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Spin-orbit coupling as a probe to decipher halogen bonding† 
Jérôme Graton,a Seyfeddine Rahali,a Jean-Yves Le Questel,a Gilles Montavon,b Julien Pilmé,*c and 
Nicolas Galland*a 

The nature of halogen-bond interactions is scrutinized from the perspective of astatine, the heaviest halogen element. 
Potentially the strongest halogen-bond donor, its ability is shown to be deeply affected by relativistic effects and especially 
by the spin-orbit coupling. Complexes between a series of XY dihalogens (X, Y = At, I, Br, Cl and F) and ammonia are studied 
with two-component relativistic quantum calculations, revealing that the spin-orbit interaction leads to a weaker halogen-
bond donating ability of the diastatine species with respect to diiodine. In addition, the donating ability of the lighter halogen 
elements, iodine and bromine, in the AtI and AtBr species is more decreased by the spin-orbit coupling than that of astatine. 
This can only be rationalized from the evolution of a charge-transfer descriptor, the local electrophilicity 𝜔S,max

" , determined 
for the pre-reactive XY species. Finally, the investigation of the spin-orbit coupling effects by means of quantum chemical 
topology methods allows us to unveil the connection between the astatine propensity to form charge-shift bonds and the 
astatine ability to engage in halogen bonds.

1. Introduction 
Halogen bonds have received considerable interest in recent 
years due to their unique features and their recognized role in 
a wide variety of fields from biomedicinal chemistry to materials 
science.1–5 For instance, halogen bonding has been revealed as 
an important tool in the chemist arsenal to control the synthesis 
and design of coordination compounds,6 as well as one of the 
“key” weak non-covalent interactions chemists can rely on for 
structure-based ligand design in medicinal chemistry and 
agrochemistry.7 The halogen bond (XB) is a highly directional 
interaction, denoted R–X···B, between an electron deficient 
region of the X halogen atom, and an electron rich site of 
another molecule B, typically a Lewis base. XBs are complex 
attractive interactions for which charge-transfer as well as 
electrostatic, dispersion, exchange, etc., components may be 
claimed. Numerous theoretical investigations have attempted 
to unveil the nature of this non-covalent interaction, or its 
leading component(s),8–16 but this topic remains the subject of 
literature controversy.3,17–19 Most of these works investigated 
essentially XBs mediated by light halogen elements. It is well 
established that the XB strength increases in the order of 
F < Cl < Br < I. We propose to tackle this topic from the 

perspective of the heaviest halogen element, astatine (no 
halogen-specific chemical properties being reported so far for 
the recently discovered tennessine element20). It is particularly 
challenging to investigate experimentally astatine chemistry 
since it is the rarest element naturally occurring on Earth.21 The 
main advances stem from the interest of 211At, the second 
longest lived isotope, for applications in nuclear medicine.22 
However, it was very recently confirmed through experimental 
evidences that astatine exhibits a stronger XB donating ability 
than iodine in the AtI compound.23 

Astatine is a heavy element (Z = 85), and as such it is 
sensitive to relativistic effects. The relativistic effects are 
traditionally split in two types of terms, the “scalar” and “spin-
dependent” ones. The scalar-relativistic effects, related to the 
relativistic mass increase of the inner-core electrons, result in 
contraction and energetic stabilization of atomic s and p valence 
shells. The main spin-dependent effect, arising from the 
interaction of the electron spin with magnetic fields generated 
by other charged particles in relative motion and leading to the 
coupling between electron spin and orbital momentum, is the 
spin-orbit coupling (SOC). It can be of similar magnitude than 
the scalar-relativistic effects for heavy p-elements such as 
astatine. Furthermore, the SOC can be as important as the 
electron correlation and can largely affect the chemical 
properties of At-containing compounds.24–32 For instance, it was 
predicted that SOC (i) decreases astatine electronegativity by 
~10%,33 (ii) favours in solution the affinity of the AtO+ species 
for the nitrogen of thiocyanate ligand instead of the sulfur,34 (iii) 
reverses the bond polarization (i.e. the dipole moment) in the 
HAt compound,35 (iv) weakens by ~40% the vibrational 
frequency in At2,36 and (v) increases the astatide (At-) 
polarizability by ~20%.37 In the field of study covered here, 
halogen bonding, computational investigations must include a 

a. Université de Nantes, CEISAM, UMR CNRS 6230, 2 Rue de la Houssinière, BP 
92208, 44322 Nantes Cedex 3, France. E-mail: nicolas.galland@univ-nantes.fr 

b. IMT Atlantique/Université de Nantes, SUBATECH, UMR CNRS 6457, 4 rue A. 
Kastler, BP 20722, 44307 Nantes Cedex 3, France. 

c. Sorbonne Université, Laboratoire de Chimie Théorique, F-75005 Paris, France. E-
mail: pilme@lct.jussieu.fr 

† Electronic Supplementary Information (ESI) available: three tables reporting (i) 
supplementary XB interaction energies, (ii) QTAIM descriptors for the XY species, 
and (iii) calculated spectroscopic constants of the XY dihalogens. An additional figure 
displaying correlations between the interaction energies and the 𝜔S,max

"  and VS,max 
values calculated at the XB donor σ-hole. See DOI: 10.1039/x0xx00000x 



  

2   

Please do not adjust margins 

Please do not adjust margins 

priori both spin-independent and spin-dependent relativistic 
effects: the interaction energy of At-mediated XBs can be 
modified by 20 to 35% upon including the SOC effects.38,39 
Hence, there is an obvious interest in finely analysing the SOC 
effects on the characteristics of XBs formed by At-compounds, 
and in trying to unveil the role of SOC on the underlying 
mechanisms that sustain halogen bonding. As a test set of 
compounds, we selected in this work complexes between a 
series of XY dihalogens (X, Y = At, I, Br, Cl and F) and ammonia 
(NH3) for which benchmark quality results have been recently 
reported.40 

2. Computational methods 
While scalar-relativistic (sr) calculations can make use of the 
whole unchanged machinery of non-relativistic quantum 
chemistry, notably within the effective-core potential (ECP) 
approaches, the treatment of the spin-orbit interaction requires 
to expand the wave function with spinors, which are complex 
vector functions of two or four components.41–43 The two-
component (2c) relativistic density functional theory (DFT) 
approach was proved reliable for studying many astatinated 
compounds.33,34,36,44–47 Among the available DFT functionals, we 
have selected the hybrid exchange-correlation PW6B95 
functional since (i) it was developed to be accurate for 
thermochemistry and non-covalent interactions (including 
XBs),48 and (ii) it was recommended in a recent benchmark 
study focused on At-species.33 The spin-orbit DFT (SODFT) 
method implemented in the NWChem program package49 takes 
advantage of two-component ECPs, and the inclusion of a spin-
dependent potential into the variational treatment of the one-
electron operator ensures that scalar-relativistic and SOC 
effects are treated on an equal footing. The small-core energy-
consistent ECPnMDF ECPs were used to replace the n = 10, 28 
and 60 inner-core electrons of the bromine, iodine and astatine 
atoms, respectively.50,51 Their remaining 25 electrons were 
dealt with the triple-zeta quality aug-cc-pVTZ-PP basis set,50,51 
supplemented for the I and At atoms by the 2c extensions 
described in ref. 52. The correlation consistent aug-cc-pVTZ basis 
set,53–55 abbreviated as AVTZ in the following, was used for the 
lighter atoms, namely H, N, F and Cl. 

The energies of the XY···NH3 (X, Y = At, I, Br, Cl and F) 
complexes were corrected from the basis set superposition 
error (BSSE) using the counterpoise method.56 For each XY 
dihalogens, the local descriptors of the σ-hole properties were 
computed using the TURBOMOLE program package.57 We 
notably used the finite difference method for calculating the 
local electrophilicity values.58 More precisely, the Fukui function 
for nucleophilic attack, f +(r), is obtained as: 

f + (r) ≈ rN+1(r) – rN(r) 

where rN and rN+1 are the electron densities of the neutral 
species (N electrons) and of the corresponding anion (N+1 
electrons) at the geometry of the neutral species. Furthermore, 
the electronegativity, c = ½(IP+EA), and the hardness, 

h = (IP-EA), were obtained from the vertical ionization 
potential (IP) and electron affinity (EA) values. 

Introduced in 1990 by Becke and Edgecombe,59 the Electron 
Localization Function (ELF) is a signature of the distribution of 
electronic pairs and the analysis of its topology is a powerful 
tool for the characterization of bonding schemes.60 Moreover, 
the topological analysis of the total electron density, earlier 
defined by Bader as the Quantum Theory of Atoms-In-
Molecules (QTAIM),61 also provides a route to analyse, evaluate 
and classify the nature of chemical bonds and interactions. 
These approaches enable the partition of the 3D molecular 
space into volumes (or basins) associated to clear physical 
interpretations. Within the QTAIM approach, only atomic basins 
of the electron density are observed; a topological atom is 
defined as the union of a nucleus and of its atomic basin. The 
atomic charge is readily obtained as the difference between the 
atomic number (decreased by the charge of the inner-core if 
ECPs are used) and the electron population of the atomic basin. 
In contrast, the ELF partition associates electron density with 
core basins, C(A), around nuclei A and valence basins. These 
latter are divided into non-bonding basins, V(A), usually 
corresponding to lone-pairs, and bonding basins, V(A1, A2), 
characterizing the covalent character of the bond between two 
atoms A1 and A2. The spatial distribution of the valence basins 
closely matches the non-bonding and bonding domains of the 
valence shell electron pair repulsion (VSEPR) theory.62 Details 
on the extension of the ELF and QTAIM topological analyses in 
the framework of 2c-DFT calculations can be found in refs. 29 
and 36. All the topological analyses were carried out using 
modified versions of the NWChem and TopMod09 program 
packages.49,63 

In order to evaluate SOC effects on the studied properties, 
all calculations (geometry optimizations, frequency 
calculations, topological analyses, etc.) have also been carried 
out at the sr-DFT level of theory, i.e. in the absence of spin-
dependent potentials in ECPnMDF ECPs. 

3. Results and discussion 
3.1. When astatine does not follow trends 

Most of the XY···NH3 (X, Y = At, I, Br, Cl and F) complexes have 
been previously investigated by Hill and Hu,40 who provided 
benchmark quality geometries and interaction energies from 
counterpoise corrected (CP) CCSD(T)-F12b/VTZ-F12 
calculations. However, they assumed that the least 
electronegative halogen was the only XB donor in the 
investigated heteronuclear dihalogen systems. Here, we have 
considered both the X and Y atoms as potential XB donors, 
limiting ourselves to systems involving at least one At atom 
(besides I2 and Br2 studied for comparison purposes). All the 
studied XY···NH3 complexes exhibit a C3v symmetry (i.e. the 
halogen and nitrogen atoms are perfectly aligned), with 
computed intermolecular bond lengths smaller than the sum of 
the van der Waals radii of the involved atoms (we assumed a 
2.02 Å radius for astatine according sr-calculations64). These are 
expected features for XB interactions. Note that (i) if a weakly  
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Table 1 sr-PW6B95/AVTZ optimized intermolecular and intrahalogen bond 
lengths, change in the intrahalogen bond length on formation of XY···NH3, and 
counterpoise corrected interaction energy (when available, reference CP-CCSD(T)-
F12b/VTZ-F12 values are given in parenthesesa) 

 dY···N (Å) dX–Y (Å) DdX–Y (Å) DECP (kcal/mol) 
At–At···NH3 2.754 

(2.782) 
2.899 

(2.900) 
+0.055 

(+0.042) 
-9.68 

(-9.54)b 
I–At···NH3 2.717 

(2.741) 
2.820 

(2.818) 
+0.061 

(+0.048) 
-11.04 

(-10.90)b 
Br–At···NH3 2.653 

(2.666) 
2.632 

(2.625) 
+0.067 

(+0.055) 
-14.06 

(-13.60)b 
Cl–At···NH3 2.615 

(2.630) 
2.491 

(2.479) 
+0.071 

(+0.059) 
-15.67 

(-15.36)b 
F–At···NH3 2.552 

(2.559) 
2.067 

(2.057) 
+0.056 

(+0.047) 
-19.96 

(-19.71)b 
I–I···NH3 2.721 

(2.767) 
2.725 

(2.720) 
+0.056 

(+0.041) 
-8.22 

(-7.90)b 
At–I···NH3 2.770 2.807 +0.049 -6.99 
Br–Br···NH3 2.542 

(2.603) 
2.350 

(2.334) 
+0.062 

(+0.042) 
-6.98 

(-7.40)b 
At–Br···NH3 2.736 2.601 +0.036 -4.33 
At–Cl···NH3 2.931 2.434 +0.014 -1.41 

a Scalar-relativistic effects were taken into account via ECPs. bExtrapolated 
to the complete basis set limit, see ref. 40. 

bound AtCl···NH3 complex can be located at the scalar-
relativistic level, it vanishes when the SOC is taken into account, 
and (ii) no stable F-mediated XBs with ammonia can be found 
for the studied complexes. The results of our spin-orbit free 
calculations on the XY···NH3 complexes are gathered in Table 1 
with the previous scalar-relativistic CP-CCSD(T)-F12b/VTZ-F12 
results.40 The sr-PW6B95/AVTZ calculations lead to an excellent 
agreement with the reference values of Hill and Hu.40 The 
intermolecular bond lengths are computed slightly shorter, by 
~1.0%, and the average deviation on the interaction energies 
amounts to 1.1%. Hence, the combination of the PW6B95 
functional with AVTZ basis sets appears well suited to the 
characterization of XB complexes. The scalar-relativistic 
calculations corroborate well-accepted trends. For instance, 
with the increase of the electronegativity difference between 
the halogen atoms, a monotonous strengthening of the 
interaction energy and shortening of the intermolecular 
distance is observed for the five complexes stabilized by an At-
mediated XB (rows 1-5, Table 1). Furthermore, within the series 
of homonuclear dihalogen complexes (rows 1, 6 and 8, Table 1), 
the decrease in polarizability of the halogen element leads to a 
decrease of the XB strength. However, we previously pointed 
out that such trends should be taken with care for astatinated 
systems.38 The spin-dependent relativistic effects can indeed 
modulate the astatine chemistry out of the territories 
established by the lighter halogen elements. 

The results of our calculations taking into account the 
relativistic spin-orbit interaction on the previous systems are 
reported in Table 2. The spin-orbit coupling effect (DSO) is 
defined as the difference between the 2c-PW6B95/AVTZ and sr-
PW6B95/AVTZ results. At first, one can notice that the 
interaction energies with ammonia are weakened and, 
accordingly, the interaction distances are lengthened with the  

Table 2 2c-PW6B95/AVTZ optimized intermolecular and intrahalogen bond 
lengths, change in the intrahalogen bond length on formation of XY···NH3, and 
counterpoise corrected interaction energy 

 dY···N (Å) dX–Y (Å) DdX–Y (Å) DECP (kcal/mol) 
At–At···NH3 

DSOa 

2.849 
+0.095 

3.017 
+0.118 

+0.022 
-0.033 

-7.53 
+2.15 

I–At···NH3 

DSOa 
2.771 

+0.053 
2.880 

+0.061 
+0.044 

-0.017 
-10.38 

+0.66 
Br–At···NH3 

DSOa 
2.722 

+0.068 
2.681 

+0.049 
+0.046 

-0.021 
-12.13 

+1.92 
Cl–At···NH3 

DSOa 
2.693 

+0.078 
2.536 

+0.045 
+0.045 

-0.026 
-13.30 

+2.37 
F–At···NH3 

DSOa 
2.637 

+0.084 
2.099 

+0.032 
+0.032 

-0.024 
-15.95 

+4.01 
I–I···NH3 

DSOa 
2.729 

+0.008 
2.740 

+0.015 
+0.053 

-0.003 
-8.02 

+0.20 
At–I···NH3 

DSOa 
2.868 

+0.099 
2.865 

+0.058 
+0.029 

-0.019 
-4.86 

+2.13 
Br–Br···NH3 

DSOa 
2.542 

+0.000 
2.353 

+0.003 
+0.062 

-0.000 
-6.98 

+0.00 
At–Br···NH3 

DSOa 
2.899 

+0.163 
2.650 

+0.049 
+0.015 

-0.021 
-2.20 

+2.13 

a The spin-orbit coupling effect (DSO) is defined as the difference between 
the results of 2c- and sr-calculations. 

inclusion of SOC. More precisely, the SOC effects are negligible 
on the properties of the Br2···NH3 complex, are small in the case 
of I2···NH3, and become sizeable for At2···NH3 and the other 
XY···NH3 complexes. A closer examination reveals that At2 is 
finally a weaker XB donor than I2 (ΔECP = -7.53 kcal/mol vs. -8.02 
kcal/mol, respectively), which was confirmed by additional two-
component relativistic DFT and ab initio calculations (Table S1 
in the ESI†). This behaviour disagrees with both the findings 
presented above at the scalar-relativistic level of theory, and 
the assumption that a more polarizable halogen atom would 
yield to stronger XB interactions.3,17,40 The magnitude of SOC in 
astatine is prominent enough to move the lines and it is worth 
investigating systematically its influence on At-mediated XBs. 
Thereby, we find that the At2···NH3 complex is markedly more 
weakened (ΔSO = +2.15 kcal/mol) than the I–At···NH3 one (ΔSO 
= +0.66 kcal/mol), but the SOC effect becomes stronger as the 
difference in electronegativity between the halogen atoms 
increases, from iodine to fluorine. For the strongest complex, 
i.e. F–At···NH3, the ΔSO contribution to the interaction energy 
reaches +4.01 kcal/mol. However, the SOC effect is 
proportionally more pronounced in the case of the weakest 
complex: the XB interaction energy in At–Br···NH3 is halved and 
the XB distance is lengthened by 6.0%. The second most 
proportionally affected XB corresponds to the second weakest 
complex, At–I···NH3, for which the interaction energy is 
attenuated by one third and the XB distance is lengthened by 
3.6%. 

Hence, the results from Table 2 and previous works,23,38,39 
demonstrate the need to take into account the spin-orbit 
interaction in the quantum mechanical calculations in order to 
get an accurate description of XBs involving astatinated 
compounds (this element playing the XB donor role or not). It is 
noticeable that, among the studied XB complexes, the 
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interactions in At–Br···NH3 and At–I···NH3 are more affected by 
SOC than in Br–At···NH3 and I–At···NH3, respectively. More 
effective relativistic effects are expected for the heaviest 
halogen element, namely astatine, than for its lighter 
analogues, iodine and bromine. As a consequence, with AtI and 
AtBr as XB donors, the SOC would rather be anticipated to have 
a more important influence on the XBs involving astatine than 
those mediated by bromine or iodine. Obviously this is not the 
case, and complementary relativistic calculations confirm for 
instance that the XB interaction in At–I···NH3 is more weakened 
by SOC than in I–At···NH3 (Table S1). Such unexpected 
behaviour, as well as the fact that At2 yields a weaker XB 
interaction with ammonia than I2 does, can be traced back to 
the intrinsic properties of the XY monomers. 
3.2. Rationales from the XB donor’s properties 

According to the definition of the International Union of Pure 
and Applied Chemistry (IUPAC), “a halogen bond occurs when 
there is evidence of a net attractive interaction between an 
electrophilic region associated with a halogen atom in a 
molecular entity and a nucleophilic region in another, or the 
same, molecular entity”.65 From the seminal studies of Politzer 
and co-workers,8,66,67 investigating the electrophilic region on 
the outer side of the halogen atom, emerged the fruitful 
concept of σ-hole: a region of depleted electron-density and 
often positive molecular electrostatic potential (MEP). This 
space region is thus prone to interact with electron-rich sites. 
The local maximum value at the molecular surface of the MEP, 
VS,max, is a widely used descriptor to characterize the donating 
ability of XB donors.17,3,68,69,19 For instance, the AtI monomer 
displays a positive region of the MEP concentrated along the At–
I axis, both on the astatine and iodine sides (Fig. 1a). The 
corresponding VS,max values are reported in Table 3, together 
with those of the other XY monomers. The VS,max value at the 
iodine σ-hole in AtI (2.62 a.u.) is markedly smaller than the one 
in I2 (4.78 a.u.), which is in line with an interaction energy in 
I2···NH3 almost twice higher than in At–I···NH3 (Table 2). 
Regarding the astatine σ-hole, the VS,max value in AtI (6.82 a.u.) 
is about half larger than in At2 (4.65 a.u.), and similarly the 
interaction energy is about 40% stronger in I–At···NH3 than in 
At2···NH3. It is also worth noting that, at least for the 
homonuclear dihalogen systems, the assumption that the XB  

 
Fig. 1 2c-PW6B95/AVTZ calculated electrostatic potential (a) and local electrophilicity (b) 
at the AtI molecular surface (defined by 0.001 a.u. isovalues of the electron density). 
Colour code: from red (lowest values) to blue (highest values). 

Table 3 Maximum value of the electrostatic potential (VS,max) and of the local 
electrophilicity (𝜔S,max

" ) of each XY monomer at the σ-hole, calculated at the 2c-
PW6B95/AVTZ level of theory on the molecular surface defined by 0.001 a.u. 
isovalue of the electron density 

XY 
species 

VS,max(At) 
(10-2 a.u.) 

𝝎S,max
" (At) 

(10-4 a.u.) 
VS,max(Y) 

(10-2 a.u.) 
𝝎S,max
" (Y) 

(10-4 a.u.) 
At–At 4.65 1.27 4.65 1.27 
At–I 6.82 1.68 2.62 1.06 
At–Br 7.97 1.98 0.99 0.92 
At–Cl 8.68 2.18 < 0 0.73 
At–F 10.20 2.65 < 0 0.44 
I–I – – 4.78 1.46 
Br–Br – – 4.68 1.70 

strength increases monotonously with the polarizability of the 
XB donor atom38 is also contradicted by the analysis of the VS,max 
descriptor. Indeed, the VS,max values are smaller in At2 than in I2 
when SOC is accounted for in the calculations, in good 
agreement with the weaker interaction energy computed for 
At2···NH3 vs. I2···NH3. 

However, the characterization of XB interactions remains 
misleading and incomplete when only charge-controlled 
descriptors are used. The magnitude of the charge-transfer 
component in XB interactions is the subject of an ongoing 
debate,3,17–19 but numerous works have demonstrated by 
various state-of-the-art analysis schemes its undisputable 
role,10,11,13,70–72 which becomes especially significant when the 
heaviest halogen elements are involved.12,15,40,73 In addition to 
descriptors used to probe the electrostatic contribution, i.e. the 
charge-control, complementary tools are required to describe 
the charge-transfer component, i.e. the orbital- or covalent-
control.74 Conceptual density functional theory provided 
appealing and general-purpose models for chemical reactivity. 
Following the efforts of Pinter et al.75 and Tognetti et al.76 to 
derive, from the Fukui functions, relevant reactivity indices in 
the context of halogen bonding, we recently proposed to use 
the local electrophilicity w+(r) to characterize the σ-hole 
properties.38 This function is defined as the product between 
the global electrophilicity index w (c 2/2h) of the system and the 
f +(r) Fukui function, which shows the distribution of an 
infinitesimal charge added to the system.58 Therefore, a high 
value of w+(r) indicates an electrophilic zone. For instance, the 
computed values of the local electrophilicity at the molecular 
surface of AtI clearly highlight the structure of the σ-holes at 
both the iodine and astatine sites (Fig. 1b). The local maximum 
value, 𝜔S,max

" , can be viewed as the complementary analogue of 
the VS,max descriptor, dedicated to probe the orbital-control in 
the XB interaction.38 The computed values of 𝜔S,max

"  for each XB 
donor site of the XY monomers are reported in Table 3. The 
relationship between the XB interaction energy in the X–Y···NH3 
complexes and the 𝜔S,max

"  value at the Y atom σ-hole in the XY 
monomer is illustrated in Fig. 2. There is an obvious trend 
showing that the XB interaction strength increases with 𝜔S,max

"  
for the whole series of X–Y···NH3 systems (a higher 
electronegativity of the X atom implying a stronger 
electrophilicity of the Y site). Nevertheless, with a more detailed 
inspection of these data, family-dependent relationships clearly 
appear when the different XB donating sites (At, I or Br) are  
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Fig. 2 Correlation between the interaction energy in the X–Y···NH3 complexes and 
the 𝜔S,max

"  value at the Y atom in XY monomers (the XB interaction is mediated by 
the Y halogen element) computed at the 2c-PW6B95/AVTZ level of theory. 

 

Fig. 3 Influence of the spin-orbit interaction on the interaction energy in the X–
Y···NH3 complexes and on the 𝜔S,max

"  and VS,max values at the Y atom in XY 
monomers (the XB interaction is mediated by the Y halogen element). 

distinguished. The interaction energy of the five At-mediated XB 
complexes is perfectly correlated to the local electrophilicity 
value at the astatine σ-hole. Although the iodinated and 
brominated families only involve two representatives, their 
data points in Fig. 2 are clearly found above the astatinated 
family. As a consequence, 𝜔S,max

"  appears as a useful descriptor 
of XB properties, provided the XB donor site is kept constant. 
Note that this family dependence is less pronounced with the 
electrostatic potential descriptor, VS,max, and the overall 
correlation is of the same quality than with 𝜔S,max

"  (Fig. S1 in the 
ESI†). 

We have shown above that SOC markedly affects XB 
interactions for At-containing compounds, and that it can result 
in unexpected behaviours. This can also be rationalized on the 
basis of the chosen descriptors, 𝜔S,max

"  and VS,max, whose 
variations with SOC can be significantly different (Fig. 3). At first, 
the strong weakening of the interaction energy in At2···NH3 (-
22.2%), compared to those in I2···NH3 (-2.4%) and Br2···NH3 (-
0.0%), is corroborated by a strong decrease on 𝜔S,max

"  (-20.4%) 

and VS,max (-16.1%) values calculated for At2, compared to the 
marginal lessening predicted for I2 (-3.6% on 𝜔S,max

"  and -1.9% 
on VS,max) and Br2 (-1.3% on 𝜔S,max

"  and -0.3% on VS,max). If there 
is an overall consistency between the evolutions of the 
interaction energies and of these two descriptors, the predicted 
increase of VS,max(At) in AtI and AtBr monomers, when the SOC 
is taken into account in the calculations, is nevertheless 
inconsistent with the concomitant weakening of the XBs in I–
At···NH3 and Br–At···NH3. For these complexes, the charge-
transfer contribution to the XB interaction cannot be ignored 
anymore. The 𝜔S,max

"  descriptor appears to better describe the 
complexes weakening as its value at the astatine σ-hole 
decreases by 6.4% and 10.4% in AtI and AtBr, respectively, 
corroborating the respective attenuations by 6.0% and 13.7% of 
the I–At···NH3 and Br–At···NH3 interaction energies, 
respectively. Furthermore, it is clear from Fig. 3 that the 𝜔S,max

"  
descriptor (as well as VS,max) is much more affected by SOC at 
the iodine and bromine atoms in AtI and AtBr, leading to an XB 
donating ability significantly more sensitive to SOC for the 
lighter halogen atom than for astatine. These findings support 
the stronger weakening of the interaction energy predicted for 
At–I···NH3 and At–Br···NH3, as well as the larger lengthening of 
the XB distances (Table 2), with respect to the I–At···NH3 and 
Br–At···NH3 complexes. Therefore, the intrinsic characteristics 
of the σ-hole and their study for the XY monomers allow us to 
anticipate the properties of the complexes involving these XB 
donors. 
3.3. Relationship with charge-shift bonding 

This section is intended to shed light on bonding mechanisms 
occurring in astatinated compounds and on their influence on 
the ability of these compounds to interact through XBs. We first 
focus on the At2 species, which was previously shown to belong 
to the charge-shift bonding systems.29,77 Charge-shift (CS) bonds 
constitute a class of bond different from the covalent and ionic 
ones, where the bond stability is achieved by large and dynamic 
fluctuations of the bonding electron-pair, i.e. a large resonance 
between the covalent and ionic Lewis structures (–X|  Y+ ↔ X–
Y ↔ +X  |Y–). CS bonding has been introduced initially by Shaik 
et al. in the framework of valence bond theory,78 and typical 
signatures have later been found in the context of the QTAIM 
and ELF topological approaches.79–81 

The ELF localization domains determined for At2 are 
displayed in Fig. 4. The topology is typical of most diatomics with 
two core basins, two non-bonding valence basins and one 
bonding basin. The electron populations of the ELF basins, 
presented in Table 4, are in very close agreement with previous 
results obtained at the 2c-B3LYP/AVTZ level of theory.29 A 
similar analysis can therefore be conducted, which reveals  

 
Fig. 4 Split of ELF localization domains (isosurface = 0.55) of the AtY species (Y = At, 
I, F) calculated at the 2c-PW6B95/AVTZ level of theory. Color code: magenta for 
core C(Y) basins, red for valence V(Y) basins and green for bonding V(At, Y) basins. 
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Table 4 ELF electron population analysis of AtY species (Y = At, I, Br, Cl, F) obtained 
at the 2c-PW6B95/AVTZ level of theory 

 Non-bonding 
 

Bonding 

basins C(At) + V(At) C(Y) + V(Y) pop πb 
 

V(At, Y) 

At2 24.71 24.71 7.90  0.58 
DSOa +0.18 +0.18 +1.70  -0.36 

AtI 24.48 24.80 7.09  0.72 
DSOa +0.03 +0.23 +1.48  -0.26 

AtBr 24.42 25.04 7.53  0.54 
DSOa +0.02 +0.30 +0.70  -0.32 

AtCl 24.38 17.27 6.46  0.35 
DSOa +0.03 +0.33 +0.50  -0.36 

AtF 24.33 9.67 7.00  c 
DSOa -0.01 +0.01 +0.36   

a The spin-orbit effects are defined as the difference between the results of 
2c- and sr-calculations. b The π population of the valence basins V(At) + V(Y) 
is evaluated by only taking into account the expansion coefficients of the px 
and py gaussian basis functions during the integration of the electron density 
over the basin volumes. c No ELF basin of this type was found. 

notably some features of CS bonding. The population of the 
V(At, At) bonding basin, calculated by integrating the electron 
density over the basin volume, is for example particularly 
depleted (0.58 e) and deviates significantly from the 2 electrons 
expected for a classical covalent single bond. It is also worth 
noting that the V(At, At) basin population dramatically falls, by 
~40%, as a result of the spin-orbit interaction, consequently 
fading the covalent component to the bond. The resulting 
electronic redistribution is in favour of the π population (+1.70 
e) within the non-bonding V(At) basins: we previously depicted 
it as an electron withdrawal from the covalent σ-bond (-0.36 e), 
and the σ lone-pairs (-1.34 e), to the valence π system located 
in the lone-pair regions.29,36,77 In fact, such mechanism closely 
follows the lone-pair bond-weakening effect (LPBWE),82 which 
results from Pauli repulsion between the bonding electrons and 
the σ lone-pairs adjacent to the bond. This repulsion increases 
the bond kinetic energy beyond the virial ratio. The stabilization 
is finally achieved by enhancing the ionic-covalent mixing, which 
gives rise to CS bonding.78,81 Hence, SOC increases the CS 
character of the bond in At2, while weakening the ability of 
astatine to participate in covalent interactions. The LPBWE is 
expected to hinder any electron transfer from a nucleophilic 
reactant to the σ system in At2, resulting in a local 
electrophilicity lessening at the astatine σ-hole. As discussed 
above, the 𝜔S,max

"  value is indeed strongly decreased when SOC 
is included in the calculations. QTAIM descriptors calculated for 
the At2···NH3 complex (Table 5) confirm the decrease of charge 
transfer from NH3 to the At2 fragment, i.e. the weakening with 
SOC of the covalent component to the XB interaction. The At2 
fragment bears a slightly less negative charge (DSO = +0.01 e). 
The XB interaction is characterized by a so-called “bond 
path”61,83 between the At and N atoms and the electron density 
at the corresponding bond critical point (BCP, the point of 
minimum electron density on the bond path) is decreased by 
SOC by ~18%. The DE interaction energy in At2···NH3 is 
consequently strongly weakened (by -22.2% as discussed  

Table 5 Selected QTAIM descriptors obtained at the 2c-PW6B95/AVTZ level of theory for 
XY···NH3 complexes (X, Y = At, I) 

 
Integrated 
property 

 
At the BCP of the Y···N 

interaction 

 q(XY)b  rb.102 c |Vb|/Gb d 

At–At···NH3 -0.06  2.7 1.02 
DSOa +0.01  -0.6 -0.05 

I–At···NH3 -0.07  3.2 1.05 
DSOa +0.02  -0.3 -0.04 

At–I···NH3 -0.07  2.5 0.99 
DSOa +0.02  -0.5 -0.06 

a The spin-orbit effects are defined as the difference between the results of 2c- and 
sr-calculations. b Sum of X and Y atomic charges (a.u.). c Electron density (a.u.). d 
Ratio between the potential energy density (Vb) and the positive definite kinetic 
energy density (Gb). 

previously). We can therefore conclude that the CS bonding, 
markedly enhanced by SOC in At2, is responsible for the lower 
XB donating ability of At2 with respect to I2. 

Within the heteronuclear dihalogen series, the CS bonding 
was also shown to play a crucial role in the case of the AtI 
species.29 The ELF topology of AtI is similar to that of At2 (Fig. 4), 
with especially (i) a depleted V(At, I) bonding basin (0.72 e, Table 
4), and (ii) a spectacular electron withdrawal from this basin (-
0.26 e) to the valence π system related to the V(At) and V(I) non-
bonding basins (the π population increases by +1.48 e) as a 
result of SOC. This electronic redistribution is clearly in line with 
the LPBWE. Therefore, the spin-orbit interaction weakens again 
the covalent component and enhances the CS bonding, which 
ultimately lowers the XB donating ability of AtI. However, it is 
not yet rationalized why the σ-hole at the iodine atom appears 
more affected. As previously shown,33 the SOC decreases 
astatine electronegativity by ~10%, and from the QTAIM 
analysis of the AtI species (Table S2 in the ESI†), the astatine 
charge q(At) increases from +0.09 e to +0.19 e. The electronic 
redistribution induced by the spin-orbit interaction is therefore 
essentially directed towards the iodine atom and the V(I) 
population is, for instance, increased by +0.20 e. In other words, 
because the difference of electronegativity between the two 
atoms in AtI is significantly increased, most of the consequences 
of the spin-orbit interaction (mainly due to astatine core-
electrons) appear to be transmitted to the iodine atom. Then, 
the local electrophilicity 𝜔S,max

"  at the iodine σ-hole is more 
decreased, justifying the larger weakening of the XB interaction 
in the AtI···NH3 complex than in IAt···NH3. This is notably 
corroborated by QTAIM descriptors related to the charge 
transfer in both complexes (Table 5). For instance, the ratio 
between the potential energy density (V) and the (positive 
definite) kinetic energy density (G) at the BCP, |Vb|/Gb, reflects 
the covalency magnitude of the interaction:83,84 |Vb|/Gb > 1 
indicates that the potential energy density is the leading term 
and electrons are stabilized at the BCP. Regarding the XB 
interactions in AtI···NH3 and IAt···NH3, this ratio decreases when 
SOC is taken into account and it even becomes slightly smaller 
than 1 for the I-mediated XB, eventually indicating in this case 
no-covalency. The same analysis carried out for AtBr and its 
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related XB complexes with ammonia leads to similar 
conclusions. 

The situation is less clear cut for AtCl, which also exhibits 
similarities with AtF: no stable Cl-mediated XB with ammonia 
exists at the 2c-relativistic level, and the ionic character of the 
bond becomes strong as witnessed by the significant astatine 
partial charge (q(At) = +0.43 e, Table S2). Regarding the AtF 
species, the current QTAIM and ELF analyses (Tables 4 and S2) 
agree for a bond previously characterized as mainly ionic.29 
Note that this bond seems to be the least affected by SOC 
according to lesser changes on ELF and QTAIM descriptors (see 
also the influence on the spectroscopic constants, Table S3 in 
the ESI†), but the LPBWE is still exalted by the spin-orbit 
interaction (noticeable increase of the V(At) and V(F) π 
populations). The effects become analogous on the astatine and 
fluorine σ-holes (𝜔S,max

"  lowered by -22.3% and -19.1%, 
respectively). 

Conclusions 
By means of two-component relativistic quantum mechanical 
calculations, we have scrutinized the influence of the main spin-
dependent relativistic effect on halogen-bond (XB) interactions 
formed between a series of At-containing dihalogens (XY, with 
X, Y = At, I, Br, Cl and F) and ammonia. The spin-orbit coupling 
(SOC) was found to systematically weaken the strength of the 
studied XBs. For instance, the interaction energy is reduced by 
more than 20% in the At2···NH3 complex, and At2 is finally a 
weaker XB donor than its lighter analogue, I2. SOC effects are 
even stronger for the heteronuclear dihalogens, and, 
astonishingly, the XBs in the At–Br···NH3 and At–I···NH3 
complexes are more affected than in Br–At···NH3 and I–At···NH3, 
respectively. We have shown that some rationales emerge from 
intrinsic descriptors of the XB donors, calculated at the so-called 
“σ-hole” of the atoms mediating the XB interactions. If the 
magnitude of the VS,max electrostatic descriptor, commonly used 
for XB interactions characterization, does not forecast the more 
important SOC influence on the XBs mediated by bromine in 
AtBr and iodine in AtI, all observed trends are well mirrored by 
a recently introduced local electrophilicity index,38 𝜔S,max

" . This 
outcome highlights the role of the charge-transfer component 
in the XB interactions mediated by At-compounds. 

Including the spin-orbit interaction in the calculations allows 
us to uncover the importance of the bonding mechanism in XY 
on the XB properties of these donors, through the analysis of 
SOC effects on chemical bond descriptors arising from the 
quantum chemical topology. Our results show in At2 and AtI 
species that SOC enhances the charge-shift (CS) character of the 
bond, i.e. it enhances the Pauli repulsion between the bonding 
σ-electrons and the adjacent lone-pairs that have the same 
symmetry. The resulting effect is an electron withdrawal from 
the covalent σ-bond, and the σ lone-pairs, to the valence π 
system located in the lone-pair regions. Hence, the CS 
mechanism strengthened by the spin-orbit interaction (i) 
weakens locally the electrophilicity at the σ-hole of the halogen 
atom (i.e. 𝜔S,max

" ), and consequently, (ii) hinders electron 
transfer from a Lewis bases, such as NH3, to the XB donor. It 

comes out that the CS bonding is responsible for the lower XB 
donating ability of At2 with respect to I2. For the AtI 
heteronuclear dihalogen, the SOC significantly increases the 
electronegativity difference between astatine and iodine 
atoms. The above-mentioned electronic redistribution, induced 
by the SOC, then occurs predominantly towards iodine. 
Therefore, the 𝜔S,max

"  value at the iodine σ-hole is more 
decreased than at the astatine σ-hole, and the At–I···NH3 XB 
complex is consequently more affected than the I–At···NH3 one. 

A fundamental question arising from these observations is 
whether this connection between CS bonding and XB 
interactions is closely related to heavy halogens or more 
general. Indeed, fluorine is the lightest halogen element and 
molecular fluorine is an archetypal CS bonding system.78–80 F2 is 
also known to be, at the best, a very weak XB donor.13,14,16,40 Is 
the CS bonding mechanism the cause of the poor capability of 
fluorine to engage in XBs? This hypothesis is currently under 
active investigations. 
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