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Abstract: Ab initio MP2/aug’-cc-pVTZ calculations have been performed to investigate the complexes
of CO2 with the azoles pyrrole, pyrazole, imidazole, 1,2,3- and 1,2,4-triazole, tetrazole and pentazole.
Three types of complexes have been found on the CO2:azole potential surfaces. These include
ten complexes stabilized by tetrel bonds that have the azole molecule in the symmetry plane of the
complex; seven tetrel-bonded complexes in which the CO2 molecule is perpendicular to the symmetry
plane; and four hydrogen-bonded complexes. Eight of the planar complexes are stabilized by Nx···C
tetrel bonds and by a secondary interaction involving an adjacent Ny-H bond and an O atom of CO2.
The seven perpendicular CO2:azole complexes form between CO2 and two adjacent N atoms of
the ring, both of which are electron-pair donors. In three of the four hydrogen-bonded complexes,
the proton-donor Nz-H bond of the ring is bonded to two C-H bonds, thereby precluding the planar
and perpendicular complexes. The fourth hydrogen-bonded complex forms with the strongest acid
pentazole. Binding energies, charge-transfer energies and changes in CO2 stretching and bending
frequencies upon complex formation provide consistent descriptions of these complexes. Coupling
constants across tetrel bonds are negligibly small, but 2hJ(Ny-C) across Nz-H···C hydrogen bonds are
larger and increase as the number of N atoms in the ring increases.
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1. Introduction

Carbonic anhydrases belong to a family of enzymes that catalyze the reversible reaction that
converts carbon dioxide and water to bicarbonate ion and a proton [1,2]. The proposed mechanism
of action involves hydrogen-bond formation between the threonine N-H (Thr199) and a CO2 oxygen
atom [3–11]. It is also known than azoles are good inhibitors of carbonic anhydrase [1,5,8,12–14].
Azoles are five-membered heteroaromatic compounds that contain in their rings from one nitrogen
atom (pyrrole) to five nitrogen atoms (pentazole) [15]. The X-ray crystal structure of 1H-1,2,4-triazole
bound through N2 to the N-H of Thr199 has been reported [16]. The interaction of CO2 with azoles is
also important in carbon dioxide capture by metal-organic frameworks [17–20], zeolitic tetrazolate
frameworks [21] and microporous organic polymers [22,23].

It is of interest to explore interactions that are important in biochemical reactions, such as those
between azines and azoles with CO2. In a previous paper, we presented the structures, binding energies
and other properties of CO2: azine complexes stabilized by N···C tetrel bonds [24]. The azoles have
pyridine-like N atoms in positions 2, 3, 4 and 5 that may act as electron-pair donors as do the azines.
However, the azoles also have pyrrole-like N atoms in positions 1, 2 and 4, as illustrated in Scheme 1.
These N-H bonds may act as proton donors for hydrogen-bond formation.
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Scheme 1. The ten azoles and their codes.

A series of papers have reported experimental data on complexes relevant to those investigated
in the present study. The structures of these complexes are illustrated in Scheme 2. The X-ray
crystal structure of the complex between 3-amino-1H-1,2,4-triazole and CO2 (1) shows a tetrel
bond between the N of the amino group and the carbon of CO2 (CSD refcodes: WALBOC and
YUZCED) [25,26]. A Zn-1,2,4-triazole derivative forms a tetrel-bonded complex with CO2 in the solid
state using the free N2 atom of the triazole (2) (CSD refcodes: PEGBUA, PEGCAH, and PEGCEL) [27].
The hydrogen-bonded complex between a 2H-tetrazole and CO2 has been proposed to explain the
behavior of a microporous organic polymer (CSD refcode: TZPIM) [22]. Finally, complex 3 is stabilized
by an N-C covalent bond (CSD refcode: EPIVOQ) [28]. A related transition structure has been proposed
that is stabilized by an N···C tetrel bond.

Scheme 2. Relevant experimentally-determined complexes.

There are also three papers in the literature that report theoretical studies of complexes related
to those investigated in this paper. Vogiatzis, Mavrandonakis, Klopper and Froudakis have reported
MP2/aug-cc-pVTZ structures of complexes of CO2 with 1H-imid-23 and 2H-tet-34, with the CO2 molecule
lying in the plane of the azole [29]. These authors noted the presence of stabilizing interactions involving
an Hα atom of the azole and CO2. Prakash, Mathivon, Benoit, Chambaud and Hochlaf studied 1H-imid-23
and 1H-imid with CO2 and also investigated π stacking of imidazole [30]. Hernández-Marín and
Lemus-Santana studied the complexes between CO2 and imidazole, 2-methylimidazole, benzimidazole
and pyrazine using DFT methods [31]. Finally, Vidal-Vidal, Nieto Faza and Silva López extended
studies of π-complexes to those with 1H-pyrrole, 1H-pyrazole, 1H-1,2,3-triazole, 2H-1,2,3-triazole,
4H-1,2,4-triazole, 2H-tetrazole and 1H-pentazole [32].

As a continuation of our work on intermolecular interactions, we present in this paper the results
of a systematic study of complexes of the ten azoles with CO2. These include two types of tetrel-bonded
complexes and a set of hydrogen-bonded complexes. We report the structures of these complexes,
their binding energies and charge-transfer energies, selected IR stretching and bending frequencies
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and changes in these frequencies upon complexation, as well as spin-spin coupling constants across
tetrel and hydrogen bonds. It is the purpose of this paper to present and discuss these results.

2. Methods

The structures of the isolated CO2 monomer, the azoles pyrrole, pyrazole, imidazole, 1,2,3- and
1,2,4-triazole, tetrazole and pentazole, and the complexes CO2:azole were optimized at second-order
Møller–Plesset perturbation theory (MP2) [33–36] with the aug’-cc-pVTZ basis set [37]. This basis set
was derived from the Dunning aug-cc-pVTZ basis set [38,39] by removing diffuse functions from
H atoms. Frequencies were computed to establish that these optimized structures correspond to
equilibrium structures on their potential surfaces and to examine the changes in selected vibrational
frequencies upon complex formation. Optimization and frequency calculations were performed using
the Gaussian 09 program [40]. The binding energies (−∆E) of the complexes were computed as the
negative of the reaction energy for the formation of the complex from CO2 and the corresponding azole.

The electron density properties at bond critical points (BCPs) of complexes have been analyzed
using the atoms in molecules (AIM) methodology [41–44] employing the AIMAll [45] program.
The topological analysis of the electron density produces the molecular graph of each complex that
identifies the location of electron density features of interest, including the electron density ($) maxima
associated with the various nuclei and saddle points that which correspond to BCPs. The zero gradient
line that connects a BCP with two nuclei is the bond path. The natural bond orbital (NBO) method [46]
has been employed to obtain the stabilizing charge-transfer interactions in complexes using the NBO-6
program [47]. Since MP2 orbitals are nonexistent, charge-transfer interactions have been computed
using the B3LYP functional with the aug’-cc-pVTZ basis set at the MP2/aug’-cc-pVTZ complex
geometries. This allows for the inclusion of at least some electron correlation effects.

Equation of motion coupled-cluster singles and doubles (EOM-CCSD) spin-spin coupling
constants were evaluated in the CI (configuration interaction)-like approximation [48,49] with all
electrons correlated. For these calculations, the Ahlrichs [50] qzp basis set was placed on 13C, 15N and
17O, and the qz2p basis set on the 1H atom bonded to N. The Dunning cc-pVDZ basis was used for
the remaining H atoms. Total coupling constants were evaluated as the sum of the paramagnetic spin
orbit (PSO), diamagnetic spin orbit (DSO), Fermi contact (FC) and spin dipole (SD) terms. Coupling
constant calculations were performed using ACES II [51] on the HPC cluster Oakley at the Ohio
Supercomputer Center.

3. Results and Discussion

3.1. Overview of the CO2:Azole Complexes

Table 1 contains the names of the complexes, their binding energies and symmetries. The azoles
are listed in Table 1 according to increasing number of nitrogen atoms. For each azole, the complexes
are listed in order of decreasing binding energy. Three types of complexes have been found on the
CO2:azole surfaces, namely tetrel-bonded complexes in which the CO2 molecule lies in the symmetry
plane of the complex; tetrel-bonded complexes in which the CO2 molecule is perpendicular to the
symmetry plane; and hydrogen-bonded complexes. Planar tetrel-bonded complexes are identified as
zH-azole-xy, where z refers to the location of the Nz-H covalent bond in the ring, azole identifies the
particular azole molecule and xy indicates the N atom that forms the tetrel bond and an adjacent N-H
or C-H that may interact with CO2. The 2H-123tri-12 complex illustrated in Figure 1 is representative
of planar tetrel-bonded complexes. For complexes in which the CO2 molecule is perpendicular to the
symmetry plane, the designation is similar, with xy referring to adjacent N atoms that have lone pairs
of electrons and p indicating a perpendicular complex. 4H-124tri-12p in which N1 and N2 donate
lone pairs for tetrel-bond formation is typical of these complexes and is also illustrated in Figure 1.
Complexes in the third set are not tetrel-bonded, but hydrogen bonded, and are identified as zH-azole.
The N1-H···O hydrogen-bonded complex 1H-imid is illustrated in Figure 1.
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Table 1. Names of CO2:azole complexes, their binding energies (−∆E, kJ·mol−1) and symmetries.

Azole Complex −∆E Sym

pyrrole 1H-pyrr 10.1 C2v

pyrazole 1H-pyra-12 22.7 Cs

imidazole 1H-imid-23 19.9 Cs

1H-imid 11.2 Cs

triazoles 1H-123tri-12 21.8 Cs
2H-123tri-12 20.3 Cs

1H-123tri-23p 15.8 Cs

1H-124tri-12 21.0 Cs
4H-124tri-12p 18.1 C2v
1H-124tri-45 17.9 Cs

4H-124tri 12.9 C2v

tetrazoles 1H-tet-12 20.3 Cs
2H-tet-23 19.8 Cs
2H-tet-12 18.9 Cs

1H-tet-34p 15.1 Cs
2H-tet-34p 13.7 Cs
1H-tet-23p 13.3 Cs

pentazole 1H-pent-12 19.0 Cs
1H-pent 17.6 C2v

1H-pent-34p 12.2 C2v
1H-pent-23p 11.2 Cs

Figure 1. Representative tetrel- and hydrogen-bonded CO2:azole complexes.

3.2. Planar Complexes Stabilized by Tetrel Bonds

The structures, total energies and molecular graphs of planar complexes stabilized by tetrel
bonds are reported in Table S1 of the Supporting Information. Table 2 reports their binding energies,
charge-transfer energies and Nx-C, Ny-O’ and O’-H, or Cy-O’ and O’-H distances, with O’ the adjacent
atom of CO2. The binding energies of these complexes vary by less than 5 kJ·mol−1, from 17.9 kJ·mol−1

for 1H-124tri-45 to 22.7 kJ·mol−1 for 1H-pyra-12. The Nx-C distances range from 2.781 Å in 1H-imid-23
to 3.027 Å in 1H-pent-12. However, the binding energies do not correlate with the Nx-C distances,
as can be seen from the scattergram of Figure 2. To gain insight into Figure 2, it is advantageous to
subdivide the planar tetrel-bonded complexes into three groups: those in which Cy-H is adjacent to
Nx; those in which Ny-H is adjacent to Nx and have an Nx-C distance that is shorter than the Ny-O’
distance; and those that also have Ny-H adjacent Nx, but have an Ny-O’ distance that is shorter than
the Nx-C distance.
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Table 2. Binding energies (−∆E) and charge-transfer energies (kJ·mol−1), Nx-C, Ny-O’, Cy-O’ and
H-O’ distances (R, Å) for planar CO2:azole complexes stabilized by Nx···C tetrel bonds.

Azole Complex −∆E R(Nx-C) R(Ny-O’);
R(Cy-O’) a

R(NyH-O’);
R(CyH-O’) a,b Primary CT c Secondary CT d

pyrazole 1H-pyra-12 22.7 N2: 2.801 N1: 2.939 2.285 10.7 2.0
imidazole 1H-imid-23 19.9 N3: 2.781 C2: 3.171 2.732 13.4 1.0 d

triazoles 1H-123tri-12 21.8 N2: 2.852 N1: 2.918 2.250 7.6 6.1
2H-123tri-12 20.3 N1: 2.859 N2: 2.936 2.298 7.5 2.1

1H-124tri-12 21.0 N2: 2.859 N1: 2.933 2.275 7.4 2.3
1H-124tri-45 17.9 N4: 2.832 C5: 3.156 2.707 10.2 1.1 e

tetrazoles 1H-tet-12 20.3 N2: 2.933 N1: 2.094 2.222 5.0 4.5
2H-tet-23 19.8 N3: 2.917 N2: 2.904 2.252 5.3 6.3
2H-tet-12 18.9 N1: 2.933 N2: 2.917 2.264 5.3 2.6

pentazole 1H-pent-12 19.0 N2: 3.027 N1: 2.878 2.197 3.1 4.7
a Ny-H or Cy-H is adjacent to Nx. b H-O’ distances involving Cy-H are given in italics. c Nxlp→σ*C-O.
d O’lp→σ*Ny-H. e The charge-transfer is O’lp→σ*Cy-N1.

Figure 2. Binding energies versus distance for the planar tetrel-bonded CO2:azole complexes. The solid
symbols refer to the Nx-C distance; open symbols refer to the Ny-O’ distance in complexes with
tetrazole and pentazole.

The complexes 1H-imid-23 and 1H-124tri-45 are the two complexes that have a Cy-H bond
adjacent to Nx. From Table 2 and Figure 2, it can be seen that although 1H-imid-23 has the shortest Nx-C
distance, its binding energy is less than the binding energies of the planar tetrel-bonded complexes
with pyrazole and the triazoles that have an Ny-H bond adjacent Nx. 1H-124tri-45 has the smallest
binding energy among the planar tetrel-bonded complexes, even though its Nx-C distance is shorter
than this distance in the complexes with the remaining triazoles, tetrazole and pentazole. The Cy-O’
distances in these two complexes are long, and the H-Cy-O’ angles are about 57◦. These data suggest
that Cy-H does not significantly interact with O’. This is consistent with the primary and secondary
charge-transfer energies of these two complexes which are also reported in Table 2. Primary refers to the
interaction associated with the tetrel bond. Figure 3 provides an orbital representation of the primary
charge-transfer interaction in 1H-imid-23. The Nx lone pair donates charge to the σ antibonding C-O
orbital in both 1H-imid-23 and 1H-124-tri-45. The σ antibonding C-O’ orbital is the local in-plane C-O
π* orbital of CO2. The charge-transfer energies in these two complexes are greater than they are in
the other planar tetrel-bonded complexes, except for 1H-pyra-12. The plot of Figure 4 shows that the
primary charge-transfer energies correlate exponentially with the Nx-C distance, with a correlation
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coefficient of 0.978, and that these energies decrease as the number of nitrogen atoms in the ring
increases. Thus, the charge-transfer energies reflect the relative strengths of the tetrel bonds in these
complexes. The secondary charge-transfer energy in 1H-imid-23, which is also depicted in Figure 3,
indicates that there is no Cy-H-O’ interaction in this complex. Thus, it is reasonable to conclude that
1H-imid-23 and 1H-124tri-45 are stabilized solely by tetrel bonds.

Figure 3. Orbital descriptions of the primary and secondary charge-transfer interactions in 1H-imid-23
and 1H-pyra-12.

Figure 4. Primary Nxlp→σ*C-O charge-transfer energies versus the Nx-C distance. The legend indicates
the number of nitrogen atoms in the azole ring.

The second group of planar complexes is also stabilized by Nx···C tetrel bonds and by a secondary
interaction between Ny-H and O’ and have Nx-C distances that are shorter than Ny-O’ distances.
This set is composed of complexes with pyrazole and the triazoles. As evident from Figure 2, they have
the largest binding energies which a range from 20.3 to 22.7 kJ·mol−1 and Nx-C distances between
2.801 and 2.859 Å. The secondary interaction between Ny-H and O’ may be described as a distorted
hydrogen bond with H-Ny-O’ angles of about 40◦. Nevertheless, the interaction between Ny-H and
O’ must play a role in stabilizing these complexes, since the binding energies of the complexes with
the triazoles are greater than the binding energy of 1H-imid-23, which has a much shorter Nx-C
distance and no stabilizing secondary interaction. Figure 3 provides an orbital description of the
primary and secondary charge-transfer interactions in 1H-pyra-12. The primary charge-transfer is
Nxlp→σ*C-O, with charge-transfer energies of 10.7 kJ·mol−1 for 1H-pyra-12 and about 7.5 kJ·mol−1
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for the complexes with the triazoles. These charge-transfer energies are greater than the energies
of secondary back-donations of charge O’lp→σ*Ny-H associated with the distorted hydrogen bond,
which are 6 kJ·mol−1 for 1H-pyra-12 and about 2 kJ·mol−1 for the complexes with the triazoles.
These data suggest that the tetrel bond is primarily responsible for the large binding energies of these
complexes, with the Ny-H-O’ interaction playing a secondary role.

The final group of planar complexes with tetrel bonds and Ny-H-O’ interactions includes
complexes of CO2 with tetrazole and pentazole, which have Ny-O’ distances that are shorter than Nx-C
distances, as evident from Figure 2. These four complexes have the smallest binding energies, and the
longest Nx-C distances. While the Nx-C and Ny-O’ distances are similar for the tetrazole complexes,
they are very different for 1H-pent-12. It may well be that the Ny-H-O’ interaction in the latter complex
is the stronger interaction. This interaction could be described as a distorted Ny-H···O’ hydrogen
bond, with H-Ny-O’ angles of about 40◦. The primary charge transfer associated with the tetrel bond
arises from electron donation from Nx to the σ antibonding C-O orbital, while the secondary charge
transfer involves back-donation of charge from O’ to the antibonding σ Ny-H orbital. The secondary
charge-transfer energy is greater than the primary charge transfer energy in 2H-tet-23 and 1H-pent-12.
These data are consistent with the increased importance of the Ny-H-O’ interaction in these complexes.
In all of the planar complexes with Ny-H bonds interacting with O’, the Nx-C and Ny-O’ distances are
the best compromise to produce a stable equilibrium complex.

Harmonic symmetric and asymmetric stretching and in-plane and out-of-plane bending
frequencies of isolated CO2 and of CO2 in planar tetrel-bonded complexes are reported in Table S2 of the
Supporting Information. The symmetric and asymmetric stretching frequencies and the out-of-plane
bending frequencies of CO2 change by less than 5 cm−1 upon complex formation. It is the in-plane
CO2 bending frequency that is most sensitive to complexation, since changes in this frequency most
directly affect both the Nx···C tetrel bond and the Ny-H···O interaction. This frequency decreases by 9
to 31 cm−1 in the complexes, as evident from Table 3. Figure 5 illustrates that the in-plane bending
frequency of the planar tetrel-bonded complexes decreases as the number of nitrogen atoms in the
azole ring increases. The correlation coefficient of the exponential trend line is 0.951. It is interesting to
note that the Ny-H stretching frequency is also changed by complex formation, thereby giving another
property that supports the importance of the Ny-H-O’ interaction in these complexes. This frequency
is red-shifted by 22 to 30 cm−1 upon complexation, as evident from the plot of Figure S1 of the
Supporting Information.

Table 3. CO2 in-plane bending frequencies (ν), changes in these frequencies upon complexation
(δν, cm−1), and spin-spin coupling constants 1tJ(Nx-C) and J(Ny-O’) (Hz) for planar CO2:azole
complexes stabilized by Nx···C tetrel bonds.

Azole Complex ν a δν 1tJ(Nx-C) J(Ny-O’)

pyrazole 1H-pyra-12 634 −25.0 0.5 0.8

imidazole 1H-imid-23 628 −30.5 0.6

triazoles 1H-123tri-12 640 −19.1 0.4 0.9
2H-123tri-12 641 −18.4 0.3 1.0

1H-124tri-12 640 −19.3 0.3 0.9
1H-124tri-45 636 −23.4 0.4

tetrazoles 1H-tet-12 646 −13.4 0.2 1.1
2H-tet-23 646 −13.4 0.2 1.2
2H-tet-12 646 −12.9 0.1 1.1

pentazoles 1H-pent-12 650 −8.6 0.0 1.5
a The degenerate bending frequency of isolated CO2 is 659 cm−1.
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Figure 5. Absolute value of the change in the CO2 in-plane bending frequency upon complex formation
versus the number of nitrogen atoms in the azole ring.

Table 3 also reports the one-bond coupling constants 1tJ(Nx-C) across the tetrel bonds and J(Ny-O’)
for the planar complexes. Only the FC term contributes to 1tJ(Nx-C), and this term has values between
0.0 and 0.6 Hz. These small values may be attributed to the nature of the FC term, which depends
on s electron densities in the ground and excited states of the coupled nuclei. Since the tetrel bond
basically forms through the π system of CO2, there is little s-electron density at C in the direction of
the Nx-C bond. Yet, despite the small values, 1tJ(Nx-C) exhibits a second-order correlation with the
Nx-C distance, with a correlation coefficient of 0.978. A plot of 1tJ(Nx-C) versus the Nx-C distance is
included as Figure S2 of the Supporting Information. Values of J(Ny-O’) are reported in Table 2 and
are also small, ranging from 0.8 to 1.5 Hz. These are plotted against the Ny-O’ distance in Figure S3 of
the Supporting Information. The correlation coefficient of the second-order trend line is not as good,
with a value of 0.877. However, what is most interesting is a comparison of Figures S2 and S3. It is
evident that as the number of N atoms in the azole ring increases, 1tJ(Nx-C) decreases because the
Nx-C distance increases, but J(Ny-O’) increases because the Ny-O’ distance decreases.

3.3. Perpendicular Complexes Stabilized by Tetrel Bonds

Table S3 of the Supporting Information provides the structures, total energies and molecular
graphs of the perpendicular tetrel-bonded complexes, and Figure 1 illustrates the structure of
4H-124tri-12p, which has C2v symmetry. Table 4 reports the binding energies, charge-transfer energies
and Nx-C and Ny-C distances of these complexes. The most stable 4H-124tri-12p complex has
a binding energy of 18.1 kJ·mol−1 and N1-C and N2-C distances of 2.922 Å. The least stable complex is
1H-pent-23p, which has a binding energy of 11.2 kJ·mol−1 and N3-C and N2-C distances of 2.939 and
3.113 Å, respectively. Since there are two different N-C distances in five of the seven perpendicular
complexes, the binding energies have been plotted against the average of the Nx-C and Ny-C distances.
This plot has an exponential trend line with a correlation coefficient of 0.916. However, what is more
informative is Figure 7, in which the binding energies of the complexes are plotted against the number
of nitrogen atoms in the ring. This plot illustrates very well that the binding energies of perpendicular
complexes decrease as the number of nitrogen atoms in the ring increases.
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Figure 6. Representation of the two bending vibrations in the 1H-pent-34p complex.

Table 4. Binding energies (−∆E) and charge-transfer energies (CT, kJ·mol−1), Nx-C and Ny-C distances
(Å) and frequencies of bending vibration 1 (ν, cm−1) in perpendicular azole:CO2 complexes with
tetrel bonds.

Azole Complex −∆E R(Nx-C); R(Ny-C) a CT b υ c,d

triazoles 1H-123tri-23p 15.8 N2: 2.994; N3: 2.938 4.4 645

4H-124tri-12p 18.1 N1: 2.922; N2: 2.922 5.6 644

tetrazoles 1H-tet-34p 15.1 N3: 2.959; N4: 2.981 4.9 648
2H-tet-34p 13.7 N3: 3.021; N4: 2.967 4.2 647
1H-tet-23p 13.3 N2: 3.088; N3:2.954 4.1 647

pentazoles 1H-pent-34p 12.2 N3: 3.016; N4: 3.016 3.0 651
1H-pent-23p 11.2 N2: 3.113; N3: 2.939 2.5 650

a Two electron-donor N atoms that form the tetrel bond. b The charge transfer is (Nxlp + Nylp)→π*O-C-O. In the
natural bond orbital (NBO) scheme, this is the sum of two charge-transfer interactions. c The degenerate bending
vibrational frequency of isolated CO2 is 659 cm−1. d The bending vibrations are illustrated in Figure 6.

Figure 7. Binding energies (solid symbols) and charge-transfer energies (open symbols) versus the
number of N atoms in the azole rings.

Charge-transfer energies for the perpendicular complexes are also reported in Table 4. These arise
from electron donation from the lone pairs on Nx and Ny to the in-plane antibonding π* O-C-O
orbital of CO2. The NBO method describes charge-transfer in these complexes as two charge-transfer
interactions, and it is the sum that is reported in Table 3. The total charge-transfer energies vary from
2.5 kJ·mol−1 for 1H-pent-23p to 5.6 kJ·mol−1 for 4H-124tri-12p. Figure 7 presents a plot of the total
charge-transfer energies versus the number of nitrogen atoms in the azole ring.
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In the perpendicular complexes, there are four vibrational frequencies associated with the CO2

molecule, two stretching and two bending vibrations, with the bending modes illustrated in Figure 6.
Bending Vibration 1 may be roughly described as a bending motion that occurs in a plane perpendicular
to the Nx-Ny bond, while Vibration 2 is a bending vibration in a plane that is parallel to the Nx-Ny
bond. The stretching frequencies and bending frequency 2 are not very sensitive to complex formation,
since the changes in these do not exceed 2.5 cm−1, but bending vibration 1 is sensitive to complexation.
As evident from Table 4, this frequency decreases by about 14 cm−1 in complexes with the triazoles, by
11 or 12 cm−1 with the tetrazoles and by 8 or 9 cm−1 with pentazole. The decrease in this frequency
exhibits a linear dependence on the number of nitrogen atoms, with a correlation coefficient of 0.971.

Coupling constants 1tJ(Nx-C) and 1tJ(Ny-C) have been evaluated for these complexes. Only the
FC term contributes to these coupling constants. However, because the carbon atom of CO2 lies in the
nodal plane, the computed FC terms are either 0.0 or 0.1 Hz.

3.4. Complexes Stabilized by Hydrogen Bonds

There are only four CO2:azole complexes that are stabilized by Nz-H···O hydrogen bonds,
1H-pyrr, 1H-imid, 4H-124tri and 1H-pent. Table S4 of the Supporting Information provides their
structures, total energies and molecular graphs, and 1H-imid is illustrated in Figure 1. Table 5
presents their binding energies, charge-transfer energies and Nz-O and Nz-H distances. The Nz-O
distances are rather long, varying from 2.988 Å in 1H-pent to 3.175 Å in 1H-pyrr. The binding
energies range from 10.1 kJ·mol−1 for 1H-pyrr to 17.6 kJ·mol−1 for 1H-pent, while the charge-transfer
energies Olp→σ*Nz-H range from 8.7 to 22.7 kJ·mol−1 in these same two complexes. Plots of these
two properties versus the Nz-O distance are given in Figure 8. The correlation coefficients of the
exponential trend lines are 0.987 for the binding energies and 0.999 for the charge-transfer energies.
From Table 5 and Figure 8, it is apparent that the binding energies and charge-transfer energies increase
as the number of N atoms in the ring increases, unlike the tetrel-bonded complexes for which the
binding energies tend to decrease as the number of nitrogen atoms increases. As the number of nitrogen
atoms in the ring increases, the azole molecule becomes more acidic and Nz-H becomes a better proton
donor, while the azole molecule becomes a weaker base and a poorer electron-pair donor.

Table 5. Binding energies (−∆E) and charge-transfer energies (kJ·mol−1), Nz-O and Nz-H distances (Å),
changes in Nz-H stretching frequencies (δν, cm−1) and spin-spin coupling constants 2hJ(Nz-O) (Hz)
for CO2:azole complexes stabilized by Nz-H···O hydrogen bonds.

Azole Complex −∆E R(Nz-O) Olp→σ*Nz-H 2hJ(Nz-O) R(Nz-H) ∆ν(Nz-H)

pyrrole 1H-pyrr 10.1 3.175 8.7 2.1 1.006 −5.1
imidazole 1H-imid 11.2 3.152 10.1 2.2 1.007 −8.8

124-triazole 4H-124tri 12.9 3.112 12.3 2.6 1.008 −17.1
pentazole 1H-pent 17.6 2.988 22.7 4.6 1.014 −47.0

Table 5 also reports IR and NMR spectroscopic data for these complexes including the change in
the Nz-H stretching frequency upon complex formation and the two-bond NMR coupling constant
2hJ(Nz-O) across the hydrogen bond. For a typical X-H···Y hydrogen bond, there is a red shift, that is
a shift to lower energy of the X-H stretching frequency. The data of Table 5 show that this frequency
decreases in the CO2:azole complexes relative to the corresponding isolated azole. The red shifts range
from 5 to 47 cm−1 and increase as the number of nitrogen atoms in the ring and the Nz-H distance in
the complexes increase. The linear trend line that relates the Nz-H stretching frequency to the Nz-H
distance has a correlation coefficient of 0.996. The second spectroscopic property of interest is the NMR
coupling constant 2hJ(Nz-O) across the hydrogen bond. This coupling constant varies from 10.1 Hz in
1H-pyrr to 17.6 Hz in 1H-pent. The second-order trend line that relates 2hJ(Nz-O) to the Nz-O distance
has a correlation coefficient of 0.9997.
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Figure 8. Binding energies (solid symbols) and charge-transfer energies (open symbols) versus the
Nz-O distance.

As evident from Table 5, there are only four CO2:azole complexes that are stabilized by
hydrogen bonds. However, since there are ten different azoles, namely pyrrole, pyrazole, imidazole
and pentazole, and two tautomers each of 1,2,3-triazole, 1,2,4-triazole and tetrazole, which differ
in the position of the Nz-H bond, it would not be unreasonable to expect that there might be
10 hydrogen-bonded complexes. Why are there only four? Some insight into the answer to this question
comes from the structures of the complexes 1H-pyrr, 1H-imid and 4H-124tri. In these, Nz-H is bonded
to two C-H groups in the ring. Without an adjacent N atom with a lone pair of electrons available to
form a tetrel bond, only an essentially linear Nz-H···O hydrogen bond can form. In contrast, pentazole
does have N atoms with lone-pairs adjacent to Nz-H, and it does form one planar tetrel-bonded
complex. However, the basicity of the azoles decreases and the acidity increases as the number of N
atoms in the ring increases [52]. As a result, pentazole also forms a hydrogen-bonded complex with
CO2, and it is the most stable among these complexes.

4. Conclusions

Ab initio MP2/aug’-cc-pVTZ calculations have been performed to investigate complexes of
CO2 with the azoles pyrrole, pyrazole, imidazole, 1,2,3- and 1,2,4-triazole, tetrazole and pentazole.
The results of these calculations support the following statements.

1. Three types of complexes have been found on the potential surfaces. These include ten complexes
stabilized by tetrel bonds in which the azole molecule lies in the symmetry plane of the
complex and seven complexes also stabilized by tetrel bonds, but which have the azole molecule
perpendicular to the symmetry plane. In addition, there are four hydrogen-bonded complexes.

2. The ten complexes stabilized by tetrel bonds that have the azole molecule in the symmetry plane
of the complex have some common characteristics.

a. Those complexes that have an Ny-H group bonded to Nx are stabilized primarily by
Nx···C tetrel bonds and by a secondary interaction between Ny-H and O’, which assumes
increased importance as the number of N atoms in the ring increases.

b. The binding energies of the planar complexes do not correlate with the Nx-C distance,
but the primary charge-transfer energies do.
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c. The IR in-plane bending frequency of CO2 is most sensitive to complex formation.
The change in this frequency decreases as the number of N atoms increases. NMR spin-spin
coupling constants 1tJ(Nx-C), which are FC dominated, are less than 1 Hz, since there is
little s-electron density at C in the direction of the tetrel bond.

3. There are seven perpendicular tetrel-bonded complexes that arise when there are two adjacent N
atoms in the ring, and each has a lone pair of electrons.

a. The binding energies of perpendicular complexes decrease as the number of nitrogen atoms
in the ring decreases.

b. The IR bending mode of CO2 that moves the C atom toward and away from the Nx-Ny
bond is most sensitive to complex formation. The change in its frequency upon complex
formation decreases in the order triazole > tetrazole > pentazole.

c. The NMR coupling constants 1tJ(Nx-C) and 1tJ(Ny-C) are negligibly small since there is
a node at C in the complex symmetry plane.

4. The four hydrogen-bonded complexes involve pyrrole, imidazole, 1,2,4-triazole and pentazole.
Three of these form when the ring Nz-H is bonded to two C-H groups, thereby eliminating the
possibility of tetrel-bond formation. The fourth forms with pentazole, which is the strongest acid.

a. The binding energies of these complexes and their charge-transfer energies increase as the
number of N atoms in the ring increases.

b. Hydrogen bonding produces a red-shift of the IR Nz-H stretching band. The magnitude of
the red shift increases as the number of N atoms in the ring increases.

c. The NMR coupling constant 2hJ(Nz-O) across the hydrogen bond increases as the number
of nitrogen atoms in the ring increases.

Supplementary Materials: Structures, total energies and molecular graphs of CO2:azole complexes; bending and
stretching frequencies of CO2 in planar complexes; plots of stretching frequencies and coupling constants versus
distances and/or the number of N atoms in the ring.
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10. Sjöblom, B.; Polentarutti, M.; Djinović-Carugo, K. Structural Study of X-ray Induced Activation of Carbonic
Anhydrase. PNAS 2009, 106, 10609–10613. [CrossRef] [PubMed]

11. Avvaru, B.S.; Kim, C.U.; Sippel, K.H.; Gruner, S.M.; Agbandje-McKenna, M.; Silverman, D.N.; McKenna, R.
A Short, Strong Hydrogen Bond in the Active Site of Human Carbonic Anhydrase II. Biochemistry 2010, 49,
249–251. [CrossRef] [PubMed]

12. Alberti, G.; Bertini, I.; Luchinat, C.; Scozzafava, A. A New Class of Inhibitors Capable of Binding Both the
Acidic and Alkaline Forms of Carbonic Anhydrase. Biochim. Biophys. Acta Protein Struct. Mol. 1981, 668,
16–26. [CrossRef]

13. Ilies, M.; Banciu, M.D.; Ilies, M.A.; Scozzafava, A.; Caproiu, M.T.; Supuran, C.T. Carbonic Anhydrase
Activators: Design of High Affinity Isozymes I, II, and IV Activators, Incorporating Tri-/Tetrasubstituted-
Pyridinium-Azole Moieties. J. Med. Chem. 2002, 45, 504–510. [CrossRef] [PubMed]

14. Chen, D.; Oezguen, N.; Urvil, P.; Ferguson, C.; Dann, S.M.; Savidge, T.C. Regulation of Protein-Ligand
Binding Affinity by Hydrogen Bond Pairing. Sci. Adv. 2016, 2, e1501240. [CrossRef] [PubMed]

15. Schofield, K.; Grimmett, M.R.; Keene, B.R.T. The Azoles; Cambridge University Press: Cambridge, UK, 1976.
16. Mangani, S.; Liljas, A. Crystal Structure of the Complex Between Human Carbonic Anhydrase II and the

Aromatic Inhibitor 1,2,4-Triazole. J. Mol. Biol. 1993, 232, 9–14. [CrossRef] [PubMed]
17. Sumida, K.; Rogow, D.L.; Mason, J.A.; McDonald, T.M.; Bloch, E.D.; Herm, Z.R.; Bae, T.-H.; Long, J.R. Carbon

Dioxide Capture in Metal–Organic Frameworks. Chem. Rev. 2012, 112, 724–781. [CrossRef] [PubMed]
18. Saha, S.; Chandra, S.; Garai, B.; Banerjee, R. Carbon Dioxide Capture by Metal Organic Frameworks. Indian J.

Chem. 2012, 51A, 1223–1230.
19. Seth, S.; Savitha, G.; Moorthy, J.N. Carbon Dioxide Capture by a Metal–Organic Framework with

Nitrogen-Rich Channels Based on Rationally Designed Triazole-Functionalized Tetraacid Organic Linker.
Inorg. Chem. 2015, 54, 6829–6835. [CrossRef] [PubMed]

20. Li, P.-Z.; Wang, X.-J.; Liu, J.; Lim, J.S.; Zou, R.; Zhao, Y. A Triazole-Containing Metal–Organic Framework as
a Highly Effective and Substrate Size-Dependent Catalyst for CO2 Conversion. J. Am. Chem. Soc. 2016, 138,
2142–2145. [CrossRef] [PubMed]

21. Panda, T.; Pachfule, P.; Chen, Y.; Jiang, J.; Banerjee, R. Amino Functionalized Zeolitic Tetrazolate Framework
(Ztf) with High Capacity for Storage of Carbon Dioxide. Chem. Commun. 2011, 47, 2011–2013. [CrossRef]
[PubMed]

22. Du, N.; Park, H.B.; Robertson, G.P.; Dal-Cin, M.M.; Visser, T.; Scoles, L.; Guiver, M.D. Polymer Nanosieve
Membranes for CO2-Capture Applications. Nat. Mater. 2011, 10, 372–375. [CrossRef] [PubMed]

23. Kenarsari, S.D.; Yang, D.; Jiang, G.; Zhang, S.; Wang, J.; Russell, A.G.; Wei, Q.; Fan, M. Review of Recent
Advances in Carbon Dioxide Separation and Capture. RSC Adv. 2013, 3, 22739–22773. [CrossRef]

24. Alkorta, I.; Elguero, J.; Del Bene, J.E. Azines as Electron-Pair Donors to CO2 for N···C Tetrel Bonds. J. Phys.
Chem. A 2017, 121, 8017–8025. [CrossRef] [PubMed]

25. Vaidhyanathan, R.; Iremonger, S.S.; Shimizu, G.K.H.; Boyd, P.G.; Alavi, S.; Woo, T.K. Direct Observation
and Quantification of CO2 Binding within an Amine-Functionalized Nanoporous Solid. Science 2010, 330,
650–653. [CrossRef] [PubMed]

26. Liao, P.-Q.; Zhang, W.-X.; Zhang, J.-P.; Chen, X.-M. Efficient Purification of Ethene by an Ethane-Trapping
Metal-Organic Framework. Nat. Commun. 2015, 6, 8697. [CrossRef] [PubMed]

27. Liao, P.-Q.; Zhou, D.-D.; Zhu, A.-X.; Jiang, L.; Lin, R.-B.; Zhang, J.-P.; Chen, X.-M. Strong and Dynamic CO2

Sorption in a Flexible Porous Framework Possessing Guest Chelating Claws. J. Am. Chem. Soc. 2012, 134,
17380–17383. [CrossRef] [PubMed]

28. Theuergarten, E.; Schlosser, J.; Schluns, D.; Freytag, M.; Daniliuc, C.G.; Jones, P.G.; Tamm, M. Fixation of
Carbon Dioxide and Related Small Molecules by a Bifunctional Frustrated Pyrazolylborane Lewis Pair.
Dalton Trans. 2012, 41, 9101–9110. [CrossRef] [PubMed]

http://dx.doi.org/10.1006/jtbi.2002.2528
http://www.ncbi.nlm.nih.gov/pubmed/12069484
http://dx.doi.org/10.2174/1568016043477305
http://dx.doi.org/10.1074/jbc.M805353200
http://www.ncbi.nlm.nih.gov/pubmed/18768466
http://dx.doi.org/10.1073/pnas.0904184106
http://www.ncbi.nlm.nih.gov/pubmed/19520834
http://dx.doi.org/10.1021/bi902007b
http://www.ncbi.nlm.nih.gov/pubmed/20000378
http://dx.doi.org/10.1016/0005-2795(81)90144-6
http://dx.doi.org/10.1021/jm011031n
http://www.ncbi.nlm.nih.gov/pubmed/11784154
http://dx.doi.org/10.1126/sciadv.1501240
http://www.ncbi.nlm.nih.gov/pubmed/27051863
http://dx.doi.org/10.1006/jmbi.1993.1365
http://www.ncbi.nlm.nih.gov/pubmed/8331673
http://dx.doi.org/10.1021/cr2003272
http://www.ncbi.nlm.nih.gov/pubmed/22204561
http://dx.doi.org/10.1021/acs.inorgchem.5b00722
http://www.ncbi.nlm.nih.gov/pubmed/26146942
http://dx.doi.org/10.1021/jacs.5b13335
http://www.ncbi.nlm.nih.gov/pubmed/26847244
http://dx.doi.org/10.1039/C0CC04169F
http://www.ncbi.nlm.nih.gov/pubmed/21180716
http://dx.doi.org/10.1038/nmat2989
http://www.ncbi.nlm.nih.gov/pubmed/21460822
http://dx.doi.org/10.1039/c3ra43965h
http://dx.doi.org/10.1021/acs.jpca.7b08505
http://www.ncbi.nlm.nih.gov/pubmed/28945437
http://dx.doi.org/10.1126/science.1194237
http://www.ncbi.nlm.nih.gov/pubmed/21030651
http://dx.doi.org/10.1038/ncomms9697
http://www.ncbi.nlm.nih.gov/pubmed/26510376
http://dx.doi.org/10.1021/ja3073512
http://www.ncbi.nlm.nih.gov/pubmed/23039713
http://dx.doi.org/10.1039/c2dt30448a
http://www.ncbi.nlm.nih.gov/pubmed/22588317


Molecules 2018, 23, 906 14 of 14

29. Vogiatzis, K.D.; Mavrandonakis, A.; Klopper, W.; Froudakis, G.E. Ab Initio Study of the Interactions between
CO2 and N-Containing Organic Heterocycles. ChemPhysChem 2009, 10, 374–383. [CrossRef] [PubMed]

30. Prakash, M.; Mathivon, K.; Benoit, D.M.; Chambaud, G.; Hochlaf, M. Carbon Dioxide Interaction with
Isolated Imidazole or Attached on Gold Clusters and Surface: Competition between σ H-Bond and π-Stacking
Interaction. PCCP 2014, 16, 12503–12509. [CrossRef] [PubMed]

31. Hernández-Marín, E.; Lemus-Santana, A.A. Theoretical Study of the Formation of Complexes between CO2

and Nitrogen Heterocycles. J. Mex. Chem. Soc. 2015, 59, 36–42.
32. Vidal-Vidal, Á.; Faza, O.N.; Silva López, C. CO2 Complexes with Five-Membered Heterocycles: Structure,

Topology, and Spectroscopic Characterization. J. Phys. Chem. A 2017, 121, 9118–9130. [CrossRef] [PubMed]
33. Pople, J.A.; Binkley, J.S.; Seeger, R. Theoretical Models Incorporating Electron Correlation. Int. J. Quantum

Chem. Quantum Chem. Symp. 1976, 10, 1–19. [CrossRef]
34. Krishnan, R.; Pople, J.A. Approximate Fourth-Order Perturbation Theory of the Electron Correlation Energy.

Int. J. Quantum Chem. 1978, 14, 91–100. [CrossRef]
35. Bartlett, R.J.; Silver, D.M. Many−Body Perturbation Theory Applied to Electron Pair Correlation Energies. I.

Closed-Shell First Row Diatomic Hydrides. J. Chem. Phys. 1975, 62, 3258–3268. [CrossRef]
36. Bartlett, R.J.; Purvis, G.D. Many-Body Perturbation Theory, Coupled-Pair Many-Electron Theory, and the

Importance of Quadruple Excitations for the Correlation Problem. Int. J. Quantum Chem. 1978, 14, 561–581.
[CrossRef]

37. Del Bene, J.E. Proton Affinities of Ammonia, Water, and Hydrogen Fluoride and Their Anions: A Quest for
the Basis-Set Limit Using the Dunning Augmented Correlation-Consistent Basis Sets. J. Phys. Chem. 1993, 97,
107–110. [CrossRef]

38. Dunning, T.H. Gaussian Basis Sets for Use in Correlated Molecular Calculations. I. The Atoms Boron through
Neon and Hydrogen. J. Chem. Phys. 1989, 90, 1007–1023. [CrossRef]

39. Woon, D.E.; Dunning, T.H. Gaussian Basis Sets for Use in Correlated Molecular Calculations. V. Core-Valence
Basis Sets for Boron Through Neon. J. Chem. Phys. 1995, 103, 4572–4585. [CrossRef]

40. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.;
Mennucci, B.; Petersson, G.A.; et al. Gaussian09; revision D.01; Gaussian, Inc.: Wallingford, CT, USA, 2009.

41. Bader, R.F.W. A Quantum Theory of Molecular Structure and its Applications. Chem. Rev. 1991, 91, 893–928.
[CrossRef]

42. Bader, R.F.W. Atoms in Molecules: A Quantum Theory; Oxford University Press: Oxford, UK, 1990.
43. Popelier, P.L.A. Atoms in Molecules: An Introduction; Prentice Hall: Harlow, UK, 2000.
44. Matta, C.F.; Boyd, R.J. The Quantum Theory of Atoms in Molecules: From Solid State to DNA and Drug Design;

Wiley-VCH: Weinheim, Germany, 2007.
45. Keith, T.A. AIMAll; Version 17.11.14; TK Gristmill Software: Overland Park, KS, USA, 2017. Available online:

aim.tkgristmill.com (accessed on 1 March 2018).
46. Reed, A.E.; Curtiss, L.A.; Weinhold, F. Intermolecular Interactions from a Natural Bond Orbital, Donor–Acceptor

Viewpoint. Chem. Rev. 1988, 88, 899–926. [CrossRef]
47. Glendening, E.D.; Badenhoop, J.K.; Reed, A.E.; Carpenter, J.E.; Bohmann, J.A.; Morales, C.M.; Landis, C.R.;

Weinhold, F. NBO 6.0; University of Wisconsin: Madison, WI, USA, 2013.
48. Perera, S.A.; Nooijen, M.; Bartlett, R.J. Electron Correlation Effects on the Theoretical Calculation of Nuclear

Magnetic Resonance Spin-Spin Coupling Constants. J. Chem. Phys. 1996, 104, 3290–3305. [CrossRef]
49. Perera, S.A.; Sekino, H.; Bartlett, R.J. Coupled-Cluster Calculations of Indirect Nuclear Coupling Constants:

The Importance of Non-Fermi Contact Contributions. J. Chem. Phys. 1994, 101, 2186–2196. [CrossRef]
50. Schäfer, A.; Horn, H.; Ahlrichs, R. Fully Optimized Contracted Gaussian Basis Sets for Atoms Li to Kr.

J. Chem. Phys. 1992, 97, 2571–2577. [CrossRef]
51. Stanton, J.F.; Gauss, J.; Watts, J.D.; Nooijen, M.; Oliphant, N.; Perera, S.A.; Szalay, P.S.; Lauderdale, W.J.;

Gwaltney, S.R.; Beck, S.; et al. ACES II; University of Florida: Gainesville, FL, USA, 1991.
52. Catalan, J.; Elguero, J. Basicity and Acidity of Azoles. Adv. Heterocycl. Chem. 1987, 41, 187–274.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/cphc.200800583
http://www.ncbi.nlm.nih.gov/pubmed/19137564
http://dx.doi.org/10.1039/C4CP01292E
http://www.ncbi.nlm.nih.gov/pubmed/24833261
http://dx.doi.org/10.1021/acs.jpca.7b09394
http://www.ncbi.nlm.nih.gov/pubmed/29052989
http://dx.doi.org/10.1002/qua.560100802
http://dx.doi.org/10.1002/qua.560140109
http://dx.doi.org/10.1063/1.430878
http://dx.doi.org/10.1002/qua.560140504
http://dx.doi.org/10.1021/j100103a020
http://dx.doi.org/10.1063/1.456153
http://dx.doi.org/10.1063/1.470645
http://dx.doi.org/10.1021/cr00005a013
aim.tkgristmill.com
http://dx.doi.org/10.1021/cr00088a005
http://dx.doi.org/10.1063/1.471092
http://dx.doi.org/10.1063/1.467725
http://dx.doi.org/10.1063/1.463096
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Results and Discussion 
	Overview of the CO2:Azole Complexes 
	Planar Complexes Stabilized by Tetrel Bonds 
	Perpendicular Complexes Stabilized by Tetrel Bonds 
	Complexes Stabilized by Hydrogen Bonds 

	Conclusions 
	References

