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Abstract

In this paper we study how the methane adsorption
properties of the ionic MOF-5 are derived from the local
structure of its coordinated metal-cluster. Density
functional theory is used to study the adsorption process
and identify the key interactions which drive it at ambient
temperatures. A detailed adsorption model which
represents the adsorption process is derived and used to
extract thermodynamic properties from previously reported
adsorption isotherms. We find that after adsorption of a
single molecule to the face of the metal cluster, a nano-
structured surface is formed which enables adsorption of
additional of CH4 molecules at reduced entropic penalty
thanks to on-surface hopping motions and retention of
significant translational freedom. Binding of the CHa
molecules to the MOF is dominated by electrostatic
interactions with negatively charged carboxylate groups,
while CH4-CHa4 dispersion interactions are important only
at high pressures. Last, the MOF-specific adsorption model
is compared against the single-site Langmuir model.

Introduction

As a transportation fuel, natural gas is a viable alternative
to gasoline with several advantages such as low emissions
and interchangeability with renewable biomethane.! Being
composed mostly of methane (CHa), natural gas in its
standard state suffers from low energy density and needs to
be compressed or liquefied in order to be used on-board
passenger vehicles, limiting its operating range and
requiring special, bulky, storage equipment. In principle,
storage of natural gas by adsorption in a high surface area,
nanoporous, material®>? is a promising alternative approach:
the adsorbed gas takes a much smaller volume compared to
its standard state, enabling storage at lower pressures with
considerably less storage volume.

Due to their high surface area per unit volume and large
pores, metal-organic frameworks (MOFs) are recognized as
promising candidates for gas storage applications.* MOFs

can also be post-synthetically modified to gain new
functionalities that further “tailor” their properties.” To be
able to design new CHa adsorbing MOFs, or any other
porous material, it is important to have a detailed
understanding of the atomistic factors that drive the
adsorption process. In particular, identifying specific
chemical or structural elements that govern optimal
adsorption is of critical importance, as these could
potentially be  post-synthetically  introduced, or
alternatively, incorporated as a component in a specifically
crafted adsorption system.

The Zn4sO(BDC)3 framework (where BDC* = 14-
benzenedicarboxylate), also known as MOF-5 or IRMOF-
1, can be considered as a benchmark system for
understanding gas-sorption processes in MOFs,% 10 MOF
chemistry'!12 and CH4 adsorption'®-'® in particular. As seen
in Figure 1, MOF-5 has a cubic crystalline structure which
consists of tetrahedral ZnsO clusters coordinated by
carboxylate-terminated BDC linkers.

Figure 1. Structure of MOF-5. The Zn4O metal clusters (a)
are coordinated by six BDC linkers (b) and form the crystal
structure (c). A close-up on a coordinated cluster is shown in
panel (d).

Experimentally measured adsorption isotherms of CH4 in
MOF-5 show a good fit to a single-site Langmuir model,
implying that adsorption can be reasonably described using



just one type of adsorption site,'® as Langmuir theory
suggests. However, this simple picture stands in contrast to
previous adsorption studies of other gases in MOEF-5,
mostly hydrogen'”?" as well as others,”® which have
suggested that several distinct adsorption sites exist, each
with its own unique characteristics. Moreover, neutron
diffraction experiments of MOF-5 have identified three
different types of CH4 adsorption sites,?? directly implying
that the single-site Langmuir behavior in MOF-5 masks
more complex adsorption behavior.

To obtain a detailed understanding of the CH4 adsorption
process in MOF-5, all adsorption sites should be
characterized in terms of location and binding energy.
Moreover, to connect these properties to the thermal
properties of enthalpy, entropy and free energy, a model
which describes the adsorption process itself, in greater
detail than the simple Langmuir model, is needed.

In this article we report the computational investigation of
CH4 adsorption in MOF-5. By integrating previously
reported findings from neutron powder diffraction by Wu et
al.,?? gas-sorption measurements by Mason et. al.'® with our
own models and density functional theory (DFT)
calculations, we are able to provide insights beyond the
potential energy surface provided by DFT and report
thermodynamic quantities and adsorption site occupancies.
Whereas most MOF adsorption studies make use of force-
field based simulations,?® approaches based on DFT/cluster
calculations have the advantage of providing a more
accurate and detailed description of MOF-adsorbate
interactions.?* Nonetheless, the number of studies which
connect site-interaction to experimental adsorption
isotherms is very limited.?%?>26 The approach taken here
constitutes a methodology that permits tractable application
of more accurate electronic structure methods, beyond the
insights into the physical processes themselves.

Models, methods and
computational details

The fundamental unit of interest in MOF-5 is the metal
cluster and its coordinated linkers. The metal cluster,
Zn408 in Figure 1 panel a, is tetrahedral in shape and each
pair of its zinc atoms is coordinated by a carboxylate group
that belong to the CgOsH4* linker (benzene-1,4-
dicarboxylate or BDC?* in Figure 1 panel b). Since four zinc
ions form six unique zinc-pairs, the ZnsO%* tetrahedral
cluster is coordinated by six linkers. Each BDC? linker
contains two carboxylate groups and is coordinated to two
metal clusters on each of his edges.

The local models used to study CH4 adsorption are carved
out of the crystal structure (Figure 2), and mimic the
chemical environment corresponding to adsorption sites at
or adjacent to the ZnsO%" cluster. Thus all local models
retain the Zn4O%" cluster itself and truncate the crystal
lattice at the linkers by removing distant carboxylate

groups. Retained linkers that are relevant to adsorption are
modeled by replacing BDC with C7O:He¢ (phenyl
carboxylate). When the linker itself is not needed, it is
further truncated by replacing the aromatic ring with a
methyl group.

Model M1 (Figure 2) is used for studying adsorption on
and near the face of the metal cluster (“cup structure”), by
retaining the cluster itself and three coordinating linkers
that together form a cup-like shape. The other three remote
linkers are truncated by replacing their aromatic ring with a
methyl group. Model M2 (Figure 2) is designed for
studying adsorption on the top (vertex) of the metal cluster
(“top-site”). It retains the metal cluster and the three
relevant linkers and truncates the others with methyl
groups. It is assumed that CH4 adsorption on the cup
structure does not affect adsorption in the top-site and vice
versa. The model geometries are derived from the crystal
structure provided by the Cambridge Crystallographic Data
Center,”” CSD entry SAHYIKO01.282, The structure of the
MOF is assumed to remain fixed regardless of the amount
of CHs4 adsorbed, supported by the findings of Wu el al.??
In the Supplementary Information is shown that the
calculated adsorption energy values are robust with respect
to small changes in the crystal structure, by separately
evaluating them using a slightly different crystal structure3°
obtained at 300 K.

Figure 2. Models for MOF-5 and adsorption sites. M1 is used
for studying CH4 adsorption on the “cup structure” and M2
is used for the “top-site”.

Geometry optimization of the adsorbed molecules is
performed while constraining the geometry of the binding
site atoms to their crystalline positions, optimizing the
locations of the hydrogen atoms and the adsorbed CH4
molecules. All calculations are carried using the meta-
GGA B97M-V density functional,3 which utilizes the
VV10 non-local correlation functional for its treatment of
dispersion interactions.32 The 6-31G* basis set is used for
geometry optimization while interaction energies are
calculated using the def2-QZVP34 basis with no
counterpoise correction. Validation of the accuracy of the
6-31G* basis-set for geometry is found in the
Supplementary Information. Previous CH4 adsorption
studies indicate that the basis set superposition error is
typically less than 0.3 kJ/mol for the def2-QZVP basis.
The B97M-V/def2-QZVP combination is expected to yield
a statistical error of 0.6 kJ/mol, as benchmarked against the
A24 data set for noncovalent interactions,?® also, a recent
benchmark by Herbert and coworkers on intermolecular
interactions involving ions demonstrated that B97M-V
performs very well for anion-neutral dimers, cation-neutral



dimers and ion pairs.3® The optimized geometries are
verified to be minima on the potential energy surface (PES)
using partial hessian analysis for the atoms of the adsorbed
molecules. All calculations were performed using the Q-
Chem quantum chemistry package.3’

Results

Adsorption on the cup structure. The face of the ZnsO
cluster is surrounded by linkers that form a cup structure. It
is found that there are three types of CH4 adsorption sites in
the cup structure. Their calculated positions are shown in
Figure 3 panels (a) to (d).
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Figure 3. Adsorption of CHson the cup structure panels (a)
to (d) and on the on the t1 site (“top site”) panels (e) and (f).
CHg are blue-colored. The occupancy of the site is given in
parentheses.

1 CH, (1t1)

Table 1. Adsorption energies for the four different types of
adsorption sites on the cup-site. The number in parentheses
next to the c3 sites indicates the number of adjacent
occupied c2 sites.

cl c2 c3(0) t1 c3(1) c3(2)

AEads
[kJ/mol]

-18.9 | -121 -9.0 -11.7 | -10.1 | -12.0

The first site, denoted by c1, is positioned above the center
of the cluster. With an adsorption energy of -18.9 kJ/mol, it
is the strongest adsorbing site. The second type of site,

denoted by c2, are positioned between the two aromatic
rings. The adsorption energy is —12.1 kJ/mol, weaker by ~7
kJ/mol than the c1 site. The third type of site, denoted by
3, are positioned above the aromatic rings and are shared
with the adjacent metal cluster. The c3 adsorption energy is
relatively weak (9.0 kJ/mol); however, this binding
energy can increase to —12.1 kJ/mol if the two adjacent c2
sites are occupied. The cup-structure can therefore adsorb
up to seven CHas molecules when completely saturated:
1c1+3c2+3c3 (Figure 3 (d)).

Cup-structure adsorption is found to be a sequential
reaction: for a CHs molecule to adsorb on c2 or ¢3, c1 must
first be occupied. This is a feature of the PES: unless c1 is
already occupied, adsorption on c2 or c3 is not a minimum
of the PES and the molecules “relax” into cl during
geometry optimization. Interestingly, adsorption on c3 is
not completely conditional, but highly dependent, on the
presence of adsorbed molecules in c2. Given that cl is
occupied, adsorption of a CH4 molecule on ¢3 exists as a
minimum on the PES with a relatively weak AE.ds of —9.0
kJ/mol which is insufficient for significant occupancy at
room-temperature. However, if a neighboring c2 is
occupied, AFEags is increased by -1.1 kJ/mol. If two
neighboring c2’s are occupied AEads is increased by —3.1.
To distinguish the various adsorption configurations for c3,
the number of adjacent adsorbed CH4 molecules is noted in
parentheses, e.g. c3(1) for a single neighboring CH4
molecule in a c2 site, and ¢3(2) for two.

Since c¢3 is shared between two metal-clusters, it is
surrounded by four c2 sites or a maximum of four CHa
molecules such that a ¢3(4) configuration exists. Based on
the c3(0) to ¢3(2) trend, we expect AEads for c3(4) to be in
between -14 to -15 kJ/mol. However, the ¢3(4)
configuration involves a large number of simultaneously
adsorbed molecules, so that at ambient temperature, c3(4)
can only be significantly occupied at very high pressures,
near saturation of the MOF.

Adsorption on the tl site. The t1 site is located on a
vertex of the ZnOa cluster, above a zinc atom, as shown in
Figure 3 panels (e) and (f). The adsorption interaction in t1
is —11.7 kJ/mol close to that of c2 and is expected to
increase at higher pressures due to the proximity of the c2’s
to t1. However, neutron powder diffraction experiments do
not indicate that CH4 molecules adsorb on t1,%? even when
the adjacent c2 sites are fully populated.

Since no evidence for a barrier to adsorption on t1 is found,
it can be argued that adsorption on the t1 site has a large
enough negative entropy change so that it s
thermodynamically unfavorable at ambient temperature.

Other adsorption sites. Other CH4 adsorption sites can
potentially be found anywhere inside the MOF when
temperature is sufficiently low (such as the center of the
pore??). However, due to the weakness of these residual
interactions, these sites cannot contribute to adsorption at
ambient conditions and are therefore not further considered.



Electronic basis for the attraction of CHs to MOF-5. A
key question in understanding adsorption in MOF-5 is
understanding the mechanism by which the presence of the
Zn40% clusters induces a strong attractive force to CHa.
When complexed to the ZnsO% cluster the negative charge
on the carboxylate group on the BDC? linker is increased
due to polarization of the aromatic ring by the positive zinc
ions. In benzoic acid, Figure 4(a), the oxygen atom that is
covalently bound to a hydrogen atom has a natural charge,
given by natural population anaylsis,® of -0.63e. Its
conjugate base, Figure 4(b), is negatively charged and both
oxygen atoms carry a larger charge of —0.75e. For MOF-5,
(c), the charge on the oxygen is —0.83e, which indicates an
increased, though not complete, ionic character.

(@) J
Figure 4. Natural charge on the oxygen atom: Phenyl
carboxylic acid (a) its conjugate base (b) for MOF-5 (c).

The energy of adsorption of CHy is therefore expected to be
related to the degree of exposure to the negatively charged
oxygen atoms of the carboxylate groups. As shown in
Figure 5, the CH4 in c1 is exposed to six oxygens and has a
strong AEqds of —18.9 kJ/mol. At c2 CHa4 is exposed to a two
oxygens and has a smaller AEqds of —12.1 kJ/mol. At t1 CHs
is exposed to three oxygens and is attracted by -11.7
kJ/mol, slightly weaker than at c2 and possibly due to steric
repulsion from its more confined surroundings.
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Figure 5. Methane adsorption sites in MOF-5 and related
AEags values in kJ/mol. Interactions between the methane
hydrogens and carboxylate oxygens are indicated by dashed
lines.

Importance of CHs-CH4 and dispersion interactions.
The maximum interaction energy of between two CHa
molecules in the gas phase is about —2.1 kJ/mol at a carbon
to carbon distance of 3.6 - 3.9 A, as calculated by Tsuzuki
et al.* In the cup structure, the distances between CHa
molecules in c1 and c2 is almost optimal at about 3.8 A and
between c2 and c3 at about 4.0 A, implying that CH4-CHa4
interactions also contribute for AEqds.

We evaluate CH4-CHz interactions explicitly by calculating
interaction energies of adsorbed CH4 molecules in absence
of the MOF. The interaction between c1 and c2 contributes
about —1 kJ/mol, which is relatively small with respect to
the overall c2 interaction of —12.1 kJ/mol. However, for the
c3 sites these interactions play a more significant role,
where CH4 molecules adsorbed on the nearest c2 contribute
about -3 kJ/mol, increasing the interaction from —9 to —12
kJ/mol, as already mentioned. Adsorption to c3 sites is
therefore shows positive cooperativity, in which molecules
at c2 induce extra attraction at c3. Other than CH4-CHa4
interactions, significant interaction at c3 also originates
from the interaction of the CH4 molecule and the aromatic
ring, which is dominated by dispersion interactions.

Given the exponential dependence of the adsorption
reaction constant on the free energy of adsorption, the —1 to
-3 kJ/mol dispersion related increase is essential for ¢3 to
play a significant role in the adsorption reaction.

Analysis of charge transfer, polarization and frozen
interactions. Energy decomposition analysis of the
bonding energy at the various sites is shown in Table 2.

Table 2. Energy decomposition analysis for interactions of
adsorbed CH4 molecules.

cl c2 c3(2) t1
Frozen -121 -7.5 -7.1 -7.1
Polarization -1.7 -1.1 -1.1 -1.2
tcrg‘igsr -50 -35 -29 -3.4
Total -18.9 -12.1 -12.0 -11.7

For all sites, the most dominant interactions are “Frozen”
which  indicates strong non-induced electrostatic
interactions and/or dispersive attraction. Polarization, or
induced-electrostatic, interactions do not seem to play a
major role and are usually in between -2 to —1 kJ/mol.
Charge transfer interactions are between —5 to —3 kJ/mol
and are particularly strong for adsorption at c1, due the
large number of O—H interactions.

Although the Zn ions at the vertices of the Zn4OS*
tetrahedron are known to function as Lewis acids,*’ by
using charge transfer analysis,*' we found no evidence of
significant charge-transfer interactions between the CHa
and Zn. Methane is simply too poor a Lewis base.

Adsorption model. To pursue further insight into the
adsorption process beyond electronic interactions, a
statistical model of adsorption is devised. The basic
building blocks of the model are “adsorption
configurations” which represent different arrangements of



up to seven adsorbed CH4 molecules in the cup structure. In
principle, the model should include all possible adsorption
configurations in a “cluster-expansion” which includes all
possible configurations that involve a single molecule, two
molecules and so forth, up to a maximum of seven.
Although inclusion of all possible configurations should
ideally increase the model’s accuracy, it also increases the
number of parameters. Instead, following the “Occam's
razor” principle, we develop a minimalist model which
retains the most important configurations and requires only
a small number of approximated or fitted parameters. The
minimalist approach should be more robust (or stable) with
respect to any parameter fitting, as will later be required.

The following assumptions are made in the selection of
retained configurations: (1) a molecule cannot occupy a c2
site unless cl is also occupied. (2) a molecule cannot
occupy a c3 site unless the two adjacent c2 sites are also
occupied, i.e., only the c3(2) configurations are included.
Since certain configurations that are less likely at high
temperatures, such as a c3 occupied with no occupation of
c2 (i.e. c3(0)), are excluded, the model’s quality and
predictive capabilities are expected to degrade at lower
temperatures. (3) The free (non-adsorbed) CH4 molecules
present in the pore volume do not significantly interact with
the adsorbed ones.

The adsorption model is manifested by the adsorption
polynomial, Q@ which represents the relative weight of each
possible adsorption configuration. The full form of Q is
long and as is shown in full in the supporting information.
An abbreviated form of Q which involves only the first

terms is:
i
— i —
YORTE
i j=1

1+ Kclp + Kcchzpz + Kclchzpz +

€y

The p’ term is the pressure of CHa, raised to i power,
where i is the number of adsorbed molecules for a given
configuration. The K; terms are the equilibrium constants
for configuration j and are evaluated using the well-known
relation K; = exp(— AG;/RT) where AG; is the free energy
of adsorption. If configuration K; is degenerate, K; is
multiplied by the number of possible combinations o;. The
average number of CH4 molecules that occupy the site at a
given pressure, 0(p), is given by:

0 =07 ) i-pizio,«,- @)
7 =

this expression becomes the well-known Langmuir
equation for the case of a single adsorption site. Unlike the
Langmuir model, the value of 6(p) can be as high as the
maximal number of adsorbed molecules, which is seven in
this model. We clarify that the equilibrium constant
K; represent the ratio of occupied to vacant sites of type j.
Thus, a positive value of AG; implies that number of
occupied sites of type j is smaller than the number vacant
sites at any given pressure.

The adsorption isotherm, which indicates the amount of
adsorbed methane at a given pressure, n,45(p), is given by:

Naas(D) = 0c1(P) * Nicya + 02 (D) * Nicha

n
+ 0y (p) - )

Here 1y, is the amount of methane, in v[STP]/v, that is
adsorbed in the MOF if a single site fully occupied. The
contribution of the c3 sites, 8.3 (p), is halved since they are
shared with adjacent metal clusters.

The value of nycy, is derived from the crystal structure,
since that the concentration of a single adsorbed CHy is the
same as the concentration of its adsorption site. For MOF-
5, the value of nycp4 is 70.38 v[STP]/v.

Derivation of thermodynamic quantities. For isolated
molecules in the gas phase, thermodynamic properties,
such as entropy and enthalpy are usually calculated using
quantum chemistry in the harmonic approximation. This
approach is inappropriate for physisorption systems for two
reasons: (1) As a result of the weak interactions, the system
deviates strongly from harmonicity and (2) as will become
evident later, the adsorbed CH4 molecules may retain some
fraction of their gas-phase translational and rotational
degrees of freedom, but it is hard to quantify how much
freedom is lost in the adsorption process. Since translations
and rotations have the largest contribution to the entropy,
the most difficult challenge is to reliably evaluate the
adsorption entropy, AS,4s, which in this context is the
thermodynamic force that resists adhesion/localization of
the CH4 molecule to the MOF.

To avoid the above issue, some key thermodynamic
quantities are derived by fitting the adsorption model to the
experimental CH4 adsorption isotherms of MOF-5 reported
by Mason et al.’6 In the fitting process, optimal values for
the equilibrium constant K; for the different adsorption
configurations are found. The free energy of
adsorption, AGqs, are obtained from the K;’s through the
well-known relation: K; = exp(—AGqq4s/RT). The fitting
procedure is numerically stable and different optimization
algorithms provided similar free energies.

The free energy of adsorption has two components, given
by the well-known relation AG,4s = AHgqs — TAS 4. TO
avoid any further parameter fitting, the adsorption
enthalpies, AH, 4, are evaluated as:
AHggs = AEqgs — R-T + AUy 4)

The electronic adsorption energy (AE,4s) is obtained from
the DFT calculations. The —R - T term corresponds to the
contribution of the volume term —p-V and AU,;;,, the
adsorption-related internal energy of vibration, is
approximated to be —2.5 kJ/mol at ambient temperature,
assuming a formation of a single vibration of about 150
cm™! upon adsorption to the MOF surface.

Once AH,4s is evaluated, the adsorption entropies are
obtained by: AS.;s = (AGuqs — AHaqs)/T . Since  the
contribution of internal vibrations AU,,;;, is only estimated,
the extracted AS, ;s may be slightly contaminated by errors



in AU,;. Although this assessment of the thermodynamic
quantities is a rough estimate, the final results agree well
with experimental observations as well as qualitative
understanding, and are without doubt far superior to direct
calculations in the harmonic approximation.
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Figure 6. MOF-5 adsorption isotherms at various
temperatures. Experimental®® and theoretical-model curves
are marked by solid lines and crosses respectively.

Table 3. Model-fitted entropy and free energies of
adsorption at T = 298.15 K. AS,4s/R is unit-less, AH 4, and
AG 44 are given in kJ/mol.

Site AHags | ASgas/R | AGags
cl -18.8 -10.5 7.1
2 -12.1 -89 9.9
c3(2) -12.0 -10.0 12.8

The results for the thermodynamic quantities and
adsorption isotherms, as obtained by fitting the model to
the experimental adsorption isotherms'® are given in Table
3 and Figure 6 respectively. The resulting model is a very
good fit to the experimental isotherm. When compared
against fitting a single-site Langmuir model, the fit error for
our model is smaller by 86% to 91% when evaluated as the
Euclidean norm of the difference between experimental and
fitted model values. Since the model is designed for
ambient temperatures, the error for fitting for 258.15K is
almost four times larger than for the higher-temperature
results, which indicates that certain degrees of freedom that
are important at lower temperatures are missing in order to
provide a high-accuracy fitting.

The cl site has a large negative AS,;5 of —10.5R which
correlates with the strong adsorption enthalpy. The c2 sites,
have a relatively smaller AS,4s of —8.9R, implying that
molecules adsorbed on these sites have a higher degree of
motional freedom. Interestingly, in-spite of having a similar
adsorption enthalpy as c2, the c3(2) sites have a more
negative AS;;¢ of —10.0R.
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Figure 7. Occupation of the adsorption sites at 298.15 K.
Total is evaluated at c1 + c2 + ¢3/2. The maximum
population for c1 is 1CHs4 and 3CH4 for both c2 and c3
respectively.

To validate the robustness of the model with respect to
adsorption on the c3 sites, we’ve also used a smaller
version of the model without any c3 sites. The smaller
model yielded very similar results at pressures of up to 35
bar, where participation of c3 is expected by the larger
model to be small. Further details are found in the
Supplementary Information.

Occupation of the sites. The number of adsorbed CHa
molecules on each of the sites (site occupancy) predicted
by the model, is shown in Figure 7. The strongly adsorbing
c1 site is the first to be occupied and reaches occupancy of
0.5 at about 11 bar. The c2 sites are second to populate and
reach occupation of 1.5 (half of their maximum 3) at about
47 bar. Due their larger number, the population of the c2
sites surpasses the occupation of c1 at 25 bar and continues
to increase such that at 100 bar they reach occupancy of 2.3
molecules. The rise in the population of the c2 sites, even at
relatively low pressures, is due to the quick occupation of
the strongly interacting cl sites, which is required for
adsorption in c2’s. Since occupation of the c3 requires
occupation of the c2 sites, the c¢3 population begins to rise
slowly at about 30 bar, and continues to rise at a slow rate
such that even at 100 bar they are far from saturation.

Usable capacity. The MOEF’s ability to deliver stored
methane to an internal combustion engine is defined as the
amount of methane stored at maximum pressure, which is
typically taken as 35 or 65 bar, minus the amount stored at
minimal pressure of 5.8 bar, which is usually assumed (for
comparative reasons) as the minimal pressure required for
gas to flow from the fuel tank to the combustion engine.
Therefore, to maximize usable capacity, a minimal amount
of CH4 should be stored at lower pressures and maximal
amount should be stored at maximal pressure. At 5.8 bar
only the cl sites are significantly occupied by about 0.3
molecules, a relatively small amount that does not hinder
capacity due to over-adsorption. At 35 and 65 bar, the cl
site is almost completely saturated, such that the methane
content of the MOF is limited by the occupancy of the c2’s



which is 1.2 and 1.9 molecules at 35 and 65 bar
respectively. The c2 sites are therefore far from saturation
at higher pressures and any decrease in their free energy of
adsorption would result in a significant increase in usable
capacity.

At ambient conditions, the c3 sites do not contribute to
usable capacity for maximum 35 bar and contribute
marginally at 65 bar.
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Figure 8. Barriers for rotations along the C--H bonds of the
adsorbed methane molecule. Two barriers are identified for
the t1 site.

Barriers for rotation. To further investigate the rotational
degrees of freedom of the adsorbed molecules, the barriers
for rotation around the C—H bonds of the adsorbed CHj4
molecules are calculated using with the def2-TZVP basis
set*?, the results shown in Figure 8.

The barrier of rotation for c1 is very high, about 8.8 kJ/mol,
meaning that methane adsorbed in cl is not expected to
have significant rotational freedom. Perhaps the main
reason for this high rotational barrier is because the
adsorbed CHs4 molecule at cl is held by six H—O
interactions (Figure 5) which yields preferred positions
(“anchors”) for three of its hydrogen atoms.

Adsorption on the c2 sites is characterized by a smaller
rotational barrier of about 2.8 kJ/mol, which is slightly
higher than the average kinetic energy at 298.15 K of RT =
2.48 kJ/mol. Thus, a CH4 molecule in c2 is close to being
free to rotate. The CHa molecule is anchored only by a
double H—O interaction; its barrier is about a third of the
barrier for c1 which is anchored by three. The rotational
barrier appears to be roughly proportional to the number of
anchored hydrogen atoms: each anchored hydrogen atom
contributes slightly less than 3 kJ/mol to the barrier.

For the c3 sites, the adsorbed CH4 molecule is held mostly
by weak intermolecular dispersion forces, which are less
orientation dependent than the H—O interactions in c1 and
c2. Accordingly, the orientational preference of CHa
molecules in c3 is very small and the rotational barrier is
only 1.3 kJ/mol which is much smaller than the available
thermal energy. Molecules adsorbed in c3 are therefore free
to rotate.

CHs4 molecules adsorbed in t1 are anchored by two
hydrogen atoms, however, one of the hydrogen atoms is
held by only a single H—O interaction. Accordingly, the

rotational barriers in t1 are relatively high: 4.5 and 5.8
kJ/mol.

The low rotational barriers for the c2 and c3 sites, as well
as the high barrier for cl1, are in agreement with neutron
diffraction experiments which indicate that CD4 molecules
adsorbed in c2 and c3 sites are orientationally disordered,
while CD4 in cl is clearly oriented.?

Diffusion mechanisms. At room temperature, thermally
related properties, such as entropy and internal vibrations,
play a decisive role in the adsorption process. Since
methane’s internal degrees of freedom are only marginally
altered upon adsorption onto the MOF, the main sources of
changes in entropy upon adsorption (AS,4s) are the inter-
molecular degrees of freedom: translations and rotations.
Upon adsorption, strong localization or restriction of
rotational and translational motions are expected to result in
large negative AS,;s values as well as an increase in
internal energy, due to the formation of internal vibrations
associated with these restricted motions.

Values obtained for AS,4 by fitting to the model were
shown above at Table 3. The large value for AS,;; for c1 of
—10.5R correlates well with its strong binding energy of
—-18.9 kJ/mol. Also, the high barriers for rotation are
expected to restrict the motions of the adsorbed molecule at
c1 and thus a large negative value of AS, 4, is expected.

The large difference in AS,;s between c2 and c3(2) is
peculiar at first glance. Although molecules in c2 and c3(2)
are attracted by similar AE,; of about —12 kJ/mol, the
rotational barriers are considerably lower for c3(2) which is
expected to rotate freely. Hence the magnitude of AS,4s
should be somewhat smaller for ¢3 than c2. However, the
AS,qs value for c2 is only —8.9R, much smaller than
—10.0R for c3(2), which implies that the entropy of a CHa
molecule at ¢2 is higher, i.e. it is less confined, than at
c3(2). Since rotational barriers cannot account for these
difference, we infer that translational motions of the
adsorbed molecules are the determining factor for the large
difference in AS,4s.
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Figure 9. The c2-c3(0)-c2 “springboard” mechanism.

To rationalize the higher entropy at c2 vs c3, we propose
two mechanisms which allow for more translational
freedom, or local diffusion, of molecules adsorbed at c2.
The first mechanism, which we shall call the “springboard”
mechanism, is relevant up to about 70 bar when the c2 sites
are populated by one or two CHs molecules. A CHa
molecule in c2 uses an empty c3(0) site, which is only 3.2
kJ/mol higher in energy, as a short lived intermediate



product or “springboard” to jump into an adjacent empty
c2. The molecules adsorbed in c2 are therefore able to
diffuse in the cup-site, jumping from one c2 site to the
other, retaining more of their gas phase translational
degrees of freedom.

/cs»:)/—m.
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Energy [kJ/mol]

Reaction coordinate

Figure 10. The c2-c3(1)-c2 “wall flip” mechanism.

Even when all the c2 sites are occupied, an adsorbed CHa
molecules in c2 can still experience large-amplitude
motions through the “wall flip” mechanism, where
molecule adsorbed at c2 jumps to an adjacent c3(1) site,
only 2 kJ/mol higher in energy, however, since the next c2
is occupied, the molecule flips back into its original
location at c2. Due to the low barrier for this reaction, it is
expected to be very fast and frequent.

These hopping mechanisms provides an explanation for the
elevated AS, 4, values for occupation of the ¢3 sites, which
are expected to be occupied mostly at higher pressures.
Since hopping into a filled site is sterically prohibited, as
the cup-site is occupied with additional CHa4 molecules,
hopping becomes less probable and the translational
entropy of the adsorbed CHy is reduced. In other words,
molecules adsorbed at the cup structure at higher cup
structure occupations are expected to have larger AS,qs
values due to a reduction in their translational motions as a
result of increased packing.

In-spite of having approximately similar AE ;4 as for c3(2)
and c2, the t1 sites do not appear in neutron diffraction
experiments to be occupied. This can be explained by an
elevated AS,,;s that is related to adsorption on tl.
Rotational motions in t1 are restricted by barriers of 4.5 and
5.8 kJ/mol which are somewhat higher than for c2.
Furthermore, a CH4 molecule adsorbed at tl1 is tightly
packed, confined by three aromatic rings which restrict its
motions. It is therefore likely that adsorption on tl is
thermodynamically disfavored at ambient temperatures due
to barriers for rotation and spatial confinement.

Discussion
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Figure 11. Qualitative depiction of adsorbed CH4 at the cup
structure at ambient temperatures and pressure of about 65
bar. Orange, blue and green represent static, mobile and
gaseous CH4 molecules.

An alternative way of contextualizing the results, rather
than adsorption enthalpies, is depicted in Figure 11. The
molecules adsorbed in cl are strongly confined, lack
translational and rotational motions and therefore can be
considered as relatively static. Molecules adsorbed on the
c2/c3 sites are freer to translate, or hop, inside the cup
structure and can be considered as being relatively more
mobile. If the ¢2/c3 sites become occupied by a large
number of molecules (at very high pressures) the
translational motions in the cup structure are increasingly
hindered and the c2/c3 adsorbates become less mobile.
However, this immobilization process is
thermodynamically unfavorable at ambient temperatures
and is expected to be observed only at very high pressures,
possibly above 300 bar, as a rough estimate.

Limitations of the Langmuir model. As mentioned in the
introduction, the Langmuir model provides a good fit to
experimental adsorption data for CH4 adsorption in MOF-5,
suggesting that only a single type of adsorption site is
involved in the adsorption reaction. It is therefore
interesting to analyze how such a simple model provides a
reasonable approximation to the complicated behavior
described above.
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Figure 12. Langmuir model fit for adsorption isotherm of
CH. in MOF-5 at T= 298.15K as reported by Mason at el.®



The green shapes point to the areas in which the fitted
Langmuir curve deviates from experiment.

The Langmuir-like behavior of the experimental isotherm
is a result of overlapping adsorption processes, in which
partial occupation of a particular site is continuously
followed by the partial occupation of another, with
significant overlap between the two. For instance, the
population of sites cl1 and c2 increases simultaneously
between 5 and 40 bar, and the population of the c2 and c3
sites each increase continuously above 40 bar.

The overlapping nature of the transition between
occupation of different classes of adsorption sites, makes
identifying them more subtle than obvious. However,
lacking the necessary degrees of freedom, the Langmuir
model deviates from the experimental CHs uptake within
three distinct domains (Figure 12), each of which
characterized by adsorption on a particular type of sites: the
first domain is characterized by adsorption to cl, the
second to c2 and the third marks increased adsorption to c3.
The deviation from the ideal Langmuir model is reproduced
in all measurements reported by Mason et al. at various
temperatures!® (see section S5 in the Supplementary
Information), which also demonstrates of their robustness.

Furthermore, it is not the chemistry behind the Langmuir
model which provides a good fit to the experimental
isotherm. Rather, it is the functional form associated with
the model, while the model itself does not faithfully
represent the underlying adsorption process, as already
discussed in detail. The functional form of the Langmuir
model is:

0(p) = THKgop Ngat 5)

A usual fit procedure involves the fitting of the adsorption
equilibrium parameter, K, 45, and the saturation capacity
Ngqe. The fitted parameters for CH4 adsorption in MOF-5 at
298.15 K are K,;4,= 0.015 bar! and ngy,; = 439.34 [v/v].
Assuming that at room temperature, adsorption occurs only
on the surface of the metal cluster, the physical
interpretation of these numbers is that each cup structure
holds a maximum of (non-physical) 6.2 CH4 molecules at
saturation, compared to actual maximum of 5.5 (=7 — 3/2)
since c3 is shared with an adjacent cluster). The value of
Ka4s corresponds to a AG,4, of 10.25 kJ/mol that is close
to the value associated with adsorption to c2 (9.9 kJ/mol)
and can be considered as an average value over the cl1, c2
and the ¢3 sites. If the Langmuir functional form is to be
imposed with a physically-acceptable value of ng,, it
would not be able to provide a fit with of quantitative
agreement quality. By contrast, our model imposed a
structurally derived value for n, .y, of 70.38 v[STP]/v and
then fitted the equilibrium constants for the three sites we
identified.

Conclusion

In conclusion, the electronic interactions which drive the
adsorption of methane in MOF-5 appear to originate mostly
from the negatively charged carboxylate groups and to a
lesser extent, dispersion interactions. Zinc ions do not
participate by directly interacting with the CH4 molecules
by themselves, other than via dispersion, and charge-
compensation.

Apart from the attractive forces already mentioned,
adsorption on MOF-5 is also strongly affected by the
(methane-dependent) nano-structured surface formed on
the faces of its metal-cluster, which permits some adsorbed
CH4 molecules to retain a significant degree of translational
motion while being adsorbed. This important property
alleviates the entropic tendency to resist adsorption to the
surface and also compensates for weaker adsorption
energy. While the importance of hopping mechanisms for
diffusion of guest species in zeolites*** and MOFs,46-48
we have identified the important contribution of these
hopping steps to the stabilize the c2 adsorbed state. We
note that the suggested mechanisms are purely intra-stitial
and do not result in MOF-wide diffusion of CHa.

From the perspective of the application of MOF-5 for
methane storage, the usable capacity of MOF-5 is limited
by the relatively small occupation of the c2 sites at higher
pressures. Any increase in the affinity of the c2 sites for
CHg, or alternatively, any reduction of the entropy penalty
that is associated with them, could significantly improve
usable capacity. Since CHs4 adsorption on c2 sites is
strongly dependent on the extent of negative charge carried
by the carboxylate groups, increasing their negative charge
could possibly increase CHa uptake. We’ve tested several
modifications to MOF-5, such as linker-modifications or
ZnO4 cluster modifications by trans-metalation,'® but
were not not able to find a viable strategy for increasing the
affinity of the carboxylate groups. We have also tested
hypothetical models of Mg-MOF-5 where Zn is replaced by
“harder” Mg ions, but we also find that the adsorption
energies does not seem to change significantly as the partial
charge of the carboxylate groups remains approximately
the same. Thus postsynthetic modifcations, as we have
recently analyzed in detail elsewhere,*® may be the most
promising avenue for enhanced methane storage in MOF-5.
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