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1. Materials and methods

Analytically pure 2,3’-bipyridine, CdCl,, ZnCl, and hydrochloric acid were purchased from
the Shanghai Macklin Biochemical Co. Ltd. and used without further purification.

1.1 Synthesis of 23-CdCl compound

CdCl, (0.05 mmol) and HCI (3 mmol) were dissolved in mixed solution in H,O (3 mL) and
2,3’-bipyridine (1 mL), and the mixture was then in a 25 mL round bottom flask reactor.
The reactor was first heated at 80 °C for 3 hours and then slowly cooled to room temperature
with a cooling rate of 5 °C-min!. After the filtration, block-shaped colorless crystals were
obtained and subsequently determined as 23-CdCl. After crystal structural determination,
crystals of compound 23-CdCl were collected under a microscope in 45% yield based on
CdCl, and then washed, dried, and preserved in a vacuum. Anal. Caled for 23-CdCl: C,
29.26; N, 6.83; H, 2.44. Found: C, 29.34; N, 6.85; H, 2.80. The typical Raman peaks
belonging to Cd-Cl, C-H and N-H vibrations appear at 117 cm™! 1324 cm™! and 3087 cm™!
respectively.

1.2 Synthesis of 23-ZnCl compound

ZnCl, (0.05 mmol) and HCI (3 mmol) were dissolved in mixed solution in H,O (3 mL) and
2,3’-bipyridine (1 mL), and the mixture was then in a 25 mL round bottom flask reactor.
The reactor was first heated at 80 °C for 3 hours and then slowly cooled to room temperature
with a cooling rate of 5 °C-min~!. After the filtration, block-shaped white crystals were
obtained and subsequently determined as 23-ZnCl. After crystal structural determination,
crystals of compound 23-ZnCl were collected under a microscope in 53% yield based on
ZnCl, and then washed, dried, and preserved in a vacuum. Anal. Calcd for 23-ZnCl: C,
32.87; N, 7.67; H, 2.73. Found: C, 32.93; N, 7.65; H, 2.74.The typical Raman peaks
belonging to Zn-Cl, C-H and N-H vibrations appear at 98 cm™! 1323 cm™! and 3100 cm™!
respectively.

1.3 Synthesis of 23- CdysZn(sCl compound

CdCl, (0.025 mmol), ZnCl, (0.025 mmol) and HCI (3 mmol) were dissolved in mixed
solution in H,O (3 mL) and 2,3’-bipyridine (1 mL), and the mixture was then in a 25 mL
round bottom flask reactor. The reactor was first heated at 80 °C for 3 hours and then slowly
cooled to room temperature with a cooling rate of 5 °C-min"!. After the filtration, block-
shaped white crystals were obtained and subsequently determined as 23-Cd sZn, sCI. After
crystal structural determination, crystals of compound 23-Cd, sZn, sC1 were collected under
a microscope in 50% yield based on ZnCl, and then washed, dried, and preserved in a
vacuum. As shown in Table S5, the ICPOES data indicated that real doping ratio of Cd?*" is
0.31 and the real doping ratio of Zn** is 0.69.

2. Characterization

2.1 Single-Crystal X-ray Diffraction (SCXRD)

Single-crystal X-ray diffraction data collection of all compounds were recorded using a

Rigaku XtalLAB PRO II Advance instrumentation with graphitemonochromated Mo Ka (A
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= 0.78 A) radiation. The crystalClear software package was used for data reduction and
empirical absorption correction. The structure was solved by direct method using the
SHELXL-97 and Olex 2 program. All nonhydrogen atoms were located by Fourier synthesis
and the differential electron density function. The hydrogen atom coordinates were obtained
by the difference electron density function combined with geometric analysis. All non-
hydrogen atoms coordinate, and the anisotropy temperature factor, hydrogen atom
coordinate, and isotropic temperature factor were corrected to convergence using full-
matrix least-squares methods.

2.2 Powder X-ray Diffraction (PXRD)

The PXRD patterns were recorded on a Rigaku Miniflex 600 instrument with Cu Ka (A =
1.54184 A) radiation in the range of 10—60° at a scan rate of 8°/min.

2.3 'H NMR Titration

2,3’-bipyridine (10 mg, 9.79 x 10°® mol) was dissolved in DMSO-ds (0.5 mL). Then, a
series of different equivalents of 23-CdCl1/23-ZnCl (1.0, 2.0, 3.0, equiv and so on) were
added into the solution of 23-CdCl/23-ZnCl, and their 'H NMRs were recorded.

2.4 Optical spectra measurement

The photoluminescence properties including the emission and excitation spectra in solid
state were measured on a FLS980 Edinburgh fluorescence spectrometer. The PL quantum
efficiency analysis was performed using the same light source with an additional integrating
sphere. Time-resolved emission data were recorded at room temperature using the FLS980
spectrofluorometer. The dynamics of emission decay were monitored by using the FLS980s
time-correlated single-photon counting capability with data collection for 10000 counts.
Excitation was provided by an Edinburgh EPL-375 ps pulsed diode laser. The emission
lifetime was obtained by single-exponential fitting.

2.5 Inductively Coupled Plasma Optical Emission Spectrometer (ICPOES)

ICP elemental analysis was carried out through a HORIBA Jobin Yvon Ultima2 instrument.

2.6 Thermogravimetric Analysis (TGA)

The thermogravimetric (TG) curves were measured on a Netzsch STA449C instrument
heated from 30 to 800 °C at a ramp rate of 10.00°C/min, under a nitrogen flux of 100 mL
min!,

2.7 Fourier Transform Infrared (FT-IR) Spectroscopy

The IR spectra were recorded on PerkinElmer Spectrum One spectrophotometer with KBr
pellets in the range of 4000—400 cm™!.

2.9 Elemental analyses (EA)

The EA of C, H, and N were carried out with a Vario EL III elemental analyzer.

2.9 Calculation details

All calculations in this study were based on density functional theory (DFT) using Gaussian

16 software, Revision A.03!. The single-point energy calculations for all the structures
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involved in this paper were performed at the M06!2/def2SVPE! model, using the SMDI4!
model with water as the solvent to take into account the solvation effect and with dispersion
correction using GD3[3]. The Multiwfn!¢] program was used to generate the fch files required
for the NCI["! analysis and visualized with the VMDI®! software.

3. Crystallographic Studies

3.1 Single Crystal Structure Determination of 23-CdCl

A colorless plank of 23-CdCl crystal with dimensions of 0.01 x 0.0275 x 0.0275 mm? was
selected for single-crystal X-ray diffraction analysis. The diffraction data were collected on
an Agilent Technologies SuperNova Dual Wavelength CCD diffractometer equipped with
graphite-monochromated Mo Ka radiation (A = 0.78 A) at room temperature. The diffraction
data were corrected for Lorentz and polarization factors as well as for absorption by
multiscan method. The structure was solved by direct methods and refined by full-matrix
least-squares fitting on SHELXL using the Olex 2 program packagel®!!l. All atoms were
refined with anisotropic thermal parameters. The structure was also checked for possible
missing symmetry with PLATON. Crystallographic data and structural refinements are
summarized in Table S1. Generally, the compound 23-CdCl, empirically formulated by
structural determination as (C;oH;(N;)CdCly, crystallizes in a trigonal system with space
group Pbca and lattice parameters a = 7.5216(2) A, b=14.5647(3) A, ¢ = 26.7886(6) A and
Z = 8. The calculated density is 3.875 g/cm?. The solution results are listed in Table S1-S2.
CCDC 2295257 contains the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

3.2 Single Crystal Structure Determination of 23-ZnCl

A colorless plank of 23-ZnCl crystal with dimensions of 0.01 x 0.025 x 0.025mm? was

selected for single-crystal X-ray diffraction analysis. The diffraction data were collected on
an Agilent Technologies SuperNova Dual Wavelength CCD diffractometer equipped with
graphite-monochromated Mo Ka radiation (A = 0.78 A) at room temperature. The diffraction
data were corrected for Lorentz and polarization factors as well as for absorption by
multiscan method. The structure was solved by direct methods and refined by full-matrix
least-squares fitting on SHELXL using the Olex 2 program packagel®-!!l. All atoms were
refined with anisotropic thermal parameters. The structure was also checked for possible
missing symmetry with PLATON. Crystallographic data and structural refinements are
summarized in Table S1. Generally, the compound 23-ZnCl, empirically formulated by
structural determination as (C;0H;¢N,)ZnCly, crystallizes in a trigonal system with space
group Pbca and lattice parameters a = 12.2876(10) A, b = 8.7564(7) A, ¢ = 12.3492(9) A
and Z = 4. The calculated density is 1.5 g/cm?. The solution results are listed in Table S1,
S3. CCDC 2295210 contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data request/cif.



http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif

3.3 Single Crystal Structure Determination of 23-Cd 50Zn 59Cl and 23-Cd 3Zn, gyCl
CCDC 2297733 and CCDC 2298043 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cambridge Crystallographic

Data Centre via www.ccdc.cam.ac.uk/data_request/cif.



http://www.ccdc.cam.ac.uk/data_request/cif

4. Supplementary table and figures

Table S1 Single crystal X-ray diffraction data of 23-CdClI and 23-ZnCl.

Compound 23-CdCl 23-ZnCl
Formula (CioHoN,)CdCl,  (CyoHoN2)ZnCly
Temperature 293 K 293 K

Space group Pbca Pnma

Volume 2934.69(12) 1328.71(18)
Unit cell a=7.5216Q2)A a=12.2876(10)
dimensions

b=14.5647(3) A  b=12.3492(9)
c=26.7886(6) A c=8.7564(7)

a=90° a=90°
B=90° B=90°
y=90° y=90°

Z 8 4

p 3.875 1.5

Final R indexes  Ri=0.0247, R;=0.0429,

[1I>=2¢ ()] WwR>=0.0557  wR,=0.1273

Final R indexes R;=0.0340, R;=0.0518,

[all data] wR,=0.0591 wR,=0.1327




Table S2 Bond angles (°) for 23-CdCl single crystal.

Atom Atom Atom Angle/*

c1 Cd1 C12 107.515(22)
c1n Cd1 C13 107.363(26)
ci Cd1 Cl4 109.577(22)
C12 Cd1 CI3 108.504(24)
C12 Cd1 Cl4 108.080(25)

C13 Cd1 C4 115.531(24)




Table S3 Bond angles (°) for 23-ZnCl single crystal.

Atom Atom Atom Angle/*

c1 Znl C12 117.647(149)
c1n Znl C13 109.601(132)
ci Znl C4 107.031(115)
C12 Znl CI3 109.292(108)
C12 Znl Cl4 106.829(660)

C13 Znl C4 105.850(114)




Table S4. Hydrogen Bonds for 23-CdCl.

D H A d(D-H)/A d(H-A)/A d(D-A)A D-H-A/°
C1 H1 C121 0.93 2.71 3.453(3) 137.9
C2 H2 C132 0.93 2.81 3.511(3) 133
C3 H3 C122 0.93 2.98 3.873(3) 160.5
C4 H4 113 0.93 2.83 3.687(3) 153.3
C7 H7 Cl24 0.93 3.12 3.952(3) 149.1
C7 H7 Cl44 0.93 3.26 3.827(2) 121.4
C8 HS8 Cl44 0.93 3.12 3.755(3) 127.2
C8 H8 Cl45 0.93 3.01 3.600(3) 122.6
c9 H9 C135 0.93 2.7 3.466(3) 139.9
C10 H10 C126 0.93 2.71 3.635(3) 173.6
N1 H1A 1 0.86 2.28 3.108(2) 161

N2 H2A Cl46 0.86 2.38 3.138(2) 146.7




Table S5. Hydrogen Bonds for 23-ZnCl.

D H A d(D-HY/A d(H-A)YA d(D-A)A D-H-A/°
Cl1 HI1A ci21 0.93 3.02 3.622(5) 124

C1 HI1A 2 0.93 3.02 3.622(5) 124

C2 H2 cii1 0.93 2.55 3.328(4) 1413
C2 H2 ci1 0.93 2.91 3.574(4)  129.8
C6 H6 C123 0.93 3 3.611(6) 124.8
C6 H6 C24 0.93 3 3.611(6) 124.8




Table S6. Single crystal structure of hybrid organic—inorganic Zn/Cd halides.

Dihedral .
Angle Distance
PLE PL PLQY between PL
Compound o between . . Ref.
(nm) (nm) (%) . aromatic mechanism
aromatic rings ( A)
rings (°) &
(P-xd)ZnCl, 285 443 23.06 0.862 4.95 organic 12
emission
(P-xd)CdCl, 287 435 3.97 10.695 5.007 organic 12
emission
R,ZnCl, 445 512 10.40 4225 4.246 organic 13
emission
R,CdCl, 453 528 11.21 10.337 4.664 organic 13
emission
23-CdCISCs 365 2> 417 0.117 3.898 organic This
560 emission work
23- 425 organic This
CdysZnysCl 365 ’ 24.1 0.644 3.475 gan
560 emission work
SCs
23-ZnCISCs 365 42> 320 1515 3.421 organic This
560 emission work
(H,TTz)ZnC organic
1-MeOH 365 462 18.00 11.001 4.1420 emission 14
(HATAZnB 500 514 600 7.570 4.065 organic 14
rys-MeOH emission
organic
(PMA)ZnCL - 5,; 13976’ 372 2.807 4211  emissionand 15
4 STEs
446 organic
(PBA),ZnCl; 353 ’ 14.2 1.117 5.52 emission and 15
478
STEs
(TpyH3)[Zn organic
CL]-[C]] 430 490 24.13 5.213 3.639 emission and 16
(Tpy-Zn) STEs
(TpyH3)[Cd organic
Cly-IC1] 430 490 25.67 4.519 3.894 emission and 16
(Tpy-Cd) STEs
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Table S7. ICPOES data of 23—Cd0.90Zn0.10C1, 23-Cdo'gozn0'20Cl, 23—Cd0.5OZn0.50C1 and 23-

Cd0.3OZn0.7OC1.
Reacti ddi
Crystal Element eac 10n‘a ng Real doping ratio
ratio

Cd 0.90 0.85
23-Cdy.90Zny.1oCl

Zn 0.10 0.15

Cd 0.80 0.70
23-Cdy.30Zny.2Cl

Zn 0.20 0.30

Cd 0.50 0.31
23-Cdy.50Zn.50Cl

Zn 0.50 0.69

Cd 0.30 0.17

23-Cd0_30Zn0.70C1

Zn 0.70 0.83

-11-
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Figure S1. Powder XRD pattern of 23-Cd;_Zn,Cl (x=0.1, 0.2, ..., 1) crystals powder.
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Figure S2. Composition dependent cell lengths of 23-Cd;_,Zn,Cl (x=0.1, 0.2, ..., 1) crystal
(Note: two phases of 23-CdCl and 23-ZnCl co-exist when x =0.3 and 0.4, only the cell

lengths of the component isostructural with 23-CdCl phase is displayed when x =0.3 and
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Figure SS. Crystal structure of 23-CdCl viewed along the a axis.
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Figure S6. Coordination mode of [CdCl,]*.
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Figure S11. Crystal structure of 23-ZnCl viewed along the b axis.

(b)

Figure S12. Coordination mode of [ZnCl,]*.
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Figure S13. Diffuse reflection spectrum of 23-ZnCl crystals powder.
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Figure S14. TGA curve of 23-ZnCl.
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Figure S15. Structure of the 23-CdCl1 SCs: layer A (a) and layer B (b).
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Figure S16. (a) FT-IR spectra of the 2,3’-bipyridine, 23-CdCl, 23-ZnCl and 23-
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Figure S17. Structure of the 23-ZnClI SCs: layer A (a) and layer B (b).
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Figure S19. Photoluminescence spectra of 2,3’-bipyridine and 2,3’-bipyridine
hydrochloride (at 365 nm).
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Figure S20. Excitation spectra of 2,3’-bipyridine and 2,3’-bipyridine hydrochloride (at
425nm excitation).
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Figure S21. Temperature dependent photoluminescence spectra of 23-Cd 50Zng 50CL.
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Figure S25. Calculated HOMO-LUMO of 23-CdCl (a, b) and 23-ZnCl (c, d).
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Figure S26. Experimental PXRD patterns of 23-CdCl after storage in moist air for 30
Days.
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Figure S27. Experimental PXRD patterns of 23-ZnCl after storage in moist air for 30 Days.

-23-



(@] 5

08

(b)

23-Cd,y 5Zn, 5Cl

07

0.6

500

j v 05
| s00mA ¢

04

03
G

300 400 500 600 700 800
00 1
Wavelength (nm) 00 01 62 03 04,05 06 07 08

Figure S28. (a) Schematic diagram of screen printing 23-Cdy sZng sCI. (b-d) Schematic

diagram and characterization of electroluminescent diodes.
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