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The structural and spectroscopic properties of (E)-2-(2-hydroxy benzyliden amino)-3-phenyl propionic
acid ((E)-2-HBAPPA) has been investigated by using theoretical and experimental methods. Using the
computational studies the most stable conformer was identified. Density functional theory (DFT) calcu-
lations of 16 (E)-2-HBAPPA conformers have been performed to find the optimized structure and the
computed vibrational wavenumbers of the most stable one. The FT Raman and FT-IR spectra of (E)-2-
HBAPPA molecule have been recorded and analyzed. A detailed interpretation of the FT-IR, FT-Raman
and harmonic wavenumbers obtained at B3LYP/6-311++G(d,p) level was reported. The vibrational
assignments were studied using TED method. Intra-molecular charge transfer between nitrogen and
hydroxyl hydrogen (C@N� � �HAO) has been studied. First order hyperpolarizability (b0) has been
calculated. Electronic excitation of (E)-2-HBAPPA was recorded in the visible region and compared with
calculated TD-DFT results.

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

The ortho-hydroxy Schiff bases have received much attention in
different areas such as biology, coordination chemistry, technolog-
ical applications and chemical physics [1–4]. Salicylideneaniline
Schiff bases which has long-ranged p-electron delocalization
capacity affecting whole molecule during the proton transfer reac-
tion, OAH� � �N M H� � �N [5,6]. The easiest intra molecular interac-
tion of this type of compound leads the molecule, used as a
potential material for molecular memory, photo switch device
and models of biological system [7–9].

The pharmaceutical studies [10–12], revealed great potential in
the application of ortho-hydroxy acylaromatic Schiff bases as can-
cer fighters. Schiff bases compound also exhibit a wide range of
biological activities such as anti-HIV [13–15] anti-tumor [16], anti-
viral activity [17] antimicrobial activity [18], and anti-inflamma-
tory activity [19].

The present work mainly deals with detailed structural confor-
mation, experimental FT-IR and FT-Raman spectra, intra-molecular
hydrogen bonding, vibrational assignments using total energy dis-
tribution (TED) and NLO activity as well as DFT/B3LYP
calculations for (E)-2-HBAPPA. The vibrational spectral features
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of (E)-2-HBAPPA compound have not been subject of detailed anal-
ysis so far. Herein, the investigated results have been reported. The
experimental and theoretical results support each other, and the
calculations are valuable for providing a reliable insight into the
vibrational spectra and molecular properties.
2. Experimental details

2.1. Synthesis

This compound was synthesized by mixing the salicylaldehyde
in ethanol and sodium salt of phenylalanine in ethanol–water (50%
v/v). The mixture was heated and refluxed on a mantel about 5 h.
The reaction mixture was cooled to room temperature and neutral-
ized 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 des-
iccators. The melting point of the compound is 114 �C (lit 114 �C)
[20].

2.2. FT-Raman and FT-IR spectra

The FT-Raman spectrum of (E)-2-HBAPPA was recorded using
the 1064 nm line of a Nd:YAG laser as excitation wavelength in
the region 10–3500 cm�1 on a Bruker model IFS 66 V spectropho-
tometer equipped with an FRA 106 FT-Raman module accessory.
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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, and Tamilnadu, India. The
UV spectrum was recorded using Perkin Elmer, Lambda 35, UV/
Vis Spectrometer-Integrated Sphere.
3. Computational details

The calculations were performed at DFT levels on a Pentium 1V/
3.02 GHz personal computer using Gaussian 03W [21] program
package, invoking gradient geometry optimization [21,22]. In order
to establish the stable possible conformations, the conformational
space of title compound was scanned with molecular mechanic
simulations. This calculation was performed with the Spartan 08
program [23]. For meeting the requirements of both accuracy
and computing economy, theoretical methods and basis sets
should be considered. Density functional theory (DFT) has been
proved to be extremely useful in treating electronic structure of
molecules. The basis set 6-311++G(d,p) was used for the conforma-
tional analysis. The optimized structural parameters were used in
the vibrational frequency calculations at the DFT level to character-
ize all stationary points as minima. Then, vibrationally averaged
nuclear positions of (E)-2-HBAPPA were used for harmonic vibra-
tional frequency calculations resulting in IR and Raman frequen-
cies together with intensities and Raman depolarization ratios. In
the present work, the DFT method B3LYP/6-311++G(d,p) were used
for the computation of molecular structure, vibrational frequencies
and energies of optimized structures. The vibrational modes were
assigned on the basis of TED analysis for higher basis set (B3LYP/
6-311++G(d,p)), using SQM program [24].

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 [25] by the expression:
Ii ¼ 10�12 � ðv0 � v iÞ4 �
1
v i
� 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 [26].
Fig. 1. The optimized structure of (E)-2-(2-hydroxy benzy
4. Results and discussion

4.1. Molecular geometry

The numbering scheme for (E)-2-HBAPPA is shown in Fig. 1
Optimized bond parameters were calculated by using B3LYP with
6-311++G(d,p) basis set. To find stable conformer, a meticulous
conformational analysis was carried out for the title compound.
Rotating 10 each degree intervals around the free rotation bonds,
conformational space of the title compound was scanned by
molecular mechanic simulations and then full geometry optimiza-
tions of these structures were performed by B3LYP/6-311++G(d,p)
method. Results of geometry optimizations were indicated that the
title compound is rather flexible molecule and, in theory, may have
at least 16 conformers are shown in Fig. 2. Ground state energies,
zero point corrected energies (Eelect. + ZPE), relative energies and
dipole moments of conformers were presented in Table 1. Zero
point corrections have not caused any significant changes in the
stability order.

The optimized geometrical parameters are calculated using
B3LYP/6-311++G(d,p) basis set and also listed in the Table 2. In
the present work, the introduction of hydroxyl group in the phenyl
ring causes some changes in the CAC and C@C bond lengths. As it is
evident from the NBO analysis, the bond distance of C1AC2 (1.401),
C3AC4 (1.407), C5AC6 (1.401) and C2AC3 (1.420), C4AC5 (1.384),
C1AC6 (1.387 Å) are belongs to CAC and C@C bonds, respectively.
In which C@C bond distance is lesser than CAC bond with an
exception, which (C2AC3) may be due to the formation of intra-
molecular hydrogen bond between N23� � �H22. The C14AC25 bond
distance (1.514 Å) is greater than the C3AC11 (1.452 Å) bond. The
reason may also be due to formation of N23� � �H22. The increase of
C2@C3 bond length is due to transfer of lone pair of electron from
LPO21 to C2AC3, which accept 33.26 kJ/mol energy during the intra-
molecular interaction, through n ? p⁄ transition. This C2AC3 bond
length is supported from the literature [27,28].

The bond distance of C13AN23 and C11@N23 are calculated about
1.461 and 1.284 Å respectively, using B3LYP/6-311++G(d,p) level.
These values are in agreement with X-ray diffraction data of Kha-
laji et al. [27]. The carbonyl group (C17@O18) bond length 1.203 Å
B3LYP/6-311++G(d,p) is shorter than C17AO19 (1.353 Å). This is
due to p electron localization in C@O. The intra-molecular interac-
tion between nitrogen and hydrogen (H22� � �N23) of OH group is cal-
culated as 1.758 Å. This is further supported by increasing and
decreasing the bond length of O21AH22 and C2AO21 respectively.

It is evident from the Table S1; the C2AO21AH22 bond angle is
positively deviated (�0.50�) from C17AO19AH20, which is due to
N23� � �H22. The highest bond angle 125.82� is observed for
lidene amino)-3-phenyl propionic acid (E)-2HBAPPA.
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Fig. 2. All possible conformers of (E)-2HBAPPA.
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C13AC17AO18 while C3AC2AO21 has lower value 122.05�. This is
also due to the formation of hydrogen bond. The above mentioned
bond angles are comparable with Wang et al. [28] and Choudhury
and Guru Row [29]. All the possible bond parameters are listed in
Table S1.
4.2. Vibrational assignments

The molecule (E)-2-HBAPPA contains carboxylic, hydroxyl,
methylene and amino groups. It also consists of 35 atoms, hence
one can have 99 normal modes of vibrations. The harmonic wave-
number calculations were performed with B3LYP/6-311++G(d,p)
level basis sets. The title molecule belongs to C1 point group sym-
metry. The recorded FT-IR, FT-Raman and calculated wavenum-
bers, intensities (IR, Raman), force constant and reduced mass are
given in Table 2. The comparisons of experimental and theoretical
spectra are shown in Fig. 3 (FT-IR), and Fig. 4 (FT-Raman). The total
energy distributions for all fundamental vibrations were calculated
using scaled quantum mechanics (SQMs) method at B3LYP/6-
311++G(d,p) level [24].
4.2.1. OAH vibrations
The OAH vibrations are extremely sensitive to formation of

hydrogen bonding [30]. The OAH stretching band is characterized



Table 1
Energetics of the conformers calculated at the B3LYP/6-311++G(d,p) level for (E)-2-HBAPPA.

Conformers E (Hartree) DE (kcal/mol) E0 (Hartree) DEo (kcal/mol) Dip. Mom. (D)

1 �899.4276787 0.000 �899.148553 0.000 5.734
2 �899.4258804 1.128 �899.146749 1.132 5.1314
3 �899.4176265 6.308 �899.139411 5.737 7.9904
4 �899.4154509 7.673 �899.137339 7.037 7.7469
5 �899.4153587 7.731 �899.13686 7.337 5.3891
6 �899.4146429 8.180 �899.136406 7.622 7.4491
7 �899.4136486 8.804 �899.13604 7.852 4.4509
8 �899.4135281 8.880 �899.135776 8.018 4.351
9 �899.4132263 9.069 �899.135494 8.195 3.4047

10 �899.412589 9.469 �899.134915 8.558 3.1123
11 �899.4125709 9.480 �899.135061 8.466 3.3276
12 �899.4120259 9.822 �899.133875 9.211 7.912
13 �899.4116909 10.032 �899.133507 9.442 7.3625
14 �899.4114878 10.160 �899.133433 9.488 4.9419
15 �899.4090454 11.693 �899.131027 10.998 7.2872
16 �899.4034218 15.221 �899.125329 14.573 5.5116

Eo, zero point corrected energy, (Dip.Mom. – dipole moment).
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by a very broad band appear in the range 3400–3600 cm�1 [31].
Stretching of OAH band is characterized by a very broad band ap-
pear at 3400 cm�1 by Meganathan et al. [32]. In the present inves-
tigation, the OAH stretching band is recorded at 3293 and
3435 cm�1 as weak broad band using FT-IR whereas there is no Ra-
man counterpart. The calculated hydroxyl group, stretching vibra-
tion appeared at 3144 and 3626 cm�1 (mode nos: 98, 99) by using
B3LYP/6-311++G(d,p) basis set. The TED values 90% support the
present assignments.

Krishnakumar and Mathammal [33], have studied the in-plane
bending vibration of OAH appeared at 1463, 1294, 1160 cm�1

1340 cm�1, while the Sundaraganesan et al. [34] and Selverstein
et al. [35], were recorded in the range of 1440–1395 cm�1. In the
present work, the OAH in-plane bending modes observed at
1413 (strong) in FT-IR and 1413 (medium) in FT-Raman spectra.
This mode is appeared with the mixer of CACAH vibrations and
their contributions are 31 and 10 for 73 and 64 mode numbers,
respectively. These assignments are further supported by harmonic
values. Out-of-plane bending mode of OH group appeared at 745
(strong) and 747 cm�1 (medium) band in FT-IR and FT-Raman
spectra, respectively. The calculated UOAH values 746, 818 cm�1

(mode nos: 34, 38/B3LYP/6-311++G(d,p)) are well coincide with
the experimental and literature values [36].
4.2.2. CAH vibrations
The phenyl ring CAH vibration is observed at 3095 cm�1 as

broad and low intense band in FT-IR spectrum [37]. In (E)-2-HBAP-
PA molecule, the carbon bonded hydrogen atom stretching vibra-
tions are observed at 3084, 3067, 3063 cm�1 as medium strong
band in FT-IR and 3064 cm�1 (strong) in FT-Raman. The computed
wavenumbers for the same mode are assigned in the range of
3092–3045 cm�1/B3LYP/6-311++G(d,p)/mode nos: 97–89. In
which mode nos: 97 (sym), 94 (asym) and 95 (sym), 96 (asym)
are belongs to CAH stretching vibrations in phenyl and phenol
rings respectively. The observed bands 2925 (FT-IR)/2925 (FT-Ra-
man) and 2866 (FT-IR)/2864 (FT-Raman) are belongs to C11AH12

and C13AH15 stretching vibrations, which are supported by TED
and harmonic values (B3LYP/6-311++G(d,p)/mode nos: 86, 85).
These assignments are also find support from Wang et al. [28].

In the present study, the FT-IR/FT-Raman bands at 1311, 1209,
1154, 1130/1312, 1216, 1159 cm�1 and at 912, 851/851,
831 cm�1, respectively in (E)-2-HBAPPA have been designated to
dCAH and CCAH modes. In aromatic compounds, the CAH in-plane
bending wavenumber appeared in the range of 1000–1300 cm�1

and CAH out-of-plane bending vibration appeared in the range of
750–1000 cm�1 [34,36]. In (E)-2-(2-hydroxy benzyliden amino)-
3-methyl butanoic acid ((E)-2HBAMBA), the CAH in-plane bending
vibration has appeared at 1295, 1294, 1236, 1181, 1140 and
1074 cm�1 in FT-IR spectrum. Similarly, the observed bands 942,
833, 746: FT-IR and 964, 946 cm�1: FT-Raman are assigned to UCAH

mode. The scaled vibrations are at 1310, 1219, 1164, 1139 and 971,
956, 922, 844, 831 cm�1 (B3LYP/6-311++G(d,p)/mode nos: 68, 63,
59, 57 and 47, 46, 43, 40, 39) correspond to dCAH and UCAH respec-
tively. These assignments are in the expected range and also find
support from the literature [35]. The observed as well as calculated
values are find support from the ((E)-2HBAMBA) [37]. The mode
nos: 72 (1369 cm�1)/48 (979 cm�1) are belongs to dC11AH12/
CC11AH12 mode respectively.
4.2.3. Methylene group vibrations
For the assignment of CH2 group frequencies basically six fun-

damentals can be associated to each CH2 group namely, CH2 sym-
metric, CH2 asymmetric, scissoring and rocking, which belong to
in-plane vibration. In addition to that, CH2 wagging and twisting
modes of CH2 groups would be expected to be depolarized for
out-of-plane symmetry species. The CH2 asymmetric stretching
vibrations are generally observed in the region 3100–3000 cm�1,
while the symmetric stretching appears between 3000 and
2900 cm�1 [38–41]. For (E)-2-HBAPPA, the recorded FT-IR and
FT-Raman were shown peaks belongs to CH2 symmetric stretching
at 2956 (medium) and 2964 cm�1 (weak) respectively, whereas the
asymmetric stretching mode appeared at 3007 cm�1 (FT-IR: med-
ium) and 3009 cm�1 (FT-Raman: weak). The theoretical calculation
for CH2 symmetric and asymmetric vibrations appeared at 2951
and 3001 cm�1 (mode no: 87, 88) respectively, by using B3LYP/6-
311++G(d,p) basis sets. From these observations, the methylene
group stretching values are correlated well with the theoretical
values and also agree well with above literature values. The TED
values are also support the assignments.

The scissoring mode of CH2 group gives rise to a characteristic
band near 1415 cm�1 in FT-IR and 1400 cm�1 in Raman spectra.
The twisting, wagging and rocking vibration appears in the region
1400–900 cm�1 [42]. The observed band at 1444 cm�1 (both FT-IR
and FT-Raman) and the corresponding calculated wavenumber for
this mode at 75, is 1439 cm�1/B3LYP/6-311++G(d,p) are attributed
CH2 scissoring vibration. This is supported by TED value (16%). The
wagging and rocking modes are calculated at 69 and 9. The ob-
served FT-IR 146 cm�1 as a very strong band assigned to CH2 rock-
ing. These assignments are comparable with the literature [43] and
also find support from TED.



Table 2
Vibrational wave numbers obtained for (E)-2-HBAPPA at B3LYP/6-311++G(d,p) [harmonic frequency (cm�1), IR, Raman intensities (km/mol)].

Mode no. Calculated and observed frequencies (cm�1)a Intensities Vibrational assignments TED P 10%d

6-311++G(d,p) FT-IR FT-Raman IRc
b RSc

c

m1 21 0.03 74.62 CC11N23C13C14(14) + CC25C14C13N23(18)
m2 28 0.12 51.92 CC11N23C13C14(20) + CC11N23C13H15(16) + CC11N23C13C17(24)
m3 37 0.00 24.99 CC13N23C11C3(19)
m4 43 0.32 31.09 CO18C17C13N23(21) + CO19C17C13N23(27)
m5 54 0.06 33.10 dC25C14C13(10) + CC27C25C14C13(16) + CC27C25C14H24(12)
m6 79 0.19 17.23 CC25C14C13C17(14)
m7 103 0.12 5.35 dN23C11C3(17) + dC11N23C13(13)
m8 116 126vs 0.07 11.20 CN23C11C3C4(17) + CC11AN23AC13AC17(10)
m9 165 143vs 0.12 6.22 dC14C13C17(26) + CC11N23C13C14(11)
m10 205 213m 0.18 1.37 CC4C3C2O21(14) + CO21C2C1C6(13)
m11 216 0.01 7.19 mCC(11) + CCCCC(26)
m12 249 0.70 3.34 dC4C3C11(12) + dO18C17C13(14) + dO19C17C13(11)
m13 313 317m 1.06 4.18 CH12C11C3C2(10) + CN23C11C3C2(17)
m14 333 0.09 2.41 CC13N23C11C3(13) +
m15 347 0.11 0.44 dC26C25C14(21) + dC27C25C14(25)
m16 357 367w 0.17 0.74 dC11C3C2(16) + dC11N23C13(16)
m17 402 410w 0.00 0.15 CC32C28C26C25(19) + CC32C30C27C25(19)
m18 418 427w 0.42 2.39 dC4C3C11(11) + dO19C17C13(12)
m19 446 0.76 2.11 mCC(10) + dCCC(10) + dOCC(10)
m20 452 1.22 2.08 dO21C2C1(28) + dC3C2O21(26)
m21 457 473s 472m 0.74 0.60 CCCCC(23)
m22 527 523vs 4.59 1.76 dOCC(16) + CCCCC(14)
m23 542 1.55 1.36 CC1C6C5C4(14)
m24 551 2.71 5.44 dC3C2C1(11)
m25 579 15.61 0.34 CH20O19C17C13(18)
m26 586 2.88 0.75 dCCC(21)
m27 615 606m 605w 0.03 2.43 dC28C26C25(13) + dC30C27C25(14) + dC32C28C26(16) + dC32C30C27(15)
m28 621 622w 622m 5.32 2.06 dO18C17C13(13) + dO18C17O19(16) + CH20O19C17C13(17) + CH20O19C17O18(16)
m29 649 0.34 2.60 CH20O19C17O18(12)
m30 690 679m 8.31 0.08 CH35C32C28C26(11) + CH35C32C30C27(11)
m31 722 698s 1.57 0.44 CC3C2C1H7(10) + CC11C3C2O21(11)
m32 737 3.24 0.76 mCC(14) + CCCCH(28)
m33 739 13.23 0.31 CH9C5C4C3(19) + CC1C6C5H9(16) + CH10C6C1C2(11)
m34 746 745vs 747m 8.94 1.22 CH20O19C17O18(16)
m35 772 775s 2.90 10.65 mC2C1(11) + mC3C2(21)
m36 798 0.63 6.61 mC17C13(18)
m37 809 0.85 7.93 mC25C14(17)
m38 818 12.86 0.11 CH22O21C2C1(41) + CH22O21C2C3(46)
m39 831 831s 0.08 0.14 CHCCC(49) + CCCCH(34) + CHCCH(16)
m40 844 851s 851w 0.15 0.13 CC5C6C1H7(13) + CH10C6C5H9(11) + CO21C2C1H7(20)
m41 876 2.83 0.58 dC1C6C5(13) + dC6C5C4(12)
m42 901 0.57 0.25 CH34C30C27H31(12) + CH35C32C28H33(10)
m43 922 912m 0.06 0.11 CH9C5C4H8(33)
m44 946 0.44 0.89 CH33C28C26H29(16) + CH34C30C27H31(20)
m45 955 947w 954w 0.14 0.09 mCC(13)
m46 956 0.01 0.00 CH10C6C1H7(30) + CH10C6C5H9(28)
m47 971 0.03 0.02 CH33C28C26H29(18) + CH35C32C28H33(24) + CH35C32C30H34(18)
m48 979 1.12 4.08 CH12C11C3C2(12) + CH12C11C3C4(17) + CC13N23C11H12(26)
m49 984 986m 0.07 16.36 mCC(33) + dCCC(42)
m50 1013 1005vs 1.44 14.92 mC6C1(10) + mC6C5(32)

m51 1016 1.18 10.37 mC32C28(23) + mC32C30(24)
m52 1028 5.63 7.53 mC14C13(33) + mN23C13(22)
m53 1039 1036m 1035s 5.07 1.83 mC14C13(12) + mN23C13(33)
m54 1066 1074m 6.01 1.18 mC28C26(13) + mC30C27(13) + dCCH(31)
m55 1102 9.57 0.43 mC5C4(18) + dH10C6C5(10)
m56 1104 30.87 0.78 mO19C17(35) + dH20O19C17(19)
m57 1139 1130w 4.08 4.65 dH9C5C4(15) + dC6C5H9(14) + dH10C6C1(14) + dH10C6C5(13)
m58 1142 0.11 0.81 dH34C30C27(11) + dC32C30H34(10) + dH35C32C28(19) + dH35C32C30(19)
m59 1164 1154ms 1159m 0.12 0.12 dH29C26C25(10) + dH33C28C26(10) + dC32C28H33(10)
m60 1171 9.35 7.03 dH20O19C17(10) + dH24C14C13(12)
m61 1181 1187w 0.01 8.59 mC25C14(37) + dCCH(14)
m62 1193 5.28 7.46 mC2C1(22) + mC11C3(21)
m63 1219 1209m 1216s 2.26 27.61 mC4C3(20) + dH8C4C3(17) + dC5C4H8(14)
m64 1254 0.71 1.31 dH20O19C17(23) + CCCCH(16)
m65 1268 1.56 2.31 dH16C14C13(13) + dH20O19C17(14) + dCCH(14)
m66 1273 1294m 13.42 0.82 mO21C2(39) + dCCH(18)
m67 1294 0.26 0.64 mC26C25(14) + mC27C25(14) + mC32C28(10) + mC32C30(10)
m68 1310 1311w 1312w 0.11 32.25 dH29C26C25(13) + dC28C26H29(11) + dH31C27C25(13) + dC30C27H31(12)
m69 1314 1.01 1.89 mCC(19) + CHCCC(16)
m70 1321 0.83 3.24 mC3C2(13) + mC5C4(10) + mC6C1(11)
m71 1347 1341s 1340m 3.37 4.94 mO19C17(11)
m72 1369 6.26 4.06 dH12C11C3(11) + dH12C11N23(23)

(continued on next page)
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Table 2 (continued)

Mode no. Calculated and observed frequencies (cm�1)a Intensities Vibrational assignments TED P 10%d

6-311++G(d,p) FT-IR FT-Raman IRc
b RSc

c

m73 1400 1413s 1413m 6.96 6.99 mC6C1(11) + dH22O21C2(36)
m74 1433 1.11 0.83 dH16C14H24(15)
m75 1439 1444w 1444s 1.50 2.71 dH16C14H24(16)
m76 1442 1457m 11.67 39.27 mC3C2(14) + mC5C4(12) + mO21C2(14)
m77 1476 2.93 0.39 CHCCC(31) + dCCH(30)
m78 1477 1503vs 6.18 6.18 mC6C5(15) + dH9C5C4(11) + dH22O21C2(23)
m79 1559 1553w 14.21 28.50 mC3C2(11) + mC6C1(18) + mC6C5(13) + dH22O21C2(19)
m80 1568 0.20 0.20 mC26C25(16) + mC27C25(15) + mC32C28(19) + mC32C30(20)
m81 1589 1587vs 1588m 2.33 11.81 mC28C26(21) + mC30C27(22)
m82 1606 1606s 20.77 28.63 mC2C1(20) + mC5C4(20) + dH22O21C2(11)
m83 1619 1619vs 60.35 60.35 mN23C11(62)
m84 1757 1773w 56.63 1.23 mC17@O18(86)
m85 2908 2866m 2864w 4.74 2.22 mC13H15(99)
m86 2918 2925m 2925s 8.32 2.11 mC11H12(99)
m87 2951 2956m 2964w 2.93 2.85 mC14H16(73) + mC14H24(27)
m88 3001 3007m 3009w 0.97 0.97 mC14H16(27) + mC14H24(73)
m89 3045 3036m 1.82 1.39 mC27H31(81) + mC30H34(16)
m90 3054 0.70 1.45 mC4H8(90)
m91 3058 0.03 2.56 mC28H33(39) + mC32H35(40)
m92 3066 3063m 3064vs 1.68 3.47 mC6H10(80)
m93 3067 3067m 3.10 3.20 mC28H33(36) + mC30H34(43)
m94 3077 3.52 1.66 mC26H29(23) + mC30H34(29) + mC32H35(41)
m95 3084 3084m 2.46 9.89 mC1H7(73) + mC5H9(12) + mC6H10(14)
m96 3086 2.48 3.75 mC1H7(19) + mC5H9(67)
m97 3092 1.48 9.29 mC26H29(63) + mC28H33(20)
m98 3144 3293w 100.00 3.77 mO21H22(93)
m99 3626 3435w 13.94 2.70 mO19H20(100)

m: Stretching, d: bending, C: Torsion, vw: very week, w: week, m: medium, s: strong, vs: very strong.
a Calculated and observed vibrational frequencies [scaling factor: 0.9608].
b Relative IR absorption intensities normalized with highest peak absorption equal to 100.
c Relative Raman intensities calculated by Eq. (1) and normalized to 100.
d Total energy distribution calculated B3LYP 6-311++G(d,p) level, TED less than 10% are not shown.
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4.2.4. C@O, CAO vibrations
Vibrational analysis of carboxylic acid is made on the basis of

carbonyl and hydroxyl group. The carbonyl stretching frequency
has been most extensively studied by infrared spectroscopy [43].
This multiply bonded group is highly polar and therefore gives rise
to an intense infrared absorption band. The carbon–oxygen double
bond is formed by pp–pp bonding between carbon and oxygen. Be-
cause of the different electro negativities of carbon and oxygen
atoms, the bonding electrons are not equally distributed between
the two atoms. The following two resonance forms contribute to
the bonding of the carbonyl group >C@O M C+AO�. The lone pair
of electrons on oxygen also determines the nature of the carbonyl
group. As discussed earlier in the geometry of the molecule, due to
the intra-molecular hydrogen bond existing among the carbonyl
and hydroxyl group, the C@O stretching wave number shifts to a
lower value typically absorbs very strongly in the 1660–
1715 cm�1 region [44].

In (E)-2-HBAPPA, the band appeared at 1773 cm�1 as weak
band in FT-IR is belongs to C@O group, while the Raman counter-
part is absent. The corresponding calculated wavenumber is at
1757 cm�1 (mode nos: 84). The experimental wavenumber for
C@O is slightly deviated by the theoretical value this is due to
intermolecular interaction in the solid phase. This assignment is
in line with the assignment proposed by literature [44] and also
supported from TED value (86%). The bond CAO (carboxylic group)
stretching vibration is observed at 1341 cm�1 (strong: FT-IR)/
1340 cm�1 (medium: FT-Raman), which is in consistent with the-
oretical wavenumber 1347 cm�1 using B3LYP/6-311++G(d,p) basis
set (mode no: 71). The substituted hydroxyl oxygen and ring car-
bon (C2AO21) stretching mode has calculated at 1273 cm�1 using
B3LYP/6-311++G(d,p) (mode no: 66).

The calculated as well as observed wavenumbers 1294 cm�1/
FT-IR for m(CAO) coincide well with the assignment proposed by
Subramanian et al. [45]. The m(C17AO19) in carboxylic group is ob-
served at higher frequency (mode no: 71/1347 cm�1) than the
m(C2AO21). It may be due to the resonance in phenol ring [46]. The
calculated frequency of the CAOAH (carboxylic group) in-plane
and out-of-plane bending vibrations in (E)-2-HBAPPA (mode nos:
64 and 34) are 1254 and 746 cm�1, respectively. In which CCOOH

values is well supported by experimental observations (745: FT-
IR/747 cm�1: FT-Raman). The dCOH (ring) vibration has been as-
signed to a strong band at 1413 cm�1 (both FT-IR/FT-Raman) of
(E)-2-HBAPPA, and this is supported by our calculation
(1400 cm�1 B3LYP/6-311++G(d,p)/mode no: 73). The wave number
818/6-311++G(d,p) mode no: 38 is attributed to COH (ring) out-of-
plane bending. These assignments are supported by literature [47].
According to our calculations, the dCCO (carboxylic) vibration
(621 cm�1 B3LYP/6-311++G(d,p) mode no: 28) assigned to a weak
FT-IR/medium intensity Raman band at about 622 cm�1. The mode
number 4 is assigned to UCCO mode (carboxylic). The calculated
wavenumbers 452 and 205 cm�1 (B3LYP/6-311++G(d,p) mode
nos: 20, 10) are assigned to dCCO and UCCO vibrations respectively.

4.2.5. C@N, CAN vibrations
The identification of C@N and CAN vibrations are the very dif-

ficult task, since the mixing of several bands are possible in the re-
gion [35]. The C@N stretching appears in the region 1600–
1670 cm�1 [47]. Wang et al. [28] have assigned at 1633 cm�1

(FT-IR) and 1625 cm�1 (FT-Raman) to aforementioned band. The
C@N (aromatic) stretching mode appeared in the region 1490–
1570 cm�1 [27]. In the present study, C@N bond stretching vibra-
tion is observed at 1619 cm�1 (as very strong) in FT-IR spectrum,
while there is no Raman counterpart. The calculated C@N group
frequency 1619 cm�1 (mode no: 83) using B3LYP/6-311++G(d,p)
basis set coincide well with the experimental data and also
supported by TED (62%) value. In the present work, the bands
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Table 3
The electric dipole moment (l), polarizability (a) and
hyperpolarizability components (b0 in � 10�30 esu) of
(E)-2HBAPPA.

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

l (Debye) 1.358
a 5.456
bxxx �443.64
bxxy �40.70
bxyy 42.14
byyy �117.17
bxxz 255.32
bxyz �31.38
byyz 68.84
bxzz �2.90
byzz �26.66
bzzz 104.35
b0 5.334

H. Saleem et al. / Journal of Molecular Structure 1030 (2012) 157–167 163
identified at 357 and 165 cm�1 (B3LYP/6-311++G(d,p) mode nos:
16, 9) have been designated to dC@NAC and CC@NAC modes, respec-
tively by consideration of their corresponding experimental (367
and 143 cm�1 Raman, respectively) assignments. The calculated
wave numbers 1369 and 979 cm�1 (B3LYP/6-311++G(d,p) mode
nos: 72, 48) are attributed dN@CAH and CN@CAH vibrations
respectively.

In this work, the band occurs at 1036 in FT-IR and at 1035 cm�1

in FT-Raman are assigned to the mC13AN23 stretching. The wave-
number 1039 cm�1 (mode no: 53) is calculated through B3LYP/6-
311++G(d,p) is assigned to the mCAN mode with TED value (33%).
Selverstein et al. [35] assigned CAN stretching absorption in the re-
gion 1382–1266 cm�1 for aromatic amines. For (E)-2-HBAPPA, the
mCAN vibration is observed at lower frequency than the literature
value, which may be due to the formation of intra-molecular
hydrogen bond between N23� � �H22. Similar observation has been
observed for ortho-hydroxy acylaromatic Schiff base by Pajak
et al. [48].

4.2.6. C@C, CAC vibrations
In our present study, the C@C stretching vibrations observed at

1606 (strong), 1588 (medium) and 1553 cm�1 (weak) in FT-Raman
and 1587 cm�1 (strong) in FT-IR spectra. As it evident from the Ta-
ble 2, the modes no: 82, 81, 79 (B3LYP/6-311++G(d,p)) are in agree-
ment with experimental observation and also find support from
literature [49].
In-plane carbon bending vibrations are obtained from the non-
degenerate band at 1010 cm�1 (b1u) and degenerate modes
606 cm�1 (e2g) of benzene. Likewise, the CACAC out-of-plane
bending modes are defined with reference to 703 cm�1 (b2g) and
degenerate 404 cm�1 (e2u) modes of benzene, Belemy [50]. A major
coincidence of theoretical values with that of experimental evalu-
ation is found in the dCACAC and CCACACAC vibrations. The CAC in-
plane bending and CACAC out-of-plane bending vibrations are ob-



Table 4
Second order perturbation theory analysis of Fock matrix in NBO basis (E)-2HBAPPA.

Type Donor (i) ED/e Acceptor (j) ED/e aE(2) (kJ/mol) bE(j) – E(i) (a.u) cF(i, j) (a.u)

r–r⁄ C1AC2(1) 1.978 C1AC6 0.013 9.96 1.29 0.049
O21AH22 0.073 8.12 1.14 0.042

r–r⁄ C1AC6(1) 1.979 C1AC2 0.024 9.54 1.26 0.048
C2AO21 0.019 14.52 1.1 0.055
C5AC6 0.016 10.33 1.27 0.05

p–p⁄ C1AC6(2) 1.700 C4AC5(2) 0.313 67.24 0.28 0.061
C1AH7 1.979 C2AC3 0.037 18.24 1.05 0.061

C5AC6 0.016 15.65 1.08 0.057
r–r⁄ C2AC3(1) 1.975 C1AC2 0.024 11.88 1.25 0.053

C3AC4 0.020 14.14 1.26 0.058
C3AC11 0.026 9.58 1.19 0.047

r–r⁄ C2AO21 1.995 C1AC6 0.309 5.56 1.51 0.04
C3AC4 0.020 5.94 1.48 0.041

r–r⁄ C3AC4 1.973 C2AO21 0.019 14.43 1.09 0.055
C11AN23 0.009 7.74 1.3 0.044

r–r⁄ C3AC11 1.974 C11AN23 0.009 7.95 1.29 0.044
C13AN23 0.027 18.12 1.04 0.06

r–r⁄ C4AC5 1.980 C3AC11 0.026 13.10 1.19 0.055
p–p⁄ C4AC5(2) 1.708 C1AC6 0.013 91.67 0.29 0.071
r–r⁄ C4AH8 1.981 C2AC3 0.037 18.49 1.06 0.061

C5AC6 0.016 14.73 1.09 0.055
r–r⁄ C11AN23(1) 1.988 C13AC17 0.080 16.61 0.68 0.047
p–p⁄ C11AN23(2) 1.942 C17AO18 0.023 6.32 0.34 0.021
r–r⁄ C13AC17(1) 1.966 C11AN23 0.009 4.44 1.25 0.033

C11AN23 0.179 9.79 0.65 0.036
O19AH20 0.015 12.43 1.06 0.05

r–r⁄ C13AN23(1) 1.988 C3AC11 0.026 16.57 1.23 0.062
C11AN23(1) 0.009 4.52 1.34 0.034

p–p⁄ C13AN23(2) 1.942 C17AO18 0.023 11.05 0.73 0.041
r–r⁄ C14AC25 1.975 C13AN23 0.027 8.91 0.97 0.041

C25AC26 0.023 8.62 1.2 0.044
C25AC27 0.023 8.28 1.19 0.043
C26AC28 0.015 9.25 1.2 0.046
C27AC30 0.015 9.41 1.2 0.047

r–r⁄ C17AO18 1.997 C13AC17 0.080 4.60 1.45 0.036
C13AN23 0.027 8.12 0.75 0.034

r–r⁄ C17AO19 1.996 C13AC14 0.027 4.39 1.31 0.033
r–r⁄ O19AH20 1.986 C13AC17 0.080 19.58 1.1 0.065
r–r⁄ O21AH22 1.985 C1AC2 0.024 22.89 1.29 0.075
p–p⁄ C25AC26(2) 1.651 C27AC30 0.333 84.85 0.28 0.067

C28AC32 0.332 86.86 0.28 0.068
r–r⁄ C27AC30(1) 1.980 C14AC25 0.020 13.93 1.11 0.054
p–p⁄ C27AC30(2) 1.674 C25AC26 0.343 85.06 0.29 0.068

C28AC32 0.332 82.51 0.28 0.067
r–r⁄ C27AH31 1.982 C25AC26 0.023 16.57 1.1 0.059

C30AC32 0.016 14.64 1.1 0.055
r–r⁄ C28AC32 1.981 C26AC28 0.015 10.63 1.27 0.051
p–p⁄ C28AC32(2) 1.663 C25AC26 0.343 84.10 0.28 0.068

C27AC30 0.333 87.07 0.28 0.068
LP⁄C2 0.917 C1AC6 0.013 219.37 0.15 0.101

n–p⁄ LPC3(2) 1.109 C4AC5(2) 0.313 282.46 0.15 0.106
C11AN23(2) 0.179 291.16 0.12 0.102

n–p⁄ LPO18(2) 1.974 C13AC17 0.080 85.52 0.62 0.102
C17AO19 0.206 140.79 0.62 0.13

n–r⁄ LPO19(1) 1.976 C17AO18 0.023 31.25 1.21 0.085
n–p⁄ LPO19(2) 1.812 C17AO18 0.206 202.92 0.34 0.116

LPO21 1.972 C2AC3 0.037 33.26 1.08 0.083
LPN23 1.866 C3AC11 0.026 9.46 0.87 0.041

C11AH12 0.036 45.15 0.8 0.085
C13AH15 0.028 21.55 0.8 0.059
O21AH22 0.073 120.00 0.81 0.139

a E(2) means energy of hyperconjucative interactions (stabilization energy).
b Energy difference between donor and acceptor i and j NBO orbitals.
c F(i, j) is the Fock matrix element between i and j NBO orbitals.
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served in FT-IR at 986, 606 (605 cm�1: FT-Raman) and 523,
410 cm�1, respectively. The corresponding calculated frequencies
are identified at 984, 615 and 527, 402 cm�1, respectively,
(B3LYP/6-311++G(d,p) mode nos: 49, 27 and 22, 17). These assign-
ments are supported by above literature and their corresponding
TED values are 42%, 13% and 14%, 19%, respectively. The bands ob-
served in FT-IR: 1036 cm�1 (medium)/FT-Raman: 1035 cm�1
(strong) and the calculated frequency: 1039 cm�1 (B3LYP/6-
311++G(d,p) mode no: 53) are assigned to mC14AC13. The mode
no: 50 B3LYP/6-311++G(d,p): 1013 cm�1 is attributed to ring
breathing vibration, which is supported by FT-Raman band
(1005 cm�1) and TED value (42%). In these assignments, the
B3LYP/6-311++G(d,p) values are in agreement with experimental
values.



Table 5
The electronic transition of (E)-2-HBAPPA.

Calculated at B3LYP/6-31G(d,p) Oscillator strength Experimental band gap (nm) Calculated band gap (eV/nm)

Excited state 1 Singlet-A/f = 0.1449 314.65 3.8877 eV/318.91 nm
68 ? 76 (HOMO�3–LUMO�4) �0.10905 �6.6965
71 ? 72 (HOMO–LUMO) 0.64785 �4.4094
Excited state 2 Singlet-A/f = 0.0747 276.32 4.4806 eV/276.72 nm
67 ? 72 (HOMO�4–LUMO) 0.13860 �5.9512
70 ? 72 (HOMO�1–LUMO) 0.67754 �4.9867
Excited state 3 Singlet-A/f = 0.0004 254.11 4.6877 eV/264.49 nm
67 ? 72 (HOMO�4–LUMO) �0.35405 �5.9511
69 ? 72 (HOMO�2–LUMO) 0.59207 �5.1656
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Fig. 5. The UV–Visible spectrum of (E)-2HBAPPA.
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4.3. Hyperpolarizability calculation

The electric dipole moment (l), polarizability (a) and first
hyperpolarizability (b0) of (E)-2-HBAPPA is calculated using
B3LYP/6-311++G(d,p) basis set, based on the finite-field approach.
In the presence of an applied electric field, the energy of a system is
a function of the electric field. First hyperpolarizability is a third
rank tensor that can be described by a 3 � 3 � 3 matrix. The 27
components of the 3D matrix can be reduced to 10 components
due to Kleinman symmetry [51]. It can be given in the lower tetra-
hedral format. It is obvious that the lower part of the 3 � 3 � 3 ma-
trix 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=2aabFaFb � 1=6babcFaFbFc ð3Þ

where E0 is the energy of the unperturbed molecules, Fa 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 l2
x þ l2

y þ l2
z

� �1=2
ð4Þ

a0 ¼
axx þ ayy þ azz

3
ð5Þ

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

þ 6 a2
xy þ a2

yz þ a2
xz

� �i1=2
ð6Þ

b0 ¼ ðb2
x þ b2

y þ b2
z Þ

1=2 ð7Þ

The total dipole moment (l), polarizability (a) and first hyper-
polarizability (b0), of (E)-2HBAPPA is calculated using B3LYP/6-
311++G(d,p) basis set. The electric dipole moment, polarizability
and hyperpolarizability of (E)-2HBAPPA are shown in Table 3.
The total dipole moment (l = 1.3575 Debye) and the first hyperpo-
larizability (b0 = 5.3341 � 10�30 esu) of the title molecule is 14
times greater than that of urea, hence this molecule has consider-
able NLO activity (l and b of urea are 1.3732 Debye and
0.3728 � 10�30 esu, respectively).

4.4. 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)) [52–55]. 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 [56].

Eð2Þ ¼ DEij ¼ qi
Fði; jÞ2

ej � ei
ð2Þ

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.

The NBO analysis has been carried out on the molecule using
B3LYP/6-311++G(d,p) basis set. The electron densities, E(2) values
and types of interaction are listed in Table 4. In this study, the r
bonds have higher electron density than the p bonds. Due to this
reason, the r–r⁄ transitions have minimum delocalization energy
than the p–p⁄ transitions. It is evident from the Table 4 that the
C1AC2 bond transfer energy 9.96 and 8.12 kJ/mol to the acceptor
orbital of C1AC6 and O21AH22 respectively. The electron density
of C1AC2 (i) and C1AC6, O21AH22 (j) are 1.978 and 0.013, 0.073e
respectively. There occurs a strong intra-molecular hyperconjuga-
tive interaction of p electrons from C1AC6, C4AC5, C25AC26, C27AC30

and C28AC32 bonds to the p⁄ C4AC5, C1AC6, (C27AC30, C28AC32),
(C25AC26, C28AC32) and (C25AC26, C27AC30) bonds, which increase
the electron densities 0.313, 0.013, (0.333, 0.332), (0.343, 0.332)
and (0.343, 0.333) leading to stabilization of 67.24, 91.67, (84.85,
86.86), (85.06, 82.51) and (84. 10, 87.07) kJ/mol, respectively. The
lone pair electrons are readily available for the interaction with ex-
cited electrons of acceptor antibonding orbital. During the n ? p⁄

transition, more energy delocalization takes place. The LPC3

(1.109e) transfer the energy 282.46 and 291.16 kJ/mol to antibond
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of C4AC5 (0.313e) and C11AN23 (0.179e) respectively. Similarly the
LPO19 (1.812e) to its antibonding C17AO18 (0.206) is about
202.92 kJ/mol. In this study, the intra-molecular O21AH22� � �N23

hydrogen bond is exposed in the NBO analysis, results shown in
Table 4 by the interaction between the nitrogen lone pair and
O21AH22 antibonding orbital LPN3 ? p⁄ (O21AH22) with stabiliza-
tion energy 120 kJ/mol.
4.5. HOMO–LUMO analysis

The electronic absorption and HOMO and LUMO energies were
calculated respectively using TD-DFT and DFT methods with 6-
311++G(d,p) basis set and are listed in the Table 5. The calculated
HOMO–LUMO energy gap is �4.4094 eV and the calculated band
gaps are comparable with recorded UV–Vis results. The first ex-
cited state (E1) lies at 68 ? 76 (HOMO�3–LUMO�4) and 71 ? 72
(HOMO–LUMO). The band gap of the first state (E1) is observed
at 314.65 nm, whereas the calculated value is 318.91 nm. The
HOMO�3 is located over the conjugated CACAC of phenyl ring
and LUMO is located over the each atom of phenol ring. It is evi-
dent from Table 5, the second excited state observed at
276.32 nm. The calculated value for the same is observed at
276.72 nm, which consist two sub-energy levels namely
HOMO�4–LUMO (67 ? 72) and HOMO�1–LUMO (70 ? 72). Simi-
larly third excited state lies at 67 ? 72 (HOMO�4–LUMO) and
69 ? 72 (HOMO�2–LUMO) and is located over each atom of the
molecule. The observed and calculated band gap for the corre-
sponding excited state is 254.11 nm and 264.49 nm. The recorded
UV–Vis, spectrum and HOMO–LUMO plots are shown in Figs. 5 and
6, respectively.
5. Conclusion

The molecule (E)-2-HBAPPA was synthesized and a complete
vibrational analysis has been carried out for the first time. The var-
ious possible conformers are evaluated using B3LYP/6-311++G(d,p)
basis set and most stable conformer is conformer one. The ab initio
DFT calculations have been carried out on the structure and vibra-
tional spectrum of (E)-2-HBAPPA. Comparison between the calcu-
lated and experimental structural parameters indicates that the
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results of B3LYP/6-311++G(d,p) are in agreement with literature.
Vibrational frequencies calculated by B3LYP/6-311++G(d,p) meth-
od agree very well with experimental results. The close agreement
established between the experimental and scaled frequencies ob-
tained using the large basis set (6-311++G(d,p)) calculation has
proved the accuracy of the DFT method of calculations. Optimized
geometry indicates intra-molecular (O21AH22� � �N23) hydrogen
bonding in the molecule. Vibrational spectra and NBO analysis con-
firm the occurrence of blue shifting hydrogen bond in the mole-
cule. The calculated first hyperpolarizability is found to be
5.3341 � 10�30 esu, which is 14 times greater than that of urea
which imply that the title compound might become a kind of good
NLO material. NBO result reflects the charge transfer mainly due to
p–p⁄ transitions in the phenyl and phenol rings. The lowering of
HOMO and LUMO energy gap clearly explains the charge transfer
interaction taking place within the molecule. A good correlation
between the UV–Vis, absorption maxima and calculated electronic
absorption maxima are found.
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