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Experimental section

Synthesis. All chemicals were used as received without further purification. Single 

crystals of Pb6O4(BO3)(NO3) and Pb6O2(BO3)2(NO3)F were synthesized by using the 

high-temperature solution method. For Pb6O4(BO3)(NO3), the raw materials consist of 

PbF2 (0.230 g, 0.9 mmol), Pb(NO3)2 (2.180 g, 6.6 mmol), Na2CO3 (0.299 g, 2.8 mmol), 

and H3BO3 (0.291 g, 4.7 mmol), while PbF2 (0.313 g, 0.9 mmol), Pb(NO3)2 (1.3 g, 3.8 

mmol), PbCO3 (1.024 g, 3.8 mmol), and H3BO3 (0.394 g, 6.4 mmol) were used for the 

synthesis of Pb6O2(BO3)2(NO3)F. The raw materials were mixed and grounded and then 

transferred into alumina crucibles. For Pb6O4(BO3)(NO3), the temperature was slowly 

raised to 500 °C and maintained for 6 h, cooled down to 420 °C in 2 h, and subsequently 

cooled slowly to 320 °C at a rate of 2 °C·h–1, finally decreased rapidly to room 

temperature in 3 h. For Pb6O2(BO3)2(NO3)F, the temperature was slowly raised to 500 

°C and held for 6 h, cooled down to 400 °C at a rate of 2 °C·h–1, and subsequently 

cooled to room temperature in 50 h. Small crystals (~0.1 mm) of the title compounds 

were obtained from the crushed products. 

Polycrystalline samples of the title compounds were prepared by the conventional 

solid-state method. For Pb6O4(BO3)(NO3), Pb(NO3)2, PbCO3, and H3BO3 were weighed 

according to the stoichiometric ratio, and the raw materials were fully grounded before 

transferring to an alumina crucible with cover. The sample was first heated to 400 °C 

in a muffle furnace and held at this temperature for 24 h to decompose PbCO3, then 

kept at 380 °C for 48 h, and finally calcined at 350 °C for 48h with several times mid-

grinding. For Pb6O2(BO3)2(NO3)F, the stoichiometric ratio of PbF2, Pb(NO3)2, PbCO3, 

and H3BO3 were ground thoroughly. The mixture was preheated at 300 °C for 24 h, 

then heated at 350 °C for 24 h and 380 °C for 24 h with intermediate grinding. Yellow 

polycrystalline powder samples were obtained with high phase purity. 

Characterization. The single-crystal X-ray diffraction (XRD) data were collected on 

a Bruker D8 VENTURE diffractometer equipped with a PHOTON II detector and Mo 

IµS 3.0 microfocus X-ray sources (λ = 0.71073 Å). Data integration and absorption 

corrections were carried out using the SAINT program.1 The structure solution and 
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refinement were performed using the Intrinsic Phasing method and the least-squares 

technique, respectively, embedding within the Olex2 program.2 Crystal data and 

refinement details, atomic coordinates, and selected bond distances and angles are listed 

in Tables S1-S3. Powder XRD data were measured on a Dandong Haoyuan DX-27mini 

X-ray diffractometer with Cu Kα radiation (λ = 1.54056 Å). The powder XRD pattern 

was scanned over the 2θ angles range of 5-70°, at a scanning step width of 0.02° and a 

fixed counting time of 2 s. The thermal gravimetric (TG) analysis and differential 

scanning calorimetry (DSC) were studied with a NETZSCH5 instrument under air. The 

sample was placed in an Al2O3 crucible and heated from 30 to 800 °C with a heating 

rate of 10 °C·min–1. The infrared spectra were recorded on a Shimadzu IR Affinity-1 

Fourier transform infrared spectrometer in the range of 400 - 4000 cm−1. The sample 

was grounded and mixed with KBr. The UV−Vis−NIR diffuse reflectance spectra were 

measured at room temperature with a Shimadzu SolidSpec-3600DUV 

spectrophotometer in the 200–1100 nm wavelength range. 

Theoretical Calculations. The electronic structures and optical properties for 

Pb6O4(BO3)(NO3) and Pb6O2(BO3)2(NO3)F were calculated by using the CASTEP 

package.3 The generalized gradient-approximation (GGA) with Perdew-Burke-

Ernzerhof (PBE) functional was selected as exchange-correlation potential.4 The norm-

conserving pseudopotentials (NCP) were adopted to model the effective interaction 

between the valence electrons and atom cores.5 The cut off energies and the dense K-

points in the Brillouin zone were set as 820 eV and 2 × 2 × 1 for Pb6O4(BO3)(NO3), 

and 850 eV and 2 × 1 × 2 for Pb6O2(BO3)2(NO3)F. The configurations for diverse 

electron orbital were Pb: 5s25p65d106s26p2, B: 2s22p1, N: 2s22p3, O: 2s22p4, and F: 

2s22p5, respectively.
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Table S1. Crystal data and structure refinements for Pb6O4(BO3)(NO3) and 
Pb6O2(BO3)2(NO3)F. 

Compound Pb6O4(BO3)(NO3) Pb6O2(BO3)2(NO3)F
Formula weight 
1)

1427.96 1473.77
Temperature (K) 273.15
Wavelength (Å) 0.71073

Crystal system, space group Orthorhombic, Pmmn Monoclinic, P21/m 

a (Å) 5.7481(5) 6.8025(7)
b (Å) 9.4582(9) 11.5092(9)
c (Å) 11.2770(12) 8.8989(9)
β (deg) 101.704(4)
Volume (Å3) 613.09(10) 682.22(11)
Z, Calculated density (g·cm-3)  2, 7.735 2, 7.174
Absorption coefficient (mm-1) 82.125 73.830
F(000) 1168 1212

Theta range for data collection (deg.) 2.811 to 27.530 2.337 to 27.509

Limiting indices
-7 ≤ h ≤ 7, -12 ≤ k ≤ 12, -
14 ≤ l ≤14

-8 ≤ h ≤ 8, -14 ≤ k ≤ 14, 
-11 ≤ l ≤ 11

Reflections collected / unique
6656 / 823 [R(int) = 
0.0664]

19582 / 1645 [R(int) = 
0.0663]

Completeness 98.9 % 100.0 %
Max. and min. transmission 0.0206 and 0.0040 0.0481 and 0.0007
Data / restraints / parameters 823 / 0 / 58 1645 / 6 / 106
GOF on F2 1.048 1.091
R1, wR2 [Fo

2>2( Fo
2)]a 0.0327, 0.0869 0.0231, 0.0553

R1, wR2 (all data) a 0.0412, 0.0918 0.0286, 0.0570
Largest diff. peak and hole (e∙Å-3) 1.926 and -1.843 1.811 and -1.526

a R1 = Fo - Fc/Fo and wR2 = [w(Fo
2 – Fc

2)2/ w Fo
4]1/2 for Fo

2 > 2( Fo
2).
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Table S2. Atomic coordinates and equivalent isotropic displacement parameters for 
Pb6O4(BO3)(NO3) and Pb6O2(BO3)2(NO3)F. U(eq) is defined as one-third of the trace 
of the orthogonalized Uij tensor. 

x y z U(eq) BVS

Pb6O4(BO3)(NO3)
Pb(1) 0.7500    0.5561(1) 0.8203(1)  0.036(1) 2.37 
Pb(2) 0.2500    0.2500    0.8658(1)  0.036(1) 2.06 
Pb(3) 0.7500    0.2500    0.6436(1)  0.035(1) 2.18 
Pb(4) 0.2500    0.0127(1) 0.6192(1)  0.036(1) 2.13 
N(1) 0.2500    0.7500    0.9140(30) 0.054(7) 5.37
B(1) 0.7500    0.7500    0.5690(30) 0.039(7) 2.86
O(1) 0.2500    0.6390(20) 0.9630(20) 0.100(7) 2.08 
O(2) 0.2500    0.7500    0.8000(20) 0.080(9) 1.59 
O(3) 1.0015(14) 0.3972(8) 0.7542(7)  0.032(2) 2.46 
O(4) 0.7500    0.6199(15) 0.6294(14) 0.053(4) 1.84
O(5) 0.2500    0.02500    0.5512(17) 0.037(4) 2.19 

Pb6O2(BO3)2(NO3)F
Pb(1) 0.0585(1) 0.2500   0.4166(1) 0.027(1) 1.93
Pb(2) 0.4354(1) 0.0934(1) 0.2047(1) 0.028(1) 2.25
Pb(3) 0.6063(1) 0.2500   0.5953(1) 0.027(1) 1.75
Pb(4) 1.0895(1) 0.4069(1) 0.7974(1) 0.028(1) 2.24
N(1) 0.7494(15) 0.2500   0.0105(13) 0.040(3) 4.86
B(1) 0.7455(11) -0.0015(8) 0.5038(12) 0.030(2) 3.00
F(1) 1.2805(15) 0.2500   0.9568(14) 0.079(3) 0.77
O(1) 0.7622(14) 0.3449(6) -0.0549(10) 0.067(2) 1.81 
O(2) 0.7154(13) 0.2500   0.1454(11) 0.044(2) 1.73
O(3) 0.6752(9) 0.0992(4) 0.4301(7) 0.033(1) 2.07
O(4) 0.7729(9) -0.0991(4) 0.4226(7) 0.032(1) 2.09
O(5) 0.7925(8) -0.0026(5) 0.6634(7) 0.037(1) 2.05  
O(6) 0.3545(11) 0.2500   0.3113(10) 0.031(2) 2.42
O(7) 0.9586(10) 0.2500   0.6800(9) 0.024(2) 2.45
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Table S3. Bond lengths [Å] and angles [deg] for Pb6O4(BO3)(NO3) and 
Pb6O2(BO3)2(NO3)F.

Pb6O4(BO3)(NO3)
Pb(1)-O(3)   2.215(8) N(1)-O(1)    1.19(3) 
Pb(1)-O(3)#2 2.215(8) N(1)-O(1)#9  1.19(3) 
Pb(1)-O(4)   2.236(15) N(1)-O(2)    1.28(4) 
Pb(2)-O(3)#4 2.358(8) B(1)-O(4)#1  1.41(2) 
Pb(2)-O(3)#2 2.358(8) B(1)-O(4)    1.41(2) 
Pb(2)-O(3)#5 2.358(8) B(1)-O(5)#10 1.35(4) 
Pb(2)-O(3)#6 2.358(8) 
Pb(3)-O(3)#8 2.363(8) 
Pb(3)-O(3)   2.363(8) O(1)-N(1)-O(1)#9   124.0(4) 
Pb(3)-O(3)#5 2.363(8) O(1)#9-N(1)-O(2)   118.1(19)
Pb(3)-O(3)#2 2.363(8) O(1)-N(1)-O(2)     118.1(19)
Pb(4)-O(3)#5 2.254(8) O(4)#1-B(1)-O(4)   122.0(3) 
Pb(4)-O(3)#6 2.254(8) O(5)#10-B(1)-O(4)#1 119.1(13)
Pb(4)-O(5)   2.372(6) O(5)#10-B(1)-O(4)  119.1(13)
Symmetry transformations used to generate equivalent atoms: 
#1) -x+3/2, -y+3/2, z; #2) -x+3/2, y, z; #3) -x+1/2, -y+1/2, z; #4) x-1, y, z; #5) -x+3/2, -y+1/2, z; 
    #6) x-1, -y+1/2, z; #7) x+1, y, z; #8) x, -y+1/2, z; #9) -x+1/2, -y+3/2, z; #10) -x+1, -y+1, -
z+1.     

Pb6O2(BO3)2(NO3)F
Pb(1)-O(4)#1  2.390(6) N(1)-O(1)     1.249(9) 
Pb(1)-O(4)#2  2.390(6) N(1)-O(1)#4   1.249(9) 
Pb(1)-O(6)    2.387(7) N(1)-O(2)     1.267(14)
Pb(1)-O(7)#3  2.570(8) B(1)-O(3)     1.369(11)
Pb(2)-O(2)    2.750(7) B(1)-O(4)     1.369(11)
Pb(2)-O(3)    2.316(6) B(1)-O(5)     1.392(12)
Pb(2)-O(5)#1  2.369(5) 
Pb(2)-O(6)    2.159(4) 
Pb(3)-O(3)    2.381(6) O(1)#4-N(1)-O(1) 122.0(12)
Pb(3)-O(3)#4  2.381(6) O(1)#4-N(1)-O(2) 119.0(6) 
Pb(3)-O(6)    2.751(9) O(1)-N(1)-O(2)  119.0(6) 
Pb(3)-O(7)    2.362(7) O(3)-B(1)-O(5)  118.8(8) 
Pb(4)-F(1)    2.493(6) O(4)-B(1)-O(3)  120.9(8) 
Pb(4)-O(4)#5  2.336(6) O(4)-B(1)-O(5)  120.2(8) 
Pb(4)-O(5)#4  2.395(6) 
Pb(4)-O(7)    2.184(4) 
Symmetry transformations used to generate equivalent atoms: 
#1) -x+1, -y, -z+1; #2) -x+1, y+1/2, -z+1; #3) x-1, y, z; #4) x, -y+1/2, z; #5) -x+2, y+1/2, -z+1;     
#6) -x+2, y-1/2, -z+1; #7) x+1, y, z.
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Table S4. Crystallographic data for inorganic compounds containing anion-centered 
[OPb4] tetrahedra and π-conjugated units.

compounds space 
group

Structural feature ref

[Pb4O]Pb2(BO3)3Cl Pbcm isolated [OPb4] tetrahedra + BO3 units 6

[Pb4O]Pb2(BO3)3F Pbcm isolated [OPb4] tetrahedra + BO3 units 7

[Pb4O]Pb2(BO3)3Br Pbcm isolated [OPb4] tetrahedra + BO3 units 7

Pb[Pb4O](OH)2(CO3) P63cm isolated [OPb4] tetrahedra + CO3 units 8

[Pb8O3](BO3)2(B2O5) Aba2 isolated [O3Pb8] cluster + BO3 units 9

[Pb13O8](OH)6(NO3)4 R3̅ isolated [O8Pb13] cluster + NO3 units 10

Pb6O2(BO3)3(SO4) Pnma [O2Pb6] chain + BO3 units 11

Pb6O2(BO3)3(MoO4) Cmcm [O2Pb6] chain + BO3 units 12

Pb6O2(BO3)3(CrO4) Pnma [O2Pb6] chain + BO3 units 12

[Pb3O2](CO3) Pnma [O2Pb3] chain + CO3 units 13

[Pb3O2]2(OH)(NO3)(CO3) Pnma [O2Pb3] chain + CO3/NO3 units 14

[Pb3O2](OH)(NO3) Pca21 [O2Pb3] chain + NO3 units 15

Pb2(O4Pb8)(BO3)3Br3 C2/c [OPb2] chain + BO3 units 16

Pb2(O8Pb12)(BO3)2Br6 C2/c [O2Pb3] ribbon + BO3 units 16

[O2Pb3]2(BO3)Br Cmcm [O2Pb3] double chain + BO3 units 17

Pb47O24(OH)13Cl25(BO3)2(CO3) Cm [Pb44O24(OH)12] layer + BO3/CO3 units 18

Pb6O4(BO3)(NO3) Pmmn [O4Pb6] double chain + BO3/NO3 units This 
work

Pb6O2(BO3)2(NO3)F P21/m [O2Pb6] chain + BO3/NO3 units This 
work
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Figure S1. The calculated and experimental powder XRD patterns of (a) 
Pb6O4(BO3)(NO3) and (b) Pb6O2(BO3)2(NO3)F.



Electronic Supplementary Information (ESI)

S10

Figure S2. The IR spectra of (a) Pb6O4(BO3)(NO3) and (b) Pb6O2(BO3)2(NO3)F.
.
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Figure S3. The UV−Vis−NIR diffuse reflectance spectra of (a) Pb6O4(BO3)(NO3) and 
(b) Pb6O2(BO3)2(NO3)F.
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Figure S4. The TG and DSC curves of (a) Pb6O4(BO3)(NO3) and (b) 
Pb6O2(BO3)2(NO3)F.
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Figure S5. The bandgap of (a) Pb6O4(BO3)(NO3) and (b) Pb6O2(BO3)2(NO3)F. The 
PDOS of (c) Pb6O4(BO3)(NO3) and (d) Pb6O2(BO3)2(NO3)F.
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