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Thallophilic Tl(I)–Tl(I) Contacts Mediated by Tl–Aryl Interactions. 

A Computational Study.  

Laura Weston,a Barnaby T. Pownall,a Francis S. Maira and Joseph J. W. McDoualla 

A computational study is presented of a complex of thallium with a neutral β-triketimine ligand which was found to form 

dimers with close Tl-Tl interactions. Single point energies, using the crystallographic structures, suggest that the system is 

bound only when BArF counter ions are included in the calculations. Energy decomposition analysis of the system was carried 

out in order to investigate the nature of the bonding. Across the methods, calculations show the electrostatic interaction to 

be repulsive for the dimer with no counter ions, but attractive when BArF counter ions are included. This suggests the 

metallophilic interaction is counter ion-mediated, requiring the anions to provide favourable electrostatics, even in the case 

of spatially diffuse and distant counter ions such as the 3,5-bistrifluoromethylphenyl borate ions used here.

Introduction  

Metallophilic interactions are defined as weak metal-metal 

bonds occurring between pairs of atoms with the same formal 

charge. These very close interactions between metals were 

initially observed in complexes of gold, leading to the term 

aurophilicity.1 Au–Au binding interactions have been shown to 

be in the range of 25-50 kJ mol-1 with corresponding Au–Au 

distances in the region of 2.8-3.5 Å.2 These distances can be 

compared with twice the van der Waals and covalent radii of 

Au, which are 3.32 Å and 2.88 Å, respectively.  

 Such metal-metal interactions have since been observed 

between other metals, leading to the broader term 

metallophilicity, although examples involving Au show the 

strongest bonds. These metal-metal attractions are thought to 

be due to electron correlation, enhanced by relativistic effects.3 

The relevant electron correlation effects are dispersion and 

ionic electron exchange. The familiar dispersion interaction 

comes about through the instantaneous mutual polarisation of 

the electron clouds of two juxtaposed molecular units, while the 

ionic electron exchange interaction is an instantaneous charge-

transfer between units.4 These effects are enhanced by the 

relativistic contraction of 6s and 6p orbitals accompanied by 

expansion of 5d and 5f orbitals. Calculations on systems with 

aurophilic bonds suggest that these relativistic effects provide 

at least 15% of the aurophilic attraction.5  

Metallophilic bonds involving thallium atoms (thallophilic), 

one of which was the subject of a recent experimental study,6 

have been observed at distances between 3.4-3.8 Å.7 In 

comparison, twice the van der Waals and covalent radii of Tl are 

3.92 Å and 2.96 Å, respectively. Tl–Tl bonds are on the weaker 

end of the metallophilic scale. Most systems involving a Tl(I)–

Tl(I) bond are supported by bridging ligands, which help to 

stabilise the thallium atoms by filling its coordination sphere 

with lone pairs. Additionally, thallophilic systems usually involve 

ligands with a negative charge to counterbalance the charge on 

the thallium. There are examples of complexes exhibiting close 

Tl–Tl contacts which either form without ligand bridges, for 

example β-diketiminates complexes,8,9 or which form with 

neutral ligands.10 The thallium complex of interest in this study, 

1 (see Figure 1) has neutral β-triketimine ligands.  

a. School of Chemistry, The University of Manchester, Manchester M13 9PL, UK. See 
DOI: 10.1039/x0xx00000x 

Figure 1 [(tkiMe3iPr3Tl)2]2+2[BArF]-. Mipp=2-PriC6H4 
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 The complex:  tkiMe3iPr3Tl (β-triketimine = tki; the 

substituents on the imine carbon atoms are indicated, followed 

by an indication of the N-aryl substituents, which in all cases are 

ortho, hence tkiMe3iPr3 = HC{MeCN(2-iPrC6H5)3}) with BArF 

counter ions, where BArF=[{3,5-(CF3)2C6H3}4B]- has been found 

to form dimers with Tl–Tl distances of 3.65 Å in the crystal 

geometry6 (Figure 1). The [(tkiMe3iPr3Tl)2] ·[BArF]2 system is an 

interesting case as the β-triketimine ligands are neutral, 

meaning the dimer without counter ions has a charge of 2+. The 

dimer also forms without ligand bridging taking place, unlike 

most thallophilic systems. 

In the original experimental report it was suggested that the 

complex is held together despite unfavourable electrostatics 

due to aryl–Tl and Tl–Tl interactions as well as packing forces. 

Preliminary computations, using the crystal geometry, 

employed Hartree-Fock and density functional theory (DFT) 

methods but failed to predict any binding in the dimer 

structure. This was suggested to point to a problem with the 

representation of the necessary correlation effects in the 

methods employed. Though other workers have hinted at the 

importance of pairwise cation-anion (i.e. + + – –) interactions in 

explaining such dicationic structures.11 It was originally 

supposed that the large metal-anion distances and the diffuse 

nature of the very large BArF anion meant that these effects 

could be ignored in seeking an understanding of the association, 

since the examples proven to rely on pairwise electrostatic 

effects employed much smaller and more charge-dense anions 

at shorter cation-anion distances. However in this work we 

show that such pairwise effects are essential in explaining the 

dimerisation of the cations, notwithstanding their distant 

diffuse nature. In the current study we develop the 

computational description of this intriguing system further by 

studying the interaction energy of the Tl(I) pairs in 1, with and 

without the presence of counter ions. We also look at an energy 

decomposition analysis (EDA) to better understand the 

different components of the interaction energy. We begin by 

using a model system with Tl(I)–Tl(I) interactions, the Tl–H 

dimer, to assess the applicability of some ab initio and density 

functional methods to these types of interaction. 

Computational Method 

Calculations employed the Def2-SVP and Def2-TZVP basis 

sets.12,13. For the Tl atom, 60 core electrons were treated with a 

relativistic effective core potential14 and the remaining 21 

valence electrons with the corresponding Def2-SVP (4s4p2d) 

valence basis set.15 The studies on 1 consist of single point 

calculations using the crystal structure.6 Ab initio calculations on 

the model system were performed at the CCSD(T)16, BD17, 

MP218 and SCS-MP219 levels. In all wavefunction calculations 

reported here, all 21 valence electrons of the Tl atoms were 

correlated. For the purpose of EDA and the calculation of partial 

charges, within the natural population analysis (NPA) 

formalism20, density functional calculations were carried out 

using the B9721-D3, B3LYP22,23-D3, M06-2X,24 PBE25,26-D3 and 

PBE027-D3 exchange-correlation functionals. Since most 

exchange-correlation functionals do not account for dispersion 

interactions to any significant extent, the widely used empirical 

D3 method developed by Grimme et al.28 (with Becke-Johnson 

damping) was used in conjunction with the standard 

functionals: B97, B3LYP, PBE and PBE0. The M06-2X functional 

was also used, since it has shown considerable success in 

describing non-covalent interactions. Counterpoise 

corrections29 were applied to all calculations of binding 

energies, except when discussing the EDA.  

The EDA we have employed is that of Ziegler and Rauk,30 

using an in-house implementation.  The binding energy (of a 

supermolecule composed of two fragments A and B) is 

decomposed into two parts as the fragments A and B come 

together to form AB: 

ΔEBind=ΔEPrep+ΔEInt 

The preparation energy (ΔEPrep) is the energy required to bring 

the two fragments, at their separated optimal geometries, 

together to form the supermolecule at its optimum geometry. 

The interaction energy (ΔEInt) is further decomposed into four 

terms: 

ΔEInt =ΔEElstat+ΔEPauli+ΔEOrbital+ΔEDisp 

where ΔEElstat describes the interaction between the electrons 

of A with the nuclei of fragment B and vice versa. ΔEOrbital arises 

from the orbital relaxation that takes place when the orbitals of 

the fragments (appropriately antisymmetrised and 

orthogonalised) rearrange to form the optimal orbitals of the 

supermolecule. The stabilising effects that form ΔEOrbital include 

charge-transfer, polarization and other orbital mixing 

interactions. ΔEPauli arises from the repulsion of the electron 

clouds of the two fragments. The dispersion term, ΔEDisp, was 

not included in the original formulation of Ziegler and Rauk. In 

this study ΔEDisp is accounted for with the D3 model of 

Grimme.15 Only ΔEInt and its components are explored in this 

study since we have used the crystal geometry of 1 throughout 

and have made no attempt to optimise the geometry.  

All calculations were carried out using the Gaussian 09 

package.31  

Results and Discussion 

 (Tl–H)2 

We wish to assess the physical factors responsible for the 

formation of 1. To gauge the performance of the computational 

methods we use, we have studied the model system, Tl–H 

dimer. Schwerdtfeger32 performed studies on this system using 

a variety of wavefunction-based methods and concluded that 

the Tl–H dimer should be observable at low temperatures using 

matrix isolation techniques. This system and has also been 

studied in the context of In…In and Tl…Tl metallophilic 

interactions in reference 33. Using the QCISD(T) method, 

Schwerdtfeger found a ground state singlet structure of C2h 

symmetry with an optimal H–Tl–Tl angle of 115.1°, a Tl–Tl 

distance of 3.28 Å and a Tl–H distance of 1.894 Å, the 

corresponding binding energy being 14 kJ mol–1. There is no 

indication in reference 32 that counterpoise corrections were 
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applied, so this binding energy is probably overestimated due 

to basis set superposition errors. An estimate of the difference 

in zero-point vibrational energies of only 5 kJ mol–1 led 

Schwerdtfeger to conclude that the Tl–H dimer should remain 

bound at low temperatures. 

The optimised structures of Tl–H and the Tl–H dimer, 

obtained at the CCSD(T)/Def2-SVP level, are given in Table 1. 

The harmonic vibrational frequencies are also given, 

establishing the dimer structure as a minimum on the potential 

energy surface. The difference in zero-point energies of 4.1 kJ 

mol–1 is in close agreement with Schwerdtfeger’s value. 

The Tl–H distance and the H–Tl–Tl angle were fixed at the 

CCSD(T) optimised values and the Tl–Tl distance was varied to 

produce the potential energy curves (including counterpoise 

correction) shown in Figure 2. 

An important observation is that the C2h structures 

optimised with the CCSD(T), BD and MP2 methods yield minima 

on the potential energy surface. A similar calculation at the 

CCSD level yields a saddle point, which if followed “downhill” 

yields a structure with unequal Tl–H distances. Using the density 

functional methods: PBE-D3 and PBE0-D3 a minimum structure 

is obtained. However, the B3LYP-D3, B97-D3 and M06-2X 

functionals yield saddle points. We re-optimised at the B3LYP 

and B97 levels to check whether the problem was with the D3 

correction but also found saddle points at these levels, 

suggesting that the problem is associated with the functional. 

Interestingly, of the density functional methods tested, M06-2X 

despite predicting a saddle point, shows the closest alignment 

with the CCSD(T) curve. The binding energies and equilibrium 

distances for each method are given in Table 2.  

All the DFT methods show very significant overestimation of 

the binding interaction. The MP2 method also overestimates 

the binding, while the SCS-MP2 method underestimates it. The 

BD potential energy curve is almost indistinguishable from the 

SCS-MP2 curve. The average of the MP2 and SCS-MP2 results 

appear to reproduce the CCSD(T) results quite well. These 

results are in accord with previous studies on coinage metal 

systems34 that indicate the MP2 method overestimates 

metallophilic interactions in comparison with the higher CCSD 

and CCSD(T) levels. 

 Table 3 shows the EDA obtained using the PBE-D3, PBE0-D3 

and M06-2X methods. The interaction energies shown differ 

Figure 2 Binding energy of TlH dimer as a function of Tl-Tl distance (r) at various levels 

of theory using Def2-SVP basis set. 

Method Rmin / Å Ebind / kJ mol–1 

CCSD(T) 3.38 -12.1 

BD 3.48 -9.1 

MP2 3.33 -15.3 

SCS-MP2 3.50 -9.1 

B3LYP-D3 3.36 -26.9 

B97-D3 3.39 -24.8 

M06-2X 3.33 -17.9 

PBE-D3 3.16 -37.8 

PBE0-D3 3.16 -31.5 

 

 Tl–H (Tl–H)2 

R(Tl–H) / Å 1.9041 (1.87)a 1.8632 

R(Tl–Tl) / Å  3.1914 

θ(H–Tl–Tl) / °  120.54 

ν1 / cm–1 1364.5 11.9 

ν2 / cm–1  54.6 

ν3 / cm–1  140.9 

ν4 / cm–1  350.1 

ν5 / cm–1  1410.5 

ν6 / cm–1  1429.1 

Zero-point energy / kJ mol–1 8.1 20.3 

 

 
 PBE-D3 PBE0-D3 M06-2X 

ΔEOrbital -84.0 -76.9 -41.5 

ΔEElstat -97.7 -98.3 -66.8 

ΔEPauli 146.1 146.9 89.6 

ΔEDisp -2.9 -3.4  

ΔEInt  -38.6 -32.3 -18.7 

 
Table 3 Energy Decomposition Analysis on Tl-H dimer. All quantities are in kJ mol-1. 

Table 1 CCSD(T)/Def2-SVP optimised structure and properties of Tl–H and its dimer. 

 a Experimental value given in parentheses from K.P. Huber and G.Herzberg in Molecular 

Spectra and Molecular Structure. IV. Constants of Diatomic Molecules, Van Nostrand 

Reinhold, New York, 1979. 

Table 2 Optimal value of Tl-Tl distance (Rmin) and the corresponding binding energy (Ebind) 

at various levels of theory using Def2-SVP basis set. See Figure 2. 
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from those in Table 2 since the EDA are carried out without 

counterpoise corrections. One immediately notices that ΔEDisp 

provides only about 3 – 4 kJ mol–1 of binding, amounting to a 

small fraction (8 – 14%) of the binding energy. Certainly at the 

DFT level, the contribution of ΔEElstat and ΔEOrbital appear more 

important. If we compare a dispersion energy of 4 kJ mol–1 with 

the binding energy at the CCSD(T) level, the contribution rises 

to about 34%. While this is a significant fraction, it still does not 

provide the dominant component of the binding energy.  

 It is instructive to compare the EDA based on the PBE and 

PBE0 functionals (the latter containing 25% Hartree-Fock 

exchange). The difference in the binding energy of 6.3 kJ mol–1 

appears to come principally from ΔEOrbital, with all the other 

terms each contributing less than 1 kJ mol–1 to the difference.  

From this model study we conclude that the MP2 and SCS-MP2 

methods appear to bracket the CCSD(T) results, in the sense 

that the MP2 method overestimates the attractive interactions 

while the SCS-MP2 underestimates them. The average of the 

MP2 and SCS-MP2 interaction energies closely reproduce the 

interaction at the CCSD(T) level. All the DFT methods predict the 

Tl–H dimer to be significantly overbound. The DFT-based EDA 

imply that the dispersion energy is significant and important to 

the binding but is not the principal component. 

 

 

 [(tkiMe3iPr3Tl)2][BArf]2 (1)  

Several calculations were performed on the (tkiMe3iPr3Tl) system to 

assess the nature of the Tl–Tl interaction. A number of fragments 

have been used to investigate the complex, these are obtained 

from the crystal structure and are shown in Figure 3.  

Counterpoise corrected single point calculations were 

carried out on the dimer and dimer with BArF counter ions 

(systems (d) and (e) from Figure 3). MP2 calculations were 

carried out with the Def2-SVP basis set, in all other cases the 

Def2-SVP basis set is used for the calculations with BArF 

counter ions and the Def2-TZVP basis set is used for the 

calculations without BArF counter ions. For the system without 

counter ions the basis set superposition error is approximately 

0.037 au, illustrating the importance of counterpoise 

correction since the Def2-SVP basis set is far from complete for 

this large system. The resulting interaction energies are given 

in Table 4. 

In all cases in which the [BArF]– ions were not included, the 

interaction energy between the (tkiMe3iPr3Tl) monomers was 

found to be repulsive. The MP2 and SCS-MP2 method both 

predict large positive (repulsive) interaction energies and while 

 No. of 

(tkiMe3iPr3Tl) 

units 

No. of 

[BArF] 

units 

B3LYP M06-2X PBE0 

3(a) 1 0 0.823 0.867 0.837 

3(b) 1 1 0.813 0.859 0.828 

3(c) 1 2 0.809 0.856 0.824 

3(d) 2 0 0.732 0.761 0.743 

3(e) 2 2 0.730 0.760 0.740 

 Table 5 Charges on Tl atoms obtained from natural population analysis, corresponding 

to systems, as seen in Figure 3.   

Method (tkiMe3iPr3Tl)2 [(tkiMe3iPr3Tl)2][BArf]2 

MP2 71.1 -53.1 

SCS-MP2 60.1 -17.5 

B3LYP-D3 16.9 -106.1 

B97-D3 20.7 -103.0 

M06-2X 69.5 -47.5 

PBE-D3 38.3 -85.2 

PBE0-D3 29.9 -92.5 

 

Method ΔEOrbital ΔEElstat ΔEPauli ΔEDisp ΔEInt 

PBE-D3 -88.5 -61.7 147.6 -109.2 -111.8 

PBE0-D3 -78.3 -59.5 135.6 -112.7 -114.9 

B3LYP-D3 -80.9 -61.7 179.7 -168.8 -131.8 

B97-D3 -82.0 -56.0 195.2 -185.5 -128.3 

M06-2X -74.7 -63.9 68.9  -69.7 

 

Method ΔEOrbital ΔEElstat ΔEPauli ΔEDisp ΔEInt 

PBE-D3 -96.4 74.3 143.7 -108.0 13.5 

PBE0-D3 -85.9 75.1 132.2 -111.5 9.8 

B3LYP-D3 -88.3 73.7 175.4 -167.5 -6.7 

B97-D3 -89.3 79.6 190.8 -184.2 -3.1 

M06-2X -82.8 70.5 66.4  54.1 

 

 

Table 7 Energy Decomposition Analysis of (tkiMe3iPr3Tl)2·[BArF]2 counter ions. All 

quantities given in kJ mol-1. 

 

Figure 3 (a) (tkiMe3iPr3)Tl) `Monomer' (b) [(tkiMe3iPr3)Tl)]·[BArF] `Monomer w. BArF' (c) 

[(tkiMe3iPr3)Tl)]·[BArF]2 `Monomer w. 2 BArF' (d) [(tkiMe3iPr3)Tl)2] `dimer' (e) [(tkiMe3iPr3)Tl)2] 

· [BArF]2 `Dimer w. BArF'. 

Table 6 Energy Decomposition Analysis of (tkiMe3iPr3Tl)2 without [BArF] counter ions. All 

quantities given in kJ mol-1. 

Table 4 ΔEint (kJ mol-1) corresponding to units (tkiMe3iPr3Tl)2  and [(tkiMe3iPr3Tl)2] · [BArF]2, 

see Figure 3(d) and 3(e). 
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the DFT values are smaller, echoing the results on the model 

system, they still predict no binding.  

 The interaction energy for the system with counter ions 

included ([(tkiMe3iPr3Tl)2][BArF]2) was found to be attractive at 

all levels of theory. The largest binding energies were given by 

the B3LYP-D3, and B97-D3 methods. The M06-2X functional 

predicts a significantly smaller interaction energy than all the 

other DFT methods, with a value close to that obtained at the 

MP2 level. However, all methods are in qualitative agreement, 

i.e. that the system is bound. This gives some support to the 

idea of a counter ion-mediated interaction, in which the 

presence of the [BArF]– anions are required to balance the 

charge of the overall system and make the electrostatic 

interaction favourable. 

 To further investigate whether counter ion-mediated 

bonding is significant in this system, the NPA charge centred 

on the thallium atom in the (tkiMe3iPr3Tl) unit was calculated at 

the B3LYP, M06-2X and PBE0 levels using the Def2-SVP basis 

set in every combination shown in Figure 3. The results are 

shown in Table 5. 

 The PBE0 charges are in between those obtained at the 

B3LYP and M06-2X levels. The charge on Tl does decrease as 

the number of anion units is increased. However, this decrease 

is proportionately very small and not sufficient to explain the 

formation of a dimer. Comparison of the charge on Tl in 

(tkiMe3iPr3Tl) [BArF] with that in (tkiMe3iPr3Tl)2[BArF]2 shows that 

there is a larger decrease in charge when considering the 

system as a dimer than the difference made by the addition of 

counter ions alone. It is likely, then, that the inclusion of the 

counter ions must have a more subtle effect on the system 

than simply decreasing the charge on the Tl atoms. 

Energy Decomposition Analysis calculations were run at a 

variety of DFT levels using the Def2-SVP basis to investigate the 

nature of the bonding and to shed light onto the effect that the 

[BArF]– counter ions have on the system. The results are shown 

in Figure 4 and Tables 6 and 7.  

The interaction energies shown in Tables 6 and 7 differ from 

those in Table 4 since the EDA are carried out without 

counterpoise corrections, hence the B3LYP-D3 and B97-D3 

methods predict a slightly bound system (with binding energies 

of –6.73 kJ mol–1 and –3.07 kJ mol–1 respectively) in the absence 

of counter ions. Inspection of Table 8 and Figure 4 shows that 

for all methods ΔEElstat is repulsive for the system without 

counter ions and becomes attractive once counter ions are 

included. This is by far the largest effect of the inclusion of 

counter ions and changes the interaction from repulsive to 

attractive. For all methods there is a decrease in the magnitude 

of ΔEOrbital and an increase in that of ΔEPauli when counter ions 

are included, although these changes are small compared to the 

change in ΔEElstat. The addition of counter ions has a fairly small 

effect on ΔEDisp and cannot be said to be the key factor in the 

binding of these units.  

The importance of the ΔEElstat can be visualised by inspection 

of the electrostatic potential map in the region of the 

(tkiMe3iPr3Tl) with and without the counter ions. This is shown at 

the M06-2X/Def2-SVP level in Figure 5. The Tl atoms, as well as 

the ligands, are less positive in the system when counter ions 

are included. This suggests the effect of the counter ions is a 

broad one, lowering the charge across the thallium as well as 

the ligands. This allows the interaction between one Tl atom 

and the opposite ligand to overcome the Tl–Tl repulsion. 

 

Figure 4 Orbital, electrostatic, Pauli and dispersion energy contributions to the total interaction energy of (tkiMe3iPr3Tl)2 both with and without [BArF] counter ions, across a range of 

methods. 

Figure 5 Electrostatic Potential Map of [(tkiMe3iPr3Tl)]2 mapped onto a density surface with 

an isosurface value of 0.035 a.u. A) without and B) with [BArF] counter ions. 
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Although it should be borne in mind that these findings are 

based on a decomposition of the interaction energy between 

only two {(tkiMe3iPr3Tl)[BArF]} units. It is currently beyond our 

computational ability to assess the electrostatic influence of the 

full Madelung potential of the crystal. 

The principal finding that the cation association is anion-

mediated concurs with the analysis by Carvajal et al.11 of (L–

Au)2
2+ dimers. However, it is distinguished from these prior 

findings by two points. Firstly, this is the first indication that a 

similar mechanism operates to bind L–Tl+ cations into dimers. 

Secondly, all prior cases involved much smaller, more tightly 

bound anions, e.g. Cl– (3.40 Å), Br– (3.54 Å), [BF4]– (3.67 Å) and 

[PF6]– (3.93 Å) in comparison to the results herein. These show 

that the effect persists even when the cation-anion contacts 

extend to 5.9 Å and the negative charge is spread over 69 

atoms, producing a much reduced charge density. 

Conclusions 

Our calculations have found evidence to partially support the 

suggestion by Mair6 that aryl–Tl and Tl–Tl interactions hold the 

[(tkiMe3iPr3Tl)2][BArF]2 system together. There is strong support 

for the notion of a counter ion-mediated interaction. EDA and 

ESP results suggest that in the absence of counter ions the 

interaction energy is repulsive, but becomes attractive in the 

presence of the counter ions. The charge concentrated on the 

Tl atoms decreased with the addition of counter ion units, but 

only decreased significantly on the consideration of the system 

as a dimer. This suggests that the aryl–Tl interaction is key in 

holding the system together. ESP maps suggest that the 

presence of the counter ions has a broad effect across the Tl 

atoms as well as the ligands of (tkiMe3iPr3Tl) and it is this that 

enables the system to bind. By contrast the magnitude of the 

dispersion interaction appears not to be greatly affected by the 

presence of the counter ions. 
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Thallophilic interactions mediated by presence of coordinating anions provide 134 kJ mol
-1

 (M06-2X) 

electrostatic stabilisation. 
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