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In memory of our colleague Lapo Luconi (1978-2020), a beloved and unforgettable friend.

Covalent triazine frameworks (CTFs) represent a sub-class of
Porous Organic Polymers showing high chemical/thermal
stability, large permanent porosity and intrinsically high N-
content. All these features make them ideal candidates for
Carbon Capture and Storage (CCS) applications. Herein, a novel
CTF has been prepared under ionothermal conditions through
cyclotrimerization of a newly designed dicyano-building block
with high N/C ratio (2,6-Dicyano-1,5-naphthyridine, 4). The as
prepared CTF-Napht showed remarkable carbon dioxide

Introduction

One of the most urgent priorities of modern society is the
mitigation of detrimental effects of global warming, mainly
caused by uncontrolled anthropogenic CO, emissions in the
atmosphere.! Albeit intense research efforts towards an
efficient exploitation of renewable sources for clean energy
production are being made worldwide, nowadays fossil fuels
still play a primary role for fulfilling the global energy demand.
As a result, CO, levels in the atmosphere are steadily growing,
reaching the present worrying threshold of 421 ppm.” While
we are waiting for a desirable global revolution towards a
sustainable and low carbon footprint society, a readily available
alternative is the sequestration of atmospheric CO, via the
Carbon Capture and Storage (CCS) approach.” On this ground,
CO, physisorption in highly porous materials at ambient
temperature (physical storage) represents a more convenient
alternative to traditional energy consuming amine-based
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uptake at ambient conditions, with a loading of 3.93 mmol/g
(17.3 wt.%) at 1 bar and 298 K that outperforms many bench-
mark CTF systems from the literature. The ad-hoc designed
dicyano building unit together with a judicious choice of
synthetic conditions have imparted to CTF-Napht an out-
standing affinity towards CO, confirmed by its isosteric heat of
adsorption (Q,) as high as 39.6 KJ/mol that ranks among the
highest reported so far for CTF-based polymers.

scrubbing  (chemical
methods.”

Covalent triazine frameworks (CTFs), first introduced in
2008 by Thomas and co-workers,” are a subclass of Porous
Organic Polymers (POPs) presenting high chemical and thermal
stability together with high SSA and permanent porosity that
make them ideal candidates for gas storage applications.” CTFs
are classically synthesized through cyclotrimerization of dicya-
noaryl compounds under ionothermal conditions. The exper-
imental synthetic conditions deeply influence the materials
final texture (SSA, porosity, crystallinity) and chemical composi-
tion (N-content, surface polarity).®” As a result, different
trimerization conditions as well as the virtually infinite set of
available dicyano building blocks have paved the way for the
design of a large variety of CTFs with a broad range of
morphological and chemico-physical properties conveniently
tunable on the basis of their downstream applications.!*""

With the aim at promoting CO, adsorption, a common
strategy relies on the insertion of basic functional groups in the
dicyano building unit in order to enhance the material affinity
for (acidic) CO,. CTFs high N-content has been found to boost
the interaction with CO, ensuring remarkable adsorption
performance.” In particular, a wide range of N-rich frameworks
has been prepared starting from pyridine- imidazole-""
pyrimidine-, lutidine- and bypiridine-""! based dinitriles. These
studies investigated the influence of various parameters on the
materials final CO, uptake capacity; the collected results
unveiled that the adsorption performance is a delicate balance
among the overall N-content, SSA and microporosity. High
trimerization temperatures (i.e. 700-750°C) generate materials
with high surface area and pore volume but featured by a

storage) or cryogenic condensation
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higher number of structural defects and a reduced N-loading.
Consequently, their CO, uptake capacity is moderate, especially
at ambient conditions.!"*'

In this paper, we report the synthesis of a new covalent
triazine framework (CTF-Napht) prepared under ionothermal
conditions from a 2,6-Dicyano-1,5-naphthyridine (4) building
block. The high N/C ratio of the newly designed dinitrile
together with the employ of relatively low synthetic temper-
atures (600°C) have led to a well-performing material able to
reach high levels of CO, adsorption at room conditions (1 bar,
298 K). Despite its moderate SSA (1341 m%qg), CTF-Napht
outperforms many CTF materials from the literature with more
than doubled surface areas. The high thermodynamic affinity of
CTF-Napht towards CO, is also highlighted by its remarkable
isosteric heat of adsorption at zero coverage (Qu=
39.6 KJmol™") that ranks among the highest reported so far for
this class of materials.

Results and Discussion
Synthesis and characterization

2,6-Dicyano-1,5-naphthyridine (4) (the building block for CTF-
Napht synthesis) has been prepared following slightly modified
literature procedures, as summarized on Scheme 1.
1,5-naphthyridine (2) has been prepared according to a
Skraup-like protocol.’”'® Dehydrated glycerol underwent a
nucleophilic attack by 3-amino-pyridine (1) with subsequent
acid-catalyzed ring closure and oxidation by means of iodine
obtaining 2 in good vyield as a white solid. After chromato-
graphic purification, 2 was treated with m-chloroperbenzoic
acid to get the corresponding di-N-oxide counterpart (3) as a
yellow solid (82% yield)."” The latter was finally treated with an
acyl chloride and trimethylsilyl cyanide to afford 4 through a
rapid and efficient multicomponent naphtiridine core function-
alization reaction.”®?" The target dicyano building block 4 was
therefore obtained in one-pot from 3 in good yield (76 %) as a
white solid and further exploited for CTF synthesis. CTF-Napht
was prepared from 4 under classical ionothermal conditions'
in molten ZnCl, through a cyclotrimerization reaction. In this
type of synthesis, Zinc chloride is known to have a triple
function as reaction medium, Lewis acid trimerization catalyst
and porogen agent and it is commonly used in large excess.”
Accordingly, 4 was mixed with dry ZnCl, (1:5 molar ratio) in a
glove-box and the resulting mixture sealed under vacuum into

x-NHz N
T — (1
N N

(1) (2)

a quartz ampule before being heated at 600°C for 20 h (see
experimental section for details). After careful purification, CTF-
Napht was finally recovered as a highly porous and amorphous
black solid featured by a layered-structured morphology as can
be argued from SEM analysis (Figure S1). Infrared (IR) spectro-
scopy highlights the complete trimerization of the monomer 4,
with no residual nitrile groups (~2300 cm™") present in CTF-
Napht (Figure S2).

The N, adsorption isotherm collected on CTF-Napht and
the relative micropore size distribution are shown on Figure TA.
As previously found for dicyano-building blocks bearing
pyridinic functionalities,"® CTF-Napht shows a type-l isotherm
profile typical of microporous materials. This morphological
feature is ascribed to an intimate Lewis acid-base interaction
between the pyridinic moieties and ZnCl, that brings a more
dense coordination geometry throughout the cyclotrimeriza-
tion process® As a result, CTF-Napht shows a satisfactory
Specific Surface Area (SSA) of 1341 m?g™~' together with a total
pore volume of 0.685 cm®*g™" (Vo =0.605 cm?*g™~", 90%). The
micropore size distribution calculated through NL-DFT and
assuming a slit-like pore shape (typical of carbonaceous
materials) reveals the presence of (large) micropores in the 23-
25 A size range (Figure 1A"), at the border between micropores
and mesopores. Several literature precedents remark the
central role played by micropores (by a high V,o/Vie: ratio in
particular) on the material ability to efficiently adsorb CO,.>?¥
Thus, CTF-Napht is a promising material for CCS applications.
On the other hand, N-content and more specifically basic N-
moieties are commonly recognized as preferential adsorption
sites for CO,.””' The choice of a naphtiridine core together with
controlled synthetic conditions (i.e. prolonged cyclotrimeriza-
tion times at 600°C) allowed to reach both goals, obtaining a
highly microporous and N-rich polymer. It is well known that
high synthetic temperatures (750-800°C) ensure high SSA
values but also partial carbonization accompanied by C—N
cleavages and in turn materials pauperization in nitrogen.">'®
The highly N-rich dicyano building block 4 together with a
medium trimerization temperature represent an ideal compro-
mise bringing to CTF-Napht with considerable SSA and N-
loading as high as 14.9 wt.% as measured from CHN elemental
analysis.

XPS analysis was finally carried out to get additional
characterization of CTF-Napht. The survey spectrum reported
on Figure S3 is in line with the expected material composition
and confirms the complete removal of ZnCl, coming from the

Uﬁ - L,

Scheme 1. Synthesis of 2,6-Dicyano-1,5-naphthyridine (4). Reagents and conditions: i) glycerol, conc. H,SO,, 0°C; 1,, dioxane/water (1:1), reflux, overnight; ii)
CIPhCOOOH, CH,Cl,/MeOH, rt, 72 h; iii) PhCOCI, Me,SIiCN, CH,Cl,, 40°C, 2 h, isolated yield: 76 %.
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Figure 1. (A) N, adsorption-desorption isotherms recorded at 77 K for CTF-Napht together with relative micropore size distribution (A’) measured through NL-
DFT method (slit-like pores). (B) High resolution N1s XPS analyses recorded on CTF-Napht.

synthesis. The high resolution N 1s XPS signal (Figure 1B) shows
the absence of the starting -C=N functional groups present in
4 and the typical profile of covalent triazine frameworks that
can be conveniently fitted with two components at 398.3 and
400.4 eV commonly ascribed to pyridinic and pyrrolic nuclei,
respectively."**® While the former are likely due to N atoms of
the triazine ring, the latter are generated by the thermal
rearrangement of the material during the synthetic
procedure.””!

CO, adsorption properties

The high N-content together with a marked microporous
character make CTF-Napht a good candidate for CCS applica-
tions. Accordingly, low pressure CO, adsorption isotherms were
recorded at 252, 273 and 298 K (Figure 2) and results are
summarized on Table 1. CTF-Napht shows a room temperature
CO, uptake as high as 3.93 mmol/g (17.3 wt.%) at 1 bar,
ranking among the covalent triazine frameworks with the
highest adsorption capacity. As it can be argued from Table 1,
with the only exception of high SSA CTF-py"""*) and TCNQ-CTF-
700“® prepared at higher trimerization temperatures (700-
750°C), the ultra-nanoporous HAT-CTF? and defluorinated
materials,®>" CTF-Napht largely outperforms many bench-
mark and recently reported CTF materials from the literature.
Worthy of note, the room temperature CO, adsorption capacity
of CTF-Napht is higher than that reached by samples with
markedly higher SSA values [i.e., bipy-CTF600 (2479 m?%/g),"
caCTF-1-700 (2367 m?%/g),*? MM2 (1935 m%q),*® F-DCBP-CTF-1
(2437 m¥/g),*®  CTF-pDCB/DCI'™ (3201 m%qg),"®  DDP600
(2275 m*/g)** vs. CTF-Napht (1341 m%g)], thus highlighting its
strong affinity towards the target gas. In addition, CTF-Napht
shows interesting CO, adsorption properties also at low
pressure values. With a CO, uptake registered at 0.15 bar of
1.75 and 1.05 mmol/g at 273 and 298 K, respectively (Table 1),
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Figure 2. CO, adsorption isotherms registered for CTF-Napht at 252, 273 and
298 K

it overcomes the corresponding values registered for the high
SSA CTF-py" "3 and fluorinated F-CTF-1-600."*

To get additional insight on the interaction strength with
CO,, the isosteric heat of adsorption (Q,) was calculated on the
basis of the Clausius-Clapeyron equation from isotherms
measured at 252, 273 and 298 K (see Experimental section for
details). This parameter is commonly recognized as an indicator
of the thermodynamic affinity of materials for a target gas to
be adsorbed. Q,, calculated for CTF-Napht has been found to
be as high as 39.6 KJmol™' at zero coverage (Figure S4),
representing one of the highest values reported so far for
covalent triazine frameworks (Table 1).%'*'? As a matter of fact,
the cyano-building block design together with the judicious
choice of trimerization conditions have boosted CTF-Napht to
the boundary of the thermodynamics for CO, physisorption. 40
KJ mol™" is indeed recognized as the upper limit for CO,

© 2022 Wiley-VCH GmbH
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Table 1. CO, adsorption uptake, Q,; and CO,/N, selectivity values measured for CTF-Napht at comparison with the most representative and recently reported
CTF systems from literature.
Materials SSA CO, uptake @1 bar [0.15 bar] (mmol/g) Qy CO,/N, Ref.
(cm®/g) 273K 298 K (KJmol ™)@ Selectivity®
CTF-Napht 1341 4.84 [1.75] 3.93 [1.05] 39.6 42 this work
CTF-py"" 3040 5.97 [1.04]“ 4.22[0.61]¢ 27.1 29 [13]
CTF-py 1239 5.08 [2.03]“ 3.79 [1.12]9 35.1 45
F-CTF-1-600 1535 5.53 [1.40] 3.41 [0.68]"7 [25]
CTF4 784 439 [1.51]¢ 3.83[1.23]9 215 75 [14]
fl- CTF350 1235 4.28 2.29 327 27 [36]
bipy-CTF600 2479 5.58 295 344 37 [15]
HAT-CTF-450/600 1090 6.3 [3.0] 4.81[2.0] 271 126 [29]
caCTF-1-700 2367 6.00 3.55 30.6 [32]
PHCTF-4 1270 234 1.57 40 [22]
CTF-20-400 1458 3.48 2.09 22 19 [37]
CTF-BIB-1 1636 435 253 [38]
MM2 1935 4.70 3.08 32 [33]
cCTF-500 1247 3.02 1.82 43 [39]
CTF-HUST-3 807 3.16 1.82 33 [40]
F-DCBP-CTF-1 2437 5.98 [2.15] 3.82[1.19] 331 31 [26]
acac-CTF-5-500 1556 3.30 1.97 28.6 46 [41]
df-TzCTF600 1720 6.79 [2.17] 4.60 34 21 [31]
Tz-df-CTF600 2106 7.65 5.08 20 [30]
HATN-CTF-2 1994 5.57 3.53 326 33 (46) [42]
isox-CTF-5-400 1683 4.92 2.86 29 [43]
CTF-Ng 1236 5.0 34 26 36 [44]
ICTF-SCN 1010 248 1.40 24.8 [45]
TCNQ-CTF-700 3574 5.36 413 30.6 [28]
TCNQ-CTF-500 1479 4.78 3.38 27.6
Pyrene-CTF-10 819 5.10 2.82 [46]
BCK-CTF-Gly 1720 5.56 2.68 333 37 [47]
CTF-pDCB/DCIT 3201 5.38 3.03 322 10 [16]
CTF-TPM-500 1206 2.74 1.68 29.8 [48]
TPP-CTF-4 1390 6.83 411 19 [49]
An-CTF-20-500 700 5.25 2.69 [50]
Py-CTF-400 1515 4.68 3.39 25.9 [51]
DDP600 2275 3.50 2.00 29.7 [34]
Pz-CTF6 1009 - 247 [52]
PTPOF-400-15 1.76 - [53]
[a] at zero coverage; [b] evaluated on the basis of Henry model; [c] at 0.1 bar; [d] at 273 K

reversible physisorption involving Van der Waals forces,'®*"
while Q,,>40 KJmol™" are typical values associated to chem-
isorption phenomena (such as those typically found for CO,
aqueous amines solutions).”

Competitive CO, uptake over N, is an important parameter
for practical applications as CO, adsorbent from post-combus-
tion flue gases mixtures typically containing about 15% of CO,
vs. 75% of N,."™ To this purpose, CTF-Napht CO,/N, selectivity
has been evaluated on the basis of the Henry model taking
into account the initial slopes of the corresponding isotherms
recorded at 298 K (Figure S5). CTF-Napht showed a good
selectivity value of 42 (Table 1). It can be inferred that its highly
microporous nature and channel dimensions that better match
with CO, dynamic radius ensure a higher kinetic selectivity for
CO, over N, hence opening promising perspectives for an
efficient separation of CO,/N, mixtures.®¥
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Conclusions

A novel covalent triazine framework has been synthesized
under ionothermal conditions starting from 2,6-Dicyano-1,5-
naphthyridine as building unit. The newly designed dinitrile
monomer with its high N/C ratio together with selected
trimerization conditions have led to the obtainment of a N-rich
porous polymer with enhanced performance for CCS applica-
tions. CTF-Napht offered one of the highest CO, uptake
capacities at ambient conditions reported so far for this class of
materials, outperforming many CTFs from the literature
featured by more than doubled SSA values. The remarkable
affinity of CTF-Napht for CO, is further confirmed by its (Qy)co,
value, as high as 39.6 KJ/mol, that stands at the upper
thermodynamic limit for physical adsorption.

Experimental Section

All reactions were performed using standard Schlenk procedures
under dry nitrogen atmosphere. Solvents were purified through
standard distillation techniques while commercially available start-

© 2022 Wiley-VCH GmbH
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ing materials were used as received, unless otherwise stated. 2 and
3 were prepared following literature procedures,"®'¥ while 4 was
synthesized adapting a reported protocol.?" In brief, a solution of 3
(0.65 g, 4 mmol) and trimethylsilyl cyanide (2.5 mL, 20 mmol) in dry
and degassed CH,Cl, (140 mL) was stirred at room temperature for
10 minutes before adding benzyl chloride (1.53 mL, 13.2 mmol)
dropwise. The as-obtained mixture was stirred for further 110 min
at 40°C and then washed with water (2x0 mL), NaHCO; sat. (2%
50 mL) and brine (2x50 mL). After stirring on Na,SO, to remove
traces of water, the collected organic phases were concentrated in
vacuo affording 2,6-dicyano-1,5-naphthyridine (4) as a white solid
in 76% yield. 'H-NMR characterization was consistent with
literature."™

CTF-Napht was prepared under classical ionothermal conditions in
molten ZnCl,.” 4 (0.25 g, 1.39 mmol) was finely grinded with a five-
fold excess of dry ZnCl, (0.95 g, 6.94 mmol) in a glove-box and
transferred in a quartz ampule. The mixture was dried under
vacuum overnight, the ampule flame-sealed and then heated at
600°C for 20 h in a furnace. After cooling to room temperature, the
ampule was carefully opened and the black solid recovered. The
latter underwent sequential washing cycles (water, HCl 1 M, NaOH
1 M, water and finally THF) before being dried to constant weight.
Yield: 78 %.

Electron microscopy images were acquired using a Tescan GAIA 3
FIB/SEM, at the CeME electron microscopy facility (CNR-ICCOM,
Florence). For the sample preparation, a spatula tip of the powder
was dropped on a stub covered by adhesive SEM tape. Excess
(unadhered) sample was then removed by applying a gentle flux of
Ar on the surface of the stub. The as-prepared sample was analyzed
without further conductive coating, using an e-beam energy of
10 keV. FT-IR spectroscopy was performed on a PerkinElmer
Spectrum BX FT-IR spectrophotometer in the 400-4000 cm™' range
with a resolution of 1 cm™'. Samples were prepared mixing 2-
3 wt.% of the material with spectroscopic grade KBr. X-ray Photo-
electron Spectroscopy (XPS) analyses were performed under ultra-
high vacuum (107° mbar) in a system equipped with a VSW HAC
5000 hemispherical electron energy analyzer and a non-mono-
chromatized Mg—Ka X-ray source (1253.6 eV). Survey spectra were
acquired at a pass energy of 44 eV (step size 1eV) while high
resolution spectra for detailed Binding Energy (BE) chemical shift
analysis were registered at a pass energy of 22 eV with a step size
of 0.05 eV. Spectra were calibrated on the sp? graphitic component
of the C 1s spectrum (BE=284.7¢eV) and fitted with mixed
Gaussian-Lorentzian peaks. Elemental analyses were conducted on
a Thermo FlashEA 1112 Series CHNS—O instrument and elemental
wt.% was calculated as average value over three independent runs.
Gas adsorption measurements. N, adsorption isotherm was meas-
ured at 77K on an ASAP 2020 Micromeritics instrument after
degassing the sample at 200°C for 12 h. The specific surface area
(SSA) was determined on the basis of the Brunauer-Emmett-Teller
(BET) method in the 0.1-0.22 p/p0 range (Figure S6). The micropore
size distribution is reported as dV/dlog(W) vs. pore width (W) and
was calculated assuming slit-like pores by using the NLDFT(SD3),
N,-77-Carbon Slit Pores DFT method provided by Micromeritics.
Total pore volume was determined at 0.98 relative pressure. CO,
adsorption isotherms were recorded up to 1.2 bar at 298, 273 and
252 K in order to extrapolate the carbon dioxide isosteric heat of
adsorption (Q,4) applying the differential form of the Clausius-
Clapeyron equation:

ChemistrySelect 2022, 202203560 (5 of 6)

[8(lnp)} Q.
R

: _
0(?) 0

where R is 8.315 JK 'mol™". N, adsorption at 298 K up to 1.2 bar
was also recorded for CO,/N, selectivity evaluation on the basis of

the Henry model, taking into account the initial slopes of the
corresponding adsorption isotherms."

Supporting Information Summary

SEM images, Infrared, survey XPS spectra for CTF-Napht
together with Q,, Henry and BET linear plots are provided in
the Supporting Information.
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