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In this work, the molecular conformation, vibrational and electronic analysis of 2-aminoterephthalic acid
are presented for the ground state using FT-IR experimental technique and density functional theory
(DFT) employing B3LYP exchange correlation functional with the 6-311++G(d,p) basis set. FT-IR spectrum
was recorded in the region of 400–4000 cm�1. The ultraviolet absorption spectrum of studied compound
that dissolved in ethanol was examined in the range of 190–450 nm. The complete assignments of
fundamental vibrations were performed on the basis of the total energy distribution (TED) of the vibra-
tional modes, calculated with scaled quantum mechanics (SQM) method. Optimized structure of title
compound was interpreted and compared with the earlier reported experimental values of a similar
compound. A study on the electronic properties, such as HOMO and LUMO energies, were performed
by time-dependent DFT (TD-DFT) approach.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Terephthalic acid (TPA) is useful in making condensation poly-
mers and its preparation by autoxidation of p-xylene has received
much attention [1]. TPA is primarily used in the manufacture and
production of polyester fibers, films, polyethylene terephthalate
solid-state resins and polyethylene terephthalate engineering res-
ins. As a derivative of TPA, the 2-aminoterephthalic (2-ATA) acid is
good organic building block for construction of extended open
framework.

The crystal structure of TPA was defined by Bailey and Brown
[2]. The FT-IR and Raman spectra, vibrational assignment and ab
initio calculations of TPA and related compounds were reported
[3]. Three crystal structures of TPA salts of simple amines were
determined [4]. Barreto et al. [5] investigated the suitability of
TPA as a hydroxyl radical dosimeter for general use in biologically
relevant reactions. The FT-IR and Raman spectra, semi empirical
AM1 and PM3; MP2/DZV and DFT/B3LYP-6-31G(d) ab initio calcu-
lations for dimethylterephthalate (DMT) were investigated [6]. The
five new lanthanide coordination polymers with 2-ATA and 1,10-
phenanthroline were prepared by hydrothermal reactions and
structurally characterized by Liu et al. [7]. The series of lanthanide
complexes with 2-ATA under the standard conditions was obtained
[8]. Conducting copolymers based on aniline and 2-ATA have been
ll rights reserved.

: +90 272 2281235.
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chemically synthesized and characterized by several techniques
[9]. Southern et al. presented the electronic spectroscopy of
anthranilic acid including fluorescence excitation and dispersed
emission spectra in a supersonic jet [10]. The fluorescence-dip
infrared spectra of anthranilic acid in both its ground and first-ex-
cited electronic states were also presented.

Till now not only a detailed analysis of vibrational frequencies
but also conformational and electronic analysis of 2-ATA has not
been reported. As a result we set out experimental and theoretical
investigation of the conformation, vibrational and electronic transi-
tions of this molecule. The density functional theory (B3LYP) calcu-
lations have been performed. The geometric structure, vibrational
wavenumbers, HOMO–LUMO energies, absorption wavelengths,
excitation energies and electric dipole moment (l) of 2-ATA have
been studied. A detailed interpretation of the vibrational spectra of
2-ATA has been made on the basis of the calculated total energy dis-
tribution (TED).
2. Experimental

The 2-aminoterephthalic acid was purchased from Sigma–Al-
drich Company with a stated purity 99% and was used as such with-
out further purification. The FT-IR spectrum (4000–400 cm�1) of a
KBr disc of the sample was recorded on a Perkin Elmer FT-IR System
Spectrum BX spectrometer. The ultraviolet absorption spectrum of
2-ATA was examined in the range 190–450 nm using Shimadzu
UV-1700 PC, UV–VIS recording Spectrophotometer. The UV pattern
is taken from a 10�5 molar solution of 2-ATA, solved in ethanol.
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Table 1
Comparison of the theoretical and experimental geometric parameters of 2-ATA
according to atom numbers given in Fig. 1, bond lengths in angstrom and bond angles
in degrees.

Bond lengths (�) Expa B3LYP Bond angles (Å) Exp.a B3LYP

C1–C2 1.376 1.381 C2–C3–C17 119.9 120.3
C1–C6 1.379 1.407 C4–C3–C17 120.5 120.2
C2–C3 1.403 1.408 C3–C4–C5 117.7 117.8
C3–C4 1.398 1.425 C3–C4–N10 123.9 122.6
C3–C17 1.489 1.470 C5–C4–N10 118.4 119.6
C4–C5 1.418 1.411 C4–C5–C6 121.0 121.4
C4–N10 1.365 1.361 C4–C5–H9 119.5 119.8
C5–C6 1.368 1.385 C6–C5–H9 119.5 118.8
C6–C13 1.512 1.492 C1–C6–C5 121.3 120.8
N10–H11 0.920 1.005 C1–C6–C13 121.7 122.0
N10–H12 0.940 1.010 C5–C6–C13 117.0 117.3
C13–O14 1.195 1.209 C4–N10–H11 111.0 119.7
C13–O15 1.330 1.356 C4–N10–H12 120.0 119.1
O15–H16 – 0.969 H11–N10–H12 122.0 120.2
C17–O18 1.216 1.221 C6–C13–O14 124.3 125.0
C17–O19 1.333 1.357 C6–O13–O15 111.9 112.9
O19–H20 – 0.968 O14–C13–O15 123.8 122.1
C–Haverage 0.950 1.082 C13–O15–H16 – 106.8
r.m.s. 0.045 C3–C17–O18 124.8 125.7
Bond angles (Å) C3–C17–O19 112.9 113.8

C2–C1–C6 118.7 118.6 O18–C17–O19 122.3 120.5
C2–C1–H7 120.6 121.0 C17–O19–H20 – 106.4
C6–C1–H7 120.6 120.4 r.m.s. 1.9
C1–C2–C3 121.6 121.9 Selected dihedral angles

C1–C2–H8 119.2 119.9 C3–C4–N10–H11 5.8
C3–C2–H8 119.2 118.2 C3–C4–N10–H12 5.0
C2–C3–C4 119.6 119.5

a Ref. [11].
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3. Quantum chemical calculations

The first task for the computational work was to determine the
optimized geometry of the present compound. Since the experi-
mental geometries of free 2-ATA is not available, the spatial coor-
dinate positions of 2-aminoterephthalic acid dimethylester, as
obtained from an X-ray structural analysis [11], were used as the
initial coordinates for the theoretical calculations. The hybrid
B3LYP method [12,13] based on Becke’s three-parameter func-
tional of DFT and 6-311G++(d,p) basis set level were chosen. In
connection with the hydrogen orientations of the oxygen atom of
the carboxylic acid groups, 2-ATA may have 16 different possible
structures. The calculated energies and energy difference of 16
structures for title molecule are presented in Table S1 and the opti-
mized possible geometric structures are gathered in Fig. S1 (sup-
porting information). Our calculations demonstrate that structure
C1 has the lowest energy and the most stable one which shows
agreement with crystallographic geometric structure of 2-ami-
noterephthalic acid dimethylester [11]. Optimized structural
parameters were used to calculate the vibrational IR spectrum.
The stability of the optimized geometries was confirmed by wave-
number calculations, which gave positive values for all obtained
wavenumbers. We know that DFT potentials systematically over-
estimate the vibrational wavenumbers [14]. These discrepancies
are corrected either by computing anharmonic corrections explic-
itly [15] or by introducing a scaled field or by directly scaling the
calculated wavenumbers with a proper factor. Considering system-
atic errors with a scaling factor of 0.983 up to 1700 cm�1 and 0.958
for greater than 1700 cm�1 [16,17], we calibrated the vibrational
wavenumbers calculated by B3LYP with 6-311++G(d,p) basis set.

TED calculations, which show the relative contributions of the
redundant internal coordinates to each normal vibrational mode
of the molecule and thus enable us numerically to describe the
character of each mode, were carried out by the scaled quantum
mechanical (SQM) program [18,19] using the output files created
at the end of the wavenumber calculations. Calculations were done
for 16 conformers of the compound in the ground state, and tabu-
lated only for the most stable structure (C1). All calculations were
performed by using the Gaussian 03 program package on a per-
sonal computer [20].
4. Results and discussion

4.1. Molecular geometry

The optimized structure of title compound is shown in Fig. 1
with numbering of the atoms. The optimized structure parameters
of studied molecule are listed in Table 1, in accordance with the
atom numbering scheme given in Fig. 1. The available experimen-
tal data [11] obtained by the X-ray study for a similar compound is
Fig. 1. The theoretical optimized possible geometric structure with atoms num-
bering of 2-ATA.
also given in Table 1 for comparison. As can be noticed from Table
1, most of the computed bond lengths and bond angles are slightly
larger than experimental ones. These discrepancies can be ex-
plained by the fact that the calculations assume an isolated mole-
cule where the intermolecular Coulombic interaction with the
neighboring molecules are absent, whereas the experimental result
corresponds to interacting molecules in the crystal lattice. In the X-
ray diffraction experiment, large deviation from experimental C–H
and N–H bond lengths may arise from the low scattering factors of
hydrogen atoms. On the other hand, it is commonly known that the
X-ray diffraction method does not inform properly about such
bonds. One should apply the neutron diffraction methods which
informs on the position of nuclei and not on the electron density
distribution. Therefore, C–H and N–H bond lengths are not dis-
cussed in this study.

In the title molecule studied here introduction of two substitu-
ent groups on the benzene ring causes some changes in the ring C–
C bond distances and also the position of the substituents in the
benzene ring as well as its electron donor/acceptor capabilities
plays a vital role on the structural and electronic properties of
the molecules. Amino substituted benzenes were shown to be non-
planar in the ground state both experimentally [21–23] and theo-
retically [24–26]. The two amino hydrogens were calculated with
dihedral angles of 5� and 5.8� which provide a good measure of pla-
narity. For aniline these dihedral angles were calculated at 8� and
12� for antranilic acid [10]. The amino hydrogen closer to the car-
boxyl group (H12) is more nearly planar than the other amino
hydrogen and the N–H12 bond length was computed slightly long-
er than the N–H11 bond length by 0.005 Å. The optimized bond
lengths of C–C in ring are computed in the range from 1.381 to
1.425 Å which is in good agreement with those in crystal structure
(1.368–1.418 Å). The C–COOH (1) and C–COOH (2) bond lengths
are predicted about 0.02 Å shorter than experimental results. Due
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to the Coulombic interaction between O(18) and H(12) this bond
length was recorded and calculated larger than the C(13)–O(14)
double bond. The similar effect can also be seen for bond angles be-
tween ring and carboxylic acid groups. The reminder bond angles
show good agreement with recorded values, except the CNH an-
gles. To make comparison with experimental data, we present
r.m.s. values based on the calculations (bottom of Table 1). As
Table 2
The observed FT-IR and calculated wavenumbers (in cm�1) using B3LYP/6-311++G(d,p) alo
(TED) of 2-ATA.

Experimental 6–311++G(d,p)

FT-IR Unscaled Scaled

1 3774 3616
2 3770 3611
3 3507 3712 3556
4 3393 3555 3406
5 3226 3090
6 3210 3075
7 3055 3185 3052

2986
2887
2712
2644
2576
2533

8 1787 1712
9 1686 1743 1670

10 1625 1660 1632
11 1591 1626 1598
12 1553 1580 1553
13 1496 1524 1498
14 1453 1465 1440
15 1419 1392 1368
16 1368 1345
17 1316 1355 1332
18 1312 1290
19 1233 1306 1283
20 1199 1179
21 1186 1166
22 1177 1157
23 1121 1128 1109
24 1089 1070
25 1054 1036
26 986 969
27 915 957 941
28 880 910 894
29 831 850 835
30 782 806 792
31 768 755
32 753 757 745
33 690 728 716
34 676 709 697
35 651 640
36 618 608
37 609 599
38 587 584 574
39 564 554
40 559 549
41 538 529
42 491 501 492
43 454 446
44 436 428
45 374 368
46 303 297
47 266 261
48 261 257
49 231 227
50 163 160
51 158 155
52 78 76
53 65 64
54 52 51

msym � masym; symmetric–asymmetric stretching, b; in-plane bending, c; out-of-plane be
(K mmol�1)).
can be seen there, the average deviation of bond lengths and bond
angles is obtained at 0.045 Å and 1.9�, respectively.

4.2. Vibrational analysis

The recorded FT-IR and calculated vibrational wavenumbers
along with their relative intensities and probable assignments with
ng with their relative intensities, probable assignments and total energy distribution

Assignments based on TED (�10%)

IIR

109.86 mOHCA1 (100)
118.00 mOHCA2 (100)

75.96 masym NH2 (100)
114.31 msym NH2 (100)

0.26 mCH (100)
0.41 mCH (100)
3.52 mCH (100)

Overtone/combination
Overtone/combination
Overtone/combination
Overtone/combination
Overtone/combination
Overtone/combination

354.79 mC@OCA2 (83)
404.66 mC@OCA1 (71)

95.88 mCCring (54)
235.00 qNH2 (59) + mCCring (19)

82.84 mCCring (53) + qNH2 (20)
35.17 bCH(49) + mCCring (29)
84.76 mCCring (29) + mC–NH2 (23)
22.99 mCCring (40) + mC–CA1 (11)

177.85 bOHCA2 (18)
74.95 mCCring (24) + bOHCA1 (15) + bOHCA2 (12)
13.47 bCH (63)
13.68 mCCring (28) + mC–NH2 (25) + bCH (10)

259.05 bOHCA1 (29) + mCCring (24) + mC–CA1 (15) + bCH (14)
393.52 bOHCA2 (31) + mC–CA2 (13) + mC–OHCA1 (11)
114.02 bCH (43) + mCCring (14)

63.34 bCH (24) + mCCring (23) + mC–OHCA2 (21) + r NH2 (10)
187.67 mC–OHCA1 (41) + r NH2 (20) + mCCring (10)

6.61 mCCring (36) + r NH2 (30)
0.09 cCH (92)

40.57 bCCCring (29) + mCCring (14) + mC–OHCA2 (14) + mC–NH2 (12)
11.81 cCH (87)

0.04 cCH (57) + cCCCring (20)
0.62 cCCOOCA+CA2 (56)

99.11 cCCOOCA1+CA2 (46) + cCH (33)
5.08 Ring breathing (42)

101.81 bOCOHCA1 (11) + bOCOHCA2 (10) + mC–CA2 (10)
13.17 cCCC (44) + cCCOOCA1 (28)
21.28 qCA2 (36) + qCA1 (22)

118.62 cOHCA2 (45) + cNH of NH2 (14)
1.84 sNH2 (69)
3.75 bCCC (49)
2.42 rCA2 (32) + rNH2 (14) + rCA1 (13)

57.45 cOHCA1 (87)
22.72 cOHCA2 (40) + cCCC (28)
16.99 mC–CA2 (15) + mC–CA1 (13) + bCC@OCA2 (23) + qCA1 (14)
11.89 rCA1 (38) + rCA2 (22)
23.13 cCCCring (79)

5.75 rNH2 (55)
2.17 bCCC (20) + mC–CA2 (15) + mC–CA1 (13) + bCC–CA1 (11)

11.08 rCA1 (48) + rCA2 (13)
7.43 cCCC (46) + cCCNH (19)

123.58 sNH2 (61) + cCCC (21)
43.22 cCCC (50) + sNH2 (25)

4.34 rCA1 (60) + rCA2 (19)
0.13 sCA1 (68) + cCCOHCA2 (11)
6.66 cCCOHCA1 (60) + cC–CA2 (15)
0.41 sCA2(81)

nding, q; scissoring, r; rocking, s; torsion (wavenumbers (cm�1), IR intensities; IIR



M. Karabacak et al. / Journal of Molecular Structure 982 (2010) 22–27 25
TED of title molecule are given in Table 2. The experimental and
simulated infrared spectra of 2-ATA are shown in Fig. 2, where
the calculated intensity is plotted against the wavenumbers. It
should be noted that the calculations were made for a free mole-
cule in vacuum, while experiments were performed for solid sam-
ples. Furthermore, the anharmonicity is neglected in the real
system for the calculated vibrations. Therefore, there are disagree-
ments between the calculated and observed vibrational
wavenumbers.

The aromatic structure shows the presence of C–H and N–H
stretching vibrations above 3000 cm�1 which is the characteristic
region for ready identification of this structure [27,28]. These are
usual range of appearance for NH2, CH3 and ring C–H stretching
vibrations. The investigated molecule has only one NH2 group and
Fig. 2. The recorded and simulated infrared spectrum of 2-ATA.

Fig. 3. The experimental UV spectrum of 2-ATA.
hence one symmetric and one asymmetric N–H stretching vibra-
tions in NH2 group are expected. The asymmetric stretching for
the NH2, CH2 and CH3 has magnitude higher than the symmetric
stretching [29]. The asymmetric NH2 stretching vibration appears
from 3420 to 3500 cm�1 and the symmetric NH2 stretching is ob-
served in the range 3340–3420 cm�1 [30]. With reference to these,
in this study, the vibrational frequencies described by modes 3
and 4 assigned to the N–H asymmetric and symmetric stretching
modes, respectively. As expected these two modes are pure stretch-
ing modes as it is evident from TED column, they are almost contrib-
uting 100%. The corresponding symmetric mode occurs in the
experiment at 3393 cm�1 and asymmetric mode at 3507 cm�1.
The vibrational NH2 scissoring deformation appears in the 1638–
1575 cm�1 region with strong to very strong IR intensity [29]. The
recorded strong band at 1591 cm�1 is identified with NH2 scissoring
which also contributes with C–C stretching mode. This value devi-
ates negatively by ca. 15 cm�1 from expected characteristic value.
The wagging (torsion) and rocking fundamentals are assigned to
the calculated bands at 227 cm�1 and 1036 cm�1 for the investi-
gated molecule. The NH2 twisting vibration calculated at 599 cm�1

is missing in FT-IR spectrum. The C–NH2 stretching mode was ob-
tained at 1233 cm�1 and 1453 cm�1 in the experimental FT-IR spec-
trum of 2-ATA coupled with the ring modes.

For all the aromatic compounds the carbon–hydrogen stretching
vibrations are observed in the region 3000–3100 cm�1 [27,28,31]. In
the present study, the three adjacent hydrogen atoms around the
ring give rise three C–H stretching modes (5–7). In our calculations,
C–H stretching vibrations are predicted in the range 3052–
3090 cm�1. They are very pure modes since their TED contribution
are 100%. However, just one band was recorded in this region which
corresponds to 3055 cm�1 and show excellent agreement with pre-
dicted value. The C–H in-plane bending frequencies appear in the
range of 1000–1300 cm�1 and C–H out-of-plane bending vibration
in the range 750–1000 cm�1 in the aromatic compounds. The vibra-
tion modes of 13, 18 and 22 are assigned the in-plane C–H bending
even though found to be contaminated by other stretching vibra-
tions. The calculated three vibrations (modes 26, 28 and 29 in Table
2) are assigned to out-of-plane C–H bending. In general the aromatic
C–H vibrations (stretching, in-plane and out-of-plane bending) cal-
culated theoretically are in good agreement with experimentally ac-
cepted values. The change in the frequencies of these deformations
from the values in benzene is almost determined exclusively by the
relative position of the substituents and is almost independent of
their nature [32].

The O–H stretching is characterized by a very broad band
appearing near about 3400 cm�1 [27,29]. On the other hand, the
hydrogen bonding in the condensed phase with the other acid mol-
ecules makes vibrational spectra more complicated. Therefore, we
could not observe the strong and sharp bands of the O–H vibration
in the FT-IR spectrum. In the Raman spectrum of solid terephthalic
acid, the Raman shift over 3000 cm�1 could not be observed and
the calculated value at 3653 cm�1 is assigned to O–H stretching
modes of the carboxylic groups [6]. When the OH in carboxylic acid
do not form intramolecular bond the stretching mode is to be ex-
pected at 3520 cm�1 [3,27]. In this study the O–H stretching modes
were calculated and assigned at 3616 and 3611 cm�1 for first (CA1)
and second (CA2) carboxylic acid groups, respectively. For the
studied molecule, the O–H in-plane and out-of-plane bending
vibrations are computed at 1179, 1166 cm�1 and 549, 608 for
CA1 and CA2, respectively.

The most characteristic feature of carboxylic group is a single
band observed usually in the range 1690–1655 cm�1 region
[33,34] and this band is due to the C@O stretching vibration. The
band appearing at 1686 cm�1 as a very strong band in FT-IR is
assigned to C@O stretching vibration. This is in agreement with
our earlier report [35,36]. The theoretically computed values of



Fig. 4. The frontier molecular orbitals (HOMO and LUMO) for 2-ATA by using B3LYP.

Table 3
Calculated wavelengths k (nm), excitation energies (eV), oscillator strengths (f),
absolute energies (Hartree), frontier orbital energies (a.u.) and dipole moment
(Debye) in gas phase and ethanol solution.

Gas Ethanol

k (nm) E (eV) f k (nm) E (eV) f

365.41 3.3930 0.0869 378.70 3.2739 0.1096
270.18 4.5889 0.0000 265.08 4.6772 0.0000
260.45 4.7604 0.0000 257.95 4.8065 0.0000

EHOMO ELUMO DE l (D)

Gas �0.22940 �0.08741 �0.14199 0.9016
Ethanol �0.22420 �0.08517 �0.13903 1.1796
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1670 and 1712 cm�1 (mode Nos. 8 and 9) show agreement with
the experimental result. The C@O double bond stretching are as-
signed as pure modes.

Empirical assignments of vibrational modes for peaks in the fin-
gerprint region are difficult. In the wavenumber region of 600–
1660 cm�1, the spectrum observed in the experiments closely
resembles the calculated spectrum, except for differences in de-
tails. The ring carbon–carbon stretching vibrations occur in the re-
gion 1400–1650 cm�1 in benzene derivates. Varsanyi [31]
observed five bands, 1625–1590, 1590–1575, 1540–1470, 1465–
1430 and 1380–1280 cm�1, in this region. Here, the skeletal vibra-
tions (ring CC) were assigned in the region 915–1591 cm�1 and
941–1626 cm�1 experimental and theoretically. The ring breathing
mode at 745 cm�1 coincides satisfactorily with recorded value of
753 cm�1 in FT-IR spectrum. The theoretically calculated CCC
out-of-plane bending modes have been found to be consistent with
the recorded spectral values. In the Infrared spectrum of 2-ATA,
most of the bands in the region 2500–2900 cm�1 may also be
due to the non-fundamental bands of the benzene ring. These
vibrational bands are very sharp, broad and less intense. All these
bands were assigned in terms of various fundamentals, overtone
and combination vibrations. The details are described in Table 2.
The remainders of the observed and calculated wavenumbers
and assignments are also accounted in Table 2.
4.3. Electronic properties and UV spectra

The UV spectrum of 2-ATA is shown in Fig. 3, was measured in
ethanol solution. It is observed that the absorption bands centered
at 231 and 360 nm. In order to understand electronic transitions of
steady compound, time-dependent DFT (TD-DFT) calculations on
electronic absorption spectrum in vacuum and solvent were per-
formed. Both the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) are the main
orbital taking part in chemical reaction. The HOMO energy charac-
terizes the ability of electron giving; LUMO characterizes the abil-
ity of electron accepting [37]. The energy gap between the highest
occupied and the lowest unoccupied molecular orbitals character-
ize the molecular chemical stability and it is a critical parameter in
determining molecular electrical transport properties because it is
a measure of electron conductivity. The energy gaps are largely
responsible for the chemical and spectroscopic properties of the
molecules [38]. This is also used by the frontier electron density
for predicting the most reactive position in p-electron systems
and also explains several types of reaction in conjugated system
[39]. The features of the HOMO and LUMO can be seen in Fig. 4
for gas phase. The calculated frontier orbital energies, absorption
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wavelengths (k), oscillator strengths (f), excitation energies (E) and
dipole moments are given in Table 3.

5. Conclusion

In this work, we have performed the experimental and theoret-
ical vibrational and electronic transition analysis of 2-ATA. In order
to identify its conformational structure the quantum chemical cal-
culations were used. Based on the calculated energy differences,
the C1 conformer is found to be the most stable conformer. SQM
force fields have also been used to calculate potential energy distri-
butions in order to make conspicuous vibrational assignments. A
comparison of the result of experimental and theoretical study
gave us a full description of the geometry, vibrational and elec-
tronic properties of studied compound.
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