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Abstract 

Absorption, fluorescence and lifetime spectral studies have been made to probe the interaction 

of fluorophore (E)-1-phenyl-2-styryl-1H-phenanthro[9,10-d]imidazole  with sol-gel synthesised 

BaTiO3/ZnO and Mn-doped TiO2/ZnO core/shell and pristine ZnO nanospheres and BaTiO3 

and Mn-doped TiO2  nanoparticles. The emission of fluorophore is switched on by Mn-doped 

TiO2/ZnO and BaTiO3/ZnO core/shell and pristine ZnO nanospheres and switched off by Mn-

doped TiO2 and BaTiO3 nanoparticles owing to charge injection from the excited singlet state of 

fluorophore to the conduction band (CB) of the nanosemiconductors. The affinity of the 

fluorophore to ZnO results in lowering HOMO and LUMO energy levels of fluorophore leading 

to emission at ~420 nm. This is due to LUMO → HOMO, LUMO → CB and deep level 

emission (DLE) of ZnO resulting in enhancement of fluorescence. The HOMO and LUMO 

energy levels of the fluorophore are unlikely to be influence by core BaTiO3 and Mn –doped 

TiO2 nanoparticles. This leads to quenching of fluorescence because of electron transfer from 

LUMO → CB. 
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1. Introduction 

     ZnO nanostructures with a band gap of ca. 3.2 eV and an exciton binding energy of 60 meV 

have exponential applications in nanoelectronics [1], nanooptelectronics [2], nanopiezotronics 

[3], varistor devices [4], field emission devices [5], thin-film transistors [6], lasers [7], dye-

sensitized solar cells (DSSC) [8], gas sensors [9], sunscreens [10], catalysis [11], photocatalysis 

[12] and bacteria disinfection [13]. Investigation of light induced electron transfer from                       

N-containing heterocyclic molecules to nanostructured semiconductor is of interest due to its 

pivotal role in DSCC [14], medicine for diagnostics and imaging [15] and photodynamic therapy 

[16]. Since nanocrystals possess large surface to volume ratio, wherein the surface ions are 

under-coordinated compared to the coordination number at the core of the nanocrystals. The 

under-coordinated surface sites can be passivated with organic molecules by stabilizing the 

nanocrystals. Optical properties of semiconductor nanocrystals are affected by the nanocrystal              

-organic molecule interface [17–19]. Photogenerated electron–hole pairs can recombine 

radiatively or non-radiatively depending upon the energy levels of the nanocrystal-organic 

molecule interface and thereby influence the luminescence efficiency [18]. A red-shift absorption 

was observed when phenyldithiocarbamate binds to the CdSe nanocrystal surface since the 

HOMO of the molecule has the appropriate energy and symmetry to interact with the valence 

states of the nanocrystal [18]. Charge-transfer process the semiconductor nanocrystal-organic 

molecule interface plays a vital role and affects the optical properties of the nanocrystals. Study 

of charge-transfer process is of importance since the luminescence of nanocrystals find useful 

applications in biology and optoelectronic devices. 

     As far as we know, most of the studies reported so far are on the effect of ligands on the 

optical properties of nanocrystals [20] and there is no such study with core/shell nanospheres. 
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Herein we report the electron transfer from photoexcited fluorophore to ZnO shell of Mn-doped 

TiO2/ZnO and BaTiO3/ZnO core/shell nanospheres as well as to Mn-doped TiO2 and BaTiO3 

nanoparticles. The Mn-doped TiO2/ZnO and BaTiO3/ZnO core/shell nanospheres, like ZnO 

nanospheres, switched on the emission of fluorophore moiety. The observed fluorescence 

enhancement throws light on the interaction between the fluorophore and nanomaterials i.e., 

know the electron transfer from the bioactive fluorophore molecule to semiconductor core/shell 

nanospheres. The fluorescence emission is switched off by Mn-doped TiO2 and BaTiO3 

nanoparticles owing to charge injection from the excited singlet state of the fluorophore to the 

conduction band (CB) of the TiO2 nanoparticles. 

2. Materials and methods 

2.1. Materials and measurements 

     Phenanthroquinone, cinnamaldehyde and all other reagents have been purchased from Sigma-

Aldrich. The ultraviolet-visible (UV-vis) spectra were obtained with Perkin Elmer Lambda 35 

UV-vis spectrophotometer and corrected for background absorption due to solvent. 

Photoluminescence (PL) spectra were recorded on a PerkinElmer LS55 fluorescence 

spectrometer. NMR spectra were recorded on Bruker 400 MHz NMR spectrometer. The mass 

spectra of the samples were obtained using an Agilent LCMS VL SD in electron ionization 

mode. Cyclic voltammetry (CV) analyses were performed by using CHI 630A potentiostat 

electrochemical analyzer. Fluorescence lifetime measurements were carried out with a 

nanosecond time correlated single photon counting (TCSPC) spectrometer Horiba Fluorocube-

01-NL lifetime system with Nano LED (pulsed diode excitation source) as the excitation source 

and TBX-PS as detector. The absolute quantum yields were measured by comparing 

fluorescence intensities (integrated areas) of a standard sample. Theoretical calculations were 
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performed using density functional theory (DFT) as implemented with Gaussian-03 program 

using the Becke3-Lee-Yang-Parr (B3LYP) functional supplemented with the standard 6-31G                

(d, p) basis set [21].  

     Methanolic solution of the fluorophore of required concentration was mixed with the 

nanoparticles dispersed in methanol at different loading and the absorption (10 µM) and 

emission (0.1 nM) spectra were recorded. The Mn-doped TiO2 and BaTiO3 nanoparticles, 

BaTiO3/ZnO and Mn-doped TiO2/ZnO core/shell nanospheres and pristine ZnO nanospheres 

were dispersed under sonication in methanol.  

2.2. Synthesis of (E)-1-phenyl-2-styryl-1H-phenanthro[9,10-d]imidazole (fluorophore) 

     A mixture of phenanthriquinone (1 mmol), cinnamaldehyde (1 mmol), aniline (1 mmol), 

ammonium acetate (1mmol) and indium trifluoride (InF3, 1 mol %) was stirred at 80 °C. The 

progress of the reaction was monitored by TLC. After completion of the reaction, the mixture 

was cooled, dissolved in acetone and filtered. The product was purified by column 

chromatography using benzene: ethyl acetate (9:1) as the eluent [22]. M.p. 208 ºC;   Anal. calcd. 

for C29H20N2: C 87.85, H 5.08, N 7.07; Found. C 87.81, H 5.02, N 7.03; 1H NMR (400 MHz, 

DMSO) δ: 6.69 (d, J = 16 Hz, 1H), 7.07 (d, J = 7.6 Hz, 1H), 7.33-7.36 (m, 6H), 7.48-7.54 (m, 

3H), 7.68-7.87 (m, 8H), 8.20 (d, J = 7.6Hz, 1H), 8.87 (q, J = 8Hz, 2H); 13C NMR (100 MHz, 

DMSO): δ: 113.82, 120.17, 122.12, 123.65, 124.46, 125.21, 125.81, 126.46, 126.66, 126.84, 

127.82, 127.42, 127.79, 128.29, 128.32, 128.66, 128.79, 128.92, 130.38, 130.53, 134.38, 135.69, 

136.73, 136.93, 149.24; MS: m/z 396 [M+].  

2.3. Core/shell BaTiO3/ZnO and Mn-doped TiO2/ZnO nanospheres 

     Core/shell BaTiO3/ZnO and Mn-doped TiO2/ZnO nanoparticles were synthesized by sol-gel 

method using polyethylene glycol 20,000 as template and characterized by high resolution 
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scanning electron microscopy (HR-SEM), powder X-ray diffractometry (XRD), and energy 

dispersive X-ray (EDX), solid state impedance, UV-visible diffuse reflectance and 

photoluminescene spectroscopies [23].  

3. Results and discussion 

3.1. Absorption characteristics of fluorophore – core/shell BaTiO3/ZnO and Mn-TiO2/ZnO and 

pristine ZnO nanospheres and Mn-TiO2 and BaTiO3 nanoparticles 

     Figure 1 presents the HR-SEM images of core/shell BaTiO3/ZnO and Mn-doped TiO2/ZnO 

nanospheres. They display the spherical shape of the synthesized nanoparticles. Due to Ostwalds 

ripening some deformation of the shape is observed. However most of the particles are spherical 

in shape and the synthesised samples are named as nanospheres [24]. The absorption spectra of 

fluorophore in the presence of BaTiO3/ZnO and Mn-doped TiO2/ZnO core/shell and pristine 

ZnO nanospheres and Mn-doped TiO2 and BaTiO3 nanoparticles dispersed at different loading 

and also in their absence are displayed in Figure 2. The nanoparticles enhance the absorbance of 

fluorophore remarkably without shifting its absorption maximum. This indicates that core/shell 

BaTiO3/ZnO and Mn-doped TiO2/ZnO nanospheres, pristine ZnO nanospheres and Mn-doped 

TiO2 and BATiO3 nanoparticles do not modify the excitation process of the fluorophore 

molecule. The enhanced absorbance observed with the dispersed nanoparticles is due to 

adsorption of fluorophore on the surfaces of core/shell BaTiO3/ZnO and Mn-doped TiO2/ZnO 

and pristine ZnO nanospheres and Mn-doped TiO2 and BaTiO3 nanoparticles. This is because of 

electron transfer from the excited state of the fluorophore to the conduction band (CB) of the 

semiconductor nanoparticles [25].  
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3.2. Fluorescence switched on by BaTiO3/ZnO and Mn-doped TiO2/ZnO core/shell and pristine 

ZnO nanospheres  

     The emission spectra of fluorophore in presence of BaTiO3/ZnO and Mn-doped TiO2/ZnO 

core/shell and pristine ZnO nanospheres dispersed at different loading and also in their absence 

are displayed in Figure 3. The BaTiO3/ZnO and Mn-doped TiO2/ZnO core/shell and pristine ZnO 

nanospheres switched on the emission of fluorophore remarkably without shifting its emission 

maximum at 421 nm. This indicates that the nanoparticles do not modify the excitation process 

of the fluorophore. The enhanced emission observed with the dispersed nanospheres is due to 

adsorption of the fluorophore on ZnO surface. The emission enhancement due to effective 

transfer of electron from the excited state of the fluorophore to the CB of ZnO shell of 

BaTiO3/ZnO and  Mn-doped TiO2/ZnO core/shell and pristine ZnO nanospheres. 

     Fluorescence enhancement arises due to the formation of fluorophore – ZnO and fluorophore 

– BaTiO3/ZnO and fluorophore – Mn-doped TiO2/ZnO core/shell nanosphere complexes.               

Figure 4 shows the Stern -Volmer plot [26] of fluorophore with various loadings of ZnO, 

BaTiO3/ZnO and Mn-doped TiO2/ZnO core/shell nanospheres. The binding constant for Mn-

doped TiO2/ZnO, BaTiO3/ZnO core/shell and pristine ZnO nanospheres are 2.0 x 107 M-2, 2.0 x 

107 M-2 and 2.6 x 107 M-2, respectively. The binding constant shows that the ligand is strongly 

bound to the ZnO nanospheres than to core/shell Mn-dopedTiO2/ZnO and BaTiO3/ZnO 

nanospheres. The binding of the ligand in the core/shell nanosphere is through the ZnO shell of 

the core/shell nanospheres. The number of biding site (n) have been deduced using the equation 

[27], log [F0 – F /F] = log K + nlog[nanoparticles] as two; i.e., each fluorophore molecule is 

bound to two ZnO, probably each nitrogen is attached to one ZnO through Zn2+.  
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3.3. Enhancement mechanism 

     From the onset oxidation potential (Eox) and the onset reduction potential (Ered) of the 

fluorophore, the HOMO and LUMO energy levels have been calculated using the formulae               

HOMO = −e(Eox + 4.71) (eV) and LUMO = −e(Ered + 4.71) (eV). The energy levels of 

fluorophore molecule and the semiconductors show that electron injection is thermodynamically 

allowed from the excited singlet of the fluorophore to the CB of pristine ZnO, ZnO shell of         

Mn-doped TiO2/ZnO and BaTiO3/ZnO nanospheres. Figure 5 presents the HOMO and LUMO 

energy levels of fluorophore and the CB and valence band (VB) edges of ZnO and core/shell 

Mn-doped TiO2/ZnO and BaTiO3/ZnO nanospheres. The electron in the LUMO of the excited 

molecule is of higher energy than that in the CB of the semiconductors. This should lead to 

transfer of electron from LUMO of the excited molecule to the CB of ZnO. The excess energy 

(~2.95 eV) is released in the form of light and the wavelength of emission radiation 

corresponding to the excess energy is 420 nm. This additional path of emission opened, besides 

the LUMO→HOMO (fluorophore) and deep level emission (DLE), accounts for the 

enhancement of fluorescence. That is, on irradiation at 250 nm both fluorophore and ZnO are 

excited. Duel emission is expected due to LUMO→HOMO and DLE transition; ZnO exhibits 

emission at ~420 nm because of band edge free excitons [28] and the excited fluorophore emits 

fluorescence at 421 nm. Also possible is electron jump from the excited fluorophore to the 

nanosphere. Generally the electron transfer injection from the LUMO of the fluorophore to the 

CB of semiconductor is to quench the fluorophore. However in the present cases the HOMO 

energy level of the fluorophore matches with that of the CB of ZnO and this accidental 

coincidence results in enhancement of fluorescence. 
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     To gain more insight into the mechanism of the generation of light from the fluorophore-ZnO 

complex, the photoexcitation processes have been shown in the Figure 5. The two types of 

transition i.e., n– π * and π – π * exists in the fluorophore. Due to the lower availability of the 

non-bonding electrons, the π – π * transition is more prominent, which will give rise to the blue 

emission around 420 nm. In ZnO nanocrystals, some O2- ions can escape from the host lattice, 

leading to formation of oxygen vacancies. This oxygen vacancy centre can trap an electron, 

leading to the formation of defect states [29]. There are three energy levels viz. VB, defect states 

and CB. ZnO nanocrystals first create positive holes in the VB and negative electrons in the CB 

after photoexcitation. The hole in the VB can be traped at the oxygen vacancy sites. Then, this 

surface trapped hole tunnels back into the particle to recombine with an electron to form the 

defect states at the surface of the particle. Then recombination of this centre with an electron in 

the CB gives rise to emission [30]. Upon photoexcitation of the complex, the π – π * transition of 

fluorophore gives blue light and the transition between the electron in the CB and hole trapped in 

the defect states give rise to emission at longer wavelength. The emission intensity of 

fluorophore bound to ZnO is far larger than that of the isolated molecule. With the fluorophore 

adsorbed on ZnO the semiconductor is also excited on irradiation. The recombination of the 

electron in the oxygen vacancies with the hole in the VB results in emission at 421 nm. In 

addition, emission from the LUMO of the fluorophore adsorbed on ZnO to the CB of ZnO at 421 

nm is possible. Due to the additional path opened up for emission the emission intensity is 

increased. 

3.4. Fluorescence switched off by Mn-doped TiO2 and BaTiO3 nanoparticles 

     Figure 6 displays the emission of fluorophore at different loading of Mn-doped TiO2 and 

BaTiO3 nanoparticles. Addition of these nanoparticles to fluorophore results in fluorescence 
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switched off. This may be because of electron transfer from LUMO of the fluorophore to CB of 

nanoparticles. The energy levels presented in Figure 5. The energy gap between the LUMO of 

the fluorophore to CB of BaTiO3 nanoparticles is 3.2 eV and this energy does not match with 

that between LUMO and HOMO of the fluorophore. Thus the transfer of electron from LUMO 

of the fluorophore to CB of BaTiO3 nanoparticles quenches the fluorescence. In Mn-doped TiO2, 

TiO2 is in anatase form [23b], anatase quenches the fluorescence of the fluorophore and this is 

due to steric reasons [30]. Hence in Mn-doped TiO2 also inhibition of fluorescence is observed.  

The apparent association constants (Kapp) have been obtained [31] from the fluorescence 

quenching data using the following equation,1/(F0 – F) = 1/(F0 – F’) + 1/ Kapp (F0 – F’) 

[nanoparticles],  where F0 is the fluorescence intensity of the bare  fluorophore, F’ is the 

fluorescence intensity of the fluorophore adsorbed on Mn-doped TiO2 and BaTiO3 nanoparticles 

and F is the observed fluorescence intensity at different loading of Mn-doped TiO2 and BaTiO3 

nanoparticles. Quenching of fluorescence by nanoparticlulate BaTiO3 in much stronger than that 

by Mn-doped TiO2 nanoparticles and the binding constants have been evaluated. The values of 

apparent association constant (Kapp) for fluorophore – Mn-doped TiO2 and fluorophore – BaTiO3 

are 4.1 x 105 and 2.8 x 104 M-1, respectively. The number of binding site in the association of the 

fluorophore with BaTiO3 and Mn-doped TiO2 nanoparticles have been deduced as 1.01 and 0.89, 

respectively. This contrasting difference in the binding sites of the core/shell and core 

nanoparticles show the difference in the binding  of the fluorophore with the semiconductor 

surface. Furthermore the fluorophore binds much stronger with the ZnO than with the core 

nanomaterials.    
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3.5. Free-energy change (∆Get) for electron transfer process 

     The thermodynamic feasibility of excited state electron transfer reaction has been confirmed 

by the calculation of free energy change by employing the well known Rehm-Weller expression,   

∆Get = E1/2 
(ox) − E1/2

(red) − Es + C, where, E1/2
(ox) is the oxidation potential of fluorophore, E1/2

(red)  

is the reduction potential, that is, the CB potential of semiconductor nanoparticles, Es is the 

excited state energy of fluorophore and C is the coulombic term. Since the fluorophore is neutral 

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

neglected [31]. The values of ∆Get for ZnO, BaTiO3/ZnO and Mn-doped TiO2/ZnO core/shell 

nanospheres are calculated as −3.62 eV. The negative value indicates the thermodynamic 

feasibility of the electron transfer process [32]. The energy of electron transfer from fluorophore 

to Mn-doped TiO2/ZnO and BaTiO3/ZnO core/shell and pristine ZnO nanospheres are the same 

these is because the electron transfer is to the CB of ZnO shell or ZnO nanocrystal. The core  

Mn-doped TiO2 and BaTiO3 are completely wrapped by the ZnO shell thereby ruling out the 

possibility of electron transfer to the Mn-doped TiO2 core or BaTiO3 core.  

3.6. Fluorescence lifetime studies 

     An alternative way to rationalize the behaviour observed in the present study is by 

considering the fluorescence lifetime (τ) of fluorophore.  Figure 6 displays the fluorescence 

decay of fluorophore. The decay follows a bi-exponential fit indicating fluorophore is in two 

excited states - one is likely to be the configuration in which the styryl moiety is coplanar with 

the imidazole ring and other is one with the styryl ring perpendicular to the imidazole ring. The 

X-ray crystal structure and theoretical calculation [22] show the perpendicular configuration as 

most stable. Hence the observed longer lifetime is attributed to the perpendicular configuration 

of the fluorophore. Evaluation of the radiative (kr) and non-radiative (knr) rates show that the 
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radiative emission is predominant over the non-radiative emission. The radiative and non-

radiative decay of the excited state have been obtained using the quantum yields(Φ)and 

lifetimes(τ). The formulae employed to calculate the radiative (kr) and non-radiative (knr) rate 

constants are, kr = Φ /τ; knr = (1/τ) - (Φ/τ), where τ = (kr + knr)
-1. The kr and knr values are 

displayed in Table 1. Emission of the fluorophore bound to pristine ZnO and core/shell                        

Mn-doped TiO2/ZnO and BaTiO3/ZnO nanospheres follow single exponential decay whereas the 

fluorophore attached to Mn-doped TiO2 and BaTiO3 nanoparticles display biexponential decay. 

This is because of the nature of binding of the fluorophore with the semiconductor surface. The 

number of binding sites in the case of pristine ZnO and core/shell Mn-doped TiO2/ZnO and 

BaTiO3/ZnO nanospheres is two whereas those with Mn-doped TiO2 and BaTiO3 nanoparticles 

are one. Since the fluorophore is bound with two under coordinate surface Zn2+ on the surface of 

the nanocrystal the orientation of the  fluorophore is restricted i.e., unlike in the case of free 

ligand, the ligand bound to ZnO or ZnO shell can take up only one form. As the fluorophore 

exist in only one form single exponential decay is observed with ZnO and core/shell Mn-doped 

TiO2/ZnO and BaTiO3/ZnO nanospheres. In the case of fluorophore bound with Mn-doped TiO2 

and BaTiO3 nanoparticles the single binding site allows the fluorophore to take up two different 

orientations enabling the biexponential decay.  

     According to Forster’s energy transfer theory, the energy transfer efficiency is related not 

only to the distance between the acceptor and donor (r0), but also to the critical energy transfer 

distance (R0). That is, E = R
6

0/(R
6

0 + r
6
0), where, R0 is the critical distance when the transfer 

efficiency is 50% and R6
0 = 8.8 x10-25 K2 N-4 φ J, where, K2 is the spatial orientation factor of the 

dipole, N is the refractive index of the medium, φ is the fluorescence quantum yield of the donor 

and J is the overlap integral of the fluorescence emission spectrum of the donor and the 
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absorption spectrum of the acceptor [33]. The value of J can be calculated by using the equation,                                            

J = ∫F(λ)ε(λ)λ4dλ/F(λ)dλ,  where, F(λ) is the fluorescence intensity of the donor and ε(λ) is molar 

absorptivity of the acceptor. The evaluated parameters J, E, R0 and r0 are listed in Table 1. 

Obviously, the calculated value of R0 is in the range of maximal critical distance. This is in 

accordance with the conditions of Forster’s energy transfer theory and suggests that energy 

transfer occurs between the semiconductor nanoparticles and fluorophore with high probability. 

The evaluated distance between the fluorophore and the Mn-doped TiO2/ZnO, BaTiO3/ZnO 

core/shell and ZnO nanosphere are the same and this supports the ZnO-fluorophore binding in all 

the cases. The donar-acceptor distance in Mn-doped TiO2 nanoparticles is lower than that of the 

others. This also supports the interaction of fluorophore with Mn-doped TiO2 is different from 

Mn-doped TiO2/ZnO core/shell and ZnO nanospheres.  Core–shell nanoparticles attract much 

interest as they have emerged at the frontier of materials chemistry and have different 

applications like bio-imaging, controlled drug release, targeted drug delivery, cell labelling, 

tissue engineering, electronics, photoluminescence, catalysis etc., [34] and the knowledge about 

their interaction with biologically important molecules such as steroids, phenanthrimidazoles 

may have possible applications in the listed fields.  

4. Conclusions 

     To conclude, Mn-doped TiO2/ZnO, BaTiO3/ZnO core/shell and ZnO nanospheres switched 

on the fluorescence of styryl phenanthrimidazole whereas Mn-doped TiO2 and BaTiO3 

nanoparticles switched off the fluorescence. Accidently the wavelength of emission of the 

fluorophore matches with that of deep level emission of ZnO which results in enhancement of 

fluorescence, the electron transfer from LUMO to the defect levels of ZnO through the CB of 

ZnO yields deep level emission. The energy gap between LUMO and CB of BaTiO3 is large and 
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hence quenching of fluorescence is observed. The anatase phase of Mn-doped TiO2 quenches the 

fluorescence of the fluorophore. The contrasting emission behaviour is also a consequence of the 

nature of binding of the fluorophore with ZnO and the core nanoparticles.  
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Figure Captions 

Figure 1. HR-SEM images of core/shell (a) Mn-doped TiO2/ZnO and (b) BaTiO3/ZnO  

Figure 2. The absorption spectra of fluorophore in the absence and presence of core/shell Mn-

doped TiO2/ZnO and BaTiO3/ZnO and pristine ZnO nanospheres and Mn-doped TiO2 

and BaTiO3 nanoparticles dispersed at different loading  

Figure 3. (a) The emission spectra of fluorophore in the absence and presence of core/shell Mn-

doped TiO2/ZnO and BaTiO3/ZnO and pristine ZnO nanospheres;                                    

(b) Mn-doped TiO2 and BaTiO3 nanoparticles at different loading 

Figure 4. Stern-Volmer plots  

Figure 5. HOMO and LUMO energy levels of fluorophore and CB and VB edges of (a) 

core/shell Mn-doped TiO2/ZnO, core/shell BaTiO3/ZnO and pristine ZnO 

nanospheres; (b) Mn-doped TiO2 and BaTiO3 nanoparticles  

Figure 6. Lifetime decay of fluorophore (a) core/shell Mn-doped TiO2/ZnO and BaTiO3/ZnO and 

pristine ZnO nanospheres; (b) Mn-doped TiO2 and BaTiO3 nanoparticles 
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 Table 1. Lifetime (τ, ns), radiative rate constant (kr, 10
8 

s
-1

), nonradiative rate constant                  

(knr, 10
8 

s
-1

) and evaluation of overlap integral (J, x10
-11

cm
-3

/mol), energy transfer 

efficiency E, maximal critical distance (R0, x10
-9

m) and acceptor and donor distance 

(r0, nm)   

 

Complex τ kr knr J E R0 r0 

Fluorophore 2.14 5.1 2.3 - - - - 

Fluorophore ….ZnO 1.95 2.9 1.2 9.06 0.26 1.48  1.76 

Fluorophore ….Mn-TiO2/ZnO 2.31 3.1 1.3 6.46 0.16 1.40 1.83 

Fluorophore ….BaTiO3/ZnO 2.44 2.9 1.2 6.61 0.20 1.40 1.77 

Fluorophore …. Mn-TiO2 2.40 3.0 1.2 1.11 0.19 7.09 0.72 

Fluorophore ….BaTiO3 2.59 2.7 1.1 1.10 0.17 2.02 1.46 
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