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INTRODUCTION

Currently, the rapid growth and development of nano-
technology, which detrimentally affects the human health and
environmental systems by manufactured nanoparticles [1,2].
Particularly, nano-sized titanium dioxide (nTiO,), has potential
usage in wide range of applications such as sunscreens, cosm-
etics, surface coatings, paints and in the environmental saniti-
zation of soil, water and air [3-6]. Thus, the widespread usage
of nTiO, could cause a hazard to the human being and bio-
networking system. Almost all of the toxicity experiments of
nTiO, were carried out on mice, rats and cell lines. Over exposure
of nTiO, causes pulmonary inflammation, myocardial damage
and hepatic injury [7-9]. In particular, anatase TiO, particles
(10-20 nm) influenced an apoptosis, lipid peroxidation, micro-
nuclei formation and oxidative DNA damages [10,11]. There-
fore, the design and synthesis of fluorescent probes for the
sensing of nTiO: is highly desirable to date.

Recently, a heterocyclic quinoline and imidazole derivatives
plays a major role in pharmacological and optical fields. Those
derivatives are a part of structural unit in the living systems and
have a considerable attention for utilizing their fluorescence
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A quinoline-benzimidazole conjugate 1 has been synthesized as a potential probe to discriminate the TiO, anatase and rutile nanoparticles |
by fluorimetry. Probe 1 exhibits selective TiO, sensing through a photoinduced electron transfer process (PET) and the ratiometric
sensing response by intramolecular charge transfer (ICT) mechanism. The binding ratio and the association constants were also calculated.
The limit of detection of TiO, nanoparticles by probe 1 was upto micro molar concentrations.

and chemiluminescence behaviours [12-15]. Nanoparticles
generally quench the fluorescence via surface modified organic
ligands and their reports are (i) rhodamine derivative by silica
material, (i) DN-BODIPY by TiO,, (iii) phosphate-modified
TiO, nanoparticles, (iv) tetrazine-modified TiO, nanoparticles,
(v) phycoerythrin by TiO,, AuTiO, and AgTiO, [16-20], efc.
Hence, only few reports are available related to sensing of rutile
and anatase phases of TiO, with “turn on” or “turn off” spectral
responses [ 19,20]. Those reports have some disadvantages such
as insufficient selectivity, quenching nature and an inability
to discriminate rutile and anatase phases of TiO, separately
[21-23]. Thus, development of new fluorescent probes for TiO,
by overcoming the above mentioned problems and achieving
ratiometric probes would be enviable. To the best of our know-
ledge, this is the first report to sense and study about the inter-
action of nanoparticles with quinoline-benzimidazole conjugate
(1). The present study focuses on to discriminate the anatase
and rutile phases of TiO, nanoparticles by probe 1 via ratio-
metric fluorescent responses. Probe 1 ratiometrically sense
the rutile and anatase TiO, nanoparticles prepared by two
different ways such as sol-gel and ball milling methodology.
Probe 1 successfully discriminated the two different phases
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of rutile and anatase TiO, nanoparticles with the influence of
ratiometric emission enhancements, whereas, other metal oxides
quenches the fluorescence upon interaction with quinoline-
benzimidazole conjugate.

EXPERIMENTAL

Chemicals, solvents and reagents were commercially purc-
hased with high purity from local chemical suppliers. The
chemicals from Sigma-Aldrich and of analytical grade (Merck)
were used without any further purification. Spectroscopic
characterization techniques such as 'H & *C NMR spectra were
recorded on a Bruker 400 MHz and 100 MHz NMR spectro-
meter, with chemical shifts (ppm) in DMSO-dsand TMS used
as an internal standard, respectively. LC-MS were performed
on Agilent 6520 (Q-TOF). Shimadzu UV-240 spectrophoto-
meter and Jasco FP-8200 spectrofluorometer were handled
for UV-vis absorption and fluorescence measurement studies.
All fluorescence spectral studies were carried out at 24 + 1 °C.
For analysis, freshly prepared stock solutions were used (2 x
10 M of probe 1 in CH;CN:H,O0, 1:1 v/v, HEPES = 50 mM,
pH=7.4-7.6). The solutions of metal oxides such as TiO,-anatase,
TiO,-rutile, TiO, rutile-anatase mixture, NiO, MgO, ZnO, WOs,
Fe,0s, V,05, Sn'WO,, TiO,-CNT and CuO were prepared by
sol-gel and ball milling methods.

Synthesis of 3-(1H-benzo[d]imidazol-2-yl)quinolin-2-
ol (1): Based on reported literature, we synthesized this receptor
1 [24]. In brief, 2-hydroxyquinoline-3-carbaldehyde (0.50 g,
2.89 mmol) was dissolved in ethanol (20 mL) and added into
the solution of o-phenylenediamine (0.34 g, 3.17 mmol) in
the presence of triethylamine. The above mixture was stirred
and refluxed for 5 h. The resulting precipitate was filtered and
recrystallized from chloroform to afford probe 1. Yellow solid
(yield: 80%). m.p.: 252 °C; '"H NMR (400 MHz, DMSO-ds) &
ppm: 12.65 (s, 1H), 12.47 (s, 1H), 9.11 (s, 1H), 7.95 (d, 1H),
7.73-7.59 (m, 3H), 7.43 (d, 1H), 7.29 (t, 1H), 7.23-7.18 (m,
2H); "CNMR (100 MHz, DMSO-d,) d ppm: 113.2,115.7,118.7,
119.6, 120.4, 122.3, 122.7, 123.1, 129.5, 132, 134.9, 139.1,
139.5, 143.2, 148.1, 161.2. Elemental analysis of C;¢H;;N;0;
calcd. (found) %; C, 73.55 (73.48); H, 4.24 (4.21); N, 16.08
(16.02). LC-MS: m/z 262 [M"+H]".

Preparation of TiO, by ball milling and sol-gel method

Ball milling method: Anatase, rutile and mixed phase
TiO, were prepared by changing the milling time at a fixed rpm
using a Fritsch premium line 6 Planetary Micro Ball Mill. The
details of preparation and structural studies are reported in
detail in previous work [25].

Sol-gel method: The sol-gel synthesized TiO, was obtained
from titanium isopropoxide (TTIP), which was dissolved in
2-propanol in the ratio 1:4. This solution was added into a
mixture of H,O and 2-propanol of ratio 1:1 dropwise amidst
vigorous stirring. The pH of the mixture was adjusted using
ammonia. This mixture was kept under continuous stirring
for 1 h to form the gel. This was dried for several hours at 105 °C,
which formed a crystal block. Then the dried gel was sintered
at 500, 700 and 800 °C for 1 h each to obtain the desired TiO,
particles in different phases.

RESULTS AND DISCUSSION

Structural studies of TiO, prepared by ball milling and
sol-gel method: The XRD pattern of TiO, sample prepared
by sol-gel method, after annealing at 500 °C shows the peaks
corresponding to anatase phase, which was confirmed by the
JCPDS data #894921 and #020494 (Fig. 1a). As the annealing
temperature increased to 700 °C, the XRD pattern showed a
mixture of both anatase and rutile phase. Further annealing to
a temperature of 800 °C gives the pure tetragonal structured
rutile crystalline phase. TiO, prepared by sol-gel method was
found to have better crystallinity than ball milled TiO..

S
= N
5 o
0
E
g g JCPDS Card No.: #020494 (Rutile)
s =
> — ) —~
§ e s e 700 °C
C
JCPDS Card No.: #894921 (Anatase)
& ~
S =
o
v v v L v v v ) § v ) § v
20 30 40 50 60 70 80

26 (%)
Fig. la. X-ray diffraction pattern of TiO, prepared by sol-gel method

Fig. 1b shows the X-ray diffraction pattern of the ball milled
samples. The sample milled at 400 rpm, remains in anatase
phase. With the increase in milling time, a mixed anatase and
rutile phase is observed for the sample milled at 700 rpm. Further
increase in milling time resulted in the formation of rutile phase.
The obtained data matches well with the standard JCPDS data
#894921 and #020494. The crystallinity of the sample was
found to be deteriorated with the increase in milling time which
is evident from the broadening of XRD peaks.

The average crystallite size of the prepared TiO, particles
were calculated using Debye- Scherrer formula (eqn. 1) and
listed in Table-1.

0.91
D=
BcosO M

From the calculated values, it is observed that though phase
change is observed in both top-down (ball milling) and bottom-
up (sol gel) method, there is a difference in crystallite size.
The crystallite size decreases with the increase in milling time
whereas there is an increase in crystallite size with the increase
in sintering temperature in sol gel method.

Sensing ability of conjugate 1: The metal oxide sensing
capability of conjugate 1 was methodically carried out for diffe-
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Fig. 1b. X-ray diffraction pattern of TiO, prepared by ball milling method at
different rpm

TABLE-1
AVERAGE CRYSTALLITE SIZE OF
THE PREPARED TiO, PARTICLES

Preparation Crystallite
method Sample Phase oz ()

450 rpm Anatase 23

Ball Anatase and rutile
milling 700 xpm (mixed phase) 14
850 rpm Rutile 7
500 °C Anatase 19

o Anatase and rutile
Sol gel 700 °C (mixed phase) 26
800 °C Rutile 28

rent metal oxides using the fluorescence technique in CH3CN:
H,O (1:1 (v/v), HEPES = 50 mM, pH = 7.4-7.6) solution (Fig.
2). Before the experiment, the excitation wavelength of probe
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was fixed from the UV-visible spectra. The emission spectrum
of conjugate 1 (4 uM) displayed a weak and single emission
band at 425 nm due to intramolecular photo induced electron
transfer (PET) process in hetero atoms containing benzimidazole
and quinoline scaffolds.

Addition of anatase TiO, and rutile TiO, nanoparticles
(100 equiv.) prepared by two different methods such as sol-
gel and ball milling methods could cause a ratiometric emission
enhancement with the emission maxima at 408 nm were
observed in both cases (Fig. 2). In contrast, addition of identical
concentration of other metal oxides (100 equiv.) prepared by
sol-gel and ball milling methods such as TiO,-rutile and anatase
mixture, NiO, MgO, ZnO, WOs;, Fe,0;, V205, SnWO,, TiO»-
CNT and CuO to conjugate 1, quenches the fluorescence. These
discriminating capabilities of probe conjugate 1 revealed that
the selective ratiometric emission enhancement towards TiO»-
anatase and TiO,-rutile nanoparticles are probably by dual
pathways such as (i) inhibiting the photoinduced electron transfer
process due to the presence of hetero atoms containing quinoline-
benzimidazole conjugate and (ii) by intramolecular charge
transfer (ICT) process between quinoline and benzimidazole
ring [26-30].

To investigate its specificity and sensitivity, the anti-inter-
fering property were studied with all other metal oxides in the
presence of TiO,-anatase and rutile nanoparticles on conjugate
1 was studied, separately. Fig. 3 shows the strong fluorescence
enhancement in the presence of TiO,-anatase and rutile nano-
particles to conjugate 1, which are not interfered by the addition
of other metal oxides. These findings revealed that conjugate 1
selectively discriminates TiO,-anatase and rutile nanoparticles
and there was no influence of other metal oxides in the detection
of TiO,-anatase and rutile phases. This is the first report where
the probe conjugate 1 is able to discriminate TiO,-anatase and
rutile phases by inhibition of PET process leading to ICT mech-
anism between quinoline-benzimidazole conjugates. This deter-
mines that probe conjugate 1 strongly binds with TiO,-anatase
and rutile nanoparticles prepared by two different methodologies
such as ball milling and sol-gel method.

2500
(b)
2000 TiO,-rutile
= <\—- Rec.
=X, TiO,-rutile + anatase mixture
TiO,-anatase
1000 NiO, MgO, ZnO, WO,,
Fe,O,, V,0,, SnWO,,
TiO,-CNT
CuO

5 5
500 600
Wavelength (nm)

0
392

Fig. 2. Fluorescence emission changes of conjugate 1 (4 x 10° M) in CH;CN:H,O (1:1 v/v, HEPES = 50 mM, pH = 7.4-7.6) solution in the
presence of different metal oxides (100 equiv. of each, excited at 380 nm) prepared by (a) ball milling and (b) solgel method
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Fig. 3. Fluorescence emission changes of conjugate 1 (4 x 10° M) CH;CN:H,O (1:1 v/v, HEPES = 50 mM, pH = 7.4-7.6) solution in the
presence of various metal oxides upon addition of (a) TiO,-anatase (100 equiv. of each) (b) TiO,-rutile (100 equiv. of each)

Spectroscopic titration of conjugate 1 to TiO,-anatase
and TiO»-rutile: Fluorescence titration spectrum of conjugate
1 with the gradual loading of TiO,-anatase and TiO»-rutile (0
to 16 equiv) were added, individually (Fig. 4). Stepwise, gradual
addition of TiO,-anatase and rutile to conjugate 1 lead to a
ratiometric emission enhancements with isoemissive point at
415 nm and becomes saturated when 12 and 16 equiv of TiO,-
anatase and rutile nanoparticles were added respectively. This
ratiometric emission enhancement indicates that the adsorption
of quinoline-benzimidazole derivative on TiO- anatase and rutile
surfaces led to effective ICT process. The binding stoichiometry
of TiO, rutile and anatase with conjugate 1 was determined by
Job’s plot method. Fig 5 displays the maximum emission were
found at 0.72 mole fraction, which reveals that 1:2 binding
stoichiometry between conjugate 1 with each TiO, rutile and
anatase nanoparticles separately [31,32].

Furthermore, the 1:2 binding ratio was evaluated with the
help of fluorescence titration data of TiO, rutile and anatase
phases with conjugate 1 was plotted by log (I — Iy)/(I.—I) versus
log C (Fig. 6). Based on the non-linear fitting of the titration
curve [33,34], the association constant (K,) of 1+TiO, anatase
and 1+TiO, rutile were computed to be 6.34 x 10* M? and
5.179 x 10* M?, respectively, indicating that each quinoline-
benzimidazole molecule was bound to two TiO, molecules. The

4000

12 equiv.
3000

2000

0 equiv.

Fluorescence intensity

—_
o
o
o

500 600

Wavelength (nm)

ob—
392

detection limit of conjugate 1 was calculated to be 13.72 uM
(TiO, anatase) and 13.62 uM (TiO,rutile) by using the formula
38/S [35,36].

pH and time response of conjugate 1: For a potent chemo-
sensor, the sensing efficiency at the physiological pH is very
crucial. Hence, the pH effect on conjugate 1 in the presence
and absence of TiO; rutile and anatase in CH;CN:H,O (1:1 v/v)
was experimented (Fig. 7). The fluorescence intensity of conjugate
1 was steady and not affected by various pH ranges. Treatment
of TiO; rutile and anatase nanoparticles to conjugate 1, ratio-
metric fluorescence was observed between the pH 6-9. However,
when the pH is less than 6 or greater than 9, decreases the fluore-
scence intensity and isosbestic point was not observed in those
ranges. Therefore, above result reveals that conjugate 1 can be
used for the environmental, clinical and biological applications
at a physiological pH. Furthermore, the rapid time response
of conjugate 1 for the recognition of TiO, anatase and rutile in
CH;CN:H,O (1:1 v/v, HEPES = 50 mM, pH = 7.4-7.6) was
achieved (Fig. 8). It results that probe conjugate 1 can bind with
100 equiv of TiO, anatase and rutile nanoparticles in almost 2
min to attain the maximum intensity without any changes.

FT-IR studies: Additionally, the nature of binding inter-
action between the small heterocyclic molecule containing C=N
& amide ‘O’ groups with TiO, anatase and rutile nanoparticles
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20001
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Fig. 4. Changes in fluorescence spectrum of conjugate 1 (4 x 10° M) CH;CN:H.O solution (1:1 v/v, HEPES = 50 mM, pH = 7.4-7.6) upon
addition of different amount of (a) TiO, (anatase) (0-12 equiv.) by sol-gel method (b) TiO, (rutile) by ball milling method
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Fig. 5. Job’s plot for probe 1 with (a) TiO, (anatase) and (b) TiO, (rutile) in CH;CN:H,O (1:1 v/v, HEPES = 50 mM, pH = 7.4-7.6) solution
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is further confirmed using IR spectrum in aqueous media (Fig.
9). IR spectrum of conjugate 1, a reference compound measured
in a CH;CN:H,O mixture (1:1 v/v, pH=7.4-7.6) shows absor-
ption bands at 1662 cm™! (strong) and 2366 cm™ (weak) assigned
to the C=N and amide ‘O’ vibrational stretching for quinoline-
benzimidazole moiety [37,38]. Addition of TiO, rutile and
anatase to the solution of conjugate 1, C=N and amide ‘O’
absorption bands downward shifted to 1656, 2361 and 2355
cm’, which is assigned to the C=N & amide ‘O’ band confirms
the quinoline-benzimidazole derivative is adsorbed on the
surface of anatase and rutile TiO, nanoparticles as shown in
Scheme-1.

2:]5-5'_ 1 + TiO, (rutile)

1656

1+ TiO, (anatase)

2361 1656

2366
1 only

1662
1 L 1 M l " ]

2500 2000 1500 1000
Wavenumber (cm ')
Fig. 9. IR spectrum of conjugate 1 only, 1 + TiO, (anatase) and 1 + TiO; (rutile)

Morphology studies: Scanning electron microscopy (SEM)
of quinoline-imidazole derivative (1) adsorbed on TiO,anatase
and rutile nanoparticles are shown in Fig. 10. The SEM results
of free receptor 1 shows flake like morphology and after adsor-
ption with TiO, the flake morphology modified to rod like
structure and their size is also decreased. In addition, modified
rod like structure of conjugate 1 is surrounded by TiO rutile
and anatase nanoparticles, which is clearly observed in Fig. 10b-
c. On the basis of above results, the adsorption behaviour of
the probe conjugate 1 on TiO, rutile and anatase nanocrystalline
surfaces were confirmed undoubtedly.

Proposed mechanism: The proposed signaling mechanism
of conjugate 1 was based upon the inhibition of PET followed

20k X10,000 1pm. 1128 SEI 20kV

X20,000  1pm .

Scheme-I:  Proposed signaling mode of conjugate 1 with TiO, anatase and

rutile nanoparticles

by ratiometric response was observed with the help of ICT
process. Free receptor 1 exhibits a weak fluorescence owing
to the photoinduced electron transfer process from imidazole
moiety possess hetero atoms with lone pair of electrons makes
non-radiative relaxation process in the excited state molecule.
Addition of TiO, anatase and rutile nanoparticles influences
the ratiometric signals through chelation forming benzimi-
dazole and quinoline (imine ‘nitrogen’ and the amide ‘carbonyl
oxygen’) moieties, which would lead to ratiometric signals.
Thus, the probe conjugate 1 serves a selective TiO, anatase and
rutile nanoparticle sensor by the ratiometric fluorescent signals.

Conclusion

In conclusion, the prepared probe conjugating quinoline
and benzimidazole scaffolds (conjugate 1), which potentially
detect the TiO, anatase and rutile nanoparticles by fluorimetri-
cally. The TiO, anatase and rutile chelating behaviour encom-
passing the benzimidazole nitrogen and the quinoline carbonyl
confirmed selective TiO, binding, which causes an inhibition
of non-radiative decay pathways like PET process and ratio-
metric sensing response by ICT mechanism of probe conjugate
1. The probe conjugate 1 can be potentially applied to detect

20kv  X10,000 1pm 11 28 SEI

Fig. 10. (a) SEM images of free receptor 1 only (b) 1 adsorbed in anatase TiO, nanoparticle. (c) 1 adsorbed in rutile TiO, nanoparticle
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TiO, anatase and rutile nanoparticles downs to micromolar
concentrations in environmental and biological samples.
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