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A new dipicolinimidamide based receptor, N,N’-(pyridine-2,6-diyl)dipicolinimidamide receptor AM2 is designed
for the recognition of Cu?*" among all cations with high selectivity investigated in aqueous solutions via syner-
gistic effects of intermolecular hydrogen bonding and electrostatic interactions. The photophysical properties of
the AM2 receptor were tested by UV/Visible absorption methods. The binding method was completely confirmed
by computer based studies. Theoretical statistics have highlighted the role of n-n stacking and hydrogen bonding
in binding of Cu®* with receptor AM2. Receptor AM2 selectively recognized Cu®* in EtOH/water with a detection

limit down to 3.49 uM and can be utilized to recognize Cu®* ions in real samples.

1. Introduction

Molecular chemosensors are able to connect specific ionic and bio-
molecular types by selecting that the attachment state comes out with a
computable signal, especially changes in the appearance of chromo-
phores or fluorophores. Development of chemosensor for the competent
recognition of cations and anions are an active area of research in the
field of chemical, biology and environmental sciences [1-9]. In the recent
year's, remarkable interest has been focused on the formation and syn-
thesis of chemosensors to detect d-block metal ions because of the pro-
nounced importance of these ions in medical, biological and
environmental applications [10-13]. Amongst the transition metal ions,
Cu?* is the third most important component of the human body and plays
a key job in a variety of physiological processes like biosynthesis of he-
moglobin, bone growth, dopamine production, regulation of neurolog-
ical function, genetic expression and the functional and structural
enrichment of proteins [14-17].Conversely, “An excess of Cu®** ion is
quite unsafe to living systems and it's overaccumulation in human body
leads to various neurodegenerative diseases such as amyotrophic scle-
rosis, Alzheimer's disease, prion disease, Wilson's disease, Menke's dis-
ease, kidney damage, lipid metabolism and gastrointestinal disorders,
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inflammatory disorders” [18-20]. Several techniques were reported for
the recognition of Cu?" ions counting AAS (atomic absorption spec-
trometry), ICP-AES (Inductively coupled plasma atomic emission spec-
trometry, ICP-MS (Inductively coupled plasma mass spectroscopy), cyclic
voltammetry etc., but these techniques have major limitation of
requirement of highly sophisticated pricey instrumentation, tedious
sample preparation and skilled operator [21-24]. Subsequently, Cu®" is a
fluorescence quencher due to its paramagnetic nature and therefore most
of the fluorescence chemosensors for Cu>* shows turn-off response rather
than turn-on response, rendering stumpy indication. Hence, fluorescent
sensors may be not as much suitable for molecular detection mainly for
Cu*, sometimes they give a false positive response which limits their
application [25-28]. Alternatively, colorimetric chemosensors are
well-suited for the analyte and are generally used due to the low down
cost and lack of costly utensils required, as well as color changes that can
be observed directly with the naked eye, even if tested extensively [29,
30].

The previous management of these things in mind and as a part of our
uninterrupted research [33-37], we designed a 2, 6-diaminopyridine
conjugated with 2-Cyanopyridine in presence of SnCly through dipico-
linimidamide linkage. The two nitrogens and NH provides hydrogen
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bonding combinations that can be used for binding selectively with the
appropriate analyte. Here, we report the synthesis and spectral evalua-
tion of N, N ’- (pyridine-2, 6-diyl) dipicolinimidamide (AM2) and
improve Cu®" sensitivity. Additional sensitivity of Cu?" was tested using
a visible UV titration test at an aqueous solvent. The discriminating and
receptive nature of the AM2 receptor toward Cu?" arises from electro-
static interactions between nitrogen containing functional groups. The
receptor AM2 could be powerful candidate as a practical colorimetric
sensor for Cu?" ions.

2. Materials and methods
2.1. Experimental

All reactions were performed using glassware dried in the oven under
good nitrogen pressure unless otherwise specified. Where necessary,
solvents were distilled before use. Sigma Aldrich, India brand was
selected to buy all chemicals. The PerkinElmer Spectrum One FT-IR
spectrometer was used to record IR spectra as KBr pellets and nujol
mulls. 'H NMR (400 MHz) and 13¢ NMR (100 MHz) spectra were
determined on a Bruker AVANCE II 400 spectrometer. Agilent's LCMS
instruments were used to carry out LC-MS analysis. Additionally, U-3900
spectrophotometer (PerkinElmer Co., USA) was used to perform all UV
Visible spectral experiments and perchlorate salt of metals used in study.

2.2. Spectroscopic studies

Studies of detecting cations by receptor AM2 were performed at
moderate temperatures. All solutions were thoroughly stirred to ensure
consistency before the absorption spectral experimentation. The AM2
receptor was soluble in ethanol: water solvent system and therefore AM2
stock solutions (1.0 x 1073 M) were prepared with ethanol: water (10:90
v/v). All solutions for cations (1.0 x 10~2M) were prepared in doubly
purified water. After appropriate dilution, these solutions were applied to
all spectroscopic investigations. The cuvette was filled directly with the
requisite volume of diluted AM2 receptor (2 ml, 4.0 x 107> M, in H,0)
and the spectra was recorded after each subsequent injection of cu®*ions
(0-400pL, 1 x 103 M, in H,0) using a micropipette for spectroscopic
(UV-Vis) activities.

2.3. Synthesis of receptor AM2

The synthesis of receptor AM2 was carried out based on previously
reported methods [31,32,38]. In 100ml dry round bottom flask, a
mixture of 2, 6-diaminopyridine (1.09 gm, 10 mmol) and 2-Cyanopyri-
dine (1.92gm, 20 mmol) in THF (15mL) solvent was under magnetic
stirring. The resulting mixture was stirred at 140 °C for one and half
hours under oil bath with constant stirring. After 30 min, SnCls (2.2 mL,
24 mmol) was added to the reaction mixture. After the addition of SnCly,
temperature was enhanced to 150-160 °C, and heated up for 3-4 Hours.
The movement of reaction was supervised by of TLC. After the reaction is
complete, the product is cooled to room temperature and then dissolved
in warmed water with an alkaline 10% sodium hydroxide solution.
Dichloromethane [3 x 100] was employed to extract the alkaline solu-
tion. The activated charcoal was used to decolorize the organic layer and
which subsequently dried over anhydrous sodium sulphate. The amidine
was obtained a crude product after evaporating the solvent under
reduced pressure. Recrystallization of the crude product was achieved
from acetone and hexane mixture system that afforded crystalline
product. Yield: 68%; Mol. Formula: C;7H;5N7; Mol. Weight: 317 g;
Physical Nature: Yellow needles; FT-IR spectrum (em™) [KBrl: 3369.7,
3182.6, 1400.3-1450.5; Mass (ESI +ve): 318 (M+1),'H NMR (400 MHz,
§ ppm):6.92-6.95 (m, 2H), 7.26-7.29 (m, 2H), 7.37-7.40 (m, 2H),
7.64-7.67(m, 2H), 7.80-7.87 (m, 2H), 8.38(d, 1H),8.54(dd, 2H),8.60(d,
1H),10.32 (s, 1H).1*c NMR (500 MHz,6 ppm):167.7, 161.1, 157.8,
149.6, 139.5, 137.1, 126.6, 97.6.
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2.4. Computational study

The formal design of AM2 and its Cu®* guest facilities is done using
the Gaussian 09W [41] computer system using a density functional
theory (DFT) method. All DFT computation were carried out in the gas
phase with active B3LYP (Becke's parameter hybrid functional using LYP
correlation functional) using a 6-31G (d, p) base for C, H, N, O atom and
LANL2DZ Cu atom.

3. Results and discussion

The receptor N, N’-(pyridine-2, 6-diyl)dipicolinimidamide(AM2) was
prepared by treating 2-Cyanopyridine and 2,6-Diaminopyridine using of
SnCly as a lewis acid to afford AM2(Scheme 1).The structure of receptor
AM2 was confirmed with the help of 'H NMR, '3C NMR and LC-MS
spectroscopic techniques (Fig. S1-3, SI). The naked-eye noticeable color
change of AM2 (2mL, 1.0 x 10~3M in 10:90 v/v EtOH:H,0) was expe-
rienced by adding an equivalent quantity of diverse cations like Ca®",
BaZ", cd?", sr?" CsT, Cr®t, Nat, Ni2*, Lif, Zn?*, Co?*, KF, Mn?", AI®T,
Agt, Pb%t, Mg®", Hg?", Fe?*' and Fe®*(1ml, 1.0x1072M, in
H50)(Fig. 1). In the presence of cu®t only, the receptor AM2 showed a
detectable color transform from colorless to yellow.

The UV-visible spectroscopic performances of receptor AM2
(1.0 x 107> M) were first examined upon addition of various cations
(1.0 x 1072 M) like Co®*, Ni?*, cu®*, Mg?", Zn?*, Hg?*, 22, CsT, Cd?™,
Ca®t, Ba™, Fe?*, Fe3t, Pb%*, Mn?*, K+, AI®*, St and Na* in water. The
receptor AM2 (1.0 x 10> M) exhibits a strong peak at 279nm. At
279 nm, the absorption tip of pure receptor AM2 was red shifted to
290 nm due to intramolecular charge transfer (ICT) effect upon addition
of 1 equivalent cu?t (Fig. 2). A red shift in UV-Vis absorption of the AM2
receptor was also noted in the titration study (Fig. 3), in which Cu®" ions
(0-10 equivalents) were added sequentially to the fixed concentration of
the AM2 receptor (1.0 x 10> M). The spectral alterations have clearly
explained that complex formation have occurred between the AM2 and
Cu®" receptors. No visible color changes and spectral changes of AM2
were detected in the presence of other tested cations. The charge transfer
stimulates the color as well as spectral changes of AM2 receptor,
apparently due to the delocalization of electrons from pyridine-N, ami-
dine-N to Cu?* during the formation of complex.

From the UV-visible titrations, the association constant of
2421.7 M~ ! was calculated by Bensi-Hildbrand method for cu?t (Fig. S4)
[40]. In the EtOH/H30 (10:90, v/v) solvent system, the calculated limit of
detection for Cu?* was 3.49 uM determined with the help of standard
IUPAC method of 36 method (Fig. S5), which is lower than WHO allowed
limit.

The stoichiometry of AM2 with Cu?* could be estimated to be 2:1
which determined by Job's Method of Continuous Variation [39].The
plot of mole ratio (Fig. S6) and the Job's plot (Fig. S7) support the
development of a complex between AM2 and Cu®" with 2: 1 binding
stoichiometry. Additionally, the direct confirmation for the formation of
a 2: 1 complex was achieved from the LC-MS spectra of AM2 in existence
of 2.0 equivalents Cu?* in water. This data was additionally confirmed by
mass spectral examination. The mass data validates the formation 2:1
complex between double deprotonated AM2 and metal ion. The main
characteristic MS peak was observed at m/z (for C;7H;5N;) = 318.4
(M+1) for pure AM2.(Fig. S3).Conversely, upon addition of 2.0 equiva-
lents of Cu?*, the peak at 318.4 vanished and a novel peak come into
view at m/z = 746.198 matching to the complex [(M-2H) + 2cu®t +
2(Cl03)+ 6 Hy0 + H]*(Fig. S8). The receptor AM2 can bind to the Cu®*
ion via binding sites consisting of nitrogen atoms of terminal pyridine
nucleus and the imino group of two amidine linkage. The lone pair of
electrons on the nitrogen atoms of the terminal pyridine ring and imino
groups of the receptor AM2 can be delocalized from an orbital containing
an electron pair to the vacant orbital localized on the cu?*. This coor-
dination is responsible for the color change from colorless to clear yellow.
Further, 'H NMR titration experiment was carried out to confirm the
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Fig. 1. The color changes of AM2 (1.0 x 107> M,10:90 v/v EtOH:H,0) upon addition of equivalent amount of different cations in H,0. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

18 1 —AM2
AM2 + Cul) Cu(Il)
Ag(M
16 T —— AI(IID)
—Ba(Il)
14 + —Fe()
—— Fe(II)
1.2 AM2+ Other Cations
; b
RS
=
2 08 -
=
0.6 1
0.4 1
0.2 1
0

300 320 340 360 380 400
Wavelength

Fig. 2. UV-Vis spectra changes of the receptor AM2 (1 x 10~> M) upon addition of various cations (1 x 10~2M) in EtOH: H,0.

nature of the interaction of the receptor AM2 in CDCl3 solution with
different concentration of copper (II) perchlorate in MeOH-d4 solvent
(Fig. S9). From the titration experiments, it is observed that peak at
10.316 ppm corresponding to the -NH proton of amidine-imine moiety
gets disappeared on successive addition of Cu?* ion in the solution of
AM2. This indicates a shift of a nitrogen lone pair towards the metal ions.

The possible 3D structure (Fig. 4) and the coordination occurring all
through the encapsulation of Cu?>* by AM2 were scrutinized by density
functional theory (DFT) calculations. The optimized structure of AM2
and its complex with Cu?" are shown in Fig. 4 (a). It is observed that the
energy gap of both HOMO and LUMO reduces in AM2-Cu system,
probably due to the higher degree of stabilization than the former AM2
system and resulting an overall decrease of the gap from 0.15886 eV to
0.08142 eV.The figure also exposes that the charge density at HOMO of
AM2 is spread over throughout the molecule and upon complexation,
with copper ion, the charge density is shifted towards terminal pyridine
moiety.

Further, to get analytical application of sensing possessions of re-
ceptor AM2 toward Cu", the absorbance of different competitive ions in
EtOH/H20 (10:90, v/v) solution was scrutinized, and the consequences
were shown in Fig. 5. No considerable changes were observed when
cd2*, Co®*, Ni%*, Cu?t, Mg?*, Zn2*, Hg?*, Zr?*, Cs*, Cd2, Ca2", Ba™,
Fe?*, Fe3T, Pb?t, Mn?", KT, AI®*, Sr**, Na* were added in the receptor
AM2solution even at high concentration (10 equiv). Competition ex-
perimentations in the addition of cu®t (1 equiv) showed enhancement.
This result evidently pointed out the specificity of the receptor AM2 to
detect Cu®* under competitive environment.

4. Practical applications of AM2

To ensure that AM2 is practically applicable, the AM2 loaded test
strips were designed to sense cu®* ions from an aqueous media. The
preferred test strips were organized by absorbing small pieces of cellulose
paper (Whatman No. 42) in an AM2 solution (1.0 x 1073 M) in methanol
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Fig. 3. Absorption spectra of AM2 (1.0 x 10> M) upon incremental addition of Cu®* ions (1-10 equiv, 1.0 x 10"2M, in H,0).
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Fig. 4. DFT computed (a) optimized structure of AM2 and AM2.Cu*" complex
(b) LUMO-HOMO diagrams of AM2 and AM2.Cu?t complex.

and were dried in air. When these strips were treated with a 10 mL so-
lution containing Cut (1.0 x 1072 M), the monotonous strip turned
yellow (Fig. 6 A). The quick color transformation of the test strip in so-
lution defined the effective use of AM2. The detection of Cu?>* by AM2
also operated with solid support. Silica gel (60-120 mesh, 5.0 g, color-
less) was dipped in AM2 (methanol, 5mL, 1.0 x 1073 M) and the solvent
removed. A dark green color of silica gel appeared, indicating the
adsorption of the receptor on the surface. When treated with a 10 mL
solution containing Cu®* (1.0 x 1072 M), the colorless solution quickly
turned to a orange-yellow color (Fig. 6B). The rapid color change of the
solid silica gel in the solution highlighted the effective use of AM2 for
qualitative recognition of Ccu®" in aqueous environment.

5. Conclusion

In summing up, we demonstrated the synthesis and use of AM2 as a
new chromogenic chemosensor for the selective recognition of Cu®* ions
in pure aqueous environment. The sensor display high selectivity and
high sensitivity towards Cu®" in aqueous environment. The detection of
Cu?* induces a spectacular color distinction of AM2 from colorless to
yellow that permitting naked eye recognition. Besides, the recognition of
Cu?* in aqueous media by AM2 can be revealed by paper strip and a solid
supported method using silica. These methods promote seamless and fast
detection of Cu?* in aqueous environment with a detection limit of up to
10 pM. The excellent selectivity of sensors AM2 towards Cu?* in a pure
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aqueous environment makes AM2 a promising candidate for qualitative
as well as quantitative recognition of Cu*" in a variety of chemical and
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Fig. 6. Practical application of AM2 for the detection of Cu®>* by: (A) test strip method and (B) silica support method.

environmental applications.
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