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Abstract

Synthesis of fully triazine frameworks (C3N3) by metal catalyzed reactions at high temperatures
results in carbonized and less-defined structures. Moreover, metal impurities affect the
physicochemical, optical and electrical properties of the synthesized frameworks, dramatically. In
this work, two-dimensional C3N3 (2DCsN3) has been synthesized by in situ catalyst-free
copolymerization of sodium cyanide and cyanuric chloride, as cheap and commercially available
precursors, at ambient conditions on gram scale. Reaction between sodium cyanide and cyanuric
chloride resulted in electron-poor polyfunctional intermediates, which converted to 2DC3N3 with
several hundred micrometers lateral size at ambient conditions upon [2+2+2] cyclotrimerization.
2DC;3Nj sheets, in bulk and individually, showed strong fluorescence with 63% quantum yield and
sensitive to small objects such as dyes and metal ions. The sensitivity of 2DC3N3 emission to
foreign objects was used to detect low concentration of water impurities. Due to the high negative
surface charge (- 37.7 mV) and dispersion in aqueous solutions, they demonstrated a high potential
to remove positively charged dyes from water, exemplified by excellent removal efficiency (>
99%) for methylene blue. Taking advantage of the straightforward production and strong
interactions with dyes and metal ions, 2DC3N3; was integrated in filters and used for the fast

detection and efficient removal of water impurities.
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1. Introduction

Covalent triazine frameworks are a subset of organic polymers with a m conjugated system,
exhibiting electronic effects related to nitrogen as a heteroatom in addition to high surface area
and excellent chemical and thermal stability [1, 2]. Due to their peculiar electrical, optical and
mechanical properties, they have attracted a great deal of attention and are currently considered
for a wide range of applications including photocatalysts, semiconductors, and electrochemistry
[3, 4]. Among different types of triazine frameworks, C3Nj3 is less investigated, due to a lack of
available straightforward synthetic protocols [5-7]. Several procedures including solvothermal
reaction of C3N3Clz and NH4Cl at 300 °C [8], C3N3Clz with NaN3 and NaNH; at 220 °C [9],
solvent-free processes at 220 °C, 300 °C, and 380 °C temperatures [ 10], Wurtz reaction of C3N3Cl3
in molten alkali metals [11], trimerization of 2,4,6- tricyano-1,3,5-triazine in molten ZnCl; [12],
ionothermal approach [13], high pressure conditions [14], and Ullman reaction [15] have been
proposed for the production of C3N3 frameworks [16]. However, these procedures required high
temperatures and metal catalysts, leading to carbonization and metal impurities [17, 18]. Because
of these issues, electronic properties of 2DC3N3 are generally less studied and less information
regarding their structures at atomic scale are available [19]. In order to overcome these problems
and produce 2DC3N3 with defined structures and reproducible physicochemical properties, new
synthesis protocols using straightforward reactions at ambient conditions should be explored.

In the same line, we have reported a metal directed and solvent mediated protocol, as an alternative
for the production of less defected triazine frameworks [20]. In this protocol, reaction between
cyanuric chloride and calcium carbide in dimethylformamide resulted in two-dimensional triazine
based nanomaterials. Coordination of calcium ions with triazine monomers was the main driving
force for a two-dimensional polymerization. While this method was milder than Lewis’s acid-
mediated trimerization of cyanides, the temperature was still high and solvent played a role in the
mechanism of reaction, leading to complexity in the obtained structure to some extent.

[2+2+2] cyclotrimerization of alkynes at ambient conditions is an important reaction in organic
synthesis and bioconjugation chemistry, due to its versatility, efficiency and functional tolerance
[21, 22]. It is one of the main approaches for the construction of aromatic compounds and six-
membered heterocyclic rings [23-25]. The above-mentioned advantages combined with the
orthogonality make this reaction an efficient strategy for the construction of complex systems in

different fields including heterocyclic chemistry [26], polymer chemistry [27] and materials



science [28, 29]. However, the required catalysts increase its complexity and decrease its cost-
effectiveness dramatically. Recently, we have explored a new method for the [2+2+2]
polymerization of multifunctional monomers with ethynyl substituents without using any catalyst
[30]. Conjugation of ethynyl segments to the electron poor triazine resulted in reactive
intermediates that were susceptible to [2+2+2] cyclotrimerization, leading to triazine frameworks
in a one pot reaction. The reaction was performed at room temperature and resulted in materials
with several micrometers lateral size and hundred nanometer thickness. Triazine frameworks are
promising platforms for the water treatment, due to their physicochemical properties [31].

Water pollutants, due to their hazardous acute and chronic effects on living systems, are
challenging environmental issues around the world [32]. The largest group of pollutants are heavy
metals and industrial dyes that are often toxic even at very low concentrations [33]. Industries that
majorly cause water pollution are textile, pesticides, cosmetics, pharmaceutical, oil refineries,
paper and pulp, paint and rubber [34]. To minimize serve effect of such pollutants on ecosystem
and human health, new materials for fast and efficient water purification are highly required.
Recently, insoluble and porous N-rich polymers with high surface areas, interacting favorably with
other molecules through noncovalent interactions, have been used in the field of pollutant removal
[35-37].

In this work, we have developed our catalyst free [2+2+2] cyclotrimerization to multifunctional
monomers bearing carbonitrile substituents for the production of 2DC3N3. Cyanuric chloride and
sodium cyanide were incubated at 10 °C to produce reactive intermediates which were changed to
2DC3N3 upon in situ cyclotrimerization at a slightly higher temperature.

The synthesized two-dimensional triazine frameworks with several micrometers’ lateral sizes and
negative surface charge were able to efficiently remove positively charged dyes from water. For
example, 1 mg of 2DC3N3 was able to separate 20 mg. L' methylene blue or Malachite green in
120 seconds. The removal efficiency for different concentrations of methylene blue and malachite
green were (> 99%) and (> 90%), respectively. Moreover, 2DC3N3 sheets, both in bulk and
individually demonstrated a good fluorescence emission with the highest quantum yield at 360 nm

that was successfully used to detect low concentrations of metal ions in water.

2. Materials and methods



The materials and methods and experimental details regarding synthesis of 2DC3;N3 and more

information about characterizations are explained in supplementary information.

3. Results and discussion

3.1. Generation and characterization of 2DC3N3

Herein, we report on a new protocol for the synthesis of 2DC3N3 on gram scale from cheap and
commercially available materials at ambient conditions.

Reaction between cyanuric chloride and sodium cyanide resulted in polyfunctional intermediates
that were changed to 2DCs3N3; upon [2+2+2] cyclotrimerization (Fig. la). Trimerization of
carbonitrile substituents was a catalyst-free reaction and mechanistically based on our recently
published method for the production of covalent organic frameworks. Conjugation of carbonitrile
segments to the electron poor triazine ring resulted in polarization of carbon-nitrogen triple bonds
and susceptibility toward cyclotrimerization. The reaction was performed at 65 °C on gram scale
without using any catalyst. The absence of carbon-nitrogen triple bond at 2200 cm™ and presence
of C=N absorbance band at 1540 cm™ and 1350 cm™! indicated the production of a covalent organic
framework consisting of triazine rings through cyclotrimerization of carbonitrile functional groups
(Fig. 1b). A strong absorption band at 1650 cm™ and broad absorbance band at 2900-3600 cm™!
was assigned to the carboxyl functional groups created by hydrolyzing carbonitrile groups at the
edge of 2DC3N3 frameworks in the workup [38, 39]. Due to carboxyl functional groups and high
negative surface charge of 2DC3N3 (- 37.7 mV) and repulsion between the sheets, they were
dispersible in aqueous solutions for 3 days (Fig. 1¢ and 1d).

AFM images demonstrated a two-dimensional structure for this compound, indicating
cyclotrimerization of carbonitrile groups in two-dimensions and lateral networking of monomers
in this reaction. The lateral size of 2DC3N3 was large up to several micrometers with clear edges.
Moreover, bulges and back-folding that are typical morphologies in two-dimensional materials
were observed in the AFM images of 2DC3Nj3 (Fig. 1e). The high dispersibility of this compound
in water, due to its negative surface charge, facilitated cryo-TEM imaging to gain more information
about its structure. Two-dimensional structures with several micrometers lateral size and high
transparency, indicating mono or few layers, were observed abundantly (Fig. 1fand 1g). Moreover,

wrinkles and folding, which are typical features for mono or few-layered two-dimensional



materials, indicated the covalent nature of their structures (movies 1 and 2) (Fig. S1 and S2). In
agreement with cryo-TEM and AFM, scanning electron microscopy (SEM) revealed stacked
sheet-like structures with several micrometers lateral size and clear edges (Fig. 1h and S3).

More information about the atomic structure of 2DC3N3 was gained by high resolution
transmission electron microscopy (HRTEM). While some of 2DCs;Nj3 sheets were completely
crystalline, other were composed of crystalline domains surrounded by amorphous region (Fig.
2a). The selected area electron diffraction (SAED) pattern revealed faint diffraction rings assigned
to the (002) and (200) (Fig. 2b and 2c), indicating the polycrystallinity of 2DC3N3 nanosheets.
This is well consistent with the sharp diffraction peak accompanied by broad shoulders in the XRD
diffractogram of this compound (Fig. 4a). The distance between stacked layers of 2DC3N3 sheets
was 0.258 nm, in agreement with the value obtained by XRD measurements (Fig. 2d, 2e and S4).
The unit cell of 2DC3N3, obtained by electron diffraction pattern, was a=b=7.615 A which is in
agreement with the calculated value a=b=7.6 A (Fig. 2f) [40]. Images indicate 2DC3N3 nanosheets
emerge with a planar size of 100 nm.

The composition and structure of 2DC3N3 was further investigated by X-ray photoelectron
spectroscopy (XPS). Based on the survey spectrum of 2DC3N3 deposited on gold, it was mainly
composed of carbon, nitrogen and oxygen. While nitrogen and carbon with 35% and 47% were
the major components of the backbone of sheets, oxygen (17%) was assigned to the functional
groups (Fig. 3a). In the Cls XPS spectrum, two peaks C1 and C2 are observed at 286.7 eV and
289.8 eV binding energy, which correspond to carbon atoms of triazine ring and carboxyl
functional groups, respectively. No C-C bonds related peak is observed in the 283-285 eV range,
proving thereby the minimum side reactions and the absence of other bonds than carbon-nitrogen
in the backbone of 2DC3Nj3 (Fig. 3b) [41, 42]. In the N1s XPS spectrum, two types of nitrogen
atoms with their peak maximum at 398.5 eV and 401.9 eV are attributed to backbone and periphery
triazine rings as shown in Fig. 3¢ [43].

The carbon/nitrogen (C/N) ratio of 2DC3N3 measured by XPS and elemental analysis were 1.34
and 1.03 and close to calculated ratio (0.85) (Fig. 3d). The difference between the experimental
and calculated C/N ratios, which was corresponding to oxygen containing functional groups,
indicated minimum side reactions and preparation of a product with chemical formula shown in
Fig. 1a. Three main weight losses at 100-150 °C, 350-550 °C, and 650-800 °C in TGA thermogram

of 2DC3N3 were corresponding to evaporation of surface moisture, detachment of functional



groups and decomposition of its backbone respectively (Fig. 3e). The thermal behavior of 2DC3Nj3
was similar to the reported data for similar triazine frameworks in literature [44, 45]. The
composition of 2DC3N3 was further investigated by energy dispersive X-ray spectroscopy (EDX)
elemental mapping. The homogeneous distribution of carbon, nitrogen and oxygen elements
indicated a conjugated structure consisting of triazine rings accompanied by oxygen containing
functional groups (Fig. 3f and S7a). The high thermal stability of 2DC3N3 was corresponding to
its integrated structure with minimum defects. Signal at 160 ppm in the '*C solid-state cross-
polarization magic-angle-spinning (CP-MAS) nuclear magnetic resonance (NMR) spectra was a
further prove for the triazine backbone of the synthesized 2DC3Nj3 (Fig. 3g). Appearing any signal
in 100-140 ppm or lower chemical shifts was counted for the minimum side reactions and
production of 2DC3N3 with defined structure. Also shoulder at 170 ppm and a signal at 55 ppm
were assigned to carbonyl and methoxy groups created by hydrolyzing carbonitrile groups and
substitution of chlorides by methanol during workup, respectively [46, 47].

A sharp peak at 20 27° in powder X-ray diffractogram of 2DC3N3 was attributed to its in-plane
reflection (002) and counted for the crystalline domains of this compound (Fig. 4a) [48]. The
crystalline domains were clearly observed in the high-resolution transmission electron microscopy
(HRTEM) images (Fig. 2a). A weak and broadened peak centered at 20 41° corresponds to the
vertical spacing of stacked sheets (200) in few layers 2DC3N3 [49, 50]. The interlayer space of
2DC;3N;3 sheets calculated by X-ray diffractogram was 0.253 nm.

In the same line, a broad absorption band from 225 nm to 600 nm stems from n-n* transitions of
the large conjugated system of 2DC3Nj3 (Fig. 4b and S7¢) [51]. The band gap of 2DC3N3 calculated
by ultraviolet-visible diffused reflectance spectroscopy was 2.83 eV, which is in agreement with
the reported data in literature (Fig. S7d) [52-54]. This band gap results in fluorescence emission in
the range of 350-550 nm by suitable excitation in the UV and IR ranges [55]. The
photoluminescence (PL) spectra of 2DC3N3 in H,O (0.5 mg. ml™") excited by different irradiations
are shown in Fig. 4c. The maximum emission was achieved by excitation at longer wavelengths,
360 nm and 380 nm, indicating a large © conjugated backbone for 2DC3N3. The quantum yield of
2DC3N3 was 63%, which is relatively large in comparison with other similar materials [56, 57]. In
order to gain more information about the fluorescence property of 2DC3N3, the individual excited

sheets were visualized by confocal laser scanning microscopy (CLSM) and optical microscopy.



Comparison between bright field images and CLSM images revealed that the whole backbone of
2DCsN3 is emitting upon excitation by suitable wavelength (Fig. 4d, S5a and Sé6a).

We also incubated 2DC3Nj sheets in water for several months and any significant change in their
physicochemical and optical properties was not observed. This experiment indicated high stability

of this material in water for a long time.

3.2. Adsorption mechanism and fluorescence emission of 2DC3N3

The 2DC3N; containing triazine rings with six lone-pair electrons and high negative surface charge
are excellent candidates for coordination with heavy metal ions and dye elimination by
electrostatic interactions. In addition to coordination chemistry and electrostatic interactions, n—m
interactions between aromatic dyes and surface of 2DC3N3 is a driving force for dye removal. Such
interactions between triazine platforms and metal ions and dyes is reported in literature [58].

The heavy metals such as Hg?*, Cd**, Pb**, and dyes including MB and MG, are toxic for human
cells even at low concentrations. Therefore, designing and synthesis of new materials with the
ability of detection and removal such impurities in water, food and the environment are urgently
required.

The fluorescence emission of 2DC3N3 was sensitive to dyes and metal ions in terms of intensity
and maximum emission wavelength (Fig. 5a-5d). The fluorescence emission of 2DC3N3 in the
presence of different metal ions including Cd**, Hg?* and Pb*" was investigated (Fig. 5a-5c). The
responsivity of fluorescence emission to metal ions was different and changed upon variation of
the metal ions and their concentrations. The intensity of fluorescence emission of 2DC3N3 sheets
increased upon addition of the metal ions but an inverse correlation was observed between the
fluorescence intensity and metal ions concentrations. The highest fluorescence emission was
observed at 10 M concentration of metal ions. Increasing the concentration of Cd*" and Pb*" to
10* M diminished their impact on the fluorescence intensity of sheets. High concentration of Hg?"
(10 M), however, resulted in complete quenching of sheets. The shift of maximum emission of
sheets varied with the concentration of metal ions.

Moreover, addition of dyes to the water dispersion of 2DC3N3 affected their emission dramatically
(Fig. 5d). The responsivity of fluorescence emission of 2DC3Ns to dyes was detected at 10° M
concentrations. The mechanism and details for the responsivity of fluorescence of sheets to metal

ions and dyes is beyond the scope of this work but can be used for detection of low concentration



of these impurities in water. A typical mechanism for sensitivity of fluorescence of these materials
to metal ions is electron transfer from the excited sheets to the partially filled d-orbitals of the
metal cations through the photoinduced electron transfer mechanism. Regardless of the type of
metal ion, the metal chelation sites in the structure of sheets results in higher specificity and lower
limit of detections [59, 60].

The emission of individual sheets in aqueous solutions (10 M) of methylene blue and Hg*" was
investigated (Fig. S5b and S5c¢). A clear quenching of the fluorescence of sheets after addition of

methylene blue and Hg?" was observed.

3.3. Dye adsorption performance of 2DC3N3

Water contamination is one of the main challenges that affects public health worldwide. Industrial
dyes are major contributors to the environmental pollution and cause severe threat to our safety
and health [61, 62]. Covalent organic frameworks and two-dimensional materials with porous
structure, large number of heteroatoms and high surface area, are excellent candidates for the fast
and efficient absorption these impurities from wastewater [63, 64]. 2DC3N3 with several
micrometers lateral size and negative surface charge demonstrated a high potential to remove
positively charged dyes from water, exemplified by excellent removal efficiency for methylene
blue (> 99%) and malachite green (> 90%).

The ability of 2DC3Nj3 for absorption dyes including methylene blue (MB), malachite green (MG),
rhodamine B (RhB), methyl orange (MO) and congo red (CR) from water was investigated at
different conditions such as incubation or sonication of their mixture in water (Fig. 6a). Sonication
of a mixture of 2DC3Nj3 (1 mg) in water removed 20 mg. L™! of MG and MB in 120 seconds (Fig.
6b). In order to study the mechanism of dye adsorption, 2DC3N3 (1 mg) was dispersed in 10 ml of
dye solution (5-20 mg. L!) and shaken continuously for 24 h under ambient condition (25 °C).
The highest adsorption capacity was measured for MB 204 mg. g! and MG 190 mg. g! (Table

S2). To make the water treatment easier and faster, 2DC3N3 (20 mg) was supported on a
polyurethane sponge with 1cmx1cmx1cm dimensions and immersed in water containing MB (20

mg. L"). The sponge-2DC;3Nj5 extracted dye, completely, in 120 minutes in a one-time treatment,
which is fast in comparison with similar systems (Fig. 6d) [65-67]. Moreover, a filter with
2.5cm*1cm dimensions was made of sponge-2DC3Nsand used to remove dyes from water (Fig.

6¢). Water solutions of MB (20 mg. L!) were passed through this filter and purified water with



low dye content (> 0.01 mg. L!) was obtained. Fast filtration without needing any other treatment
made this filter an excellent candidate for cost-effective water purification.
The equilibrium adsorption isotherm for dye molecules explains the interaction between adsorbent
and organic dye as a function of concentration. In this study, Langmuir and Freundlich isotherm
models were applied to understand the mechanism of adsorption. The linearized equation of
Langmuir is represented by equation (1):
Co/de = 1/KQm+ Co/Qm (1)
Where C. is the equilibrium dye concentration in solution (mg. L!), qe is the amount of adsorbate
adsorbed per unit weight of adsorbent (mg. g!), Qm (mg. g!) and K¢ (L. g') are Langmuir
characteristic constants, which indicate maximum adsorption capacity and adsorption energy,
respectively. The values of Qm and K were calculated from the slope and intercept of the linear
curve Ce/qe against Ce.
The essential characteristics of the Langmuir isotherm can be expressed in terms of a
dimensionless constant separation factor Ri, which is given by the equation (2):
R, =1/1+K,C, (2)
Where Co (mg. L™!) is the highest initial concentration of adsorbent and K. (L. g'!) is the Langmuir
constant. Ry values indicate whether the process is unfavorable (Rr > 1), linear (Rp = 1), favorable
(0 <Rp < 1), orirreversible (R = 0) [68].
The Freundlich equation is given by:
Inq, = InKp + 1/n InC, 3)

Where, qe (mg. g!) is the amount of adsorbate adsorbed on per unit weight of adsorbent, Ce (mg.

L) is the equilibrium dye concentration in solution, K (mgl_l/n. Ll/n. g_l) and 1/n are the

Freundlich characteristic constants representing adsorption capacity and adsorption intensity,
respectively [69]. The values of Kr and 1/n were computed from the intercept and slope of the
linear curve Ln ge against Ln Ce. When n is equal to 1, the adsorption is linear. Additional, n below
unity shows that adsorption is a chemical, while above unity indicates a physical process [70, 71].
Correlation coefficient (R?) of Freundlich isotherm model for adsorption of MB and MG by
2DC3N3 was bigger than that of the Langmuir isotherm model and almost equal to unity, thus
suitable for the prediction of adsorption capacity of this covalent organic framework (Fig. 6e and
6f). Fitting parameters for both models are summarized in Table S1. Based on the Freundlich

model, dyes were adsorbed heterogeneously on the surface of 2DC3N3 [72]. According to this
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model, adsorption sites have different energy values and active adsorption locations possessing
maximum energy are filled at first, causing the fast uptake and high adsorption capacity of MB
and MG by 2DC3Ns. The heterogeneous adsorption of MB on 2DC3N3 was observed by CLSM
and optical microscopy (Fig. S5¢ and Séb).
Fig. 7a shows the influence of contact time on MB and MG adsorption at different concentrations.
The adsorption capacity increased rapidly within 90 min, and then increased gradually until
equilibrium reached within 270 minutes. Kinetic studies could describe the relationship between
the adsorption capacity and time. Additionally, it provides information about the adsorption
mechanism and rate-controlling adsorption steps [73, 74].
For this reason, experimental data were adjusted with the pseudo-first-order (4) and pseudo-
second-order (5) kinetic models [75]:

log(qe — q¢) = logqe — K1 /2303 (4)

t/q. = 1/Kq; +t/q.  (5)

Where K; and K> were the rate constants of the pseudo-first-order and pseudo-second order (g.

mg_l. min_l) kinetic models, respectively, and t was the adsorption time (min).

The pseudo-first-order and pseudo-second-order kinetic parameters including R%, K, Ko,
calculated qe (gecal) and experimental qe (qeexp) are presented in Table S2. The kinetic data for
adsorption of MB and MG by 2DC3N; were fitted with pseudo-first-order model, indicating
dependency of the kinetic of dye adsorption to the dye concentration (Fig. 7b and 7c).

3.4. The effect of solution pH

The pH value of the dye solution plays an important role in the adsorption process. By controlling
the pH value of the dye solution, the effect of electrostatic interaction on the adsorption of dye can
be explored [76-78]. Fig. 8a shows the effects of the solution pH on the adsorption capacity of
2DC;3N;s. The results indicate that there is a significant difference between adsorption capacities of
2DCs3N3 at different pHs. The adsorption capacity of 2DC3N; for MB and MG amplifies with
increased pH in the range of 2-9. Protonation of 2DC3N3 at low pHs decreases its surface charge
and diminishes its interactions with positively charged MB and MG. However, at alkaline
conditions, the surface charge of 2DC3N3 was highly negative and adsorbed positively charged
dyes by electrostatic interactions (Fig. S7b) [79, 80].
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Desorption processes aiming to recover matrices and pollutants are important to reduce the cost of
an industrial process as well as the environmental impact [81, 82]. Therefore, we studied the
reusability of the adsorbent for three consecutive adsorption-desorption cycles. As shown in Fig.
8b, the adsorption efficiency of MB and MG was almost same in the three cycles, indicating that
2DC3N3 can be used repeatedly for the removal of mentioned dyes.

2DC3N3 sheets, due to their outstanding physical and chemical properties demonstrated
remarkable potential for the fast and efficient absorption of impurities from the contaminated
water. Finding an effective, low-cost, stable and flexible strategy for detection and removing water
impurities is a challenge in the whole world. Filtration technologies may solve many problems
related to low water quality, but are limited by their effectiveness cost, and accessibility.
Nevertheless, most of these strategies still suffer from various drawbacks such as secondary
pollution, complex operation process and expensive installation costs [83].

Metal and dye separation with 2DC3N3-based filters is considered one of the prominent methods
due to its convenient operation, low-cost, energy and time saving, and environmental friendliness

and repeated use without flux reduction [84].

4. Conclusion

In this work, we have demonstrated the successful one-pot synthesis of two-dimensional triazine
frameworks by reaction between cyanuric chloride and sodium cyanide at mild conditions.
Catalyst-free [2+2+2] cyclotrimerization of carbonitrile functional groups conjugated to triazine
ring at low temperature resulted in large triazine sheets up to several hundred micrometers lateral
size with an intense fluorescence emission. Due to the presence of heteroatoms and negative
surface charge, 2DC3N3 sheets were able to efficiently adsorbed metal ions and positively charged
dyes from aqueous solutions. The sensitivity of fluorescence of sheets to low concentrations of
metal ions and dyes was used to detect these impurities. Cost-effective synthetic protocol and
efficient dye removal together with the flexible applicability, exemplified by sponge-2DC3N3,
makes this two-dimensional polymer an excellent candidate for water purification and other

applications related to environmental safety.
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Fig. 1. (a) Schematic representation of the synthesis of 2DC3N3. (b) IR spectra of 2DC3N3 and its precursors. (c)
Zeta potential curve of 2DC;3N; (1 mg. ml!) indicating a high negative surface charge for this compound in
aqueous solutions. (d) Digital photographs of an aqueous solution (2 mg. ml'") of 2DC3N; at room temperature
and ambient conditions for four days. (¢) AFM image of 2DC3;Nj sheets with clear edges. (f) Cryo-TEM image of
2DC3Ns, displaying transparent sheets with several micrometer lateral size. (g) Voltex presentation of a 3D volume
of a vitrified sample of 2DC;N3 obtained by cryo-ET. The figure illustrates that the sheets fold back or partially
rolls up in water. (h) SEM and optical microscopy images of 2DC3Nj3 sheets.

Fig. 2. (a) HRTM image of a 2DC3Nj3 sheet, showing crystalline domains in amorphous areas. (b) A Part of stacked
2DC3N3 sheets and (c) related electron diffraction pattern. (d and e) HRTEM image of a 2DC3Nj3 sheet with
different magnifications. Stacked layers with 0.258 nm distance can be clearly seen in these images. (f) HRTEM
of'a 2DC;N3 and related unit cell obtained by patterns in this image.
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Fig. 3. (a) Survey, (b) highly resolved Cls and (c) highly resolved N1s spectra of 2DC3N3. (d) Composition of
2DC3N3 obtained by XPS, elemental analysis and EDX. (e) TGA thermograms of 2DC3N3 and its precursors at a
heating rate of 10 “C. min™' under argon. (f) Mapping of 2DC;N3 composition and carbon, nitrogen and oxygen
element scattering pattern. (g) CP-MAS NMR spectrum of 2DC3N3, showing distinguished signals for the triazine
rings, methoxy and carboxyl functional groups.
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Fig. 4. (a) XRD diffractograms of 2DC3N3 and its precursors. A sharp peak at 27.32° was assigned to the sheet-
like structure and crystallinity of this compound. (b) UV-vis spectra of 2DC3N; (0.4 mg. ml™') and its precursors
in (0.1 mg. ml'"). (¢) The photoluminescence (PL) spectra of 2DC3N3 (0.5 mg. ml!) at different excitation
wavelengths. (d) Confocal laser scanning microscopy (CLSM) image of individual 2DC3N3 sheets. Sheets were
excited by 405 nm wavelength.
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Fig. 5. The photoluminescence (PL) spectra of 2DC3N3 (0.5 mg. ml!') in the presence of different concentrations

of Cd** (a), Pb>* (b), ngJr (c) and MB (d) at 360 nm excitation wavelengths. In each figure, shifting of the
maximum emission wavelength of 2DC3N3 upon addition different concentrations of metal ions and dye are
shown.

23



C.(mg. L)
*
* e
S * ’. *
*
+ MB
+ MG

02 04 06 038 1 1.2
InC,

Fig. 6. (a) Incubation of water solutions of different dyes (20 mg. L") with 2DC;Nj3 after 1 min (upper row) and
120 min (bottom row). (b) Water solutions (20 mg. L") of MB and MG before (left) and after (right) sonication
with 2DC3N; (1 mg) for 120 seconds at room temperature. (c) Filtering a water solution of MB (20 mg. L!) by
sponge-2DC;N; and almost complete removal of dye from water. (d) Complete removal of MB (20 mg. L") in 10
ml of water by cubic sponge-2DC3N3 after 120 min at room temperature without shaking. The white and black
sponges are polyurethane sponges before and after treatment with 2DC3;N3s. (e) Langmuir and (f) Freundlich
adsorption isotherms of MB and MG by 2DC;3Ni.
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Fig. 8. (a) The effect of pH on the adsorption capacity of MB and MG by 2DC;NGi. (b) Reusability of the
2DCsN; for three successive adsorption-desorption cycles for MB and MG.
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