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ABSTRACT: Nanoconfinement of metastable hydrides such as alane (AIH;) in functionalized porous frameworks represents a
promising yet largely untapped strategy for high-capacity energy storage. Despite its potential, the underlying mechanisms
responsible for the thermodynamic stabilization of metastable hydrides are poorly understood. Here, concepts from solution Lewis
acid—base chemistry were applied to a crystalline metal—organic framework (MOF) to stabilize AlH;. The long-range order and
synthetically versatile pore chemistry enabled us to reveal the intimate details of the hydride-host interactions. Powder X-ray
diffraction (PXRD) of AlH;-infiltrated UiO-67bpy (ZrsO,(OH),(bpydc)s; bpydc®™ = 2,2/-bipyridine-5,5'-dicarboxylate) confirms
that the framework maintains its crystallinity up to 250 °C and is stable under 70 MPa H, pressure. We find that thermodynamic
stabilization arises from coupled single-electron and hydrogen-atom transfer from AlH; to bipyridine-containing linkers. Electron
paramagnetic resonance detects a bipyridyl radical with an anisotropic g-tensor (g values of 2.00132, 2.00215, and 2.00275),
consistent with Bader charge analysis predicting 0.82 e~ transferred from the hydride to the MOF. These findings establish critical
structure—property relationships underpinning AlHj; stabilization and suggest general strategies for tuning the thermodynamics and
kinetics of metastable materials.

H INTRODUCTION required for the reaction (>25,000 bar'®). Kinetic limitations
exist as well, due to the native oxide layer on the Al surface.’
Nevertheless, AIH; begins to decompose under mild temper-
atures (<100 °C) to form metallic aluminum and hydrogen,
which is accelerated by the presence of trace amounts of
transition metals, such as titanium.” Consequently, indirect and
often complex preparation methods are necessary, such as
reaction between LiAlH, and AICl, in ethereal solutions,®

Metastable metal hydrides have long been of interest for
hydrogen storage," but also in applications requiring energy on
demand,” as chemical reagents,3 as superconductors,4 and as
an energetic material (e.g,, rocket fuel). Among these, alane
(AlH;) has one of the highest gravimetric and volumetric
energy storage capacities;6 moreover, the dramatic expansion
of hydrogen use cases under consideration makes AlH; even
more attractive, as aluminum is an earth-abundant and low-

cost element.” However, AlH, is metastable and usable under Received: September 10, 2025 =JACS
ambient conditions only by virtue of kinetic barriers to Revised: ~ November 19, 2025
hydrogen release.*” Calorimetry studies report values for the Accepted: November 23, 2025

formation enthalpy of metastable AlH; ranging from —7.1 to Published: December 10, 2025

—9.9 kJ/mol H,,'"" making direct synthesis from the
elements impractical due to the extreme hydrogen pressures
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various electrochemical routes,'” and stabilization by Lewis
bases, particularly amines."*

An alternative approach is to use nanoconfinement within
porous hosts to stabilize AlH;. Nanoconfinement is a well-
established strategy to accelerate hydrogen release from metal
hydrides, which are typically quite thermally stable."> In
contrast, we reasoned that nanoporous hosts with electron-
donating capabilities would stabilize metastable hydrides due
to synergistic effects of Lewis acid—base complex formation
and inhibiting formation of bulk hydride agglomerates.'*'®
Analogous chemistry in solution'” is the basis for two-step
processes using amines and ethers to enable reversible
hydrogen release from AlH,.'*'® We and others confirmed
our hypothesis by coordinating LiAlH, to nitrogen-doped
CMK-3," hollow carbon spheres,” and by infiltrating a
bipyridine-functionalized Covalent Triazine Framework with
AlH; (AIH;@CTE-bpy).”" In all cases partial reversibility was
observed. The behavior of AIH;@CTF-bpy is particularly
encouraging: rehydrogenation is achievable at 60 °C and 700
bar (35S times lower than required for bulk aluminum), with
rapid H, desorption at temperatures as low as 150 °C. If this
strategy is to be exploited for practical purposes, it is clear that
the detailed nature of AIH; binding, the influence of pore size
and electronic structure, and the mechanisms of hydrogen
uptake and release must be understood so that desorption
thermodynamics and kinetics can be tailored for specific
applications while maximizing storage capacity. Unfortunately,
both CTFs and porous carbons lack long-range order and have
a distribution of pore sizes, making it difficult to confidently
assign structure—property relationships. Although the thermo-
dynamics of AlH; coordination to achieve hydrogen release
under mild conditions have been quantified by electronic
structure calculations,'” the mechanism by which AlH; is
stabilized within a nanopore and the nature of the confinement
effects are not established.

Metal—organic frameworks (MOFs)**** with their tailor-
able pore size and wide variety of pore chemical functionality,
offer a solution to this problem. In particular, their crystallinity
allows direct comparisons between first-principles atomic
structure calculations and spectroscopic data. Our group has
extensively explored the use of MOFs to create nanoscale
hydrides, such as NaAlH, in MOF-74(Mg) and Cus(btc),
(btc>™ = 1,3,5-benzenetricarboxylate).”**> This work demon-
strated that MOFs can be stable in the presence of chemically
reducing metal hydrides and that nanoconfinement can change
their chemical reactivity. Bipyridine-functionalized MOFs
provide analogues to the CTFs used previously and have a
high density of Lewis base groups™® to coordinate to electron-
deficient metal hydrides.'® For example, we infiltrated UiO-
67bpy to create “molecular” Mg(BH,), within the MOF pores.
Recently, a number of other examples of metal hydrides hosted
in MOFs have been reported.””*® For example, zirconium-
based frameworks were recently used as hosts for metastable
ammonia borane and hydrazine bis(borane).”” In these cases,
however, the guest species immediately released H, upon
nanoconfinement by reacting with hydroxyl groups from the
metal cluster, leading to the formation of (irreversible) B—O
bonds. Many other MOFs are suitable for hosting various
electron withdrawing guest species inside the framework,
which can significantly alter their properties.'”*°

Here, we demonstrate that the structural and electronic
properties of the Lewis base functionalities within a MOF pore
determine whether H, release from nanoconfined AlHj is

reversible. Specifically, we hypothesize that an aromatic,
chelating amine, such as bipyridine, is essential for reversibility.
We demonstrate this using two MOFs: zirconium-based UiO-
67 (biphenyldicarboxlyate linkers) and UiO-67bpy
(Zrs0,(OH),(bpydc)s; bpydc*™ = 2,2'-bipyridine-5,5'-dicar-
boxylate); and two aliphatic compounds containing tertiary
alkyl amines, cyclam and a G2 PPI dendrimer, serving as
control systems. Our results show that formation of a stable
aromatic amine radical occurs when AIH; coordinates within
UiO-67bpy. This agrees with our previous observations of
AlH; binding in CTFs.”" AlH; incorporated within the pores of
UiO-67bpy is thermodynamically stabilized and exhibits partial
reversibility. In contrast, AlH; infiltrated within UiO-67
Zrs0,(OH),(bpdc)s (bpdc®™ = biphenyldicarboxylate) re-
leases hydrogen, but shows no rehydrogenation. Moreover,
AlH; coordinated to the cyclam and dendrimer exhibits no
rehydrogenation, confirming that strong Lewis base character
alone is insufficient. Although a direct determination of the
crystal structure of the confined AlHj; clusters was not feasible
due to severe disorder, extensive analytical data indicate that
small Al-hydride clusters exist within the pores. This work
firmly establishes a structure—property relationship, supported
by experimental and first-principles modeling, that is grounded
in a suite of six different AlH;-incorporated materials. It also
provides a second example of a porous framework thermody-
namic stabilization initiated by single-electron transfer,
showing that AIH;@CTF-bpy is not unique in this regard.

B RESULTS

Synthesis and Characterization. Synthesis of
Zrs0,(OH),(bpydc)s or UiO-67bpy (bpydc*™ = 2,2'-bipyr-
idine-5,5'-dicarboxylate)' (see the Supporting Information for
details) yielded colorless octahedron-shaped single crystals up
to 20 um as shown in Figure Sla. The procedures®' used were
intentionally chosen to minimize defect formation, as defects
can alter pore chemistry and pore size, thereby affecting the
alane binding capacity and affinity. Following overnight
immersion of UiO-67bpy powder in an AlH;-(N,N-dimethy-
lethylamine) in toluene solution, a color change from white to
dark-purple occurs, changing to brown after drying, as shown
in Figure la and Figure Slb,c. As a control experiment, we
synthesized UiO-67 (see Supporting Information for the MOF
synthesis procedure),””*> which lacks aromatic chelating
nitrogen functionalization. Only a slight color change occurs,
from white to gray, when UiO-67 is infiltrated with AlH; and
dried under vacuum (Figure S1d). This indicates weak
interactions, similar to the ones observed in the case of other
host materials.”” Hereafter we focus primarily on UiO-67bpy
characterization to gain insight into the AlH; behavior within
the nitrogen-functionalized framework.

Structural Characterization. Powder X-ray diffraction
was collected for as-synthesized samples to confirm the
composition. The as-synthesized phases of UiO-67bpy match
well the reported crystal structure.”’ Activated phases also
maintain their crystallinity compared to the as-synthesized
phases, as shown in Figure S2. AlHj-infiltrated samples
maintain crystallinity as compared to the as-synthesized phases
(Figure S2), except for slight peak broadening. Attempts to
grow single crystals of AIH;@UiO-67bpy of sufficient quality
to allow direct refinements of the Al positions were
unsuccessful. In the FTIR spectra, bands characteristic of
AlH, at around 1650 and 3000 cm™ ! are clearly visible,”***
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Figure 1. Synthesis and characterization of AIH;@UiO-67bpy. a) Schematic representation of UiO-67bpy synthesis. Color changes observed upon
infiltration with AlHj are shown in the top right. b) PXRD of the infiltrated sample compared with the as-synthesized and calculated patterns. c) N,
adsorption isotherm measured for AIH;@UiO-67bpy (red) and compared with UiO-67bpy (blue).
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Figure 2. a) TEM and EDX maps of AIH;@UiO-67bpy show zirconium, nitrogen, oxygen, aluminum, and carbon elemental distributions. The
cross-section of the crystal confirms the uniform distribution of aluminum. As shown in the panel, a scanning electron microscopy image of the FIB
cross-section with the TEM image in the inset. b) For EELS, the highlighted region was selected to map different signals, including Al (blue), C
(red), and O (green). c) Two regions were mapped to correlate Al and C weight fractions, indicating that the peaks for both elements are
anticorrelated. This suggests that aluminum is located inside the pore. b,c) The scale bar along the x-axis is given in nanometers (nm) and

corresponds to the pore diameter of the MOF pore.

although in the infiltrated materials they are broader than those
of the pristine hydride, as shown in Figures S3 and S4.

The thermal stability of these materials was tested using
thermogravimetric analysis (TGA) (Figure SS). The as-
synthesized phase of UiO-67bpy is stable up to 450 °C. A
small weight loss at 250 °C corresponds to loss of hydroxyl

47400

groups from the zirconium cluster. AIH;@UiO-67bpy showed
a 10% weight loss from 100 to 200 °C, followed by a more
gradual weight loss from 350 to 550 °C (Figure SS).
obtained
from N, sorption isotherms measured at 77 K before and after

Brunauer—Emmett—Teller (BET) surface areas'’

infiltration (Figure 1c and Figure S6a) indicate a considerable
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Figure 3. Sieverts measurements for AIH;@UiO-67bpy first (a) and second cycle (c). Similarly, Sieverts measurements for AIH;@UiO-67 on the
first cycle (b) were conducted to confirm the hydrogen wt % desorption with an increase in temperature. For the second cycle, the rehydrogenation
was carried out at 700 bar H, and 60 °C. d) MAS NMR measurements were conducted on AIH;@UiO-67bpy. Three major *’Al signals were found
at 13, 37, and 66 ppm for AlH,, AIH;, and *AlH,), respectively. A small peak was found at 56 ppm for Al,O5. In a—c), gray dotted vertical lines were

used as guides for indicating the extent of H, desorption.

reduction in BET surface area and pore volume after AlH,
loading of UiO-67bpy. The BET surface area (1980 m* g™*)
and pore volume (0.86 cm® g™') are reduced to 96.16 m* g~
and 0.055 cm® g7!, respectively, with similar decreases
observed following AlH; infiltration in UiO-67 (Figure S6b).

Transmission electron microscopy (TEM) with energy
dispersive X-ray (EDX) elemental maps confirm the retention
of the characteristic octahedral morphology of UiO-67bpy
crystals and the homogeneous distribution of the hydride
species. The high-angle annular dark field (HAADF) micro-
graph shows crystallite in micrometers in size. As shown in
Figure S7 on a powder particulate dispersed on a TEM grid,
the elemental EDS maps display zirconium, oxygen, carbon,
nitrogen, and aluminum. To verify that AIH; fully infiltrates the
crystal, we performed additional STEM-EDS measurements on
a FIB-prepared cross section of a particle. The details of the
air-free TEM sample preparation and loading can be found in
the SI. For this purpose, we selected smaller crystals of around
100 nm in size to ensure that they were fully infiltrated by the
AlH; species. STEM-EDS confirms that penetration of AlH;
species occurs uniformly inside the crystal. The elemental EDS
maps are shown individually and overlaid together for
zirconium, nitrogen, oxygen, carbon, and aluminum, as
shown in Figure 2a. To confirm the location of AlH; species,
we extracted line profiles from both EDS and measured
Electron Energy Loss Spectroscopy (EELS) spectra averaged
over several pixels. These reveal that the intensities of carbon
from the host network and aluminum are anticorrelated,
indicating that Al-containing species are accommodated within
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the pore (Figure 2b). This confirms that AIH, species prefer to
occupy the pore rather than be randomly distributed on the
surface of the host. However, the regular pore structure of
UiO-67bpy, with a spacing of 1.5 nm, is altered in the images
of the infiltrated sample. The spacing between Al peaks (and
between C peaks) in the extracted line profiles is
approximately 5 nm and the pores are less regular. This is
likely due to damage to the sample caused by the intense
electron beam required to obtain high-resolution images and
EELS spectra, a phenomenon we previously observed in silver-
infiltrated MOFs.”

Hydrogen Desorption. Sieverts measurements were
conducted to determine the hydrogen desorption capacity
and the desorption kinetics as a function of temperature
(Figure 3). These results also provide insight into the effects of
local environments on nanoconfined AlH,; within function-
alized pores. AIH;@UiO-67bpy desorbed 1.10 wt % H within
30 min of heating to 250 °C. The temperature was maintained
at 250 °C for an additional 2 h, yielding a final desorption
capacity of 1.25 wt % H (Figure 3a). This capacity is consistent
with the wt % H previously reported for AIH;@CTE-bpy”' and
corresponds to ~12.5 wt % AlHj; loading, equivalent to ~2.8
AlH; molecules per formula unit. Hydrogen desorption from
AlH,@Ui0-67 (Figure 3b) yielded 0.90 wt % H desorption
within 10 min of heating to 250 °C, with only an additional
0.10% H observed after further heating for 2.5 h at same
temperature, resulting in a total desorption of 1.00 wt % H,
with an ~10 wt % AlH; loading (~2.2 molecules per formula
unit). This wt % H is comparable to the 1.02 wt % H observed

https://doi.org/10.1021/jacs.5c15894
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shown for each structure.

for AIH;@CTE-biph,”' indicating that nonfunctionalized
frameworks exhibit similar capacities regardless of framework
nature or pore size. Hydrogen desorption from AIH;@UiO-67
is significantly faster than that from AIH;@UiO-67bpy,
revealing a strong AlH;-bipyridine interaction that stabilizes
AlH; through coordination to the bpy linkers. Sieverts
measurements were also conducted for the pure (non-
infiltrated) host frameworks, UiO-67bpy and UiO-67. Both
exhibited negligible desorption (0.03 to 0.04 wt % H) upon
heating to 270 °C, confirming that AlH; is the only source of
hydrogen desorption in the AlH;-infiltrated frameworks
(Figure S8).

To probe the reversibility, we exposed the dehydrogenated
materials to 700 bar H, and 60 °C for 72 h. Sieverts
measurements for the resulting samples show that AIH;@UiO-
67bpy desorbed 0.20 wt % H after heating to 270 °C for 3.5 h
(Figure 3c). In contrast, AIH;@UiO-67 showed no reversi-
bility (no hydrogen desorption was observed). The cycling
measurements thus reveal that bipyridine functionalization is
required to achieve partial reversibility. However, differences in
pore volume and pore dimensions may be responsible for the
lower capacity and reversibility compared with AIH;@CTEF-
bpy (see Discussion section). As additional confirmation of the
importance of the bpy functionality for reversible H,
desorption, we infiltrated cyclam and a G2 PPI dendrimer,*
two aliphatic compounds that contain tertiary alkyl amines.
These compounds form adducts with AIH; but the
dehydrogenated samples do not exhibit any significant change
in the FTIR spectra following treatment with H, at 700 bar
and 60 °C for 72 h (Figures S9 and S10).

Residual Gas Analysis (RGA) confirmed that the only gas
released is H, (m/z = 2), demonstrating that the pressure
buildup in Sieverts measurements is not associated with
impurities or decomposition of the host materials (Figure
S11). The crystallinity of the desorbed and rehydrogenated
samples was measured and compared with pure host and as-
prepared AlH; infiltrated samples, as shown in Figure S12. To
verify the crystalline stability of the host materials, we also
measured in situ PXRD between room temperature and 250 °C
in intervals of 50 °C (Figure S13). PXRD patterns indicate that

MOF crystallinity was maintained and matches the as-prepared
samples, except for slight broadening in the low 26 region. This
behavior is consistent with other hydrides confined in Zr-based
MOFs, where crystallinity is maintained upon hydrogen
release.”””’

Magic Angle Spinning NMR Spectroscopy. To gain
insight into the coordination environment of AlH; within the
nitrogen-functionalized pores, we conducted *’Al magic angle
spinning nuclear magnetic resonance spectroscopy (MAS
NMR). Spectra for the as-prepared AIH;@UiO-67bpy (Figure
3d) show three major Al chemical environments at 13, 37, and
66 ppm, which suggests several different coordination
environments around the Al atoms. However, this behavior
is different from previously reported four distinct chemical
environments around Al based on our prior work on AlH;
confinement in CTF-bpy.”" This indicates that both the pore
chemical environment and the pore dimensions affect the Al
chemical shifts. A small peak found at 56 ppm may correspond
to Al—O species, even though all precautions were taken to
avoid oxidation. Importantly, the spectra also show the
formation of metallic aluminum peaks at ~1650 ppm in both
AIH;@UiO-67bpy and AIH;@UiO-67. After rehydrogenation,
the metallic aluminum peak disappears in AIH;@UiO-67bpy,
but is still present in AIH;@UiO-67. This demonstrates that
UiO-67bpy promotes partial reversibility of AlHj; whereas
UiO-67 does not (Figure S14).

DFT Calculations. To gain mechanistic insights from our
experimental observations, we employed density functional
theory (DFT), ab initio molecular dynamics (AIMD), and
GIPAW-based chemical shift calculations to probe the
electronic and magnetic structure of AIH; within UiO-67bpy.
We began by determining the preferred location for a
molecular unit of AIH;. Room-temperature AIMD simulations
predict that the AIH; molecule, initially placed near a
zirconium cluster, spontaneously migrates to a bpy-function-
alized linker. The lowest-energy configuration of bipyridine in
UiO-67bpy is trans (as is the case for molecular bipyridine);**
consequently, AlH; forms a complex with a single nitrogen
atom on the linker. In contrast, the AIH; molecule diffuses
freely and does not stably reside at any location in UiO-67,
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which lacks nitrogen functionalization. These stronger
interactions with bipyridine align with the Sieverts data,
which show higher hydrogen capacity for UiO-67bpy
compared to UiO-67.

To quantify the stability of AIH; complexed with bipyridine,
we optimized the AIMD-derived structure and calculated the 0
K reaction energies for AIH; complexation, using the DFT
energy of bulk AIH; as a reference. We also optimized the
structures of substoichiometric AIH; complexed with bipyr-
idine (*AlH, and *AlH) and calculated the reaction energies
for stepwise dehydrogenation (*AlH; — *AIH, — *AlH). As
shown in Figure 4a, the complexation of AlH; to trans-
bipyridine in the MOF and the subsequent dehydrogenation
steps are all endothermic, indicating that AIH, complexation
with trans-bipyridine in UiO-67bpy is unfavorable relative to
bulk AlH;. In prior studies, we observed that cis-bipyridine
shows a strong affinity for AIH; in a triazine covalent
framework (CTF). Therefore, we manually altered the
bipyridine conformation to explore similar AlH, interactions
with cis-bipyridine in UiO-67bpy. Figure 4a illustrates the
complete pathway for bipyridine’s trans-to-cis conformational
change, followed by AIH; complexation and stepwise
dehydrogenation. Although cis-bipyridine is slightly less stable
than its trans conformation, it enables stronger interactions
with AlH,.

The calculations also predict that AlH; dissociates upon
binding to UiO-67bpy, in which one hydrogen atom spills over
to the f-carbon atom of the bpy linker, consistent with
previous observations in CTFs.”' Notably, the formation of
*AlH, (highlighted by the filled star marker) is nearly
isoenergetic with *AlHj;, indicating a thermodynamic prefer-
ence for *AlH, species when entropic contributions are taken
into account. The AIH,-cis-bipyridine complex possesses an
unpaired electron, making it a radical. Partial charges
(computed by using Bader charge analysis) indicate that
nearly a full electron (0.82e7) is transferred from AIH, to UiO-
67bpy, consistent with radical formation. As will be seen
below, EPR spectroscopy confirms this prediction.

To further resolve the structures of AlH; and AlH, within
UiO-67bpy, we constructed models incorporating additional
AIH; clusters anchored to *AlH, and simulated their *’Al
chemical shifts. The optimized structures of *AlH,(AlH,), (x
= 1-3) along with the corresponding chemical shifts for each
Al atom are shown in Figure 4b. Qualitatively, the model can

account for multiple chemical shifts as a result of three
different aluminum coordination environments. However,
comparisons between absolute values of these shifts may not
be justified. For example, although the *’Al chemical shift of
*AlH, is predicted to be 127 ppm in the absence of cluster
tethering (consistent with tetrahedrally coordinated alumi-
num), it does not explain the lack of *’Al peaks above 90 ppm
in the experimental spectrum. Anchoring additional AlH; units
progressively reduces the chemical shift of *AlH,, approaching
the 66 ppm peak observed in the 2’Al MAS NMR spectrum;
we tentatively assign this peak to AlIH, directly bound to bpy.
As the AlH; cluster size increases, certain aluminum centers,
such as the central Al atom in *AlH,(AlH;),, could adopt
octahedral coordination, resulting in even lower chemical
shifts. These predictions could explain the peaks at 13 and 37
ppm observed in Figure 3d. Nevertheless, as mentioned above,
additional local interactions between aluminum and the MOF
pore environment not included in the model could affect the
observed NMR spectrum.’”

Confirmation of Single Electron Transfer. To confirm
the DFT prediction of single-electron transfer and formation of
AlH,@UiO-67bpy radicals, we obtained electron paramagnetic
resonance (EPR) and UV—visible absorption spectra for the
AlH;-infiltrated MOFs. EPR spectroscopy of AlH;@UiO-
67bpy at 234 and 408 GHz exhibits a large signal from a
narrow-line organic radical and rhombic g-anisotropy revealed
by the 408 GHz measurements (Figure Sa and Figure S15). As
illustrated in Figure S15, at low temperature (20 K), the 408
GHz EPR spectrum clearly shows distinct rhombic g-
anisotropy, which progressively diminished at higher temper-
atures without significant change in overall line width. This is
likely due to increased spin—lattice relaxation rates at elevated
temperatures.”’ Following AIH; nanoconfinement within the
UiO-67bpy pores, the EPR response is significantly enhanced
relative to the negligible signal detected for the activated UiO-
67bpy material (Figure S16). These results are consistent with
literature data for similar nanoconfined materials."" The
observed EPR resonance also exhibits an anisotropic g-tensor
(g« = 2.00132, g, = 2.00215, g, = 2.00275), values that are
close to previously reported isotropic g-values for AIH;@CTEF-
bpy obtained from lower-frequency EPR measurements (g =
2.0032 for AlH,-bpy'” and g = 2.0036 for AIH,@CTE-bpy).”!
The rhombic g-tensor lies in the organic-radical regime typical
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for bipyridyl z-radicals, in agreement with the DFT model of
AlHj; to bpy single-electron transfer.

Variable-temperature EPR measurements at X-band (Figure
5b) reveal clear Curie-law behavior (y « 1/T) down to 7 K
(Figure S17), confirming isolated paramagnetic radicals
without evidence of magnetic ordering or spin fluctuations.*”
Slight deviations from ideal Curie-law behavior observed at
higher temperatures may result from weak dipolar interactions
among radicals. No resolved hyperfine splitting involving *’Al
or 'H nuclei was observed in X-band EPR measurements. This
absence of hyperfine structure can be primarily attributed to
spin—spin interactions, which broaden EPR spectral lines in
densely packed solid-state radicals. These broadening effects
typically obscure hyperfine structures that would otherwise be
visible under dilute solution conditions."”

UV-—visible absorption spectra we obtained provide addi-
tional evidence of charge transfer upon AIH; binding. To
support interpretation of these spectra, we performed time-
dependent DFT calculations to predict the absorption spectra
for cis-bpy, AlH;@cis-bpy, AIH,@cis-bpy™*, and AIH,@cis-bpy-
H (Figure 6). The results indicate that the MOF linker and the

>

80000 %

‘e ;, o o ;‘ 2 ‘e ‘H{' {‘ E]
° Jo'f % 9 o ¢ j‘{) &% 3, [
60000 - AlH,@cis-bpy* AlH,@cis-bpy-H

-1

IS
G 40000 - cis-bpy
%, —— AlH,@cis-bpy
—— AIH,@cis-bpy*
20000 -

—— AlH,@cis-bpy-H

T T T T
300 400 500 600
Wavelength (nm)

Figure 6. Absorption spectra predicted by TDDFT (wB97X-D3/
def2-TZVPP) (molar extinction coefficient (&) vs wavelength) of
AlH;@cis-bpy, AIH,@cis-bpy, and AlH,@cis-bpy*.

linker bound to AIH; should exhibit no absorption in the
visible spectrum. However, chemical modifications, such as the
removal of a hydrogen atom from AlH; to form a radical
(AlH,@cis-bpy*), or hydrogenation of the bpy ring with the
migrating hydrogen atom (AIH,@cis-bpy-H), result in optically
active states within the visible range. Specifically, AlH,@cis-
bpy-H is predicted to have an absorption peak around 440 nm,
whereas the radical system (AlH,@cis-bpy*) should have
peaks at 450 and 520 nm. Although both structures lead to
absorption in the visible, the energy of the radical system, plus
1/2 H,, is predicted to be 0.3 eV lower in energy than the
hydrogenated ring configuration. The predicted spectra
correspond well with the experimentally observed color change
(from white to brown) upon infiltration of UiO-67bpy with
AlH; and with the corresponding experimental UV—vis spectra
(Figure S18).

B DISCUSSION

The most important outcome of this research is that it
establishes a clear structure—property relationship for
thermodynamically stabilizing AIH; and, potentially, other
metastable hydrides. The combination of coordination to
electron-donating aromatic amine functionalities and the steric
confinement imposed by the MOF nanopores has several
interacting effects. First, both thermodynamic and kinetic
stabilization occurs as a result of the Lewis acid—base
interaction between the chelating bipyridyl linker groups.
The rehydrogenation pressure is reduced by ~28-fold relative
to bulk aluminum and the rate of hydrogen release from
AlH;@UiO-67bpy is significantly slower than from AlIH;@
UiO-67 (Figure 3a,b). The mechanism by which this occurs is
the remarkable concomitant single-electron transfer of 0.82e™
from AlH, to bpy by dissociating a hydrogen atom from AlHj,
predicted by DFT calculations (Figure 6) and confirmed by
EPR spectroscopy (Figure S). This chemistry is analogous to
reactions in solution between AlH; and bipyridine, as observed
by Kaim and others.'” Notably, it is only possible if the amine
is chelating, which allows the creation of a stable radical
complex.” Control experiments using nonchelating, non-
aromatic cyclam and dendrimer’® amines support our
overarching hypothesis, as articulated in the Introduction.
Moreover, DFT calculations predicted that adding an electron
to the bpy linker is energetically more favorable than to cyclam,
which indicates that the free radical is stabilized in the aromatic
linker but not in the aliphatic groups (Table S1).

The chelating requirement has implications for the method
of UiO-67bpy synthesis. In solution, the stable linker isomer is
trans-bpydc*”, which binds AIH; more weakly than the cis
linker. The barrier to trans—cis isomerization within the
framework is too large (0.62 eV) to be thermally overcome.
However, prior investigations indicate that acidic synthesis
conditions can promote rotation by protonating trans-
bpydc®~**** DFT calculations (Figure S19) show that even
under neutral synthesis conditions the barrier is reduced to
0.36 eV relative to rotation within the MOF, while acidic
conditions reduce it to 0.22 eV. Consequently, slightly acidic
conditions used during MOF synthesis could promote trans- to
cis- rotation.

In our previous work we demonstrated that Mg(BH,), could
be incorporated into UiO-67bpy, but there was no obvious
sign of a radical being formed.*® Magnesium exists as a Mg**
ion fully coordinated by stable BH,™ anions, leading to
primarily ionic interactions without electron transfer to the
host. The *’Al MAS NMR shows the presence of a small
shoulder around 56 ppm, which may indicate the presence of
some Al—O species. Nevertheless, the data support the notion
that most of the Al exists in the form of a hydride, which is also
supported by Sieverts measurements. Consequently, the origin
of this difference is not clear but suggests that, beyond the
selection of the framework itself, the chemical reactivity and
affinity of the guest species toward the host matrix are critical
factors influencing stability and charge transfer. Moreover, the
propensity for oxidation likely depends on the intrinsic
properties and functionalization of the encapsulated hy-
dride."”* Careful selection of both the hydride guest and
the host framework are therefore essential for designing
effective nanoscaling strategies that can enhance material
performance."
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A second effect is that nanoconfinement inhibits the
formation of large aluminum clusters that could further
agglomerate. Although spatial limitations of this nature are
often cited as a motivation for nanoscaling, in this case they are
critical for achieving reversible hydrogen desorption. Our
results for AIH;@UiO-67bpy and AIH;@CTF-bpy suggest
that, as ALH, clusters increase in size, their properties
approach those of the bulk material. The consequent lower
thermodynamic stability leads to hydrogen release and
formation of metallic aluminum that cannot be rehydro-
genated. Supporting this concept are the Sieverts data (Figure
3a,b) and corresponding *’Al NMR spectra for AIH;@UiO-
67bpy (Figure 3d and Figure S14), which show that Al(0) that
formed during the initial H, release disappears upon re-
exposure to H,. In contrast, a large Al(0) peak in the *’Al
NMR spectrum of desorbed AIH;@CTF-bpy does not
disappear upon rehydrogenation. This suggests that AIH;@
CTF-bpy contains substantial amounts of AlH, that is not
coordinated to bpy and is thus free to form large clusters or
nanoparticles that decompose upon heating to form bulk AL’
Although additional data across a range of framework
functionalities and pore dimensions will be needed for
quantitative conclusions, it is evident that UiO-67bpy
effectively prevents agglomeration, whereas CTF-bpy does
not.”! Moreover, nanoconfinement influences the thermal
stability of the hydride@MOF composite (Figure S5),
suggesting that, in principle, a mixed-linker strategy could be
employed to both enhance framework stability and thermody-
namically stabilize alane.

The *’Al NMR spectra and DFT calculations reveal a third
possible structure—property relationship: namely, that by
binding multiple AIH; molecules to a single bpy linker the
volumetric storage capacity can be several times greater than
predicted from monomolecular chemisorption. The DFT-
predicted chemical shifts suggest that these clusters could be as
large as (AlH;), and still fit into the MOF pores. Three distinct
aluminum coordination environments are evident (Figure 3d),
which may correspond to different Al-H species based on our
DFT-predicted chemical shifts.”" A prior assessment of design
strategies for increasing the ambient-temperature capacity of
adsorbents indicated that strong binding sites capable of
coordinating multiple H, molecules would be necessary to
meet the DOE technical targets for light-duty vehicles."*’
Long and coworkers successfully demonstrated both strong
binding sites*” and multiple H, binding** in separate MOFs,
but combining the two within a single structure has not been
demonstrated. The properties of AIH;@UiO-67bpy and
AIH;@CTF-bpy indicate this is possible by chemisorption
on Al clusters rather than H, physisorption to MOF open
metal sites.*'

We note that although AIH;@UiO-67bpy has somewhat
lower gravimetric hydrogen capacity than our previously
reported AIH;@CTE-bpy,”' the results presented here
demonstrate that CTF-bpy is not unique in its ability to
stabilize AIH;, and possibly other metastable hydrides. This has
considerable significance because it suggests that this hydride,
comprised of earth-abundant aluminum, could overcome
critical problems limiting the use of other main group
hydrides. Specifically, rehydrogenation is possible under
much milder thermal conditions than most complex metal
hydrides.”” Moreover, there are no kinetic sinks in the reaction
chemistry that block reversibility, as is the case for
borohydrides.”® Although we were not able to measure the

equilibrium thermodynamic properties, it is likely that H,
release from both AIH;@CTF-bpy”' and AIH;@UiO-67bpy is
only slightly endothermic, which is advantageous for storage
applications where a high hydrogen delivery rate is required.'

B CONCLUSIONS

To understand how host—guest interactions govern nano-
confinement of metastable metal hydrides, we used the
crystalline Zr-MOFs UiO-67 and UiO-67bpy as a model
platform for incorporating AlH;. Both UiO-67 and UiO-67bpy
retain crystallinity upon AIH; loading and subsequent
hydrogen cycling. The transmission electron microscopy
(TEM) using Focused Ion Beam (FIB) sample preparation
reveals that aluminum-containing species are distributed
uniformly throughout the MOF crystals. Hydrogen release
and uptake measurements showed that AIH;@UiO-67bpy
displays partial reversibility, whereas no reversibility was
observed for AIH;@UiO-67, a behavior consistent with that
previously reported for AIH;@CTF-biph versus AIH;@CTEF-
bpy.”! EPR data, UV-visible absorption spectra, and DFT
calculations further indicate that UiO-67bpy promotes a single-
electron transfer mechanism, facilitating hydride binding and
generating an organic radical with a Curie-law behavior (y «
1/T) from RT down to 7 K. This mechanism aligns with
earlier work on AIH;@CTF-bpy,”' which benefits from a larger
pore size and extended aromatic host structure. Together,
these results highlight the role of host functionality and pore
size in controlling the AIH; cluster size and environments,
providing molecular-level design principles for tailoring
suitable hosts for thermodynamic stabilization of metastable
metal hydrides.

Beyond this specific system, our recent application of a
codesign strategy’' shows that nanoscaling does not
necessarily reduce storage capacity. Rather, synergies between
the nanohydride and its host can improve not only
thermodynamics, but in selected cases can even increase
usable hydrogen capacity relative to the bulk material. The
nanoconfinement strategy also opens new opportunities to
probe the chemical environments of other metal hydrides by
selecting suitable porous hosts.">** It could also be powerful to
use the Crystalline Sponge Method, introduced by Fujita,”” to
incorporate metal hydride clusters within a periodic framework
to allow detailed structure determinations by X-ray, neutron, or
electron diffraction. A wide array of crystalline MOF hosts are
available®® to confine such hydride clusters and enable precise
determination of their size and coordination environment.
These conclusions strongly motivate additional research,
driven by the need for economically viable hydrogen storage
and by the potential of hydrogen as an energy vector with
gravimetric capacity exceeding that of lithium ion batteries.”*
Although 700 bar is indeed a high pressure, nevertheless it is
well within the practical range of current hydrogen
compression technologies® (both conventional and metal
hydride-based) and is used in the current generation of
hydrogen fuel cell vehicles. Importantly, our mechanistic
findings establish critical structure—property relationships that
underpin material stabilization through nanoconfinement.
They also suggest strategies for tuning the outcome of
chemical reactions*® and expanding the thermodynamic limits
of metastability.””
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