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Abstract

A new generation of porous polymer networks, PPNs, has been obtained in quantitative
yield by reacting in superacidic media two rigid trifunctional aromatic monomers (1,3,5-
triphenylbenzene and triptycene) with two ketones having electron-withdrawing groups
(trifluoroacetophenone and isatin). The resulting amorphous networks are microporous
materials, with moderate BET surface areas (from 580 to 790 m? g') and have high

thermal stability. In particular, isatin yields networks with a very high narrow
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microporosity contribution, 82% for triptycene and 64% for 1,3,5-triphenylbenzene. The
existence of favorable interactions between lactams and CO. molecules has been stated.
The materials show excellent CO- uptakes (up to 207 mg g* at 0 °C/1 bar) and can be
regenerated by vacuum, without heating. Under post-combustion conditions, their
CO2/N: selectivities are comparable to those of other organic porous networks. Because
of the easily scalable synthetic method and their favorable characteristics, these materials

are very promising as industrial adsorbents.

INTRODUCTION

The search of new materials able to revert in any form the global warming is mandatory
for our civilization. Global warming is a serious risk for our society due to the expected
calamitous effects in the environment and human health. Therefore, our society should,

at least, maintain the CO, atmospheric value as low as possible.!*

Over the last few years, novel solid adsorbent materials have been explored to be used in
carbon capture and storage (CCS) technologies, which have the greatest likelihood of
reducing CO, emissions to the atmosphere.”* An efficient solid adsorbent material should
be highly selective towards CO> over other gases present in the stream (notably N2, Ho,
CHs and H20), have a high CO> uptake capacity at low and high gas pressure, be physical
and chemically stable under operational conditions, be easily regenerated with low energy
input, maintain its performance under a humid atmosphere and repeated uses, and be

prepared from low-cost raw materials.

In the search for efficient solid adsorbents for CO» capture, the amorphous porous
materials have garnered much attention in recent years.”!! These materials are tailored
using covalently linked molecular building blocks to possess high porosities and chemical

and physical stabilities.'> Moreover, these blocks are often derived from aromatic



monomers, either linked directly or by other rigid groups, to prevent the networks from
collapsing. These networks have been prepared using a great diversity of chemistry and
have been named in many different ways, such as hyper-cross-linking polymers
(HCPs),'*"!5 porous aromatic frameworks (PAFs),'!” porous polymer networks
(PPNs),2%2!  polymeric organic frameworks (POFs),?> porous benzimidazole-
benzoxazole- benzothiazole- linked polymers (BILPs, BOLPs and BTLPs),?*-* porous
imine-linked polymers frameworks,?¢ covalent triazine-based frameworks (CTFs),>”% or
PIM-based networks.*® However, in many cases, the monomers employed have to carry
several functional groups (formed by multi-steps reactions), which increases notably their

cost and limits their use for practical applications.

Recently, the Scholl reaction, which is able to form sp*-sp” aromatic bonds by using Lewis
acids, has been described for the preparation of PPNs.?! This route is especially attractive
because it allows access to polymer networks with high microporosity from available and

inexpensive starting materials and reagents.’?-

Another promising reaction to prepare PPNs, which has never been used according to our
knowledge, consists of the acid (Lewis or Bronsted) catalyzed condensation at low
temperatures of ketones or aldehydes with aromatic compounds, which is described in

the literature as the hydroxyalkylation reaction.>*

It has been shown that acid-catalyzed condensation reaction of ketones with aromatic
substrates initially produces tri-substituted alcohols, which undergo further protonation
of the hydroxyl group and subsequent reaction with another molecule of arene to provide
the corresponding tetra-substituted methane derivatives. However, the carbocationic
nature of carboxonium ions is limited by strong electronic delocalization resulting from
contributions of the oxonium forms. This restricts the reactions at the carbocationic center
to those with efficient nucleophiles. Only a few microporous polymer networks of this
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type have been obtained by employing common ketones, strong Bronsted acids, electron-

rich aromatic moieties and high reaction temperatures.>

According to Olah's definition of superelectrophiles, under superacidic conditions, further
protonation or protosolvation of the protonated aldehydes or ketones is possible, which
leads to very reactive intermediates (superelectrophiles), that is, electrophiles of doubly
electron-deficient (dipositive) nature whose reactivity significantly exceeds that of their
parent monocations under conventional reaction conditions.***® This super-electrophilic
or multi-ionic intermediate can undergo successive condensation reactions with weaker
nucleophiles, and thus it is possible the reaction even with deactivated aromatic rings

(Scheme 1).
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Scheme 1. Hydroxyalkylation reaction under superacidic conditions.

Irrespective of the mechanism, the reactivity of the protonated carbonyl group is further
increased by the presence of electron-withdrawing groups (EWGs). For example, 1,2-
dicarbonyl groups form highly reactive intermediates in superacidic conditions. Carbonyl
compounds bearing other electron-withdrawing substituents have been also used for this
chemistry. For example, superacid-catalyzed condensation reactions of trifluoromethyl
ketones occur with somewhat deactivated aromatic hydrocarbons to give diaryl

derivatives in excellent yields. This is a well-known case of monocationic electrophile



that reacts because the adjacent electron-withdrawing trifluoromethyl group enhances

significantly the electrophylicity of the carbocation.®”

Based on this high reactivity, Zolotukhin et al. have described the synthesis of high
molecular weight, linear polymers, by reaction of activated ketones (2,2,2-
trifluoroacetophenone, isatin, ninhydrin, etc.) with several aromatic compounds,
(biphenyl, p-terphenyl, p-quaterphenyl, biphenol, binaphtol, etc.), using superacids
(trifluoromethanesulfonic acid, methanesulfonic acid, trifluoroacetic acid and mixtures of
them).*>** It has been feasible to obtain polymers with high viscosity and excellent
mechanical properties, by far better than those attained by other polymerization
techniques that led to the same macromolecular structures. Moreover, the thermal and
chemical stability of these polymers resulted to be very high. When the monomers are
well chosen, it is possible to make easy chemical modification on the polymers: nitration,
sulfonation, etc., what could bring about materials with tailor-made properties and with

better ability to interact with specific molecules.

Therefore, in the present work, we have considered the reaction of trifunctional aromatic
molecules having a specific symmetry (triptycene; a 3D paddle wheel structure having a
Dsn symmetry, and 1,3,5-triphenylbenzene, with a C; symmetry), with activated ketones
(1H-indole-2,3-dione, named isatin, and 2,2,2-trifluoroacetophenone), which act as
bifunctional monomers, to prepare crosslinked, rigid, amorphous, tridimensional
networks, designed to yield nanoporous materials with high fractional free volume
(Scheme 2). The proposed reaction is very easy to carry out with high conversion, and it
is possible to scale-up this methodology to produce high amounts of materials. The
influence of the monomeric structure on the porosity and surface area of the networks has

been studied along with their ability to take a high amount of CO».
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Scheme 2. Synthesis of tridimensional networks by reaction of a trifunctional arene with

a difunctional carbonyl compound bearing electron-withdrawing groups (EWGs).

2. EXPERIMENTAL PART
2.1. Materials

Acetophenone (99%,), silicon tetrachloride (99%), isatin (1H-indole-2,3-dione) (99%),
2,2,2-trifluoroacetophenone (TFAP, 99%), and anhydrous chloroform were purchased
from Sigma-Aldrich. TFAP was previously distilled and stored in a Schlenk tube under
nitrogen atmosphere. Isatin was dried at 60 °C for 2 h, under vacuum, before use.
Trifluromethanesulfonic acid (TFSA) (99%) was supplied by Apollo Scientific, and

triptycene (98%) was purchased from abcr GmbH.



Synthesis of 1,3,5-triphenylbenzene (1,3,5-TPB). In a 100 mL double-jacket glass reactor
equipped with magnetic stirring and a condenser, silicon tetrachloride (28 mL, 0.25 mol)
was added dropwise to a solution of acetophenone (10.00 g, 0.083 mol) in absolute
ethanol (60 mL) at 0 °C and a white precipitate was formed immediately. The reaction
mixture was then refluxed for 12 h to ensure the complete formation of the product. After
cooling to room temperature, the white product was filtered, washed with cold ethanol,
recrystallized from isopropanol and dried at 120 °C for 3 h under vacuum. Yield 72%; 'H
NMR (300 MHz, DMSO-dg): d(ppm) 7.87 (s, 3H), 7.85 (d, 6H), 7.51 (dd, 6H), 7.40 (dd,

3H).
2.2. Synthesis of the Porous Polymers Networks (PPNs)

All the PPNs were synthesized in the same way, by combining triptycene and 1,3,5-TPB
with isatin and TFAP. The reaction yields, in all cases, were higher than 95%. As an

example, the preparation of the Triptycene-Isatin network is described below:

An oven-dried three-necked, 50 mL, Schlenk flask equipped with a mechanical stirrer
and gas inlet and outlet was charged with triptycene (3.49 g, 13.8 mmol), isatin (3.06 g,
20.8 mmol) and chloroform (15 mL). The mixture was stirred at room temperature under
a nitrogen blanket, cooled to 0 °C and trifluoromethanesulfonic acid (30 mL) was then
slowly added with an addition funnel for 15-20 min. The reaction mixture was allowed to
warm to room temperature and stirred for 5 days. The product was poured into a
water/ethanol mixture (3/1), filtered and consecutively washed with water, acetone and
chloroform. After drying at 150 °C for 12 h in vacuum, the material was obtained as a tan

powder in 97.5 % yield.



2.3. Techniques

Fourier Transform Infrared (FT-IR) spectra were registered on a Perkin Elmer Spectrum
RX-I FT-IR spectrometer, equipped with an ATR accessory. Solid state '*C cross-
polarization magic angle spinning NMR spectra (CP-MAS '*C NMR) were recorded on
a Bruker Avance 400 spectrometer equipped with a 89 mm wide bore and a 9.4 T
superconducting magnet. The spectrometer operated at a Larmor frequency of 100 MHz
using a contact time of 1 ms and a delay time of 3 s. All samples were spun at 9 KHz.
Thermogravimetric analysis (TGA) was performed on a TA-Q500 analyzer under
nitrogen flux (60 mL min ') at 10 °C min!. Wide-angle-X-ray scattering (WAXS) patterns
were recorded in the reflection mode at room temperature, using a Bruker D8 Advance
diffractometer provided with a Goebel Mirror and a PSD Vantec detector. CuKa
(wavelength A = 1.54 A) radiation was used. A step-scanning mode was employed for the
detector, with a 20 step of 0.024° and 0.5 s per step. Scanning electron microscopy (SEM)
images were taken with a QUANTA 200 FEG ESEM on Au-metallized samples operating
at an acceleration voltage of 1.5 kV in high vacuum and using the detection of secondary

electrons method.

Porous texture characterization of the polymers was carried out from their N> adsorption-
desorption isotherms measured at —196 °C (77 K) in a volumetric device ASAP 2010
(Micromeritics) in the 10° — 0.995 relative pressures (P/Pg) range. The minimum
equilibrium time (both for the adsorption and desorption) was 300 seconds. Samples
were degassed at 125 °C for 18 h under vacuum, before the sorption measurements, to
eliminate the sample humidity and any other adsorbed gases. The adsorption branch of
the isotherms was used to obtain the apparent surface area (Sger) by applying the
Brunauer-Elmmett-Teller method in the 0.01 to 0.2 P/Py range, the micropore volume
(Vmicro) using the Dubinin-Radushkevich (DR) equation in the 0.001 to 0.2 range and the
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total pore volume (Vioal) as the volume of liquid nitrogen adsorbed at 0.975 relative

pressure.

The CO> adsorption capacities of the polymers at 0 and 25 °C (273 and 298 K) were
measured in a volumetric device Nova 4200 (Quantachrome). Samples were also
degassed at 125 °C for 18 h under vacuum before the CO; adsorption measurements. From
the CO» adsorption isotherms at 0 °C, the narrow micropore volume (Vamicro, pore width
smaller than about 0.7 nm) was obtained by applying the DR equation in the 10~ to 0.03
P/Po range. The cumulative pore volume and the pore size distributions were also obtained

from the CO; isotherms at 0 °C by the NL-DFT method.

N2 and CO; adsorption-desorption isotherms up to 30 bar were measured gravimetrically
at 25 °C in a high pressures magnetic suspension balance (Rubotherm). The samples were
degassed in situ in the balance, at 120 °C under vacuum until constant weight. The
buoyancy effects related to the gas displacement by the sample, sample holder, and other

balance components were corrected by means of helium displacement.*>4

3. RESULTS AND DISCUSSION
3.1. Synthesis and characterization of PPNs

The synthesis of porous polymer networks was accomplished by treatment of triptycene
or 1,3,5-triphenylbencene (1,3,5-TPB), which acted as trifunctional nucleophilic
monomers, with isatin or 2,2,2-trifluoroacetophenone (TFAP), which acted as
bifunctional electrophilic ones, in the presence of a mixture of trifluoromethanesulfonic
acid and chloroform for 5 days at room temperature. Under superacidic conditions, the
ketone derivatives containing electron-withdrawing groups were first activated through

protonation, followed by electrophilic aromatic substitution on the aromatic system. The



combination of activated carbonyl compounds bearing electron-withdrawing groups and
superacidic conditions permitted to assure a good reactivity and all of the PPNs were
obtained with almost quantitative yields. To achieve the complete reaction, the proportion

of trifunctional monomer to bifunctional one was kept at 2/3.

As expected, the obtained PPNs were insoluble in organic solvents and even in very low
pKa acids. Their chemical structures were characterized by ATR-FTIR (Figure 1) and
CP/MAS 3C NMR (Figure 2). The absorption bands at 1708, 1469, and 1320 cm™' in the
spectra of the isatin-based networks demonstrated the existence of 5S-membered lactam
rings coming from the isatin. The appearance of a broad band in the 3000-3600 cm !
region was assigned to humidity traces in the samples, favored by the sorption of the
amide groups (Figure S1 in the Supporting Information section). However, the presence
of a small amount of tertiary alcohols, which were formed in the first stage of reaction
(Scheme 1), could also be possible, if they have not undergone the ulterior protonation to
provide the corresponding tetra-substituted methane derivatives. In the case of networks
derived from TFAP, the absence of the carbonyl group band at about 1730 cm™! and of
the hydroxyl stretching bands above 3000 cm™! confirmed the complete conversion of the
ketone monomer. CP/MAS *C NMR spectra of Triptycene-Isatin and 1,3,5-TPB-TFAP
are shown as examples in Figure 2. In all the systems, the peaks at 100-160 ppm were
ascribed to carbon atoms in the aromatic rings and the peak at 62 ppm was assigned to
the quaternary carbon at the ketone moiety, which was formed during the reaction.
Additionally, other peaks at 180 and 55 ppm corresponding to the carbonyl groups of

lactam rings and the methylidyne bridge carbons, respectively, were also seen.
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Figure 1. ATR-FTIR spectra of the PPNs.
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Figure 2. Solid state CP-MAS *C NMR spectra of Triptycene-Isatin (up) and 1,3,5-TPB-

TFAP (bottom). Asterisks denote spinning side bands.

Wide-angle powder X-ray diffraction (Figure 3) confirmed that all networks were
amorphous, although those containing 1,3,5-TPB showed some regularity in the chains
packing, with at least two clear preferential intersegmental distances at 13.9° and 18.9°
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(20), which correspond to 0.64 and 0.47 nm. This higher regularity in the packing was
related to the planar-triangular shape of 1,3,5-TPB because it could favor the formation

of m-it stacking into the network.
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Figure 3. Wide-angle X-ray diffractograms of the PPNs.

The surface morphologies of the four PPNs were examined by FE-SEM (Figure 4).
Triptycene-Isatin and Triptycene-TFAP networks consisted of loose agglomerates of tiny
particles with rough surfaces and irregular shapes. 1,3,5-TPB-Isatin network was made
up of spherical particles of very variable size. In contrast with the other PPNs, the images
of 1,3,5-TPB-TFAP network revealed a homogeneous rough surface in which neither
agglomerates nor particles were distinguished, probably due to the presence of very small

size particles.
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Figure 4. FE-SEM images of the PPNs: (a) Triptycene-Isatin, (b) 1,3,5-TPB-Isatin, (c)

Triptycene-TFAP, and (d) 1,3,5-TPB-TFAP.

The resulting networks showed superb thermal stability both in nitrogen and in air
atmosphere, as revealed by TGA (Figure 5). The degradation temperatures in both
atmospheres and the char yield at 800 °C in nitrogen are listed in Table 1. The char yields
were very high, about 75% in all samples, as expected for highly aromatic systems having

no hinges between the aromatic rings.

Table 1. Parameters of thermal stability of the PPNs.

PPN Raooec? Degradation Temperature®
Nitrogen Air
Triptycene-Isatin 75 520 425
1,3,5-TPB-Isatin 74 535 465
Triptycene-TFAP 74 490 430
1,3,5-TPB-TFAP 76 500 470

2 char yield at 800 °C (%) in nitrogen atmosphere. ® Temperature (°C) corresponding to a

2% mass loss.
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Figure 5. TGA thermograms of the PPNs in nitrogen (up) and in air (bottom) atmosphere.
3.2. Porosity characterization

The porosity of the PPNs was investigated by low-pressure sorption measurements using
N2 at -196 °C. The adsorption/desorption isotherms of the samples are displayed in Figure
6. All the PPNs showed a sharp uptake at low relative pressures (P/P, < 0.01) in the
adsorption branch, implying a significant microporosity. However, unlike the
microporous materials, which exhibit type I isotherms, according to IUPAC
classification,?’ the adsorption branch did not reach a plateau when the relative pressure
increased (typically between 0.2 < P/P, < 0.8) and the desorption branch showed a
remarkable hysteresis down to low relative pressures. The slope between 0.2 and 0.8, and
the volume difference between the adsorption and desorption branches was higher in the
case of Triptycene-TFAP. As a result, the additional N> uptake at a relative pressure P/Po
= 0.2 was 21% for networks prepared with isatin, 27% for 1,3,5-TPB-TFAP and 33% for
Triptycene-TFAP. This behavior has already been reported for microporous networks, but
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no detailed understanding has been achieved so far. The low-pressure hysteresis has been
usually attributed to swelling phenomena or to restricted diffusional access in very narrow
micropores. The first case is associated to a dual-mode sorption model, where the pores
are first filled with gas molecules, and an additional Henry sorption, which is proportional
to the pressure, occurs due to swelling (formation of new pores or growth in size of
preexistent ones).*® The second one is related to diffusional aspects (restricted filling of
preexistent pores) due to the microporous morphology.*’ In this context, the possible

causes of hysteresis in these PPNs will be discussed along the section.
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Figure 6. N> adsorption (full symbols)/desorption (empty symbols) isotherms measured

at — 196°C for the PPNs.

Here we want to point out that the equilibration times for the N> isotherms were long
enough to allow filling and emptying the micropores (pore width < 2 nm). To verify it,
two isotherms were obtained varying the equilibrium time (300 or 1200 seconds) and
fixing the minimum equilibration delay in each of the points at low relative pressures
(P/Po <0.2) as 1 and 10 hours. The effect of the equilibrium time on the amount of N>

adsorbed for Triptycene-TFAP, the network with the highest hysteresis, is shown in Figure
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7. The increase in the equilibrium setting allowed a slight rise in the amount of N>
adsorbed at the lowest relative pressures (P/Po< 0.01), confirming the existence of
diffusional limitations caused by restricted-access pores. Above that relative pressure,
however, both isotherms overlapped, within the experimental error, and reached the same
N> uptake. Therefore, as no diffusional limitations can be detected when the pressure

rises, the continuous increase of the slope is probably due to some swelling phenomena.
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Figure 7. N adsorption (full symbols)/desorption (empty symbols) isotherms for
Triptycene-TFAP PPN at -196 °C at different equilibrium time/minimum equilibration

delay: 300 s/1 h (circles) and 1200 s/10 h (triangles).

In order to get insight into the microporosity of the samples, the CO;
adsorption/desorption isotherms of the PPNs at 0 °C and pressures up to 1 bar (Figure 8a)
were also analyzed. The low-pressure CO> adsorption at this temperature has been
demonstrated as a complementary method for the characterization of the narrow
microporosity of different adsorbents.’*>! The higher adsorption temperature, well above
the COz condensation temperature of -78 °C, results in a larger kinetic energy, decreasing

the diffusion limitations in the narrow micropores.
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Figure 8. CO> adsorption (full symbols)/desorption (empty symbols) at 0 °C (a) and 25
°C (b) of PPNs, cumulative pore volume (c) and narrow micropore-size distribution (d)

obtained by DFT from the COz adsorption isotherms at 0 °C.

The cumulative pore volume curves and the narrow micropore-size distribution, obtained
by the method based on density functional theory (DFT), from the CO; adsorption
isotherms at 0 °C, are shown in Figure 8 (c and d). The pore size distributions of the four
PPN exhibited three peaks: the first one at pore sizes lower than 0.4 nm, the second one,
of highest intensity, centered at 0.5 nm and the third one, of lowest intensity, at 0.8 nm.
The minimum at 0.4 nm might be due to an artifact of the DFT method,>? but, even if it
were so considered, the networks presented a considerable contribution of narrow pores
(smaller than 0.7 nm). As it can be seen in Figure 8c, Triptycene-Isatin has the highest
volume of pores < 0.7 nm (0.20 cm?® g!), followed by 1,3,5-TPB-Isatin (0.14 cm® g ™),

then by Triptycene-TFAP (0.08 cm’® g!) and by 1,3,5-TPB-TFAP (0.07 cm?® g).
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Therefore, the PPNs derived from isatin have the highest proportion of the narrowest

micropores compared to those made from TFAP.

The porosity parameters obtained from N> and CO: adsorption at -196 and 0 °C,

respectively, for all the PPNs, are summarized in Table 2.

Table 2. Porosity parameters of PPNs from N» and CO» adsorption isotherms.

N2 adsorption isotherm CO, adsorption
PPN Viotal® SBET Vmicro® Vamicro®  Vmicro(HP)®
77 K, up to 1 bar 273K 298 K
Triptycene-Isatin ~ 0.44 790 0.31 0.36 0.38
1,3,5-TPB-Isatin ~ 0.44 760 0.31 0.28 0.34
Triptycene-TFAP  0.43 655 0.25 0.19 0.24
1,3,5-TPB-TFAP  0.34 580 0.24 0.19 0.23

2 total pore volume (cm?® g 1) calculated from single point measurement at P/Po = 0.975.
b Surface area (m? g1). ¢ micropore volume (cm? gt). ¢ narrow micropore volume (cm®
g 1) determined from low-pressure measurements (up to 1 bar). ¢ micropore volume (cm?

g 1) determined from high-pressure measurements (up to 30 bar).

The Sger varied from 580 to 790 m? g”! and the highest values corresponded to the isatin-
based PPNs, which also had the highest values of micropore volume. Moreover, the ratio
between the volumes of narrow micropores (Vimicro) and micropores accessible to N>
(Vmicro) indicated that the micropore distribution seems to depend on the reacting ketone.
Hence, for the case of isatin-based networks, in particular for Triptycene-Isatin PPN, there
is a higher proportion of narrow micropores, many of them not accessible to the N>
(Vimicro > Vmicro), While for the two TFAP-based ones, there is a significantly higher

proportion of wider micropores (Vamicro < Vmicro)-

18



The contribution of the narrow microporosity to the total pore volume (Vioal) Was
estimated from Vumicro, and the values are as follows: 82% for Triptycene-Isatin, 64% for
1,3,5-TPB-Isatin, 56% for 1,3,5-TPB-TFAP and 44% for Triptycene-TFAP, confirming
the microporous character of these polymers. The lower values shown for the two PPNs
derived from TFAP, and especially for Triptycene-TFAP, could be due to a higher swelling
of the network. Regardless of this fact, the results shown so far seem to indicate that isatin
favors the formation of narrow micropores and, moreover, its combination with triptycene

yields highly microporous networks.
3.3. Low-pressures gas uptake of CO»

The CO; adsorption/desorption isotherms were also measured at 25 °C and 1 bar (Figure
8b). The values of CO: uptake at 0 and 25 °C and 1 bar for all the PPN, are listed in Table
3. The CO; uptakes at 0 °C of the four PPNs showed the following order: Triptycene-
Isatin had the highest value (207 mg g'/4.70 mmol g'), followed by 1,3,5-TPB-Isatin
(135 mg g'/3.07 mmol g!), then by Triptycene-TFAP (83 mg g''/1.89 mmol g!) and
finally by 1,3,5-TPB-TFAP (76 mg g'/1.72 mmol g'). As expected in a physisorption
process, the adsorption capacity of CO> decreased when temperature increased and was
between 41 and 45% lower at 25 °C. It is noteworthy that the CO; adsorption at
subatmospheric pressures was completely reversible for all the PPNs, indicating the

possibility of regeneration of these materials by vacuum without applying heat.

Table 3. CO2 and N2 uptakes and isosteric heats of CO:2 adsorption for PPNs.

PPN CO; at 1 bar* CO; at 30 bar” Nz at 30
273 298K Qs 298 K 298 K
Triptycene-Isatin 207 118 353 407 52
1,3,5-TPB-Isatin 135 79 31.8 365 44
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Triptycene-TFAP 83 46 29.6 252 34
1,3,5-TPB-TFAP 76 40 28.3 247 33

4 Gas uptake (mg g*) and isosteric enthalpies of adsorption, Qs, (kJ mol™). ® Excess gas

uptake (mg gb).

The CO; uptakes at 0 °C of these PPNs can be compared with those of other networks
containing triptycene or 1,3,5-TPB, such as azo-linked polymers (ALPs), (5.34-3.5 mmol
g 1,3 triazole-linked polymers (TNPs), (4.5-1.6 mmol g'),>* polybenzimidazole
networks (TBIs), (3.2-2.7 mmol g !),>> benzimidazole-linked polymers (BILPs) (5.3-2.9
mmol g ), benzoxazole-linked polymers (BOLPs) (3.1-2.9 mmol g!),%* benzothiazole-
linked polymers (BTLPs) (4.3-3.2),>> Porous aromatic frameworks (PAFs) (4.7-3.3),"
triazine-based benzimidazole-linked polymers (TBILPs), (5.1-2.6 mmol g),** star
triptycene-based microporous polymers (STPs) (4.1-3.7),%¢ and microporous polyimides
(MPI), (3.8-2.3 mmol g !).%” Figure 9 compares the CO> uptakes at 0 °C and 1 bar of the
PPN studied here and those previously reported containing triptycene (circles) or 1,3,5-
TPB (squares). The data are shown as a function of the total pore volumes, which were
taken in the P/P, range between 0.90 and 1 from the N> or Ar adsorption isotherms. The
scatter of the data was large and the linear correlation coefficient was poor (r= 0.17),
indicating that the total pore volume is not the only factor that determines the CO> uptake
in these PPNs. The CO; uptake of Triptycene-Isatin (207 mg g') was only about 10 %
lower than the two best values of the PPNs here considered, which correspond to ALP1
(236 mg g !)> and TBILP2 (228 mg g !)*, although the total pore volumes of these two
PPNs were considerably higher (0.66 and 0.60 cm® g™!, respectively). As far as we know,
the CO> uptake of ALP1 represents one of the highest values for all known porous organic
polymers reported to date. Moreover, the adsorption capacity of all the other networks
here considered was lower than that of Triptycene-Isatin, even though many of them have

a significantly higher Viota. It should also be remarked that all the networks with Viotal
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above 0.5 cm® g! and high CO, adsorption contain triptycene in their structure. This
result is likely due to the rigid, fused-ring skeleton and three-fold symmetry structure of
triptycene that provides a high internal molecular free volume and high surface area. As
an example, the networks derived from STPs, which were obtained by a triptycene-
triptycene coupling reaction from trihalotriptycenes, showed high BET surfaces (> 1300
m? g!) and high total volumes and CO> uptakes at 25 °C and 1 bar, up to 4.0 mmol g™*.%
However, the microporosity ratio (defined as Vmicro/Viotal) Was about 0.46 while it was
0.70 for Triptycene-Isatin PPN. Thus, the narrow microporosity would be a factor to

consider in the high CO; adsorption capacity of Triptycene-Isatin.

Another factor to be considered is the binding affinity of these PPNs to C0,.%%° The
isosteric heats were determined by using the Clausius-Clapyeron equation (see Section 2
in the Supporting Information) from the data collected at 0 and 25 °C. The Qs values at
zero coverage for the PPN fell in a range between 28.3 and 35.3 kJ mol ™! (See Table 3).
The highest values corresponded to the PPNs made from isatin, presumably due to the
presence of lactam groups, which could interact favorably with CO2 molecules, and so

contribute significantly to the high CO> uptake.
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Figure 9. CO> uptake as a function of total pore volume for the PPNs and several porous

organic polymers containing triptycene or 1,3,5-TPB in their structure.

To assess the effect of lactam groups and fluorine atoms (CF3 moieties) on CO> binding
interactions, we performed a DFT quantum mechanical study of the energy of interaction
of two models (derived from the reactions of isatin and TFAP with benzene: Isatin-model
and TFAP-model) in the presence of CO» (one and two molecules). All the details about

the computational methods are provided in the Supporting Information section.

The electronic energy of the optimized geometries for both models and their COz-adducts
are listed in Table S1. A favorable interaction of both models with CO2 molecules was
found. The binding affinity for the first CO, molecule was significantly higher for the
Isatin-model than for the TFAP-model (20.741 vs 9.681 kJ mol'). However, the
introduction of the second CO2 molecule had roughly the same effect in the interaction
energy for both models (around 11 kJ mol™!). The binding affinity was also been estimated
from the deviation of the OCO angle from the value of 180°, corresponding to the isolated
COz. By comparing the values listed in the last column of Table S1, according to this
criterion, the highest interaction corresponded to the Isatin-model-1CO> and to the first
CO: of the Isatin-model-2CO,. In TFAP-model the interaction with CO; was clearly

lower in all cases, confirming the results obtained from the interaction energy.

Figure 10 shows the optimized geometry of the corresponding adducts with one and two
molecules of CO,. The interactions of the first CO2 molecule with the Isatin-model (a)
were through the O atom of the C=O0 in the lactam ring and the C atom in the CO; and
through the N-H group and the O atom in the CO», with interatomic distances of 2.80 and
2.30 A, respectively. For the TFAP-model (c), the C atom in the CO2 molecule interacted
with two F atoms of the CF3 moiety (at distances of 2.97 and 3.07 A). On the other hand,
when two CO; molecules were allowed to interact with each model, a different orientation
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of the CO> molecules was observed in each case, t-shape for Isatin-model (b) and crossed-
shape for TFAP-model (d). In the Isatin-model, only one of the O atoms in the second
CO;2 molecule interacts with the lactam ring, through the N-H. In the TFAP-model, the
second CO> molecule interacted with the F atoms, in a way similar to the first one.
Moreover, intermolecular interactions between both CO; molecules, O=C=0(5-
)----C(8+)02, were found, with bond distances of 2.95 and 3.25 A for Isatin-model and
TFAP-model, respectively. Consequently, this interaction should also favor the

incorporation of successive CO> molecules.

These results support that the PPNs derived from isatin interact more favorably with CO;
than those derived from TFAP, thus confirming the highest CO; uptake of these networks,
even for similar values of Vi However, considering that both the amount of lactam
groups and the Vol are similar in the Triptycene-Isatin and 1,3,5-TPB-Isatin, the highest
CO; adsorption for the first PPN is most likely due to the higher contribution of the

narrow micropores to the total microporosity in that case.

Besides, taking into account that the Qs values were comparable to or even superior to
those found for ALPs [27.9-29.6 kJ mol '], BILPs [26.7-28.8 kJ mol'],% TBILPs [29.0-
35.6 k] mol']** and TNPs [34.8-38.5 kJ mol!],>* no correlation between the adsorption
capacity and the isosteric heat of adsorption could be drawn from Figure 9. Thus, the total
microporosity and pore size distribution seem to play a more relevant role in the CO>

adsorption capacity of these organic porous networks at low pressures.
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Figure 10. Optimized geometries for the COz-adducts (one and two CO2 molecules)
derived from Isatin-model (a and b) and TFAP-model (c and d). The lines are interatomic
distances. The grey, white, red, blue and light-blue colors stand for C, H, O, N and F

atoms, respectively.

3.4. High-pressures gas uptake of CO2 and N>

The high-pressure adsorption/desorption isotherms of the PPNs for N> and CO; at 25 °C
and up to 30 bar are displayed in Figure 11. For both gases, all the isotherms showed an
increase in gas uptake with the increasing of gas pressure, without reaching a plateau,
indicating that the pore volume filling was not complete over the pressure range
considered. Despite the moderate Sger values, these materials showed good CO, storage
capacity, particularly those derived from isatin, as seen in Table 3. Triptycene-Isatin

showed an excess CO» uptake of 40.7 wt.%, followed by 1,3,5-TPB-Isatin with a 36.5
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wt.%, and then by the two TFAP-based PPNs with around 25 wt.% at 30 bar and 25 °C.
These values were between 3.5 and 6.2 times higher than those obtained at 1 bar and 25
°C. It is remarkable that the PPNs derived of TFAP underwent the highest increase in
adsorption capacity when the pressure increased from 1 to 30 bar. On its turn, the sorption

of N> went from 5.2 wt.% for Triptycene-Isatin to 3.3 wt.% for the TFAP networks.

The high-pressure isotherms of N> for the PPNs were completely reversible without any
hysteresis loop, which was expected because the measurements were conducted well
above the gas condensation temperature. In the case of CO2, the high-pressure isotherms
were analogous to those obtained with Ny at low pressures (up to 1 bar) and -196 °C,
because the relative pressure reached was 0.45 and some swelling can take place upon
reaching these relative pressures. For COz, however, all of the trapped gas was easily

released on returning to P/Po= 0.

Moreover, the CO; adsorption experiments at high pressure permit a better determination
of the total micropore volume of the PPNs by applying the DR equation, because the N>
molecules cannot access to the narrowest micropores, as commented on above. However,
the CO2 molecules can be adsorbed in the whole microporosity range; if a high enough
relative pressure is achieved. The volumes determined from CO: sorption at low-
pressure/0 °C and high-pressure/25 °C, Vimicro and Vmicro(HP), respectively (Table 2), were
similar for Triptycene-Isatin, indicating that the pore size distribution was much narrower
than for the other three PPNs and, moreover, it was mainly formed by pores having
diameters lower than 0.7 nm. For the other three networks, the Vmicro(HP) was higher than
Vimicro showing that the pore size distribution was clearly wider and more heterogeneous.
However, it is to be pointed out that the values of Vmico(HP) were similar to those of

Vicro, Obtained from low-pressures N> isotherms, for the TFAP-based PPNs, indicating
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that their microporosity was mainly due to pores with diameters higher than 0.45-0.50

nm.
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Figure 11. N> and CO; adsorption desorption isotherms of PPNs at 25 °C up to 30 bar.

Another way of seeing that the microporosity size distribution is different in these PPNs
is by comparing the characteristics curves of the adsorption measurements for CO, and
N2, which have been included in the Supporting Information (Section 4, Figure S4). In all
cases, the overlapping of the CO; characteristic curves at low and high pressures was
observed. However, the curves obtained from N» adsorption only overlapped with those

corresponding to the high-pressure CO» adsorption at low values of (4/5)* (i.e. high P/Py),
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indicating the diffusional limitations of the N> to access at the narrowest pores, as
commented on previously. This effect was notable in the case of Triptycene-Isatin, where
a large deviation was observed even at very low values of (4/5)? (around 300 kJ? mol ),

significantly lower than in the other PPNs, confirming its narrower porosity.
3.5. CO2/N; Selectivity

Because these PPNs, and particularly those derived from isatin, showed high
physicochemical stability and relatively good CO> storage capacity, we have studied their
ability to selectively capture CO2 over Na. As commented on above, N2 was much less
adsorbed than COa, up to 30 bar and 25 °C, which would be indicative of a good

selectivity of CO2 over Na.

In a first attempt to evaluate the use of these PPNs as solid adsorbents in the capture of
CO; from post-combustion flue gas,’*% the selectivity on a binary gas mixture (CO2/N2)
was estimated by applying the SIPs adsorption model, which allows predicting the
selectivity from single component isotherms. Detailed information about the calculations
performed at high pressures and 25 °C can be seen in the Supporting Information (Section
5). Figure 12 shows the CO2/N; selectivity for binary mixtures with different CO> molar
fraction (between 0.05 and 0.25) and pressure varying from 1 to 15 bar. The predicted
selectivity for all the PPNs decreased when either the CO2 mole fraction in the mixture
or the pressure increased. The selectivity to separate CO2/N> from a mixture with a
composition similar to those of flue gases (15/85 %) and 1 bar pressure was 29.5 for
Triptycene-Isatin, 32.7 for 1,3,5-TPB-Isatin, 28.6 for Triptycene-TFAP, and 22.5 for

1,3,5-TPB-TFAP.

In general, the performance in terms of CO: capacity and CO2/N; selectivity were

comparable, or even superior, to those of other microporous materials, such as porous
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23,53,54

organic materials , carbon based materials,** and zeolitic imidazolate frameworks,®

for similar flue gas composition and temperature and pressure conditions.
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Figure 12. Selective adsorption of CO; over Nz in a mixture of both gases at 25 °C and

different pressures as a function of the CO2 mole fraction.
CONCLUSIONS

A new set of porous polymer networks (PPNs) from rigid trifunctional aromatic
monomers and ketone derivatives were successfully prepared in quantitative yield using
a cost-effective and feasible methodology, which is easily scaled up to produce large

quantities of material for practical applications.

The PPNs were amorphous microporous materials with moderate surface areas (between
580 and 790 m? g'!), good chemical stability and exceptional thermal resistance, even in

air, with onset of degradation temperatures above 420 °C.
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The PPNs derived from isatin showed the highest CO> uptake together with the highest
values of Qs:. This indicates a favorable chemical interaction between CO> and the lactam
moieties, which has been confirmed by quantum mechanical calculations. However, if
both PPNs from isatin are compared, the CO> uptake is significantly higher for the
Triptycene-Isatin network. Therefore, the difference between both networks has to be
attributed to their microporosity characteristics, because both have the same value of Viotal
and Vmicro but Triptycene-Isatin PPN has a significantly higher contribution of narrow

micropores to the total microporosity (82% of the total pore volume, versus 64%).

Because of the above, the CO; uptake for Triptycene-Isatin and the CO2/N> selectivity
under post-combustion capture conditions was comparable to those of the best PPNs
reported up to now. The combination of these properties with the stability and synthetic

feasibility commented on above, make them very promising as industrial CO> adsorbents.

SUPPORTING INFORMATION

Details on the calculations made from gas sorption measurements and on the quantum
mechanical calculations. This material is available free of charge via the internet at

http://pubs.acs.org.
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