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C3-symmetric triazole-based multivalent dendritic architecture having uniform aromatic core and branches has been
employed to study its metal binding ability towards Cr(III), Mn(Il), Fe(IlI), Co(II), Ni(II), Cu(Il) and Zn(II) ions.
The dendritic architecture is found to exhibit a high affinity for Cu(Il) ions and formed a solid complex with a blue shift in
the dd-band of Cu(Il) chloride. X-band EPR spectra at low temperature has supported a distorted tetrahedral geometry for
the complex. The complex has displayed quasi-reversible redox waves in cyclic voltammetry (CV). DFT calculations have
shown that Cu(Il) has a high affinity for the dendritic structure, leading to high complexation energies of the order of
-25 eV, showing that the complexation reactions are highly exothermic. The binding constant (K) for the Cu(II) complex has

been determined using a fluorescence titration method.
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Within the field of supramolecular chemistry,
multivalency is a powerful and versatile technique as
it confers unique thermodynamic and kinetic
behaviour onto supramolecular complexes'™. Coupled
with the surge of interest in the development of
techniques for the selective sensing/formation of
metal complexes for various applications, our interest
is in the application of macromolecules that possess
multiple potential binding sites which can lead to
multivalency effects and strengthen their binding
affinity for selective cations. In this perspective,
multivalent dendritic scaffolds that are three-
dimensional macromolecular structures originating
from a central core molecule and surrounded by
multiple branches and surface units found to play
significant role as effective sensing platform due to
their better chelating efficiency caused by multivalent
binding sites®®.

These dendritic structures exhibit a high degree of
molecular uniformity, narrow molecular weight
distribution, tuneable size and shape characteristics,
as well as multivalency and provide ideal scaffold as
host molecule due to presence of internal cavities and
multiple functionalities”'’. Moreover, the design and
construction of dendritic architectures through azide-
alkyne click chemistry proved to be an effective

approach in macromolecular chemistry'''*. The
interdendritic [1,2,3]-triazole heterocycles resulting
from the click approach act as coordination sites for
metal ions">. The N3 and N2 of triazole ring are
suitable for co-ordination to transition metals'®"®.
Such metal binding properties of triazole-based
architectures have been used in the field of catalysis
to carry out a number of carbon-carbon bond
formation reactions'®?'. Moreover, triazole-based
dendritic scaffolds have found numerous applications
such as fluorophores, chemosensors, charge-transfer
agents, pathogen inhibitors and nanocarriers®™".

We have earlier synthesized symmetrical aromatic
triazole-based dendritic architecture (G1) carrying the
multiple triazole rings as well as hydroxyl groups™.
Phloroglucinol, 3-bromopropyne and glycerol were
used as starting materials and these were suitably
modified so as to synthesize Gl by following the
Williamson ether synthesis and Huisgen azide-alkyne
1,3-dipolar cycloaddition reaction (click chemistry
approach).

The complex forming ability of the G1 was
investigated by using chloride salts of Cr(III), Mn(Il),
Fe(II), Co(1I), Ni(II), Cu(Il) and Zn(II), in methanol.
The synthesized dendritic architecture efficiently form
the solid complex with Cu(II), which causes blue shift
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in the dd-band of Cu(Il) chloride salt. The complex
formed was characterized by EPR and cyclic
voltammetry.

Experimental Section
Materials

All the chemicals and reagents were procured from
Spectrochem Pvt. Ltd., India and Sigma-Aldrich
Chemicals, USA. The organic solvents were dried and
distilled prior to their use. Reactions were monitored
by precoated TLC plates (Merck silica gel 60F,s4); the
spots were visualized either by UV light, or by
staining with ceric solution.

Instruments

Infrared spectra were recorded on a Perkin-Elmer
FT-IR model 9 spectrometer. UV-Visible absorption
spectra were recorded using a Cary-300 UV-Vis
spectrophotometer  from  Agilent-Technologies.
Emission spectra were recorded using a Varian Cary
Eclipse Fluorescence spectrophotometer (Cary-300).
A quartz cuvette of 1 cm path-length was used to
record absorption and emission spectra. The cyclic
voltammetric measurements were carried out using a
BAS CV 50 W electrochemical analysis system.
Cyclic voltammograms of complexes were recorded
in DMF:DMSO (3:1) with tetra-n-butylammonium
perchlorate (TBAP) 0.1 M as supporting electrolyte.
A three electrode configuration composed of Pt
working electrode 3.1 mm® area, a Pt wire counter
electrode, and an Ag/AgNO; reference electrode were
used for the measurement. The reversible one electron
Fc'/Fc couple in above solvent system has an E,, of
59.5 mV versus Ag/AgNO; electrode. Solution state
EPR spectra were recorded on an X-band ESR-JEOL
Spectrometer at liquid nitrogen temperature (77K) in
dimethy] sulfoxide (DMSO) at [IT Bombay, India.

Fluorescence titration method

For the measurement of the binding constant (K)
and the number of binding sites (n), the fluorescence
titration method was used. The fluorescence titration
of the Cu®" ion was carried out using a solution of
0.83 mM of compound G1 in methanol. First the
emission spectrum of Gl is recorded by exciting at
wavelength 267 nm and setting the excitation and
emission slit 10. This gives the value of I,, which is
the maximum emission intensity at 371 nm for G1,
and with the addition of increasing concentrations of
Cu®’, emission intensity at 371 nm gradually
decreases. A plot of log[(I, - I)/I] as a function of the

log[Cu®"] , gives the intercept and slope, from which
the binding constant and the number of binding sites
were calculated by using the following equation (1).

log[(I,-1)/I]= log K + n log[Cu®*"] ...(1)

Where, I, = Intensity of G1 in absence of Cu*"
I= Intensity of G1 in presence of Cu*"

K = Binding constant

n= Number of binding sites

Procedure for the synthesis of G1-Cu complex

To a solution of Gl (100 mg, 0.17 mmol) in
methanol (10 mL), the copper chloride salt (115.34
mg, 0.68 mmol) in methanol (10 mL) was added, then
precipitate started forming, the reaction mixture was
stirred for additional 2 h at room temperature. The
precipitate formed was filtered, washed with methanol
(2 x 10 ml) and dried to obtain G1-Cu complex.

Computational details

First-principles density functional (DF) calculations
were performed using DMol’ in the Materials Studio
package®. A numerical basis set of double zeta quality
plus polarization functions (DNP), which is the
numerical equivalent of the Gaussian basis, 6-31G**,
was used. The cores were treated using DFT Semilocal
Pseudo-Potentials (DSPP), specifically designed for
DFT calculations’. The GGA-PBE functional was
employed in the calculations™. Spin-unrestricted
calculations were performed using a Fermi broadening
of 0.005 Ha®”. The convergence criteria in energy,
force, and displacement were set to 2x10° Ha, 0.004
Ha/A, and 0.005 A, respectively. A fine integration
grid was used.

The geometries of the various structures were fully
optimized, without restrictions, using delocalized
internal coordinates** **. Bond orders were computed
using Mayer’s procedure®. The reported partial
atomic charges are those obtained by Hirshfeld
partitioning®’.

The complexation energies (Ecmpix) Were calculated
using the equation (2):

Ecmplx = ECu2+Gl - (ECuZJr + EGl) .. (2)

Where, Ec,>'g1 is the energy of the complex of G1
with Cu*’, Ec,>" and Eg, are the total energies of the
isolated copper ion (*S;,,) and G1, respectively.

Results and Discussion
The G1 dendritic architecture having symmetrical
aromatic core synthesized from phloroglucinol and
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azido glycerol were studied for metal binding
applications using chloride salts of different transition
metals (Fig. 1). Out of the studied metal salts, Cu(Il)
binds efficiently with the G1 with remarkable change
in emission spectra®. The dendritic architecture
formed the solid complex with Cu(Il), which led to a
blue shift in dd-band of Cu(II) chloride salt.

Metal binding study by emission spectroscopy

The metal binding potential of the G1 was studied
using its emission spectra. The addition of 0.1
equivalent of metal chloride [Cr(III), Mn(II), Fe(III),
Co(Il), Ni(Ill), Cu(l) and Zn(Il)], caused the
quenching of emission intensity at 371 nm for GI.
A significant quenching of emission intensity was
observed on addition of Cu(Il) to G1, however a very
low to moderate quenching was observed with other
metal salts (Fig. 2).

The triazole ring nitrogens are reported to form
complex with Cu(ll) ion and the subsequent
quenching in emission intensity of G1, in the presence
of Cu(Il) chloride, was used to estimate the binding
constant (K) and the number of binding sites (n). The
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Fig. 1 — Molecular structure of G1 dendritic architecture having
multiple triazole and hydroxyl groups.

binding constant K and value of ‘n’ for Gl were
estimated to be 7.015 x 10 M' and 1.99,
respectively (Fig. 3). These results suggest a stronger
affinity for the synthesized molecule for Cu(Il) as
compared to PAMAM dendrimers®” and chitin
polymers* that exhibit a moderate affinity of 10°-10*
M for Cu(Il).

The detection limit for the copper ion by G1 was
calculated from the titration data according to the
reported method*'™ by plotting a graph between
normalized fluorescence intensity, (Imax-1)/(Imax-Lmin)
as a function log[Cu®"] at 371 nm (Fig. 3). The
intercept at the ordinate axis corresponds to the
detection limit, for copper ion, this was found to be
0.13 uM.

Characterization of Cu-complex by absorption
elemental analysis and IR spectra

Cu(Il) complex of G1 was synthesized by mixing
the solutions of G1 and copper chloride (4 eq.) in
methanol. By mixing the two solutions at room
temperature, a precipitate of green colored complex
was obtained. While comparing the UV-Vis spectrum
of these precipitates with copper chloride solution in

spectra,
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Fig. 2 — Emission spectra of G1 (1.69 mM) in the presence of
different metal ions (0.1 equivalent) in methanol.
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Fig. 3 — Emission spectrum of G1 with incremental addition of Cu®* solution and a plot of log[(I, - I)/I] as a function of the log[Cu®'] in

methanol.



114 INDIAN J. CHEM. TECHNOL., JANUARY 2023

water, a blue shift was observed in absorbance
spectra of the G1-Cu complex (Fig. 4). The copper
chloride in water reported to exhibit a weak dd-band at
819 nm*" ¥, which get shifted to 755 nm for the
G1-Cu Complex.

11

755 nm

819 nm
—e—CuCL,2H O
10

(=]
w©
1

(=3
1]
L

Normalized Intensity

T
600 700 800 900 1000

Wavelength (nm)

Fig. 4 — The observance of blue shift in absorption spectrum of
copper chloride in water on complex formation with G1.
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The elemental analysis data of G1 copper complex
(G1-Cu Complex) was found to be quite close to 1:2
complex as shown in Fig. 5.

In the IR spectrum of G1, the bands observed at
1564.34 cm™ and 1597.00 cm™ are attributed to the v
(C-N) of N3 and NI of 1,2,3-triazole ring (Fig. 6). On
complex formation the former band get shifted
towards higher value, indicating the participation of
N3 of triazole ring (Fig. 6). The bands at 1053.18 and
1155.72 cm™ are assigned for v (C-O) and v (N=N)
stretch, respectively.

On complex formation v (N=N) stretch get
shifted to higher value. These results suggest the
participation of N3 in complex formation of G1 with
Cu(Il) ion.

Electron Paramagnetic Resonance (EPR) data
The X-band EPR data of the copper(Il) complex
have been recorded at liquid nitrogen temperature in
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Fig. 5 — Elemental analysis data of G1-Cu Complex showing the relative percentage of C, N and H atoms.

1084 (a)

679.7
102

819.69

156434

% T
8
1

1459.4

90

1053.18
1uS5.72 4597.00

— G1

3298.73

84 T T T T T T 1
1000 1500 2000 2500 3000 3500 4000

em™

(b)

101

100 ~so.

825.62

% T

99 4 1459.78

330131

98 4

1599.38

1054.95 — G1-Cu
116197

97

L T T T T T T T T T T T T 1
1000 1500 2000 2500 3000 3500 4000
em™!

Fig. 6 — IR spectra of (a) G1 and (b) G1-Cu complex.
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Fig. 7— EPR spectrum of G1-Cu Complexes.
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Fig. 8 — Cyclic voltammogram in DMF:DMSO (3:1) of G1-Cu
complex at scan rate 200 mV/s.

Table 1 — EPR spectral parameters of the complexes.

Complex gy g 10%xA, 10%xA, g/A,
(cm'] ) (cm'] ) (cm)

Gl1-Cu 2.4023 2.0805 110 48 218

DMSO, and EPR spectral parameters of the

complexes are given in Table 1. The complex showed
four g, and one g, components (Fig. 7). The ratio
g//A, can be used to predict the geometry adopted by
copper complexes, its value was calculated to be 218
cm for G1-Cu complex, falls in the range of 135-258
cm*®, indicating the distorted tetrahedral complexes.
The g,> g, and A, > A, indicates that the complexes
have the d,’.,> ground state.

Cyclic-voltammetry study

In cyclic voltammetry study, the G1-Cu complex
displays quasi-reversible redox waves due to the
Cu(II)/Cu(I) reduction process with E;, value at 4.5
mV, while the value of Ipc/Ipa ratio found to be
0.91". The peak potential is dependent on the scan
rate, which further support the quasi-reversibility of
the system (Fig. 8).

Fig. 9 — Optimized structure of (a) G1 and (b) Complex of G1
with two copper ions. Colour scheme: Carbon: Gray, Nitrogen:
blue; Oxygen: Red; Hydrogen: White.

Computational studies

The structure of the G1 architecture was first
energy minimized (Fig. 9(a)).

Since the experimental results had shown the
involvement of a triazole nitrogen and an oxygen
atom in complex formation, the Cu(Il) ion was placed
in the vicinity and the structure was geometry
optimized. The complexation energy is very high
(-17.64 eV), showing that the complexation reaction
is highly exothermic. Placement of another copper ion
yielded the complex shown in Fig. 9(b). The
complexation energy for the second step is also high
(-7.80 eV), making the overall complexation very
high and negative (-25.44 eV). The complex is rather
asymmetric, and the two Cu-O distances are 2.361
and 2.228 A, whereas the Cu-N distances are 1.887
and 1.898 A, respectively, forming two five
membered rings, as shown in Fig. 9(b). An attempt to
add a third Cu(Il) ion failed. It may be concluded that
G1 can complex up to two Cu(ll) ions with a total
complexation energy of -25.44 eV, in agreement with
experiment.

Conclusion

Triazole-based C3-symmetric architecture has
been investigated for metal sensing potential. The
metal sensing potential of the Gl is studied using
UV-Vis and emission spectroscopy. The investigated
dendritic architecture exhibit high selectivity
towards Cu(Il) ions while a low to moderate affinity
has been observed for other ions e.g. Cr(III), Mn(II),
Fe(Ill), Co(Il), Ni(Il), Cu(ll), and Zn(Il). The
studied dendritic architecture form the solid complex
with Cu(Il), which led to a blue shift in dd-band of
Cu (II) chloride. The binding constants and number
of binding sites of G1 with Cu(II) chloride have been
calculated by fluorescence titration curve and are
found to be 7.015 x 10'° M and 1.99, respectively.
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The EPR data suggests that the complex has
tetragonally  distorted geometry and cyclic
voltammeteric study suggested it to be is a quasi-
reversible system. DFT calculations have shown that
Cu(Il) has a high affinity for the dendritic structure,
leading to high complexation energies of the order of
-25 eV, thus supporting the fact that the
complexation reactions are highly exothermic. This
result in short Cu-O and Cu-N bonds. This is in
agreement with the present experimental results.
This study may find applications in the sensing/trace
detection of Cu(Il) ions in the solution and open up
further avenues for biomedical and environmental
applications.
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