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Abstract The molecular structure, conformational equi-
libria, vibrational spectra and molecular force field of
1-methyl-2-(2’-pyridyl)benzimidazole have been determined
at the HF, MP2 and DFT/(B3LYP, BVP86) levels with
6-314+G(d,p) and TZVP basis sets. The torsional potentials for
the rotation around the C1-C2 pivotal bond have been cal-
culated at the B3LYP/6-31+G(d,p) and BVP86/TZVP levels
of theory for gaseous and aqueous I-methyl-2-(2'-
pyridyl)benzimidazole. FT-Raman (3500-10 cm™') and FT-
IR (3900400 cmfl) spectra of solid 1-methyl-2-(2'-
pyridyl)benzimidazole have been recorded and interpreted on
a base of calculated potential energy distribution. The results
of the experimental and theoretical study of vibrational
spectra and molecular structure of 1-methyl 2-(2'-
pyridyl)benzimidazole are considered in comparison with
similar data for 2-(2’-pyridyl)benzimidazole.
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Introduction

2PBI is an important heterocyclic bioactive compound
widely used in the coordination chemistry, pharmacology
and industry and to model important biological systems.
Derivatives of the 2-(2’-pyridyl)benzimidazole (2PBI) have
recently received much attention [1-7] due to the proton-
transfer reactions in the exited states of these compounds.
Sulfur-containing derivatives of 2PBI can serve as a very
effective protection of various metal nanoparticles [8, 9].
Another interesting property of 2PBI and its alkyl deriva-
tives is their ability to bind to the surface of metal
nanoparticles, particularly gold nanoparticles, and to pre-
vent them from aggregation and harsh reaction conditions
[10]. The knowledge of the molecular structure and con-
formational preferences of 2PBI derivatives is necessary
for the identification of photoreaction products as well as
for clarifications of the proton-transfer reactions
mechanism.

However, to the authors’ best knowledge, a complete
vibrational study of alkyl-substituted 2-(2'-pyridyl)benz-
imidazole has not been reported and conformational sta-
bilities have not been investigated. An assignment of
vibrational spectra of 2PBI which have been proposed in
Ref. [11] was entirely based on the experimental IR and
Raman data. DFT (B3LYP/6-3114+G*) calculations of
2PBI possible conformations have been carried out in Ref.
[12] for supporting the laser-induced fluorescence and IR-
UV double resonance spectroscopy investigations of the
H,O and MeOH complexes of 2PBI, but no detailed
quantum mechanical predictions of vibrational spectra of
stable conformations have been carried out. The structure
of solid 2PBI has been determined by the X-ray diffraction
[13]. Recently, the effect of microhydration on the struc-
ture and vibrational spectra of 2PBI and 1-methyl-2-(2’-
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pyridyl)benzimidazole (Me2PBI) has been investigated at
B3LYP/6-314+G(d,p) level of theory [14].

The objectives of this work were to carry out the
experimental investigation of FT-IR and FT-Raman spectra
of 1-methyl-2-(2'-pyridyl)benzimidazole (Me2PBI) sim-
plest alkyl derivative of 2PBI specially synthesized for this
investigation, and to study theoretically the molecular
structure, torsional potentials, IR and Raman spectra of
Me2PBI with a goal to analyze the influence of alkyl
substitution on molecular conformation and vibrational
spectra in comparison with 2PBI. The molecule of Me2PBI
can exist in two tautomeric forms, and one of them adopts
two conformations A and B (Fig. 1). Me2PBI-A and
Me2PBI-B are rotamers; structure C is the second tau-
tomeric form. It is known that 2PBI molecule exists in the
similar conformations [12], but according to the investi-
gation of absorption spectra in a wide variety of solvents
[2—4], 2PBI-C form is absent in the ground state.

Fig. 1 Stable conformations of 1-methyl 2-(2'-pyridyl)benzimida-
zole molecule

@ Springer

The optimized geometries of all possible conformations,
harmonic force fields, IR intensities and Raman activities of
stable conformations of Me2PBI in gaseous state have been
obtained at the different theoretical levels (HF, MP2, DFT)
with a series of basis sets and analyzed in comparison with
similar data for 2PBI and compared to experimental data
when appropriate. The hybrid density functionals used in our
investigation have demonstrated very good performance for
a prediction of molecular structure and vibrational spectra of
similar organic molecules [12, 14-16].

Experimental

2-(2'-Pyridyl)benzimidazole (2PBI) and 1-methyl 2-(2'-
pyridyl)benzimidazole (Me2PBI) have been synthesized in
the Laboratory of Bioactive Organic Compounds (Depart-
ment of Chemistry, Lomonosov Moscow State University)
and had a purity about 98 %. The FT-IR spectra of both
compounds pelleted with KBr have been recorded in the
Laboratory of Molecular Spectroscopy using Tensor-27
(Bruker) set with resolution +1 cm™'. The FT-Raman
spectra have been registered on an Equinox-55 Bruker
interferometer equipped with FRA-106 Raman accessory
in the 3500-100 cm ™' Stokes region using 1064-nm line of
an Nd:YAG laser for excitation operating at 200-500 mW
power. Raman spectra were recorded from the pure pow-
ders in a backscattering geometry; the signal was averaged
upon 200 scans. The reported wave numbers are believed

to be accurate within =2 cm ™"

Computational details

Ab initio and DFT calculations have been performed with
the Gaussian 03 (Revision E.01) [17] and Gaussian 09
(Revision A.01) [18] packages. The fully optimized
geometries and harmonic force fields of Me2PBI possible
isomers have been calculated at the HF, MP2 and B3LYP
[19-22] levels of theory with 6-31G*, 6-314+G* and
6-31+G** basis sets [23, 24]. The optimized geometries of
the most stable conformations of Me2PBI and 2PBI have
been confirmed by calculations at the MP2/TZVP and
BVP86/TZVP [25] levels of theory using R. Ahlrichs et al.
triple- basis set [26, 27]. All calculations have been done
without any restrictions on the symmetry of structure. The
influence of solvent environment on structure and vibra-
tional spectra of Me2PBI has been considered within the
CPCM polarizable conductor calculation model [28, 29]
for water and dimethylformamide as solvents which are
usually used in investigations of systems containing 2PBI
and its derivatives. The accuracy of self-consistent reaction
field (SCRF) model in predicting the structure and



Struct Chem (2016) 27:209-219

211

energetics of a series of organic molecules has already been
well confirmed elsewhere.

The minima of the potential surface were found by
relaxing the geometric parameters with the standard opti-
mization methods. Analytical force constants have been
derived, and harmonic vibrational frequencies have been
calculated at all aforementioned theoretical levels to con-
firm the nature of stationary points found and to account for
the zero-point vibrational energy (ZPE) correction. Tor-
sional potential energy curves of Me2PBI and 2PBI
molecules (in gaseous state and in water and DMF solu-
tions) for the rotation around the central (pivotal) C—C
bond in the 0°-360° rotation range have been obtained by
varying the torsion angle ¢ = N1-C1-C2-N3 in steps of
10° starting from the most stable A conformations and fully
optimizing the molecular geometry and calculating vibra-
tional frequencies at each point. Comparison of potential
curves for gaseous and solvated (aqueous) Me2PBI is
performed in Fig. 2. Figure 3 presents results of similar
calculations of 2PBI molecule.

The visualization of theoretical IR spectra has been
made using Chemcraft (version 1.6) software [30] with the
Lorentzian broadening, the half bandwidth has been taken
as equal to ~5-8 cm™'. The prediction of Raman inten-
sities was carried out by the following procedure: The
Raman activities calculated by Gaussian 09 were converted
to relative Raman intensities using well-known relation
from the basic theory of Raman scattering [31] and then
were visualized by the original software Curves [32].

Normal coordinate analysis has been performed in the
local symmetry coordinates. The numbering of atoms is
presented in Fig. 4, and the introduced internal coordinates
of Me2PBI molecule are illustrated in Fig. 4S. The
redundant sets of internal coordinates of Me2PBI mole-
cules include 103 internal coordinates: all bond stretches,

—— B3LYP/6-31+G(d,p)

V(Kcal/mol)
12 - —— BVP86/TZVP
gas
10 -
8 -
6 E
CPCM
4 B

0 50 100 150 200
9 ()

Fig. 2 Torsional potentials of 1-methyl 2-(2’-pyridyl)benzimidazole
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Fig. 3 Torsional potentials of 2-(2’-pyridyl)benzimidazole

bond angles, out-of-plane and torsional coordinates. From
this set, a non-redundant set of local symmetry coordinates
was constructed. The local symmetry of the disubstituted
benzene ring could be approximately considered as C,,,
and corresponding coordinates were constructed as in Refs.
[33, 34]; local symmetry coordinates related to central part
with ordinary C—C bond were defined in accordance with
the local C; symmetry. Local coordinates related to the
pyridine ring were chosen similar to proposed in [35] for
3-methylpyridine, and local coordinates for imidazole ring
were constructed in the same way as in Ref. [34] for the
benzimidazole molecule. The butterfly-type deformation
coordinates have been chosen as a combination of two
torsional coordinates. The local coordinates of the methyl
group were defined within C;, symmetry (see supporting
materials).

The software package SPECTRUM [36—40] has been
used for transformation of quantum mechanical Cartesian
force constants to the force constant matrix in redundant
internal coordinates in the frame of the canonical matrix
model [41]. A part of diagonal force constants in redundant
system of internal coordinates is displayed in supporting
information. Normal coordinate analysis for all investi-
gated molecules has been carried out using SPECTRUM,;
potential energy distributions have been calculated in
accordance with formula from Ref. [42].

Results and discussion
Optimized conformations and energetics
The relative energies of Me2PBI conformations calculated

at different levels of theory in gaseous state and in water
and DMF solutions are reported in Table 1, and

@ Springer



212

Struct Chem (2016) 27:209-219

Fig. 4 Numbering of atoms of
1-methyl 2-(2'-pyridyl)
benzimidazole molecule

comparison of optimized B3LYP/6-31+G(d,p) geometries
for the skeleton of Me2PBI and corresponding force con-
stants is presented in Table 2.

According to the results of calculations, the relative
stabilities of Me2PBI conformations in the presence of
solvents are the same as of isolated molecules, but the
energy difference between conformations has decreased in
comparison with gaseous state. 2PBI-A-conformation is
also the most stable in solvated form. The values of ZPE
corrected energy differences between Me2PBI-A and
Me2PBI-B forms are equal to 2.1 kcal/mol in H,O and
2.3 kcal/mol in DMF so the concentrations of form B in
both solvents should be rather low. The relative energy of
tautomeric Me2PBI (form C) in solvents remains very
large, and this result is in good correspondence with con-
clusions on the conformational stability of 2PBI molecule
[11]. Optimized Me2PBI-A molecule in gas has a plane of
symmetry and belongs to the Cg point symmetry group.
The Me2PBI-B structure is non-planar with dihedral angle
N1-C1-C2-N3 equal to ~54°.

The conformation Me2PBI-A is the most stable in all
calculations, and optimized geometry parameters of both

conformations skeletons are very close to the optimized
geometry of 2PBI conformers in gaseous and in aqueous
states [12, 13]. The experimental investigations of Me2PBI
structure are not available, and we use the X-ray data of
2PBI [13] as the reference data. The optimized B3LYP/6-
314G(d,p) bond lengths of 2PBI are very similar in both A
and B conformations and are mostly in good accordance
with experimental structure parameters (taking into
account the difference in physical states). The lengths of all
skeleton bonds in A and B conformations of 2PBI and
Me2PBI are similar, except the pivotal C1-C2 bond, where
the difference in length is about 0.01 A between A and B
forms and 0.04 A between A and C forms. The presence of
CHj; group in the imidazole ring leads to the elongation of
the pivotal bond in all forms of Me2PBI with respect to the
corresponding structures of 2PBI. The force constants of
C—C bonds in different structures are decreased upon the
elongation of the bond, and this change in geometry should
lead to the slight redshift of corresponding stretching
frequency.

The data in Table 2 demonstrate the strong similar
trends in values of optimized geometry parameters and

Table 1 ZPE corrected relative

L Compound B3LYP/6-31+G** MO062X/6-314+G** BVP86/TZVP

energies (in kcal/mol) for

stable conformations of 2-(2'- Gas CPCM CPCM Gas Gas

pyridyl)benzimidazole and H,O DMF

1-methyl 2-(2'-pyridyl)

benzimidazole Me2PBI
A 0.0 0.0 0.0 0.0 0.0
B 6.6 2.1 23 6.7 7.2
C 20.2 19.6 15.7 24.7 19.8
2PBI
A 0.0 0.0 0.0 0.0 0.0
B 9.2 3.1 4.3 9.6 9.5
C 19.7 10.9 12.4 22.8 17.1
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Table 2, Optimized B3LYP/6-314+-G** geometry of skeletons (bond lengths in A, bond angles in degrees) and diagonal force constants (F, in
mdynx A, mdyn) for corresponding internal coordinates of 2PBI and Me2PBI

Parameter 2PBI X-ray 2PBI-A 2PBI-B 2PBI-A (CPCM, Me2PBI-A Me2PBI-A Me2PBI-B (gas)
[13] H,0) (gas) (CPCM, H,0)
R. F R. F F R. F R. F R. F

CI-N1 Qi5 1.355(2) 1376 4419 1389 4007 1372 4349 1389 4273 1382 4340 1392 3.948
CI-N2 Qil 1.317(2) 1319 5592 1314 5672 1324 5382 1324 5756 1327 5541 1314 5.642
C1-C2 QQ 1.466 1466 5451 1475 5.167 1469 5325 1473 5300 1479 5114 1484 4857
C2-N3 Qpl 1.336 1347 5549 1344 5544 1348 5503 1348 5560 1348 5450 1344 5.365
C2-C3 Qp6 1.377 1403 4992 1406 4.895 1402 4975 1404 4.874 1404 4946 1404 4774
C3-C4 Qp5 1.372 1392 5534 1394 5475 1393 5468 1394 5587 1394 5468 1394 5457
C4-C5 Qp4 1.364 1398 5344 1394 5454 1397 5347 1397 5371 1397 5371 1393 5.460
C5-C6 Qp3 1.366 1397 5.094 1399 5027 1398 5069 1397 5154 1397 5090  1.398 5.062
N3-C6 Qp2 1.328 1338 5.820 1335 5859 1339 5742 1341 5749 1341 5684 1337 5614
N1-C7 Qi4 1.355 1379 4689 1383 4.636 1379 4.654 1385 4.754 1385 4.675 1385 4.481
N2-C8 Qi2 1.389 1384 4.165 1383 4.142 1386 4.126  1.383 4473 1383 4314 1383 4.076
C7-C8 Qbi 1.394 1421 3264 1418 3298 1420 3290 1415 3.684 1415 3.684 1416 3.505
C8-C9 Qbl 1.396 1403 5105 1403 5.110 1404 5061 1404 5176 1404 5176 1402 5.184
C9-C10 Qb2 1.368 1392 5388 1392 5381 1393 5336 1393 5424 1393 5424 1392 5.398
C10-C11 Qb3 1.392 1413 5004 1413 4728 1414 4670 1414 4815 1414 4815 1412 4.832
C11-C12 Qb4 1.376 1394 5343 1394 5330 1394 5304 1395 5453 1395 5379 1395 5356
C7-C12 Qb5 1.387 1398 5183 1398 5.188  1.399 5.146 1400 5238 1400 5238 1399 5231
/N1-C1-N2 113.1(16)  113.0  0.847 1125 0815 1128 0816 1127 0859 1127 0873 1132  0.850
/NI-C1-C2-N3  13.0 0.0 154.7 0.0 0.2 32.4 128.6

/N2-C1-C2-N3 167.4 180.0 26.9 180.0 179.8 152.8 54.1

Numbering of atoms is given in Fig. 4

corresponding force constants of both compounds in gas-
eous state, while most of these parameters are slightly
changed in water surrounding. The significant influence of
solvent on the geometry was observed for the pivotal
(central) C—C bond in 2PBI-C molecule [14], and the same
result is obtained for Me2PBI-C conformation, where the
length of pivotal bond is increased (by ~0.02-0.03 A) in
both solvents in comparison with isolated molecules. The
influence of methyl group on geometry of Me2PBI in
comparison with 2PBI is practically negligible except the
slight elongation (~0.01-0.015 A) of skeleton bonds
adjusted to CH;3 group and C1-N2 imidazole bond near
pivotal C—C bond of Me2PBI-A, and also shortening two
other bonds of imidazole group. Geometry of pyridine and
benzene groups is practically not altered as well as force
constants of these groups. Correspondingly, one can sup-
pose the slight differences in vibrational spectrum of both
compounds.

The B3LYP/6-31+G(d,p) torsional curve of Me2PBI in
the gaseous state (upper solid curve in Fig. 2) has only one
definite minima at ¢ = 0° corresponding to the confor-
mation A with planar skeleton. The stable conformations
(B) are calculated at three rotation angles near 110°, 120°

and 130° which have almost constant potential energy
(within 0.1 kcal/mol). The optimized conformation of
Me2PBI-B at this level of theory corresponds to
¢ = 128.6°. Optimized conformations of Me2PBI in this
interval have slightly different lowest frequencies, but in
general their theoretical IR curves are very similar. The
barrier height of B — B transition at ¢ = 180° is about
3.6 kcal/mol.

The BVP86/TZVP torsional curve (upper dotted curve
in Fig. 3) has the minimum at ¢ = 10.0° corresponding to
the form A, while the second stable conformation (B) cor-
responds to the more noticeable minimum at 130° (similar
to the B3LYP calculations). Barrier height of B — A
transition is equal to 0.2 kcal/mol at ¢ = 110°. Barrier
height for A — A transition (at ¢ = 0°) near the first
minimum is about 0.12 kcal/mol. So, analysis of these two
torsional curves allows us to conclude that the form A
should be the most probable stable conformation in the
gaseous Me2PBI.

According to CPCM calculations, the same conforma-
tion is also the most stable one of the solvated Me2PBI
(Fig. 2, bottom curves), and it is stabilized near ¢ = 20°
and 30° at BVP86/TZVP and B3LYP/6-314+G(d,p) levels,
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Fig. 5 Infrared (fop) and Raman (bortom) spectra of 1-methyl 2-(2'-pyridyl)benzimidazole

respectively. The minimum that corresponded to form B is
observed near 130° and 130-140° at B3LYP/6-314+G(d,p)
and BVP8S6/TZVP levels, respectively. The barriers of
A — A transition at ¢@ = 0° are equal to 0.2 and
0.1 kcal/mol in the B3LYP and BVP86 -calculations,
respectively.

For comparison, we perform the potential curves of
2PBI (Fig. 3) calculated at the same two levels of theory
for gaseous state and at B3LYP/6-31+G(d,p) level for
CPCM model. These curves are different from similar ones
of Me2PBI: Both curves of gaseous 2PBI (top curves) have
two evident maxima near ¢ = 100° and 260°. The barrier
height of B — A transition at ¢ = 100° is about
1.5 kcal/mol. At the B3LYP level, the third small

@ Springer

maximum is observed near ¢ = 180° with barrier height
about 0.15 kcal/mol. In the presence of water (bottom
curve), only two maxima are observed with the barrier
height of B — A transition increased up to 2.7 kcal/mol.
Four B-conformers of 2PBI optimized in interval 150-180°
have practically the same total energies which vary within
0.04 kcal/mol. Obviously the hindered internal rotation in
both compounds is complicated function, and more
developed models should be applied for its analysis.
Another factor that should be considered is a large anhar-
monicity and connected with this a possibility of large
amplitude torsional motion in both compounds. Possibly, in
definite conditions, the conformation 2PBI-B could exist in
noticeable concentrations.
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Fig. 6 Theoretical (B3LYP/6-31+G(d,p) infrared (a) and Raman (b) spectra of conformations A and B of 1-methyl 2-(2’-pyridyl)benzimidazole
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Fig. 6 continued

Me2PBI-B Raman

S ]

Vibrational spectra, normal coordinate analysis

IR and Raman spectra of Me2PBI are presented in Fig. 5.
The wavenumbers of registered IR and Raman spectra of
2MePBI in comparison with theoretical vibrational fre-
quencies, IR intensities and Raman activities are presented
in Table S2. Visualized theoretical vibrational spectra of
Me2PBI-A and Me2PBI-B conformations are presented in
Fig. 6.

From comparison of theoretical and experimental fre-
quencies (Table S2), one can see that for some vibrational
modes, chosen approach results in larger deviations of
calculated frequencies from experimental spectra, and this
effect could be due to the anharmonicity of experimental
frequencies. To determine the empirical correction of the
theoretical data, the scaling procedure in Cartesian coor-
dinates [43] has been applied. The B3LYP/6-314+G(d,p)
scaling factors of model molecules—pyridine, N-
methylimidazole and benzimidazole (with complete sets of
fundamentals given in [44-46], respectively)—have been
calculated and used for correction theoretical frequencies
of Me2PBI-A and Me2PBI-B conformations. Experimental
error & was chosen to be 3 cm ™" for each frequency. The
scaling ab initio force field matrix in Cartesian coordinates
allows us to avoid introducing internal coordinates in this
step which is necessary part of the well-known scaling
scheme where initially we need to transform the QM force
field to internal coordinates. The posing of inverse vibra-
tional problem proposed in Ref. [47-49] has been used in
the scale factor optimization. We search for a force con-
stant matrix F in Cartesian coordinates (defined through the
scaling factors) that is the nearest (in a sense of Euclidian
norm) to matrix F° and reproduces the set of experimental
data A within given error level 6 > 0. Such solution could
be found using stable numerical methods within the

@ Springer
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confines of the Tikhonov regularization theory [41, 43].
Optimized values of scaling factors are presented in sup-
porting materials.

After scaling in Cartesian coordinates, the corrected
force constant matrices of Me2PBI have been transformed
from Cartesian to redundant internal coordinates and
finally to local symmetry coordinates. Scaled frequencies
and potential energy distributions in local symmetry
coordinates are also presented in Table S2. On a base of
calculated potential energy distribution in local symmetry
coordinates, the interpretation of experimental IR and
Raman spectra has been proposed (Table S2). The com-
parison of scaled frequencies with experimental data and
results of similar calculations of 2PBI [14] confirms the
possibility of using scaling procedure in Cartesian coordi-
nates for the correction of harmonic calculations.

The tentative assignment for the most vibrations of
Me2PBI can be proposed based on comparison between
observed and theoretical spectra, except the lowest fre-
quencies (Table S2). One should note that here we compare
the theoretical results obtained for the gaseous phase and
experimental spectra registered for the solid state. Never-
theless, there is a good correspondence between scaled
theoretical and observed frequencies. The theoretical
B3LYP/6-314+G(d,p) IR intensities and Raman activities
(Table S2) adequately reflect the experimental shapes.

Consider the main characteristic frequencies for both
compounds that are important for compound identification.
Appearance of a broadband in the 34003450 cm ™' region
in IR spectrum of Me2PBI could be explained by possible
influence of water molecules associated with Me2PBI [14].
One of the main differences between experimental IR
spectra of 2PBI and Me2PBI is an occurrence of very broad
complicated shape band in the 2500-3200 cm ™" region in
IR spectrum of 2PBI, which is absent in the Me2PBI IR
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spectrum. This region in the IR spectrum of 2PBI is very
similar to the IR spectrum of the hydrogen bonded imi-
dazole crystal (so-called imidazole N-H effect) when the
presence of this complicated band is explained by the
statistical disorder in crystalline lattice, due to bending of
the H-bonds [50-52]. Similar strong coupling effects have
also been observed in IR spectra of crystals with strong O—
H...O bonds for some other compounds [53, 54]. A pair of
intensive bands near 1467 and 1443 cm™' in IR spectrum
of 2PBI have the counterparts in IR spectrum of Me2PBI at
1471 and 1447 cm™' both assigned to the CH in-plane
bending of Py fragment. Specific spectral feature of both
compounds includes an appearance of very strong IR band
near 745 cm~! (2PBI) and 741 cm™' (Me2PBI). Based on
PED calculations, these bands can be assigned to the CH
out-of-plane bending of imidazole fragment with large
contribution of out-of-plane deformations of pyridyl ring.
Corresponding theoretical IR bands are at 754 and
756 cm ™! for 2PBI-A [14] and Me2PBI-A (Table S2). This
assignment is well correlated with proposed elsewhere for
pyridine molecule [44]. Theoretical IR spectra of confor-
mations B also contain intensive bands near 750 cm™'
which are assigned to the same vibration, but, in general,
theoretical IR and Raman curves of conformations B are in
worse correspondence with experimental spectra, espe-
cially in the “fingerprint” region. The 400-700 cm™' IR
region can be defined as informative for the separation
between A and B forms (Fig. 7): One can see the better
correspondence between the observed and calculated IR
spectra for form A rather than for form B.

Consider the influence of the CHj; substitution on the
geometry and spectral properties of the pivotal C—C bond.
According to the calculations, this CC stretching should
have very intensive line in Raman spectrum and almost
zero-intensity band in the IR spectrum. We can assign to
this vibration the strong bands near 1538 and 1518 cm™' in
the Raman spectra of 2PBI and Me2PBI, respectively. This
assignment confirms the conclusion made on a base of
comparison of theoretical bond lengths and force constants
of two compounds (Table 2) about the slight redshift of
this vibration in vibrational spectrum of Me2PBI. Analysis
of experimental and theoretical data allows us to conclude
that the position of most frequencies remains characteristic
and does not strongly depend on the configuration and
electronic structure of these molecules.

Comparing theoretical spectra of two Me2PBI confor-
mations, one can see very close values of theoretical fre-
quencies of both conformations and the absence of very
apparent differences in both IR and Raman spectra except
the 400-700 cm ™' region in IR spectra (Fig. 7) where the
theoretical IR spectrum of form A is in better correspon-
dence with observed spectrum.

exp

absorbance

400 500 600 700 cm’!

Fig. 7 Experimental and theoretical (B3LYP/6-31+G(d,p)) IR spec-
tra of 1-methyl 2-(2'-pyridyl)benzimidazole A and B conformations
in the 400-700 cm™" region

In general, IR spectra are more preferable for the identi-
fication of 2PBI and Me2PBI compounds. The main differ-
ences between experimental 2PBI and Me2PBI IR spectra
are observed near 1300 cm™'. The IR spectrum of 2PBI
contains very intensive bands at 1280 and 1315 cm ™' which
according to PED calculation can be assigned to CC
stretching and CH in-plane-bending vibrations of the ben-
zene fragment, respectively [14], while the same regions in
observed and theoretical IR spectra of 2Me2PBI have no
corresponding intensive bands (see Fig. 6a). Raman spectra
of both compounds are very similar, and one exception is the
appearance of a weak line near 2950 cm™" in the spectrum of
Me2PBI related to the CH stretching of methyl group. The
comparison of experimental and theoretical IR and Raman
spectra of 2PBI and Me2PBI around 700-1600 cm ™" allows
us to conclude that the A conformations are energetically
preferred in solid 2PBI and Me2PBI. Theoretical IR and
Raman spectra of 2PBI(A) and Me2PBI(A) well correlate
with the experimental spectra, taking into account the
aggregate state of investigated samples.

Conclusions

Infrared and Raman spectra of Me2PBI have been studied
by spectral measurements and DFT (B3LYP/6-31+G**)
calculations for all possible conformations. Both experi-
mental and theoretical investigations of Me2PBI have been
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carried out for the first time. Based on the complete
assignment of vibrational spectra of both compounds with
help of potential energy distribution, we can conclude that
broad complicated band in the 2500-3200 cmfl, two
bands near 1280 and 1315 cm™' and band near 745 cm™'
in the IR spectrum of 2PBI assigned to vibrations of imi-
dazole fragment are the main distinguishable markers
between two compounds because they are absent in the IR
spectrum of Me2PBI. The relative stability of conforma-
tions is similar for both compounds, and the most part of
vibrational frequencies does not depend on methyl substi-
tution. Both 2PBI and Me2PBI in solid state at ambient
temperature exist as more stable A-conformations. Results
of calculations within PCM models demonstrate the strong
dependence of the relative stability of A and B structures of
both compounds on the solvent. The empirical correction
of theoretical force fields of 2PBI and Me2PBI, with a help
of scaling procedure in Cartesian coordinates, has
demonstrated good agreement of theoretical frequencies
with the experimental ones.
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