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The (E)-2-(2-hydroxybenzylidenamino)-3-(1H-indol-3yl) propionic acid ((E)-2HBA3IPA) was synthe-
sized. The theoretical conformational analysis was performed to identify the stable structure. Optimized
molecular bond parameters were calculated by using B3LYP/6-31G(d,p) basis set. The hyperconjugative
interaction energy (E(2)) and electron densities of donor (i) and acceptor (j) bonds were calculated using
NBO analysis. First order hyperpolarizability (b0) was calculated. The band gap energy was analyzed by
UV–Visible recorded spectra and compared with theoretical band gap TD-DFT/B3LYP/6-31G(d,p) values.
The intra-molecular hydrogen bonding interaction was identified between nitrogen and hydroxyl hydro-
gen (N� � �HAO).

� 2012 Elsevier B.V. All rights reserved.
Introduction

Some Schiff bases which are derived from salicylaldehyde have
attracted the interest of chemists and physicists because they show
thermochromism and photochromism in the solid state by proton
atom transfer from the hydroxyl oxygen atom to the nitrogen atom
[1]. Indole is an aromatic heterocyclic organic compound with a
bicyclic structure, it consist of a six-member benzene ring fused
ll rights reserved.
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to five-member nitrogen containing pyrrole ring. It is of interest
as it can be compare with tryptophane residue [2]. The derivative
of indole is present in both-animal and plants. The most important
compound of this group is tryptophan, an essential amino acid in
the human diet, which is a 3-substituted indole [3]. Another
important indole derivative is the indole-3acetic acid, a phytohor-
mone, coordinating several growing processes of plants [4]. The
biological activity of the indole derivatives is in connection with
the nature of substitution in positions 3, on the pyrrole ring [5]. In-
dole derivatives have an important role through individual biolog-
ical functions. It is present in the side chain of amino acid
tryptophan. The chemical and spectroscopic properties of indole
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derivatives have been subject of many experimental and theoreti-
cal investigations [6]. The pineal indole, namely 5-methoxy trypt-
amine, one of the biogenic monoamines, would play anti-tumor
effects, by either inhibiting cancer cell proliferation or stimulating
the anticancer immunity [7].

Literature survey reveals that to the best of our knowledge nei-
ther the complete IR and Raman spectra nor the force field for (E)-
2HBA3IPA have been reported so for. Therefore the present inves-
tigation was undertaken to study the vibrational spectra of the title
molecule completely and to identify the various modes with great-
er wavenumber accuracy. The ab initio DFT calculation has been
performed to support our wavenumber assignments, conforma-
tional analysis, bond parameters, hyperpolarizability calculation;
NBO and HOMO–LUMO band gap have also been studied.
Experimental

Synthesis

The compound (E)-2HBA3IPA was synthesized by mixing the
salicylaldehyde in ethanol and sodium salt of tryptophan in etha-
nol–water (50%v/v) Howard et al. [8]. The mixture was heated
and refluxed on a mantel about 5 h. The reaction mixture was
cooled to room temperature and neutralized by 1:1 HCl. The white
Schiff base was separated, filtered off, washed thoroughly with
deionised water ethanol mixture followed by ether wash. The
product obtained was dried over vacuum desiccators. The melting
point of the compound is 114 �C (lit 114 �C) [8].

FT-Raman and FT-IR spectra

The FT-Raman spectrum of (E)-2HBA3IPA was recorded using
the 1064 nm line of a Nd:YAG laser as excitation wavelength in
the region 50–3500 cm�1 on a Bruker model IFS 66 V spectropho-
tometer equipped with an FRA 106 FT-Raman module accessory.
The spectral measurements were carried out at Sree Chitra Tirunal
Institute for Medical Sciences and Technology, Poojappura, Thir-
uvananthapuram, Kerala, India. The FT-IR spectrum of this com-
pound was recorded in the region 400–4000 cm�1 on an IFS 66 V
spectrophotometer using the KBr pellet technique. The spectrum
was recorded at room temperature, with a scanning speed of
10 cm�1 per minute and at the spectral resolution of 2.0 cm�1 in
CISL Laboratory, Annamalai University, Tamilnadu, India.
Computational details

The entire calculations were performed at DFT levels on a Pen-
tium 1 V/3.02 GHz personal computer using Gaussian 03W [9] pro-
gram package, invoking gradient geometry optimization [9,10].
Initial geometry generated from standard geometrical parameters
was minimized without any constraint in the potential energy sur-
face at DFT level, adopting the standard 6-31G(d,p) basis set. The
optimized structural parameters were used in the vibrational fre-
quency calculations at the DFT level to characterize all stationary
points as minima. Then, vibrationally averaged nuclear positions
of (E)-2HBA3IPA were used for harmonic vibrational frequency cal-
culations resulting in IR and Raman frequencies together with
intensities and Raman depolarization ratios. In this study, the
DFT method B3LYP/6-31G(d,p) was used for the computation of
molecular structure, vibrational frequencies and energies of opti-
mized structures. The vibrational modes were assigned on the ba-
sis of TED analysis using SQM program [11].

It should be noted that Gaussian 03W package able to calculate
the Raman activity. The Raman activities were transformed into
Raman intensities using Raint program [12] by the expression:
Ii ¼ 10�12 � ðm0 � miÞ4 �
1
mi
� RAi ð1Þ

where Ii is the Raman intensity, RAi is the Raman scattering activi-
ties, mi is the wavenumber of the normal modes and m0 denotes the
wavenumber of the excitation laser [13].
Results and discussion

Molecular geometric

The optimized structure of (E)-2HBA3IPA is calculated at B3LYP/
6-31G(d,p) level of theory. To find stable conformer, a meticulous
conformational analysis was carried out for the title compound.
A selected dihedral angle was rotated by 10 degree intervals
around the free rotation bonds, conformational space of the title
compound was scanned by molecular mechanic simulations and
then full geometry optimizations of these structures were per-
formed by B3LYP/6-31G(d,p) method. Results of geometry optimi-
zations were indicated that the title compound is rather flexible
molecule and, in theory, may have at least twenty-eight conform-
ers as shown in Fig. S1 (Supplementary). Ground state energies,
zero point corrected energies (Eelect. + ZPE), relative energies and
dipole moments of conformers were presented in Table S1 (Supple-
mentary). Zero point corrections have not caused any significant
changes in the stability order.

The bond parameters were calculated for enol–imine closed
(real molecule) form and open (isolated molecule gas phase) form.
The enol–imine closed form is more stable. Salicylideneanile is an
aromatic Schiff base, which has long-ranged p-electron delocaliza-
tion capacity during the proton transfer reaction, OAH� � �N M

O� � �HAN [14,15]. The similar trend has been observed in our
present work. Due to the p-electron donation from nitrogen to
salicylidene ring, bond lengths, bond angles and dihedral angles
are distorted from the stable structure. In this regard, CAO and
CAN bonds are the most sensitive indicators [16]. From our
investigation, the bond length of C2AO21 is about 1.340 Å is in
closed form (enol-hydrogen bonding), whereas the same bond is
calculated about 1.356 Å when the hydrogen is outwards to the
nitrogen. Similarly the calculated C11AN23 bond lengths are
1.288 and 1.277 Å for enol imine closed and enol imine open form,
respectively. The intra-molecular hydrogen bonding between
nitrogen and hydrogen (O21AH22� � �N23) atom is calculated about
1.725 Å, which is in consistent with literature values [17–19].
The bond lengths C1AC2 (1.404), C5AC6 (1.404) are positively
deviated from the CAC values calculated by enol open form. These
values are supported by Wang et al. [19]. Literature survey reveals
that the CAO bond lengths in the carboxylic acid group of 5-flouro-
salicylic acid are 1.225 Å (C@O) and 1.308 Å (CAO) [20]. In this
study the calculated bond length C17@O18 (1.209 Å) and C17AO19

(1.355 Å) are in line with the literature values. The enol open form
is shown in Fig. S2 (Supplementary).

To the best of our knowledge no X-ray crystallographic data of
this molecule has been established. However, the theoretical re-
sults obtained are almost comparable with the molecule. For the ti-
tle compound, the bond angles C17AO19AH20 = 105.92� and
C2AO21AH22 = 107.39� of the CAOAH group, which are differ by
1.47�. This may be due to the formation of intra-molecular hydro-
gen bond (O21AH22� � �N23). The shortening of bond distance of
C11AN23/1.288 Å is due to the delocalization of p-electron during
the formation of intra-molecular hydrogen bond, while the bond
distance for C13AN23 is 1.457 Å. The dihedral angles O18AC17AO19-

AH20 = 1.34� (carboxylic group) and C3AC11AN23AC13 = 179.85�,
which confirms cis and trans form respectively. The bond
parameters of indole (tryptophan) in the present molecule are in



H. Saleem et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 101 (2013) 91–99 93
agreement with values [4]. The optimized structure is shown in
Fig. 1 and bond parameters are listed in Table S2 (Supplementary).

Vibrational assignments

The compound (E)-2HBA3IPA was synthesized, it consist 39
atoms and hence 111 normal modes of vibrations. This molecule
belongs to C1 point group symmetry. The fundamental vibrational
wavenumbers of (E)-2HBA3IPA calculated by DFT (B3LYP/6-31G
(d,p)) method. The calculated wavenumbers are given in Table 1.
The resulting vibrational wavenumbers for the optimized geome-
tries, IR intensities as well as Raman scattering activities and
experimental FT-IR, FT-Raman frequencies are also listed. A com-
bined experimental and theoretical spectrum of title compound
has been shown in Fig. 2 (FT-IR) and Fig. 3 (FT-Raman). The normal
modes of vibration were assigned on the basis of TED. To bring the
theoretical values closer to experimental values, we used the scale
factor: 0.9608 [21].

NAH vibrations
The NAH stretching vibrations occur in the region 3300–

3500 cm�1 [22]. The hetero aromatic molecule containing NAH
group shows its stretching absorption in the region 3500–
3220 cm�1 [23]. Pyrroles, indols and carbazole in non-polar com-
pounds display very strong NAH stretching absorption between
3500 and 3450 cm�1 [24]. For (E)-2HBA3IPA), the NAH stretching
vibration is recorded at 3402 cm�1 as a very strong band in FT-IR
spectrum and its corresponding calculated frequency is
3545 cm�1 using B3LYP/6-31G(d,p) (mode no: 110). This assign-
ment is in excellent agreement with Billes et al. [4], in the case
of indole. The TED corresponding to this vibration is a pure mode
and it is exactly contributing to 100%. The vibrational bands due
to the NAH stretching are sharper than OAH group in FT-IR spec-
trum. The NAH in-plane bending vibration is assigned to 1067/
1067 cm�1 as weak band in FT-IR/FT-Raman spectra. The observed
dNAH mode is coincided with the computed value 1071 cm�1

(mode no: 61). The out-of-plane plane bending mode (CNAH) is
attributed to 362 cm�1 (mode no:18). The dNAH and CNAH vibra-
tions are in line with observed frequency 1080 and 347 cm�1 in
FT-IR spectrum, respectively [25]. These assignments are also find
support from TED values.

OAH vibrations
The OAH stretching vibrations are extremely sensitive to

hydrogen bonding. The non-hydrogen bonded (or) free hydrogen
group absorbs strongly in the region 3550–3700 cm�1 [26]. Hydro-
gen atom bonded with carboxylic group displays a very broad, in-
Fig. 1. The optimized structure of (E)-2-(2-hydroxybenzyliden
tense OAH stretching band in the range of 2500–3300 cm�1. The
weaker CAH stretching modes are generally superimposed upon
the broad OAH band [27]. The free hydroxyl group absorbs
strongly in the region 3700–3584 cm�1, whereas the existence of
intermolecular hydrogen bond formation can lower the OAH
stretching frequency to the 3550–3200 cm�1 region with increase
in intensity and breath [28,29]. In the present investigation, the
stretching vibration of OAH group is assigned as a weak band
3898 cm�1 for carboxylic group, whereas the mOAH of phenol ring
observed at 3056 cm�1 and 3054 cm�1 are belongs to FT-IR and
FT-Raman spectra, respectively. The phenol ring hydroxyl group
stretching is shifted to lower region as a mixture of CAH band; this
is due to the intra-molecular hydrogen bonding interaction be-
tween (N23� � �H22AO21) nitrogen and hydroxyl group. And their
corresponding harmonic frequencies are 3605 and 3058 cm�1

(mode nos: 111 and 102). These assignments show good agree-
ment with Wang et al. [19] and also find support from TED values
(100%: carboxylic and 79%: phenol).

In general, the OAH in-plane bending vibration for phenol lies
in the region 1150–1250 cm�1 and it is not much affected due to
hydrogen bonding unlike that to stretching and out-of-plane bend-
ing wavenumber [30]. In this work, the dOAH vibrations appear as
weak bonds in FT-Raman/FT-IR at 1164/1165 cm�1 (carboxylic
group) and as a strong band in FT-IR at 1414 cm�1 (phenol). The
theoretically computed wavenumber shows good agreement with
experimental observations at 1178 and 1408 cm�1 (mode nos: 67,
83). These assignments are within the expected range and also in
consistent with literature values [19].

The OAH out-of-plane deformation for phenol lies in the region
290–320 cm�1 for free OAH and in the region 517–710 cm�1 for
associated OAH [31]. In both intra and intermolecular associations,
the wavenumbers are at higher value than that in the free OAH.
The wavenumber increases with hydrogen bond strength because
of large amount of energy required to twist the OAH bond [32].
In accordance with above conclusion the predicted band at
812 cm�1 (mode no: 45) and 585 cm�1 (mode no: 31) for (E)-
2HBA3IPA are assigned to COAH mode for phenol and carboxylic
group, respectively. The mode number 45 is largely deviated from
literature value (517–710 cm�1). This difference is due to the pres-
ence of intra-molecular hydrogen bonding.
Methylene group vibrations
The CH2 group frequencies basically six fundamentals can be

associated, namely symmetric, asymmetric, scissoring, rocking,
wagging and twisting vibrations. The spectral concert of the sp3

hybridized methylene asymmetric and symmetric stretching
vibrations normally appeared in the region 3100–2900 cm�1 [33].
eamino)-3-(1H-indol-3yl) propanic acid [(E)-2HBA3IPA].



Table 1
Vibrational wave numbers obtained for (E)-2HBA3IPA at B3LYP/6-31G(d,p) [harmonic frequency (cm�1), IR, Raman intensities (km/mol)].

Un scaled Scaled FT-IR FT-Raman IR Rel. Raman Rel. Vibrational assignments TED P 10%

1 16 15 0.32 63.30 CC11AN23AC13AC14C(23) + CC11AN23AC13AH15(13) + CC11AN23AC13AC17(16)

2 19 18 0.08 88.32 CH16AC14AC13AN23(10) + CC26AC14AC13AC17(11) + CC26AC14AC13AN23(22)

3 33 32 0.03 56.18 CC13AN23AC11AC3(21)

4 36 34 0.08 49.13 CC11AN23AC13AC17(16) + CC25AC26AC14AC13(14) + CC27AC26AC14AC13(20) + CC27AC26AC14AH16(11)

5 51 49 0.21 18.38 CO18AC17AC13AC14(21) + CO19AC17AC13AC14(16) + CO18AC17AC13AN23(16) + CO19AC17AC13AN23(11)

6 70 67 0.01 31.01 CC13AN23AC11AC3(10)

7 93 89 0.09 5.27 dN23AC11AC3(17) + dC11AN23AC13(18)

8 119 115 102vs 0.01 26.25 CN23AC11AC3AC4(16) + CC11AN23AC13AC17(10)

9 142 136 125w 0.15 7.41 dC14AC13AC17(15)

10 185 178 157w 0.17 7.05 mCAC(13) + dCCC(12) + CCCCC(11)

11 216 208 0.29 2.66 CC4AC3AC2AO21(14) + CO21AC2AC1AC6(13)

12 222 213 0.74 2.91 dC4AC3AC11(11)

13 227 218 1.61 0.61 CC29AC27AC26AC25(12) + CC33AC30AC28AN37(15)

14 287 275 0.45 0.36 dO19AC17AC13(15)

15 302 290 1.57 2.60 mCC(10) + CCCCN(14)

16 331 318 0.48 4.77 CN23AC11AC3AC2(17)

17 354 340 0.06 6.23 CC13AN23AC11AC3(13)

18 377 362 8.61 2.41 CH38AN37AC28AC27(14) + CH38AN37AC28AC30(17) + CH38AN37AC25AH39(11)

19 409 393 4.36 2.21 dC11AC3AC2(10)

20 437 419 0.01 0.54 CC33AC30AC28AC27(11) + CC31AC33AC30AC28(11)

21 437 420 426m 3.61 0.76 mCC(10) + dCCC(27)

22 467 449 0.78 0.83 dC14AC26AC25(12) + dC27AC26AC14(10) + dC29AC27AC26(10) + dC30AC28AN37(19)

23 469 451 1.65 1.02 dO21AC2AC1(21) + dC3AC2AO21(17)

24 476 457 463w 0.10 2.73 dO21AC2AC1(10)

25 523 502 504ms 3.11 2.85 mC17AC13(12) + dO18AC17AC13(18)

26 553 531 528s 0.18 2.31 mCC(26) + dCCC(29)

27 559 537 0.23 0.84 CC1AC6AC5AC4(15)

28 572 549 547m 548w 0.53 5.87 dC3AC2AC1(10)

29 589 565 1.51 0.37 CC30AC33AC31AC29(17)

30 601 577 1.78 1.52 mCC(10) + dCCC(19)

31 609 585 582m 18.2 2.20 CH20AO19AC17AC13(31) + CH20AO19AC17AO18(12)

32 630 605 597w 597w 9.95 2.44 dO19AC17AC13(11) + dO18AC17AO19(18) + CH20AO19AC17AC13(13) + CH20AO19AC17AO18(12)

33 643 618 625w 0.37 1.04 CCCCN(18)

34 674 647 660w 1.54 1.38 CH20AO19AC17AO18(10)

35 738 709 0.43 0.47 CCCCC(42)+CCCH(21)

36 753 724 0.78 1.70 mC26AC14(12)

37 755 725 10.9 0.93 CH35AC31AC29AC27(15) + CC30AC33AC31AH35(11) + CH36AC33AC30AC28(17) + CH36AC33AC31AC29(11) +
CH34AC30AC28AN37(11)

38 769 739 739s 12.6 0.91 CH9AC5AC4AC3(20) + CC1AC6AC5AH9(17) + CH10AC6AC1AC2(11)

39 771 741 745s 743w 1.35 6.58 mC27AC26(11) + mC28AC27(10)

40 779 748 2.68 1.00 CCCC(23)+CCCH(13)

41 786 755 756m 1.72 0.59 mC3AC2(12)

42 796 765 766w 4.49 0.52 CC14AC26AC25AH39(11) + CC27AC26AC25AH39(11)

43 812 780 777w 781w 2.47 6.87 CC14AC26AC25AH39(15)

44 835 802 1.80 12.77 mC17AC13(18) + mO19AC17(11)

45 846 812 15.1 0.61 CH22AO21AC2AC1(42) + CH22AO21AC2AC3(48)

46 859 826 0.05 1.28 CH32AC29AC27AC26(12) + CH36AC33AC31AH35(12) + CH34AC30AC28AN37(15)

47 873 838 836w 837w 0.11 1.62 CC5AC6AC1AH7(13) + CH10AC6AC5AH9(11) + CO21AC2AC1AH7(20)

48 888 853 846w 0.15 0.87 dC33AC31AC29(12) + dC25AN37AC28(11)

49 907 872 864m 867m 2.55 0.33 dC1AC6AC5(13) + dC6AC5AC4(12)

50 928 891 876w 0.19 0.22 CH35AC31AC29AH32(19) + H36AC33AC30AH34(24)

51 945 908 903vw 0.10 0.61 CH9AC5AC4AH8(32)

52 969 931 2.07 0.84 CH36AC33AC31AH35(11)

53 971 933 1.38 0.41 CH35AC31AC29AH32(15) + CH36AC33AC31AH35(16)

54 986 947 0.05 0.02 CH10AC6AC1AH7(30) + CH10AC6AC5AH9(28)

55 1007 967 963w 1.27 5.84 CH12AC11AC3AC2(12) + CH12AC11AC3AC4(19) + CC13AN23AC11AH12(26)

56 1041 1000 989w 985w 0.80 5.24 mC31AC29(12) + mC33AC30(12) + mC33AC31(40)

57 1050 1009 1007m 1009s 3.16 23.85 mC14AC13(35)

58 1057 1015 0.06 3.17 mC6AC5(31)

59 1074 1032 3.70 2.99 mN23AC13(30)

60 1093 1050 1055w 6.74 1.97 mN23AC13(25)

61 1114 1071 1067w 1067 6.73 0.06 mN37AC25(26) + dH38AN37AC25(12) + dC26AC25AH39(12) + dN37AC25AH39(18)

62 1145 1100 2.02 1.73 mC5AC4(17)

63 1150 1105 1096m 6.88 1.22 mC31AC29(10)

64 1165 1120 1122w 1120w 9.32 6.35 mO19AC17(11) + dH20AO19AC17(12)

65 1183 1136 1135m 4.09 2.64 dH9AC5AC4(14) + dC6AC5AH9(13) + dH10AC6AC1(12) + dH10AC6AC5(12)

66 1184 1137 3.80 0.27 dH35AC31AC29(16) + dC33AC31AH35(14)

67 1226 1178 1165w 1164w 16.7 5.30 dH20AO19AC17(21)

68 1241 1193 7.79 4.73 mC2AC1(22) + mC11AC3(22)

69 1253 1204 1210w 1209w 5.01 0.68 mN37AC25(11) + mN37AC28(17)

70 1270 1220 1.60 19.45 mC4AC3(19) + dH8AC4AC3(17) + dC5AC4AH8(14)

71 1279 1229 1231w 1233w 2.28 1.46 dH32AC29AC27(11) + dH34AC30AC28(11)

72 1309 1258 1250w 1253w 1.15 2.85 dCCH(21)

73 1333 1280 0.16 2.58 mN37AC25(13)

74 1339 1286 11.3 0.97 mO21AC2(37)

75 1345 1292 1295w 1.96 2.21 dH15AC13AC17(17) + CC11AN23AC13AH15(14)

76 1365 1311 4.90 8.01 dCCH(15) + COCCH(10)

77 1372 1319 1315 s 1313ms 1.52 26.26 mC3AC2(16) + mC5AC4(13) + mC6AC1(14)
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Fig. 2. The combined theoretical and experimental FT-IR spectrum of (E)-
2HBA3IPA.

Fig. 3. The combined theoretical and experimental FT-Raman spectrum of (E)-
2HBA3IPA.

Table 1 (continued)

Un scaled Scaled FT-IR FT-Raman IR Rel. Raman Rel. Vibrational assignments TED P 10%

78 1381 1326 5.84 1.66 mO19AC17(11) + dH20AO19AC17(14)

79 1385 1331 6.04 0.68 mCC(45) + dCCH(16)

80 1393 1338 1341s 1342w 0.22 5.24 mCC(42) + dCCH(12)

81 1424 1368 1358ms 1359s 2.54 6.69 dH12AC11AC3(14) + dH12AC11AN23(28)

82 1460 1403 4.00 8.01 mC27AC26(11) + mN37AC25(12) + dH38AN37AC25(15) + dH38AN37AC28(14)

83 1465 1408 1414 vs 9.09 6.40 mC6AC1(11) + dH22AO21AC2(36)

84 1494 1435 1428s 1.75 1.74 dH16AC14AH24(14)

85 1497 1439 3.98 2.48 dH16AC14AH24(17)

86 1511 1451 1455s 1455m 11.96 34.77 mC3AC2(14) + mC5AC4(12) + mO21AC2(14)

87 1536 1476 0.78 0.34 mC31AC29(13) + dC33AC31AH35(14)

88 1546 1485 1487ms 1488w 9.33 1.42 mC6AC5(15) + dH9AC5AC4(11) + dH22AO21AC2(23)

89 1603 1540 3.21 15.95 mC26AC25(39) + C30AC28(10)

90 1631 1567 1554m 1556s 0.14 2.02 mC28AC27(11) + mC29AC27(16) + mC33AC30(14) + mC33AC31(14)

91 1631 1568 1583vs 1573w 17.35 22.18 mC3AC2(11) + mC6AC1(18) + mC6AC5(13) + dH22AO21AC2(19)

92 1677 1611 1.20 1.73 mC30AC28(22) + mC31AC29(15)

93 1679 1613 14.66 12.37 mC2AC1(20) + mC5AC4(20) + dH22AO21AC2(11)

94 1695 1629 1611m 1617vs 67.12 100.0 mC11AN23(63)

95 1853 1780 1664vs 48.90 0.93 mC17@O18 (86)

96 3036 2917 2906w 2906 4.58 0.54 mC11AH12 (88) + mC13AH15 (12)

97 3037 2918 11.61 2.17 mC11AH12 (12) + C13AH15 (87)

98 3053 2933 2963w 2938w 3.92 1.80 mC14AH16 (17) + mC14AH24 (83)

99 3114 2992 2969w 2.16 0.97 mC14AH16 (82) + mC14AH24 (17)

100 3174 3049 5.06 1.52 mC4AH8 (83)

101 3177 3052 1.90 0.80 mC29AH32 (44) + mC30AH34 (10) + mC31AH35 (30) + mC33AH36 (15)

102 3182 3058 3054s 3056s 100.00 4.88 mO21AH22 (79)

103 3183 3058 2.31 2.61 mC29AH32 (27) + mC30AH34 (49) + mC33AH36 (20)

104 3188 3063 5.29 1.54 mC6AH10 (73) + mO21AH22 (11)

105 3194 3068 6.34 1.76 mC29AH32 (21) + mC30AH34 (28) + mC31AH35 (32) + mC33AH36 (18)

106 3206 3080 4.53 7.64 mC30AH34 (11) + mC31AH35 (37) + mC33AH36 (45)

107 3210 3084 3.47 3.43 mC1AH7 (25) + mC5AH9 (68)

108 3217 3091 3.22 6.91 mC1AH7 (67) + mC5AH9 (16) + mC6 AH10 (15)

109 3265 3137 0.11 2.02 mC25AH39 (99)

110 3690 3545 3402vs 15.46 2.79 mN37AH38 (100)

111 3752 3605 3898w 11.96 2.16 mO19AH20 (100)

m – stretching, d – in-plane bending, C – out-of-plane bending, s – strong, m – medium, w – weak, v – very.
a. Obtained from the wave numbers calculated at B3LYP/6-31g(d,p) using scaling factor 0.9608 [21].
b. Relative absorption intensities normalized with highest peak absorption equal to 100.
c. Relative Raman intensities normalized to 100.
d. Total energy distribution calculated B3LYP 6-31g(d,p) level, TED less than 10% are not shown.
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The asymmetric and symmetric stretching vibrations are observed
as a weak band. The bands at 2963 and 2969 cm�1 are assigned to
CH2 asymmetric stretching in FT-IR spectrum, which are moder-
ately match with the calculated value at 2992 cm�1 (mode no:
99). The theoretically predicted value (mode no: 98) at
2933 cm�1 is attributed to CH2 symmetric stretching, which also
goes well with the experimental value at 2938 cm�1 in FT-Raman
spectrum. The TED corresponding to the CH2 scissoring vibration
appeared �83%. The fundamental CH2 vibrations such as scissor-
ing, wagging, twisting and rocking are able to appear in the ex-
pected frequency regions 1500–800 cm�1 [34].

For p-bromophenoxyacitic acid, the CH2 scissoring mode has
been assigned to the weak intensity FT-IR band at about
1452 cm�1 [35]. The scissoring mode of CH2 group gives rise to a
characteristic band near 1428 cm�1 in FT-Raman, while the har-
monic value is 1435 cm�1 (mode no: 84). The wagging vibrational
band of CH2 mode is recorded at 1250 and 1253 cm�1 as a weak
band in FT-IR and FT-Raman, respectively, the mode number 72
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(1258 cm�1) is its corresponding harmonic wavenumber for xCH2

vibration. Twisting band at 1165, 1122, 1096 cm�1 are observed by
FT-IR, whereas, the 1164 and 1120 cm�1 are observed by FT-Ra-
man. These twisting frequencies are comparable with computed
values of 1178, 1120 and 1105 cm�1 using B3LYP/6-31G(d,p)
(mode nos: m67, m64 and m63). These assignments have considerable
TED values.

CAH vibrations
The hetero aromatic structure shows the presence of CAH

stretching vibrations in the range 3000–3100 cm�1, which is the
characteristic region for mCAH stretching [36]. There are five CAH
stretching modes in indole, four from benzene ring and one from
pyrrole ring. The absorption in the range 3000–3125 cm�1 has
been identified with that of CAH indole motif of 5-aminoindole
[37]. The vibrations assigned to indole CAH stretch in (E)-2HBA3I-
PA by B3LYP in the region 3052–3137 (mode nos: 101, 103, 105,
106, 109) are in agreement with vapor bands of indole at 3140,
3119, 3090, 3072, 3061 and 3051 cm�1 [38,39], this assignment
also in line with Sundaraganesan et al. [40]. The expected four
CAH stretching modes for phenol are C4AH8, C5AH9, C6AH10 and
C1AH7 units. The mode numbers 100, 104, 107, 108 are assigned
to aromatic CAH stretch in the region 3049–3091 cm�1 are in
agreement with harmonic frequencies (B3LYP/6-311G(d,p)) at
3046–3098 cm�1 [19]. The mode number 96, 97 are assigned to
C11AH12 and C13AH15 stretching vibrations shows moderate agree-
ment with experimental values (FT-IR: 2906/FT-Raman
2906 cm�1).

In aromatic compounds, the CAH in-plane bending vibrations
appeared in the range 1000–1300 cm�1 and out-of-plane bending
vibrations appeared in the range 750–1000 cm�1 [41,42]. The
CAH in-plane bending vibrations of 5-amino indole occur in the re-
gion (harmonic) 1047–1218 cm�1 [40]. In this study, the harmonic
frequencies of indole assigned in the range 1071–1338 cm�1

(mode nos: 61, 66, 71, 76, 80), despite the fact that this is contam-
inated by CAN and CAC stretching vibrations. These assignments
are supported by observed FT-IR (1067, 1231 cm�1) and FT-Raman
bands (1067, 1233 cm�1). For (E)-2HBA3IPA, the observed bands
1135 (FT-IR), 1250/1253 cm�1 (FT-IR/FT-Raman), which are closer
to calculated dCAH wavenumbers (mode nos: 65, 70, 72, 79) lie in
the range of 1136–1331 cm�1. These assignments show good
agreement with Wang et al. [19]. The observed bands 1295 (FT-Ra-
man) and 1358/1359 cm�1 (FT-IR/FT-Raman) and their corre-
sponding calculated bands 1292 and 1368 cm�1 (mode nos: 75,
81) are assigned to dC13AH15 and dC11AH12 modes, respectively.

The CAH out-of-plane bending vibrations of indole occurring at
765–933 cm�1 (mode nos: 42, 43, 46, 50, 53) are in line with the
reported range 694–885 cm�1 (harmonic) by Sundaraganesan
et al. [40]. The theoretically predicted values in the range 739–
947 cm�1 (mode nos: 38, 47, 51, 54) are attributed to CAH out-
of-plane bending vibrations of phenol in (E)-2HBA3IPA, which also
goes well with the literature values in the range 738–943 cm�1

[19]. These assignments find supported from observed values
739, 766, 777, 836, 876, 963 cm�1 in FT-IR and 781, 837 cm�1 in
FT-Raman spectra. The band 967 (harmonic)/ (FT-IR: 963 cm�1) is
attributed to C11AH12 out-of-plane bending mode. These assign-
ments are also supported by TED values.

C@O and CAO vibrations
The carbon–oxygen double bond formed by pp–pp between

carbon and oxygen, and the lone pair of electron on oxygen also
determines the nature of carbonyl group. The C@O stretching is a
characteristic frequency of carboxylic acid [43]. The carbonyl
C@O stretching vibration is expected to occur in the region
1680–1715 cm�1 [44,45], and in the present study this mode ap-
pears as strong band at 1064 cm�1 in FT-IR spectrum. According
to TED results, the mC@O is pure mode contributing 86%. The theo-
retically computed value of 1780 cm�1 (mode no: 95) shows posi-
tive deviations of �116 cm�1. This deviation can be attributed to
the under estimation of the large degree of p-electron delocaliza-
tion due to conjugation of the molecule [46]. The intensity of the
carbonyl group can increase because of conjugation or formation
of hydrogen bonds. The present assignment agrees well with the
value available in the literature [35].

The CAO stretching mode of phenol moiety is identified as
strong band at 1455 in FT-IR and medium band at 1455 cm�1 in
FT-Raman spectra. The calculated value at 1451 cm�1 (mode no:
86) shows good agreement with experimental value and also in
consistent with literature [19]. The FT-IR band near 1122 cm�1 is
due to the mode of mC17AC19 (carboxylic acid). The theoretically
computed value at 1120 cm�1 (mode no: 64) shows excellent
agreement with FT-Raman band at 1120 cm�1. In p-bromophen-
oxyacetic acid this vibration was found at 1122 cm�1/B3LYP/6-
31G(d,p) level of theory [35]. The harmonic bands identified at
605/585 cm�1 (mode nos: 32/31) and 457/208 cm�1 (mode nos:
24/11) are assigned to dC17AO19/CC17AO19 modes for carboxylic acid
and phenol, respectively. Sundaraganesan et al. [35] and Wang
et al. [19] reported the dCAO/CCAO modes are at 573/505 cm�1 (har-
monic) and 453 (FT-IR)/ 212 cm�1 (FT-Raman), respectively. These
assignment also find support from observed FT-IR (597, 582 and
463 cm�1) bands. The dCAO mode (carboxylic acid) mixed with
d(O18@C17AO19) mode. Further, d(O18@C17AO19) vibration is identified
at 597/597 cm�1 (FT-IR/FT-Raman) in (E)-2HBA3IPA. Their nature
could be seen from Table 1. The predicted harmonic values 502
(FT-IR: 504), 275 and 49 cm�1 (mode nos: 25, 14, 5) are attributed
to dO18@C17AC13, dO19AC17AC13 and CO18@C17AC13/CO19AC17AC13 (car-
boxylic) respectively. In our title molecule, the scaled vibrational
frequencies computed by B3LYP method at 457 (463: FT-IR) and
208 cm�1 (mode nos: 24, 11) are assigned to in-plane and out-of-
plane bending vibrations of O21AC2AC1 unit respectively.

C@N, CAN vibrations
Due to the intra-molecular interaction between nitrogen and

oxygen in Schiff bases, the C@N stretching is shifted to
1611 cm�1 using FT-IR [17]. The strong band at 1605 cm�1 in FT-
IR spectrum is assigned to C@N stretching vibration [18]. The
transfer of electron from nitrogen to oxygen atom is accompanied
by a rearrangement of the whole six-membered ring and substan-
tial changes were observed in the carbon–oxygen and carbon–
nitrogen bonds. In the present investigation, the C@N and OAH
are involved in the intra-molecular interaction. Wang et al. [19]
has proposed an assignment for C@N mode at 1625 cm�1 in FT-Ra-
man spectrum, which matches the calculated value at 1629 cm�1

(mode no: 94) in this study. For the same mode, the experimental
values are 1611/FT-IR and 1617 cm�1/FT-Raman. These observed
and theoretical wavenumbers are well coincided with literature
and also find support from TED (63%) value. It is evident from Ta-
ble 1, that the C13AN23 vibration due to stretching is observed at
lower frequency side (1055: FT-IR) than the mC11AN23 (1611 cm�1/
FT-IR), which may be due to the presence of intra-molecular hydro-
gen bond interaction between O21AH22 and N23. The calculated
C13AN23 stretching mode of 1050 cm�1 (mode no: 60) coupled
with the dCAH moiety are well with in the reported range 1230–
1030 cm�1 [47] and also in satisfactory agreement with the exper-
imental (FT-IR/1055 cm�1) spectrum.

In 3-methylindole, the CAN stretching bands are found to be
present at 1229 and 1080 cm�1 [25]. The observed bands at
1210/1209 (FT-IR/FT-Raman) and 1067/1067 cm�1 (FT-IR/FT-Ra-
man), respectively, corresponds to mC28AN37 and mC25AN37 units
and their corresponding calculated values are 1204 and
1071 cm�1 (mode nos: 69, 61). These assignments are also having
considerable TED values. The in-plane C25AN37AC28 (Indole) and
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out-of-plane C13AN23AC11 bending vibrations are attributable 853
(846/FT-IR), 340 cm�1 (mode nos: 48, 17), respectively.
CAC vibrations
In substituted benzenes the degenerate CAC stretching and

non-degenerate skelekel vibrations lie in the region 1365–
1620 cm�1 and 1205–1280 cm�1, respectively [48]. But in phenols,
these vibrations are relatively at higher wavenumber due to its
coupling with the in-plane OH bending mode [48]. Similar trend
also observed in the present case. The stretching vibrations due
to CAC bonds are computed at 1319–1613 cm�1 (mode nos: 77,
83, 86, 88, 91, 93) show good coherence with recorded FT-IR/FT-
Raman spectra at 1315–1487/1313–1573 cm�1. These assignments
are line with literature values [48] and also find support from
Wang et al. [19].

Sundaraganesan et al. [40] was observed mCAC vibrations at
1276–1616 cm�1 in indole. Bunte et al. [25] observed this band
at 1345–1617 cm�1 for 3-methyl indole. Based on the these factors,
in the present study, the calculated wavenumbers 1611, 1567,
1476, 1338, 1331 and 1540, 1403 cm�1 (mode nos: 92, 90, 87, 80
and 89, 82) are assigned to mCAC stretching mode in benzene and
indole ring respectively. And their corresponding FT-IR bands are
1583, 1554 (1556/FT-Raman), 1341 cm�1 (FT-Raman: 1342). The
wave numbers 57 and 68 are belonging to mC14AC13 and mC11AC3,
in which wavenumber 57 is supported 1007/1009 cm�1 (FT-IR/
FT-Raman) by experimental observations. The TED corresponding
to all CAC vibrations lies between 10% and 45%, as shown in
Table 1.

Literature survey reveals that the CACAC deformation vibra-
tions assigned at 542, 607, 848 cm�1 in indole [40]. The observed
bands of 864, 547 cm�1 in FT-IR and 846, 528, 426 cm�1 in FT-Ra-
man are assigned to dCACAC vibrations of the phenyl ring and indole
ring, respectively. And the FT-Raman bands 867, 548 cm�1 are due
to the dCACAC in phenol. For the same mode, the calculated wave-
numbers (mode nos: 49, 30, 28 and 48, 26, 21) show good consis-
tent with recorded spectral data. In indole the bands observed at
758, 487, 423 cm�1 are assigned to CACAC out-of-plane vibrations
[40]. In 6-chloroindole, the CCACAC band is found to be present at
598 cm�1 [49] and Subramanian et al. [48] have calculated this
band at 592, 670 cm�1 in the case of 2,4-difluorophenol. Consider-
ing these factors, in this study, the computed bands at 748, 565,
419 cm�1 and 709, 537 cm�1 are assigned to CCACAC vibrations
respectively in indole and phenol ring of (E)-2HBA3IPA. The wave-
numbers 449, 213, 136, 178 (157/FT-Raman) and 34, 115 (102/FT-
Raman), 18, 32 cm�1 (mode nos: 22, 12, 9, 10 and 4, 8, 2, 3) are as-
signed to in-plane and out-of-plane bending vibrations of C14AC26-

AC25, C11AC3AC4, C14AC13AC17, C26AC14AC13 units respectively.
The TED of these vibrations are not pure modes as it is evident
from the frequency calculation. In addition to these bending vibra-
tions, CACAH, CACAN, CACAO and CANAH bending vibrations
have been assigned in the characteristic range in analogy with re-
lated molecules for (E)-2HBA3IPA.
Hyperpolarizability

The first hyperpolarizabilities (b0, a and l) of (E)-2HBA3IPA is
calculated using B3LYP/6-31G(d,p) level of theory, based on the fi-
nite-field approach. In the presence of an applied electric field, the
energy of a system is a function of the electric field. First hyperpo-
larizability is a third rank tensor that can be described by a
3 � 3 � 3 matrix. The 27 components of the 3D matrix can be re-
duced to 10 components due to Kleinman symmetry [50]. It can
be given in the lower tetrahedral format. It is obvious that the low-
er part of the 3 � 3 � 3 matrixes is a tetrahedral. The components
of b are defined as the coefficients in the Taylor series expansion of
the energy in the external electric field. When the external electric
field is weak and homogeneous, this expansion becomes:

E ¼ E0 � laFa �
1
2
aabFaFb �

1
6

babcFaFbFc ð2Þ

where E0 is the energy of the unperturbed molecules, Fa is the field
at the origin, and la, aab, babc are the components of the dipole mo-
ment, polarizability and the first hyperpolarizabilities, respectively.
The total static dipole moment l, the mean polarizability a0, the
anisotropy of polarizability Da and the mean first hyperpolarizabil-
ity b0, using the x, y, z components are defined as

l ¼ ðl2
x þ l2

y þ l2
z Þ

1=2 ð3Þ

a0 ¼
axx þ ayy þ azz

3
ð4Þ

Da ¼ 2�1=2½ðaxx � ayyÞ2 þ ðayy � azzÞ2 þ ðazz � axxÞ2

þ 6ða2
xy þ a2

yz þ a2
xzÞ�

1=2 ð5Þ

b0 ¼ ðb2
x þ b2

y þ b2
z Þ

1=2 ð6Þ

Many organic molecules, containing conjugated p electrons are
characterized by large values of molecular first hyper polarizabili-
ties, were analyzed by means of vibrational spectroscopy [51–54].
The intra-molecular charge transfer from the donor to acceptor
group through a single-double bond conjugated path can induce
large variations of both the molecular dipole moment and the
molecular polarizability, making IR and Raman activity strong at
the same time [55].

The present study reveals that the p–p interaction can make
larger intra-molecular interaction and hence the polarizability of
the molecule increases. It is evident from Table 2 the molecular di-
pole moment (l), molecular polarizability and hyperpolarizability
are calculated about 0.7815 (D), 4.384 and 3.173 � 10�3 esu,
respectively. The b0 value of the title compound is �8.5 times
greater than that of urea.

NBO analysis

The hyperconjugation may be given as stabilizing effect that
arises from an overlap between an occupied orbital with another
neighboring electron deficient orbital, when these orbitals are
properly orientated. This non-covalent bonding–antibonding inter-
action can be quantitatively described in terms of the NBO analysis,
which is expressed by means of the second-order perturbation
interaction energy (E(2)) [56–59]. This energy represents the esti-
mate of the off-diagonal NBO Fock matrix elements. It can be de-
duced from the second-order perturbation approach [60]

Eð2Þ ¼ DEij ¼ qi
Fði; jÞ2

ej � ei
ð7Þ

where qi is the donor orbital occupancy, ei and ej are diagonal ele-
ments (orbital energies) and F(i, j) is the off diagonal NBO Fock ma-
trix elements. NBO analysis of (E)-2HBA3IPA has been performed, in
order to explain the intra-molecular charge transfer and delocaliza-
tion of p-electrons from amino group to salicylidine ring. The NBO
calculation was performed for two different conformers namely
enol–imine close form and enol–imine open form. From the NBO
calculations, there are certain energy deviation have obtained be-
tween closed and open form of enol–amine. The intra-molecular
hyperconjugative interactions is due to the overlap between
p(CAC) and p�(CAC) orbitals, which results intra-molecular charge
transfer appeared in the molecular system [55]. It is evident from
our calculation, the E(2) energy of pC3AC4 versus p�C5AC6 is about



Table 2
The molecular electric dipole moment l (Debye), polarizability (a)
and hyperpolarizability (b0) values of (E)-2HBA3IPA.

Parameters B3LYP/6-31G(d,p)

Dipole moment
lx �0.3277
ly �0.1132
lz 0.7003
l 0.7815

Polarizability
axx 221.36
axy �35.54
ayy 110.87
axz �10.5
ayz 6.80
azz 318.60
a 4.384 � 10�30 esu

Hyper polarizability
bxxx 177.78
bxxy �28.26
bxyy �2.74
byyy �4.48
bxxz �19.21
bxyz �44.84
byyz �31.90
bxzz 153.85
byzz 125.57
bzzz �83.42
b0 3.173 � 10�30 esu

Table 3
The electronic transition of (E)-2HBA3IPA.

Calculated at B3LYP/
6-311++G(d,p)

Oscillator
strength

Experimental
band gap (nm)

Calculated band
gap (eV/nm)

Excited state 1 Singlet-
A/f = 0.0392

330 3.5785/346.47

81 ? 82
(HOMO–LUMO)

0.70201 �3.959

Excited state 2 Singlet-
A/f = 0.1298

305 3.9388/314.78

78 ? 82
(HOMO�3–LUMO)

0.10338 �5.093

78 ? 85
(HOMO�3–LUMO+3)

�0.12208 �6.045

80 ? 82
(HOMO�1–LUMO)

0.64744 �4.631

Excited state 3 Singlet-
A/f = 0.0012

273 4.1483/298.88

79 ? 82
(HOMO�2–LUMO)

0.70497 �4.752
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69.16 kJ/mol, and their electron densities are 1.645 and 0.379 e
respectively. Similarly, the p–p� interaction of C5AC6 ? C3AC4, C11-

AN23 ? C3AC4, C25AC26 ? C27AC29, C27AC29 ? C25AC26, C28-

AC30 ? C27AC29 and C31AC33 ? C27AC29 bonds are having smaller
electron densities than r bonds. The above interactions are ob-
served as an increase in electron density (ED) in CAC anti bonding
orbital that weakens the respective donor bonds. The movement of
p electron from donor (i) to acceptor (j) can make the molecule
highly active. The intra-molecular hydrogen bonding interaction
formed between nitrogen and hydroxyl hydrogen, which is due to
the lone pair of nitrogen atom. The nitrogen accept the proton by
loosing electron, where the E(2) energy stabilization is around
101.84 kJ/mol between N23 and O21AH22. Instead of the intra-
molecular hydrogen bonding interaction between nitrogen and hy-
droxyl group the nitrogen can make stabilization with adjacent
bond orbitals. The calculated NBOs of closed and open form enol–
imine have listed is Tables S3 (a) and S3 (b) (Supplementary).
HOMO–LUMO analysis

In the present study, the band gap energy of the one electron
excitation from HOMO to LUMO is calculated about �3.959 eV.
The HOMO (81) is located over the tryptophane ring and LUMO
(82) is located over the salicylidine ring, whereas the energy of
HOMO and LUMO is about �5.137 and �1.178 eV respectively.
The recorded UV spectrum shows three excited states namely E1,
E2 and E3. The E1 lies between 81 and 82 orbital (HOMO–LUMO),
and its recorded and calculated band gaps are about 330 and
346.47 nm, respectively. The excited state two (E2) comprise 78–
82 (HOMO�3–LUMO), 78–85 (HOMO�3–LUMO+3) and 80–82
(HOMO�1–LUMO) orbital, its recorded band gap is about 305 nm,
which is coincided well with the theoretical value of 314.78 nm.
Third excited state lies between 79 and 82 (HOMO�2–LUMO) orbi-
tal, its experimental and calculated band gaps are about 273 and
298 nm, respectively. The UV analysis was calculated at B3LYP/6-
311++G(d,p) level, the electronic transition of (E)-2HBA3IPA is
listed in Table 3. The recorded UV–Vis., spectra has shown in
Fig. S3 (Supplementary) and the HOMO and LUMO plots of (E)-
2HBA3IPA are shown in Fig. S4 (Supplementary).

Conclusions

In (E)-2HBA3IPA, an intra-molecular interaction is exist be-
tween hydroxyl hydrogen and nitrogen atom (OAH� � �N@C). Its cal-
culated distance is about 1.725 Å in enol–imine closed form,
whereas the enol–imine open form is not exist any such interac-
tion between hydrogen and nitrogen. Due to the intra-molecular
interaction the title molecule undergoes a little distortion by struc-
turally and vibrationally. The band parameters calculated for enol–
imine open form is show a slight deviation from open form. The
experimental vibrational spectra are shows a very good agreement
with theoretical wavenumber as well as spectra. Molecular hyper-
polarizability is 8.5 times greater than urea, hence this title mole-
cule possess considerable NLO property. The NBO analysis shows
101.84 kJ/mol during the intra-molecular hydrogen bond interac-
tion, and also harvested the other intra-molecular hyperconjuga-
tive interaction. The less bond gap energy proposes the
molecular reactivity.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.saa.2012.09.023.
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