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ABSTRACT: In this work, full triazine two-dimensional frame-
works (2DC;N;) were synthesized and used to detect metal ions in
aqueous solutions. 2DC;N; showed excellent performance to sense
Hg(1I) with high selectivity (>96%) and was designed as a
recyclable sensor for Hg(II) detection. 2DC;N; was synthesized
using catalyst-free [2+2+2] cyclotrimerization of sodium cyanide
and cyanuric chloride at ambient conditions. The as-prepared
2DC;N; sheets with several hundred micrometers lateral size
exhibited strong excitation-dependent fluorescence with 63%
quantum yield and maximum emission at 428 nm. The emission
of 2DC;N; decreased with 14.74 X 10° L-mol™' quenching
constant (Kgy) upon interaction with Hg** ions. This effect was
used as a strong signal to detect Hg(II) with a 0.98 nM detection
limit. The high Hg** removal capacity of 2DC;N, was attributed to cooperative interactions of nitrogen atoms of 2DC;N; pores and
Hg*', as suggested by computational studies. Taking advantage of the straightforward synthesis of 2DC;Nj; and its selectivity, it can
be used as an efficient platform for monitoring Hg** in waste and drinking water.
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B INTRODUCTION layers show a high affinity to stack on each other, leading to
strong quenching of fluorescence and weak optical signals."
Moreover, current synthetic methods, which are mostly based
on protocols at high temperatures, result in defected and
carbonized structures with poor optical properties.'® In
addition, the low water dispersibility of such platforms
deteriorates their fluorescent and hampers their sensing
applications.” In previous reports, two-dimensional triazine
covalent organic frameworks, due to their predesigned
structure, unique photoluminescence and good biocompati-
bility, porous structures and high surface area, are excellent
candidates for sensing and removing pollutants.'®'” In the
present study using different monomers, two-dimensional
triazine covalent organic frameworks with various morpholo-
gies, particle size, topological connectivity, water dispersibility,
regular periodic pore structures, excellent chemical and
thermal stability, and tunable functionality can be synthesized.

Full triazine frameworks (C;N;) with a large number of
heteroatoms and strong noncovalent interactions with other

Heavy metal ion pollution has become a crucial worldwide
challenge due to its bad effects on environmental and public
health.” Metal ions, because of their high toxicity and
bioaccumulation in the environment, can cause severe diseases
and destructive effects on ecosystems even at very low
concentrations.” Among various elements and divalent cations,
mercury ion (Hg?") is known as an infectious heavy metal ion
and is listed as a precedence-controlled pollutant by the World
Health Organization.” Exposure to Hg?" as a pollutant in water
and the environment leads to serious health risks including
brain, liver, and kidney damage as well as central nervous
system and immune system dysfunction. It can also cause
various psychiatric and cognitive and motion disorders.*
Therefore, synthesis of new materials with the ability of
efficiently and selectively sensing heavy metals ions as well as
rapid and cost-effective removal of these ions is of high
importance and interest.”® In recent years, the sensitive
detection and efficient removal of metal ions have been
investigated and realized by different platforms including
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supramolecular polymers,” metal organic frameworks Received:  June 10, 2024
(MOFs),*” metal—phenolic nanomaterials (MPNs)," carbon Revised:  September 12, 2024
nanomaterials (CNMs),""'? covalent organic frameworks Accepted: September 17, 2024

(COFs)" and covalent triazine frameworks (CTFs)."* COFs Published: September 27, 2024
are stable platforms with excellent physicochemical properties.
However, their optical properties are not of high interest. Their
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molecules are potentially promising materials for both selective
recognition and efficient removal of harmful metal ions from
the environment.”””" To achieve strong photoluminescence
sensing and fast and eflicient monitoring of heavy metal ions,
the porous polytriazines were selected not only for their
specific surface coordination with Hg** but also for their
stability and reusability of the materials.”” Therefore, they
should be investigated to sense metal ions including Hg“,
which is Vitallzr important in the areas of public health, food
and beyond.”” Most importantly, due to the presence of
nitrogen rich atoms in the ordered structure of 2DC;Nj, that
have excellent adsorption sites for Hg**, significant fluorescent
quenching without changing the wavelength occurs upon
interaction with Hg®" ions, which is comparable with the
previously reported frameworks.”**®

Several procedures have been proposed for the production
of C;N; frameworks,”® which require high temperatures and
metal catalysts,”” thus leading to undefined and carbonized
structures with low reproducibility. In order to produce a C;N;
framework with a two-dimensional topology and defined
repeating units, new protocols based on straightforward
reactions at low temperatures, convenient operation, low
cost, and high accuracy are required to minimize defects and
carbonization. One of the main approaches for the
construction of aromatic compounds and heterocyclic rings
is [24+2+2] cyclotrimerization of alkynes at ambient con-
ditions.”*” In this regard, we have developed a metal directed
and solvent mediated protocol®® and a new method for the
[24+2+2] polymerization of multifunctional monomers with
ethynyl substituents without using any catalyst’ through
which we have been able to produce two-dimensional triazine
frameworks with defined structures. Recently, we developed
our catalyst-free [2+2+2] cyclotrimerization to monomers
bearing carbonitrile for the production of 2DC;N;.** The
reaction between cyanuric chloride and sodium cyanide at low
temperature followed by in situ cyclotrimerization at ambient
conditions resulted in 2DC;Njs.

In this work, we report on the synthesis and application of
2DC;N; for the fast and efficient sensing and removal of sub-
nanomolar Hg(II). All results indicated that 2DC;N; can be
used as both a sensor and an adsorbent for the detection and
removal of Hg(II) ions in environmental processes. Binding of
Hg(II) to 2DC;N;, as evidenced by DFT computational
studies, demonstrates a high degree of the material’s potential
for selective detection. HOMO—LUMO energies and geo-
metric properties, including bond length and angle, showed
cooperative interactions between the nitrogen atoms of
2DC;N; and Hg®, indicating a high specificity for this
platform toward mercury ions. The high sensitivity, significant
selectivity, good adsorption capacity, and sub-nanomolar
detection limit demonstrated a high potential for 2DC;Nj to
monitor and remove Hg(Il) from contaminated water.
2DC;N; was successfully recovered after detecting mercury
ions and used for the next run of detection.

B EXPERIMENTAL SECTION

Materials and Methods. Additional information regarding
synthesis of 2DC;Nj;, including materials, methods, synthetic
protocols as well as characterizations, can be found in the Supporting
Information.

Synthesis of 2DC;N;. A mixture of cyanuric chloride (3 g, 16.26
mmol) and sodium cyanide (2.4 g, 3 X 16.26 mmol) was mixed and
stirred at 10 °C for 30 min under nitrogen atmosphere. Subsequently,

30 mL of THF was cautiously added to the mixture within 10 min.
The reaction mixture was then stirred at 10 °C for S h, followed by
stirring at 65 °C for 3 days. The mixture was dialyzed using a dialysis
bag (2 kDa) against water for 3 days and then methanol for 2 days
and finally water for 1 day. Product was lyophilized, and 1.8 g of black
solid compound was obtained.

Preparation of Stock Solutions of Metal lons. The ion stock
solutions (1 mM) were prepared by dissolving SnCl,, the
corresponding nitrate salts of Ca®*, Cd**, Co*, Cr**, Mg”*, Ni**,
Pb**, Mn** and Zn>* as well as acetate salts of Cu®* and Hg?* in
ultrapure water and used for further experiments. The stock solution
of EDTA (0.15 M) was prepared in ultrapure water. NaOH (1 M)
and HCI (1 M) were used to adjust pH.

Fluorescence Sensing Experiments. 2DC;N; (1.5 mg) was
dispersed in ultrapure water (10 mL), followed by sonication for 20
min to ensure a homogeneous mixture, prior to fluorescence
measurements. The fluorescence spectra were recorded immediately
after an appropriate aliquot of the stock solution (150 M) of ions
was added. The fluorescence emission spectra were recorded at 298 K
and repeated three times to get concordant results. The suspensions
of 2DC;N; were excited at a wavelength of 360 nm, and the resulting
emission wavelengths were monitored from 370 to 600 nm. The
fluorescence titration measurement was recorded after the stock
solution (0—300 uM) of Hg** was added to the 2DC;N; solution
(0.15 mg-mL™"). For the recycling of 2DC;Nj, the stock solution of
EDTA (0.15 M) was added to remove Hg** from 2DC;N;/Hg*", and
the recycled 2DC;N; was reused in the next Hg?* detection test and
removal. The fluorescence efficiency was determined using the
equation [(F, — F)/F, X 100%], where F, represents the initial
fluorescence intensity.

Fluorescence Quenching of 2DC;N; by Hg?*. The possible
quenching mechanism can be interpreted using the Stern Volmer
equation Fy/F = 1 + K,[Q], where the F; and F are the fluorescence
intensities of the 2DC;Nj suspension without and with the addition of
Hg", respectively, K,, is the Stern—Volmer quenching constant,
measuring the efficiency of quenching, and [Q] is the quenching
concentration. The binding constant (K) and the number of binding
sites (1) between 2DC;N; and Hg?* have been calculated using eq 1
for the quenching process:

log [(Fy — F)/F] =log K + nlog [Q] (1)

A plot slope of log [(F, — F)/F] versus log [Q] is equal to n (the
number of binding sites of Hg** on 2DC;N;) and the intercegt on the
Y-axis is equal to log K (K equal to the binding constant).*>**

Adsorption of Hg**. To investigate the capacity of 2DC;Nj for
Hg*" adsorption, 1 mg of this platform was incubated with 20 mL of
aqueous solution containing 20 mg-L™' of Hg**. Then concentrations
of residual metal ion were assessed by Atomic Absorption
Spectroscopy (AAS). All experiments were repeated three times
under the same conditions to ensure the reliability and correctness of
experimental data. The adsorption capacity of the 2DC;N; for Hg**
ion was calculated by the following eq 2:

_ (Co — Ce)V
= (2)

where g, (mg-g™") represents the amount of Hg*" ion adsorbed on the
2DC;N; at equilibrium and C, and C, (mg-L™") represent the initial
and equilibrium concentrations of Hg** solution, respectively. Also, V
(L) and m (g) are the volume of the Hg’* solution and mass of
2DC;N;, respectively. The Hg?* ion removal efficiency (R, %) was
calculated using the following eq 3:*°

e

R(%) = w X 100 3)

To evaluate the adsorption mechanism of Hg®* ion on the 2DC;N;,
the pseudo-first-order and pseudo-second-order kinetic models were
employed fitting the experimental data, and the equations could be
indicated as (4) and (S), respectively:
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Figure 1. Schematic representation of the synthesis of 2DC;Nj. Reaction between cyanuric chloride and sodium cyanide resulted in reactive
intermediates that changed to two-dimensional frameworks. Stacking many layers of 2DC;N; by noncovalent interactions resulted in bigger three-

dimensional structures.

In(g, - q) =1Ing, — Kt (4)

©)

where g, (mg-g™") is the equilibrium adsorption capacity of Hg** ion,
q; (mg-g™") is the amount of the adsorbed Hg** ion at adsorption time
t (min), and k; (min™") and k, (g'mg™" min~") are the rate constants
of the pseudo-first-order and the pseudo-second-order reaction,
respectively.*®

Freundlich and Langmuir models were applied to the obtained
experimental results to interpret the adsorption mechanism.
Equations 6 and 7 indicate the linearized forms of the Langmuir
and Freundlich isotherms, respectively:

C/q,=1/KQ, +C/Q,

t/q, = 1/K,q’ +t/q,

(6)
)

where Q,, (mg-g™") is the maximum adsorption capacity of the Hg™",
C, (mg'L™") is the equilibrium concentration of Hg*, q, (mg-g™") is
the equilibrium adsorption of Hg** ion, and K; (L-g™"), Ky (mg'~"/"
LY".g™!) and 1/n are the Langmuir and Freundlich constants and the
adsorption intensity of the adsorbent 2DC;N;, respectively.’”

To investigate the effect of temperature on the adsorption process
of Hg* ion by 2DC;N; and energy exchange, thermodynamic
parameters were calculated using egs 8, 9 and 10:

K.=4q,/C

Ing =InKp+ 1/nlnC,

(8)
)

AG® = AH® — TAS® (10)

where K. (L-mg™') is the constant of standard thermodynamic
equilibration, g, (mg-g™") is the amount of Hg** ion adsorbed on the
2DC;N; at equilibrium, C, (mg-L™") is the amount of Hg®" in the
solution after adsorption, R is the universal gas constant (8.314 J-
mol™ K™) and T (K) is the absolute temperature. AG® (J mol™) is
the change in Gibbs free energy, AH® (J mol™') is the change in
enthalpy, and AS° (J mol™" K™') is the change in entropy. By van't
Hoff linear plotting between In K, and 1/T, the values of AH® and

AS° were obtained from the slope and intercept.***’

InK, = AS°/R — AH®/RT

11752

Computational Studies. The geometry of molecules was
optimized using density functional theory (DFT) in the water
phase using the C-PCM method. The obtained structure for 2DC;N;
was also matched with suggested structures in the literature.** The
optimizations were checked by using vibrational frequency calcu-
lations. The heavy metals were adsorbed on the surface of plausible
configurations of pristine 2DC3;N; by allowing coordination in the
2DC;N;/M system until minimum energy is realized. From this
optimized structure, other theoretical values including HOMO-
LUMO energy, total energy, bond angle, and bond length of the
target molecules were calculated. In addition, MEP surface maps were
determined. The adsorption energy for the stabilization of M on the
2DC;N; sensor was calculated by

(11)

where 2DC;N;/M is the after-adsorption complex, 2DC;N; is the
bare nanosheet, and M is the heavy metal cation. This theory, which
contains a hybrid functional within the framework of the cluster
modeling approach, has been established as an accurate method for
studying the chemistry of complex systems that incorporate metals
and main-group elements.**

DE 4 = Eypeana/m — (EM + EZDC3N3)

B RESULTS AND DISCUSSION

To avoid high temperature carbonization and side reactions,
the synthesis of 2DC;N; was initially performed at 10 °C by
catalyst-free [2+2+2] cyclotrimerization of the product of
reaction between cyanuric chloride and sodium cyanide
followed by stirring at 65 °C. The synthesis route of
2DC;N; is shown in Figure 1. The structure of 2DC;N; was
characterized by different spectroscopy and microscopy
methods, as well as thermal and elemental analysis. In high
resolution transmission electron microscopy (HRTEM),
2DC;Nj; exhibited crystalline domains attributed to in-plane
reflection, surrounded by amorphous regions corresponding to
the vertical spacing of stacked sheets (Figure Sla). The
electron diffraction (SAED) pattern revealed faint diffraction
rings, corresponding to the (002) and (200) planes, together
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Figure 2. (a) TEM image of a small domain of 2DC;Nj; sheets that are stacked as a thick layer. In this image, the inset shows the electron
diffraction pattern of the same domain. (b) HRTEM of a 2DC;Nj sheet. In this image, the top right inset shows the unit cell of this compound.
Also, the top left inset represents the electron diffraction pattern of the crystalline domain of the sheet, and the bottom right inset shows the 0.258
nm interlayer distance for the stacked layers. (c) SEM image of 2DC;Nj sheets. (d) XRD diffractograms of 2DC;N;. (e) TGA thermograms of
2DC;N; at a heating rate of 10 °C. min™" under argon. (f) CP-MAS NMR spectrum of 2DC;N;, showing distinguished signals for the triazine

rings, methoxy, and carboxyl functional groups.
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Figure 3. (a) IR spectra of 2DC;N; before and after the addition of Hg?*. (b) Elemental maps of 2DC;N;/Hg** representing homogeneous
scattering of carbon (i), nitrogen (ii), oxygen (iii) and mercury (iv) elements in this complex. (c) SEM images of 2DC,N,/Hg*" sheets. (d)
Confocal laser scanning microscopy (CLSM) image of 2DC;Nj sheets exited at 405 nm before (i) and after addition of Hg** (ii).

with a sharp peak at 26 27° accompanied by broad shoulders (Figure 2a, d).”** The distance between stacked layers of
centered at 26 41° in the X-ray diffractogram of this compound 2DC;N; was 0.258 nm, in agreement with the value obtained
11753 https://doi.org/10.1021/acsapm.4c01770
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Figure 4. (a) The photoluminescence (PL) spectra of 2DC;N; (0.5 mg.mL™") in aqueous solution exited at different wavelengths. (b) Intensity of
the photoluminescence of 2DC;Nj, excited at 360 nm, upon changing pH values. (c) Zeta potential values of 2DC;N; (1 mg.mL™") before and
after addition of 150 uM Hg** ion versus pH, indicating dependence of surface charge of this platform on pH. (d) Confocal laser scanning
microscopy image (i) of 2DC;Nj exited at 40S nm. Figure (ii) shows the bright field image of the same sheet shown in Figure (i). (e) Optical

microscopy images of 2DC;Nj sheets.

from XRD and electron diffraction pattern measurements
(Figure 2b, Figure S1b).** AFM images revealed typical
morphologies, such as back-folding in 2DC;N; with several
micrometers lateral size and clear edges (Figure S1c).* The
cryo-TEM image of 2DC;N; displayed the covalent nature of
the two-dimensional structures with several micrometers lateral
size and high transparency, indicating monolayers or few layers
(Figure S1d). Moreover, in agreement with the HRTEM and
conventional TEM images, scanning electron microscopy
(SEM) showed a sheet-like flat morphology with several
micrometers lateral size for 2DC;N; (Figure 2c, Figure S2a).
In the SEM images, layers of 2DC;Nj that are stacked can be
clearly seen. The composition of the synthesized 2DC;N; was
investigated by elemental analysis (EA) and energy dispersive
X-ray spectroscopy (EDX) elemental mapping. The carbon/
nitrogen (C/N) ratios of 2DC;N; measured by EDX and
elemental analysis were 1.08 and 1.03 (Figure S3a). Also,
carbon, nitrogen, and oxygen element scattering patterns
indicated an integrated structure for 2DC;N; (Figures S3b and
S4a). The TGA thermogram of 2DC;N; resembled the
reported data for similar triazine frameworks,**” with three
main weight losses occurring at 100—150 °C, 350—-550 °C,
and 650—800 °C, corresponding to the evaporation of surface
moisture, detachment of functional groups, and decomposition
of the backbone, respectively (Figure 2¢). In the "*C solid-state
cross-polarization magic-angle-spinning (CP-MAS) nuclear
magnetic resonance (NMR) spectra, the signal at 160 ppm
was assigned to carbon atoms of triazine rings (Figure 2f).
Furthermore, a signal at 5S ppm and a shoulder at 170 ppm
confirm the methoxy and carbonyl groups at the edge of
2DC;N; sheets, respectively. The absence of aliphatic and
other aromatic carbons indicated minimized side reactions and
a well-defined structure.*®

The structure of 2DC;N; and inclusion of Hg*" ions into the
pores of this compound was investigated by IR, SEM, EDX and

11754

confocal laser scanning microscopy (CLSM). In IR spectra, the
presence of a C=N absorbance band at 1542 and 1317 cm™!
and the absence of a C=N bond at 2200 cm™" indicated the
production of an integrated structure consisting of triazine
rings. Also, a strong absorbance band at 1623 cm™ and a
broad absorbance band at 3000—3600 cm™" were assigned to
the carboxyl functional groups at the edge of 2DC;N,.
Interactions between Hg** and 2DC,N; were verified by
comparison IR spectra of 2DC3Nj in the presence and absence
of metal ions (Figure 3a).* Upon addition of Hg*" ions, the
absorbance bands of 2DC;N; were broadened and significantly
shifted, suggesting the interactions between triazine rings and
Hg?*.>° Moreover, elemental mapping and SEM images
showed a high amount of Hg*" ions trapped on the surface
of 2DC;N; (Figure 3b, ¢, Figures S2b, S3a, and S$4b).>" The
fluorescence of 2DC;N; sheets was dramatically quenched
after incubation with Hg*" ions (Figure 3d).**** These results
indicated that 2DC;Nj is highly efficient to adsorb Hg>" ions.

To explore the fluorescence property of 2DC;Nj, the effects
of the excitation wavelength and pH on the fluorescence
intensity of this framework were investigated by photo-
luminescence (PL) spectroscopy. 2DC;Nj; sheets dispersed
in H,0 (0.5 mg:mL™") were exited at 360 and 380 nm and
emitted strong luminescence at 415 and 420 nm with 63%
quantum yield, which is much higher than that for other similar
materials (Figure 4::1).54 Moreover, the fluorescence intensity of
2DC;N; did not change in a broad range of pH values
significantly, indicating the stability of this platform in different
mediums (Figure 4b). Also, this result showed that the PL of
2DC;N; was mainly due to its 7-conjugated system and
independent from its oxygen containing functional groups. In
spite of this PL, the surface charges of 2DC;N; and 2DC;N;/
Hg** were changed dramatically by pH variation. This
behavior indicated that the surface charges of 2DC;N; and
2DC;N,/Hg** with increase in H" and OH™ ions at different

https://doi.org/10.1021/acsapm.4c01770
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Figure 5. (a) The fluorescence intensity of aqueous solution of 2DC;N; (0.15 mg.mL™"), excited at 360 nm excitation wavelength in the presence
of 150 uM of various metal ions. (b) The fluorescence emission spectra of 2DC;N; upon gradual addition of Hg** (4., = 360 nm). (c) The

fluorescence intensity of aqueous solution of 2DC3N; (0.15 mgmL~

1), excited at 360 nm, vs the concentration of Hg“. (Inset: The linear

calibration plot for Hg*" detection.) (d) Stern—Volmer plots of 2DC;Nj in the presence of Hg** at different temperature (4., = 360 nm). (e) Plots
of the Hg?* quenching effect on 2DC;Nj fluorescence at different temperature. (f) UV—vis absorption spectra of 2DC;N; (0.15 mg.mL™") before

and after addition of 150 4uM Hg>" ion.

pHs were dominated by their oxygen containing functional
groups (Figure 4c). In order to gain more information about
the PL of 2DC;N;, confocal laser scanning microscopy
(CLSM) images of individual sheets were recorded and
revealed a strong emission for the whole backbone of 2DC;N;,
sheets upon excitation by a suitable wavelength (Figure 4d, ).

Because of the high toxicity of most metal ions, design and
synthesis of new materials for the selective and efficient sensing
of these ions in aqueous solution is of high importance. The
synthesized 2DC;Nj; containing triazine rings with six lone-pair
electrons and high negative surface charge meets requirements
for the construction of a fluorescent sensor to detect heavy
metal cations. One of the mechanisms, through which 2DC;N;
will be able to sense such metal ions, is electron transfer from
the excited sheets to the partially filled d-orbitals of the metal
cations so-called photoinduced electron transfer (PET)
pathway.” To evaluate the selectivity of 2DC;Nj; as a sensing
system, an aqueous solution (150 zM) of various biologically
and environmentally relevant metal ions including Ca(II),
Cd(11), Co(II), Cr(Il), Cu(Il), Mg(II), Ni(II), Pb(II),
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Mn(1I), Zn(II), Sn(II) and Hg(II) wan added to an aqueous
solution of 2DC;N; (0.15 mgmL™') and the fluorescent
spectra of sheets were recorded. As shown in Figure Sa, the
fluorescence of 2DC;N; was effectively quenched by Hg®*
ions, while it did not change significantly in the presence of
other metal ions. Strong fluorescence quenching (96.52%)
indicated a high selectivity for 2DC;N; toward Hg*".

To explore the sensitivity of 2DC;N; to Hg®', the
fluorescence of this platform was recorded in the presence of
different concentrations of Hg**. Figure Sb shows the
fluorescence intensity of 2DC;N; versus the Hg** concen-
tration (0 M to 300 uM). The fluorescence intensity of
2DC;Nj at around 428 nm decreased gradually with increasing
Hg** concentration and was almost completely quenched by
the addition of 160 uM of Hg*". A good linear correlation (R*
= 0.997) in Figure Sc at low concentrations from 0 to 115 M
was observed. The limit of detection (LOD) of 2DC;N; for
mercury ions was estimated to be 0.98 nM, that is much lower
than previously reported fluorescent sensors.’®”” To inves-
tigate the mechanism, the fluorescence quenching process was
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Figure 6. (a) Recyclability of 2DC;N; for sensing Hg?*. 2DC;N; was incubated with Hg®* ions and then mixed with EDTA to remove the
adsorbed ions. In these cycles, fluorescence of 2DC;Nj sheets was on and off upon incubation with Hg** and EDTA, respectively. (b) Elemental
mapping of 2DC;Nj indicating the successful removal of Hg** from 2DC;N;. Only carbon (i), nitrogen (ii), and oxygen (iii) elements were
detected for 2DC;N;. (c) SEM images of 2DC;Nj; sheets from left to right in three different runs of sensing and recycling. After sensing Hg*,

2DC;Nj; were recycled by EDTA solutions (0.15 M).

analyzed using Stern—Volmer and modified Stern—Volmer
plots as plots of Fy/F versus [Q] and log [(F, — F)/F] versus
log [Q] in the range 298 to 318 K, and quenching parameters
are reported in Table S1. As shown in Figure 5d, the Stern—
Volmer plot deviated from linearity toward the y-axis from the
concentration 70 uM Hg*", and this indicates that quenching is
partly static (ground state complex formation) in nature. The
values of K, and K increase with increasing temperature, thus
implying that the process may be partly dynamic (collisional
interaction). The binding stoichiometries were approximately
equal to one, where there must be a single binding site in
2DC;N; for Hg** (Figure Se and Table S1). Considering the
K, and the binding parameters such as the number of sites and
the binding constants, the steady-state fluorescence method
exhibits a strong binding between 2DC;N; and Hg™".
Therefore, from Stern—Volmer plots it is confirmed that
2DC;N; is quenched by mixed static and dynamic quenching
mechanisms.”**? In addition to fluorescence quenching, the
effect of the Hg(II) ion on the UV absorption of 2DC;N; was
also studied. Figure 5f shows the UV—vis spectra of 2DC;N;
before and after addition of Hg*". A broad absorption band
from 220 to 600 nm with a band gap of 2.83 eV was assigned
to the huge 7 conjugated system of 2DC;N; (Figure S4d).”’
Upon addition of 150 uM Hg*', the UV—vis absorption of
2DC;N; changed significantly and the absorptions at 220 and
250 nm disappeared, and the absorption at 350 nm became
weaker.

Recyclability is a cost-effective and crucial factor in designing
novel materials and devices, improving their sustainability and
decreasing their negative environmental impacts.’’ The
recovery of 2DC;N; was investigated by adding ethylenedi-
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aminetetraacetic acid (EDTA) solution (0.15 M), as a strong
chelating agent, to the 2DC;N,/Hg** solution and then
washing for three consecutive cycles (Figure 6a).®>
According to Pearson’s HSAB principle, the Hg*" ion is a
soft acid and nitrogen is a hard base, leading to weak
interactions between them.®* Such interactions change the PL
of 2DC;N; dramatically but can be disturbed by stronger
ligands such as EDTA. Energy dispersive X-ray spectroscopy
(EDX) elemental mapping and SEM images showed that Hg**
ions are removed from 2DC;N; by addition of EDTA but the
structure of sheets is well preserved after recycling (Figure 6b,
¢, Figures S3a and S4c). The fluorescence intensity of 2DC;N,
in three cycles did not change significantly, indicating
recyclability of this platform and its reusability to detect Hg*".

The accumulation of metal ions in drinking water has
become a serious problem for public health. Detection of these
environmental pollutants through fluorescent sensors has
gained widespread attention because of their high sensitivity,
good selectivity, low cost, simple operation, and high accuracy.
Therefore, development of platforms and sensors for removal
and detection of metal cations, especially mercury ion, is
important, as it causes serious health and negative environment
impacts.“’66

2DC;N3, with a large number of heteroatoms, high surface
area, stability, and negative surface charge, is an excellent
candidate for sensing and removing Hg’* from aqueous
solutions. As shown in Figure Sa, 2DC;N; showed the highest
selectivity toward Hg?* ions in comparison with other metal
ions. The pore properties of 2DC;N;/Hg** were evaluated by
using BET nitrogen the adsorption—desorption isotherm and
the corresponding BJH pore size distribution curves at 77 K,
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Figure 7. (a) Nitrogen adsorption—desorption isotherms of 2DC;N; and 2DC;N;/Hg** at 77 K. Inset shows pore size distribution (PSD) curve of
2DC;N; and 2DC;N,/Hg?". (b) Adsorption isotherm of Hg** by 2DC;N;. Inset shows the linear regression by fitting the equilibrium adsorption
data with the Langmuir adsorption model. (c) Adsorption kinetics of Hg** on 2DC;Nj (the initial concentration of Hg?* was 20 mg-L™"). (d)
Effect of contact time on the adsorption capacity of Hg** by 2DC;N;. Inset shows the pseudo-second-order kinetic plot for the adsorption of Hg**
(20 mg-L™"). (e) The Van’t Hoff plot for the adsorption of Hg?* on 2DC;Nj at different temperature. (f) Removal efficiency of Hg** at different

pH conditions.

which showed the reduction of gas upload. The immobilization
of Hg?* on the surface of the polymer resulted in a slight
decrease in specific surface area and pore volume to 16 m*g™"
and 0.048 cm’-g™!, respectively. In contrast, 19 m>g™" and
0.052 cm®-g~! were determined for 2DC;Nj. The average pore
diameters of 9.85 and 9.12 nm were obtained for 2DC;N; and
2DC;N,/Hg*, respectively, which belong to a type III
isotherm according to IUPAC classification (Figure 7a).2*
Due to such selectivity, adsorption isotherms, adsorption
kinetics, and the effect of pH and temperature on the ability of
2DC;N; to sense and adsorb Hg** were investigated. 2DC;Nj
(1 mg) was added to 20 mL of Hg* with different
concentrations at pH 7.0, and different parameters related to
removal of mercury ions were investigated. As shown in Figure
7b and Table S2, the adsorption isotherms of 2DC;Nj for Hg**
are consistent with the Langmuir isotherm model. The
saturated adsorption capacity of 2DC;N; for Hg*" was 178
mg-g~', indicating excellent affinity of this platform for Hg>".
This is the highest sensitivity and adsorption among previously
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reported N-rich functional materials.”” The Hg?* contents of
2DC;N;/Hg** were calculated based on the inductively
coupled plasma optical emission spectroscopy (ICP-OES)
results. It was found that 86% of nitrogen atoms in the
structure of 2DC;N; were used to remove Hg’*. This
maximum adsorption capacity for Hg*" can be attributed to
the synergistic effect of the well-distributed and accessible
nitrogen atoms in the structure of 2DC;Nj.

To understand the mechanism of adsorption of Hg*" ions by
2DC;N;,, pseudo-first-order and pseudo-second-order kinetic
models were investigated for this system.”*®” As shown in
Figure 7, fast adsorption kinetics was observed in the initial 10
min (>75%) and reached equilibrium within 20 min.
Adsorption kinetics was fitted well with the pseudo-second-
order model, indicating a porous structure for 2DC;N; and
electrostatic interactions between Hg** ions and the platform
(Figure 7d and Table S3). The increasing value of AH® (46.85
KJ mol™), the positive value of AS® (194.87 J-mol™ K™') and
the negative values of AG°® for 2DC;N; with increasing
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Figure 8. Representation of HOMO and LUMO orbitals for the optimized structures of 2DC;N; (a), 2DC;N;/Hg?* (b), 2DC;N;/Zn** (c) and
2DC;N;/Pb* (d) in the ground state calculated at B3LYP levels. The green and red colors indicate positive and negative phases, respectively.
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Figure 9. Representation of the MEP for the optimized structures of 2DC;N; (a), 2DC;N;/Hg** (b), 2DC;N;/Zn** (c) and 2DC;N;/Pb** (d) in

the ground state calculated at B3LYP levels.

temperature (298—328 K) at 20 min indicated that due to an
increase entropy and mobility of Hg®" ions and interaction
with active sites on the surface of 2DC;Nj, the adsorption
process was endothermic and spontaneously and thermody-
namically favorable (Figure 7e and Table S4). For practical
applications, the pH value of the solution plays an important
role in the mechanism of adsorption. Accordingly, the capacity
of 2DC;N; to adsorb Hg®* ions at different pHs was
investigated. 2DC;N; showed excellent adsorption efficiency

(>93%) in alkaline conditions, due to its high negative surface
charge (Figure 7f).

In order to gain more information about interactions
between metal ions and 2DC;Nj;, the molecular structures of
2DC;N;, 2DC;N,/Hg**, 2DC;N;/Zn*" and 2DC;N;/Pb*
were optimized using Gaussian software, using the B3LYP
functional in the DFT method with the 3-21G(d, p) basis set
in the water phase. Relaxation of metal ions interacting with
different sites of such platforms has indicated that nitrogen
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atoms inside pores are the most favorable sites for complex-
ation.”® The optimized geometries using vibrational frequency
analysis are shown in Figure SS. The ground state geometry
optimization was performed for small sheets of 2DC;N,
(Figure SSa). While Hg*" and Zn®" ions were coordinated to
five nitrogen atoms of the triazine rings (Figure S5b, S5¢), Pb**
interacted with four atoms (Figure S5d).

The geometrical properties (bond length and angle) in
Table S5 and Table S6 showed that the Hg—N, Zn—N and
Pb—N distances were on average 2.74 2.89, and 2.75 A. As a
result, the Hg*" ions were localized closer to the surface of
platforms, due to desirable interactions with the nitrogen
atoms indicated by the smaller values of 8 (N—Hg—N)
(59.53—60.80°) compared to those of the Zn** and Pb** ions.
The highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of the
optimized geometries are illustrated in Figure 8 and Table
S§7. The LUMO energy levels decreased in the order of
2DC;N;/Hg** < 2DC3N;/Zn** < 2DC;N;/Pb*, all being
much lower than that for the original bare platform. The lower
energy level of 2DC,;N;/Hg** can change the emission
pathway of exited electrons and results in strong quenching.
Moreover, the electron density was distributed symmetrically
in the whole structure of sheets in the case of 2DC;N; and
2DC;N,/Hg**, while it was localized unsymmetrically for
2DC;N;/Zn?** and 2DC;N,/Pb*. The symmetric distribution
of electron density can improve cooperative interactions
between the nitrogen atoms of the platform and Hg(II).

Molecular electrostatic surface potential (MESP) maps were
determined for 2DC;N;, 2DC;N;/Hg**, 2DC;N;/Zn’" and
2DC;N,/Pb** (Figure 9). Different values of the electrostatic
energy are indicated by different colors. The red regions have a
negative electrostatic potential, suggesting that they are more
likely to donate electrons or are more nucleophilic than the
other regions. The blue regions have a positive electrostatic
potential with an electrophilic character. After interaction of
the platform with metal cations, the positive charge was
centralized in the pore of the structure, where there is a high
density of nitrogen atoms and negative electrostatic potential.
The density and symmetricity of positive charge for 2DC;N;/
Hg*" was more than for other cases, suggesting more efficient
interactions between central nitrogen atoms of platform and
Hg(1I). This improves the specificity of 2DC;N; toward
mercury ions.

B CONCLUSION

In this work, highly photoluminescent N-rich two-dimensional
triazine frameworks were synthesized by a one-pot catalyst-free
[2+2+2] cyclotrimerization of carbonitrile functional groups
conjugated to a triazine ring at mild conditions with a quantum
yield of 63%. The removal efficiency and detection limit of
2DC;N; for Hg®" ions were 97% and 0.98 nM, respectively,
suggesting this platform as a specific sensor to detect this metal
ion in water. This sensor was recyclable, and simulation studies
revealed a key role for the nitrogen atoms in the center of
pores of the platform for such specific interactions. Our
investigations showed a potential for such a platform to detect
Hg(1I) at sub-nanomolar concentration. Manipulation of the
structure and functional groups of such a platform can open a
new avenue for exploring new sensors for other water
pollutants.
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