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On today’s talk
• How to model sp-lone pair cations?

research motivation

modelling idea: the effective valence state of lone pair cations

• Development of the lone pair model

localised atomic orbital approach and it’s integration to a traditional interatomic potential method

model-adapted algorithms, details of energy and derivatives

• Model application results

a single Sn(II) cation in BaO nanocluster as a defect

characterisation of nanoclusters, PbO and PbF2
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[1] Miller et. Al; J. Mater. Chem. C., 2017, 5. 10.1039
[2] E. H. Smith et. al; Inorg. Chem., 2015, 54, 8536–8543

Structural distortions caused by stereo-actice lone pairs

Crystal structures of alkali earth metal oxides:
SrO and BaO

c.f. ionic radii of
Sr(II) 132pm < Pb(II) 133pm < Ba(II) 149pm

Structure of binary oxides: SnO and PbO [1]
Ball-and-stick model (black Sr/Pb and red O)

lone pair induced distortions in halide perovskites [2]

What makes the structures of materials including lone pair 
cations different?

Sn(II), Pb(II), Bi(III) etcs. with electronic configuration of d10 s2p0

Hybridisation of s and p results in stereo-active lone pair lobes (valence state)
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Typically, consists of:
• Coulombic interaction between points charges (q)
• Buckingham / Born-Mayer potential (size of ions)
• Shell model (two points charges per atom; polarisability of ions)

Traditional Interatomic potential method

Espherical =
qiqj
4πε0rij

+ Aij exp(−rij / ρij )−
Cij
rij
6

i , j
∑

Eq 1. Coulomb + Buckingham potential

Possible limitations
• Polarisability of an ion shows only a linear responses and fitted for ions within to perfect bulk phase 
• Struggles to model materials composed of ions those non-spherical shape depends on its environment [1]

Fig 1. schematic diagram of an ion 
represented by the shell model

[1] J. Phys. Chem. B 2001, 105, 6824-6830 

Modelling sp-lone pair cations using interatomic potential methods?
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(BaO)6
(BaO)8

(BaO)9
(BaO)12

New lone pair model
• should give a better physical description than the shell model.

In particular, lone pair cations, highly polarisable.
• be computationally more affordable than the full electronic structure methods. 



⟩|𝜓 = ⟩𝑐!|𝑠 + (𝑐")𝑝# + +𝑐$ ,𝑝% +𝑐& ()𝑝'

Sn(II), Pb(II), Bi(III) etcs. with electronic configuration of d10 s2p0

Modelling the effective valence state with localised atomic orbital approach

Modelling sp-lone pair cations: embedding atomic orbtials
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Effective valence state of a lone pair cation
orbital occupancy of Pb(II) cation interacting with a point 

charge(e) as a function of their separation distance; 
calculated by DFT and LPM (lone pair model).

Two-level system



⟩|𝜓 = ⟩𝑐!|𝑠 + (𝑐")𝑝# + +𝑐$ ,𝑝% +𝑐& ()𝑝'

Sn(II), Pb(II), Bi(III) etcs. with electronic configuration of d10 s2p0

Modelling the effective valence state with localised atomic orbital approach

Modelling sp-lone pair cations : embedding atomic orbtials
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Two-level system

Energy of a lone pair:

!H = !H! + !H".where

Fitting parameter, λ



Modelling sp-lone pair cations: lone pair polarisabilities

𝐸(𝐹) =
1
2
𝜆 − 𝜆! + 4𝑢!𝐹!𝜔!

𝜇(𝐹) = −
𝜕𝐸
𝜕𝐹

=
2𝑢!𝜔!𝐹

𝜆! + 4𝑢!𝐹!𝜔! "/!

𝛼(𝐹) =
𝜕𝜇
𝜕𝐹 =

2𝑢!𝜆!𝜔!

𝜆! + 4𝑢!𝐹!𝜔! $/!

𝛽(𝐹) =
𝜕𝛼
𝜕𝐹

= −
24𝑢%𝜆!𝜔%𝐹

𝜆! + 4𝑢!𝐹!𝜔! &/!

𝛾(𝐹) =
𝜕𝛽
𝜕𝐹

= −
24𝜆! 𝑢%𝜆!𝜔% − 16𝑢'𝐹!𝜔%

𝜆! + 4𝑢!𝐹!𝜔! (/!

LPM response to constant electric field (F)
Including various higher-order effects

Energy

Dipole

Dipole-polarisability

Hyper polarisability

Second hyper polarisability

Non-linear dipole-polarisability
Potentially useful, application in environments where 
electric fields are in-homogenous
(e.g., as a defect – a single dilute dopant, surface etc.).

SM LPM

-H! → const. Electric field (F)

Comparison with the classical shell model
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Interactions with classical species

Interactions with other lone pair densities

Energy of a lone pair
Total energy contribution 

by lone pairs

Modelling sp-lone pair cations: energy of lone pairs
System including lone pair cations and other species

Numerical experiments of the SCF method
Linear profile on a logarithmic scale
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Generalised model for 𝑵 number of lone pair cations 

Model requires the Self-Consistent Field algorithm.

Energy Calculation Algorithm – Self Consistent Field method



Modelling sp-lone pair cations: derivatives of the energy of lone pairs
System including lone pair cations and other species
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Coupled perturbed Hartree-Fock equation

Force Calculation Algorithm

Once the energy and derivatives obtained
Its binding with local optimiser (BFGS, LS etc) is straightforward.

B c ( + d = c )*!

where the unknowns are in the vector c, and the iterative method
generates a sequence of approximations, c(6),c(8), … with initially
guessed c(9) until the approximation meets the termination
criteria.

Simple iteration method



Model application I.
Creating a single Sn(II) defect on BaO nanoclusters

4 x 4 x 2 slab
top view

4 x 4 x 2 slab
side view

nanocluster structure of (BaO)24[1]
Ball-and-stick model (green Ba / red O)

(4 x 4 x 3 slab)

4 x 4 x 3 slab
side view

[1] S.G.E.T. Escher, T. Lazauskas, M.A. Zwijnenburg, S.M. Woodley, Comput. Theor. Chem 1107 (2017) 74–81
[2] Y. Z. Wang et. al,. J. Phys. Chem. C 2009, 113, 20486–20492

*
*
*

Local Structures
around Sn(II) cation

corner

edge

face

computational detail.
BaO IP parameters [2] + lone pair model Sn(II)
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Model application I.
Creating a single Sn(II) defect on BaO nanoclusters
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∆𝑬 to create Sn(II) or Sr(II) defect – relative energy

Example BaO 442 - 1: corner, 2: edge and 3: face

computational detail.
DFT – FHIaims2018, intermediate basis, pbesol xc.
MODEL - BaO IP parameters [2] + lone pair model model Sn(II)
IP (shell model) - BaO IP paramters + SnO bulk IP parameters
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Model application I.
Creating a single Sn(II) defect on BaO nanoclusters
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lone pair modelDFT shell model

Sn(II) (grey ball) in surrounded by 4 
O anions (red balls)

Sampling

…

Investigating the effect of lone pair – energy landscape of a simple toy system.
Bond distance Sn-O set to 2.67 Å (same with 6 x 6 x 4 BaO nanocluster).

Sn(II) cation is placed on various sample points (marked by red dots).

Model application I.
Creating a single Sn(II) defect on BaO nanoclusters

ELAND 2023, Porquerolles (France), June 04 to 09, 
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• DFT and lone pair model show four local minima around the vertices
lone pair lobe occupies the centre area instead

* * *** * * **



Model application II. Characterisation of nanoclusters PbO, ball-and-stick model (black Pb and red O)
Optimising tetromino structures on energy landscapes of the DFT and the Lone pair model
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Model application II. Characterisation of nanoclusters PbO

Global optimisation results of the lone pair model

• Random quenching method used: (1) RIM population generation / (2) RIM→LPM refinement / (3) LPM→DFT refinement 

ELAND 2023, Porquerolles (France), June 04 to 09, 
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second-order energies of global minimum structures  of (PbO)N nanoclusters
characterised by the lone pair model (LPM), down, and DFT, up.

dipole moments of global minimum structures of (PbO)N calculated by 
the lone pair model (LPM), down, and DFT, up.



Model application II. Characterisation of nanoclusters PbO

Possible building blocks of the crystal α-PbO structure ?

double layer cut
Pb10O8

Not charge neutral !

ELAND 2023, Porquerolles (France), June 04 to 09, 
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Structure α-PbO [1]
Ball-and-stick model (black Pb and red O)

Pb O
a = 4.0 Å

c = 5.0 Å

3rd LM cluster of 
(PbO)12

Pb10O8

a = 4.1 Å

c = 4.4 Å

Pb10O8 + 2 x (Pb1O2)

* *
* *

* *



Model application II. Characterisation of nanoclusters PbF2, (black Pb and grey F)

Global optimisation results of the lone pair model

• Random quenching method used: (1) RIM population generation / (2) RIM→LPM refinement / (3) LPM→DFT refinement 
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second-order energies of global minimum structures  of (PbF2)N nanoclusters
characterised by the lone pair model (LPM), down, and DFT, up.

dipole moments of global minimum structures of (PbO)N calculated by 
the lone pair model (LPM), down, and DFT, up.



LPM reproduced BaF2 and SrF2 nanocluster structures, 
calculated by DFT, by constraining the degree of model 

sp-hybridisation

Model application II. Local lone pair effect on structures of nanoclusters (PbF2)

Structure comparison with nanocluster structures lone pair free cations – SrF2 and BaF2 (by DFT-PBEsol calculations)

Energy of a lone pair:

!H = !H! + !H".where

Fitting parameter, λ



LPM reproduced BaF2 and SrF2 nanocluster structures, 
calculated by DFT, by constraining the degree of model 

sp-hybridisation

Model application II. Local lone pair effect on structures of nanoclusters (PbF2)

Structure comparison with nanocluster structures lone pair free cations – SrF2 and BaF2 (by DFT-PBEsol calculations)

Note. similarity index (SI) – RMSD measures of two nanocluster configurations (xyz) with 
modification applied: figures measured after translation (the centre of cluster) and rotations (using 
the principal moments of configurations).

(1a) Similarity index (SI in Å unit) measures of (BaF2)N and (1b) (SrF2)N with respect to 
LPM calculated (PbF2)N  with various model parameters, λ. SI values were measured 
before (circle) and after (cross) applying uniform scaling, minimising the SI values.



Software Development

The SLAM software

• Approximately ~ 9k lines of source code

(excluding the integral libraries)

• Download and use readily available at
https://github.com/sweetmixture/SLAM.2.2.4

https://github.com/sweetmixture/SLAM.2.2.4
https://github.com/sweetmixture/SLAM.2.2.4


Lone pair model: summary of the results

Model feature/property

The minimum basis set approach of embedding atomic orbital has been validated

• With a few, s and p atomic orbitals, we could model the effective valence state of lone pair cations.

• LPM shows the capability of capturing the highly polarisable effect of lone pair cations

Model Application

By the model applications,

(1) A single Sn(II) cation defect created within BaO nanoclusters

(2) Global optimisation of PbO and PbF2 nanoclusters

• The LPM was effective to approximate the energy landscape of the DFT.

• In a cluster system, we demonstrated the local distortion effect of lone pair cations using the LPM.
Prof. Scott M. Woodley

Dr. Alexey A. Sokol
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Global minima structures  of (PbO)N nanoclusters
characterised by LPM (below) an DFT (up)

Nanocluster structure predictions for various lone pair compounds: PbO, PbF2 etc.

Lone pair cations can take various polyhedral types due to the presence of LP density.

• Focusing on approximating the DFT energy landscape, i.e., correct atomic configuration.

• Global optimisation method.

3.1 LPM application results

Model Application

Global minima structures  of (PbF2)N nanoclusters
characterised by LPM (below) an DFT (up)

Local coordination environment of lone pair cation



Model Application

(PbO)N

(PbF2)N

3.2 Global optimisation comparison with the Shell Model
Statistical analysis : LPM/SM → DFT Refinement Wtime

● LPM → DFT
× SM  → DFT

3.3 Lone pair induced structural distortions
Nanoclusters with lone pair free cations to lone pair distorted structures

Lone pair induced structural distortions in cluster level
Comparison with DFT – LPM (with primes) LPM reproduced BaF2 and SrF2 nanocluster structures, 

calculated by DFT, by constraining the sp-hybridisation 
effectSI (similarity index; quantified matching of the 

atomic configurations relaxed in different a





Lone pair model : summary of the results
• Model feature/property

A. model minimal basis set approach with a single molecular orbital approach has been validated.

B. capability of capturing the highly polarisable effect of lone pair cations.

C. with respect to the shell model, LPM polarisability shows the forward compatibility.

• Model Development/Implementation

A. calculating the total energy and atomic forces of an atomic configuration (cluster).

B. perform local atomic relaxations to the LPM energy minimum.

C. interfacing toolkits: calculating dipole moment and vibrational frequencies of clusters modelled by LPM.

D. comparing two atomic cluster configurations (implementation of the similarity index that was designed as part of the 

thesis; for the comparison with DFT calculated cluster structures.

• Model Application

A. investigation of PbO and PbF2 nanoclusters, using LPM and the results are compared with DFT.

B. as an additional control group, the shell model was also compared, and LPM shows better agreement with the DFT 

refined nanocluster structures.

C. in the level of clusters, the effect of lone pairs on the structural deformation was demonstrated.







sp-lone pair is generally found in materials, which are including
Sn(II), Pb(II), Bi(III) etc;

1. L. Liang et. al; J. Mater. Chem. A, 2014, 2, 10647-10653.  2. S.A Miller et. al; J. Mater. Chem. C., 2017, 5, 8854-8861.  3. Walsh et. al; Journal of Solid State Chemistry., 178 (2005) 1422–1428 
4. Fabini et. al; J. Am. Chem. Soc., 2016, 138, 11820−11832.    5. Pitike et al; Physical Review B., 91, 035112 (2015)

Octahdral Fm3m > Distorted P4/nmm

Materials Related with Lone Pair Effects

SnO, PbO Thermo/Photo Electrics

MTiO3, M=Sn,Pb Ferro/Piezo Electrics

MTlX3, M=Rb,Cs, X=F,Br,Cl Superconductivity

CsMBr3, M=Sn,Pb Optoelectrics

Electronic configuration of the valence shell : d10 s2 p0

Applications

Overview: cations of potential sp-lone pair formation & applications



Modelling Approach:  theoretical background
One-Centre Hamiltonian Approach

Basis functions of one and three orbitals are enough to describe sp-lone pair effect.
One-Centre Hamiltonian Approach

⟩|𝜓 = ⟩𝑐!|𝑠 + ⟩𝑐"|𝑝𝑥 + ⟩𝑐$|𝑝𝑦 +𝑐& ⟩|𝑝𝑧 . by  a linear combination of basis functions, sp-
hybridisation and its polarisation can be described.

Angular terms in the basis 
funciton

Γs =1
Γpx = sinθ cosφ

Γpy = sinθ sinφ

Γpz = cosθ

Shell model is typically adopted to describe ionic 
polarisation in IP methods.

𝜀+,-.. =
1
2
𝑘𝑟"

𝜀/0,/123045 =
1
2𝑘2𝑟

" +
1
24𝑘4𝑟

&

Two point charges are connected with a harmonic spring.

Espherical =
qiqj
4πε0rij

+ Aij exp(−rij / ρij )−
Cij
rij
6

i , j
∑

Buckingham potential popular in IP methods.

However, shell model can only reproduce a 
potential of spherical shape



Modelling Approach: energy calculation
Fixed point iteration algorithm (SCF-LIKE)

A system with more than two sp-lone pairs needs SCF-
like convergence to determine its energy !

It cannot determine all states at the same time.

H6;89( = ∑89 H89
6;: + ∑;H6;;895 + ∑<=6 𝜇 -H6<

+>5 𝜈 + ∑?@ 𝑐?
<𝑐@

< 𝜇 𝜆 -H6<
+>- 𝜎 𝜈 .

solve 𝐇𝐂 = 𝐂𝐄 for each sp-lone pair cation (𝛼) gives +,𝜓6(*! and   𝜀6(*!.

while 𝑘 :1, 2, … do

for 𝛼 :1, 2, … 𝛼 max     do 𝛼 max: number of sp-cations.

begin evaluate:

end 𝛼

end 𝑘

∑6 +,𝜓6(*! − +,𝜓6( < eigenvector-tolerance.   .AND.        

Init +,𝜓6( . usually set ()𝜓6! ⟩= |𝑠 .

if

then

∑6 𝜀6(*! − 𝜀6( < energy-tolerance.

set +,𝜓6ABC = +,𝜓6( . Exit.

On-site Energy Term

Interaction with non-
lone pair species

Interaction with core of 
other lone pair cations

Interaction with other 
lone pair electron 
densities



Modelling Approach: geometric derivative calculation
Fixed point iteration algorithm (SCF-LIKE)

Derivative calculation is important to calculate forces action on each species in the system, and using the information 
one can carry out geometric optimisation.
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geometric eigenvector derivatives can also be iteratively calculated

𝜕𝑐D(6

𝜕𝑥
Get              by eqn(2).

Calculate               by eqn(1).
𝜕H896

𝜕𝑥

eqn(1).

eqn(2).
If converged.

Get
𝜕𝜀E3E

𝜕𝑥

Popel et al., International Journal of Quantum Chemistry : Quantum Chemistry Symposium 13,225-241 (1979)



nanocluster structure of (BaO)24[1]
Ball-and-stick model (green Ba / red O)

(BaO)6

(BaO)8
(BaO)9

(BaO)12

How to model sp-lone pair cations?

[1] S.G.E.T. Escher, T. Lazauskas, M.A. Zwijnenburg, S.M. Woodley, Comput. Theor. Chem 1107 (2017) 74–81
[2] Miller et. Al; J. Mater. Chem. C., 2017, 5. 10.1039
[3] E. H. Smith et. al; Inorg. Chem., 2015, 54, 8536–8543

structural distortions caused by stereo-actice lone pairs

Structure of binary oxides: SnO and PbO [2]

Alkali earth metal oxides
SrO and BaO

Lone pair induced distortions in halide perovskites

nanocluster structure of (BaO)24[1]
Ball-and-stick model (green Ba / red O)

(BaO)6

(BaO)8

(BaO)9

(BaO)12



How to model sp-lone pair cations?

1.1 Research Motivation

• Modelling non-spherical electron density with high-polarisability.

• Species: Sn+2, Pb+2, Bi3+ etc. with electronic configuration of d10 s2p0

Lone pair induced distortions in halide perovskites
E. H. Smith et. al; Inorg. Chem., 2015, 54, 8536–8543

Rocksalt structure
Structure of binary oxides: SnO and PbO
Miller et. Al; J. Mater. Chem. C., 2017, 5. 10.1039/C7TC01623A.

Structural distortions are induced due to the presence of stereo-active lone pair electron density
Widely ranging applications
SnO/PbO photo-conductive/voltaic devices; Bi2O3 ionic conductor in photovoltaic devices; (Sn/Pb)X2 optical devices;
(Sn/Pb)TiO3 piezo-electrics; Cs(Sn/Pb)X3 opto-electrics.

ELAND 2023, Porquerolles (France), June 04 to 09, 2023



Modelling sp-lone pair cation

1.2 Modelling the effective valence state
The effective valence state of lone pair cations: s2p0

treated as a two-level system – given that the inner d states are relatively inert.

Orbital occupancy of Pb2+ cation interacting with a point
charge(e) as a function of their separation distance;
calculated by DFT and LPM.

⟩|𝜓 = ⟩𝑐!|𝑠 + (𝑐")𝑝# + +𝑐$ ,𝑝% +𝑐& ()𝑝'

Model effective valence state 
represented by a single molecular orbital

Molecular orbital approach with minimal number of basis functions
ELAND 2023, Porquerolles (France), June 04 to 09, 2023



Modelling sp-lone pair cation

1.2 Modelling the effective valence state
The effective valence state of lone pair cations: s2p0

treated as a two-level system – given that the inner d states are relatively inert.

Orbital occupancy of Pb2+ cation interacting with a point
charge(e) as a function of their separation distance;
calculated by DFT and LPM.

⟩|𝜓 = ⟩𝑐!|𝑠 + (𝑐")𝑝# + +𝑐$ ,𝑝% +𝑐& ()𝑝'

Model effective valence state 
represented by a single molecular orbital

Molecular orbital approach with minimal number of basis functions

Energy of lone pair density: 

or

.

!H = !H! + !H"
Hamiltonian of the electron lone pair is:

Ground state model Hamiltonian and 7H6 is … 



Fig 1. Various barium oxide nanoclusters in rocksalt-like
shapes. (a) and (b) show top and side views of 4×4×2 slab,
respectively. (c) and (d) show side views of the
corresponding slab sizes.

Model Application: Sn2+ impurity in barium 
oxide molecular cluster (1)

Barium oxide nanoclusters are known to have rocksalt like structures,
which resembles their bulk [1], and thus clear to investigate structural
distortions induced by lone pair density.

*
*

*

q Objectives

Ø BaO nanocluster slabs in different sizes denoted by using 𝐾×𝐿×𝐻

notation – see fig 1.

Ø Each BaO nanocluster has unique Ba sites, where we replace the 

Ba cation into Sn lone piar cation.

Ø We relaxed the clusters with Sn cation impurity by using three 

different models – DFT(PBEsol), the lone pair model and IP.

Ø We compared the model results with that of DFT and IP

computational detail.
BaO IP potential take from [2]
Keeping O-O potential from BaO
IP Sn-O potential parameters are fitted to α-SnO

[1] J. Phys. Chem. C 2009, 113, 20486–20492
[2] Computational and Theoretical Chemistry 1107 (2017) 74–81 



Force Calculation Algorithm

Taken from UCL report

Once the energy and force established,
binding with local optimiser (BFGS, LS etc) is straightforward.

2.2b Nanocluster System Modelling for Simulation

Modelling 𝐅𝒊 = −∇V𝐸(𝐫", 𝐫W,…, 𝐫X)
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Electronic force by the lone pair electron densities

This term does not disappear … 
(this does not cause an issue when there is a single lone pair cation in a system)

coupled relation

Coupled Perturbed Hartree-Fock (CPHF) equation

Proved that the problem can be reduced into the form below

B c ( + d = c )*!
where the unknowns are in the vector c, and the iterative method
generates a sequence of approximations, c("),c(!), … with initially
guessed c(1) until the approximation meets the termination criteria.

can be solved using an iterative method

𝜕𝑐2
';3

𝜕𝑥
= %

4/3

%
),+

𝑐)
';4𝑐2

';4

𝐸';!"4 − 𝐸';!"3 𝑐+
';3 𝜕𝐸';!"

3

𝜕𝑥
𝛿)+ − 𝑐2

';3 𝜕𝐻';)+
𝜕𝑥

Energy / Force calculations in the LPM

Model Development/Implementation

• The whole development process will be a milestone for others trying to use the similar approach.

• Indeed, the experience now giving great help for developing the periodic extension of LPM.
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• In general, the model results show better agreement with DFT – in terms of bond dissociation and energetics

• The IP results behave more like DFT-Sr, which implies that the IP cation is rather prouncing  asymmetrical lone pair (shell) but behaves 

more like spherical entity.

Model Application: Sn2+ impurity in barium 
oxide molecular cluster (3)



Creating a lone pair cation impurity in BaO molecular cluster:
BaO 445
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Results

q One can observe, the lone pair cation by 
DFT / SLAM prefer to form coordination 
number of 3. 

q When lone pair cation is located at the 
corner, it shows the most stable energy, 
since it does not need to break any bonds.

q When lone pair cation is located at Oh 
environment (6 > 3), then it shows the 
highest energy cost, since it needs to push 
out the surrounding Ba/O ions to make 
bond dissociations.

q GULP (shell model) prefers to keep a 
rocksalt-like symmetric structure (bond 
dissociations are not observed).



ModelDFT Shell Model

cavity size (2.67 Å) centre to ligand distance,(Ba-O) bond length (2.67 Å) of 664 BaO cluster

Sn(II) (grey ball) in surrounded by 4 O anions (red balls)

Sampling

…
q By using the toy-system in fig 1, we investigated the inert lone pair effect

DFT and Model results has four local minima around the vertices, however IP 
shows one minimum at the centre point. 

Ø The lone pair model has better performace to approximate the PES of DFT 
and also inert lone pair effect.

* * **

Model application I.
Creating a single Sn(II) defect on BaO nanoclusters



Local coordination environment of lone pair cation

Model application II. Characterisation of nanoclusters PbO
Optimising tetromino structures on energy landscapes of the DFT and the Lone pair mode

DFT

LPM

LPM
side view

• Lone pair caiton Pb(II) prefers to have specific local 
coordination environments [1].

• Extra coordination sites (to be 5 or 6 
coordinations by oxygen ligands) are occupied by 
the stereo-active lone pairs.

[1] J. Galy, S.F. Matar, Prog. Solid. State Ch. 44 (2016) 35–58. ELAND 2023, Porquerolles (France), June 04 to 09, 
2023


