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Flexible metal-organic frameworks offer a route towards high useable hydrogen storage capacities with
minimal swings in pressure and temperature via step-shaped adsorption and desorption profiles. Yet, the
understanding of hydrogen-induced flexibility in candidate storage materials remains incomplete. Here,
we investigate the hydrogen storage properties of a quintessential flexible metal-organic framework,
ZIF-7. We use high-pressure isothermal hydrogen adsorption measurements to identify the pressure—
temperature conditions of the hydrogen-induced structural transition in ZIF-7. The material displays
narrow hysteresis and has a shallow adsorption slope between 100 K and 125 K. To gain mechanistic
insight into the cause of the phase transition correlating with stepped adsorption and desorption, we
conduct powder neutron diffraction measurements of the D, gas-dosed structures at conditions across
the phase change. Rietveld refinements of the powder neutron diffraction patterns yield the structures of
activated ZIF-7 and of the gas-dosed material in the dense and open phases. The structure of the
activated phase of ZIF-7 is corroborated by the structure of the activated phase of the Cd congener,
CdIF-13, which we report here for the first time based on single crystal X-ray diffraction measurements.
Subsequent Rietveld refinements of the powder patterns for the gas-dosed structure reveal that the
primary D, adsorption sites in the dense phase form D,—arene interactions between adjacent ligands in
a sandwich-like adsorption motif. These sites are prevalent in both the dense and the open structure for

ZIF-7, and we hypothesize that they play an important role in templating the structure of the open
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Accepted 12th November 2021 phase. We discuss the implications of our findings for future approaches to rationally tune step-shaped

adsorption in ZIF-7, its congeners, and flexible porous adsorbents in general. Lastly, important to the
DOI-10.1039/d1sc04618g application of flexible frameworks, we show that pelletization of ZIF-7 produces minimal variation in

rsc.li/chemical-science performance.

Introduction

Hydrogen is emerging as a globally viable renewable fuel
source. However, the widespread adaptation of hydrogen as
a fuel is hindered by the intensive and expensive conditions
required for transport, storage, and delivery. These processes
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currently rely on compression (700 bar) or liquification (20 K) to
achieve appreciable volumetric energy capacities." One alter-
native method for storage is the use of porous adsorbates.
Among porous adsorbates, metal-organic frameworks (MOFs)
stand out as extremely promising for hydrogen storage appli-
cations.”® MOFs are porous crystalline materials composed of
polytopic organic linkers bridging inorganic nodes. Some MOFs
display framework flexibility.” These are known as soft porous
crystals, or flexible MOFs." Flexible MOFs undergo
temperature-influenced pressure-induced reversible phase
transitions between an activated, dense phase with reduced
accessible porosity and a gas-dosed, open phase with greater
accessible porosity."*** This behavior may manifest as a “step”
in gas adsorption at the phase transition pressure (Fig. 1, blue
curve).'*”

For storage and delivery applications, the stepped nature of
both adsorption and desorption in some flexible materials
presents key advantages over rigid materials with type I sorption
(Fig. 1, red curve). First, the delivery of gas adsorbed across the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 An idealized gas adsorption isotherm plot showing the differ-
ence between a type | isotherm (red trace) and a type V isotherm (blue
trace). Type V isotherms promote larger usable capacities (blue arrow)
versus type | isotherms (red arrow) over the same pressure interval in
a pressure swing process, as indicated by P,4s and Pges in the figure.

step can be achieved with small changes in pressure or
temperature, accessing enhanced useable capacities with
minimal energetic input (Fig. 1). Second, framework flexibility
obviates the need for precise tailoring of isosteric heats of
adsorption via synthetic tuning of the gas adsorption sites
needed to optimize the usable capacity for a material with type I
sorption.'”® Third, flexible MOFs can leverage the thermody-
namics of the pressure-induced phase change to assist with
thermal management during exothermic adsorption and
endothermic desorption."®>* Lastly, the pressure-temperature
conditions at which the adsorption and desorption step occurs
is synthetically tunable, presenting a path for minimizing
energy consumption during pressure and temperature swing
processes for a given application.”*** However, the precise
synthetic handles which can be used to rationally tune the step
pressure are not yet fully understood, precluding informed
adaptation of known flexible frameworks for storage applica-
tions. This is of particular importance as the discovery of flex-
ible MOFs remains serendipitous. As such, in situ structural
studies are needed to help clarify the mechanisms of hydrogen-
induced phase changes in flexible MOFs.

The tunability of the step conditions in flexible MOFs has
been investigated in several systems, including MIL-53 and its
derivatives, Co(1,4-benzenedipyrazolate) (Co(bdp)), DUT-49,*
and in zeolitic imidazolate frameworks (ZIFs) for a variety of
gasses. Among these, the best understood flexible MOF may be
MIL-53(M) and its derivatives (M = AI**, Cr**, Fe**).**” The
breathing modes in MIL-53 have been thoroughly investigated,
and the ‘accordion’ type mechanism for framework flexibility
has been shown to depend on the identities of the metal
centers,”® substituents on the ligands,* and the adsorbate
species.**>* However, our understanding of the mechanism
underlying flexibility remains incomplete, especially when the
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guest molecule is H, or D,.**?*® Moreover, there are only
a handful of examples of materials which display stepped
hydrogen adsorption and desorption in the pressure regime
relevant for storage applications-yet these operate at 87 K or
colder.?**”"*' The most notable of these is Co(bdp),>>***® which
also flexes following an ‘accordion’ type mechanism. Co(bdp)
displays stepped hydrogen adsorption at cryogenic tempera-
tures with large hysteresis.*® Indeed, no existing flexible
framework is ideally suited for hydrogen storage and delivery
applications at application-relevant temperature—pressure
conditions. Therefore, an enhanced understanding of the
structural causes of hydrogen-induced phase changes is needed
to enable rational synthetic tuning of the pressure and
temperature step conditions in candidate storage
materials.®*7*®

To enhance our structural understanding of hydrogen-
induced phase changes in porous frameworks we turned to
another archetypal flexible material, ZIF-7
(zn(benzimidazolate),, SOD, ZnC;4H;0N,), in which ditopic
benzimidazolate linkers bridge tetrahedrally coordinated Zn(u)
sites.”>*>*° The water-solvated phase of ZIF-7 crystallizes in the
trigonal R3 space group (Fig. 2).*>°* The high symmetry water-
solvated phase contains three unique rings (Fig. 2b-d), which
connect to form a sodalite-like topology (Fig. 2a). Upon activa-
tion (i.e. solvent removal) the framework undergoes a structural
transition to a presumed dense phase, as evidenced by powder
X-ray diffraction (PXRD) studies.>** Subsequent gas dosing of
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Fig. 2 Portions of the water-solvated structure in the R3 space group,
adapted from ref. 49, are shown here. (a) The 4- and 6-membered
rings comprising the skeleton of the material connect to form
a sodalite-like topology. The distinct rings in the structure are identi-
fied with colored polygons. (b) The first 6-membered ring is denoted
by the blue hexagon. (c) The second 6-membered ring is denoted by
the red hexagon. (d) The 4-membered ring is denoted by the purple
rectangle. Teal, blue, and gray spheres depict Zn, N, and C atoms,
respectively, while H atoms are omitted for clarity.
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the activated phase reverts the framework to a higher symmetry,
more porous structure, with step-shaped adsorption-desorp-
tion reported for CO,, CH, and C,-C; olefins and paraf-
fins.***>% The observed phase change is hypothesized to occur
through a complex combination of distortions of the coordi-
nation skeleton (Fig. 2a) and ligand rotations about the Zn-N- -
N-Zn axes, producing a pore-gating mechanism with a relatively
small change in volume.

While ZIF-7 is known to be flexible,***>**%” stepped adsorp-
tion-desorption of hydrogen has not been observed, possibly
due to the expected combination of high pressures and low
temperatures needed to induce the phase change.*® Theoretical
calculations predict relatively strong adsorption of hydrogen in
ZIF-7 (ca. —10 kJ mol™") for multiple calculated adsorption
sites,” although these calculations only investigate adsorption
in the high-symmetry open phase and do not shed light on
possible adsorption sites in the dense phase or on the phase
change itself. This is largely because there are open questions
surrounding the structure of the activated phase, which has
been reported to possess a lower density than the water-
solvated, open phase in the sodalite-like topology.*®** This
counterintuitive change in density contrasts with theoretical
predictions, suggesting that the reported structure may be
incorrect.>*>* A consequence of this possibly incorrect struc-
ture in the literature is that subsequent studies based on this
structure may also lead to erroneous conclusions. As such,
corroborating the existent activated structure—or correctly
structurally characterizing the activated phase—and identifying
the adsorption sites in the dense and open phases of ZIF-7 are
critical for understanding the mechanism driving hydrogen-
induced phase changes in this flexible MOF.

Here, we report the step-shaped adsorption and minimally
hysteretic desorption of hydrogen in ZIF-7 using high pressure
gas adsorption isothermal measurements conducted on phase-
pure polycrystalline powder samples of ZIF-7 synthesized
following established procedures? (see ESIT). To the best of our
knowledge, these measurements represent the first observation
of step-shaped hydrogen adsorption-desorption in a flexible
porous adsorbate above 87 K at operationally-relevant pres-
sures. We then employ powder neutron diffraction (PND)
measurements to investigate the structure of gas-dosed ZIF-7
across the phase transition. To investigate the structure of the
activated phase of ZIF-7, we determined the crystal structure of
the Cd congener of ZIF-7, CdIF-13, based on single crystal X-ray
diffraction (SCXRD) measurements. The unit cell parameters
found from the single crystal analysis of this material enabled
successful Pawley fitting of the PND pattern for the activated
phase of ZIF-7. Subsequent Rietveld refinements of the PND
pattern yielded the crystal structure of activated ZIF-7. We show
that the updated structural model of activated ZIF-7 is distinct
from the existing model in the literature, and in doing so we
resolve the apparent discrepancy in the densities of the acti-
vated and solvated phases. Using the sorption measurements as
a guide, we then traverse the pressure-temperature conditions
of the phase transition by conducting isobaric, variable-
temperature PND measurements at =30 bar D, between =77
K and =200 K. Based on Rietveld refinements of these patterns,
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we identify the adsorption sites before and after the phase
change. By combining isothermal gas adsorption measure-
ments, which provide a macroscopic understanding of the
phase change, with the crystallographic probe of PND
measurements, we thoroughly characterize the structural phase
transition in ZIF-7 that occurs in response to increasing
hydrogen pressure. The structural insights gained from our
measurements help clarify the mechanism for structural flexi-
bility in ZIF-7, which can be extended to give general insight
into framework flexibility in MOFs.

Results and discussion
Hydrogen adsorption measurements

We conducted gas adsorption-desorption isothermal
measurements to identify the precise pressure-temperature
conditions at which hydrogen induces a phase change in ZIF-7.
Isothermal measurements collected between 77 K to 303 K are
provided in Fig. 3 and S2 in the ESI} document. A step, or
change in slope, in the isothermal adsorption and desorption at
100 K, 110 K, and 125 K is readily observable below 105 bar,
indicating a pressure-induced phase change to a phase with
more accessible porosity during adsorption and less accessible
porosity during desorption. The closed hysteresis loop near the
onset of the adsorption step provides evidence for complete
reversibility. At higher temperatures, 150-303 K, no step is
observed below the accessible upper pressure limit, indicating
that a phase change has not occurred under these specific
pressure-temperature conditions, following the trend of
increasing step pressure threshold with increasing temperature
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Fig. 3 Isothermal hydrogen adsorption—desorption data up to 105 bar
for ZIF-7 show stepped adsorption and desorption with minimal
hysteresis between 100 K and 125 K. Closed and open symbols
represent data collected upon adsorption and desorption, respec-
tively. The vertical dashed line at 30 bar is a guide for the eye denoting
the target pressure used in the PND measurements. Gold diamond
symbols mark the approximate conditions at which PND patterns were
collected. Circled numbers to the right of the temperatures corre-
spond to the structure numbering used in Fig. 3-5, and throughout the
text.
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observed between 100 K and 125 K. At 77 K, the pressure
threshold for the onset of the phase change occurs below 3 bar,
precluding observation of the pre-step regime in the dense, low
porosity phase at this temperature.

A single-site Freundlich-Langmuir model was used to fit the
data at 100 K, 110 K, and 125 K for both the low-pressure and
high-pressure phases. A discretized version of the Clausius—
Clapeyron equation (eqn (S2)t) was then used to extract the
isoexcess enthalpies of adsorption, —AH,qs, for H, in ZIF-7. The
fits are shown in Fig. S3-S51 and the fit parameters are tabu-
lated in Table S1.7 In the pre-step regime, —AH,qs = 8 k] mol™*
at a loading concentration of 0.5 mmol g7, in good agreement
with the previous theoretical calculations.®® In the post step
regime, —AH,qs = 5.5 k] mol™ " at a loading concentration of
3.0 mmol g, indicating weaker adsorption interactions in the
high-pressure phase.

Diffraction measurements of activated CdIF-13 and ZIF-7

We then sought to thoroughly characterize the structure of ZIF-7
across the phase change identified by the step-shaped
isothermal gas adsorption measurements. To start, we
collected a PND pattern for the activated phase at =7 K
(Fig. 4(1)). The crystallinity of the material suffers somewhat
upon activation such that sharp features in the pattern are only
observed out to a scattering vector value of Q = 2 A~'. The
results reported here are consistent with the resolution of the
data. Successful indexing of this phase was very difficult due to
the low symmetry and large unit cell size. Indeed, difficulty in
indexing the structure is one of the factors that rendered this
crystal structure elusive for over a decade. To circumvent this
issue, we attempted to isolate single crystals of the activated
phase of ZIF-7, and, because it is a structural analog to ZIF-7,
single crystals of activated CdIF-13. While efforts with ZIF-7
were unsuccessful, we successfully isolated a crystal of acti-
vated CdIF-13 suitable for SCXRD measurements, from which
we obtained the single crystal structure for activated CdIF-13
(Fig. S147). We then used the unit cell parameters of the acti-
vated phase of CdIF-13 as a starting point for indexing the PND
pattern for activated ZIF-7. Based on these cell parameters we
were able to perform a successful Pawley fit of the PND pattern
for activated ZIF-7.** For the activated phases of both CdIF-13
and ZIF-7, we find unit cells with significantly lower volume
compared to the previously reported structure for activated ZIF-
7 (Table S2+).* Based on the successful Pawley fit, we were able
to perform a subsequent Rietveld refinement of the PND pattern
to obtain the structure of the activated phase of ZIF-7 (Fig. 5
(activated ZIF-7), and Fig. S71).°® Only the unit cell parameters
from the activated CdIF-13 structure were used to inform the
structure solution of the Zn framework. Importantly, the density
for the activated structure is higher than that of the parent
water-solvated structure (=1.390 g cm * in the open R3 phase,
including solvent molecules, ~1.511 g cm * in the activated P1
phase, Table S47).* This change in density corresponds to an
~18.3% decrease in volume upon activation (calculated as the
density of the activated phase divided by the framework density
of the water-solvated phase, Table S41). The obtained density
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Fig.4 The low-Q regions of the PND patterns for the data collected at
=30 bar D, are stacked in the y-axis direction based on the temper-
ature at which the data were collected, as denoted to the right of the
plots of the data (top). The patterns collected at 74 K and 99 K index to
the P2;/n space group while the patterns collected at 128 K, 146 K, and
195 K index in the space group. Below, the data for the activated
structure are shown (bottom). The black circles, red curve, grey curve,
and vertical tick marks denote the raw data, the Rietveld refinement
curve, the difference curve, and the hk! positions, respectively. The full
Q range for the patterns is shown in Fig. S7, S9-S13.7 Circled numbers
above the plots of the data correspond to the structure numbering
used in Fig. 3-5, and throughout the text.

quantitatively agrees with previous theoretical calculations®
and is chemically intuitive. Moreover, the structure obtained
from the Rietveld refinement of the PND pattern is similar to
the structure obtained for activated CdIF-13 (Fig. S14t}), even
though only the unit cell parameters for the latter were used to
inform the structure solution for the former. Thus, we believe
this to be the most accurate determination of the activated ZIF-7
structure to date.

The structures of the activated phases of CdIF-13 and ZIF-7
are qualitatively similar (Fig. S141). Here we focus on the
structure of activated ZIF-7, which is distorted compared to the
high symmetry, water-solvated phase. The skeleton of ZIF-7 has
four distinct rings (Fig. 5, activated ZIF-7, (1)) instead of three,
all of which have lower symmetry than their counterparts in the
water-solvated structure. Especially notable is the loss of
planarity of the 6-membered ring 1 (Fig. 5). The {ZnN,} tetra-
hedra display bond and angle distortions in the activated phase
of ZIF-7 compared to the trigonal, water-solvated phase

Chem. Sci., 2021, 12, 15620-15631 | 15623
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Fig. 5 The activated structure for ZIF-7 is compared to the D,-dosed structures. The conditions under which each data set was measured are
listed at the top of the figure. The approximate position of these conditions on the gas adsorption plot are represented in Fig. 3 with gold diamond
symbols, with the vertical dashed line at =30 bar of D,. The amount of adsorbed D, increases from left to right in this figure. D, molecules and H
atoms are omitted for clarity. Teal, blue, and gray spheres depict Zn, N, and C atoms, respectively. D, adsorption sites are displayed in Fig. 6 and
$18.1 Circled numbers at the top of each column correspond to the structure numbering used in Fig. 3-5, and throughout the text.

(Fig. S161).* In the trigonal, water-solvated structure the
shortest Zn-N distance is d(Zn-N) = 1.983(4) A and the longest
is d(Zn-N) = 2.001(6) A (values in parentheses indicate 1 s).
Likewise the N-Zn-N angles in the tetrahedra are almost ideal
in the trigonal structure, ranging between /(N-Zn-N) =
105.3(2)° and £(N-Zn-N) = 115.2(2)°. By comparison, the
shortest and longest Zn-N distances in the activated phase are

15624 | Chem. Sci., 2021, 12, 15620-15631

d(Zn-N) = 1.93(7) A and d(Zn-N) = 2.06(6) A, respectively.
Similarly, the bond angles in the {ZnN,} tetrahedra in the acti-
vated phase show an expanded range of /(N-Zn-N) = 100(3)°
to /(N-Zn-N) = 119(4)°. The Zn-N bond metrics are statisti-
cally identical within the +30 regime between the water-
solvated phase and the activated phase of ZIF-7 described
here. Another difference between the high symmetry phase and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the activated phase is that some of the ligands in the activated
phase twist between the Zn ions (Fig. 5). While the torsion
angles are negligible for most of the ligands, the most extreme
case results in a torsion angle of 107(5)°, where the out-of-plane
twist minimizes sterically repulsive ligand-ligand contacts in
the dense phase. This type of torsion is observed in the activated
phases of Co(bdp)** and MIL-53(Al),>® and in the N,N-dime-
thylformamide- and dichloromethane-solvated phases of CdIF-
13.%

The gas adsorption data suggest that ZIF-7 exhibits low
accessible porosity in the pre-step regime from a macroscopic
point of view. This is corroborated at a microscopic level by the
observed ligand-based pore gating in the crystal structure of
activated ZIF-7 (Fig. 5(1)). The collapsed 4- and 6-member rings
in the dense phase form face-to-face and edge-to-face mw-m
interactions which are absent in the high symmetry system. In
Co(bdp), structural collapse to a ground state narrow pore
structure is stabilized by edge-to-face - interactions.” We
hypothesize that the - interactions observed here similarly
stabilize the dense activated phase of ZIF-7. Per unit cell, there
is one unique offset face-to-face stacking interaction, in which
the closest C-C distance is 3.149(7) A. This offset stacking
interaction occurs between the benzene moieties of the benzi-
midazolate ligands across the 6-membered ring 1 depicted in
Fig. 4 (activated ZIF-7, top row). The apparent offset face-to-face
interaction across 6-membered ring 2 is just outside of mean-
ingful -7 stacking range, with the closest C-C contact between
rings at 3.8(1) A. Edge-to-face 7w—7 interactions are much more
prevalent in the activated phase. Given the close nature of the
pores, each ligand participates in at least two unique edge-to-
face - interactions per unit cell with distances ranging up
to 3.3 A in length.

In situ powder neutron diffraction measurements of D,-dosed
ZIF-7

With a firm understanding of the structure of the activated
phase established, we sought to investigate the hydrogen-
induced phase change in ZIF-7 at varying dosing concentra-
tions. To do so, we conducted in situ variable-temperature
deuterium gas dosing PND measurements (Fig. 4). We use D,
instead of H, gas because neutrons coherently scatter well from
deuterium such that PND measurements can be used to struc-
turally characterize the D, adsorption sites in the structure and
because of the incoherent scattering length of hydrogen which
contributes to diffuse scattering in diffraction patterns.®® We
acknowledge the recently observed differences in flexible
framework responses between hydrogen and deuterium
adsorption.*** Throughout the following sections, we consis-
tently compare the structural changes inferred from the
macroscopic probe of isothermal hydrogen gas adsorption
measurements with the deuterium gas pressure-induced
structural changes found from the microscopic probe of crys-
tallography. To check that hydrogen and deuterium induce
comparable structural changes in ZIF-7, we compare the
quantity of gas adsorbed for the various conditions (Table S37),
the reversibility of the phase transition, and the pressure-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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temperature conditions for which the phase transition is
observed for both gases. Using these checks, we find good
agreement for the measurements conducted using hydrogen
compared to the measurements conducted using deuterium
gas. From these D,-dosed PND experiments, we aimed to
identify: (1) the structure of the dense phase dosed with gas
(corresponding to the pre-step regime of the isotherm plot), (2)
the structure of the D,-opened phase after the phase change
(the post-step regime), and (3) the adsorption sites in the two
phases of ZIF-7 as a function of gas dosing pressure. We
collected six additional PND patterns at various temperature
and deuterium gas pressure conditions. The structure refine-
ments, and the insights gained from these experiments, are
discussed in detail below.

Powder neutron diffraction measurements at 0.7 eq. D, and
11K

The first D,-dosed pattern was collected at 11 K with a stoi-
chiometric dosing concentration of 0.7 molar equivalents D,
molecules per Zn®" ion per formula unit. This experiment
aimed to identify the primary D, adsorption site upon initial
adsorption from the activated phase of ZIF-7. The pattern
collected at these conditions is depicted in Fig. S8t along with
the corresponding Rietveld refinement curve. The Rietveld
refinement analysis modeled the D, molecules as super-atoms
(see ESIT).*” The refinement yielded the crystal structure of the
dense phase of ZIF-7 dosed with 0.7 eq. D, gas. The primary
adsorption site, site I, for D, is sandwiched between the imi-
dazolate ring of one ligand and the benzene ring of an adjacent
ligand in 6-membered ring 3 (Fig. 6a, S17 and S18t). Of note,
compared to rings 1 and 2, 6-membered ring 3 in the activated
structure has a more accessible pore (Fig. 5 and S17}), which
possibly explains why this is the initial adsorption site. At this
loading concentration, the adsorption distances are 2.66(8) A
from the D, molecule to the centroid of the imidazolate ring
and 2.68(8) A to the centroid of the benzene ring. These close
adsorption distances indicate relatively strong D,-arene inter-
actions.* This strong interaction gives rise to the relatively high
value for —AH,qs at low loading concentrations (Fig. S6t).
Moderately strong van der Waals interactions with H atoms on
separate adjacent ligands of 2.84(9) A and 2.7(2) A further
stabilize the adsorbed D, molecule. Compared to the fully
activated phase, the framework skeleton and the ligands adjust
very minimally to maximize the adsorption interaction at site I
(Fig. S177 (0.7 eq. D, dosed)). The sandwich adsorption motif
observed here qualitatively agrees with the adsorption behavior
previously predicted by theoretical calculations for H, adsorp-
tion between ligands.>

Data collection and Pawley fitting of 74-195 K, =30 bar D,
data sets

Armed with the structural information of the dense phase and
the roadmap of the phase transition provided by the isotherm
data, we next sought to structurally investigate the deuterium-
induced phase change in ZIF-7. We conducted isobaric,
variable-temperature PND measurements at =30 bar D, at
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temperatures of 74 K (5), 99 K (4), 128 K (3), 146 K, and 195 K (2)
(Fig. 5 and S7-S137). By starting at 74 K and 29.8 bar D,, we
measured the open phase of the material first. As we increased
the measurement temperature, D, desorbed from the structure
such that we followed the desorption data from the isothermal
measurements (open symbols, Fig. 3 approximate measure-
ment conditions indicated by diamond symbols). According to
the isotherm data, we expected to observe a phase transition in
the PND patterns between 99 K and 128 K as the structure
transitioned from the open phase to the dense phase. Indeed,
the patterns are qualitatively distinct. Our initial Pawley fits of
the patterns indicated a change in symmetry from the triclinic
P1 space group at 128 K to the monoclinic P2,/n space group at
99 K (Table S2t), marking the phase change. Incidentally, P2,/n
is the same space group assumed by the N,N-dimethylforma-
mide- and dichloromethane-solvated CdIF-13 structures, the
Cd-based congener of ZIF-7.* Of note, even at 77 K, which
shows complete saturation at 30 bar (Fig. 3), the D,-dosed open
phase is lower in symmetry than the water-solvated structure,
which we hypothesize is caused by the thermodynamic favor-
ability of the sandwich-like adsorption sites with the small gas
molecules enabled by the lower-symmetry structure (the kinetic
diameter of H, is just 2.9 A).® We find that, while both the 74 K
and 99 K patterns can be indexed in the monoclinic structure,
the change in the unit cell parameters is greater than can be
expected from thermal expansion alone (Table S21). We attri-
bute the differences in unit cell parameters to the fact that the
74 K pattern was collected along the plateau of the isotherm,
indicating completion of the phase transition, while the 99 K
pattern was collected along the sloped portion of the step,
indicating that at these conditions the phase transition was
incomplete. We note that, during the experiment, long equili-
bration times for the pressure changes were given (ca. 1 to 3 h)
and that the measurements were long (ca. 20 to 24 h). Therefore,
we posit that the PND patterns reflect the equilibrated struc-
tures. As temperature was increased further, the patterns
remained qualitatively similar (from 128 K up to 195 K) and the
structures remain in the dense P1 state.

Rietveld refinement and crystal structure analysis of 74-195 K,
=30 bar D, data

We then performed Rietveld refinement analysis on these
patterns and derived the crystal structures. Importantly, there is
quantitative agreement between the amount of D, adsorbed in
the structures found from the PND measurements when
compared with the amount of H, adsorbed in ZIF-7 found from
the isothermal measurements for all measurements (Table S37).

195 K. Beginning at 195 K (Fig. 5(2)), we observe the dense
phase wherein the only occupied site at 29.2 bar of D, is the
same as the first adsorption site (site I, 6-membered ring 3)
observed in the stoichiometric dosing experiment (Fig. 6 and
S187). In contrast to the stoichiometric dosing experiment, the
isobaric measurements were conducted upon desorption of D,
from the framework. The similarity of the structure obtained for
the stoichiometric dosing experiment, conducted upon
adsorption of D,, with the structures obtained from these
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isobaric experiments, conducted upon desorption of D,, illus-
trates the reversible nature of the phase change from a micro-
scopic perspective. This is in qualitative agreement with the
macroscopic prospective provided by the isotherm data, which
show a fully reversible, closed hysteresis loop.

146 K and 128 K. The patterns and the corresponding
structures obtained from the patterns collected at 146 K and 128
K (Fig. 5(3)) are very similar (Fig. S151). From the activated
phase to the structure at 128 K, we find an =2% increase in the
volume of the structure (Fig. S207), corresponding to minimal
rearrangement of the ZIF-7 skeleton. Inspection of these
structures reveals that at 146 K, site I becomes fully occupied
and a second adsorption site (site II) starts to become populated
within the 4-membered ring (Fig. 6d and S16+). Like site I, site I
is sandwiched between a benzene ring and an imidazole ring of
adjacent ligands, with D,-centroid distances of 2.8(1) A and
2.7(1) A, respectively. At 128 K, site II has an occupancy of
0.39(3). By symmetry, site II is mirrored across the inflection
point at the center of the unit cell (Fig. 6d) such that there is an
apparent adsorbate-adsorbate distance of 2.6(2) A. This
extremely close contact distance is nonphysical. We hypothesize

Fig. 6 D, adsorption sites | (a and b) and Il (d and e) in the pre-step
dense structure of ZIF-7 are shown. Additional representations are
displayed in Fig. S18.1 Both adsorption sites give a sandwich-like
adsorption motif for D, between an imidazole and a benzene ring. (a)
and (d) show the structure derived from the Rietveld refinement of the
pattern collected at 125 K and 28.6 bar D, (pre-step conditions, Fig. 3)
overlayed on top of the activated structure (faded) such that the unit
cell origins overlap. The framework adjusts slightly to optimize the
adsorption interactions. The boxed (c and f) illustrate similar adsorp-
tion sites to (a and b) and (d and e), respectively, in the post-step, fully
open structure from the 74 K, 29.8 bar D, data set (Fig. 3). Teal, blue,
gray, and pink spheres depict Zn, N, and C atoms and D, molecules,
respectively, while H atoms are omitted for clarity. Incomplete shading
denotes partial occupancy.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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that the D, molecules are disordered on this site such that both
site II positions are not simultaneously occupied in the same
unit cell.

99 K and 74 K. The unit cell parameters observed for the 99 K
and 74 K patterns are most similar to those observed for the
dichloromethane-solvated Cd congener, CdIF-13-CH,Cl,, as
determined by single-crystal XRD at 100 K (Table S2+). Thus, the
metal ion fractional coordinates, ligand positions, and ligand
orientations from CdIF-13-CH,CIl, were taken as approximate
starting positions in the initial Rietveld refinement of the open
phase of ZIF-7 and were subsequently refined. The positions of
the gas molecules were found using simulated annealing in real
space followed by rigorous refinement.** Further details
regarding the refinement process can be found in the ESL{

The crystal structure of ZIF-7 at 99 K and 31.0 bar D,
(Fig. 5(4)) reveals that the ligands swing about the Zn-N---N-Zn
axes in a fan-like motion (Fig. 5), that the {ZnN,} tetrahedra do
not distort significantly more than in the activated phase
(Fig. S141), and that, at these conditions, there are some
instances of significant ligand torsion. At these conditions,
there is an =10% relative increase in the volume of the struc-
ture compared to the activated phase (Fig. S20%). The skeleton
of ZIF-7 trends towards higher symmetry in this phase, and the
6-membered ring 1 becomes more planar than in the activated,
triclinic phase (Fig. 5). The PND measurement conditions
correspond to the sloped portion of the desorption step in the
isotherm data. As such, the structure is captured in between the
dense and the fully D,-opened states. Six total adsorption sites
are observed in the structure (Fig. S187). Sites I and II observed
in the dense P1 phase at 128 K, shown in Fig. 5, are fully
occupied in the open P2,/n phase at 99 K, with the distinction
that the D, molecule adsorbs more strongly to the benzene ring
than the imidazole ring in the D,-opened phase at 99 K. The site
I D,—centroid distances are 3.21(4) A and 2.27(5) A for the
imidazole and the benzene rings, respectively. For site II, the
D,-centroid distances for the adsorption interactions with the
imidazole and benzene rings are 3.95(6) A and 2.38(8) A,
respectively. For site II, the D,-imidazole distance is very long,
out of range of a significant D,-arene interaction.'® In addition
to these D,-arene contacts, 6 D,—H van der Waals interactions
stabilize site II. These van der Waals contacts range in distance
between 2.48(8) A and 3.33(7) A (Fig. S18t). Notably, these are
formed as additional adjacent ligands move closer to site II
while the ligand containing the capping imidazole ring origi-
nally forming the sandwich-like adsorption motif moves farther
away from site II. In addition to sites I and II, 4 new adsorption
sites become occupied. Of these, 3 sites (sites III, IV, and V)
adsorb to just one aryl ring each and are stabilized by additional
van der Waals interactions with the ligands and by adsorbate-
adsorbate interactions (Fig. S181). These can be described as
half-sandwich-like adsorption sites. The weaker adsorption at
these sites gives rise to lower values of —AH, 4, at higher loading
concentrations (Fig. S61). The remaining adsorption site (site
VI) does not form a D,-arene contact and is instead adsorbed in
the pores of the material, stabilized by adsorbate-adsorbate
interactions and by non-D,-arene van der Waals contacts with
the ligands. In the pores, the D,-D, contacts have distances of
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2.94(7) A, 2.97(7) A, 3.19(9) A, and 3.2(1) A, much shorter than
the intermolecular distance observed in solid H,.”” This
sequential filling of the small adsorption pockets yielding
sandwich-like adsorption motifs followed by a liquid like filling
of the pores agrees with the theory of micropore filling.*®

Under 29.8 bar D,, the D,-induced phase change in ZIF-7 is
complete at 74 K, and the structure is in the most open phase
observable under accessible conditions with deuterium (or
hydrogen) gas as the adsorbent (Fig. 5(5)). There is an =18.9%
increase in the volume of the fully D,-opened phase compared
to the activated material (Fig. S20t). Importantly, no additional
step in adsorption is observed at 77 K up to 100 bar (Fig. 3),
suggesting that no additional phase changes occur. In
comparison to the 99 K structure, at 74 K, the ligands swing
further about the Zn-N---N-Zn axes in a fan-like motion to open
the pores more fully (Fig. 5(5)). This pore-gating motion is most
clearly observed in the 6-member ring 1 (Fig. 5, top row), where
the close C-C contact of 3.149(7) A between the ligands bridging
this ring in the activated phase expands to 7.81(1) A in the open
phase. In the fully D,-opened phase, the {ZnN,} tetrahedra
remain slightly distorted compared to the water-solvated phase
(Fig. S14%). The Zn-N distances are slightly elongated, with
distances between 2.0(1) A and 2.1(1) A. The £ (N-Zn-N) angles
are close to ideal tetrahedral angles for two of the three unique
Zn centers in the asymmetric unit. The third Zn tetrahedron is
slightly more distorted, with angles ranging between 100(5)°
and 117(5)°. As in the activated phase, ligand torsion occurs
between the Zn centers (Fig. 5). The skeleton becomes more
symmetric than in the activated phase, and the 6-membered
ring 1 becomes planar. Yet the symmetry of the skeleton is still
lower than in the water-solvated phase. In the D,-opened P2,/c
phase there are still 4 distinct rings, and the rings are distorted
compared to their high-symmetry counterpart.

A total of 9 D, adsorption sites are observed. Site I remains
fully occupied in the fully D,-opened structure. The D, molecule
at site I shifts slightly and adsorbs between two benzene rings,
rather than between a benzene and imidazole ring as observed
at higher temperatures (Fig. 6¢ vs. b). The D, molecule adsorbs
much more strongly to the one of the benzene rings than the
other, with D,-centroid distances of 2.04(4) A and 3.04(5) A. The
occupancy of site II decreases slightly to 0.93(4) (Table S4t) and
the D, molecule remains relatively centered between the imid-
azole and benzene rings, with D,-centroid distances of 2.67(5) A
and 2.77(5) A, respectively (Fig. 6f). Given the change in unit cell
symmetry, this site is no longer mirrored across the 4-
membered ring and the site is consolidated to one central
position. In addition, four half-sandwich-like adsorption motifs
are observed at sites ITI-VI (Fig. S187). These adsorption sites sit
between two ligands, however, the fan-like motion of the ben-
zimidazolate linkers separates the rings such that the D,
molecules at these sites do not form D,-arene interactions with
both rings. Additional non-arene D,-framework van der Waals
interactions stabilize these sites. The occupancies for sites ITI-
VI are 0.78(5), 1.00(5), 0.35(4), and 0.52(4) (Table S4t), respec-
tively, indicating that the non-arene van der Waals interactions
play an important role in determining the adsorption thermo-
dynamics at these sites. The final 3 adsorption sites, sites VII,
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VIII, and IX, occur in the pores of the material in accordance
with a liquid like filling of the pores and are stabilized by longer
adsorbent-adsorbate and adsorbate-adsorbate interactions.

Structure-mechanism correlation

The mechanism underlying the hydrogen-induced phase
change can be deduced based on analyzing the adsorption
isotherm data in tandem with the structures derived from the
PND measurements. The ligands in ZIF-7 can rotate about the
Zn-N---N-Zn axes in a fan-like motion (Fig. 5), giving rise to the
so-called pore gating mechanism, which alters the accessible
porosity of the framework. In addition, there is some tolerance
for out-of-plane ligand torsion between the Zn>' ions. The
combination of these two types of ligand motion, enabled by
subtle distortions of the ZIF-7 skeleton, allows the framework to
conform to the kinetic diameter of the D, molecules to form
optimized sandwich-like adsorption sites between arene rings
on neighboring ligands for the primary adsorption sites.
Adsorption to two electron-rich arene rings is energetically
favorable,” and indeed the adsorption sites I and II, common
between the dense and the D,-opened structure, occupy such
positions.

ZIF-7 does not contain Lewis acidic coordinatively unsatu-
rated metal ions as possible adsorption sites. Instead, the most
thermodynamically favorable adsorption sites in ZIF-7 are
formed by multiple Lewis basic organic ligands. Strong
hydrogen adsorption is realized in ZIF-7 because of the mate-
rial's ability to responsively adapt its structure to fit to the
kinetic diameter of the adsorbate and form the sandwich-like
adsorption sites. ZIF-7 does not simply undergo a binary
phase transition between the P1 phase and the R3 phase upon
gas dosing. Rather, the framework can access, and be stabilized
in, a lower symmetry P2,/n state which optimizes the adsorbate—
adsorbent interactions while minimizing ligand-ligand repul-
sive interactions. As such, hydrogen adsorption in the dense
phase templates and partially determines the ligand orienta-
tions as the structure opens into the P2,/n phase. In contrast,
strong adsorption sites in rigid adsorbents are achieved
through strongly basic or acidic sites, or through exceedingly
small pores with walls that can form multiple simultaneous
contacts with hydrogen, which must be synthetically tailored on
a case-by-case basis. As such, framework responsiveness is
a possible path for achieving strong adsorption with chemically
inert surface chemistries.*®

Here we showed that the benzene rings of the benzimida-
zolate ligands play a key role in the stabilization of the dense
activated phase and in the formation of the sandwich-like
adsorption motifs that serve as the primary adsorption sites.
Therefore, we hypothesize that the adsorption step pressure at
a given temperature can be finely tuned by synthetically modi-
fying the benzimidazolate ligand along the benzene backbone.
In Co(bdp), modulation of the methane adsorption pressure
step has been controlled through chemical substitution of the
ligands, and substitution-induced weakening (or strength-
ening) of the edge-to-face m-m interactions effectively shifted
the step temperature-pressure conditions.” In ZIF-7, we
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hypothesize that substitutions that reduce attractive non-
covalent ligand-ligand interactions in the activated phase
and/or increase the Lewis basicity of the arene ring to increase
adsorption strength at the sandwich-like adsorption sites
should shift the step threshold to lower pressures at a given
temperature. Alternatively, ligand substitutions that strengthen
ligand-ligand interactions and/or weaken adsorption should
shift the step threshold to higher pressures. With this enhanced
mechanistic understanding and a suite of possible substitu-
tions, shifting the step pressure threshold to operationally
relevant temperatures and pressures in derivatized ZIF-7
appears achievable. Lastly, the Department of Energy
Hydrogen and Fuel Cells Technologies Office set ambitious
targets for the volumetric capacity in storage materials for use in
light-duty hydrogen fuel cell electric vehicles (ultimately 50 g
L~").1®% Currently, no materials come close to reaching this
goal at operationally relevant conditions, in part due to dis-
cussed issues with type I adsorption-desorption. Towards this
end, we hypothesize that the volumetric capacity in porous
materials like ZIF-7 may be increased by moving to less dense
topologies, such as RHO,*® by increasing the metal-ligand bond
length via metal center substitution, or by increasing the metal-
metal spacing by modifying the linkers.

Adsorption by pelletized ZIF-7

For a porous adsorbent to be commercially relevant for appli-
cations such as hydrogen storage and delivery it must be
synthetically scalable and amenable to pelletization. With our
current synthetic approach, ZIF-7 is scalable to at least the 10's
of grams batch size (see ESIf) and the material is bench-top
stable. Yet the application of external pressure and the
process of pelletization has been known to negatively affect the
gas adsorption properties of porous frameworks. High applied
pressures can induce phase transitions in MOFs and modify the
phase transition conditions in flexible frameworks.”””® For
example, the application of pressure to Co(bdp) reduces the
flexible MOF's methane adsorption capacity by greater than
50% as the bulk density of the material increases from
0.2 g cm > to 0.75 ¢ cm ™ and shifts the step in the adsorption
isotherm to higher pressure.’ Moreover, the process of pellet-
ization has been shown to reduce gas storage capacities.””*°
Pelletization of MIL-53(Al) with polyvinyl alcohol binder led to
areduction of the N, adsorption capacity by 32%.%* On the other
hand, interestingly, the hydroxy-functionalized MIL-53(Al)-OH
and MIL-53(Al)-(OH), showed minimal reduction of methane
storage capacity upon pelletization.?* Here, we generated several
pellets of ZIF-7 using 5 mass% polyvinylpyrrolidone as a binder
under the application of varying external pressure of 10 000 psi
(=690 bar), 30 000 psi (=2070 bar), and 50 000 psi (=3450
bar). We characterized the resulting pellets using PXRD
measurements (Fig. S19t). Analysis of the diffraction patterns
revealed the open structure for all solvated pellets followed by
a transition to the closed phase upon activation, correlating
with our observations of the compound in powder form.
Regardless of the applied pressure, a monolith density of =65%
to 70% was achieved for the pellets in the open phase of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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material. To investigate the effects of pelletization on the
adsorption properties, we measured isothermal H, and CO,
adsorption-desorption for pelletized ZIF-7 (Fig. S21 and S227).
For both gasses, when the polyvinylpyrrolidone binder is
accounted for, we find minimal reduction of the gas adsorption
properties for pelletized ZIF-7. Moreover, we find that the CO,
adsorption properties do not vary with the external pressure
used in the pelletization process. These results indicate that the
gas storage properties of ZIF-7 are robust to pelletization and
suggest that, given the proper functionalization of the benzene
ring, properly derivatized pelletized ZIF-7 may be a commer-
cially viable candidate hydrogen storage material.

Conclusions

In conclusion, we identified the hydrogen-induced phase
change in ZIF-7 using variable temperature adsorption
isothermal measurements. We then structurally characterized
this phase change in ZIF-7 and identified the adsorption sites
using in situ PND measurements. We conducted variable-
temperature, isobaric measurements at =30 bar to traverse
the phase space containing the phase transition as identified by
the isothermal measurements. Rietveld refinements of the
resulting patterns revealed that the structure crystalizes in the
P1 space group in the activated phase and in the P2,/n space
group in the fully D,-opened phase. The D, adsorption in ZIF-7
primarily occurs via a sandwich-like motif between the benzene
ring of one ligand and the imidazole ring of an adjacent ligand,
which creates an energetically favorable adsorption environ-
ment for the gas molecules. In the D,-opened structure,
adsorption sites displaying only one D,-arene interaction in
a half-sandwich-like motif are also present as is liquid-like
filling of the pores. Based on our results, we hypothesize that
synthetic substitution along the benzene ring in the benzimi-
dazolate linkers will enable fine tuning of the phase change to
achieve step-shaped adsorption-desorption under pressure-
temperature conditions relevant to hydrogen storage, trans-
port, and delivery, contributing to surmounting a key barrier in
the hydrogen fuel economy.
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