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ABSTRACT: Grand canonical Monte Carlo (GCMC) simulations of hydrogen sorption were per-
formed in rht-MOF-1, a metal-organic framework (MOF) that consists of isophthalate groups joined
by copper paddlewheel clusters and Cu3O trimers through tetrazolate moeities. This is a charged
rht-MOF that contains extra-framework nitrate counterions within the material. For the simulations
performed herein, excellent agreement with experiment was achieved for the simulated hydrogen
sorption isotherms and calculated isosteric heat of adsorption, Qst, values only when using a polariz-
able potential. Thermodynamic agreement is demonstrated via comparing to experimental isotherms
and binding sites are revealed by combining simulation and inelastic neutron scattering (INS) data.
Simulations involving explicit many-body polarization interactions assisted in the determination of
the binding sites in rht-MOF-1 through the distribution of the induced dipoles that led to strong
adsorbate interactions. Four distinct hydrogen sorption sites were determined from the polarization
distribution: the nitrate ions located in the corners of the truncated tetrahedral cages, the Cu2+ ions
of the paddlewheels that project into the truncated tetrahedral and truncated octahedral cages (Cu1
ions), the Cu2+ ions of the Cu3O trimers (Cu3 ions), and the sides of the paddlewheels in the cuboc-
tahedral cage. The simulations revealed that the initial sorption sites for hydrogen in rht-MOF-1 are
the nitrate ions; this site corresponds to the high initial Qst value for hydrogen (9.5 kJmol−1) in the
MOF. The radial distribution functions, g(r), about the Cu2+ ions at various loadings revealed that
the Cu1 ions are the preferred open-metal sorption sites for hydrogen at low loading, while the Cu3
ions become occupied at higher loadings. The validation of the aforementioned sorption sites in rht-
MOF-1 was confirmed by calculating the two-dimensional quantum rotational levels about each site
and comparing the levels to the transitions that were observed in the experimental INS spectra for
hydrogen in the compound. For each binding site, the rotational transitions from j = 0 to j = 1 were
in good agreement to certain transitions that were observed in the INS spectra. From these calcu-
lations, the assignment of the peaks in the INS spectra for hydrogen in rht-MOF-1 has been made.

I. INTRODUCTION

Molecular hydrogen has been recognized by many scien-
tists as an alternative fuel source because it is clean, abun-
dant, and has a high energy content per weight of fuel. In-
deed, the combustion of hydrogen in an engine releases no
greenhouse gases and generates approximately 120.7 kJ/g
of energy, the highest of any known fuel.1 Although hydro-
gen is a promising alternative to replace existing petroleum-
based gasoline and diesel fuels, it tends to interact weakly
with its environment, thus making the transport of neat hy-
drogen rather difficult.2 In addition, the successful commer-
cialization of hydrogen-powered vehicles depends on the de-
velopment of safe, efficient, and economical on-board hydro-
gen storage systems.3 The ultimate U.S. Department of En-
ergy (DOE) target for an on-board hydrogen storage system
is 0.075 kg/kg or 0.070 kg/L at ambient temperatures and
high pressures.4 Further, the fueling of hydrogen should be
completely reversible, and the recharging process must be
completed within minutes.

Metal-organic frameworks (MOFs) are an emerging class
of crystalline porous materials that have been demonstrated
to be promising for applications in hydrogen storage.3,5–7

These materials consist of metal-ion clusters coordinated
to organic ligands in a self-assembly process, resulting in
a porous three-dimensional periodic structure.8 MOFs have
the ability to densely store hydrogen molecules into small
areas through a physisorption process. They have also been
shown to display high affinity for hydrogen with reversible
sorption. This makes MOFs advantageous over competing

materials for hydrogen storage, such as activated carbons,9

zeolites,10 and metal hydrides.11 MOFs are highly tunable as
a number of different structures can be synthesized by chang-
ing the metal-ion cluster and/or ligand.12,13 Indeed, a num-
ber of MOFs with different pore sizes, topologies, and chemi-
cal functionalities have been synthesized within the past two
decades.

The rht-MOF platform is a highly successful class of
MOFs in the world of porous materials.14–31 These MOFs
are synthesized from metal ions that are coordinated to a
C3 symmetric ligand with three coplanar isophthalate moi-
eties. Each isophthalate group is linked to metal ions to form
a square paddlewheel, [M2(O2CR)4], cluster. A total of 24
isophthalate groups are connected by 12 paddlewheel clusters
to form a cuboctahedron. In essence, rht-MOFs are charac-
terized by linking a C3 symmetric ligand with 24 edges of
a cuboctahedron. It is for this reason that these MOFs are
also called the 3,24-connected MOFs. Further, the overall
structure of rht-MOFs contains three distinct cages: cuboc-
tahedron, truncated tetrahedron, and truncated octahedron.
rht-MOFs are a promising platform of MOFs because they
contain open-metal sites, have high surface area, and have
tunable pore sizes. They have been shown to display high
uptake for a variety of energy-related gases, including hydro-
gen. A number of rht-MOFs have been synthesized by sim-
ply changing the size and functionality of the ligand.

The synthesis of rht-MOFs was pioneered by Eddaoudi
and co-workers, with the first rht-MOF being synthesized
in 2008.14 This MOF, denoted rht-MOF-1, was synthesized
by a solvothermal reaction of 5-tetrazolylisophthalic acid
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(a)

(b)

FIG. 1: (a) The a/b/c view and (b) the view of the 45◦ angle be-
tween two axes of the unit cell of rht-MOF-1. The nitrate counte-
rions, the copper paddlewheel clusters, and the Cu3O trimers are
indicated by the orange, magenta, and green circles, respectively.
Atom colors: C = cyan, H = white, N = blue, O = red, Cu = tan.

(H3TZI) with Cu2+ ions. rht-MOF-1 is characterized by
trigonal Cu3O trimers that are linked to these TZI ligands;
the isophthalate groups of the ligand are then coordinated to
Cu2+ ions to form the copper paddlewheel clusters (Figure
1). The MOF also contains nitrate counterions to balance
the charge of the cationic framework. rht-MOF-1 is a MOF
that has a large BET surface area of 2847 m2g−1 (Langmuir
surface area of 3223 m2g−1), a pore volume of 1.01 cm3g−1,
and a porosity of 75 %. In addition, experimental hydrogen
sorption measurements on the material have shown that rht-
MOF-1 is capable of sorbing 2.4 wt % at 77 K and 1.0 atm,
where wt % is defined as: [(Mass of H2)/(Mass of MOF +
Mass of H2)] × 100 %. This MOF also displays a high isos-
teric heat of adsorption, Qst, for hydrogen, with a value of
approximately 9.5 kJmol−1 at initial loading. Note, a hy-
drogen binding energy within the range of 15 to 30 kJmol−1

has been proposed for room temperature hydrogen storage
in porous materials.32,33

Methods such as grand canonical Monte Carlo (GCMC)
simulations and inelastic neutron scattering (INS) can pro-
vide insights into the mechanism of hydrogen sorption in
MOFs. GCMC simulation have been shown to be useful for
identifying the favorable sorption sites in a MOF.34 In ad-
dition, experimental observables such as sorption isotherms
and the Qst values can be generated using this method; these
quantities are often compared to the corresponding experi-

mental data. Outstanding agreement with experiment en-
genders confidence in a variety of molecular level predic-
tions. INS studies of the hindered rotational transitions of
hydrogen molecules sorbed in a MOF can be utilized to de-
termine the hydrogen binding affinity at various sites in the
framework.25,35 The INS spectra for hydrogen in a MOF con-
tains a significant amount of information, as each transition
observed in the INS spectra corresponds to a specific bind-
ing site in the MOF. Moreover, the barriers of rotation im-
parted to the sorbed hydrogen molecule by the MOF as well
as the intensity of each transition can provide insights into
the hydrogen binding affinity about each site.

In this work, we use GCMC methods to investigate hy-
drogen sorption in rht-MOF-1. rht-MOF-1 is different from
most other rht-MOFs (and other types of MOFs, in general)
because it contains two types of open-metal Cu2+ ion sites
through the copper paddlewheels and the Cu3O trimers, and
has extra-framework nitrate counterions that serves as po-
tential sorption sites. These moieties contribute towards a
highly charged/polar structure; thus, explicit polarization is
expected to be extremely important for the simulations of
gas sorption in this compound. Hence, the simulations per-
formed herein included many-body polarization interactions
as it was essential to incorporate such interactions in the sim-
ulations of hydrogen sorption in rht-MOF-1. These types of
interactions have been shown to be important for the mod-
eling of gas sorption in other charged/polar MOFs.2,36–39 If
many-body polarization was not included, the simulations
would inaccurately capture the interaction between the ad-
sorbate molecules and the open-metal sites and also under-
estimate experimental measurements.

Although initial hydrogen sorption simulation studies in
rht-MOF-1 were performed by Babarao et al., these simula-
tions neglected the inclusion of induced dipole interactions.40

As a result, their simulations undersorbed the experimental
results across most of the pressure range and did not capture
the sorption of hydrogen onto the open-metal sites. It is also
noteworthy that the reported simulated hydrogen sorption
isotherms at 77 K were inflated due to the lack of quantum
corrections. Quantum mechanical effects have been shown to
be important for hydrogen at this temperature due to its low
molecular mass.41,42 Thus, it is inaccurate to treat hydrogen
in a classical manner under these conditions. In contrast,
our simulations include quantum corrections via Feynman-
Hibbs.43

Further, experimental INS studies were performed for hy-
drogen in rht-MOF-1 and the spectra revealed a number of
transitions that correspond to a particular sorption site in
the MOF.25 Although some predictions of the sorption sites
in the MOF have been made based on the observed transi-
tions, the calculation of the quantum dynamics can verify
these predictions, and thus, the assignments of the transi-
tions in the INS spectra can accurately be achieved. In this
work, we performed two-dimensional quantum rotation cal-
culations for hydrogen about various sorption sites in rht-
MOF-1 that were determined using the polarization distribu-
tion. Similar types of calculations have been performed for
hydrogen sorption in MOFs in previous work.44–47 The calcu-
lated rotational transitions are compared to those that were
obtained from the INS studies. It will be shown that, for each
hydrogen sorption site considered in rht-MOF-1, the calcu-
lated rotational level for the j = 0 to j = 1 transition corre-
sponds to a specific peak within the INS spectra. As a result,
a comprehensive interpetration of the INS spectra for hydro-
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gen in rht-MOF-1 can be obtained based on our calculations.

II. METHODS

A. Simulation Parameters

The potential energy of rht-MOF-1 is a function of re-
pulsion/dispersion parameters, atomic point partial charges,
and atomic point polarizabilities that are localized on
the nuclear center of all atoms of the framework. Re-
pulsion/dispersion interactions were modeled using the
Lennard-Jones 12-6 potential, and these parameters for
all MOF atoms were taken from the universal force field
(UFF).48 Although there are many van der Waals force
fields that are available, the Lennard-Jones parameters from
UFF were widely used in MOF–adsorbate studies performed
earlier.2,36,37,40,49–57 It is important to note that the UFF pa-
rameters are not completely transferable; however, they have
been shown produce good results in certain systems (e.g., the
MOF studied herein). The partial charges for the atoms in
rht-MOF-1 were determined from electronic structure calcu-
lations on several fragments that were taken from the crystal
structure of the MOF. More details of these calculations can
be found in the Supporting Information. The polarizabilites
for all light atoms were taken from van Duijnen et al.,58 while
the polarizability for Cu2+ was determined in previous work
on PCN-61,36 and used herein. The parameters for the MOF
potential can be found in the Supporting Information. It
should be noted that the polarizable force field used in this
work is highly transferable and has already been shown pro-
duce excellent results in other charged/polar MOFs.2,36,37

Note, there are three chemically distinct Cu2+ ions in rht-
MOF-1; they are denoted Cu1, Cu2, and Cu3 (Figure 2).
The Cu1 and Cu2 ions are part of the copper paddlewheel
clusters, while the Cu3 ion is part of the Cu3O trimer unit
that links the TZI ligands together. In addition, the Cu1 ion
faces toward the center of the linker and projects into the
truncated tetrahedral and truncated octahedral cages, while
the Cu2 ion faces away from the center of the linker and
projects into the cuboctahedral cages.

Simulations of hydrogen sorption in rht-MOF-1 were per-
formed using a five-site polarizable hydrogen potential that
was developed previously.59 This hydrogen potential con-
tain explicit parameters for repulsion/dispersion, stationary
electrostatics, and induced-dipole interactions. This model
was shown to reproduce bulk hydrogen data, especially at
high densities,59 and describe the proper sorption behavior
in charged/polar MOFs that contain open-metal sites.36,37

The interaction energy between the MOF and the hydro-
gen molecules was represented by the sum of the Lennard-
Jones potential energy, the electrostatic energy as calcu-
lated by Ewald summation,60 and the many-body polariza-
tion energy as calculated by the Thole-Applequist polariza-
tion model (explained in the Supporting Information).61–64

Feynman-Hibbs quantum corrections43 were implemented in
this work to correct for the energetically dominant van der
Waals interactions at low temperatures.

All simulations were performed using GCMC methods in
a rigid single unit cell of rht-MOF-1. More details of the
GCMC simulations can be found in the Supporting Informa-
tion. Further, the simulations were performed with all ni-
trate ions held fixed in the corners of the truncated tetra-
hedral cages. This is the equilibrium location of the nitrate

FIG. 2: The ligand, copper paddlewheel, and Cu3O trimer units
in rht-MOF-1. The labeling of the Cu1, Cu2, and Cu3 ions are
also depicted. Atom colors: C = cyan, H = white, N = blue, O
= red, Cu = tan.

ions as determined from molecular dynamics (MD) simula-
tions at low temperatures (see Supporting Information). Ad-
ditional MD simulations revealed that the nitrate ions do
not move from their equilibrium location even with the hy-
drogen molecules present in the MOF at low temperatures
(see Supporting Information).

B. Quantum Rotation Calculations

The two-dimensional quantum rotational levels for a hy-
drogen molecule about each site considered in rht-MOF-
1 were calculated by diagonalizing the rotor Hamiltonian
in the spherical harmonic basis, using methods reported
previously,45 which takes the following form:

Ĥ = Bj2 + V (θ, φ) (1)

where B is the rotational constant for molecular hydro-
gen (equal to approximately 85.35 K65), j2 is the angu-
lar momentum operator, and V (θ,φ) is the potential en-
ergy surface for the rotation of the hydrogen molecule with
its center-of-mass held fixed within the MOF–H2 system.
Each matrix element, 〈Ylm|V (θ,φ)|Ylm〉, was constructed us-
ing Gauss-Legendre quadrature66 with a basis set consisting
of ±m functions.67 The potential was generated over a 16 ×
16 quadrature grid. The kinetic energy term, j(j + 1), was
then added to the diagonal elements. The matrix was diag-
onalized using the LAPACK linear algebra package,68 yield-
ing the rotational energy eigenvalues and the eigenvector co-
efficients. All two-dimensional rotational levels were calcu-
lated with j = 7, leading to 64 basis functions. Note, includ-
ing additional basis functions did not significantly alter the
results. All calculations were performed using the Massively
Parallel Monte Carlo (MPMC) code, an open-source code
that is currently available for download on Google Code.69

III. RESULTS AND DISCUSSION

Figure 3(a) shows the simulated hydrogen sorption
isotherm for the polarizable hydrogen potential in rht-MOF-
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1 at 77 K and 87 K compared to the corresponding ex-
perimental data (data points estimated from reference 14).
It can be seen that excellent agreement with experiment is
achieved at both temperatures using the polar model across
the entire low-pressure range. The experimental hydrogen
uptakes in rht-MOF-1 at 77 K and 87 K at 1.0 atm are 2.4 wt
% and 1.7 wt %, respectively, and this agrees well with the
calculations performed herein at those state points. Note,
the error bars at each state point for the simulated plots
are small (less than ± 0.02 wt %), and therefore, have been
omitted for clarity.

It is important to emphasize that the simulated hydrogen
sorption isotherms shown in Figure 3(a) can only be pro-
duced using a polarizable potential for the MOF and the hy-
drogen molecules. Models that neglect explicit many-body
polarization effects are not sufficient to match the experi-
mental hydrogen sorption isotherms in rht-MOF-1 due to
the highly charged and polar environment of the framework.
Indeed, control simulations using a hydrogen potential that
contains only van der Waals interaction,70 and two mod-
els that include only van der Waals and charge-quadrupole
interactions59,71 revealed that the simulated hydrogen sorp-
tion isotherms for these potentials undersorbed the experi-
mental data by at least 22% over the entire pressure range
considered at 77 K and 87 K (see Supporting Information).

Figure 3(b) shows the GCMC-calculated Qst values for
the polarizable hydrogen potential in rht-MOF-1 compared
to the Qst values that were derived experimentally (also esti-
mated from reference 14). The former was determined using
a statistical mechanical expression that involves the fluctua-
tion of the number of particles and the total potential energy
(see Supporting Information),72 while the latter was deter-
mined by applying the Clausius–Clapeyron equation73 to the
experimental hydrogen sorption isotherms at 77 K and 87 K.
The experimental initial Qst value for hydrogen in rht-MOF-
1 was calculated to be 9.5 kJmol−1. Although this value
is high, there are other MOFs that have higher initial Qst

values for hydrogen (e.g., Mg-MOF-74).7,46,74–81 The exper-
imental Qst values decrease to approximately 4.75 kJmol−1

at 1.6 wt %. The Qst values that were produced from simu-
lation using the polar model in rht-MOF-1 were found to be
in good agreement with experiment across all loadings. The
simulated initial Qst value for hydrogen was calculated to be
8.9 kJmol−1, which is comparable to the experimental value
at this loading. Any difference in the experimental and sim-
ulated Qst values across the considered loading range might
be attributed to the difference in methodology in computing
the Qst values for the respective techniques and associated
uncertainities. As stated above, the experimental Qst values
are determined through empirical fitting of the experimen-
tal hydrogen sorption isotherms while the simulated Qst val-
ues are obtained directly from GCMC simulation. Nonethe-
less, the close agreement between experiment and simula-
tion is striking. As with the simulated hydrogen sorption
isotherms, the Qst plot shown in Figure 3(b) was only gen-
erated using the polarizable potential employed in this work.
The Qst values that were produced by the aforementioned
nonpolarizable models severely underestimated the experi-
mental Qst values for all hydrogen uptakes (see Supporting
Information).

Note, the initial hydrogen Qst value for rht-MOF-1 sur-
passes most other MOFs that contain copper paddlewheel
clusters.7 For instance, previous studies have shown that
the initial Qst value for hydrogen in HKUST-1,82 a pro-
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FIG. 3: (a) Low-pressure (up to 1.0 atm) absolute hydrogen sorp-
tion isotherms in rht-MOF-1 at 77 K (solid) and 87 K (dashed)
for experiment (black) and simulation (red). (b) Isosteric heats
of adsorption, Qst, for hydrogen in rht-MOF-1 plotted against hy-
drogen uptakes for experiment (black) and simulation (red).

totypal MOF containing copper paddlewheels linked by
1,3,5-benzenetricarboxylate ligands, ranges from 6.0 to 7.0
kJmol−1.83–88 Similar values can be seen for other MOFs
that contain these copper paddlewheels units.17,37,89 Thus,
this range for the Qst value appears to be the appropri-
ate energetics associated with the binding of the hydrogen
molecules onto the Cu2+ ions of the copper paddlewheels.
An initial Qst value of 9.5 kJmol−1 for hydrogen in rht-MOF-
1 is much greater than the values that are typically observed
for sorption onto the copper paddlewheels; thus, we predict
that this value must be attributed to the sorption of hydro-
gen onto a different type of moiety in the framework. This
functionality must have a stronger interaction with the hy-
drogen molecules than the Cu2+ ions of the copper paddle-
wheels.

Examination of the Monte Carlo simulation history for hy-
drogen sorption in rht-MOF-1 at very low loading (77 K and
0.001 atm) revealed that the majority of hydrogen molecules
are in the region of the nitrate ions that are located the cor-
ners of the truncated tetrahedral cage. In addition, exami-
nation of the three-dimensional histograms showing the most
frequent sites of occupancy at this loading reveals that the
majority of hydrogen molecules are sorbed to the nitrate ions
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FIG. 4: The three–dimensional histogram in rht-MOF-1 showing
the most frequent sites of occupancy (cyan) for hydrogen sorption
at 77 K and 0.001 atm.

(Figure 4). Thus, the high initial Qst value for hydrogen in
rht-MOF-1 is attributed to the interaction between the hy-
drogen molecules and the nitrate ions. A molecular illustra-
tion (captured from the simulations) depicting this interac-
tion is shown in Figure 5. Indeed, the uncoordinated nitrate
ions are charged particles that increase the electrostatic field
within the framework and they are more preferred for hy-
drogen sorption than the open-metal sites. This was verified
by performing simulated annealing calculations for a single
hydrogen molecule in rht-MOF-1 to identify the global min-
imum. This observation is consistent with previous findings
that charged MOFs that contain extra-framework counteri-
ons have increased binding affinity towards hydrogen.90

The radial distribution functions, g(r), for the center-of-
mass of the sorbed hydrogen molecules about all three types
of Cu2+ ions in rht-MOF-1 at 77 K and two different pres-
sures (0.01 atm and 1.0 atm) are shown in Figure 6. Note,
the radial distribution functions shown herein are normal-
ized to a total magnitude of unity over the distance exam-
ined. The g(r) results reveal that a large peak can be seen
about the Cu1 ions at a distance of 2.5 Å at 0.01 atm. This
radial distribution peak corresponds to the sorption of hy-
drogen molecules onto the Cu1 ions of the paddlewheels with
a Cu2+–H2 distance of about 2.5 Å. The large magnitude of
this peak at 0.01 atm signifies that this site is heavily pop-
ulated with hydrogen molecules at low loading. At 1.0 atm,
this peak for the Cu1 ion is reduced, which indicates that
sorption onto the Cu1 ions is less prominent at this pres-
sure. This is because the Cu1 ion sites are already filled at
lower loadings, thus causing the hydrogen molecules to sorb
to other regions in the MOF at higher pressures. Note, the
Cu2+–H2 distance observed for rht-MOF-1 in this work is
comparable to the corresponding distance that was observed
in HKUST-1 through neutron powder diffraction and ab ini-
tio simulation studies.44,91 In addition, analogous 2.5 Å ra-
dial distribution peaks of similar magnitudes can be seen
about the favorable Cu2+ ion for simulations of hydrogen
sorption in other rht-MOFs.36,37 It is important to note that
the observed radial distribution peak at 2.5 Å about the Cu1
ion can only be produced for simulations of hydrogen sorp-
tion using a polarizable model. Simulations using nonpolar
potentials do not capture the sorption of hydrogen molecules
onto the Cu2+ ions of the paddlewheels. This is because the
Cu2+ ions are highly charged/polar species; induced dipole
effects are required for sorption onto these sites. Note, for
sorption onto the Cu1 ion in rht-MOF-1, a binding energy

(a)

(b)

FIG. 5: Molecular illustration of the hydrogen binding site about
the nitrate counterions in rht-MOF-1 as determined from simula-
tion. (a) Side view (b) Down view. The adsorbate molecules are
shown in orange. MOF atom colors: C = cyan, H = white, N =
blue, O = red, Cu = tan. Nitrate atom colors: N = dark blue, O
= maroon.

of approximately 6.5 kJmol−1 was calculated using canoni-
cal Monte Carlo (CMC); this value is within the range that
is associated with sorption onto a single Cu2+ ion of a cop-
per paddlewheel.

It can be observed from the g(r) results that there are only
a few hydrogen molecules sorbed in the region of the Cu2
ions of the paddlewheels at both 0.01 atm and 1.0 atm in rht-
MOF-1. Thus, even with the implementation of many-body
polarization effects, the simulations capture only a small
quantity of hydrogen molecules about the Cu2 ions. Indeed,
for sorption onto the copper paddlewheels, the majority of
hydrogen molecules sorb about the Cu1 ions. This is because
the magnitude of the positive charge for the Cu2 ion is much
less than that for the Cu1 ion as determined from electronic
structure calculations on rht-MOF-1 (qCu1 = 1.56 e−, qCu2

= 1.07 e−, see Supporting Information). As stated earlier
in the text, the two Cu2+ ions that are part of the paddle-
wheels in rht-MOFs are chemically distinct as both of these
ions project into different regions in the MOF structure. It
was demonstrated in previous theoretical studies that one of
the Cu2+ ions of the paddlewheel has a higher charge magni-
tude relative to the other in rht-MOFs.36,37 The charge dis-
tribution about the copper paddlewheels is dependent on the
type of functionality on the organic linker. In rht-MOF-1,
the linker contains nitrogen atoms on the tetrazolate group
that are proximal to the Cu1 ions. The presence of these
electronegative nitrogen atoms causes the Cu1 ion to exhibit
a higher positive charge compared to the Cu2 ion. As a re-
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FIG. 6: Radial distribution functions, g(r), about the Cu1 ions
(red), Cu2 ions (green), and Cu3 ions (blue) in rht-MOF-1 at 77
K and pressures of 0.01 atm (solid) and 1.0 atm (dashed).

sult, the Cu1 ion is more electron deficient, thus becoming
the preferred sorption site for the hydrogen molecules about
the copper paddlewheels.

rht-MOF-1 is different from most other rht-MOFs because
it contains another type of open-metal Cu2+ ion in the struc-
ture; it is denoted as the Cu3 ion in this study. This Cu2+

ion is part of the Cu3O trimer unit that links the TZI lig-
ands together. The g(r) of the hydrogen molecules about the
Cu3 ions shows that there are a small number of adsorbate
molecules in the region of these ions at low loading. This
is indicated by the small peak that was observed about this
ion at a distance of approximately 2.7 Å at 0.01 atm. Thus,
at low loading, the Cu3 ions are not as favored for hydrogen
sorption compared to the Cu1 ion. This can be attributed
to the difference in the electrostatic parameters between the
two Cu2+ ions as the Cu3 ions have a lower positive charge
than the Cu1 ions (qCu1 = 1.56 e−, qCu3 = 0.88 e−, see Sup-
porting Information). However, it can be seen that the radial
distribution peak at 2.7 Å for the Cu3 ion increases in mag-
nitude at 1.0 atm. This indicates that the Cu3 ions become
occupied at higher loadings for hydrogen sorption in rht-
MOF-1. Note, the slightly higher nearest-neighbor distance
for the hydrogen molecules around the Cu3 ions relative to
the Cu1 ions also indicates that the hydrogen molecules do
not sorb closely to the Cu2+ ions of the Cu3O trimers as
compared to the Cu2+ ions of the copper paddlewheels. Us-
ing CMC, a binding energy of roughly 5.0 kJmol−1 was cal-
culated for sorption onto the Cu3 ion.

The utilization of many-body polarization interactions in
simulation can be a useful tool to identify the different sorp-
tion sites in a MOF via the distribution of the induced
dipoles. Figure 7 shows a plot of the hydrogen dipole mag-
nitudes against the normalized hydrogen population in rht-
MOF-1 at 77 K and 0.01 atm as well as 1.0 atm. Each region
for the induced dipole magnitudes corresponds to a specific
site of occupancy inside the MOF. For rht-MOF-1, three dif-
ferent regions in the dipole distribution can be identified; the
ranges are the following: 0.30 D and above, 0.20 D to 0.30 D,
and 0.00 D to 0.20 D. The peak from 0.30 D and above cor-
responds to sorption onto the Cu1 ions of the paddlewheels
(Figure 8(a)). This is consistent to what was observed in the
dipole distribution for other rht-MOFs, as the highest dipole
magnitude range correlates to sorption onto the preferred
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FIG. 7: Normalized hydrogen dipole distribution at 77 K and
pressures of 0.01 atm (black) and 1.0 atm (violet) in rht-MOF-1.

Cu2+ ion of the paddlewheel in the MOF.36,37 A molecular il-
lustration depicting the sorption of a hydrogen molecule onto
a Cu1 ion in rht-MOF-1 is shown Figure 9(a). The center-
of-mass of the sorbed hydrogen molecule is approximately
2.5 Å from the Cu1 ion. Indeed, this site corresponds to the
radial distribution peak that was observed about the Cu1
ions at 2.5 Å. Further, the hydrogen molecules sorb about
the Cu1 ions in a T-shaped manner, which is consistent to
the hydrogen molecule orientation that was observed about
the Cu2+ ions in HKUST-1 through ab initio simulation
studies.44 Note, the peak from 0.30 D and above is smaller at
1.0 atm compared to at 0.01 atm, which indicates that there
is less occupancy about the Cu1 ions at higher pressures.

The dipole distribution for rht-MOF-1 shows a large peak
from 0.20 D to 0.30 D at 0.01 atm. This peak mainly corre-
sponds to the sorption of hydrogen onto the nitrate ions as
well as the Cu2+ ions of the Cu3O trimers (Figure 8(b)). In
addition, some hydrogen molecules with these dipole magni-
tudes can be seen sorbing onto the Cu1 ions. A large num-
ber of hydrogen molecules with these induced dipoles can be
found in the vicinity of the nitrate ions in the corners of the
truncated tetrahedral cages at this pressure, which is con-
sistent with the notion that the nitrate ions are highly pre-
ferred in this MOF at low loading. Note, the corners of the
truncated tetrahedral cages have been observed as a sorp-
tion site in other rht-MOFs.36,37 In rht-MOF-1, this region
is much more favorable at initial loading due to the presence
of the unbound nitrate ions in this area. Note, although the
nitrate ions provide the greatest binding affinity towards the
hydrogen molecules, these counterions induce lower dipoles
on the adsorbate molecules than the Cu2+ ions of the cop-
per paddlewheels. This is because the D3h symmetry exhib-
ited by the nitrate ions causes the dipole moments to lessen.
A few hydrogen molecules can be seen sorbing onto the Cu3
ions at this pressure, although these ions are not as preferred
as the nitrate ions and the Cu1 ions at low loading. For
sorption onto this site, examination of the system’s coordi-
nates revealed that the hydrogen molecules make a T-shaped
interaction about the Cu2+ ions of the Cu3O trimers (Fig-
ure 9(b)). This interaction is similar to what was observed
for the hydrogen molecule orientation about the Cu2+ ions
of the paddlewheels. For the Cu3 ion, the distance between
the center-of-mass of the sorbed hydrogen molecule and the
Cu2+ ion is approximately 2.7 Å, which is consistent with
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(a)

(b)

(c)

FIG. 8: The three–dimensional histograms in rht-MOF-1 show-
ing the sites of hydrogen sorption (cyan) as a function of induced
dipole magnitude according to Figure 7: (a) 0.30 Debye and
above (b) 0.20 to 0.30 Debye (c) 0.00 to 0.20 Debye. MOF atom
colors: C = green, H = white, N = blue, O = red, Cu = black.

the radial distribution peak observed around this ion at that
distance. It can be seen that the peak from 0.20 D to 0.30
D is severely reduced at 1.0 atm. This is because there is
less sorption onto the nitrate ions and Cu1 ions at this pres-
sure. Additionally, sorption onto the Cu3 ions becomes more
prominent at 1.0 atm.

The population with the lowest induced dipoles in rht-
MOF-1, ranging from 0.00 D to 0.20 D, corresponds to sorp-
tion within the cuboctahedral cages of the MOF (Figure
8(c)). Visual inspection of the modeled system cell revealed
that these hydrogen molecules sorb onto the sides of the cop-
per paddlewheels (Figure 10). The occupancy of hydrogen

(a)

(b)

FIG. 9: Molecular illustration of the hydrogen binding site about
(a) the Cu1 ion and (b) the Cu3 ion in rht-MOF-1 as determined
from simulation. The adsorbate molecules are shown in orange.
MOF atom colors: C = cyan, H = white, N = blue, O = red, Cu
= tan.

molecules in this cage is low at 0.01 atm. This is because
other favorable sites (e.g., the nitrate ions, the Cu1 ions,
the Cu3 ions) are being occupied first at this loading. How-
ever, at 1.0 atm, the peak from 0.00 D to 0.20 D increases,
which signifies that this area of the MOF becomes more pop-
ulated at higher pressures. As the more favorable sorption
sites become filled, the hydrogen molecules will essentially
crowd into other areas of the MOF; in the case of rht-MOF-
1, the regions are the cuboctahedral cages where the hydro-
gen molecules can sorb onto the sides of the paddlewheels.

In order to confirm that the aforementioned sites are in-
deed the proper binding sites for hydrogen in rht-MOF-1,
the two-dimensional quantum rotational levels for a hydro-
gen molecule about each site were calculated (Table I); these
levels were compared to the transitions that are observed in
the experimental INS spectra for hydrogen in rht-MOF-1.
Note, in vacuum, the rotational energy levels for a hydro-
gen molecule are characteristic of a rigid rotor. However, in
the presence of an external field (e.g., a MOF sorption site),
the energy levels for the hydrogen molecule split since the
field breaks the degeneracy. The INS spectra for hydrogen
in rht-MOF-1 is shown in Figure 11 for two different load-
ings. The calculation of the rotational energy levels for a
hydrogen molecule sorbed in the proximity of a nitrate ion
located in the corner of the truncated tetrahedral cage (site
1) revealed a value of 5.63 meV for the j = 0 to j = 1 tran-
sition. Evaluation of the INS spectra revealed a small, but
noticeable peak at approximately 5 meV for both loadings.
This peak must correspond to the sorption of hydrogen onto
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FIG. 10: Molecular illustration of the hydrogen binding site about
the sides of the copper paddlewheels within the cuboctahedral
cage in rht-MOF-1 as determined from simulation. The adsorbate
molecule is shown in orange. MOF atom colors: C = cyan, H =
white, N = blue, O = red, Cu = tan.

the nitrate ions in rht-MOF-1. The nitrate ions are the most
favorable sites for hydrogen sorption in the MOF and there
is a strong interaction between these ions and the hydrogen
molecules. Therefore, it makes sense that this interaction
would be found at lower energies in the INS spectra.

Note, it seems that the presence of the nitrate ions in
rht-MOF-1 causes most of the INS spectra to become very
broad. A similar finding was observed in the INS spectra
for In-soc-MOF.92 Moreover, it is expected that the peak at
approximately 5 meV should be more pronounced in the INS
spectra for rht-MOF-1. It is hypothesized that the presence
of the nitrate ions in the framework would make it difficult
to fully activate the material. As a result, it is possible
that there are solvent molecules occupying the corners of
the truncated tetrahedral cages when the INS studies were
performed. Small amounts of solvent have a much more
pronouced effect on the INS spectra than on the sorption
measurements.

The rotational energy level for a hydrogen molecule sorbed
onto the Cu1 ions in a T-shaped configuration (site 2) was
calculated to be 9.72 meV for the lowest transition. This
value is in good agreement to the transition that is observed
at approximately 9 meV in the INS spectra. The INS spec-
tra for hydrogen in other MOFs containing copper paddle-
wheels, such as HKUST-1,44,91 PCN-12,93 and rht-MOF-
4a25 revealed a peak near 9 meV as well. Thus, this tran-
sition must be associated with sorption onto the Cu2+ ions
of the paddlewheels as verified through the calculations per-
formed herein and in previous work.44 This is consistent with
a previously mentioned hypothesis that a peak located in the
range of 7 to 10 meV in the INS spectra for a MOF contain-
ing copper paddlehweels corresponds to a hydrogen molecule
interacting with a single open-metal Cu2+ ion site for the
lowest rotational tunneling transition.93 Note, the two low-

n j Site 1 ∆E (meV) Site 2 ∆E (meV) Site 3 ∆E (meV) Site 4 ∆E (meV)

1 0 0.00 0.00 0.00 0.00

2 5.63 9.72 6.92 14.02

3 1 23.11 10.81 15.70 14.70

4 24.76 34.98 32.53 15.44

5 42.73 35.36 38.62 43.10

6 43.46 56.99 39.46 44.04

7 2 43.70 70.60 50.60 44.10

8 56.73 71.70 57.14 44.23

9 56.84 75.93 63.91 45.30

TABLE I: The calculated two-dimensional quantum rotational
levels (in meV) for a hydrogen molecule at different sites in rht-
MOF-1. Sites 1, 2, 3, and 4 are depicted in Figures 5, 9(a), 9(b),
and 10, respectively. The energies are given relative to E0, which
are -86.17 meV, -71.93 meV, -38.09 meV, and -44.06 meV for the
respective sites.

est transitions for site 2 in rht-MOF-1 (calculated to be 9.72
and 10.81 meV, respectively) are fairly well defined at the
higher loading.

For a hydrogen molecule sorbed onto the Cu3 ions of the
Cu3O trimers (site 3), a rotational level of 6.92 meV was cal-
culated for the lowest transition. It can be seen in the INS
spectra that a broad peak spans the region from approxi-
mately 6.5 to 8.0 meV. In addition, this peak is more notice-
able at the higher loading. Because this peak seems to get
larger at higher loadings and since the Cu3 ions are occupied
at higher pressures, especially after the Cu1 ions are popu-
lated, this region in the INS spectra must be associated with
sorption onto the Cu3 ions. This is consistent to what was
observed in the simulations and the calculations for a hydro-
gen molecule about this site. It is interesting to note that
sorption onto the Cu2+ ions that are part of the Cu3O trimer
has a lower energy (higher barrier to rotation) than sorption
onto the Cu2+ ions of copper paddlewheels even though the
former gets occupied only at higher loadings. This could be
due to the fact that the Cu3 ions are more easily accessible
in the framework than the Cu1 ions. However, the higher
electron density (lower positive charge) of the Cu3 ions rel-
ative to the Cu1 ions causes the latter to become more pre-
ferred at low loadings.

The INS spectra for hydrogen in rht-MOF-1 shows a large
peak at about 14 meV. The simulations revealed that the ad-
sorbate molecules can occupy the cuboctahedral cages (site
4) at higher loadings after sites 1, 2, and 3 are filled. This
site was observed in the dipole distribution for the polariz-
able hydrogen potential in the MOF. The quantum rotation
calculations revealed that this site indeed corresponds to the
peak at approximately 14 meV. This is a weak site for hy-
drogen sorption in the MOF, and as a consequence, the rota-
tional tunneling transition for this site is found at higher en-
ergies. Moreover, it can be seen that the hydrogen molecules
are nearly characteristic of a rigid rotor as they are sorbed
within the cavity of the cuboctahedral cage. This is because
there is no field acting on the hydrogen molecules as they are
sorbed in this region. Indeed, one of the three j = 1 sublevels
and one of the five j = 2 sublevels are exactly the energy of
the j = 1 and j = 2 rigid rotor levels for a hydrogen molecule
in the gas phase, respectively (14.70 meV, 44.10 meV). Note,
it would be desirable to calculate the entire potential energy
surface about each hydrogen sorption site in rht-MOF-1 to
gain information on the barrier heights for the respective
sites. However, the large size of rht-MOF-1 unit cell as well
as the computational expense of solving the many-body po-
larization equations makes the calculation rather prohibitive.
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FIG. 11: Inelastic neutron scattering (INS) spectra for hydro-
gen in rht-MOF-1 at different loadings: 1 H2/Cu (black), and 2
H2/Cu (pink). The calculated transitions for the different sites
as shown in Table I are depicted as vertical colored lines: site 1
= blue, site 2 = red, site 3 = green, site 4 = violet.

IV. CONCLUSION

In conclusion, this work demonstrated the importance of
many-body polarization interactions for the simulations of
hydrogen sorption in rht-MOF-1. Specifically, the inclu-
sion of such interactions was necessary for obtaining out-
standing agreement with experimental results and assisting
in the identification of the hydrogen binding sites in the
MOF. Analysis of the three-dimensional histogram showing
the sites of hydrogen sorption for the polarizable hydrogen
potential used in rht-MOF-1 revealed four distinct sorption
sites: the nitrate ions located in the corners of the truncated
tetrahedral cages, the Cu1 ions of the copper paddlewheels,
the Cu3 ions of the Cu3O trimers, and the sides of the cop-
per paddlewheels in the cuboctahedral cages.

The calculation of the two-dimensional quantum rota-
tional levels for hydrogen about various moieties in rht-MOF-
1 confirmed that the considered sites were indeed the likely
binding sites for hydrogen sorption in this MOF. The cal-
culated rotational transitions reported in this work were in
good agreement with the transitions that were observed ex-
perimentally through INS studies. As a result, we were able
to associate the different binding sites with certain transi-
tions within the INS spectra for rht-MOF-1 and therefore,
make a thorough interpretation of the spectra.

It was discovered through the simulation studies that the
uncoordinated nitrate ions are more favorable for hydrogen
sorption than the open-metal sites at low loading. Sorp-
tion onto the nitrate ions corresponds to the high initial Qst

value for hydrogen in rht-MOF-1, which is 9.5 kJmol−1 as
determined experimentally. This hydrogen Qst value is con-
siderably higher than those MOFs that contain the copper
paddlewheel units, such as HKUST-1.86 The calculated ro-
tational level for the j = 0 to j = 1 transition for a hydrogen
molecule about the nitrate ions in rht-MOF-1 revealed a low
energy (high barrier) transition (ca. 5 meV), thus indicat-
ing a very strong interaction between the hydrogen molecule
and the nitrate ions.

For sorption onto the open-metal sites in rht-MOF-1, the
simulations showed that the Cu1 ions are more preferred
than the Cu3 ions at low loading. The Cu2+ ions of the cop-

per paddlewheels are the second favored sorption site for hy-
drogen in rht-MOF-1, whereas they are the primary sorption
site in other MOFs that contain similar copper paddlewheel
units, such as HKUST-1,44,91 PCN-61,17,36 Cu-TPBTM,37

rht-MOF-4a,25 and PCN-12.93 The INS spectra for hydrogen
in rht-MOF-1 at low loading reveals a peak at approximately
9 meV, which is comparable to the lowest transition calcu-
lated for a hydrogen molecule about the Cu1 ions. In addi-
tion, as observed in the INS spectra and the GCMC simula-
tions at higher loadings, the Cu3 ions become occupied after
the Cu1 ions despite having a higher barrier to rotation (nor-
mally implying greater binding energy) for the lowest tran-
sition compared to that for sorption about the Cu1 ions.

Note, while it was appropriate to constrain the nitrate ions
to be rigid in their equilibrium positions in rht-MOF-1 for the
simulation conditions considered in this work, this approach
would be inefficient for GCMC simulations of other gases,
such as CO2, CH4, and N2 at higher temperatures (e.g., 298
K) in this MOF. This is because the nitrate ions are mobile
in rht-MOF-1 at higher temperatures and they can migrate
to other regions in the MOF that can affect overall sorption.
This was confirmed by performing MD simulations to inves-
tigate the mobility of the nitrate ions in rht-MOF-1 at higher
temperatures. Note, this phenomenon was demonstrated in
previous modeling studies on rht-MOF-1 as well.40 Thus,
currently, we cannot perform GCMC simulations of CO2,
CH4, and N2 sorption in rht-MOF-1 at ambient tempera-
tures with reasonable accuracy without accounting for the
mobility of the counterions through the inclusion of dynam-
ics or sampling the positions of the counterions thermally.

Though rht-MOF-1 contains two types of open-metal sites
and include extra-framework nitrate ions that contributes
to a large hydrogen uptake capacity, this MOF exhibits a
high surface area and contains pore sizes that are larger
than most other MOFs. Thus, while the hydrogen uptake
in rht-MOF-1 at 77 K and 1.0 atm is remarkably 2.4 wt %,
there are other MOFs that have higher hydrogen uptake un-
der the same conditions,7,94 such as Mg-MOF-74,95 In-soc-
MOF,92 HKUST-1,86 and PCN-12.93 It is noteworthy that
the aforementioned MOFs have lower surface areas and pore
sizes compared to rht-MOF-1. In addition, when comparing
to other members of the rht-MOF platform, rht-MOF-1 con-
tains larger truncated octahedral and truncated tetrahedral
cages relative to other rht-MOFs that display high hydro-
gen uptake. For instance, hydrogen sorption studies in Cu-
TPBTM37 and Cu-TDPAT,21 the two smallest members of
the rht-MOF platform, revealed that these MOFs sorb 2.61
wt % and 2.65 wt % of hydrogen at 77 K and 1.0 atm, re-
spectively. Thus, reducing the pore sizes of the framework
seems to be a promising strategy for increasing hydrogen
sorption in MOFs, as smaller pores would allow the hydro-
gen molecules to interact with more atoms of the framework
simultaneously.

Overall, the results from this study demonstrate the ne-
cessity of incorporating many-body polarization interac-
tions for the simulations of hydrogen sorption in a highly
charged/polar MOF, such as rht-MOF-1. The correct sorp-
tion behavior between the hydrogen molecules and the open-
metal sites cannot be captured if this potential energy term
is not included in the simulations. Further, the combina-
tion of explicit polarization in simulation and quantum rota-
tion calculations assisted in the identification of the binding
sites for hydrogen sorption for the MOF investigated herein.
This study also demonstrates the power of using careful sim-
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ulations in conjunction with complementary experiments to
form a wholisitic picture of MOFs as gas storage/separation
vehicles. Current work is underway to execute similar pro-
cedures in other MOFs. In general, GCMC simulations and
INS studies can provide detailed insights into the mecha-
nism of hydrogen sorption in a variety of MOFs. The results
from these studies can help experimentalists gain new per-
spectives into creating novel MOFs with improved hydrogen
uptake capacity.
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