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A B S T R A C T   

In this work, we have experimentally and theoretically shown that halogen bonding can stabilize the rare 
example of square-planar configuration of the silver(I) center. The crystallographic analysis of tris-dibenziodo-
lium silver(I) tetratriflate reveals two types of halogen bonding interactions between the triflate ligands and the 
dibenziodolium cation, which might stabilize the such square-planar coordination geometry. Theoretical cal-
culations confirm the noncovalent nature of the I⋅⋅⋅O contacts and provide insights into their electronic 
properties.   

1. Introduction 

Silver(I) displays a versatile coordination chemistry owing to its d10 

electronic configuration leading to a wide variety of coordination 
numbers and geometries. While tetrahedral coordination is prevalent 
among 4-coordinated silver(I) complexes, square-planar silver(I) com-
plexes are remarkably rare [1]. Furthermore, the weak energy of silver(I)– 
ligand bonding [2] implies that, in the solid state, intermolecular weak 
interactions and crystal packing forces cause a more pronounced influ-
ence on the structure than anticipated for stronger metal–ligand systems. 
Notably, square-planar geometry may arise from the combined effects of 
non-covalent CH⋅⋅⋅F and CH⋅⋅⋅π interactions [3–5], π⋅⋅⋅π interactions [6], 
as well as the formation of metallophilic interactions such as Ag⋅⋅⋅Ag 
[7–9] and Ag⋅⋅⋅Pd [10]. Additionally, some examples of coexisting of 
square-planar and tetrahedral geometries in polynuclear silver(I) com-
plexes have been observed previously [11–14]. Published data also pre-
sent the cases where the quasi-square-planar geometry of the silver(I) 
complexes is provided by external groups interacting with the vacant 
axial positions of the metal center, thereby aligning the complex geometry 
towards an octahedral configuration due to the availability of semi-
coordinative bonds in the axial positions of the metal center [15–17]. 
Despite the fairly limited examples of square-planar silver(I) complexes 
published in the literature, recent studies have revealed their potential 
utility as materials for luminescent thermometry [14,18]. 

The influence of noncovalent interactions on the geometry of the 
silver(I) complexes has prompted us investigation into the feasibility of 
stabilizing the square-planar geometry of silver(I) complexes through 

halogen bond donors. As per the IUPAC definition [19], halogen 
bonding (HaB) involves the attractive interaction between the electro-
philic region of a halogen atom (referred to as the σ-hole) and any 
nucleophilic region. Numerous widely cited reviews detail the theoret-
ical and experimental methodologies used to identify halogen bonds, as 
well as their wide-ranging applications in various fields such as crystal 
engineering, supramolecular chemistry, and various fields including 
catalysis and drug discovery [20–23]. 

Taking into account our experience in the fields of noncovalent 
catalysis [24,25] and silver(I) chemistry [26,27], in this study, we per-
formed a combined synthetic and theoretical investigation of the square- 
planar complex [C12H8I]3[Ag(OTf)4] featuring the dibenziodonium 
cation serving as a halogen bond donor (Fig. 1). 

2. Results and discussion 

2.1. Synthesis and crystal growth 

The crystals of [C12H8I]3[Ag(OTf)4] suitable for single-crystal XRD 
study were obtained from the [C12H8I]OTf–AgOTf mixture in MeOH 
(1:1 M ratio) by slow evaporation of the solvent under ambient condi-
tions (ca. 20 ◦C in air). As a result of each attempt to prepare the crystals, 
they were obtained among the dark amorphous and/or oily residue, 
which prevents estimation of the yield of reaction, as well as determi-
nation of melting point of the crystals and characterization of the crystal 
phase by IR or solid-state NMR techniques. All attempts to obtain the 
complexes of a different composition by preparation of the mixtures 
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with other ratios of the reagents ([C12H8I]OTf:AgOTf ranged from 4:1 to 
1:4) led to the formation of the crystals of the same complex 
[C12H8I]3[Ag(OTf)4]. In the case of excess of the iodonium triflate (the 

ratio equal to 4:1), crystals of the iodonium triflate were obtained with 
the mixture of [C12H8I]3[Ag(OTf)4]. 

2.2. Single-Crystal X-ray diffraction analysis 

The compound [C12H8I]3[Ag(OTf)4] is a rare example of a square- 
planar silver(I) complex as indicated by the sum of the four O–Ag–O 
angles which equals to 360◦, and consists of a previously unknown 
triple-charged anion of silver(I) tetratriflate. The complex [C12H8I]3[Ag 
(OTf)4] exhibit monoclinic space group C2/c, and two types of I⋅⋅⋅O 
halogen bonds were identified in the structure. 

For the first type HaB, the iodine atom of the dibenziodolium cation 
forms two different HaBs with the oxygen atoms of two anionic species 
[Ag(OTf)4]3– (Fig. 2). One halogen bond is formed with a coordinated to 
the silver(I) oxygen atom Ag–O1⋅⋅⋅I, with a bond length of 2.789(4) Å 
and the C–I⋅⋅⋅O1 bond angle equal to 166.1(2)◦. Another halogen bond is 
formed with a free oxygen atom S–O2⋅⋅⋅I, with a bond length of 2.819(4) 
Å and a bond angle of 168.3(1)◦ for C–I⋅⋅⋅O2. The Ag–O1 bond distance 
is 2.473(4) Å, which is longer than Ag–O3 bond (2.310(4) Å) in which 
the oxygen atom does not form additional HaBs. Both Ag–O bonds are 
normal single bonds [28]. 

For the second type HaB, dibenziodolium cation [C12H8I]+ forms two 
bifurcate halogen bonds with the oxygen atoms of two anionic species 
[Ag(OTf)4]3– (Fig. 3). In this case, all oxygen atoms involved in the 
bonding are not ligated to the silver(I) center. The S–O4⋅⋅⋅I and S–O5⋅⋅⋅I 
bond lengths equal to 3.041(4) Å and 3.261(4) Å, respectively, which is 
smaller than the sum of the van der Waals radii [Σvdw(I + O) = 3.50 Å] 
[29], indicating the presence of HaB interactions between the iodine and 
oxygen atoms. 

2.3. Theoretical studies 

The DFT calculations followed by the topological analysis of the 
electron density distribution within the QTAIM approach [30] were 
carried out at the ωB97XD/Sapporo-DZP level of theory for model su-
pramolecular associate to study more deeply the nature of halogen 
bonds in square-planar complex [C12H8I]3[Ag(OTf)4] (see Computa-
tional details and Supporting Information). The results of QTAIM anal-
ysis are summarized in Table 1. 

The QTAIM analysis conducted for model supramolecular associate 
[C12H8I]3[Ag(OTf)4] reveals the presence of bond critical points corre-
sponding to intermolecular interactions I⋅⋅⋅O (Table 1). Characterized by 
low magnitude of the electron density (ranging from 0.007 to 0.025 a.u.) 
and positive Laplacian of electron density values (ranging from 0.023 to 
0.067 a.u.), and zero or near zero energy density in these bond critical 
points and estimated strength for appropriate short contacts (7.1–28.5 
kJ mol− 1) are typical for noncovalent interactions. The equilibrium 
between the Lagrangian kinetic energy G(r) and the potential energy 
density V(r) at the bond critical points offers insight into the nature of 
these interactions. A ratio of –G(r)/V(r) > 1 signifies a purely non-
covalent interaction, whereas a ratio < 1 suggests some degree of co-
valent contribution [32]. Applying this criterion, we ascertain the 
absence of a covalent contribution in the intermolecular interactions 
I⋅⋅⋅O within [C12H8I]3[Ag(OTf)4] (Table 1). Additionally, the Laplacian 

Fig. 1. Square-planar complex [C12H8I]3[Ag(OTf)4] studied in this work.  

Fig. 2. The molecular structure of [C12H8I]3[Ag(OTf)4] exhibiting square- 
planar surrounding of the silver(I) center. Five dibenziodolium cations are 
omitted for clarity. Thermal ellipsoids are given at the 50% probability level. 

Fig. 3. Two bifurcated halogen bond S–O⋅⋅⋅I in [C12H8I]3[Ag(OTf)4]. Five 
dibenziodolium cations are omitted for clarity. Thermal ellipsoids are given at 
the 50% probability level. 

Table 1 
Values of the density of all electrons – ρ(r), Laplacian of electron density – ∇2ρ(r) and appropriate λ2 eigenvalues, energy density – Hb, potential energy density – V(r), 
and Lagrangian kinetic energy – G(r) (a.u.) at the bond critical points (3, –1), corresponding to intermolecular interactions I⋅⋅⋅O in [C12H8I]3[Ag(OTf)4], and estimated 
strength for these interactions Eint (kJ/mol).  

Contact Distance, Å % Bondi’s vdW sum ρ(r) ∇2ρ(r) λ2 Hb V(r) G(r) Eint
a Eint

b 

Ag–O1⋅⋅⋅I  2.789 Å 80  0.025  0.066  –0.025  0.000  –0.016  0.016  28.5  28.0 
S–O2⋅⋅⋅I  2.819 Å 81  0.022  0.067  –0.022  0.001  –0.015  0.016  26.8  28.0 
S–O4⋅⋅⋅I  3.041 Å 87  0.016  0.046  –0.016  0.001  –0.010  0.011  18.0  19.2 
S–O5⋅⋅⋅I  3.261 Å 93  0.010  0.031  –0.010  0.001  –0.006  0.007  10.9  12.1  

a Eint = 0.68(− V(r)) [31]. b Eint = 0.67G(r) [31]. 
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of electron density, decomposed into contributions along the three 
principal axes of maximal variation to obtain the three eigenvalues of 
the Hessian matrix (λ1, λ2, and λ3), reveals the nature of these in-
teractions. The negative sign of λ2 indicates attractive interactions (λ2 <

0), further supporting the binding noncovalent nature of the I⋅⋅⋅O in-
teractions (Table 1) [33,34]. 

The contour line diagram of the Laplacian of electron density dis-
tribution ∇2ρ(r), bond paths, and selected zero-flux surfaces, visuali-
zation of electron localization function (ELF) and reduced density 
gradient (RDG) analyses for intermolecular interactions I⋅⋅⋅O in 
[C12H8I]3[Ag(OTf)4] are shown in Fig. 4. 

Also, the noncovalent interactions (NCI) analysis includes a scatter 
graph plotting RDG against the real space function sign(λ2)ρ, which 
represents the product of the sign of λ2 (the second largest eigenvalue of 
the Hessian matrix of electron density) and ρ (electron density), known 
as the NCI plot [33], and visualization of intermolecular contacts in 
three dimensions using the NCI analysis technique [33,34] (Fig. 5)  were 
carried out for model supramolecular associate. The MEP surface of the 
iodonium cation is also shown in Fig. 6. 

Additionally, we have carried out the geometry optimization pro-
cedure for square-planar and tetrahedral isomers of the anion [Ag 
(OTf)4]3– in the gas phase (Fig. 7), and found out that the tetrahedral 
isomer is more stable than the square-planar isomer by 34.7 kJ mol− 1. 
Considering the cumulative estimated energy of all HaBs in the real co- 
crystal structure [C12H8I]3[Ag(OTf)4] (Eint

a = 168.4 kJ mol− 1 and Eint
b =

174.6 kJ mol− 1 for each [Ag(OTf)4]3– anion; see Table 1 for details) with 
square-planar anionic part and the difference in energy between the 
idealized theoretically optimized square-planar and tetrahedral isomers 
of anion [Ag(OTf)4]3– in gas phase, it is possible to expect that ener-
getically unfavorable square-planar geometry of [Ag(OTf)4]3– in the 
crystal is significantly stabilized by the HaBs. 

Fig. 4. Contour line diagram of the Laplacian of electron density distribution 
∇2ρ(r), bond paths, and selected zero-flux surfaces (a), visualization of electron 
localization function (ELF, (b)) and reduced density gradient (RDG, (c)) ana-
lyses for intermolecular interactions I⋅⋅⋅O in [C12H8I]3[Ag(OTf)4]. Bond critical 
points (3, –1) are shown in blue, nuclear critical points (3, –3) — in pale brown, 
ring critical points (3, +1) — in orange, bond paths are shown as pale brown 
lines, length units — Å, and the color scale for the ELF and RDG maps are 
presented in a.u. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 5. NCI plot for model supramolecular associate and visualization of 
intermolecular contacts in [C12H8I]3[Ag(OTf)4] using NCI analysis technique. 
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3. Conclusions 

In summary, our combined synthetic and theoretical study offers a 
comprehensive understanding of the structural properties of square- 
planar silver(I) complex [C12H8I]3[Ag(OTf)4] stabilized by halogen 
bonding interactions. By elucidating the underlying principles govern-
ing the formation and stability of these complexes, we have provided 
valuable insights into the intricate interplay between noncovalent in-
teractions and metal–ligand coordination chemistry. This work sets the 
stage for further exploration of halogen bonding in diverse metal- 
containing systems and holds promise for the development of 
advanced materials with enhanced functionalities. 

4. Experimental section 

4.1. Materials and Instrumentation 

All solvents and AgOTf were obtained from commercial sources and 
used as received. The dibenziodonium triflate was synthesized accord-
ing to published procedures [35,36]. All syntheses were conducted in 
air. 

4.2. Single-crystal XRD Study 

Single-crystal X-ray diffraction experiments were carried out on 
Agilent Technologies «Xcalibur» diffractometer with monochromated 
CuKα radiation. Crystals were kept at 100(2) K during data collection. 
Structure have been solved by the Superflip [37,38], and the ShelXT 
[39] structure solution programs using Charge Flipping and Intrinsic 
Phasing and refined by means of the ShelXL program [39] incorporated 
in the OLEX2 program package [40]. The crystal data and details of 
structure refinements for [C12H8I]3[Ag(OTf)4] are shown in Table S1, 
Supporting Information. The structure can be obtained free of charge via 
the Cambridge Crystallographic Database (CCDC 2234984; htt 
ps://www.ccdc.cam.ac.uk/structures/). 

4.3. Computational Details 

The single point calculations based on the experimental X-ray ge-
ometry of [C12H8I]3[Ag(OTf)4] and geometry optimization procedure 
for square-planar and tetrahedral isomers of [Ag(OTf)4]3– have been 
carried out at the DFT level of theory using the dispersion-corrected 
hybrid functional ωB97XD specifically developed and often utilized for 
studies of various noncovalent interactions [41–47] with the help of 
Gaussian-09 [48] program package. The Sapporo-DZP basis sets [49] 
were used for all atoms (this family of basis sets often used in studies of 
non-covalent interactions [50–54]). The topological analysis of the 
electron density distribution with the help of the atoms in molecules 
(QTAIM) method, electron localization function (ELF), reduced density 
gradient (RDG), and noncovalent interactions (NCI) analyses have been 
performed by using the Multiwfn program (version 3.7) [55]. The Car-
tesian atomic coordinates for appropriate model structures are pre-
sented in Table S2, Supporting Information. 
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Fig. 6. Representation of the molecular electrostatic potential (MEP) surface of 
the iodonium cation. 

Fig. 7. Calculated geometries and relative energies of [Ag(OTf)4]3– isomers in 
the gas phase. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ica.2024.122079. 
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