Electronic Supplementary Material (ESI) for Journal of Materials Chemistry C.
This journal is © The Royal Society of Chemistry 2022

Supporting Information

Accelerated discovery of defect tolerant organo-halide perovskites

N. Isleyen, A. Corcor, S. Cakirefe, N. Ormanly, E. N. Kanat, and I. Yavuz*

Department of Physics, Marmara University, 34722, Ziverbey, Istanbul, Turkey.

AUTHOR INFORMATION

*Corresponding Author

e-mail: ilhan.yavuz@marmara.edu.tr

S1


mailto:ilhan.yavuz@marmara.edu.tr

Note S1. Chemical potential calculations:

For the calculation of chemical potentials 'uA, ”B, Hx forming the ABX; perovkite, we will follow
the procedure by Yin et. al and others [S1-S4]. In this approach, we first assume that ABX;

perovskite phase and some secondary phases (vide infra) are in their thermodynamic

equilibrium such that Ha< 0, Hp <0 and Hx < 0 Therefore, we can write
Uy + up + 3,uX=AHf(ABX3) (1)

AH ((ABX5)

thermodynamic condition for the formation of ABXs. Here, is the orthorombic phase

formation energy of ABX3;. We calculate the formation energy of ABX; using

AH (ABX;) = H(ABX3) = [H(A) + H(B) + 3H(X)] \pore H(ABX3) H(A), H(B) H(X) are

separately the energies of AB X3, A, B, and X crystals, respectively. In addition the following

constraints must also be satisfied in order avoid the formation of secondary phases

Bat iy < AHf(AX) (S2)

b+ 2px < AHf(BXZ) (S3)

AH (AX) 4 AH (BX,)

Here are the formation energies of the 4X and BX, phases found from

AH (AX) = H(AX) - [H(A) + HX)] and AHf(BXZ) = H(BX,) - [H(B) + ZH(X)]_ These S1 - S3

conditions enable the selection window in chemical potential space, which is shown by diagrams

in Diagram S1.

Diagram S1. (left) Chemical-potential space with axes #4’#B and #X and the region in space
satisfies the restrictions in Eq. S1-S3. Each planes represent the region of ABX;, AX and BX;
formations. (right) A triangular diagram extracted from the left diagram showing the points of B-

rich, X-rich and moderate conditions.



First of all, for the DFT calculations of H(A) of 32 different A-sites in Diagram S2, simple cubic
phase is considered. For H(B) of 36 different B-sites (here 36 of 43 are in the 2700 HOIP
candidates), cubic phase is considered. The unit-cell crystal structures of the X-site (X = Cl, F, Br

and I) shown in Figure S1 are used for the DFT calculations of H(X). Within our randomly

selected 240 ABX; HOIP structures for DFT calculations out of 2700 HOIP candidates, we saw
that there appears to be 92 unique B-X and 101 unique A-X site pairs (e.g., MAPbI; and FAPbI;

have different A-X pair but the same B-X pair). For the DFT calculations of 92 unique H(4X),

H(BXZ), however, we first used trigonal phase for all 101 unique

AH((BX,) >0 BX,

cubic phase is considered. For

structures. But we then observed 14 of the 101 BX; structures, such that

trigonal phase for them is predicted to be unstable. We then payed special attention to those 14
x BX

structures and obtained their appropriate crystal structures and stochiometries (as B 3 and

BX4) based on the formation energies with the help of Materials Project Database

(https://materialsproject.org/) .

Note S2. Finite-size correction calculations:

E corr, finite-site energy correction calculations of 240 Vx and 240 X; HOIP defects for different

charge-states are performed based on the Freysoldt-Neugebauer-van de Walle (FNV) scheme

[S5-S7]
E,,..=E“—q[V,, +V ]
corr g ~Wop ™ Ve/0-m (S4)

Elatt V

The correction includes; lattice correction ™ ¢ and potential alignments * 4/0 -m and VO/p, which

are expressed below,

latt _ pisom _ pper,m
By =Eq -E7 (S5)
Vop=Volfar =V (S6)

Varo-m=Ve=Volar = VP far (S7)

Eiso,m Eperm
where © ¢ and ™ 49 model energies of the isolated defect and periodic defect at the g-state,

respectively. VOlfaT is the potential of the neutral defect far from location of the defect and Vs is

the potential of the pristine host material. [Vq - VO]far is the DFT calculated potential difference
per,m
between the charged and neutral defect far from the location of the defect and " lfar is the
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model potential value of the periodic one far from the defect.
The calculation of Eq. S5 requires the calculation of relative permittivity of each 240 HOIP

structures that we considered from the ML training. For this, we used a simplified model; we used

1+ 12man

£ = —

the Clausius-Mosotti relation 3 - 4man, where @ is the polarizability and = N/V, N js
the number of particles and V' is the cell volume. We used the atomic polarizabilities for B and X

site and molecular polarizabilities which we calculated from the GAMESS package [S8]. We

checked and saw that the average Er (calculated over the 240 HOIP structures) is ~7.52, which is
areasonable value for HOIPs. Lattice energy correction calculations are performed using COEFFE
python software [S9].

Since we are interested in the vacancy and interstitial halide defect Vy and X;, chemical potentials

of #X are only reported for different growth conditions (X-rich: #x = O, B-rich: #8=0 and
moderate) . The distribution of Hx chemical potentials are shown in Figure S2.
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Figure S1. Unit cell structures of Cl, F, Br, I crystals we considered in chemical potential

calculations.
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Table S1. Chemical structures of 32 organic cations (as A-site) we considered. Table: Short
names of A-sitesi (as An, where n = 01, 02, 03, ..., 32) and their chemical formulas.
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Figure S2. DFT calculated chemical-potential distributions, #¥, of 240 HOIP materials for
different growth conditions.
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Chart S1. Flowchart of our ML procedure to achieve maximum
performance with minimum feature selection.
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Figure S3. DFT calculated transition-levels of Vx (¢(0/+)) and X; (¢(0/-)) defect calculated vs.
bandgap of each of the 240 randomly selected HOIP material.
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Figure S4. Heat-map of Pearson correlation matrix of 70 features we considered.
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Figure S5. Learning performance of GBR algorithm for band gaps, different defects and
different growth conditions and transition-levels.
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Figure S6. Bandgap learning performance of GBR, KRR and DTR algorithms for the test set. DFT
calculated bandgap vs. ML prediction. Learning scores and MSEs are given on each figure.

Table S2. GBR parameters and scores

Number of | Loss Test size Score
estimators function
Bandgap 100 Huber 0.2 0.99
CFE 148 Huber 0.08 0.98
DFE, B-rich 108 Huber 0.08 0.84
DFE, X-rich 98 Huber 0.08 0.89
Vx defect | DFE, 98 Huber 0.08 0.85
moderate
TL 98 Huber 0.14 0.97
DFE, B-rich 162 Huber 0.08 0.93
DFE, X-rich 114 Huber 0.08 0.90
X; defect | DFE, 162 Huber 0.08 091
moderate
TL 101 Huber 0.14 0.88

Table S3. KRR parameters and scores

Number of | Alpha | Degree | Gamma | Kernel | Test Score
estimator size
s
Bandgap 0.20 0.96
CFE 0.10 2 4.0 Poly 0.08 0.97
DFE, B-rich | 98 0.18 2 5.0 Linear 0.08 0.83
Vx DFE, X-rich | 98 0.18 2 5.0 Linear 0.08 0.81
defect | DFE, mod. | 98 0.18 2 5.0 Linear 0.08 0.81
TL 98 0.18 2 5.0 Poly 0.14 0.95
DFE, B-rich | 114 0.18 2 5.2 RBF 0.08 0.75
X; DFE, X-rich | 114 0.18 2 5.0 RBF 0.08 0.64
defect | DFE, mod. | 114 0.18 2 7.4 RBF 0.08 0.68
TL 98 0.18 2 5.0 Sigmoid | 0.14 0.83
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Table S4. DTR parameters and scores

Criterion Max Splitter | Testsize | Score
features
Bandgap 0.20 0.96
CFE MAE Auto Rando 0.08 0.95
m

DFE, B-rich | MAE Auto Best 0.08 0.67

Vy DFE, X-rich | MSE Auto Best 0.08 0.75
defect | DFE, mod. MAE Sqrt Best 0.08 0.75
TL Friedman MSE | Sqrt Best 0.14 0.98

DFE, B-rich | Friedman MSE | Sqrt Best 0.08 0.78

X; DFE, X-rich | MAE Sqrt Best 0.08 0.81
defect | DFE, mod. Friedman MSE | Auto Best 0.08 0.83
TL Friedman MSE | Sqrt Best 0.14 0.80

CFE: crystal formation energy, DFE: defect formation energy.

Table S5. 70 Features, their descriptions and data resource references. 2Ref. S10 ® Extracted from
Materials Project database using python modules. ‘Ref. S11. Our work: extracted from our DFT
calculations using the GAMESS package, except pix and numygy).
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Features Descriptions Resource

Ts Tolerance factor a
O; Octahedral factor a
T eff: Tg: Ty Iron radii for the A, B and X site atoms a
Ps. Pg. Py lonic polarizability for the A, B and X site ionic a

o By HOMO and LUMO for the A-site molecules Our Work
X5, Xx Martynov-Batsanov electronegativity scales |a
Teisipr Txisip) Sum of the s and p orbital radii a
IEg lonization energy for the B site cations a
EAg, EA, Electron affinity for the B site atoms a
ICg, ICx lonic charge for B and X site cations a
1st.IPg, 1st.IPy | The first ionization energy for B and X site atoms  |a
VEg. Valence electrons for the B site atoms a
pix Chemical potential for X site atoms | Our Work
AHg, AHy Formation energy for the X and B sites Materials Projectb

Enuigr Enui x
B X

Electron above hull for the X and B sites
Density values for the X and B sites

Materials Project?
Materials Fro]ectb

Egm Egx Bandgap for X and B sites Materials Project”
Kvg, Kvy Bulk modulus for X and B sites Materials Project?
Gvg, Gvy Shear modulus for X and B sites Materials Project?
Eg. Ex Final energy for X and B sites Materials Project?
B TX Surface energy for the X and B sites Materials Project”
g, dy Work functions for the X and B sites Materials Project?
Mg Atomic mass for B site atoms Mendeleav®

dg, da Dipole polarizability for the A and B sites Mendeleav®
Har g Horx Heat of formation energys for the X and B sites Mendeleevt
pertg, perty | Period in periodic table for the B and X sites Mendeleev®

Ftg, Fiy Fusion temperature for the X and B sites Mendeleev®

Cex Cem C_6 dispersion ceefficients for the X and B sites Mendeleev®
gbasy, Gas basicity for the X sites Mendeleev®

R4 Rotational constant for the A sites Our Work

E, Total energy of the A site molecules Our Work

M, Molar mass of A the site molecules Our Work

Sa Entropy values of the A site molecules Our Work

ZPE, Zero-point energy of the A sites Our Work

Cg, Cy Lattice constants for the X and B sites Mendeleev®

Qa Muclear electric quadrupole moment for the A sites| Our Work

NUMy, 4 Hydrogen number for the A sites Our Work

Table S6. List of 240 candidates randomly selected for ML training from 2700 HOIPs.

AO0IBICls |A04BiCls [AO07PbBrs |A10YbBrs [A13WCL: |A16RhCls |A20SmCls |A24CoFs  [A26RhBrs |A29PbBrs
AO1EuCl: [AO4EuCls [AO07Pbls  |A10ZrCls |A13ZnCls | A16SbBrs | A20Srls A24HgBrs [A26SnBr; |A29SmCls
AOlHgls |A04SbBrs [AO07PdBrs |AllBals [Al4BaBrs |A16Scls |A21Inls A24MnBrs |A26SnCls | A29Smls
AOIPbCls |A04Tals |AO7Scls  [All1Cdls |A14BiCls |A16SrBrs [A21MnBrs |A24MoBrs |A26TiBrs [ A29SnCls
AOIPdCls |AO4TIIs A07SmBr; (A11HgCL |A14Cdls  [Al6TaBrs |A21INbCl [A24MoCls [A26T1Is A29YbCls
AO01PtCls  |A04TmBrs |A07SrCls |A11MoCls |[A14CuCls [A16WCls |A21ScCls |A24Snls  |A27EuCls |A29YCls
AO01ISnls  |AO05Bils AO07TiCls [A11PbBr; |A14MoClL [A16Ybls |A21TiBrs [A24VCL |A27MnBrs |A29Zrls
AO01Srls AOS5HfI;  |A07YbCls |A11PbCls |Al4ReFs [A17BiBrs |A21ZrBrs |A24YbBrs |A27RhBrs |A30Agls
AOITiF; |AO5HgBrs [AO8HfI; |Al11PdCLl: (A14Tmls |Al7Cals |A22CaBrs |A24Ybl; [A27Sbls  |A30Bils
A02Bils AO5RhCls |AO8Hgl: |AlISbls |Al4VBrs [A17Sml:s |A22Cdls  |A24YBr: |A27WIs A30EuBrs
A02MoBr; |A05ScBrs [A08Mols |A11TmCls [A14WCls |A17SnBrs |A22Euls  |A24ZnCls [A27YbBrs [A30Srls
A02Scls  |AO5YLs AO8PbBr; (A11WFs |A14YbCls [A17YIs A22Mols |A25BaBr; |A28AuBrs [A30TaCls
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Figure S7. ML calculated crystal formation energy vs. bandgap plot of all hybrid perovskite
candidates considered in this study. SC: semiconductor.
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Figure S8. ML calculated 3D DFE vs. Bandgap plots for three different growth conditions. DFE:

Defect formation energy.

Table S7. List of 190 promising defect-tolerant HOIP semiconductor candidates. Energies are in

u

(ne) deBpued
"

eV units. E;: bandgap, DFE: Defect formation energy, AH: crystal formation energy.

E, Vx DFE X; DFE Vx X; AH
A | B |x Bl mod | D | Xerieh | mod. | s(0/) | s(05)
A01 Ca | Cl | 331 -093 | 214 | -027 | 119 .66 -1.65 4.39 -0.76 | -10.63
A01 Hg | Cl | 0.65| 133 | 2.01 1.35 0.63 -1.08 -1.11 2.07 -0.36 -5.57
A01 Pb | Br | 211 | 1.33 | 348 | 225 1.85 -0.60 -0.06 2.79 0.07 -6.96
A01 Pb I 1.67 | 1.41 | 237 | 1.68 2.15 0.84 1.08 1.99 0.06 -3.53
A01 Sn | Br [ 099 | 143 | 342 | 243 1.08 0.34 0.33 1.54 0.03 -6.40
AO01 Sn | Cl | 1.09 | 195 | 328 | 243 1.07 0.52 -0.10 1.56 0.01 -6.50
A01 Zn F [ 074 ] 2.08 | 247 | 1.59 | 2.10 1.77 0.71 2.84 -0.55 -7.30
A01 Sn I 1094 | 134 | 217 | 1.78 1.59 0.84 1.20 1.44 0.10 -5.57
A02 | Hg | CI | 066 | 148 | 193 | 1.53 1.03 -0.65 -0.80 2.48 -0.31 -3.93
A02 Sn I 1.15 | 1.52 | 230 | 1.62 2.04 0.80 1.56 1.39 0.09 -3.87
A03 Pb I 170 | 1.05 | 1.79 | 097 | 253 0.44 1.42 1.95 0.05 -10.70
A04 | Ca | Br | 337 | -1.44 | 225 | 0.65 0.89 325 -1.62 434 -0.09 | -10.11
A04 | Ca | Cl | 312 -1.64 | 1.35 | -0.58 | .73 -4.63 2.33 4.34 -0.45 -4.74
A0O4 | Hg | ClI | 063 | 1.28 | 1.75 | 125 | 017 | 2.4 2.02 2.04 -0.34 -6.50
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A04 Pb | Br [ 2.09| 017 | 289 | 1.94 | 031 2338 224 2.68 0.06 -2.86
A04 Pb I 1.64 | 025 | 1.87 | 1.37 021 -1.93 -0.36 1.88 0.07 -6.16
A04 Sn | Br | 096 | 017 | 295 | 198 | 055 | -2.53 -1.71 1.48 0.03 -6.10
A04 Sn Cl | 1.07 | 061 | 282 | 198 | 056 | -2.54 214 1.51 0.02 -3.21
A04 Sn I 091 007 | 227 | 145 0.49 -1.96 -0.53 1.38 0.01 -1.06
A05 Ca | Br | 332 -0.57 | 326 | 0.80 1.65 -0.16 047 431 0.05 -1.47
A0S Ca | Cl |3.06 | -0.87 | 222 | -0.75 | 046 -1.48 -0.86 4.50 -0.32 -5.90
AO5 | Hg | Cl | 064 | 0.82 | 1.64 | 127 | 017 | -064 -0.65 2.06 -0.34 -7.32
A05 Pb Br | 2.08 | 1.29 | 3.24 1.98 1.26 0.02 0.78 2.66 0.03 -7.14
A05 Pb Cl | 269 | 1.69 | 3.18 | 223 0.71 0.02 -0.10 2.90 0.09 -3.87
A05 Pb I 1.64 | 130 | 2.15 1.49 2.03 0.82 1.75 1.92 0.07 -6.95
A0S Sn | Br | 096 | 126 | 322 | 233 1.06 1.51 1.36 1.46 0.04 -6,84
A05 Sn Cl | 1.06 | 1.69 | 3.01 | 233 1.25 1.57 0.67 1.49 0.09 -4.17
A0S Sn I | 091 125 | 244 | 1.88 2.13 1.45 1.82 1.42 -0.03 | -11.05
A05 Sr Cl | 342 040 | 3.82 | 141 1.72 -0.74 0.33 3.97 -0.37 -8.65
A05 Yb | Br | 297 | 092 | 2.60 1.50 1.82 0.81 0.64 3.24 -0.03 -5.79
AO6 | Hg | Cl | 065 | 049 | 147 | 1.16 0.68 -0.26 -0.01 2.46 -0.38 -4.12
A06 Sn I 1.15 | 1.06 | 2.38 1.54 2.92 2.20 2.61 1.42 0.04 -3.78
A07 Sn I 131 | 1.10 | 2.44 | 1.93 1.46 032 0.76 1.41 0.02 -10.92
A07 | Yb | Cl | 338 0.09 [ 226 | 189 | .18 | 342 3.64 4.28 -0.86 | -10.33
A08 Ca | Br | 236 | -0.08 | 295 | 0.69 1.79 -1.55 -0.03 4.35 0.04 -3.46
A08 Ca | Cl | 117 | -027 | 1.83 | -0.59 | 022 | -2.87 -1.38 4.54 -0.29 -6.94
A08 Pb I | 168 | 124 | 2.08 | 147 2.76 0.15 1.40 1.88 0.04 -3.86
A08 Sn | Br [ 098 | 123 | 3.03 | 2.16 1.54 -0.71 1.07 1.48 0.02 -11.38
A08 Sn I 1092 1.18 | 223 | 171 3.16 -0.53 1.67 1.38 0.03 -10.82
A08 Sr Br | 2.13 | 044 | 3.79 | 2.01 1.48 216 0.85 3.91 0.03 -6.34
A08 Sr Cl | 0.69 | 046 | 2.98 1.33 2.12 -3.60 0.05 3.99 -0.32 -7.33
A08 Sr I 1.64 | 043 | 2.58 1.52 2.71 -0.80 2.13 3.50 0.02 -3.81
A09 Pb | Br | 212 | 1.19 | 2.88 | 1.89 0.39 -1.04 -0.57 2.68 0.02 -4.15
A09 Pb I | 167 1.14 | 1.86 | 1.40 1.79 0.23 0.92 1.89 0.04 -5.69
A09 Sn I | 091 1.11 | 2.10 | 1l.64 1.80 0.04 0.81 1.39 -0.04 -3.74
Al0 | Hg | Cl | 065 | 1.10 | 1.74 | 136 | 070 | -1.79 -1.43 2.48 -0.80 -3.93
Al0 Pb I 1.67 | 0.79 | 1.92 1.48 1.57 0.07 0.98 1.88 0.05 -10.46
A10 Sn I | 131 ] 086 | 2.05 | 1.63 1.34 -0.08 1.12 1.41 0.03 -3.62
Al0 | Yb | Br | 3.07 | 0.09 | 3.02 | 1.87 0.79 2.19 -0.44 4.00 -0.29 -6.93
All Ca | Cl |332)| -0.16 | 2.14 | -031 | o080 | -3.21 177 4.53 -0.31 -3.95
All Pb I 1.72 | 1.27 | 2.01 1.63 2.16 0.61 1.04 1.94 0.06 -8.85
All Sn | Br | 1.01 | 1.23 | 3.06 | 2.26 0.63 -0.25 0.48 1.48 0.06 -9.99
All Sn I 095 1.18 | 2.21 1.81 2.29 037 1.59 1.44 0.00 -9.40
All Yb | Br | 3.00 | 0.82 | 2.71 1.61 1.95 -0.46 0.68 3.26 -0.01 -4.71
Al3 Ca | Br | 223 | -042 | 296 | 0.69 0.75 275 -1.30 3.96 0.00 -6.28
Al3 Ca | Cl | 1.14| -090 | 1.82 | -0.82 | _1.11 -3.95 232 4.18 -0.33 -2.80
Al13 | Hg | Cl | 063 | 045 | 156 | 1.09 | 388 | -2.52 374 2.16 -0.38 -3.16
Al3 Pb | Br [ 208 | 136 | 3.19 | 192 | 015 | -175 2.05 2.53 0.07 -10.54
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Al3 Pb I | 163 | 135 | 2.06 | 143 1.15 2071 -1.95 1.79 0.03 -6.89
Al3 Sn I |09 | 1.29 | 222 | 1.71 2.19 -0.22 .39 1.29 0.01 -10.46
Al3 Sr Br | 1.94 | 0.07 | 3.80 | 2.01 | .130 | -3.02 2.76 2.84 0.03 -7.26
Al3 Sr 1 1.68 | 006 | 283 | 1.52 | 007 | -1.65 025 2.49 0.02 -3.62
Al3 Sr Cl | 061 | -0.66 | 322 | 097 | 208 | -4.47 -3.91 2.61 -0.06 -7.02
Al4 | Ca | Cl | 333 | -034 | 214 | -031 | .1.14 | -335 231 4.53 -0.31 -4.04
Al4 Pb | Br | 215 | 1.07 | 3.16 | 2.13 0.77 -1.11 -0.50 2.68 0.04 -10.91
Al4 Pb I | 170 | 1.09 | 1.92 | 1.63 2.18 0.38 0.97 1.94 0.06 -10.51
Al4 Sn | Br [ 099 | 1.04 | 3.06 | 2.26 021 -0.62 0.19 1.48 0.06 -6.84
Al4 Sn I 1094 | 099 | 213 1.81 2.09 0.00 1.52 1.44 0.00 -6.53
Al4 | Yb Cl | 335 | 1.05 | 3.38 1.80 | _1.81 -3.58 2.39 3.57 -0.86 -5.12
AlS Ca | Br | 323 | -1.81 | 1.92 | 0.04 1.44 -1.20 -1.16 4.39 -0.83 -8.47
AlS Ca | Cl | 299 | -2.04 | 1.20 | -1.06 | 128 22.59 -1.50 4.42 -1.15 -7.24
AlS Ca I | 314 -1.41 | 0.67 | -0.04 | _0.60 0.57 0.05 3.07 -0.66 -7.31
Al5 Ge F [ 067 | 1.02 | 1.87 | 0.58 0.89 4.61 0.20 4.05 -142 | -10.51
Al5 Hg | Cl | 068 | 1.10 | 1.75 | 0.50 0.00 213 -1.06 2.16 -0.33 -5.47
Al5 Ti F | 1.05| -0.75 | 3.67 | 155 | 008 | -1.63 -0.61 3.71 -1.16 -7.06
Al5 | Yb | Br | 299 | 0.02 | 2.50 | 1.21 0.44 -1.71 -1.15 3.26 -0.02 -6.88
Al5 | Yb | Cl | 323 | 043 | 280 | 144 | 060 | -3.28 231 3.41 -0.33 -3.55
Al5 | Mg F | 087 | -3.09 | 0.54 | -0.89 | 5354 1.94 3.75 7.79 -4.23 -6.65
AlS Zn F | 186 | -035 | 2.07 | 0.66 501 2.34 3.71 4.23 -1.65 -6.54
Al6 Ca | CI | 321 |-1.18 | 1.79 | -0.39 | 126 .66 -0.81 4.34 -0.92 -3.83
Al6 | Hg | Cl | 063 | 130 | 2.02 | 1.26 0.70 -1.38 -0.71 2.04 -0.36 | -11.46
Al6 Pb Br | 209 | 1.30 | 327 | 2.12 1.92 -0.60 0.32 2.74 0.06 -6.63
Al6 Pb Cl | 270 | 2.03 | 3.24 | 237 1.44 -0.49 0.07 297 0.09 -6.36
Al6 Pb I 1.64 | 138 | 2.21 1.55 2.2 0.84 1.52 2.00 0.05 -2.66
Al6 Sn | Br | 096 | 1.30 | 3.33 | 2.06 1.24 0.34 0.87 1.48 0.03 -3.40
Al6 Sn Cl | 1.07 | 1.82 | 3.20 | 2.06 1.23 0.52 0.75 1.51 0.01 -11.02
Al6 Sn I 091 ] 1.20 | 2.61 1.53 1.80 0.92 1.72 1.44 -0.01 | -10.37
Al6 Ca | Br | 346 | -0.87 | 2.69 | 0.83 1.44 -1.52 S0.11 4.34 -0.68 -7.13
Al6 | Yb I [3.02] 1.19 | 299 | 1.81 2.29 0.20 1.62 3.23 -0.02 | -10.88
Al7 Ba | Br | 296 | 026 | 291 | 2.08 3.15 -0.78 2.87 4.74 0.06 -5.06
Al7 Pb Br | 215 | 1.15 | 242 1.67 1.95 -1.24 0.83 3.01 -0.06 -6.21
Al7 Pb Cl | 280 | 131 | 223 | 1.59 1.09 -1.03 -0.06 3.41 -0.07 | -10.12
Al7 Pb I | 169 1.13 | 142 | 1.10 3.07 1.20 2.81 2.14 0.02 -10.83
Al7 Sn I 133 | 1.13 | 2.26 1.51 3.47 1.16 2.09 1.29 0.01 -10.24
Al7 Sr Br | 2.71 | -0.27 | 2.95 1.52 2.47 2.48 0.89 3.82 -0.01 -5.59
Al17 Sr Cl | 205 -033 | 242 | 1.21 1.44 1.49 -0.05 4.07 -0.84 -7.09
Al7 Sr I |243]-030 | 195 | 096 3.34 6.24 3.09 3.65 -0.03 -3.65
Al8 Ba | Br | 293 | -0.89 | 1.19 | 1.28 3.03 -1.10 1.68 3.87 -0.10 -3.98
Al8 Ba I | 268 -1.10 | 1.04 | 0.83 3.46 0.25 2.24 421 -0.17 | -11.37
Al8 Pb | Br | 213 | 038 | 098 | 0.94 121 -133 -0.72 2.99 -0.45 | -10.82
Al18 Sr Br | 267 | -0.68 | 1.23 | 0.23 1.27 -1.93 -0.89 3.14 -0.52 -8.15
Al9 Ca | Br | 3.19 | -0.70 | 3.09 | 0.83 1.83 -1.53 0.31 4.02 0.01 -10.43
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Al9 Ca | Cl | 210 -091 | 197 | -0.72 | 144 284 -1.02 4.42 -0.30 -9.84
Al19 | Hg | ClI | 0.65| 1.13 | 2.04 | 147 0.74 -1.29 -1.24 2.29 -0.36 -6.78
A19 Pb | Br | 209 | 156 | 335 | 2.12 1.78 2033 0.77 2.53 0.07 -3.11
Al19 Pb I 1.64 | 151 | 2.24 1.55 2.25 0.47 1.65 1.79 0.03 -3.49
A19 Sn I 091 1.51 | 249 | 191 231 0.65 1.54 1.29 0.01 -10.62
Al9 Sr Br | 322 | 0.86 | 450 | 2.37 2.88 -0.83 0.70 3.18 -0.02 | -10.07
A19 Sr Cl | 198 | 0.72 | 422 | 1.67 1.90 226 -0.80 2.96 -0.40 | -10.55
Al19 | Yb | Br | 267 | 0.75 | 274 | 1.71 221 -0.20 0.22 3.16 -0.08 -7.27
A20 Ca | Br | 2,66 | -091 | 2.56 | 0.22 1.86 -1.38 -0.06 4.13 0.04 -3.46
A20 Ca | Cl | 1.72| -0.69 | 1.37 | -1.17 | 047 22.86 -1.774 4.42 -0.28 -6.64
A20 Pb | Br [ 2.09| 056 | 2.86 | 1.42 222 0.14 1.10 2.53 0.08 -10.50
A20 Pb I | 165 055 | 1.63 | 092 2.65 0.92 2.05 1.79 0.03 -5.82
A20 Sn I |096| 049 | 1.65 | 1.16 3.06 0.73 2.90 1.29 0.02 -3.47
A20 Sr Br | 2.71 | -0.16 | 3.21 1.58 3.34 -0.56 1.57 3.18 0.01 -3.78
A20 Sr Cl | 1.61 | -047 | 242 | 0.80 3.98 -1.92 031 2.96 -0.18 | -10.43
A20 Ca I |235]-087 | 1.30 | 0.50 2.12 -0.28 0.90 2.61 -0.04 -7.74
A20 Sr I | 2241 -036 | 185 | 1.09 333 0.57 2.64 2.83 0.10 -10.87
A21 Ca | Cl | 335 -043 | 2.64 | -028 | 099 313 -1.96 4.73 -0.08 -6.17
A21 Pb Cl | 270 | 1.03 | 3.64 | 1.92 3.36 -0.27 -0.33 2.92 0.08 -6.55
A21 Pb I 1.65| 099 | 2.14 | 1.84 311 1.35 2.13 1.89 0.10 -7.52
A22 Ba I |341 ] -0.04 | 255 | 2.10 4.05 0.13 2.89 3.78 0.07 -3.87
A22 Ca Cl | 226 -1.53 | 142 | -0.86 | _0.01 -3.66 -1.98 4.53 -0.35 -7.20
A22 Ca I |287]-093 | 150 | 0.56 2.11 -0.88 0.63 2.88 0.06 -7.08
A22 Pb I | 1.74] 078 | 1.08 | 1.13 2.76 0.41 1.55 1.89 0.05 -4.20
A22 Sn I | 127 ] 092 | 1.89 | 142 3.55 0.18 2.51 1.43 0.04 -9.26
A22 Sr Cl | 257 | -0.17 | 2.31 1.04 0.95 3.44 -1.16 3.39 -0.75 -4.58
A22 | Yb | Br | 096 | -038 | 1.85 | 1.32 1.97 -0.42 037 3.54 -0.10 -5.14
A22 Ca | Br | 3.10 | -2.00 | 2.64 | 0.22 1.18 D47 -0.79 4.37 -0.03 -6.12
A23 Ca | CI | 328 -0.05 242 | -022 | 1352 -0.74 -0.88 4.34 -0.28 -2.59
A23 | Hg | Cl | 0.65| 1.24 | 2.01 1.62 1.05 -0.76 -0.65 2.04 -0.34 -5.17
A23 | Mg F | 1.14 | -049 | 1.48 | 0.50 2.03 0.43 1.02 7.56 -1.43 -5.11
A23 Pb | Br [ 209 | L.15 | 339 | 2.28 232 0.17 0.44 2.68 0.08 -9.13
A23 Pb 1 1.64 | 122 | 229 | 171 2.74 1.44 1.64 1.88 0.08 -6.21
A23 Sn | Br | 096 | 1.29 | 335 | 251 1.55 2.44 0.75 1.48 0.04 -4.19
A23 Sn Cl | 1.07 | 1.84 | 3.22 | 251 1.41 2.62 021 1.51 0.07 -5.75
A23 Sn I | 091 120 | 257 | 1.98 223 2.85 1.44 1.38 0.02 -2.18
A24 | Ca | Cl | 329 -093 | 227 | -0.27 | 136 -0.42 122 4.34 -0.28 -5.76
A24 | Hg | CI | 0.65| 131 | 2.01 1.35 0.94 -0.75 -0.69 2.04 -0.34 -5.57
A24 | Mg F | 1.14 | -1.35 | 1.39 | 046 1.73 0.58 1.89 7.56 -1.21 -2.90
A24 Pb Br | 209 | 133 | 339 | 2.25 2.00 0.48 0.36 2.68 0.08 -7.05
A24 Pb I | 1.65| 141 | 229 | 1.68 231 1.75 1.51 1.88 0.08 -6.97
A24 Sn Br | 097 | 143 | 340 | 2.43 1.33 2.72 0.63 1.48 0.05 -9.54
A24 Sn Cl | 1.07 | 198 | 322 | 243 1.33 2.90 0.19 1.51 0.07 -8.95
A24 | Yb | Br | 3.00 | 1.20 | 3.71 | 2.08 1.25 -1.56 0.01 3.26 -0.29 -2.25
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A25 Ca | Cl | 328 -0.65 | 2.09 | -027 | 142 -1.88 -1.09 4.60 -0.90 -2.70
A25 Ge | Cl | 059 059 | 1.84 | 158 | _127 1.33 0.06 0.98 -0.11 -9.73
A25 Hg Cl | 0.65| 1.02 | 1.98 1.46 0.95 -0.01 -0.34 2.21 -0.67 -9.17
A25 Pb Br | 209 | 1.19 | 3.16 | 2.22 2.03 -0.07 0.86 2.79 0.00 -5.25
A25 Pb I | 1.65] 120 | 2.09 | 1.65 2.08 0.26 1.82 1.97 0.05 -7.09
A25 Sn Br | 096 | 094 | 331 | 236 1.45 0.76 0.91 1.54 0.00 -6.50
A25 Sn Cl | 1.07 | 1.51 | 3.17 | 239 1.12 0.94 0.36 1.60 0.00 -4.45
A25 Sn I 1091 092 | 239 ]| 171 1.57 0.28 1.59 1.42 -0.05 -4.28
A25 Ti F | 126 | -024 | 437 | 2.75 2.30 -0.99 2.70 2.57 -0.20 -0.60
A25 | Yb | Br | 3.03 | 0.82 | 2.65| 1.66 2.04 -0.30 1.64 3.26 -0.34 -4.32
A26 Ca | Br | 2.67 | -0.63 | 2.82 | 0.48 4.7 -0.16 2.08 4.02 0.06 -1.17
A26 Ca | Cl | 148 | -0.60 | 1.70 | -091 | 304 -1.61 0.78 4.42 -0.25 -6.50
A26 Pb I | 166 | 089 | 1.83 | 1.08 5.03 2.02 4.14 1.79 0.05 -11.52
A26 Sn I 1072 085 | 1.96 | 131 5.86 2.39 5.88 1.29 0.06 -11.64
A26 Sr Br | 269 | 021 | 3.66 | 1.84 6.19 0.58 3.72 3.18 0.00 -10.82
A26 Sr Cl | 1.33 | 0.19 | 2.87 | 1.05 6.99 -0.75 2.84 2.96 -0.21 -10.85
A26 Sr I | 221 ] 0.16 | 2.31 1.34 6.12 1.72 4.79 2.83 0.06 -9.99
A27 Ca | Br | 2.68 | -1.08 | 2.53 | 0.04 | 412 0.64 1.26 3.46 0.00 -10.33
A27 Ca | Cl | 149 | -1.12 | 142 | -1.35 | 256 -0.84 -0.11 3.73 -0.32 -8.15
A27 Pb Br | 2.13 | 049 | 250 | 1.14 4.35 1.81 2.47 2.57 0.05 -7.56
A27 Pb Cl | 269 | 089 | 219 | 1.19 | 459 1.44 1.59 2.81 0.07 -1.40
A27 Pb I | 168 | 045 | 132 | 1.08 5.18 3.50 3.48 1.83 0.00 -1.42
A27 Sn Br | 098 | 0.43 | 2.56 | 0.76 4.72 2.61 3.68 1.38 0.06 -8.70
A27 Sn I 1091 042 | 1.67 | 0.85 585 3.43 4.47 1.33 0.01 -8.14
A27 Sr Cl | 1.09 | -0.37 | 2.26 | 0.08 775 0.02 1.67 1.67 -0.67 -5.15
A28 Ca | Cl | 251 | -1.84 | 1.56 | 024 | 014 | -3.78 -1.70 4.67 0.06 -5.94
A28 Sr Cl | 281 | -0.64 | 1.61 | 0.26 3.29 3.55 0.26 3.15 -0.23 | -11.50
A29 Ca | Cl | 254 | -1.32 | 231 | 020 | 015 | -3.15 -1.36 4.67 -0.11 -7.03
A29 Sr Cl | 3.03|-022 | 043 | -0.01 | 360 287 -0.72 3.74 0.09 -4.28
A29 | Yb | Cl | 323 ] 0.10 | 332 | 1.70 | 094 | -3.01 211 4.37 -0.81 | -11.79
A30 Ca | Cl | 260 | -031 | 2.53 | 1.07 0.68 .83 -0.94 4.80 -0.08 -3.62
A30 Sr Cl | 310 | 050 | 233 | 1.83 5.07 .88 0.34 4.74 -0.03 -9.98
A3l Ca | Br | 3.03 | -1.57 | 2.65 | 0.24 3.26 -1.68 1.19 4.57 0.01 -10.34
A3l Ca Cl | 230 | -1.37 | 142 | -091 1.96 -3.04 0.24 4.73 -0.43 -9.98
A31 Pb I | 169 | 037 | 1.71 1.02 3.54 051 2.41 1.94 0.06 -10.08
A3l Sn I 132 | 049 | 1.94 1.18 4.20 0.33 3.48 1.47 0.03 -9.30
A31 Sr Br | 3.01 | -0.16 | 3.58 | 1.60 3.34 0.68 1.70 4.02 0.04 =727
A31 Sr Cl | 2.12 | -0.06 | 3.02 | 1.06 2.76 -0.56 1.11 4.59 -0.26 | -11.09
A3l Sr I 279 -020 | 257 | 1.11 4.08 2.87 2.71 3.56 0.04 -6.57
A3l Yb | Br | 247 | 024 | 1.99 1.21 3.36 0.44 2.47 3.53 -0.08 -5.27
A32 Ca | Cl | 254 | -1.73 | 1.88 | -0.54 | 205 D42 -0.03 4.54 -0.11 -6.04
A32 | Hg | CI | 0.69| 0.50 | 1.56 | 0.81 3.59 0.99 -1.05 2.53 -0.37 | -10.95
A32 Pb I 1.70 | 0.01 | 1.23 | 099 | 4.10 2.76 2.15 1.97 0.07 -8.39
A32 Sr Cl | 3.00 | -0.45 | 3.09 | 0.99 563 -1.46 1.49 3.43 0.02 -10.12
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