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Abstract The 2-(furan-2-yl)-1-phenyl-1H-phenanthro[9,10-
dJimidazole [FPI] has been designed and synthesized as fluo-
rescent sensor for nanoparticulate ZnO. The present work
investigates the photoelectron transfer (PET) from FPI to
Zn0, Cu-doped ZnO and Ag- doped ZnO nanoparticles using
electronic and life time spectral measurements. Broad absorp-
tion along with red shift indicates the formation of charge-
transfer complex [FPI-Nanoparticles]. The photophysical
studies indicate lowering of HOMO and LUMO energy levels
of FPI on adsorption on ZnO due to FPI- ZnO interaction.
The obtained binding constant implies that the binding of FPI
with nanoparticles was influenced by the surface modification
of ZnO nanoparticles with Cu and Ag.

Keywords Life time - PET - ZnO, FPI-ZnO - Cu-doped
Zn0O - Ag- doped ZnO

Introduction

Nanoparticles exhibit potential applications in biological fields
like clinical diagnostic assays, drug delivery systems and cel-
lular imaging [1-3]. Nanoparticles can be used as drug carriers
because they possess enormous surface area and due to their
submicron size they can efficiently be taken up by the cells [4].
ZnO is an attractive semiconductor material with wide direct
band gap (3.37 V), large exciton binding energy (60 meV) and
a hexagonal structure and have significant applications in op-
toelectronics, sensors and actuators [5, 6]. Additionally, ZnO is
also a biocompatible material with a high isoelectric point (IEP)
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of about 9.5, which make it suitable for absorption of low IEP
proteins such as glucose oxidase, as the protein immobilization
is primarily driven by electrostatic interaction [7]. Hence, ZnO
is one of the most desirable platforms for binding enzyme and a
promising material for a wide range of biosensor applications.

Au, Ag, or Pt noble metal coated ZnO is important for
photoelectron transfer (PET) in the bulk and interface of ZnO
semiconductors [8]. Under illumination of UV light, the exciton
absorption bands of ZnO are strongly bleached due to the
accumulation of conduction band electrons [9]. Thus, the effi-
ciency of both the photocatalysis and photoelectric energy con-
version can be greatly enhanced by depositing noble metals on
the surface of ZnO [10]. The properties and applications of noble
metal ZnO nanostructured materials are also determined by its
morphology, structure and the organization of nanostructured
ZnO architectures [11-14]. ZnO based various ceramics were
synthesised by liquid phase sintering of ZnO powder of different
sizes and morphologies. The highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
potentials for the designed sensor must match with the conduc-
tion and valence band edges of the semiconductor nanocrystals
[15-23]. In this paper we report the binding of 2-(furan-2-yl)-1-
phenyl-1H-phenanthro[9,10-d]imidazole with ZnO, Cu-doped
ZnO and Ag- doped ZnO nanoparticles was probed through
absorption, fluorescence, cyclic voltammetry and life time spec-
tral measurements. Electron injection from the excited FPI into
the conduction band of nanoparticles was detected.

Experimental
Materials

Phenanthrene-9,10-dione, aniline, furfuraldehyde and all other
reagents have been purchased from S.D. fine chemicals.
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Synthesis of 2-(furan-2-yl)-1-phenyl-1H-phenanthro[9,10-d]
imidazole [FPI] by InF;

A mixture of furfuraldehyde (1 mmol), phenanthroquinone
(1 mmol), aniline (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 (Scheme 1).
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. M.p. 228°C, Anal. caled. for C,5H6N,O: C,
83.31; H,4.47;N,7.77; O, 4.44. Found: C, 83.29; H, 4.49; N,
7.76; O, 4.43. "H NMR (400 MHz, DMSO): 5 6.87 (s, 1H),
7.54 (s, 1H), 8.12 (s, 1H),7.35 (d, 1H), 7.82-7.77 (m, 7H),
8.29 (d, J=6.8Hz, 1H), 8.46 (d, J=7.2Hz, 1H), 8.97-8.85
(m, 3H). >C NMR (100 MHz, DMSO):5 110.86, 111.68,
112.80, 114.10, 120.43, 121.98, 122.23, 124.08, 124.26,
125.06, 125.87, 126.71, 127.05, 127.95, 128.29, 128.51,
128.70, 130.64, 134.38, 137.72, 141.79, 143.54, 144.33,
146.59, 154.18. MS: m/z. 360 [M+].

Synthesis of Nanocrystalline Oxides by Sol-Gel Method

To zinc acetate (0.1 g) solution (with or without
Cu(NOs3),/Ag(NO3),) under continuous stirring, aqueous
ammonia (1:1) was added drop wise to reach a pH of 7
and the stirring was continued for another 30 min. The
formed glassy like white gel was allowed to age over-
night. It was filtered, washed with water and ethanol,
dried at 100 °C for 12 h calcinated at 500 °C for 2 h
(heating rate 10 °C min ') to pale grey solid.

Spectral Measurements

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 voltamm-
etry (CV) analyses were performed by using CHI 630A
potentiostat electrochemical analyzer. Fluorescence lifetime
measurements were carried out with a nanosecond time cor-
related 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 PL quantum yields were measured
by comparing fluorescence intensities (integrated areas) of a
standard sample (coumarin 46). Theoretical calculations were
performed using density functional theory (DFT) as imple-
mented with Gaussian-03 program using the Becke3-Lee-
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Yang-Parr (B3LYP) functional supplemented with the stan-
dard 6-31G (d, p) basis set [24].

Methanolic solution of the FPI of required concentration
was mixed with the nanoparticles dispersed in methanol at
different loading and the absorption (1 x 10~ M) and emission
(1x107® M) spectra were recorded. The ZnO, Cu- ZnO and
Ag- ZnO nanoparticles were dispersed under sonication in
methanol.

Results and Discussion

Scanning Electron Micrograph (SEM) and Energy Dispersive
Spectrum (EDS)

The scanning electron micrographs of the synthesized nano-
particles are displayed in Fig. 1. The SEM images show the
agglomeration of the synthesized nanoparticles. The Ag" ion
is larger (radius 1.22 A°) than that of Zn*" (0.72 A°) and
cannot be incorporated in to the ZnO lattice. Hence silver
preferentially choose to segregate around the ZnO grain
boundaries. Energy Dispersive X-ray (EDX) spectra of ZnO
and Cu doped ZnO are shown as Fig. 2. It confirms the
presence of dopant in the doped oxides.

Ground State Interaction Between FPI-ZnO Nanoparticle

The absorption spectra of FPI show a superposition of the
bands corresponding to the donor and acceptor subunits which
seem to be only slightly perturbed by their interactions. The
three absorption bands at 210, 255 and 359 nm are
assigned to '(7—r*) transition correspond in Platt’s notation
to 'Ly, 'L, and 'B, excited states. The low and high energy
transitions, 'Ly« So, 'L,<So and 'B, S, respectively are
observed in the absorption spectra [25, 26]. The low energy
absorption region of the FPI containing furfuryl as an electron
acceptor indicates the presence of additional charge transfer
singlet states.

When Cu-doped ZnO nanoparticles were added to FPI
solution, the absorption band around 210 nm enhances along
with red shift and no significant shift was observed with the
absorption around 255 and 359 nm at higher concentration of
Cu-doped ZnO. These changes in absorption of FPI imply a
strong electronic coupling between FPI and Cu-doped ZnO
nanoparticles. As a result there may be changes in electronic
distribution in FPI which causes an increase in molar absor-
bance along with bathochromic shift due to the complex
formation of FPI — Cu-doped ZnO. The absorption character-
istics of FPI with ZnO have been shown in Fig. 3. The
absorption of FPI at 210 nm was shifted to 240 nm by ZnO.
However, the shift is around 285 and 280 nm, respectively,
with the same concentration of Cu-doped ZnO and Ag- doped



J Fluoresc (2014) 24:1447-1455

Fig. 1 SEM image of ZnO and
Cu-ZnO

ZnO nanoparticles. No significant shift was detected for the
absorption at longer wavelengths. The binding strength of FPI
with nanoparticles were calculated using Benesi- Hildebrand
equation [27-29], ﬁ = Acl %+ K= At])[ianop o] where A4
is the change in absorbance at a fixed wavelength, Ay and A,
are the absorbance of free sensitizer and the complex [FPI-
Nanoparticles], respectively For the complex formation a
linear relationship will be obtained between 1/AA and
1/[Nanoparticles]. From the ratio of the intercept 1/(A.—Ay)
to the slope 1/K (A.—Ay), the binding constant (K) have been

calculated and are given in Table 1. The higher K value in the
presence of Cu modified ZnO nanoparticles indicates the
strong binding of FPI with Cu-doped ZnO. Hence the pres-
ence of Cu metal with ZnO nanoparticles results in efficient
electronic coupling with FPL.

Fluorescence Enhancement

The emission spectra of FPI in presence of ZnO and doped
ZnO nanoparticles (Cu- doped ZnO and Ag- doped ZnO)

Fig. 2 EDX spectra of ZnO and zh !
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Fig. 3 Absorption spectra of FPI in presence and absence of ZnO, Cu-ZnO and Ag-ZnO nanoparticles

dispersed at different loading and also in their absence are
displayed in Fig. 4. The nanoparticle enhances the emission of
FPI remarkably without shifting its emission maximum at
405 nm. This indicates that the nanocrystal do not modify
the excitation process of the ligand. The enhanced emission at
405 nm observed with the dispersed semiconductor nanopar-
ticle is due to the adsorption of FPI on semiconductor surface.
This is because of effective electron transfer from the excited
state of FPI to the conduction band (CB) of the semiconductor

Table1 Lifetime (T, ns), radiative rate constant (k,, 108 s~ "), nonradiative
rate constant (ki 108 sfl), electron transfer rate constant (K, 107 sﬁl),
binding constant (K, M), binding sites (n) and evaluation of overlap

nanoparticle. Fluorescence enhancement arises due to the
formation of complex [FPI-Nanoparticles]. The linear varia-
tion of I/l versus [Nanoparticles] is shown in Fig. 4. The
determined slope value of unity shows that each molecule is
bound to one ZnO and the calculated binding constant (K) is
in good agreement with those calculated from absorption
measurements. The order of binding constant (K) is Cu-
doped ZnO > ZnO > Ag- doped ZnO. The formation constant
of FPI- nanoparticles is in agreement with the binding

integral (J, x10 ' cm >/mol), energy transfer efficiency E, maximal
critical distance (Ry, x 107 m) and acceptor and donor distance (rp, nm)

Complex T k; Kor ket J E Ry T K n
FPI 3.72 0.80 1.9 - - - - - - -
FPI ....ZnO 333 0.90 2.1 3.0 5.01 0.28 0.79 0.95 2.98x10° 0.97
FPI ....Ag-ZnO 3.42 0.79 22 22 6.25 0.19 0.85 1.23 9.02x107 091
FPI ....Cu-ZnO 3.21 0.69 2.6 4.2 4.83 0.31 0.82 0.91 9.89x10° 0.98
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Fig. 4 a Fluorescence enhancement of benzimidazole derivative in the
presence and absence of various concentrations of ZnO nanoparticle; b
Inhibition of fluorescence enhancement of benzimidazole derivative on

tendency of the metal ion/metal in the nanoparticles with FPI.
In copper doped zinc oxide, Cu®" tends to bind with g:)(:
function (Fig. 5). In Ag- doped ZnO, silver is in metallic state;
the binding of the noble metal silver with FPI is likely to be the
weakest of the three. That is, the binding of Cu®" in the
nanoparticle is strong. On the other hand, the presence of
metallic silver on ZnO surface weakens the binding. This is
because in Ag- doped ZnO, Ag’ is deposited on the surface of
the crystal there by inhibiting the binding of the ligand with
Zn0O. In Cu- doped ZnO, copper is likely to be present in the
cationic sites or the interstitial positions thereby not inhibiting
the binding of ligand with ZnO. Furthermore the doped
Cu®" on the surface of ZnO may bind with the ligand.
Both the dopants suppress the enhancement of fluores-
cence and the suppression is more by copper than by
silver doping. The possible reason is Cu®" in Cu- doped
ZnO may bind with the ligand and this binding could be
much stronger than that by Zn?". The binding of Ag with
ligand is not as strong as that of Cu?’.

€ - FPI + Nanoparticle 3x10-°M

f - FPI+ Nanoparticle 3.5x10-5M
g - FPI+ Nanoparticle 4x10-5M

h- FPI+Nanoparticle 4.5x10-5 M

doping ZnO with Cu; ¢ Inhibition of fluorescence enhancement of benz-
imidazole derivative on doping ZnO with Ag

Electrochemical Measurements

Cyclic voltametric studies were carried out to probe the effi-
cient binding of ZnO, Cu- doped ZnO and Ag- doped ZnO
nanoparticles with FPI. Figure 5 shows the cyclic voltammo-
gram (CV) of FPI and FPI with ZnO, Cu- doped ZnO and Ag-
doped ZnO nanoparticles. In the presence of ZnO, Cu- doped
ZnO and Ag- doped ZnO nanoparticles the CV of FPI shows a
shift in peak potentials along with decrease in peak current
[30]. It is evident that the ZnO, Cu- doped ZnO and Ag- doped
ZnO nanoparticles have efficient binding with FPI which
supports the electronic spectral results.

Enhancement Mechanism
From the onset oxidation potential (E,x) and the onset reduc-
tion potential (E.q4) of the FPI derivative, HOMO and

LUMO energy levels have been calculated according to
the following equations [31], HOMO=—¢(E,x+4.71)
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Fig.5 a Schematic representation for complex formation; b Cyclic voltammogram of (1) FPI (1x 10~> M), and (2) FPI (1x 10> M) in presence of ZnO

nanoparticles (1 x 10° M)

(eV); LUMO=—¢(E.qt4.71) (¢V). On the basis of the
HOMO and LUMO energy levels of FPI and CB energy
levels of ZnO, Cu- doped ZnO and Ag- doped ZnO
(Fig. 6a), the electron injection is thermodynamically
allowed from the excited singlet of the FPI to the CB of
ZnO/Cu- doped ZnO and Ag- doped ZnO. Figure 6b presents
the HOMO and LUMO energy levels of an isolated molecule

along with the CB and valence band (VB) edges of ZnO
nanoparticles. On adsorption of FPI on ZnO surface, the
HOMO and LUMO may interact with CB and VB of ZnO
and as a consequence the energy levels of HOMO and LUMO
may be lowered. The modified HOMO and LUMO energy
levels presented in Fig. 6¢ suggests enhancement of fluores-
cence of FPI by ZnO nanocrystal. On illumination at 245 nm
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Fig. 6 a Energy level diagram; b HOMO and LUMO energy levels of an isolated molecule along with the conduction band and valence band edges of
ZnO nanoparticle; ¢ Enhancement of fluorescence of derivative by ZnO nanocrystals
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both the ligand and nano semiconductor are excited. Duel
emission is expected due to LUMO—HOMO and CB—
VB electron transfer. ZnO exhibits emission at ~420 nm be-
cause of band edge free excitons [28, 29] and the excited FPI
emits fluorescence at 405 nm Also possible is electron jump
from the excited ligand to the nanocrystals. The electron in the
LUMO of the excited ligand is of higher energy compared to
that of the CB of ZnO nanocrystals. The emission intensity of
FPI bound to ZnO is far larger than that of the isolated
molecule. With the FPI adsorbed on ZnO the semiconductor
is also excited on irradiation. The recombination of the elec-
tron in the CB or singly or doubly occupied oxygen vacancies
with the hole in the VB results in emission at 405 nm. In
addition, emission from the LUMO of the FPI adsorbed on
ZnO to the CB of ZnO at 405 nm is possible. Due to the
additional path opened up for emission the emission intensity
is increased. On interaction of FPI with ZnO the polar ZnO
surface enhances the delocalisation of the 7t electrons and
lowers the HOMO and LUMO energy levels of the adsorbed
FPI due to ligand—semiconductor complex formation [32]. If

Fig. 8 Mechanism of electron
transfer

Time (ns)

the HOMO and LUMO energy levels of FPI lowered by about
0.17 eV on complexation with ZnO the energy difference
between LUMO and CB of ZnO will be about 3.06 eV. This
corresponds to emission at 405 nm. The addition path opened
due to LUMO—CB electron jump increase the intensity of
emission at 405 nm. The chemical affinity between the nitro-
gen atom of the ligand and zinc ion on the surface of the nano
oxide may be a reason for strong interaction of the ligand on
nanoparticle causes the enhancement.

Free-Energy Change (AG,) for Electron Transfer Process

The thermodynamic feasibility of excited state electron trans-
fer reaction has been confirmed by the calculation of free
energy change by employing the well known Rehm-Weller
expression [32], AG,=E'? (Ox)—El/z(red)—ES+C, where,
E'” oy is the oxidation potential of FPL, E""%.q) is the reduc-
tion potential of ZnO nanoparticle, i.e., the CB potential of
nanoparticle, Es is the excited state energy of derivative and C
is the coulombic term. Since the ligand is neutral and the

Drug carrier
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solvent used is polar in nature, the coulombic term in the
above expression can be neglected [33]. The values of
AG,, is calculated as —3.66 eV. The high negative values
indicate the thermodynamic feasibility of the electron
transfer process [34].

Fluorescence Lifetime Measurements

An alternative way to rationalize the behaviour observed in
the present study is by considering the fluorescence lifetime of
FPI concentration. Figure 7 displays the fluorescence decay of
FPI along with FBI-ZnO, FBI- Cu—doped ZnO and FBI- Ag-
doped ZnO. The decay follows a bi-exponential fit indicating
FPI is in two excited states - one is likely to be the configu-
ration in which the furfuryl moiety is coplanar with the imid-
azole ring and other is one with the furfuryl ring is perpendic-
ular to the imidazole ring. Theoretical calculations show the
perpendicular configuration as most stable and hence the
observed longer lifetime is attributed to the same. The radia-
tive and non-radiative decay of the excited state have been
obtained using the quantum yields and lifetimes. The formula
employed to calculate the radiative (k;) and non-radiative (k,,)
rate constants is k,=®,/T; kn,=(1/1)—=(Pp/7); t=(k+ky) ',
where k, and k,, are the radiative and non-radiative deactiva-
tion, T is the lifetime. The k, and k,,, values are displayed in
Table 1. The decrease in lifetime for the complex formation
FPI-Nanoparticles was correlated with electron process. The
rate constants for electron transfer process (k) from excited
state of FPI to semiconductor nanoparticles can be calculated
using the equation, ke=1/T,qs—1/T and the calculated k,
values are shown in Table 1.

According to Forster’s energy transfer theory, the energy
transfer efficiency is related not only to the distance between
the acceptor and donor (rp), but also to the critical energy
transfer distance (Ry). That is, E = RS/ (R + r60), where, Ry is
the critical distance when the transfer efficiency is 50 % and
R,=8.8x10 2 K>N * ¢ J, where, K is the spatial orientation
factor of the dipole, N is the refractive index of the medium, ¢
is the fluorescence quantum yield of the donor and J is the
overlap integral of the fluorescence emission spectrum of the
donor and the absorption spectrum of the acceptor. The value
of J can be calculated by using the equation J =]
FNe(MX*ANF(\)dA, where, F(A) is the fluorescence inten-
sity of the donor and ¢(A) is molar absorptivity of the acceptor.
The evaluated parameters J, E, Ry and 7y are listed in Table 1.
Obviously, the calculated value of R, is in the range of
maximal critical distance. This is in accordance with the
conditions of Forster’s energy transfer theory [35] and sug-
gests that energy transfer occurs between the semiconductor
nanoparticles and FPI with high probability. The evaluated
distance between the FPI and the ZnO, Cu- doped ZnO and
Ag- doped ZnO are the same and this supports the ZnO-FPI
binding in all the cases. Similar trend is observed with energy
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transfer efficiency; the E values of ZnO, Cu- doped ZnO and
Ag- doped ZnO nanoparticles are 0.28, 0.19 and 0.31, respec-
tively. All these results put forward that the optoelectronic
behavior of FPI with ZnO will be enhanced in the presence of
Cu and Ag metal which implies its potential application in the
field of nano-drug carriers (Fig. 8). The electron injected from
LUMO of FPI to CB of Ag or Cu- doped ZnO which will react
with oxygen molecules to produce superoxide radicals which
damages DNA in photodynamic therapy or it can be utilized
for solar cell applications [36, 37]. This implies its potential
application in the field of photodynamic therapy, solar cells
etc., The ligand bond to the nanoparticle may reach the re-
quired site for possible application as photodynamic therapy.
To put in detail the organic molecule attached to the semicon-
ductor nanoparticle could reach the diseased cell and bound to
it. Thus the nanosemiconductor is linked to the attached cell
enabling photodynamic therapy.

Conclusion

Photoinduced interactions of FPI with nanoparticles were
investigated using various spectroscopic measurements.
Binding constant values obtained from the absorption and
fluorescence measurements demonstrated that the binding of
ZnO nanoparticles with FPI greatly influenced by the surface
modification with Cu and Ag. Electron from the excited FPI
transferred to the conduction band of ZnO and quickly mi-
grated to the Cu”" or Ag’. All these results put forward that the
optoelectronic behavior of FPI with ZnO is influenced by the
presence of Cu”" and Ag’ which implies its potential applica-
tion in the field of nano-drug carriers.
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