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Abstract

In this work, the Fourier transform Raman and Fourier transform infrared spectra of 2-chloronicotinic acid (2-CNA) are recorded in
the solid phase. The molecular geometry, vibrational frequencies, infrared intensities and Raman scattering activities of 2-CNA in
ground state have been calculated by using ab initio Hartree–Fock (HF) and density functional (B3LYP and B3PW91) methods with
6-31G(d) and 6-311G(d) basis sets level. On the basis of the comparison between calculated and experimental results and the comparison
with related molecule, assignments of fundamental vibrational modes are examined. The optimized geometric parameters (bond lengths
and bond angles) obtained by using HF show the best agreement with the experimental values of 2-CNA. Comparison of the observed
fundamental vibrational frequencies of 2-CNA and calculated results by density functional (B3LYP and B3PW91) and Hartree–Fock
methods indicates that B3LYP is superior to the scaled Hartree–Fock and B3PW91 approach for molecular vibrational problems.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Nicotinic acid, widely known as niacin, a compound of
water-soluble vitamin B complex, is active in the metabo-
lism of body, and is key ingredient in animal feed and ani-
mal feed premixes as this contributes to numerous
metabolic reactions as hydrogen transferring coenzymes.
It acts to reduce plasma cholesterol, as a vasodilator and
to treat pellagra. Nicotinic acid and its derivatives, which
have good biological activities and versatile bonding
modes, have been studied extensively [1]. The structures
of many of the complexes that have been reported show
nicotinic acid and its derivatives acting as bridging ligands
through the carboxylate group and pyridyl N atom [1]. The
solid-state structure of nicotinic acid was first determined
0022-2860/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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in 1953 [2] and later revisited [3]. The nicotinic acid and
its complexes with different metals were thoroughly investi-
gated using different methods [4]. The biological impor-
tance of this type of compounds and especially its
complexes are described in the literature [5,6]. 2-Chloroni-
cotinic acid is important building block for agrochemicals,
feed additives, animal food enrichment and pharmaceuti-
cals [7].

Vibrational assignment based FT-IR and Raman spec-
tra have been reported for nicotinic acid [5,6] but for
2-CNA molecule such experimental vibrational assignment
has not been performed yet. Up to our knowledge, no
detailed ab initio Hartree–Fock (HF) and density func-
tional theory (DFT) calculations have been performed on
2-CNA, and analysis of the vibrational modes of this
molecule using quantum chemical methods have not been
published. Extensive experimental and theoretical investi-
gations have focused on elucidating the structure and
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normal vibrations of nicotinic acid derivatives. The aim of
this study is to calculate optimal molecular geometry,
vibrational frequencies and normal modes associated of
free 2-CNA and to find effective methods that would offer
a higher certainty of finding vibrational wavenumbers and
molecular parameters.

The calculated harmonic frequencies are usually higher
than the corresponding experimental quantities, due to a
combination of electron correlation effects and basis set
deficiencies. It is well known that HF method tends to
overestimate vibrational frequencies. However, DFT calcu-
lations are reported to provide excellent vibrational fre-
quencies of organic compounds if the calculated
frequencies are scaled to compensate for the approximate
treatment of electron correlation for basis set deficiencies
and the anharmonicity [8–14].

Based on experimental data of 20 small organic mol-
ecules, Rauhut and Pulay have shown that B3LYP
Table 1
Geometric parameters, bond lengths (Å) and bond angles (�), optimized for 2

Parameters X-raya 6-31G(d)

HF B3LYP

Bond lengths

C(1)–C(2) 1.394 1.401 1.414
C(1)–Cl(10) 1.730 1.730 1.750
C(1)–N(14) 1.320 1.307 1.324
C(2)–C(3) 1.396 1.391 1.404
C(2)–C(9) 1.505 1.493 1.493
C(3)–C(4) 1.382 1.381 1.390
C(3)–H(6) 0.950 1.072 1.083
C(4)–C(5) 1.387 1.380 1.393
C(4)–H(7) 0.950 1.073 1.085
C(5)–H(8) 0.950 1.075 1.088
C(5)–N(14) 1.349 1.321 1.337
C(9)–O(11) 1.201 1.185 1.210
C(9)–O(12) 1.328 1.334 1.363
O(12)–H(13) 0.840 0.952 0.975
r (RMS) 0.065 0.065

Bond angles

C(2)–C(1)–Cl(10) 122.2 122.4 122.1
C(2)–C(1)–N(14) 123.9 123.4 123.7
Cl(10)–C(1)–N(14) 113.8 114.2 114.2
C(1)–C(2)–C(3) 116.1 116.5 116.3
C(1)–C(2)–C(9) 124.3 124.4 124.3
C(3)–C(2)–C(9) 119.6 119.2 119.5
C(2)–C(3)–C(4) 120.8 120.4 120.4
C(2)–C(3)–H(6) 119.6 119.2 118.8
C(4)–C(3)–H(6) 119.6 120.4 120.8
C(3)–C(4)–C(5) 118.4 117.5 117.8
C(3)–C(4)–H(7) 120.8 121.5 121.3
C(5)–C(4)–H(7) 120.8 121.1 120.9
C(4)–C(5)–H(8) 119.3 121.0 121.1
C(4)–C(5)–N(14) 121.5 123.3 123.2
H(8)–C(5)–N(14) 119.3 115.7 115.7
C(2)–C(9)–O(11) 124.6 126.7 127.0
C(2)–C(9)–O(12) 111.9 111.6 111.4
O(11)–C(9)–O(12) 123.5 121.7 121.6
C(9)–O(12)–H(13) 109.5 107.5 105.2
C(1)–N(14)–C(5) 119.2 119.1 118.6
r (RMS) 1.306 1.582

a The X-ray data from Ref. [16].
method leads to geometry parameters close to experimen-
tal data [14]. Therefore, we expect that B3LYP calculated
geometry of studied molecule is in good agreement with
their experimental geometric parameters. As seen in
Tables 1 and 2, our calculated results indicate that the
aromatic ring of 2-CNA molecule is distorted from reg-
ular hexagon due to steric and electronic effects of car-
boxylic acid and chlorine substituent of the nicotinic
acid.

In this study, geometric parameters, the IR and Raman
spectra 2-CNA in the ground state were examined for the
first time by using the Gaussian 03 suite of quantum chem-
ical codes [15]. A detailed quantum chemical study will aid
in making definite assignments to the fundamental normal
modes of 2-CNA and in clarifying the experimental data
available for this important molecule. Ab initio HF and
DFT calculations have been performed to support our
vibrational assignments.
-CNA

6-311G(d)

B3PW91 HF B3LYP B3PW91

1.411 1.401 1.411 1.409
1.737 1.731 1.751 1.736
1.322 1.305 1.320 1.318
1.401 1.391 1.401 1.399
1.490 1.493 1.493 1.490
1.388 1.380 1.387 1.385
1.084 1.071 1.082 1.083
1.391 1.379 1.390 1.388
1.085 1.073 1.084 1.084
1.089 1.075 1.087 1.087
1.334 1.320 1.334 1.331
1.208 1.179 1.203 1.202
1.357 1.332 1.361 1.355
0.973 0.944 0.969 0.967
0.073 0.064 0.072 0.072

122.0 122.5 122.1 122.0
123.7 123.5 123.7 123.7
114.3 114.0 114.2 114.3
116.3 116.3 116.2 116.2
124.2 124.5 124.4 124.4
119.4 119.2 119.4 119.4
120.4 120.4 120.4 120.5
118.8 119.1 118.8 118.8
120.8 120.4 120.8 120.8
117.7 117.4 117.8 117.7
121.3 121.5 121.3 121.3
121.0 121.1 120.9 121.0
121.1 121.1 121.3 121.2
123.3 123.3 123.1 123.2
115.6 115.6 115.7 115.6
126.9 127.0 127.1 127.0
111.3 111.5 111.3 111.3
121.8 121.5 121.6 121.7
105.2 108.2 106.3 106.2
118.6 119.1 118.8 118.7
1.588 1.307 1.476 1.497



Table 2
Comparison of the calculated and experimental (FT-IR and Raman) vibrational spectra of free 2-CNA

Normal

mode

HF/6-31G(d) B3LYP/

6-31G(d)

B3PW91/

6-31G(d)

HF/

6-311G(d)

B3LYP/

6-311G(d)

B3PW91/

6-311G(d)

Experimental

in this study

Approximate assignments*

Freqa I(IR) I(R) Freqb I(IR) I(R) Freqc I(IR) I(R) Freqd I(IR) I(R) Freqe I(IR) I(R) Freqf I(IR) I(R) IR(R)

A0

1 191 0.4 0.5 194 0.4 0.7 191 0.4 0.6 199 0.5 0.4 197 0.4 0.6 196 0.5 0.5 i.p. COOH+ring bending

2 296 0.4 1.1 297 0.5 1.6 295 0.6 1.6 299 0.4 1.2 298 0.7 1.6 298 0.7 1.6 i.p. COOH+ring def.+C–Cl str.

3 350 3.0 3.5 350 2.3 3.5 349 2.1 3.5 355 2.7 3.6 351 2.3 3.6 352 2.1 3.5 330(371) i.p. COOH+ring def.+C–Cl bending
4 444 3.5 8.3 440 4.9 8.4 443 4.5 7.9 447 2.6 7.8 441 4.6 8.7 445 4.0 8.0 o.o.p. CCH+NCH+OH bending CCH bending

5 518 12.4 2.5 507 11.7 3.1 507 11.0 3.0 513 14.0 3.5 504 14.6 3.5 504 13.4 3.6 503 i.p. C=O bending+C–Cl str.+CCH bending

6 620 23.2 1.7 616 21.3 0.4 611 22.6 0.6 630 21.4 1.8 623 19.4 0.4 619 19.7 0.5 i.p. ring def.
7 678 80.4 10.2 670 60.4 10.5 669 63.1 10.1 687 87.2 10.3 674 65.2 10.7 675 68.1 10.5 654(672) i.p. sym. C–O def.+C-Cl str.+ring def.

8 791 25.7 1.7 784 27.1 2.6 783 27.3 2.7 799 26.9 2.1 786 30.5 3.1 787 29.6 3.2 821 i.p. CCC+CCN bending+C–COOH str.+C–Cl str.

9 1038 58.0 7.5 1022 127.4 2.0 1021 116.0 1.8 1045 19.5 17.6 1022 150.0 2.0 1025 133.8 1.6 1058 CCH bending+CNC bending+CCH bending
10 1047 58.1 23.2 1050 25.2 30.4 1048 19.7 29.4 1055 109.2 17.6 1048 34.6 34.3 1050 26.3 33.0 1059 Ring breathing+C–OH str.

11 1073 49.6 13.7 1107 98.8 0.8 1112 102.2 1.2 1071 52.5 14.5 1101 92.9 0.9 1111 97.0 1.6 1068(1062) C–OH str.+CH bending+CCN+CCC bending

12 1133 48.0 1.7 1125 47.1 3.5 1119 34.8 3.4 1138 43.5 2.3 1123 53.0 3.3 1122 39.1 3.0 1133(1133) i.p. C–H bending
13 1157 3.6 2.6 1168 165.6 24.4 1165 173.8 24.6 1164 3.8 1.9 1169 178.5 25.6 1171 198.0 26.0 1149(1160) i.p. OH bending+C–COOH str.+CH bending

14 1195 262.6 14.7 1236 7.1 3.2 1230 8.6 2.4 1211 303.0 16.4 1233 4.6 4.9 1233 8.3 2.1 1230(1233) CCH bending+C–C+CN str.

15 1242 5.5 1.5 1266 4.5 9.9 1282 1.0 10.3 1252 7.1 1.0 1251 12.4 8.4 1273 4.1 11.2 1261 i.p. C–H bending
16 1339 104.6 3.9 1326 70.7 6.9 1326 86.3 7.2 1349 73.5 3.1 1323 46.7 4.4 1326 62.6 5.2 CCH bending+C–C+CN str.+OH bending

17 1416 164.7 1.7 1399 126.9 3.7 1397 127.8 3.8 1423 175.8 1.4 1393 137.0 2.9 1397 136.4 3.0 1406 CCH bending+C-C+CN str.+OH bending

18 1445 6.1 1.0 1432 2.2 3.2 1425 5.3 3.7 1455 4.9 1.0 1429 1.5 3.6 1427 4.6 3.8 1452 CCH bending+C–C+CN str.
19 1579 111.9 16.6 1549 63.9 18.4 1551 67.4 18.1 1590 116.8 17.6 1543 63.7 18.5 1552 69.0 18.5 (1569) C–C+C–N str.

20 1603 117.1 40.4 1578 79.4 40.0 1581 82.6 38.5 1612 126.2 43.4 1572 85.6 40.4 1581 88.7 39.2 1581(1584) C–C+C–N str.

21 1819 456.3 23.0 1771 269.9 45.5 1776 275.3 44.6 1827 493.3 24.0 1762 300.3 46.1 1773 306.3 46.1 1721(1712) C=O str
22 3021 12.1 87.7 3071 15.6 120.2 3059 15.5 121.4 3037 13.9 88.4 3060 16.3 121.5 3057 16.2 118.8 3063(3065) C–H str

23 3041 15.2 136.7 3103 10.6 143.5 3093 8.3 130.5 3059 19.0 145.1 3092 14.1 158.5 3092 11.3 142.4 3074(3077) C–H str

24 3064 1.9 99.9 3127 1.3 98.8 3113 1.7 107.9 3090 1.9 89.6 3121 1.5 97.4 3117 1.7 100.2 3097(3098) C–H str
25 3623 164.3 99.1 3564 82.0 147.7 3572 91.7 144.0 3736 131.2 97.6 3620 67.8 150.0 3632 73.1 142.3 O–H str

A0 0

1 25 0.7 0.2 14 0.4 0.2 18 0.5 0.2 7 0.6 0.0 14 0.4 0.0 11 0.4 0.0 12 COOH+Ring torsion

2 110 0.8 2.8 103 0.7 2.4 102 0.6 2.4 111 0.7 2.1 102 0.6 1.9 100 0.6 1.9 (143) o.o.p. ring+COOH bending+C–Cl bending

3 214 2.4 1.9 211 1.7 1.6 208 2.2 1.7 220 3.1 1.3 212 2.8 1.1 212 3.2 1.1 (240) o.o.p. ring+COOH bending
4 420 0.6 1.0 417 0.4 1.7 411 0.5 1.5 432 1.4 0.8 422 0.9 1.4 418 1.0 1.2 o.o.p. CCH+NCH+OH bending

5 494 2.8 0.8 486 1.9 0.6 482 2.0 0.6 506 1.3 0.2 492 1.5 0.2 490 1.9 0.2 (460) o.o.p. CCC bending+C–OH bending+C–Cl str.

6 571 128.0 4.0 591 98.9 6.5 591 99.2 5.9 586 138.9 4.5 600 108.7 6.7 602 109.1 6.1 540(545) o.o.p. OH bending
7 727 5.4 0.3 709 15.9 0.4 708 15.2 0.4 739 4.6 0.3 719 16.3 0.5 720 16.2 0.5 716(716) o.o.p. CCH+CCC,CCN bending+C–COOH bending

8 773 101.3 2.6 749 54.6 2.8 746 62.6 2.7 785 109.5 1.4 758 69.2 2.0 757 73.6 1.6 771 o.o.p. CCH+CCC+CCN bending+C–COOH

bending
9 830 1.0 0.4 807 3.0 0.9 802 2.9 0.6 844 1.0 1.3 817 1.1 0.3 816 0.6 0.4 834(828) o.o.p. C–H+CCC+O–H bending

10 995 0.3 1.5 947 0.1 2.3 941 0.1 2.1 1006 0.0 0.4 951 0.0 0.6 948 0.0 0.5 972 o.o.p. C–H bending

11 1011 0.4 0.4 965 0.6 0.2 959 0.7 0.2 1020 0.0 0.3 973 0.3 0.1 969 0.3 0.1 985 o.o.p. C–H bending
r 28,965 24,508 25,787 29,649 22,984 24,692

Raman values are given in parentheses [Frequency (cm�1), IR intensities (km mol�1), Raman scattering activities (Å amu�1)].
a Scaling factor (s.f.): 0.8929.
b s.f.: 0.963.
c s.f.: 0.9567.
d s.f.: 0.9044.
e s.f.: 0.9663.
f s.f.: 0.9627.
* str.: stretching, i.p.: in plane, o.o.p.: out-of-plane.
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2. Experimental

The compound 2-chloronicotinic acid in solid state was
purchased from Acros Organics Company with a stated
purity of 99% and it was used as such without further puri-
fication. The sample was prepared using a KBr disc tech-
nique. The infrared spectrum of compound was recorded
between 4000 cm�1 and 400 cm�1 on a Perkin-Elmer FT-
IR System Spectrum BX spectrometer which was cali-
brated using polystyrene bands and under 400 cm�1 on
Bruker IFS 66/S. The Raman spectrum of compounds
was recorded between 3500 cm�1 and 5 cm�1 on FRA
106/S spectrometer.
3. Computational details

Geometry optimization was started from the X-ray
experimental atomic positions [16]. The molecular struc-
ture of 2-CNA in the ground state (in vacuo) is optimized
by HF, B3LYP and B3PW91 with the 6-31G(d) and 6-
311G(d) basis sets level. The optimized structural parame-
ters were used in the vibrational frequency calculations at
the HF and DFT levels.

Density functional theory for all studies reported in this
paper has the following form:

EXC ¼ ð1� a0ÞELSDA
X þ a0EHF

X þ aXDEB88
X þ aCELYP

C

þ ð1� aCÞEVWN
C

where the energy terms are the Slater exchange, the Har-
tree–Fock exchange, Becke’s exchange functional correc-
tion, the gradient corrected correlation functional of Lee,
Yang and Parr, and the local correlation functional of
Vosko et al. [17]. HF, B3LYP and B3PW91 with the
6-31G(d) and 6-311G(d) basis set levels of theory with opti-
mized geometry has been used to calculate all parameters
of 2-CNA molecule. Default optimization specifications
were normally used. If symmetry constrains led to a transi-
tion state or hilltop, instead of a minimum, this would
show up as the presence of one or more imaginary frequen-
cies not belonging to the totally symmetric irreducible
representation.

All the calculated vibrational frequencies are scaled by
0.8929 [18], 0.9044 for HF, 0.963, 0.9663 for B3LYP and
0.9567, 0.9627 for B3PW91 for 6-31G(d) and 6-311G(d)
basis sets, respectively [19]. Molecular geometry is not
restricted and all the calculations (vibrational wavenum-
bers, geometric parameters and other molecular properties)
are performed by using GaussView molecular visualisation
program [20] and GAUSSSIAN 03-program package on
the personal computer [15].

By combining the results of the GaussView program [20]
with symmetry considerations, vibrational frequency
assignments were made with a high degree of accuracy.
There is always some ambiguity in defining internal coordi-
nates. However, the defined coordinate form complete set
and matches quite well with the motions observed using
the GaussView program [21].

4. Results and discussion

The molecule of 2-CNA consists of 14 atoms, so it has
36 normal vibrational modes. On the assumption of a Cs

symmetry the numbers of vibration modes of the 36 funda-
mental vibrations of 2-CNA molecule (N = 14) are
25A0 + 11A00. The vibrations of the A0 species are in plane
and those of the A00 species are out of plane. All the 36 fun-
damental vibrations are active in both IR and Raman. But
if the molecule was C1 point group there would not be any
relevant distribution.

Optimized ground-state geometries and vibrational
modes for studied molecular structures were obtained
by ab initio HF and DFT (B3LYP and B3PW91) with
the 6-31G(d) and 6-311G(d) levels and compared with
the experimental crystal geometry (bond lengths and
bond angles) and experimental frequencies. Souza et al.
[16] have reported on molecular structure (bond lengths
and bond angles) of 2-CNA by X-ray diffraction
methods.

4.1. Molecular geometries

The first task for the computational work was to deter-
mine the optimized geometry of 2-CNA. The theoretical
and experimental crystal structure of the (2-CNA) com-
pound was shown in Fig. 1. The numbering of the atoms
of 2-CNA is shown in Fig. 1(a). The geometric structure
of the compound is orthorhombic with space group
Pna21 and the cell dimensions a = 8.2741(2) Å,
b = 13.1807(5) Å, c = 5.7182(3) Å and V = 623.62(4) Å3

[16]. The optimized structure parameters (bond lengths
and bond angles) of 2-CNA calculated ab initio HF and
DFT (B3LYP and B3PW91) with the 6-31G(d) and 6-
311G(d) basis set listed in Table 1 in accordance with the
atom numbering scheme given in Fig. 1(a). In the second
column of Table 1, the available experimental data
obtained by the X-ray study for 2-CNA [16] is also
included.

The optimized parameters obtained by the HF,
B3LYP and B3PW91 methods are approximately similar.
It is well known that HF method under estimate some
bond lengths [22]. As seen from Table 1 the CN dis-
tances are calculated at the HF level of theory with a
value smaller than the experimental value, comparing
with the B3LYP and B3PW91 level of theory. Using
these methods similar calculations were found for pyri-
dine [23], methyl pyridine [24], phthalazine [25] and
2-chlorolepidine [26].

Taking into account that the molecular geometry in the
vapour phase may be different from in the solid phase,
owing to extended hydrogen bonding and stacking interac-
tions there is reasonable agreement between the calculated
and experimental geometric parameters. As discussed by



Fig. 1. (a) The theoretical geometric structure and atoms numbering of the title compound (2-CNA). (b) The experimental geometric structure of the title
compound (2-CNA) (displacement ellipsoids and H atoms shown as small circles of arbitrary radii are drawn at the 50% probability level) taken from
Ref. [16].
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Johnson et al. [27], DFT method predicts bond lengths
which are systematically too long, particularly the CH
bond lengths. This theoretical pattern also is found for
2-CNA, since the large deviation from experimental CH
bond lengths may arise from the low scattering of hydrogen
atoms in the X-ray diffraction experiment. For example,
CH bond lengths values in the experiment are 0.95 Å but
the values in the theoretical result are bigger than 1 Å.

The experimental bond length CCl is 1.730 Å for
2-CNA. Our calculated values change from 1.730 Å to
1.751 Å for all methods which are in good agreement with
in crystal structure of 2-CNA molecule [16]. The experi-
mental bond length value is equal to the theoretical value
by using HF method. Bakiler et al. calculated this bond
length as 1.746 Å for 3-chloropyridine [28] and 1.748 Å
for 2-chloropyridine [29] by using force field calculations.
These bond lengths were also observed in 1.735–1.744 Å
range for similar molecules [30,31].

The optimized bond angles of C–C–C and C–N–C in
pyridine ring fall in the range from 116� to 119�, except
C2–C3–C4 (120.8�) for 2-CNA, which are smaller hexago-
nal angle of 120� for studied molecule. But C–C–N angles
are found to be bigger than approximately 4� hexagonal
angles. Similar values are found for other pyridine deriva-
tives [30–32].

To make comparison with experimental data, we present
RMS (r) values based on the calculations bottom of Table
1. As seen in table the bond lengths and bond angles calcu-
lated by means of the HF method are the closest to exper-
imental data and HF method correlates well for bond
lengths and bond angles compared with other methods.
The best RMS bond lengths value is about 0.064 for HF/
6-311G(d) level of theory, and bond angle values are also
about 1.306 and 1.307 for the HF method with 6-31G(d)
and 6-311G(d) for the studied molecule.
4.2. Vibrational spectra

The experimental IR and Raman spectra of 2-CNA are
given in Fig. 2. The theoretical vibrational spectra of this
molecule was calculated by using ab initio HF and DFT
(B3LYP and B3PW91) with the 6-31G(d) and 6-311G(d)
basis set. The simulated infrared and Raman spectra are
shown in Fig. 3, where the calculated intensity is plotted
against the vibrational frequencies. The resulting vibra-
tional frequencies for the optimized geometries and the
proposed vibrational assignments as well as IR intensities
and Raman scattering activities are given in Table 2. The
proposed vibrational assignments are given in the last col-
umn of Table 2. The high degree of symmetry of the mol-
ecules is also helpful in making vibrational assignments.
They are made by inspection of each of the vibrational
mode at HF/6-31G(d) level. Modes are numbered from
smallest to largest frequency.

The comparisons of theoretical and experimental IR
spectra indicate that the intense vibrations in the experi-
mental spectrum are also intense in theoretical spectrum.
The calculated vibrational wavenumbers using different
methods were compared with the experimentally observed
values. Some bands found in the predicted IR spectra were
not observed in the experimental spectrum of 2-CNA. For
example, hydrogen bonding in the condensed phase with
the other acid molecules makes vibrational spectra more
complicated. Therefore we could not observe the strong
and sharp bands of O–H vibration in the IR and Raman
spectra.

As seen in Table 2, there is great mixing of the ring
vibrational modes and also between the ring and substitu-
ent modes. The descriptions of the modes are very complex
because of the low symmetry of the studied molecule. Espe-
cially, the out of plane modes are the most difficult to be



Fig. 2. Experimental IR and Raman spectra of 2-CNA molecule.
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assigned due to mixing with the ring modes and also with
the substituent modes. There are some strong frequencies
useful to characterize in the IR and Raman spectrum.

For 2-CNA group the vibrational modes are C–H
stretch, C–O stretch, C–Cl stretch, C–N stretch, O–H
stretch, C–C–H bending, C–C–C bending, C–C–N bend-
ing, ring bending and ring torsion. As seen from Table 2,
in general the C–H vibration frequencies calculated theo-
retically are in good agreement with experimentally
reported values for 2-CNA. The vibrational modes due to
the CH stretching are generally observed between
3000 cm�1 and 3100 cm�1 experimentally, which are
3063(IR), 3065(R), 3074(IR), 3077(R), 3097(IR) and
3098(R) for 2-CNA. There are also three calculated values
that correspond to symmetric and asymmetric CH stretch-
ing vibrations of the same region. In the high frequency
region, calculated B3LYP values are more reliable than
HF values.

Some vibrational modes were shown to be Cl-sensitive
modes whereas others were calculated in a narrow fre-
quency range. The theoretical wavenumbers of C–Cl
stretching vibration are coupled with other group vibra-
tions. Ring–Cl modes are partially C–Cl stretching and
bending modes have been reported to a frequency range
of 200–800 cm�1. The ring halogen stretching mode was
observed as weak to medium IR bands at 330 and
503 cm�1 for chlorine. The bending modes were located
at 280,300 cm�1 range for chloro derivates. The calculated
bending mode is approximately 349–355 cm�1 and 100–
110 cm�1 range for 2-CNA by using all methods (see Table
2) however, the observed as strong Raman bands
(143 cm�1) should be lattice mod because our molecule is
in solid state. Other m(C–Cl) character involving modes
are 492, 504 and 674 cm�1 using B3LYP. In the earlier
vibrational studies of 3-chloro-2-, 2-chloro-6-, 4-chloro-2-
and 5-chloro-2-methyl anilines are observed 650–
670 cm�1 the m(C–Cl) bands [30,33,34]. The theoretical
wavenumbers of C–Cl stretching vibration are coupled
with other group vibrations.

O–H stretching band is characterized by very broad-
band appearing near about 2500–3600 cm�1. This may be
combined effect of intermolecular hydrogen bonding. The
O–H in plane bending vibration occurs in the general of
1440–1395 cm�1. The O–H out of plane bending vibration
occurs in 960–875 cm�1 [21]. In 2-CNA, O–H in plane
bending and out of plane bending vibrations are assigned
to 1406 and 834(828) cm�1, respectively. Theoretically
computed values (1393 and 830 cm�1) are in very good
agreement with experimental results.

The most characteristic feature of carboxylic group is a
single band observed usually in the 1700–1800 cm�1 region.
This band is due to the C@O stretching vibration. Intense
band assigned to stretching vibrations m(C=O) 1721 cm�1

(IR) and 1712 cm�1 (R) for title compound. For nicotinic
acid, picolinic acid and isonicotinic acid this band occurs
at 1708, 1717 and 1712 cm�1, respectively [5]. It means that
presence of nitrogen in aromatic ring and its position ver-
sus carboxylic acid influence the mode form very slightly,
but in the experimental spectra the shift of various bands
along with the change of nitrogen position is remarkable.
By the chlorine substitution in place of hydrogen atom,
the chlorine position versus carboxylic anion influence
the C@O mode form remarkably but this is not true for
C@C bands. The theoretically computed value of C@O
bands show very good agreement with experimental
results, especially for B3LYP method. The HF methods
gave a higher m(C@O) than the other methods. All present
assignments agree well with the values available in the lit-
erature [5,6,21,26,28–30,33,34].

The C–C vibrations calculated at 1578 and 1581 cm�1

(using B3LYP and B3PW91) are in excellent agreement
with experimental observations of 1581 cm�1 in FTIR
spectrum. The theoretically calculated C–C–C out of plane
and in plane bending modes have been found consistent
with the recorded spectral values.

Infrared intensities for 2-CNA from experimental fun-
damentals at 1581 cm�1 are very strong, theoretical inten-
sities of these fundamentals are not in the same order.
This mode corresponds to C–C stretching. The most
intense Raman peak is calculated to be at 3041, 3103 and
3093 cm�1 (HF, B3LYP and B3PW91, respectively) using
6-31G(d) and 3059, 3092 and 3092 cm�1 (HF, B3LYP
and B3PW91, respectively) 6-311G(d), and corresponds
to the in plane pyridine ring C–H stretching.

In general, our infrared and Raman intensities are very
high when compared with those at the lower frequency



Fig. 3. Comparison of calculated frequencies in cm�1 normalized IR and Raman intensities at each level of theory considered for 2-CNA.

34 M. Karabacak et al. / Journal of Molecular Structure 885 (2008) 28–35



M. Karabacak et al. / Journal of Molecular Structure 885 (2008) 28–35 35
region (Table 2). Among the calculated fundamentals, the
best agreements between experimental and calculated
intensities are in high frequency region (�3000–3200
cm�1). While experimental and calculated high intensities
may lead to the true identification in the assignments of
fundamentals, theoretical and experimental low intensities
may lead to the wrong identification in the assignment of
fundamentals [24], especially in the lowest frequency
region. As known previously, because of such reasons,
i.e. anharmonic effect, vibrational intensity could not be
estimated very accurately using quantum chemistry soft-
ware till now.

To make comparison with experimental data, we present
RMS (r) values based on the calculations bottom of Table
2. As seen in Table the vibrational frequencies calculated
by means of the B3LYP method are the closest to experi-
mental data and B3LYP method correlates well for vibra-
tional frequencies compared with other methods. The best
RMS vibrational frequencies values are about 24,508 and
22,984 for 2-CNA with 6-31G(d) and 6-311G(d).
5. Conclusion

First time, we have studied experimental and theoretical
infrared and Raman spectra of title compound (2-CNA).
We have calculated the geometric parameters and vibra-
tional frequencies of 2-CNA molecule by using B3LYP,
B3PW91 and HF methods with 6-31G(d) and 6-311G(d).
The optimized geometric parameters (bond lengths and
bond angles) obtained by using HF show the best agree-
ment with the experimental values of 2-CNA. Comparison
of the observed fundamental vibrational frequencies of
2-CNA and calculated results by density functional
(B3LYP and B3PW91) and HF method indicate that
B3LYP is superior to the scaled HF and B3PW91
approach for molecular vibrational problems. On the basis
of the calculated and experimental results, assignment of
the fundamental vibrational frequencies has been
examined.
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[30] M. Kurt, M. Yurdakul, S�. Yurdakul, J. Mol. Struct. 711 (2004) 25–

32.
[31] A.K. Rai, S. Kumar, A. Rai, Vib. Spectrosc. 42 (2006) 397.
[32] A.E. Ozel, S. Kecel, S. Akyüz, Vib. Spectrosc. 42 (2006) 325.
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