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A series of the alkali and alkaline-earth metal ion complexes with the tetraoxa[8]circulene sheet which 
possess the single- and double-decker structure has been designed and studied by the DFT computational 
method. The Bader’s topological analysis of the electron density distribution function has been also 
performed for the studied complexes with the aim to determine their peculiar electronic features. The 
obtained computational results indicate the definite selectivity in respect to complexation of the s-block 10 

metal ions with the tetraoxa[8]circulene-formed nanopores of a various size. The coordination bonds of 
the s-block metal centers with the neighbouring oxygen atoms in the studied complexes possess the 
predominantly ionic nature and can be interpreted as a low-covalence closed-shells interaction. The total 
complexation energy for the studied systems have been estimated in a wide range of 9–60 kcal/mol which 
indicates their different stability depending on the nanopore size and metal ions radii. By these reasons 15 

the synthesis of the tetraoxa[8]circulene sheets is an important task because of their potential applications 
as the biomimetic-type nanopores representing synthetic ionic channels. 

Introduction 

Great progress in molecular electronics and materials science 
areas inevitably led scientists to development of the novel 20 

molecular electronics devises (molecular conductors, diodes, 
magnets) and to design and synthesis of novel coordination 
polymers, sorbents, and ceramics for separation or concentration 
of substances. Self-assembly by supramolecular coordination on 
surfaces provided a useful approach for the bottom-up fabrication 25 

of two-dimensional (2D) nanostructures. Currently, most of the 
synthesized metal complexes represent compounds with organic 
ligands. Moreover the ligands structure can be easily modified by 
various functional groups, as well as by changing the composition 
of those ligand parts which are not directly involved into 30 

interaction with the central atom. Particularly, the linking of the 
monodentate ligands can produce bi-, three- and polydentate 
ligands with unique properties, such as crown ethers1,2, 
porphyrins3, phthalocyanines4 and others5. 

The first representative of the crown ether class, dibenzo-18-35 

crown-6 (Fig. 1, a), was synthesized by C. J. Pedersen1a,b as a by-
product of the cyclic condensation of pyrocatechol with 
dichlorodiethyl ether in the 2:2 ratio. C. J. Pedersen also 
established that certain polyether macrocycles can bind alkali and 
alkaline-earth cations1c,d,e,f, for which he was awarded the Nobel 40 

Prize in 1987. This discovery rises a great interest to the “crown 
ether field”. Subsequently, a large number of other novel cation 
binders were synthesized, including macrocyclic polyether 
sulfides derivatives1e,f. 

Compounds, similar to crown ethers (Fig. 1, b, c), were 45 

obtained by Chastrette et al.6 via the linear condensation of furan 

and acetone. Soon after, Y. Kobuke et al.7 have received a series 
of similar cyclic polyesters containing tetrahydrofuran fragments 
by the linear oligomers closure into the whole macrocycle. It was 
found, that these heterocyclic crown ethers demonstrate the 50 

ability to extract and transport alkali metal ions through the liquid 
membrane.7 
Nowadays, a great attention is attracted to the assembly of 
surface-supported metaloorganic coordination compounds8. As an 
example, the several transition metal ions (Zn2+, Ni2+, Cu2+) 55 

complexes of tetra-b″-sulfoleno-meso-arylporphyrin (Fig. 1, d) 
were used as the universal reactive building blocks, allowing the 
construction of more complicated covalent assemblies by the 
porphyrin-LEGO® approach8b,c. Another example of the metal-
organic coordination networks synthesis is the formation of 60 

copper complexes with 5,10,15,20-tetra(4-pyridyl)porphyrin 
(2HTPyP, Fig. 1, e) assembled on Au(111) surface8d which 
produces a mixed-valence coordination network with alternating 
Cu(0) and Cu(II) centers. 

The rapid development of circulene‡9,10 and circulene-like11a.b 65 

chemistry during last few years led to a number of theoretical 
predictions of the new oligomers and polymers based on the 
tetraoxa[8]circulene (TOC) unit called also the TOC sheets.10f,g 
Supramolecular coordination self-assembled structures based on 
TOC units have been predicted recently by DFT simulation.10g,h 

70 

These theoretically invented organic 2D polymers seem to be 
promising objects because of their unique optical, magnetic and 
structural peculiarities which provide possible applications in 
electronics, catalysis, solid sensors, and especially in separation 
and storage of small species, in the form of ionic sieves.  75 

In general, the unique structure of the TOC sheets (Fig. 1, f) 
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allows to use them in order to form selectively the metal ion 
complexes by capture the metal ions which size correlates with 
the size of the macrocycle cavity. Thus, such TOC sheets seem to 
be the possible analogues for biological channels which play a 
key role in transport phenomena11c of the s-block metal cations 5 

through the cell membranes. Recently, Kang et. al. have designed 
computationally the similar biomimetic graphene-based 
nanopores containing Oxygen atoms.11d The synthesis of the 
TOC-sheet N-analogues was experimentally realized by 
Nakamura et al.12 resulting in the free base and Cu(II) complex 10 

(Fig. 1, g) of a square porphyrin sheet with a planar 
cyclooctatetraene core. We should note that recently much 
attention has also paid to the synthesis of functionalized 
sandwich-type (double-decker) metal complexes containing 
macrocyclic ligands. For instance, the phthalocyanine double-15 

decker complexes have been recently studied in details13. 
 

 
Fig. 1 Some examples of the well known crown ethers a-c and of 
the recently synthesized reactive building-blocks containing 20 

porphyrin (d, e, g) and tetraoxa[8]circulene (f) cores. 

Following this line we have considered in the present paper a 
possibility of the alkali and alkaline-earth ions binding by the 
TOC-tetramer (Fig. 2, 3) on the basis of the DFT modelling 
including the complete analysis of the electron density 25 

distribution function by the Bader’s algorithm14 with the aim to 
describe the coordination bonds features and to estimate the 
stability of the designed complexes. 

The selective s-block metal complexation with the TOC sheet 
looks as a promising approach because of its close similarity with 30 

the biological ionic channels selectivity15 which makes actual the 
synthesis of the predicted TOC sheets 10f,g. 

 
Fig. 2 Structure of the s-block metal (M) complexes with two 
types of the tetraoxa[8]circulene sheets (the coordination M–O 35 

bonds are shown by the dashed lines). 

Method of calculation 

The equilibrium geometry parameters of the studied complexes 
1–7 (Fig. 2, 3) have been optimized at the density functional 
theory (DFT16) computational level using the Becke–Lee–Yang–40 

Parr three-parametric exchange–correlation functional (B3LYP16) 
and the 6-31G(d)17a basis set for the light atoms and the effective 
core potential Lanl2DZ17b basis set for the heavy Ba and Sr 
atoms. We have also calculated the IR absorption spectra for the 
studied complexes at the same computational method; the 45 

absence of imaginary frequencies in the corresponding IR spectra 
provides us evidence that the true energy minimum was found. 

On the basis of the obtained equilibrium geometries, we have 
performed the topological analysis of the electron density 
distribution function ρ(r) at the Bader’s level of Quantum Theory 50 

of Atoms in Molecules (QTAIM)14. The energies of the 
coordination M–O bonds and of other intermolecular contacts  
(π-stacking interactions in the sandwich complexes 6, 7) have 
been calculated by the Espinosa relationship18 which is widely 
used for the energy estimation of the M–O, M–N coordination 55 

bonds,18c,d different types of hydrogen bonds18b,e and Wan-der-
Waals interactions:18f  
               E = 0.5 ν(r),                                     (1) 
where E is the bond energy (a.u), ν(r) is the potential energy 
density (a.u) at the corresponding (3, –1) critical point14. The use 60 

of the Bader 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:14b,19 65 

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; 70 

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 is additionally calculated by the following equation in the 75 

framework of DFT/B3LYP approach in a gas phase: 
BE = E(complex) – [E(Mn+) + E(TOC-ligand)]. 

The basis set superposition error (BSSE) was corrected for each 
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binding energy value with the counterpoise method. 
Additionally, we have performed the calculation of the 

dispersion effect upon complexation for the studied 1–7 species 
by the B3LYP-D approach. These B3LYP-D calculations were 
performed using the ORCA program package, version 2.8 20. 5 

All DFT calculations have been performed using the 
GAUSSIAN09 software21. The QTAIM calculations have been 
carried out using the AIMAll program package22. 

RESULTS AND DISCUSSION  

1. Structural features and the metal-binding selectivity 10 

As we have shown by DFT optimization the single-decker 
complexes 1–5 (Fig. 2) and the double-decker sandwich 
complexes 6, 7 (Fig. 3) belong to the D4h symmetry point group. 
Thus, the four M–O bonds in the complexes 1–5 (Fig. 2) and the 
eight M–O bonds in the 6, 7 (Fig. 3) species are equivalent in 15 

terms of the bond length and electronic criteria for each designed 
complex (Tables 2, 3). Thus, the central ion coordination sphere 
represents the strict planar-square structure for the 1–5 complexes 
and the proper rectangular prism for the 6 and 7 sandwiches. 

The selectivity of complexation of the s-block metals with the 20 

TOC sheets can be interpreted in terms of the strict correlation 
between the size of cation and of the macrocycle cavity in the 
TOC-tetramer (Fig. 1c) similarly to the crown ethers metal 
complexes. We have found that the TOC sheet with the 16-
crown-4 cavity diameter equals 4.1 Å (distance between the two 25 

opposite Oxygen atoms) is the most appropriate for inclusion into 
this cavity of the Li+ and Mg2+ ions (which have the close similar 
ionic radii 0.59 and 0.57 Å, respectively)23. Increasing the cavity 
diameter through introduction of the four-membered rings into 
the TOC sheet (Fig. 2) makes it possible the inclusion of the 30 

larger K+, Ba2+ and Sr2+ ions into the 20-crown-4 cavity with 
ionic radii 137, 135 and 126 pm, respectively (distance between 
the two opposite Oxygen atoms equals 6.0 Å). From the other 
side, the smaller Li+, Na+, Mg2+ and Ca2+ ions can not be retained 
in the large 20-crown-4 cavity as well as the bigger K+, Ba2+ and 35 

Sr2+ ions can not squeeze through the smaller 16-crown-4 cavity 
due to a strong Coulomb repulsion. However, we do not exclude 
the possibility of including into the macrocyclic cavity of the 
cations with smaller ionic radius, but in such a way the cation 
should be displaced from the center of the cavity whereupon it 40 

should be attracted to one of the oxygen atoms (similar to some 
of the crown ether complexes)24a. If the ions are too large to 
penetrate a macrocyclic cavity they can sit on the top of the TOC-
cavity, which is also similar to some of the crown ethers 
complexes.24b,c However, we have not obtained such stable 45 

complexes for the both studied cases. From the other hand we 
have postulated that the big ions (K+, Ca2+) are able to form the 
double-decker sandwich complexes with the two TOC sheet 
plains. This is one of the few examples of the cubic Oxygen 
coordination around alkali and alkaline-earth metal ions. The 50 

structure of these complexes is discussed below in more details. 
 

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

According to the Gauss rule for electrostatic interaction, the 55 

binding in ionic systems is achieved due to polarization of the 

ions in the direction opposite to the charge transfer. In accordance 
with our quantum-chemical calculations a significant excess of 
the electron density is observed for the oxygen atoms forming the 
central crown cavity: the Bader’s charges on the Oxygen atom for 60 

the compounds 1–5 are equal to –1.134 e, –1.177 e, –1.121 e, –
1.096 e, –1.101 e, respectively. Thus, we can see the monotonous 
charge decrease in the presented ionic row which is explained by 
the mutual ion-ligand polarization that in turn determines the 
corresponding degree of the M–O bonds covalent character. 65 

As one can see from Table 1, the |λ1/λ3| curvature elements ratio 
for all M–O bonds varies in a short range 0.149–0.189  
(i.e. |λ1/λ3|<1). This fact indicates the significant exhaustion of the 
electron density concentration in the interatomic space, which is 
usually observed for the closed shells interactions. 70 

 
Fig. 3 The optimized structure of the sandwich-type complexes 
[M(TOC)2]

n+ (M = K+, 6; Ca2+, 7): a – top view, b – side view, 
c – prism-shaped coordination cage consisting of the K+ or Ca2+ 
ions (a≠b).   75 

At the same time the critical points of all M–O bonds satisfy 
the following condition: ∇2ρ(r) > 0 and he(r) > 0 (|ν(r)| < g(r)) 
(Table 2), which additionally allows us to classify the M–O 
contacts as the closed shells interactions in terms of the Bader 
theory formalism.14b,19 Indeed, the very low delocalization index 80 

(DI) values for the M–O bonds (Table 1) indicate directly the 
very low electron density concentration in the intaratomic region 
between the O and M atoms. By the way, the DI parameter can be 
directly interpreted as the M–O bond order.14d It should be noted, 
that for the M2+–O bonds (i.e. M2+ is an alkaline-earth metal ion) 85 

the DI values are in the range of 0.1002–0.1307 and are almost 
twice as much higher than DI values for M+–O bonds in the alkali 
metal complexes 1 and 3 (Table 1). As one can see from the 
Table 1, the calculated DI index directly correlate with the 
localization indices (LI) values and atomic charge values (q), viz. 90 

increasing of DI leads to the decreasing of the atomic basin 
electron population which is defined by the LI and q parameters.  

Concerning the stability of the planar square complexes 1–5 it 
is obvious that the small 16-crown-4 cavity binds the Mg2+ or Li+ 
cations stronger than the extended 20-crown-4 pore binds the K+, 95 

Ba2+, Sr2+ ions. Indeed, the total complexation energy of the Li+ 
and Mg2+ ions equals to 26.1 and 61.5 kcal/mol, respectively, 
which define the great stability of the [Mg(TOC)]2+ complex 2. 
Higher stability of the [Mg(TOC)]2+ complex relative to the 
complex 1 can be explained by the stronger mutual polarization 100 

and electrostatic attraction between the double charged Mg2+ ion 
and Oxygen sides. The cation binding energy is much less for the 
complexes 3–5 (Table 2) due to a big size of the 20-crown-4  
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Table 1. The ρ(r) function curvature element values (λ), their ratios (|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 Bond λ1, e×a0
-5 * λ2, e×a0

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

1 Li+…O –3.26×10–2 –3.15×10–2 0.204 0.160 0.034 0.0511 1.962 0.9265 
2 Mg2+…O –5.96×10–2 –5.39×10–2 0.402 0.148 0.105 0.1286 9.932 1.7878 
3 K+…O –9.01×10–3 –8.33×10–3 5.68×10–2 0.159 0.081 0.0545 17.918 0.9601 
4 Sr2+…O –1.20×10–2 –1.05×10–2 7.29×10–2 0.165 0.138 0.1002 35.916 1.8484 
5 Ba2+…O –1.66×10–2 –1.50×10–2 8.79×10–2 0.189 0.103 0.1307 53.846 1.8546 
6 K+…O –1.19×10–2 –1.13×10–2 7.56×10–2 0.157 0.053 0.0554 17.817 0.9354 
7 Ca2+…O –2.15×10–2 –1.99×10–2 0.131 0.164 0.077 0.1166 17.839 1.8078 

* 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 

Com- 
plex 

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

∇2ρ(r), 
e×a0

-5  
E BE** BE**/n BE*** BE**+D 

kcal/mol 
1 Li+…O 2.040 2.03×10–2 –2.08×10–2 2.80×10–2 0.12×10–2 0.140 –6.5 –91.5 –22.9 –95.7 –94.8 
2 Mg2+…O 2.036 3.85×10–2 –4.90×10–2 6.04×10–2 1.15×10–2 0.288 –15.4 –289.8 –72.5 –294.5 –293.3 
3 K+…O 2.983 9.28×10–3 –7.15×10–3 8.51×10–3 1.36×10–3 3.95×10–2 –2.2 –47.3 –11.8 –52.0 –50.7 
4 Sr2+…O 2.954 1.25×10–2 –7.89×10–3 1.02×10–2 2.34×10–3 5.03×10–2 –2.5 –48.7 –12.2 –53.6 –52.3 
5 Ba2+…O 2.976 1.77×10–2 –1.26×10–2 1.33×10–2 0.74×10–3 5.63×10–2 –4.0 –59.9 –15.0 –65.7 –63.7 
6 K+…O 2.853 1.21×10–2 –9.92×10–3 1.15×10–2 1.58×10–3 5.23×10–2 –3.1 –108.2 –13.5 –113.2 –113.1 
7 Ca2+…O 2.622 1.95×10–2 –1.77×10–2 2.00×10–2 2.34×10–3 8.94×10–2 –5.5 –173.4 –21.7 –178.7 –178.5 

* 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);  
**BSSE corrected and ***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; 
D –the dispersion correction upon complexation for the studied 1–7 species calculated by the DFT/B3LYP + D approach; 10 

n is the number of the equivalent coordination M–O bonds (n=4 for complexes 1–5 and n=8 for 6, 7). 
 
cavity which is incompletely compensated by the cation size 
upon the complexation. 

An important criterion of the M-O bonds stability is an 15 

ellipticity parameter (ε),14c which is easily calculated as the ratio 
between the ρ(r) curvature elements (λ1/λ2 – 1) at the M-O bond 
critical point. As pointed out by Bader, the cyclic structure 
containing a bond with unusually high ellipticity is potentially 
unstable. From the Table 1 one can see that the ε values for all 20 

M–O bonds are rather small and are variable in a narrow range 
0.034–0.138 indicating the M–O bonds dynamic stability. 

The binding energy value of cation to the TOC-ligand 
calculated by the DFT-approach is generally correlates with 
QTAIM predictions. However, the BE value is much higher than 25 

the sum of corresponding M–O bonds energies obtained from the 
QTAIM analysis (Table 2). Such large binding energy differences 
can be explained by the fact that the solvation energy should be 
taken into account for the estimation of the dissociation energies 
at the DFT/B3LYP level like it was demonstrated in Ref.24d. In 30 

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 solvation energy has a minimal contribution, because of ν(r) 
values slightly depend on solvation effect. 35 

We should note, that the BE values are comparable well with 
the same values for the complexes of the alkali and alkaline-earth 
metals with the classical crown ethers calculated by the DFT-
approach in the gas phase24d,e. For example, the binding energy of 
Mg2+ ion is much larger than that for other cations, which is 40 

quantitatively agreed with the binding energy of Mg2+ with 
classical dibenzo-18-crown-6-ether 24d. 

3. QTAIM analysis of M–O interactions in the two-decker 
sandwich-type complexes 6, 7 

As we have discussed before, some ions (which size is higher 45 

than the corresponding crown cavity) are able to sit at the top of 
the cavity forming the M-O coordination bonds. However we 
have not obtained the stable s-block metal complexes with the 
single-TOC ligand. Whereas the double-TOC ligands seem to be 
able to form the sandwich complexes with some cations. We have 50 

obtained two stable sandwiches consisting of the Ca2+ and K+ 
central ions (Fig. 3). The K+–O and Ca2+–O bonds occurring in 
the double-decker complexes 6 and 7 (Fig. 3) are characterized by 
the following conditions: |λ1/λ3|<1 and ∇2ρ(r) > 0, he(r) > 0, 
which correspond to the closed shells interactions similar to the 55 

single-decker complexes. The DI value is much smaller for the 
K+–O bond than for the Ca2+–O bond which is determined by the 
stronger polarization affinity of the double-charged Ca2+ ion 
relative to Oxygen atoms comparing with the single-charged K+ 
ion (Table 1). 60 

As one can see from Fig. 3, the K+ and Ca2+ cations are 
symmetrically held between the two TOC planes by the 
“sandwich” principle due to formation of eight equivalent 
M–O bonds with energies –3.1 and –5.5 kcal/mol, respectively 
(Table 2). The QTAIM analysis has also predicted an additional 65 

stabilization of the complexes 6, 7 due to the presence of π-
stacking C---C interactions between two TOC parallel plains. The 
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total energy of these inter-plain π-stacking contacts calculated by 
the Eq. (1) equals to 2.2 and 12.6 kcal/mol for 6 and 7 complexes, 
respectively (Fig. 3). Such large energy difference can be 
explained by the shorter inter-plain distance (between the TOC 
sheets) for the complex 7 than for the complex 6 (b = 3.945 for 5 

complex 6, whereas b = 3.254 Å for complex 7, Fig. 3). As a 
result, a greater accumulation of the local potential energy density 
has observed in the inter-plaine space of the complex 6 
comparing with the complex 7. As a conclusion remark we 
should note that the both TOC sheets are planar in the unbound 10 

state but they are definitely bent upon the complexation with the 
metal ions (Fig. 3b) due to the M–O and π-stacking bonds 
occurrence (bend angle estimated as 4° and 6° for the complexes 
6 and 7). 

Conclusions 15 

On the ground of the DFT calculations the highly symmetrical 
s-block metal complexes with the tetraoxa[8]circulene sheet 
ligands have been designed and the Bader’s QTAIM analysis 
have been carried out for their optimized structures. We have 
proposed the two different types of complexes (square-planar and 20 

two-decker sandwich types) consisting of the TOC ligands with 
the different size cavities (small 16-crown-4 one and the bigger 
20-crown-4 cavity). In fact, we have observed the definite 
selectivity of the ion complexation depending on a strict 
correlation between the cavity size and cation radii (similar to the 25 

“key-lock” principle). This observation should be useful for the 
creation of the TOC-based nanosheets representing the promising 
synthetic ionic channels like the already known biomimetic 
graphene nanopores.11d Moreover, the disk-like TOC-based 
sheets can find potential applications in bioanalytical chemistry 30 

due to their interesting DNA recognition properties.25 
Concerning the general structural features of the designed 

complexes we should note that the mutual polarization of the 
alkali or alkaline-earth metal cations and of the organic 
tetradentate TOC ligand leads to the relatively low accumulation 35 

of electron density in the M–O bonds inter-atomic space. As a 
result, all these M–O bonds have been classified as the closed 
shell interactions, i.e. ionic bonds possess the small covalent 
character. The last parameter has been estimated on the basis of 
the electron density delocalization indices being relatively small 40 

in comparison with the most of coordination bonds. All studied 
complexes demonstrate the high symmetry of the coordination 
sphere: these are square-shaped for the single-decker planar 
comlexes and a proper prism-shaped form for the double-decker 
complexes both types being correspond to the D4h symmetry 45 

point group. 
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