
 
 
 
 

Heriot-Watt University 
Research Gateway 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

Toward understanding of the lower rim binding preferences of
calix[4]arene

Citation for published version:
Murphy, P, McKinlay, RG, Dalgarno, SJ & Paterson, MJ 2015, 'Toward understanding of the lower rim
binding preferences of calix[4]arene', Journal of Physical Chemistry A, vol. 119, no. 22, pp. 5804-5815.
https://doi.org/10.1021/acs.jpca.5b02624

Digital Object Identifier (DOI):
10.1021/acs.jpca.5b02624

Link:
Link to publication record in Heriot-Watt Research Portal

Document Version:
Peer reviewed version

Published In:
Journal of Physical Chemistry A

Publisher Rights Statement:
Copyright © 2015 American Chemical Society.

General rights
Copyright for the publications made accessible via Heriot-Watt Research Portal is retained by the author(s) and /
or other copyright owners and it is a condition of accessing these publications that users recognise and abide by
the legal requirements associated with these rights.

Take down policy
Heriot-Watt University has made every reasonable effort to ensure that the content in Heriot-Watt Research
Portal complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact open.access@hw.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1021/acs.jpca.5b02624
https://doi.org/10.1021/acs.jpca.5b02624
https://researchportal.hw.ac.uk/en/publications/0fea945c-bfcd-4cb4-8b4c-cf7f30f441f1


 1 

Towards Understanding of the Lower-Rim Binding 

Preferences of Calix[4]arene  

Paul Murphy, Russell G. McKinlay, Scott J. Dalgarno and Martin J. Paterson* 

Institute of Chemical Sciences, Heriot Watt University, Edinburgh EH14 4AS, United Kingdom 

ABSTRACT: Calixarenes form polymetallic clusters with many 1st row transition metals and 

lanthanides via binding at the lower rim. A detailed theoretical study of the relative binding 

preferences for calix[4]arene (C[4]) towards the 1st row transition metals is presented. In order to 

do this, the binding energies of C[4] with transition metals displaying a range of common 

oxidation states, and a variety of potential spin states of the bound cations were investigated 

using Density Functional Theory. A known diagnostic test, B1, is employed as a measure to 

gauge the multireference nature of each compound and is used as justification for the choice of 

different DFT functionals employed.  
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Introduction 

Despite the discovery of calixarene macrocycles shortly after the Second World War1-6, it wasn’t 

until the discovery of a high yielding one-step, one-pot synthesis, involving a base-induced 

condensation reaction by Gutsche et al.7, that the field gained prominence.  

Initially, p-tButyl calix[4]arene (TBC[4]) and its close derivative calix[4]arene (C[4]) attracted 

considerable interest with both structures adopting several conformations of which the cone 

proved to be the most stable. The various conformers of TBC[4] are shown in Figure 1.  

 

 

Figure 1. (TBC[4]) and stable conformations 

 

Modifications of the basic motif of TBC[4] rapidly followed, with success reported in the 

synthesis of calixarenes exhibiting a wide variety of substitutions at both the upper and lower 

OHOH HO

tButBu tBu tBu

OH OH

OH

tButBu tBu

tBu

OH

partial cone

OH

cone

OH

OH OH

tBu

tBu
tBu

tBu

OH

1,2-alternate

OHOH

OH

tBu

tBu

tBu

tBu

OH

1,3-alternate



 3 

rims, substitutions of the methylene carbon atoms for heteroatoms such as oxygen and sulfur, 

and extension of the structure via substitution of H atoms at the methylene bridge with moieties 

such as alkyl chains and even further calixarene molecules8-12. 

In adopting the cone conformation, TBC[4] was found to readily form a variety of polymetallic 

clusters when placed in a solution of transition metal cations and/or lanthanides via binding of 

these metals at the lower rim13-18. Two examples of such polymetallic clusters are shown in 

Figure 2 and Figure 3. 

 

Figure 2. Polymetallic TBC[4] cluster containing Fe(III) and Gd(III)17. 
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Figure 3. Polymetallic TBC[4] cluster containing Cu(II) and DMSO17. 

Both of these polymetallic cluster examples have demonstrated potential for use as Single 

Molecule Magnets. The Fe(III) structure was the first calixarene-based polymetallic cluster to be 

synthesised containing both iron and lanthanides (Gd in this case), providing a synthetic route to 

calixarene-supported 3d-4f bound clusters. The Cu(II) structure provides an example of the type 

of structural diversity possible in calixarene-supported polymetallic clusters: enneanuclear tri-

capped trigonal prismatic around the copper centres in this case. These two cluster examples 

represent important progress towards the aim of using calixarenes to provide the framework to 

allow control over both the fine-tuning of the magnetic properties and ultimately the geometric 

structure of such species. 

In addition to showing potential for use in the synthesis of Single Molecule Magnets, the binding 

energy of numerous calixarenes towards a variety of heavy metals and group I/II metals has been 

investigated both experimentally and theoretically16,19-22 leading to consideration of calixarenes as 
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a scavenging agent in environments which have become polluted by such metals. We therefore 

present the results of a theoretical investigation into the binding preferences of calixarenes 

towards the entire 1st row of transition metals using C[4]. The most common oxidation states and 

spin states of the 1st row of transition metals have been modelled using a variety of DFT 

functionals to provide theoretical insight into both the performance of DFT, in terms of 

modelling these complexes (in the form of B1 diagnostic tests) and the relative binding 

preferences of calixarenes towards these species. 

 

Computational Details 

All  calculations were performed using Gaussian 0923.  

Geometry optimisations for all computed structures were performed using 6-31G** basis set in 

conjunction with DFT functionals BLYP24,26, B3LYP2526 and B97D327 for non-metals. From these 

geometry optimisations, single point energy calculations were then taken using the 6-311G** 

basis set. Long range dispersion correction was tested by further running single point 

calculations from geometry optimisations using 6-311G** basis set with the addition of GD3BJ28 

empirical dispersion. It should be noted that the functional B97D3 includes D3BJ dispersion 

automatically, allowing comparison of, not only the effect of adding dispersion, but also the 

effect of adding this dispersion on different DFT functionals.  

For metal atoms, Effective Core Potentials are more appropriate in dealing with the large number 

of electrons involved. The commonly used Stuttgart Dresden relativistic ECP method SDDALL29 
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is particularly well suited to 1st row transition metals and is applied to all metals throughout this 

work. Ten electrons from the metal are treated as core. 

Geometry optimisation was checked by analysis of the analytical Hessian, which confirmed the 

nature of the critical points as minima via the absence of negative eigenvalues. After geometry 

optimisation was performed on each compound, wavefunction stability tests were carried out on 

all structures. In the presence of wavefunction instabilities, a new more stable wavefunction was 

found and was used in a subsequent geometry re-optimisation. Final wavefunction stability 

checks were carried out in all such circumstances to avoid internal instabilities, which would 

render all analytical frequency calculations invalid for that compound. No symmetry constraints 

were applied to the calculations. 

All quoted energies are thermally corrected Gibbs energies calculated at 298.15K using standard 

statistical thermodynamic approximations30 for translation, vibration and rotation contributions. 

Zero-point vibrational corrections are also included. 

In order to calculate the binding energy of C[4] to each 1st row transition metal, the following 

model approach was adopted as illustrated in Scheme 1. C[4] was used rather than the p-tBu 

analogue and the metal atoms were placed in a square planar arrangement in the tetraphenolic 

pocket at the lower rim. 
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Scheme 1. 

 

In order to test the efficacy of this square planar model arrangement for metals such as 

manganese (which tends to prefer octahedral co-ordination in crystal structures) and iron (which 

tends to prefer square pyramidal), binding energy calculations were attempted using water as 

axial ligands to represent the solvent molecules which normally occupy those positions in known 

calixarene-supported clusters. One water ligand was added to the Fe3+ complexes at the lower 

rim and two water ligands were added to the Mn3+ complexes. The resultant calculations 

suggested that the water molecules were weakly bound in both complexes, adding just 1-3 

kcalmol-1 to the relative binding energies in the solvent phase calculations. Indeed, the Mn3+ 

quintet showed the characteristic lengthening of the Mn-H2O bond to around 2.5 Å as seen in 

single crystal X-ray structures and attributed to Jan Teller distortion. It is therefore of little 

surprise that these axial bonds are subsequently relatively weak compared to the equatorial bonds 

from the calixarene oxygen atoms. It was therefore considered that the simplification of the 

metal co-ordination to square planar for all metals was justified and had no significant impact on 

the results obtained. 

Calculating the binding energy is performed as:- 

Ebind = Ecomplex – Ecation – EC[4] 
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where EC[4] represents the energy of the geometry optimised tetra-deprotonated C[4] ligand 

shown in Scheme 1 in the most stable free ligand conformation (cone). It should be noted that 

both the spin state and oxidation state of the metal atom is kept consistent on both sides of 

Scheme 1. 

A brief summary of the B1 test31 is provided as follows. Each species in Scheme 1 is geometry 

optimised at the BLYP/6-31G** level. B1LYP single point calculations are then performed on 

these optimised structures giving what is known as a B1LYP//BLYP/6-31G** calculation. The 

following calculation then gives an energy value, B1, which provides an approximate feel for the 

level of multireference character of the complex:- 

B1 = (BEBLYP – BEB1LYP//BLYP) / n 

where BEBLYP is the binding energy for the complex calculated using BLYP/6-31g*, BEB1LYP//BLYP 

is the binding energy for the complex calculated when a B1LYP/6-31G** single point 

calculation is made at the BLYP /6-31G** optimised geometry, and n is the number of bonds to 

be broken in order to remove the metal fully from the calixarene (in this work, n is always 4).  

The B1 diagnostic works as follows. Hartree Fock calculations are known to produce very poor 

representations of multireference complexes as a result of severe shortcomings in the correlation 

and exchange approximations. In particular, as a system becomes more multireference, static 

correlation effects become more important as near degeneracy effects increase. It is known that 

DFT methods contain some static correlation via the exchange functional with the correlation 

functionals recovering dynamic correlation energy only2532,33. Replacing some of the DFT 

exchange with HF exchange, as with hybrid DFT functionals such as B3LYP, would therefore 

result in poorer recovery of static correlation. In highly multireference systems this deficiency 
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can cause severe problems in correctly capturing the static correlation energy. For example, 

during benchmarking tests31, GGA DFT functionals such as BLYP (with 0% HF exchange) 

demonstrated considerably better performance for binding energy calculations when applied to 

the MLBE21/05 metal to ligand database relative to, supposedly superior, hybrid functionals 

such as B1LYP (28% HF exchange) and B3LYP (20% HF exchange). The B1 test is therefore 

essentially making a comparison of the difference in calculated binding energy, per bond broken, 

between BLYP (with no HF exchange) and B1LYP (with significant HF exchange). It is 

considered that if the difference between these two values exceeds approximately 10 kcalmol-1 

then this is symptomatic of the complex becoming multireference. Here BLYP is used as a 

benchmark as a result of its perceived relative invariance to the multireference nature of the 

complex and the drift of a B1LYP calculated energy relative to the corresponding BLYP result 

indicates that the HF exchange included in B1LYP is causing problems for the hybrid functional. 

In summary, a B1 value of around 10 kcalmol-1 or less (in magnitude) is presumed to indicate that 

either GGA or hybrid functionals would be appropriate. Much above 10 kcalmol-1 however, and 

it would indicate that purely GGA functionals should be used for accurate binding energy 

calculations. 

Gas phase calculations were augmented with solvent model calculations in order to check the 

effect of solvent with regards to stabilizing highly charged species. Synthesis of C[4]-supported 

clusters can be carried out in a variety of mixed solvent systems that routinely contain alcohols. 

Water was therefore used as a suitable alcohol-analog solvent in our calculations. The CPCM 

solvent model34,35 was used with B3LYP/6-311G**/GD3BJ empirical dispersion on all 

complexes using water as a solvent. 
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Following geometry optimisation, all species were checked for spin contamination. BLYP 

calculations showed spin contamination for the singlet Cr2+, doublet Mn2+, singlet Mn3+ and 

quintet Fe2+ complexes. B3LYP additionally experiences spin contamination for the doublet 

Mn4+ and singlet Co3+ complexes. Finally, B97D3 experiences spin contamination for the singlet 

Cr2+, doublet Mn4+, singlet Fe2+ and doublet Fe3+ complexes. As spin contamination usually 

results in higher energies than expected36, care has to be taken using the energy values. In the 

presentation of the results, this source of error will be considered below. 

It should be noted that the deprotonated C[4] is modelled as a 4- charged anion for the purposes 

of these calculations, in keeping with the charge of the anions present in the resulting clusters. 

With respect to the neutral deprotonated gas phase species, this anion is unbound but when the 

CPCM solvation model is used the species is found to be bound. The unbound gas phase species 

is not a concern as the energy of the deprotonated calixarene is used in all calculations and thus 

any error introduced will effectively be cancelled when considering relative binding energies. 

Similarly, the use of diffuse basis sets was tested against several compounds via B3LYP/6-

311++G** calculations. Although the absolute energies of the ground state of each species was 

reduced by around 10 kcalmol-1 in all cases, the relative binding energies were unaffected. For 

that reason, calculations were carried out without use of diffuse basis sets. 

Spin density calculations were performed using isovalue of 0.002 on all complexes. 

Results and Discussion 

The results of the B1 test are detailed in Table 1. As can be seen, all values have a magnitude  

around or less than the 10 kcalmol-1 mark expected to signify a multireference system. Indeed, 

only a calixarene-singlet Cr4+ complex exceeds this value (by just 1.13 kcalmol-1) and in the 
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majority of cases values under 5 kcalmol-1 are found. As a result, DFT functionals such as 

B3LYP, containing large amounts of HF exchange, can be considered for use in modelling such 

systems. 

Where available, known crystal structure data are used to provide a rough benchmark for 

geometry optimisations of the relevant species and results are shown in Table 2 for geometry 

optimisations of singlet Ti4+, triplet V3+, quintet Mn3+, sextet Fe3+ and doublet Cu2+ C[4]-bound 

complexes using BLYP, B3LYP and B97D3 DFT functionals, all using the 6-31G** basis set. 

There are no equivalent crystal structures for the other 1st row transition metals involving 

tetraphenolic binding of C[4]. As can be seen, there is good agreement between computation and 

experiment although some differences are to be expected when comparing calculated results to 

crystal data. Also of note is the fact that there is very little difference between the calculated 

parameters for each DFT functional. The geometry of these species therefore appears to be 

largely invariant to the DFT functional chosen.  Having dealt with the validity of the type of DFT 

functional used for the binding energy calculations, and showing that geometrical parameters are 

well matched compared to structural data, we now move to the predicted thermodynamic 

stability of each complex. No assumption was made about which spin state of each metal 

oxidation state would be most stable for each species and therefore the ground state energies for 

all spin states for each oxidation state were calculated. It might be expected, following Hund’s 

Rule of maximal multiplicity, that the most stable species would be the complex containing the 

metal in the highest spin state for its oxidation state. Results are shown in Table 3 and Table 4. 

As can be seen, in the majority of cases, the highest 3d spin configuration is found to be the most 

stable for each complex where multiple spin multiplicities are possible. There are six exceptions 

to this however. 
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Table 1. Results of B1 Diagnostic Tests on all Complexes. Values are in kcalmol-1 and are 

calculated per bond broken. In all cases, four metal to calixarene bonds require breaking. 

C[4]-bound 
metal 

Spin B1 
(kcalmol-1) 

 C[4]-bound 
metal 

Spin B1 
(kcalmol-1) 

Sc3+ singlet 0.76  Mn4+ quartet -6.43 

Ti2+ triplet -0.05   doublet -9.91 

 singlet -1.42  Fe2+ quintet -0.17 

Ti3+ doublet -1.72   triplet -2.42 

Ti4+ singlet -5.96   singlet -2.31 

V2+ quartet -0.33  Fe3+ sextet -5.55 

  doublet -1.02   quartet -5.27 

V3+ triplet -3.03   doublet -6.79 

 singlet -3.29  Co2+ quartet -0.71 

V4+ doublet -8.66   doublet -2.29 

Cr2+ quintet 0.82  Co3+ quintet -7.88 

 triplet -0.84   triplet -6.01 

 singlet -1.13   singlet -7.20 

Cr3+ quartet -4.09  Ni2+ triplet -1.57 

 doublet -4.12   singlet -3.77 

Cr4+ triplet -9.47  Ni3+ quartet -9.02 

 singlet -11.13   doublet -8.90 

Mn2+ sextet 1.24  Cu2+ doublet -1.39 

 quartet -1.94  Cu3+ triplet -5.95 

 doublet -2.37   singlet -6.83 

Mn3+ quintet -2.92      

 triplet -4.68      

 singlet -4.83      
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Table 2. Calculated results for C[4]-metal complexes. All bond lengths are averaged. Values in 

brackets are percentage errors in the calculated measurement compared to the crystal structure. 

C[4]-bound metal Parameter Crystal Data 
 17,18, 37, 38 

 

BLYP with 
6-31G** 
and sddall 
for metals 

B3LYP 
with 
6-31G** 
and sddall 
for metals 

 B97D3  
with 
6-31G** and 
sddall for 
metals 

Singlet Ti4+ M-O distance (Å) 1.9630 1.877 
(4.4%) 

1.851 
(5.7%) 

 1.866 
(4.9%) 

 C-O distance (Å) 1.3550 1.361 
(0.4%) 

1.351 
(0.4%) 

 1.352 
(0.4%) 

 O-M-O angle (0) 155.5 158.3 
(1.8%) 

157.4 
(1.2%) 

 158.7 
(2.1%) 

Triplet V3+ M-O distance (Å) 1.9404 1.911 
(1.5%) 

1.893 
(2.4%) 

 1.903 
(1.9%) 

 C-O distance (Å) 1.3733 1.351 
(1.6%) 

1.338 
(2.6%) 

 1.340 
(2.4%) 

 O-M-O angle (0) 172.7 168.0 
(2.7%) 

168.1 
(2.7%) 

 169.0 
(2.1%) 

Quintet Mn3+ M-O distance (Å) 1.9362 1.921 
(0.8%) 

1.905 
(1.6%) 

 1.933 
(0.2%) 

 C-O distance (Å) 1.3557 1.350 
(0.4%) 

1.339 
(1.2%) 

 1.337 
(1.4%) 

 O-M-O angle (0) 175.4 179.2 
(2.2%) 

179.4 
(2.3%) 

 178.3 
(1.7%) 

Sextet Fe3+ M-O distance (Å) 1.9763 1.956 
(1.0%) 

1.929 
(2.4%) 

 1.966 
(0.5%) 

 C-O distance (Å) 1.3633 1.336 
(2.0%) 

1.329 
(2.5%) 

 1.326 
(2.7%) 

 O-M-O angle (0) 162.6 165.7 
(1.9%) 

169.7 
(4.4%) 

 168.4 
(3.6%) 

Doublet Cu2+ M-O distance (Å) 1.9661 2.007 
(2.1%) 

1.928 
(1.9%) 

 2.016 
(2.5%) 

 C-O distance (Å) 1.3838 1.324 
(4.3%) 

1.312 
(5.2%) 

 1.313 
(5.1%) 

 O-M-O angle (0) 175.9 178.8 
(1.6%) 

178.4 
(1.4%) 

 178.0 
(1.2%) 
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The C[4] complexes involving Ti2+, Fe3+, Co3+, Ni2+, Ni3+, and Cu3+ are all found to favour other 

3d spin configurations than the highest spin. The Ti2+ complex favours the singlet over the 

triplet; the Fe3+ complex favours the quartet over the sextet; the Co3+ complex favours the triplet 

over the quintet; the Ni2+ complex favours the singlet over the triplet; the Ni3+ complex favours 

the doublet over the quartet and the Cu3+ complex favours the singlet over the triplet. This pattern 

is found across all DFT functionals. Notably, the move from one DFT functional to another 

affects all of the relevant spin configuration energies to a similar extent and is therefore the issue 

is not thought to be caused by an inability of the DFT functional to accurately predict the correct 

ground state spin configuration. The presence of this issue across DFT functionals with a range 

of HF exchange from 0% to 20% allowed the effect of HF exchange energy to be excluded as a 

source of potential error. Spin contamination was not present in the affected species and 

therefore this was also ruled out. An investigation of the B1 values shows no correlation between 

B1 magnitude, or sign, and the order of spin configuration stability. Following the above 

analysis, it can be reasonably concluded that the field strength of the C[4] ligand can be 

considered intermediate – in other words, strong enough to invoke stability in complexes such as 

the Fe3+ quartet over the sextet spin configuration but not strong enough to allow the Fe3+ doublet 

to become the most stable spin configuration. Essentially, the ligand is just strong enough to 

increase the energy of the dx2-y2 orbital to a point where the energy required to pair electrons 

begins to be less than the energy required to overcome the ligand field splitting energy. For this 

reason, in complexes consisting of more than four d electrons, the final electron preferentially 

occupies a lower energy orbital thus reducing the energetically favoured spin configuration from 

that predicted by blind application of Hund’s Rule. 
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Table 3. Calculated ground state and binding energies (Hartrees) of C[4]-metal complexes (DFT 

Functionals - BLYP and B97D3). 

C[4]-
bound 
metal 

Spin Ground 
State 

Energy 
(Hartrees) 

 
BLYP/ 

6-311g** 

Binding 
Energy 

(Hartrees) 

 
BLYP/ 

6-311g** 

Ground 
State 

Energy 
(Hartrees) 

BLYP/ 
6-311g**/ 
GD3BJ 

Empirical 
Dispersion 

Binding 
Energy 

(Hartrees) 

 
BLYP/ 

6-311g**/ 
GD3BJ 

Empirical 
Dispersion 

Ground 
State 

Energy 
(Hartrees) 

B97D3/ 
6-311g** 

Binding 
Energy 

(Hartrees) 

 
B97D3/ 

6-311g** 

Sc3+ singlet -1426.4446 -1696.91 -1426.6307 -1713.12 -1426.2054 -1779.25 

Ti2+ triplet -1437.8981 -1143.10 -1438.0866 -1160.82 - - 

 singlet -1437.9078 -1169.24 -1438.0962 -1186.94 -1437.6956 -1268.51 

Ti3+ doublet -1437.9923 -1819.61 -1438.1808 -1837.35 -1437.7747 -1915.51 

Ti4+ singlet -1437.9005 -2742.54 -1438.0892 -2760.36 -1437.6847 -2839.57 

V2+ quartet -1451.2462 -1194.29 -1451.4332 -1211.04 -1451.0661 -1313.69 

  doublet -1451.2339 -1221.45 -1451.4210 -1238.25 -1451.0427 -1333.90 

V3+ triplet -1451.3137 -1893.10 -1451.5015 -1910.37 -1451.1296 -2009.95 

 singlet -1451.3045 -1911.66 -1451.4920 -1928.76 -1451.1138 -2024.43 

V4+ doublet -1451.2305 -2910.05 -1451.4177 -2926.94 -1451.0420 -3024.20 

Cr2+ quintet -1466.5553 -1246.37 -1466.7442 -1264.32 -1466.4279 -1398.85 

 triplet -1466.5199 -1270.99 -1466.7092 -1289.21 -1466.3774 -1413.98 

 singlet -1466.5104 -1275.65 -1466.6996 -1293.77 -1466.3514 -1408.26 

Cr3+ quartet -1466.5938 -1960.57 -1466.7841 -1979.42 -1466.4631 -2110.95 

 doublet -1466.5708 -1987.58 -1466.7611 -2006.43 -1466.4186 -2124.49 

Cr4+ triplet -1466.4858 -3014.15 -1466.6763 -3033.09 -1466.3474 -3159.69 

 singlet -1466.4704 -3032.49 -1466.6600 -3050.90 -1466.3154 -3167.65 

Mn2+ sextet -1483.8962 -1239.24 -1484.0819 -1255.24 -1483.8237 -1426.17 

 quartet -1483.8884 -1309.66 -1484.0760 -1326.87 -1483.7993 -1486.21 

 doublet -1483.8508 -1312.81 -1484.0383 -1329.86 -1483.7413 -1476.49 
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Mn3+ quintet -1483.9495 -2028.47 -1484.1378 -2046.04 -1483.8706 -2211.39 

 triplet -1483.9124 -2061.49 -1484.1008 -2079.15 -1483.8105 -2229.94 

 singlet -1483.9012 -2067.07 -1484.0893 -2084.58 - - 

Mn4+ quartet -1483.8325 -3132.90 -1484.0205 -3150.29 -1483.7455 -3310.76 

 doublet -1483.7963 -3157.49 -1483.9847 -3175.18 -1483.6960 -3326.97 

Fe2+ quintet -1503.4579 -1345.61 -1503.6427 -1361.02 -1503.4241 -1556.78 

 triplet -1503.4359 -1386.53 -1503.6223 -1402.99 -1503.3871 -1588.35 

 singlet -1503.4176 -1387.69 -1503.6037 -1403.90 -1503.3533 -1579.80 

Fe3+ sextet -1503.4760 -2013.75 -1503.6610 -2029.31 -1503.4468 -2227.82 

 quartet -1503.4978 -2116.02 -1503.6849 -2132.88 -1503.4572 -2322.95 

 doublet -1503.4644 -2126.57 -1503.6514 -2143.37 -1503.4023 -2320.02 

Co2+ quartet -1525.3610 -1416.31 -1525.5432 -1430.04 -1525.3709 -1654.89 

 doublet -1525.3522 -1457.27 -1525.5354 -1471.67 -1525.3515 -1689.26 

Co3+ quintet -1525.3811 -2152.86 -1525.5634 -2166.70 -1525.3957 -2394.47 

 triplet -1525.3901 -2221.85 -1525.5742 -2236.86 -1525.4017 -2461.57 

 singlet -1525.3744 -2226.67 -1525.5589 -2241.90 -1525.3704 -2456.59 

Ni2+ triplet -1550.4483 -1492.81 -1550.6328 -1508.00 -1550.5277 -1775.04 

 singlet -1550.4608 -1531.09 -1550.6468 -1547.22 -1550.5367 -1811.11 

Ni3+ quartet -1550.4645 -2261.47 -1550.6492 -2276.80 -1550.5411 -2541.97 

 doublet -1550.4817 -2325.64 -1550.6682 -2342.13 -1550.5584 -2606.18 

Cu2+ doublet -1576.8342 -1587.84 -1577.0186 -1602.96 -1576.9890 -1917.39 

Cu3+ triplet -1576.8421 -2384.36 -1577.0269 -2399.77 -1576.9932 -2711.58 

 singlet -1576.8638 -2431.96 -1577.0500 -2448.24 -1577.0160 -2759.93 
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Table 4. Calculated ground state and binding energies (Hartrees) of C[4]-metal complexes (DFT 

Functional – B3LYP). 

C[4]-
bound 
metal 

Spin Ground 
State 

Energy 
(Hartrees) 

 
B3LYP/ 
6-311g** 

Binding 
Energy 

(Hartrees) 

 
B3LYP/ 
6-311g** 

Ground 
State 

Energy 
(Hartrees) 

B3LYP/ 
6-311g**/ 
GD3BJ 

Empirical 
Dispersion 

Binding 
Energy 

(Hartrees) 

 
B3LYP/ 

6-311g**/ 
GD3BJ 

Empirical 
Dispersion 

Sc3+ singlet -1426.9855 -1728.61 -1427.1407 -1741.78 

Ti2+ triplet -1438.4277 -1167.71 -1438.5848 -1182.07 

 singlet -1438.4355 -1192.66 -1438.5925 -1206.97 

Ti3+ doublet -1438.5204 -1843.23 -1438.6775 -1857.61 

Ti4+ singlet -1438.4106 -2754.89 -1438.5680 -2769.46 

V2+ quartet -1451.7826 -1223.16 -1451.9384 -1236.69 

  doublet -1451.7635 -1246.04 -1451.9194 -1259.61 

V3+ triplet -1451.8383 -1914.54 -1451.9947 -1928.46 

 singlet -1451.8125 -1922.75 -1451.9814 -1944.50 

V4+ doublet -1451.7287 -2914.94 -1451.8844 -2928.40 

Cr2+ quintet -1467.0999 -1280.37 -1467.2573 -1294.93 

 triplet -1467.0594 -1301.76 -1467.2169 -1316.41 

 singlet -1467.0417 -1301.30 -1467.1992 -1315.93 

Cr3+ quartet -1467.1174 -1981.37 -1467.2761 -1996.76 

 doublet -1467.0896 -2005.43 -1467.2483 -2020.76 

Cr4+ triplet -1466.9867 -3020.69 -1467.1444 -3035.46 

 singlet -1466.9540 -3028.22 -1467.1117 -3042.93 

Mn2+ sextet -1484.4487 -1278.22 -1484.6036 -1291.20 

 quartet -1484.4199 -1335.48 -1484.5762 -1349.36 

 doublet -1484.3806 -1337.48 -1484.5365 -1351.14 
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Mn3+ quintet -1484.4811 -2054.33 -1484.6382 -2068.69 

 triplet -1484.4269 -2076.64 -1484.5841 -2091.01 

 singlet -1484.4139 -2081.06 -1484.5708 -2095.34 

Mn4+ quartet -1484.3481 -3148.73 -1484.5050 -3162.98 

 doublet -1484.2957 -3163.18 -1484.4523 -3177.23 

Fe2+ quintet -1504.0011 -1378.73 -1504.1552 -1391.23 

 triplet -1503.9672 -1412.23 -1504.1223 -1425.35 

 singlet -1503.9337 -1403.85 -1504.0888 -1416.95 

Fe3+ sextet -1504.0008 -2035.31 -1504.1558 -2048.35 

 quartet -1504.0156 -2133.18 -1504.1716 -2146.87 

 doublet -1503.9715 -2137.05 -1504.1275 -2150.72 

Co2+ quartet -1525.9008 -1447.25 -1526.0525 -1458.27 

 doublet -1525.8807 -1481.17 -1526.0332 -1492.67 

Co3+ quintet -1525.8900 -2164.49 -1526.0420 -2175.68 

 triplet -1525.9118 -2241.48 -1526.0653 -2253.65 

 singlet -1525.8810 -2236.81 -1526.0348 -2249.09 

Ni2+ triplet -1550.9832 -1520.73 -1551.1368 -1532.91 

 singlet -1550.9868 -1553.41 -1551.1414 -1566.24 

Ni3+ quartet -1550.9742 -2273.58 -1551.1286 -2286.24 

 doublet -1550.9916 -2337.90 -1551.1472 -2351.29 

Cu2+ doublet -1577.3712 -1617.07 -1577.5249 -1629.28 

Cu3+ triplet -1577.3615 -2402.55 -1577.5157 -2415.08 

 singlet -1577.3747 -2444.85 -1577.5300 -2458.06 
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Following analysis of the relative stabilities of each complex, the Gibbs energies of complex 

formation are now considered. The results are shown in Table 3 and Table 4 with trends across 

the various transition metal oxidation and spin states shown graphically in Figure 4 to Figure 6. 

The nature of the bonding is exposed by these results. All of the calculations for each oxidation 

state show a trend of increasing magnitude of binding energy across the 1st row of transition 

metals.   It can be seen that bonding appears to be primarily electrostatic in nature as evidenced 

by the fact that as the oxidation state is increased, the magnitude of binding energies are seen to 

increase dramatically in the gas phase calculations with no overlaps between different trend 

curves. From the oxidation state 2+ curve, an increase in magnitude of binding energies across 

the 1st row transition metals of between 600-1000 kcalmol-1 is observed when moving to the 

oxidation state 3+ curve. A similar jump is seen between oxidation state 3+ and oxidation state 

4+ curves. In addition, the slope of the trends is seen to increase with oxidation state. On 

comparing the slopes of the curves, an increase in steepness of around 30% is observed when 

moving to oxidation state 2+ from oxidation state 3+. The slope of the oxidation state 4+ curve 

then shows an almost doubling compared to the slope of the oxidation state 3+ curve. As the 

oxidation state increases, the atomic radius of each species reduces, resulting in a “harder acid” 

metal. That this “hardening” should then form progressively stronger bonds with the “hard” base 

of the calixarene, suggests that Hard Soft Acid Base Theory may explain this trend of increasing 

magnitude of binding energies with increasing oxidation states. HSAB however is not likely to 

be controlling the general increase in magnitude of binding energies across the 1st row transition 

metals when the oxidation state remains unchanged across the period. The hardness of the acid is 

related to the atomic radius of the charged species. Across the 1st row of transition metals this is 
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not linear. Instead, a minimum atomic radius is observed at manganese with increases on either 

side of this atom to scandium and copper.  

Interestingly, the general trend of increasing magnitude of binding energy across the 1st row 

transition metals, for a particular oxidation state, appears largely invariant to the DFT method 

both qualitatively and quantitatively despite large variations in HF exchange between the 

functionals, although B97D3 does show stronger binding and a steeper slope in this binding 

trend with later transition metals. Of key interest in this work however is not the absolute binding 

energies but the relative binding energies between different transition metals and in that regard, 

B97D3 can be considered as performing similarly to BLYP and B3LYP. 

 

Additionally, there appears to be no significant variation when dispersion effects are included 

suggesting that dispersion effects may be less significant in the binding of these complexes 

compared to other more important factors such as electrostatic effects. The gas phase 

calculations therefore predict that higher oxidation state late transition metals will preferentially 

bind to the calixarene, and it is suggested that this may be largely controlled by electrostatic 

effects. 
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Figure 4.  Gas phase energy calculations for binding energies between C[4] and 1st row transition 

metals in oxidation state 2+. 

 

 

Figure 5. Gas phase energy calculations for binding energies between C[4] and 1st row transition 

metals in oxidation state 3+. 
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Figure 6. Gas phase energy calculations for binding energies between C[4] and 1st row transition 

metals in oxidation state 4+. 
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for each oxidation state. The results are illustrated in Figure 7 to Figure 9. As expected, solvation 

results in considerable reduction in magnitude of binding energies of the complexes across all 

oxidation states as a direct result of stabilisation of the highly charged anions and cations present 

in the calculations. The solvation results for oxidation state 2+ shows an overall absolute 

magnitude of binding energy increase in the order of 800-1000 kcalmol-1 compared to the 
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binding energy is much more pronounced at 1400-1500 kcalmol-1. Both of these results are to be 

expected as solvation would be expected to have a larger effect on species which are more highly 

charged. Predictable, the reduction in magnitude of binding energy of the oxidation state 4+ 

complexes is the most prominent - in the order of 2000 kcalmol-1. Qualitatively the shape of the 

gas phase graphs and corresponding solvent graph for each oxidation state is largely unchanged 

although quantitatively, the solvation curve for oxidation state 4+ shows a halving of the 

steepness of the trend slope compared to the gas phase curve. The slopes for both 2+ and 3+ are 

invariant with the introduction of solvation. Importantly and interestingly, the removal of spin 

contaminated complexes makes no significant difference to trends or slopes of any of the graphs 

suggesting that in the case of this type of complex, spin contamination is imposing very little 

error in the trends. This may be as a result of the large absolute binding energies involved in all 

of these calculations, swamping any spin contamination error.  

 

It is noteworthy that whilst gas phase calculations predict no overlap between the binding 

energies of each oxidation state trend, solvation calculations show a reduction in all magnitude 

of binding energies to the extent that some late transition metals in oxidation state 2+ will have 

higher magnitude of binding energies than some early transition metals in oxidation state 3+ and 

4+. For example , it can be clearly seen that Ni2+ and Cu2+ will preferentially bind to calixarenes 

ahead of Ti4+, by around 50 kcalmol-1 and 140 kcalmol-1 respectively and all of the M3+ ions from 

Sc3+ to Fe3+, by between roughly 40 kcalmol-1 and 400 kcalmol-1. Only late transition metals 

beyond Co3+ are predicted to bind in preference to these M2+ ions. Equally, Cu3+ is predicted to 

preferentially bind to calixarene compared to all transition metals at oxidation state 4+ by 

between 230 kcalmol-1 and 500 kcalmol-1. Indeed, Cu3+ is predicted to preferentially bind to 



 24 

calixarene ahead of all other metals studied in this work. This indicates that whilst electrostatics 

may dominate the metal-calixarene bonding, other factors are involved as will be discussed. 

 

 

 

Figure 7. Solvent phase energy calculations for binding energies between C[4] and 1st row 

transition metals in oxidation state 2+ using B3LYP/6-311G**/GD3BJ empirical dispersion, 

CPCM and H2O solvent. 
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Figure 8. Solvent phase energy calculations for binding energies between C[4] and 1st row 

transition metals in oxidation state 3+ using B3LYP/6-311G**/GD3BJ empirical dispersion, 

CPCM and H2O solvent. 

 

 

Figure 9. Solvent phase energy calculations for binding energies between C[4] and 1st row 

transition metals in oxidation state 4+ using B3LYP/6-311G**/GD3BJ empirical dispersion, 

CPCM and H2O solvent. 
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Although, as discussed earlier, HSAB theory was ruled out as a cause for the trend seen across 

metals of the same oxidation state, it is clear that as the 1st row of the transition metals is 

progressed from scandium to copper, that the electron count around the metal atom increases 

from 8 to 16 depending on the metal and the oxidation state. It is therefore likely that the 

increase in electrons fills bonding molecular orbitals between the calixarene and the metal 

strengthening the bond and increasing the magnitude of binding energy. Of course, 

thermodynamic stability is not the only factor at play. It is highly likely that complexes 

containing fewer electrons around the metal atom will make attempts to draw further ligands 

around itself, increasing the coordination number of the complex. This will provide more a little 

more thermodynamic stability for the complex as was reported earlier for Mn3+ and Fe3+ but may 

crucially result in large kinetic energy barriers towards the displacement of one metal cation by 

another. In essence, whilst it is not unreasonable to assume that binding of a metal atom to the 

calixarene lower rim will initially be 4 co-ordinate, a race of sorts will be undertaken by early 

transition metals such as titanium when in solution with late transition metals such as copper. 

Our calculations predict that, for a particular oxidation state, copper will preferentially bind to 

the calixarene from a thermodynamic stability perspective. However, titanium, for example, may 

well be able to circumvent the trend uncovered by our calculations in the circumstance that it 

fortuitously binds kinetically faster than copper possibly creating a large energy barrier to 

displacement, before a copper atom approaches the calixarene to displace it. Further 

investigation into the kinetics of these complexes therefore will, be required to determine what 

impact, if any, this would have on the preferential binding of calixarenes for these metals. 
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Following the solvation calculations, consideration is given to the spin densities of each species 

in order to attempt to predict the location of the unpaired electrons. Sc3+ (singlet) and Ti4+ 

(singlet) complexes both result in restricted wavefunctions and therefore show no spin density. 

Additionally, although Ti2+ (singlet) and Ni2+ (singlet) complexes have unrestricted 

wavefunctions and are essentially therefore open shell singlets, no spin density is observed. The 

spin densities of all other species are shown in Figure 10 with spin density values listed in Table 

5. As can be seen, the majority of complexes show the bulk of the spin density occupying the 3d 

orbitals of the metals as expected. In the case of Ni3+ (doublet), Mn3+ (quintet), Fe3+ (quartet), 

Cu2+ (doublet) and Co3+ (triplet), there is some minor spin polarisation as evidenced by the 

delocalisation of some β electron density into the π-system of the oxygen atoms and the aromatic 

rings. This spin polarisation is insufficient, in all of these cases, to cause spin contamination 

problems. Two complexes do stand out however as being particularly affected by spin 

polarisation: Mn4+ (quartet) and Cr4+ (triplet). In both cases, the spin density is spread out across 

all of the metal 3d orbitals with significant β electron density heavily polarised into one or two of 

the aromatic π-systems via the oxygen atoms. This large spin polarisation has resulted in some 

spin contamination in both complexes of just over 10%. Whilst significant, this is around the 

limit of spin contamination which is thought to be acceptable39. 
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Table 5. Spin density values and unpaired electron location within solvated complexes. Positive 

values refer to areas of excess α electron density. Negative values refer to areas of excess β 

electron density. 

C[4]-bound 
metal 

Spin Spin Density 

(spin density = 2 * < SZ >) 

Sc3+ singlet No spin density – restricted singlet 

Ti2+ singlet No spin density – unrestricted singlet 

Ti3+ doublet +0.70 on Ti 3dz2 orbital 

Ti4+ singlet No spin density – restricted singlet 

V2+ quartet +0.79 on V 3dyz orbital 
+0.79 on V 3dxz orbital 
+0.52 on V 3dz2 orbital 

V3+ triplet +0.82 on V 3dyz orbital 
+0.69 on V 3dz2 orbital 

V4+ doublet +0.77 on V 3dz2 orbital 

Cr2+ quintet +0.80 on Cr 3dxy orbital 
+0.78 on Cr 3dyz orbital 
+0.78 on Cr 3dxz orbital 
+0.65 on Cr 3dz2 orbital 

Cr3+ quartet +0.81 on Cr 3dxz orbital 
+0.81 on Cr 3dyz orbital 
+0.71 on Cr 3dz2 orbital 

+0.12 on Cr 3dx2-y2 orbital 
approx. -0.20 delocalised across px and py orbitals of all O atoms 

Cr4+ triplet +0.76 on Cr 3dz2 orbital 
+0.75 on Cr 3dyz orbital 
+0.64 on Cr 3dxy orbital 
+0.34 on Cr 3dxz orbital 

+0.12 on Cr 3dx2-y2 orbital 
approx. -1.20 delocalised across px and py orbitals of a single O 

atoms and associated aromatic π-system 

Mn2+ sextet +0.82 on Mn 3dxy orbital 
+0.82 on Mn 3dxz orbital 
+0.82 on Mn 3dyz orbital 

+0.81 on Mn 3dx2-y2 orbital 
+0.78 on Mn 3dz2 orbital 

Mn3+ quintet +0.83 on Mn 3dxz orbital 
+0.83 on Mn 3dyz orbital 
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+0.81 on Mn 3dxy orbital 
+0.77 on Mn 3dz2 orbital 

+0.27 on Mn 3dx2-y2 orbital 

Mn4+ quartet +0.82 on Mn 3dxy orbital 
+0.82 on Mn 3dyz orbital 
+0.81 on Mn 3dxz orbital 
+0.80 on Mn 3dz2 orbital 

+0.45 on Mn 3dx2-y2 orbital 
approx. -1.36 delocalised across opposing px and py orbitals of O 

atoms and aromatic π-system 

Fe2+ quintet +0.82 on Fe 3dxz orbital 
+0.82 on Fe 3dyz orbital 
+0.80 on Fe 3dxy orbital 

+0.77 on Fe 3dx2-y2 orbital 

Fe3+ quartet +0.81 on Fe 3dxz orbital 
+0.79 on Fe 3dxy orbital 
+0.77 on Fe 3dz2 orbital 

+0.34 on Fe 3dx2-y2 orbital 

Co2+ quartet +0.79 on Co 3dxz orbital 
+0.72 on Co 3dxy orbital 

+0.57 on Co 3dx2-y2 orbital 
+0.28 on Co 3dz2 orbital 

Co3+ triplet +0.82 on Co 3dxz orbital 
+0.77 on Co 3dxy orbital 

+0.41 on Co 3dx2-y2 orbital 
+0.12 on Co 3dz2 orbital 

Ni2+ singlet No spin density – unrestricted singlet 

Ni3+ doublet +0.76 on Ni 3dz2 orbital 
 +0.33 on Ni 3dx2-y2 orbital  

+0.19 on Ni 3dxy orbital 
-0.5 delocalised across px and py orbitals of O atoms and aromatic π-

system. 

Cu2+ doublet +0.56 on Cu 3dxy orbital 
Remainder of 1.00 largely delocalised in px and py orbitals of O 

atoms.  

Cu3+ singlet +0.2 on Cu 3dxy orbital 
 −0.2 delocalised across px and py orbitals of O atoms and aromatic 

π-system.. 
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Figure 10. Spin densities of solvated complexes. Blue areas show an excess of α electron 

density. Green areas show an excess of β electron density. 

 

Conclusions 

This work has established the preference of calixarenes for binding late transition metals, as 

opposed to early transition metals, to the lower rim tetraphenolic pocket, from a thermodynamic 

stability perspective. It is suggested that this may be driven by a combination of electrostatic 
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bonding and also by the number of electrons surrounding the metal. As discussed, the binding 

energy trends across the 1st row of transition metals shows a relatively linear increase in 

magnitude of binding energy across all oxidation states. No significant variation in either 

qualitative or quantitative trend with DFT functionals with very different levels HF exchange, is 

observed, indicating that the complexes under investigation are substantially single reference 

systems. Solvation was shown to reduce the absolute magnitude of binding energies across the 

transition metals, with trends for each oxidation state replicating those seen in gas phase 

calculations. Additionally, significant overlap between the trends was observed allowing 

meaningful predictions to be made regarding the preferential binding of metals of different 

oxidation state to the calixarene. It was predicted that Cu3+ would preferentially bind to the 

calixarene ahead of all other metals studied in this work from the viewpoint of thermodynamic 

stability. It is our future intention to investigate whether kinetic factors will allow early transition 

metals to subjugate the thermodynamic trends presented in this work. 
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