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The Schiff base compound (E)-1-((3-methoxyphenylimino)methyl)naphthalen-2-ol was synthesized
from the reaction of 2-hydroxy-1-naphthaldehyde with 3-methoxyaniline. The structural properties of
the compound has been characterized by using FT-IR, UV–vis and X-ray single-crystal methods. Accord-
ing to X-ray diffraction result, the title compound exists in the phenol-imine tautomeric form. The molec-
ular geometry, vibrational frequencies of the compound in the ground state have been calculated using
the density functional theory (DFT/B3LYP) method with the 6-311++G(d,p) basis set, and compared with
the experimental data. The obtained results show that the optimized molecular geometry is well repro-
duce the crystal structure. The theoretical vibrational frequencies are in good agreement with the exper-
imental values. The calculations of electronic absorption spectra of tautomeric forms of the compound
were performed by using TD-DFT calculations both in the gas phase and ethanol solvent. To investigate
the tautomeric stability, optimization calculations at the B3LYP/6-311++G(d,p) level were performed for
the phenol-imine and keto-amine forms of the compound. According to calculated results, the OH form is
more stable than NH form. In addition, molecular electrostatic potential (MEP), frontier molecular orbital
analysis (HOMO–LUMO), thermodynamic and, non-linear optical (NLO) properties of the compound were
investigated using same theoretical calculations.

� 2013 Elsevier B.V. All rights reserved.
Introduction These properties arise via H-atom transfer from the hydroxy O
Schiff bases have been widely used as starting materials in the
synthesis of important drugs such as antibiotics, antiallergics,
antitumors and antifungals due to their biological activities [1,2].
Compounds derived from 2-hydroxy-1-naphthaldehyde Schiff
bases have attracted the interest of researchers because they show
thermochromic and photochromic properties in the solid state [3].
atom to the imine N atom [4,5]. It has been proposed that
thermochromic molecules are planar, while photochromic mole-
cules are non-planar [6]. Especially, photochromic compounds
are used for the control and measurement of radiation intensity,
optical computers and display systems [7]. In general, Schiff bases
exhibit two possible tautomeric forms; the phenol-imine (OH) and
keto-amine (NH) forms. Depending on the tautomers, two types of
intramolecular hydrogen bonds which are OAH. . .N in phenol-
imine [8,9] and NAH. . .O in keto-amine [10,11] forms are observed
in Schiff bases (Fig. 1). In addition, Schiff bases may have
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interesting chemical properties, depending on the substituents
with different electron-donating or electron-withdrawing groups
[12]. Therefore, non-linear properties of the Schiff bases use in
the design of various molecular electronic devices such as optical
switches and optical data storage devices [13,14].

In recently years, theoretical calculation methods are used to
describe the molecular structures and spectroscopic properties as
well as experimental studies. Density functional theory (DFT)
which is one of these methods have been widely used in literature
because of its great accuracy in reproducing the experimental val-
ues in molecule geometry, vibrational frequencies, atomic charges,
dipole moment, electronic properties, etc. [15–18].

In this paper, we have been reported the synthesis, character-
ization and crystal structure of (E)-1-((3-methoxyphenylimi-
no)methyl)naphthalen-2-ol, as well as theoretical studies on it
using the DFT/B3LYP/6-311++G(d,p) method. The aim of this study
is to investigate molecular structure, tautomeric forms, vibrational
frequencies and electronic absorption spectrum of the title com-
pound, both experimentally and theoretically. The properties of
the structural geometry, molecular electrostatic potential (MEP),
frontier molecular orbitals (FMOs), thermodynamic and non-linear
optical (NLO) properties for the compound at the B3LYP/6-
311++G(d,p) level were studied.
Experimental and computational method

Synthesis

The compound (E)-1-((3-methoxyphenylimino)methyl)naph-
thalen-2-ol was prepared by reflux a mixture of a solution contain-
ing 2-hydroxy-1-naphthaldehyde (17.2 mg; 0.1 mmol) in 20 ml
ethanol and a solution containing 3-methoxyaniline (12.3 mg,
0,1 mmol) in ethanol (20 ml). The reaction mixture was stirred
during 3 h under reflux. The crystals of (E)-1-((3-methoxyphenyli-
mino)methyl)naphthalen-2-ol for X-ray analysis were obtained
from ethanol solution by slow evaporation (yield 74%; m.p 368–
370 K).
Instrumentation

The FT-IR spectrum of the title compound was recorded in the
4000–400 cm�1 region with a Shimadzu FTIR-8900 spectropho-
tometer using KBr pellet. Electronic absorption spectrum was mea-
sured on a Unicam UV–vis spectrophotometer in EtOH solvent. The
FT-IR spectrum of the title compound was recorded at room tem-
perature with scanning speed of 10 cm min�1 and the spectral res-
olution of 4.0 cm�1. The ultraviolet absorption spectrum of the title
compound was examined in the range 200–600 nm using a Unicam
UV–vis spectrophotometer equipped with a 10 mm quartz cell. The
UV pattern is taken from a 1.57 � 10�5 M solution of the title com-
pound, dissolved in ethanol at 20 �C.
Fig. 1. Tautomeric forms o
X-ray crystallography

A suitable yellow prism-shaped crystal sample of size
0.71 � 0.35 � 0.15 mm was chosen for the X-ray study and then
carefully mounted on the goniometer. Data collection was per-
formed on a STOE IPDS II diffractometer by the w scan technique
using graphite monochromated Mo Ka radiation (k = 0.71073 Å)
at 296 K. The systematic absences and intensity symmetries indi-
cate that crystal have to the monoclinic C2/c space group. A total
of 11843 reflection (2770 unique) with [1.4� < h < 26�] were col-
lected in the w scan mode and cell parameters were determined
by using X-AREA software [19]. Absorption correction
(l = 0.09 mm�1) was obtained by the integration method via
X-RED32 software [19]. The crystal structure was solved by direct
methods using SHELXS-97 [20]. The maximum peaks and deepest
hole observed in the final Dq map were 0.16 and �0.11 eÅ3,
respectively. The scattering factors were taken from SHELXL-97
[20]. The molecular graphics were done using Ortep-3 for Windows
[21]. The data collection conditions and parameters of refinement
process are listed in Table 1.
Computational procedures

All theoretical computations were done by using Gaussian 03 W
program package [22]. For calculation of molecule geometry was
used the obtained atomic coordinates from X-ray geometry. Geom-
etry optimization of the title molecule was performed by using DFT
method with Becke’s three parameters hybrid exchange–correla-
tion functional (B3LYP) [23] at 6-311++G(d,p) basis set [24]. The
harmonic vibrational frequencies were calculated at the same level
of theory for the optimized structure. The assignments of vibra-
tional bands have been made by using GaussView molecular visu-
alization program [25]. Additionally, the calculated vibrational
frequencies were clarified by means of the potential energy distri-
bution (PED) analysis and assignments of all the fundamental
vibrational modes using VEDA 4 program [26].

The electronic absorption spectra of phenol-imine (OH) and keto-
amine (NH) forms were calculated using the time-dependent den-
sity functional theory (TD-DFT) method [27–30]. The tautomeric
stability, total energy, HOMO and LUMO energies for the OH and
NH forms of the compound were calculated at the 6-311++G(d,p)
level in the gas phase. Besides, the energetic and dipole moments
behavior in solvent media of the compound were carried out by
using Polarizable Continuum Model (PCM) [31–34]. To investigate
the reactive sites of the compound, the molecular electrostatic
potential was evaluated using the B3LYP/6-311++G(d,p) method.
The linear polarizability and first hyperpolarizability properties of
the compound were obtained from molecular polarizabilities based
on theoretical calculations. In addition, thermodynamic properties
of title compound were obtained by applying same level of theory.
f the title compound.



Table 1
Crystal data and refinement for the title compound.

Chemical formula C18H15NO2

Crystal shape/color Prism/Yellow
Formula weight 301.37
Crystal system Monoclinic
Space group C2/c
Unit cell parameters a = 29.5054(17) Å

b = 5.0327(2) Å
c = 19.4952(11) Å
b = 103.749(4)�

Volume 2811.9(3) Å3

Z 8
Dx (Mg cm�3) 1.310
l (mm�1) 0.09
F000 1168
Crystal size (mm3) 0.71 � 0.35 � 0.15

Data collection
Diffractometer/meas.meth STOE IPDS II/w-scan
Absorption correction Integration
Tmin 0.960
Tmax 0.989
No. of measured, independent and

observed reflections
11,843, 2770, 1818

Criterion for observed reflections I > 2r(I)
Rint 0.040
hmax 26.0

Refinement
Refinement on F2

R[F2 > 2r (F2)], wR, S 0.048, 0.121, 1.04
No. of reflection 2770
No. of parameters 191
Weighting scheme w ¼ 1=½r2ðF2

0ÞÞ þ ð0:0573PÞ2 þ 0:2501P�
P ¼ ðF2

0 þ 2F2
c Þ=3

Dqmax, Dqmin (e Å�3) 0.16, �0.11
Fig. 2. (a) Ortep-3 diagram of the title compound. Displacement ellipsoids are
drawn at the 30% probability level. The intramolecular hydrogen bond is shown as a
dashed line. (b) The theoretical geometric structure of the title compound (at
B3LYP/6-311++G(d,p) level).

Table 2
Hydrogen-bond geometry (Å, �).

DAH���A DAH H���A D���A DAH���A

O1AH1���N1 0.82 1.80 2.534 (2) 148
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Results and discussion

Description of the crystal structure

The title compound crystallizes in the monoclinic space group
C2/c with Z = 8 in the unit cell. The asymmetric unit in the crystal
structure contains only one molecule. It is known that tautomeric
forms of Schiff base compounds have to two types of intramolecu-
lar hydrogen bonds which belong to OAH���N in phenol-imine form
and NAH���O in keto-amine one. Single-crystal X-ray study shows
that the title compound adopts the phenol-imine tautomeric form.
The C11AN1 and C2AO1 bond lengths have a significant influence
in determining the tautomeric form. The C11AN1 bond distance
[1.288 (2) Å] is consistent with the C@N double bond and the
C2AO1 bond [1.323 (2) Å] is consistent with the CAO single bond-
ing. These bond distances are comparable with those of com-
pounds previously reported as phenol-imine [35,36]. The
dihedral angle between the C1AC10 and C12AC17 rings is 27.21
(5)�. Therefore, the molecular structure of the compound is non-
planar and the compound may exhibit photochromic property.
The molecular structure is stabilized by an intramolecular
O1AH1���N1 hydrogen bond (Fig. 2a). Intramolecular N1���O1
[2.534 (2) Å] hydrogen bond length is meaningfully shorter than
the sum of the Van der Waals radius of the N and O atoms
[3.07 Å] [37]. The details of the hydrogen bonds are summarized
in Table 2.

Optimized structure

Geometric optimization of investigated compound was per-
formed by using DFT/B3LYP method with 6-311++G(d,p) basis set
(Fig. 2b). The some bond lengths, bond angles and torsion angles
of the optimized structure are listed in Table 3 and compared with
the experimental data of the compound. As can be seen from Table
3, most of molecular geometric parameters are slightly different
from the experimental ones. The biggest differences between
experimental and calculated bond lengths and angles as 0.026 Å
in C3AC4 bond and are 2.10� in C11AN1AC12 angle, respectively.
According to crystallographic studies, the dihedral angle between
the naphthalene and phenyl rings is 27.21 (5)�, while this angle
has been calculated at 37.42� for optimized structure. In order to
compare the theoretical results with the experimental values, root
mean square error (RMSE) is used. The calculated RMSE for bond
lengths and bond angles are 0.013 Å and 0.574�, respectively. The
linear correlations coeffections between experimental and calcu-
lated bond lengths and bond angles are 0.9359 and 0.9438, respec-
tively (Figs. S1 and S2 in the Supplementary materials). It is well
known that the experimental results in the solid state are related
to molecular packing, but the theoretical results are related to
the gas phase of the isolated molecules. Besides, this crystallo-
graphic study shows that molecular structure has one intramolec-
ular hydrogen bond, and no intermolecular classical hydrogen
bond. However, these differences have been more appeared at
bonds affected from tautomerism. The X-ray structure of the com-
pound is compared with its DFT optimized counterpart (see Fig. S3
in Supplementary materials). The RMSE fit of the atomic position of
the compound to those of its DFT optimized counterpart is



Table 3
Selected molecular structure parameters.

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

Bond lengths (Å)
C1AC11 1.425 (2) 1.446
C1AC2 1.407 (3) 1.409
C1AC10 1.440 (2) 1.445
C3AC4 1.339 (3) 1.365
C2AO1 1.323 (2) 1.334
C2AC3 1.410 (3) 1.417
C5AC6 1.404 (3) 1.415
C5AC10 1.415 (2) 1.430
C9AC10 1.415 (2) 1.419
C11AN1 1.288 (2) 1.293
C12AC13 1.385 (3) 1.404
C12AN1 1.416 (2) 1.408
C13AC14 1.377 (3) 1.386
C16AC17 1.386 (3) 1.398
C16AO2 1.371 (2) 1.365
C18AO2 1.419 (2) 1.421
Max. dif. 0.026
RMSE 0.013

Bond angles (�)
C2AC1AC11 118.95 (17) 119.39
C11AC1AC10 122.04 (16) 121.51
C2AC1AC10 118.99 (16) 119.08
O1AC2AC1 122.53 (17) 122.55
C11AN1AC12 123.16 (15) 121.06
C16AO2AC18 117.85 (17) 118.61
C12AC17AC16 120.15 (17) 120.32
O2AC16AC17 114.76 (17) 115.32
C13AC12AN1 117.45 (17) 118.02
C17AC12AN1 123.18 (16) 122.32
N1AC11AC1 122.62 (17) 122.50
C9AC10AC1 123.83 (17) 123.66
Max. diff. 2.10
RMSE 0.574

Torsion angles (�)
C1AC11AN1AC12 �178.87 (5) �176.30
C2AC1AC11AN1 0.8 (3) 2.25
C10AC1AC11AN1 �177.59 (16) �178.32
O2AC16AC17AC12 �177.96 (16) �179.58
C11AN1AC12AC17 26.0 (3) 38.64

a The values in paranthesis are standard uncertainty (s.u).

Fig. 3. (a) Experimental and (b) theoretical FT-IR spectra of the title compound.
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0.0207 Å. According to these results, it is seen that the B3LYP cal-
culation well reproduce the geometry of the compound.

Vibrational analysis

FT-IR spectrum of the investigated compound was measured in
the 4000–400 cm�1 region using KBr pellet on a Shimadzu FT-IR
8900 spectrophotometer (Fig. 3a). FT-IR spectra of compounds de-
rived from 2-hydroxy-1-naphthaldehyde Schiff bases have some
characteristic stretching bands (OH, CH, CN, CO). The vibrational
frequencies of the compound were calculated by using B3LYP/6-
311++G(d,p) method (Fig. 3b). Determinations of the calculated
vibrational bands have been made by using GaussView molecular
visualization program. Furthermore, theoretical vibrational fre-
quencies of the title compound were interpreted by means of PEDs
using VEDA 4 program [26]. The assignments of the observed
vibration bands have been performed and compared with the cal-
culated frequencies. The experimental and calculated vibrational
frequencies, and their assignments are given in Table 4.

Because of the states such as negligence of anharmonicity,
incomplete inclusion of electron correlation effects and basis set
deficiencies, the calculated harmonic vibrational frequencies be-
come bigger than the observed ones [38,39]. For this reason, the
calculated wavenumbers are usually scaled by scaling factor to
compare with observed wavenumbers and at the present work,
the scaling factors are taken as 0.983 for frequencies less than
1700 cm�1 and 0.958 for frequencies higher than 1700 cm�1 for
B3LYP/6-311++G(d,p) level [39].

The OAH group has three vibrations as stretching, in-plane and
out-of-plane bending vibrations. Free OAH stretching band
observes at interval 3700–3550 cm�1 region [40]. If there is inter
and intramolecular hydrogen bonding, this stretching band is
shifted to lower wavenumber, and so OAH stretching band is
observed at interval 3200–2800 cm�1 [41]. According to this result,
the observed phenyl and methyl CAH stretching bands in this
interval are covered to OAH stretching band. In addition, the
OAH stretching band has been calculated at 2892 cm�1 for opti-
mized structure. The free OAH in-plane and out-of-plane bending
vibrations of containing phenol ring compounds arise in the region
1330–1420 cm�1 and 650–770 cm�1, respectively [42]. The OAH in
plane and out of plane bending vibrations have been shifted to high
frequency region because of intramolecular OAH� � �N hydrogen
bonding interaction. Therefore, OAH in plane bending vibration
has been observed at 1576 cm�1 as combination with other bands,
while the OAH out of plane bending vibration has been observed at
906 cm�1. The calculated values of OAH in-plane bending and out-
of-plane are at 1578 cm�1 and 909 cm�1, respectively.

The aromatic CAH stretching, CAH in-plane bending and CAH
out-of-plane bending vibrations appear in 3000–3100 cm�1,
1100–1500 cm�1 and 800–1000 cm�1 frequency ranges, respec-
tively [42]. The absorption band at 3059 cm�1 corresponds to the
aromatic CAH stretching vibrations of the compound and the
aliphatic CAH stretching vibration was observed at 3007 cm�1.
These bands were calculated at 3036 and 3002 cm�1 with B3LYP,
respectively. CAH in-plane bending vibrations are observed at
1328, 1185 and 1147 cm�1 for the compound. Similarly, the CAH
out-of-plane bending vibrations are arised at 927, 851, 831 and
772 cm�1. In our calculations the CAH in-plane bending vibrations
are found as 1331, 1184 and 1149 cm�1, while the CAH out-of-
plane bending vibrations are computed as 941, 852, 823 and
770 cm�1 for the compound. The asymmetric and symmetric
vibrations for the CH3 group of the title compound were observed
at 2962 cm�1 and 2835 cm�1, respectively. The observed band at



Table 4
Comparison of the experimental and calculated vibrational frequencies (cm�1).

Assignments (% PEDa) Experimental IR (cm�1) Calculated (cm�1)
B3LYP/6-311++G(d,p)

taromatic(CH) (99) 3059 3036
taliphatic(CH) (100) 3007 3002
tas(CH3) (99) 2942 2936
t(OH) (96) 2800–3200 2892
ts(CH3) (91) 2835 2879
t(NC) (17) + t(CC) (16) 1623 1634
t(CC) (23) + t(NC) (17) + b(HOC) (13) 1576 1578
d(CH3) (82) 1486 1479
b(CH3) (21) + b(HCC) (17) + t(CC) (11) 1432 1440
baliphatic(HCN) (31) + t(NC) (11) 1394 1403
t(CC) (11) + baliphatic(HCN) (11) 1328 1331
t(CC) (39) + b(HCC) (23) 1313 1327
t(COH) (20) + b(HCC) (27) 1285 1295
tas(COC) (16) + t(NC) (13) + b(CCC) (12) + b(HCC) (11) 1255 1258
q(CH3) (20) + b(HCC) (17) 1185 1184
b(HCC) (34) + t(NC) (12) 1147 1149
ts(COC) (50) + b(HCC) (17) 1080 1056
caliphatic(HCCC) (43) 962 976
c(HCCC) (84) 927 941
c(HOCC) (93) 906 909
c(HCCC) (69) 851 852
c(HCCC) (38) 831 823
c(HCCC) (62) 772 770
bnapht(CCC) (15) + bphenyl(CCC) (12) 718 716
bnapht(CCC) (21) 647 655
bphenyl(CCC) (31) 584 584
cnapht(CCCC) (65) 536 536
cphenyl(CCCC) (39) + cHCCC (14) 470 462

Vibrational modes: t, stretching; s, symmetric; as, asymmetric; d, scissoring; b, in-plane bending; c, out of plane bending; q, rocking.
a Potential energy distribution (PED), less than 10% are not shown.

Fig. 4. Correlaction graph of calculated and experimental frequencies of the title
compound.
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1432 cm�1 can be assigned to the scissoring mode of CH3 group.
The absorption bands at 1600–1400 cm�1 are due to C@C stretch-
ing vibrations of the aromatic compounds [42]. The C@C stretching
vibrations of aromatic rings for the compound were observed at
interval 1584–1571 cm�1. On the other hand, the absorption bands
at 647 and 584 cm�1 can be attributed to the CCC in-plane bending
vibrational modes of phenyl and naphthalene rings. Similarly, the
observed absorption bands at 536 and 470 cm�1 can be assigned
to the CCCC out-of-plane bending vibrational mode of phenyl ring
and naphthalene rings.

The title compound exhibits a strong band at 1623 cm�1 which
is assigned to C@N stretching vibration. The CAOH stretching
vibration is determined at 1285 cm�1 and this band supports phe-
nol-imine form of the compound. The C@N, CAOH stretching bands
have been calculated at 1634 cm�1 and 1295 cm�1 for optimized
structure, respectively. Besides, CAOAC asymmetric and symmet-
ric stretching band were experimentally observed at 1255 cm�1

and 1080 cm�1, and these bands were calculated at 1258 cm�1

and 1056 cm�1, respectively. These results are in agreement with
the literature [42].

The correlation graphics between the calculated and experi-
mental IR vibrational frequnecies of the compound is presented
in Fig. 4 and correlation coefficient is obtained as 0.9995. As we
can see from the correlation graph in Fig. 4, the experimental val-
ues are in a good agreement with the calculation ones. Character-
istic bands of the compound strongly confirm that the compound
has the phenol-imine form in the solid state.
UV–vis spectroscopy and HOMO–LUMO analysis

The UV–vis electronic absorption spectrum of the compound in
ethanol was recorded within 200–600 nm range at the room
temperature. The absorption wavelengths were observed at 230
and 315 nm in ethanol. These wavelengths may be due to p ? p�
transitions of the naphthalene and benzene rings. However, an-
other absorption wavelength at 439 nm was observed in the spec-
trum of the title compound. The 2-hydroxy Schiff bases may be
show electronic absorption band in the range greater than
400 nm in polar and nonpolar solvents. This new band generally
occurs compounds which belong to the keto-amine form [43–
46]. Electronic absorption spectrum of the compound in ethanol
shows that molecular structure shifted from phenol-imine form
to keto form. This proton charge transfer is influenced by H-do-
nor–acceptor property of solvent rather than solvent polarity. Eth-
anol, which has a hydrogen atom bound to an oxygen, is a protic
solvent. This property of ethanol causes two stable states which
are one phenol and the other keto forms in solvent of molecule.
[47]. These results are similar to those found in related compounds.
[47–49].

Electronic absorption spectra of OH and NH forms of the title
compound were calculated by using TD-DFT method based on
the B3LYP/6-311++G(d,p) level optimized structure in gas phase.
The TD-DFT theoretical absorption wavelengths of OH form have
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been calculated at 223, 316 and 372 nm. TD-DFT calculations tau-
tomeric forms of the title compound in ethanol solvent were per-
formed by using PCM model [31–34]. The PCM calculations for
OH form show that the calculated absorption wavelengths have
slight red-shifts with values 225, 318 and 378 nm when comparing
with the gas-phase calculations of TD-DFT method. In additional,
electronic absorption wavelengths of the NH form in gas phase
are calculated at 233, 309 and 410 nm, while ones in ethanol sol-
vent are found at 242, 351 and 421 nm.

The highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) are called as frontier molec-
ular orbitals (FMOs). The FMOs are very important in determining
molecular properties such as electric, optic, UV–vis spectra, and
chemical reactions [50]. According to TD-DFT calculations, the the-
oretical wavelengths of the title compound have been arised at
378 nm (HOMO ? LUMO), 318 nm (HOMO�2 ? LUMO) and
225 nm (HOMO�1 ? LUMO+2). Fig. 5 shows the distributions
and energy levels of the FMOs computed at the B3LYP/6-
311++G(d,p) level for the title compound. The energy difference
between the HOMO and LUMO is 3.727 eV, for the title compound.
As seen from Fig. 5, the HOMO�2, HOMO�1, HOMO and, LUMO
electrons are almost delocalized on the whole structure while the
LUMO+2, electrons are only delocalized on the naphthalene ring.

Molecular orbital coefficients analyses based on optimized
geometry indicate that, for the title compound, the frontier
Fig. 5. Molecular orbital surfaces and energy levels given in parantheses for the HOMO�
6-311++G(d,p) level.
molecular orbitals are mainly composed of p-atomic orbitals, so
the electronic transitions are mainly derived from the contribution
of bands p ? p�.

Total energies in solvent media

The NH and OH tautomers of the title compound is given in
Fig. 1. To investigate the tautomeric stability, optimization calcula-
tions at B3LYP/6-311++G(d,p) level were performed for the NH and
OH forms of the title compound. Total energy, HOMO and LUMO
energies, dipole moment and chemical hardness (g) were also cal-
culated with the same level of theory and the results were given in
Table 5. The chemical hardness is quite useful to explain the chem-
ical stability. The molecules having a large HOMO–LUMO energy
gap will be more stable and less reactive than soft molecules hav-
ing small HOMO–LUMO energy gap [51]. From Table 5, the total
energy of the OH form is lower than the NH form, while chemical
hardness of the OH form is greater than the NH one, which indi-
cates that the OH form of the title compound is more stable than
its NH form in the gas phase. In additional, in order to evaluate
the solvent effect to the herein above mentioned properties of
the title compound, we carried out calculations in three kinds of
solvent (water, ethanol, and chloroform) with the B3LYP/6-
311++G(d,p) level using the PCM model and the results are given
in Table 5. From Table 5, we can conclude that the total molecular
2, HOMO�1, HOMO, LUMO and LUMO+2 of the title compound computed at B3LYP/



Table 5
Calculated energies, dipole moments, frontier orbital energies and chemical hardness.

Gas phase (NH) Gas phase (OH) Chloroform (OH) Ethanol (OH) Water (OH)
(e = 1) (e = 1) (e = 4.9) (e = 24.55) (e = 78.39)

Etotal (hartree) �900.38608 �900.38649 �900.39747 �900.40203 �900.40378
EHOMO (eV) �5.649 �5.876 �5.912 �5.941 �5.937
ELUMO (eV) �2.334 �2.149 �2.176 �2.201 �2.192
g (eV) 1.675 1.863 1.868 1.870 1.872
l (D) 4.024 2.629 3.155 3.394 3.505

Fig. 6. Molecular electrostatic potential map calculated at B3LYP/6-311++G(d,p)
level.
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energies obtained by PCM method decrease with the increasing
polarity of the solvent, while the hardness will increase with the
increase of the polarity of the solvent. Solvent effects improve
the charge delocalized in the molecules, therefore, inducing the di-
pole moments to be raised. Ground-state dipole moment is an
important factor in measuring solvent effect a large ground-state
dipole moment gives rise to strong solvent polarity effects
[16,52,53].

According to these results, the stability of the title compound
increases in going from the gas phase to the solution phase.

Molecular electrostatic potential

The molecular electrostatic potential V(r) that is created in the
space around a molecule by its nuclei and electrons are well estab-
lished as a guide to molecular reactive behavior. It is defined by Eq.
(1):

VðrÞ ¼
X

A

ZA

RA � r
�
Z

qðr0Þ
r0 � r

dr0 ð1Þ

where ZA is the charge of nucleus A, located at RA, q(r0) is the elec-
tronic density function of the molecule, and r0 is the dummy inte-
gration variable [54,55]. The MEP have been used for explaining
and predicting relative reactivities sites for electrophilic and nucle-
ophilic attack, investigation of hydrogen bonding interactions,
molecular cluster and crystal behavior and the correlation and pre-
diction of a wide range of macroscopic properties [56–58]. The
molecular electrostatic potential at the B3LYP/6-311++G(d,p) opti-
mized geometry was calculated. MEP is shown in Fig. 6. The nega-
tive (red1 and yellow) and the positive (blue) regions in the MEP
were related to electrophilic reactivity and nucleophilic reactivity,
respectively.

As can be seen in Fig. 6, negative electrostatic potential regions
are mainly localized over the O1 atom and O2 atoms. The negative
V(r) values are �0.041 a.u. for O1 atom which is the most negative
region, �0.021 a.u. for O2 atom. In additional, the most positive re-
gions were observed around the hydrogen atoms of CH3 group.
These regions are the most suitable sites for nucleophilic attack.
These sites give the information about intermolecular interaction
regions of molecule.

Non-linear optical effects

Non-linear optical materials (NLO) have been attractive in
recent years with respect to their future potential applications in
the communications and photonic industries [59,60]. Organic
molecules that exhibit extended p conjugation, in particular, show
enhanced second order NLO properties [61]. The total static dipole
moment (l), the linear polarizability (a) and the first hyperpolariz-
ability (b) using the x, y, z components are defined as [62,63]:
1 For interpretation of color in Fig. 6, the reader is referred to the web version of
this article.
l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2

x þ l2
y þ l2

z

q
ð2Þ

a ¼ axx þ ayy þ azz

3
ð3Þ

b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðbxxx þ bxyy þ bxzzÞ

2 þ ðbyyy þ bxxy þ byzzÞ
2 þ ðbzzz þ bxxz þ byyzÞ

2
q

ð4Þ

It is well known that the higher values of molecular polarizabil-
ity and hyperpolarizability are important for more active NLO
properties. The polarizabilities and hyperpolarizability are re-
ported in terms of atomic units (a.u) and the calculated values have
been converted by using 1 a.u3 = (0.529)3 Å3 for a and
1 a.u = 8.641x10�33 cm5/esu for b [59]. To understand the NLO
properties of the title compound, the linear polarizability (a) and
the first hyperpolarizability (b) were calculated at the B3LYP/6-
311++G(d,p) level using Gaussian 03 W program package. The cal-
culated polarizability (a) and first hyperpolarizability (b) for the
compound are 38.547 Å3 and 4.711 � 10�30 cm5/esu, respectively.

Urea is one of the essential molecules used for determination of
the NLO properties of molecular systems. Therefore, it is used as
reference molecule in NLO studies. The calculated a and b values
with B3LYP/6-311++G(d,p) method of urea are 3.8312 Å3 and
0.372 � 10�30 cm5/esu [62]. The polarizability and first hyperpo-
larizability for title molecule is approximately 10.1 and 12.6 times
than those of urea These results indicate that title compound is a
good candidate of non-linear optical material.

Thermodynamic properties

In order to determine thermodynamical properties of the title
compound, the standard thermodynamic functions, heat capacity



Table 6
Thermodynamic properties of the title compound at different temperatures.

T (K) H0
m (kcal/mol) C0

p;m (cal/mol K) S0
m (cal/mol K)

200 5.151 46.576 111.853
250 8.257 57.966 123.907
298.15 11.243 67.918 134.346
300 11.540 69.505 135.858
350 15.395 80.709 147.728
400 19.791 91.219 159.466
450 24.693 100.845 171.011
500 30.052 109.538 182.300

G. Alpaslan, M. Macit / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 121 (2014) 372–380 379
ðC0
p;mÞ, entropy ðS0

mÞ, and enthalpy ðH0
mÞ based on the vibrational

analysis at B3LYP/6-311++G(d,p) level and statistical thermody-
namics for the compound were obtained and listed in Table 6.
The table shows that the standard heat capacities, entropies, and
enthalpies increase at temperatures from 200.00 to 500.00 K, be-
cause the intensities of the molecular vibration increase with
increasing temperature. The correlation equations between these
thermodynamic properties and temperature T are as follows:

C0
p;m ¼ �6:39744þ 0:28305T � 1:00776T2 � 10�4 ðR2 ¼ 0:99936Þ

S0
m ¼ 62:89786þ 0:24762T � 0:16953T2 � 10�4 ðR2 ¼ 0:99975Þ

H0
m ¼ �1:44269þ 0:01342T þ 0:99153T2 � 10�4 ðR2 ¼ 0:99991Þ

All the thermodynamic data supply helpful information for the
further study on the compound. They can be used to calculate the
other thermodynamic energies according to relationships of ther-
modynamic functions and estimate directions of chemical reac-
tions according to the second law of thermodynamics in thermo
chemical field [62,64].
Conclusion

In this study, (E)-1-((3-methoxyphenylimino)methyl)naphtha-
len-2-ol has been characterized by using IR, UV–vis, and X-ray sin-
gle-crystal diffraction. The X-ray and FT-IR values show that the
title compound exists in the phenol-imine form, which is stabilized
by the intramolecular OAH� � �N hydrogen bond. Besides, the
molecular structure of the compound is non-planar and the com-
pound exhibits photochromic property. The obtained optimized
geometric parameters and vibrational frequency values are in a
very good agreement with the experimental data. According to
UV–vis spectrum of the compound in ethanol, absorption band of
the molecule was observed above the 400 nm due to hydrogen
bond property of solvent. Calculated results reveal that phenol-
imine form of the title compound is more stable than its keto-
amine form. The total energy of the title compound decreases with
increasing polarity of the solvent. The calculated NLO properties of
the title compound are much greater than ones of urea. This study
demonstrates that the title compound can be used as a good non-
linear optical material. The correlations between the thermody-
namic properties and temperature were also obtained.
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Centre as supplementary publication number CCDC 946523. Copies
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