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Abstract—The FT-IR, FT-Raman and FT-NMR spectra of 4-Methyl-2-phenylimidazole (4M2PI)mole-
cule was recorded and analyzed. The tautomeric, structural and spectroscopic analysis of the title molecule
was made by using density functional harmonic calculations. For the title molecule, only one tautomeric
form was found most stable structure by using B3LYP level with the 6-311G++(d,p) as basis set. Selected
experimental bands were assigned and characterized based on the scaled theoretical wave numbers by their

total energy distribution (TED).
DOI: 10.1134/50030400X12090032

INTRODUCTION

The development of new methods for the synthesis
of azaheterocycles is of particular interest in organic
chemistry since they occur in a wide variety of natural
products. This is especially true for nitrogen-contain-
ing five-membered ring, such as imidazoles, which are
core components of a large number of substances that
possess a wide range of interesting biological activities
[1-4].

Imidazole is a heterocyclic compound of five-
membered diunsaturated ring structure composed of
three carbon atoms and two nitrogen atoms at nonad-
jacent positions. The simplest member of the imida-
zole family is imidazole itself, colorless to pale yellow
crystalline solid with a weak amine like odor; soluble
in water and alcohol, melts at 89°C, boils at 256°C.
Imidazoles are poorly soluble in water generally, but
are dissolved in organic solvents, such as chloroform,
propylene, glycol, and polyethoxylated castor oil. Imi-
dazole ring is found in histidine (an essential amino
acid) and histamine, the decarboxylated compound
from histamine. Imidazole has two nitrogen atoms.
The one is slightly acidic, while the other is basic. Imi-
dazole and its derivatives are widely used as intermedi-
ates in synthesis of organic target compounds includ-
ing pharmaceuticals, agrochemicals, dyes, photo-
graphic chemicals, corrosion inhibitors, epoxy curing
agents, adhesives and plastic modifiers [5]. Some imi-
dazole compounds inhibit the biosynthesis of ergo ste-
rol, required in cell membrane in fungal. They have
antibacterial, antifungal, antiprotozoal, and anthelm-
intic activity. Imidazole and its derivatives are widely
used as intermediates in synthesis of organic target
compounds including pharmaceuticals, agrochemi-
cals, dyes, photographic chemicals, corrosion inhibi-

! The article is published in the original.

tors, epoxy curing agents, adhesives and plastic modi-
fiers [5]. The phenyl imidazole molecular fragment
plays a primary role in the functional architecture of
biologically active molecules such as novel histamine
H2 receptor antagonists [6], cardio tropic agents [7]
and several types of artificial enzymes [8—11]. Several
distinct phenylimidazoles are therapeutically useful
antifungal agents against either superficial or systemic
infections FT-IR, FT-Raman and FT-NMR spectra
of 4-phenylimidazole molecule using theoretical and
experimental methods has been reported earlier [12].
In the present paper, we report the results of theoreti-
cal and experimental (FT-IR and FT-Raman and
NMR) spectra, conformational analysis and molecu-
lar orbital energies of 4M2PI molecule. The spectro-
scopic properties of 4M2PI have not yet been studied
in detail to the best of our knowledge. Therefore, the
present investigation was undertaken to study the
vibrational spectra of 4M2PI molecule completely and
to identify the various normal modes with greater
wavenumber accuracy. Density Functional Theory
(DFT/B3LYP) calculations have been performed to
support our wavenumber assignments. Furthermore,
we interpreted the calculated spectra in terms of total
energy distributions (TED’s) and made the assign-
ment of the experimental bands.

EXPERIMENTAL

The FT-IR spectrum of the title molecule is
recorded in the region 4000—400 cm~! on IFS 66V
spectrophotometer using KBr pellet technique and is
shown in Fig. 1. The FT-Raman spectrum of 4M2PI
has been recorded using 1064 nm line of Nd:YAG laser
as excitation wavelength in the region 50—3500 cm™!
on a Thermo Election Corporation model Nexus 670
spectrophotometer equipped with FT-Raman module
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Fig. 1. Experimental FT-IR spectra of 4-methyl-2-phenylimidazole molecule.

accessory and are shown in Fig. 2. The 'H an 3C
NMR spectra are taken in chloroform solutions and
all signals are referenced to TMS on a BRUKER
DPX-400 FT-NMR Spectrometer. All NMR spectra
are measured at room temperature.

COMPUTATIONAL DETAILS

Gaussian 09 quantum chemical software was used
in all calculations [13]. The optimized structural
parameters and vibrational wavenumbers for the
4M2PI molecule were calculated by using B3LYP
functional with 6-311G++(d,p) as basis set. The
vibrational modes were assigned on the basis of TED
analysis using SQM program [14]. Normal coordinate
analysis of the title molecule has been earned out to
obtain a more complete description of the molecular
motions involved in the fundamentals. The calculated
harmonic vibrational wavenumbers were scaled down
uniformly by a factor of 0.967 (for wave numbers under
1800 cm™") and 0.955 (for those over 1800 cm™') for
B3LYP/6-311++G(d,p) level of theory, which
accounts for systematic errors caused by basis set
incompleteness, neglect of electron correlation and
vibrational anharmonicity [15—17].

The 'H and '3C NMR chemical shifts calculations
of the most stable form 6f 4M2PI molecule were made
by using B3LYP functional with 6-311G++(d,p) basis
set. The GIAO (Gauge Including Atomic Orbital)
method is one of the most common approaches for
calculating isotropic nuclear magnetic shielding ten-
sors [18, 19]. For the same basis set size GIAO method
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is often more accurate than those calculated with
other approaches [20, 21]. The NMR spectra calcula-
tions were performed by Gaussian 09 program pack-
age. The calculations reported were performed in
chloroform solution using IEF-PCM model as well as
gas phase in agreement with experimental chemical
shifts obtained in chloroform solution.

Predictions of Raman Intensities

It should be noted that Gaussian 09 package able to
calculate the Raman activity. The Raman activities
were transformed into Raman intensities using Raint
program [22] by the expression:

I = 10" % (vo-v)' L Ra,,
Vi

where [;is the Raman intensity, R4, is the Raman scat-
tering activities, v; is the wavenumber of the normal
modes and v, denotes the wavenumber of the excita-
tion laser [23].

RESULTS AND DISCUSSION
Tautomeric Analysis

All the possible tautomeric forms of 4M2PI were
calculated which are optimized by B3LYP/6-
311++G(d,p) level of theory. The possible two stable
tautomeric forms are given in Fig. 3, which shows the
possibility of proton transfer between the nitrogen
atoms of imidazole ring. The total energies and the rel-
ative energies of the different tautomeric forms of
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Fig. 2. Experimental FT-Raman spectra of 4-methyl-2-phenylimidazole molecule.

Fig. 3. All tautomeric forms and atomic numbering of 4-methyl-2-phenylimidazole (4M2PI). (a) Tautomer 1. Optimized energy—
—496.73079735 a.u., Relative opt. energy—=6.50 kJ/mol; (b) Tautomer 2. Optimized energy——496.73153114 a.u., Relative

opt. energy—0 kJ/mol.

4M2PI are presented in Fig. 3. Many attempts to
investigate the tautomeric equilibrium structure of
phenylimidazole molecule have been made using dif-
ferent calculation methods. It is determined that 7, is
more stable than 7, by 3 kJ mol~! for AMI and PM3
calculations by Ogretir and Yarligan [24]. Maye and
Venanzi have calculated rotational barrier and energies
of both 7, and 7 tautomeric forms of phenylimida-
zole [25]. They reported that the difference in energy
is 7.5 kJ/mol~! by T, compared with 7). The tauto-
meric equilibrium structures of 4-phenylimidazole

OPTICS AND SPECTROSCOPY Vol. 113

molecule were investigated by our previous paper [12]
and is determined that 7, is more stable than 7| by
5.27 kJ/mol for B3LYP/6-311G(d,p) level of theory.
In the present work, it is clear that the 7, tautomer has
the lowest energy and is the most stable form. The
energy difference between 7, and 7, tautomer is
6.50 kJ/mol (at B3LYP/6-311G++(d,p) level of the-
ory). This confirms that the 4M2PI is the only stable
tautomer in gas phase. So, finally we taken 7, tauto-
meric form was used in the future calculations such as
vibrational and NMR spectra of the 4M2PI molecule.

No. 6 2012
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Fig. 4. Potential energy surface of all tautomeric forms of 4-methyl-2-phenylimidazole (4M2PI) for dihedral angle N—C;—C35—C4.

Conformational Analysis

In order to reveal all possible conformations of
4M2PI, a detailed potential energy surface (PES) scan
in N,,—C,,—C;—C, dihedral angles was performed.
The scan was carried out by minimizing the potential
energy in all geometrical parameters by changing the
torsion angle for every 10° for a 180° rotation around
the bond. The shape of the potential energy as a func-
tion of the dihedral angle is illustrated in Fig. 4. It
shows that 7| tautomeric form was planar (N—C—C—
C dihedral angle for 0°) and 7, tautomeric form was
twisted (N—C—C—C dihedral angle for 10°).

Optimized Structure

The optimized bond lengths and bond angles of the
T, tautomeric form of the 4M2PI molecule at
B3LYP/6-311-H-G(d,p) level is collected in Table 1.
These optimized geometric parameters of 4-PI are
compared with those of X-ray data [26].

VIBRATIONAL ANALYSIS

The 4M2PI molecule consists of 22 atoms. So,
there are 60 vibrational modes. The 60 vibrational
modes of 4M2PI have been assigned according to the
detailed motion of the individual atoms. This mole-
cule belongs to C, symmetry group. The experimental
FT-IR and FT-Raman along with the calculated
wavenumbers are given in Table 2. As seen in Table 2,
IR and Raman intensities of 4M2PI are in consistency
with the TED results. The experimental FT-IR and
FT-Raman spectra are shown in Figs. 1-2.
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Phenyl Group Vibrations

The aromatic C—H stretching vibrations are nor-
mally found between 3100 cm~! and 3000 cm~—". In this
region the bands are not affected appreciably by the
nature of substituents. The aromatic C—H stretching
frequencies arise from the modes observed at
3062 cm™! (a,,), 3047 cm™! (ey,), 3060 cm™' (b,,) and
3080 cm™! (e;,) cm™! of benzene and its derivatives
[27]. In the present work, C—H stretching vibrations
of 4M2PI molecule are observed at 3009 cm™!
(3011 cm™! for FT-Raman spectra) and 3068 cm™!
(3059 cm™! for FT-Raman spectra) in the FT-IR
spectra. These peaks are predicted in the region 3011—
3060 cm~! for B3LYP/6-311++G(d,p) level of theory.

The aromatic C—H in-plane bending modes of
benzene and its derivatives are observed in the region
1300—1000 cm™'. Studies on the spectra of benzene
shows that there are two degenerate e, (1178 cm™) and
e;, (1037 cm™') and two non-degenerate b,, (1152 cm™")
and a,, (1340 cm™!) vibrations involving the C—H in-
plane bending [27]. In the case of 4M2PI the bands
observed at 1139 cm™'!, 1165 cm™!, and 1312 cm™! in
FT-IR and at 1158, 1169 cm™!, and 1315 cm™! in FT-
Raman spectrum are assigned to the C—H in-plane
bending vibrations. The C—H out of plane bending
modes [28—31] usually medium intensity arises in the
region 1000 cm~'—600 cm~!. The C—H out of plane
bending results from b,, (985 cm™), e,, (970cm™), e,
(850 cm™!) and a,, (671 cm™") modes of benzene [27].
The aromatic C—H out of plane bending vibrations of
4M2PI are assigned to the medium to very strong
bands observed at 829 cm~! (816 cm~! for DFT) and
968 cm™! (972 cm™! for DFT) in the infrared spec-
trum. These vibrations are observed at 671 cm™!
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Table 1. Optimized geometric parameters of 4M2PI

Bond Lengths (A) Bond Angles (°) Dihedral Angles (°)
Parameters | B3LYP X-Ray* Parameters B3LYP | X-Ray* Parameters B3LYP X-Ray*
C,—C, 1.392 1.388 C,—C—Cq4 120.2 | 121.0 | Cc—Ci—Cy—C4 —0.129 —0.720
C,—C 1.393 1.367 C,—C—H; 119.6 | 120.3 | Cc—C,—C,—Hg 179.5 171.8
C,—H, 1.084 1.017 Ce—C,—H; 120.1 | 115.5 | H;—C,—C,—C; —179.9 178.7
Cy—C; 1.402 1.394 C—Cy—C;4 120.7 | 119.3 | H,—C,—C,—H;g —0.336 7.630
C,—Hg 1.085 1.017 C,—C,—Hg 118.5 | 121.0 | C,—C{—C¢—C;5 —0.033 —0.040
C;—Cy 1.403 1.385 C;—C,—Hg 120.7 | 118.3 | C,—C|—C4—H; —179.9 —167.0
C;—Cy4 1.465 1.470 C,—C53—C,4 118.5 | 1184 | H,—C,—Cx—Cs 179.8 —179.4
C4—Cs 1.389 1.378 C,—C3—Cy4 1224 | 121.5 | H—C{—C4—H;y; —0.123 13.54
C,—Hy 1.082 1.017 C,—C5—Cy; 119.0 | 120.0 | C,—C,—C5—-C, 0.216 1.380
Cs—Cq 1.395 1.388 C;—C4—C; 120.5 | 121.3 | C,—C,—C5—Cy; —179.8 —176.5
Cs—H,y 1.084 1.017 C;—C4—Hy 118.4 | 120.5 | Hg—C,—C5—C,4 —179.4 172.7
C¢—His 1.084 1.017 Cs—C4—Hy 121.0 | 118.2 | Hg—C,—C;3—Cy; 0.556 —5.220
Ci;1—Njp, 1.370 1.370 C,4—Cs—C4 120.4 | 119.9 | C,—C53—C4—C;s —0.143 —1.340
C;1—Ny6 1.322 1.336 C4—Cs—Hj 119.5 | 115.1 | C,—C3—C4—Hy 179.8 179.8
N »—Cy3 1.380 1.384 Ce—Cs—Hj 119.9 | 121.8 | C;;—C5—C,4—C5 179.8 176.5
N,,—H,, 1.006 1.069 C,—C¢—Cs 119.4 | 119.3 | C;—C3—C4—Hy —0.084 —2.280
Ci;3—Hyy 1.077 1.017 C,—C¢—H;;s 120.2 | 118.2 | C,—C53—C;—Ny, 3.716 40.40
Ci3—Cys 1.374 1.373 Cs—C¢—Hs 120.3 | 120.0 | C,—C5—C;;—Ny; —176.3 —143.6
Ni—Cy7 1.374 1.306 C;—Cy1—Ny, 1243 | 1279 | C4—C5—C{;—Np, —176.3 —137.4
C;7—Cig 1.494 — C;—Cy;—Nyg 1254 | 1229 | C4—C5—C;;—Ny; 3.583 38.40
Cis—Hjo 1.093 — N;,—C;;—Ny | 110.1 114.1 | C3—C,—C5s—C¢ —0.016 0.600
Cis—Hyg 1.093 - Ci1—N»—Cy3 107.6 | 105.5 | C;—C,—Cs—Hj, —179.9 —176.5
C,s—Hy; 1.092 — C;1—N;,—H,, | 126.7 | 1254 | H—C4,—C5—Cq 179.9 179.4
Ci3—Npp—H,, | 1256 | 123.7 | Hy—C4—Cs—H,, 0.012 2.310
N ,—C3—Hy4 | 122.1 116.0 | C,—Cs—C¢—C; 0.106 0.100
N;,—C3—Cy; 105.6 | 105.7 | C4—Cs—C4—Hi; —179.9 166.9
H4,—C;—Cy; 132.1 128.7 | H;p—Cs—Cs—C, —179.9 177.0
Ci1—Ny—Cyy 106.8 | 104.4 | H;;—Cs—Cs—H,j5 —0.019 | —16.150
Ci3—C;7—Ny6 109.6 | 105.6 | C3—C;;—N,—C3 179.8 176.2
C;3—C7—Cyg 128.7 — C;—C;;—N;,—Hy, 1.002 —8.87
N;s—C;7—Cis 121.6 — Nig—Ci1—N;»—Cy;3 —0.074 —0.13
C;7—Cis—Hjg 110.7 — N;—Ci;—N;,—Hy, |—178.9 174.7
C;7—C3—Hyg 110.8 - C;—C;|—Ni—Cy7  |—-179.8 —176.7
C,7—C3—Hy, 111.1 — N;»—C1—N;s—Cy7 0.037 —0.110
Hg—Cs—Hy, | 107.3 — C;1—N;,—C;3—Hy; |—179.9 —175.6
Hy—C;s—H,; | 108.3 — CiiI—N,—C;3—Cy5 0.079 0.310
H,,—C,s—H,; | 108.3 — H,,—N;,—C;3—Hy4 —1.055 8.230
H,,—N,—C3—Cy; 178.9 175.8
N;,—C3—C7;—Nyg —0.059 —0.410
N ,—C3—C7—Cy5 179.8 —
H;,—C3—C{7;—Ny¢ 179.9 175.3
H,,—C;3—C;7—Cyg —0.181 —
Ci1—N;6—C;7—Cy3 0.014 0.220
Ci—N;—C;—Cis |—179.8 —
C;3—C7—Cis—Hyg 120.9 —
C;3—C;7—Cig—H,y |—119.9 -
C;3—C;7—C;s—H;,; 0.498 —
N—C17—Cs—H;j9 | —59.13 —
N;6—C7—C3—Hyg 59.89 —
N;s—C;7—C;s—Hjy; |—179.6 -
OPTICS AND SPECTROSCOPY Vol. 113 No. 6 2012
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Table 2. Vibrational frequencies of 4-methyl 2-phenylimidazole

Mode No |  Freq?® [:’R Tjaman Exp IR |Exp Raman TED (%)¢
\% 2 7.659 58.76 Tceeen(68) + Tecec(25) P—1
v, 90 0.231 2.500 90 Tccec(22)P + Tneen(10)P + Tyeec(14) P—1
V3 122 0.309 0.820 124 Tcecu(13) + Tnecu(67) I-M
V4 125 4.679 1.746 Sccc(38) P+ dncc(45) 1
Vs 199 0.025 0.598 Tceec(25) + Teene(20) I-M
Ve 284 1.088 5.162 Sccc(39) + 8cen(24) I-M
\Z 302 0.054 6.051 293 Tenec(32) + Taeee(17) 1
Vg 338 0.806 1.425 336 Sccc(24)P + Snec(11) 1
Vg 392 1.340 0.049 405 Tecec(63) + Teccu(35)P
Vio 458 8.251 1.477 440 Tenec(10) + Teenu(21) + ynen(11) P—1
Vi1 466 36.21 0.707 456 462 Sccc(25) + Yeen(35) + Teenn(11)
Vi2 502 73.23 0.452 492 Tecec(16) + Teccu(18)P + yenu(13) 1
Vi3 612 0.262 3.123 605 8ccc(57) + Sccn(18) P
Vig 618 18.75 0.444 Trneen(19) + yaen(23) 1
Vis 633 8.455 1.294 641 640 Veocn, GOI=M + 8ccc(15) P
Vie 677 95.56 0.028 671 Yccu(84) P
Vi7 692 21.05 0.002 690 Yocu(11) P+ Tecen(15) + Tenen(25) 1
Vig 692 6.891 2.697 709 708 ve.cnz(14) I-M + ve(15) P—1 + Sccc(15) P
Vig 756 46.21 1.135 768 773 ¥YneH(10) + Teecu(51) 1
Vag 813 45.00 0.161 812 810 Yecu(48) P+ ynec(23) 1
Vo 816 0.096 0.006 829 Yccn(89) P
V2 889 5.030 0.012 Yccn(79) P
Va3 933 14.45 10.29 914 917 Vne(10) + dncc(11) + Sene(30) + dnen(14) 1
Va4 945 0.671 0.056 951 Yecn(79) P
Vs 963 3.673 9.715 vnc(14) T+ 8ccp(49) M
Va6 972 0.523 0.117 968 972 Yccu(90) P
Va7 981 1.091 25.18 vec(14) + dnec(11) + 8ccy(10) 1
Vag 1003 17.67 12.48 1000 vee(11) + ven(15) + Sccc(26) P—1
Vag 1013 6.520 0.255 1022 1016 vee(53) + 8ccu(24) P
V39 1025 1.018 0.060 1040 Sccn(66) + Tyccu(13) + Tecen(15) M
V3; 1053 4.434 0.284 vee(15) + 8ccp(41) P+ Syen(10) 1
V3 1068 18.05 2.487 1072 1075 Vne(30) + dncu(20) 4 Sccp(13) 1
V33 1143 0.250 2.324 Sccu(14) P+ Senp(1l) + ven(B) 1
V34 1149 7.722 26.12 1139 1158 vee(15) + 8¢ccu(77) P
Vs 1164 0.135 8.109 1165 1169 vee(19) + 8ccu(74) P
Vg 1197 54.48 26.57 1221 Vne(34) + dncn(19) 1
V37 1253 6.176 5.898 1243 1247 Vne(51) + vec(16) 1
Vig 1277 2.772 0.910 1278 1284 vee(61) + dccu(15) P
V39 1309 3.004 1.183 1312 1315 vee(27) + 8ccn(59) P
Va0 1345 13.39 0.648 1332 1336 vee(14) P+ vge(33) + denp(12) 1
V41 1371 2.561 3.080 Sccn(13) + Sycn(68) M
Va2 1381 35.77 0.250 1381 Vnc(44) + 8cnp(13) T+ Sccp(14) P
Va3 1430 24.61 59.71 1410 1415 Sccu(13) + dycu(58) M
A\ 1433 13.53 1.827 Vee(20) + Sccp(48) P
OPTICS AND SPECTROSCOPY Vol. 113 No. 6 2012
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Mode No Freq® ]:’R Tjaman Exp IR |Exp Raman TED (%)¢
Vs 1441 34.48 27.48 Oncu(30) + dccu(22) + Tecenu(11) M
Vg 1459 9.422 20.93 1463 1455 Sccn(42) + vec(12)P + vne(13) 1
V47 1494 52.51 100 1476 vece(18) P—1 + vec(15) + vne(14) 1
Vag 1557 47.11 3.383 1517 1522 vec(@7) + ven(10) T
Va9 1572 36.62 0.597 1578 vee(52) + dccp(15) P
Vso 1591 19.22 77.28 1594 1598 vee(70) + dccn(1) P
Vs 2877 100 11.55 2867 2860 Ven, (100) M Symm.
Vs) 2917 33.16 3.547 2021 2023 VeH, (100) M Asymm.
Vs 2971 17.63 2.413 2977 VeH, (100) M Asymm.
Vg 3011 25.57 0.706 3009 3011 vcu(97) P
Vss 3023 0.243 2.251 vceu(99) P
Vs 3033 41.96 2.349 veu(97)P
Vs7 3046 31.44 6.307 vceu(99) P
Vsg 3060 4.929 2.422 3068 3059 vcu(99) P
Vsg 3088 22.06 3.244 3107 3108 veu(99) IMI
Veo 3488 58.90 0.785 vnu(99)

4Obtained from the wave numbers calculated at B3LYP/6-311++G(d, p) using scaling factors 0.967 (for wave numbers under 1800 cm_l)

and 0.955 (for those over 1800 cm’l).

Relative absorption intensities normalized with highest peak absorption equal to 100.
®Relative Raman intensities calculated by Raint software and normalized to 100.
dTotal energy distribution calculated B3LYP 6-311G(d, p) level, TED less than 10% are not shown.

(677 cm™! for DFT), 951 cm™! (945 cm~' for DFT)
and 972 cm~! (972 cm~! for DFT) in the FT-Raman
spectra. These CH vibrations (Stretching, in-plane
and out-of-plane bending) are in good agreement with
literature values of benzene [27—31]. Theoretical
results are also in good agreement with the experimen-
tal values.

Benzene has two degenerate CC stretching modes
at 1596 cm™! (e,,) and 1485 cm™' (e;,). Similarly the
frequency of two non-legenerate modes were observed
at 1310 cm™' (b,,) and 995 cm™' (a,,) in benzene [27].
The frequency of degenerate pair in benzene is fairly
insensitive to substitution. Similarly the frequency of
e, vibrations pair is also not very sensitive to substitu-
tion, though heavy halogens diminish the frequency
[32]. In the present work, CC stretching vibrations of
phenyl group are observed at 1022 cm~! (1016 cm™! for
FT-Raman and 1013 cm™! for DFT calculation),
1278 cm™! (1284 cm~! for FT-Raman and 1277 cm™!
or DFT calculation), 1578 cm~' (1572 cm™~! for DFT
calculation) and 1594 cm~! (1598 cm~! for FT-Raman
and 1591 cm™! for DFT calculation) cm~! in the FT-
IR spectra.

OPTICS AND SPECTROSCOPY Vol. 113

Imidazole Group Vibrations

The heteroaromatic molecule containing an N—H
group occur in the region 3500—3220 cm~'. The posi-
tion of absorption in this region depends upon the
degree of hydrogen bonding, and hence upon the
physical state of the sample or the polarity of the sol-
vent [12]. In the present work, this is only one NH
stretching modes of imidazole ring. But, this peak is
not observed in the experimental spectra (FT-IR and
FT-Raman). Imidazole C—H vibrations are distinctly
observed in FT-Raman at 3108 cm™! as strong bands
and at 3107 cm~! in FT-IR as weak bands as expected
[33]. Theoretically predicted wavenumbers at
3088 cm~! are assigned to C—H stretching vibrations.
The TED corresponds to this vibration is a pure mode
with contribution of 99%. According to Giilliioglu et
al. [12] the C—N stretching appears at 1395 cm™~' for
4-phenylimidazole. For 4M2PI molecule, the series of
bands observed in FT-IR at 1463, 1410, 1332, 1243,
1221, and 1072 cm~! and in FT-Raman at 1455, 1415,
1381, 1336, 1247, and 1075 cm~! makes significant
contributions to N—C stretching mode. In the imida-
zole ring C—C stretching is observed in FT-IR at
1517 cm~! and in FT-Raman at 1522 cm™".

No. 6 2012
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Methyl Group Vibrations

The methyl group vibrational modes of the studied
compound are observed in typical ranges for these
vibrations, e.g., CH stretching modes in the region
3000—2900 c¢cm~!, asymmetric bending 8, (CHj)
modes 1500—1420 cm~!, symmetric bending 8, (CH;)
modes in the range 1370—1420 cm™!, rocking modes
1040—990 cm™!, stretching v (C—CH,;) 1150—
1208 cm~!and 947—958 cm™!, wagging o (C—CH;) at
about 400 and 275—256 cm~! and torsion 7 (CHj;)
modes in the range 90—200 c¢cm~! [34]. The C—H
stretching mode in CH; occurs at lower wavenumbers
than those of the aromatic ring (3000—3100 cm™").
For the methyl group, the asymmetric stretching
vibration v, are observed at 2921 cm™' and the sym-

metric stretching vy, appears in the region 2867 cm™!
in the FT-IR spectra. The FT-Raman wavenumbers
of modes corresponding to the asymmetric stretching
vibration and the symmetric stretching vibrations are
2860, 2923, and 2977 cm~!. These peaks are predicted
at 2877 cm™! (mode nos: 51), 2917 cm™! (mode nos:
52) and 2971 cm™! (mode nos: 53) for DFT calcula-
tions. 1410 cm~! (mode nos: 43) (1415 cm™~! for FT-
Raman spectra, 1430 cm~! for DFT calculation) peak
assigned to the symmetric bending vibrations of
methyl group in the FT-IR spectra. CH; rocking
vibration is observed at 1040 cm~! (mode nos: 30) in
the FT-Raman spectra. The v (C—CH;) stretching
vibrations are normally observed in the regions of
1150—1208 cm™' and 947—958 cm™!. In the present
work, one of two (v(C—CHj;)) stretching modes
assigned at 641 cm™! in the FT-IR spectrum and
640 cm~! at FT-Raman spectra and corresponds to
633 cm™! for the DFT calculations. Other v (C—CH;)
stretching vibration is observed at 709 cm~' in the FT-
IR spectrum and 708 cm~! at FT-Raman spectra and
corresponds to 692 cm~! for the DFT calculations.
124 cm™! peak is assigned to the torsion CH; mode in
the FT-Raman spectra. None of the asymmetric
bending and wagging ® (C—CH3) modes was observed
in the both FT-IR and FT-Raman spectrum. The
results showed that experimental and theoretical data
were in good agreement.

NMR ANALYSIS

BC and NMR chemical shifts were calculated
using the GIAO method [18] at the B3LYP/6-
311++G(d,p) level. GIAO procedure is somewhat
superior since it exhibits a faster convergence of the
calculated properties upon extension of the basis set
used. Taking into account the computational cost and
the effectiveness of calculation, the GIAO method
seems to be preferable from many aspects at the
present state of this subject. On the other hand, the
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Table 3. The experimental and predicted 1*C and 'H isotro-
pic chemical shifts (with respect to TMS, all values in ppm)
for 4AM2PI

Atoms Exp. B3LYP | Atoms Exp. B3LYP
Cu 147.229 | 150.25 H,, 7.836 8.95
Ciy 130.414 | 146.15 Hy 7.818 8.65
C; 128.861 | 135.72 Hg 7.411 7.74
Cs 128.857 | 133.58 H; 7.361 7.63
C; 128.857 | 133.57 Hig 7.358 7.60
Cs 128.351 | 132.64 His 7.339 7.52
C, 123.201 | 130.08 Hy, 6.856 6.90
C, 123.201 | 126.23 H,q 2.327 2.32
Cis 124.891 | 117.54 Hyg 2.231 2.31
Cis 14.42 H,, 2.192 2.19

density functional methodologies offer an effective
alternative to the conventional correlated methods,
due to their significantly lower computational cost.
The isotropic chemical shifts are frequently used as an
aid in identification of relative ionic species. It is rec-
ognized that accurate predictions of molecular geom-
etries are essential for reliable calculations of magnetic
properties. The experimental and calculated values for
3C and '"H NMR arc shown in Table 3.

The studied molecule has five hydrogen atoms in
the phenyl ring and two hydrogen atoms in the imida-
zole ring and three hydrogen atoms in the methyl
group. One hydrogen atom attached to the nitrogen
atom of imidazole group. Other hydrogen atom
attached to the carbon atoms. The signals of the aro-
matic proton were observed at 2.192—7.836 ppm. The
N atom (i.e.) more electronegative property polarizes
the electron distribution in its bond to adjacent carbon
atom and decreases the electron density of the mole-
cule, therefore the H,, chemical shifts value seems to
be slightly larger than those of phenyl and imidazole
ring carbon atom.

The chemical shifts obtained and calculated for the
hydrogen atoms of methyl groups are quite low. All val-
ues are <2.5 ppm due to the shielding effect [35]. It is
also true from above literature data in our present study
the methyl protons at C,g appears as a singlet with three
proton integral at 2.327, 2.231 and 2.192 ppm.

In the present study, the signals for carbons were
observed at 147—124 ppm. The carbon atoms C,; and
C,; are highly electropositive atom, it appear at higher
chemical shift (147.229 and 130.414 ppm) due to more
positive charge. The result in Table 3 shows that the
range '3C NMR chemical shift of the typical organic
molecule usually is >100 [36—38], the accuracy
ensures reliable interpretation of spectroscopic
parameters. The title molecule 4M2PI falls with the
above literature data except with the methyl carbon
atoms. In the present study, the signal predicted at
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Fig. 5. The experimental and predicted 13¢C and 'H isotro-
pic chemical shifts for 4M2PI.

14.42 ppm in '*C NMR spectrum is assigned to C,q

carbon atom. In 3C NMR spectrum, in addition to
the expected signals some additional signals are also
observed. The additional signals (triplet at 77.33,
77.02, 76.70 ppm) are due to solvent peak.

The linear correlations between calculated and
experimental data of 3C NMR and 'H NMR spectra
are noted. Correlation coefficients of *C NMR and
'"H NMR are determined as 0.633 ppm and 0.984 ppm
for 4M2PI. The data shows a good correlation between
predicted and observed proton and carbon chemical
shifts. The correlations of NMR spectra are presented
in Fig. 5 for 4M2PI.

MOLECULAR ELECTROSTATIC POTENTIAL

Molecular electrostatic potential (MESP) map-
ping is very useful in the investigation of the molecular
structure with its physiochemical property relation-
ships [39—42]. Total electron density and molecular
electrostatic potential of 4-methyl-2-phenylimidazole
are shown in Fig. 6. The molecular electrostatic
potential surface MESP which is a 3D plot of electro-
static potential mapped onto the iso-electron density
surface simultaneously displays molecular shape, size
and electrostatic potential values and has been plotted
for 4M2PI using DFT method. The colour scheme for
the MSEP surface is reflection rich or partially nega-
tive charge; blu-electron deficient or partially positive
charge; light blu-slightly electron deficient region;
yellow-slightly electron rich region, respectively. The
MESP of 4M2PI shows clearly the electron rich cen-
ters of imidazole ring. The predominance of blue
region in the total density surface corresponds to a net
positive potential of 4M2P.

ERDOGDU et al.

Fig. 6. Electrostatic potential map of 4-methyl-2-phe-
nylimidazole molecule.

HOMO AND LUMO ANALYSIS

Highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) are
very important parameters for quantum chemistry. We
can determine the way the molecule interacts with
other species; hence, they are called the frontier orbit-
als. HOMO, which can be thought the outermost
orbital containing electrons, tends to give these elec-
trons such as an electron donor. On the other hand,

ELUMO == _11733 CV

LUMO plot
(first excited state)

HOMO plot
(ground state)

Fig. 7. The atomic orbital compositions of the frontier
molecular orbitals of 4M2PI.
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LUMO can be thought the inner most orbital contain-
ing free places to accept electrons [43]. Owing to the
interaction between HOMO and LUMUO orbital of a
structure, transition state transition of m—m*type is
observed with regard to the molecular orbital theory
[44]. Therefore, while the energy of the HOMO is
directly related to the ionization potential, LUMO
energy is directly related to the electron affinity.
Energy difference between HOMO and LUMO
orbital is called as energy gap that is an important sta-
bility for structures [45].

In addition, 3D plots of highest occupied molecu-
lar orbitals (HOMOs) and lowest unoccupied molecu-
lar orbitals (LUMOs) are shown in Fig. 7. According
to B3LYP/6-311++G(d,p) calculation, the energy
band gap (AFE) (translation from HOMO to LUMO)
of the molecule is about 4.6419 eV. The highest occu-
pied molecular orbitals are localized mainly on all
groups. On the other hand, the lowest unoccupied
molecular orbitals are localized mainly on all groups
without methyl group.

CONCLUSION

The optimized molecular structures, NMR spec-
tra, vibrational frequencies and corresponding vibra-
tional assignments of 4M2PI have been calculated
using B3LYP/6-3114++G(d,p) method. Comparison
of the experimental and calculated spectra of the mol-
ecule showed that DFT-B3LYP method is in good
agreement with experimental data. On the basis of
agreement between the calculated and observed
results, assignments of fundamental vibrational modes
of 4M2PI were examined and some assignments were
proposed. This study demonstrates that scaled
DFT/B3LYP calculations are powerful approach for
understanding the vibrational spectra of medium sized
organic compounds. '"H and '*C NMR chemical shifts
have been compared with experimental values.
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