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Structural Elucidation of Covalent Organic Polymers (COP)
and Their Linker Effect on Gas Adsorption Performance via
Density Functional Theory Approach
Santiago Aparicio,*[a] Cafer T. Yavuz,[b] and Mert Atilhan*[c, d]

Investigation of the binding affinity gases on porous adsorb-
ents are important for establishing understanding of effective
carbon dioxide adsorption and design target specific sorbents
for capturing hazardous gases for environmental protection
and fuel upgrading. A Density Functional Theory (DFT) study
that highlights the impact of covalent organic polymer (COP)
design has been conducted to explain the molecular and
electronic structure, investigate the interaction sites and
elucidate the experimental findings on carbon dioxide (CO2)
and nitrogen (N2) sorption on these porous structures. DFT

calculations were used to infer the details of the type and the
strength of the polymer – gas interaction modes at various
interaction sites as well as to quantify short-range interactions
between the polymer – gas via topological characteristics
analysis of intermolecular forces. Results obtained in this study
were used to shed light on CO2 and N2 affinity of the studied
polymer structures; interpretations regarding to the macro-
scopic behaviors were discussed and conclusions were attained
on the characteristics of the adsorption type and mechanism.

1. Introduction

Unprecedented consumption amounts of the carbon based
fuels have been causing the excessive release of carbon dioxide
(CO2) to atmosphere, which have caused the atmospheric CO2

concentration levels to reach highest ever values that is known
as so-called no-turning-back limits[1–2] and believed to trigger
severe and extraordinary climate effects in due course unless
preventive measures are taken.[3–4] Majority of the toxic
emissions are caused by the industrial activities and thus in
order to mitigate the release of hazardous toxic emissions to
atmosphere, top priority must be given to control, reduce and
eventually eliminate the gaseous emissions to atmosphere.[5]

Until ultimate clean energy production processes are available,
rectifications on the existing processes must be implemented
in order to reduce the CO2 emissions (and other toxic
emissions) down to permissible limits by introducing new and
effective CO2 capture technologies in chemical industries as an
alternative to current problematic CO2 capture methods.[6–9]

This task is known to be one of the grand challenges of the 21st

century and it requires developing strategic methods (techni-
cally, economically and politically) in order to establish the
tools, materials and eventually processes to tackle this major
problem that affects the globe as whole.[10–12]

Both industry and academia have been investing consid-
erably on the research efforts to elucidate of this problem,
especially in the last couple of decades, and seeking for
alternative materials to well-known current state-of-the-art
amine based CO2 management processes. Needless to say,
besides their technical abilities to capture CO2, researched
materials must meet economic criteria in order to consider
them as sustainable alternatives. Therefore, solid adsorbents
have been considered for this purpose, despite most of the
current capture infrastructure is based on liquid state amine
based absorbents. Regardless of either adsorbents or absorb-
ents, capture materials must include the characteristics of null
(or minimum) toxicity,[13] low corrosivity,[14–16] low regeneration
cost[17–21] and low degradation properties.[22–24] There is an
increasing interest on some new alternative materials that are
considered as alternative CO2 capture solvents such as ionic
liquids[25] and deep eutectic solvents.[26–27]

The properties of these materials might meet the qualifica-
tions for high-performance absorbents that can work based on
either chemical or physical sorption mechanism depending on
the selection of constituents of the solvents. Furthermore, other
alternative adsorbents such as membranes,[28] metal organic
frameworks,[29–30] covalent organic frameworks,[31–32] porous
polymers or other porous materials[33–34] have been considered
for the same intended purpose. For either absorbents and
adsorbents, the most challenging issue in industrial scale for a
sorbent that can be considered as an alternative in a fossil-
fueled power plant (or other chemical industry that has high
CO2 emissions) is the low CO2 partial pressures that requires
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high efficiency capture performance for less sorption energy
penalty.[35] Therefore, gas sorption and effective separation
process should be based mainly on physisorption with pressure
swing regeneration.

According to above-mentioned constraints, covalent porous
adsorbents[36–38] have received remarkable attention in recent
years due to their structures that allows multiple alternatives
for custom design and engineering in order to achieve high
CO2 adsorption performance that can support high gas
selectivity with low energy cost regeneration properties in
comparison to toxic and corrosive amine solutions[24,39] Power-
ful and ever-expanding methods could be provided by
molecular and polymer synthesis methods that can result in
outstanding chemical selectivity, stereospecifity, control of
polymer composition, size and architecture for the targeted
intended utilization of these materials.[40] Having said that,
covalent porous organic polymers (CPOP) have structures that
include attractive high-affinity CO2 (and other gases depending
on the structure) interaction sites with low-to-moderate bind-
ing energies. COPs, mostly amorphous insoluble powder
materials with few exceptions, are synthesized to have
relatively high surface area, adjustable pore dimensions and
low densities that are essential for utilization as gas storage
medium, catalysis and other relevant applications.[41–42] Phys-
isorption based adsorption mechanism of amorphous COPs
might lead to considerably lower regeneration energies in
contrast with metal organic frameworks.[43]

COP synthesis involves connecting molecular building
blocks, cores and linkers, during polymerization processes, and
with its covalently bonded structure they confer very good
chemical integrity, stability and high thermal stability that are
achieved via synthesis process via powerful approach to access
2D and 3D polymer networks with the method that include
directional bonding of COP monomers leads to supramolecular
assemblies and coordination polymers.[44–52] The shape of the
monomer (cores and linkers) determines the topology and gas
attraction site of the final structure in the case of it is utilized
for gas adsorption.

Patel et al. has shown that COPs that are built with azo
group (–N=N–) have very high thermal stability, large surface
area, can store vast amount of CO2 with high counter N2

selectivity.[53] Comparing the production cost and CO2 capturing
capacity at high pressure up to 200 bars of COP-1 to that of
MEA solution, Patel et al.[31] has also suggested that COPs could
store significantly high amount of CO2 at low economic cost.
(CO2 uptake amount with 5616 mg/g for COP-1[31] and with
3294 mg/g for COP-3[54] at 318 K and 200 bar.[54] Z. Xiang
et al.[55] has tested several COPs for adsorption of O2, N2, H2 and
CH4 and showed that COP-4 can adsorbed 594 mg/g of CO2 at
298 K and 18 bars. Gomes et al.[56] and Modak et al.[57] have
worked on triazine functionality based COPs that are hexago-
nally ordered. Gomes et al. produced COP named TRITER-1 that
was synthesized via the Schiff-base condensation reaction
between a tailor made triamine 1,3,5-tris-(4-aminophenyl)
triazine (TAPT) and terephthaldehyde and this work yielded
COP with high BET surface area (716 m2/g) and an excellent
CO2 uptake capacity of 58.9 wt% at 273 K at 5 bar.[56] Further-

more, Modak et al. have synthesized on a similar work a COP
named TPOP-1, which showed excellent CO2 storage capacity
(6.2 mmol/g or 27.3 wt% at 3 bar/273 K), suggesting its poten-
tial application in environmental clean-up.[57]

Although there have been many studies that investigates
the CO2 (and other gases) capture and separation performance
of COPs in recent years, efforts seems to be concentrated
mostly on the design, synthesis and experimental
aspects.[31,58–61] There are very rare studies that include theoret-
ical approach on COPs for explaining how CO2 (or other gases)
binding occur with proper quantification in molecular level and
making links to experimental findings to explain how COPs
function in both macroscopic and bulk phases and seeks the
impact of designed COP at the molecular and electronic levels
on the gas attraction and binding affinity at the molecular
interaction sites in the case of different core and linker
elements employed.

According to open literature, there is no available work fully
on theoretical aspects, which is dedicated to investigate the
COP structure gas interaction properties via nanoscopic
approach. Therefore, in this work, we investigated on the gas
sorption performances at various sorption sites via density
functional theory (DFT) approach of two previously[62] synthe-
sized COPs that includes 1,3,5-benzene tricarbonyltrichloride as
core. Amide based 4-aminobenzylamine linker was used to
produce COP-32 and ester based hydroquinone linker was used
to produce COP-35. The aim of this paper is to investigate the
effect of linker type and the binding cites on the performance
of COP – gas interaction by using computational quantum
mechanical modeling methods. Details of the study are given
below.

2. Methods

Structures

Two COP structures, namely COP32 (representing amide based
COPs) and COP35 (representing ester based COPs) were
considered based on our groups previous work[62] (Figure 1).
Molecular clusters containing COP32+CO2, COP32+N2, COP32
+CO2+N2, COP35+CO2, COP35+N2, COP35+CO2+N2 were
studied by considering four different CO2 and N2 spatial
positions to infer interaction properties at all logical active sites
of the studied COP molecules (e.g. p1, p2, p3, p4 positions
selected as potential gas interaction) as can be seen in Figure 1.
For COP32, p1 site is located between =O and -NH at the
center of the core structure (benzene tricarbonyl trichloride),
p2 site is right below the -NH group located at the core, p3 site
is located at the top of the benzene ring of the linker (4-
aminobenzylamine) and p4 site is located at the top of the
benzene ring of the core. Whereas for COP35, p1 site is next to
–O and p2 site is next to =O groups for the core structure
(benzene tricarbonyl trichloride), p3 site is located at the top of
the benzene ring of the linker (hydroquinone) and p4 site is
located at the top of the benzene ring of the core. Figure 1 in
shows these selected interaction sites.
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DFT Methods

Initial molecular structures were built by using Avogadro
program[63] and DFT simulations were performed by using
ORCA software.[64] All the calculations were done with the
B3LYP functional[65–66] together with the DFT� D3 method by
Grimme,[67] for considering dispersion interactions, and the 6–
311+ +G** basis set (i. e. B3LYP/6- 311+ +G** theoretical
level). The details of the used DFT methods and analysis
techniques are provided in ESI.

3. Results

Final optimized geometries of COP32 and COP35 compounds
were achieved with B3LYP 6–311+ +G** theory level and the
final optimized structures for these compounds are provided in
Figure 2a (COP32) and in Figure 2b (COP35). Critical bond

lengths were measured and shown in Figure 2 for structural
analysis of the final optimized geometries of both COPs.
According to Figure 2, both COPs have been bent from the
location at which linkers were added to the core molecule. The
bending point for COP32 is p2 and for COP35 is p1.

Experimental FTIR values compared with calculated spec-
troscopic values with DFT simulations are provided in Figure S1,
in Electronic Supporting Information (ESI). It would be
beneficial to show the IR spectra that are obtained both via
theoretically and experimentally, is shown in Figure S1. The
theoretical and experimental IR spectra were recorded on a
Shimadzu IR-Tracer-100 equipped with a Gladi ATR module
previously [ref]. Theoretical IR spectra of the most stable COP
geometries were obtained by using molden files processed in
Multiwfn program code.[68] Examination of Figures S1 shows
that the experimental IR spectra of the studied compound are
mostly similar to those obtained via DFT calculations for

Figure 1. Studied COP structures marked with gas molecule positions that are used during DFT simulations: (a) COP-32 and (b) COP-35.

Figure 2. Final geometry of structures optimized with B3LYP 6–311+ +G** theory level: (a) COP-32 and (b) COP-35. (Numbers are in Å and indicate the
distance between selected atoms)
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isolated COPs. However, it would not be realistic to expect
comprehensive similarities between experimental and theoret-
ical IR frequencies for the isolated molecule and this could be
explained due to the effect of the hydrogen bonding
interaction in the solid-state spectra. The highest frequency
experimental bands observed in the IR spectrum are assigned
to the aromatic C� H stretches, while the lower frequency bands
are attributed to the methyl group motions. The (C� H) bands
are of low intensity in both the experimental and theoretical
spectra.

Density-of-states (DOS) is an important concept, which
represents the number of states in unit energy interval, since
energy levels are contiguous. Therefore DOS can be plotted as
curve map. If the discrete energy levels are broadened to curve
artificially, DOS graph can be used as a valuable tool for
analyzing the nature of electron structure. DOS as a function of
orbital energy, E, for both optimized structures of COP32 and
COP35 were calculated at B3LYP/6-311+ +g(d,p) level and
they are reported in Figure S2. From the height of black curve
for COP32 and red curve for COP35 (DOS traces were shifted
for the sake of visibility), we can clearly know how dense the
energy levels are distributed everywhere. The blue dashed lines
highlights on DOS plot shows position of HOMO and LUMO.
The curve is the DOS simulated based on the distribution of
molecular orbital (MO) energy levels. The negative part has
obviously larger state density than positive region. Further-
more, DOS results as a function of E for both COP32 and COP35
interaction with each gas and each position are also reported
in Figure S3. Broadening of the DOS plot peaks can be
attributed to hybridization when the orbitals of the adsorbate
and the layer hybridized. Broadening can also be attributed to
van der Waals (vDW) interactions of the COPs with gas
molecules in the studied cases. Shifting of the peak corre-
sponds to changing behavior of substance.

Frontier molecular highest occupied molecular orbital
(HOMO), lowest unoccupied molecular orbital (LUMO) orbitals
for COP32 and COP35 monomers were calculated at B3LYP/6-
311+ + g(d,p) level and presented in Figure S4 (positive (blue)
and negative (red) isosurfaces). The HOMO/LUMO gap of a
polymer is calculated as the minimum difference between the
HOMO and the LUMO energy levels at a given k-point.

The energy levels of the HOMO and LUMO are calculated as
the maximum of the HOMO and the minimum of the LUMO
respectively and these results are also presented in Table 1.

The appropriate HOMO/LUMO energy level of the donors
and acceptors, and low band-gap are known to be important
for high strong absorption ability, and high charge mobility.
HOMO–LUMO gaps that are presented in Table 1 shows that
most of the values for all studied cases including COPs by itself
and COPs interacting with other gas molecules are approx-
imately in the range of 2.5 to 4.1 eV. These values can be
considered as close to the visible region, which refers to the
light absorption the UV region. And such energy gap values
also represents that the studied structures are highly stable. For
COP32, HOMO is located at the linker and LUMO is located at
the core side, as per Figure S4a and Figure S4b. Similar trend is
also observed for COP35, Figure S4c and Figure S4d. Further-

more, HOMO/LUMO orbitals for best adsorption performing
cases of COP32 and COP35 are also presented in Figure S5 and
Figure S6 respectively. For COP32_CO2_p1 case HOMO is at the
linker (Figure S5a) and LUMO is at the core (Figure S5d) side.
Same trend is observed for COP32_N2_p2 (Figure S5b and
Figure S5e), and also for COP32_CO2_ N2_p2 (Figure S5c and
Figure S5f) cases. When COP35 is analyzed for gas adsorption
cases, same trends that was observed for COP32 is recorded in
Figure S6a-f.

COP – CO2/N2 Interaction Analysis

Main results for counterpoise corrected interaction energy, ΔE;
gas binding energies, Ebind; HOMO and LUMO energies, EHOMO
and ELUMO; HOMO-LUMO energy gap, ΔEG are reported in
Table 1. Furthermore, considering the subject focus of this
study is to investigate the effect of linker type on the
interactions of COP compounds with both CO2 and N2 gas
molecules, we also analyzed the characteristics of bonding type
and strength in either single gas or both the gases coexist at
the identified potential active sites (i. e. p1, p2, p3, p4) of COP
adsorption sites. Numerical results for the calculated 1 and
laplacian of r21 for all studied COP – CO2/N2 interaction
analysis cases are reported in Table 2 for COP32 and Table 3 for
COP35.

AIM and RDG analysis of COP32 interaction strength and
binding types are given in Figure 3 for COP32+CO2, Figure 4
for COP32+N2 case and Figure 5 for COP32+CO2+N2 cases.

Table 1. Properties of COP32 and COP35 systems that are calculated at
B3LYP/6-311+ +g(d,p)theory level. Counterpoise corrected interaction
energy (ΔE); gas binding energies (Ebind); HOMO (EHOMO) and LUMO (ELUMO)

energies; HOMO-LUMO energy gap (ΔEG).
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All these figures, and other figures that contain AIM and RDG
data, include the visual representations for BCPs (type (3,–1))
and RCPs (type (3,+1)) that are calculated according to Bader’s
theory.[69]

Please note that as per AIM theory, for hydrogen bonding 1
and r21 must be in the range 0.002 to 0.04 a.u. and 0.020 to
0.139 a.u, respectively.[70] In RDG iso-surface information
containing figures, green or green-brown color indicates van
der Waals type interactions between the gas molecule and the
sorption site.

For COP32+CO2 case, highest interaction yielding case is
observed to be occurring at p1 (located between =O and -NH)
and p4 (located at the top of the benzene ring) sites with same
1 and r21 results (1=0.164×10� 2 and r21=0.379×10� 1 a.u.
for COP32-CO2-p1 at BCP1; 1=0.164×10� 2 a.u. and r21=

0.381×10� 1 a.u. for COP32-CO2-p4 at BCP1), as shown in
Table 2. According to 1 and r21 values, interactions can be
characterized as vDW type and they are very close to lower
boundary of H-bonding, which are also evidenced by the RDG

images in Figure 3e and Figure 3h with green-brownish
isosurfaces. In these figures, the distance between CO2 and the
interacting site is measured as 2.31 Å and the C–CO angle for
CO2 is measured with minor deformation and bending as
177.26° indicating physisorption behavior.

Upon close inspection at Figure 3a and Figure 3d, one can
see that the final optimized positions of CO2 is very similar to
each other and thus explaining the similar 1 and r21 results
given above. It seems like the when CO2 is placed at the top of
the benzene ring, p4, intermolecular forces pushed CO2 to
exact same position at which CO2 is located at optimized p1
case. As can be seen in Figure 3a and Figure 3d, BCP1
corresponds to N� H binding site located at the core-linker
connection point. Thus, one can conclude that the COP32+

CO2 interaction is being dominated with this functional group,
which came from 4-aminobenzylamine linker. On the other
hand, both COP32-CO2-p2 and COP32-CO2-p3 represented CO2

interaction at linker molecule with only 1 obtained BCP. There
is remarkable difference with 1 values for these two cases with
0.661×10� 3 a.u. and 0.145×10� 2 a.u. for COP32-CO2-p2 and
COP32-CO2-p3 respectively, placing the bonding type outside
H-bonding region and observed to be vDW type interactions.
For the bond strength for these two cases, r21 are recorded as
0.171×10� 1 a.u. and 0.308×10� 1 a.u. for COP32-CO2-p2 and
COP32-CO2-p3 respectively.

For COP32+N2 case, highest interaction yielding case is
observed to be occurring at both p1 and p2 positions (Table 2).
Similar to COP32+CO2 case, upon close inspection at Figure 4a
and Figure 4b, final optimized positions of N2 is very similar to
each other and thus explaining the similar 1 and r21 results as

Table 2. Atoms-in-a-molecule analysis of the reported COP32-CO2-N2

systems calculated at B3LYP/6-311+ +g(d,p) level. Bond critical point (BCP,
(3,–1)) and ring critical point (RCP, (3,+1)) are provided in the table.
Electron density (1) and laplacian of electron density (r21) at the

corresponding BCP and RCP are provided as a guide for AIM and RDG
Figures 4, 5, 6.

Table 3. Atoms-in-a-molecule analysis of the reported COP35-CO2-N2

systems calculated at B3LYP/6-311+ +g(d,p) level. Bond critical point (BCP,
(3,–1)) and ring critical point (RCP, (3,+1)) are provided in the table.
Electron density (1) and laplacian of electron density (r21) at the

corresponding BCP and RCP are provided as a guide for AIM and RDG
Figures 7, 8, 9.
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1=0.120×10� 2 a.u. and r21=0.222×10� 1 a.u. for COP32_N2_
p1 and 1=0.126×10� 2 a.u. and r21=0.230×10� 1 a.u. for
COP32_N2_p2. It seems like the when N2 is placed at the p1
position, intermolecular forces pushed N2 to exact same
position at which N2 is located at optimized p2 case. For both
COP32_N2_p1 and COP32_N2_p2 cases, dominating interaction
is located at –NH group that is located in the 4-aminobenzyl-
amine linker as well. According to 1 and r21 values,
interactions can be characterized as vDW type and they are at

the lower boundary of H-bonding, which are also evidenced by
the RDG images in Figure 4e and Figure 4f with green-brownish
isosurfaces. N2 distance to the –NH interaction site is measured
as 2.54 Å. Interestingly there was no BCP recorded for the case
of COP32_N2_p3 case, for which final position of N2 is located
on the top the benzene ring of the linker molecule, Figure 4c.

More complicated interactions were observed for the case
of when both CO2 and N2 were simulated together with COP32
(COP32+CO2+N2 case). Results for this study is provided in

Figure 3. Atom in Molecule (AIM) analysis of COP32 interaction with CO2 at P1-P2-P3-P4 positions at figure panels a, b, c, d. Bond critical points (BCP) and ring
critical points (RCP) involving COP32–CO2 interactions according to AIM are shown. Reduced Density Gradient (RDG) iso-surfaces (green or green-brown color
indicates van der Waals interactions) at figure panels e, f, g, h.

Figure 4. Atom in Molecule (AIM) analysis of COP32 interaction with N2 at P1-P2-P3-P4 positions at figure panels a, b, c, d. Bond critical points (BCP) and ring
critical points (RCP) involving COP32–N2 interactions according to AIM are shown. Reduced Density Gradient (RDG) iso-surfaces (green or green-brown color
indicates van der Waals interactions) at figure panels e, f, g, h.
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Figures 5a to 5 h. For p1, p2 and p4 interaction cases, both CO2

and N2 showed interactions with COP32 molecule, whereas for
P3 case only CO2 interaction was recorded. BCPs values can be
ranked for each positions as: i) for p1 BCP1>BCP5>BCP3@

BCPs3-4; ii) for p2 BCP4>BCP2>BCP1@BCP3; iii) for p4
BCP2@BCP1>BCP3> BCP4>BCP5. According to numerical 1
and r21 values, it was observed that CO2 interaction with COP
seems to be stronger than that of N2 interactions for all studied
positions, which is an important indication for CO2/N2 separa-
tion applications. Among the four cases, p2 case has the
highest 1 and r21 values for CO2 interaction case with 0.157×
10� 2 a.u. and 0.314×10� 1 a.u. respectively observed at BCP4.

Table 2 values indicate some negative values for 1 and r21,
which needs further explanation. The regions where r21 is
observed to be negative, 1 is locally greater than the average
value in the near neighborhood of BCP in these regions is
thought to be locally concentrated. On contrary, for the regions
where r21 is positive, 1 is locally less than the average value
near BCP can be claimed as locally depleted in these regions.
The region where r21 is negative includes the inter-nuclear
region as well as the valence shell regions of both atoms
forming an adjoining domain of local charge concentration
that covers the interatomic surface. Besides, r21 can be
considered as positive over the inter-nuclear region that
contains BCP, and it can be considered negative in the region
of the valence shell of the more electronegative atom where 1
is locally concentrated. Finally, the sign of r21 should change
from positive to negative as r21 decreases.

Having discussed COP32 interactions with CO2 and N2, we
move on to COP35 interactions and to start with when COP35
+CO2 interactions are analyzed for 1 and r21 at studied
positions, it was observed at two cases namely COP35_CO2_p2

at BCP1 and COP35_CO2_p4 at BCP1 yields the strongest
binding interaction cases with very close 1 values of 0.242×
10� 2 a.u. and 0.244×10� 2 a.u. and r21 values as 0.459×10� 2

a.u. and 0.464×10� 2 a.u. respectively; placing the both
interactions at the lower boundary of hydrogen bonding
region. Essentially, when both p2 and p4 cases are analyzed in
Figures 6b and 6d, both optimized geometries resulted in same
molecular orientation with CO2 located at similar distance and
location relative to COP35 structure with highest CO2 inter-
action occur between C(CO2) and –OH site. For both p2 and p4
cases, RDG isosurfaces at BCP1 vicinity shows greenish-
brownish colors that confirms the 1 and r21 values being close
to the lower boundary of H-bonding zones as per AIM theory;
Figures 6f and 6 h. –OH site in the final COP35 structure is due
to the ester based Hydroquinone linker molecule and the
presence of it seems to dominate the CO2 interaction for
COP35. When CO2 is placed on the top of benzene ring that is
located in the linker, there is no notable BCP and thus
interaction is recorded for COP35_CO2_p3 case. Distance
between C (at CO2) and H (at –OH) is recorded to be 2.20 Å and
C–CO angle is 178.39°.

AIM and RDG results for the case of COP35+N2 are
provided in Figures 7a to 7 h. COP35_N2_p1 did not result a
BCP due to low interactions between COP35 and N2 molecules.
COP35_N2_p3 case yielded lowest 1 values with 0.212×10� 3

a.u. meaning weak vDW interactions between N2 and benzene
ring located at the linker side. For both COP35_N2_p2 and
COP35_N2_p4 cases a very similar 1 and r21 values obtained at
only BCPs (BCP1), 1=0.219×10� 2 a.u. and r21=0.391×10� 2

a.u. exactly same for both p2 and p4 cases. These interactions
are observed to occur between –N and –OH sites.

Figure 5. Atom in Molecule (AIM) analysis of COP32 interaction with CO2 and N2 at P1-P2-P3-P4 positions at figure panels a, b, c, d. Bond critical points (BCP)
and ring critical points (RCP) involving COP32–CO2–N2 interactions according to AIM are shown. Reduced Density Gradient (RDG) iso-surfaces (green or green-
brown color indicates van der Waals interactions) at figure panels e, f, g, h.
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Lastly, in the case of COP35+CO2+N2, there is a main CO2

interaction domination in comparison to N2 interactions for all
studied cases (Figure 8). In 2 cases, p2 and p3, there was no N2

BCPs recorded but only CO2. Whereas in the case of p1, N2

reached its highest interaction with, 1=0.239×10� 2 a.u. and
r21=0.399×10� 1 a.u. located between –N and –OH sites.
Rankings of the BCPs are observed as BCP1@BCP2>BCP3 for
both p2 and p3 cases. Among those cases, highest recorded
CO2 interaction case was obtained as 1=0.247×10� 2 a.u. and

r21=0.469×10� 1 a.u. located between =O(at CO2) and –OH
sites at p2 case. Closest distance between CO2 and COP35 is
2.21 Å and which is higher in the case of N2 and COP35 with
3.83 Å, Figure 7f. Furthermore, greenish-brownish isosurface
color also indicates slightly stronger vDW interactions, as it is
evident from the reported 1 and r21 values.

In this work, we also explored obtaining the molecular
electrostatic potential by using the MultiWFN code. The
electrostatic potential (ESP) that the nuclei and electrons of a

Figure 6. Atom in Molecule (AIM) analysis of COP35 interaction with CO2 at P1-P2-P3-P4 positions at figure panels a, b, c, d. Bond critical points (BCP) and ring
critical points (RCP) involving COP35–CO2 interactions according to AIM are shown. Reduced Density Gradient (RDG) iso-surfaces (green or green-brown color
indicates van der Waals interactions) at figure panels e, f, g, h.

Figure 7. Atom in Molecule (AIM) analysis of COP35 interaction with N2 at P1-P2-P3-P4 positions at figure panels a, b, c, d. Bond critical points (BCP) and ring
critical points (RCP) involving COP35–N2 interactions according to AIM are shown. Reduced Density Gradient (RDG) iso-surfaces (green or green-brown color
indicates van der Waals interactions) at figure panels e, f, g, h.
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molecule create in the surrounding space is well established as
a guide to the interpretation and prediction of molecular
reactive behavior. Furthermore, the analysis of ESP on vdW
surface has also been quantified to extract the strength and
orientation of weak interaction, including such as hydrogen/
dihydrogen bonding and halogen bonding. These can be well
predicted and elucidated by examining the scale and locations
of minima/maxima on the ESP surface. Figure 9 shows ESP
distribution for the best CO2, N2 and CO2/N2 performance cases.
From both Figures 9a, molecular surface has well balanced and
distributed ESP values close to Gaussian distribution. Whereas,
in Figure 9b, it can be seen that there is a large portion of
molecular surface having small ESP value, namely from � 35 to
20 kcal/mol. ESP values that fall into the negative regions

corresponds to: i) above and below benzene ring of the linker,
below of benzene ring at the core and C=O site at the linker
side (Figure 10a); ii) above and below benzene ring of the linker
(Figure 10b). Low ESP regions above and below the six-
membered ring and shows the effect of the abundant π-
electron cloud and on the other hand the positive values
dominated regions mainly arises from the positive charged
C� H hydrogens; and near-neutral part represents the border
area between the negative and positive parts.

As evident from Figures 10a and 10b, there are some
regions that have remarkable positive and negative ESP value,
corresponding to the regions closed to the global ESP
minimum and maximum, respectively.

Figure 8. Atom in Molecule (AIM) analysis of COP35 interaction with CO2 and N2 at P1-P2-P3-P4 positions at figure panels a, b, c, d. Bond critical points (BCP)
and ring critical points (RCP) involving Bond critical points (BCP) and ring critical points (RCP) involving COP35–CO2–N2 interactions according to AIM are
shown. Reduced Density Gradient (RDG) iso-surfaces (green or green-brown color indicates van der Waals interactions) at figure panels e, f, g, h.

Figure 9. Electrostatic potential (ESP) distribution for given for the best CO2, N2 and CO2/N2 performance cases; (a) COP32 and (b) COP35.
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Experimental studies on both COP32 and COP35 were
previously published elsewhere.[62] Although comparing the
DFT results with respect to experimental results would not
yield vigorous and reliable results, they would provide an
indication of how would be the expected trend qualitatively for
each COP. Therefore we checked only 1 values for COP32 and
COP35 for the highest interaction recorded cases. Considering
the DFT results, one would expect CO2 sorption performance
would be considerably higher than that of N2 sorption perform-
ance simply by considering the magnitude of the calculated
electron densities for each studied case. Table S1 in ESI shows
the summary of experimental performances of both the COPs
and those reported results also confirms the overall adsorption
performance trend of CO2 and N2 on both studied COPs.

For a cost efficient economic CO2 capture and management
process development, adsorption and (especially) desorption
cycle mechanism of CO2 at adsorbed surface must be examined
prudently. In the case of physical adsorbents, determinations of
physical limitations on desorption as important as adsorption
and it is standing as one of the main hurdle for a material to be
considered as viable alternative. As a cost intensive step,
desorption cycle and its mechanism is investigated by studying
the binding affinity COPs. There is a trade-off between the low
binding energy of COPs and the CO2 sorption performance.
Lower the binding energy lower the CO2 sorption performance,
which can be modified via functionalization of the pores with
the “CO2-philic” groups in order to enhance the binding
energies. It has been a widely studied fact that incorporation of
polar functional groups in COP structures (and other porous
structures that are designed for gas capture purposes) such as
–OH, –NH2 and –NO2 would increase the CO2 capture amount
on COPs through stronger dipole-quadrupole interactions. In

order to infer on the binding affinity of each gas on the
adsorbent surface and study the binding energies experimen-
tally, isosteric enthalpies of adsorption (Qst kJ⋅mol � 1) are
calculated and reported elsewhere. By studying such informa-
tion, sorption performances and selectivity for different gases
can be inferred. A couple of study by Sekizkardes[71] and
Altarawneh[36] on benzimidazole linked COPs and their perform-
ance on binding of N2, CO2, and CH4, they linked gas uptake
isotherms and selectivity to binding affinity (Qst) for studied
gases. Authors connected binding energy and sorption per-
formance as lower the binding energy higher the sorption
performance. Furthermore, authors also compared different
gases and similar behavior is also observed on the binding
energy vs sorption performance relation. A direct comparison
method on the Qst and estimated binding energies via DFT
calculations was studied by Rabbani[72] in a separate study.
Authors used virial method and reported on the Qst as it has
the highest value at zero coverage then start to drop as the
sorption process further progresses. One can conclude that
preliminary high observed Qst values are driven by favorable
interactions between the active sites and the gas molecules
and as these active sites become less available and accessible
for the gas molecules Qst value decreases in parallel to gas
loading increase. In the light of these discussions and findings,
when estimated binding energies are analyzed for both COP32
and COP35 cases, one shall expect that CO2 shall adsorb higher
than N2 on both COPs. This hypothesis was further confirmed
by examining the experimental results as can be seen in
Table S1, that shows for both COPs have CO2 sorption perform-
ance is higher than the N2 sorption performance. Although it is
easier to make comparison directly from estimated DFT
simulation results within the same COP compound that is

Figure 10. Color-filled molecular surface map with surface extrema for real space functions for electrostatic potential (ESP) visualization for (a) COP32-C� P1 and
(b) COP35-C� P1. Blue, white and red correspond to ESP varying from � 30 to 35 kcal/mol, the green and orange spheres correspond to ESP surface minima and
maxima, respectively. ESP range is included in the legend at each figure panel.
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exposed to different gases at different binding sites (e.g. P1, P2
…), in order to make comparisons on the other COPs and
compare their sorption performances with simulations, one
shall consider molecular dynamics (MD) simulations as it would
yield more reliable basis by allowing the analysis of solvation
shells together with the investigation of strong gas-COP
clustering. Yet, the changes in the COP structures upon the
introduction of gas molecules at different conditions (e.g. P or
T) can also also be studied in MD studies in order to infer and
show effective solvation of gas molecules in different COPs and
observe possible volume expansion or swelling effect. Thus, in
order to obtain more vigorous sorption performance compar-
isons, detailed molecular dynamics simulations must be
conducted in order to lay down molecular arrangements.

4. Conclusions

In this DFT study, we highlighted the impact of the selection of
linker molecules while forming covalent organic polymers that
are designed as gas adsorbents. We investigated the inter-
action sites and elucidated on the experimental findings on
CO2 and N2 sorption on these porous structures. DFT
calculations were used to infer the details of the type and the
strength of the polymer – gas interaction modes at various
interaction sites as well as to quantify short-range interactions
between the polymer – gas via topological characteristics
analysis of intermolecular forces. Results obtained in this study
were compared with experimental findings and confirmed the
quantitative behaviour of sorption trends via considering
chemical interactions and thus classification of linkers and their
effect on sorption performance were explained. The reported
results probes DFT as a suitable platform for in silico design of
COPs for CO2 capturing purposes through the screening of
linker – CO2 / N2 intermolecular forces.

Supporting Information Summary

Supporting information includes, experimental and theoretical
FTIR, Density of states (DOS) as a function of orbital energy,
Frontier molecular HOMO and LUMO orbitals for the highest
interaction energy cases for COP32 and COP35 structures.
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