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ABSTRACT: The widespread implementation of Hz as a fuel is currently hindered by the high pressures or cryogenic tem-
peratures required to achieve reasonable storage densities. In contrast, the realization of materials that strongly and revers-
ibly adsorb hydrogen at ambient temperatures and moderate pressures could transform the transportation sector and ex-
pand adoption of fuel cells in other applications. To date, however, no adsorbent has been identified that exhibits a binding
enthalpy within the optimal range of -15 to -25 kJ/mol for ambient-temperature hydrogen storage. Here, we report the
hydrogen adsorption properties of the metal-organic framework (MOF) V:Cl2g(btdd) (Hz2btdd, bis(1H-1,2,3-triazolo[4,5-
b],[4',5'-])dibenzo[1,4]dioxin), which features exposed vanadium(II) sites capable of backbonding with weak = acids. Signif-
icantly, gas adsorption data reveal that this material binds Hz with an enthalpy of —21 kJ/mol. This binding energy enables
usable hydrogen capacities that exceed that of compressed storage under the same operating conditions. The Kubas-type
vanadium(II)-dihydrogen complexation is characterized by a combination of techniques. From powder neutron diffraction
data, a V-Dz(centroid) distance of 1.966(8) A is obtained, the shortest yet reported for a MOF. Using in situ infrared spec-
troscopy, the vibration of the vanadium-bound H: is identified, and it displays a red shift of 242 cm-relative to free H. Elec-
tronic structure calculations show that a main contribution to bonding stems from the interaction between the vanadium dx
and Hz o* orbital. Ultimately, the pursuit of MOFs containing high densities of weakly n-basic metal sites may enable storage
capacities under ambient conditions that far surpass those accessible with compressed gas storage.

hydrogen vision for transportation®’ is already being par-

INTRODUCTION tially realized, as hydrogen fuel-cell light-duty vehicles,
The chemical bond represents one of the smallest units of trucks, and buses are operating on the road today,® with
stored energy.! Society has taken advantage of this funda- over 40 hydrogen stations in California, and over 80 in
mental unit for decades to generate power and fuel the Germany. While this progress is encouraging, the use of Hz
transportation sector, by breaking C-H bonds in the com- as a transportation fuel remains a nascent market, and
bustion of fossil fuels. However, COz emissions from these greater adoption and eventual replacement of diesel-
sectors are among the leading contributors to anthropo- powered vehicles is limited in part by the difficulties of on-
genic climate change,?3 necessitating a transition to car- board hydrogen storage. In particular, limited vehicle
bon-zero energy systems. With a gravimetric energy densi- space necessitates the use of systems with high volumetric
ty nearly three times that of gasoline and water as its sole energy densities that can support reasonable driving rang-
product, dihydrogen is poised to play a key role in the es.? Today, on-board hydrogen is stored as a liquid at cryo-
transition to a zero-emission energy economy.* Indeed, genic temperatures or, more commonly, as a compressed
hydrogen is a flexible fuel that can promote renewable gas at pressures as high as 700 bar, resulting in hydrogen
energy usage and help transform difficult-to-decarbonize densities of 70 and 39 g/L, respectively.l® Both strategies
sectors, such as shipping and heavy-duty trucking.#> The make for costly refueling and require storage systems that
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can operate reliably under these extreme conditions, but
the development of such systems has proven to be diffi-
cult.!! Furthermore, storage of Hz at 700 bar comes with a
significant energy penalty for compression,?2 while also
requiring the use of bulky on-board tanks that reduce the
overall system volumetric density.!3

Adsorbent-based systems offer an appealing alternative
for high-density hydrogen storage under more mild condi-
tions than cryogenic or highly-compressed H: storage.l*
While high storage capacities have been achieved using
adsorbents at cryogenic temperatures,!5-18 this approach is
limited in practice due to the need for a cryo-adsorption
unit, which significantly reduces the system volumetric
density and increases thermal management operating
costs.19-21 [nstead, materials capable of ambient tempera-
ture on-board H: storage have the potential to substantial-
ly decrease refueling and infrastructure costs while meet-
ing range requirements. Furthermore, by operating at low
pressures (e.g., below 100 bar), lighter, less expensive, and
more conformable tanks can be employed.?? This prospect
prompted the US Department of Energy (US DOE), along-
side key stakeholders, to define system-level storage per-
formance targets for adsorptive hydrogen storage,?? in-
cluding an operating temperature range between -40 and
85 °C and a minimum delivery pressure of 5 bar. Under
these or similar conditions, reaching capacities beyond
what is possible with compressed H2 may enable wider use
of fuel cells in transportation, as well as other applications,
such as stationary backup power.z*

Maximizing deliverable Hz capacity under ambient con-
ditions requires that the enthalpy of adsorption fall within
the optimal range of -15 to -25 kJ/mol.232526 However,
most materials exhibit enthalpies well outside of this
range, resulting in low hydrogen densities (in the case of
weak physisorption) or prohibitively high regeneration
energies (strong chemisorption).?’ In recent years, crystal-
line porous metal-organic frameworks (MOFs) have
emerged as promising adsorbents for Hz storage.?8-3¢ In
particular, the vast structural and chemical versatility of
these materials makes it possible to tune surface chemis-
tries to increase hydrogen uptake.'61? However, most
MOFs bind Hz via weak physisorption with enthalpies near
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-5 kJ/mol, and therefore maximizing surface area alone is
insufficient to achieve a high ambient-temperature uptake.
Here, the role of the synthetic chemist is paramount, and,
in particular, the installation of coordinatively-unsaturated
metal nodes can enhance Hz binding.32 3% The vast majority
of MOFs feature weak-field ligands and high-spin, Lewis-
acidic metal sites,3637 and strategies to increase Hz binding
enthalpies have thus centered around maximizing metal
Lewis acidity. This strategy recently led to Niz(m-dobdc)
(m-dobdct*- = 4,6-dioxido-1,3-benzenedicarboxylate),
which features a high-density of exposed nickel(II) cations
in a square-pyramidal geometry.3® Strong polarization of
H: at these sites is augmented by charge transfer from Hz
and gives rise to a binding enthalpy of -12.3 k]J/mol. As a
result, Niz(m-dobdc) is the current benchmark Hz adsor-
bent, capable of storing 11.9 g/L of crystal at 298 K and
100 bar.3°

Despite this progress, substantial improvements are
needed to obtain Hz binding strengths and storage capaci-
ties beyond what is possible with 350 or 700 bar compres-
sion, motivating the pursuit of alternative approaches for
attaining strong metal-Hz binding in MOFs. Molecular
metal-hydrogen chemistry is rich with inspiration for this
purpose. Since the discovery of W(CO)3(PiPr3)z(n2-Hz) by
Kubas and coworkers,* complexes containing metal-H>
modalities abound, featuring m-basic metal sites and domi-
nant orbital interactions.*! The highest occupied molecular
orbital (HOMO) of Hz is a poor donor,*? and bonding in
Kubas-type complexes is instead dominated by donation of
electron density from m-basic metal sites into the o* or
lowest-unoccupied molecular orbital (LUMO) of Hz. In
W(CO0)3(PiPr3)2(n?-Hz), this orbital interaction gives rise to
a binding enthalpy of approximately —-80 Kk]J/mol.#3 Thus, in
principle a less reducing, weaker m-basic metal site should
enable realization of Hz binding enthalpies within the de-
sired range for ambient H storage. In particular, a divalent
first-row metal may fulfill these criteria.

We recently reported the first framework containing a
high-density of exposed square-pyramidal vanadium(II)
sites, V2Clzg(btdd) (H:btdd, bis(1H-1,2,3-triazolo[4,5-
b],[4',5'-i])dibenzo[1,4]dioxin) (Figure 1a), and demon-
strated that the electronic structure of these ions gives rise

c 1.966(8) A

2.278(17) A
\
D 4

VZCIZ.B(btdd)'(D2)0.37

Figure 1. (a) A portion of the structure of V2Clzs(btdd) determined from powder X-ray diffraction*2 showing the one-dimensional hexago-
nal pores. In this material, 60% of the metal sites are coordinatively-unsaturated vanadium(Il) and 40% are coordinatively-saturated va-
nadium(I1I). Apical chlorides and hydrogen atoms have been omitted for clarity. (b,c) Structures of the primary vanadium(II) coordination
sphere in activated V2Clzs(btdd) and V2Clzs(btdd) dosed with 0.75 equivalents of Dz, determined in this work from Rietveld refinement of
powder neutron diffraction data collected at 100 K. Cyan, green, blue, red and grey spheres represent V, Cl, N, O and C, atoms, respectively,
while the yellow sphere represents the centroid of an adsorbed D2 molecule.
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Figure 2. Low-pressure Hz adsorption isotherms (colored data
points) for V2Clzs(btdd) at the indicated temperatures with
pressure on a linear (a) and logarithmic scale (b). Black lines in
(b) indicate fits as described in the text. (Inset) Isosteric heat
of adsorption as a function of Hz loading.

to orbital-mediated binding and enables highly selective
backbonding-based N2 separations.** The empty d.2 orbital
in this material is also poised to accept o donation from the
H2 HOMO, while the partially filled vanadium(II) d» orbitals
provide a pathway for backbonding.*s Herein, we investi-
gate the H: adsorption properties of V:Cl2g(btdd) and
show that it binds H: strongly at ambient temperature and
pressures, with an Hz adsorption enthalpy within the op-
timal range for ambient storage. Significantly, usable hy-
drogen capacities achieved with this material are greater
than those of compressed Hz under a range of conditions,
including 350 bar and 298 K. Powder neutron diffraction
enables the first structural characterization of the V!I-H;
interaction (Figure 1b,c), which is further probed through
variable temperature in situ infrared spectroscopy and
computations.

RESULTS AND DISCUSSION

The metal-organic framework V2Clzs(btdd) was synthe-
sized as previously reported.** Its structure consists of
one-dimensional, hexagonal channels with vertices deco-
rated by vanadium sites (Figure 1a), of which 40% are
vanadium(III) charge-balanced by terminal chloride lig-
ands and 60% are five-coordinate vanadium(II) in a square
pyramidal geometry.

Low-Pressure H: Adsorption. The hydrogen adsorp-
tion properties of V2Clzg(btdd) were first investigated by
measuring low-pressure isotherms up to 1.2 bar. At 77 and
87 K, the isotherms were too steep for meaningful data
analysis, and therefore isotherms were collected near
room temperature. Generally, low-pressure H: isotherms
are not reported at ambient temperatures, given that the
typically weak binding operative in physorptive materials
makes it difficult to quantify uptake. However, substantial
uptake of Hz occurs in V2Clz2s(btdd) at 298 K, and the mate-
rial achieves a capacity of 0.26 mmol/g at 1.2 bar, corre-
sponding to occupation of 10% of the vanadium(II) sites
(Figure 2). For comparison, Niz(m-dobdc) adsorbs just
0.05 mmol/g under the same conditions. At 286 and 273 K,
Hz uptake in V2Cl2g(btdd) at 1.2 bar increases to 0.36 and
0.49 mmol/g, respectively. A tri-site Langmuir-Freundlich
equation was used to simultaneously fit the data at three
temperatures (Figure 2b, Table S1), and the corresponding
fit parameters were used with the Clausius-Clapeyron re-
lation to extract an isosteric heat of adsorption of -20.9 +
0.2 kJ/mol and an entropy of adsorption of 69.9 + 0.6
]J/(mol-K). Notably, the hydrogen adsorption enthalpy in
V2Cl2g(btdd) is 8.6 k]/mol greater in magnitude than that
determined for Niz(m-dobdc), but lower than that of Cu-
MFU-41 (-32.3 kJ/mol), which contains exposed trigonal
pyramidal copper(I) sites and exhibits the highest Hz bind-
ing enthalpy of any MOF studied to date.*¢ Most important-
ly, V2Clz2s(btdd) is the first framework to exhibit a Hz ad-
sorption enthalpy within the optimal range for ambient-
temperature storage, validating the strategy of targeting
metal sites capable of orbital-mediated interactions rather
than strong Lewis acidic interactions.

Infrared Spectroscopy. To confirm vanadium-H:
bonding in V2Cl2s(btdd) and further understand nature of
the interaction, we collected in situ infrared spectroscopy
data upon dosing with Hz or D2. Dosing with Hz at 97 K

—— Activated V,Cl, g(btdd)
—— Dosed with 86 mbar H,
—— Dosed with 84 mbar D,
—— Difference

Pseudo-absorbance / Counts

97 K

4500 4000 3500 3000 2500
Wavenumber (cm™)

Figure 3. Infrared spectra of activated V2Cl2s(btdd) (grey) and
V2Cl28(btdd) dosed with 84 mbar Hz (red) or 86 mbar D:
(black). Subtraction of the Dz-dosed spectrum from the Hz-
dosed spectrum yields the difference spectrum in blue. Light
pink bars highlight bands arising from V-Hz(Dz) interactions
and light purple bars indicate physisorptive framework-Hz(D2)
interactions. All spectra were collected at 97 K.



results in the appearance of two new peaks at 4112 and
3919 cm! relative to the bare framework spectrum (Fig-
ure 3). Under analogous conditions, D2 dosing leads to the
appearance of peaks at 2960 and 2800 cm-!, consistent
with the band shifts expected for the difference in the re-
duced mass between Hz and Dz under a simple harmonic
approximation. As such, we attribute both of these features
to stretching modes arising from bound Hz or D2. In situ
infrared spectra collected under varying pressures of Hz at
120 K revealed that the feature at 3919 cm™! is the first to
appear and saturate, and thus is attributed to H: strongly
bound to the open vanadium(II) sites (Figure S2). The fea-
ture at 4112 cm™! is weakly red-shifted relative to the
stretching mode of gaseous Hz (4161 cm-1) and thus is
identified as H: physisorbed at secondary, non-metal sites
within the material.#” This assignment is consistent with
peaks arising from weak physisorptive interactions in
many other framework solids.3848

The vibration of vanadium-bound Hz is 106 cm-! lower
in energy than that observed for nickel(II)-bound H: in
Niz(m-dobdc), which occurs at 4025 cm-1.38 While the de-
gree of the red-shift for the vibration of adsorbed H: has
been correlated with the magnitude of the adsorption en-
thalpy, in the case of V:Cl2g(btdd), the observed batho-
chromic shift may also reflect backbonding from vanadium
into the Hz o* orbital.#’4% Indeed, population of the H:
LUMO likely affects the stretch more so than withdrawing
electron density from the H, HOMO.38 The relative contri-
butions of backbonding and ¢ donation are explored more
below using electronic structure calculations. Interestingly,
while V2Cl2g(btdd) and Cu-MFU-4[ exhibit similar metal-
bound CO stretches (2081 and 2084 cm-, respectively),
the metal-bound H: stretch in Cu-MFU-4[ occurs at 3252
cm-1, much lower energy than in V2Clzs(btdd).*¢ Since cop-
per(I) is a d!° metal and features high-energy d- orbitals,
the dr to H2 LUMO interaction is significant, contributing to
a binding enthalpy of -32.3 kJ/mol, which is too exother-
mic for the targeted storage conditions. These results sug-
gest that H2 may be a more apt reporter of m-basicity than
CO, and additionally highlight the differing relative contri-
butions from ¢ donation and backbonding between these
two types of metal sites, albeit in different geometries. This
observation can help to further inform the type of elec-
tronic structure that is competent for achieving Hz binding
with the desired enthalpy range. Overall, the extent of the
H: redshift trends with the enthalpy of H: binding across
the three frameworks, increasing from Niz(m-dobdc) to
V2Clzs(btdd) to Cu-MFU-41.

The 242 cm™ red shift for H2 bound in V2Clzs(btdd) is
much smaller than that typically characterized in molecu-
lar dihydrogen complexes (1700-1000 cm1)3° and is in-
dicative of attenuated dihydrogen activation. Vanadium
dihydrogen complexes are rare, and CpV(CO)3(Hz) is the
only example for which an infrared spectrum has been
reported.5152 Ultraviolet photolysis of this compound in
liquid xenon enabled characterization of an H: stretch at
2642 cm-, which is even lower than that observed in the
original Kubas complex, although further investigation of
this compound was not possible due to its high reactivity.
The weaker activation present in V2Clzg(btdd) is likely a
result of the greater ionic charge at the metal center as

well as the weaker surrounding ligand field environment.
In sum, these data are consistent with a backbonding
mechanism mediated by Hz donation into the empty vana-
dium(II) dzz in V2Clzs(btdd).

Variable-temperature infrared spectroscopy provides
another well-established method for obtaining thermody-
namic parameters of adsorption.>349 Accordingly, we col-
lected spectra for V2Clzs(btdd) dosed with 18 mbar of Hz at
temperatures ranging from 150 to 185 K (Figure 4). The
ensuing absorption peak centered at 3919 cm-! was inte-
grated at each temperature, and a van’t Hoff analysis yield-
ed an Hz binding enthalpy of -21 kJ/mol and entropy of
-84 ]J/(mol-K). While the resulting Hz adsorption enthalpy
is consistent with that determined from gas adsorption
data, the entropic term is nearly 20% larger. Interestingly,
enthalpy-entropy compensation is well-documented for
hydrogen adsorption in zeolites?® and metal-organic
frameworks,>¢ wherein H: is known to bind via ¢ donation
to charge-dense cations. In contrast, V2Cl2s(btdd) displays
a large increase in binding enthalpy relative to Niz(m-
dobdc) without a comparable entropy decrease. As a re-
sult, the AG of Hz adsorption at 298 K in V2Cl2g(btdd) is 4.1
kJ/mol, which is much more favorable than the 11.7
kJ/mol in Niz(m-dobdc). This result supports a distinct Hz
binding mechanism in V:Cl2s(btdd) and corroborates the
in situ IR data, which suggest backbonding in the V!-H»
interaction. Overall, the data demonstrate that strong or-
bital-mediated interactions with m-basic metal sites pro-
vide a novel means of optimizing the thermodynamics of
Hz adsorption in porous materials for storage applications.
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Figure 4. Variable-temperature infrared spectra for V2Clzs(btdd)

dosed with 18 mbar Hz (colored lines). Amax corresponds to the

spectrum collected at 150 K at 1 bar Hz pressure. The inset shows

the van’t Hoff plot used to extract enthalpy and entropy values.
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Powder Neutron Diffraction. In situ powder neutron
diffraction data were collected upon dosing with D2 to ob-
tain the first structural characterization of a vanadium(II)-
dihydrogen complex (see details in the Supporting Infor-
mation). Data were first collected for an activated sample
of V2Clzg(btdd) at 100 K. The sample was then heated to
200 K, dosed with approximately 0.75 equivalents of D2
per VI site, and allowed to equilibrate before being cooled
again to 100 K for data collection. Given the exceptionally
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small neutron scattering cross section of vanadium, we
also collected powder X-ray diffraction data at 100 K for a
sample of V2Cl2g(btdd) dosed with 0.75 equivalents of D2
to obtain refined vanadium positions and thermal parame-
ters. These values were then applied to refine the structure
against the neutron diffraction data (Figure S3 and S4).

Rietveld refinement of the activated and D2-dosed struc-
tures revealed that the V-Cl equatorial bonds contract and
the Cl-V-CI bond angle decreases slightly upon D2 binding
(from 175.8(6)° to 167.9(7)° Figure 1b and 1c). These
changes lead to a slight shift of the vanadium center out of
the equatorial ligand plane, presumably to enhance metal
orbital overlap with Da. In particular, the observed Cl-V-Cl
bend is consistent with a lowering of the d.2-based ¢* or-
bital, which results in a closer energy match with the H:
HOMO. Indeed, a similar structural change is observed
upon N: binding in V:Clas(btdd).#* The resulting V-
D2(centroid) distance of 1.966(8) A is the shortest yet re-
ported for a MOF. While we were unable to resolve the D-
D bond, the short metal-D. distance is consistent with a
Kubas-type interaction.

High-Pressure Hz Adsorption. The high Hz uptake in
V2Clzg(btdd) at low pressures motivated us to examine
ambient temperature uptake at high pressures near target
conditions for on-board storage (Figures 5 and S8). Here,
total uptake was determined from the raw data (i.e., excess
uptake) by taking into account bulk hydrogen density and
the pore volume of the material (see the Supporting Infor-
mation). At 298 K and 100 bar, the total volumetric hydro-
gen uptake in V2Clz2s(btdd) (based on crystallographic den-
sity) is 10.7 g/L. This uptake represents a 38% increase
over compressed hydrogen under the same conditions and
a 27% enhancement over that of the best performing phy-
sisorptive material.!® The latter comparison highlights the
importance of optimizing adsorption enthalpy when con-
sidering storage performance at ambient temperatures.
Despite this, owing to its larger pore size and a lower vol-
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Figure 5. High-pressure Hz isotherms obtained for V2Cl2s(btdd)
at near ambient temperatures. Filled and open circles represent
adsorption and desorption, respectively. Solid lines indicate fits
with a dual-site Langmuir-Freundlich model. The grey dashed
line represents the volumetric density of compressed hydrogen
at298 K.

umetric density of primary binding sites, the total volu-
metric uptake in V2Clzg(btdd) is lower than in Niz(m-
dobdc) at 298 K and 100 bar (11.9 g/L). However, under
these conditions the total gravimetric H: uptake in
V2Clzg(btdd) is 1.64 wt%, which is 60% greater than that
in Niz(m-dobdc). In fact, the room temperature total grav-
imetric uptake of V2Clzs(btdd) is comparable to that of
Niz(m-dobdc) at 233 K. At 208 K and 50 bar, V:Cl2s(btdd)
achieves a capacity of 10.7 g/L, and at 208 K and 150 bar,
the material capacity nearly doubles to 20 g/L.

A closer examination of the excess adsorption isotherms
aids in understanding the influence of the exposed vanadi-
um(II) sites on Hz uptake (see the Supporting Information
and Figure S9). Here, we assume that all uptake below 2.5
mmol/g (corresponding to saturation of the V! sites) is due
to vanadium-H: complexation, although some small
amount of physisorption under these conditions cannot be
excluded. At 298 K and 5 bar, the H: excess uptake corre-
sponds to less than 25% primary site surface coverage,
while at 40 bar of Hz, the uptake corresponds to one Hz per
vanadium(II) center. Saturation at 40 bar is consistent
with a model isotherm generated from the experimentally-
obtained enthalpy and entropy parameters, which shows
90% vanadium surface coverage at 50 bar (Figure $10). In
contrast, less than 33% of the nickel(II) sites are occupied
in Niz(m-dobdc) at 298 K and a higher pressure of 100 bar.

Significantly, for operation at 298 K between 5 and 100
bar, the usable volumetric capacity of V2Clzs(btdd) is 30%
more than that achievable with compressed Hz under the
same conditions (Figures 6). Further improvements are
achieved by optimizing the vanadium(II) surface coverage
(Figure S11), and, for example, narrowing the pressure
range from 5 to 50 bar and including a temperature swing
from 208 to 313 K. These conditions give rise to a usable
capacity of 9.8 g/L, a significant 75% improvement over
compressed hydrogen under the same conditions. Thus, in
addition to its excellent performance at higher pressures,
V2Clzs(btdd) may be of interest for low-pressure Hz stor-
age applications. For greater energy density requirements,
a larger pressure and temperature swing can generate

Compression [ Adsorption in V,Cl, g(btdd)

198 K, 250 bar/
313 K, 5 bar

198 K, 150 bar/
313 K, 5 bar

208 K, 50 bar/
313 K, 5 bar

298 K, 100 bar/
298 K, 5 bar

0 10 20 30
Usable H, volumetric capacities (g/L)
Figure 6. A comparison of usable volumetric Hz capacities using
V2Clz2s(btdd) and compression under four different load-

ing/discharging conditions. The dotted grey line indicates usable
volumetric capacity for 350 bar compressed storage at 298 K.



usable capacities greater than achieved with 350 bar com-
pressed storage (23 g/L). For example, loading at 198 K
and 250 bar and discharging at 313 K and 5 bar provides
26 g/L of useable hydrogen.

Electronic Structure Calculations. Density functional
theory was employed to better understand the orbital in-
teractions involved in dihydrogen complexation in
V2Clzs(btdd). A two-vanadium cluster model was chosen as
a representation of the structure (Figure 7). The overall

Figure 7. Structure of the two-vanadium cluster model used to
study the VII-H: interaction in V2Clzs(btdd) and for energy de-
composition analysis.

neutral cluster contains one square pyramidal vanadi-
um(II) center, one coordinatively saturated vanadium(III)
center, three triazoles, one triazolate, and four chlorides. In
general, the cluster triazoles and triazolate are likely more
electron rich than those in the actual framework, wherein
each triazolate is bound to three positively charged vana-
dium centers. A CRENBL basis with a fit-CRENBL effective
core potential,56 augmented with f-polarization at the met-
al site,5” was used for geometry optimizations. The exper-
imental structure from neutron diffraction was used gen-
erate an initial model structure, and all nuclear degrees of
freedom in the cluster model were allowed to relax using
the wB97M-v functional.585° The optimized structure ex-
hibits a Vi-H: distance of 2.11 A with dihydrogen aligned
along the Cl-V-Cl direction. The calculated redshift in the
H-H stretch for this structure is 240 cm-!, consistent with
the experimental value of 193 cm-1.

An energy decomposition analysis (EDA) was per-
formed using absolutely localized molecular orbitals.696! In
this analysis, the interaction between the two fragments,
i.e., the vanadium(II) center and the Hz2 molecule, is parti-

Table 1. Results of Energy Decomposition Analysis of the
VII-H: Interaction in the Fully Relaxed V2Clzs(btdd) Cluster
Model

Component Energy (k]/mol)
Frozen 7.57
Polarization -6.08

Charge transfer -31.92

Total -30.96

Charge transfer components Energy (k]/mol)
Hz 0 (HOMO) > V d.2 -19.34

V d» 2> Hz o* (LUMO) -12.58

tioned into three contributions, namely frozen, polariza-
tion, and charge transfer terms. Briefly, the frozen term
contains three interactions that arise without relaxation of
the fragment orbitals: permanent electrostatics, Pauli re-
pulsion, and dispersion interactions. The polarization term
is the favorable interaction between the two self-contained
fragments. Lastly, the charge transfer term accounts for
the energy lowering that occurs from orbital mixing be-
tween the two fragments. This latter term maps directly to
the general concept of orbital interactions. In the opti-
mized cluster model, the large charge transfer component
facilitates a strong interaction resulting in a short metal-Hz
distance, which increases the repulsive frozen interactions
(Table 1). Indeed, the frozen interaction contribution is
greater in magnitude than the polarization term, in con-
trast to what has been calculated for binding at Lewis acid-
ic sites, such as in Coz(m-dobdc).3® Overall, this orbital-
mediated interaction results in a binding energy of -30.1
kJ/mol and a calculated enthalpy of -19.9 k]J/mol (Table
S3). The relative contributions of the frozen, polarization,
and charge transfer terms were consistent across different
functionals (Figure S12).

The charge transfer component can be further divided
into forward and backdonation, or ligand-to-metal and
metal-to-ligand contributions. In this case, the interaction
between the Hz o orbital and vanadium d.2 orbital is the
primary forward contribution, and the interaction between
the vanadium dr and Hz o* orbital is the dominant back-
bonding contribution (Table 1 and Figure S13). In the fully
relaxed cluster model, the ligand-to-metal interaction is
the major contributor to charge transfer, accounting for
60% of the stabilization. This highlights the importance of
an empty d.2 orbital and partly rationalizes why similarly
strong binding is not observed in other azolate-based
frameworks with exposed chromium(II) sites, which have
a partially occupied d.2 orbital.62

Lastly, to better capture the electronic structure of the
framework vanadium(II) centers, we also performed an
EDA with two additional cluster models: one with the nu-
clear coordinates frozen to correspond with the experi-
mental structure, but wherein the hydrogen was allow to
relax, and one in which all nuclear coordinates, including
the hydrogen, were frozen (Table S4). For both calcula-
tions, the relative contributions were similar to the fully
relaxed model, and the resulting final binding energies
were —27.6 and -27.2 k] /mol, respectively.

CONCLUSION

The pursuit of adsorbents capable of ambient-
temperature hydrogen storage has largely focused on
those featuring coordinatively-unsaturated metal sites
capable of polarizing and binding Hz. Inspired by strong
orbital-mediated metal-H: interactions in molecular com-
plexes, we have targeted an alternative strategy to engen-
der slightly stronger metal-dihydrogen binding in MOFs,
using weakly n-basic metal sites capable of backbonding
interactions with H2. We validated this approach using the
framework V2Clzs(btdd), which contains a high-density of
vanadium(II) sites capable of backbonding interactions
with Hz. We have characterized this type of interaction for
the first time using powder neutron and X-ray diffraction
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data, as well as variable-temperature infrared spectrosco-
py. Significantly, the weak Kubas-type interaction exempli-
fied here results in a binding enthalpy of -21 kJ/mol, with-
in the optimal range for ambient hydrogen storage applica-
tions, and gives rise to volumetric capacities that are
greater than those achieved with compressed H: under a
range of operating conditions. Future efforts will be di-
rected toward synthesizing frameworks with a higher den-
sity of vanadium(II) sites which may be a viable approach
to achieve densities greater than that achievable with
compressed H; at 700 bar. For example, the hypothetical
materials V2Clz(btdd) and V2Clz(bbta) (Hz:bbta= 1H,5H-
benzo(1,2-d:4,5-d")bistriazole)$3 would exhibit 1.7x and
2.3x greater metal site densities, respectively. Important-
ly, frameworks with m-basic binding sites, such as
V2Clzs(btdd), expand the type of metal-adsorbate interac-
tions that can be interrogated beyond what has been pos-
sible with exposed Lewis acid sites.
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