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Abstract: The complexes of helium and neon with gaseous neutral molecules are generally 

perceived as van der Waals adducts, held together by physical (non covalent) forces, due to 

the combination of size (exchange) repulsion with dispersion/induction attraction. The 

molecular beam experiments discussed in the present article confirmed that this is the case 

for He-, Ne-CF4 adducts, but revealed that the interaction of He and Ne with CCl4 features an 

appreciable contribution of chemical components, arising from the anisotropy of the electron 

density of CCl4 that enhances a charge transfer from Ng (Ng = He, Ne). These findings 

furnish a novel assay of the bonding capabilities of helium and neon, and invite to revisit the 

neutral complexes of these elements as systems of chemical relevance. The CCl4-Ng are also 

peculiar examples of halogen bonds, a group of interactions of major current concern. 

Finally, our investigation preludes to the development of semi-empirical models for force 

fields aimed to the unified description of static and dynamical properties of systems of 

comparable or higher complexity. 
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1.	  Introduction	  

Since Bartlett’s synthesis1 of Xe+PtF6
-, numerous compounds of the heavier noble gases  have 

been isolated and structurally characterized.2,3,4,5 In 2000, Räsänen and coworkers6 detected 

HArF, a matrix compound with a covalent H-Ar bond. Helium and neon also form covalent 

ionic species,7 but, to date, no neutral compounds of these elements have been reported. Over 

the years, theory has unraveled several strategies to attempt the fixation of the lightest noble 

gases, particularly helium.8-11 These proposals, however, must contend with the fragility of the 

predicted species, and the envisioning of suitable conditions for their preparation. In this 

regard, the recent detection in cold matrices of NeAuF12  and NeBeS13 is an important 

experimental progress. It is also well known14 hat helium and neon form gaseous complexes 

with open- and closed-shell atoms, ions and simple molecules. These systems, however, are 

generally perceived as physically bound. They feature, indeed, very small binding energies, 

and are typically characterized as van der Waals (vdW) adducts. Chemical contributions were 

revealed in gas phase water-heavier noble gas systems, while no experimental evidence was 

found for complexes involving He and Ne.15 Interestingly, the high-resolution molecular 

beam (MB) scattering experiments discussed in this paper suggest that while CF4-He, -Ne 

behave as typical vdW complexes, the interaction potentials of the apolar CCl4 with He and 

Ne are properly described only when additional terms with respect to the vdW behavior are 

included. According to theoretical calculations, these phenomenological corrections actually 

reflect electronic effects, including the anisotropy of the charge distribution around the Cl 

atoms, and the occurrence of charge-transfer effects. Thus, despite their low intrinsic stability, 

CCl4-He and CCl4-Ne must be viewed as prototypical neutral adducts held together  by  weak 

chemical forces adding to vdW. This caught occurrence of chemical interaction components 

in neutral complexes of helium and neon puts these systems into a novel perspective, and 
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furnishes a novel assay of the bonding capabilities of these elements. Our results are also of 

interest in the context of the halogen-bond, a currently “hot” topic of major experimental and 

theoretical concern.16 Finally, the very small size of our sampled interactions could be a useful 

experimental benchmark to probe the performance of computational methods aimed at highly 

accurate analysis of chemical bonding. 

 

2. Results and Discussion 

The contribution of charge transfer (CT) marks the transition from physical to chemical 

intermolecular interactions. The CT effects are, however, often elusive to an accurate 

experimental/theoretical determination, as they can contribute to the bond stabilization in the 

perturbative limit. In any case, their evaluation becomes certainly more feasible, if they 

contribute significantly to the overall interaction. In this regard, the complexes of the apolar 

CF4 and CCl4 with a noble gas atom (Ng) are ideally suited model systems. In fact, due to 

their high symmetry (Td), the interaction of CF4 and CCl4 with Ng features a reduced number 

of contributing components,15 making the ensuing complexes suitable to assess strength and  

anisotropic character of the ubiquitous vdW contribution (VvdW). In addition, in the absence of 

electrostatic effects, and due to the minor role at large and intermediate intermolecular 

distances of induction terms, the in case contribution of CT becomes in principle a relevant 

part of the probed interaction. As a matter of fact, the major goal of the present work was the 

experimental assay of these CT contributions, successfully caught for the CCl4-He and CCl4-

Ne complexes. The measured quantity is the total (elastic plus inelastic) integral cross section 

Q(v) as a function of the MB velocity v for He and Ne colliding with CF4 and CCl4 (details in 

SI). The use of high velocity and high angular resolution conditions allows to catch the 

“glory” quantum interference, observed in the velocity dependence of the integral cross 

section. The experimental data provide information on the potential energy surface (PES) in 
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terms of absolute scale of the total intermolecular interaction, and on its radial and the angular 

dependences.  

The Q(v) data of the CCl4-Ng and CF4-Ng (Ng=He and Ne, Fig.1) are clearly different, both 

in magnitude and in the interference pattern, highlighting pronounced differences in the 

intermolecular interactions.17 The dashed and the full lines are calculated Q(v) assuming, 

respectively, a vdW interaction (non-covalent nature), and adding contributions of covalent 

nature (essentially CT) to the intermolecular interaction. 

The intermolecular interaction, V, has been modeled considering four interaction centers 

located at the four C-Cl and C-F bonds, respectively, which generate four additive Ng-bond 

interaction terms (see SI). The vdW interaction energy here  includes a repulsion term due to 

an effective molecular size,18,19 strongly dependent on the molecular orientation, and an 

attractive term determined by the combination of Ng-bond dispersion contributions.19,20 This 

approach exploits both the whole molecular polarizability and its partition in bond tensor 

components,21 and provides a realistic picture of both the repulsive and the attractive 

components of VvdW. It includes also both effective three body and other non additive 

effects,19,20 and its performance was extensively assayed by comparison with ab initio 

results22-26. 

The parameters of each Ng-bond pair (Tables S1 and S2) have been predicted by exploiting 

the bond polarizability, whose tensor components21 (α║ = 3.67 Å3, α┴ = 2.08 Å3 for C-Cl, and 

α║ = 1.02 Å3, α┴ = 0.57 Å3 for C-F) relate, respectively, to the size and shape of the electronic 

charge distribution around each bond.19,21 These have been combined with those of Ng (αHe = 

0.2 Å3 and αNe  = 0.4 Å3) 27 in correlation formulas18,19 so to estimate the Vvdw parameters. The 

latter were inserted into the ILJ formulation (see SI) with the additional constrain to 

asymptotically reproduce the ab initio dispersion coefficients.28 
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The dynamical treatment adopted in the present work has been extensively exploited in the 

past to describe molecular collisions involving relatively large molecules in the thermal 

energy range.29-31 Herein, the cross sections, measured in the 20-400 meV collision energy 

range, probe the interaction at intermediate and large intermolecular distances. The collision 

dynamics has been confined within two different regimes, defined by: i) a spherical model, 

where the molecule behaves as a “pseudo-atom”, and the scattering, mostly elastic, is driven 

by a central (radial) field, and ii) an anisotropic molecular model, where the cross section is 

represented as a combination of independent contributions from limiting configurations of the 

collision complex29-31. In particular, vertex, edge, and face configurations, related to the basic 

cuts of the PES of a molecule of Td symmetry, have been selected as representative of the 

interaction anisotropy. Accordingly, the two regimes selectively emerge as a function of the 

ratio between the mean rotation time, τM, and the collision time, τcoll. In general, in a scattering 

experiment a short τM is required to probe an effective potential close to the isotropic 

component of the PES, which can be estimated as average of interactions associated to the 

limiting configurations of the collision complex (τM ≈ 10-12 s and   10-13 s for CCl4 and CF4, 

respectively, at T = 300 K). τcoll has been found29,32 to range between 2×10-12 s and  5×10-13 s 

as the MB velocity v  is varied from 0.5 km s-1 to 2.2 km s-1. 

The dynamical treatment based on the Ng-bond representation of Vvdw nicely reproduces the 

cross section measurements for CF4-He and CF4-Ne (dashed lines in Fig.1). This finding 

confirms the reliability of the employed methodology, and indicates the occurrence of a pure 

vdW interaction in these systems. By contrast, the same approach is unable to reproduce the 

experimental data of CCl4-He and CCl4-Ne, measured with the same methodology under the 

same conditions. In particular, the glory structures calculated using simply Vvdw (dashed lines 

in Fig.1) are clearly shifted at velocities lower than the experimental values. It is well known17 

that this happens when the binding energy of the collision complex, specifically the depth of 
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the interaction potential well, is underestimated. Any further attempt to fit the experimental 

data by simply varying the potential parameters, even well outside reasonable limits 

suggested by the correlation formulas,18,19 was unsuccessful. The best fit of the observed glory 

pattern was only achieved when two substantial modifications of the potential formulation 

were introduced. Interestingly, these two additional contributions have a clear chemical 

significance. The first takes into account the anisotropic character of the electron density in 

molecules containing heavier halogen atoms. It was in fact suggested33 that along a carbon-

halogen bond the halogen atom behaves as a “flattened sphere”, originating a “polar 

flattening” (PF) zone which is often associated with a positive electrostatic potential, the so-

called “σ-hole”. This zone is usually considered to affect the electrostatic interaction 

component that is however absent in the present systems. To account for PF contributions, we 

decreased the position of the repulsive wall of each Ng-bond pair in the parallel configuration 

by about 4%. The obtained effect was the increase of the potential well of the vertex 

geometries of CCl4-He and CCl4-Ne, those mainly probed by the present experiments. As a 

consequence, the anisotropic size repulsion decreases, accompanied by an increased weight of 

the dispersion attraction. The PF correction was, in particular, applied so to obtain a size 

change (Figs. S1 and S2) consistent with that extracted from the scattering experiments 

involving state-selected Cl atom MB and He or Ne targets.34 Such experiments demonstrated 

that the Cl-He and Cl-Ne interactions are essentially of the vdW type. It was also possible to 

appraise the difference (anisotropy) in strength and range that originates from the different 

alignment (parallel or perpendicular) of the half-filled orbital of the Cl atom with respect to 

the intermolecular axis34. 

Despite the correction for the anisotropy of the electron density somewhat improved the 

fitting of the experimental data, it was insufficient to fully reproduce the measurements. 

Recently15 we showed that CT effects play a significant role in the stabilization of the bonding 
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in various types of gas-phase binary complexes involving hydrogenated molecules. Therefore, 

we included a further stabilizing contribution, arising in particular from stereo-selective CT 

effects (VCT). This term, assumed to depend on the overlap integral between external orbitals 

of the interacting partners and then expected to be stereo-selective, has been formulated as an 

exponential which decreases with the  distance r: 

 

VCT  = -A cos4(α) exp (-γ r)   (1) 

The value of γ, which defines35,36 at each molecular orientation the falloff of VCT as He or Ne 

separate from the Cl atoms in CCl4, was assumed to coincide with that obtained for Cl-heavier 

Ng atom complexes, where strength, range and anisotropy of CT were so far explored in great 

detail.34-37 Therefore, the best fit of the experimental cross sections required to adjust only the 

pre-exponential factor A. Cross sections calculated with the modified V are plotted as full 

lines in Figure 1. The intermolecular potential so obtained for the basic configurations of 

CCl4-He, Ne systems are plotted in Fig.2, where results of the pure vdW component and of 

the complete interaction, including PF and CT, are compared. Note that the global reduction 

of the repulsive wall position affects mostly the vertex configuration (about 0.4-0.5 Å) and 

that the PF correction accounts for about one third of the full change (Fig. S2). 

The results of the phenomenological analysis was also supported by high level quantum 

chemical calculations, performed to characterize selected cuts of the PES and to analyze the 

electronic density displacements that accompany the formation of the CCl4-Ng (Ng = He, Ne) 

in comparison with that occurring in the formation of homologous systems with CF4 . Guided 

by the experiments, we focused our analysis on the three basic configurations, representative 

of the anisotropic behavior of PES for these systems (vertex, edge and face configuration).  

In order to achieve interaction energies in the right scale of the experimental determination 

has been mandatory the use of extremely large basis sets in combination with quantum-
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mechanical methods that include the electron correlation at the highest level of theory. Our 

first principle calculations reproduce properly the relative position of the minima for all 

systems in their basic configurations. The geometrical features are not significantly sensitive 

to the size of the basis set employed, whereas more challenging is to achieve properly 

converged values for the interaction energies. The computed values systematically decrease 

with the increasing basis set size employed (Tables S3, S4, S5) and the reference data 

(CCSD(T)/CBS) still lightly overestimate (deviations are of the order of 1-2 meV, i. e. 0.1-0.2 

kJ/mol) the values obtained from the analysis of the experimental data, which indeed emerge 

as a very stringent test case to probe the performance in terms of accuracy of highly correlated 

quantum-mechanical methods based on first principles. 

Now we move to the theoretical study of electron density changes taking place upon the 

formation of the adducts, CCl4-Ng, aimed to analyze the occurrence of CT. In general, to put 

assay the presence of CT in weakly-interacting systems, it is necessary to assess and reliably 

compute effects arising from quite small changes in the electron density distribution. To 

tackle this problem, we recently proposed an approach, which offers a broad perspective in 

which to assess the present of CT, free of any charge decomposition scheme. This is based on 

the key idea of a charge-displacement (CD) function,5,15 defined as 

')',,()( ∫∫∫
∞−

∞

∞−

∞

∞−

Δ=Δ
z

dzzyxdydxzq ρ  

where Δρ is the difference between the electron density of the complex and that of the 

isolated non-interacting constituting fragments (specifically, Ng and CCl4) placed in the same 

positions they occupy in the complex. Clearly, Δq measures, at each point z along a chosen 

axis, the electron charge that, upon formation of the complex, is displaced from right to left 

across the plane perpendicular to z and its values are fast converging with the size of the basis 

set employed.5,15 This provides a concise and insightful snapshot of the whole electron cloud 
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rearrangement arising from all the interaction components, and allows to unambiguously 

appraise the whole spatial extent and the chemical relevance of charge fluctuation and of 

transfer phenomena. In particular for weakly bound systems, the evaluation of Δq(z) along an 

axis joining the interacting species is immediately helpful for a quantitative assessment of the 

occurrence and extent of CT, because the curve obviously suggests CT when it is appreciably 

different from zero and does not change sign in the region between fragments.  

Fig.3 reports the CD curves obtained for CCl4-He and CCl4-Ne in the vertex, edge and face 

configurations. The intermolecular distance has been fixed to the value mainly probed by the 

experiments that is 4.8 Å for both He and Ne adducts.  

The results clearly indicate the occurrence of an appreciable CT from Ng towards the CCl4 

(Δq is positive, corresponding to a flux of electron charge from right to left) just in the vertex 

configuration, for which as discussed before the experiments revealed indeed a sensitive 

additional intermolecular bond stabilization. The effect is clearly evident for He, and becomes 

even more pronounced for Ne. In the other hand, in the case of the edge and face 

arrangement, the CD curves are very close to zero both at the CCl4 site and in the whole inter-

fragment region where indeed cross the zero axis. Note that the same feature was found for 

prototypical van der Waals complexes as Xe-Ar (see Ref. 15). The patterns of CD curves 

clearly point out that the CT contributions in these configurations are negligible (at least at the 

distances mainly probed by the experiments) and strongly support the experimental findings 

described above where indeed the energy stabilization due to CT in the edge and face 

arrangements of CCl4-He, -Ne (Fig.3) and in all the configurations of CF4-He, -Ne (Fig. S3) is  

negligible.  

Finally, we show that the analysis of the electron density gives surprisingly simple and sound 

justification of the shift in the position of the repulsion wall at the C-Cl site used in the 

analysis of the experimental data. Fig.4 (upper panel) compares the electron density at the Cl 
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site of CCl4 with that of the spherical Cl atom (at the same position, origin of the axis) for 

selected isodensities. Interestingly, the formation of the C-Cl bond produces, at the chlorine 

atom site, a substantial decrease of electron density along the extension the C-Cl bond axis at 

the opposite side of the carbon. This electron depletion favors a closer approach of the 

electron-donor Ng atom along the CCl4 vertex, leading to stronger attraction. If we choose a 

reference isodensity contour for CCl4, it crosses the axis (z) at values smaller than that for 

isolated Cl atom. We may expect that the difference in the crossing position, Δz (Å), may give 

an estimation of the shift in the position of the repulsion wall related to the PF. The Δz values, 

reported as a function of the reference isodensity contour value, are given in the lower panel 

of Figure 4. These estimated values are fully consistent with the shift of the repulsive wall 

introduced phenomenologically in the formulation of our potential (Fig. S2). 

 

3. Conclusions 

In conclusion, our high-resolution MB scattering experiments unraveled a case study of 

transition in the bonding nature for neutral  complexes of helium and neon. Interestingly, and 

somewhat in contrast with simple chemical intuition, such transition neither results in large 

interaction energies (the strength of the full interaction falls in the scale of few meV), nor 

implies peculiar features of the binding partner. Rather, the small anisotropy of the electron 

density of the apolar CCl4 is sufficient to enhance a charge transfer from Ng, and to shift from 

the vdW CF4-Ng to the partial chemical CCl4-Ng. Put in the perspective, these findings invite 

to revisit the “physical” neutral complexes of helium and neon as systems of conceivable 

chemical interest. Taking into account the variety of already observed species,38-40 the 

emerging bonding motifs could be numerous and different. The detailed investigation of these 

motifs could help to develop semi-empirical models aimed to the unified description of static 
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and dynamical properties of systems of comparable41 or higher complexity and to improve the 

mapping of transition from vdW to chemical bond.35,36  

Finally, being the intermolecular halogen bonding a fast–growing research field, connecting a 

wide range of subjects, from materials science to structural biology,42-44 the experimental 

characterization of anisotropy effects at halogen site may be of general relevance. 

Specifically, the determination of the shift of the Vvdw repulsive wall, the consequent 

dispersion attraction increase and CT effects, here characterized in prototypical halogenated 

systems, shall permit a more rational design and a proper formulation of new force fields.45 

 

4. Experimental section 

The MB experimental apparatus has been extensively described previously.30,31 Shortly, it is 

composed by a set of differentially pumped vacuum chambers where the MB (He or Ne in the 

present experiments) is produced by a gaseous expansion from a nozzle. The source pressure 

is typically less than 10 mbar, and its temperature is varied in a wide range (90-500 K). In the 

expansion region, the MB is collimated by two skimmers and by a circular slit defining its 

angular divergence. Further downstream is analyzed in velocity by a mechanical selector 

formed by six slotted disks. The velocity-selected projectile atoms collide with a stationary 

target gas (in the present case, CCl4 or CF4) contained in the scattering chamber (≈ 10-3-10-4 

mbar), and are detected by a quadrupole mass spectrometer coupled with an ion counting 

setup. In these experiments the scattering chamber is kept at room temperature to avoid 

condensation effects on its walls and to maintain the rotational temperature sufficiently high 

to reduce inelastic events and to better resolve the glory amplitudes. 

The fundamental quantity measured at each selected nominal velocity v is the MB attenuation 

I/I0, where I and I0 represent, respectively, the MB intensity detected with and without the 
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target in the scattering chamber. The integral cross section Q(v) is obtained from I/I0 through 

the Lambert-Beer law.  

In the data analysis procedure, center-of-mass cross sections have been calculated within the 

semi-classical JWKB method46 from the assumed intermolecular interaction, and then 

convoluted in the laboratory frame to make a direct comparison with the measured Q(v). 

 

5. Computational methods 

The interaction energies and the geometrical structures were obtained using the coupled 

cluster method with single, double, and perturbative triple excitations (CCSD(T)), in 

combination with the complete basis set (CBS) limit extrapolation (from augmented 

correlation-consistent polarized valence basis sets, aug-cc-pVTZ, aug-cc-pVQZ, and aug-cc-

pV5Z).47,48 All computational details and the numerical results are reported in SI (see Table 

S3). 
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Figure 1 - Integral cross sections - for the CCl4-Ng and CF4-Ng (Ng = He, Ne) measured as a 

function of the MB velocity v (1 Å = 0.1 nm). Vertical error bars represent ± two standard 

deviations. Full and dashed lines represent, respectively, the results of the data analysis 

performed including and excluding chemical contributions to the intermolecular interaction 

(see text). The numbers indicate the glory extreme orders17 and those in parenthesis refer to 

calculations using only the Vvdw  interaction component.  
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Figure 2 - Intermolecular potentials - for the CCl4-Ng (Ng = He, Ne) plotted as a function of 

R, the distance between the center of mass of two partners. Three basic configurations of the 

PES, the vertex (red), the edge (green), and the face (blue) are represented together with the 

spherical average of the full PES (black). The dashed and the full lines are, respectively, pure 

vdW interactions (non-covalent), and the full interaction including the two additional 

chemical contributions (PF and CT, see text). PF amounts to about one third of the overall 

interaction (1 meV = 0.096485 kJ/mol).  
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Figure 3 - Charge displacement curves - for three basic configurations of the CCl4-Ng (Ng = 

He, Ne). 3D contour plots of the electron density change accompanying bond formation are 

also shown, with isodensity surfaces for Δρ ± 5×10-5 e/bohr3 (negative value in red, positive 

value in blue). The dots on the Δq curves mark the projection of the nuclear positions on the z 

axis, which is here the axis joining Ng with the c.m. of CCl4. The axis origin is at the C atom 

of CCl4, and He or Ne are placed at the experimental averaged distance (4.8 Å from C).  

Vertical dashed lines mark the isodensity boundaries between the fragments where CT has 

been evaluated. 
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Figure 4 - Electronic densities - The upper panel compares the 2D contour plots of the 

electronic density of CCl4 (full circles) and of the isolated (spherical) Cl atom (open circles),  

placed at the same position of the bonded Cl, for three representative isodensity surfaces. The 

lower panel shows the Δz (Å) (see text for details) behavior for the Cl-CCl4 (crosses) as a 

function of the isodensity value (e/bohr3). The colored circles correspond to the isodensity 

contours shown in the upper panel. The same analysis performed on F-CF4 provides Δz close 

to zero. 

	  

 


