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Aerogen Bond   (18 NgB) 
[He Ne ArKr Xe Rn] 

 

Aerogen Bond  

[Xe]   [I] [Se] 

 NgB. ACS. 02  

MEP  TED (ρ) 

 

 

(a) IFO, (b) SeF2, and (c) XeF2O 

θ = 0° corresponds to a point 
 Directly opposite the F--O midpoint in IFO 
 F--F midpoint in SeF2,  
 The Oatom of XeF2O 

MEP  TED (ρ) 
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(a )XeF4  (b) IF3. 

θ = 0° corresponds to a point 
 Directly opposite F--F midpoint in XeF4  
 Equatorial F atom of IF3 

 

Aerogen Bond  
[Kr Xe] 

 NgB. ACS. 01  

MEP 
 

 

 Isolated KrOF2 and XeOF2 
 MP2/aug-cc-pVDZ level 
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Aerogen Bond  
[Kr Xe] 

 NgB. ACS. 01  

MP2-optimized structures 

 

 AeOF2 (Ae=Kr, Xe) engages in noncovalent aerogen bonds with diazines, of both σ-hole and π-hole 
type.  

 σ-hole species are several times stronger than typical H-bonds 
 

 

Aerogen Bond  
[Kr Xe] 

 NgB. ACS. 01  
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Aerogen Bond  

[Kr Xe] 

 NgB. ACS. 01  

Molecular graphs 
MP2/aug-cc-pVDZ 

 

 

 Small green dots represent critical points 
 

 

Plots of the RDG versus sign (λ2)ρ 

Noncovalent interaction regions 
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Electron density shift 

MP2/aug-cc-pVDZ level 
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 Brown contours: Electron density accumulations  
 Purple contours: Electron density loss 

 

 

MP2 optimized structures of π-hole bonded AeOF2 (Ae = Kr, Xe) complexes with diazines 
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Aerogen Bond  
[Kr Xe] 

Aerogen (Ng) bonded ternary 
complex 

NH2CN…KrO3…HF 

NgB. ACS. 01  

MEP  TED (ρ) 

 

 NH2CN, KrO3, HF  
 Aerogen bonded ternarycomplex, NH2CN…KrO3…HF along with their corresponding dimers 

 

 

Aerogen Bond  
[Ar Kr] 

Aerogen (Ng) bonded  
trimers and dimers  

NgB. ACS. 01  

QTAIM bond critical points 
MP2/6-311++G(d,p)  
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Aerogen Bond  

[Ar] 

Aerogen (Ng) bonded  

Dimers, Ternary complexes 

NgB. ACS. 01  

 

Optimized geometries 
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Aerogen Bond  

[Ar Kr] 

 NgB. ACS.  06 

Structures of Ng compounds 
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Aerogen-bonded 3–6, anion-π 7–12, lone pair-π 13–18, and multi-component complexes 19–30 

 

 

Optimized structures Aerogen Bonded species 

 

 

 

 

MESP-----π-acidic heteroaromatic rings 
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 Intermolecular distances (R; Å) 

 Interaction energies (Eint; kcal/mol) 

 Electron density (ρbcp; 10−3 au) 

 Laplacian (∇2ρbcp; 10−3 au) of Electron density 
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 Total electron energy density (HBCP; 10−3 au) at BCPs 
Aerogen bonded, anion-π, lone pair-π complexes 

NCI isosurface 

Reduced density gradient (RDG) versus sign (λ2)ρ 

 

 

 

Multicomponent complexes 
 

NCI isosurface 
 

Reduced density gradient (RDG) versus sign (λ2)ρ 
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Aerogen Bond  
[He, Ne, Ar, Kr, Xe, 

Rn] 

M = Cu, Ag, Au;  
X =  [F, Cl, Br, I) 

NgB. ACS. 05  

Optimized geometry 

 
Hyperconjugative interaction 
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Aerogen Bond  
[He Xe] 

 NgB. ACS. 09  

Connectivities 
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Aerogen Bond  

[Ar, Kr,Xe] 

MP2/aug-cc-pVTZ/SDD 
:GeomOpt 

NgB. ACS. 09  

NBO atomic charges 

MP2/aug-cc-pVTZ/SDD 
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Aerogen Bond  
[Ar, Kr,Xe] 

MP2/aug-cc-pVTZ/SDD 
:GeomOpt 

NgB. ACS. 09  

Decomposition paths of 
 

HHeFHeH+ and HNeFNeH+ 
 

 
 

 [GeomOpt//vib Freq] : CCSD(T)/aug-cc-pVTZ/SDD//MP2/aug-cc-pVTZ/SDD 
 Temp: 0 K 

 
 

Decomposition paths of HNgFNgH+ (Ng )Ar, Kr, Xe) 
 
 

 
[GeomOpt//vib Freq] :CCSD(T)/aug-cc-pVTZ/SDD//MP2/aug-cc-pVTZ/SDD 
Temp: 0 K. 
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Aerogen Bond  
[He Kr Xe] 

 Minimum 
 Transition states 

NgB. ACS. 12 

Connectivititystructures 
FNgBN 

 
 
 

Contour lines diagrams 

 

Laplacian of the electronic charge density 

MP2/aug-cc-pVTZ/SDD 
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 Red lines:  Regions of charge depletion (-32F(r) < 0)  
 BlackLines : Charge concentration (-32F(r) > 0) 
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Aerogen Bond  
[Xe] 

 NgB. ACS. 15 
 

Aggregate of K4Xe3O12 platelets 

 
 

XeO3 
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 Xe···O aerogen bonds 
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Aerogen Bond  
[Xe] 

 NgB. ACS. 15 

 

 
 

 

 

Aerogen Bond  
[Xe] 

 NgB. ACS. 17 

ESP---- XeF2 
MOs, NCIPlots—of----NCS bond 
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ESP---- XeF4 
MOs, NCIPlots—of----NCS bond 

 

 

sigma-hole + pi-holes  
on same Ng atom 

 

Aerogen Bond  
[Kr Xe] 

sigma-hole + 
pi-holes  

on same atom 

NgB. ACS. ; 

ESP----- KrOF2 ;XeOF2 

 
 

Two binding modes of XeOF2···NCCH3 complexes 
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Bonding modes 
MP2/aug-cc-pVDZ 
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Nobel gas compounds 
[He Ne ArKr Xe Rn] 

 
 

Ng Bond  
[Xe] 

 NgB. ACS. 07  

AuXeF bonds 
 

 
 
 

Ng Bond  
[Ar Kr Xe] 

 NgB. ACS. 07  

Laplacian of electron density 
(3,−1) CPs 
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Ng Bond  

NgA: [Ar Kr Xe] 

 NgB. ACS. 07  

ELF(2D-) 

AuNgF 

 

 

 DFT(B3LYP)/TZ2P 
 ZORA included to take care of relativistic effects 
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Ng Bond  
[Ar  Xe] 

 NgB. ACS. 07  

 
ELF(3D-)—AuArF 

DFT(B3LYP)/Def2-TZVPPD 

 

 

 

 

ELF(3D-)—AuXeF 

CCSD/Def2-TZVPPD 
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 Red patch :Bisynaptic bonding basin  
 Corresponds to covalent-polarized Au−Xe bond with a very high delocalized electron 

density 
 

 

ELF(3D-)—AuXe+ 

 

DFT(B3LYP)/Def2-TZVPPD 

 

 

 

ELF(3D-)—Au2--- AuXe2 
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ELF(3D-)—Au2--- [AuXe]+ 

 

DFT(B3LYP) + ZORA 

 

 DFT(B3LYP) + ZORA: The electronic shells K, L, M, N, and O of 
1s22s22p63s23p63d104s24p65s24d105p6 electron configuration of xenon are depicted 
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Hydrogen Bond 
1. HyB 

 

Hyrogen Bond  

[H] 

 (H2O)D(H2O)A 
 (HCN)A(H2O)D 
 (HCN)D(H2O)A 

NgB. ACS.  03 

MESP   

 

 

Hydrogen bond formation in dimers 

(H2O)D(H2O)A, (HCN)A(H2O)D, and (HCN)D(H2O)A 

 Consequent change in MESP 
 

 Ternarycomplexes  

1D(H2O)A ≡ (H2O)D2A and 3D(HCN)A ≡ (H2O)D1A 

MESP 
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TtB  ChBPtB 
TtB  ChB   PtB 

[Si]  [O]   [P] 

 Dimers (XDYA, YDZA)  
 Ternary complexes 

[XY]DZA or XD[YZ]A 

NgB. ACS.  03 

 
Optimized geometries 
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MESP 
Tetrel-bonded 
Dimer Trimer  
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Tetrel Bond  

[C Si] 

 Ternary complexes  
 Dimer 

NgB. ACS. 01  

 

Secondary interactions weak  

 

 

 

 Green fragmented lines represent secondary interactions 
 

 

Tetrel Bond 
14 TtB 

sigma-hole + pi-holes  
on same molecule 

 

Tt Bond  

[Ge] 

sigma-hole + 
pi-holes  

on same molecule 

NgB. ACS. 16 

Ge-O NBO bonding and antibonding orbitals of GeF2O
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MESP  TED (ρ) 

 

o Molecular plane is at a distance of 2.5 Å fromGe atom 

Optimized Geomof GeF2O…NH3  

 mp2/aug-ccpVDZ 



 

AAACNN  SupInf Fig (Sif) Aerogenbonds                                                                               727 
 

 

 

 

 

Tetrel Bond  

[C Ge] 

 NgB. ACS. 02  

 

 

 

 

 

Tetrogen Bond  

[C Ge] 

 NgB. ACS. 02  

MEP 
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(a )H2CO, (b) F2CO, and (c) F2GeO 

 

MESP  TED (ρ) 

 

 

 

 

 

(a )H2CO, (b) F2CO, and (c) F2GeO 

θ :Displacement of point of reference out of the molecular plane 

 

Tetrel  Bond  

[C Ge] 

 NgB. ACS. 02  

Localized orbitals 
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π(TO) bonding orbital of (a) F2CO, (b) H2CO, (c)F2GeO 

 

 

Tetrel Bond  

[F2CO…NH3]  

[F2GeO…NH3]  

 

 

 NgB. ACS. 02  

Localized orbitals 
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NBO localized orbitals of NH3 N lone pair and π*(T−O) for(a) F2CO and (b) F2GeO. 

 

 

 

Tetrel Bond  

 

 NgB. ACS. 02  

Density shiftsF2CO··NH3 

 

 Numbers refer to NBO atomic charge changes 
 Red and blue regions :loss and gain of density 

 

 

 

Tetrel Bond  

[Se N As Br Zn] 

 NgB. ACS. 02  

MEP  TED (ρ) 
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(a )SeO3, (b) NFO2, (c) AsFO2, (d) BrNO2, and (e) ZnF4 

 Red and blue : negative and positive regions 
 

Lone pair 

 

 

 

 

NBO π*(As−O) orbital of AsFO2 
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 Red and blue : opposite phase of wave function. 
 

 

 

Pnictogen( orPnicogen) bonds 
15PnB 

 

pnictogen Bond 

Carbon(Tt)bond 

 NCF…OH2 
 NC(…OH2)F 

NgB. ACS. 16 

σ-hole and pi-hole 

Optimized structures 
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Chalcogen Bond 
16 ChB 

sigma-hole + pi-holes  
on same molecule 
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Chalcogen Bond  

[S Se Te Po] 

sigma-hole + 
pi-holes  

on same molecule 

NgB. ACS. 16 

Cis and Trans arrangements  

 

 

Chalcogen Bond  

ChA: [S Se Te Po] 

sigma-hole + 
pi-holes  

on same molecule 

NgB. ACS. 16 

Cis and Trans --- σ-hole and pi-hole 

H3N…ChA…NH3 
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Halogen Bond 
17 HaB 

 

Halogen Bond  

[Cl] 

 Ternary complexes  
 Dimer 

NgB. ACS. 01  

 

MESP 
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Halogen Bond  

[I ; F ] 

 

Ternarycomplex,  

NaH…HCN…CF3H 
NgB. ACS. 01  

NCov Bond  

[NaH, HCN, CF3H] 

 

 

 

 NaH, HCN, CF3H  
 Dihydrogen bonded ternary complex, NaH…HCN…CF3H along with their corresponding dimers 
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Halogen Bond  

[I ; F ] 

 NgB. ACS. 17 

ESP---frontier orbitals 
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Aerogen Bond  

[Xe] 

 NgB. SD. 26 

ESP (above; isovalue=0.001 au) 
red > 40.9; blue < 0 

Black and blue :circles surface maxima and minima 
 

 

 

ELF  (belowisovalue=0.75 au) 
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Aerogen Bond  
[Ke Xe] 

 NgB. SD. 26 

 

 

Isolated monomers SEAB complexes 

MEP maxima (VS,max, kcal/mol) Binding distance (Rint, Å) 

MEP minima (VS,min, kcal/mol) Binding angles (θO-Z···C, °)  
 Interaction energy (Eint, kcal/mol) 

 
 

 

 

SEAB complexes 
Topological parameters Charge  

 Electron density (at BCP, ρBCP), 
 

 NBO atomic charge change (Δq)of Z atom 

 Laplacian, ∇2ρBCP  Charge-transfer energy (E(2)) 

 Total electron energy density, HBCP  Net charge-transfer (qCT) 
  Wiberg bond index (WBI) 
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Ternary complexes 
SEAB distances  (RZ···C, Å)  Total interaction energies  

 
(Eint,total, kcal/mol) 

Relative changes to 
 binary complexes  

(ΔRZ···C, Å)  Interaction energies  
of SEAB  

(Eint, Z···C, kcal/mol) 

   Cooperative energies  (Ecoop, kcal/mol) 
 

 

Aerogen Bond  
[Xe] 

 NgB. SD. 26 

 

 

 

 

Interaction energies of SEAB in the trimers 

Eint,AB(T) = EABC − (EA + EBC) – Eint,AC(T) 
 

Total energy of triad EABC  Energy of fully relaxed EBC 

Energy of the isolated  
optimized A monomer 

EA  Energy of dyad BC 

Interaction energy of AC pair 
 in the geometry of triad 

Eint,AC(T)    

 

Cooperative energies 
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Ecoop=Eint,ABC − Eint,AB − Eint,BC – Eint,AC (T) 
 

Interaction energy 

Of ternary complex 

Eint, ABC  Eint,AB Interaction energy 

isolated binary complexes 

   Eint,BC  

 

 
 

Aerogen Bond  
[Xe] 

 NgB. SD. 26 

Non-covalent interaction (NCI) isosurface 
 

Reduced density gradient (RDG) versus sign (λ2)ρ 

 

 

Electron density shift 
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Non-covalent interaction (NCI) isosurface 
 

Reduced density gradient (RDG) versus sign (λ2)ρ 
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Aerogen Bond  
[Kr Xe] 

Aerogen-hydride 
interaction 

NgB. SD. 27 

ESP: red > 40.9;; blue < 0 

 

 σ-hole associated with Kr-O or Xe-O bond 
 Red > 40.9; 20.0 < yellow < 40.9; 0 < green < 20.0; blue < 0 

 

 

Aerogen Bond  
[Kr Xe] 

Aerogen-hydride 
interaction 

NgB. SD. 27 

Electron density difference 
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 Red and green regions : decreased and increased electron densities 
 

 

 

 

 

 



 

AAACNN  SupInf Fig (Sif) Aerogenbonds                                                                               746 
 

Aerogen Bond  
[Kr Xe] 

Aerogen-hydride 
interaction 

NgB. SD. 27 

 

 

 

 

Aerogen Bond   NgB. SD. 28 

Interactions 
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Aerogen Bond   NgB. SD. 28 

ESP: red >18; blue < 0 
 

 

 

Opt Geometries 
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 ΔECP : Interaction energies corrected for BSSE  
 ΔE :Uncorrected for BSSE 
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Molecular maps 
Aerogen–bonded stable complexes 

 

 

 

 

Gradient isosurfaces 
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 Interactions 

Blue Strong attractive 

Green Weak attractive 

Orange Weak repulsion 
 

 

 



 

AAACNN  SupInf Fig (Sif) Aerogenbonds                                                                               751 
 

Electron density shifts 

 

Blue Decreased electrondensity 

Red Increased electron density 
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Aerogen Bond  
[Kr] 

 NgB. SD. 25 

Optimized structures 
M06-2X/def2-TZVPPD 

 

 

ESP  on contour of the electronic density 
M06-2X/def2-TZVPPD 

red >30; blue < 0 
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Non-covalent interaction (NCI) isosurface 

Reduced density gradient (RDG) versus sign (λ2)ρ 
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(KrF2O)2 and (XeF2O)2 complexes 
 

Ng Bond 
[Xe] 

 NgB. SD. 20 

Charge difference densityLiXeF 
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Ng Bond  
[Kr Xe   Rn] 

 NgB. SD. 20 

OptGeom 
B3LYP, MP2 and CCSD(T) 

 

 

 

Aerogen Bond  
[Xe] [Te] 

 NgB. SD. 40 

ESP 

 

X-ray structure MESP of XeO3  

 

ESP 
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Aerogen Bond  

[Ar  Kr  Xe] 

 NgB. SD. 40 

Species Binary 
 

 

 

Aerogen Bond  
[Xe] 

 NgB. SD. 40 
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ESP 
MP2/aug-cc-pVTZ 

 

 

AIM distribution of critical points 

MP2/aug-cc-pVTZ 

 

 1(r) values at the bond critical points are in atomic units (a.u.). 
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Aerogen Bond  
[Xe] 

 Aaerogen -–Pi-interactions NgB. SD. 39 
 

 

 ESP  

 

Xe-Complexes  
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 Optimized geometries 
RIMP2/aug-cc-pVTZ 
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CPs and bond paths 
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Aerogen Bond  
[He, Ne, Ar] 

 NgB. SD. 03 

CCSD(T)/aVTZ bond distances 
He, Ne, Ar, 

 

Isodensity surface-- CCSD/aVTZ MEP 



 

AAACNN  SupInf Fig (Sif) Aerogenbonds                                                                               762 
 

 

 ArBeO (a, b) ; HF (c) 
2D-plots of H(r) 

 

 Solid/brown and dashed/blue lines : positive and negative values) 
 Blue dot : BCP 
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Aerogen Bond  
[Ar Kr Xe] 

 NgB. SD. 12 

 

https://doi.org/10.1016/j.ccr.2019.213112 

X-ray structure of XeO3  

 

MEP surfaces --- MP2/aug-cc-pVQZ 

 

 

  

https://doi.org/10.1016/j.ccr.2019.213112
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Aerogen Bond  
[Xe] 

 NgB. SD. 12 

Xx 

 

 

 

Distribution of bond CPs (in red) 

 

 

 X-ray structure of XeF4 (from ICSD) 
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(b,c) MEP surfaces (MP2/aug-cc-pVQZ)  
(d) XeF4 with lone pair 

Ng·· ·p and LP–p complexes 

 

 

Clusters of (XeOF2)n=2–6 
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 (a,b) MEP surfaces XeF2 (MP2/aug-cc-pVQZ).  
 (c) X-ray structure of XeF2·XeF4 co-crystal  

Distances in Å  

  

Distances in Å 

  

 

Distances in Å  
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Distances in Å   

 

 

 

Aerogen Bond  
[Ar Kr Xe] 

 NgB. SD. 16 

 BAB bonded complexes  
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MEP onto the van der Waals surface  

                                                         DHB-H                                                   ArO3  

 

 red >28 ;  blue < 4  ;   

 

 VS,max and VS,min values in table are in kcal/mol 
 

 Electron density shift isosurfaces  

 

 Violet and yellow colors:  regions of decreased and increased electron densities 
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Ng Bond  
[Kr Xe ] 

 NgB. SD. 23 

ESP  : red > 40;; blue < 0 

ELF (0.75 au) isosurfaces 

 

 aug-cc-pVTZ-PP basis set for Xe 
 All-electron aug-ccpVTZ for all other atoms 
 Theory level: MP2 
 Black circles: σ-holes at Z (Kr, Xe) associated with the Z-O bond  

 

Electron density difference plots (±0.004 au)  

KrO3:X- complexes 

 Electron densities   -- Violet: decreased;  yellow:  increased  
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Non-covalent interaction (NCI) isosurface 

 Reduced density gradient (RDG) versus sign (λ2)ρ 

 

Aerogen Bond  
[He, Ne, Ar, Kr, Xe] 

NgBC47reference set NgB. SD. 41 

Bond distances 

Ng = He, Ne, Ar, Kr, Xe 
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H(r) plot 
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 Red dots: HCPs 
 Solid/brown and dashed/blue lines : Positive and negative values 

 
  Plots of  H(r) and s(r) 

 

Plots of 3D- H(r) and Iso-surface of s(r) 
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 (a, b, c): 3D-plots of the H(r) =0 ; s(r) = 0.4 isosurfaces for  Ng-H-OH2+   (Ng = He, Ne, Ar). 
 (d, e) : 2D plots H(r) of He-BeO and Ne-BeO 

 

Plots of 2D-and 2D- H(r) and Iso-surface of s(r) 
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 (a, c, e): 2D-plots of H(r) in planes containing nuclei  
o solid/brown and dashed/blue lines : positive and negative values 
o Red dots : HCP 

 (b, d, f): 3Dplots of the H(r) = 0 
 

 

Connectivities 
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Plots of 2D- and 2D- H(r) and Iso-surface of s(r) 
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 2D-plots of H(r)  
 Symmetry planes of HHeNH3 +, HeBO+;  HeO(LiF)2, and FNeBN- 

a, b, 

c, e 

 Red dot :  HCP c 

 3D-plot of the s(r)= 0.4 isosurface of HeO(LiF)2 d . 
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Plots of  2D- H(r)  

 

 2D-plots of H(r)   
 Symmetry planes of ArOH+ (1A' and 3Σ-),  

FArCH3, HArBeCl3 a-d 
 Red dot :  HCP 
 solid/brown lines : positive 
 dashed/blue : negative values 
 3D-plot of the s(r) = 0.3 isosurfaces of HArBeCl3. e 
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Aerogen Bond 
[He, Ne, Ar, Kr, Xe] 

 NgB. SD. 41 

 

If Hs negative (H-), or 
range from negative to positive,  
being on the average positive (H+/-) or 
negative (H-/+). 

Then pCov 
 

 

Ng-X bonds classification Probe 

 Covalent (Cov) 
 Partially-covalent (pcov) 
 Non-covalent (nCov) 

 H(r) plot 
 Values Hs that the H(r) takes over the volume 

enclosed by the s(r) = 0.4 isosurface at around the 
AIM BCP 

 

 

 


