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Abstract: The co-crystallization of the lead(II) complex [Pb(S2CNEt2)2] with tetraiodoethylene (C2I4) 

gave the co-crystal, [Pb(S2CNEt2)2]∙½C2I4, whose X-ray structure exhibits only a small change of the 

crystal parameters than those in the parent [Pb(S2CNEt2)2]. The supramolecular organization of the 

co-crystal is largely determined by an interplay between Pb⋯S tetrel bonding (TeB) and I⋯S halogen 

bonding (HaB) with comparable contributions from these non-covalent contacts; the TeBs observed 

in the parent complex, [Pb(S2CNEt2)2], remain unchanged in the co-crystal. An analysis of the theo-

retical calculation data, performed for the crystal and cluster models of [Pb(S2CNEt2)2]∙½C2I4, re-

vealed the non-covalent nature of the Pb⋯S TeB (−5.41 and −7.78 kcal/mol) and I⋯S HaB (−7.26 and 

−11.37 kcal/mol) interactions and indicate that in the co-crystal these non-covalent forces are similar 

in energy. 

Keywords: tetrel bonding; halogen bonding; non-covalent interactions; lead(II) dithicarbamates; 

QTAIM; NCI 

 

1. Introduction 

Non-covalent interactions [1–6] (NCIs) play a key role in the modulation of supra-

molecular organizations [7–14], which is useful for targeted crystal design [7–9,11,12,15–

19] and the fabrication of functional materials [20], as well as for enhancing catalytic ac-

tivity [21,22] and reactivity [23–28]. All of these factors contributed to the motivation be-

hind supramolecular chemistry studies utilizing a diversity of NCIs. The understanding 

of non-covalent forces is uneven with regards to the placement of the donor atoms in the 

periodic table. In this context, hydrogen- [29,30], halogen- [31–33], and chalcogen [34] 

bonds were widely studied (and obtained their IUPAC names [30,33,34]) in contrast to 

other types of non-covalent forces [4,7,35], such as tetrel bonding. 

Tetrel bonding (abbreviated as TeB) belongs to the group of interactions that include 

Group 14 donors (namely, C/Si/Ge/Sn/Pb), whose understanding and applications are 

very far from exhaustive. Several reviews [35,36] considered the known examples of TeBs 

that occurred between a tetrel atom (functioning as a σ-hole donor) and a lone-pair pos-

sessing atom (acting as a nucleophilic component of the TeB linkage). Most of the recent 

reports on TeB have been focused on contacts involving carbon atom(s) [35,37–39] or sili-

con atom(s) [40,41], while TeB including σ-hole-donating tin [42] or lead sites [36,43–47] 

are still poorly investigated. Notably, before our decade, the ability of lead(II) to act as a 
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Lewis acid in intermolecular contacts was considered in the frameworks of additional co-

ordination contacts, secondary bonding, or semi-coordination [36,48]. 

The coexistence and combined effects of two or more types of NCIs are important for 

the rational design of solid materials. Combinations of hydrogen and halogen bonds [49–

55], hydrogen and chalcogen bonds [56,57], and halogen and chalcogen bonds [25,58] in 

one system and their interplay have been verified, while the combined effects of TeB to-

gether with any other kind of NCI are, so far, little explored. In particular, several papers 

[59–62] outlined the coexistence of Pb∙∙∙S(N) TeBs with π-stacking and/or hydrogen bond-

ing in solid crystals. An interplay between TeB and hydrogen bonding was studied theo-

retically for the XCN/4-EF3-pyridine (X = Cl, Br; E = C, Si, Ge) [63] and NH3/EF3X (E = C, 

Si, Ge, Sn; X = Cl, Br, I) systems [64]. 

Our recent reports verified various approaches for the supramolecular assembly of 

transition metal dithiocarbamates and -carbonates with halogen bond (abbreviated as 

HaB) donors [65–67]. In pursuit of that project, we turned to lead(II) species, where a pos-

itively-charged PbII site could function as a σ-hole-donating component of TeB [35]. The 

Cambridge Structural Database (CSD) search on the supramolecular organization of var-

ious homoleptic lead(II) dithiocarbamates revealed that Pb···S TeB is the main structure-

directing interaction of these solid structures. We analyzed these TeB-based contacts in 

Section 2.1, whereupon in Section 2.2 and Section 2.3 we attempted to verify how another 

type of σ-hole interaction, namely HaB, affects the structural organization of the dithio-

carbamates. 

For this work, we used a combination of the lead(II) complex [Pb(S2CNEt2)2] with 

strong (and potentially tetrafunctional) HaB donors, such as tetraiodoethylene (C2I4). The 

co-crystallization of [Pb(S2CNEt2)2] with C2I4 gave the co-crystal, [Pb(S2CNEt2)2]∙½C2I4, in 

which, as we observed, the supramolecular organization of the X-ray solid-state structure 

is largely determined by an interplay between Pb⋯S TeB and I⋯S HaB. We found that de-

spite a structure-directing contribution of HaB in the structure of [Pb(S2CNEt2)2]∙½C2I4, the 

TeBs from the parent complex, [Pb(S2CNEt2)2], remain unchanged and the co-crystalliza-

tion with the HaB donor provides only a small change in the crystal parameters. All our 

findings are consistently detailed in the following sections. 

2. Results 

2.1. CSD Search: Structural Features of Homoleptic Lead(II) Dithiocarbamates 

The supramolecular structure of solid lead(II) dithiocarbamates is determined by the 

ability of lead(II) sites to form TeB(s). The CSD search revealed 19 structures of 

[Pb(S2CNRR’)2], including 15 structures (Rf ≤ 5.3%) exhibiting monomeric, oligomeric, and 

polymeric supramolecular motifs (Figure 1). Some complexes of the type [Pb(S2CNRR’)2] 

(RR’ = CH2Ph/CH2CH2(thienyl-2) AGABOB, (CH2Ph)2 QECCAE, and QECCAE01) are 

monomeric (A) without noticeable Pb-involving contacts; in these cases, intermolecular 

Pb–S distances exceed 4.10 Å (higher than the Bondi radii [68] sum, vdw(Pb + S) = 3.82 Å). 

We also identified two types of oligomeric structures. The structure of 

[Pb{S2CN(Me)CH2Ph}2] (YEDQII) represents a TeB-based tetramer (Figure 1B), in which 

each of two central molecules are involved in four Pb⋯S TeBs with two neighboring dithi-

ocarbamate ligands. Another two peripheric molecules are involved in three contacts, 

each one with a neighboring molecule. A particular case is the structure of [Pb(S2CNnPr2)2] 

(JADJIH), whose supramolecular aggregate consists of the molecular dimer, 

[Pb(S2CNnPr2)2]2, which exhibits inter- and intramolecular TeBs, and the two mononuclear 

[Pb(S2CNnPr2)2] entities linked to the molecular dimer via four TeBs (Figure 1C). 
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Figure 1. Supramolecular organization of lead(II) dithiocarbamates: monomeric (A) and two tetram-

eric (B,C) forms. Hereinafter, short M⋯S non-covalent contacts are shown by blue dotted lines, pol-

ymeric forms: two kind of chains, based on mutual Pb···S contacts (D,E), 1D head-to-tail chain (F), 

and 1D head-to-tail chain involving Pb⋯Pb interaction (G). 

In the structure of [Pb(S2CNCy2)2] (BEQWUQ), each metal atom forms only one Pb⋯

S TeB to give a 1D chain. However, if the other Pb⋯S long contact (3.94 Å) (which exceeds 

Bondi vdw 3.82 Å) is taken into account, this pattern might be attributed to chains, where 

each of the two neighboring molecules forms two mutual Pb···S contacts (Figure 1D). An-

other architecture of 1D chains (Figure 1E) was observed for [Pb(S2CNRR’)2] (RR’ = iPr2 
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IPTCPB01, Et/iPr NAYNUW and NAYNUW01, Et/Cy XAVYAU), where each complex 

forms two mutual contacts with the neighboring molecule, thus functioning as a TeB do-

nor in one case and as a TeB acceptor in the other case. 

The crystal structures of [Pb(S2CNRR’)2] (RR’ = Me/CH2Ph HABGAU, (CH2)5 JOR-

RIU, Me2 MTCBPB, and Et2 PBETCA02) display 1D head-to-tail chains (Figure 1F). The 

1D chains in the infinite polymeric structure of [Pb{S2CN(CH2)4}2] (NINDUJ) are based on 

pentafurcated intermolecular contacts; each contact includes four Pb···S and one Pb⋯Pb 

interaction (Figure 1G). 

It is clear from the performed CSD search that the supramolecular organization of 

the crystal structures of lead(II) dithiocarbamates is greatly determined by Pb···S TeBs. 

These TeBs provide an assembly furnishing either tetrameric or polymeric structures. In 

some instances, Pb···S contacts are not formed, and the crystal structure motifs are deter-

mined by other non-covalent contacts, such as, for instance, H···S hydrogen bonds. 

In the context of this study, we analyzed the structure of the parent complex 

[Pb(S2CNEt2)2] (PBETCA02, 1) employed for the co-crystallization (Section 2.2). This struc-

ture belongs to type F (Figure 1), where the complex forms 1D infinite chains determined 

by the Pb···S TeB. The coordination environment of the lead(II) ion exhibits 4-coordinated 

distorted pseudotrigonal pyramidal geometry. The Pb–S distances range from 2.7301(17) 

to 2.9050(13) Å, and the bite angles S–Pb–S are 63.41(3) and 64.68(4)°; the interligand S–

Pb–S angles are in the range of 82.92(4)–135.90(5)°. The neighboring complexes are linked 

via Pb⋯S TeB [4] (Figure 2): each complex behaves as TeB donor toward two S atoms from 

a neighboring molecule (either from one or from different ligands), providing two σ-holes 

at the PbII center for two Pb···S contacts, and as a TeB acceptor toward another neighboring 

1, thereby providing two σ-hole-accepting S atoms. 

 

Figure 2. A fragment of the crystal packing of 1 (PBETCA02) showing Pb⋯S TeB contacts (dotted 

lines). 

2.2. Crystallizations and Structural Motifs of the XRD Structures 

As a next step of our study, we performed the crystallization of 1 with different HaB 

donors: 1,2-diiodotetrafluorobenzene, 1,4-diiodotetrafluorobenzene, 1,3,5-triiodo-

triafluorobenzene, and tetraiodoethylene (C2I4). However, only in the case of C2I4, we 
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obtained crystals suitable for XRD, namely 1∙½C2I4. This co-crystal was then studied by 

single-crystal XRD (see Sections 4.2 and 4.3 for details). The structure of 1∙½C2I4 is com-

posed by one type of 1 and one type of C2I4. Complex 1 exhibits a 4-coordinated distorted 

pseudotrigonal pyramidal geometry, which is rather typical for lead(II) dithiocarbamates 

[69,70]. The Pb–S distances are in the range of 2.7312(9)–3.0200(11) Å, while the bite angles 

S–Pb–S are 62.04(3) and 66.10(3)°, and the interligand S–Pb–S angles lie in a broad in-

terval spanning from 81.89(3) to 140.23(3)°. The neighboring complexes are linked to each 

other via mutual Pb⋯S TeB [4] (Figure 3). 

 

Figure 3. A fragment of the crystal packing of 1∙½C2I4 showing Pb⋯S TeB contacts (dotted lines). 

Each metal center is involved in two TeBs with two different S sites (Table S2), thus 

accomplishing an infinite double zig-zag chain (Figure 4). Considering these TeBs, the 

coordination environment of each lead(II) is thus completed to a distorted octahedral. The 

S2 and S1 atoms are linked to C2I4 via HaB (Figure 5, Table S2). All four iodine atoms of 

C2I4 form HaBs and these contacts join TeB-based zig-zag chains to give a 3D structure. 

 

Figure 4. Intermolecular Pb⋯S TeB contacts-based double zig-zag chain in the crystal structure of 

1∙½C2I4. 
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Figure 5. A fragment of crystal packing of 1∙½C2I4 showing I⋯S HaB contacts (dotted lines). 

The search of CSD revealed only one structure of 1 with Rw < 5% (CSD refcode: 

PBETCA02; Rw = 1.75%). In PBETCA02, similar to the structure of 1∙½C2I4, the lead(II) site 

exhibits a 4-coordinated distorted pseudotrigonal pyramidal geometry. The other geomet-

ric parameters are also very similar: the Pb–S distances are in the range of 2.7301(17)–

2.9050(13) Å, the bite angles S–Pb–S are 63.41(3) and 64.68(4)°, and the interligand S–

Pb–S angles span from 82.92(4) to 135.90(5)°. Each metal center forms two Pb⋯S TeBs with 

the neighboring 1. Although the 1D chains are the main structural motives of both 1 and 

1∙½C2I4, their architectures are different (Figure 6). 

 

Figure 6. Pb···S-based supramolecular organization in the structures of 1 (PBETCA02, left panel) and 

1∙½C2I4 (right panel). Short M⋯S TeB contacts are shown by blue dotted lines. 

We performed the Hirshfeld surface analysis [71] for the XRD structures of 1 

(PBETCA02) and co-crystal 1∙½C2I4 to verify what kind of intermolecular contacts provide 

the largest contributions to the crystal packing for both structures. For the visualization, 

we used a mapping of the normalized contact distance (dnorm); its negative value enables 

the identification of molecular regions (red circle areas) of substantial importance for the 

recognition of short contacts (Figure 7). For both structures, the shortest contacts are rep-

resented by Pb⋯S TeBs, while 1∙½C2I4 I⋯S HaB contacts are also clearly visible, and they 

provide a substantial contribution. 
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Figure 7. Visualization of the Hirshfeld surface, mapped over the normalized contact distance (dnorm) 

of complex 1 in the structure of 1 (PBETCA02, top panel) and in co-crystal 1∙½C2I4 (bottom panel). 

2.3. Theoretical Calculations 

The calculated (PBE [72] -D3 [73]/def2-TZVP [74,75]) electrostatic surface (ρ = 0.001 

e/bohr3) [76] potentials [77–79] for 1 and C2I4 are based on the experimentally obtained 

coordinates and these potentials are positive for the PbII site and all I atoms (Figure 8), 

which exhibit σ-holes; the maximum σ-hole potential on the iodine atoms of C2I4 is larger 

than that on the Pb atom in 1 (27.0 vs. 9.8–13.4 kcal/mol). 

 

Figure 8. Electrostatic surface (ρ = 0.001 e/bohr3) potentials calculated for 1 (left) and C2I4 (right) 

molecules. 

To get a deeper insight into the nature of non-covalent interactions in co-crystal 

1∙½C2I4, we additionally performed two types of calculations. To model the whole system, 

the calculations under periodic boundary conditions (crystal model) were carried out in 
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CP2K [80–86] using a PBE [72]-D3 [87] functional and jorge-DZP-DKH [88–91] full-elec-

tron basis set with the Douglas–Kroll–Hess 2nd-order scalar relativistic calculations re-

questing relativistic core Hamiltonian [92,93]. Concurrently, for a more detailed analysis, 

the cluster models were calculated in Gaussian09 [94] using the same PBE [72]-D3 [73] 

functional and def2-TZVP [75,75] basis set, which contain two molecules of 1 only (two 

types of clusters accordingly to these TeBs) or the system 1 plus C2I4 (also two types of 

clusters). Both crystal and cluster models were based on the experimentally determined 

coordinates. For a more detailed description, see Computational (Section 4.4). 

The QTAIM analysis [95–97] performed for the crystal and cluster models demon-

strated the presence of bond critical points (3, −1) (abbreviated as BCP) between the I and 

S atoms as well as BCPs corresponding to the Pb⋯S TeB interactions (Table 1). Considera-

tion of the negative and small values of the BCP sign(λ2)ρ(r) values indicated the attractive 

and non-covalent nature of the Pb⋯S and I···S interactions [98]. The conclusion on the non-

covalent nature is based on their close to zero positive energy density (0.000–0.001 har-

trees/bohr3) and the balance of the Lagrangian kinetic energy G(r) and the potential energy 

density V(r) (−G(r)/V(r) ≥ 1) on the corresponding BCPs [97]. The same topological param-

eters (Table S3, the ESI) were found for the Pb⋯S interactions in crystal and cluster models 

of 1 and [Pb(S2CNnPr2)2] of the CSD PBETCA02 and IPTCPB01 structures, respectively. 

According to the performed NCI analysis, the surfaces of the reduced density gradient 

(RDG) [98] with a 0.35 e−⅓ value with assigned negative sign(λ2)ρ(r) values on them sur-

round both BCPs of the I⋯S (Figure 9) and Pb⋯S (Figure 10) interactions. Hence, the exist-

ence of the non-covalent interactions was confirmed by NCI analysis. 

Table 1. Parameters in (3, −1) bond critical points (the electron density with sign of λ2 sign(λ2)ρ(r) in 

e/bohr3, Laplacian of electron density 2ρ(r) in e/bohr5, the local electronic energy density Hb, local 

electronic potential energy density V(r), and local electronic kinetic energy density G(r) in har-

trees/bohr3) corresponding I⋯S HaBs and Pb⋯S TeBs in both crystal and cluster models as well as 

Wiberg bond indexes (WBI) calculated for the cluster model. 

Bond Model sign(λ2)ρ(r) ▽2ρ(r) G(r) V(r) Hb WBI 

C1S–I1S⋯S1 crystal −0.016 0.043 0.010 −0.009 0.001  

 cluster −0.016 0.038 0.009 −0.008 0.001 0.08 

C1S–I2S⋯S2 crystal −0.019 0.046 0.011 −0.011 0.000  

 cluster −0.018 0.042 0.010 −0.009 0.001 0.10 

S3–Pb1⋯S1 crystal −0.019 0.039 0.010 −0.009 0.001  

 cluster −0.019 0.038 0.010 −0.010 0.000 0.14 

S1–Pb1⋯S3 crystal −0.016 0.032 0.008 −0.007 0.001  

 cluster −0.016 0.032 0.008 −0.008 0.000 0.09 

 

Figure 9. Visualization of QTAIM topological and NCI analyses for the model clusters (1)∙(C2I4) with 

two different I⋯S HaBs. Blue dots correspond to (3; −1) bond critical points, orange dots to (3; +1) 

ring critical points, and bond paths are shown as black lines. For non-covalent interactions, RDG = 

0.35 e−⅓ half-transparent surfaces are colored from blue (sign(λ2)ρ(r) = −0.015 e/bohr3) to red 

(sign(λ2)ρ(r) = +0.015 e/bohr3) through white. 
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Figure 10. Visualization of QTAIM topological and NCI analyses for the model clusters (1)2 exhib-

iting two different Pb⋯S TeBs. Blue dots correspond to (3; −1) bond critical points, orange dots to (3; 

+1) ring critical points, and bond paths are shown as black lines. For non-covalent interactions, RDG 

= 0.35 e−⅓ half-transparent surfaces are colored from blue (sign(λ2)ρ(r) = −0.015 e/bohr3) to red 

(sign(λ2)ρ(r) = +0.015 e/bohr3) through white. 

Wiberg bond indexes [99–101], which were calculated for the I⋯S HaBs and Pb⋯S TeBs 

in the cluster model in the natural atomic partitioning scheme [102,103], are within the 

0.08–0.14 range (Table 1). These values are lower than the typical values for coordinative 

bonds [104,105], but still show some covalent contributions, which are especially noticea-

ble for the S3–Pb1⋯S1 interactions. 

The charge transfer from 1 to C2I4 was evaluated by calculation of the sums of the 

natural population analysis (NPA) [102,103] atomic charges in the model clusters (1)∙(C2I4) 

(Figure 9), which correspond to two different interactions, where the C2I4 sums are −0.069 

and −0.084 e for the C1S–I1S⋯S1 and C1S–I2S⋯S2 interactions, respectively. 

The electron localization function (ELF) [106–108] projections (useful for the location 

of shared and lone pair areas), along with QTAIM bond critical points and paths 

[65,67,109–111] can be employed to reveal electron donating/accepting roles of atoms in-

volved in non-covalent interactions. The projections for the I⋯S HaBs carried out in the 

crystal and cluster models (Figure 11) show that the I⋯S bond paths go through S lone pair 

areas (with high ELF values; orange zones) and also between I lone pair areas (with low 

ELF areas; green zones). Thus, the S atoms are electron donating partners toward iodine 

σ-holes. Correspondingly, the I⋯S interactions can be treated as HaBs, according to the 

IUPAC recommendations for the identification of HaB [33]. 

The same projections (Figure 12) obtained for the Pb⋯S interactions also demonstrate 

the Pb⋯S bond paths lie on the S lone pair areas and far from the Pb lone pair areas. Since 

TeBs in many respects are analogous to HaBs [112] and Pb atoms behave as an electron 

acceptor toward sulfur, the Pb⋯S interactions can be attributed to TeBs. 
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Figure 11. ELF projections through the Pb–S⋯I planes for the cluster (left) and crystal (right) models. 

QTAIM ρ(r) topological pale brown nuclear (3, −3), blue bond (3, −1), and orange ring (3, +1) critical 

points are drawn with white bond paths and black interatomic zero-flux paths. 

 

Figure 12. ELF projections through the Pb⋯S–Pb planes for the cluster (left) and crystal (right) mod-

els. QTAIM ρ(r) topological pale brown nuclear (3, −3), blue bond (3, −1), and orange ring (3, +1) 

critical points are drawn with white bond paths and black interatomic zero-flux paths. 

The strength of the I⋯S and Pb⋯S interactions were calculated as a difference between 

the energy of a cluster and a sum of the monomer’s energies, thereby taking into account 

the basis set superposition error (BSSE) [113] using a counterpoise procedure. The ener-

gies (Table 2) were calculated for the model clusters (1)∙(C2I4) with the C–I⋯S interactions 

or for the (1)2 clusters with the S–Pb⋯S TBs. Notably, the TeB energies are comparable with 

those calculated for the model (1)2 (−6.90 kcal/mol) and ([Pb(S2CNnPr2)2])2 (−5.48 kcal/mol) 

clusters (Figure S1, the ESI) of the CSD PBETCA02 and IPTCPB01 structures, respectively. 

Notably, the geometrical parameters of non-covalent contacts and energies of HaB and 

TeB demonstrate a certain relationship. Thus, the normalized contact distances for Pb···S 

and I···S are comparable and fall into the 0.85–0.88 range, which corresponds to the close 

dimerization energies spanning from −5.41 to −11.37 kcal/mol. 



Int. J. Mol. Sci. 2022, 23, 11870 11 of 19 
 

 

Table 2. BSSE-corrected dimerization energies ΔE (kcal/mol) for the (1)∙(C2I4) and (1)2 heterodimers 

of two types. 

Cluster Type Bond ΔE 

(1)∙(C2I4) 
I1S⋯S1 −11.37 

I2S⋯S2 −7.26 

(1)2 
Pb1⋯S1 −7.78 a 

Pb1⋯S3 −5.41 a 
a—is ΔE/2 values since two Pb⋯S interactions dissociated from cluster to two monomers. 

In summary, the results of the performed theoretical calculations confirmed the ex-

istence and the non-covalent nature of the I⋯S HaB and Pb⋯S TeB interactions for the crys-

tal and cluster models of 1∙½C2I4. We also revealed the electron donating/accepting roles 

of the interacting atoms from the ELF and NPA calculations. This attribution is in agree-

ment with the experimental angle parameters of the corresponding interactions. The en-

ergies of the I⋯S HaB and Pb⋯S TeB interactions span the range from −5.41 to −11.37 

kcal/mol. 

3. Discussion 

The results of this study can be considered from at least two perspectives. In a narrow 

sense, we established that a common feature of the structure of 1∙½C2I4 is the coexistence 

and interplay of Pb⋯S TeBs and I⋯S HaBs structure-directing interactions. The incorpora-

tion of the HaB donor in the crystal structure of 1 to give 1∙½C2I4 pro-vides, only slightly, 

an F-to-E type (Figure 6) change of the parent TeB-based supramo-lecular motifs. Regard-

less of the structural changes that occurred during the co-crystallization, the structure of 

1∙½C2I4 preserves the Pb⋯S TeB interactions. The number of Pb⋯S contacts involving each 

molecule of 1 and the coordination geometry of the complex remain intact, while the in-

teraction with the HaB donor gives an addi-tional supramolecular motif (Figure 13). As 

can be inferred from the examination of our results, the TeB bond determines both the 

structure of the homoleptic lead dithio-carbamate and the co-crystal, and the effects of 

TeB and HaB are comparable. An analysis of the theoretical calculation data, which were 

performed for the crystal and cluster models of 1∙½C2I4 and confirms the non-covalent 

nature of both Pb⋯S TeB (−5.41 and −7.78 kcal/mol) and I⋯S HaB (−7.26 and −11.37 

kcal/mol) interactions, as well as indicating that these non-covalent forces are comparable 

in their energies—while very different in regard to their physical natures. 

 

Figure 13. Changes in the supramolecular organization of 1 occurred by the incorporation of the 

HaB donor. The Pb⋯S contacts are shown by blue dotted lines, I⋯S HaBs are given as black dotted 

lines. 

The results of this work are consistent with those recently reported [69]. In the latter 

work, we found that the co-crystallization of [Ni(S2COEt)2] with 1,4-
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diiodotetrafluorobenzene (1,4-FIB) and 1,3,5-triiodotrifluorobenzene (1,3,5-FIB)—to give 

the co-crystals [Ni(S2COEt)2]·2(1,4-FIB) and [Ni(S2COEt)2]·2(1,3,5-FIB)—leads to a change 

in the geometry of the Ni···S contacts, but not to their disappearance. In both cases—ad-

ducts of nickel(II) dithiocarbonate and lead(II) dithiocarbamate—correlate with the high 

thiophilicity of these two metals, which is indirectly manifested in the pronounced ability 

of nickel and lead to form sulfides. 

In a broader sense, our experimental observations and obtained computational data 

agree well with our recent studies that focused on the various approaches of HaB-involv-

ing supramolecular assembly of transition metal dithiocarbamates and -carbonates. These 

works [68–70] utilized square-planar late transition metal(II) complexes, which can act as 

dz2-orbital nucleophilic components of non-covalent interactions (Figure 14). 

 

Figure 14. Comparison of [M(S2CNEt2)2] (M = Ni, Pd, Pt) and [Pb(S2CNEt2)2] as potential partners of 

NCIs. 

Although the non-transition metal(II) ion in [Pb(S2CNEt2)2] forms four coordination 

bonds and exhibits a 2+ oxidation state, it is different from the square-planar late transition 

metal(II) dithiocarbamates. The choice of another metal center, namely PbII instead of the 

d8-metals, affects the types of non-covalent interactions involved in the assembly: a posi-

tively-charged lead(II) center behaves as a σ-hole donor and functions as a component of 

TeB. 

From the viewpoint of NCI-based assembly, [Pb(S2CNEt2)2] bears four σ-hole-accept-

ing centers at the S-atoms of the two dithiocarbamate ligands, and in this regard, the 

lead(II) site is similar to the platinum group metal(II) dithiocarbamates (Figure 14). At the 

same time, the distinction between the geometries of [Pb(S2CNEt2)2] and [M(S2CNEt2)2] (M 

= Ni, Pd, Pt) can result in different HaBs distribution, thus providing different supramo-

lecular assembly patterns. The consideration of the structures of the transition and non-

transition complexes demonstrated how the identity of metal centers affects the geometry 

and composition on NCI-based supramolecular assembly of dithiocarbamate or -car-

bonate complexes. 

4. Materials and Methods 

4.1. Materials and Instrumentation 

Complex 1 was prepared according to the published procedure [69]. Other reagents 

and solvents were obtained from commercial sources and used as received. The Cam-

bridge Structural Database search was performed by using ConQuest software [114] (ver-

sion 2022.1.0; access date: 15 March 2022). 

4.2. Co-Crystallization 

A mixture of [Pb(S2CNEt2)2] (10.0 mg, 0.020 mmol) and C2I4 (5.3 mg, 0.010 mmol) was 

dissolved in dichloromethane (3 mL) under ultrasonic treatment and filtered off through 

a PTFE syringe filter (0.45 μm) from minor, solid impurities. The reaction mixture was 

then left to stand at room temperature for slow evaporation. Pale yellow crystals of 

1∙½C2I4, suitable for XRD, were obtained after 4–5 days. 
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4.3. X-ray Structure Determination 

Suitable single-crystals of 1∙½C2I4 were fixed on micro-mounts, placed on an Xcali-

bur, Eos diffractometer (monochromated Mo Kα radiation, λ = 0.71073), and measured at 

100(2) K using. Using Olex2 [115], the structure was solved with the ShelXT [116] (struc-

ture solution program using Intrinsic Phasing) and refined with the ShelXL [117] refine-

ment package using Least Squares minimization. Supplementary crystallographic data for 

this paper have been deposited at the Cambridge Crystallographic Data Centre (CCDC 

2205815) and can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, ac-

cessed on 7 September 2022. The table with the crystal data and structure refinement for 

1∙½C2I4 can be found in the ESI. 

4.4. Computational Details 

Single-point DFT calculations based on experimentally determined coordinates with 

periodic boundary conditions using the Gaussian/augmented plane wave (GAPW) [118] 

basis set with a 350 Ry and a 50 Ry relative plane-wave cut-offs for the auxiliary grid, the 

PBE [72]-D3 [73,87] functional, and full-electron jorge-DZP-DKH [88–91] basis for crystal 

(1 × 1 × 1 cell) models of 1∙½C2I4, 1 (structure PBETCA02), and [Pb(S2CNiPr2)2] (structure 

IPTCPB01) were performed in the CP2K-8.1 program [80–86] with the Douglas–Kroll–

Hess 2nd-order scalar relativistic calculations requested relativistic core Hamiltonian 

[92,93]. The 0.500 rloc parameter was applied for Pb atoms. The 1.0 × 10−6 Hartree conver-

gence was achieved for the self-consistent field cycle in the Γ-point approximation. The 

analogous methodology was previously used for the investigation of the related halogen-

bonded systems [119]. The gas-phase study for cluster models was performed in the same 

PBE-D3 level of theory in Gaussian-09 [94] with the def2-TZVP [74,75] basis set. The basis 

set superposition error (BSSE) for the calculation of interaction energies has been corrected 

using the counterpoise method [113]. Electron localization function (ELF) [106–108] pro-

jection analysis and Bader [95–97] Atoms-In-Molecules topological analysis of electron 

density (QTAIM) were performed and visualized in Multiwfn 3.8 [120]. A non-covalent 

interactions (NCI) [101] analysis of the reduced density gradient (RDG) as well as the 

analysis of the electrostatic surface (ρ = 0.001 e/bohr3) [76] potentials [77–79] (ESP) were 

carried out in Multiwfn 3.8 and visualized in VMD 1.9.3 [121]. Wiberg bond indexes (WBI) 

[99–101] in natural atomic partitioning scheme and natural population analysis (NPA) 

[102,103] atomic charges were calculated for cluster models using GENNBO utility in 

NBO 7.0 [122] based on 0.47 files generated in Multiwfn 3.8. At the preliminary stage of 

our work, we conducted several calculations using various functionals. An inspection of 

our results indicates that the change of functional does not affect the results and it is clear 

that PBE-D3 is a suitable functional, which is conventionally used in many studies of non-

covalent interactions [119,123] 

4.5. Details of the Hirshfeld Surface Analysis 

HSA was carried out using the CrystalExplorer program [71,124–125]. The contact 

distances (dnorm) [126], based on Bondi vdW radii [68,127], were mapped on the Hirshfeld 

surface (Figure S2). In the color scale, the negative values of dnorm were visualized by red 

color, thereby indicating the contacts that were shorter than vdW. The values represented 

in white denote the intermolecular distances that are close to the vdW contacts with dnorm 

equal to zero. In turn, the contacts longer than RvdW with positive dnorm values were col-

ored in blue. 

5. Conclusions 

We found that the co-crystallization of [Pb(S2CNEt2)2] with C2I4 gave the co-crystal, 

[Pb(S2CNEt2)2]∙½C2I4, in which the supramolecular organization of the X-ray solid-state 

structure is largely determined by an interplay between Pb⋯S TeB and I⋯S HaB. Despite a 

structure-directing contribution of HaB in the structure of the co-crystal, the TeBs from 
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the parent complex, [Pb(S2CNEt2)2], remain unchanged and the co-crystallization with the 

HaB donor provides only a small change of the crystal parameters. An analysis of the 

theoretical calculation data, performed for the crystal and cluster models of 

[Pb(S2CNEt2)2]∙½C2I4, revealed the non-covalent nature of the Pb⋯S TeB (−5.41 and −7.78 

kcal/mol) and I⋯S HaB (−7.26 and −11.37 kcal/mol) interactions and indicated that in the 

co-crystal, these non-covalent forces are similar in energy. Our experimental observations 

and appropriate computational data agree well with those reported in our recent studies 

that focused on the various approaches of HaB-involving supramolecular assembly of 

square-planar late transition metal dithiocarbamates and -carbonates [65–67]. The consid-

eration of the structures of the transition and non-transition complexes demonstrated how 

the identity of metal centers affects the geometry and composition of NCI-based supra-

molecular assembly of dithiocarbamate or -carbonate complexes. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/ijms231911870/s1. 

Author Contributions: Conceptualization, L.E.Z., D.M.I. and N.A.B.; methodology, L.E.Z. and 

D.M.I.; formal analysis, D.M.I.; investigation, L.E.Z., I.A.T. and Y.A.I.; writing—original draft prep-

aration, N.A.B. and D.M.I.; writing—review and editing, N.A.B. and V.Y.K.; visualization, N.A.B. 

and D.M.I.; supervision, V.Y.K.; funding acquisition, N.A.B. All authors have read and agreed to 

the published version of the manuscript. 

Funding: This study was funded by the Russian Foundation for Basic Research (project 20-03-00073; 

theoretical studies) and the Russian Science Foundation (project 22-13-00078; synthetic and crystal 

engineering studies). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement:  Not applicable. 

Data Availability Statement: Not applicable. 

Acknowledgments: Physicochemical measurements were performed at the Center for XRD Studies, 

Center for Magnetic Resonance, and Center for Chemical Analysis and Materials Research (all be-

longing to Saint Petersburg State University). 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Shukla, R.; Chopra, D. Chalcogen and pnictogen bonds: Insights and relevance. Curr. Sci. 2021, 120, 1848–1853. 

2. Selvakumar, K.; Singh, H.B. Adaptive responses of sterically confined intramolecular chalcogen bonds. Chem. Sci. 2018, 9, 7027–

7042. https://doi.org/10.1039/C8SC01943F. 

3. Cornaton, Y.; Djukic, J.-P. Noncovalent Interactions in Organometallic Chemistry: From Cohesion to Reactivity, a New Chapter. 

Acc. Chem. Res. 2021, 54, 3828–3840. https://doi.org/10.1021/acs.accounts.1c00393. 

4. Alkorta, I.; Elguero, J.; Frontera, A. Not Only Hydrogen Bonds: Other Noncovalent Interactions. Crystals 2020, 10, 180. 

5. Frontera, A.; Bauzá, A. On the Importance of σ–Hole Interactions in Crystal Structures. Crystals 2021, 11, 1205. 

6. Miller, D.K.; Chernyshov, I.Y.; Torubaev, Y.V.; Rosokha, S.V. From weak to strong interactions: Structural and electron topology 

analysis of the continuum from the supramolecular chalcogen bonding to covalent bonds. Phys. Chem. Chem. Phys. 2022, 24. 

https://doi.org/10.1039/D1CP05441D. 

7. Brammer, L. Halogen bonding, chalcogen bonding, pnictogen bonding, tetrel bonding: Origins, current status and discussion. 

Faraday Discuss 2017, 203, 485–507. https://doi.org/10.1039/C7FD00199A. 

8. Cavallo, G.; Metrangolo, P.; Milani, R.; Pilati, T.; Priimagi, A.; Resnati, G.; Terraneo, G. The Halogen Bond. Chem. Rev. 2016, 116, 

2478–2601. https://doi.org/10.1021/acs.chemrev.5b00484. 

9. Li, B.; Zang, S.-Q.; Wang, L.-Y.; Mak, T.C.W. Halogen bonding: A powerful, emerging tool for constructing high-dimensional 

metal-containing supramolecular networks. Coord. Chem. Rev. 2016, 308, 1–21. https://doi.org/10.1016/j.ccr.2015.09.005. 

10. Maharramov, A.M.; Mahmudov, K.T.; Kopylovich, M.N.; Pombeiro, A.J. Non-Covalent Interactions in the Synthesis and Design of 

New Compounds; Wiley Online Library: Hoboken, NJ, USA, 2016. 

11. Tepper, R.; Schubert, U.S. Halogen Bonding in Solution: Anion Recognition, Templated Self-Assembly, and Organocatalysis. 

Angew. Chem. Int. Ed. 2018, 57, 6004–6016. https://doi.org/10.1002/anie.201707986. 

12. Lim, J.Y.C.; Beer, P.D. Sigma-Hole Interactions in Anion Recognition. Chem 2018, 4, 731–783. 

https://doi.org/10.1016/j.chempr.2018.02.022. 



Int. J. Mol. Sci. 2022, 23, 11870 15 of 19 
 

 

13. Scheiner, S.; Michalczyk, M.; Zierkiewicz, W. Coordination of anions by noncovalently bonded σ-hole ligands. Coord. Chem. 

Rev. 2020, 405, 213136. https://doi.org/10.1016/j.ccr.2019.213136. 

14. Lisac, K.; Topić, F.; Arhangelskis, M.; Cepić, S.; Julien, P.A.; Nickels, C.W.; Morris, A.J.; Friščić, T.; Cinčić, D. Halogen-bonded 

cocrystallization with phosphorus, arsenic and antimony acceptors. Nat. Commun. 2019, 10, 61. https://doi.org/10.1038/s41467-

018-07957-6. 

15. McNaughton, D.A.; Fares, M.; Picci, G.; Gale, P.A.; Caltagirone, C. Advances in fluorescent and colorimetric sensors for anionic 

species. Coord. Chem. Rev. 2021, 427, 213573. https://doi.org/10.1016/j.ccr.2020.213573. 

16. Nemec, V.; Lisac, K.; Bedekovic, N.; Fotovic, L.; Stilinovic, V.; Cincic, D. Crystal engineering strategies towards halogen-bonded 

metal-organic multi-component solids: Salts, cocrystals and salt cocrystals. Crystengcomm 2021, 23, 3063–3083. 

https://doi.org/10.1039/d1ce00158b. 

17. Pancholi, J.; Beer, P.D. Halogen bonding motifs for anion recognition. Coord. Chem. Rev. 2020, 416, 213281. 

https://doi.org/10.1016/j.ccr.2020.213281. 

18. Taylor, M.S. Anion recognition based on halogen, chalcogen, pnictogen and tetrel bonding. Coord. Chem. Rev. 2020, 413, 213270. 

https://doi.org/10.1016/j.ccr.2020.213270. 

19. Kowalik, M.; Brzeski, J.; Gawrońska, M.; Kazimierczuk, K.; Makowski, M. Experimental and theoretical investigation of 

conformational states and noncovalent interactions in crystalline sulfonamides with a methoxyphenyl moiety. CrystEngComm 

2021, 23, 6137–6162. https://doi.org/10.1039/D1CE00869B. 

20. Zhu, M.Z.; Li, C.W.; Li, B.Y.; Zhang, J.K.; Sun, Y.Q.; Guo, W.S.; Zhou, Z.M.; Pang, S.P.; Yan, Y.F. Interaction engineering in 

organic-inorganic hybrid perovskite solar cells. Mater. Horiz. 2020, 7, 2208–2236. https://doi.org/10.1039/d0mh00745e. 

21. Mahmudov, K.T.; Gurbanov, A.V.; Guseinov, F.I.; da Silva, M. Noncovalent interactions in metal complex catalysis. Coord. Chem. 

Rev. 2019, 387, 32–46. https://doi.org/10.1016/j.ccr.2019.02.011. 

22. Breugst, M.; Koenig, J.J. sigma-Hole Interactions in Catalysis. Eur. J. Org. Chem. 2020, 2020, 5473–5487. 

https://doi.org/10.1002/ejoc.202000660. 

23. Mahmudov, K.T.; Arimitsu, S.; Saá, J.M.; Sarazin, Y.; Frontera, A.; Yamada, S.; Caminade, A.-M.; Chikkali, S.H.; Mal, P.; 

Momiyama, N. Noncovalent Interactions in Catalysis; Royal Society of Chemistry: London, UK, 2019. 

24. Nagorny, P.; Sun, Z.K. New approaches to organocatalysis based on C-H and C-X bonding for electrophilic substrate activation. 

Beilstein J. Org. Chem. 2016, 12, 2834–2848. https://doi.org/10.3762/bjoc.12.283. 

25. Bulfield, D.; Huber, S.M. Halogen Bonding in Organic Synthesis and Organocatalysis. Chem. Eur. J. 2016, 22, 14434–14450. 

https://doi.org/10.1002/chem.201601844. 

26. Benz, S.; Poblador-Bahamonde, A.I.; Low-Ders, N.; Matile, S. Catalysis with Pnictogen, Chalcogen, and Halogen Bonds. Angew. 

Chem. Int. Ed. 2018, 57, 5408–5412. https://doi.org/10.1002/anie.201801452. 

27. Breugst, M.; von der Heiden, D.; Schmauck, J. Novel Noncovalent Interactions in Catalysis: A Focus on Halogen, Chalcogen, 

and Anion-pi Bonding. Synth. Stuttg. 2017, 49, 3224–3236. https://doi.org/10.1055/s-0036-1588838. 

28. Mahmudov, K.T.; Kopylovich, M.N.; da Silva, M.; Pombeiro, A.J.L. Non-covalent interactions in the synthesis of coordination 

compounds: Recent advances. Coord. Chem. Rev. 2017, 345, 54–72. https://doi.org/10.1016/j.ccr.2016.09.002. 

29. Scheiner, S. Participation of S and Se in hydrogen and chalcogen bonds. CrystEngComm 2021, 23, 6821–6837. 

https://doi.org/10.1039/D1CE01046H. 

30. Arunan, E.; Desiraju, G.R.; Klein, R.A.; Sadlej, J.; Scheiner, S.; Alkorta, I.; Clary, D.C.; Crabtree, R.H.; Dannenberg, J.J.; Hobza, 

P.; et al. Defining the hydrogen bond: An account (IUPAC Technical Report). Pure Appl. Chem. 2011, 83, 1619–1636, 

https://doi.org/10.1351/PAC-REP-10-01-01. 

31. Mulliken, R.S. Structures of Complexes Formed by Halogen Molecules with Aromatic and with Oxygenated Solvents1. J. Am. 

Chem. Soc. 1950, 72, 600–608. https://doi.org/10.1021/ja01157a151. 

32. Hassel, O.; Hvoslef, J. The Structure of Bromine 1,4-Dioxanate. Acta Chem. Scand. 1954, 8, 873. 

https://doi.org/10.3891/acta.chem.scand.08-0873. 

33. Desiraju, G.R.; Ho, P.S.; Kloo, L.; Legon, A.C.; Marquardt, R.; Metrangolo, P.; Politzer, P.; Resnati, G.; Rissanen, K. Definition of 

the halogen bond (IUPAC Recommendations 2013). Pure Appl. Chem. 2013, 85, 1711–1713, https://doi.org/10.1351/PAC-REC-12-

05-10. 

34. Aakeroy, C.B.; Bryce, D.L.; Desiraju, G.R.; Frontera, A.; Legon, A.C.; Nicotra, F.; Rissanen, K.; Scheiner, S.; Terraneo, G.;  

Metrangolo, P.; et al. Definition of the chalcogen bond (IUPAC Recommendations 2019). Pure Appl. Chem. 2019, 91, 1889–1892, 

https://doi.org/10.1515/pac-2018-0713. 

35. Scheiner, S. Origins and properties of the tetrel bond. Phys. Chem. Chem. Phys. 2021, 23, 5702–5717. 

https://doi.org/10.1039/D1CP00242B. 

36. Bauzá, A.; Seth, S.K.; Frontera, A. Tetrel bonding interactions at work: Impact on tin and lead coordination compounds. Coord. 

Chem. Rev. 2019, 384, 107–125. https://doi.org/10.1016/j.ccr.2019.01.003. 

37. Daolio, A.; Scilabra, P.; Terraneo, G.; Resnati, G. C(sp3) atoms as tetrel bond donors: A crystallographic survey. Coord. Chem. 

Rev. 2020, 413, 213265. https://doi.org/10.1016/j.ccr.2020.213265. 

38. Grabowski, S.J. Pnicogen and tetrel bonds—Tetrahedral Lewis acid centres. Struct. Chem. 2019, 30, 1141–1152. 

https://doi.org/10.1007/s11224-019-01358-1. 

39. Legon, A.C. Tetrel, pnictogen and chalcogen bonds identified in the gas phase before they had names: A systematic look at non-

covalent interactions. Phys. Chem. Chem. Phys. 2017, 19, 14884–14896. https://doi.org/10.1039/c7cp02518a. 



Int. J. Mol. Sci. 2022, 23, 11870 16 of 19 
 

 

40. Khera, M.; Goel, N. Cooperative Effect of Noncovalent Interactions on Tetrel Bonding in Halogenated Silanes. ChemPhysChem 

2022, 23, e202100776. https://doi.org/10.1002/cphc.202100776. 

41. Bhattarai, S.; Sutradhar, D.; Chandra, A.K. Strongly Bound π-Hole Tetrel Bonded Complexes between H2SiO and Substituted 

Pyridines. Influence of Substituents. ChemPhysChem 2022, 23, e202200146. https://doi.org/10.1002/cphc.202200146. 

42. Southern, S.A.; Nag, T.; Kumar, V.; Triglav, M.; Levin, K.; Bryce, D.L. NMR Response of the Tetrel Bond Donor. J. Phys. Chem. 

C 2022, 126, 851–865. https://doi.org/10.1021/acs.jpcc.1c10121. 

43. Barszcz, B.; Masternak, J.; Kowalik, M. Structural insights into coordination polymers based on 6s2 Pb(II) and Bi(III) centres 

connected via heteroaromatic carboxylate linkers and their potential applications. Coord. Chem. Rev. 2021, 443, 213935. 

https://doi.org/10.1016/j.ccr.2021.213935. 

44. Oliveira Araujo, V.; Antonio Casagrande, G.; Tirloni, B.; Denise Schwade, V. Lead(II) compounds with neutral coordination of 

semicarbazones: Synthesis and characterization. Inorg. Chim. Acta 2022, 533, 120785. https://doi.org/10.1016/j.ica.2021.120785. 

45. Kowalik, M.; Masternak, J.; Brzeski, J.; Daszkiewicz, M.; Barszcz, B. Effect of a lone electron pair and tetrel interactions on the 

structure of Pb(II) CPs constructed from pyrimidine carboxylates and auxiliary inorganic ions. Polyhedron 2022, 219, 115818. 

https://doi.org/10.1016/j.poly.2022.115818. 

46. Majumdar, D.; Frontera, A.; Gomila, R.M.; Das, S.; Bankura, K. Synthesis, spectroscopic findings and crystal engineering of 

Pb(ii)–Salen coordination polymers, and supramolecular architectures engineered by σ-hole/spodium/tetrel bonds: A combined 

experimental and theoretical investigation. RSC Adv. 2022, 12, 6352–6363. https://doi.org/10.1039/D1RA09346K. 

47. Mahmoudi, G.; García-Santos, I.; Pittelkow, M.; Kamounah, F.S.; Zangrando, E.; Babashkina, M.G.; Frontera, A.; Safin, D.A. The 

tetrel bonding role in supramolecular aggregation of lead(II) acetate and a thiosemicarbazide derivative. Acta Crystallogr. Sect. 

B 2022, 78, 685–694. https://doi.org/10.1107/S2052520622005789. 

48. Bikbaeva, Z.M.; Ivanov, D.M.; Novikov, A.S.; Ananyev, I.V.; Bokach, N.A.; Kukushkin, V.Y. Electrophilic-Nucleophilic Dualism 

of Nickel(II) toward Ni center dot center dot center dot l Noncovalent Interactions: Semicoordination of Iodine Centers via 

Electron Belt and Halogen Bonding via sigma-Hole. Inorg. Chem. 2017, 56, 13562–13578. 

https://doi.org/10.1021/acs.inorgchem.7b02224. 

49. Bairagi, K.M.; Ingle, K.S.; Bhowal, R.; Mohurle, S.A.; Hasija, A.; Alwassil, O.I.; Venugopala, K.N.; Chopra, D.; Nayak, S.K. 

Interplay of Halogen and Hydrogen Bonding through Co–Crystallization in Pharmacologically Active Dihydropyrimidines: 

Insights from Crystal Structure and Energy Framework. ChemPlusChem 2021, 86, 1167–1176. 

https://doi.org/10.1002/cplu.202100259. 

50. Bertram, C.; Miller, D.P.; Schunke, C.; Kemeny, I.; Kimura, M.; Bovensiepen, U.; Zurek, E.; Morgenstern, K. Interplay of Halogen 

and Weak Hydrogen Bonds in the Formation of Magic Nanoclusters on Surfaces. J. Phys. Chem. C 2022, 126, 588–596. 

https://doi.org/10.1021/acs.jpcc.1c08045. 

51. Dehaven, B.A.; Chen, A.L.; Shimizu, E.A.; Salpage, S.R.; Smith, M.D.; Shimizu, L.S. Interplay between Hydrogen and Halogen 

Bonding in Cocrystals of Dipyridinylmethyl Oxalamides and Tetrafluorodiiodobenzenes. Cryst. Growth Des. 2019, 19, 5776–

5783. https://doi.org/10.1021/acs.cgd.9b00796. 

52. Díaz-Torres, R.; Echeverría, J.; Loveday, O.; Harding, P.; Harding, D.J. Interplay of halogen and hydrogen bonding in a series 

of heteroleptic iron(iii) complexes. CrystEngComm 2021, 23, 4069–4076. https://doi.org/10.1039/d1ce00480h. 

53. Goswami, A.; Garai, M.; Biradha, K. Interplay of Halogen Bonding and Hydrogen Bonding in the Cocrystals and Salts of 

Dihalogens and Trihalides with N, N′-Bis(3-pyridylacrylamido) Derivatives: Phosphorescent Organic Salts. Cryst. Growth Des. 

2019, 19, 2175–2188. https://doi.org/10.1021/acs.cgd.8b01786. 

54. La Manna, P.; De Rosa, M.; Talotta, C.; Rescifina, A.; Floresta, G.; Soriente, A.; Gaeta, C.; Neri, P. Synergic Interplay Between 

Halogen Bonding and Hydrogen Bonding in the Activation of a Neutral Substrate in a Nanoconfined Space. Angew. Chem. Int. 

Ed. 2020, 59, 811–818. https://doi.org/10.1002/anie.201909865. 

55. Pinfold, H.; Sacchi, M.; Pattison, G.; Costantini, G. Determining the Relative Structural Relevance of Halogen and Hydrogen 

Bonds in Self-Assembled Monolayers. J. Phys. Chem. C 2021, 125, 27784–27792. https://doi.org/10.1021/acs.jpcc.1c08177. 

56. Guo, X.; Li, Q. Dual functions of Lewis acid and base of Se in F2C=Se and their interplay in F2CSe•••NH3•••HX. J. Mol. Model. 

2015, 21, 157. https://doi.org/10.1007/s00894-015-2701-6. 

57. Otilia, M.; Montero-Campillo, M.M.; Alkorta, I.; Elguero, J.; Yáñez, M. Ternary Complexes Stabilized by Chalcogen and 

Alkaline-Earth Bonds: Crucial Role of Cooperativity and Secondary Noncovalent Interactions. Chem. A Eur. J. 2019, 25, 11688–

11695. https://doi.org/10.1002/chem.201901641. 

58. Bamberger, J.; Ostler, F.; Mancheño, O.G. Frontiers in Halogen and Chalcogen-Bond Donor Organocatalysis. ChemCatChem 

2019, 11, 5198–5211. https://doi.org/10.1002/cctc.201901215. 

59. Schwade, V.D.; Tirloni, B.; Burrow, R.A.; Lang, E.S. Lead(II) thiocyanate reaction behaviour with hydrazones. Polyhedron 2020, 

188, 114707. https://doi.org/10.1016/j.poly.2020.114707. 

60. García-Santos, I.; Castiñeiras, A.; Mahmoudi, G.; Babashkina, M.G.; Zangrando, E.; Gomila, R.M.; Frontera, A.; Safin, D.A. 

Lead(ii) supramolecular structures formed through a cooperative influence of the hydrazinecarbothioamide derived and 

ancillary ligands. CrystEngComm 2022, 24, 368–378. https://doi.org/10.1039/d1ce01251g. 

61. Kowalik, M.; Masternak, J.; Kazimierczuk, K.; Kupcewicz, B.; Khavryuchenko, O.V.; Barszcz, B. Exploring thiophene-2-acetate 

and thiophene-3-acetate binding modes towards the molecular and supramolecular structures and photoluminescence 

properties of Pb(ii) polymers. CrystEngComm 2020, 22, 7025–7035. https://doi.org/10.1039/d0ce01224f. 



Int. J. Mol. Sci. 2022, 23, 11870 17 of 19 
 

 

62. Mahmoudi, G.; Zangrando, E.; Mitoraj, M.P.; Gurbanov, A.V.; Zubkov, F.I.; Moosavifar, M.; Konyaeva, I.A.; Kirillov, A.M.; 

Safin, D.A. Extended lead(II) architectures engineered: Via tetrel bonding interactions. New J. Chem. 2018, 42, 4959–4971. 

https://doi.org/10.1039/c8nj00525g. 

63. Zhao, Q. Mutual influence of tetrel and halogen bonds between XCN (X=Cl, Br) and 4-TF3-pyridine (T=C, Si, Ge). J. Mol. Model. 

2020, 26, 329. https://doi.org/10.1007/s00894-020-04596-x. 

64. Scheiner, S. Competition between a Tetrel and Halogen Bond to a Common Lewis Acid. J. Phys. Chem. A 2021, 125, 308–316. 

https://doi.org/10.1021/acs.jpca.0c10060. 

65. Zelenkov, L.E.; Eliseeva, A.A.; Baykov, S.V.; Suslonov, V.V.; Galmés, B.; Frontera, A.; Kukushkin, V.Y.; Ivanov, D.M.; Bokach, 

N.A. Electron belt-to-σ-hole switch of noncovalently bound iodine(i) atoms in dithiocarbamate metal complexes. Inorg. Chem. 

Front. 2021, 8, 2505–2517. https://doi.org/10.1039/D1QI00314C. 

66. Zelenkov, L.E.; Ivanov, D.M.; Sadykov, E.K.; Bokach, N.A.; Galmés, B.; Frontera, A.; Kukushkin, V.Y. Semicoordination Bond 

Breaking and Halogen Bond Making Change the Supramolecular Architecture of Metal-Containing Aggregates. Cryst. Growth 

Des. 2020, 20, 6956–6965. https://doi.org/10.1021/acs.cgd.0c00999. 

67. Zelenkov, L.E.; Eliseeva, A.A.; Baykov, S.; Ivanov, D.M.; Sumina, A.I.; Gomila, R.M.; Frontera, A.; Kukushkin, V.Y.; Bokach, 

N.A. Inorganic–Organic {dz2-MIIS4}∙∙∙π-Hole Stacking in Reverse Sandwich Structures. The Case of Cocrystals of Group 10 

Metal Dithiocarbamates with Electron-deficient Arenes. Inorg. Chem. Front. 2022, 9. https://doi.org/10.1039/D2QI00438K. 

68. Bondi, A. van der Waals Volumes and Radii of Metals in Covalent Compounds. J. Phys. Chem. 1966, 70, 3006–3007. 

https://doi.org/10.1021/j100881a503. 

69. Trindade, T.; O’Brien, P.; Zhang, X.-m.; Motevalli, M. Synthesis of PbS nanocrystallites using a novel single molecule precursors 

approach: X-ray single-crystal structure of Pb(S2CNEtPri)2. J. Mater. Chem. 1997, 7, 1011–1016. 

https://doi.org/10.1039/A608579B. 

70. Caruso, F.; Chan, M.-L.; Rossi, M. A Short Pb···Pb Separation in the Polymeric Compound Bis(pyrrolidinecarbodithioato)lead(II) 

and a Conformational Pathway Interconversion for the “PbIIS4” Framework. Inorg. Chem. 1997, 36, 3609–3615. 

https://doi.org/10.1021/ic970059f. 

71. Spackman, M.A.; Jayatilaka, D. Hirshfeld surface analysis. CrystEngComm 2009, 11, 19–32. https://doi.org/10.1039/B818330A. 

72. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865–3868. 

https://doi.org/10.1103/PhysRevLett.77.3865. 

73. Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio parametrization of density functional dispersion 

correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010, 132, 154104. https://doi.org/10.1063/1.3382344. 

74. Weigend, F.; Ahlrichs, R. Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence quality for H to 

Rn: Design and assessment of accuracy. Phys. Chem. Chem. Phys. 2005, 7, 3297–3305. https://doi.org/10.1039/B508541A. 

75. Weigend, F. Accurate Coulomb-fitting basis sets for H to Rn. Phys. Chem. Chem. Phys. 2006, 8, 1057–1065. 

https://doi.org/10.1039/B515623H. 

76. Bader, R.F.W.; Carroll, M.T.; Cheeseman, J.R.; Chang, C. Properties of atoms in molecules: Atomic volumes. J. Am. Chem. Soc. 

1987, 109, 7968–7979. https://doi.org/10.1021/ja00260a006. 

77. Scrocco, E.; Tomasi, J. Electronic Molecular Structure, Reactivity and Intermolecular Forces: An Euristic Interpretation by Means 

of Electrostatic Molecular Potentials. In Advances in Quantum Chemistry; Löwdin, P.-O., Ed.; Academic Press: Cambridge, MA, 

USA, 1978; Volume 11, pp. 115–193. 

78. Scrocco, E.; Tomasi, J. The electrostatic molecular potential as a tool for the interpretation of molecular properties. In New 

Concepts II. Topics in Current Chemistry Fortschritte der Chemischen Forschung; Springer: Berlin/Heidelberg, Germany; 1973; pp. 

95–170. 

79. Brinck, T.; Murray, J.S.; Politzer, P. Surface electrostatic potentials of halogenated methanes as indicators of directional 

intermolecular interactions. Int. J. Quantum Chem. 1992, 44, 57–64. https://doi.org/10.1002/qua.560440709. 

80. Frigo, M.; Johnson, S.G. The Design and Implementation of FFTW3. Proc. IEEE 2005, 93, 216–231. 

https://doi.org/10.1109/JPROC.2004.840301. 

81. VandeVondele, J.; Krack, M.; Mohamed, F.; Parrinello, M.; Chassaing, T.; Hutter, J. Quickstep: Fast and accurate density 

functional calculations using a mixed Gaussian and plane waves approach. Comput. Phys. Commun. 2005, 167, 103–128. 

https://doi.org/10.1016/j.cpc.2004.12.014. 

82. Hutter, J.; Iannuzzi, M.; Schiffmann, F.; VandeVondele, J. cp2k: Atomistic simulations of condensed matter systems. WIREs 

Comput. Mol. Sci. 2014, 4, 15–25. https://doi.org/10.1002/wcms.1159. 

83. Borštnik, U.; VandeVondele, J.; Weber, V.; Hutter, J. Sparse matrix multiplication: The distributed block-compressed sparse row 

library. Parallel Comput. 2014, 40, 47–58. https://doi.org/10.1016/j.parco.2014.03.012. 

84. Schütt, O.; Messmer, P.; Hutter, J.; VandeVondele, J. GPU-Accelerated Sparse Matrix–Matrix Multiplication for Linear Scaling 

Density Functional Theory. In Electronic Structure Calculations on Graphics Processing Units; John, Willey and Sons: Hoboken, NJ, 

USA, 2016; pp. 173–190. 

85. Goerigk, L.; Hansen, A.; Bauer, C.; Ehrlich, S.; Najibi, A.; Grimme, S. A look at the density functional theory zoo with the 

advanced GMTKN55 database for general main group thermochemistry, kinetics and noncovalent interactions. Phys. Chem. 

Chem. Phys. 2017, 19, 32184–32215. https://doi.org/10.1039/C7CP04913G. 



Int. J. Mol. Sci. 2022, 23, 11870 18 of 19 
 

 

86. Kühne, T.D.; Iannuzzi, M.; Ben, M.D.; Rybkin, V.V.; Seewald, P.; Stein, F.; Laino, T.; Khaliullin, R.Z.; Schütt, O.; Schiffmann, F.; 

et al. CP2K: An electronic structure and molecular dynamics software package—Quickstep: Efficient and accurate electronic 

structure calculations. J. Chem. Phys. 2020, 152, 194103. https://doi.org/10.1063/5.0007045. 

87. Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the damping function in dispersion corrected density functional theory. J. Comput. 

Chem. 2011, 32, 1456–1465. https://doi.org/10.1002/jcc.21759. 

88. Jorge, F.E.; Canal Neto, A.; Camiletti, G.G.; Machado, S.F. Contracted Gaussian basis sets for Douglas–Kroll–Hess calculations: 

Estimating scalar relativistic effects of some atomic and molecular properties. J. Chem. Phys. 2009, 130, 064108. 

https://doi.org/10.1063/1.3072360. 

89. Barros, C.L.; de Oliveira, P.J.P.; Jorge, F.E.; Canal Neto, A.; Campos, M. Gaussian basis set of double zeta quality for atoms Rb 

through Xe: Application in non-relativistic and relativistic calculations of atomic and molecular properties. Mol. Phys. 2010, 108, 

1965–1972. https://doi.org/10.1080/00268976.2010.499377. 

90. de Berrêdo, R.C.; Jorge, F.E. All-electron double zeta basis sets for platinum: Estimating scalar relativistic effects on platinum(II) 

anticancer drugs. J. Mol. Struct. THEOCHEM 2010, 961, 107–112. https://doi.org/10.1016/j.theochem.2010.09.007. 

91. Jorge, F.E.; Martins, L.S.C.; Franco, M.L. All-electron double zeta basis sets for the lanthanides: Application in atomic and 

molecular property calculations. Chem. Phys. Lett. 2016, 643, 84–88. https://doi.org/10.1016/j.cplett.2015.11.013. 

92. Barysz, M.; Sadlej, A.J. Two-component methods of relativistic quantum chemistry: From the Douglas–Kroll approximation to 

the exact two-component formalism. J. Mol. Struct. THEOCHEM 2001, 573, 181–200. https://doi.org/10.1016/S0166-

1280(01)00542-5. 

93. Reiher, M. Relativistic Douglas–Kroll–Hess theory. WIREs Comput. Mol. Sci. 2012, 2, 139–149. https://doi.org/10.1002/wcms.67. 

94. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Mennucci, B.; 

Petersson, G.A.; et al. Gaussian 09W; Gaussian, Inc.: Wallingford, UK, 2009. 

95. Bader, R.F.W.; Nguyen-Dang, T.T. Quantum Theory of Atoms in Molecules–Dalton Revisited. In Advances in Quantum 

Chemistry; Löwdin, P.-O., Ed.; Academic Press: Cambridge, MA, USA, 1981; Volume 14, pp. 63–124. 

96. Bader, R.F.W. A quantum theory of molecular structure and its applications. Chem. Rev. 1991, 91, 893–928. 

https://doi.org/10.1021/cr00005a013. 

97. Espinosa, E.; Alkorta, I.; Elguero, J.; Molins, E. From weak to strong interactions: A comprehensive analysis of the topological 

and energetic properties of the electron density distribution involving X–H⋯F–Y systems. J. Chem. Phys. 2002, 117, 5529–5542. 

https://doi.org/10.1063/1.1501133. 

98. Johnson, E.R.; Keinan, S.; Mori-Sánchez, P.; Contreras-García, J.; Cohen, A.J.; Yang, W. Revealing Noncovalent Interactions. J. 

Am. Chem. Soc. 2010, 132, 6498–6506. https://doi.org/10.1021/ja100936w. 

99. Wiberg, K.B. Application of the pople-santry-segal CNDO method to the cyclopropylcarbinyl and cyclobutyl cation and to 

bicyclobutane. Tetrahedron 1968, 24, 1083–1096. https://doi.org/10.1016/0040-4020(68)88057-3. 

100. Trindle, C. Bond index description of delocalization. J. Am. Chem. Soc. 1969, 91, 219–220. https://doi.org/10.1021/ja01029a057. 

101. Trindle, C.; Sinanoglu, O. Local orbital and bond index characterization of hybridization. J. Am. Chem. Soc. 1969, 91, 853–858. 

https://doi.org/10.1021/ja01032a010. 

102. Reed, A.E.; Weinstock, R.B.; Weinhold, F. Natural population analysis. J. Chem. Phys. 1985, 83, 735–746. 

https://doi.org/10.1063/1.449486. 

103. Weinhold, F.; Landis, C.R. Natural Bond Orbitals and Extensions of Localized Bonding Concepts. Chem. Educ. Res. Pract. 2001, 

2, 91–104. https://doi.org/10.1039/B1RP90011K. 

104. Bandyopadhyay, R.; Nguyen, J.H.; Swidan, A.a.; Macdonald, C.L.B. Water and Ammonia Complexes of Germanium(II) 

Dications. Angew. Chem. Int. Ed. 2013, 52, 3469–3472. https://doi.org/10.1002/anie.201209067. 

105. Georgiou, D.C.; Butler, P.; Browne, E.C.; Wilson, D.J.D.; Dutton, J.L. On the Bonding in Bis-pyridine Iodonium Cations *. Aust. 

J. Chem. 2013, 66, 1179–1188. https://doi.org/10.1071/CH13202. 

106. Becke, A.D.; Edgecombe, K.E. A simple measure of electron localization in atomic and molecular systems. J. Chem. Phys. 1990, 

92, 5397–5403. https://doi.org/10.1063/1.458517. 

107. Silvi, B.; Savin, A. Classification of chemical bonds based on topological analysis of electron localization functions. Nature 1994, 

371, 683–686. https://doi.org/10.1038/371683a0. 

108. Savin, A.; Nesper, R.; Wengert, S.; Fässler, T.F. ELF: The Electron Localization Function. Angew. Chem. Int. Ed. Engl. 1997, 36, 

1808–1832. https://doi.org/10.1002/anie.199718081. 

109. Suslonov, V.V.; Eliseeva, A.A.; Novikov, A.S.; Ivanov, D.M.; Dubovtsev, A.Y.; Bokach, N.A.; Kukushkin, V.Y. 

Tetrachloroplatinate(ii) anion as a square-planar tecton for crystal engineering involving halogen bonding. CrystEngComm 2020, 

22, 4180–4189. https://doi.org/10.1039/D0CE00576B. 

110. Mertsalov, D.F.; Gomila, R.M.; Zaytsev, V.P.; Grigoriev, M.S.; Nikitina, E.V.; Zubkov, F.I.; Frontera, A. On the Importance of 

Halogen Bonding Interactions in Two X-ray Structures Containing All Four (F, Cl, Br, I) Halogen Atoms. Crystals 2021, 11, 1406. 

111. Usoltsev, A.N.; Novikov, A.S.; Sokolov, M.N.; Adonin, S.A. Neutral heteroleptic complexes of bis(2-

halopyridine)dihalocopper(II) family: How the nature of halogen atom affects supramolecular motifs and energies of halogen 

bonding in solid state? Solid State Sci. 2020, 109, 106441. https://doi.org/10.1016/j.solidstatesciences.2020.106441. 

112. Cavallo, G.; Metrangolo, P.; Pilati, T.; Resnati, G.; Terraneo, G. Naming Interactions from the Electrophilic Site. Cryst. Growth 

Des. 2014, 14, 2697–2702. https://doi.org/10.1021/cg5001717. 



Int. J. Mol. Sci. 2022, 23, 11870 19 of 19 
 

 

113. Boys, S.F.; Bernardi, F. The calculation of small molecular interactions by the differences of separate total energies. Some 

procedures with reduced errors. Mol. Phys. 1970, 19, 553–566. https://doi.org/10.1080/00268977000101561. 

114. Bruno, I.J.; Cole, J.C.; Edgington, P.R.; Kessler, M.; Macrae, C.F.; McCabe, P.; Pearson, J.; Taylor, R. New software for searching 

the Cambridge Structural Database and visualizing crystal structures. Acta Crystallogr. Sect. B 2002, 58, 389–397, 

https://doi.org/10.1107/S0108768102003324. 

115. Dolomanov, O.V.; Bourhis, L.J.; Gildea, R.J.; Howard, J.A.K.; Puschmann, H. OLEX2: A complete structure solution, refinement 

and analysis program. J. Appl. Crystallogr. 2009, 42, 339–341. https://doi.org/10.1107/S0021889808042726. 

116. Sheldrick, G. SHELXT-Integrated space-group and crystal-structure determination. Acta Cryst. Sect. A 2015, 71, 3–8, 

https://doi.org/10.1107/S2053273314026370. 

117. Sheldrick, G. Crystal structure refinement with SHELXL. Acta Cryst. Sect. C 2015, 71, 3–8. 

https://doi.org/10.1107/S2053229614024218. 

118. Lippert, G.; Hutter, J.; Parrinello, M. The Gaussian and augmented-plane-wave density functional method for ab initio 

molecular dynamics simulations. Theor. Chem. Acc. 1999, 103, 124–140. https://doi.org/10.1007/s002140050523. 

119. Kinzhalov, M.A.; Ivanov, D.M.; Melekhova, A.A.; Bokach, N.A.; Gomila, R.M.; Frontera, A.; Kukushkin, V.Y. Chameleonic 

metal-bound isocyanides: A π-donating CuI-center imparts nucleophilicity to the isocyanide carbon toward halogen bonding. 

Inorg. Chem. Front. 2022, 9, 1655–1665. https://doi.org/10.1039/D2QI00034B. 

120. Lu, T.; Chen, F. Multiwfn: A multifunctional wavefunction analyzer. J. Comput. Chem. 2012, 33, 580–592. 

https://doi.org/10.1002/jcc.22885. 

121. Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 1996, 14, 33–38. 

https://doi.org/10.1016/0263-7855(96)00018-5. 

122. Glendening, E.D.; Badenhoop, J.K.; Reed, A.E.; Carpenter, J.E.; Bohmann, J.A.; Morales, C.M.; Karafiloglou, P.; Landis, C.R.; 

Weinhold, F. NBO 7.0; Theoretical Chemistry Institute, University of Wisconsin: Madison, WI, USA, 2018. 

123. Aliyarova, I.S.; Tupikina, E.Y.; Soldatova, N.S.; Ivanov, D.M.; Postnikov, P.S.; Yusubov, M.; Kukushkin, V.Y. Halogen Bonding 

Involving Gold Nucleophiles in Different Oxidation States. Inorg. Chem. 2022, 61, 15398–15407. 

https://doi.org/10.1021/acs.inorgchem.2c01858. 

124. Mackenzie, C.F.; Spackman, P.R.; Jayatilaka, D.; Spackman, M.A. CrystalExplorer model energies and energy frameworks: 

Extension to metal coordination compounds, organic salts, solvates and open-shell systems. IUCrJ 2017, 4, 575–587, 

https://doi.org/10.1107/S205225251700848X. 

125. CrystalExplorer. Available online: http://crystalexplorer.scb.uwa.edu.au (accessed on 7 September 2022). 

126. McKinnon, J.J.; Jayatilaka, D.; Spackman, M.A. Towards quantitative analysis of intermolecular interactions with Hirshfeld 

surfaces. Chem. Commun. 2007, 37, 3814–3816. https://doi.org/10.1039/B704980C. 

127. Bondi, A. van der Waals Volumes and Radii. J. Phys. Chem. 1964, 68, 441–451. https://doi.org/10.1021/j100785a001. 

 


