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A series of the transition metal (d-block metals) ions complexes with the tetraoxa[8]circulene-based 

ligand having one- and two-decker (sandwich-type) structure has been designed and studied in the 

framework of DFT approach. The quantum theory of atoms in molecules (QTAIM) was additionally 

applied for the studied complexes with the aim to evaluate their peculiar electronic features. The obtained 

results indicate that that the complexation process depends on matching of the transition metal cation size 10 

to the size of tetraoxa[8]circulene-formed cavity similarly to formation of the crown ether complexes. 

Coordination bonds of the d-block metal ions with the neighbouring oxygen atoms in the studied 

complexes can be interpreted as an intermediate type of interaction. The binding energy of the 

coordinative M–O bonds has been calculated both by the Espinosa equation and DFT additive scheme in 

order to confirm the high stability of the studied systems. If the size of metal cation is larger than the 15 

corresponding crown cavity the formation of two-decker complexes with the two tetraoxa[8]circulene-

based ligands is possible. Such sandwich-type complexes possess the unusual cubic coordination 

polyhedron of the central metal ion bound with eight oxygen atoms. Moreover, these complexes are 

additionally stabilized due to the presence of π-stacking interactions between the two opposite 

tetraoxa[8]circulene parallel sheets. The synthesis of the proposed π-extended tetraoxa[8]circulene sheets 20 

and their metal-complexation ability attract a special attention because of their promising application as 

the potential biomimetic-type nanopores. 

1. Introduction 

The construction of new well-ordered and multifunctional 
systems by the molecular self-assembly strategy is an interesting 25 

field of the supramolecular chemistry1 that provides a background 
for the design of future generation of nanoscale materials for the 
potential applications in biomedicine2a,b, catalysis2c, solar energy 
conversion2d,e, optoelectronics2f, energy-storage devices2g etc.2h,i,j 
The main advantage herein is a capability to control the self-30 

organization process into the desired nanostructures by the usage 
of specially designed molecular building blocks. Therefore, a 
great interest in the synthesis of the diverse artificial nanosystems 
analogous to natural biomaterials occurs for the last years (see, 
for example, Ref. 3 in which the biomimetic graphene-based 35 

nanopores containing Oxygen atoms have been designed by Kang 
et. al.). 

It is well known that self-assembly phenomenon provides the 
basis for a number of natural processes including protein folding, 
DNA transcribing formation of cell membranes, etc. An attractive 40 

feature of the self-assembled organic monolayers is their possible 
usage as a template matrix for the metal incorporation in order to 
create the novel metal-containing composite materials and 
complexes4. The metal atoms inserted into the such organic 
matrix can impart the unique properties (e.g., magnetic or 45 

electronic) to these materials.5a,b  

Coordination of tailor-made macrocyclic ligands with relevant 
metal atoms opens up a wide range of complexes varieties.5,6,7 
(See for example Ref.5e in which Shiekh et. al.5e have discussed a 
novel thia-aza-oxo macrocycle Schiff base ligand (1,10-dithia-50 

3,8,12,17-tetraoxo-4,7,13,16-tetraazacyclo-octadecane a, (Fig. 1) 
and its Cu(II), Co(II), Ni(II) and Mn(II) complexes (Fig. 1, b) by 
the [2+2] condensation of thiodiglycolic acid and 
ethylenediamine). 

During the past decade the study of polyazamacrocyclic 55 

ligands and their metal complexes has been vigorously pursued.6,7
 

By this way, Chan et al.6 have reported a synthesis and structural 
characterization of the bis(benzimidazole) (BBZ) ligand (Fig. 
1, c) and a series of its transition-metal complexes (Fig. 1, d). In 
the sequel, they have modified the structure of the parent BBZ 60 

macrocycle (Fig. 1, c) and have obtained ligand e (Fig. 1) and its 
d-block metal complexes f (Fig. 1). The next examples of 
polyazamacrocyclic ligands are recently synthesized N-confused 
porphyrinoids7a which were synthesized by the introduction of the 
confused pyrrole rings into the normal and expanded porphyrins; 65 

one of them is presented in Fig.1, g. 
Prompt development of the circulenes‡8,9 and circulene-like 

compounds10 has led to the design of the novel 2D circulene-
based polymers. Recently, a series of new tetraoxa[8]circulene 
(TOC) based compounds has been designed in accordance with 70 

self-assembly principle11a,b. A little later, Sun et al.11c have 
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proved excellent stability, promising mechanical, electronic, 
optical and thermoelectric properties of these TOC-sheets. 
Another peculiarity of the TOC-sheets structure (Fig. 1, h) is the 
presence of crown ether cavity through which they can capture 
metal ions, which size correlates with the size of the macrocycle 5 

cavity, similarly to the crown ethers12. By the self-organization 
principle the N-analogues of TOC-sheet have been recently 
synthesized by Nakamura et al.13 from the initial porphyrin 
building blocks. Such sheets are able to form multi-core Cu(II) 
complexes (Fig. 1, i) with a planar cyclooctatetraene core. Similar 10 

self-assembly phenomenon of the functional macrocyclic ligands 
has been experimentally observed for other transition metal 
complexes having one- and two-decker structure14. 

 

 15 

Fig. 1 Some examples of macrocyclic ligands and its complexes 
a-g and of the recently synthesized reactive building-blocks 
containing tetraoxa[8]circulene (h) and porphyrin (i) cores. 

In the last few years the studies of some other metal complexes 
with the circulenes attract a considerable attention because of its 20 

fundamental and practical importance15. For example, 
[5]circulene (corannulene) represents the convex and concave 
face of bowl-shaped polyaromatic hydrocarbon (buckybowl) for 
the binding of metal centers and can be used as the 
multifunctional π-ligands from a coordination viewpoint15. 25 

Surprisingly, NMR investigations have shown that, in solution, a 
metal ion migrates around the curved surface of corannulene. For 
the first time it was observed by Angelici et al.15g in 2003. The 
same phenomenon was observed latter for other planar and 
nonplanar [n]circulenes.15a-g  30 

In our recent paper we have described the selective s-block 
metal complexation with TOC-sheets.16 This work continues and 
expands our previous investigation16 in the context of exploring 
the complexation selectivity of d-block metal cations with the 
TOC-based ligand. It looks as a promising approach to the 35 

potential applications of TOC-sheets as synthetic ionic channels 

that makes actual their synthesis.  

2. Method of calculation 

The equilibrium geometry parameters of the studied complexes 
1–6 (Fig. 2, 3) have been calculated by the DFT/B3LYP17 method 40 

with the control of possible symmetry constrains using the 
effective core potential Lanl2DZ18 basis set. Vibrational 
frequency calculations were also performed for the studied 
complexes at the same method; the absence of negative 
eigenvalues in the corresponding IR spectra assumes that the true 45 

minimum on the potential energy surface was successfully 
achieved. 

 
Fig. 2 Structure of the d-block metal complexes with the 
tetraoxa[8]circulene based ligand (coordination M–O bonds are 50 

shown by the dashed lines, S – spin number of the complexes). 
 
The topological analysis of the electron density distribution 

function ρ(r) at the Bader’s level of Quantum Theory of Atoms in 
Molecules (QTAIM)19 have also performed for the optimized 55 

structures of the studied complexes. The energies of the 
coordination M–O bonds and of other intermolecular contacts  
(π-stacking interactions in the sandwich complex 6) have been 
calculated by the Espinosa’s equation:20  
               E = 0.5 ν(r),                                     (1) 60 

where E is the bond energy (a.u), ν(r) is the potential energy 
density (a.u) at the corresponding (3, –1) critical point19.  
 The Espinosa’s relationship is widely used for the energy 
estimation of different types of hydrogen,20b,c van der Waals,20d 
coordination20e,f and homopolar bonds.20g The usage of the Bader 65 

method makes it possible to describe qualitatively the chemical 
bond nature based on the signs and values of the electron density 
Laplacian ∇2ρ(r) and of the electron energy density he(r) at the 
corresponding (3, –1) bond critical point in accordance with the 
following conditions:19b,21 70 

1) ∇2ρ(r) < 0, he(r) < 0 indicates the shared interactions, i.e. 
weakly polar and nonpolar covalent bonds; 

2) ∇2ρ(r) > 0, he(r) < 0 indicates the intermediate interactions, 
which include strong hydrogen bonds and most of the 
coordination bonds; 75 

3) ∇2ρ(r) > 0, he(r) > 0 indicates the closed shell interactions 
such as weak hydrogen bonds, Van-der-Waals interactions, ionic 
bonds. 

The binding energy (BE) of a metal cation to the TOC based 
ligand has been additionally calculated by the following equation 80 

in the framework of DFT/B3LYP additive scheme in a gas phase: 
BE = E(complex) – [E(Mn+) + E(TOC-ligand)]. 
Counterpoise (CP) corrections were applied to all binding 
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energy values to avoid basis set superposition error (BSSE) 22. 
All DFT calculations have been performed using the 

GAUSSIAN09 software23. The QTAIM calculations have been 
carried out using the AIMAll program package24. 

3. Results and discussion  5 

3.1. Structural features and complexation selectivity 

The calculation of the equilibrium geometry parameters 
showed that the one-decker complexes (Fig. 2) and two-decker 
sandwich-type complex 6 (Fig. 3) are highly symmetrical 
compounds and belong to the D4h symmetry point group 10 

(excepting less symmetrical complex 4, which belong to the C2h 
symmetry point group in the ground triplet state). Thus, the four 
M–O bonds in the complexes 1–5 (Fig. 2) and eight M–O bonds 
in sandwich 6 are equivalent by the bond lengths and electronic 
criteria (Tables 1 and 2). For complex 4 (in which the excited 15 

singlet state is higher on 33.5 kcal/mol than the ground triplet 
state) four coordination bonds are pairwise equivalent (Fig. 2, 
Table 1). Analogous symmetry reduction is also observed for the 
platinum complex 5 in the exited triplet state (which is slightly 
higher on 4.16 kcal/mol than the ground singlet state) (Fig. 2, 20 

Table 1). Thus, the central ion coordination sphere represents the 
square-planar polyhedron for the complexes 1–5 and a proper 
rectangular prism for the complex 6 in the ground state (whereas 
for complexes 4, 5 in the exited state coordination sphere has a 
planar rhombic form). 25 

The selectivity of the d-block metal complexation with the 
TOC sheet can be interpreted in terms of the strict correlation 
between the cation size and macrocycle cavity of the TOC-
tetramer (Fig. 1h) similarly to the s-block metals complexation 
with the TOC sheets16 and to the formation of “crown ethers – 30 

metal” complexes25. Thus, the TOC-sheet with the 16-crown-4 
cavity (diameter of 4.1 Å distance between the two opposite 
Oxygen atoms) is the most appropriate for the inclusion into this 
cavity of the small Cu1+, Cu2+, Zn2+ and Pt2+ ions which have 
almost equal ionic radii 0.60, 0.57, 0.60 and 0.60 Å, 35 

respectively.26 
Transition metal ions with larger ionic radii can not squeeze 

into the macrocyclic 16-crown-4 cavity through the strong 
Coulomb repulsion forces. However, larger ions such as Cd2+ ion 
with an ionic radius of 0.78 Å26 can simultaneously bind two 40 

TOC-sheets forming sandwich-type complex 6 (Fig. 3). It is one 
of the few examples of the formation of cubic Oxygen 
coordination sphere with the central transition metal ion. The 
structure of these transition metal complexes is discussed below 
in more details. 45 

3.2. QTAIM analysis of M–O interactions in the one-decker 
square complexes 1–5 

Further analysis of the metal-ligand bonding nature was carried 
out in the framework of Bader’s theory formalism19 for the studied 
complexes. As can be seen from Table 2, the critical points of M–O 50 

bonds are characterized by the positive values of the electron 
density Laplacian ∇2ρ(r) > 0 and by negative values of the 
Cremer–Kraka electron energy density he(r) < 0 that allows us to 
attribute these M–O bonds to an intermediate type of interactions. 
In addition, the |λ1/λ3| curvature elements ratio for all M–O bonds 55 

varies in the range of 0.154–0.225 (Table 1) i.e. |λ1/λ3| < 1 that 

corresponds to the electron density rarefaction in the interatomic 
space and corresponds to low-covalence chemical bonds. The 
covalence degree of the M–O bonds can be measured through the 
electron density delocalization indices (DI) between the O and M 60 

atoms. It should be noted, that for the Pt2+–O bonds in complex 5 
in the ground singlet state are observed the highest DI values 
(0.61, Table 1) indicating a significant number of electron density 
in the interatomic space. For other M–O bonds, DI values are 
somewhat smaller and vary in the range 0.33–0.49 (Table 1).  65 

 
Fig. 3 The optimized structure of the sandwich-type complex 6 
[Cd(TOC)2]

2+: a – top view, b – side view, c – prism-shaped 
coordination cage consisting of the Cd2+ ion (a≠b). 

Obviously, that the degree of the electron density 70 

concentration between atoms determines the energy of 
corresponding interactions. Thus, the total complexation energy 
of the M–O bonds varies in a narrow range 37–49 kcal/mol  
(Table 1). The Pt2+–O bonds is characterized by the higher 
binding energy values defining the great stability of [Pt(TOC)]2+ 75 

complex 5 in the ground singlet state.  
Another criterion for the determining of the M–O bonds 

stability is an ellipticity parameter (ε)19c which is determined 
from the ratio between the curvature elements (λ1/λ2 – 1) 
According to the Bader’s theory the bonds with the high ε values 80 

are potentially unstable. As one can see from the Table 1 the ε 
values for the M–O bonds are rather small (excepting Fe2+–O 
bonds of the [Fe(TOC)]2+ complex 4 in the singlet and triplet 
states) and vary in a narrow region 0.054–0.114 indicating the 
M–O bonds dynamic stability. The large ellipticity magnitudes 85 

for the Fe2+–O coordination bonds are point out to the dynamic 
instability of the Fe-containing cycles.  

As can be seen from the Table 1 the calculated DI indexes 
abide by the direct interrelation between the localization indexes 
(LI) and atomic charge values (q), i. e. increasing of DI leads to 90 

the decreasing of the LI and q parameters. The LI criterion 
evaluates the electron density localization degree in the atomic 
basin of the central metal ions. For example, the LI index for the 
unbound (free) Pt2+ ion equals to 76e which corresponds to the 
total number of electrons at all energy levels of the Pt2+ ion. After 95 

the complexation the LI value decreases to 75.546e; it means that 
a small portion of the electron density migrates from the atomic 
basin of the platinum ion into the interatomic space. A similar 
effect is also observed for coordination M–O bonds in other 
studied complexes (Table 1). This result can be explained by the 100 

effect of the electrostatic polarization which direction (according 
to the Gauss theorem for ionic systems) is opposite to the 
direction of the charge transfer. At the same time, the Pt2+ (on 
which a considerable positive charge is concentrated) possesses a 
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Table 1. The ρ(r) function curvature element values (λ), their relationships (|λ1/λ3| and ε = λ1/λ2 – 1) at the M–O critical point and some 
electron density localization parameters (DI-delocalization index, LI-localization index, q –atomic Bader’s charge) 

Complex S Bond λ1, e×a0
-5 * λ2, e×a0

-5  λ3, e×a0
-5  |λ1/λ3| ε DI LI (M) q 

1 0 Cu1+ – O –8.84×10–2 –8.37×10–2 0.4610 0.192 0.055 0.3280 27.496 0.7695 

2 1/2 Cu2+ – O –8.83×10–2 –8.38×10–2 0.4614 0.191 0.054 0.3273 27.495 0.7725 

3 0 Zn2+ – O –1.01×10–1 –9.46×10–2 0.5565 0.182 0.065 0.3416 27.773 1.4767 

4 
0 

Fe2+ – O1,2 –1.34×10–1 –4.47×10–2 0.5945 0.225 1.993 0.4564 
24.097 1.3338 

Fe2+ – O3,4 –2.58×10–2 –1.05×10–2 0.4865 0.053 1.455 0.4572 

4 1 Fe2+ – O –0.89×10–1 –0.02×10–2 0.5450 0.163 2.155 0.4380 24.075 1.1625 

5 0 Pt2+ – O –1.10×10–1 –9.83×10–2 0.7140 0.154 0.114 0.6099 75.546 1.0820 

5 1 
Pt2+ – O1,2 –9.24×10–2 –9.15×10–2 0.6439 0.1435 0.010 0.4900 

76.246 0.6449 
Pt2+ – O3,4 –9.23×10–2 –9.14×10–2 0.6429 0.1436 0.010 0.4896 

6 0 Cd2+ – O –2.94×10–2 –2.78×10–2 0.1660 0.177 0.586 0.2551 45.744 1.5489 

S – spin number for the corresponding complex; * a0 is the Bohr radius.  
 5 

Table 2. Bond length (d) and selected topological parameters of the electron density distribution function ρ(r) of the M–O bonds 

Complex S Bond d, Å ρ(r), e×a0
-3  ν(r), au g(r), au he(r)a, au 

∇2ρ(r), 
e×a0

-5  
E BE b BE b/n BE c 

kcal mol–1 
1 0 Cu1+ – O 2.082 6.444×10–2 –0.1196 0.0958 –0.0238 0.2890 –37.51 –384.23 –96.05 –390.27 

2 1/2 Cu2+ – O 2.081 6.443×10–2 –0.1195 0.0959 –0.0236 0.2893 –37.50 –380.96 –95.24 –386.97 

3 0 Zn2+ – O 2.042 6.815×10–2 –0.1183 0.1042 –0.0140 0.3604 –37.02 –368.73 –92.18 –374.03 

4 0 Fe2+ – O1,2 2.012 7.249×10–2 –0.1246 0.1143 –0.0107 0.4161 –39.22 
–387.54 –96.88 –393.89 

Fe2+ – O3,4 2.038 5.509×10–2 –0.1074 0.1099  0.0025 0.4514 –33.70 
4 1 Fe2+ – O 2.018 6.720×10–2 –0.1210 0.1114 –0.0096 0.4340 –37.96 –398.36 –99.59 –404.95 

5 0 Pt2+ – O 2.063 9.801×10–2 –0.1560 0.1410 –0.0150 0.5061 –48.95 –465.90 –116.48 –472.75 

5 1 Pt2+ – O1,2 2.138 8.201×10–2 –0.1303 0.1226 –0.0077 0.4600 –40.88 
–420.68 –105.18 –426.12 

Pt2+ – O3,4 2.139 8.190×10–2 –0.1300 0.1224 –0.0076 0.4592 –40.79 
6 0 Cd2+ – O 2.554 2.830×10–2 –0.0276 0.0274 –0.0002 0.1085 –8.66 –331.79 –41.47 –338.94 

a he(r) = ν(r) + g(r), where g(r) is the kinetic energy density at the (3, –1) critical point; 1/4∇2ρ(r) = 2g(r) + ν(r);  
b BSSE corrected and c BSSE uncorrected binding energy of cation to the TOC-ligand at 0 K calculated by the DFT/B3LYP approach in a 
gas phase without zero-point energy (ZPE) correction; n is the number of the equivalent coordination M–O bonds (n = 4 for complexes  
1–5 and n = 8 for sandwich 6). 10 
 

significant polarizing ability to disturb the electron shell of the 
ligand in the direction of the coordination bond. 

As a general trend the binding energy (BE) values for the “M–
TOC” systems calculated by the direct DFT-method correlate 15 

well with the QTAIM predictions. However, such BE values are 
much higher than the sum of corresponding M–O bonds energies 
obtained from the QTAIM analysis (Table 2) like it was observed 
for BE of s-block metals complexes. 16 Such large binding energy 
differences can be explained by the various approaches to the BE 20 

calculation. In the case of DFT-approach the neglect of the 
solvatation energy takes place (it well known fact that the 
accounting of the solvatation energy allows to decrease the BE 
(see for example Ref.27 But it needs a lot of computational time. 
Therefore these calculations have not been performed in this 25 

work). In contrast, the estimation of complexation energy by the 
Bader’s algorithm is based on the calculation of the potential 
energy density at the corresponding (3, –1) bond critical point. In 
this case solvatation energy has a minimal contribution, because 
of ν(r) values slightly depend on solvatation effect. 30 

3.3. QTAIM analysis of M–O interactions in the two-decker 
sandwich-type complex 6    

As we have noted above, the ions which ionic radii are greater 

than the 16-crown-4 cavity can simultaneously bind of two TOC-
tetramers forming the double-decker complexes. We have 35 

obtained only a one stable sandwich complex consisting of the 
Cd2+ central ion (Fig. 3) which ionic radii equals to 0.95 Å.26  

As can be seen from the Fig. 3 the central Cd2+ ion is 
symmetrically chelated between the two TOC-sheets by the 
“sandwich” principle due to the formation of eight equivalent 40 

Cd2+–O bonds with the estimated energies about –8.66 kcal/mol 
(Table 2).  

The Cd2+–O bonds occurring in the sandwich-type complex 6 

are characterized by the following conditions: |λ1/λ3|<1 and 
∇2ρ(r) > 0, he(r) < 0 (Tables 1 and 2), which corresponds to the 45 

intermediate type of interactions similar to the one-decker 
complexes. Ellipticity of Cd2+···O bonds in the complex 6 equals 
to 0.586 which is much higher than for the regular complexes 1–3 
and 5, i.e. Cd2+···O bonds are aless dynamically stable than the 
Cu2+···O, Cu+···O, Zn2+···O bonds Pt2+···O in the square-planar 50 

complexes.  
The interplain distance between the two TOC sheets is rather 

small and equals to b = 3.024 Å (Fig. 3). It means that a 
considerable accumulation of the local potential energy density in 
the interplaine space is observed for the complex 6. The QTAIM 55 

analysis has shown that the double-decker complex 6 is 
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additionally stabilized due to the presence of a number of π-
stacking C---C interactions between two TOC parallel plains 
(Fig. 3). The total energy of these contacts calculated by the 
Espinosa formula (1) equals to –10.18 kcal mol–1. It should be 
noted, that upon the presence of these bonds TOC-sheets slightly 5 

bent (at about 7°) while in the unbound state TOC-sheets are 
absolutely planar. 

4. Conclusions 

The two different types (square planar and sandwich-type) of 
highly symmetrical transition metal complexes with the 10 

tetraoxa[8]circulene-based ligand have been designed in the 
framework of the density functional theory approach and the 
quantum theory of atoms in molecules analysis have been 
performed for their optimized structures.  

Our calculations indicate the definite selectivity of the d-block 15 

metal ion complexation depending on a strict correlation between 
the cation radius and size of macrocycle cavity of the 
tetraoxa[8]circulene-tetramer (like the already known crown 
ether). It can be useful for the creation of the synthetic ionic 
channels based on tetraoxa[8]circulene-nanosheets. 20 

The mutual polarization of the transition metal cations and 
organic ligand leads to the deformation of the electron shell of 
tetraoxa[8]circulene-based ligand. As a result all coordination 
M…O bonds occurring in the studied complexes in ground state 
are characterized by the following conditions: |λ1/λ3|<1 and 25 

∇2ρ(r) > 0, he(r) < 0 that determines an intermediate type of 
interactions in the framework of Bader’s theory formalism. 

All the studied complexes are predicted to be very stable 
because of the high values of ion-to-ligand binding energies. This 
fact indicates a high binding affinity of tetraoxa[8]circulene-30 

based ligands relative to the d-block metal ions, i.e. 
tetraoxa[8]circulene-based ligands represent a very sensitive 
species for the metal ions extraction.  
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