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Theoretical Investigation of The Molecular Structure,
Conformational and Nonlinear Optical Properties of
Picolinic Acid and Its Derivatives

Giiventiirk UGURLU!

ABSTRACT: In this paper, ab initio Hartree-Fock (HF) and Density Functional Theory (DFT), using Becke-3—
Lee—Yang—Parr (B3LYP) hybrid density functional, calculations have been performed to characterize the ground
state geometrical energy, the dipole moment (), polarizability (ct), the hyperpolarizability (3) of picolinic acid
(PA), picolinamide (PAA) and picolinic acid hydrazide (PAH) molecules using the 6-311++G (d, p) basis set.
The 'H and *C NMR chemical shifts were calculated by GIAO approach by using B3LYP/6-311+G (2d, p) and
HF/6-31G (d) level of theory. Also, E, . (the highest occupied molecular orbital energy), E, ., (the lowest
unoccupied molecular orbital energy), HOMO-LUMO energy gap (AEg), the dipole moment (), polarizability (o)
and the hyperpolarizability ([3) are investigated as a function of the torsional angle, for each molecule. In addition,
the trends in the calculated torsional potentials, barrier heights and energy differences between conformers are
discussed. The trans-conformers of the studied molecules were found to be most stable among their conformers.
The potential barrier height of cis- conformers are at 13.24, 10.69, and 9.56 with DFT/B3LYP level of the theory
6-311++G (d, p) basis set and at the HF/6-311++ G (d, p) 13.53, 10.94, and 10.55 kcal/mol, respectively. The
structural parameters of the studied molecule compared with the data given in the literature.
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Pikolinik Asit ve Tiirevlerinin Molekiiler Yapisinin,
Konformasyonel ve Dogrusal Olmayan Optik Ozelliklerinin
Teorik Olarak Incelenmesi

IGDIR ONIVERSITESI

OZET: Bu caligmada, Pikolinik asit (PAA), pikolinamid (PAA) ve pikolinik asit hidrazid (PAH) molekiillerinin taban
(temel) durum geometrik enerjisini, dipol momenti (), polarizebilitesi () ve hiperpolarizebilitesini ([3) belirlemek
icin ab-initio Hartree—Fock (HF) ve Becke-3-Lee-Yang-Parr (B3LYP) hibrit fonksiyonelli Yogunluk Fonksiyoneli
Teorisi (DFT) ile 6-311++G(d,p) temel seti kullanilarak hesaplamalar yapilmistir. 'H ve *C NMR kimyasal kayma
hesaplamalar1t GIAO yaklasimina gore B3LYP/6-311+G (2d, p) ve HF/6-31G (d) yontemleri ile yapilmigtir. Ayrica,
her molekiil igin, E, , (en yiiksek dolu molekiiler orbital enerjisi) ve E (en diisiik bog molekiiler orbital
enerjisi), B\ -E, ouo €nerji gap (AEg), dipol momenti (), polarizebilite (o) ve hiperpolarizebilite ([3) degerleri
torsiyon ag¢inin fonksiyonu olarak arastirildi. Bunlara ek olarak, Konformerler arasindaki hesaplanmis torsiyonal
potansiyelleri, bariyer yiikseklikleri ve enerji farklar1 tartigildi. Calisilan molekiillerin trans-konformerlerinin
konformerler arasinda en kararli olduklari bulundu. Cis-konformers durumunda potansiyel bariyer yiiksekliginin
DFT / B3LYP/6-311 ++ G (d, p) yonteminde 13.24, 10.69 ve 9.56 oldugu, HF / 6-311++G (d, p) yonteminde
ise 13.53, 10.94 ve 10.55 kkal / mol oldugu sirasiyla bulunmustur. Calisilan molekiiliin yapisal parametreleri,
literatiirde verilen verilerle kargilagtirilmisgtir.
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INTRODUCTION

Picolinic acid, commonly known as PA, is pyridine
derivative, which attracts great interest because of
molecular properties biological and chemical. It is an
isomer of nicotinic acid and isonicotinic acid with six
membered ring structures. In recent years, pyridine
and its derivatives have been widely investigated and
analyzed owing to their interest in bioactivities and
employment in pharmaceutical and in other industrial
areas. (Pierrat et al., 2005). Picolinic acid is defined in
varied biological environment as blood serum, mother
milk, pancreatic juice and gastral homogenates (Dazzi
etal.,2001; Rebelloetal., 1982). During the digestion, it
is secreted into the intestine and absorption of essential
metals. (Evans, 1989). So, it is a body’s chelator and
acts as a chelating agent of elements such as chromium,
zinc, manganese, copper, iron, and molybdenum in the
body. It is used in food preservation, pharmaceutical
and textile industry (Kiec et al., 2003; Ahren, 2001).
It is known that 2-picolinic acid is terminal tryptophan
metabolite, and its anion has been used as a valuable
chelating ligand. Besides, 2-picolinic acid is not only
a potential proton acceptor but also proton donor
depending on deprotonated groups (Kukovec et al.,
2008). Picolinic acid and its derivatives are used as
building block in photovoltaic devices (Liu et al.,
2014; Matsuda et al., 2004). Recently, nonlinear
optical properties of picolinic acid complexes have

been investigated. The nonlinear optical materials have
received great interest because of advances in optical
processing and opto-electronic technology. A great deal
of research has been devoted to investigating different
types of nonlinear optical (NLO) materials (Andraud
et al., 1994; Lipscomp et al., 1981) to design excellent
NLO materials which show potential application in
modern communication technology, data storage and
optical signal processing (Uyeda et al., 2002; Marder
et al., 1983). In the particular, organic nonlinear optical
materials have shown great promise around photonics
due to their useful physical and optical properties.
Theoretical study has been played a crucial role in
designing and development of novel materials for
nonlinear optics. The physical and chemical properties
of a substance are strongly related to both its geometrical
and electronic structures. In this work, molecular
structure, dipole moment, relative energies, rotational
barriers, polarizability, first static hyper polarizability,
potential energy scan, the electronic structure and
HOMO-LUMO energies of above-mentioned molecule
have been studied. 'H NMR and *C NMR chemical
shifts calculations have been performed. The molecular
structure using numbering scheme of the picolinic acid
hydrazide is given in Figure 1. The cis-conformer is the
structure in which the nitrogen (N) of pyridine and the
carbonyl group are not on the same sides. In case of
trans-conformer, they are in the same sides.
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Figure 1. Molecular structure of picolinic acid hydrazide numbering scheme.

Computational Method

Computational calculations on the isolated

molecules were performed by the aid of Gaussian
09W program package and Gauss view 5.0 molecular
visualization programs (Frisch et al., 2010; Dennington

et al., 2009) in the gas phase. The geometric parameters

76

of picolinic acid (PA), picolinamide (PA A) and picolinic
acid hydrazide (PAH) molecules in the equilibrium state
were optimized at HF (Moller et al., 1934) and DFT with
Becke’s three parameter hybrid functional (B3) (Becke
et al., 1988) and combined with gradient corrected
correlation functional of Lee—Yang—Parr (LYP) (Lee et
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al., 1988; Becke, 1993) and employing 6-311++G (d,p)
basis set (Francl et al., 1982; Rassolov et al., 2001). In
order to obtain the best stable structures, Conformational
analysis of the optimized molecule was performed as a
function of dihedral angle which was varied between
0 and 180" with increments of 10" both HF/6-31++G**
and B3LYP/6-31++G** level of theory. The minimum
of each PES was referred to as zero. Rotational barriers
at 0" [AE, =E (¢=0")-E (equilibrium)], at 90" [AE
=E (¢=90)-E (equilibrium)] and at 180" [AE, =E
(6=180")-E (equilibrium)] were calculated by using
the energies of the respective optimized structures.
After optimization, at all optimized structures of the
title compounds obtained B3LYP/6-311++G (d,p) and
HF/6-311++G (d,p) level of theory, the p, o, 3 based on
finite field approach and energy differences of E -

were calculated in the same as level of theory. The 'H
and '*C NMR chemical shifts were calculated by GIAO
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approach by using B3LYP/6-311+G (2d, p) and HF/6-
31G (d) level of theory (McLean et al., 1980; Krishnan
(et al., 1980

RESULTS AND DISCUSSION
Structural Results and Energies

The equilibrium state structures of picolinic acid,
picolinamide and picolinic acid hydrazide molecules
obtained by the HF/6-311++ G (d,p) and DFT/6-311++G
(d,p) methods are compiled. It is found that, in three of
the compounds, dihedral angle between the pyrimidine
ring and carbonyl group is almost planar. The calculated
values of the electronic, dipole moment, polarizability,
hyperpolarizability, HOMO, LUMO energy and energy
gap (AEg) at the ground-state equilibrium geometry of
studied molecules are listed in Table 1.

Table 1. The electronic, HOMO, LUMO energy, dipole moment, polarizability, hyperpolarizability, and energy gap (AEg) of equilibrium

conformers of title compounds

B3LYP/6-311++G (d. p)

Electronic Energy (a.u) p (D) a (a.u) P (a.w) Eomo (@0) E jmo (@0) AEg (eV)
PA -436.9895188 5.96 80.09 40.85 -0.285578 -0.083905 54877
PAA -417.1188787 342 85.57 4195 -0.262983 -0.067039 5.3318
PAH -472.4537888 3.12 95.67 86.03 -0.26462 -0.068704 5.3311
HH/6-311++G (d. p)

PA -434.4300319 6.03 73.07 67.73 -0.375896 0.027884 10.9873
PAA -414.5965497 3.64 77.74 65.82 -0.361173 0.033023 10.7265
PAH -469.6049508 3.36 86.23 84.74 -0.362946 0.0323 10.755

The X-ray crystal structures for these three
molecules are available in the literature and the
torsion angle obtained at X-Ray crystal structures is
4.8° (Takusagawa and Shimada, 1973) for PA and
-18.1° (Gerzon et al., 2012) for PAA. In this analysis,
calculations were done for PA, PAA and PAH of the
studied molecule in the ground state and tabulated in
the Table 2. At the B3LYP/6-311++G (d, p) and HF/6-
311++G (d, p), the bond lengths C5-N1 of PA, PAA
and PAH have been calculated as 1.334, 1.334, 1.334,
1.318, 1.318 and 1.317 A whereas the corresponding
reported value is 1.343 (Takusagawa and Shimada,
1973), 1.334 (Jose et al., 2006) (Gerzon et al., 2012).

Cilt / Volume: 8, Say1 / Issue: 1,2018

For C1-C6, as 1.511, 1.514, 1.511, 1.510, 1.512 and
1.511 A whereas the corresponding reported value is
1.513 (Takusagawa and Shimada, 1973), 1.496 (Jose et
al., 2006) (Gerzon et al., 2012) and for C6-O1 as 1.204,
1222, 1224, 1.180, 1.197 and 1.1994 whereas the
corresponding reported value is 1.214 (Takusagawa and
Shimada, 1973), 1.253 (Jose et al., 2006) (Gerzon et al.,
2012) and 1.235 (Zareef et al., 2006), respectively. In
both methods, the bond angles C2-C1-N1 of PA, PAA
and PAH have been calculated as 123.5, 123.2, 123.3,
123.6, 123.3 and 123.4 A whereas the corresponding
reported value is 120.6 (Takusagawa and Shimada,
1973), 123.7 (Zareef et al., 2006).
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Table 2. Selected structural parameters of picolinic acid and its derivatives.

Bond lengths A)
C1-C2 C2-C3 C3-C4 C4-C5 C5-N1 NI1-C1 C1-C6 C6-01
PA DFT 1.393 1.391 1.393 1.394 1.334 1.339 1.511 1.204
HF 1.382 1.384 1.383 1.385 1.318 1.320 1.510 1.180
Exp®. 1.382 1.391 1.366 1.386 1.343 1.344 1.513 1.214
PAA DFT 1.394 1.391 1.393 1.394 1.334 1.340 1.514 1.222
HF 1.384 1.383 1.383 1.385 1.318 1.321 1.512 1.197
Exp®. 1.386(2) 1.334(2) 1.370(2) 1.496(2) 1.253(2)
PAH DFT 1.395 1.391 1.392 1.395 1.334 1.340 1.511 1.224
HF 1.384 1.384 1.383 1.386 1.317 1.321 1.511 1.199
Exp°. 1.235
Bond angles (°)
C2-C1-C6 C2-C1-N1 | C6-C1-N1 C1-C2-C3 C2-C3-C4 | C3-C4-C5
PA DFT 120.8 1235 115.7 118.0 1190 118.8
HF 120.1 123.6 116.2 117.7 119.0 118.5
Exp®. 119.8 120.6 119.5 119.6 119.2 119.0
PAA DFT 1191 1232 117.7 118.3 118.8 118.5
HF 119.0 123.3 117.7 118.0 118.9 118.3
ExpP. 117.2(1)
PAH DFT 119.0 1233 117.7 118.3 118.9 118.5
HF 118.8 1234 117.8 118.0 118.9 118.3
Exp°. 123.7 1189 118.5 118.9
Torsion Angles (°)
C2-C1-C6-01 N1-C1-C6-0O1 C2-C3-C4-C5 C1-C2-C3-4
PA DFT 0.0 180.0 0.0 00
HF 0.0 -180.0 0.0 00
Exp®. 4.8
PAA DFT 0.0 -180.0 0.0 0.0
HF 0.0 -180.0 0.0 00
Exp®. -17.5 162.4(2)
PAH DFT 0.0 180.0 0.0 00
HF 0.0 180.0 0.0 00
Expe°.

staken from Takusagawa and Shimada, 1973,"taken from Gerzon et al., 2012, taken from Zareef et al., 2006.

For C6-C1-N1,as 115.7,117.7,117.7,116 2, 117.7
and 117.8 A whereas the corresponding reported value is
1.513 (Takusagawa and Shimada, 1973), 1.496 (Jose et
al., 2006) (Gerzon et al., 2012) and for C6-O1 as 1.204,
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1.222,1.224,1.180, 1.197 and 119.5 (Takusagawa and
Shimada, 1973), 117.2 (Pierrat et al., 2005) A (Gerzon
et al., 2012), whereas the corresponding reported value
is 1.214 (Takusagawa and Shimada, 1973), 1.253 (Jose
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et al., 2006) (Gerzon et al., 2012) and 1.235 (Zareef
et al., 2006), respectively. As the optimized structural
parameters (bond length and bond angles) calculated
by HF, DFT/B3LYP with 6-3114++G (d,p) basis set are
compared with the XRD experimental data (Takusagawa
and Shimada, 1973; Zareef et al., 2006).

Conformational Analysis and Torsional Barriers

Conformational analysis of the optimized
molecule was performed as a function of dihedral
angle. The dihedral angle was defined as: ¢= N1-C1-
C6-0O1. The dihedral angle ¢ is the C1-C6 single bond
about which internal rotation forms clearly different
conformations. This search focused on the alteration
of ¢ torsional angle to determine the relative stabilities
of the different conformers existing on PEY. To obtain
potential energy surface of dihedral angles, ¢= N1-C1-
C6-0O1 of the optimized molecular geometry (trans-
conformer) was varied with increments of 10° starting
from 0° throughout 36 steps while all other structural

parameters were optimized and the result of potential

Properties of Picolinic Acid and Its Derivatives

energy surface is shown Figure 2 (a) and (b). Rotational
barriers at 0" [AE, =E (¢=0")-E (equilibrium)], at 90’
[AE,, =E (¢=90")-E (equilibrium)] and at 180" [AE,,
=E (¢=180’)-E (equilibrium)] were computed by using
the energies of the optimized structures. The results are
shown in Figure 2 (a) and (b). As seen from Figure 2 (a)
and (b), In both methods generated qualitatively parallel
form of the torsion potential. The conformational
analysis calculations at the HF/6-311++G (d,p) and
B3LYP/6-311++G(d,p) showed that potential energy
surface have two energy minima and a transition state
structures.

The low-energy conformers were obtained at = 180
and-180°(trans-conformer). Maximaenergy conformers
were seen at 0° dihedral angle (cis conformer). The
trans-conformers of the studied molecules were found
to be most stable among their conformers. The potential
barrier height of cis- conformers are at 13.24,10.69, and
9.56 with DFT/B3LYP level of the theory 6-311++G
(d, p) basis set and at the HF/6-311++ G (d, p) 13.53,
10.94, and 10.55 kcal/mol, respectively.
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Figure 2. The potential energy surface (PES) (a) at the B3LYP/6-3114++G (d,p), (b) HE/6-311++G (d,p).

Dipole Moment, Linear and Non-Linear Optical
Effects (NLO)

Non-linear optics is the study of the interactions
of light with matter under conditions in which the
non-linear response of the atoms plays an important
role. Some of the nitro substituted pyridine materials
show efficient NLO properties that can be used
in various non-linear optical devices. It is well

Cilt / Volume: 8, Say1 / Issue: 1,2018

known that the higher values of the p, o and {3 are
important for more active NLO properties. In this
study dipole moment, polarizability and the second
order polarizability or first hyperpolarizability of the
titled molecule were investigated by using HF and
B3LYP method at 6-311++G (d, p) basis set. The
following equations (1, 2, 3) are used for calculating
the magnitude of p, o and
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Where, the p, o and 3 using the x, y, z components
are defined as (Petek et al., 2006; Mol, 2010). The pu,
AEg, o and § were calculated by using 6-311++G(d,p)
basis set at the HF and DFT (B3LYP) of picolinic
acid (PA), picolinamide (PAA) and picolinic acid
hydrazide (PAH) molecules. The results are shown
in Figure 3 (a), (b) and Figure 4 (a), (b), respectively.
As results, the dipole moment in a molecule is very
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important electronic property and was used to study the
intermolecular interactions involving the van der Waal
type dipole-dipole forces.

HOMO-LUMO energy differences,dipole moment,
linear polarizability and the first hyperpolarizability
values of PA, PAA and PAH are investigated as a
function of the torsional angle using B3LYP/6-311++G
(d,p) level of theory.
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Figure 3. (a) The dipole moment () and (b) the HOMO-LUMO energy gap at the B3LYP/6-311++G (d.p).

As seen from Figure 3 (a), dipole moment values
of trans conformers of all the molecules are lower than
that of cis-conformer. PA has the highest dipole moment
value when comparing the other studied molecules.

The calculation results showed that behavior of a of

80

studied molecules as a function of torsion angle have
the similar trend.

That is, according to the orthogonal conformation
(90°) of the molecules, the polarizability curves are
almost symmetric.
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Figure 4. (a) Linear polarizability (o) and (b) first order hyperpolarizabilities (§) at the B3LYP/6-311++G (d.p).

The computed results demonstrate that the values
of HOMO-LUMO energy differences and the first
hyperpolarizability at the dihedral angle of 90° are
maximum, whereas this condition does not obtain for

NMR Spectral Investigations

'H, 3C NMR values of conformers picolinic acid,
picolinamide and picolinic acid hydrazide molecules
have been calculated and given in Tables 3. The
atomic positions are numbered as given in Figure 1.
Calculations performed with GIOA/DFT and GIOA/

the polarizability. As a result, behavior of MO energy
gap of studied molecules as a function of torsion angle
are of the similar trend.

HF methods were used the B3LYP/6-311+G (2d, p)
and HF/6-31G (d) level of theory. Comparison of
the calculated and experimental 'H, *C NMR values
indicates that results of HF/ 6-31G (d) are in good
agreement with experimental data (Gerzon et al., 2012).

Table 3 The theoretical 'H, *C NMR chemical shifts values of PA, PAA and PAH molecules (Gerzon et al., 2012).

B3LYP/6311+G (2d, p) HF/6-31G(d)

Atoms Cl C2 Exp® C3 Cl C2 C3
1-C 154.6 157.6 150 157 1453 147.6 147
2-C 128.3 127.3 121.9 127 120.9 120 120
3-C 1425 1412 137.6 141.1 136.9 135.8 135.8
4-C 130.8 1294 126 .4 129.5 121.2 120.1 120.2
5-C 152.7 153 148.4 1533 143.7 143.6 143.8
6-C 167.8 168.4 166 170 151 156.7 158.1
10-H 8.55 8.62 8.12 8.58 8.2 8.23 8.2
11-H 8.07 7.99 7.98 7.96 7.96 7.86 7.85
12-H 7.64 7.52 7.51 7.26 7.14 7.15
13-H 10.58 7.59 8.63 8.79 8.62 5.96 8.58
14-H 8.82 8.81 8.05 8.66 8.26 8.58 6.79
15-H 4.62 3.25 3.7 2.26
16-H 3.25 2.26

Cilt / Volume: 8, Say1 / Issue: 1,2018
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CONCLUSION

In this paper, the ground state geometrical energy,
w, o, B, E, 0 E, ivo. AEg and NMR and *C NMR
chemical shifts of picolinic acid (PA), picolinamide
(PAA) and picolinic acid hydrazide (PAH) molecules
are examined as a function of the torsional angle both
HF/6-311++G (d,p) and B3LYP/6-311++G(d,p) level
of the theory, for each molecule.

The tendency in the calculated torsional
potentials, barrier heights, and energy differences
between conformers are discussed.

The trans-conformers of the studied molecules
were found to be most stable among their conformers.
The potential barrier height of cis- conformers are at
13.24, 10.69, and 9.56 with DFT/B3LYP level of the
theory 6-311++G (d, p) basis set and at the HF/6-
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