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HIGHLIGHTS

® An efficient redox type fluorescent and conjugated poly-N-phenyl anthranilic acid (PNPA) was synthesised via chemical oxidative polymerisation of N-phenyl
anthranilic acid (NPA) using FeCl; as oxidising agent in ethanol medium.

® The intense bluish-white light emission of polymer PNPA-H in sulphuric acid was quenched upon the addition of oxidising analytes like Ce**, MnO,~ and Cr,0,%
ions.

® The fluorescence quenching concentration has been determined from three independent methods like naked eye fluorescence detection, UV-visible spectroscopy
and spectrofluorometry.

® The limit of detection (LOD) for naked eye fluorescence quenching was found to be 0.75 uM, 0.5 uM, and 25 pM for MnO,4~, Ce** and Cr,0,> respectively.

® The sensitivity of the fluorescence was highest for MnO,~ ions and least for Cr,0,% ions from stern-volmer plots.

ARTICLE INFO ABSTRACT

Keywords: An efficient fluorescent and redox type conjugated poly-N-phenyl anthranilic acid (PNPA) was synthesised via
Fluorescence quenching chemical oxidative polymerisation of N-phenyl anthranilic acid (NPA) using FeCl; as oxidising agent in ethanol
Naked eye detection medium. The polymer in sulphuric acid solution denoted as PNPA-H have highly intense bluish-white fluores-

Conjugated polymer
Poly-N-Phenyl anthranilic acid
Colorimetric sensors

cence. The intense bluish-white light emission of polymer was quenched upon the addition of oxidising analytes
like Ce**, MnO,~ and Cr,0,% ions. The fluorescence quenching concentration at which the above three analytes
oxidises the polymer were determined from three independent methods like naked eye fluorescence detection,
UV-visible spectroscopy and spectrofluorometry. The mechanism of fluorescence quenching has been explained
on the basis of the oxidation of diphenyl benzidine dicarboxylic acid repeating units of PNPA-H (in reduced
form) into non-fluorescent diphenyl diquinoid dicarboxylic acid units (in oxidised form) by the oxidising ana-
lytes. The mole ratio plot of [analyte]/[polymer] against fluorescence intensity have revealed different stoi-
chiometry for a particular analyte leading to quenching of fluorescence of polymer, which have striking influ-
ence on the redox potential of the analytes. The limit of detection (LOD) for naked eye fluorescence quenching
was found to be 0.5uM, 0.75uM, and 25uM for Ce**, MnO,~ and Cr,0,% respectively and sensitivity of
quenching action was obtained highest for MnO,~ ions and least for Cr,0,> ions from stern-volmer plots. The
oxidised and non-fluorescent diphenyl diquinoid dicarboxylic acid units of PNPA-H have been reduced back to
fluorescent diphenyl benzidine dicarboxylic units with reducing biomolecules like ascorbic acid, which indicate
the redox reversibility of the system.

1. Introduction conducting or semiconducting inorganic devices [1]. Applicative
functions of conjugated polymers were mainly derived from chemical

Conjugated polymers have been extensively studied mainly due to and physical properties such as chemically controllable electronic

its wide range of applications in sensors, optoelectronics, energy sto- structure, electrical conductivity, optical properties, thermal properties
rage devices and display devices along with its ability to counterpart and mechanical properties [2]. Conjugated polymers generally possess
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high light absorption and emission properties which mainly depend
upon the polarization of their electronic structures [3]. The electrically
or electrochemically switchable electrical conductivity (from insulating
to semiconducting or conducting) and intrinsic redox states present in
conjugated polymers were attractive and well-studied by many re-
searchers [4-6]. Different type of sensors such as chemical sensor,
electrode sensors and biosensor have been developed based on optical
and electrical properties of conjugated polymers [7-12]. Signal ampli-
fication and trace level detection would be the most interesting features
of conjugated polymer based sensors [13-15].

Fluorescent conjugated polymers have gathered very much atten-
tion because of their applications in the fields of fluorescent probes,
smart polymer machines, fluorescent chemo sensor, fluorescent ima-
ging, drug delivery carriers and so on [16-22]. Fluorescent polymers
can be synthesised using fluorescent monomers or non-fluorescent
monomers or fluorescent compounds as initiator or fluorescent com-
pounds as chain transfer agents [23-26]. The responses for the fluor-
escent sensing action of conjugated polymers could be either turn off or
turn on based upon quenching or Forster energy transfer or electron
transfer or doping mechanisms [27,28]. Maiti. J. et al. developed
polythiophene based fluorescent sensors for the detection of acids like
HCl and metal ions like copper, cadmium and mercury based on the
fluorescent quenching effect [29]. Kim et al. adopted Heck-Sonogashira
protocol for the synthesis of sugar substituted poly (para-phenylene
ethylene). These polymers were highly fluorescent and its light emis-
sion was quenched by mercury and lead ions by spin-orbit coupling’
[30] The fluorescence sensing applications of intrinsically conducting
polyaniline have not studied extensively mainly due to poor solubility.
Therefore, development of fluorescent poly-aromatic amine systems
with good solubility and different structural aspects would be chal-
lenging area to be addressed. Fang Liao et al. synthesised poly-ortho-
phenylenediamines nanospheres via chemical oxidative polymerisation.
Doping effect of these nano materials with hetero atoms was used as
ultra-sensitive fluorescent detection system for Cu**, Ca®>*, Hg®* and
H,0, [31]. Z. Wang et al. developed novel fluorescent probe for Pd>*
detection with the use of poly ortho-phenylenediamine nanospheres
[32]. However, the naked eye fluorescence detection of analytes in
solution by utilising the fluorescence quenching and redox properties of
poly-diphenylamine derivatives have not explored exclusively.

In the present work, we have developed fluorescent poly-N-phenyl
anthranilic acid (PNPA) polymer which has redox property to sense
various oxidising agents in aqueous acidic medium. Chemical or bio-
chemical colorimetric sensors working in aqueous media have an added
advantage of non-toxic and universal solvent system for analytical ap-
plications. We have synthesised homopolymer of poly-N-phenyl an-
thranilic acid (PNPA) via chemical oxidative polymerisation using
ferric chloride as oxidising agent in ethanol solvent. The structural
characterisation of monomer and polymer have been carried out by
nuclear magnetic resonance spectroscopy (‘H NMR) and fourier trans-
form infrared spectroscopy (FT-IR). The powder X-ray diffraction stu-
dies have revealed intense crystalline peaks corresponding to monomer
(NPA) and broad low intensity peaks corresponding to amorphous do-
main of polymer (PNPA). Thermogravimetric analysis revealed that
polymer (PNPA) have more thermal stability than monomer (NPA)
especially for higher temperatures. The good solubility of monomer and
polymer in sulphuric acid and sodium hydroxide solutions enabled us to
study absorption and emission properties in aqueous solutions.
Fluorescence quenching of PNPA with analytes like Ce**, MnO,~ and
Cr,0,% ions were studied by naked eye fluorescence detection,
UV-visible absorption spectra and spectrofluorimetry. The redox reac-
tion between reduced form of poly-N-phenyl of anthranilic acid (PNPA-
H) and oxidising analytes have been contributed for the fluorescence
quenching action. In short, we have developed an efficient redox active
and fluorescent conjugated polymer based on poly-N-phenyl anthranilic
acid and successfully demonstrated its use in quantitative sensing of
analytes via fluorescent quenching.
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2. Experimental
2.1. Materials and reagents

N-Phenyl anthranilic acid (97%) was purchased from LOBA che-
micals and further purified by double recrystallization using acetone as
solvent. Anhydrous FeCl; was purchased from Sigma Aldrich.
Ammonium cerium (IV) sulphate dihydrate GR, potassium permanga-
nate, potassium dichromate GR, acetone and concentrated H,SO4
(98%) were purchased from Merck chemicals, India. Double distilled
ethanol and deionised water were used for synthesis and purification of
polymer.

2.2. Measurements and instruments

NMR spectra of the samples were recorded using 400 MHz Bruker
Avance III NMR Spectrophotometer in CDCl; solvent using TMS as in-
ternal standard. The FT-IR spectra of the samples were recorded by
Shimadzu FT-IR spectrometer using KBr pellet method. The elemental
analysis (CHN) of the samples were recorded by elementar vario EL III.
Thermogravimetric analysis (TGA) of the samples were measured by
PerkinElmer, Diamond TG/DTA in an inert atmosphere of nitrogen gas.
Powder wide angle X-ray diffraction of the samples were measured
using Anton Paar, TTK 450 diffractometer in the range of 26 values
between 3 and 80°. UV-Visible spectra of the samples were recorded by
Shimadzu UV-Visible spectrometer in the range 200-800 nm with
deionised water. Visible fluorescence emission of the polymer samples
were checked using long UV light (A = 365 nm) in Rotek UV inspection
cabinet of 230 V. Specific viscosity (ns,) of polymer was measured using
Ostwald's U-tube viscometer by taking 0.25 % w/w of samples in
ethanol. Fluorescence emission spectra of the samples were recorded in
FluoroMax-4. Potentiometric titrations were performed using digital
potentiometer of model ST. DPM 2V with input of 230V + 10%.
Polymer molecular weight determination of the PNPA samples have
been carried out using Ultraflextreme MALDI-TOF/TOF from Bruker
Daltonics using 2, 5-dihydroxy benzoic acid (DHB) matrix. The fluor-
escence quantum yield (®¢) was determined by a relative method by
using quinine sulphate (®¢_0.53) in 0.1 M H,SO, as reference. The
optical density of the solutions kept have below 0.1 absorbance and
excited at 366 nm. The quantum yield was calculated by using fol-
lowing equation.

Q=Qp - ox T

IR OD Nr

Where Q, I, n and O.D represents fluorescence quantum yield, in-
tegrated intensity, refractive index of the solvent and absorbance of the
solution and subscript ‘R’ denotes to the reference fluorophore.

3. General procedure
3.1. Synthesis of poly-N-phenyl anthranilic acid (PNPA)

The recrystallized monomer N-phenyl anthranilic acid (0.5g,
2.34 mmol) was dissolved in 15 ml double distilled ethanol. Anhydrous
FeCl; (0.57 g, 3.52mmol) dissolved in 5ml ethanol was added to
monomer solution at 30°C, and the polymerisation was allowed to
proceed for 2 h without any disturbance. The blue polymer solution was
precipitated into deionised water, filtered, and washed first with water
and then many times with water-acetone mixture until the filtrate be-
come colourless. The dark blue powder was dried in a vacuum oven at
60 °C for 3h. Yield = 0.382 g (76.4%). '"H NMR (400 MHz, CDCl5) &:
7.471 (m, 6H, Ar-H), 6.323 (m, 8H, Ar-H. FT-IR (KBr, cm~'): 3335,
3030, 1654, 1578, 1504, 1453, 1395, 1278, 1156, 745 and 694.
Element analysis (anal., wt %): C, 63.42; H, 4.27; N, 5.79.
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Fig. 1. Schematic representation of synthesis of PNPA using chemical oxidative polymerisation using FeCl;. Photographs of PNPA in acid and basic media.

3.2. Preparation of PNPA-H (1 x 10~° M) solution

Poly N-phenyl anthranilic acid (9.70 mg, 0.046 mmol) was dissolved
in 10 ml of conc. H,SO,4 (18 M) using sonicator. A light blue coloured
solution of PNPA-H was obtained. PNPA-H solution (0.3 ml) was added
to 100 ml standard flask and then made up to 100 ml using deionised
water.

4. Results and discussion

Poly-N-phenyl anthranilic acid have been synthesised via chemical
oxidative polymerisation of N-phenyl anthranilic acid using anhydrous
ferric chloride as oxidising agent in ethanol solvent (see Fig. 1). The
dark blue polymer powder obtained was soluble in organic solvents like
acetone, ether, chloroform and ethanol. Although monomer and
polymer were insoluble in water because of its nonpolar nature, how-
ever they are soluble in basic sodium hydroxide (~1-5M) and also in
sulphuric acid medium at moderate concentrations (~1-9 M) by dilu-
tion method. Poly N-phenyl anthranilic acid contain ionisable car-
boxylic acid group which loses its protons at basic pH to become car-
boxylate anionic side groups. On the other hand, polymer become
protonated in acidic pH on the secondary amine group contained in the
polymer backbone. Good solubility of the polymer in basic and acidic
solution is due to the electrostatic attractive forces between polymer
and solvent, which overcome the repulsive forces of the similar charged
parts of polymer chains [33]. Poor solubility of unsubstituted polyani-
line usually hampers the structural characterisation of polymer parti-
cularly in solution state. In the present case, the good solubility of
monomer (NPA) and polymer (PNPA) in chloroform enabled us to do
their structural characterisation by 'H NMR spectra. The proton NMR
spectra of NPA and PNPA recorded in CDCl; have shown in Fig. 2. The
peak at 9.29 ppm of the monomer was assigned to the N-H proton [34].
The doublet present at 8.03-8.06 ppm was assigned to aromatic proton
H,. The downfield shift of this aromatic proton may be due to the
presence of electron withdrawing group at its ortho position. The H.
proton and two H¢ protons are overlapped and formed as a multiplet
with chemical shift in the range 7.28-7.33 ppm. The multiplet in the
range 7.20-7.25ppm was assigned due to two H. protons. The Hy
proton show doublet in the range 7.21-7.23 ppm. Both H; and H,
protons form a triplet due to the coupling of two neighbouring protons

in the region 7.11-7.15 ppm and 6.74-6.77 ppm respectively [35]. In
the case of polymer, H; H, and Hj protons present in substituted
benzene have showed multiplet in the region 7.47-8.01 ppm in addition
to solvent peak at 7.26 ppm. The benzenoid protons Hy, Hs and Hg also
showed multiplet in the region 6.32-6.59 ppm, due to the coupling of
neighbouring protons and also due to the overlapping of peaks. The
triplet peaks corresponding to H;, and Hg protons of monomer were
missing in the polymer sample which indicated the formation of
polymer.

The monomer (NPA) and polymer (PNPA) were characterised by FT-
IR spectroscopy by making thin pellets of samples with KBr powder (see
Fig. 3a). The monomer showed characteristic strong peaks at 1665,
1576, 1503, 1438, 1324, 1255 and 1156 cm’lcorresponding to C=0
stretching, aromatic ring stretching, C=C stretching, carboxylic-OH
bending, C-N stretching, C-O stretching and C-H stretching respectively
[35,36]. The peaks at 745 and 694 cm ™! were due to aromatic C-H out
of plane bending vibrations, characteristic band of substituted phenyl
rings [37,38]. The polymer PNPA have also shown characteristic peaks
at 1654, 1578, 1504, 1453, 1395, 1278, 1158 cm ™! corresponding to
C=0 stretching, aromatic ring stretching, C=C stretching, carboxylic-
OH bending, C-N stretching, C-O stretching and C-H stretching re-
spectively [35,39-43]. The structural difference of monomer and
polymer was clearly evident from the C-N stretching, C-O stretching
and carboxylic-OH bending which have different peak positions (see
Fig. 3a). The polymer and monomer have shown characteristic peak of
N-H asymmetric stretching and broad O-H stretching of carboxylic acid
at 3335cm ! and 3030 cm ™! respectively [35,41]. Specific viscosity of
monomer and polymer (PNPA) in ethanol solvent were measured using
Ostwald's U-tube viscometer and its value was found to be 0.01 and
0.08 ( £ 0.005) respectively at 28 °C. The specific viscosity of polymer
indicates that the formation of low molecular weight polymer rather
than very high molecular weight polymer. MALDI-TOF analysis of the
PNPA have been carried out using 2,5-dihydroxy benzoic acid matrix to
find out the number of repeating units and to confirm polymer forma-
tion (see Fig. S1 in supporting information). The polymer molecular
ions peaks of PNPA have been repeated at regular interval of m/Z equal
to 211 for molecular formula (C;3HoNO,), and an average 6-7 re-
peating units (mass between the range 832-1870 amu) were present.
The other repeating peaks of equal mass difference corresponding to
polymer adducts and fragmented peaks were also observed.
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Fig. 2. 'H NMR spectra of NPA and PNPA in CDCl; with enlarged peaks of NPA shown as inset.

110+ The powder X-ray diffraction studies provide information regarding
100 4 a the amorphous, crystalline or semicrystalline nature of the samples. X-
90 ] ray diffraction pattern of monomer N-phenyl anthranilic acid (NPA)
= o and poly-N-phenyl anthranilic acid (PNPA) were shown in Fig. 3b. The
© 1 recrystallized monomer N-phenyl anthranilic acid have shown sharp
o crystalline peaks at 20 values 6.5, 11.4, 17.13, 19.5, 22.1, 26.0, 27.6
% 60 and 30.7°. However, single crystal XRD is necessary to see the mole-
£ 504 cular packing in NPA which will be done later. Poly-N-phenyl anthra-
g 40 nilic acid (PNPA) samples do not have sharp crystalline peaks; instead
g 0] they show less intense broad peaks (see inset for expanded diffracto-
= | . gram of PNPA). The polymer has shown lower angle peak centred at
N NPA ' : 26 = 6.1°, which corresponds to the organized polymer domains. The
104 PNPA O'_H bend presence of less intense peak as well as broad peaks in the 26 range
| — . } . . : . 17-30° showed the weak interchain interactions and amorphous nature
600 800 1000 1200 1400 1600 1800 of the polymer similar to parallel and perpendicular periodicity of
Wavenumber (cm-1) polymer chain in polydiphenylamine and polyaniline [42,44-48].
7x10* o Thermal stability of monomer and polymer were recorded by thermo-
gravimetric analysis by heating the samples in nitrogen atmosphere up
6x10* to 700 °C. The monomer have shown 10% weight loss at 218 °C and
then a sudden weight loss of 50% was observed on increasing tem-
5x10° - perature to 250 °C (see Fig. S2 in supporting information). The polymer
E) ) have shown 10% weight loss at 232°C and then slowly losses 50%
8 104 weight on increasing temperature to 333 °C. The thermal stability for
2 N polymer was higher than monomer especially for higher temperature

% 3x10°4 [40-43,49].
-g 2x104_' The good solubility of the monomer and polymer in sodium hy-
- droxide solution enabled us to record the UV-visible absorption spectra
1x10° in basic aqueous medium. The absorption spectra of polymer and
monomer at different concentration have been recorded in sodium
0 : i : i | i : i hydroxide denoted by PNPA-Na and NPA-Na respectively (see Fig. 4a
10 20 30 40 50 and Fig. S3 in supporting information). Dark blue coloured PNPA
20 (Degrees) changes to yellowish brown solution upon the addition of sodium hy-

Fig. 3. (a) FT-IR spectra of NPA and PNPA (b) Powder WXRD diffractogram of
NPA and PNPA with enlarged diffracogram of PNPA as inset.

droxide, whereas colourless NPA do not change its colour. Two peaks
were observed for both NPA and PNPA at 288 nm and 339 nm corre-
sponding to benzenoid (w-w*) and extended m:-m* transition of
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Fig. 4. UV-visible absorption spectra of (a) different concentration of PNPA-Na
in sodium hydroxide solution (2 M) is shown with photographs (b) PNPA and
NPA in chloroform solvent along with photographs in the absence and presence
of UV light.
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conjugated phenyl rings in reduced amine [50,51]. The absorption
spectra of NPA and PNPA in organic solvent like chloroform have
shown two absorption maxima at 290 nm and 358 nm corresponding to
benzenoid and extended = -t* transition respectively (see Fig. 4b) [52]
The absorption corresponding to oxidised quinoid unit (above 620 nm)
was absent in the polymer structure [40,53]. The UV-visible absorption
spectra of NPA and PNPA in sulphuric acid denoted as NPA-H and
PNPA-H have shown sharp benzenoid peak at 254 nm and broad ab-
sorption band with vibronic peaks at 363, 387 and 404 nm corre-
sponding to protonated conjugated polymer structure (see Fig. 5 and
Fig. S4 in supporting information) [37] It was interesting to see a blue
shift of 20nm in basic conditions and red shift of 50 nm in acidic
conditions with respect to absorption obtained for 358 nm peak in
chloroform. Concentration dependant absorption spectra of polymer
PNPA-H in sulphuric acid have been recorded for different concentra-
tions of polymer by varying its concentrations from 1.0 x 10~ to
4.6 X 10" °M (see Fig. 5). The PNPA-H have not shown any shift in
peak position with change in concentration. The fluorescence emission
of blue coloured polymer (PNPA-H) at different concentration have
been checked in dilute sulphuric acid by irradiating solutions under UV
light (A = 365nm) in dark chamber. The polymer solutions have in-
tense bluish-white fluorescence and the intensity of the bluish-white
fluorescence of the polymer samples decrease with decrease in con-
centration (see photographs in Fig. 5). In acidic environment PNPA is
protonated, the polymer structure becomes more rigid because of the
repulsion of charges and conjugation, which result in the stronger
fluorescence intensity. The UV-visible spectroscopy shows that the
onset of the m- m*conjugated peak for the PNPA-H in acid medium,
PNPA-Na in basic medium and PNPA in chloroform were at 440 nm,
375 nm and 410 nm respectively, which indicate the change in con-
jugation. Fluorescence quantum yield (®y) of the polymer solution has
been quantified as 0.38 + 5% by a comparative method using quinine
sulphate as reference at an excitation wavelength of 365 nm. Monomer
(NPA) have shown weak green fluorescence in chloroform, bluish-white
fluorescence in sulphuric acid and no fluorescence in sodium hydroxide
solution. The polymer (PNPA) has intense bluish-white fluorescence in
sulphuric acid, no visible emission in chloroform and sodium hydroxide
solution.

The light emission of polymer solutions are very sensitive and

4.6x10* M

Absorbance (a.u)

2.3x10* M

[PNPA-H]

1x10* M 5x10° M 1x10° M

——4.6x10°M
——1.0x10°M

5.0x10°M
——1.0x10™M

-0.5 y

T T
200 250 350

T T T T
400 450 500 550 600

Wavelength (nm)

Fig. 5. Concentration dependant UV-visible spectra of PNPA-H in sulphuric acid. Fluorescence images of PNPA-H for different concentration is shown as photo-

graphs.
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Fig. 6. Fluorescence quenching studies of PNPA-H with different concentration of analytes like Ce**, KMnO, and K,Cr,0, by colorimetric detection.

detection of specific ions, atoms or small molecules in trace level is
possible by fluorescent intensity change or colorimetric sensing [54,55]
Different anions and cations such as Ce**, MnO,~, Cr,0,%, Cu®*,
Co>*, Hg?* and molecules such as glucose, urea, ascorbic acid were
randomly added to the bluish-white light emitting polymer solution of
PNPA-H to check any change in fluorescence signal. Strong oxidising
agents such as cerium ammonium sulphate dihydrate, potassium per-
manganate and potassium dichromate solutions instantly quenched the
bluish-white fluorescence of polymer. A systematic concentration de-
pended studies have been carried out to find actual concentration at
which fluorescence quenching was observed by adding the solution of
analytes. For this purpose, concentration of aqueous salt solutions of
Ce**, MnO,~ and Cr,0,% ions were systematically varied in the con-
centration range from 1 X 1072M to 1 X 107°>M and the polymer
concentration was fixed as 1 X 10~ °M (see Fig. 6). Naked eye fluor-
escence quenching was observed on and above 5 X 107°M,
7.5 x 107°M and 2.5 x 1073M for Ce**, MnO,~ and Cr,0,% re-
spectively. The [analyte]/[polymer] mole ratio for which fluorescence
quenching was obtained for [Ce**]1/[PNPA-H], [MnO,~1/[PNPA-H]
and [Cr2072']/ [PNPA-H] were 5, 7.5 and 250 respectively. The limit of
detection (LOD) of analytes for simple naked eye fluorescence detection
have been found to be 0.5 pM, 0.75 uM and 25 uM for Ce** MnO,~ and
Cr,0,% ions respectively, by setting the lowest naked eye emissive
polymer concentration as 1 x 10”7 (see Fig. S5 in supporting in-
formation).

The UV-visible absorption spectra of polymer and polymer + ana-
lyte solutions were recorded to find any changes in absorption spectra
of PNPA-H by the addition of analytes. The absorption spectra of
polymer were taken at the concentration limit where naked eye

fluorescence quenching was observed (see Fig. 7a and b). In the case of
analytes like Ce** and MnO, ions, absorption at 388 nm was vanished
completely upon the increasing analyte concentration to 5 X 107> M
and 5 x 10~ > M respectively. In addition to that, the absorbance of the
benzenoid peak present at 280 nm was suppressed considerably in-
dicating the changes in the benzenoid structure. In the case of dichro-
mate + polymer mixture, a strong light absorption of potassium di-
chromate at 380 nm region hampered our efforts to note changes in
absorbance (see Fig. S6 in supporting information).

Emission spectra of polymer and polymer + analytes have been
recorded using spectrofluorometer to get the quenching concentration
from the changes in fluorescence intensity. The range of polymer and
analyte concentrations selected for spectrofluorometric studies were the
same as that used for naked eye fluorescence detection and UV-Visible
absorption studies. The quenching of fluorescence of PNPA-H obtained
from spectrofluorimetry for Ce**, MnO,~ and Cr,O,%ions were at
concentrations equal to 1 x 10"*M, 7.5 x 10"°M and 2.5 x 10" *M
respectively (see Fig. 8 and Fig. S7 in supporting information). Fluor-
escence intensity changes of polymer obtained after the addition of
different analyte concentrations have been plotted against [analyte]/
[polymer] mole ratio (see Fig. 9 and Fig. S7 in supporting information).
The analyte/polymer mole ratio for Ce**/PNPA-H, MnO,~ /PNPA-H
and Cr,0,%/PNPA-H for quenching action were obtained as 8, 4.5 and
100 respectively, via extrapolating the straight line to x-axis. The ac-
curacy of sensing action in naked eye fluorescence detection and uv—
visible absorption spectra would be slightly variable especially at very
low concentration were due to the difficulty in judging the visibility of
fluorescence and low absorbance, respectively. On the other hand,
spectrofluorometer is a highly sensitive instrument which can measure
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Fig. 7. UV-Visible absorption spectra of (a) Polymer + Ce"" ions in solution

and (b) Polymer + MnO, " ions in solution.

fluorescence signal even at very low concentration (up to nanomolar
concentration) of polymer + analyte mixture. The fluorescence in-
tensity changes of PNPA-H + analyte mixture plotted against different
analyte concentrations (uM) were shown supporting information S8.
Calibration curve shows that linear range of response was fairly straight
with higher coefficient of determination () and low p-value (< 0.05),
which suggests that model was fairly fitted with good precision.
Moreover the three independent techniques provided reasonably good
agreement for the fluorescence quenching action of analytes within the
experimental limit.

The mechanism of fluorescence quenching was proposed based on
the oxidising action of analytes on PNPA-H in reduced form (see
Fig. 10). The oxidising power of analytes in solution can be obtained
from the standard reduction potential (E) of Ce**/Ce®** (+1.44 V),
MnO,~ /Mn?* (+1.51 V), and Cr,0,%/Cr®* (1.36 V) in acid medium-
[56-58] The first step of the oxidation of N-phenyl anthranilic acid in
redox titration is an irreversible step that results in the formation of
colourless diphenyl benzidine dicarboxylic acid (reduced), which upon
oxidation forms violet-red diphenyl diquinone dicarboxylic acid (oxi-
dised) [59-63]. The standard redox potential for reduced (colourless)
and oxidised forms (violet-red) of N-phenyl anthranilic acid dimer was
found to be 1.08V [60,64]° The blue coloured polymer (PNPA-H)
synthesised for the present studies also contain diphenyl benzidine di-
carboxylic acid repeating units in the reduced form, however which
upon further oxidation becomes non-fluorescent diquinone structure
(see Fig. 10). The [analyte]/[polymer] mole ratio at which fluorescence
quenching observed was lowest for MnO,~ ions (7.5) and highest for
Cr,0,%solutions (250) from spectrofluorimetry. The high [Cr,0,%
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Fig. 8. Emission spectra of (a) Polymer + MnO,4~ ions in solution and (b)
Polymer + Ce** ions in solution.

1/[PNPA-H] mole ratio reveals that potassium dichromate was a weak
oxidising analyte (E° = + 1.36 V) for PNPA-H in comparison to other
analytes. Other two analytes (MnO, /Mn®*and Ce**/Ce®**) have
more positive standard reduction potential than Cr,0,%/Cr®* and thus
they reacted with PNPA-H at low analyte/PNPA-H mole ratio. The
fluorescence intensity ratio (Ip/I) plotted against concentration of
analyte was shown in Fig. S9 in supporting information, where I, and I
are the intensity of transmitted light in the absence and presence of
analyte. The plots have shown a curve with positive deviation from
straight line which indicates static quenching. This may be because of
the formation of non-fluorescent complex formation for higher [ana-
lyte]l/[polymer] mole ratio. One of the requirement for Stern-Volmer
theory is that the donor concentration should be low, so that the donor
molecules do not influence each other [65,66]. We have calculated the
slope of curve manually using the equation, slope = AY/AX by taking
two concentrations from the curve and the slope of the curve for
MnO,~, Ce*" and Cr,0,% ions were 3.73 x 10%, 9.41 x 10* and
5.00 x 10°M ™! and the sensitivity of different analytes follow the
order MnO,~ > Ce*t > Cry,0,%

Reversibility and the redox behaviour of PNPA-H have been
checked by adding reducing biomolecules like ascorbic acid to the
oxidised non-fluorescent form of polymer in solution. The standard
reduction potential (E°) value for dehydroascorbic acid (DHA)/ascorbic
acid (AsA) was reported to be —0.066 V [67]. Ascorbic acid was added
to the polymer at the concentration in which fluorescence was just
quenched by analytes (1 x 10~ *M for Ce**, 7.5 x 10~°M for MnO, ",
and 2.5 x 10~ 3 M for Cr,0,%). The fluorescence was reappeared on the
addition of ascorbic acid at concentrations 5 x 10”*M, 2.5 x 10" *M
and 1 x 1072M respectively for Ce**, MnO,~ and Cr,0,% solutions
respectively (see Fig. 10). Although system was reversible, slight excess
oxidant or reductant concentration was required to quench or reappear
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the fluorescence which may be due to the polymeric structure in which
variable levels of oxidation or reduction can take place. The changes in
the UV-visible spectra of polymer + analyte mixtures by adding as-
corbic acid was also checked (see Fig. S10 in supporting information).
Polymer + analyte + ascorbic acid mixture have an absorbance at
265 nm which indicates the reformation of benzenoid structure in
PNPA-H. However, peak which was responsible for blue light emission
at 388 nm was not clearly visible due to the broad absorption of other
reduced ions of analytes, slight excess ascorbic acid and low con-
centration PNPA-H in the final mixture. Direct synthesis of oxidised
quinoid form of PNPA using stronger oxidising agents are currently in
progress, which could be directly used for sensing action of reducing
biomolecules. The potentiometric titrations of the polymer (PNPA-H)
against the analytes (fixed polymer and analyte concentration as
1 x 10~>M) have been carried. The change of potential with respect to
volume (AE/AV) plotted against volume of analyte have typical nature
of potentiometric redox titration curve (see supporting information
S11). The concentration of analyte calculated from first derivative plot
of potentiometric titration was relatively in good agreement with
quenching concentration of analyte obtained from other methods.

A naked eye fluorimetric titration of analytes has been carried out
using PNPA-H solution to demonstrate its potential application as
fluorescent indicators especially at very low concentration of analytes
(see Fig. S12 in supporting information). The concentrations of polymer
and analytes taken was comparable (1 x 10~°M) for fluorimteric ti-
tration and the [analyte]/[polymer] mole ratio at which fluorescence
quenching observed was found to be relatively in good agreement with
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other methods. We have also studied the effect of interfering analytes,
especially mild oxidising agents like FeCls;, CuSO,4, NaWO, and Pb
(NO3), on the fluorescence intensity of PNPA-H using naked eye de-
tection test. It has been found that these analytes have no effect on
fluorescence of PNPA-H. (See Fig. S13 in supporting information). We
have also checked the combined effect of these analytes separately with
Ce**, MnO,~ and Cr,0,2 and it has been noted that FeCl;, CuSO,,
NaWO, and Pb(NO3), do not interfere the polymer-analyte reaction.
This also indicated highly sensitive nature of poly N-phenyl anthranilic
acid towards strong oxidising agents like Ce**, MnO,~ and Cr,0,>. In
a nutshell, the redox reaction between conjugated fluorescent PNPA-H
and analytes which leads to quenching of bright bluish white fluores-
cence have been used for sensing applications.

5. Conclusions

Chemical oxidative polymerisation of N-Phenyl anthranilic acid was
successfully accomplished using anhydrous ferric chloride as oxidising
agent in ethanol medium. An efficient bluish-white light emitting poly-
N-phenyl anthranilic acid (PNPA-H) was utilized for the sensing of
analytes like Ce**, MnO,~ and Cr,0,% solutions. The important out-
comes of the present investigation are as follows. i) The formation of
polymer (PNPA) was confirmed by "H NMR spectroscopy, FT-IR spec-
troscopy, elemental analysis and MALDI-TOF mass spectroscopy. ii)
Powder X-ray diffraction studies have revealed the highly crystalline
nature of monomer and amorphous nature of polymer. iii) Thermal
stability of polymer was found to be much higher than monomer. iv)
Uv-visible absorption spectra of polymer in sodium hydroxide solution
(PNPA-Na) and in sulphuric acid solution (PNPA-H) have shown
marked differences in absorption spectra. v) The polymer have shown
broad band with vibronic peaks at 363, 387 and 404 nm in sulphuric
acid medium and which was mainly responsible for bluish-white light
emission. vi) The bluish-white emission of PNPA-H was quenched by
oxidising analytes like Ce**, MnO,~ and Cr,0,*ions, which was
quantified by three independent methods like colorimetric sensing,
UV-Vis absorption spectra and fluorescence emission spectroscopy. vii)
Ce**, MnO,~ and Cr,0O,% "have shown different [analyte]/[polymer]
mole ratio for fluorescence quenching, which was correlated with dif-
ference redox potential viii) The oxidation reaction reduced diphenyl
benzidine units of polymer to oxidised diquinoid units by oxidising
analytes was responsible for fluorescence quenching. ix) The reversi-
bility of redox reaction was confirmed by the reappearance of fluores-
cence by the addition of reducing biomolecules like ascorbic acid. x)
The limit of detection of analytes for naked eye fluorescence quenching
of PNPA-H for Ce**, MnO, ", and Cr,0,% ions were 0.5 uM, 0.75 uM
and 25 pM respectively and sensitivity was obtained highest for MnO,4 "~
ions and lowest for Cr,0,% ions. In short, we have developed novel
method for the detection of oxidising analytes like potassium dichro-
mate, potassium permanganate and cerium ammonium sulphate by the
utilization of poly N-phenyl anthranilic acid (PNPA-H) as a redox
fluoroprobe.
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