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Abstract. A  density  functional  theory  study  was  performed  to  ana-
lyze the formation of complexes between CO2 and different nitrogen 
heterocycles  such  as  imidazole,  2-methylimidazole,  benzimidazole, 
and pyrazine. Two orientations of CO2 were considered: in-plane and 
top-on with respect to the plane of the heterocyclic ring. The in-plane 
complexes are more stable than their top-on counterparts, most likely 
due to electrostatic and Lewis acid-base interactions. The strength of 
the intermolecular interactions in the top-on complexes can be related 
to a combination of dispersion, weak electrostatic, dipole-quadrupole 
and  quadrupole-quadrupole  interactions,  and  to  some  extent  to  the 
interactions where  some charge  transfer  from  the  ring  to CO2  is  in-
volved. With  respect  to a potential use as CO2 scrubbers,  imidazole 
and its derivatives appear to be better than pyrazine.
Keywords:  CO2 scrubbers,  DFT,  Dispersion  Corrections,  Imidazole 
Derivatives, Pyrazine.

Resumen. Se presenta un estudio basado en la teoría de funcionales 
de  la  densidad  que  analiza  la  formación  de  complejos  entre  CO2  y 
diferentes heterociclos de nitrógeno tales como imidazol, 2-metilimi-
dazol, benzimidazol y pirazina. Fueron consideradas dos orientacio-
nes del CO2 con respecto al plano anillo heterocíclico: en-el-plano y 
sobre-el-plano. Los complejos en-el-plano  son más estables que  sus 
contrapartes  sobre-el-plano,  debido  a  la  influencia  de  interacciones 
electrostática y de tipo ácido-base de Lewis. Las fuerzas de las inte-
racciones intermoleculares en los complejos sobre-el-plano se pueden 
relacionar con una combinación entre fuerzas de dispersión,  interac-
ciones electrostáticas débiles y otras como las de tipo dipolo-cuadru-
polo y cuadrupolo-cuadrupolo y hasta cierto punto con interacciones 
donde algo de carga se transfiere del anillo a la molécula de CO2. Con 
respecto a un uso potencial para la captura de CO2, el imidazol y sus 
derivados parecen ser mejores que la pirazina.
Palabras clave: Captura de CO2, TFD, correcciones con el  término 
de dispersión, derivados de imidazol, pirazina.

Introduction

According  to  the  United  States  Environmental  Protection 
Agency  (EPA),  carbon  dioxide  (CO2)  capture  and  sequestra-
tion could play an  important  role  in  reducing greenhouse gas 
emissions  [1].  Carbon  capture  and  sequestration  (CCS)  tech-
nologies  involve,  among  others,  the  compression  of  CO2,  its 
transportation  and  subsequent  underground  injection  for  per-
manent storage. Some technologies employed to remove CO2 
from  air  include  the  use  of  NaOH  and  KOH  [2],  while  the 
most developed technologies make use of aqueous solutions of 
alkalo-amines [3], where the regeneration of the amine requires 
a high energy input [2-4].

Current  alternative  technologies  for  CO2  capture  include 
the use of porous inorganic membranes (PIMs) [5], metal or-
ganic frameworks (MOFs) [6,7] and zeolitic imidazole frame-
works (ZIFs) [8] type materials.

Host  lattices of Hofmann clathrate  are known by  the  se-
lectivity  presented  toward  different  molecules,  as  well  as  for 
the  stereochemical preferences of  enclathrated molecules,  for 
example  in  Hofmann  clathrates.  This  feature  impelled  some 
theoretical studies on the nature of the host-guest interactions 
[9-11]. When aromatic dinitrogen ligands (pillar ligands) were 
used,  galleries  became  separated  channels  with  tunable  sizes 
and  functionality  [12,  13]. Thus,  forty  coordination polymers 
referred to as pillared cyanonickelates (PICNICs) [14] have been 
screened as CO2 sorbents. As a different approach to implement 
functionalization to the host lattice, we focused on the direct co- 

ordination of organic molecules to a T metal in the 2D grid. In 
this way,  some new materials with  formula TL2[Ni(CN)4]  (T 
= Ni2 + , Co2 + or Mn2 + ; L = Imidazole, Benzimidazole, 2-me-
thylimidazole,  Pyrazine,  etc.)  have  been  recently  synthesized 
and characterized in our group [15-17]. In those solids it was 
found that the L ligands are located in between quasi-parallel 
T[Ni(CN)4]  layers.  The  remarkable  feature  in  these  families 
is  the combination of  layers flexibility with  the  incorporation 
of  heteroatoms  in  organic  rings,  which  creates  very  different 
chemical  ambient  as  a  whole.  As  a  first  step  to  study  these 
families as carbon dioxide sorbents we consider worthwhile to 
explore, the feasibility of the formation of adducts between the 
above-mentioned heterocycles and CO2 from a theoretical point 
of view. Previous theoretical works have already studied com-
plexes with aminoacids  [18, 19], amines  [4,20], and aromatic 
compounds such as benzene [21, 23], pyrrole and pyridine [23] 
and other N-containing heterocycles [24]. DFT underestimates 
the interaction energies between CO2 and electron donor sys-
tems  [24]. However,  it  is possible  that  the use of  functionals 
such as M06-2X [25] which accounts for some dispersion; or 
the addition of dispersion corrections as the ones proposed by 
Grimme  et  al.  [26,27]  may  give  results  of  enough  quality  to 
begin drawing correlations. The performance of M06-2X and 
B3LYP + D3 in various instances has been assessed showing 
good results [28]. We are trying to find not only a good can-
didate for further tests in their capacity of CO2 adsorption, but 
also  find  some  of  the  physical  origins  of  the  terms  that  may 
contribute to the stabilization of the CO2 complexes.
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Computational Methods

The  density  functional  theory  (DFT)  approximation  [29]  as 
implemented in Gaussian 09 [30] was used for all the calcula-
tions. These were performed using the 6-311g + (d,p) basis set. 
Two functionals were employed: M06-2X [25] and B3LYP[31-
33]  including  Grimme’s  D3  dispersion  correction  [26].  For 
comparison, additional calculations at the MP2/6-311g + (d,p) 
level were also carried out. Full geometry optimizations with-
out symmetry constraints were carried out for all the stationary 
points. Harmonic  frequency analysis allowed us  to verify  the 
optimized minima. The local minima were identified when the 
number of imaginary frequencies is equal to zero.

The interaction energies were determined as the difference 
between the energy of the CO2∙Heterocyle complex and the en-
ergies of the individual CO2 and nitrogen heterocycle [34,35]:

  Eint = Ecomplex − (ECO2 + Eheterocycle)  (1)

The zero-point energy (ZPE) of each species was consid-
ered to calculate the respective ΔZPE. Additionally, to account 
for basis-set superposition error (BSSE), use was made of the 
counterpoise correction (CPC) [36] as implemented in Gauss-
ian. Fig. 1 contains  the schematic  representation of  the nitro-
gen heterocycles considered in this study, which are imidazole 
(Im), 2-methylimidazole (2-MeIm), benzimidazole (BzIm), and 
pyrazine (Pyz).

Two  initial  orientations were  considered. Fig.  2  shows a 
schematic  representation  with  imidazole  as  example.  One  of 
them featured an in-plane interaction between the CO2 and one 
nitrogen atom of the heterocyclic molecules (Fig. 2a). The other 
orientation contemplated a top-on interaction (Fig. 2b).

For all the complexes, a NBO [37] analysis was performed 
in order to calculate the resulting NBO charges of the CO2 and 
heterocyclic fragments to obtain a resulting charge transfer, Δq, 
from the heterocycle to CO2.

Results and Discussion

In  order  to  keep  a  systematic  presentation  of  the  results,  the 
in-plane complexes will be discussed first. The resulting opti-
mized geometries, calculated with  the M06-2X functional, of 
the  in-plane  complexes  of  CO2  with  imidazole,  1;  2-methyl-
imidazole, 2; benzimidazole, 3; and pyrazine, 4 are presented 
in Fig. 3.

The values of ΔZPE calculated for each of the in-plane 
complexes, the interaction energies, both the uncorrected, Eint, 
as  well  as  those  calculated  with  the  counterpoise  corrections 
with the addition of ΔZPE, Eint(CPC + ZPE), are presented in 
Table 1. The results for the MP2 calculations are presented in 
Table S1 of the Supplementary Material. Provided that in this 
particular study, the main interest falls on the determination of 
energetic trends, it can be seen that independently of the func-
tional or  level of  theory used (DFT or MP2),  the trend in the 
ordering for all  the Eint and Eint(CPC + ZPE) values does not 
change. Thus, the relationship between the calculated values of 
-Eint(negative of Eint), for the in-plane complexes is

  2-MeIm > BzIm ~ Im > Pyz i.e. 2 > 3~1 > 4

The M06-2X functional gave slightly more negative val-
ues  (smaller  than  2kJ/mol)  compared  to  those  obtained  with 
B3LYP + D3.  In addition,  the  interaction energies calculated 
at  the  MP2/6-311  +  g(d,p)  level  are  around  11  kJ/mol  less 
negative than their DFT counterparts (Table S1, Supplementary 
Information)  are.  It  can  be  seen  that  the  uncorrected  values 
for DFT and MP2 are very similar, but ΔZPE and BSSE are 

Fig. 1.  Heterocycles  considered  in  this  study:  (a)  Imidazole  (Im); 
(b) 2-methylimidazole (2-MeIm); (c) Benzimidazole (BzIm); and (d) 
Pyrazine (Pyz).

Fig. 2. Schematic  representation of  the  two different orientations of 
CO2 considered for the in-plane (a), and top-on (b) complexes.

Fig. 3. M06-2X optimized geometries of  the  in-plane  complexes of 
CO2 with imidazole, 1; 2-methylimidazole, 2; benzimidazole, 3; and 
pyrazine, 4.
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larger  for  MP2.  The  strongest  and  weakest  interaction  ener-
gies  take  place  with  the  2-methylimidazole  (2)  and  pyrazine 
(4) complexes, respectively. The Eint values for the complexes 
with benzimidazole (3) and imidazole (1) are calculated to be 
very similar.

Table 2 contains some geometrical parameters of the com-
plexes such as the O-C-O angle in CO2, the distance between 
one nitrogen atom in the heterocyle and the carbon atom of the 
CO2  molecule  (N3-CCO2  distance),  and  the  shortest  distance 
between an H atom in the heterocycle and the oxygen of OCO2 
(H-OCO2 distance). The results in Table 2 indicate that the O-
C-O  angle  of  the  CO2  molecule  for  the  in-plane  complexes, 
experiences a change from 180° in the isolated molecule to an 
average of 176.1° ± 0.5°. As one way to assess the occurrence 
of  Lewis  acid-base  interactions  for  the  in-plane  complexes, 
the respective calculated NBO charge transfers (Δq) from the 
heterocycle ring to CO2 are also presented in Table 2. Table S2 
in the Supplementary Material contains the geometrical data for 
the MP2 calculations, it can be seen that the same trend as for 
the DFT calculations holds. Since the values of Eint for MP2 are 
less negative, consequently the distances are slightly longer.

In  addition,  to  discuss  the  influence  of  the  electrostatic 
interactions  in  the  distortion  of  the  C-O-C  angle  and  on  the 
values of Eint, Table 3 shows the electrostatic surface potential 
(ESP)  charges  calculated  on  the  isolated  heterocycles  at  the 
N3  site,  and at  the H atom  that  appears  closer  to CO2  in  the 
complexes. The electrostatic potential maps for all the nitrogen 
heterocycles considered here are presented in Fig. 4. Following 
an order from the most negative (or positive, for H) to the least 
negative (or positive) the trend in the ESP charges is:

  N3: BzIm > 2-MeIm > Im > Pyz 
  H: 2-MeIm > Im > BzIm > Pyz

Table  2  indicates  that  the  largest  C-O-C  distortion  oc-
curs  with  the  2-MeIm  (2)  complex  (angle  of  175.5°)  which 
also corresponds to the largest value of charge transfer (Δq = 
−0.00981e) from the heterocycle to CO2.  This  complex  also 
has  the  shortest  N3-CCO2  distance  among  all  the  complexes 
although  the ESP charge on N3  is  the  second most negative. 
However, the H charge is the largest positive (Table 3). Conse-
quently, the H-OCO2 distance is the shortest. As shown in Table 
1, the complex with 2-methylimidazole has also the strongest 
interactions, i.e. the largest Eint (in absolute value). In the case 
of  the  complexes  with  pyrazine  (4)  and  imidazole  (1),  Table 
1 shows that the weakest interactions occur with the pyrazine 
complex, followed by imidazole. In this case, while their cal-
culated Δq values are both around −0.0091e, the C-O-C angle 
for the pyrazine complex is the least distorted (176.7°). Their 
N3-CCO2  distances  are  very  similar  (average  of  2.71  ±  0.01 
Å)  although  the  charge  on  N3  in  imidazole  is  slightly  more 
negative,  thus  favoring a  stronger electrostatic  interaction  for 
the Im complex compared to the pyrazine one. Moreover, the 
positive  charge  on  H  for  imidazole  is  the  larger  of  the  two, 
influencing  the H-OCO2 distance and  the electrostatic  interac-
tions. Finally, the calculated Δq for the BzIm complex, 3,  is 
slightly the smallest of all (−0.00876e), while its C-O-C angle 
(176.1°) is comparable to that in the complex 1 with imidazole. 
Comparing the results in Table 3, the charges on H are almost 

Fig. 4. Electrostatic surface potential map of the four nitrogen hetero-
cycles under study. Red color corresponds to negative charge and the 
blue color corresponds to positive charge.

Table 2. Representative atomic distances and angles between atoms, 
as well as the calculated Δq NBO charge transfers for the optimized 
in-plane complexes presented in Fig. 3.

2-MeIm (2) BzIm (3) Im (1) Pyz (4)
N3-CCO2 (Å) 2.68 2.69 2.72 2.70
H-OCO2 (Å) 2.63 2.81 2.67 2.97

O-C-O 175.5° 176.1° 176.0° 176.7°
Δq (e) −0.00981 −0.00876 −0.00910 −0.00907

aA negative Δq indicates that the charge transfer occurs from the 
heterocycle ring to CO2.

Table 1. Calculated uncorrected interaction energies (Eint), ΔZPE, and interaction energy with the counterpoise correction plus ΔZPE, Eint(CPC 
+ ZPE), with the M06-2X and B3LYP + D3 functionals (kJ/mol) for the in-plane complexes under study.

B3LYP + D3 M06-2X
Complex Eint ΔZPE Eint (CPC + ZPE) Eint ΔZPE Eint(CPC + ZPE)

2-MeIm (2) −22.95 2.54 −20.69 −25.18 2.99 −22.13
BzIm (3) −21.05 2.06 −18.91 −23.15 2.23 −20.63

Im (1) −20.43 2.38 −18.22 −23.08 2.92 −20.10
Pyz (4) −18.74 1.87 −16.53 −20.49 2.38 −17.46

Table 3. Calculated ESP charges for the nitrogen heterocycles under 
study for selected atoms.

Heterocycle N3 H
Benzimidazole (BzIm) −0.699 0.097
2-methylimidazole (2-MeIm) −0.620 0.174
Imidazole (Im) −0.518 0.107
Pyrazine (Pyz) −0.435 0.081
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of  comparable magnitude, but  the  smaller positive  charge on 
BzIm also correlates with a larger H-OCO2 distance (Table 2). 
However,  a  larger  negative  charge  on  N3  for  benzimidazole 
leads  to  a  shorter  N3-CCO2  distance,  and  consequently  to  a 
stronger  interaction as seen  in Table 1. The discussion above 
suggests a greater influence of the electrostatic interactions in 
the distortion of the C-O-C angle for the in-plane complexes, 
as well  in  their  interaction energies. Arnold et al.  [38] estab-
lished  during  their  studies  on  the  anions  X−CO2

  (X  =  I,  Cl, 
Br)  that  distortion  can  come  about  mainly  from  electrostatic 
effects  from  the  attractive  X−/C  and  repulsive  X−/O  interac-
tions  but  that  charge  transfer  does  occur  as  well  and  plays  a 
role in the anion geometry. In the complexes under study, both 
interactions N3/C and H/O are attractive. It has also been stated 
that  the  interaction  of  CO2  with  electron  donors  that  causes 
the  population  of  the  LUMO  will  also  cause  a  distortion  of 
CO2 from linearity [39,40]. Additionally, Freund and Roberts 
argued  [40],  on  the  basis  of  the  Walsh  diagram of  CO2,  that 
the occupation of the 2πu-6a1 molecular orbital is important in 
determining the bond angle because this orbital is the one for 
which the bent molecule is strongly favored. The orbital 2πu 
corresponds to the LUMO of linear CO2 in the Walsh diagram. 
This diagram is included as Fig. S1 in the Supplementary Mate-
rial. Thus, while the electrostatic interactions play an important 
role in the bending of CO2 for the in-plane complexes, it could 
also  be  expected  that  the  charge  transferred  from  the  ring  to 
CO2 would occupy the corresponding LUMO of CO2 and con-
tributing to the electronic stabilization of the complex. Further, 
the charge transfer could be connected to Lewis acid-base inter- 
actions.

Moving on now to the discussion of the top-on complexes, 
some  new  materials  with  formula  TL2[Ni(CN)4]  (T  =  Ni2+, 
Co2+  or  Mn2+  ;  L  =  Im,  BzIm,  2-MeIm,  Pyz)  have  been 
recently  synthesized  and  characterized  [15-17],  as mentioned 
in  the  Introduction.  In  those  solids,  the L  ligands are  located 
in  between  quasi-parallel  T[Ni(CN)4]  layers.  Moreover,  the 
coordination of the ligand to the T2 + metal is via the lone pair 
of  the  nitrogen  atom  of  the  heterocycles.  Considering  these 
new  materials,  where  the  adjacent  layers  would  obstruct  any 
CO2∙N  in-plane  interaction,  it  is  worthwhile  to  describe  the 
top-on complexes.

Fig.  5  shows  the  optimized  geometries  calculated  with 
the M06-2X functional of the complexes formed between CO2 
and  imidazole,  1t;  2-methylimidazole,  2t;  benzimidazole,  3t; 
and pyrazine, 4t.

Table 4 shows the values of ΔZPE calculated for the top-on 
complexes, the interaction energies; both the uncorrected, Eint, 
as  well  as  those  calculated  with  the  counterpoise  corrections 
with the addition of ΔZPE, Eint (CPC + ZPE).

Here, the corrected values for the M06-2X functional gave 
more negative values of around only 1 kJ/mol with respect to 
the  corresponding B3LYP + D3  results. Moreover,  the  inter-
action energies calculated at the MP2/6-311 + g(d,p) level are 
around 9 kJ/mol less negative than their DFT counterparts are. 
The  results  for  the  MP2  calculations  are  presented  in  Table 
S3  of  the  Supplementary  Material.  In  line  with  the  observa-
tions  of  Vogiatzis  et al.  [24],  while  the  in-plane  complexes 
are  more  stable,  both  arrangements  are,  in  principle,  favored 
(i.e.  the  Eint  is  negative  in  all  DFT  results).  A  point  to  note 
appears upon examination of the corrected results for the MP2 
calculations,  which  indicate  a  very  small  positive  value  for 
the  complexes  with  pyrazine  and  imidazole.  Taking  into  ac-
count that this study is concerned in the drawing of energetic 
trends, more demanding and accurate calculations are set as an 
outlook.  Nevertheless,  once  more  the  trend  in  the  calculated 
values does not change,  independently of  the  functional/level 
of theory used. The tendency of the calculated negative of Eint 
is in all cases

Fig. 5. M06-2X  optimized  geometries  of  the  top-on  complexes  of 
CO2  and  imidazole,  1t;  2-methylimidazole,  2t;  benzimidazole,  3t; 
and pyrazine, 4t.

Table 4. Calculated interaction energies (Eint), ΔZPE, and counterpoised corrected complexation energy plus the ΔZPE correction, Eint(CPC + 
ZPE) in kJ/mol with the M06-2X and B3LYP + D3 functionals for the top-on complexes under study.

B3LYP + D3 M06-2X
Complex Eint ΔZPE Eint (CPC + ZPE) Eint ΔZPE Eint (CPC + ZPE)

BzIm (3t) −15.74 0.90 −14.17 −19.37 2.08 −15.25
Im (1t) −14.64 2.09 −11.34 −18.02 3.17 −12.87
2-MeIm (2t) −11.37 1.64 −8.62 −13.76 3.53 −8.70
Pyz (4t) −9.79 1.30 −7.19 −10.75 1.71 −7.33
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  BzIm > Im >2-MeIm > Pyz i.e. 3t > 1t > 2t > 4t

Comparison of these values with those in Table 1, it can be 
seen that the interactions between the heterocycles and CO2 are 
weaker than those taking place within the in-plane complexes.

Table  5  shows  some  geometrical  parameters  of  the  top-
on  complexes  such  as  the  O-C-O  angle  in  CO2,  the  distance 
between CO2 and some selected atoms of the heterocyle, and 
the distance “d” defined as the distance between the plane of 
the heterocyclic ring and CCO2. The corresponding results for 
the MP2 calculations are presented in Table S4.

The O-C-O angle in all the top-on structures reveal a small-
er deviation from linearity with respect to the in-plane species. 
In addition, the calculated Δq is around one third smaller with 
respect  to  the  values  for  the  in-plane  complexes.  The  com-
plexes with imidazole and its derivatives (1t, 2t, and 3t) have 
all almost the same O-C-O angle of around 178.55 ± 0.05°. For 
the pyrazine complex, 4t,  the deviation from linearity  is very 
small (angle of 179.7°).

For the top-on species, the orientation of CO2 rules out the 
type of Lewis acid-base/electrostatic interactions as described 
for  the  in-plane  complexes.  Proposing  that  the  electrostatic 
interactions play a role for determining the distances between 
CO2 and the aromatic rings, it can be seen in Table 5 how in 
general  the distances are  larger,  thus decreasing the contribu-
tion  of  electrostatic  interactions.  Further,  the  distances  d  for 
imidazole  and  its  derivatives  are  almost  identical  since  they 

range from 2.93 Å for benzimidazole  to 2.96 Å for 2-methy-
limidazole (Table 5). However, their interactions energies are 
not very similar (Table 5). Only in the case of the pyrazine com-
plex,  the  largest d  (3.09 Å) corresponds  to  the  least negative 
value of Eint. The DFT values of around −7 kJ/mol resembles 
that reported by Deshmukh et al. [41]. They calculated, at the 
cc-pVTZ/M06-2X level, a binding energy of −1.99kcal/mol 
for  CO2  interacting  with  a  pyrazine  ring  of  one  model  with 
formula  [Fe(CN4)2(Pyz)3].  Other  weak  interactions  aside  the 
electrostatic  interactions  associated  with  the  interatomic  dis-
tances should be taken into account. A point worth of notice is 
the fact that when the D3 correction was not used in combina-
tion with the B3LYP functional, the geometry optimization of 
the top-on configuration was not achieved in any way because 
in all cases the optimized geometries converged to an in-plane 
configuration.  This  points  out  towards  the  importance  of  the 
van der Waals interactions in the formation of the top-on com-
plexes.  Thus,  the  weaker  van  der  Waals  forces,  along  with 
the  also  weak  dipole-quadrupole,  and  quadrupole-quadrupole 
interactions (discussed below) and the weaker electrostatic in-
teractions  could  now  be  considered  as  the  main  contributing 
features in the formation of the top-on complexes. Accordingly, 
the  top-on  adducts  are  less  stable  than  the  in-plane  species. 
For the case of pyrazine, any dipole (heterocycle)-quadrupole 
(CO2) interaction, is ruled out and only the quadrupole-quadru-
pole interactions can be considered. In fact, as it was mentioned 
before, the interaction energy for the pyrazine complex is the 
weakest  amid  all  the  top-on  complexes.  To  assess  the  rela-
tionship between dipole moments and interaction energies, the 
dipole and quadrupole tensor moments of the isolated nitrogen 
heterocycles are listed in Table 6.

For the polar heterocycles, a direct correlation between the 
dipole moment of the heterocycle and Eint cannot be drawn be-
cause the largest absolute value of Eint is calculated for the com-
plex with benzimidazole, which possesses the smallest dipole 
moment (Table 6). One additional interaction to be considered 
could be  the weak charge donation from the aromatic ring  to 
CO2, as it has been stated that the π-π interaction includes such 
type  of  charge  transfer  [23].  Nevertheless,  by  comparing  the 
trends in the energies of interaction (Table 4) with the values 
of Δq (Table 5), it is clear once again that any direct correlation 
can not be established. The largest absolute value of Eint is cal-
culated for the complex with benzimidazole, which possesses 
the smallest dipole moment and the smallest Δq. However, 
the distance d  is  the shortest  (2.93 Å, Table 5). Additionally, 
the quadrupole moment tensor of benzimidazole is the largest 
among  the  aromatic  rings.  Thus,  the  interaction  of  the  CO2 

Table 5. Representative  interatomic distances  (Å)  for  the optimized 
top-on complexes presented in Fig. 5, as well as distance da and the 
calculated NBO charge transfers Δq.b

Parameter 2-MeIm (2t) BzIm (3t) Im (1t) Pyz (4t)
N1- CCO2 3.02 3.81 3.68 3.50
N3- CCO2 3.76 3.03 3.04 3.58 (N4)
C4- CCO2 3.09 3.39 3.04 3.16 (C2)
C5- CCO2 3.54 4.14

3.03 (C9)
3.55 (C8)

3.47 3.83

d 2.95 2.93 2.96 3.09
O-C-O 178.6 178.5 178.6 179.7

Δq −0.0043 −0.0018 −0.0052 −0.0028
ad is defined as the distance between the plane of the heterocyclic 
ring and the carbon atom from CO2. bA negative Δq indicates that 
the calculated NBO charge transfer occurs from the heterocycle ring 
to CO2.

Table 6. M06-2X calculated dipole moments and quadrupole moment  tensor components of  the nitrogen 
heterocycles.
Heterocycle Dipole D Quadrupole components (XX,YY,ZZ) D Å
Imidazole (Im) 3.8588 −22.8688, −29.7629, −32.4742
2-methylimidazole (2-MeIm) 3.7174 −30.7231, −34.6181, −38.7007
Benzimidazole (BzIm) 3.5699 −43.3292, −48.1443, −56.9231
Pyrazine (Pyz) 0 −26.7018, −41.7612, −36.4847
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quadrupole with  the heterocycle quadrupole  is not negligible. 
Next, the second largest Eint corresponds to 1t, with a slightly 
larger d = 2.96 Å, but imidazole has the largest dipole moment, 
as well as the largest Δq, albeit the weakest quadrupole ten-
sor  components. Finally,  the negative value of  the calculated 
Eint for complex 2t with d = 2.95 Å is the smallest among all 
the  imidazole-based  complexes.  In  this  case,  2-methylimid-
azole possesses a weaker dipole moment and a smaller Δq, 
although a slightly larger quadrupole tensor components, than 
imidazole. Therefore,  it  is clear  that  in  the case of  the top-on 
complexes, where the electrostatic interactions are weak,  it  is 
possible to outline some relations between the combination of 
electrostatic,  dipole  moment,  quadrupole  tensor  components 
and Δq values.

Conclusion

According to the calculations presented here, for a given het-
erocycle  under  study,  the  in-plane  orientation  is  more  stable 
than  the  top-on one.  In  the first case,  the contributions  to  the 
stabilization can be interpreted in terms of mainly electrostatic 
interactions  plus  Lewis  acid-base  interactions.  The  latter  are 
related to the charge transfer Δq from the heterocycle ring to 
CO2. For the weaker top-on interactions, the use of a dispersion 
correction term, in this case Grimme’s D3, added to the B3LYP 
functional proved essential to optimize the top-on complexes, 
highlighting the importance of the van der Waals interactions 
for the stabilization of those species. A high quadrupole tensor 
moment of the ring contributes significantly to the interaction 
energy  when  the  complex  is  formed  with  an  apolar  species. 
In general,  a  combination of  electrostatic,  dipole-quadrupole, 
quadrupole-quadrupole and charge transfer interactions can be 
used  to  outline  the  trends  in  the  interaction  energies  for  the 
top-on complexes. In this study it was found that the in-plane 
and  top-on  complexes  with  pyrazine  have  the  least  favored 
energies  of  interaction  compared  with  imidazole  and  its  de-
rivatives. With respect to a potential use as CO2 scrubbers, the 
materials  containing  imidazole  and  its  derivatives  are  much 
better  candidates  for  further  experimental  studies  than  those 
made with pyrazine.

Supplementary Material

Walsh  diagram  for  CO2;  Tables  with  the  calculated  Eint  and 
selected geometrical  parameters  for  the MP2 calculations  for 
the  in-plane and  top-on species; and Cartesian coordinates of 
the in-plane and top-on geometries optimized with M06-2X.
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