creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

B B

Studieson Molecular Design and Synthesis of
Novel Thermally Activated Delayed
Fluorescence Materialsfor Organic Light
Emitting Diodes
7Bl =S A% AT 4 B A FFAY

wa A 8 gl Be AT

20234 2¢

-
o
fuj
1%
R
=
i)
rio,

24
bl
of

o

Jo
rl



Studies on M olecular Design and Synthesis of Novel
Thermally Activated Delayed Fluorescence Materials for
Organic Light Emitting Diodes

F71ddTel e =s s A d &4 Ad F3FAY

22 4A 2 Al B A7

AS WF B & G

2023d 24

Hegetn gt
AR T
2 4
943 ot A 3 ()
7994 o 5 o ()
T i F ()
9 4 4w 4 ()

9 9 T i ()




Studies on M olecular Design and Synthesis of Novel
Thermally Activated Delayed Fluorescence Materials for

Organic Light Emitting Diodes

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUESTMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY
IN ENGINEERING AT THE GRADUATE SCHOOL OF

SEOUL NATIONAL UNIVERSITY

February 2023
By

Chi Hyun Ryoo

Supervisor

Prof. Soo Young Park



Abstract

Molecular Design and Synthesis of Novel Thermally étivated
Delayed Fluorescence Materials for Organic Light Entting

Diodes

Chi Hyun Ryoo
Department of Materials Science and Engineering
The Graduate School

Seoul National University

For the past two decades, organic light emittingdds (OLEDs) have drawn
tremendous attention for the next generation opldis.In the light emitting materials or
OLEDs, phosphors are in the spotlight as high-efficy OLED light emitting materials
because it can boost the internal quantum effigi€l@gE) of electroluminescence up to 100%.
Red and green emitting phosphors have been dewvklapib good color purity and high
guantum efficiency. However, in the blue regionye&lepment of new emitter is still demanded
due to the instability of the material, makingiifidult to commercialize blue OLED.

Recently, studies on new materials using varietymgfchanism overcoming the
limitations of existing emitters (fluorescence, ppborescence) are conducted very actively.
Especially, studies on thermally activated delafwarescence (TADF) emitters achieving 100%
IQE by using TADF phenomenon is drawing tremendattention in the field of OLEDs. In
this study, | studied on molecular design and ssithof novel thermally activated delayed

fluorescence materials for organic light emittingds on the basis of these background.



In Chapter2a series of indolo[3,2-b]indole (IDID) derivativase designed as a novel
structural platform for thermally activated delaydtuorescence (TADF) emitters.
Intramolecular charge transfer (ICT)-type molecwessisting of IDID donor (D) and various
acceptor (A) moieties are synthesized and charaetein the protocol of the systematical
structure—property correlation. IDID derivativeshéit high efficiency, prompt fluorescence
as well as TADF with emission ranges tuned by tendcal structure of the acceptor units.
Interestingly, almost all of the IDID derivativesaw an identical energy level of the lowest
triplet excited state (iJ attributed to the locally excited triplet statetbe IDID backbone
(3LEip), while that of their lowest singlet excited st&8) is largely tuned by varying the
acceptor units. Thus, we demonstrate the underlgieghanism in terms of the molecular
engineering. Among the compounds, Tria-phIDID afd@hIDID generate efficient delayed
fluorescence based on the small energy gap betthedowest singlet and triplet excited states
(AEsT). Organic light-emitting diodes with these TriaHpiD and BP-phIDID as a dopant in
the emitting layer show highly efficient electroluimascence with maximum external quantum
efficiencies of 20.8% and 13.9%, respectively.

In Chapter3,a molecular structural approach is applied by ohing various
substituent groups (X) to explore the structurepprty correlation of TADF mechanism at one
hand and develop blue TADF materials on the otlaedh Thanks to the simultaneous fine
tuning of the energy states, D-A-X emitters shouehlegion emissions from 446 to 487 nm
and exhibit high rate constants of reverse intéesyscrossing Kisc) from 0.76x16 s? to
2.13x16 s'. Organic light emitting diodes (OLEDSs) based D-Aexitters exhibit efficient
external quantum efficiency from 17.2% to 23.9%rtRkermore, the theoretical analysis of
spin-flip transitions between states of variousirateveals that the highest rISC rates can be
achieved by the increase of charge-transfer (G€hgth and enhancement of direct transition

between triplet3CT) and singlet!CT) charge transfer states. Rotational toleranatitfdral
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angle, low energy gap and low reorganization enbagyween théCT and'CT states provided
fast riISC even when triplet states of differentb&ture had much higher energy not to enable
the three-level interaction. By both experimentad #heoretical methods, our investigations
reveal that for the design of efficient TADF-OLEDigters, the enhancement of #@T-'CT
transition is as much important as thafldf-'CT one.

In Chapter4, a molecular structural approach idiegy increasing ICT strength to
develop deep blue TADF materialseWlesigned and synthesized the blue TADF mateyial b
using CN substituted sulfone acceptor. DPS-CBZ l@kiWV emission andust a single
component of fluorescence lifetime. On the otherdhahanks to ideally control of the energy
states, CN substituted emitters show blue regiorssans from 425 to 447 nm and exhibit
delayed lifetime. Organic light emitting diodes (BEIRs) based blue emitters exhibit efficient
external quantum efficiency from 17.7% to 22.6%.

In Chapterb, a series of BOCBZ derivatives aregiesi and synthesized to develop
deep blue MR type TADF materials. BOCBZ emittersvgtblue region emissions from 444
to 455 nm with narrow FWHM. Particularly, compoundgh the tetraphenylsilane (-Si)
moiety RISC rate faster than that of the BOCBZ coumuls, indicating that triplet up-
conversion occurs efficiently in the case of theajghenylsilane-substituted materials. It could
be forming an additional triplet state enhancing CS@etween § and Tn state.
Additionally, (S;|Hsoc|T;) of 1tbuBOCBZ-Si and 3tbuBOCBZ-Si was improved e t

heavy-atom effect of Si atoms, similar to S andteens in MR-TADF.

Keywords: OLED, TADF, Multiple resonance, Blue dopant, Photaliminescence

Student Number: 2015-22772
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Chapter 1. Introduction

1.1 OLED

Organic light-emitting diode (OLED) is a light-enmity diode with the capability to
produce light within the organic emissive layerslemexternal voltage. Since the pioneering
work of Tang and Van Slyke, OLEDs has received &edous attention from both academia
and industry*! OLED has the advantages of facile preparatiomt ligeight, low driving
voltage, high brightness and fast respdfis&Even more impressive is the flexible
characteristics which able to use in foldable, ik and rollable displayg. As a next-
generation display, OLED has already been comnigethin mobile phones, smart watches
and has recently expanded its application arearteITVs, lighting, and automobile displays.

In general, OLED has a multilayered structure aswshFigure 1.1, including hole
injection layer (HIL), an anode, hole transportdayHTL), emissive layer (EML), electron
transport layer (ETL), electron injection layer [(JFand cathod&! Since there is about 1 eV
of energy barrier between cathode and emittingrlape equally to anode and emitting layer,
lowering the energy barrier by introducing multyda structure is essential for the device with
a high-performance. An external voltage is appitethject holes from the anode and electrons
from the cathode connected to either side of thitiegn layer. Holes inject into anode and
transfers through HIL, HTL. Additionally, electromgect into cathode and transfer through
EIL, ETL to form exciton in EML. As a result, elesluminescence (EL) occurs when excitons

are stabilized to a ground state in the EML layer.
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Figure 1.1 (a) OLED Worklng principle (b) conventional OLEBnscturel

1.2. Emitters for organic light-emitting diodes
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Figure 1.2 Emission mechanism in first-generation (fluoresgersecond-generation

(phosphorescent), and third-generation (TADF) erstt!

F = fluorescence; P = phosphorescence; PF = pritnopéscence; DF = delayed fluorescence;
ISC = intersystem crossing; RISC = reverse intéesgrossingAEst = the energy difference

between the first excited singlet and triplet state = nonradiative.



1.2.1. Fluorescence emitters

Recombination of electrons and holes will genesatglet and triplet excitons with a
ratio of 1:3 according to spin statistisThe maximum internal quantum efficiency (IQE)
using conventional fluorescent emitters is aroud#h 2lue to utilizing only singlet excitons.
Therefore, the maximum external quantum efficiefi6QE) can only reach roughly 5%, which

can be described by the following equation:

EQEnax = annSTXQPLXnout = IQEmax X Nout

where EQRax and IQEax are the maximum external quantum efficiency are th
maximum internal quantum efficiency, respectively.is the proportion of electron—hole
recombination, which is supposed to be unity initleal casengris the fraction of radiative
excitons, @p..is the photoluminescence quantum yield (PLQY) efémitting layer, anchoyr
is the light out-coupling efficiency, which is arai20% for normal OLEDs with an ITO-based
flat thin-film architecture. Regardless of the e#ncy limitation, the fluorescent materials take

advantage of long lifetimes, especially for stadiilee emitters.

1.2.2 Phosphorescence emitters

Phosphorescence is essentially a slower procesgrijplet states make up 75% of
electro-generated excited states, so utilizatiotheftriplet state to produce light should be
important in achieving high efficiency OLED$The phosphorescent material containing
heavy-metal complex uses triplet state excitonkdgyvy-atom effect, which strong spin-orbit
coupling lead to singlet-triplet state mixing aremioves the spin-forbidden nature of the
radiative relaxation of the triplet state. Howe\teg commonly used phosphorescence dopants

including expensive metal, such as Ir or Pt, ineeethe price of commercial products. thus,



alternative materials or mechanisms are requifét.
1.2.3 TADF emitters
@

Electrical
excitation

S1 ]
&l <

Fluorescence

~0.5-1.0 eV
T1

_4

TADF

l Phosphorescence

Figure 1.3lllustration of TADF mechanisii!!

In 2012, Adachi et al proposed thermally activatidayed fluorescence (TADF)

emitters®* Thermally activated delayed fluorescence (TADF@wing tremendous attention

in the field of organic light emitting diodes (OLEPbecause it can boost the internal quantum

efficiency (IQE) of electroluminescence up to 100%@ugh the reverse intersystem crossing

(RISC)[*213 Theoretically, RISC occurs efficiently when enedjfference AEst) between

the first excited singlet ¢ and triplet (T) states is small enough?*% To realize efficient

TADF, Adachi et al. embodied molecular design raeasing intramolecular charge transfer

(ICT) mechanism with bulky electron donor and/ocegator units which spatially separate the

highest occupied molecular orbital (HOMO) and lotngsccupied molecular orbital (LUMO)

to ensure minimizedEsr. 72!

The AEst is defined as follows:

Es=E+K+J

_,ﬂ ‘~._ 1_'_” 8l



Er=E+K-J

AESTz Es- ET:ZJ

whereE is the orbital energy is the electron repulsion energy akid the exchange ener§y!

As predicted from quantum theotyjs relative to the overlap of the spatial wavection of
the HOMO and LUMO levels in organic molecules. ®iere, AEst can be minimized by

spatial separation of the electron densities ofriwatier orbitals.

The D-A type TADF molecules have a donor and arepite part connected by a
suitable bridge. In such molecular systems, thetexkstates are attained by intramolecular
charge transfer, generally resulting in virtuabwl PL efficiency due to limited frontier orbital
overlap. Therefore, the choice of the donor ancepttr components is crucial to get the
efficient TADF emitters.

Even though donor-acceptor (D-A) type TADF mataridlave showed great
performance, these CT characteristic emitters hmeblems of color purity due to broad
emission spectra with a wide full width at half- xmaum (FWHMSs) and hard to realize the

deep blue emission with CIEy< 0.08.
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Figure 1.4 Schematic presentation of intramolecular D-A tJpdF moleculed??

1.2.4 Multiple resonance type TADF

new TADF molecule

R™ R R™ R
opposite resonance effect HOMO-LUMO separation
by multiple resonance effect
S, sharp
T
So
small Stokes shift 100 0 100 200 (nm)

Figure 1.5Multiple resonance type TADF!

Hatakeyama et al. demonstrated new type of moledelsign strategy by using a multiple

resonance (MR) effect. It has rigidconjugated structure consisting of an electronedsft

6
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boron atom and an electron-rich nitrogen atom, lkhg alternating HOMO and LUMO
distributions by the resonance eff€étThe rigid backbone structure suppressed vibrational
motions and guarantee a small full width at halkmaum (FWHM). The first MR-TADF
materials, DABNA-1 and DABNA-2, showed blue emissaf 459 and 469 nm for DABNA-

1 and DABNA-2, respectively. Also, they exhibitadthnEQE values of 13.5% and 20.2% with
color coordinates of (0.13, 0.09) and (0.12, 0.88)ce then, a number of MR-TADF materials
have been developed andDABNA developed by Hatakeyama groupDABNA is a fused
form of two boron atoms and six nitrogen atoms &ndxhibited a maximum emission
wavelength of 469 nm and a half width of 18 nmitss known as the state-of-art blue light-

emitting material®*



1.3 References

[1] C. W. Tang, S. A. VanSlyképplied Physics Letters 1987, 51, 913-915.

[2] T. Tsujimura, W. Zhu, S. Mizukoshi, N. Mori, Kliwa, S. Ono, Y. Maekawa, K. Kawabe,

M. Kohno, SID Symposium Digest of Technical Paf087, 38, 84-88.

[3] S.-M. Lee, J. H. Kwon, S. Kwon and K. C. ChiitEE Transactions on Electron Devices,

2017,64, 1922-1931.

[4] S.-J. Zou, Y. Shen, F.-M. Xie, J.-D. Chen, Y.4Q and J.-X. TangMaterials Chemistry

Frontiers, 2020,4, 788-820.

[5] M. Y. Wong and E. Zysman-Colman, Adv. Mater12029, 1605444,

[6] Z. Xu, B. Z. Tang, Y. Wang and D. Magurnal of Materials Chemistry C, 2020,8, 2614-

2642.

[7] M. A. Baldo, D. F. O'Brien, Y. You, A. Shoustl, S. Sibley, M. E. Thompson and S. R.

Forrest,Nature, 1998,395 151-154.

[8] J. R. L. a. R. Joseph, Principles of fluores@mpectroscopy, Springer Science & Business
Media 2013.

[9] F. B. V. Sivasubramaniam, S. Hanning, H. P.lklp¥. van 24 Elsbergen, H. Boerner, U.
Scherf and M. Kreyenschmidt, J. Fluorine Chem. 2039.

[10] A. H. a. B. K. n. S. Schmidbauer, Adv. Mate@13, 25.

[11] H. Uoyama, K. Goushi, K. Shizu, H. Nomura &dAdachi,Nature, 2012,492, 234-238.

[12] H. Kaji, H. Suzuki, S. Kubo, T. Komino, C. Adai, Nat. Commun.2015 6, 847

6.

[13] Q. Zhang, S. Y. Lee, T. Yasuda, C. Adadtdy. Mater.2015 27, 2096-2100.

8
2]



[14] Berberan-Santos, M. N.; Garcia, J. M.Am. Chem. Soc. 1996 118, 9391-9394.

[15] Endo, A.; Ogasawara, M.; Takahashi, A.; Yokoya D.; Kato, Y.; Adachi, CAdv.
Mater.2009 21, 4802-4806.

[16] Endo, A.; Sato, K.; Yoshimura, K.; Kali, T.; Wada, A.; Miyazaki, H.; Adachi, GAppl.
Phys. Lett. 2011, 98, 083302.

[17] Zhang, Q. S.; Kuwabara, H.; Potscavage, WHdiang, S. P.; Hatae, Y.; Shibata, T.;
Adachi, C.J. Am. Chem. Soc. 2014 136, 18070-18081.

[18] Hirata, S.; Sakai, Y.; Masui, K.; Tanaka, Hee, S. Y.; Nomura, H.; Nakamura, N.;
Yasumatsu, M.; Nakanotani, H.; ZhangNa&t. Mater. 2015 14, 330-336.

[19] Uoyama, H.; Goushi, K.; Shizu, K.; Nomura, lAdachi, CNature 2012,492, 234-238.
[20] Zhang, Q. S.; Li, B.; Huang, S. P.; Nomura; Hanaka, H.; Adachi, @lat. Photonics
2014,8, 326-332.

[21] Kobayashi, T.; Niwa, A.; Takaki, K.; Haseyan®&,; Nagase, T.; Goushi, K.; Adachi, C
Phys. Rev. Appl. 2017,7,034002.

[22] Y. Tao, K. Yuan, T. Chen, P. Xu, H. Li, R. Ghe&. Zheng, L. Zhang and W. Huang, Adv.

Mater., 2014, 26, 7931-7958.

[23] T. Hatakeyama, K. Shiren, K. Nakajima, S. Noajs. Nakatsuka, K. Kinoshita, J. Ni, Y.
Ono and T. IkutaAdv Mater, 2016,28, 2777-2781.
[24] Y. Kondo, K. Yoshiura, S. Kitera, H. Nishi, 8da, H. Gotoh, Y. Sasada, M. Yanai and

T. Hatakeyamal\ature Photonics, 2019,13, 678-682.



Chapter 2. Structure—Property Correlation in Luminescent
Indolo[3,2-bjindole  (IDID) Derivatives : Unraveling the
Mechanism of High Efficiency Thermally Activated Ddayed

Fluorescence (TADF)

2.1 Introduction

Thermally activated delayed fluorescence (TADRJrawing tremendous attention in the
field of organic light emitting diodes (OLEDs) besa it can boost the internal quantum
efficiency (IQE) of electroluminescence up to 100%@ugh the reverse intersystem crossing
(RISC)*? Theoretically, RISC occurs efficiently when enedifference AEsT) between the
first excited singlet (§ and triplet (T) states is small enoudt®! To realize efficient TADF,
Adachi et al. embodied molecular design rules afigugntramolecular charge transfer (ICT)
mechanism with bulky electron donor and/or acceptitis which spatially separate the highest
occupied molecular orbital (HOMO) and lowest unged molecular orbital (LUMO) to
ensure minimizedEsr.6-2%

On the other hand, Diass al. proposed that appropriate positioning and mixihtpcally
excited triplet state’(E state) relative to the triplet charge transf@T) state is also essential
in increasing the RISC rate of TADF materials, lseathe spin-orbit coupling (SOC) is
inefficient between singlet charge transf@T) and®CT states without mediation 8fE states
in principle**1"1Even though many researchers have verified thipqmal through diverse

experimental and computational approaches, thesebkanstill a lack of comprehensive
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structure-property correlation work to date by sgstically controlling the relevant energy
levels for a homologous series of a given luminesceromophoré-&-21]

In this work, we have designed a series of indg®fjindole (IDID) derivatives with
different acceptor units to explore the structureperty correlation of TADF mechanism at
one hand and to develop a novel TADF materialshenother hand. Recently, some papers
reporting structure-property relationship and dafeof acceptor strengths on TADF
characteristics in terms of energy gap betweearsl T, were published??2% But, in this
paper, we focused on not omsT but also the RISC mediated ByE state of IDID LEp).
Different from the conventional TADF donors, IDIDofecule features low-lyingLE state
level (T1=2.60 eV) owing to their extended conjugation altmgplanar rigid backbone (Figure
S1). Therefore, it was expected that IDID derivegivshould be versatile in engineering the
energy level ofCT state relative to the low-lyinl E state {LEip) by employing different
acceptor units, which had not been possible fordt@ventional high’LE donor system.
Moreover, IDID derivatives were previously reporisla promising organic semiconductor
with excellent charge transport properties of ~1/¥s hole mobility.2628 In this regard, it
was considered that the IDID unit could make a mdectron donor platform for highly
efficient TADF molecules. Herein, we have synthedia series of nov®,N-diphenyl! IDID
(Ph-phIDID) derivatives containing various electrancepting moieties including cyano,
sulfone, benzophenone, triazole, and nitro gro8gstematically photophysical studies were
carried out to examine the TADF mechanism and tedabrication and characterization of

OLED devices were made to explore their potentidigh efficiency OLED application.
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2.2 Experimental Methods

2.2.1 Synthesis of Materials

G (b) AT

Acceptors

___________________________________________________________

cyano sulfone benzophenone

___________________________________________________________

| J(C) J(C) J(d) J(C) J(C)
S Soare L

K Ph-phIDID CN-phIDID DPS-phIDID BP-phIDID Tria-phIDID NOz-phIDID/

Scheme 2.1Synthetic routes of IDID derivatives. a) copper plew 18-Crown-6, potassium
carbonate, iodobenzene, dichlorobenzene (DCB), X80 b) copper iodide, potassium
phosphate tribasic, iodobenzetrens-1,2-cyclohexanediamine, 1,4-dioxane, 180 °C; djiNa
anhydrousN,N-dimethylformamide (DMF), 55 °C; d) sodiutert-butoxide, anhydrous DMF,

110 °C.

All reagents were purchased from Sigma Aldrich, ,T&d Alfa Aesar. All experimental
glassware was dried in an oven, and all experinheatalitions were conducted in an argon or
nitrogen environment. The target IDID material wesynthesized through the following
scheme 2.1.
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Synthesis of Ph-phIDID

To a mixture of 5,10-dihydroindolo[3,2-b]inddfé! (1.80 g, 8.73 mmol), copper powder (1.67
g, 26.2 mmol), 18-crown-6 (0.46 g, 1.75 mmol) anthgsium carbonate(6.03 g, 43.6 mmol)
purged with Ar gas, iodobenzene (5.34 g, 26.2 maod dichlorobenzene (DCB, 120 ml)
was added. The mixture was gently refluxed at IBWith stirring under Ar atmosphere. After
24 h, the resulting product was poured into waB®0(mL) and extracted with DCM. The
combined organic phase was dried with Mg&@d concentrated under reduced pressure. The
concentrated crude product was purified by colutmomatography (EAthexane 1 : 9 v/v)
and the resulting solid was washed with methanaftord Ph-phIDID as a white powder.
(3.06 g, 97.8%JH NMR (300 MHz, DMSO#, §): 7.80-7.71 (m, 4H), 7.62—7.52 (m, 2H),
7.46 (d,J=7.8 Hz, 1H), 7.29 (] = 7.7 Hz, 1H), 7.15 (= 7.5 Hz, 1H)1*C NMR (125 MHz,
DMSO-ds, 0): 140.18, 137.87, 130.03, 129.88, 127.08, 123.23,10, 119.86, 117.98, 114.91,
110.85. HRMS m/z: calcd for 2gH1sN2, 358.15; found, 358.1470. Elem. Anal. calcd for

CoeH1gN2: C 87.12, H 5.06, N 7.82; found: C 86.9, H 4.917.R2.

Synthesis of 5-phenyl-5,10-dihydroindolo[3,2-blindie@ (1phIDID)

To a mixture of 5,10-dihydroindolo[3,2-b]indole 3. g, 25.7 mmol), copper iodide(1.67 g,
26.2 mmol), potassium phosphate tribasic (5.46 9,7 2nmol) purged with Ar gas,
iodobenzene (5.25 g, 25.7 mmolyrans-1,2-cyclohexanediamine (2.94 g, 25.7 mmol) and
1,4-dioxane(20 mL) were added. The mixture waslgeetluxed at 180 °C with stirring under
Ar atmosphere for 48 h. After cooling to room temgpere, the reaction mixture was filtered
and washed with chloroform. The filtrate was comnied under reduced pressure. The
concentrated crude product was purified by colurhromatography (EA/CHGIn-hexane

13



0.2:4:5 v/v) to afford 1phIDID as a pale yellow paav. (2.06 g. 28.6%fH NMR (300 MHz,
THF-dg, 6): 10.42 (s, 1H), 7.80-7.70 (m, 3H), 7.61 (dd&; 13.1, 5.1 Hz, 3H), 7.50-7.36 (m,

3H), 7.23-7.08 (m, 3H), 6.95 (= 7.6 Hz, 1H).

Synthesis of CN-phIDID

A round-bottom flask equipped with a magnetic stilsar was baked under reduced pressure
and Ar backfilled. Then, 5-phenyl-5,10-dihydroindd,2-b]indole (0.200 g, 0.70 mmol),
anhydrous DMF (15mL), and NaH (0.056 g, 1.4 mmatyevadded to the baked flask. After
30 min at room temperature, 4-fluorobenzonitrilel(2 g, 0.84 mmol) was added to the
reaction mixture. After stirring 10 min, the reactimixture was stirred at 55 °C under Ar
atmosphere. After 10 h, the resulting product wasr@d into water (200 mL) and extracted
with DCM. The combined organic phase was dried \t§SO, and concentrated under
reduced pressure. The concentrated crude produipwsafied by column chromatography
(EA/n-hexane 1:2 v/v) and the resulting solid was washigd methanol and recrystallized
from chloroform/methanol to afford CN-phIDID as @@ yellow powder (0.175 g, 65.1%M
NMR (300 MHz, DMSO#ds, 8): 8.19 (d,J = 8.2 Hz, 2H), 8.03 (d] = 8.3 Hz, 2H), 7.80-7.71
(m, 5H), 7.61-7.52 (m, 3H), 7.44 @@= 8.1 Hz, 2H), 7.32 (dd] = 14.5, 7.2 Hz, 2H), 7.23-
7.17 (m, 2H).13C NMR (125 MHz, DMSOds, 5): 141.92, 140.28, 139.81, 137.56, 134.30,
130.07, 127.37, 126.81, 125.63, 125.60, 124.87,7023123.30, 120.82, 120.11, 118.64,
118.25, 118.16, 115.74,114.74,111.07, 110.98 7408RMS m/z: calcd for £gH1sN2, 358.5;
found, 358.1470. Elem. Anal. calcd foge81sN2: C 84.57, H 4.47, N 10.96; found: C 84.55,

H4.44, N 10.93.

Synthesis of DPS-phIDID
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DPS-phIDID was synthesized similarly to CN-phIDIDusing 5-phenyl-5,10-
dihydroindolo[3,2-b]indole (0.200 g, 0.70 mmol) hgdrous DMF (15mL), NaH (0.056 g, 1.4
mmol) and 4-fluorophenyl phenylsulfone (0.167 ¢,00mmol). The product was obtained as
a pale yellow powder (0.223 g, 63.29% NMR (300 MHz, DMSO¢, §): 8.29 (d,J = 8.6
Hz, 2H), 8.08 (ddJ = 11.9, 7.8 Hz, 4H), 7.79-7.69 (m, 8H), 7.59—7%08H), 7.42 (d,) =

8.0 Hz, 1H), 7.30 (t) = 7.8 Hz, 2H), 7.19 (1] = 7.6 Hz, 2H)13C NMR (125 MHz, DMSOd,

0): 142.34, 141.05, 140.27, 139.82, 138.28, 137183,93, 130.07, 129.95, 129.54, 127.53,
127.39, 126.88, 125.66, 125.55, 124.77, 123.71,2823120.86, 120.14, 118.31, 118.13,
115.76, 114.71, 111.17, 110.95. HRMS m/z: calcd @asH22N20.S, 498.1402; found,
498.1393. Elem. Anal. calcd forfH22N20.S: C 77.09, H 4.45, N 5.62, S 6.43; found: C 77.02,

H 4.45, N 5.66, S 6.47.

Synthesis of BP-phIDID

A round-bottom flask equipped with a magnetic stitvsar was baked under reduced pressure
and Ar backfilled. Then, 5-phenyl-5,10-dihydroindjd,2-b] indole (0.900 g, 3.17 mmol),
anhydrous DMF (20 mL), sodiumtert-butoxide (0.608 g, 6.33 mmol) and 4-
fluorobenzophenone (0.760 g, 3.80 mmol) were atldléek baked flask. The reaction mixture
was stirred at 110 °C under Ar atmosphere. Afteh 2the resulting product was poured into
water (200 mL) and extracted with DCM. The combineghanic phase was dried with Mg&O
and concentrated under reduced pressure. The dosteehcrude product was purified by
column chromatography (EAshexane 1:2 v/v) and the resulting solid was wasvét
methanol and recrystallized from chloroform/metHatooafford BP-phIDID as a greenish
yellow powder (1.084g, 74.1%3 NMR (300 MHz, DMSOs, §): 8.12 (d,J = 8.5 Hz, 2H),

8.01 (d,J = 8.5 Hz, 2H), 7.90 (d, J = 7.0 Hz, 2H), 7.81-7(7R 6H), 7.67—7.55 (m, 5H), 7.46
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(d,J = 8.2 Hz, 1H), 7.33 (dd] = 7.9 Hz, 2H), 7.20 () = 7.5 Hz, 2H)3C NMR (125 MHz,
DMSO-ds, 0): 194.76, 141.62, 140.29, 139.94, 137.65, 1371.34,59, 132.67, 131.77, 130.05,
129.62, 128.66, 127.29, 126.61, 125.60, 125.11,7824123.54, 123.24, 120.57, 120.07,
118.37, 118.13, 115.57, 114.85, 111.16, 110.91. BRMz: calcd for €zH22N20, 462.17;
found, 462.1725. Elem. Anal. calcd foga22N20: C 85.69, H 4.79, N 6.06, O 3.46; found: C

85.50, H4.,79 N 6.07.

Synthesis of Tria-phIDID

Tria-phIDID was synthesized similarly to CN-phIDID,using 5-phenyl-5,10-
dihydroindolo[3,2-b] indole (1.000 g, 3.54 mmolhhgdrous DMF (20 mL), NaH (0.283 g,
7.08 mmol), and 2-(4-fluorophenyl)-4,6-diphenyl-5;3riazine (1.391 g, 4.25 mmol). The
product was obtained as a greenish yellow powdeld(y 1.47 g, 70.2%}H NMR (500 MHz,
THF-dg, 8):  9.23 (d,J = 8.6 Hz, 2H), 9.02-8.91 (m, 4H), 8.15 {c& 8.6 Hz, 2H), 7.91-7.86
(m, 3H), 7.79 (m, 3H), 7.76-7.67 (m, 7H), 7.60J&, 10.9 Hz, 2H), 7.34 (d,= 19.0 Hz, 2H),
7.21 (m, 2H).1*C NMR (125 MHz, THFds, 3): 172.86, 137.37, 133.70, 131.59, 130.81,
129.99, 129.67, 127.99, 126.97, 126.25, 124.11,8423121.13, 120.76, 119.55, 119.47,
112.03, 111.85. HRMS m/z: calcd foki827Ns 589.22; found, 589.2261. Elem. Anal. calcd

for C41H27Ns: C 83.51, H 4.62, N 11.88; found: C83.51, H 418(1,1.83.

Synthesis of NQ-phIDID

NO2-phIDID was synthesized similarly to CN-phIDID, ngi 5-phenyl-5,10-
dihydroindolo[3,2-b]indole (0.150 g, 0.53 mmol),hgdrous DMF (10 mL), NaH (0.042 g,
1.06 mmol), and 1-fluoro-4-nitrobenzene (0.089.630nmol). The product was obtained as a

16
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reddish powder (0.131g, 61.6%) NMR (300 MHz, DMSOd, §): 8.57 (d,J = 8.7 Hz, 2H),
8.10 (d,J = 8.9 Hz, 2H), 7.81-7.72 (m, 5H), 7.60 Jd; 8.6 Hz, 3H), 7.45 (d] = 8.3 Hz, 1H),
7.38-7.30 (m, 2H), 7.25-7.18 (m, 2HJC NMR (125 MHz, DMSOds, §): 144.88, 143.63,
140.35, 139.87, 137.50, 130.10, 127.47, 127.12,7125125.70, 125.31, 124.77, 123.89,
123.36, 121.11, 120.19, 118.41, 118.23, 116.01,751411.23, 111.02. HRMS m/z: calcd for
Co6H17N302, 403.13; found, 403.1317. Elem. Anal. calcd fegHG/N3O2: C 77.41, H 4.25, N

10.42; found: C 77.41, H 4.25, N 10.38.

2.2.2 Characterization

Chemical structures were identified By NMR (Bruker, ADVANCE-300 and ADVANCE-
500), 13C NMR (Bruker, Advance-500), high-resolution mapsarometry (AB SCIEX, Q-
TOF 5600), and elemental analysis (Thermo Fishem8fic, Flash 1112). UV-vis absorption
spectra were recorded using a SHIMADZU UV-1650P€a8y-state photoluminescence (PL)
spectra were obtained with a PTI QuantaMaster 4@tepfluorometer at room temperature
and absolute PL quantum yields (PLQY) were recomagdg a 3.2 inch integrating sphere.
Low temperature photoluminescence spectra wereureghsising a Jasco FP-6500 at 77 K.
Photoluminescence decay traces were obtained thrthey time correlated single photon
counting (TCSPC) techniques by using a PicoQudnfyThme 250 instrument (PicoQuant,
Germany). A 377 nm pulsed laser was used as ata@®oi source and temperature dependent
studies were made with a cryostat (Oxford Instrusme@ptistat DN). Data analyses were
performed using exponential fitting models by FliloBoftware. Cyclic voltammetry
measurements were performed using a 273A (Prinogpplied Research). Each oxidation
potential was calibrated using ferrocene as aeata. LUMO levels were evaluated from the

HOMO level and the optical band gap which was olgdifrom the edge of the absorption
17



spectra. DFT calculations were performed in the glagse using Gaussian 09 gquantum-
chemical package. The geometry optimization fougcbstate of IDID derivatives was carried
out using B3LYP functionals with 6-31G (d, p) basa#s. TD-DFT calculations were performed

using same functional and basis sets that were used

2.2.3 Device fabrication and Measurement.

The patterned ITO substrates were rinsed with aeedmd isopropyl alcohol using sonication
for 15 min, followed by 15 min UV-ozone-treatmefirganic layers, Mo®and Al were
thermally evaporated at a deposition rate of 0&-s1! for organic layers, 0.2 ASfor MoGs,
and 4-5 A s for Al electrode. The current—voltage—luminance/dL) characteristics of the
devices were measured with a Keithley-236 sourcasore unit, a Keithley-2000 multimeter
unit, and a calibrated Si photodiode (Hamamatsu2B89®10BQ). The luminance and
efficiencies were calculated from the photocurmr@asurement data obtained with the Si
photodiode. The electroluminescence spectra weeenaal by using a spectroradiometer (CS-

2000).
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2.3 Results and Discussion

2.3.1 Material Design

In designing IDID derivatives for possible TADF digption, following three criteria
were considered: 1) ICT structure for separatingMd@Dand LUMO, 2) introducing p
henyl linker to address the trade-off betweglst and oscillation strength, 3) accepto
r variation for tuning ICT strength. In this regaf@dh-phIDID was designed as a nove
| structural scaffold to which various electron @gtors including cyano (CN-phIDID),
sulfone (DPS-phIDID), benzophenone (BP-phIDID)azole (Tria-phIDID) and nitro (
NO2-phIDID) groups were systematically introduced he torder of increasing accepto

r strength.
2.3.2 Density Functional Theory Calculations

The optimized geometry and electronic propertiesDdD derivatives were calculated by
density functional theory (DFT) and time-depend®RT (TD-DFT) using the B3LYP
functional and the 6-31G** basis s&idure 2.1). In the optimized ground state geometry, all
the IDID derivatives showed twisted conformatiorthadihedral angle of around 40° between
the IDID core and the acceptor substituted phangl. iAs was expected, HOMO is located on
IDID core and\-phenyl units, while LUMO is extended from acceptwieties to pyrrole ring

of IDID. Thus, not only the spatial separation @MO and LUMO but also the modest orbital
overlap could be achieved at the same time suadbsatidressing the trade-off betwetBst

and oscillation strength. With increasing acceptoength, it was calculated that the bandgap
(4.06 ~ 2.77 eV) andEst (0.99 ~ 0.22 eV) were systematically decreasetl witreasing

acceptor strength as shownrFigure 2.1
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Figure 2.1 HOMO and LUMO distribution and energy differenad=gr) between the first

singlet (Q) and triplet () states of IDID derivatives.

2.2.3 Photophysical Properties

Photophysical properties of IDID derivatives wervalaated by UV-visible absorption (UV-
vis) and photoluminescence emission (PL) spedtigufe 2.2andTable 2.J). It is shown in
Figure 2.2that Ph-phIDID has the lowest absorption bandieytin* transition at 363 nm and
the characteristic violet emission with obviousrational structure. On the other hand, all the
other IDID derivatives with different acceptor gpsushowed gradually red-shifted absorption
band with increasing acceptor strength. MoreovegjrtPL spectra exhibited a broad and
structureles$CT emission which were also gradually red shiftenrf blue (460 nm) to red
(660 nm) with increasing acceptor strength. Theeefi was successfully demonstrated that
IDID is a novel and viable platform of ICT chromapk covering the entire visible range.

While PL quantum vyields (PLQY%Dp.) of these IDID derivatives are moderate to high as
20



shown inTable 2.1, those are always higher in film than in solutpesumably because the
solid matrix suppresses the molecular vibrationatioms. In the film matrix, the highest PLQY
was 69.8% for Tria-IDID and other IDID compoundsaéxhibited over 40% except for O
phIDID (®p=2%). The reason why N&phIDID holds lowerdp, is attributed to the energy
gap law and strong accepting properties of nitaugrt2%:3°l

Fluorescence lifetime measurement was carried ouverify different emission
components of the IDID derivatives using Time Clatexd Single Photon Counting (TCSPC).
Among five ICT emitters CN-phIDID, DPS-phIDID and¥phIDID exhibited just a single
component of fluorescence lifetime shorter thams.&uch like the case of Ph-phIDIDaple
2.1 and Figure 2.3. On the other hand, decay profiles of BP-phIDIbd alria-phIDID
consisted not only the prompt fluorescence but #isadelayed fluorescence. Moreover, the
latter was unambiguously verified as TADF becabsetroportion of the delayed components
were significantly reduced with decreasing tempeeaigure 2.2candFigure 2.2d). It was
thus clearly demonstrated that the Ph-phIDID ucdites TADF platform but only when they
are substituted with appropriate strength acceptangch should give a valuable clue to the
mechanism of the TADF process.

To explore the emission mechanism of this seridB i derivatives, low temperature
PL was measured in toluene at 77H{glre 2.49. Interestingly, ICT type emitters from CN-
phIDID to Tria-phIDID regardless of acceptor magstiexhibited identical phosphorescent
spectra with well-defined vibrational structurivghich coincided with that of Ph-phIDID as
well. Therefore, it was best speculated that thstate of these compounds are characterized
by the locally excited triplet state of IDIBLEb) which is stabilized based on the extended
electron delocalization in the planer IDID skelet@ecause IDID derivatives hold such a
constant and low-lyindLE state, it constitutes the; With high-lyingCT state, till the ICT

strength becomes strong enough to l0éafe below the’LE (sole case of N&phIDID, vide
21



infra). Therefore, we have a systematic control betwkerpinnedLE state and varying CT
states {CT&3CT) through acceptor tuning as depicteGaheme 2.2

CN-phIDID and DPS-phIDID, which employs relativelgak acceptors, have so high
S1 level ¢CT) that RISC from Tto S is ineffective due to the largeEst (Scheme 2.2, cadp
On the other hand, BP-phIDID and Tria-phIDID withhanced ICT strength showed that the
CT (CT&3CT) states are located close to the fidieH to facilitate the mixing of theCT FLE
states. This situation is actually evidenced by tbeerlapped fluorescence and
phosphorescence spectra as shown ifritpere 2.4bandFigure 2.4¢ In this case, triplet up-
conversion occurs efficiently owing to smakst mediated byLE state Gcheme 2.2, cadb).

In contrast, N@phIDID does not show any delayed fluorescence @rapt despite
its small enouglAEst. NO-phIDID showed broad and structureless CT spectruthe low
temperature PL spectrum. Thus, it is rationalized the T state is changed frofhEp state
to °CT in accordance with the more stabilized CT sté@3$&3CT). As a result, the CT states
is separated far away from the fix8dEp state and thus the spin orbit coupling would
forbidden betweeACT and3CT state without the aid Sf.E state Scheme 2.2, casHI).BY
In addition, NQ-phIDID have considerably large non-radiative radestant (se&able 2.1),
implying that the excited molecules quickly decaytte ground state through the non-radiative
pathways. As a result, RISC of the triplet excitonld not occur efficiently and consequently

NO2-phIDID exhibits no TADF emission.
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Table 2.1 Photophysical and Electrical Propertiesfahe IDID derivatives.

compound

Ph-

phiDID

CN-

phiDID

DPS-

phiDID

BP-

phiDID

b
a a b

PL film
abs,max PL,max PL, sol
(PMMA/CBP)
[nm] [nm] — [%]
[%]
363 376 40.2.  44.2/30.0
359 460 14.% 45.1/40.2
360 473 19.5 53.6/46.4
358 520 22.6 54.4/56.9

IcTe SLEY  AE T o
ST
[ev] [eV] [ev] [ns] [ns]
351260 091 3.7
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Tria-

357,398 526 445 59.3/69.8 272260 012 7.3 184 081 056 -5.14 -2.39
phIDID
NO -

356,418 660  2.C 3.1/2.0 2.35 - 003 06 - 051 1615  -5.23 -2.80
phiDID

2 UV-vis absorption and PL spectra measured in $xi#0toluene solution® Absolute PL
quantum yields recorded in degassed IXMtoluene solution and 6 wt% PMMA/ 8 wt%
CBP doping films using an integrating sphérf€T energy level estimated from onsets of the
fluorescence spectra in 1x1® toluene solution? *LE energy level estimated from onsets of
the phosphorescence spectra in XM toluene solution® Energy gap between; &ind T
estimated from the fluorescence and the phosphemesspectra in 1xM toluene solution.

" Lifetimes calculated from the prompt and delaykmriescence decay in PMMA 6 wt%

doping film. °Radiative decay rate: k @, /t. "Nonradiative decay rate ko = 7'-k;. ' HOMO

level was determined by cyclic voltammetry in 51 methylene chloride solution using
ferrocene as a referen¢e.UMO levels were evaluated with the HOMO level dhd optical

band gap obtained from the edge of the absorppentsa.
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2.3.4 Electrochemical properties

In order to evaluate the energy level of these aamgs, cyclic voltammetry
(CV) was carried out in methylene chloride solntiosing ferrocene as a reference
(Figure 2.5. Ph-phIDID, CN-phIDID, DPS-phIDID, BP-phIDID, TaiphIDID and NQ
-phIDID exhibited HOMO levels of -5.12, -5.12, -2,2-5.19, -5.14 and -5.23 eV, res
pectively. The LUMO level of a material was obtalnby adding the optical bandgap
to the HOMO level, and were calculated as -1.8296, -2.12, -2.30, -2.39 and -2.8
0 eV, respectively. The band gaps are 3.3, 3.18),32.89, 2.75 and 2.43 eV, respec

tively.
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2.3.5 OLED Performances

To examine the possible OLEDs application of ndiéD based TADF emitters, BP-
phIDID and Tria-phIDID were selected due to theghhPLQY and TADF characteristics.
Multi-layered OLED devices were fabricated compmgsiglass substrate/ITO (indium thin
oxide) anode/Mo®@ (10 nm)/TAPC (50 nm)/EML (20 nm)/TmPyPb (40 nm}L{1L nm)/Al
(200 nm). ITO, Mo@, LiF, and Al were used as the anode, hole-injectayer, electron-
injection layer and the cathode, respectively. B{,N-ditolyl-amino)-phenyl]-cyclohexane
(TAPC) and 1,3,5-trit+pyrid-3-yl-phenyl) benzene (TmPyPB) were used ake-fransport
layer (HTL) and electron-transport layer (ETL), pestively. Emitting layers (EML)
incorporating 8%-IDID derivatives in 4;bis(carbazol-9-yl) biphenyl (CBP) host were
vacuum evaporated. The current density—voltage-Hante §-V-L) curve and the EQE
versus luminance characteristics of the devicesshmvn inFigure 2.6, from which the
detailed device parameters are extracted and suredanTable 2.2 The OLED devices of
Tria-phIDID and BP-phIDID were shown to turn on34 and 3.7 V to give green emission
(ELmax at 504 and 497 nm), with CIE coordinates of (28)) and (0.25,0.43), respectively.
As shown inTable 2.2 the maximum luminance efficiency, power efficignand external
quantum efficiency values for Tria-phIDID were 56.4d Al, 50.63 Im Wt and 20.8%,
respectively and those for BP-phIDID were 34.16AcH 28.34 Im WA, 13.9%, respectively.
It indicates that triplet excitons are effectiveltjlized through the TADF mechanism in the
device of Tria-phIDID and BP-phIDID. But, EQE vatuef Tria-phIDID and BP-phIDID
devices decreased to 10.7% and 6.1% at a lumiredrid® cd nt. It is likely due to that triplet
excitons were quenched by triplet—triplet annilndiat(TTA) and singlet—triplet annihilation

(STA) at high current densit§2=°!
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Figure 2.6 Device performance of IDID TADF materials. (RY-L characteristics, (b)

external quantum efficiency, (c) EL spectra for QisE

Table 2.2Device performances of the IDID based TADF-OLEDs.

At 100 cd n?
Vona )\:maxb C I Ec C ElT]aXd P Enaxe EQ Ena)(f
compound CE PE EOE
M m xy)  [dAT Imwl (%] Q
[cdAY]  [mWY  [%]
BP-phIDID 3.7 497 (0.25,0.43) 34.2 28.3 13.9 15.0 67 6.1
Tria-phIDID 3.4 504 (0.28,0.49) 56.4 50.6 20.8 28.9 16.8 10.7

aturn-on voltage at 1 cd fn° EL maximum wavelengtli.measured at 0.1 mA cra ¢ current

efficiency.® power efficiency external quantum efficiency.
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2.4 Conclusion

A new series of IDID derivatives with systematigatbntrolled singlet{CT) and triplet{CT,
3LE) energy levels were designed and synthesizestamine the fundamental mechanism of
delayed fluorescence and also to develop a higtiesity TADF material. While the energy
level ofLE state was virtually pinned at 2.60 eV, thos&GF and®CT were effectively varied
with increasing acceptor strength of the IDID datives. It was clearly demonstrated in this
work that TADF occurs only when the requirementsofh the smalAEst andLE/’CT
mixing are satisfied. Particularly, Tria-phIDID aB&-phIDID, with medium and appropriate
ICTEACT level, exhibited high photoluminescence and yklafluorescence by facilitated
RISC based on the appropriate positioning and rieinCT&LEp state. The OLEDs based
on these IDID TADF molecules offered high maximun@QEs of 20.8% and 13.9%,

respectively.
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Chapter 3. Systematic Substituent Control in Blue Tiermally-
Activated Delayed Fluorescence (TADF) Emitters: Unaiveling the
Role of Direct Intersystem Crossing between the SaCharge-

Transfer States

3.1 Introduction

Thermally activated delayed fluorescence (TADF) &@iscted great attention from the
field of organic light emitting diodes (OLEDS) besa it can achieve 100% internal quantum
efficiency (IQE) of electroluminescence through teeerse intersystem crossing (rISC)
process in pure organic moleculed. To realize efficient rISC, Adaclt al. first embodied a
molecular design strategy by using intramolecuterge transfer (ICT) mechanism between
bulky electron donor (D) and acceptor (A) units evhspatially separate the highest occupied
molecular orbital (HOMO) and lowest unoccupied nealar orbital (LUMO) to ensure
minimizedAEsr. 8 Subsequently, Monkmaat al. proposed a three-level model which
could explain the increased rISC rate in TADF matgythe locally excited triplet state
(3LE) should be located sufficiently close to thelet charge transfef@T) state and/or be
partially mixed with théCT, since the spin-orbit coupling (SOC) is forbiddeetween
singlet charge transfetfGT) and®CT states according to the spectroscopic seleatiies.

13]

On the other hand, a number of recent electroluseerg and photophysical
investigations indicate that CT strength and thesenergetic proximity ofCT and®CT
states have decisive role for achievement of Ni§E rates. Among the emitters with highly

twisted structure of various TADF colors, thoserbegastronger donors fragments with
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electron-releasing substituents, and/or accepagmnients with electron-withdrawing groups
as well as other structural modifications providstgbilization of the CT states, exhibit
generally faster rISC, shorter TADF lifetimes andimgher EQE value$§**° Such
investigations question the key role®bE-state in achieving efficient rISC as they eviden
that TADF can occur via direct two-state spin-fiigchanism either. In this context, to
understand the reasons of rISC enhancement umddy fiontrolled energy separation'afT
and3LE states, we have recently developed a rotatignaiid vibronically-assisted SOC
model which explains TADF in a DMAC-TRZ emitter aitsl derivatives as a result of direct
3CT-ICT two-state model°2!

Since TADF materials exhibit emission through & mechanism, the emission
wavelength could be systematically tuned througttrob of ICT state by different
combination of D and A unit§€?2% The design of most demanded fast-rISC deep-blue
emitters is highly challenging, because the mokacsystems with such higher energies of
CT states exhibit slower rISC and worse OLED penfamce. Obviously, the ambiguity of
TADF mechanism is a serious problem for furthergpess in this field. The question is thus
whether molecular design of fast-rISC materialdwaitgiven TADF color should focus on
the optimization of (i) theCT-CT transition parameters like th&1cT-3cTenergy gap as
two-state model predicts or (ii) on tHeE-13CT interactions, adjustment of tPieE-state
energy and minimization of th&Eicr-3Le energy gap.

It should be noted that dire® € T-'CT transition itself is poorly investigated,
especially in the fast-riISC emitters with orthogot@nor-acceptor unit&€* The lack of
experimental data on structural and electronicipatars affectingCT-'CT transition as
well as computational protocol for modeling ofrigges in solid films is another serious

barrier for further progress in the blue-emittegsign.
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In the present work, we have explored a structuopqrty relationship for fine tuning
emission wavelength with maintaining TADF charastes through substituent engineering.
Even though improved TADF molecules have also eparted by introducing substituents
occasionally, they are usually focused on develppigh efficiency device&>3% As such,
there has been still a lack of comprehensive siragbroperty correlation work regarding the
systematic control of the energy states and impbMADF characteristics like rISC raté!
DMAC-DPS, a high-efficiency symmetric blue TADF reaal (467 nm), was selected in this
work to demonstrate the substituent engineerindifiertuning of blue TADF materialS?!

We first designed a donor-acceptor (D-A-H) struetly removing one donor part in the
symmetric TADF emitters (D-A-D) to closely examitie electronic interactions between
donor and acceptor part. Then a substituent unitv@s introduced on thgara- H position

of D-A-H to modulate the electronic effects whikegping the steric situation between the D
and A unchanged~gure 3.1). Designing such introduction of X into A unitbased on the
observation that th&_E state is localized in the D unit according te titerature!® Our
intention was thus to ke€pE energy invariant while varying tHeCT states by different

ICT strength in this D-A-X series, to test if riS&directly dependent on tRRE-'CT
transition as the three-level model suggests. Bierdnt substituents (X) in this D-A-X
series were chosen by Hammett parameters fronr@hedbnating groups (EDGS) to electron
withdrawing groups (EWGs}3*4 Comprehensive photophysical studies were carrigdoo
demonstrate the systematic control over the engieggs and kinetic parameters, and OLED
devices were fabricated and characterized to explair potential in high efficiency blue
OLED application.

Thanks to the simultaneous fine tuning of A& ct-3ctandAEict-3Le values, these
investigations shed light on TADF mechanism in ngeaeral sense. Experimental

photophysical data explained by a computationalehbdsed on Marcus theory revealed that
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within the emitters of D-A structure, the rISC rata3LE-'CT transition is limited due to
high reorganization energy to throw doubt on thre¢Hevel model. On the other hand, the
3CT-ICT transition promoted by molecular rotations aittations can provide much higher
rISC rates. It was evidenced in this work thatdp&mization of parameters of tR€ T-'CT
direct spin-flip together with tuning of the emmsicolor should be a fruitful direction in the

molecular design of efficient TADF emitters inclodithe deep-blue ones.

D-A-X type

O\ ,0 Electron-withdrawing

Maintaining p)

S /
TADF e
property \©\’)
N X
\_

e

Electron-donating

X = piperidine MeO CH; H CF; CN

Control of 'CT & 3CT states

Figure 3.1 Structures of D-A-X type derivatives.
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3.2 Experimental Methods

3.2.1 Synthesis of Materials
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Scheme 3.1Synthetic routes of D-A-X derivatives and their cheal structures. (a)
piperidine, KkCQOs, anhydrous DMF, 53C (b) DMAC, NaH, anhydrous DMF, 5% (c)
KOH, DMSO, 75°C (d) CHsl, K2COs, DMF, 75°C (e) FeC4, 40°C (f) NaSQ, NaHCQ,

H0, 80°C (g) DMSO, 120°C

All reagents were purchased from Sigma Aldrich, ,Ta&d Alfa Aesar. All experimental

glassware was dried in an oven, and all experinheataditions were conducted in an argon or

nitrogen environment. The target D-A-X material eveynthesized through the following

scheme 3.1.
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Synthesis of 1-(4-((4-fluorophenyl)sulfonyl)phenypiperidine

Bis(4-fluorophenyl) sulfone (3.10 g, 12.2 mmol){gssium carbonate (1.69 g, 12.2 mmol) and
piperidine (1.04 g, 12.2 mmol) were dissolved imd0DMF. The mixture was stirred at 55 °C
under Ar atmosphere. After 12 h, the resulting paddvas poured into water (300 mL) and
extracted with DCM. The combined organic phase #raesd with MgSQ and concentrated
under reduced pressure. The concentrated crudeugirodas purified by column
chromatography to afford 1-(4-((4-fluorophenyl)sui§l)phenyl)piperidine as a white powder
(2.04 g, 52.5 %)*H NMR (300 MHz, CDC{, ): 8.00 — 7.85 (m, 2H), 7.72 (d= 8.8 Hz, 2H),

7.13 (t,J = 8.1 Hz, 2H), 6.85 (d] = 7.9 Hz, 2H), 3.33 (s, 4H), 1.64 (s, 6H).

Synthesis of DMAC-DPS-Pi  (D-A-Pi)

A round-bottom flask equipped with a magnetic stitvsar was baked under reduced pressure
and Ar backfilled. Then, dimethylacridine (1.97939 mmol), NaH (0.28 g, 10.33 mmol),
anhydrous DMF (20 mL) were added to the baked flafier 30 min at room temperature, 1-
(4-((4-fluorophenyl)sulfonyl)phenyl)piperidine (3 .39 mmol) in anhydrous DMF (10 mL)
was added to the reaction mixture. After stirri@yriin, the reaction mixture was stirred at
55 °C under Ar atmosphere. After 4 h, the resulpngduct was poured into water (400 mL)
and extracted with DCM. The combined organic phesedried with MgS®@and concentrated
under reduced pressure. The concentrated crudeugirodas purified by column
chromatography and the resulting solid was washigd nvethanol and recrystallized from
chloroform/methanol to afford DMAC-DPS-Pi as a wehpiowder (3.41g, 71.4%)H NMR
(300 MHz, CDC}, 8): 8.13 (d,J = 8.2 Hz, 1H), 7.84 (d] = 9.0 Hz, 1H), 7.44 (d] = 6.6 Hz,

2H), 6.93 (d,J = 8.2 Hz, 3H), 6.21 (s, 1H), 3.38 (s, 2H), 1.666H). 1°C NMR (126 MHz,
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CDCls, 8): 145.59, 142.84, 140.46, 131.73, 130.91, 130128,94, 126.60, 125.53, 114.56,
113.97, 48.66, 36.23, 31.23, 25.47, 24.39. HRMS odlcd for G2H32N202S, 508.22; found,

509.2263.

Synthesis of4-((4-fluorophenyl)sulfonyl)phenol

A round bottom flask containing a magnetic stirveas charged with bis(4-fluorophenyl)
sulfone (5 g, 19.66 mmol) and aqueous KOH (7 M18.61L, 39.33 mmol). To this mixture
was added 10 mL of DMSO and the resulting solutvas stirred at 70 °C under Ar atmosphere.
After 20 h, the resulting product was poured int@ev (100 mL) and washed with toluene.
The aqueous phase was recovered and acidifed v@ih Fhe solution was stirred for 10
minutes and then filtered to afford 4-((4-fluoropgBsulfonyl)phenol as a white powder (3.97
g, 80.1%)!H-NMR (300 MHz, DMSOss, 8): 10.65 (s, 1H), 7.93 (d=8.85 Hz, 2H), 7.75

(d, J= 8.85 Hz, 2H), 7.40 (di= 8.85 Hz, 2H), 6.90 (dl=8.85 Hz, 2H)

Synthesis of 1-fluoro-4-((4-methoxyphenyl)sulfonyhenzene

4-((4-fluorophenyl)sulfonyl)phenol (3 g, 11.89 mmolCHsl (1.69 g, 11.89 mmol) and
potassium carbonate (1.97 g, 14.2 7 mmol) wereoblisd in 20 mL DMF. The mixture was
stirred at 75 °C under Ar atmosphere. After 24ne, riesulting product was poured into water
(200 mL) and extracted with DCM. The combined oigqrhase was dried with MgS@nd
concentrated under reduced pressure. The conahtratde product was purified by column
chromatography to afford 1-fluoro-4-((4-methoxypiigsulfonyl)benzene as a white powder
(2.80 g, 88.5 %)'H NMR (300 MHz, CDCY, 8): 7.93 (dd,J = 8.8, 5.1 Hz, 2H), 7.86 (d,=

8.9 Hz, 2H), 7.16 (t) = 8.6 Hz, 2H), 6.97 (d] = 8.9 Hz, 2H), 3.85 (s, 3H).
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Synthesis of DMAC-DPS-MeO (D-A-MeO)

D-A-MeO was  synthesized similarly to  D-A-Pi, using 1-fluoro-4-((4-
methoxyphenyl)sulfonyl)benzene (2.5 g, 9.39 mmaitnethylacridine (1.97 g, 9.39 mmol),
NaH (0.25 g, 10.33 mmol) and anhydrous DMF(20 nTlbe product was obtained as a white
powder (3.21 g, 75. 5 %4 NMR (300 MHz, CDC4, 8): 8.14 (d,J = 8.4 Hz, 2H), 7.98 (d]

= 8.9 Hz, 2H), 7.46 (dd] = 8.9, 4.6 Hz, 4H), 7.05 (d,= 8.8 Hz, 2H), 7.00 — 6.89 (m, 4H),
6.28 — 6.13 (M, 2H), 3.89 (s, 3H), 1.66 (s, 683, NMR (126 MHz, CDGJ,8): 146.17, 141.79,
140.40, 132.83, 131.52, 131.26, 130.36, 130.19602825.55, 121.61, 114.91, 114.76, 55.90,

36.29, 31.13. HRMS m/z: calcd fopdEl2sNOsS, 455.16; found, 456.1653.

Synthesis of 1-fluoro-4-tosylbenzene

A round-bottom flask equipped with a magnetic stitsar was baked under reduced pressure
and Ar backfilled. Then, 4-methylbenzenesulfonyllocide (5 g, 26.27 mmol) and
fluorobenzene (7.56 g, 78.68 mmol) were addedddottked flask. To this mixture was added
FeCk(5.32, 32.78 mmol) and the resulting solution wiarsesl at 40 °C under Ar atmosphere.
After 2 h, DCM (50 mL) was added to the flask, tBlinydrochloric acid was slowly added,
and stirring was continued until no precipitatioasmbserved. Then, the resulting product was
poured into water (300 mL) and extracted with DOMe combined organic phase was dried
with MgSQy and concentrated under reduced pressure. The rdoaiesl crude product was
purified by column chromatography to afford 1-flaet-tosylbenzene as a white powder (4.49
g, 68.4 %)H NMR (300 MHz, CDCY, 8): 7.94 (dd,J = 8.7, 5.1 Hz, 2H), 7.81 (d,= 8.2 Hz,

2H), 7.30 (d,J = 8.1 Hz, 2H), 7.16 (] = 8.5 Hz, 2H), 2.40 (s, 3H).
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Synthesis of DMAC-DPS-CH (D-A- CH3)

D-A-CHs was synthesized similarly to D-A-Pi, using 1-flaet-tosylbenzene (2g, 7.99 mmol),
dimethylacridine (1.67 g, 7.99 mmol), NaH (0.2B8g,9 mmol) and anhydrous DMF(20 mL).
The product was obtained as a white powder (2.4Dg, %).:H NMR (300 MHz, CDC4,§):
8.15 (d, J = 8.6 Hz, 2H), 7.94 (d, J = 8.3 Hz, ZH}4 — 7.42 (m, 4H), 7.38 (d, J = 8.1 Hz, 2H).
13C NMR (126 MHz, CDG, 5): 146.34, 144.74, 141.30, 140.38, 138.43, 13113836,
130.31, 128.16, 126.59, 125.53, 121.66, 114.8£2%3&1.07, 21.85. HRMS m/z: calcd for

CogH25N O3S, 439.16; found, 440.1684.

Synthesis of 1-fluoro-4-(phenylsulfonyl)benzene

1-fluoro-4-(phenylsulfonyl)benzene was synthesizaahilarly to 1-fluoro-4-tosylbenzene,
using benzenesulfonyl chloride (5 g , 28.31 mmitliprobenzene (8.16 g, 84.93 mmol) and
FeCk(5.74 g, 35.39 mmol). The product was obtained akite powder (4.98 g, 74.5 %dH

NMR (300 MHz, CDCY, 8): 8.01 — 7.87 (m, 4H), 7.63-7.47 (m, 3H), 7.18&,8.6 Hz, 2H).

Synthesis of DMAC-DPS-H (D-A- H)

D-A-H was synthesized similarly to D-A-Pi, usingl@iero-4-(phenylsulfonyl)benzene (2.5 g,
10.58 mmol), dimethylacridine (2.21 g, 10.58 mmad¥)aH (0.28 g, 11.64 mmol) and
anhydrous DMF(20 mL). The product was obtained ashite powder (3.17 g, 70.5 %M

NMR (300 MHz, CDC4 8): 8.22 (d,J = 8.5 Hz, 2H), 8.07 (d] = 8.0 Hz, 2H), 7.80-7.65 (m,

3H), 7.63 (d,) = 8.3 Hz, 2H), 7.50 (d] = 7.3 Hz, 2H), 7.03-6.90 (m, 4H), 6.18 (t57.47 Hz,
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2H), 1.59 (s, 6H)13C NMR (126 MHz, CDG, §): 146.62, 141.44, 140.78, 140.38, 133.70,
131.59, 131.21, 130.52, 129.68, 128.11, 126.61552821.77, 115.00, 36.33, 31.02. HRMS

m/z: calcd for G/H23NO2S, 425.14; found, 426.1528.

Synthesis of 1-fluoro-4-((4-(trifluoromethyl)pheny)sulfonyl)benzene

1-fluoro-4-((4-(trifluoromethyl)phenyl)sulfonyl)beene was synthesized similarly to 1-
fluoro-4-tosylbenzene, using 4-(trifluoromethyl)zenesulfonyl chloride (7 g, 28.62 mmol),
fluorobenzene (8.25 g, 85.85 mmol) and R€&BO0 g, 35.77 mmol). The product was obtained
as a white powder (2.63 g, 30.2 983. NMR (300 MHz, CDC4 5): 8.06 (d,J = 8.2 Hz, 1H),

7.98 (ddJ = 8.8, 5.0 Hz, 1H), 7.78 (d,= 8.3 Hz, 1H), 7.22 (1] = 8.5 Hz, 1H).

Synthesis of DMAC-DPS-CE (D-A-CF3)

D-A-CFz  was  synthesized similarly to  D-A-Pi, using 1-flaet-((4-
(trifluoromethyl)phenyl)sulfonyl)benzene (2.5 g.28 mmol), dimethylacridine (1.72 g, 8.22
mmol), NaH (0.27 g, 9.04 mmol) and anhydrous DMR{#0. The product was obtained as a
white powder (2.65 g, 65.3 % NMR (300 MHz, DMSO¢, §): 8.28 (ddJ = 12.2, 8.5 Hz,
2H), 8.08 (dJ = 8.2 Hz, 1H), 7.65 (d] = 8.5 Hz, 1H), 7.51 (d] = 7.2 Hz, 1H), 7.08 — 6.88
(m, 2H), 6.26 (dJ = 7.9 Hz, 1H), 1.59 (s, 3H)*C NMR (126 MHz, CDGJ, 5): 147.49, 145.19,
140.32, 138.98, 135.41, 132.56, 130.73, 130.2561226.86, 126.60, 125.56, 122.19, 115.71,

36.50, 30.75. HRMS m/z: calcd fopdEl22FsNO.S, 493.13; found, 494.1402.

Synthesis of sodium 4-fluorobenzenesulfinate
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Sodium sulfite (2.59 g, 20.55 mmol), sodium bicarie (1.73g, 20.55 mmol) and 4-
fluorobenzenesulfonyl chloride (2 g, 10.28 mmol) erevdissolved in 10 mL4®. The mixture
was stirred at 80 °C under Ar atmosphere. After B0 was removed in vacuo and ethanol
was added to this white residue and the resultoigtisn was filtered. The filtrate was
concentrated under reduced pressure to affordotehenzenesulfinate as a white powder

(1.39 g, 74.0 %)*H NMR (300 MHz, DO, 8): 7.74 — 7.61 (m, 1H), 7.27 &= 8.9 Hz, 1H).

Synthesis of 4-((4-fluorophenyl)sulfonyl)benzonitie

To a solution of 4-fluorobenzonitrile (6 g, 49.54nwl) in 20 mL of DMSO at 120 °C was
added dropwise of sodium 4-fluorobenzenesulfinai@l(g, 16.51 mmol) in 20 mL of DMSO.
The mixture was stirred at 120 °C under Ar atmosph#fter 24 h, , the resulting product was
poured into water (400 mL) and extracted with DOWMe combined organic phase was dried
with MgSQy and concentrated under reduced pressure. The rdoaiesl crude product was
purified by column chromatography to afford 4-((defrophenyl)sulfonyl)benzonitrile as a
white powder (1.29 g, 29.5 %)X NMR (300 MHz, DMSOdg, §): 8.23-8.05 (m, 3H), 7.50 (t,

J=8.8 Hz, 1H).

Synthesis of DMAC-DPS-CN (D-A-CN)

D-A-CN was synthesized similarly to D-A-Pi, using(@-fluorophenyl)sulfonyl)benzonitrile
(2.5 g, 9.57 mmol), dimethylacridine (2.00 g, 9rfamol), NaH (0.25 g, 10.53 mmol) and
anhydrous DMF(20 mL). The product was obtained ashite powder (2.79 g, 64.8 %)
NMR (300 MHz, DMSO#, 5): 8.25 (d,J = 6.9 Hz, 4H), 8.17 (d] = 8.5 Hz, 2H), 7.65 (d] =

8.6 Hz, 2H), 7.51 (d] = 8.8 Hz, 2H), 6.99 (] = 7.0 Hz, 4H), 6.26 (d] = 7.7 Hz, 2H), 1.59
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(s, 6H).°C NMR (126 MHz, CDGJ, 8): 147.81, 145.90, 140.28, 138.09, 133.49, 133.13,
130.78, 129.58, 128.62, 126.59, 125.56, 122.43,3617116.13, 36.58, 30.57. HRMS m/z:

calcd for GgH22N20,S, 450.14; found, 451.1480.

3.2.2 General methods

Chemical structures were identified Hy NMR (Bruker, ADVANCE-300 and ADVANCE-
500), 3*C NMR (Bruker, Advance-500), high-resolution mapscirometry (AB SCIEX, Q-
TOF 5600), and elemental analysis (Thermo Fishen8tic, Flash 1112). UV-vis absorption
spectra were recorded using a SHIMADZU UV-1650P€a8y-state photoluminescence (PL)
spectra were obtained with a PTI QuantaMaster 4@tepfluorometer at room temperature
and absolute PL quantum yields (PLQY) were recomggdg a 3.2 inch integrating sphere.
Low temperature photoluminescence spectra wereurssising a Jasco FP-6500 at 78 K.
Photoluminescence decay traces were obtained thrthey time correlated single photon
counting (TCSPC) techniques by using a PicoQudagTime 250 instrument (PicoQuant,
Germany). A 377 nm pulsed laser was used as atagmoi source and temperature dependent
studies were made with a cryostat (Oxford Instrusie@ptistat DN). Data analyses were
performed using exponential fitting models by FlitoBoftware. Cyclic voltammetry
measurements were performed using a 273A (Prinogpphied Research). Each oxidation
potential was calibrated using ferrocene as aeatss. LUMO levels were evaluated from the
HOMO level and the optical band gap which was aigdifrom the edge of the absorption

spectra.
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3.2.3 Determination of photophysical parameters
The rates and yields of the photophysical processes calculated using equations described

in the literature>® Briefly, fitting the photoluminescence decay cuwwusing the exponential

functions gave the lifetimes;) and pre-exponential factorg;{ of the emissive components:

t

It) =i+ Y%, Aje @,

(1)

wherel is the emission intensity, is the maximum intensity artds the time.
Intensity weighted mean lifetime values were usegblyexponential decays of prompt (PF)
or delayed (DF) fluorescence. The ratio of DF ard dqiantum yields ¢ oe/ ¢ pp) was

determined as following:

¢pr __ ADFTDF
- ]
¢pr  AprTpF

(2)
whereApr andApr are pre-exponential factors of prompt and deldliemtescence lifetimes,
respectivelyzrr andzpr are lifetimes of prompt and delayed fluorescenespectively. Rate
constants of radiativek{) and nonradiativekf,) decay, and intersystem crossitkgd) were

given by equations:

e = ®
kisc = %. (4)
1
knr = ; - (kr + kISC)’ (5)

where ¢ is PLQY (@or + ¢rp).
Further, the quantum yields of ISC and rISC weteutated as

®1sc = kiscTpr ) (6)
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1_
brisc = Lot 1 (7)

Pisc

And finally, rate constant of rISG(sc) was calculated as

krisc = Qt:;ic (¢/PpF), (8)

knsd kiscratio was calculated as

) Ky
kyisc/kisc ratio = =2, 9)

Isc

Respective errors were calulated using the ex#etrelntial method

yzf(xl! X2y - xn)
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-A v |——
Xy + o+ |8xn

Where y and 4y are function and error of function, respectivety, and Ax are variable
and error of respective values, respectively.
In this case, the function are ., k,sc and k,sc/kisc ratio.

The variables arep, ¢pr, ¢Ppr, Tpr and tpp.

3.2.4 Theoretical Calculations

Quantum chemical calculations were conducted atDiR&/TD-DFT level of theory using
Gaussian 16 program package. The B3LYP functiorzea wsed with the cc-pVDZ basis set.
The unconstrained geometry optimizations were peréa for the ground ¢§ excited singlet
(S1) and excited triplet electronic states, (T2, Ts). Convergance of all geometry optimizations
was verified by the vibrational analysis: no negatirequencies were observed, therefore
calculated minima correspond to “true” stationaminps. The nature of electronic excited states
was determined by the analysis of molecular omit&8lpin-orbit coupling constants were

computed using ORCA 4.2 software package with B3lfiifietional, and DEF2-TZVP basis
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set with included relativistic zero-order regul@peoximaion (ZORA). Detailed procedures
for calculation of energy gaps, reorganization gmes;, and rISC rate constants for each

rotamer are described below in the respectivemexti

3.2.5 Devices fabrication and characterization

The patterned ITO substrates were rinsed with aeedmd isopropyl alcohol using sonication
for 15 min, followed by 15 min UV-ozone-treatmefirganic layers, Mo®and Al were
thermally evaporated at a deposition rate of 0&-s1! for organic layers, 0.2 ASfor MoGs,
and 4-5 A g for Al electrode. The current-voltage—luminanee/{L) characteristics of the
devices were measured with a Keithley-236 sourcasore unit, a Keithley-2000 multimeter
unit, and a calibrated Si photodiode (Hamamatsu2%89210BQ). The luminance and
efficiencies were calculated from the photocurner@asurement data obtained with the Si
photodiode. The electroluminescence spectra weeenaal by using a spectroradiometer (CS-

2000).

3.3 Results and Discussion

3.3.1 Material Design

For the demonstration of systematic control oféhergy states, six target molecules
were designed and synthesized. DMAC-DPS was sdlest@ reference molecule because it
is one of the highly efficient blue TADF emittel® We first designed an asymmetric donor-
acceptor molecule (D-A-H) with dimethylacridine @wras the donor moiety (D) and diphenyl
sulfone (DPS) as the acceptor units (A) to forrracsural platform for substituent engineering

aiming at the ICT energy control. Importantly, sixall substituents (X) were introduced in
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the opposite side of acceptor side phenyl rindifa tuning of the electronic states involved
in the emission while minimizing the effect of danal angle between D-A and also of lowest
triplet states localized on D and/or A fragments(). The substituent units cover a broad range
of Hammett parameters. We utilized piperdine (Dij-Rethoxy (D-A-MeO), and methyl (D-
A-CHs) as electron-donating groups (EDGs). On the otiaexd, trifluoromethyl (D-A-CF)

and cyano (D-A-CN) were adopted as the electrohawéwing groups (EWGS).

3.3.2 Electrochemical Properties

In order to evaluate the energy level of these ammgds, cyclic voltammetry (CV) was carried
out in acetonitrile solutionFigure 3.2). All materials showed similar oxidation potential
values and HOMO levels (-5.40 eV), which shouldjimiate from the same acridine donor. On
the other hand, the reduction potentials and LUM®@eI were affected by substituent units.
The reduction potentials shift to higher potentiatsn -1.96 eV (D-A-Pi) to -1.34 eV (D-A-
CN) and the LUMO energy level of the compounds veateulated to be -2.37, -2.41, -2.44, -
2.48, 2.51, -2.79 and -2.99 eV for D-A-Pi, D-A-Me®A-CHs, D-A-H, D-A-D, D-A-CR and
D-A-CN, respectively. The LUMO levels became shabo by introducing EDGs (-Pi, -MeO,
-CHz) while the presence of the EWGs (4CFEN) resulted in the deeper LUMO levels. Hence,
the substitution gtara position of the phenyl group (X position) with EBEEWGs effectively
tuned the LUMO energy level. As a result, the magte of band gap followed the order of D-
A-Pi>D-A-MeO>D-A-CHs>D-A-H>D-A-D>D-A-CF3s>D-A-CN. We then correlated the
electrochemical properties with the Hammett cortstgrigure 3.2b). The LUMO levels

showed a linear relationship with push-pull Hamngetistant of the substituents.

51



(@) r (b) -1
Wt — o LUMO
r '  D-A-CN | <
r 1 : : % -2+
~ L 1 ~ | Frme———
g. ] : : D-A-CF, : E [ I . 0o0.g
£ [ — T 3 Pi MO o T 8-
s ! D-A-D ! — i MeO
E L |5 cm, ! cr,
[ 1l D_A_H on 3
= L bt ! = CN
U L :|I : : g
- 1
I L N
- <1 D-A-MeO
‘_ III 1 k"
i ] | D-A-Pi ! 5 T T T T T T T T
3 -2 -1 .0 1 2 -0.8 -06 -04 -02 00 02 04 06 038
Potential (V)
Hammett constant o
(c) | A e
3.0eV S 248 -
-4.0 eV -
D-A-H
5.0eV -
-5.39
6.0 eV |- -

Figure 3.2(a) Cyclic voltammetry of D-A-X materials. (b) Cetation of LUMO energy

levels with Hammett constant. (c) HOMO and LUMO gydevels for D-A-X derivatives.

3.3.3 Photophysical Properties

Photophysical properties of D-A-X derivatives wenealuated by steady-state UV-
visible absorption (UV-vis) and photoluminesceno@ssion (PL) spectraF{gure 3.3 and
Table 3.1). All D-A-X compound showed the intense absorpti@mnd in UV-light region at
around 300 nm - 350 nm, which could be attributedhe z-z* transition of the respective
donor or acceptor moieties. Moreover, D-A-X derives exhibited weak and broad absorption
band in the region of 330 nm - 440 nm, which cdaddassigned as the ICT transition from the

dimethylacridine donor (D) to substituted diphesyifone acceptor units (A-X). DMAC-DPS
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(D-A-D) exhibits a CT absorption band centered @ 8m with absorption coefficient)(of
2100 Ment. On the other hand, D-A-H showed a 4 nm blue-sifif€T absorption band
(Aabsmax366 nm) and: value (1100 Mcnt?l) decreased by half compared to that of D-A-D.
Depending on the electronic push/pull capabilitythed substituents (X), the CT absorption
band maximumi@bs ma) Was hypsochromically/bathochromically shiftedgeng over 356 nm
to 388 nm. The introduction of electron-releasindgpstituents on the X position caused
hypsochromic shift of CT absorption band compace®+A-H (356, 363 and 365 nm for D-
A-Pi, D-A-MeO and D-A-CH, respectively). On the other hand, the introdurcbbelectron-
withdrawing substituents on the X position causathbdchromic shift of CT absorption band
compared to D-A-H (379 and 388 nm for D-A-C#nd D-A-CN, respectively).

In toluene solutions, the PL spectra of D-A-X compds showed broad ICT emission
with a maximum ranging from 446 nm (deep blue)&@ Am (sky blue)Rigures 3.3h. D-A-
H exhibited blue ApL,ma=456 nm) fluorescence emission, which was blugeshif8 nm) as
compared to that of D-A-DAéLma=464 nm). The electron-releasing substituents atXh
position caused hypsochromic shift of photolumieese compared to D-A-HH max= 446
nm for D-A-Pi, 449 nm for D-A-MeO, and 454 nm forMCHz). Such a behavior was caused
by the decreased electron-accepting power of tpdediylsulfone (DPS), resulting in a
decreased ICT strength and thus the increase itCffiestate energy. On the other hand, the
electron-withdrawing substituents caused bathocloroshift of PL compared to D-A-H
(ApLmax= 477 nm for D-A-CE, and 487 nm for D-A-CN) due to electron-withdrag/ianits
enhancing the accepting power of DPS.

The emission spectra of these compounds in 10 w2RHD film also showed fine
tuning of their emission wavelength like in solutistate Figure 3.3¢ DPEPO is a host

material for OLED devicevide infra). The values of PL quantum yields (PLQY&;.) of D-
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A-X derivatives are moderate to high as showitable 3.1 and those are always higher in
film than in solution.

The nonradiative rate constaR ] in solution is considerably larger than thatilmf
(Table 3.2, implying that the excited molecules in solutiaeactivate to the ground state
faster through the nonradiative pathways thanlmsfibecause solid matrix should suppress
some of molecular vibrational motions. In the fitmatrix, the PLQYs of D-A-Pi, D-A-MeO,
D-A-CHjs, D-A-H, D-A-CR and D-A-CN were measured to be 0.62, 0.82, 0.8P,®.95 and
0.96, respectively. The emission maximum exhibi¢etinear relationship with Hammett
constant of the substituentsigure 3.3d). It is thus obvious that the absorption and eioinss

properties can be effectively modulated by pushgubstituents.
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Figure 3.3 Optical properties of D-A-X derivatives. (a) ahstion spectra (toluene,

c=1x10°wm) (b) normalized photoluminescence (toluene, c=D)0(c) normalized
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photoluminescence (10 wt% in DPEPO film) (d) cateln of photoluminescence maximum

with Hammett constant (10 wt% in DPEPO film)

Table 3.1The summary of physical and photophysical propedieD-A-X derivatives.

Aabs max® & ApLmax™® Dy Eicr Ese? Esci™  AEicract) AEicrae? HOMOVM LUMQW
[nm] [M'em™] [nm] [%] [eV] [eV] [eV] [meV] [meV] [eV] [eV]
D-A-Pi 356 1700 446/448 50/62 3.22 3.12 (A) 3.123 97 100 -5.39 -2.37
D-A-
363 1200 449/450 66/82 3.17 3.19 (D) 3.095 75 -20 -5.40 -2.41
MeO
D-A-
365 1100 454/457 65/81 3.14 3.19 (D) 3.085 55 -50 -5.40 -2.44
CHs
D-A-H 366 1100 456/460 67/82 3.09 3.19 (D) 3.049 41 -100 -5.39 -2.48
DMAC-
370 2100 464/466 74/82 3.04 3.19 (D) 3.007 33 -150 -5.39 -2.51
DPS
D-A-
379 1100 477478 85/95 2.96 3.19 (D) 2.954 6 -230 -5.39 -2.79
CF;
D-A-
388 1000 487/488 89/96 2.91 3.19 (D) 2.907 3.1" -280 -5.40 -2.99
CN

AUV-vis absorption measured in 1x1Q toluene solution®PL spectra measured in 1x1Q
toluene solution®PL spectra measured in 10 wi% DPEPO doping filf#sbsolute PL
quantum yields (PLQY) recorded in 1x10 toluene solutions saturated with AAbsolute
PL quantum yields (PLQY) recorded in 10 wt% DPER®pidg films using an integrating
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sphere?the!CT energy estimated from onsets of the fluorescspeetra in 10 wt% DPEPO
doping films;%the 3LE energy estimated from the phosphorescence onétee donor or
acceptor in toluene solutions at 78 K, D and A desithe lowest excited triplet state localized
on the donor and acceptor fragment, respectiVélye 3CT energy in the DPEPO films
calculated asEsct = Eict — AEicT-3ct, "the difference of fluorescence and phosphorescence
onsets in toluene solutions of D-A emitters at 78dfference of theEict of D-A emitters in

the DPEPO films an#s.e of free donor or acceptor, negative value meaas’tiE state has
higher energy that tf€T one;}HOMO and LUMO levels determined by cyclic voltamnyet

in 5x10°% m acetonitrile solutions using ferrocene as a refeee’computed value.

(a) (b)
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Figure 3.4 (a) Temperature-dependent PL decay spectra (10invBRPEPO film) (b) The

rate constants of radiative process (10 wt% in DP Elm)
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Table 3.2The summary of rate constants of D-A-X derivativeBPEPO films.

TPFa) TDFa) ¢PFb) (DDFb) k- Kar kisc kasc krIS d kISC
o o 6 o1 6 o1 6 o1 6 o1 ratio
[ns] [Ws] [%] [%] [10°s7] [10°s7] [10°s7] [10°s7]
18.2 6.6 12.3 49.7 0.76 0.017
D-A-Pi 6.74 413 4446
+1.5 +0.3 +0.3 +1.2 +0.07 +0.004
19.6 6.2 12.0 70.0 1.10 0.025
D-A-MeO 6.12 1.34 4316
+1.7 +0.3 +0.3 +1.7 +0.11 +0.006
20.2 5.2 1".7 69.3 1.33 0.031
D-A-CH3; 5.82 1.36 4246
+1.8 +0.2 +0.3 +1.7 +0.13 +0.008
23.0 4.75 10.8 71.2 1.60 0.042
D-A-H 4.71 1.03 3815
+1.9 +0.19 +0.3 +1.8 +0.14 +0.010
DMAC- 22.8 5.0 1.5 70.5 1.44 0.038
5.03 1.10 3745
DPS £1.8 £0.2 0.3 £1.8 £0.14  +0.009
24.7 3.62 14.1 80.9 1.9 0.054
D-A-CF; 5.69 0.30 3414
+1.8 +0.16 +0.4 +2.0 +0.2 +0.012
33 2.10 21.5 74.5 2.1 0.091
D-A-CN 6.49 0.27 2313
+2 +0.08 +0.5 +1.9 +0.2 +0.019

@)Lifetime calculated from the prompisf) and delayedttr) fluorescence decay in DPEPO
10 wt% doping filmsP@pr (the prompt PLQY) andor (the delayed PLQY) were obtained
from the prompt and delayed proportions in transikstay curves of 10 wt% DPEPO doping
films; ki, knr — the rate constant of radiative and nonradiate®ay of singlet excited state;

kisc, krsc — rate constant of intersystem crossing and reviatersystem crossing.
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3.3.4 Fluorescence decay profiles and their excitalynamics

The transient decay lifetime measurement was choug to explore different emission
components of the D-A-X derivatives using the Ti@errelated Single Photon Counting
(TCSPC) technique in 10 wt% DPEPO filfidure 3.48. Notably, decay profiles of all D-A-
X compound consisted not only of the prompt fluoegse (PF) but also of the delayed
fluorescence (DF) regardless of substituents. Hiaydd fluorescence lifetimepg) of D-A-

Pi, D-A-MeO, D-A-CH;, D-A-H, D-A-D, D-A-CRs and D-A-CN were measured to be 6.67,
6.20, 5.18, 4.75, 4.96, 3.62 and 2uK) respectivelyTable 3.2.

We further analyzed the exciton dynamics of theu®l T, states on the basis of their
photophysical transition rates. The radiative @gstant ) was obtained from PLQY and
PF lifetime data Table 3.2; in 10 wt% DPEPO, its values are in the 5-7%d range.
Interestingly, most of D-A-X compounds (except IA-Pi) exhibited relatively highkisc
values (>16 s1) compared with reported blue-region TADF materi®ach relatively high
kisc as well askisc values suggest strong interaction of 8, 3CT and/or’LE states and
efficient up-conversion of triplet excitons.

Relative energy and nature of the lowest triplettest play important roles in the
photophysics of TADF materials. To analyze the dezg of triplet states and estimate the
energy difference with theiState, low temperature phosphorescence measuremeng
performed. Figure 3.5andFigure 3.6). Both in flms and frozen toluene at 78 K andrb®
delay time, all the emitters showed a broad andcsireless phosphorescence spectrum.
Similar to the'CT fluorescence, its maximum and onset energy dsetkwith the introduction
of electron-withdrawing substituents and increas#h the electron-releasing ones. For these
reasons, this phosphorescence was attributed tentigsion from théCT-state (T), as was
also supported by the calculated molecular orbita®lved in electronic transitions. To

estimate the energy of higher triplet state) @f °LE nature, the phosphorescence spectra of
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donor (N-phenyl-DMAC) and acceptor (substituted DPS) fragta@vere measured separately.
By comparison, in all the cases except for thenupee DPS acceptor, it turned out that the
higher lying triplet state () of D-A-X are attributed to théLE states localized on the donor
unit (seeEsie column inTable 3.1 exception is D-A-Pi witiLE localized on acceptor unit)
with unique vibronic structure. Thus, obtained gres of various states afforded energy gaps
AEictactandAEicT-aie listed inTable 3.1, and enabled further analysis of the mechanism of
spin-flip transitions.

D-A-H showedAEict-3cT (41 meV),AEict-3Le (-100 meV), and DF lifetimerfr=4.75
us) similar to that of D-A-D AEict-3cTt =33 meV,AEicT-3Le (-150 meV), andpr=4.95us).
Their rate constants of reverse intersystem crggkiic) were thus also similar: 1.60xé8nd
1.44x16 s!, respectively. In the compounds D-A-<CRnd D-A-CN, where electron-
withdrawing substituents were introduced into DRE;ct-3cT decreased sharply down to 6
and 3 meV, respectively, whilskiEicT-3Le increased up to -230 meV and -280 meV,
respectivelyable 3.1). Therefore, due to the increase of acceptorgthetthe ICT interaction
increased, providing stabilization of th@T and3CT states and simultaneously the decrease
of energy gap between them. This led to the deeredDF lifetime compared to D-A-H
(tor=3.62ps for D-A-CF and 2.1Qus for D-A-CN), and thusc increased up to 2.1xi6%.

It should be noted here that thec value does not correlate with th&;cr-a.e different from
the three-level model prediction.

On the other hand, in the case of D-A-CID-A-MeO, and D-A-Pi with electron-
releasing substituents, tid=;cr.3ct values increased up to 55, 75 and 100 mEAble 3.1,
respectively. The energy distance betweear donofLE(D)-state AEicT-3.e(p) changed
from slightly negative to almost isoenergetic valtg0, -20 meV to 30 meV, respectively.
Moreover, in D-A-Pi exceptionally, th#t E(A)-state localized on acceptor became the lowest

excited state and its energy should be very clogba®CT one. Within the context of three-
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level model, one can expect that such a stronggictien of'CT and two virtually isoenergetic
SLE/*CTstates in D-A-Pi would afford the most efficiel8C. Surprisingly, this is not the case
at all as shown ifable 3.1andTable 3.2 D-A-CHz and D-A-MeO exhibited thkisc values
of 1.33x16 and 1.10x19s?, respectively, whilst value for D-A-Pi was the lest among the
D-A-X materials. At this point we suggest that tliddue to large value &Eict-sct, AEicT-
3Le(a) Or both. Consequently, in D-A-GHD-A-MeO, and D-A-Pi, the DF lifetime increased
significantly compared with D-A-Htpr = 5.18us, 6.20us, and 6.6711s, respectively.

We then turned into exploring most likely mecharsswhspin-flip transitions.
Namely, the correlations of energy gap reductiatih wie increase of lkisc) and Inkisc)
were analyzed. Such an inverse relationship wasdidetween thél E(D)-CT energy gap
and ISC rateRigure 3.73. Interestingly, D-A-CN falls out of the latter pkndence,
probably due to the largesEsLgp)-1cT value of 280 meV, which evidently exceeds thermal
activation limit at room temperature. ISC rate doescorrelate with thAE:ict -3ctvalue
(Figure 3.7b): emitters D-A-Pi, D-A-MeO, and D-A-Me with largifferences in energy
gaps show similakisc, whilst D-A-CF and D-A-CN with closé\E:cT -3cthave different
kisc.
The rISC rate constant increases exponentially thighdecrease of tH€T-2CT energy gap
(Figure 3.79. Such observations indicate the key role offB&-'CT transition for rISC and
thus triplet harvesting in the investigated emttdrhis evidences the dominating dirgCi -
ICT two-state mechanism for rISC in contrast to'@€-3LE(D) one for ISC, similarly to those
found previously fors-triazine emittersi?! One can also observe an illusory correlation
between théCT-3LE(D) energy gap and rISC ratEigure3.7d). In fact, this relationship has
no physical sense, as it includes emitters Wiicr-3.ep)close to or substantially above the
thermal activation limit (D-A-D and D-A-GF D-A-CN). As the °LE(D) energy was

determined as a relatively constant value, suckpardence thus reflects the rise of rISC rate
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with the stabilization ofCT and hence the decreaseAhcr-ictas was reported previously.

[20]

From the point of view of the excited-states aligmt) one can conclude that the

described push-pull substituent approach enalbilegfiadual conversion of the lowest excited

states from dominating_E role with strong interaction diCT and3LE states to strong CT

character with negligibléLE role with increasing Hammet constantAs evidenced by the

experimental results, ISC rate correlates WitBs gp)-1ct While rISC rate correlates with

AEictact Therefore, the rISC in TADF is better explaingdtbe two-state model than the

three-state model. Eventually, exciton dynamicdatdae rearranged and improved with the

increasingknsc/kisc ratio which is the key factor for shortening (Figure 3.4b).
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3.3.5 OLED Performances

To showcase possible OLEDs application of D-A-X TRABmitters, multi-layered OLED
devices were fabricated comprising glass subskf&efindium tin oxide) anode/Mo$)10
nm)/TCTA (30 nm)/mCP (10nm)/EML (20 nm)/DPEPO (I@)ATmPyPb (30 nm)/LiF (1
nm)/Al (100 nm). ITO, MoQ@, LiF, and Al were used as the anode, hole-injedayer,
electron-injection layer and the cathode, respebtiDi-[4-(N,N-ditolyl-amino)-phenyl]-
cyclohexane (TAPC) and 1,3,5-tri{pyrid-3-yl-phenyl) benzene (TmPyPB) were used as
hole-transport layer (HTL) and electron-transpayier (ETL), respectively. Emitting layers
(EML) incorporating 10%-D-A-X derivatives in 4,4-bis(carbazol-9-yl) biphenyl (DPEPO)
host were vacuum evaporated. The energy-level amagf the devices and the molecular
structure are shown frigure 3.8

The EQE versus luminance characteristics of thécde\are shown ifigure 3.9and
Figure 3.1Q from which the detailed device parameters araete¢d and summarizedTable
3.3 The devices were shown to have turn-on voltage®#.2 V. Similar with the PL profiles,
D-A-X devices present the structureless EL spaeinging from deep blue (446 nm) to sky-
blue (476 nm) emission, which demonstrates thaEthemissions are mainly generated from
the emitter itself. The CIE color space exhibitédlp, 0.11), (0.16, 0.14), (0.16, 0.15),
(0.16,0.16), (0.16,0.19), (0.17,0.27) and (0.2T7pf8r the D-A-Pi, D-A-MeO, D-A-CH, D-
A-H, D-A-D, D-A-CFz and D-A-CN based devices, respectively. Compaveti¢ device of
D-A-D, the device based on D-A-H exhibited bluefisbf the CIE color space from (0.16,
0.19) to (0.16, 0.16) due to hypsochromic shiftebf spectra and narrowed full width half
maximum (FWHM). The introducing of electron-dongtisubstituents on the X position
caused hypsochromic shift of EL compared to D-Atkk{= 447 nm for D-A-Pi, 451 nm for

D-A-MeO, and 456 nm for D-A-CgJ. On the other hand, the introducing of electron-
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withdrawing substituents on the X position causathdchromic shift of EL compared to D-
A-H (Amax = 478 nm for D-A-CE, and 489 nm for D-A-CN).

The maximum external quantum efficiency (E£¥ values exhibited 17.2, 21.3, 21.2,
21.5, 22.6, 23.4 and 23.9% for the D-A-Pi, D-A-Md®A-CHs, D-A-H, D-A-D, D-A-CR
and D-A-CN, respectively. It suggests that trigetitons are effectively utilized through the
TADF mechanism in the device of D-A-X. Among tiwestigated blue emitters, D-A-€F
and D-A-CN devices showed relatively stable depeeformance. The external quantum
efficiency was reduced by 9.0% (ERE=23.4% and EQE=21.3% at a luminance of 100 cd
m2) in D-A-CF; device, and it was reduced by 14.2% (BEQE23.9% and EQE=20.5% at a
luminance of 100 cd M) in D-A-CN device. Because D-A-GRnd D-A-CN had increased
knsc/kisc ratio and shortpr, the triplet excitons could be effectively utilzeompared to other
devices. However, similar to many other reportace BTADF devices, EQE values of D-A-X
devices decreased at luminance of 1000 cdbecause triplet excitons were quenched by
triplet—triplet annihilation (TTA) and singlet—tiigt annihilation (STA) at high current density.
[3637  Compared with the reported DPS based TADF, we e@eli superior device

performance and improved color purity as showRigure 3.9dandTable 3.4.
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Table 3.3.Device performances of the D-A-X TADF-OLEDSs.

v, - FWHM CIE” CE,, PE e EQE’ EQE 100/1000”
\J [nm] nm] (x.y) [cdA ] Imw] [%] (%]
D-A-Pi 41 447 64 (0.15,0.11) 15.6 12.0 17.2 8.9/
D-A-MeO 42 451 69 (0.16,0.14)  24.1 17.6 213 15.9/9.1
D-A-CH, 41 456 70 (0.16,0.15)  24.2 18.6 21.2 16.1/9.8
D-A-H 3.9 461 67 (0.16,0.16) 255 18.2 215 16.0/8.6
DMAC-
4.0 467 75 (0.16,0.19)  29.1 14.3 226 20.2/11.2
DPS
D-A-CF, 3.8 478 80 (0.17,0.27) 30.6 23.8 23.4 21.3/14.4
D-A-CN 4.0 489 83 (0.18,0.37) 31.7 24.3 23.9 20.5/14.4

2turn-on voltage at 1 cd ) PEL maximum wavelength®measured at 0.1 mA cnf; 9
maximum current efficiency®maximum power efficiency?maximum external quantum

efficiency;Yexternal quantum efficiency at 100 and 1000 ¢d m
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Table 3.4Devices performances of DPS-based TADF emitterstagid molecular structures

No.| Compounds | Amax(nm) | EQE, ., | CIE (X,y) Ref
1 1 421 2.9 - J. Am. Chem. Soc. 2012, 134, 14706-14709
2 3, DTC-DPS 423 9.9 (0.15,0.07)| J. Am. Chem. Soc. 2012, 134, 14706-14709
3 pDTCz-DPS 428 2.7 (0.15,0.08)| J. Mater. Chem. C, 2019, 7, 6664-6671
4 2 430 5.6 - J. Am. Chem. Soc. 2012, 134, 14706-14709
5 D2-DPS 436 5.1 (0.15,0.07)| Journal of Nanoscience and Nanotechnology, 2019, 19, 4583
6 D1-DPS 441 4.1 (0.15,0.06)| Journal of Nanoscience and Nanotechnology, 2019, 19, 4583
7 DTC-mBPSB 444 5.5 0.15,0.08 | Chem. Commun., 2015,51, 16353-16356
8 pDTCz-3DPyS 453 7 (0.15,0.12)| J. Mater. Chem. C, 2019, 7, 6664-6671
9 DMOC-DPS 460 14.5 (0.16,0.16)| J. Mater. Chem. C, 2014, 2, 421-424
10 | pDTCz-2DPyS 467 12.4 (0.15,0.19)| J. Mater. Chem. C, 2019, 7, 6664-6671
11 SBA-2DPS 467 255 (0.15,0.20)| J. Mater. Chem. C, 2019, 7, 10851-10859
12 DMAC-DPS 470 195 (0.16,0.20)| Nature Photonics, 2014, 8, 326
13 DTC-pDPSB 474 11.7 0.18,0.19 | Chem. Commun., 2015,51, 16353-16356
14 mSOAD 480 16.6 (0.18,0.30)| Adv. Optical Mater. 2018, 6, 1701256
15 m-ACSO2 486 17.2 (0.21,0.34)| J. Phys. Chem. Lett. 2018, 9, 1547-1553
16 0-ACSO2 492 5.9 (0.23,0.40)| J. Phys. Chem. Lett. 2018, 9, 1547-1553
17 4 492 6.3 (0.18,0.32)| Journal of Luminescence, 2019, 206, 250
18 PXZ-DPS 507 17.5 - Nature Photonics, 2014, 8, 326
19 TPA-BPSP 517 7.1 (0.28,0.49)| Adv. Optical Mater. 2020, 8, 1901021
20 4,4-CzSPz 518 26.2 - J. Phys. Chem. C 2019, 123, 1015-1020
21 3 522 6.9 (0.28,0.52)| Journal of Luminescence, 2019, 206, 250
22 | MTPA-BPSP 527 20.5 (0.30,0.50)| Adv. Optical Mater. 2020, 8, 1901021
23 DMAc-BPSP 543 10.4 (0.27,0.47)| Adv. Optical Mater. 2020, 8, 1901021
24 | MDMAc-BPSP 544 10.9 (0.25,0.44)| Adv. Optical Mater. 2020, 8, 1901021
25 PPZ-DPS 577 - - Nature Photonics, 2014, 8, 326
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3.3.6 Theoretical studies on rISC rates and TADF nuel

The above discussed experimental data evidencethéhiavestigated group of TADF emitters
disobey the three-state model relying on the etiergoseness ofLE and>CT states for
achieving the highest rISC rates. In fact, gracieglaration of théCT and3LE states in the
series of D-A-Pi, D-A-MeO, D-A-CEk| D-A-H, D-A-DMAC, D-A-CF3, D-A-CN rather results
in the increase dfisc andkisc/kisc values Figure 3.4b). On the other hand, it is clearly noted
that the energy gap between singlet and triples@ies decreases in this rawigure 3.79,
indicating that the energetic proximity of th&:crt-scris the key factor for rISC.

Recently, we have developed a two-state photophlysitodel which excellently
explained TADF in a DMAC-TRZ emitter in various pdties thanks to the efficient direct
ICT3CT interaction?® We extend such a two-state model to explain thBF Aeculiarities
of D-A-X in DPEPO films. Physical background ofghmodel is as follows:

1) Due to molecular motions, a macroscopic systéim (©r solution) should be
represented as an ensemble of molecules in vageusetries. The latter can be described as
thermodynamically allowed deviations from the elyargnimum at given temperature.

2) In solid films, rotations of large moleculardraents are rather restricted. When film
is prepared by solution processed methods or eatipor however, dihedral angles between
such large fragments should immediately get fixét tineir own thermal distribution resulting
in the dispersion of fixed rotational angles. Timeans that each rotamer should be regarded
as individual emitting species with its own eleoimand photophysical properties. Particularly
in our TADF emitters, the dihedral angle betweendbnor and acceptor fragmens [flays
the key role and within the developed model reméwessame as in the ground state. This
provides a distribution of rotameric isomers of TRBmitter in doped film. The amount of
each rotamerpp) is defined by the Boltzmann distribution. Here simplify the model and

necessary calculations, only rotamers with diffetevalues are considered.
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3) During the structural relaxation after excitatibond lengths and angles change to
adjust to the excited electronic structure, whdgtedral angles between large structural
fragments remain the same as in thatdte. The distribution of rotamers thus also iemthe
same as in the ground state. Within the excitealhmets with the samevalue, triplet-singlet
transition is an adiabatic process and therefandbeadescribed within the Born-Oppenheimer
approximation. Its rate constant can be thus caledlusing the Marcus-Hush equation. The
developed approach thus explains the imaginaryatieni of a macroscopic ensemble of
emitter species from Born-Oppenheimer approximatioousing on the key molecular
rotations which are responsible for #@T«<!CT SOC enhancement. As the spin-flip rate is
calculated after changes in the molecular structoceurred, the Born-Oppenheimer
approximation remains valid even though it is noplecable for the emitter “frozen” in its
optimal geometry.

4) The experimentally estimated values of excitiadiesenergies and energy gaps are
thus statistical sums of respective values foreddht rotamers. In the similar manner,
contribution of each rotamer is added in the expenital rISC rate constarkisg(exp) =
x3cTy PokacT-1c1(0) + y3Led poksLe-1c1(f), whereysct andysie are molar fractions of molecules
in theCT and®LE states, respectively, at 298 K calculated uSatizmann distribution.

Following these consideratiorfsigure 3.11show the calculated distribution of
rotamers with the sanmedeviation: £5 stands for rotamers with thealue of 85° and 95°,
+10 means 80° and 100° rotamers and so on. It earoticed that the amount of rotamers
decreases with the increaseéafeviation, whilst the predicted probability foetbptimal-
geometry rotamer is less than 4%. Rotamer distabus almost identical for all investigated
emitters.

As for the alignment of excited states, DFT caltiales support the conclusions made

from experimental data discussed abdvigire 3.12. In all the emitters except for D-A-Pi,
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within the computationally predicted three typeshaf lowest excited states, the closest ones
to thelCT-state are the charge transief state (T) and the one localized on the donor
fragment®LE(D) (T>). In D-A-Pi, calculations predict that the secdriplet state of close
energy to théCT is localized on the acceptor fragmeiiH(A)), whilst 3LE(D) is the third
triplet state.

The dependences of energies of the key excitetretec states on the dihedral angle
0 are depicted on thieigure 3.13 a, b, clt can be noticed that suchPacoordinate potential
energy surfaceg¥PES) of théCT-state and LE triplet states localized on doAbE(D)) and
acceptor {LE(A)) states are very similar in all compoundsj @xhibit symmetrical parabolic
shape with one minimum at ngar 90°. On the other hand, the shape of respectinee for
the3CT state is dependent on the substituEigure 3.130. In the D-A-Pi derivative bearing
the weakest acceptor, there are two energy mintriteed values of 71° and 111° in optimal
geometry of théCT state. This corresponds to a 29° deviation fostnogonal geometry. The
stronger the acceptor fragment, the narrower ta@elofg-PES of°CT state. In D-A-MeO,
the double-well9-PES is still observed, but, in optimal geometrye tdeviation from
orthogonal geometry decreases to 22°. In D-AsCB+A-H, and D-A-DMAC, the energy
minima of -PES of*’CT state shift t@ = 90°, however their shape is still broader thaxt tf
the!CT one. In the strongest D-A systems, D-As@Rd especially D-A-CN, the shapesief
PES offCT and'CT states are almost identical.

Such a substituent-dependent difference in thesi@fes of different multiplicity has
following important consequences for tRET-'CT transition. In the*CT-state optimal
geometry of emitters with weaker acceptors, thealiewm from donor-acceptor orthogonality
enables partial conjugation of donor and accepégnhents and partial overlap of HOMO and
LUMO. The3CT state is thus more stabilized than 88 one, whose optimal geometry is

orthogonal. In the result, with the decrease oéptar strengths in the row D-A-CN, D-A-gF
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D-A-H, D-A-DMAC, D-A-MeO, D-A-Pi, the dependency ehergy gap on the dihedral angle
AEict-act () becomes sharperFigure 3.139d. The reorganization energhicr-act also
increasesKigure 3.13¢. In the view of inhomogeneity of emitters in fémthis means that
with the decrease of acceptor strength, the prdibabf 3CT-CT transition should decrease
sharply for the rotamers with high deviation fronthogonal geometry. For a certain extent,
this negative influence of the weaker acceptongttes is compensated by the increase of SOC
(Figure 3.131: the maximal accessib\écr.scrvalue in D-A-CN of 0.11 crii rises up to 0.29
cntin D-A-Pi atd = 60°. To analyze the quantitative impact of thiestors on the spin-flip
rate, the rISC rate constants were calculated udmgus-Hush equation.

Figure 3.14asummarize the results of the developed theoraticalel. The statistical
sum of rate constants ofCT-'CT transition and®LE-'CT taking into account molar
concentration of molecules in respective tripledtest constants correlate well with the
experimental rISC rate constants, which evidenhescbrrectness of the developed model.
According to thekscr-ict values, the rate GfCT-'CT transition increases gradually with the
increasing acceptor strengths. This has a keyandla on the spin-flip dynamics in the case of
emitters with fast rISC (D-A-CN, D-A-G&-D-A-H, and D-A-DMAC), where the population
of the 3CT state is absolutely dominant. It should be ersjzied, that according to the
electronic features of rotamers with differéhvalue, similarg-PES of3CT and!CT states
providing low energy gap and reorganization enargythe reasons of high rISC rates. No less
important is the existence of rotamers itself, lneeait provides non-zero SOC for tHeT-
ICT transition at deviation fromh = 90°.

Within the developed model, lower rISC rates oftéans with weakened acceptors are
explained by a significant decrease®6-'CT transition rate in spite of the growing role of
the 3LE-CT transitions which are supposed to improve TADficiency within the classic

photophysical modelFigure 3.143. In D-A-CHs and D-A-MeO, the statistical sums of both
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kacT-1c1(0) andkse-1cT (0) are almost equal, even though the portion oftedamolecules in
the 3LE-state does not exceed 1.6% and 2.5%, respect{felble 3.5. In D-A-Pi, the
population of excited molecules in three lowegilét states of charge-transfer natui@T),
localized on the acceptofLE(A)), and donor ILE(D)) fragments is estimated as 45.5%,
51.1%, and 3.4%, respectively. The lowest valueeficramong the investigated emitters is
the result of the largedCT-'CT energy gap. In spite of highE(A) population and SOCME
values of ca. 0.75 ch theksLeay-1ct value does not exceed 1.4xX3. This is due to large
reorganization energigs e)-1ct exceeding 0.45 eV. On the other hand, the reozgton
energy for théLE(D)-ICT transition is 0.1 eV lower. Together with IQVEicT-3Le() €NErgy
gap this results in almost equal contributionshef*.E(D)-CT and3LE(A)-CT, 3CT-ICT
transitions to the rISC process in spite of muaheic’LE(D)-state population.

The developed model enables analysis of the impogtaf various rotamers from the
point of view of rISC efficiencyfFigures 3.14band3.14crepresent the rISC rate constants in
each rotamer VidCT-ICT and®LE-'CT mechanism, respectively, depending on the dewiat
of # from the optimal value. Generally, in contraskig:.icT, thekscr.1ctvalues are strongly
dependent on the dihedral angl®ecause deviation from the optimal geometry ldadbe
increase of energy gap and reorganization enertfyedCT-'CT transition. Exceptionally, in
almost all rotamers of D-A-CN and D-A-gRhe rate ofCT-CT transition exceeds 1x46
1 what makes it the only pathway of triplet-singlehversion. In rotamers of D-A-DMAC and
D-A-H with 6-deviation below 15°, rISC also occurs mainly ¥@&TI-'CT transition. In the
rotamers with highef-deviation above 20°, thecr-1ctvalue decreases sharply due to growing
AEict-3ct, and thus rISC can occur mainly via sl@wE-CT transition. Similar situation is
observed in D-A-ChHand D-A-MeO, however in spite of high reorganiaatenergy, théLE-
ICT transition competes with tRET-'CT one even in the case of I@adeviation within +4°

—+15°,
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In D-A-Pi, the3CT-ICT transition is realized only by the rotamers with6 deviation
close to +6°. The rest of rotamers deactivateM&!CT transitions with large reorganization
energies. Similar to other emitters, the rate *bE(D)-!CT transition in D-A-Pi is
approximately constant for various rotamers duewvtmk dependence Ofiep)-i1ct and
SOCME values o#d. The distinguishing feature of D-A-Pi is low enggf LE(A) state and
thus high population of excited molecules in thistes The rate ofLE(A)-!CT transition
however decreases sharply with the increagedsfviation, similarly to théCT-'CT one. This
means that dominaf€T and3LE(A) triplet states of rotamers with titevalues of <70° and
>110° have elongated lifetimes and nonradiative@sses can effectively compete with rISC.

The above described feature of D-A-Pi is especiatiyortant when a large number of
molecules are excited at the conditions of highsdgrf excitation, or high current densities
in an OLED device. In our opinion, accumulatioreatited rotamers with high-deviation
and low rISC rates is one of the main reasons afgséfficiency roll-off under increase of
current density observed for the OLED devices daimg D-A-Pi (Figure 3.9h). On the
other hand, high rate 8CT-'CT transition in all rotamers of D-A-CN and D-A-€B
beneficial to short lifetime of triplet state indgmlent of the rotamer conformation resulting
in remarkably small efficiency roll-offRigure 3.9h). Similar performance of the OLED
containing D-A-DMAC with lower rISC rate indicatése importance of other factors, most
probably individual electrochemical stability of ter.

The investigations described above represent anstioeessful implementation of
the rotamer two-state TADF model. In general, teectibed approach emphasizes and
explains the key importance of direct spin flipvee¢n'CT and®CT states for DA emitters
including partly conjugated on&8:4! |t seems to be specifically important for the ¢eng
with orthogonal DA structure in energetic minimikel DMAC-DPS derivatives described

here as well as systems bearing different or medlifionor and acceptor fragments, because
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the3CT-'CT transition is usually neglected due to the Bte8lbruled?®8 |t should be noted
that due to high sensitivity to tl#erotation and taking into account the contributadn
rotamers, the statistically weighté@T-'CT SOC is not zero. This is explained by the
changes in the orbital momentum caused by incrggmrtial overlap of HOMO and LUMO
due to deviations from the optimlvalue. As was discussed in detail previously, the
rotationally or vibronically activateeCT-CT mechanism of rISC can explain numerous
deviations from the three-state model reportedrieéf¥ We thus should remember that the
El-Sayed rules have limitations, especially in imogeneous media, and carefully analyze

all possible spin-flip transitions to explain TAD#various molecular systems.
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Figure 3.12 Molecular orbitals involved in the key electrortiiansitions on the example of
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As D-A-DMAC has two donors, a second type of CTes{&T-2) was observed. In
optimal geometries of all investigated states,sbeond DMAC fragment has bent structure

and triplet’CT-2 state has 0.215 eV higher energy comparduetT one.
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Table 3.5Rate constants of triplet-singlet transitions

Cmpd x3CT J3LE x3ctKscT-1cT x3LeksLE-1CT >xiki
[%] [%] [10°sY [10°sY [10°sY

D-A-Pi 45.5 51.1LE(A)) 0.15 0.143LE(A)) 0.47

3.4€LE(D)) 0.18€LE(D))

D-A-MeO 97.6 24 0.37 0.40 0.77

D-A-CH3 98.4 16 0.58 0.51 1.09

D-A-H 99.6 0.41 0.87 0.27 1.14

D-A-DMAC 99.9 0.081 1.73 0.08 1.81

D-A-CF3 100.0 0.011 2.27 0.02 2.29

D-A-CN 100.0 0.002 2.65 0.00 2.65

" yact andysie — molar fraction of molecules in tRET and>LE states, respectively, at 298K

given by Boltzmann distribution using triplet engsglues from Table 3.1.
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3.4 Conclusion

A new series of D-A-X derivatives were designed agdthesized to explore a structure-
property relationship for fine tuning energy statfs TADF. Various substituents (X)
modulated the electronic states associated wittophgsical and electrochemical properties.
Through such a controlled strength of ICT betweeA,Dhe energies ofCT and®CT states
were adjusted. On the other hand, 1hE state was less affected by substituents. Asualtre
D-A-X compounds showed emission with ranging of a4t (deep blue) to 487 nm (sky blue)
with high PLQY. Particularly, it was confirmed thatl materials showed short delayed
fluorescence lifetimes below 7 ps and tlke#c values were relatively high as compared to the
blue-region TADF materials reported previously. TOeEDs based on these D-A-X TADF
molecules offered high maximum EQEs of 17.2% — #3.Particularly, D-A-CEk and D-A-
CN devices showed relatively stable device perfoirweaamong other D-A-X devices due to
increasedknsc/kisc ratio and shortor, which afforded suppression of STA and TTA by
lowering the density of the triplet excitons.

In D-A-CFs and D-A-CN emitters with maximal rISC rates andEE@alues, the key
role of the3CT-ICT transition is revealed. Within the developed TABodel taking into
account the distribution of rotational conformerk amitters in doped films, efficient
conversion of triplet excitons to the singlet orissexplained by low energy gap and
reorganization energy between tP@T andCT states in all rotamers. The existence of
rotamers itself is crucial because it enables megsie SOC for théCT-'CT transition. The
contribution of théLE-!CT transition increases together with the decrefaeceptor strength
and ICT-strength in general. In the most blue sHifD-A-MeO and especially D-A-Pi,
rotamers with high deviation from optimal geometnydergo rISC exclusively vi3LE-'CT

transitions, which is relatively slow due to higkorganization energy. This leads to the
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decrease of TADF efficiency and, in our opiniornwéw EQE and increased efficiency roll-off
in OLED.

Our investigations reveal that for the design diceint TADF-OLED emitters, the
enhancement of tiCT-CT transition is as much important as thafldE-'CT one. For the
fast-rISC deep-blue emitters both of these rISChaeisms should be well optimized. In view
of high inhomogeneity of rotational conformers wpéd films, these requirements should be
fulfilled not only for the emitter in optimal georitng, but also for its isomers trapped in non-

equilibrium geometries during film preparation.
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Chapter4. Design of deep Blue TADF Materials usingCN Substituted

sulfone units

4.1. Introduction

For the past two decades, organic light emittingdds (OLEDs) have drawn
tremendous attention for the next generation gildis.[* In the light emitting materials or
OLEDs, phosphors are in the spotlight as high-efficy OLED light emitting materials
because it can boost the internal quantum effigigffQE) of electroluminescence up to
100%.[4] Red and green emitting phosphors have Heeeloped with good color purity and
high quantum efficiency. However, In the blue regid is not only difficult to implement a
phosphor with high color purity, but also has arslifespan due to the instability of the

material, making it difficult to commercialize bl@_EDs.I>"]

Recently thermally activated delayed fluorescentADF) has attracted great at
tention from the field of organic light emitting atles (OLEDs) because it can achiev
e 100% internal quantum efficiency (IQE) of eletirninescence through the reverse
intersystem crossing (rISC) process in pure organatecules®!! To realize efficient
riISC, Adachiet al. first embodied a molecular design strategy by gisimramolecular
charge transfer (ICT) mechanism between bulky sdectdonor (D) and acceptor (A)
units which spatially separate the highest occupremlecular orbital (HOMO) and low

est unoccupied molecular orbital (LUMO) to ensuraimized AEst. 1215

Meanwhile, we recently established the novel stmattapproach to actively control
the color wavelength maintaining TADF charactetstiD-A-X strategy. The DAX strategy

firstly maintains the donor (D) and acceptor (A)tsiin the symmetric TADF emitters (D-A-
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D type) to form the main ICT energy states and sdanly substitution is introduced on the

opposite side to fine tune the energy stite.

Our investigations reveal that the enhancementhef>€T-'CT transition is im
portant to design efficient TADF-OLED emitters. Angp D-A-X materials, D-A-CN u
sing strongest CN substituent unit exhibited sldetayed life time 1pr=2.10 u) and h
igh rate constants of reverse intersystem cros¢ing=2.1x1¢ s'), however the emis

sion showed sky blue region (488 nm) due to inangaCT strength.

Herein, we designed and synthesized the blue TABtenal by using CN Substituted sulfone
acceptor on DPS-CBZ showing UV emissibih Systematically photophysical studies were
carried out and also the fabrication and charaagan of OLED devices were made to explore

their potential in high efficiency blue OLED apgiwn.

S, ISC
ISC
- T S, — T
s msc g gl RSC T
g 3 = 5 g
: : § |2 :
-g_ ICT strength .g_
o o
= =
o o
0
o Non-TADF NC—@—E—@—N TADF .
H—@—f;_@_N UV region 4 O Blue region

Figure 4.1 Structures of DPS-CBZ
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4.2 Experimental Methods
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Scheme 4.5Synthetic routes of TADF materials. (a) CarbazbleH, anhydrous DMF, 5%
(b) NaSQ, NaHCQ, H-0, 80°C (c) DMSO, 120°C

4.2.1 Synthesis of Materials

All reagents were purchased from Sigma Aldrich,,180id Alfa Aesar. All experimental glassware was
dried in an oven, and all experimental conditiomserconducted in an argon or nitrogen environment.

The target IDID material were synthesized throughfollowingscheme 4.1.

4.2.2 Characterization

Chemical structures were identified Hy NMR (Bruker, ADVANCE-300 and ADVANCE-

500),3*C NMR (Bruker, Advance-500), high-resolution mapscirometry (AB SCIEX, Q-
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TOF 5600), and elemental analysis (Thermo Fishen8fic, Flash 1112). UV-vis absorption
spectra were recorded using a SHIMADZU UV-1650P€a8y-state photoluminescence (PL)
spectra were obtained with a PTI QuantaMaster 4@tepfluorometer at room temperature
and absolute PL quantum yields (PLQY) were recomggdg a 3.2 inch integrating sphere.
Low temperature photoluminescence spectra wereuregsising a Jasco FP-6500 at 77 K.
Photoluminescence decay traces were obtained thrthey time correlated single photon
counting (TCSPC) techniques by using a PicoQudagThme 250 instrument (PicoQuant,
Germany). A 377 nm pulsed laser was used as atagmnoi source and temperature dependent
studies were made with a cryostat (Oxford Instrusmie®@ptistat DN). Data analyses were
performed using exponential fitting models by FlitoBoftware. Cyclic voltammetry
measurements were performed using a 273A (Princgdpphied Research). Each oxidation
potential was calibrated using ferrocene as aeata. LUMO levels were evaluated from the
HOMO level and the optical band gap which was aigdifrom the edge of the absorption
spectra. DFT calculations were performed in the plagse using Gaussian 09 quantum-
chemical package. The geometry optimization fougebstate of IDID derivatives was carried
out using B3LYP functionals with 6-31G (d, p) bass TD-DFT calculations were performed

using same functional and basis sets that were used

4.2.3 Device fabrication and Measurement

The patterned ITO substrates were rinsed with aeedmd isopropyl alcohol using sonication
for 15 min, followed by 15 min UV-ozone-treatmefirganic layers, Mo®and Al were
thermally evaporated at a deposition rate of 0&-s1! for organic layers, 0.2 ASfor MoGs,
and 4-5 A g for Al electrode. The current-voltage—luminanee/{L) characteristics of the

devices were measured with a Keithley-236 sourcasore unit, a Keithley-2000 multimeter
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unit, and a calibrated Si photodiode (Hamamatsu2%89210BQ). The luminance and
efficiencies were calculated from the photocurmr@asurement data obtained with the Si
photodiode. The electroluminescence spectra waeendal by using a spectroradiometer (CS-

2000).

4.3 Results and Discussion

4.3.1 Density Functional Theory Calculations

The optimized geometry and electronic propertiesdanfiet materials were calculated by
density functional theory (DFT) and time-depend®RT (TD-DFT) using the B3LYP
functional and the 6-31G** basis set (Figure 1 &glire S2). In the optimized ground state
geometry, all the IDID derivatives showed twistediformation with dihedral angle of around
40° between the CBZ donor and the DPS acceptoul&i§2). As was expected, HOMO is
located on donor and phenyl units, while LUMO iseexled acceptor units (Figure 1). Thus,
not only the spatial separation of HOMO and LUMQ &lso the modest orbital overlap could
be achieved at the same time successfully addgedsrirade-off betweekEst and oscillation
strength. With increasing ICT strength, it was akidted that the bandgap (3.27- 4.07 eV) and

AEsT (0.16 ~ 0.41 eV) were decreased with increasingdttength as shown in Figure 1.
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Figure 4.2 Optimized molecular geometries and theidedral angle.
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DPS-CBZ

CN-DPS-CBZ

CN-DPS-methylCBZ ’
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Figure 4.3 Optimized molecular geometries with HOMOand LUMO.

Table 4.1 Cyclic voltammetry of target materials.

Eq(eV) HOMO (eV)  LUMO (eV) AEst(eV)

DPS-CBZ 4.07 -5.63 -1.56 0.41

CN-DPS-CBZ 3.45 -5.78 -2.33 0.19
CN-DPS-

methylCBZ 3.29 -5.58 -2.29 0.16
CN-DPS-

bUCBZ 3.27 -5.56 -2.28 0.16
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4.3.2 Electrochemical Properties

In order to evaluate the energy level of these @amds, cyclic voltammetry (CV) w
as carried out in methylene chloride solution gsfarrocene as a referencEidqure
4.4). DPS-CBZ, CN-DPS-CBZ, CN-DPS-methylCBZ and CN-BXB8CBZ exhibited H
OMO levels of -5.62, -5.61, -5.58 and -5.59 eV,pexdively. The LUMO level of a
material was obtained by adding the optical bandgaphe HOMO level, and were ¢
alculated as -2.24, -2.40, -2.48 and -2.52 eV, aetsgely. The band gaps are 3.38, 3.

21, 3.10 and 3.07 eV, respectively.
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Figure 4.4 Cyclic voltammetry of target materials.
Table 4.2Cyclic voltammetry of target materials.
E opt
(egV) Enomosol(€V)®  ELumo so(€V)P
DPS-CBZ 3.38 -5.62 -2.24
CN-DPS-CBZ 3.21 -5.61 -2.40
CN-DPS-methylCBZ| 3.10 -5.58 -2.48
CN-DPS-thuCBZ 3.07 -5.59 -2.52

a) HOMO level was determined by cyclic voltammeiny5x102 M methylene chloride

solution using ferrocene as a reference.

b) LUMO levels were evaluated with the HOMO levetiahe optical band gap obtained from

the edge of the absorption spectra.
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4.3.3 Photophysical Properties

Photophysical properties of target molecules wesduated by UV-visible absorption (UV-
vis) and photoluminescence emission (PL) spedtigufe 4.5 Figure 4.6andTable 4.3. It

is shown inFigure 4.5that DPS-CBZ has the lowest absorption band byt-ttfetransition at
338 nm with absorption coefficient)(of 1475 M?cnt™. On the other hand, all the other
molecules showed gradually red-shifted absorptemdowith increasing ICT strength. CN-D
PS-CBZ, CN-DPS-methylCBZ and CN-DPS-tbuCBZ exhiitmaximum absorption
band at 339 nme(of 1340 M'cn?), 351 nm § of 1400 Mlcm™®) and 355 nm ¢ 0

f 1270 M'cnm?d), respectively. The band gaps are 3.38, 3.21, anid 3.07 eV, respe

ctively.

In toluene solutions, the PL spectra of target commols showed broad ICT emission
with a maximum ranging from 386 nm to 441 nm (dédye) (Figures 4.5. DPS-CBZ
exhibited UV {pLmax=386 nm) fluorescence emission with 52 nm of FWHIMI-DPS-CBZ,
which introducing the electron-withdrawing CN uait DPS acceptor, showed bathochromic
shift of photoluminescencér ma=415 nm) compared to DPS-CBZ. Such a behavior was
caused by increasing electron-accepting power efdiphenylsulfone (DPS), resulting in
increasing ICT strength and thus stabilized @i&-state energy. Additionally, the electron-
releasing substituents on carbazole caused battroahshift of PL compared to CN-DPS-
CBZ (ApL,max = 439 nm for CN-DPS-methylCBZ and 441 nm for CNS#®uCBZ) due to
electron-releasing units enhancing the donatinggpaf carbazole units.

The emission spectra of these compounds in 6 wt%dIRNMIM also showed emission
wavelength like in solution state. DPS-CBZ, CN-DEeBZ, CN-DPS-methylCBZ and CN-

DPS-tbuCBZ exhibited maximum emission wavelengtodt nm (FWHM of 58 nm), 425 nm
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(FWHM of 75 nm), 445 nm (FWHM of 85 nm) and 447 (BWHM of 88 nm), respectively.
The values of PL quantum yields (PLQY&.) are 0.75, 0.72, 0.82 and 0.81, respectively.

The transient decay lifetime measurement was choug to explore different emission
components of the target molecules using the Timerelated Single Photon Counting
(TCSPC) technique in 10 wt% DPEPO filrkigure 4.8). Notably, decay profiles of all
compounds consisted not only of the prompt fluease (PF) but also of the delayed
fluorescence (DF). The delayed fluorescence lifetibr) of CN-DPS-CBZ, CN-DPS-
methylCBZ and CN-DPS-tbuCBZ were measured to b&,48.6 and 26.Qs, respectively
(Table 2).

We further analyzed the exciton dynamics of theu®l T, states on the basis of their
photophysical transition rates. The rate constahtsmadiative process were obtained from
PLQY and PF lifetime dataTéble 4.4; CN-DPS-CBZ exhibited rate constant of reverse
intersystem crossingkgisc) 0.80x10 s. On the other hand, CN-DPS-methylCBZ and CN-
DPS-tbuCBZ exhibited higher rate constant of rex@mgersystem crossingr(sc) 1.4x16 and

1.7x10 s, respectively. Efficient triplet up-conversion ¢dbe occurred owing to smalEsr.
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Figure 4.5 Absorption spectra of target molecules. (toluerdx10°M)
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Figure 4.6 Normalized photoluminescence spectra of targéeoudes.
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(10 wt% in DPEPO film)

10
—— DPS5-CBZ
—— CNDPS-CBL
CNDP5-methyICEZ
—— CNDPS5-thutyICBL

Inmtensity

] 100 150
Time ()

Figure 4.8 Temperature-dependent PL decay spectra (10 wEMINA film)
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Table 4.3The summary of physical and photophysical propsmif TADF materials.

ed
Band |
)\'abs,maxa) [I\/I_ )uPL,maxb)/C) FWHM (I)abd)/e)/ AESTI)
gap
[nm] | fenr [nm] [nm] [%0] [eV]
[eV]
g

DPS-CBZ 338 1480 3.38 386/394 52/58 66/75 0.53

CN-DPS- 339 1340 3.21 415/425 58/75 67/78 0.38
CBZ

CN-DPS- 351 1400 3.10 439/445 63/85 67/82 0.24
methylCBZ
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‘CN-DPS- 355 1270 3.07 441/447 64/88 69/81 0.22

tbuCBZ
8 UV-vis absorption and PL spectra measured in 2x#0toluene solution®® PL spectra

measured in 1x1®M toluene solution and 10 wt% PMMA doping filnfs? Absolute PL
quantum yields recorded in degassed IXWDtoluene solution and 10 wt% PMMA doping
films using an integrating spher.Energy gap betweeniSand T, estimated from the

fluorescence and the phosphorescence spectra @ Moluene solution.

Table 4.4The summary of rate constants in DPEPO films.

Tpe oY Dprd @peP) kr Kor kisc kisc
[ns] [us] [% ] [%] [108s7]  [10°s']  [106s] [10°sT]
DPS-CBZ 19.5 - 75.0 - 38.5 12.82
CN-DPS-
18.7 46.7 26.6 45.4 14.3 8.13 31.1 0.08
CBZ
CN-DPS-
19.2 28.6 20.5 61.5 10.7 2.34 39.1 0.14
methylCBZ
CN-DPS-
18.5 26.0 18.6 62.4 10.1 2.36 416 0.17
tbuCBZ

3Lifetime calculated from the promptr€) and delayedtbr) fluorescence decay in DPEPO
10 wt% doping films®®pr (the prompt PLQY) andor (the delayed PLQY) were obtained
from the prompt and delayed proportions in transitay curves of 10 wi% DPEPO doping
films; ki, knr — the rate constant of radiative and nonradiate@ay of singlet excited state;

kisc, krisc — rate constant of intersystem crossing and revatsrsystem crossing.
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4.3.4 OLED Performances

To examine the possible OLEDs application, CN-DAEZQCN-DPS-methylCBZ and
CN-DPS-tbuCBZ were selected due to their high PLad TADF characteristics. Multi-
layered OLED devices were fabricated comprisingsglaubstrate/ITO (indium tin oxide)
anode/MoQ (10 nm)/TCTA (30 nm)/mCP (10nm)/EML (20 nm)/DPERT® nm)/TmPyPb
(30 nm)/LiF (1 nm)/Al (100 nm). ITO, Mo§) LiF, and Al were used as the anode, hole-
injection layer, electron-injection layer and thathode, respectively. Di-[4N(N-ditolyl-
amino)-phenyl]-cyclohexane (TAPC) and 1,3,5r¥§yrid-3-yl-phenyl) benzene (TmPyPB)
were used as hole-transport layer (HTL) and eleetransport layer (ETL), respectively.
Emitting layers (EML) incorporating 10%-TADF matas in 4,4-bis(carbazol-9-yl) biphenyl
(DPEPO) host were vacuum evaporated. The energy-tiagram of the devices and the
molecular structure are shownkigure 4.11

The current density—voltage—luminande\(—L) curve and the EQE versus luminance
characteristics of the devices are showrkigure 4.12 and Figure 4.13from which the
detailed device parameters are extracted and sumgedanTable 4.3 The OLED devices of
Tria-phIDID and BP-phIDID were shown to turn orda4, 4.3 and 4.3 V to give blue emission
(ELmax at 439, 448 and 448 nm), with CIE coordinates @fL§,0.08), (0.16,0.13) and
(0.16,0.13), respectively. As shownTable 4.3 the maximum luminance efficiency, power
efficiency, and external quantum efficiency valtmsCN-DPS-CBZ were 17.90 cd’A11.71
Im W and 17.7%, respectively and those for CN-DPS-néB¥ were 22.45 cd A, 15.43
Im W1, 22.2%, respectively and those forCN-DPS-tbuCBZew22.96 cd A, 14.14 Im W,
22.6%, respectively. It indicates that triplet @éans are effectively utilized through the TADF

mechanism in the device. But, EQE values of devizseased to 10.1%, 15.5% and 15.6%
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at a luminance of 100 cdfnlt is likely due to that triplet excitons wereemched by triplet—

triplet annihilation (TTA) and singlet—triplet amilation (STA) at high current densit{£1°!
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Figure 4.11the energy-level diagram of the devices and thesoubér structure
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Figure 4.14EL spectra for OLED devices

Table 4.3.Device performances of the target materials.

c)

d)

CE

e)

PE

on max CIE max max EQE
V] [nm] [nml (x¥) dA]  (mW] (%]
CN-DPS-
44 439 65 (016008  17.90 1.71 17.7
cBZ
CN-DPS-
43 448 71 (0160.13)  22.45 15.43 222
methylCBZ
CN-DPS-
43 448 70 (0160.13)  22.96 14.14 226
thuCBZ

2turn-on voltage at 1 cd # PEL maximum wavelength®measured at 0.1 mA cnf; 9

maximum current efficiency®maximum power efficiency?maximum external quantum

efficiency.
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4.4 Conclusion

A new series of CN-substituted molecules were aesigand synthesized to develop a high
efficiency TADF material. DPS-CBZ exhibited UVp(,ma=386 nm) fluorescence emission
andjust a single component of fluorescence lifetime. @e other hand, thanks to ideally
control of the energy states, CN substituted emsit@ow blue region emissions from 425 to
447 nm and exhibit delayed lifetime. Organic lighitting diodes (OLEDs) based blue

emitters exhibit efficient external quantum effioy from 17.7% to 22.6%.
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Chapter5. Multiple Resonance Thermally Activated D&ayed

Fluorescence Enhanced by Tetraphenyl Silyl Group

5.1. Introduction

Organic light-emitting diodes (OLEDs) have attradieemendous attention across the
academic and industrial field since the pioneewingk of Tanget al. ! Although OLEDs have
recently been developed that can be employed ptagipanels, there remain several problems
to be overcome, which is the poor performance epedadue OLEDs compared with green and
red OLEDS? Although the color coordinates are satisfied inedlluorescent emitters, there
are a limit of maximum theoretical internal quantafiiciency (IQE) of 25% While
phosphorescent emitters achieve maximum IQE of 1G8®elopment of new emitters are
still demanded because phosphorescent dyes caxjpamsive and rare noble-metal to satisfy
their emitting mechanism and highly efficient beraitters are still abseHt®!

Recently, an approach to solve the blue problenudiyg the TADF mechanism is
actively progressing due to achieve 100% (IQE)letteoluminescence through the reverse
intersystem crossing (rISC) process of pure organuiecules!®®! Adachi et al. first embodied
a molecular design strategy by using intramoleatharge transfer (ICT) mechanism between
electron donor (D) and acceptor (A) units whichtsg separates the highest occupied
molecular orbital (HOMO) and lowest unoccupied ncalar orbital (LUMO) to minimize
AEST. 1013 Even though donor-acceptor (D-A) type TADF materiaave exhibited great
device performance, these CT characteristic emitb@ave problems of color purity due to
broad emission spectra with a wide full width af+t@maximum (FWHMs) and hard to realize
the deep blue emission with CIEy< 0.08.

As an alternative, Hatakeyama et al. demonstrated type of molecular design
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strategy by using a multiple resonance (MR) effédj. It has rigidn-conjugated structure
consisting of an electron-deficient boron atom ancelectron-rich nitrogen atom, exhibiting
alternating HOMO and LUMO distributions by the reaace effect. The rigid backbone
structure suppressed vibrational motions and gteeaa small full width at half-maximum
(FWHM).

The first MR-TADF materials, DABNA-1 and DABNA-2hswed blue emission of 459 and
469 nm for DABNA-1 and DABNA-2, respectively. Alsthey exhibited high EQE values of
13.5% and 20.2% with color coordinates of (0.189pand (0.12, 0.13). Since then, a number

of MR-TADF materials have been developed asiABNA developed by Hatakeyama group.

(151 ,-DABNA is a fused form of two boron atoms and sittagen atoms and it exhibited a

maximum emission wavelength of 469 nm and a hatlittwof 18 nm, so it is known as the
state-of-art blue light-emitting materidlowever,y-DABNA has a slight unsatisfactory result

in blue color. Therefore, development of deep R type emitters is still demanded and

challenging work!®!

We designed and synthesized BOCBZ unit. In additiomeduce intermolecular interactions,
t-butyl group and tetraphenyl silyl group were aaluced on BOCBZ units. Particularly The
tetraphenyl silyl group is a bulky group and hasdtdvantage of not only increasing the thermal
stability of the material, but also has effect orergy states of the material. Systematically
photophysical studies were carried out to explbegrfpotential in high efficiency blue OLED

application.
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5.2 Experimental Methods
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Scheme 5.1Synthetic routes of MR TADF materials.
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5.2.1 Synthesis of Materials

All reagents were purchased from Sigma Aldrich,, T&@Dd Alfa Aesar. All experimental glassware was
dried in an oven, and all experimental conditiomserxconducted in an argon or nitrogen environment.

The target IDID material were synthesized throughfbllowingscheme 5.1 and scheme 5.2.

5.2.2 Characterization

Chemical structures were identified By NMR (Bruker, ADVANCE-300 and ADVANCE-
500), 13C NMR (Bruker, Advance-500), high-resolution mapsarometry (AB SCIEX, Q-
TOF 5600), and elemental analysis (Thermo Fishem8fic, Flash 1112). UV-vis absorption
spectra were recorded using a SHIMADZU UV-1650P€a8y-state photoluminescence (PL)
spectra were obtained with a PTI QuantaMaster 4@tepfluorometer at room temperature
and absolute PL quantum yields (PLQY) were recomagdg a 3.2 inch integrating sphere.
Low temperature photoluminescence spectra wereureghsising a Jasco FP-6500 at 77 K.
Photoluminescence decay traces were obtained thrthey time correlated single photon
counting (TCSPC) techniques by using a PicoQudnfyThme 250 instrument (PicoQuant,
Germany). A 377 nm pulsed laser was used as ataggoi source and temperature dependent
studies were made with a cryostat (Oxford Instrusme@ptistat DN). Data analyses were
performed using exponential fitting models by FliloBoftware. Cyclic voltammetry
measurements were performed using a 273A (Princgpplied Research). Each oxidation
potential was calibrated using ferrocene as aeatar. LUMO levels were evaluated from the
HOMO level and the optical band gap which was otgdifrom the edge of the absorption
spectra. DFT calculations were performed in the plagse using Gaussian 09 quantum-
chemical package. The geometry optimization fougcbstate of IDID derivatives was carried

out using B3LYP functionals with 6-31G (d, p) bass TD-DFT calculations were performed
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using same functional and basis sets that were used

5.3 Results and Discussion

5.3.1 Density Functional Theory Calculations

The optimized geometry and electronic propertiesewealculated by density functional
theory (DFT) and time-dependent DFT (TD-DFT) usthg B3LYP functional and the 6-
31G** basis setKigure 5.1, Figure 5.2, Figure 5.3 and Table 51BOCBZ derivatives
showed similar orbital distribution. The LUMO wgyeedominantly located on the boron atom
andortho/para positions of boron atom, while HOMO was residechdrogen atom antheta
position of boron atom. Thus, we could expect thatBOCBZ derivatives exhibited multiple
resonance TADF properties due to their well-separefOMO/LUMO arrangement. BOCBZ,
1tbuBOCBZ, 3tbuBOCBZ, 1tbuBOCBZ-Si and 3tbuBOCBZeRhibited calculated HOMO
levels of -5.40, -5.34, -5.21, -5.34 and -5.22 e&§pectively. The LUMO Ilevel were
calculated -1.78, -1.73, -1.67, -1.81 and -1.75re8pectively. The band gaps are 3.62, 3.6
1, 3.54, 3.54 and 3.47 eV, respectively. The catedl singlet levels are 3.11, 3.10, 3.04,
3.05 and 2.98 eV and triplet levels are 2.65, 22639, 2.59 and 2.54 eV. ThadEsT value is
0.46, 0.46, 0.45, 0.46 and 0.44 eV for BOCBZ, 1t6aBZ, 3tbuBOCBZ, 1tbuBOCBZ-Si

and 3tbuBOCBZ-Si, respectively.
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1tuBOCBZ-Si 3tuBOCBZ-5i

Figure 5.1 Optimized molecular geometries of BOCBZ derivatives
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1tuBOCBZ-Si

3tuBOCBZ-Si

Figure 5.2 Optimized molecular geometries with HOMO and LUMO.
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Table 5.1DFT-calculation of target materials.

Ey(eV) HOMO (eV)  LUMO (eV) AEst(eV)

BOCBZ 3.62 -5.40 -1.78 0.46
1tbuBOCBZ 3.61 -5.34 -1.73 0.46
3tbuBOCBZ 3.54 5.21 -1.67 0.45
1tbuBOCBZ-Si 3.54 -5.34 -1.81 0.46
3tbuBOCBZ-Si 3.47 -5.22 -1.75 0.44
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Figure 5.3 Transition energies for1&nd Tn states (n=1,2,3 and 4) and associated S&xm

elements.

117



5.3.2 Electrochemical Properties

In order to evaluate the energy level of these aamgds, cyclic voltammetry (CV) w
as carried out in methylene chloride solution gsferrocene as a referencEigure
5.4). BOCBZ, 1tbuBOCBZ and 3tbuBOCBZ exhibited HOMOvéés of -5.50, -5.51 and
-5.49 eV, respectively. The LUMO level of a mateneas obtained by adding the op
tical bandgap to the HOMO level, and were calcdass -2.71, -2.74 and -2.75, resp

ectively. The band gaps are 2.79, 2.77 and 2.74reSfectively.

——BOCBZ 2107 4 1thbuBOCBZ

Current (A)
Current (A)

T T T T T T T T T T T
0.0 02 0.4 06 0.8 1.0 12 14 16 1.8 0.0 02 0.4 06
Potential (V)

T T T T T
0.8 1.0 12 14 16 1.8
Potential (V)

3thuBOCBZ

Current (A)

6x10°

-Tx107

T T T T T T T T
0.0 0.2 0.4 08 0e 10 1.2 14 16 18
Potential (V)

Figure 5.4 Cyclic voltammetry of target materials.
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Table 5.2 Cyclic voltammetry of target materials.
Enomo,sol(€V)?  Erumo sol(€V)?

BOCBZ -5.50 -2.71
1tbuBOCBZ -5.51 -2.74
3tbuBOCBZ -5.49 -2.75

1tbuBOCBZ-Si - -
3tbuBOCBZ-Si - -
a) HOMO level was determined by cyclic voltamméirypx103 M methylene chloride solution using ferrocene

as a reference.
b) LUMO levels were evaluated with the HOMO levabahe optical band gap obtained from the edgdef t

absorption spectra.

5.3.3 Photophysical Properties

Photophysical properties of target molecules wesduated by UV-visible absorption (UV-
vis) and photoluminescence emission (PL) speckigu(e 5.5 Figure 5.6 Figure 5.7 and
Table 5.3. It is shown inFigure 5.5that BOCBZ has absorption band below 350 nm aed th
strong absorption peaks at 427 nm with absorptioefficient ¢) of 33700 Mlcnr?
For 1tbuBOCBZ exhibited similar absorption bandbdmax427 nm) andes value (35900
M~cnm?) compared to that of BOCBZ. On the other handyuBOCBZ showed a 7
nm red-shift of absorption bandafsma=434 nm,e= 38000 M'cnil). The introduction
of tetraphenylsilane (-Si) moiety on the BOCBZ andaused bathochromic shift of abs
orption band. (432 and 438 nm for 1tbuBOCBZ-Si &@tduBOCBZ-Si, respectively).
Moreover, 1tbuBOCBZ-Si and 3tbuBOCBZ-Si showed thereasing absorption band i
n UV-light region at around 300 nm - 350 nm, whicbuld be attributed to the-n*
transition of the tetraphenylsilane (-Si) moieti@he energy gap was estimated from t
he onset of the absorption band and showed eneafi€s79, 2.77, 2.74, 2.74 and 2.
71 eV, respectively.
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In toluene solutions, the PL spectra of BOCBZ eibibdeep blue colored emission
(ApLma=444 nm) with 28 nm ofwHM. For 1tbuBOCBZ showed similar emission spectrum
(APLma=444 nm) and FWHM (28 nm) compared to that of BOCE¥ the other hand,
3tbuBOCBZ showed a 6 nm red-shift of emission maxm{ipLma=450 nm, FWHM = 28
nm). The introduction of tetraphenylsilane (-Si) ietp on the BOCBZ units caused
bathochromic shift of emission spectrum (449 and 4%n for 1tbuBOCBZ-Si and
3tbuBOCBZ-Si, respectively) and reducing of FWHM4 (2m for 1tbuBOCBZ-Si and
3tbuBOCBZ-Si).

The emission spectra of these compounds in 1 wt%IRMIm also showed emission
wavelength like in solution state. BOCBZ, 1tbuBOCE#buBOCBZ, 1tbuBOCBZ-Si and
3tbuBOCBZ-Si exhibited maximum emission wavelergtd43 nm (FWHM of 38 nm), 444
nm (FWHM of 41 nm), 448 nm (FWHM of 34 nm), 452 §ifWHM of 45 nm) and 457 nm
(FWHM of 38 nm), respectively. The values of PL qgiuen yields (PLQYs@p) are 0.91,
0.92, 0.91, 0.91 and 0.90, respectively.

The transient decay lifetime measurement was choug to explore different emission
components of the target molecules using the Tinoerelated Single Photon Counting
(TCSPC) technique in 1 wt% PMMA filmF{gure 5.8. Notably, decay profiles of all
compounds consisted not only of the prompt fluease (PF) but also of the delayed
fluorescence (DF). The delayed fluorescence lifetifpor) of BOCBZ, 1tbuBOCBZ,
3tbuBOCBZ, 1tbuBOCBZ-Si and 3tbuBOCBZ-Si were meaduo be 35.5, 33.9, 30.4, 27.2
and 25.6us, respectivelyTable 5.4.

We further analyzed the exciton dynamics of theaBd T, states on the basis of the
ir photophysical transition rates. The rate constasf radiative process were obtained
from PLQY and PF lifetime data (Table 4.4). Theisc values of the BOCBZ,

1tbuBOCBZ, 3tbuBOCBZ, 1tbuBOCBZ-Si and 3tbuBOCBZs8¢re measured to be 4.34,
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4.61, 5.06, 6.942 and 7.50 x4 !, respectively. The compounds with the
tetraphenylsilane (-Si) moiety RISC rate fasternthihat of the BOCBZ compounds, ind
icating that triplet up-conversion occurs efficignin the case of the tetraphenylsilane-
substituted materials. According to TD-DFHidure 5.3), 1tbuBOCBZ-Si and 3tbuBOCBZ-
Si showed additional triplet states(State; 3.085 and 3.082 eV) with improving SOMCE
(0.29 and 0.27 cr). The attachment of the tetraphenylsilane (-Si) dispersed the LUMO,
improved CT characteristics, and shortened theyddldluorescence lifetime. Additionally,
(S1|Hsoc|Ty) of 1tbuBOCBZ-Si and 3tbuBOCBZ-Si was improved i theavy-atom effe

ct of Si atoms, similar to S and Se atoms in MR-FAD
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Figure 5.5 Absorption spectra of target molecules. (toluerdx10°M)
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Figure 5.6 Normalized photoluminescence spectra of targeeouds. (toluene, c=1xP0M)
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Table 5.3The summary of physical and photophysical propsmif BOCBZ derivatives.

&9
habs,ma® Band gap hpLmax?/o) FWHM AEst®
(M-
nm eV nm nm
[nm] - [eV] [nm] [nm] V]
BOCBZ 427 33700 2.79 444/443 28/38 0.24
1tbuBOCBZ 427 35900 2.77 444/444 28/41 0.25
3tbuBOCBZ 434 38000 2.74 450/448 28/34 0.25
1tbuBOCBZ-Si 432 31900 2.74 449/452 24/45 0.20
438 29600 2.71 455/457 24/38 0.20

3tbuBOCBZ-Si

8 UV-vis absorption and PL spectra measured in 2x#0toluene solution®® PL spectra

measured in 1xI®M toluene solution and 1 wt% PMMA doping filmi$Energy gap between

S1 and T estimated from the fluorescence and the phosptemnes spectra in 1xPM toluene

solution.
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Table 5.4The summary of rate constants of BOCBZ derivatiaeBMMA films.

=) oY ®re®) Qo) ke K kisc knisc

[ns] [bs] [% ] [%] [107s7]  [10°sT7]  [107s™] [10*s7]
BOCBZ 9.1 35.47 0.59 0.32 6.50 6.43 3.85 4.34
1tbuBOCBZ 9.2 33.89 0.59 0.33 6.40 5.57 3.91 461
3tbuBOCBZ 10.8 30.39 0.59 0.32 5.48 5.42 3.24 5.06
1tbuBOCBZ-Si 9.6 27.20 0.48 0.43 5.02 4.97 4.90 6.94
3tbuBOCBZ-Si 9.8 25.64 0.47 0.43 478 5.31 4.90 7.50

3Lifetime calculated from the prompief) and delayedtbr) fluorescence decay in PMMA 1

wWt% doping films;”)®pr (the prompt PLQY) andor (the delayed PLQY) were obtained

from the prompt and delayed proportions in transitay curves of 1 wt% PMMA doping

films; k., knr — the rate constant of radiative and nonradiate@ay of singlet excited state;

kisc, krisc — rate constant of intersystem crossing and revatsrsystem crossing.
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5.4 Conclusion

A new series of MR-type TADF molecules were desibaed synthesized to develop
a high efficiency blue TADF material. BOCBZ emitta@vere effective in achieving a real deep-
blue emission from 444 to 455 with high PLQY. Ramarly, compounds with the
tetraphenylsilane (-Si) moiety RISC rate fastenttiat of the BOCBZ compounds, indicating
that triplet up-conversion occurs efficiently ineticase of the tetraphenylsilane-substituted
materials. It could be forming an additional tripgate enhancing SOC between S1 and Tn
state. Additionally(S; |Hsoc|T;) of 1tbuBOCBZ-Si and 3touBOCBZ-Si was improved by t

heavy-atom effect of Si atoms, similar to S and®ens in MR-TADF-.
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