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ABSTRACT: The structure, stability, and harmonic frequencies of the (XeHXe+)L 

complexes (L = N2, CO, H2O, NH3) were investigated by ab initio and density functional 

theory (DFT) calculations. Their bonding situation was also assayed by Natural Bond 

Orbital (NBO), Atoms-in-Molecules (AIM), and Energy Decomposition (EDA) analyses. 

For any L, we located a linear and a T-shaped isomer, whose energy difference 

progressively increases in the order N2 < CO < H2O < NH3, and ranges from nearly 0 to 

4.5 kcal mol-1. The absolute complexation energies of both the linear and the T-shaped 

isomers also increase in the same order, and their EDA analysis revealed the prevailing 

contribution of electrostatic interactions. The non-covalent character of the bonding 

between XeHXe+ and L was confirmed by the AIM analysis. In particular, we based on the 

joint use of numerical AIM indices, and graphic examination of the local Hamiltonian 

kinetic energy density, K(r). Interestingly, this function visually signs the “covalent” 

regions occupied by XeHXe+ and L, and the “non-covalent” zones existing between them, 

which include, in particular, the bond critical point located on the Xe-L bond paths. Only 

for the linear (XeHXe+)NH3, the AIM analysis suggested an onset of covalency in the 

xenon-nitrogen interaction. Further work is in progress to examine the effectiveness of 

K(r), and its plotted forms, as a signing function of the bonding situation of noble-gas 

compounds. 

 

Keywords: AIM and NBO Analysis - Hamiltonian kinetic energy density - Noble Gases - 

Theoretical Calculations - Xenon Cations 
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1. INTRODUCTION 

 

The chemistry of the noble gases is currently enjoying fascinated interest, stimulated 

also by some noticeable, and somewhat unexpected advances achieved in the last two 

decades.1-4 Particularly relevant in this regard was the contribution of the Helsinki’s 

group, who discovered an entire new family of noble gas molecules.5-8 These species 

have general formula HNgY (Ng = noble gas atom; Y = electronegative fragment), and 

are obtained by photodissociation of HY in a cold Ng matrix. Observed molecules 

include HArF, a first (and to date unique) neutral argon compound,9 more than twenty 

HKrY and HXeY,5-8 and the dinuclear HXeCCXeH,10 and HXeOXeH.11 Non-hydrogen 

species such as ClXeCN and BrXeCN were also detected.12 Interestingly, in the cold 

environment of the solid matrices it is also possible to trap noble-gas ions, including, in 

particular, the most extensively investigated NgHNg+ (Ng = Ar, Kr. Xe). These species 

are simplest benchmark cases of solvated ions, and, over the years, they have attracted 

sustained experimental and theoretical interest.13-41 The NgHNg+ are produced by UV 

photolysis of hydrogenated molecules, by deposition through discharge, and by fast-

electron irradiation.13,18,20,21,23,32 They possess a linear, centrosymmetric structure 

(D∞h),14,24,26,34,37 and are identified by their characteristic ν3 infrared (IR) absorption, 

and intense ν3 + nν1 (n = 1 - 4) combination progression, that arises from the strong 

coupling of the two modes.21,23 The investigation of these vibrational patterns,22,24-

26,33,37,38 and the mechanisms of the annealing-induced decay processes15-17,30,31 are 

indeed major themes in the chemistry of the NgHNg+. Over the years, the interest was 

also extended to the mixed ions ArHKr+, ArHXe+, and KrHXe+.26,27,32,33 
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The NgHNg+ are covalently bound, and it becomes of interest to speculate on their 

conceivable behavior as core units of larger complexes. The interaction with additional 

Ng atoms was indeed investigated by various theoretical methods,13,34-36,39 but the 

complexes of the NgHNg+ with molecular ligands (L) have to date received only little 

attention. The only available evidence is the study performed in 2006 by Lignell et al.,42 

who studied the interaction of ArHAr+ and KrHKr+ with molecular nitrogen, and 

unraveled the formation of the singly-coordinated (NgHNg+)N2 (Ng = Ar, Kr). The 

calculations revealed two conceivable isomers, namely a linear structure with N2 

coordinated to one of the Ng atoms, and a T-shaped structure with N2 coordinated to the 

H atom. The latter was predicted to be slightly more stable, but the IR experiments 

pointed to the exclusive formation of the linear complex. It was thus speculated that the 

T-shaped structure did not fit the vacancies of the Ng lattice.42 In general, the stability 

of homologue noble-gas compounds tends to increase moving down in the group. Thus, 

the ascertained existence of (ArHAr+)N2 and (KrHKr+)N2 suggests the conceivable 

stability of (XeHXe+)N2, and hints also to a probably large class of (XeHXe+)L. This 

expectation was confirmed by the present calculations, that revealed, in particular, the 

stability of the complexes of XeHXe+ with the exemplary ligands N2, CO, H2O, and 

NH3. The structure and bonding properties of these ions will be discussed in the present 

article. 
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2. COMPUTATIONAL DETAILS 

 

The ab initio calculations were performed with the Gaussian 03.43 The employed 

methods were the second-order Møller-Plesset (MP2)44 and the coupled cluster with 

inclusion of single and double substitutions and an estimate of connected triples, 

CCSD(T).45 The Xe atom was treated by the small-core (28 electrons), scalar-relativistic 

effective core potential (ECP-28) developed by the Stuttgart/Cologne group,46 and the 

employed basis set was the aug-cc-pVTZ-PP, obtained combining the Dunning’s 

correlation consistent triple-zeta basis sets for H, C, N, and O,47 with the 

(13s12p10d2f)/[6s5p4d2f] basis designed for Xe in conjunction with the ECP-28.46 Both 

the MP2 and the CCSD(T) were employed within the frozen-core approximation (the 

frozen-core orbitals of Xe were 4s4p4d). The geometry optimizations performed at the 

MP2 level of theory were based on analytical energy gradients, and any located critical 

point was characterized as an energy minimun or higher-order saddle point by 

calculating its harmonic frequencies, used also to evaluate the zero-point vibrational 

energy (ZPE). The dissociation energies calculated at the CCSD(T) level of theory were 

corrected for the basis set superposition error (BSSE) using the counterpoise method of 

Boys and Bernardi.48 

The weights of the resonance structures were evaluated by the natural resonance theory 

(NRT)49-51 developed within the framework of the the Natural Bond Orbital (NBO) 

analysis52 (all the weighted structures were explicitly chosen as reference structures). 

These calculations were performed with the GENNBO 6.0W program.53 

The energy decomposition analysis (EDA) was performed by the extended transition 

state method developed by Ziegler and Raouk54-56 in the framework of density 
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functional theory (DFT), and implemented in the Amsterdam Density Functional (ADF) 

code.57-59 The chosen functional was the B3LYP,60-62 corrected for dispersion by the 

Grimme’s method63 (B3LYP-D). The MOs were expanded in a large uncontracted set of 

Slater-type orbitals (STOs)64 containing diffuse functions. The employed basis set, 

denoted as TZ2P, is of triple-ζ quality for all atoms and is augmented with two sets of 

polarization functions, namely, 2p and 3d on H, 3d and 4f on C, N, and O, and 5d and 4f 

for Xe. An auxiliary set of s, p, d, f, and g STOs, centered on all nuclei, was used to fit 

the electron density and to obtain accurate Coulomb potentials in each SCF cycle.65,66 

Relativistic effects were included by the zero-order regular approximation (ZORA).67 

The Atoms-in-Molecules (AIM)68 calculations were performed with the AIMAll 

program.69 We calculated in particular the charge density ρ(r), the Laplacian of the 

charge density s2ρ(r), the local energy density H(r), the local kinetic (Lagrangian) 

energy density G(r), the local potential energy density V(r), and the local kinetic 

(Hamiltonian) energy density K(r) at the bond critical points (bcp’s), intended as the 

points on the attractor interaction lines where sρ(r) = 0. The missing core electron 

density on Xe was modelled by a single s-type Gaussian function, with exponent α  = 

4π and coefficient c = 8×Nc (Nc = number of core electrons = 28). As recently 

discussed,70 for small-core pseudopotentials, the inclusion of a single function is in 

general sufficient to avoid the interference of the spurious electron density critical 

points which arise from the absence of the core electron density. 
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3. RESULTS AND DISCUSSION 

 

A. Geometries and NBO Analysis. The MP2/aug-cc-pVTZ-PP optimized 

geometries of the (XeHXe+)L (L = N2, CO, H2O, NH3) are shown in Figures 1 and 2. 

<Figures 1 and 2 near here, please> 

The predicted bond distance of XeHXe+, 1.862 Å, is in very good agreement with the 

CCSD(T)/aug-cc-pVTZ-PP estimate of 1.869 Å, and these values well compare with 

previous MP2 and CCSD(T) results obtained with different pseudopotentials, basis sets, 

and numbers of correlated orbitals.22,24,26-28,41 

Likewise the previously investigated (ArHAr+)N2 and (KrHKr+)N2,42 irrespective of L, 

we located two distinct (XeHXe+)L energy minima, namely the linear and the T-shaped 

isomers. The former arise from the coordination of L to one of the Xe atoms of XeHXe+ 

(henceforth indicated as Xe1, see Figure 1). The Xe1-L distances, are, in general, rather 

long and range from 3.336 Å for L = CO to 2.829 Å for L = NH3. In any case, the 

interaction with the ligand significantly affects the bond distances of XeHXe+, and 

produces, in particular, the contraction of the Xe1-H bond, and the elongation of the Xe-

H bond. These effects both increase in the order N2 < CO < H2O < NH3, and range, 

respectively, from 0.056 Å to 0.184 Å, and from 0.064 Å to 0.379 Å. In the T-shaped 

complexes (see Figure 2), the XeHXe+ moiety is bent, with a deviation from linearity 

that progressively increases in the order N2 < CO < H2O < NH3, and ranges from 2.1° to 

8.5°. These structures are symmetric (L = N2, CO, H2O) or only slightly asymmetric (L 

= NH3), and feature two equivalent or nearly-equivalent Xe-H bonds, whose distances 

are only slightly different from XeHXe+. Thus, for L = N2, CO, and H2O, the Xe-H 

bond contracts by 0.001 - 0.003 Å, in the hinted trend N2 < CO < H2O. For L = NH3, the 
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two non-equivalent Xe-H and Xe1-H bonds are, respectively, shorter and longer than 

XeHXe+ by only 0.012 Å and 0.007 Å. Consistently, the Xe-L bond distance of any T-

shaped complex is longer than that of the corresponding linear isomer, with particularly 

large differences of nearly 0.5 Å - 0.6 Å for (XeHXe+)H2O and (XeHXe+)NH3.  

In general, the linear, centrosymmetric Xe-H-Xe+ can be viewed as a three centers-four 

electrons species,71,72 best described by the two equivalent resonance structures (Xe)(H-

Xe+) and (Xe-H+)(Xe). In the symmetric or nearly symmetric T-shaped complexes, the 

two [(Xe)(H-Xe+)]L and [(Xe-H+)(Xe)]L resonance structures are still expected to be 

equivalent, or nearly equivalent. On the other hand, in the linear complexes (see Figure 

1), the two resonance structures I and II are in general non equivalent: 

  

 (Xe)(H-Xe1+)(L)                        (Xe-H+)(Xe1)(L) 

                                            I                                                  II 

 

In particular, if one assumes that the relative weight of I progressively increases in the 

order N2 < CO < H2O < NH3, this explains the progressively increased contraction of 

Xe1-H, and the concomitant elongation of Xe-H predicted by the geometry 

optimizations. This suggestion was indeed confirmed by the NRT analysis, which 

unraveled also quantitative changes in the character and the strength of the Xe1-H and 

Xe-H bonds. The relevant data are given in Table 1. 

<Table 1 near here, please> 

For XeHXe+, the NRT predicts the two expected resonance structures of identical 

weights. The order of the Xe-H bond is 0.5, with a slightly prevailing character of ionic 

contribution (54.0%). For any linear (XeHXe+)L, the weight of the resonance structure I 
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is instead higher than that of structure II, with predicted percentage contributions that 

increase from 55.5% up to 74.9% passing from N2, to CO, H2O, and NH3. Consistently, 

the order of the Xe1-H bond progressively increases from 0.555 to 0.749, and the order 

of the Xe-H bond progressively decreases from 0.431 to 0.190. These variations are 

accompanied by a parallel increase (from 51.4% to 66.9%) and decrease (from 40.6% to 

21.6%), respectively, of the covalent character of these bonds. As for the T-shaped 

complexes, the NRT analysis (not included in Table 1) confirmed the two expected 

identical or nearly identical weights of the two resonance structures [(Xe)(H-Xe+)]L and 

[(Xe-H+)(Xe)]L, with predicted properties of the Xe-H bonds quite close to those of the 

naked XeHXe+.  

The NBO atomic charges of the (XeHXe+)L (L = N2, CO, H2O, NH3) are given in Table 

2. 

<Table 2 near here, please> 

For the linear species, passing from N2 to CO, H2O, and NH3, q(Xe1) increases from 

0.510 e to 0.660 e, and q(Xe) decreases from 0.395 e to 0.186 e. These trends are indeed 

consistent with the progressively increased role of the resonance structure I, which 

features a formally non-bonded, neutral Xe atom, and a formally positively-charged 

Xe1 atom. It is also of interest to note that the H atom essentially retains the charge of 

the naked XeHXe+ (nearly 0.1 e). One also notes that, while the interaction with the 

ligand produces an appreciable flux of charge from Xe1 to Xe, there is no appreciable 

charge transfer from the ligand to XeHXe+. The predicted values of Δq (see Table 2) 

range in fact from 0.002 e to 0.052 e, and increase in the order N2 < CO < H2O < NH3. 

For the T-shaped isomers, this flux of charge is even smaller. We also note here that the 

NRT analysis did not detect any contribution of direct Xe-L interactions. These findings 
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are first suggestions that, in both the linear and the T-shaped (XeHXe+)L, the interaction 

between XeHXe+ and L is prevailingly non covalent (vide infra).  

B. Stabilities and EDA Analysis. To investigate the energy differences between 

the linear and the T-shaped (XeHXe+)L (L = N2, CO, H2O, NH3), and their stabilities 

with respect to the dissociation 

 

(XeHXe+)L → XeHXe+ + L        (1) 

 

we performed single-point CCSD(T)/aug-cc-pVTZ-PP calculations at the MP2/aug-cc-

pVTZ-PP optimized geometries. The obtained data are listed in Table 3. 

<Table 3 near here, please> 

In general, the ΔEel of (1) increases in the order N2 < CO < H2O < NH3, and ranges from 

2.8 kcal mol-1 to 15.7 kcal mol-1 for the linear isomers, and from 2.8 kcal mol-1 to 11.2 

kcal mol-1 for the T-shaped isomers. Therefore, while the linear and T-shaped 

(XeHXe+)N2 and (XeHXe+)CO are degenerate or nearly degenerate, the linear 

(XeHXe+)H2O, and (XeHXe+)NH3 are more stable than their corresponding T-shaped 

isomers.73 The inclusion of ZPE and BSSE reduces the absolute binding energies, but 

does not appreciably alter the relative stabilities of the various isomers. To appreciate 

the factors which affect the binding energies and stabilities of the (XeHXe+)L, we 

performed the energy decomposition analysis (EDA) of the interaction between 

XeHXe+ and L. Within this method,54-56 assuming the use of a dispersion-corrected 

functional, the interaction energy between two fragments, ΔE, is split into five terms: 

  

ΔE = ΔEprep + ΔEelstat + ΔEPauli + ΔEorb + ΔEdisp  
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ΔEprep (preparation energy) is the energy required to deform the ground-state separated 

fragments to the geometries that they acquire in the complex. ΔEelstat is the classical 

electrostatic interaction between the unperturbed charge distributions of the prepared 

fragments. It is calculated using frozen electron densities, and can be considered as an 

estimate of the electrostatic or ionic contribution to the binding energy. ΔEPauli arises 

when the wave function of the two superimposed fragments is renormalized and 

antisymmetrized. This contribution is dominated by the increase in the kinetic energy of 

the electrons, and is typically positive (repulsive). ΔEorb arises when the Kohn-Sham 

orbitals relax to their final optimal form. It accounts for electron pair bonding and 

charge transfer, as well as intra-fragment polarization. ΔEdisp is calculated as an extra 

final term, ΔEelstat, ΔEPauli, and ΔEorb remaining unchanged.  

The computational level chosen for the EDA was the B3LYP-D/TZ2P (at the MP2/aug-

cc-pVTZ-PP optimized geometries). According to a very recent benchmark study on the 

performance of various functionals in the EDA analysis of cationic complexes of the 

noble gases,74 this computational level is expected to furnish dissociation energies that 

are quite close to the CCSD(T) estimates. The obtained results, reported in Table 4, 

indeed confirm this expectation.  

<Table 4 near here, please> 

The B3LYP-D/TZ2P//MP2/aug-cc-pVTZ-PP estimates of the ΔEel of (1) are, in fact, in 

very good agreement with the CCSD(T)/aug-cc-pVTZ-PP//MP2/aug-cc-pVTZ-PP 

values quoted in Table 3, with a mean unsigned deviation of only 0.41 kcal mol-1. More 

interestingly, it is now possible to appreciate the factors which affect the complexation 

energies. First, for both the linear and the T-shaped isomers, the order of stabilities with 

respect to ligand loss (N2 < CO < H2O < NH3) actually reflects the strictly similar trends 
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of both the repulsive (ΔEprep and ΔEPauli) and the attractive (ΔEelstat, ΔEorb, and ΔEdisp) 

contributions to the overall interaction. In addition, one learns that the dissociation 

energies of (XeHXe+)H2O and (XeHXe+)NH3 larger than those of (XeHXe+)N2 and 

(XeHXe+)CO essentially arise from larger contributions of the electrostatic term 

(ΔEelstat), which in turn reflect the different polarity of the involved ligands. Passing 

from N2 and CO to H2O and NH3, the ΔEorb term also increases, but to a much lower 

extent than ΔEelstat. As a matter of fact, for both the linear and the T-shaped (XeHXe+)L, 

ΔEelstat prevails on ΔEorb, and this is a further suggestion of the essentially non-covalent 

character of these species (vide infra). The orbital term has, however, a decisive role in 

determining the progressively higher stability of the linear (XeHXe+)CO, 

(XeHXe+)H2O, and (XeHXe+)NH3 with respect to the T-shaped isomers. Thus, from 

Table 4, while the sum (ΔEPauli + ΔEelstat) of any linear isomer is invariably comparable 

with the corresponding term of the T-shaped isomer, the ΔEorb term significantly 

increases in the order N2 < CO < H2O < NH3 for the linear isomers (from -2.28 kcal 

mol-1 to -13.46 kcal mol-1), but only slightly changes from -1.96 kcal mol-1 to -3.66 kcal 

mol-1 for the T-shaped isomers. Interestingly, if one assumes that the charge shift 

between XeHXe+ and the ligand L occurs by orbital mixing, the relevant contribution of 

ΔEorb to the stability of the linear (XeHXe+)L nicely parallels the higher values of Δq 

predicted for these complexes (see Table 2). 

C. Bonding Situation by the AIM Analysis. To further scrutinize the bonding 

situation of the (XeHXe+)L, we resorted to the AIM analysis. We based, in particular, 

on the joint use of numerical AIM indices, and graphic examination of the local 

Hamiltonian kinetic energy density, K(r). In general, within the AIM analysis,68 one 

explores the topology of the electron density ρ(r), and calculates the value of ρ(r) and 
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its Laplacian ∇2ρ(r) at the (3, -1) critical points [∇ρ(r) = 0] located on the gradient 

paths connecting the various bonded atoms (bond critical points, bcp’s, indicated here 

as rc). In particular, the values of ρ(rc) and ∇2ρ(rc) allow to distinguish between 

covalent (shared-type) interactions, and non-covalent (closed-shell) interactions, such as 

ionic bonds, hydrogen bonds, and van der Waals interactions.68 Thus, for a typical 

covalent bond, ρ(rc) is relatively large and ∇2ρ(rc)  < 0,  while for a typical closed-shell 

interaction, ρ(rc) is relatively small and ∇2ρ(rc)  > 0. These criteria, however, must often 

contend with conflicting indications from independent evidence, and further analysis is 

required. In particular, Cremer and Kraka75,76 suggested so far to relate the covalent 

character of a bond with the sign of the local energy density H(r) at the corresponding 

bcp, H(rc), H(r) being the sum of the local kinetic energy density G(r) (the so-called 

Lagrangian kinetic energy density), and the local potential energy density V(r). In 

particular, if ∇2ρ(rc)  > 0 but H(rc) < 0, the interaction is covalent or, at least, it 

possesses some degree of covalency. Complementary conditions such as -G(rc)/V(rc)  < 

0.5 and G(rc)/ρ(rc)  < 1 were also derived.68,77 Thus, in the AIM practice, it is customary 

to use the energy density H(r) as a “point” index, used to catch, through the sign of 

H(rc), contributing characters that escape to other indices. However, since H(r) is 

everywhere defined as G(r) + V(r), it should signal the bonding situation not only at the 

bcp, but also over the entire molecular space. In particular, plotting H(r) over extended 

regions should provide a direct visualization of the “covalent” and “non-covalent” zones 

of a molecular species. However, at variance with other AIM space functions such as 

ρ(r) and ∇2ρ(r), that are typically scrutinized in their plotted forms, the plots of H(r) 

have received only little attention. As a matter of fact, it is practically more convenient 

to plot the negative energy density, -H(r). This function is indeed the Hamiltonian 
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kinetic energy density K(r), defined as K(r) = G(r) - 1/4∇2ρ(r). Plotting K(r), the 

covalent and non-covalent regions of the molecular space are directly related, 

respectively, with positive and negative values of their signing function. The AIM data 

of XeHXe+ and of the (XeHXe+)L complexes are listed in Table 5, and the plots of K(r) 

in their main molecular planes are shown in Figure 3. In these plots, we have also 

included the values of ρ(rc), ∇2ρ(rc), and K(rc) at the various bcp’s.  

<Table 5 and Figure 3 near here, please> 

For the Xe and H atoms, the K(r) plots are spherically symmetric, and the function is 

positive up to the outer regions. Interestingly, in the K(r) plot of XeHXe+ (Figure 3a), 

the two equivalent Xe-H bonds appear as the overlap of atomic K(r) lines of positive 

value. Their covalent character is clearly signed by the relatively high value of ρ(rc), 

0.095 e a0
-3, by the negative value of ∇2ρ(rc), -0.114 e a0

-5, and by the positive value of 

K(rc), 0.056 hartree a0
-3. In addition, from Table 5, -G(rc)/V(rc) is 0.325, and G(rc)/ρ(rc) 

is 0.284. The two bcp’s fall in the “covalent” zone, whose spatial extension defines the 

shape of the molecular species; the covalent zone is in turn enveloped by a “non-

covalent” outer region. Passing from XeHXe+ to any linear (XeHXe+)L, the K(r) plots 

clearly sign the asymmetric character of the Xe1-H and the Xe-H bonds (see also Figure 

1), and nicely reproduce the progressively-increased role of resonance structure I 

passing from N2 to CO, H2O, and NH3 (vide supra). In particular, one visually notes 

that, compared with Xe1, the Xe atom participates to the bond with a lower number of 

overlapped atomic K(r) lines, and tends to assume a spherical shape. This effect 

becomes progressively more pronounced passing from (XeHXe+)N2 (Figure 3b) to 

(XeHXe+)CO (Figure 3c), (XeHXe+)H2O (Figure 3d), and (XeHXe+)NH3 (Figure 3e), 

and is accompanied by a progressive decrease of ρ(rc), ∇2ρ(rc), and K(rc) at the bcp on 
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the Xe-H bond. In the meantime, at the bcp on the Xe1-H bond, ρ(rc), ∇2ρ(rc), and K(rc) 

progressively increase. This, in general, suggests that, in a K(r) plot, a covalent bond 

appears as the overlap of atomic K(r) lines of positive value, and its strength is directly 

related to the number of overlapped lines. As for the interaction between XeHXe+ and 

L, at the bcp located on the Xe1-L bond, ρ(rc) is small, ∇2ρ(rc) is invariably positive, 

and -G(rc)/V(rc)  is generally greater than 1. This suggests the essentially non-covalent 

character of this interaction. One notes, however, that passing from (XeHXe+)N2, to 

(XeHXe+)CO, (XeHXe+)H2O, and (XeHXe+)NH3, ρ(rc) progressively increases from 

0.009 e a0
-3 to 0.029 e a0

-3, G(rc)/V(rc) progressively decreases up to 0.950, and H(rc), 

while generally small, decreases from 0.002 hartree a0
-3 to -0.001 hartree a0

-3. Overall, 

these data suggest that, particularly in (XeHXe+)NH3, the xenon-ligand interaction has 

indeed some covalent contribution. Interestingly, this hint of covalency is easily caught 

by inspection of the K(rc) plots. In general, the non-covalent character of the Xe-L 

interaction corresponds to the overalp of atomic K(r) lines of negative value, the 

corresponding bcp falling in this “negative” region. However, passing from 

(XeHXe+)N2 to (XeHXe+)CO, and (XeHXe+)H2O, the covalent zones of the two 

constituting moieties, initially well-separated, progressively approach, and, eventually, 

weakly overlap in (XeHXe+)NH3. 

As for the T-shaped complexes, the first relevant indication from the AIM analysis is 

that, despite the existence of a formal connectivity between the ligand L and the H atom 

of XeHXe+, the critical point located along this direction is indeed of the (3, +1) type 

(ring critical point). True bcp’s were instead located on the Xe-L gradient paths. Thus, 

all the T-shaped (XeHXe+)L complexes must be viewed as cyclic structures, arising 

from the symmetric, or nearly symmetric coordination of the ligand to the Xe atoms of 
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XeHXe+. The AIM parameters (see Table 5) are invariably suggestive of non-covalent 

bonds, even for L = H2O and NH3. This bonding situation is clearly appreciated by 

inspecting the K(r) plots of Figure 3 (traces f-i). The two interacting moieties of the T-

shaped complexes are invariably clearly recognizable as covalent zones of featuring 

shapes, well separated by overlapped non-covalent regions that include the Xe-L bcp’s. 

Finally, it is of interest to comment here on the description of the (XeHXe+)L 

complexes that is furnished by the criteria recently proposed by Boggs et al.78 They 

examined a wide series of noble-gas molecules, and classified the interactions involving 

the Ng atoms into three types, namely covalent bonds, weak bonding interactions with 

some covalent properties (Wc), and weak bonding interactions with some non-covalent 

properties (Wn). A bond is covalent if the bond length agrees with the sum of the 

covalent atomic radii (Rcov), and the AIM properties at the corresponding bcp fulfill at 

least one of the following criteria: a) ∇2ρ  < 0 and large ρ (at least 0.1 au), b) H < 0 and 

large ρ, c) H < 0 and G/ρ < 1, d) small |H| (less than 0.005 au) and G/ρ < 1. If one or 

more of these criteria are fulfilled, but the bond length is longer than Rcov, the bond is 

classified as Wc; otherwise, the bond is Wn. The Xe-L distances of the (XeHXe+)L 

complexes (see Figures 1 and 2) are invariably longer than the sum of the covalent radii 

of the involved Xe, C, N, and O atoms.79 However, for any linear and T-shaped 

(XeHXe+)L, at the bcp of the Xe-L bond, |H| is less than 0.005 au, and G/ρ < 1. 

Therefore, all these interactions are predicted to have a covalent contribution of type d). 

In addition, from Table 5, the Xe1-NH3 bond of the linear (XeHXe+)NH3 (see Figure 1) 

features also a covalent contribution of type c) (H < 0 and G/ρ < 1). Interestingly, this is 

also the only interaction that, based on the joint use of AIM indices and K(r) plots, is 

indeed predicted to have some degree of covalency (vide supra). Thus, at least for the 
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presently investigated (XeHXe+)L (L = N2, CO, H2O, NH3), the Boggs’ criteria 

probably overestimate the covalent contributions of the bonding interactions. Further 

work is in progress to examine the feasibility of the K(r) plots to unravel the bonding 

situation of noble-gas compounds.   

D. Harmonic Vibrational Frequencies. The MP2/aug-cc-pVTZ-PP harmonic 

vibrational frequencies of XeHXe+ and of the (XeHXe+)L (L = N2, CO, H2O, NH3) are 

listed in Table 6. 

<Table 6 near here, please> 

The symmetric mode ν1 (152.0 cm-1) and the antisymmetric mode ν3 (943.7 cm-1) of 

XeHXe+ are higher than the experimental values of 113.7 cm-1 and 730.9 cm-1, 

respectively, measured in cold matrices.21 This discrepancy is, indeed, not unexpected. 

It is in fact well known that, for the NgHNg+ (Ng = Ar, Kr, Xe), the major problem for 

the computational studies is the large difference between the predicted harmonic 

wavenumbers and the experimental matrix data, the theoretical values exceeding, in 

particular, the ν3 wavenumbers by up to 30%.22,24,26,27 In any case, our employed MP2 

should provide a reasonable description of the effects induced on ν1 and ν3 by 

complexation. For the linear (XeHXe+)L, the interaction with the ligand changes the 

symmetry of XeHXe+ from D∞h to C∞v or Cnv, which makes the symmetric mode ν1 IR 

active. The predicted absorptions are, however, only less intense, and red-shifted with 

respect to the naked cation. On the other hand, the most intense antisymmetric mode ν3 

is blue-shifted with respect to XeHXe+. Both Δν1 and Δν3 progressively increase in the 

order N2 < CO < H2O < NH3, and are, therefore, directly related to the complexation 

energies of the ligands (see Table 3), and to the progressively increased role of the 

resonance structure I (vide supra). In any case, Δν1 (that ranges from -7 cm-1 to -76.6 
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cm-1) is invariably significantly lower than Δν3, that ranges from +53.9 cm-1 to +731.0 

cm-1. Therefore, the combination band ν1 + ν3 of any linear (XeHXe+)L is invariably 

blue-shifted with respect to XeHXe+ (1095.7 cm-1). On the other hand, the bending 

mode ν2 of XeHXe+, predicted at 577.0 cm-1 (the experimental value is not available), is 

only little affected by formation of the linear complexes, with a largest blue shift of only 

13.5 cm-1 for (XeHXe+)NH3. 

For the T-shaped complexes, both the ν1 and the ν3 absorptions are essentially 

unaffected with respect to XeHXe+, with minor predicted Δν3 of +5.5 cm-1 and +6.0 cm-

1, respectively, for (XeHXe+)N2 and (XeHXe+)CO, and of -2.1 cm-1 and -1.7 cm-1, 

respectively, for (XeHXe+)H2O and (XeHXe+)NH3. On the other hand, the T-

coordination removes the degeneracy of ν2, and leads to two distinct bending 

absorptions, that are red- and blue-shifted, respectively, with respect to XeHXe+ (577.0 

cm-1). The red shift is appreciable, and ranges from -10.2 cm-1 for (XeHXe+)N2 up to -

109.3 cm-1 for (XeHXe+)NH3. 

E. Comparison of (XeHXe+)N2 with (ArHAr+)N2 and (KrHKr+)N2. As 

mentioned in the Introduction, the present study was inspired also by the previous 

investigation of (ArHAr+)N2 and (KrHKr+)N2.42 These species were detected by IR 

matrix spectroscopy, and investigated by MP2/6-311++G(2d,2p) ab initio calculations. 

At this computational level, the T-shaped isomer resulted more stable than the linear 

isomer by 0.8 kcal mol-1 for (ArHAr+)N2, and by 0.5 kcal mol-1 (KrHKr+)N2 (with no 

ZPE). In addition, the absolute complexation energies of the T-shaped isomers resulted 

as 3.8 kcal mol-1 for (ArHAr+)N2, and 3.7 kcal mol-1 for (KrHKr+)N2.42 At the presently-

employed CCSD(T)/aug-cc-pVTZ-PP//MP2/aug-cc-pVTZ-PP level of theory, the linear 

and T-shaped (XeHXe+)N2 resulted degenerate, with complexation energies of 2.8 kcal 
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mol-1 (see Table 3). While the different employed levels of theory and basis sets do not 

allow a direct comparison of the predicted stabilities and binding energies of the various 

(NgHNg+)N2 (Ng = Ar, Kr, Xe), the absolute values (taking also into account their 

predicted uncertainties) are strictly similar. This suggests that, likewise (XeHXe+)N2, 

both (ArHAr+)N2 and (KrHKr+)N2 are of mainly electrostatic character. This is also 

confirmed by the predicted charge transfers from N2 to ArHAr+ and KrHKr+ of less than 

0.001 e.42 

Despite the slightly higher predicted stability of the T-shaped (ArHAr+)N2 and 

(KrHKr+)N2, the only species detected in the IR spectra were the linear isomers. In 

particular, their observed ν3 resulted blue-shifted, with respect to ArHAr+ and KrHKr+, 

by 25.5 cm-1 and 10.4 cm-1. These values revealed significantly lower than the 

corresponding MP2/6-311++G(2d,2p) estimates of Δν3 of +68.4 cm-1 and +92.2 cm-1, 

respectively, and feature also an opposite trend. Even corrected for the matrix effect, the 

overestimates of the experimental shifts remained as large as 32.5 cm-1 and 49.2 cm-1, 

respectively.42 For the T-shaped (ArHAr+)N2 and (KrHKr+)N2, the MP2/6-

311++G(2d,2p) predicted, with respect to ArHAr+ and KrHKr+, a Δν3 of -17.2 cm-1 and 

+2.5 cm-1. As for the presently investigated (XeHXe+)N2, the MP2/aug-cc-pVTZ-PP 

predicts a Δν3 of of 53.9 cm-1 for the linear isomer, and of 5.5 cm-1 for the T-shaped 

isomer. Therefore, the theoretical data overall suggest an irregular periodic trend of the 

Δν3 of the linear (NgHNg+)N2, but a regular one for the T-shaped isomers. While these 

findings could invite the proposal of “chemical” explanations, the different employed 

basis sets, and, especially, the severe limitations of the harmonic approximation in 

describing the absorptions of the NgHNg+ 22,24,26,27 warn on the quantitative relevance of 

these trends. 
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We finally note that, for (ArHAr+)N2 and (KrHKr+)N2, the missed observation of the T-

shaped isomer was related to the energy barrier conceivably arising from the strong 

distortions of the vacancy-free fcc lattice that are needed to accommodate the nitrogen 

molecule in the position of the T-shaped complex.42 Passing to (XeHXe+)N2, this shape 

effects could become even more pronounced. Thus, despite the predicted degeneracy of 

the linear and T-shaped isomers, the former should be the only detected species. It 

would be certainly of interest to probe this suggestion by specifically-designed 

experiments. 

 

4. CONCLUSIONS 

 

The present theoretical study revealed the ability of XeHXe+ to form complexes with 

simple ligands. These (XeHXe+)L are thermochemically stable and, likewise the 

previously investigated (ArHAr+)N2 and (KrHKr+)N2,42 they are probably observable at 

low temperature. The most probable candidates are the linear isomers, that arise from 

the coordination of L to one of the Xe atoms of XeHXe+. Their formation should be 

signed by a blue shift of the ν3 absorption of the naked cation, that is expected to 

increase by increasing the complexation energy. The observation of the T-shaped 

isomers, located as well as true energy minima, must probably contend with lower 

stability, and with the unfavorable fitting with the vacancies of the solid lattice 

suggested previously for the T-shaped (ArHAr+)N2 and (KrHKr+)N2.42 We hope that our 

theoretical speculations could actually invite the experimental search of the (XeHXe+)L. 

An ancillary outcome of our investigation was the suggestion of the conceivable use of 

the Hamiltonian kinetic energy density K(r) as a probe of bonding character. Thus, for 
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the presently investigated (XeHXe+)L, the plots of K(r) naturally partition the molecular 

space into the “covalent” regions occupied by XeHXe+ and L, and the “non-covalent” 

zones existing between them, and visually unravel the mainly electrostatic character of 

their interaction. Interestingly, for the linear (XeHXe+)NH3, the K(r) plot catches also 

an onset of covalency in the xenon-nitrogen interaction. These findings certainly invite 

the further assay of K(r), and its plotted forms, as a signing function of the bonding 

situation of noble-gas compounds. 
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Table 1. MP2/aug-cc-pVTZ-PP NRT Percentage Contributions of the (Xe)(H-Xe1+)(L) and (Xe-H+)(Xe1)(L) 
Resonance Structures I and II (see also Figure 1) of the Linear (XeHXe+)L Complexes  

L I  II BOa (Xe-H) BOa (Xe1-H) 
None 50.0 50.0 0.500 0.230 (46.0%) 0.270 (54.0%)    
N2  55.5 43.1 0.431 0.175 (40.6%) 0.256 (59.4%) 0.555 0.285 (51.4%) 0.270 (48.6%) 
CO  59.1 39.7 0.397 0.147 (37.0%) 0.249 (63.0%) 0.591 0.320 (54.1%) 0.271 (45.9%) 
H2O  69.1 26.7 0.267 0.079 (29.6%) 0.189 (70.4%) 0.691 0.428 (61.9%) 0.263 (38.1%) 
NH3  74.9 19.0 0.190 0.041 (21.6%) 0.148 (78.4%) 0.749 0.501 (66.9%) 0.248 (33.1%) 

a NRT Bond Order (total/covalent/ionic).  
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	Table 2. MP2/aug-cc-pVTZ-PP NBO atomic charges (e) of the (XeHXe+)L complexes (see 
Figures 1 and 2)  

 L q(H) q(Xe) q(Xe1) q(L)  Δqa      
 None 0.094 0.453     
Linear N2 0.093 0.395 0.510 -0.071 (N1) 0.073 (N2) 0.002 
 CO  0.093 0.360 0.537 0.375 (C)   -0.365 (O) 0.010 
 H2O  0.103 0.264 0.621 -0.974 (O)  0.493 (H1) 0.012 
 NH3 0.102 0.186 0.660 -1.094 (N) 	  0.382 (H1) 0.052 
T-shaped N2 0.098 0.452  -0.076 (N1) 	 0.074 (N2) -0.002 
 CO 0.099 0.451  0.367 (C)   -0.368 (O) -0.001 
 H2O 0.104 0.448  -0.970 (O)   0.485 (H1) 0.000 
 NH3 0.109 0.435 0.452 -1.100 (N)            

 
0.368 (H1) 
0.368 (H2) 
0.368 (H3) 

0.004 
 

a Shift of Charge from L to XeHXe+. 
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Table 3. CCSD(T)/aug-cc-pVTZ-PP//MP2/aug-cc-
pVTZ-PP dissociation energies (kcal mol-1) of the 
(XeHXe+)L complexes (see Figures 1 and 2)  

 L ΔEel  ΔE0  ΔE0 (BSSE) 
Linear N2  2.8  2.3  2.0 
 CO  4.0  3.3  2.8 
 H2O  12.0  10.4  10.0 
 NH3  15.7  13.2  12.7 
T-shaped N2  2.8  2.4  2.0 
 CO  3.5  3.1  2.6 
 H2O  11.0  9.9  9.4 
 NH3  11.2  10.2  9.7 
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Table 4. B3LYP-D3/TZ2P EDA Analysis of the Interaction between XeHXe+ and L in the 
(XeHXe+)L Complexes (see Figures 1 and 2)  

 L ΔEprep ΔEPauli	 ΔEelstat
a ΔEorb

a ΔEdisp
a ΔE 

Linear N2  0.29 2.57 -2.31 (42.0) -2.28 (41.5) -0.91 (16.5) -2.64 
 CO 0.35 4.12 -4.07 (50.0) -3.11 (38.2) -0.96 (11.8) -3.67 
 H2O 1.24 11.05 -16.37 (70.6) -6.05 (26.1) -0.76 (3.3) -10.89 
 NH3  2.86 22.79 -26.23 (63.9) -13.46 (32.8) -1.39 (3.3) -15.43 
T-shaped N2  0.20 2.48 -1.83 (33.2) -1.96 (35.6) -1.72 (31.2) -2.83 
 CO 0.12 2.88  -2.58 (40.1) -2.00 (31.0) -1.86 (28.9) -3.44 
 H2O 0.36 6.60 -12.65 (73.0) -2.69 (15.5) -1.99 (11.5) -10.37 
 NH3 0.76 8.10 -13.24 (68.3) -3.66 (18.9) -2.48 (12.8) -10.52 

a The Value in Parenthesis is the Percentage Contribution to the Attractive Part of ΔE (ΔEelstat + ΔEorb + 
ΔEdisp). 
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Table 5. MP2/aug-cc-pVTZ-PP AIM dataa of the (XeHXe+)L complexes (see Figures 1 and 2)  
 L bond ρ ∇2ρ K H G V -G/V G/ρ 
 None Xe-H 0.095 -0.114 0.056 -0.056 0.027 -0.083 0.325 0.284 
Linear N2  Xe-H 0.082 -0.068 0.043 -0.043 0.026 -0.069 0.377 0.317 
  Xe1-H 0.108 -0.163 0.070 -0.070 0.029 -0.099 0.293 0.268 
  Xe1-N1 0.009 0.032 -0.002  0.002 0.007 -0.005 1.400 0.778 
 CO  Xe-H 0.074 -0.044 0.035 -0.035 0.025 -0.060 0.417 0.338 
  Xe1-H 0.116 -0.191 0.078 -0.078 0.030 -0.108 0.278 0.259 
  Xe1-C 0.011 0.033 -0.001 0.001 0.007 -0.006 1.167 0.636 
 H2O  Xe-H 0.055 0.008 0.019 -0.019 0.021 -0.040 0.525 0.382 
  Xe1-H 0.136 -0.265 0.100 -0.100 0.034 -0.134 0.254 0.250 
  Xe1-O 0.021 0.082 -0.002 0.002 0.018 -0.016 1.125 0.857 
 NH3  Xe-H 0.041 0.034 0.010 -0.010 0.018 -0.028 0.643 0.439 
  Xe1-H 0.147 -0.294 0.112 -0.112 0.038 -0.150 0.253 0.258 
  Xe1-N 0.029 0.076 0.001 -0.001 0.019 -0.020 0.950 0.655 
T-shaped N2  Xe-H 0.095 -0.115 0.056 -0.056 0.027 -0.083 0.325 0.284 
  Xe-N1 0.006 0.019 -0.001 0.001 0.004 -0.003 1.333 0.667 
 CO  Xe-H 0.095 -0.116 0.056 -0.056 0.027 -0.083 0.325 0.284 
  Xe-C 0.006 0.018 -0.001 0.001 0.003 -0.002 1.500 0.500 
 H2O  Xe-H 0.095 -0.117 0.056 -0.056 0.027 -0.083 0.325 0.284 
  Xe-O 0.010 0.033 -0.001 0.001 0.007 -0.006 1.167 0.700 
 NH3  Xe-H 0.097 -0.125 0.058 -0.058 0.027 -0.085 0.318 0.278 
  Xe1-H 0.093 -0.109 0.054 -0.054 0.026 -0.080 0.325 0.280 
  Xe-N 0.010 0.028 -0.001 0.001 0.006 -0.005 1.200 0.600 
  Xe1-N 0.010 0.028 -0.001 0.001 0.006 -0.005 1.200 0.600 

a The charge density ρ (e a0
-3), the Laplacian of the charge density ∇2ρ (e a0

-5), the Hamiltonian kinetic energy 
density K (hartree a0

-3), the energy density H (hartree a0
-3), the Lagrangian kinetic energy density G (hartree a0

-3), 
and the potential energy density V (hartree a0

-3) are calculated at the charge-density critical point (∇ρ = 0) on the 
specified bond.  
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 Table 6. MP2/aug-cc-pVTZ-PP harmonic vibrational frequencies (cm-1) of the (XeHXe+)L complexes (see Figures 1 and 
2). ν1 is the symmetric mode, ν2 is the bending mode, and ν3 is the antisymmetric mode. Δ  is the vibrational frequency 
shift upon complexation. The IR absorption intensities (km mol-1) are given in parentheses 

 L ν1 ν2 ν3 Δν3 ν1	+	ν3 Δ(ν1	+	ν3) 
 None 152.0 (0) 577.0 (3.1)a  943.7 (7060.9) - 1095.7  
Linear N2  143.0 (29.6) 587.9 (3.4)a 997.6 (7388.9) +53.9  1140.6 +44.9 
 CO  130.5 (51.1) 589.3 (3.8)a 1075.7 (7212.4) +132.0 1206.2 +110.5 
 H2O  97.8 (52.9) 569.6 (5.9)/577.7 (1.5) 1396.2 (5446.9) +452.5 1494.0 +398.3 
 NH3  75.4 (42.6) 590.5 (0.3)a 1674.7 (3347.0) +731.0 1750.1 +654.4 
T-shaped N2  152.1 (0.03) 566.8 (6.3)/579.0 (2.5) 949.2 (6796.3) +5.5 1101.3 +5.6 
 CO  151.9 (0.04) 561.7 (6.7)/579.8 (2.3) 949.7 (6699.3) +6.0 1101.6 +5.9 
 H2O  152.0 (0.2) 536.6 (9.6)/591.1 (3.4) 941.6 (6932.4) -2.1 1093.6 -2.1 
 NH3  149.4 (0.2) 467.7 (16.6)/594.2 (3.5) 942.0 (6688.1) -1.7 1091.4 -4.3 

a Doubly degenerate. 
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Captions for Figures 

 

Figure 1. MP2/aug-cc-pVTZ-PP optimized geometries (Å and °) of XeHXe+ and of the linear 

(XeHXe+)L (L = N2, CO, H2O, NH3). 

 

Figure 2. MP2/aug-cc-pVTZ-PP optimized geometries (Å and °) of the T-shaped (XeHXe+)L 

(L = N2, CO, H2O, NH3). 

 

Figure 3. Plot of the MP2/aug-cc-pVTZ-PP Hamiltonian kinetic energy density K(r) in the 

molecular plane of XeHXe+ and of the linear and T-shaped (XeHXe+)L (L = N2, CO, H2O, 

NH3). The bold lines mark the separation between the regions of positive (inner) and negative 

(outer) values of K(r). The quoted numbers are (from top to bottom) the values of ρ(r) (e a0
-3), 

∇2ρ(r) (e a0
-5), and K(r) (hartree a0

-3) at the (3, -1) critical points on the Xe-H and Xe-L bond 

paths. 
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