The program BondStr: an
implementation of bond-valence
theory
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Distances, Angles, Bond-Valence Sums (BVS)
and Bond-Valence Energy Landscapes (BVEL)

]
Code of files:  [a-quartz_cfl Restraints File:  |CFML_Restraints.tpcr
‘Warking Directory: IC:\Usevs\katcho\Owalas\Escuela_FP_M_ZDZS\BmdSlr Browse... |

Title: |CFLAile imported from CIF file:a-quartz cf

SpaceGroup (HM or Hall symbol): [P 3121 or [~ List of Symmetry Operators  View List I

_ Cellparameters: [4'g01g) 490190 539880 900000 900000  120.000
(Sigmas are optional]

[~ Distances Output [~ Restraints output D_max, Angl_min: | 2.500 95.00
Number of Atoms: I_Zi’ Dmax (Dist, Angl) | 3.200 0.000 Tolerance(%) 30.00

[Example of stom string: Fea  Fe=3 02311(2) 000 012342 045(1) 05 |

‘Wiite as follows: Label Spec. »/a y/b z/c Biso Occ
Atom# 1 |01 0-2 041300 027110 021720  0.00000  1.00000 000 0.00 #None
Atom # 2 [Si1 Si+4 046730 000000 033330 000000  0.50000 000 0.00 #None

[Example for BVS/BVEL Map: 50 50 70 L+1 80/100 02724 | 8 MVMM&P
BV-Energy-Landscape Map

Number of Divisions dongxy.z. [~
el [~ softBVS & NoMap

Atom Species, Drmax
% No ASCII Map output ¢ xy.z.Energy Fomat (" GFourier Fornat [~ Percolation, Max. Energy: [ 3.00

Number of user-given Bond-Valence parameters l_dﬁ Num. of FST/VESTA commands [_Dﬂ

“C-A, RO, BO CN" or "C-A, CN, RO, Cutoff, DO, Rmin, alpha™ | A Ex connFe0024 |~
BVP #1 Fst #1
BVP #2 Fst #2
BVP #3 v Fst#3 v
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Pauling rules

* Pauling rules are a series of structural principles for ionic compounds.

First rule: Coordination polyhedral

A coordination polyhedron of anions is formed around every cation. The cation-anion
distances are determined by the sum of the ionic radii, and the coordination number of
the cation by the radius ratio.

Second rule: The electrostatic valence rule

In a stable ionic structure the valence (ionic charge) of each anion with changed sign is
exactly or nearly equal to the sum of the electrostatic bond strengths to it from adjacent
cations. The electrostatic bond strength is defined as the ratio of the charge on a cation
to its coordination number.
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Bond strengths: calculation

s, : bond strength for cation i
q;,: atomic charge (valence) of cation i

di+
n,,: coordination number of cation i ‘ Si = —
g;.: atomic charge (valence) of anion j n;4
n; : coordination number of anion j l
nj_
qj— = Si
=1
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Bond strengths: an example

a-SiO, (quartz)




Basics of bond-valence theory

 The bond-valence theory is a development of the Pauling rules.

* Each bond A-X has a bond strength s, ,, which depends on bond
length, chemical nature of the elements and oxidation states.

04r R R
_ _ 0 "MA-X
g o: Sy x = €XP
S 02
E o
g % R,and b (~ 0.37A) are tabulated

parameters characteristic of the pair
A-Xand R, . is the bond length

Bond length (A)

http://www.iucr.org/resources/data/data-sets/bond-valence-parameters
I. D. Brown, The Chemical Bond in Inorganic Chemistry: The Bond Valence Model, Oxford University Press, 2002.
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The bond-valence sum

* Valence sum rule: The total valence V, of the cation A (ideally equal
to the magnitude of the formal charge) coordinated by N anions X is
given by the bond-valence sum (BVS):

Nc |
V=D Sy =V (formal charge)
=1

!
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Validation of crystal structures

- The bond valence approach is frequently used to validate newly
determined crystal structures by the calculation of the Global Instability

Index (GII)
5 1 Nagym ideal \ 2 N, : total number of atoms in the unit cell
Gl =— Z m. (BVSI —Vi ) Nqs,m : NUMber of atoms in the asymmetric unit
cell il m; : multiplicity of the site /.

- In stable, well determined structures, theGll is usually less than 0.1
valence units. Values between 0.land 0.2 indicate a strained structure,
whereas higher values are unusual and can point to an incorrect structure
determination.
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An example: a-SiO,

(01 )-(si1 ) : 1.6073( 0) 1.046( 0) P T

o1 y-Csi1 ) : 1.6161¢ 05 [1.02200) » individual bond strengths
coordination number: 2 eff.Coor. number: 2.00 for atom: O1

Average distance : 1.6117( 0) Distortion: 0.074 xe-04

Predicted distance: 1.6240 Single bond-valence s= 1.000

valence: -2.000
sums : 2.068( 0) —— bond-valence sum

Deviation from the valence Sum Rule (ril,%dev): 0.068 3.390
{r1=sumj(sij)-vi, %dev=100abs(rl)/vi}
Deviation from the Equal valence Rule (r2): 0.012

{r2=<sij-<sij>>rms}

Es:iil g-gol g ~ 1.6073% Og 1.046( O%

Sil )-(o1 s 2.516) 0 1.022{ _0 > i HE

Csil 5-Co1 5 : 1.6074¢ 05 [ osst 0y individual bond strengths
(si1 )-(o1 ) : 1.6158( 0) 1.022( 0)

Coordination number: 4 eff.Coor. number: 4.00 for atom: Ssil

Average distance : 1.6117( 0) Distortion: 0.070 xE-04

Predicted distance: 1.6240 Ssingle bond-valence s= 1.000

valence: 4.000
sums : 4.136( 0) — bond-valence sum
Deviation from the valence Sum Rule (ri1,%dev): 0.136 3.398
{r1=sumj(sij)-vi, %dev=100abs(rl)/vi}
Deviation from the Equal valence Rule (r2): 0.012
{r2=<sij-<sij>>rms}
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An example: a-SiO,

=> The 01d Global Instability Index (GII) is calculated with the atoms of the asymetric unit (Num_Atoms).
The normalized GII(a,b,c) below are calculated using the sum over asymmetric unit but multiplying
differences by the multiplicity of the site. N_Atoms_uCell is the total number of atoms in the
conventional unit cell. In all cases the result of the different expressions is multiplied by 100.0

=> 01d Global Instability Index ( GII=SQRT{sSum{|BvS-abs(q)|A2}/Num_Atoms} % = 10.74 /100
=> Normalized GII(a)= suMm {|Bvs-abs(q)| *mult} /N_Atoms_ucell = 9.05 /100
=> Normalized GII(b)= sum {|Bvs-abs(q)| *mult/abs(q)}/N_Atoms_ucell = 3.39 %

=> Normalized GII(c)= SQRT{ sum {|Bvs-abs(qg)|A2*mult} /N_Atoms_ucell}= 9.60 /100

=> Summary of BVS in File: a-quartz_cf1_sum.bvs
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lonic conductivty

e The bond-valence method can be used for assessing the ionic
conduction path from the knowledge of the crystal structure.

* Low-energy transport pathways for the motion of ions between
equilibrium sites should correspond to a sequence of positions for
which the BVS mismatch: AV(r)=|BVS(r)-Videdl(r)| remain as small as
possible, so a simple geometric calculation allows to figure out possible
ionic conduction paths.
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Bond-valence mismatch
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Bond-valence 1sosurface
for a-Agl (AV=0.05 val. un.) for a-Agl (AV=0.083 val. un.)

Bond valence i1sosurface

S. Adams, J. Swenson, Phys. Rev. B 63 (2000) 054201
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Bond-valence energy l[andscape

Pseudopotential representation of the
correlation between bond-length R and Typical Morse potential
bond valence s.

Dissociation Energ
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R~ Rigey (A) Internuclear Separation (r)

S. Adams, Acta Cryst. B 57 (2001) 278
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Bond-valence energy l[andscape

E = Do (expla(Ruin — R)] — 1)* = 1}
Stefan Adams, Practical Considerations in

i
Determining Bond-Valence Parameters, Ry—R 2
exp "2 — Smin 1

Structure and Bonding 158, 91-128 (2014) = DX

¢Tm i]-l

\,

2

Num
—N| + ZECoulomh(M - Mi)
i=1

BVSE(M) = Dy

N
. (m-xj —Smm)
2

j:l “min

gm; gm Ry,
ECﬂulﬂmh(Ml - ME) _RM. Mi erfc (PM.—ME)
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An example: LiFePO,

Energy isosurfaces of LiFePOa4




An example: LiFePO,

|5 |

r —

| A KEDIT - [CACrysPML\Program_Examples\BondStr\LiFePO4.bys] — ——— - - - — -

‘E File Edit Actions Options Window Help [-=]x]
=l glal s oo &|m(e)

i Type 1: FE+2 with type
! DO = 1.69269 Rmin
Av. Coord.= 5.74300 RO
Cation (Eff. radius): FE+2
Type 2: LI+1 with type
Do = 0.98816 Rmin
Av. Coord.= 5.02100 RO
| Cation (Eff. radius): LI+1
i
| Type 3: P+5 with type
I DO = 3.89635 Rmin
i Av. Coord.= 4.00000 RO
Cation (Eft. radius): P+5

=> Global distance cutoff:

4:

(

4

(

4:

(

Bond-Valence Energy parameters (DO,.Rmin,alpha)
{data read from internal table,

for Morse Potential:

0-2

1.96005 Alpha = 2.08333

1.57911 R—-cutoff = 5.50000 => Reference: 5. Adams and R. Pra
1.260) Anion (Eff. radius): 0-2 ( 1.330)
0-2

1.94001 Alpha = 1.93798

1.17096 R-cutoff = 5.50000 =»> Reference: 5. Adams and R. Pra
1.310) Anion (Eff. radius): 0-2 ( 1.330)
0-2 O

1.44066 Alpha = 2.28833

1.62038 R-cutoff = 5.00000 => Reference: S. Adams and R. Pra
1.100) Anion (Eff. radius): 0-2 ( 1.330)

8.0000 angstroms

™
unlw| | 2| %] k|| B|E| & &l <=

| Line=145 | Col=57 | Ak=00:0 | Size=182 | Files=5 |

WwWindows=5

OVR |RAw | 0227
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DO*[ {exp(alpha(dmin-d))-1}"2




An example: LiFePO,

| & KEDIT - [CACrysFML\Program _Examples\BondStr\LiFePO4.bvs] — —— - - — - —— - o e S|
l@ File Edit Actions Options Window Help [-=]x]
Dls||| & Fro RN EIEEREE |

I =_===13 i

=> Value otf Delta (for wvolume calculation) : 3.0000 eV

=> Available wvolume for ion mobility in the unit cell: 30.0735 angstroms”3

=» Volume fraction for ion mobility in the unit cell: 10.31 %
| => Minum Energy (in eV): —-4.5907

> Number of pixels with Emin < Energy < Emin+Delta: 29936

=» Computing first estimation of percolation energies (it can take some minutes)
1 Percolation along a: No

Percolation along b: Yes, Percolation ener : 1.00 e¥
Percolation along c: HNo

=> Refining energies....
axis b
Searching percolation between 0.50 and 1.01 eV
Percolation energy above Emin: 0.90 eV
1 Searching percolation between 0.80 and 0.91 eV

| Percolation energy above Emin: 0.88 eVl |Isosurface for VESTA: -3.71 eV |

=» Bond Valence Energy Landscape in File: LiFeP0O4_bvel .map
| =»> VESTA File: LiFePOUO4_str.vesta

| => Normal End of: PROGRAM BOND_STR
i => CPU-time: 12.9949 seconds
* * x End of File * * *

< [ b
| w| | 2% k|| B|E| & &ich] <[=]
| Line=153 | Col56 | AR=000 | Size=182 | Files=5 | ‘windows=5 [OWR [R/w | 0228

INSTITUT LAUE LANGEVIN




BVEL vs DFT

DFT

Fig. 12 Regions in the Li,GeS, structure accessible to moving Li* ions according to BVSE
energy calculations (fop half of the unit cell) for AEgy g of (a) 0.95eV, (b) I.1eVand(c) 1.35eV
and the procrystal analysis (bortom half of the unit cell) showing paths with electron density
isovalues of 0.0016 au, 0.0018 au, and 0.0024 au, respectively
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Summary

* Bond-Valence Energy maps/isosurfaces give a clear evidence (first
approximation) for the ionic diffusion pathways in the material

 BVEL Model has a high predictive potential and is adapted for
studying whatever ionic diffusion species
- the cation conductors, e.g. sodium or magnesium
- the anion conductors, e.g. oxygen or hydrogen ...

* The BVEL Model is restricted to compounds close to ionic character;
e.g. it does not, in general, apply to metals or organic compounds
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