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ABSTRACT

In search for future good adsorbents for CO, capture, a nitrogen-rich triazole-type Metal-Organic Framework (MOF) is proposed based
on the rational design and theoretical molecular simulations. The structure of the proposed MOF, named Zinc Triazolate based Framework
(ZTF), is obtained by replacing the amine-organic linker of MAF-66 by a triazole, and its structural parameters are deduced. We used grand-
canonical Monte Carlo (GCMC) simulations based on generic classical force fields to correctly predict the adsorption isotherms of CO; and
H,O. For water adsorption in MAF-66 and ZTF, simulations revealed that the strong hydrogen bonding interactions of water with the N atoms
of triazole rings of the frameworks are the main driving forces for the high adsorption uptake of water. We also show that the proposed ZTF
porous material exhibits exceptional high CO, uptake capacity at low pressure, better than MAF-66. Moreover, the nature of the interactions
between CO, and the MAF-66 and ZTF surface cavities was examined at the microscopic level. Computations show that the interactions occur
at two different sites, consisting of Lewis acid-Lewis base interactions and hydrogen bonding, together with obvious electrostatic interactions.
In addition, we investigated the influence of the presence of H,O molecules on the CO; adsorption on the ZTF MOF. GCMC simulations
reveal that the addition of H,O molecules leads to an enhancement of the CO; adsorption at very low pressures but a reduction of this CO,
adsorption at higher pressures.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0037594

I. INTRODUCTION materials is already well known and used in industries for gas

separation and purification because of its low energy consump-

The increasing amounts of greenhouse gases cause changes in
terrestrial ecosystems and contribute to the global climate change.'
In that context, the prevention of the climate change is a huge
universal challenge. Different approaches have been developed to
reduce CO, emissions, among which adsorption of gases on solid

tion compared to other separation processes such as chemical
absorption.”

The advances in using metal organic frameworks (MOFs) as
adsorbent materials for CO, capture have been extensively inves-
tigated’ owing to their favorable properties such as their large
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surface area, permanent porosity, and tunable pore size/functionality.

These adsorbent materials can be synthesized by adding an organic
ligand and a metallic salt to form a three-dimensional crystalline
structure with well-defined pore sizes. The MOFs interact with
adsorbate through several types of interactions including van der
Waals type interactions, metal-substrate interactions, and hydrogen
bonds." The investigation of adsorption phenomena at the micro-
scopic level can be realized through molecular simulation techniques
such as Grand Canonical Monte Carlo (GCMC) coupled to density
functional theory (DFT) approaches. Indeed, such approaches have
been widely used to understand the mechanism of CO, adsorption
isotherms in porous materials.

Lin et al.” demonstrated experimentally the exceptional CO,
adsorption capacity through the newly synthesized triazolate frame-
work, 3-amino-1,2,4-triazolate (Atz™), named MAF-66 with unco-
ordinated triazolate N donors exposed on the pore surface and
the amino group at position 3 of 1,2,4-triazolate. Thus, the addi-
tion of an uncoordinated nitrogen atom creates a new adsorption
site for CO; through the Lewis acid-base interaction between the
basic nitrogen and the acidic carbon of CO,. It is worth noting
also that amino groups may participate indirectly in the adsorption
of CO, in MOFs. Indeed, Stavitski et al.” showed that the adsorp-
tion of CO; on the NH,-MIL-53 (Al) framework is directed by
the formation of rather weak hydrogen bonds between CO, and
bridging hydroxyl groups of the lattice of the investigated MOF.
However, other groups showed that when the amino groups are
attached to the organic linker of the MOFs and do not directly inter-
act with CO;, no enhancement of CO; capture is observed. This was
reported by Serra-Crespo et al.,” who showed that van der Waals
interactions between the adsorbate and the adsorbent are respon-
sible for the adsorption process between NH,-MIL-101(Al) and
CO,, without any direct chemical interaction between amino groups
and COs.

Open metal MOFs are among the most promising CO, cap-
ture materials due to the favorability of their coordinatively unsat-
urated metals as binding sites for adsorbates. They are viewed as
attractive materials for CO; as well as H,O adsorption. In natural
and industrial media, both CO, and H,O molecules are com-
monly present together, and competition between them within the
MOFs pores may take place. This may induce an enhancement
or a decrease in the CO, capture. Some effects, either positive
or negative, on the selectivity of these materials toward CO; are
also expected. The sequestration of CO, could be modified in the
presence of water molecules, where the surface of the MOF pores
may react with water, enhancing or decreasing thus locally their
Bronsted acidity.” '’ These benefits or drawbacks are still not well
understood at the microscopic level, which is mandatory for con-
trolling the macroscopic properties related to the CO, adsorption
in nanoporous materials and for the purification of clean-burning
natural gas.

In a recent review, Burtch et al."* pointed out that water stabil-
ity of adsorbents, such as nanoporous materials, is affected by steric
effects in the vicinity of the ligand and by the nature of the coordina-
tion sites in these materials. On the other hand, recent investigations
on zeolitic imidazolate frameworks (ZIFs), and related compounds,
showed that the increase in the number of nitrogen atoms within
the heterocycle of the organic linker is favorable for CO, adsorption
and an increase of the CO, uptake is observed.” ' Among them,
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triazoles exhibit exceptional capacity and selectivity for gas adsorp-
tion. This is related to the strong interactions between CO, and
amine functionalities as pointed out above.'” > Therefore, the com-
bination of tetrahedral metallic ions such as Zn(II) and triazole
ligands, giving isomeric triazolate based MOFs with zeolite-like
topologies, seems to be a good proposal to increase the capture of
CO; compared to imidazole based ZIFs due to the presence of one
more nitrogen in triazoles’ aromatic ring than in imidazole one.

Recently, we investigated the stable structures of the non-
reactive and reactive clusters formed between Zn?'-triazoles
([Zn**-Tz]) and CO, and/or H,0, where [Zn?'-Tz] are the sub-
units of triazolate based MOFs.” Several binding sites are found
between these subunits and CO,/H,O, where the organometallic
complex interacts with CO2/H,O either by covalent or weak inter-
actions (hydrogen bonds, van der Waals type). Upon complexation,
intramolecular proton transfers are also observed. Moreover, this
work showed that water induces huge changes on the energy pro-
files of tautomeric reactions converting one [Zn?"-Tz] isomer to
another. In sum, we have found a multitude of physical and chemical
phenomena that are occurring at the microscopic level when H,O is
close to the [Zn*"-Tz] subunits. We suggested thus the considera-
tion of traces of water in the pores to better model the behavior of
CO; (sequestration and reactivity) on nanoporous materials used in
industrial applications. To this end, we present here the investiga-
tions of CO,/H,O interacting with MAF-66 as well as with a model
MOF based on [Zn*"-2A], and [Zn**-2A], isomers of [Zn®"-Tz]
that we identified in our recent work.”’

We used the DFT method to optimize the structures of MAF-
66 and of our proposed MOF porous material. Initial models
of MOFs were constructed starting from the crystal structure of
MAF-66." The proposed MOF, labeled hereafter ZTF (for zinc tri-
azolate based framework), was built by replacing the NH, group
of the triazolate ring of MAF-66 by an hydrogen atom in order to
get a more accessible pore surface for CO;, capture. These mate-
rials are highly porous metal triazolate frameworks, functionalized
with high density uncoordinated N donors on the pore size.”” The
adsorption of H,O in MAF-66 and ZTF was also explored by force-
field based Monte Carlo simulations in order to unravel the atom-
istic mechanisms that control water uptakes in this hydrolytically
stable porous material. In addition, we performed grand-canonical
Monte Carlo (GCMC) simulations based on generic classical force
fields to compute the adsorption isotherms of CO», with and with-
out the presence of H,O molecules inside MAF-66 and ZTF MOFs.
Besides, H,O and CO; were introduced in competition where the
number of preloaded H,O molecules in ZTF was increased from 0
to 100 and allowed to move until reaching equilibrium. In the pres-
ence of water molecules, we considered two levels of hydration: (i)
water molecules were introduced at the active sites in ZTF such as
uncoordinated nitrogen N of triazolate ring where they are located
in the vicinity of nitrogen through N-H(OH) interaction with
dn . m~[1.78-1.81] A; (ii) around coordinatively “unsaturated” Zn
atoms in which H,O interacts through the oxygen atom and zinc,
with dzy o ~ [2.17 A-2.44 A]. In order to include coordinated water
in our simulations, we considered hydration in which one or two
H,0 molecules are present per metal corner. Computations show
that the effect of water on the CO, adsorption depends on the pres-
sure and on the number of preloaded water molecules into the cavity.
Throughout this manuscript, we followed the commonly admitted
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terminology for the coordination of the metal center [Zn(II)] as
“unsaturated,” rather than “complete,” despite that this metal is
coordinated to four triazoles. Indeed, these sites within the MOFs
remain accessible to guest molecules such as CO, or H,O where the
electronic deficiency of metal sites produces strong interactions with
electronic donors (guest molecules).

Il. COMPUTATIONAL DETAILS

Periodic DFT calculations have been performed with the
SIESTA*" suite of programs by using the generalized gradient
approximation (GGA) Perdew, Burke, and Ernzerhof (PBE) func-
tional.” These computations consist of optimizing the structure
of MAF-66 and ZTF, as well as the positions of H,O and CO,
molecules inside the pores. We used double zeta polarized (DZP)
basis sets and norm conserving pseudo potentials for all calcula-
tions. Based on convergence tests (Fig. S1), real space integrals were
performed on a mesh with a 200 Ry cutoff. Geometry optimiza-
tions were done in such a way to allow full atomic and cell relax-
ation without geometrical constraints up to a force threshold of
0.05 eV/Ang. The Brillouin zone was sampled by the 4 x 4 x 4 T
-centered Monkhorst-Pack k-point.

Adsorption energies, AE,4,, for CO, and H,O molecules are
calculated using the following equations:

AE,45(CO2) = Ezc — (Emor + Eco, )» (1)
AE,4s(H20) = Ezn — (Emor + En,o0), (2)

where Ez. and Eyzj, represent the total energies of MOFs (ZTF and
MAF-66) containing a CO, or H,O molecule; Eyor is the total
energy of the same MOF without adsorption of carbon dioxide and
water. Ecoz and Empo are the total energies of the isolated molecules
evaluated using a supercell with a dimension of 10 x 10 x 10 A®,
Attractive interactions correspond to negative values of AE,qs,
which means a thermodynamically favored CO,/H,O binding to
the MOF.
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The interaction energy between the atoms was computed
through the Lennard-Jones (LJ) potentials. This L] potential is a
simple pair potential, representing the London dispersion forces
that can accurately model weak van der Waals bonds and has the

following form:
Vi = 4e;: ) A ,
' 81[(’1‘1‘) (’w) ]

where rj; is the distance between interacting atoms i and j; &; and
oy are L] potential parameters, i.e., the well depth and diameter
at which the intermolecular potential between the two particles is
zero, respectively. In the present contribution, the standard com-
bining rules of Lorentz—Berthelot were considered to estimate the
cross terms of the L] parameters. L] parameters for all atoms of
MAF-66 and of ZTF were taken from the DREIDING” force field
supplemented with zinc parameters from the Universal Force Field
(UFF).”" These parameters are listed in Table I together with the
partial charges, which are obtained using DFT calculations and
validated with available experimental values for MAF-66. More-
over, CO; was modeled as a rigid linear and three-center charged
Lennard-Jones molecule. Partial charges and L] parameters for CO,
were taken from the TraPPE’ force field and are listed in Table I
as well. For the studies of the water adsorption in ZTF, the TIP3P*
model was selected for H,O molecules.

Monte Carlo simulations were used to compute the single
adsorption isotherms of CO; and H,O in MAF-66 and ZTF. Besides,
we have also examined the adsorption of CO; in the presence of
H,0 molecules. All simulations were performed with the Monte
Carlo™ suite of the RASPA code.” A cutoff distance of 12 A was
used for Lennard-Jones interactions. The Ewald sum technique was
used to complete the electrostatic interactions. All simulations were
performed by using 3 x 3 x 3 supercells and include random
insertion, abstraction, and translation motions of molecules with
equal probabilities. The simulations used 3 x 10° equilibration and
6 x 10° production cycles. GCMC simulations were carried on the
PARADOX-IV supercomputing facility.” After inspection of the

TABLE I. Lennard-Jones parameters (/k in K and o in A) and partial atomic charges (q in &) of CO,, of H,0, and of [Zn-Atz] and [Zn-Tz], which are subunits of MAF-66 and

ZTF. We give also the numbering used for the atoms.

Atom O C . Atom (6] H
e/ky 790 27.0 e/kp 76.542 7.649
€O, o 3.05 2.80 H;0 &b o 3.15 2.846
q —0.35 0.70 q —0.834 0.417
Atom Znl N1 N2 N3 N4 C3 C5 H3A H3B H3C
(Zn-atz] o e/ky, 62.399 38.149 38.149 38.149 38.149 47.856 47.856 7.649 7.649 7.649
B o 2.4615 3.2626 3.2625 3.2626 3.2626 3.473 3.473 2.846 2.846  2.846
q 1.108 —0.33 —0.33 —0.35 —0.35 0.0059 0.0059  0.08 0.08 0.08
Atom Znl N1 N2 C3 N4 C5 H3A H3B
(Zn-Tz] pn e/ky 62.399 38.149 38.149 47.856 38.149 47.856 7.649 7.649
o 2.4615 3.2626 3.2626 3.4730 3.2626 3.2626 2.846 2.846
Wy q 1.118 —0.396 —0.396 0.0059 —0.398 0.0059 0.03 0.03
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FIG. 1. DFT optimized 3D structures of MAF-66 (left) and of ZTF (right).

snapshots from the outputs of the GCMC simulations using the
Avogadro program, we identified the interactions between the host
and guest entities.

Ill. RESULTS AND DISCUSSIONS
A. Structural parameters of MAF-66 and ZTF

The GCMC simulations have been performed by using the DFT
optimized structures of MAF-66 and ZTF, which are presented in
Fig. 1. The 3D optimized structure of MAF-66 shows less than 1%
change in the unit cell volume and 2% change in unit cell angles
after optimization. We give in Table II the structural parameters of
optimized MOFs (MAF-66 and ZTF), as well as the experimental
geometrical parameters for the MAF-66 crystal structure given by
Lin et al.” Small differences of the main geometrical parameters are
found between computed parameters of MAF-66 and those derived
by the x-ray determinations of Lin et al. The calculated volumes
inside the MOFs available for adsorption are 1329 A for MAF-
66 and 1383 A® for ZTF. For MAF-66 and ZTF, the pore sizes are
computed as 0.41 nm and 0.46 nm, respectively (Fig. S2). The pore
size value of the proposed MOF is within the 0.45 nm-2.0 nm win-
dow established by Yang et al.”® for MOFs suitable for high CO,
storage.

ARTICLE scitation.org/journalljcp

Besides, the helium void fraction and the surface area were
computed with RASPA and also presented in Table II. Calculated
void fractions for MAF-66 and ZTF were 0.457 and 0.507, respec-
tively. These results show that the calculated void fraction for MAF-
66 is in a satisfactory agreement with the experimentally measured
void fraction (0.498). After optimization, we have, indeed, 0.041
(i.e., less than 10%) change in the void fraction. The surface areas
are calculated as 1197 m*/g and 1800 m*/g for MAF-66 and ZTF,
respectively. Although the two MOFs exhibit similar size pores and
cavities, ZTF presents a distinctly larger surface area than MAF-66,
which may favor higher gas uptake capacities.

B. Single molecule adsorption

1. Adsorption of CO; inside MAF-66 and ZTF under
dry conditions

Figure 2 presents the adsorption positions of CO, molecules
inside the pores of MAF-66 (left) and ZTF (right) after GCMC,
together with nonbonded interactions between adsorbed hosted
molecules and pores. CO; is adsorbed to the surface of the MAF-66
pore by two types of hydrogen bonds, either between oxygen of
CO; with the closest hydrogen of the triazole 5-membered ring or
between oxygen of CO, with the hydrogen of the amino group.
These interactions depend on the orientation of CO, inside the
pore. These findings are in line with the presence of two splitting
peaks of the CO, band with red and blue shifts in the IR spec-
tra of CO,@MAF-66 recorded by Lin et al’ Indeed, they docu-
mented the presence of two types of interactions of CO, within the
MAF-66 pore: one as an electron acceptor through its carbon and
another as an electron donor through its oxygen. Moreover, simu-
lations indicate the presence of m stacking interaction between CO,
and the aromatic ring of triazole, which can significantly enhance
the adsorption of CO, in MOFs containing triazole (Fig. 2). Such
nonbonded guest-host interactions are also found in ZTF (Fig. 2).
Through the study of CO,@Tz and CO,@[Zn**~Tz] gas phase clus-
ters, we have found similar interactions and we have calculated
the binding energies for C-H-O interactions that amount to about
-8 kcal/mol.”*” Moreover, the electrostatic interactions between
the carbon of CO; and the nitrogen of the triazole ring (dipole-
quadrupole interactions) with a distance of dC....N = 2.9 A have
also been found. 7 stacking interactions are more prominent in
the CO,-ZTF system than in the CO,-MAF-66 system. This may

TABLE II. The unit cell parameters, unit cell volumes, and binding energies (per molecule) for adsorption of CO, inside MAF-66 and ZTF as calculated with SIESTA. We also

give the helium void fractions and surface areas calculated with RASPA.

Helium void Surface
MOF Method  a(A) b (A) cA)  a®) BC) y(C) Vol (A’)  AE (kcal/mol) fraction area (m’/g)
MAF-66 Calc.” 9.939 10.076 13.287 91.6 88.5 88.8 1329 —2.19 0.457 1197
EXp.b 10.204 10.204 13.100 90.0 90.0 90.0 1364 0.498 1196
ZTF Calc.” 10.25 10.22 13.20 90.7 89.9 89.6 1383 —1.96 0.507 1800
*This work.

PReference 5.
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FIG. 2. (Top) GCMC adsorption sites of CO, molecules inside the pores of MAF-66
(left) and ZTF (right). (Bottom) Enlargement in the vicinity of CO, molecules where
nonbonded interactions are also shown.

be the origin of the higher performance of ZTF for CO, uptake
(see below).

GCMC simulations of CO; uptake at 253 K, 273 K, and 298 K
temperatures were performed for experimentally reported and the
DFT optimized MAF-66 structure and ZTF MOF. The shape of the
adsorption isotherms can provide important details on the strength
and type of interactions between the adsorbate molecule (CO,) and
the adsorbent surface (MOF cavity). Figure 3 displays the experi-
mental and simulated adsorption isotherms of CO, inside MAF-66
at T =273 Kand T = 298 K and presents also comparison of the sim-
ulated adsorption isotherms of CO, in MAF-66 and in ZTF MOF at
T=253Kand T=273K.

As can be seen from Fig. 3, the simulated isotherms match
nicely the experimental data at both 273 K and 298 K temperatures
used for the experiments. This validates hence the force fields used
for the simulations and proves that these force field parameters are
accurate enough. The type of isotherms is concave with respect to
the pressure axis and approaches a limiting adsorption saturation
controlled by the accessible pore volume, pointing to the Langmuir
adsorption isotherm model. This type of isotherms reflects a good
adsorbate-adsorbent interaction. In addition, Fig. 3 shows that the
adsorption of CO, decreases upon increasing the temperature in
both MOFs.

The experimental amount’ of CO, adsorbed in MAF-66 at
1 atm and 273 K is measured 140 cm® (STP) gfl, which is a
high adsorption capacity compared to that of other MOFs. Under
the same conditions (T = 273 K, P = 1 atm), the CO; uptake of
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300 T ;
MAF-66/ 298 K (exp) ——
MAF-66/ 298 K (sim) =
MAF—66/ 273 K (exp) ——
250 | MAF-66/273 K (sim)
MAF-66/ 253 K (sim)
ZTF/ 273 K (sim)
ZTF/ 253 K (sim)

vV (cm ® STPIg)

0.2 0.4 0.6 0.8 1.0
P (atm)

FIG. 3. Simulated (sim) and experimental (exp) adsorption isotherms of CO; in
MAF-66 at 253 K, 273 K and 298 K, together with simulated isotherms of CO; in
ZTF at 253 Kand 273 K.

MAF-4, where the organic ligand is imidazole, is determined as
29.3 cm’ g~'. For MAF-7, where the organic ligand is triazole,
this amounts to 62.5 cm® g™'** Both values are smaller to that of
MAF-66. This is in line with the high capacities of MOFs with
nitrogen rich organic ligands for CO, adsorption.

The simulated CO, uptake of MAF-66 at 1 atm and 273 K is
equal to ~142 cm® (STP) g™*, which is close to the experimental data
reported by Lin et al.,” while for ZTF, the average absolute adsorp-
tion value of CO; is equal to ~174 cm® (STP) g_1 under the same
conditions, i.e., more than 20% increase. Accordingly, the newly
proposed MOF (ZTF) possesses higher CO, uptake capacities than
MAF-66, MAF-4, and MAF-7 at higher pressure (P = 1 atm) and
at 273 K under dry conditions. The better sequestration of CO,
inside ZTF can be explained by the higher surface area (1800 m*/g)
and volumetric capacity of ZTF (1383 A®) in comparison with
MAF-66 (1172 m*/g and 1329 A’) due to making adsorption sites
more accessible to CO; through the replacement of the amino group
of the triazole ring by an hydrogen. Recently, Li et al.”’ synthesized a
promising MOF with a nitrogen-rich octacarboxylate ligand, show-
ing similar high affinity toward CO, (160.8 cm® g™" at 273 K and
1 atm.), which has been verified by gas adsorption and Raman spec-
tral detections. Under the same conditions, other promising MOFs
with the formula of [Cux(L)]n, consisting of four-connected unsatu-
rated paddle-wheel Cu, clusters and four-connected nitrogen-rich
L ligands, namely, for NTU-111, NTU-112, and NTU-113, were
reported by the same group,” showing interestingly high affini-
ties toward CO; adsorption of 124.6 cm’® gfl, 158.5 m° gfl, and
166.8 cm® g™, respectively.

In addition to GCMC data, we have calculated binding ener-
gies of one CO, molecule in MAF-66 and ZTF (Table II) by using
the procedure described in Sec. II. I As shown in Table 11, calculated
adsorption energies for MAF-66 and ZTF are —2.19 kcal/mol and
—-1.96 kcal/mol, respectively. Accordingly, both MAF-66 and ZTF
structures favor the adsorption of carbon dioxide molecules, mainly
due to the interactions between the CO; and the functional groups.
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Optimized structures of ZTF and MAF-66 with one CO, molecule
inside cavity are presented in Fig. S3. Figure S3 shows that CO,
molecules prefer to link the hydrogen atoms of ZTF and MAF-66,
which is in line with the GCMC results (Fig. 2).

2. Adsorption of H,O inside MAF-66 and ZTF

Figure 4 presents the adsorption positions of H,O molecules
inside the pores of MAF-66 (left) and ZTF (right) after GCMC simu-
lations, together with the nonbonded interactions between adsorbed
hosted molecules and pores. The H>O molecules are stabilized in the
pores of MAF-66 by two types of hydrogen bonds: either between
the oxygen of H,O and the hydrogen of the amino group of Tz or
between the nitrogen of the MOF subunit and the hydrogen of H,O.
In the case of ZTF, we identified the presence of hydrogen bonds
between the hydrogen of H,O and the nitrogen of Tz and between
the oxygen of H,O and the hydrogen of C-(Tz) (Fig. 4). Through
the study of the HZO@[Zn2+—TZ] clusters, we also recently charac-
terized such types of interactions within these complexes. We also
showed that the N as a preferential adsorption site may be related to
the larger values of the binding energies for the N-H-O interactions
(>10 kcal/mol) compared to the C-H-O water Tz H bond.”’

GCMC simulations were performed to calculate the H,O
adsorption isotherms in MAF-66 and ZTF at 273 K. Simulated
adsorption isotherms are presented in Fig. 5. This figure shows that
there are two regimes: (i) for P < 0.6 atm, ZTF has distinctly lower
H,O uptake in comparison with MAF-66; (ii) for P > 0.6 atm, both
MOFs exhibit similar H,O uptake while ZTF shows a slightly higher

FIG. 4. (Top) GCMC adsorption sites of H,O molecules inside the pores of MAF-66
(left) and ZTF (right). (Bottom) Enlargement in the vicinity of H,O with nonbonded
interactions are also presented.
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FIG. 5. Simulated adsorption isotherms of H,O in MAF-66 and ZTF at 273 K.

capacity. Nevertheless, the differences between both MOFs remain
small.

Water adsorption loadings at low pressure can be used to deter-
mine relative hydrophobicity among adsorbents. As shown in Fig. 5,
the greater sharpness of the isotherm of MAF-66 is due to the
higher affinity of the MAF-66 adsorbent than that of the ZTF adsor-
bent, which hence adsorbs more H,O molecules in comparison to
ZTF (at least at low pressure). These findings may be explained by
the presence of the hydrophilic NH, group in MAF-66 subunits
that attracts H,O molecules at lower pressures, whereas at higher
water upload, a competition occurs, within the pores, where H,O
molecules either interact mutually or adsorb to the surface. In the
former case, water clusters are formed that transit through the cavi-
ties and do not attach to the MOF surface cavity. Such effects of func-
tional groups on water adsorption behavior were already noticed by
Liu et al.”

C. Co-adsorption of CO,/H,0 inside ZTF

The effect of water on the adsorption of carbon dioxide inside
ZTF is investigated in two different ways. First, we performed sim-
ulations, where the H,O molecules were introduced at the active
sites in ZTF such as the coordinatively unsaturated Zn atoms and
the uncoordinated N atom of the triazolate ring. Second, we con-
sidered the adsorption of CO, with preloaded Nyater H2O molecules
(CO,-H,0 mixture). While the number of CO, molecules varies in
the course of the simulation, the number of H,O molecules is not.
H,0 molecules were also allowed to move within the cavities of these
MOFs until reaching equilibrium.

Initial structures of ZTF with the addition of H,O molecules
used for GCMC simulations were optimized by using DFT calcu-
lations and are presented in Fig. 6. Table III gives the optimized
unit cell parameters of MOFs with H,O molecules inside the unit
cells. This table shows that both optimized structures are close with
the slightly higher volume cell in the case of the structure with H,O
molecules around Zn.
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FIG. 6. DFT optimized structures of ZTF with H,O pre-located near the nitrogen of
the Tz subunit (left) and with H,O in the vicinity of the zinc atom (right).

1. CO; adsorption in ZTF with active sites
occupied by H,O molecules

We performed GCMC simulations to evaluate the CO, adsorp-
tion isotherms for the hydrated ZTF MOF at 273 K. Here, we report
the GCMC results of the influence of the H,O molecules on CO;
adsorption that occupy either the coordinatively unsaturated Zn
atoms or the uncoordinated N atom of the triazolate ring active
sites. The corresponding simulated adsorption isotherms of CO, at
273 K in ZTF with and without the presence of H,O molecules in
two different positions are presented in Fig. 7. This figure shows
that the CO; uptake significantly decreases when H,O molecules are
located in the vicinity of nitrogen of the triazole subunit. Indeed,
when going from dry to hydrated conditions at higher pressures
(P ~ 1 atm), the average absolute adsorption values of CO, signif-
icantly decreased from ~174 cm’ (STP) g_1 to ~73 cm® (STP) g_1
when H,O interacts with nitrogen through the N-H(OH) hydrogen
bond. This indicates the crucial role of this nitrogen as a potential
site for CO; sequestration within the ZTF cavity. Thus, our results
suggest that this nitrogen is among the preferential sites within the
pore for CO; adsorption.

When H,O molecules are coordinated with the Zn atom, the
situation is quite different, where we have close to constant evolution
of V over the 0.1 atm-1 atm pressure domain. Compared to a dry
ZTF, we may identify three regimes:

ARTICLE scitation.org/journalljcp

(i) “Verylow pressure” for P < 0.15 atm: in both cases, the pres-
ence of water increases the adsorption of CO; in ZTF (Fig. 7).
This observation has been confirmed also by Liu et al."” and
was explained by the contribution of electrostatic interac-
tions especially at these low pressures. These interactions
arise from the quadrupole moment of CO; interacting with
the electric field gradient of the sorbent, which is enhanced
especially when H>O occupies the Zn open-metal site. This
is in line also with the findings of Yazaydin et al.”’
(ii) “Low pressure” for 0.15 < P < 0.5 atm: the dry ZTF presents
lower capacities for the CO, uptake than the hydrated case.
For instance, the CO; uptake increases from 118.1 cm’® (STP)
g' at P = 0.2 atm and T = 273 K in dry conditions to
158.4 cm® (STP) g~" in the presence of water. Thus, the pres-
ence of H,O molecules attached to the Zn sites enhances
the CO; adsorption. Local water induced modifications of
the CO,-surface pore potential interactions are in favor of
attaching the CO, molecules.
“High pressure” for P > 0.5 atm: the presence of water seems
not to have any influence on the CO, uptake. A plateau is
observed around 170 cm® (STP) g_l. This is the signature of
a saturation of the CO; adsorption of the available sites.

(iif)

To explain this result, we present in Fig. 8 the DFT based
GCMC adsorption sites of CO, molecules inside the pores of ZTF
in the presence of H,O molecules near the zinc or nitrogen atoms of
the [Zn-Tz] subunits. A close examination of this figure reveals the
occurrence of several types of interactions that contribute to the CO,
capture. First, one may see several hydrogen bonds. Let us cite, for
instance, the hydrogen bonds between the oxygen of CO, and the
hydrogen of H,O with d{Oco2-Hmz0} distances in the [2.7-3.2] A
range. We also characterized hydrogen bonds between the oxygen
of CO; and the hydrogen of Tz, C-H-O(CO,), with d{Oco2-Hc}
distances in the [2.6-3.5] A range. Second, Fig. 8 shows the pres-
ence of 1 stacking interactions between the CO, molecule and the
aromatic ring of the Tz subunits. Third, there are electrostatic inter-
actions between the carbon of CO; and the unprotonated nitrogen
of Tz with d{Oco2-Nr;] in the ~[2.85-3.4] A range.

When H,O is placed near the nitrogen of Tz, the hydro-
gen bonding is favored between the hydrogen of H,O and the
unprotonated nitrogen of Tz with intermolecular distances of
~[1.78-1.81] A. The significant decrease in CQ, capture in
this case (Fig. 8) indicates that the sites around the nitrogen

TABLE Ill. Computed unit cell parameters and volume (V) of ZTF with and without the presence of water molecules. Distances and binding energies (per molecule) between

water and ZTF are also given.

ZTF ad  b@A)  cd) B() vy VA)  dam (A dzao)(A)  AB (keal/mol)
Without O 1025 1022 1320  90.68  89.93  89.6 1383

With H,0" 1015 973 1297 9072 90.10  89.94 1281 1.8 1.8 —12.12"
With H,0° 1017 1060 1279 8976 9037 8690 1377 2.2 3.8 —12.19

*Geometrical parameters of the ZTF unit cell when H,O is located near nitrogen.
b Calculated binding energy of one water and MAF-66 is —13.03 kcal/mol.
“Geometrical parameters of the ZTF unit cell when H,O interacts with zinc.
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FIG. 7. Simulated adsorption isotherms of CO, at 273 K in ZTF with and without
the presence of H,O molecules in two different positions. In (a), H,O is located
near nitrogen, and in (b), H,O is located in the vicinity of the Zn atom.

atom contribute to the adsorption of CO, through nonbonded
interactions between the carbon of CO, and the unprotonated
nitrogen of Tz. This does not prevent the presence of weak
interactions between CO, and ZTF like m stacking interactions

FIG. 8. (Top) GCMC adsorption sites of CO, molecules inside the pores of ZTF in
the presence of H,O near the nitrogen atom of the triazole subunits (left). GCMC
adsorption sites of CO, molecules inside the pores of ZTF in the presence of
H,0 near the Zn site (right). (Bottom) Enlargement in the vicinity of CO, and H,0
where nonbonded interactions are also highlighted. For better clarity, we artificially
colored the O atoms of CO; in red and that of H,O in yellow.
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between CO; and the aromatic rings of Tz and hydrogen bond-
ing between the hydrogen of Tz and the oxygen of CO,, C-
H-O(CO,) with d ~ [2.5-3.2] A. Recently, some of us showed
that this kind of interactions occurs within the CO,@[Zn?"-Tz]
gas phase clusters.”” We also showed through the investigations
of the COZ@HZO@[Zn“—TZ] clusters that water induces changes
in the binding energies of these complexes when H,O is attached
to the Zn cation. The influence of water takes place through
weak interactions as those found here for the 3D ZTF porous
material.”’

According to Table III, DFT calculated E,qs of one water
molecule inside ZTF for two investigated positions are similar
(around —12 kcal/mol). Our computations reveal that the adsorption
of one water molecule per unit cell is favorable in studied ZTF and
MAF-66 (Table I1I) for both investigated initial positions of water.
Figure S4 shows the DFT optimized structure of one water molecule
in MAF-66.

2. CO; adsorption with a fixed humber of preloaded
water molecules inside the ZTF pore

We performed several simulations where we varied the num-
ber of the preloaded H,O molecules (Nyater) inside the ZTF cavity.
Table IV gives the results of the CO, adsorption in the ZTF model
MOF by varying Nyaeer from 0 to 100. All simulations were per-
formed at a temperature of 273 K and for very low (0.1 atm) and
high pressures (1 atm). Table IV shows that at very low pressure,
increasing the number of H>O molecules up to 20 slightly increases
the amount of adsorbed CO, [from ~48 cm® (STP) gf1 to ~52 cm®
(STP) g'1. Beyond this preloaded amount of H,O, the CO; uptake
starts to decrease. This behavior was also observed by Zhang
et al.” For explanation, these authors proposed that the interaction
between the quadrupole moment of CO, and the electric field cre-
ated by H,O molecules increases the CO, uptake. At higher pressure
(P =1 atm), water and carbon dioxide compete in adsorption sites.
Calculations show that increasing the number of H,O molecules acts
to decrease the adsorption of CO, in ZTF from ~174 cm® (STP) g™*
(without H,O molecules) to ~123 cm® (STP) g_1 (with 100 H,O
molecules). The reduction of CO, adsorption at higher pres-
sures in the presence of adsorbed water can be attributed to the
stronger binding interactions for H;O@[Zn**-Tz] complexes com-
pared to the COz@[Zn“—TZ] ones. For instance, some of us showed
recently that the binding energies of gas phase H,O@[Zn**-Tz]
complexes are larger by >20 kcal/mol than those computed for

TABLE IV. Average adsorption amount of CO, [in cm® (STP) g~ "]in ZTF at T=273K
with and without the presence of H,O molecules for pressures (P) of 0.1 atm and
1 atm. Nyater is the number of preloaded H,O molecules inside the pore.

Nivater 0 10 20 50 100

H,O" 0 7.778 15.557 38.892 77.784
P=0.1atm 48.038 50.783 51.698 48.156 41.456
P=1atm 174.155 169.519  164.092  148.893  123.363

*The average adsorption amount of H,O [in cm’ (STP) gfl].

J. Chem. Phys. 154, 024303 (2021); doi: 10.1063/5.0037594
Published under license by AIP Publishing

154, 024303-8


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

CO,@[Zn*"-Tz].”> Moreover, the simulations can provide a molec-
ular explanation for this reduced uptake of CO, in the presence
of adsorbed water. At higher pressure, when water adsorbs to tria-
zole sites, it is hold relatively fixed with one of the hydrogen atoms
directed toward the nitrogen atom of Tz or with oxygen atom
directed toward the hydrogen atom of Tz, as shown in Fig. 8, and
CO; is unable to adsorb into the same adsorption positions of the
cell as H,O.

IV. CONCLUSIONS

In this work, we used in silico methodology to design a
new MOF by modifying the well-known MAF-66 targeting bet-
ter CO, adsorption capacities with and without the presence of
water. We thus studied the carbon dioxide and water adsorp-
tion in both zinc triazolate based frameworks, considering the two
adsorbent species simultaneously or alternatively. We have shown
here, by using GCMC simulations, that the newly designed ZTF
MOF composed of triazolate as the organic ligand and Zn(II) as
the metal linker has higher CO, adsorption capacity at high pres-
sure under dry conditions, at 273 K. This sequestration is associ-
ated with several types of interactions such as electron acceptor-
electron donor interaction between the carbon of CO; and the
nitrogen of Tz of ZTF and n stacking interactions between CO,
and aromatic rings of Tz and hydrogen bonds as found for ZIFs."
GCMC simulations of adsorption of water in both MAF-66 and
ZTF structures show that water possesses more favorable adsorption
ability than carbon dioxide, which is confirmed by the DFT calcu-
lated binding energy of one water molecule with investigated MOFs
when compared to the adsorption of one CO, molecule. Besides,
the significant decrease in CO; capture when the H,O molecule
is near the nitrogen of Tz in ZTF shows that the sites around
nitrogen contribute to the adsorption of CO, through nonbonded
interactions between carbon of CO, and unprotonated nitrogen
of Tz.

Moreover, pre-adsorbing small amount of H,O molecules at
low pressure increases the capacity of the MOF for CO, uptake,
associated with the electrostatic interaction between the quadrupole
moment of CO; and the electric field created by H,O molecules. At
higher pressure and hydrated conditions, the CO, uptake slightly
decreases while increasing the number of H,O molecules. Calcula-
tions show that the H,O molecule affinity inside these structures is
so strong that it can displace the adsorbed CO, molecules. In general,
it seems that water and carbon dioxide compete in some adsorp-
tion sites, but mainly, the high adsorption of CO, and H,O inside
the investigated triazoles is due to its very high surface area and the
established hydrogen bonds between the hosted molecules and the
MOF surfaces.

SUPPLEMENTARY MATERIAL

This section contains the four following figures: Figure S1: Con-
vergence of the total energy with the plane wave cutoff and k point
sampling mesh for MAF-66. Figure S2: Pore size distributions of
MAF-66 (left) and ZTF (right). Figure S3: DFT optimized structures
of parts of the supercells of ZTF (left) and MAF-66 (right) with one
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CO; molecule inside. Figure S4: DFT optimized structure of parts of
the supercell of MOF-66 with one water molecule inside.
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