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𝑤𝑖𝑗  𝐻𝑆𝑃𝑗

𝑤𝑖𝑗 = exp ⌊1 − (
𝑅𝑖𝑗

𝑅̅𝑗
)

6

⌋

𝑅̅𝑗 

𝑅̅𝑗 =

∑ 𝑅𝑖𝑗 𝑒𝑥𝑝 [1 − (
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)
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𝑅𝑗𝑚𝑖𝑛

𝑅̅𝑗
𝑁

𝑅̅𝑗 =

∑ 𝑅𝑖𝑗 exp [1 − (
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𝑅̅𝑁−1
𝑗
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]𝑖
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𝑅𝑖𝑗

𝑅̅𝑁−1
𝑗
)

6

]𝑖

𝑁

𝑅̅𝑗
0 Equation (3)

Equations (2) (3) (4)

𝐸𝐶𝑜𝑁𝑋

𝐸𝐶𝑜𝑁𝑋 = ∑ ∑ 𝑤𝑖𝑗

𝑖𝑗

𝐸𝐶𝑜𝑁𝑋  𝐶𝑁  𝐸𝐶𝑜𝑁𝑋  𝐶𝑁 

 𝑅𝑖𝑗 𝑤𝑖𝑗

𝑋 𝑞𝑋

𝑤𝑖𝑗/𝐸𝐶𝑜𝑁𝑋 ∆𝑞𝑖𝑗→𝐴

𝑋

∆𝑞𝑋𝑖𝑗→𝐴 =
𝑤𝑖𝑗𝑞𝑋

𝐸𝐶𝑜𝑁𝑋

𝑚𝑋

𝑚𝐴

𝑚𝑋/𝑚𝐴

𝑞𝑋

𝑞𝑋

𝑜ℎ

𝑞̅𝑋 = 𝑆𝑂
∑ 𝑞𝑋ℎ𝑜ℎℎ

∑ 𝑜ℎℎ

𝑄𝐴 ∆𝑞𝑖𝑗→𝐴

𝑄𝐴 =  − ∑ ∆𝑞𝑋𝑖𝑗→𝐴

𝑋

𝑄𝐴 𝑞𝐴



𝑄𝑋

𝑄𝑋 = ∑ ∑ ∆𝑄𝑖𝑗

𝑖𝑗

= ∑ ∑ ∆𝑞𝑋𝑖𝑗→𝐴

𝑞𝐴

𝑄𝐴
𝑖

𝑚𝐴

𝑚𝑋
𝑗

𝑞𝐴/𝑄𝐴

𝑄𝑋  𝑞𝑋

∆𝑄𝑖𝑗 𝑞𝑋/𝑄𝑋 

 𝐻𝑆𝑃𝑗

∆𝑄𝑗 = ∑ ∆𝑄𝑖𝑗

𝑖

𝑞𝑋

𝑄𝑋

𝑚𝑋

𝑚𝐴

𝐻𝑆𝑃𝑗

∆𝑞𝑗 = ∑ ∆𝑞𝑋𝑖𝑗→𝐴

𝑖

∆𝑄𝑗/∆𝑞𝑗 ∆𝑞𝑖𝑗→𝐴

∆𝑞𝑋𝑖𝑗→𝐴
𝑁 =

∆𝑄𝑗

∆𝑞𝑗
∆𝑞𝑋𝑖𝑗→𝐴

𝑁−1

∆𝑄𝑗 ∆𝑄𝑖𝑗←𝑋

∆𝑄𝑗 ∆𝑄(𝑖𝑗 → 𝑟) = −∆𝑄(𝑖 → 𝑟𝑠)

∆𝑄𝑗

∆𝑄𝑗
𝑁 − ∆𝑄𝑗 ≤ 𝑇𝑁−1  

Section 4.3

 Figure 2.
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,



𝐴 𝑋

(𝑞𝑋 = 2)

∆𝑞𝑋𝑖𝑗→𝐴 Equation (6) 𝑄𝐴

∆𝑞𝑋𝑖𝑗→𝐴 𝑄𝑋 = 1.99

∆𝑄𝑖𝑗 Equation (9)

𝑄𝑋 𝑄𝐴 𝑞𝑋 𝑞𝐴

𝑄𝑋 𝑄𝐴— with the formal oxidation numbers— 𝑞𝑋 𝑞𝐴

(𝑞𝑥 = 2.5)
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𝐵𝑉𝑆𝑋 = 𝑆𝑂 ∑ ∑ 𝑠𝑖𝑗

𝑖𝑗

𝐵𝑉𝑆𝑋 𝑞𝑋

Equation (15)

𝐸𝑅𝑖𝑗 = 𝑅𝑜𝑖𝑗 − 𝑙𝑛 (𝑠𝑖𝑗

𝑞𝑋

𝐵𝑉𝑆𝑋
) 𝐵𝑖𝑗

𝑞𝑋/𝐵𝑉𝑆𝑋 

𝑞𝑋 𝑅𝑜𝑖𝑗 𝐵𝑖𝑗

(14a) 𝐵𝑉𝑆𝑋

𝑁𝑋

𝑀𝐴𝑃𝐷𝐵𝑉𝑆 =
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𝑁𝑋
∑ |

𝑞𝑋 − 𝐵𝑉𝑆
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|

𝑋

𝑁𝑍

𝐺𝐼𝐼 = √
1

𝑁𝑍
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|, 



𝑇𝑋 𝑇𝐴

 

∆𝑅𝐶 = ∑ (𝑅𝐶𝑘
2 −

∑ 𝑅𝐶𝑘
2

𝑘

𝐶𝑁𝑋
)

𝑘

𝑅𝐶𝑘

- 𝑥𝑜, 𝑦𝑜, 𝑧𝑜 Equation (22)

𝑥𝑜, 𝑦𝑜 𝑧𝑜

- 𝐼, 𝐽, 𝐾

- ∆

- 𝑟𝑠

- 𝑉𝑠

Equations (23–26)

- 

𝐿𝐸𝑐𝑐 =
∆

𝑟𝑠

- 

(𝑟𝑠 − ∆)

𝑉𝐸𝑐𝑐 = 1 − [(1 −
∆

𝑟𝑠
)]

3

- 

𝐿𝑆𝑝ℎ = 1 −
𝜎𝑠

𝑟𝑠



𝜎𝑠

- 

𝑉𝑆𝑝ℎ = 1 −
3𝜎𝑠

𝑟𝑠

- 𝑉𝑟

- 

𝐶𝑁

- 𝑉𝑖

- 

𝜐 = 1 −
𝑉𝑟

𝑉𝑖

- 𝐸𝐶𝑜𝑁𝑋 𝐶𝑁𝑅𝑋

𝐸𝐷𝐸𝑉𝑋 = 1 −
𝐸𝐶𝑜𝑁𝑋

𝐶𝑁𝑅𝑋

𝐶𝑁𝑅𝑋 𝐸𝐷𝐸𝑉𝑋

𝐶𝑁𝑋

- ∆𝑅(𝐵𝑎)

∆𝑅(𝐵𝑎) =
1

𝐶𝑁𝑋
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|𝑅𝑖𝑗 − 𝑅̅𝑋|

𝑅̅𝑋
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𝐵

𝐶𝑁𝑋
∑ ∑ ln (

𝑠𝑖𝑗

𝑠̅𝑋
)

𝑖𝑗

𝑠̅𝑋 ∆𝑅(𝐵𝑟)

𝑅𝑜𝑖𝑗 𝐵𝑖𝑗 (= 𝐵) 𝑅𝑖𝑗 ∆𝑅(𝐵𝑟)

𝐵𝑖𝑗

∆𝑅(𝐵𝑟)
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unit–cell parameters

space group  structure–derived formula overall charge balance  relative charge error

Equation 21 CD– BVS–derived formulas 

  ---------------------------------------------------------------------------------------- 

  Input file: Cannizzarite 7H-12Q.CIF                                  

  

  a: 38.8600  b: 4.0900  c: 39.8300  alpha: 90.0000  beta: 102.3000  gamma: 90.0000 

  

  Space group: P 1 21/m 1 

  

  Structure-derived formula: Pb50.000 Bi54.000 S124.780 Se7.220  

  Overall charge balance:    262.000:-264.000    Relative charge error: 0.763% 

  

  CD-derived formula:        Pb51.154 Bi53.899 S123.772 Se7.222  

  BVS-derived formula:       Pb50.966 Bi52.004 S121.929 Se7.044  

  

  Iterations: 2 (ECoN21 method) 

  

  Global coordination radius threshold: 4.000 Å  

  ---------------------------------------------------------------------------------------- 

  ------------------------------------------------------------------------ 

  CN       - Coordination number 

  ECoN     - Effective coordination number 

  EDEV     - Deviation of ECoN from CN 

  QX       - Charge received by cations 

  qX       - Oxidation number of cations 

  BVS      - Bond valence sum 

  QA       - Charge received by anions 

  qA       - Oxidation number of anions 

  MAPDL    - Mean absolute percentage deviation of ligands QA 

  MAPD     - Mean absolute percentage deviation of QX, QA and BVS 

  ---------------------------------------------------------------------------------   

  Cation          CN   ECoN     EDEV      qX       QX      qX/QX    MAPDL     BVS 

  

  Pb1             8    7.714    0.036    2.000    2.158    0.927    5.042    1.953 

  Pb2             8    7.533    0.058    2.000    2.081    0.961    3.935    1.817 

  Bi3             6    5.819    0.030    3.000    3.126    0.960    4.607    2.780 

  Bi4             6    5.790    0.035    3.000    3.010    0.997    2.236    2.848 

  Pb5             7    6.848    0.022    2.000    2.126    0.941    5.411    2.039 

  . . . . . . . . . . . . . . . 

  Bi49            6    5.282    0.120    3.000    2.902    1.034    7.330    2.927 

  Bi50            6    5.766    0.039    3.000    2.797    1.073    6.987    3.092 

  Pb51            6    5.931    0.012    2.000    1.959    1.021    6.198    2.250 

  Bi52            6    5.484    0.086    3.000    2.908    1.032    3.579    2.696 

  ---------------------------------------------------------------------------------- 

                                            MAPD: 3.70%                      6.29% 

  -------------------------------------------- 

  Anion       qA       QA      qA/QA     BVS 

  

  S1        -2.000   -1.816    1.101    1.977 

  S2        -2.000   -2.061    0.970    2.021 

  S3        -2.000   -1.935    1.034    2.022 

  S4        -2.000   -1.967    1.017    2.012 

  S5        -2.000   -1.788    1.119    1.968 

  . . . . . . . . . . . . . . . 

  S63       -2.000   -2.096    0.954    2.089   

  S64       -2.000   -1.922    1.041    2.007 

  S65       -2.000   -2.099    0.953    1.995 

  S66       -2.000   -2.019    0.990    1.934 

  -------------------------------------------- 

                MAPD: 6.05%             4.56% 



Section 2.1 Figure 1c

𝑤𝑅𝑎𝑣 𝐸𝐶𝑜𝑁𝑋 𝐶𝑁 𝑞𝑋

𝑞𝐴 𝑅𝑖𝑗

𝑤𝑖𝑗 Equation (2)

𝐸𝐷𝐸𝑉𝑋 𝐸𝐶𝑜𝑁𝑋 𝐶𝑁𝑅𝑋 Equation 28

  I.  POLYHEDRA, SUBPOLYHEDRA - HSPj, DISTANCES - Rij, BOND WEIGHTS - wij, ECoN 

  ------------------------------------------------------------------------------------------ 

  Central atom   Site population    CN   qX      Ligand       qA        Rij            wij 

  

  Pb1            1.000.Pb           8   2.000    S24        -2.000     2.7441         1.4189 

                                                 S23        -2.000     3.0276         0.8414 

                                                 S23        -2.000     3.0276         0.8414 

                                                 S1         -2.000     3.0450         0.8076 

                                                 S1         -2.000     3.0450         0.8076 

                                                 ------------------------------------------- 

                                                 HSP1:          wRav1: 2.9483  ECoN1: 4.7169 

   

                                                 S27-Se27   -2.000     3.3847         1.0472 

                                                 S30-Se30   -2.000     3.4258         0.9748 

                                                 S30-Se30   -2.000     3.4258         0.9748 

                                                 ------------------------------------------- 

                                                 HSP2:          wRav2: 3.4114  ECoN2: 2.9968 

  ------------------------------------------------------------------------------------------ 

                                                                               ECoNX: 7.7137 

                                                                                EDEV: 0.0358  

  ------------------------------------------------------------------------------------------ 

  Central atom   Site population    CN   qX      Ligand       qA        Rij            wij 

  

  Bi4            1.000.Bi           6   3.000    S3         -2.000     2.6843         1.3313 

                                                 S4         -2.000     2.8418         0.9950 

                                                 S4         -2.000     2.8418         0.9950 

                                                 S2         -2.000     2.8951         0.8839 

                                                 S2         -2.000     2.8951         0.8839 

                                                 S66        -2.000     2.9872         0.7006 

  ------------------------------------------------------------------------------------------ 

                                                                 wRav: 2.8395  ECoNX: 5.7897 

                                                                                EDEV: 0.0350

∆𝑞𝑖𝑗→𝐴 Equation 6 𝑄𝐴

Equation 8 𝑄𝐴 ∆𝑞𝑖𝑗→𝐴

 

  II.  DISTRIBUTION OF CATION CHARGES - Δqij AND CHARGES RECEIVED BY ANIONS – QA 

  --------------------------------------------------------------------------- 

  Anion       qA     mA  Cation         Site population     qX     mX   Δqij 

  

  S27-Se27  -2.000   2   BiMe26         1.000.Bi           3.000   2   0.5339 

                         BiMe26         1.000.Bi           3.000   2   0.5339 

                         PbMe28-BiMe28  0.500.Pb:0.500.Bi  2.500   2   0.4753 

                         PbMe23         1.000.Pb           2.000   2   0.2895 

                         PbMe1          1.000.Pb           2.000   2   0.2688 

  --------------------------------------------------------------------------- 

                                                        QA(S27-Se27): -2.1015 



Equation (9), ∆𝑄𝑖𝑗←𝐴) 𝑄𝑋)

  III.  DISTRIBUTION OF ANION CHARGES - ΔQij AND CHARGES RECEIVED BY CATIONS - QX 

  ------------------------------------------------------------------------------------------- 

  Cation          qX     mX  Anion     Site population     qA    mA   Δqij    qA/QA     ΔQij 

  

  Pb19           2.000   2   S18       1.000.S           -2.000  2   0.3603   0.9879  -0.3560 

                             S19       1.000.S           -2.000  2   0.2906   1.1323  -0.3290 

                             S19       1.000.S           -2.000  2   0.2906   1.1323  -0.3290 

                             S17       1.000.S           -2.000  2   0.1992   0.9789  -0.1950 

                             S17       1.000.S           -2.000  2   0.1992   0.9789  -0.1950 

                             S31-Se31  0.770.S:0.230.Se  -2.000  2   0.2946   0.9134  -0.2691 

                             S31-Se31  0.770.S:0.230.Se  -2.000  2   0.2946   0.9134  -0.2691 

                             S28-Se28  0.690.S:0.310.Se  -2.000  2   0.0708   0.9977  -0.0707 

  ------------------------------------------------------------------------------------------- 

                                                                             QX(Pb19): 2.0129 

MAPDL: 4.9535

Section IV

𝑠𝑖𝑗 Equation (15) 𝐵𝑉𝑆𝑋

𝐵𝑉𝑆𝐴 𝐸𝑅𝑖𝑗 Equation (18)

𝐵𝑉𝑆𝑋 𝐵𝑉𝑆𝐴

Equation (30) 𝐵𝑉𝑆𝑋(𝐴)

𝑞𝑋 −𝑞𝐴

  IVa.  DISTRIBUTION OF BOND VALENCES - sij AND THE BOND VALENCE SUMS - BVS AROUND CATIONS 

  -------------------------------------------------------------------------------- 

  Central atom   Site population     qX     Ligand     Rij       sij       ERij 

  

  Pb11-Bi11      0.500.Pb:0.500.Bi  2.500   S10       2.7692    0.5616    2.7350 

                                            S11       2.9006    0.3937    2.8664 

                                            S11       2.9006    0.3937    2.8664 

                                            S9        2.9540    0.3409    2.9197 

                                            S9        2.9540    0.3409    2.9197 

                                            S45       3.1872    0.1815    3.1529 

                                            S43-Se43  3.8696    0.0341    3.8315 

                                            S43-Se43  3.8696    0.0341    3.8315 

  ------------------------------------------------------------------------------- 

  Distortion index (Brown): 0.1396              BVS(Pb11-Bi11): 2.2805  

 

 

  

  IVb.  DISTRIBUTION OF BOND VALENCES - sij AND THE BOND VALENCE SUMS - BVS AROUND ANIONS     

  ------------------------------------------------------------------------------------------ 

  Central atom  Site population   qA     Ligand          Rij      sij       ERij 

  

  S9            1.000.S         -2.000   BiMe10         2.6478   0.8103    2.6744 

                                         PbMe11-BiMe11  2.9540   0.3409    2.9803 

                                         PbMe11-BiMe11  2.9540   0.3409    2.9803 

                                         PbMe9          2.9529   0.3285    2.9795 

                                         PbMe9          2.9529   0.3285    2.9795 

  ------------------------------------------------------------------------------------------ 

  Distortion index (Brown): 0.0272                      BVS(S9): 2.1492 

site 

populations bonding atoms. bonding atoms

𝑀𝐴𝑃𝐷 𝑄𝑋 𝑄𝐴 𝐵𝑉𝑆

Equation (20)



  V.  SYNOPSIS (fragment) 
  ------------------------------------------------------------------------------------------------------------------------------------- 

  Cation  Site population       Bonding atoms                                CN   ECoN    EDEV     qX      QX     qX/QX   MAPDL    BVS 

  

  Pb1        1.000.Pb           S24,S23,S23,S1,S1,S27-Se27,S30-Se30,S30-Se30  8   7.714   0.036   2.000   2.158   0.927   5.042   1.953 

  Pb2        1.000.Pb           S1,S24,S24,S2,S2,S64,S64,S61-Se61             8   7.533   0.058   2.000   2.081   0.961   3.935   1.817 

  Bi3        1.000.Bi           S2,S1,S1,S3,S3,S33-Se33                       6   5.819   0.030   3.000   3.126   0.960   4.607   2.780 

  Bi4        1.000.Bi           S3,S4,S4,S2,S2,S66                            6   5.790   0.035   3.000   3.010   0.997   2.236   2.848 

  Pb5        1.000.Pb           S4,S5,S5,S3,S3,S36-Se36,S36-Se36              7   6.848   0.022   2.000   2.126   0.941   5.411   2.039 

  Pb6        1.000.Pb           S5,S6,S6,S4,S4,(S63),(S63),S60-Se60           8   7.088   0.114   2.000   2.063   0.970   4.621   1.794 

  Bi7        1.000.Bi           S6,S7,S7,S5,S5,S39-Se39                       6   5.833   0.028   3.000   3.240   0.926   6.629   3.048 

  Pb8        1.000.Pb           S7,S8,S8,S6,S6,(S57),(S57),S60-Se60           8   6.590   0.176   2.000   2.028   0.986   7.432   1.937 

  Pb9        1.000.Pb           S8,S9,S9,S7,S7,S42,S42,S45                    8   6.996   0.126   2.000   2.034   0.983   7.336   1.945 

  Bi10       1.000.Bi           S9,S8,S8,S10,S10,S54                          6   5.361   0.106   3.000   2.864   1.047   4.552   2.765  

  Pb11-Bi11  0.500.Pb:0.500.Bi  S10,S11,S11,S9,S9,S45,S43-Se43,S43-Se43       8   7.665   0.042   2.500   2.514   0.994   4.979   2.281 

  . . . . . . . . . . . . . .    

  Pb47       1.000.Pb           S56,S58,S58,S59,S59,S61-Se61                  6   5.959   0.007   2.000   2.047   0.977   6.270   2.053 

  Bi48       1.000.Bi           S57,S62,S59,S59,S60-Se60,S60-Se60             6   5.897   0.017   3.000   2.952   1.016  10.387   2.941 

  Bi49       1.000.Bi           S64,S62,S62,S59,S61-Se61,S61-Se61             6   5.282   0.120   3.000   2.902   1.034   7.330   2.927 

  Bi50       1.000.Bi           S63,S63,S62,S62,S65,S60-Se60                  6   5.766   0.039   3.000   2.797   1.073   6.987   3.092 

  Pb51       1.000.Pb           S64,S64,S66,S65,S65,S62                       6   5.931   0.012   2.000   1.959   1.021   6.198   2.250 

  Bi52       1.000.Bi           S66,S66,S63,S65,S65,S65                       6   5.484   0.086   3.000   2.908   1.032   3.579   2.696 

  -------------------------------------------------------------------------------------------------------------------------------------    

                                                                                                    MAPD: 3.70%                   6.29% 

  ------------------------------------------------------------------------------------------------- 

  Anion   Site population      Bonding atoms                         qA       QA     qA/QA    BVS 

  

  S1         1.000.S           Bi3,Bi3,Pb2,Pb1,Pb1                 -2.000   -1.816   1.101   1.977 

  S2         1.000.S           Bi3,Bi4,Bi4,Pb2,Pb2                 -2.000   -2.061   0.970   2.021 

  S3         1.000.S           Bi4,Bi3,Bi3,Pb5,Pb5                 -2.000   -1.935   1.034   2.022 

  S4         1.000.S           Bi4,Bi4,Pb5,Pb6,Pb6                 -2.000   -1.967   1.017   2.012 

  S5         1.000.S           Bi7,Bi7,Pb6,Pb5,Pb5                 -2.000   -1.788   1.119   1.968 

  S6         1.000.S           Bi7,Pb6,Pb6,Pb8,Pb8                 -2.000   -1.925   1.039   2.066 

  S7         1.000.S           Bi7,Bi7,Pb8,Pb9,Pb9                 -2.000   -1.818   1.100   1.856 

  S8         1.000.S           Bi10,Bi10,Pb9,Pb8,Pb8               -2.000   -2.149   0.931   2.067 

  S9         1.000.S           Bi10,Pb11-Bi11,Pb11-Bi11,Pb9,Pb9    -2.000   -2.077   0.963   2.149 

  S10        1.000.S           Bi10,Bi10,Pb11-Bi11,Pb12,Pb12       -2.000   -2.077   0.963   2.043 

  . . . . . . . . . . . . . . 

  S61-Se61   0.890.S:0.110.Se  Bi49,Bi49,Bi24,Pb47,Pb2             -2.000   -2.015   0.993   1.792 

  S62        1.000.S           Bi50,Bi50,Bi48,Bi49,Bi49,Pb51       -2.000   -2.319   0.863   2.005 

  S63        1.000.S           Bi50,Bi50,Bi52,(Pb6),(Pb6)          -2.000   -2.096   0.954   2.089 

  S64        1.000.S           Bi49,Pb51,Pb51,Pb2,Pb2              -2.000   -1.922   1.041   2.007 

  S65        1.000.S           Bi52,Bi50,Bi52,Bi52,Pb51,Pb51       -2.000   -2.099   0.953   1.995 

  S66        1.000.S           Bi52,Bi52,Bi4,Pb51                  -2.000   -2.019   0.990   1.934 

  ------------------------------------------------------------------------------------------------- 

                                                                       MAPD: 6.05%           4.56% 

                                                                   Global Instability Index: 0.15 v.u. 

  ------------------------------------------------------------------------------------------------- 

  Elapsed time: 0.367 seconds 

Go to section
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Figure 6

Coordination geometry

  

 



 I.  COORDINATIONS, BOND LENGTHS, CENTROIDS, VOLUMES, DISTORTIONS 

  ---------------------------------------------------------------------------------------- 

                        X       Y       Z          Distances to:        Symmetry operator 

                                              central atom  centroid 

   

  Pb1               0.0318  0.7500  0.2191                            (0,0,0) + (x,y,z) 

   

   1. S24          -0.0167  0.7500  0.2601     2.7441      3.1355    (-1,0,0) + (x,y,z) 

   2. S23          -0.0192  0.2500  0.1806     3.0276      3.1344    (-1,0,0) + (-x,1/2+y,-z) 

   3. S23          -0.0192  1.2500  0.1806     3.0276      3.1344    (-1,1,0) + (-x,1/2+y,-z) 

   4. S1            0.0616  0.2500  0.2743     3.0450      3.1360     (0,0,0) + (x,y,z) 

   5. S1            0.0616  1.2500  0.2743     3.0450      3.1360     (0,1,0) + (x,y,z) 

   6. S27-Se27      0.0291  0.7500  0.1336     3.3847      3.1374     (0,0,0) + (x,y,z) 

   7. S30-Se30      0.0965  0.2500  0.2016     3.4258      3.1344     (0,0,0) + (x,y,z) 

   8. S30-Se30      0.0965  1.2500  0.2016     3.4258      3.1344     (0,1,0) + (x,y,z) 

   

  Centroid          0.0393  0.7500  0.2139 

  ---------------------------------------------------------------------------------------- 

  Average distance                               3.1407      3.1353 

  Standard deviation of distances                0.2459      0.0011 
  

  Central atom - centroid vector                -0.0075  0.0000  0.0052 

  Central atom - centroid distance               0.3924 

  Radius of least-squares fitted circumsphere    3.1353 

  Volume of least-squares fitted circumsphere  129.1028 

  Linear and volume-based eccentricity           0.1252      0.3304 

  Linear and volume-based sphericity             0.9997      0.9990 

  Number of polyhedron faces                         11 

  Faces        Partial volumes 

  1 2 3            4.0804 

  1 2 4            4.0499 

  1 3 5            4.0499 

  1 4 5            4.0193 

  2 3 6            4.3879 

  2 4 7            4.7132 

  2 6 7            5.0696 

  3 5 8            4.7132 

  3 6 8            5.0696 

  4 5 7 8          4.2193 

                   4.2193 

  6 7 8            4.2193 

  Volume of polyhedron                          54.3428 

  Ideal polyhedron approximation                bicapped trigonal prism 

  Ideal polyhedron volume                       55.9637 

  Polyhedron distortion                          0.0290 

  Baur distortion index                          0.0648 

  Brown distortion index                         0.0590 

  Deviation of ECon from CNR                     0.0358

Faces

Section 4.4

Coordination geometry

  II.  BOND ANGLES 

-------------------------------------------------------------------------------------- 

  Pb1                  S23       S23       S1        S1      S27-Se27  S30-Se30  S30-Se30 

   

  S24                 80.96     80.96     76.94     76.94    136.12    138.41    138.41   

  S23                           84.98     91.11    157.90     67.28     85.60    136.87   

  S23                                    157.90     91.11     67.28    136.87     85.60   

  S1                                                84.38    130.69     64.11    111.41   

  S1                                                         130.69    111.41     64.11   

  S27-Se27                                                              70.25     70.25   

  S30-Se30                                                                        73.30   

  -------------------------------------------------------------------------------------- 



Coordination geometry

Maximum 

dihedral angle Calculation settings

  III.  DIHEDRAL ANGLES 

  --------------------------------------------- 

  Pb          1-S24, 2-S23, 3-S23, 4-S1, 5-S1, 6-S27-Se27, 7-S30-Se30, 8-S30-Se30, 
   

                 1 2 4       1 3 5       2 3 6 

  1 2 3         120.02      120.02      139.36 

                 1 2 3       1 4 5       2 4 7 

  1 2 4         120.02      118.23      136.55 

                 1 2 3       1 4 5       3 5 8 

  1 3 5         120.02      118.23      136.55 

                 1 2 4       1 3 5       4 5 7 

  1 4 5         118.23      118.23      114.18 

  . . . . . . . .  
   

                 2 3 6       2 4 7       6 7 8 

  2 6 7         116.10      137.35      120.43 

                 1 3 5       3 6 8       5 7 8 

  3 5 8         136.55      137.35       90.00 

                 2 3 6       3 5 8       6 7 8 

  3 6 8         116.10      137.35      120.43 

                 3 5 8       4 5 7       6 7 8 

  5 7 8          90.00      180.00      107.45 

                 1 4 5       2 4 7       5 7 8 

  4 5 7         114.18       90.00      180.00 

                 2 6 7       3 6 8       5 7 8 

  6 7 8         120.43      120.43      107.45 
   

  ---------------------------------------------

IV.  INTERLIGAND DISTANCES 

  -------------------------------------------------------------------------------------- 

  Pb1                S23       S23       S1        S1        S27-Se27  S30-Se30  S30-Se30 

   

  S24                3.7533    3.7533    3.6093    3.6093    5.6899    5.7731    5.7731   

  S23                          4.0900    4.3353    5.9601    3.5646    4.3946    6.0034   

  S23                                    5.9601    4.3353    3.5646    6.0034    4.3946   

  S1                                               4.0900    5.8453    3.4492    5.3503   

  S1                                                         5.8453    5.3503    3.4492   

  S27-Se27                                                             3.9186    3.9186   

  S30-Se30                                                                       4.0900 

  --------------------------------------------------------------------------------------

  V.  DISTANCES TO THE NEAREST CENTRAL ATOMS 

  ---------------------------------------------------------------------------------------- 

                        X       Y       Z       Distance       Symmetry operator 

   

  Pb1                 0.0318  0.7500  0.2191                   (0,0,0) + (x,y,z) 

   

   1. Bi3             0.1050  0.7500  0.3093     4.0798        (0,0,0) + (x,y,z) 

   2. Pb1             0.0318 -0.2500  0.2191     4.0900       (0,-1,0) + (x,y,z) 

   3. Pb1             0.0318  1.7500  0.2191     4.0900        (0,1,0) + (x,y,z) 

   4. Pb28-Bi28       0.1036  0.7500  0.1552     4.1579        (0,0,0) + (x,y,z) 

   5. Bi24           -0.0617  0.2500  0.2245     4.2146       (-1,0,0) + (-x,1/2+y,-z) 

   6. Bi24           -0.0617  1.2500  0.2245     4.2146       (-1,1,0) + (-x,1/2+y,-z) 

   7. Pb23           -0.0550  0.7500  0.1336     4.2521       (-1,0,0) + (-x,1/2+y,-z) 

   8. Pb2             0.0098  0.2500  0.3147     4.5606        (0,0,0) + (x,y,z) 

   9. Pb2             0.0098  1.2500  0.3147     4.5606        (0,1,0) + (x,y,z) 

  ----------------------------------------------------------------------------------------



  VI.  SYNOPSIS  

  --------------------------------------------------------------------------------------------------------------------- 

  CN         - Coordination number 

  AV         - Average distance 

  AVsd       - Standard deviation of distances 

  Xo,Yo,Zo   - Coordinates of centroid 

  I,J,K      - Components of vector between central atom and centroid 

  Δ          - Displacement of central atom from centroid 

  SRad       - Radius of least-squares fitted circumsphere 

  SVol       - Volume of least-squares fitted circumsphere 

  SAVsd      - Standard deviation of distances to centroid 

  LEcc,VEcc  - Linear and volume-based eccentricity 

  LSph,VSph  - Linear and volume-based sphericity 

  PVol       - Volume of coordination polyhedron 

  IPVol      - Volume of ideal coordination polyhedron 

  PDist      - Polyhedron volume distortion 

  ΔR         - Distortion indexes - (Ba)ur, (Br)own 

  EDEV       - Deviation of ECoN from CNR 

  ---------------------------------------------------------------------------------------------------------------------  

  Cation         CN   AV    AVsd     Xo      Yo      Zo      I       J       K       Δ    SRad    SVol    LEcc   VEcc    

  

  Pb1             8  3.141  0.246  0.0393  0.7500  0.2139 -0.0075  0.0000  0.0052  0.392  3.135  129.103  0.001  0.125   

  Pb2             8  3.174  0.323 -0.0005  0.2500  0.3167  0.0103  0.0000 -0.0020  0.425  3.167  133.037  0.196  0.134   

  Bi3             6  2.872  0.117  0.1091  0.7500  0.3083 -0.0041  0.0000  0.0010  0.173  2.878   99.844  0.024  0.060   

  Bi4             6  2.858  0.100  0.0996  0.2500  0.3987  0.0031  0.0000 -0.0017  0.151  2.864   98.445  0.023  0.053   

  Pb5             7  3.035  0.164  0.2004  0.7500  0.3885 -0.0042  0.0000  0.0044  0.263  3.046  118.426  0.001  0.086   

  Pb6             8  3.169  0.273  0.1684  0.2500  0.4947  0.0065  0.0000 -0.0064  0.397  3.161  132.301  0.105  0.126   

  Bi7             6  2.845  0.140  0.2717  0.7500  0.4794 -0.0036  0.0000  0.0036  0.222  2.856   97.615  0.004  0.078   

  Pb8             8  3.143  0.278  0.2596  0.2500  0.5827  0.0037  0.0000 -0.0090  0.412  3.138  129.386  0.111  0.131   

  . . . . . . . . . . . . . 

 

  -------------------------------------------------------------------------------------------   

         LSph   VSph   SAVsd    PVol    IPVol   PDist  ΔR(Ba) ΔR(Ba)  EDEV   Ideal polyhedron type 

  

  Pb1    0.330  1.000  0.999   54.343   63.382  0.143  0.065  0.059   0.036  bicapped trigonal prism 

  Pb2    0.351  0.938  0.814   55.333   65.314  0.153  0.069  0.082   0.058  bicapped trigonal prism 

  Bi3    0.170  0.992  0.975   30.968   31.781  0.026  0.033  0.015   0.030  octahedron 

  Bi4    0.150  0.992  0.976   30.940   31.336  0.013  0.024  0.012   0.035  octahedron 

  Pb5    0.237  1.000  0.999   39.339   37.687 -0.044  0.040  0.024   0.022  monocapped trigonal prism 

  Pb6    0.331  0.967  0.900   54.918   64.952  0.154  0.075  0.070   0.114  bicapped trigonal prism 

  Bi7    0.215  0.999  0.996   30.436   31.072  0.020  0.027  0.020   0.028  octahedron 

  Pb8    0.344  0.964  0.893   54.360   63.521  0.144  0.073  0.072   0.176  bicapped trigonal prism 

   . . . . . . . . . . . . . . 

  ------------------------------------------------------------------------------------------- 
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overall charge balance relative charge 
error structure–derived formula.

 𝑄𝑋  𝑄𝐴  

 

 

CD– BVS–derived formulas structure–derived

 

  𝑄𝑋, 𝑄𝐴, 𝐵𝑉𝑆𝑋, and 𝐵𝑉𝑆𝐴  𝑞𝑋 

 𝑞𝐴 𝑞𝑋 𝑄𝑋 𝑞𝐴 𝑄𝐴

𝑞𝑋 𝑄𝑋

𝑞𝐴 𝑄𝐴

 

  MAPD  𝑄𝑋, 𝑄𝐴, 𝐵𝑉𝑆𝑋 or 𝐵𝑉𝑆𝐴 

𝑞𝑋  𝑞𝐴  

MAPD

𝑀𝐴𝑃𝐷

 

𝐸𝐶𝑜𝑁𝑋 𝐸𝐷𝐸𝑉𝑋



 

 

global bond–type specific

polyhedron specific Global coordination thresholds

Maximum coordination radius

Hydrogen coordination radius

𝐶𝑁 = 1

Bond–type specific thresholds



Polyhedron specific thresholds 

Maximum coordination radius

𝐶𝑁

Central atom

on

Section V

Coordination geometry  

Maximum coordination radius

𝐶𝑁



_chemical_formula_sum 'Fe H O2' 

_cell_length_a 9.9134 

_cell_length_b 3.0128 

_cell_length_c 4.5800 

_cell_angle_alpha 90 

_cell_angle_beta 90 

_cell_angle_gamma 90 

_symmetry_space_group_name_H-M 'P n m a' 

 

loop_ 

_space_group_symop_operation_xyz 

  'x,y,z' 

  'x,1/2-y,z' 

  '-x,1/2+y,-z' 

  '1/2-x,1/2+y,1/2+z' 

  '1/2+x,1/2-y,1/2-z' 

  '1/2+x,y,1/2-z' 

  '1/2-x,-y,1/2+z' 

  '-x,-y,-z' 

 

loop_ 

_atom_site_label 

_atom_site_type_symbol 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

_atom_site_occupancy 

Fe Fe3+  0.14590   0.25000  -0.04860  1 

H  H1+  -0.10100   0.25000  -0.39900  1 

O1 O2-  -0.19900   0.25000   0.28500  1 

O2 O2-  -0.05170   0.25000  -0.19600  1

Maximum coordination radius

  ------------------------------------------------------------------------------------ 

  Central atom  Site population  CN   qX      Ligand    qA        Rij            wij 

  

  Fe            1.000.Fe         17  3.000    O1      -2.000     1.9284         1.2015 

                                              O1      -2.000     1.9284         1.2015 

                                              O1      -2.000     1.9549         1.1205 

                                              O2      -2.000     2.0720         0.7740 

                                              O2      -2.000     2.0967         0.7053 

                                              O2      -2.000     2.0967         0.7053 

                                              O2      -2.000     3.2179         0.0000 

                                              O1      -2.000     3.5915         0.0000 

                                              O1      -2.000     3.5915         0.0000 

                                              O2      -2.000     3.6565         0.0000 

                                              O2      -2.000     3.6565         0.0000 

                                              O1      -2.000     3.7067         0.0000 

                                              O1      -2.000     3.7450         0.0000 

                                              O1      -2.000     3.8441         0.0000 

                                              O1      -2.000     3.8441         0.0000 

                                              O2      -2.000     3.8873         0.0000 

                                              O2      -2.000     3.8873         0.0000 

  ------------------------------------------------------------------------------------ 

                                                           wRav: 1.9947  ECoNX: 5.7080 

                                                                          EDEV: 0.6642 



  ------------------------------------------------------------------------- 

  Central atom  Site population   qX     Ligand   Rij       sij       ERij 

  

  Fe            1.000.Fe         3.000   O1      1.9284    0.6327    1.9470 

                                         O1      1.9284    0.6327    1.9470 

                                         O1      1.9549    0.5889    1.9735 

                                         O2      2.0720    0.4292    2.0906 

                                         O2      2.0967    0.4014    2.1154 

                                         O2      2.0967    0.4014    2.1154 

                                         O2      3.2179    0.0194    3.2366 

                                         O1      3.5915    0.0071    3.6101 

                                         O1      3.5915    0.0071    3.6101 

                                         O2      3.6565    0.0059    3.6751 

                                         O2      3.6565    0.0059    3.6751 

                                         O1      3.7067    0.0052    3.7253 

                                         O1      3.7450    0.0047    3.7636 

                                         O1      3.8441    0.0036    3.8628 

                                         O1      3.8441    0.0036    3.8628 

                                         O2      3.8873    0.0032    3.9059 

                                         O2      3.8873    0.0032    3.9059 

  -------------------------------------------------------------------------- 

  Distortion index (Brown): 0.7182                BVS(Fe): 3.1550 

Maximum coordination radius

 

  -------------------------------------------------------------------------- 

  Central atom  Site population   qX      Ligand   Rij       sij       ERij 

  

  Fe            1.000.Fe         3.000    O1      1.9284    0.6327    1.9389 

                                          O1      1.9284    0.6327    1.9389 

                                          O1      1.9549    0.5889    1.9654 

                                          O2      2.0720    0.4292    2.0824 

                                          O2      2.0967    0.4014    2.1072 

                                          O2      2.0967    0.4014    2.1072 

  --------------------------------------------------------------------------- 

  Distortion index (Brown): 0.0079                 BVS(Fe): 3.0863 

𝐶𝑁

 

  -------------------------------------------------------------------------------------- 

  Central atom  Site population    CN   qX      Ligand    qA        Rij            wij 

  

  K             1.000.K            12  1.000    O3      -2.000     2.8501         1.2516 

                                                O3      -2.000     2.8501         1.2516 

                                                O4      -2.000     2.8654         1.2203 

                                                O4      -2.000     2.8654         1.2203 

                                                O5      -2.000     2.8976         1.1545 

                                                O5      -2.000     2.8976         1.1545 

                                                O4      -2.000     3.2854         0.4406 

                                                O4      -2.000     3.2854         0.4406 

                                                O3      -2.000     3.2939         0.4282 

                                                O3      -2.000     3.2939         0.4282 

                                                O5      -2.000     3.5040         0.1867 

                                                O5      -2.000     3.5040         0.1867 

  -------------------------------------------------------------------------------------- 

                                                             wRav: 2.9734  ECoNX: 9.3639 

                                                                            EDEV: 0.2197 



𝐶𝑁 = 13

 

  -------------------------------------------------------------------------------------- 

  Central atom  Site population    CN   qX      Ligand    qA        Rij            wij 

  

  Si1-Al1       0.750.Si:0.250.Al  13  3.750    O1      -2.000     1.6338         1.0421 

                                                O5      -2.000     1.6439         1.0052 

                                                O3      -2.000     1.6515         0.9775 

                                                O4      -2.000     1.6529         0.9724 

                                                O2      -2.000     3.2893         0.0000 

                                                O2      -2.000     3.3225         0.0000 

                                                O2      -2.000     3.6638         0.0000 

                                                O5      -2.000     3.7525         0.0000 

                                                O4      -2.000     3.8529         0.0000 

                                                O3      -2.000     3.8880         0.0000 

                                                ---------------------------------------- 

                                                HSP1:       wRav1: 1.6453  ECoN1: 3.9972 

   

                                                OH6     -1.000     3.2278         1.2770 

                                                OH6     -1.000     3.4265         0.9221 

                                                OH6     -1.000     3.7272         0.4534 

                                                ---------------------------------------- 

                                                HSP2:       wRav2: 3.3822  ECoN2: 2.6525 

  -------------------------------------------------------------------------------------- 

                                                                           ECoNX: 6.6497 

                                                                            EDEV: 0.4885 

𝑀𝐴𝑃𝐷

Maximum coordination radius 𝑀𝐴𝑃𝐷

  -------------------------------------------------------------------------------------- 

  Central atom  Site population    CN   qX      Ligand    qA        Rij            wij 

  

  K             1.000.K            6   1.000    O3      -2.000     2.8501         1.0422 

                                                O3      -2.000     2.8501         1.0422 

                                                O4      -2.000     2.8654         1.0101 

                                                O4      -2.000     2.8654         1.0101 

                                                O5      -2.000     2.8976         0.9431 

                                                O5      -2.000     2.8976         0.9431 

  -------------------------------------------------------------------------------------- 

                                                             wRav: 2.8702  ECoNX: 5.9906 

                                                                            EDEV: 0.0016  

 

  -------------------------------------------------------------------------------------- 

  Central atom  Site population    CN   qX      Ligand    qA        Rij            wij 

  

  Si1-Al1       0.750.Si:0.250.Al  4   3.750    O1      -2.000     1.6338         1.0421 

                                                O5      -2.000     1.6439         1.0052 

                                                O3      -2.000     1.6515         0.9775 

                                                O4      -2.000     1.6529         0.9724 

  -------------------------------------------------------------------------------------- 

                                                             wRav: 1.6453  ECoNX: 3.9972 

                                                                            EDEV: 0.0007 

 

 

  ------------------------------------------------------------------   

  Cation   CN    ECoN     EDEV      qX       QX      qX/QX     BVS 

  

  K         6    5.991    0.002    1.000    0.987    1.013    0.690 

  Si1-Al1   4    3.997    0.001    3.750    3.723    1.007    3.831 

  Si2-Al2   4    3.999    0.000    3.750    3.734    1.004    3.900 

  Al3       6    5.996    0.001    3.000    3.050    0.984      -   

  ------------------------------------------------------------------ 

                                      MAPD: 1.03%              n/a  

 

 

 



  ----------------------------------------- 

  Anion    qA       QA      qA/QA     BVS 

  

  O1     -2.000   -1.979    1.011    1.885 

  O2     -2.000   -1.952    1.025    1.882 

  O3     -2.000   -2.006    0.997    2.021 

  O4     -2.000   -2.015    0.992    2.028 

  O5     -2.000   -2.062    0.970    2.062 

  O-H6   -1.000   -0.986    1.014      -   

  ----------------------------------------- 

             MAPD: 1.50%              n/a 

Maximum coordination radius

_cell_length_a      6.279(4) 

_cell_length_b      7.306(5) 

_cell_length_c     11.177(7) 

_cell_angle_alpha     90 

_cell_angle_beta      90 

_cell_angle_gamma     90 

 

loop_ 

_symmetry_equiv_pos_as_xyz 

'x,y,z' 

'-x,1/2+y,z' 

'x,1/2-y,1/2+z' 

'x,y,1/2-z'  

'-x,-y,-z' 

'x,1/2-y,-z' 

'-x,1/2+y,1/2-z' 

'-x,-y,1/2+z' 

 

loop_ 

_atom_site_label 

_atom_site_type_symbol 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

_atom_site_occupancy 

La1 La3+  0.12424(5)  0.03774(4)  0.2500    0.29 1 

La2 La3+  0.60658(5)  0.2500      0.0000    0.379 1 

Se  Se2-  0.41697(10) 0.40157(9)  0.2500    0.469 1 

Si  Si4+  0.1102(3)   0.2500      0.0000    0.32 1 

O1  O2-   0.0479(5)   0.7686(4)   0.1161(3) 0.39 1 

O2  O2-   0.2654(5)   0.0783(4)   0.0328(3) 0.39 1

Maximum coordination radius

  

  ------------------------------------------------------------------------------------ 

  Central atom  Site population  CN   qX      Ligand    qA        Rij            wij 

  

  Si            1.000.Si         10  4.000    O2      -2.000     1.6302         1.0167 

                                              O2      -2.000     1.6302         1.0167 

                                              O1      -2.000     1.6395         0.9828 

                                              O1      -2.000     1.6395         0.9828 

                                              O2      -2.000     3.3837         0.0000 

                                              O2      -2.000     3.3837         0.0000 

                                              O1      -2.000     3.7692         0.0000 

                                              O1      -2.000     3.7692         0.0000 

                                              ---------------------------------------- 

                                              HSP1:       wRav1: 1.6348  ECoN1: 3.9989 

   

                                              Se      -2.000     3.5701         1.0000 

                                              Se      -2.000     3.5701         1.0000 

                                              ---------------------------------------- 

                                              HSP2:       wRav2: 3.5701  ECoN2: 2.0000 

  ------------------------------------------------------------------------------------ 

                                                                         ECoNX: 5.9989 

                                                                          EDEV: 0.4001  



Maximum coordination radius 

 

 

  ------------------------------------------------------------------------------------ 

  Central atom  Site population  CN   qA      Ligand   qX         Rij            wij 

  

  Se            1.000.Se         7   -2.000   La1     3.000      3.0476         1.3995 

                                              La1     3.000      3.2324         1.0563 

                                              La2     3.000      3.2329         1.0554 

                                              La2     3.000      3.2329         1.0554 

                                              La1     3.000      3.5407         0.5312 

                                              La2     3.000      3.7827         0.2399 

                                              La2     3.000      3.7827         0.2399 

  ------------------------------------------------------------------------------------ 

                                                           wRav: 3.2629  ECoNX: 5.5776 

                                                                         EDEV:  0.2032

Bond–type specific thresholds

Calculation settings

𝐸𝐷𝐸𝑉𝑋

 

𝑅̅𝑗

𝑤𝑖𝑗 𝐸𝐶𝑜𝑁𝑋

 

∆𝑄𝑗/∆𝑞𝑗

∆𝑞𝑋𝑖𝑗→𝐴 Equations 10–12

𝐷  ∆𝑄(𝑖𝑗 → 𝑟) 

 𝐷 = ∆𝑞𝑗 − ∑ ∆𝑄𝑖𝑗←𝑋



𝐷 =  ∆𝑄𝑗
𝑁 − ∆𝑄𝑗

𝑁−1 , 

Calculation settings

𝑀𝐴𝑃𝐷

𝑀𝐴𝑃𝐷 Figure 7

𝐷 

 𝑀𝐴𝑃𝐷

𝑀𝐴𝑃𝐷 

 

 𝑀𝐴𝑃𝐷s 

 ∆𝐷𝑗

𝑀𝐴𝑃𝐷

𝑀𝐴𝑃𝐷



 

Coordination geometry

𝐶𝑁

Equation 27

Table 1

𝐶𝑁

𝐶𝑁

𝐶𝑁

Polyhedron 

volume distortion

𝐶𝑁 = 7



- 

- 

- 

Figure 8a Figure 

8b

Minimum dihedral angle

Calculation settings

Minimum dihedral angle

Dihedral angles Section III Coordination geometry



Figure 9a Figure 9b

Maximum coordination radius 𝐶𝑁

Figure 10a Figure 10b

Minimum dihedral angle



Minimum dihedral angle

𝐶𝑁

𝐶𝑁 Maximum distance between 

atoms in split positions Calculation settings

Figure 11a

Maximum distance between atoms in split positions Figure 

11b

Maximum distance…

Minimum dihedral angle…



 

Section 5.9

 

_cell_length_a 8.5197(4) 

_cell_length_b 42.461(2) 

_cell_length_c 16.293(8) 

_cell_angle_alpha 83.351(2) 

_cell_angle_beta 90.958(2) 

_cell_angle_gamma 84.275(2) 

 

 

loop_ 

_space_group_symop_id 

_symmetry_equiv_pos_as_xyz 

 1  'x, y, z' 

 2  '-x, -y, -z' 

 3  '-x+1/2, -y, z+1/2' 

 4  'x+1/2, y, -z+1/2' 

 5  'x+1/2, -y+1/2, -z+1/2' 

 6  '-x+1/2, y+1/2, z+1/2' 

 7  '-x, y+1/2, -z' 

 8  'x, -y+1/2, z' 

loop_ 

_symmetry_equiv_pos_site_id 

_symmetry_equiv_pos_as_xyz 

 1  'x, y, z' 

 2  '-x, -y, -z' 

 3  '-x+1/2, -y, z+1/2' 

 4  'x+1/2, y, -z+1/2' 

 5  'x+1/2, -y+1/2, -z+1/2' 

 6  '-x+1/2, y+1/2, z+1/2' 

 7  '-x, y+1/2, -z' 

   8  'x, -y+1/2, z'

 
 

loop_ 

_space_group_symop_operation_xyz 

 'x, y, z' 

 '-x, -y, -z' 

 '-x+1/2, -y, z+1/2' 

 'x+1/2, y, -z+1/2' 

 'x+1/2, -y+1/2, -z+1/2' 

 '-x+1/2, y+1/2, z+1/2' 

 '-x, y+1/2, -z' 

 'x, -y+1/2, z' 

loop_ 

_symmetry_equiv_pos_as_xyz 

'x, y, z' 

'-x, -y, -z' 

'-x+1/2, -y, z+1/2' 

'x+1/2, y, -z+1/2' 

'x+1/2, -y+1/2, -z+1/2' 

'-x+1/2, y+1/2, z+1/2' 

'-x, y+1/2, -z' 

'x, -y+1/2, z' 

 
 

loop_ 

_symmetry_equiv_pos_as_xyz 

x,y,z 

-x,-y,-z 

-x+1/2,-y,z+1/2 

x+1/2,y,-z+1/2 

x+1/2,-y+1/2,-z+1/2 

-x+1/2,y+1/2,z+1/2 

-x,y+1/2,-z 

x,-y+1/2,z 



 

_atom_site_label 

_atom_site_type_symbol 

_atom_site_Wyckoff_symbol 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

_atom_site_B_iso_or_equiv 

_atom_site_occupancy 

Tl1 Tl1+ a 0.6573(2) 0.02978(4) 0.82387(12) 0.0321(4) 1  

. . . . . . .  

Sb1 Sb3+ a 0.6967(4) -0.01061(6) 0.58114(17) 0.0365(7) 0.8  

Pb1 Pb2+ a 0.6967(4) -0.01061(6) 0.58114(17) 0.0365(7) 0.2  

Pb2 Pb2+ a 0.1897(4) -0.01719(6) 0.58657(17) 0.0403(9) 0.861(15)  

. . . . . . . .  

S1 S2- a -0.0910(15) 0.9865(2) 0.9560(6) 0.031(2) 1  

S2 S2- a 0.4002(11) 0.9911(2) 0.9681(6) 0.0187(17) 1 

 

_atom_site_label 

_atom_site_type_symbol 

_atom_site_Wyckoff_symbol 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

_atom_site_B_iso_or_equiv 

_atom_site_occupancy 

Me1 Tl1+ a 0.6573(2) 0.02978(4) 0.82387(12) 0.0321(4) 1  

. . . . . . .  

Me2a Sb3+ a 0.6967(4) -0.01061(6) 0.58114(17) 0.0365(7) 0.8  

Me2b Pb2+ a 0.6967(4) -0.01061(6) 0.58114(17) 0.0365(7) 0.2  

Me3 Pb2+ a 0.1897(4) -0.01719(6) 0.58657(17) 0.0403(9) 0.861(15)  

. . . . . . . .  

A1 S2- a -0.0910(15) 0.9865(2) 0.9560(6) 0.031(2) 1  

A2 Se2- a 0.4002(11) 0.9911(2) 0.9681(6) 0.0187(17) 1 

 

_atom_site_label 

_atom_site_type_symbol 

_atom_site_Wyckoff_symbol 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

_atom_site_B_iso_or_equiv 

_atom_site_occupancy 

Tl1 Tl1+ a 0.6573(2) 0.02978(4) 0.82387(12) 0.0321(4) 1  

. . . . . . .  

Sb1 Sb3+ a 0.6967(4) -0.01061(6) 0.58114(17) 0.0365(7) 0.8  

Pb1 Pb2+ a 0.6967(4) -0.01061(6) 0.58114(17) 0.0365(7) 0.2  

Pb2 Pb2+ a 0.1897(4) -0.01719(6) 0.58657(17) 0.0403(9) 0.861(15)  

. . . . . . . .  

S1 S2- a -0.0910(15) 0.9865(2) 0.9560(6) 0.031(2) 1  

S2 S2- a 0.4002(11) 0.9911(2) 0.9681(6) 0.0187(17) 1  

 

 



 

 _atom_site _atom_site_type_symbol

_atom_site_oxidation_number

 loop_

_atom_site_label 

_atom_site_type_symbol 

_atom_site_Wyckoff_symbol 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

_atom_site_occupancy 

Tl1 Tl1+ a 0.6573(2) 0.02978(4) 0.82387(12) 1  

. . . . . . .  

Sb1 Sb3+ a 0.6967(4) -0.01061(6) 0.58114(17) 0.8  

Pb1 Pb2+ a 0.6967(4) -0.01061(6) 0.58114(17) 0.2  

. . . . . . . .  

S1 S2- a -0.0910(15) 0.9865(2) 0.9560(6) 1  

S2 S2- a 0.4002(11) 0.9911(2) 0.9681(6) 1  

 

_atom_site_type_symbol

_atom_site_

_atom_site_label 

_atom_site_type_symbol 

_atom_site_oxidation_number 

_atom_site_Wyckoff_symbol 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

_atom_site_occupancy 

Tl1 Tl 1 a 0.6573(2) 0.02978(4) 0.82387(12) 1  

. . . . . . .  

Sb1 Sb 3 a 0.6967(4) -0.01061(6) 0.58114(17) 0.8  

Pb1 Pb 2 a 0.6967(4) -0.01061(6) 0.58114(17) 0.2  

. . . . . . . .  

S1 S -2 a -0.0910(15) 0.9865(2) 0.9560(6) 1  

S2 S -2 a  0.4002(11) 0.9911(2) 0.9681(6) 1  

. . . . . . . . 

loop_ 

_atom_type_symbol 

_atom_type_oxidation_number 

Tl1+ 1 

Pb2+ 2 

Sb3+ 3 

S2- -2 

loop_ 

_atom_type_symbol 

_atom_type_oxidation_number 

Tl 1 

Pb 2 

Sb 3 

S -2 

 

_atom_type_symbol _atom_site

_atom_site_type_symbol



loop_ 

_atom_type_symbol 

_atom_type_oxidation_number 

Ca2+ 2 

Fe2+ 2.08 

Al3+ 3 

Si4+ 4 

O2- -2 

𝑅𝑜  𝐵

 

_symmetry_equiv_pos_as_xyz

_space_group_symop_operation_xyz

 

_atom_site  

_atom_site_label 

_atom_site_type_symbol 

_atom_site_oxidation_number 

_atom_site_Wyckoff_symbol 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

_atom_site_B_iso_or_equiv 

_atom_site_occupancy 

Tl1 Tl 1 a 0.6573(2) 0.02978(4) 0.82387(12) 0.0321(4) 1  

. . . . . . .  

Sb1 Sb 3 a 0.6967(4) -0.01061(6) 0.58114(17) 0.0365(7) 0.8  

Pb1 Pb 2 a 0.6967(4) -0.01061(6) 0.58114(17) 0.0365(7) 0.2  

Pb2 Pb 2 a 0.1897(4) -0.01719(6) 0.58657(17) 0.0403(9) 0.861(15)  

. . . . . . . .  

S1 S -2 a -0.0910(15) 0.9865(2) 0.9560(6) 0.031(2) 1  

S2 S -2 a   .4002(11)  .9911(2)  .9681(6) 0.0187(17) 1  

. . . . . . . . 

 

_atom_site

_atom_site_label 

_atom_site_type_symbol 

_atom_site_oxidation_number 

_atom_site_Wyckoff_symbol 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

_atom_site_B_iso_or_equiv 

_atom_site_occupancy 

Tl1 Tl 1 a 0.6573(2) 0.02978(4) 0.82387(12) 0.0321(4) 1  

. . . . . . .  

Sb1 Sb 3 a 0.6967(4) -0.01061(6) 0.58114(17) 0.0365(7) 0.8  

Pb1 Pb 2 a 0.6967(4) -0.01061(6) 0.58114(17) 0.0365(7) 0.2  

Pb2 Pb 2 a 0.1897(4) -0.01719(6) 0.58657(17) 0.0403(9) 0.861(15)  

. . . . . . . .  

S1 S -2 a -0.0910(15) 0.9865(2) 0.9560(6) 0.031(2) 1  

S2 S -2 a 0.4002(11) 0.9911(2) 0.9681(6) 0.0187(17) 1  

. . . . . . . . 



 

Section 5.2

_cell_length_a 11.608 

_cell_length_b 4.0279 

_cell_length_c 11.275 

_cell_angle_alpha  

_cell_angle_beta  

_cell_angle_gamma  

_symmetry_space_group_name_H-M 'P n m a' 

 

loop_ 

_atom_site_label 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

Pb1   0.33320   0.25000   0.48800    

Cu1   0.23200   0.25000   0.20810    

Bi1   0.01850   0.25000   0.68120    

S1    0.04540   0.25000   0.13730    

S2    0.37950   0.25000   0.05530    

S3    0.21460   0.25000   0.80360    



_atom_site

𝑅𝑜  𝐵

_atom_site_type_symbol

_atom_site_occupancy

loop_ 

_atom_site_label 

_atom_site_type_symbol 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

_atom_site_occupancy 

Pb1  Pb 0.33320   0.25000   0.48800 1 

Cu1  Cu 0.23200   0.25000   0.20810 1 

Bi1  Bi 0.01850   0.25000   0.68120 1 

S1   S  0.04540   0.25000   0.13730 1 

S2   S  0.37950   0.25000   0.05530 1 

S3   S  0.21460   0.25000   0.80360 1 

loop_ 

_atom_site_label 

_atom_site_type_symbol 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

_atom_site_U_iso_or_equiv 

_atom_site_occupancy 

Pb1  Pb2+ 0.33320   0.25000   0.48800   0.03420 1 

Cu1  Cu1+ 0.23200   0.25000   0.20810   0.03407 1 

Bi1  Bi3+ 0.01850   0.25000   0.68120   0.01811 1 

S1   S2-  0.04540   0.25000   0.13730   0.01925 1 

S2   S2-  0.37950   0.25000   0.05530   0.01646 1 

S3   S2-  0.21460   0.25000   0.80360   0.01064 1 

loop_ 

_atom_type_symbol 

_atom_type_oxidation_number 

Pb 2 

Cu 1 

Bi 3 

S -2 

_atom_site 

_atom_site _atom_type_ 

oxidation_number 



- https://www.cryst.ehu.es/cgi-bin/cryst/programs/nph-getgen/

- http://img.chem.ucl.ac.uk/sgp/large/sgp.htm

'x,y,z' 

'x,1/2-y,z' 

'-x,1/2+y,-z' 

'1/2-x,1/2+y,1/2+z' 

'1/2+x,1/2-y,1/2-z' 

'1/2+x,y,1/2-z' 

'1/2-x,-y,1/2+z' 

'-x,-y,-z' 

 

Section 5.2

Figure 12

Coordination geometry

https://www.cryst.ehu.es/cgi-bin/cryst/programs/nph-getgen/
http://img.chem.ucl.ac.uk/sgp/large/sgp.htm


𝑀𝐴𝑃𝐷

Figure 13



 𝑹𝒐  𝑩

𝑅𝑜 𝐵

𝑅𝑜

𝐵

𝑅𝑜 𝐵

loop_ 

   _valence_param_atom_1 

   _valence_param_atom_1_valence 

   _valence_param_atom_2 

   _valence_param_atom_2_valence 

   _valence_param_Ro 

   _valence_param_B 

   _valence_param_ref_id 

   _valence_param_details 

 

Ac 3   O  -2    2.24     0.37     b   ? 

Ac 3   O  -2    2.29     0.35     p   ? 

Ac 3   F  -1    2.13     0.37     b   ? 

Ac 3   F  -1    2.10     0.40     p   ? 

Ac 3   Cl -1    2.63     0.37     b   ?   

Ac 3   Cl -1    2.60     0.40     p   ? 

Ac 3   Br -1    2.75     0.40     p   ? 

Ag 1   O  -2    1.842    0.37     a   ?  

Ag 1   O  -2    1.875    0.359    bs  ?  

Ag 1   O  -2    1.805    0.37     b   ? 

Ag 1   S  -2    2.119    0.37     a   ?  

Ag 1   F  -1    1.80     0.37     b   ?  

Ag 1   Cl -1    2.09     0.37     b   ? 

Ag 2   F  -1    1.79     0.37     e   unchecked 

Ag 3   F  -1    1.83     0.37     e   unchecked 

Ag 9   Br -1    2.22     0.37     b   ?   

Ag 9   I  -1    2.38     0.37     b   ? 

Ag 9   Se -2    2.26     0.37     b   ?  

Ag 9   Te -2    2.51     0.37     b   ? 

Ag 9   N  -3    1.85     0.37     b   ? 

Ag 9   P  -3    2.22     0.37     b   ? 

Ag 9   As -3    2.30     0.37     b   ? 

Ag 9   H  -1    1.50     0.37     b   ? 

Al 3   O  -2    1.651    0.37     a   ? 

Al 3   O  -2    1.634    0.390    bs  ? 

Al 3   O  -2    1.644    0.38     o   ?  

Al 3   S  -2    2.13     0.37     b   ? 

Al 3   S  -2    2.21     0.37     e   unchecked 

Al 3   Se -2    2.27     0.37     b   ? 

Al 3   Te -2    2.48     0.37     b   ?  

Al 3   F  -1    1.545    0.37     a   ?   

Al 3   Cl -1    2.032    0.37     a   ?  

Al 3   Br -1    2.20     0.37     b   ? 

Al 3   I  -1    2.41     0.37     b   ?  

Al 3   N  -3    1.79     0.37     b   ? 

Al 3   P  -3    2.24     0.37     b   ? 

Al 3   As -3    2.30     0.37     b   ? 

Al 3   H  -1    1.45     0.37     b   ? 

Am 3   O  -2    2.11     0.37     b   ? 

. . . . . . . . . . . . . 



 _atom_site

 _atom_site 

𝑅𝑜 𝐵



 

Equations (2) (3) (4) Section 2.1

_chemical_formula_structural 'Al (O H)3' 

_cell_length_a 8.684(1) 

_cell_length_b 5.078(1) 

_cell_length_c 9.736(2) 

_cell_angle_alpha 90. 

_cell_angle_beta 94.54(1) 

_cell_angle_gamma 90. 

_space_group_name_H-M_alt 'P 1 21/n 1' 

loop_ 

_space_group_symop_id 

_space_group_symop_operation_xyz 

1 '-x+1/2, y+1/2, -z+1/2' 

2 '-x, -y, -z' 

3 'x+1/2, -y+1/2, z+1/2' 

4 'x, y, z' 

loop_ 

_atom_type_symbol 

_atom_type_oxidation_number 

Al3+ 3 

O2- -2 

H1+ 1 

loop_ 

_atom_site_label 

_atom_site_type_symbol 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

_atom_site_occupancy 

Al1 Al3+ 0.1679(1) 0.5295(2) -0.0023(1) 1 

Al2 Al3+ 0.3344(1) 0.0236(2) -0.0024(4) 1 

O1  O2-  0.1779(2) 0.2183(4) -0.1115(2) 1 

O2  O2-  0.6692(2) 0.6558(4) -0.1023(2) 1 

O3  O2-  0.4984(2) 0.1315(4) -0.1044(2) 1 

O4  O2- -0.0205(2) 0.6293(4) -0.1068(2) 1 

O5  O2-  0.2971(2) 0.7178(4) -0.1052(2) 1 

O6  O2-  0.8194(2) 0.1491(4) -0.1015(2) 1 

H1  H1+  0.101(6)  0.152(10) -0.124(5)  1 

H2  H1+  0.595(6)  0.573(10) -0.098(5)  1 

H3  H1+  0.503(5)  0.137(10) -0.190(5)  1 

H4  H1+ -0.029(5)  0.801(10) -0.107(4)  1 

H5  H1+  0.293(6)  0.724(11) -0.196(6)  1 

H6  H1+  0.815(5)  0.160(9)  -0.190(5)  1

  ------------------------------------------------------------------------ 

  Cation  CN  ECoN      qX       QX      qX/QX     BVS     ΔR(Ba)   ΔR(Br) 
  

  Al1     6   5.941    3.000    3.019    0.994    3.055    0.012    0.001 

  Al2     6   5.951    3.000    2.968    1.011    3.028    0.015    0.001 

  H1      1   1.000    1.000    1.027    0.974    1.485    0.000    0.000 

  H2      1   1.000    1.000    1.031    0.970    1.403    0.000    0.000 

  H3      1   1.000    1.000    0.970    1.031    1.206    0.000    0.000 

  H4      1   1.000    1.000    1.022    0.979    1.106    0.000    0.000 

  H5      1   1.000    1.000    0.916    1.091    1.087    0.000    0.000 

  H6      1   1.000    1.000    1.048    0.954    1.142    0.000    0.000 

  ------------------------------------------------------------------------ 

                          MAPD: 3.23%            18.21%   <0.003>  <0.000> 



  ---------------------------------------------------------- 

  Anion   qA       QA      qA/QA     BVS     ΔR(Ba)   ΔR(Br) 

 

  O1     -2.000   -1.948   1.027    2.452    0.340    0.059 

  O2     -2.000   -1.940   1.031    2.364    0.332    0.054 

  O3     -2.000   -2.063   0.970    2.268    0.303    0.031 

  O4     -2.000   -1.958   1.022    2.085    0.295    0.031 

  O5     -2.000   -2.183   0.916    2.266    0.281    0.017 

  O6     -2.000   -1.909   1.048    2.077    0.302    0.037 

  ---------------------------------------------------------- 

             MAPD: 4.09%           12.60%   <0.309>  <0.038> 

_chemical_formula_structural 'Al (O H)3' 

_chemical_name_mineral Gibbsite 

_cell_length_a 8.676(2) 

_cell_length_b 5.070(2) 

_cell_length_c 9.721(3) 

_cell_angle_alpha 90. 

_cell_angle_beta 94.57(8) 

_cell_angle_gamma 90. 

_space_group_name_H-M_alt 'P 1 21/n 1' 

loop_ 

_space_group_symop_id 

_space_group_symop_operation_xyz 

1 '-x+1/2, y+1/2, -z+1/2' 

2 '-x, -y, -z' 

3 'x+1/2, -y+1/2, z+1/2' 

4 'x, y, z' 

loop_ 

_atom_type_symbol 

_atom_type_oxidation_number 

O2- -2 

Al3+ 3 

loop_ 

_atom_site_label 

_atom_site_type_symbol 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

_atom_site_occupancy 

O1 O2-   0.183 0.202 -0.105 1 

O2 O2-   0.674 0.670 -0.104 1 

O3 O2-   0.480 0.132 -0.106 1 

O4 O2-  -0.017 0.632 -0.108 1 

O5 O2-   0.293 0.702 -0.105 1 

O6 O2-   0.806 0.170 -0.103 1 

Al1 Al3+ 0.166 0.500  0.000 1 

Al2 Al3+ 0.333 0.000  0.000 1

  ------------------------------------------------------------------------ 

  Cation  CN  ECoN      qX       QX      qX/QX     BVS     ΔR(Ba)   ΔR(Br) 

  

  Al1     13  5.878    3.000    6.019    0.498    3.225    0.518    0.678 

  Al2     13  5.824    3.000    5.981    0.502    3.229    0.521    0.682 

  ------------------------------------------------------------------------ 

                        MAPD: 100.00%             7.56%   <0.519>  <0.680> 

   ---------------------------------------------------------- 

  Anion   qA       QA      qA/QA     BVS     ΔR(Ba)   ΔR(Br) 

  

  O1     -2.000   -1.078   1.855    1.140    0.489    0.644 

  O2     -2.000   -0.927   2.159    1.012    0.449    0.585 

  O3     -2.000   -0.967   2.068    1.054    0.593    0.770 

  O4     -2.000   -0.952   2.101    1.035    0.585    0.762 

  O5     -2.000   -1.109   1.803    1.166    0.496    0.660 

  O6     -2.000   -0.967   2.068    1.048    0.458    0.592 

  ---------------------------------------------------------- 

            MAPD: 50.00%           46.22%   <0.156>  <0.205>



_atom_type_symbol 

_atom_type_oxidation_number 

Al3+ 3 

O2- -1 

 

_atom_type_symbol

_atom_site_type_symbol

_atom_type_symbol 

_atom_type_oxidation_number 

Al3+ 3 

OH- -1 

loop_ 

_atom_site_label 

_atom_site_type_symbol 

_atom_site_fract_x 

_atom_site_fract_y 

_atom_site_fract_z 

_atom_site_occupancy 

OH1 OH1-   0.183 0.202 -0.105 1 

OH2 OH1-   0.674 0.670 -0.104 1 

OH3 OH1-   0.480 0.132 -0.106 1 

OH4 OH1-  -0.017 0.632 -0.108 1 

OH5 OH1-   0.293 0.702 -0.105 1 

OH6 OH1-   0.806 0.170 -0.103 1 

Al1 Al3+   0.166 0.500  0.000 1 

Al2 Al3+   0.333 0.000  0.000 1

  ------------------------------------------------------------------------ 

  Cation  CN  ECoN      qX       QX      qX/QX     BVS     ΔR(Ba)   ΔR(Br) 

  

  Al1     13  5.878    3.000    3.009    0.997      -      0.518      -   

  Al2     13  5.824    3.000    2.991    1.003      -      0.521      -   

  ------------------------------------------------------------------------ 

                          MAPD: 0.31%              n/a    <0.519>  < n/a > 

  

  ---------------------------------------------------------- 

  Anion   qA       QA      qA/QA     BVS     ΔR(Ba)   ΔR(Br) 

  

  OH1    -1.000   -1.078   0.927      -      0.489      -   

  OH2    -1.000   -0.927   1.079      -      0.449      -   

  OH3    -1.000   -0.967   1.034      -      0.593      -   

  OH4    -1.000   -0.952   1.050      -      0.585      -   

  OH5    -1.000   -1.109   0.902      -      0.496      -   

  OH6    -1.000   -0.967   1.034      -      0.458      -   

  ---------------------------------------------------------- 

             MAPD: 6.25%             n/a    <0.156>  < n/a > 
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- 𝐸𝐷𝐸𝑉𝑋 Equation 28
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- 𝐵𝑉𝑆

𝑅𝑜 𝐵 𝐵𝑉𝑆

𝑀𝐴𝑃𝐷 𝐵𝑉𝑆

- 
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Calculation settings

- Coordination geometry
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- 

- 𝑄𝐴
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