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The main purpose of this study is to characterize a new organic material, (E)-5-methoxy-2-[(3,4-

dimethylphenylimino)methyl]phenol, which was synthesized and grown as a single crystal. The molecular structure and 

spectroscopic properties of the ortho-hydroxy Schiff base compound were determined by X-ray diffraction analysis, 

Fourier-transform infrared (FT-IR), ultraviolet-visible (UV-Vis) and nuclear magnetic resonance (NMR) spectroscopy 

techniques, experimentally and computationally with density functional theory (DFT) calculations. X-ray and UV-Vis 

studies show that the compound exists in an OH tautomeric form in the solid and solvent media. The gas phase geome-

try optimizations of two possible forms of the title compound, resulting from the prototropic tautomerism, were ob-

tained using DFT calculations at the B3LYP/6-311G+(d,p) level of theory. A relaxed potential energy surface (PES) 

scan was performed based on the optimized geometry of the OH tautomeric form by varying the redundant internal co-

ordinate, the O-H bond distance. According to the PES scan process, the molecular geometry is strongly affected by the 

intramolecular proton transfer. The calculated first hyperpolarizability indicates that the compound could be a good 

material for non-linear optical applications.  
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КРИСТАЛНА СТРУКТУРА, СПЕКТРАЛНА КАРАКТЕРИЗАЦИЈА, СТУДИИ ЗА МОЛЕКУСКО 

МОДЕЛИРАЊЕ И СТРУКТУРНИ ЕФЕКТИ ОД ПРОЦЕСОТ НА ПРОТОН ТРАНСФЕР ЗА (E)-5-

МЕТОКСИ-2-[(3,4-ДИМЕТИЛФЕНИЛИМИНО)МЕТИЛ]ФЕНОЛ 

 
Главна цел на ова истражување е да се карактеризира нов органски материјал, (E)-5-метокси-2-[(3,4-

диметилфенилимино)метил]фенол, што беше синтетизиран и израснат како монокристал. Молекулската 

структура и спекторскопските својства на орто-хидрокси Шифовата база беа определени експериментално со 

помош на рендгенска дифракциска анализа, Фуриеова трансформна инфрацрвена спектроскопија (FTIR), 

ултравиолетова спектроскопија (UV-Vis) и нуклеарно-магнетна спектроскопска анализа и пресметковно со 

помош на теоријата на густината на функционалот (DFT). Испитувањата со рендгенската дифракција и UV-Vis 

покажуваат дека соединението постои во OH тавтомерна форма во цврста состојба и во раствор. Геометриската 

оптимизација во гасна фаза на двете можни форми на наведеното соединение кои се резултат на прототропен 

тавтомеризам беа добиени со пресметки според DFT на нивото на теоријата B3LYP/6-311G+(d,p). Скенирањето 

на површината на релаксираната потенцијална енергија (PES) беше изведено врз оптимизираната геометрија на 

ОН тавтомерната форма со менување на редундантната внатрешна координата, должината на О–Н врската. 

Според скенот на процесот на РЕЅ, молекулската геометрија е под силно влијание на интрамолекулскиот 
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трансфер на протони. Пресметаната прва хиперполаризабилност укажува дека соединението би било добар 

материјал за нелинеарни оптички апликации. 

 

Клучни зборови: Шифови бази; прототропна тавтомерија; меѓумолекулски трансфер на протони; NLO; DFT 

 

 

1. INTRODUCTION 

 

The reaction of an aldehyde and a primary 

amine forms a Schiff base compound with a C=N 

double bond. Schiff bases have a wide range of 

applications in the fields of coordination chemis-

try, biochemistry, pharmacy, nanotechnology, op-

tical devices and textiles [1–18]. In particular, the 

ortho-hydroxy class of Schiff bases has been at-

tractive for physicists and chemists for many years 

because of its interesting photochromic and ther-

mochromic features in the solid state. These photo-

chromic and thermochromic features are caused by 

an intramolecular proton transfer from the hydrox-

yl O atom to the imine N atom with a change in the 

π-electronic system. The change in the π-electronic 

system accompanies the proton transfer and the 

planarity of molecule is affected by the transfer 

[19]. As the names suggest, transfer occurs under 

the influence of light in photochromic compounds 

and under the influence of temperature in thermo-

chromic compounds. These interesting properties 

were discovered by Senier and Shepherd in 1909 

and are still being studied today [20, 21]. ortho-

hydroxy Schiff base compounds adopt OH (enol-

imine/benzenoid) [22, 23] or NH (keto-amine/ 

quinoid) [24, 25] tautomeric forms in the solid 

state with reference to the location of the trans-

ferred proton. X-ray diffraction distinguishes these 

two tautomeric forms easily. The NH form can 

also be zwitterionic, with the scarcely observed 

zwitterionic form differing from the NH form on 

the basis of the N
+
-H bond distance and aromatici-

ties of the rings [26–28]. Figure 1 shows the tau-

tomeric forms and observed strong intramolecular 

hydrogen bonds depending on the forms. 
 

  

 
 

Fig. 1. Possible tautomeric forms of the title compound 
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In this study, we present the synthesis and 

crystallographic, spectroscopic and quantum chem-

ical computational studies of an ortho-hydroxy 

Schiff base compound, (E)-5-methoxy-2-[(3,4-

dimethylphenylimino)methyl]phenol.  
 

 

2. EXPERIMENTAL AND COMPUTATIONAL 

PROCEDURES 

 

2.1. Synthesis of title compound 
 

The title compound was prepared by reflux-

ing a mixture of a solution containing 2-hydroxy-

4-methoxybenzaldehyde (0.5 g, 3.3 mmol) in 20 

ml of ethanol and a solution containing 3,4-

dimethylaniline (0.4 g, 3.3 mmol) in 20 ml of etha-

nol. The reaction mixture was stirred for 1 h under 

reflux. The crystals suitable for X-ray analysis 

were obtained from ethanol by slow evaporation 

(yield 85%, m.p 359–360 K).  

 

2.2. Instrumentation 
 

The melting point was determined by an 

electro-thermal melting point apparatus. The FT-IR 

spectrum of the title compound was recorded on a 

Bruker 2000 spectrometer in a KBr disk. Absorp-

tion spectra were recorded on a Unicam UV-Vis 

spectrometer using a 1 cm path length of the quartz 

cell. The 
1
H-NMR spectrum was recorded on 

Bruker Ultrashield 300 MHz spectrometer. All dif-

fraction measurements were performed at room 

temperature (296 K) using graphite monochromat-

ed MoKα radiation (λ = 0.71073 Å) with a Stoe 

IPDS 2 diffractometer. 

 

2.3. Crystal structure determination 
 

A suitable sample of size 0.68 × 0.43 × 0.28 

mm
3
 was chosen for the single crystal X-ray study. 

Reflections were collected in the rotation mode (ω 

scanning mode) and cell parameters were deter-

mined using X-AREA software [29]. The absorp-

tion correction (μ = 0.08 mm
–1

) was achieved by 

the integration method via X-RED32 software 

[29]. The structure was solved by direct methods 

using SHELXS-97 [30]. The refinement was car-

ried out by a full-matrix least-squares method us-

ing SHELXL-97 on the positional and anisotropic 

temperature parameters of the non-hydrogen at-

oms, or equivalently, corresponding to 176 crystal-

lographic parameters [30]. All non-hydrogen atom 

parameters were refined anisotropically and H at-

oms, except for H1, were positioned geometrically 

and refined using a riding model. The C-H bond 

distances were fixed to 0.93 Å for CH and 0.96 Å 

for CH3 groups. The Uiso values of H atoms were 

also fixed to 1.2 times the Ueq value of the parent 

atoms for CH and 1.5 times the Ueq value of the 

parent atoms for CH3 groups. Under the condition 

of a I > 2σ(I) threshold, the structure was refined to 

Rint = 0.058 with 2071 observed reflections. Other 

data collection conditions and parameters of the 

refinement process are listed in Table 1. 

 

 

                                T a b l e  1  
 

Crystal data and refinement parameters of the title compound 
 

Formula C16H17NO2 

Formula weight 255.31 

Crystal color Yellow 

Crystal system Monoclinic 

Space group P 21/c 

Z 4 

a, b, c 13.6589 (8), 6.0320 (3), 20.1848 (11) Å 

α, β, γ 90, 124.606(4), 90° 

V 1368.79 (13) Å3 

Radiation type Mo Kα 

μ 0.08 mm–1 

Tmax, Tmin 0.958, 0.981 

Measured reflections 16076 

Independent reflections 2832 

Reflections with I > 2σ(I) 2071 

Number of parameters 176 

θmax, θmin 27.56°, 1.50° 

Scan range –17 < h < 17, –7 < k < 7, –26 < l < 26 

R[F2 > 2σ(F2)] 0.0464 

wR(F2) 0.1225 

S  1.051 

Δρmax, Δρmin 0.17, –0.14 e Å–3 
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2.4. Supplementary data 
 

CCDC 942104 contains the supplementary 

crystallographic data for this study. These data can 

be obtained free of charge via www.ccdc.cam.ac. 

uk/data_request/cif by emailing data_request@ 

ccdc.cam.ac.uk, or by contacting The Cambridge 

Crystallographic Data Centre, 12, Union Road, 

Cambridge CB2 1EZ, UK; fax: +44 1223 336033. 

 

2.5. Computational details 
 

The analytical gradient methods of DFT with 

Becke’s three parameter (B3) exchange functional 

together with the Lee-Yang-Parr (LYP) non-local 

correlation functional, symbolized B3LYP [31, 32] 

were performed to reach the energy minima in the 

optimization processes of two tautomers by means of 

the 6-311+G(d,p) basis set implemented in the 

Gaussian 03W software package [33]. 

The crystallographically obtained coordi-

nates were used to start the geometry optimization 

calculations in the gas phase and no imaginary fre-

quency modes were obtained at the optimized ge-

ometries for the tautomers, so there are true mini-

ma on the potential energy surfaces were found for 

both. We also performed the optimizations in ben-

zene (ε = 2.3), ethanol (ε = 24.5) and DMSO (ε = 

46.7) using the polarizable continuum model 

(PCM) [34] to investigate the energetic behaviors 

and changes in the geometric parameters of the 

molecule in various environments. The PCM mod-

el can give good approximations regarding the sol-

vent effects on the molecule if there is no specific 

interaction, such as hydrogen bond formation be-

tween the solute and solvent [35, 36]. 

In the potential energy surface (PES) scan pro-

cess, the O1-H1 bond distance was taken as a redun-

dant coordinate and varied from 0.997 to 1.697 Å 

with 16 steps of 0.05 Å. All the remaining internal 

coordinates were fully optimized. On this basis, we 

described the potential energy barrier belonging to 

the intramolecular proton transfer and observed the 

effects of transfer on the molecular geometry with the 

change in the π-electronic system. 

The vibrational frequencies were calculated 

at the same level of theory and the obtained fre-

quencies were scaled by 0.9688 depending on the 

method and basis set used [37]. The absorption 

spectra of the tautomers were calculated using 

time-dependent density functional theory (TD-

DFT) started from the solution phase optimized 

geometries. The linear polarizability and the total 

static first hyperpolarizability were obtained by the 

molecular polarizabilities in order to show the non-

linear optical (NLO) activity of the molecule. The 

standard thermodynamic functions and their com-

ponents were computed at constant pressure (by 

changing the temperature) and temperature (by 

changing the pressure) in the gas phase. 
 
 

3. RESULTS AND DISCUSSION 

 

3.1. Crystal structure 
 

Figure 2 shows an ORTEP-3 [38] plot with 

an atom numbering scheme for the title compound. 

Hydrogens are drawn as small spheres of arbitrary 

radii and the other atoms are seen as displacement 

ellipsoids at a 30% probability level.  
 

 

 
Fig. 2. Atom numbering scheme of the title compound. The 

dotted line indicates the intramolecular hydrogen bond. 
 
 

As seen in Figure 2, the compound adopts an 

E configuration about the C=N double bond and 

has two six-membered rings, C1/C6 and C9/C14. 

The dihedral angle between the rings is 6.87°, 

which makes the molecular geometry almost pla-

nar. The literature proposes that the molecules 

showing thermochromism are planar and the pho-

tochromic molecules are non-planar [15, 39]. Ac-

cording to the planarity of the molecule, the proton 

transfer occurs under the influence of temperature 

in the title compound.  

Selected geometrical parameters are listed in 

Table 2. The lengths of the N1=C8 double, C1=C8 

single and C2-O1 single bonds indicate that the 

compound adopts an OH tautomeric form rather 

than the NH form in the solid state. The good 

agreement can be seen between these bond lengths 

and counterparts in similar OH form compounds in 

the literature [40, 41]. The harmonic oscillator 

model of aromaticity, the HOMA index, is also a 

sign of the aromaticity of a ring, which is why we 

calculated the HOMA indices for both rings using 

the following equation [42, 43]: 

 

2

1

1
H O M A = 1 ( )

n

n

i i o p t

i

R R



 
 
 
 
  (1) 

http://www.ccdc.cam.ac/
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where n is the number of bonds in the molecular 

fragments interested (in our case n is equal to 6 for 

the six-membered rings), the αi normalization con-

stant is equal to 257.7 and Ropt is equal to 1.388 Å 

for C-C bonds. For the purely aromatic systems, 

the HOMA index is equal to 1 and for the non-

aromatic ones are equal to 0. As expected, the cal-

culated indices of C1/C6 and C9/C14 rings are 

0.950 and 0.995, respectively. The title compound 

displays a strong intramolecular interaction, in-

cluding the O1 and N1 atoms. This type of intra-

molecular hydrogen bonds is a common feature of 

o-hydroxysalicylidene systems [44, 45]. The O-H, 

H…N, O…N and O-H…N values of the bond are 

0.87 (3) Å, 1.82 (2) Å, 2.62 (2) Å and 152.00 (3)°, 

respectively. It can be seen from Fig. 2 that this 

strong hydrogen bond constitutes a S(6) ring. In 

the three-dimensional network, the crystal structure 

is stabilized by weak Van der Waals interactions.

 

 

          T a b l e  2  
 

Selected geometric parameters for (E)-5-methoxy-2-[(3,4-dimethylphenylimino)methyl]phenol 
 

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

  OH NH 

  Gas Benzene EtOH DMSO Gas 

Bond lengths (Å)       

N1 C8 1.283 (2) 1.291 1.291 1.292 1.293 1.332 

C2 O1 1.343 (2) 1.340 1.343 1.347 1.347 1.261 

C1 C8 1.442 (2) 1.443 1.444 1.445 1.445 1.391 

C1 C2 1.408 (2) 1.419 1.419 1.418 1.418 1.470 

C1 C6 1.403 (2) 1.410 1.410 1.410 1.410 1.429 

C5 C6 1.367 (2) 1.377 1.377 1.378 1.378 1.360 

C4 C5 1.394 (2) 1.409 1.409 1.409 1.409 1.433 

C3 C4 1.382 (2) 1.392 1.393 1.394 1.394 1.374 

C2 C3 1.394 (2) 1.399 1.399 1.398 1.398 1.437 

C4 O2 1.360 (2) 1.357 1.357 1.358 1.358 1.356 

C7 O2 1.417 (2) 1.424 1.427 1.431 1.431 1.424 

O1 H1 0.870 (2) 0.997 0.999 1.002 1.003 – 

N1 H1 – – – – – 1.040 

Bond angles (°)       

C1 C2 O1 121.2 (2) 121.5 121.3 121.0 121.0 121.4 

C3 C2 O1 118.4 (2) 118.0 118.1 118.2 118.2 121.8 

C1 C8 N1 122.4 (2) 122.4 122.2 121.9 121.8 123.0 

C8 N1 C9 121.1 (2) 121.3 121.3 121.4 121.6 127.9 

C5 C4 O2 114.5 (2) 115.3 115.4 115.4 115.4 113.6 

C3 C4 O2 124.5 (2) 123.9 123.9 123.8 123.8 124.6 

C2-O1-H1 105.9 (2) 107.2 107.0 106.7 106.7 – 

Torsion angles (°)       

C6 C1 C8 N1 -175.7 (2) 179.4 179.5 179.6 179.4 179.9 

C9 N1 C8 C1 179.4 (2) 176.9 177.0 177.1 177.1 178.6 

C14 C9 N1 C8 170.1 (2) 146.8 147.1 149.0 150.8 169.3 

 

 

3.2. Optimized geometries of tautomers  

and intramolecular proton transfer process 

 

Table 2 also shows selected B3LYP/6-

311+G(d,p) calculated geometrical parameters for 

both the OH and NH tautomers, besides the exper-

imental ones. There are no significant differences 

between the experimental and calculated geomet-

rical parameters of the OH form, except for the 

torsion angles. The planarity of the molecular ge-

ometry for the title compound is related with the 

torsion angles listed in last three rows of Table 2. 

The dihedral angle between two six-membered 

rings is 36.6° for the optimized OH tautomer ac-

cording to the DFT calculations. The differences 

observed between the geometries of the experi-

mental and calculated counterparts are caused by 

underestimating the intermolecular interactions. 
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DFT and similar calculations cannot take the in-

termolecular hydrogen bonds, van der Waals or 

dipole-dipole-like interactions into account and 

consider molecules in the gas phase (in vacuo), but 

in reality, the experimental results belong to the 

solid state consisting of interacting molecules.  

Table 3 reflects the total energies, frontier 

orbital energies and dipole moments of both tau-

tomeric forms of the title compound in the gas 

phase and also in various solvents for the OH form. 

The total energies of the tautomers suggest that the 

OH form is more stable than the NH form by ~2.4 

kcal/mol
 
in the gas phase. It is not surprising that 

the OH form has two aromatic rings corresponding 

to a more delocalized π-electronic system and gen-

erally o-hydroxy salicylideneanilines are observed 

in the OH tautomeric form. The additional infor-

mation available in the table is regarding the be-

havior of the OH tautomer in several solvents. The 

interactions between the solute and solvent mole-

cules influence the molecular geometry, vibrational 

frequencies, total energy, electronic spectrum and 

so on [46, 47]. The total energy of the title mole-

cule decreases with the increasing polarity of sol-

vent. The lessening of the total energy increases 

the stability of the molecule. Contrary to the total 

energy, the energy gap between the LUMOs and 

HOMOs and the dipole moment increase with the 

increasing polarity of solvent. The charge delocali-

zation over the molecule skeleton increases and 

causes the dipole moment to increase.  

 
                         T a b l e  3  
 

Calculated energies, frontier orbital energies and dipole moments 

in the gas phase and various solvents 
 

 Etotal (kcal/mol) ELUMO (eV) EHOMO (eV) μ (D) 

OH form     

Gas  –517927.0356 –1.7469 –5.7946 0.7568 

Benzene –517930.3706 –1.7834 –5.8354 1.0740 

EtOH –517935.2456 –1.8563 –5.9062 1.6666 

DMSO –517935.5350 –1.8726 –5.9062 1.7193 

NH form     

Gas –517924.6259 –2.0618 –5.5304 2.6970 

 

 

In order to investigate its effects on molecu-

lar geometry, the intramolecular proton transfer 

was investigated in the gas phase for the title com-

pound by performing a PES scan at the B3LYP/6-

311+G(d,p) level. Such an intramolecular proton 

transfer turns the OH tautomer into the NH tauto-

mer, leading to important changes in the character 

of the molecule. The process was started from the 

gas phase optimized OH geometry by assigning the 

O1-H1 bond as a redundant internal coordinate. 

The relative energy versus the redundant coordi-

nate O1-H1 bond distance in the PES scan process 

can be seen in Figure 3. The relative energy values 

are calculated with respect to the energy of the sta-

ble OH tautomer. 

In Figure 3, there are two minima represent-

ing the OH and NH stable forms of the title mole-

cule. The stable NH form is represented by a local 

minimum with a relative energy of 2.4 kcal/mol 

and the stable OH form corresponds to the global 

minimum. As can be seen from the potential ener-

gy curve, 4.9 kcal/mol of potential energy is need-

ed to transform the molecule from the OH form to 

the NH form. 

 
 

Fig. 3. Relative energy versus the redundant coordinate  

in the PES scan process 
 

 

The effects of the intramolecular proton 

transfer on the molecular geometry can be clearly 

seen by examining the changes in the indicative 

bond lengths and HOMA index of the C1/C6 ring 

for every step in the scan process. Fig. 4 represents 

the changes occurring in the lengths of the C2-O1 

single, C1-C8 single and C8=N1 double bonds 
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during the transfer process. Bond lengths of C2-O1 

(1.339 Å), C1-C8 (1.443 Å) and C8=N1 (1.291 Å) 

belonging to the stable OH tautomer were found as 

1.259, 1.390 and 1.333 Å after the fifteen step of 

the scan where the stable NH tautomer was ob-

served. 
 
 

 
 

Fig. 4. Selected bond distances versus the redundant coordi-

nate in the PES scan process 
 

 

The figure clearly indicates that the intramo-

lecular proton transfer affects the double and single 

characters of these bonds. The HOMA indices of 

the C1/C6 and C9/C14 rings were calculated at 

every step of the scan process. Fig. 5 shows the 

changes of HOMA indices in terms of the scan 

coordinate. The aromaticity level of the C1/C6 ring 

decreases while the aromaticity level of the 

C9/C14 ring remains stable with the scan coordi-

nate going from 0.997 Å to 1.747 Å, as expected.  
 

 

 
 

Fig. 5. HOMA indices of the rings of the molecule versus the 

redundant coordinate in the PES scan process. 

 

 

3.3. Electronic absorption spectra 
 

The UV-Vis electronic spectra of the title 

compound in benzene, EtOH and DMSO were 

measured within a 200–500 nm range at room 

temperature. The characteristic UV-Vis absorption 

bands of the molecule can be seen in Figure 6. 
 
 

 
 

Fig. 6. Experimental UV-Vis spectra of the title compound 
 

 

In the UV-Vis spectra of ortho-hydroxy 

Schiff base compounds, the presence of an absorp-

tion band at < 400 nm indicates the OH tautomeric 

form. Alternatively, compounds that adopt the NH 

tautomeric form show a new absorption band at > 

400 nm [48, 49]. According to the experimental 

absorption spectra, the molecule exhibits absorp-

tion bands at 318 and 258 nm in benzene, at 212, 

258, 318 and 392 nm in EtOH and at 232, 260, 318 

and 400 nm in DMSO. Experimental spectra of the 

title compound show no absorption peak above 

400 nm for these three solutions. The absence of 

the peaks above 400 nm clearly indicates that the 

compound adopts the OH tautomeric form, even in 

solution. The theoretical electronic excitation ener-

gies, oscillator strengths and nature of the first ten 

spin-allowed singlet-singlet excitations were calcu-

lated by the TD-DFT method for the same sol-

vents. The major contributions of the transitions 

were designated with the aid of the SWizard pro-

gram [50]. The experimental and calculated results 

of the UV-Vis spectral data are listed in Table 4.  

The results obtained by the TD-DFT calcu-

lations show the absorption bands at near 370 and 

280 nm. In view of the calculated absorption spec-

tra of the OH form, the maximum absorption 

wavelength corresponds to the electronic transition 

from the HOMO to the LUMO with an 86% con-

tribution. The other wavelengths with major con-

tributions can be seen in Table 4. 
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T a b l e  4  
 

Experimental and calculated electronic transitions of the title compound in benzene, EtOH and DMSO 
 

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

 nm) [A] nm) [f] Major contributions 

Benzene 318 [1.270] 348 [0.899] H → L (86%) 

 258 [0.625] 301 [0.020] H-1 → L (84%) 

  283 [0.003] H-2 → L (49%) 

H-3 → L (31%) 

H → L+1 (14%) 

  278 [0.163] H-3 → L (43%) 

H-2 → L (28%) 

H → L+2 (10%) 

  253 [0.031] H → L+1 (54%) 

H → L+2 (13%) 

H-4 → L (12%) 

  250 [0.207] H → L+2 (43%) 

H → L+1 (19%) 

H-4 → L (15%) 

EtOH 392 [0.124] 344 [0.871] H → L (85%) 

 314 [0.468] 299 [0.013] H-1 → L (82%) 

 258 [0.212] 283 [0.003] H-2 → L (66%) 

H-3 → L (15%) 

 212 [0.350] 277 [0.168] H-3 → L (56%) 

H-2 → L (13%) 

  252 [0.018] H → L+2 (49%) 

H-4 → L (18%) 

H → L+1 (13%) 

  249 [0.203] H → L+1 (58%) 

H-4 → L (14%) 

H-2 → L (7%) 

DMSO 400 [0.090] 346 [0.898] H → L (86%) 

 318 [1.277] 299 [0.014] H-1 → L (82%) 

 260 [0.635] 284 [0.003] H-2 → L (67%) 

H-3 → L (15%) 

H → L+2 (8%) 

 232 [0.348] 277 [0.169] H-3 → L (57%) 

H-2 → L (13%) 

H → L+1 (8%) 

  252 [0.019] H → L+2 (53%) 

H-4 → L (18%) 

H → L+1 (9%) 

  249 [0.216] H → L+1 (61%) 

H-4 → L (13%) 

H-2 → L (7%) 

 
 

3.4. Vibrational frequencies 

 
The FT-IR spectrum of the title compound is 

given in Fig. 7, with the experimental and scaled 

computational vibrational frequencies of the com-

pound compared in Table 5.  

The O-H stretching can be attributed to the 

remarkable absorption band in the 2000–3000 cm
–1

 

region in the experimental spectrum. The intramo-

lecular and intermolecular hydrogen bond for-

mations affect the O-H stretching vibration. The 

strong intramolecular hydrogen bond between the 

O1 and N1 atoms of the title molecule causes this 

phenomenon here and the experimental vibrational 

frequency of O-H stretching is shifted and widened 

to the 2000–3000 cm
–1

 range.  

 

 
Fig. 7. Experimental FT-IR spectrum of the title compound 
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The O-H in-plane and out-of-plane bending 

vibrations are located at 1343
 
and 794 cm

–1
, respec-

tively. The band located at 1620 cm
–1

 can be attribut-

ed to C=N stretching. The spectrum also shows the 

presence of C-O stretching at 1213 cm
–1

.While the 

absorption bands located at 2833–2906 cm
–1

 region 

belong to symmetric CH3 stretching, the bands of 

asymmetric CH3 stretching can be seen in the 

2931–2967 cm
–1

 region. Table 5 shows the other 

vibrational frequencies and scaled computational 

vibrational frequencies of the compound. These 

frequency values are in good agreement with the 

literature [51, 52]. The theoretical results obtained 

from DFT calculations show good agreement with 

the experimental values, except for the O-H 

stretching. 

   
 

T a b l e  5  
 

Experimental and calculated vibrational frequencies of IR spectra (cm
–1

) 
 

Assignments Experimental DFT/B3LYP/6-311+G(d,p) 

Aromatic CH out of plane bending 807–835 786–795 

Aromatic CH bending 1025 1018 

CO stretching 1213 1219 

OH bending 1343 1388 

Symmetric CH3 bending 1397 1366 

Asymmetric CH3 bending 1448 1449 

Aromatic CC stretching 1590 1547 

CN stretching 1620 1610 

OH stretching 2455 3038 

Symmetric CH3 stretching 2833–2906 2918 

Asymmetric CH3 stretching 2931–2967 2962 

Aromatic CH stretching 3012 3056 

 

 

3.5. 
1
H NMR spectra 

 

The 
1
H-NMR spectrum of the title com-

pound was recorded in DMSO-d6 and can be seen 

in Fig. 8. The resonance of the hydroxyl proton is 

at 13.86 ppm. As expected, this is typical for pro-

tons involved in intramolecular hydrogen bonding. 

The resonance of the imino proton is at 8.82 ppm. 

The absorption peaks of aromatic ring protons are 

between 6 and 8 ppm. The H3 proton is coupled to 

the H5 proton and shows doublet peaks at 6.47 

ppm (J3,5 = 2.32 Hz). The H5 proton coupled to H6 

shows a doublet and gives another doublet by cou-

pling to H3 at 6.53 ppm (J5,6 = 8.6 Hz, J5,3 = 2.32 

Hz). The H6 proton is coupled to the H5 proton 

and shows a doublet at 7.5 ppm (J6,5 = 8.6 Hz). The 

H8 proton is coupled to the H12 proton and shows 

doublet peaks at 7.17 ppm (J8,12 = 2.76 Hz). The 

H12 proton coupled to H11 shows a doublet and 

gives another doublet by coupling to H8 at 7.11 

ppm (J12,11 = 8 Hz, J12,8 = 2.76 Hz). The H11 proton 

is coupled to the H12 proton and shows a doublet 

at 7.18 ppm. The resonances of the H15, H16 and 

H17 protons are at 2.22, 2.25 and 3.80 ppm, re-

spectively. The absorption of ring protons is in the 

range of 6–8 ppm, which corresponds to an aro-

matic character. These results are in a good agree-

ment with the literature and also show that the title 

compound adopts an OH form in solution [40, 51]. 

 

 

 
 

Fig. 8. Experimental 1H NMR spectrum of the title compound 
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3.6. Second-order NLO properties 

 

 The NLO properties of a molecule, which 

can be predicted by quantum chemical calcula-

tions, play an important role for the design of new 

materials in communication, signal processing and 

optical interconnection technologies [53]. In par-

ticular, organic molecules are studied frequently 

because of their larger NLO susceptibilities, with 

π-electron cloud movement from donor to accep-

tor, fast NLO response times, high laser damage 

thresholds and low dielectric constants. In addition 

to these advantages, the organic molecules also 

have disadvantages, including generally low ther-

mal stability, facile relaxation to random orienta-

tions and in the UV-Vis region, the low energy 

transitions result in a trade-off between their non-

linear efficiency and optical transparency [54–56]. 

The usage of organic molecules as ligands can 

overcome the disadvantages. Their usage as lig-

ands allows the Schiff base compounds to be in-

vestigated for this field.  

The average linear polarizability   and the 

first hyperpolarizability β can be calculated by us-

ing the Eqs. (2) and (3), respectively [53]: 

 

 
1

3
xx yy zz

                      (2) 

     
1 / 2

2 2 2

xxx xyy xzz yyy xxy yzz zzz xxz yyz
                  

  

                         (3) 

 

In order to investigate the NLO properties of 

the title compound, the components of dipole mo-

ment, polarizability and the first hyperpolarizabil-

ity have been calculated using polar = ENONLY 

input to Gaussian03 at the level of B3LYP/6-

311+G(d,p) in the gas phase. The components and 

calculated values of the average linear polarizabil-

ity   and the first hyperpolarizability β are listed 

in Table 6.  

The calculated values of components show 

a difference depending on the size of the basis sets 

used. However, it is difficult to decide which basis 

set generates reliable values because there are no 

reported experimental values for the title com-

pound in the literature. For this reason, we used the 

basis set 6-311+G(d,p) in all this work. The calcu-

lated β components have been converted into elec-

trostatic units esu (1 au = 8.6393 × 10
–33

 esu). The 

values of   and β obtained by Sun et al. with the 

B3LYP/6-31G(d) method for urea are 3.831 Å
3
 

and 0.372x10
–30

 esu, respectively, and generally 

used for the comparison [57]. In present work, the 

value of    is 126.634 Å
3
 and the value of β is 

107.516 × 10
–30

 esu for the title molecule. The 

movement of the π-electron cloud must be respon-

sible for the increasing conjugation, and hence an 

increase in the NLO properties of the molecule. 

According to the high value of the first hyperpolar-

izability, the title compound could be an excellent 

applicant in the development of NLO materials.  
 
 

T a b l e  6 
 

Calculated polarizability (Å
3
) and the first  

hyperpolarizability (×10
–30

 esu) components for  

(E)-5-methoxy-2-[(3,4-dimethylphenyl-

imino)methyl]phenol 
 

αxx 60.4372 

αxy –0.4112 

αyy 28.9580 

αxz 0.2703 

αyz –0.0925 

αzz 18.3818 

βxxx –11.0507 

βxxy –3.2233 

βxyy 1.1893 

βyyy –0.8852 

βxxz 1.1907 

βxyz –0.4443 

βyyz 0.2199 

βxzz 0.1499 

βyzz –0.2689 

βzzz 0.0458 

 

 

3.7. Thermodynamic properties 
 

The standard thermodynamic functions, such 

as enthalpy ( ), entropy ( ),
 
heat capacity      

( ), thermal energy (E) and their components, 

were computed at constant pressure (by changing 

the temperature) and temperature (by changing the 

pressure) in the gas phase with the B3LYP/6-

311G+(d,p) level of theory. The changes of all 

thermodynamic functions at various temperatures 

and pressures in the range of 100.00–500.00 K and 

1.00–5.00 atm are given in Table 7. The total ener-

gy of a molecular system is the sum of the transla-

tion, electronic, rotational and vibrational energies. 

To obtain the total energy of the molecule, the con-

tribution of these energy values to the thermal en-

ergy, heat capacity and entropy values were ob-

tained. In addition, the component of rotational 

temperatures and constants were calculated (see 

Table 7). The values of thermal energy compo-

nents are the same at all pressures but change with 

changing temperature. These values are 0.000 for 

0

m
H

0

m
S

0

,mp
C
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T a b l e  7 
 

Calculated thermodynamic components for (E)-5-methoxy-2-[(3,4-dimethylphenylimino)methyl]phenol 
 

  Thermal  

energy, E 

(cal/mol K) 

0

,mp
C

 
(cal/mol K) 

0

m
S

 
(cal/mol K)

 

P(atm )=1 

 0

m
H  

(kcal/mol) 

electronic 

translational 

rotational 

vibrational  

total 

T(K) = 100 0.000 

0.889 

0.889 

193.842 

195.620 

0.000 

2.981 

2.981 

21.602 

27.564 

0.000 

37.083 

30.732 

18.265 

86.080 

 0.000 

42.510 

33.988 

59.988 

136.487 

1.830 

 150 0.000 

0.447 

0.447 

186.900 

187.794 

0.000 

2.981 

2.981 

31.834 

37.795 

0.000 

39.097 

31.941 

28.979 

100.016 

1.5 0.000 

41.704 

33.988 

59.988 

135.681 

3.566 

 200 0.000 

0.596 

0.596 

188.742 

189.934 

0.000 

2.981 

2.981 

41.872 

47.834 

0.000 

40.526 

32.798 

39.508 

112.833 

2 0.000 

41.132 

33.988 

59.988 

135.109 

5.805 

 250 0.000 

0.745 

0.745 

191.091 

192.581 

0.000 

2.981 

2.981 

52.132 

58.093 

0.000 

41.635 

33.463 

49.949 

125.048 

2.5 0.000 

40.689 

33.988 

59.988 

134.666 

8.552 

B3LYP 298.150 0.000 

0.889 

0.889 

193.842 

195.620 

0.000 

2.981 

2.981 

62.154 

68.116 

0.000 

42.510 

33.988 

59.988 

136.486 

  11.686 

 300 0.000 

0.894 

0.894 

193.958 

195.746 

0.000 

2.981 

2.981 

62.538 

68.500 

0.000 

42.541 

34.007 

60.374 

136.921 

3 0.000 

40.327 

33.988 

59.988 

134.303 

11.889 

 350 0.000 

1.043 

1.043 

197.342 

199.429 

0.000 

2.981 

2.981 

72.781 

78.743 

0.000 

43.306 

34.466 

70.788 

148.560 

3.5 0.000 

40.020 

33.988 

59.988 

133.997 

15.598 

 400 0.000 

1.192 

1.192 

201.228 

203.612 

0.000 

2.981 

2.981 

82.546 

88.508 

0.000 

43.970 

34.864 

81.150 

159.985 

4 0.000 

39.755 

33.988 

59.988 

133.732 

19.881 

 450 0.000 

1.341 

1.341 

205.585 

208.268 

0.000 

2.981 

2.981 

91.630 

97.592 

0.000 

44.555 

35.216 

91.405 

171.175 

4.5 0.000 

39.521 

33.988 

59.988 

133.498 

24.636 

 500 0.000 

1.490 

1.490 

210.378 

213.359 

0.000 

2.981 

2.981 

99.948 

105.910 

0.000 

45.078 

35.530 

101.496 

182.104 

5 0.000 

39.312 

33.988 

59.988 

133.288 

29.826 

 

 

electronic, 0.889 for translation and rotational, 

193.842 for vibrational and 195.620 for the total 

energy at all pressures. Otherwise, all the compo-

nents of the entropy show different values at dif-

ferent temperatures. The translational energy 

shows different values under varying pressure, but 

the electronic energy is equal to zero at all pres-

sures. The other two components have the same 

value at all pressures. It is clear that the thermal 

energies come from the vibration energy of the 

greatest contribution. The results show that the 

standard thermodynamic functions increase with 
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increasing temperature, due to the intensities of 

increasing molecular vibration. It has been shown 

that the entropy increases, otherwise the enthalpy 

and heat capacity remain stable, when the pressure 

is increased at 298.15 K. Finally, the calculated ze-

ro-point vibrational energy, the components of rota-

tional temperatures and constants for the title com-

pound are 184.52595 Kcal/mol; 0.06715, 0.0610, 

0.0569 K and 1.39911, 0.12700, 0.11861 GHz at all 

the temperatures and pressures, respectively.  

 
 

4. CONCLUSIONS 

 

In this study, we synthesized a Schiff base 

compound, (E)-5-methoxy-2-[(3,4-dimethylphenyl-

imino)methyl]phenol, and characterized it by spec-

troscopic, structural and theoretical methods. X-

ray, FT-IR, UV-Vis and NMR methods confirm 

the OH form of the title compound for the gas 

phase and in solution. The optimized molecular 

geometry obtained from the DFT B3LYP/6-

311+G(d,p) calculations is very close to the mo-

lecular geometry in the solid crystal structure. In 

the gas phase, the PES scan process shows that the 

potential barrier to exceed the transition from the 

OH tautomeric form to the NH tautomeric form is 

4.9 kcal/mol. This intramolecular proton transfer 

affects the molecular geometry effectively by 

changing the aromaticity of the C1/C6 ring and 

indicative bond lengths. The high value of the first 

hyperpolarizability shows that the title compound 

can be used as a new material in non-linear optical 

studies. We hope this study will help researchers to 

design and synthesize new materials. 
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