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ABSTRACT: A combined experimental and theoretical study of Hy sorption was carried out
on two isostructural zeolitic imidazolate frameworks (ZIFs), namely ZIF-68 and ZIF-69. The former
consists of Zn?T ions that are coordinated to two 2-nitroimidazolate and two benzimidazolate linkers
in a tetrahedral fashion, while 5-chlorobenzimidazolate is used in place of benzimidazolate in the
latter compound. Hs sorption measurements showed that the two ZIFs display similar isotherms
and isosteric heats of adsorption (Qs:). The experimental initial Ho Qs+ value for both ZIFs was
determined to be 8.1 kJ mol™!, which is quite high for materials that do not contain exposed
metal centers. Molecular simulations of Hz sorption in ZIF-68 and ZIF-69 confirmed the similar Ho
sorption properties between the two ZIFs, but also suggest that Hs sorption is slightly favored in
ZIF-68. This work also presents inelastic neutron scattering (INS) spectra for Ha sorbed in ZIFs for
the first time. The spectra for ZIF-68 and ZIF-69 shows a broad range of intensities starting from
about 4 meV. The most favorable Hy sorption site in both ZIFs correspond to a confined region
between two adjacent 2-nitroimidazolate linkers. Two-dimensional quantum rotation calculations
for Hs sorbed at this site in ZIF-68 and ZIF-69 produced rotational transitions that are in accord
with the lowest energy peak observed in the INS spectrum for the respective ZIFs. We found that
the primary binding site for Hz in the two ZIF's generates high barriers to rotation for the adsorbed
Ha, which are greater than those in several metal-organic frameworks (MOF's) which possess open-
metal sites. Hs sorption was also observed for both ZIF's in the vicinity of the nitro groups of the 2-
nitroimidazolate linkers. This study highlights the constructive interplay of experiment and theory

to elucidate critical details of the Ha sorption mechanism in these two isostructural ZIF's.

I. INTRODUCTION

Metal-organic frameworks (MOFSs) are an increasingly im-
portant class of crystalline materials that have shown consid-
erable promise for a number of energy related applications,
with one of the most notable applications being the storage of
H,.'"3 MOFs are synthesized by combining metal ions with
organic bridging ligands; the resulting structure is a porous
three-dimensional material which can adsorb a variety of
guest molecules including molecular Hy.* MOFs offer many
promising features and advantages over traditional materials
for Hy storage, such as the ability of adsorbing Hs and releas-
ing it quickly by minor adjustments of thermodynamic con-
ditions. However, one of the principal challenges to the even-
tual use of MOFs as a Hs storage medium is the necessity to
store large amounts of Hy at moderate pressures and ambi-
ent temperatures.! Indeed, the maximum reported uptake
of Hs in numerous extant MOFs is no greater than 1.5 wt
% at room temperature and high pressures (e.g., 100 atm).
The ultimate U.S. Department of Energy (DOE) target for
an on-board hydrogen storage system is 7.5 wt % under such
conditions.? In order to improve room temperature Hy sorp-
tion in MOFs, future research must focus on increasing the
Hs, adsorption enthalpy between the framework and the Hs
molecules.' 2 A H, adsorption enthalpy in the range of 15—

30 kJ mol~! has been estimated to be necessary for adequate
room temperature Hy storage in MOFs.6"

Different MOFs can be synthesized by varying the metal
ion and/or ligand set.®? The combination of various tran-
sition metal ions (e.g., Zn?*, Co?T) with imidazolate-type
ligands have led to the design and synthesis of a subclass
of MOFs called zeolitic imidazolate frameworks (ZIFs).10 18
The metal ion in these materials represents a tetrahedral
node in the structure. Different kinds of imidazolate-type
ligands have been used to construct ZIF's, such imidazolate,
2-methylimidazolate, and benzimidazolate, which can result
in distinct topologies that are similar to those found in in-
organic zeolites. Recent experimental studies have shown
that ZIFs hold great promise for a variety of gas sorption
applications,214716:19-24 and that they exhibit remarkable
chemical and thermal stability because of the presence of sat-
urated metal centers.'?'* This is the reason why ZIFs have
greater relevance for industrial applications in gas sorption
and separation than most other types of MOF's. Apart from
the experimental studies, numerous theoretical studies have
been performed on ZIFs to gain insight into the gas sorption
and separation mechanisms in these materials.2! 34

While most of the recent experimental and theoretical
studies on ZIFs have focused on CO5 sorption and separa-
tion, very few studies of Hy sorption in these materials have



been reported.'2:13:19:27 Park et al. performed what appears
to be the first experimental adsorption measurements of Ho
in ZIFs, where the authors reported isotherms on ZIF-8 and
ZIF-11.'2 They determined a Hy uptake capacity of 12.9 and
13.7 mg g~ ! for ZIF-8 and ZIF-11, respectively, at 77 K and
1.0 atm. ZIF-8 was also found to adsorb 31 mg g~! of Hy
at 77 K and 55 bar. Wu et al. provided the first molecular
level study to gain insights into the ZIF-Hs interaction us-
ing neutron powder diffraction (NPD) for Hy adsorbed in the
prototypical ZIF-8 material.!® The authors found that Hs
molecules primarily bind onto the imidazolate linkers in this
ZIF. These findings were later confirmed by grand canonical
Monte Carlo (GCMC) simulations of Hy sorption in ZIF-8.7

In this work we report a combined experimental and the-
oretical study of Hs adsorption in ZIF-68 and ZIF-69, two
isostructural ZIFs with gme (gmelinite) topology.14. ZIF-68
consists of Zn?* ions coordinated to two 2-nitroimidazolate
and two benzimidazolate ligands in a tetrahedral fashion
(Figure 1(a)). In ZIF-69, the benzimidazolate ligands are re-
placed by 5-chlorobenzimidazolate (Figure 1(b)). The over-
all structures of ZIF-68 and ZIF-69 are depicted in Figures
1(c) and 1(d), respectively. These ZIFs were originally inves-
tigated for their COs sorption properties, where it was found
that ZIF-69 displays higher CO5 uptake and selectivity than
ZIF-68.1416 This finding was later verified through GCMC
simulations of CO4 sorption and separation in the respective
ZIFs.2® The better CO4 sorption properties of ZIF-69 rela-
tive to those of ZIF-68 likely arise from the presence of the
electronegative chlorine atoms in the former, which can in-
teract favorably with the CO5 molecules.

In contrast to the case for CO4, we find that ZIF-68 and
ZIF-69 display similar sorption characteristics for Ho. To
the best of our knowledge, this study reports experimental
H, sorption isotherms and isosteric heats of adsorption (@)
in ZIF-68 and ZIF-69 for the first time. The experimental
Hy adsorption isotherms at 77 and 87 K were found to be
similar for both ZIFs at the respective temperatures. The
Qs values for Hy are also nearly identical between the two
ZIF's for all loadings considered, especially at zero-loading.
The experimental initial Hy Q4 value for both ZIFs was
determined to be 8.1 kJ mol~!, which is higher than that
for a number of existing MOF's, including those that contain
open-metal sites.?

We performed GCMC simulations of Hy adsorption in ZIF-
68 and ZIF-69 to verify the experimental finding that the
two ZIFs display similar Hy sorption properties. Accurate
molecular level predictions on the Hy sorption mechanism
can be made from the simulations if good agreement with ex-
periment is obtained, such as insights into the reason for the
high Hs adsorption enthalpy in both ZIFs. Molecular simu-
lations were also used to identify the favorable Hy sorption
sites in ZIF-68 and ZIF-69. It will be revealed that there is
a sorption site present in both ZIFs that is responsible for
the high experimental initial Hy Q4 values.

We also carried out inelastic neutron scattering (INS)
studies of Hy adsorbed in ZIF-68 and ZIF-69 to obtain molec-
ular level information on the binding sites in the respective
ZIFs. While Wu et al. reported the first and only NPD
study of the locations of Hy sorbed in a ZIF,' this work re-
ports the INS spectra for Hy sorbed in such materials for
the first time to the best of our knowledge. INS is a power-
ful spectroscopic technique that is used to gain insights into
the energetics and rotational barriers for Ho sorbed in var-
ious porous materials, including MOFs.3536 The INS spec-

ZIF-68
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Figure 1. (a) and (b) show the scheme for the assembly of the
tetrahedral node in ZIF-68 (using Zn**, 2-nitroimidazolate, and
benzimidazolate) and ZIF-69 (using Zn®', 2-nitroimidazolate,
and 5-chlorobenzimidazolate), respectively. (c) and (d) show the
orthographic c-axis view of the unit cell of ZIF-68 and ZIF-69,
respectively. Atom colors: C = cyan, H = white, N = blue, O =
red, Cl = green, Zn = silver.

tra for adsorbed Hy usually consist of a number of different
peaks from transitions of the hindered Hy rotor, where each
rotational tunnelling transition corresponds to Hs sorbed at
a specific site in the host. Rotational tunnelling transitions
at lower energies correspond to a higher barrier to rotation,
and therefore, a stronger interaction with the material.

A detailed analysis of the INS spectra is made by way of
quantum dynamics calculations within a given potential en-



ergy surface.?6 Thus, we performed two-dimensional quan-
tum rotation calculations for Hy adsorbed at different sites
that were identified from our simulations in both ZIFs. We
will show that our calculated 7 = 0 to 5 = 1 transition ener-
gies for such sites in ZIF-68 and ZIF-69 correspond to a re-
gion in the INS spectrum of both ZIFs, which are very broad.
The rotational barriers calculated for Hy at the most favor-
able binding site in both ZIFs are higher than those for a
number of extant MOFs, even some that possess open-metal
sites.

II. METHODS
A. Experimental Section

ZIF-68 and ZIF-69 were synthesized and activated accord-
ing to the procedure reported in reference 14. The exper-
imental Hy sorption isotherms for both ZIFs at 77 and 87
K and pressures up to 800 mmHg were measured using the
Autosorb-1 (Quantachrome) volumetric analyzer. The ex-
perimental Hy Q4 values for ZIF-68 and ZIF-69 were de-
termined for a range of loadings by applying the virial
method®”:3® to the corresponding experimental isotherms at
77 and 87 K. The experimental INS spectrum for ZIF-68
and ZIF-69 were collected on the cold neutron time-of-flight
spectrometer NEAT at the reactor of the Berlin Neutron Sci-
ence Center using 1.1 and 0.8 g of the activated sample, re-
spectively. Adsorption of Hy in an amount corresponding to
2 molecules per formula unit was carried out in situ at 77
K from an external gas handling system into the evacuated
sample cell, and the INS spectrum was collected at a tem-
perature of 5 K. The incident wavelength that was chosen in
these measurements was 2.1 A such that the necessary en-
ergy transfer could be reached by neutron energy loss.

B. Theoretical Section

Simulations of Hy adsorption in ZIF-68 and ZIF-69 were
performed by GCMC methods®® in a unit cell of the indi-
vidual ZIFs as shown in Figure 1(c) and 1(d), respectively.
More details are provided in the Supporting Information (see
Grand Canonical Monte Carlo section). The single X-ray
crystallographic structures for the two ZIFs 14 were used
for the parametrizations and simulations in this work. All
ZIF atoms were kept fixed at their crystallographic positions
throughout the simulations.

The global minimum (i.e., the most favorable sorption site)
for Hy in the respective ZIF was determined by simulated
annealing?® within the canonical ensemble (NVT) of a sin-
gle Hy molecule in a unit cell of ZIF-68 and ZIF-69. The
simulations started at an initial temperature of 1,000 K and
this temperature was scaled by a factor of 0.99999 after ev-
ery 1,000 Monte Carlo steps. The simulations continued un-
til the temperature of the system dropped below 2.5 K.

The total potential energy of ZIF-Hy system is given by
the sum of repulsion/dispersion, permanent electrostatic,
and many-body polarization energies. These were calcu-
lated using the Lennard-Jones 12-6 potential, partial charges
with Ewald summation,*"*? and a Thole-Applequist type
model,*3 46 respectively. All atoms of ZIF-68 and ZIF-69
were assigned Lennard-Jones parameters (¢ and o), point
partial charges, and point polarizabilities to model the cor-

responding interactions. Details of obtaining these param-
eters for the ZIF atoms are provided in the Supporting In-
formation (see Repulsion/Dispersion and Polarizability Pa-
rameters, Partial Charges For ZIF-68 and Partial Charges
For ZIF-69 sections). Quantum mechanical dispersion effects
were included semiclassically by way of Feynman-Hibbs cor-
rections to the fourth order?” for simulations at the temper-
atures considered herein (77 and 87 K).

Four different Hy potentials with varying complexities
were considered in this work: the single—site Lennard-Jones
model developed by V. Buch,*® the three-site electrostatic
model developed by Darkrim and Levesque,*® the five-site
electrostatic model developed by Belof et al.,>® and the five—
site polarizable model also developed by Belof et al.’® These
models are denoted Buch, DL, BSS, and BSSP, respectively.
The simulated results are presented for the polarizable po-
tential; however, the simulated Hs sorption isotherms and
Qs¢ values for the other models in both ZIFs are discussed
where appropriate, with data shown in the Supporting In-
formation (Figures S6 and S12).

Two-dimensional quantum rotation calculations were car-
ried out for Hy adsorbed at certain sites in ZIF-68 and ZIF-
69 that were determined from the simulations. This method
involves solving the rigid rotor Hamiltonian for the ZIF-H,
system, with the sorbate molecule positioned at a particu-
lar site in the crystallographic unit cell of the host, to obtain
the rotational energy levels for the perturbed Hs molecule.
More details on the quantum rotation calculations are pro-
vided in the Supporting Information (see Quantum Rotation
Calculations section).

The rotational potential energy surface (PES) for Hy
sorbed at the most favorable site in both ZIFs was calcu-
lated to gain insights into the barrier to rotation that it is
subject to. The total potential energy of the ZIF-Hs system
was calculated as the Hy molecule was rotated at various an-
gles of 6 (0-180°) and ¢ (0-360°), with the center-of-mass of
the sorbate kept fixed to map out the potential energy sur-
face. The barrier to rotation was determined from the dif-
ference between the highest and lowest values on the rota-
tional PES, which is projected onto the surface of a sphere.

III. RESULTS AND DISCUSSION
A. Isotherms and Isosteric Heats of Adsorption

The experimental Hs sorption isotherms in ZIF-68 and
Z1F-69 at 77 and 87 K and pressures up to 800 mmHg are
shown in Figure 2. The Hy uptake capacity for ZIF-68 and
ZIF-69 at 77 K and 1.0 atm was determined to be 13.1 and
12.3 mg g~ !, respectively, whereas such values at 87 K and
1.0 atm were measured to be 8.8 and 8.7 mg g~* for the re-
spective ZIFs. A direct comparison of the experimental Ho
sorption isotherms for the two ZIFs at both temperatures is
shown in the Supporting Information (Figure S5(a)). Over-
all, ZIF-68 and ZIF-69 were found to have similar Hy sorp-
tion isotherms for the considered pressure range at both 77
and 87 K. The relevant Hs adsorption data and experimen-
tal properties for both ZIFs are summarized in Table 1.

Comparisons of the simulated Hy adsorption isotherms for
the four different Hy potentials with the corresponding ex-
perimental measurements in ZIF-68 and ZIF-69 at 77 and 87
K are shown in the Supporting Information (Figures S6(a)—
S6(b) and S12(a)—-S12(b)). Simulations using the polarizable
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Figure 2. Experimental Hy sorption isotherms for ZIF-68 (top)
and ZIF-69 (bottom) at 77 K (blue) and 87 K (red). Adsorption
is shown in closed symbols, while desorption is shown in open
symbols.

BSSP model produced isotherms that are in excellent agree-
ment with experiment to within joint uncertainties in ZIF-
68 for all pressures considered at both temperatures (Figures
S6(a)—-S6(b)). The isotherms generated by the DL model
slightly oversorb relative to the experimental results under
these conditions. The BSS model resulted in uptakes that
are slightly lower than those for the analogous polarizable
model at the state points considered, while those for the
single-site Buch model were the lowest in ZIF-68 at all state
points considered, with isotherms that significantly under-
sorb experiment at both temperatures.

In the case of ZIF-69, the BSSP model generated uptakes
that are slightly lower than experiment starting at 0.20 atm
at both temperatures (Figures S12(a)-S12(b)). Otherwise,
the isotherms obtained using this model are in good agree-
ment with experiment to within joint uncertainties. Simu-
lations using the DL model produced isotherms that essen-
tially match the experimental data across all pressures at 77
and 87 K. We note that while the DL model is widely used
in simulations studies of Hy adsorption in MOFs, it can pro-
duce aberrant results in certain cases.’'®* The same trends
that were observed for the BSS and Buch models in ZIF-68
are also seen for ZIF-69.

Our simulations suggest that the Hy uptake by ZIF-68 is
somewhat higher than that in ZIF-69 at 77 K /1.0 atm and 87
K/1.0 atm regardless of which Hy potential was used; this is
consistent with experimental observation. This could result
from the larger d, and d, values for ZIF-68 (see Table 1),
which may allow for greater accommodation of Ho molecules
at higher pressures. The greater density of ZIF-69, resulting
from the presence of the heavy Cl atoms in the structure,
may also explain why ZIF-69 adsorbs less Hy than ZIF-68
under such conditions.

Even though the uptake of Hy in ZIF-68 is slightly higher

Table 1. Summary of the experimental properties and Hy sorp-
tion data for ZIF-68 and ZIF-69. The Langmuir and BET sur-
face areas for both ZIFs were taken from reference 14 and 17, re-
spectively. d, and d, are defined as the diameter of the largest
sphere that will pass through the pore and fit into the cavities,
respectively.t4

ZIF ZIF-68|ZIF-69
Langmuir Surface Area (m? g™ ') 1220 | 1070

BET Surface Area (m? g™') 1090 | 950
Density (g cm™3) 1.047 | 1.295

do (A) 7.5 | 10.3

dy (A) 44 | 7.8

Ho Uptake at 77 K/0.10 atm (mg g™ )| 4.5 4.9
H, Uptake at 77 K/1.0 atm (mg g~ ') | 13.1 | 12.3
H, Uptake at 87 K/0.10 atm (mg g™ )| 2.2 2.6
H, Uptake at 87 K/1.0 atm (mg g~') | 8.8 8.7

Initial Ho Qs¢ (kJ mol™?) 8.1 8.1

L o+—e Exp. (ZIF-68) il
3 +—e Exp. (ZIF-69)
B Sim. (ZIF-68)
m  Sim. (ZIF-69)

| | | | | |
0 1 2 3 4 5 6

H, Uptake (mmol eh

Figure 3. Isosteric heat of adsorption (Qs:) for Hy in ZIF-68
(red) and ZIF-69 (blue) plotted against Hs uptakes for experi-
ment (circle) and simulation (square). The simulated results were
obtained using the polarizable Hy potential.®®

than that in ZIF-69 at 77 K/1.0 atm and 87 K/1.0 atm ac-
cording to both experiment and simulation, the experimen-
tal data shows that the Ho uptake is somewhat higher for
ZIF-69 in the low pressure region at both temperatures. The
experimental Hy uptake for ZIF-69 at 0.10 atm is 0.4 mg g+
higher than that in ZIF-68 at both temperatures (Table 1).
This is in contrast to what was found in the simulations, as
the Hs uptakes derived from using the BSSP model in ZIF-
68 and ZIF-69 at 77 K and 0.10 atm have the inverse rela-
tionship with values of 4.8 and 4.4 mg g~ !, respectively. This
discrepancy is related to the fact that simulations using this
polarizable potential in ZIF-68 produced an isotherm that
is in outstanding agreement with experiment at 77 K (Fig-
ure S6(a)), whereas in ZIF-69, the model slightly undersorbs
relative to experiment for nearly all pressures considered at
this temperature (Figure S12(a)). The latter result could
be a consequence of the force field parameters that were de-
rived for ZIF-69. Nevertheless, we believe that our model
does a reasonable job of predicting the Hy sorption proper-
ties in both ZIF's.

The Qs for Hy in ZIF-68 and ZIF-69 as derived by apply-
ing the virial method3”3® to the corresponding experimental



H, sorption isotherms at 77 and 87 K are shown in Figure
3. The initial experimental Q)4 value for both ZIFs was de-
termined to be 8.1 kJ mol~!, which is greater than those for
some MOFSs that contain exposed metal centers,® as for ex-
ample HKUST-1 (6.0-7.0 kJ mol=1).55760 ¢ can be observed
that both ZIFs display very similar Hy Q4 values across the
considered loading range. The fact that both ZIF-68 and
ZIF-69 exhibit essentially the same zero-coverage Q¢ value
suggests that the most favorable Hs binding site in both ZIF's
are identical; this conclusion was validated by our molecular
simulations described below (see section IIIC).

The Hy Qg values in ZIF-68 and ZIF-69 as obtained from
simulations using the polarizable Hy potential are also shown
in Figure 3. For both ZIFs, the theoretical Qs values are
in excellent agreement with the corresponding experimental
quantities at all loadings considered, especially at low load-
ings. The initial Qg values were calculated to be 8.0 and 7.8
kJ mol~! for ZIF-68 and ZIF-69, respectively. In essence, the
simulations were able to reproduce the same general shape
of the experimental Q4 plots, and were found to be similar
for both ZIFs over the considered loading range, which is in
agreement with experiment.

The Qg values obtained from simulations using the other
three Ho potentials in ZIF-68 and ZIF-69 are shown in the
Supporting Information (Figures S6(c) and S12(c)). The DL
model produced Q4 values that are close to experiment at
low loadings in ZIF-68 (Figure S6(c)), but overestimates Qg
at higher loadings. However, in ZIF-69, the DL model Q4
underestimates experiment at low loadings, but gives slightly
greater values than experiment at higher loadings (Figure
S12(c)). The BSS model generated Q,; values that underes-
timate experiment at low loadings but are in close agreement
with the experimental Qs plot at higher loadings for both
ZIFs. Simulations using the Buch potential produced Q4
values that are notably lower than those derived from exper-
iment for all loadings considered in both ZIFs. However, the
initial Hy Q) values for the Buch model in ZIF-68 and ZIF-
69 are about 6.4 and 6.3 kJ mol~!, respectively. The high
magnitude of these values suggests that a large portion of
H> adsorbing at the primary binding site in both ZIF's may
be attributed to repulsion/dispersion interactions. Never-
theless, the inclusion of explicit polarization interactions as
observed in the Qg4 for the BSSP potential, was necessary to
reproduce the experimental initial Q4 values for both ZIF-
68 and ZIF-69 by our classical GCMC simulations.

B. Inelastic Neutron Scattering Spectra

The INS spectra for Hy sorbed in ZIF-68 and ZIF-69 at
a loading of 2 Hy molecules per formula unit exhibit a wide
range of broad features starting at approximately 4 meV
(Figure 4). One such band could be observed from about
4-7.5 meV in the INS spectrum for both ZIFs. We may
attribute this excitation to Hy located at the strongest ad-
sorption sites in these materials since it is the lowest en-
ergy peak in the spectrum, i.e. has the lowest tunneling fre-
quency, and hence displays the largest barrier to rotation.
The range of energy transfer values for these rotational tun-
nelling transitions is lower than those of the lowest energy
peaks observed in the INS spectra for most MOFs that con-
tain [Cua(O2CR)4] clusters.52 64 This suggests that there is
a Hy sorption site present in ZIF-68 and ZIF-69 with a higher

Intensity (arb. units)

5 10 15
Energy Transfer (meV)

Figure 4. Inelastic neutron scattering (INS) spectra for Hs in
ZIF-68 (green) and ZIF-69 (brown) at a loading of 2 Hy molecules
per formula unit. The difference spectrum between ZIF-68 and
ZIF-69 is shown in blue.

barrier to rotation than that at the exposed Cu?* ions in
MOFs that contain copper paddlewheels.

The similarity of the INS spectra for both ZIFs is indi-
cated by the difference spectrum shown in Figure 4. While
broad INS spectra have been observed for Hs sorbed in
certain materials,%47% such materials are known to contain
extra-framework counterions. Since the framework of ZIF-
68 and ZIF-69 is not charged, the broad features of the INS
spectrum for these ZIFs represent an unexpected finding.
Nonetheless, the widths of the features in INS spectrum for
ZIF-68 and ZIF-69 could suggest that there is a distribution
of Hs molecule positions and orientations about each unique
sorption site in the respective ZIFs.6570

C. H; Sorption Sites

Our molecular simulations have provided insights in the
binding sites for He in ZIF-68 and ZIF-69. Figure 5 shows a
distribution of the sites occupied by Hy in ZIF-68 as deter-
mine from the simulations. Note, a very similar distribution
of sites was observed for Hy sorption in ZIF-69 (see Support-
ing Information, Figure S13). While the results for the po-
larizable Hy potential are shown here, we note that the other
three Hy models were able to capture the same distribution
of adsorption sites in simulation. Three distinct Ho binding
sites were found in the simulations in both ZIFs as shown in
Figure 5.

The most energetically favorable binding site in both ZIF's
(orange colored occupancy in Figure 5), denoted as site 1 in
this work, corresponds to Hy located within a confined re-
gion between two adjacent 2-nitroimidazolate linkers. Specif-
ically, the Hy molecule is sorbed between the imidazolate
groups of these linkers. Close-up views of this binding site
in ZIF-68 as obtained from the Monte Carlo adsorption his-
tory are shown in Figure 6. Identical views for the analo-
gous site in ZIF-69 are shown in the Supporting Information
(Figure S14). It can be observed that each H atom of the ad-
sorbate molecule interacts favorably with the aromatic ring
of the 2-nitroimidazolate linkers, particularly with the neg-
atively charged N atoms of the imidazolate groups. The H-
N distances were determined to be 3.05, 3.05, 3.13, and 3.15



(b)

Figure 5. (a) The c-axis view and (b) the view of the 45° an-
gle between the @ and b axes of the unit cell of ZIF-68 showing
the sites of Hy occupancy. Both views are orthographic projec-
tions. Orange colored occupancy corresponds to site 1, green col-
ored corresponds to site 2, and magenta colored occupancy cor-
responds to site 3. The sorption sites in ZIF-69 are very simi-
lar (see Supporting Information, Figure S13). Atom colors: C =
cyan, H = white, N = blue, O = red, Zn = silver.

A for the most optimized position of the Hy molecule about
this site in ZIF-68 (Figure S8(c)), which was obtained by
a simulated annealing Monte Carlo process. The analogous
distances in ZIF-69 were found to be 3.22, 3.30, 3.25, and
3.29 A (Figure S14(c)). From a quantum mechanical point
of view, we may suggest that a favorable interaction exists
between the 1s orbitals of the H atoms and the 2p orbitals
of the aromatic rings.

The adsorption of Hs between two neighboring 2-
nitroimidazolate linkers in ZIF-68 and ZIF-69 corresponds
to the experimental zero-loading value of Q4 for both ZIF's.
This finding was confirmed by canonical Monte Carlo (CMC)
simulation studies for a single BSSP Hy molecule within the
individual ZIF. The nature of this binding site also explains
why the experimental initial Q4 values in both ZIFs are
similar to each other. It would appear that the presence of
the electronegative Cl atom in ZIF-69 does not play much
of a role for Hy adsorption. This finding is in stark con-
trast to what was observed for adsorption of COs in these

Figure 6. Molecular illustration of an adsorbed Hs2 molecule
about the primary binding site in ZIF-68 as determined by simu-
lated annealing: (a) side view; (b) up view. The sorbate molecule
is shown in orange. The primary adsorption site is the region be-
tween two imidazolate groups of neighboring 2-nitroimidazolate
linkers. A similar primary adsorption site was observed in ZIF-
69 (see Supporting Information, Figure S14). Atom colors: C =
cyan, H = white, N = blue, O = red, Zn = silver.

Z1F's, where it was demonstrated that ZIF-69 has greater
CO, uptake and selectivity than ZIF-68.142® Finally, we note
that the primary adsorption site identified for the two ZIFs
from our simulations is similar to the preferential Ho bind-
ing site observed in ZIF-8 by NPD studies, which found that
the Hy molecules adsorb onto the imidazolate linkers in the
material. !9

The energetic terms for He adsorbed at site 1 in ZIF-68
and ZIF-69 for simulations using the polarizable Hy model
can be decomposed to show that repulsion/disperion inter-
actions contribute to roughly 81% and 82% of the total en-
ergy, respectively, for binding at this site (Table 2). The con-
stricted region between the two 2-nitroimidazolate linkers is
therefore dominated by van der Waals interactions, and this
allows the Hs molecule to interact with multiple atoms of the
nearby linkers through conformal repulsion/dispersion ener-
getics. This result could explain why the single-site Buch
model produced sufficiently high initial Qs values in simula-
tions within the respective ZIFs even though such values no-
tably underestimate the corresponding experimental quanti-
ties (Figure S6(c) and S12(c)).

Permanent electrostatic interactions contribute to nearly
9% and 3% of the total energy for Hy sorbing at site 1 in



Table 2. The averaged contribution of the energy components
from canonical Monte Carlo (CMC) simulations of a single Ho
molecule adsorbed at site 1 in ZIF-68 and ZIF-69 using the polar-
izable Ha potential. The percentage of the total energy and the
absolute magnitude (in K) of the energy components are listed.
Urd, Ues, and Upe represent the repulsion/dispersion, stationary
electrostatic, and many-body polarization energy, respectively.

U Contribution | ZIF-68 | ZIF-69
Ura (%) 81.3 82.0
Ues (%) 8.5 2.9
Upot (%) 102 | 15.1
Ura (K) -783.36|-800.17
Ues (K) | -82.18 | -28.48
Upot (K) | -98.27 |-147.71

ZIF-68 and ZIF-69, respectively, which is the smallest con-
tribution of the energetic terms in both ZIFs (Table 2).
When comparing the Q4 values that were generated using
the BSS model to those obtained using the Buch model in
both ZIFs, it can be observed that the inclusion of station-
ary electrostatic interactions increases the initial Q4 value
in the two ZIFs only slightly, as this was insufficient for re-
producing the experimental zero-coverage Qg values (Fig-
ures S6(c) and S12(c)). The polarization energy, however,
represents approximately 10% and 15% of the total energy
for Hy sorbing at site 1 in the respective ZIFs. The inclu-
sion of this interaction was necessary to obtain initial Q4
values in agreement with experiment for both ZIFs. A com-
parison of the Q) values obtained from simulation using the
BSSP and BSS models in both ZIFs reveals that the initial
Q¢ values increase from 6.9 to 8.0 kJ mol~! in ZIF-68 (Fig-
ure S6(c)) and from 6.4 to 7.8 kJ mol~! in ZIF-69 (Figure
S12(c)) when polarization was included.

The next most favorable Hy binding sites in ZIF-68 and
ZIF-69 (green colored occupancy in Figure 5) are near the ni-
tro groups of the 2-nitroimidazolate linkers that project into
the hexagonal channels of the structures. A large distribu-
tion of positions was found for this site. Molecular illustra-
tions for Hs sorbed at this site (denoted site 2) in both ZIFs
are shown in the Supporting Information (Figures S9 and
S15). The Hy molecule binds to only one side of the nitro
group, where a favorable interaction exists between the pos-
itively charged H atom and the negatively charged O atom.
The Hs molecule at this site can also interact with the nearby
imidazolate group of a 2-nitroimidazolate linker, which re-
sults in a favorable interaction with the framework.

The tertiary binding sites for the Hy molecules in ZIF-68
and ZIF-69 are indicated by magenta colored occupancy in
Figure 5. Close-up views of this binding site in both ZIFs
are provided in the Supporting Information (Figure S10 and
S16). This site (denoted site 3) also involves binding of Hy
onto the nitro groups of the 2-nitroimidazolate linkers, but
unlike site 2, the Hy molecule interacts with both oxygen
atoms of the nitro groups for this site. As a result, the Hs
molecule is now farther away from the proximal imidazolate
group of a 2-nitroimidazolate linker. This configuration of
the Hs molecule about the nitro groups is therefore less fa-
vorable compared to that for site 2, as suggested by the ener-
gies obtained from CMC simulation and the two-dimensional
quantum rotational levels for Hy adsorbed at the respective
sites described below.
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Figure 7. Two-dimensional rotational potential energy surface
projected onto a sphere for a Ha molecule sorbed about site 1 in
ZIF-68 as shown in Figure 6. Relative energies are given in meV.
The rotational barrier was calculated to be 43.35 meV.

D. Rotational Dynamics

Two-dimensional quantum rotational levels for H, ad-
sorbed at the three binding sites sites in ZIF-68 and ZIF-
69 are given in the Supporting Information (Tables S8 and
S9). This type of calculation was previously used to pre-
dict the rotational transitions for Hy sorbed in various
MOFs.52:53,69.71=78 Here the results are discussed for calcu-
lations using the polarizable Hy potential. For Hs sorbed at
site 1 in ZIF-68, a rotational energy level of 6.95 meV was
calculated for the transition between j = 0 and the lowest j =
1 sublevel (Table S8). This calculated transition falls within
the range of energies that is associated with the peak from
4-7.5 meV in the INS spectrum for the ZIF (Figure 4). We
therefore predict that this peak in the INS spectrum for ZIF-
68 corresponds to the sorption of Hy at site 1 in the material.
Further, we emphasize that the calculated transition is lower
(and hence the higher rotational barrier) than the energy
transfer values for the lowest energy peaks observed in the
INS spectra for several MOF's that possess open-metal sites,
including Co-MOF-747° and Zn-MOF-74,%380 and those that
contain copper paddlewheel clusters.6164

The rotational PES for Hy adsorbed at site 1 in ZIF-68
is displayed in Figure 7, where the reorientation of the Hs
molecule by 180° between the minima (shown in violet) over
the barriers in between can be observed. The rotational
barrier, which corresponds to the maximum on the PES, was
determined to be 43.35 meV (or about 1 kcal mol™!), which
is quite high for a material that does not contain open-metal
sites. It is therefore evident that the compact region between
the two adjacent 2-nitroimidazolate linkers gives rise to a
large degree of hindrance to the reorientation of the adsorbed
Hs molecule. In fact, this value for the rotational barrier is
greater than those for a number of MOF's that possess open-
metal sites based on a literature survey of previous INS and
quantum dynamics studies of Hy sorbed in such materials.”™

For H, adsorbed at the same site in ZIF-69, however, an
energy of 8.24 meV was calculated for the j = 0to j =1
transition, which is 1.29 meV higher than that in ZIF-68
(Table S9). It appears that the energetics for Ho bound at
site 1 in ZIF-68 is greater than that for the analogous site
in ZIF-69, which in turn is qualitatively consistent with the
fact that the theoretical initial Q4 values for the two ZIF's
is higher for ZIF-68 relative to ZIF-69 (8.0 vs. 7.8 kJ mol~!;
Figure 3). This could be due to the fact that the region be-
tween the two neighboring 2-nitroimidazolate linkers in ZIF-
69 is less optimal for the Hy molecules than in the case of



ZIF-68. We note that the distance between two analogous
imidazolate N atoms of the nearby 2-nitroimidazolate linkers
in this region is 5.95 and 6.24 A for ZIF-68 and ZIF-69, re-
spectively. It seems that the presence of the Cl atom on the
5-chlorobenzimidazolate linker, which results in a long C—Cl
bond, causes the two 2-nitroimidazolate linkers encompass-
ing site 1 to be farther apart in ZIF-69. At the minimum en-
ergy positions for Hs sorbed at site 1 in both ZIFs, the H-N
distances are slightly longer in ZIF-69, which implies some-
what weaker interactions (Figures S8(c) and S14(c)).

Although the calculated transition of 8.24 meV for Hs
sorbed at site 1 in ZIF-69 falls outside the range of ener-
gies for the lowest energy peak in the observed INS spec-
trum (ca. 4-7.5 meV), the region between the two neighbor-
ing 2-nitroimidazolate linkers still represents the most favor-
able sorption site for the Hy molecules in this ZIF as deter-
mined from GCMC simulations. Thus, the peak from 4-7.5
meV in the INS spectrum for ZIF-69 should correspond to
Hs sorbed at site 1 in this material. The higher than ex-
pected calculated value of the j = 0 to j = 1 transition for
Hs sorbed at site 1 in ZIF-69 could result from the theoret-
ical potential energy surface for the adsorbent or the lack of
coupling to translational motion, which has shown to be im-
portant in certain cases.”t We emphasize again that the re-
gion between the two adjacent 2-nitroimidazolate linkers in
ZIF-69 imposes a high barrier to rotation on the Hy molecule
as in ZIF-68. A rotational barrier of 39.38 meV was calcu-
lated for Hy sorbed at site 1 in ZIF-69 (Figure S17), which
is also greater than those for many MOFs according to pre-
vious INS studies.”

For H, adsorbed at sites 2 and 3 in ZIF-68, the energies of
the lowest j = 0 to j = 1 transition were calculated to be 8.61
and 8.74 meV, respectively (Table S8). These transitions are
based on the most favorable location of the Hy molecule for
the respective sites based on CMC simulations. Higher tran-
sition energies calculated for Hy adsorbed at these sites rela-
tive to site 1 indicate that the interaction with Hs is in fact
weaker. In addition, since a higher rotational transition was
calculated for site 3, this implies that sorption at site 3 is
less favorable than at site 2. The broad intensity observed in
the range 7.5-10 meV in the INS spectrum should therefore
represent Hs binding at these sites in ZIF-68, as the calcu-
lated values for the j = 0 to 7 = 1 transition for both sites
fall within this range of energies. We note that different po-
sitions and angular orientations can be observed for Hy ad-
sorbing at these sites, which may give rise to slightly differ-
ent barriers to rotation. This could explain why this peak
appears rather broad in the INS spectrum for both ZIFs.6%:70
The corresponding transitions for the analogous sites in ZIF-
69 were calculated to be 11.66 and 13.38 meV, respectively
(Table S9). These transitions are notably higher than those
for the same sites in ZIF-68, which may be attributed to
some inadequacies in the the nature of the PES.

IV. CONCLUSION

We presented a joint experimental and theoretical study
of the adsorption of Hy in ZIF-68 and ZIF-69. This study
includes for the first time the experimental Hs adsorption
properties in both ZIFs as well as the corresponding INS
spectra for Hy adsorbed in these materials. The experimen-
tal Hy adsorption isotherms at 77 and 87 K and Q4 val-
ues in ZIF-68 and ZIF-69 were found to be very similar to

each other. The initial Q4 value in both ZIFs was deter-
mined to be 8.1 kJ mol~!, which is comparable to those for
MOFs that contain open-metal sites.> GCMC simulations of
H, adsorption in ZIF-68 and ZIF-69 confirmed the similar-
ity of the Hy sorption properties for the two ZIF's, with the
results from the simulations in excellent agreement with ex-
periment when using a polarizable force field.

It was discovered through the simulations that the most
favorable Hs sorption site in both ZIFs corresponds to a
confined region between two neighboring 2-nitroimidazolate
linkers. In this area in both ZIFs, the Hy molecule can in-
teract favorably with the surrounding imidazolate groups of
the linkers. The presence of this site in both ZIFs explains
why the two ZIFs have essentially the same zero-loading Ho
Qs value despite the fact that one of the ZIFs contain an
enhanced functionality through the Cl atom. Our simula-
tions do suggest that Hy sorption is somewhat preferential
in ZIF-68, however, which is most likely due to the fact that
the region between the two adjacent 2-nitroimidazolate link-
ers is more constricted in ZIF-68, and thereby allows for
greater interactions with the Hy molecules. The presence of
the Cl atoms in ZIF-69 appears to have a negligible effect
on Hy sorption affinity and capacity, which is in stark con-
trast to what was observed in the case of CO5 adsorption
and separation.*28

The adsorption of Hy at the most favorable binding site
in ZIF-68 and ZIF-69 was shown from our simulations to be
dominated by van der Waals interactions. However, the ad-
dition of stationary electrostatic and many-body polariza-
tion interactions was necessary to reproduce the experimen-
tal values for the initial Q4 value in both ZIFs by our clas-
sical GCMC simulation. This demonstrates the importance
of using sophisticated modeling techniques to accurately de-
scribe the energetics of Hy sorption in ZIFs and related ma-
terials. Further, the region between the two neighboring 2-
nitroimidazolate linkers was shown to give rise to a high bar-
rier to rotation for the Hy molecules in ZIF-68 and ZIF-69.
Calculated rotational barriers for Hy at these sites in both
ZIFs are greater than those for numerous extant MOFs, even
those that possess open-metal sites.”

The INS spectra for Hy adsorbed in ZIFs are also reported
for the first time in this work. The INS spectra for Hs in
ZIF-68 and ZIF-69 show unusually broad bands, which could
be due to the fact that there is a distribution of Hy molecule
positions and angular orientations associated with each of
the identified sites. Two-dimensional quantum rotation cal-
culations about the binding sites in both ZIFs resulted in j
= 0 to j = 1 transitions that are within a specific range of
energies that are observed in the INS spectrum for the re-
spective ZIFs.

The primary Hy sorption site identified for ZIF-68 and
ZIF-69 in this work suggests that tuning the organic linker
can play a role for increasing the Hy adsorption enthalpy in
MOF's and related porous materials through confinement ef-
fects. It had been shown that functionalization of the ligand
in MOF's can result in higher H, uptake and Q,; values,?®8!
although such an effect was not observed here when compar-
ing the Hy sorption properties for ZIF-68 and ZIF-69. The
geometry of the organic ligand used to construct a MOF can
also affect the topology of the assembled structure, which in
turn could result in the formation of exclusive binding sites
in the material. ZIF-68 and ZIF-69 are materials that ex-
hibit a rare gme topology as a result of being synthesized
using 2-nitroimidazolate and benzimidazolate-type ligands.



The structure of these ZIFs consists of a unique arrangement
of the linkers that gives rise to the primary Hs sorption site
in both ZIFs.

ZIFs are materials that exhibit exceptional chemical and
thermal stability due to the presence of saturated metal
centers.'>!* Unlike MOFs that contain open-metal sites,
ZIFs have been shown to display stability after exposure to
moisture since the tetrahedral metal nodes cannot coordi-
nate to water molecules. As a result, the pores of ZIFs are
more hydrophobic than those for MOFs that contain open-
metal sites. As observed in this work, ZIFs can consist of a
Hs sorption site that is comparable in energetics to an open-
metal site. Thus, ZIFs have promising potential for appli-
cations in Hy storage since they can display high Hy up-
take and exhibit remarkable stability. It appears that Hs
sorption in ZIFs is mostly governed by binding onto the
imidazolate-type ligands. Such an interaction is strong if the
Hs molecules can interact with multiple imidazolate groups
in a constricted region simulatenously, similar to what was
observed for the primary Hs binding site for ZIF-68 and ZIF-
69 in this work. One may expect that the inclusion of coun-
terions in ZIFs in some fashion would result in an increase
in the Hs adsorption enthalpy.
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