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The  (E)-2-(2-hydroxybenzylideneamino)-3-methylbutanoic  acid  (E)-2HBAMBA  was  synthesized.  The FT-
IR,  FT-Raman  and  UV–vis  spectra  have  been  recorded  and  characterized.  Theoretical  wavenumbers  along
with IR  and Raman  intensities  were  calculated  using  B3LYP/6-31G(d,p)  level  and  total  energy  distribution
(TED)  of  the  various  normal  mode  of  vibrations  were  also  studied.  The  conformational  analysis  was
performed  for a  stable  conformer  by selecting  the  dihedral  angles  and  the  optimized  bond  parameters
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were  calculated  for the  stable  structure.  Effect  of  intramolecular  interactions  is calculated  by  changing
the  orientation  of  hydroxyl  hydrogen.  To  know  the  charge  transfer  while  changing  the  hydroxyl  group
hydrogen  orientation,  the  NBO  analysis  was  performed.  Using  the  same  level  of  calculation,  the  electronic
charge  transfers  were  calculated  and  compared.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

Schiff-base compounds exhibit a wide range of biological activ-
ties [1–3], anti-HIV [4–6], anti-tumor activities [7],  and synthesis
f transition metal complexes [8–11]. Very often it undergoes a
ariety of chemical reactions, being as a key precursor for new
ompounds exhibiting diverse molecular structures and proper-
ies [12–14]. It is worth mentioning that the salicylaldehyde moiety
ppears in many compounds exhibiting various biological activity,
ncluding reactants used in the design of compounds exhibiting
ntiviral activity [15], as well as in reactions resulting in new com-
ounds with anticancer [16,17] or antimicrobial activity [18]. It is
lso present during the synthesis of new products called “aspirin-
ike molecules” exhibiting anti-inflammatory activity [19]. Some
chiff bases which are derived from salicylaldehyde have attracted
he interest of chemists and physicists because they show ther-

ochromism and photochromism in the solid state by proton

tom transfer from the hydroxyl oxygen atom to the nitrogen
tom [20]. It has been proposed that molecules showing ther-
ochromism are planar, while those showing photochromism are

∗ Corresponding author. Tel.: +91 9443879295.
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H. Saleem).

386-1425/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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non-planar [21]. In addition to its presence in many chemical reac-
tions, salicylaldehyde has also found applications in molecular
engineering [22]. Salicylaldehyde is also an interesting subject for
various physico-chemical investigations; because it has four iso-
mers, and due to internal reorganization, it can have more than one
different hydrogen-bonded conformer [23]. Chandran et al. [24]
recorded FT-IR and FT-Raman spectra of N-carbamimidoyl-4-((2-
hydroxybenzylidene) amino) benzene sulfon-amide. In this study
we are interested to find the conformational, vibrational, physical
and chemical properties of (E)-2-(2-hydroxybenzylideneamino)-3-
methylbutanoic acid.

2. Experimental

2.1. Synthesis

This compound was synthesized by mixing the salicylaldehyde
in ethanol and sodium salt of l-leucine in ethanol–water (50%, v/v)
[25]. 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)

dx.doi.org/10.1016/j.saa.2011.10.029
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:sscbphysics@gmail.com
mailto:saleem_h2001@yahoo.com
dx.doi.org/10.1016/j.saa.2011.10.029
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Fig. 1. All possible conformers of (E)-2-(2-hydroxybenzylideneamino)-3-methylbutanoic acid.
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Table 1
Energetics of the conformers calculated at the B3LYP/6-31G(d,p) level.

Conf. E (Hartree) �E  (kcal/mol) E0 (Hartree) �E0 (kcal/mol) Dip. mom.  (D)

1 −746.77616261 0.0000000 −746.5207820 0.000000 3.4607
2 −746.77612700 0.0223456 −746.5206390 0.089734 5.1685
3 −746.77506194 0.6906809 −746.5193890 0.874121 4.9098
4  −746.77505988 0.6919736 −746.5194340 0.845883 4.9973
5  −746.77454976 1.0120787 −746.5190200 1.105672 4.7913
6  −746.76502804 6.9870485 −746.5099310 6.809106 7.5704
7  −746.76460803 7.2506087 −746.5094370 7.119095 7.5454
8 −746.76380339 7.7555280 −746.5087600 7.543919 7.2458
9 −746.76191548 8.9402094 −746.5069290 8.692889 7.0849

10 −746.76161203 9.1306272 −746.5065900 8.905615 7.0769
11  −746.76149997 9.2009459 −746.5068440 8.746227 4.1968
12  −746.76149076 9.2067253 −746.5068080 8.768818 4.1967
13  −746.76122573 9.3730341 −746.5064770 8.976523 4.8911
14 −746.76107620 9.4668656 −746.5064980 8.963346 2.932
15  −746.76076240 9.6637781 −746.5059360 9.316006 4.8197
16 −746.76068747 9.7107974 −746.5056780 9.477903 6.8361
17  −746.76062022 9.7529974 −746.5061370 9.189877 2.8792
18 −746.76025759 9.9805511 −746.5054750 9.605288 3.536
19  −746.76005683 10.1065300 −746.5054000 9.652351 4.6735
20 −746.76004226 10.1156728 −746.5053690 9.671804 4.2924
21  −746.75959110 10.3987800 −746.5049060 9.962341 3.5117
22  −746.75959070 10.3990310 −746.5048980 9.967361 3.5372
23  −746.75387108 13.9881468 −746.4987290 13.83847 6.3718
24  −746.75156353 15.4361564 −746.4967840 15.05897 5.2887
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0, zero point corrected energy.

25]. Microanal. CalCd % for C13H17NO3; C, 66.38; H, 7.23; N, 5.95;
ound C, 66.23; H, 7.20; N, 5.85.

.2. FT-Raman and FT-IR spectra

The FT-Raman spectrum of (E)-2HBAMBA was recorded using
he 1064 nm line of a Nd:YAG laser as excitation wavelength
n the region 10–3500 cm−1 on a Bruker model IFS 66V spec-
rophotometer equipped with an FRA 106 FT-Raman module
ccessory. The spectral measurements were carried out at Sree
hitra Tirunal Institute for Medical Sciences and Technology, Poo-

appura, Thiruvananthapuram, Kerala, India. The FT-IR spectrum
f this compound was recorded in the region 400–4000 cm−1 on
n IFS 66V spectrophotometer using the KBr pellet technique.
he spectrum was recorded at room temperature, with a scan-
ing speed of 10 cm−1 min−1 and at the spectral resolution of
.0 cm−1 in CISL Laboratory, Annamalai University, Tamilnadu,

ndia.

. Computational details

In order to establish the stable possible conformations, the con-
ormational space of title compound was scanned with molecular

echanic simulations. This calculation was performed with the
partan 08 program [26]. For meeting the requirements of both
ccuracy and computing economy, theoretical methods and basis
ets should be considered. Density functional theory (DFT) has been
roved to be extremely useful in treating electronic structure of
olecules. The basis set 6-31G(d,p) was used as a effective and

conomical level to study fairly large organic molecules. After the
ost stable conformer of the title compound determined, geome-

ry optimizations of this conformer have been performed by using
aussian 03W [27] program package, invoking gradient geome-

ry optimization [27,28].  Initial geometry generated from standard
eometrical parameters was minimized without any constraint in

he potential energy surface at DFT level, adopting the standard
-31G(d,p) basis set. The optimized structural parameters were
sed in the vibrational frequency calculations at the DFT levels
o characterize all stationary points as minima. Then, vibrationally
−746.4956800 15.75174 5.0138

averaged nuclear positions of (E)-2HBAMBA was used for harmonic
vibrational frequency calculations resulting in IR and Raman
frequencies together with intensities and Raman depolarization
ratios. In this study, the DFT method (B3LYP) has been used for the
computation of molecular structure, vibrational frequencies and
energies of optimized structures. By combining the results of the
GAUSSVIEW program [29] with symmetry considerations, vibra-
tional frequency assignments were made with a high degree of
accuracy using SQM program [30].

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 [31] by the expression:

Ii = 10−12 × (�0 − �i)
4 × 1

�i
× RAi (1)

where Ii is the Raman intensity, RAi is the Raman scattering activi-
ties, �i is the wavenumber of the normal modes and �0 denotes the
wavenumber of the excitation laser [32].

4. Results and discussion

4.1. Conformational analysis

To found stable conformers, a meticulous conformational analy-
sis 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 simula-
tions and then full geometry optimizations of these structures were
performed by B3LYP/6-31G(d,p) method. Results of geometry opti-
mizations were indicated that the title compound is rather flexible
molecule and, in theory, may  have at least twenty five conform-
ers as shown in Fig. 1. Ground state energies, zero point corrected
energies (Eelect. + ZPE), relative energies and dipole moments of
conformers were presented in Table 1. Optimized molecular struc-
ture and atomic numbering is given in Fig. 2. Zero point corrections

have not caused any significant changes in the stability order. From
both the calculated energies of twenty five conformers, given in
Table 1, the conformer 1 is the most stable and the comparison of
the theoretical and experimental geometry of the title compound,
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Fig. 2. The optimized molecular structure of (E)-2-(2-hy

Table  2
The geometric bond length, bond angle and dihedral angle of (E)-2HBAMBA.

Parameters B3LYP/6-31G(d,p) Experimental
a b c

Bond lengths (Å)
C1–C2 1.405 1.386
C1–C6 1.388 1.366
C1–H7 1.085 0.930
C2–C3 1.424 1.411 1.402
C2–O29 1.339 1.349 1.352
C3–C4 1.408 1.400
C3–C11 1.453 1.410 1.433 1.467
C4–C5 1.386 1.357
C4–H8 1.088 0.910
C5–C6 1.404 1.372
C6–H10 1.086 0.940
C11–N31 1.286 1.278 1.296
C13–C14 1.566
C13–C21 1.528
C13–N31 1.450 1.450
C14–C16 1.535
C14–C25 1.534
C21–O22 1.209
C21–O23 1.357 1.358 1.352
O23–H24 0.973
O29–H30 0.998
(H30· · ·N31) 1.722 1.873

Bond angles (◦)
C2–C1–C6 120.2 121.0
C1–C2–C3 119.1 119.2
C1–C2–O29 118.6 123.4
C3–C2–O29 122.2 119.0
C2–C3–C4 119.1 119.3
C2–C3–C11 120.7 120.0
C4–C3–C11 120.1 119.1
C3–C4–C5 121.2 120.7
C4–C5–C6 119.0 122.4
C1–C6–C5 121.1 119.0

Dihedral angles (◦)
C6–C1–C2–C3 −0.100
C6–C1–C2–O29 179.8
H7–C1–C2–C3 179.9

a

g
(
d
b

calculations using the same basis set. The harmonic wave num-
C2–C1–C6–H10 −179.9

, b, c are taken from Refs. [33–35].

iven in Table 2, shows that optimized geometry of conformer 1

namely conformer 1 appears in the solid state) fairly well repro-
uce the experimental one, from this point the discussion will be
ased on conformer 1, further in this paper.
droxybenzylideneamino)-3-methylbutanoic acid.

4.2. Molecular geometric

The x-ray diffraction data of literature [33,34] had shown the
C N and C–N bond length is about 1.296, 1.278 Å and 1.433, 1.410 Å,
respectively. In this present study, the C N and C–N are calculated
at about 1.286 and 1.450. The deviation of bond length between
C N and C–N is due to electron engagement in C N. According to
Tezer and Karakus [35], the intra-molecular interaction has been
found in this title compound between (O29–H30· · ·N31) nitrogen
and adjacent hydroxyl hydrogen atoms and its calculated dis-
tance is about 1.722 (B3LYP). This intra-molecular bond length has
shown an agreement with literature [33,35].  The carbon–carbon
bond distances are not equal in this molecule, namely C1–C2
(1.405), C1–C6 (1.388), C3–C11 (1.424), C3–C4 (1.408) and C3–C11
(1.453 Å). Reasoning of differences is the conjugative effect is exists
in this molecule. The transfer of hydrogen atom from nitrogen to
oxygen atom is accompanied by a rearrangement of the whole
six-membered ring, and substantial changes are observed in the
C–O and C–N bonds [35]. The bond length of keto (C O) group
is calculated about 1.209 (B3LYP) whereas the C–O is calculated
about 1.357 (B3LYP). The C O bond length is smaller than the sin-
gle bond (C–O) [35]. The effect of intra-molecular interaction the
O29–H30 bond length is appreciably deviates from O23–H24 bond.
From this observation the O29–H30 bond distance is increased by
0.025 Å from the O23–H24. This is also the further evidence for
the intra-molecular hydrogen bonding interaction in the present
molecule.

4.3. Vibrational assignments

In order to obtain the spectroscopic results for (E)-2HBAMBA
we have performed vibrational frequency calculation on the sta-
ble conformer. The present molecule has 31 atoms; hence one can
have 87 normal modes of vibrations. All the vibrations are both IR
and Raman active. To investigate the vibrations corresponding to
the functional groups, the FT-IR and FT-Raman spectra are recorded,
and these recorded frequencies are compared with calculated wave
numbers using B3LYP/6-31G(d,p) level as basis set. Assignments
are made on the basis of TED with the help of scaled quantum
bers, IR, Raman intensities and force constants are listed in Table 3.
The observed FT-IR, FT-Raman and their corresponding theoretical
spectra are shown in Figs. 3 and 4, respectively.
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Table 3
Vibrational wave numbers obtained for (E)-2HBAMBA at B3LYP/6-31G(d,p).

Mode nos. Theoretical Experimental

B3LYPa IIR b IRaman
c FT-IR FT-Raman TED%d

�1 3655 19.57 1.90 3803w �O29–H30(100)
�2 3594 21.87 3.40 3690w �O23–H24(100)
�3 3087 9.88 6.62 3095w �C5–H9(73) + �C6–H10(21)
�4 3069 6.67 2.84 �C5–H9(18) + �C6–H10(72)
�5 3053 2.31 1.69 �C4–H8(90)
�6 3039 7.12 2.14 �C1–H7(93)
�7 3026 5.65 1.14 �C25–H26(81) + �C25–H27(15)
�8 2998 24.64 3.11 �C16–H18(11) + �C16–H20(11) + �C25–H27(42) + �C25–H28(32)
�9 2992 5.38 1.25 2994m �C16–H18(57) + �C16–H19(13) + �C16–H20(12) + �C25–H27(10)
�10 2991 12.33 1.25 2954w �C16–H19(50) + �C16–H20(43)
�11 2931 16.37 5.61 2932w 2932s �C25–H26(16) + �C25–H27(28) + �C25–H28(51)
�12 2923 13.17 2.21 �C16–H18(29) + �C16–H19(34) + �C16–H20(32)
�13 2908 8.87 2.34 2896w �C14–H17(97)
�14 2857 27.35 1.99 2868w 2868vs �C13–H15(98)
�15 2845 20.65 1.02 �C11–H12(98)
�16 1776 100.00 0.61 1616s �C21 O22(86)
�17 1662 86.27 70.83 1586w 1586s �C11–N31(78)
�18 1597 25.13 26.62 �C2–C1(18) + �C4–C3(13) + �C5–C4(22) + �C6–C1(13)
�19 1574 19.20 20.13 1563m �C3–C2(21) + �C6–C1(13) + �C6–C5(21)
�20 1488 7.47 6.63 1513s 1516w �C6–C5(10) + ıC2–C1–H7(10)
�21 1467 4.15 0.23 1470m 1470m ıH26–C25–H27(27)
�22 1457 1.23 4.27 1455w 1453s ıH18–C16–H19(15) + ıH18–C16–H20(24)
�23 1445 0.11 2.96 ıH18–C16–H19(10) + ıH26–C25–H28(15) + ıH27–C25–H28(17)
�24 1444 0.84 1.64 ıH19–C16–H20(20) + ıH27–C25–H28(12)
�25 1436 14.68 1.43 1415s 1414m ıC6–C5–H9(14) + ıH10–C6–C5(12)
�26 1391 18.40 2.13 ıH12–C11–C3(13) + ıH12–C11–N31(20)
�27 1383 3.85 0.40 ıH18–C16–H20(11)
�28 1367 6.57 0.39 1360m ıH–C–C(25) + ıH–C–H(25) + ıH2–C11–N13(16)
�29 1360 3.19 0.58 ıH12–C11–C3(13) + ıH12–C11–N31(16)
�30 1327 12.33 2.35 1340m 1341s �C2–C1(10) + �C5–C4(15) + �C6–C1(15) + ıH30–O29–C2(18)
�31 1324 4.56 0.67 1312m 1314m � H17–C14–C13–H15(11)
�32 1289 41.12 5.61 1295m 1295m ıC2–C1–H7(10) + ıC6–C1–H7(11) + ıH30–O29–C2(11)
�33 1282 8.48 1.19 ıH–C–C(11) + ıC–C–H(11) + � H–C–C–H(24)
�34 1273 7.51 1.64 �O29–C2(13) + ıH24–O23–C21(23)
�35 1263 3.48 0.17 �C4–C3(12) + �O29–C2(24)
�36 1238 3.11 4.34 1236w 1236w ıC14–C13–H15(12) + ıH24–O23–C21(17) + � C–N–C–H(12)
�37 1203 7.85 28.85 �C4–C3(17) + �C11–C3(31) + �C5–C4–H8(10)
�38 1161 5.38 0.46 1181w 1181w ıH19–C16–C14(13) + ıH26–C25–C14(12)
�39 1153 12.05 1.24 1173w �C2–C1(12) + ıH30–O29–C2(27)
�40 1143 2.59 2.40 1140w ıH9–C5–C4(14) + ıC6–C5–H9(12) + ıH–C–C(35)
�41 1126 30.57 0.26 1131vs 1130vw �O23–C21(10) + ıCCH(11)
�42 1106 97.78 0.21 �O23–C21(32) + ıH24–O23–C21(11)
�43 1089 26.75 0.12 1085w 1089w �C5–C4(14) + ıH30–O29–C2(13)
�44 1072 25.33 2.29 ıH28–C25–C14(12)
�45 1039 15.29 1.48 1036w �C6–C1(12) + �C6–C5(26) + ıN31–C13(20)
�46 1025 20.47 13.08 998w �C6–C5(14) + ıN31–C13(37)
�47 982 0.68 2.61 964m � H12–C11–C3–C2(13) + � H12–C11–C3–C4(20) + � C–N–C–H(38)
�48 938 0.01 0.12 942w 946m � H9–C5–C4–H8(19) + � H10–C6–C1–H7(15) + � H10–C6–C5–H9(30)
�49 935 0.29 1.69 �C16–C14(21) + ıH18–C16–C14(13) + �H28–C25–C14(17)
�50 924 0.65 2.73 925m 925m �C14–C13(23) + ıH19–C16–C14(15)
�51 910 0.88 0.48 ıH19–C16–C14(11) + ıH20–C16–C14(16) + ıH–C–C(33)
�52 905 0.55 0.41 � H9–C5–C4–H8(19) + � H10–C6–C1–H7(14) + � H8–C4–C3–C11(10)
�53 889 4.74 1.65 �C21–C13(19)
�54 848 5.04 4.54 848vs 842s �C21–C13(17)
�55 818 0.62 2.32 833s � C5–C6–C1–H7(12) + � O29–C2–C1–H7(17)
�56 808 0.74 6.18 �C16–C14(12) + �C25–C14(28)
�57 756 5.27 3.50 774s 782w �C3–C2(21) + �O29–C2(10)
�58 735 28.19 0.96 746w � H9–C5–C4–C3(16) + � C1–C6–C5–H9(15) + � H10–C6–C1–C2(14) + � O29–C2–C1–H7(12)
�59 726 17.47 2.42 716w �C14–C13(16) + � H24–O23–C21–O22(20)
�60 712 1.20 0.39 � C3–C2–C1–H7(11)
�61 671 12.55 0.88 684vs 684w �O23–C21(11) + ıO22–C21–C13(12) + ıN31–C11–C3(10)
�62 641 9.82 3.05 670w ıO22–C21–O23(13)
�63 611 34.84 2.44 611w � H24–O23–C21–C13(38) + � H24–O23–C21–O22(20)
�64 562 6.16 1.95 ıC2–C1–C6(11)
�65 543 0.32 0.70 536vs 535w � C1–C6–C5–C4(20) + � C6–C5–C4–C3(12)
�66 504 7.84 3.68 �C–C(13) + ıC–C–C(21) + ıO–C–C(11)
�67 469 1.80 0.88 � C–C–C–C(27) + � C–C–C–H(14)
�68 449 2.65 1.13 454w 457m ıO29–C2–C1(22) + ıC3–C2–O29(14) + ıC11–N31–C13(13)
�69 440 1.44 0.74 440s 435w � H–C–C–C(24)
�70 401 32.42 3.08 396w � H30–O29–C2–C1(37) + � H30–O29–C2–C3(35)
�71 389 14.71 1.06 � H30–O29–C2–C1(10) + � H30–O29–C2–C3(10)
�72 359 2.22 0.75 ıO23–C21–C13(14) + ıC16–C14–C25(13) + ıC3–C2–O29(11)
�73 342 0.39 0.83 335w ıC16–C14–C13(10) + ıC16–C14–C25(11) + ıC3–C2–O29(11)
�74 320 1.91 1.56 ıC25–C14–C13(11) + � C13–N31–C11–C3(10)
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Table  3 (Continued)

Mode nos. Theoretical Experimental

B3LYPa IIR b IRaman
c FT-IR FT-Raman TED%d

�75 276 8.16 2.84 ıC–C–C(11) + ıO–C–C(12) + ıC–C–N(12) + � H–C–C–C(11)
�76 246 0.27 3.08 � H26–C25–C14–C16(10)
�77 230 0.12 1.22 � H–C–C–C(48)
�78 219 0.10 0.17 213w � H–C–C–C(51)
�79 203 0.65 0.70 � C–C–C–O(27) + � N31–C11–C3–C4(10)
�80 191 0.47 0.50 167w ıC11–C3–C2(14)
�81 145 0.15 5.08 124s ıC14–C13–C21(39)
�82 91 0.26 2.07 ıN31–C11–C3(11) + � C–C–C–C(24) + � H17–C14–C13–C21(11) + � O23–C21–C13–C14(10)
�83 86 0.16 19.86 86vs � N31–C11–C3–C4(16) + � C–N–C–C(25)
�84 61 0.57 9.11 ıN31–C11–C3(11) + ıC11–N31–C13(17) + � C–C–C–N(25)
�85 44 0.91 35.46 � H12–C11–C3–C2(18) + � C13–N31–C11–C3(27) + � C13–N31–C11–H12(11)
�86 28 0.67 13.42 � O23–C21–C13–C14(16) + � O22–C21–C13–N31(17) + � O23–C21–C13–N31(24)
�87 23 0.08 100.01 � N31–C11–C3–C2(15) + � N31–C11–C3–C4(17) + � C11–N31–C13–C14(19) + � C11–N31–C13–C21(18)

� – Stretching, ı – scissoring, � – torsion, s – strong, m – medium, w – weak, and v – very.
a Obtained from the wave numbers calculated at B3LYP/6-31G(d,p) using scaling factor 0.9608 [58].
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 no

Fig. 3. The experimental and theoretical spectra of (E)-2HBAMBA.
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the region 1289–1072 cm−1 (mode nos.: � , � , � , � ) by
Fig. 4. The experimental and theoretical FT-Raman spectra of (E)-2HBAMBA.

.3.1. O–H vibrations
The O–H stretching vibrations are sensitive to hydrogen bond-

ng. The non-hydrogen bonded (or) free hydroxyl group absorb
trongly in 3550–3700 cm−1 region [36]. The vibrational band
ound at 3803, 3690 cm−1 in FT-IR (3655, 3594 cm−1: B3LYP mode

os.: �1, �2), can be assigned as O–H stretching. Infrared observed
and at 3699 and 3662 cm−1 for 2,3-dihydroxy pyridine [37] which
grees well with the observed band in the present study. These
.

t shown.

assignments are supported by TED (100%) and also within the
expected range [36]. In (E)-2HBAMBA, the observed FT-IR bands
1173 and 1085 cm−1 are assigned to O–H in-plane bending. Krish-
nakumar and Muthunatesan [37] identified the  ̌ O–H vibrations at
1188, 1123, 1047 cm−1 in the case of 2,3-dihydroxy pyridine. These
assignments are agreeable with harmonic values: 1153, 1089 cm−1

(B3LYP/mode nos.: �39, �43). It is evident from TED column in
Table 3, the  ̌ O–H vibrations are mixed with C–C vibrations. A pure
mode cannot be expected for � O–H vibration as it falls in a mixed
vibration of vibrational spectrum. The theoretical wave numbers of
this band 726, 611, 440, 401 and 389 cm−1 (B3LYP/mode nos.: �59,
�63, �69–71) coincides well with experimental (FT-IR: 716, 611, 440
and Raman: 396 cm−1) as well as characteristic value (625 cm−1)
reported by Akkaya and Akyüz [38] for 4-amino-salicylic acid.

4.3.2. C–H vibrations
The heteroaromatic structure shows the presence of C–H

stretching vibrations in the range 3000–3100 cm−1 range which is
the characteristic region for the ready identification of C–H stretch-
ing vibrations [39]. If the C–H bond is adjacent to an aromatic ring,
the C–H stretching frequency and absorption between 3100 cm−1

and 3000 cm−1 can be expected [40]. The phenyl ring C–H vibra-
tions is observed at 3095 cm−1 as broad and low intense band
in FT-IR spectra. The scaled vibrational mode nos.: �3–6 corre-
sponds to stretching mode (3087–3039 cm−1/B3LYP) of C–H units
for (E)-2HBAMBA. These assignments are further supported by TED
(100%). These experimental and theoretical wavenumbers of C–H
stretching vibration is well coincided with literature [34,41,42].
In aromatic compounds, the C–H in-plane bending wavenumbers
appear in the range 1000–1300 cm−1 and the C–H out-of-plane
bending vibration in the range 750–1000 cm−1 [39,43,44].  The
C–H in-plane and C–H out-of-plane 4-amino-salicylic acid are
assigned to 1369, 1228, 1108 cm−1 and 819–970 cm−1, respec-
tively, by Akkaya and Akyüz [38]. The bands are observed at 1229,
1150, 1068 cm−1 and 962, 781 cm−1 belong to C–H in-plane and
out-of-plane bending, respectively, for 3-amino-salicylic acid [45].
The C–H in-plane bands are sharp but weak to medium inten-
sity. The weak bands at 1295, 1236, 1181, 1140 in FT-IR spectrum
are due to in-plane C–H bending. The same vibration appears in
the FT-Raman spectrum at 1295, 1236, 1181 with weak inten-
sity. The theoretically computed values for  ̌ C–H also falls in
32 36–38 40 44
B3LYP/6-31G(d,p) method. The out-of-plane bending vibration of
C–H assigned at 942, 833, 746 cm−1 and at 964, 946 in FT-Raman
spectrum. These assignments are satisfactorily coinciding with the
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omputed values of the mode nos.: �47, �48, �55, �58 (B3LYP).
he above assignments are also supported by the literature [44]
n addition to TED output. The calculated bands in the range
908–2845 cm−1 (B3LYP/mode nos.: �13–15) and observed bands
896, 2868 cm−1 (both: FT-IR/FT-Raman) are attributed to C–H
tretching in the present molecule other than phenyl ring.

.3.3. Methyl group vibrations
Methyl groups are generally referred to as electron donating

ubstituents in the aromatic ring system [46]. The title compound
E)-2HBAMBA, posses two CH3 groups attached to the C14 atom.
or the assignments of CH3 group frequencies one can expect nine
undamentals which can be associated to each CH3 group, namely
he symmetrical stretching in CH3 (CH3 symmetric stretching) and

 symmetrical stretching (CH3 asymmetric stretching), in-plane
tretching modes (i.e. in-plane hydrogen stretching mode), the
ymmetrical (CH3 symmetric deformation) and asymmetrical (CH3
symmetric deformation) deformation modes, the in-plane rock-
ng (CH3 ipr), out-of-plane rocking (CH3 opr) and twisting (t CH3)
ending modes. The C–H stretching appeared at lower frequencies
han those of the aromatic ring (3000 cm−1). For the CH3 com-
ounds, the mode �sym appears in the range 2860–2935 cm−1,
here as the �asy modes appear in the region 2925–2985 cm−1

47]. In the present study, the methyl group symmetric stretch-
ng vibrations are established at 2932 cm−1 in both FT-IR and
T-Raman spectra, while the calculated wave numbers are 2931,
923 cm−1 (B3LYP mode nos.: �11, �12). Similarly the observed
ands: 2994, 2954 cm−1 (FT-IR) and computed wave numbers:
992, 2991 cm−1 (B3LYP/mode nos.: �9, �10) are attributed to
H3 asymmetric stretching mode. These assignments are in the
xpected range and also supported by Abraham et al. [48] for
-amino acetanilide and Koleva et al. [49]. The asymmetric and
ymmetric bending vibrations of methyl groups normally appear
n the region 1465–1440 cm−1 and 1390–1370 cm−1, respectively
50,51]. The calculated wavenumbers in the range 1467–1444 cm−1

B3LYP/mode nos.: �21–24) and 1383, 1367 (B3LYP/mode nos.: �27,
28) are attributed to CH3 asymmetric and CH3 symmetric bend-
ng modes, respectively. These assignments are supported by TED
nd also in line with observed FT-IR: 1470, 1455 and 1370, and FT-
aman: 1470, 1453 cm−1 bands. The scissoring mode of CH3 (ı),

ies in the range of 1467–1444 cm−1 (B3LYP) is well reproduced
y FT-IR (1470, 1455 cm−1) and FT-Raman (1470, 1453 cm−1). The
agging and rocking deformation of methyl groups have observed

t 1181 cm−1 (FT-IR, FT-Raman) and 1131 (FT-IR), 925 cm−1 (FT-
aman), respectively. Similarly, the theoretical investigation lies
bout 1161 and 1126, 924 cm−1 for wagging (ω) and rocking (�),
espectively, these modes are in good agreement with experimen-
al values. The intensity enhancement and blue shifting of the

ethyl stretching wavenumbers are due to the inference of elec-
ronic effect resulting from the hyperconjugation and induction of

ethyl group in-the aromatic ring [52].

.3.4. C O, C–O vibrations
Vibrational analysis of carboxylic acid is made on the basis of

arbonyl and hydroxyl group. The carbonyl stretching frequency
as been most extensively studied by infrared spectroscopy [52].
his multiply bonded group is highly polar and therefore gives
ise to an intense infrared absorption band. The carbon–oxygen
ouble bond is formed by P�–P� bonding between carbon and
xygen. Because of the different electro negativities of carbon and
xygen atoms, the bonding electrons are not equally distributed
etween the two atoms. The following two resonance forms con-

ribute to the bonding of the carbonyl group > C O ↔ C+–O−. The
one pair of electrons on oxygen also determines the nature of
he carbonyl group. The C O stretch of carboxylic acids is iden-
ical to the C O stretch of ketones, which is expected in the region
ica Acta Part A 86 (2012) 231– 241 237

1740–1660 cm−1 [53]. In this work, C O stretching vibration has
a main contribution in the mode no. 16, with B3LYP/6-31G(d,p)
predicted frequency of 1776 cm−1 and the values are observed at
1616 cm−1 (strong), the shifting of keto (C O) group frequency is
due to intra-molecular interaction between hydrogen of hydroxyl
and nitrogen atom. This is in agreement with James et al. [53]
in the case of (2-methyphenoxy) acetic acid dimer and further
it is supported by TED (86%). The �C–O and �aromatic C–O (C–O
group attached with phenyl ring) are assigned at 1275/1257 and
1242/1257 cm−1 (IR/Raman), respectively, by James et al. [53].
The harmonic bands 1126, 1106 and 1273, 1263 cm−1 (B3LYP/6-
31G(d,p)): mode nos.: �41, �42, �34, �35) are attributed to �C–O and
�aromatic C–O mode, respectively. The corresponding �C–O mode is
observed at 1131 cm−1 with strong intensity in FT-IR while the FT-
Raman: 1130 cm−1 is weak. Significant intensity enhancement in
FT-IR is due to the conjugation with ring � system. This FT-IR band
show an agreement with literature [33,41].

The ˇC O vibrational mode with the theoretical frequency of
671 cm−1 (B3LYP) mode no.: 61) agrees well with experimen-
tal (FT-IR/FT-Raman) values at 684/684 cm−1 values. The above
conclusion is in agreement with literature value [53]. The theoret-
ically calculated value by B3LYP/6-31G(d,p) method at 440 cm−1

(mode no.: �69) shows an excellent agreement with experimen-
tal FT-IR data 440 cm−1 and is designated as �C O bending. The
FT-IR bands identified at 833 and 746 cm−1 are assigned to ωC–O
mode, these are in line with harmonic values 818, 735 cm−1

(B3LYP/mode nos.: �55, �58) and are further supported by earlier
study [54]. Literature survey reveals that the ˇO–C–O assigned
at 649 cm−1 in the case of p-bromoacetic acid [55]. The ıO–C–O
and �O–C–O modes contribute (respectively in 13% and 10%) to
the bands observed, respectively, at 641 (B3LYP/mode no.: 62) and
440 cm−1 (B3LPY/ mode no.: 69). This is in reasonable agreement
with the observed FT-IR (670 and 440 cm−1) bands. According to the
work by Sundaraganesan [55] on p-bromoacetic acid the harmonic
wavenumbers at 1280, 1122 and 505 cm−1 are assigned to the
ıC–O–H and � C–O–H, respectively. In this study, these vibrations
are observed in the range 1106–1289 cm−1 and 389–726 cm−1,
respectively. These assignments are in line with the experimental
values.

4.3.5. C N and C–N vibrations
The identification of C N and C–N vibrations are the very

difficult task, since the mixing of several bands are possible
in the region [39]. The C N stretching appears in the region
1600–1670 cm−1[56]. Khalaji et al. [34] recorded the C N (aro-
matic) stretching band at 1490–1570 cm−1. The observed intense
band at 1586 cm−1 (strong) in FT-IR is assigned to the C N stretch-
ing mode. For the same mode the calculated frequency 1662 cm−1

(B3LYP/mode no.: 17) is positively deviated (∼76 cm−1) from the
observed value. This is supported by TED (78%) value. According
to the literature [33–35] the C N stretching mode is also shifted
to lower region (1586 cm−1). Shifting of C N frequency is due to �
electron transfer from N to O atom through intra-molecular interac-
tion. Silverstein et al. [39] assigned C–N stretching absorption in the
region 1266–1382 cm−1 for aromatic amines. In (E)-2HBAMBA the
band observed at 1036 cm−1 (FT-IR) is attributed to C–N stretching.
The bands at 1039 (mode no.: �45) and 320, 276 cm−1 (B3LYP/mode
nos.: �74, �75) are due to ˇC–N and � C–N bending modes, respec-
tively.

4.4. Thermodynamic properties
Several calculated thermodynamic parameters are presented in
Table 4. Scale factors have been recommended [57] for an accu-
rate prediction in determining the zero-point vibrational energies
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Table  4
Theoretically computed energies, zero-point vibrational energies (kcal/mol),
rotational constants (GHz), entropy (cal/mol K−1) and dipole moment (D) for (E)-
2HBAMBA.

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

Total energies −746.78
Zero point energy 160.27
Rotational constants 1.1172

0.2534
0.2488

Entropy
Total 127.00
Translational 42.08
Rotational 32.79
Vibrational 52.13

Table 5
The electric dipole moment (�Debye), polarizability (  ̨ in ×10−30 esu), hyper polar-
izability (ˇ0 in ×10−30 esu) values of (E)-2HBAMBA.

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

Dipole moment
�x 0.398
�y −1.288
�z −0.187
� 1.361

Polarizability
˛xx 220.2
˛xy −0.20
˛yy 135.7
˛xz −2.36
˛yz 13.40
˛zz 90.77
˛ 0.386

Hyperpolarizability
ˇxxx 306.4
ˇxxy −159.4
ˇxyy −31.90
ˇyyy −109.7
ˇxxz −107.8
ˇxyz −33.70
ˇyyz 39.64
ˇxzz 62.85
ˇyzz −0.45
ˇzzz 14.77
ˇ0 0.376

Table 6
The NBO analysis of (E)-2HBAMBA.

Type Donor (i) ED/e 

�–�* C1–C6 1.979 

�–�*  C1–C6 1.702 

�–�*  C4–C5 1.980 

�–�*  C4–C5 1.709 

�–�*  C11 N31 1.945 

n–�*  LPC2 1.999 

n–�  LPC3 1.999 

n–�  LPO22 1.999 

n–�*  LPO22 1.839 

n–�  LPO23 1.976 

n–�*  LPO23 1.815 

n–�  LPN31 1.860 

E(2) means energy of hyperconjugative interactions (stabilization energy).
ica Acta Part A 86 (2012) 231– 241

(ZPVE), and the entropy, Svib (T). The variations in the ZPVEs seem
to be insignificant.

5. Hyperpolarizability calculations

The first hyperpolarizabilities (ˇ, ˛0 and �˛) of (E)-2HBAMBA
is calculated using B3LYP/6-31G(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 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 reduced to 10
components due to Kleinman symmetry [58]. It can be given in the
lower tetrahedral format. It is obvious that the lower part of the
3 × 3 × 3 matrixes is a tetrahedral. The components of  ̌ 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 = E0 − �˛F˛ − 1
2˛˛ˇF˛Fˇ

− 1
6ˇ˛ˇ� F˛FˇF�

(2)

where E0 is the energy of the unperturbed molecules, F˛ the field
at the origin, and �˛, ˛˛ˇ, ˇ˛ˇ� are the components of the dipole
moment, polarizability and the first hyperpolarizabilities, respec-
tively. The total static dipole moment �, the mean polarizability ˛0,
the anisotropy of polarizability �˛ and the mean first hyperpolar-
izability ˇ0, using the x, y, z components are defined as

� = (�2
x + �2

y + �2
z )

1/2
(3)

˛0 = ˛xx + ˛yy + ˛zz

3
(4)

�˛  = 2−1/2[(˛xx − ˛yy)2 + (˛yy − ˛zz)2 + (˛zz − ˛xx)2

+ 6(˛2
xy + ˛2

yz + ˛2
xz)]

1/2
(5)

ˇ0 = (ˇ2
x + ˇ2

y + ˇ2
z )

1/2
(6)
The total molecular dipole moment (�) and mean first hyper-
polarizability (ˇ0) are of (E)-2HBAMBA is about 1.3619 Debye and
0.3760 × 10−30 esu, respectively. The total dipole moment and the
first hyperpolarizability (ˇ0) of the title molecule is nearly same as

Acceptor (j) ED/e E(2) (kJ/mol)

C1–C2 0.024 9.54
C1–H7 0.012 5.98
C2–O29 0.018 14.39
C5–C6 0.016 10.38
C5–H9 0.012 9.25
C6–H10 0.012 4.60
C4–C5 0.316 67.40
C3–C4 0.020 12.43
C1–C6 0.310 91.21
C13–C14 0.037 16.57
C13–C21 0.079 11.59
C1–C6 0.310 220.71
C4–C5 0.014 2.89
C4–C5 0.316 285.52
C11–N31 0.175 284.26
C13–C21 0.079 10.54
C13–C21 0.079 85.52
C21–O23 0.104 144.10
C21–O22 0.022 30.38
C21–O22 0.207 197.61
C3–C11 0.026 10.50
O29–H30 0.074 123.47
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Fig. 5. The frontier mole

f urea, hence this molecule has considerable NLO activity (� and ˇ
f urea are 1.3732 Debye and 0.3728 × 10−30). The computation of
he molecular polarizability of (E)-2HBAMBA is shown in Table 5.

. NBO analysis

The hyperconjugation may  be given as stabilizing effect that
rises from an overlap between an occupied orbital with another
eighboring electron deficient orbital, when these orbitals are

roperly orientated. This non-covalent bonding–antibonding

nteraction can be quantitatively described in terms of the NBO
nalysis, which is expressed by means of the second-order per-
urbation interaction energy (E(2)) [59–62].  This energy represents
orbital of (E)-2HBAMBA.

the estimate of the off-diagonal NBO Fock matrix elements. It can
be deduced from the second-order perturbation approach [63]:

E(2) = �Eij = qi
F(i, j)2

εj − εi
(7)

where qi is the donor orbital occupancy, εi and εj are diagonal
elements (orbital energies) and F(i, j) is the off diagonal NBO
Fock matrix elements. In this present investigation studied the
charge transfers from one bond to another bond. The bonds

�C1–C6 and �C1–C6 have the electron density about 1.979 and
1.702e, respectively, which stabilizes 9.54 and 67.40 kJ/mol to
its antibonding orbitals of �*C1–C2 and �*C4–C5, respectively.
Investigating the � bond over the molecule, more energy transfer
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Table  7
The electronic transition of (E)-2HBAMBA.

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

Oscillator strength Calculated band gap
(eV/nm)

Excited state 1 Singlet A (f = 0.1068) 3.9267 eV, 315.75 nm
58 -> 60 (Homo−1–Lumo) 5.356
58  -> 63 (Homo−1–Lumo+3) 5.567
59  -> 60 (Homo–Lumo) 4.498

Excited state 2 Singlet A (f = 0.0032) 4.6415 eV, 267.12 nm
57 -> 60 (Homo−2–Lumo) 5.957

Excited state 3 Singlet A (f = 0.3124) 4.8600 eV, 255.11 nm
58  -> 60 (Homo−1–Lumo) 5.3563
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59  -> 62 (Homo–Lumo+2) 5.6445
59  -> 63 (Homo–Lumo+3) 4.7092

akes place during � to �* transition. In this molecule the � bonds
f C4–C5 and C11–N31 transfers 91.21 and 16.57 kJ/mol to the
ntibonding acceptor orbitals. The C N group energy transfer
iffers when there is change in the position of hydrogen. It is
vident from Table 6, the hydroxyl group hydrogen is outwards
rom nitrogen, the C N bond transfers 32.55 kJ/mol to acceptor of
2–C3 orbital, when hydrogen is towards the nitrogen, the intra-
olecular interaction takes place between the C N and O–H group

O–H· · ·N = C), hence the LPN31–� transfer has more energy to
cceptor of �*–O29–H30 (123.47 kJ/mol). There is also calculated

 lesser energy transfer from LPN31 to C3–C11 (10.50 kJ/mol). The
ntra-molecular interaction is found between two electronegative
toms (O29–H30· · ·N31), the interaction distance about 1.722 Å
B3LYP). The lone pair of atoms have more energy stabilization
bout 220.71 (LPC2 → �*C1–C6), 285.52 (C3 → C4–C5), 197.61
O23 → C21–C22) and 123.47 kJ/mol (N31 → O29–H30).

. Homo–Lumo band gap

Table 7 shows the electronic transition of (E)-2HBAMBA,
alculated by TD-B3LYP/6-311++G(d,p) method. In which com-
uted electronic transition energies and their oscillator strength
ere listed. Among and calculated electronic transition, the
rst excited state consist three singlet states in 315.75 nm
ange, with a 0.1068 oscillator strength. Calculated band gap
f this state is about 3.9267 eV. In singlet-A (excited state1),
8 → 60 (Homo−1–Lumo), 58 → 63 (Homo−1–Lumo+3) and 59 → 60
Homo–Lumo) are involved. The second excited state lies in the
ange of 267.12 nm,  with a 0.0032 oscillator strength, involved
rbital is 57 → 60 (Homo−2–Lumo) and its band gap is about
.6415 eV. There were three energy levels appeared at 3rd excited
tate in 255.11 nm range, with a oscillator strength of 0.3124, this
ncludes 58 → 60 (Homo−1–Lumo), 59 → 62 (Homo–Lumo+2) and
9 → 63 (Homo–Lumo+3) as a excited states. Band gap energy of 3rd
xcited state is about 4.8600 eV. In above discussion, the homo is
ainly locates over the phenol ring and C N group, homo−1 located

round C–N=C, and Homo−2 appears at C–C–C, C N and C O group.
rbital 60, 61 have localized its electron density around each atom
f phenol ring and orbital 62, 63 localized its electron density over
ach atom of molecule with some exception of hydroxyl and methyl
roups. The Homo and Lumo plots are shown in Fig. 5.

. Conclusion

The studied molecule (schiff base) was newly synthesized and it
as optimized by B3LYP with 6-31G(d,p) method. Optimized bond

arameters were compared with available literatures and it shows

 good agreement. Theoretical investigation had shown that the
ntra-molecular interaction was formed between (O29–H30· · ·N31)
29 and N31 atoms. Their calculated interaction bond distance was

[

[

[

ica Acta Part A 86 (2012) 231– 241

about 1.722 Å (B3LYP) method. The FT-IR, FT-Raman and UV–vis
spectrum was recorded; the recorded spectral results were com-
pared with computed values. Using the total energy distribution
(TED), the complete vibrational analysis was  carried out. During the
intramolecular hydrogen bonding interaction the hyperconjuga-
tive interaction (LPN31 → O29–H30) energy (E(2)) was  calculated
about 123.47 kJ/mol using NBO (B3LYP/6-31G(d,p)) analysis. The
excited states one, two  and three were calculated by TD-DFT/6-
311++G(d,p) method. The first, second and third excited states are
lies about 315.75, 267.12 and 255.11 nm range and their corre-
sponding band gap energy was about 3.9267, 4.6415 and 4.8600 eV,
respectively.
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