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Abstract: In recent years, organic-inorganic hybrid metal halide materials have attracted great attention due to
their excellent luminescent properties. In particular, low-dimensional copper( I ) based halides, as a representative
of highly efficient luminescent materials, show great potential in scintillators for radiation detection. In this paper,
the research of organic-inorganic hybrid copper( ) based halides as luminescent materials is reviewed. Based on the
[CuX,](X=Cl, Br, 1) structural unit and its connection modes, ionic organic-inorganic hybrid copper( 1) based ha-
lides are systematically classified, and the relationship between their composition, structure, and properties is dis-
cussed. We focus on the photophysical process and luminescence mechanism of organic-inorganic hybrid copper( 1)
based halides. Finally, we summarize the latest progress in organic-inorganic hybrid copper( ) based halide scintil-

lators for X-ray detection, and make a prospect for this novel research perspective.
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Fig.1 Schematic diagram of Types I, Il and Il structures.
Green ball: inorganic module. purple ball: organic li-

gand; yellow rod: coordinate bond™".
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Fig.2 (a)-(h)Examples of common [ CuX,] anion skeleton
for ionic organic-inorganic hybrid cuprous halides.

Cu, orange; X, dark blue.
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Tab. 1 [CuX,]  type organic-inorganic hybrid copper (1)
based halides reported in recent years
Cux] 41 o B
EORE SOk
[(CH),PO(CH),NH(C,H,),]- o0 P2 (2]
[CucCl,]

PPh,CuBr,’ oD P2/ [15]
(TBA)CuClL,’ 0D C2/c [14]
(TBA)CuBr, oD C2/c [14]
[N(C,H,), ][ CuBr,] 0D  P2/n [23]
[N(C,H,),][Cucl,] 0D Pn/2/n [24]
[P(C,H)(CH,),][CuBr,] op P2, [25]
) [P(C,H,)(CH),][CuBr,] 0D P2/n [26]

[CuX,]
[P(CH,)(CH,),][CuBr,] 0D P2/ [27]
(HL)[CuBr,]’ 0D P2/n [28]
[Cs(DB24C8) ][ CuBr,]® / I [29]
[ (Ph,As),CCN]CuBr,’ 0D C2/c [30]
[P(CH,),][ CuBr,] oD P2/ [31]
[P(CH,),][CucCl,] oD P2/ [31]
[N(CH,)(CH,),][CuCl,] 0D P2/m [32]
K(18-crown-6)[ Cul, ] oD  P1 [33]
[PNP][CuCl ] 0D P2/n [34]

*PPhA: Tetraphenylphosphonium; “TBA: N(CAHQ)A;*HL: 4-(Piperidyl-

1)-2-Phenylpyrido[2,3-aanthraquinone-7,12; "DB24C8: Dibenzo-24-

crown-8; 'NP: Triphenylphosphoranylidene ammonium.
2.2 [CuX,"&#HBx

BT = AL (1) By BC A7 BB T R R R
[CuXs]™, Fe45 #y 7 IR 1A 2(b) B s, 44 #i] Ji
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Tab.2 [CuX,]* type organic-inorganic hybrid copper (1)
based halides reported in recent years

Cux,] 4 oEn e

’ R Sk

[P(CH,)(CH,), L[ Cul,] op P2, [35]

[P(CH,)(CH,),],[ CuBr,] op P2, [35]

i [P(CH,),],[ CuBr,] 0D R23 [36]

[Cux,]?

[p(cH,),l,[Cucl,] oD P2/m [37]

[Colep), ], Cul,] 0D  Pbea [38]

[(Me,)DAB(Me,) J[CuL,],” 0D P2/c [39]

[Cu,X, 1" [N(CH,),],[ Cu,Br,] 0D C2/c [23]

[N(C,H,),]Cul, 0D P2/n [40]

(Bmpip),Cu,Br,’ 0D Pbea [15]

[N(C,H,),],[Cu,l,] 0D P2/n [41]

[N(CH,CH,),],[ Cu,Br,] 0D P2/ [23]

Cux I [P(CH,CH,),],[ Cu,Br,] oD P2/n [36]

[N(CH,)(CH,),],[ Cu,Br,] oD Pl [42]

C,H, NCuBrl 0D  Pbca [16]

[P(CH,)(CH,),],[Cu,Br,] oD C2/c [36]

[As(CH,),],[Cu,l,] 0D P2/ [43]

[N(CH,), Ll Cu,l,) oD P2/n [44]

3

O %44 %
x2%)
[CuX ] 2H 1 2

R Sk

[PNP}Z[CuZBrﬂ 0D Pbca
[PNP]Z[CU Br,L ] 0D Pbca

[Cuzxﬂk 2Pl
[PNPJZ[CUZCU_J 0D Pbca
[pP(CH)(CH),][CuBr]  OD  Pa3

[N(C3H7)4JZ[CU4Br5J oD P42/n

[N(C,H,),CH,],[ Cu,Br,] oD Pl-
[CuAXbJZ’
(18-crown-6),Na,(H,0),Cu,Br, 0D Pl-

K( lS—crown—())CuzBr3 oD I4/m

[ Ph,PNPPh,],[ Cu,Br,] oD Pl-

[CH N, [CuBrJ[CuBr,] 0D P222,

[34]
[34]
[34]
[27]
(23]
(23]
(18-crown-6),Na,(H,0),Cu,l, 0D P2 /c [45]
[45]
[46]
[47]
[48]
[49]

[CH,N,J,[cucl]lCu,ClL], H,0 0D P2.2.2,

ZH
[N(CH,CH,),]Cu,l, 1D Pna2  [50]

[(CH,),NCHNCHN(CH,),]Cu,l, 1D €2/ [50]

"DAB: benzidine; Bmpip: 1-butyl-1-methylpiperidinium ; *PNP: Tri-

phenylphosphoranylidene ammonium.
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Tab.3 [CuX,]’ type organic-inorganic hybrid copper (1)
based halides reported in recent years

5%

[Cux,] A YEE 25 (] fE X
SCHk

[CuX,]* (C,H,N,Br) CuBr, oD P2/c [51]
[Cu,X, 1" (Gua),Cu,l,” 0D  Fdd2 [52]
(MA),Cu,Br, op Pl [53]
(C4H,,N,)Cu,Cl,-4H,0 0D C2/c  [54]

[CuX 1" (C4H,,N,)Cu,Br,+4H,0 oD Pl [54]
(€, H,N,) Cu,Cl,CH, N, oD P2l/n [54]

(€, H,N,) Cu,Br,C.H, N, 0D  P2l/in  [54]
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% 10 3
®3(4)
2%
[CuX,] iy ALY i N
SCHR
(€ Hy N, Cu I CH N, 0D  P2l/n [54]
(1,3-dppH,),Cu,L - H,0 0D  C2/c [55]
(CH,N,),Cu,Br, oD P2/c [56]
(MEDA),Cu,Br,’ oD P2/n [57]
[CH,N,],[CuBr][CuBr] OD P222 [48]
[CH,N,],[Cu,Cl][Cu,Cl]-H,0 0D P2272 [49]
(AEP),Cu,l,-21-2H,0" 0D P2/ [17]
[Cux, )™ [Colep), ] [Cuyl,] oD P2/m [58]
[N(CH)(CH),],[CuBr,]  OD  PI-  [59]
[(C,H) N [Cul, ]I 0D P6/m [60]
[C(CH,),NH,],Cu,l, 0D  P4bm  [61]
[CuJJ[Cul,]K, (12-crown-4), OD  P4- [62]
[Co(NH,)],[CusCl ]CI oD Fd3  [63]
[P(CHY,I[Cu,lL,] ID  Ceca [64]
[CH,N,I[Cu,l] 1D P21/c [54]
(MV)Cu,Br,” 1D P2/n [65]
2K P4,/
(MV)Cu,l, 1D [65]
mnm
[ (Me)-Py]Cul, ID  Cmea [66]
[(Me),-DABCO ] Cu,, ID  P2ln [66]
[Me-MePy]Cu,l, ID  Pnma  [66]
[H,DABCO]CuX,(X=1,Br) 1D Pnma [66]
[(Me),-2,2-bipy]Cu,l, 1D P21n [67]
[ (Me),-2,2-bipy],Cu,Br,I, D rl- [67]

[C(CH,),NH,],Cu,1,-H,0 20 c2/e [61]

"1,3-dppH,;: protonated 1,3-di(pyridin-4-yl) propane; ‘Gua: guani-
dine; MEDA: N-methylethylenediammonium ; AEP: N-aminoethylpi-
perazinium; MV: methyl viologen; Py: pyridine; DABCO: 1,4-Diaz-
abicyclo[2.2.2]octane.
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Fig.3 The relationship between the coordination number of Cu(I) and the chain length of tetraalkylammonium cations
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Tab. 4 Photoluminescence properties of organic-inorganic hybrid cuprous halides

[CuX,] EiN PLU&/nm PLQY/% ERPY
PPh,CuBr, 538 1.30 [15]
(TBA)CuCl, 510 92.8 [14]
[CuX,]” (TBA)CuBr, 498 80.5 [14]
[N(C,H,), ][ CuBr,] 507 83 [23]
[N(C,H,),][ CuBr,] 504 97 [23]
[Cu,X ] [N(CH,),],[ Cu,Br,] 542 91 [23]
[N(C,H,),]Cul, (1) 483, 633 84.4 [40]
(Bmpip),Cu,Br, 620 48.2 [15]
Cux I (TBA)Cu,l, 473, 699 72.5 [70]
[N(CH,CH,),],[ Cu,Br,] 476 91 [23]
C,H,,NCuBrl 464, 630 99.5 [16]
[N(CH), ][ Cul,] (2) 483, 637 91.9 [77]
[N(C,H,),],[Cu,Br] 664 96 [23]
[N(C,H,),CH,],[ Cu,Br,] 623 2 [23]
[CuX, ™ (18-crown-6),Na,(H,0)Cu,I, 536 91.8 [45]
(18-crown-6),Na,(H,0),Cu,Br, 628 87.5 [45]
K(18-crown-6) Cu,Br, 668 53 [46]
[Cu,X, 1" (Gua) ,Cu, ], 481 96 [52]
(MA),Cu,Br, 524 93 [53]
(CH,,N,)Cu,Cl, -4H,0 510 98.6 [54]
(C{H,,N,)Cu,Br, - 4H,0 563 85. 1 [54]
(a1 (€, H,N,)Cu,Cl,CH, N, 508 90.7 [54]
(€, H,,N,) Cu,Br,C.H, N, 462 80.9 [54]
(€ H,eN,) Cu,I CH, N, 452 67.5 [54]
(1,3-dppH,),Cu,I *H,0 625 12.6 [55]
(AEP),Cu,l,+21-2H,0 495 97.2 [17]
[CH,N,I[Cu,l,] 521 15.5 [54]
[(Me)-Py]Cul, 355 3.39 [66]
[(Me),-DABCO]Cu,], 365 3.10 [66]
et [Me-MePy]Cu,l, 330 3.95 [66]
[H,DABCO]Cu,l, 370 4.24 [66]
[H,DABCO]Cu,Br, 318 4.53 [66]
[C(CH,),NH,],Cu,l,-H,0 520 59.4 [61]
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Fig.4 Excitation(left) and emission (right) spectra(a), and time-resolved PL spectra(b) of (TBA)CuX,(X = Cl, Br) SCs''"*.
Electronic band structures (¢) , projected density of states (PDOS) (d) , pseudo-color map spectra of TDPL (e) and
FWHM(f) as a function of temperature of (TBA)CuCl, """,
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Fig.5 The crystal structure(a) , excitation and emission spectra(b) and photophysical process(c) of [N(C;H;),]CuL,™". (d)

Another possible photophysical process of [ N(C3H;),]Cul,”.
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Fig.6 Excitation and emission spectra(a), and time-resolved PL decay spectra(b) of ( 18-crown-6),Na, (H,0),;Cu,l ™. Tem-
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perature-dependent PL spectra(c¢) , and schematic illustration of photophysical process(d) of K(18-crown-6)Cu,Br; **'.
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Tab.5 Performance of organic-inorganic hybrid cuprous halides as scintillators

LLUE W V11

\ .Sl 2%
2H i (photons- s BEARE .
. s ek
B/mm  MeV™)
(TBA)CuCl, 224 23373 28.70 / [14]
(TBA)CuBr, 209 24 134 232.05 / [14]
0. 056 !
(Bmpip),Cu,Br, 300 16 000 o 80 keV Iy X JI & BE T 20 min J5 , RL 38 & JL-T- A28 [15]
S C'Am R
0.058 N
PPh,CuBr, 253 5000 80 keV (1 X 5f£& B 20 min 7 , RL 38 JLF A48 [15]
CUAm A
C,H, NCuBrl 115 25 000 2.23 10.4 Gy, -s™ M0 X SR IR 30 min )& , RL3EEEAERF IR0 95%  [16]
(AEP),Cu,l,-21-2H,0 145 55650 3.18 / [17]
(C,H,N),Cu,Br, 128 91 300 56 96.09 nGy, s M X HFLL I8 6 hJ5 , RL I JE L5590 4 (H 10 80% 7247 [18]




5510 4

SEEAT, G AHL-TOALA I (1) 5 5 L I8 KRR BT 52 1715

FR A4, 51 G RS g b B B (MAPDXG) 85 8K 87 i
(1 000 Photons/MeV ) Fl 5 4k I Z, i #%5 ( (PEA),-
PbBr,) (7 600 Photons/MeV ) . 1 [ B} 2% B¢ 3 fik
iz £5 W 9% 1 22 = W5 0F 9% B R A R T A T
(Bmpip),Cu,Bry Fl PPhyCuBr, B i, 45 51 & (Bmpip),-
Cu,Br, # i, iR B 48. 2% Y & PLQY Hil 16 000
Photons/MeV 1) /&1 ) 7 i LA & 710 nGy,,/s BIAK K
MR, Bz 46, (Bmpip),Cu,Bry 1 PPhyCuBr, i

(a)

1000k —CsI(TD)
~ ~=CsPbBr,
T —BMPCBI
=)
g
o
3 0.1F
o
=
<
)
s 1E-3F
2
=

1E-5b v v v e

1E-3 0.01 0.1 1 10
X-ray energy/MeV
(c)
» CsI(TD)

5 ¢ BMPCBI

<

E

£

s

B=

=

=

1 1 1 1
0 4 8 12 16 20

X-ray dose rate/( nGy- s

LA LA 90D 1 e o ek e [, 2 — s 7R A PR
BN RR A o BRI K 2 F R AE A T — Rh A T
A AL - T8 L IR/ AL S (1) PR AR A4 CoHpoN CuBrl
(BMPCBI) , 58 7% 55 14 X 5 4 g )i, (] B 3% 30
th99.5% Ry & 6 Bk O i 7 & LD K25 000
Photons/MeV B 6 7= %", % =i b W) A AUAL B A
e S 09 OGP B ] B 2L A R0 X I 2o i,
K BRAG 2 40. 4 nGy/s (7)),

(b) —CsI(T1)
——BMPCBI

3

3

z

3

R=|

|

[a=}

1 1 1
400 500 600 700 800 900
A/nm

(d)

. 10.4 Gy-s™

G 95.6%
=]

UJ

E

<

5

N

=

£

S b X-rayon

z

1 1 1 1 1

0 5 10 15 20 25 30
t/min

&7 (a)CsI(TD) CsPbBry Al BMPCBI Y W% 45 22 %5 ; (bh) BMPCBI Al CsI(T1) 7E 41 [\ 57 4 % F A9 RL 3% )& ; (¢) BMPCBI Al Cs1
(TD Y RL# 5 X SR it 3R 2 18] A 2R ME 56 3 5 () BMPCBL Y RL 8 B 77 X 928 IR T A sl 267
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Fig.8 Objects used for X-ray imaging and corresponding X-ray images obtained. (a) BMPCBI"®. (b) (AEP),Cu,l4-21-2H,0"""".

(¢)(CgHyN )2Cu23r4“8'.

W AE K HR L 3 d, A A — /N4 B R AE PM -
MA #2618 4 i, B A KA KO Y &k
SRR AR PR AN  7E F R AR, CoHooNCu-
Brl i i fE 25 M 28 6 A J5 , o RL & 9 5 JE
JUT- A 32 985 % 5 BE R E 1%, CoHpNCuBrl B
f AE X 528 IR 5t 30 min 5, HRL & G 38 B 4K AR
RE 4 F5 00 4R 15 (19 95%". B Ah O TR AR
(CgHaoN),Cu,Bry U1 7E 3% £ X S £ B 5T = ik UV JId
SERE SR A F T S R R R Y, X
WFFEIE WA HL-TC L4 A (1) 2k i A 4 B A
SRR E T

AH LT I (9 TS HLIN KR A HLTC AL 2% £k 4
(1) i A IR R A 17 Rl P 3 A A e IR
FRAAR (R R AR e s T A s e I
JRM (40 Nal, LaBry: Ce 55 ) o 34T 1945 LN BRAAR £
BLFE A R IR Pk 22 RO KA I T B
A1 A i b A W 38 2 PR B 1 e TR R e
MR A AR (1) Ak 9 i B e PEAR SR 75 B0 R
g5 E AT A PEA

5 R¥ugH5EZ

ARICLER T B TR HL-TCAL A AR (1) 3
AW (0 WF 5% E 2, AR 4 [CuX, ] (X=CI, Br, ) ¢ {37 ]
B AR DL R i 4 T O AR X B R A L -
TebLA b (D) X b it 47 7326 IR A T
IR R B H DL PR R OE L . B AT HL-
TEALZ A4 (1) %8 g Ak 9 B A #2305 100% 119 PLQY

AR B 307 6 52 W7 6288 , T A R0 I BR B WRACAA0 5
R, xRS W RA R R ErE, 2— KA
T 7 B9 TN R AR L, 1A 50 v 1) D't i s A R A
XSS 4

JUE T RUA HL- oML AR A4 (1) 2w k4 17
FR A B DTSSR T AT 5 R (H 1 2 R] LA AT
frit— B WABTE . B, B T RA - LA
B (1) e b A6 ¥ KOG HLBE Y B 58 I AR Bk =, BAK
HUP; 7/ BUISURE SN AT W R RV A TG DB )
AW B4 45 K X 1 BE A AR R B0 B2 W (ELR A RE AL
B AR RV BE 2 A OC R IR AR AN TE A, B A B
SEVE R IR RO A, JE R CuX, DY T A il A
JEE X R e P RE B S I, Al B — A R B E T
Ji T s e e, B B HL-JE LR AR R (1) % i £k
Wy A G Al vy R S 2 R U Y F ST AR D, A kL R
A BILHR J3 ) i L B T R R A AR
FATHM B 7 BoA e R L 2
S22 9 4L o3 IR 4 R PR 3 T B DA R AR
XA HL-TEHL 2% A4 (1) 2 g L 4y 2R 47 IR A
(1% 4 8% 5% R 0 9T 55 R JEHL I 5T o X T TN R 4
R, T 0 22 A AR (1) 5 5 16 W 3 1R & 1 OT &
DA e B 40 B0 BF 5T, LAV Al HE S PR N B9

RV

A 35 o

AL G2 AR T WL R A A T A
http://cjl. lightpublishing. en/thesisDetails#10. 37188/
CJL. 20230108.



%510 SEEAT, G AHL-TOALA I (1) 5 5 L I8 KRR BT 52 1717

& % x #:

[ 1 ]SHAO W Y, WANG X, ZHANG Z Z, et al. Highly efficient and flexible scintillation screen based on manganese ( Il )
activated 2D perovskite for planar and nonplanar high-resolution X-ray imaging [J]. Adv. Opt. Mater. , 2022, 10(6) :
2102282-1-9.

[ 2 ] ZHAO JJ, ZHAO L, DENG Y H, et al. Perovskite-filled membranes for flexible and large-area direct-conversion X-ray
detector arrays [J]. Nat. Photonics, 2020, 14(10): 612-617.

[ 3 ] HEO J H, SHIN D H, PARK J K, et al. High-performance next-generation perovskite nanocrystal scintillator for nonde-
structive X-ray imaging [J]. Adv. Mater. , 2018, 30(40): 1801743-1-6.

[ 4 ] NIKL M, YOSHIKAWA A. Recent R&D trends in inorganic single -crystal scintillator materials for radiation detection
[J]. Adv. Opt. Mater. , 2015, 3(4): 463-481.

[ 5 ] DUJARDIN C, AUFFRAY E, BOURRET-COURCHESNE E, e al. Needs, trends, and advances in inorganic scintilla-
tors [J]. IEEE Trans. Nucl. Sci. , 2018, 65(8): 1977-1997.

[ 6 ] YAOM N, JIANG JZ, XIN D Y, et al. High-temperature stable FAPbBr; single crystals for sensitive X-ray and visible
light detection toward space [J]. Nano Lett. , 2021, 21(9): 3947-3955.

[ 7 ] XUHP, LIANG W Q, ZHANG Z Z, et al. 2D perovskite Mn**-doped Cs,CdBr,Cl, scintillator for low-dose high-resolu-
tion X-ray imaging [J]. Adv. Mater. , 2023, 35: 2300136.

[ 8 ] WEI HT, HUANG J S. Halide lead perovskites for ionizing radiation detection [J]. Nat. Commun. , 2019, 10(1) :
1066-1-12.

[ 9 ] WUHD, GEYS, NIUG D, et al. Metal halide perovskites for X-ray detection and imaging [J]. Matter, 2021, 4(1):
144-163.

[10] CAOJT, GUO Z, ZHU S, et al. Preparation of lead-free two-dimensional-layered (CgH,;NH;),SnBr, perovskite scintilla-
tors and their application in X-ray imaging [J]. ACS Appl. Mater. Interfaces, 2020, 12(17): 19797-19804.

[11] ZHOU Y C, ZHOU Q, NIU X W, et al. Compositional engineering of doped zero-dimensional zinc halide blue emitters
for efficient X-ray scintillation [J]. Inorg. Chem. Front. , 2022, 9(12): 2987-2996.

[12] ZHOU JE, ANK, HE P, et al. Solution-processed lead-free perovskite nanocrystal scintillators for high-resolution X-ray
CT imaging [J]. Adv. Opt. Mater. , 2021, 9(11): 2002144-1-8.

[ 13 ] HAN K, SAKHATSKYI K, JIN J C, et al. Seed-crystal-induced cold sintering toward metal halide transparent ceramic
scintillators [ J|. Adv. Mater. , 2022, 34(17): 2110420-1-8.

[14 ] LIAN LY, WANG X, ZHANG P, et al. Highly luminescent zero-dimensional organic copper halides for X-ray scintilla-
tion [J]. J. Phys. Chem. Lett. , 2021, 12(29): 6919-6926.

[15]XUTT, LIY Y, NIKL M, et al. Lead-free zero-dimensional organic-copper( I ) halides as stable and sensitive X-ray
scintillators [J]. ACS Appl. Mater. Interfaces, 2022, 14(12): 14157-14164.

[ 16 ] MAO P, TANG Y A, WANG B H, et al. Organic-inorganic hybrid cuprous halide scintillators for flexible X-ray imaging
[J]. ACS Appl. Mater. Interfaces, 2022, 14(19): 22295-22301.

[17] WEIJH, YUY W, LUO J B, et al. Bright cyan-emissive copper( I )-halide single crystals for multi-functional applica-
tions [J]. Adv. Opt. Mater. , 2022, 10(16): 2200724-1-9.

[18] SUB B, JINJ C, HAN K, et al. Ceramic wafer scintillation screen by utilizing near-unity blue-emitting lead-free metal
halide (CgH,N),Cu,Br, [J]. Adv. Funct. Mater. , 2023, 33(5): 2210735-1-10.

[19] ZAA, BER . BT 44 E [ Y e B 5 TR (1], 2k 54, 2021, 42(6): 733-754.

SU B B, XIA Z G. Research progresses of photoluminescence and application for emerging zero-dimensional metal ha-
lides luminescence materials [J]. Chin. J. Lumin. , 2021, 42(6): 733-754. (in Chinese)

(20] &, @, KT, 5. RAEMETOCRRM AR [J]. L8], 2021, 42(6): 755-773.

YANG J, PIM Y, ZHANG D K, et al. Recent progress on low-dimensional perovskite photodetectors [ J]. Chin. J. Lu-
min. , 2021, 42(6): 755-773. (in Chinese)

[21] LIU W, FANG Y, LI J. Copper iodide based hybrid phosphors for energy-efficient general lighting technologies [J].
Adv. Funct. Mater. , 2018, 28(8): 1705593-1-24.

[22] NEWTON G, CAUGHMAN H D, TAYLOR R C. Synthesis and solid-state crystal structure of [ 2-(Diphenylphosphinoyl)-



1718 % Jt 2% Eivd 844 B

Ethyl] Diethylammonium Dichlorocuprate (1), containing a discrete CuClyanion [J]. J. Chem. Soc. , Dalton Trans. ,
1974, (3): 258-264.

[23 ] CHENSQ, GAOJM, CHANG J Y, et al. Family of highly luminescent pure ionic copper( 1) bromide based hybrid ma-
terials [J]. ACS Appl. Mater. Interfaces, 2019, 11(19): 17513-17520.

[ 24 ] ANDERSSON S, JAGNER S. Crystal structure of tetrapropylammonium dichlorocuprate( 1) ; comparison of anionic con-

figurations in halocuprates ( I ) crystallizing with symmetrical tetraalkylammonium and related cations [J]. Acta Chem.

Scand. Ser. A, 1986, 40: 52-57.

ANDERSSON S, JAGNER S. Crystal structure of ethyltriphenylphosphonium dibromocuprate (1), [P(C,Hs) (C¢Hs)5]-

[CuBr,] [J]. Acta Chem. Scand. Ser. A, 1985, 39: 515-521.

[ 26 ] ANDERSSON S, JAGNER S. Crystal structure of propyltriphenylphosphonium dibromocuprate (1), [P(C3H;) (C¢Hs)5]-
[CuBr,] [J]. Acta Chem. Scand. Ser. A, 1985, 39(8): 577-581.

—
[3°)
W

[

[ 27 ] ANDERSSON S, JAGNER S. Anionic configurations and ligand concentrations in butyltriphenylphosphonium dibromocu-
prate (I ) and bis (butyltriphenylphosphonium) hexa- p.-bromo-tetrahedro-tetracuprate (1) [J]. Acta Chem. Scand. Ser.
A, 1986, 40: 210-217.

[ 28 ] KOVALCHUKOVA OV, STASH A1, STRASHNOVA S B, et al. Interaction of copper( Il ) halides with 4-(piperidyl-1)-2-
phenylpyrido[2, 3-a]anthraquinone-7, 12 (L) in acidic media: Crystal structure and spectral characteristics of (HL),-
[CuyClg] and (HL) [CuBr,] [J]. Crystallogr. Rep. , 2008, 53(3): 451-454.

[29] HUM C, WANG X H, JIANG Y C, et al. A three-dimensional supramolecular complex [ Cs(DB24C8) ] [ CuBr,] based
on C—H--+a and Cs---Br weak interactions [ J]. Inorg. Chem. Commun. , 2008, 11(1): 85-88.

[30] CHITSAZ S, NEUMULLER B, DEHNICKE K. Syntheses und kristallstrukturen von [ (PhyAs),CCN - MnBr;] ,
[ (Ph;As),CCN-CoBr;] und [ (Ph3As),CCN]*CuBr, [J]. Z. Anorg. Allg. Chem. , 1999, 625(3): 503-506.

[ 31 ] ANDERSSON S, JAGNER S. Crystal structures of tetraphenylarsonium dichlorocuprate( 1), tetraphenylphosphonium di-
chlorocuprate( I ) and tetraphenylphosphonium dibromocuprate( 1) [J]. Acta Chem. Scand. Ser. A, 1985, 39: 297-305.

[ 32 ] ANDERSSON S, JAGNER S. Crstal structure of phenyltrimethylammonium dichorocuprate (1), [N(C4Hs) (CH3)5 ][ Cu-
ClL] [J]. Acta Chem. Scandi. A, 1985, 39: 799-812.

[33] RATH N P, HOLT E M. Synthesis and structural characterization of Cul,” [J]. J. Chem. Soc. , Chem. Commun. ,
1986, (4): 311-312.

[ 34 ] BOWMAKER G A, BRUCE M I, SKELTON B W, et al. Structural and spectroscopic studies of halocuprate(I) and halo-
argentate( I ) complexes [ M,X, X', 17 [J]. Z. Anorg. Allg. Chem. , 2007, 633(7): 1024-1030.

[35] BOWMAKER G A, CLARK G R, ROGERS D A, et al. Structural and spectroscopic characterization of complexes con-
taining the mononuclear trihalogenometalates [ Culy]*> , [CuBry]® , and [ Agly]* . Crystal structure of [ PMePhs],[ Cul,]
[J]. J. Chem. Soc. , Dalton Trans. , 1984(1): 37-45.

[ 36 ] ANDERSSON S, JAGNER S. Coordination of copper( 1) in bis (tetramethylphosphonium) tribromocuprate (1) and bis
(tetraethylphosphonium) di- p.-bromo-dibromodicuprate (I ) ; comparison of anionic configurations in bromocuprates ( I )
crystallizing with symmetrical tetraalkylammonium and related cations [J]. Acta Chem. Scand. Ser. A, 1987, 41(4) :
230-236.

[ 37 ] ANDERSSON S, JAGNER S. Coordination of copper( I ) in two novel chlorocuprate( 1) anions; structures of tetrameth-
ylphosphonium catena- . -chloro- p.3-chloro-[ w-chloro-dicuprate (1) ] and bis (tetramethylphosphonium) trichlorocuprate
(1) [1]. Acta Chem. Scand. Ser. A, 1988, 42: 691-697.

[ 38 ] HARTL H, BRUDGAM 1. Synthese und strukturuntersuchungen von iodocupraten( I) x. [Co(Cp),J,[Culs] und [Co(cp),]
[Cu,l;] = 1/9] [Co(C(cp)z]g[Cuﬁl“sz[(Cuﬁls)z}% [I]/syntheses and structure analyses of iodocuprates( 1) X. [Co(cp)zh
[Culy] and [Co(ep),][Cuyly] = 1/91[ Colep)y ol Cugly Joo?[ (Cugly), i [11 [J]. Z. Naturforsch. , 1989, 44(8): 936-941.

[39] LIY H, ZHENG R, FU Z H, et al. Crystal structure and optical properties of in situ synthesized organic-inorganic hybrid
metal halides [J]. Inorg. Chem. Commun. , 2022, 139: 109339-1-7.

[40 ] LIANLY, WANG S, DING HY, et al. Single-component white-light emitters with excellent color rendering indexes and
high photoluminescence quantum efficiencies [J]. Adv. Opt. Mater. , 2022, 10(1): 2101640-1-8.

[41 ] ASPLUND M, JAGNER S, NILSSON M. The crystal structure of bis (tetrabutylammonium) di-g -iodo-diiododicuprate
(1), [N(CHg),ls[ Cusly] [J]. Acta Chem. Scand. Ser. A, 1982, 36: 751-755.

[ 42 ] ANDERSSON S, JAGNER S. Crystal structure of bis (phenyltrimethylammonium) di-u -bromo-dibromodicuprate (1)



%510 SEEAT, G AHL-TOALA I (1) 5 5 L I8 KRR BT 52 1719

[J]. Acta Chem. Scand. Ser. A, 1985, 39: 423-428.

[ 43 ] ASPLUND M, JAGNER S. Crystal structure of bis(tetraphenylarsonium) di-w-iododiiododicuprate (1), [ As(CgHs)4],-
[Cuy,] [J]. Acta Chem. Scand. Ser. A, 1984, 38.297-301.

[ 44 ] ASPLUND M, JAGNER S. Crystal structure of bis(tetrapropylammonium) di-g-iodo-diiododicuprate( 1), [N(C3H;),],-
[Cu,l,] [J]. Acta Chem. Scand. Ser. A, 1984, 38. 411-421.

[45] CHENM S, YE C Y, DAI C Q, e al. Highly luminescent copper( I ) halide phosphors encapsulated in fumed silica for
anti-counterfeiting and color-converting applications [J]. Adv. Opt. Mater. , 2022, 10(13): 2200278-1-12.

[46 ] LIU X, LIY, ZHOU L, et al. Coupling intracompound charge transfer and cluster-centered excited states in Cu( I ) ha-
lide hybrids for efficient white light emission [J]. Adv. Opt. Mater. , 2022, 10(21): 2200944-1-8.

[ 47 ] HASSELGREN C, JAGNER S. Halocuprates ( I ) crystallising with the PhyPNPPh;" cation: preparation and structural
characterisation of (PhyPNPPh;),[ Cu,Brgs] and (PhyPNPPhy)[ CuBrCl] [J]. Inorg. Chim. Acta, 2002, 336: 137-141.

[ 48 ] GAUTIER R, LATOUCHE C, PARIS M, et al. Thermochromic luminescent materials and multi-emission bands in d'°
clusters [ J]. Sci. Rep. , 2017, 7(1): 45537-1-6.

[ 49 ] LATOUCHE C, GAUTIER R, GENOIS R, et al. Structural and spectroscopic investigations of two [ Cu,X¢]> (X = CI™,
Br) clusters: A joint theoretical and experimental work (1. L. Phys. Chem. A, 2018, 122(19): 4628-4634.

[ 50 ] HARTL H, MAHDJOUR-HASSAN-ABADI F. Preparation and structure of iodocuprates( I ) with tetrahedral face-to-face
coupling (1. Angew. Chem. Int. Ed. , 1981, 20(9): 772-773.

[51] LIUS H, CHEN J D, LIOU L' S, et al. Synthesis and crystal structures of (CsH,;N;Br);CuBr, and (CsHgN;) CuBr,: an
isolated tetrahedral CuBr,’”” anion [J]. Inorg. Chem. , 2001, 40(25): 6499-6501.

[52 ] PENG H, WANG X X, TIAN Y, et al. Highly efficient cool-white photoluminescence of (Gua);Cu,ls single crystals: for-
mation and optical properties [J]. ACS Appl. Mater. Interfaces, 2021, 13(11): 13443-13451.

[53] PENG H, YAOSF, GUOYC, et al. Highly efficient self-trapped exciton emission of a (MA ),Cu,Brg single crystal [Jl.
J. Phys. Chem. Lett. , 2020, 11(12): 4703-4710.

[54 ] LIUX Y, LIYY, LIANG TY, et al. One-center and two-center self-trapped excitons in zero-dimensional hybrid copper
halides: Tricolor luminescence with high quantum yields (1. J. Phys. Chem. Lett. , 2022, 13(5): 1373-1381.

[55] SUBB, JINJC, PENG Y H, et al. Zero-dimensional organic copper( 1) iodide hybrid with high anti-water stability for
blue-light-excitable solid-state lighting [ J]. Adv. Opt. Mater. , 2022, 10(12): 2102619-1-10.

[ 56 ] HADDAD S, WILLETT R D. Dimeric Cu(I) bromide species consisting of two edge-shared tetrahedra: crystal structure
of (CgH4N,),Cu,Brg [J]. Inorg. Chem. , 2001, 40(4): 809-811.

[ 57 ] WILLETT R D. Crystal structure of bis (n-methylethylenediammonium) hexabromodicuprate (1) [J]. Inorg. Chim. Ac-
ta, 2004, 357(5): 1579-1582.

[ 58 ] HARTL H. [ {Co(Cp)ﬂ {Cul,! ], (n=3, 4), cobaltocenium iodocuprates ( | ) with unusual anion structures [ J]. Angew.
Chem. Int. Ed. , 1987, 26(9): 927-928.

[ 59 ] ANDERSSON S, JAGNER S. Crystal structure of bis (methyltributylammonium) penta- p -bromo-di- p.s-bromo-pentacu-
prate( I ), a compound containing a discrete [ CusBr; > aggregate [J]. J. Cryst. Spect. Res. , 1988, 18(5): 591-600.

[ 60 ] MAHDJOUR-HASSAN-ABADI F, HARTL H, FUCHS J. [Cugl,,]’® a polyanion with trigonal-prismatic arrangement of
six metal atoms [ J]. Angew. Chem. Int. Ed. , 1984, 23(7): 514-515.

[61 ] FANG S F, ZHOU B, LI H X, et al. Highly reversible moisture-induced bright self-trapped exciton emissions in a cop-
per-based organic-inorganic hybrid metal halide [J]. Adv. Opt. Mater. , 2022, 10(15): 2200605-1-10.

[ 62 ] RATH N P, HOLT E M. Copper( 1) iodide complexes of novel structure: [ Cuylg][ Cugli3]K;(12-Crown-4)g, [ Cu,ls]K,(15-
Crown-5),, and [ Cusl, JK(Dibenzo-24-Crown-8) [J]. J. Chem. Soc. , Chem. Commun. , 1985, (10): 665-667.

[ 63 ] MURRAY-RUST P. The crystal structure of [CO(NH3)6]4Cu5C117: a twinned cubic crystal [J]. Acta Cryst. B, 1973,
B29: 2559-2566.

[ 64 ] HARTL H, MAHDJOUR-HASSAN-ABADI F. [(CgHs),P1.'[ Cusl,]-The first compound with a helical chain of face-shar-
ing tetrahedra as a structural element [ J]. Angew. Chem. Int. Ed. , 1994, 33(18): 1841-1842.

[65] WEN R, MA X J, ZHANG K, et al. One-dimensional perovskite-like Cu( 1 )-halides with ideal bandgap based on quan-
tum-well structure [J]. Inorg. Chem. , 2022, 61(22): 8521-8528.

[66] YUE CY, LINN, GAO L, et al. Organic cation directed one-dimensional cuprous halide compounds: Syntheses, crystal
structures and photoluminescence properties [J]. Dalton Trans. , 2019, 48(27): 10151-10159.



1720 x Jt 2% Eivd 844 B

[67] YUE Y D, SUN C, ZHANG W F, et al. Syntheses, crystal structures and visible light driven photocatalytic properties of
organic-inorganic hybrid cuprous halides [J1]. J. Solid State Chem. , 2020, 285: 121212-1-6.

[ 68 ] PENG R, LIM, LID. Copper( I ) halides: a versatile family in coordination chemistry and crystal engineering [J]. Co-
ord. Chem. Rev. , 2010, 254(1): 1-18.

[ 69 ] JAGNER S, HELGESSON G. On the coordination number of the metal in crystalline halogenocuprates(I1) and halogenoar-
gentates( 1 ) [J]. Adv. Inorg. Chem. , 1991, 37: 1-45.

[ 70 ] PENG H, XIAO Y H, TIAN Y, et al. Dual self-trapped exciton emission of (TBA),Cu,l,: optical properties and high an-
ti-water stability [J]. J. Mater. Chem. C, 2021, 9(44): 16014-16021.

[71] TANJ B, LID L, ZHU J Q, et al. Self-trapped excitons in soft semiconductors [J]. Nanoscale, 2022, 14(44) : 16394-
16414.

[ 721 THOUIN F, VALVERDE-CHAVEZ D A, QUARTI C, et al. Phonon coherences reveal the polaronic character of exci-
tons in two-dimensional lead halide perovskites [J]. Nat. Mater. , 2019, 18(4): 349-356.

[73 ] SMITH M D, KARUNADASA H I. White-light emission from layered halide perovskites [J]. Accounts Chem. Res. ,
2018, 51(3): 619-627.

[74 ] L1JZ, WANG H Z, LI D H. Self-trapped excitons in two-dimensional perovskites [ J]. Front. Optoelectron. , 2020, 13
(3):225-234.

[75] VITALE M, RYU C K, PALKE W E, et al. Ab initio studies of the Copper( I ) tetramers Cu,X,L, (X = I, Br, Cl). ef-
fects of cluster structure and of halide on photophysical properties [J]. Inorg. Chem. , 1994, 33(3): 561-566.

[ 76 ] PENG H, WANG X X, TIAN Y, et al. Water-stable zero-dimensional (C4Hy),NCuCl, single crystal with highly efficient
broadband green emission [ J]. J. Phys. Chem. Lett. , 2021, 12(28): 6639-6647.

[ 77 ] PENG H, TIAN Y, WANG X X, et al. Pure white emission with 91.9% photoluminescence quantum yield of
[ (C3H;) 4N ],Cu,l, out of polaronic states and ultra-high color rendering index [J]. AcS Appl. Mater. Interfaces, 2022, 14
(10): 12395-12403.

[78 ] LIAN L Y, ZHANG P, LIANG G J, et al. Efficient dual-band white-light emission with high color rendering from zero-di-
mensional organic copper iodide [J]. ACS Appl. Mater. Interfaces, 2021, 13(19): 22749-22756.

[ 79 ] HUANG J L, SU B B, SONG E H, et al. Ultra-broad-band-excitable Cu( 1 )-based organometallic halide with near-unity
emission for light-emitting diode applications [J]. Chem. Mater. , 2021, 33(12): 4382-4389.

[80] LIS, XUJ, LIZG, et al. One-dimensional lead-free halide with near-unity greenish-yellow light emission [J]. Chem.
Mater. , 2020, 32(15): 6525-6531.

[81 ] HE T Y, ZHOU Y, YUAN P, et al. Copper iodide inks for high-resolution X-ray imaging screens [J]. ACS Energy
Lett. , 2023, 8(3): 1362-1370.

[82] =4k, F4e, xas, F . B XHLREMAGO B SBER [J]. LKL FR, 2023, 44(3): 496-507.
ZONG J, LI W J, LIU L L, et al. Advances and progress of hybrid X-ray detectors [J]. Chin. J. Lumin. , 2023, 44
(3): 496-507.

[ 83 ] VAN EIJK C W E. Inorganic scintillators in medical imaging [ J]. Phys. Med. Biol. , 2002, 47(8): R85-R106.

[ 84 ] NIUX W, XIAO J W, LOU B B, et al. Highly efficient blue emissive copper halide CssCu;Clgl, scintillators for X-ray de-
tection and imaging [ J]. Ceram. Int. , 2022, 48(20): 30788-30796.

[ 85 ] MCCORMACK O, GIACOMELLI L., CROCI G, et al. Characterization and operational stability of EJ276 plastic scintilla-
tor-based detector for neutron spectroscopy [J]. J. Instrum. , 2021, 16(10): P10002-1-18.

[ 86 ] JANDA J, JANSKY J, MAZANKOVA V, et al. The long-term stability of liquid organic scintillators used for gamma-neu-
tron separation [J]. IEEE Trans. Nucl. Sci. , 2022, 69(4): 768-776.

AT (1998-) , 2, BRPG AT bR, B 1
WF5EE 2020 45 T8 50 4k LR #4015
S, TR I i A ) IR
FA il 78 55 P RE SR AT AT S F ST <

Email: zjb18811639808@163.com

MR (1988=) , I VLVH & & N, 1
T, R HZ L 2015 4F TAb 5T R 2E AR
PLER LU wi=cd VAN O YN S A 7/ NP U N
R X G4 BUAR O T I WF 5

Email: xiaojw@bjut.edu.cn




