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Carbon dioxide separation and capture/sequestration are important problems not only in the context of
global warming but also for optimization of industrial processes. Porous covalent triazine-based
frameworks (CTFs) are a class of promising materials for adsorptive separation of CO;, which could be
an effective alternative to chemisorption based approaches. We report nine novel CTFs based on mixed
building-block approach, synthesized under ionothermal conditions (ZnCl,, 400 °C). Angular 1,3-bis(4-
cyanophenyl)adamantane (Ad2), trigonal-pyramidal 1,3,5-tris(4-cyanophenyl)adamantane (Ad3) and
tetrahedral 1,3,5,7-tetrakis(4-cyanophenyl)adamantane (Ad4) were processed together with the linear
terephthalonitrile (L1) and 4,4'-biphenyl dicarbonitrile (L2) as well as the planar trigonal 1,3,5-
benzenetricarbonitrile (L3) targeting maximization of surface area and void volume. The thermally
(>500 °C) and acid stable CTFs showed a specific surface area (Sggr) in the range of 747—1885 m? g™,
with the highest surface area achieved for Ad4L2, reflecting the generally observed synergism of elon-
gation of L-building blocks with branching of the Ad-building blocks. The CO, uptake correlates
empirically with the product of BET surface area, micropore volume fraction (Vg1/Viot) and CO,-acces-
sible micropore volume (Vpicro(CO2)). At low pressure (up to 1 bar) and 273 K, Ad2L1 - Ad4L3 adsorb
significant amounts of CO, (40—76 cm® g~ 1) and CHy4 (14—26 cm® g~ 1), which are generally in line with
other reported CTFs, proving the viability of the mixed building-block approach for continuous tuning of
properties in the case of CTFs. The obtained CTFs exhibit good ideal selectivity in the range of 17—30 for
CO; over N; (for a 85% N3/15% CO, mixture at 273 K, 1 bar), and represent a prototypal ‘tunable’ series for
efficient adsorption separations. Water vapour sorption by the novel CTS indicates that the adamantane
based CTFs are largely hydrophobic.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Conventional methods for CO, separation are based on chemi-
sorption, like in the case of amine scrubbing and chilled ammonia

Porous organic polymers (POPs) are viewed as promising ma-
terials for CO, sorption and separation because of very high
attainable specific surface areas coupled with mechanical (i.e.
permanent porosity), chemical and thermal stability suitable for
applications and excellent tunability of surface properties [1,2]. The
emission of CO; has become a major environmental challenge [3,4].
More than 86% of the global energy is supplied by fossil fuels, that
induce the high amount of CO; in the atmosphere [4], which effects
global warming, ocean acidification and stability of ecosystems
[5,6].

* Corresponding author.
E-mail address: janiak@uni-duesseldorf.de (C. Janiak).

http://dx.doi.org/10.1016/j.micromeso.2016.11.033
1387-1811/© 2016 Elsevier Inc. All rights reserved.

process resulting in carbamate formation [5]. Because of general
efficiency issues, including the need of energy demanding regen-
erative stages and involvement of corrosive solutions, alternative
ways for physisorptive CO, separation are investigated. Porous
materials like zeolite and active carbon are viable adsorbents in this
regard, but their inherent disadvantages is the low potential for
tunability via functionality-tailoring and hence limited possibilities
to achieve high CO,/N; selectivity [4]. Porous organic polymers
have gained considerable attention as alternative adsorbents for
applications in gas storage and separation. POPs or MOPs (micro-
porous organic polymers) 7] typically consist of solely light ele-
ments (e. g. H, B, C, N, O) combined via strong covalent bonds and
hence have high specific, i.e., mass-related surface areas and
adsorptive capacities. Their synthesis often involves carbon-carbon
coupling [8], or condensations/cycloadditions leading to formation
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of boroxine/boronate esters [9], benzimidazoles [10], imines [11],
hydrazones [12], triazines [13], and imides [14,15] using either
preferred reversible or irreversible reaction conditions. POPs usu-
ally demonstrate higher moisture stability than metal-organic
frameworks (MOFs); especially when POPs are sustained solely
by chemically robust bonds, typically only accessible under irre-
versible conditions [11b]. Cyclotrimerization of organic nitriles
performed under such conditions yield the stable aromatic triazine
ring constituting the hence robust covalent triazine-based frame-
works (CTFs) [16]. The CTF class of compounds established by the
work of Kuhn, Antonietti, Thomas et al. [13] possess high chemical,
particularly hydrolytic and thermal stability and are interesting
because of high attainable surface areas (beyond 2000 m? g~ 1)
[13b], cheap and readily available starting materials, facile syn-
thesis and certain hydrophilicity [17].

Thomas et al. developed CTFs with permanent porosity by
ionothermal trimerization (using molten ZnCl;) of aromatic nitrile
groups [13]. At high temperature (400—700 °C) ZnCl, acts as a
Lewis acid catalyst and molten pore-forming solvent (porogen) or
templating agent for the polymerization [13b]. The surface area of
the network depends on the molar ratio of the ZnCl; to nitrile used
(typically 10:1), reaction temperature and reaction time [13]. CTFs
from such ionothermal synthesis are considered to be in-between
ideal triazine-linker frameworks and porous carbon materials due
to nitrogen deficiency in elemental composition compared to their
idealized structure [18]. Cooper et al. employed strong Brensted
acid conditions (using e.g. trifluoromethane sulfonic acid) to ca-
talyse the trimerization reaction at room temperature or under
microwave assisted conditions [19]. Both routes yield CTFs by the
idealized trimerization reaction of carbonitriles to triazine rings
(C3N3). Further, CTFs networks have been obtained using anhy-
drous AlCl3-catalyzed Friedel-Crafts synthesis via coupling of cya-
nuric chloride with aromatic hydrocarbons [20,21]. Often, CTFs
prepared by ionothermal synthesis feature higher surface areas
compared to other routes.

Recently, we reported porous triazine based frameworks using a
series of bridge-head substituted adamantanes as building blocks,
namely 1,3-bis-, 1,3,5-tris- and 1,3,5,7-tetrakis(4-cyanophenyl)
adamantanes encoded as Ad2, Ad3 and Ad4 in Scheme 1, yielding
PCTF-3 to-7 via both ionothermal and strong Brensted acid cata-
lyzed reaction conditions. The products featured surface areas in
the range of 79—1183 m? g~! with moderate CO,, CH4 and Hy up-
take around 50 cm? g1 14—20 cm® ¢! and ~112 cm?® g},
respectively. Ideal adsorbed solution theory (IAST)-derived CO,:N>,
CO,:CH4 and CH4:N; selectivity values were found to be up to 41:1,
7:1 and 6:1, respectively, calculated for p—0 at 273 K [18]. The
successful use of adamantanes as non-planar building blocks of
varied connectivity for the synthesis of 3D network structures
motivated us to explore further optimization of porosity charac-
teristics by a mixed-building block approach. Simple spacer
building blocks yielding planar structures, when used alone, were
viewed as an especially apt target for employing them in combi-
nation with ‘deplanarizing’ building-blocks. 1,3-Bis(4-cyanophenyl)
adamantane (Ad2), 1,3,5-tris(4-cyanophenyl)adamantane (Ad3)
and 1,3,5,7-tetrakis(4-cyanophenyl)adamantane (Ad4) on one hand
and terephthalonitrile (L1), 4,4'-biphenyl dicarbonitrile (L2) and
1,3,5-benzenetricarbonitrile (L3) (Scheme 1) were reacted together
aiming to optimize gas adsorption/selectivity as well as to analyse
the factors which favor higher micro/meso-porosity and/or surface
areas. At present there seems only be one other example of mixed-
nitrile or mixed-linker CTF reported, namely from a 1:2 ratio of 2,6-
pyridinedicarbonitrile and 4,4'-biphenyldicarbonitrile, and this CTF
was primarily used as catalyst support and was not investigated for
COy, CH4 or H; sorption [22].

2. Experimental
2.1. Materials and methods

All chemicals were purchased from commercial suppliers
(Sigma-Aldrich, Acros Organics, and Alfa Aesar chemical company)
and used without further purification, unless stated otherwise. 1,3-
bis(4-cyanophenyl)adamantane, 1,3,5-tris(4-cyanophenyl)ada-
mantane and 1,3,5,7-tetrakis(4-cyanophenyl)adamantane were
synthesized according to the reported procedures (see below) [23].

Infrared (IR) spectra were obtained on a Bruker FT-IR Tensor 37
Spectrometer in the 4000-550 cm ™! region with 2 cm™! resolution
as KBr disks. 'H and '3C spectra were recorded on a Bruker Avance
DRX-500 instrument. Elemental (CNH) analyses were carried out
with a PerkinElmer 2400 series 2 elemental analyzer. Powder X-ray
diffraction (PXRD) data was collected on a Bruker D2 Phaser
diffractometer using a flat sample holder (also a flat silicon, low
background sample holder) and Cu Koq/a, radiation with
) = 1.5418 A at 30 kV covering 2theta angles 5—80° over a time of
2 h, that is 0.01°/sec. Diffractograms were obtained on flat layer
sample holders where at low angle the beam spot is strongly
broadened so that only a fraction of the reflected radiation reaches
the detector which leads to low relative intensities measured at
20 < 7°. For hygroscopic or air-sensitive samples, the sample holder
can be sealed with a dome. Scanning electron microscopy (SEM)
images were obtained using an ESEM Quanta 400 FEG SEM
equipped with a secondary electron detector. Thermogravimetric
analyses (TGA) were carried out at a ramp rate of 10 °C/min in a Np
flow with a Netzsch Thermo-Microbalance Apparatus TG 209 F3
Tarsus.

Sorption isotherms were measured using a Micromeritics ASAP
2020 automatic gas sorption analyzer equipped with oil-free vac-
uum pumps (ultimate vacuum <10~% mbar) and valves, which
guaranteed contamination free measurements. The sample was
connected to the preparation port of the sorption analyzer and
degassed under vacuum until the outgassing rate, i.e., the rate of
pressure rise in the temporarily closed manifold with the con-
nected sample tube, was less than 2 pTorr/min at the specified
temperature of 200 °C. After weighing, the sample tube was then
transferred to the analysis port of the sorption analyzer. All used
gases (Hy, He, Ny, CO,, CHy) were of ultrahigh purity (UHP, grade
5.0, 99.999%) and the STP volumes are given according to the NIST
standards (293.15 K, 101.325 kPa). Helium gas was used for the
determination of the cold and warm free space of the sample tubes.
H, and N, sorption isotherms were measured at 77 K (liquid ni-
trogen bath), whereas CO, and CH4 sorption isotherms were
measured at 293 + 1 K (passive thermostating) and 273.15 K (ice/
deionized water bath). The heat of adsorption values and the DFT
pore size distributions (‘N DFT slit pore’ model) were calculated
out using the ASAP 2020 v3.05 software.

A coulometric Karl-Fischer titration for the determination of the
water content was carried out with a Karl-Fischer titration appa-
ratus AQUA 40.00 with headspace module. The solid CTF sample
was heated to 170 °C in the head space module and the liberated
water transferred to the measurement cell.

Water sorption isotherms at 20 °C were obtained volumetrically
from a Quantachrome Autosorb iQ MP instrument equipped with
an all-gas option. Prior to the sorption experiments, the compounds
were degassed (130 °C, 2 h) under dynamic vacuum.

2.2. Synthesis of CTFs (Ad2L1-Ad4L3)
Ad2L1: A mixture of 1,3-bis(4-cyanophenyl)adamantane

(68 mg, 0.2 mmol), terephthalonitrile (26 mg, 0.2 mmol) and ZnCl,
(545 mg, 4 mmol) were placed into a Pyrex ampoule under inert
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Scheme 1. The co-polymerization reaction scheme towards the Ad-L mixed building block CTFs. Selected repeating units of AdmLn CTFs are depicted in Scheme 2 and Scheme S2 in

Supp. Info.

conditions. The ampoule was evacuated, sealed and heated to
400 °C for 48 h, followed by cooling to room temperature. The black
product was collected and stirred with water for 72 h. Then the
product was isolated by filtration and again stirred with 100 mL of
2 mol/L HCl for 24 h. The resulting black powder was further
washed with water (3 x 50 mL), THF (3 x 30 mL), acetone
(3 x 30 mL) and dried in vacuum. Yield: 80 mg, 85%.

Ad2L2: The procedure for Ad2L1 was followed by using the
precursor compound 1,3-bis(4-cyanophenyl)adamantane, (68 mg,
0.2 mmol), 4,4’-biphenyldicarbonitrile (41 mg, 0.2 mmol) and ZnCl,
(544 mg, 4 mmol). Yield: 97 mg, 88%.

Ad2L3: The procedure for Ad2L1 was followed by using the
precursor compound 1,3-bis(4-cyanophenyl)adamantane, (68 mg,
0.2 mmol), 1,3,5-benzenetricarbonitrile (21 mg, 0.134 mmol) and
ZnCl, (460 mg, 3.34 mmol). Yield: 78 mg, 87%.

Ad3L1: The procedure for Ad2L1 was followed by using the
precursor  compound 1,3,5-tris(4-cyanophenyl)adamantane,
(88 mg, 0.2 mmol), terephthalonitrile (38 mg, 0.3 mmol) and ZnCl,
(682 mg, 5 mmol). Yield: 109 mg, 86%.

Ad3L2: The procedure for Ad2L1 was followed by using the
precursor  compound 1,3,5-tris(4-cyanophenyl)adamantane,
(88 mg, 0.2 mmol), 4,4’-biphenyldicarbonitrile (61 mg, 0.3 mmol)
and ZnCl;, (682 mg, 5 mmol). Yield: 127 mg, 85%.

Ad3L3: The procedure for Ad2L1 was followed by using the
precursor  compound 1,3,5-tris(4-cyanophenyl)adamantane,

(88 mg, 0.2 mmol), 1,3,5-benzenetricarbonitrile (31 mg, 0.2 mmol)
and ZnCl; (555 mg, 4 mmol). Yield: 102 mg, 85%.

Ad4L1: The procedure for Ad2L1 was followed by using the
precursor compound 1,3,5,7-tetrakis(4-cyanophenyl)adamantane,
(54 mg, 0.1 mmol), terephthalonitrile (26 mg, 0.2 mmol) and ZnCl,
(408 mg, 3 mmol). Yield: 58 mg, 72%.

Ad4L2: The procedure for Ad2L1 was followed by using the
precursor compound 1,3,5,7-tetrakis(4-cyanophenyl)adamantane,
(81 mg, 0.15 mmol), 4,4'-biphenyldicarbonitrile (61 mg, 0.3 mmol)
and ZnCl, (614 mg, 4.5 mmol). Yield: 113 mg, 79%.

Ad4L3: The procedure for Ad2L1 was followed by using the
precursor compound 1,3,5,7-tetrakis(4-cyanophenyl)adamantane,
(81 mg, 0.15 mmol), 1,3,5-benzenetricarbonitrile (30 mg, 0.2 mmol)
and ZnCl;, (474 mg, 3.5 mmol). Yield: 89 mg, 79%.

3. Results and discussion
3.1. Synthesis and characterization

Co-polymerization via cyclotrimerization of the nitrile function
of the three adamantane nitriles, namely 1,3-bis-, 1,3,5-tris- or
1,3,5,7-tetrakis(4-cyanophenyl)adamantane (Ad2 - Ad4) with ter-
ephthalonitrile (L1), 4,4'-biphenyldicarbonitrile (L2) or 1,3,5-
benzenetricarbonitrile (L3) in the presence of anhydrous ZnCl,
resulted in nine CTFs in a form of black solids (Ad2L1 - Ad4L3)
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(Scheme 1, Scheme 2 and Scheme S2 in Supp. Info.; see Supp. Info.
for experimental details). The reaction conditions (400 °C, 48 h)
were the same we used previously for single building block ada-
mantane nitrile-based CTFs. The obtained materials are chemically
stable, e.g. treatment by 2 mol L™! aqueous hydrochloric acid for
24 h is part of the purification procedure.

The formation of triazines and depletion of the starting nitriles
were confirmed by FT-IR spectrum (Fig. 1, left). The characteristic
nitrile stretching band around 2226 cm~! almost completely dis-
appeared after the reaction except for Ad4L1 and Ad4L3 [18,24].
Steric crowding around the Ad4 units, not relieved by involvement
of the short L1 and L3 linkers, may prevent the reaction of all Ad4
nitrile groups. The characteristic bands for the CTF-triazine rings
can be found in the regions of 1356—1378 cm~! (often very weak)
and 1525-1612 cm™}, slightly shifted from the C-N breathing and
stretching mode of a molecular triazine unit (1363 and 1511 cm ™/,
respectively), in agreement with infrared spectra of other CTFs
[13¢,19,24]. The powder X-ray diffractograms indicate a largely
amorphous material with only three broad peaks at 20 values
centered around 17, 25 and 40° for Ad2L1- Ad2L3; around 17, 22
and 40° for Ad3L1 —Ad3L3 and around 17, 29 and 40° for Ad4L1-
Ad4L3. The peak centered around 17° is associated with ZnCly
(corresponding to the lowest angle strong peak, hkl = {111}) [25],
which is hard to remove from the pores, as observed by others [13].
Amorphous nature of CTFs prepared using ionothermal conditions
is typical, with the most notable exceptions of CTF-0, CTF-1 and

'r,iz

Ad2L1

CTF-2 [13a,c,26]. Elemental analysis of Ad2L1-Ad4L3 shows much
lower nitrogen content in the Ad-L CTFs compared to the calculated
values according to expections (Section 3 in Supp. Info.). The low
nitrogen content is a result of aromatic nitrile decomposition to
HCN, partial fragmentation with expulsion of CN radicals and other
processes taking place during the high-temperature synthesis
(400 °C) [13]. Some variation in the results of the elemental ana-
lyses may also be explained by variable residual water content in
the mildly hydroscopic CTFs (due to long storage in ambient air
conditions). Depending on their pore size (capillary effect), type
and degree of functionalization, CTFs were recently shown to
exhibit a water uptake of 12—15 wt% from ambient air with about
50—60% humidity (see Supp. Info. and ref. [20]). Karl-Fischer-
Titration (KFT) of the Ad-L CTFs, which were stored under
ambient air, revealed a water content between 2.4 wt% (Ad3L2) and
12.8 wt% (Ad4L3) (Fig. S7 and Table S4 in Supp. Info.). The water
content from KFT agrees with the water vapour uptake at around
50% air humidity (vide infra).

The Ad2L1-Ad4L3 materials have similar particle morphology,
pictured by scanning electron microscopy (SEM), which is in line
with similar porosity characteristics found by N, adsorption studies
(see below). The ‘flake-chip’ particles have irregular form (Fig. 1,
right), with average longer dimension of the particles for the
Ad2L1-Ad2L3 materials being 8—18 pm, for the Ad3L1-Ad3L3
6—8 um and for Ad4L1-Ad4L3 10—20 um.

N
\

WO
A%
9 )
N/
anndoarn N/
Ad3L1 -~

Ad3L3

Ad4L3

Scheme 2. A representative set of idealized, stoichiometric-average repeating units of AdmLn CTFs reflecting the 1:1 ratio of the nitrile groups from the two different building
blocks (e.g.1:1,1:1.5 and 1:2 for Ad2L1, Ad3L1 and Ad4L1, respectively). The other repeating units could easily be derived from the depicted ones: the Ad2Ln is a half of the Ad4Ln
units regarding the substitution of adamantane, while AdmL1 units and AdmL2 are closely related and derived by augmentation of the ligand by a 1,4-phenylene linkage (see
Scheme S2 in Supp. Info. for other AdmLn cases). For clarity the repeating units are extended (light-gray parts).
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Fig. 1. FT-IR spectra (left) and scanning electron micrographs (right) of (a) Ad2L1-Ad2L3 (b) Ad3L1-Ad3L3 and (c) Ad4L1-Ad4L3. The vertical cyan bar marks the position of the
band associated with the unreacted nitrile groups (2223 cm™!). The C=N stretching (ii) and breathing (i) mode the triazine unit are indicated by arrows. In the SEM images the
length of the scale bar is given in um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.2. Gas adsorption studies

The porosities of the nine synthesized triazine frameworks were
characterised by N; sorption measurement at 77 K. All materials
were activated by degassing at 200 °C for 24 h. Fig. 2 shows the N,
sorption isotherms at 77 K for Ad2L1 to Ad4L3. The Brunauer-
Emmett-Teller (BET) surface areas were found to be in the range
0f918 m? g~ ! to 1885 m? g~ ! (P/Py = 0.01—0.05). As a general trend,
the increase of the length of the L building-block correlates with
the increase of CTF surface area with the exception of Ad3L2
(Table 1). Among all nine CTFs, Ad4L2 had the highest surface area
of 1885 m? g, which is in the upper range for CTFs and only
surpassed by CTF-0 (2011 m? g~ 1) [26], fl-CTF400-600 (2862-
2113 m? g 1) [27] and PCTE-1 (2235 m? g~ ') [24a] (see Table S6 in
Supp. Info.). The majority of the adsorption isotherms of the Ad-L
materials belongs to Type I/I(b) isotherms, with nascent charac-
teristics of a Type II isotherm in some cases (like all the Ad3Ln

materials), with the clear exception of Ad2L2 representing rather a
Type II case. A minor H2(b) hysteresis loop is present in all cases,
almost disappearing only in Ad2L3 with lowest porosity. The up-
take at low P/Pg is associated with the filling of micropores. Type
I(b) isotherms are characteristic for materials having broader pore
size distributions including wider micropores and possibly narrow
mesopores. The Type II section at high P/Py indicates the phys-
isorption on the non-porous and macroporous part of the sample
(including interparticle voids in the aggregated powder particles).
The continuous increase at high P/Py without the plateau for Type I,
IV or V isotherms is the result of unrestricted multilayer adsorption
[28]. The hysteresis loops lack a sharp step-down in the desorption
branch as for H3, H4 and H5 loops. Instead, the loops gradually
close at low P/Pg and are best assigned to an H2(b) type. Type H2
hysteresis loops are due to more complex pore structures in which
network effects are important. The steeper part in some of the
desorption branches (within 0.4—0.6 P/Py for Ad2L1, Ad3Ln and
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Fig. 2. Nitrogen adsorption—desorption isotherms at 77 K (closed symbols for adsorption and open symbols for desorption) for Ad2L1-Ad4L3 (see Fig. S13 in Supp. Info. for enlarged

isotherm of Ad2L3).

Table 1
Porosity data for Ad2L1-Ad4L3.

CTFs SBETa (mz g71 ) SLangb (mz g71 ) VO.IC (Cm3 g71 ) Vtotd (Cm3 g71 ) VD.I /Vtot Vmicro(coz )e (Cm3 g71 )
Ad2L1 918 1130 0.34 0.86 0.395 0.0505

Ad212 1316 1626 0.48 22 0.218 0.0508

Ad2L3 747 916 0.28 0.45 0.622 0.0568

Ad3L1 1199 1476 0.44 0.8 0.55 0.0544

Ad3L2 1093 1351 0.4 0.96 0.416 0.0499

Ad3L3 1328 1639 0.48 0.93 0.516 0.0537

Ad4L1 1617 1984 0.61 0.9 0.677 0.0853

Ad4L2 1885 2339 0.67 1.52 0.44 0.0500

Ad4L3 1341 1644 0.52 0.74 0.702 0.089

@ Calculated BET surface area from the N, adsorption isotherm at 77 K over the pressure range 0.01—0.05 P/P,.

b Langmuir surface area over the 0—0.15 P/P, ‘extended’ pressure range for better averaging and consistency between experiments.
¢ Micropore volume calculated from N, adsorption isotherm at P/Py = 0.1 for pores <2 nm (20 A).
d
e

Total pore volume at P/Pg = 0.95 for pores <20 nm.

Total pore volume for pores with diameters smaller than 1 nm (10 A, cf. Fig. 3b, d and f) from the CO, NLDFT model at 273 K.

Ad4L2 CTFs) can be attributed either to pore-blocking/percolation
or to cavitation-induced evaporation. H2(b) type hysteresis is
associated with broader distribution of bottleneck diameters of the
respective pores (narrow pore entrances vs large pore volumes;
‘bottle-neck’ pores) compared to the case of H2(a) type loops [28].
The hysteretic behavior takes place in the multilayer adsorption/
capillary condensation region of the isotherm for a mesoporous
structure. The adsorption isotherm of Ad2L2 (Type II) has an H1
type of hysteresis. Ad4L1 and Ad4L3 exhibit a H4 type of hysteresis,
which is associated with narrow slit-like pores.

Pore size distributions were calculated by non-local density
functional theory (NLDFT) using the ‘carbon slit pore’ model,
according to Tarazona [29] (Fig. 3). To understand the degree of

microporosity of these materials the ratio of micropore volume
(Vo1) to total pore volume (Viot) was calculated from the Ny
sorption measurement at 77 K (Table 1). All CTFs (except Ad2L2)
show Vg 1/Viot values in the range of 0.4—0.7. Compounds Ad2L3,
Ad4L1 and Ad4L3 have a more significant fraction of micro-over
mesopores (Vo1/Viot Shows over 60% micropores, Table 1), while
the remaining Ad-L CTFs feature a broad mesopore and macro-
pore region (Fig. 3a,c,e). Comparison of AdmL1 and AdmL2 shows
an effect of the longer L2-biphenyl over shorter L1-phenyl linker
to increase the fraction of larger pores. The L2 linker gives the
lowest fraction (Vo1/Vier) of micropores with each Ad node
(Table 1). Ad4L3 shows the highest amount of microporosity
(70%), presumably having the densest structure of all the CTF
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because of the strongest branching of the building blocks, namely
the 1,3,5,7-tetrakis(4-cyanophenyl)adamantane and 1,3,5-
benzenetricarbonitrile. CTFs from ionothermal synthesis are not
very ordered polymers and have irregular pores, which are
difficult to control. Therefore, multiple peaks occur in pore size
distribution as is also observed in the work of others
[13,18,24,27,45].

Distribution of micropores with diameter smaller than 10 A and
ultramicropores smaller than 7 A were calculated from CO; gas
adsorption data collected at 273 K (Fig. 3b, d and f) [30]. From the
lower accuracy of the CO, sorption measurement one can only
deduce micropores with diameters in the ranges 5—7 and 8—9 A. At
pore sizes close to the kinetic diameter of N (~3.64 A) and at 77 K
the diffusion limitation can be alleviated by use of CO, (kinetic
diameter 3.30 A) as an adsorbate at 273 K which ensures faster
equilibration [18]. The saturation pressure of CO, at 0 °C is

~26141 Torr and low relative pressure measurements necessary for
micropore analysis are achieved in the range of moderate absolute
pressures (1760 Torr) [31].

Gas uptakes by CTFs obtained from the respective adsorption
isotherms for CO,, CH4 and N; at 1 bar are summarized in Table 2
(Fig. 4, Fig. 5 and Fig. 2). For the applications of carbon-capture-
storage (CCS) materials a high selectivity of CO, over N, at low
pressure is required. In addition, the separation of CO,/CHy is
relevant for purification ('sweetening') of natural gas, which in raw
form contains up to 40% of non-combustible admixtures CO, and
N, additionally to light hydrocarbons, primarily methane, and
which is only useable at low CO, concentrations [32,33]. Various
solid adsorbents such as zeolites [34], metal organic frameworks
(MOFs) [35], silica [36], activated carbons [37] and porous organic
polymers (POPs) [38—42] have received significant attention for
CO, sorption. A productive solid adsorbent must fulfill the
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Table 2
Gas adsorption data, including selectivities for Ad2L1-Ad4L3.
CTFs Co,*? co," Q%45(CO2) CHq? Ny? CO2:N,! CO2:N,° CO,:CHy?
(cm*g 1) (cm®*g™ 1) (k] mol—") (ecm?g™") (ecm®*g 1) selectivity
Ad2L1 39.39 28.71 36.8 14.34 5.78 13 21 4
Ad2L2 43.64 26.14 29.5 16.61 5.81 15 19 4
Ad2L3 40.36 25.56 41.3 14.47 5.48 15 27 4
Ad3L1 48.59 30.8 31.8 17.24 5.70 17 24 4
Ad3L2 4448 27.35 28.1 15.40 5.18 17 24 4
Ad3L3 50.66 29.95 253 17.52 6.67 14 20 4
Ad4L1 76.33 48.08 343 26.12 8.77 17 23 4
Ad4L2 56.06 47.20 32.6 19.70 6.60 14 17 4
Ad4L3 74.58 34.66 371 23.97 7.56 20 30 5
2 Gas uptake at 273 K, 1 bar (760 mm Hg).
b Gas uptake at 293 K, 1 bar (760 mm Hg).
¢ Heat of adsorption for CO; at zero loading from adsorption isotherms acquired at 273 and 293 K.
94 Gas selectivity calculated at 273 K from the initial slopes in the Henry region (CO,:N; 50:50 v:v).
€ IAST selectivity (CO»:N; 15:85 v:v) calculated at 273 K and 1 bar.
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following criteria: 1) high surface area (2) high selectivity to CO3 (3)
low density (i.e. high material efficiency), (4) excellent thermal,
chemical and water stability. In this regards, selected POPs are
considered as promising candidates for CO, capture [14,43].
Therefore, we studied here CO, gas adsorption as well as selectivity.

The CO, adsorption by Ad-L CTFs at 1 bar is in the range of
1.72 mmol g~! to 3.35 mmol g~ ! and shows full reversibility, i.e.
coincidence of the adsorption and desorption branches (Fig. 4). This
full reversibility is also a good indication that CO, sorption occurs
through a physisorption process for these CTFs. Among all nine
CTFs, Ad4L1 shows the highest CO, adsorption of 3.35 mmol g~ (at
273 K) and 1.97 mmol g~ ' (at 293 K) at 1 bar. This value is higher
than that for the pure Ad4-CTF PCTF-5 with 2.55 mmol g~! (at
273 K and 1 bar) [18]. These CO, sorption values are highly com-
parable to previously reported uptake capacities: FCTF-1-400
(4.67 mmol g~1) [44], MCTP-1 (4.64 mmol g ), and others, with
FCTF-1-600 having so far the highest CO, uptake for CTFs at
5.53 mmol g~! [44] (273 K). Other relevant examples are fI-CTF
(1.27-4.28 mmol g [27], bipy-CTF300-400
(1.87—3.08 mmol g~ ) [45], lut-CTF300-400 (3.63—4.55 mmol g~ )
[45], pym-CTF300-400 (0.28—0.45 mmol g~ !) [45], FCTF-1
(4.67—5.53 mmol g~!) [44], CTF-0 (4.22 mmol g~ ') [26] CTF-1
(2.47—3.82 mmol g~ 1) [44], CTF-PI-P6 (1.88—3.39 mmol g 1) [19],
CTF-P1IM-P6M (0.94—4.42 mmol g~!) [19], MCTF300-500
(2.25—3.16 mmol g~ ') [46], PCTF-1-7 (1.85—3.21 mmol g~ !) [18]
and NOP-1-6 (1.31—2.51 mmol g~!) [47] (all under the same con-
ditions of 273 K and 1 bar). These uptakes are also comparable to
triazine-functionalized porphyrin-based porous organic polymers
such as TPOP-1 (264 mmol g ') [48] and HMC-1-3
(5.2—7.1 mmol g~1) [49] (all under the same conditions of 273 K
and 1 bar). This high CO, affinity is due to the favorable interactions

of the polarizable CO, molecule through dipole-quadrupole in-
teractions [50] with the triazine frameworks [42].

Ad2L1-Ad4L3 CTFs exhibited CH4 uptake capacities in the range
of 14 cm® g ! to 26 cm® g ! whereas N, sorptions were
5—9 cm® g~! which are comparable with our previously reported
single building block adamantane-based CTFs, PCTF-3 to PCTF-5
[18]. These low CH4 and Ny sorption capacities compared to CO,
results in good to high CO,/N; and CO,/CH4 selectivities for the
possible separation of as CO, from flue gas or natural gas, respec-
tively. The selectivities of Ad2L1 to Ad4L3 were calculated by using
the ratio of the initial slopes obtained by a linear fit in the Henry
region of the adsorption isotherms (Fig. S8). As shown in Table 2,
the calculated CO,/N; and CO,/CH4 selectivities of Ad2L1 to Ad4L3
were in the range of 13—20 and 4-5, respectively. These values
compare well with PCTF-3 to PCFT-5 or other CTFs (Table S6) [18].
Since the Henry region of the adsorption isotherms is only appli-
cable up to 0.1 bar, we estimated the selectivity over the whole
pressure region up to 1 bar by the ideal adsorption solution theory
(IAST) model [51,52]. By using IAST model, the CO,/N; selectivity of
Ad2L1-Ad4L3 were found in the range of 17—30 at 273 K, thus
higher than by initial slope model. Among all the CTFs in this study,
Ad4L3 exhibited the highest selectivity due to its highest micropore
volume fraction Vp1/Vit and highest CO,-accessible micropore
volume Vicro(CO3) (Table 1).

Table 3 compares the CO, uptake and CO,/N; selectivity to the
BET surface area, micropore volume fraction Vg1/Vi: and CO5-
accessible micropore volume Vpicro(CO2) of the single building
block CTFs (from Ad or L only) to those of the mixed-nitrile building
block Ad-L CTFs. Interestingly, the surface areas of the materials
obtained using the mixed building block approach in a number of
cases are higher than the values for the respective materials ob-
tained via the single building approach under the same conditions.
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Table 3
Monomers with corresponding CTFs and their CO, adsorptions.
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Monomer CTF? Sger® (M? g7 1) CO, uptake® CO0,/N; selectivity® Vo.1/Viot Vinicro(CO2)8 (cm? g71) Ref.
Ad2 PCTF-3 641 2.14 25 0.57 0.061 [18]
Ad3 PCTF-4 1090 2.27 26 0.55 0.052 [18]
Ad4 PCTF-5 1183 2.55 32 0.64 0.072 [18]
L1 CTF-1 746 247 20 d d [44]
970 317 d 0.79 0.1 [21b]
L2 1710 d d d d [13e]
L3 CTF-0 499 © 225°¢ d 0.45 d [26]
Ad2 + 11 Ad2L1 918 1.73 21 0.395 0.0505 f
Ad2 + L2 Ad2L2 1316 1.92 19 0.218 0.0508 f
Ad2 + L3 Ad2L3 747 1.77 27 0.622 0.0568 f
Ad3 + L1 Ad3L1 1199 2.14 24 0.55 0.0544 f
Ad3 + L2 Ad3L2 1093 1.96 24 0.416 0.0499 '
Ad3 + L3 Ad3L3 1328 2.23 20 0.516 0.0537 f
Ad4 + L1 Ad4L1 1617 3.36 23 0.677 0.0853 f
Ad4 + L2 Ad4L2 1885 2.47 17 0.44 0.0500 f
Ad4 + L3 Ad4L3 1341 3.28 30 0.702 0.089 f

@ All CTFs were prepared at 400 °C with 10 mol equivalent of ZnCl.
> mmol/g at 273 K and 1 bar.

€ IAST selectivity (CO2:N, 15:85 v:v) calculated at 273 K and 1 bar, see also Table S6 in Supp. Info.

4 Not measured.
€ 5 mol equivalent of ZnCl,.
f This work.

& Total pore volume for pores with diameters smaller than 1 nm (10 A, cf. Fig. 3b, d and f) as given by NLDFT model for the CO, data at 273 K.

This trend is especially clearly visible in the case of Ad4Ln material,
with the highest value attained for Ad4L2 (1885 m? g~ ') compared
to 1183 and 1710 m? g~! for the respective materials by the single
building block approach. Alone, the L1 or L2 building blocks yield
planar hexagonal nets in the ideal case and an addition of ‘de-
planarizing’ co-block yields less ordered 3D structures, which still
do not have lower surface areas in the best case. It seems that the
best results are reached when the de-planarizing block is of high-
symmetry and connectivity. The CO, uptake correlates, though
not perfectly, empirically with the product of BET surface area,
micropore volume fraction (Vg1/Viotr) and CO-accessible micropore
volume (Vpmicro(CO2)) (Fig. 6, Fig. S14 in Supp. Info.). The highest
uptakes are reached for Ad4L1 and Ad4L3 (3.36 and 3.26 mmol g~ 1)
with high but not the largest surface areas. It seems that the volume
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Fig. 6. Correlation of CO, uptake with the product of BET surface area, micropore
volume fraction (Vo 1/Viot) and CO-accessible micropore volume (Viicro(CO2)). The 12
data points include the nine values for AdmLn and PCTF-3 to —5. For a labelling of the
individual data points see Fig. S14 in the Supp. Info. The root mean-square deviation,
RMSD is 0.931. Compare to Fig. S15 in Supp. Info. for other correlations with the best
RMSD values being 0.91.

of micropores, where the adsorption is the most efficient, is an
important factor here, as the same two compounds have the largest
micropore volumes (0.085 and 0.089 cm?® g, respectively).

In order to better understand the CO, adsorption properties, the
differential heat of adsorption (negative adsorption enthalpy,
AHags gifr) (Fig. 7) was calculated after determining the required
relative pressures p; and p» from two CO, adsorption isotherms
acquired at different temperatures T; and T, using a modified form
of the Clausius-Clapeyron equation (Eq. (1)) [53]. Q0,45 was calcu-
lated over the whole adsorption range from the 273 K and 293 K
isotherms for CO, in Ad2L1 to Ad4L3 (cf. Fig. 4). The heat of
adsorption at zero loading, Qoads is included in Table 2.
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Fig. 7. Isosteric heats of adsorption of CO, for Ad2L1-Ad4L3 calculated from a pair of
adsorption isotherms measured at 273 K and 293 K.
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are in the range of 25—41 k] mol~! for Ad2L1 to Ad4L3, and quickly
decrease at only a few cm? g~ of CO, adsorbed (Table 2 and Fig. 7).
The high adsorption enthalpy at zero coverage is explained by the
initial filling of the small ultramicropores with 4 A diameter
(Fig. 3b,d,f) with enhanced adsorbate—surface interactions, which
could be modelled as interaction of a single CO2 molecule to two
opposite sides of a slit-pore [18]. The heat of adsorption values of
these CTFs stay between 23 and 29 k] mol~! from quantities
adsorbed between 5 cm?® g~ to 20 cm® g~ ! and beyond except for
Ad2L1 where the decrease steadily continues. However, these heat
of CO, adsorption values at 23—29 k] mol ! stay well above the heat
of liquefaction of CO, with 17 k] mol~! [54] or stay around the
isosteric enthalpy of adsorption for CO; on activated charcoals (e.g.
BPL: 25.7 k] mol~!, A10: 21.6 kJ] mol~!, and Norit R1 Extra:
22.0 kJ mol~! [55]. The high Q.gs values can be attributed to the
enhanced interaction of CO, with triazine moieties (very generally
speaking to increase of polarity) and for low loadings also to the
micropore size effect [42].

When the loading is increased beyond 20 cm® g~! the heat of
adsorption value appears to increase slightly for Ad2L2, Ad2L3,
Ad3L2 and Ad3L3 (Fig. 7), however this physically improbable
condition is within the experimental error margin of +3 kJ mol~!
and not considered as relevant [18,56]. Increase of AH,qs with CO,
uptake might potentially take place together with structural
changes and/or rearrangement of already adsorbed CO, molecules
towards an energetically more favorable packing configuration. In
this case there are no prerequisites to expect such behavior.

To assess the possibility of recycling of the CTFs for CO, sorption
we performed multiple CO, sorption runs for selected CTFs (Fig. 8).
For Ad3L2, Ad3L3 and Ad4L1 there is only a small decrease in CO,
uptake capacity from the first to the third run. The larger part of the
decrease takes place in the second run and then quickly levels off.
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For Ad3L2 and Ad3L3 the uptake in the third run is already iden-
tical to the one in the second run (see Table inserted in Fig. 8).

CTFs were recently recognized as more hygroscopic and hy-
drophilic than expected with a water uptake of 11—17 wt% up to P/
Po = 0.5-0.6, i.e., from ambient air of 50—60% humidity [20]. To
assess the hydrophobic-hydrophilic nature, volumetric water
adsorption measurements were carried out for Ad2L1 to Ad4L3
(Fig. 9). The water vapour adsorption isotherm provides informa-
tion on the adsorption loading dependence on relative water
vapour pressure, which reflects the hydrophilicity of the material
[57]. The Ad-L CTFs show largely Type III isotherms for which there
is no identifiable monolayer formation and the adsorbent-
adsorbate interactions are relatively weak so that the adsorbed
molecules are clustered around the most favorable sites on the
surface of the solid [28]. The water uptake increase at high vapour
pressure comes from the pore condensation of water within the
CTFs pore [58]. The H2(b) hysteresis loops are again associated with
pore-blocking or percolation by pore necks with a larger size dis-
tributions of these necks.

An exception is Ad4L1 and Ad4L3 where the sorption isotherms
starting to have features of Type V, however still being quite close
to Type IIL. These characteristic S-shape of the Type V isotherms in
this case is weakly expressed, and the second flexing is almost
flattened out in a line, but still there is some accelerated water
uptake between P/Pg = 0.4—0.6, followed by a levelling-off at
higher P/Py. Type V isotherms are associated with water adsorption
on hydrophobic microporous and mesoporous adsorbents [28]. Yet,
the P/Pg region for the increase in water uptake can occur also at
low P/Pp, which is then indicative of a more hydrophilic material.
The S-shaped isotherm is typical for water sorption in metal-
organic frameworks (MOFs) [59]. MOFs have intermediate and
tuneable hydrophilicity-hydrophobicity. The more hydrophilic the
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Fig. 8. CO, uptake during 1st run, 2nd run and 3rd run for Ad3L2, Ad3L3 and Ad4L1 at 273 K and 1 bar ? Uptake in 1st run set to 100%. > % decrease is relative to previous run.
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Fig. 9. Water sorption isotherms of Ad2L1-Ad4L3 at 20 °C.

MOF, the lower the P/Py for the rise of the uptake curve [56]. Hy-
drophilic MOFs like Al-fumarate [60] and CAU-10-H [61] show the
rise between P/Py = 0.1-0.2, while more hydrophobic MOFs like
MIL-101Cr [62] or fluorinated MIL-47 and MIL-53Al [63] exhibit the
increase between P/Py = 0.4—0.5.

At 0.9 P/Pg and 20 °C, the water adsorption of Ad2L1 to Ad4L3 is
in the range of 0.15 g g~ to 0.68 g g~ ! (Table S4, Supp. Info.). Ad4L2
exhibit the highest water vapour uptake of 864 cm® g~!' STP or
0.7 g g ! at P/Py = 0.9 and 20 °C. At this high relative pressure the
water uptake of Ad4L2 is even higher than reported for, e.g., bipy-
CTF500, pym-CTF500, CTF-TPC and CTF-FL, which also contain N-
heterocyclic moieties more hydrophilic then their carbon-only
analogues [20,45].

4. Conclusions

Nine covalent triazine frameworks frameworks (CTFs) were
synthesized from phenyladamantane based building blocks (BBs)
on one side and phenyl/biphenyl substituted ones on the other,
using ZnCl; catalysis. Interestingly, the mixed BB strategy led to
somewhat larger surface area porosities (747—1885 m? g ')
compared to the single BB approach under similar conditions
(641—1710 m? g~ 1), thus demonstrating the potential viability of
the approach.

The highest surface area was observed for Ad4L2, the case when
the most branched tetrahedral adamantane BB is used together
with the longest biphenyl based ‘spacer’, which highlights possible
future strategies. Conceptually, the introduction of a ‘deplanarizing’
additive in the case of ‘spacer’ dinitriles, which, used alone, end up
in planar hexagonal network structures, could yield more porous
3D structures with significant potential towards fine-tuning of
properties.

The highest CO, and CH4 adsorption correlates best with the
product of BET surface area, micropore volume fraction (Vo1/Viot)
and CO3-accessible micropore volume (Vpijcro(CO2)). The micropore
volume improves the efficiency of the gas adsorption and, thus,
reflects the importance of fine-tuning different porosity aspects.
Good CO, selectivities over Ny (>13; max. 20—30 for Ad4L3 by
different methods) were found. The synthesized CTFs demonstrate
relatively low hydrophilicity. The largest uptake was found for
Ad4L2 with 0.7 g g~ ! at 90% relative humidity at 20 °C.

The most prominent materials found in the screening involved
the most symmetric tetrasubstituted adamantane BB, which
probably favored the formation of the most ordered structures,
hence with the best porosity characteristics. Further development
of the mixed BB approach employing the observed trends in fine-
tuning of properties is called for development of durable mate-
rials with high adsorptive capacities and selectivities for applica-
tions as CO, separation/capture.
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