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A new N- and S-rich highly ordered periodic mesoporous organosilica
material DMTZ-PMO bearing thiadiazole and thiol moieties inside the
pore-wall of a 2D-hexagonal nanomaterial has been synthesized.
DMTZ-PMO shows a very high surface area (971 m? g%, and can be
used for efficient and fast removal of Hg?* from polluted water with a
very high Hg?* uptake capacity of 2081 mg g™ *.

Mercury pollution is a serious threat to mankind as its uptake
affects several of our body parts and causes damage in the repro-
ductive, immunity, digestive and central nervous systems." Since the
Minemata disaster in Japan,> numerous initiatives have been taken
to restrict the disposal of mercury® and its compounds from
industries and combustion of fossil fuels.* Thus, continuous
research efforts are underway to mitigate mercury’s threat and to
develop suitable low cost methods for the removal of Hg(u) ions from
water resources.” In this context, the adsorptive removal of Hg(i) over
porous nanomaterials holds great promise due to their high internal
surface area, recyclability and greater scope of functional group
modification.® Although zeolites,” activated carbons® and clays® are
intensively studied as Hg{n) adsorbents, they have limited affinity
together with moderate uptake capacities. Amine and thiol function-
alized porous nanomaterials like metal organic frameworks
(MOFs)'® and covalent organic frameworks (COFs)'" are used as
adsorbents for Hg(n) removal. However, these materials often suffer
from serious setbacks due to their instability in the presence of
water. Thus, developing functionalized nanomaterials bearing Hg(u)
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scavenger sites'” is very demanding as they offer soft-soft interac-
tions with scavenger sites and Hg(u).

Functionalized mesoporous materials with high specific
surface area, ordered mesopores and Hg(n) binding sites could
be promising adsorbents. Chelating sites bound at the surfaces
of SBA-15/MCM-41 could be achieved by anchoring of thiol or amine
moieties at the pore surfaces. Periodic mesoporous organosilicas
(PMOs)" bearing bridging S- and N-rich organic moieties can act as
mercury scavengers via soft-soft interactions. These PMOs can be
synthesized through the co-condensation of bridging organosilanes
with tetraalkoxysilanes in the presence of supramolecular assemblies
of the surfactant molecules.”® A large number of bridging organic
moieties have been incorporated in the organosilica framework of
PMOs™ to explore their applications in energy, environment and
biomedical research. However, the Hg(u) uptake capacities reported
over functionalized mesoporous materials and PMOs are quite
limited. Recently we have reported a S-rich porous organic polymer
SCTIN-1 with excellent mercury uptake and fast kinetics.*® Hence, in
an endeavour to obtain a more robust and economical adsorbent,
we herein report a new highly ordered 2D-hexagonal organic-
inorganic hybrid mesoporous thiadiazole and thiol functionalized
PMO material DMTZ-PMO via the substitution reaction of 1,3,4-
thiadiazole-2,5-dithiol and 3-choloropropyltriethoxysilane followed
by CTAB-assisted hydrothermal synthesis (Scheme 1). The covalently
grafted bridging organic functionality inside the mesoporous walls
acts as the Hg(n) scavenger and the rigid structure gives stability to
the material to act as an excellent adsorbent over a wide range of pH,
solvent and temperature. Soft centers, like sulfur, accelerate the
mercury ion adsorption through the soft-soft interactions making
the material an excellent adsorbent for Hg(u) removal.

Formation of the bridging organosilane (Z) has been confirmed
from the "H NMR spectrum (Fig. S1, ESIt) and FTIR data (Fig. S2,
ESIt). PXRD pattern of template-free material (Fig. S3, ESIT) shows
strong diffractions for 100, 110, and 200 planes together with a
relatively weak diffraction for 210 and 300 planes with peaks at 20
values of 2.17, 3.77, 4.37, 5.81 and 6.48 revealing a highly ordered
2D-hexagonal mesophase*” with the p6mm symmetry, having a d; o,
value of 2.017 nm with a lattice constant of a = 2.32 nm.
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Scheme 1 Synthesis of the organosilane precursor and DMTZ-PMO
through the CTAB-assisted supramolecular-templating route.

The presence of the 300 plane indicates a high periodicity of
mesopores, which are usually absent in conventional CTAB-
templated MCM-41 type materials.’® Again the PMO material
synthesized from pure organosilane precursor Z produces only
one diffraction peak corresponding to the disordered mesophase.
This result suggested that an optimum (33.33 mol%) amount of
TEOS with respect to the total silica content is necessary to
promote the cross-linking between the silica moieties and thus
to obtain a 2D-hexagonally ordered mesostructure.

The BET surface area and porosity, average pore diameter,
and pore volume of the DMTZ-PMO material have been studied
from the N, adsorption analysis at 77 K. The classical type IV
isotherm (Fig. 1a) represents a well-developed mesoporous
structure with sharp capillary condensation'® and a steep N,
uptake at a lower relative pressure of nitrogen (P/P, < 0.02).
This isotherm revealed a highly porous nanostructure having a
BET surface area of 971 m> g~ " and an average pore volume of
0.789 cc g~ which decreased to 276 m* g~ and 0.248 cc g,
respectively, after mercury adsorption from a concentrated
Hg(u) solution. The NLDFT model pore size distribution shows
two types (1.54 and 2.95 nm) of pores. Bimodal distribution of
pores could be attributed to the two sharp increases in the N,
uptake of the isotherm at P/P, < 0.02 and 0.3-0.45 regions.

The *C solid state CP MAS NMR spectrum (Fig. 2) of the
as-synthesized DMTZ-PMO material showed strong signals at
14.6, 23.0, 26.2, 30.3, 53.88 and 171.3 ppm for different carbon
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Fig. 1 N, adsorption/desorption isotherm of DMTZ-PMO (a). Adsorption
points are black circles and those of desorption are red. PSD plot of the
material employing the NLDFT model is shown in the inset. HRTEM images
of DMTZ-PMO at different magnifications (b and c).
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atoms of the bridging organic moiety. Signals at 129.0, 134.8,
and 167.5 reveal that 1,3,4-thiadiazole-2,5-dithiol rich organo-
silane moieties can exist in three resonance stabilized forms
(Fig. 2) providing pseudo aromatic character to the ring.*® This
indicates that the thiol rich organic framework remains intact
in the DMTZ-PMO material and becomes an integral part of the
mesoporous pore-wall.

The 2°Si CP MAS NMR spectrum (Fig. 2) indicates the
chemical environment around the silicon atom. The chemical
shifts at —79.8 (T°) and —70.9 (T%) ppm could be attributed to the
CSi(0Si); and CSi(OSi),OH"” moieties of the PMO framework. A low
intensity peak at —61.3 (T") ppm could arise due to CSi(OSi)(OH),."”
Another two peaks at —101.0 and —110.6 ppm are due to the Q* and
Q" silica species, which ensure the presence of Si(0Si),(OH);_,."®

The nanostructure and particle morphology of the material
have been visualized from the HRTEM images, (Fig. 1b and c)
which confirm the uniform mesopores throughout the whole
specimen with a high periodicity of the 2D-hexagonal arrangement
of pores having an average pore width of 2.25 nm and a pore wall
thickness of 1.25 nm. The electron density elemental mapping
analysis over the carbon and sulfur atoms (Fig. S4, ESIT) suggested
that sulfur atoms are homogeneously distributed throughout the
material. The SEM images (Fig. S5, ESIt) suggested a 150-200 nm
size spherical particle morphology for DMTZ-PMO. The FTIR
spectrum (Fig. S6, ESIt) of the template free DMTZ-PMO material
shows a broad band centered at 3423 cm™*, which is due to
the Si-OH bond." A characteristic Si-O-Si stretching band at
1072 em ',*° and two bands for >N-C=S and -N=C-S frag-
ments at 1440 and 1501 cm ' appeared, which confirm the
existence of thiol rich organic moieties inside the PMO framework.
The strong characteristic signal at 715 cm ™" could be assigned to
the C-S bond stretching.”!
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Fig. 2 2°Si MAS NMR Spectra of DMTZ-PMO (up). *C CP-MAS NMR
spectra of DMTZ-PMO (down). * Corresponds to C of CTAB (ESI¥).
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Fig. 3 Mercury adsorption kinetics of DMTZ-PMO with an initial Hg(n)
concentration of 2 ppm (a). Hg(i) concentration vs. contact time in
aqueous solution for 2 ppm solution (b) Pseudo-second-order kinetics
for the adsorption with 2 ppm Hg(u) is shown in the inset.

The presence of S atoms as a soft basic centre within the material
helps in its Hg(u) uptake capacities from different aqueous solutions.
As per the World Health Organization (WHO), safe health drinking
water standard permissibility for Hg(n) in drinking water is 2.0 ppb.
The ground water Hg(u) content differs upon geographical
locations® and industrial contamination due to the quantity of
mercury waste. Keeping in mind the necessity of fast removal of
Hg(u), we carried out the uptake kinetics study over our PMO
material and concentrations of mercury at different time intervals
(Fig. 3a and b) are estimated by using ICP-OES. Our experimental
data revealed that the mercury concentration reduced from 2 ppm to
less than 2 ppb as an equilibrium concentration within just 5 min,
(Fig. 3a) which is well below the WHO permissible limit. Various
adsorption kinetics models were tried to understand the real kinetics
of adsorption. The Lagergren first order equation was used for fitting
of the data and it was found to be very poor fitting with the residual
sum value, ca. 34. The pseudo second order kinetics model was tried
for the fitting of the concentration data using the Ho and McKay
Model with a rate constant of 107 g mg™ " min~* (eqn (2.1)).**

t 1 t

= +— 2.1
g kgl qe e

where k, is the adsorption rate constant (g mg " min~"). g. and g,
are the Hg*" uptake capacities (mg g~ %) at equilibrium and at time ¢,
respectively. The initial adsorption rate, 4 (k,g.), is considered as
the scale for evolution of the quality of the adsorbent which is
numerically 671 mg ¢ min~" for our PMO material, indicating a
very fast uptake even at low mercury concentration, which outper-
forms COF-S-SH (143 mg g ' min™").** k, for DMTZ-PMO is higher
than for most of the benchmark mercury adsorbent materials
reported earlier’ and recently reported materials like TPB-DMTP-
COF-SH (11.8 g mg™ " min~')*® and PAF-1-SH (8.13 g mg™ ' min™").*®
The distribution coefficient, (Kg), for DMTZ-PMO was analyzed by
the following equation (eqn (2.2)).

(CO - Ce)

K=
d C.

V
X (2.2)
here, m denotes the amount of the adsorbent material taken (g), C,
and C, are the initial and equilibrium concentrations of Hg** and V
is the volume of the solution taken. The mercury removal efficiency
was found to be 99.9% in 5 min. The distribution coefficient (Ky) for
Hg(n) uptake upon DMTZ-PMO was 2.5 x 10° mL g~ ", which is well
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above that of other well-known adsorbents (1.0 x 10° mL g~ ')*’
together with the retention of adsorption capacity in a wide pH range
of 1-8. Fast uptake with an excellent Hg(u) adsorption capacity of
2081 mg g ' for DMTZPMO is comparable to those of the bench-
mark mercury adsorbents and the state of art functionalized
nanomaterials.”® This material also showed very high recyclability
for several adsorption cycles with a removal efficiency of 99.9% at the
6th cycle (Fig. S7, ESIT). The small angle XRD and HRTEM images of
DMTZ-PMO after 6 adsorption cycles confirmed the retention of
2D-hexagonal mesophases (Fig. S8 and S9, ESIt). In nature, mercury
is often found in the form of organomercury sources. Thus, we have
studied the methylmercury(n) uptake by DMTZ-PMO. 200 ppb
methylmercury(u) iodide showed 73.3% removal efficiency within
5 min and the highest uptake capacity of 268 mg ¢~ * at pH ca. 6.5,
which is much larger than the previous reports.'*” The lower
adsorption capacity for methylmercury(u) over Hg(u) can be attrib-
uted to the lower binding affinity of CH;Hg" than Hg*"."** Mercury
vapor from the mining industry and soil* is another source of
mercury pollution. DMTZ-PMO showed a Hg vapor adsorption of
378 mg g ' at 150 °C, which is much higher than that of the
activated carbon (47 mg g~ ").> Due to the soft-soft interaction, this
adsorbent can capture ions like Cd**/Pb**, but the uptake of Na" or
K" is negligible (Fig. S10, ESIT). However, the presence of other metal
cations does not interfere in the adsorption performance for Hg(u)
over DMTZ-PMO. The XPS analysis of the DMTZ-PMO sample after
Hg”" adsorption has been carried out to understand the nature of
Hg-S binding. It was observed that the S2p peak shifts from 163.0 to
163.6 €V, indicating the bonding interaction between the S center of
the material and Hg (Fig. S11, ESIT).* The Hg4s peak seen at
803.7 eV indicates the presence of adsorbed Hg in DMTZ-PMO.

We have performed the ab initio quantum chemical calculations
for the complexes (Hg>":DMTZ-PMO) by varying the molar ratios of
repetitive units of the PMO (Z, bridging organic group) with Hg(u) to
understand the adsorption mechanism. Fig. S12a-d (ESI{) show
only the most stable conformer for the 1:1 complex, A1 Fig. S12(a)
and 2:1 conformer B1 Fig. S12(b) (ESIt). All the optimized geome-
tries from mono- to tri-mercuric complexes (A1-A5, B1-B6, and
C1-C2) are shown in Fig. S13 (ESIt). The stabilization energy and
the non-covalent distances for the most stable conformers (Table S1,
ESIY) revealed A1 with a stabilization energy of 204.7 kcal mol ™%,
where Hg2+ binds with O, N, S and H-C groups of the thiadiazole
and thiol moieties through Hg?"---O, Hg>"---N, Hg”"--S, and
Hg”"--H-C interactions with the respective interactive distances
of 2.23, 2.25, 2.86, and 2.74 A. The stabilization energy for the
dimercuric B1 complex is 166.8 kecal mol ', having one end
Hg*"---0, Hg”" -0, and other end Hg*"-- N, Hg*"-- -S, Hg*"- - -H-C
interactions with the respective interactive distances of 2.30, 2.30,
and 2.38, 2.69, 2.61 A, respectively (Fig. 4).

The nature and strength of these non-covalent interactions
are examined using AIM analysis and the generated molecular
density map (Table S2 and Fig. S14, ESIT). In A1, the p and V?p
values for the Hg*" - -O interactions are 0.067, and 0.282; that for
Hg”>"--N are 0.075, and 0.236; for Hg>*- - -S are 0.035, and 0.086; and
for Hg?"- - -H-C interactions are 0.011, and 0.039 a.u., respectively. In
B1, Hg”* binds with the O atom cyclically in the one end of the
ligand with p and V?p values around 0.058 and, 0.238 a.u.,

Chem. Commun., 2020, 56, 3963-3966 | 3965
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Fig. 4 Stabilization energy plot of the complex between Hg?" and the
ligand concerning the number of Hg?* ions. The spheres indicate white =
H, yellow =S, grey = C, light blue = Si, blue = N, red = O and light grey = Hg.

respectively. The other end p andV?p values for Hg>"---N
interactions are 0.056 and 0.188 a.u., and that for Hg>"- - -S are
0.049 and 0.098 a.u., and for Hg>" - -H-C are 0.015 and 0.045 a.u.
respectively. For all (A1-A5, B1-B6) complexes the values of topolo-
gical parameters are well above the criteria for consideration of non-
covalent interactions and these further reveal that Hg>"---O, and
Hg>" ---N are very strong, Hg”"--S is moderately strong, and
Hg?"---H-C is very weak non-covalent interactions, suggesting
profound sigma bond characters (Table S2, ESIt).

N- and S-rich highly ordered 2D-hexagonal PMO materials
bearing 1,3,4-thiadiazole-2,5-dithiol moieties can be synthe-
sized through the surfactant assisted method. Due to its high
surface area and strong binding affinity this PMO displayed a
very fast and exceptionally high Hg(n) uptake (2081 mg g™ ')
suggesting it as a prolific adsorbent for sustainable and clean
water supply in future.
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