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Two supramolecular receptors capable of binding anion as well as metal ion were synthesized by linking o-toluidine with 2,6-diaminopyridine
and 4-aminopyridine via diazocoupling reaction. The interaction of the receptors with different acids and metal ions were studied in
solution state by using UV-visible titration. One of the receptors is capable of sensing Hg”* ion in solution state by showing considerable
amount of bathochromic shift in its absorption maxima. Their binding affinities were also compared by calculating binding constants from

The different binding affinities were calculated from the free energy change data and compared with the experimental values. The possible
structure of metal complexes of Hg**, Cu** and Fe** ions were optimized and their properties were also studied. The limit of detection

(LoD) of Hg* ions was found to be 0.223 ppm.

INTRODUCTION

The role of anions in the field of medicine [1-3], material
science [4-6], electrochemistry [7,8] efc. are undeniably of prime
importance in modern day research. Many important biomole-
cules are present in human body in their anionic form which
works through electrostatic force in addition to other weak
interactions. Owing to their vast utility in the biological system,
the study of the behaviour of anions with other molecules
becomes essential. Further the role of metal ions in every field
of science is well established which prompts the researchers
to observe and analyze the effect of metal ions in every possible
way [9-11]. The application of azo compounds in the field of
the printing and textile industries are well-known [12,13]. In
addition, these compounds find applications in almost every
field of science such as indicators, cosmetics, food colouring,
plastics, optical switch, optical data storage, nonlinear optics,
liquid crystal displays and electro-optical devices etc. [14,15].
Biological activity of aryl diazonium compounds and diazonium
salts are also well established [16,17].

Many azo compounds are reported to be sensors for impor-
tant anions such as fluorides, phosphates, biphosphates, acetate,

the UV-visible titration data. A theoretical study was carried simultaneously to investigate the plausible interaction of host-guest complexes. |
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cyanide, efc. [18-21]. Azo compounds based on heterocycle
is used for colorimetric determination of cyanide ions in
solutions [22]. Ligands based on azo compounds have been
synthesized and the structure of their metal complexes are also
reported [23]. Transition metal complexes of azo compounds
are found to show antimicrobial activities [24]. Interesting
spectroscopic properties of azo-dyes and azo-metal complexes
are also known [25]. Many diazo compounds are reported to
be used as photosensitizers [26]. Supramolecular receptors of
azo dyes and their metal complexes are prepared and the weak
interactions were studied from their crystal structures [27].
Further, the interactions of these azo compounds with different
guest molecules are also established by molecular modeling
and DFT calculations [28,29]. The diazo coupling reactions
of toluidine was reported way back in 1936, however the anion
and metal binding properties of such compounds are yet to be
explored [30].

Inspiring from these enormous scope of applications, we
have synthesized two o-toluidine based azo compounds (L1
and L2) having a heterocyclic moiety attached and studied
their anion and metal binding properties.
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EXPERIMENTAL

All the chemicals and solvents were of highest analytical
grade quality and procured from various commercial sources.
The UV-visible spectra were recorded on a Perkin-Elmer
LAMBDA 365 UV/Vis spectrophotometer. IR-spectra were
recorded on SHIMADZU IR Spirit Fourier transform infrared
spectrophotometer. Mass spectra recorded on a Waters Xevo
G2-XS QT of high-resolution mass spectrometer. All the data
were recorded at room temperature.

The synthesis of both supramolecular receptors (L1 and
L2) based on azo compounds were done according to the
reported method [31].

Synthesis of 3-(o-tolyldiazenyl)pyridine-2,6-diamine
(L1): o-Toluidine (0.212 g, 1 mmol) dissolved in dil. HCI was
added to 1.4 g of sodium nitrite solution with constant stirring.
A solution of 2,6-diaminopyridine (1 mmol; 0.901g) in 10
mL of 2.5 M NaOH was added into the above solution kept in
an ice bath. The reaction mixture was stirred at room tempera-
ture for 30 min, which gives a red coloured product (Scheme-I).
The crude product was recrystallized from ethanol. Yield: 72%;
m.p.: 280 °C; HRMS, m/e (relative intensity) 227 (M+1); IR
(KBr, cm™): 3459 (bs), 1637 (m), 1618 (s); Amu (methanol) =
381 nm (¢ = 815.1 mol™ cm™).

Synthesis of 3-(o-tolyldiazenyl)pyridin-4-amine (L2):
o-Toluidine (0.212 g, 1 mmol) dissolved in dil. HCI was added
to 1.4 g of sodium nitrite solution with constant stirring follo-
wed by the addition of 4-aminopyridine (I mmol; 0.0941 g)
in 10 mL of 2.5 M NaOH was added into the above solution
kept in an ice bath. The reaction mixture was stirred at room
temperature for 30 min, which gives a red coloured product
(Scheme-I). The crude product was recrystallized from ethanol.
Yield: 76%; m.p.: 280 °C. HRMS, m/e (relative intensity) 212
(M+1); IR (KBr, cm™): 3470 (bs), 1647 (m), 1627 (5); Ama
(methanol) = 377 nm (e = 614.9 mol™' cm™).

Procedure of UV-visible titration: Methanolic solution
(1 x 10™* M) of synthesized two azo linked supramolecular
receptors (L1 and L.2) were taken in a cuvette and a constant
aliquot of (50 puL) of the guest acids and metal salts solutions
(1 x 10* M) were added. In all cases, chloride salts of the res-

pective metal ions were used (except for Fe** ions, the sulphate
salt was used).

Limit of detection (LoD) calculation: The limit of detection
(LoD) is determined as 3(c/K), where ¢ and K represent the
calculated standard deviation of intercepts and the slope of
the absorption calibration curve, respectively. The standard
deviation was calculated from the standard error and the sample
size by the relation SE = SDA (sample size) [32].

Methodology of theoretical investigation: Theoretical
investigation has been performed in G16 program series [33]
by employing DFT calculation in gas phase. Hybrid density
functional, M06-2x has already proved its notable performance
in the study of the non-covalent interaction in comparison to
the commonly used DFT calculation [34]. In current study,
therefore, M06-2x functional was considered and the basis set
def2svp is used for geometry optimization and frequency
calculation.

RESULTS AND DISCUSSION

Two azo linked supramolecular receptors (L1 and L2)
were prepared by reaction of o-toluidine with a mixture of dil.
HCl and NaNO:; by keeping the reaction mixture at below 5 °C,
followed by reaction with an alkaline solution of 2,6-diamino-
pyridine and 4-aminopyridine, respectively (Scheme-I) and
they were further characterized by melting point, FT-IR, UV-
visible spectroscopy and LCMS.

Interaction of anions with L1 and L2 in solution state:
The anion recognition properties of both compounds were
studied in solution state by using UV-visible spectrophoto-
meter. Solutions of known concentration in methanol of the
compounds were titrated against the respective acids of the
corresponding anions. As the host molecules (L1 and L2)
contain basic nitrogen atoms, it is expected that the guest acids
will protonate the corresponding hosts thereby modifying the
host’s electrostatic property. Hence, in this case, the protonated
form of L1 and L2 actually acts as host for the anion and a 1:1
host-guest binding may be expected as depicted in Fig. 1.

The UV-visible titrations of L1 and L2 with different acids
show its diverse affinity towards the acids and the correspon-
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Scheme-I: Synthetic route to the receptors L1 and L2
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Fig. 1. A predicted 1:1 binding model of protonated L1 and anion

ding anions. A representative case of comparison of interactions
of L1 and L2 with various acids is shown in Fig. 2a-b, respec-
tively. The azo compounds are known for their characteristic
low energy n to w* transition [35,36]. The host L1 forms an
absorption maximum at 381 nm corresponding to an n to 7*
transition with a molar extinction coefficient of 815.1 L. mol™
cm™. The peak gradually decreases on addition of guest acids
with a simultaneous increase of absorption at 301 nm thereby
forming an isosbestic point. The new peak is attributed to the
protonated form of .1 which gradually increases on increasing
concentration of the corresponding acids. The n to T* transition
peak generally shifts to lower wavelength (higher energy) region
of the electromagnetic spectrum in case of a positively charged
species; as the positive charge will make the transition more
difficult and hence higher energy will be required for the transi-
tion. However, a similar phenomenon is not observed in case
of all the guest acids, which clearly depicts the ability of the
receptors to distinguish between the guest acids.

Salicylic acid, cinnamic acid and oxalic acid are capable of
protonating L1 to a significant amount and show a similar titr-
ation curve with clear isosbestic point (Fig. 3a). Isosbestic point
indicates the equilibrium of L1 with its protonated form.
Whereas, benzoic acid and succinic acid are unable to protonate
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L1 and shows a completely different type of titration curve (Fig.
3b). In order to confirm the protonation phenomena L1 was
titrated with relatively strong mineral acids such as sulphuric
acid, nitric acid and hydrochloric acid, which also show iso-
sbestic point and a new peak at 301 nm.

On the other hand, receptor L2 shows absorption maxima
at 377 nm with a molar extinction coefficient of 614.9 L mol™
cm'. The peak at 377 nm shows a gradual decrease on addition
of salicylic acid and cinnamic acid with a simultaneous increase
of absorption maxima at 298 nm (Fig. 3c). An appearance of
new peak at 298 nm is not observed in case of succinic acid.
So far these observations are similar to that of L1, which shows
the ability of guest acids to protonate the host receptor L2
with an exception of benzoic acid (Fig. 3d) which is able of
protonate L2 but not L1.

Unlike L1, receptor L2 shows bathochromic shift in its
absorption maxima with some guest acids. On interaction of
oxalic acid, the original peak at 377 nm gets shifted to 384
nm, with nitric acid and hydrochloric acid the peak is further
shifted to 385 and 387 nm, respectively (Fig. 4). This signifi-
cant red shift in absorption maxima is not only due to simple
protonation of the receptor molecule but may be attributed to
additional interaction of the corresponding anion with the
receptor L2 in solution state.

The binding affinity of all the guest molecules with both
L1 and L2 were studied by calculating their respective binding
constants from UV-visible titration data by using the following
equation:

L Lt 1
Ae,, Ae AexK

where L is the concentration of host molecule in molarity;
Ag,, = le, — &l and Ae = g, — &, where, €, and g; are respective
extinction coefficients of the host compound in the presence
and absence of guest molecules. The apparent extinction
coefficient (g,,) was obtained by calculating A,,/[host] where
A, was the observed absorbance. The data were fitted to the
above equation to obtain a straight line with a slope = 1/e and
y-intercept = 1/(exK). The binding constants K were deter-
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Fig. 2. Comparison of UV-visible spectra of L1 and L1 + Guest acids (a) and L2 and L2 + Guest acids (b)
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Fig. 3. UV-visible titration of L1 and L2 in the presence of increasing amounts of salicylic acid (a,c = L1 and L2, respectively) and benzoic

acid (b,d = L1 and L2, respectively)
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Fig. 4. UV-visible titration of receptorL.2 ([L2] = 1 x 10 M in Methanol) in the presence of increasing amounts of oxalic acid (a), hydrochloric

acid (b) and nitric acid (c)

mined from the ratio of the slope to the y-intercept [37]. For
each host-guest couple the experiment was repeated three times
to obtain the best fit curve as represented in Fig. 5a-b.

A brief comparison of binding constants of L.1 and L2
are illustrated in Fig. 6a-b, respectively. From this comparison
data, it is visible that the host L.1 shows highest affinity towards
salicylic acid and benzoic acid although the titration curves
for both acids are not similar (Fig. 3a-b). Benzoic acid did not
show the formation of isosbestic point with L.1 whereas sali-

cylic acid forms two clear isosbestic points. This observation
prompted to predict that benzoic acid is not able to protonate
L1 but it is capable to interact by virtue of other weak inter-
actions in solution state.

However, in case of L2 benzoic acid shows comparatively
less binding affinity (Fig. 6b), which may be attributed to the
presence of less number of hydrogen bonding site in L2 as
compared to L1. The other acids such as sulphuric acid, nitric
acid, hydrochloric acid, oxalic acid, salicylic acid show good
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Fig. 6. Comparison of binding constants of different acids with compound L1 (a) and L2 (b)

binding affinity. This is also evident from the formation of
isosbestic point with these acids (Fig. 3c-d). Hence, the proto-
nated form of hosts L1 and L2 are potentially capable of
distinguishing the anions obtained by deprotonation of the
different types of acids.

Interaction of metal ions with L1 and L2 in solution
state: Interaction of different metal ions with L1 and L2 were
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studied in solution state by conducting UV-visible titration
experiment. A significant bathochromic shift in absorption
maxima of L2 on addition of Hg** ion was observed (Fig. 7a).
On gradual addition of Hg** ion to a methanolic solution of
L2, the absorption maximum was shifted from 377 nm to 401
nm with simultaneous formation of an isosbestic point at 298
nm. However, addition of Hg** ion to L1 does not lead to any
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Fig. 7. UV-visible titration of L1 (a) and L2 (b) in the presence of increasing amounts of Hg** ion
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significant change (Fig. 7b) showing the weak affinity for Hg**
ion. This observation indicates that the presence of Hg** ion
may be detected by using L2 in solution state. The binding
constant data also shows that the host L2 has highest affinity
towards Hg”* ion in comparison to other metal ions (Fig. 9b).

After observing this attention-grabbing behaviour of Hg**
ion towards the prepared receptors, we have extended this study
with other metal ions such as Cu?*, Fe*", Ni**, Zn*", Cd*", Mn?**
and Cr*. The receptor L2 shows a considerable amount of
bathochromic shift in the absorption maxima on addition of
Cu?* and Fe** ions to 391 nm and 385 nm, respectively (Fig. 8b).
Whereas, with other metal ions such shifts in absorption maxima
were not observed. Furthermore, receptor .1 do not show such
shift in absorption maxima with either of metal ions, instead it
gives additional peak at 264 nm and 301 nm with Cu** and
Fe®* ions respectively (Fig. 8a).

The study of interaction of metal ions with L.1 and L2
reveals its selective metal recognition properties. The binding
constant values of L1 and L2 with different metal ions were
calculated from UV-visible titration data. The affinity of these
hosts towards different metal ions was studied by comparing
their respective binding constant values. A comparative study
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264 nm
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of binding affinity of L1 and L2 is illustrated in Fig. 9a-b,
respectively. Since L2 is capable of detecting Hg** ion in solu-
tion state, we have also calculated the detection limit of Hg**
ion in methanolic solution which is found to be 0.223 ppm.
Hence, receptor L2 will find application in detection of haza-
rdous Hg”* ion.

Theoretical interaction study of guest anions and metal
ions with receptors L1 & L2: The optimized structures of
two azo based receptors, L1 and L2 are shown in Fig. 10a-b,
respectively. The Mulliken charge density of the nitrogen atoms
(Table-1) indicates the possibility of protonation of N10 (L1
& L.2),N23 (L2), N27 & N28 (LL1). It has been observed that
the most stable protonation sites are N10 of L1 and N23 of L2.
However, the N10 atom of L1 will experience a considerable
amount of steric hindrance due to the intramolecular hydrogen
bonding between N17-H19 and N10 which also persist after
the formation of acid complexes (Fig. 10). Further investi-
gations, therefore, were performed by considering protonation
of N27 of L1 and N23 of L2.

The binding constants of different acids with L2 were
calculated from the free energy change data and it is found to
be in good agreement with experimental values. The unusual
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Fig. 8. Comparison of UV-visible spectra of L1 ([L1] = 1 x 10 M in methanol) and L1 + metal ions (1 x 10™* M in methanol) (a) and L2
([L2] =1 x 10™* M in methanol) and L2 + metal ions (1 x 10 M in methanol) (b)
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Fig. 9. Comparison of binding constants of different metal ions with L1 (a) and L2 (b)
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Fig. 10. Optimized structure of L1 (a) and L2 (b)

TABLE-1
MULLIKEN CHARGE DENSITIES AND STABILIZATION ENERGIES (kcal/mol)
ON PROTONATION OF NITROGEN ATOMS OF THE TWO COMPOUNDS

Atom N10 N11 N17 N27 N28
L1 Mulliken charge density -0.2086 -0.0678 -0.0590 -0.1897 -0.1095
Stabilization energies -237.3992 -235.0204 -237.3992 -236.7880 -218.3830
Atom N10 N11 N20 N23 -
L2 Mulliken charge density -0.1881 -0.0789 -0.0699 -0.1635 -
Stabilization energies -222.1525 -225.0596 -222.1525 -245.0782 —

affinity of Hg** ion towards L2 observed in UV-visible study
prompted us to perform further theoretical investigation of
metal interaction with L1 and L2. Hence, a similar study was
also performed to investigate the binding effect of metals ions,
Fe*, Cu* and Hg** with L1 and L2 (Table-2). Among the
metals, Hg** ion shows higher stability with L1 and L2. Among
the receptors L1 and L.2; L2 interact more efficiently with Hg**
ion (Fig. 11a). The investigation leads to the plausibility of
chloride coordinated copper complex of L1 unlike to the stable
octahedral aqua-coordinated geometry of other metal-ligand
complexes (Fig. 11b).

HOMO-LUMO energies are the indicator of chemical
reactivity of the reacting species. Higher HOMO energy signifies

the greater ability to donate electrons and lower LUMO energy
signifies greater ability to accept electrons [38,39]. The close-
ness of HOMO energy values for L1 and L2 complex with the
three metal ions indicate the similar electron donating ability
of the ligands (Table-2). Moreover, the negative HOMO ener-
gies are an indicator of stable metal complexes of the ligands
[40]. The energy gap AE for L1 with Hg* is small (90.1780
kcal/mol), which implies the reasonably higher reactivity
of Hg**ion toward L1. However, in case of L2, both Cu** and
Hg* have significant reactivity as indicated by the lower
calculated energy gaps (102.5272 & 114.2615 kcal/mol). But
the stability of L2-Hg** was found to be more than L2-Cu**
and L1-Hg™.

TABLE-2
STABILIZATION ENERGY, HOMO-LUMO ENERGIES AND ENERGY GAP (kcal/mol) OF METAL COMPLEXES
L1 L2
Metal = o
Stability R0 Erumo Stability Euomo ELuvmo AE

Fe** -26.3545 -282.9837 -156.3730 126.6107 -35.3104 -280.5615 -153.9446 126.6170
Cu* -10.2562 -164.1226 -36.3009 127.7904 -37.2939 -280.3105 -152.1437 102.5272
Hg?* -35.4683 -261.9185 -171.7405 90.1780 -41.4663 -282.5507 -168.2892 114.2615

(b)

II

L)
W

Fig. 11. Optimized structure of L1-Cu* complex (a) and L2-Hg** complex (b)
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The HOMO-LUMO plot of L1-Hg** and L.2-Hg** compl-
exes are shown in Fig. 12. In both cases, the HOMO is ligand
centric and the LUMO is metal centric whereas, similar HOMO-
LUMO plots of copper and iron metal complexes does not
show any metal centric LUMO.

The bond lengths of different complexes as well as mole-
cules and the ions are also analyzed. It has been found that there
is strong intramolecular hydrogen bonding between amine group
hydrogen and the diazo nitrogen (N10) before and after complex
formation. As a result, there is a strong steric hindrance that
will be experienced by the guest molecules to get closure through
this site. The shortest hydrogen bond (1.7770 A) between N10-
H19 of L1 was found for L.1-Fe** complex. However, for L2
the lengths of N10-H22 hydrogen bonds are nearly same and

L]

close to 1.9492 A, the hydrogen bond length in L2 molecule.
The N10-N11 bond lengths of .1 and L.2 do not change signifi-
cantly even after complex formation. It signifies the less possi-
bility of complex formation with N10 or N11 of L1 and L2.
The change of C14-N27, C16-N27 bond length of L1 and
C17-N23, C13-N23 bond length of L2 with respect to the free
molecules were due to the formation of complex with acids
and metal. The changes are more significant for metals, which
indicate high metal affinity of the both the molecules.

The structures of different host-guest complexes of L1
and L2 were optimized and studied (Fig. 13a-b). A complete
proton transfers from the acid to the N27 of L1 was observed
in case of nitric acid and sulphuric acid complexes, which is
in agreement with their strong acidic behaviour of the guest

Fig. 12. Three dimensional HOMO and LUMO of L1-Hg** complex (a-b) and L2-Hg** complex (c-d)

(@) ?

AR IRves
w\‘v“\o

(b) ?

Fig. 13. Optimized structure of L1 with nitric acid (a) and L1 with salicylic acid (b)
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molecules. The bond lengths of acid O-H for nitric acid (H31-
033) and sulphuric acid (H31-035) after and before complex
formation also indicate the protonation of L1 by the two acids.
However, with organic acid such as benzoic acid, cinnamic acid,
salicylic acid, protonation of the receptor was not observed.
In contrast, receptor L2 do not show protonation with any of
the acid.

Conclusion

Two supramolecular receptors (L1 and L2) capable of
binding anion as well as metal ion were synthesized. The inter-
action of the prepared hosts with different acids and metal ions
were studied in solution state by using UV-visible titration
experiment. The host L1 binds almost all acids except benzoic
acid whereas host 1.2 shows the highest affinity to bind benzoic
acid. The binding affinities were studied from their respective
binding constants calculated from UV-visible titration experi-
ment. A similar study with metal ions revealed that host L.2
shows a significant bathochromic shift in absorption maxima
on interaction with Hg** ion and also highest affinity towards
Hg*" ion of L2 was established from binding constant data. The
receptor is capable of detecting Hg** ion in solution upto 0.223
ppm. To support this finding, theoretical calculations with these
receptors with different host acids and metal ions are also done.
Theoretical studies also suggest that these receptors are capable
of binding strongly Hg** ions. Thus, supramolecular receptors
L1 and L2 are capable of detecting anions and metal ions in
solution state.
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