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The presented data relates to the investigation of the ad-
sorption properties of carbon dioxide (CO,), methane (CHy),
and dihydrogen (H,) within pristine and functionalized car-
bophene pores. The carbophenes were functionalized with
one of the groups carboxyl (COOH), amine (NH;), nitro
(NO,), hydroxyl (OH), or an amide (CONH,, NHCOOH, and
N(COOH);) groups. The systems were optimized using the
density functional tight-binding theory code DFTB+ (pre-
compiled Version 19.1) with the matsci Slater-Koster files on
the Mana high performance computing cluster at the Univer-
sity of Hawai‘i at Manoa. The dataset consists of the molecu-
lar geometries, lattice vectors, and the total energies for each
specific system. One possible use of the data is for training or
validating force fields for running molecular dynamics simu-
lations.
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Specifications Table

Subject

Specific subject area
Data format

Type of data

Data collection

Data source location

Data accessibility

Related research article

Computational Materials Science

This work focuses on materials that are two-dimensional and functionalizable.
Raw, analyzed

Table

Crystal structure calculations were performed using DFTB+ (pre-compiled
Version 19.1), utilizing the matsci Slater-Koster files, and were collected into an
edn database formatted file; executed on Mana, the University of Hawai‘i at
Manoa’s high performance computing cluster. Each record contained the
DFTB+ calculated total energy, lattice vectors, atomic coordinates, and atomic
charge. The records also included parameter values for the type of carbophene,
the type of functional group, the position of the functional group (if any), the
type of gas molecule (if any), and a record number.

The data was generated using the Mana high performance computing cluster
at the University of Hawai‘i at Manoa.

Repository name: Mendeley Data

Data identification number: 10.17632/bxkbbs2553.3

Direct URL to data: https://data.mendeley.com/datasets/bxkbbs2553/3 [1]

C. E. Junkermeier, E. Larmand, J.-C. Morais, ]. Kobebel, K. Lavarez, R. M. Adra, ].
Yang, V. A. Diaz, R. Paupitz, G. Psofogiannakis, Functionalized carbophenes as
high-capacity versatile gas adsorbents: An ab initio study, Computational
Materials Science 232 (2024) 112665. [2]

1. Value of the Data

» Why are these data valuable?

- Carbophenes are a novel material that may have been synthesized a few years ago. The
structural properties of carbophenes are not well known. The models provided in this
data set will allow other researchers to check, refine, or build upon our theoretical work.

- The dataset aims to provide insight into the adsorption properties of functionalized car-
bophenes depending on certain modifications and parameters, such as the desorption
temperature being raised.

- The adsorption properties can be compared to rival metal-based materials on atmospheric
gas capturing and hydrogen storing to see if it provides better capability in these fields

- These data display potential routes in modifying the adsorption energies of the gases,
such as determining the best functional groups

« Who can benefit from these data?

- Engineers who work for scientific organizations, such as NASA or NOAA, for projects like
spaceships or submarines. Any project that would benefit from air purification in a con-
fined space to pursue further research in a different scientific subject area or the same
area as carbophene investigation.

- Scientific communities interested in researching carbon-based materials for developing
cleaner and more efficient energy sources.

« How can these data be reused by other researchers?

- To further investigate this relatively new carbon-based material, which has not yet been
physically developed, by evaluating functional groups for selective permeability or refer-
ence for multi-layered systems of this material.

2. Data Description

There are four files included in the data set. One file, example_DFTB_job_script.sh, is a shell
script given to model how the data was created. The other three files containing the txt suffix
contain the molecular data presented in the edn data scheme. In the data records, all energies
are in eV, lattice vectors and atomic coordinates are in A, and the charge is in electrons. edn is a
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Table 1

Description of edn style key-value pairs

contained in the molecular records found in

Gas_molecules_in_functionalized_carbophenes.txt. The files Gas_molecules.txt and Functionalized_carbophenes.txt con-

tain subsets of these key-value pairs.

Value
Key type Value Description Example
:ad string States the name of the :ad “CO2”
adsorbent gas molecule (Hy,
CO,, or CHy).
:adEn real The adsorption energy of a gas  :adEn 0.10289999999898214
molecule in functionalized
carbophene.
:case integer A unique identifier for the :case 127
results of each optimization.
:Ef Real Formation energy :Ef 75.92850000000038
:energy  real The total energy of the system  :energy —13,327.3056
as computed by DFTB+.
:group  string States the type of functional :group “COOH”
group used (pristine, COOH,
NH,, NO,, OH, CONH,,
NHCOOH, or N(COOH),).
:lvs Nested  Lattice vectors of the 2D crystal :lvs [[46.46283972 26.82533302 0.0]
vectors  structure. [46.46283972 —26.82533302 0.0]
[0.0 0.0 30]]
:mol string The molecular geometry where :mol "C 17.60541160 0.73150238 0.99999895 4.01509586
the first column is the atomic C 19.11032018 0.69179882 0.99999958 3.98714136
species, the following three C 17.60245366 —0.77621085 0.99999912 4.01532815
columns are the atomic
coordinates in Angstroms, and
the last column is the number . . . . .
of valence electrons in the H 58.65099926 —2.08283039 1.00003721 0.93733121
atom. C 47.36188486 —10.50913873 0.99314751 3.39064889
0 47.36059376 —9.96943657 —0.35009573 6.39382556
0 47.35731272 —9.75789958 1.94926005 6.44792099
H 47.35923494 —9.01014265 —0.19709528 0.73789002
0 42.94406466 —8.26737736 0.89626370 6.35777856
C 43.99696224 —7.85536240 0.58199928 3.28473294
0 45.04939380 —7.44985084 0.25887939 6.35740253"
n integer  Bonding site of the functional n 21
group
:rings integer  States the type of :rings 5

N-carbophene or the linear
N-phenylenes (this work
focuses on 3-, 4-, and
5-carbophene)

general-purpose human readable extensible information data scheme designed to transfer data
from one program to another with minimal textual noise [3]. edn records are a subset of the
Clojure (and Clojurescript) programming language(s); thus, the key-value pairs of a record may
contain any type of data. Table 1 presents a listing of the key-value pairs we are using.

The file Gas_molecules.txt contains the records of the relaxed molecular structures for the
three gas molecules studied (i.e.,, CO,, CHy, and H;) and two extra gas molecules used in com-
puting the formation energy (i.e., O, and N,). Each record contains key-value pairs for the keys
:ad, :case, :energy, and :mol. Fig. 1 displays the record for a methane molecule in free space.

The file Functionalized_carbophenes.txt includes the data for each of the functionalized car-
bophenes crystal structures in the absence of any gas molecules. Each record contains key-value
pairs for the keys :case, :energy, :lvs, :mol, :n, and :rings. Fig. 2 displays a partial record for a
5-carbophene with a nitro functional group. This file contains a total of 32 records.

The file Gas_molecules_in_functionalized_carbophenes.txt contains 721 records of a functional-
ized carbophene with an adsorbed gas molecule. Each record contains key-value pairs for the
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{:ad "CH4" senergy -86.3274 :case 2
:imol “C 5.00005179 5.00089453 5.00027110 4.20550473

H 5.63690322 4.35877051 5.63744539 0.94863682
H 5.64063634 5.63910608 4.36267317 0.94862250
H 4.35839462 4.36434987 4.36211881 0.94856773
H 4.36447404 5.64203900 5.63981153 0.94866821"}

Fig. 1. An example edn record from Gas_molecule.txt.

{:energy -13114.3808,
:group "NO2",
Bl 4k,

[[46.46283972 26.82533302 0.0]

[46.46283972 -26.82533302 0.0]

[e.0 0.0 3011,

:mol

2C 17.60478788 0.73123539 1.00000000 4.01473619
Cc 19.11099878 0.69218087 1.00000000 3.98744307
Cc 17.601808525 -0.77475130 1.00000000 4.01510457

.12825828 -4.69208079 1.00000000 0.93742719
.65008586 —2.08247259 1.00000000 0.93717190
.51662824 -10.58851248 0.99999996 4.21696196
.51267700 -9.98883793 -0.09298120 6.44992597
.51260411 -9.98883812 2.09298094 6.44992591",

Fig. 2. An example edn record from Functionalized_carbophenes.txt.

{:adEn 9.02980000000037819,
:rings 3,

:group "NO2",

:Ef 30.873699999999647,

:n 7,

:energy -6090.1404,

icase 429,

:mol

“c 8.79624766 08.38426448 1.15535893 4.00960711
c 10.30386272 0.35174837 1.15535896 3.98695122
c 8.79482435 -1.11741435 .165535900 4.01273909
c 10.30334016 -1.08728804 .165535899 3.98628262

26.70620300 .71278626 .15584794 .93255409
23.12531024 —-4.23443074 .16517930 .21649973
23.12553936 -3.63657236 .06123646 .45035756
23.12612387 ~3.63549462 .24851154 .45020502
25.24158889 —-0.88547548 .29714089 .20603735
26.25016842 -0.47970961 .504808987 .95852018
24.75370341 -0.27091179 . 48304869 .94793720
25.33126705 -1.93031693 .05671501 .94288589
L 24.63308184 -08.86012437 .22053186 .94267144",

:ad "CHs4",

:lvs

[[23.32833952 13.46862311 0.0]

[23.32818803 -13.46853564 0.0]

[0.0 0.0 30.0]]}

Fig. 3. An example edn record from Gas_molecules_in_functionalized_carbophenes.txt.

keys :ad, :adEn, :case, :energy, :lvs, :mol, :n, and :rings. Fig. 3 displays a partial record for a
5-carbophene with a nitro functional group and an adsorbed methane molecule.

Fig. 4 presents pristine models of 3-, 4-, and 5-carbophene. In this dataset, we functionalized
only one adsorption site at a time. By functionalization, we mean replaying an H atom with
another functional group. In 3-carbophene and 4-carbophene, only one bonding site each is not
equivalent under point group transformations. Meanwhile, in 5-carbophene, two bonding sites
are not equivalent under point group transformations. In the records, the bonding site (:n) value
is based on the position of the C atom bonding site in the list of atomic coordinates. Thus, for
3-carbophene, the replaced H atom is bonded to the seventh C atom in the list of coordinates.
For 5-carbophene, we replace either the H atom connected to the 19th or 21st carbon in the
coordinate list.
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Fig. 4. 2-by-2 supercells of (A) 3-carbophene, (B) 4-carbophene, and (C) 5-carbophene. The gold lines outline the super-
cells, and the numbers 7, 15, 19, and 21 are located above the hydrogen atom that was replaced with a functional group
when the respective value of the key :n showed up in a record.

3. Experimental Design, Materials and Methods

All data records were created using density functional-based tight binding (DFTB+) calcula-
tions to optimize the crystal structures and position of the adsorbed gas molecule [4-6]. The
relaxed free space gas molecules (in Gas_molecules.txt) and optimized carbophene crystal struc-
tures (Functionalized_carbophenes.txt) were first computed separately. Model carbophene crystal
structures were created by Junkermeier based on the discussion of Du et al. [7,8] Model func-
tionalized carbophenes were created by Junkermeier et al. for a discussion of how the functional
groups change the electronic structure of the carbophene crystals [9]. In the preceding works,
Junkermeier et al. optimized the models using the matsci Slater-Koster files with Universal force
field (UFF) dispersion corrections in DFTB+ [10,11]. In this work, all of the models from the pre-
ceding works were reoptimized in DFTB+ with the Grimme-D3 dispersion corrections in place
of the UFF dispersion terms [12]. Hydrogen bond corrections were computed using the D3H5
method [13]. The functionalized carbophenes were combined with the CO,, CHy, and H, gas
molecules into a set of input structures and relaxed using a conjugate gradient algorithm with a
maximum force difference of 10-> Ha/Bohr and an SCC maximum tolerance of 10~* electrons as
convergence criteria. The results are given in Gas_molecules_in_functionalized_carbophenes.txt.

To create the initial gas molecule-functionalized carbophene models, we first used the Green-
wood library to place the gas molecule near the pore structure programmatically [14]. Using
Greenwood, we placed molecules at the center of the pore or in one of several positions around
where a functional group would be. Besides putting the gas molecules in the places just de-
scribed, the gas molecules were also given a few different orientations at each position. Despite
having different functional groups, the gas molecules were placed in the same positions and
orientations relative to the functionalized carbophene crystal structure. The Greenwood script
placed the crystal structure within a job (shell) script like example_DFTB_job_script.sh. This
model-building method resulted in 621 job scripts being produced, but only 401 of those jobs
ran correctly—most of the jobs that did not run correctly failed during the initiation of DFTB+.
After reviewing the results of this method, we found that it mostly gave adsorption energies <
0.1 eV. However, some jobs resulted in adsorption energies between 0.1 and 0.4 eV. The low
adsorption energies were likely a result of the chosen relaxation method failing to move the gas
molecules into better positions for physisorption. Because a large percentage of calculations ran
incorrectly, and the low adsorption energy values obtained from those that ran, we determined
that instead of investigating the jobs that ran incorrectly we would focus on methods that were
likely to place the gas molecules in ideal positions. Thus, we manually created models using
VMD [15,16]. Using VMD, we placed the gas molecules into positions and orientations we be-
lieved would lead to strong physisorption. Utilizing this method, we created 360 job scripts, 22
of which did not produce optimized geometries.

Upon the successful completion of a relaxation calculation, the following results were
recorded: total energy (:energy), lattice vectors (:lvs), and molecular structure (:mol). Using the
total energies recorded for the gas molecules, functionalized carbophene crystal structures, and
the carbophene crystal structures with adsorbed gas molecules, we were able to compute the
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adsorption energies E 4, of the gas molecules in the functionalized carbophenes. The adsorption
energies listed in the edn records are calculated using

Eads = Ecarbophene + EgﬂS - EcarbopheneJrgas’

where Ecgrpophene+gas 1S the total energy of a relaxed functionalized carbophene and adsorbed
gas molecule system, E.gpoppene i the total energy of the functionalized carbophene alone in
the periodic cell, and Egqs is the total energy of the gas molecule alone in the periodic cell.
The resultant E,4 value was then recorded as the value for the :adEn key of each record in
Gas_molecules_in_functionalized_carbophenes.txt.

Each record in Gas_molecules_in_functionalized_carbophenes.txt also contains a key-value
pair for the formation energy, :Ef. The formation energies are computed by

E Ey Ey E,
EF = Ecarbophene+gas - NC<£) - NH <72> - NN (Tz - NO 72 s

where N¢, Ny, Ny, and Ng are respectively the number of carbon atoms, hydrogen atoms, ni-
trogen atoms, and oxygen atoms in the relaxed functionalized carbophene and adsorbed gas
molecule system, Eg, Ey,, Ep,, and Eo, are the total energies of possible precursors, namely a
graphene unit cell and the gas molecules N,, Hy, and O, and N is the number of atoms in the
graphene unit cell.

Limitations

We ran more gas adsorption optimization calculations than are recorded in
Gas_molecules_in_functionalized_carbophenes.txt. Two types of errors occurred that resulted in
the results not being recorded:

A calculation would end without generating the final geometry files; this happened 22 times
out of 434 manually created input crystal models and 220 times out of 621 jobs created using
Greenwood. As stated above, most calculations that did not produce results ended in the ini-
tialization stage of running DFTB+. A smaller proportion of the jobs failed to produce results
because a calculation would end, and the total energy would be reported, but the resultant ge-
ometry files were not generated. These failures to produce results could be due to a problem in
our models or to an instability of a compute node. While many problems with a compute node
may cause jobs to fail, a recent update to the instructions for running on our cluster indicates
that interactive jobs on a node may interfere with the running of submitted jobs and give new
commands to be placed in job scripts to overcome this problem.

Eighteen of the manually generated geometries started with a CO, molecule that was trian-
gular instead of linear. Based on the triangular CO,, the relaxed geometries had 13 systems with
physisorbed triangular CO, molecules and five with CO, chemisorbed. Because the input CO,
geometries were not physical, we removed these 18 results.
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Data Availability

DFTB based models of gas molecules adsorbed in functionalized carbophenes (Original data)
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