 53 084 13 110

(i) in cyclohexane

(i) in acetonitrile

#Measured in zeonex film under nitrogen atmosphere

®S, from singlet PL onset

° T, from triplet PH onset

‘ qEst= S-Ta.

ki, kise: Kisc from kinetic fitting of decay$105].

" knr from fitting of other kinetic rates to measured PLQY V4IL@S5].

9PF and DF decay rates from weighted average of biexponential fitting of decay regions, with Bi/fP&maareas of fitted exponentials
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Figure 3.4: NormalizedUv-Vis absorption and photoluminescence spectra ef Cz
pS2-Py, pS2Py5Cz and C2S2-Py-5Cz molecules in 1% w/w zeonex films at RT.
Phosphorescence spectral®é w/w zeonex films at 80 K at >50 ms delay after

pulsed excitation.

Figure 35 shows the tim@ependent emission decay curves ofpS2-Py, pS2Py

5Cz, CzpS2Py-5Cz materials in 1% w/w zeonex host films at room temperature
(RT) and 80K, where the emissiowere collected from the early prompt
fluorescence (PF) to the end of the delayed fluorescence (DF). The curves were
obtained with 355 nm excitation (~100 pJ) in oxygen free environment. With the
exception of CzS2-Py, the decay curves show cleamtodd- decays, assigned as

the prompt and the loAgved delayed emission regions. The DF emission is
suppressed at 80K, which is a strong indication of a TADF emission mechanism.
Instead, PF is followed by an interval during which emissidmelsw the deteain

noise floor of the iICCD camera, with longer time delays (in millisecond time region)
giving rise to phosphorescence (PH) emission. Overall, the decay kinetics are
consistant with the A region of the BaA-D molecule largely controlling its

optical poperties, with the additional distant carbazole acting only as a spectator (as

46



opposed to it forming a weakly bound Gfate in the PAa molecule, where there is

no nearby carbazole acting in competition).
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Figure 3.5: Emission decay kinetics of the ma#s in 1% w/w zeonex films at RT
and 80K a)Cz-pS2-Py b)pS2Py-5Cz c)Cz-pS2-Py-5Cz, and d) comparison of the
decays at RT
In CzpS2Py (D-Aa structure) a continuous dynamic red shift (~0.44 eV) is
observed over the PF from delay times (TD) of 3.3an68.45 ns (gure 3.6a).
However, no DF is observed at longer time delays at RT (Figbfa)3At 80 K, an
extended PF emission is observed (TD=115.8 ns to 1172.5 ns), whichsisifted
and Gaussian shaped speckmre 3.7a), and perfectly matclsewith the emission
spectra (TD=66.45 ns) at RT. This i$GI emission and show stronger stabilization
at low temperatures, therefore, having longer lifetimes. The onset valt@Tof
emission (3.18 + 0.01 eV) perfectly matches with the onset value oni$s$ien.
Although the energy splitting is nearly zero between the rel{@&fLE states, no
DF is observed at RT. This puzzling lack @F is likely due to the fact that the
lifetime of 'CT state is very short, and is only able to undergo the strongjzitibn
that minimisesp Erat low temperatures (where TADF is thermally suppressed). The
fact that the steadystate PL strongly resembles the unrel@deémission further

supports this interpretation of a very quickly decayl@j state. As all three
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materials have very similar triplet states, the main difference in their photophysics
therefore comes from different singlet states that arise from their different CT
strengthi itself a result of the pyridine group either being near (stronger G3A D
and DaA-D) or far (weaker CT, BAa) from a participating carbazole.
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Figure 3.6: Time-resolved normalized emissiepectra of the compounds at RT a)
Cz-pS2Py (TD=3.3 ns to 66.45 nk) pS2-Py-5Cz (TD=3.3 ns to 219 ns) €z-
pS2Py-5Cz (TD=3.3 ns to 219 ns)

In pS2-Py-5Cz (D-aA structure) a continuous dynamic red shift is observed from
TD= 3.3 ns to 219 ns (~0.47 eV, Figusst-b). As TD increases we observed
moderate separation of the two emitting species and a clear isoemissive point is
observed betweeltE and'CT emissions, showing that the two emitting species are
kinetically linked to each other. The PF emission (TD=3.3 ns) gradually shifts to
lower energy (TD=4219 ns) at RT. This red shift is associated with the energetic
relaxation of 'CT state, whib stabilizes at early TD (4219 ns) and remains
constant thereafter (4.2 jis42 ms) at RT Kigure 3.7b). In this timeframe, the
emission only comes from tHET state and the spectra have onset at 3.2 + 0.02 eV.
From TD= 1.3 ms to 75.1 ms, slightly sttured PH emission is observed at 80K
(Figures3.4 and3.7), where the energy of tH&E can be calculated frotine onset

of PH spectra as 3.18 + 0.05 eV. The energy splitting betd@&nand>LE was
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found to be 0.12 + 0.03 eV which is sufficiently smdalatt the'CT state can be
directly populated from thdLE state at RT, leading to DF observed fré@T. As
depicted in schematic excited state energy diagfague 3.14, the lowest energy
state of DaA molecule is’LE state so moderate contribution (lstitinger than B

Aa) comes from’LE state to’CT via TADF mechanism. At 80K, two emitting
species are still observable (Figupe), with the'LE spectra shifting tdCT from

TD= 1 ns to 49 ns, after which tintee spectra show no further shift until TD=219

ns. At 80K the triplet states do not have enough thermal energy to cross the
activation barrier to théCT manifold, therefore no TADF is observed afid

phosphorescence instead dominates.

As evidenced by the steadyst&®e and emission decays, theAa structure has
much weaker CT state characteristic thanA) where the extra acceptor strength of

a pyridine unit near to the carbazole helps to form stronger CT state. This electronic
interaction is significantly weakened when the carbazole is on tlee site of the
molecule from the pyridine. The power dependence of DF intensity (TD=400 pus and
integration time TI=70 ms) shows slope ~Figure D8), indicating a
monomolecular emission mechanism. TADF generally shows a slope ~1 at low and
high excitationdoses, while a TTA mechanism would show a sidpse to 2 at low

excitation doses turning to a slope ~1 at high excitation Jb6&$

Finally in CzpS2-Py-5Cz (D-aA-D structure), the PF emission gradually relaxes to
the DF spectrum (~0.28 eV, Figuré<’) from TD= 3.3 ns to 219 ns. This red shift

is associated withthe energetic relaxation 0CT state, which stabilizes between
66.45 ns 94.5 ms at RT (Figure 3.G). The DF spectrum is bleghifted compared

to D-aA DF spectrum, which may be the resaft slightly weakened acceptor
strength of the sulfonyl group due to the electron donating ability of the additional
carabazole group. In this timeframe, the DF emission only comes' @drstate and

the spectra have onset at 3.22 + 0.05 eV for TD=66.43fter (TD= 16.6 ps) the
spectra show no further shift until TD=94.5 ms at RT. From TD= 335.5 ps to 94.5
ms, very weak PH emission is observed at 80K, where the 3LE energy calculated as
3.18 £ 0.03 eV. Also, the PHpectrum of the E2A-D is identical to he D-Aa
(Figures 3.4 and 3-d@), confirming that the emissiV&E state must be localized on

D-Aa unit. Interestingly the PH spectra is strongly structured wp$2Py (Figure
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3.7-d), where Cz does not participate in forming CT state; instead this isQaure

phosphorescence.
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Figure 3.7: Time-resolved normalized emission spectra ofgS2-Py, pS2-Py-5Cz
and CzpS2-Py-5Cz at later delayed times a)-032-Py spectra taken from TD=3.3
ns to 1172 ns at 80K, pB52-Py-5Cz spectra taken from TD=1 ns to 42 &34, c)
Cz-pS2Py-5Cz spectra taken from TD=3.3 ns to 94.5 ms at R€odjparison of
PH spectra at >50 ms delay time at 80K.

However the PH becomes broad and unstructured in other parent molecules, where
the Cz interacts with acceptors and lowest triptate takes on some CT character.
This again explains whthe CzpS2-Py material has the worst TADF. The energy
splitting betweertlCT and>LE was found to be nearly zero (0.04 @¥gure 3.7c),

and the power dependence of DF (TD=130 ps and TI=70rgsre D.9) shows

slope ~0.95, again indicating a monomolecular DF emission process. In particular,
considering the appearance of DF emission at RT and nearly zero energy gap
between'CT-3LE states, we can say theT state is significantly populated from the

3_E state via TADF.

As depicted irFigure 3.14 the lowest energy excited singlet state ed/D and D
aA molecules ofCT nature, so the DF contribution comes from gpmof the 3LE
state via TADF mechanism. The CT state associated with t#ha Subgoup of the

D-Aa-D molecule is not TADF active, as in-Ba molecule. However, the decay
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kinetics are very similar in @A and DaA-D (Figure 35-d), indicating that no
strong interaction occurs between the two sides of the molecule, which is consistent
with our previous report on asymetrically substituted SFPC moled8].
Consequentially, it can be said that intramolecular interactions between the
secondary acceptor (a=pyridine) and donor (carbazole) units play a key role on DF
properties, but only whethe pyridine is close enough to interact with the carbazole
directly. Consequently, the effect of the secondary donor-aA is marginal on

DF properties, and the PLQYs of theadd and DaA-D are nearly identical (0.30,
0.32) while also strikingly difrent from the PAa (0.2)

3.3.3.2Comparison set2 (CzpS2Py-6Cz and CzpS3-Py-5Cz)

In this comparison set, we compare the-pS2-Py-6Cz and CzS3-Py-5Cz
molecules to get better understanding on lbevand m- positioned pyridineelative
to sulfonyl group (withcarbazolemeta to the sulfonyl) effects the emission

properties.

Figure 3.8 shows the normalized steatiyte absorption, emission and
phosphorescence spectra of-832-Py-6Cz (D-a(0)A-D), and CzpS3Py-5Cz (D
a(m)A-D) molecules in 1% w/w zeonex film, wre the emission spectra appears
very identical and featureless, peakingat406 nm. In addition, the energy of the
3LE can be calculated from the onset values of PH spectra as 3.18 + 0.01 eV for both
molecules. So, the singi&iplet energy splittingsare found as 0.19 + 0.02 eV.
Despite these similarities the PLQY values are measured as 9.8% and 3.7% for Cz
pS2Py-6Cz and CzS3Py5Cz, respectively. Comparing with @&52-Py-5Cz
(D(p)-aA-D) of the previous comparison set, a carbazole position réative to the
sulfonyl group resulted in significantly enhanced PLQY(32%). In all cases the larger
PLQY is accompanied by worse rISC activity, with the DF intensity (DF/PF ratio)

being significantly stronger in the lower PLQY materials.

This suggests thathe larger PLQY values in comparisoset 1 arise not from
improved rISC, but rather from less active ISC and nonradiative decay (leading to

less triplet formation and more emission directly from the photoexcited singlet).
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Figure 3.8: Normalized UvVis absorption and photoluminescence speati@z-
pS2-Py-6Cz, and CS3-Py-5Cz molecules in 1% w/w zeonex films at.RT
Phosphorescence spectra were taken at 80 K at >50ms delay after pulsed excitation.

The emission decays were observed at RT and &guie 3.9). Both molecules
show a continuous dynamic red shift from early to later time dekigsire 3.10

a&b). The emission comes from a low energy CT state and dominates the both
molecular systems at longer delayed times (Fig@ut&c&d). It can be said tt the
formation of CT state is much more favoured ingS3-Py-5Cz molecule than Gz

pS2-Py-6Cz as evidenced by the stronger PF redshift and stronger DF intensity.

After TD=1.3 ms, the DF spectra 6-pS2Py-6Cz showdlue shift and emits from

the exacty the same energy level 8fE at RT, which has onset at 3.45 + 0.04 eV.
After this time (TD= 1.3 ms) the spectra show no further shift until TD=14.9 ms.
The intensity dependence of the DF emission was analyzed as a function of the laser

excitation dosattwo different time delays and integrations (TI).
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Figure 3.9 : Lifetime decays o€z-pS2Py-6Cz andCz-pS3-Py-5Czin 1% w/w
zeonex films at RT and 80K.

The power dependency of DF (TD=8 us and 1116 ps) shows slope 0.68 at low
laser dose@L0 pJ) and sipe ~1 at high excitation dos&a00 pJ). In the later time
regime (TD=1.3 ms and TI=70 ps) the DF shows slope 1.2 (Fiyu@.
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Figure 3.10 : Time-resolved normalized emission spectra ofdbmpounds alz-
pS2-Py-6Cz (TD=3.3 ns to 115.8 ns) By-pS3-Py-5Cz (TD=3.3 ns to 4.2 ps) Oz
pS2Py-6Cz (TD=1 ns to 94.5ms) d) ¢53-Py-5Cz (TD=3.3 ns to 94.5 ms)
In CzpS3Py-5Cz, the power dependency of DF (TD=2 us and TI=10 ps) shows
slope 0.97 at low and high excitation intensity doségure D11). However, in the
longer time regime (TD=355 us and TI=6 ms), the DF shows slope 1.4 at low laser

excitation dosesd0 pJ) and slope ~0.95 at high excitation dosd€9@ pJ). The
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power dependency of DF in microsecond region (~0.95) indicates a monomolecular
mechanism. However, the latter power dependency confirms that an additional
bimolecular triplet harvesting mecham is also operative on DF emission, where
the slope 1.4 turning from 0.95 to 1.4 is a typical behavior of TTA contribution on
DF emission. A laser fluence slope between 1 and 2 indicates that TTA is not the
only mechanism that results in DF at longer aged times, but also a
monomolecular triplet harvesting mechanism (TADF) makes almost equal
contribution. This also helps to explain why we observe structured DF emission from

!|E state at longer delayed times.

These findings indicate that the€T state igpopulated from théLE state via TADF,
where the intersystem crossing to the triplet excited state, and reverse intersystem
crossing back to th&CT state has occurred (FiguBel4). Structurally, changing the
nitrogen position on pyridine ring from to m- does not make significant difference
on3LE-'CT values, but, resulting in improved PLQY from fi@T state for CpS2-
Py-6Cz. It was previously reported that sjirbit coupling is efficient between
energetically close locally excited triplet an@T sates[109], where hyperfine
coupling can in principle interconvel€T and®CT states. The near degeneracy of
the CT manifold andLE state is crucial to promote enhanced intersystem crossing
due to charge transfer spambit coupling, also having very sih energy gap
betweer’LE-'CT makes the ideal condition for thermally activated rISC mechanism.
The DF intensity is stronger in @53-Py-5Cz, alttough this is identified as pért

due to additional TTA activity that is not present infgi&2-Py-6Cz.

The better PLQY value in comparison set 1 materiap)E¥(0)A-D compared to
analogous comparison set 2 materiaimpa(©)A-D can only arise due to the
positioning of the nearby donor carbazole. The improved PLQY is also accompanied
by significantly weaker DFhibugh, and so cannot be due to improved rISC. As a
result we instead propose that this larger PLQY is actually due to decreased ISC
during the PF, consistent with weaker electronic communication between the meta
oriented donor and pyridine nitrogen. Thigpbthesis is supported by the fitted
kinetic parameters. This lower rate of ISC leads to more efficient PF emission
contributing to the overall PLQY. The more plentiful triplet states that get formed by

more rapid ISC in the [P§-a(0)A-D material are morefficiently harvested, leading
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to stronger DF. However this triplet harvesting is not fully efficient, leading to a

lower overall PLQY.

In comparison set 2, the interaction between carbazole and pyridine is stronger in
Cz-pS2Py-6Cz (ortho positioning)conmpared to CzS3-Py-5Cz (netapositioning).

In both of these materials though the interaction between carbazole and sulfonyl is
also weaker than in comparison setriefavs para coupling). Based on the position

of the donors and acceptors we would exp8@& to be stronger in GaS2Py-6Cz,
leading to stronger DF and lower PLQY. In reality the opposite trend is observed,
which we attribute to the active TTA channel in-g23-Py-5Cz which gives the
appearance of stronger DF, but has a fundamentally limigitiygo contribute to

PLQY through biexcitonic emission processes

3.3.3.3Comparison set 3(Cz-pS4Py-2Cz and CzmS4Py-2Cz)

In this comparison set, we compare the-@&4-Py-2Cz (Df)-Aa-D) and CzmS2
Py-2Cz (D{m)-Aa-D) molecules, where the secondary acce(dpipyridine nitrogen

is in para position to the sulfonyl (A), and the far donor (carbazole) rs-giosition

to A. Figure 3.11 shows the normalized steadiate absorption, emission and
phosphorescence spectra ofppPAa-D and D(M)-Aa-D molecules in 1% yw
zeonex film, where the emission spectra appears very identical and featureless,
peaking atca. 432 nm. In addition, very strong PH spectra have almost the same
onset values 3.20 = 0.01 eV and 3.16 + 0.03 eV fg)B&-D and D(m)-Aa-D
molecules, respegkly. So, the singletriplet energy splittings are found as 0.01 +
0.002 eV and 0.01 + 0.002 eV fgr-carbazole andm-carbazole positioned
compounds, respectively. The PLQY values are measured as 49% and 54%)for D(
Aa-D and D)-Aa-D, respectively.

That findings suggest that stabilising the pyridine nitrogep-iposition relative to
the sulfonyl A gives théest TADF and PLQY performance. Converd@ly position
of thefar carbazolenly results in a very small impact, consistant with the presence
of the D-Aa group having minimal influence over the overall properties of the

previous DaA-D material.
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Figure 3.11 : Normalized UvVis absorption anghotoluminescence spectra of-Cz
pS4Py-2Cz, and CanS4-Py-2Cz molecules in 1% w/w zeonex films at RT.
Phosphorescence spectra were taken at 80 K at >50ms delay after pulsed excitation

Very similar emissiondecays are observéatween the two materials bahRT and

80K (Figure 3.12. Comparing with the parent-BA-D molecules above, the PF is
not shifted owards the CT state neither at very early nor at longer time delays for
both of the moleculed{gure 3.13.This is very different, and a remarkable feature
compared with the strong tendency'6fT state formatiorand relaxatiorin among

the other parent aleculesWe attribute the increased TADF activity to the stronger
electronic interactions possible between the pyridine and sulfonyl groupsran
position, causing stronger CT character and much fasteilicegtion of
geometry/energtherefore no redst in PF spectrum is observed in the nanosecond

regime.
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Figure 3.12 : Lifetime decays of Of)-aA-D and D)-aA-D in 1% w/w zeonex
films at RT and 80K. Clearly smaller noise is observed p){2f-D molecule

At all delay times the DF emission only com&em the 'CT state for both
molecules. As is typical for TADF molecules, the TADF is totally gone at 80K and
replaced by longived phosphorescence. This is due to the fact that a very small
o k7 valuesfacilitates thermally activateteverse intersysterorossing mechanism
between'CT and’LE states, concomitantly DF emits frd@T state. (Figure 3.14).

1,0 1,0 4
— Cz(p)S4-Py-2Cz = Cz(m)S4-Py-2Cz
= -~
S 0,8 S 08 ——33ns
’? ——3.3ns > ——8.75 ns
] ——8.75ns ‘@ 13.3 us
c e .
& 0,6 133 us 5 0,6 ——1.33ms
= —1.33ms = 42ms
T 0,4 42 ms T 0,44 ——13.3 ms
S ——133ms S
© ©
g 0,2 - E 02
2 2

0,0 4 0,0 -

T T T T T T T T T T T T T T
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Figure 3.13 : Time-resolved normalized emission spectra gb)PAa-D and D)-
Aa-D at TD=3.3. nsto 13.3 ms at RT

Perfectly linear laser fluency depeamte of DF with excitation doseBigure D12)

also confirms that the DF arises from rISC mechanism rather ThbA.
Consequentially, we can say th@tand m- positions of carbazole unit not changes
the TADF activation mechanism, where the formation ofs@ie is promoted above
the energy ofLE state (different from the other molecules above), and rISC cycling
directly occurs betweelCT and very closdLE states (~0.01 eV).
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Figure 3.14 : Schematic energy level diagram showing the electronic exctdézss
of the molecules

3.3.4Thermal properties

The basic thermal properties of the emitters were investigated by differential
scanning calorimetry (DSC) and therngaavimetric analyzer (TGA) tadentify
thethermalevents. The analysis data are depicte@dole 3.2 The thermal stability

of all seven compounds was good, with 5% mass loss temperatures ranging from
276.1°C to 393.6°CAppendix B.

Table 3.2: Photophysical properties and kinetics for the molecules in zeonex (1%

wt/wt) films.

Compounds T4 (°C) Tm (°C) T4 (°C)
Cz-pS2-Py 276.1 187.0 -
pS2-Py-5Cz 314.8 179.9 -
Cz-pS2Py-5Cz 348.7 232.5 116.8
Cz-pS2Py-6Cz 377.6 235.4 -
Cz-pS3Py-5Cz 391.3 234.6 -
Cz-pS4Py-2Cz 393.6 185.9 101.4
Cz-mS4-Py-2Cz 334.2 157.8 915

First comparison of compound€;z-pS2-Py-5Cz, pS2-Py-5Cz and CzS2Py,
clearly showed thatinclusion of carbazole unit led to a raise in the melting
temperature ) and enhanced thermal stabilikmong the compoundpS2-Py-
5Cz, CzpS2Py, CzS2Py-5Cz and CzSPy-6Cz which sulfonyl goups placed at
C2 position on pyridine, CzSRy-6Cz had the higher thermal properties. In addition,
a significant correlation was found decomposition temperdtatgparaisomer,Cz-
pS4-Py-2Cz which had the highe$t. When compared tpara andmetaisomes of
2,4-substituted derivatives, the best thermal stability belongpdrisomer.
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3.3.5Electrochemical poperties

Cyclic voltammetry (CV) was used to determine ionization potentials (IPs) of target
molecules. As shown iB.2, the oxidation mechanisms aoxidation potential peaks

(1), (2) & (3)were described in their CV curves. The electrochemical properties of
emitters are listed in Tabl&3 HOMO levels of CzpS2-Py, pS2Py-5Cz, CzpS2-
Py-5Cz, CzpS2Py-6Cz, CzpS3Py5Cz, CzpS4Py-2Cz and CanS4Py-2Cz

were determined to be 5.38 eV, 5.42 eV, 5.43 eV, 5.44 eV, 5.60 eV, 5.39 eV and
5.48 respectively, by using the energy level of ferrocene (4.8eV below the vacuum
level) as an external reference and calibrating the onset potential of the first
oxidation wave. Biscarbazole substituted derivatives displayed two irreversible
peaks, while two quaseversible peaks were observed at monocarbazole substituted
derivatives. Compared to molecules; longer conjugation length gidsiion lead

to reduce oxidation giential so CzS4Py-2Cz and CanS4Py-2Cz isomers have

the most narrow optical band gapsg)(BEHOMO/LUMO of CzpS3-Py-5Cz was
deeper than other emitters due toeta configuration gave weak electron
withdrawing ability of acceptor core.

3.3.6Theoretical calculations

Gaussian 16Revision B.01]110] package program was to obtain the ground state
(So) geometries of all compounds with the application of B3L[6R,63] hybrid
functional and 611++G(d,p) the basis set. The energies of the lowest triplet (T) and
singlet excited states (S) of the compounds were obtained via-Dependent

Density Functional Theory (TDDFT) by the same basis set.

The ground state geometriesP8nensional HOMO and LUMO schemes are given

in Table 34. In general, HOMO and LUMO orbitaleflect the electron donor and
electron acceptor part of the structure, respectively. The computed orbital pictures
clearly indicate what is expected. HOMO orbitals for all the systems were calculated
to locate on carbozoles of each compound whereas pyudfpnyl moieties
contribute to LUMOs (Table .8). Existance of sulfonyl group with tetrahedral
geometry provided separation of HOMO and LUMO orbitals which is one of the
requirements for potential semiconductors. In the energy point of view, the
computel frontier molecular orbital energies and the HOMOMO gap are in good

agreement with the experimental data (Table 3.3). Moreomerasured and
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calculated interfrontier energy gaps are all found below 4.0 eV indicating successful

design of compounds.

Table 3.3: The electrochemical properties of target molecules

Molecules EoXonset E1/2OX | absonset Egopt HOMO LUMO

(V)° V)*  (mf o (ev)  (ev)  (eVY
1.18@

Cz-pS2Py 1.08% Lggow 387 347 538 el
1.2200

pS2:Py-5Cz 1.12® Lagow 375 330 5.4 -2.12
1.26@"

Cz-pS2Py-5Cz ~ 1.13% Leo@ 374 331 543 -2.12
1.27@"

Cz-pS2Py-6Cz  1.14Y Lsz@r 382 342 544 -2.02
1.49@-"

Cz-pS3-Py-5Cz 1.3% Lgo@r 373 332 60 2.8
1.26@-"

Cz-pS4Py-2Cz  1.09% L5 386 321 539 218
1.36%

CzmS4Py-2Cz ~ 1.18% L7goa 392 316 548 232

#0nset oxidation potentials versus Ag/AgCl obtained from Cyclic Voltammograms for Pt electrode in
contact with a 0,1 M4Bu;NFsP/Aceonitrile solution of compounds relative to ferrocene; scan rate
100 mV/s.

gr and ir are referred to quasireversible and irreversible, respectively.

®Optical band gap () obtained from onset of the absorption spectra by extrapolation;
EP=124Q4 /1 o

°The HOMO and LUMO levels were determined using the following equations;

Evomo =[Eox T yE(ferrocene) + 4.8], Ewo =EomoT ¢ B

Both HOMO and LUMO energies lower upon changing the position of carbazole
from benzene to pyridine (g2S2-Py to pS2Py-5Cz) which is due to reduction of
electron donor ability of carbazole when in conjugation with electron poor pyridine.
The decrease in the LUMO energy can be attributed to spread of orbital contribution
to more atoms IMS2Py-5Cz. Insertionof one more carbazole moiety restored
HOMO energy in CpS2Py-5Cz. Existance of two carbazole units in-g32-Py-

5Cz, CzpS2-Py-6Cz, CzpS4Py-2Cz and CzpS3Py-5Cz lead to higher LUMO
energy due to loss of electron accepting ability. Only the posifidgheocarbazole
connecting to pyridine was changed amongpS2-Py-6Cz, CzpS4Py-2Cz and
CzpS3Py5Cz. CzpS3Py-5Cz possesses the lowest HOMO energy due to orbital
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contribution from both carbozole units. The same argument holds fPSEPRy-
2Cz wherehe contribution of atoms to both HOMO and LUMO is least.

All the compounds considered here have been computed to have very smal singlet
triplet energy difference which promote them for potential TADF structures (Table

3.4). Among thempS2Py5Czand CzpS3-Py5 Cz have t hegdamarrove
When pyridine moiety is not substituted (E82P y ) <avaleebof 0.04 eV has

been obtained which is quite reasonable. Among the substituted pyridines, lower
aEgrvalues have been computed for structures havinggcarb | e on b posi t i

The singlettriplet energy level difference of the systems are mostly effected by the
conjugation throughout the structure. The disturbance of conjugation in the system
resul ts i n dsevalueg duste sepamatioh df doraued Bcceptor parts.

The dihedral angle between donor and acceptor moieties in a potential
semiconductor is quite important since it represents the degree of separation of them.
In the case of TADF systems, wskparated donor and acceptor units are eggect

as well. The structural data were obtained after geometry optimization. Dihedral
angles in Table .3 shows the degree of twisting of the donor part from planarity.
The angle values out and in paranthesis are carbbealene and carbazele
pyridine diharal angles, respectively. For @32-Py andpS2-Py-5Cz, D-A angles

were computed to be 51°. In both cases, HOMOs were located on carbazole units as
expected, but on different sides of the molecule. Angles > 50° indicates disruption of
the conjugation, tree f or e r e s ustvalues Ghe dtimer fduosystereEwere
designed as IA-D type with two carbazole units one on each side. Since the
higher degree of the angle represents lower overlap of HOMO and LUMO thus,
smaller values, CpS2Py-5Cz and CzS3Py-5Cz were expected to be best
candi t at e srvafuesrIn dcanndanca Ecomputational TDDFT calculations
showed s myddtalfer €2pS2B3H5Cz and CzS3Py-5Cz which is a good
representation of separation of donor and acceptor units gyshems.

Table 3.5shows the 3D electrostatic potential maps for the compounds in this study
which indicate the electron distribution throughout the molecule. Extreme electron
localization is presented by red color whereas green or blue mean low electron
density moiety. The high power electron withdrawing sulfonyl located in the center
of the system is expected to pull the electrons from the donor carbazoles, which is

guite represented by maps in the correspontiible (Table 3.5) Jang et.al reported
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that a uniformly distributed electrostatic potential on the acceptor side of the
molecule enhances stabilitfl11]. In the present case, naniform electron
distribution in the parent pyridine is promoted by the connection to a high power
acceptor on one @& and a strong donor on the other side. Although there is still
some electron localization on pyridine nitrogen, the extent of polarization is smaller
that of pyridine itself. As for GpS4Py-2Cz and CanS2Py-2Cz, similar
experimental TADF properties sérved which is attributed to their similar
theoretical structural and electronical properties. The structural difference is only on
the far donor part whose effect was discussed before to be limited. Moreover,
electrostatic potential maps of these duoehbgen computed to be almost the same.
Therefore, both structural and electronic resemblance led us expect similar TADF
behavior as stated in the experimental section.
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Table 3.4 :Ground state geometry (GSG), frontier molecular orbital energy diagra@(Hand LUMO) and dihedral angles of the

compounds

pS2-Py-5Cz

CzpS2-Py CzpS4Py2Cz CzpS2Py-6Cz

Cz-m54-Py-2Cz

2N

LUMO (eV) -2.15 232
4 .
“ e
% & "f‘*‘
a4 At
AEsr(eV) 0.005 0.007
S
-
a-&‘ g‘, Sa o
HOMO (eV) -6.22 606 -5.94 -5.03
Table 3.5 :3D electrostatic potential maps for the compounds.
CzpS2-Py pS2-Py-5Cz CzpS2-Py-5Cz CzpS2-Py-6Cz CzpS3-Py-5Cz CzpS4-Py-2Cz Cz-mS4-Py-2Cz
€%y 8% «;ﬁ  offe, R D SRR L
P e et 0 ; 4"1‘1-. “‘ "/ e / :%/
4““_)/ % \ ““'/ —_— “'. 4 ‘:: £“1 RS .y
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3.4 Conclusion

Summarising, a series of debjue emitting TADF molecules has been rationally
designed, synthesised and characterised iraildeThese materials provide
understanding on how to manage the positions of donors and asymetric acceptors
relevant to blue OLED devices. gyridine secondary acceptor unit was found to to
manipulate the TADF properties depending on its position. Thenfisth D-aA and
D-aA-D systems confirm that addition of donor on the opposite side otrihetilge
makes little difference to overall emission properties, but in both systems, the
formation of CT is significantly promoted, where the DF arises from a cige
between very close enerdyE-'CT states. In addition, the effects witrogen on
pyridine ring were investigated iortho- and metaisomers, which show different
acceptor strengths associated with resonance and inductive effects, resulting in
different DFmechanisms and PLQY valudie best TADF and PLQY performance

was found in CpS4Py-2Cz and CanS4Py-2Cz moleculeswith the two acceptor
groupspara to each otherThese new structural designs give rise to very reduced

o Ervaluesand greatly ehanced PLQY values, arising from proper arrangement of

donor and acceptor(s) in the molecular structure.
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4. EFFECT OF ASYMMETRIC ACCEPTOR AND DONOR POSITIONING
IN DEEP BLUE PYRIDYL -SULFONYL BASED TADF EMITTERS °

4.1 Introduction

Thermally activated delayed fiuescence (TADF) emitters have recently become the
key materials used to progress thgeheration organic light emitting diode (OLED)
technologies. Theoretically, TADF materials can reach up to 100% internal quantum
efficiency because all the electricatignerated triplet excitons are capable of being
converted to emissive singlet staf@#$2 114]. This unique spirconversion process
called reverse intersystem crossing (rISC) requires spatial separation of
HOMO/LUMO of donor and acceptor groups to achiehargetransfer (CT) states

small singlett r i pl et e ng[llHY17].gewards thiseritl, donor (D) and
acceptor (A) groups with steric hindrance are commonly connected to optimise the
equilibrium geometry between thdihl812Q. It is critical tochoose suitable D and

A functional groups while designing TADF emitters, as the efficiency of the
resulting materials depends greatly upon the electron donating/accepting strengths as
well as the bonding pattern within the larger mole¢8&95121-127. Furthermore,

while highly perpendicular BA geometries can enhanceés@, the same kinds of
structures also lead to weak oscillator strengths and low photoluminescence quantum
yields (PLQYs), requiring a compromise approach for optimum material
performancg123-124].

Recently we have reported a set of asymmetriaAED materials 121], which
featured carbazole (Cz) donors in different positions. We found that the position of
the auxiliary acceptor (a), in the menand disubstitutegyridine materials can
strongly impact the TADF performance despite these materials all comprising

identical D and Aa chemical groups. In different positioned pysdyfonyl

% This chapter is based on the pafHaytir, G., Aydemir,M., Tekin,A., Tekin,E., DanosA., Yuksel,
F.,Hizal,G., MonkmanA.P., andTurksoy, F. (2022, Effects of Donor Position and Multiple Charge
Transfer Pathways in Asymmetric Pyrieyulfonyl TADF EmittersMaterials Today
Communications, 31, 10355@ittps://doi.org/10.1016/j.mtcomm.2022.103650
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derivatives, 2,4substituted regioisomers were found to possess superior optical and
physical propertie. Simultaneously, the position of the Cz donor on the side of the
molecule opposite to the pyridine group was found to have minimal effect on the

TADF and PLQY properties for metand parasubstitution.

Separately, we have also recently reported orexicged state properties of a related

asymmetric BA-D6 TADF materi al, empl oying chemicall
[108. In that work, it was demonstrated that the CT state associated with the

stronger phenothiazine (PTZ) donor unit dominated the physigai properties in
(4-(9H-carbazol9-yl)phenyl)(4(10H-phenothiazinl 0-yl)-phenyl)sulfone  (SFPC)

molecule, highlighted through comparison to the symmetri&-D a n dA-DD O

materials.

Combining the concepts of both previous works, herein we presentfeative

design concept for TADF materials and examine the excited state properties of

highly asymmetric BaA-D 0 e mi t tp84Pg2CzPand PTAnS4Py-2Cz

(Figure 4.). Based on the superior performance in the previous work, the 2,4

substituted pyridykulfonyl structure was chosen as the asymmetric aA acceptor unit.

D-AasD6 structures were then obtained by coupl
different isomer patterns. Comparison to previously studied PTZ and Cz analogy

gives valuable context for undganding the unexpected optical behaviours of the

new material s. For PTZ in particul ar, i ts
distortions enabled by the larger atomic radius of sulphur relative to oXygén

126, were expected to prevent molecular aggt®n and provide high HOMO

electron densitiefl27-13(. In both molecules we observe dual CT emission with

enhanced delayed fluorescence from the ETZtate. In both optical measurements

the para isomer is found the have superior performance to th&nsomer, in

strong contrast to the nementical performance of the analogous©z materials.

4.2 M aterial and Methods

4.2.1Synthesis cektails

All reagents and solvents were provided from commercial suppliers and used without
further purification. Solvents ere distilled by using standard methods and purged

with N, before use. All the experiments were carried out undgr @blumn
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chromatography was performed on silica gel 60 {280 mesh) and TLC was

performed on silica gel 60,5 alumina plate.

TheH and™*C spectra were recorded at 298 K on 600 & 150 MHz spectrometer. All
NMR data were referenced to the internal deuterated solvent relative to protic residue
from CDCI3 respectively 7.26 ppm foH and 77.0 ppm fot°C. Multiplicities are
indicated as s (8glet), d (Doublet), t (Triplet), g (Quartet), m (Multiplet) and
coupling constants (J) are reported in hertz units. High resolution mass spectra were
recorded on Bruker Daltonics microTOF Il Electrosprey lonization TofrElight

mass spectrometer. Theetinal stability of the compound was measured by
differential scanning calorimetrygris 1). A heating rate of 1Gfmin was used after
reaching the first melting point the compound was rapidly cooled down to room
temperature. Cyclic voltammetry measurersenwere performed on Gamry
Instrument Reference 600 potentiostat/galvanostat, in acetonitrile solutich10

at a scan rate of 100 mVsvith a platinum plate as the working, platinum wire as the
counter and Ag/AgCl as the reference electrode. The stipgcelectrolyte was
tetrabutylammonium hexafluorophosphate (0.1 M) and ferrocene was selected as an
external standard. The solutions were bubbled with a constant nitrogen flow a couple
of minute before measurements. The absorption and photoluminespentra svere
recorded on a Shimadzu WM50PC UV-vis spectrophotometer and Horiba
Jobinyvon, Fluorolog TCSPC Fluorescence spectrophotometer (for solutions) and
Shimadzu UV3600 spectrometer and Jobin Yvon Fluoromax fluorescence
spectrometer (for films). Tehfilms were prepared using zeonex host in 1% w/w ratio,
drop cast from toluene solution @uartz or sapphire substratégeat films were
obtained bydeposition in an evaporation chamber under high vacuum (pressure
bel ow 11 1071 6 RERYYWere Mm&Burech undler nitrogen atmosphere
using a Horiba Quartd i nt egr ating sphere attachmen
were achieved by Edinburgh Instrumeisectrofluorometer FS5 equipped with a
calibrated integrated sphere. Thresolved gated spectroscopy were performed
using a pulsed Nd:YAG laser (SL312, EKSPLA) emitting at 355 nm, then the
emission was focused onto a spectrograph and detected on aewmsityve gated

ICCD camera (Stanford Computer Optics).
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4.2.2General procedure for Ullmann reaction

Synthetic details and strucrure charactereziations ofp@s#tion substituted
halogenated phenylthiopyridine and pyridsylu | f on y | deri va,t i ¥é,s
9Ac, 9AcO6) secton3.2gi ven in

An ovendried flask was charged with corresponding halogenated plsatighyl

(1,

pyridine derivativescar9bAaz o e9 Alcld.)l (elg 09 Aecq) &

p-xylene. After then copper(l)iodide (11% of 9&c 9 A ¢ 6-phenaritrolide(q(11%

of 9Ac & 9Acd6) and potassium carbonate
nitrogen atmosphere respectively. Reaction mixture was refluxed fora#838°C

After cooling to room temperature mixture extracted witthidisomethane (3 x 50

mL). Combined organic phase was washed with brine and dried oyS8ONa&fter
solvent was removed and purifiedith silica gel column chromatography using

dichlorometane:hexane (2:1).

4.2.2.19-(4-(4-bromophenylsulfonyl)pyridin -2-yl)-9H-carbazole (Br-pS4-Py-
2C2)

The title compound was obtained from 9Ac (0.6 g, 1.59 mmol) as off white colored
target molecule BpS4Py-2Cz in 75% (0.55 g). FTIR (KBr, ch): 3453, 3079,

3056, 2923, 2851, 1622, 1596, 1573, 1490, 1478, 1465, 1449, 1403, 1389, 1334,
1322, 1275, 1248, 1215, 1189, 1150, 1106, 1068, 1077, 1030, 1009, 991, 970, 932,
913, 889, 855, 820, 790, 774, 752, 709, 655, 645, 625, 613, 576, 567, 536, 496(
Figure A24). '"H-NMR (600 MHz, CDC}) U H= 8J& 5.819z, 1H) 8.11 (dJ

= 6.8 Hz, 2H), 7.88 (d] = 8.6 Hz, 2H), 7.84 (d] = 8.3 Hz, 2H), 7.73 (d] = 8.6 Hz,

2H), 7.67 (ddJ=5.1, 1.2 Hz, 1H), 7.46 (§ = 7.4 Hz, 2H), 7.37 (t) = 7.4 Hz, 2H)
(Figure C51). *C-NMR (150 MHz, CDQs) i= 153.29, 152. 94,
138.94, 134.80, 130.87, 129.97, 129.38, 129.16, 128.77, 127.47, 127.17, 126.79,
126.56, 124.70, 121.74, 120.28, 116.91, 115.22, 114.45, 11(ERfure C52).

HRMS (ESI)m/z [M+H] " 463.0183, calc. for C23H16BriN202843.0110 Figure

B.26).
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4.2.2.29-(4-(3-bromophenylsulfonyl)pyridin -2-yl)-9H-carbazole(Br-mS4-Py-
2C2)

The titlec ompound was obtained from 9Acd6 (0. €
colored target molecule BnS4-Py-2Cz in 55% (0.40 g). FTIR (KBr, ci): 3433,

3060, 2923, 2852, 1597, 1573, 1491, 1479, 1464, 1449, 1407, 1333, 1273, 1243,
1220, 1191, 1159, 1113, 1100, 1079, 992, 965, 909, 845, 798, 784, 768, 749, 719,
707, 674, 658, 617, 605, 593, 563, 527, 4Bigyre A25). 'H-NMR (600 MHz,

CDCll) UH= 8=51MHz (H),8.17 (s, 1H), 8.13 (@= 4.9 Hz, 2H), 8.11 (s,

1H), 7.95 (dJ = 7.9 Hz, 1H), 7.85 (d] = 8.3 Hz, 2H), 7.79 (d] = 8.0 Hz, 1H), 7.69

(d,J = 5.1 Hz, 1H), 7.47 (td) = 8.0, 3.7 Hz, 3H), 7.37 (1 = 7.4 Hz, 2H) Eigure

C.53. ®*C-NMR (150 MHz, CDC}) i= 153.30, 151. 62, 151.
139.27, 138.87, 137.43, 136.64, 131.25, 131.01, 127.28, 126.74, 126.68, 124.85,
123.81, 121.99, 120.38, 116.99, 115.38, 114E§ufe C54). HRMS (ESI)m/z

[M+H] " 463.0327, calc.dr C23H16BriN202S1 463.011Bigure B27).

4.2.3General procedure for BuchwaldHartwig r eaction

An ovendried flask was charged with corresponding halogenated pkalighyl

pyridine derivat ves ( 9Ac & 9Acd) (-butRidedlp)edomnd po
9Ac & 9Ac06) were dissolved in dry tol uene
phenothiazing1.1 eq was added to reaction mixtuaed stirred at room temperture

for a while. Finally, Tris(dibenzylideneacetone)dipalladiechloroform adducf0.05

eqfor 9Ac & )%ardddrétertbutylphosphonium tetrafluoroborate.1 eq for 9Ac

& 9Acd) wer e ad dnele niteogematrhaspnerBeadtions rhixgure

was refluxed for 24 at 106C. After cooling to room temperature mixture extracted

with dichloromethang3 x 50 mL). Combined organic phase was washed with brine

and driedover NaSQO,. After solvent was removed and purified with silica gel

column chromatography using dichlorometane:hexane (2:1).

4.2.3.110-(4-(2-(9H-carbazol9-yl)pyridin -4-ylsulfonyl)phenyl)-10H-
phenothiazine (PTZpS4Py-2Cz)

The title compound was obtained from-E$4-Py-2Cz (0.28 g, 0.6 mmol) as white
colored target molecule PT@S4Py-2Cz in 78% (0.275 g). FTIR (KBrem™):

34363434, 3056, 2924, 2851, 1725, 1596, 1573, 1490, 1479, 1452, 14031223,
1263, 1237, 1191, 1146, 1102, 1028, 1000, 929, 854, 827, 793, 762, 751, 722, 695,
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616, 603, 587, 572, 528, 515, 492, 468yure A26). "H-NMR (600 MHz, CDC})

Uy= 8.83 (dJ=5.1 Hz, 1H), 8.10 (d] = 7.7 Hz, 2H), 8.05 (s, 1H), 7.83 (@= 8.3

Hz, 2H), 7.76 (dJ = 9.0 Hz, 2H), 7.65 (dd] = 5.1, 1.3 Hz, 1H), 7.49 (d,= 7.7 Hz,

2H), 7.44 (tJ = 7.1 Hz, 4H), 7.35 (q] = 7.5 Hz, 4H), 7.28 7.20 (m, 3H), 09 (d,J

= 9.0 Hz, 2H)(Figure C55). ®*C-NMR (150 MHz, CDC})) ti= 153.29, 152.94
150.80, 140.26, 138.94, 134.80, 130.87, 129.97, 129.38, 129.16, 128.77, 127.47,

127.17, 126.79, 126.56, 124.70, 121.74, 120.28, 116.91, 115.22, 114.45, 111.22

(Figure C56). HRMS (ESI) m/z [M+H]+ 582.1179, calc. for C35H24N302S2

582.1304(Figure B298).

4.2.3.210-(3-(2-(9H-carbazol9-yl)pyridin -4-ylsulfonyl)phenyl)-10H-
phenothiazine (PTZmS4Py-2Cz)

The titlecompound was obtained from-BiS4-Py-2Cz (0.38 g, 0.82 mmol) as white
colored target molecule PT&S4-Py-2Cz in 73% (0.35 g). FTIR (KBgm'Y): 3435,

3058, 2924, 1598, 1575, 1489, 1462, 1450, 1404, 1327, 1311, 1274, 1260, 1242,
1228, 1190, 1149, 1099, 1076, 1062, 1027, 988, 967, 934, 920, 864, 842, 800, 789,
781, 753, 739, 725,1B, 684, 676, 658, 646, 616, 599, 574, 566, 535, 517,
466(Figure A27). 'H-NMR (600 MHz, CDC}) 4= 8.89 (d,J = 5.1 Hz, 1H), 8.12

(d, J = 7.6 Hz, 2H), 8.09 (s, 1H), 7.83 (@= 8.3 Hz, 3H), 7.81 (dJ = 8.0 Hz, 1H),

7.67 (ddJ=5.1, 1.1 Hz, 1H), 7.5@, J = 7.6 Hz, 1H), 7.49 (d] = 7.6 Hz, 1H), 7.43

(t, J = 7.3 Hz, 2H), 7.36 (t) = 7.4 Hz, 2H), 7.24 (d) = 8.7 Hz, 2H), 7.01 (s, 4H),

6.71 (s, 2H)YFigure C57). *C-NMR (150 MHz, CDC})ti= 153 .15, 152. 04, 1!
141.38, 138.87, 131.28, 127.25, 125.624.80, 123.74, 121.92, 121.44, 120.34,
117.06, 115.36, 111.2Figure C58). HRMS (ESI)m/z [M+H]+ 582.1421, calc. for
C35H24N302S2 582.130#igure B29).

4.2.4X-ray crystallography

Crystallographic data were recorded on a Bruker APEX Il QUAZAR thireke

diffractometer using monrohromatized MeKU -rXadi at i on (e« = 0.710
Absorption correction was performed by the mattan method implemented in

SADABS [13]] and space groups were determined using XPREP implemented in
APEX2[137. Structure was soéd using the direct methods procedure in SHELXT

[133 and refined by fulmatrix least squares on F2 using SHELKL34] in the

Olex2 Software Packagé¢l35. All non-hydrogen atoms were refined with
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anisotropic displacement factors aneHChydrogen atoms we placed in calculate
positions and allowed to ride on the parent atom. The final geometrical calculations
and the molecular drawings were carried out with PLAT{186, MERCURY

[137], and DIAMOND (Version 3.1)138 programs. Structure determinationsre
deposited with the Cambridge Crystallographic Data Centre with reference -CCDC
2089158 and 2089159 fOTZ-pS4Py-2CzandPTZ-mS4-Py-2Cz, respectively.

4.2.5Computational details

Geometry optimizations have been performed using TURBOMOLE VT1R9)
quantumchemistry package utilizing the DF[60,14Q with several functionals
(B3LYP [141], M06-2X [142], wB97XD [143, CAM-B3LYP [65] and PBE(144)
and basis sets including3@. G(d), 631G(d,p), TZVP and augc-pVDZ (aVDZ).
The resolution of identiy (RD[149 approximation was switched on in all
relaxations. Timelependent DFT (TDDFT)[146,147 was employed for the
calculation of excitation energiassing the relaxed structures at B3LYR®BG(d)
and B3LYP/aVDZ.

4 .3 Results and Discussion

4.3.1Molecular design and gnthesis

In the previous work, we designed and synthesized differently substituted pyridiyl
sulfonyl derivatives with Cz donor§l21]. The best TADF performance was
obtained withpara- substitution of the sulfonyl group by the pyridine ring, with
bicarbazole nits as donor. In this study, we examine more structurally complex D
aA-D6 materials by also introducing a PTZ
investigations of asymmetric PTZz TADF materials, with the additional feature of
the asymmetric aA aeptor[10§. PTZ was therefore inserted at thepbésition on

the pyridytsulfonyl group para) while Cz was attached at thep@sition on the
pyridine ring (PTZpS4Py-2Cz). An additional isomer was also produced with the
PTZ group in aneta position réative to the sulfonyl group (PF&S4Py-2Cz). To
achieve these -Barbozyl and <4henothiazyl substituted materials, appropriate
pyridyl-sulfonyl derivatives were initially produced. Regioselectivity of théd C
bond forming reaction on-Balogenated pyridie was used to achieve the target

structure§102,104. X-ray and NMR analysis of the final products demonstrates that

71



the first GN crosscouplingreaction occurred at thegbsition of the regioselective
halopyridine.
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Figure 4.1 : The synthetic routefdarget molecules

The synthetic routes and molecular structures are depictedyume 4.1 The 2,4

substituted pyridigs ul f ony |l derivatives, 9Ac & 9AcdO wer
S cross coupling, and oxidation reactions respectiVEll]. The targt molecules

were obtained using parand meta functionalized aA acceptor units along with

appropriate €N coupling reactions. The first-8@ coupling was a coppeatalyzed

Ullimann reaction, and the second coupling was a palladatalyzed Buchwald

Hartwig reaction. The target materials Pp34-Py-2Cz and PTZAnS4Py-2Cz were

further characterized by FTIR, NMRH- and *°C-), single crystal Xray, and

HRMS, the details of which are shown in Appendix A.

4.3.2X-ray single-crystal structure

The xray suitable sigle crystals of compounds PI54Py-2Cz and PTANS4-Py-
2Cz were obtained by slow evaporation of a solution of in a mixture of
dichloromethane and methanol (1:1, v/v). Their molecustiructures were

determined by xay crystallography; data collection amefinement details were
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presented in Tabld.1 and their molecular structures were given in Figu& The
asymmetric unit of PT£S4Py-2Cz contains two crystallographically independent
molecules, which have been denotedPaZ-pS4Py-2CzA andPTZ-pS4-Py-2CzB
(Figure4.2-a and 4.2b).

The xray molecular structures clearly confirmed tlRatZ-pS4Py-2Cz and PTZ-
mS4-Py-2Cz are structural isomers; in both structures, the carbazole (Cz) moiety
linked to pyridyl ring onortho- position while the phenothiam (PTZ) moiety
linked to benzene ring on thgara- or meta position, respectively with respect to

sulfone unit.

The selected bond parameters were givehable G1. All bond lengths and angles

belong to phenothiazine, carbazole and pyrgiyfone unis were found in expected

ranges. The S=0 bond lengths were found in the rangjet®9 (3)1.436 (2) A. The

S-C bond lengths were similar for sulfone and PTZ unitstt{e range of..742 (4)

1.785 (3) A] and the @ bond lengths were similar for Cz and 2Tinits, fn the

range 0f1.389 (4)1.439 (4) A.The SO bond angl es were four
The GSC bond angles of PTZ uMn8 .t4sl []i nn atrhreo wr
those angles of sulfonr0&GN04 s] [ hefGNeé h®u m aq
C bond angles around the nitrogen at oms
showed their trigonal planar character. In the case of PTZ units, the sum efthe C

C bond angles were found mor-gS4RyeCzAat ed f
354 . 6 pe4Py-2ZF8Z and 35 8-pS&Py-2€zpr PTZ

The orientations of carbazole (Cz), phenothiazine (PTZ) and pysudfgne groups
were investigated and related conformational parameters were giviaablia G1.
The phenothiazine unit of PTES4Py-2Cz displayed relatively wider stance; the
angle between the planes of t-p84PyBCGxZnzenes
A, 46. 05 -pS4PW20z2B RNhd 50. HS4Py2CHFigur® G2L
Although the NC-C-S(PTZ) torsion angles were similar fall structures the angles
between the planes of one ring of PTZ and benzene were found wider fgpS2TZ
Py-2Cz (Table G1 and Figure G3). Another conformational importance for PTZ
units that the sulphur atoms (SPTZ) of two crystallographically indegménd
molecules of PT£S4Py-2Cz had different orientation with respect to,Sfooup;
the S atom was found in eisonfiguration in PTAS4Py-2CzA while it was in
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trans configuration in PTZpS4Py-2CzB. The S(PTZ) atom of compound PTZ
mMS4-Py-2Cz was als oriented in cisconfiguration

Table 4.1 :X-ray crystallographic data and refinement parametersoimpounds
PTZ-pS4Py-2CzandPTZ-mS4Py-2Cz

Compound PTZ-pS4Py-2Cz PTZ-mS4Py-2Cz
Empirical formula CasH23Nz0.S, CasH23N30.S,
Formula weight 581.68 581.68
Temperature (K) 173 273
Crystal system Monoclinic Orthorhombic
Space group P21/n Pbca

a (A) 9.9848 (7) 8.5517 (10)
b (A) 45.348 (3) 24.556 (3)
c (A) 12.5894 (9) 26.427 (3)
b () 99.101 (2)

Volume @3 5628.6 (7) 5549.8 (10)
z 8 8
Density (calc,

Mg/md) 1.373 1.392
Absorption coeff.

() 0.23 0.23
20max () 50 50
Reflections collected 34606 24819
Independent

reflections 9903 4895
\F::gergmg R 0.045 0.085
Parameters 757 379

R (F>2sF? 0.062 0.057
WR (all data) 0.147 0.140
Goodnesf-fit on F? 1.11 1.10
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Figure 4.2: Crystal structures of @pompoundPTZ-pS4Py-2CzA b) compound
PTZ-pS4Py-2CzB andc) compoundPTZ-mS4-Py-2Czwith the atomnumbering
scheme. Displacement ellipsoids are drawn at the 30% probaévlély The

hydrogen atoms have been omitted for clarity.

4.3.3Theoretical calculations

A conformational analysis has been perfomed for IB¥A-pS4Py-2Cz and PTZ
mS4Py-2Cz and for each compound the lowesergy conformer shown iRigure
4.3 have been obtainedfter the B3LYP/aVDZ relaxations. Vibrational frequency
calculations confirmed that molecules shown in Figdr@ are stable, since no

imaginary frequency was obtained.
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Figure 4.3: B3LYP/aVDZ optimized geometries bko PTZ-pS4-Py-2Cz (left) and
PTZ-mS4-Py-2Cz (right) confomers.

Table 4.2 lists the experimental and computational HOMO, LUMO and band gap
energies obtained at several levels of theory. For both molecules, HOMO, LUMO
and band gap energies calculated at both B3LYP/avVDZ, B3L-8P@&d) and
B3LYP/6-31G(d,p) are the most closer ones to the experimentally determined values.
It should also be mentioned that the newer hybrid functional of Truhlar and Zhao
(M06-2X) and longerange corrected ones (wB97XD and CA3LYP)
overestimate the frontier orbitenergies and band gap. As expected, all calculated
HOMO-LUMO gaps are higher than the experimental gaps. However, the calculated
optical band gaps (881) at B3LYP/aVDZ and B3LYP/B1G(d) are quite in
agreement as shown in Tadl8.

The lowest single{S1) and triplet (T1) excited state energies were also calculated
using both B3LYP/&31G(d) and B3LYP/aVDZ methods. Figure 4.4 shows the
electron density distribution of the HOMOs and LUMOs of the singlet and triplet
states. In both compounds, while th®MO is localized on the carbazole donors and
slightly extending to the pyridyl bridges, the LUMO is localized on both the sulfone
and pyridyl/phenyl rings. However, as shown in Figure 4.4 we find that the HOMO

is also involved in a separate electroni@nsition. Indeed, theilOMO-1s of both
PTZ-pS4Py-2Cz and PTAnS4Py-2Cz are delocalized over the PTZ moiety, raising
the possibility of dual CT states associated with the two different donor units. We
subsequently observe dual emission in photoluminescexperiments, which we
therefore attribute to competing CT emission channels associated with the two
different donor units. Independent CT transitions were also observed theoretically
and experimentally in similar BEA-D 6 c omp o und s-carsazoldd as

phenothiazine diphenyl sulfone in previous studi#4d,149. Both S1 (absorbing at
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373 nm, oscillator strength fosc =0.07) and T1 states (absorbing at 416 nm,

fosc=0.32)-"arermasinlt yons.

Table 4.2 :Comparison of experimental and computational HOMO [eV], LUMO
[eV] and band gap [eV] energies.

PTZ-pHA-Py-2Cz PTZ-mS4Py-2Cz
HOMO LUMO Eq HOMO LUMO Ey

Experiment -5.14 -186 328 -5.08 -192 3.16
B3LYP/6-31G(d) -549 -161 388 -558 -1.76 3.82
B3LYP/6-31G(d,p) -550 -162 3883 -560 -1.76 3.84
B3LYP/TZVP -5.78 -197 381 -587 -213 3.74
B3LYP/avDZ -5.82 -200 382 -590 -216 3.74
PBEO/avDZ -6.00 -184 416 -6.09 -2.00 4.09

M06-2X/6-31G(d,p)  -6.71 -0.69 6.02 -653 -1.18 535

wB97XD/6-31G(d,p) -7.43 023 7.66 -755 0.05 7.60

CAM-
B3LYP/631G(d,p)

-6.79 0.39 640 -6.88 -0.54 6.34

Table 431liss t he c ady;c whEasl and Tlogekergies of both molecules at
B3LYP/63 1 G( d) and B3LYP/ aVDZ | evelssareof t he
between 9 0.35 eV, which indicates the possibility of TADF character of these
molecules. Moreover, the conpe d st E1- T2 (CT - 3LE)) are 0.15 eV and

0.21 eV respectively for PFES4Py-2Cz and PTES4-Py-2Cz.

Table 4.3: Calculated § T1;, &E:-T1) , st@ES:-T2) energies and
experimental band gaps{HeV] for PTZ-pS4-Py-2Cz and PTAnS4Py-2Cz
conformers at using B3LYP/aVDZ (and B3LYP38G(d) values also provided

given in parenthesis).

Molecules Experimentak, St T1 yo
PTZ-pS4-Py-2Cz 3.28 3.26 (3.32) 2.94(2.97) 0.32(0.35)
PTZ-mS4Py-2Cz 3.16 3.19 (3.27) 2.90(2.94) 0.29(0.33)
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2Cz

2Cz

Figure 4.4: Calculated (B3LYP/aVDZ) natural transition orbitalstioé S1 and T1
states of both molecules.

4.3.4Thermal and dectrochemical properties

All measured electrochemical and thermal properties are tabulated in Table 4.4. The
thermal properties of PFaS4-Py-2Czand PTZmS4Py-2Cz were characterized by
differential s@anning calorimetry (DSC) and thermal gravimetric analysis (TGA)
under nitrogen atmosphere. The results of TGA and DSC revealed thparthe
isomer possesses higher thermal stability thanntbe& isomer and alssulfonyl

group was greatly improved thbermal stability[121,15(Q, as seen in their DSC
termogram@ppendix . Compared to the previous €z materials, introducing

the PTZ groupenhances the qTand T, [121. Cyclic voltammetry (CV)
measurements were also performed to determine the oxidatiential of the target
molecules in degassed acetonitrile solution. The absolute energy levels of emitters
were estimated using cyclic voltammetry and -USsible absorption. The IP/EA
energy levels of PTpS4Py-2Cz and PTZmS4Py-2Cz were determined to be
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5.14+/1.86 eV and-5.08£1.92 eV, respectively, measured from the first oxidation
wave and relative to ferrocene. Voltammograms showed that th&aiD 6

molecules exhibited one quasiversible and one reversible oxidatiéigure E3).

Table 4.4: The themal and electrochemical properties for emitters

PTZ-pS4-Py-2Cz PTZ-mS4Py-2Cz
To/T/Tm (°C) 2 375.1/ 93.9/220.9¢ 362.4/74.2/198.1°
E% onse(V)® 0.84 0.78
HOMO (eV)*® -5.14 -5.08
LUMO (eV) ® -1.86 -1.92
E, % (eV)’ 3.28 3.16

*Values of tle T, (corresponding to a weightss of 5%), T, (melting peak point) andgKglass
tran§ition temperature) of target molecules from TGA and DSG atMNosphere at heating rate €0
min™.

P Glasstransition () wasobtained from the second run at DSCvas:

“Melting point (T,) wasobtained from the first run at DSC curves.

4Onset oxidation potentials versus Ag/AgCl obtained from Cyclic Voltammograms for Pt electrode in
contact with a 0,1 M 1Bu;NFsP/Acetonitrile solution of compounds relative to feene; scan rate
100 mV/s.

°The HOMO and LUMO levels were determined using the following equations;

Eromo =[Eoxd  E2'(ferrocene) + 4.8], Eo =Eromol %Opt-

"Optical band gap @ﬁ_"‘) obtained from onset of the absorption spectra by extrapolation;
EP=124Q0q/ o

4.3.5Photophysical and TADF properties

In zeonex (1% wt/wt) solid host matrix, thara- andmeta isomers show structured
absorption peaks around 330 nm. The spectra are approximately the sum of the
absorption spectra of each D and A componehkigu(e 4.5a), which can be
attributed to the decoupled nature of donor and acceptor for both Cz and PTZ donors
[15]]. The photoluminescence spectra of the molecules show dual Gaussian bands in
dilute films, with both bands showing positive solvatochromism in different polarity
solvents Figure D.6 & Figure D¥). The shorter wavelength gaussian emission band
(ca. £5nm) is attributed tothe€C T st at e of t helCG@z),whicht o f
clearly undergoes a red shift with increasing solvent polarity (Table 4.5). The second
emission band (ca. 550 nm) is attributed@T e mi ssi on from the P
pair (CT-PTZ), which also shows a clear solvatochromic shift in different polarity
solutions and has redshifted emission due to the increased donor strength of PTZ
[81]. The'CT-PTZ band disappears in highly polar solvents like acetonitrile, which

we suggest islue to enhanced quenching of this {emergy band due to the energy
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gap law as its energy becomes too deeply redshifted. None of the molecules shows
vibronically structured emission from locally excited singlet states, even wpalan

cyclohexane solutiband zeonex polymer host.

—— ABS.PTZpS4.Py2Cz
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Figure 4.5: Left Normalized absorption (ABS) and photoluminescence (EMS)
spectra of the molecules in zeonex (1% wt/wt) films at RT. Right Molecular structure
of SFPC.

Comparing the optical properties of these materials witladed previously studied
linear analogSFPC [L0g (Figure 4.5), we observe dual emission in the pyridine
containing materials while only a single emission peak from the PTZ CT state is
observed in SFPC films. This may be explained by the increased wati@nal
freedom of the Cz when adjacent to the pyridine heteroatom, allowing it to explore
D-A dihedral angle conformations with higher fluorescence rate, thus activating the
'CT-Cz emissive pathway in the new materials. The CT character 6Cth€z stae

is also likely enhanced compared to SFPC, due to the adjacent pyridine acting as an
auxiliary acceptof94]. At longertimes, all energy is emitted through the lower
energy'CT-PTZ state (Figure 4.6, lower contour plots), similar to SFPC, for reasons

discussed further below.
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Table 45 : Photophysical propertider PTZ-pS4Py-2Cz and PTAnS4Py-2Cz

a
oleoties I p” (NM) | pas” PLQY® PLQY® PLQY® DEst ¢ G, I kS Kiscd Ko
CH T cB AN (M ) ) %) ey 09 ) (10's")  (10's™)  (x10°s7)
i i i i
PTZpS4-Py- 409" 444’ 457" 496" o0 4o
12 20 026 7.8 172 6.5 1.3 9.9 4.1
2Cz 505" 554" 591t O 329
PTZ-mS4-Py- 428" 456' 481" 507' 283,322,
3 6 033 334 373 464 0.97 2.1 0.95
2Cz 524 n 563 1 ND ND 328

®Dual emission maxima in different solvents (Cyclohex@hg TolueneT, Chlorobenzen€B and AcetonitrileACN).
' Higher energy emission maximum wavelength attributé€#Cz" Lower energy emission maximum wavelength attribueetCT-PTZ"P Peak is not observed in the

spectrum.

® Absorption maxima for solutions in toluene at RT.

¢ Measured in 1% wt/wt zeonex film under nitrogen atmosphere.
4 Measured in nomloped solid film under nitrogen atmosphere.

¢ Measured in toluene solofi in air.

" PF and DF decay lifetimes from weighted averages of biexponential fittisepafate decay regions, with DF/PF ratio from areas of fitted exponentials.
Iks, kisc, kusc from simultaneous kinetic fitting of P&hd DF emission decaysd5).
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The emission spectra redshifts slightly when the positions of PTZ changes from
para- to meta relative to the sulfonewhich also results in a reduction in PLQY
values (Table 4.5). While in zeonex films the PLQY of gaga- isomer is higher

than the metaisomer (53% compared to 23%), the reported PLQY in the linear
SFPC molecule is 93988]. This indicates that the structural modifications in PTZ
pS4Py-2Cz and PTAnS4Py-2Cz likely enhance nonradiative pathways, pdgsib
enabled by the flexible PTZ unit. The materials were further analysed using time
resolved spectroscopy in zeonex (1% wt/wt) films, where the complex nature of the
emissive statef PTZ-pS4Py-2Cz, PTZmS4Py-2Cz are determined in more
detail. Figure 4 shows the decay of the total integrated emission intensity following
pulsed laser excitation of the zeonex films under vacuum at RT and under dry
nitrogen gas at 80K. Contour plots of the normalised -tieselved spectra at
different times are presentéélow the decay curves. The materials emit across two
distinct time regimes, with prompt fluorescence (PF) occurring over nanoseconds as
optically excited CT states emit. Delayed fluorescence (DF) extends over
microseconds as triplet states undergo slo&€ and emit at later times. The PF
includes both contribution from tH€T-Cz and’CT-PTZ states, where shdived
'CT-Cz emission is dominant at early times. Ldivgd and redshiftedCT-PTZ
emission later significantly dominates the DF decay. By Banaously fitting the

PF and DF regions by kinetic fittind.05, we find that the relevant emission decay
constants (& kisc, and primarily ksc, Table 4.% are improved somewhat compared

to the analogous GZ€z D-aA-D materials 121]. Similar k;sc values are determined

by combining the PLQY and DF/PF ratios using the method described by Dias et al
[84]. We take this as confirmati q]n( tt=l0g1to
originally introduced in the kinetic fitting model to account for LE emissiothe

PF time regime is able to also adequately account for the Cz CT emission

82

t

h e



-
e

Intensity (a.u.)
a & & =
j ‘

C2-pS4-Py-2PTZ @RT
G Cz-mS4-Py-2PTZ @RT
b < Cz-pS4-Py-2PTZ @BOK
\ X Cz-mS4-Py-2PTZ @B0K

e,

Time (ns)

600 09
08
550 07
06
500
05
450 04
03
400 o5
350 Ve
0.0
10~ 10-6 104 10~

Time [s] Time [s]

Wavelength [nm]
Wavelength [nm]

Figure 4.6: Decay of the total integrated emission intensity for pBE4-Py-2Cz,
PTZ-mS4Py-2Cz in zeonex film (1% wt/wt) at room temperature and at 80K.
Below, contou plots of normalised timeesolved emission spectra show how the
emission spectra change frd@T-Cz-dominated at early times, 1€ T-PTZ

dominated at later times.

Nonetheless, for the @RTZ D-aA-D o6 mat e rkilSLI rate cobnistants are
significantly diferent for the isomers and improved for tpara- isomer. We
previously found them to be identical in the correspondingC€asomers. This
finding adds to the growing understanding of hgava- andmeta substitutions can

have significant effect on phaqibysical parameter§77,82,95,15P153]. In this
specific case we suggest that the presence of multiple CT states with distinct rISC
pathways leads to an improved overall rate of rISC.

The PF and DF spectra show temperature dependent changes, where we obser
faster PF decay at RT compared to at 80K. This can be explained under the vibronic
coupling theory relevant to4& TADF emitters, in which both ISC and rISC rates
are thermall ygsrsemald4g4.t ed when oE

In the DF, emission fromCT-PTZ dominats in both of the molecules (Figure 4.6,
similar to in linear SFPC), indicating a more efficient triplet harvesting mechanism in
the PTZ side of the molecules. This outcome is in agreement with the ob&&fived

3LE gaps of the two subunits (see Figure-Wd), and supported by calculations of
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the same (0.22 eV and 0.28 eV respectively at B3LYR/6(d) and B3LYP/aVDZ

levels of theory).
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Figure 4.7: Time-resolved photoluminescence spectra of the molecules in zeonex
film (1% wt/wt). a,c) Normalized PF (frorl.05 ns to 1.3 us) spectral evolution at
RT b,d) Normalized DF (from 1.3 us to 23.7 ms) spectral evolution at RT. Low
temperature phosphorescence specta (PH: 80 K, >10ms delay) is also given for
comparison.

Finally, when the PTZ group is shifted frgrara- to meta, the DF intensity and rate

of rISC both decrease alongside significant decrease in PLQY (Table 4.5). As seen
previously[82,121, this meta positioning of D and A units decreases the electronic
coupling between them. Since PTZ is the donat primarily involved in the'CT-

PTZ DF emission, its position therefore significantly controls the DF properties.
Nonetheless, the active emission from both Cz and PTZ CT states stands in contrast
to other similar materials such as SPBEd the enhancedSC is likely assisted by

the presence of multiple rISC pathways.
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4.3.6Electroluminescent properties

4.3.6.10LED device fabrication

Non-doped bottoremitting OLEDs were investigated for both materials, using a

stack structure offTO/NPB(50 nm)/synthesized moleca{@0nm)/TPBi (30 nm)/LiF

(2 nm)/Al (100 nm). The energy levels of this stack are shown in Figure 4:8. Pre
patterned indium tin oxide coated glass (ITO, 120 nm, Kintec Company) with a sheet
resi st ance -lowas usedl asghe supstrater. Enese aibstivere cleaned

with distilled water, acetone, ethanol, and isopropanol in an ultrasonensddath,

and treated with oxygen p-DidsaphylNo NNj5 mi
diphenyt( 1 -bighbipyl}4 , -diaNjine (NPB, Sigma&ldrich) was depositedn an
evaporation chamber under high vacuum (p
injection layer (50 nm). Next, emissive layers of PA4Py-2Cz or PTZmS4Py-

2Cz (20 nm), electron transport layer of 1,8jS(phenyt2-benzimidazolyl)benzene

(TPBI, 30 nm), and a cathode composed of calcium (10 nm) and aluminium (100

nm) were sequentially deposited via evaporation. The size of the active OLED area
defined by shadow masks was 9 fnffihe electroluminescence spectra and current
density voltagebrightnessof the devices were measured with a Hamamatsu PMA

12 C10027 Photonic Multichannel analyzer and digital multimeter (ZA23A

Keithley). All the measurements were carried out at room temperature under ambient

conditions
1.9
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Hhgns e
ah&r L
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Figure 4.8: The energy diagram ofie OLED layers
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4.3.6.20LED device results

As can be seen froriigure 4.9 the PTZpS4Py-2Cz OLED showed a maximum
luminous efficiency of 4.5 cd/A, and 1.5 cd/A for the PM®4-Py-2Cz OLED. The
maximum luminances were about 450 and 350 @dfor the para- and meta
materials respectively, although with significantly higher tamand operating
voltages forpara-. Figure 4.9shows the EL spectra of the OLEDs, which exhibited
yellow emissions at 580 and 560 nm for fe@a- and themeta respectively, with
other optoelectronic data summarisedlable 4.6 The higher relative performance

of the PTZ-pS4Py-2Cz device is in great agreement with optical findintjgleed,

the lower conductivity of thepara- substituted material is evident Figure 4.9a,

which may in turn have led to better charge confinement in the emissive layer than

with the more conductivmetasubstituted material.

Table 4.6: Summary of device characteristics of synthesized molecules: onset
voltage (\bn), luminous efficiency (LE), externgluantum efficiency (EQE), color
coordinates and EL wavelengtl().

Von LE EQE Color Coordinates | g
Sample y d .

(V) (cd/A) (%) xy)° (nm)
PTZ-pS4Py-2Cz 8 4,5 1.9 0.49; 0.48 580
PTZ-mS4Py-2Cz 7 1.5 0.5 0.41; 0.53 560

2Turn-on voltage at 1 cd/m
® Maximum values.
¢ Chromaticity coordinates (CIE 1931) recorded at 12 V.
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Figure 4.9: a) Current densityvoltage, b) Luminous efficienéywoltage of c)
Luminancé Voltage and d) Electroluminescence (EL) characteristics of OLEDs
fabricatedwith PTZ-mS4-Py-2Czand PTZpS4Py-2Cz.

4.4 Conclusion

In conclusion, we have investigated the emissive properties e$ubgtituted
pyridyl-sulfonyl based regioisomers. The multistep synthesis of the Cz and PTZ
substituted compounds was confirmed by single crystehyXand NMRanalysis.

The HOMO and LUMOs for both molecules have spatial separation, with the
HOMO localized on Cz, HOM@ on PTZ, and LUMO across the sulfone and
pyridyl/phenyl rings. Changes in the position of PTZ frpara- to meta leads to
considerable detrimealt impacts on TADF and PLQY properties, in contrast to
analogous CG£z materials which had no strong isomeric differences. Prompt
emission is dominated by tHET-PTZ state, and delayed emission arises from the
'CT-PTZ state leading to steadiate dual eission in both materials. Netoped
OLEDs based orPTZ-mS4Py-2Cz & PTZpS4Py-2Cz present warryellowish
emission with CIE coordinates of (0.41; 0.53, 0.49; 0.48), and maximum EQEs of
0.5% and 1.9%, respectively.

87






5. CONCLUSIONS

The propose of the thesis is to descrilee carbazole basedelectron
withdrawing/donating groups witlD-p, D-Aa/D-aA, D-Aa-D and DAaD otype
molecules which are bluemitted andshow TADF mechanism. The main design
strategyof the emittersis redwing the overlap othe HOMO-LUMO energy levels
and limiting the p-conjugation of the whole molecule structure to obtain blue
coloured emissionAccording to the researches the best overall strugopertyof

the carbazole based derivatives is@usituted pyridylsulfonyl compounds.

In the first research, which was presented in ChaptenB; compound 6b which
includes methoxy group has CT character that provides the molecule with additional
emission through TADFAIl doped and nondoped devices dmmtrated skyplue
emission but the compound 6a that using in the emissive layer in the device was
found to exhibit the best EL performance.

In the secondresearch, which was presented in Chapter 3;pwlidyl-sulfonyl
substituted carbazole derivativegre shown TADF mechanism and blue emission.
When pyridine moity was utilized as an auxillary acceptor, it was found that the
TADF characteristics changed depending on where it was planether intersting
observation was that the rIS&f D-Aa-D type mondonor emitters occurred between
the 3LE and 'CT states.The 2,4substituted derivatives had better thermal,

electrochemical, PL, and TADF properties than the other positions.

In the third research, which was presented in Chaptbrals ed on psevi 0ouU s
best resultsDFT calculationgevealedhat HOMO electron density mainly localized

for both D-Aa-D Gtype regioisomers on the carbazole uAil. characterizations of

structural, thermal, and electrochemical properties have slight differé¢thoegver,

TADF and PL properties have significant changes in the position of the PTZ unit due

to the strondCT-PTZ state transition.
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APPENDIX A: FTIR Spectra of Molecules
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APPENDIX B: MassSpectraof Molecules
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Figure B.1: MS Spectrum otompound 4).
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Figure B.5: MS Spectrum otompound (4).
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Figure B.7 : MS Spectrum oEompound (5).
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Figure B.8: MS Spectrum of compoun®Ac).
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Figure B.9: MS Spectrum oEompound (6).
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Figure B.10: MS Spectrum of compoun@Ac).
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Figure B.11: MS Spectrum o€ompound (7).
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Figure B.12: MS Spectrum o€ompound (7Ac).
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Figure B.13: MS Spectrum o€ompound (8).
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Figure B.14: MS Spectrum o€ompound (8Ac).
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Figure B.15: MS Spectrum oEompound9).
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Figure B.16:

MS Spectrum oEompound9Ac).
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Figure B.17 : MS Spectrum o€onpound( 9 6 ) .
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Figure B.18 : MS Spectrum of compour(d9 Ac 6 ) .
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Figure B.19 : MS Spectrum oEompound (CS2Py).
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Figure B.20: MS Spectrum o€ompound (S2-Py-5Cz).
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Figure B.21: MS Spectrum otompound Cz-pS2-Py-5C2).
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Figure B.22 : MS Spectrunof compoundCz-pS2-Py-6C2).
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