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ABSTRACT

Using some spectral methods and density functional theory calculations, a complete structural,
vibrational, thermodynamic, electronic, nonlinear optical properties of 3-pyridyl methyl ketone
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have been evaluated. The Fourier transform infrared spectrum was obtained for the title mol-

ecule at room temperature. In the theoretical calculations, the Becke three Lee-Yang-Parr func-
tional with 6-311++G(d,p) basis set was applied to carry out the quantum mechanical
calculations. The infrared spectra were interpreted by using of normal coordinate analysis based

KEYWORDS

DFT; electronic properties;
3-pyridyl methyl ketone;
vibrational spectra

on the scaled quantum mechanical force field. In addition, molecular electrostatic potential map,
some thermodynamic parameters at different temperatures of compound were investigated.

Introduction

3-Pyridyl methyl ketone (3-pmk), also known as
methyl S-pyridyl ketone, is an analog of nicotinic
acid (niacin) containing a methyl group in place
of the hydroxyl.!"!

Pyridines represent class of compounds that
can significantly contribute to the organoleptic
properties of foods.>* Especially, methyl-pyridyl
ketones are known as aroma components of
foods, perfumes, smoking
showing several biological activities and constitut-

and suppressants,
ing part of the structure of some important bio-
logically active compounds.

Uwai et al' purified and identified the
enzyme that catalyzes the stereo selective reduc-
tion of methyl-pyridyl ketones in the rat liver,
because the liver is the main internal organ for
drug metabolism and contains plenty of enzymes.

The absorption and luminescence characteris-
tics of methyl-pyridyl ketones have been exam-
ined in polar and nonpolar media at room
temperature and low temperature (77 K).l%!

Although its industrial and medical import-
ance, the structure and vibrational spectroscopic
analysis for 3-pyridyl methyl ketone are

limitedly reported, and the crystal structure and
vibrational spectroscopic study of pure vibra-
tional spectroscopic molecule are still unavailable.
On the other hand, Medhi'® determined and
empirically assigned the Infrared (IR) and Raman
bands of methyl-pyridyl ketones in 1977. Sett
et al.”) have assigned again these bands using
empirical force fields based on pyridine ring and
ethanoyl group approximation.

Although extensive research has been carried
out within the relevant literature, no single study
exists on experimental and theoretical examin-
ation of the isolated 3-pmk molecule. To elabor-
ate the vibrational and some electronic properties
of 3-pmk, as an important compound in the sci-
entific research, FT-IR spectrum has been
recorded and calculated theoretical vibrational
spectra, molecular structure, and some elec-
tronic properties.

Within the current study, special attention was
paid the theoretical calculations that made it pos-
sible to obtain molecular structure and vibra-
tional spectra for comparison with experimental
data. The main body of the article is divided into
many sections. In section Computational meth-
ods, the optimized molecular structure will be
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presented. Section Assignment of vibrational
spectra presents the theoretical and experimental
vibrational  spectroscopic data. In section
Molecular orbital analysis and density of state,
the Highest Occupied Molecular Orbital
(HOMO), the Lowest Unoccupied Molecular
Orbital (LUMO), and simulated density of states
spectrum (DOS) will be presented. Next section
deals with the molecular electrostatic potential.
The thermodynamic parameters for 3-pmk were
discussed in section Thermodynamic properties,
whereas the polarizability and hyperpolarizability
of 3-pmk were presented in section Non-linear
optical properties. In sections Fukui functions
and Charge analysis, Fukui functions, and
charges will be presented, respectively.

Computational methods

Density functional theory (DFT) computations
for the geometric optimization and frequency cal-
culation were conducted using Gaussian 09 pro-
gram.'® The calculations employed the B3LYP
exchange-correlation functional, which combines
the hybrid exchange functional of Becke!® with
the gradient-correlation functional of Lee et al.!'"!
and the split-valence polarized 6-3114++4G(d,p)
basis set. Molecular geometries were fully opti-
mized by the Berny algorithm. The optimal
geometry was determined by minimizing the
energy with respect to all geometrical parameters
without imposing molecular symmetry con-
straints. In the optimized structure, imaginary
frequency modes were absent which provided a
true minimum picture of the potential energy
surface (Fig. 1).

Following the geometry optimizations with
B3LYP method, the optimized structural parame-
ters were used in the vibrational wavenumber cal-
culation at DFT level to characterize all
stationary points while minima. Total Energy
Distribution (TED) values were obtained by using
the Parallel Quantum Solutions software.'!! In
addition, the frontier molecular orbital analysis
and density of state analysis were conducted. In
order to the support the hydrogen bonding stud-
ies, Fukui function, natural bond orbital (NBO)
analysis, and molecular electrostatic potential
(MEP) calculations were conducted.
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Figure 1. Optimized molecular structure of 3-pyridyl methyl
ketone at Becke three Lee-Yang-Parr/6-3114+-G(d,p) level of
theory. The optimized structure gives the minimum energy
obtained for the molecule.

Experimental details

3-Pyridyl methyl ketone was attained from
Aldrich and used without further purification.
FT-IR spectrum was observed between 3500 and
550cm ™' on a Bruker Vertex 80 spectrometer
equipped with a Pike MIRacle ATR accessory.
The Far-IR spectrum was recorded between
600 and 100cm™' on JASCO FTIR-6800
Series system.

Result and discussion
Molecular structure

The optimized molecular structure of the 3-
pyridyl methyl ketone with atomic numbering is
shown in Fig. 1. The theoretical geometrical
parameters were calculated DFT/B3LYP level of
theory with the 6-311++G(d,p) basis set. The
geometrical values (bond lengths and bond
angles) and X-ray data are presented in Table 1.
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Table 1. Optimized geometrical parameters (bond lengths
and bond angles) of 3-pyridyl methyl ketone by Becke three
Lee-Yang-Parr/6-3114++G(d,p) in comparison with experimen-
tal X-ray diffraction data.

Bond lengths (A)

Bond angles (°)

Parameters Calc XRD? Parameters Calc. XRD?
C; —H, 1.084 0.950 H, —C -G 120.4 118.9
G -G 1.386 1.381 H, — C; — Nys 116.0 118.8
Ci — Nys 1.335 1.351 G —C — Ngs 123.5 1221
G —Hy 1.083 0.950 G —G —Hy 120.2 1205
G -G 1.386 1.381 G-G-GC 118.4 119.0
Cs — Hg 1.083 0.950 Hy — G —GCs 121.2 1205
G -G 1.400 1.396 G — G —Hg 122.0 120.4
G —GCg 1.400 1.396 G-G-G 119.0 119.2
C —Cpo 1.501 1.504 Hg — Cs — G 119.0 120.3
Cg — Hg 1.085 0.951 CG—-—G—GC 117.6 1183
Cio — g 1.515 1.492 CG—G —Co 119.2 119.6
Cio — Os6 1.216 1.215 CG—G —Cyo 1231 122.0
Cyp — Hyp 1.088 0.980 C; —C—Hy 120.7 118.7
Cyp — Hys 1.094 0.980 C; —Cg — Nys 124.0 1224
Cip — Hyy 1.094 0.980 Hg — Cg — N5 115.3 118.8
Cg — N5 1.335 1.344 G —Co—Cyy 118.8 118.2
RMSD 0.083 C; — Cio — O4¢ 120.1 118.6
C]] — Cm — 016 121.0 1229
Cio — Gy — Hyp 108.7 109.4
Cyo — Gy — Hys 110.8 109.4
Cio — Gy — Hyg 110.8 109.4
Hi; — Cyp — Hys 109.4 109.4
Hi; — Cy7 — Hyg 109.4 109.5
Hiz —Cyy —Hyy 1074 109.4
RMSD 1.480

A: Angstrom; °: degree.
“Taken from Ref. [12].

Also, calculated parameters were compared with
X-ray data for bis (3-pyridyl methyl ketone)-bis(i-
sothiocyanato)-zinc(II),[lz] due to the fact that
crystallographic data are not available yet for the
title molecule.

As shown in Table 1, the optimized parameters
are in good agreement with the experimental
data. The bond lengths and bond angles
comparisons were expressed in terms of root-
mean-square deviations (RMSD) values bond
lengths (0.083) and the bond angles (1.480) the
B3LYP method with the 6-311++G(d,p)
basis set.

The bond lengths of all C-C bond in the pyri-
dine ring were found to be 1.386-1.400 A compu-
tationally and 1.381A-1.396A experimentally,
which signifies that there is no demarcation of
single or double bond in the pyridine ring. In
addition to the bond length, C-C in pyridine
ring is equal and almost close to experimental
value, but these values largely differ from the
C-C bond length within ethanoyl group where
the computational value is 1.515A and the
experimental value is approximately 1.492 A. The
C-C bond lengths in the pyridyl ring are shorter

than bond lengths in ethanoyl group due to
inductive electron effect which may tend to
lengthen the bond.

The C-N bond lengths in pyridine ring were
found almost equal around 1.335A, very closer
to experimental value 1.351 A. In particular, C-O
bond length is in good agreement with the calcu-
lated value.

The C-H bond length values are experimental
at 0.950 A to 0.980 A, which are smaller than the
calculated C-H (ring) and C-H (ethanoyl group)
values are 1.084 A-1.094 A, respectively.

As can be seen from Table 1, the calculated
bond angle values are very close experimental
bond angle values. In particular, C-C-C, C-C-H,
and H-C-H bond angles are in very good agree-
ment with the XRD data. However, small devia-
tions were observed in the harmony between the
theoretical and experimental bond angle values of
C-C-N and H-C-N bond angles. These small
deviations can be explained by the fact that the
calculations relate to the isolated molecule, where
intermolecular Coulombic interactions with the
neighboring molecules are absent, whereas the
experimental results correspond to interacting
molecules in the crystal lattice.!"”!

Assignment of vibrational spectra

The recorded FT-IR bands and scaled wavenum-
bers along with TED are presented in Table 2.
The comparison of computed and experimental
FT-IR and Far-IR spectra are shown in Fig. 2.
The DFT hybrid B3LYP functional tends
to overestimate the fundamentals modes, there-
fore, proper scale factor of 0.997 for the
wavenumber less than 1800cm™ ' and 0.955
above 1800 cm™'["*'* were applied to B3LYP/6-
311++G (d,p) method by least square method as
tabulated in Table 2. As a result of neglecting the
anharmonicity in real system, comparison of
the wavenumbers calculated at B3LYP with the
experimental values reveals the overestimation of
the calculated vibrational modes.

The hetero-aromatic structure shows the pres-
ence of the C-H stretching vibrations in the
region 3100-3000cm ', which is characteristic
region for the ready identification of the C-H
stretching vibrations.'®! The pyridine ring has
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Table 2. Calculated vibrational wavenumbers, frequencies, scaled frequencies, normalized absorption intensities of the infrared
and Raman spectrum and observed infrared frequencies, and their detailed assignments with total energy distribution(%) for

3-pyridyl methyl ketone.

Calculated
Observed

Mode Fre Fre® IR P IR %TED®
Vaa 3200 3056 3.2 100 - 80 veu(py)
Va 3184 3041 33 100 3048vw 78 vcu(py)
Vao 3163 3021 45 51.5 - 68 vcy(py)
V39 3153 3011 7.2 100 - 75 veu(py)
V3g 3144 3003 5.9 100 - 76 vcu(ethanoyl)
V37 3092 2953 3 57.4 - 80 vcy(ethanoyl)
Vag 3034 2897 1 62.9 - 88 vcy(ethanoyl)
V3s 1750 1746 100 73.4 1684vs 20 veo + 13 vee + 13 dccn
Vaa 1625 1621 49.5 100 1583s 28 vee + 18 dcen + 13 dcee + 12 ducc
V33 1604 1600 9.1 14 - 23 vee + 13 dpen + 17 duce
V3s 1507 1504 1.1 48 - 15 vee + 24 dcen + 18 dnce
V3 1479 1476 8.9 15.5 1473w 25 Opc + 25 Teeen + 25 Tocen
2% 1471 1468 7.1 11.3 - 37 Oucn +20 Tccen + 20 Tocen
Voo 1447 1444 28.6 57 1417s 15 vec + 17 dpcc + 13 dnen
Vag 1391 1388 35.5 37 1359s 32 dccy + 32 Oucu
Va7 1359 1356 1.4 13 - 26 Occy + 16 dccec + 17 Onen
Ve 1294 1291 23 1.8 1304vw 16 vey + 30 vee
Vas 1278 1275 100 36.9 1268vs 23 vee + 14 decn
Vs 1224 1221 28.8 15.3 1194m 11 vey + 13 vec + 14 Sccy + 15 duen + 22 duce
Va3 1136 1134 55.9 2.3 1118m 24 dccy + 21 Onec
Vs 1101 1099 7.9 9.3 1093m 18 vec + 17 dcen + 13 dnee
Vo 1055 1053 0 100 - 24 vec + 11 vey + 13 dcey + 14 dncc
Va0 1046 1044 1.9 29 - 16 5()(}1 + 15 F(;(;(;H + 11 F()(;(;H
V1o 1038 1036 36.2 44 1021s 18 dccec + 15 dcey + 12 dcen
V1g 1014 1012 1.7 0 - 28 FHCCH + 26 FHCCC +13 FCCCH
V17 988 986 2.8 0 - 23 T'nece + 20 Theen + 13 Tecen + 17 Thene
Vie 960 958 99.5 7.3 955s 16 vee + 25 Ocen + 12 Teeen + 12 Tocen
V1s 947 945 1.8 1.5 - 26 T'ccen + 12 T'yecece + 11 Theew + 11 Thene
Via 824 822 753 3 806s 13 Thcrc + 14 Taeee + 14 Tneen
Vi3 763 761 7.5 100 750m 24 vec + 10 dceny + 13 Onec + 11 dcec
V12 717 715 100 3 701vs 12 T'cecrr + 13 Theee + 12T cece + 12 Trene+12 Teene
|28 639 638 50.1 774 624s 18 dccec + 17 dcey + 10 dcene
V1o 608 607 13.6 5.6 - 16 T'ccen + 11 Tecco + 10 Tocen
Vo 599 598 100 95.1 589vs 11 vee + 14 dcce + 19 dcco
Vg 461 460 1.1 36.3 465w 28 dccc + 11 dcco
vy 419 418 25.7 10.7 405m 12 T'ecen + 15 Tecec
Ve 387 386 4.6 0 - 12 FCCCH + 11 FHCCC + 1 FCCCN
Vs 366 365 13 100 367w 16 vee + 16 dcen + 21 dcec
Vs 214 214 100 8.5 219m 50 dccc + 10 dcco
V3 152 152 0.4 1.8 156m 45 Toccn + 45 Tccen
15} 150 150 54 100 135vw 23FCCCH +17 FCCCC +15 FCCCN
12 57 57 100 100 - 30 I'ccee 4+ 30 Tecco + 12 Tocen

v: stretching; J: in-plan bending; I: torsion; s: strong; m: medium; w: weak; v: very.
?Scaled wavenumbers calculated at B3LYP/ 6-311G+-+(d,p) using scaling factors 0.997 for the wavenumber less than 1800 cm™', and 0.955 above

1800 cm—1.[14,15]

PRelative absorption intensities and relative Raman intensities normalized with highest peak absorption equal to 100.
“Total energy distribution calculated B3LYP 6-311 G-++-(d,p) level, TED less than 10% are not shown.

the four CH stretching vibrations. 3056cm ',

3041 cm ™', 3021cm ™', and 3011 cm ™' peaks were
predicted the CH stretching vibrations by the
DFT calculation. According to the TED results,
TED contributions were almost calculated as
pure modes. Medhi et al.!®’ reported that CH
stretching vibrations of the pyridine ring were
observed at 3031cm ™', 3047cm ', 3066cm ',
and 3082cm~' in the FT-IR spectrum.
Additionally, the CH stretching vibrations of the
ethanoyl group were calculated at 3003cm ',
2953cm™ ', and 2897cm ' modes. Symmetric
CH,; vibration was calculated at 3027 cm™ ' while

the asymmetric CH; stretching vibration calcu-
lated at 3085cm™ ', 3137cm ™' by means of DFT
calculation. One peak was detected at 3048 cm ™'
in the FT-IR spectrum. Medhi et al.!! reported
that symmetric CHj stretching vibration meas-
ured at 2923cm™ ' in the FT-IR spectrum. The
asymmetric CHj; stretching vibrations were
observed at 2972c¢cm ™' and 3009cm™' by means
of FT-IR spectrum. The weak nature of aromatic
C-H stretching vibration in the spectrum is due
to the reduction of negative charge on carbon
atoms, which leads to decrease in dipole moment.
The reason of reduction is that the substituent
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Figure 2. Comparison on theoretical (a) and experimental (b) Fourier Transform Infrared Spectrum of 3-Pyridyl methyl ketone at
Becke three Lee-Yang-Parr/6-3114++-G(d,p), which represented on the transmittance (arbitrary unit) against the wavenumbers

(1/centimeter). Experimental Far-Infrared spectrum of 3-pyridyl methyl ketone in the range 600-100cm

~1 on Jasco Fourier

transform infrared-6800 series system. The experimental spectrum reveals the entire characteristic far-infrared spectrum.

withdraws more electrons from the carbon
atoms which increase in chain length of the
substituent.!"”!

The C=O stretching vibration exhibits a
strong band in the region 1600-1750 cm .8
For the 3-pmk, the symmetric stretching mode of
C=0 assigned at 1684cm ™" (very strong) in the
IR spectrum, theoretically calculated wavenumber
and infrared intensity values were 1746cm™ ' and
100 in the DFT calculation, respectively.

The C-N vibrations of aromatic amines gener-
ally appear at 1342-1266cm™'. But they are not
easy to assign those, because of several bands
appear in the same region.'” In the present
study, these bands observed at 1304, 1194cm ™'
in the FT-IR spectrum and theoretically calcu-
lated at 1291, 1221cm 'are assigned to ring
stretching, ring deformation together with C-N
stretching modes.

In the experimental FT-IR spectrum, the dycy
band appeared at 1359cm™ ' (strong) and corre-
sponds to the CHj; asymmetric deformation

vibration of the ethanoyl group of 3-pmk. The
theoretical band was predicted at 1388cm ™', and
detected at 1423cm™ ' in the FT-IR spectrum by
Medhi et al.!® In the ethanoyl group, the CH;
functional groups possess the two asymmetric,
one symmetric CHj stretching vibrations.
Generally, stretching vibrations of methyl group
are slightly lower than those of pyridine ring.

In line with this observation, the calculated fre-
quencies at 1476, 1468, 1044, and 607 cm ' are
assigned to O-C-CH; angle bending vibrations.
The C-C-O bending mode assigned at 589 cm ™'
(very strong) in FT-IR spectrum, the correspond-
ing theoretical values were calculated at 598, 460,
and 214cm ™.

The Far-IR bands at 465(w) cm™ !, 219(m)
cm ', and 367(w) cm™ ' were assigned to C-C-C
in-plane bending vibrations. These modes are cal-
culated at 460cm™ ', 214cm™', and 365cm .
The ethanoyl group torsions (CCCH, CCCC, and
OCCH) were assigned at 405(m) cm ' (cale.
418cm™ ") and 156(m) cm ' (calc. 152cm ™).
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Figure 3. The calculated energy values (electronVolt) of the Highest Occupied Molecular Orbital and the Lowest Unoccupied

Molecular Orbital of the 3-pyridyl methyl ketone molecule.

These experimental values are also in good agree-
ment with theoretical values.

Molecular orbital analysis and density of state

Figure 3 shows that the HOMO is located over
the C1-C3, C5-C3, C7-C8, and C10-C11 bonds
of 3-pmk. On the other side, LUMO orbital is
mainly localized over the C8-N15, C7-C10, and
C10-O16 bonds. The figure shows that the
HOMO has bonding characteristics between the
atoms C-C whereas the LUMO has antibonding
character between the C-N, and C-O bonds.
Consequently, the HOMO/LUMO transition
implies an electron density transfer to the C-O
bond of the ethanoyl group and C-N bond from
C-C bonds. Moreover, these orbital’s significantly
overlap in their position for 3-pmk. But, while
the HOMO-1 is localized on the whole molecule,
LUMO + 1 is localized on the pyridine ring.

The energy gap between the HOMO and
LUMO is very important for determining the
quantum chemical properties of a molecule. In
order to understand various aspects of pharmaco-
logical sciences including drug design and the pos-
sible eco-toxicological characteristics of the drug

molecules, several new chemical reactivity descrip-
tors have been proposed. Conceptual DFT based
descriptors have helped in many ways to under-
stand the structure of molecules and their reactiv-
ity by calculating the chemical potential, global
hardness, and electrophilicity.*”! These quantum
chemical properties include electrical properties,
kinetic stability, optical polarizability and chemical
reactivity descriptors, such as hardness and soft-
ness. The concept of hardness (1) is related to a
compound’s reactivity and is a property that meas-
ures the extent of chemical reactivity to which the
addition of a charge stabilizes the system. The
chemical potential (u,.) provides a global reactivity
index and is related to charge transfer from a sys-
tem of higher chemical potential to one of lower
chemical potential. Electronegativity (y) is the
power to attract electrons which is equal to the
negative of the chemical potential. All these prop-
erties using information on the energies of
HOMO and LUMO can be calculated according to
the following simple relations: I=—Egomo»
A=—-Erumo, 1 = (—Emomo + Erumo)/2 and
ft= (Egomo+ Erumo)/2, o = p*/2n.P"

The energy of the frontier molecular orbitals
HOMO and LUMO, HOMO-LUMO energy gaps
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Figure 4. The simulated density of states spectrum of 3-pyridyl methyl ketone molecule. The spectrum lines allow us to see occu-

pied and virtual orbitals more respectively.

and quantum chemical properties (electronegativ-
ity, chemical potential, hardness, softness, and glo-
bal electrophilicity index) for the 3-pmk calculated
at B3LYP/6-311++G(d,p) level is listed in
Table 3. For the title molecule, HOMO-LUMO
gap is equal to 5.03eV. This value explains the
eventual charge transfer interaction with the mol-
ecule, which influences the biological activity of
the compound. The relatively high value of
AEnomo-Lumo indicates that the title compound
presents high chemical stability and it has low
reactivity. (20]

The hardness signifies the resistance toward
the deformation of electron cloud of chemical
systems under small perturbations encountered
during chemical process. In terms of chemical
hardness, a large HOMO-LUMO energy gap
indicates a hard molecule and is related to more
stable molecules, whereas a small gap indicates a
soft molecule and is related to a more reactive
molecule.”! Soft systems are large and highly
polarizable, while hard systems are relatively
small and much less polarizable.”®’ Chemical
hardness, n; Ionization potential, I; and electron

affinity, A; are calculated to be 2.15eV, 7.27¢V,
and 2.24 eV, respectively.

The calculated electrophilicity (@) of the 3-
pmk molecule is 5.25eV. This parameter permits
the classification of organic molecules as strong,
® >1.5eV, moderate, 0.8 < w <1.5eV and
marginal electrophiles, @ <0.8eV. On the other
hand, a good correlation with the inverse of the
electrophilicity (1/w) can be made, thus mole-
cules located at the bottom of the electrophilicity
scale classified as marginal electrophiles corre-
sponds as good nucleophiles.”**! Since calcu-
lated value of w >1.5eV which is strong, and
this value ensures the strong energy transform-
ation between HOMO and LUMO.

The simulated density of states (DOS) spec-
trum is shown Fig. 4. The density of states indi-
cates the number of available states of the
molecular orbitals at different energy of the mol-
ecule.”?’ DOS spectrum was calculated by
Mulliken population analysis and created by con-
voluting the available energy levels information
with Gaussian curves of unit height.”**! The spec-
trum allows us to see occupied and virtual orbi-
tals more respectively (green and blue lines).



Table 3. The calculated energy gaps and quantum chemical properties (ionization potential, electron affinity, global hardness, electronegativity, chemical potential, global softness,

global electrophilicity) of title compound at Density Functional Theory/Becke three Lee-Yang-Parr/6-311++G(d,p).
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Molecular electrostatic potential analysis

The molecular electrical potential surfaces (MEP)
of 3-pmk were shown in Figs. 5 and 6. This map
allows us to visualize variably charged regions of
a molecule. The knowledge of the charge distri-
butions can be used to determine how molecules
interact with one another and it is also used to
determine the nature of the chemical bond. The
red and blue region refers to the electron rich
and electron poor region while the slightly elec-
tron rich region is indicated by yellow and the
slightly electron poor region by the light blue
region.!'”! Figure 5 shows that the pyridine ring
(except its nitrogen atom) is which the color is
neither red nor blue, but almost neutral. The
region around the oxygen atom of the ethanoyl
group was found to be electron rich (red), which
is due to the lone pair of oxygen atom. The
region around the nitrogen atom was found to be
electron deficient (yellow) because the electro-
negative nitrogen atom soaks up the electrons in
the hydrogen atoms. The region around the
nitrogen atom of the pyridine ring was found to
be slightly electron rich. The color code of these
maps is in the range between —0.046 (deepest
red) and 0.046 arbitrary units (a.u.) (deepest
blue) in the compound.

Thermodynamic properties

The thermodynamic functions were derived by
means of the vibrational analysis with 6-3114++
G (d,p) basis set in gas phase. The temperature
variations of the heat capacity at constant pres-
sure (Cp), entropy (S), enthalpy changes (AH),
and Gibbs free energies for 3-pyridyl methyl
ketone are presented in Fig. 7. The values of the
calculated thermodynamic functions over the
temperature range 100-1000K are tabulated in
Table 4. On the basis of vibration analysis, the
statically thermodynamic functions: heat capacity
(Cp), entropy (S), enthalpy changes (AH), and
Gibbs free energy (G) for the title molecule
obtained from the theoretical thermodynamic
parameters are also listed in Table 4.

The research focus of some thermo molecular
characteristics such as zero-point vibrational
energy, enthalpy, Gibb’s free energy, entropy,
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Figure 5. Molecular electrostatic potential surface for 3-pyridyl methyl ketone in gas phase. This map allows us to visualize

variably charged regions of the title molecule.

0.008

| \
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| \

Figure 6. Two dimensions contour map of molecular electrostatic potential surface values (all in arbitrary unit) for 3-pyridyl methyl
ketone. The region around the nitrogen atom of the pyridine ring was found to be slightly electron rich.

heat capacity, thermal energy and the partition
functions, etc. have been found to play crucial
role in the material characterization and to
understand the reactivity or mode of action and
environmental influences on the molecules.'*”!
The molecules taken for this investigation possess
a remarkable interest in thermodynamic property
analysis. Since it is a characteristic property of
the molecule, the zero-point vibrational energy
remains constant at all the temperatures. The
zero-point vibrational energy obtained for

structure optimization of 3-pmk has been calcu-
lated to 0.1242854 a.u. The thermodynamic data
reveal helpful information for the further studies
on the title compounds when they are seen as a
reactant to take part in a new reaction.
Apparently, all of the analyzed thermodynamic
parameters showed an increase in line with the
temperature while G is observed to decrease with
T (Fig. 7) which is due to the rise of molecular
vibrations with temperature rise. The entropy
and enthalpy changes showed that the molecule
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Figure 7. Thermodynamic properties (heat capacity, entropy, entalphy changes, and Gibbs free energy) of 3-pyridyl methyl ketone
as a function of temperature in the range 100-1000 Kelvin. Gibbs free energy gradually diminishes along with the rise of tempera-
ture. The entropy and constant-volume specific heat capacity increase in the selected temperature ranges.

Table 4. Thermodynamic properties (heat capacity, entropy, enthalpy changes, Gibbs free energy, zero-point
energy) at different temperatures in the range 100-1000 Kelvin of 3-pyridyl methyl ketone computed at the Becke
three Lee-Yang-Parr/6-311++G(d,p) level.

Temperature (K) Q, Umol ' K™ S¢ Umol™' KT AHS (k) mol™") Georr (kJ mol™) ezee (k) mol™")
100 45.86 262.20 4.01 304.12 326.31
200 81.27 310.41 11.17 275.43 326.31
300 120.60 354.08 22.07 242.21 326.31
400 158.90 396.51 36.92 204.70 326.31
500 191.65 437.47 55.33 163.01 326.31
600 218.22 476.36 76.70 117.33 326.31
700 239.70 512.95 100.47 67.88 326.31
800 257.28 547.26 126.18 14.88 326.31
900 271.88 579.41 153.50 —41.42 326.31
1000 284.13 609.60 182.14 —100.85 326.31
J: Joule; K: Kelvin; C{,’,m : heat capacity; SS7 : entropy; AHS1 : entalphy changes; G : Gibbs free energy, ezpg : zero-point energy.

has more flexibility of variating its own thermo-
dynamic system with respect to the temperature.
All the thermomolecular data revealed the crucial
and helpful information for the further studies
on the 3-pmk. They can be used to compute the
other thermodynamic characteristics according to

relationships of thermodynamical parameters and
estimate directions of chemical reactions in line
with the second law of thermodynamics in
thermo chemical fields.

Gibbs free energy (G) is also a critical thermo-
dynamic quantity. The change of G can be used



244 (&) S.CELIK ET AL.

to determine not only the stability of the product
but also the direction of the reaction throughout
the hydriding/dehydriding reaction. Admittedly,
the G can be defined by the formula put
below, ¢!

G =H - TS (1)

where T, S are the temperature and entropy. H is
enthalpy and internal energy (E), which can be
expressed as

H = E + PV (2)

S0;
G =E - TS + PV (3)

where P and V are pressure and volume, respect-
ively. For solid and liquid phase, the value of PV
is far less than that of Gibbs free energy at
atmospheric pressure which means that PV can
be ignored. Thus, the G can be attained from the
formula expressed below;

G =E - TS (4)

The relations between the calculated Gibbs free
energy and the temperature are presented in Fig.
7. Results pointed out that Gibbs free energy
gradually diminishes along with the rise of tem-
perature. In other words, while the entropy and
constant-volume specific heat capacity increase in
the selected temperature ranges, the calculated
values of Gibbs free energy diminishes.

Fukui functions

According to Fukui’s Frontier Molecular Orbital
Theory, the chemical reactivity of the molecule in
terms of HOMO or LUMO electron density is
interpreted.

Fukui functions are evaluated using the finite
difference (FD) methodology for the neutral mol-
ecule and for the cationic and anionic structure
with the same molecular geometry.

In FD calculations, three types of Fukui func-
tions were introduced.*”!

"= qi(N +1) — q(N) for nucleophilic attack (5)
fi = a(N) — qx(N—1) for electrophilic attack (6)

i = (1/2) [ae(N +1) - g(N-1)]
for neutral (radical) attack

(7)

Table 5. Condensed Fukui functions (nucleophilic attack,
electrophilic attack, neutral attack) of 3-pyridyl methyl ketone
calculated from Hirshfeld charges.

Atoms 2 f P /e /"

G 0.0688 0.1152 0.0920 0.5966 1.6761
H, 0.0527 0.0535 0.0531 0.9839 1.0164
G 0.0546 0.0549 0.0547 0.9943 1.0736
Hqs 0.0333 0.0354 0.0344 0.9389 1.0651
Hia 0.0333 0.0357 0.0345 0.9342 1.0704
Cs 0.0469 0.0747 0.0608 0.6276 1.5933
Hg 0.0331 0.0407 0.0369 0.8123 1.2310
G 0.0360 0.0510 0.0435 0.7056 14173
Cio 0.0622 0.1227 0.0925 0.5070 1.9722
H, 0.0379 0.0407 0.0393 0.9314 1.0736
G 0.0561 0.0582 0.0571 0.9633 1.0381
Hqo 0.0336 0.0332 0.0334 1.0101 0.9900
Ho 0.0444 0.0304 0.0374 1.4602 0.6849
Cy 0.0434 0.0308 0.0371 1.4105 0.7090
Nis 0.1674 —0.4521 —0.1424 —0.3702 —2.7013
Oq6 0.1969 0.1525 0.1747 1.2913 0.7744

f nucleophilic attack; f: electrophilic attack; : neutral (radical) attack.

In these equations, gj is the atomic charge at
the rth atomic site is the neutral (N), anionic
(N+1), cationic (N—1) chemical species.[28’29]
As Roy et al. presented, the highest value of the
(" /f) ratio is relative electrophilicity and the
highest value of the (f; /f,") ratio is relative
nucleophilicity.®® The data of the Fukui func-
tions are listed in Table 5. The maximum value
of the electrophilic reactivity descriptors was
determined at Hy atom, while the maximum
value of the nucleophilic reactivity descriptors at
atoms was predicted at C;y atoms. So, the behav-
ior of molecule as nucleophilic (C;, C3, Cs5, C,,
Cs, Cio» Hy, Hg, Hy, Hys, and H;4) and electro-
philic (Nys, C;1, Hip, Ho, and Oq4) attack during

reaction depends on the local behavior
of molecule.!*!

Non-linear optical properties

Non-linear optical properties (NLO) activity

arises from the interactions of electromagnetic
fields in different media to produce fields
changed in phase, frequency, amplitude, or other
propagation characteristics. 321

In this study, dipole moment, polarizability,
and the first-order hyperpolarizability of the 3-
pmk along with related properties (u, @, and Ax)
are calculated by using DFT/B3LYP method with
6-311 G++(d, p) basis set. The data of the non-
linear optical properties were listed in Table 6.
The first-order hyperpolarizability (f,) is a third
rank tensor that can be described by a 3 x3 x 3



Table 6. The electric dipole moment u (Debye), average
polarizability , anisotropy of polarizability Ao (10~2*esu), and
first hyperpolarizability 8, (10~3%esu) of the title molecule.

Dipole moment Polarizability First hyperpolarizability

Uy 1.02 Ol 1751 Box  —235 B —179

Hy —0.53 Olyx —0.23 Py  —027 py  —0.51

Ly 0.1 Olyy 13.05 Byyy 0.49 p, —0.83

u 1.15 Oy 239 By —020 i 2.04
Oy 286 P —091 B —049

%, 1012 B, 006
% 1356 f,, 007

Ao 913 B,y 0.07
By, —0.04
Bozz 0.071

matrix. The 27 components of the 3D matrix can
be reduced to 10 components because of the
Kleinman symmetry.?****

Expressions used for the calculations are given
below:

_ 0 1 1
E=E" —u,F, 3 oypFyFp ‘ Big, FuFpFy + - -

where E° is the energy with no field present and
F, are the components of the applied field. The
permanent dipole moment (u), the mean polariz-
ability (o), the anisotropy of the polarizability
(Ao), and the first order hyperpolarizability (f,)
by using the component x, y, z are given
bellow.*>3¢!

1= 1+ s+ 1 9)

o = (Oex + Oy + 0zz) /3 (10)

1

Aa:% }1/2

[(“xx_a)’)')z + (O(y),—t)(zz)z + (“zz_“xx)z + 6(9(;25): + a;z + %Zcz)

(11)

Bo = [P+ By + B+ By + By B+ (B B+ Bp)?]

(12)

Urea is the prototypical molecule used in ana-
lyzing of the NLO characteristic of the com-
pound. So, urea was used often as a brink value
for comparing with another. Theoretically, the
first hyperpolarizability of the 3-pmk is 5,5 times
greater than that of urea (f, of urea is
0.3728 x 10~ esu).*”1  Therefore, investigated
molecule will show a little more non-linear
optical response and might be used as non-linear
optical (NLO) material.*'-*%]
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Charge analysis

Examining molecular orbitals gives information
about the reactivity of molecules. The electronic
charges of the atoms define the bonding potential
of a molecule. Because atomic charges affect the
molecular moment, molecular polarity, electronic
structure, and many other properties, charge
density values have an important place in quan-
tum chemical calculations. The capability of the
atoms to bond was investigated by calculating the
charge distribution of the optimized structure.
NBO, Hirshfeld, and APT charges were calculated
by determining the electron population of each
atom as defined by the 6-311 g++(d,p) basis set.
The calculated charge values are tabulated in
Table 7 and presented in Fig. 8. The magnitude
of the carbon atomic charge is found to be posi-
tive and negative. All the charge of the carbon
atoms (C;, Cg, and C,;,) attached to the electro-
negative atoms have positive due to their attach-
ment to the electronegative oxygen and nitrogen
atoms.’>*”! These electronegative atoms pulled
out the partial charges from the carbon atom and
therefore they became positive. The negative
charge values observed in N5, C;, Cs, C;, Cyy,
and Oye. The positive charge values observed in
Cy, Cg, Cyo, Hp, Hy He, Ho, Hyp Hys, and Hyy.

Conclusion

A complete structural, vibrational, thermo-
dynamic, electronic, nonlinear optical investiga-
tion along with FT-IR (mid and Far-IR) analysis
of 3-pyridyl methyl ketone have been carried out
with DFT (B3LYP) using 6-3114++4G(d,p) basis
set. The FT-IR (mid and far IR) bands of
3-pyridyl methyl ketone were also recorded and
compared with the theoretical data. Detailed
assignments were made based on TED analysis.
A comparison of the results of experimental and
theoretical study gave a full description of the
vibrational properties of the title molecule. The
HOMO-LUMO energy gap is calculated to be
5.03eV. That is to say, this molecule has a high
kinetic stability, and low chemical reactivity. It
was determined by MEP analysis that the electron
charge density of the molecule was high around
the nitrogen and oxygen atom of ethanoyl group,



246 (&) S. CELIK ET AL.

Table 7. Comparison of Natural Bond Orbital, Hirshfeld and Atomic Polar Tensor atomic charges values(all in electron charge) for
3-pyridyl methyl ketone at Becke three Lee-Yang-Parr method with 6-3114++4G(d,p) basis set.

Atoms Atomic polar tensor Natural bond orbital Hirshfeld Atoms Atomic polar tensor Natural bond orbital Hirshfeld
G 0.234 0.074 0.040 Ho 0.035 0.202 0.058
H, 0.026 0.194 0.061 Cio 0.997 0.555 0.164
G —0.144 —0.237 —0.041 Cyy —0.127 —0.670 —0.097
Ha 0.041 0.214 0.056 Hiz 0.023 0.234 0.054
Cs 0.097 —0.119 —0.009 Hqs 0.023 0.225 0.053
He 0.088 0.237 0.061 Hiq 0.023 0.225 0.053
(&) —0.336 —0.184 —0.019 Nis —0.447 —0.461 —0.198
Cg 0.214 0.074 0.034 06 —0.747 —0.562 —0.270

The electronic charges of the atoms define the bonding potential of a molecule. In Natural bond orbital analysis, orbitals are orthogonalized and localized
to form one or two center orbitals. These orbitals are classified as core orbitals. Hirshfeld atomic charge analysis based on electron density; each atom’s
charge is obtained by integrating the electron density over its volume. Atomic polar tensor analysis is defined using tensor of dipole moment of
a molecule.
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Figure 8. Natural Bond Orbital, Hirshfeld and Atomic Polar Tensor electron charge distribution for 3-pyridyl methyl ketone.
*The electronic charges of the atoms define the bonding potential of a molecule. In Natural Bond Orbital analysis, orbitals are
orthogonalized and localized to form one or two center orbitals. These orbitals are classified as core orbitals. Hirshfeld atomic
charge analysis based on electron density; each atom’s charge is obtained by integrating the electron density over its volume.

Atomic Polar Tensor analysis is defined using atomic polar tensor of a molecule.

and low around the hydrogen atoms. Some
thermodynamic parameters at different tempera-
ture values were examined. Apparently, all of the
analyzed thermodynamic parameters showed an
increase in line with the temperature while G is
observed to decrease with T, which is due to the
rise of molecular vibrations with temperature
rise. The entropy and enthalpy changes showed
that the molecule has more flexibility of variating
its own thermodynamic system with respect to
the temperature. The dipole moment, polarizabil-
ity and first-order hyperpolarizability of the mol-
ecule were theoretically calculated and compared
with the values of the urea molecule. The first
hyperpolarizability of the 3-pmk is 5,5 times
greater than that of urea. Therefore, investigated
molecule will show a little non-linear optical
response and might be used as non-linear optical
(NLO) material.
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