Electronic Supplementary Material (ESI) for Inorganic Chemistry Frontiers.
This journal is © the Partner Organisations 2023

Structure and Optical Property Evolutions in PbM(PO4)X (M =
Zn, Sn; X = halogen): SHG Effect and Birefringence
Xiao-Bao Li?, Chun-Li Hu?, Fang Kong™?, Jiang-Gao Mao?

@ State Key Laboratory of Structural Chemistry, Fujian Institute of Research on the
Structure of Matter, Chinese Academy of Sciences, Fuzhou 350002, P. R. China.

E-mail: kongfang@fjirsm.ac.cn

Table of Contents

Table S1. Crystal data and refinement details of the four crystals.
Table S2. Selected bond lengths (A) for the four crystals.
Computational method

Table S3. The state energies (eV) of the lowest conduction band (L-CB) and the highest
valence band (H-VB) for the four crystals.

Table S4. The birefringence of some typical phosphates.

Figure S1. Simulated and measured XRD powder patterns for PbZn(PO4)F (a),
PbSn(PO,4)Br (b) and PbSn(PO,)I (¢).

Figure S2. The connection modes of PbO,F, in PbZn(PO,)F.

Figure S3. IR spectra for PbZn(PO,)F (a), PbSn(PO,4)Br (b) and PbSn(POy)I (c).

Figure S4. UV—vis—NIR diffuse reflectance spectra for PbZn(PO,)F (a), PbSn(PO,4)Br
(b) and PbSn(POy)I (¢).

Figure S5. The thermal analysis curves for PbZn(PO,)F (a), PbSn(PO,4)Br (b) and
PbSn(PO,)I (c).

Figure S6. SHG density map of d3; in the valence band (left) and the conduction band
(right) of PbZn(PO4)F.

Figure S7. The band structures of PbZn(PO4)F (a), PbSn(PO,)CI (b), PbSn(PO,4)Br (¢)
and PbSn(POy)I (d).

References


mailto:kongfang@fjirsm.ac.cn

Table S1. Crystal data and refinement details of the four crystals.

Formula PbZn(POLF (1) PbSn(PO4)CL(2) PbSn(PO4)Br (3) PbSn(PO4)I (4)
Fw 386.53 456.30 500.76 547.75
Temperature 294.56(10) K 293(2) (K) 281.8(5) (K) 296.59(10) (K)
Crystal system Orthorhombic Monoclinic Monoclinic Triclinic
Space group Pna2, P2,/n P2,/n P-1

a(A) 8.9845(10) 8.3519(2) 8.4780(9) 4.8059(6)

b (A) 9.3813(13) 4.72080(10) 4.7595(5) 8.1218(9)
c(A) 4.8212(6) 14.5277(3) 15.0060(16) 8.6719(10)

a (deg)/® 90.00 90.00 90.00 109.324(10)

B (deg)/° 90.00 101.299(2) 101.898(10) 91.471(10)

vy (deg)/® 90.00 90.00 90.00 90.588(10)

V (A3) 406.36(9) 561.69(2) 592.50(11) 319.00(8)

4 4 4 4 2

Flack factor -0.023(14) / / /

Peale (g/cm?) 6.318 5.396 5.614 5.698

p (mm) 47.595 35.057 39.527 35.258

GOF on F? 1.013 1.064 0.933 1.132
RWRIPSOF (o o127 01192 02152
e 0D 0ot o

Ry = Z||Fo| | FellZIFol, Ry = {ZW[(Fo)? -(Fo* P/EW[(Fo)’1}




Table S2. Selected bond lengths (A) for the four crystals.

Selected bond lengths (A) for PbZn(PO,)F (1)

Pb(1)-F(1)#1 2.359(7) Zn(1)-O(4)#4 1.966(3)
Pb(1)-F(1) 2.504(6) Zn(1)-F(1)#5 2.097(5)
Pb(1)-0(2)#2 2.469(8) P(1)-0(1) 1.530(7)
Pb(1)-O(1)#3 2.514(10) P(1)-0(2) 1.551(8)
Zn(1)-0(1)#3 2.007(6) P(1)-0(3) 1.515(11)
Zn(1)-0Q2)#2 2.023(8) P(1)-O(4) 1.542(8)
Zn(1-0(3) 2.005(9)

Selected bond lengths (A) for PbSn(PO,4)CI (2)
Pb(1)-CI(1) 2.830(4) Sn(1)-0(2) 2.196(9)
Pb(1)-O(1)#1 2.430(3) Sn(1)-0(3)#3 2.159(3)
Pb(1)-O(1)#2 2.432(8) P(1)-0(1) 1.530(8)
Pb(1)-0(2) 2.669(8) P(1:-02) 1.538(3)
Pb(1)-0(3)#1 2.7079) P(1-003) 1.53709)
Sn(1)-0(4)#1 2.11009) P(1)-0(4) 1.538(9)

Selected bond lengths (A) for PbSn(PO,4)Br (3)
Pb(1)-Br(1) 2.9770(15) Sn(1-0(3)#3 2.153(8)
Pb(1)-O(1)#1 2.426(9) Sn(1)-0(4)#2 2.134(9)
Pb(1)-O(1)#2 2.453(9) P(1)-O(1) 1.534(10)
Pb(1)-0(2) 2.635(9) P(1)-0(2) 1.531(9)
Pb(1)-0(3)#2 2.734(8) P(1)-0(3) 1.550(9)
Sn(1)-0(2) 2.23209) P(1)-0(4) 1.525(10)

Selected bond lengths (A) for PbSn(PO,)I (4)

Pb(1)-I(1) 3.135(2) Sn(1-0(3) 2.104(19)
Pb(1)-0(1) 2.700(19) Sn(1)-0(4)#3 2.152)
Pb(1)-0(2)#1 2.44(2) P(1)-0(1) 1.540(19)
Pb(1)-0(2)#2 2.450(19) P(1)-0(2) 1.536(19)
Pb(1)-O(4)#2 2.742) P(1)-0(3 )4 1.542)
Sn(1)-0(1) 2.210(19) P(1)-0(4) 1.56(2)

Symmetry transformations used to generate equivalent atoms:




For PbZn(POy)F (1): #1 -x, -y+1, z+1/2 #2 -x+1/2, y-1/2, z+1/2 #3 -x, -y+2, z+1/2 #4
X,y, z+1 #5 -x+1/2, y+1/2, z+1/2.

For PbSn(PO,)CI (2): #1 x, y-1, z #2 -x+2, -y+1, -z+1 #3 -x+1, -y+1, -z+1.
For PbSn(PO4)Br (3): #1 -x+2, -y+1, -z+1 #2 x, y-1, z #3 -x+1, -y+1, -z+1.
For PbSn(POy)I (4): #1 -x+1, -y, -z+2 #2 x-1,y, z#3 -x+1, -y, -z+1 #4 x+1, y, z.



Computational method.

The method of plane-wave pseudo-potential (PWPP) of density functional theory
(DFT) was used to calculate the electronic structure and optical properties of
compounds by running the CASTEP program in the Material Studio software package.!:
2 By employing the generalized gradient approximation (GGA), the Perdew-Burke-
Ernzerhof (PBE) general functional was used to calculate the exchange-correlation
potential.>> 4 The ion nucleus-electron interactions were described by the Norm
conserving pseudopotentials (NCP). The valence electrons of the four compounds were
set as follows: Pb-5d'%6s%6p?, Sn-5s25p?, Zn-3d'%4s?, P-3s23p3, O-2s22p*, F-2s?2p°, Cl-
3s23p°, Br-4s%4p’, [-5s25p>. The cut-off energies of the four compounds (850 eV, 820
eV, 820 eV and 820 eV) under the NCP determined the number of plane waves
contained in the basis sets. The four compounds were numerically integrated over the
Brillouin zone using Monkhorst-Pack k-point sampling of 3x3x5, 3x5x2, 3x5%2 and
5%3x%3.



Table S3. The state energies (eV) of the lowest conduction band (L-CB) and the highest
valence band (H-VB) for the four crystals.

Compound k-point L-CB (eV) H-VB (eV)
G (0.000 0.000 0.000) 4.478332 20.01249
Z (0.000 0.000 0.500) 4.696504 20.05564
T (-0.500 0.000 0.500) 4.874404 20.09792
Y (-0.500 0.000 0.000) | 4.44296 20.12904
PoZn(POIE 5 50500 0.500 0.000) 4.61555 20.09943
X (0.000 0.500 0.000) 4.68196 20.13624
U (0.000 0.500 0.500) 455085 -0.0038
R (-0.500 0.500 0.500) | 4.865496 20.05896
Z (0.000 0.000 0.500) 3.010691 20.20792
G (0.000 0.000 0.000) 271979 0
Y (0.000 0.500 0.000) 3.346421 20.53265
A (-0.500 0.500 0.000) | 3.169945 20.63279
PoSn(POICT 5 50500 0,000 0.000) | 2728321 20.29083
D (0500 0.000 0.500) | 2.569063 20.26133
E (-0.500 0.500 0.500) 2912721 20.62013
C (0.000 0.500 0.500) 3.361783 -0.54616
Z (0.000 0.000 0.500) 3.183517 20.20721
G (0.000 0.000 0.000) 2.920716 0
Y (0.000 0.500 0.000) 3.346633 20.3243
A (0500 0.500 0.000) | 3.190713 -0.47053
PoSn(POIBr o 705000.000 0.000) | 2.89355 -0.27724
D (-0.500 0.000 0.500) | 2.777096 20.25666
E (-0.500 0.500 0.500) 2.926075 20.4655
C (0.000 0.500 0.500) 3.394165 20.32947
G (0.000 0.000 0.000) 2758476 20.20444
F (0.000 0.500 0.000) 2.897856 20.60437
PbSn(PO)I | Q (0.000 0.000 0.500) 2581096 0
Z (0.500 0.000 0.000) 2.63994 20.23483
G (0.000 0.500 0.500) 2758476 -0.20444




Table S4. The birefringence of some typical phosphates.

Phosphates’ types | Compounds Space Birefringence
group

Orthophosphates | BPO4? 1-4 0.0001@1064nm
KH,PO,° Im2d 0.035@1064nm
LiCs,PO,’ Cmc2, 0.01@1064nm
KMg(H,0)PO4? Pmn2, 0.017@1064nm
RbMgPO, 6H,0° Pmn2, 0.005@1064nm
CsMgPO,-6H,0° P63mc 0.006@1064nm
LiPbPO,4'° Pna2, 0.021@1064nm

Polyphosphates Rb3;BaBi(P,07),'! P2, 0.025@1064nm
Cs;BaBi(P,07),!! P2,2:2; | 0.025@1064nm
K,PbP,0,!2 C2/c 0.019@1064nm
Rb,PbP,0,!? C2/c 0.028@1064nm
K4Mgy(P,07);13 Pc 0.0108@1064nm
KLa(PO;)," P2, 0.008@1064nm
CsLa(PO;),"? P2, 0.006@1064nm
BaPO;Cl116 P2/c 0.021@1064nm
K,SrP40,!7 1-4 0.016@1064nm

Fluorophosphates | Cd, s(NH,),(PO;F);Cl-2H,0'8 | P2i/c 0.035@546nm
Na, sRby sPO;F-H,0" Pmn2, 0.034@546 nm
(NHy4),Ba(PO,F;)42° P2/n 0.022@1064nm
Ba(PO,F,),?° 1-42d 0.011@1064nm




Figure S1. Simulated and measured XRD powder patterns of PbZn(POy)F (a),
PbSn(PO4)Br (b) and PbSn(PO,)I (c).
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Figure S2. The connection modes of PbO,F; in PbZn(PO,)F.



Figure S3. IR spectra of PbZn(PO,)F (a), PbSn(PO4)Br (b) and PbSn(POy)I (c).
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Figure S4. UV—vis—NIR diffuse reflectance spectra of PbZn(PO,)F (a), PbSn(PO,)Br
(b) and PbSn(PO,)I (¢).
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Figure S5. The thermal analysis curves of PbZn(PO,4)F, PbSn(PO4)Br and PbSn(POy)I.
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Figure S6. SHG density map of d33 in the valence band (left) and the conduction band
(right) of PbZn(PO,)F.




Figure S7. The band structures of PbZn(PO,)F (a), PbSn(PO,4)Cl (b), PbSn(PO4)Br (¢)

and PbSn(POy)I (d).
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