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New materials capable of storing hydrogen at high gravimetric and volumetric densities are

required if hydrogen is to be widely employed as a clean alternative to hydrocarbon fuels in cars
and other mobile applications. With exceptionally high surface areas and chemically-tunable
structures, microporous metal-organic frameworks have recently emerged as some of the most

promising candidate materials. In this critical review we provide an overview of the current status

of hydrogen storage within such compounds. Particular emphasis is given to the relationships

between structural features and the enthalpy of hydrogen adsorption, spectroscopic methods for
probing framework—H, interactions, and strategies for improving storage capacity

(188 references).

Introduction

In 2005, the daily global consumption of petroleum exceeded
83 million barrels resulting in the release of almost 11 billion
metric tonnes of carbon dioxide into the atmosphere.!
Consumption is expected to increase steadily over the next
50 years, driven in part by higher demands in developing
nations. Amid concerns that the escalating atmospheric level
of carbon dioxide will irreparably damage the global eco-
system, research into carbon-neutral replacements for fossil
fuels is expanding. An alternative fuel for automotive
transportation is of particular interest and would have a
substantial impact on carbon emissions, with more than
132 million vehicles in the United States alone.’

Battery and fuel-cell technologies are strong candidates to
replace gasoline and diesel engines. In particular, hydrogen
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is an attractive energy carrier because it is carbon-free,
abundantly available from water, and has an exceptional mass
energy density.’ Unfortunately, hydrogen is an extremely
volatile gas under ambient conditions, resulting in a
volumetric energy density that is much too low for practical
applications. For on-board use, hydrogen must be compressed
to very high pressures or stored cryogenically, both of which
cost energy and substantially increase vehicle weight. The goal
therefore is to design low-cost, light-weight materials that can
reversibly and rapidly store hydrogen near ambient conditions
at a density equal to or greater than liquid hydrogen. The US
Department of Energy 2010 targets for a hydrogen storage
system are: a capacity of 45 g H, per L, a refuelling time of
10 min or less, a lifetime of 1000 refuelling cycles, and an ability
to operate within the temperature range —30 to 50 °C.*> It is
important to note that these targets are for the entire storage
system, such that the performance of a storage material must
be even higher in order to account for the storage container
and, if necessary, temperature regulating apparatus.
Hydrogen binds to surfaces by weak dispersive interactions
(physisorption) or through stronger chemical associations
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(chemisorption). Physisorption correlates with surface area,
with greater gas uptake favored by higher surface area. Thus,
materials with large surface areas and low densities, such as
metal-organic frameworks and certain activated carbons, are
attractive for hydrogen storage applications. In the tempera-
ture regime desired for automotive applications, however,
dispersive forces cannot facilitate substantial hydrogen
uptake. The modular nature of metal-organic frameworks
allows for the facile, ordered incorporation of new function-
alities to enhance the hydrogen storage properties. Here,
we review the current state of hydrogen storage in metal-
organic frameworks, focusing on strategies for improving
the storage capacity of these compounds. The design of
new frameworks depends on a detailed chemical understand-
ing of the interaction of hydrogen at sites within the structure.
We therefore also discuss briefly some spectroscopic tools
that are available to interrogate hydrogen binding in these
systems.

H, adsorption in metal-organic frameworks
Excess versus total uptake

Most articles dealing with hydrogen storage in metal-organic
frameworks report the H, uptake capacity at a pressure of
ca. 1 bar, where excess and total adsorption values are nearly
identical. However, since pressures of up to 100 bar are
deemed safe for automotive applications, measurements at
higher pressures, where these two quantities can differ
considerably, have become common. Excess adsorption refers
to the amount of H, taken up beyond what would be
contained, under identical conditions, within a free volume
equivalent to the total pore volume of the sample. Thus,
this quantity approximates the amount of H, adsorbed
on the surfaces within the material. Since the efficiency of
packing and compressing gas molecules within the confines of
the pores of a microporous solid is less than that achieved in a
free volume, the excess adsorption will reach a maximum at
some pressure (typically 2040 bar) and then decrease. Despite
the decrease, measurements at pressures above the maximum
in excess adsorption are of value for assessing the compressi-
bility of H, within the material and evaluating the total
uptake.
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The total uptake, sometimes referred to as the absolute
uptake, corresponds to the amount of hydrogen contained
within the boundaries formed by the faces of the metal-
organic framework crystals. This quantity therefore includes
both surface-adsorbed H, and the H, gas compressed within
the framework pores. To calculate the total uptake from the
excess adsorption, it is necessary to know precisely the density
of the framework skeleton or the empty volume of the
adsorbent, as typically measured using helium gas. Impor-
tantly, knowledge of the total uptake enables determination of
the volumetric storage density within the compound, which is
one of the main considerations in selecting a hydrogen storage
material. It is important to note, however, that this funda-
mental property of the material does not take into account the
efficiency of packing the crystals together in a container, as
must be considered in determining the overall density for a
storage system.

When calculating the H, uptake—either excess or total—in
units of wt%, it is important to recognize that it is equal to
(mass H,)/(mass sample + mass H). Unfortunately, some
researchers neglect the second term in the denominator,
leading to complications in comparing uptake capacities for
different materials.

Design principles for an optimal H, adsorbent

There have been numerous computational studies that
attempt to model H, adsorption data in metal-organic
frameworks.®!” In particular, ZnsO(BDC); (BDC>*~ = 14-
benzenedicarboxylate; see Fig. 1) and its isoreticulated
congeners have received much attention from theorists. In
most cases, computed isotherms and binding energy values
agree reasonably well with the experimental results, although

Fig. 1 A portion of the crystal structure of Zny;O(BDC); (MOF-5).%°
Yellow, gray, and red spheres represent Zn, C, and O atoms, respec-
tively; H atoms are omitted for clarity. The three-dimensional struc-
ture gives rise to square openings, which are either 13.8 Aor92 A
wide depending on the orientation of the aromatic rings.
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one should be careful to employ an accurate intermolecular H,
potential energy function'® and to ensure that the comparison
data are for an authentic sample.'® These studies indicate the
presence of just van der Waals-type interactions between H,
and most frameworks, consistent with the approximate
correlation of H, uptake at 77 K with surface area and the
very low storage capacities observed at 298 K. Indeed, with
just two electrons, H, forms extremely weak van der Waals
bonds, resulting in isosteric heats of adsorption that are
typically in the range 4-7 kJ mol~'.

Partial charges, either positive or negative, on the metal—
organic framework surface can provide a means of strength-
ening the binding of H, through dipole-induced dipole
interactions.**° Only a few computational studies have dealt
with frameworks exhibiting such heterogeneous surface
potentials. These have focused mainly on the chief experimental
strategy adopted, that of utilizing frameworks with exposed
metal cation sites on the surface. An added complication
in performing calculations on frameworks bearing open
transition metal coordination sites stems from the fact that
these metals sometimes have open-shell electron configura-
tions, for which assignment of the spin state can be difficult.
For instance, the relatively strong metal-H, interactions with-
in Mn;[(MnyCl);(BTT)g], (H;BTT = benzene-1,3,5-tris(1H-
tetrazole)), which exhibits an isosteric heat of adsorption of
10.1 kJ mol™! at zero coverage,21 have been attributed
variously to a spin-state change upon binding?® or to a
classical Coulombic attraction.”® Understanding metal-H,
interactions of this type is instrumental to the design of
improved storage materials, and the development of computa-
tional approaches that can reliably handle interactions
with open-shell metal ions would present an important step
forward.

Clearly, increasing the H, binding energy within metal—
organic frameworks is the most important challenge for
creating hydrogen adsorbents that operate at 298 K. Recent
work has addressed this issue and predicted optimal
parameters for hydrogen storage in microporous materials.
First, Langmuir isotherms were employed to derive equations
that allow the calculation of an optimal adsorption enthalpy,
AH,, for a given adsorption temperature.>* According to this
model, which can be reduced to the empirical equation
—AHy/RT 6.1, a microporous adsorbent operating
between 1.5 and 100 bar at 298 K would ideally have an
adsorption enthalpy of 13.6 kJ mol™! over the entire H,
uptake curve. Similarly, the model allows one to calculate
the optimal operating temperature for an adsorbent with a
given enthalpy of adsorption. For instance, it predicts that a
typical metal-organic framework with an average adsorption
enthalpy of 6 kJ mol™! would function optimally at a
temperature of 131 K.

The aforementioned model has recently been adjusted
through introduction of an entropy-enthalpy correlation
term.?> Whereas AS,qs had previously been assumed to be
constant and equal to —8R, the new model argues that
Langmuir adsorption is in fact governed by a positive
correlation between entropy and enthalpy. Taking this
empirical correlation into account suggests that a material
operating between 1.5 and 30 bar at 298 K requires a AHp of

22-25 kJ mol~!, which is significantly higher than that
obtained with the previous model. Thus, for pressures ranging
up to 100 bar, one would like to create new metal-organic
frameworks featuring surfaces with a AH,, of ca.
20 kJ mol~!, representing an enhancement by a factor of
3 or 4 over simple physisorption.

As expected, in a microporous material where physisorption
and weak van der Waals forces dominate the adsorption
picture, the storage density is also greatly dependent on the
size of the pore. Calculations on idealized homogeneous
materials, such as graphitic carbons and carbon nanotubes,
predict that microporous materials with 7 A-wide pores will
exhibit maximal H, uptake at room temperature. In effect,
a 7 A-wide slit-shaped pore maximizes the van der Waals
potential by allowing exactly one layer of H, molecules to
adsorb on opposing surfaces, with no space left in between.
Notably, at 77 K a layer sandwiched in between these two
opposing surface monolayers becomes favorable, and the ideal
pore size for maximum volumetric H, uptake at 100 bar is
predicted to be 10 A, regardless of whether a slit shape or
cylindrical pore shape is considered.?®

Finally, an ideal hydrogen storage material would be stable
to any potential impurities that might commonly be present in
H, gas (e.g., H,S, carbon—sulfur compounds, CO, CO,, N,
H,0, and hydrocarbons), and to accidental exposure to the
atmosphere. Indeed, metal-organic frameworks exhibiting
some of the best performance characteristics, such as
Zn4,O(BDC); and Mn;[(MnyCl);(BTT)g],, are known to
decompose in air,'*?27-2 which would need to be accounted
for in the design of a storage system. However, by producing
frameworks featuring strong metal-ligand bonds, as occurs
for example in metal-imidazolate,? 3! —triazolate,*? 3¢ and
—pyrazolate®” frameworks, materials exhibiting improved
chemical stability can be obtained.

Methods for increasing the H, adsorption enthalpy
Exposed metal sites

Perhaps the most effective means of increasing the H, adsorp-
tion enthalpy in metal-organic frameworks is through intro-
duction of open metal coordination sites on the surfaces. It is
well known that H, can bind to metals in molecular systems,
where metal-H, bond dissociation energies can reach as high
as 80-90 kJ mol™!, as observed for (CsHs)V(CO);(H,) and
Mo(CO)s(H,).*® These values are clearly too large for our
purposes, and would result in both a tremendous release of
heat upon loading with H, and a requirement for significant
heat input to liberate the bound H, when needed. To achieve
the desired binding energy of ca. 20 kJ mol™"!, we most likely
need to avoid the favorable orbital interactions that lead to
such strong metal-H, bonds and move into the regime of
simple charge-induced dipole interactions. This situation is
exemplified by the interaction between the Li* cation and H,
in the gas phase, which has been measured, albeit with a large
potential error, to have a binding energy of 27 kJ mol~'.%
Unfortunately, when Li™ is placed on a surface within a
porous framework much of its charge is quenched, leading
to significantly weaker H, binding. Indeed, the highest
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isosteric heat of H, adsorption yet observed for such a system
is just 7.9 kJ mol~! in Li,Zn;[Fe(CN)],-2H,0.*° To counter
this effect, a more highly-charged metal cation, such as Mg>",
M2" (M = transition metal), or even AI*", may be required.
The challenge is then to develop synthetic methods for
generating high concentrations of exposed metal ions on the
surfaces within metal-organic frameworks. These methods,
together with the properties of the resulting materials, have
been reviewed in detail recently,41 and will therefore receive
only brief attention here. The primary method utilized thus far
involves thermally-assisted evacuation of solvent molecules
bound to metals serving as framework nodes, as for example
employed in exposing Cu?" coordination sites within
Cu;(BTC), (BTC?*~ = 1,3,5-benzenetricarboxylate)*”** and
Mn>" coordination sites within Mns[(MnyCl);(BTT)s],.?!
Here, one is generally fighting against framework collapse,
making it sometimes beneficial to exchange the bound solvent
molecules for more volatile species, such as methanol.
Alternatively, photolysis can sometimes be used to facilitate
substitution of a terminal ligand for H,, as demonstrated
recently for Zn,O[(BDC)Cr(CO);]5;* however, it is important
to recognize the poor efficiency of photolyzing solids. For rare
cases of anionic frameworks, exchange of the guest metal
cation can affect hydrogen uptake.?®4%** Finally, the use of
reactive bridging ligands in a framework can enable metalation,
as demonstrated with the lithiation of Zn,(NDC),(diPyNI)
(NDC?~ = 2,6-naphthalene dicarboxylate; diPyNI = N,N'-
di(4-pyridyl)-1,4,5,8-naphthalenetetracarboxydiimide).*’

Catenation/interpenetration

Very large pores within a metal-organic framework are
ultimately detrimental to hydrogen storage, because H,
molecules near the center of the pore are unlikely to experience
any attraction from the potential surface of the pore walls.
Accordingly, as will be discussed later, such low-density
framework solids will tend to have low volumetric H, uptake
capacities. Indeed, it is clear that a large micropore volume
composed of small voids is more desirable for an efficient
storage material.*® Such a material would adsorb H, more
strongly, but would still exhibit a high surface area, which has
been shown to correlate almost linearly with the overall H,
uptake for homogeneous, physisorption-based systems.*’
One could conceivably reduce the number of large voids in a
given structure via framework interpenetration. Synthetically,
however, it is extremely difficult to control interpenetration,
and only one example exists wherein catenated and
non-catenated forms of the same framework were directly
compared for H, storage. The catenated version of Cus(tatb),
(tatb3’ = 4,4’ 4"-s-triazine-2,4,6-triyltribenzoate) was found
to adsorb 1.9 wt% of H, at 1 bar and 77 K.,*® an almost
0.6 wt% improvement over the non-catenated form of the
compound.®® Tt is unclear whether this improvement can be
generalized to other frameworks, or whether the difference
between the two isomers would be retained at increased
pressure. In principle, one should expect that the surface area
for a catenated framework will be reduced relative to its
uncatenated analogue, owing to the framework—framework
interactions that should arise upon desolvation. In practice,

however, catenation can sometimes lend a material enhanced
thermal stability, reducing the degree of framework collapse
during desolvation.® Along these lines, it has been argued
recently that catenation is detrimental for the overall uptake.’
Calculations suggest that the amount of H, adsorbed corre-
lates with the heat of adsorption only at low loadings, and that
surface area and total free volume become more important at
intermediate and high loadings, respectively. It has been
argued that the increase in binding energy associated with
catenation will not offset the loss of free volume, which
negatively affects the total H, uptake in a given material.

Spillover

Hydrogen spillover is a well-established phenomenon in
surface science, involving the dissociation of H, into H® on a
metal surface and subsequent migration of these atoms onto
materials such as alumina.’'~° This reaction is reversible, with
hydrogen atoms spontaneously recombining to afford the
molecular gas. Spillover from a nearby metal site and migra-
tion of those hydrogen atoms into the pores of frameworks
could enhance the hydrogen storage capacity, provided that
no irreversible hydrogenation chemistry occurs and the
adsorbate—framework interaction and packing density of H*
are greater than that of H,.>"

To investigate this phenomenon in porous solids, tests were
performed on mechanically-formed mixtures of a Pt/C catalyst,
consisting of 0.05 g of 20 wt% Pt nanoparticles on activated
carbon, with (C3H,BO)s(CoH;z) (COF-1), CuzBTC,,
Zn,O(NDC)3;, Zn,O(BDC)3;, Zn,O(BTB),, Al(OH)(BDC),
and Cr;OF(BDC);.> % The hydrogen uptake capacities at
298 K and 100 bar were determined for these mixtures,
and found to increase by at least two-fold relative to the
unmodified framework. Notably, the improved performance
of the mixture exceeded the sum of the storage capacities of the
individual components, implying that the Pt/C catalyst
enhanced the storage properties of the frameworks. It should
be noted, however, that mechanical grinding alone does not
necessarily afford a good pathway for spillover to occur
between the Pt nanocrystals and the framework surface.
Addition of a small amount of sucrose, followed by a thermal
treatment, which first melts then decomposes the sucrose,
generally led to enhanced H, uptake, presumably owing to
an improved H® migration path. Powder X-ray diffraction
patterns of the samples before and after this ‘“‘bridging”
protocol demonstrate that the crystallinity of the metal—
organic framework is retained.®'*®* Increases of three-fold or
greater have been observed in the hydrogen storage capacity at
room temperature relative to the unmodified framework. The
bridged materials can show reversible adsorption/desorption
through two or sometimes more cycles, but long-term
recyclability at high capacity has not yet been demonstrated.
In addition to issues with reproducibility and recyclability,
the desorption process can be slow, in some cases
requiring evacuation for 12 h prior to the second adsorption
measurement.

While spillover research has generated some of the most
encouraging recent results for room-temperature hydrogen
storage, many fundamental questions remain to be addressed.
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Understanding the precise form in which hydrogen is stored in
these systems may provide the key to improving desorption
kinetics and recyclability. If the storage mechanism does in
fact involve spillover, then synthetic chemistry can perhaps
supply materials in which well-defined metal nanocrystals are
directly integrated within metal-organic frameworks. The
possibilities of achieving a spillover effect with less-expensive
metals, such as nickel, and smaller metal clusters or even
individual metal centers also remain to be explored.

Metal-organic frameworks exhibiting a high H,
uptake

One of the first metal-organic frameworks investigated for
hydrogen storage was the cubic carboxylate-based framework
Zn4O(BDC); (see Fig. 1).5° This compound has been widely
studied since, and turns out to be the best cryogenic storage
material currently known. Early measurements performed at
77 K resulted in an excess gravimetric uptake of 1.3 wt% at
1 bar® and 5.1 wt% at 50 bar.%” Interestingly, the gas storage
properties obtained for ZnsO(BDC); were found to depend
very much on the methods utilized in its preparation and
activation, with Langmuir surface areas ranging between
1010 and 4400 m? g~! and H, uptake capacity varying
accordingly.!”31%7* The variation can be attributed to
incomplete evacuation of the pores and/or partial decomposi-
tion of the framework upon exposure to air.'”’> With com-
plete activation and protection of the sample from air and
water, ZnsO(BDC); was observed to exhibit a record excess
H, uptake of 7.1 wt% at 77 K and 40 bar (see Fig. 2)."" At
100 bar, a total uptake of 10.0 wt% is attained, corresponding
to a record volumetric storage density of 66 g L™'. Remark-
ably, this value is near the density of 71 g L™! observed for
liquid hydrogen at 20.4 K and 1 bar.”® In addition, it was
demonstrated that hydrogen can be loaded into a cold sample
of the compound within 2 min, and can be completely
desorbed and re-adsorbed for at least 24 cycles without loss
of capacity."®
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Fig. 2 Excess (squares) and total (circles) hydrogen uptake for
Zn,OBDC) at 77 K. The solid line represents the density of com-
pressed hydrogen over the given pressure range at this temperature.

Inspired by the performance of compounds such as
Zn4O(BDC);, researchers have thus far reported hydrogen
storage data for over 150 other microporous metal-organic
frameworks (see Table 1).>7” However, most efforts to date
have focused on attaining a high gravimetric uptake, which,
importantly, can be at direct odds with achieving a high
volumetric storage density. This is because materials with a
very high surface area also tend to exhibit an increased
micropore volume and, consequently, an inherently low bulk
density. Consider, for example, the case of Zn4O(BTB),
(BTB3’ = 1,3,5-benzenctribenzoate), wherein tetrahedral
[Zn401°" units are linked via a large, triangular tricarboxylate
ligand (see Fig. 3). At 77 K, this compound exhibits a maximal
excess H, uptake of 76 mg H, per 1076 mg compound + H, =
7.1 wt%.,%-"® matching that of Zn,O(BDC);. However, owing
to its significantly larger pores, much of the H, stored within
Zn40O(BTB), is simply compressed within the empty volume,
rather than adsorbed on the framework surface. This leads to
a higher total gravimetric uptake, reaching 11.4 wt% at 78 bar
and 77 K, but, correspondingly, a lower volumetric storage

Fig. 3 A portion of the crystal structure of ZnsO(BTB);
(MOF-177).%¢ Yellow, gray, and red spheres represent Zn, C, and O
atoms, respectively; H atoms are omitted for clarity. The structure
consists of six diamond-shaped channels (upper), with a diameter of
108 A, surrounding a pore containing eclipsed BTB>~ moieties
(lower). For the latter, the separation between the central benzene
rings of BTB*~ can accommodate a sphere with a diameter of 11.8 A.
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Fig. 4 A portion of the crystal structure of Mn3[(Mn,Cl)3(BTT)g]>
(Mn-BTT).?! Orange, bright green, blue, and gray spheres represent
Mn, Cl, N, and C atoms, respectively. Charge balancing Mn”" guest
cations, H atoms, and solvent molecules attached to the framework
Mn?" ions within are omitted for clarity. The structure consists of
truncated octahedral cages that share square faces, leading to pores of
ca. 10 A diameter.

density of just 49 g L™!. Ultimately, as the volume fraction of
space taken up by a framework shrinks toward zero, its total
gravimetric uptake will tend toward infinity. This limit of
course represents the storage capacity achieved by simply
compressing H, gas within an empty volume.

While Zn,O(BDC); exhibits excellent hydrogen storage
characteristics at 77 K, its performance at 298 K is poor due
to the weak interactions between H, and the framework.
Indeed, its volumetric storage capacity at 100 bar and 298 K
is 9.1 g L™, barely greater than the density of pure H, gas
compressed under these conditions (7.7 g L™").”° As discussed
above, open metal coordination sites on the framework
surface can increase the strength of H, adsorption, resulting
in an improved performance at 298 K. This was first demon-
strated in Mn;[(Mn,4Cl)3(BTT)g],, which contains open Mn>™
coordination sites (see Fig. 4) and exhibits an isosteric heat of
H, adsorption of 10.1 kJ mol™! at zero coverage.21 Here,
powder neutron diffraction data revealed a strong Mn-D,
interaction, with a separation between the metal and the center
of the D, molecule of just 2.27 A. This is a much shorter
distance than the >3 A normally observed for physisorbed
hydrogen,®® and presumably contributes to a more efficient
packing of hydrogen molecules in the pores. As a result, the
compound exhibits a volumetric storage capacity of 60 g L™
at 90 bar and 77 K, despite having a BET surface area of just
2100 m? g_l. Most notably, however, at 90 bar and 298 K, a
capacity of 12.1 g L™! was observed (see Fig. 5). This is 77%
greater than the density of compressed H, gas under these
conditions, and represents the current record for a metal-
organic framework.
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Fig. 5 Excess (squares) and total (circles) hydrogen uptake for
Mn;[(Mn,Cl)s(BTT)gl, at 298 K.2! The solid line represents the
density of compressed hydrogen over the given pressure range at this
temperature.

Significant improvements in room-temperature perfor-
mance are expected if similar frameworks can be generated
with exposed metal centers that have a slightly stronger
interaction with H, and are present on the surface at a higher
concentration. To date, the highest isosteric heat of H,
adsorption reported for a metal-organic framework is
12.3(5) kJ mol™!, as observed in Zn;(BDC);[Cu(Pyen)]
(HoPyen = 5-methyl-4-oxo-1,4-dihydro-pyridine-3-carbaldehyde).®!
Although direct evidence of H, binding to metal centers is not
available for this compound, coordinatively-unsaturated Cu?"
sites attached to salen-type ligands are thought to be respon-
sible for the high adsorption enthalpy. The strongest interac-
tion energy yet observed for an individual H, binding site
is 13.5 kJ mol™! in Niy(dhtp) (Hadhtp = 2,5-dihydroxy-
terephthalic acid), as observed by variable-temperature
infrared spectroscopy (see below for further details).®?

The foregoing compounds represent the current state-of-
the-art for hydrogen storage in metal-organic frameworks.
Although none of the materials simultaneously meet all of the
targets set by the US Department of Energy, they are within
range for a number of key characteristics, suggesting that a
logical approach may indeed produce related compounds with
exceptional H, storage properties.

Structure—performance correlations
Carboxylate-based frameworks

The vast majority of the frameworks listed in Table 1 are
constructed from multitopic ligands bearing the carboxylate
functionality. Most of these carboxylate-based ligands are
either commercially available, such as the ubiquitous 1,4-
benzenedicarboxylate (BDsz) and 1,3,5-benzenetricarboxylate
(BTC?"), or easily accessible through well-defined and high-
yielding synthetic pathways. Carboxylic acids are also
attractive as framework-forming reagents because their high
acidity (pK, =~ 4) allows facile in situ deprotonation.
Relatedly, the metal-carboxylate bond formation is reversible
under relatively mild conditions, which presumably facilitates
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the formation of well-ordered, crystalline metal-organic
frameworks.

While accessibility and favorable thermodynamics make
carboxylic acids the most popular ligand choice even today,
it was perhaps the extensive literature on molecular metal—
carboxylate systems that inspired initial work with these
ligands.®* For instance, Yaghi and coworkers mimicked the
structure of basic zinc acetate, ZnysO(O,CCHj)s, to produce
Zn4,O(BDC); and a plethora of other frameworks bearing the
same tetrahedral cluster motif.%® Interestingly, although struc-
turally analogous M4O(O,CR)s (M = Be, Co) molecules are
well-established,®* metal-organic frameworks containing such
units are still unknown. Given the position of ZnsO(BDC); as
one of the best performers for hydrogen storage, routes to the
analogous Be,O(BDC); and Co4O(BDC); frameworks would
be of great interest to the community. Indeed, the beryllium-
containing compound would be expected to display a total
gravimetric storage capacity ca. 4.1 wt% higher than that of
Zn,O(BDC);3 at 100 bar, owing to its lighter-weight frame-
work. Unfortunately, however, concerns over toxicity render
beryllium-containing compounds unlikely candidates for a
widespread fuel-storage application. Thus, an analogous
Mg,O(BDC); framework would perhaps be of greater utility.
While Mg>* has essentially the same ionic radius as Zn> ", its
solution chemistry is distinctly different, and even tetrahedral
Mg,O(0,CR)¢ molecules have not yet been realized.

Despite the great promise for high gravimetric hydrogen
uptake in metal-organic frameworks based on light main
group metal ions, such as Be>*, Mg®*, A*", and Ca’™, these
remain relatively few in number. No porous beryllium-
containing frameworks have been reported to date. Of the
few known magnesium frameworks, most exhibit a rather low
surface area and consequently the highest H, uptake yet
reported is just 0.78 wt% at 77 K and 1 bar, as observed for
Mgy(NDC)3.#* The two aluminium frameworks that have
been measured perform somewhat better, with AI(OH)(BDC)
exhibiting an excess gravimetric uptake of 3.8 wt% and a
volumetric capacity of 37 g L™! at 16 bar and 77 K.* To our
knowledge, no calcium-based metal-organic frameworks have
yet been shown to exhibit microporosity.

Transition metal-carboxylate frameworks have received by
far the most attention, with the majority of studies focusing on
Cu?"- or Zn®>* -containing compounds. Of particular interest
are compounds exhibiting a high surface area for gas adsorp-
tion. We note that these tend to be high-symmetry structures
involving rigid bridging ligands and robust metal cluster
nodes. A high degree of framework connectivity and strong
metal-ligand bonds appear to be necessary for maintaining the
framework architecture under the conditions required to
evacuate the solvent from the pores. In this regard, the
bridging bidentate coordination ability of carboxylate groups
looks to be of chief importance. Indeed, the aforementioned
tetrahedral Zn,O(O,CR)g units serve as nodes in many of the
highest-surface area frameworks. For example, Zn,O(BDC);
(see Fig. 1) and Zn4sO(BTB), (see Fig. 3) display BET
surface areas of 3800 and 4750 m? g~ !, respectively,!?-66-6%-78
which, as discussed above, result in exceptionally high
hydrogen storage capacities at 77 K. Other notable
materials include Cr;OF(BDC);% and Cu(gptc) (gqptc*™ =

quaterphenyl-3,3'"",5,5"" -tetracarboxylate),®” which feature oxo-
centered triangular and paddlewheel-type clusters, respectively.
At 77 K, the former compound exhibits a Langmuir surface area
of 5500 m? g’l and an excess H, uptake of 6.1 wt% at 80 bar,
while the latter exhibits a BET surface area of 2930 m* g~' and an
excess H» capacity of 6.1 wt% at 20 bar.

While there are numerous examples of carboxylate-bridged
frameworks with high H, uptake capacities at 77 K, the
majority of these display isosteric heats of adsorption below
6-7 kJ mol~'. This is due to the fact that many metal—
carboxylate building units, and most notably tetrahedral
Zn40(0O,CR)g units, lack coordinatively-unsaturated metal
centers. The utility of using exposed metal sites is evident in
the large number of carboxylate-based frameworks containing
the paddlewheel motif, Cuy(O,CR),. Here, each Cu" center
can potentially lose a terminal solvent ligand bound in the
axial position, thereby providing an open coordination site for
H, binding. The prototypical material of this type is
Cu;(BTC),, which adopts the structure depicted in Fig. 6.
Indeed, this metal-organic framework was one of the first
shown to bind hydrogen at metal sites at low temperatures,
as demonstrated using variable-temperature infrared
spectroscopy®? and powder neutron diffraction data.®® Among
paddlewheel-based frameworks, particularly impressive results
were recently reported for Cug(Cs-mdip),(Cs,-mdip), which
adsorbs 3.05 excess wt% of H, at 1 bar and 77 K.3° Although
definitive proof of metal-H, binding and a binding energy
profile were not reported for this compound, the authors
attribute the unusually high H, uptake to overlapping attrac-
tive potentials from multiple Cu, paddlewheel units.

Numerous different metal cluster structure types could act
as building units for carboxylate-based frameworks.*' There
are, however, only a few examples of isomorphous

Fig. 6 A portion of the

crystal
(HKUST-1)."?! Green, gray, and red spheres represent Cu, C, and O
atoms, respectively; H atoms are omitted for clarity. Similar to
Mn-BTT, the structure consists of octahedral cages that share
paddlewheel units to define pores of ca. 9.8 A diameter.

structure  of Cuz(BTC),
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Fig. 7 A portion of the crystal structure of desolvated Zn,(dhtp).'**

Yellow, gray, red, and pink spheres represent Zn, C, carboxylate O,
and alkoxide O atoms, respectively; H atoms are omitted for clarity.
The extended solid contains hexaganol channels approximately 9.8 A
wide. Each Zn>" ion is coordinated by two carboxylate and two
alkoxide O atoms in the equatorial plane, with the open axial
coordination site, previously occupied by solvent, oriented toward
the channel interior.

frameworks for which hydrogen storage data exist, and, as
such, drawing conclusive structure—property relationships is
difficult. Of particular interest here are isomorphous systems
supporting open metal coordination sites. Hence, the synthesis
of new frameworks based on paddlewheel M,(O,CR)4 or
triangular M30(O,CR);¢ clusters, which are known in mole-
cular chemistry to form for a wide range of metal centers, can
be anticipated to provide exciting results. Relatedly, variation
of the metal within the M,(dhtp) structure type shown in
Fig. 7 has been demonstrated recently,”®** and measurements
on these compounds should afford valuable insight into the
nature of H, binding to metal centers in metal-organic
frameworks.

Heterocyclic azolate-based frameworks

A functional analogue of the carboxylate group is tetrazolate,
a five-membered heterocyclic ring with four adjacent nitrogen
atoms that is easily accessible via a [2 + 3] dipolar cyclo-
addition between organic cyanide, R-C=N, and the azide
anion, N3~ . Akin to a carboxylic acid moiety, deprotonation
of the tetrazole ring occurs at a pH of approximately 4. As
such, the monoanionic tetrazolate functionality, -CN4, can
be synthesized in situ under conditions that are very similar to
those used with carboxylic acids. The similarity between
tetrazolates and carboxylates extends to their coordination
chemistry, and there are indeed examples of tetrazolate-based
frameworks that emulate the structure of their carboxylate-
based analogues. Two such examples are Zns(BDT); (BDT>~ =
1,4-benzeneditetrazolate) and Cu[(CuyCl)(ttpm),], (ttpm?*~ =
tetrakis(4-tetrazolylphenyl) methane), which are structural
analogues of Zn3(BDC); and CdsTCPM), (TCPM*~ =
tetrakis(4-carboxyphenyl)methane),”® respectively, and which

adsorb 1.46 and 2.8 excess wt% of H,, respectively, at
1 bar and 77 K.°®*! Unfortunately, H, sorption data for the
carboxylate-based analogues have not been reported in these
cases, and are further absent for other tetrazolate—carboxylate
framework analogues.

Despite their similarities in chemical behavior, the two
functionalities also differ in several ways. One of these is the
ability of tetrazolate ligands to use two, three, or all
four nitrogen atoms for metal coordination, in contrast to
carboxylates, which are typically bidentate. The varied
coordination modes of the tetrazolate group can therefore
give rise to structures that are not accessible with carboxylate
ligands. In addition, when coordinating through the N3 and
N4 atoms, the pinched donor atom geometry of tetrazolate
relative to the O atoms of carboxylate can favor the isolation
of coordinatively-unsaturated metal centers.® This attribute is
most prominently displayed in Mn3[(Mn4Cl)3(BTT)g], and its
guest cation-exchanged variants, which exhibit initial iso-
steric heats of H, adsorption of up to 10.5 kJ mol~'.*®
Interestingly, the analogous copper(i)-containing framework,
HCu[(CusCl)5;(BTT)g], displays a significantly reduced
initial isosteric heat of adsorption of 9.5 kJ mol~'. The
weaker binding of the metal-bound solvent molecules within
this framework, however, enables its complete desolvation,
such that at higher H, loadings the heat of adsorption
surpasses that of the Mn-BTT framework. For comparison
purposes, it would certainly be of value to generate further
analogues of this structure type containing other divalent
metal ions.

While both carboxylate- and tetrazolate-based frameworks
can exhibit moisture sensitivity, the latter can also suffer
from a reduced thermal stability. Thus, most tetrazolate-
based frameworks start to collapse above 200 °C, making
them more difficult to desolvate without structural deforma-
tion. The detrimental effect of increased temperature can to
some extent be circumvented by employing milder
desolvation techniques. For example, exchange of high-boiling
DMF with methanol, followed by desolvation at only 65 °C
leads to a total H, uptake of 4.5 wt% and 37 g L~!
for Mns[(MnsCl)s(tpt-3tz)s(DMF);5], at 80 bar and 77 K.>°

Ultimately, the temperature and moisture sensitivity of
tetrazolate-based frameworks make these non-ideal candi-
dates for hydrogen storage applications. Stability problems
can potentially be addressed, however, by replacing tetrazole
with related five-membered azole rings, such as triazole,
pyrazole, and imidazole. The higher pK, values for these
heterocycles, 9-10 for triazoles and 14-15 for pyrazole and
imidazole,” translate into an increased nucleophilicity for
their conjugate bases and much-improved strength of the
ensuing metal-nitrogen bond. In principle, 1,2,3-triazole and
pyrazole could be used to construct geometric analogues of the
bridging tetrazolate ligands, enabling synthesis of more stable
analogues of the known tetrazolate-based frameworks. In one
such example, 1,4-benzenedi(4’-pyrazole) (H,BDP) was used
to synthesize Co(BDP) (see Fig. 8), which is structurally
related to Cu(BDT). As opposed to Cu(BDT), which is not
thermally stable and does not show significant H, uptake upon
desolvation,”® Co(BDP) is stable to 400 °C and can adsorb
large amounts of Ho.
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Fig. 8 A portion of the crystal structure of Co(BDP).3” Purple, gray,
and blue spheres represent Co, C, and N atoms, respectively. Upon
desolvation, the square channels (ca. 12 A wide) are proposed to
collapse in a manner similar to an accordion. Gas adsorption results in
a stepwise reopening of the pores.

Unlike the majority of the frameworks discussed here,
Co(BDP) is an example of a flexible metal-organic framework.
Upon desolvation, its structure changes substantially,
but without loss of framework connectivity. At 77 K, it
exhibits almost no H, uptake up to 20 bar, whereafter a
sharp adsorption step occurs, leading to an excess adsorption
of 3.1 wt%.” Loss of H, then occurs only below 15 bar, such
that the adsorption and desorption steps define a broad
hysteresis loop (see Fig. 9). More subtle versions of this effect
have been observed for other flexible frameworks;>>8>%8
however, at 2670 m> g~!, Co(BDP) has the largest
Langmuir surface area yet reported for such a compound.
Importantly, if the effect could be brought into the right range
of activation energies, materials of this type could perhaps
provide a means of storing H, via a kinetics-based trapping
mechanism. This would be akin to proposed storage schemes
involving hydrogen clathrates,” '°' but with materials that
could potentially function at more accessible H, loading
pressures.

Similar to pyrazole, imidazole can give rise to very robust
metal-organic frameworks. Several imidazolate frameworks
have been shown to exhibit impressive stability to both
chemical agents, such as concentrated basic solutions, and to
temperatures in excess of 350 °C.?? Despite the large number
of imidazolate-based frameworks reported thus far, hydrogen
storage data exist for only few of them. Among these, the
highest capacity measured is 3.3 excess wt% at 30 bar and
77 K for Zn(MeIM), (ZIF-8).*! While more hydrogen storage
data on these compounds will surely be forthcoming, it would
be of particular interest to devise methods for generating
such stable frameworks that also feature open metal
coordination sites.
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Fig. 9 Hydrogen sorption isotherm for Co(BDP) at 77 K, displaying
a broad hysteresis.”” Adsorption (filled circles) proceeds in a stepwise
manner, with the first step reaching a plateau at ca. 4 bar and the
second at ca. 30 bar. Desorption (open circles) occurs at lower
pressures, with steps beginning at ca. 16 and ca. 2 bar.

Mixed-ligand/functionality systems

Another means of addressing the reduced thermal stability of
tetrazolate-based frameworks while still taking advantage of
the more versatile coordination chemistry of these ligands is to
use mixed ligand systems, such as a mixture of carboxylates
and tetrazolates. Although it becomes increasingly difficult to
design materials that contain two different metal-binding
functionalities, frameworks with impressive H, storage
properties were reported recently using this approach. Most
notable among these is CugO(tzi)3(NO;) (tzi~ = 5S-tetrazolyl-
isophthalate), a material constructed from a triangular ligand
that possesses two carboxylate groups and a tetrazolate
ring.'%? Here, the carboxylate groups serve to construct the
well-known paddlewheel Cu,(O,CR),4 building unit, while the
tetrazolate participates in the formation of a previously
unknown metal-building unit, Cuz;O(N4CR);. In this
triangular cluster, each Cu®" ion exhibits two empty co-
ordination sites, which presumably contribute to a high
isosteric heat of adsorption of 9.5 kJ mol~! and an H, uptake
of 2.4 wt% at 1 bar and 77 K. Similar approaches, where
different functionalities target metal-building units of specific
geometries, may reduce the serendipity associated with this
method, and could potentially lead to particularly complex,
but well-engineered and effective H, storage materials.

Metal—cyanide frameworks

The H, uptake characteristics of metal-cyanide frameworks,
perhaps the oldest class of synthetic microporous materials,
are of interest owing to the wide range of metal centers that
can be exposed on their internal surfaces upon dehydration.
The first such compounds studied were the series of Prussian
blue analogues of formula M3[Co(CN)g], (M = Mn, Fe, Co,
Ni, Cu, Zn), which contain open M coordination sites as a
result of vacancies at the [Co(CN)s]>~ sites within the cubic
framework.** Amongst these, Cus[Co(CN)gl, exhibits the
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highest H, storage capacity, taking up 1.8 excess wt% at 77 K
and 1.2 bar. Surprisingly, despite the presence of open metal
coordination sites, the highest isosteric heat of adsorption
observed for the series was just 7.4 kJ mol ™! in Ni5[Co(CN)¢l,.
Thus, it appears that the electronic structure of the N-bound
divalent metal ions within these frameworks is not conducive
to generating a strong interaction with H,. It is worth noting,
however, that slightly higher H, binding energies appear to
occur at low loadings within the dehydrated form of Prussian
blue itself: Fe,[Fe(CN)ls.”®

The family of compounds A,Zn;[Fe(CN)g],-nH,O (A = H,
Li, Na, K, Rb, Cs) provided an opportunity for studying the
strength of H, interactions with alkali metal cations located
within the pores of an anionic metal-cyanide framework. %1%
Upon dehydration, a maximum excess uptake of 1.2 wt% at
77 K and 1.2 bar and a maximum isosteric heat of adsorption
of 9.0 kJ mol™! were observed for K,Zn;[Fe(CN)gl,. Most
significantly, however, an unexpected trend was observed in
the isosteric heats of adsorption, with the values at low
coverage decreasing along the sequence K™ > (H;0)" >
Rb* ~ Li(H,O)" > Na™. This trend is in distinct contrast to
the observations in the gas phase, and suggests that the
effective charge of a small guest cation such as Na™* can be
significantly attenuated by it lodging within crevices of a
framework surface.

Although the low-pressure H, uptake values at 77 K for
certain metal-cyanide frameworks are on a par with those of
metal-organic frameworks, they are not expected to perform
as well at higher pressures. This is because the short cyanide
bridge leads to relatively dense framework structures that
typically exhibit surface areas below 900 m? g~'. In addition,
without some means of further increasing their H, binding
affinity, it is unlikely that they will perform well at 298 K.

Covalent organic frameworks

A recent addition to the family of crystalline microporous
materials are the covalent organic frameworks. Unlike metal—
organic frameworks, wherein metal ions or clusters make up
the nodes of the underlying topological motifs, covalent
organic frameworks are by definition devoid of metals and
are constructed entirely from strong covalent bonds. Notably,
owing to the absence of typically weaker metal-ligand bonds,
which render most metal-organic frameworks chemically and
thermally unstable, covalent organic frameworks normally
exhibit extraordinary thermal and chemical stability, in many
ways resembling some high melting-point amorphous poly-
mers. What makes covalent organic frameworks distinct from
other organic polymers, however, is that they share many of
the same attributes as metal-organic frameworks: they are
crystalline and have a well-defined macromolecular structure,
they exhibit high porosity, and they have high surface areas. In
addition, their crystal structures can be reduced to topologically
idealized networks that can potentially be synthesized by
design from various combinations of small organic building
units.'*

Given their light weight owing to the absence of heavy metal
components, it is not surprising that covalent organic frame-
works can adsorb significant amounts of gases, including

hydrogen. For instance, at 100 bar and 77 K CoH4BO,
(COF-5), a two-dimensional framework obtained by the
condensation of 1,4-benzenediboronic acid with hexahydroxy-
triphenylene, exhibits excess and total H, uptake capacities of
3.3 and 5 wt%, respectively.'> Volumetrically, however, only
33 ¢ L~! of H, are stored within COF-5, a rather low value
that is associated with the low density of the material. In fact,
the extraordinary gravimetric capacities that are predicted for
existing frameworks (almost 20 wt% calculated for
(C13Hg0¢)4(C(CgH4B)4)3, COF-108) are offset by volumetric
capacities that are not expected to exceed 50 g L™! at 100 bar
and 77 K.'>!5 Nevertheless, it is clear that it should be
possible to design a covalent organic framework with a
volumetric storage density at least matching the 66 g L™'
observed for ZnsO(BDC); under these conditions. This
would require development of a synthetic route to a frame-
work exhibiting an equivalent, or perhaps even improved,
pore dimension profile. As discussed above, the optimal dis-
tance between surfaces for high-density hydrogen storage at
77 K is predicted to be 10 A. Since covalent organic
frameworks do not possess strong surface dipoles, doping
with metal species would provide the most likely means of
generating materials exhibiting good storage characteristics
at 298 K _11-17:105.106

Characterization of framework—H, interactions

Unlike activated carbons and other graphitic structures,
metal-organic frameworks exhibit highly heterogeneous
van der Waals potentials within their pores. Therefore, H,
molecules show preference for particular loci, such as open
metal sites or metal-building units. At low temperatures,
weaker adsorption sites, such as the aromatic rings on organic
linkers, become occupied only after these stronger binding
sites are saturated. A detailed understanding of the localiza-
tion of H, within metal-organic frameworks is clearly impor-
tant for developing materials that can function at
temperatures closer to room temperature. In particular,
neutron diffraction, inelastic neutron scattering, and infrared
spectroscopy have been used to explore the site-specific inter-
actions of hydrogen within a framework and the energetics of
those binding events.

Neutron diffraction and inelastic neutron scattering

Powder neutron diffraction patterns recorded for desolvated
samples of a framework at low temperature under a pressure
of D, can provide precise spatial resolution of hydrogen
binding sites. The preference, and consequently the relative
binding energies, of hydrogen for sites within the framework
can be determined by monitoring the occupancy of each site
as a function of D, loading. At high loadings, the overall
availability of the site for hydrogen adsorption can also be
assessed.

Inelastic neutron scattering (INS) spectroscopy, in which
the collision of neutrons with bound hydrogen results in
rotational excitation of the H, molecule, can give information
on the number of individual binding sites as a function of H,
loading, and in principle can inform on the binding energy of
each site. However, an INS absorption band cannot be
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unequivocally assigned to a particular location, and peaks
with the highest rotational barrier are assigned to H, bound
at/near metal clusters. Computational methods are often used
in conjunction with INS spectra to confirm band assignments
and to calculate the adsorption energy and the H, orientation
at a given site within the solid.

Both of these neutron techniques have been performed on
Zn,O(BDC); (see Fig. 1). INS spectra recorded for different
temperatures at loadings of less than 8 H, per formula unit
display two peaks centered at 10.3 and 12.1 meV (a lower
value corresponds to a larger rotational barrier).% These
peaks were assigned to H, bound to the Zn O cluster unit
and the BDC?™ linker, respectively. Higher H, loadings
revealed a splitting of the 12.1 meV absorption band,
indicating that multiple binding sites exist for which adsorbed
H, molecules have similar rotational barriers. The INS data,
and subsequent neutron diffraction experiments coupled with
a series of computational studies,'%” 1% confirmed that the
three strongest binding sites are near the Zn,O cluster (i.e., are
near the corners within the cubic framework) and the fourth
site is a weaker interaction with the aromatic ring. These data
further revealed that at high loadings the H, molecules form
cages, wherein they are situated less than 3.0 A from each
other. This distance is below the intermolecular H,---H,
separation observed in solid hydrogen, and supports the better
packing efficiency observed within Zn,O(BDC); at high
pressures compared to liquid and solid H,. As expected based
on the analogous structural motifs, binding sites that are
similar in nature to those observed for Zn O(BDC); were
also determined by neutron techniques for the isoreticular
frameworks ZnsO(NDC);3, Zn4O(bpdc),, ZnsO(hpdc);, and
Zn,O(BTB),.'°

Neutron diffraction experiments have further been
employed to demonstrate hydrogen binding to open metal
coordination sites. For instance, recent studies performed on
Zn>(dhtp) (see Fig. 7) elucidated three binding sites that are
occupied below 30 K.''!' The highest affinity site is located
near the Zn>" ion, with a Zn>"-D, distance of ca. 2.6 A.
Variable-temperature INS experiments gave an estimated
binding energy for this site of 8.8 kJ mol~'. Hydrogen
molecules were also observed to bind to two additional sites
by weaker dispersive forces. For the stronger of these two sites,
three of the oxygen atoms coordinated to Zn>" interact with a
D, molecule at a separation of 3.1 A, resulting in an estimated
adsorption energy of 5 kJ mol~!. At the weaker adsorption
site, the distance between the aromatic ring of the dihydroxy-
terephthalate linker and a D, molecule is 3.3 A, in line with
that of a typical van der Waals interaction. Interestingly, the
ensemble of adsorbed hydrogen molecules at the three sites
gives rise to a “‘one-dimensional tubular structure” with
intermolecular distances comparable to those observed in
ZH40(BDC)3

Neutron diffraction and variable-temperature INS experi-
ments carried out on Cuz(BTC), (see Fig. 6) revealed six
different hydrogen adsorption sites.®!'> The vacant axial
coordination sites of the Cu'! centers bind D, at a separation
of just 2.39 A. From INS studies, the hydrogen at this site has
a large rotational barrier, consistent with the estimated
binding energy of just 6-10 kJ mol~!. Subsequent adsorbate

molecules occupy sites within the small cages first and then the
large channels, binding to the aromatic linker and the oxygen
atoms of the carboxylate groups in both locations. Neutron
diffraction experiments performed at high D, loadings indicate
that the lattice parameters of the framework undergo minor
changes, which possibly arise from bending of the BTC>~ unit.
Similarly, the absorption peak in the INS spectra correspond-
ing to hydrogen bound in the small pocket shifts to higher
energy at high loadings, suggesting that hydrogen binding
indeed provokes minor changes in the environment of this
adsorption site.

Hydrogen was also observed to bind directly to the open
metal coordination sites in Mn;[(Mn4Cl);(BTT)g], (see Fig. 4)
and its copper analogue, HCu[(CusCl);(BTT)g], at low
temperature. Here, D, interacts with the metal ions at dis-
tances of 2.27 A (Mn>")*! and 2.47 A (Cu>").”” The short
Mn-D, separation represents the closest contact yet observed
for hydrogen with the surface of a metal-organic framework.
A second strong adsorption site occurs in these structures, at
which D, resides within a pocket created by a ClI™ anion and
four tetrazolate rings. Two additional weaker adsorption sites
associated with the bridging ligands were also observed in each
case. At the highest D, loadings measured, almost complete
saturation was observed for the site adjacent to the Cu®" ions,
indicating that these sites are indeed all open and available for
binding hydrogen.

A low-temperature neutron diffraction study of Y(BTC)
shows that open metal coordination sites within a metal-
organic framework are not always the strongest adsorption
sites for hydrogen.!'> A similar result was obtained for
Cu3[Co(CN)g]p, wherein neutron diffraction showed that the
Cu?" ions provided only the second strongest adsorption
site.!'* The measurements performed on Y(BTC) indicate that
at low D, loadings the adsorbate binds first to the aromatic
ring of the BTC>~ linker, with a separation of 3.7 A. At higher
loadings, a D5 adsorption site located 4.27 A from the Y** ion
was observed. It was proposed that the small pore size of only
58 A in this material gives rise to dispersive interactions
that are stronger than the interaction with the metal ion,
accounting for the weaker preference for the open metal
coordination site in this material. Two other low affinity sites
are observed at higher H, loadings, but the adsorption
enthalpy of these sites are significantly weaker (<4 kJ mol™").
As observed in other frameworks, the intermolecular distance
between adsorbed hydrogen molecules is shorter (2.86 A) than
the distance in solid D».

Other frameworks have also been analyzed using these
neutron methods, including NaNi3(OH)(sip), and the Prussian
blue analogues Mj3[Co(CN)gl, (M = Mn, Fe, Co, Ni,
Cu, Zn).'" " In the metal-cyanide frameworks, it has been
proposed that the adsorption enthalpy is dependent on the
pore size in relation to the kinetic diameter of the hydrogen
molecule, and is not governed solely by the nature of the
M2 jon 115

Variable-temperature infrared spectroscopy

Unperturbed H, is infrared inactive, but shows Raman bands
at vy = 4161 and 4155 cm ™! for para- and ortho-hydrogen,
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respectively.!!”  Association of H, molecules with the

surface of a framework, however, polarizes the H-H bond,
causing the vibrational transition to become infrared active.
The strength of the interaction between H, and a binding site,
such as a metal ion or an aromatic ring, determines
the bathochromic shift of this transition, with stronger
binding interactions resulting in a greater shift from the
unperturbed system. Hydrogen bound at any available site
within a given framework can therefore be observed by
infrared spectroscopy. Furthermore, the binding energy for a
specific site can be accurately measured from the isobaric
temperature dependence of the intensity of the respective
absorption band.''”''® It must be emphasized that this
technique probes the interaction of H, with the framework
in a site-specific manner, which contrasts the isosteric heat of
adsorption determined at low H, coverage. The latter is an
average measure of all sites occupied at that temperature and
pressure, and is unable to differentiate between any of
these sites.

Hydrogen uptake in Zn4sO(BDC); has been investigated
using infrared spectroscopy, resulting in the observation
of two transitions at 4112 and 4121 cm™' at low
pressures.'!” These transitions were assigned to para- and
ortho-hydrogen coordinated at the same type of site within
the framework. As the H, pressure was increased, the two
transitions became obscured by a broad absorption band
centered at 4130 cm~!. Note that the observed peaks
are weakly red-shifted from the unperturbed transitions,
indicating that hydrogen does not undergo dissociative
adsorption. Moreover, a specific site with a strong binding
energy, such as might be expected for H, binding directly to a
Zn>" jon, was not observed. Indeed, the binding energies
determined for the low- and high-pressure sites were 7.4 and
3.5 kJ mol ™!, respectively.

Infrared spectroscopy also provided the first strong evidence
for H, binding to a metal site within a metal-organic frame-
work. Thus, at a low H, loading, two transitions at 4097 and
4090 cm ™', which arise from para- and ortho-H, binding at
one type of site, were observed on Cus(BTC),.*? The binding
energy calculated from variable-temperature measurements
for this site is 10 kJ mol~!. This strong adsorption site was
assigned to H, interacting with the exposed Cu>" ions of the
framework based on the frequency of this transition and the
magnitude of the binding energy.

Recently, infrared studies were carried out on Ni,y(dhtp), the
Ni?* analogue of MOF-74 (see Fig. 7).!%° In this compound,
H, was observed to adsorb at the coordinatively-unsaturated
nickel(11) sites at a relatively high temperature of 180 K with a
strong adsorption enthalpy of 13.5 kJ mol™!. Two vibrational
frequencies were observed at 4035 and 4028 cm ™', relatively
low values demonstrative of the strong interaction between H,
and the framework. These absorptions correspond to two
distinct binding sites and not bound ortho/para-hydrogen as
observed in Cuz;BTC,. For the two sites, the hydrogen mole-
cule eclipses an Ni-O bond, where the oxygen atom arises
either from the carboxylate or alkoxide group. As the loading
of H, is increased, two new bands at vy = 4132 and
4120 cm~! are observed, which arise from hydrogen bound
to the aromatic linkers.

Conclusions

Since hydrogen storage was first reported in a metal-organic
framework, significant and continual progress has been made.
In the last few years, marked increases in both the binding
energy and the storage capacity have been reported. Specific
chemical features, such as high surface areas, vacant coordina-
tion sites on metal ions, and strong surface dipole moments,
have been demonstrated to enhance hydrogen uptake. Still,
significant further advances will be required in order to meet
the US DoE targets for an on-board hydrogen storage system.

Metal-organic frameworks can display outstanding perfor-
mance characteristics for cryogenic hydrogen storage at 77 K
and pressures up to 100 bar. In particular, a rapid and fully-
reversible H, uptake of 10.0 total wt% and 66 g L™' has been
observed for Zn,O(BDC);.'"” Improvements in gravimetric
capacity without loss of storage density can be expected if
analogous structures can be constructed from lighter-weight
components, as perhaps achievable in MgsO(BDC); or a
covalent organic framework with similar pore dimensions.
Improvements in volumetric storage density might also be
possible for framework structures exhibiting a consistent 10 A
separation between opposing pore walls. Unfortunately, with-
out strong surface dipoles, it is unlikely that these materials
would also function well for hydrogen storage at 298 K.

By generating frameworks bearing open metal coordination
sites, it is possible to increase the affinity of the surface
for H,, giving rise to a higher storage capacity at 298 K.
For example, exposed Mn?" coordination sites within
Mn;[(MnyCl)3(BTT)g], contribute to its record uptake of
1.49 total wt% and 12.1 g L' at 298 K and 90 bar.?' Here,
serious advances in synthetic chemistry are needed to improve
performance. The challenge is to design bridging ligands or
surface functionalization chemistry that will lead to frame-
works with a high concentration of open metal sites, ideally
with each metal capable of binding more than one H, molecule.
The charge density on the metal ions should be sufficient to
result in an H, binding enthalpy of ca. 20 kJ mol~".
Furthermore, to attain gravimetric capacities approaching
the DoE targets, it may be necessary to utilize light main
group metal ions, such as Li*, Mg®", or A",

Some additional factors should be kept in mind when
attempting to generate frameworks with improved hydrogen
storage properties. Strong metal-ligand bonds within the
framework can be critical for ensuring that the material can
be fully desolvated without collapsing and is stable to adven-
titious moisture. Ultimately, a storage material should be
cheap to produce and activate on a large scale, and its
components should be widely-abundant and should not pre-
sent an environmental issue upon disposal. Thus, the creation
of metal-organic frameworks of true utility for hydrogen
storage applications presents a formidable yet exceedingly
complex and engaging challenge.
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881 89 61'1 SL ! PND)RIIfuZEQY
881 98 L'l SL I ND)SOJFuZTY
881 v'8 ST SL I PN uZEY
881 €8 99'1 SL ! PND)AJ uZE
ot 066'L 61 1 LL 611 OLv PND)ed]fuZEY
o 6L €L 61 I'l LL 611 (1[5 PND)RAFuZEqY
172 L'L 81 Tl LL ! 0LS PND) A uZCeN
o 6L-19 91 'l LL 611 0sT OCHTU°(ND)e A uZrT
oF T88L 91 'l LL 611 OHT I’ (ND)e Al uZ*H
a4 81 vl LL 611 0zL PND)ODIfuZ
81 SI'L 6€C SL I PINDMIIEND
681 0L 6L'T SL I P(ND)AIEND
81 69 19°C SL I
9L 89-9'9 81 LL I 0SL PIND)ODIEND
=13/ 10A % M/8590X /L Teq/d Imuwgue| 14dg ypunoduwo)
REN| _owr (/%0 ,P8B101S UdT0IPAY suonIpuo) U/ JOA 210g |3 ,w/eare adepmg

(panunguod) | dqqe],
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