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Mechanistic insight into Pb2+ and Hg2+ ion sensing
using cobalt-based coordination polymer in
aqueous phase†
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Emissive inorganic–organic hybrid materials open up a new pro-

spect of fast and efficient heavy metal ion sensing in an aqueous

medium. Here, we demonstrate highly sensitive lead(II) ion detec-

tion attributed to excited-state host–guest interaction, where

mercury(II) shows lesser quenching efficiency due to both ground-

and excited-state interaction.

The industrial revolution and human activities have escalated
the direct production of hazardous wastes like heavy metals,
which mix with groundwater to cause an adverse effect on the
Earth’s ecosystem.1,2 Lead, one of the most toxic metal ion
contaminants, causes severe life-threatening problems like
neurological and renal disorders and delayed development
upon exposure to even low ion concentrations.3,4 Thus, detect-
ing Pb(II) ions at ppm or sub-ppm level in water is highly
necessary for environmental sustainability. The detection of
Pb(II) ions in water relies mainly on atomic absorption/emis-
sion spectroscopy, inductive coupled plasma-optical emission
spectroscopy (ICP-OES), ICP-MS, XRF spectroscopy, etc.5–8

However, their high cost and time-consuming methods
impede their processibility in common laboratories. Thus,
rapid, remote, highly efficient Pb(II) ion detection in water has
faced a substantial challenge for real-time applications. In this
regard, a luminescent probe could be a promising material for
its quick, easy, cost-effective accessibility as a metal ion
sensor.9,10 Luminescent inorganic–organic hybrid materials,
like coordination polymers, offer the prospect of overcoming
this challenging problem.

Coordination polymers (CPs) are constructed from metal
centers and organic linkers, resulting in a highly crystalline
framework material.11,12 Numerous choices of metal nodes,

organic linkers, and their several orientation patterns make
the CPs tunable and versatile in structural and functional
aspects. This tailor-made material attains its luminescence by
utilizing a π-electron-rich organic linker.13 The interaction
between the organic linker and analyte perturbs the emission
property of the overall material and thus acts as a sensor
probe. Several luminescent frameworks have been reported in
the sensing of metal ions, oxyanions, and organic
pollutants;14–16 though the literature reports for lead ion
sensing are not substantial (Table S1†). The sensing of the Pb
(II) ion in framework materials is mainly reported as a ground-
state interaction between Pb(II) and oxygen from organic
linkers.13,17–19 However, the excited-state host–guest inter-
action in Pb(II) ion sensing is elusive, and the molecular-level
understanding of excited-state interaction is largely untapped.
Herein, we synthesize a new emissive cobalt-based coordi-
nation polymer, [Co(BTB)(4,4′-azopyridine)]·H2O·DMF, 1, con-
taining 1,3,5-tris(4-carboxyphenyl)benzene (BTB) and 4,4′-azo-
pyridine as organic linkers, which demonstrates “turn-off”
lead(II) ion sensing in water with a limit of detection (LOD) of
7.082 (±0.08) × 10−8 M (0.0147 ppm) Pb(II) ions. Spectroscopic
data reveals the host–guest interaction to be an excited-state
phenomenon. In a comparative study, we elucidated the lower
quenching efficiency for mercury(II) ions than for lead(II) ions.

Solvothermal synthesis of cobalt nitrate along with two co-
linkers, 4,4′-azopyridine and BTB in a 7 : 3 H2O : DMF mixture
at 100 °C, yields orange-colored plate-like crystals of 1. It was
crystallized in a triclinic crystal system with space group P1̄ (2)
obtained from single-crystal X-ray diffraction measurement
(Fig. 1; for crystallographic details, selected bond lengths, and
bond angles, see Tables S2–S4†). The asymmetric unit contains
one cobalt center, one 4,4′-azopyridine, and one BTB linker,
along with one water molecule and a fragmented DMF mole-
cule (Fig. S1†). The structural scaffold contains one crystallo-
graphically unique, slightly distorted octahedral cobalt center
(Fig. S2†), where four equatorial coordination positions are
occupied by three different BTB linkers and two axial positions
by two 4,4′-azopyridine molecules (with Co–N bond distances
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of 2.1–2.2 Å). The BTB molecules are coordinated to the metal
center in two different fashions, i.e., (a) μ1-η1:η1 mode with
Co–O bond distances of 2.1 and 2.4 Å, (b) μ2-η1:η1 mode with
the same Co–O bond distances of 2 Å; whereas the third car-
boxylic end of BTB is presented as its protonated form
(Fig. S3†). The BTB linkers, along with cobalt centers, form a
one-dimensional chain (Fig. 1a), which is pillared by the two
cofacially arranged 4,4′-azopyridine with an inter-ligand dis-
tance of 3.9 Å to form a two-dimensional layered structure
(Fig. 1b). Crystal packing shows that the two-dimensional
layered structures are strongly coordinated with inter-linkers
and solvated water-mediated hydrogen bonding (of distances
2–2.7 Å) (Fig. 1c). The protonated carboxylate end of BTB from
one layer forms a hydrogen bond with the 4,4′-azopyridine
molecule of another layer, while the solvated water molecule
forms hydrogen bonds between two BTB linkers from different
layers, producing an intercatenated layered structural scaffold
(Fig. 1d). Topological analysis revealed that the framework pos-
sesses a 6-c uninodal net, with a Schläfli symbol of {33·410·5.6}
(see ESI†).20 The FT-IR spectra (Fig. S4†) confirm the structural
description obtained from Sc-XRD, where νstretch (–CvO) and
νstretch (–C–O–) are shifted from 1690 cm−1 to 1710 cm−1 and
from 1110 cm−1 to 1105 cm−1 from free BTB to BTB incorpor-
ated in 1. The νstretch (–CvN–) and νstretch (–C–N–) of 4,4′-azo-
pyridine are shifted from 1570 cm−1 to 1542 cm−1 and from
1413 cm−1 to 1409 cm−1, respectively, in 1 compared to the
free ligand. A broad νstretch (–OH) is observed in both free BTB
and 1 centered at ca. 3000 cm−1. The powder XRD pattern
shows the phase purity of the compound compared with the
simulated one (Fig. S5†). In thermogravimetric analysis, CP
shows an initial 6% weight loss at ca. 100 °C due to the

removal of solvated water and DMF molecules (Fig. S6a†). The
CP is thermally stable up to 295 °C. After that, the pristine
framework destructs to form Co3O4 (as confirmed by PXRD,
Fig. S6b†).

Steady-state spectroscopy shows an absorption maximum at
275 nm for the BTB linker in water (Fig. S7†). The time-depen-
dent density of states (TD-DFT) calculation of optimized BTB
reveals that the absorption peak corresponds to HOMO
(highest occupied molecular orbital)−1 → LUMO (lowest unoc-
cupied molecular orbital) (π → π*) and HOMO−1 → LUMO+1
electronic transitions (π → π*). 4,4′-Azopyridine shows a
primary absorption peak at 282 nm with a small peak at
450 nm (Fig. S8†). TD-DFT reveals a HOMO−1 → LUMO elec-
tronic transition (π → π*) of the stable trans-oriented 4,4′-azo-
pyridine molecule at 282 nm, whereas a small peak at 450 nm
arises from the HOMO → LUMO electronic transition (n → π*)
of the higher-energized cis-orientation. We surmise that a
small amount of cis-form is generated from its stable trans-
form upon light absorption. The absorption spectrum of 1
contains both 4,4′-azopyridine and BTB ranges, with a
maximum at 275 nm (Fig. S9†).

The luminescence of both linkers and 1 was measured in
water. BTB exhibits an emission maximum at 362 nm
(Fig. S10†), whereas 4,4′-azopyridine is non-emissive. The
emission maximum of 1 was obtained at 357 nm, attributed to
BTB linkers (Fig. 2a and S11†). The excitation spectra of both
BTB and 1 were found to be 275 nm when considering their
respective emission maxima (Fig. S12†). The quantum yield
(QY) of 1 was found to be 0.22, whereas it was 0.20 for the BTB
linker. The 10% increase in QY can be accounted for by the
slight rigidification of the BTB linker from the two carboxylate

Fig. 1 (a) One-dimensional chain containing cobalt centers and BTB linkers, (b) two-dimensional pillar-layered structure, (c) crystal packing
showing strong inter-molecular hydrogen bonding between two-dimensional layered structures, (d) intercatenated layered framework.
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ends, as well as enhanced repulsion between the hydrogen
atoms of adjacent phenyl moieties resulting in a decrease in
thermal motion.21,22 The lifetime decay profiles of BTB and 1
also reflect similar conclusions to those drawn from the QY
value comparison (Fig. S13 and Tables S5, S6†). BTB shows
two-component decay (τ1 = 5 ns, α1 = 0.19, τ2 = 21 ns, α2 =
0.81). The 19% fast population decay can be attributed to
aggregation-induced emission quenching,23 whereas its
primary component (81%) shows a higher lifetime of 21 ns.
The fluorescence decay (two components; τ1 = 6 ns, α1 = 0.02;
τ2 = 23 ns, α2 = 0.98) of 1 reflects the small structural rigidifica-
tion of BTB after impregnation into 1. The framework structure
allows BTB molecules to have a considerable separation (∼4 Å)
to reduce the extent of inter-molecular aggregation in the
excited state, thus showing reduced fast decay (due to aggrega-
tion) from 19% to 2% compared to its pristine state.

Due to its natural high luminescence and stability in water
(Fig. S14†), we utilized 1 to sense toxic heavy metal ions, like
Pb(II), in water. For sensing studies, a uniformly dispersed 1
solution (water) was used. The uniform dispersity of the con-
sidered 1 solution was examined through the Tyndall effect,
observing no sparkling of a laser beam (532 nm) at 0 min and
also after 1 h (Fig. S15†).9 Moreover, dynamic light scattering
(DLS) shows that the particles are mono-dispersed with an
average diameter of 219 nm (Fig. S16†). We performed fluo-
rescence sensing of various concentrations of Pb(II) ions in

water, which shows “turn-off” fluorescence quenching from
the pristine emission (Fig. 2a). A linear fit obtained from the
emission quenching ratio vs. Pb(II) ion concentration, followed
by utilization of eqn (S2) and (S3)† gave its LOD as 7.082
(±0.08) × 10−8 M Pb(II) ions (0.0147 ppm) from an average of
5 measurements, which meets the maximum allowed level
(0.015 ppm) of lead in drinking water set by the U.S.
Environmental Protection Agency24 (Fig. S17;† for a compara-
tive study, see Table S1†). We carried out comparative sensing
studies with different monovalent and bivalent metal ions (Li+,
Na+, K+, Mg2+, Ca2+, Sr2+, Ba2+, Mn2+, Co2+, Cu2+, Ni2+, Zn2+,
Hg2+ and also a mixture of all these metal ions except Hg2+)
under similar conditions (10−5 M). We plotted the emission
quenching for these metal ions on a comparative scale, taking
the emission quenching as unity when Pb(II) ions are added in
the presence of individual metal ions (Fig. 2b), depicting the
high selectivity of 1 towards Pb(II) ions in water. The structural
stability of 1 was retained before and after Pb(II) ion sensing,
as depicted from PXRD (Fig. S18†). The utility of a sensing
probe relies on its reversibility and recyclability. We washed 1
thoroughly with water after Pb(II) ion sensing and again
recycled it. Fig. S19† shows the retention of 1 emission and
quenching efficiency even after seven consecutive cycles,
showing its high recyclability. Compound 1 shows similar Pb
(II) ion sensing over a broad pH range from pH 4 to 9
(Fig. S20†). We also carried out Pb(II) sensing by 1 in different
waters from various environmental sources, like tap water,
river water, and drinking water, with the same methodology as
for distilled water. Table S7† shows similar Pb(II) ion detection
efficacy in natural water sources to distilled water, which is
desirable for practical applications.

To determine a plausible probe–analyte mechanism, we
carried out the UV-Vis absorption spectra of 1 upon adding
different concentrations of Pb(II), which showed no shift in
absorption maximum and no extra absorption peak

Fig. 2 (a) “Turn-off” fluorescence Pb(II) ion sensing, (b) bar diagram
showing higher Pb sensing efficiency on a relative scale.

Fig. 3 Fluoresce decay profile of 1 in water and 1 after adding PbCl2
solution (λex = 310 nm; λprobe = 357 nm).
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(Fig. S21†). This reveals that the probe–analyte interaction
does not occur in the ground state. We further studied the life-
time decay profile of 1 after Pb(II) ion addition. Fig. 3 shows a
sharp change in the fluorescence decay profile, where three-
component decay (τ1 = 0.5, τ2 = 6 ns, τ3 = 23 ns) was observed
for 1 after adding Pb(II) ions (Table S8†), whereas 1 shows two-
component decay (τ1 = 6 ns, τ2 = 23 ns) arising from BTB
linkers. A sharp lifetime decay of 0.5 ns is attributed to host–
guest interaction in the excited state. We plotted the emission
intensity ratio of 1 with different Pb(II) ion concentrations and
subsequently utilized the Stern–Volmer (SV) equation to get
Stern–Volmer constants of 2.2 × 104 M−1 (at 40 °C) and 3.8 ×
104 M−1 (at 50 °C) with a linear fit (R2 = 0.999 and 0.999,
respectively) (Fig. S22†). The increased SV constants with
increasing temperature realize the dynamic (or collision)
quenching mechanism between 1 and Pb(II) ions. As dynamic
quenching depends on the number of host–guest collisions,
increases in temperature result in more collisions and, thus, a
higher SV slope.25

In search of mechanistic details about host–guest inter-
action in the excited state, a DFT calculation was carried out to
obtain the HOMO and LUMO energy levels. As BTB is solely
responsible for the emission of 1, we concentrated on the
energy levels of the BTB linker and PbCl2 after ground-state
optimization and using the PCM model for water. Fig. 4 shows
the energy levels, where the LUMO of PbCl2 (−0.74 eV) lies
between the HOMO (−8.54 eV) and LUMO (−0.14 eV) of the
BTB linker, which enables electron transfer from the LUMO of
excited BTB to the LUMO of PbCl2, suggesting photo-induced
electron transfer (PET) as a plausible mechanism.26

These orbital energy levels also reveal the reason behind
the “turn-off” emission quenching of 1 in the presence of Pb
(II) ions. The “turn-off” quenching of the fluorescence probe
happens when the LUMO of the analytes lies between the
HOMO and LUMO of the probe, which facilitates another
relaxation pathway of the excited host molecule from its own
LUMO to the LUMO of the analyte molecule, rendering an

overall decrease in fluorescence efficiency of the fluorescence
probe.27 The mid-gap-positioned LUMO of PbCl2 in between
the HOMO and LUMO of the BTB linker facilitates a bypass
relaxation pathway for excited BTB linkers and thus shows
“turn-off” quenching.

Generally, weak interactions like dipole–dipole interaction
and lone-pair–π interaction will initiate this excited-state host–
guest interaction.28 We calculated the dipole moment of PbCl2
in water using DFT, which was found to be high (6.9 D) as it is
a bend-in structure (note that the dipole moment of BTB was
4.36 D). Moreover, both Pb and Cl contain a lone-pair, which
can interact with phenyl moieties (lone-pair–π interaction). To
find the extent of stabilization due to host–guest interaction,
we extracted the optimized S1 geometry of the BTB molecule,
froze all the coordinates (except hydrogen atoms), and allowed
PbCl2 to move to find its most stable position near the BTB
molecule. After obtaining energy minima of such a BTB–PbCl2
adduct (where the average distance between BTB–PbCl2 is ca.
3 Å), we calculated its stabilization energy of 0.6 eV with
respect to its counterparts using eqn (S4)† (Fig. 5a). The mole-
cular orbital diagram of the BTB–PbCl2 adduct shows a
HOMO, which is localized over BTB and PbCl2 molecules,
whereas these are delocalized in the LUMO, which reveals
higher interaction in the excited state than in their ground
state. Note that the energy difference between the LUMOs of
BTB and PbCl2 is also lower (ΔE = 0.6 eV) than their HOMOs
(ΔE = 1.2 eV) to facilitate better orbital overlap in their LUMOs,
resulting in excited-state host–guest interaction instead of
ground-state interaction. We also optimized other possible
orientations of PbCl2 over the BTB molecule, which also
engendered similar stabilization energies and MOs to the
above (Fig. S23–S27 and Table S9†).

In a comparative study, we observed turn-off emission in
the case of Hg ions, but the efficiency was less compared to
the Pb ions. We calculated the LOD of Hg(II) ions, which was
found to be lower (9.048 × 10−8 M or 0.018 ppm) than for Pb

Fig. 4 Pictorial representation of energy levels of BTB and PbCl2 and
showing an alternative relaxation pathway.

Fig. 5 (a) Optimized PbCl2 position on the BTB molecule, their corres-
ponding HOMO (b: top view, c: side view) and LUMO (d: top view, e:
side view).
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ions (Fig. S28†). Moreover, we show the selective Hg sensing
and also the higher anti-inference ability for Pb(II) sensing
than Hg(II) ions in the presence of mixed metal ion solution in
Fig. S29.† The bar diagram was plotted by considering the
emission quenching as unity when Pb(II) ions are added. A
mixed-metal ion solution shows only 4% emission quenching,
whereas Hg(II) ions can quench 71% of the initial emission in
the presence of mixed-metal ions. The Pb(II) ions can further
quench emission intensity by 29% in the presence of all metal
ion mixtures, including Hg(II). We investigated this lower emis-
sion quenching for HgCl2 than PbCl2. The absorption spectra
of 1 after adding different concentrations of Hg(II) ion solution
show a red-shift (Fig. S30†), suggesting a ground-state inter-
action between host and HgCl2 molecules. XPS measurements
of 1 were carried out before and after the addition of Hg(II) ion
solution to determine the interacting atoms between the probe
and analytes. The XPS spectra of 1 show all the characteristic
peaks of the pristine material (Fig. S31†). The Co 2p spectrum
shows both the characteristic 2p3/2 and 2p1/2 peaks (also their
satellite peaks). The deconvoluted O 1s spectra show peaks at
∼530.96 eV (Co–O) and ∼532.84 eV (CvO). The N 1s spectra
contain a broad peak at ∼400 eV, which is deconvoluted into
two peaks at ∼399.47 eV and ∼400.67 eV coming from pyri-
dine-N and azo-N. The XPS spectra of 1 after adding Hg(II)
show characteristic Hg 4f7/2 and 4f5/2 peaks at ∼102.16 eV and
∼106 eV, respectively (Fig. S32†). The XPS spectra of C 1s, Co
2p, and O 1s remain almost the same as those in a pristine
state. In contrast, N 1s shows one new peak at ∼403.9 eV along
with existing pyridine-N and azo-N peaks, indicating an inter-
action between Hg(II) ions and the –NvN– group.10 This inter-
action is favorable due to soft-acid (Hg2+) and soft-base (azo-N)
interaction. In a comparative study, the XPS spectra of 1 before
and after the addition of Pb(II) ion solution remained
unchanged, indicating no ground-state interaction between Pb
(II) ions and 1 (Fig. S33†). Moreover, the lifetime decay profile
of 1 after adding Hg(II) ions (Fig. S34 and Table S10†) shows a
new fast decay (τ1 = 0.3 ns) component along with two existing
decay profiles (τ2 = 22 ns, τ3 = 6 ns) like its pristine state. The
fast decay of 0.3 ns suggests that Hg(II) ions also interact with
1 in the excited state. All these experimental data revealed that
both ground-state and excited-state host–guest interactions are
responsible for the emission quenching of 1 in the case of Hg
(II) addition.

In the case of Pb(II) ions, they solely interact with BTB
linkers of 1 in the excited state, whereas Hg(II) ions interact
both with BTB linkers of 1 in the excited state and 4,4′-azopyri-
dine of 1 in ground state. As Hg(II) ions can interact with both
linkers, the population of Hg(II) ions interacting with BTB will
be lower than in the Pb(II) case. As the emission of 1 is solely
the responsibility of BTB linkers (4,4′-azopyridine is non-emis-
sive), the quenching efficiency will be lower for Hg(II) than for
Pb(II) ions. Note that the amplitude of fast component decay
(α1) is higher for Pb(II) (0.1) addition than for Hg(II) (0.06)
(Tables S8 and S10†), which indicates the greater extent of
excited-state interaction in the case of PbCl2 addition than
HgCl2.

Conclusions

In summary, we synthesized a new cobalt-based emissive CP,
which shows “turn-off” emission sensing with an LOD of 7.082
(±0.08) × 10−8 M (0.0147 ppm) Pb(II) in water. The host–guest
interaction was found to be an excited-state interaction.
Quantum chemical calculation shows lower ΔE between the
LUMOs of host and guest molecules, favoring an excited-state
interaction. Moreover, the LUMO position of PbCl2 explains
the “turn-off” emission quenching mechanism. This coordi-
nation polymer is able to sense Pb(II) ions over a wide range of
pH from 4 to 9, as well as in various natural waters for practi-
cal applications. Finally, we demonstrate the dual types of 1-
HgCl2 interactions (both ground and excited state), which
result in a lower emission quenching than for PbCl2 addition.
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