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ABSTRACT: Porous solids can accommodate and release _Cu H—H H—H He—H

molecular hydrogen readily, making them attractive for minimizing 4 :’i‘ \N' : :

the energy requirements for hydrogen storage relative to physical N""N\ ‘r\'[,'\x N/cuh N /CUN N /c-“'ﬁ.

storage systems. However, H, adsorption enthalpies in such / /M\N | 'i‘ | 'i‘ | 'i’
Cu ] Ne NN N NN N N.N

materials are generally weak (=3 to —7 kJ/mol), lowering ~viz=N N N
9ng q 5 ° ‘N——M'N§
capacities at ambient temperature. Metal—organic frameworks l \x Zn d

with well-defined structures and synthetic modularity could allow

for tuning adsorbent—H, interactions for ambient-temperature M" ion radius 0.74 A 0.83A 095A
storage. Recently, Cu,,Zn,Cl, ¢(btdd); (H,btdd = bis(1H-1,2,3- Cu' geometry more pyramidal «——>  more planar
triazolo-[4,5-b],[4',5'-i])dibenzo[1,4]dioxin; Cu'-MFU-41) was Tr-backbonding stronger -— 5 weaker
reported to show a large H, adsorption enthalpy of —32 kJ/mol  _ AHyas (kJ/mol) 33 27 23

owing to z-backbonding from Cu' to H,, exceeding the optimal

binding strength for ambient-temperature storage (—15 to —25 kJ/

mol). Toward realizing optimal H, binding, we sought to modulate the z-backbonding interactions by tuning the pyramidal
geometry of the trigonal Cu' sites. A series of isostructural frameworks, Cu,,M, ;X ;(btdd); (M = Mn, Cd; X = Cl, I; Cu'M-MFU-
41), was synthesized through postsynthetic modification of the corresponding materials MX,(btdd); (M = Mn, Cd; X = CH,CO,,
I). This strategy adjusts the H, adsorption enthalpy at the Cu' sites according to the ionic radius of the central metal ion of the
pentanuclear cluster node, leading to —33 kJ/mol for M = Zn" (0.74 A), —27 kJ/mol for M = Mn" (0.83 A), and —23 kJ/mol for M
= Cd" (0.95 A). Thus, Cu'Cd-MFU-4 provides a second, more stable example of optimal H, binding energy for ambient-
temperature storage among reported metal—organic frameworks. Structural, computational, and spectroscopic studies indicate that a
larger central metal planarizes trigonal Cu' sites, weakening the z-backbonding to H,.

B INTRODUCTION promising for point-of-use applications, because such storage
systems necessitate high cyclability and facile H, charge/
discharge kinetics with minimum energetic inputs.
Metal—organic frameworks (MOFs) are emergent adsorb-
ents with pore structures and functionalities that can be tuned
through the deliberate choice of metal and organic linker to
optimize adsorption properties.”” Such synthetic tunability is
distinct from classical porous adsorbents such as zeolites and
activated carbons. Indeed, early investigations on MOFs for
applications in H, storage demonstrated that frameworks with
high surface areas exhibit remarkable gravimetric H, capacities

Hydrogen is an important clean energy carrier for decarbon-
ization due to the absence of carbon dioxide emissions upon
combustion or use in a fuel cell. Although the dominant H,
production technologies use fossil fuels or hydrocarbons, the
development of renewable-energy-based technologies using
ubiquitous feedstocks, such as water or biomass, would realize
sustainable, net-low-, or even net-zero-emission systems."> The
H, generated then needs to be transported to and stored at the
point of use. Hydrogen is currently stored via compression or
liquefaction, but extreme storage conditions (>350 bar for
compression or 20 K for liquefaction) incur safety concerns as

well as high capital and operation costs.” Instead, materials- Received:  June 13, 2024
based storage systems, such as porous adsorbents,” metal Revised:  July 18, 2024
hydrides,” and organic H, carriers,” are expected to enable H, Accepted: July 19, 2024

storage under milder conditions to realize safer and more Published: August 2, 2024

efficient systems.” The nondissociative H, storage mechanism
associated with porous adsorbents makes them particularly
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Figure 1. Schematic representation of our strategy to alter the z-basicity of open Cu' sites in Cu'M-MFU-4] frameworks by geometric tuning. The
structure of MFU-4l-type frameworks (a) and the pentanuclear secondary building unit (b) are shown with a reaction scheme of postsynthetic
metal-exchange for the secondary building unit (b). A qualitative Walsh diagram to depict the change in the energy levels of d orbitals from trigonal
pyramidal geometry to trigonal planar geometry (c). Panel (d) illustrates the systematic change in the geometry of open Cu' sites by the ionic
radius of the central metal site of the pentanuclear secondary building unit. Brown, blue, gray, light blue, and light green spheres represent Cu, N, C,
Zn, and Cl atoms, respectively. Hydrogen atoms are omitted for clarity. The large yellow sphere in panel (a) illustrates voids in the framework.

at 80 bar or higher, albeit at cryogenic temperatures.'’”"

Unfortunately, the adsorption capacity at ambient temper-
atures drops to one-third of the capacity at cryogenic
conditions in most cases. Hydrogen storage at ambient
temperatures by porous adsorbents is challenged by weak
van der Waals interactions between H, and the adsorbent
surface. These interactions are typically within a range of —3 to
—7 kJ/mol due to the low polarizability of the H, molecule."*

Although stronger framework—H, interactions usually
increase the adsorption capacity of H, at ambient temperature,
extremely strong interactions may reduce the usable H,
capacity. The usable H, capacity is defined as the difference
in H, uptake between the H, charging and discharging
conditions. The H, discharging pressure is proposed to be 2—5
bar to create a pressure gradient to feed H, from the higher-
pressure storage tank to the fuel cells.”'® The optimal binding
strength that can maximize the usable capacity was originally
estimated with a single-site Langmuir adsorption model for
simplicity, where the difference in the surface coverage of H, at
the storage and discharge conditions was calculated as a
function of the Gibbs free energy of adsorption to find the
maximum value. This simple model for economically viable
operating conditions (100—170 bar storage and 2—S bar
discharge at (sub)ambient temperatures of 223—298 K)'¢
suggests that the optimal binding enthalpy is in the range of
—15 to —25 kJ/mol with either the adsorption entropy
assumed to be approximately —8R or an empirical positive
correlation between enthalpy and entropy.”'>'”'® Note that
according to this calculation, the optimal adsorption enthalpy
is averaged across the entire adsorbent, which is assumed to
have a homogeneous surface and obey a single-site Langmuir
model. Due to the inherently weak framework—H, inter-
actions, the primary focus of research has been to increase the
magnitude of adsorption enthalpy. Unfortunately, obtaining
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binding enthalpies stronger than —10 kJ/mol has proven
difficult when utilizing strategies such as linker functionaliza-
tion,"™*! formation of interpenetrated frameworks,"* and
postsynthetic metalation of frameworks.””

Since the first demonstration of increased H, uptake in a
MOF by creating coordinatively unsaturated metal sites (open
metal sites),”> we and others have synthesized a variety of
MOFs with open metal sites to identify critical factors in
strengthening metal—H, interactions.”*™*° Indeed, the
strength of the metal—H, interaction at Lewis acidic metal
sites mostly follows the Irving—Williams series (Mn" < Fe'' <
Co" < Ni"), which is often used to explain stability constants
of high-spin octahedral transition metal complexes.””*' Among
the Ni'-based frameworks, Ni,(m-dobdc) (m-dobdc*™ = 4,6-
dioxido-1,3-benzenedicarboxylate) has a high density of
charge-dense Nil sites, achieving a record-high volumetric
H, adsorption capacity at (sub)ambient temperatures of 223—
298 K and 100 bar.** However, most MOFs with Lewis acidic
open metal sites, including Ni,(m-dobdc), still do not reach
the optimal H, binding strength and struggle with minimal
tunability of H, adsorption enthalpy. In particular, even upon
changing the identity of metal ions,” functionality of the
organic linker,27’29 and/or the coordination environment of the
first coordination sphere,”**" differences in adsorption
enthalpy of less than S kJ/mol are observed in most cases.

Recently, coordinatively unsaturated square pyramidal V"
sites in the triazolate-based framework V,Cl, ¢(btdd) (H,btdd
= bis(1H-1,2,3-triazolo-[4,5-b],[4',5'-i])dibenzo[ 1,4 ]dioxin)
were shown to adsorb z-acidic small molecules such as N,
and H, via favorable orbital interactions, leading to much
stronger gas adsorption enthalpies than classical Lewis acidic
metal sites.** ™ Notably, V,Cl, ;(btdd) is the first example of a
porous material within the optimal H, binding range,
exhibiting an adsorption enthalpy of —21 kJ/mol at its V"

https://doi.org/10.1021/jacs.4c08039
J. Am. Chem. Soc. 2024, 146, 22759-22776
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sites.”> While V,Cl, 4(btdd) demonstrates the importance of
orbital-interaction-mediated H, binding to enhance H, binding
strength, the V"' sites are highly susceptible to irreversible
oxidation by trace O,. Moreover, the synthesis of analogous V"
frameworks, such as V,X,(bbta) (H,bbta = 1H,5H-benzo(1,2-
d:4,5-d")bistriazole)***” or V,(dobdc) (dobdc*™ = 2,5-
dioxido-1,4-benzenedicarboxylate)*****” has not yet been
reported.

While open metal sites in MOFs capable of engaging in
strong orbital interactions with H, are rare, the trigonal
pyramidal Cu' sites in Cu-MFU-4] (Cu,,Zn,¢(Cl/
0,CH), 3(btdd);) have been reported to exhibit an excessively
strong H, adsorption enthalpy of —32 kJ/mol.*’ The electron
rich d'° configuration of Cu' with a C,, trigonal pyramidal
geometry results in high-lying occupied d,, and d,, orbitals
suitable for 7-backbonding with H,.*' We note that Cu'-MFU-
4l is the only example of a material that exhibits strong H,
binding up to near stoichiometric H, loading per Cu, although
other Cu'-based frameworks have been reported with different
Cu' coordination geometries.””~** The significance in the
geometry for z-backbonding by trigonal Cu' sites can be
rationalized by the energy level of the z-symmetric d,, and d,,
orbitals with ligand field theory. While the trigonal pyramidal
geometry (C;, symmetry) results in high-lying d,, and d,,
orbitals because of antibonding interactions with the o-
donating ligand orbitals, a trigonal planar geometry (Dy,
symmetry) affords lower-lying d,, and d,, orbitals because of
the reduced spatial overlap with ligand orbitals.*"”** The lower-
lying d,. and d,; orbitals of trigonal planar Cu' sites have a less
favorable energy match with the o,* orbital of the H,
molecule, thus minimizing #-backbonding to H,.

This hypothesis prompted us to design trigonal Cu' sites
with an increased degree of planarity to modulate the strength
of 7-backbonding at the Cu' site. More specifically, while Cu'-
MFU-4] has an octahedral Zn" ion at the center of the
pentanuclear secondary building units, we hypothesized that
replacing this central ion with larger metal ions could expand
the tripodal ligand scaffold, thereby making the peripheral Cu'
ion protrude less from the tripodal ligand scaffold to increase
its planarity (Figure 1). Here, we establish a series of Cu'M-
MFU-4] frameworks (M = Zn, Mn, Cd; hereafter, the
previously reported Cu'-MFU-4] will be denoted as Cu'Zn-
MFU-4l) with different M" ions at the center of the
pentanuclear cluster node (Figure 1). Using in situ spectros-
copy, computational studies, diffraction studies, and gas
adsorption measurements, we demonstrate that H, binding
in this series can be systematically tuned, allowing the
realization of new materials within the optimal range for
ambient-temperature hydrogen storage.

B EXPERIMENTAL SECTION

Detailed synthetic and characterization procedures are provided in the
Supporting Information (SI). The compounds H,btdd, Zn;Cl,(btdd),
(ZnCl-MFU-41), and Cu,,Zn, 4Cl, 4(btdd); (Cu'Zn-MFU-41) were
synthesized using a previously reported procedure.*"*® Unless noted,
reactions were performed in an N, atmosphere in a glovebox with
deoxygenated anhydrous solvent.

Synthesis of Mns(CH;CO,),(btdd); (Mn(OAc)-MFU-4/; OAc =
CH;CO,). A 500 mL storage Schlenk flask was charged with H,btdd
(0.300 g 1.13 mmol, 1.00 equiv), N,N-dimethylformamidium
trifluoromethanesulfonate (1.26 g, 5.63 mmol, 5.00 equiv), and 130
mL of N,N-dimethylformamide (DMF). A solution of anhydrous
manganese acetate (0.331 g, 1.92 mmol, 1.70 equiv) in 20 mL of
methanol was then added to the beige suspension. The flask was

sealed, and the mixture was stirred at 125 °C for 7 days, during which
a fine beige powder precipitated. This powder was collected by
filtration over a fine porosity frit and subsequently suspended in ~15
mL of DMF and heated at 120 °C for 4 h. The supernatant was
subsequently decanted and replaced with ~15 mL of fresh DMF five
times. Additional solvent exchanges were then performed with ~15
mL of methanol at 60 °C four times, followed by ~10 mL of
dichloromethane at room temperature twice. The dichloromethane-
solvated material was subsequently activated under dynamic vacuum
at 180 °C for 24 h to afford 0417 g (85%) of product as a
microcrystalline beige solid. Elemental analysis calcd for
Mn(CH;CO,)4(C,H,0,Ny)5: C, 40.54%; H, 1.86%, N, 19.34%.
Found: C, 41.19%; H, 1.44%; N, 17.51%.

Synthesis of MnsCl,(btdd); (MnCI-MFU-4/). Desolvated Mn-
(OAc)-MFU-4] (0.060 g, 0.046 mmol, 1.0 equiv) was suspended in a
solution of calcium chloride (0.10 g, 0.92 mmol, 20 equiv) in 15 mL
of methanol at room temperature for 1 day. The supernatant was
decanted, and the residual solid was suspended in a fresh second
solution of calcium chloride (0.10 g, 0.92 mmol, 20 equiv) in 15 mL
of methanol again at room temperature for another day. The product
was washed with ~15 mL of methanol at room temperature for 3 h
four times. The resultant beige powder was activated under dynamic
vacuum at 180 °C for 24 h to afford 0.053 g (95%) of product as a
microcrystalline beige solid or used directly in the subsequent metal
exchange reaction. Elemental analysis calcd for desolvated
Mn;CL,(C;,H,0,N¢);: C, 36.75%; H, 1.00%; N, 20.85%. Found: C,
37.05%; H, 1.07%; N, 20.54%.

Synthesis of Cu,,Mn,;Cl,;(btdd); (Cu'Mn-MFU-4/). The
methanol-solvated MnCI-MFU-4] from the above procedure was
subsequently used without isolation of MnCI-MFU-4l. Solvent
exchange for the methanol-solvated MnCl-MFU-4! was performed
with ~10 mL of acetonitrile at room temperature three times over 1
day. After the bulk of acetonitrile was decanted, the acetonitrile-
solvated MnCI-MFU-4] was suspended in a solution of copper(I)
chloride dimethylsulfide (0.15 g, 0.92 mmol, 20 equiv) in ~15 mL of
acetonitrile at 60 °C for 1 day. The supernatant was decanted, and the
residual solid was suspended in a second fresh solution of copper(I)
chloride dimethylsulfide (0.15 g, 0.92 mmol, 20 equiv) in ~15 mL of
acetonitrile at 60 °C for another day. The beige solids were suspended
with ~15 mL of acetonitrile at room temperature twice, with ~15 mL
of acetonitrile at 60 °C once, and with ~10 mL of methanol at room
temperature three times. The beige powder was collected by filtration
and then activated under dynamic vacuum at 90 °C for 12 h, then
heated at 200 °C for 48 h to afford 0.044 g (85% based on the starting
Mn(OAc)-MFU-4] material) of product as a microcrystalline beige
solid. Elemental analysis calcd for Mn,;Cu,,Cl, 5(C;,H,0,Ny);: C,
38.04%; H, 1.06%; N, 22.18%. Found: 34.15%; H, 1.16%; N, 17.84%.
The slightly lower carbon and nitrogen ratios may indicate the
presence of extra copper at defect sites and/or in the pore.

Synthesis of Cdgl;(btdd); (CdI-MFU-4/). This reaction was
performed on a benchtop under air. Solvent was used as received
without purification. A homogeneous solution of H,btdd (0.500 g,
1.88 mmol, 1.00 equiv) in 400 mL of DMF and a homogeneous
solution of CdI, (13.8 g, 37.6 mmol, 20.0 equiv) in 100 mL of DMF
(100 mL) was charged in a 1 L round-bottom flask, and the mixture
was heated with stirring at 145 °C for 7 days. The beige powder was
collected by filtration and washed with ~40 mL of fresh DMF at 120
°C for 6 h ten times. Solvent exchange was performed with methanol
via Soxhlet extraction for 5 days. The methanol-solvated material was
activated under dynamic vacuum at 120 °C for 24 h to afford 0.704 g
(60%) of product as a microcrystalline beige solid. Elemental analysis
caled for CdgI,(C,H,0,Ng)y: C, 23.22%; H, 0.65%; N, 13.54%.
Found: C, 27.99%; H, 1.09%; N, 13.99%. The slightly higher carbon,
hydrogen, and nitrogen ratios may indicate the presence of residual
organic guests that were not fully removed by activation.

Synthesis of Cu,,Cd,;l;;(btdd); (Cu'Cd-MFU-4/). Desolvated
CdI-MFU-4l (0.150 g, 0.0805 mmol) was suspended in a solution of
copper(I) iodide (0.153 g, 0.80S mmol, 10.0 equiv) in 20 mL of
acetonitrile at 60 °C for 24 h. The supernatant was decanted, and the
remaining brown powder was washed with ~20 mL of fresh

https://doi.org/10.1021/jacs.4c08039
J. Am. Chem. Soc. 2024, 146, 22759-22776
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Figure 2. Powder X-ray diffraction patterns of MX-MFU-4 (a) and Cu'M-MFU-4/ (b) collected at 298 K by Cu Ka radiation. Comparison of
geometry of the tripodal ligand scaffold for a peripheral tetrahedral M ion for MX-MFU-4! determined by single-crystal X-ray diffraction
measurements (c). Blue, light blue, light green, emerald green, yellow green, yellow, and purple spheres represent N, Zn, Cl, Mn, F, Cd, and I

atoms, respectively.

acetonitrile at 60 °C for 6 h ten times. The brown powder was
collected by filtration, and was activated under dynamic vacuum at
150 °C for 48 h to afford 0.123 g (92%) of product as a
microcrystalline pale brown solid. Elemental analysis caled for
Cu,,Cd, oI, 5(CLH,O,Ng)y: C, 31.20%; H, 0.90%; N, 18.20%.
Found: C, 30.96%; H, 1.10%; N, 16.83%.

B RESULTS AND DISCUSSION

The metal—organic framework ZngCl,(btdd); (ZnCl-MFU-4],
previously referred to as MFU-4/) consists of pentanuclear zinc
clusters connected by linear bisbenzotriazolate linkers (btdd*~)
to form a highly porous cubic network structure (Figure 1a).
Each pentanuclear cluster has one octahedral zinc site at the
center and four pseudotetrahedral zinc sites that are capped by
terminal chloride anions and exposed to the pore of the
framework. A variety of postsynthetic metal exchanges and
anion exchanges at the peripheral sites have been reported for
ZnCl-MFU-4] and related frameworks,*”** allowing for control
over gas adsorption and catalysis properties.””*" Nonetheless,
to the best of our knowledge, no studies have aimed to change
the identity of the central metal site to alter properties of the
peripheral metal sites. This is possibly because the central
metal site is inaccessible within the cluster, prohibiting
postsynthetic metal-exchange in MFU-41.>" The inaccessibility
of the central metal for postsynthetic metal-exchange may lead
to the incorrect assumption that the central metal does not
significantly impact the surface properties of these materials.
Synthesis and Structural Characterization of MX-
MFU-4/ and Cu'M-MFU-4/ with M = Zn, Mn, Cd. We
hypothesized that the central metal ion of the cluster of an
MFU-4] framework could govern the opening of the tripodal
scaffold for the peripheral sites according to the magnitude of
its ionic radius, thereby adjusting the geometry of the
peripheral sites and tuning their adsorption properties (Figure
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1d). To synthesize MFU-4/ frameworks with a central metal
ion other than zinc(II), we conducted solvothermal syntheses
using manganese(II) and cadmium(II) salts. These metals
were selected because high-spin d* Mn" and d'® Cd" are not
subject to a Jahn—Teller distortion and are therefore suitable
to reside at the six-coordinate central site with an ideal
octahedral geometry. Additionally, the ionic radii of Zn" (0.74
A), high-spin Mn" (0.83 A) and Cd" (0.95 A) are almost
evenly spaced with an approximately 0.1 A difference,”
allowing for systematic structure—property examinations.
Solvothermal reaction of H,btdd with Mn(OAc), (OAc =
CH,CO,) in DMF/CH;0H (6.5/1 v/v) or Cdl, in DMF
yielded microcrystalline powders of the cubic MFU-4l-type
framework, which we respectively name Mn(OAc)-MFU-4
and CdI-MFU-4l. Empirically, we found that the choice of
metal salt and reaction conditions is critical to obtain the
MFU-4] phase exclusively, avoiding the formation of the
hexagonal M,X,(btdd) phase and other phases.* >
Powder X-ray diffraction patterns of activated Mn(OAc)-
MFU-4] and CdI-MFU-4/ are nearly identical to that of ZnCl-
MFU-4], indicating the structural similarity of these frame-
works (Figure 2a). As metal ionic radius increases from Zn" to
Mn" to Cd", the peak positions shift to lower angles such that
the unit cell parameter a increases along the series ZnCl-MFU-
41 < Mn(OAc)-MFU-4] < CdI-MFU-41. For example, the most
intense peak, corresponding to the (200) plane, is observed
with Cu Ka at 20 = 5.70, 5.64, and 5.58° for ZnCl-MFU-4/,
Mn(OAc)-MFU-4], and CdI-MFU-4/, respectively, at room
temperature. The robustness of the crystal structures after
activation is also supported by N, adsorption data collected at
77 K. The materials show steep N, uptake below P/P; = 0.1,
reaching capacities of more than 25 mmol/g and demonstrat-
ing the presence of permanent porosity. From these data, the
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Table 1. Comparison of Surface Areas, Pore Volumes, Unit Cell Parameters, and Isosteric Enthalpies of H, Adsorption for

MX-MFU-4] and Cu'M-MFU-4! Compounds

surface area (m?*/g)

pore volume (cm®/g)

material formula BET Langmuir ~ Langmuir (caled.)” DR (obsd.)? calcd.® a (A)° —AH,y, (KJ/ mol)“
ZnCl-MFU-4] Zn,Cl,(btdd), 3470(30)  3880(10) 3990 1.38 142 31.0736(5) 6.5
Mn(OAc)-MFU-4]  Mny(OAc),(btdd), 3180(20)  3520(10) 3870 125 137 314217(2) 6.5
MnCl-MFU-4] MnCl,(btdd), 3430(20)  3800(10) 4260 135 151 31.2844(6) 6.6
CdI-MFU-4] CdyL,(btdd), 2480(20)  2750(10) 2830 0977 101 31.5615(5) 6.4
Cu'Zn-MFU-4] Cuy2ZnysClig(btdd);  3660(60)  4080(10) 4470 145 159 31.1286(5) 334 [32]%
Cu'Mn-MFU-4] Cuy-Mn,;Cl5(btdd);  3000(20)  3340(10) 4930 119 176 31.5076(6) 269
Cu'Cd-MFU-4l Cu,,Cd, 1, 5(btdd), 2930(20)  3280(10) 3940 1.18 140 31.6372(10) 227

“Calculated based on the available free volume with the Connolly method for a model structure. “Pore volume estimated by the Dubinin—
Radushkevich method. “Cubic unit cell parameter obtained by Pawley fit for a powder X-ray diffraction pattern at 298 K. “Isosteric enthalpy of H,
adsorption estimated by the Clausius—Clapeyron equation for the H, loading at 0.50 mmol/g.
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Figure 3. H, adsorption isotherms for ZnCl-MFU-4! (gray), Cu'Zn-MFU-4! (blue), Cu'Mn-MFU-4/ (green), and Cu'Cd-MFU-4/ (yellow) at 77 K
(a) and 298 K (b). Blue, green, and yellow horizontal lines in panel (a) represent expected H, uptake for one H, per Cu' based on the chemical
formula of Cu';,Zn, 4Cl, 4(btdd);, Cu', ,Mn, ;Cl, 5(btdd)s, and Cu',,Cd, 51, ;(btdd);, respectively. H, adsorption isotherms of Cu'Zn-MFU-4! from
193 to 313 K collected in 10 K intervals (c). Filled and open circles represent adsorption and desorption data, respectively. Solid lines represent fit
to a dualsite Langmuir—Freundlich equation for the analyzed temperature range. Isosteric enthalpy of H, adsorption for Cu'M-MFU-4

frameworks (d).

Brunauer—Emmett—Teller (BET) surface areas are estimated
to be 3180(20) m?/g for Mn(OAc)-MFU-4/ and 2480(20) for
CdI-MFU-4[ (Table 1). The lower surface areas of Mn(OAc)-
MFU-4/ and CdI-MFU-4] compared to ZnCIl-MFU-4] are
attributed to the larger capping anions at the peripheral metal
sites of the pentanuclear clusters, as well as the greater atomic
masses of Cd and iodine for CdI-MFU-4l. Indeed, the pore
volumes of both Mn(OAc)-MFU-4/ and CdI-MFU-4l by the
Dubinin—Radushkevich method>” (VP) agree within 10% of
the calculated values (V_,4) expected from the available free
volume of the structures, as modeled using Materials Studio
(Table 1).%¢

Successful syntheses of MX-MFU-4] frameworks prompted
us to diagnose how the metal identity affects structural
parameters, specifically unit cell parameters and the local
geometry of the pentanuclear cluster. We therefore screened
synthetic conditions for growing single crystals of MX-MFU-4l.
Treatment of H,btdd with Mnl, in a DMF/CH;0H/HNO;
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mixture followed by postsynthetic anion exchange with F~
afforded single crystals of MnF-MFU-4/ (see SI for
experimental details; treatment with fluoride was implemented
to resolve the anion compositional disorder present from the
solvothermal synthesis). For CdI-MFU-4], crystals were grown
with a condition similar to that reported for ZnCl-MFU-41.>"

All MX-MFU-4] frameworks crystallize in the cubic space
group Fm3m with slightly different unit cell parameters of a =
30.9085(3) A for ZnCI-MFU-41, 30.9027(9) A for MnF-MFU-
4], and 31.1633(6) A for CdI-MFU-4l at 100 K (Table S9).
Interestingly, the ionic radius of the central metal M is not
reflected in the trend of these unit cell parameters.
Furthermore, the unit cell parameters determined for the
single crystals are smaller than those obtained for micro-
crystalline powders by Pawley fits against the powder X-ray
diffraction data, even when considering the difference in
temperature for these experiments (100 and 298 K for single-
crystal X-ray diffraction and powder X-ray diffraction,
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respectively). We note that the btdd*~ linker is not strictly
planar in the MX-MFU-4] crystal structures, because the
dibenzodioxin moieties are generally found to be disordered
over two bent positions due to thermal breathing motions
(Figure S51). Particle size and temperature variations may
contribute to different degrees of linker vibrations, causing the
discrepancy between the unit cell parameters determined from
single-crystal and powder X-ray diffraction data. In addition,
the extent to which the linker can bend becomes greater for
frameworks with larger metals. This linker bending, as well as
the size of the capping anion, explain the slightly smaller unit
cell parameter of MnF-MFU-4/ compared to ZnCIl-MFU-4/,
although the ionic radius of Mn" is larger than that of Zn™
Despite the counterintuitive trend of the unit cell parameter
determined by single-crystal X-ray diffraction versus the size of
M" ions, the geometry of a tripodal ligand scaffold reflects the
size of M" ions (Figure 2c). A larger central M" ion forms a
longer bond to the middle N1 atom of each triazolate group
and a larger opening of the tripodal site for a peripheral metal
site, as gauged by the distance between the closest N2 atoms of
neighboring linkers.

Copper(I) was introduced into the peripheral sites of the
pentanuclear clusters in each of the new MX-MFU-4]
frameworks by postsynthetic metal-exchange using Cu'X salts
to yield the corresponding Cu'M-MFU-4/ (M = Mn, Cd)
framework materials. For Cu'Mn-MFU-4/, anion-exchange
with Cl~ for OAc™ was first performed for Mn(OAc)-MFU-
41, and then Cu'-exchange was carried out with Cu'Cl-S(CHj,),
in acetonitrile. For Cu'Cd-MFU-4l, Cu' was incorporated into
the framework using Cu'l in acetonitrile. Retention of
crystallinity following Cu' incorporation and successful
removal of unreacted Cu' salts was confirmed by powder X-
ray diffraction analysis (Figure 2b). Inductively coupled plasma
optical emission spectroscopy (ICP-OES) allowed for
estimation of Cu:M ratios of the Cu'-exchanged products,
revealing approximately 2.7:2.3 for both Cu'Mn-MFU-4/ and
Cu'Cd-MFU-4l. The pore volume estimated by the N,
adsorption isotherm of the Cu'M-MFU-4/ series tends to be
lower than the theoretical volume by 10—30%. The slightly
lower measured pore volume of the Cu'M-MFU-4! frameworks
may occur because postsynthetic metal-exchange caused small
losses in structural integrity.

H, Adsorption Properties at Low Pressure. To examine
the hydrogen adsorption properties of the MX-MFU-4/ and
Cu'M-MFU-4! frameworks, we collected low-pressure H,
adsorption isotherms at 77 K (Figure 3a). All parent MX-
MFU-4! frameworks show similar adsorption profiles at 77 K,
with no steep uptake below 1 mbar indicating the absence of
strong H, adsorption sites.”® In contrast, all Cu'M-MFU-4
frameworks exhibit steep H, adsorption profiles below 1 mbar
at 77 K. Notably, H, uptake at 77 K and 1 mbar in Cu'M-
MFU-4! reaches approximately 80% of the expected value for
one H, per Cu' site of the frameworks in each Cu'M-MFU-4]
(80, 85, and 87% for Cu'Zn-MFU-4I, Cu'Mn-MFU-4l, and
Cu'Cd-MFU-4, respectively), suggesting that the initial steep
H, uptake results from H, binding at the open Cu' sites. The
slightly lower H, uptake than theoretically expected implies the
presence of inactive Cu for H,, possibly present at defect sites.
Since the uptake below 1 mbar at 77 K was too steep to
compare the H, binding strengths of the frameworks, H,
adsorption isotherms were also collected at 298 K (Figure 3b).
The initial slope of the isotherms (Henry’s law constant, Table

S2) indicates that the H, binding strength ranks in the order
Cu'Zn-MFU-4 > Cu'Mn-MFU-4 > Cu'Cd-MFU-4L

The isosteric enthalpy of H, adsorption (AH,4, which,
although discouraged,sg is also sometimes referred to as the
isosteric heat of adsorption, Q) can be calculated by collecting
adsorption isotherms at multiple temperatures and applying
the Clausius—Clapeyron equation.’” Briefly, the logarithms of
the pressures that give a specific adsorbed amount of H, at
certain temperatures are plotted against reciprocal temper-
atures to obtain AH_4/R as its slope, where R is the gas
constant. The pressure that gives a specific gas loading at a
given temperature is often determined using the Langmuir—
Freundlich model. The best practice for using that Clausius—
Clapeyron analysis is to use a narrow temperature range (10—
40 K),” because a temperature—de{pendence of the isosteric
enthalpy of adsorption can arise.’”®> However, our experi-
ments revealed that the H, binding strengths for Cu'M-MFU-
4l frameworks vary widely, prohibiting use of the same
temperature range for all three frameworks in a holistic
Clausius—Clapeyron analysis. We therefore decided to collect
H, isotherms at a wide temperature range for Cu'Zn-MFU-4],
for which AH_ 4 was reported to be —32 kJ/mol with 163—193
K isotherms, to examine how the AH, 4 values are affected by
the temperature range selected for the analysis.

The H, isotherms for Cu'Zn-MFU-4/ from 193 to 313 K
were fitted with the Langmuir—Freundlich equation using
temperature independent parameters (Figures 3c and S$30).
We note that the simulated isotherms generated from the
resulting fit parameters match well with the corresponding
experimental isotherm at these temperatures, indicating
minimal temperature dependence of the thermodynamic
parameters for the adsorption sites in the Langmuir—
Freundlich model for the examined temperature range. Using
these fit parameters, we plotted the logarithm of pressure
versus reciprocal temperature (i.e,, In P vs 1/T, a Clausius—
Clapeyron plot) for various H, loadings with 0.05 mmol/g
increments for the 193—313 K range, finding an excellent
linearity with R* > 0.999 up to the highest H, uptake at 1 bar
and 313 K (Figure S31). The Clausius—Clapeyron analysis
revealed a nearly constant AH_ 4 value of —33.3 kJ/mol with
respect to loading up to 0.6 mmol/g of H, uptake (light blue
line in Figure 3d), similar to the reported value of —32.3 kJ/
mol determined using isotherm data recorded at 163—193 K.*
Next, we performed the same analyses for the isotherm data
while dividing them into four sets with 20 K windows (203—
223, 233-253, 263—283, and 293—313 K). The Clausius—
Clapeyron analyses for these various temperature windows
result in similar AH, 4, values within +1 kJ/mol, with the AH 4
values estimated for higher temperatures being slightly
stronger (Figure S43 and Table S4). Slight increases in the
magnitude of AH, 4, at higher temperatures could be explained
by the difference in heat capacities between the gas phase and
the adsorbed phase due to switching of the translational
freedom in the gas phase into the vibrational freedom in the
adsorbed phase.”’

Upon recognizing that AH, 4 for H, adsorption onto a series
of Cu"M-MFU-4! slightly depends on temperature on the order
of 2 kJ/mol in a 120 K window, we selected a different
temperature window for each Cu'M-MFU-4l framework for
the Clausius—Clapeyron analysis. Specifically, to estimate
AH,y for the Cu'M-MFU-4] frameworks, we chose a 40 K
temperature range where the strong adsorption sites are not
fully saturated at 0.01 bar while the uptake approaches one H,
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per Cu' near 1 bar. The reasons for these criteria are (i) to
avoid steep H, uptake in the low-pressure region, which may
reduce the reliability of the pressure reading due to the
limitation of the pressure transducer of the instrument, and (ii)
to ensure appreciable H, capacities. With these criteria, the
temperature ranges selected to calculate the AH,;, values for
the Cu'M-MFU-4! series were 223—263 K for Cu'Zn-MFU-4]
(Figures $32 and $33), 173-213 K for Cu'Mn-MFU-4
(Figures S36 and $37), and 153—193 K for Cu'Cd-MFU-4
(Figures S40 and S41). Isothermal adsorption data collected at
other temperatures for Cu'Mn-MFU-4/ and Cu'Cd-MFU-4
that were not used for the Clausius—Clapeyron analysis are
provided in the SI (Figures S34 and $38).

The Clausius—Clapeyron analysis reveals that the initial
AH,y values are —33.4, —26.9, and —22.7 kJ/mol for Cu'Zn-
MFU-4l, Cu'Mn-MFU-4/, and Cu'Cd-MFU-4], respectively
(Figure 3d). A nearly flat —AH,4, curve was observed up to
approximately 80% of the expected uptake for one H, per Cu'
based on the formula unit of each Cu'M-MFU-4! framework.
The H, loading when —AH,g; starts to decrease (1.2, 1.9, and
1.4 mmol/g for Cu'Zn-MFU-4l, Cu'Mn-MFU-4], and Cu'Cd-
MFU-4l, respectively) is reminiscent of H, uptake in each
Cu'M-MFU-4! framework at 1 mbar and 77 K (1.3, 1.9, and
1.7 mmol/g for Cu'Zn-MFU-4l, Cu'Mn-MFU-4], and Cu'Cd-
MFU-4l, respectively). These Clausius—Clapeyron analyses
also confirm that the H, binding enthalpy follows the order
Cu'Zn-MFU-4] > Cu'Mn-MFU-4] > Cu'Cd-MFU-4l, as shown
in the 298-K isotherm data (Figure 3b). This order follows the
trend in size of the central metal ion within each pentanuclear
cluster, with larger metals giving lower binding enthalpies.
Notably, AH,4, for Cu'Cd-MFU-4l (—22.7 kJ/mol) is in the
range of the optimal binding enthalpy for ambient temperature
H, storage (—15 to —25 kJ/mol). Thus, the material represents
just the second example of a MOF that exhibits the optimal H,
binding enthalpy.”> We also note that, although the Cu'-
containing framework NU-2100 was recently reported to show
a high initial AH, 4 of —32 kJ/mol, the strong H, binding in
this material is limited to only ~1% of Cu' in the framework
(0.025 mmol/g), and the nature of the sites responsible has
not been elucidated.”" In contrast, the quantity of strong
adsorption sites in the Cu'M-MFU-4/ series approaches the
stoichiometric value for one H, per Cu', thereby allowing an
examination of structure—property effects with well-defined
Cu' sites.

In Situ Gas-Dosing Infrared Spectroscopy. To inves-
tigate the origins of the trend in AH,4, values for the Cu'M-
MFU-4] frameworks, we performed in situ Hy- and D,-dosing
infrared spectroscopy on the materials and examined the shifts
in the H—H and D—D stretching frequencies upon adsorption.
Each activated framework was cooled to 90 K and dosed with
~600 mbar of D, and a spectrum was collected. The sample
was then activated under dynamic vacuum at elevated
temperature to fully desorb D,. Subsequently, the sample
was cooled to 90 K again to dose ~600 mbar of H, and
another spectrum was collected. The D,-dosed spectrum was
subtracted from the H,-dosed spectrum to isolate signals for
the adsorbed species while negating the change in vibrational
signals of the framework due to the change in the coordination
geometry of Cu' upon gas binding (Figures S45, S47, and
$49).

The difference IR spectra for the three Cu'M-MFU-4/
frameworks exhibit two peaks for H, (Figure 4). One is a
broad asymmetric peak most intense at 3250, 3300, and 3380
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Figure 4. Difference IR spectra collected at 90 K for Cu'Zn-MFU-41
(blue), Cu'Mn-MFU-41 (green), and Cu'Cd-MFU-4! (yellow), where
the D,-dosed spectrum was subtracted from the H,-dosed spectrum.
The IR bands associated with H, adsorption appear as positive peaks
whereas the IR bands associated with D, adsorption appear as
negative peaks. The gray vertical lines highlight signals by weakly
physisorbed H, and D, whereas the colored lines highlight peak
maximum for H, and D, bound to Cu' sites in each Cu'M-MFU-4l.

em™! for Cu'Zn-MFU-4l, Cu'Mn-MFU-4l, and Cu'Cd-MFU-
41, respectively (Table 2). The other peak is sharp and lower in
intensity, and is centered around 4120 cm™ for all Cu'M-
MFU-4] frameworks. Given that the H—H stretching
frequency, (H—H), of free H, arises at 4161 cm™.,"* we
assign the broad peaks (for which the extent of peak shift
depends on the central metal identity) to the stretching mode
of H, strongly bound to Cu' sites, whereas we assign the peaks
at ~4120 cm™' to H, weakly bound at secondary, nonmetal
adsorption sites. The broadening of an H—H stretching signal
is commonly observed for molecular H, complexes® and has
also been seen previously for Cu'Zn-MFU-41*! supporting our
assignment of the signal for H, bound to Cu' sites. Such peak
broadening is characteristic of a chemically activated H,
molecule, which results in a considerably broad, asymmetric
probability distribution for the internuclear distance.”® The
trend in the shifts of v(H—H) confirms that the H—H bond is
less activated when bound to a Cu' site residing at a
pentanuclear secondary building unit with a larger central
metal.

The same trend was also observed for D,, for which the
signals appear as negative peaks in the difference spectrum
(Figure 4). The peak position of the small peak for nonmetal
adsorption sites is almost invariant for all Cu'M-MFU-4
frameworks at ~2970 cm™', whereas the position of the peak
for D, strongly bound to Cu' is located at 2360, 2390, and
2440 cm™ for Cu'Zn-MFU-4], Cu'Mn-MFU-4], and Cu'Cd-
MFU-4l, respectively. The ratios of the H,:D, stretching
frequency for the corresponding adsorption site are consistent
with the change in the reduced mass between H, and D,
within 3% error for both Cu' sites and nonmetal adsorption
sites.

Analysis of variable-temperature IR data in the presence of
H, can also provide site-specific thermodynamic parameters of
H, adsorption through use of the van’t Hoff equation.
However, we encountered difficulties in integrating the peak
area to perform a van’t Hoff analysis for H, adsorption in the
Cu'M-MFU-4! frameworks owing to (i) the broad asymmetric
shape of the IR band for the chemically activated H, and (ii)
changes in signals associated with framework vibration due to
the slight change in the coordination geometry of Cu' upon gas
binding.*" In this work and our previous work,*' we used a D,-
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Table 2. Summary of Experimental and Computational H—H Stretching Frequency and Thermodynamic Parameters of H,
Bound to a Cu' Site

v(H-H) (cm™) —AH® (kJ/mol)
materials obsd. calcd.” (anharm.)? caled. (harm.)© obsd. (IR)? obsd. (CC)*¢ caled”
Cu'Zn-MFU-4l 3250 3251 3582 29.4(2) 334 31.6
Cu'Mn-MFU-4 3300 3317 3638 23.6(2) 269 26.7
CulCd-MFU-4] 3380 3356 3665 17.7(2) 227 24.1

“Obtained by DFT calculation at the B3LYP-D3BJ/def2-SVP level theory. “Obtained with anharmonic corrections. “Obtained without anharmonic
corrections. “The errors represent the uncertainty originating from the least-squares regression analysis in a van’t Hoff linear plot. “Obtained by a
Clausius—Clapeyron (CC) analysis for the H, loading of 0.50 mmol/g as shown in Figure 3.Obtained by DFT calculations at the @B97M-V/def2-
TZVPPD//B3LYP-D3BJ/def2-SVP level theory.

(N (N
W H .
< :
N2
N1
CuyM,Cl;(bta)g cluster model Cu'Zn, Cu'Mn, Cu'Cd,
N (DFT) 0.810 0.806 0.803
dH-H A ns) 0.85 0.84 no data
_ (DFT) 1.658 1.679 1.693
d(Cu-Hy) (A) (PND) 1.53(2) 1.54(2) no data

Figure 5. (Left) DFT-optimized structure of the Cu,Zn,Cly(bta)s cluster. (Right) DFT-optimized geometry for the open Cu' site binding an H,
molecule. DFT-optimized geometry without an H, molecule is shown as a faded illustration to visualize Cu' pyramidalization upon H, binding. The
H—H distance estimated by inelastic neutron scattering (INS) spectroscopy and the Cu—D, distance refined by powder neutron diffraction (PND)
are shown for comparison. White, blue, gray, light blue, light green, emerald green, and yellow spheres represent H, N, C, Zn, Cl, Mn, and Cd
atoms, respectively. Hydrogen atoms on the bta™ ligand are omitted for clarity.

Table 3. Structural Parameters of Cu'M-MFU-4/ from DFT Calculation, Powder Synchrotron X-ray Diffraction (PSXRD), and
Powder Neutron Diffraction (PND)

d(Cu—N2 plane) (A) £M—Cu—N2 (°)

materials” DFT PSXRD” PND® DFT PSXRD” PND¢
Cu'Zn-MFU-4l 0.693 1.05(3) 1.003(3) 69.7 58.9(8) 60.3(1)
Cu'Mn-MFU-4/ 0.652 0.65(2) 0.74(1) 71.0 70.5(5) 68.1(2)
Cu'Cd-MFU-4l 0.601 0.66(3) n a. 726 70.5(12) n. a.
Cu'Zn-MFU-41-H, 0.940 n a. 1.170(4) 62.6 n a. 59.5(3)
Cu'Mn-MFU-4/-H, 0.893 n a. 1.05(1) 64.1 n. a. 59.7(3)
Cu'Cd-MFU-4/-H, 0.854 0.79(1) n. a. 654 66.9(4) n. a.

“For DFT, the result for calculation for the corresponding CuM,Cl;(bta)s cluster is shown. Refined by a powder synchrotron X-ray diffraction
pattern collected at 153 K. “Refined by a powder neutron diffraction pattern collected at 7 K. Powder neutron diffraction analyses for Cu'Cd-MFU-
4l are precluded because of the large neutron absorption cross-section of naturally abundant Cd nuclei.

dosed spectrum as a baseline for the corresponding H,-dosed
spectrum to offset the changes in framework vibrations. From
our van't Hoff analyses, we find differential enthalpies of
adsorption, AH®, of —29.4(2), —23.6(2), and —17.7(2) kJ/
mol and differential entropies of adsorption, AS®, of —90.7(8),
—85(1), and —68(2) J/(mol-K) for Cu'Zn-MFU-4l, Cu'Mn-
MFU-4l, and Cu'Cd-MFU-4], respectively (Table 2 and
Figures S46, S48, and SS0). Notably, the —AH® values are
lower by 3—5 kJ/mol than —AH,4 values obtained by the
aforementioned Clausius—Clapeyron analyses, as well as by
density functional theory (DFT) calculations performed on a
cluster model (see below). Nevertheless, our van’t Hoff
analyses further support that the magnitude of AH® follows
the order Cu'Zn-MFU-4 > Cu'Mn-MFU-4] > Cu'Cd-MFU-4l.
We also note that —AS° decreases as —AH°® decreases,

22766

consistent with the positive correlation between AH° and
A

Electronic Structure Calculations. To understand the
differences in electronic structure and coordination geometry
of the open Cu' sites as a function of the central metal ion,
DFT calculations were performed for a cluster model of a
pentanuclear secondary building unit. In this model, all btdd*~
linkers were truncated to benzotriazolate (bta™), a single Cu'
ion was substituted at one of the four peripheral metal sites,
and chloride capping anions were placed at the other
peripheral M" sites, resulting in an uncharged cluster of
formula Cu;M,Cly(bta)s (M = Zn, Mn, Cd; Figure S). By
normalizing the capping anion and Cu populations in each
structure, we can understand how the identity of the central
M" ion affects H, binding at the peripheral Cu' site.
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The optimized geometry of the model cluster without H,
reveals that the cluster having a larger central M ion planarizes
the peripheral Cu' site, as indicated by a longer distance
between Cu atom and the plane defined by three N2 atoms
(d(Cu—N2 plane)) and by a larger angle between the central
M, Cu, and N2 (£M—Cu—N2) (Table 3). Geometry
optimization upon introduction of H, at the Cu' site leads to
Cu' moving away from the central M" ion by ~0.25 A for all
clusters (Figure S). This distortion is similar to what was
reported in the previous study of a Cu',Zn; cluster model.*!
Therefore, the trend in the extent of Cu' pyramidalization
across the Cu'M, cluster models is also maintained upon H,
binding. The H, molecule is predicted to be bound to the Cu'
ion in a side-on manner, with the distance between the Cu
atom and the H—H centroid, d(Cu—H,), increasing from
1.659 to 1.679 to 1.693 A as the central ion becomes larger
within the Cu'Zn,, Cu'Mn,, and Cu'Cd, clusters, respectively.
The H—H distance, d(H—H), is elongated compared to that of
free H, (0.74 A%”) by approximately 0.06 A for all of the
structures, suggesting partial activation of the H—H bond due
to 7-backbonding from Cu'. The degree of elongation follows
the trend of the size of the central ion (i.e., Cu'Zn, > Cu'Mn,
> Cu'Cd,), albeit with a subtle difference in d(H—H) across
the series (0.007 A). The differences in d(Cu—H,) and d(H—
H) calculated for the Cu'™, cluster series are too subtle to
probe experimentally, such as with powder neutron diffraction
(PND) or inelastic neutron scattering (INS) spectroscopy.
However, since DFT calculations for appropriate cluster
models often reproduce H, binding in MOFs well,®® the
aforementioned trends in the DFT calculations are significant.

Frequency analysis with anharmonic correction predicts
v(H-H) of 3251, 3317, and 3356 cm™' for the Cu'Zn,,
Cu'Mn,, and Cu'Cd, clusters, respectively (Table 2). The
calculated v(H—H) frequencies agree with the experimentally
observed v(H—H) signal to within 1% difference. We note that
the frequency under the harmonic approximation predicts that
a value of “(H—H) in wavenumbers is roughly 10% larger than
observed, implying that the anharmonic correction is essential
for accurately modeling the vibration of H, bound at a 7-basic
Cu' site. These calculations confirm that the shift of v(H—H)
for the H, molecule bound to the Cu' ion follows Cu'Zn, >
Cu'Mn, > Cu'Cd, clusters, as observed via in situ gas dosing IR
spectroscopy.

The calculated H, adsorption enthalpy, —AH gy, is 31.6,
26.7, and 24.0 kJ/mol for the Cu'Zn,, Cu'Mn,, and Cu'Cd,
clusters, respectively (Table 2). These values are close to the
isosteric enthalpy of H, adsorption, —AH, g, obtained from the
Clausius—Clapeyron analysis discussed above. While the
computational results are obtained for a Cu;M,Cly(bta),
cluster with only one Cu' per cluster, computation for clusters
with either two or three Cu' sites yield similar results in
coordination structures around Cu'—H, and the thermody-
namics for H, binding (Tables S6 and S7). The second and
third H, molecules to bind at a cluster are calculated to be
slightly weaker than the first binding event by 1-2 kJ/mol,
which is minor and can be considered negligible, especially
when compared to the differences in the calculated adsorption
enthalpies among the Cu'M, clusters. This illustrates the
significance of the identity of the central metal of the
secondary building unit in controlling H, binding at peripheral
Cu' sites. Additionally, H, binding for the Cu' sites in the same
cluster have minimal cooperativity between Cu' sites. Indeed,
the plot of AH, 4 against H, loading in Figure 3d suggests H,

adsorption in Cu'M-MFU-4/ frameworks reveals almost
constant AH,4 until saturation of the Cu' sites. The
experimental AH 4 plot can be interpreted as an averaged
value for clusters with different numbers of Cu' sites and
clusters with different H, loading.

We employed an energy decomposition analysis based on
absolutely localized molecular orbitals (ALMO-EDA) to
understand the nature of the binding interaction between
Cu' and H, (Table 4).°77" The largest difference in

Table 4. Energy Decomposition Analysis of Binding
Energies and Charge Transfer to the H, Molecule Obtained
with ALMO-EDA Method

contribution Cu'Zn, Cu'Mn, Cu'Cd,
energy (kJ/mol)
AE,.* 157 159 157
AE" 414 2.4 432
AE,¢ 385 37.2 36.7
AEq? 513 48.4 46.8
AE, 326 27.3 246
charge transfer (e)
Cu' - H, 0.0501 0.0475 0.0464

“Energy required to distort each fragment to the geometry in the
bonded state. bEnergy change arising without relaxation of the
fragment orbitals, which includes interfragment electrostatics, Pauli
repulsion, and dispersion interaction. “Energy arising from relaxation
of self-contained fragment orbitals in the presence of the field of the
other fragment. 9Stabilization energy by charge transfer between the
fragments.

interaction components among the Cu'M-MFU-4] cluster
models is found in the charge transfer term (AE.r) while the
other terms are almost constant upon alteration of the identity
of M. Specifically, the magnitude of AE.y follows the trend of
Cu'Zn, > Cu'Mn, > Cu'Cd, clusters. Further, the charge
transfer from Cu' to H, is the largest for the Cu'Zn, cluster and
the smallest for the Cu'Cd, cluster. Overall, the DFT
calculations support our hypothesis that having a larger
metal ion at the center of a pentanuclear cluster leads to an
open Cu' site with a more planar geometry that consequently
shows weaker 7-backbonding.

Powder Neutron Diffraction. Previously, an in situ D,-
dosing powder neutron diffraction analysis for Cu'Zn-MFU-4]
suggested the presence of a metastable physisorption precursor
for hydrogen adsorption.*' Briefly, a change in the cubic unit
cell parameter upon D, dosing depended on the D, dosing
temperature. Dosing D, at 40 K led to a contraction of the unit
cell parameter by 0.057(2) A while dosing the same amount of
D, at 300 K led to a contraction of the unit cell parameter by
0.124(2) A, with both of the diffraction patterns collected at 7
K. Rietveld refinements further revealed a greater occupancy of
D, at the Cu' site for D, dosing at higher temperatures. This
observation indicates the presence of an activation barrier in
Cu' pyramidalization upon D, adsorption, accompanied by a
unit cell contraction. Gas dosing at 40 K does not readily allow
the Cu' sites to undergo pyramidalization to enable -
backbonding-mediated strong adsorption, therefore resulting
in only a very slight unit cell contraction. Here, we are
interested in whether Cu'Mn-MFU-4! and Cu'Cd-MFU-4],
which exhibit weaker m-backbonding, also show similar
behavior upon hydrogen adsorption. Unfortunately, the large
neutron absorption cross-section of naturally abundant

https://doi.org/10.1021/jacs.4c08039
J. Am. Chem. Soc. 2024, 146, 22759-22776


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08039/suppl_file/ja4c08039_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c08039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Table S. Cubic Unit Cell Parameter a and D, Occupancies Determined by Powder Neutron Diffraction”

condition description

activated under vacuum

1 dosing 0.75 equiv D, at 40 K

2 dosing 0.75 equiv D, at 40 K, followed by warming and cooling

3 b
D, occupancies per Cu

a (A) d(Cu—D,[site I]) (A) site I site 1T
31.6357(8) na. n.a. n.a.
31.5687(14) 1.65(4) 041(2) 0.36(2)
31.4270(9) 1.54(2) 0.75(1) 0

“All diffraction patterns were collected at 7 K. The reported occupancies here are the occupancies as a D, molecule divided by the occupancy of
Cu (0.675, corresponding to 2.7 Cu per cluster as estimated by ICP-OES).

0.75 equiv D,/Cu
40K then 7 K
_—

activated

)

;’ € 300K then7K
: —_—

Al

condition 1

condition 2

Figure 6. Schematic illustration of D, adsorption sites in Cu"Mn-MFU-4! refined against powder neutron diffraction patterns collected at 7 K for
various cooling and heating cycles. Brown, blue, gray, emerald green, and light green spheres represent Cu, N, C, Mn, and Cl atoms, respectively,
whereas orange and yellow spheres represent centroids of D, for site I and site II, respectively, as refined with the super atom approach.

isotopes of Cd precludes neutron diffraction analysis for
Cu'Cd-MFU-4L.”> We therefore decided to focus on a powder
neutron diffraction analysis of Cu'Mn-MFU-41.

Diffraction patterns were collected under various temper-
atures and gas atmosphere conditions and Rietveld refinements
were conducted to examine the structures of activated and D,-
dosed Cu'Mn-MFU-4/ under various conditions. Full refine-
ment procedures are presented in the SI, while selected
structural parameters are summarized in Tables 3 and 5. We
employed the super atom approach to model the scattering
from the D, molecule, in which a single super atom represents
the centroid of the D, molecule possessing anomalously large
displacement parameters due to the quantum rotational
excitation. Thus, a single super atom can have an occupancy
of up to two D atoms to represent one D, molecule (the
occupancies presented below are converted to the occupancies
as a D, molecule for simplicity).”*

A refinement of the structure against the powder neutron
diffraction pattern collected at 7 K for Cu'Mn-MFU-4/ dosed
with 0.75 equiv of D, at 40 K (condition 1) yielded a unit cell
parameter contracted by only 0.067(2) A compared to the
activated framework, and revealed two D, adsorption sites. Site
I occurs adjacent to the Cu' sites, with d(Cu—D,) = 1.65(4) A
and an occupancy of 0.28(2) (i.e,, 0.41(2) D, per Cu). We find
a slight increase in pyramidalization of the Cu centers (d(Cu—
N2 plane): 0.74(1) A for the activated framework and 0.87(2)
A for condition 1). Site II occurs in the “bowl” site with
framework—gas interactions formed between the triazole rings
and the D, molecule. The distance from the centroid of the
triazole moiety to the gas molecule d(triazole---D,) is 3.60(3)
A, indicating modest van der Waals interactions with the
framework. The occupancy at site Il is 0.25(2) (i.e., 0.36(2) D,
per Cu). The total refined occupancy of gas molecules sums to
0.78(4) D, per Cu center in agreement with the amount of gas
added to the system, indicating complete adsorption of the
dosed D,.

A refinement of the structure against the powder neutron
diffraction pattern collected after dosing 0.75 equiv of D,
followed by warming to 300 K and cooling to 7 K (condition
2) shows a unit cell parameter that is contracted by 0.142(2) A

compared to that for condition 1. The occupancy at site I
approaches 0.75 equiv of D, per Cu while the occupancy at site
II refines to zero within error. The new framework—gas
distance refines to d(Cu—D,) = 1.54(2) A, which is ~0.1 A
shorter compared to that obtained for condition 1 and is
within error of the value found for D, strongly bound to Cu' in
Cu'Zn-MFU-4l, d(Cu-D,) = 1.53(2) A (Figure 6).*" The
refined structure also reveals an increase in Cu' pyramidaliza-
tion, as evident in the elongated distance to the plane of the
three coordinating N atoms: d(Cu—N2 plane) = 1.05(1) A for
condition 2 vs d(Cu—N2 plane) = 0.87(2) A for condition 1.
Overall, the sharp decrease in unit cell parameter and the
increase in the D, occupancy of site I by warming and
subsequent cooling suggests that the strong adsorption site at
Cu' is not readily available for D, at 40 K, thus implying the
presence of an activation barrier for strong D, adsorption at
the Cu' sites, as previously observed for Cu'Zn-MFU-4L.*'

Powder Synchrotron X-ray Diffraction. Since we were
not able to obtain in situ D,-dosing powder neutron diffraction
data for Cu'Cd-MFU-4l, we investigated whether a structural
change is observed upon H, dosing for Cu'Cd-MFU-4l by in
situ H,-dosing powder X-ray diffraction with synchrotron
radiation. The sample was activated under dynamic vacuum at
373 K prior to collecting diffraction patterns at 153 K on the
activated framework. Subsequently, H, was dosed to
approximately 140 mbar at equilibration to ensure the
saturation of Cu' sites with H,. The Rietveld refinements
against the diffraction patterns of the activated and H,-dosed
Cu'Cd-MFU-4l show a decrease in the unit cell parameter by
0.095(1) A from 31.677(1) to 31.5825(7) A. This magnitude
of contraction is similar to the powder neutron diffraction
results for Cu'Mn-MFU-4] and Cu'Zn-MFU-41. The d(Cu—N2
plane) is revealed to increase from 0.66(3) A to 0.79(1) A
(Table 3), consistent with the increased pyramidalization upon
H, adsorption. In view of the negligible cross-section of H
atoms and the assumed proximity of the H, molecules to heavy
Cd and I atoms in the model, H, molecules were not included
in the refinement.

The compounds Cu'Zn-MFU-4/ and Cu'Mn-MFU-4/ were
also analyzed with powder synchrotron X-ray diffraction at the

https://doi.org/10.1021/jacs.4c08039
J. Am. Chem. Soc. 2024, 146, 22759-22776


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c08039/suppl_file/ja4c08039_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c08039?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c08039?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c08039?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c08039?fig=fig6&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c08039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

same condition for comparison with Cu'Cd-MFU-41 (Table 3).
Overall, Rietveld refinements agree that the Cu sites become
closer to planar as the central ion of the cluster becomes larger,
although d(Cu—N2 plane) and ZM—Cu—N2 refined from the
diffraction experiments do not agree well with those obtained
from DFT calculations performed on a cluster model. These
discrepancies likely arise from the difference between the
extended lattice structure of a framework versus the molecular
cluster model employed in the DFT calculation. It should also
be noted that the partial occupancy of Cu that is almost
overlapping with the peripheral M" ion generally makes it
difficult to analyze the coordination geometry of Cu sites
crystallographically. Nevertheless, the observed unit cell
contraction upon H, dosing implies that the change in the
coordination geometry of Cu upon H, adsorption generally
occurs in all Cu'M-MFU-4 frameworks, as predicted by the
DFT calculations, even when the H, binding becomes weaker
in Cu'Mn- and Cu'Cd-MFU-41.

Inelastic Neutron Scattering Spectroscopy. Inelastic
neutron scattering (INS) experiments were undertaken to
further understand the Cu'—H, interaction in Cu'Mn-MFU-4L
Specifically, INS can examine rotational transitions of an H,
molecule bound to a metal, and thus has been used to probe
the barrier of rotation of an H, molecule bound to a metal’* or
the elongation of the H—H bond due to z-backbonding using
the rotational constant B.°° We note that INS measurements
for Cu'Cd-MFU-4/ are also hindered by the large neutron
absorption cross-section of naturally abundant isotopes of Cd.
The background subtracted INS spectrum for Cu'Mn-MFU-4
dosed with 0.75 equiv of para-H, are plotted in Figure 7. The

d(H-H) = 0.84 A

S
8 Cu'Zn-MFU-4/
2 B=5.76 meV
g d(H-H) = 0.85 A
kS
K]
(0]
N Cu'Mn-MFU-4/
g B =59 meV
o
=z

5 10 15
Energy transfer (meV)

Figure 7. INS spectra for Cu'Mn-MFU-4/ (green) and Cu'Zn-MFU-
41° (blue) dosed with para-H, from 2 to 15 meV. A spectrum shown
here is difference between the spectrum of an activated framework
and that after para-H, dosing.

spectrum shows four peaks in the low energy transfer region,
occurring at energy transfer values of 5.278(6), 5.714(3),
6.098(3), and 6.642(8) meV. Given the relative intensities, we
tentatively attribute these peaks as two sets of splitting peaks
with J = 0 to J = 1 rotational excitations for para-H, in slightly
different rotational potential environments. Additional features
are observed between 30 and 45 meV (Figure $74), which can
be assigned as combination bands and overtones from H, on
the same binding sites as the low energy transfer peaks, as
observed in similar studies.”>”®

Next, we turned to a simple analytical model for a quasi-two-
dimensional (quasi-2D) rotor, which has been used to estimate

excitation energies for INS spectra of H,-dosed materials in the
past, including for H,-dosed Cu'Zn-MFU-41.°° This model
only assumes a simplified (effective) sha})e for the three-
dimensional potential landscape around H,.”””® We attempted
to analyze our data using this model solely for the purpose of
comparing the INS results for Cu'Mn-MFU-4/ with the
previous analysis for Cu'Zn-MFU-4.° In a quasi-2D rotor
model, the potential energy can be described by the following
equa‘cion,77

Vo, ¢) = (a + %cos 2¢)sin2 0

where 6 is the angle between the H—H bond and the z-axis
connecting the center of the molecule and the Cu atom (polar
angle), ¢ is the angle within the plane perpendicular to the z-
axis (azimuthal angle), and a and b are parameters describing
the strength and anisotropy of the potential.

The above potential profile of a quasi-2D rotor, for which
the Schrodinger equation can be solved numerically (Figure
S73), can explain the observation of four peaks in the low
energy transfer region for H,-dosed Cu'Mn-MFU-4l. For a
quasi-2D rotor with strong interactions (very negative a), the
lowest excitation energy (JoM, to J;M,, which is doubly
degenerate when b is zero) should have an energy converging
to the rotational constant B, which is inversely proportional to
the bond length squared for a diatomic molecule in the rigid
motor model. When b is greater than zero, which means the
potential energy in the 2D plane is anisotropic, the doubly
degenerated energy level should split with the gap increasing
with b. Therefore, we interpret the four peaks in the low energy
transfer region of the spectrum as two sets of splitting peaks
centering around 5.9 meV with different b values. This peak
center would yield a rotational constant B = 5.9 meV, which is
smaller than that of free H, (B = 7.54 meV®’) in a 2D-rotor
model with very negative a (a = —0), therefore suggesting an
elongated H—H distance of 0.84 A. Based on the Cu:Mn ratio
determined by ICP-OES (Cu:Mn = 2.7:2.3), we assume that
the set of peaks with smaller splitting (thus smaller b or in-
plane anisotropy) with higher intensity are associated with
CusMn, clusters (assumed 70% prevalence), whereas the set
with larger splitting (thus larger b or in-plane anisotropy) with
lower intensity are associated with Cu,Mn; clusters (assumed
30% prevalence). This suggests that the number of unsaturated
Cu' sites present locally per cluster affects the dynamics of that
cluster upon H, adsorption, which in turn effects the enthalpy
of adsorption, as observed in DFT calculation for cluster
models with different number of Cu' sites. This may also partly
contribute to the broadened peaks observed in the infrared
spectra.

We also compared the presented INS results with those
reported for Cu'Zn-MFU-4! previously (Figure 7, blue line).*®
In contrast to the spectrum of Cu'Mn-MFU-4] showing four
peaks in the low energy transfer region, there are only two
somewhat broader peaks in the spectrum for Cu'Zn-MFU-4],
suggesting that the local clusters have a more uniform
composition (likely Cu,Zn; clusters). The splitting of the
peaks (4.97 and 6.54 meV) is larger than that observed in
Cu'Mn-MFU-4/, and the center at 5.76 meV is slightly lower,
corresponding to a slightly longer calculated H—H bond of
0.85 A. These observations suggest that the Cu—H, interaction
in Cu'Zn-MFU-4l is stronger and more anisotropic than in
Cu'Mn-MFU-4], consistent with H, adsorption isotherms and
analyses of in situ H,-dosed infrared spectra.
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High-Pressure H, Adsorption Properties. In the
previous sections, we reported that the size of the central
metal ion of the pentanuclear cluster of Cu'M-MFU-4/ affects
the H, adsorption below 1 bar arising from H,—Cu'
coordination. For realistic demonstration of H, storage with
CulM-MFU-4] frameworks, it is critical to assess how
differences in H, binding energy at primary adsorption sites
affect H, adsorption profiles under practical operation
conditions of H, storage (i.e., at near-ambient temperatures
and higher pressures). Therefore, we measured high-pressure
H, adsorption isotherms at pressures as high as 190 bar from
223 to 323 K (Figures 8 and S75—S78). As a reference, we also
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Figure 8. High-pressure H, adsorption isotherms obtained for ZnCl-
MFU-41 (gray) and Cu'M-MFU-4l with M = Zn (blue), Mn (green),
and Cd (yellow) at 298 K up to 190 bar. Filled and open circles
represent adsorption and desorption branches, respectively. Solid lines
represent a simulated H, uptake for stronger adsorption sites at
exposed Cu' sites obtained by a dual-site Langmuir model.

collected the isotherms for ZnCl-MFU-4l, for which H, uptake
originates only from weak physisorption at non-Cu adsorption
sites. For facile comparison, the obtained excess gravimetric H,
uptake data were converted to the excess volumetric uptake by
employing the crystallographic density of each activated
framework (Table S11).

All MFU-4] frameworks exhibit a gradual increase in H,
uptake upon dosing H, up to 190 bar, with no hysteresis upon
desorption at the examined temperatures (Figures S75—S78).
Expectedly, the curvature of an adsorption isotherm depends
on the chemical composition of the pentanuclear cluster of the

framework. The compound ZnCI-MFU-4] exhibits the least
curvature and a nearly linear profile in its H, adsorption
isotherms up to 190 bar without plateauing. Such a profile is
characteristic of highly porous frameworks without strong H,
adsorption sites. In contrast, the isotherms for Cu'M-MFU-4
frameworks are more curved due to the strong H, binding to
the Cu' sites. Among them, Cu'Zn-MFU-4/ reveals the steepest
initial H, uptake. Interestingly, the adsorption profile for
Cu'Zn-MFU-4] above S bar at a given temperature appears
almost parallel to the corresponding isotherm of ZnCI-MFU-
4l. This observation prompted us to deconvolute the H,
uptake in Cu'Zn-MFU-4/ into strong H, binding at Cu' sites
and weak physisorption at non-Cu' adsorption sites by fitting
the adsorption isotherm data with a dual-site Langmuir
equation. Gratifyingly, the H, uptake can be modeled well
by this approach, with the resulting fit parameters indicating
the presence of a small number of strong adsorption sites and a
larger number of weak adsorption sites. We generated two sets
of simulated isotherms with these fitting parameters for strong
and weak adsorption sites, assuming that these adsorption sites
behave independently within the same material (Figure S79).
The profile of the simulated adsorption isotherm for the weak
adsorption sites in Cu'Zn-MFU-4] resembles the H, isotherm
profile for ZnCl-MFU-4] within 10% difference, while the
slight difference can arise from the difference in the pore size.
Notably, the calculated saturation capacity for the strong
adsorption sites (1.4 mmol/g) is consistent with the number of
active Cu' sites, as estimated from the steep H, uptake at 77 K
(Figure 3a). Therefore, it is reasonable to conclude that the
deconvoluted H, adsorption profile allows evaluation of how
the coverage of Cu' sites changes by increasing H, pressure.
The high-pressure H, adsorption isotherms of Cu'Mn-MFU-
4] and Cu'Cd-MFU-4] were also fitted using a dual-site
Langmuir equation to extract the H, adsorption behavior of
the Cu' site (Table S12). As shown as solid lines in Figure 8,
simulated H, isotherms for the stronger adsorption sites (i.e.,
Cu' sites) for these Cu'M-MFU-4/ frameworks at 298 K exhibit
steep initial H, uptake followed by a plateau region. However,
Cu'Mn-MFU-4/ and Cu'Cd-MFU-4/ showed more gently
curved simulated isotherms at low pressure and higher
saturation pressure than Cu'Zn-MFU-41. The estimated surface
coverage for the Cu' sites at S bar and 298 K is 85, 36, and 19%
for Cu'Zn-MFU-4/, Cu'Mn-MFU-4/, and Cu'Cd-MFU-4],
respectively, while at 100 bar it is 99, 92, and 83%, respectively.
Thus, the fraction of the usable Cu' sites for a $—100 bar

Table 6. Summary of the Usable Capacities in g/L and wt % for Selected Conditions, Weighted Average of Adsorption

Enthalpies, AH®, .., and Heterogeneity Parameters, s

total usable capacities

b

298 K, 100 bar — 298 K, S bar 223 K, 170 bar — 298 K, S bar AH®, .." s

materials g/L wt % g/L wt % —kJ/mol —kJ/mol reference
ZnCl-MFU-41 8.5 L5 19.7 34 41 na. this work
Cu'Zn-MFU-4] 8.2 1.6 18.8 35 49 153 this work
Cu'Mn-MFU-41 6.8 14 13.8 2.8 4.0 122 this work
Cu'Cd-MFU-4 8.5 14 183 3.1 46 8.6 this work
Ni,(m-dobdc) 11 091 no data 6.7 3.9 32
V,Cl, ¢(btdd) 9.6 1.5 no data 4.8 12.7 3
NU-2100 6.7 0.40 no data S.5 142 44

“Calculated based on the saturation capacity and the enthalpy term obtained by fit to a dual-site Langmuir model. bs = (AH®,,, — AH®,.)/2,
where AH®, .. and AH®;, are the maximum and minimum values of in the enthalpy term, respectively, obtained by fit to a dual-site Langmuir

model.
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pressure swing is estimated to be 14, 56, and 63% for Cu'Zn-
MFU-4], Cu'Mn-MFU-4, and Cu'Cd-MFU-4], respectively. A
similar calculation for a 5—170 bar swing at 298 K yields 14,
59, and 70%, respectively. Note that the usable fraction of the
Cu' sites in Cu'Cd-MFU-4] matches the theoretical maximum
value for the usable fraction for the condition of interest (63
and 70% for 5—100 and S—170 bar swings, respectively).
These analyses suggest that the H, binding strength at Cu' sites
in Cu'Cd-MFU-4/ is indeed optimal for maximizing the usable
fraction of the adsorption sites for ambient-temperature
storage.

To evaluate the total usable capacity of H, for the materials
under practical operational conditions, we calculated the total
H, uptake,”®”” which can be defined as the sum of the
adsorbed H, and the amount of free H, in the pore—i.e., the
product of pore volume and bulk H, density at the storage
condition (Figures S75—S78). The usable capacity is obtained
by subtracting the total uptake at the discharge condition from
that at the charging condition (Table 6). Significantly, the
volumetric usable capacities for Cu'M-MFU-4/ are comparable
to or slightly lower than that for ZnCIl-MFU-41. We reason that
the amount of H, that is weakly physisorbed and located
within the void space of the frameworks is 4—6 times greater
than the H, uptake originating from the Cu' sites in a Cu'M-
MFU-4] framework because the number of the Cu' sites is
much lower than that of weak adsorption sites even though the
fraction of the usable weak adsorption sites may not be high.
Furthermore, the porosity of the Cu'M-MFU-4! frameworks
was compromised after the Cu'-exchange (Table 1), which
decreased the contribution from the free H, in the pore. The
framework Cu'Cd-MFU-4l could outperform ZnCIl-MFU-4I by
10% in volumetric usable H, capacity for a 2—35 bar pressure
swing at 298 K. At these conditions, the combined
contribution from weak physisorption and free H, in the
pore is small relative to that from adsorption at the Cu' sites.
Notably, operation at such lower pressures (20—48 bar) is
relevant to the last-mile distribution of hydrogen®’ and the
charging at 35 bar is achievable by single-stage compressors.”’

The Cu'M-MFU-4] materials clearly have more than one
type of adsorption site, in view of crystallographic and
spectroscopic data, as the high-pressure H, adsorption
isotherm data. Indeed, the effect of thermodynamic parameters
on the usable capacity of an adsorbent has mainly been
considered for an energetically homogeneous adsorbent (ie., a
single-site Langmuir model). However, actual adsorbents
usually contain weak H, binding sites and pore space for
free H,, even if strong H, binding sites are also present.
Although it is difficult to describe the adsorption properties of
heterogeneous materials because the usable capacity varies
with the degree of heterogeneity, a weighted average of
adsorption enthalpy of multiple binding sites (AH®, ) and a
heterogeneity parameter, s = (AH°.,,—AH°.,)/2, where
AH® . and AH®_, are the maximum and minimum values of
adsorption enthalpy, respectively, can be a good measure.'”
Ideal adsorbent materials are expected to have the weighted
average of adsorption enthalpy within the optimal range (i.e.,
from —15 to —25 kJ/mol) and a small heterogeneity parameter
so that extreme adsorption and desorption conditions are not
required.

To assess their utility in establishing hydrogen storage
performance, the weighted average of adsorption enthalpy and
the heterogeneity parameter for the MFU-4] frameworks and
selected framework materials were estimated with fit

parameters for the total high-pressure H, isotherms in a
dual-site Langmuir model (Tables 6, S13, and S14). The
weighted average of adsorption enthalpies for MFU-4]
frameworks is —4 to —5 kJ/mol in all cases, indicating that
the weak adsorption sites dominate the total uptake of H, in
the MFU-4] frameworks. In contrast, Ni,(m-dobdc)—the
current benchmark adsorbent for ambient-temperature H,
storage—shows a higher weighted average of adsorption
enthalpy and a smaller heterogeneity parameter than Cu'M-
MFU-4l-type materials and other frameworks with strong H,
binding sites. This finding indicates that a high density of open
Ni' sites is critical for enhancing the weighted average of
adsorption enthalpies in Ni,(m-dobdc) (despite a reported
isosteric enthalpy of adsorption that is slightly lower than
optimal: —12.3 kJ/mol), while also contributing a higher
volumetric usable capacity than is observed in the MFU-4]
frameworks presented here. For improving the total usable H,
storage capacity, a higher density of the adsorption sites with a
binding enthalpy in the optimal range of —15 to —25 kJ/mol is
clearly a requirement. Considering that Ni,(m-dobdc) exhibits
one of the highest open metal site densities among framework
materials, incorporation of strong H, binding sites capable of
binding multiple H, per metal site could be an upcoming
strategy to drastically increase the H, storage capacity in
addition to selecting the suitable framework porosity and
topology that maximize the density of the open metal
sitgc)s.4’6g8)’:32 ’ ’

B CONCLUSIONS AND OUTLOOK

The foregoing results show that the z-basicity of the Cu' sites
in the Cu'M-MFU-4! (M = Zn, Mn, and Cd) series of metal—
organic frameworks can be deliberately controlled by changing
the radius of the central metal ion in the pentanuclear cluster
node. Compared with Lewis acidic open metal sites in typical
MOFs, m-basic open metal sites enable a higher magnitude of
adsorption enthalpy than Lewis acidic metal sites for z-acidic
gases. Consequently, the Cu'M-MFU-4/ frameworks serve as
rare examples of materials exhibiting a high isosteric enthalpy
of H, adsorption (—33.4, —26.9, and —22.7 kJ/mol for M =
Zn, Mn, and Cd, respectively). Among the series, Cu'Cd-
MFU-4l is only the second example of a MOF displaying an H,
binding enthalpy within the optimal range for ambient-
temperature hydrogen storage. Additionally, the magnitude
of the change in the adsorption enthalpy in the Cu'M-MFU-4]
series is significantly larger than observed in several
isostructural frameworks containing different metals or anions
(Figure 9). Note that the difference in enthalpy of the Cu'M-
MFU-4] series arises from tuning the central metal ion of the
pentanuclear cluster nodes—a metal center that is located
three bonds away from the open Cu' sites that directly engage
with H,. The series thus presents an unprecedented system for
varying the isosteric enthalpy of H, adsorption and therefore
the hydrogen storage capacity of a material. This situation is in
sharp contrast to the H, adsorption at Lewis acidic metal sites
in MOFs, which is less tunable even by changing the identity of
open metal sites.

This study demonstrates a means of controlling the orbital-
interaction-mediated H, adsorption within MFU-4l-type
frameworks featuring pentanuclear triazolate-bridged cluster
nodes. We anticipate that this concept can be directly applied
to other frameworks materials known to have the same cluster
nodes.””**** More broadly, because a myriad of such nodes
are known to exist in extended framework structures,® a
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Figure 9. Summary of isosteric enthalpy of H, adsorption (—AH,4,)
by the Clausius—Clapeyron method in selected MOFs featuring open
metal sites: M,(dobdc) (dobdc*™ = 2,5-dioxido-1,4-benzenedicarbox-
ylate),"*”* M, (m-dobdc) (m-dobdc*™ = 4,6-dioxido-1,3-benzenedi-
carboxylate),”” M,(dobpdc) (dobpdc*™ = 4,4'-dioxidobiphenyl-3,3'-
dicarboxylate),” M-BTT (M;[(M,Cl);(BTT)sl: BTT>™ = 1,3,5-
benzenetristetrazolate),”* and M,X,(btdd).>**> The color of each
circle symbol in the figure specifies the identity of the metal ion of an
open metal site, as shown at the bottom right. The coordination
environment of the open metal site of each class of MOFs is shown at
the right of the name of the corresponding framework. Brown, blue,
red, and light green spheres represent Cu, N, O, and CI atoms,
respectively. The black spheres represent an unspecified metal atom,
whereas the gray spheres represent unspecified atoms that can be
varied to tune the adsorption properties of open metal sites.

similar concept could potentially translate to other framework
materials with secondary building units featuring an interstitial
metal site. We therefore anticipate that the careful design of
geometries and electronic structures of open metal sites may
enable us to create MOFs that modulate the orbital-
interaction-mediated H, adsorption, giving rise to new
materials that range from exhibiting an optimal binding
strength for ambient temperature storage to facilitating
dissociative H, chemisorption and the realization of porous
metal hydrides.

While this study and previous studies have focused on how
the hydrogen storage properties of a porous material can be
estimated from its H, adsorption isotherms, the assessment of
such materials should also account for their performance under
more realistic storage conditions. For instance, hydrogen fuel
produced by water splitting likely contains O, and H,O at ppm
concentrations.*® Testing the charging cyclability of Cu'M-
MFU-4] and traditional MOFs featuring Lewis acidic metal
sites with fuel-grade hydrogen gas under practical fuel cell
operation conditions will be of interest for the development of
practically relevant hydrogen storage materials. Notably,
Cu'Zn-MFU-4! has recently been examined for the separation
of oxygen from air, demonstrating fully reversible O, binding
even the presence of water vapor.”® We expect that the low
affinity of Cu'M-MFU-4l for potential impurities in hydrogen
fuels will be advantageous for their use in storage applications,
considering that classical Lewis acidic metal sites are typically
hygroscopic, which could potentially deactivate metal sites in
the presence of water. Relatedly, we note that V,Cl, s(btdd),
the only other MOF known to exhibit H, binding in the
optimal range, is irreversibly oxidized by air, permanently
degrading the V' sites in the presence of 0,.*"*> Clearly, it is
worthwhile to pursue analogues of the Cu'M-MFU-4] materials
that possess a higher density of Cu' sites per unit volume,
thereby enhancing the volumetric H, storage capacity. Efforts
to synthesize such materials are ongoing.
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