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Abstract The molecular geometries, normal mode frequen-
cies, intensities and corresponding infrared assignments
of monomeric and dimeric 2,3-dimethylpyridine, 2,4-
dimethylpyridine, 3,4-dimethylpyridine, 3,5-dimethylpyri-
dine and monomeric 2,6-dimethylpyridine in the ground
state were investigated at the density functional theory
(DFT)-B3LYP level using the 6-311+G(d, p) basis set. The
vibrational frequencies and geometric parameters of C—H
stretching and bending in the fundamental region were
calculated and compared to the Fourier transform infrared
(FT-IR) data obtained. In the studied monomeric and
dimeric dimethyl substituted pyridine derivatives, the C—H
stretching and bending frequency shifts that occur between
the dimer and the monomer may be diagnostic of the
magnitude of dimerization energy. As supported by data in
the literature, the most stable dimeric form was obtained for
the 3,4-dimethylpyridine molecule.
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Introduction

Recently, several molecular vibrational analyses of struc-
turally related organic compounds have been reported.
Numerous studies have been found in the literature dealing
with the vibrational and crystallographic analyses of
pyridine [1-6] and methyl derivatives [7-20]. The mole-
cules 2,3-, 2.4-, 2,6-, 3,4-, 3,5-dimethylpyridine are defined
by the presence of a six-membered heterocyclic ring
consisting of five carbon atoms and one nitrogen atom.
The arrangement of atoms is similar to that of benzene
except that one of the carbon-hydrogen rings sets has been
replaced by a nitrogen atom. The vibrational spectra of
pyridine dimethyl derivatives have been investigated in
several studies [8, 19]. Additionally, Draeger performed a
normal coordinate analysis [12] using experimental data
from the early 1960s [8]. Although this study resulted in
good agreement between the experimental and calculated
frequencies, new experimental data and developments in
theoretical calculation methods justify a reinvestigation of
the vibrational spectra of the structure of monomeric and
dimeric pyridine dimethyl derivatives. To the best of our
knowledge, no computational vibrational spectroscopic and
dimerization studies on free 3,4-dimethylpyridine have yet
been published. To understand the effect of dimerization
behavior on the vibrational spectroscopy of dimethyl
pyridines, we chose 2,3-, 2,4-, 3,4- and 3,5-dimethylpyr-
idine, all of which can take part in the same type of
dimerization. Therefore, the present study aims to give a
complete description of the molecular geometries and
vibrations of these dimethylpyridine derivatives. The results
of both spectroscopic and theoretical studies are reported
herein. The vibrational wavenumbers of the dimeric
dimethylpyridine derivatives have also been calculated.
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Density functional theory (DFT) is now accepted as a
popular post-HF approach for the ab-initio computation of
molecular structure, vibrational frequencies and energies of
molecules. DFT calculations have provided excellent
agreement with the experimental vibrational frequencies
of organic compounds, when the calculated frequencies are
scaled to compensate for the approximate treatment of
electron correlation, basis set deficiencies and anharmonic-
ity [21-27]. Moreover, the GIAO/DFT (gauge including
atomic orbitals/ density functional theory) approach is
being widely used in the calculation of chemical shifts for
a variety of heterocyclic compounds [28-33]. The DFT
method has also proved more successful in calculations of
vibrational frequencies and chemical shifts than other
methods [34-37]. However, no systematic work on the
structure of alkyl substituted pyridines exists as yet, at least
on a theoretical level. We believe that alkyl substituted
pyridines deserve more detailed and systematic theoretical
studies using updated computer programs and knowledge
of structure—activity relationships [2-7, 9, 13, 14, 38, 40—
46]. Here, we report the results of such studies on some
dimethyl substituted derivatives.

Experimental and computational details

Fourier transform infrared (FT-IR) spectra were recorded
using commercial 2,6-dimethylpyridine (Sigma 99%; St.
Louis, MO) and 3,4-dimethylpyridine (Merck, 98%; Darm-
stadt, Germany). The measurements were carried out at room

Fig. 1 Molecular models and
numbering scheme of mono-
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temperature on a Perkin Elmer 100 FT-IR spectrometer using
16 scans, a 0.05 mm Csl liquid cell and DTGS detector in the
mid-IR range (4,000-235 cm™"). The resolution was 2 cm .

In this study, structural parameters, IR wavenumbers, IR
intensities and dimerization energies were determined at the
DFT-B3LYP level using the 6-311+G (d,p) basis set. Initial
geometry was optimized by DFT-B3LYP with the 6-311+G
(d,p) basis set in the ground state. Restricted molecular
geometries of title compounds were performed by using the
Gaussview molecular visualization program [47] and
GAUSSIANO3 [48]. The molecular wave function was
expanded on the basis of Gaussian functions that represent
atomic orbitals. The position of the atomic center was
systematically varied until the electronic energy was mini-
mized. In general, electron correlation effects were fairly
uniform though a conformational or torsional potential
energy surface.

Results and discussion

The molecular structures and atomic numbering used in the
present study are shown in Figs. 1 and 2. The first task for the
computational work was to determine the optimized geo-
metry of the studied molecules. Dimerization of 3.,4-
dimethylpyridine occurred between nitrogen atom and HI
or H5 atoms [49]. Thus, except 2,6-dimethylpyridine, all
dimeric forms of the studied molecules were calculated as
the 3,4-dimethylpyridine dimeric form. The calculated
relevant geometric parameters for monomeric 2,3-dimethyl-
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pyridine, 2,4-dimethylpyridine, 2,6-dimethylpyridine, 3,4-
dimethylpyridine and 3,5-dimethylpyridine are summarized
in Table 1. The same type dimeric 2,3-dimethylpyridine, 2,4-
dimethylpyridine, 3,4-dimethylpyridine and 3,5-dimethylpyr-
idine geometric parameters are summarized in Table 2, using
definitions from single crystal studies [49-53].
Optimization of the geometrical parameters, hence provid-
ing a structural analysis for the studied molecules, was carried
out using DFT with the B3LYP/ 6-311+G (d,p) basis set. The
theoretical C—N bond lengths for monomeric dimethyl
pyridines were calculated as 1.337 A, 1.335 A, 1.340 A,
1.334 A, and 1.334 A for 2,3-dimethylpyridine, 2,4-dime-
thylpyridine, 2,6-dimethylpyridine, 3,4-dimethylpyridine and
3.5-dimethylpyridine, respectively. The theoretical C—-N bond
lengths for dimeric dimethyl pyridines were calculated as
1.340-1.340 A, 1.338-1.338 A, 1.339-1.339 A, and 1.335-
1.337 A for 2,3-dimethylpyridine, 2,4-dimethylpyridine, 3.4-
dimethylpyridine and 3,5-dimethylpyridine, respectively.
The C—CH; bond lengths in the studied monomeric and
dimeric molecules were found to be slightly different.
Monomeric forms: 1.507 A (theoretical)-1.500 A (experi-
mental), 1.507 A (theoretical)-1.500 A (experimental) for
2,3-dimethylpyridine; 1.507 A (theoretical)-1.496 A (ex-
perimental), 1.507 A (theoretical)-1.496 A (experimental)
for 2.4-dimethylpyridine; 1.507 A (theoretical)~1.500 A

3,5-Dimethylpyridine

(experimental), 1.507 A (theoretical)-1.500 A (experimen-
tal) for 2,6-dimethylpyridine; 1.506 A (theoretical)-1.504 A
(experimental), 1.506 A (theoretical)-1.504 A (experimen-
tal) for 3.4-dimethylpyridine; 1.508 A (theoretical)-1.504 A
(experimental), 1.508 A (theoretical)-1.504 A (experimen-
tal) for 3,5-dimethylpyridine.

Dimeric forms: 1.508 A—1.508 A (theoretical), 1.508 A—
1.508 A (theoretical), 1.500 A (experimental) for 2,
3-dimethylpyridine; 1.507 A-1.507 A (theoretical),
1.507 A-1.507 A (theoretical), 1.497 A (experimental)
for 2,4-dimethylpyridine; 1.507 A-1.507 A (theoretical),
1.504 A (experimental), 1.507 A-1507 A (theoretical),
1.502-1.498 A (experimental) for 3,4-dimethylpyridine;
1.508 A-1.508 A (theoretical), 1.505 A (experimental),
1.508 A-1.508 A (theoretical), 1.505 A (experimental) for
3,5-dimethylpyridine. It can be concluded that substituent
effects also play an important role in the geometry of dimeric
systems. Furthermore, it can be easily seen that, when
comparing the observed with the experimental values, the
closest hydrogen bond values between the two monomers in
dimeric 3,4-dimethylpyridine came from the B3LYP/6-311+
G(d,p) calculation. The small discrepancies observed are due to
the fact that the optimizations are performed in isolated
conditions, whereas structures are affected by the crystal
environment under experimental conditions.
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Comparisons of methyl group vibrational wavenumbers
for monomeric and dimeric dimethyl pyridine molecules
are tabulated in Tables 3 and 4, respectively. All the CHj;
vibrational modes are found to be in good agreement with
experimental values. The biggest differences found be-
tween theoretical and experimental CH; stretching mode
were 1-9 cm™! for 2.4-, 2,6-, 3,4-dimethylpyridine due to
elongation of the C—C bond and deformation of the
dihedral angles (Cs—C;—C,—H,). The largest difference
between theoretical and experimental ring stretching
vibrations is 5 cm ' for 2,3-dimethylpyridine, 12 cm '
for 2,6-dimethylpyridine, 3 cm™' for 3,4-dimethypyridine
and 4 cm ' for 3,5-dimethylpyridine because of the
decreasing bond lengths values of C,—C5 and C3;—C,,
ie, 0.036 A for 2,3-dimethylpyridine, 0.09 A for 2,6-
dimethylpyridine, 0.018 for 3,4-dimethylpyridine, and
0.006 A for 3,5-dimethylpyridine. Similar differences
were also observed between other theoretical and exper-
imental values. Experimental fundamentals are in better
agreement with scaled fundamentals, and good correla-
tions using the B3LYP/6-311+G (d,p) method were found
for all studied molecules.

The FT-IR spectra of 2,3-, 2,4- and 3,5-dimethylpyridine
were obtained from the literature [12, 19]. Liquid phase FT-
IR spectra of 2,6- and 3,4-dimethylpyridine recorded in this
study were used as experimental results. Theoretical FT-IR
spectra of the monomeric and dimeric dimethyl pyridine
molecules are shown in Figs. 3 and 4, respectively. The
harmonic-vibrational frequencies calculated with the 6-31
1+G (d,p) basis set at the B3LYP level of the studied
molecules are listed in Tables 3 and 4, together with the
experimental frequencies. For the single pyridine ring
hydrogen atom of an isolated molecule, three different
vibrations are expected, e.g., C—H stretching, in-plane
bending, and out-of plane deformation. In the 3,000 cm '
region, it can be observed that C—H bond stretching of the
ring appears at higher frequencies, whilst the CH stretching
of the methyl group appears at lower frequencies in the
region of 2,900 cm '. Upon increasing the degree of
substitution, a greater number of bands corresponding to
the C-H stretching of the methyl groups are expected,
having very similar frequencies since they are found within
the same range. Aromatic ring peaks are found to shift
approximately 20 cm ' between experimental and theoret-
ical values [17]. Comparison of the theoretical and
experimental spectra indicates that the intense vibrations
in the experimental spectra are also intense in theoretical
spectra. Comparison of the frequencies between experi-
mental and literature values reveals the overestimation of
the calculated vibration modes due to neglect of anharmo-
nicity in real systems. The major factor responsible for the
small discrepancies between experimental and computed
values is related to the fact that the experimental value is an
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Fig. 3 Theoretical infrared spectra of monomeric forms of the studied molecules
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Fig. 4 Theoretical infrared spectra of dimeric forms of the studied molecules

anharmonical frequency while the calculated value is a  biggest dimerization energy (—1.801 kcal/mol) and Mul-
harmonic frequency. liken charge on nitrogen atom (—0.056); 2,3-dimethylpyr-

The calculated energies, energy differences and Mulliken  idine ring has smallest dimerization energy (—1.336 kcal/
charges are given in Table 5. It is clear that the dimerization =~ mol) and Mulliken charge on nitrogen atom (—0.001). The
energies of the studied molecules changed between —1.336  nitrogen atom charges of monomeric forms have the
and —1.801 kcal/mol. The 3,4-dimethylpyridine ring has the = following sequence:

3,4—dimethylpyridine > 3, 5—dimethylpyridine > 2, 3—dimethylpyridine > 2,4—dimethylpyridine
(« increasing negative charge).

The hydrogen bonds in dimers between N and H atoms  (Table 2) have the opposite sequence:

3,4—dimethylpyridine < 3, 5—dimethylpyridine < 2, 3—dimethylpyridine < 2,4—dimethylpyridine
2.591 < 2.599 < 2.598 < 2.613(2.602)
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Table 5 The calculated total energies, zero point energies (ZPE) and energy differences, AE values and Mullikencharges of the studied

monomeric and dimeric dimethyl substituted pyridines. Er= E+ZPE, AE= Er(gimericy2*ET(monomeric)

2.3-Dimethylpyridine

2.4-Dimethylpyridine

3.4-Dimethylpyridine

3.5-Dimethylpyridine

Monomer
E (hartree) —327.010 —327.012
ZPE (hartree) 0.140 0.140
ET(hartree) —326.870 —326.872
2%Erhartrec) —-653.738 —-653.743
Dimer
Ehartree) —654.022 —654.026
ZPE (hartrec) 0.281 0.281
ET(hartree) —653.741 —653.745
AE (hartree) —0.002 —0.002
AE(kcal/mol) —1.334 —1.387
Charges Monomer
N —0.001 —0.033
H 0.128 0.127
C —0.034 0.016
Dimer
N? —0.032 -0.002
H? 0.205 0.205
c® 0.075 —0.311

—327.008 —327.008
0.141 0.140
—326.868 —326.868
—653.735 —653.735
—654.020 —654.019
0.282 0.281
—653.738 —653.738
—0.003 —-0.003
—1.801 —1.581
—0.070 —0.051
0.117 (0.130) 0.120
—0.624 (—0.204) 0.681
—0.056 —0.032
0.196 0.199
—0.370 —-0.930

*Same charge value with other pyridine ring in dimeric forms

It seems that the smallest hydrogen bonds in dimeric
forms have the biggest nitrogen charges in monomeric
forms. It is clear that while the hydrogen bond lengths
between two monomers decrease, the stability of the dimers
increase.

Conclusion

In the present work, the theoretical vibrational frequencies of
monomeric 2,3-, 2,4-, 2,6-, 3,4- and 3,5-dimethylpyridine
were calculated. The theoretical vibrational frequencies and
dimerization energies of dimeric 2,3-, 2,4-, 3,4- and 3,5-
dimethylpyridine were also investigated. Their approximate
mode descriptions with DFT calculations were then deter-
mined. The results of quantum chemical calculations with
monomeric and dimeric dimethylpyridine molecules have
shown that the substituent position plays an important role in
the FT-IR spectra and dimerization of the molecules. The
effects of steric hindrance and electronic charge distribution
play the most important role in determining the structure and
the substitution of these molecules. Theoretical FT-IR spectra
of the monomeric and dimeric dimethylpyridine molecules
are in agreement with experimental FT-IR spectra. The
theoretical vibrational frequencies and the assignments of the
studied molecules were compared with experimental data. If
the vibrational assignments are investigated individually, the

assignments obtained with related molecules are also
consistent with the determined B3LYP/6-311+G (d,p) calcu-
lation, and there is good agreement between experimental
and theoretical vibrational frequencies in the region of
4,000-235 cm ', In the monomeric and dimeric dimethyl
substituted pyridine derivatives studied, C—H stretching and
bending frequency shifts occurring between the dimer and
the monomer may be diagnostic of the magnitude of the
dimerization energy. The most stable dimeric form was
obtained for the 3,4-dimethylpyridine molecule, as supported
by the literature. It can be easily seen that the positions of the
substitutents also affected the geometry and IR frequencies.
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