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Abstract

This study employs density functional theory (DFT) and density functional tight-binding theory (DFTB) to determine the ad-
sorption properties of carbon dioxide (CO,), methane (CH,), and dihydrogen (H;) in carbophenes functionalized with carboxyl
(COOH), amine (NH,), nitro (NO,), and hydroxyl (OH) groups. We demonstrate that carbophenes are promising candidates as
adsorbents for these gasses. Carbophenes have larger CO, and CH, adsorption energies than other next-generation solid-state
capture materials. Yet, the low predicted desorption temperatures mean they can be beneficial as air scrubbers in confined spaces.
Functionalized carbophenes have H, adsorption energies usually observed in metal-containing materials. Further, the predicted
desorption temperatures of H, from carbophenes lie within the DOE Technical Targets for Onboard Hydrogen Storage for Light-
Duty Vehicles (DOEHST) operating temperature range. The possibility of tailoring the degree of functionalization in combination
with selecting sufficiently open carbophene structures that allow for multiple strong interactions without steric hindrance (crowd-
ing) effects, added to the multiplicity of possible functional groups alone or in combination, suggests that these very light materials
can be ideal adsorbates for many gases. Tailoring the design to specific adsorption or separation needs would require extensive
combinatorial investigations.

© 2023 Published by Elsevier Ltd.

Keywords: carbophene, covalent organic framework, porous materials, 2-dimensional materials, greenhouse gas adsorption,
hydrogen adsorption

rated from exhaust gas streams of processes [2].

The emission of greenhouse gases (GHG) from hu-
man activities is the most significant cause of climate
change, manifested by an increase in global mean sur-
face air temperatures over the last 100 years. Climate
change is leading to disastrous consequences such as in-
creasingly extreme weather and climate events, thus ne-
cessitating a global effort to reduce the release of GHG
into the atmosphere [1]. Carbon capture technology,
such as membrane gas separation, is a potential part of
the climate change solution. For example, gas capture

In addition, spacecraft, submarines, and mining op-
erations utilize various materials to capture carbon
dioxide to maintain a breathable atmosphere in tight
spaces [3]. For example, lithium hydroxide (LiOH)
is extensively used to remove carbon dioxide from the
air as a retention adsorbent [4]. LiOH canisters act as
chemical adsorbents, reacting with carbon dioxide to
form lithium carbonate and water. However, LiOH can-
isters have limited reusability and produce waste prod-
ucts that must be disposed of or recycled. Solid amine
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sorbents, such as activated carbon or zeolites, have
shown promise as alternative capture materials. These
materials possess high surface areas and can physically
or chemically adsorb carbon dioxide. In addition, solid
amine sorbents are reusable, potentially reducing the
waste generated during space missions. For example,
NASA is readying a new generation of CO, scrubber
for the International Space Station, which employs the
zeolite sorbent 13X in the 4BMS CO; Scrubber [5].

Covalent Organic Frameworks (COFs) have aroused
much interest for use in carbon capture and gas separa-
tion. The high porosity, highly ordered structures, and
well-organized nanopores led to these structures being
identified as exciting candidates for applications in gas
separation, among many other possible applications [6].

DFT has previously been used to determine the ad-
sorption energies of functional groups and GHG ad-
sorbates on functional groups in COFs. For example,
Lim et al. evaluated the adsorption of CO; in carbona-
ceous materials with various functional groups for car-
bon capture applications [7]. In some models, the COFs
were approximated with aromatic molecules. For ex-
ample, Arjmandi ef al. used a benzene dicarboxylate
base structure and applied DFT to obtain the adsorp-
tion energy for CO, adsorbate on multiple functional
groups [8]. Similarly, Torrisi et al. worked with a ben-
zene base structure with CO, as an adsorbate [9, 10].
In addition, periodic framework models of materials
have been tested for adsorption properties using DFT,
as seen in the study by Soleymanabadi and Kakemam,
who studied functionalized carbon nanotube structures
for H, adsorption [11].

Solid state materials are also investigated for hydro-
gen storage [12, 13]. Because dihydrogen has the high-
est energy density of any fuel, research into its uses
as an energy source in everything from cell phones to
motor vehicles is ongoing. The structure of the solid-
state material largely determines H, adsorption ener-
gies, examples of which include van der Waals materi-
als (physisorption, <0.1 eV), metal-organic frameworks
(enhanced physisorption, 0.1-0.2 eV), metal catalysts
on low dimensional materials (Kubas binding, 0.2-0.3
eV), noble metal catalysts on reducible metal oxides
(spillover effect, <0.5 eV), metal hydrides (chemisorp-
tion, ~0.5-1.0 eV), chemical hydrides (chemisorption,
>1.0 eV) [14, 15]. Despite the intense effort, storage
options that meet the DOEHST have not yet been pro-
duced [16].

In this study, we will consider the use of N-
carbophenes as a possible class of materials for use in
fighting climate change by adsorbing the greenhouse
gases CO, and CHy or for use in alternative fuel (i.e.,

H,) storage. The structures used in this study were
adapted from a structure Du ef al. proposed as a
possible material produced when trying to synthesize
graphenylene [17]. Based on the relative formation
energies of graphenylene and 3-carbophene, Junker-
meier et al. concluded that 3-carbophene might have
been synthesized by Du et al. [18]. They also demon-
strated that the interlayer spacings of 3-carbophenes are
closer to Du’s experimentally produced materials than
graphenylene’s interlayer spacing. 3-carbophene is one
example of a novel class of two-dimensional covalent
organic frameworks (2DCOFs) called N-carbophenes.
N-carbophenes have hexagonal pores with pore edges
of alternating N cyclohexatriene and N-1 cyclobutene
units. Later, Junkermeier et al. demonstrated that func-
tionalized carbophenes are even more energetically fa-
vorable than graphenylene [19].

The objectives of this study were several-fold. Firstly,
to evaluate the gas adsorption properties (i.e., adsorp-
tion energy) of pristine carbophenes using the gases
CO;, CHy, and H,. Second, to compute the adsorp-
tion energies of carbophenes modified by the presence
of the functional groups often found after synthesiz-
ing 2D carbons (i.e., COOH, NH,, NO,, OH). Third,
to determine the effect of having multiple functional
groups in a pore on adsorption energy. Lastly, the ma-
terial properties, including molecular weight and den-
sity, were to be determined. In this work, we’ve demon-
strated that the adsorption energies of GHG adsorbates
into functionalized carbophenes are greater than pro-
posed next-generation adsorbents while being half as
dense. Adding a second GHG molecule does not sig-
nificantly change the adsorption properties, though hav-
ing a higher density of functional groups within the car-
bophene pores can decrease the adsorption energy of
the GHGs. It has also been demonstrated that func-
tionalized carbophenes can adsorb H, molecules with
energies rivaling metal-containing materials. The pre-
dicted desorption temperatures are > 400 K, meaning
carbophenes may be used as CO, as air scrubbers in
confined spaces or solid-state H, storage.

Methodology

Density functional theory (DFT) calculations were
used to determine the adsorption properties of func-
tionalized 3-carbophene, while density functional-based
tight-binding (DFTB) calculations were used to extend
to larger systems.

The DFT calculations in this study were performed in
ADF-BAND (Version ADF.2019) using the Triple Zeta
plus Polarization (TZP) basis set, GGA:PBEsol-D3(Bj)
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exchange-correlation functional, and Grimme D3 dis-
persion correction [20, 21, 22]. All other parameters
were set to the standard settings of the Modeling Suite
(AMS) graphic user interface. We used the default op-
tions generating the automatic regular k-space grid for
quality “normal” consisting of a single k-point.

The DFTB calculations were performed using
DFTB+ (pre-compiled Version 19.1) [23, 24, 25].
DFTB+ has near DFT precision in electronic struc-
ture calculations while significantly faster than DFT.
Much of this speedup comes from using look-up ta-
bles (Slater-Koster files) instead of integral evaluation
at run-time. The matsci Slater-Koster files, formulated
to describe materials science problems accurately, were
used [26, 27]. The Grimme D3 formulation was used
to simulate dispersion forces [22]. Hydrogen bond-
ing terms were corrected using the (HCorrection = H5)
method [28]. Geometry optimization, including cell pa-
rameters and atomic positions, used a conjugate gra-
dient algorithm with a maximum force difference of
1073 Ha/Bohr and an SCC maximum tolerance of 10~*
electrons as convergence criteria. The lattice vector
lengths were allowed to change during geometry op-
timization, but the angle between them was not. An
8x8x1 Monkhorst-Pack kpoint grid was used during op-
timization. The out-of-plane bounding box was set to
30 A. A sample job script that includes the DFTB+ in-
put file parameters used in this work can be found in
Reference [29].

Results and Discussion

This work focuses on carbon capture in functional-
ized 3-, 4-, and 5-carbophenes, examples of which are
shown in Figure 1. Starting from the lattice parame-
ters given by Junkermeier et al., two types of pristine
carbophene supercells were produced 1) a 2-by-2 su-
percell designed to increase the distance between func-
tional groups such that they are unlikely to be interact-
ing, 2) a rectangular supercell designed to minimize the
number of atoms in a cell structure while providing a
complete pore [18, 30]. Functional groups (i.e., NH»,
OH, COOH, NO,, F) were added to the optimized pris-
tine carbophenes, and the cell structure and atomic po-
sitions were then optimized. Figure 1 (d-f) shows the
unit lattice vectors (black arrows) and bounding boxes
(blue lines) of (a) 3-carbophene primitive unit cell (light
gray parallelogram), (b) 3-carbophene 2-by-2 supercell
(light blue parallelogram), and (c) 3-carbophene rect-
angular supercell (yellow rectangle). Similar supercells
were produced for 4- and 5-carbophenes. In Figure 1,
the image is based on the functionalization pattern used

in the 2-by-2 supercells with the DFTB+ calculations.
In contrast, the yellow rectangular supercell is used in
the ADF-BAND DFT calculations with one functional
group per pore. The rectangular supercell is also used
in ADF-BAND calculations with multiple functional
groups per pore.

Table 1 presents the lattice constants and molecu-
lar weights of single-layer functionalized 3-carbophene.
Assuming the interlayer spacing of 3.54 A for bulk car-
bophenes found in [18], Table 1 also presents the den-
sities of the functionalized bulk 3-carbophenes. Due to
their large pore diameters (i.e., > 7.5 A), the densities
of the bulk 3-carbophenes are about half of typical zeo-
lites values (i.e., 2.2 - 2.5 g/cm3). Metal-organic frame-
works (MOFs) may have densities less than 0.15 g/cm?
but also depend on expensive metal atoms [31]. But if
we suppose that bulk 5-carbophenes can be synthesized,
the density of bulk 5-carbophene drops to 0.61 g/cm?,
which is on par with the most studied MOFs. Activated
carbons have densities of 0.4-0.5 g/cm® and are inex-
pensive.

Using DFTB+ single point calculations within a high
throughput framework, we estimated the energy curves
of CO,, CHy, and H; as they diffuse through the cen-
ter of a 3-carbophene pore; see Figure 2. The single-
point calculations used a position step increase of 0.025
A from 0 to 4 A and 0.1 A from 4.1 to 10 A. The re-
sults demonstrate that the functionalized carbophenes
have deeper potential wells than pristine carbophenes.
The COOH functionalized carbophene has the deepest
potential well because the COOH functional has greater
physisorption capabilities due to the lone pairs on the
oxygen atoms and the possibility of hydrogen bonding
due to the -OH. In most cases, the gas molecules have
the lowest energy when they are at the center of the pore.
For example, the polar CO, molecule has a minimum
total energy at 0.85 A with an energy barrier of 0.85 eV
when diffusing through a COOH-functionalized pore.
The COOH functionalization also produces a barrier of
0.075 eV for H, diffusion with a minimum energy at
0.525 A from the pore. The trends found with these
single-point calculation-based energy curves are borne
out when the atoms in the gas molecule-functionalized
carbophene systems relax.

Using the plane wave approximation of ADF-BAND,
a computationally appropriate method for computing
the adsorption energy (E,4) is to find the energy
difference between two relaxation calculations. The
first relaxation calculation has the carbophene and gas
molecule in the same periodic box but well separated.
A separation of 20 A between the gas molecule and car-
bophene was determined to be sufficiently large. The
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Figure 1. Examples of the pristine (a) 3-, (b) 4-, and (c) 5-carbophene used in this work. Examples of functionalized 3-carbophene: (d) Primitive
unit cell, (e) 2-by-2 supercell used in DFTB+ calculations, and (f) rectangular supercell used with ADF-BAND calculations.

Table 1. Comparison of ADF-BAND and DFTB+ optimized, lattice constants (x,y,a’) [A], molecular weights (MW) [g/mol], and densities [g/crn3]

of pristine and functionalized 3-carbophenes.

Functionalization XgaNp YBAND  @hprg, MWsanD MWpprB:  OBAND  PDFTB+
Pristine 23.03 13.32 26.94 732.74 1465.47 1.12 1.10
COOH 23.03 1332 2694 820.76 1509.48 1.26 1.13

NH2 23.03 1332 2694 762.77 1480.49 1.17 1.11
NO2 23.03 13.32 26.94 822.73 1510.47 1.26 1.13
OH 23.03 13.32 26.95 764.74 1481.47 1.17 1.11
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Figure 2. Diffusion curves of gas molecules through the center of
functionalized carbophene pores.

second relaxation calculation places the gas molecule
within the carbophene pore. The E,y; is calculated us-
ing the equation

Euas = Egiss — Eproxv (1)

where Ey;, is the total energy of the system where the
gas molecule is far from the carbophene, so there are no
interactions, and E ., is the total energy of a relaxed
functionalized carbophene and adsorbed gas molecule
system. Within the local orbital approximation used in
DFTB+, Equation 1 is more naturally rewritten as

- Eproxa (2)

where E qp0phene 18 the total energy of the functionalized
carbophene alone in the periodic cell, and Eg; is the
total energy of the gas molecule alone in the periodic
cell. In Eqns. 1 and 2, the terms are ordered such that
positive E,;, indicates stable adsorption.

We utilized DFT to investigate single gas molecules
in rectangular supercells of functionalized 3-
carbophene. In doing so, a gas molecule was placed
in the center of a carbophene pore and relaxed. In
each case, the gas molecule was near the center of the

Eus = Ecarbophene + Egas
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Figure 3. DFT optimized gas molecule adsorption where the gas molecule was originally placed at the center of the carbophene pore. Dotted lines

represent possible H-bonds and Coulomb interactions.
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pore after optimization, as shown in Figure 3. Figure 4
shows a graph of the adsorption energies. In partic-
ular, the results suggest that carboxyl functionalized
3-carbophene has the highest adsorption energy for all
three adsorbents with adsorption energies of 0.32, 0.18,
and 0.10 eV for CO,, CHy, and Hy, respectively.

The significant adsorption energies of carboxyl-
functionalized 3-carbophene are likely a result of
COOH having the highest number of possible molecu-
lar interactions compared to the other functional groups.
Figure 3 shows CO, interacting with the adjacent -H
atoms encircling the pore (at distances of 2.760 and
2.606 A) in addition to the -H atom of the carboxyl
group (1.676 A). A Coulomb interaction exists between
the lone pair on the double-bonded carbonyl -O atom
and the CO, molecule. An adjacent -H atom may sta-
bilize the carboxyl functional as it is also within hy-
drogen bonding distance. The H-bonding between the
carboxyl group and an adjacent functional -H atom
would increase the calculated adsorption energy while
not strengthening the bonding situation of the CO,
molecule. The double-bonded oxygen in the carboxyl
group plays a significant role in the interactions with
both H (2.699 A) and CH, (2.726 A).

Regarding CO, adsorption, the next strongest inter-
action was with the hydroxyl-containing system (0.21
eV), which is likely due to CO; -O atoms’ interactions
with the -H atom of the hydroxyl group (2.446 A) and
the adjacent -H atom around the ring (2.556 and 2.841
A). The nitro-CO, system was the next highest for CO,
adsorption (0.16 eV), which is lower than the hydroxyl
system since the vertical orientation of the CO, adopted
does not allow interactions with the pore -H atoms that
were available in the hydroxyl system. In compari-
son, two O-C interactions are found between the ni-
tro group and CO; (2.924 and 2.873 A). The amino-
functionalized system had the next highest CO, adsorp-
tion energy, 0.06 eV. CO, had only one clear interac-
tion with the amino group. The CO, hydrogen bonded
with the amino -H (2.374 A). Finally, the pristine struc-
ture had the lowest CO, adsorption energy (0.12 eV).
The CO, pristine carbophene system had four interac-
tions between CO, oxygen atoms and the pore -H atoms
(3.177, 3.174, 3.037, 3.037 A). Though they are weak,
they add up to significant interactions.

The nitro-containing system was the next highest for
CH, and H; adsorption (0.13 and 0.06 eV, respectively),
which is likely due to the two -O atoms from the ni-
tro group interacting with CH, (2.906 and 3.714 A)
and H, (2.862 and 2.871 A). Nitro’s unique structure
always grants one of the two oxygen atoms a negative
charge, which ensures at least one hydrogen binding site

=0.3- Absorbate
2
> H CO;
2 CH,
202 W H
L
c
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N |
amine carboxyl hydroxyl nitro pristine
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Figure 4. Comparison of adsorption energies (E,q), in eV, of the
simulation results.

is available when interacting with hydrogen-containing
molecules. CH4 may also form an interaction with a
distal -H atom (2.417 A) in the nitro-CH,4 system via the
Van der Waals force. CH, and H; had their next highest
adsorption energies in the hydroxyl system (0.12 and
0.06 eV, respectively). The interactions between them
are similar such that they both interact with the hydroxyl
-H atom (2.726 and 2.545 A for CHy4 and H, respec-
tively) and the lower adjacent pore -H atom (2.583 and
2.563 A for CH, and H, respectively) via van der Waals
force. Additionally, depending on the reaction condi-
tion, a potential partial bond between an -O atom from
the hydroxyl functional group and a -H atom from CHy
or H; is possible.

The amino system had the next highest adsorption en-
ergies (0.10 and 0.06 eV for CH4 and H,, respectively).
Each adsorbent had only one clear interaction with the
amino group (2.797 and 2.897 A for CH, and H,, re-
spectively). CH4 and H, seem to line up to access the
amino -N atom lone pair via hydrogen bonding. Fi-
nally, the pristine structures had the lowest interaction
energies for CHs and H,. With only Van der Waals in-
teraction present, the orientation of CHy in the pristine
structure allows for two interactions with the pore -H
atoms (2.415 and 2.736 A). Similarly, the H, system
also interacted with the pore -H atoms (2.558 and 3.226
A).

These results can be compared to other similarly
functionalized materials to gauge the relative strength
of 3-carbophene as an adsorption material; see Fig-
ure 5. Their authors considered each of these mate-
rials a possible replacement for the current generation
of carbon-adsorbing materials. Figure 5 demonstrates
that the 3-carbophene systems have larger adsorption
energies in nearly all cases. The CO, adsorption in
carbophenes has greater adsorption energies than the
similarly studied metal-organic frameworks IRMOF-
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Figure 5. Comparison of adsorption energies of CO,, CHy, or H; into
functionalized 3-carbophene with values reported elsewhere.

1 [8], MIL-53 [9, 10], and brown coal [32] while be-
ing significantly lower than bituminous coal [33]. This
is likely due to the pore -H atoms being available to
form interactions with CO,. Similarly, the adsorption
energies of CHy into functionalized carbophene sys-
tems are larger than those found for edge-functionalized
graphene [34], IRMOF-1 [8], brown coal [32], and bi-
tuminous coal [33]. Interestingly, the adsorption en-
ergies of Hj into functionalized carbophenes were of-
ten less than the similarly studied edge-functionalized
graphene [35], functionalized carbon nanotubes [11].
Compared to CHy and H,, the preferential adsorption
of CO; is likely due to the lone pairs on CO;’s oxy-
gen atoms. This suggests that N,, the main compo-
nent of air, will not foul carbophene-based air clean-
ers. Thus, these results demonstrate that functionalized
carbophenes may be a suitable replacement for current
greenhouse gas-capturing materials if their synthesis be-
comes reproducible and economical.

The results and discussion above are based on a lim-
ited set of DFT calculations. A range of possible gas
molecule adsorption configurations is needed to under-
stand the possible gas molecule adsorption characteris-
tics better. Computationally cost-effective DFTB calcu-

lations were performed for many more possible place-
ments and orientations of adsorbate molecules (CO,,
CH,4, H,) than were used in the DFT calculations. The
DFTB simulations used many pseudo-random starting
guess structures, the gas molecules placed in the cen-
ter of the pore as used in the DFT-predicted structures,
and expert-approved starting configurations for the gas
molecules near adsorbing sites in the pores. Figure 6
compares the DFT-based functionalized 3-carbophene
adsorption results with DFTB-based adsorption results
for functionalized 3-, 4-, and 5-carbophenes. These
results demonstrate that the DFT and DFTB results
give similar adsorption energies. Second, the adsorp-
tion energies are near zero even when the adsorbate is
near a functional group but not close to an ideal posi-
tion. For CHy, adsorption energies for non-ideal posi-
tions can also be negative, demonstrating an endother-
mic reaction. Ideally placed and oriented adsorbates
often have much higher adsorption energies than the
same molecule that is shifted slightly. While we ex-
pect Coulombic interactions to play a role in the ad-
sorptions, the configurations with the highest adsorp-
tion energies appear to have an apparent propensity for
hydrogen bonding. These results demonstrate that or-
ganically functionalized carbophenes have adsorption
energies usually seen in noble metal catalysts on re-
ducible metal oxides. Thus, carbophenes may be an
environmentally friendly solid-state method to capture
and store gasses.

We can estimate the desorption temperature using the
van’t Hoff equation:

T, = 2w (22 _yp
T \R ™M

-1

E s (AS ) ’ 3)
where E 4, is the adsorption energy, kp is the Boltzmann
constant, AS is the change in entropy from a gas to a
liquid, and R is the gas constant [36]. The AS for CO,,
CHy, and H, are respectively 213.8 J/(mol-K), 186.25
J/(mol-K), and 130.680 J/(mol-K) at 1 bar [37]. Fig-
ure 6 presents the desorption temperature estimates for
the gases we study. The reported H, desorption tem-
peratures fall within the US DOE’s range (233 to 373
K) for hydrogen storage technologies [16], making the
functionalized carbophenes a good choice. Whereas the
desorption temperatures of CO, fall below the average
temperature of flue gases, 350 K. Thus, carbophenes
would have to be used in settings where the tempera-
ture of the gases is closer to ambient. Thus, using func-
tionalized carbophenes for CO, capture may need to be
limited to air scrubbers in tight spaces [3].

The gravimetric densities pg of the gasses in the
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Figure 6. Comparison of DFT and DFTB adsorption energies and
desorption temperatures of CO,, CHy4, or Hy molecules into function-
alized 3-, 4-, and 5-carbophenes.

carbophene-gas systems can be estimated by

X NxWx

= 0)
szystem NX WX

PG

where Wy is the atomic weight of atom species X, Ny
is the number of X atoms. Using the 2-by-2 supercell
models based on Figure 1(e), the gravimetric densities
of one adsorbed gas molecule are all pg ~ 0.0013. The
pc values found here are an order of magnitude smaller
than the DOEHST targets for H, adsorption, but this
study hasn’t optimized the number of adsorption sites or
the amount of adsorbed H, per pore. Further research
into the maximum achievable gravimetric densities is
warranted. Experimental research in porous carbons has
demonstrated that pore sizes of ~ 7 A provide the best
CO, adsorptions near 3-carbophene pore sizes [38].
Subsequently, we examined the adsorption energet-
ics for multiple functionalizations of the carbophene
pores to test whether increasing the density of functional
groups can have a beneficial effect. Figure 7 presents
the adsorption energies of one or two CO, molecules
when one, two (in cis or trans configurations), or three
carboxyl groups (in a 1,3,5 configuration) functional-
ize a carbophene pore. The difference in the 3- and
4-carbophene adsorption energies are negligible for the
case where each has one carboxyl functional group. 4-
carbophene has an adjacent -H atom further away than

0 67\ 3-carbophene
__04
>
2,
2
20 : ' '
w 4-carbophene
=
G 0.4-
[}
e}
0.0- " o o n
1 1,3 1,4 1,3,5

Functional Group Positions

#ofCO, M 1 M 2

Figure 7. adsorption energies of 1-carboxyl and 3-carboxyl structures
with one or two adsorbed CO, molecules.

Figure 8. Cis-2-carboxyl-3-carbophene unit cell with a CO, molecule
adsorbate.

in 3-carbophene. Thus, the insignificant difference in
their adsorption energies suggests that the -H atoms play
a minor role in adsorption. Therefore, the critical inter-
actions for the system’s energy are all due to the car-
boxyl functional group.

However, a change in adsorption energy is ob-
served for cis-2-carboxyl functional group configura-
tions. There is an increase in adsorption energy with 4-
carbophene, which is not present for the trans functional
group configuration. Figure 8 shows these functional
groups can be close, leading to interactions that could
diminish the adsorption energy. These interactions are
not present, or are much weaker, in a trans configura-
tion since functional groups find themselves on opposite
sides of the carbophene pore.

With the addition of a second CO, molecule for the
adsorbate, the increase in adsorption energy from 3-
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carbophene to 4-carbophene now becomes present for
both cis and trans configurations. However, adding a
second adsorbate leads to even more disruption of the
adsorption, as the smaller pore for 3-carbophene leads
to unwanted interactions. This behavior differs from
that observed for 4-carbophene, which has much larger
pores and where the adsorbate can interact almost exclu-
sively with the functional groups. In addition, while for
trans configuration, the interaction between adsorbed
molecules was relatively weak, this is no longer the
case with additional adsorbates, as two adsorbed CO,
molecules in the same pore can interact with one an-
other due to their proximity, altering the energetics of
the system.

Considering two carboxyl groups in a trans configu-
ration is energetically more favorable to adsorption in
both cases, 1 or 2 CO, molecules. On the other hand,
our results indicate that 4-carbophene could also favor
CO, adsorption due to its large pores. A rough estimate
of pore size differences indicates that 4-carbophene has
approximately twice the pore size of 3-carbophene.

The addition of adsorbate molecules highlights the
importance of the larger pore size of 4-carbophene. The
adsorption energies are similar between the different
structures with a single CO, molecule as an adsorbate.
However, the incremental change from adding a second
CO, was much more significant in the molecules with
two functional groups. Molecules with more functional
groups can more effectively handle the adsorbate. Thus,
these structures are promising candidates for efficient
adsorption of CO, molecules.

The preceding analysis has focused on the adsorption
effects of functional groups, resulting in adsorption en-
ergy of up to about 0.6 eV. To determine if we could
push the adsorption energies to higher values using or-
ganic functional groups, we developed a few simple ex-
tended functionalizing molecules CONH,, NHCOOH,
and N(COOH),. While the adsorbate molecules (CO»,,
CH,, and H,) were placed in positions and orientations
that might be favorable to increased interaction with
the functional groups, results do not demonstrate an in-
crease in the adsorption energies; see Figure 9.

Conclusion

In conclusion, functionalized carbophenes may be
used in gas capture and separation due to their favor-
able adsorption energies, large surface area, and high
pore density. This work demonstrates that organo-
functionalized carbophenes have the propensity to ad-
sorb molecular hydrogen at energies usually associated
with metal-containing materials. Further, the estimated
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Figure 9. Comparison of DFT and DFTB adsorption energies of
CO,, CHy, or Hy into 3-carbophene functionalized by CONHy,
N(COOH),, and NHCOOH.

H, desorption temperatures align with US DOE targets
for hydrogen storage technologies. The functionalized
carbophenes considered during our investigation have
CO, adsorption energies higher than many of the lead-
ing candidates for next-generation CO, reduction mate-
rials but still have desorption temperature estimates that
are well below flue exhaust temperatures. Adding more
than one functional group to 4-carbophene significantly
increases adsorption potential, as 4-carbophene’s signif-
icantly larger pore size allows for more gas molecules.
Future avenues of this study would include calculating
these systems using thermodynamics to determine this
material’s diffusivity and membrane properties. Further
investigation should include multi-layered systems to
better understand this material’s adsorption properties.
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