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Abstract

With the aid of multi-scale computational methods, a diverse set of 46 covalent organic frameworks
(COFs), covering most typical COFs synthesized up to date, were collected to study the structure-
property relationships of COFs for CO, capture. For this purpose, CO, capture from postcombustion gas
(CO,/N, mixture) under industrial vacuum swing adsorption (VSA) conditions was considered as an
example. This work shows that adsorption selectivity, CO, working capacity and sorbent selection
parameter of COFs all exhibit strong correlation with the difference of the adsorbility of adsorbates
(AAD), highlighting that realization of large AAD can be regarded as an important starting point for
designing COFs with improved separation performance. Furthermore, it was revealed that the separation
performance of 2D-layered COFs can be greatly enhanced by generating “splint effects”, which can be
achieved through structural realignment to form slit-like pores with suitable size in the structures. Such
“splint effects” in 2D-COFs can find its similar counterpart of “catenation effects” in 3D-COFs or MOFs.
On the basis of these observations, a new design strategy was proposed to strengthen the separation
performance of COFs. It could be expected that the information obtained in this work not only will enrich
the knowledge of the structure-property relationships of COFs for separation, but also will largely
facilitate their future applications to the fields related to energy and environmental science, such as

natural gas purification, CO,, NO, and SO, capture, etc.

1. Introduction

In the transition toward a more sustainable energy economy,
carbon-based fuels still remain the dominant role in worldwide
energy supply for the foreseeable future. However, the
excessively anthropogenic release of CO, to the atmosphere has
triggered serious global climate issues.® Out of consideration for
environmental protection, it is thus an urgent task to search
feasible technologies with minimal environmental impact and
low costs for removing this greenhouse gas from various gas
streams or flue exhaust. The current commercial chemical
absorption methods using aqueous amine solutions for carbon
capture and sequestration (CCS) bear several drawbacks such as
corrosion control and high energy penalty needed for the solvent
regeneration.? In contrast, pressure or vacuum swing adsorption
(PSA or VSA) process on the basis of porous solids provides a
promising alternative for this target® Up to date, significant
efforts have been conducted to evaluate the feasibilities of
various materials, including activated carbons, zeolites and metal-
organic frameworks (MOFs), and plentiful suggestions have been

brought out to improve their performance on CO, capture.*™
Currently, attentions are being paid to find new materials with
45 even better performance.

Covalent organic frameworks (COFs) represent a novel class
of crystalline nanoporous materials in which organic building
units are assembled together to form periodic networks via strong
covalent bonds.? The highly-ordered architectures of such

so intriguing materials possess many fascinating features like low
framework density, tuneable porosity, high thermal stability and
easy chemical functionalization.**' Since the landmark work of
Yaghi and co-workers in 2005? the rapid growth in the
community of COFs has attracted intensive attention of
ss researchers coming from different fields. Several excellent
reviews have been published on summarizing the development in
design, synthesis, characterization and application studies of
COF-type materials.*%® The existing studies have demonstrated
that some COFs can exhibit promising properties for CO,
s capture.r’2% Additionally, chemically and water stable COFs are
increasingly reported in the literature,*®%> which is one of the
vital prerequisites related to the practical utility of such materials.
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At the moment, the studies for COFs are mainly focused on the
discovery of new structures,?®?® while those on revealing the
structure—property relationships of COFs for a certain practical
application are very scarce,?® especially with regard to CO,
capture. However, such studies are crucial for enabling a
theoretically rapid screening of COFs as well as for guiding the
design and synthesis of new COFs with improved performance.

Motivated by the context described above, a multi-scale
computational study was conducted in this work to investigate the
structure-property relationships of COFs for CO, capture. The
removal of CO, from postcombustion gas (CO,/N, mixture) via
VSA process was selected as an example for case study. The bulk
composition of the mixture was taken as CO,:N, = 15:85, and the
operating pressures were 1 bar for adsorption and 0.1 bar for
regeneration, corresponding to the typical concentration of flue
gas emitted from power plants and the industrial VSA conditions
for separating this system.*® More particularly, attention was paid,
for the first time, on studying the influence of the distinctive
layered characteristics of two-dimensional (2D) COFs on
separation. Following the structure-property relationships
established in this work, a new strategy was further proposed for
tuning/designing COFs with improved performance for CO,
capture. The information obtained not only can enrich the
knowledge of gas separation performance of COFs, but also may
be beneficial to a better understanding of the structure-property
relationships of other nanoporous materials.

2. Models and computational methods
2.1 COF structures

To obtain reliable structure-property relationships of COFs for a
targeted application, it is crucial to have a representative
structural database. In current work, a diverse set of 46 typical
COFs were collected from literature, covering the most well-
known subfamilies and newly synthesized materials reported up
to date. All the framework structures were constructed from the
data published in their corresponding synthetic studies. In this
relatively large database, there are 2D-COFs with hexagonal and
tetragonal topologies and 3D-COFs with ctn, bor and dia
topologies; from a perspective of chemical compositions, the
structures involve almost all of the main group light elements that
are composed of COF-type materials synthesized so far (C, O, B,
N, H, F, Si, etc.), as well as some heavy metals (like Zn and Ni)
that present in some cases on the porphyrin-like rings of several
materials. By examining the organic building units, there are
diverse  species including porphyrin, pyrene, triazine,
cyclotricatechylene (CTO), 1,3,5-tris(4-formyl)benzene,
hexahydroxytriphenylene (HHTP), and 1,3,5-triformylbenzene,
etc. In terms of structural series, there are boron-COFs, imine-
COFs, CTFs, Tp-COFs, NPNs, Star-COFs, BLP, and CTC, etc.
Their structural properties like accessible surface area, pore size
and porosity span a wide range of values, as provided in Table S1
in the ESI{. Therefore, the 46 COFs selected carefully can
represent the existing COFs quite comprehensively, which
provides a solid basis for obtaining general and reliable results.

2.2 Quantum mechanical calculations

To model guest-host intermolecular interactions more rigorously,
the electrostatic contributions were also taken into account in this
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study. For this purpose, assigning atomic partial charges can be
regarded as a convenient and good compromise between
computational effectiveness and accuracy. Therefore, quantum
mechanical (QM) approach on the basis of density functional
theory (DFT) was performed on the clusters cleaved from the unit
cell of each selected COF structure. Since the terminations of the
cleaved model clusters are all connected with organic linkers,
they were saturated by methyl groups with standard sp® geometry.
The electrostatic potential (ESP) charges obtained with the grid-
based ChelpG algorithm were used as the atomic partial charges,
which has been recognized as one of the most popular and
reliable electrostatic charge calculation methods.®** All DFT
calculations were accomplished with the GAUSSIANO3 software
% using the Becke plus Lee-Yang-Parr (B3LYP) functional. The
all-electron basis set 6-31+G* was used for the framework atoms
of light elements which includes one diffuse and one polarization
function on atoms heavier than He. For heavy atoms, effective
core potential (ECP) is often chosen in QM calculations to reduce
the amount of the necessary computation. LANL2DZ is a
collection of double-C basis sets, which is one of the most
common ECP basis sets for complexes involving transition metal
elements. Thus, this basis set was adopted for the heavy atoms Zn
and Ni in the COFs. The above set of computational methods has
been widely adopted to calculate the atomic partial charges for
MOFs*® and COFs.%2%%37 The model clusters adopted in this work
for the 46 COFs and their atomic partial charges are given in the
ESI+ (Fig. S1-45)

To compare the influences of the electrostatic properties of
some COFs of interest on CO,/N, separation, periodic DFT
calculations were performed to extract the electrostatic potential
distributions in the unit cells of the materials. The calculations
were performed using the Dmol® module implemented in the
Materials Studio software,®® where the PW91 GGA functional
combined with the double numerical basis set containing
polarization function on hydrogen atoms (DNP) were employed.
Such an approach has been successfully utilized to analyze the
physicochemical properties of MOFs and COFs.*°

2.3 Force fields

In present work, a combination of the site-site Lennard-Jones (LJ)
and Coulombic potentials was employed to calculate the
intermolecular interactions between adsorbates and adsorbates as
well as between adsorbates and COFs. CO, was modelled as a
rigid linear molecule (C—O bond length of 1.149 A) with three
charged LJ interacting sites located on each atom. The LJ
potential parameters for atom O (oo = 3.033 A and gq/kg =
80.507 K) and atom C (oc = 2.757 A and ec/kg = 28.129 K)
were taken from the EPM2 force field developed by Harris and
Yung.*® Partial point charges centred at each LJ site are qo =
—0.3256e and qc = 0.6512e. N, was represented using the
TraPPE force field reported by Potoff and Siepmann,* where two
of the three charged sites are located at two N atoms and the third
one is situated at its centre of mass (COM). The N-N bond length
is 1.10 A and only the N atoms are the LJ interacting sites (oy =
3.31 A and ey/kg = 36.0 K). Each N, molecule is assigned a
negative charge on the N atoms (gy = —0.482e) and a positive
charge on the COM site (gcom = 0.964e). The two potentials
have been used to accurately reproduce the experimental vapour-
liquid phase equilibrium data of each gas in the bulk states. An
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atomistic representation was used for all the COFs studied in this
work. The LJ potential parameters for the framework atoms of
COFs were taken from the DREIDING force field,*? and the
missing parameters for the metal Ni were taken from the
Universal force field (UFF),* as given in Table S2 (see the ESI¥).

The Lorentz—Berthelot mixing rules were used to determine all
of the LJ cross potential parameters between adsorbate—adsorbate
and adsorbate—COF interactions. The above set of force fields has
been widely used for describing the adsorption of CO,/N,
mixture in MOFs.%

2.4 Simulation details

Grand canonical Monte Carlo (GCMC) simulations were
employed to investigate the adsorption behaviours of CO,/N,
mixture in COFs at 298 K, using our in-house code CADSS
(Complex Adsorption and Diffusion Simulation Suite). During
the simulations, molecules involve five types of trials: attempts (i)
to randomly displace a molecule (translation or rotation), (ii) to
regrow a molecule at a random position, (iii) to create a new
molecule, (iv) to delete an existing molecule, and (V) to exchange
molecular identity. All of the COFs were treated as rigid
frameworks with atoms frozen at their crystallographic positions,
as usually done by others.** The numbers of the unit cells
contained in the simulation box are COF-dependent, ranging
from 1x1x9 to 2>2x10, and no finite-size effects existed by
checking the simulations with larger boxes. A cutoff distance was
set to 14.0 A for the LJ interactions, while the long-range
electrostatic interactions were handled using the Ewald
summation technique. Periodic boundary conditions were
considered in all three dimensions. Peng-Robinson equation of
state was used to convert the pressure to the corresponding
fugacity used in the GCMC simulations. For each state point,
GCMC simulations consisted of 2x10" steps to ensure the
equilibration, followed by 2 x10’ steps to sample the desired
thermodynamic properties. For the calculation of the isosteric
heat of adsorption (Q%) for CO, and N, at the limit of zero-
coverage, configurational-bias Monte Carlo (CBMC) simulations
in the canonical (NVT) ensemble were performed using the
revised Widom’s test particle method.*

2.5 Property calculations

w0 The following four evaluation criteria “®, as adopted commonly in
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previous work, were used to study the structure-property
relationships of the COFs in our database for CO,/N, separation.

The selectivity (Sco,/n,) 0f CO, over N under adsorption
conditions is defined by

Sco, /N, = (XCOZ/XNZ)(yNZ/YCOZ): €9

where x and y are the mole fractions of the two gases in the
adsorbed and bulk phases, respectively.

The working capacity (ANgo,) of the targeted component
CO, is described by the difference between the amounts of the
gas in the adsorbed mixture at the corresponding adsorption
(Né‘gj) and desorption (chgj) conditions, in units of mol gas per
kg of adsorbent

— nads des
ANco, = Ngo, — Neo, @)

The Sorbent selection parameter (Ssp,) that can characterize
the total separation efficiency is defined as

d 2

s _(5802/1\12) ANco, 3

sp Sdes X AN ( )
CO,/N, N,

where Sggj /N, Is the selectivity at the desorption conditions, and
ANy, is the working capacity of the component Ns.

Regenerability (R) is also an important parameter to evaluate
the practical usefulness of an adsorbent for cyclic PSA and VSA
processes, which is defined as the ratio of the working capacity of
CO; to its adsorbed amount at the adsorption conditions.

R = (ANco,/NESS) % 100% (4)

3. Results and discussion
3.1 Atomic partial charges in COFs

Atomic partial charges are usually required in the molecular
simulations for studying the separation of CO,-containing gas
mixtures in adsorbents. Consequently, they are firstly calculated
for the 46 COFs using the DFT methods described previously.
Fig. 1 shows the model clusters and the obtained atomic partial
charges for some typical COFs, while the corresponding results
shown in the

for the rest of materials are ESIT.
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Fig. 1 Model clusters and the DFT-derived atom partial charges of some typical COFs: (a) COF-1, (b) CTF-2, (c) TpPa-1, (d) COF-105, () COF-320 and
(f) NPN-1. For clarity, the methyl groups used for saturating the clusters are omitted (B: pink; O, red; C, gray; N, blue; S, yellow; H, white).

3.2 Establishment of structure-separation performance
relationships of COFs

Since structure-property relationships are crucial for rational
design of COFs for a certain application, we first make an effort
to establish the relationships between the separation properties
(selectivity, working capacity and sorbent selection parameter) of
COFs with the physicochemical properties of the materials.
Therefore, GCMC simulations were carried out to calculate the
properties to be studied, then efforts were made to find the
relationships between them. Details are given in the following
paragraphs.

3.2.1 Structure-selectivity relationships

The selectivity perhaps is the key evaluation criterion that is most
commonly used to compare the separation performance of
different adsorbents. Thus, on the basis of a single-factor analysis
method, we began with examining the relationships between this
parameter and some relevant descriptors that characterize the
structural features of the adsorbents, including the specific
accessible surface area (S,cc), free volume (Vo) and porosity
(). Figs. 2a-c show the dependence of the simulated CO,/N,
adsorption selectivity of the 46 COFs at 298 K and 1 bar on these
descriptors, respectively. As can be seen from these figures,
selectivity does not show strong correlation with them.

The isosteric heat of adsorption at infinite dilution (Q%) is an
important energetic factor that is usually used to describe the
intrinsic adsorption affinity of host structures with guest
molecules. To characterize the separation performance of
adsorbents, it has been demonstrated that the difference of this
factor (AQY) between the two components in a mixture should be
used instead of only that of the more strongly adsorbed
component.” Considering this fact, we further examined the
relationship of the selectivity with the AQS, between CO, and Ny,

o
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as illustrated in Fig. 2d. Compared to the results shown in Figs.
2a-c, one can readily observe that the selectivity is more
intimately associated with AQY,, although the relationship is still
not good enough.

The results in Figs. 2a-d demonstrate that selectivity does not
correlate strongly with the commonly used single structural
parameters, which should be affected by the interplay of two or
more parameters. In our previous work, a concept named
“adsorbility (AD)” was proposed for MOFs, ¥ and good
correlations between selectivity and the difference of adsorbility
of adsorbates (AAD = AQS/«) were found for MOFs. ** 47 Very
recently, this concept was successfully extended to porous
polymers by Colina and coworkers, *® encouraging us to see
whether this concept is also applicable to COFs. The results in
Fig. 2e show that much better correlation was obtained between
selectivity and AAD , as compared to those with other parameters.
Generally speaking, selectivity increases with increasing AAD;
the good correlation makes AAD a valuable indicator for
selectivity, that is, designing of COFs with large AAD can benefit
to improve the separation selectivity.

3.2.2 Structure-working capacity relationships

One of the largest contributors to the capital and operating costs
for CO, capture is the cost for the adsorbent and the large volume
of the adsorber vessels required. In practice, the CO, working
capacity of a material, instead of the absolute adsorption amount,
is preferred to be used for evaluating its performance in a cyclic
PSA or VSA process. Reduction in capital cost can be reached by
using robust adsorbents with both high adsorption selectivity and
working capacity. Thus, it is necessary to establish the
relationships of working capacity with the physicochemical
properties of COFs for postcombustion CO, capture using VSA
process.
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(AAD) . The bulk composition for the gas mixture is CO,:N, = 15:85.

In light of the results shown in Fig. 2, attentions were paid to
investigate the relationships between the CO, working capacity of
the COFs with AQY, and AAD. As can be found from Fig. 3, the
correlation between AN¢o,and AQJ, is highly scattered, while a
good correlation exists for AAD. It has been found in many
studies that the presence of strong CO, adsorption sites can
contribute to the separation performance of a material.*®> However,
Fig. 3a shows that some COFs have much higher AQ{ than other
materials but have relatively lower working capacity. By an
examination of the structures of such materials, including TpPa-
12 TpBD,® DAAQ-TFP COF,%® IL-COF-1,'® COF-43% and
COF-366,%° it was found they not only contain strong CO,
adsorption sites but also have large free volume/pore size (see
Table S1 in the ESIt). These observations indicate that the
density of strong adsorption sites in these materials is lower and
thus AQY is not sufficient to characterize their CO, working
capacity. For a better understanding, we further analyzed the
COM probability distributions of the adsorbed CO, molecules in
the COFs at 1 bar and 298 K, for which the results in two typical
materials of COF-366 and NPN-1 (corresponding to the points
enclosed in the red and blue circles, respectively; see Fig. 3) were
selected as examples, as shown in Fig. 4. The former has a 2D-
layered structure with square pores (~20 A) and each layer
contains tetra(p-amino-phenyl) porphyrin  bonded with a
terephthaldehyde chain to form the periodic framework. The
latter has a 3D four-fold interpenetrated structure in which the
diamondoid networks are assembled together by the trans-
azodioxy linkages to form channel-like pores with dimensions of
7.3>3.3 A28 As can be seen from Fig. 4a, CO, molecules are
mainly adsorbed between the consecutive porphyrin units of
COF-366 and almost no CO, can be found in the square pores
under the conditions considered. This means that although COF-
366 has a high AQY value (17.5 kJ mol™), the preferential
adsorption sites (porphyrin units) for CO, are scarce in its large
pore space, leading to a moderate CO, working capacity (see Fig.
3a). In contrast, Fig. 4b discloses that the channel-like micropores
in NPN-1 provide suitable adsorption sites for CO,, and the very
dense adsorption sites result in the highest working capacity
among the 46 COFs although the AQ% (11.2 k] mol™) of the
material is not the highest. These observations reveal the
importance of combining both AQY, and density of adsorption
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Fig. 2 Relationships between CO,/N, adsorption selectivity and (a) specific accessible surface area (Sx.), (b) free volume (Viee), (C) porosity (¢), (d)
difference of isosteric heat of adsorption between CO, and N, at infinite dilutions (AQ’) and (e) difference of adsorbility between the two components
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Fig. 3 Relationships between the working capacity and (a) AQ% and (b)
AAD for CO,/N, separation in the 46 COFs using VSA process

sites in predicting the working capacity of a material. As
described elsewhere,*® the physical meaning of adsorbility can be
considered as a measure of the adsorption energy density for a
gas in a given porous solid; it could be rationalized that an
intimate correlation should exist between AAD and working
capacity, as shown in Fig. 3b. In addition, a trend reflected from
this figure is that materials with AAD larger than 20 (i.e., 1/AAD
smaller than 0.05) are expected to have much greater probability
for achieving better performance in regard of working capacity.
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densities of CO, from
CO,/N, mixture adsorbed in (a) COF-366, (B) NPN-1 at 1 bar (N, blue; O,
red; C, gray and H, white).

3.2.3 Structure-sorbent selection parameter relationships
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As indicated by eq. 3, the sorbent selection parameter is defined
as a product of two terms, which could provide more useful
information about the overall separation efficiency for a cyclic
PSA or VSA process. The first term was adopted from the
“Adsorption Figure of Merit (AFM)”,%® while the second one is
the working capacity selectivity taken from the work of Rege and
Yang,®! where the addition of the working capacity of the less
strongly adsorbed component in the nominator serves to increase
the sensitivity of the dimensionless Sy, parameter. In addition,
Rege and Yang claimed that pure component isotherms can be
sufficient to make a facile calculation of this parameter. However,
Ozturk and Keskin®? recently found the S, values calculated from
mixture adsorption isotherms are higher than the ones predicted
from pure component data. This was attributed to the fact that
more strongly adsorbed component decreases the adsorption of
other less strongly components in the mixtures.

Hence, the Sy, values for CO,/N, separation in all the 46 COFs
were evaluated using the simulated mixture adsorption data.
Considering that both selectivity and working capacity correlate
well with AAD (Figs. 2 and 3), we directly explored the
relationship between this parameter and the sorbent selection
parameter of the COFs. The results shown in Fig. 5 demonstrate
that Sg, is also in good connection with the difference of the
adsorbility of adsorbates. It seems that the optimal Ss, for COFs
in VSA process also appears concentratelly in the region of
1/AAD lower than 0.05 (that is, AAD larger than 20).

By comparing the simulated S, values, it was found that some
COFs show much better performance than the MOFs studied
under the same conditions, such as PCN-26 (38), PCN-9(Co)
(120) and PCN-9(Mn) (581).°% The S, of these COFs is also
much higher than experimentally derived values for the porous
organic polymer SNU-Cl-va (262), ZIF-78 (396) and the
conventional adsorbents such as zeolites 5A (163) and 13X
(128).% It should be pointed out that the calculations for the latter
four materials were conducted for the gas mixture with a bulk
composition of CO,:N,=10:90, on the basis of the ideal adsorbed
solution theory with the experimental adsorption isotherms of
single gases as input 6%

1200

1000 -

800+

[72]

B 600}

400+

(]
200+

-:‘—l m Emm n
005 0.10 0.15 0.20
1/AAD

Fig. 5 Relationship between the sorbent selection parameter and AAD for
CO,/N, separation in the 46 COFs at 298 K using VSA process.
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3.3 Evaluation of the Rgenerability of COFs

Regenerability (R) is also an important factor to evaluate a
material for practical use. Therefore, the regenerability of the 46
COFs for CO, capture was further examined. The results shown
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in Fig. 6 indicate that all the materials have a regenerability
higher than 70% with 42 COFs between 80~90%. Table S48 lists
the top 4 COFs in terms of selectivity, working capacity and
sorbent selection parameter (see the ESIt). It can be found that
they all show a regenerability higher than 85%. Since these top
materials are mainly constructed by organic groups with light
elements, there are no ultra-strong CO, adsorption sites in their
structures. Thus, CO, molecules interact moderately with these
COFs and the highest Q% is ~36 kJ mol™ in TpPa-1, which is
much lower than that in the MOFs with open metal sites such as
MIL-100(Cr) (63 kJ mol™).3* This not only indicates a strong but
still reversible adsorption—desorption process in these top
materials,®®® but also the materials can be potentially
regenerated under milder conditions. Furthermore, the
regenerability of these COFs is also higher than PCN-26 (72%),
PCN-9(Co) (43%) and PCN-9(Mn) (27%)%? as well as zeolites
5A (67%) and 13X (54%).*® Therefore, COFs can be considered
as promising candidates for CO, capture from postcombustion
gas with both good separation performance and high
regenerability.

From the above analyses, it could be concluded that the three
evaluation criteria (adsorption selectivity, CO, working capacity
and sorbent selection parameter) used for describing the
separation performance of COFs correlate strongly with the
difference of the adsorbility of adsorbates. Attention can be
focused on choosing COFs with a feature of large AAD for
efficient CO,/N, separation via VSA process. More than that,
COFs also show a high regenerability in selective adsorption of
CO,, which is favourable for their practical applications.

100

B D ©
o o o
T T T

Proportion (%)

Ny
o
T

70~75  75~80  80~85

Regenerability (%)

85~90

Fig. 6 Distribution of regeneration performance of the 46 COFs.
3.4 Strategy for enhancing separation performance of COFs

The above results demonstrate that parameter AAD can serve as a
criterion for designing COFs with improved CO, capture
capability. Generally speaking, two common methods can be
utilized to increase the AAD for adsorbents:

(i) Chemical maodification by introducing polar functional groups
into the structure, inducing an increase in AQY, in the meantime a
reduction in porosity usually. On the other hand, incorporating
coordinatively unsaturated metal sites is also an alternative.

(if) Structural realignment by introducing interpenetration
(catenation) in the structure. This method can increase AAD via
generating additional small pores without changing the chemical
composition of a material, which will also reduce the porosity to
a certain extent normally.

6 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 6 of 10



Page 7 of 10

3

=
1S}

.
a

N
S

2

3

3

4

a

S

&

S

Physical Chemistry Chemical Physics

Eclipsed- A{CAAA
~y K;L,c\t
. @

)9,

ey &

Staggered- ABAB

(b)

Eclipsed-AAAA

3 St .
Wﬁ.%

Staggered-ABAB

e e
-0 — -

= — PP

Fig. 7 Snapshots for CO,/N, mixture adsorbed in eclipsed and staggered CTF-2 at 298 K and 1 bar. (a) Views with only CO, molecules (left: top view;

right: side view; H atoms are omitted for clarity), and (b) mixture cases.

Through analyzing the structural influences of the 46 COFs on
CO,/N, separation, we found that there are 12 COFs (4 COFs
with 3D-interpenetration structures and 8 materials with 2D-
layered ones) on the top level of adsorption selectivity, CO,
working capacity and sorbent selection parameter. Among the
eight 2D-layered COFs, 4 of them (TpPa-1, TpBD, DAAQ-TFP
COF and COF-43) show good separation performance due to the
presence of special adsorption sites, while for the other 4 COFs
(COF-1,'2 COF-366, IL-COF-1 and staggered CTF-2°%) are
resulted from the "right" stacking modes of their layered
structures. Previous studies on MOFs have proved, both

experimentally and  computationally, that  framework
interpenetration can be employed to improve separation
performance.5® For 3D-COFs, Babarao et al®* also

computationally confirmed that the interpenetrating structures
show greatly improved performance for CO,/N, separation
compared to the non-interpenetrated counterparts. The strategy of
chemical modifications for porous materials has also been studied
extensively and is considered as an effective means to enhance
the separation properties of materials.%2®® However, to the best of
our knowledge; no study has been conducted so far to investigate
the effects of structural stacking modes of 2D-COFs on mixture
separation. As a result, in the following we focus on exploring the
influences of structural characteristics of the 2D-layered COFs,
i.e., the stacking modes of eclipsed AA and staggered AB, on
CO,/N, separation. For this purpose, the above four 2D-COFs
with the "right" stacking modes were selected as examples for the
subsequent detailed analysis.

For CTF-2, our simulation results show that the separation
performance of its AB-stacking (staggered) form is much better
than the AA-stacking (eclipsed) counterpart. As can be observed
from the snapshots shown in Fig. 7, CO, molecules are adsorbed
in the regular channel pores of eclipsed CTF-2 (denoted as CTF-
2-AA) with random spatial orientation. For the case of staggered
CTF-2 (denoted as CTF-2-AB), the distance between two
consecutive A (B) layers in the structure is ~6.72 A, and CO,
molecules are orderly adsorbed in the slit-like pores formed by
the staggered layers. Obviously, there are much more CO,
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molecules adsorbed in CTF-2-AB than that in CTF-2-AA.
Interestingly, almost all the adsorbed CO, molecules in CTF-2-
AB are located in the middle position of the slit-like pores, i.e.,
the B layer between ABA or A layer between BAB. Through this
way, CO, molecules interact with the A (B) layers in both sides
with a distance of ~3.36 A and one B (A) layer where they sit.
Such a phenomenon can also be found in COF-1. In addition,
compared to CTF-2-AA which has a AAD of 9.3, CTF-2-AB has
a much larger value of 24.4, and thus the S¢o,/n,, ANco,and Sy,
are increased by factors of 15, 37 and 281 respectively, with
negligible loss of the regenerabilty (changing from 89% to 85%).

In regard to IL-COF-1, the pyrene building units have a planar
configuration, but the organic linkers are not coplanar with them
(see Fig. 8), thus its structural feature is different from that of
CTF-2. For eclipsed IL-COF-1 (IL-COF-1-AA), the snapshots
shown in Fig. 8a indicate that the pore spaces formed by the
pyrene units in the adjacent layers are the main adsorption sites
for CO,. Since the pyrene units are oriented in an eclipsed
conformation, slit-like pores are formed with a width of ~6.57 A,
which provide suitable room for attracting CO, molecules. For
comparison, we also studied the adsorption behaviour of CO,/N,
mixture in the hypothetical staggered counterpart (IL-COF-1-AB)
(the structure was constructed from the data in literature,*® while
only the eclipsed form is experimentally synthesized at the
moment). In this staggered form, the pyrene units between
adjacent layers become staggered and the distance turns out to be
12.54 A between two consecutively eclipsed pyrene units. As
shown in Fig. 8a, the number of CO, molecules adsorbed in IL-
COF-1-AB s significantly reduced compared to that in IL-COF-
1-AA. This can be ascribed to the overlarge stacking distance
between two consecutively eclipsed pyrene units, causing a
weaker “splint effects”. These microscopic origins result in the
AAD of IL-COF-1-AB 3.5 times lower than that of IL-COF-1-AA,
which eventually leads to a worse separation performance in the
former.

Similar to IL-COF-1-AA, the organic linkers are also not
coplanar with the planar porphyrin building units in the structure
of eclipsed COF-366 (denoted as COF-366-AA) and there are

This journal is © The Royal Society of Chemistry [year]
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s three types of slit-like pore regions, as shown in Fig. 8a. splint effects, the ESP distribution in the staggered form has a
Specifically, regions 1 and 2 are formed by the eclipsed significant change with much larger gradient between each layer
porphyrin rings in the adjacent layers with distances of ~7.104 (Fig. 9b), explaining the observations that more CO, molecules

and ~5.297 A respectively; region 3 is formed by the benzene are attracted in the latter (Fig. 7b) from another point of view.
rings in the adjacent layers with a distance of ~8.763 A. The
10 snapshots given in Fig. 8b show that CO, molecules are mainly
adsorbed in the centre of region 1, indicating that such regions are

the preferential adsorption sites. Interestingly, there are no CO, P
molecules adsorbed in region 2 under the adsorption conditions 2sl0e1
considered, together with very fewer CO, molecules in region 3. 0000
15 The above results clearly demonstrate that appropriate distances i
between parallel structures are of great importance for CO, -

capture from flue gas. » ' j
Previous studies have shown that the electrostatic properties of ';'9 9 The contourfmaps Cl’f e|€§té0$tatzlc %Ote”“a' (Ejpc) in Pz|ﬁmeS tt)rrou%:h

materials have significant impacts on their adsorption behaviour ;rzy'?("f chehr::Ss of (a) eclipsed CTF-2, (b) staggered CTF-2 (N, blue;

of CO,.%%7 These studies also indicate that electrostatic potential

with large gradient and high absolute value would enhance the 3.5 Regulating the separation performance of COFs using the

performance of a material for CO,/N, separation due to the large ~ * Proposed strategy

difference of their quadrupole moments. Therefore, to show the  \with the above analysis, it can be concluded that tailoring proper
influences of the stacking modes on the ESP distribution of  stacking modes to form slit-like pores with appropriate distance
materials, DFT calculations were further performed by taking the can greatly increase the separation performance of 2D-layered
eclipsed and staggered structures of CTF-2 as an example. Fig. 9 COFs for CO, capture. To further verify this, Table 1 shows a
shows the DFT-derived contour maps of the ESP in planes 5 comparison of the four evaluation criteria for the hypothetical
through the pore centres of the two structures. Obviously, the staggered (AB) and the existing eclipsed (AA) structures of three
ESP in eclipsed CTF-2 has a homogenous distribution along its COFs. As can be seen from this table, COF-42-AB,2! BLP-2H-
% very regular 1D pore channels (Fig. 9a). In contrast, due to the  AB®® and IL-COF-1-AA all have slit-like pores to impose splint
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effects, leading to significant enhancement on the selectivity, CO,
working capacity and sorbent selection parameter, with only
slight decrease in regenerability.

Table 1 Comparison of the four evaluation criteria for the eclipsed (AA)
and staggered (AB) structures of three COFs

Materials COF-42 BLP-2H IL-COF-1
(AA/AB) (AA/AB) (AA/AB)
9 0.72/0.65 0.51/0.50 0.82/0.82
AAD 12.5/26.5 10.3/22.6 30.5/6.8
S 7.0/73 6.0/43 23/2.1
ANgo, (Mol kg!)  0.18/2.26 0.12/1.50 0.85/0.19
Sy 8.0/875 6.0/235 37/3.1
R (%) 90/88 90/85 78/90

It is worth noting that the proper stacking distance between
layers is important to produce strong splint effects on CO,
adsorption. To further make this clear, CTF-2 in staggered form
was selected as an example to finely tune the stacking distance
between adjacent layers, due to its very simple structure with slit-
like pores. The stacking distance between adjacent layers was
artificially adjusted to 5, 6, 7 and 8 A, respectively. The
calculations show that the resulting CO,/N, adsorption
selectivities are 3, 65, 41 and 12, respectively. Actually, similar
observations have also been found for other 2D-layered COFs
with slit-like pores. These examples confirm that the separation
performance of 2D-layered COFs can be greatly enhanced by
generating “splint effects”, which can be achieved through
structural realignment to form slit-like pores with suitable size.

4. Conclusion

The multi-scale computations based on the database containing
46 typical COFs with broad chemical and topological diversities
show that adsorption selectivity, CO, working capacity and
sorbent selection parameter are highly correlated with the
difference of adsorbility (AAD) between CO, and N, and most of
the COFs exhibit high regenerability. The results indicate that
AAD is a good indicator for the separation performance of COFs
for CO, capture, which may serve as a criterion for rational
design of new COFs. In addition, this work found that
introducing slit-like pores with suitable size to exert “splint
effects” on CO, adsorption is a good strategy to design COFs for
CO, capture, which can be realized by structural realignment of
2D-COFs, similar to the “catenation effects” in 3D-COFs formed
by interpenetration. The microscopic information and knowledge
obtained in this work will contribute to a better understanding of
the structure-property relationships of COFs for CO, capture, and
thus guiding the future rational design of new COFs, which is
also applicable to other porous materials and gas separation
processes related to the fields of energy and environmental
science and technology.
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