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Abstract:

A series of bipolar materials for thermally actwdt delayed fluorescence based on
3,6-ditert-butyl-9-((phenylsulfonyl)phenyl)4d-carbazoles, is synthesized by Ulmann coupling
reactions. In these materials, the 3,8ati-butylcarbazole group is linked at the 3-, 4- piasitor

3'-, 4'- position of diphenyl sulfone. The effeadfsthe conjugation connectivity on the electronic,
photophysical and electrochemical properties os¢hmaterials, are studied by extensive UV-vis,
fluorescence spectroscopic measurements, cyclimwohetry and theoretical calculations as well
as X-ray crystallographic analysis. The energy gafween singlet and triplet in these materials is
tuned from 0.39 eV to 0.22 eV by manipulation ohgmation of the electron donor units.
Keywords: carbazole, sulfone, phosphorescence, bipd\gst, TADF

1. Introduction



High-efficiency organic light emitting diodes (OLEDhave attracted major interest due to their
potential for solid-state lighting and flat panekmlay applications [1-5]. In recent years, great
advances have been made in the development of iadatéor OLEDs [6-13]. These materials have
the potential to lead to cost-effective, light-wietigand large area OLEDs. Among them, the energy
gap between singlet and triplef\NEsT) of the materials plays an important role in redima of high
performance OLEDs. Xu et al reported a series dbipoiar ternary hosts with high triplet excited
energy and small\Est less than 0.4 eV for low-voltage-driving high-eféncy blue PhOLEDs [7].
Duan et al reported bipolar host withEst of only 0.11 eV for low-voltage-driving green OLED
[11]. To enhance the performance of fluorescenaesphoresce (F-P) hybrid white organic light
emitting diode (WOLED), Zhang et al reported twdi@ént blue fluorophors with sufficiently
small AEst to sensitize green and red phosphors [14]. Duedb cost, pollution, low solubility and
poor long-term stability of traditional phosphorssed on rare metals such adllr( ), Pt( ), orIDs( ),
the development of low cost substitutes has a#chatore and more attention [15-18]. In principle,
when AEstis small, reverse intersystem crossing (ISC) cde falace [19]. On the basis of this
concept, a series of efficient thermally activatddlayed fluorescence (TADF) materials as
substitutes of phosphors based on rare metals igh-dfficiency OLEDs were designed and
synthesized [20-29]. In particular, the PhOLEDsdshen dicyanobenzene derivatives with a small
AEstof 0.083 eV show a high external electroluminesedfitiency of 19% [3].

Generally, a small spatial overlap between the ésgloccupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) is impamt to achieve a small\Est. This task is
mostly solved by a design of compounds based aanmlecular charge transfer (ICT). In an ICT

based compound, the HOMO and LUMO would be locadlia¢ the donor (D) and acceptor (A)
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moieties, respectively. Thus, the HOMO and LUMO waaedl separated, leading to a smAkEsT. In

the last few years, various materials with a sndstlist are designed and applied to OLEDs. Very
recently, Adachi et al reported an ICT based mdeauith an AEstof 0.003 eV, in which the
HOMO and LUMO are ideally separated which gavé\&ast of almost zero [30]. The PhOLEDs
based on these molecules show a high externalrelestinescent efficiency of 14%. Although
various materials for TADF with smal\Est have been reported as summarized above, there are
few systematic studies focusing on the effectstnfcsure on fundamental properties, such as the
optical and electrochemical properties particuldhly AEsr.

Recently, a sulfone-containing material attractedjan interest for high-efficiency OLEDs
because a sulfone moiety possesses a strong elestoepting nature. Some sulfone based
materials have been applied to realize high-peréorce OLEDs as a host, an electron transporter,
or an emitter [31-39]. Kido et al developed a nolgh triplet energyhost material with a sulfone
and m-terphenyl moieties for phosphorescent OLHDe performances of blue and green OLEDs
using such a system as a host material are theesiidévels in the scientic literature [33]. Zhang e
al reported two novel blue-violet emitting matesiabased on a Dr-A structural strategy
incorporating carbazole as a mild electron-donat smfone as an electron-acceptor with a
JT-conjugation-breaking feature. The two compoundkildk high-effciency uorescent emissions
with impressively high quantum yields in both sauatand film states. The nondoped devices based
onthese compounds achieved excellent current/povieieaties up to 1.89 cd A1.58 Im W' and
CIE below 0.06 [36]. Adachi et al developed a dimwe sulfone derivative,
bis(4-(3,6-ditert-butylcarbazole)phenyl)sulfon&d) (Scheme 1) as an emitter for blue OLEDS8a

possesses aEst of 0.32 eV and the corresponding blue OLED achiewe high external
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electroluminescent efficiency of 10% [27].

In this context, we became interested in the cale#gulfone derivatives, in which the number
and position of a 3,6-diert-butylcarbazole unit are systematically changedlavfixing the central
diphenyl sulfone backbone. Here, we report the Issis, structural features of
3,6-diert-butyl)-9-((phenylsulfonyl)phenyl)4d-carbazoles (1la-5a, Scheme 1). The thermal,
electronic, photophysical properties dh-5a were explored by extensive thermogravimetric
analysis, UV-vis, fluorescence spectroscopic measents, cyclic voltammetry (CV) and
theoretical calculations as well as X-ray crystgtlphic analysis. The energy difference between
singlet and triplet {\Est) in TC-DPSs is tuned from 0.39 eV to 0.22 eV bynipalation the number
and position of 3,6-diert-butylcarbazole unit.

2. Experimental
2.1 General

All reactants and solvents were purchased from cemial sources and used without further
purification.*H NMR and**C NMR spectra were recorded on a Bruker ARX300 N§fectrometer
with Si(CHg), as the internal standard. Elemental analysis veaf®pned on an Elementar Vario EL
CHN elemental analyzer. Mass spectra were obtaingidg a Thermo Electron Corporation
Finnigan LTQ mass spectrometer. UV-vis absorptiopecsra were recorded with a
spectrophotometer (Agilent 8453) and PL spectraewecorded with a fluorospectrophotometer
(Jobin Yvon, FluoroMax-3). The transient photoluescence decay characteristics l@F5a in
toluene were recorded using a spectrofluorometierdfmax-4, Horiba). The fast decay component
was recorded with a 350 nm LED excitation souwkile the slow decay component was recorded

with a flash lamp source. Thermogravimetric anay§TGA) was performed using a Netzsch
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simultaneous thermal analyzer (STA) system (STARXDPunder a dry nitrogen atmosphere at a
heating rate of 16C min®. Cyclic voltammetry measurements were performedaoRrinceton
Applied Research potentiostat/galvanostat model 2&88ammetric analyzer in Ci€l, solutions
(10°M) at a scan rate of 100 mV*ith a platinum plate as the working electrodsijlaer wire as

the pseudo-reference electrode, and a platinum wagsethe counter electrode. The supporting
electrolyte was tetrabutylammonium hexafluoroph@ph0.1M) and ferrocene was selected as the
internal standard. The solutions were bubbled véatltonstant argon flow for 10 min before
measurements.

X-ray crystallography: X-ray crystallographic analysis dfa were performed on a Nonius
CAD-4 single-crystal diffractometer by using Mg radiation ¢ = 0.71073 A) with anw/26 scan
mode at 293 K. The structure was solved by direethmds and refined by full-matrix least-squares
procedures off> using SHELXL-97 program. All non-hydrogen atomsreveefined anisotropically,
and the hydrogen atoms were introduced at calalptsitions. The isotropic temp. factors were
fixed to 1.2 times (1.5 times for GHyroups) the equivalent isotropic displacement patars of
the C-atom the H-atom is attached to. Drawings wawgluced using Diamond 3.0 and Mercury
1.4.1 software. CCDC 97377@4d) contains supplementary crystallographic data.s€hs#ata can be
obtained free of charge from the Cambridge Crystalphic Data Centre via www. ccdc. cam. ac.
uk/data request/cif.

DFT calculations ofia-5a were performed using the Gaussian 03 program packdwe
calculations were optimized at the B3LYP/6-31G@\dl of theory. The molecular orbitals were

visualized using Gaussview [40].



2.2 Synthesis of la-e
Synthesis of 4-bromo-diphenylsulfone (1b)

To a solution of bromobenzene (3.14 g, 20.0 mnaolj benzenesulfonyl chloride (3.53g, 20.0
mmol) in CHCE (40 mL) was added aluminum chloride (2.67g, 20.0Mymbhe reaction mixture
was heated under reflux for 24h, the resulting om&twas cooled to room temperature and then
poured into 40ml water and extracted with L (2x40 mL). The combined organic phase was
then washed with saturated aqueous NaCl solutis2@2mL) and dried with anhydrous p&O;.
After removal of the solvent by rotary evaporatiting residue was purified by silica gel column
chromatography to affordb as a white crystal. Yield: 69.54%. M.p.:109-1%0. 'H NMR(300
MHz, CDCh): 8(ppm) 7.94-7.91 (t, J=7.2Hz, 7.2Hz, 2H), 7.81-7(@9J=5.7Hz, 2H), 7.65-7.48 (m,
5H).

Synthesis of 3-bromo-diphenylsulfone (2b)

To a solution of dipenylsulfone (10.9 g, 50.0 mmof) 50 mL of HSO, was added
N-bromosuccnimide (8.9 g, 50.0 mmol) in fractiongeTreaction mixture was stirred at %0 for 2
h, the resulting mixture was cooled to room tempereand then poured into ice-water (100 mL).
The white precipitate was filtered and dried. Thede product was recrystallized from ethanol to
produce2b as a white solid. Yield: 86.59%. M.p.:90-8C. 'H NMR(300 MHz, CDC}): § (ppm)
8.08 (s, 1H), 7.96-7.94 (d, J=7.5Hz, 3H), 7.61-7(B05H).

Synthesis of di(3-bromophenyl)sulfone (4b)

To a solution of dipenylsulfone (10.9 g, 50.0 mmah H,SO, (50 mL) was added

N-bromosuccnimide (17.8 g, 100 mmol) in fractionseTreaction mixture was stirred at 18D for

2 h, the resulting mixture was cooled to room terapge and then poured into ice-water (100 mL).
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The white precipitate was filtered and dried. Thede product was recrystallized from ethanol to
producedb as a white crystal. Yield: 0.60 g (58.08%). M.B=800°C. *H NMR(300 MHz, CDC}):

& (ppm) 8.07(s, 2H), 7.88-7.86 (d, J=7.8Hz, 2H),377771 (d, J=7.8Hz, 2H), 7.40-7.38 (t, J=7.8Hz,
8.1Hz, 2H).

Synthesis of di(4-bromophenyl)sulfide (3c)

To a solution of 4-bromoiodobenzene (5.64 g, 20ak), 4-bromothiophenol (3.78 g, 20 mmol)
1,10-phenanthroline monohydrate (0.8 g, 4 mmolpMSO (40 mL) was added X 0O; (5.52 g, 40
mmol).The reaction mixture was then purged witlragen for ten minutes before adding.Ou
(0.144 g, 1 mmol). After heated under reflux forh2dnder nitrogen, the resulting mixture was
cooled to room temperature and then poured int@wdihe pale precipitate was filtered and dried.
The crude product was recrystallized from hexanprtmluce3c as a white crystal. Yield: 66.57%.
M.p.:111-112°C. 'H NMR(300 MHz, CDC}): § (ppm) 7.45-7.41 (m, 4H), 7.22-7.16 (m, 3H),
7.65-7.48 (m, 5H) [36].

Synthesis of di(4-bromophenyl)sulfone (3b)

To a solution of 30 mL kD, (30%, g/g) and 30 mL of HOAc was addad (3.44 g, 10 mmol) in
fractions. After heated under reflux for 24h, tesulting mixture was cooled to room temperature
and then poured into water. The white precipitates Viltered and dried. The crude product was
recrystallized from ethanol to produ@® as a white solid. Yield: 84.66%. M.p.:173-1%a@. H
NMR (300 MHz, CDC}): §(ppm) 7.80-7.77 (d, J=8.7Hz, 4H), 7.67-7.64 (d,.JEk&, 4H) [36].
Synthesis of 3, 4'-dibromo-diphenylsulfide (5c)

A procedure similar to that used f8c was followed but with 3-bromoiodobenzene inste&d o

4-bromoiodobenzene. After heated under reflux #rh2under nitrogen, the resulting mixture was
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cooled to room temperature and then poured intoewwalhe mixture was extracted with
dichloromethane (3x20 mL). The combined organicsghaas then washed with saturated aqueous
NaCl solution (2x10 mL) and dried with anhydrous,8i@,. After removal of the solvent by rotary
evaporation, the residue was purified by silica ggdumn chromatography to affoft as a white
solid. Yield: 58.08%. M.p.:64-65C. 'H NMR(300 MHz, CDC}): &(ppm) 7.49-7.43 (m, 3H),
7.39-7.36 (d, J=7.5Hz, 1H), 7.27-7.14 (m, 4H).

Synthesis of 3, 4'-dibromo-diphenylsulfone (5b)

A procedure similar to that used f8b was followed but withbc instead of3c.Yield: 78.08%.
M.p.:140-141°C. *H NMR(300 MHz, CDC4): §(ppm) 8.05 (s, 1H), 7.86-7.78 (t, J=7.8Hz, 8.1Hz,
8.4Hz, 3H), 7.71-7.64 (d, J=10.5Hz, 8.7Hz, 3H),177436 (d, J=7.8Hz, 8.1Hz, 1H).

Synthesis of 3,6-di-tert-butyl-9-(4-(phenylsulfonyl)phenyl)-9H-carbazole (1a)

To a solution of 1b (0.594 g, 2.0 mmol), 18-crown-6 (0.027g, 0.1 mmadnd
3,6-ditert-butylcarbazole (0.68g, 2.4 mmol) in tetrahydro-dliBethyl-2(1H)pyrimidine (DMPU)

(5 mL) was added ¥CO;(0.55g, 4.0 mmol). The reaction mixture was thengpd with nitrogen
for ten minutes before adding Cul (0.020 g, 0.1 ©ymbhe mixture was stirred at 170 for 24h
under nitrogen, the resulting mixture was cooleddom temperature and then poured into water
and extracted with C¥Cl, (3x20 mL). The combined organic phase was therhe@svith saturated
aqueous NacCl solution (2x10 mL) and dried with adroys NaSO,. After removal of the solvent
by rotary evaporation, the residue was purifiedslliga gel column chromatography to affatd as

a white solid. Yield: 65.01%. M.p.:276-27€. *H NMR(300 MHz, CDC}): §(ppm) 8.16-8.11 (m,
4H), 8.06-8.04(d, J=6.6Hz, 2H), 7.75-7.72(d, J=&4RH), 7.63-7.58 (m, 3H), 7.47-7.44 (t,
J=8.7Hz, 1.8Hz, 2H), 7.40-7.37 (d, J=8.7Hz, 2H}51(s, 18H)*C NMR (75 MHz, CDC}): §(ppm)
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143.7, 142.6, 141.1, 138.6, 137.9, 133.0, 129.B.1,2127.4, 126.1, 123.7, 123.6, 116.1, 108.8,
34.4, 31.6. MS (MALDI-TOF) [m/z]: calcd for £8H33NO,S, 495.22; found, 495.3912. Anal. Calcd.
for Cs2H3sNO,LS (%): C, 77.54; H, 6.71; N 2.83; S, 6.46. Found7Z.40; H, 6.78; N 2.88; S, 6.47.
Synthesis of 3,6-di-tert-butyl-9-(3-(phenylsulfonyl)phenyl)-9H-car bazole (2a)

A procedure similar to that used fba was followed but witi2b (0.594 g, 2.0 mmol) instead of
1b. Yield: 55.48%. M.p.:189-192C. 'H NMR(300 MHz, CDC}): &(ppm) 8.16-8.12 (d, J=8.7Hz,
1.5Hz, 3H), 8.01-7.99 (d, J=6.9Hz, 3H), 7.81-7.78, (3H), 7.70-7.55 (m, 3H), 7.48-7.44 (4,
J=4.8Hz, 6.9Hz, 2H), 7.30-7.28 (d, J=8.4Hz, 2H}71(s, 18H)°C NMR (75 MHz, CDC}): §(ppm)
143.4, 143.2, 140.9, 139.1, 138.1, 133.1, 130.4.4,3129.1, 127.5, 125.0, 124.9, 123.6, 116.1,
108.4, 34.4, 31.eMS (MALDI-TOF) [m/z]: calcd for G,H33NO,S, 495.22; found, 495.4332. Anal.
Calcd. for GzH33NO,S (%): C, 77.54; H, 6.71; N 2.83; S, 6.46. Found7Z.48; H, 6.79; N 2.87; S,
6.48.

Synthesis of bis(4-(3,6-di-tert-butylcar bazole)phenyl)sulfone (3a)

To a solution of 3b (0.376 g, 1.0 mmol), 18-crown-6 (0.027g, 0.1mmo#nd
3,6-ditert-butyl)carbazole (0.68g, 2.4 mmol) in DMPU (5 mLasvadded KCO; (0.55g, 4.0 mmol).
The reaction mixture was then purged with nitrof@mten minutes before adding Cul (0.020 g, 0.1
mmol). The following procedure was similar to thested forla. Yield: 58.21%. M.p.:367-376C.

H NMR (300 MHz, CDC)): & (ppm) 8.26-8.23 (d, J=8.4Hz, 4H), 8.13 (s, 4H)8377.80 (d,

J=8.4Hz, 2H), 7.50-7.43 (m, 8H), 1.46 (s, 36HC NMR (75 MHz, CDC}): 5 (ppm) 143.7, 142.8,
138.4, 137.9, 129.2, 126.2, 123.7, 123.6, 116.8,8,034.4, 31.6. MS (MALDI-TOF) [m/z]: calcd
for CsoHseN2O,LS, 772.41; found, 772.5745. Anal. Calcd. faphssN20.S (%): C, 80.79; H, 7.30; N

3.62; S, 4.15.found:C, 80.62; H, 7.38; N 3.67; 3,74



Synthesis of bis(3-(3,6-di-tert-butylcarbazole)phenyl)sulfone (4a)

A procedure similar to that used f8a was followed but witidb (0.376 g, 1.0 mmol) instead of
3b.Yield: 67.26%. M.p.:304-305C. *H NMR (300 MHz, CDCJ): § (ppm) 8.22 (s, 2H), 8.11-8.10
(d, J=2.1 Hz, 4H), 8.03-8.00 (d, J=7.8Hz, 4H), 7882 (d, J=8.4 Hz, 2H), 7.78-7.73 (t, J=8.4Hz,
8.4 Hz, 2H), 7.39-7.36 (t, J=1.8Hz, 6.9Hz, 1.8HEl)47.37-7.28 (d, J=8.7Hz, 4H), 1.43 (s, 36H).
3¢ NMR (75 MHz, CDCJ): & (ppm)143.4, 142.9, 139.3, 138.0, 130.7, 125.1,0,2523.6, 116.1,
108.4, 34.4, 31.6. MS (MALDI-TOF) [m/z]: calcd f@s,Hs56N20.S, 772.41; found, 772.6925. Anal.
Calcd. for GzHseN20,S (%): C, 80.79; H, 7.30; N 3.62; S, 4.15.found30,56; H, 7.42; N 3.68; S,
4.18.

Synthesis of 3,6-di-tert-butyl-9-(3-(4-(3,6-di-tert-butyl-9H-car bazol-9-yl)phenylsulfonyl)phenyl)
-9H-car bazole (5a)

A procedure similar to that used f8a was followed but wittbb (0.376 g, 1.0 mmol) instead of
3b.Yield: 68.56%. M.p.:195-196C. *H NMR (300 MHz, CDCJ): &(ppm) 8.24-8.08 (m, 8H),
8.87-8.78 (m, 4H), 7.50-7.41 (m, 6H), 7.36-7.33Jd8.7Hz, 2H), 1.47-1.46 (d, J=2.4Hz, 36LC
NMR (75 MHz, CDC§): & (ppm)143.8, 143.5, 143.1, 143.0, 139.3, 138.1,.0,3837.9, 130.6,
130.6, 129.3, 126.2, 125.0, 123.8, 123.6, 123.6,2,1108.8, 108.5, 34.4, 31.6, 31.5, 29.4, 26.6. MS
(MALDI-TOF) [m/z]: calcd for GyHseN2O.S, 772.41; found, 772.8536. Anal. calcd. for
Cs2Hs6N20,S (%): C, 80.79; H, 7.30; N 3.62; S, 4.15.found30,87; H, 7.25; N 3.63; S, 4.16.

3. Results and discussion
3.1 Synthesis and characterization
Scheme 1 and scheme 2 show the structures andesigntbutes of the synthesizéd-5a. Firstly,

3,6-ditert-butylcarbazole was synthesized according to tteedture procedure [41]. Subsequently,
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bromobenzene reacted with benzenesulfonyl chloudeer the catalyst of aluminum chloride to
provide the intermediatdb. The intermediate2b, 4b were synthesized via brominating by
N-Bromosuccinimide in sulfonic acid with diphenyl e as the starting material. The
intermediates3b, 5b were similarly synthesized through two steps. Tighenylsulfides were
prepared with 4-bromo-thiophenol, 4-bromo-iodobereze@nd 3-bromo-iodobenzene as materials
via C-S coupling according to the literature praoed[42]. The resultingdc, 5¢ went through
oxidization by HO, to provide3b, 5b. Finally, Ulmann coupling reaction of bromo-substied
diphenyl sulfone with 3,6-diert-butylcarbazole led tda-5a with a yield of 55.48% - 68.56%. The
products were purified by the silica column methaxd recrystallized from n-hexane/&E,,
yielding the very pure white powderdH NMR, *C NMR, matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectratry and elemental analysis were employed
to confirm the chemical structure d&-5a in the experimental section.
3.2 Structure Properties

The molecular structure dfa was further determined by single-crystal X-ray steylographic
analysis. The single crystal @a was obtained from slow evaporation of toluene softuat room
temperature, and the deposition number was CCD@ B, 3and the crystal data were summarized
in Table 1. As shown in Fig. 1areveals a twisted molecular structure with a diaédngle of 49
between carbazole unit and the adjacent phenyl, @ang a dihedral angle of 108 detween two
phenyl rings. The fact that the angles for O2-Sa@il C6-S-C7 are 120.@nd 106.1 may attribute
to the hydrogen bonds between O2, O1 and C12, @&mRhe data mentioned above, the
non-planarity and rigidity of the molecuie established, features which are essential inguing

molecule from close packing and hence severe cdrat@n quenching. The sulfone unit in the
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structure is beneficial for the reduction @f-conjugation, possibly leading to high triplet egner
3.3 Thermal properties of 1la-5a

The thermal propertiesf 1a-5a were investigated by thermal gravimetric analySe&SA) under
nitrogen atmosphere at a heating rate ofQ@nin®. The thermal gravimetric curves t&-5a are
presented irFig. 2. The comparison of the results is shown abl& 2. The results revealed that
la-2a present two main decomposition processes 3m#ba present only one main decomposition
process. The initial decomposition temperaturdaba range from 172C to 370°C and the final
decomposition temperature bé-5a range from 443C to 574°C. The number of the donor affects
the Td ofla-5asignificantly, 1a-2a have similar lower Td values th&a-5a. These may attribute to
more bulky structure a3a-5a than that ofla-2a [14].
3.4 The UV-vis absor ption spectra

Fig. 3 depicts the UV-vis absorption spectralaf5a in toluene. Three major absorption bands
locate at the range of 295-298 nm, 329-333 nm a#d-R5 nm in the absorption spectra,
corresponding to ther-77* transitions of phenyl in 3,6-diert-butylcarbazole, diphenyl sulfone
and the ICT transition. From the absorption edgehefUV-vis absorption, the optical bandgap (EQ)
of la-5a can be estimated to be 3.21 - 3.46 eV. The reshitav that the position of the donor
affects the Egalue significantly.la exhibits a lower Egalue than2a, 3a and5a exhibit lower Eg
values thanla, these may be attributed to the longer conjugabiiola, 3a and5a than that oRa, 4a.
The number of the donor has a slight effect onvhleie of the band gap. As shown in Fig. 3, the
magnitude of the band gap increased with the deere# the number of the donor. These
observations suggest that a donor-acceptor (D-p&-tstructure exhibits a higher Eglue than a

donor-acceptor-donor (D-A-D)-type structure. Thiaytbe attributed to the decrease of ICT leading
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to reduced 77- conjugation and wide bandgap.
3.5 Photoluminescence

Fig. 4 depicts the photoluminescence (PL) spectriacba in toluene. Their photoluminescence
propertiesare presented in Table 3a-5a exhibit broad and structureless emission bandh wit
maximum at 404-422 nm in toluene, which can beibsdrto the ICT. As is the case with thgax
values ofla-5a, their emission maxima\{) are generally dependent on the position of theodo
Introduction of 3,6-ditert-butylcarbazole at the 3-position of the diphenylf@ne induces a shift of
the emission maximum to longer wavelengths. Thailtesare similar to dibenzothiophene S,
S-dioxide(DBTO)-based flourophores [37]. Among theamanging the position oN-carbazole
group from 3,6-substitutions to 2,7-substitutionsluces a shift of the emission maximum from
424nm to 442nm. Conversely, the presence of fevomors reduces the electron-donating ability
and produces a shift of the emission maximum tortehowavelengths. We measured the
fluorescence spectra in various solvents with défifieé polarities. In the polar solvent methanol, the
emission maximum ofa-5a red-shift to 474-479 nm. Conversely, in the noapdaolvent hexane,
the emission maximum dfa-5a blue-shift to 369-393 nnThe Stokes shifts fata-5a are very large
in polar solvents as compared to non-polar solvardigating a considerable energetic stabilization
of the excited state in polar solvents.

The phosphorescence spectrdlafsa measured from a frozen 2-methyltetrahydrofuranrixait
77K is shown in Fig. 5. The triplet energy I#-5a was determined to the values of 2.75-3.13 eV by
the energy 0-0 phosphorescent emissitmhas thehighest triplet energy of 3.13 eV, which is in
agreement with the anticipation in single-crystatay crystallographic analysis.

3.6 Lippert-Mataga calculation
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The solvent dependence of the fluorescence indictdi@t the excited state is stabilized in more
polar solvents, as expected for an ICT. To obtaorarinformation about the change in the dipole
moment upon excitation, we use the Lippert-Matagaagion, Eq. (1), which express the Stokes
shift as a function of the solvent polarity paraerei\f (e, n) [43-44].

Av=v, -V, :(ZA,LJZ/hca3)Af (& n)+A (1)

Where Af (& n) is calculated from Eq. (2):

Af (&, n):[(g—l)/(2£+1)]—[(n2—]) /( h+ ])] (2)

Here, Av =v,-v, corresponds to the Stokes shift (in"Onbetween the maxima of absorption and
fluorescence emission. The other terms anexcorresponds to the Plank’s constant ¢616°%* J s),

c is the velocity of light in the vacuum (3%Q0° m s') and a is the solute cavity radius (m),
respectively. In Eq. (2), n andare the refractive index and the static dielectanstant of the
solvent, respectively.

Table 3 lists theAv values forla-5a in different solvents. For owing the similar sttuie with
the reported compound based on carbazole and su[88] we assumed the cavity radius 1&-5a
to be ca. 1 nm. Fig. 6 shows the linear Lippert-&dat plots with the slope values of 9272 tm
17130 cnit for 1a-5a. From the slope of this plot, the difference oé tlipole moment between the
excited state and the ground stghg/) were estimated to be 33 - 45 D fta-5a. This large change
in dipole moment upon excitation is typical for phimduced ICT processes, reflecting the effective
electronic communication between the donor 3,8edi-butylcarbazole group and the acceptor
diphenyl sulfone [36].

3.7 Delayed fluorescence

In addition, we determined the absolute fluoreseequantum yieldsd) of la-5a in toluene
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solution in air and in oxygen-free (by bubblingrogen through the solutions for 10 minutes to
exclude oxygen) by an integrating sphere systéne excitation wavelength used was 350 nm. As
shown in Table 3, thé; values ofla-5a are 0.221-0.54& toluene solution in aifThe positions of
the donor affect thed; values significantly. Introduction of 3,6-trt-butylcarbazole at the
4-position of the diphenyl sulfone increases @he/alues as found ida, 3a and5a compared to
those in2a, 4a, this may be attributed to the longer conjugatwbia, 3a and5a than that oRa, 4a.
The long conjugation leads to more overlap betwden HOMO and LUMO levels, which will
increase the radiative decay rate of the mateaeat®rding to the golden rule [45]. Meanwhi8a,

4a and 5a exhibit higher ®; values thanla and 2a. The observation suggests that a
donor-acceptor-donor (D-A-D)-type structure extsba higher®d; value than a donor-acceptor
(D-A)-type structure. For all the five compoundBe tbs values increased after nitrogen bubbling,
suggesting that nitrogen bubbling suppressed tle@ching of triplet states by oxygen in air and led
to increased delayed fluorescence a@ndvalues. The larger increase @n values of3a, 4a than
those ofla, 2a in the absence of oxygeshow that (D-A-D)-type structuresan emit more delayed
fluorescence tharthe correspondingdD-A)-type structures.These findings are in line with the
emitters reported by Lee [29]. The largest increimsé®; value indicates thada may be the best
TADF emitter amonda-5a.

Table 3 lists the prompt and delayed fluorescernfetirhe of 1a-5a in toluene. In airithese
solutionshave a lifetime of 4-6 ns attributing to the pronfliptorescence. After bubbling nitrogen
through the solutions for 10 minutes to exclude gety, as shown in Fig. 7 and S1 (In the
supporting information), the transient photolumicersce decay characteristidsese solutions show

two-component decays attributing to the prompt dethyed fluorescence, which are consistent
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with the results reported by Zhang et al [27]. Tetayed fluorescence db-5a in toluene, which
has a lifetime of 234-28ms, is more than four orders of magnitude longemthiae prompt
fluorescence, which has a lifetime of 6-30 ns. @bagon thatda shows the largest increase in the
lifetime of delayed fluorescence comparing to profiporescence reveals théa may be the most
potential TADF emitters amontp-5a.
3.8 Electrochemical analysis

The electrochemical properties td-5a were studied in solution through cyclic voltamnygt€V)
using tetrabutylammonium hexafluorophosphate assthgporting electrolyte and ferrocene as the
internal standard. The highest occupied molecultaital (HOMO) energy levels ofla-5a were
characterized (Fig. 8). During the anodic scan iH,Cl, solutions, 1a-5a exhibited similar
reversible oxidation process, which can be assigt®dthe oxidation of electron-donating
3,6-ditert-butylcarbazole moiety. No reduction waves wereeditd. On the basis of the onset
potentials for oxidation, the HOMO energy levelslaf5a were estimated to be -5.35 - -5.42 eV.
The effect of the number of the donor on the HOBI@rgy level is not evident. The LUMO energy
level of 1a-5a estimated from the HOMO energy level and Eg we@r8t - -1.93 eV.
3.9 DFT calculations

DFT calculations were performed to understandptfngsical properties dfa-5a at the molecular
level. The results are listed in Table 4, and ti@MDs and LUMOs ofla-5a are shown in Fig.9.
All the HOMOs of 1la-5a are evenly delocalized over the outer 3,Galt-butylcarbazole. The
LUMOs of la-5a are mainly delocalized over the central diphenylfane. The theoretically
calculated HOMO-LUMO gapsAEnomo-Lumo) are higher than those obtained in the UV-vis

spectroscopic measurementsEQ) by ca. 0.5 eV, probably reflecting that theco#tions are
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employed under the gas-phase conditions. With ddpethe effects of the conjugation 1a-5a on
their HOMO and LUMO levels, the theoretical caldidas are generally consistent with the results
obtained by the absorption spectra and CV. The dmmpounds exhibit small variations of HOMO
levels ranging from -5.37 to -5.46 eV, wherdlasir LUMO levels vary in a larger range from -1.48
to -1.61eV, depending on the coupling modes of tedeedonating moiety carbazole and the
electron-accepting moiety diphenyl sulfone.

Time dependent density functional theory (TD-DFBIculations can also predict theEst
changes of these five compounds, based on theungrstate geometries when optimized by the
DFT (B3LYP/6-31G*). Using the most popular B3LYP riity functional, the triplet energy of
la-5a were calculated to be 2.98-3.13 eV, which areaadgagreement with the results based on the
phosphorescence spectralaf5a measured from a frozen 2-methyltetrahydrofuranrimatt 77K
except2a. The singlet energy dfa-5a was calculated to be 3.26-3.45 eV. Tiest values ofla-5a
were calculated to be 0.22-0.39 eV. In comparisdth ia and 3a, 2a and 4a show greater
separation of the HOMO and LUMO orbitals. The lowsmrerlap between the HOMO and the
LUMO of 2a and4a indicate smaller energy difference between thigiglet and triplet CT states.
The AEst of 1a, 3a and5a are larger than that @a, 4a also confirm that the larger overlap between
the HOMO and LUMO of materials with 3,6-thrt-butylcarbazole at the 4-position. The calculated
results are in good agreement with the observatiorbe ®; and lifetime. As shown in Fig. 9, the
energy difference between singlet and triplsEdy) in 1a-5a is tuned from 0.39 eV to 0.22 eV by
manipulation of the position and the number of ékexctron donor units.

4. Conclusions

In summary, we have designed and synthesized aeriess  of
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3,6-ditert-butyl)-9-((phenylsulfonyl)phenyl)4d-carbazoles. Their thermal and photo-physical
properties have been investigated in detail by TGAY-vis, fluorescence spectroscopic
measurements, CV and DFT calculations. The eneagybgtween singlet and tripletKst) in these
compounds is tuned from 0.39 eV to 0.22 eV by malaition of the position and the number of the
electron donor units. Based on this study, we presenovel strategy for tuning the energy gap
between singlet and triplet in ambipolar systemsTADF by manipulation of conjugation of the
electron donor units.
Acknowledgments

This work was supported by the National NaturaleBce Foundation of China (Grant
N0.51103023 and 21173042), the National Basic RebeaProgram of China (Grant
N0.2013CB932900), the Research Fund for Graduateviation Project of Jiangsu Province
(NO.CXZz13 _0090), the science and technology suppoogram (industry) project of Jiangsu
province (BE 2013118) and Jiangsu Provincial NdtuiBaience Foundation for YouthSNo.

BK20130749 .

Reference
[1] Baldo MA, O’Brien DF, You Y, Shoustikov A, Sikly S, Thompson ME, et al. Highly efficient
phosphorescent emission from organic electrolunteesdevices. Nature 1998;395:151-4.
[2] Reineke S, Lindner F, Schwartz G, Seidler Nalyér K, Liieesem B, et al. White organic
light-emitting diodes with fluorescent tube effingy. Nature 2009;459:234-9.
[3] Uoyama H, Goushi K, Shizu K, Nomura H, Adac¢hi Highly efficient organic light-emitting
diodes from delayed fluorescence. Nature 2012;43240.

18



[4] Xiao LX, Chen ZJ, Qu B, Luo JX, Kong S, GondQet al. Recent progresses on materials for
electrophosphorescent organic light-emitting devidalv Mater 2011;23:926-52.

[5] Tao YT, Yang CL, Qin JG. Organic host matesifdr phosphorescent organic light-emitting
diodes. Chem Soc Rev 2011;40:2943-70.

[6] Toyota N, Nakanishi H, Ishizaka T, Pu YJ, Kido3,3-Bicarbazole-based host materials for
high-efficiency blue phosphorescent OLEDs with ertely low driving voltage. Adv Mater
2012;24:3212-17.

[7] Han CM, Zhang ZS, Xu H, Li J, Xie GH, Chen R#, al. Controllably tuning excited-state
energy in ternary hosts for ultra low-voltage-drivelue electrophosphorescence. Angew
Chem Int Ed 2012;51:10104-8.

[8] Kim, DW, Coropceanu V, Bredas JL. Design ofi@ént ambipolar host materials for organic
blue electrophosphorescence: theoretical charaetésnh of hosts based on carbazole
derivatives. J Am Chem Soc 2011;133:17895-900.

[9] Dias FB, Bourdakos KN, Jankus V, Moss KC, Kakdr KT, Bhalla V, et al.Triplet
harvesting with 100% efficiency by way of thermaHlygtivated delayed fluorescence in
charge transfer OLED emitters. Adv Mater 2013;29B14.

[10] Jiang W, Ge ZJ, Cai PY, Huang B, Dai YQ, SYMI, et al. Star-shaped dendritic hosts
based on carbazole moieties for highly efficieniédlphosphorescent OLEDs. J Mater
Chem 2012;22:12016-22.

[11] Zhang DD, Duan L, Zhang DQ, Qiao J, Dong @kng LD, et al. Extremely low driving

voltage electrophosphorescent green organic lighitteng diodes based on a host material

19



[12]

[13]

[14]

[15]

[16]

[17]

[18]

with small singlet—triplet exchange energy withputor n-doping layetOrganic Electronics

2013;1:260-6.

Zhang DD, Duan L, Li YL, Li HY, Bin ZY, Zhan®Q, et al.Towards high efficiency and low

roll-off orange electrophosphorescent devices hg funing singlet and triplet energies of

bipolar hosts based on indolocarbazole/1, 3, m@hybrids. Adv Funct Mater 2014, DOI:

10.1002/adfm. 201303926.

Zhang Q, Li B, Huang S, Nomura H, Tanaka Hiaghi C. Efficient blue organic

light-emitting diodes employing thermally activatédlayed fluorescence. Nature Photonics

2014;8:326-32.

Zheng CJ, Wang J, Ye J, Lo MF, Liu XK, FungKMet al. Novel efficient blue fluorophors
with small singlet-triplet splitting: hosts for Hity efficient fluorescence and
phosphorescence hybrid WOLEDs with simplified stawe. Adv Mater 2013;25:2205-11.
Zhang Q, Zhou Q, Cheng Y, Wang L, Ma D, Jing et al. Highly efficient

electroluminescence from green-light-emitting elechemical cells based on Geomplexes.

Adv Funct Mater 2006;16:1203-8.

Deaton JC, Switatski SC, Kondakov DY, Youngl, RPawlik TD, Giesen DJ, et al. E-type

delayed fluorescence of a phosphine-supported CuxlAr2)2 diamond core: harvesting

singlet and triplet excitons in OLEDs. J Am Chent2610;132:9499-508.

Hashimoto M, Igawa S, Yashima M, Kawata |,9Hono M, Osawa M. Highly efficient green
organic light-emitting diodes containing luminestémree-coordinate copper(l) complexes.
J Am Chem Soc 2011;133:10348-51.

Zhang Q, Komino T, Huang S, Matsunami S, Gouk, Adachi C. Triplet exciton

20



[19]

[20]

[21]

[22]

[23]

[24]

[25]

confinement in green organic light-emitting diodsmntaining luminescent charge-transfer
Cu(l) complexes. Adv Funct Mater 2012;22:2327-36.
Valeur B. Molecular Fluorescence Principleslapplications; Wiley-VCH: Weinheim, 2002:
41.
Endo A, Ogasawara M, Takahashi A, YokoyamaK@ato Y, Adachi C. Thermally activated
delayed fluorescence from SrPorphyrin complexes and their application to ofgan
light-emitting diodes-a novel mechanism for elekiminescence. Adv Mater 2009;
21:4802-6.

Endo A, Sato K, Yoshimura K, Kai T, Kawada A, Miyka H, et al Efficient up-conversion

of triplet excitons into a singlet state and itpkgation for organic light emitting diodes. Appl

Phys Lett 2011;98:083302.

Lee S, Yasuda T, Nomura H, Adachi C. Highi@éincy organic light-emitting diodes
utilizing thermally activated delayed fluorescerioem triazine-based donor—acceptor hybrid
molecules. Appl Phys Lett 2012;101:093306.

Goushi K, Yoshida K, Sato K, Adachi @rganic light-emitting diodes employing efficient
reverse intersystem crossing for triplet-to-singlstate conversion. Nat Photonics
2012;6:253-8.

Nakagawa T, Ku SY, Wong KT, Adachi Electroluminescence based on thermally activated
delayed fluorescence generated by a spirobifluodemer-acceptor structure. Chem Commun
2012;48:9580-2.

Gabor M, Nomura H, Zhang Q, Nakagawa T, AdaCh Enhanced electroluminescence

efficiency in a spiro-acridine derivative throughetmally activated delayed fluorescence.

21



Angew Chem 2012;51:11311-5.

[26] Tanaka H, Shizu K, Miyazaki H, Adachi Efficient green thermally activated delayed
fluorescence (TADF) from a phenoxazine-triphengltine (PXZ-TRZ) derivatives. Chem
Commun 2012;48:11392-4.

[27] Zhang Q, Li J, Shizu K, Huang S, Hirata S)ylliaki H, et al.Design of efficient thermally
activated delayed fluorescence materials for puoe lorganic light emitting diodes. J Am
Chem Soc 2012;134:14706-9.

[28] Li J, Nakagawa T, MacDonald J, Zhang Q, Noantt, Miyazaki H, et al.Highly efficient
organic light-Emitting diode based on a hidden mhaliy activated delayed fluorescence
channel in a heptazine derivative. Adv Mater 20533319-23.

[29] Lee J, Shizu K, Tanka H, Nomura H, YasudaA@achi C. Oxadiazole- and triazole-based
highly-efficient thermally activated delayed flusoence emitters for organic light-emitting
diodes. J Mater Chem C 2013;1:4599-604.

[30] Sato K, Shizu K, Yoshimura K, Kawada A, Miydd H, Adachi C.Organic luminescent
molecule with energetically equivalent singlet aftigplet excited states for organic
light-emitting diodesPhys Rev Lett 2013;110:247401-5.

[31] Huang TH, Lin JT, Chen LY, Lin YT, Wu CC. Dopar Dibenzothiophene S,S-dioxide

derivatives containing diarylamine: materials forgde-layer organic light-emitting devices.
Adv Mater 2006;18:602-6.

[32] Huang TH, Whang WT, Shen JY, Wen YS, Lin K€ TH, et al.Dibenzothiophene/oxide and

quinoxaline/pyrazine derivatives serving as elatti@nsport materials. Adv Funct Mater

2006;16:1449-56.

22



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Hsu FM, Chien CH, Hsieh YJ, Wu CH, Shu CFulLSW, et al. Highly efficient red
electrophosphorescent device incorporating a bipdtgphenylamine/bisphenylsulfonyl
-substituted fluorene hybrid as the host. J Mateer@ 2009;19:8002-8.
Kim SJ, Leroy J, Zuniga C, Zhang YD, Zhu Le&s JS, et al. High-efficiency blue-green
electrophosphorescent light-emitting devices usiris-sulfone as host in the emitting layer.
Organic Electronics 2011;12:1314-18.
Sasabe H, Seino Y, Kimura M, Kido A m-terphenyl-modifed sulfone derivative as a host
material for high-efficiency blue and green phosgscent OLEDs. Chem Mater 2012, 24,
1404-8

Ye J, Chen Z, Fung MK, Zheng C, Ou X, Zhang & al. Carbazole/sulfone hybrid
D- 77-A-structured bipolar fluorophores for high-effiaiey blue-violet electroluminescence.
Chem Mater 2013;25:2630-7.

Moss KC, Bourdakos KN, Bhalla V, Kamtekar KBryce MR, Fox MA, et al.Tuning the
intramolecular charge transfer emission from delege bo green in ambipolar systems based
on dibenzothiophene S,S-dioxide by manipulatiogarijugation and strength of the electron
donor units. J Org Chem 2010;75:6771-81.

Christensen PR, Nagle JK, Bhatti A, Wolf MdEnhanced photoluminescence of
sulfur-Bridged organic chromophoresAm Chem Soc 2013;135:8109-8112.

Moncalves M, Rampon D S, Schneider PH, Rooesch FS, Silveira CC. Divinyl
sulfides/sulfones-based Dz -A- 7 -D dyes as efficient non-aromatic bridges for
71-conjugated compounddPyes and Pigments 2014;102:71-8.

Gaussian 03 (Revision B.05). Wallingford GJaussian, Inc.; 2004.

23



[41] McClenaghan ND, Passalacqua R, Loiseau F,gagma S, Verheyde B, Hameurlaine A, et
al. Ruthenium(ll) dendrimers containing carbazodesdd chromophores as branches. J Am
Chem Soc 2003;125:5356-65.
[42] Sperotto E, Klink GPM, Vries JG, Koten IGgand-free copper-catalyzed CS coupling of aryl
iodides and thiols. J Org Chem 2008;73:5625-28.
[43] Sumalekshmy S, Gopidas KR. Photoinduced muiecular charge transfer in doner
acceptor substituted tetrahydropyrenes. JournBhgkical Chemistry B 2004;108:3705-12.
[44] Mataga N, Kaifu Y, Koizumi M. Solvent effectapon fluorescence spectra and the
dipolemoments of excited molecules. Bulletin of tl&hemical Society of Japan
1956;29:465-71.
[45] Zhang D, Duan L, Li C, Li Y, Li H, Zhang D,tal. High-efficiency fluorescent organic
light-emitting devices using sensitizing hosts wiahsmall singlet-triplet exchange

energy. Adv Mater 2014; DOI: 10.1002/adma.201401476

24



Figure Captions

Scheme 1. Structure ofla-5a.

Scheme 2. Synthetic route ola-5a.

Tablel. Crystal data and structure refinement far

Table 2. Values of the initial (), final decomposition temperaturesq)T Ty (corresponding to a

weight-loss of 5%) ofla-5a from the TGA.
Table3. Photoluminescence propertieslaF5a.
Table 4. Cyclic voltammetry, photoluminescence propertiesl éimeoretically calculated energy
levels ofla-5a.

Fig. 1. ORTEP diagram ota.

Fig. 2. TGA traces of thda-5a.

Fig. 3. Normalized UV-vis absorption spectra d-5a.

Fig. 4. Normalized photoluminescence spectraafsa.

Fig. 5. The phosphorescence spectrdafba measured from a frozen 2-methyltetrahydrofuran
matrix at 77K.

Fig. 6. Lippert-Mataga plots ota-5a.

Fig. 7. Emission decay ofla-5a in the absence of oxygen (by bubbling nitrogen throtigh
solution for 10 minutes to exclude oxygen) in taiaeat 300 K.

Fig. 8. Oxidation part of the CV curves @&-5a in CH,Cl, solutions (1GM).

Fig. 9. Optimized geometries and calculated HOMO and LUNEDsity maps fota-5a according

to DFT calculations at B3LYP/6-31* level.

S1. Emission decay curves and fitting curves laf5a in the absence of oxygen (by bubbling
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nitrogen through the solution for 10 minutes tolage oxygen) in toluene at 300 K. The value

of Adj. R-Square (>0.967) is used to ensure thdityuaf the fit.
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Table1l Crystal data and structure refinement far

Empirical formula GoH33NO,S

CCDC No. 973776

Formula weight 495.65

Temperature 293(2)

Wavelength 0.71073 A

Crystal system, space group monoclinic

Unit cell dimensions a=9.945(2) A a = 90.00°

b=11.848(2) A S =90.27(3)°
c=11.506(2) A y = 90.00°

Volume 1355.7(5) A

Z, Calculated density 2, 1.214 Mgim

Absorption coefficient 0.148 m

F(000) 528

Crystal size 0.10 x 0.20 x 0.30 mm
Theta range for data collection 1.77 to 25.39 deg.

Limiting indices O<=h<=12, -14<=k<=14, -13<=I<=13
Reflections collected / unique 4971 / 36&%,{= 0.0631]
Max. and min. transmission 0.9853 and 0.9569
Refinement method Full-matrix least-squares=n
Data / restraints / parameters 4971/11/325

Final R indices [>2sigmal)] R; = 0.0588wR, = 0.1435
Largest diff. peak and hole 0.251 and -0.177°%-A




Table 2 Values of the initial (§;), final decomposition temperaturesqyf)] T4 (corresponding to a

weight-loss of 5%) olla-5a from the TGA

Compd. Ti (°C) Tar (°C) Ta(°C)

la 220 452 297

2a 170 443 332

3a 370 549 427

da 369 560 421

5a 342 574 371

Table3 Photoluminescence propertieslaf5a
la 2a 3a 4a 5a
X(s n)
uv PL Ay Uuv  PL Av uv PL Av uv  PL Av uv PL Ay

hexane 0 343 377 2629 341 389 3619 344 369 1969 341 3938038343 379 2769
toluene 0.013 344 406 4439 342 414 5085 345 404 4355 3422 45543 344 410 4679
DCM 0.217 344 445 6598 342 451 7067 345 449 6714 3428 45406 344 452 6946
DMF 0.274 344 453 6995 343 462 7509 345 460 7246 3420 477963 345 462 7340
MeOH 0.307 345 474 7888 344 479 8193 346 475 7849 343 4 48493 345 477 8021
Slope 17130 14899 11076 9272 10963
R 45 42 36 33 36
Phos (nm) 396 451 403 405 416
Triplet(eV) 3.13 2.75 3.08 3.06 2.98
Eg(nm) 375 358 386 364 379
Eg(eV) 3.31 3.46 3.21 3.41 3.27
o;° 0.405 0.221 0.536 0.362 0.548
P;© 0.587 0.507 0.690 0.656 0.777
Ao, 0.182 0.286 0.154 0.294 0.229
1, (ns)® 5.57 4.68 5.31 5.59 5.20
,(ns)° 6.38 16.6 6.34 22.35 8.36




Tq (us) © 234 258 250 285 257

2 The phosphorescence spectrdafba are measured from a frozen 2-methyltetrahydrofumaitrix at 77K.

> @; andt,of la-5aaredetermined in toluene.

“Inthe absence of oxygen (by bubbling nitrogen throtighsolution for 10 minutes to exclude oxygen).

Table 4 Cyclic voltammetry, photoluminescence propertiesl dneoretically calculated energy

levels ofla-5a.

la 2a 3a 4a 5a

LUMO(eV)? -1.49 -1.48 -1.59 -1.61 -1.61
LUMO(eV) -2.07 -1.93 -2.10 -2.21 -2.18
HOMO(eV)? -5.47 -5.37 -5.41 -5.38 -5.42
HOMO(eV) -5.42 -5.36 -5.35 -5.36 -5.41

Eg(eV)y 3.97 3.89 3.82 3.77 3.80

Eg(eV) 3.31 3.46 3.21 3.41 3.27
Singlet(eV} 3.45 3.36 3.31 3.26 3.30
Triplet(eV) 3.06 3.12 2.98 3.04 2.99
Triplet(eV) 3.13 2.75 3.08 3.06 2.98
A Esr(eV)? 0.39 0.24 0.33 0.22 0.31

& Theoretically calculated energy levelsiat-5a.
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Fig. 9. Optimized geometries and calculated HOMO and LUMO density maps for 1a-5a.



Scheme 1. Structures of 1la-5a.
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A series of materias for thermally activated delayed fluorescence is synthesized.

The structure-property relationships are studied.

The energy gap between singlet and triplet is tuned from 0.39 eV to 0.22 eV.
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Figure S1. Emission decay curves and fitting curves of 1a-5a inthe absence of oxygen (by bubbling
nitrogen through the solution for 10 minutes to exclude oxygen) in toluene at 300 K. The value of

Adj. R-Square (>0.967) is used to ensure the quality of the fit.



