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Herein, we report the spectroscopic interactions of titanium dioxide (TiO2) nanoparticles (NPs) with pharmaco-
logically active 3(2H)-pyridazinone derivative, viz., 5-(2-Hydroxy-4-methyl-phenyl)-2-phenyl-2H-pyridazin-3-
one [HMP] in an ethanol solvent using UV–Visible spectrophotometer, fluorescence spectrophotometer and
time-correlated single photon counting technique at room temperature. The observed values of absorption, fluo-
rescence intensity and fluorescence lifetime of HMP molecule decrease with increasing in the TiO2 NPs concen-
tration. From the linear Stern-Volmer (S-V) plot in steady state and transient state which indicates the presence
of dynamic quenching. The association constant (ka) and quenching constant (KSV) have been estimated using
Benesi–Hildebrand and S-V equations respectively. Further, from thefluorescence datawe calculated the binding
constant and number of binding sites, the results reveals that there exists one binding site in HMP molecule for
TiO2 NPs. In addition, we studied the energy transfer influorescence quenching by Forster's non-radiative energy
transfer (FRET) theory. Results, signified that the fluorescence quenching of the HMP molecule is due to the en-
ergy transfer fromHMPmolecule to TiO2NPs. The present investigationmay be adopted in solar energymaterials
and also exploited in a variety of applications such as biological sensing, medical diagnosis etc.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The rapid advancement of nanotechnology is most apparent when
one can consider the phenomenal growth in the numbers of consumer
products that contain nanomaterials. A wide range of nanomaterials
types has been used in commercial products, including metal oxides,
rare earth oxides and polymers [1–4]. One of the most versatile metal
oxide nanoparticles (NPs) is titanium dioxide (TiO2) were used in
many applications. Recently, the use of TiO2 NPs in different consumer
and medical products such as pharmaceuticals, sunscreen and deter-
gents [5]. Further, they have been applied TiO2 NPs in the field of photo-
catalytic degradation [6], dye-sensitized solar cells [7], antibacterial
activity [8] and anticancer treatment [9].

The 3(2H)-pyridazinones are the pyridazine derivatives contain two
adjacent nitrogen atoms at the 1 and 2 positions in a six-membered ring
and a carbonyl group at the 3 position and they have different function-
alities in their structure [10–11]. A substantial number of pyridazinones
in the recent past have been reported to possess antimicrobial, antitu-
bercular, analgesic, anti-inflammatory, cyclooxygenase inhibitor, antidi-
abetic, antihypertensive, antiplatelet, anticancer, antifungal,
darai).
antidepressant–anxiolytic, anticonvulsant, bronchodilatory (for asth-
ma) and anti-allergic, antifeedant, inhibition of linolenic acid, activity
for neurological disorders and many other properties. Some of the
major pyridazinone derivatives which have appeared in the market
are indolidan, bemoradan, pimobendan, levosimendan as antihyperten-
sive, minaprine as an antidepressant, emorfazone as anti-inflammatory
and azanrinone as a cardiotonic [12]. Recently, spectroscopic and quan-
tum chemical investigations on 3(2H)-pyridazinone derivatives such as
levosimendan and bromopyrazone compounds have been studied [13–
14]. In addition, the detailed structural, conformational, spectroscopic,
electronic and nonlinear optical properties of the 3(2H)-pyridazinone
derivatives namely flufenpyr (used in agriculture as an herbicide) and
amipizone (designed to be antithrombotic and an inhibitor for platelet
aggregations and the cardiovascular system) compounds estimated at
the B3LYP, B3PW91 and HSEH1PBE levels of theory with the basis set
6-311G (d, p) [15]. Soliman et al. reported themolecular structure, spec-
troscopic properties, NLO, HOMO–LUMO and NBO analyses of 6-hy-
droxy-3(2H)-pyridazinone [16]. Recently, we have reported the
ground and excited state dipole moments of 3(2H)-pyridazinone deriv-
atives using solvatochromic approaches [17–18].

The phenomenon of fluorescence quenching competes with the
spontaneous emission and causes the reduction in the fluorescence in-
tensity and lifetime of the fluorescence molecules. Generally, it is a
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Fig. 1. The molecular structure of HMP molecule.
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process inwhich the electronic excitation energy of an excitedmolecule
is transferred to a quencher molecule via several mechanisms such as
diffusion, charge transfer etc. and it leads to the non-fluorescent emis-
sion of quencher molecule [19]. The fluorescence quenching of organic
molecules in solvents by various quenchers like carbon tetrachloride
[20], aniline [21–23], oxygen [24], TiO2 NPs [25], silver NPs [26] and
SnO2 NPs [27] have been a subject of continued investigators for last
two decades. The application of quenching phenomenon is very useful
in physical science, chemical science and medical science [28–29].

In view of the pharmacological and spectroscopic importance of TiO2

NPs, 3(2H)-pyridazinone derivatives and fluorescence quenching phe-
nomenon we have prompted to study the spectroscopic properties
and the influence of TiO2 NPs concentration on HMP molecule. In the
present case, UV–Visible spectrophotometer, fluorescence spectropho-
tometer and time-correlated single photon counting techniques have
been employed to understand the nature of the fluorescence quenching
of HMP molecule.

2. Materials and methods

2.1. Materials

The 3(2H)-pyridazinone derivative 5-(2-Hydroxy-4-methyl-phe-
nyl)-2-phenyl-2H-pyridazin-3-one [HMP] molecule was synthesized
according to reference [30] and its molecular structure is shown in Fig.
1. The solvent ethanol is spectroscopic grade and it was purchased
from S.D. Fine Chemicals Ltd., India. Titanium dioxide (TiO2) nanoparti-
cles (NPs) were purchased from HiMedia Laboratories Pvt. Ltd. India.
Quencher was prepared using TiO2 NPs in 5 mL of ethanol solvent of
1 × 10−5 M/L concentration. Solutions were prepared to keep the con-
centration of solute HMP fixed (1 × 10−5 M/L) and varying TiO2 NPs
concentrations (0.00 μM/L, 0.06 μM/L, 0.13 μM/L, 0.20 μM/L, 0.26 μM/L
and 0.33 μM/L).

2.2. Spectroscopic measurements

The absorption spectra were recorded using UV–visible spectropho-
tometer [Model: Hitachi U-3310 at USIC K. U. Dharwad, India] and fluo-
rescence spectrawere recorded in absence and presence of the TiO2 NPs
using fluorescence spectrophotometer [Model: Hitachi F-7000 at USIC
K. U. Dharwad, India]. The fluorescence lifetimes were recorded in the
absence and presence of the TiO2 NPs using time-correlated single pho-
ton counting technique [TCSPC ISSmodel: 90021 at USIC K. U. Dharwad,
India]. All these spectroscopic measurements were carried out at room
temperature [300 K]. The experimental values are reproducible within
5% of an experimental error.

2.3. Benesi–Hildebrand equation

The change in the absorption value of HMP molecule by adding dif-
ferent concentrations of TiO2 NPs is analyzed using the Benesi–
Hildebrand equation [31] and is given below

C
ΔA

¼ 1
Δε

þ 1
Δεka TiO2½ � ð1Þ

where ka is association constant. C : Concentration of HMP molecule.
ΔA : Change in absorbance of HMP molecule with and without TiO2

NPs at its maximum absorption wavelength. Δε: Change in absorption
coefficient. [TiO2]: Concentration of TiO2 NPs.

2.4. Stern-Volmer [S-V] equation

The change in the fluorescence intensity and fluorescence lifetime of
HMP molecule by adding different concentrations of TiO2 NPs is ana-
lyzed using the S-V equation [19] and is given below
For steady state

F0
F

¼ 1þ KSV TiO2½ � ð2Þ

For transient state

τ0
τ

¼ 1þ K
0
SV TiO2½ � ð3Þ

where F0 and F are the fluorescence intensities in the absence and
presence of quencher respectively. τ0 and τ are the fluorescence life-
times in the absence and presence of quencher respectively, [TiO2] is
quencher concentration. Ksv = kqτ0 (K′sv = k'qτ0) is the S-V constant,
which is obtained from the slope of S-V plot and kq(k'q) is quenching
rate parameter.

2.5. Binding constant formula

The relationship between fluorescence intensity of HMP molecule
and concentration of TiO2 NPs can be described by the binding constant
formula [32] and is given below

log
F0−F

F
¼ logkb þ n log TiO2½ � ð4Þ

where kb is the binding constant, n is the number of binding sites.

2.6. Energy transfer in fluorescence quenching

The energy transfer in fluorescence quenching of HMP molecule by
TiO2NPs is studied using the Forster's non-radiative energy transfer the-
ory (FRET) [19], in this the energy transfer takes place between donor
(HMP molecule) and acceptor (TiO2 NPs) when the following condi-
tions are obeyed

1) The donor emits fluorescence.
2) The emission spectrum of the donor and the absorption spectrum of

acceptor must be overlap.
3) The distance between donor and acceptor is less than 70 A°.

The energy transfer efficiency (E) between donor and acceptor can
be obtained by following Eq. (5)

E ¼ 1−
F
F0

ð5Þ

where F0 and F are the fluorescence intensity of donor in the absence
and presence of acceptor respectively.

The value of critical energy transfer distance (R0) (when the energy
transfer efficiency is 50%) is given below

R0 ¼ 0:211 k2Φn−4 J
h i1=6

ð6Þ

where k2 = 2/3 is the orientation factor relating the geometry of the
donor-acceptor dipoles, n is the refractive index of ethanol solvent, ɸ



Fig. 3. The emission spectrum of TiO2 NPs in ethanol solvent.

Fig. 4. The absorption spectra of HMP molecule in ethanol solvent for different
concentrations of TiO2 NPs.

Fig. 5. The plot of C/ΔA versus 1/[TiO2].

Fig. 2. The absorption spectrum of TiO2 NPs in ethanol solvent.
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is the fluorescence quantum yield of the donor in the absence of accep-
tor. J is the overlap integral between the donor emission and acceptor
absorption [19] and is calculated using an equation given below

J ¼ ∫
∞

0
Fd λð Þεa λð Þλ4dλ ð7Þ

where Fd(λ) is the fluorescence intensity of donor in the wavelength
range λ to λ + d λ, with total intensity normalized to unity and εa(λ)
is the extinction co-efficient of the acceptor at λ.
Table 1
Values of absorbance of HMPmolecule at its maximum absorbancewavelength for differ-
ent concentrations of TiO2 NPs and association constant (ka) of HMP molecule with TiO2

NPs in the ground state.

TiO2 NPs concentration
(μM/L)

Absorbance (a, u) Association constant ka
(M−1)

0.00 2.491 0.731 × 106

0.06 2.233
0.13 1.965
0.20 1.744
0.26 1.495
0.33 1.237

Fig. 6. The fluorescence spectra of HMP molecule in ethanol solvent for different
concentrations of TiO2 NPs.
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Knowing the values of E and R0, the distance between acceptor and
donor r0 is calculated using an equation as given below

E ¼ R6
0

R6
0 þ r60

ð8Þ

The rate of energy transfer between the donor and acceptor [33] is
calculated using an equation as given below

kET ¼ 1
τD

R0

r0

� �6

ð9Þ

where τD is the fluorescence lifetime of the donor in the absence of
acceptor.
Fig. 7. The fluorescence lifetime decay curve for HMP molecule
3. Results and discussion

The absorption spectrum of TiO2 NPs in ethanol solvent is shown in
Fig. 2 and it shows the absorption maxima at 345 nm. The emission
spectrum of TiO2 NPs in an ethanol solvent is shown in Fig. 3. The ab-
sorption spectra of HMP molecule in an ethanol solvent for different
concentrations of TiO2 NPs (0.00 μM/L, 0.06 μM/L, 0.13 μM/L, 0.20 μM/
L, 0.26 μM/L and 0.33 μM/L) were recorded and is shown in Fig. 4.
From Fig. 4, we observed that the absorption maxima is at 260 nm. Fur-
ther, we noticed that by increasing in TiO2 NPs concentrations there is a
decrease in absorbance value at maximum absorbance wavelength; it
indicates that there is an interaction of HMP molecule with TiO2 NPs.
Further, we observed that by adding different concentrations of TiO2

NPs solution to HMP molecule, the shape and band maxima of
in ethanol solvent for different concentrations of TiO2 NPs.



Table 3
Values of slope, intercept and correlation coefficients of S-V plot, quenching rate parame-
ter (kq) for steady state and transient state methods.

Method Slope
KSV × 106

(M−1)

Intercept Correlation
coefficient (r)

Quenching rate
parameter
kq × 1015

(M−1 s−1)

Steady state 1.454 1.009 0.996 0.400
Transient state 1.360 0.999 0.969 0.470

Table 2
Values of fluorescence intensity and fluorescence lifetime of HMPmolecule in ethanol sol-
vent for different concentrations of TiO2 NPs.

TiO2 NPs concentration
(μM/L)

Fluorescence intensity (a, u) Fluorescence lifetime (ns)

0.00 661.713 2.89
0.06 615.182 2.88
0.13 557.945 2.82
0.20 519.716 2.81
0.26 476.024 2.79
0.33 451.338 2.77
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absorption spectra of HMPmolecule remains unchanged. This inference
that there is no possibility of the ground-state complex formation be-
tween HMP fluorophore and TiO2 NPs. The plot of C/ΔA versus 1/
[TiO2] according to Benesi–Hildebrand equation [Eq. (1)] was found to
be linear with good correlation coefficient and is shown in Fig. 5. From
the slope and intercept of this plot, the association constant (ka) value
is calculated. Values of absorbance of HMPmolecule at itsmaximumab-
sorbance wavelength for different concentrations of TiO2 NPs and asso-
ciation constant (ka) of HMPmoleculewith TiO2 NPs in the ground state
is shown in Table 1. From Table 1, we observed the high value of ka
which may infer that there will be more interaction of TiO2 NPs with
HMP molecule.

The fluorescence spectra and fluorescence lifetime decay curve for
HMP molecule in ethanol solvent with varying concentration of TiO2

NPs are shown in Fig. 6 and Fig. 7 respectively. Values of fluorescence in-
tensity and fluorescence lifetime of HMPmolecule for different concen-
trations of TiO2 NPs are shown in Table 2. From Table 2, we observed
that the fluorescence intensity and fluorescence lifetime of HMP mole-
cule decrease with increase in the concentration of TiO2 NPs. This infer-
ence that the fluorescence quenching of HMP molecule by TiO2 NPs is
purely dynamic quenching. The plots F0/F versus [TiO2] and τ0/τ versus
[TiO2] were plotted for steady state and transient statemethods accord-
ing to S-V equation [Eq. (2) and Eq. (3)] are found to be linear with in-
tercept nearly unity and are shown in Fig. 8. Values of the slope,
intercept, the correlation coefficient of S-V plot for steady state and
transient state methods are shown in Table 3. From Table 3, it is ob-
served that good correlation coefficient is obtained in both the cases.
The quenching rate parameter (kq) for steady state and transient state
methods are calculated using the values of S-V constant and fluores-
cence lifetime of HMP molecule without TiO2 NPs and these values are
also shown in Table 3.

The plot of log F0−F
F versus log[TiO2] was plotted according to the

binding constant formula [Eq. (4)] are found to be linear with good
Fig. 8. S-V plot of HMP molecule for steady state and transient state methods.
correlation coefficient and is shown Fig. 9. Slope and intercept of this
plot gives the number of binding sites and binding constant respective-
ly. The values of fluorescence intensity for different quencher concen-
trations, log[(F0 − F)/F], log[TiO2], binding constant (kb) and a number
of binding sites (n) are shown in Table 4. From Table 4, we observed
that one binding site exists in HMP molecule for TiO2 NPs.

The absorption spectrum of TiO2 NPs and emission spectrum of HMP
molecule are shown in Fig. 10. FromFig. 10, we observed that there is an
overlap between this two spectra, it is inferred that there is possibility of
energy transfer between the HMP molecule and TiO2 NPs. The energy
transfer efficiency (E) is estimated using an Eq. (5) and these values
are shown in Table 5. The value of critical energy transfer distance
(R0) is calculated using an Eq. (6) and is found to be 20.82 Å. Using
the value of orientation factor relating to the geometry of donor–accep-
tor dipoles (2/3), refractive index of ethanol solvent (n = 1.36) and
fluorescence quantum yield of HMP molecule in the absence of TiO2

NPs (ɸ = 0.0123), the value of J can be calculated by Eq. (7) and it is
found to be 3.852 × 10−14 M−1 cm−1 nm4. Binding distance (r0) be-
tween HMP molecule and TiO2 NPs is estimated using an Eq. (8) and
shown in Table 5. From Table 5, it is observed that value of r0 is smaller
Fig. 9. Plot of log [(F0 − F)/F] versus log [TiO2].

Table 4
Values of fluorescence intensity for different quencher concentrations, log [(F0 − F)/F],
log[TiO2], binding constant (kb) and number of binding sites(n).

TiO2 NPs
concentration
(μM/L)

Fluorescence
intensity (a,
u)

log[(F0 − F)/F] log[TiO2] Binding
constant
kb
(M−1)

Number of
binding
sites (n)

0.00 661.713 −2.8230 … 4.5 × 106 1.07
0.06 615.182 −1.1210 −7.221
0.13 557.945 −0.7300 −6.886
0.20 519.716 −0.5630 −6.698
0.26 476.024 −0.4089 −6.585
0.33 451.338 −0.3316 −6.481



Fig. 10. Absorption spectrum of TiO2 NPs and emission spectrum of HMP molecule
without TiO2 NPs.
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than 70 Å, this is in accordance with Forster's non-radiative energy
transfer theory, suggesting a probability of energy transfer from HMP
molecule to TiO2NPs. The rate of energy transfer between theHMPmol-
ecule and TiO2 NPs is calculated using an Eq. (9) and these values are
shown in Table 5.

Due to the high absorbing power of HMPmolecule on TiO2 NPs, it is
possible to attach HMP molecule on TiO2 NPs which will be useful to
sensitize the TiO2material for solar energy conversion. In addition, pres-
ent investigations of HMP molecule and TiO2 NPs are may be useful in
biological sensing, medical diagnosis etc.

4. Conclusion

From ongoing results, we summarized that

➣ Values of absorption, fluorescence intensity and fluorescence life-
time of HMP molecule decreases with the increase of TiO2 NPs con-
centration.

➣ The high value of ka indicates that there is more interaction of TiO2

NPs with HMP molecule.
➣ The fluorescence quenching of HMPmolecule follows the linear S-V

relation and it is due to purely dynamic quenching process.
➣ One binding site exists in HMP molecule for TiO2 NPs.
➣ Fluorescence quenching in HMP molecule by TiO2 NPs is due to en-

ergy transfer from HMP molecule to TiO2 NPs.

From the above findings, it is possible to attach HMP molecule on
TiO2 NPs whichwill be useful to sensitize the TiO2 material for solar en-
ergy conversion. In addition, present investigations of HMP molecule
and TiO2 NPs are may be useful in biological sensing, medical diagnosis
etc.
Table 5
Values of energy transfer efficiency (E), distance between acceptor and donor (r0) and rate
of energy transfer between acceptor and donor (kET) of HMP molecule for different con-
centrations of TiO2 NPs.

TiO2 NPs
concentration
(μM/L)

Energy
transfer
efficiency (E)

Distance between
acceptor and donor
(r0) (A°)

Rate of energy transfer
between acceptor and
donor (kET)
(109 × s−1)

0.06 0.0703 13.46 04.75
0.13 0.1550 12.00 09.45
0.20 0.2145 11.45 12.62
0.26 0.2806 10.96 16.30
0.33 0.3179 10.71 18.70
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