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Supplementary Material
1 Estimation of k3, f and Q from absorption and emission spectra (Hirata et al., 2015)

The relationship between the radiative decay rate (k;) and the absorption coefficient (g) in
fluorescent molecules can be expressed as

ki = 2.88 x 1077n?(v,~%)7! f e(vy)dInv, (S1)

-3y-1 _ ff(vf)dvf
J £ (ve)ve=2dvy

where vf is the fluorescence wavenumber, f (vf) is the fluorescence spectrum at vs, v, is the
absorption wavenumber, €(v,) is the coefficient at v, and n is the refractive index of the solvent at
the average wavenumber of fluorescence (vy) (Strickler and Berg, 1962). To obtain (Vf‘3)‘1, two
curves were plotted for each spectrum. One curve was the normalized intensities by emission peak
maxima at each frequency, and the other curve was v~ times this value at each frequency. The ratio
of the areas under the curves gives (Vf‘3)‘1. In an analogous process, (vy) is given by

(v (S2)

_ L (vp)vedvy
J £ (vp)dvy
[ e(vg)dInv, is the area under the curve of e(v,) for the charge transfer (CT) absorption band (red

solid curves in Figure S2) at Inv,. The relationship between the oscillator strength for absorption (f),
transition dipole moment for absorption (Q), and £(v,) can be experimentally determined as

(vr) (83)

o 8m?mec(vy)
f =432x10"n"1 j e(va)dva = <W> |Q|2 (54)
where m, is the electron mass, c is the speed of light, h is Planck’s constant, and e is the elementary
charge (Mulliken, 1939). Here, n is the refractive index of the solvent at the peak maximum of the
gauss curve of CT absorption.

2 Detailed derivation of expanded kinetic equations

When the direct non-radiative decay processes from the singlet (S1) and higher triplet (T,) state
to ground state (So) are scarcely occur and all intersystem crossing passes through the T, state, the
efficiency of each process (@) can written by

Ppp, + Prsc = Ppp, + Prsc(Prisc + Ple) = Prp, + Pppy + PrscPle(@pic + O + Pry)
= Gpp, + Ppp1 + PrscPicPric + Prsc PPl + Prsc P Pry
= @y, + Ppiy + Ppry + Ppnos + PrscPic Py = Py, + Ppiy + Pppy + Prsc @ Py
= Ppoy + D@l Prr = 1 (S5)



where &g, is the fraction of radiative decay from the excited lowest energy singlet (Si) state
(fluorescence), @;q. is the fraction of intersystem crossing (ISC), ®@g;sc IS the fraction of reverse
intersystem crossing (RISC) of triplet excitons, ®!. is the fraction of exothermic internal conversion
(1C) from the T, state to the lowest triplet (T1) state, ®F,. is the fraction of endothermic reverse IC
from the Ty to T, state, @] is the fraction of radiative decay of triplet excitons from the T state, ®~,. is
the fraction of non-radiative decay of triplet excitons from the T; state, @z, is the fraction of delayed
emission provided by @, ®r;sc (i.€. faster delayed fluorescence, @pr1), Ppr2 IS the fraction of latter
delayed fluorescence provided by @5 @7 ®%,c, Ppnos IS the fraction of phosphorescence provided by
Prsc PP}, Ppi is the total fraction of delayed emission via the Ty state (@pr; + Pppos), and Ppp oy
is the fraction of total emission efficiency provided by @z, + @pg1 + Ppis.

The singlet exciton lifetime (z5) and each triplet exciton lifetime (z, and 7,,) are written by

1

Ts =TrL =75 7
ki + kise

(S6)

1
Prrkrisc + kig

(87)

Trn = Tpe1 =

1
Drisckpc + kF + kL,

Tr1 = Tpg2 = Tpr2 = Tphos = (S8)

where k? is the radiative decay rate from the S; state, k;sc is the ISC rate, k3, is the non-radiative
decay rate from the S; state, kg;sc is the RISC rate, k! is the exothermic IC rate to the T state, k%,
is the endothermic reverse IC rate from the T state, k7 is the radiative decay rate from the T state and
kT. is the non-radiative decay rate from the T state. Considering the ISC/RISC cycle (limited by
krisc) and the IC/RIC cycle (limited by kg;c), the actual decay speed through the RISC and IC
processes should depend on @z, + @5, = 1 — @5 and g g, respectively. g, Tr, and T, are the
lifetimes of the observed fluorescence (z;), first component of delayed emission (tpg,) and second
component of delayed emission (7pg,), respectively.

The singlet and each triplet decay rate (k°, kT and kI) are written by

kS = ki +kisc =1/, (59)
ki = Prrkpisc + kic = 1/Tpp (510)
k) = ®prsckiic + kI + kb = 1/Tpg, (511)

Summarizing the above discussion, each efficiency is written by

kS

b, =—" — kSt S12
FL krs+k15c rTFL (512)
kisc
Dieqr =———"—=k S13
Isc krg ¥ kysc 1ScTFL ( )
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(pFLkRISC
Prisc = g LT (1 — Prsc)kriscToe (514)
FL™RISC IC
¢T=k—’TC=kTr =1-9 (515)
IC (DFLkRISC + k}TC IC*DE1 RISC
(DRISCkZ;IC
<15£1C = Brrse k£1c + kT + kI, = ¢R15Ck£ICTDE2 (S16)
o7 = r =kt (517)
T Opisckbic + KT+ KL T PR
of, = knr = KT Ty = PLOY (518)
" Ogsckbie HKEHEL T T PR T @ 0f,
Summarizing the above equations, each rate constant is written by
(o)
kS =L = kSop, (S19)
TFL
k _ (DISC _ ks _ ks
Ise = Prsc = k(1 — @) (S20)
k — (DRISC — (DDEI — cz)DEl i kskI (521)
Rise PrrTpr1 PrikiscTrLTpEr Pr, kisc
T 1 T
kic = E — Pprkrisc = ki — Prrkgisc (822)
1
oy oy D
kT . — RIC _ _ 1 ZRIC T, DE2 (= T ~ 0) (523)
kic TDEZ(DRISC 2 (DRISC 2 cz)ISCCZ)RISCQ)I’IZ: "
T
kI = —/—=kIoT (S24)
TDE2
L Y PO S Y $25
nr — TDEZ — R2¥nr — 2 (1 _ QFL)QI’I;: ( )

When we use the assumption of @[ as 0, the kZ,. is overestimated. From Eq. S5, the relationship of

&F,- and ®F is written by

(I)DEZ

O+ o =
T Dused);

(S28)

When the phosphorescence ratio in the second delayed emission (®,z,) can be estimated, both &7, .
and @] can be determined by Eq. S28. It would be reasonable to assume @ as 0 at 300 K, while the
phosphorescence ratio can be obtained by fitting of the prompt fluorescence emission and cryogenic

phosphorescence emission.



3 Supplementary Figures and Tables

Table S1. Calculated and estimated energy levels of pre-synthesized homo-junction materials.

Verticall®

Adiabatic

HOMO LUMO . . pPLQY Lifetime
Structure distributiont®! Distributiontsl  functionall//Functional2 g -y A s, T, Mg (%) (ns)®
(eV) (ev) (ev) (ev) (ev) (ev)
B3LYP//B3LYP 287 286 0.01 - - -
MO06-2X//M06-2X 3.80 331 049 342 233 073 16 72
LC-wPBE*1l//B3LYP 351 294 057 314 215 0.67 (22) (129)
Experimental'®! - - - 3.02 264 038
B3LYP//B3LYP 275 274 0.01 - - -
MO06-2X//M06-2X 390 333 057 311 228 0.55 19 120
LC-wPBE*(4//B3LYP 337 292 045 288 210 055 (25) (120)
Experimentall®] - - - 295 248 0.47
B3LYP//B3LYP 275 2.73 0.03 - - -
MO06-2X//M06-2X 3.66 3.18 0.48 - - - 0.9 3.0/7.9
LC-wPBE*!1//B3LYP 368 321 047 288 191 056 (19) (3.6/13.1)
Experimentall®! - - - 3.08 265 043
B3LYP//B3LYP 3.05 3.04 0.01
MO06-2X//M06-2X 399 352 047 - - - 1.4 2.7
LC-wPBE*l1//B3LYP 3.62 316 046 289 189 056 (1.9) (3.0/103)
Experimentall® - - 3.07 267 0.40

[a] Calculated using the B3LYP/6-31G(d) level of theory. [b] Vertical values were estimated using the
PCM(toluene)-TDA-Functional1/6-31+g(d)//Functional2/6-31g(d) level of theory. [c] Adiabatic

values were estimated using

the PCM(toluene)-TDA-Functional1/6-31+g(d)//PCM(toluene)-

TD(singlet)/DFT (triplet)-CAM-B3LYP/6-31g(d) level of theory. [d] ® values were tuned for S1, S2,
S3and S4 as 0.1831, 0.1713, 0.1868 and 0.1908, respectively. [e] Experimental values were measured
in toluene (1.0 x 10° mol L ™). [f] PLQY and lifetime values were measured in toluene (1.0 x 10~° mol
L) under air saturated or N saturated (bracketed) conditions.
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Table S2. DFT calculation results for final TADF candidates of 1-7.

TADF candidates Functionall//Functional2 Vertical® Adiabatic®
S, (ev) T, (ev) AEg; (eV) S, (ev) T, (ev) AEg; (eV)

B3LYP//B3LYP 3.07 3.05 0.02 3.64 2.63 0.02

1 MO06-2X//M06-2X 3.88 3.78 0.10 3.45 3.29 0.12

LC-wPBE*l//B3LYP 3.64 3.42 0.22 3.30 2.76 0.32
""""""""""""""""""""" B3LYP//B3LYP 313 308 005  N/AG N/AS N/ART

2 MO06-2X//M06-2X 4.04 3.73 0.31 3.86 354 0.33

LC-wPBE*[€//B3LYP 3.70 3.39 0.31 3.54 3.21 0.33
"""""""""""""""""""""" B3LYP//B3LYP 304 302 002 267 265 001

3 MO06-2X//M06-2X 3.84 3.74 0.11 3.47 3.26 0.13

LC-wPBE*l//B3LYP 3.39 3.61 0.22 3.31 2.74 0.33
"""""""""""""""""""""" B3LYP//B3LYP 308 307 001 268 266 001

4 MO06-2X//M06-2X 3.85 3.78 0.07 3.44 3.27 0.08
____________________________________ LCwPBE*Y//B3LYP 350 341 009 319 278 019

B3LYP//B3LYP 3.03 2.98 0.05 N/Al N/AL N/AL

5 MO06-2X//M06-2X 3.95 3.73 0.22 3.79 3.50 0.29

LC-wPBE*[<//B3LYP 3.62 3.38 0.24 3.43 3.17 0.26

B3LYP//B3LYP 3.00 2.97 0.03 N/AL] N/AL] N/AL]

6 MO06-2X//M06-2X 3.94 3.75 0.19 3.71 3.56 0.15

LC-wPBE*<//B3LYP 3.57 3.39 0.18 3.43 3.26 0.17

B3LYP//B3LYP 2.99 2.97 0.02 N/AL N/AL N/AL

7 MO06-2X//M06-2X 3.87 3.61 0.26 3.68 3.42 0.26

LC-wPBE*l//B3LYP 3.55 3.44 0.11 3.37 3.13 0.24

[a] Vertical values were estimated using the PCM(toluene)-TDA-Functional1/6-31+g(d)//Functional2
/6-31g(d) level of theory. [b] Adiabatic values were estimated using the PCM(toluene)-TDA-
Functional1/6-31+g(d)//PCM(toluene)-TD(singlet)/DFT (triplet)-CAM-B3LYP/6-31+g(d) level of
theory. [c¢] ® values were tuned for 1, 2, 3, 4, 5, 6 as 0.1850, 0.1843, 0.1839, 0.1841, 0.1843, 0.1843
and 0.1843, respectively. [d] Adiabatic T1 energies from B3LYP single-point calculations were not
available since TDA calculations at B3LYP failed to converge at a triplet state that is lower in energy
than S; state at the geometry optimized with CAM-B3LYP.



Table S3. HOMO-LUMO distributions and natural transition orbitals (NTO) for the lowest singlet
excitation of 1-7 calculated by DFT with the B3LYP/6-31+g(d) level of theory (Martin, 2003).
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Figure S2. Absorption characteristics of guests in toluene solution; (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6,
(9) 7. In general, the lines represent the molar absorption coefficient (&) vs. absorption photon energy
characteristics. Colored lines represent fitting curves when the fine spectra (dotted red line) are
expressed by a summation of each curve based on the Gaussian model: en(v) = An exp(—(v—Bn)%/2Cr?)
(n=1, 2, 3...), where An is the amplitude, Bn is the average wavenumber and C, is the distribution
parameter. Solid black lines are experimental spectra. The absorption with the lowest absorption
wavenumber (red solid lines) corresponds to CT absorption in each of 1-7.
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Figure S3. Summary of observed exciton energy levels of charge transfer singlet state (*CT), charge
transfer triplet state (3CT) and local excited triplet state °LE) of 1-7. 3CT for 1, 2, and 5 could not be
observed by spectroscopy, 3CT for 4 and 7 were observed in phosphorescence as a mixing to 3LE.



T
G
=
=

10* 104 104 104
210 2 10° £ 10° £ 10°E
3 =1 3 =1
o o o o
5 S S S
10 > 107 > 107
E 10! £ 10! £ 101k £ 10'E
100 100 -l | i 100 .__ilH.I_IIl,L.._.,.I S 100 L -
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
Time/ns Time / ns Time / ns Time / ns
e f
() e 0 . (® .
2107k 2 10%k 2 10°
c c =
=1 = =
o o o
S S S
~ ~ ~
> 102 = 10? = 102
2 2 £
2 b=} ]
£ 10'f E10'f £ 10
10° J-J— 109 —— LWL L 100
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
Time / ns Time / ns Time / ns

Figure S4. Transient emission decay curves in toluene solution (1.0 x 10° mol L™); (a) 1, (b) 2, (c) 3,
(d) 4, (e) 5, () 6, (g) 7; black lines, N> saturated conditions; gray lines, air saturated conditions.
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Figure S5. 'H NMR spectra of 1-7, Ph-DMAc and DBF in THF-ds solution. Broken red and blue
lines indicate proton peaks based on DBF and DMACc units of Ph-DMAC, respectively.
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Table S4. *H NMR chemical shifts (ppm) of DMAc units for 1-7 and Ph-DMAc in THF-ds

H! H? H3 H? Me
1 7.58 6.80 6.88 6.15 1.97/1.68
2 7.46 6.85 6.87 6.26 1.69
3 7.50 6.90 6.92 6.31 1.72
4 7.53 6.88 6.91 6.26 1.72
5 7.48 6.88 6.92 6.32 1.70
6 7.52 6.92 6.95 6.35 1.74
7 7.31 6.70 6.76 6.19 1.42
Ph-DMAc 7.47 6.88 6.92 6.25 1.68

Table S5. *H NMR chemical shifts (ppm) of DBF units for 1-7 and DBF in THF-ds.

HI(HY)  H2(H®)  H3(H7)  He(HS)
- 7.35 7.76 7.84
! (7.22) (7.02) (7.39) (7.61)
8.06 - 7.43 7.87
(8.03) (7.36) (7.52) (7.66) —
; 8.34 7.36 - 7.68 sHaH)
(8.16) (7.45) (7.56) (7.69) ol ey OH)
8.25 7.64 7.54 -
(8.14) (7.40) (7.47) (7.50)
8.13 - 7.55 8.00
8.46 7.45 - 7.77
7 8.31 7.66 7.58 -
DBF 8.05 7.37 7.48 7.61
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Figure S6. Temperature dependency of transient emission decay of DPEPO films doped with (a) 5
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Figure S8. Temperature dependency of delayed emission spectra of DPEPO films doped with 7 (6
wt%).
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Table S6. Photophysical properties using the four-state analysis for 1-7; ®F were assumed as 0 for

simplicity.
1 2 3 4 5 6 7

Opiay 0.15 0.14 0.14 0.11 0.27 0.39 0.15

S1 (eV) 3.38 3.43 3.42 3.41 3.18 3.25 3.37
T; (eV) 3.08 3.07 3.00 3.18 3.10 2.90 3.08
AEst (eV) 0.30 0.36 0.42 0.23 0.08 0.35 0.29

Torompt (NS) 4.1 6.8 3.6 36 3.0 3.5 3.4
Tdelayt (S) 231 78 8.13 237 63 212 172

Taelay2 (M) 3.7 0.53 - 15.6 0.43 7.3 2.2
Oprompt 0.012 0.044 0.020 0.007 0.051 0.051 0.036
Ddelay1 0.035 0.043 0.120 0.006 0.107 0.019 0.043
Ddelay2 0.103 0.053 - 0.097 0.112 0.319 0.072
k. (107 s 0.30 0.64 0.55 0.20 1.69 1.46 1.05
kisc (10% s) 2.41 1.41 2.72 2.76 3.16 2.71 2.84
krisc (10* s) 1.25 1.33 0.08 0.38 3.51 0.19 0.72
k'ic (10° s 4.18 12.2 - 4.20 14.0 4.62 5.56
kK'rc (10°s?)  8.25 24.2 - 9.86 27.8 22.8 8.00
Ko (102 s 2.43 1.79 1.08 0.58 20.3 0.89 4.18
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Figure S9. Device performance of 7; (a) current density-voltage (J-V) plot, (b) external quantum
efficiency (EQE)-luminance plot, (c) electroluminescence (EL) and PL spectra and (d) location of EL
emission on the CIE coordinate system (0.161, 0.083).
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