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S1. Improved Lennard Jones functions:

The improved Lennard Jones (ILJ) model is formulated as:

                     (1)
𝑉𝑣𝑑𝑊(𝑅,) =  ∑

𝑖 = 𝑎,𝑏
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The values of ε( i) and rm( i) are generated by the following relations: 

         (2)𝜀(𝑖) =  𝜀 ∥ ∙ 𝑐𝑜𝑠2(𝑖) + 𝜀 ⊥ ∙ 𝑠𝑖𝑛2(𝑖)

          (3)𝑟𝑚(𝑖) =  𝑟𝑚 ∥ ∙ 𝑐𝑜𝑠2(𝑖) + 𝑟𝑚 ⊥ ∙ 𝑠𝑖𝑛2(𝑖)

where the symbols  and  refer, respectively, to the parallel ( i=0) and perpendicular ( i=π/2) limit ∥ ⊥  

configurations within each Ng-Cli pair (i=a,b). Moreover, for each interacting pair the long range 

attraction coefficient C6i, provided by the asymptotic behavior of VvdW formulation, is equal to 

 while, the global attraction coefficient is simply given as sum of the two angular [𝜀(𝑖) ∙ 𝑟 6
𝑚(𝑖)],

averaged C6i components.

The parameter n(ri, i), which modulates simultaneously the “fall off” of the repulsion and  

the radial dependence of the intermediate and long range attraction, depends on β, an additional 

parameter related to the hardness of both partners.1 It is expressed as:

         (4)
𝑛(𝑟𝑖,𝑖) =  𝛽 + 4 ∙ ( 𝑟𝑖

𝑟𝑚(𝑖))2

The values of the ε and rm parameters are reported in Table 1 and are expected to depend, as found 

for many other vdW systems, on the polarizability components, correlated with the electron density 

distribution on each interaction center (see text). The  parameters defining the fall off of the 

repulsion and the radial modulation attraction is fixed at 7.5 and 7.0 in the ground and excited states, 

respectively, for the Ng-Cl2 systems. 
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SII. EXPERIMENTAL DATA ANALYSIS

As anticipated in the previous sections, in the thermal collision energy range the average component 

of Q(v) and the oscillatory pattern provide complementary information on the intermolecular 

interaction, namely on the strength of the long range attraction and on the features of the well depth, 

respectively. Moreover, under the used conditions, all collision events occur in the thermal energy 

range, involve molecular partners rotating sufficiently fast respect to the average collision time and 

their dynamics can be treated semi-classically. The adopted treatment applies properly to collisions 

of elastic type, dominant at intermediate and large impact parameter (the classical equivalent of the 

orbital angular momentum), such as those mainly probed by the present experiments, with no loss of 

any relevant information on the intermolecular interaction. Motivations of the adopted treatment 

mostly arise from the experimental observation in all cases of well resolved glory patterns, that 

suggests the occurrence of a collision dynamics mainly driven by a substantially isotropic central 

field. However, the interaction anisotropy must be explicitly taken into account when its role becomes 

more effective, generating a partial or total “glory" amplitude quenching, and this occurs when the 

collision velocity overcomes the value for which the collision time becomes significantly shorter than 

the average molecular rotation time. Under such conditions, the projectile interacts with the target 

molecule “suddenly” and the interacting complex, formed during the evolution of each collision 

event, tends to maintain “memory" of a limited number of specific configurations, to which it is 

associated a particular interaction. As previously made for similar cases,2-4 the collision dynamics, 

essential for the analysis of the experimental findings, has been confined in two different limiting 

regimes, emerging at low and high collision velocity, respectively. A spherical model has been 

employed to describe collisions at low velocities when the Cl2 molecule has sufficient time to behave 

as isotropic partners. The scattering, mainly elastic, probes several relative configurations 

simultaneously and is driven by a central potential similar to the isotropic component (spherical 

average) of the full PES. An anisotropic molecular model, where the cross section is represented as 

a combination of independent contributions coming from all possible limiting configurations of each 
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Ng-Cl2 collision complex. That is, a sort of “Infinite Order Sudden" approximation is applied (see for 

instance Refs. 5-8). Accordingly, the two regimes selectively emerge as a function of the ratio between 

the mean molecular rotation time, (depending on the rotational temperature of Cl2 into the scattering 

chamber), and the collision time, τcoll, varying with the selected velocity v of Ng beam. During the 

analysis the Cl2 molecules have been considered as targets rotating sufficiently fast only for collisions 

occurring at low v (v ≤ 0.80 km/s). In the low velocity range, the collisions have been then considered 

mainly driven by an “effective” radial potential V(R), related to the isotropic component of the PES. 

At each R it has been evaluated by averaging the interaction over all the angular coordinates. At 

higher velocity, i.e. when τcoll < τm, the anisotropic molecular regime sets in. In this case, at each v, 

the individual cross sections are calculated for several different configurations and properly averaged 

over all the angular () coordinates. To this aim, a grid of 256 configurations have been used to 

evaluate the average value of each Q(v). The final theoretical Q(v) values, to be compared with the 

experimental data, have been then calculated within the spherical model at low v and according to 

the anisotropic molecular model at high v. At intermediate v, the switch between the dynamics of the 

spherical model and that of the anisotropic molecular model has been obtained as a weighted sum, 

depending on v, of the cross section contributions evaluate within the two different dynamical 

regimes,5, 8 according to the procedure detailed in Refs 2, 9.
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SIII. Polar flattening:

We can argue that the shift in the position of the repulsive wall is related to the shift of the Cl2 density 

profile at lower distance with respect to that of the Cl atom. A measure of the shift may be provided 

by the Δz value, defined as the distance between two points of density profiles (for Cl2 and Cl) taking 

the same density value (isodensity). As shown in Figure S4 (bottom panel), Δz(ρ) assumes a narrow 

range of values, considering suitable values along the density profile. The polar flattening values Δz 

increase with the decreasing of the isodensity values, probably due to the role of the inner electrons 

that are strongly influenced by the nucleus. Nevertheless, the polar flattening values result almost 

constant for isodensity greater than 70 mebohr-3. Even if the choice of the isodensity value, at which 

the polar flattening is estimated, is to some extent arbitrary, the value of 1 mebohr-3, referring to a 

molecular surface which encompasses approximately 96% of the electronic charge of a molecule, is 

conventionally used to map the Coulomb potential for the analysis of the -hole.10 Accordingly, the 

polar flattening is estimated equal to 0.18 Å, a value consistent with the shift of the repulsion wall by 

about 4%. 

SIV. Charge Displacement Function

Recently, an analogous approach has been successfully applied to the investigation of strength and 

nature of the interaction in Ng/H2O complexes with CCl4 / CF4, from which we gained important 

features of the weak intermolecular halogen bond, formed in Ng/H2O -apolar molecule systems.2, 

9Remarkably, the CD function represents a versatile tool for assessing the electron density adjustment, 

promoted by CT between two interacting fragments, unhampered by any specific decomposition 

scheme. In particular, the CD function is defined as:

(5)
∆𝑞(𝑧) =  

+ ∞

∫
- ∞

𝑑𝑥
+ ∞

∫
- ∞

𝑑𝑦
𝑧

∫
- ∞

∆𝜌(𝑥,𝑦,𝑧')𝑑𝑧'
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where  is the difference between the electron density of the complex and that of the non-interacting 

fragments, placed in the same position of the complex geometry, and z is any suitable axis joining 

them. q measures the net electronic charge that, upon formation of the complex, has been displaced 

from right to left across the plane perpendicular to the axis and passing through z. A positive 

(negative) value corresponds to electrons flowing in the direction of decreasing (increasing) z. 

Accordingly, if the CD curve results appreciably different from zero and does not change in sign in 

the region between the fragments, we can unambiguously assert that a CT effect is operative. 

Conversely, if the curve crosses zero in this region, the CT may be uncertain (both in magnitude and 

direction). If CT really takes place, it is useful, for comparative purpose, to end up with a definite 

numerical estimation of it, by considering the CD function value at a specific point between the 

fragments along the z axis. As in previous cases, 11-13our choice has been the point along z where the 

electron densities of the non-interacting fragments become equal (isodensity boundary).11-13 

Remarkably, the CD function returns a precise, in principle exact, and insightful picture of the 

electron cloud rearrangement arising from the formation of the intermolecular bond and from the 

polarization capabilities of the substrates.
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Table S1. Geometrical parameter R (Å) and interaction energy E (meV) of He-, Ne- and Ar-Cl2 

adducts in three relative orientations (linear, L, T-shaped, T, and saddle, S) computed at the CCSD(T) 

level of theory with different basis sets. In parenthesis, the energy values with BSSE corrections. The 

values of energy extrapolated at the CBS limit are also reported.

He-Cl2

Linear T-Shaped Saddle

Basis R E R E R E

AVTZ 4.16 7.05 (4.59) 3.31 6.41 (3.98) 4.20 3.12 (2.06)

AVQZ 4.11 6.17 (5.23) 3.38 5.83 (4.83) 4.27 2.89 (2.36)

AV5Z 4.10 6.11 (5.48) 3.37 5.77 (5.22) 4.27 2.77 (2.52)

CBS 4.15 6.10 3.34 5.79 4.18 2.70

Ne-Cl2

AVQZ 4.20 12.84 (9.50) 3.40 12.28 (9.43) 4.10 7.15 (5.17)

AV5Z 4.20 11.68 (10.25) 3.40 11.68 (10.33) 4.10 6.58 (5.70)

CBS 4.24 10.64 3.43 11.29 4.16 6.20

Ar-Cl2

AVQZ 4.40 28.58 (24.78) 3.7 27.3 (24.1) 4.40 16.44 (14.25)

AV5Z 4.40 28.82 (26.36) 3.60 27.88 (25.39) 4.40 16.67 (15.23)

CBS 4.47 28.96 3.68 29.21 4.40 17.10
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Table S2. Geometrical parameter R (Å) and interaction energy E (meV) of He-, Ne- and Ar-Cl2 

adducts in three relative orientations (linear, T-shaped, and saddle) computed at the HF level of theory 

with different basis sets. In parenthesis, the energy values with BSSE corrections. The values of 

energy extrapolated at the CBS limit are also reported.

He-Cl2

Linear T-Shaped Saddle

Basis Rm Em Rm Em Rm Em

AVTZ 4.16 3.31 4.20

AVQZ 4.11 -4.48 (-4.71) 3.38 -5.24 (-5.47) 4.27 -2.47 (2.70)

AV5Z 4.10 -5.67 (-5.75) 3.37 -4.78 (-4.85) 4.27 -2.02 (-2.06)

CBS 4.15 -4.13 3.34 -4.61 4.18 -2.46

Ne-Cl2

AVQZ 4.20 -8.28 (-9.40) 3.40 -9.15 (-9.99) 4.10 -6.51 (-7.10)

AV5Z 4.20 -9.13 (9.33) 3.40 -9.85 (-10.06) 4.10 -7.03 (-7.19)

CBS 4.24 -8.41 3.43 -9.39 4.16 -5.93

Ar-Cl2

AVQZ 4.40 -24.73 (-25.35) 3.7 -20.15 (-20.67) 4.40 -13.30 (-13.81)

AV5Z 4.40 -24.90 (-25.07) 3.60 -28.88 (-29.04) 4.40 -13.58 (-13.75)

CBS 4.47 -19.12 3.68 -21.87 4.40 -13.67
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Table S3. CT value (me) at the isodensity boundary (IB, Å) of He-, Ne- and Ar-Cl2 adducts in the X1 

g+ ground state in three relative orientations (linear, T-shaped, saddle) computed at the 

CCSD(T)/AVQZ level of theory.

Linear T-shaped Saddle

IB CT z CT z CT

He 2.81 0.39 1.98 0.41 2.80 0.24

X1 g+ Ne 1.98 0.80 1.98 0.76 2.80 0.48

Ar 2.80 1.75 1.82 0.28 2.50 0.35

Table S4. CT value (me) at the isodensity boundary (IB, Å) of Ar-Cl2 adduct in the B30u
+ excited 

state in three relative orientations (linear, T-shaped, saddle) computed at the HF/AVTZ level of 

theory. For the T-shaped and saddle configurations the CT values related to the 3A and 3A 

(parenthesis) states are shown. 

Linear T-shaped Saddle

IB CT z CT z CT

X1 g+ Ar 3.07 0.61 1.82 0.97 (1.42) 2.39 2.04 (1.69)
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Figure S1. Potential energy curves (Energy vs He-Cl2 distance) of the He-Cl2 complex in the linear (top), T-

shaped (middle) and saddle (bottom) configurations computed at the CCSD(T) level of theory with different 

basis set compared to the parametrized potential energy curve (see text for details).
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Figure S2. Potential energy curves (Energy vs Ne-Cl2CM distance) of the Ne-Cl2 complex in the the L (top), T 

(middle) and S (bottom) configurations computed at the CCSD(T) level of theory with different basis set 

compared to the parametrized potential energy curve (see text for details).



S12

Figure S3. Potential energy curves (Energy vs Ar-Cl2CM distance) of the Ar-Cl2 complex in the L (top), T 

(middle) and S (bottom) configurations computed at the CCSD(T) level of theory with different basis set 

compared to the parametrized potential energy curve (see text for details).
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Figure S4. Top: electron density profile,  (meBohr-3), for Cl2 (CCl4) molecule along the Cl-Cl (C-Cl) 

bond – solid lines- and perpendicular to it at the Cl nucleus (dashed lines) compared to that of the 

(spherical) Cl atom, placed at the same position of Cl in Cl2 (CCl4) molecule – zero on the current z 

axis. Bottom: z (Å) behaviour for the Cl/Cl2 system reported as a function of the density value  

(me Bohr-3). 
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Figure S5. CD curves of the Ne-Cl2 complex (X state) in the linear (a), T-shaped (b) and saddle (c) 

configurations computed at the CCSD/AVQZ level of theory. The 3D isodensity plots of the electron density 

change accompanying bond formation are also shown ( = ±810-5 me/bohr3, negative /positive values in red 

/blue). The dots on the dashed line represent the nuclei z coordinates. The vertical solid line identify a 

conventional boundary between the Ng and Cl2 fragments (see text for details).
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Figure S6. CD curves of the Ar-Cl2 complex (X state) in the linear (a), T-shaped (b) and saddle (c) 

configurations computed at the CCSD/AVQZ level of theory. The 3D isodensity plots of the electron density 

change accompanying bond formation are also shown ( = ±810-5 me/bohr3, negative /positive values in red 

/blue). The dots on the dashed line represent the nuclei z coordinates. The vertical solid line identify a 

conventional boundary between the Ng and Cl2 fragments (see text for details). 
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Figure S7. CD curves for the Ng-Cl2 complexes (X state, top: He; middle: Ne; bottom: Ar) in the linear 

configuration computed at various distance R at the CCSD/AVQZ level of theory. The dots on the dashed line 

represent the nuclei z coordinates in the minimum energy structure, taken as a reference.
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Figure S8: Ln CT as a function of the inter-fragments distance R (i.e. the distance from Ng to the Cl2 

CM) for the L configuration of the Ng-Cl2 complexes (Ng = He, Ne, Ar). The best fitting of the data 

(dashed lines) using Eq. ln (CT) = ln (ACT)-R (with ACT and  as free parameters) is also shown.
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Figure S9. CD curves of the Ar-Cl2 complex (B state) in the linear (a), T-shaped (b) and saddle (c) 

configurations computed at the HF/AVTZ level of theory (solid/dashed lines: 3A/3A state, see text) The 3D 

isodensity plots of the electron density change accompanying bond formation are also shown ( = ±810-5 

me/bohr3, negative /positive values in red /blue; top/bottom inset: 3A/3A state, see text). The dots on the 

dashed line represent the nuclei z coordinates. The vertical solid line identify a conventional boundary between 

the Ng and Cl2 fragments (see text for details). 
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Figure S10. Molecular electrostatic surface potential (ESP) map of the Cl2 molecule in the (X1 g
+) ground 

and (B3 u) excited states, in kcal/mol1 at the 1 me/Bohr3 isodensity surface.
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