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Abstract

100101)

The hydrogen bonds between the HCN and pyrrole were subjected to density functional theory (DFT) cal-

culations using 6-311G(d, p) basis set. The structures and vibrational frequencies of the hydrogen-bonding complexes

were computed at the BSLYP/6-311G(d, p) level. To obtain the accurate binding energies, single-point calculations

were performed at the B3LYP/aug-cc-pVDZ and MP2 / aug-cc-pVDZ level, respectively. After BSSE (basic set super-

position error) correction by the counterpoise method, the interaction energies of the complexes between HCN and pyr-

role are —25.10, —19. 30 kJ * mol ' at MP2 level, respectively. The calculations indicate that solvents enhance signifi-

cantly the strength of hydrogen bond as shown by the decrease of the N---H distance and cause appreciable red shift of

the H — N vibration mode. The solvent effect is obvious when dielectric constant & is within 1.5 ~30. 0 and is weak

when & exceeds 30. 0.
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The study of hydrogen bonding interactions has generated
substantial interest given its relevance in the field of chemistry
and biology ""*!. The pyrrole ring is especially important to mod-
el typical binding sites on proteins. For this reason, many studies
have been devoted to the binding properties and non-covalent in-
teractions of pyrrole derivatives with organic and inorganic
molecules “?'. These interactions are mainly described as uncon-
ventional hydrogen bonds. In these complexes, the p-cloud of the
pyrrole ring acts as the proton acceptor of the hydrogen
bond. The possible existence of HCN-water isomer in which the
hydrogen cyanide (HCN) acts as the proton acceptor has recent-
ly been investigated '**'. However, few studies have been done
on the comparative study of HCN as proton donor and as proton
acceptor in complexes. For further investigating the nature of hy-
drogen bond, a theoretical study was carried out to investigate
type hydrogen bond and N — H***N type hydrogen bond between
HCN and pyrrole.

1 Computational methods

All calculations were carried out with the Gaussian 98"
package. It has already been proven that the DFT method sup-
[10-13]

plies excellent results in most hydrogen-bonding systems

The Becke proposed hybrid (B3) together with the LYP correla-
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Dielectric constant

tion functional and the basis set 6-311G(d, p) was chosen for
this work''"'*!. All the molecular complexes have been fully op-
timized without any constraint at the B3LYP/6-311G(d, p)
level. Frequency analyses were performed to ensure that the sta-
tionary points are local minima. Basis set superposition error
(BSSE) was calculated by applying the full Boys-Bernardi
counterpoise (CP) correction technique "',

BSSE=EM W)+ EM B)- E% A ) - E% B)
Where EAS (A ) and EAE B ) are the total energies of the
monomers in their respective complex geometries using the full
basis set of the complex, whereas EAXg (A ) and E%g (]3 ) are the
total energies of the monomers calculated at their respective
complex geometries but using only the monomer basis sets. The
natural bond orbital (NBO) analysis was used to understand the
nature of the intermolecular interactions. The solvent effect on
the N — H-**N type hydrogen bond was explored by the Onsager

reaction model in self-consistent reaction field (SCRF) method.

2 Results and discussion
2.1 Geometry and energy

To examine the basis set effects on the accuracy of geome-
try optimization, we performed a series of comparative test cal-

culations on pyrrole and HCN monomers. The effects of the
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Table1 Computed equilibrium bond lengths (nm), bond angles (degree) of pyrrole and HCN monomers
at B3LYP level with different basis sets

Monomer 6-311G 6-311 + +G 6-311G(d, p) 6-311 + +G(d, p) Exp!'7#!
Pyrrole Cl-C2 0. 1380 0.1381 0.1376 0.1377 0.1382
Cl1 -N5 0. 1386 0. 1387 0.1374 0.1375 0. 1370

Cc2-C3 0. 1430 0. 1431 0. 1424 0. 1425 0. 1417

Cl -H6 0.1075 0.1075 0.1078 0.1078 0.1076

C2 -H7 0.1076 0.1077 0.1079 0.1079 0.1077

N5 -HI10 0. 1003 0. 1004 0. 1006 0. 1006 0. 0996

Cl1-C2-C3 107.6 107.6 107. 4 107. 4 107. 4

C2-Cl -N5 107.5 107.5 107.7 107.7 107.7

Cl-N5-C4 109. 7 109.7 109.8 109. 8 109.8

C1 -N5-HI10 125.2 125.2 125.1 125.1 125.1

C2-Cl1-Heo 131.0 131.0 131.1 131. 1 130.8

Cl-C2-H7 125.9 125.8 125.7 125.7 125.5

HCN N12 -Cl11 0.1161 0.1161 0.1149 0.1149 0.1153
C11 -H13 0. 1064 0. 1064 0. 1066 0.1067 0. 1066

polarization functions and diffuse functions were investigated by
calculating with 6-311G, 6-311 + +G, 6-311G(d, p), and
6-311 + +G(d, p) basis sets. The optimized geometrical pa-
rameters are shown in Table 1. As seen from Table 1, the equilib-
rium geometrical parameters of pyrrole and HCN calculated at
B3LYP level with 6-311 + +G and 6-311 + +G(d, p) are
close to the results computed with 6-311G and 6-311G(d, p),
respectively, which shows that the diffuse functions have little ef-
fect on the equilibrium geometrical parameters of pyrrole and
HCN molecules. Comparing with the 6-311G and 6-311 + +G,
the calculated equilibrium geometrical parameters of pyrrole and
HCN monomers with 6-311G(d, p) and 6-311 + +G(d, p)
basis sets approximate well the experimental geometries, which
shows that the polarization functions are necessary to optimize
the geometrical parameters, so we use the 6-311G(d, p) basis
set in following studies.

The optimized geometrical parameters of pyrrole-HCN
complexes are shown in Fig. 1. The conformer A(C,) is a C —

H--* 7 complex. The HCN molecule acts as a proton donor and

Fig.1

the pyrrole is a proton acceptor. The HCN is not perpendicular to
the pyrrole molecule plane. The angle of C —H - pyrrole is 56°
and the hydrogen bond distance is 0. 2407 nm. The conformer B
(C,) isa N —H-"*N complex and the hydrogen bond distance is
0. 2176 nm. The hydrogen bond length of the N — H-**N complex
is shorter than that of C —H ‘- 7 complex, because lone-pair
electrons are more contracted than 7 electrons. Table 2 shows
the interaction energies of the pyrrole-HCN complexes. A E;, is
the energy difference between the dimer and monomers with
BSSE correction. The single-point energies are obtained at the
6-311G(d, p) geometry at the B3BLYP and MP2 levels. Table 2
tells us that adding diffuse functions to 6-311G(d, p) basis set
decreases the corresponding intermolecular interactions. A E, de-
pends much on the computational methods. The values of A E.,
computed at the MP2 level is much larger than that computed at
the B3LYP level, especially for A. The A E;, of B computed us-
ing 6-311 + +G(d, p) and aug-cc-pVDZ basis sets at the
B3LYP level is larger than that of A computed using the same
levels, which is different with those obtained by the MP2

B

Computed equilibrium structure of pyrrole-HCN complexes
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Table 2  Interaction energies (A E/k] - mol~') of the complexes A and B
B3LYP MP2
complex
6-311G(d, p) 6-311 + +G(d, p) aug-cc-pVDZ 6-311G(d, p) 6-311+ +G(d, p) aug-cc-pVDZ

A -16.53 —15.32 —14. 68 -22.35 —-22.24 -25.10

B -16.10 —15.42 -16.85 -18.33 -18.22 -19.30
method. the ar-orbital of C1-C2, C3-C4 and C-H - 7 type

2.2 Vibrational spectra

One of the most characteristic features of the hydrogen
bonds is related to their vibrational spectrum. Table 3 shows the
harmonic vibrational frequencies of the HCN in complexes A and
B. We notice that the studied complexes are characterized by red
shifts of C —H and N — H stretching vibrations. These effects are
due to the weakening of the force constant for the C —H and N —
H stretching modes, caused by the formation of H bond. The C —
H and N - H stretching vibrations red shift by 82 and 75 cm ™',
respectively.

The infrared intensities might also shed light on the bonding
pattern. In the studied complexes, the C —H and N —H vibra-
tional intensities increase significantly.

2.3 NBO analysis of the electronic structure

The formation of a hydrogen-bonded complex implies that a
certain amount of electronic charge is transferred from proton ac-
ceptor to proton donor molecule. In addition, there is a rearrange-
ment of electron density within each monomer. Table 4 lists the
charge transfer (CT) of HCN molecule in complexes.

As shown in Table 4, the HCN acts as electron acceptor and
the CT is —14.7 me in conformer A.The charge in HCN
molecule is rearranged and the N12 atom gains 339. 9 me. The
HCN acts as electron donor in conformer B and the total charge
transfer is 10. 5 me.

On the basis of these NBO analyses, it can be concluded that

the antibonding orbital of HCN molecule mainly interacts with

Table 3  Calculated harmonic vibrational frequencies
(cm~') and IR intensities (km * mol~')
A B
Yeanmas) 1 VUN()H(10) 1
monomer 3458 62 3675 6l
complex 3376 213 3600 451
Avor Al -82 151 -75 390
Table 4 Charge transfer ( me) and charge rearrangement
Conformer CT* Aguas”® Agean Agnan
A -14.7 230.8 94. 4 -339.9
B 10. 5 223.7 143.6 -356.8

*Charge transfer (CT) is defined as the sum of atomic charge changes on the
proton acceptor molecule. " By convention positive values indicate a loss of charge

and negative values a gain of charge.

H-bonding forms in conformer A. In conformer B, the main in-
teraction exists between the lone pair electron of N12 and anti-
bonding orbital of N5 —H10(Table 5). The forming of hydrogen
bonding between pyrrole and HCN is not a simple process. The
primary effect is the charge transfer from the proton acceptor to
the C — H antibonding orbital of proton donor and the charge re-
arranges in the whole proton donor molecule.

2.4  Solvent effect

Compared with the gas results, the solvent effects on the ge-
ometries, mullikin charge distribution, vibrational frequencies,
dipole moments and interaction energies of conformer B were
systematically explored with the Onsager reaction model in
self-consistent reaction field (SCRF) technique with different di-
electric constants of 1.5, 3.0, 5.0, 7.0, 10.0, 20.0, 30.0,
40. 0, 50. 0 and 78. 5.

It is clear from the inspection of bond lengths given in Fig. 2
that solvent existing leads to decrease substantially the N12 ---
H10 distance and increase the N5 — H10 distance of N5 — H10-*-
N12 hydrogen bond. We considered that just for shortening the
N12---H10 distance and lengthening the N5 — H10 distance lead
to a strengthening of the hydrogen bond interaction. For the loss
of electron, the force constant of C11 — H13 decreases when the

dielectric constant increases, which causes the distance of C11 —

Table 5 A part of calculated results at the B3LYP/6-311G
(d, p) level by NBO analysis®
Complex  Donor NBO(i) Acceptor NBO(j) E/KJ * mol™'
A BD(2) C1-C2 BD" (1)CI11 —NI2 0.71
BD(2)Cl1 -C2 BD" (1)C11 —HI13 3.35
BD(2)C3 - C4 BD" (1)C11 -NI2 0.71
BD(2)C3 -C4 BD" (1)C11 —H13 3.47
LP(1)N5 BD" (2)C11 —NI12 0.25
BD"(2)C1-C2 BD"(1)Cl1-H13 0.29
BD"(2)C3-C4 BD"(1)Cl11-HI13 0.33
B BD(1)CI11 -H13 BD"(1)N5-HI0 0. 50
BD(2)C11 -=NI12 BD"(1)N5-HI10 0.21
LP N12 BD" (1)N5 - HI10 19. 41

* BD denotes bonding orbital; BD* denotes antibonding orbital; (1) and

(2) denote o-orbital and 7r-orbital respectively; LP denotes lone pair electron.
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Fig.2 Relationship between bond lengths and Fig.4 Relationship between harmonic vibrational

the dielectric constant of solvent

H13 increases. The bond length of C1 — C2 increases too.

Negative charge on N12 and positive charge on H10 atom
increase, when & increases(Fig. 3) .1t is well known that the
chemical bond will have higher polarity and stability in the sol-
vent with larger polarity. The total charge of HCN molecule di-
minishes when & increases, indicating that the HCN molecule is
a proton acceptor in the hydrogen bond of HCN-pyrrole com-
plex.

Three characterized vibration frequencies Vrsysm (the full
symmetrical stretching mode of pyrrole), vxs-mo (the stretching
mode of N5 —HI10) and vcii-ms(the stretching mode of C11 —
H13) have been discussed, and the corresponding frequency
shifts are labeled as A Viusysm, A ¥ns—nio and A vern —uis.

Fig. 4 collects the frequency shifts of the characterized vibra-
tion mode in different solvents. As shown in Fig. 4, the A vxs —uio
has strong dependence on the dielectric constant &, and the abso-
lute value of its frequency shift is far larger than those of the oth-
er two. When ¢ is within 1. 5 ~ 30. 0, vxs -0 decreases sharply,
but when & exceeds 30. 0, vns-uo decreases very slowly. The
trend of Awvcii-ms is similar to that of A vns-_wio. The A Veuiisysm

shows very weak solvent effect and the absolute value of
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Fig.3 Relationship between Mullikin charges

and the dielectric constant of solvent

frequencies and the dielectric constant

of solvent

A Vruitsysm 18 no more than 0. 2 cm ™',

As shown in Fig. 5, total energy decreases and dipole mo-
ment increases when & increases, which shows that the interac-
tion between HCN molecule and pyrrole molecule is strength-

ened.

3  Conclusions

Ab initio calculations at the B3LYP level with the 6-311G
(d, p) basis set have been performed for investigating the equi-
librium structures, vibrational spectra, and energies of pyr-
role-HCN complexes. Accurate energies are obtained with the
correlation consistent basis sets (aug-cc-pVDZ) at B3LYP and
MP2 level. On the base of the NBO analysis, we confirmed that
the hydrogen bonds have formed between the pyrrole and HCN
molecules. The interaction are —25.10, —19.30 kJ mol !
computed at MP2 level, respectively. The solvents enhance sig-
nificantly the strength of hydrogen bond. The solvent effect is
obvious when ¢ is in 1.5 ~30. 0 and is weak when & exceeds
30. 0.
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