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Abstract:  A fluorescent  probe based on dicyanovinylphenanthroimidazole  (DCPPI)  has  been designed and synthesized and its
potential  application to  recognize  F-  and CN-  ions  via  different  channels  have been tested  in  different  mediums.  DCPPI  shows
intramolecular charge transfer process and exhibit ratiometric response toward F-  and CN-  ions. The change in physicochemical
properties of DCPPI in the presence of cyanide can be attributed to the formation of Michael type adduct, DCPPIA whereas both F-

and CN-  ions have shown affinities  to  interact  with NH fragment  of  imidazolyl  unit  under  the condition.  The possible  mode of
interaction has been confirmed by absorption, emission, NMR and ESI-MS spectral data analysis.
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1. INTRODUCTION

The recognition and sensing of anions have attracted considerable current interest owing to their active involvement
in  a  variety  of  biological,  environmental  and industrial  processes  [1  -  12].  For  instance,  fluoride  is  valuable  in  the
treatment of osteoporosis and dental care however, its high concentration may cause serious health problems such as
fluorosis, nephrotoxic changes in organisms and even urolithiasis [13, 14]. Cyanide is known detrimental anion that is
widely used in various industrial projects such as, gold extraction, electroplating, etc. [14]. A small amount of cyanide
is  lethal  to  human  body  due  to  its  strong  affinity  with  the  active  site  of  cytochrome  a3  that  may  inhibit  cellular
respiration in mammals [7 - 12]. The sources of cyanide in water are discharge from chemical industries, metal mining
processes, and waste water treatment facilities [7 - 12]. Cyanide has also been used as a chemical warfare agent and
even as a terror material [7 - 12]. Therefore, detection of anions particularly, fluoride and cyanide at low concentration
is demanding.

In  recent  past  various  research  groups  have  given  more  emphasis  to  develop  good  receptor  systems  based  on
synthetic small organic molecules and scaffolds to detect anions accurately [1 - 18]. For an effective and successful
anion recognition event the choice of potential ionophore is crucial because specific geometry, high electronegativity,
basicity  and  nucleophilicity  of  different  class  of  anions  interact  with  an  ionophore  differently  either  by  hydrogen
bonding  interaction,  deprotonation  and  possible  nucleophilic  addition  reactions.  Consequently,  the  typical
photophysical  behavior  encountered  due  to  structural  change  in  a  receptor  system  can  be  easily  followed  by
spectroscopic  techniques  like  absorption,  emission  and  NMR  [19  -  29].

Some novel receptor system based on boron [30, 31] and silicon [32]  derivatives,  quantum dots  [33],  mesoporous 
silica  material [7 - 12], and  BODIPY [34] have  been  successfully  utilized  to  detect  anions  by  hydrogen  bonding
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[35 - 39], coordination or covalent bonding interactions   [40 - 42]. Similarly, ensemble based demetallization of copper
by cyanide has also been utilized to detect cyanide-displacement approach [15 - 17]. The sensing methods involving H-
bonding interaction to detect CN- have limitations in the environment of competitive anions [15 - 17]. Similarly, most of
sensing approach to recognize fluoride shows fluorescence quenching and examples to detect  both F-  and CN-  ions
through intramolecular charge transfer (ICT) mechanism and ratiometric fluorescence response are highly demanding
and are  limited  in  number  [1  -  10].  The  advantages  of  ratiometric  measurements  enlarges  the  scope  of  fluorescent
sensors  by  increasing  the  dynamic  range  and  provision  for  a  built-in  correction  for  environmental  effects  and  its
application in areas such as medicine, industry and the environment [6]. Therefore, the design and synthesis of a small
organic molecular system that is capable to recognize anions selectively with a sensitive naked eye detectable change
and unique photophysical behavior is worthy to investigate. In the same interest, our research group is trying to develop
some efficient and versatile organic molecular scaffold to detect anions, cations, and biomolecules through fluorescence
enhancement, “turn-on response” [43 - 66].We herein report design and synthesis of some phenanthrene derivatives in
which  2,2-dicyanovinylphenanthroimidazole  DCPPI  has  worked  as  an  efficient,  selective  and  sensitive  dual  anion
responsive intramolecular charge transfer (ICT) probe to recognize F- and CN- ions via different channels. DCPPI upon
interaction with different anions has shown ratiometric response for F- and CN- ions in acetonitrile (MeCN) and high
selectivity for CN- in semiaqueous medium (H2O-MeCN; 50%).

2. RESULTS AND DISCUSSION

2.1. Design and Synthesis of Target Molecules

Phenanthroimidazole based systems due to the dramatic supramolecular properties, stability, ease of synthesis, a
high extinction coefficient and tuneable photophysical properties have been explored as potential chromophores in a
molecular-tweezers system for explosives [45], amine sensors [46, 47], fluorophore in a super-radiant laser dye [48],
fluorescent  tag  [49],  OLED  materials  [50  -  52]  and  chemosensors  [53  -  56].  The  one-step  synthesis  of
phenanthroimidazole derivatives has remarkably increased our own interest to involve a variety of aldehydes that may
further extend the way for the introduction of other functionalities and to extend the conjugation for different purposes.
The  objective  of  designing  a  selective  and sensitive  dual  anion  responsive  ratiometric  probe  has  been  achieved by
developing  a  conjugated  π-electron  system  containing  specific  ionophores,  in  which  the  electron  rich
phenanthroimidazole (the donor) and electron deficient dicyanovinyl (the acceptor) units are linked through a phenyl
ring.  The  introduction  of  two  distinct  potential  ionophores  structurally,  the  -NH and  dicyanovinyl  units  make  sure
DCPPI as an efficient dual anion sensing ICT probe which works on a push-pull mechanism of the donor and acceptor
moieties in the present typical structural motif.

A simple three step synthetic route to afford DCPPI is shown in Scheme. (1). Phenanthrene was first oxidized [67]
by K2Cr2O7  in aqueous-acidic medium to obtain 9,10-phenanthroquinone 2  in good yield (76%). Compound 2  upon
reaction [45] with different aromatic aldehydes in the presence of ammonium acetate (AcONH4) gave derivatives 3a-f
in 65%-80% yields. It is important to mention that 2 upon reaction with teraphthaldehyde gives mixture of products that
were  separated  through  column  chromatography  to  obtain  compound  3f  as  a  major  product  (~85%)  and  bis-
phenanthroimidazolyl derivative 4 as a minor by product. Further, in order to introduce second ionophore unit, aldehyde
function of compound 3f was reacted with malononitrile in the presence of triethylamine (TEA) to get 2,2–dicyanovinyl
phenanthroimidazole, DCPPI as an orange color solid in 85% yield. The introduction of dicyanovinyl function makes
DCPPI a suitable substrate to work as Michael acceptor which can easily undergo nucleophilic addition reaction. As a
proof  of  concept,  potential  probe  DCPPI  when  treated  with  sodium  cyanide  in  methanol  gave
tricyanophenanthroimidazolyl derivative, DCPPIA in good yield. The chemical structures were well characterized and
data are given in supporting information (Fig. S1- S12).

2.2. Colorimetric, UV-vis and Fluorescence Response

The  sensor  motif  consisting  of  imidazole  units  is  expected  to  interact  with  anions  through  hydrogen  bonding
interaction and/or  deprotonation [1 -  6,  15 -  29].  Consequently,  the change in intramolecular  charge transfer  (ICT)
process will significantly affect the physicochemical behavior of the probe by push-pull mechanism [7 - 12, 19 - 29]
and the color changes make the sensing event more sensitive, reliable and visible to the naked-eye. To strengthen our
hypothesis we first observed the optoelectronic behavior of synthesized compounds in solvents of different polarity and
data  are  given  in  Table  S1.  The  absorption  and  emission  spectra  of  derivatives  3a-g  and  DCPPI  showed  good
solvatochromic behavior in which the absorption maxima, relative fluorescence intensity, Stoke’s shift and color of the
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solution varied according to hydrogen bonding capabilities and polarities of solubilizing milieu [59] such as hexane,
1,4-dioxane, acetonitrile (MeCN), chloroform (CHCl3), N,N’-dimethylformamide (DMF) and ethanol (EtOH) (Figs. 1
and S13,  S13a).  It  is  important  to mention that  hydrogen bonding between probe DCPPI  and the solvents  led to a
bathochromic shift of the fluorescence maxima accompanied by the increase in the Stoke’s shift and molar absorbtivity.
UV-vis absorption spectrum of DCPPI (5µM) in MeCN exhibited intramolecular charge transfer (ICT) band at 427 (ε =
2.99 x 104 M-1 cm-1) while, the emission spectrum of DCPPI (1.5 μM) displayed emission at 614 nm (λex. at 427 nm;
ФDCPPI = 0.168; Stoke’s shift (∆ῡ)= 7132 cm-1) (Fig. 2a, b).

Scheme. (1). (i) K2Cr2O7/H2SO4/Δ (ii) R-CHO/AcONH4/AcOH/Δ (iii) Malononitrile/DCM/TEA /r.t. (iv) NaCN/MeOH/r.t.

Fig. (1). Normalized typical emission spectra and images (inset) of DCPPI in different medium.

2.3. Response of DCPPI Toward Anions in Acetonitrile

It is important to mention that the non-covalent ionic recognition event of a receptor having amino and hydroxyl
fragments as a potential ionophore are susceptible to interact with anions (like F- and AcO-) through hydrogen bonding
interaction in solvents of variable polarity and are dependent on the basicity and structure aspects of the anions [15 -
29]. Therefore, the protic polar solvents should be avoided in anion recognition studies to substantiate actual mode of
interaction [68, 69]. While analyzing the photophysical behavior of different derivatives toward anion, we found that
acetonitrile (MeCN) is a suitable aprotic polar solvent because of ease in dissolving a wide range of ionic and nonpolar
species, and easily miscible with water to create a homogeneous medium. Thus, considering the sensitivity of anions we
intended to observe photophysical behavior of probe DCPPI toward different anions in MeCN.

Notably, upon interaction with different class of anions (10 Equiv) such as, F-, Cl-, Br-, I-, NO3
-, N3

-, SO4
2-, H2PO4

-,
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CO3
2-, AcO-, CN-, and SCN-considerable change in the electronic transition spectrum of DCPPI was observed in the

presence of F-, AcO- and CN- ions. The ICT band centered at 427 nm disappeared and a new transition band appeared at
545  nm  with  F-  (ε  =  3.06  x  104  M-1  cm-1)  and  AcO-  (ε  =  2.11  x  104  M-1  cm-1)  ions,  respectively.  Similarly,  upon
interaction with CN- a blue shift of ~102-63 nm was observed and a new broad band appeared at 325 (ε = 2.76 x 104 M-1

cm-1) with shoulders at 364 (ε = 2.18 x 104 M-1 cm-1), and 347 (ε = 2.15 x 104 M-1 cm-1) nm (Fig. 2a). Moreover, upon
interaction with different tested anions the emission intensity of DCPPI (at 614 nm; λex.= 427 nm; 1 µM) showed partial
fluorescence quenching (~ 46%) with AcO- whereas, with F-and CN-emission band centered, at 614 nm disappeared
completely and new emission bands appeared at 492 and 490 nm (blue shift, ~122 and 124 nm) respectively (Fig. 2b).
The spectral pattern observed in the presence of F- and AcO- suggested about the probability of deprotonation and/or H-
bonding with the ionophore, the –NH fragment of DCPPI. Similarly, upon interaction with CN- the variation observed
in the emission and absorption spectra suggested about the possibility of formation of new stable species in the medium.
Additionally, colorimetric naked eye sensitive light yellow-green color solution of DCPPI changed to a light pink with
F- (stable for almost 24 hr) and AcO- (stable for ~10 min) while with CN- a transient red-pink color disappeared within
second to become colorless. However, under UV light considerable fluorogenic response observed wherein, a stable
fluorescent white-blue color of DCPPI appeared as light blue, immediately upon interaction with F-, AcO- and CN- ions
(Fig. 3). The other tested anions failed to exhibit any significant change in the absorption and emission spectra.

Fig.  (2).  (a)  Absorption (5 µM) and (b)  Emission spectra (1 µ M) of interaction of DCPPI  with different  anions (10 Equiv) in
MeCN.

Fig. (3). Images show change in color of DCPPI upon interaction with different anions (a) normal and (b) under UV light.

2.4. Response of DCPPI in Aqueous Medium

Furthermore, to our own interest we attempted to understand the optical behavior of DCPPI toward anions in partial
aqueous medium. This is because in aqueous or semiaqueous medium, salvation energy [57, 58] for CN- remains low
(ΔHhyd = -67 kJ/mol) in comparison to other anions (for example ΔHhyd = -505, -363, -336, -295, -375, -260, kJ/mol for
F-,  Cl-,  Br-,  I-,  AcO-,  and H2PO4

-  respectively in H2O/MeCN) and would enhance selectivity of DCPPI  for CN-.The
absorption spectrum of DCPPI (5 µM) in H2O-MeCN (50%) showed ICT band at 423 (ε = 2.26 x 104 M-1 cm-1) nm and
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Job’s plots analysis revealed a 2:1 equilibrium for an interaction between DCPPI and AcO- for which binding constant
has been estimated using emission titration data and were found to be 1.48 x 102 /M (Fig. S15c, S15d, Table 1).

Fig. (5). (a) Absorption (5µM) and (b) emission (1.5µM) titration spectra of DCPPI upon addition of (0-9 Equiv) and (0-30 Equiv)
of F- anions, respectively in MeCN. (c) Job’s plot and Benesi-Hildebrand plots obtained from emission spectral data.

Further  understanding  the  binding  behavior  of  cyanide  both  absorption  and  emission  titration  experiments  was
performed. The typical spectral changes that occur for DCPPI as a function of CN- are shown in Fig. (6). As can be
seen in Fig. (6), the intensity of ICT band (at 427 nm) decreased upon a gradual addition of 0–2 Equiv. of CN- and a
new band appeared at 545 nm (ε = 1.25 x 104 M-1cm-1). However, further addition of CN-(2 to 5.0 Equiv) decreased the
absorption of new band, (at 545 nm) and high energy band appeared at 331-361 nm, progressively and the color of
solution disappeared. More interestingly, the emission spectrum of DCPPI upon addition of 0-4 Equiv. of CN- showed
significant fluorescence quenching in which relative emission intensity (centered, at 614 nm) decreased, ~ 90% (Fig. 6)
along with decrease in quantum yield by ~60% (ФDCPPI+CN-= 0.069). A further addition of CN-  (4.5-14 Equiv) led to
successive fluorescence enhancement at 490 nm and the quantum yield increased by 50% (~2 fold; ФDCPPI + CN-= 0.14).

Table 1. Estimated data for probe DCPPI.

Entry
ε (104 M-1

cm-1)
/ λ (nm)

λem
(nm)/(ᶲ)

Quantum yield

Binding constant Limit of
Detection

(LOD)
Stoichio
metry Kass(abs) KKass (em)

DCPPI 2.99 (427) 614/(0.168)
DCPPI+ F- 3.06 (545) 614/(0.058)

492/(0.223)
1:1 2.96 x 104

/M
3.82 x 104

/M
149 nM

(~2.83 ppb)
DCPPI+ AcO- 2.11(545) 614/(0.070)

486/(0.083)
2:1 -- 1.48 x 102

/M
DCPPI+ CN- 2.15 (325);

2.76 (364)
614/(0.069)
490/(0.14)

1:2 1.5 x 1010

/M2
4.06 x 1010

/M2
210 nM

(~5.5 ppb)

The color of solution became light blue with saturation in emission spectral profile (Fig. 6 and 3). It is interesting to
mention that interaction of DCPPI with CN- led to the existence of two successive reaction equilibria in the medium.
The stoichiometry for the possible mode of interaction between DCPPI and CN- has been realized. Job’s plot analysis
revealed a 1:1 equilibrium at low concentration of CN-. However, as the concentration of CN- increased equilibrium
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TEA = triethylamine
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