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A porous covalent triazine-based framework (CTF) was prepared by a two-step strategy, where p-
toluenesulfonic acid monohydrate (TsOH-H,O) was used as a catalyst. The porosity and gas storage
capacity of the as-obtained framework was evaluated. In addition, the evolution of the chemical
structure during the two stages was studied. Crystallite size was calculated to study the formation of the
framework; the evolution of internal porosity has been discussed based on the results obtained. In the
first step, a triazine-based polymer was formed at relatively low temperatures, and limited crystallites
were developed. However, in the second step, a treatment at higher temperatures performed in an open
system resulted in the purification of the chemical structure; furthermore, CTF lamellae with an
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Introduction

Porous materials, possessing a large amount of small pores and
thus high surface areas, can be used in various fields such as in
catalysis (catalysts or catalyst supports),"> adsorption, separa-
tion,** gas storage,® and ion exchange.® In particular, organic
porous materials have attracted significant attention due to
their lightweight properties, flexible design, and ease of func-
tionalization.” Over the last few years, purely organic materials
with small pores, such as hyper-crosslinked polymers, polymers
with intrinsic microporosity, and covalent organic frameworks
(COFs), have been reported.’**®* Among these, COFs, a kind of
microporous, crystalline polymer networks with periodic pore
structures, have attracted increasing attention in recent years.
Their tunable pore size and tailored functionalities indicate that
COFs can find potential applications in a diverse range of fields,
such as optoelectronics, electrochemistry, and catalysis.””° The
first COF, COF-1, synthesized via reversible formation of a bor-
onate ester, exhibited a high surface area and good thermal
stability.”* Other COFs were synthesized via formation of
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improved ordered stacking developed, resulting in a dramatic increase in internal porosity.

boronate anhydrides, borosilicates, imines, hydrazones, and
triazines.”

CTFs are an emerging type of partially crystalline porous
frameworks that possess properties similar to those of COFs.>*
Being isoelectronic to COF-1, CTF-1s polymerize from DCB and
possess comparable porous properties, whereas the triazine
structures provide better thermal and chemical stability than
the boroxine rings. It has been reported that CTFs can be used
as catalyst supports for selective reactions at high temperatures,
solid phase catalysts for the conversion of CO,, and carriers or
sorbent materials for storing gases.**® Moreover, CTFs have
been recently applied as sensors and electrodes.”” CTFs can be
synthesized by trimerization reaction of carbonitriles, such as
the relatively easier accessible monomer 1,4-dicyanobenzene
(DCB), using ZnCl, as a Lewis acid®®*™" to obtain a so-called
ionothermal system;*' however, due to the weak acidity and
high melting point of ZnCl,, high initial reaction temperatures
and large catalyst dosages are necessary when ZnCl, is used as
a catalyst. Other potential catalysts are organic acids. As re-
ported, the most widely wused organic acid is tri-
fluoromethanesulfonic acid (CF;SO;H), a strong Brensted acid
with a very high volatility.**** The relationship between catalyst
dosage and the Brunauer-Emmett-Teller specific surface area
(BET SSA) of reported CTF-1s is illustrated in Fig. 1 for better
comparison.?*3>-3

In this study, p-toluenesulfonic acid monohydrate
(TsOH-H,0), a solid-state organic acid with medium-strong
acidity, was selected as the catalyst for the synthesis of CTF-1.
The evolution of the CTF framework construction, along with
the pore formation, was elucidated by chemical structure
analysis and crystal parameter calculations. In addition,

This journal is © The Royal Society of Chemistry 2017
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from the corresponding literature).?328-3°

a method for crystallite size calculation was developed based on
the deconvoluted powder X-ray diffractometer (PXRD) patterns,
which shows great potential in demonstrating the relationship
between the crystallite development and porosity formation.

Experimental

Chemicals

DCB was obtained from J&K Scientific Ltd. TsOH-H,O was
purchased from Sinopharm Chemical Reagent Beijing Co. Ltd.
All chemicals were used as received.

Synthesis of the triazine-based polymer

DCB (1.28 g, 10 mmol) and TsOH-H,O (0.95 g, 5 mmol) were
mixed using a mortar and transferred to a quartz ampoule (3 x
7 c¢cm) under a nitrogen atmosphere. The ampoule was vac-
uumed, sealed, and heated at 250 °C for 5 h, then at 300 °C for
5 h, and finally at 350 °C for 10 h. Subsequently, the ampoule
was allowed to cool down to room temperature and then
opened. The as-obtained triazine-based polymer was solid and
black in colour.

Post-processing of the triazine-based polymer

The triazine-based polymer (0.42 g) was added to a porcelain
crucible, covered with a lid, and placed inside a quartz tubular
furnace. No further catalyst was added to the system during this
process. Then, under a nitrogen atmosphere, the crucible was
heated to either 400 °C or 500 °C, and this temperature was
maintained for 20 h. Both as-obtained solid products were black
in color and were designated as CTF-1@400 (prepared at 400 °C)
and CTF-1@500 (prepared at 500 °C).

Characterizations

Fourier transform infrared spectroscopy (FTIR) spectra were
obtained using a Tensor-27 spectrometer at room temperature.
X-ray photoelectron spectroscopy (XPS) measurements were
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performed using an ESCALAB250XI instrument. **C-solid-state
nuclear magnetic resonance (*C-solid NMR) spectra were ob-
tained using a Bruker Avance 400 MHz spectrometer. Powder X-
ray diffractograms (PXRD) were obtained in the reflection mode
using a Rigaku D/max 2500 powder X-ray diffractometer with
Cu-K, radiation (A = 1.4518 A). Nitrogen sorption measure-
ments were performed at 77 K using a Micromeritics ASAP 2020
surface area and porosimetry analyzer. Pyrolysis-gas
chromatography/mass spectrometry (Py-GC/MS) experiments
were performed using a EGA/PY-303D pyrolyser connected to
a QP2010Ultra GC-MS. Finally, elemental analysis was per-
formed using a Flash EA 1112 analyzer.

Calculation of the crystallite size

PXRD patterns were baseline corrected and smoothed using the
MDI Jade software, and the deconvolution of the curves was
performed using the Origin software. The d-spacing (dxi;) and
the crystallite dimension (D) were calculated by the following
equations:

The Bragg equation:

ni

2sin @’ )

Ay =

where 7 is the diffraction series (herein, it was adopted as 1), 6 is
the Bragg diffraction angle, and A is the X-ray wavelength (Cu
K,, 1.5418 A).

The Scherrer equation:

K2

D= ——2
M= 8 % cos 07

2)
where K is the crystallite shape constant (herein, it was adopted
as 0.89), and @ is the crystallite size-induced diffraction width.
According to its definition, 8 equals to the full width at half
maximum of the corresponding diffraction peak in the PXRD
pattern.*

Results and discussion

Characterization of the CTF structures

The chemical structure of CTF-1@500 was confirmed by FTIR,
XPS and "C solid NMR. In the FTIR spectrum of CTF-1@500
(Fig. 2a), the absence of the peak corresponding to the nitrile
group (2230 cm™ ') and the presence of clear peaks for triazine
structures (1515 and 1350 cm™ ') indicated the successful
transformation of the nitrile groups into triazine structures via
trimerization. The structure of CTF-1@500 was also confirmed
by XPS. The peak with a binding energy of 286.8 eV (corre-
sponding to triazine carbon) in the deconvoluted C 1s spectrum
(Fig. 2f) and the peak at a binding energy of 398.9 eV (corre-
sponding to triazine N 1s signal) in the N 1s spectrum (Fig. 2g)
were in agreement with the FTIR results.* In addition, the peak
at 169.8 ppm in the **C solid NMR of CTF-1@500 (Fig. S17),
attributing to the triazine structure, further verified the exis-
tence of triazine structure in CTF-1@500.

The periodic chemical structure of CTF-1@500 was calcu-
lated using the Materials Studio software (Fig. 2¢). The structure
of the crystal cell is shown in Fig. S2,t from which the PXRD

RSC Adlv., 2017, 7, 45818-45823 | 45819
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(a) FTIR spectra of DCB and CTF-1@500; (b) experimental PXRD pattern of CTF-1@500 (top) and calculated PXRD pattern based on an

optimized CTF-1 structure; (c) CTF-1 structure as calculated using the Materials Studio software; (d) nitrogen adsorption—desorption isotherms
(black) and pore size distribution (blue) of CTF-1@500; (e) volumetric CO, (black) and CH, (red) sorption isotherms of CTF-1@500 at 298 K; (f)
deconvoluted C 1s spectrum of CTF-1@500; and (g) deconvoluted N 1s spectrum of CTF-1@500.

pattern is predicted and shown in Fig. 2b. Obviously, the
observed PXRD signals appear at almost the same positions as
the calculated value; thus, the formation of crystalline triazine-
based frameworks is confirmed.

The hexagonally packed triazine-based framework would
bring in large quantity of nanopores, and the pore structure of
CTF-1@500 was investigated by nitrogen sorption experiments
at 77 K. The type I isotherm (Fig. 2d) indicated the presence of
abundant micropores, and the BET SSA was determined to be
535 m>g . As illustrated in Fig. 1, using TsOH-H,0, an organic
acid with medium acidity, a smaller amount of catalyst was
needed and a higher BET SSA was achieved, as compared to that
of CTF-1 prepared with CF;SO;H. The maximum value for the
pore size as calculated by the non-local density functional
theory (NL-DFT) was 15.91 A, which was quite close to the unit
cell parameter (¢ = b = 12.58 A, Fig. S2f). Moreover, the
adsorption capacity of CTF-1@500 for CO, and CH, at 298 K
were measured to evaluate their potential application as gas
capture and storage materials. The volumetric CO, and CH,
sorption isotherms (Fig. 2e) show that the uptakes at 1 bar for
CO, and CH, are 1.5 mmol g ' and 0.50 mmol g, respectively.
The result indicates remarkable capacity of CTF-1@500 for gas,
especially for CO,. This capacity was relatively higher than that
of CTF-1 prepared with ZnCl, (ref. 4) (1.41 mmol g™ ).

Evolution during pore formation

Under acidic conditions, nitriles tend to transform into triazine
structures via trimerization. Polymerization of DCB catalyzed by
TsOH was carried out below a relatively low temperature (350
°C) in a vacuum-sealed system. The reaction for the catalytic
trimerization of DCB is shown in Scheme 1a. The protons of

45820 | RSC Adv., 2017, 7, 45818-45823

TsOH could facilitate the nucleophilic addition of nitrile
groups; this formed the triazine-based polymer. Subsequently,
during the treatment at 500 °C in an open system, the ongoing
reversible trimerization reaction would benefit the growth of
CTF crystals into larger and thicker lamellae to afford CTF-
1@500. However, due to the existence of both steric and
kinetic limitations, the final CTF solid at equilibrium consisted
of a combination of crystalline and amorphous domains, as
illustrated in Scheme 1b.

To study the evolution of the framework construction, CTF-
1@400 was prepared from the triazine-based polymer via
a similar post treatment at 400 °C as CTF-1@500. Chemical and
structural characterizations were performed on the products
obtained at the first stage (triazine-based polymer) and at the
second stage (CTF-1@400 and CTF-1@500) to reveal the
evolution.

The FTIR spectra (Fig. 3a) indicated that early in the first step
(polymerization), triazine structures (1515 and 1350 cm™ ') are
formed; after the post-treatment, CTF-1@400 and CTF-1@500
largely retain such structure. In the XPS results, the signals at
286.8 €V in the deconvoluted C 1s spectra and 398.9 eV in the
deconvoluted N 1s spectra (Fig. S31) further verify the successful
formation and retention of triazine rings in triazine-based
polymer, CTF-1@400 and CTF-1@500. The disappearance of
the weak peak at around 1720 cm ™" in the FTIR spectra of CTF-
1@400 and CTF-1@500 (Fig. 3a), along with the disappearance
of the peak at 289.1 eV in the C 1s deconvoluted spectra of CTF-
1@400 and CTF-1@500 (Fig. S3t), indicated the removal of
carbonyl-type impurities from the triazine-based polymer
during the post-treatment at high temperatures. The formation
of these carbonyl-type impurities may be related to crystal-
liferous water (from TsOH-H,0) sealed and trapped within the

This journal is © The Royal Society of Chemistry 2017
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system during the first step, where hydrolysis of the nitrile
groups may be triggered. Later in the second step, the high-
temperature treatment of the materials in an open system
facilitates the decomposition and removal of the impurities. In
addition, the appearance of a new peak at 290.5 eV (related to
T-carbon) in the C 1s spectrum of CTF-1@500 (Fig. S3j¥)
reveals the improvement of the triazine structure in larger
scales. It is worth mentioning that for CTF-1@500, the peaks
attributed to the nitrile groups were still detected by XPS
(400.2 eV in N 1s, Fig. S3k{) and *C-solid NMR spectrum
(116 ppm, Fig. S17), which may be related to the dynamically
reversible trimerization of nitriles;** the catalyst plays a vital
role in this process. The retention of peaks centered at
168.7 eV in the deconvoluted S 2p spectra (corresponding to
sulfonate structure, as shown in Fig. S31) indicates the survival
of sulfonate group at high temperatures. Table 1 shows the
elemental analysis of triazine-based polymer, CTF-1@400, and
CTF-1@500. It can be seen that CTF-1@500 has the C, N, and H
content that is closest to the theoretical value. CTF-1@500 also
has the lowest O amount, suggesting the purification of the

similar S content in the triazine-based polymer, CTF-1@400,
and CTF-1@500 indicates that the catalyst remains in the
system throughout the whole process. On the other hand, the
clear difference between the theoretical and experimental N
content of CTF-1@500 may be attributed to the presence of
residual catalyst. It has been speculated that the retention of
the sulfonate structure may play a critical role in the rear-
rangement and development of the crystalline structure by
allowing the subsequent reversible trimerization. The catalytic
mechanism of the sulfonate structure will be studied in depth
in our subsequent works.

Py-GC/MS experiments of the triazine-based polymer were
performed at 400 and 500 °C (Fig. 3b) to study the gas evolution
during the reversible trimerization reaction at high tempera-
tures. The pyrogram fragments of benzene, cyanobenzene,
benzoic acid, and benzamide confirm the decomposition and
removal of the carbonyl-type impurities, as predicted from the
FTIR spectra shown in Fig. 3a. Fortunately, no triazine-related
fragments were found.

The abovementioned chemical characterizations revealed
that as the reaction temperature increases, the orderness of
framework structure is improved. PXRD was performed on the
products of the two stages to reveal the trend in the crystallinity,
and the patterns are shown in Fig. 4a. It can be seen that all
products obtained after the two stages were partially crystalline
materials, where the crystallites were distributed in a mass of
amorphous triazine-based framework, as in the structure
shown in Scheme 1b. The ever-strengthening diffraction peaks,
especially the (100) and (001) peaks, suggested the development
of lamellae with an improved stacking. The patterns were
baseline corrected, smoothed, and fitted to elucidate the

Table 1 Elemental analysis of the triazine-based polymer, CTF-1@400 and CTF-1@500

Sample C N H S (o) C/N (mol) C/H (mol)
Theoretical — 75 21.875 3.125 — — 4 2
Experimental Triazine-based polymer 69.04 15.72 3.22 3.69 8.33 5.12 1.79

CTF-1@400 71.36 16.32 2.89 3.96 5.47 5.1 2.06

CTF-1@500 73.99 16.37 2.92 3.82 2.9 5.27 2.11

This journal is © The Royal Society of Chemistry 2017
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(a) PXRD patterns of the triazine-based polymer, CTF-1@400 and CTF-1@500; (b) comparison of the isotherms of the triazine-based

polymer, CTF-1@400 and CTF-1@500; (c) DFT pore size distribution of the triazine-based polymer, CTF-1@400 and CTF-1@500; (d) decon-
voluted PXRD pattern of the triazine-based polymer; (e) deconvoluted PXRD pattern of CTF-1@400; and (f) deconvoluted PXRD pattern of CTF-

1@500.

parameters for each crystal face, and the deconvoluted patterns
are shown in Fig. 4d-f.***® The (100) and (001) crystal faces,
representing the CTF lamellae and the stacking of lamellae,
respectively, were selected for the calculation. Moreover, the d-
spacing (dyz) and the crystallite dimension (Dy,) values are
listed in Table 2.

During the post-treatment stage, at higher temperatures,
d100 is closer to the theoretical value, suggesting the develop-
ment of the lamellae. Based on the d,,, value, which indicates
the pore size of the framework, CTF-1@500 possesses a very
pore size similar to the theoretical value. The significant
increase in the D, value after treatment at 500 °C implies the
evident development of the lamellae. However, the Dy, value
exhibits a different trend, in which the maximum value is ob-
tained for CTF-1@400.

The superior porosity was linked to the periodic packing of the
CTF structures. Nitrogen sorption experiments at 77 K were also
performed on the triazine-based polymer and CTF-1@400.

Compared with CTF-1@500, the triazine-based polymer and
CTF-1@400 possessed a small pore volume (Fig. 4c) and the SSAs
were only 5 and 16 m* g™, respectively. The improvement of the
lamellae and their ordered packing was not accomplished before
the treatment at 500 °C; thus, the intrinsic micropores enclosed
by the frameworks are limited. On the other hand, for CTF-
1@500, although the majority of the pores had a size within
2 nm, there were also some mesopores with a size between 2 and
6 nm, which may result from the partial decomposition of the
framework. This decomposition may occur at the outer layers of
the crystallites, thus resulting in a decreased Dyg;.

Conclusions

CTF-1 was prepared by a two-step route, where TsOH-H,0, an
organic acid with medium acidity, was used as the catalyst to
trigger the trimerization of DCB. Compared with the analogous
framework prepared with a strong Bregnsted acid such as

Table 2 Crystallite parameters of the triazine-based polymer, CTF-1@400 and CTF-1@500

(100) crystal face

(001) crystal face

20001
20100 (°) di0o (A) 6 () Dig0 (A) ©) door (A) 6 (%) Doo1 (A)
Theoretical 7.05 12.53% — — 26.05 3.42° — —
Triazine-based polymer 6.92° 12.77° 1.11° 71° 26.05¢ 3.42° 4.47¢ 187
CTF-1@400 6.99% 12.65¢ 1.02° 77° 26.05¢ 3.42° 3.37¢ 244
CTF-1@500 7.00% 12.63¢ 0.73¢ 107¢ 26.05¢ 3.42° 4.02¢ 204

“ Based on experimental PXRD values. ° Theoretical values as calculated with the Materials Studio software. ¢ Calculated based on the experimental

6100 value. ¢ Calculated based on the theoretical dyo, value.
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CF3SO;H, CTF-1@500 prepared in this work exhibited a higher
BET SSA; remarkably, this was achieved with a lower catalyst
dosage. In addition, we could anticipate an enhanced perfor-
mance of the CTF by incorporating more suitable monomers
into our future TsOH-H,O-catalyzed routes.

Moreover, the evolution of the framework was studied by
characterization of the chemical structure and calculation of
the crystal parameters during different stages of the prepara-
tion. The results showed that the formation of the triazine-
based polymer is accomplished in the presence of TsOH-H,O
at relatively low temperatures. In addition, the low crystallinity
and porosity of the triazine-based polymer may be attributed to
the presence of impurities in its structure and to a limited
crystallite ordering. However, when treated at relatively high
temperatures, the growth of the crystallites leads to a remark-
able increase in the porosity. Finally, the method proposed in
this study for evaluating the CTF crystallite size may provide
a better understanding of the formation of CTFs.
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