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outline 

• Ba – N binary phase under pressure 

 

 

 

• M – N5 pentazolates 
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1. Context & goals 
 
 

 
   Nitrogen element: N2(g) 

 
 
•  potential natural resource in chemistry 
 
~78% of the Earth’s atmosphere 

•  inert gas 
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1. Context & goals 
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N 

N 

N-rich compounds:  

HEDM 

N 

N 

945 kJ/mol 
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160 kJ/mol 
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energy  
release 
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1. Context & goals 
 
 

N N N N 
based on building blocks 

e.g. , 

stable 

Pressure-Induced Polymerisation 

HP 
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1. Context & goals 
 
 

Pressure-Induced Polymerisation 

Pa-3 
I213

 
Pba2 

>56 GPa >188 GPa 1 atm 

HP phases from CSP searches 
 

Mailhot&McMahan 1992, sg-N - Ma&Oganov PRL 2009) 
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1. Context & goals 
 
 

Electropositive Metal–Nitrogen Mixing 
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1. Context & goals 
 
 

Electropositive Metal–Nitrogen Mixing 

xM [Mm+]x[N
(x/y)m-]yy/2N2+
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in NaN3
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1. Context & goals 
 
 

Electropositive Metal–Nitrogen Mixing 

xM [Mm+]x[N
(x/y)m-]yy/2N2+

Sn-N: B. Huang et al J. Phys. Chem. C 2020, 124, 8080−8093; DOI 10.1021/acs.jpcc.9b11404 
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1. Context & goals 
 
 

N N 

Pressure-induced polymerisation 

+ M 
(+ MNz) 

MxNy 

other N precursor 
Hot atomic nitrogen,  
hydrazine N2H4, 
azides, eg CsN3, ... 
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1. Context & goals 
 
 

N N 

Pressure-induced polymerisation 

metastable 
MxNy 

 
but viable? 

 

+ M 
(+ MNz) 

MxNy 
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1. Context & goals 
 
 

N N 

Kinetic, thermal (AIMD) 

  

  Dynamical (phonons) 

  Mechanical (tensors) 
   
  Chemical (OH, O, H… absorption) 

Pressure-induced polymerisation 

metal cations – polynitrogen anions  
stabilizing interactions 

metastable 
MxNy 

 
but viable? 

 

+ M 
(+ MNz) 

MxNy 

ΔG 
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Predicting  
new polynitrogen materials 

2. Illustrations 
 
 

Knowledges: chemical composition, (P, T) conditions 

• Ba – N 

 

• M – N5 pentazolates 
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reached criteria? 

YES 

END of USPEX 
We got our “ground state structure” 

Our work can start!  
 

Chemical bonding analysis 
(DOS, COHP, ELF, QTAIM, Manz bond order, orbital interactions,…), 

 
Relation between electronic structure and structural arrangement 

 
Properties calculations: energies (T, P),  

electrical conductivity, superconductivity, thermoelectric, 
elasticity, hardness, etc. 

ie, same lowest structure  
during 10-15 generations 

2. Illustrations 
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2a. Ba-N 

• Ba – N binary system 

B. Huang, G. Frapper – Chemistry of Materials (ACS) 2018  

Methodology:   DFT GGA-PBE, SCAN; 
       ~1 meV/atom accuracy    
   

Tools: PHONOPY ; LOBSTER ; eHT ; VESTA ; … 
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variable composition search 

ΔH = [H(AxBy) – xH(A) – yH(B)]/(x+y),  fitness  

convex hull  

Stationary point on the PES; lowest energy structure for a given stoichiometry   

A, B: elements (eg, Ba, N2) or compounds (N5) 

Δ
H

 

2a. Ba-N 
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variable composition search 

convex hull  

above the convex hull, thermodynamically metastable structure 

Δ
H

 

metastable 

2a. Ba-N 
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variable composition search 

« viability limit » 
~150 meV/atom 

Δ
H

 

ΔG≠ … may be kinetically 
stable structure… 

2a. Ba-N 
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+ At each composition:  
Run fixed-composition USPEX jobs  
to locate low-lying ground-state structures 

2a. Ba-N 

gilles.frapper@univ-poitiers.fr - 19th online USPEX workshop – 11-13 nov. 2020 
14 



 

 

exp
. 

Results 

y/(x+y) 

x:y  

BaxNy 

2a. Ba-N 
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exp
. 

Results 

y/(x+y) 

x:y  

BaxNy 

not exp. characterized  
(Ae2+)3(N

3-)2 

2a. Ba-N 
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Ba-N  from 0 to 100 GPa: 
13 compositions and 24 stable phases 

2a. Ba-N 
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(a) Isolated atom 

(b) Molecular species (0D) 

(c) Infinite chains (1D)  

(d) Layer (2D) 

2a. Ba-N 

gilles.frapper@univ-poitiers.fr - 19th online USPEX workshop – 11-13 nov. 2020 
17 



 

 

expected 
stoichiometry 

(Ba2+)3(N
3-)2 

Ba-N  from 0 to 100 GPa: 
13 compositions and 24 stable phases 

2a. Ba-N 
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 C2/m Ba3N2 

Stable: 0-5 GPa 

N 

Ba	 

N2,	d(N-N)=1.35	Å N 

Ba6(N2)(N)2 layer 

2a. Ba-N 
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 C2/m Ba3N2 

N2
4-, isoelectronic to F2 

2a. Ba-N 
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 C2/m Ba3N2 

N2
4- (Ba2+)6(N2

4-)(N3-)2(2e
-) 

2a. Ba-N 
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 C2/m Ba3N2, an electride 

Partial density of charge 
 (010) plane 

N2
4- 

(Ba2+)6(N2
4-)(N3-)2(2e

-) 

2a. Ba-N 
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metallic electride   →   semiconductor     →  metal 

5 GPa 25 GPa 

N2 dumbbell +  
N3- nitride 

C2/m 

 N3- nitride 

P-1  
 

3Ba2+, 2N3- 

N3- nitride 

C2/c 

(Ba2+)6(N2
4-)(N3-)2(2e-) 6s→5d (Ba) transition  

 Ba3N2: phase transition & conducting properties 

2a. Ba-N 
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 10 nitrogen atom  
per Ba: HEDM 

Ba-N  from 0 to 100 GPa: 
13 compositions and 24 stable phases 

2a. Ba-N 
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Pentazolate N5
-  

Ba(N5)2 
P-1 

50 GPa 

2a. Ba-N 
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Pentazolate N5
-  

N

N N

N

N

6π

Ba(N5)2 
P-1 

50 GPa 

Ba2+(N5
-)2 

2a. Ba-N 
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Potential	High	Energy	Density	Materials? 

2a. Ba-N 

lead azide Pb(N3)2                                  ∼ 3.8 km/s 
2,4,6-trinitrotoluene (TNT)                            ∼ 6.9 km/s 

quenchable 

*Kamlet−Jacobs empirical equation 

* 

detonation velocity (VoD) 
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Ba-N	under	pressure:	a	summary 

2a. Ba-N 
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Pentazolates M(N5)x 

N

N N

N

N

6π

2b. Pentazolates 

•  Alkaline earth elements– pentazolates: B. Huang, PhD thesis 2014-2017 (Poitiers U.) 
http://theses.univ-poitiers.fr/59262/2017-Huang-Bowen-These  
•  Transition metals-N5: B. Huang, B. Wang, F. Guégan, W. Hu, G. Frapper - coming soon 
•  Sn(N5)4 : B. Wang, R. Larhlimi, H. Valencia, F. Guégan, G. Frapper - JPC C (ACS), 2020  

N5
- 
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Pentazolates M(N5)x 

N

N N

N

N

6π

2b. Pentazolates 

CsN5 : Steele, B. A, Oleynik, I. et al Chem. Mater. 2017, 29, 735.  
LiN5 : Laniel, D. et al J. Phys. Chem. Lett. 2018, 9, 1600.  
 
 
+ hydrated pentazolates salts  
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Pentazolates M(N5)x 

2b. Pentazolates 

N1

N5 N4

N3

N2

N

N N

N

NM
M

M

M

N

N N

N

NM
M

M M

N

N N

N

N

M M

M M

M

1,3-η1

1,2,3-η1

1,2,3,4-η1 1,2,-η2-2,3,-η2, 4,5-η1

N1

N5 N4

N3

N2
M

1,2-η1

M

N

N N

N

NM

M

M

1,2-η1 3,4,-η2

•  Structural diversity  
 
•  1D, 2D, 3D nets in bulk 

crystals? 
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2b. Pentazolates 

1 atm & 50 GPa 
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structural constraint 

USPEX 9.4.4: molecular crystal EA 

2b. Pentazolates 

Ni(N5)2 

 
INPUT.txt 
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structural constraint 

USPEX 9.4.4: molecular crystal EA 
 
 
MOL_1: Ni 
 
 
 
 
MOL_2: N5 

2b. Pentazolates 

Z-matrix 
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Pentazolates M(N5)x 

2b. Pentazolates 

σnb1

π2 , π3

π1

π*4 , π*5

σnb2 , σnb3

σnb4 , σnb5

cyclo-N5
- Mx+

fully or partially 
occupied 
nd levels

 vacant (n+1)p levels

 vacant (n+1)s level

gap

VBM

CBM

solid-state 
M(cyclo-N5)x

N-N: 1.30-1.35 Å 
(single-double bonds) 

N

N N

N

N

6π

Hückel rule 4n+2 
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Up	to	twenty	nitrogen	per	metal:	Hf(cyclo-N5)4				

1 atm: 1D, Hf4+ in square antiprism site, 16e ML8 d
0 

2b. Pentazolates 

P4/mcc  

2.32 Å 

Hf4+ 
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	1D	Ir(cyclo-N5)3	at	1	atm				

1 atm: 1D, Ir3+ in octa site, 18e ML6 d
6 

2b. Pentazolates 

P63/m at 1 atm  

Ir-N:1.85 Å 

1,2-N5 

Ir3+ 
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1 atm: 2D, Ni2+ in square planar 16e ML4 d
8 

2b. Pentazolates 

P21/c at 1 atm 

Ni-N: 1.92-2.02 Å  

2D  

1,3-N5 
~5 Å 

P21/c 50 GPa 

	2D	Ni(cyclo-N5)2	

Ni2+ 
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2b. Pentazolates 

P21/c at 1 atm 

Ni(cyclo-N5)2:	

From	bulk	layered	phase	to	2D	structure		

exfoliation 

     2D Ni(cyclo-N5)2	
	

•  Dynamically stable 
 

•  Thermally stable up to 900 K 
 

Cleavage energy: 0.180 kJ/m2 

 
 (Graphite to graphene:  0.371 kJ/m2 @ SCAN-rVV10) 

Ni2+ Ni2+ 
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2b. Pentazolates 

N

N

N

N

N

Fe

N

N

N

N

N

C5H5
- = N5

-  

Isolobal to ferrocene Fe(η5-C5H5)2 

C

C C

C

C

H

H

H

HH

N

N N

N

N

Lein M1, Frunzke J, Timoshkin A, Frenking G. 
Chemistry. 2001 Oct 1;7(19):4155-63. Iron bispentazole Fe(eta5-N5)2,  

a theoretically predicted high-energy compound:  
structure, bonding analysis, metal-ligand bond strength  

and a comparison with the isoelectronic ferrocene. 

	solid-state	Fe(cyclo-N5)2?	

Fe2+ 
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2b. Pentazolates 

R3 at 1 atm 
MIF 

R3 3D 

	3D	Fe(cyclo-N5)2	

N

N

N

N

N

Fe

N

N

N

N

N

+5.5 eV/mol 

50 GPa 
Fe2+ 
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1 atm: 3D, Fe2+ in octa site, 18e ML6 d
6 



HP: 2D, Fe2+ in octa site, 18e ML6 d
6 

2b. Pentazolates 

14 GPa 

P-1 at 50 GPa 
1,3-N5 

Ir-N: 1.92-2.02 Å  

R3 3D P-1  2D  

	2D	Fe(cyclo-N5)2	

1,2,3-N5 

Quenchable : +60 meV/atom above R3 phase 

50 GPa 

 1.59 Å  
(2.53 Å @1 atm) 

Fe2+ 
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2b. Pentazolates 

42 

1,,2,3,4-N5 

GPa 
Sn4+ 

63 

	3D&2D	Sn(cyclo-N5)4	

MIF 

gilles.frapper@univ-poitiers.fr - 19th online USPEX workshop – 11-13 nov. 2020 
41 



Predicting	polynitrogen	materials 

HP TiN2 & MgN4 compositions  
have been experimentally characterized  
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To summarize… 

N2
q- 

N3
- 

N4 
N6 N6 

HP poly-N4
2- 

exp. 

theo. in MxNy phases 

n 

N5
- 

aesthetic motivation… 

2D 
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To summarize… aesthetic motivation… 

2D 

1D 

3D 
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In a real space (not virtual), future ML-CSP workshop in Poitiers (Fr) ?!  

Any comments, questions?  


