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Theoretical Calculations:

First-principles simulations were performed using CASTEP,3! a plane-wave pseudopotential total
energy package based on density functional theory (DFT).5% 5 The functional developed by
Perdew, Burke and Ernzerhof (PBE)S* in the generalized gradient approximation (GGA)® form
was adopted to describe the exchange-correlation energy. The optimized norm-conserving
pseudopotential®® for Ce, S, F, and O allowed us to use a small plane-wave basis set without
compromising the accuracy required for the calculations. A kinetic energy cutoff of 900 eV and

Monkhorst-Pack®” k-point mesh spanning less than 0.03 A-! in the Brillouin zone were chosen.

The bandgap calculated by standard DFT is smaller than the experimental data due to the
discontinuity in the exchange-correlation functional, so a scissor operator>® was used to shift the
conduction band upward to agree with the measured data. The imaginary part of the dielectric
function of the electronic transition between the valence band (VB) and the conduction band (CB)
was calculated from the scissor-operator-corrected electronic band structure. The real part of the
dielectric function, i.e., the refractive indices, was then determined by a Kramers-Kronig
transform.>’ The anisotropic SHG coefficients were calculated using a program developed by our
group.5'% ! In the SHG-weighted electron density analysis, the electron density of all the
orbitals is summed by a weight positively correlated with its contribution to the SHG coefficient,
and thus the electronic cloud of orbitals crucial to the SHG response is highlighted in real

space.5!?
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Table S1. Selected bond distances (A) and angles (deg.) for Ce2F2(SO4)3-2H20 [,

Ce(1)-F(1)#1 2.194(2) O(d)#2-Ce(1)-0(1)  76.20(10)
Ce(1)-0(5) 2.220(3) OQ)#3-Ce(1)-0(1)  77.61(9)
Ce(1)-F(1) 2.242(2) F(1)#1-Ce(1)-0(3)#4  69.57(9)
Ce(1)-O(4)#2 2.282(3) 0(5)-Ce(1)-0(3)#4  75.06(11)
Ce(1)-0(2)#3 2.314(3) F(1)-Ce(1)-03)#4  72.50(9)
Ce(1)-0(1) 2.379(3) O(4)#2-Ce(1)-0(3)#4  73.25(10)
Ce(1)-0(3)#4 2.381(3) 0Q2)#3-Ce(1)-0(3)#4  140.49(10)
Ce(1)-O(1W) 2.394(3) O(1)-Ce(1)-03)#4  121.91(10)
S(1)-0(3) 1.459(3) F(1)#1-Ce(1)-O(1W)  83.28(10)
S(1)-0(1) 1.468(3) 0(5)-Ce(1)-0(1W)  71.64(11)
S(1)-0(4) 1.471(3) F(1)-Ce(1)-O(1W) 117.76(10)
S(1)-0(2) 1.475(3) O(@)#2-Ce(1)-0(1W)  144.75(10)
S(2)-0(6)#5 1.447(3) 0Q2)#3-Ce(1)-0(1W)  75.58(10)
S(2)-0(6) 1.447(3) O(1)-Ce(1)-0(1W)  73.95(10)
S(2)-0(5) 1.488(3) 0(3)#4-Ce(1)-0(1W)  139.74(10)
S(2)-0(5)#5 1.488(3) 0(3)-S(1)-0(1) 111.48(16)
F(1)-Ce(1)#4 2.194(2) 0(3)-S(1)-0(4) 110.05(17)
O(1W)-H(1) 0.8186 0(1)-S(1)-O(4) 108.63(16)
O(1W)-H(2) 0.8194 0(3)-S(1)-0(2) 108.55(17)
0(2)-Ce(1)#6 2.314(3) 0(1)-S(1)-0(2) 109.73(16)
0(3)-Ce(1)#1 2.381(3) 0(4)-S(1)-0(2) 108.36(16)
O(4)-Ce(1)#7 2.282(3) O(6)#5-S(2)-0(6) 113.7(3)
0(6)#5-S(2)-0(5) 109.90(18)
F(1)#1-Ce(1)-0O(5) 80.90(10) 0(6)-S(2)-0(5) 108.92(18)
F(1)#1-Ce(1)-F(1) 138.66(3) O(6)#5-S(2)-0(5)#5  108.92(18)
0(5)-Ce(1)-F(1) 74.00(10) 0(6)-S(2)-0(5)#5 109.90(18)
F(1)#1-Ce(1)-O(4)#2 105.26(9) 0(5)-S(2)-0(5)#5 105.2(3)
O(5)-Ce(1)-O(4)#2 142.88(11) Ce(1)#4-F(1)-Ce(1)  161.28(12)
F(1)-Ce(1)-O(4)#2 78.42(10) S(1)-0(1)-Ce(1) 141.43(16)
F(1)#1-Ce(1)-0(2)#3 147.28(9) Ce(1)-O(1W)-H(1)  118.1
0(5)-Ce(1)-0(2)#3 114.60(11) Ce(1)-0(IW)-H(2)  125.3
F(1)-Ce(1)-0(2)#3 73.97(9) H(1)-O(1W)-H(2) 116.2
O(@)#2-Ce(1)-O(2)#3 80.10(10) S(1)-0(2)-Ce(1)#6  145.50(17)
F(1)#1-Ce(1)-0(1) 72.66(9) S(1)-0(3)-Ce(D#1  141.27(17)
0(5)-Ce(1)-0(1) 138.50(10) S(1)-0(4)-Ce(1)#7  163.18(18)
F(1)-Ce(1)-0(1) 144.56(9) S(2)-0(5)-Ce(1) 155.4(2)

(2] Symmetry codes for Ce2F2(SO4)3-2H20: #1 X, -y-1, z+1/2; #2 -x-1/2, -y-1, z-1/2; #3 X, -y,
z-1/2; #4 x, -y-1, z-1/2; #5 -Xx, y, -z+1/2; #6 x, -y, z+1/2; #7 -x-1/2, -y-1, z+1/2.
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Table S2. Selected bond distances (A) and angles (deg.) for Ce3F4(SO4)4 2],

Ce(1)-F(1)
Ce(1)-F(1)#1
Ce(1)-0(1)
Ce(1)-02)#2
Ce(1)-F(2)
Ce(1)-0(8)
Ce(1)-0(6)
Ce(1)-0(7)
Ce(2)-F2)#3
Ce(2)-F(2)#4
Ce(2)-0(5)#5
Ce(2)-0(5)
Ce(2)-O(4)#6
Ce(2)-O(4)#7
Ce(2)-O(3)#5
Ce(2)-0(3)
S(1)-0(4)
S(1)-0(3)
S(1)-0(1)
S(1)-0(2)
S(2)-O(7)#7
S(2)-0(6)
S(2)-O(8)#3
S(2)-0(5)
F(1)-Ce(1)4#8
F(2)-Ce(2)#2
0(2)-Ce(1)#3
0(4)-Ce(2)#9
O(7)-S(2)4#9
0(8)-S(2)#2

F(1)-Ce(1)-F(1)#1
F(1)-Ce(1)-0(1)
F(1)#1-Ce(1)-0(1)
F(1)-Ce(1)-O(2)#2
F(1)#1-Ce(1)-O(2)#2
O(1)-Ce(1)-0(2)#2
F(1)-Ce(1)-F(2)
F(1)#1-Ce(1)-F(2)

2.239(6)
2.251(6)
2.256(5)
2.284(5)
2.293(4)
2.311(6)
2.365(6)
2.395(4)
2.193(4)
2.193(4)
2.311(5)
2.311(5)
2.328(5)
2.328(5)
2.355(5)
2.355(5)
1.462(4)
1.465(5)
1.467(5)
1.475(6)
1.456(5)
1.474(8)
1.465(6)
1.474(5)
2.251(6)
2.193(4)
2.284(5)
2.328(5)
1.456(5)
1.465(6)

77.54(3)
83.9(2)
144.50(18)
142.72(17)
85.3(2)
91.84(18)
139.97(17)
137.76(19)
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0(2)#2-Ce(1)-O(7)
F(2)-Ce(1)-0(7)
0(8)-Ce(1)-0(7)
0(6)-Ce(1)-0(7)
F(2)#3-Ce(2)-F(2)#4
F(2)#3-Ce(2)-O(5)#5
F(2)#4-Ce(2)-O(5)#5
F(2)#3-Ce(2)-0(5)
F(2)#4-Ce(2)-0(5)
O(5)#5-Ce(2)-0(5)
F(2)#3-Ce(2)-O(4)#6
F(2)#4-Ce(2)-O(4)#6
O(5)#5-Ce(2)-O(4)46
0(5)-Ce(2)-0O(4)#6
F(2)#3-Ce(2)-O(4)#7
F(2)#4-Ce(2)-O(4)#7
O(5)#5-Ce(2)-O(4)#7
0(5)-Ce(2)-O(4)#7
O(4)#6-Ce(2)-O(4)#7
F(2)#3-Ce(2)-0(3)#5
FQ2)#4-Ce(2)-O(3)#5
O(5)#5-Ce(2)-0O(3)#5
0(5)-Ce(2)-0(3)#5
O(4)#6-Ce(2)-0O(3)45
O(4)#7-Ce(2)-0O(3)45
F(2)#3-Ce(2)-0(3)
F(2)#4-Ce(2)-0(3)
O(5)#5-Ce(2)-0(3)
0(5)-Ce(2)-0(3)
O(4)#6-Ce(2)-0(3)
O(4)#7-Ce(2)-0(3)
O(3)#5-Ce(2)-0(3)
0(4)-S(1)-0(3)
0(4)-S(1)-0(1)
0(3)-S(1)-0(1)
0(4)-S(1)-0(2)
0(3)-S(1)-0(2)
0(1)-S(1)-0(2)
O(7)#7-S(2)-0(6)

69.83(18)
126.33(15)
133.3(2)
137.7(2)
118.0(2)
142.72(16)
76.79(18)
76.79(18)
142.72(16)
113.2(3)
73.26(17)
73.30(16)
79.86(19)
142.27(16)
73.30(16)
73.26(17)
142.27(16)
79.86(19)
112.1(3)
138.81(16)
75.94(16)
75.99(18)
72.40(17)
144.38(16)
74.90(18)
75.94(16)
138.81(16)
72.40(17)
75.99(18)
74.90(18)
144.38(16)
120.7(2)
110.5(3)
108.9(3)
110.1(3)
108.8(3)
110.2(3)
108.2(3)
108.5(3)



O(1)-Ce(1)-F(2) 72.96(17) O(7)#7-S(2)-0(8)#3  107.1(4)

0(2)#2-Ce(1)-F(2) 71.65(16) 0(6)-S(2)-O(8)#3 111.4(4)
F(1)-Ce(1)-0(8) 124.7(2) O(7)#7-S(2)-0(5) 111.0(3)
F(1)#1-Ce(1)-O(8) 70.71(19) 0(6)-S(2)-0(5) 110.0(3)
0(1)-Ce(1)-O(8) 143.2(2) 0(8)#3-5(2)-0(5) 108.8(3)
0(2)#2-Ce(1)-O(8) 78.4(2) Ce(1)-F(1)-Ce(1)#8  170.0(3)
F(2)-Ce(1)-0(8) 70.25(18) Ce(2)#2-F(2)-Ce(1)  155.4(2)
F(1)-Ce(1)-0(6) 72.5(2) S(1)-0(1)-Ce(1) 168.2(4)
F(1)#1-Ce(1)-O(6) 121.8(2) S(1)-0(2)-Ce(1)#3  151.2(3)
0(1)-Ce(1)-0(6) 79.5(2) S(1)-0(3)-Ce(2) 144.1(3)
O(2)#2-Ce(1)-0(6) 143.12(19) S(1)-0(4)-Ce(2)49  150.8(4)
F(2)-Ce(1)-0(6) 71.54(17) S(2)-0(5)-Ce(2) 145.8(4)
0(8)-Ce(1)-0(6) 87.3(3) S(2)-0(6)-Ce(1) 147.1(4)
F(1)-Ce(1)-0(7) 73.60(18) S(2)#9-0(7)-Ce(1)  143.8(3)
F(1)#1-Ce(1)-O(7) 73.41(18) S(2)#2-0(8)-Ce(1)  156.2(4)
0(1)-Ce(1)-0(7) 72.43(19)

[a] Symmetry codes for CesFa(SO4)a: #1 -x-1/2, y+1/2, -z-1; #2 x, y+1, z; #3 x, y-1, z; #4 X, y-1,
-z, #5 -X, y, -z; #6 -x-1/2, y-1/2, -z; #7 x+1/2, y-1/2, z; #8 -x-1/2, -y-1/2, -z-1; #9 x-1/2, y+1/2, z.

S6



Table S3. Hydrogen-bond interactions of Ce2F2(SO4)3-2H20.

D—H-A d(D—H) d(H---A) d(D-+-A) Z(DHA)
O1W—HIWA+-06 0.8200 2.2000 2.7977 130.00
O1W—HIWB-+-06 0.8200 2.0300 2.8014 157.00
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Table S4. Atomic coordinates (x 10%), equivalent isotropic displacement parameters (A% x 10%),
and the bond valence sum for each atom in the asymmetric unit of Ce2F2(SO4)3-2H20. U(eq) is
defined as one third of the trace of the orthogonalized Uj; tensor.

Atom x y “ Ueq(A2) BVS
Ce(1)  -1444(1) -3858(1)  2428(1) 6(1) 3.80
Sy -1936(1)  -1135(1)  6061(1)  7(1) 6.09
S(2) 0 -6574(2) 2500 13(1) 6.12
F(1)  -1359(1)  -4572(4)  -229(3) 15(1) 1.10
O(l)  -1986(1) -1894(4)  4387(3) 121) 1.91
02)  -1598(1) 810(4)  6074(3) 13(1) 1.96
03)  -1616(1) -2582(4)  7104(3) 13(1) 1.95
O@)  -2556(1) -761(4)  6693(3) 14(1) 2.02
0(5)  -520(1)  -5196(5)  2104(4) 20(1) 2.04
O(6) 1462  -7780(5)  1080(4)  28(1) 1.61
O(IW)  -711(1)  -1581(5)  3597(4) 24(1) 3.22
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Table S5. Atomic coordinates (x 10%), equivalent isotropic displacement parameters (A% x 10%),
and the bond valence sum for each atom in the asymmetric unit of CesF4(SOa4)4. U(eq) is
defined as one third of the trace of the orthogonalized Uj; tensor.

Atom x y z Ueq(A2) BVS
Ce(1)  -1992(1) 4460(1)  -3418(1)  5(1) 3.74
Ce2) 0 3064(1) 0 5(1) 3.8
S(1)  -2644(1)  -6094)  -1419(1)  6(1) 6.11
5(2) 18(1) 5204)  -3000(1)  9(1) 6.11
F(1)  -2417(4) 1706(13)  -4903(4)  25(1) 1.02
FQ)  -889(3)  4917(7)  -15524)  13(1) 1.03
O(l)  -2483(4) 1572(10) -2129(5)  16(1) 2.07
0Q)  -27554) -2637(11) -2298(5)  16(1) 2.00
0B)  -1692(4) -983(9)  -466(4) 12(1) 1.95
O@)  -3674(3) -387(11)  -841(4) 13(1) 1.99
0(5)  2744)  -792(12)  -17274) 1501 1.97
0(6)  -446(4)  1863(16)  -3395(5)  21(1) 1.90
O(7)  -3983(4) 4167(11)  -37074)  10(1) 1.95
0@®8)  -763(5)  7585(10) -3558(5)  20(1) 2.00
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Table S6. Direction and magnitude of the dipole moments in Ce3F4(SO4)4.

Dipole moment (D)

Species x (a)- v (b)- 2 ()
component component component

2.29 0.35 -2.69

-2.29 0.35 2.69

-1.11 0.17 1.31

[CeOFs]l 113 0.17 1.33

1.14 0.17 -1.34

1.14 0.17 -1.34

0 -0.84 0

0 -0.84 0

[CeOsFs] Y -0.42 0

0 -0.42 0

0 -0.42 0

CesF4(S04)4 0 042 0

0.73 0.13 0.87

[S(1)0O4] 0.73 0.13 0.87

-0.73 0.13 -0.87

-0.73 0.13 -0.87

0.57 -0.68 -0.18

-0.57 -0.68 0.18

[S(2)04] 0.29 -0.34 -0.09

0.29 -0.34 -0.09

-0.29 -0.34 0.09

-0.29 -0.34 0.09
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Figure S1. Experimental and simulated powder X-ray diffraction patterns of Ce2F2(SO4)3-2H20

(a) and Ce3F4(S04)4 (b).
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Figure S2. SEM images of CexF2(SO4)3-2H20 (a) and Ces3F4(SOas)4 (b) and their elemental

distribution maps.
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Figure S3. Asymmetric units of Ce2F2(SO4)3-2H20 (a) and CesF4(SOa4)4 (b).
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Figure S4. Coordination environment of the [SO4] groups in Ce2F2(SO4)3-2H20.
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Figure S5. View of the arrangement between [SO4] groups and Ce-centered polyhedra in

Ce3Fa(SO4)a.
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Figure S6. Thermogravimetric analyses of Ce2F2(SO4)3-2H20 (a) and Ce3F4(SOa4)4 (b) under a

N2 atmosphere.
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Figure S7. Powder X-ray diffraction patterns for the thermal decomposition residues of

Ce2F2(S04)3:2H20 (a) and CesF4(SO4)4 (b).
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Figure S9. UV-Vis-NIR diffuse reflectance spectra of Ce2F2(SO4)3-2H20 (a) and CesFa(SO4)4

(b). The inset shows the corresponding band gap.
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Figure S10. Comparison of (a) the original crystal, and the crystal achieving complete extinction
of CesF4(SO4)4 under positive (b), and negative (c) rotation of compensatory. (d) Thickness of
the CesF4(SO4)4 crystal.
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Figure S11 Calculated band structure of Ce3F4(SO4)a.
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Figure S12. The calculated birefringence dispersion curve of CesF4(SO4)a.
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