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5 T, BHREE 280N, ST, £ 8] 8 ik il
M, T AR TR R T 1 B AmERK (Y
24 ms), & &4 TADF M ZEMF 0L Cry BB
BIEIETE 650—725 nm {5 [ 19, IF H B A #LHE
P, K AE 810 nm, #GH a4 53 ms!'T18. Co
i) TADF i3855 5e8k Berberan-Santos #1 Garciall?
FESCES FAESE, H TADF &% 5 it & T Wi ¢
ek, AR T AA 50—167 5. Cgo H F 1Y
PIEIELE 650—T760 nm i [l 201, JLAE R 5 S0
b Coo 1%, 5 BRS 2 58 B AH 24 1021230 & {T] 1Y
TADF H¢ ] I FH B A% 8% MR %, 78
BRI DX )R AR 5 7 R A B 12,

ki Wi 5, P2 s i A b g T S
FACIR, BANT I 4 N AR AR SR ATIEE, M@Siyg
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Mo, W), M@Al,, (M = Sc-Zn), M@Ag;, (M =
Sc-Cd) Fl M@Cuyo(M = Sc-Ag) %5, 5k & 45
FEAL, EATTHA RO FREE . R AR e M A K
BE B 2520 R My, AL AT DL R — R B R
FE 2 FERISER  Oku 25 2731 F) F e I R
IR T — R 5N HAG A RS Z A2 &
%‘Jﬁfﬁa @‘:J:ﬁ B12N12[27]7 B24N24[28]> B28N28[29] ﬂ]
BiNygl031, JFR 5 4 e W A AT A ]
ik TF B e T RS, B TR UICER,
PIZNE WANIVEZ Y 3 AN VA Lty ek 5
(isolated tetrahedral rule). X 42 fb il A1 % 2
B ke rE, HOMO-LUMO fEBREE 6 eV. I4h,
SEI IR R UK e A Ag 4K Bk B AT
JEEE R, &I K2 336 nmB3. SR1M, Ak
IS & s AT A B D R T an ey | 25 Sk
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1 (density functional theory, DFT)BY J7 ik &
X 6 Fh AT PSS S A R 254, SR FH 5 2
1Z RS (time-dependent density functional the-
ory, TD-DFT)B, {f k45 31| A 7% 5 8 i A8 F0 =
WL SIEH. I g5 puit. o35 ot
TEARSDCIE TR A Gaussian16 )44 B9,
HSEO06 24677 bR F 6-311G*SE A, 254 B AR
Device Studiol”, % i 43 #1 >k FH MOMAPBS! %k
. 3T 209 R 3P TAEIEY] HSE06 241612 #R
A DA oA b ASEAUL 22 e 8 AR A 7 ) RS A5 A DY
L3, A4 o U 4 R PN A5 2 1 Ak A A 19400
LAtz iz s AT IS O7 EALIATIA B2 A
Tl ARAE S R, R T Az & (PBE, PBEO,
PW91, B3IYP, HSE06) X e &5 k4 s i, Horp
HSE06 #+ ki ok 1557 5 PR b AR 1) RE B 23 1) o
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AT, TEANSE R WANSEATELR ST (online).

FATAEMEA T2 sixt TD-DFT 355 Mz k&
SYEBTRIR, AR S T REHULAS S, M =54
KA Ty WE5H | Be i FIORR ) AR SIS 8 S,
BT B4 BURBE T B 2 RS HE
&Sy HRER 22 W9

AEs; = Es1 — Exo, (1a)

AEr = En — Eso, (1b)
A1, Bgyypy 47302 TD-DFT fAL15 2111 2 Fifg
RASEMBES, By AR S g, AFs, RIXT
N SFOGRRE R (DL R N). JlH, S &A1 T,
BB NGE T 22 (AEgr) H T PEAN HG0E 28R
PNIERE T K, 8 LR

AEst = Eg1 — Er1. (2)
Eq Ml BEpy e ST, BIAEgr BOEERUN, 0k
il R REVE BN T, &2 S, BRI,
TADF #8755 k-

ARIITJE R, R H] TD-DFT #3814 R iL S0,
TR A BV G B 40 119 A8 4 DG HR I R I B
J&, Sy S RO RE R S A T A Z Ay
eI 2255 U0 TRIENIFE T 5 Fiz ek, SAH A
Hartree-Fock (HF) 2 # (%) 7 773 b, £34% B3LYP
(20%HF), PBEO (25%HF), BMK (42%HF), MO6-
2X (54%HF), M06-HF (100%HF), LI K % ¢ HF
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B3LYP. Ll ByyNy, R, #bFE# K3 S2 (online)
I T AENZ R IAES, A FIAEgr. 7 LIE H:
AEyr T 7E 0.20—0.25 €V, 232 R 50 A K ;
AEg, FifiZg HF A 53 LRSS hig K, yaf7E 2.40—
2.99 eV, M & FHCIAK AR, 3 A fE 413.73—
516.47 nm; & FK Ui, PBEO f1 B3LYP (HF% <
25%) LA} HSE06 2211z BR Tl 5 A Eg F1 X {3
. i 2SR, BLYP 24 4kiZ R
T s s R G P B g S e 2 R 12T £
155541, R, AR SCR A HSE06 24101z sl st & dk
228 5 A 502 1) S 2 RN 3 e S R
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PRk, A2 4.80 A; ByyNy, HIFE M 12 ATUICEER

8 MISTCIAHI 6 M /\TEIRAL A, HA Sq XTFrbE, |
2 6.68 A; T BygNyg %% 2 i 6 4~ P J0 2R I
32 DMISTEAA I A Oy XEFRE I /T AR R TE
MR, HARY 8.44 A; X B R AL EIL HIFE R B—
N G#KH 1.44—1.46 A, A NETFR LM
T ECH 1.1de—1.45e. I THRFEHIFEM TR A 5%
RN, BHEET 5 BNy HA R ZET) BoPy,
Al Ny, Fll GagoNy, HIRE, %6 F HARTE 5.96—6.35 A,
EATEA AAINA S R i : B—P, AN

il Ga—N PR3 1.91 A, 1.82 AFi11.88 A,
IR P, N TR L AT ECR 0.166, 1.93€
1 1.76e. 7341, 6 Fh AR MBS AE 0.62—1.91, &
B [0 Ao A fl 2. AR RS Bl sk
B WA T A, Fos /MR S 104.80—
323.19 cm !, WA A, #E— 2R T X S GE A ZE
Fa AR E .

7R

Bi2Nip B24Nay B36Nas
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<§{) (}§ @
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1 6w WG AR R S5, b B, N, P, Al
Ga JEUF B U530 PR A (0 5 6 SR 6 S0 G FIdR
FRR

Fig. 1. Ground-state structures of six fullerene-like clusters.
The B, N, P, Al, and Ga atoms are shown in pink, blue,

purple, magenta, and brown colors, respectively.

MR BN BT RESM = ESZ
i) PR A A B S e (90U PRk, FRATFAIRAE T
HIfEAE Sy &8 T, & T L. ankbsebr Rt S1
(online) Fr7n, Sy XTI Sy 4544 10 e/ N4
AW 2% (RMSD) i [l 4 0.04—0.11 A, Hp % 74 4]
TR TE L EOR ST R Ty 281k, ik
Wl T xR EWE R s e, 1A, T RS S,
BRIEE R AEE AL, T, SRS S, 451
) RMSD JE N 0.06—0.13 A, X i & 25 01

F 1 6 MREIHAFENISMER, QAR (Sym.). HZ (D). FH#K (d). B/MNRE (1) R A5
(CT). #4% (BO), HOMO-LUMO REBR ( E5Y ) LAB IR (Aabs)

Table 1.

Ground-state properties of six fullerene-like clusters, including the symmetry (Sym.), diameter (D), average bond

lengths (d), minimum frequency (Vp;,), Mulliken charge transfer (CT), average wiberg bond order (BO), HOMO-LUMO gap

(ES? ), and absorption wavelength ().

Fullerene-like clusters Sym. D/A d/A Vigin/ € CT/e BO ES0 [eV Aabs/ M0
BNy T, 4.80 1.46 323.19 1.45 0.87 6.54 189.60
ByyNy, Sy 6.68 1.44 155.05 1.14 0.88 6.11 202.94
BysNsg Ty 8.44 1.46 169.51 1.29 0.87 6.20 200.00
BioPiy Ty 6.35 1.91 147.75 0.16 1.91 3.30 375.75
Al;,Np, T, 5.96 1.82 154.33 1.93 1.83 3.62 342.54
GapN oy T, 6.17 1.88 104.80 1.76 0.62 2.83 438.16
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INEAS AT RE S S, A T, B2 E B4 e/,
A T, 8538 S, A0 [ & 8] 88 R AL, AF
T TADF o #2, JG2ea RN T8 IX A n) .

3.2 EEHKEKWEBFENE. RIIE
&Stk

KEPIGH RN BT A% EWNE 2 PR, H
HSE06 4% 1kiZ skt 51 BNy, ByyNoy Fil BygNag
) HOMO-LUMO fgBs3 il /& 6.54 eV, 6.11 eV Fl
6.20 eV, Ffi T R maep A LR K, 5
1S BAC AN SR B AL REBRARIE (5.97 eV
F16.10 eV)34. [H b 3 #6 A 72 0T g 5 MRS
RACTRAIN B R AL TIAR AL, 2 S A, T
BT EG, B1yP o, Alj,N s Fl GaoNy, i HOMO-
LUMO REBR S EAE/N, 435100 3.30 eV, 3.62 eV Fll
2.83 eV, BEMEWSC AT WLt X £ B HOMO fiE
% FEAGIE-6.42 eV 2 -7.89 eV, LUMO fEZK
FEMGIE-1.34 eV &-3.72 eV. L FAFERIC
R R AEANFEAREE S2 (online) H 44, 25

WRBR T BoPyy BUHAY 5 PR & P RE £ 2
H N TR H AT oumk, maE S meR 22k
B, Al il Ga JLE W H FATIHL; X T BioPyy
%, P onEXT & 4 se g Al 5 PE RE AR A Bk T
k. 6 A R BOGIE WA 3(a) B, 3 AL
2785 250 P 55 %) 2 AT 0 7E 189.60—202.97 nm 7 Fl
WSS IIG; BioPyg, AljpNyy Fll GagoNyp B ISOL
T I U Ry 375.75—438.16 nm, M I £
o, b rT UL, R AL & 0 A Y BE B Rl
il YN R VN i R T TTvex == R N R S5 @ L B
HOMO-LUMO F#eBit, M SIS .

PR AN L 285 B2 aneb se pRHE] S3
(online) F7R, HLE A AR HOMO-LUMO HERR
AT EEAS B RERR 2 8 )N, 7E 2.08—3.69 eV L,
HHr HOMO REZR F 231 7E-5.83 eV 2-7.07 eV,
LUMO ReZ FE 43 i fE-2.83 eV £-3.85 eV. —
HEIMESHPLES S S, AL, HOMO-LUMO
AEBN 1.63—3.70 eV, HH HOMO fegk 25010
1E-5.85 eV £-7.07 eV, LUMO fie %% = 5 /3 A 7%

1=
i 2

(e}

>
i}
B | Gap=654eV (Gap=3.30 eV | |Gap=3.62 eV
g
!
‘ e n o
1o i <%
B36N36 B12P12 GaipNy
—15

[Gap =2.83 eV

DOS/a.u.

Bl 2 ZE%T B AR A B T A BUSE R SOGE KB AR G SR A AR & 5 25, 20547 th HOMO-LUMO RERR, 4 ¥ AT £k

B A, SFEE TN 0.04 a..

Fig. 2. Density of states (DOS) of fullerene-like clusters in their ground states. The occupied states are shadowed. The HOMO-LUMO
gap is given for each cluster. The insets display the HOMO and LUMO wavefunctions, with an isosurface value of 0.04 a.u.

(a) =8 e 2 — B;sN
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Fig. 3. (a) Absorption spectra and (b) emission spectra of fullerene-like clusters.
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~3.42 eV &£ -4.22 eV. |8 3(b) 44 6 R %
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R D IETEFE AN FEA BEE] S4 (online) H 45 H, 3
LSS BRVA RN X B G SN, E2s il
300 T ke G R Y 22 S FE 0.15—24.24 nm yig [
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Fig. 4. (a) Histogram of HOMO-LUMO gaps of the ground state (ES) ), excited singlet state (ESl) and triplet state for the

fullerene-like clusters ( EfiL ); (b) relationship between emission wavelength and ES] .
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Table 2.

Excited-state properties of six fullerene-like clusters, including emission wavelength ()\.), HOMO-LUMO gap

(Egi ), and emission energy of S; state (FEg;), energy difference between the S; and T, state (AEgy), spin-orbit coupling con-

stant ( V), and recombination energy of S; state and T, state (Ag, Ar)-

Fullerene-like clusters Aex/DM ES Jev Eg /eV AEgy/eV V/em™? As/eV Ap/eV
BNy 488.38 3.02 2.54 0.25 0.70 70x10°  3.0x10"
BNy, 405.36 3.69 3.06 0.25 0.01 13x102  1.2x10°
B3N 462.40 3.32 2.68 0.27 0.26 8.0x10% 1.0x102
BpPo 706.93 2.08 1.75 0.29 0.07 2.3%10°2 0.14
AlLN,, 455.83 3.00 2.72 0.27 0.29 6.8x10°2 0.15
GapNy, 644.47 2.19 1.92 0.14 9.86 1.9%x10°2 3.0x10°
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Fig. 5. Electron (magenta) and hole (yellow) density distributions for the excited singlet state of fullerene-like clusters. The overlap

between hole and electron wavefunctions are given for each cluster, with an isosurface value of 0.04 a.u.
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Abstract

Thermally activated delayed fluorescence (TADF), a unique molecular fluorescence mechanism, plays a key
role in designing emitters of high efficiency. Carbon fullerenes such as Cgy and Cqy exhibit strong TADF with
intensity even higher than that of the prompt fluorescence, owing to their long lifetimes of triplet state and
modest singlet-triplet energy gaps. Thus, there arises the intriguing question whether other fullerene-like
clusters can also have fluorescence and host the TADF effect. In this work, by time-dependent density
functional theory (TD-DFT) calculations, we explore the excited-states of the experimentally reported boron
nitride cage clusters B3Ny, ByyNyy and BygNsg, as well as compound clusters BP9, AljsNjy and GauNyy with
the same geometry as B;3N;5. Using the HSE06 hybrid functional, the predicted energy gaps of these fullerene-
like clusters are obtained to range from 2.83 eV to 6.54 eV. They mainly absorb ultraviolet light, and their
fluorescence spectra are all in the visible range from 405.36 nm to 706.93 nm, including red, orange, blue, and
violet emission colors. For the boron nitride cages, the energy gap of excited states increases with the cluster
size increasing, accompanied by a blue shift of emission wavelength. For the clusters with B;,N, geometry and
different elemental compositions, the excited energy gap decreases as the atomic radius increases, resulting in a
red shift of emission wavelength. In addition, the highest occupied molecular orbitals (HOMOs) and lowest
unoccupied molecular orbitals (LUMOs) of these compound cage clusters are distributed separately on different
elements, resulting in small overlap between HOMO and LUMO wavefunctions. Consequently, these fullerene-
like clusters exhibit small singlet-triplet energy differences below 0.29 eV, which is beneficial for the intersystem
crossing between the excited singlet state and triplet state, and hence promoting the TADF process. Our
theoretical results unveil the fluorescence characteristics of cage clusters other than carbon fullerenes, and
provide important guidance for precisely modulating their emission colors by controlling the cluster sizes and
elemental compositions. These experimentally feasible fullerene-like compound clusters possess many merits as
fluorophors such as outstanding stabilities, non-toxicity, large energy gap, visible-light fluorescence, and small
singlet-triplet energy gap. Therefore, they are promising luminescent materials for applications in display,

sensors, biological detection and labelling, therapy, and medicine.

Keywords: fullerene-like clusters, excited singlet state, excited triplet state, fluorescence, reverse intersystem

crossing, thermally activated delayed fluorescence
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