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Abstract: The hydrogen bonded and van der Waals isomers of pyrrole···nitrogen and 
pyrrole···carbon monoxide have been studied using ab initio and density functional theory 
methods.  Complex geometries and total energies of the isomers have been determined at 
HF, MP2, B3LYP and B3PW91 levels of theory employing 6-31G* basis set.  For 
pyrrole···nitrogen complex, only two isomers have stable structure and the more stable one 
is found to be the hydrogen bonded isomer.  Among the five isomers of pyrrole···carbon 
monoxide complex, the hydrogen bonded isomer is found to be the most stable form.  The 
interaction energy for all these isomers have been calculated after eliminating the basis set 
superposition errors by using the full counterpoise correction method.  Chemical hardness, 
chemical potential have been calculated and are used to study the stability of the molecules. 

Keywords: ab initio, Density functional theory, Chemical hardness, Chemical potential, 
Pyrrole···nitrogen, Pyrrole···carbon monoxide, Maximum hardness principle. 

 

Introduction 
Generally, electromagnetic forces are of fundamental importance in chemistry and they are 

manifested in the formation of covalent bonds between atoms, which lead to the formation of 
molecules and non covalent bonds between molecules leading to the formation of intermolecular 
associates.  The former, named as covalent interactions are connected with the formation or decay of 
covalent bonds, and the later, van der Waals interactions with the formation or decay of van der Waals 
bonds.  The stabilization of bond energy accompanying the formation of a covalent bond comes from 
the overlap either between partially occupied orbitals or between the highest occupied molecular 
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orbital (HOMO) of an electron donor and the lowest unoccupied molecular orbital (LUMO) of an 
electron acceptor.  When a van der Waals bond is formed, the bonding orbitals of the interacting sub 
systems are completely occupied by electrons and all the antibonding orbitals are unoccupied.  
Interaction between completely occupied orbitals leads to destabilization of a molecule.  The 
stabilization energy originates from the interaction between permanent multipoles, between permanent 
multipole and an induced multipole, or between an instantaneous multipole and an induced multipole; 
the respective energy terms are called Coulombic, induction, and dispersion [1].   

Nitrogen and carbon monoxide molecules are isoelectronic and have electric quadrupole moment, 
the later molecule has an additional dipole moment, which is found to be very small.  The interaction 
sites in the aromatic ring for the nitrogen and carbon monoxide [2] have been intensively studied for 
the past few years.  The experimental studies on benzene…nitrogen [3] and benzene…carbon 
monoxide [4] indicate that the diatomic molecules bind with the benzene parallel above the center of 
the ring and is free to rotate around the six fold axis, CO molecule is tilted by 4.6o away from the 
parallel arrangement and has the carbon end nearer to the benzene plane.  Ab initio calculations have 
predicted that the benzene…nitrogen is stable and the barrier height is found to be minimum.  The 
studies on halogen substituted benzene nitrogen complexes have also confirmed that the nitrogen is 
present above the ring [5].  There are several studies on interaction of nitrogen with hydroxial group 
indicated that the ligand is bound quasi linear to the hydrogen of the polar solvent via a weak hydrogen 
bond [2,6-9].  Here, the dominant stabilization force will be the dipole-quadrupole interaction.  The 
carbon monoxide has two possibilities to attach to water from either end (ie) carbon end or oxygen end 
and these isomers have been observed in noble gas matrices [10], but the molecular beam experiment 
confirmed the OC…H2O isomer [2,6].  A few experimental studies have also confirmed the hydrogen 
bonded form for both the complexes. 

Generally, the measurement of the accurate dissociation energies provides the information about 
the van der Waals potential energy surfaces.  The [phenol.CO]+ have been studied using the zero 
kinetic energy spectroscopy (ZEKE) and mass analyzed threshold ionization (MATI) spectroscopy to 
investigate the interaction of the CO ligand with a hydrogen bonding [11].  Recently, the hydrogen 
bonded and van der Waals isomers of phenol…nitrogen and phenol…carbon monoxide in their neutral 
electronic (S0) and cation ground state (D0) for the several possible structures have been studied using 
HF/6-31G*, MP2/6-31G* and B3LYP/6-31G* levels of theory [2].  All levels of ab initio and DFT 
methods have predicted the hydrogen bonded isomer as stable one, which is in agreement with the 
experimental results.  It is due to the reduction in the dispersion interaction up on ionization.  Pyrrole is 
one of the important molecules in the five membered aromatic heterocycles.  Limited experimental 
studies have been reported for the structure of this molecule [12-14].  But at the same time there are 
few reports available on the vibrational spectroscopy of this molecule [14-17].  Experimental IR and 
Raman spectroscopy [18], quantum chemical and density functional theory [19] studies on vibrational 
spectroscopy for the pyrrole molecule have been reported.  Since the recent studies on 
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phenol…nitrogen and phenol…carbon monoxide gave some interesting results, which stimulate us to 
study the pyrrole…nitrogen and pyrrole…carbon monoxide molecules using the ab initio and DFT 
methods.  Moreover, we are very much interested to study the impact of nitrogen and carbon monoxide 
molecules on the five membered ring. 

 
Computational details 

All calculations have been carried out using Gaussian 94W program package [20] for 
pyrrole..nitrogen and pyrrole..carbon monoxide complexes.  The geometries of these two complexes 
and their isomers have been optimized at HF/6-31G* and MP2/6-31G* levels of ab initio method, 
B3LYP/6-31G* and B3PW91/6-31G* levels of theory of DFT method.  In DFT methods, Becke’s 
three parameter exact exchange-functional (B3) [21] combined with gradient-corrected correlational 
functional of Lee, Yang and Parr (LYP) [22] and Perdew and Wang (PW91) [23] were used 
implementing 6-31G* basis set.  The density functional theory parameters such as chemical hardness 

(η) and chemical potential (µ) for these complexes were calculated at HF/6-31G* and MP2/6-31G* 

levels of theory.   
The chemical potential [24] and chemical hardness [25] are defined as 
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where E is the total energy, v(r) is the external potential, and N is the number of electrons.  In a finite 
difference approximation, with the assumption that the energy varies quadratic with the number of 
electrons, these two quantities can be expressed with an orbital basis set as 
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where I is the ionization potential and A is the electron affinity of a system.  
One must be careful to treat the basis set superposition error (BSSE) problem, when measuring the 

interaction energy of the molecular complexes.  The description of internal monomer properties 
depends on the quality and location of the basis functions of the partner molecule(s).  Due to BSSE, 
the computed interaction energies become too high and the predicted potential energy surfaces are 
distorted [26].  To get the correct interaction energy, full counterpoise (CP) correction method of Boys 
and Bernardi [27], has been used by the following equation 

 
Eint(corr) = EAB(AB) - [EA(AB)+ EB(AB)] 

 
where EAB(AB) is the energy of the complex with the basis set of monomers A and B, EA(AB) is the 
energy of monomer A with the full dimer basis set by setting the appropriate nuclear charges to zero 
which is located at the same intermolecular configuration as in the complex, with similar to other.  
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Results and discussion 
PYRROLE···NITROGEN COMPLEX 
Geometries and energies 

There are number of structures possible for the pyrrole…nitrogen complex.  Of all the above, the 
only two structures are found to be reasonable in terms of energies.  Nitrogen molecule can interact 
with some molecules, but, the N2…H2O, benzene…nitrogen and phenol…nitrogen complexes are 
important, which are very close to the present complex, pyrrole…nitrogen.  The past studies on neutral 
N2…H2O complex have predicted that the hydrogen bond in the above complex is stronger than the 
benzene…nitrogen complex.  In the recent studies on phenol…nitrogen complex, many possible 
complex structures (ie) the nitrogen molecule is: above the ring, perpendicular to the ring, inside the 
ring, T-shaped isomer and hydrogen bonded isomers have been considered.  The HF, MP2 and B3LYP 
levels of theory with 6-31G* basis set have predicted that the hydrogen bonded isomer is found to be 
the global minimum among the above different isomers.  In the present study also, we have tried as 
many as pyrrole…nitrogen isomers, but it was found that the two isomers, which are shown in Fig. 1, 
are more reasonable. 

The geometrical parameters of these two isomers, calculated at HF/6-31G*, MP2/6-31G*, 
B3LYP/6-31G* and B3PW91/6-31G* levels of theory have been shown in Table 1 and the values are 
compared with the experimental values of isolated pyrrole molecule [28,29].  The MP2/6-31G* level 
of theory has predicted the geometrical parameters which are very close to the experimental 
microwave data.  The HF/6-31G* level of theory underestimates the N-C and C2-C3 bond lengths 
compared to the experimental values.  Further, it has been noticed that there is not much significant 
shortening or lengthening of bond lengths of pyrrole molecule while forming the complex molecule. 
However, the interaction of nitrogen molecule with pyrrole in the linear form, shortened the 
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Figure 1. Isomers of pyrrole…nitrogen complex  (a) hydrogen bonded, (b) T – shaped isomer. 
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C2-H7 bond length and the average decrease in the bond length at the above four levels of theory is 
0.013Å.  All the above theories have predicted an average decrease in the bond angle of N1C2H7 as 
5.2o.  This decrease in bond angle is due to the interaction of the hydrogen bonded nitrogen with the 
pyrrole molecule.  The hydrogen bond distance for this isomer at HF/6-31G*, MP2/6-31G*, B3LYP/6-
31G* and B3PW91/6-31G* levels of theory are 2.659, 2.379, 2.431 and 2.518 Å, respectively.  There 
is no appreciable change within the ring parameters.  In this isomer the nitrogen molecule is almost 
linear with the N1-H6 group of pyrrole. The interaction energy and relative energy for this molecule, 
calculated at HF/6-31G* MP2/6-31G*, B3LYP/6-31G* and B3PW91/6-31G* levels of theory are 
presented in Table 2. 

In the second isomer, the nitrogen molecule bridges two hydrogen atoms of the pyrrole molecule.  
For this isomer also, there is no change in the geometrical parameters of the atoms in the ring structure.   
The nitrogen molecule interacts almost equally with the two hydrogen atoms H8 and H9 of the pyrrole 
molecule.  The N11…H8 bond distance at HF/6-31G*, MP2/6-31G*, B3LYP/6-31G* and B3PW91/6-
31G* is 3.390, 2.857, 3.078 and 3.750 Å, respectively.  The bond distance of N12 and H9 atoms at the 
above levels of theory is 3.398, 2.844, 3.124 and 3.801Å.  The optimized geometrical parameters, total 
energy, relative energy, interaction energy, rotational constants, chemical hardness and chemical 
potential for this complex are shown in Table 1.  The first isomer which bound quasi linear to the NH 
group is found to be more stable.  The previous calculation at MP2/6-31G* level of theory has 
indicated that the neutral N2..H2O complex [30] is more strongly bound than benzene…nitrogen 
complex [31]. In the pyrrole...nitrogen complex, the calculated NNH angle is comparable with the 
calculated value of phenol…nitrogen[2]. 
 
 
Table 2. Relative energy orderings (in kcal/mol) (ERel)  and interaction energy (in kcal/mol) after 
BSSE (EInt) for the various isomers  of  the pyrrole…nitrogen and the pyrrole..CO complexes 
 

Isomer HF 
 ERel             EInt 

MP2 
 ERel             EInt 

B3LYP 
 ERel             EInt 

B3PW91 
 ERel             EInt  

Pyrrole…N2 
Linear 
T-Shaped 
Pyrrole…CO 
Hydrogen bonded 
C end first 
Above ring CO 
Above ring OC 
Hydrogen bonded 
O end first 
T-shaped 
 

 
  0.0 
  0.628 
 
 
  0.0 
+0.659 
+0.559 
 
+0.257 
+1.192 
 

 
-0.803 
-0.176 
 
 
-1.512 
-0.853 
-0.960 
 
-1.255 
-0.314 
 

 
  0.0 
  0.973 
 
 
  0.0 
+0.722 
+0.753 
 
+1.286 
+1.996 

 
-2.058 
-1.086 
 
 
-3.150 
-2.429 
-2.391 
 
-1.857 
-1.142 

 
  0.0 
  1.098 
 
 
  0.0 
+1.632 
+1.650 
 
+1.155 
+2.165 

 
-1.393 
-0.282 
 
 
-2.711 
-1.079 
-1.048 
 
-1.544 
-0.527 

 
  0.0 
  0.853 
 
 
  0.0 
+1.638 
+1.682 
 
+1.173 
+1.989 
 

 
-0.903 
-0.044 
 
 
-2.146 
-0.508 
-0.452 
 
-0.960 
-0.144 
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Interaction energies 
The counterpoise corrected interaction energies at HF/6-31G*, MP2/6-31G*, B3LYP/6-31G* and 

B3PW91/6-31G* levels of theory are given in Table 2.  The results show that the first isomer is more 
strongly bound than the second one.  For both the isomers, the interaction energy calculated at MP2/6-
31G* level of theory is much higher compared to all the other levels of theory.  The reason is that the 
B3 functional at B3LYP and B3PW91 levels does not account for dispersion forces.  The inclusion of 
dispersion forces in the MP2 level of theory gave a better estimate for the true interaction energy. 

 
Chemical hardness and chemical potential 

The development of well-defined exchange-correlational functionals has produced the results of 
molecular parameters, which are comparable in quality with experimental and ab initio results.  
According to the Maximum Hardness Principle (MHP), “there seems to be a rule of nature that 
molecules arrange themselves as hard as possible” [32].  Parr and Chattaraj [33] have proved this 

principle: The MHP is found to be valid even if the conditions of constant µ and v(r) are not satisfied.  

There is a great deal of qualitative evidence [32,34-41] and some semi quantitative evidence [42] 

supporting this principle.  Nath et al [43] have studied the dissociation reaction H3N…HF→H3N + HF 

and the proton transfer reaction (F-H…Cl)- →(f…H-Cl)- and found that the reactions are found to obey 

the maximum hardness principle.  Studies of chemical hardness and chemical potential on isomers and 
hardness profiles of hydrogen bonded systems [44] suggested that the extrema of the hardness profiles 
does not coincide well with the energy, but in some cases, the hardness profile follows the interaction 

path.  In the present study, the chemical hardness η and chemical potential µ are calculated for these 

two isomers at HF/6-31G* and MP2/6-31G* levels of theory and are shown in Table 1.  The higher 
chemical hardness value could not predict the energetically more stable isomer in both the levels of the 
theory. The same conclusion have been arrived for the number of cases of the hydrogen bonded 
systems. 

 
PYRROLE-CARBON MONOXIDE COMPLEX 
Geometries and energies 

Due to the non-equivalence of the atoms of carbon monoxide, there are more number of possible 
structures for the pyrrole...CO complex compared to pyrrole...nitrogen.  Moreover, carbon monoxide 
could bind more strongly than nitrogen due to its larger quadrupole moment [45] and additional small 
dipole moment (0.11 D). Two comparable isomers have also been observed for the H2O…CO complex 
in rare gas matrices, but only the “carbon in” isomer HOH…CO is observed in IR studies of neutral 
complexes in the gas phase [46]. The experimental and theoretical results of phenol…CO predict that 
the “carbon in” isomer is more stable where as “carbon out” phenol…OC structure occurs as a stable 
isomer with higher energy.  In the above study, many possible complex structures have been 
considered in which CO molecule is: above the ring, perpendicular to the ring, inside the ring, T-
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shaped isomer and hydrogen bonded isomer.  The HF, MP2, and B3LYP levels of theory with 6-31G* 
basis set have predicted that the hydrogen bonded ‘carbon in’ isomer is more stable and the hydrogen 
bonded ‘carbon out’ phenol…OC structure occurred as a stable isomer with higher energy.  In the 
present study we have studied as many as pyrrole…CO isomers and the more reasonable isomers are 
shown in Fig. 2. All the structures are analogous to those of phenol…CO complex and can be grouped 
into two sets as CO and OC.  Within each set there is a hydrogen-bonded isomer, a T-shaped isomer 
and an above ring isomer.  The optimized parameters of these isomers at HF, MP2, B3LYP and 
B3PW91 levels of theory with 6-31G* basis set are given in Table 3. For the hydrogen-bonded 
isomers, the carbon monoxide is bound quasi linear with the =NH group of the pyrrole molecule.  The 
carbon monoxide molecule formed as a T-shaped isomer is bound to the two hydrogen atoms of 
pyrrole in a trapezoidal arrangement.  In the above ring isomers, the molecule CO lie approximately 
parallel above the center of pyrrole ring.  The isomer bonding with carbon end first to the aromatic  
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Figure 2. Isomers of pyrrole...carbon monoxide complex (a) hydrogen bonded O end first, 
(b) hydrogen bonded C end first, (c) above ring OC, (d) T-shaped and (e) above ring CO. 
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ring is of particular interest, since CO binding to aromatic ring via the Π-system is quite common in 
organometallic compounds.  The most stable isomer for the pyrrole…CO complex at HF/6-31G*, 
MP2/6-31G*, B3LYP/6-31G* and B3PW91/6-31G* levels of theory is a hydrogen bonded structure 
with the carbon as the proton acceptor.  In van der Waals complexes the hydrogen bond is along the 
axis of lone electron pair [47] and there are lone pairs on both carbon and oxygen atoms in CO, the 
most favored bonding orientation is through the carbon, due to its greater nucleophilicity. In many 
inorganic and organometallic compounds, this is the way the CO ligand binds.  The other hydrogen 
bonded structure, with the oxygen as the proton acceptor is found to be the next most stable isomer and 
is found to be 0.257, 1.155 and 1.173 kcal/mol higher in energy at HF/6-31G*, B3LYP/6-31G* and 
B3PW91/6-31G* levels of theory, respectively.  But MP2/6-31G* level of theory predicts the next 
most stable isomer as on the ring isomer. Table 2 gives the relative energy ordering of the isomers 
calculated at HF/6-31G*, MP2/6-31G*, B3LYP/6-31G* and B3PW91/6-31G* levels of theory and 
they differ in the subsequent ordering of the other isomers. Despite the differences, MP2/6-31G*, 
B3LYP/6-31G* and B3PW91/6-31G* levels of theory predict the two above ring isomers to be almost 
isoenergetic.  The most obvious reason for the difference between MP2/6-31G* and the other two DFT 
methods with respect to the above ring isomer is that density functional theory does not properly treat 
the dispersion energy [48].  Dispersion energy will be the main interaction energy term for the above 
ring isomer, since there is very little dipole-dipole interaction. Accordingly, the MP2 values should be 
trusted more for the energy orderings than the DFT method values. 

 
Interaction energies 

The counterpoise corrected interaction energies for the pyrrole...CO isomers calculated at HF/6-
31G*, MP2/6-31G*, B3LYP/6-31G* and B3PW91/6-31G* levels of theory are shown in Table 2.  The 
isomer bonding carbon end first to the ring has more strongly bound than the other isomer in all the 
levels of theory.  All the levels of theory except MP2/6-31G*, the isomer bonding oxygen end first to the 
ring has lesser interaction energy compared to that with CO bonding carbon end first to the ring where as 
MP2/6-31G* predicts the next lesser interaction energy for the ring isomer.   All the levels of theory 
predict that the T-shaped isomer has the lowest interaction energy.  The similar result was observed both 
experimentally and theoretically for phenol...CO isomer also [2]. 
 
Chemical hardness and chemical potential 

The chemical hardness (η) and chemical potential (µ) are calculated at HF/6-31G* and MP2/6-

31G* levels of theory for the pyrrole…CO complex and are shown in Table 2. This study gives the 
same conclusion as that of pyrrole...nitrogen. The higher chemical hardness value could not predict the 
energetically more stable isomer in both the levels of theory. 
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Conclusion 
Two isomeric forms of pyrrole...nitrogen complex and the five isomeric forms of pyrrole...carbon 

monoxide complex have been studied using ab initio method at HF/6-31G*, MP2/6-31G* levels and at 
B3LYP/6-31G* and B3PW91/6-31G* levels of DFT method.  The geometrical parameters, total 
energy, interaction energy, dipole moment, rotational constants, chemical hardness and chemical 
potential have been determined. Between the two isomers of pyrrole...nitrogen complex, the hydrogen 
bonded isomer is found to be more stable one.  The same type of hydrogen bonded isomer with carbon 
end first is also found to be the most stable one among the five isomers of pyrrole...carbon monoxide.  
The higher chemical hardness value in both the complexes could not predict the energetically more 
stable isomer, concludes that the maximum hardness principle is not able to predict the most stable 
isomer for the hydrogen bonded complex. 
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