Journal of

Materials Chemistry A

Cite this: J. Mater. Chem. A, 2013, 1,
14990

Received 28th August 2013
Accepted 9th October 2013

DOI: 10.1039/c3ta13407e

RSCPublishing

Highly stable nanoporous covalent triazine-based
frameworks with an adamantane core for carbon
dioxide sorption and separationy

Asamanjoy Bhunia,? Ishtvan Boldog,? Andreas Moller® and Christoph Janiak*2

Adamantane substituted with two to four 4-cyanophenyl groups was used for preparation of a new series
of robust Porous Covalent Triazine-based Framework (PCTF) materials. Novel adamantane PCTFs were
synthesized in good yields (>80%) by the trimerization reaction of 1,3-bis-, 1,3,5-tris- and 1,3,5,7-
tetrakis(4-cyanophenyl)adamantane, respectively, in the presence of ZnCl, (Lewis acid condition) and
CF3SOsH (strong Brgnsted acid condition). From N, adsorption isotherms, the Lewis acid condition gives
higher surface areas than the strong Brensted acid condition. The amorphous nano- to microporous
frameworks (>50% micropore fraction) exhibit excellent thermal stabilities (>450 °C) with BET surface
areas up to 1180 m? g~". A very similar ultramicropore size distribution between 4 and 10 A was
derived from CO, adsorption isotherms with a “CO, on carbon based slit-pore model”. At 1 bar the
gases Hy (at 77 K), CO, (at 273 and 293 K) and CH,4 (at 273 K) are adsorbed up to 1.24 wt%, 58 cm? g*1

and 20 cm® g~!

, respectively. Gas uptake increases with BET surface area and micropore volume which
in turn increase with the number of cyano groups in the monomer. From single component adsorption
isotherms, |AST-derived ideal CO,:N,, CO,:CH4 and CHy4:N; selectivity values of up to 41:1, 7:1 and
6: 1, respectively, are calculated for p — 0 at 273 K. The adamantane PCTFs have isosteric heats of
adsorption for CO, of 25-28 kJ mol~" at zero loading and most of them also >25 kJ mol~" over the

entire adsorption range which is well above the heat of liquefaction of bulk CO, or the isosteric
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Introduction

Design and synthesis of porous covalent organic frameworks
(COFs) have attracted huge attention because of their potential
applications in gas storage, separation, catalysis and optoelec-
tronics."* COFs are constructed by linking well defined organic
building units through covalent bonds (e.g., C-C, C-N, C-O and
B-0).>* Compared with metal-organic frameworks (MOFs),
COFs could demonstrate higher chemical stability, specific
surface areas and building block variability. Covalent organic
frameworks possess Brunauer-Emmett-Teller (BET) surface
areas in the range of several hundreds to several thousands of
m?® g~ .5 However, boronate based COFs are not stable against
humidity even under ambient conditions, which make them
difficult to use for gas storage applications.*” Further, classes of
porous organic frameworks are differentiated according to their
building units such as benzimidazole-linked polymers (BILPs),>
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enthalpy of adsorption for CO, on activated carbons.

hyper-crosslinked polymers (HCPs),® polymers of intrinsic
microporosity (PIMs),” porous aromatic frameworks (PAFs),'*"*
conjugated microporous polymers (CMPs)? and covalent
triazine-based frameworks (CTFs)."* BILPs are synthesized by
metal-free co-condensation reactions involving arylaldehyde
and ortho-diamine with surface areas of 708-1306 m?> g~ * 21415
HCPs have surface areas ranging from 330 to 2090 m* g~ * and
require harsh synthetic conditions.*®*” PAF-1 exhibits one of the
highest BET surface areas of 5640 m> g~ ' among organic
frameworks.' Recently, Banerjee et al. synthesized Schiff based
COFs with surface areas up to 535 m”> g~ ' by combining
reversible and irreversible organic reactions.*”

Kuhn, Antonietti and Thomas et al. developed CTFs with
permanent porosity.**'*">* CTFs are interesting because of
advantages such as cheap and readily available starting mate-
rials, facile synthesis and a certain hydrophilicity. In addition,
CTFs have been used in heterogeneous catalysis,* as a catalytic
support in liquid phase reactions,”* for gas storage,”® and
separation of organic dyes.> Recently, we reported the trans-
formation of tetrakis(4-cyanophenyl)ethylene (M1) under Lewis
acidic (ZnCl,) conditions at 400 °C to porous covalent triazine-
based frameworks (PCTF-1 and -2) with high surface area

This journal is © The Royal Society of Chemistry 2013
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Scheme 1 Synthesis of PCTF-1 and -2.

(2235 m”> g™ "), high CO,, CH, and H, uptake for a CTF material
(1.86 wt% H, at 77 K, 1 bar) (Scheme 1).*

Here we introduce three adamantane substituted nitriles 1,3-
bis-, 1,3,5-tris- and 1,3,5,7-tetrakis(4-cyanophenyl)adamantane
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(M2-M4, Scheme 2) as new monomer motifs for PCTF prepa-
ration. The rigid tetrahedral adamantane core and the phenyl
spacers between the core and the nitrile groups may help to
increase the available space accessible for gas adsorption and
storage. We report the synthesis of five adamantane based CTFs
by using both Lewis acid (ZnCl,) and strong Brensted acid
(CF3S03H) conditions and examine their gas (H,, CO, and CH,)
storage capacities and selective CO, binding over N, and CHj.
From their elemental composition (see below) we view CTFs
from ionothermal reaction with ZnCl, in-between well-defined
COFs and porous carbon materials. The latter are key mate-
rials,” inter alia as sorbents for separation processes and gas
storage.>®

Results and discussion

Porous CTF materials can be synthesized by an ionothermal
reaction between aromatic nitriles in ZnCl, which can be adapted
to a large scale. Molten ZnCl, acts as a Lewis acid catalyst, molten
solvent and porogen for the polymerization. A trimerization

N=

A

PCTF-5

Scheme 2 Synthesis of porous covalent triazine-based frameworks PCTF-3 to PCTF-7.
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reaction of nitrile groups can construct triazine rings. Up to now,
CTFs from 1,4-dicyanobenzene (terephthalonitrile) gave high
surface areas (over 3000 m*> g~ ') only at high temperature, ie.,
heating to 400 °C for 20 h and then to 600 °C for 96 h."® Recently
reported strong Bronsted acid conditions give lower surface areas
(2 to 1152 m* g~ ") avoiding decomposition and condensation
reactions such as C-H bond cleavage and carbonization.””
Monomers 1,3-dicyanobenzene,” 1,4-dicyanobenzene,” 1,3,5-
tricyanobenzene,”* 1,2,4,5-tetracyanobenzene,” 4,4’-dicyanobi-
phenyl,*® 4,4”-dicyanoterphenyl,” 2,6-dicyanopyridine,* tris
(4-cyanophenyl)amine, tris(4-cyanophenyl)benzene," 2,5-dicya-
nothiophene,* 2,6-naphthalenedinitrile*® and 5,5'-dicyanobipyr-
idine* have already been utilized for CTF materials.

In contrast to strong Breonsted acids, ionothermal Lewis-
acidic ZnCl, conditions offer significant advantages as being
cheaper, experimentally simpler and by yielding materials with
high surface areas. The synthesis of the new porous covalent
triazine frameworks in Scheme 2 was carried out by following
previously described procedures (see ESIt).***” Here we used
two different conditions to isolate these porous frameworks:
Lewis acid condition (ZnCl,) and strong Bregnsted acid condi-
tion (CF3SO3H). A mixture of monomer (M2-M4) and ZnCl, in
quartz ampoules was heated at 400 °C for 48 h. The crude
product was stirred in water and diluted HCI for 24-48 h. The
yields of PCTF-3 to -5 were around 85%. Alternatively, a clear
solution of monomer (M2-M4) was added dropwise to the
vigorously stirred CF;SO;H solution in dry CHCI; over 1 h at
0 °C under nitrogen, followed by stirring at room temperature
for 12 h. After washing, the solid product (PCTF-6 and -7) was
collected with good yield (greater than 80%). All attempts to
polymerize M4 under Brensted acid conditions failed. The
materials PCTF-3 to -7 are insoluble in common organic
solvents. The formation of polytriazine frameworks was
confirmed by FT-IR studies. The very strong intense character-
istic carbonitrile stretching band of the monomers (M2-M4)
around 2226 cm ™" disappeared or decreased significantly after
reaction, and formed new characteristic C-N stretching bands
for triazine units, at 1384 and 1508 cm ™' for PCTF-3 to PCTF-5;
as well as 1366 and 1508 cm ™' for PCTF-6 to PCTF-7, respec-
tively (see ESIT and Fig. 1).

As expected, PCTFs are amorphous in nature which is
confirmed by powder X-ray diffraction studies (Fig. S2-S6, ESIT).
Elemental analysis of PCTF-3 to PCTF-5 indicates nitrogen
elimination during the polymerization reaction as reported
previously.”®* 1t has been noticed that aromatic nitrile
decomposition involves C-H and Ar-CN elimination. On the
other hand, elemental analysis of PCTF-6 and PCTF-7 is close to
theoretical values indicating better developed infinite triazine
networks.

For applications of porous frameworks, it is important to
consider their thermal stabilities. From thermogravimetric
analysis (Fig. 2) decomposition of PCTFs starts only above 400
°C (Table S2, ESIT). We found that all PCTFs lose some small
mass amount before the onset of decomposition due to the
remaining hydrated water (Fig. 2, and Table S2t). PCTF-4 and
PCTF-5 show the highest decomposition temperature of about
500 °C, which is comparable with other CTFs.
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Fig. 1 FT-IR spectra of PCTF-3 to -5 (top) and PCTF-6 to -7 (bottom) confirming
the formation of triazine units.

Frameworks PCTF-3 and 7 as well as PCTF-4 and -5 are each
showing a similar surface morphology from scanning electron
microscopy studies (Fig. 2) which is in line with their respective
similar porosity characteristics from N, sorption studies (¢f.
Fig. 4a and Table 1). The SEM image of nonporous PCTF-6
shows larger particles (around 2 pum).

Gas sorption properties

The porosities of all PCTFs were characterized by N, sorption
measurements as the accepted standard for surface area and
pore size determination. All materials were activated by
degassing at 200 °C for 24 h. Fig. 3 shows the N, adsorption/
desorption isotherms of PCTF-3 to -7. A sharp adsorption/
desorption step can be noticed at a low relative pressure (P/P)
of 0 to 0.05 for PCTF-3 to -5 and PCTF-7. This is indicative of
their substantial microporous character (pore widths <2 nm, 20
A, Table 1).2® The adsorption isotherms of PCTF-3, -4, -5 and -7
follow a type-II character and the beginning of the almost linear
middle section of the isotherm indicates the stage at which
monolayer coverage is complete and multilayer adsorption
takes place due to larger pores (see below).>® The desorption of
PCTF-3 and -7 exhibits a slight H4-type hysteresis, that is, the
adsorption and desorption branch of the isotherm remain
nearly horizontal and parallel over a wide range of P/P,.
Hysteresis appearing in the multilayer range of physisorption
isotherms is usually associated with capillary condensation in
mesopore structures. An H4-type hysteresis loop is often asso-
ciated with narrow slit-like pores.

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 Scanning electron micrographs and thermogravimetric analysis plots for PCTF-3 to -7.

The desorption of PCTF-4 and -5 shows an H2-type hysteresis
loop which may be attributed to a difference in the mechanism
between condensation and evaporation processes occurring in
pores with narrow necks and wide cavities.”® With PCTF-6 the
isotherm is nearly type-III for an almost non-porous material.
Its H3 loop which does not exhibit any limiting adsorption at

This journal is © The Royal Society of Chemistry 2013

high P/P, (Fig. 3) is observed with aggregates of plate-like
particles giving rise to slit-shaped pores.?®

The surface area is calculated by applying the Brunauer—
Emmett-Teller (BET) model over the pressure range of P/P, =
0.01-0.05 and the data are summarized in Table 1. Frameworks
PCTF-3 and -7 as well as PCTF-4 and -5 which had a similar SEM
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Fig. 3 Nitrogen adsorption—desorption isotherms (closed symbols for adsorp-
tion and open symbols for desorption).

morphology are each showing comparable surface areas of ~620
and of ~1100 m* g™, respectively. The surface area of PCTF-6 is
low and essentially presents the outer surface area of a textured
powder in line with the type-III adsorption isotherm. The
obtained surface areas are comparable with other CTFs.'**%3°
Even the frameworks PCTF-3 and -7 with an area of ~620 m* g~*
are also near the upper end when compared with other CTFs
where surface areas range from 2 to 1152 m> g '.» When
comparing synthesis routes for the same monomer the Lewis
acid (ZnCl,) condition gives higher surface area materials (PCTF-
3 and -5) than the strong Brensted acid (CF;SOz;H) condition
(PCTF-6 and -7). Molten ZnCl, which is present in large excess
(typically 10 : 1 molar ratio) not only acts as a Lewis acid and
solvent but also as a pore-forming (porogen) or templating agent
for the polymerization. From the comparison of the surface
areas of PCTF-1 and -2 it becomes evident that the surface area
and pore volume depend on the amount of ZnCl, porogen. The
molar ratio of ZnCl, to tetranitrile was 10 : 1 and 5 : 1 for PCTF-1
and -2 (Scheme 1), respectively, which under otherwise identical
conditions translated into a BET surface area of 2235 versus only
784 m” g~ (Table 1). The more costly Bronsted acid (CF;SO;H)

Table 1  Porosity data for PCTFs from N, isotherms at 77 K

SBETa SLangb Vo.lc Vtotd V()Al/ Vmicm(coz)e
Compound (m’g ") (m?g ") (em’g ") (em’g ) Vi (cm’g )
PCTF-1 2235 2777 0.79 1.56 0.51 0.055
PCTF-2/ 784 1313 0.29 0.76 0.38 0.040
PCTF-3 641 781 0.25 0.44 0.57 0.061
PCTF-4 1090 1299 0.41 0.75 0.55 0.052
PCTF-5 1183 1450 0.45 0.70 0.64 0.072
PCTF-6 79 135 —
PCTF-7 613 750 0.24 0.36 0.67 0.058

“ Calculated BET surface area over the pressure range 0.01-0.05 P/P,,.
b Langmuir surface area over the pressure range 0-110 Torr.
¢ Micropore volume calculated from the N, adsorption isotherm at P/
Py = 0.1 for pores with d < 2 nm (20 A). ¢ Total pore volume at P/P, =
0.95 for pores =20 nm. ° Total pore volume for pores with d = 1 nm
(10 A, ¢f Fig. 4b) from the CO, NL-DFT model at 273 K./ Data from
ref. 23.
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Fig. 4 NLDFT pore size distribution (PSD) curve of PCTFs from (a) N, adsorption
(at 77 K) and (b) CO, adsorption (at 273 K) isotherms.

catalyst is applied in lower excess (about 4-5 : 1 molar ratio) and
apparently lacks the porogenic properties. For Brgnsted acid
catalysis the porous network seems to depend much more on the
underlying nitrile structure.

The pore size distribution (PSD) is a key factor characterizing
porous materials. Non-local density functional theory (NLDFT)
pore size distributions using a slit-pore model based on the N,
adsorption isotherms of PCTFs yield pores with diameters less
than 20 A (2 nm) which correspond to micropores (Fig. 4).
Micropores are expected in CTFs due to small rings and cages
associated with triazine formation.'®* At the same time, broad
pore-size distributions over 20 A were observed especially for
PCTF-4 and -5 due to additional mesopores present in the system.
PSD curves show a larger fraction of pores with diameters over 20
A for PCTF-4 and -5 than for PCTF-3 and -7 (Fig. 4). Moreover,
from the N, sorption measurement at 77 K, the ratio of micropore
volume to total pore volume (Vy1/Vior) can be calculated which
describes the degree of microporosity (Table 1).*' All PCTFs
(except nonporous PCTF-6) exhibited Vj1/Vi, values above 0.5,
ranging from 0.55 to 0.67, which indicates a high fraction and
dominance of micropores in these frameworks.

Typically, the pore size distribution of a porous solid is
evaluated from the analysis of N, adsorption isotherms
measured at 77 K as was done above (¢f. Fig. 4a). However, at
such a cryogenic temperature diffusion of N, molecules into
carbon micropores is very slow. Moreover, diffusion limitations

This journal is © The Royal Society of Chemistry 2013



at this temperature might influence adsorption in ultra-
micropores (pores smaller than 7 A).** For porous carbons
which usually contain a wide range of pore sizes including
ultramicropores, this would require time-consuming N,
adsorption measurements and may still lead to under-equili-
bration of measured adsorption isotherms, which will give
erroneous results of the analysis. For porous carbons problem
of this type can be eliminated by using CO, adsorption analysis
at 273 K.*® The saturation pressure of CO, at 0 °C is very high
(~26141 Torr), therefore low relative pressure measurements
necessary for the micropore analysis are achieved in the range
of moderate absolute pressures (1-760 Torr).>* At 273 K and
under higher absolute pressures CO, molecules can more easily
access ultramicropores than N, at ~77 K and the kinetic
diameter of CO, (3.3 A) is also slightly smaller than for N,
(3.64 A). So, advantages of CO, micropore analysis at 273 K
versus N, analysis at 77 K are: (i) faster analysis and (ii) greater
confidence that measured adsorption points are equilibrated
(both due to higher diffusion rates) and (iii) extension of the
range of analysis to pores of smaller sizes that are accessible to
CO, molecules but not to N,.

Thus, from CO, adsorption isotherms at 273 K (see below),
the pore size distribution was derived between 4 and 10 A by
using NLDFT with a “CO, on carbon based slit-pore” model
(Fig. 4b). CO, adsorption with the NLDFT model yields a better
resolved PSD towards the ultramicropore end than from N,
adsorption isotherms (Fig. S7 to S9 in the ESIT). Here the four

PCTFs (-3 to -5 and -7) give very similar pore size distributions
for pores below 10 A (1 nm) (Fig. 4b).

The porosity together with their stability makes PCTFs
potential candidates for gas, especially hydrogen storage and
carbon dioxide capture.**~*” The H, sorption isotherms (Fig. 5a)
yielded 1.03 to 1.24 wt% H, uptake at 77 K and 1 bar (Table 2).
PCTF-5 showed the highest H, uptake (1.24 wt%) in line with its
highest surface area and micropore volume among the ada-
mantane-core PCTFs (Fig. S11 and S12 in ESI). The H, uptake
of PCTF-5 is comparable with other CTFs under similar condi-
tions.”?"** However, PCTF-3 and -7 with about half the BET
surface area of PCTF-5 still show an H, uptake of about 1.04 wt
%. The still high H, uptake can be correlated to a similar
ultramicropore volume from CO, adsorption measurements
Viiero(CO3) (Table 1) where the preferential adsorption of H,
takes place due to higher heat of adsorption in small pores and
channels.

Volumetric CO, and CH, sorption isotherms in Fig. 5b-d
gave the CO, and CH, uptake capacities of PCTFs which are
summarized in Table 2. CO, sorption was measured both at 273
K and 293 K (Fig. 5b and c). PCTF-5 has the highest CO, uptake
capacity of 58 cm® g™ ! at 273 K. These CO, uptake capacities
around 50 cm® g~ have to be compared to other CTFs which
gave CO, uptakes of 20-93 ecm® ¢~ ' at 273 K and 1 bar.>**

The CO, uptake capacity in PCTFs listed in Table 2 does not
correlate with the heat of adsorption at zero coverage (see
below) but with the BET surface area and pore volume (Table 1
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Fig. 5 Gas sorption isotherms (a) H, at 77 K, (b) CO, at 273 K, (c) CO, at 293 K, and (d) CH4 at 273 K.
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Table 2 Gas sorption at 1 bar, heat of adsorption for CO, at zero coverage and selectivity of PCTFs forp — 0

co,’ Co,° QQus(CO,)? N’ CH,® COxN, CO,:CH, CH4N,

Compound H,* (Wt%) (em®g™) (em? g™ (k] mol ™) (em® g™ (em?g™ selectivity®

PCTF-1 1.86 73.0 44.9 30/ 7.8 23.6 14:1 5:1 3:1
PCTF-2 0.90 41.5 24.2 26" 7.3 15.1 14:1 5:1 3:1
PCTF-3 1.03 48.7 32.4 27 5.9 17.1 25:1 6:1 5:1
PCTF-4 1.13 51.6 36.3 28 5.7 20.2 26:1 6:1 5:1
PCTEF-5 1.24 58.1 36.1 27 7.0 20.5 32:1 7:1 5:1
PCTF-7 1.04 48.9 32.2 25 1.6 14.6 41:1 7:1 6:1

“ Uptake at 77 K. © Uptake at 273 K. ¢ Uptake at 293 K. ¢ Heat of adsorption for CO, at zero loading from adsorption isotherms acquired at 273 and
293 K using Virial fits with the Clausius-Clapeyron eqn (1) ¢f. Fig. 7 and S10. ® The ideal selectivity (selectivity for p — 0) was calculated using the
IAST method from the ratios of the Henry-constants which were derived from maximum adsorbed amount (saturation parameter in the Toth-
equation) and the affinity constant (see Tables S4 and S5 in the ESI). For gas selectivities calculated at 273 K from the initial slopes in the
Henry region see Fig. S15 and Table S6 in the ESI Y Data calculated here in this work from the data reported in ref. 23.

and Fig. S11 to S137). For PCTF-7 having the lowest BET surface
area and V,; in the series the still sizable CO, uptake can be
ascribed to effects of the strong quadrupolar interactions of CO,
with the large amount of nitrogen atoms (Table S1 in the ESI})
still present on the pore surface.

The CH, adsorption of the PCTFs was investigated at low
pressure (up to 1 bar) and 273 K. The CH, uptake capacities of
PCTF-3 to -7 are between 14 and 20 cm® g~ which are compa-
rable with the values for PCTF-1 and -2 from our previous work
(included in Table 2).* For CTFs no other CH, sorption data
have been recorded yet in the literature to the best of our
knowledge. The gas sorption capacity for CH, (Table 2) of PCTFs
follows again the increase in surface area and pore volume
(Table 1, Fig. S11 to S137).

Overall, the H,, CO, and CH, gas uptake capacities of PCTF-1
to -7 (excluding non-porous PCTF-6) largely increase with the
surface area and pore volume (Fig. S11 to S13 in the ESIY).
Thereby the micropore volume gives a slightly better correlation
than the total pore volume which can be explained by the
preferential gas adsorption in small pores and channels due to
higher heat of adsorption. It is noteworthy that PCTF-2 (from
tetra(4-cyanophenyl)ethylene obtained at a 1:5 molar ratio
with ZnCl,, ¢f. Scheme 1) also deviates from the gas uptake-
porosity correlation. The uptake for all three gases is too low
due to its available surface area and pore volume. We ascribe
this to the significantly lower micropore fraction (Vy.1/Vior) OF

[=)

ultramicropore volume (Viicro(CO>)) (Table 1) which in turn is
evidence of a different microstructure.

Furthermore, the highest H,, CO, and CH, gas uptakes are
given by PCTF-1 and -5 from the tetrakis(4-cyanophenyl)
monomers M1 and M4, followed by PCTF-4 from tris(4-cyano-
phenyl) monomer M3 (¢f: Schemes 1 and 2, Table 2 and Fig. S11-
S131). This points to the importance of increasing the fraction of
polarizing adsorption sites in CTFs for higher gas uptake
through a higher number of nitrile groups in the monomer
starting materials.

From the available single-gas adsorption isotherms, the
selectivity in the adsorption of CO, and CH, from CO,-N,, CO,-
CH,; and CH,-N, gas mixtures was evaluated by the ideal
adsorption solution theory (IAST) which is often used to predict
gas mixture adsorption behavior in porous materials.***° Alter-
natively, the ratio of the initial slopes in the Henry region (0-
0.12 bar) of the adsorption isotherms (Fig. S15 in the ESI{)****
can be used to determine the gas selectivities exhibited by the
PCTFs (Table S61). The selectivity does not depend only on the
size of the gas components (kinetic diameter: CO, 3.3 A, N, 3.64
A and CH, 3.8 A) but also on the polarizability of the surface and
of the gas components.

The theoretical gas selectivities for CO, over N, and CO, over
CH, derived from the IAST model (Table 2 and Fig. 6) can be
ascribed to the combined effects of the size of the pore aper-
tures and the strong quadrupolar interactions of CO, with
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Fig. 6 |IAST-predicted adsorption selectivity from an equimolar (a) CO,-N,, (b) CO,—CH,4 and (c) CH4—N; gas mixtures at 273 K for PCTFs. IAST calculations for PCTF-7

involving N3 are shown only in Fig. S14 in the ESI because of low accuracy due to the low N, loading of this compound.
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Fig. 7 Isosteric differential heat of adsorption (Qagsqiff) @s @ function of CO,
uptake for PCTF-3 to -5 and PCTF-7. The intermediate maximum for PCTF-3, -5 and
-7 around 0.25 mmol g~ is within the standard deviations for Qads,diff-

nitrogen atoms present on the pore surface. The higher quad-
rupole moment of CO, (CO,: 14.3 x 10 *° cm?, N,: 4.65 x 10~ *°
cm?; CH,: none)* leads to a stronger electrostatic interaction
with the framework. PCTF-3 to -5 show a high and similar
CO,:N, selectivity of 25 to 32 for p — 0 at 273 K (Table 2). The
obtained ratios are comparable with other CTFs.”**” The CO,:N,
selectivity is the highest for PCTF-7 with 41 : 1 which is in line
with the above argument of strong quadrupolar interactions of
CO, with the largest amount of nitrogen atoms (Table S1 in the
ESIY) still present on the pore surface in this PCTF. Following a
small decrease the selectivities for CO, over N, increase
significantly with pressure for PCTF-3 to -5 to values of 34-39 at
p =100 kPa (Fig. 6). Cooper et al. calculated CO,:N,, selectivities
for various CTFs mainly between 14 and 24 : 1 at 273 K using
IAST.?” The CO,:CH, selectivities of PCTFs are found here as 5-
7:1 for p — 0 at 273 K (Table 2). The CH,:N, selectivities for
PCTF-3 to -5 are ~5: 1 for p — 0 at 273 K (Table 2). Recently,
Zhu et al. published PAF-26 materials which have selectivities
for CH, over N, in the range of 4.2 to 6.5 based on single gas
adsorption isotherms using the IAST model.** CH, adsorbs
preferentially over N, due to its higher polarizability (average
electric dipole polarizabilities: CO,: 2.911 x 107>* cm?, N,:
1.7403 x 107>* cm® and CHy: 2.593 x 10~** em?).2"

Overall, there is no loss in CO, selectivity over N, and CH,
and also in CH, selectivity over N,. There can even be an increase
in selectivity with total pressure, which is most evident for CO,
over N, with PCTF-3 to -5 and for CO, over CH, with PCTF-3
and -7. Such increasing CO, selectivities may be explained by a
collective effect of the progressive CO, adsorption onto the active
nitrogen sites.

From two adsorption isotherms acquired at different
temperatures T; and T), (¢f: Fig. 5b and c), the differential heat of
adsorption (negative adsorption enthalpy) Q.gsaqir can be
calculated for any amount of adsorbed substance after deter-
mining the required relative pressures p; and p,. A virial
equation was used to correlate the experimental data and to
calculate the isosteric heats of adsorption and the limiting heats
of adsorption at zero loading®® with a modified form of the

This journal is © The Royal Society of Chemistry 2013

Clausius-Clapeyron equation (eqn (1)).*® Q.qs airr Was calculated
over the whole adsorption range from the 273 K and 293 K
isotherms for CO, in PCTF-3 to -5 and PCTF-6 (Fig. 7). The heat
of adsorption at zero loading Qg is included in Table 2.

T,T-
Qudsdair = —R In (1772) 02 (1)

n) =T

At zero-loading the Qaqs values for PCTF-3 to -5 and CTF-7 are
30-25 k] mol~" (Table 2) and then drop at higher loading. Yet,
the heat of CO, adsorption for PCTFs stays well above the heat
of liquefaction of bulk CO, with 17 k] mol ™" (ref. 47) or around
the isosteric enthalpy of adsorption for CO, on activated
carbons (e.g. BPL: 25.7 k] mol™", A10: 21.6 k] mol ™, and Norit
R1 Extra: 22.0 k] mol™").*® The high adsorption enthalpy at low
coverage is explained by the initial filling of the small ultra-
micropores up to 4 A with adsorbate-surface interactions to
either sides or ends of the CO, molecules.** Careful evaluation
of the performance of a given porous material should consider
the heat of adsorption over the entire adsorption range (not just
at zero coverage). At zero to low coverage the magnitude of the
isosteric heat of adsorption is largely a function of the binding
strength of the strongest binding sites within the material.
Frameworks bearing CO,-interacting functionalities or highly
polarizing adsorption sites display the highest values. PCTF-4
exhibits the steepest drop in Qags qifr With CO, loading, its high
energy sites are rapidly saturated already at low CO, uptake.

We note that the small maximum in Q,qs qit S€€N between
0 and 0.5 mmol g~ CO, uptake is still within the error margin of
at least 3 kJ mol~" which we calculated on average for Qads,diff
data points.* Consequently Q34 values should only be reported
with significant digits before the decimal point. If Q,qs would
indeed exhibit relative maxima as a function of CO, uptake, this
means that a simultaneous, exothermic process must take place
in this range. A possible exothermic process, which is not easy to
detect, is the rearrangement of already adsorbed CO, molecules
towards a closer, energetically more favorable configuration.

Conclusions

A series of 4-cyanophenyl-substituted adamantanes as newly
introduced building blocks with varying symmetry (Tq4, C3, and
C,,) and functional group density was used for comparative
investigation of porous covalent triazine-based frameworks
(PCTFs) which were obtained under conditions employing Lewis
acid (ZnCl,) catalysis and strong Bregnsted acid (CF;SO3;H)
catalysis. FT-IR spectra confirm the triazine ring formation in
the obtained PCTFs. These PCTFs are stable up to 450 °C, exhibit
substantial microporous character (V, 1/Vior >0.5) and have BET
surface areas between 600 and 1200 m* g~ * which is similar to
other known CTFs. The surface area, porosity and micropore
volume are higher in the case of ZnCl, catalyzed conditions
compared to strong Brensted acid conditions and increase with
the number of 4-cyanophenyl groups and symmetry of the
building blocks. Porosity was determined from standard N,
adsorption isotherms and in addition the ultramicropore size
distribution between 4 and 10 A was derived by using NLDFT
with a “CO, on carbon based slit-pore model”. Based on gas
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sorption studies (N,, H,, CO, and CH,), these porous frame-
works preferentially adsorb CO, over N, and CH,. The PCTF
from 1,3,5,7-tetrakis(4-cyanophenyl)adamantane (with ZnCl,)
gave the highest surface area and highest gas uptake capacities
(e.g. for CO, 58.1 cm® g~ * at 273 K) with the material from 1,3,5-
tris(4-cyanophenyl)adamantane following close behind. High
ratios for the CO,:N, and CO,:CH, selectivities (up to 41 : 1 and
6 : 1, respectively, at 273 K) were found for these adamantane-
based PCTFs. Together with the PCTF from tetrakis(4-cyano-
phenyl)ethylene this study suggests to increase the number of
nitrile groups in the underlying monomers to advance the gas
uptake in the resulting frameworks.

An a priori question concerned the factors symmetry and
density of functional groups. Is there an advantage of a highly
symmetric tetrahedral building block over a lower symmetric
trigonal or bent building block with a lower density of func-
tional groups? This question is answered here that both
symmetry and density of functional groups have approximately
equal importance, as seen from the slightly better results
demonstrated by the tetrahedral block. This answer might be of
general significance for COFs obtained under non-reversible
conditions. For COFs obtained under reversible conditions the
difference might be more emphasized and its assessment is a
matter of future research.
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