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Covalent Organic Frameworks (COFs) are porous materials with high surface areas, making them interesting for
a large variety of applications including energy storage, chemical sensing, and gas separation. In gas separation
and sensing, functionalization beyond the COF linkage can result in selective COF-gas interactions, tailoring the

Schiff c_hemlStry . properties for the desired application. However, not all functional groups are compatible with the synthetic
Dynamic covalent chemistry " . . . 1
Modulators conditions needed for COF formation. Modulators, which are typically monovalent building blocks that would

terminate the reaction, have been shown to maintain or even improve the COF porosity by slowing down the
reaction kinetics. Herein, we report on a series of several para-functionalized (OMe, Me, F, Cl, CF3, NO3) amine
modulators to introduce additional functionality into the framework to study the selective CO2/N; gas separation
under flue gas conditions. Thorough characterization of the modulated COFs showed that the modulators are
located on the outside of the polymeric sheet and get replaced by benzidine molecules, favoring a regular
network formation over a homogeneous modulator distribution. The fractions of eventually incorporated
modulator vary per functional group between 2.1% (NOy-modulated COF) and 8.9% (Me-modulated COF) while
maintaining high BET surface areas (>1800 m2/g). It was found that all modulated COFs adsorb moderate
quantities of CO2 and show comparable CO5/Ny IAST selectivity values under flue gas conditions. A higher

Gas separation

number of functional groups in the framework was shown to enhance the IAST selectivity.

1. Introduction

Porous materials are solid materials, possessing permanent pores
with pore sizes of a few to several hundred nanometers. These pores can
be classified into macro- (>50 nm), meso- (2-50 nm) and micropores
(<2 nm) [1]. In 2005, Yaghi and co-workers reported the first Covalent
Organic Framework (COF) as a new type of fully organic porous nano-
material [2]. Since then, COFs have gained increasingly more interest
and a huge variety of different materials and applications have been
reported [3,4]. The permanent porosity and their channel-like structure
lead to high surface areas, which are of interest for, amongst others,
energy storage [3,5], chemical sensing [3,6], photocatalysis [3,7,8] and
gas separation [3,9]. COFs are usually synthesized via polycondensation
of two multifunctional building blocks. The formed COF linkages are
based on Dynamic Covalent Chemistry (DCC) [10,11]. DCC refers to
reversible reactions carried out under thermodynamic reaction condi-
tions, which enable error correction within the reaction. This leads to a
crystalline framework with long-range order. Imines are known for DCC,
which makes them interesting for COFs. They can be synthesized in a
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condensation reaction from aldehyde and amine building blocks with an
acidic catalyst, which is also known as Schiff base chemistry [3,12-14].

In the context of gas separation applications, COFs are exposed to a
mixture of gases of which one gas would - ideally - selectively adsorb
onto the COF surface and inside the COF pores. Here, the porosity of
COFs is advantageous to store large quantities of gas, which has, for
instance, been used for carbon dioxide capture and storage. As the term
‘gas separation’ already states, it is important to have a selective
adsorption of one gas over another, in order to achieve the desired
separation. In fact, the development of new, more selective, porous
materials for carbon dioxide capture crucially depends on the ability to
determine this gas selectivity. Measuring mixed-gas adsorption requires
specialized and expensive equipment [15]. The measuring principle
relies on dynamic methods, in which the gas mixtures are constantly
flowing over the sample and so-called breakthrough curves are recorded
to determine how much of which gas is adsorbed. In contrast, measuring
the adsorption isotherm of a pure component is far more straightforward
and is possible with common physisorption instruments. Physisorption
instruments measure the quantity of gas adsorbed at each pressure,
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leading to isotherms of the pure gases.

In order to determine gas separation selectivity values out of pure
component isotherms, the so-called Ideal Adsorption Solution Theory
(IAST) was developed by Myers and Prausnitz [16]. The basis of IAST is
analogous to Raoult’s law [16]. Both theories assume a linear depen-
dence between gas pressure and the mole fraction of the gaseous
component; in case of Raoult’s law the vapor pressure and in IAST the
equilibrium gas-phase pressure [16]. The simplicity of these calculations
makes IAST a widely used method for selectivity determination in gas
separation. The IAST selectivity S of a binary gas mixture in IAST is
defined as the ratio of the mole fractions in the adsorbed state (q) over
the mole fractions of the bulk phase (p) of components 1 and 2 (Equation
(1) [17].

X
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The validity of IAST has been studied by comparing the IAST results
with grand canonical Monte Carlo (GCMC) simulations for Metal
Organic Frameworks (MOFs) [18]. Despite the development of more
accurate GCMC simulations over the past decades, the obtained selec-
tivity predictions, as well as experimentally obtained data, are still
comparable to IAST predictions [19-25]. The comparable results of IAST
with GCMC simulations, its simplicity and general applicability are the
reason why IAST is still the benchmark theory for mixed adsorption
studes.

Being a primary greenhouse gas, CO, plays an important role in
climate change. Strategies to mitigate global warming include the
reduction of COy emissions via carbon capture and storage. The sepa-
ration of CO, from N3 — and the associated CO5/Nj selectivity — play a
crucial role in such strategies. In this context, the porosity of COFs is
advantageous to store large quantities of gas [26,27]. Computational
studies have shown that metal doping significantly increases the CO5
uptake at 298 K and 1 bar [28]. Among the screened metals (Li, Na, K,
Be, Mg, Ca, Sc, Ti), the COy-metal interaction is best in terms of
adsorption and desorption for Li. The CO2 uptake and CO2/Nj selectivity
have been investigated under high pressure (>1 bar) or flue gas (15%
COo, 1 bar) conditions for example. It was found that the CO5 adsorption
increases with increasing pressure. At 5 bar pressure, triazine-based
p-ketoenamine COF reached a CO, adsorption of 12.97 mmol/g and
3.64 mmol/g at 273 K and 298 K, respectively [29]. Flue gas conditions
are relevant for the purification of industrial exhaust gases and several
COFs have been investigated under those conditions. Covalent Triazine
Frameworks (CTFs), a special type of COFs, are reported to have high
CO9/Nj selectivities. Mahato et al. reported the highest CO2/Ny IAST
selectivity value for COFs under those chosen flue gas conditions so far
of 185.8 at 273 K with an CO; adsorption of 3.50 mmol/g [30]. Among
COF materials, imine COFs are most commonly used and Huang et al.
synthesized an porphyrin COF, whose channel-walls were
post-synthetically functionalized with carboxyl groups [26]. The selec-
tivity under the above mentioned conditions was enhanced by more
than ninefold compared to the pristine COF to S = 77. Das et al. studied
an imine network and determined CO,/N> selectivities of 211 at 273 K
and 100 at 298 K [31]. These values were validated by breakthrough
experiments, leading to a selectivity of 125 at 298 K, which is even
higher than predicted by IAST. Structure-performance studies of six
different COFs, carried out by Wang et al, have revealed that
p-ketoenamine COFs outperform imine COFs with similar pore sizes
[32]. They did not find a direct relation between the CO5 uptake and the
pore size.

Research has not been limited to carbon dioxide separation, but also
sulfur dioxide (SO3) removal from flue gas by COFs has been studied
[33]. Imide-linked COFs were functionalized by incorporation of
4-[(dimethylamino)methyl]aniline and the SO, uptake was measured
over time, leading to 6.30 mmol SO, g%, which is equivalent to 40 wt%.

Such monovalent amines or aldehydes can be used as modulators.
Modulators would terminate the polymerization. Due to the dynamic
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nature of imine chemistry, the imine bonds can react back to the starting
materials again or undergo metathesis and the modulator can be
replaced by a diamine to continue polymerization. This dynamic
behavior enables two different possibilities how the modulator acts
during polymerization: (1) the modulator is homogenously distributed,
leaving some pores unclosed and therefore disrupts the regular frame-
work, resulting in a non-ideal honeycomb structure or (2) the modulator
is heterogeneously distributed. In several studies, it has been shown that
the mostly unfunctionalized modulator was mainly located on the
outside of the 2D polymeric sheet, acting as a capping agent [34-37].
Calik et al. studied the position of the modulator by using a
thiol-functionalized modulator to enable staining with iridium clusters
[38]. High-angle annular dark-field scanning Transmission Electron
Microscopy showed that the stained modulators were mainly located at
grain boundaries. Moreover, Lee et al. used a
dimethylamine-functionalized modulator in imide COFs for SO capture
[33]. Since the polymerization is dynamic, the modulator gets
constantly replaced by diamine molecules. This exchange reaction slows
down the framework polymerization and leads to a more regular
framework [34,35,37-42]. In general, such modulators can additionally
contain  different functional groups [33], ranging from
electron-withdrawing groups to electron-donating groups. The influence
of such functional groups was studied by Hammett et al. who derived an
equation that correlates the chemical structure with the corresponding
reactivity [43,44]. Later Hansch et al. compiled extensive lists of
Hammett parameters for a broad library of functional groups [45,46].
The applicability of the Hammett equations has been shown in several
studies, amongst others the hydrolysis of p-nitrophenyl benzoate esters
[471, imine exchange in multistep metallo-organic transformations [48]
or imine exchange in covalent adaptable networks [49].

As shown by these examples, functional groups play an important
role in tailoring the selectivity of COFs for gas adsorption and modula-
tors have proven to form COFs with high porosity. Therefore, we
decided to extend this approach by employing a series of functionalized
modulators, which are even commercially available. The obtained ma-
terials were thoroughly characterized and the modulator concentrations
within the framework were determined. Additionally, the impact of the
different functional groups on CO2/Ny selectivity under flue gas condi-
tions was systematically studied.

2. Experimental
2.1. Materials

Benzidine (98%) was purchased form Abcr, p-anisidine, p-toluidine,
4-fluoroaniline, 4-chloroaniline, 4-trifluoromethylaniline, and 4-nitroa-
niline were purchased from Sigma Aldrich, and all chemicals were used
without further purification. Mesitylene (99%, extra pure) was pur-
chased from Fisher Scientific and 1,4-dioxane (99%) was purchased
from Acros Organics B.V.B.A. 2,5,6-Trimethyl-1,3,5-benzenetricarbox-
aldehyde was synthesized before [50]. All solvents and glacial acetic
acid (AR) were purchased from commercial sources and used without
further purifications.

2.2. Methods

!H spectra were recorded on a Bruker AVANCE III NMR spectrometer
at 600 MHz. The spectra were referenced with respect to the deuterated
solvents (DMSO-dg: 2.5 ppm). The spectra were analyzed using Mes-
tReNova (version 14.1.0).

FT-IR spectra were obtained on a Bruker Tensor 27 spectrometer
with an attenuated total reflection accessory called Platinum. The
samples were applied as powder on top of the crystal. 64 scans were
performed with a resolution of 4 cm ™.

Powder X-Ray diffraction measurements were performed with a
Philips X’pert-PRO at 40 kV and 40 mA from 4 to 40° (step size: 0.05°,
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step time: 90 s, mask in front of entrance: 10 mm and slit 1°, slit before
detector: 1°) and from 1.5 to 10° (step size: 0.05°, step time: 500 s, mask
in front of entrance: 5 mm and slit 0.5°, slit before detector: 0.25°). X-
Rays were generated by a Cu anode Ka (1.54 ) radiation. The goni-
ometer radius was 240 mm, the soller slits were 2.3° and the receiving
slit was 0.1 mm in width. Pawley refinement was carried out in Topas
(version 5) with a CuKa5_Berger emission profile. The parameters “Zero
point error”, “Cry Size L” and “Strain L” were allowed to refine.

X-Ray photoelectron spectroscopy (XPS) measurements were per-
formed using a JPS-9200 photoelectron spectrometer (JEOL, Ltd.,
Japan). Samples were pressed on indium foil. All samples were analyzed
using a focused monochromated Al Ka X-ray source (spot size of 300 pm)
at a constant dwelling time for survey scan 50 ms and pass
energy = 50 eV. The power of the X-ray source was 240 W (20 mA and
12 kV). Charge compensation was applied during the XPS scans with an
accelerating voltage of 2.8 eV and a filament current of 4.8 A. XPS
survey-scan spectra were obtained under ultrahigh vacuum conditions
(base pressure = 3 x 1077 Pa). The survey scans were integrated with a
Shirley background using CasaXPS. All spectra were referenced to the
C1s peak attributed to C-C and C-H atoms at 285.0 eV.

Nitrogen adsorption-desorption measurements for surface area
determination were performed on a MicroActive for Tristar II Plus
3030 at 77.350 K with an equilibration time of 10 s and a non-ideality
factor of 6.2 x 107°. Before the measurement, the samples were out-
gassed at 120 °C overnight. Surface areas were calculated from the
adsorption data using Brunauer-Emmett-Teller (BET) methods and
Roquerol criteria. The pore-size distribution curves were obtained from
the adsorption branches using HS-2D-NLDFT, Carbon Cylindrical Pores
(ZTC), Ny@77K. An optimum between Goodness of Fit and smoothness
of the pore size distribution was aimed for. The average of three different
COF batches was used to determine the BET surface areas.

Nitrogen and carbon dioxide adsorption measurements were per-
formed at 295 K with absolute pressure dosing and an equilibration time
of 20 s between 3 and 1200 mbar. The free space values were deter-
mined after the adsorption measurement. Nitrogen measurements at
273 K were performed under the same conditions as 295 K. Carbon di-
oxide measurements at 273 K were performed by increment dosing up to
p/po = 0.03 with an increment of 0.13384 mmol/g and an equilibration
time of 20 s. The gases were considered as ideal gases under all these
circumstances.

The CO4/Ny selectivities were predicted based on the Ideal Adsorp-
tion Solution Theory (IAST) [16,51] by GraphIAST [52] at 1 bar and a
composition of 0.15/0.85. The isotherms were fitted with the interpo-
lator model. Negative adsorption values in the low pressure range were
left out of the IAST calculations.

Thermogravimetric analysis was performed on a PerkinElmer STA
6000. The sample was heated to 30 °C and this temperature was
maintained for 1 min, before the sample was heated with 10 °C/min to
700 °C in a nitrogen atmosphere with a flow rate of 20 ml/min. The
thermal stability was determined at the point where 95% of the sample
were still retained.

Scanning electron microscopy images have been recorded with a Jeol
JAMP-9500F. The samples were pretreated with a goldsputter (Jeol JFC-
1300) with 40 s sputtering time. The images were recorded at 5.0 kV at
different magnifications.

Origin2020b (64-bit) version 9.7.5.184 was used to analyze, to plot
and to fit all data.

2.3. Synthesis

The COF synthesis is based on a modified procedure of Smith et al.
[53]:

The aldehyde (1 equiv.) and the modulator (3 equiv.) were dissolved
in 4:1 v/v 1,4-dioxane:mesitylene mixture in a 50 mL round bottom
flask, together with a stirring rod. The solution was heated for 2-5 min
to 70 °C and glacial acetic acid (1.0 mL) was added. The reaction
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mixture was stirred at 70 °C for 1 day. Benzidine (1.05 equiv.) and
glacial acetic acid (0.8 mL) were added and a yellow precipitate was
formed. The reaction mixture was stirred at 70 °C for 1 day. Afterwards,
the reaction was cooled to RT and the precipitate was collected via
Biichner filtration. The solid was dispersed in dimethylformamide
(DMF), stirred at 90 °C for 30 min and collected via Biichner filtration.
These steps were repeated with DMF (90 °C, 30 min), ethanol (80 °C,
30 min), acetone (60 °C, 30 min) and hexane (70 °C, 30 min). After the
final Biichner filtration, the COFs were dried overnight at 120 °C in a
regular oven. After drying, the COFs were kept in the glovebox for
storage.

OMe-modulated COFs were heated for 2 days after the addition of
benzidine.

3. Results and discussion

In a first approach to introduce functional groups in our imine-linked
COFs [50], we have tried to react several ortho-substituted (OMe, OH, F,
NO3) benzidine building blocks with our recently reported methyl
aldehyde building block [50]. While the methoxy-substituted benzidine
resulted in a COF (SI Figs. 1-3), the hydroxy-substitution led to an
amorphous network (SI Figs. 4-6), and fluoride- and nitro-substitution
did not react at all. The electron-withdrawing character of fluoride-
and nitro-substitution leads likely to a decrease in reactivity and thus no
reaction could be observed. We therefore looked into a different strategy
to incorporate those functional groups in our COFs and decided to
continue via para-substituted modulators (Scheme 1).

3.1. Synthesis, reaction optimization and characterization of COFs with
modulators

In a classical Schiff base condensation reaction, two equivalents of
aldehyde node and three equivalents of amine linker were reacted at
70 °C in 1,4-dioxane:mesitylene 1:4 v/v at atmospheric pressure. The
three equivalents of amine linker consist together out of benzidine and
the respective modulator. With the amount of modulator added, we
were aiming for approximately 30 mol% of modulator of all amines in
the framework. This will be abbreviated as “mol% modulator”. With the
chosen building block, more than 30 mol% of modulator would decrease
the number of functional groups for imine formation per monomer
below two, which would interfere with the formation of a regular
framework.

In a one-pot synthesis of CF3-modulated COF, only ~3% modulator
was found based on digestion *H NMR. In order to get higher quantities
of modulator incorporated into the framework, the reaction conditions
were optimized. In a first step, the modulator was reacted quantitatively
with all aldehyde groups of MesTFB, to which then 70 mol% benzidine
was added in situ, and an immediate precipitation could be observed
(Scheme 1). The precipitate was isolated after 6 h, 1 d, 2 d and 3 d and
the BET surface area was determined to check the porosity. It was found
that the BET surface area after 1 day of reaction time was 2028 m?/g and
did not change much anymore upon further increased reaction times (SI
Table 2). Since a trade-off between the concentration of functional
groups within the framework and porosity is needed, the COFs were also
digested in DCl/D50 before 'H NMR analyses to calculate the fraction of
modulator. The concentration of modulator decreases over time, which
means that the reactivity of benzidine is higher compared to the reac-
tivity of modulator. This indicates that it is thermodynamically advan-
tageous to form a crystalline framework rather than incorporating all
functional monomers into the polymers, as that would lead to inter-
rupted networks.

The synthesis of methoxy-modulated COFs required different reac-
tion conditions, because initially, before optimization, no precipitate
and thus no COF was formed. Instead, Me3TFB and 30 mol% OMe-
modulator were reacted for one day before benzidine was added and
allowing the reaction to proceed for another two days.
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Scheme 1. Schematic showing the synthesis of modulated COFs in a two-step reaction. In the inset all para-substituted modulators used in this study, including their

Hammett parameters, are given.

After this reaction optimization, all modulator-functionalized COFs
have been synthesized and characterized in triplicate. The COFs were
isolated by Biichner filtration and subjected to Vitaku et al.‘s extensive
washing procedure [13]. The material was then dried at 120 °C over-
night in an air-ventilated oven. The characterization of modulated COFs
is exemplarily demonstrated for CFs-modulated COF, because this
modulator can easily be recognized by Fourier-Transform Infrared
Spectroscopy (FT-IR). The characterization for the other modulated
COFs can be found in the Supporting Information.

As a first step, to confirm the successful COF formation, FT-IR was
performed, yielding an almost identical spectrum as the spectrum of

Me3TFB-BD COF (Fig. 1A). Additionally, characteristic bands of the
modulator 4-trifluoromethylaniline can be identified, ie., the strong
bands at 1319, 1099 and 1061 cm ™!, which are characteristic for CF3
groups [54]. The absence of bands at 1319 cm™! and 1061 cm ™ in the
FT-IR spectrum of Me3TFB-BD shows that the that modulator has been
incorporated. The band at 1099 cm ™! overlaps with other COF-related
bands and are therefore not clearly visible. The incorporation of the
other modulators is less visible in the IR spectra (SI Figs. 7-11).
Powder-X-Ray Diffraction (PXRD) analysis was carried out to study
the crystallinity. The diffractogram of CF3-modulated COF — as well as
the diffractograms of all other modulated COFs (SI Figs. 12-17)- show
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Fig. 1. Characterization of the CF3-modulated Me3;TFB-BD COF: (A) FT-IR spectrum, (B) PXRD diffractogram, (C) adsorption-desorption isotherm, (D) and NMR
digestion to quantify the modulator content. The dashed lines in the FT-IR spectrum indicate the characteristic bands of the modulator 4-trifluoromethylaniline.

the same diffraction peaks as MesTFB-BD (Fig. 1B), confirming the
crystallinity of all COFs. Pawley refinement was performed in triplicate
with the PXRD diffractograms using space group P6/m, which corre-
sponds to an eclipsed stacking structure. The unit cell dimensions and
Ry and Ry, values are given in SI Table 1. The unit cell parameters match
with those of Me3TFB-BD, confirming the same crystal structure [55].

Nitrogen sorption experiments have been carried out to determine
the porosity and BET surface area of all COFs. The type IVb isotherm of
MesTFB-BD with a pore size of 2.7 nm is retained in CFs-modulated COF
(Fig. 1C). All other modulated COFs also have a type IVb isotherm with a
pore size distribution centered at 2.7 nm (SI Figs. 19-24). A pore size of
2.7 nm is just in between micro- and mesoporosity and the micropo-
rosity is shown by a large adsorption of nitrogen in the low pressure
range (p/p°<0.1). A step in the isotherms at p/p°=0.1 indicates capillary
condensation. The isotherms do not show a hysteresis during desorption.
The comparable isotherm shape and pore size distribution of MesTFB-
BD and all modulated COFs is in line with the comparable PXRD dif-
fractograms and the low fractions of modulators in the COFs, pointing to
the similarities in the structures of the functionalized, modulated COFs
and Me3sTFB-BD. The adsorption branches were used to calculate the
BET surface area (Sggr). All samples are microporous, which means the
original p/p0 range from 0.05 to 0.3 is not applicable. Therefore, lower
relative pressures have been used for the linear fit and the Rouquerol
criteria [56] were applied. The same pressure range has been used for
the linear fit of the same COF. A BET surface area of 1966 + 54 m%/g was
found for CF3-modulated COF.

Since the IR spectra could not unambiguously show the presence of

the modulator inside the COF, it was proven and quantified by NMR
digestion. In NMR digestion, the COF sample is cleaved into its mono-
mers again for the purpose of COF analysis (SI Figs. 25-29). In more
detail, the sample was exposed to DCl in D50 solution in deuterated
DMSO-dg, and the 'H NMR spectrum was measured (Fig. 1D). The
resulting spectrum shows a signal at 10.47 ppm, which is a characteristic
chemical shift for aldehyde protons, indicating that the COF is depoly-
merized. The four doublets between 7 and 8 ppm correspond to the
arylic protons of the benzidine and the modulator. After phase and
baseline correction, the signals were integrated and based on the in-
tegrals, the amount of modulator in mol% was calculated. For CF3-
modulated COFs, 7.4 £+ 0.4 mol% modulator is incorporated within the
framework, which is significantly less than the 30 mol% feed. This
shows that the polymerization with benzidine is favorable compared to
maintaining the modulator-aldehyde imine bonds. Since there is not
enough benzidine to react with all aldehyde groups, the yield of COF
precipitate would also reduce, which was confirmed by our experiments.

Comparing the entire range of modulated COFs, the BET surface
areas are between 1857 + 247 m?/g and 2097 + 141 m?/g and do not
vary much depending on the modulator used (Fig. 2). Such high BET
surface areas translate to a high number of adsorption sides for gases,
which makes these materials promising for gas applications. The amount
of modulator that has been incorporated into the framework is repeat-
able for a specific modulator, which can be seen by the small error
margins. The amount of modulator varies significantly depending on the
modulator used and ranges from 2.1 + 0.2 mol% for NOz-modulated
COFs to 8.9 + 0.1 mol% for Me-modulated COFs (Fig. 2, SI Table 3).
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OMe Me F* CI* CF, NO,

Modulator

Fig. 2. Average BET surface areas (left axis) of all modulated COFs and the
concentration of modulator incorporated into the framework in mol% of amines
(right axis). The errors bars result from the analyses of triplicates, apart from
the modulator concentration of F-modulated COF, which were performed in
duplicate (SI section 'H NMR Digestion).

There is no trend from the Hammett parameter to the amount of
modulator within the COF, which allows to synthesize COFs with
varying functional groups to get comparable materials in terms of their
BET surface area, crystallinity, and degree of functionalization.

To investigate the spatial arrangement of the modulator, X-Ray
Photoelectron Spectroscopy (XPS) wide scans have been measured for
the F-modulated COF in triplicate at two different spots for each sample
(Fig. 3). XPS is a technique to analyze the surface of a sample and it has a
high sensitivity for fluorine [57,58]. Based on the F1s signal intensity,
the fraction of modulator at the surface of the COF sample is estimated to
be 22 + 8 mol% (Table 1). As this value is much higher compared to the
5.3 4 0.6 mol% determined by 'H NMR digestion of the bulk powder,
the modulator is mostly located at the surface.

The diffraction pattern indicates a regular framework formation,
which means that a MesTFB-BD framework is formed in the bulk, con-
taining modulator units on the outside of the 2D polymeric sheets. This
finding is in line with recent literature [34-38].

The thermal stability was studied by thermogravimetric analysis
(TGA) (SI Fig. 30). Me3TFB-OMeBD started to decompose at 366 °C and
all modulated COFs started to decompose between 410 and 418 °C (SI
Table 4). The type of functional group of the modulator therefore have
no effect on the thermal stability of the COF. All thermal stabilities are
comparable to the one of MesTFB-BD [50].

F1s O1s N1s C1s CI2p
n Cl-modulated
& | me,TFB-BD |
1000 800 600 400 200 0

Binding Energy [eV]

Fig. 3. XPS survey scan of Cl-modulated and F-modulated COFs.
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Table 1

Atomic ratios and modulator concentration as determined by XPS. Two spots on
each sample were measured and analyzed. The modulator concentration is
approximated based on the integration of the wide scan.

COF Atomic ratios Modulator
concentration
Cls Nls Ols Fls Cl2p [mol %]
F-modulated 888 9.5 1.0 0.7 - 21+9
MesTFB-BD
Cl-modulated 90.8 8.3 - - 0.9 24 +2
MesTFB-BD

To study the stability in water, all modulated COFs and MesTFB-
OMeBD were immersed for five days into deionized water and upon re-
isolation and drying at 120 °C overnight, the PXRD patterns were
recorded again. All COFs could be isolated from the vials used for the
water stability test, which allowed re-analysis by PXRD, showing that
none of the harvested materials were completely amorphized. Except
from Cl-modulated COF and Me3sTFB-OMeBD, all other COFs were found
to be stable under the tested conditions, as indicated by the retained
PXRD patterns (SI Fig. 16).

To investigate the morphology of the COFs, Scanning Electron Mi-
croscopy (SEM) was carried out (SI Figures S31-38). The samples do not
have spherical particles with a certain particle size distribution, but the
COF powder consists of aggregates of different sizes. MesTFB-BD and all
modulated COFs consist of worm-like cylinders grown together in an
irregular fashion. The diameter of the cylinders is in the range of a few
hundred nanometers while their length is in the micrometer regime. In
the case of OMe-modulated COF, the porous surface of those cylinders
was observed (SI Fig. 32). Me3sTFB-OMeBD shows a fluffy morphology as
also observed for other benzidine-based COFs [59].

3.2. Gas adsorption studies

In order to determine whether the modulated COFs are promising
candidates for gas separation applications, nitrogen and carbon dioxide
sorption measurements have been conducted at 273 K and 295 K (SI
Figs. 39-45). While the CF3-modulated COF was a good example to
demonstrate the characterization, the gas adsorption and IAST selec-
tivity is exemplary discussed based on the OMe-modulated COF. We
have chosen the OMe-COF because the directly synthesized MesTFB-
OMeBD was the only COF that we could obtain for a comparison be-
tween the direct, i.e. modulator-free, condensation and the modulator
approach. The adsorption isotherms at 273 K and 295 K of nitrogen and
carbon dioxide of OMe-modulated COF are linear (Fig. 4A). The
maximum quantity adsorbed of nitrogen at 273 K was 0.14 mmol/g at
1.33 bar and for carbon dioxide 0.84 mmol/g at 1.05 bar. The quantities
adsorbed of N5 and CO- for the other modulated COFs can be found in SI
Table 5. At 273 K, many adsorption isotherms were not well resolved in
the low pressure range due to the low adsorption quantities, which were
most probably not well resolved anymore due to the accuracy of the
pressure transducer. This inaccuracy became even more pronounced in
the adsorption isotherms at 295 K. The same OMe-modulated COF
adsorbed 0.08 mmol/g of nitrogen and 0.64 mmol/g of carbon dioxide
at 1.33 bar and 295 K. These values are significantly lower than those
reported for various related systems. For example, for porous imine-
based networks the amounts of adsorbed CO, are reported to be
~1.8-3.3 mmol/g at 273 K, and ~1-2.4 mmol/g at 298 K [31,60].
Benzimidazole COFs are reported to have 2.68-3.45 mmol/g CO,
adsorption at 273 K and 1.82-2.32 mmol/g at 298 K [61]. A carboxylic
acid-functionalized imine-linked COF even showed carbon dioxide ad-
sorptions of 3.95 and 1.73 mmol/g at 273 K and 298 K, respectively
[26]. These differences can be rationalized by the relative low number of
polarizable groups in our modulated COFs compared to those reported
in literature.
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Fig. 4. (A) Nitrogen and carbon dioxide adsorption isotherms at 273 K and 295 K, (B) CO»/N, IAST selectivity of CF3.modulated COF at 273 K, and (C) CO,/N; IAST

selectivity of CFz-modulated COF at 295 K.

These isotherms were then used to calculate the IAST selectivity with
our recently developed GraphIAST [52]over pressures from 0.1 to
1.0 bar and mole fractions ranging from 0.05 to 0.95. The obtained
three-dimensional IAST selectivity plots at 273 K and 295 K are shown in
Fig. 4B and C. At lower mole fractions or pressures, the selectivity drops
below 10. Overall the IAST selectivity is lower compared to existing
literature that reports selectivity values between 31 and 100 for imine
networks [31,60] and benzimidazole [61], azine [27] or imine [26]
COFs, and Mahato et al. studied a Covalent Triazine Framework (CTF)
with a CO2/Nj selectivity as high as 185.8 at a mole fraction of 0.15
carbon dioxide and 1 bar and 273 K [30].

The low quantities adsorbed and the low selectivity values of our
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modulated COFs are not high enough to compensate for the energy and
resources needed to synthesize them. Therefore, the modulated COFs are
not suitable for gas separation applications. From Fig. 4B and C, it also
becomes apparent that the COy/N2 IAST selectivity significantly in-
creases at higher pressures and higher CO, mole fractions. Despite the
good selectivity values of 37 + 23 (mole fraction 0.8 at 1 bar) to 70 + 50
(mole fraction 0.95 at 1 bar) at 273 K and 40 + 33 (mole fraction 0.8 at
1 bar) to 75 + 71 (mole fraction 0.95 at 1 bar) at 295 K, the error
margins are currently still very high. Furthermore, to the best of our
knowledge, all carbon capture applications require good selectivities at
lower mole fractions.

In industrial processes, the concentration of carbon dioxide is
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Fig. 5. CO,/N, IAST selectivity of (A) modulated COFs, (B) normalized to unmodulated Me;TFB-BD, (C) normalized to the incorporated modulator concentration,
and (D) comparison of CO5/N5 IAST selectivity OMe-modulated COF vs. Me3TFB-OMeBD. * Mod. stands for modulator (referred to as OMe-modulator) and b.b.

stands for building block, here o-dianisidine.
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significantly higher compared to the atmosphere. Flue gas, for example,
contains between 10 and 25 vol% carbon dioxide [62]. Capturing the
carbon dioxide and separate it from the other gases before the flue gas
gets diluted by the atmosphere would be more efficient. Within this
context a mole fraction 0.15 at 1 bar was chosen to study the perfor-
mance of our modulated COFs (Fig. 5). The corresponding CO5/Ng IAST
selectivity values range from 6 to 24 at 273 K and 7 to 20 at 295 K
(Fig. 5A). Also the highest value is below selectivity values of
channel-wall functionalized COFs already reported in imine-linked
literature [26,31,60], and comparable to imine COFs with only back-
bone functionalization [63,64]. However, the higher IAST selectivity
values for CFs. and Me-modulated COF indicate at first a preferred
adsorption of carbon dioxide in these two functional COFs. However,
triplicate analysis revealed that the error margins for these selectivity
calculations and their underlying isotherms are too large to draw this
conclusion. Especially for Me-modulated COFs, it was difficult to record
nitrogen isotherms. At 295 K, we were only able to measure an isotherm
for one of the three Me-modulated COFs.

The different functional groups on the modulators range from elec-
tron-donating to electron-withdrawing groups, which could influence
the COy/Nj3 selectivity. To further analyze any relation between the type
of functional group and the COy/N, selectivity, the CO2/Ny IAST
selectivity was plotted against the Hammett parameters of the group
under investigation (SI Fig. 46). However, no correlation between the
Hammett parameter and the COy/Ny IAST selectivity was found. We
hypothesize that the low fraction of modulator within the samples is not
enough to reveal the influence of electron donating and electron with-
drawing groups on the COy/N3 IAST selectivity.

To further analyze the data and normalize the IAST selectivity of all
modulated COFs, the IAST selectivity of — the modulator-free — MesTFB-
BD was also determined at 1.0 bar and a mole fraction of 0.15 (Fig. 5B).
This enabled us to investigate whether the modulators have an advan-
tageous effect compared to COFs without functional groups on the
resulting IAST selectivity. Based on this normalization, the higher ratios
for CF3- and Me-modulated COFs are again not significant since the error
margins are too large and the other modulated COFs have ratios of ~1,
indicating that they have a similar IAST selectivity than the one of
MesTFB-BD.

Next, the relation between the IAST selectivity and the concentration
of modulator within the framework was studied. Since each modulator is
incorporated in different amounts, these amounts need to be taken into
account. Therefore, we normalized the spectrum by the average of the
modulator concentration (Fig. 5C). As the functional groups of the
modulators vary from electron-donating to electron-withdrawing, the
normalized IAST selectivity was compared in line with the Hammett
parameter. The results do not show a trend based on the electronic
properties of the modulators and no functional group was outstanding.
The interpretation of the data was mainly hampered again by the large
error margins, which are related to the accuracy of the pressure trans-
ducer. Additionally, we hypothesize that these low amounts of adsorbed
gases and the low IAST selectivity values are related to the concentration
of modulator within the COF.

Thus, we synthesized and analyzed MesTFB-OMeBD in triplicate to
see whether the small amounts of functional groups in modulated COFs
are simply not enough for a clear CO/N; IAST selectivity. By comparing
the IAST selectivity of OMe-modulated COF to Me3sTFB-OMeBD, it can
be seen that the IAST selectivity almost doubles when more functional
groups are present in the framework (Fig. 5D). Therefore, more func-
tional groups seem to be advantageous for higher selective COF
behavior. As not all functional building blocks are always compatible
with the formation of a crystalline COF, it is of importance to develop
synthetic routes for such structural variation, which will enable
controlled analysis of the structure-property relationships of COFs in gas
separation.
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4. Conclusions

In conclusion, we have incorporated a series of functionalized
modulators in Me3TFB-BD COF frameworks and studied their perfor-
mance in CO2/Nj gas separation, also in comparison to the pristine
Me3TFB-BD COF. Next to the imine linkage, which can already provide
interactions with carbon dioxide, additional functional groups in the
framework can tailor the COF towards improved COF-gas interactions.
We have employed modulators, which are known to improve COF
porosity, and additional functional groups in the para position (OMe,
Me, F, Cl, CF3, NO3) were thought to enhance COF-CO; interactions. The
higher reactivity of benzidine, compared to that of all modulators, leads
to relatively lower modulator embedding than the 30 mol% of modu-
lator present in the reaction mixtures, ranging from 2.1 mol% for the
NOs-modulated COF to 8.9 mol% for the Me-modulated COF. All BET
surface areas remain high (>1800 m?/g) and prove the high porosity of
the modulated COFs.

These modulated COFs showed moderate quantities of adsorbed
carbon dioxide in gas separation experiments, while the CO2/Ny IAST
selectivity values are comparable (S = 6-24 for the different modulators
at 273 K) to imine-COFs without channel-wall functionalization under
flue gas conditions. The low number of functional, polarizable groups
within the COF hampered displaying any trends of favorable CO; in-
teractions with a certain functional group, but for all it was found that an
increase in functional group embedding leads to higher CO2/Ny IAST
selectivity values.
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