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Computational Details

In the static case, the imaginary part of the static second-order optical susceptibility

can be expressed as:
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where 7 is the position operator, A®,,, = hw, - ho,, is the energy difference for the
bands m and n, f,, = f. - f, is the difference of the Fermi distribution functions,
subscripts a, b, and ¢ are Cartesian indices, and 7?,,., is the so-called generalized

derivative of the coordinate operator in k space.
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where 4,,, = (% - p“mm) / m is the difference between the electronic velocities at the
bands » and m.

The x? coefficients here were calculated from PBE wave functions with a 3x5x5
(for Rb;3[Pb;Brs(OOC(CH,);C0O0)])/5%x3%x5 (for Cs;[Pb,;Brs(OOC(CH,);COO)))
k-point grid and about 512 bands. A scissor operator has been added to correct the
conduction band energy (corrected to the experimental gap), which has been proved
to be reliable in predicting the second-order susceptibility for semiconductors and
insulators.[1-3]

For an external radiation electric field E, the dipole moment y; of a group can be



expressed as a Taylor series expansion [4, 5]
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where i, j, k, and / subscripts represent the different Cartesian coordinate components

X, y, Or Z. H ? is the permanent dipole moment of a group, namely the dipole moment
without an applied electric field. Physical quantities a, £ and y correspond to the linear
polarizability (a, which corresponds to the linear optical coefficient of a group), first-
order hyperpolarizability tensor (f, which is the second-order nonlinear optical
coefficient of a group), and second-order hyperpolarizability tensor (y, which is the
third-order nonlinear optical coefficient of a group).

We calculate the static linear polarizability (a) and static first-order
hyperpolarizability (5) of [PbBrsO;] and [OOC(CH,);COO] groups at the PBE1PBE
level [6] of theory with a reasonably large basis set def2TZVP [7,8] by using the
Gaussian 09 program.[9] The polarizability anisotropy (Aa) was obtained by the

following formula to reflect the sources of birefringence.[10]

Aa = \/[(axx - ayy)z + (axx - azz)z + (ayy -y 2]/2
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Table S1. Crystal data and structure refinements for Rb3[Pb,Brs(OOC(CH,);COO)].

Empirical formula Rb;[Pb,Brs(OOC(CH,);COO0)]
Formula weight 1200.44

Temperature(K) 298(2)

Crystal color Colorless

Wavelength(A) 1.54184

Crystal system Orthorthombic

Space group Imm?2

alA 20.9890(3)

b/ A 11.98510(10)

clA 8.00740(10)

al° 90

ple 90

y/° 90

Volume / A3 2014.30(4)

Z 4

Absorption correction multi-scan

Crystal size 0.3 mm % 0.1 mm x 0.1 mm
Pealed / g cm> 3.958

u/ mm! 52.558

F(000) 2072

Data / restraints / parameters 1875/1/100

2-Theta range for data collection 8.429 to 149.944

Limiting indices 26 <h<26,-14<k<15,-7<1<7
Reflections collected / unique 9430/1875 [Rint=0.0453]
Completeness 100%

Goodness-of-fit on F? 1.072

Ri,wR, (I > 20)[al R;=0.0293, wR, = 0.0818
Ri,wR; (all data) R, =0.0297, wR, = 0.0821
Largest diff. peak and hole/ e-A- 1.59 and -1.43

Flack parameter -0.027(11)

IR, = X||F| - |Fo|[/Z|F.| and wRs = [Ew(Fo? — Fc2)Y/ SwF 412,



Table S2. Crystal data and structure refinements for Cs;[Pb,Brs(OOC(CH,);COO)].

Empirical formula Cs;[Pb,Br;(O0OC(CH;);CO0O)]
Formula weight 1342.76

Temperature(K) 293(2)

Crystal color Colorless

Wavelength(A) 1.54184

Crystal system Orthorthombic

Space group Amm?2

alA 12.26789(19)

b/ A 21.5634(4)

c/A 7.97808(15)

al® 90

ple 90

y/o 90

Volume / A3 2110.50(6)

Z 4

Absorption correction multi-scan

Crystal size 0.2mm % 0.1 mm x 0.1 mm
Pealed / g-em3 4.226

1/ mm’! 81.548

F(000) 2288.0

Data / restraints / parameters 2257/1/101

2-Theta range for data collection 7.206 to 149.536

Limiting indices -13 <h <15,-20<K<26,-9<1<9
Reflections collected / unique 10429/2257 [Rint=0.0575]
Completeness 100%

Goodness-of-fit on F? 1.067

Ri,wR, (I > 20)[al R, =0.0462, wR, =0.1164
Ri,wR; (all data) R; =0.0468, wR, = 0.1175
Largest diff. peak and hole/ e-A- 1.25 and -1.09

Flack parameter -0.004(7)

IR, = S||Fy| - |Fell/Z|F,| and wR, = [EW(Fo? — Fc2)?/ SwFAV2.



Table S3. Atomic coordinates, equivalent isotropic displacement parameters (A2) and
BVS for Rb;[Pb,Brs(OOC(CH,);COO)].

Atom Wyck. x Y 4 U BVSP
Pbl 8¢ 035893(2)  0.2516(3) 0.31018(16) 0.0241(2) 2.02
Rbl 2a 0.5 0.5 0.396(3) 0.0285(5) 1.13
Rb2 2b 0.5 0 0.5215(4) 0.0359(6) 0.98
Rb3 4 031151(13) 0 0.7167(4) 0.0666(8) 0.79
Rb4 4 0.31014(10) 0.5 0.7193(3) 0.0485(5) 0.82
Brl 4 0.35755(9) 0.5 0.1758(4) 0.0414(5) -0.82
Br2 8e 0.23558(7)  0.26759(14) 0.4736(2) 0.0447(4) -0.74
Br3 4c 0.34955(11) 0 0.2662(5) 0.0626(10) -1.03
Brd 4d 0.5 0.21964(18) 0.2375(3) 0.0329(4) -0.94
) 8¢ 0.3993(4) 0.1722(7) 0.5889(14) 0.038(2) 22.00
02 8¢ 0.4047(4) 0.3536(7) 0.5583(11) 0.031(17) 2.15
C1 8¢ 0.4131(6)  0.2681(10) 0.642(18) 0.029(3)

C2 4d 0.5 0.3454(12) 0.837(20) 0.034(4)
Cc3 8e 0.4395(6) 0.2777(15) 0.819(30) 0.051(4)

aU¢q is defined as 1/3 of the trace of the orthogonalisedUj; tensor.
"Bond valence sums were calculated by the equation: s = exp [(Ry - R;)/b], where Ry and b are the
bond valence parameters and R; is the observed bond lengths.

Table S4. Atomic coordinates, equivalent isotropic displacement parameters (A2) and
BVS for Cs;[Pb,Brs(OOC(CH,);COO)].

Atom  Wyck. x y b4 U BVSP
Pbl 8f  0.24769(3)  0.3596(2) 0.5859(2) 0.0344(7) 1.90
Csl de 0.5 0.30754(8) 0.1727(2) 0.0482(8) 0.98
Cs2 2b 0.5 0.5 0.5141(3) 0.0361(8) 1.47
Cs3 4d 0 0.31582(9) 0.1386(3) 0.0604(9) 0.89
Cs4 2a 0 0.5 0.3718(3) 0.0408(8) 1.22
Brl 4e 0.5 0.35609(13) 0.7121(5) 0.0523(10) -0.93
Br2 8f  0.25203(12) 0.24121(10)  0.4125(4) 0.048(9) -0.94
Br3 4d 0 0.3513(14) 0.6474(5) 0.058(11) -0.95
Brd 4c 0.2193(2) 0.5 0.6636(3) 0.0397(8) -0.78
o1 8f 0.3515(9) 0.405(6) 0.3402(16) 0.039(2) 2.13
02 8f  0.1731(10)  0.3992(6) 0.3092(17) 0.045(3) -1.89
Cl 8f  02632(13)  0.4132(7) 0.2580(20) 0.032(3)

C2 8f  0.2761(18)  0.4405(8) 0.79(30) 0.048(3)
C3 4c 0.3417(15) 0.5 0.63(30) 0.038(4)

aU,q is defined as 1/3 of the trace of the orthogonalisedUj; tensor.
"Bond valence sums were calculated by the equation: s = exp [(Ry - R;)/b], where Ry and b are the

bond valence parameters and R; is the observed bond lengths.



Table SS. Anisotropic displacement parameters (A?) for
Rb;[Pb,Brs(OOC(CH,);COO)].

Atom Un Uj, Us; Uz Uiz Up

Pbl 0.0184(3) 0.0236(3)  0.0302(3)  0.00211(15)  -0.0027(2) -0.00039(10)
Rbl 0.0227(8) 0.0251(9)  0.0378(13)  0.0000 0.0000 0.0000

Rb2 0.0285(10) 0.0233(9)  0.0561(17)  0.0000 0.0000 0.0000

Rb3 0.0568(13) 0.0407(11)  0.102(2) 0.0000 0.0433(14) 0.0000

Rb4 0.0331(9) 0.0463(11)  0.0662(15)  0.0000 0.0102(9) 0.0000

Brl 0.0433(10) 0.0274(8)  0.0535(13)  0.0000 -0.0176(8) 0.0000

Br2 0.0299(7) 0.0659(9)  0.0382(9)  0.0052(8) 0.0091(6) -0.0014(6)
Br3 0.0426(9) 0.0230(8)  0.122(3) 0.0000 -0.0266(13) 0.0000

Br4 0.0217(7) 0.0449(9)  0.0322(9)  0.0037(9) 0.0000 0.0000

o1 0.031(4) 0.032(4) 0.052(6) 0.008(4) 0.007(4) 0.001(3)

02 0.028(4) 0.034(4) 0.031(4) 0.003(4) -0.002(3) 0.002(3)

Cl 0.018(5) 0.038(6) 0.031(7) 0.007(5) 0.004(5) 0.000(4)

C2 0.043(8) 0.024(6) 0.034(10)  -0.006(7) 0.0000 0.0000

C3 0.022(5) 0.101(11)  0.030(7) 0.030(11) 0.000(6) -0.006(6)
Table Sé6. Anisotropic displacement parameters (A?) for
Cs;[Pb,Brs(OOC(CH,);COQO)].

Atom U Uz Us; Uy Usis Up

Pbl 0.0309(8) 0.0304(8) 0.042(8) 0.0001(3) 0.00097(18)  0.00093(13)
Csl 0.0412(10)  0.0411(10)  0.0623(12)  -0.0056(6)  0.0000 0.0000

Cs2 0.0294(9) 0.0305(10)  0.0486(12)  0.0000 0.0000 0.0000

Cs3 0.0418(10)  0.054(11) 0.0852(17)  -0.0247(9)  0.0000 0.0000

Cs4 0.0268(9) 0.0355(11)  0.0599(13)  0.0000 0.0000 0.0000

Brl 0.0419(14)  0.044(14) 0.071(2) 0.0186(11)  0.0000 0.0000

Br2 0.0517(14)  0.04(12) 0.0523(13)  -0.0091(9)  0.0029(6) -0.0007(5)
Br3 0.0304(12)  0.0515(15)  0.092(3) 0.0167(14)  0.0000 0.0000

Br4 0.0382(12)  0.0355(12)  0.0455(13)  0.0000 -0.0023(10)  0.0000

o)} 0.031(4) 0.044(5) 0.043(5) 0.001(4) -0.001(4) 0.001(4)

02 0.039(5) 0.044(5) 0.052(6) -0.003(5) -0.008(5) 0.0000

Cl 0.043(7) 0.017(6) 0.035(8) -0.002(5) -0.013(5) 0.001(4)

C2 0.075(9) 0.041(8) 0.029(7) 0.001(7) -0.013(10)  -0.008(8)
C3 0.032(8) 0.051(10) 0.032(9) 0.0000 0.007(7) 0.0000




for

Table S7. Selected bond lengths (A) and angles (deg.)
Rb;[Pb,Br;(0O0OC(CH,);COO)].

Pb(1)-O(1) 2.570(11) Pb(1)-Br(2) 2.9074(16)
Pb(1)-0(2) 2.523(9) Pb(1)-Br(3) 3.0423(6)
Pb(1)-Br(1) 3.1657(11) Pb(1)-Br(4) 3.0417(7)
Rb(1)-Br(1) 3.471(2) Rb(3)-Br(1)* 3.564(3)
Rb(1)-Br(1)*! 3.471(2) Rb(3)-Br(2) 4.076(3)
Rb(1)-Br(4) 3.592(2) Rb(3)-Br(2)* 4.076(3)
Rb(1)-Br(4)"! 3.592(2) Rb(3)-Br(2)* 3.601(3)
Rb(1)-0(2) 2.961(8) Rb(3)-Br(2)" 3.601(3)
Rb(1)-0(2)! 2.961(8) Rb(3)-Br(3) 3.695(5)
Rb(1)-0(2)" 2.961(8) Rb(3)-0(1) 2.950(9)
Rb(1)-0(2)* 2.961(8) Rb(3)-0(1)* 2.950(9)
Rb(2)-Br(3) 3.762(3) Rb(4)-Br(1)" 3.789(4)
Rb(2)-Br(3)* 3.762(3) Rb(4)-Br(2) 3.752(2)
Rb(2)-Br(4) 3.479(3) Rb(4)-Br(2)" 3.752(2)
Rb(2)-Br(4)* 3.478(3) Rb(4)-Br(2)"’ 3.919(2)
Rb(2)-0(1) 3.003(9) Rb(4)-Br(2)* 3.919(2)
Rb(2)-0(1)" 3.003(9) Rb(4)-Br(3)"’ 3.373(3)
Rb(2)-O(1)* 3.003(9) Rb(4)-0(2) 2.946(8)
Rb(2)-0(1)* 3.003(9) Rb(4)-0(2)" 2.946(8)
C(1)- O(1) 1.260(15) C(1)- 0(2) 1.237(15)
O(1)-Pb(1)-Br(2) 85.8(2) Br(1)-Pb(1)-Br(3) 153.15(10)
O(1)-Pb(1)-Br(3) 75.8(2) Br(1)-Pb(1)-Br(4) 93.57(6)
O(1)-Pb(1)-Br(4) 78.4(2) Br(2)-Pb(1)-Br(3) 93.43(7)
O(2)-Pb(1)-Br(1) 79.36(19) Br(2)-Pb(1)-Br(4) 163.99(7)
O(2)-Pb(1)-Br(2) 87.28(19) Br(3)-Pb(1)-Br(4) 85.18(6)
0(2)-Pb(1)-Br(3) 126.6(2)

Symmetry transformations used to generate equivalent atoms: #1 1 -x,1 -y, z; #2x, 1 -y, z; #3 1
-X, Y,z #A1-X, -y, Z, #5X, -y, Z,; #6 1/2 - x,- 12 +y, 12+ 2z, #7 1/2 - x, 1/2 -y, 1/2 + z; #8 X,
v, 1 +z;#91/2-%x,1/2+y,1/2+z.



Table S8. Sclected bond lengths (A) and angles (deg) for
CS3 [szBrs(OOC(CH2)3COO)] .

Pb(1)-O(1) 2.534(12) Pb(1)-Br(2) 2.904(2)
Pb(1)-0(2) 2.537(13) Pb(1)-Br(3) 3.0831(9)
Pb(1)-Br(1) 3.2558(13) Pb(1)-Br(4) 3.1098(9)
Cs(1)-Br(1)* 3.542(3) Cs(3)-Br(2) 4.114(3)
Cs(1)-Br(1)* 3.821(4) Cs(3)-Br(2)* 3.785(2)
Cs(1)-Br(2) 3.868(2) Cs(3)-Br(2) 4.114(3)
Cs(1)-Br(2)" 3.868(2) Cs(3)-Br(2)" 3.785(2)
Cs(1)-Br(2)* 3.830(2) Cs(3)-Br(3) 4.131(5)
Cs(1)-Br(2)" 3.830(2) Cs(3)-Br(3) 3.993(5)
Cs(1)-0(1) 3.086(12) Cs(3)-Br(3)" 3.604(4)
Cs(1)-0(1)% 3.086(12) Cs(3)-0(2) 3.098(12)
Cs(2)-Br(1) 3.482(3) Cs(3)-0(2)* 3.098(12)
Cs(2)-Br(1)” 3.482(3) Cs(4)-Br(3) 3.888(3)
Cs(2)-Br(4) 3.644(3) Cs(4)-Br(3)" 3.888(3)
Cs(2)-Br(4)~2 3.644(3) Cs(4)-Br(4) 3.558(3)
Cs(2)-0(1) 3.072(12) Cs(4)-Br(4)” 3.558(3)
Cs(2)-0(1)! 3.072(12) Cs(4)-0(2) 3.080(12)
Cs(2)-0(1)% 3.072(12) Cs(4)-0(2)! 3.080(12)
Cs(2)-0(1)% 3.072(12) Cs(4)-0(2)* 3.080(12)
C(1)- O(1) 1.277(19) Cs(4)-0(2)" 3.080(12)
C(1)- 0(2) 1.22(2)

O(1)-Pb(1)-0(2) 51.6(4) 0(2)-Pb(1)-Br(4) 78.8(3)
O(1)-Pb(1)-Br(1) 76.7(3) Br(1)-Pb(1)-Br(2) 96.29(7)
O(1)-Pb(1)-Br(2) 87.8(3) Br(1)-Pb(1)-Br(3) 153.43(11)
O(1)-Pb(1)-Br(3) 129.8(3) Br(1)-Pb(1)-Br(4) 93.86(7)
O(1)-Pb(1)-Br(4) 80.5(3) Br(2)-Pb(1)-Br(3) 92.45(8)
0(2)-Pb(1)-Br(1) 128.3(3) Br(2)-Pb(1)-Br(4) 162.32(9)
0(2)-Pb(1)-Br(2) 83.6(3) Br(3)-Pb(1)-Br(4) 85.10(8)
0(2)-Pb(1)-Br(3) 78.6(3)

Symmetry transformations used to generate equivalent atoms: #1 x,1 -y, z; #2 1-x,1 -y, z; #3 1
-X, Y,z #41-x,12-y,-12+z; #5%,y,2- 1; #6 X, 1/2-y,- 12+ z; #7 -x, 1/2 -y, - 1/2 + z;
#8-x,y,Z,#9-x,1-y,z



Table S9. The local dipole moment («) in Debye, as well as polarizability anisotropy
(Aa) for eight [PbBr4O;] polyhedrons and four [OOC(CH,);COQ] groups in per unit
cell of Rb3[Pb,Brs(OOC(CH;);COQO)]. The charge of the structural group was
estimated by the Bader charge of each atom.

Dipole moment 7. 1y U u Aa
[PbBr40,] -4.01 0.79 -6.42 7.61 7.22
[PbBr40,] 4.01 0.79 -6.42 7.61 7.22
[PbBr,0,] -4.01 -0.79 -6.42 7.61 7.22
[PbBr40,] 4.01 -0.79 -6.42 7.61 7.22
[PbBr40,] -4.01 0.79 -6.42 7.61 7.22
[PbBr40,] 4.01 0.79 -6.42 7.61 7.22
[PbBr40,] -4.01 -0.79 -6.42 7.61 7.22
[PbBr40,] 4.01 -0.79 -6.42 7.61 7.22
Sum([PbBrs0;]) 0.00 0.00 -51.36
[OOC(CH,);COO0] 0.00 -1.74 7.56 7.76 0.92
[OOC(CH,);COO0] 0.00 1.74 7.56 7.76 0.92
[OOC(CH,);CO0] 0.00 -1.74 7.56 7.76 0.92
[OOC(CH,);COO0] 0.00 1.74 7.56 7.76 0.92
Sum([OOC(CH,);COO]) 0.00 0.00 30.24

Total 0.00 0.00 -21.12




Table S10. The local dipole moment (x) in Debye, as well as polarizability
anisotropy (Aa) for eight [PbBr,0,] polyhedrons and four [OOC(CH,);COO] groups
in per unit cell of Cs3[Pb,Brs(OOC(CH,);COOQO)]. The charge of the structural group
was estimated by the Bader charge of each atom.

Dipole moment U Uy U U Aa
[PbBr,0,] 1.11 4.35 6.01 7.50 7.02
[PbBr,0,] -1.11 4.35 6.01 7.50 7.02
[PbBr,0;] -1.11 -4.35 6.01 7.50 7.02
[PbBr,0,] 1.11 -4.35 6.01 7.50 7.02
[PbBr,0,] 1.11 4.35 6.01 7.50 7.02
[PbBr,0,] -1.11 4.35 6.01 7.50 7.02
[PbBr,0,] -1.11 -4.35 6.01 7.50 7.02
[PbBr,0,] 1.11 -4.35 6.01 7.50 7.02
Sum([PbBr,0,]) 0.00 0.00 48.08
[OOC(CH,);COO0] 0.78 0.00 -7.40 7.44 0.76
[OOC(CH;);COO0] -0.78 0.00 -7.40 7.44 0.76
[OOC(CH,);COO0] 0.78 0.00 -7.40 7.44 0.76
[OOC(CH,);COO0] -0.78 0.00 -7.40 7.44 0.76
Sum([OOC(CH,);C0O0]) 0.00 0.00 -29.6

Total 0.00 0.00 18.48
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Figure S1. A photograph of the as-grown crystal without polishing for
Rb;[Pb,Brs(OOC(CH,);COO)].

Figure S2. A photograph of the as-grown crystal without polishing for
Cs; [szBl’s(OOC(CHz)g,COO)] .
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Figure S3. Experimental and simulated PXRD patterns of
Rb;[Pb,Brs(O0OC(CH,);COO)].
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Figure S4. Experimental and simulated PXRD patterns of
Cs;3[Pb,Brs(OOC(CH;);COO)].
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Figure S5. The EDS spectrum of Rb;[Pb,Brs(OOC(CH,);COO)].
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Figure S6. The EDS spectrum of Cs3;[Pb,Brs(OOC(CH,);COO)].
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Figure S7. The IR spectrum of Rb;3[Pb,Brs(OOC(CH,);COO)].
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Figure S8. The IR spectrum of Cs3;|Pb,Brs(OOC(CH,);COO)].
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Figure S9. The environments of Rb* cations. Symmetry codes: a1 -x,1 -y, z; bx, 1 -
yv,z;el-xy,z;d1-%x,-y,zex,-y,z; £ 1/2-x,-12+y,12+z,g1/2-x,1/2 -y,
12+z;hx,y,1+2,1122-x,12+y, 1/2+2z




Figure S10. Rb" cations are embedded into the double [Pb,Brs(OOC(CH,);CO0)]

chains. Blue-green polyhedron: [PbBr4O,].
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Figure S11. The TGA curve of Rb;[Pb,Brs(OOC(CH,);COO)].
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Figure S12. The TGA curve of Cs;[Pb,Brs(OOC(CH,);COO)].
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Figure S14. The UV-Vis—NIR spectrum of Rb;[Pb,Brs(OOC(CH;);COOQ)]. Inset:

the optical band gap.
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Figure S15. The UV-Vis—NIR spectrum of Cs3;[Pb,Br;(OOC(CH,);COO)]. Inset:

the optical band gap.
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Figure S16. The calculated band structure of Rb3[Pb,Brs(OOC(CH,);COO)].
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Figure S17. The calculated band structure of Cs3;[Pb,Brs(OOC(CH,);COO)].
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Figure S18. Optical refractive indices along principal axes versus photon energy for

Cs;[Pb,Brs(00C(CH,);COO)].
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Figure S19. The calculated birefringence versus photon energy for

CS3 [szBl‘s(OOC(CHz)g,COO)] .




Figure S20. The original crystal for the measurement of the birefringence for

Rb;[Pb,Br;(O0OC(CH,);COO)].
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Figure S21. Frequency-dependent SHG coefficients of |d3|, |d3| and |ds;] for
Rb;[Pb,Brs(O0OC(CH,);COO)].
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Figure S22. Frequency-dependent SHG coefficients of |d3|, |d3| and |ds;] for
CS3 [szBrs(OOC(CH2)3COO)] .
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