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A B S T R A C T   

Halogen bonds have received increasing interest in non-covalent interactions. Recently, a new kind of non- 
covalent interaction, spodium bond, was proposed to refer to a net attractive interaction between any element of 
group 12 and electron rich atoms. Due to strong relativistic effect, Hg is much different from the other group 12 
elements, which prefers more linear coordination. Thus, we theoretically studied the model of HgCl2⋯L (where 
L = ClR, SR2, PR3 families) to explore the nature of the linear coordinated spodium bonds. Analyses of elec
trostatic potential surfaces, together with ELF, LOL, and chemical bonding analyses, suggest the presence of 
covalent interaction. Complexes with nitrogen, oxygen, and fluorine donors result in more coulombic compo
nent, whereas others are dominated by covalent interaction, indicating coexistence of coulombic and covalent 
interaction. Besides, covalent interaction is significantly stronger with phosphorus donor. This model can pro
vide intriguing perspectives for future weak intermolecular interactions studies.   

1. Introduction 

In recent years, weak intermolecular interactions represented by 
halogen bond (XB) have become a research hotspot [1–11]. It is the first 
non-covalent bond [12–19] found after hydrogen bond [20–26]. Due to 
the σ-hole, there can be localized regions of positive potential on ha
logen atoms, and halogen bond can be defined as a rather strong, di
rectional, non-covalent interaction of an electropositive halogen 
(X = Cl, Br, or I) and an electron donor species (L) [27–28]. In the 
general definition Y–X⋯L [27], the Lewis base (neutral or anionic) 
gives electron to the acceptor X (Lewis acid), which is covalently at
tached to atom Y (usually C, N or X). The distance between the halogen 
bond donor and acceptor atoms (X⋯L) is shorter than the sum of their 
van der Waals radii and the Y–X⋯L angle is approximately linear. 

The formation of halogen bond can be explained in two ways: 1) 
There will be an area of positive electrostatic potential opposite the Y-X 
σ bond (Y is generally an electron-withdrawing group), which is called 
σ-hole. Moreover, this phenomenon also exists in the fifth and sixth 
columns of the periodic Table 2) The anisotropy of electron density 
distribution around the covalent halogen atom makes the van der Waals 
radius of the halogen atom shorter in the Y-X bond direction and longer 
in the perpendicular direction. The anisotropy leaves a deficiency in the 
YeX bond direction, and the halogen atoms can attract electron-rich 

groups to the maximum extent in the region of electron deficiency, 
making the halogen bond being in close to a straight line. Because of the 
anisotropy of the electrostatic potential distribution, halogen atoms 
have both electrophilic and nucleophilic properties. 

Just as the elements of the halogen family (Cl, Br, I, etc) can replace 
hydrogen as a bridging atom in strongly bound complexes, the same is 
equally true for other columns of the periodic table. In particular, the S 
group can engage in chalcogen bond [29–35], and the same is true of 
the P family which forms pnicogen bond [36–39]. 

Though studied for decades, the nature of these kinds of interaction 
to date suffers from controversy. The forces involved in the formation of 
the halogen bond have been described as primarily coulombic inter
actions [12,40–43]. However, coulombic interactions cannot play the 
sole role, and other interactions, such as polarization [17,44–46], 
charge transfer [47–50] and dispersion [51] should not be negligible  
[2,52]. Apart from these interactions, are there any other patterns? 

Recently, Antonio bauzá et al. proposed a new non-covalent inter
action, spodium bond, to refer to a net attractive interaction between 
any element of group 12 and electron rich atoms [53]. In SpX2L2 

(Sp = Zn, Cd, Hg) compounds, the coordination bonds (classical li
gand–Metal bond) and non-covalent interactions were differentiated by 
the term spodium bond. However, only the four-coordinated Sp atoms 
were concerned in that work. Due to strong relativistic effect, Hg is 
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much different from the other group 12 elements, which prefers more 
linear coordination in sp hybridization, e.g., cinnabar (hexagonal, red 
HgS) [54] and (HgS)n clusters [55]. There should also be similar spo
dium bonds between linear coordinated Hg atom and the electron rich 
atoms. The S⋯Hg secondary bonding networks in (HgS)n clusters sug
gested in our previous work should be taken as spodium bond in defi
nition [55]. 

To give a systematic study on spodium bond of linear coordinated 
Hg atom, this work theoretically investigated the HgCl2⋯L (L = ClR, 
SR2, PR3 families) dimers. HgCl2 is a well-known linear molecule in 
chemistry books at the high schools, which is soluble in water but is 
difficult to be ionized. In this molecule, a large positive electrostatic 
potential is generated on the waist of Hg atom. Thus, there should be 
strong attraction between Hg and an electron donor species (Hg⋯L), 
and Hg⋯O spodium bonds may result in high solubility of HgCl2 in 
water. On the other hand, with an electron donor species, the linearity 
of HgCl2 molecule is broken a tittle. Hybridization of Hg atom should 
have certain sp2 character, and the Hg⋯L interaction should have some 
character of coordination bond. Therefore, both coulombic (spodium 
bond) and covalent (coordination bond) components are important in 
HgCl2⋯L dimer. In this study, taking HgCl2⋯L (L = ClR, SR2, PR3 fa
milies) dimers as test cases, we theoretically studied the trend of con
tributions of coulombic and covalent interactions, uncovering the 
nature of these kinds of weak intermolecular interactions. 

2. Computational methods 

The geometric structures are optimized by density functional theory 
(DFT) at the M06-2X [56]/def2-TZVPP level. All structures are verified 
as true minima by frequency check. All DFT calculations are carried out 
using the Gaussian09 package [57]. Natural bond orbital (NBO)  
[58–60] analysis is performed for all complexes using the Gaussian09 
NBO module at the same level of theory. The binding energies of the 
dimers are calculated at the M06-2X/def2-QZVP and CCSD(T) [61]/ 
def2-QZVP levels of theory with basis-set superposition error (BSSE) 
correction. The electron densities of the complexes are analyzed using 
the electron localization function (ELF) [62] and localized orbital lo
cator (LOL) [63] methodology employing the Multiwfn package [64]. 
No-ncovalent interaction (NCI) [65] indexes are plotted by using Mul
tiwfn and VMD [66] packages at the M06-2X/def2-TZVPP level. Che
mical bonding analysis is employed by using the adaptive natural 
density partitioning (AdNDP) [67] method at the M06-2X/def2-TZVPP 
level. The molecular electrostatic potentials of the isolated monomers 
are represented on the 0.001 a.u. electron density isosurfaces. The en
ergy decomposition analysis (EDA) [68] is conducted based on com
bining the extend transition state (ETS) [69,70] method with natural 
orbitals for chemical valence (NOVC) [71,72] theory as embedded in 
the Amsterdam density functional (ADF) [73] at the B3LYP-D3(BJ)/ 
TZ2P level. EDA by the symmetry-adapted perturbation theory (SAPT)  
[74] is performed on PSI4 package [75] at the sapt2+(3)dmp2/def2- 
QZVP level. 

3. Results and discussion 

To give a systematic study of the interaction between HgCl2 and 
ligands, the Cl, S, P families are considered. The ligands are ClR 
(R = CH3) for Cl family (F, Cl, Br or I), SR2 for S family (O, S, Se or Te), 
and PR3 for P family (N, P, As or Sb). 

3.1. L = Sr2 

The optimized structure of HgCl2⋯H2O dimer (1) is shown in  
Fig. 1a. The Cl-Hg-Cl angle is about 180° in the dimer, indicating sp 
hybridization of Hg. In the dimer, the natural charges of Hg and O are 
+1.02 and −0.95, respectively. The calculated Hg⋯O distance 
(2.739 Å) is obviously shorter than their sum of van de Waals radii 

(3.490 Å). Thus, there should be a strong attractive interaction between 
Hg⋯O. Apart from Hg⋯O interaction, H⋯Cl hydrogen bond is also 
involved in the dimer (Fig. 1a) according to the charges (+0.49 for H 
and −0.54 for Cl) and hydrogen-chlorine distance (2.905 Å). In addi
tion, the electrostatic potential surfaces (Fig. 1b) clearly show the 
coulombic interactions of mercury with oxygen and hydrogen with 
chlorine. Though the calculated binding energy (−8.60 kcal/mol) is 
fairly large, it is difficult to measure the contribution of Hg⋯O inter
action to the binding energy because of the influence of H⋯Cl hydrogen 
bond. 

Thus, we replace H by CH3 to avoid the influence of hydrogen bond.  
Fig. 2 plots the optimized structures of HgCl2⋯O(CH3)2 (2), HgCl2⋯S 
(CH3)2 (3), HgCl2⋯Se(CH3)2 (4), and HgCl2⋯Te(CH3)2 (5) dimers. 
HgCl2 across different chalcogen ligands have all deviated from the 
original linear form, and the hybridization may be changed, gradually 
tending to sp2 hybridization. The natural charge of the Hg atom is 
still + 1.02 for dimer 2 compared with that of dimer 1, while the 
natural charge of the O atom has decreased to −0.54 with a higher 
binding energy (−10.64 kcal/mol). As can be seen from the figure, the 
negative charges in the donor atoms decrease from dimers 2 to 5, where 
the minimal values of electrostatic potential change from −31.65 to 
−19.85 kcal/mol. However, the trend in binding energy (increasing 
from −10.64 to −11.69 kcal/mol) is exactly opposite to that of cou
lombic interactions from dimers 2 to 5, indicating that there exists 
other interactions along with coulombic interaction, probably covalent 
interaction. The charge delocalizations of L → Hg also lead to the 
changes in the natural charges. The natural charge for oxygen in dimer 
2 is negative (−0.54), whereas that in dimer 3 is positive (+0.25), and 
those in dimer 4 (+0.33) and dimer 5 (+0.51) are even more positive. 
Besides, the natural charges for Hg decrease with the order from O 
(+1.02) to Te (+0.89) donors. All these are indicative of lone pair 
electrons transferring from chalcogen elements to the vacant orbitals of 
Hg, resulting in Cl-Hg-Cl angle gradually deviating from 180°. The 
heavier the element is, the more the electrons transform, giving rise to 
more contribution of covalent interaction. Taken together, these cal
culations suggest the possibility and rationality of covalent interactions 
in these model. 

3.2. L = Clr 

Fig. 3 plots the optimized structures of HgCl2⋯FCH3 (6), 
HgCl2⋯ClCH3 (7), HgCl2⋯BrCH3 (8) and HgCl2⋯ICH3 (9) dimers. 
From dimers 6 to dimer 9, the Cl-Hg-Cl angle reduced from 177.1° to 
174.5°. This trend is consistent with HgCl2⋯SR2, gradually deviating 
from 180°, but Cl-Hg-Cl angles in Fig. 3 is bigger than the corresponding 

Fig. 1. (a) Optimized structure of HgCl2⋯H2O dimer, and (b) electrostatic 
potential surfaces of H2O and HgCl2. Red and blue regions refer to most ne
gative and positive regions, respectively. Bond lengths (Å) and angle (degree) 
are given in red. Natural charges are labeled to the atoms. Eb gives the binding 
energy at the M06-2X/def2-QZVP (CCSD(T)/def2-QZVP) level. The minimal/ 
maximal values (in kcal/mol) of electrostatic potential are also labeled. 
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angles in Fig. 2. It is obvious that the interaction between chalcogens 
and mercury is stronger than that between halogens (the same row as 
the corresponding chalcogens) and mercury with longer halogen-mer
cury distance. According to the changes of electrostatic potential and 
natural charge, similar to the results in S family, we can conclude that 
covalent components in Cl family are weaker, leading to the increasing 
binding energies from dimer 6 to dimer 9 in spite of the reduced cou
lombic interactions. Simultaneously, comparing the natural charges 
with SR2, we come to the conclusion that the coulombic interaction 
between halogen and mercury should be stronger when L = ClR, but in 
fact, the trend in the binding energies is just opposite, which suggests 
that the covalent interactions between mercury and donor atom in
crease from the corresponding elements of groups 17–16. 

3.3. L = Pr3 

Similarly, we have also done structural optimization of HgCl2⋯PR3.  
Fig. 4 plots the optimized structures of HgCl2⋯N(CH3)3 (10), HgCl2⋯P 
(CH3)3 (11), HgCl2⋯As(CH3)3 (12), and HgCl2⋯Sb(CH3)3 (13) dimers. 
As discussed above, in groups 16 and 17 donor elements, binding en
ergies of Hg⋯L dimers are larger with heavier donor atoms, indicating 
an increasing tendency of covalent components when the donor atom of 
L become heavier. However, elements of group 15 tell a different story. 

The deviation of Cl-Hg-Cl angles reach an extreme value in HgCl2⋯P 
(CH3)3 (160.8°). Electrostatic potential analysis shows that coulombic 
interaction in dimer 10 should be the strongest. However, from the 
bond angles and binding energies, the strongest Hg⋯L attraction occurs 
at dimer 11. The natural charges of phosphorus (+0.87) and mercury 
(+0.89) indicate more electron transferring from phosphorus to the 
unoccupied orbital of mercury compared with the other donor atoms. 
This irregularity was previously detected for halogen bond interactions, 
which can be explained in terms of combination of rehybridisation and 
hyperconjugation [76]. It can be speculated that the covalent interac
tion of dimer 11 is the strongest among these dimers. 

From groups 17 to 16, and to 15 elements, the Hg⋯L binding en
ergies increase from right to left and from top to bottom according to 
the periodic table of elements, but phosphorus is an exception, invol
ving the maximal binding energy, perhaps owing to the strongest 
covalent interaction among all these complexes. 

3.4. NBO analyses 

To unveil the nature of interaction in these complexes, NBO analysis 
was also performed at the M06-2X/def2-TZVPP level (Table 1). 

In HgCl2⋯L dimers, the deviations of Cl-Hg-Cl angle are obviously 
smaller when L is ClR family, in good agreement with the change trend 

Fig. 2. Optimized structures of HgCl2⋯SR2 dimers, and electrostatic potential surfaces of SR2. Red and blue regions refer to most negative and positive regions, 
respectively. Bond lengths (Å) and angle (degree) are given in red. Eb gives the binding energy at the M06-2X/def2-QZVP (CCSD(T)/def2-QZVP) level. The minimal 
values (in kcal/mol) of electrostatic potential are also labeled. 

Fig. 3. Optimized structures of HgCl2⋯ClR dimers, and electrostatic potential surfaces of ClR. Red and blue regions refer to most negative and positive regions, 
respectively. Bond lengths (Å) and angle (degree) are given in red. Eb gives the binding energy at the M06-2X/def2-QZVP (CCSD(T)/def2-QZVP) level. The minimal 
values (in kcal/mol) of electrostatic potential are also labeled. 
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in hybridization. It can be concluded that larger deviation degree re
sults from more electrons transferring from donor atom to the empty 
orbital of mercury, corresponding to the tendency from sp to sp2 hy
bridization. In addition, it is shown that HgCl2⋯P(CH3)3 involves the 
largest deviation degree (19.2°) and the strongest covalent interaction. 

When the donor atoms, such as fluorine, oxygen and nitrogen, form 
dimers with HgCl2, electrons transfer from mercury to the donor atoms, 

which is favorable for coulombic interaction. By contrast, when other 
elements form dimers with HgCl2, the electron transfer is from the 
donor atoms to the mercury atom, leading to covalent interaction. The 
more the electron transfer from the donor atoms to the vacant orbital of 
mercury, the more obvious tendency to sp2 hybridization, all of which 
point to the existence of covalent interaction. The Hirshfeld and 
Mulliken charges (Table S1) were also calculated, which kept the same 
trend with the NBO charge. 

3.5. ELF and LOL analyses 

ELF (Electron Localization Function) analysis is a common method 
for describing chemical bonding in real space, and its function is very 
powerful. The value of ELF ranges from 0.0 to 1.0, where the relatively 
large values (0.5 to 1.0) indicate regions containing bonding and non
bonding localized electrons, whereas smaller values (< 0.5) describe 
regions where electron are expected to be delocalized. To further verify 
our conjecture, we use ELF (Fig. 5) to characterize it. It is clear that the 
color change in HgCl2⋯P(CH3)3 dimer is the most obvious, with the 
shortest Hg⋯L distance, showing the strongest covalent interaction 
among all the dimers. 

The LOL (Localized orbital locator) diagram can also clearly and 
intuitively show the chemical structure and accurately identify the 
chemical bonding. Areas without electrons (0.0  <  LOL  <  0.5, plotted 
in light blue, blue and dark blue to represent fewer and fewer electrons 
in space), such as those far away from the nucleus and between the 
atomic shell, indicate that no covalent bond has been formed. The 
chemical content of LOL is similar to that of ELF, as both depend on the 
kinetic-energy density. However, LOL simply recognizes that gradients 
of localized orbitals are maximized when localized orbitals overlap, 
whereas ELF is founded on consideration of the electron pair density. In 
the HgCl2⋯L dimers, the results of LOL analysis in Fig. 6 are very si
milar to those of ELF, covalent interactions existing and the strongest 
one lying in HgCl2⋯P(CH3)3 dimer. 

3.6. NCI analyses 

The contribution of H⋯Cl interaction may be large in the dimer, 
and it is very difficult to distinguish the contribution of H⋯Cl and 
L⋯Hg directly. Strength of the weak interactions can be given by non- 
covalent interactions (NCI) indexes based on the positions of the spikes. 
In dimers 2–13, the H⋯Cl distance in dimer 2 is the shortest, and the 
interaction should be the strongest. Fig. 7 plots the NCI analysis of 

Fig. 4. Optimized structures of HgCl2⋯PR3 dimers, and electrostatic potential surfaces of PR3. Blue and red regions refer to most negative and positive regions, 
respectively. Bond lengths (Å) and angle (degree) are given in red. Eb gives the binding energy at the M06-2X/def2-QZVP (CCSD(T)/def2-QZVP) level. The minimal 
values (in kcal/mol) of electrostatic potential are also labeled. 

Table 1 
Deviation degree of Cl-Hg-Cl angle, orbital hybridization of Hg atom, and 
charge transfer from L to Hg at the M06-2X/def2-TZVPP level.       

Complex Anglea Hybridizationb Charge Lc Charge Hgd  

HgCl2⋯FCH3  2.9° sp1.05 −0.02 +0.01 
HgCl2⋯ClCH3  3.8° sp1.04 +0.01 −0.02 
HgCl2⋯BrCH3  4.7° sp1.04 +0.02 −0.03 
HgCl2⋯ICH3  5.5° sp1.04 +0.04 −0.05 
HgCl2⋯O(CH3)2  6.1° sp1.07 −0.04 +0.02 
HgCl2⋯S(CH3)2  9.0° sp1.35 +0.05 −0.06 
HgCl2⋯Se(CH3)2  10.2° sp1.36 +0.06 −0.08 
HgCl2⋯Te(CH3)2  11.9° sp1.38 +0.10 −0.11 
HgCl2⋯N(CH3)3  10.6° sp1.05 −0.03 +0.01 
HgCl2⋯P(CH3)3  19.2° sp1.37 +0.10 −0.11 
HgCl2⋯As(CH3)3  13.7° sp1.13 +0.03 −0.07 
HgCl2⋯Sb(CH3)3  10.1° sp1.12 +0.06 −0.08 

a The deviation degree of Cl-Hg-Cl angle from 180°. bHybridization of Hg 
atom. cCharge changed of L atoms from monomers to dimers. dCharge changed 
of Hg atom from monomers to dimers.  

Table 2 
Decomposition of interaction energies (in kcal/mol) in HgCl2⋯L dimer com
plexes at the B3LYP-D3(BJ)/TZ2P level.        

Complex Eint Epauli Eelst Eoi Edisp  

HgCl2⋯FCH3 −4.54  10.62 −9.21 −3.16 −2.79 
HgCl2⋯ClCH3 −5.87  13.34 −10.27 −4.76 −4.17 
HgCl2⋯BrCH3 −6.68  15.07 −11.52 −5.65 −4.58 
HgCl2⋯ICH3 −7.29  17.32 −12.95 −6.52 −5.14 
HgCl2⋯O(CH3)2 −9.87  22.87 −20.32 −7.66 −4.77 
HgCl2⋯S(CH3)2 −11.92  30.18 −24.00 −11.54 −6.56 
HgCl2⋯Se(CH3)2 −12.98  32.30 −25.92 −12.58 −6.79 
HgCl2⋯Te(CH3)2 −13.86  36.28 −28.88 −14.12 −7.14 
HgCl2⋯N(CH3)3 −16.08  42.11 −36.08 −14.29 −7.82 
HgCl2⋯P(CH3)3 −19.38  57.80 −45.50 −21.96 −6.72 
HgCl2⋯As(CH3)3 −13.55  36.09 −28.75 −14.71 −6.19 
HgCl2⋯Sb(CH3)3 −10.39  28.28 −21.57 −11.18 −5.92 
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dimer 2. The H⋯Cl spike lies in −0.008, which is very weak and should 
be taken as van der waals interaction. However, the spike of O⋯Hg 
spodium bond lies in −0.030, which is rather strong and is a typical 
secondary interaction. Thus, the contribution of H⋯Cl interaction in 
the dimers should be very small compared to the spodium bonds. NCI 
analysis for the other dimers is also given in Fig. S1. 

3.7. Chemical bonding analyses 

To gain more direct insight into the nature of the bond in HgCl2⋯L, 
we apply adaptive natural density partitioning (AdNDP) method to 
obtain patterns of chemical bonding. AdNDP is based on the concept of 
the electron pair as the main element of chemical bonding models, 
which allows an electron pair to be delocalized over more than two 

Fig. 5. ELF contour planes for dimers 2–13 (HgLC planes). Labeled is the color scale of the values.  

Fig. 6. LOL contour planes for dimers 2–13 (HgLC planes). Labeled is the color scale of the values.  

Fig. 7. Plots of the reduced density gradient (RDG in a.u.) against the sign of 
the second Hessian eigenvalue multiplied by the electron density (sign(λ2)ρ in 
a.u.) for the dimers HgCl2⋯O(CH3)2 (2), (a). NCI isosurfaces at s = 0.40 (b). 
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atoms. Fig. 8 displays the AdNDP localized bonds of dimers 3 (HgCl2⋯S 
(CH3)2), 7 (HgCl2⋯ClCH3), and 11 (HgCl2⋯P(CH3)3). Since charge 
transfer in halogen bond have been extensively discussed in literatures, 
we consider the bonds in dimers 3, 7 and 11 as 4c-2e bonds to include 
the contribution of σ*Hg-Cl bond. The fact that the numbers of bonding 
orbitals occupied all close to the ideal value of 2.00|e| indicates high 
reliability. The phosphorus donor affords more electrons to mercury 
than sulfer or chlorine do, leading to more covalent interaction in dimer 
11. By contrast, electrons in dimer 7 mainly concentrate on chlorine, 
and the dominant interaction should be coulombic interaction. Besides, 
electrons are mostly focused on mercury and the donor atoms, while 
electrons that transfer to the σ*Hg-Cl orbital are negligible, indicating 
that coulombic and covalent interactions rather than charge transfer 
dominate intermolecular interactions in the dimers. 

3.8. Energy decomposition analyses 

Energy decomposition analysis is another tool to understand the 
nature of intermolecular interactions at the energy level. To investigate 
which one is the main driving force for the formation of intermolecular 
interactions in selected complexes. The total binding energy (Eint) is 
decomposed into four terms: Pauli repulsion energy (Epauli), electro
static interaction energy (Eelst), orbital interaction energy (Eoi) and 
dispersion energy (Edisp). The results are listed in Table 2. As shown in  
Table 2, the Eelst, Eoi and Edisp are negative values which denote at
tractive interactions, that is, they make a contribution to stabilize the 
formation of HgCl2⋯L dimer complexes. However Epauli is positive, 
meaning that it is a repulsive interaction and makes a contribution to 
destabilize the formation of the complexes. The largest attractive con
tribution to the formation of the HgCl2⋯L dimer complexes results from 
Eelst, followed by Eoi and Edisp, the Eoi being approximately a half of the 
Eelst. Therefore, the larger Eoi value demonstrates that the orbitals un
dergo obvious changes in the formation of the complexes. In the con
ceptual Kohn–Sham framework, the Eoi term accounts basically for 
charge-transfer and donor–acceptor orbital interactions between the 
two fragments, and can be considered as a measure of the covalent 
character of the intermolecular bond. The bigger contribution of the Eoi 

in HgCl2⋯L dimers indicates the higher covalence of the formed 
bonding. Similarly, HgCl2⋯P(CH3)3 dimer involves the strongest 
covalent interaction. 

There were previously some studies suggesting such ETS-NOCV- 
EDA schemes may overestimate the covalent contribution [77,78]. 
Thus, EDA results by SAPT method are also given for reference (Table 
S2). The total binding energies and Pauli repulsion energies of SAPT are 
in good agreement with those of ETS-NOCV-EDA. However, electro
static interaction energies in SAPT is obviously less negative and dis
persion energies in SAPT are more negative. Orbital interaction 

energies in SAPT are smaller a little, but is also fairly large 
(−16.28 kcal/mol for dimer 11). 

As discussed above, although Sp bonds in HgCl2⋯L complexes 
should be classified in noncovalent interactions by Hg⋯L distances and 
interaction energy, the contribution of covalent interaction is non- 
negligible (Eoi being approximately a half of the Eelst), which is in dis
agreement with the noncovalent interaction in HgCl2L2⋯L in ref. 53. In 
HgCl2 molecule, Hg atom is in sp hybridization with empty 6px and 6py 

orbitals, and the Hg⋯L Sp bond can have certain character of L → Hg 
coordination bond. The coordination character is especially large for 
L = P(CH3)3, where the interaction energy is about a half the tradi
tional coordination bond in L3P-CuX [79]. However, in HgCl2L2 mole
cule, Hg atom is in sp3 hybridization, and there is no room for L → Hg 
covalency in HgCl2L2⋯L Sp bond. 

3.9. HgCl2⋯Ln complexes (L = O(CH3)2 and S(CH3)2) 

As shown in Fig. 1, there is a large positive electrostatic potential on 
the waist of Hg, so one HgCl2 molecule may form several spodium 
bonds around the waist. Taking O(CH3)2 and S(CH3)2 as the test cases, 
we optimized the structures of HgCl2⋯Ln complexes at the M06-2x/ 
def2qzvp level of theory. Fig. 9 plots the structures and ΔHn (kcal/mol) 
as the function of coordination number (n), where ΔHn = E(HgCl2⋯Ln) 
– E(HgCl2⋯Ln-1) –E(L). For L = O(CH3)2, ΔHn is very large for n = 1–5 
(-9 ~ -11 kcal/mol), and there is a sudden decrease of ΔH6. Moreover, 
there is also a sudden increase of Hg⋯O distance at n = 6. Thus 
HgCl2⋯[O(CH3)2]5 should be the most stable complex. Differently, 
HgCl2⋯[S(CH3)2]4 is the most stable one due to the larger size of S. 
Such a spodium bond in HgCl2⋯Ln complexes is very different from that 
in SpX2L2⋯L complexes in ref. 53. 

4. Conclusion 

In summary, we theoretically investigated the linear coordinated 
spodium bonds in HgCl2⋯L (L = ClR, SR2, PR3 families) dimers. It was 
shown that the nature of the spodium bond is the coexistence of the 
coulombic and covalent interaction. The fact that the trend of the 
natural charges of the donor atom is opposite to that of the binding 
energies, together with the deviation of Cl-Hg-Cl angle, supports the 
presence of covalent interactions, where electrons transfer from donors 
to unoccupied orbitals of mercury. Besides, HgCl2⋯P(CH3)3 dimer is an 
exception with the largest binding energy and deviation degree, in
dicating the strongest covalent interaction. ELF and LOL and AdNDP 
analyses further confirm the existence of covalent interaction and the 
strongest one lying in HgCl2⋯P(CH3)3 dimer. The contribution of 
charge transfer is very little. In short, the complete picture of weak 
intermolecular interactions in the linear coordinated spodium bond of 

Fig. 8. AdNDP localized 4c-2e (LHgClCl) orbitals of dimers HgCl2⋯S(CH3)2 (3), HgCl2⋯ClCH3 (7), and HgCl2⋯P(CH3)3 (11).  
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Hg elements contains both coulombic and covalent interactions, no one 
playing the sole role. 
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