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A B S T R A C T   

The complexes of He, Ne, Ar, Kr and Xe with B3N3H6 were investigated by MP2, CCSD(T), and SAPT ab initio 
methods, and accurate procedures of bonding analysis. These systems are describable as mono-, di-, and tri- 
coordinated to the N atoms, their stabilities following the order N-mono < N-di < N-tri. The binding energies 
are within 1 or 2 kcal mol− 1, and the interactions are dominated by the dispersion. The results are compared with 
those obtained recently from a DFT study on the complexes of He, Ne, Ar, and Kr with larger BN sheets [Phys. 
Chem. Chem. Phys. 24 (2022) 2554–2566.].   

1. Introduction 

Hexagonal boron nitride (hBN) consists of 2D ordered sheets of 
covalently-bound B and N atoms, structurally analogue to the carbon 
sheets of graphite [1]. hBN plays a role in different applied fields. For 
example, it is a convenient lubrificant in vacuum and aerospace, and is 
also employed in metallurgy, electronics, hydrogen storage, polymer 
composites, engineering materials, and biomedical fields [2]. hBN can 
be also grown on metal supports, and the hBN films on metals are ver
satile templates for different adsorbates, including atoms, metal clusters, 
organic molecules, metal–organic complexes, and networks [2]. A best 
assay of the behavior of hBN and hBN/metal supports demands to 
investigate their interaction with the adsorbed species. Valuable insights 
in this regard are, in particular, expected from the study of the in
teractions occurring with the simplest noble gas (Ng) atoms. The 
adsorption of Ng on hBN was indeed already the focus of various 
experimental and theoretical studies [3–9], generally suggesting the 
occurrence of two site-specific adsorption modes, a first one referable to 
van der Waals type contacts, and a second one of polarization type 
originating from the anisotropy of the electrostatic surface potential [9]. 
Nevertheless, the detailed nature of these bonds, and the role of the 
various stabilizing components still remain only partially understood. 
Quite recently, the interaction of He, Ne, Ar, and Kr with a single-layer 
hBN was investigated by an accurate parameterization of an anisotropic 

dressed pairwise potential model (PPM) [10]. To develop the parame
ters involved in the PPM, the complexes of Ng with the exemplary 
B12N12H12, B27N27H18, and B48N48H24 clusters were investigated by 
B3LYP [11,12] density functional calculations (with and without in
clusion of dispersion). The study of the interaction of Ng impinging 
along the perpendicular to the BN sheets highlighted the existence of 
three binding sites, namely the hollow site (H), the site on top of a B 
atom (TB), and the site on top of a N atom (TN). The stability of these 
structures periodically increased when going from Ng = He to Ng = Kr. 
The interaction energies were also decomposed by a natural energy 
decomposition analysis (NEDA) [13], and the NEDA curves for the 
various binding components were fitted with the PPM equations. The 
obtained potentials were eventually employed to explore the interaction 
of up to five Ng atoms adsorbed on the BN sheets. Particularly relevant 
in the present context are the results obtained from the calculations on 
the benchmark systems involving a single Ng. Thus, for any Ng, the 
stability of the various complexes invariably decreased in the order H >
TB > TN, and, for any structure, the major attractive contribution was the 
charge transfer (CT), followed by comparable or nearly comparable 
contributions from polarization (POL) and dispersion (DISP). This result 
was ascribed, in particular, to the polar nature of the B-N bonds of the 
sheets. Based on these findings, it becomes of interest to investigate the 
interaction of Ng atoms with the simplest borazine, C3N3H6 (henceforth 
denoted as Bz). Various systems containing Ng and Bz or its derivatives 
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were already explored by theoretical calculations [14,15], and the 
ability of Ng to form very strong complexes with boron was also ascer
tained [16]. The complexes of Ne, Ar, and Kr with Bz were, in particular, 
recently investigated [17] at the MP2 level of theory [18]. The only 
explored NgBz structure was the H one, whose stability increased in the 
order NeBz < ArBz < KrBz. However, at variance with the Ng interacting 
on H site of the BN sheets [10], the EDA performed according to the 
scheme proposed by Lu and Chen [19], and very recently upgraded as 
the sobEDA method [20], unraveled the by far prevailing role of the 
DISP, with a very minor stabilization arising from POL and CT. This 
discrepancy is hardly referable to a quite different polarity of the B-N 
bonds of the BN sheets and of Bz. For example, the molecular electro
static potential (MEP) [21] of B30N30H18 [22] and Bz [17] are quite 
similar, both featuring points of minimum/maximum at around the N/B 
atoms, with negative/positive values of the MEP. Bz is, indeed, the 
typical precursor of hBN or hBN/metal films [2]. To gain further insights 
into the nature of the interaction of Ng atoms with BN rings, stimulated 
also by our continuing interest for the fundamental aspects of noble gas 
chemistry [23,24], we decided to revisit the complexes of Bz with Ng 
using the Symmetry-Adapted Perturbation Theory (SAPT) [25], and the 
composite method that we recently proposed [26–28] to analyze the 
bonding situation of Ng compounds. The obtained results essentially 
confirmed the picture emerging from the previous MP2 study [17]. 
Thus, either the nature of the bond of Ng with BN is crucially affected by 
the size of the sheet, or the potential employed to investigate the 
interaction of Ng with the hBN substrates [10] should be revisited. The 
accuracy of this potential is indeed crucial for its use in Molecular Dy
namics (MD) simulations [29] able to provide reaction and energy ac
commodation coefficients useful in modelling applied processes [30,31] 
involving rare gases interacting with hBN. Indirect implications are also 
expected for the use of low-energy noble gas (Ne, Ar, Xe) ion beams to 
induce a structural rearrangement of hBN and change its electronic 
properties [32,33]. 

2. Theoretical methods 

2.1. SAPT analysis 

The nature of the bond occurring in the NgBz was first assayed by 
SAPT analysis. In SAPT [25], the total Hamiltonian H of a dimer AB is 
expressed as H = FA + FB + V + WA + WB, where FX (X = A,B) is the Fock 
operator, V is the intermolecular interaction operator, and WX is the 
Møller-Plesset fluctuation operator, in turn defined as WX = HX – FX. The 
ESAPT

int is expanded as a perturbative series, and we presently included the 
following terms:  

the first (1/2) and the second (0/1/2/3) number superscript in paren
thesis indicating the first-/second-order, and the zeroth-/first-/second-/ 
third-order intramonomer electron correlation correction to V and W, 
respectively. The notations in subscript indicate the classical 
(Coulombic) electrostatic energy (elst), the exchange term (exch) that 
results from the antisymmetrization of the wave-function, the induction 
energy (ind) (intended as polarization plus charge transfer), and the 
dispersion energy (disp). The “r” indicates the inclusion of the coupled 
Hartree-Fock (HF) response for the perturbed system. The δEHF

int,r term 
collects the contributions to the supermolecular HF energy beyond the 
second-order of intermolecular operator, the tE(22)

ind is the part of E(22)
ind not 

included in E(20)
ind,r, and ε(1)exch(CCSD) = E(1)

exch(CCSD) − E(10)
exch is the part of 

ε(1)exch(∞) with CCSD intra-monomer excitations. 
ESAPT

int is the sum of Eelst, Eind, Edisp and Eexch terms obtained by the 
following grouping: 

Eelst = E(10)
elst +E

(12)
elst,r +E

(13)
elst,r (2a)  

Eind = E(20)
ind,r +E

(20)
exch− ind,r +

tE(22)
ind + tE(22)

exch− ind + δE
HF
int,r (2b)  

Edisp = E(20)
disp +E

(21)
disp +E

(22)
disp +E

(20)
exch− disp (2c)  

Eexch = E(10)
exch + ε

(1)
exch(CCSD) (2d)  

2.2. Composite bonding analysis 

The NgBz were further assayed using our recently proposed method 
of bonding analysis [26–28]. It relies on the study of the electron density 
ρ(r) [34], the electron energy density H(r) [26,35,36], and the reduced 
density gradient (RDG) s(r) [37,38]. The employed step-by-step pro
cedure [28] is briefly recalled below, and further details are given in 
Refs. 26-28. 

Step 1. Any Ng-X bond (X = binding partner) is first ascertained by 

analyzing the topology of the ρ(r) and locating the corresponding bond 
path (BP) and bond critical point (BCP) (the classical AIM analysis). 

Step 2. The topology of the H(r) of the whole molecule is analyzed. 
This typically produces various critical points (HCPs) of rank 3 and 
signature − 3, − 1, +1, or + 3. The contour lines these points belong to 
are collected as HCP lines, and then combined with a set of standard 
(STD) H(r) lines (typically the patterns ± k × 10n; k = 0, 1, 2, 4, 8; n = -5 
÷ 6). 

Step 3. The HCP/STD lines are plotted as 2D or 3D graphs, whose 
visual inspection allows to assign the bond as of type A, B, or C. As best 
discussed previously [26–28], the H(r) generally partitions the atomic 
space into a inner region of negative values, indicated as H-(r), and an 
outer region of positive values, indicated as H+(r). When two atoms 

Table 1 
Criteria to assign the Ng-X bonds in terms of the sign of the H(r) at around the 
BCP, and of covalency.   

H(r) at around the BCP 

Assignment Ng side X side 

A negative negative 
Bl or Cl positive positive 
Bt or Ct positive negative 

negative positive 
negative negative   

Covalency 

Assignment ρs(ave)a H(Ωs) Notation 

Cov ≥ 0.08 invariably negative H- 

pCov < 0.08 invariably negative H-  

any 
value 

from negative to 
positive 

H+/- (positive on the 
average)    
H-/+ (negative on the 
average) 

nCov any 
value 

invariably positive H+

a ea0
-3. 

ESAPTint = E(10)
elst +E

(10)
exch +E

(20)
ind,r +E

(20)
exch− ind,r + δE

HF
int,r +E

(12)
elst,r +

tE(22)
ind + tE(22)

exch− ind + E(20)
disp + E(20)

exch− disp + E
(13)

elst,r
+ ε(1)exch(CCSD)+E

(21)
disp +E

(22)
disp (1)   
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form a chemical bond, these regions combine in modes that signal the 
nature of the interaction. Particularly for the Ng-X, it is possible to 
recognize three major situations. In interactions of type A, the atoms 
overlap all the contour lines of their outer H+(r) regions, and part of the 
contour lines of their inner H-(r) regions, the bond appearing as a 
continuous region of negative values of H(r), plunged in a zone of pos
itive values. The bond is topologically-signed by a (3,+1) HCP falling on 
the bond axis. Typical examples are covalent bonds, or donor–acceptor 
interactions with some degree of electron sharing. In interactions of type 
B, the H-(r) region of Ng is, again, overlapped with the H-(r) region of the 
binding partner, but i) no HCP does exist on the bond axis, and ii) the Ng- 
X inter-nuclear region includes a region of positive H(r). Typical ex
amples are the complexes of Ng donors with strong Lewis acceptors. In 
interactions of type C, Ng and X overlap only part of their H+(r) regions, 
their H-(r) regions remaining perfectly closed and distinguishable, 
separated by a region of positive H(r). Typical examples are non- 
covalent contacts of variable nature. 

Step 4. The assignment of the bond is refined by examining the H(r) 
along the Ng-X BP, particularly at around the BCP. This serves to confirm 

the interactions of type A, and to distinguish the interactions of type B 
and C into B-loose (Bl) or B-tight (Bt), and C-loose (Cl) or C-tight (Ct). The 
adopted criteria are given in Table 1. 

Step 5. Interactions of type A, Bl/Bt, or Cl/Ct are then assayed in 
terms of covalency. This is accomplished by integrating the ρ(r) and the 
H(r) over the volume Ωs enclosed by the s(r) isosurface associated with 
the Ng-X BCP. The value of the s(r) is chosen by examining, particularly 
at around the BCP, the s(r) vs sign(λ2) × ρ(r) 2D plot [λ2 is the second 
eigenvalue of the Hessian matrix of ρ(r), with λ1 < λ2 < λ3]. The selected 
value is the highest one that still avoids the tails of the atomic densities, 
and typically ranges between 0.2 and 0.5. The average ρ(r), ρs(ave), and 
the average, maximum, and minimum H(r), Hs(ave/max/min) over Ωs 
are, then, calculated and employed to assign the bond as covalent (Cov), 
partially-covalent (pCov) or non-covalent (nCov) according to the 
criteria given in Table 1. 

Step 6. The bond is finally classified using the notations Cov(Type), 
pCov[Type/H(Ωs)], or nCov(Type). For example, Cov(A), pCov(Bt/H-/ 

+), or nCov(Cl). 

Fig. 1. Connectivities and shortest equivalent Ng-B and Ng-N bonds of the NgBz complexes.  
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3. Computational details 

The employed theoretical levels were the Møller-Plesset truncated at 
the second-order (MP2) [18], and the coupled cluster with inclusion of 
single and double substitutions, CCSD, and an estimate of connected 
triples, CCSD(T) [39]. The employed basis sets were the Dunning’s 
correlation consistent aug-cc-pVnZ (n = D, T) (henceforth denoted as 
aVnZ) [40]. The Xe atom was treated with the aVnZ-PP basis set and the 

Stuttgart/Cologne small-core, scalar-relativistic effective core potential 
(ECP-28) [41]. The electronic MP2/aVTZ and CCSD(T)/aVTZ binding 
energies (BEs) (not including the ZPE) were corrected for the basis set 
superposition error (BSSE) using the counterpoise method by Boys and 
Bernardi [42]. 

Complete basis set (CBS) electronic energies were obtained by 
extrapolating the CCSD(T)/aVDZ and CCSD(T)/aVTZ correlation en
ergies using the cubic formula [43]: 

Fig. 2. MP2/aVTZ s(r) = 0.5 RDG isosurfaces of the NgBz complexes. The graphs include the AIM bond paths and critical points (orange: 3,-1: yellow: 3,+1; green: 
3,+3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Ecorr(CBS) =
Ecorr3 × 33 − Ecorr2 × 23

33 − 23 (3) 

The optimized geometries and harmonic frequencies of the NgBz 
were obtained at the MP2/aVTZ level using the Gaussian 09 (G09, 
Version D1) [44]. 

The SAPT [25] calculations were performed with the SAPT2016 [45] 
using the G09 for the integrals calculation. The employed basis set, 
denoted here as aVDZ/mbf, combined the aVDZ with a set of extra 
3s3p2d1f mid-bond functions [46] (three s and three p functions with 
exponents 0.9, 0.3, 0.1, two d functions with exponents 0.6 and 0.2, and 
one f function with exponent 0.3) placed for any NgBz at the midpoint 
on the perpendicular between Ng and Bz. As noted previously [46], 
especially for van der Waals systems of dispersive character, the addi
tion of mbf to a moderately polarized basis set ensures a proper evalu
ation of the interaction energy. 

The ρ(r), the H(r) and the s(r) were calculated at the MP2/aVTZ level 
of theory using G09. Based on an our previous benchmark study [27], 
the use of the CCSD density is expected to produce only minor differ
ences, if any. The ρ(r) is defined by the equation [34]: 

ρ(r) =
∑

i
ηi|φi(r) |

2 (4) 

where ηi is the occupation number of the natural orbital φi, in turn 
expanded as a linear combination of the basis functions. 

The H(r) [26,35,36] is the sum of the kinetic energy density G(r) and 
the potential energy density V(r). The G(r) is defined by the equation 
[34,47]: 

G(r) =
1
2
∑NO

i=1
ηi|∇φi(r) |

2 (5) 

where the sum runs over all the occupied natural orbitals φi of 
occupation numbers ηi. The V(r) is evaluated [34] from the local form of 
the virial theorem: 

V(r) =
1
4
∇2ρ(r) − 2G(r) (6) 

The s(r) is defined by the equation [37,38]: 

s(r) =
|∇ρ(r) |

2(3π2)
1
3 × ρ(r)

4
3

(7) 

The integration of ρ(r) or H(r) over the volume Ωs enclosed by a 
given s(r) was accomplished by producing an orthogonal grid of points 
that encloses the isosurface and applying the formula: 

P(Ωs) =
∑

i(RDG <s)

P(ri)dxdydz, (8)  

where P(ri) is the value of ρ(r) or H(r) at the grid point ri, and dx, dy, and 
dz are the grid step sizes along x,y, and z (dx = dy = dz = 0.025 a0). The 
summation is carried out on all grid points ri having RDG < s. All the 
calculations were performed using s(r) = 0.5. 

The ρ(r), the H(r), and the s(r) were analyzed with Multiwfn (version 
3.8.dev) [19] using the wave functions stored in the wfx files generated 
with G09. The 3D plots of the H(r) = 0 isosurfaces were as well produced 
with Multiwfn. 

Table 2 
MP2/aVTZ optimized distances (Å) of the shortest Ng-B and Ng-N bonds of the 
NgBz complexes (see Fig. 1).   

N-mono N-di N-tri  

Ng-B Ng-N Ng-B Ng-N Ng-B Ng-N Ng-Centrea 

He  3.6388  3.4859  3.4603  3.5968  3.5707  3.5530  3.3367 
Ne  3.5696  3.4136  3.3931  3.5321  3.5710  3.5532  3.3369 
Ar  3.7261  3.5770  3.5607  3.6934  3.7358  3.7189  3.5128 
Kr  3.7383  3.5897  3.5713  3.7037  3.7564  3.7396  3.5347 
Xe  3.8524  3.7083  3.6938  3.8219  3.8799  3.8636  3.6656  

a Centre of the ring. 

Table 3 
Binding energies (kcal/mol) of the NgBz (see Fig. 1) and Ng(B48N48H24).   

NgBz Ng(B48N48H24)a  

MP2/aVTZb CCSD(T)/aVTZb CCSD(T)/CBS SAPT/aVDZ/mbf B3LYP-D3/6-311G(d,p)  

N-Mono N-Di N-Tri N-Mono N-Di N-Tri N-Mono N-Di N-Tri N-Mono N-Di N-Tri TN TB H 

He  − 0.11  − 0.11  − 0.14  − 0.14  − 0.14  − 0.18  − 0.18  − 0.19  − 0.23  − 0.14  − 0.14  − 0.17  − 0.27  − 0.29  − 0.31 
Ne  − 0.21  − 0.22  − 0.25  − 0.27  − 0.28  − 0.32  − 0.53  − 0.55  − 0.59  − 0.28  − 0.28  − 0.32  − 0.82  − 0.91  − 0.92 
Ar  − 0.87  − 0.89  − 0.98  − 0.76  − 0.77  − 0.85  − 1.11  − 1.13  − 1.22  − 0.79  − 0.79  − 0.86  − 1.88  − 1.93  − 2.01 
Kr  − 1.06  − 1.08  − 1.18  − 0.84  − 0.85  − 0.92  − 2.13  − 2.15  − 2.29  − 0.86  − 0.86  − 0.92  − 2.73  − 2.74  − 2.88 
Xe  − 1.33  − 1.34  − 1.46  − 0.97  − 0.98  − 1.06  − 2.64  − 2.66  − 2.82        

a Taken from Ref. 10. 
b Including the BSSE. 

Table 4 
SAPT analysis of the NgBz complexes (see Fig. 1) performed with the aVDZ/mbf 
basis set at the MP2/aVTZ optimized geometries. The values in parentheses are 
the percentage contributions of Eelst, Eind, and Edisp to (Eelst + Eind + Edisp). All 
values in kcal/mol.    

Eelst Eind Edisp Eexch ESAPT
int 

a 

HeBz N- 
mono 

− 0.043 
(12.29) 

− 0.017 
(4.86) 

− 0.29 
(82.86)  

0.21  − 0.14  

N-di − 0.044 
(12.19) 

− 0.017 
(4.71) 

− 0.30 
(83.10)  

0.22  − 0.14  

N-tri − 0.059 
(12.80) 

− 0.022 
(4.77) 

− 0.38 
(82.43)  

0.29  − 0.17 

NeBz N- 
mono 

− 0.22 
(23.73) 

− 0.017 
(1.83) 

− 0.69 
(74.43)  

0.65  − 0.28  

N-di − 0.22 
(23.21) 

− 0.018 
(1.90) 

− 0.71 
(74.89)  

0.67  − 0.28  

N-tri − 0.23 
(21.74) 

− 0.018 
(1.70) 

− 0.81 
(76.56)  

0.74  − 0.32 

ArBz N- 
mono 

− 0.65 
(24.23) 

− 0.083 
(3.09) 

− 1.95 
(72.68)  

1.89  − 0.79  

N-di − 0.66 
(24.02) 

− 0.088 
(3.20) 

− 2.00 
(72.78)  

1.96  − 0.79  

N-tri − 0.72 
(23.74) 

− 0.093 
(3.07) 

− 2.22 
(73.19)  

2.17  − 0.86 

KrBz N- 
mono 

− 1.18 
(28.37) 

− 0.16 
(3.85) 

− 2.82 
(67.79)  

3.30  − 0.86  

N-di − 1.22 
(28.37) 

− 0.17 
(3.95) 

− 2.91 
(67.67)  

3.44  − 0.86  

N-tri − 1.31 
(28.17) 

− 0.17 
(3.66) 

− 3.17 
(68.17)  

3.73  − 0.92  

a ESAPT
int = Eelst + Eind + Edisp + Eexch.  
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4. Results and discussion 

4.1. Geometries and stabilities of the NgBz 

The MP2/aVTZ geometries of the NgBz (Ng = He-Xe) were obtained 
by optimizing the distance of a Ng impinging along the perpendicular to 
Bz kept frozen at its MP2/aVTZ optimized structure (B-N: 1.432 Å, B-H: 
1.192 Å, N-B-N: 116.9◦). Starting from different conceivable interaction 
sites, we located for any Ng three distinct complexes, whose connec
tivities are shown in Fig. 1. All these structures were characterized as 
true minima on the MP2/aVTZ potential energy surface (PES), the only 
exception being the HeBz N-di, featuring a single imaginary frequency of 
11i cm− 1. The employed terminology N-mono, N-di, and N-tri actually 
mirrors the results of the AIM analysis. Thus, as shown in Fig. 2, the only 
located BCPs and BPs were those corresponding to the Ng-N bonds: a 
single/two equivalent/three equivalent BCP(s)/BP(s) for the N-mono/ 
N-di/N-tri. This topology, however, does not imply the exclusive 

occurrence of Ng-N contacts. This emerges also by inspecting the RDG 
isosurfaces associated with the various BCPs, shown as well in Fig. 2. In 
these regions, both the electron density and its reduced gradient are 
small, thus signing non-covalent interactions [38,39]. The surfaces look, 
in particular, generally flat, and covering a rather wide region of space, 
suggesting interactions of Ng with both the B and the N atoms. This 
actually anticipates the dispersive character of the various complexes 
(vide infra). 

The distances of the shortest Ng-B and Ng-N bonds of the NgBz, 
shown in Fig. 1, are quoted in Table 2. 

Like the complexes of Ng with C6H6 [48] and other isoelectronic 
heterocyclic compounds [17], these values generally exceed the sum of 
the van der Waals radii of B/N and Ng. Their differences, however, are 
suggestive of preferential interactions of Ng with B or N. Thus, in the N- 
tri complexes, Ng is sitting at the centre of the ring, and the Ng-B and Ng- 
N distances are comparable, ranging, respectively, between ca. 3.57 and 
ca. 3.88 Å, and ca. 3.55 and ca. 3.86 Å. This was the only isomer reported 

Fig. 3. MP2/aVTZ H(r) = 0 isosurfaces of the NgBz complexes. The graphs include the AIM bond paths and critical points (orange: 3,-1: yellow: 3,+1; green: 3,+3). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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in the recent investigation [17] of the complexes of Ne, Ar, and Kr with 
Bz, and is the corresponding analogue of the H structure located for the 
complexes of He, Ne, Ar, and Kr with B12N12H12, B27N27H18, and 
B48N48H24 [10]. In the N-mono complexes, the Ng-B distances (between 
ca. 3.64 and ca. 3.85 Å) are longer than the Ng-N ones (between ca. 3.49 
and ca. 3.71 Å) by nearly 0.15 Å. On the other hand, in the N-di com
plexes, the Ng-B distances (between ca. 3.46 and ca. 3.69 Å) are shorter 
than the Ng-N ones (between ca. 3.60 and ca. 3.82 Å) by nearly 
0.12–0.13 Å. The N-mono and the N-di NgBz can be, therefore, regarded, 
respectively, as the corresponding analogues of the TN and TB isomers 
located for the complexes of Ng with B12N12H12, B27N27H18, and 
B48N48H24 [10]. These correspondences are also supported by energetic 
considerations. In fact, the order of stability of the NgBz isomers, namely 
N-mono < N-di < N-tri strictly parallels that predicted for the complexes 
of Ng with the larger clusters [10], namely TN < TB < H. The relevant 
data are given in Table 3. 

At any employed computational level, including the MP2/aVTZ, 
CCSD(T)/aVTZ, CCSD(T)/CBS and SAPT/aVDZ/mbf, the N-tri has the 
highest BE, the N-di is less stable by ca. 0.03–0.2 kcal mol− 1, and the N- 
mono is comparably stable or only slightly less stable (by ca. 0.01–0.02 
kcal mol− 1) than the N-di. The stability of any NgBz isomer also in
creases in the expected periodic order HeBz < NeBz < ArBz < KrBz <
XeBz. The CCSD(T)/CBS BEs range, in particular, between − 0.18 and 
− 2.64 kcal mol− 1 for the N-mono, − 0.19 and − 2.66 kcal mol− 1 for the 
N-di, and − 0.23 and − 2.82 kcal mol− 1 for the N-tri, and the values are 
only slightly lower than those predicted, respectively, for the TN, TB and 
H isomers of the Ng(B48N48H24) [10]. The CCSD(T)/aVTZ BEs (corrected 
for the BSSE) of the N-mono, N-di, and N-tri are invariably lower than 
the CCSD(T)/CBS estimates. This difference is, indeed, not surprising in 
the light of previous test studies [49] exploring the accuracy of 
counterpoise-corrected interaction energies compared with CBS esti
mates. In any case, one notes from Table 3 the nearly coincidence of the 
CCSD(T)/aVTZ and the (BSSE free) SAPT/aVDZ/mbf BEs. 

4.2. Bonding character of the NgBz 

The bonding character of the N-tri NgBz (Ng = Ne, Ar, Kr) was 
recently assayed by an EDA of their HF/aVTZ and MP2/aVTZ electronic 
energies, and an AIM, NCI, and NBO analysis of their MP2/aVTZ 
wavefunction [10]. These complexes resulted to be stabilized mainly by 
the dispersion, its role being by far prevailing over that of the polari
zation. The AIM and NCI indices were also consistent with this sugges
tion, and the NBO unraveled only minor charge transfers of 0.0019, 
0.0068, and 0.0089 e from Ng to Bz. This picture is, however, different 
from that emerging from the NEDA of the complexes of He, Ne, Ar, and 
Kr with B12N12H12, B27N27H18, and B48N48H24 [10]. For these systems, 

in fact, the major attractive term resulted to be the charge transfer, 
followed by contribution from polarization or from dispersion. The 
description was substantially similar for the H, TB, and TN isomers, and 
the relative role of the various terms was also nearly independent on Ng. 
To gain further insights into this issue, we performed the SAPT analysis 
of the NgBz (Ng = He-Kr). The obtained results, given in Table 4, 
confirm the dispersive bonding character predicted for the N-tri isomers 
[10], and unveil a quite similar bonding situation for the N-mono and N- 
di. 

In any NgBz, in fact, the Edisp is the by far dominating term, with 
percentage contributions to the attractive interaction that arrive up to 
more than 82 % in the HeBz. This percentage progressively decreases in 
the complexes of the heavier Ng, but still remains close to 70 % in the 
KrBz. Meanwhile, the role of Eelst progressively increases, passing from 
ca. 12–13 % in the HeBz to ca. 28 % in the KrBz. The percentage 
contribution of Eind (in SAPT this term includes also the CT) is, instead, 
only minor (ca. 2–4 %). This description challenges the indication 
emerged in the recent study [10] of prevailing inductive and charge 
transfer interactions in the complexes of Ng with BN rings of larger size, 
and stimulates their re-examination by SAPT or other comparably ac
curate EDA schemes. 

The dispersive character of the NgBz emerged from SAPT is fully 
consistent with the results of the bonding analysis. The relevant data are 
given in Fig. 3 and Table 5. 

In any NgBz, the H(r) = 0 isosurfaces of Ng and Bz (Fig. 3) are 
perfectly closed, and well separated by a wide region of positive values 
of H(r). The BCPs on the Ng-N bonds are also falling into this region, and 
the H(r) at around the BCPs is positive for a long stretch of the BP. All 
these contacts are, therefore, assigned as Cl. The numerical indices of 
these bonds (see Table 5) are also typical of non-covalent contacts, 
including, in particular, ρS(ave) of less than 0.0050 e a0

-3, and values of H 
(r) that are invariably positive over the probed s(r). All the Ng-N bonds 
are, therefore, assigned as nCov(Cl). Finally, the already noted rather 
extended shape of the s(r) isosurfaces associated with the various BCPs 
(see Fig. 2) is as well typical of dispersive interactions. 

The bonding situation of the NgBz finds a reasonable explanation in 
the electronic structure of Bz. Thus, as confirmed also by recent high- 
resolution X-ray diffraction experiments [50], the B3N3 ring is only 
weakly aromatic with an island-like electronic delocalization involving 
only the N atoms. In essence, the Ng atoms interact with both the B and 
the N atom(s), but the stability of the NgBz mainly arises from the 
contact with the electron-rich N, capable of forming decisively intense 
dispersive contacts. Such contacts do not occur at the electron-poor 
boron atom(s), also incapable of developing comparably strong bonds 
of inductive character. 

Table 5 
MP2/aVTZ type and properties of the Ng-Bz bonds (see Fig. 1) calculated over the s(r) = 0.5 RDG isosurface at around the BCP. Ωs is the volume (a0

3) enclosed by s(r), 
and N(Ωs), ρs(ave), and Hs(ave/max/min) are, respectively, the total electronic charge (me), the average electron density (e a0

-3), and the average, maximum and 
minimum value of H(r) (hartreea0

-3) over Ωs.   

Isomer Type Ωs N(Ωs) ρs(ave) Hs(ave/max/min) H(Ωs) Assignment 

HeBz N-mono Cl  0.0948  0.14  0.0015 0.000465/0.000540/0.000416 H+ nCov(Cl)  
N-di Cl  0.2250  0.30  0.0013 0.000446/0.000517/0.000378 H+ nCov(Cl)  
N-tri Cl  0.6951  0.94  0.0013 0.000466/0.000529/0.000403 H+ nCov(Cl) 

NeBz N-mono Cl  0.2028  0.57  0.0028 0.000613/0.000651/0.000566 H+ nCov(Cl)  
N-di Cl  0.4298  1.08  0.0025 0.000587/0.000624/0.000524 H+ nCov(Cl)  
N-tri Cl  1.0863  2.40  0.0022 0.000587/0.000645/0.000511 H+ nCov(Cl) 

ArBz N-mono Cl  1.3370  4.32  0.0032 0.000648/0.000991/0.000399 H+ nCov(Cl)  
N-di Cl  1.1193  4.24  0.0038 0.000712/0.000874/0.000590 H+ nCov(Cl)  
N-tri Cl  2.3749  8.09  0.0034 0.000685/0.000829/0.000540 H+ nCov(Cl) 

KrBz N-mono Cl  2.0305  8.14  0.0040 0.000717/0.00102/0.000464 H+ nCov(Cl)  
N-di Cl  2.1022  8.97  0.0043 0.000728/0.000897/0.000434 H+ nCov(Cl)  
N-tri Cl  3.0578  13.0  0.0043 0.000758/0.000879/0.000586 H+ nCov(Cl) 

XeBz N-mono Cl  3.0286  13.5  0.0044 0.000626/0.000943/0.000444 H+ nCov(Cl)  
N-di Cl  3.1156  14.5  0.0047 0.000624/0.000789/0.000415 H+ nCov(Cl)  
N-tri Cl  4.0025  18.8  0.0047 0.000655/0.000784/0.000510 H+ nCov(Cl)  
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5. Concluding remarks 

The calculations performed in this study unveil the dispersive char
acter of the non-covalent bonds occurring between the noble-gas atoms 
and B3N3H6. The interaction may occur by different modes, describable 
as mono-, di-, and three-coordinated complexes of Ng with the N atom 
(s), whose stability increases in the order N-mono < N-di < N-tri. Ng 
interacts indeed with both the B and the N atom(s) of Bz, but the 
decisively-intense dispersive contacts involve the electron-rich nitro
gens. This situation is different from that emerged from a recent DFT 
study on the interaction of Ng with larger BN sheets such as B12N12H12, 
B27N27H18, and B48N48H24 [10], whose major binding components were 
identified as the polarization and charge transfer. These different de
scriptions invite further investigation. Accurate potentials for Ng inter
acting with BN sheets are, indeed, also crucial to build accurate PESs for 
MD simulations of surface processes of technological interest involving 
noble gases and BN-based surfaces. These simulations will help to 
highlight the different interaction dynamics for impinging species 
depending on whether they impact site B or N and will also allow 
defining the quantities needed for modeling experimental processes, 
occurring on longer temporal and length scales, such as surface reaction 
rates and charge exchange. 
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