
ORIGINAL ARTICLE

Novel 4,4′-Fluoresceinoxy Bisphthalonitrile Showing
Aggregation-Induced Enhanced Emission and Fluorescence
Turn off Behavior to Fe3+ Ions

G. S. Amitha1 & Vijisha K. Rajan2
& K. Muraleedharan2

& Suni Vasudevan1

Received: 21 September 2018 /Accepted: 26 December 2018 /Published online: 9 January 2019
# Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract
A novel 4,4′-fluoresceinoxy bisphthalonitrile FPN is synthesized from fluorescein and 4-nitrophthalonitrile by aromatic nucleophilic
ipso nitro substitution reaction. The structure of FPN constitutes phthalonitrile-fluorescein-phthalonitrile, acceptor-donor-acceptor, A-
D-A form and the solvatochromic study of newly synthesized compound FPN was done in hexane, cyclohexane, CHCl3, DCM,
DMF, acetonitrile, ethanol and in methanol. The aggregation behavior of FPN was investigated in good-poor solvent mixture DMF-
water in various proportions and the molecule was found to be exhibiting Aggregation Induced Emission Enhancement AIEE for
volume percentage of water beyond 50% with a significant hypsochromic shift of 70 nm in the emission maxima from 458 to
388 nm. This phenomenon is termed as Aggregation Induced Blue Shifted Emission Enhancement AIBSEE and was reported in
substituted phthalonitrile for the first time. The chemo sensing activity of FPN with various transition metal ions also has been
checked by fluorescence spectroscopy where the newmolecule FPN exhibited fluorescence turn OFF behaviour towards Fe3+ ion in
acetonitrile-methanol ACN-MeOH solution. The binding stoichiometry of FPN with Fe3+ was verified by Job’s plot analysis and
Density Functional Theory DFT-B3LYP computational methodology by using Gaussian 09 software.
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Introduction

Fluorophores absorb a wide range of wavelengths of light and
they generally emit or fluoresce at a higher wavelength. This
property allows to create or develop a large number of lumi-
nescent systems to meet the versatile demand of modern tech-
nology [1, 2]. A major class of these fluorophores is organic
molecules with fused aromatic systems with extended π delo-
calization. The luminescent properties of the fluorophores in

solution could be affected by aggregates formation, which
mainly depends on several external factors such as concentra-
tion, polarity, nature of the solvent, temperature etc. [3]. In
most of the cases, water is referred to as the aggregation caus-
ing solvent, on account of the hydrophobic interaction of
fluorophores [4]. The natural tendency of luminophores to
quench its own fluorescence at high concentration and at solid
state by virtue of aggregate formation is termed as
Aggregation Caused Quenching (ACQ), as first reported by
Foster and Kasper in 1954 [5, 6]. This phenomenon imposes
so many restrictions and questions the efficiency and practical
utility of fluorescent materials [7] for their vast variety of
applications as emitting material (in light emitting diode
LED) [8], energy harvesting material (in Organic Solar Cells
OSCs) [9], biological probe [10] for cellular imaging in aque-
ous media etc. But later, in contrast to the ACQ effect, Tang
et al. found out a milestone observation of an abnormal phe-
nomenon termed as Baggregation-induced emission^ (AIE) as
the inherently non-luminescent silole molecules were induced
to emit light by aggregate formation [11, 12]. This ultimately
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played a beneficial role in LED process of a series of
pentaphenylsilole molecules. Since then, an aggregation-
induced emission (AIE) for non-fluorescent compounds and
aggregation-induced emission enhancement (AIEE) for weak-
ly fluorescent molecules have been a mainstream area of re-
search as it solved the problem related to the harmful effect of
ACQ. It had been postulated that the restriction of intramolec-
ular motions of the compound in an aggregate state could be a
strong reason for the AIE /AIEE process [13, 14]. The cyano
group plays a crucial role in AIEE phenomenon and a lot of
structural candidates were reported in this regard such as but-
terfly shaped 2-{2,6-Bis[4-(cholesteryloxymethyl)styryl]-4H-
pyran-4-ylidene}malononitrile [15], tetraphenylethene based
fumaronitrile [16], α-cyano stilbene derivatives [17], 2,3-
dicyano-5,6-diphenylpyrazine (DCDPP) [18] etc. As far as
our concerned awareness, first time it is reporting that a
phthalonitrile based compound showing AIEE property in
the UV region.

Fluorescein, rhodamine and structural analogues constitute
an important class of fluorescent xanthene dyes [19].
Fluorescein has diverse applications on account of its distinc-
tive spectroscopic properties [20] such as long absorption-
emission wavelength in the visible region, high fluorescence
quantum yield in aqueous media, large extinction co-efficient,
and photostability. Fluorescein and its derivatives possess a
wide spectrum of biological applications in cellular biology
and medical diagnosis [21–23]. The spectroscopic and
photophysical properties of fluorescein can be tuned by intro-
ducing electron releasing and withdrawing groups on to the
periphery of xanthene unit [24, 25]. In recent days the rational
development of selective and sensitive fluorescent probes ca-
pable of detecting heavy and transition metal ions have gained
considerable attention [26]. Iron plays a pivotal role in vital
systems as an essential trace element [27] as well as an impor-
tant structural component and cofactor of biologically relevant
systems [27, 28] such as haemoglobin, myoglobin, cyto-
chromes, ferridoxin etc. Moreover, iron is a significant envi-
ronmental and industrial pollutant and the selective recogni-
tion of Fe3+ by fluorescent probes from samples implies of
great significance. Fluorescein and its structural analogue rho-
damine have been wide ly used a s r a t i ome t r i c
fluoroionophores due to their characteristic acid-spirolactam
structure, which can ‘open-close’ with an ‘on–off’ fluores-
cence response [29, 30]. Usually, fluorescein based fluores-
cent probes exist in the closed spirolactam form, which are
colourless and non-fluorescent, while the addition ofmetal ion
with specific recognizable property opens the xanthene core
by metal induced tuatomerism due to chelation and the fluo-
rescence of xanthene dye get enhanced significantly [31]. A
large number of fluorescein based metal chemo sensors were
designed and developed based on the aforementioned princi-
ple. However, to the best of our knowledge, there are no re-
ports on fluorescein based chemo sensor derivatives where the

fluorescein always existed in the spirolactam form. In the
present study, we are locking the two hydroxyl group fluores-
cein by ethereal linkage with phthalonitrile group which are
expected to be having electron withdrawing effect due to the
presence of cyano groups. As a result of this maxλabs and
maxλem of fluorescein dye is hypsochromically switched on
to the near UV region.

Experimental

Materials and Methods

All chemicals and solvents were commercially purchased and
used as received. 4- Nitrophthalonitrile and fluorescein were
purchased from Sigma Aldrich. UV-visible absorption spectra
and fluorescence spectra were recorded on a Schimadzu UV-
Visible 2600 Spectrophotometer and Cary Eclipse
Fluorescence Spectrophotometer of Agilent Technologies re-
spectively with quartz cuvette. FT-IR spectra (KBr pellets)
were recorded on a JASCO FT-IR 4700 spectrometer from
Dept. of Chemistry, NIT Calicut. 1H NMR spectra were ob-
tained in deuterated chloroformCDCl3, using a BrukerAvance
III, 400 MHz FT-NMR spectrometer with TMS as internal
reference. The X-ray diffraction data were measured at room
temperature (293 K) using a Bruker Kappa Apex II diffrac-
tometer, equipped a fine focus sealed tube using X Shell
software.

Synthesis of 4,4′-(Fluoresceinoxy) Bisphthalonitrile FPN

4,4′-(fluoresceinoxy) bisphthalonitrile FPN was prepared by
adopting the well documented literature procedure for base
catalysed aromatic nucleophilic ipso-nitro substitution reac-
tions [32, 33].Fluorescein (0.5 g, 1.505 mmol) and 4-
nitrophthalonitrile (0.521 g, 3.011 mmol) were added succes-
sivelywith stirring to dry DMF (20mL), which was dried over
molecular sieves of dimension 4Ao. After dissolution, anhy-
drous K2CO3(1.246 g, 9.033 mmol) in aliquots of regular
intervals was added and the reaction mixture was stirred at
60 °C for 48 h under purged nitrogen. The progress of the
reaction was monitored by TLC. The reaction mixture was
poured into 250 mL of ice cold 10% HCl solution and stirred
for 15 min. The precipitate was filtered, washed several times
with cold water, 1% NaOH in order to remove excess co-
reactant fluorescein and again with cold water solution until
the filtrate became neutral. The crude was dried in vacuo. The
crude was subjected to recrystallization from DCM-methanol
mixture, bright yellow crystals of the pure product is obtained.
Yield: 0.735 g (72%). The single crystals of the compound
were developed from DCM-methanol mixture by solvent dif-
fusion technique. The molecular structure of the compound
with atom numbering scheme is represented in Fig. 1.
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UV–vis (CHCl3): λmax, nm (log ε): 345 (4.70); FTIR _ (cm
− 1): 3060–3003 (Ar–CH), 2969–2837 (aliphatic –CH), 2232
(C N) 1716 (C=O lactone), 1583–1463 (C=C), 1292, 1267
(Ar–O–Ar), 1233–1118 (Ar–O–C).

1HNMR (CDCl3): Lactone ring protons A 8.1 (d, 1H, 3J =
7.6), C 7.78 (t, 1 H, 3J = 7.6 Hz), B 7.7 (t, 1H, 3J = 7.6 Hz), D
7.29 (d, 1H, 3J = 7.6 Hz) 7.26 Solvent peak CDCl3 Phenyl
ring protons 7.78 Taller peaks (d, 2H, J3 = 8.6 Hz) triplet of
lactone ring at 7.78 and this doublet combinatorial exist as a
multiplet(m), 7.37 (s, 2H, 4J = 2.2 Hz), 7.35 (dd, 2H, J3 =
8.6 Hz, J4 = 2.2 Hz), 7.03 (s, 2H, 4J = 2.4 Hz), 6.94 (d, 2H,
3J = 8.6 Hz), 6.81 (dd, 2H, (J3 = 8.8 Hz, J4 = 2.4 Hz).

Result and Discussion

Synthesis and Characterization Data

The compound 4,4′-(fluoresceinoxy) bisphthalonitrile FPN
was synthesized by the general base catalysed coupling reac-
tion adopted for the synthesis of modified phthalonitrile. The
reaction involves the mechanism of base catalysed aromatic
ipso nitro substitution of 4-nitrophthalonitrile with fluorescein
in the presence of K2CO3 as base in DMF under a N2 atmo-
sphere at 60 °C. The reaction was carried out by taking the
reactant 4-nitrophthalonitrile in 1 M and 2 M equivalent with
respect to fluorescein as in trial and error basis. The newly
synthesized compound FPNwas well characterized by routine
spectroscopic methods such as UV–vis., fluorescence, FT-IR,
1H NMR and single crystal X-ray diffraction method. These
characterization results, especially 1H NMR and single crystal
XRD data, invariably pointed out that the product of the base
catalysed coupling reaction is always a 1:2 not 1:1 in the
similar reaction conditions irrespective of the fact that the
co-reactants fluorescein and 4-nitrophthalonitrile is taken in

1:1 or 1:2 stoichiometric ratio. The plausible reason for the
format ion of the produc t 4 ,4 ′ - ( f luoresce inoxy)
bisphthalonitrile is that fluorescein can be able to exist in
two tautomer structure such as open tautomer Bacid^ form as
well as closed Bspirolactam^ form. Since the reaction was
carried out in dipolar aprotic solvent DMF, Bspirolactam^
form predominates and the resultant product will be 1:2 stoi-
chiometric product 4,4′-(fluoresceinoxy) bisphthalonitrile
FPN as depicted in the Scheme 1.

The disappearance of broad O-H peak of fluorescein com-
bined with aromatic C-H peak at 3078 cm−1 as well as the
asymmetric and symmetric NO2 stretching bands of 4-
nitrophthalonitrile at 1539, 1356 cm−1 in the FT-IR spectra and
the confirmed the formation of desired product FPN. (Fig. S2 in
ESI). The 1HNMR analysis performed in CDCl3 solvent was in
good agreement with the theoretically predicted structure of FPN
and detailed spectral assignment is given in Fig. S3 and Table S2
of ESI. The compound FPN was successfully characterized by
single crystal X-ray diffraction studies. The crystals were obtain-
ed by solvent diffusion crystallization technique from DCM-
methanol mixture of the complex at room temperature. The de-
tailed crystal data and parameters are given in Table S4 of ESI
and the selected bond lengths and bond angles are given in
Table S5 of ESI. The unit cell and the brief description of mo-
lecular packing diagram of FPN are given in Fig. S4 of ESI.

Fluorescence Quantum Yield and Solvatochromic Behavior
of FPN

The optical properties of the compound FPN were investigat-
ed by UV-visible absorption and fluorescence emission spec-
troscopic studies in various solvents. A stock solution of FPN
was prepared in fresh DMF at room temperature. The fluores-
cence quantum yield (ΦF) of FPN was determined in organic
solvents such as hexane, cyclohexane, THF, DCM, DMF,
acetonitrile, ethanol and in methanol at room temperature by
the comparative method [34, 35] using Eq. (1)

ΦF ¼ ΦF Stdð Þ F AStdn2

Fstd A n2Std
ð1Þ

where F and FStd are the areas under the fluorescence emission
curves of the compound FPN and standard respectively. A and
AStd are the respective absorbances of FPN and standard at the
excitation wavelength 300 nm and n2 and n2Std are the respec-
tive refractive indices of solvents used for the sample and
standard, ie. organic solvents and 0.1 M H2SO4 respectively.
ΦF andΦF (Std) are the respective quantum yields of FPN and
standard. 2-aminopyridine in 0.1 M H2SO4 (ΦF = 0.60) was
employed as the standard [36]. The absorbance of the sample
FPN in different organic solvents and the standard 2-
aminopyridine in 0.1 M H2SO4 was ranged below 0.08 at
the excitation wavelength 300 nm.

Fig. 1 ORTEP view of the molecular structure of FPN. Hydrogen atoms
are omitted for clarity and the ellipsoids are drawn at 50% probability
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The normalized absorption-emission spectra of FPN and
solid state fluorescence spectra of FPN in the amorphous-
crystalline states are displayed in Fig. 2a, b respectively. The
major peaks in absorption spectrum in DMF were situated at
265, 295 and 305 nm, whereas the emission band of FPN was
situated at 458 nm as shown in Fig. 2a (Stoke shift of 153 nm).
The solid state emission spectra of FPN in the amorphous state
shows maxλem at 396 nm is shifted to 412 nm in crystalline
state by a phase shift of 16 nm.

It is documented that the acceptor-donor–acceptor A-D-A
systems connected by a bridging atom or a group, generally
refer red to as spacer, i s wel l known to display
solvatochromism [37]. Here the present case deals with the
compound FPN which is formed by the electron donor D
fluorescein unit sandwiching between two electron acceptor
A phthalonitrile units by bridging oxygen atoms. Cyano group
bearing compounds have been widely used as acceptors for

light emitting chromophores [15–17, 38]. The solvatochromic
study of FPN was performed by fluorescence spectra in vari-
ous organic solvents of increasing order of polarity such as
hexane, cyclohexane, THF, DCM, DMF, acetonitrile, ethanol
and methanol with a constant concentration of FPN (1 ×
10−5M) as shown in Fig. 3. The photophysical quantum yield
ΦF and molar extinction coefficient ε of FPN in different
solvents arranged in the ascending order relative polarity is
given in Table 1.

The compound FPN was found to be exhibiting positive
solvatochromic behaviour i.e., as the polarity of solvents in-
creases from hexane to methanol the emission band λem
bathochromically shifted from 381 to 458 nm. This
solvatochromic property is explained in terms of the
Intramolecular Charge Transfer ICT process prevailed in A-
D-A systems [39–41]. When the molecule is excited, ICT
process happens from donor to acceptor which results in a

Scheme 1 Synthesis of 4,4′-
(fluoresceinoxy) bisphthalonitrile
FPN from fluorescein and 4-
nitrophthalonitrile

Fig. 2 a Absorption (blue) and
emission (red) spectra of FPN in
DMF and b. solid state
fluorescence spectra of FPN in
powder (blue) and in crystalline
form (red)
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dipole moment change and exhibit greater degree of electronic
polarization. If the dipole moment of the excited state is great-
er than that of the ground state, so the solvent of increasing
polarity can lower the energy of the excited state by solvation
process prior to emission. Therefore the excited state is more
stabilized in polar solvents compared to non-polar solvents,
which in turn causes red shift and results in positive
solvatochromism [42].

Aggregation Induced Emission Enhancement AIEE

Aggregation is described as the coplanar association of aro-
matic rings progressing from monomer to dimer and higher
order structures, driven by nonbonded attractive interactions.

Aggregation process perturbs the electronic structure of the
compound resulting in alternation of the ground and excited
state electronic structures [43]. The compound FPNwas found
to be very well soluble in common organic solvents such as
THF, DCM, DMF and ACN. But polar protic solvents such as
ethanol, methanol and water were found to be poor solvents
for FPN. Usually, a good and poor solvent pair, where both the
solvents are readily miscible is chosen for a compound to
perform aggregation studies and the electronic spectrum gives
a clear cut idea of aggregation from the deformed nature and
broadness of the spectra. Here we have adopted the electronic
absorption and fluorescence emission spectra of the com-
pound to evaluate the aggregation tendency of FPN (stock
prepared in DMF) in DMF-water mixture by varying the vol-
ume percentage of water from 0 to 98% under identical con-
ditions at room temperature (Fig. 4a, b). AIEE experiment was
carried out for fixed concentration of FPN in DMF by varying
the volume percentage of water and DMF mixture from 0 to
98%. All the solutions are excited at 300 nm in a 1 cm path
length fluorescence cuvette of 1 ml capacity with excitation
and emission slit widths of 5 nm each.

Initially, as the percentage of water was increased from 0 to
50%, some slight decreases were observed in the absorbance
of the electronic spectra, while the fluorescence intensity at
identical conditions was found to be gradually decreased and
leveled off to tail with a slight bathochromic shift, as that
naturally seen in ACQ species. This can be explained in terms
of both dilution and ACQ property of water [44]. But when
the volume of water reached beyond 50%, the compound FPN
exhibited severe aggregations (as evident from deformed and
broadened peaks of UV-vis spectra) with an enormous in-
crease in fluorescence intensity followed by a hypsochromic
shift of 70 nm for the emission wavelength, i.e., from λem =
458 to 388 nm (Fig. 4b and 5), an abnormal phenomenon

Fig. 3 Emission spectra of FPN of concentration (1 × 10−5M) in
cyclohexane, hexane, THF, DCM, DMF, acetonitrile, ethanol and in
methanol (λex = 300 nm)

Table 1 Absorbance and emission characteristics of FPN in different solvents

Solvents Absλmax (nm) with
log ε

emλmax (nm) Refractive index (n) Quantum yield
(ΦF)

Cyclohexane N.D 376 1.427 0.046
Hexane N.D 378 1.375 0.059
THF 245 (4.45) 393 1.407 0.088

293 (4.037)
304 (3.874)

DCM 236(4.484) 410 1.424 0.124
256(4.36)
294(3.91)
304(3.762)

DMF 271(4.35) 458 1.431 0.0087
294(4.17)
305(4.02)

ACN 251(4.47) 462 1.344 0.093
293(4.12)
303(3.96)

Ethanol N.D 465 1.361 0.08
Methanol N.D 468 1.331 0.055

N.D, Peaks are not detectable due to aggregation phenomenon
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referred to as Aggregation Induced Blue Shifted Emission
Enhancement, AIBSEE [45, 46], a special kind of AIEE.
The fluorescence quantum yield of FPN in DMF is calculated
as 0.0087, but with the addition water which is changed as
0.06 clearly indicated that AIEE phenomenon happened in the
DMF-water mixture of FPN.

The compounds exhibiting AIEE behavior can be ex-
plained by scrutinizing the structural peculiarities of the mol-
ecule. The compound FPN can be considered to be a pull-
push-pull acceptor-donor-acceptor (A-D-A) system connected
by spacer atoms, where the fluorescein unit served as donor,
with the two phthalonitrile units as acceptor, which are linked
together by heteroatom O as spacer [47]. The fluorescence
intensity of FPN was lesser compared with the parent fluores-
cein moiety in the open quinoid form, however, its emission
was significant compared to that of fluorescein in the closed
spirolactam form. The fluorescence of FPN originates due to

the electron withdrawing effect of phthalonitrile subunits
through the spacer atom O by the process of Intramolecular
Charge Transfer, ICT. But the counteracting process which
decreases the fluorescence intensity of FPN was the single
bond free rotation or dynamic intramolecular rotation of
phthalonitrile units about the O atom, which causes a non-
radiative decay [48]. As per the crystallographic data, FPN
molecule is having a non-planar conformation in the ground
state, i.e. xanthene unit of fluorescein and two phthalonitrile
units of FPN stay in different planes, so ground state of FPN in
DMF showing blue fluorescence prior to water addition. But
with the gradual introduction of water from 0 to 50% the
fluorescence intensity of FPN gradually decreased and
levelled off to tail in conjunction with a bathochromic shift.
This fluorescence quenching may be related to the intensive
hydrogen bond interactions around the monomers of FPN and

Fig. 4 Aggregation study of FPN: a UV-visible spectra and b fluorescence spectra of FPN of concentration (0.087 mM) in DMF-water mixture where
volume (%) of water was increased from 0 to 98%

Fig. 5 Graphical representation of AIEE of FPN in DMF-water mixture
in which the volume of water increased from 0 to 98%

Fig. 6 Fluorescence responses of FPN at 419 nm in the presence of
different metal ions: Li+, Na+, K+, Mg2+, Ca2+, Cr3+, Mn2+, Fe3+, Co2+,
Ni2+, Cu2+, Zn2+, Cd2+, Hg2+ and Ag+ (as their chloride salts, except
MgSO4 and AgNO3) in ACN/methanol (9:1 v/v). [FPN] = 0.5 mM,
[Mn+] = 5 mM. Ratio of [FPN]:[Mn+] = 1:10
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the longer wavelength shift arises by the stabilization of local-
ly excited LE state, which is generated by ICTof twisted FPN,
in more polar DMF-water mixture [49]. The microscopic
structural characterization of the aggregated species is difficult
and hence the underlying mechanism of AIBSEE still remains
unclear [50]. However, it was speculated that Restricted
Intramolecular Rotation (RIR) and suppression of Twisted
Intramolecular Charge Transfer (TICT) is the plausible reason
for AIEE with concomitant blue shift known as AIBSEE. The
aggregation force become predominant over other factors, as
the fraction of water reaches greater than 50%. Therefore
when FPN molecule is excited the non-planar geometry of
FPN assumes a aggregation induced locally excited LE state
characterized by strained planar conformation of low dipole
moment in the highly aggregated state and this LE state is
destabilized by the highly polar DMF-aqueous mixture [51].
So the energy gap between excited state and ground state
becomes increases, which results in hypsochromic shift. In
addition to this, the free rotation about the freely single O
bridge bond is hindered on account of severe aggregation.

Thus RIR and suppression of TICT is the plausible reason
for AIEE with concomitant blue shift known as AIBSEE.

Chemo Sensing Study

As a fluorescent compound with cyano functional groups capa-
ble of interaction with metal ions, the chemo sensing property of
FPNwas quite interesting to be investigated. Hence in the current
work, we have also performed a sensing study of FPN towards
various transition as well as non- transition metal ions by emis-
sion spectroscopy. In order to evaluate the selectivity and sensi-
tivity of FPN towardsmetal cations, fluorescence spectra of FPN
was measured in the presence of various cations i.e., Li+, Na+,
K+,Mg2+, Ca2+, Cr3+,Mn2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+,
Hg2+ and Ag+. The changes in the fluorescence spectral intensity
of FPN with the addition of double the molar concentration of
each metal ion were measured and the relative intensity changes
were represented in bar diagrams as given in Fig. 6. As a uniform
procedure, chloride salts of the metals were taken for the study,
except in the cases of AgNO3 and MgSO4. The fluorescence
spectra of FPN exhibited insignificant quenching (≤10%) to-
wards most of the metals added except for Fe3+ ion, in which
the relative emission intensity was reduced by 91.35%.

The fluorescence titration of FPN against Fe3+ was carried
out by taking FPN and Fe3+ in 1:10 M ratio. A stock solution
of FPN was prepared in acetonitrile, which is chosen as an
appropriate solvent of ΦF is 0.093. The blank emission spec-
tra of FPN were run in pure ACN for ten times for standard
deviation to calculate the limit of detection (LOD). A fixed
volume increment of FeCl3 in methanol was added stepwise
where the spectral changes for each addition were noted, till
the concentration of FPN and Fe3+ reached a 1:10 ratio. An
enormous decrease in the emission intensity (more than 50%)
of FPN was noted with the addition of first increment of Fe3+,
which was leveled off to tail at the end of titration (Fig. 7). The
extent of quenching was quite low in water media (Fig. S5 in
ESI) compared to that in organic solvents, most probably due
to the counteracting AIEE phenomenon.

Fig. 7 Emission spectra of FPN (0.5 mM) in acetonitrile ACN-methanol
(v/v = 9:1) mixture upon the addition of 0–5 mM of Fe3+ in methanol as
500 μM increment. The excitation wavelength was 300 nm

a bFig. 8 a. Stern-Volmer emission
profile of FPN with the addition
of Fe3+ to calculate LOD and b
Jobs plot showing the variation of
fluorescence intensity against
mole fraction of Fe3+
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From Stern-Volmer emission spectral profile with the addi-
tion of Fe3+ given in Fig. 8a, the limit of detection, LOD of the
chemosensor FPN for Fe3+ was determined using the eq. (2)
[52–54].

LOD ¼ 3� STD
S

ð2Þ

where STD is the standard deviation of the blank solution of
FPN and S is the slope of the Stern-Volmer calibration curve
and the LOD value was found to be 3.665 μM and it is
corrected as 3.665 ± 0.016 by including the error of the tripli-
cated experiment. This result pointed out that the chemo sen-
sor FPN is highly efficient in sensing Fe3+ ion even in the
minute level concentration equal to or greater than

Table 2 Comparison with the LOD values of literature reported Fe3+ fluorescence turn off chemosensor

SI 

No.

Compound name Structure LOD

(mol/L)

Year References

1

polyacrylamide 

covalently linked to N-

acryl-N -(rhodamine B-

yl) diethylenetriamine

(poly(AM–ARBD))

1.34×10
-4

2014

[55]

2 (E)-3-((3,4-

dihydroxybenzylidene)a

mino)-7-hydroxy-2H-

chromen-2-one        BS1

(E)-3-((2,4-

BS1

5.17×10
-5

4.87×10
-5

2014

[56]

dihydroxybenzylidene)a

mino)-7-hydroxy-2H-

chromen-2-one     BS2

BS2

3 (E)-2-((4-

(diphenylamino)

benzylidene)amino)phen

ol    S1

4.51×10
-5

2017 [57]
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3.665 μM. In Table 2 we compared the LOD value of FPN
with other literature reported Fe3+ turn off fluorescent
chemosensors. Therefore we can recommended that FPN is
a potential chemo sensor candidate for the selective detection
of Fe3+ ion by fluorescence turn off mechanism with fairly
good LOD value.

The Job’s plot method was used to get an insight into the
binding stoichiometry of chemosensor FPN-Fe3+ complexes.
In Fig. 8b, the mole fraction of analyte Fe3+, χFe

3+ against the
emission intensity factor (Io-I)(1- χFe

3+) at 462 nm was plotted
and the apex of the V-shaped graph corresponded to 0.667. The
result indicated that binding stoichiometry of FPNwith Fe3+ was
1:2, ie two Fe3+ atoms bound to a single molecule of FPN [58].

Computational Methodology

Among the different computational tools available, the
Density Functional Theory (DFT) has been used here because
of its large accuracy and high predicting power of physical
and chemical properties [59, 60]. The level of theory adopted
was B3LYP, which consists of Becke’s exchange functional
[61] in conjunction with Lee-Yang –Parr correlational func-
tional [62] and the basis set used is 6–31 + G (d, p) for FPN
and Lanl2Dz for Fe3+ ion. All the computational works have
been carried out through Gaussian 09 software package [63]
with DFT-B3LYP as level of theory and the visualizations are
done through the Gaussview-5.0 graphical user interface [64].

The molecular structure of FPN has been optimized by
DFT-B3LYP/6–31+ G (d, p) and is shown in Fig. 9. It is not
a planar molecule as shown in Fig. 9.

In order to find the nucleophilic and electrophilic regions in
FPN, the Electrostatic Potential (ESP) map has been drawn
and is shown in Fig. 10. the red color in ESP map shows the
electron rich (nucleophilic) region while blue shows the elec-
tron deficient (electrophilic) region. Here, in the case of FPN,
the elctron rich regions are located on oxygen and nitrogen
atoms so that they are susceptible to electrophilic attack. Thus,
the sensing of iron by FPN may be attributted to the presence
of these nucleophilic sites in FPN and the cyano groups may
take part in chelation with iron.

The chemical reactivity of every molecule has a depen-
dence on the energy gap between their Highest Occupied
Molecular Orbital (HOMO) and Lowest Unoccupied
Molecular Orbital (LUMO). The HOMO-LUMO diagram of
FPN has been shown in Fig. 11., clearly shows that the LUMO
of FPN has been delocalized over the two phthalonitrile rings
and iron while the HOMO has been delocalized over the xan-
thine system and partially on the lactone ring. The energy gap
of FPN is found to be 4.53 eV. The delocalization of LUMO
over the two phthalonitrile rings and iron indicates that there
some interaction between the EPN and metal ion and this may
be due to some charge transfer which results in quenching of
fluorescence.

The fluorescence of FPN (low as compared to the inherent
quantum yield of fluorescein in acid form but high as in the
spirolactam form) is likely to happen by ICT process in fluo-
rescein by phthalonitrile units. Therefore in FPN the –CN
groups are nucleophilic so that it have some affinity towards
metal ions. Here based on the results of fluorescence titration
experiments, we proposed plausible binding modes for
FPN + Fe3+ computationally for the fluorescence quenching
of FPN with the addition of Fe3+. Fe3+ is paramagnetic with

LUMO

HOMO

Fig. 11 HOMO-LUMO diagram of FPN

Fig. 10 ESP map of FPN

Fig. 9 Optimized structure of FPN
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5 unpaired d shell electrons and could strongly quench the
emission of fluorophore to the proximity through electron
and/or energy transfer processes. The cyano groups on FPN
binds with Fe3+ ion and forming 1:1 and 1:2 FPN-Fe com-
plexes (see Fig. 12a, c). The stabilization energy (Esta) for 1:1
and 1:2 complexes obtained by the difference in energies of
FEN, Fe3+ ion and FPN-Fe complexes are negative so that
they are highly stable (see Table 3). The ESP map of FPN
has red color on the nitrogen atom, indicating its nucleophi-
licity. This is decreased on complexation with Fe3+ shows that
there is some charge transfer between FPN and the Fe3+ ion.
This is clear from the ESP map of both 1:1 and 1:2 FPN-Fe
complexes shown in Fig. 12b, d.

The fluorescence of FPN has been found to be quenched on
complexation with Fe3+ ion. In order to evaluate this theoret-
ically, the optimized structure of FPN has been subjected to
complexation with Fe3+ ion. The final structure obtained (see
Fig. 12a) shows that there is interaction between the ligand
(FPN) and the Fe3+ ion. The HOMO-LUMO diagram of FPN-
Fe complexes have shown in Fig. 13.

It has been observed that the band gap is decreased from
4.53 to 2.32 eV for 1:1 and 2.28 for 1:2 FPN-Fe com-
plexes. Moreover, the HOMO of complex increases than
that of ligand. When an electron from the HOMO of FPN
excited to its LUMO and it return back to the HOMO
again, to restore the ground state, results in fluorescence.
The HOMO of FPN-Fe complex is found to be higher than

that of FPN, but lower than the LUMO of FPN, i.e., the
HOMO of FPN-Fe complex lies in between the HOMO
and LUMO of FPN. The HOMO of complex has been
delocalized on the phthalonitrile group with Fe3+ ion. So
in presence of Fe3+ ion, the complexation takes place and
its HOMO donates electron to the HOMO of FPN and
converts it into its ground state resulting in the quenching
of fluorescence (see Fig. 14) [65–68]. In both 1:1 and 1:2
FPN-Fe complexes, the HOMO lies in between the HOMO
and LUMO of FPN. So quenching has been seen in both
cases. The experimental result obtained from Job’s plot
analysis revealed that the compound FPN interacts with
Fe3+ in a 1:2 stoichiometric ratio. The experimental result
is in good agreement with the computational modelling
observations, in which the stabilization energy (Esta) is
higher for 1:2 complexes than 1:1 complexes.

Conclusions

We have studied the positive solvatochromic behaviour of
t h e n ew l y s y n t h e s i z e d 4 , 4 ′ - f l u o r e s c e i n o x y
bisphthalonitrile, FPN in various organic solvents of in-
creasing polarity such as cyclohexane, hexane, THF,
DCM, DMF, acetonitrile, ethanol and methanol by fluores-
cence spectroscopy. The aggregation tendency of the com-
pound FPN was investigated in DMF-aqueous mixture,

c d

a b
Fig. 12 a Optimized structure of
1:1 FPN-Fe complex, b ESP of
1:1 FPN-Fe complex, c
Optimized structure of 1:2 FPN-
Fe complex, d ESP of 1:2 FPN-Fe
complex

Table 3 Thermo-chemical parameters of the complexes

Complex Esta (HF) Dipole moment (Debye) Entropy (cal/mol) Enthalpy (HF) Free energy (HF) ΔE (eV)

1:1 −244.398 9.41 233 −2099.05 −2099.16 2.32

1:2 −367.727 5.70 237 −2222.38 −2222.49 2.28
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where it was found to be exhibiting AIEE property. As the
volume of water exceeded beyond 50%, a hypsochromic
shift of 70 nm was observed for λem from 458 to 388 nm,
which is known as Aggregation Induced Blue Shifted
Emission Enhancement, AIBSEE. This property can be
explained on the basis of the Acceptor-Donor-Acceptor
structural constitution of FPN, restricted intramolecular ro-
tation (RIR) and twisted intramolecular charge transfer
(TICT) processes and the formation of locally excited
(LE) state of the molecule in the aggregated state. In addi-
tion to the aggregation study, chemo sensing behaviour of
FPN was also checked towards various transition metal

ions in ACN:MeOH (9:1 v/v) mixture, where the molecule
FPN has selectively exhibited a fluorescence turn off be-
haviour towards Fe3+ ion with a LOD value of 14.49 μM.
Job’s plot analysis suggested that FPN binds with Fe3+ in
1:2 stoichiometric ratio where the two phthalonitrile units
of one FPN unit bind with two Fe3+ ions. The computa-
tional studies pointed out that FPN could interact with Fe3+

both in 1:1 and 1:2 ratio as the HOMO of FPN-Fe com-
plexes lies in range of the HOMO-LUMO gap of FPN. But
the stabilization energy values of FPN-Fe complex invari-
ably support the experimental observation, as Esta(HF) of
FPN-Fe complex in the 1:2 ratio is more negative than that
in the case of 1:1 complex, so that the former one is more
energetically favoured.
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