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Thermodynamic feasible photoelectron transfer from bioactive π-expanded 

imidazole luminophore to ZnO nanocrystals  

Jayaraman Jayabharathi
*
, Chockalingam Karunakaran, Vellaikannu Kalaiarasi 

Department of Chemistry, Annamalai University, Annamalainagar 608 002, Tamilnadu, India. 

Abstract  

The photoinduced electron transfer (PET) based sensor, 2-(1-(naphthalene-1-yl)-4,5-

diphenyl-1H-imidazol-2-yl)phenol  was synthesised and characterized by spectral techniques. 

Absorption, emission, lifetime and cyclic voltammetric studies have been made to probe the 

binding interaction between imidazole and ZnO nanocrystals. The nanocrystalline ZnO 

enhances the absorbance and emission intensity of imidazole and the binding constant for the 

formation of imidazole -ZnO composite has been obtained. The band gap energy of ZnO is 

greater than the excited state energy of imidazole and the emission enhancement is only due 

to electron transfer process. TEM, SEM and EDX spectra confirmed the binding of imidazole 

with nanocrystalline ZnO. Theoretical investigation reveals that small ZnnOn clusters (n < 9) 

and their imidazole-ZnO composites are stabilized in 2D ring geometries whereas the larger 

cluster Zn10O10 and its imidazole-ZnO composite prefers 3D cage structures. The ring to cage 

crossover of ZnO clusters is studied by analyzing the Zn-O�-Zn and O-Zn�-O bond angles, Zn-

O bond length and number of bonds. Binding energy, energy gap, binding site and adsorption 

strength of imidazole with different ZnO clusters show that Zn2+of ZnO clusters prefers to 

bind with the azomethine nitrogen atom (N-site) relative to other binding site (O-site). The 

synthesized imidazole is an efficient fluorescent chemosensor for Zn2+ ion; it binds with Zn2+ 

ion in aqueous alcohol strongly to exhibit the sensing behaviour.  

Keywords: Imidazole; PET; ZnO nanocrystal; Imidazole -ZnO composite; Chemosensor; 

DFT. 
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1. Introduction 

     The II–VI semiconductor nanocrystals are known for their photostability, high 

photoluminescence quantum yield, broad absorption with high molar extinction coefficient 

and their symmetric, narrow and tunable emission spanning from UV to near IR. These 

properties make them attractive for numerous applications, ranging from light-emitting 

diodes to bioimaging, biolabeling and sensing with performances that are significantly 

superior to their organic counterparts [1,2]. Although many smart fluorescent organic dyes 

have been intensively investigated for sensing a variety of target molecules, because of 

photoinduced electron transfer (PET) and energy transfer [3], construction of II–VI 

semiconductor based nanohybrids for recognition and sensing gains importance in 

applications of nanomaterials [3]. ZnO nanoparticles have unique physical and chemical 

properties and potential biomedical applications by virtue of their nontoxic nature, low cost, 

biosafety, biocompatibility and wide usage in daily life such as drug carriers, cosmetics, etc., 

[4-10]. ZnO nanoparticles can kill cancer and activated human T cells, suggesting 

biotherapeutic functionality of this novel material [11].The photoactive surfaces of the 

nanoparticles produce reactive oxygen species that can potentially cause oxidative stress 

which leads to cellular protein, lipid and DNA damage [12-14]. DFT calculation on ZnO 

clusters is widely analysed [15] and binding interaction of nano metal oxides with biological 

molecules viz., adenine, guanine, cytosine, thymine, etc., is of current interest in biomedical 

nanotechnology [16-20]. Nano ZnO prefers to bind with a ring nitrogen atom (N-site) relative 

to other binding sites of the DNA bases; the adsorption strength of ZnO with the N-site of 

guanine is much higher than other sites [21]. In order to analyse  the properties of materials at 

the nano level a detailed study of nano metal oxide–bioactive molecule interaction is 

required. Joshi et al., [22] studied the interaction of nanoclusters with tryptophan and the 

results show that the binding of −COOH group (C-site) with ZnO clusters is energetically 
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more favourable than the other interacting sites such as indole and amine groups in 

tryptophan.  The development of fluorescent sensors for zinc [23], magnesium [24] and alkali 

metal cations [25] and anions such as halides [26] and carboxylates [27] is of enormous 

interest for medical diagnostics. Photoinduced energy transfer (PET) mechanism is an 

elegant, sensitive and effective way to identify the presence of protons [28], metal ions [29], 

anions [30] and neutral molecules [31]. The PET chemosensor contains a luminescent species 

with a recognition group has been analysed [32]. In the unbound fluorophore, the electron 

transfer between the lone pair of the recognition group and the relevant orbitals of the 

luminophore results quenching whereas upon binding, the lone pair of the recognition group 

involved in bond formation results enhancement of fluorescence. In continuation our research 

[33], in this article we report the binding interaction between newly synthesised imidazole 

with pristine ZnO. The observed enhancement of emission is ascribed to photoelectron (PET) 

transfer process. For the first time, the binding of bioactive imidazole with ZnO clusters has 

been analysed in terms of their size, binding energy, geometry, binding site, bond length and 

HOMO–LUMO energies. The experimental and theoretical results confirm the formation of 

≥N–Zn bond in imidazole–ZnO composites. There is an overlap occurring between the d-

orbital of zinc and azomethine nitrogen atoms which lead to a greater binding energy for N 

site. PET mechanism for imidazole-Zn2+ complex has also been discussed.  

2. Materials and spectral measurements  

     Benzil, 2-hydroxybenzaldehyde, α-naphthylamine and all other reagents used were of 

analytical grade. The pristine ZnO used was that supplied by Sigma-Aldrich [34]. The 1H 

NMR and proton decoupled13C NMR spectra were recorded at room temperature using a 

Bruker 400 MHz NMR spectrometer operating at 400 and 100 MHz, respectively. The mass 

spectra of the samples were obtained using a Thermo Fischer LC-Mass spectrometer in FAB 

mode. The UV-vis absorption and emission spectra were recorded with a PerkinElmer 
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Lambda 35 spectrophotometer and a PerkinElmer LS55 spectrofluorimeter, respectively. 

Lifetime measurements were carried out with a nanosecond time correlated single photon 

counting (TCSPC) spectrometer. The decay was analyzed using DAS6 software. The cyclic 

voltammetric analysis was performed with a CHI 630A potentiostat-electrochemical analyzer 

at a scan rate of 100 mV s-1 using 0.1 M tetra(n-butyl)-ammonium hexafluorophosphate as 

supporting electrolyte with Ag/Ag+ (0.01 M AgNO3) as the reference electrode and Pt 

electrode as the working electrode under nitrogen atmosphere at room temperature. The 

energies of the highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) [33] were calculated using the following equations, EHOMO = 4.4 + 

(onset)E ;ELUMO = EHOMO – 1239/λabs. The powder X-ray diffractogram (XRD) was recorded 

with a PAN analytical X’Pert PRO diffractometer using Cu Kα rays at 1.5406 A0 with a tube 

current of 30 mA at 40 kV. A JEOL JSM 10LV scanning electron microscope (SEM) 

equipped with a highly sensitive back scattered detector and low vacuum secondary detector 

was used to get the SEM image of the sample. The UV-vis diffuse reflectance spectra (DRS) 

were recorded with a PerkinElmer Lambda 35 spectrophotometer with RSA-PE-20 

integrating sphere. The quantum chemical calculations were performed using the Gaussian 03 

[35] package.  

2.1. Synthesis of 2-(1-(naphthalene-1-yl)-4,5-diphenyl-1H-imidazol-2-yl)phenol[NDIP]   

     A mixture of 2-hydroxybenzaldehyde (1 mmol), benzil (1 mmol), α-napthylamine                        

(1 mmol), ammonium acetate (1mmol) and InF3 (1 mol %) was stirred at 80 °C for 2h. The 

crude imidazole was purified by column chromatography using benzene: ethyl acetate (9:1) as 

the eluent. M.p. 248 ºC.,  1H NMR (400 MHz, CDCl3): δ, 11.98 (s, 1H) 7.27 (d, J = 9.6 Hz, 

3H), 7.32 (d, J = 8.8 Hz, 6H), 7.37 (t, 3H), 7.44-7.94 (m, 10H),. 13C NMR (100 MHz, CDCl3 

and DMSO):δ 125.38, 127.62, 127.86, 128.66, 128.90, 129.05, 129.52, 132.63, 145.87. MS: 

m/z. 438 [M+]. 
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2.1.1Synthesis of imidazole-ZnO composite   

     About 1mmol of imidazole in dimethyl sulphoxide (1mL) was added to 1mmol of ZnO 

nanoparticles suspended in dimethyl sulphoxide (1mL) under constant stirring for 3 h. The 

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

2.1.2. Synthesis of complex imidazole- Zn
2+

 ion 

     A mixture of imidazole (1 mmol) and Zn(CH3COO)2·4H2O (0.5 mmol) in ethanol                  

(20 mL) was stirred for three days at room temperature and the formed crystals were filtered. 

Anal. calcd. for C31H21N2OZn : C, 74.04; H, 4.21; N, 5.57. Found: C, 73.96; H, 4.01; N, 5.03.                   

1H NMR (400 MHz, DMSO): δ, 7.31 (d, J = 9.3Hz, 3H), 7.28 (d, J = 8.3Hz, 6H), 7.32                            

(t, J = 8.1Hz,  3H), 7.36-7.95 (m, 10H),. 13C NMR (100 MHz, CDCl3 and DMSO):δ 125.42, 

127.57, 127.83, 128.69, 128.94, 129.12, 129.61, 132.67, 145.85. MS: m/z. 501 [M+].                      

IR (cm−1): 945.10 (Zn–O), 469.51 (Zn–N).  

3. Results and discussion 

3.1. Morphology and band gap of imidazole-ZnO composite 

     Pristine ZnO is of wurtzite structure with average crystallite size (D) and surface area (S) 

as 32 nm and 33 m2 g-1, respectively [26]. Figure 1 displays the X-ray diffraction pattern 

(XRD) of imidazole- ZnO composite. The diffraction pattern matches with the JCPDS pattern 

of zincite (89-7102) and the crystal structure of imidazole-ZnO composite is primitive 

hexagonal with crystal constants a and b as 3.249A° and c as 5.025 A°, respectively. The 

average crystallite size (L) of imidazole-ZnO composite has been deduced as 25 nm which 

has been obtained from the full width at half maximum (FWHM, β) of the most intense peak 

using the Scherrer equation, L = 0.9 λ/ β cosθ, where λ is the wavelength of the X-rays used 

and θ is the diffraction angle. The specific surface area (S) of the imidazole-ZnO composite 

has been obtained using the relationship, S = 6/ρL, where L is the average particle size and ρ 
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is the material density. The results are in accordance with the crystal size and the calculated 

surface area is 61.3 m2 g-1. 

     The SEM and EDX spectra of imidazole-ZnO composite and pristine ZnO nanocrystals are 

shown in Figures 1 and 2, respectively. The SEM images show that binding interaction of 

imidazole significantly modifies the morphology of ZnO nanocrystals and confirm the 

binding of imidazole on ZnO nanocrystalline surface. The absence of signals other than zinc, 

oxygen, carbon and nitrogen confirms the purity of the synthesized imidazole-ZnO 

composite. The TEM image at high resolution is displayed as inset in Figure 2 which shows 

the lattice fringes of the nanocrystals. The observed d-spacing corresponds to the 100-plane of 

hexagonal ZnO. The diffused reflectance spectra of the samples are displayed in Figure 3.The 

reflectance is presented in terms of the Kubelka-Munk (KM) function. The DRS show the 

band gaps as 3.20 and 3.22 eV. The observed band gaps are in agreement with the mean 

crystallite sizes of the ZnO nanoparticles and imidazole-ZnO composite. The decrease in the 

average crystallite size from 32 to15.1 nm has resulted in the increase of band gap energy 

from 3.20 to 3.22 eV.   

 

Figure 1. (a) X-ray diffraction pattern (XRD) of imidazole-ZnO composite; SEM images of 

(b) imidazole-ZnO composite; (c) pristine ZnO 
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Figure 2. EDX spectra of (a) imidazole-ZnO composite; (b) pristine ZnO; (c) TEM image of 

(a) imidazole-ZnO composite  

3.2. Photoelectron transfer 

     The absorption and emission spectra of imidazole in the presence and absence of ZnO 

nanoparticles dispersed at different loading were recorded and shown in Figure 3. The 

nanoparticles enhance the absorbance and emission intensity of imidazole without shifting its 

absorption maximum at 311 nm and emission maximum at 389 nm. The enhanced 

absorbance and emission intensity observed with the dispersed semiconductor nanoparticles 

is due to the formation of the imidazole-ZnO composite and the binding constant (K) has 

been calculated as 2.48 x 107 M-1. Such a large binding constant indicates that imidazole is 

strongly associated to the surface of nanocrystals by electrostatic interactions. The obtained 

large binding constant is because of the surface area; the surface area of the former is smaller 

than that of the latter. The greater interaction of smaller nanocrystals with imidazole  is not 

only due to the large surface area of the smaller nanocrystals but also because of larger 

surface curvature of the smaller nanocrystals. The larger surface curvature reduces the steric 

hindrance between the surface binding molecules and provides a large number of unsaturated 

dangling bonds on the nanocrystal surface and enhances the binding interaction.  
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Figure 3. (a)  Absorption spectra of (a) 10 µM imidazole, (b→f) 10 µM imidazole with ZnO 

nanoparticles (20→100 nM) and (g) ZnO nanoparticles (100 µM); (b) Emission 

spectra of (a) 10 µM imidazole, (b → f) 10 nM imidazole with ZnO nanoparticles                 

2→10 nM) and (g) ZnO nanoparticles (10 nM); (c) DRS of imidazole-ZnO 

composite and pristine ZnO; (c) Diffused reflectance spectra of pristine ZnO and 

imidazole-ZnO composite  

     The fluorescence enhancement may be attributed to electron transfer or energy transfer 

process. As shown in Figure 4, the band gap energy of ZnO is greater than the excited state 

energy of imidazole and there is no overlap between the emission spectrum of imidazole with 

the absorption spectrum of ZnO nanoparticles. The above inference excluded the possibility 

of energy transfer from imidazole to ZnO nanoparticles. From the onset oxidation potential 

(Eox) and the onset reduction potential (Ered) of the imidazole derivative, HOMO and LUMO 

energies were calculated according to the following equations, HOMO = −e(Eox + 4.71) (eV); 

LUMO = −e(Ered + 4.71) (eV). On the basis of the HOMO and LUMO energy levels of 

imidazole and CB energy level of ZnO (Figure 4), the electron injection is 

thermodynamically allowed from the excited singlet of the imidazole to the CB of ZnO. 

Figure 4 presents the HOMO and LUMO energy levels of an isolated imidazole molecule 

Page 10 of 35New Journal of Chemistry



10 

 

 

 

along with the CB and valence band (VB) edges of nanocrystalline ZnO. On adsorption of the 

imidazole on ZnO surface, the HOMO and LUMO may interact with CB and VB of pristine 

ZnO and as a consequence the energy levels of HOMO and LUMO may be lowered.  

 

Figure 4. (a) Energy level diagram of imidazole and ZnO; (b) Energy level diagram 

describing the conduction and valence bands of ZnO and the electron donating 

energy level of imidazole 

     The modified HOMO and LUMO energy levels presented in Figure 5 suggest 

enhancement of fluorescence of imidazole by ZnO nanocrystal. On illumination at 311nm 

both the imidazole and pristine ZnO are excited. Dual emission is expected due to              

LUMO → HOMO and CB → VB electron transfer and the excited imidazole emits 

fluorescence at 389 nm. Also possible is electron jump from the excited imidazole to the 

nanocrystals. The electron in the LUMO of the excited imidazole is of higher energy 

compared to that of the CB of ZnO nanocrystals. The emission intensity of imidazole bound 

to ZnO is far larger than that of the isolated molecule. In addition, emission from the LUMO 

of the imidazole adsorbed on ZnO to the CB of ZnO at 389 nm is possible. Due to the 

additional path opened up for emission, the emission intensity is increased. On interaction of 

imidazole with pristine ZnO, the polar ZnO surface enhances the delocalisation of the π 
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electrons and lowers the HOMO and LUMO energy levels of the adsorbed imidazole due to 

imidazole–ZnO composite formation [36]. Therefore, the additional path opened due to 

LUMO → CB electron jump increases the intensity of emission at 389 nm (Figure 5). The 

chemical affinity between the nitrogen atom of the imidazole and zinc ion on the surface of 

the nano zinc oxide may be a reason for the strong interaction of the ligand with nanoparticles 

causing the enhancement. 

 

Figure 5. Enhancement of fluorescence of imidazole by ZnO nanocrystals 

     The thermodynamic feasibility of excited state electron transfer reaction has been 

confirmed by employing Rehm-Weller expression [36], ∆Get = E
1/2 

(ox) −E
1/2

(red)−Es + C, 

where  E1/2
ox is the oxidation potential of imidazole,  E1/2

red is the reduction potential of ZnO 
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nanoparticles, i.e., the conduction band potential of nanoparticle, Es is the excited state 

energy of imidazole and C is the coulombic term. Since the imidazole is neutral and the 

solvent used is polar in nature, the coulombic term in the above expression can be neglected. 

The negative ∆Get calculated as −0.33 eV indicates the thermodynamic feasibility of the electron 

transfer process [37]. 

3.3. Decay lifetime 

     Time-resolved fluorescence experiments using time correlated single photon counting 

(TCSPC) technique were carried out to analyze the electron transfer process from excited 

imidazole to nanocrystals. The experimental data were fitted to a biexponentials decay, f(t) = 

α1 exp (-t/τ1) + α2 exp (-t/τ2) where α1 and τ1 are respectively, the pre-exponential factor and 

lifetime of the various excited states involved. Figure 6 displays the bi exponential decay of 

imidazole revealing that imidazole is in two excited states - one is likely to be the 

configuration in which the aryl is perpendicular with the imidazole ring [excited state I] and 

the other is the one in which the same is coplanar with the imidazole ring [excited state II]. 

The X-ray crystal structure [38] and theoretical calculation [35] show the perpendicular 

configuration as the most stable one and hence the observed longer lifetime is attributed to 

the same. The observed biexponential decay indicates that the imidazole-ZnO composite 

formation is possible with both the conformation of imidazole. The perpendicular 

conformation of imidazole binds with the nanoparticles is predominant than the other one 

with the planar conformation. The fluorescence decay curves of all nanoparticles with 

imidazole were recorded in ethanol. Laser excitation was set at 260 nm and the fluorescence 

signal was measured at emission wavelength of individual compound. 
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Figure 6. Fluorescence lifetime spectra of imidazole and imidazole - ZnO composite 

     The radiative (kr) and non-radiative (knr) decay of the excited state have been obtained 

using the quantum yield (Φ) and lifetime (τ). The formula employed to calculate the kr and knr 

are, kr = Φ /τ; knr = (1/τ) - (Φ /τ) and τ = (kr + knr)
-1. The decay time of imidazole - ZnO 

composite and imidazole are 3.23 and 5.13 ns, respectively and the radiative rate constant (kr) 

of imidazole - ZnO composite and imidazole are  12.7 × 107 s-1 and 8.0 × 107 s-1, 

respectively. The non-radiative rate constant (knr) of imidazole-ZnO composite and imidazole 

are 18.4 × 107 s-1 and 11.5 × 107 s-1, respectively. ZnO nanocrystals bound to imidazole 

modifies the fluorescence lifetime. The decay times of imidazole-ZnO composite are 

distinctly shorter than the imidazole. This is again in line with the occurrence of electron 

transfer from imidazole to the nanocrystals. The rate constant for the electron transfer (ket) 

can be calculated by using the equation, ket=1/τads- 1/τ and the calculated value of ket is 1.1 × 

108 s-1. The observed lifetime is also indicative of the fact that the imidazole interaction with 

ZnO nanocrystals results in electron transfer.     
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3.4 Evidence for imidazole-ZnO composite formation   

     Cyclic voltammetric studies were carried out to probe the efficient binding of ZnO 

nanoparticles with imidazole. Figure 7 shows the cyclic voltammogram (CV) of imidazole, 

and imidazole-ZnO composite. The composite shows a shift in peak potentials along with 

decrease in peak current [39]. It is evident that the ZnO nanoparticles have efficient binding 

with imidazole which supports the electronic spectral results. The FT-IR spectra of prisitine 

ZnO, imidazole and imidazole-ZnO composite are displayed in Figure 8. In the case of bare 

ZnO sample, Zn-O stretching vibration is observed at 445 cm-1. For imidazole-ZnO 

composite, C=C and C-O-C stretching vibrations are observed around 1512 and 1339 cm-1 in 

addition to the Zn-O stretching mode at 460 cm-1. The frequency observed around 1612 cm-1 

by imidazole and imidazole -ZnO composite corresponds to C=N function. The absorption 

around 3059 cm-1 is due to ≥C-H of imidazole and imidazole -ZnO composite. The peak at ~ 

952 cm-1 is likely due to the phenyl C-H stretching. 

 

Figure 7.Cyclic voltammogram of imidazole along with imidazole–ZnO composite 
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Figure 8. FT-IR spectra of imidazole, bare pristine ZnO and imidazole–ZnO composite 

3.5. Evidence for linkage 

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

in the binding process with ZnO nanoparticles. This is because of the high electron density at 

the azomethine nitrogen. In order to prove the higher electron density at azomethine nitrogen, 

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

imidazole, bare ZnO and imidazole-ZnO composite. The MEP map (Figure 9) 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. 
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Figure 9. Molecular electrostatic potential (MEP) diagram of imidazole–ZnnOn composites 

3.6. Electronic properties of ZnO clusters and imidazole-ZnO composites 

     To get a better insight on the nature of binding of the imidazole with the ZnO surface, 

DFT calculations have been made with ZnnOn (n = 1-10) clusters of different geometries. 

ZnO, Zn2O2, Zn3O3, Zn4O4 (R), Zn4O4 (W), Zn5O5, Zn6O6 (R), Zn6O6 (C), Zn7O7 (R), Zn8O8 

(R), Zn9O9, (R) and Zn10O10 (C) are the clusters used for the calculation. The optimized 

geometries of imidazole, bare ZnnOn clusters and their corresponding imidazole-ZnO 

composite are shown in Figure 10 and the optimization parameters, energy gap (Eg) and 

binding energies (Eb) are given in Table 1. In the optimized bare ZnO clusters, the Zn–O 

bond length varies from 1.87 Å to 1.99 Å.  Due to the adsorption of imidazole on bare ZnO, 

the surface structure of the ZnO is slightly distorted. Thus the surface Zn–O bond lengths in 

the imidazole-ZnO composite are expanded by a smaller amount (2.01 Å to 2.07 Å). The Zn–
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O bonds are mainly ionic in nature and charge transfer occurs from zinc to more 

electronegative oxygen atoms. This charge transfer occurs in greater amounts in the surface 

region.  

 

Figure 10. Optimized structures of imidazole–ZnnOn composites  

     The binding energy (Eb) of ZnO clusters have been calculated by using the equation,                   

Eb = (n EZn + n EO – EZnO)/n, where n is the number of ZnO molecules in the cluster. The 

binding interactions between imidazole with the ZnO clusters have been analysed by binding 

energy, Eb = Ecomposite - (EZnO  +  Eimidazole), where Ecomposite is the total energy of imidazole 

adsorbed on the ZnO,  EZnO  and  Eimidazole  are the energies of the ZnO clusters and imidazole, 

respectively.  The calculated results show that the binding energies (Eb) of the ring ZnO 

cluster is larger than those of cage geometries. From the optimized parameters and binding 

energies it is confirmed that the zinc atom of ZnO clusters prefer to bind through the 

azomethine nitrogen atom of imidazole (N- site). There is an overlap occurring between the 
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d-orbital of zinc and azomethine nitrogen atom which lead to a greater binding energy for N- 

site [40]. The covalent forces play a key role in deciding the strength of the interaction [41]. 

The energy gap of the ZnO clusters was calculated from the total densities of states (DOS) 

which is shown in Figure 11. 

 

Figure 11. Density of state-plots for imidazole and imidazole–ZnnOn composites  
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    To have an understanding of the extent of fractional charge transfer from imidazole to ZnO 

clusters, we have shown the Mulliken charges of the atoms of imidazole–ZnO composites in 

Tables S1 & S2. The MEP diagram, optimised geometries, DOS and HOMO-LUMO plots 

are given in Figures 9-12, respectively. For ZnO clusters the oxygen atom exhibits negative 

charge, which are donor atoms; zinc atom exhibits a positive charge, which is an acceptor 

atom. In imidazole–ZnO composite, the zinc atom exhibits a more positive charge and the 

azomethine nitrogen atom exhibits a more negative charge, these two atoms favor the weak 

interaction of Zn–N bond. In both bare ZnO clusters and imidazole-ZnO composites, all 

hydrogen atoms have positive charges. The values of the charge transfer give us some 

understanding of the character of the imidazole–ZnO interactions and also the nature of 

imidazole adsorption on the ZnO clusters.  

 

Figure 12. HOMO-LUMO contour maps for imidazole and imidazole–ZnnOn composites   

     The detailed calculated values of the binding energies for imidazole with different 

possible attacking sites to the ZnO are summarized in Table 1. The binding energy values 

suggest that the most preferred attacking site for imidazole to the ZnO surface is azomethine 
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nitrogen atom (N site). The equilibrium Zn–N bond length confirms the interaction regime 

for covalent forces. The HOMO–LUMO analysis explains the charge transfer taking place 

within the imidazole–ZnO composites. Usually the clusters with larger HOMO–LUMO gaps 

are more stable and chemically inert [42]. The above observation shows that the charge 

transfer occurs in the imidazole–ZnnOn (R) composite are faster than the same in other 

composites. The calculation results show that the ring structures of ZnnOn where n = 5-10 are 

the most stable geometries [43, 44]. All these results show that for both bare ZnnOn clusters 

and imidazole- ZnnOn composites, the ring structure is more stable for n = 1- 9 but when n = 

10, the energy decrease and the bond angles of Zn-O�-Zn and O-Zn�-O also reach an extreme 

and so the ring structures no longer exist. Furthermore, the calculation shows that the Zn9O9 

cluster less prefers the 2D ring geometry whereas the larger cluster with n = 10 is stabilized 

in 3D structure; ring to cage structural cross over takes place between Zn9O9 and Zn10O10 

clusters. The Zn9O9 cluster is structurally distorted from planner geometry (D9h symmetry) to 

zig-zag ring (C1 symmetry). Hence, the Zn9O9 clusters is the onset of 2D to3D structural 

cross over in ZnO clusters and the structural zig-zag distortion of Zn9O9 is attributed to the 

behavior of Zn-O�-Zn bond angle. Because of the ionic Zn-O bonding, the valence electronic 

shell is mainly localized on oxygen nuclei while the zinc nuclei act as the localized positive 

charge centers and the presence of two lone pairs of electrons in the valence shell of oxygen 

prevents the linear configuration of Zn-O-Zn chains. In the perfect planar Zn9O9 structure,   

O-Zn�-O is expected to be 135o but the obtained zig-zag structural distortion reduces the O-

Zn�-O to about 124o. For larger cluster (n = 10) zig-zag structural distortion with O-Zn�-O 

angle of 124o was obtained. The calculated dipolement of imidazole-Zn6O6(16.2), imidazole-

Zn7O7(21.4), imidazole-Zn8O8(23.0) and imidazole-Zn9O9(11.7) .The decrease of 

dipolemoment of imidazole-Zn9O9 composite  is due to the distortion from planner geometry 

(D9h symmetry) to zig-zag ring (C1 symmetry).  For smaller clusters, the ring structures with 
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smaller bond lengths and stronger single bond energies were obtained when compared with 

the cage structures because in 3D structures the atoms are more coordinated, containing more 

number of bonds and hence the valence electrons are divided into more bonds and gets 

weaker. In the smaller clusters, the number of bonds is less and the individual bond energy 

determines the stability. Increase of the cluster size enhances the coordination number and at 

some point (n = 10) a ring to cage structural transition occurs. The first 3D cluster Zn10O10 

favors an intermediate configuration between the ring and cage structures which is composed 

of two Zn5O5 ring structures.  The energy gap of ring clusters are larger than 2 eV while the 

cage clusters exhibit lower energy gap (< 2.0 eV) which shows that the energy gap is mainly 

sensitive to the cluster geometry and not to the cluster size. 

Table 1. EHOMO, ELUMO, energy gap (Eg), distance Zn–N (A◦), binding energies (Eb), 

optimised energies (E) and dipolemoments of imidazole– ZnO composites along with ZnO 

clusters 

Compound EHOMO (eV) ELUMO(eV) Eg/Eb (eV) 
Eb (eV) 

Zn–N  D 
N-site O-site 

ZnO -6.23 -3.55 2.68/5.89    1.26 

Zn2O2 -6.0 -3.69 2.29/6.10 - - - 0.00 

Zn3O3 -6.83 -3.11 3.72/7.12 - - - 0.01 

Zn4O4 (R) -6.84 -2.85 2.98/7.70 - - - 0.65 

Zn4O4 (W) -6.12 -3.86 2.24/7.19 - - - 3.21 

Imidazole -4.82 -1.12 3.70 - - - 3.37 

Imidazole - ZnO -4.32 -2.82 1.50 6.58 2.01 2.06 15.06 

Imidazole - Zn2O2 -4.02 -2.21 1.81 7.89 2.91 2.07 7.26 

Imidazole - Zn3O3 -4.10 -2.71 1.39 7.10 3.69 2.04 10.2 

Imidazole - Zn4O4 (R) -3.89 -2.63 1.26 8.12 3.72 2.01 9.28 

Imidazole - Zn4O4 (W) -3.52 -2.56 0.96 7.73 3.19 2.02 9.80 
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3.7. Imidazole as Zn
2+

 ion sensor 

     The synthesised imidazole was tested for sensing different metal ions such as Zn2+, Cd2+, 

Cu2+, Ni2+, Co2+, Mg2+ and Mn2+ in aqueous alcoholic solution. The results show that the 

imidazole act as an efficient sensor for Zn2+.  The three absorption bands of imidazole 

molecule at 311, 285 and 227 nm are assigned to 1(π - π*) transition corresponding to  Platt’s 

notations 1Lb , 
1La and 

1Ba in the excited states. This shows that the superposition of the bands 

corresponding to the donor and acceptor subunits which seem to be only slightly perturbed by 

their interactions [45, 46]. The low energy absorption of the imidazole containing naphthyl as 

an electron acceptor indicates the presence of additional charge transfer singlet states. The 

absorption around 386 and 417 nm can be assigned to  metal → ligand charge transfer 

(MLCT) and ligand → ligand charge transfer (LLCT) for imidazole -Zn2+ complex. The high 

energy absorption at 242 and 276 nm are from ligand π-π* transitions. The absorbance of 

imidazole is found to be very sensitive to the presence of even submicromolar traces of zinc 

ion. Binding constant K was calculated according to the Benesi-Hildebrand equation, 1/(A-

A0) = 1/{K(Amax-A0) [Zn2+]n}+1/[Amax-A0], here Ao is the absorbance of receptor in the absence 

of Zn2+, A is the absorbance recorded in the presence of Zn2+, Amax is absorbance in presence 

of added [Zn2+]max and K is the binding constant (M
-1

). The binding constant (1.78 x 107) is 

determined from the slope of the plot of 1/(A-A0) against 1/[ Zn2+], confirming 1:1 binding 

[47]. 

     Addition of even trace of zinc ion results in increase of the emission intensity of 

imidazole. The affinity of imidazole with other metal ions, such as Cd2+, Cu2+, Ni2+, Co2+, 

Mg2+ and Mn2+ is significantly lower than that for Zn2+ (Figure 13). The binding constant has 

been obtained from the following equation, 1/(F – F0) = 1/(F – F0) + 1/ K (F – F0) 

[imidazole], where K is the binding constant, F0 is the fluorescence intensity of the bare  

imidazole derivative, F is the fluorescence intensity of the composite. A linear relationship 
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was obtained by the plot of 1/(F – F0) and the reciprocal concentration of Zn2+ ion. The  

binding constant  (1.99 x 107)  for  imidazole -Zn2+ complex  is in agreement with that 

obtained from the absorbance results. Different binding constants calculated are shown in 

Table 2. The emission intensity of imidazole is almost unaffected by the presence of Li+, Na+ 

and K+ ions and the weaker effect of these ions shows less affinity of imidazole toward those 

ions.  

 

Figure 13. Relative emission intensities of a solution of 1x10-5 M of imidazole in dioxane in 

the presence of different metal ions: (a) Zn(NO3)2, (b) Cu(NO3)2, (c) Cd(NO3)2, 

(d) Co(NO3)2, (e) Mn(NO3)2, (f) Ni(NO3)2,  (g) Mg(NO3)2, (h) LiNO3, (i) NaNO3 

and (j) KNO3 with  different concentrations of  0 M, 9.85 X 10-8 M,   4.88 X 10-7 

M, 8.90 X 10-7 M, 3.00 X 10-6 M, 4.86 X 10-6 M, 7.45 X 10-6 M, 9.42 X 10-6 M 
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Table 2. Binding constant (K) for various imidazole-metal ion complexes  

Ion K (M
-1

) 

Zn2+ 2.0 x107 

Cu2+ 1.9 x 106 

Cd2+ 9.0 x 105 

Co2+ 3.6 x 105 

Mn2+ 2.6 x 104 

Ni2+ 2.4 x 105 

Mg2+ 2.8 x 103 

Li+ Less sensitive 

Na+ Less sensitive 

K+ Less sensitive 

 

     The enhancement in fluorescence intensity of imidazole on interaction with Zn2+ ion may 

be explained on the basis of photoinduced electron transfer (PET) mechanism [48] between 

imidazole and Zn2+ ion. The Zn2+ ion binds to imidazole via lone pair of electron of the 

azomethine nitrogen atom and recognition group of the imidazole moiety. The PET process 

occurs due to the transfer of electron from the lone pair electron on nitrogen atom of the 

imidazole moiety to the LUMO of the fluorophore. Binding of Zn2+ to imidazole through the 

nitrogen atom lone pair will obviously hinder the PET process leading to fluorescence 

intensity enhancement of imidazole on interaction with Zn2+ ion (Scheme 1).The observation 

that the synthesised imidazole act as an effective sensor for Zn2+ ion than the listed other ions 

supports the enhancement of emission of imidazole by nanocrystalline ZnO;the chemical 

affinity of the imidazole to Zn2+ ion could be the reason for the observed fluorescence 

enhancement.  

 

Page 25 of 35 New Journal of Chemistry



25 

 

 

 

 

Scheme 1. Metal ion sensing by fluorescent photoinduced electron transfer (PET) indicators 

3.8. HOMO-LUMO energies 

     Orbital energy level diagram for the free imidazole and imidazole - Zn2+ complex by DFT 

analysis shows that the PET of imidazole is due to the presence of lone pair electron on 

azomethine nitrogen which behaves as a quencher and also as the binding site for metal ion 

(Scheme 2). The energies of the LUMO, HOMO, HOMO-1, HOMO-2 and any other relevant 

orbital of the energy minimized systems were extracted from the calculations and presented 

in Figure 14 for the free imidazole and imidazole -Zn2+ complex, respectively. Fluorescence 

of free imidazole originates from its orbital structure in which two π-orbitals (HOMO and 

HOMO-1) of the imidazole ring are situated between two π -orbitals (HOMO-2 and LUMO) 

of the naphthyl moiety. The two π-orbitals of the imidazole ring are located between the two 

π-orbitals that participate in photoexcitation and emission which is indicative of a PET 

system. In contrast, the lone pair of nitrogen atom of imidazole ring is at a lower energy than 

HOMO-2. This explains the low fluorescence efficiency found for the free host. In the 

imidazole -Zn2+ complex, both the HOMO and LUMO π-orbitals participate in the 

photoexcitation and emission processes. The π-orbitals of imidazole ring located at HOMO-1 

and HOMO-2 are low in energy than HOMO so that the emission intensity is enhanced.  
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Figure 14. (a) Orbital energy diagram for imidazole (Gaussian 03software package, 

B3LYP/6-31G (d,p)); (b) Orbital energy diagram for composite imidazole -Zn2+ 

ion (Gaussian 03 software package, B3LYP/6-31G (d,p)) 

 

 

 

Scheme 2. Energy diagram of PET based sensing 
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4. Conclusion 

     The enhanced absorbance and emission intensity observed with the dispersed 

semiconductor nanoparticles is due to the formation of the composite. Fluorescent 

enhancement has been explained and apparent binding constant has been calculated based on 

photoinduced electron transfer mechanism. The negative ∆Get value reveals the electron 

transfer process is thermodynamically favourable. The interaction between the imidazole and 

ZnO clusters is dominated by the hybridization between d-orbitals of zinc and nitrogen atoms 

and this determines the strength of interaction imidazole with ZnO. On adsorption of the 

imidazole on the ZnO clusters modifies the electronic properties of the ZnO clusters and the 

HOMO–LUMO analysis confirms the occurrence of charge transfer. Mulliken charge 

distribution shows that zinc atom exhibits more positive charge and the azomethine nitrogen 

atom exhibits a more negative charge. These two atoms form the weak Zn–N bond (N-site) in 

imidazole–ZnO composite. The calculation reveals that reduction in the energy gap for 

imidazole- ZnO composite when compared to bare ZnO and imidazole. The Zn9O9 cluster 

less prefers the 2D ring geometry whereas the larger cluster with n = 10 is stabilized in 3D 

structure; ring to cage structural cross over takes place between Zn9O9 and Zn10O10 clusters. A 

new imidazole based photoelectron transfer system shows potential affinity toward Zn2+ ion 

and its imidazole -Zn2+
 complex is found to be more fluorescent than free imidazole.  
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