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S1. Materials and Methods

Chemicals. Compounds BIC, BIC-mCz, BIC-pCz, mDBIC and pDBIC were synthesized as
previously reported.! All solvents used for spectral measurement are chromatographic pure
without further purification.

Stationary Spectral Measurements. Absorption spectra were measured on a spectrophotometer
U-3900 (Hitachi, Japan), with an optical density between 0.15 and 0.3 at the peak of the lowest
absorption band. Fluorescence spectra were measured on a spectrometer F-4600 (Hitachi, Japan).
For fluorescence measurements, the absorbance of the solutions at the band maximum was around
0.1 OD over | cm.

Femtosecond Transient Absorption Spectral Measurements. Femtosecond time-resolved
transient absorption spectra were measured using a commercial transient absorption spectrometer
(Harpia-TA, Light Conversion). Briefly, fundamental pulses are derived from an amplified
femtosecond Ti:sapphire laser (Astrella, Coherent). The laser delivers 40 fs pulses at 1kHz and the
output is split for white-light continuum generation and optical pumping. The white-light
continuum is used as a broadband optical probe from the near-UV to the near-infrared. It is
generated by focusing the fundamental laser beam into a 2 mm thick CaF, plate, which is oriented
and continuously shifted in perpendicular directions. The required pumping pulse is obtained by
an optical parametric amplifier (TOPAS-C, Light Conversion). The pump and probe beams were
overlapped on a 1 mm thick sample cell and the included polarization angle was set to the magic
angle (54.7°) to record the isotropic response. Transient absorption is calculated from consecutive
pump-on and pump-poff measurements and averaged over 1000 shots. UV-Vis absorption spectra
of the samples are measured before and after every measurement in a spectrophotometer. No
significant photodegradation was observed. The femtosecond time-resolved differential
absorbance data were analyzed by using R-package TIMP software with the graphical interface
Glotaran? and CarpetView (Light Conversion). In the global target analysis, the differential
absorbances AA(t, 1) are decomposed as a superposition of several principal spectral components
&i(A) weighed by their concentrations ¢,(¢): 3

AA(t,A) = c;(t)g; (A

(t2) ; ©e®
Nanosecond Transient Absorption Spectral Measurements. The ns-TA spectra were measured
by a commercial spectrometer (Time-Tech Spectra). The generation of the pump beam is the same
as that in fs-TA. The probe beam was generated from a supercontinuum laser (LEUKOS-DISCO,
French) with the spectral region from 350 to 1800 nm, the repetition rate is 2 kHz, pulse width is
700 ps-1 ns. There is no photodegrading after ns-TA experiments by checking the steady-state
absorption spectra.
Quantum Chemical Calculation. The calculations are performed using density generalized
function theory (DFT) and time-dependet DFT (TD-DFT) methods with high-nonlocality hybrid
functional, which allows for geometric optimization and excitation energy calculations with a 6-
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31G(d,p)* basis set by fitting parameters that better describe the weak interactions M06-2X.° In all
the cases, frequency analysis was made after geometry optimization to ensure the convergence to
an energy minimum. All simulations were implemented for isolated molecules using the Gaussian
16 software package.® The nucleus-independent chemical shifts (NICS) were also calculated by
Gaussian 16 software package. Electronic excitation analysis, visualization of electron-hole
density, interfragment charge transfer (IFCT) calculations, natural transition orbit (NTO)
calculations, natural bond/atomic orbital (NAO/NBO) and orbital delocalization index (ODI) were
conducted by the Multiwfn’ and VMD program.® The spin-orbit coupling (SOC) matrix elements
between the excited states were calculated by the TD-DFT at the B3LYP-D3/def2-TZVP level
without Tamm-Dancoff approximation on the optimized S, geometries using ORCA 5.0 program
package.’
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S2. Supplementary Photophysical Parameters
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Figure S1. Simulated electronic absorption spectra of (a) BIC, (b) BIC-mCz, (c) BIC-pCz, (d)
mDBIC and (e) pDBIC in Toluene (Tol). The spectrum is simulated based on the TD-DFT vertical
excitation energies calculations on the optimized ground-state geometry. The spectral profiles are
reconstructed by the GaussView software. The excitation energies of the major transitions and the
corresponding oscillator strength (f) are depicted in the figure. The calculations were on the
theoretical level of M062X/6-31G(d,p) (half-peak width was set as 0.2 eV).
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Figure S2. Fluorescent spectra of (a) BIC, (b) BIC-mCz, (c¢) BIC-pCz, (d) mDBIC and (e)
pDBIC in solvents with different polarities are excited by 360 nm; (f) Normalized spectra in Tol.
(cyclohexane (c-HEX), ¢ = 2.01; toluene (Tol), € = 2.38; tetrahydrofuran (THF), ¢ = 7.58;
dichloromethane (DCM), € = 8.93).
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Table S1. Photophysical Properties of BIC Derivatives.

compound solvent Ay ApL PL PL Stokes shift solvatochromic
[nm] [nm] FWHM FWHM [nm]/[cm™!] shift
[nm] [cm!] [nm]/[cm™]*

BIC c-HEX 408 431 27 1431 23/1308

Tol 408 439 29 1482 31/1730

THF 408 439 31 1640 31/1730

DCM 407 441 33 1665 34/1834 10/526
BIC-mCz c¢-HEX 408 431 28 1488 23/1308

Tol 408 435 30 1509 27/1521

THF 407 437 34 1742 30/1687

DCM 407 439 37 1931 32/1791 8/423
BIC-pCz c-HEX 420 460 34 1581 40/2070

Tol 420 467 41 1806 47/2396

THF 419 470 47 2083 51/2590

DCM 418 478 54 2312 60/3003 18/819
mDBIC c-HEX 408 427 28 1508 19/1091

Tol 408 433 29 1523 25/1415

THF 407 436 39 1939 29/1634

DCM 407 439 32 1687 32/1791 12/640
pDBIC c-HEX 514 528 27 929 14/516

Tol 514 536 30 1037 22/799

THF 512 536 31 1069 24/874

DCM 513 539 32 1090 26/940 11/387

* The solvatoschromic shift is quantified by comparing the PL centers between the non-polar c-

HEX and polar DCM.
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Table S2. Photophysical properties of BIC-mCz, BIC-pCz, mDBIC and pDBIC in 2 wt%-doped
mCP films®.

7»em/ Dpr/ Dpp twpr/  Tpr/ ke / kIC/ kISC/ kRISC/ AEgy

Emitt

et m % /% s pus  107st 107st 106s! 103s! /eV
BIC- 432 812 0.8 5.6 250 14.2 3.2 1.7 4.0 0.29
mCz

]:)ICCZ- 471 950 1.0 125 328 7.7 0.3 0.8 3.1 0.15

mDBIC 431 66.7 13 64 202 10.6 4.9 3.0 50 031

pDBIC 539 850 N/A 113 NA 75 1.3 N/A N/A 035

2all the data have reported in the previous work.!

For the fused skeletons isomer, the reorganization energy of mDBIC (0.18 eV) is higher than
pDBIC (0.16 eV). Additionally, pDBIC shows better suppression of high-frequency modes (2500
to 3500 cm!) to its isomer, mDBIC (Figure S18). Thus, the kjc of mDBIC in in 2wt%-doped
mCP film is faster than pDBIC lead to the PLQY of pDBIC (85.0%) is higher than mDBIC
(66.7%). For the AEgr parameter, mDBIC (0.31 eV) and pDBIC (0.35 eV) have close value due
to they are isomers. Besides, mDBIC shows delayed fluorescence properties in in 2wt%-doped
mCP film while pDBIC do not exhibits delayed fluorescence properties. Therefore, it is hard to
discuss the kgjsc between mDBIC and pDBIC.

Table S3. EL properties of the OLED devices based on these emitters.?

Emitter AgL [nm] EQE.ax [%] FWHM [nm] CIE [x,y]
BIC-mCz 432 19.4 42 (0.16, 0.05)
BIC-pCz 466 39.8 48 (0.14, 0.16)

mDBIC 431 13.5 42 (0.16, 0.05)

pDBIC 535 31.0 30 (0.33,0.64)

2all the data have reported in the previous work.!
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S3. Electronic Excitation Analysis

Table S4. TD-DFT Calculated Electronic Excitation Properties of the BIC.

Electronic Excitation Oscillator Transitions
Transition Energy/ eV Strength
Sy geometry
Sy — S, 3.6673 0.2800 H— L (95.2%)
H-1 —- L (51.5%)
So— S 4.1727 0.0044 H-2 — L (38.6%)
H-2 - L (50.1%)
So— S3 4.2608 0.0578 H-1 — L (34.2%)
H-3 — L (57.2%)
So— S4 4.7155 0.0155 H-4 — L (21.3%)
H — L+1 (63.3%)
Sy — Ss 4.7267 0.0955 H-5 — L (8.8%)
Se— T, 2.9712 0.0000 H — L (90.5%)
H-1 — L (62.5%)
T 2 .
So — T, 3.2950 0.0000 H-1 — L+1 (9.7%)
H-4 - L (489%)
Sy — T 3.8102 0.0000 H — L+2 (19.6%)
H-2 — L (46.5%)
T 9832 .
So — Ta 3.983 0.0000 H-2 — L+4 (19.0%)
+ 39
- 10253 0.0000 H — L+1 (53.3%)

H-5 — L (8.2%)
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Table SS. TD-DFT Calculated Electronic Excitation Properties of the BIC-mCz.

Electronic Excitation Oscillator

T iti
Transition Energy/ eV Strength ranstions
Sy geometry
So — S 3.6799 0.2460 H-1 — L (93.4%)
H — L (80.7%)
So— S» 3.8475 0.4083 H — L2 (6.2%)
H-4 — L (47.2%)
4.1 .0321
So— Ss 667 0.03 H-3 — L (42.0%)
H-3 — L (43.6%)
So — S4 4.2581 0.1246 H-4 > L (41.8%)
H — L+1 (88.2%)
So — Ss 43111 0.0466 H-2 — L+5 (1.2%)
So— T, 2.9947 0.0000 H-1— L (87.2%)
H-3 — L (59.1%)
So— T 3.2953 0.0000 H-3 — 142 (12.3%)
H— L (55.2%)
So — T3 3.3934 0.0000 H-7 - L (11.9%)
So— T4 3.6342 0.0000 H — L+1 (89.1%)
- + 30
So — Ts 3.6921 0.0000 H-2 = 141 (71.3%)

H— L+5 (11.1%)
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Table S6. TD-DFT Calculated Electronic Excitation Properties of the BIC-pCz.

Electronic

Excitation

Oscillator

Transition Energy/ eV Strength [ramtons

Sy geometry
So— S 3.4334 0.1883 H}_IZ:LL(ZESZ’)/?))
So— S, 4.0124 0.1176 E:? : II: g?):izﬁ:;
So— Ss3 4.1180 0.0023 E:g : E ggzgzﬁ;;
s s o1 ey
So— Ss 4.2886 0.0393 Ei - E 8353
Sy T, 2.8229 0.0000 HI__Iz_;LL(i?? 18;/‘2)
So— T 3.2765 0.0000 ﬁji I E Eﬁ;;g
Sy — T 3.5835 0.0000 E.;_LszS i843//))
So— T4 3.6155 0.0000 i;i—f ((2222.'(?:://:))
‘o o 00000 H-1 — L+2 (58.9%)

H-2 — L+2 (11.0%)
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Table S7. TD-DFT Calculated Electronic Excitation Properties of the mDBIC.

Electronic

Excitation

Oscillator

Transition Energy/ eV Strength [ramsition

Sy geometry
s 1689 o L e
So— S, 3.8161 0.2678 Hﬁ :ILSS(;Z’;))
So— S 4.0125 0.1766 HHI; HLIT 1(1((5)53‘?/:?)
Sy — S, 4.0745 0.2651 HH2 LHLIQ(Z(?;ZZ))
So— S5 4.1311 0.0244 HI:15-2—>_)L5-1(2(§41(()¢;))
Sy — T 3.1059 0.0000 i:i—:} ((??4(1).'89:://:))
So— T, 3.1846 0.0000 H_IiI:IZ—(f(z.SZ/;)%)
Sy — T 3.2933 0.0000 HI_{2_2_>_)LI;1(2(41‘:21.;/(%)
_— 3307 oo B0
‘o s 0,000 H-1 — L+1 (23.4%)

H— L (23.2%)
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Table S8. TD-DFT Calculated Electronic Excitation Properties of the pDBIC.

Electronic Excitation Oscillator

Transition Energy/ eV Strength Transifions
Sy geometry

Sy — S, 2.9929 0.2775 H— L (95.1%)
H — L+1 (45.9%)
H-2 — L (51.5%)

So— S; 3.9717 0.0258 H-5 — L (14.6%)
H-4 — L (50.5%)

So — Sy 4.0105 0.0046 H-3 — L (29.2%)
H-5 — L (63.3%)

So — Ss 4.0418 0.0650 H-2 — L (6.4%)

Sy — T, 2.3184 0.0000 H — L (88.8%)
H — L+1 (40.4%)

T .002 .

So— T, 3.0029 0.0000 H-1 — L (38.6%)
H-2 — L (36.4%)

So— T; 3.2186 0.0000 H-2 — L+1 (15.1%)
H-3 — L (36.8%)

So— T4 3.2704 0.0000 H-3 — L+1 (24.3%)

_ 0
- s 0.0000 H-8 — L (46.1%)

H — L+3 (19.6%)
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Figure S4. NTO analysis of BIC-mCz at the optimized S, geometries.
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Figure S5. NTO analysis of BIC-pCz at the optimized S, geometries.
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Figure S8. The calculated HOMO, HOMO-1 and HOMO-2 distribution of BIC segment. The
distribution of C1 and C2 in HOMO was also provided.
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Figure S10. The chemical structure atomic labeling in Table S9
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Table S9. Contribution of Natural Atomic Orbitals (NAO) in BIC, mDBIC and pDBIC.

BIC mDBIC pDBIC
lables contribution / % lables contribution / % lables contribution / %
HOMO
1-C 9.16 1-C 6.16 1-C 3.75
2-C 4.84 2-C 443 2-C 3.12
3-C 4.14 3-C 0.23 3-C 2.46
4-C 8.39 4-C 0.51 4-C 2.77
5-C 7.34 5-C 4.26 5-C 3.98
6-C 6.38 6-C 5.39 6-C 3.07
7-C 5.04 7-C 2.64 7-C 4.95
8-C 7.36 8-C 14.5 8-C 6.86
9-C 8.20 9-C 3.33 9-C 1.49
10-N 18.7 10-N 9.51 10-C 1.45
11-N 10.9 11-C 7.06
12-C 4.94
13-N 10.8
14-N 11.2
LUMO

11-C 13.2 12-C 3.62 7-C 1.92
12-C 5.77 13-C 12.9 8-C 6.12
13-C 8.17 14-C 8.59 9-C 5.97
14-C 4.78 15-C 9.47 10-C 6.05
15-C 0.95 16-C 1.71 11-C 5.82
16-C 12.6 17-C 0.07 12-C 2.01
17-C 2.56 18-C 1.36 15-C 4.60
18-C 2.78 19-C 1.69 16-C 5.23
19-B 27.9 20-C 4.77 17-C 1.22
21-B 11.2 18-C 1.02
22-B 21.8 19-C 5.34
20-C 5.07
21-B 18.0
22-B 17.0
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Side view

Top view

Figure S11. The intramolecular dihedral angles of B-N skeleton unit and carbazole unit in the S,
and S; of BIC-mCz.

Side view

Top view

Figure S12. The intramolecular dihedral angles of B-N skeleton unit and carbazole unit in the S,
and S; of BIC-pCz.
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Side view

Top view

Figure S13. The intramolecular dihedral angles of B-N skeleton unit and carbazole unit in the S,
and S; of mDBIC.

Side view

Top view

Figure S14. The intramolecular dihedral angles of B-N skeleton unit and carbazole unit in the S,
and S; of pDBIC.
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Figure S15. Electron-hole analysis of (a) BIC, (b) BIC-mCz, (c¢) BIC-pCz, (d) mDBIC and (e
2 b

pDBIC in S; state at the optimized S, geometries.. The blue and green color represent the hole and
electron, respectively.
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Figure S16. Root-mean-square displacement (RMSD) values of target molecules between S, and
S, state.

Table S10 The Intramolecular Dihedral Angles of B-N Skeleton Unit and TCz Unit in the Sy and
S; of BIC-mCz, BIC-pCz, mDBIC and pDBIC.

Dihedral
. BIC-mCz BIC-pCz mDBIC pDBIC
angle/
BOso 43.40 38.19 16.91 1.92
Os 46.74 24.72 19.20 2.27
| 051-0so | 3.34 13.47 2.29 0.35
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Figure S17. The sketch of the potential energy surfaces for the S; and Sy states, illustrates the
normal-mode displacement (AQ) and the total relaxation energy 4 (4 = A;+ Ay).

Table S11 Reorganization energy of BIC, BIC-mCz, BIC-pCz, mDBIC and pDBIC.

lI/eV i[l/eV i=/11+)\.11/ev
BIC 0.10 0.11 0.21
BIC-mCz 0.09 0.10 0.19
BIC-pCz 0.16 0.17 0.33
mDBIC 0.10 0.08 0.18
pDBIC 0.08 0.08 0.16
b
2 27 ElccC ( )100- Il BIC
1-L - 501 I I I .II
04 e 0+
[&]
e 23 Bl BIC-mCz — 60 I sIC-mCz
Q >
2k polaad ot .
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w0 2 o
D 12+ Bl 5/C-pCz L 400 Bl siCpCz
T 6 l S 200
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Figure S18. (a) The Huang—Rhys factor (Sx) and (b) reorganization energy contribution (4y) of
each vibrational mode of BIC derivatives for the S; — S, transition.
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Figure S19. Duschinsky matrix of the 219, 351, 351, 408 and 408 vibrational modes of BIC, BIC-
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Figure S20. SOC heatmap of (a) BIC; (b) BIC-mCz; (¢) BIC-pCz; (d) mDBIC and (e) pDBIC.
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S4. Supplementary Transient Absorption Spectra
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Figure S21. Time evolution of femtosecond TA spectra of the (a) BIC (A = 385 nm), (b) BIC-
mCz (Aex = 385 nm), (¢) BIC-pCz (Aex = 405 nm), (d) mDBIC (A« = 385 nm) and (e) pDBIC
(Aex = 480 nm) in DCM, respectively. The blue and red shaded areas represent the corresponding
steady-state absorption and emission spectra, respectively. Evolution-associated different spectra
(EADS) obtained from the global analysis based on a sequential model are shown in the lower
panel of the corresponding TA spectra. The fitting time constants are shown in Table S12. SRCT:
short-range charge-transfer state, SRCT": structurally relaxed short-range charge-transfer state,
LRCT: long-range charge-transfer state.
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Figure S22. Time evolution of femtosecond TA spectra of the (a) BIC (A = 385 nm), (b) BIC-
mCz (Ax = 385 nm), (¢) BIC-pCz (Aex = 405 nm), (d) mDBIC (A« = 385 nm) and (e) pDBIC
(Aex = 480 nm) in toluene (Tol), respectively. The blue and red shaded areas represent the
corresponding steady-state absorption and emission spectra, respectively. Evolution-associated
different spectra (EADS) obtained from the global analysis based on a sequential model are shown
in the lower panel of the corresponding TA spectra. The fitting time constants are shown in Table
S12. SRCT: short-range charge-transfer state, SRCT': structurally relaxed short-range charge-
transfer state, LRCT: long-range charge-transfer state.
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Figure S23. The fitting results of representative wavelength in the global target analysis of (a)

BIC, (b) BIC-mCz, (c) BIC-pCz, (d) mDBIC and (e) pDBIC in dichloromethane (DCM), for
showing the fitting quality.
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Figure S24. The fitting results of representative wavelength in the global target analysis of (a)

BIC, (b) BIC-mCz, (c¢) BIC-pCz, (d) mDBIC and (e) pDBIC in toluene (Tol), for showing the
fitting quality.
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Figure S25. Time evolution of nanosecond TA spectra of the (a) BIC (Ax = 385 nm), (b) BIC-
mCz (A = 385 nm), (¢) BIC-pCz (Aex =405 nm), (d) mDBIC (A, = 385 nm) and (¢) pDBIC (A
= 480 nm) in DCM upon excitation at 385 and 480 nm under nitrogen conditions, respectively.

The blue and red shaded areas represent the corresponding steady-state absorption and emission
spectra, respectively.
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Figure S26.2D pseudo-color plots of ns-TA spectra of (a) BIC; (b) BIC-Cz; (c) BIC-pCz; (d)
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Figure S27.2D pseudo-color plots of ns-TA spectra of (a) BIC; (b) BIC-Cz; (c) BIC-pCz; (d)
mDBIC; (e¢) pDBIC at air conditions.
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Figure S28. ns-TA spectra kinetic at 700 nm comparison of (a) BIC, (b) BIC-mCz, (¢) BIC-pCz,
(d) mDBIC and (e¢) pDBIC in DCM under nitrogen and oxygen condition.
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Figure S29. Evolution-associated different spectra (EADS) obtained from global analysis of ns-
TA spectra for (a) BIC; (b) BIC-mCz; (c) BIC-pCz; (d) mDBIC and (¢) pDBIC in DCM.
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Table S12. Time Constants Estimated for Different Processes of BIC, BIC-mCz, BIC-pCz,
mDBIC and pDBIC in Different Solvents Determined by fs-TA Measurements.

solvent 71 (ps) T, (ns) T3 (ns)
BIC Tol 1.47 +0.03 2.97 £0.06 long lived
DCM 1.38 £0.02 1.42+0.03 long lived
BIC-mCz Tol 3.63+0.03 4.90 £0.09 long lived
DCM 3.05+0.02 3.15+0.03 long lived
BIC-pCz Tol 1.05+0.01 0.013 = 0.00002 long lived
DCM 1.24 £0.01 0.010 = 0.00020 long lived
mDBIC Tol 1.05 +£0.02 3.71 £0.09 long lived
DCM 1.99 +0.05 3.31 +£0.09 long lived
pDBIC Tol 2.59+0.11 0.092 + 0.0048 long lived
DCM 0.35+0.11 3.09 +£0.54 long lived

In BIC, BIC-mCz, mDBIC and pDBIC In BIC-pCz
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Figure S30. The proposed excited state relaxation mechanism of BIC derivatives.
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