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Abstract 

In this manuscript we report the successful synthesis of pristine FeO.Fe2O3, 1-(naphthalen-1-yl)-2-

(thiophen-2-yl)-1H-phenanthro[9,10-d]imidazole(NTPI), fluoresecnt organic nanoparticles (FONs) of 

NTPI and NTPI-FeO.Fe2O3 nanocomposite. Pristine FeO.Fe2O3 and NTPI- FeO.Fe2O3 nanocomposite 

were characterised by XRD, SEM, EDS, TEM, SAED, XPS, DLS, UV, PL, life time FT-IR and  

magnetic hysteresis. We have extensively studied the photoluminescence and photoconductivity of both 

pristine FeO.Fe2O3 and NTPI- FeO.Fe2O3 nanocomposite. An enhancement in photoluminescence (PL) 

emission and reduced photoconductivity is observed for NTPI- FeO.Fe2O3 nanocomposite when 

compared to bare FeO.Fe2O3. NTPI adsorption on FeO.Fe2O3 reduces the non-radiative trap levels at 

the interface, resulting enhancement of PL intensity of nanocomposite. For FeO.Fe2O3, exponential rise 

and decay in photocurrent is observed upon UV irradiation in the ON and OFF state, respectively and 

unusual behavior of photocurrent is observed for NTPI- FeO.Fe2O3composite. The NTPI behave as 

AIEE-active chemosensor for the detection of ferric ions in aqueous solution. Theoretical investigation 

shows that the binding energy and energy gap of the imidazole composites are highly dependent on the 

nature of the iron oxide cluster and the existence of charge transfer in the imidazole–iron oxide composite 

is explained. 

Keywords: DLS; XPS; NTPI- FeO.Fe2O3composites; photo-current; NTPI-FeO clusters; 

nanoaggregation; UV - ON and OFF state.  

1. Introduction 

     FeO.Fe2O3 nanoparticles have been the subject of intense interest because of their potential 

applications in several advanced technological areas due to their fundamental properties and 

potential applications in medical diagnosis and therapy, drug delivery, magnetic resonance 

imaging and cancer hypothermia treatment [1-7]. The magnetic ions in solid materials are 

arranged in a periodic lattice and their magnetic moments collectively interact through molecular 
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exchange fields and give rise to a long-range magnetic ordering. Among all iron oxide 

nanoparticles, FeO.Fe2O3 exhibits unique properties due to the presence of iron cations in two 

valence states on tetrahedral and octahedral sites with an inverse pristine spinel structure. Several 

groups have investigated the photoconductivity of silica based nanocomposite systems [8–11]. 

Enhanced photoconductivity (PC) has also been observed for SiO2 based ZnO nanocomposites, 

and a reduced photoconductivity was reported for ZnO quantum dots embedded in a SiO2 matrix. 

The PC study depends exclusively on the surface properties of the nanomaterials. Various 

explanations have been proposed to explain the PC of different oxide materials [12–14]. Broadly, 

two different mechanisms have been proposed for the origin of PC, (i) fast band to band 

transition with characteristic time in the nanosecond range and (ii) the adsorption/ desorption of 

oxygen molecules at the interfaces of the nanomaterials. 

     Cell labeling strategies find application of superparamagnetic ferrite either through 

conjugating the magnetic nanoparticles to the cellular surface of the stem cell or by 

internalization of the particles into the cell. With recent developments in nanotechnology, 

fluorescent organic nanoparticles (FONs) with aggregation-induced enhanced emission (AIEE) 

gained increasing attention because of their diverse molecular structure, low toxicity and good 

stability in aqueous solution [15]. These AIEE-active FONs overcome the fluorescence 

quenching of conventional organic dyes in water, equipping bio/chemo-sensors with a new 

design strategy. The fascinating optical properties make them as fluorescent probes for various 

biological detection and in vivo bioimaging [16]. It is envisaged that AIEE nanosensors are 

sensitive and less cytotoxic than their inorganic counterparts [17] and used to sense and detect 

protein [18], DNA [19], carbon dioxide gas [20] and D-glucose [21]. FON probes are used for 

detecting metal ions [22], namely, Hg2+ [23], Cu2+ [24] and Ag+ [25]. FONs of pentacenequinine 
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derivative are used to detect Fe3+ in a mixed aqueous solution with a detection limit of 100 nM. 

However, this Fe3+ sensor exhibits strong fluorescence quenching when bound with Fe3+ because 

of the paramagnetic nature of iron. Since emission quenching has significant problem in practical 

applications, development of new biocompatible fluorescent probes for Fe3+ detection in aqueous 

media, with selective Fe3+ amplified emission, remains a challenge. 

            In this work, synthesis and characterization of pristine nano FeO.Fe2O3and FeO.Fe2O3-

NTPI nanocomposite are reported. The unusual optical properties of FeO.Fe2O3-NTPI 

nanocomposite, i.e., enhancement in PL and reduction in PC, have been analysed in detail. We 

have synthesized a novel NTPI derivative that can form highly fluorescent organic nanoparticles 

(NTPI FONs) with AIEE characteristics in aqueous media, providing a new approach for 

selective turn-on fluorescence detection of Fe3+ ion with detection sensitivity up to the picogram 

level. The charge transfer interaction of naphthyl thiophene phenanthrimidazole with iron oxide 

clusters has been analysed in detail.  

2. Materials and methods 

2.1. Materials and measurements 

     Phenanthroquinone, thiophene-2-carbaldehyde, naphthylamine 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. The 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 voltammetric (CV) analyses were performed by using CHI 630A 

potentiostat electrochemical analyzer. Fluorescence lifetime measurements were carried out with 
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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 (coumarin). The high -resolution 

scanning electron micrographs (HR-SEM) were obtained with a FEI Quanta FEG in high -

vacuum mode. The transmission electron microscopic (TEM) images at high resolution were 

recorded with a TEM using 200 kV electron beam. Energy dispersive X-ray spectral (EDS) 

analysis was also made with a FEI Quanta FEG. The selected area electron diffraction (SAED) 

patterns were obtained using a Philips TEM equipped with CCD camera at an acceleration 

voltage of 200 kV. The sample was dispersed in ethanol by sonication and deposited on carbon-

coated copper grid. The powder X-ray diffractograms (XRD) were obtained in a 2θ range of 

10−80° employing a Eqinox 1000 diffractometer using Cu Kα rays at 1.5406 Å with a tube 

current of 30 mA at 40 kV. The instrument Perkin-Elmer Lambda 35 with RSA-PE-20 

integrating sphere attachment was used to record the UV-visible diffuse reflectance spectrum 

(DRS). The specific surface area of the samples was determined through nitrogen adsorption at 

77 K on the basis of the Brunauer–Emmett–Teller (BET) equation using a Micromeritics ASAP 

2020 V3.00 H.  Photoconductivity measurements were carried out by two-probe technique at 

room temperature. Ohmic contact properties were checked by measuring the current–voltage 

characteristics. A light source of variable intensity (tungsten lamp, 100 W) was used to 

illuminate the sample. An lx meter (Lutron LX-101) was used for the measurement of the 

intensity of the incident light. In order to study the photoconductivity with white unpolarised 

radiation, the sample was illuminated at normal incidence to the surface plane. The illumination 

intensity was varied in magnitude from 600 to 3000 lx. For the measurement of dark 
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conductivity the crystal was kept in a dark chamber for 15 min. Gold electrodes were used and 

the photoconductance was calculated using the geometrical data of the samples. Transient 

photoconductivity measurements were carried out on these single crystals at a fixed light 

intensity of 3000 lx. The single crystal was exposed to light radiation and current was recorded 

simultaneously for a given period and the light was switched off and a current decay was 

followed. Theoretical calculations were 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 [26]. 

2.2. Synthesis of 1-(naphthalen-1-yl)-2-(thiophen-2-yl)-1H-phenanthro[9,10-d]imidazole(NTPI) 

     A mixture of phenanthriquinone (1 mmol), thiophene-2-carbaldehyde (1 mmol),                              

1-naphthylamine (1 mmol), ammonium acetate (1 mmol) 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 [27]. M.p.245ºC. Anal. 

calcd. for C29H18N2S: C, 81.66; H, 4.25; N, 6.57. Found: C, 81.64; H, 4.23; N 6.54. 1H NMR (400 

MHz, DMSO): δ 7.28 (q, 2H), 7.68 (M, 8H), 7.93 (d, J=8.0 Hz, 2H), 8.49 (dd, J=8.4 & 3.4 Hz, 

3H), 8.73 (q, 3H). 13C NMR (100 MHz, DMSO): δ 121.82, 123.70, 124.10, 125.43, 125.83, 

126.60, 127.16, 127.49, 127.82, 128.24, 133.75, 136.64, 144.90. MS: m/z. 426.12 [M+]. 

2.3. Fabrication of FONs of NTPI 

     Fluoresecnt organic nanoparticles (FONs) of NTPI were prepared by re-precipitation method. 

About 1mL of NTPI (0.1-0.3 mM in THF) was injected into 100 mL double distilled water. The 

solutions were sonicated to ensure rapid mixing. The formed FONs were characterised with SEM, 

TEM and DLS.   
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2.4. Sol-gel synthesis of magnetite FeO.Fe2O3 

     Ferric nitrate and ethylene glycol were dissolved in proper ratios and was stirred for 2 h at 

400 °C. Then, the prepared sol was heated to 800 °C to get brown gel. The formed glassy like 

brown gel was allowed to age overnight. The gel was aged at room temperature for about 1 h and 

then annealed at 200, 300 and 400 °C in furnace under air atmosphere.  

2.5. Sol-gel synthesis of FeO.Fe2O3– NTPI composite 

     About 1 mmol of NTPI 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. Crystalline structure and Morphology 

      The crystallographic phases of both pristine FeO.Fe2O3 and FeO.Fe2O3–NTPI nanocomposite 

were identified by X-ray diffraction, as shown in Figure 1. The pattern shows the presence of 

rhombohedral Fe2O3 and tetragonal FeO. The diffraction peaks at 33.27, 39.80, 49.52, 57.40, 

62.06, 74.69 and 79.65° correspond to 104, 006, 024, 122, 214, 217 and 131 planes of 

rhombohedral Fe2O3 [28,29]. The observed diffraction pattern is in well-agreement with the 

standard JCPDS 89-8104.  The mean crystallite size (L) of the synthesized FeO.Fe2O3is 18 nm 

and the calculated surface area is 57.6 m2/g. The peak at 35.93° corresponds to (313) plane of 

tetragonal FeO (JCPDS 89-5894). The recorded XRD of FeO.Fe2O3–NTPI nanocomposite is in 

agreement with JCPDS 89-8104 (rhombohedral Fe2O3) & JCPDS 89-5894(tetragonal FeO) 

(Figure 1). The diffraction peaks at 33.56, 39.97, 49.83, 57.53, 62.63, 74.32 and 79.46° 

correspond to 104, 006, 024, 122, 214, 217 and 131 planes, respectively, of Fe2O3. The mean 

crystallite size (L) of the FeO.Fe2O3–NTPI composite is 41.3 nm and the calculated surface area 
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is 25.6 m2/g. The peak at 35.32° corresponds to (313) plane of tetragonal FeO. The small hump 

at 53.4° is likely due to the adsorption of NTPI on FeO.Fe2O3. All the peaks in the recorded XRD 

pattern are identified. The absence of any other unassigned peak indicates the purity of the 

synthesized crystalline FeO.Fe2O3and FeO.Fe2O3-NTPI synthesized. Hence, it can be concluded 

that the NTPI adsorption on FeO.Fe2O3has not changed the crystal structure of the FeO.Fe2O3 

particles. The TEM images of pristine FeO.Fe2O3 and FeO.Fe2O3–NTPI nanocomposite are shown 

in Figures 2 & 3. They confirm the synthesized materials as nanoparticles. The average particle 

sizes measured in the TEM is larger than the average crystalline size deduced from the XRD 

results. This indicates that the nanoparticles associate among themselves. SAED pattern of 

pristine FeO.Fe2O3 (Figure 2d) and FeO.Fe2O3-NTPI (Figure 3d) reveal diffraction rings with 

bright spots and one indexed to 104, 006, 024, 122, 214, 217 and 131 planes of rhombohedral 

Fe2O3 and 313 plane of tetragonal FeO.    

     The SEM images of pristine FeO.Fe2O3and FeO.Fe2O3-NTPI nanocomposite are shown in 

Figure 4. SEM image of FeO.Fe2O3-NTPI reveal agglomeration of the nanoparticles. The EDS of 

pristine FeO.Fe2O3and FeO.Fe2O3–NTPI composite are shown in Figure 5. EDS of pristine 

FeO.Fe2O3 reveals the presence of iron and oxygen which is in agreement with the formation of 

FeO.Fe2O3nanoparticles and a typical optical absorption peak observed at 0.5 keV is likely due to 

surface Plasmon resonance. Figure 5 displays the presence of carbon, oxygen, sulphur and 

nitrogen along with iron in the composite. This shows the binding of NTPI with FeO.Fe2O3 

nanoparticles. The BET surface and pore volume of bare FeO.Fe2O3 and FeO.Fe2O3-NTPI 

nanocomposite are given in Table 1. The BET surface area of FeO.Fe2O3-NTPI nanocomposite 

(32.82 m2g-1) is larger than that of bare FeO.Fe2O3 (23.10 m2 g−1).  

3.2. Dynamic light scattering (DLS) studies & X-ray photoelectron spectroscopy 
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     The DLS images presented in Figure 6 show the average sizes of the synthesized pristine 

nano FeO.Fe2O3and FeO.Fe2O3-NTPInanocomposite as 18 and 41 nm, respectively. The DLS 

results confirmed the size of the particles obtained from XRD and TEM experiments. The 

negative ζ potential [FeO.Fe2O3- (-48.4 mV) and FeO.Fe2O3-NTPI (-8.5 mV)] indicates the strong 

repellent forces between particles due to high electrical charge on the surface of pristine 

FeO.Fe2O3and FeO.Fe2O3- NTPI composite, which in turn results in high stability. The surface 

chemical composition and chemical states of FeO.Fe2O3 and FeO.Fe2O3-NTPI were investigated 

by XPS (Figure 7). In the spectra of FeO.Fe2O3, the peaks observed at 709 and 723 eV are the 

characteristic doublets of Fe 2P3/2 and Fe 2P1/2, respectively (FeO) and at 711 and 724 eV are the 

characteristic doublets of Fe 2P3/2 and Fe 2P1/2, respectively (Fe2O3). The O1S peak appears at 

529.6 eV. In the spectra of NTPI- FeO.Fe2O3composite, the peaks observed at 710 and 712 eV are 

the characteristic doublets of Fe 2P3/2 and Fe 2P1/2, respectively (FeO) and at 723.5 and 725 eV 

are the characteristic doublets of Fe 2P3/2 and Fe 2P1/2, respectively (Fe2O3). The N1S, O1S and 

S2P peak appears at 400, 529.6 and 163 eV, respectively. The shifting of Fe P3/2 and Fe p1/2 of 

both FeO and Fe2O3 and O1S peaks confirm the formation of FeO.Fe2O3-NTPI composite.  

 

3.3. Band gap and emission 

     The diffuse reflectance spectra (DRS) of the synthesized pristine FeO.Fe2O3, NTPI and                          

FeO.Fe2O3-NTPI nanoparticles are presented in Figure 8. The synthesized nano FeO.Fe2O3, NTPI 

and FeO.Fe2O3-NTPI composite display broad absorption bands around 298, 342 and 338 nm 

respectively. The reflectance data are reported as F(R) values, obtained by the application of the 

Kubelka–Munk algorithm [F(R) = (1 – R)2/2R]. The figure shows that complexation shifts the 

absorption edge to visible region. Plots of (i) [F(R)hν]2 and (ii) [F(R)hν]1/2 versus photon energy 
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provide the (i) direct and (ii) indirect band gaps of the synthesized pristine FeO.Fe2O3, NTPI and 

FeO.Fe2O3-NTPI nanocomposite as (i) 3.13, 3.03 and 2.93 eV and (ii) 3.02, 2.82 and 2.54 eV, 

respectively. These values show that complexation decreases the band gap. Photoluminescence 

excitation curves for FeO.Fe2O3, NTPI and FeO.Fe2O3-NTPI are shown in Figure 9a. Both the 

samples show a pronounced absorption peak between 305–400 nm, which is in agreement with 

the earlier report [30]. The peak position ~327 nm (FeO.Fe2O3), 330 nm (NTPI) and 332 nm 

(FeO.Fe2O3-NTPI) was attributed to the band edge excitation of the samples. In addition, there is 

slight peak shift in the spectra for the FeO.Fe2O3-NTPI composite and there is decrease in the 

band gap. However, the sharper absorption edge at 332 nm for FeO.Fe2O3-NTPI composite when 

compared to pristine FeO.Fe2O3gives indication of the modified surface properties of pristine 

FeO.Fe2O3 after bonding with NTPI. 

     The PL emission peaks for pristine FeO.Fe2O3, NTPI and FeO.Fe2O3-NTPI composite are 

shown in Figure 9b, FeO.Fe2O3 emits at 419 nm, NTPI at 429 nm and FeO.Fe2O3-NTPI 

composite at 412 nm. The broad emission peak is observed for FeO.Fe2O3 because of oxygen 

vacancies, which play a key role in the origin of violet emission and is similar to the green PL 

observed for Zn [31-33]. The FeO.Fe2O3 nanoparticles have a very large surface area and thereby 

have a large number of dangling bonds associated with the oxygen vacancies, which constitutes 

their surface defects. These defects form donor states below the conduction band (CB). The PL 

emission arises from the recombination of electrons in the donor states with photoexcited holes 

in the valence band (VB). Furthermore, the FeO.Fe2O3 show broadening in their PL emission with 

reduced intensity, which is a result of the scattering of incident and emitted photons from the 

highly roughened surface of FeO.Fe2O3. When the light scattering is stronger than absorption, the 

efficiency of the electron transfer from NTPI to semiconductor becomes high. Thus, the UV-
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light emission intensity of the composite nanocrystals becomes much higher than that of the 

FeO.Fe2O3. However, the interfacial region seems to supply routes for the effective electron 

transfer from ligand to FeO.Fe2O3since the emission intensity dominantly increases in FeO.Fe2O3-

NTPI compared to pristine FeO.Fe2O3. 

3.4. Magnetic behaviour 

     Magnetic hysteresis curves recorded at room temperature for pristine FeO.Fe2O3nanocrystals 

and FeO.Fe2O3-NTPI nanocomposite are presented in Figure 10a. Magnetic properties like 

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

evaluated [34]. The hysteresis loops of FeO.Fe2O3 and FeO.Fe2O3-NTPI composite are of normal 

S-shape, and the thickness of the loop reflects the coercivity of the material. Precursor FeO.Fe2O3 

nanocrystals and FeO.Fe2O3-NTPI nanocomposite are superparamagnetic. The hysteresis loops 

show that the coercivities of FeO.Fe2O3-NTPI nanocomposite are too small. The HC of FeO.Fe2O3 

nanocrystals and FeO.Fe2O3 -NTPI nanocomposite are 39 and 47 Oe, respectively. The coercivity 

of precursor FeO.Fe2O3 nanoparticles is comparable to that of FeO.Fe2O3 microspheres (37 Oe) 

[35] and is smaller than those of FeO.Fe2O3  microoctahedra obtained by hydrothermal reduction 

of K3[Fe(CN)6] (102.8 Oe) [35] and hydrothermally synthesized FeO.Fe2O3 octahedra (74 Oe) 

[35]. The MR of FeO.Fe2O3-NTPI composite and precursor FeO.Fe2O3 nanoparticles are 0.08 and 

0.1 emu g−1, respectively. The MR of precursor FeO.Fe2O3 is much smaller than those of 

hydrothermally synthesized FeO.Fe2O3 octahedra (4.2 emu g−1) [35] and FeO.Fe2O3 

microoctahedra (13.5 emu g−1), obtained by hydrothermal reduction of K3[Fe(CN)6] [35]. The 

insignificant MR values of precursor FeO.Fe2O3nanoparticles and FeO.Fe2O3-NTPI 

nanocomposite indicate their superparamagnetic behavior. Further, the saturation magnetization 

(MS) of FeO.Fe2O3-NTPI nanocomposite (1.0 emu g−1) is not significantly different from that of 
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FeO.Fe2O3 nanoparticles (1.5 emu g−1). The synthesized FeO.Fe2O3-NTPI nanocomposite is easily 

recoverable from the dispersed medium using a magnet. Figure 10b presents the effective 

separation of the nanocomposite with a handy magnet. All the particles of the synthesized 

composite are attracted by the magnet. This shows the absence of formation of bare NTPI during 

the synthesis of FeO.Fe2O3-NTPI nanocomposites  

3.5. FT-IR spectra of NTPI, pristine FeO.Fe2O3 and FeO.Fe2O3–NTPI composite 

      The FT-IR spectra of NTPI, FeO.Fe2O3 nanoparticles and FeO.Fe2O3–NTPI composite, are 

shown in Figure 11 and the prominent frequencies are displayed in Table 2. The FeO.Fe2O3 

nanoparticles show strong bands at 3437, 2923, 2855, 1742, 1633, 1457, 1383, 1112, 1022, 697, 

640 and 567 cm-1.  

The peak at 3437 cm-1 is likely due to the adsorption of water molecules as this is the frequency 

widely associated with –OH stretching.The band at 567 cm-1
 is related to the Fe–O bending 

vibration, whereas the band at 574 cm-1
 in FeO.Fe2O3–NTPI composite is an indication of the 

presence of N–Fe–O stretching vibration. The Fe-O stretching vibration of 

FeO.Fe2O3nanoparticles is shifted from 567 to 574 cm-1 and this may be due to the binding of 

NTPI with the superparamagnetic nanoparticles. The frequency around 1600 cm-1 corresponds to 

C=N function of NTPI and FeO.Fe2O3-NTPI composite. The peak around 3426 cm-1 corresponds 

to ≥ N-H in NTPI and FeO.Fe2O3–NTPI composite and the peak at ~ 745 cm-1 is likely due to the 

aromatic C-H bending.  

3.6. Photoconductivity of pristine FeO.Fe2O3 and NTPI-FeO.Fe2O3  composite  

     Photoconductivities of both pristine FeO.Fe2O3and NTPI-FeO.Fe2O3 have been studied and the 

I–V characteristics of the samples have been shown in Figure 12a & b. The variation of dark 

current (Idc) and photocurrent (Ipc) with applied cell voltage on a log–log scale in the dark and 
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under UV light illumination is shown for both pristine and composite. These two graphs 

represent the linear variation with different slopes and can be expressed by the power law, i.e. I α 

Vr, where I is either Ipc or Idc, V is the applied DC voltage and the exponent ‘r’ is the slope of 

straight line segment of the log–log plot. The variation of Idc and Ipc with applied voltage 

displayed by FeO.Fe2O3 is found to be non-ohmic super linear [36-38] in nature, i.e., the power 

index is 1 < r < 2. The non-ohmic superlinear variation (1 < r < 2) in the dark current and 

photocurrent suggests that the charge carriers are being injected into the bulk of the materials 

produced from one of the electrodes [36] originated from the surface adsorbed oxygen or 

hydroxyl species.This photoresponse confirms the features of the sample itself, but not the 

features of the sample-contact region. Though the dark current and photocurrent for both the 

samples increases with increase of voltage, the dark current and photocurrent of composite is 

lower than that of bare FeO.Fe2O3.  Adsorption of NTPI on the surface of FeO.Fe2O3 is likely to be 

the reason for the decrease of dark current as well as the photocurrent. 

     Initially the field dependent dark current starts decreasing slowly until it reach a steady value 

due to the field induced adsorption of oxygen molecules as well as to the presence of defects 

[39]. In the absence of UV light, the adsorbed oxygen picks up a free electron from the surface of 

the pristine FeO.Fe2O3 and the composite particles become negatively charged ions [O2+ e------> 

O2
- 

(ad)] and develops a depletion layer leading to low conductivity [40-42]. Furthermore, the 

photocurrent of FeO.Fe2O3-NTPI is reduced significantly when compared to pristine FeO.Fe2O3 

which may be explained on the basis of adsorption/desorption processes on the surface of the 

samples. The concentration of adsorbed oxygen molecules on the FeO.Fe2O3 surface depends on 

the concentration of dangling bonds on the surface of the sample and as the surface to volume 

ratio in nano FeO.Fe2O3 is large, the surface phenomena of adsorption/desorption plays a 
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significant role. Oxygen molecules get adsorbed on the surface of FeO.Fe2O3 and when the 

surface is illuminated by UV-vis light, the photogenerated electron-holes are produced 

photogenerated holes release the adsorbed oxygen in air [O2
-
(ad) + h+------> O2(g)] from the surface 

of FeO.Fe2O3 which lowers the barrier height for the electrons in the FeO.Fe2O3 [43], When all 

photoinduced holes react with O2
-, the photo-current gets saturated in pristine FeO.Fe2O3. The 

photoinduced electrons gives rise to the photocurrent in the pristine FeO.Fe2O3whereas in 

composite, the surface of FeO.Fe2O3 nanoparticles is passivated with the adsorption of NTPI that 

results in the reduction of adsorption sites for O2 molecules (Figure 12c). 

     The photocurrent in the composite may be attributed to the desorption of O2 molecules from 

the surface of the NTPI layer as well as from the surface of the non-passivated FeO.Fe2O3 

nanoparticles. As the surface to volume ratio gets lowered in the nanocomposite in comparison 

with pristine FeO.Fe2O3 nanoparticles reduction in photocurrent is observed. Lower desorption of 

O2 molecules in composite also results in lowering of photocurrent. A few electrons which 

tunnel through the NTPI layer help O2 to get adsorbed on the FeO.Fe2O3 surface under dark 

conditions, whereas upon UV illumination, the photogenerated holes release O2 molecules, 

which cannot come out from the interfacial region. As a result, the electrons are accumulated on 

the composite interface. Anomalous behavior of photocurrent in the composite may be attributed 

to the re-adsorption of the desorbed O2 molecules on the surface of the non-passivated FeO.Fe2O3 

nanoparticles. Because of the adsorption and desorption mechanism of oxygen occurring 

simultaneously under continuous illumination, we observe drop in the photocurrent giving rise to 

the negative PC. After the UV light is switched off, the decay current follows the oxygen 

adsorption mechanism [44,45]. Thus, when the illumination is terminated, the current reduces 

faster due to the fast recombination of the electrons and holes.  
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3.7. Optical properties of nanoaggregates of FONs and NTPI-FeO.Fe2O3 composites  

     The UV-vis spectrum (Figure 13a) of NTPI in THF shows absorption bands at 264, 231 and 

337 nm. Increasing water content in solution leads to an upward shift with the appearance of a 

level-off long wavelength tail, which is attributed to Mie scattering due to the formation of 

nanoaggregates [46]. The AIEE phenomena were conveniently demonstrated by emission spectra 

of NTPI in various ratios of H2O/THF solvents (Figure 13b). The emission maximum of NTPI 

varies significantly with H2O/THF composition. NTPI in pure THF displays weak green 

fluorescence at 408 nm on excitation at 270 nm. An enhancement of emission intensity is 

observed by the addition of water (90%) along with a red shift emission at 486 nm. NTPI in 

water is expected to change the micro environment, inducing nucleation and growth of the 

molecules to nanoparticles. AIEE with red-shift of NTPI arises from the restriction of 

intramolecular rotation (RIR). Single bond rotation is responsible for the dominant non-radiative 

decay and hence the RIR effect might be the reason for AIEE nature of NTPI. The rotation in the 

aggregates was restricted by blocking the non-radiative path and activating the radiative decay. 

The solution of FONs of NTPI is visibly transparent and soluble at room temperature for more 

than two months. Effect of pH (1-10) on the emission shows that fluorescent NTPI FONs is 

stable [47].  

     Interesting spectral properties, photostability and the presence of azomethine nitrogen and 

thiophene moiety with AIEE properties of FONs prompted us to investigate its behaviour toward 

different nano metal oxides [48]. The electronic spectral properties of FONs NTPI in H2O–THF 

(9: 1, v/v) by the addition of different nano metal oxides viz., FeO.Fe2O3, Fe2O3, WO3, Al2O3 

and CuO was carried out. The UV-vis spectra of FONs NTPI with the addition of nano 

FeO.Fe2O3 (90 %) resulted in an increase in absorbance over the entire spectral range from 330 
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to 500 nm with a level-off tail (Figure 13c). This appearance of level-off tail in the visible region 

suggests that Fe3+ interact with nanoaggregates of NTPI to form larger aggregates leading to 

scattering phenomena [49,50]. The fluorescence spectrum of NTPI in H2O–THF (9: 1, v/v) 

exhibits an emission band at 408 nm. Among the various nano metal oxides tested, Viz., 

FeO.Fe2O3, CuO,WO3, Al2O3, Fe2O3, addition of Fe3+ ions to the FONs NTPI leads to switch on 

the emission (Figure 13d).  

    The absorbance increased by the addition of low concentration (10 %) of nano FeO.Fe2O3 to 

NTPI and maximum is observed at 90 % (Figure 14c). Similarly emission intensity increased by 

the addition of low concentration (10 %) of nano FeO.Fe2O3 to NTPI and maximum enhancement 

is observed at 90 % (Figure 14d). The fluorescence quantum yield [51] of nanoaggregates of 

NTPI and NTPI-FeO.Fe2O3 composite was found to be 0.56 and 0.45, respectively. The increase 

in the fluorescence intensity of nanoaggregates of NTPI upon the addition of nano FeO.Fe2O3 is 

attributed to the interaction of Fe3+ ions with nanoaggregates of NTPI and form larger aggregates 

[49]. A Stern–Volmer plot (Figure 14a) shows the linear dependence of the fluorescence 

intensity ratio (I0/I) at a lower concentration of nano FeO.Fe2O3. The plot bend upward at higher 

concentration of metal oxide, which indicates that the mechanism involved for the emission of 

FONs NTPI by FeO.Fe2O3  is due to complexation rather than collisional deactivation [52] and 

involves cooperative binding in which one Fe3+ is coordinated with nitrogen and sulphur atoms 

of FONs NTPI [49]. The calculated Stern–Volmer constant is 5.7 × 107 M−1 which indicates the 

high sensitivity of nanoaggregates of NTPI towards Fe3+. The formation of this complex leads to 

charge transfer from the LUMO of the imidazole to the CB of nano FeO.Fe2O3 (Figure 14b). 

Figure 14b presents the HOMO and LUMO energy levels of fluorophore and the CB and VB 

edges of pristine FeO.Fe2O3 nanoparticles. The electron in the LUMO of the excited molecule is 
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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 FeO.Fe2O3. The excess energy is 

released in the form of light and the emission wavelength corresponding to the excess energy is 

408 nm. This additional path of emission opened, besides the LUMO→HOMO and deep level 

emission (DLE), accounts for the enhancement of fluorescence. That is, on irradiation both 

fluorophore and pristine FeO.Fe2O3 nanoparticles are excited. Duel emission is expected due to 

LUMO→HOMO and DLE transition [53]. Also possible is electron jump from the excited NTPI 

to the nanopebles. Generally, the electron transfer from the LUMO of the fluorophore to the CB 

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

of the fluorophore matches with that of the CB of pristine FeO.Fe2O3 and this accidental 

coincidence results in enhancement of fluorescence. 

The energy band diagrams of all materials in NTPI- FeO.Fe2O3 - ZnO composite used are 

shown in Figure 14c. The HOMO and LUMO of NTPI are of 2.82 and 0.22 eV; ZnO VB and CB 

are 2.89 and -0.31 eV and that of Fe2O3 are 2.48 and 0.28 eV, respectively. The FeO VB and CB 

are 2.27 and 0.17 eV. In NTPI- FeO.Fe2O3 -ZnO composite, the  direction of CT depending on the 

relative VB and CB energies of the metal oxides as well as the HOMO and LUMO levels of the 

adsorbed imidazole molecule. From Figure 14b, it can be seen that there is a barrier for hole 

injection (HIB) barrier from ZnO VB to NTPI HOMO is too small (0.07 eV). There is only small 

electron injection (EIB) barrier between NTPI LUMO and ZnO. The excited electron in the CB 

of FeO is capable of moving to the CB of Fe2O3 and CB of ZnO energy levels. The electron 

generated in the CB of ZnO due to photoexcitation and also the electron slipped from the CB of 

ZnO is energetically at favourable position to move to the LUMO of NTPI. The hole formed at 

the VB of ZnO can move to the HOMO of the ligand and the hole and the electron of  the 
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HOMO and the LUMO of NTPI may combined and emits light.  Hence the probable electron 

transfer direction is FeO.Fe2O3-to-NTPI-to-ZnO and probable hole transfer direction is 

FeO.Fe2O3to ZnO to NTPI. So the electron and hole recombination at the NTPI-ZnO interface 

results in the charge transfer resonance through NTPI molecule. The imidazole molecule can 

interact with FeO.Fe2O3 and ZnO surface in such a way that there is a large increase in molecular 

polarizability (α). 

To investigate the nature of the bonding between NTPI and Fe3+, the binding stoichiometry of 

NTPI with Fe3+ was determined by using a job plot in a THF solvent system, where NTPI was completely 

in the non-aggregated form. The Job plot of the fluorescence emission intensity of NTPI with Fe3+ 

showed a maximum at a mole fraction [NTPI]/([NTPI] + [Fe3+]) 0.5, indicating the formation of 1 : 1 

complex. To further confirm the binding interactions between NTPI and Fe3+, the mass spectrum of the 

complex between NTPI and Fe3+ was recorded. An ion peak at m/z 657 corresponding to [NTPI + 

FeO.Fe2O3] was clearly observed in the mass spectrum (Figure S1). These results support the idea that 

NTPI forms 1 : 1 complex with Fe3+. No appreciable change in emission behavior of nanoaggregates was 

observed in the presence of other nano metal oxides such as CuO, WO3, Al2O3 and Fe2O3. Competitive 

experiments were conducted in the presence of 90 % of nano FeO.Fe2O3 mixed with 90 % of other nano 

metal oxides. No significant change in the fluorescence intensity was observed by comparison 

with or without other metal ions (Figure 15) and the calculated detection limit was found to be 

98 x 10−9 M for Fe3+ ions. The SEM image of FONs in the solvent mixture of H2O–THF (9 : 1) 

shows the presence of  nanoaggregates (Figure 4) whereas the SEM image of FONs of NTPI-

FeO.Fe2O3 shows bigger aggregates having irregular shape. Further, the SEM-EDX spectrum of 

nanoaggregates of NTPI-FeO.Fe2O3 shows the existence of iron, nitrogen and sulphur (Figure 5) 

which reveal that the interaction of Fe3+ with nanoaggregates of NTPI and support the 

enhancement mechanism (Scheme 1). Emission analysis of nanoaggregates of NTPI with the 
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ethylenediamine tetracetic acid-ferric complex [iron(III)–EDTA] reveal that the emission 

intensity of nanoaggregates increases with the addition of the iron(III)– EDTA complex. This 

shows that nanoaggregates of NTPI can also detect Fe3+ ion in the chelate state. 

     Dipcoating a solution of NTPI on whatman filter paper was dried under vacuum. About 3 µL 

nano FeO.Fe2O3 of different concentrations were placed on NTPI coated test strips (Figure S2). 

The minimum amount of nano FeO.Fe2O3, detectable by the naked eye, was calculated to be 

10.98 pg which shows that the nanoaggregates of NTPI can be used as an efficient, sensitive and 

selective sensor for Fe3+ with a picogram detection limit. Biological applicability of NTPI to 

nano FeO.Fe2O3 was analysed by fluorescence spectrum of imidazole in H2O–THF (9 : 1) with 

Fe3+ ion in the presence of different concentrations of blood serum [54], enhancing the 

fluorescence emission of nanoaggregates was observed with the addition of nano FeO.Fe2O3 

(Figure S2). This shows that nanoaggregates of NTPI is an efficient fluorescent sensor for the 

detection of Fe3+ ion even in the presence of blood serum. 

 

 

3.8. Lifetime analysis 

     The fluorescence decay of pristine FeO.Fe2O3, NTPI and FeO.Fe2O3-NTPI composite follow 

biexponential kinetics (Figure 16). The observed emission lifetime (τ) is indicative of the fact 

that the phenanthrimidazole interacts with nano FeO.Fe2O3. The determined radiative (kr) and 

nonradiative (knr) rate constants are displayed in Table 3. The radiative emission of FeO.Fe2O3-

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

transferred from the excited NTPI to FeO.Fe2O3 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 
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given in Table 3. The electron transfer efficiency is obtained using the equation, E% = (1-

τcomposite/τNTPI)      x 100. The unique binding interaction of nanocrystals with organic molecules 

can be explained on the basis of the larger surface curvature of the 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 NTPI. 

3.9. Electronic properties of iron oxide clusters and FeO-NTPI composites 

      In order to get a better insight on the nature of binding of the imidazole with the Fe2O3 

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 its FeO-NTPI composites are shown in Figure 17 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 + ENTPI), where Ecomplex is the total energy of NTPI adsorbed on the clusters and Eclusters 

and ENTPI are the energies of the iron oxide clusters and NTPI, respectively. From the optimized 

parameters and binding energies it is confirmed that the iron atom of clusters prefer to bind with 

azomethine nitrogen and sulphur atoms of NTPI. There is an overlap occurring between the d-

orbital of iron and azomethine nitrogen and sulphur atoms which lead to a greater binding energy 

[55]. The calculated binding energy (Eb) is of the order: Fe3O4–NTPI (6.89 eV) > Fe3O3–NTPI 

(6.02 eV) > Fe3O2–NTPI (5.81 eV) > Fe3O–NTPI (5.53 eV). This order is further supported by 

Fe–N bond distance. The Fe–N bond distance of Fe3O4–NTPI composite is shorter (2.02 A0) than 

those of Fe3O3–NTPI (2.04 A0), Fe3O2–NTPI (2.08A0) and Fe3O–NTPI (2.09 A0). The preferred   

Fe3O4–NTPI composite is stable as compared to other composites [56]. 
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       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 NTPI on iron oxide clusters, the surface structure of the 

Fe3O4is slightly distorted. Thus the bond length of the composite is 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 and charge transfer is large in the surface 

region. To analyse the extent of fractional charge transfer from NTPI to iron oxide clusters, we 

have shown the Mulliken charge of the atoms of bare iron oxide clusters, NTPI and NTPI–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 atoms favor the weak interaction in imidazole –iron oxide composites.  

      Energy gap (Eg) of NTPI, Fe3O–NTPI, Fe3O2–NTPI, Fe3O3–NTPI and Fe3O4–NTPI are 3.8, 

1.83, 1.90, 1.98 and 2.01, respectively (Figure 18). A large HOMO–LUMO energy gap implies 

higher stability and lower chemical reactivity and vice versa [57]. 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 NTPI and iron oxide clusters. The HOMO–

LUMO analysis explains the charge transfer taking place within the NTPI–iron oxide 

composites. Figure 19 shows the HOMO–LUMO electron distribution plots for NTPI and the 

composites. The lower energy gap shows that the charge transfer in the Fe3O4–NTPI composite 

is faster than the same in other composites. 
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3.10. Evidence for linkage 

     Although there are three basic sites in NTPI, the azomethine nitrogen and sulphur atoms are 

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

This is supported by molecular electrostatic potential (MEP) for the bare and composites. The 

MEP map (Figure 20) shows that nitrogen and sulphur atoms represent the most negative 

potential region (dark red) and green region corresponds to a potential halfway between the two 

extremes red and dark blue colour. 

4. Conclusions  

     In summary, we could successfully synthesize nano FeO.Fe2O3, NTPI, FONs of NTPI and 

FeO.Fe2O3-NTPI nanocomposite. We observed enhanced PL and negative PC for the NTPI- 

FeO.Fe2O3 nanocomposite material. Pristine nano FeO.Fe2O3 exhibits a decreased PL emission 

but show enhanced PC. The enhanced PL emission in the FeO.Fe2O3 -NTPI composite is 

attributed to the reduction of the non-radiative trap levels at the interfaces of the FeO.Fe2O3-

NTPI. FeO.Fe2O3 composite formation with NTPI reduces the oxygen adsorption sites and the 

tunneling of electrons among the particles leads to negative photoconductivity in FeO.Fe2O3-

NTPI nanocomposite. To conclude, pristine FeO.Fe2O3can be used for UV photodetection and 

optical switches and, the FeO.Fe2O3-NTPI nano-composite can find application in development 

of luminescent materials due to their enhanced PL intensity. The NTPI with nitrogen and sulphur 

atoms forms fluorescent organic nanoparticles which can work as an efficient and selective 

fluorescent sensor for the detection of Fe3+ ions at the pictogram level. The radiative emission of 

FeO.Fe2O3-NTPI composite is larger than those of NTPI. The life time studies reveal that the 

electron is transferred from the excited NTPI to FeO.Fe2O3 nanoparticles. The calculated binding 
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energies (Eb) are of the order: Fe3O4–NTPI (6.89 eV) > Fe3O3–NTPI (6.02 eV) > Fe3O2–NTPI 

(5.81 eV) > Fe3O–NTPI (5.53 eV). 
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Figure Captions 

Figure 1. X-ray diffraction patterns (XRD) of pristine FeO.Fe2O3 and FeO.Fe2O3 – NTPI 

nanocomposites. 

Figure 2. HR-TEM images and SAED pattern of pristine FeO.Fe2O3 . 

Figure 3. HR-TEM images and SAED pattern of FeO.Fe2O3 – NTPI nanocomposite.  

Figure 4. HR-SEM images of pristine FeO.Fe2O3 and FeO.Fe2O3 – NTPI nanocomposite.  

Figure 5. EDS of pristine FeO.Fe2O3 and FeO.Fe2O3 – NTPI nanocomposite.  

Figure 6. DLS and (a and b) and zeta potential (c and d) of pristine FeO.Fe2O3 and FeO.Fe2O3 -

NTPI nanocomposite.  

Figure 7. XPS of pristine FeO.Fe2O3 and FeO.Fe2O3 – NTPI nanocomposite.  

Figure 8. Diffused reflectance spectra (DRS) of pristine FeO.Fe2O3 , NTPI and FeO.Fe2O3 – 

NTPI nanocomposite. 

Figure 9. (a) Photoluminescence spectra of pristine FeO.Fe2O3 , NTPI and NTPI-FeO.Fe2O3 ; (b) 

PL spectra of pristine FeO.Fe2O3 , NTPI and NTPI-FeO.Fe2O3 composite  

Figure 10. (a) M-H curves of pristine FeO.Fe2O3 and FeO.Fe2O3 -NTPI composite; (b) Magnetic 

recovery image of FeO.Fe2O3 -NTPI composite 

Figure 11. The FT-IR spectra of NTPI, pristine FeO.Fe2O3 and FeO.Fe2O3 – NTPI composite  

Figure 12. I-V characteristics of (a) pristine FeO.Fe2O3 ; (b) NTPI-FeO.Fe2O3 and (c) Schematic 

adsorption and desorption of O2 molecules.  

Figure 13. (a) UV-vis spectrum of NTPI in aqueous THF solution; (b) Emission spectra of NTPI 

in aqueous THF solution; (c) UV-vis spectra of NTPI with different nanoparticles; (d)  

Emission spectra of NTPI with different nanoparticles.  
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Figure 14. (a) Stern-Volmer plot; (b) photoelectron transfer mechanism; (c) UV-vis absorption 

spectra of NTPI with nano FeO.Fe2O3 ; (d) Emission spectra of NTPI with nano 

FeO.Fe2O3 .  

Figure 15. Competitive experiments of 90 % nano FeO.Fe2O3 with 90 % other nano metal 

oxides 

Figure 16. Life time spectra of NTPI along with pristine FeO.Fe2O3 and NTPI –FeO.Fe2O3 

composites  

Figure 17. Optimized structures of NTPI, pristine Fe3O4  and NTPI – Fe3O4 composites 

Figure 18. Projected density of states (PDOS) for NTPI, bare (FeO)n clusters and their 

imidazole–(FeO)n composites 

Figure 19. HOMO-LUMO contour maps for NTPI, bare (FeO)n clusters and imidazole–(FeO)n 

composites 

Figure 20. Molecular electrostatic potential (MEP) diagram of bare (FeO)n clusters and NSPI – 

(FeO)n composites 

Scheme 1. Schematic representation of binding of nanoaggregates NTPI with Fe3+  
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Table 1. Surface properties of pristine FeO.Fe2O3  and NTPI- FeO.Fe2O3 

Nano Semiconductor BET Surface (m
2
g

-1
) 

Total Pore Volume 

(Single Point) (cm
3
g

-1
) 

Pristine Fe3O4 23.10 0.10 

NTPI-Fe3O4 32.82 0.21 
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Table 2. IR frequencies (cm
-1

) of NTPI, pristine FeO.Fe2O3 and FeO.Fe2O3 -NTPI composite 

 

 

 

 

 

  

Bonding NTPI 
Pristine  

FeO.Fe2O3 

FeO.Fe2O3 -NTPI 

Composite 

C=N 1606 - 1607 

NH str. 3428 - 3426 

Aromatic C-C Str. 1541, 1525, 1497, 1455 - 1507, 1444,1397 

C-H bending 951, 804, 745, 724 - 958, 920, 841, 762 

Fe – O - 567 574 
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Table 3. Biexponential fitting parameter for fluorescence decay of NTPI, pristine FeO.Fe2O3 

and FeO.Fe2O3 -NTPI composite 

 

 

  

Compd. 
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

 

NTPI 3.08 2.31 5.52 7.55 5.67 0.10 0.07 - - 

FeO.Fe2O3 -

NTPI 

3.82
 

1.86 1.92 7.13 3.62 0.11 0.16 36.20 9.99   

FeO.Fe2O3 14.80 0.26 5.45 3.15 1.04 - - - - 
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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 NTPI and 

composites 

 

Compd. HOMO LUMO Eg (Eb) (eV) E µ 

NTPI -5.42 -1.62 3.80 6.50 3.4 

Fe3O–NTPI -4.29 -2.46 
1.83 

(5.53) 
28.60 14.2 

Fe3O2–NTPI -5.12 -3.22 
1.90 

(5.81) 
30.08 10.7 

Fe3O3–NTPI -5.95 -3.98 
1.98 

(6.02) 
31.58 11.3 

Fe3O -5.30 -3.30 2.00 12.11 6.23 

Fe3O2 -6.54 -4.38 2.16 14.16 6.11 

Fe3O3 -8.41 -5.78 2.63 16.20 0.26 

Fe4O -5.13 -3.51 1.62 15.47 6.26 

Fe4O2 -5.56 -3.83 1.73 17.51 7.03 

Fe4O3 -5.98 -4.22 1.76 19.56 7.45 

Fe4O4 -7.18 -4.75 2.43 21.61 2.51 
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