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Abstract 

N,N-dimethyl-4-(1-phenyl-1H-phenanthro[9,10-d]imidazol-2-yl)naphthalen-1-amine 

(DMPPINA) has been synthesised using sol-gel prepared TiO2 rutile as catalyst under solvent 

free condition and characterized by NMR spectral studies. The synthesised 

phenanthrimidazole bound magnetic nanoparticles (Fe3O4-DMPPINA composite) have been 

characterized using scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), energy dispersive X-ray spectroscopy (EDS), X-ray diffractometry (XRD) and 

lifetime and Fourier-transform infrared spectroscopies (FT-IR). The intensities of absorption 

and emission of the Fe3O4-DMPPINA composite is higher than DMPPINA. Conductance and 

VSM measurements were also carried out. The prototropic study of DMPPINA has been 

made to show the increase of electron density at azomethine nitrogen atom due to charge 

transfer from N,N-dimethylamino group to azomethine nitrogen atom. The molecular 

electrostatic potential surface (MEP) has also been employed to show the higher electron 

density at azomethine nitrogen atom. Theoretical investigation shows that the calculated 

binding energy and energy gap of the imidazole composite are highly dependent on the nature 

of the iron oxide cluster. We have studied in detail the site-specific binding nature and the 

adsorption strength of imidazole with different iron oxide clusters.  
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1. Introduction 

     Arylimidazoles play important role in materials science and medicinal chemistry due to 

their optoelectronic properties and high thermal stabilities [1-6]. Substituted imidazoles are 

extensively used as glucagon receptors [7], antibacterial [8], anti-allergic [9], analgesic [10] 

and antitumor [11] agents and also as pesticides [12]. Since many of the reported synthetic 

protocols for imidazoles [13-24] suffer from disadvantages development of a new catalyst is 

of interest. From the synthetic point of view, titanium dioxide [25] has been used as a 

potential green, inexpensive, mild and recyclable heterogeneous Lewis acid catalyst in 

organic transformations including synthesis of phenanthrimidazole [26]. 

     Among the magnetic nanoparticles, Fe3O4 nanoparticles are of current interest because of 

their unique magnetic properties [27]. Magnetic nanoparticle aggregates were formed using 

polyethylene glycol nonylphenyl ether and cyclodextrin in aqueous medium [28] and Fe3O4 

colloidal nanocrystal clusters were created by high-temperature hydrolysis reaction [29]. 

Fe3O4–polyaniline nanocomposites were formed by chemical oxidation polymerization [30]. 

The nanoparticles of iron oxides have been extensively exploited as materials of choice for 

ferrofluids, high-density information storage, magnetic resonance imaging (MRI), drug 

delivery, labelling, etc., [31].  The development of biocompatible nano sized drug delivery 

systems such as magnetic iron oxide nanoparticles, for specific targeting of therapeutics is the 

focus of medical research. An important advantage of nano iron oxide carriers is the 

possibility for detecting these nanoparticles after treatment with common imaging techniques 

like x-ray-tomography, magnetorelaxometry and MRI [31].  

    The optoelectronic studies of nano Fe3O4 with some ligands such as polyacrylic acid, oleic 

acid, n-octadecyltrichlorosilane, polyaniline, poly (N-vinyl-2-pyrrolidine), etc., have been 

reported [32]. However, such study with imidazole is lacking and this study addresses the 

same. Here we report a simple one-pot synthesis of phenanthrimidazole in good yield using 
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sol-gel synthesised nano titanium dioxide under solvent free condition. More importantly, we 

focus on the synthesis of cubic Fe3O4 and Fe3O4–DMPPINA nanocomposites, characterizing 

them by XRD, SEM, TEM, VSM, etc., and the optical, electrical and magnetic properties of 

DMPPINA, Fe3O4 and Fe3O4 – DMPPINA composite. Drug molecules invariably contain 

nitrogen and the activity of drug depends on the electron density at nitrogen. pH of the 

medium alters the electron density at nitrogen and hence it is thought worthwhile to probe the 

prototropic mechanism of DMPPINA also; Fe3O4-DMPPINA composite are unlikely to be 

stable in acedic pH and hence theoretical investigation has been carried out to understand the 

strength of binding interaction of DMPPINA with different iron oxide clusters.  

2. Experimental 

2.1. Materials and measurements 

     Titanium(IV) isopropoxide, ferric nitrate, ethylene glycol, dimethyl sulphoxide, isopropyl 

alcohol, ammonium acetate, ethyl acetate, benzene, phenanthriquinone, aniline,                               

4-(dimethylamino)-1-naphthaldehyde and all other reagents have been purchased from 

Sigma-aldrich. NMR spectra were recorded on Bruker 400 MHz NMR spectrometer and the 

mass spectra were obtained using an Agilent LCMS VL SD in electron ionization mode. The 

UV-vis and photoluminescence spectra were recorded with Perkin Elmer Lambda 35 UV-vis 

spectrophotometer and PerkinElmer LS55 fluorescence spectrometer, respectively. Cyclic 

voltammetry (CV) analysis were performed by using CHI 630A potentiostat electrochemical 

analyzer. Measurements of oxidation and reduction were undertaken using 0.1M tetra(n-

butyl)ammonium- hexafluorophosphate as the supporting electrolyte, at scan rate of 0.1VS-1. 

The potentials were measured against an Ag/Ag+ (0.01M AgNO3) reference electrode using 

quinine sulphate as the internal standard.  The onset potentials were determined from the 

intersection of two tangents drawn at the rising current and background current of the cyclic 

voltammogram. Fluorescence lifetime measurements were carried out with CHI 630A 
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potentiostat electrochemical analyzer and Horiba Fluorocube-01-NL lifetime system with 

nano LED as the excitation source and TBX-PS as detector, respectively. The quantum yields 

were measured by comparing fluorescence intensities of a standard sample [anthracene;                   

Φstd = 27%; ηstd = 1.36] [33a] and theoretical calculations were performed using Gaussian-03 

program [33b]. Vibrating sample magnetometer (Oxford, VSM) was used to evaluate 

magnetic moments of the prepared nanocomposites as a function of the applied magnetic 

field 10 or 15 kOe at room temperature. TEM analysis was carried out using JEOL JEM 2100 

high resolution transmission electron microscope (HR-TEM) with an accelerating voltage of 

200 kV. The samples were dispersed in acetone and spread on the grid for imaging. Formavar 

coated copper grids were used for loading the sample. XRD patterns were recorded for the 

centrifuged and dried samples using X–ray Rigaku diffractometer with Cu Kα source (30 kV, 

100 mA), at a scan speed of 3.0000 deg/min, step width of 0.1000 deg, in a 2θ range of 20-

80 ͦ. The energy dispersive X-ray spectra were recorded with a JEOL JSM-5610 scanning 

electron microscope equipped with back electron (BE) detector and EDX. The sample was 

placed on an adhesive carbon slice supported on copper stubs and coated with 10 nm thick 

gold using JEOL JFC- 1600 auto fine coater prior to measurement.   

2.2.Molecular Electrostatic Potential (MEP) calculation 

     In the present work MEPs derive from a classical point charge model.  The electrostatic 

potential for each molecule is obtained by moving a unit positive point charge across the van 

der Waals surface and it is calculated at various points j on this surface using, Vj = qi/ rji 

where qi represents the partial charge of each atom i and rji is the distance between point’s j 

and atom i. Starting from the 3D model of a molecule and its partial atomic charges, the 

electrostatic potential is calculated for points on the molecular surface. 

2.3. Synthezis of N,N-dimethyl-4-(1-phenyl-1H-phenanthro[9,10-d]imidazol-2-

yl)naphthalen-1-amine (DMPPINA) 
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     A mixture of 4-(dimethylamino)-1-naphthaldehyde (1 mmol), phenanthrene-9,10-dione   

(1 mmol), aniline (1 mmol) and ammonium acetate (1 mmol) with TiO2 (1 mol%) as catalyst 

was stirred at  120 °C with continuous stirring with a bar magnet. The progress of the reaction 

was monitored by TLC (Scheme S1). After completion of the reaction, 10 ml of ethyl acetate 

was added to the reaction mixture and shaken well to dissolve the organic components and the 

mass filtered to separate out TiO2 and the residue was washed with ethyl acetate. The solid 

residue of TiO2 was further washed with hot acetone and then dried up. The product was 

purified by column chromatography using benzene: ethyl acetate (9:1) as the eluent. The 

newly synthesised phenanthrimidazole has been characterised by 1H and 13C NMR and mass 

(MS) spectra. Yield: 75%, M.p. 258 ºC., Anal. calcd. for C33H25N3: C, 85.50; H, 5.44;              

N, 9.06. Found: C, 85.49; H, 5.43; N, 9.05. 1H NMR (400 MHz, DMSO): δ 3.46 (s, 6H), 9.23  

(d, J = 8.4 Hz, 1H), 8.87 (s, 2H), 8.69 (s, 1H), 8.61 (s, 1H), 8.16 (d, J = 7.2 Hz, 1H),                    

8.11 (d, J = 8.0 Hz, 1H), 8.07 (dd, J = 8.0 Hz, 1H), 7.78-7.62 (m, 8H), 7.34 (s, 2H). 13C NMR 

(400 MHz, DMSO): δ 43.88, 122.02, 122.42, 123.78, 124.03, 124.30, 124.69, 125.28, 126.32, 

126.40, 126.88, 127.05, 127.15, 127.63, 127.77, 128.28, 128.38, 128.67, 128.99, 129.08, 

129.25, 129.75, 130.61, 131.13, 133.65, 135.21, 135.35, 136.79, 137.02, 149.04, 151.82, 

178.94, 189.42, 194.35. MS: m/z. 463 [M+]. 

2.4. Synthesis of Fe3O4 – DMPPINA composite 

     About 1 mmol of DMPPINA in dimethyl sulphoxide was added to 1 mmol of Fe3O4 

nanoparticles suspended in dimethyl sulphoxide under constant stirring for 3 h. The solid was 

filtered, washed with dimethyl sulphoxide and dried at 110 ºC. 

3. Results and discussion 

3.1. Characterization of nano TiO2 (R) and the catalysed synthesis  

      Nanocrystalline rutile TiO2 obtained by sol–gel method has been characterized by XRD, 

SEM and energy dispersive X - ray,  UV–visible diffuse reflectance (DRS) and solid state 
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photoluminescence spectroscopies. The crystalline phase, average crystalline size (20.4 nm) 

and surface area (51.7 m2/g) have been determined by powder XRD (Figure 1). The SEM 

image (Figure 1) reveals agglomeration of the synthesized nanoparticles. UV-visible DRS 

(Figure 2) provides the band gap as 3.19 eV.  The observed slightly larger band gap is 

because of the smaller size of the nanoparticles. Quantum confinement effect increases the 

band gap energy. The PL spectrum (Figure 2) show emissions at 411, 450, 482 and 530 nm. 

These emissions are due to trapped electrons and oxygen vacancies [34].  

3.2. Catalytic activity of TiO2 (R) semiconductor 

     Initially, we have carried out the condensation reaction in the presence of TiO2(R)                   

(1mol %), 4-(dimethylamino)-1-naphthaldehyde (1 mmol), ammonium acetate (1 mmol) and 

aniline (1 mmol) in different solvents such as water, ethanol, methanol, chloroform and 

acetonitrile under refluxing and also in solvent-free condition at 120 °C (Scheme S1). From 

these experiments, it was clearly demonstrated that the solvent-free condition is the best for 

phenanthrimidazole synthesis. In the absence of catalyst under solvent-free condition at room 

temperature the yield is very poor even after 24 hr. To enhance the yield of the desired 

product, the temperature of the reaction was increased to 180 ºC, but no appreciable 

increment in the product yield was observed. We found that presence of a catalytic amount of 

TiO2(R) under solvent-free condition is the best for this synthesis; maximum yield (82%) was 

obtained at 30 min on loading with 1mol% of TiO2 (R) at 120 °C (Table 1). Moreover, TiO2 

can be recovered and reused several times without significant loss of activity (Scheme 1). 

High product yield, shorter reaction time, low catalyst loading and easy work-up procedure, 

make this procedure quite simple and more convenient. Our methodology could be a valid 

contribution to the existing processes of imidazole synthesis. 
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Figure 1. (a) X-ray diffraction pattern (XRD) of TiO2 (R); (b) SEM image of TiO2 (R) 

 

 

 

 

 

 

Figure 2. (a) Diffused reflectance spectra of TiO2 (R); (b) Solid state photoluminescence 

spectra of TiO2 (R) 
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Table 1.  Effect of catalyst and temperature in the synthesis of phenanthrimidazoles 

Entry Temp (°C) solvent 
TiO2 TiO2 

(mol%) Time (min) Yield (%) 

1 r.t Solvent-free 125 60(Trace) 0.1 

2 50 Solvent-free 62 65(20) 0.1 

3 70 Solvent-free 35 68(45) 0.1 

4 90 Solvent-free 20 70(50) 0.1 

5 120 Solvent-free 30 75 1 

6 120 Solvent-free 25 78 2 

7 120 Solvent-free 40 80 10 

8 120 Water 100 20 1 

9 120 Ethanol 40 40 1 

10 120 Methanol 50 45 1 

11 120 Chloroform 140 42 1 

12 120 Acetonitrile 95 50 1 

values in the parenthesis represent without catalyst 

 

Scheme 1. Reusability of TiO2 (R) for catalytic synthesis of phenanthrimidazoles 
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3.3. Structure, morphology, magnetic and electrical properties of Fe3O4 – DMPPINA 

composite 

     Figure 3 displays the powder diffraction pattern of face centred cubic Fe3O4. The recorded 

XRD of Fe3O4 nanoparticles is in agreement with JCPDS No. 19-0629. The diffraction peaks 

at 24.1, 33.1, 35.6, 49.4, 54.0 62.5 and 64.1° correspond to 111, 220, 311, 400, 422, 440 and 

511 planes, respectively. The mean crystallite size (L) of the cubic Fe3O4 is 12 nm and the 

calculated surface area is 96 m2/g. Figure 3 displays the powder diffraction pattern of                

Fe3O4 – DMPPINA composite. The recorded XRD of Fe3O4 – DMPPINA composite is in 

agreement with JCPDS No. 19-0629. The diffraction peaks at 24.2, 33.3, 35.7, 49.5, 54.2 

62.4 and 64.2° correspond to 111, 220, 311, 400, 422, 440 and 511 planes, respectively. The 

mean crystallite size (L) of the Fe3O4 – DMPPINA composite is 12 nm and the calculated 

surface area is 96 m2/g. The TEM images of cubic Fe3O4 and Fe3O4 – DMPPINA composite 

are shown in figure 3. The TEM images of pristine Fe3O4 and Fe3O4
 – DMPPINA composite 

confirm that they are nanoparticles and the average measured particles size (pristine - 22 nm, 

Fe3O4 – DMPPINA  - 20 nm) is larger than the average crystalline size deduced from the 

XRD (20 nm) results. This indicates that nanoparticles associates among themselves. 

Although most of the particles are appear to be of comparable size there are a few which are 

of larger size. This is so in pristine as well as DMPPINA bound Fe3O4 nanocomposites.      

     The SEM images of cubic Fe3O4 and Fe3O4 – DMPPINA composite are shown in              

Figure 4 reveal the agglomeration of the nanoparticles. The EDX spectra of cubic Fe3O4 and 

Fe3O4 – DMPPINA composite are shown in Figure 5. They display the presence of carbon 

and nitrogen along with iron in the composite. This shows the binding of phenanthrimidazole 

with Fe3O4 nanoparticles.   
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Figure 3. Powder X-ray diffraction (XRD) pattern of (a) cubic Fe3O4; (b) Fe3O4-DMPPINA 

composite; TEM images of (c) cubic Fe3O4; (d) Fe3O4-DMPPINA composite 

      

 

Figure 4. SEM images of (a) cubic Fe3O4 and (b) Fe3O4-DMPPINA composite  
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Figure 5. EDX spectra of (a) cubic Fe3O4 and (b) Fe3O4-DMPPINA composite 

     Magnetic hysteresis curves recorded at room temperature for pristine Fe3O4 and                     

Fe3O4-DMPPINA composite are presented in Figure 6. Magnetic parameters like saturation 

magnetization (MS), coercivity (HC) and remanence magnetization (MR) have been evaluated. 

The magnetic measurements show pristine Fe3O4 as superparamagnetic nanoparticles. The 

hysteresis loops exhibit ferromagnetic behavior, with saturation magnetization (MS) of 1.6 

emu g-1, coercivity (HC) of 35 Oe and remanant magnetization (MR) of 0.1 emu g-1, 

respectively. On the other hand the M-S curve of DMPPINA – bound Fe3O4 nanoparticles 

shows steady increase of magnetisation with applied voltage. Further, the significant 

“thickness” of the loop reflects suppression of the superparamagnetic behaviour on binding 

DMPPINA with Fe3O4 nanoparticles. The saturation magnetisation is also suppressed to 

about 0.027 emu g-1. The Ms value of Fe3O4 nanoparticles is determined by the methods of 
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synthesis [35] and a possible reason for the observed low MS value could be crystalline 

defects and alignment of magnetic moment in nanocrystals.    

 

Figure 6. VSM spectra of (a) cubic Fe3O4; (b) Fe3O4-DMPPINA composite 

     The FT-IR spectra of DMPPINA, Fe3O4 nanoparticles and Fe3O4 – DMPPINA composite, 

are shown in Figure 7 and the prominent frequencies are displayed in Table 2. The frequency 

around 1600 cm-1 corresponds to C=N function of imidazole and Fe3O4-DMPPINA 

composite. The peak around 3426 cm-1 corresponds to ≥ C-H in DMPPINA and                         

Fe3O4 – DMPPINA composite. The peak at ~ 745 cm-1 is likely due to the aromatic C-H 

stretching. The frequencies at 1645 and 1633 cm-1 are assigned to Fe-O stretching vibration 

in Fe3O4-DMPPINA composite and Fe3O4 nanoparticles, respectively. The Fe-O stretching 

vibration of Fe3O4 nanoparticles is shifted from 1633 to 1645 cm-1 and this may be due to the 

binding of phenanthrimidazole with the superparamagnetic nanoparticles and the binding 

interaction is shown in Figure 8.   
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Figure 7. Fourier transform infrared spectra of (a) DMPPINA; (b) cubic Fe3O4 nanoparticles; 

(c) Fe3O4-DMPPINA composite 

 

 

 

     Figure 8.  Attachment of phenanthrimidazole to cubic Fe3O4 nanoparticles 
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Table 2: IR data of DMPPINA, cubic Fe3O4 and Fe3O4-DMPPINA composite 

  The optical properties of phenanthrimidazole and Fe3O4 – DMPPINA composite have been 

probed by electronic spectral studies (Figure 9). The intensities of absorption and emission 

increases in the following order: Fe3O4 - DMPPINA composite > DMPPINA. This 

observation shows that the interaction of phenanthrimidazole with Fe3O4 lowers the energy 

level of the valence band of Fe3O4 (Figure 10). A relatively small energy gap between the 

lowest internal charge transfer states and the locally excited states leads to increase of the 

contribution of π, π * character to the wavefunction of the charge transfer states. This causes 

lowering of energy with respect to a pure charge transfer state resulting in red shift of the 

emission.  

 

Figure 9. Absorption (a) and emission (b) spectra of DMPPINA and Fe3O4-DMPPINA 

composite  

Bonding DMPPINA cubic Fe3O4 
Fe3O4-DMPPINA 

composite 

C=N 1606 - 1651 

NH-CH 3426  - 3426 

Aromatic C-C Str. 1541, 1525, 1497, 1455 - - 

C-H Bending 805, 745, 724 - 841, 762 

Fe – O - 1633 1645 
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Figure 10. Energy positions of DMPPINA and Fe3O4-DMPPINA composite 

3.4. Lifetime analysis 

      The fluorescence decays of phenanthrimidazole and Fe3O4-DMPPINA composite follow 

biexponential kinetics (Figure 11). The observed emission lifetime (τ) is indicative of the fact 

that the phenanthrimidazole interacts with nano Fe3O4. The determined radiative (kr) and 

nonradiative (knr) rate constants are displayed in Table 3. The radiative emission of Fe3O4-

DMPPINA composite is larger than those of DMPPINA. The life time studies reveal that the 

electron is transferred from the excited DMPPINA to Fe3O4 nanoparticles. The rate constant 

for electron transfer (ket) can be calculated by using the equation, ket = 1/τads - 1/τ and the 

calculated ket is given in Table 3. The electron transfer efficiency is obtained using the 

equation, E% = (1-τcomposite/τDMPPINA) x 100. The unique binding interaction of nanocrystals with 

organic molecules can be explained on the basis of the larger surface curvature of the 
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nanocrystals which reduces the steric hindrance between the surface binding molecules and 

provides a larger number of unsaturated dangling bonds on the nanocrystal surface. Hence it 

is relevant to probe the binding interaction of nano clusters with DMPPINA. 

 

Figure 11.  Life time spectra of DMPPINA and Fe3O4-DMPPINA composite  

 

 

Table 3: Biexponential fitting parameter for fluorescence decays of DMPPINA and               

Fe3O4-DMPPINA composite 

 

 

Compound 
a1 

x 10
-2

 

τ1  

x 10
-9

 

a2 

x 10
-3

 

τ 2 

x 10
-9

 

τave 

 (ns) 

kr 

x 10
-8 

s
-1

 

knr 

x 10
-8 

s
-1

 
E% 

ket 

x 10
-10

s
-1

 

DMPPINA 3.4621 2.0222 3.1054 3.7920 2.17 0.65 0.70 - - 

Fe3O4-DMPPINA 3.0422 1.9974 4.5907 1.3077 1.91 2.36 2.88 13.7 6.27 
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3.5. Electronic properties of iron oxide clusters and DMPPINA- Fe3O4 composite 

    In order to get a better insight on the nature of binding of the imidazole with the Fe3O4 

surface, DFT calculations have been made with iron oxide clusters of different geometries. 

Fe3O, Fe3O2, Fe3O3 and Fe3O4, are the clusters used for the calculation. The optimized 

geometries of iron oxide clusters and Fe3O4-DMPPINA composite are shown in Figure 12 

and the optimization parameters, energy gap (Eg) and binding energies (Eb) are given in  

Table 4. The binding interaction between imidazole with the clusters can be analysed by 

binding energy, Eb = Ecomplex-(Eclusters + EDMPPINA), where Ecomplex is the total energy of 

DMPPINA adsorbed on the clusters and Eclusters and EDMPPINA are the energies of the iron 

oxide clusters and DMPPINA, respectively. From the optimized parameters and binding 

energies it is confirmed that the iron atom of clusters prefer to bind through the azomethine 

nitrogen atom of imidazole. There is an overlap occurring between the d-orbital of iron and 

azomethine nitrogen atom which lead to a greater binding energy for the azomethine nitrogen 

site [36]. The calculated binding energy (Eb) is of the order: Fe3O4–DMPPINA (5.97 eV) > 

Fe3O3–DMPPINA (5.35 eV) > Fe3O2–DMPPINA (5.23 eV) > Fe3O–DMPPINA (5.02 eV). 

This order is further supported by Fe–N bond distance. The Fe–N bond distance of                 

Fe3O4–DMPPINA composite is shorter (2.03 A0) than those of Fe3O3–DMPPINA (2.05 A0),                   

Fe3O2–DMPPINA (2.07 A0) and Fe3O–DMPPINA (2.0p9 A0). The preferred                             

Fe3O4–DMPPINA composite is most favored as compared to other composites. The covalent 

forces play a key role in deciding the strength of the interaction [37]. 
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Figure 12. Optimized structures of Fe3O–DMPPINA (a); Fe3O2–DMPPINA (b);                   

Fe3O3–DMPPINA (c) and Fe3O4–DMPPINA (d) composites 

     In the optimized bare iron oxide clusters, the Fe–O bond length varies from 1.89 Å to 2.01 

Å.  Due to the adsorption of DMPPINA on iron oxide clusters, the surface structure of the 

Fe3O4 is slightly distorted. Thus the bond lengths of the composites are expanded by a 

smaller amount (2.03 Å, 2.09 Å). The Fe–O bond is mainly ionic in nature and charge 

transfer occurs from iron atom to more electronegative oxygen atom. This charge transfer is 

large in the surface region. To have an understanding of the extent of fractional charge 

transfer from imidazole to iron oxide clusters, we have shown the Mulliken charge of the 

Page 20 of 32New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



21 

 

atoms of bare iron oxide clusters, imidazole and imidazole – iron oxide composites                     

(Table S1). From the Mulliken charge analysis it is clear that there are relatively large 

changes in the fractional charge of the atoms which bind to the iron oxide nanomaterials and 

also the atoms adjacent to them. For iron oxide clusters, the oxygen atom exhibits negative 

charge, which are donor atoms and iron atom exhibits a positive charge, which is an acceptor 

atom for iron oxide clusters. All hydrogen atoms have positive charges. The iron atom 

exhibits a more positive charge and the azomethine nitrogen atom exhibits a more negative 

charge; these two atoms favor the weak interaction of Fe–N bond in imidazole – iron oxide 

composites. The detailed calculated values of the binding energies for imidazole with 

different possible attacking sites to the iron oxides are summarized in Table 4. The binding 

energy values suggest that the most preferred attacking site for imidazole to the iron oxide 

surface is azomethine nitrogen atom. The equilibrium Fe–N bond length confirms the 

interaction regime for covalent forces.  

Table 4. HOMO and LUMO energies (eV), Energy gap (Eg, eV), Fe–N distance (A◦), binding 

energy (Eb, eV), optimised energy (E, eV) and dipolemoments of (µ, D) of DMPPINA and 

composites 

Compound HOMO LUMO Eg 
Eb 

Fe–N E µ 
N-site O-site 

DMPPINA -7.04 -1.6 5.44 - - - 6.50 4.60 

Fe3O–DMPPINA -4.45 -2.54 1.91 5.02 2.39 2.09 28.60 11.10 

Fe3O2–DMPPINA -5.28 -3.48 1.80 5.23 2.43 2.07 30.08 15.21 

Fe3O3–DMPPINA -7.1 -2.66 4.44 5.35 2.56 2.05 15.57 17.82 

Fe3O4–DMPPINA -7.25 -1.02 6.23 5.97 2.79 2.03 42.10 22.04 
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     Energy gap (Eg) of DMPPINA, Fe3O–DMPPINA, Fe3O2–DMPPINA, Fe3O3–DMPPINA 

and Fe3O4–DMPPINA are 5.44, 1.91, 1.80, 4.44 and 6.23, respectively (Figure S1). A large 

HOMO–LUMO energy gap implies higher stability and lower chemical reactivity and vice 

versa [38]. This shows that binding of imidazole on iron oxide cluster induces some changes 

in the electronic properties and the Eg values are decreased when compared with both bare 

imidazole and iron oxide clusters. The HOMO–LUMO analysis explains the charge transfer 

taking place within the imidazole–iron oxide composites. Figure S2 shows the HOMO–

LUMO electron distribution plots for DMPPINA and the composites [39]. The lower energy 

gap shows that the charge transfer in the Fe3O4–DMPPINA composite is faster than the same 

in other composites. 

3.6. Evidence for linkage 

     Although there are three basic sites in the phenanthrimidazole, the azomethine nitrogen is 

involved in the binding process with Fe3O4 nanoparticles. This is because of the high electron 

density at the azomethine nitrogen. Hence it is of interest to study the behaviour of nitrogen 

in acid environment. In order to prove the higher electron density at azomethine nitrogen, we 

have performed DFT calculation to get the molecular electrostatic potential (MEP) for the 

composites. The MEP map (Figure S3) shows that nitrogen atoms represent the most negative 

potential region (dark red). The predominance of green region in the MEP surface 

corresponds to a potential halfway between the two extremes red and dark blue colour. 

     The absorption spectra of DMPPINA at different acid concentration have been studied, 

trifluoroacetic acid (TFA) and H2SO4 have been used to maintain the acidity (Table 5). The 

absorption maximum (262 nm) of DMPPINA is blue-shifted to 250 nm and red-shifted to 347 

nm with two isosbestic points (Figure 13) indicating the two-species (MC1 & MC2) are in 

equilibrium. The fluorescence maximum of DMPPINA (443 nm) at low acid concentration is 

blue shifted (420 nm) when excited at 250 nm and is red shifted (460 nm) on excitation at 
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340 nm (Figure 13). The emission at 420 nm in cyclohexane is weak and quantum yield 

could not be measured but it is intensive in dichloromethane (0.42) and decreases in water 

(0.12) whereas quantum yield at longer wavelength is maximum in cyclohexane (0.30). In 

order to support the experimental results (Table 6), quantum-mechanical calculations [40] 

were carried out for two monocations [MC1 formed by protonation of –NMe2 group and 

MC2 obtained by the protonation of –N= atom]. The electronic spectral studies confirmed the 

presence of two monocations. The protonation at –NMe2 group of DMPPINA induces π ‒ π* 

transition which leads to a blue shift and addition of a proton at –N= atom results in a red 

shifted absorption due to n ‒ π* transition. The fluorescence spectral analysis also supports 

the same conclusion. Therefore the blue shifted absorption as well as emission bands can be 

assigned to the MC1 monocation whereas the red shifted absorption and emission bands are 

assigned to the MC2 monocation.  

 

Figure 13. Absorption (a) and emission (b) spectra of the prototropic species of                        

N,N-dimethyl-4-(1-phenyl-1H-phenanthro[9,10-d]imidazol-2-yl)naphthalen-1-

amine (DMPPINA)  

      The dihedral angles (ϕ & θ) between the nitrogen atom and the adjacent aromatic ring (ϕ) 

as well as between the N,N-dimethylaminonaphthyl and phenanthrimidazole ring (θ) for 

DMPPINA, monocations (MC1 & MC2) are displayed in Table 6. The dihedral angle ϕ for 
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DMPPINA (-0.4˚), MC1 (3.8˚) and MC2 (1.8˚) are very small. The dihedral angle θ between 

the lone pair electrons on the –NMe2 group and the naphthyl ring affect the spectral 

properties of the species. In MC1, the large dihedral angle (θ = 107˚) and non availability of 

lone pair on the  group are responsible for large blue shift [41] whereas the large red 

shift of MC2 relative to the DMPPINA could be attributed to the presence of the resonance 

structure MC2 which can be substantiated by the small dihedral θ (0.43˚) and smaller bond 

lengths connecting the naphthyl ring and nitrogen of the –NMe2 (C–N, 1.36 A˚) and the 

naphthyl ring and the phenanthrimidazole moiety (C–C, 1.42 A˚) [42]. 

 

Table 5. Absorption (λabs, nm), absorbance (A), emission (λemi, nm) and quantum yield (ϕ) of 

prototropic species of DMPPINA in different solvents 

Species λabs A
a
 λemi ϕ 

Cyclohexane     

DMPPINA [0.04 M TFA] 346 1.60 390 0.54 

MC1 [0.04 M TFA] 250 0.45 400 - 

MC2 [0.04 M TFA ] 352 1.25 441 0.30 

Dichloromethane     

DMPPINA [0.0 M H2SO4] 282 1.50 425 0.43 

MC1 [0.06 M H2SO4] 250 0.51 418 0.27 

MC2 [0.06 M H2SO4] 347 0.89 491 - 

Water     

DMPPINA 262 1.25 443 0.39 

MC1 [pH 0.3] 250 0.68 420 0.05 

MC2 [pH 0.3] 347 0.13 460 - 

     

     In non-polar solvents, MC2 is more stable than MC1 (120 kJ mol-1) and the dipole 

moment of MC1 (13.98 D) in the ground state is very large in comparison to that of MC2 
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(2.72 D). Thus the proportion of a highly polar MC1 will be very small in non-polar solvents 

in the ground state. In polar solvents MC1 becomes more stable than MC2 by 70 kJ mol-1 in 

the ground state due to very large dipolar stabilization energy and thus its proportion in the 

polar solvent is increased. This explains the very small quantum yield of MC1 in non-polar 

solvent and MC2 in polar solvent. This is also supported by the absorbances (A) of MC1 and 

MC2 in cyclohexane (AMC1 = 0.45 & AMC2 = 1.25) and in water (AMC1 = 0.68 & A = 0.13). 

The decreased quantum yield of MC1 in water relative to that in dichloromethane is due to 

solvent induced fluorescence quenching or increase of non-radiative emission [43].  

     Though two monocations are formed, only one pKa value (2.40) is obtained for the 

monocation − neutral molecule equilibrium which is larger than that of 2- phenylbenzoxazole 

(0.0) [42] and smaller than that of N,N-dimethylaniline (4.22) [44]. For 2-phenylbenoxazole, 

the protonation occurs at the –N= atom whereas in N,N-dimethylaniline, the protonation 

takes place at –NMe2 group. The discrepancy can be explained as follows. From Table 6, it is 

clear that both –NMe2 (θ = 3.78˚) and phenanthrimidazole (θ = 0.41°) moieties in DMPPINA 

are nearly coplanar with the naphthyl ring. Therefore the charge flow from –NMe2 group to –

N= atom of the heterocyclic moiety will increase, i.e. the charge density at –NMe2 group will 

decrease and that at –N= atom will increase. This is supported by the increase of charge 

density at –N= atom (-0.1455) and decrease of charge density at –NMe2 (-0.1996) group in 

neutral compared with charge density at –N= atom (-0.1294) of 2-phenylbenzoxazole and 

that at –NMe2 (-0.2866) group of N,N-dimethylaniline. Due to this charge flow, the pKa 

value will be larger than that of 2-phenylbenzoxazole and smaller than that of                              

N,N-dimethylaniline. The above results show that electron density at the azomethine nitrogen 

is higher than the rest which supports the suggested binding of azomethine nitrogen with Fe3O4. 
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Table 6. Total energy (E, au), dipole moment (µ, D), dihedral angles (ϕ˚) & (θ˚) and atomic 

charges P(r) of MC1 and MC2 and DMPPINA 

Parameters DMPPINA  MC1 MC2 

ϕ 0.45 3.88 1.80 

Ѳ 3.78 107.0 0.43 

µ 4.60 13.98 2.72 

E -1530  -1917 -1544 

P(r)N17 -0.146 0.389 0.113 

P(r)N61 -0.120 0.192 -0.024 

 

4. Conclusions 

     In summary, we report the facile synthesis of imidazole using sol-gel synthesized rutile 

TiO2 nanocrystals as catalyst. The synthesized Fe3O4 – imidazole composite was 

characterized by spectral studies. The shift of Fe-O stretching vibration of from 1633 cm-1
 to 

1645 cm-1 confirms binding of imidazole with Fe3O4. The intensities of absorption, emission 

and conductance are higher for Fe3O4- imidazole composite than imidazole. The blue and red 

shifted absorption and fluorescence bands correspond to the two different monocations, 

which confirm the charge transfer from –NMe2 group to azomethine nitrogen atom. We have 

investigated the electronic structure of imidazole interacting with different sized iron oxide 

clusters. The order of the binding energy for imidazole adsorbed on iron oxide clusters 

through the preferred azomethine nitrogen site is Fe3O4– imidazole > Fe3O3– imidazole > 

Fe3O2– imidazole > Fe3O– imidazole and the bond distances are of the reverse order. 

Mulliken charge distribution shows that iron atom exhibits more positive charge and the 

azomethine nitrogen atom exhibits a more negative charge. Adsorption of the imidazole on 

iron oxide clusters modifies the electronic properties of the iron oxide clusters and the 

frontier molecular orbital analysis confirms the charge transfer from imidazole to iron oxide 

clusters.  
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