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Simulations of H, and CO, sorption were performed in the
metal-organic framework (MOF), [Cu(Me-4py-trz-ia)]. This
MOF was recently shown experimentally to exhibit high
uptake for H, and CO, sorption and this was reproduced and
elucidated through the simulations performed herein.
Consistent with experiment, the theoretical isosteric heats of
adsorption, Q, were nearly constant across all loadings for
both sorbates. The simulations revealed that sorption directly
onto the open-metal sites was not observed in this MOF,
ostensibly a consequence of the low partial positive charges of
the Cu®' ions as determined through electronic structure
calculations. Sorption was primarily observed between
adjacent carboxylate oxygen atoms (site 1) and between
nearby methyl groups (site 2) of the organic linker. In
addition, saturation of the most energetically favorable sites
(site 1) is possible only after filling a nearby site (site 2) first
due to the MOF topology. This suggests that the lack of
dependence on loading for the Q, is due to the concurrent
filling of sites 1 and 2, leading to an observed average Qg
value.

Metal-organic frameworks (MOFs) are porous materials that
consists of metal ions coordinated to organic ligands to form a
three—dimensional structure." They have promising potential for a
variety of energy-related applications, such as H, storage® and
CO; capture and separation.® A variety of MOFs with different
pore sizes, topologies, and chemical functionalities have been
synthesized by simply tuning the metal ion and/or organic
Iigand.4 MOFs that possess open-metal sites and/or narrow pore
sizes have been shown to display increased affinity towards H,
and C0O,.>°

Recently, a MOF containing both open-metal sites and
narrow pore sizes was synthesized and it was shown to exhibit
high H, and CO, uptake through experimental measurements.” It
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Fig. 1: The shifted c axis view of the 2 x 2 x 2 unit cell system of [Cu(Me-4py-trz-
ia)]. (a) Empty; (b) Populated showing the locations of binding sites 1 (lavender)
and 2 (orange). Note, site 2 does not correspond to sorption onto the cu® ions,
but between two adjacent methyl groups behind those ions. Atom colors: C=
cyan, H = white, N = blue, O =red, Cu = tan.

is known as [Cu(Me-4py-trz-ia)] and consists of Cu®" ions that
are coordinated to Me-4py-trz-ia®” ligands (Me-4py-trz-ia®>” = 5-(3-
methyl-5-(pyridin-4-yl)-4H-1,2,4-triazol-4-yl)isophthalate) (Figure
1). The MOF contains two chemically distinct Cu?* ions, with one
ion coordinated to a carboxylate group and pyridine N atom of
the linker (denoted as Cu1, see Figure S4) and the other
coordinated to a carboxylate group and triazole N atom (denoted
as Cu2, see Figure S4). Both Cu®" ions represent a square
planar 4-connected node for the tetradentate Me—4py-trz-ia2'
ligands, resulting in a MOF with platinum sulfide (PtS) topology.?
This MOF undergoes several structural transitions upon
activation which are dependent on the post-synthetic treatment
used on the material. The Soxhlet extraction activated MOF is
highly porous; the [Cu(Me-4py-trz-ia)] MOF activated is depicted
in Figure 1. Note, different views of the MOF are provided in the
Supporting Information.
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Experimental studies have demonstrated that [Cu(Me-4py-
trz-ia)] can sorb 15.2 mmol g™ (3.07 wt %) of hydrogen at 77 K
and 1.0 atm; this is currently the highest out of all MOFs reported
thus far at this state point.>” Further, the MOF is capable of
sorbing 6.1 mmol g™' (26.8 wt %) of CO, at 298 K and 1.0 atm,
which is one of the highest among reported MOFs under these
conditions.®” Although [Cu(Me-4py-trz-ia)] has high uptake
capacity for H, and CO,, the initial isosteric heats of adsorption,
Q°, values for these sorbates are interestingly lower than most
MOFs that have large uptakes for the respective sorbates, with
constant values of approximately 6.5 kJ mol™ and 30.0 kJ mol™
for H, and CO,, respectively, across the loading range. Note,
while the aforementioned Q° values are is not as high as those
for other highly sorbing MOFs, the values do not exhibit the
typical monotonic decreasing behavior with increasing loading.
As a result, we expect that this compound will exhibit some
intriguing sorption properties that can be examined through
molecular simulation studies. Thus, in this work, grand canonical
Monte Carlo (GCMC) studies of H, and CO, sorption were
performed in [Cu(Me-4py-trz-ia)] to investigate the gas sorption
mechanism in the MOF.

GCMC simulations of H, and CO; sorption in [Cu(Me-4py-trz-
ia)] were performed in a 2 x 2 x 2 unit cell system of the MOF as
represented in Figure 1. More details of the GCMC methods
used in this work, including a description of how certain
thermodynamic quantities are calculated, can be found in the
Supporting Information. The force field for [Cu(Me-4py-trz-ia)]
includes repulsion/dispersion parameters, atomic point partial
charges, and atomic point polarizabilities on the nuclear center of
all atoms of the framework. An explanation of how these
parameters were obtained is provided in the Supporting In-
formation. The polarizability parameters were included to model
explicit many-body polarization interactions, which was
implemented using a Thole-Applequist type model (see
Supporting Information).? Polarizable potentials for H,"* and
CO,"" were used for the simulations in this work (see Supporting
Information).

For the purpose of simulation, the MOF was treated as rigid.
There was some question in the literature as to the validity of this
assumption in this case.” To test our assumption, density
functional theory (DFT) calculations using the Vienna ab initio
Simulation Package (VASP)" with variable loadings of H, or CO,
present in a unit cell of the MOF revealed that the material
remains essentially unchanged with the sorbate molecules
present in the pores for geometry optimization of the MOF-—
sorbate system. Further, the pore volume of [Cu(Me-4py-trz-ia)]
was calculated using a simulation method involving helium (see
Supporting Information),” and was found to be 0.591 cm® g™',
which is in good agreement to the value obtained using the
experimental N2 sorption isotherm at 77 K (0.586 cm® g™') and
using the PLATON software (0.594 cm®g™")."

The simulated low-pressure excess H, sorption isotherms at
77 K, 87 K, and 97 K are in outstanding agreement with the
corresponding experimental isotherms in [Cu(Me-4py-trz-ia)]
(Figure S7). Note, all experimental data points were estimated
from reference 7. The maximum calculated error is £0.15 mmol
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Fig. 2: Isosteric heats of adsorption, Qg, for (a) H, and (b) CO, plotted
against excess uptakes in [Cu(Me-4py-trz-ia)] for experiment (black line)
and simulation (redcircles).

g™ for the hydrogen modeling. At 77 K and 1.0 atm, the density
of hydrogen in the pores of [Cu(Me-4py-trz-ia)] was calculated to
be 0.052 g cm™®, which is close to the density of liquid hydrogen
(0.071 g cm™). The simulated H, sorption isotherm in [Cu(Me-
4py-trz-ia)] at 77 K and higher pressures (up to 30.0 atm) is also
in good agreement with experiment for the pressure range
considered (Figure S8). The maximum calculated excess H,
uptake was approximately 20.0 mmol g’1, which is consistent
with experimental measurements. The simulated CO, sorption
isotherms at 273 K, 298 K, and 323 K are also in good
agreement with the corresponding experimental data for
pressures up to 40.0 atm (Figure S13). For CO,, liquid-like
density is reached when the MOF sorbs approximately 12.0
mmol g~ of sorbate, which is captured at 273 K when the
isotherm starts to saturate.

The GCMC-calculated Qg values for both H, and CO, are
shown in Figure 2 and are compared to those that were derived
experimentally for the respective sorbates. As with the
experimental values, the simulated Qs values are relatively
constant across all loadings for both sorbate molecules. This
behavior in the Qs values with increasing loading usually
indicates little or no interaction with the open-metal sites and/or
homogeneity within the binding sites of the material. Note, a
small increase in the simulated Qg values with increasing loading
is noticeable for CO2 sorption at very low loadings. This implies
that the CO, molecules are sorbing firstly to a site that is slightly
less energetically favorable than another site.

Inspection of the radial distribution functions, g(r), of H.
molecules about both chemically distinct Cu®** ions in [Cu(Me-
4py-trz-ia)] at 77 K and different pressures reveal that there is no
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Fig. 3: Molecular illustration of a sorbed hydrogen molecule about (a) site 1
and (b) site 2 in [Cu(Me-4py-trz-ia)] as determined from simulation. The
sorbate molecule is shown in orange. Note, orientational constraints are
not imposed on the hydrogen molecule at the binding sites. Atom colors: C
=cyan, H = white, N = blue, O =red, Cu = tan.

direct sorption onto either Cu® ions for all three pressures
considered (Figure S9). Indeed, the closest Cu®'—H, interaction
occurs at approximately 3.5 A, which is longer than a typical
metal/hydrogen physisorption interaction distance. For instance,
the distance between the center-of-mass of a sorbed hydrogen
molecule and a Cu®* ion of a copper paddlewheel unit,
[Cuz(O,CR)4], was observed to be in the range of 2.39 to 2.50
A."*"® |In addition, the g(r) of hydrogen molecules are comparable
across all pressures considered for the respective Cu®" ions,
which implies that the sorbate packing mechanism in this MOF is
similar for all loadings.

Examination of the distribution of induced dipoles resulting
from the polarizable potential for H; in [Cu(Me-4py-trz- ia)] at 77
K and various pressures reveal two distinct dipolar populations,
with each peak correlating to a specific region of occupancy
inside the MOF (Figure S10). The MOF causes hydrogen to
behave as a weakly dipolar fluid. There are two different H;
binding sites in [Cu(Me-4py-trz-ia)] as observed from the
polarization distribution. The peak from 0.065 D to 0.20 D
corresponds to occupancy within the region between two
adjacent carboxylate oxygen atoms of the linker (site 1) (Figures
3(a) and S11(a)). For the peak ranging from 0.00 to 0.065 D, the
hydrogen molecules with
observed to sorb in the region between two adjacent methyl
groups of the linker (site 2) (Figures 3(b) and S11(b)).

The energetics associated with both of the aforementioned
binding sites are distinct from each other, with the binding energy
being higher for site 1 (7.3 kJ mol’ vs. 6.5 kJ mol" as
determined from canonical Monte Carlo (CMC) simulations). The
average value between the two binding sites for hydrogen is 6.9
kJ mol™, which is in good agreement with the Qs values obtained
from experiment and GCMC simulations. This suggests that the
observed Qs values for experiment and GCMC simulation are
attributed to the concurrent filling of the two sites. The distance
between the center-of-mass of the two H, molecules sorbed

these dipole magnitudes were

about sites 1 and 2, respectively, based on simulated annealing
was observed to be 4.20 A (Figure S12). From the normalized
dipole distribution shown in Figure S10, it can be observed that
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the relative distribution of H, molecules sorbed about site 1 to
site 2 is nearly 3:1 for all pressures considered.

The lack of a drop in the Qs values as loading increases can
be attributed to the fact that the more favorable site (site 1)
cannot be accessed without sorbing onto the less favorable site
(site 2) first, thus keeping the general ratio of occupancy even for
all loadings. Indeed, as the hydrogen molecules are sorbed in
this MOF, it must pass through the region between two methyl
groups before it can occupy the region between two carboxylate
oxygen atoms. While the region between the two methyl groups
(site 2) exists in a side corridor off the channel shown in Figure 1
(containing the region between two adjacent carboxylate oxygen
atoms (site 1)), the methyl group functionality projects into the
channel and must be bypassed in order for the sorbate
molecules to penetrate further into the crystal structure. This
causes the sorbate molecules to sorb onto site 2 prior to
proceeding to site 1 (Figure S3). This mechanism explains the
MOF’s sorbent capacity without a large Qs and suggests a
design principle for maximizing capacity while minimizing Q°,
that is, good capture/storage with desirable kinetics.

The barrier height for the transition from site 2 to site 1 was
calculated with the aid of molecular dynamics (MD) simulations
and was found to be approximately 0.80 kJ mol™ for H2 (Figure
S19(a)). This value is appreciably small as it suggests that the
hydrogen molecules can transit from site 2 to site 1 at the
temperature considered (77 K), although the barrier is non-
negligible and cooperative effects are not implausible. Note,
within the pores of the material, the two sites have alternating
locations within the narrow channels (i.e., site 2, site 1, site 2,
etc). The alternation of the sorption sites presents a MOF design
strategy where a highly favorable sorption site attracts a sorbate
molecule while allowing the embedding of useful functionalities
for the secondary site for applications such as molecular sieving.

An analogous sorption mechanism can be seen for CO,
sorption in [Cu(Me-4py-trz-ia)]. The g(r) of CO, molecules about
the two Cu?" ions reveals no direct sorption onto the open-metal
sites for all pressures (Figure S14). Moreover, the high dipole
magnitude region in the dipole distribution for CO, in [Cu(Me-
4py-trz-ia)] at different pressures (Figure S15) corresponds to
sorption between two carboxylate oxygen atoms (Figures S16(a)
and S17(a)), while the low dipole magnitude region corresponds
to sorption between two methyl groups (Figures S16(b) and
S17(b)). A distance of about 4.29 A was measured between the
carbon atoms of the two CO, molecules that are sorbed about
sites 1 and 2 in the MOF based on positions that were
determined through simulated annealing (Figure S18).
Examination of the modeled system cell at CO, saturation
revealed an approximately 4 to 1 distribution in favor of site 1.

The difference in the binding energy between the two sites
for CO, was calculated to be 3.8 kJ mol™ (site 1 = 32.0 kJ mol'™;
site 2 = 28.2 kJ mol™) and a barrier height of about 10.5 kJ mol™
was estimated for the transition from site 2 to site 1 (Figure
S19(b)). This barrier is significant but is clearly overcome in filling
the sites under the conditions considered. As in the case of Hy,
the average binding energy between the two sites for CO; (ca.
30 kJ mol™) is consistent with the CO, Qx values for experiment
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and GCMC simulation. Based on our results for H, and CO,
sorption in [Cu(Me-4py-trz-ia)] and the similarities in the sorption
mechanism between the two sorbates, the behavior towards
different linear sorbates in this MOF seems to be “universal” in
this sorbate size regime.

The absence of loading onto either Cu?* ions for both
sorbates in [Cu(Me-4py-trz-ia)] can be explained by the
magnitudes of the partial charges for both ions. Electronic
structure calculations on [Cu(Me-4py-trz-ia)] through fragment
analysis reveal that the positive charges of both Cu®" ions are
quite low (see Tables S1 and S2). The Cu1 ion has a partial
charge that is close to 0 e, while the Cu2 ion has a charge that
is a little less than 0.5 e, which is still low com- pared to those
for Cu®* ions on copper paddlewheels. With the Cu1l ion
coordinating to the pyridine N atom, there exists a 1T
backbonding interaction between the two atoms in which the
electrons from the pyridine group are donated to the empty
orbitals of the Cu®" ion. This causes the electron density of the
Cu1 ion to increase significantly, which explains the very low
positive charge for the Cu1 ion. A similar interaction exists
between the Cu2 ion and the triazole N atoms, although there is
lesser tendency for the triazole group to donate electrons to the
Cu?" ion compared to pyridine. Note, it was observed in previous
simulation studies in MOFs with open-metal Cu®" ions via copper
paddlewheel clusters that a partial charge of 1.0 e or greater for
the Cu®" ion is required for sorption onto the open-metal sites
with explicit polarization.®

In conclusion, GCMC simulations of H, and CO, sorption
were performed for [Cu(Me-4py-trz-ia)], a MOF that has been
shown to display very high uptake for the respective sorbates
with modest Q°s values. Although explicit polarization was
included in the simulations, direct sorption onto the open-metal
sites was not observed. This is because the Cu®* ions have low
partial positive charges as a consequence of the electrostatic
environment of the framework. There is not enough electron
deficiency on the Cu?" ions to motivate sorption onto those sites.
The simulated Qs values were observed to be nearly constant
over the considered loading range for both sorbates, which
agrees with experimental measurements. The results from the
radial distribution functions about the Cu®*" ions and the dipole
distribution for both sorbates indicate the absence of sorption
onto either Cu?* ion in [Cu(Me-4py-trz-ia)]. Thus, it appears that
the sorption mechanism in this compound is not governed by
metal-sorbate coordination, but rather the interaction between
the sorbate molecules with the organic ligands within the small
pores. Further, due to the geometric properties of the MOF, both
sorption sites must be filled coincidentally, leading to virtually a
constant Qs value for all loadings considered.
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