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a b s t r a c t

(E)-2-((3,4-dimethylphenylimino)methyl)-4-nitrophenol, which is a new Schiff base compound, was
synthesized and characterized by experimental and computational methods. Molecular geometry, har-
monic oscillator model of aromaticity (HOMA) indices, intra- and inter-molecular interactions in the
crystal structure were determined by using single crystal X-ray diffraction technique. The optimized
structures, which are obtained by Gaussian and Slater type orbitals, were compared to experimental
structures to determine how much correlation is found between the experimental and the calculated
properties. Intramolecular and hyperconjugative interactions of bonds have been found by Natural Bond
Orbital analysis. The experimental infrared spectrum of the compound has been analyzed in detail by the
calculated infrared spectra and Potential Energy Distribution analysis. To find out about the correlation
between the solvent polarity and the enol-keto equilibrium, experimental UVeVisible spectra of the
compound were obtained in benzene, CHCl3, EtOH and DMSO solvents. In these solvents, the UVeVis
spectra and relaxed potential energy surface scan (PES) calculations have been performed to get more
insight into the equilibrium dynamics. Solvent effects in UVeVis and PES calculations have been taken
into account by using Polarizable Continuum Modelling method. 1H and 13C NMR spectra of the com-
pound (in DMSO) were analyzed. The computational study of nonlinear optical properties shows that the
compound can be used for the development of nonlinear optical materials.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, synthesis and characterizations of the Schiff
base compounds and their metal complexes have attracted the
attention of researchers [1e10]. Their potential applications can be
found in chemistry [11e14], pharmaceutical and biological fields
[15e17]. Schiff bases can display photochromic and thermochromic
properties, depending on the prototropic tautomerism, the mo-
lecular geometry and the crystal packing [18,19]. The migration of a
proton between the two stable form of the molecule has been
defined as the prototropic tautomerism by Lapworth and Hann
[20]. In spite of the relatively only a small fraction of the molecules
has this feature, the prototropic tautomerism has received the
(A. €Ozek Yıldırım).
attention of researchers. In Schiff bases, the prototropic tautom-
erism emerges from the transformation of the enol tautomeric
form [21] to keto tautomeric form [22] and vice versa. In addition to
the effects of the media, the electron donating and withdrawing
substituents affect the tautomeric form of the molecule [23].

In the current study, a new Schiff base, (E)-2-[(3,4-
dimethylphenylimino)methyl]-4-nitrophenol, has been firstly
synthesized, the structural and electronic properties characterized
by using spectroscopic techniques and the computational methods.
Molecular structure and intermolecular interactions have been
found by using single crystal X-ray diffraction techniques. Its
spectral characterizations have been carried out by experimental
Fourier transform infrared, proton and carbon NMR, UVeVisible
spectroscopy and computational (DFT and TD-DFT) methods. Also,
the geometry optimization and infrared spectrum calculations
were performed by using Slater type orbitals (STO) in Amsterdam
Density Functional (ADF) software. The tautomeric equilibrium of
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Fig. 1. Ortep-III molecular drawing of the title compound.
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the compound between the enol, keto and transition state (TS)
forms have been investigated in the vacuum and solvent media. In
addition, nonlinear optical (NLO) properties and Natural Bond
Orbital (NBO) analysis of the compound have been studied by DFT
methods.

2. Material and methods

2.1. Synthesis

(E)-2-[(3,4-dimethylphenylimino)methyl]-4-nitrophenol was
prepared by refluxing amixture of 2-hydroxy-5-nitrobenzaldehyde
(0.5 g, 3 mmol) in 20 ml ethanol and 3,4-dimethylaniline (0.36 g,
3 mmol) in 20 ml ethanol for 1 h. The pure single crystals of the
compound were acquired by slow evaporation of ethanol solution
(yield; 86%, m.p. 451e453 K).

2.2. Spectroscopic measurements

Fourier transform infrared spectral data was collected in the
4000- 400 cm�1 region with a Bruker Vertex 80 V spectrometer
using KBr pellet technique. UVeVisible spectra were measured
within 200e800 nm range in benzene, chloroform, ethanol and
DMSO solvents on a Thermo Scientific Evolution Array spectrom-
eter. The 1H and 13C NMR spectral data were obtained in DMSO
solution on a Bruker AVANCE III 400 MHz spectrometer using TMS
as an internal reference.

2.3. Single crystal structure determination

Data collection were performed with a STOE IPDS II diffrac-
tometer by using MoKa radiation at 296 K. The crystal structure
solutionwas found by using SHELXS [24] and structure refinedwith
SHELXL [24] inWinGX software [25]. Position of H1 atom (hydroxyl
hydrogen)was found from a difference Fourier map and the other H
atoms were located geometrically. Molecular drawing was pre-
pared with ORTEP-3 for Windows [26] and the crystal packing
figure was drawn by PLUTON [27] software. The details of crystal
structure solution and the refinement were given in Table S1
(Supplementary material). The crystallographic information file of
the compound can be obtained from The Cambridge Crystallo-
graphic Data Centre (CCDC 1043761) via www.ccdc.cam.ac.uk/
structures.

2.4. Computational methods

Gaussian type orbital calculations (GTO) were performed by
using Gaussian 09W [28] software at the DFT/B3LYP level of theory
[29] with 6e311þþG (d,p) basis set. The molecular geometry ob-
tained from X-ray diffraction was selected as an initial geometry of
the enol structure and this geometry has been fully optimized with
Berny optimization algorithm [30] in Gaussian 09W. The changes in
the molecular structure during the proton transfer process have
been acquired by doing relaxed potential energy surface (PES) scan
calculations in the vacuum and solvent media along the OeH/N
path (moving H atom from O to N). The initial geometries of TS and
keto tautomer were obtained from PES calculation in vacuum. The
global maximum on PES coordinate corresponds to TS, while the
local minimum represents keto tautomer. Berny transition state
optimization technique was used for transition state optimization.
Frequency calculation of the optimized TS structure gave one
negative value which is correspond to proton transfer coordinate.
GTO and STO type infrared spectra calculations of the compound
were performed on the optimized enol structure in the vacuum.
The frequencies were scaled by 0.9688 [31] for GTO and 0.9648 [32]
for STO. Potential energy distributions and assignments of the
scaled GTO frequencies were calculated by using VEDA4 software
[33]. Theoretical UVeVis. spectra of the enol and keto structures
were obtained with the TD-DFT/B3LYP method [34e37]. Solvent
effects in the potential energy surface scan calculations, enol/keto
structure optimizations and theoretical UVeVis. spectra calcula-
tions were modelled by using Polarizable Continuum Model (PCM)
[38,39]. All the Slater type orbital (STO) calculations were per-
formed by using ADF 2009.01 [40e42] software package. Geometry
optimization and infrared calculation were carried out using DFT/
B3LYP methods, with the TZP basis sets.
3. Results and discussion

3.1. Molecular and crystal structure

The titled compound crystallizes in the centrosymmetric P-1
space group. Molecular structure of the compound with atom
labelling scheme is given in Fig. 1. The all geometric parameters
with corresponding calculated values have been presented in
Table S2.

X-ray crystallography analysis of the compound reveals that the
C2eO1 (1.328 (4) Å) bond length indicates a single-bond character,
whereas the C7eN1 (1.290 (4) Å) bond length indicates a double-
bond character. Hence, the prototropic hydrogen atom (H1) is
located on atom O1, thus showing a preference for the phe-
noleimine tautomer in the solid state. Bond lengths of the nitro
group, which are N2eO2 and N2eO3, are found to be 1.227 (4) and
1.227 (3). The other structural parameters are in harmony with
related Schiff base compounds [43,44]. According to Mavridis et al.
[45], thermochromic and photochromic properties are associated
with the molecular planarity in Schiff bases. The dihedral angle
between C1/C6 and C8/C13 rings showing the planarity of the title
molecule is 1.205 (2)� and this planarity may lead to a thermo-
chromic feature.

The optimized geometries of the compound obtained by using
the GTO and STO were in the harmony with the XRD geometry. The
root mean square errors (RMSE) in bond lengths have been calcu-
lated as 0.091 Å for XRD/GTO comparison and 0.089 Å for XRD/STO
comparison while the RMSE's of bond angles have been calculated
as 1.54� and 1.48�, respectively. For the bond lengths, the biggest
deviations occur at C7eH7 and C9eH9 bonds with the difference
being 0.165 Å, 0.155 Å for GTO and 0.162 Å, 0.151 Å for STO,
respectively. C2eO1eH1 bond angle has the greatest differences for
the bond angle with 5.6� for GTO and 6.1� for STO. The largest
deviations between the experimental and calculated values are
observed in the bond length and angle involved in hydrogen bonds.
Besides that, to visualize the results of RMS calculations, a super-
imposition of the experimental and calculated structures is given in
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Fig. 2. Superimpositions of the experimental (blue), GTO (red) and STO (green)
structures of the title compound. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 4. The graph of the relative energy against the O1eH1 bond distance in PES scan
process.

A. €Ozek Yıldırım et al. / Journal of Molecular Structure 1127 (2017) 275e282 277
Fig. 2. Deviations of dihedral angle between the aromatic rings can
be explained by considering the intermolecular interactions with
the adjacent molecules are absent in the theoretical calculations,
whereas the experimental result corresponds to interacting mole-
cules in the crystal structure [46].

As in most of o-hydroxysalicylidene systems [43,47], a reso-
nance assisted hydrogen bond (RAHB) between the Schiff base
linkage and hydroxyl group has been found in crystal structure of
the title compound. In this hydrogen bond, the O1/N1 distance is
2.558 Å, which is shorter than the sum of the van der Waals' radii
for N and O atoms [48]. This strong hydrogen bond (O1eH1/N1)
generates an S (6) ring motif (Fig. 1) in the molecular structure.
Among the intermolecular interactions of the compound,
C7eH7/O3i (i: �x, 1�y, 1�z) hydrogen bonds are the strongest
interaction and they generate centrosymmetric R22ð14Þ dimers.
These dimers are interconnected by C15eH15B … Cg1ii (Cg1 is the
centroid of C8eC13 ring, ii: 2�x, 1�y,�z) CeH$$$p interactions and
the resulting partial packing diagram is given in Fig. 3. The geo-
metric details of the intermolecular interactions are given in
Table S3.

3.2. The intramolecular proton transfer process

In order to examine the effects of intramolecular proton transfer
on the molecular geometry and energy, potential energy surface
(PES) calculations have been performed for the proton transfer
coordinate in vacuum and various solvents. O1eH1 bond has been
selected as a scan coordinate and it has been varied from 0.9 to 1.7 Å
with the step size of 0.05 Å. Obtained scan graphics of the relative
energy against the bond length are given in Fig. 4. Relative energies
have been calculated by using the energy of stable keto tautomer in
Fig. 3. A partial packing diagram for the title compound, intermolecular interactions shown
(ii) 2�x, 1�y, �z].
DMSO as a reference energy. It is found that the energy of the enol
form is less than the keto form in vacuum and benzene while the
keto form is more stable than the enol form in CHCl3, ethanol and
DMSO solvents. Also, the barrier between enol and keto form de-
creases (changing from 2.4 kcal/mol to �1.4 kcal/mol) with the
increasing solvent polarity. Consequently, enol-keto tautomeriza-
tion in a polar solvent may take place more easily compared to an
apolar solvent.

Delocalization of p electrons in a ring is easily affected by proton
transfer process. Thus, HOMA indices of the rings can be used as a
descriptor of prototropic tautomerism. Geometry based local
HOMA indices of a ring is calculated by using the following equa-
tion [49,50]:

HOMA ¼ 1� 1
n

Xn

i¼1
aiðRi � Ri; optÞ2 (1)

where n is the number of bonds in the ring, ai (1/Å2) is a normal-
ization constant (257.7 for CeC, 93.52 for CeN and 157.38 for CeO
bonds), Ri is the experimental or calculated bond length and Ri,opt
optimized bond length is equal to 1.388 Å for CeC, 1.334 Å for CeN
and 1.265 Å for CeO bonds. For the aromatic ring, HOMA value is in
the range of 0.90e0.99 while HOMA value of the non-aromatic ring
is in the range of 0.50e0.80 [51,52]. The calculated HOMA indices
(using XRD bond lengths) for the C8eC13 (A), C1eC6 (B), and quasi
(C) rings are 0.961, 0.898 and 0.606 respectively. From these results,
as dashed lines. Cg1 is the centroid of C8eC13 ring. [Symmetry codes: (i) �x, 1�y, 1�z;
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the RAHB in the molecule decreases the aromaticity of B ring, while
increases the aromaticity of C ring. Also, the effects of the intra-
molecular proton transfer on the molecular geometry can be
monitored by observing the changes in HOMA indexes.

During the proton transfer process, the HOMA indexes of A, B
and C rings were calculated at each step. As can be seen from Fig. 5.,
HOMA value of B ring decreases with the scan coordinate going
from 0.9 to 1.7 Åwhile HOMAvalue of quasi C ring first increases up
to 0.61 at 1.3 Å (transition state) and then decreases to a final value
of 0.52. When considering these results, during the proton transfer
process, aromaticity of the B ring is transferred to into C quasi ring,
indicating the p-electron coupling for the molecule [53]. It can be
seen from Fig. 5, HOMAvalues of A ring do not changewith the scan
coordinate and the ring preserves its aromaticity during the proton
transfer process as found in the previous studies [47,54].
3.3. Experimental and calculated infrared spectra

The experimental and the calculated (by GTO and STO) infrared
vibrations with the Potential Energy Distributions (PED) assign-
ments are listed in Table 1, comparatively.

Vibrational frequencies have been assigned using PED values
that were calculated with the aid of VEDA4 program [33]. The
calculated frequencies were scaled by 0.9687, which is scaling
factor for B3LYP [31]. The experimental (in solid state) and calcu-
lated (in vacuum) FT-IR spectrum of the compound are shown in
Fig. 6.

Broad absorption band in the 3000-1600 cm�1 is due to pres-
ence of strong intramolecular hydrogen bonding between the N
and O atom. This OH stretching vibration was calculated at
2993 cm�1 (GTO) and 2966 cm�1 (STO).

Stretching vibrations of a methine (aliphatic) group usually are
found at below 3000 cm�1 regions [55]. The C7eH7 stretching vi-
bration was located at 2918 cm�1 while calculated at 2955 cm�1.
The aromatic CeH stretching vibrations were observed in the re-
gion 3101e3039 cm�1 experimentally and calculated in the region
3121e3063 cm�1 [56]. The aromatic CeH in-plane bending vibra-
tions were found in the region 1488e1184 cm�1, while calculated
results are in the range of 1479e1192 cm�1. The peak observed at
906 cm�1 is attributed to the aromatic CeH out-of-plane bending
vibration. This mode was calculated to be 899 cm�1.

The asymmetric and symmetric stretching vibrations of methyl
Fig. 5. The graph of HOMA indexes against the O1eH1 bond distance in PES scan
process.
group in aromatic compounds are expected in the range
3000e2925 cm�1 and 2940-2905 cm�1, respectively [57]. The
bands at 3011 and 2942 cm�1 in the experimental FT-IR spectra are
attributed to the asymmetric and symmetric methyl stretching
vibrations, while these modes have been calculated at 3009, 2971
and 2966 cm�1, respectively. In addition, in plane bending and out
of plane bending vibrations of CH3 groups were observed at
1451 cm�1 and 1373 cm�1 experimentally, and calculated at 1449,
1447, 1445 cm�1 and 1378, 1368 cm�1, respectively.

As found in XRD study, C7]N1 is double bond character.
Considering this result, the sharp absorption band at 1619 cm�1 is
attributed to C7]N1 stretching vibration. This vibration band has
been calculated at 1618 cm�1 and 1616 cm�1 by GTO and STO
calculations.

In the aromatic nitro compounds, asymmetric and symmetric
stretching vibrations of the nitro group have strong absorptions
bands in the region 1570e1485 cm�1 [58] and 1370e1320 cm�1,
respectively [59]. Corresponding vibrations of the nitro group in the
title compound are observed at 1523 cm�1 and 1330 cm�1,
respectively. The GTO and STO type frequency calculations show
that the nitro group asymmetric stretching vibrations are at
1532 cm�1, 1527 cm�1 and symmetric stretching vibrations are at
1314 cm�1, 1309 cm�1, respectively.

The carbonecarbon stretching vibrations of aromatic com-
pounds are expected to appear as a strong band in the region of
1650e1200 cm�1 [56]. Hence, the peaks in the region 1598-
1381 cm�1 were attributed to the CeC aromatic stretching vibra-
tions and calculated in the region 1611-1324 cm�1.

3.4. Electronic spectra

As mentioned in section 3.2., the potential energy barrier be-
tween the enol and keto form varies with the solvent polarity.
Therefore, onewould expect the keto formmore dominant than the
enol form in polar solvent. For this reason, UVeVisible spectra of
the compound were measured within 200e800 nm range in ben-
zene, chloroform, ethanol and DMSO solvents. In addition, theo-
retical UVeVis. spectra of the enol and keto structures were
obtained by TD-DFT calculations with PCM solvent modelling
method in the mentioned solvents. The calculated spectra were
explained by means of the Frontier Molecular Orbitals (FMOs) with
the aid of Gausssum software [60] and a comparative table of the
experimental and the calculated absorbance values with their FMO
assignments are given in Table S4. The experimental and the
calculated spectra were given in Fig. S1.

In the UVeVisible spectrum of an o-hydroxy Schiff base, two
maxima can be seen in connection with the tautomeric form of the
Schiff base. Amaximum less than 400 nm implies that an enol form,
while a secondmaximum greater than 400 nm indicates that a keto
form [61,62]. There are three maxima in the experimental spectra,
except for benzene. The experimental maximum at about 312 nm
corresponds to HOMO-1/LUMO transition for the calculated
spectra in benzene, while this maximum is formed by H-2/L
transition for the calculated spectra in the other solvents. The
calculated transition between the HOMO and LUMOþ1 in the all
solvents gives a maximum at about 345 nm in the experimental
spectra. Thesemaxima can be attributed to the p/p* transitions of
eCH]N- group [61]. n/p* transitions of the eC]O group the in
keto form are found at 443 nm in CHCl3, 434 nm in ethanol, 426 nm
in DMSO and they are shifted to shorter wavelengths (blue shift)
with increasing solvent polarity. These maxima were calculated at
428 nm in CHCl3, 425 nm in ethanol, 426 nm in DMSO and they are
related to the HOMO/LUMO transitions of the keto structure. Also,
these transitions indicate that the keto structure is found in the
solventmedia, as can be seen in Fig. S1, the keto/enol ratio increases



Table 1
Experimental and calculated infrared vibrations of the title compound with the PED assignments.

Experimental GTO STO Assignment (%PEDa)

3121 3115 n(CH) R2 (92)
3101 3104 3099 n(CH) R2 (98)

3099 3091 n(CH) R2 (91)
3071 3089 3081 n(CH) R1 (89)þ n(CH) R1 (11)
3056 3067 3063 n(CH) R1 (91)
3039 3064 3058 n(CH) R1 (81)þ n(CH) R1 (10)
3011 3009 3001 nas (CmethylH) (54)þ nas (CmethylH) (30)

2993 2966 n(OH) (93)
2970 2971 2960 ns (CmethylH) (48) þ ns (CmethylH) (47)

2966 ns (CmethylH) (48) þ ns (CmethylH) (48)
2942 2955 2933 n(CmethineH) (94)
2918 2927 2930 ns (CmethylH) (42) þ ns (CmethylH) (41) þ ns (CmethylH) (16)
2885 2924 2921 ns (CmethylH) (43) þ ns (CmethylH) (42) þ ns (CmethylH) (14)
1619 1618 1616 n(C]N) (46)
1598 1612 1608 n(CC) R2 (20) þ d(COH) (10)
1578 1583 1578 n(CC) R1 (18) þ n(CC) R (14)

1563 1560 n(CC) R2 (10) þ n(CC) R2 (11)þ d(COH) (10)
1554 1549 n(CC) R1 (30) þ n(CC) R1 (11)

1523 1532 1527 nas (NO2) (66)þ d(COH) (15)
1488 1480 1479 d(HCC) R1 (15) þ d(HCC) R1 (14) þ d(CCC) R1 (11)
1476 1470 1468 n(CC) R2 (12) þ d(COH) (21) þ d(HCC) R2 (13)
1451 1450 1448 a(HCmethylH) (11) þ a(HCmethylH) (17) þ a(HCmethylH) (30)

1447 1446 a(HCmethylH) (23) þ a(HCmethylH) (30)
1445 1445 a(HCmethylH) (19) þ a(HCmethylH) (17) þ a(HCmethylH) (12) þ a(HCmethylH) (28)
1444 1441 n(OC) (10) þ n(CC) R2 (11)
1433 1432 a(HCmethylH) (21) þ a(HCmethylH) (20) þ a(HCmethylH) (19) þ a(HCmethylH) (19)
1400 1395 n(CC) R2 (26) þ n(CC) R2 (22) þ d(COH) (15)

1381 1390 1389 n(CC) R1 (14) þ n(CC) R1 (20) þ d(HCC) R1 (16)
1373 1378 1381 g(CH3) (10) þ g(CH3) (10) þ g(CH3) (24) þ g(CH3) (12) þ g(CH3) (13) þ g(CH3) (23)

1368 1370 g(CH3) (10) þ g(CH3) (10) þ g(CH3) (24) þ g(CH3) (12) þ g(CH3) (13) þ g(CH3) (23)
1359 1339 1335 d(HC]N) (53)

1325 1318 n(CC) R2 (23) þ n(CC) R2 (16)
1330 1314 1309 ns (NO2) (60)
1291 1286 1280 n(CO) (41) þ d(HCC) R2 (17)

1280 1276 d(CC) R1 (10) þ d(CC) R1 (24) þ d(CC) R1 (18)
1266 1263 d(CC) R1 (10) þ d(HCC) R1 (25) þ d(HCC) R1 (23)

1232 1229 1226 n(CeN) (13)
1197 1216 1214 d(HCC) R2 (16) þ d(HCC) R2 (28)
1184 1192 1191 d(CC) R2 (10) þ n(C-Cmethyl) R2 (24) þ d(HCC) R1 (16)
1158 1178 1175 n(CC) R2 (12) þ n(C-Cmethine) (12)
1127 1143 1142 n(CC) R1 (25) þ r(CeH) R1 (19)þ r(CeH) R1 (24)

1110 1109 n(CC) R2 (17) þ r(CeH) R2 (27)þ r(CeH) R2 (30)
1097 1101 1101 n(CCmethyl) R1 (12) þ d(HCC) R1 (19)

1073 1069 n(CC) R2 (16) þ v (CC) R2 (18) þv (CN) (15) þ r(CH) R2 (14) þ r(CH) R2 (24)
1020 1034 1039 t(CCCmethylH) (29) þ t(CCCmethylH) (11) þ t(CCCmethylH) (11)
1009 1011 1014 t(CCCmethylH) (28) þ t(CCCmethylH) (18)
1001 995 996 t(CCCmethylH) (20) þ t(CCCmethylH) (22)
980 984 984 d(CCC) R1 (11) þ t(HCCC) (19) þ t(CCCmethylH) (21)

967 974 t(HCNC) (67)
951 956 970 t(HCCC) R2 (45) þ t(HCCC) R2 (24) þ t(CCCC) R2 (15)
942 943 947 d(CCC) R1 (10)

934 939 t(HCCC) R1 (29) þ t(HCCC) R1 (29) þ t(CCCC) R1 (10)
924 929 927 n(CeNO2) (10) þ d(CCC) R2 (14) þ d(CCC) R2 (11)
906 899 913 g(HCCC) R2 (71)
882 883 894 t(HOCC) R2 (87)

858 868 t((HCCC) R1 (58) þ t(CCCC) R1 (12)
842 829 836 d(ONO) (34) þ t(HCCC) R1 (10)
830 822 827 t(HCCC) R2 (40) þ t(HCCC) R2 (28)þ g(OCCC) R2 (11)

811 818 t(HCCC) R1 (35) þ t(HCCC) R1 (40)
793 780 779 d(CCC) R2 (21) þ d(CC]N) (10)
776 763 761 d(CCC) R2 (10) þ d(CCC) R2 (12)
752 733 756 n(CCmethyl) R1 (12) þ d(CCC) R1 (13) þ d(CCC) R1 (13) þ d(CCC) R1 (13) þ d(CCC) R1 (21)
725 711 732 t(HCCC) R2 (15) þ g (OCCC) R2 (26) þ t(CCCC) R2 (10)
706 704 728 g(OCON) (80)
672 697 708 t(CCCC) R1 (15) þ t(CCCC) R1 (14)
638 661 660 d(CCC) R1 (10)

630 630 d(CCC) R2 (15)
587 583 588 g(NCCC) R1 (23) þ g(CCCC) R1 (11)
570 554 555 n(CCmethyl) R1 (11) þ d(CCC) R1 (14)
546 538 540 d(ONC) R2 (27)þ d(CCC) R1 (12)
531 522 533 t(CCCC) R2 (10) þ t(CCCC) (12)
501 501 504 d(NCC) R1 (19)þ d(CCCmethyl) R1 (11)
476 492 491 d(CCC) R1 (13)

(continued on next page)
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Table 1 (continued )

Experimental GTO STO Assignment (%PEDa)

464 454 461 t(CCCC) R2 (28) þ t(CCCC) R1 (10) þ t(OCCC) (13)
449 437 442 t(CCCC) R1 (24) þ g(CCCCmethyl) R1 (16)
433 431 431 d(CCC) R2 (12) þ d(ONC) R2 (10) þ d(OCC) R2 (38)
417 399 398 d(CCCmethine) R2 (14) þ d(CCCmethyl) (13) þ d(OCC) (38)
404 353 356 t(CC]NC) (10) þ g(CCCCmethyl) R1 (19)

348 347 n(CeNO2) (28) þ d(CCC) R2 (15)
330 332 t(CCCCmethine) (15) þ t(CCCC) R2 (19) þ g(OCCC) (13)
293 297 d(CCC) R1 (14) þ d(CCCmethyl) (39) þ d(CCCmethyl) (32)
282 281 d(ONC) (10) þ d(CCCmethine) (14) þ d(NCC) R1 (10) þ d(ONCC) (11)
257 259 t(CCC]N) R2 (24) þ g(NCCC) R2 (33)
230 231 d(NCC) R2 (10) þ t(CCCC) R1 (11) þ t(CCC]N) R2 (11) þ g(CCCCmethyl) (11) þ g(CCCCmethyl) (19)
184 183 n(CCmethine) R2 (11) þ n(N]C) R1 (11) þ d(CC]N) R2 (17) þ d(ONCC) (22)
180 180 t(CCCC) R1 (10) þ t(CCCC) R1 (20) þ t(CCCCmethyl) (11)
159 168 t(CCCmethylH) (11) þ t(CCCmethylH) (10)
152 154 d(NCC) R1 (12) þ t(CCCmethylH) (10)
127 130 t(CCCmethylH) (18) þ t(CCCmethylH) (19) þ t(CCCmethylH) (11) þ t(CCCmethylH) (14) þ t(CCCmethylH) (13)
118 119 t(CCCC) R2 (26) þ t(CCCC) R1 (13) þ g(NCCC) R2 (11)
106 105 t(CCCC) R2 (15) þ g(NCCC) R2 (19)
56 60 t(ONCC) (67) þ t(CC]NC) (14)
45 43 d(CNC) R2 (38) þ d(CCCmethine) R2 (10) þ d(CC]N) R2 (10) þ d(NCC) R1 (10)
35 37 t(ONCC) (19) þ t(CCCCmethine) R2 (24) þ t(CC]NC) (30) þ g(NCCC) R1 (10)
25 23 t(C]NCC) R1 (62) þ t(CCC]N) R2 (20)

n, stretching; d, in-plane bending; g, out-of-plane bending; t, torsion; a, scissoring; r, rocking; s, symmetric; as, asymmetric. Abbreviations: R2, C1eC6; R1, C8eC13 phenyl
ring.

a Potential energy distribution were calculated with respect to GTO results.

Fig. 6. The experimental (a), GTO (b) and STO (c) infrared spectra of the compound.
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with the increasing solvent polarity. As suggested in section 3.2.,
the proton transfer can occur easily in the high polarity solvent.
3.5. 1H and 13C NMR spectroscopy

The 1H and 13C NMR spectra in the DMSO solvent of the com-
pound are shown in Fig. S2. Due to strong intramolecular OeH/N
type hydrogen bond, chemical shift of the hydroxyl proton is
located at 14.73 ppm. The peak at 9.19 ppm represents the reso-
nance of imino proton.

The peaks of H6 and H4 protons were shifted to down field
region by nitro group which is a strong electron withdrawing
group. The other aromatic hydrogens are located between 7.32 and
7.09 ppm while the methyl protons give peaks at 2.50 and
2.28 ppm. In the 13C NMR spectrum, due to the downfield effect of
electronegative atoms, the phenolic carbon (C2) peak was observed
at 168.2 ppm and the imine carbon (C7) peak was appeared at
161.1 ppm. Peaks of the nitrogen single bonded aromatic C8 and C5
carbon atoms appear at 143.8 and 139.2 ppm. Chemical shifts of the
other aromatic carbons are located at 130-110 ppm region. The
methyl carbons give peaks at about ~20 ppm.
3.6. Non-linear optical properties

Schiff bases and their metal complexes can show non-linear
optical (NLO) response and thus they can be used in optical
communication and computing technologies [63e66]. In the Schiff
bases, NLO properties can be caused by the delocalization of p
electrons and the enol/keto tautomerism. The NLO properties may
increase depending on the conjugation and donor/acceptor groups
of the molecule [67]. The title compound, has the delocalized p
electron system with strong electron-withdrawing substituents
nitro (NO2) group, which enhance the delocalization of conjugated
molecules. As pointed in previous studies [68,69], the polar mole-
cules having non-zero dipole moment can show microscopic NLO
behavior, even if they crystallized in the centrosymmetric space
group. In order to find out the NLO properties of the title molecule,
the dipole moment, polarizability and the first order hyper-
polarizability were obtained at the DFT/B3LYP/6e311þþG (d,p)
level of theory. Calculated values of these are 6.357 Debye,
35.618 Å3 and 29.301 � 10�30 cm5/esu, respectively. p-nitroaniline
(m, a and b values are 7.146 Debye, 12.721 Å3 and
11.463 � 10�30 cm5/esu obtained by B3LYP/6-31G(d) method), is a
common reference material to compare NLO properties of a con-
jugated organic compound [70]. Calculated polarizability and first
order hyperpolarizability values of the title compound are nearly
three times greater than those of p-nitroaniline. Therefore, based
on these results, one can expect that the studied compound can
show good NLO activity.
3.7. NBO analysis

NBO analysis is a useful method and emphasizes the role of
intra- and inter-molecular interactions, interaction among bonds,
conjugative interactions in the molecular systems. These in-
teractions can be quantitatively described in terms of NBO
approach which is expressed by means of second-order perturba-
tion interaction energy, E(2) [71]. Delocalization of electron density
between occupied Lewis type (CR, s, p or LP) NBOs and formally
unoccupied (antibond or Rydberg) non-Lewis NBO corresponds to a
stabilizing donoreacceptor interaction [72]. NBO analysis of the
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molecule has been performed by using Gaussian NBO Version 3.1
program in the Gaussian 09W package at the DFT/B3LYP/
6e311þþG (d,p) level. The results of second-order perturbation
theory analysis of the Kohn-ShamMatrix are presented in Table S5.
In the table, stabilization energies were selected as larger than
3 kcal/mol�1.

Interactions of p-electrons in the rings give the greatest intra-
molecular hyperconjugative interaction energy and their values are
C1eC6/C7eN1 (22.97 kcal/mol), C8eC13/C11eC12 (19.86 kcal/
mol), C9eC10/C8eC13 (21.2 kcal/mol), C11eC12/C8eC13
(21.31 kcal/mol) and C9eC10 (20.83 kcal/mol). Hyperconjugative
interactions of the s/s* transitions are weak and their energies
less than 5 kcal/mol.

LP (3) (O3)/p*(N2eO2) interaction gives a strong stabilization
to the system by 149.55 kcal/mol. In addition, the other important
interaction of the LP (1) (C5)/p*(N2eO2) has the enormous sta-
bilization energy of 370.68 kcal/mol. Also, intramolecular hydrogen
bond energy can be calculated by evaluating lone pair N1 to the s-
type antibonding O1eH1 interaction which the resulting stabili-
zation energy is 5.16 kcal/mol.

The NBO analysis also describes the bonding concepts (the bond
occupancies, percentage electron density over bonded atoms, the
natural atomic hybrids (spx)). As shown in Table S5, the bonding
orbital for C1eC2 with 1.97250 electrons has 51.05% C1 character in
a sp2.05 hybrid and has 48.95% C2 character in a sp1.72 hybrid orbital.
The bonding orbital for C7eN1 with 1.91547 electrons has 38.74%
C7 character in a sp99.99 hybrid and has 61.26% N1 character in a
sp99.9 hybrid orbital. The bonding orbital for N2eO2 with 1.98628
electrons has 39.26% N2 character in a sp1.00 hybrid and has 60.74%
O2 character in a sp1.00 hybrid orbital.

4. Conclusion

The single crystal XRD and the geometry optimization studies of
(E)-2-((3,4-dimethylphenylimino)methyl)-4-nitrophenol com-
pound show that both the GTO and STO type calculations yield a
good match for experimental and computational structure. The
XRD and FT-IR studies clearly revealed the enol structure is more
dominant than the keto form in solid state. From the results of the
UVeVis. spectroscopy and the potential energy surface scan cal-
culations, we can conclude that the enol/keto ratio decreases with
the increasing solvent polarity. When considering the optimized
geometry section and the infrared section, there is no significant
difference between the two basis sets. Calculated polarizability and
first hyperpolarizability values indicate that the title compound can
be used as a good non-linear optical material.
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