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ABSTRACT: In this study, two new salicylideneaniline derivative compounds which are an isomer 

of each other have been synthesized and characterized by X-Ray Diffraction (XRD) technique,  

IR spectroscopy, and theoretical method. While (E)-4-(dihydroxyamino)-2-(((4-fluorophenyl)imino) 

methyl)phenol (1), crystalizes triclinic P-1 space group, (E)-4-(dihydroxyamino)-2-(((3-

fluorophenyl)imino)methyl)phenol (2) crystalizes monoclinic P21/c space group. Both of the 

molecules which adopt (E) configuration with respect to the central C=N bond have strong 

intermolecular O―H∙∙∙N hydrogen bonds. These O―H∙∙∙N hydrogen bonds create S(6) motifs 

according to graph set notation. The optimized geometries of the molecules have been calculated  

by using Density Functional Theory (DFT) with the 6-31G(d,p) basis set. Molecular Electrostatic Potential 

(MEP) map and Frontier Molecular Orbitals have been made for the optimized geometries.  

In addition to these studies, the theoretical IR spectra of the compounds, the experimental IR 

spectra of which have been recorded at 4000-400 cm-1 interval, have also been calculated with 

same level theory. The experimental and theoretical results were compared to each other. 
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INTRODUCTION 

The molecules which contain C═N double bond  

are expressed as Schiff base. Schiff bases are generated by 

the reaction between primary amine and aldehyde. Schiff 

base compounds may display photochromic, thermochromic 

and solvatochromic properties [1-4]. Salicylideneanilines 

which are Schiff base compounds exhibit these properties in 

the solid state, too [2, 3]. Therefore, salicylideneanilines  

 

 

 

and its complexes are used in many fields of chemistry 

and biochemistry. Furthermore, salicylideneanilines are 

also used at technologic areas such as the control and 

measurement of radiation intensity, optical computers and 

display systems [5-7]. These compounds have intramolecular 

O―H∙∙∙N or N―H∙∙∙O hydrogen bonds and these 

hydrogen bonds create a double minimum potential well [8].  
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Scheme 1: Enol and keto tautomeric forms of salicylideneaniline. 

 

Therefore Excited State Intramolecular Proton Transfer (ESIPT) 

studies for salicylideneaniline derivatives are interested [9-12]. 

Additionally, salicylideneaniline derivative compounds 

display tautomerism. These compounds exhibit in two 

tautomeric forms as enol and keto forms in the solid state. 

Tautomerism occurs by intermolecular proton transfer 

from the oxygen atom to the nitrogen atom. In thermochromic 

salicydeneanilines, the enol form is more stable than  

the cis-keto form [13]. Therefore, photochromic 

salicylideneaniline derivatives usually exist enol form and have a 

yellow color in the crystal state. When these compounds are 

exposed to UV-light, the proton bonded to hydroxyl oxygen 

moves from hydroxyl oxygen to imine nitrogen.  

The photoproduct which occurs with the rearrangement of 

the molecule’s geometry is red color [14-16]. Such a proton 

transfer changes π-electron system of the molecule [17, 18]. 

Tautomerism for salicylideneaniline can be seen in Scheme 1. 

In this study, crystallographic, theoretical and 

spectroscopic studies of (E)-4-(dihydroxyamino)-2- 

(((4-fluorophenyl)imino)methyl)phenol and (E)-4-

(dihydroxyamino)-2-(((3-fluorophenyl)imino)methyl)phenol 

which are salicylideneaniline derivative compounds have 

been investigated. 

 

EXPERIMENTAL SECTION 

Synthesis 

The (E)-2-[((4-fluorophenyl)imino)methyl]-4-nitrophenol 

compound was prepared by reflux a mixture of a solution 

containing 2-hydroxy-5-nitrobenzaldehyde (0.157 g,  

1.0 mmol) in 20 mL ethanol and a solution containing  

4-fluoroaniline (0.010 g, 1.0 mmol) in 20 mL ethanol. 

The reaction mixture was stirred for 4 h under reflux.  

The suitable crystals of (E)-2-[((4-fluorophenyl)imino)methyl]-

4-nitrophenol for X-ray analysis were obtained from ethyl 

alcohol by slow evaporation. 

The (E)-2-[((3-fluorophenyl)imino)methyl]-4-

nitrophenol compound was prepared by reflux a mixture 

of a solution containing 2-hydroxy-5-nitrobenzaldehyde 

(0.157 g, 1.0 mmol) in 20 mL ethanol and a solution 

containing 3-fluoroaniline (0.010 g, 1.0 mmol) in 20 mL 

ethanol. The reaction mixture was stirred for 4 h under 

reflux. The suitable crystals of (E)-2-[((3-

fluorophenyl)imino)methyl]-4-nitrophenol for X-ray 

analysis were obtained from ethyl alcohol by slow 

evaporation. 

 

Spectroscopy 

The IR spectra of the compounds as a KBr pellet were 

recorded from 4000 to 400 cm-1 with a Bruker Vertex 80 V 

FT-IR spectrometer. 

 

Computational Methods 

Geometrical parameters of the compounds and 

harmonic vibrational frequencies were calculated using 

the Gaussian 03 program package [19] and DFT/B3LYP 

approach in conjunction with the 6-31G(d,p) basis set. 

The vibrational frequencies were scaled by 0.9611 for 

DFT B3LYP/6-31G(d,p) [20]. The theoretical spectra of 

the compounds were made using the Gauss-View 

molecular visualization program [21]. For modeling,  

the values obtained from the X-ray coordinates were used 

as the initial values. 

 

X-Ray Crystallography 

Single-crystal X-ray data were collected on a Stoe 

IPDS II [22] single crystal diffractometer using 

monochromatic MoKα radiation at 296 K. X-AREA [22] 

and X-RED [22] programs were used to cell refinement 

and data reduction, respectively. SHELXS-97 [23] and 

SHELXL-97 [23] programs were used to solve and refine 

the structures, respectively. ORTEP-3 for Windows [24] 

was used to prepare the figures. WinGX [25] and 

PLATON [26] software were used to prepare material for 

publication. 
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H atoms of hydroxyl groups were located difference 

maps and were refined isotropically. The O―H distances 

are 0.90 (4) Å for compound 1, 0.94 (5) Å for compound 

2. Other hydrogen atoms were positioned geometrically 

(C―H=0.930 Å) and treated as riding with 

Uiso(H)=1.2Ueq(C). Non-hydrogen atoms were located 

difference map and the crystal structure was refined 

anisotropically. In the compound 2, DELU restrains in 

SHELXL-97 were applied to minimize the component of 

the anisotropic displacement parameters of atoms  

along with their chemical bonds for C8―C9 and C3―F1. 

The crystal data and refinement of the compounds  

are shown in Table 1. 

 

RESULTS AND DISCUSS 

Crystallographic Studies 

(E)-2-[((4-fluorophenyl)imino)methyl]-4-nitrophenol, 

compound 1, and (E)-2-[((3-fluorophenyl)imino)methyl]-

4-nitrophenol, compound 2, are salicylideneaniline derivative 

compounds and these compounds are an isomer of each other. 

While compound 1 contains fluorine atom in para-position, 

compound 2 contains fluorine atom in meta-position. 

Both of the compounds have two aromatic rings and 

these aromatic rings are almost planar (RMSE values of 

C1/C6 and C8/C13 rings are 0.0082 Å, 0.0013 Å for 

compound 1; 0.0022 Å, 0.0052 Å for compound 2, 

respectively). Dihedral angles between these aromatic 

rings are 37.36 (7)° for compound 1, 31.33 (13)° for 

compound 2. 

The C7═N1, C9—O1 and C7—C8 bond distances are 

1.276 (3) Å, 1.336 (3) Å and 1.463 (4) Å for compound 

1; 1.289 (5) Å, 1.330 (5) Å and 1.448 (6) Å for 

compound 2, respectively. Because of these bond 

distances, it can be said that the molecules crystalize 

enol-imine tautomeric form. Additionally, both of the 

compounds adopt (E) configuration with respect to the 

central C═N bond. Some crystal structures which have 

the same conformation have been reported in the literature 

[27-32]. The O2―N2―O3 bond angles and C8—

C7═N1—C1 torsion angles are 122.5 (2)°, 180.0 (3)°  

for compound 1; 122.5 (4)°, −178.7 (4)° for compound 2, 

respectively. The C―C aromatic bond distances range 

from 1.353 (4) Å to 1.416 (3) Å for molecule 1, from 

1.348 (8) Å to 1.407 (6) Å for molecule 2. 

As can be seen in Figs. 1a and 1b, the compounds 

have strong intramolecular O—H∙∙∙N hydrogen bonds. 

These intramolecular hydrogen bonds create S(6) motifs 

with respect to graph set notation. In addition to these 

O—H∙∙∙N hydrogen bonds, while the crystal structure of 

the compound 1 has C―H∙∙∙O, C―H∙∙∙F and weak π∙∙∙π 

interactions, the crystal structure of the compound 2 has 

C―H∙∙∙O hydrogen bond and weak π∙∙∙π interactions. 

While intermolecular C7—H7···O3 hydrogen bonds  

in the compounds create R2
2(14) motifs according to graph 

set notation, intermolecular C4—H4···O2 hydrogen 

bonds in the compound 2 create C(12) motifs along  

the b-axis. The geometric parameters of these hydrogen 

bonds are given in Table 2. The crystal packing of the 

compounds created via these intermolecular interactions 

can be seen in Fig. 2. The X-ray data show that the N2—

O2 and N2—O3 bond distances are 1.217 (3) Å and 

1.233 (3) Å for compound 1; 1.228 (5) Å and 1.229 (5) Å 

for compound 2, respectively. Because of intermolecular 

hydrogen bonds, the N2—O3 bond distance for 

compound 1 is longer than the N2—O2 bond distance. 

The N―O bond distances of the compound 2 are almost 

similar level. 

 

Theoretical Studies 

For compound 1, the RMSE value between the bond 

distances which were obtained by XRD technique and the 

bond distances which were calculated by DFT method is 

0.0179 Å. This value for compound 2 is 0.0190 Å.  

For bond angles of compound 1, the RMSE between 

experimental and theoretical values was calculated as 

0.8459°. For compound 2, the RMSE value is 1.1619°  

for experimental and DFT method. 

For compound 1, the C1―N1―C7―C8 torsion angle 

which is obtained by X-ray diffraction technique is 180.0 (3)°, 

this torsion angle was calculated as −177.5823° by DFT 

method. These values of compound 2 are −178.7 (4)°  

and −177.8088°, respectively. The dihedral angles 

between aromatic rings were detected 37.36 (7)° for 

compound 1, 31.33 (13)° for compound 2 by XRD.  

The dihedral angles calculated by DFT method are 31.86° 

for compound 1 and 32.93° for compound 2. Some selected 

theoretical and experimental bond distances, bond angles 

and torsion angles of the compounds can be seen in Table 3. 

Theoretical values calculated by DFT method are 

close to the experimental values. Therefore these 

theoretical geometries of the molecules overlap with  

the experimental geometries. 
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Table 1: Results of refinement parameters and diffraction X-ray data for compounds 1, 2. 

 Compound (1) Compound (2) 

Formula C13H9FN2O3 C13H9FN2O3 

Crystal system Triclinic Monoclinic 

Color / Shape Yellow / Plate Yellow / Prism 

Crystal size 0.41×0.20×0.01 mm 0.72×0.31×0.02 mm 

Temperature 296 K 296 K 

Space group P-1 P21/c 

Unit cell dimensions   

a 3.7753 (6) Å 3.7636 (4) Å 

b 12.5132 (19) Å 24.314 (4) Å 

c 13.005 (2) Å 13.0454 (15) Å 

α 79.146 (12)° 90° 

β 81.911 (12)° 97.663 (9)° 

γ 88.881 (12)° 90° 

h / k / l -4, 4 / -15, 15 / -16, 16 -4, 4 / -30, 30 / -16, 16 

Volume 597.36 (16) Å3 1183.1 (3) Å3 

Z 2 4 

Density (calculated) 1.447 mg/m3 1.461 mg/m3 

Radiation MoKα (λ=0.71073 Å) MoKα (λ=0.71073 Å) 

Reflections collected 7108 11042 

Absorption coefficient (µ) 0.12 mm-1 0.12 mm-1 

Absorption correction Integration X-RED Integration X-RED 

F(000) 268 536 

θ ranges 12.5-26.5° 1.7-26.5° 

Observed reflections, I>2σ(I) 1316 807 

Independent reflections 2453 (Rint=0.062) 2465 (Rint=0.151) 

Measured reflections 

 
7108 11042 

Data / Restrains / Parameters 2453 / 0 / 176 2465 / 2 / 176 

Maximum shift / error 0.00 0.00 

Goodness-of-fit on F2 1.01 0.95 

Final R indices [I>2σ(I)] R1=0.058, wR(F2)=0.101 R1=0.076, wR(F2)=0.196 

Largest diff. Peak and hole −0.15 eÅ3 0.13 eÅ3 −0.17 eÅ3 0.16 eÅ3 
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Table 2: Hydrogen bond geometries of the compounds (Å, °). 

D—H···A D—H H···A D···A D—H···A 

Compound (1) 

O1—H1O···N1 0.90 (4) 1.77 (4) 2.594 (3) 151 (3) 

C7—H7···O3i 0.93 2.56 3.400 (3) 151 

C11—H11···F1ii 0.93 2.55 3.205 (3) 128 

Compound (2) 

O1—H1O···N1 0.92 (5) 1.79 (5) 2.598 (6) 146 (4) 

C4—H4···O2i 0.93 2.59 3.457 (7) 156 

C7—H7···O3ii 0.93 2.57 3.396 (6) 149 

Symmetry codes for compound (1): (i) −x+1, −y+1/2, −z+1, (ii) x−1, y+1, z; Symmetry codes for compound (2): (i) −x+1, y+1/2, −z+3/2; (ii) −x+1, 

−y+1, −z+1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: a) The molecular structure of compound 1, with the atom-numbering scheme. Displacement ellipsoids are drawn at the 50% 

probability level. The intramolecular hydrogen bond is shown by dashed lines. b) The molecular structure of compound 2, with  

the atom-numbering scheme. Displacement ellipsoids are drawn at the 50% probability level. The intramolecular hydrogen bond  

is shown by dashed lines. 
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Fig. 1: Packing diagram of the title compounds with the intermolecular C—H···O hydrogen bonds. Hydrogen bonds are  

drawn with dashed lines. 

 
Frontier molecular orbitals 

LUMO+1, LUMO, HOMO and HOMO-1 orbitals 

obtained by DFT method of the molecules are seen  

in Figs. 3a and 3b. If the frontier molecular orbitals obtained 

by DFT method of the compound 1 are considered,  

the distributions of LUMO, HOMO, and HOMO-1 orbitals 

can be seen on all surface of the molecule. In LUMO+1, 

molecular orbitals concentrate on nitrophenol.  

In compound 2, the distributions of molecular orbitals are 

very similar to compound 1. While the molecular orbitals 

in LUMO, HOMO, and HOMO-1 distribute on  

all surface of the molecule, the molecular orbitals in 

LUMO+1 distribute on 4-nitrophenol. HOMO-LUMO 

gap energies are 4.1002 eV for compound 1, 4.1579 eV 

for compound 2. These high values for HOMO-LUMO 

gap energies show that the molecules have chemical 

stability. 

 

Molecular Electrostatic Potential (MEP) maps 

We used the values of MEP that correspond to surface 

as determined from points with electronic density 

ρ=0.0004 a.u. The Molecular Electrostatic Potential (MEP) 

maps which were calculated by DFT method for molecules 

are shown in Fig. 4. If the MEP of molecule 1 is considered, 

electrophilic attach centers can be seen at the vicinity 

 of oxygen atoms. In addition to these regions,  

the environment of the fluorine atom has a negative charge 

density. From X-ray data, the intermolecular interactions 

were detected at the vicinity of oxygen atoms and  

the fluorine atom that act at weak intermolecular 

interactions. The charge densities of some regions of 

compound 1 are almost −0.0489 a.u. for the region 

between O2 and O3 atoms, −0.0121 a.u. for the 

environment of a fluorine atom and −0.0250 a.u. for the 

environment of O1 atom. 

For compound 2, the molecular electrostatic potential 

map is similar to compound 1’s MEP. The most negative 

regions are at the vicinity of oxygen atoms and a fluorine 

atom. The V(r) values of these regions are −0.0247 a.u. 

for O1 atom, −0.0486 a.u. for the region between O2 and 

O3 atoms and −0.0127 a.u. for fluorine atom. 

 

IR Studies 

The experimental and theoretical IR spectra of 

compound 1 are seen in Fig. 5a. According to the 

experimental spectrum, the absorption band at 1624 cm-1 

is attributed to the υ(C═N) stretching vibration of the 

compound 1. The theoretical stretching vibrations belong 

to this bond are calculated at 1620.66 cm-1 for DFT.  

The υ(C—O) stretching vibration values of compound 1 are 

at 1294 cm-1 for experimentally, 1297.8 cm-1 for DFT. 

The experimental υ(O—H) vibrations can be seen at 3724 cm-

1 as a broaden curve, because of the strong intramolecular 

hydrogen bond.  

The experimental and theoretical IR spectra of 

compound 2 are given in Fig. 5b. For compound 2, while 

the absorption band at about 1626 cm-1 is attributed to 

υ(C═N) stretching vibration, theoretical values of this 
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Table 3: Some selected experimental and theoretical structural parameters of the title compounds (Å, °). 

 Compound (1) Compound (2) 

Atoms X-Ray DFT X-Ray DFT 

C1—N1 1.432 (3) 1.4087 1.419 (6) 1.4086 

C3—F1 - - 1.379 (7) 1.3484 

C4—F1 1.369 (3) 1.3472 - - 

C7—C8 1.463 (4) 1.4525 1.448 (6) 1.4518 

C7—N1 1.276 (3) 1.2913 1.289 (5) 1.2914 

C9—O1 1.336 (3) 1.3303 1.330 (5) 1.3300 

C12—N2 1.461 (3) 1.4605 1.462 (6) 1.4608 

N2—O2 1.217 (3) 1.2325 1.229 (5) 1.2324 

N2—O3 1.233 (3) 1.2333 1.228 (5) 1.2331 

C2—C1—N1 122.9 (2) 123.4346 122.9 (5) 122.8113 

C6—C1—N1 116.8 (2) 117.4384 116.8 (5) 117.5408 

C2—C3—F1 - - 117.6 (7) 118.4366 

C4—C3—F1 - - 117.0 (7) 118.9320 

C3—C4—F1 118.3 (3) 118.9920 - - 

C5—C4—F1 118.2 (3) 119.0750 - - 

N1—C7—C8 121.3 (3) 121.5704 122.5 (5) 121.5420 

C7—C8—C9 120.7 (2) 121.0255 120.1 (5) 121.0089 

C7—C8—C13 119.9 (3) 119.8890 120.4 (5) 119.8704 

O1—C9—C8 122.0 (2) 121.6242 122.8 (5) 121.6759 

O1—C9—C10 118.7 (3) 118.7495 117.7 (5) 118.7220 

C11—C12—N2 119.4 (2) 119.4456 118.7 (5) 119.4227 

C13—C12—N2 119.0 (2) 119.2163 118.7 (5) 119.2340 

C1—N1—C7 119.8 (2) 121.8807 120.8 (4) 121.7329 

O2—N2—C12 118.8 (3) 117.7291 118.7 (5) 117.7033 

O3—N2—C12 118.7 (2) 117.8090 118.8 (4) 117.8016 

O2—N2—O3 122.5 (2) 124.4619 122.5 (4) 124.4950 

N1—C7—C8—C9 −1.0 (4) 0.0990 −2.5 (7) 0.1392 

C7—C8—C9—O1 1.7 (4) −0.0930 2.0 (7) −0.0697 

C6—C1—N1—C7 −143.8 (2) −150.7504 −147.5 (5) −149.4595 

C8—C7—N1—C1 180.0 (3) −177.5823 −178.7 (4) −177.8088 

C11—C12—N2—O2 2.9 (4) −0.2522 7.8 (6) −0.1970 
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(b) 
 

Fig. 3: (a) Molecular orbital surfaces and energy levels are given for HOMO-1, HOMO, LUMO and LUMO+1 of the compound 1 

computed by DFT at the B3LYP/6-31G (d,p). (b) Molecular orbital surfaces and energy levels are given for HOMO-1, HOMO, 

LUMO and LUMO+1 of the compound 2 computed by DFT at the B3LYP/6-31G (d,p). 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Molecular electrostatic potential map of the compounds calculated by DFT at the B3LYP/6-31G (d, p). 
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Table 4: Some experimental and theoretical vibration frequencies of the compounds (cm-1). 

 Compound (1) Compound (2) 

Vibration Bands Experimental DFT Experimental DFT 

ν(O—H) 3724 2961.37, 2944.15 3452 2963.97, 2947.42 

ν(C—O) 1294 1297.80 1298 1295.73 

ν(C═N) 1624 1620.66 1626 1620.98 

ν(C—H) Aromatic 3100, 3070 3119.04-3076.56 3095-3059 3119.51-3074.79 

ν(C—C) Aromatic 1570, 1590 1617.96, 1591.08 1591, 1573 1618.95, 1587.73 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: (a) Experimental and theoretical IR spectra of the compound 1 in 4000–500 cm-1 region.  

(b) The experimental and theoretical IR spectrum of the compound 2 in 4000–500 cm-1 region. 

 

vibration are at 1620.98 cm-1 for DFT. The υ(C—O) band 

was observed experimentally at 1298 cm-1. The 

theoretical values of this stretching vibration are  

at 1295.73 cm-1 for DFT. The υ(O—H) stretching vibration 

was recorded at 3452 cm-1 like a broaden curve,  

due to the intramolecular hydrogen bond. These stretching 

vibrations are consistent with the literature [32-35].  

Some stretching vibrations of compound 1 and compound 

2 are given in Table 4. 

 

CONCLUSIONS 

In this paper, the crystal structures of two new molecules 

which are an isomer of each other were determined. The 

fluorine atoms are bonded para- and meta-position  

to molecules and this modification changes the crystal 

structure of the molecules. The crystallographic data show 

that the molecules have strong intermolecular hydrogen 

bonds. 

The distributions of the frontier molecular orbitals are 

similar both of molecules. Because of large HOMO-

LUMO gap energy, the molecules have chemical 

stability. 

According to MEP, the electrophilic attach centers of 

the molecules are at the vicinity of oxygen atoms  

and a fluorine atom. The crystallographic results show 

that these regions have intermolecular interactions. 

Due to intermolecular hydrogen bonds, the ν(O—H) 

stretching vibrations of molecules are detected as 

broadening curves and these results agree with the 

crystallographic studies. 
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Appendix A. Supplementary Data 

CCDC 951327 (1) and CCDC 951320 (2) contain the 

supplementary crystallographic data for this paper.  

This data can be obtained free of charge via 

https://www.ccdc.cam.ac.uk/services/structure_deposit/ 

or from the Cambridge Crystallographic Data Centre, 12 

Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223 

336 033; or e-mail: deposit@ccdc.cam.ac.uk. 
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