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Abstract

The hydrogen bonding interaction of formamide–nitrosyl hydride complex has been investigated using density functional theory
(DFT) and ab initio method. The natural bond orbital (NBO) analysis and atom in molecules (AIM) theory were applied to understand
the nature of the interaction. Two stable geometries are found on the potential energy surface, a six-membered cyclic structure of com-
plex A and a seven-membered cyclic structure of complex B, characterized by AIM analysis. Complex A is less stable than complex B. It
is confirmed that there are contractions of CAH (compared with the monomer HCONH2), NAH bonds (compared with the monomer
HNO) and the corresponding stretching vibrational frequencies are blue-shifted, while there is an elongation of the NAH bond and the
corresponding stretching vibrational frequency is red-shifted, relative to those of the monomer HCONH2. From NBO analysis, it is evi-
dent that the electron densities in the r* (CAH) and r*(NAH) of the complex A are less than those of the monomers HCONH2 and
HNO, which strengthen CAH and NAH bonds. Furthermore, the increases in s-characters of X also strengthen XAH bonds.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The amide functional group is important because the
amide peptide bond is the basic linkage in peptides and
proteins. The geometric constraints of the amide bond,
such as the nearly planar structure around the CAN bond
caused by its partial double bond character, define the con-
formational freedom of motion for many small molecules
as well as for peptides and proteins. The study of van der
Waals and hydrogen bonding interaction is significant to
understand the structures of biological macromolecules,
such as proteins and polynucleic acids. Formamide is the
simplest molecule that contains a peptide linkage built by
the carbonyl and amino groups. In the recent years, the
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hydrogen bonding interactions of formamide with small
molecules have attracted much attention [1–8]. Zhou
et al. investigated formamide–water and formamide–form-
amide dimers in the gas and solution using the density
functional theory employing different basis sets [9,10].
Recently, Bende et al. have investigated the basis set suppo-
sition error (BSSE)-corrected geometrical structures, inter-
action energies and vibrational frequencies of those dimers,
which agree satisfactorily with the experimental data [11].
However, most of these studies were devoted to the hydro-
gen bonding interactions of formamide and some stable
molecules. The number of studies on those of formamide
and radicals is much limited [12]. The hydrogen bonding
interactions of stable molecules and radical, or radical
and radical systems have been paid much attention due
to its importance in the atmospheric and biological chem-
istry in recent years [13–18]. To the best of our knowledge,
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Table 1
Optimized bond lengths (Å), bond angles (�) and interaction energies
(kcal/mol) of the complexes A and B with different standard optimizations
at B3LYP, MP2 levels and CP-corrected optimization at B3LYP level in
conjunction with 6-311++G(3df,3pd) basis set

B3LYP MP2 B3LYPCP

Complex A r(C1AH2) 1.1 1.0968 1.1002
r(C1AO3) 1.2161 1.2202 1.2159
r(C1AN4) 1.3506 1.3511 1.3506
r(N4AH5) 1.0073 1.0058 1.0072
r(N4AH6) 1.0045 1.003 1.0045
r(N8AH7) 1.0535 1.0442 1.0537
r(N8AO9) 1.2052 1.2246 1.2049
r(H2� � �O9) 2.7898 2.6508 2.8152
r(H7� � �O3) 2.0774 2.0671 2.0921
\H2C1N4 113.46 113.60 113.43
\H5N4C1 119.68 119.44 119.67
\O3C1N4 124.31 124.09 124.32
\H6N4C1 121.13 120.92 121.13
\H7N8O9 107.59 106.42 107.66
DE �3.42 �4.62 �3.19

Complex B r(C1AH2) 1.1009 1.0974 1.1012
r(C1AO3) 1.2192 1.2226 1.2189
r(C1AN4) 1.3453 1.3464 1.3456
r(N4AH5) 1.0153 1.0126 1.015
r(N4AH6) 1.0045 1.0031 1.0046
r(N8AH7) 1.0557 1.0464 1.0558
r(N8AO9) 1.2075 1.2256 1.207
r(H5� � �O9) 2.0804 2.0532 2.1028
r(H7� � �O3) 2.0053 2.0003 2.0135
\H2C1N4 113.60 113.57 113.52
\O3C1N4 124.73 124.53 124.81
\H5N4C1 119.13 118.96 119.24
\H6N4C1 120.81 120.54 120.77
\H7N8O9 107.96 107.00 107.97
DE �5.27 �6.61 �4.90
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there are no experimental and theoretical reports on the
hydrogen bond formation between HCONH2 and HNO.
It has motivated the theoretical prediction of the
HCONH2� � �HNO complex for the further experimental
studies.

This work focuses on the hydrogen bonding interaction
of HCONH2� � �HNO complex. The optimized geometries,
interaction energies and vibrational frequencies of this sys-
tem were calculated by standard and counterpoise (CP)
correction methods using density functional theory and
ab initio method. AIM and NBO analyses were carried
out to provide more information on the complex. It theo-
retically provided information on the hydrogen bonding
interaction of HCONH2� � �HNO complex and explained
the blue- and red-shifts of NAH, CAH stretching vibra-
tional frequencies.

2. Computational methods

Geometrical structures, vibrational frequencies and
interaction energies of this system were determined at sec-
ond-order Møller-Plesset perturbation (MP2) and Becke’s
three parameter hybrid functional in conjunction with
Lee, Yang, and Parr’s correlation functional (B3LYP) lev-
els employing 6-311++G(3df,3pd) basis set. The effect of
the CP method, which was performed at B3LYP/6-
311++G (3df,3pd) level, to the BSSE in the calculations
of geometrical optimizations, vibrational frequencies and
interaction energies has been taken into account [19]. Such
a procedure often gives more reliable results than those
obtained by the standard procedure, comparing with the
experimental data [11,20–24]. G3B3 method was also
applied to estimate the interaction energies of the
complexes.

Both AIM and NBO analyses were performed at
B3LYP/6-311++G (3df,3pd) level. AIM theory of Bader
was used to analyze the bonding characteristics, which is
based on a topological analysis of q and ,2q [25]. Accord-
ing to the topological analysis of electron density in the the-
ory of AIM, q is used to describe the strength of a bond.
The ,2q describes the characteristic of the bond. Where
,2q < 0, it is named as the covalent bond, as ,2q > 0, it
is referred to a closed-shell interaction and is characteristic
of the ionic bond, hydrogen bond or van der Waals inter-
action. Here, ,2q = k1 + k2 + k3, ki is an eigenvalue of the
Hessian matrix of q. When one of the three ki is positive
and the other two are negative, we denote it by (3,�1)
and call it the bond critical point (BCP). When one of
the three ki is negative and the other two are positive, we
denote it by (3, +1) and call it the ring critical point
(RCP), which indicates that a ring structure exists. There
are a set of criteria for q and ,2q proposed at BCPs for
the hydrogen bonds [26]. However, the criteria proposed
are exceeded by those of the reported hydrogen bonding
interactions [12,27]. Then, the analysis went further with
parameters obtained by means of NBO theory of Weihn-
hold and co-workers at B3LYP/6-311++G (3df,3pd) level
[28]. All calculations were carried out using the Gaussian03
package [29].

3. Results and discussion

3.1. Geometries, frequencies and energies

Geometrical characteristics of complexes A and B were
summarized in Table 1. Table 2 listed bond length varia-
tions and vibrational frequency shifts in contrast to mono-
mers. The optimized structures of the complexes were
depicted in Fig. 1.

Complex A has a cyclic configuration. The r(H2� � �O9)
and r(H7� � �O3) are 2.7898 and 2.0774 (B3LYP), 2.6508
and 2.0671 (MP2), 2.8152 and 2.0921 Å (B3LYP-CP-cor-
rected). The CP-corrected r(H� � �X) are a little longer than
the uncorrected ones. Complex B also has a cyclic configu-
ration. The r(H7� � �O3) and r(H5� � �O9) are 2.0053 and
2.0804 (B3LYP), 2.0003 and 2.0532 (MP2), 2.0135 and
2.1028 Å (B3LYP-CP-corrected). All calculations show
that r(H7� � �O3) in the complex B is shorter than that in
the complex A. From Table 1, the interaction energies
obtained is �3.42 (B3LYP), �3.19 (B3LYP-CP-corrected),



Fig. 1. The optimized HCONH2� � �HNO complex at B3LYP/6-311++G
(3df,3pd) level.

Table 2
Bond length variations (Å) and vibrational frequency shifts (cm�1) with
respect to monomers by B3LYP, MP2 standard calculations and CP-
corrected optimization at B3LYP methods employing 6-311++G(3df,3pd)
basis set

B3LYP MP2 B3LYPCP

Complex A Dr(C1AH2) �0.0044 �0.0033 �0.0042
Dr(N8AH7) �0.0082 �0.0058 �0.008
Dm(C1AH2) +53 +46 +51
Dm(N8AH7) +144 +117 +140

Complex B Dr(N8AH7) �0.006 �0.0036 �0.0059
Dr(N4AH5) +0.0082 +0.0072 +0.0079
Dm(N8AH7) +122 +88 +118
Dmsymm.(N4AH5) �115 �100 �110
Dmassymm.(N4AH5) �33 �33 �33

Table 3
Topological parameters (a.u.) of the BCPs and RCPs at the B3LYP/6-
311++G(3df,3pd) level

BCP q ,2q k1 k2 k3

Complex A

O3� � �H7 0.021 0.069 �0.027 �0.026 0.122
O9� � �H2 0.006 0.020 �0.005 �0.004 0.028
RCP
C1H2O9N8H7O3 0.005 0.024 �0.004 0.004 0.023

Complex B

O3� � �H7 0.025 0.078 �0.034 �0.033 0.144
O5� � �H9 0.020 0.065 �0.027 �0.026 0.119
RCP
C1O3H7N8O9H4N5 0.006 0.028 �0.005 0.014 0.019
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�3.79 (G3B3), �4.62 kcal/mol (MP2) for the complex A
and �5.27 (B3LYP), �4.90 (B3LYP-CP-corrected), �5.97
(G3B3), �6.61 kcal/mol (MP2) for the complex B. All cal-
culations indicate the complex B is more stable than the
complex A. Complex B is the global minimum and complex
A is the local minimum.

By examining Table 2, it becomes evident that there are
contractions of N8AH7, C1AH2 bonds and an elongation
of the N4AH5 bond. The shortened degrees for N8AH7,
C1AH2 bonds obtained at MP2 level are smaller than
those obtained at B3LYP level, while it is opposite to the
elongated degree of the N4AH5 bond. The corresponding
N8AH7 and C1AH2 stretching vibrational frequencies
are blue-shifted while the N4AH5 stretching vibrational
frequency is red-shifted relative to monomers. In contrast
to the results obtained by CP-corrected calculations, the
blue-shift degrees of N8AH7 and C1AH2 stretching vibra-
tional frequencies obtained by standard calculations are a
little larger. The red-shift degree of the N4AH5 stretching
vibrational frequency is a little smaller. On the basis of
these analyses, it can be confirmed that the complex A
simultaneously possesses two blue-shifts of m(N8AH7)
and m(C1AH2).The complex B simultaneously exhibits a
red-shift of m(N4AH5) and a blue-shift of m(N8AH7).

3.2. AIM analysis

To characterize the interaction within the system consid-
ered in the present study, several basic parameters arising
from Bader’s theory of AIM were calculated. The corre-
sponding results were listed in Table 3. As shown in Table
3, the values of q for O3� � �H7 and O2� � �H9 in the complex
A are 0.021 and 0.006 a.u., which of ,2q are 0.069 and
0.020 a.u., respectively. The values of q for O3� � �H7 and
O5� � �H9 in the complex B are 0.025 and 0.020 a.u., which
of ,2q are 0.078 and 0.065 a.u., respectively. All ,2q at
BCPs are positive, which indicate they are closed-shell
interactions. From Table 1, the r(O3� � �H7) of the complex
B is shorter than that of the complex A. The corresponding
q(O3� � �H7) of the complex B is more than that of the com-
plex A. The increase in distance (O3� � �H7) results in reduc-
ing orbital overlap, therefore, the corresponding
q(O3� � �H7) decreases. In addition, it is worthy of mention-
ing that there are RCPs in the complexes A and B, respec-
tively, which indicate there are a six-membered ring
C1AH2AO9AN8AH7AO3 in the complex A and a sev-
en-membered ring C1AO3AH7AN8AO9AH4AN5 in the
complex B.

3.3. NBO analysis

To get more information on the blue-shifts of C1AH2,
N8AH7 vibrational frequencies and the red-shift of the
N4AH5 vibrational frequency, NBO analysis was
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performed at B3LYP/6-311++G (3df,3pd) level. The cor-
responding results were listed in Table 4.

The importance of hyperconjugation and electron densi-
ty transfer (EDT) from lone electron pairs of the Y atom to
the XAH antibonding orbital in the XAH� � �Y system is
well documented [28]. In general, such interaction leads
to an increase in population of XAH antibonding orbital.
The increase of electron density in XAH antibonding orbi-
tal weakens the XAH bond, which leads to its elongation
and constrains the blue shift of the XAH stretching fre-
quency. Hobza proposed that electron density redistribu-
tion is related to the contraction of XAH bond [30,31].
Recently, it has been reported that the change of electron
density in the r*(XAH), compared with the monomer, is
a combination of two effects for the Z (or
ZAW)AXAH� � �Y(or YAU) H-bond [32]: the increase of
the electron density in the r*(XAH) due to hyperconjuga-
tion (n(Y) or r(YAU) fi r* (XAH)) while the decrease of
the electron density in the r* (XAH) due to the electron
density redistribution (n(Z) or r(ZAW) fi r*(XAH)).
From Table 4, the electron densities in both r*(C1AH2)
and r*(N8AH7) of the complex A decrease, implying the
electron density redistribution exceeds hyperconjugation,
which strengthen C1AH2 and N8AH7 bonds and contrib-
ute to blue-shifts of stretching vibrational frequencies. For
the complex B, it is evident the increases of the electron
densities occur in the r*(N4AH5) and r*(N8AH7) and
weaken N4AH5 and N8AH7 bonds, which contribute to
the red-shifts of corresponding stretching vibrational
frequencies.

The chemical perspective has been suggested to explain
‘proper’ and ‘improper hydrogen bonding’: the hypercon-
jugation (n(Y) fi r*(XAH)) can be balanced by the
increase in s-character and polarization of the XAH bond
[33]. The authors show that the XAH bond strengthening
effect is an increase in s-character of X hybrid orbital in
the XAH bond, which is a direct consequence of Bent’s
rule. According to this rule, atoms tend to maximize the
Table 4
NBO analysis of the monomers and complexes at the B3LYP/6-311++G(3df,

HNO H

Dr*(C1AH2)/e
Dr*(N8AH7)/e
Dr*(N4AH5)/e
q(C1)/e
q(H2)/e
spn(C1AH2) sp
% s-char(C in C1AH2) 3
q(N8)/e 0.00573
q(H7)/e 0.23878
spn(N8AH7) Sp4.58

% s-char(N in N8AH7) 17.97
q(N4)/e �
q(H5)/e
spn(N4AH5) sp
% s-char(N in N4AH5) 3
amount of s-character in hybrid orbital with the larger
amount of p-character toward more electronegative sub-
stituents. As a result, a decrease in effective electronegativ-
ity of hydrogen in an XAH bond leads to an increase in the
s-character of the hybrid orbital and results in the corre-
sponding bond polarization’s increase. As listed in Table
4, the changes in the electronic structure of the complex
A are an increase of positive charge on H2 atom and a
simultaneous increase of negative charge on C1 atom,
which lead to the increase in the C1AH2 bond polariza-
tion. It results in the increase in the s-character of the car-
bon hybrid orbital in C1AH2 bonds, which strengthens the
C1AH2 bond. Similarly, the increases of positive charges
on H7 atoms are accompanied by the simultaneous increas-
es of the negative charges on N8 atoms of the complexes A
and B. The N8AH7 bonds become more polarized. All lead
to the increases in the s-characters of the nitrogen hybrid
orbital in N8AH7 bonds, which strengthen the N8AH7
bonds. For the N4AH5 bond, the positive charge on H4
atom increases, compared to the monomer, while the neg-
ative charge on N5 atom decreases. These variations still
result in the increase in the s-character of the nitrogen
hybrid orbital in the N4AH5 bond, which contributes to
the contraction of the N4AH5 bond.

To summarize, for the complexes, the changes of elec-
tron density in the r*(XAH) and s-character in the X
hybrid orbital of XAH bond compared with the monomer
are crucial to the elongation and contraction of the XAH
bond. As to the complex A, the decreases of the electron
densities in the r*(C1AH2) and r*(N8AH7) due to the elec-
tron density redistribution and the increases of s-characters
in C1 and N8 atoms due to rehybridization strengthen the
C1AH2 and N8AH7 bonds, which result in the blue-shifts
of C1AH2 and N8AH7 stretching vibrational frequencies.
For the complex B, the weakening effect owning to the
increase of the electron density in the r*(N4AH5) exceeds
the strengthening effect owning to the increase of s-charac-
ter in N4 atom and thereby it leads to the elongation of the
3pd) level

CONH2 Complex A Complex B

�0.00807
�0.00344 +0.00149

+0.01801
0.54852 0.55191
0.09265 0.11593
2.12 sp2.07

2.04 32.51
�0.02107 �0.00281

0.29424 0.30422
sp3.81 sp3.65

20.75 21.45
0.80680 �0.79871
0.39046 0.40722
2.29 sp2.15

0.37 31.66
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N4AH5 bond, followed by a red-shift of the stretching
vibrational frequency. On the contrary, the weakening
effect owning to the increase of the electron density in the
r*(N8AH7) is exceeded by the strengthening effect owning
to the increase of s-character in N8 atom. As a result, it
leads to the contraction of the N8AH7 bond and a blue-
shift of corresponding stretching vibrational frequency.
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