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ABSTRACT: The hydrogen storage properties of a new family
of isostructural metal−organic frameworks are reported. The
frameworks M2(dobpdc) (M = Mg, Mn, Fe, Co, Ni, Zn;
dobpdc4− = 4,4′-dioxidobiphenyl-3,3′-dicarboxylate) are analo-
gous to the widely studied M2(dobdc) (M = Mg, Mn, Fe, Co, Ni,
Cu, Zn; dobdc4− = 2,5-dioxido-1,4-benzenedicarboxylate) family
of materials, featuring the same weak-field oxo-based ligand
environment for the M2+ metal centers, but with a larger pore
volume resulting from the extended length of the dobpdc4−

linker. Hydrogen gas adsorption isotherms measured at 77 and
87 K indicate strong H2 binding at low pressures, corresponding to the adsorption of one molecule per M2+ site. Isosteric heats of
adsorption indicate adsorption enthalpies ranging from −8.8 to −12.0 kJ/mol, with the trend Zn < Mn < Fe < Mg < Co < Ni.
Room-temperature high-pressure adsorption isotherms indicate enhanced gravimetric uptakes compared to the M2(dobdc)
analogues, a result of the higher surface areas and pore volumes of the expanded frameworks. Indeed, powder neutron diffraction
experiments performed on Fe2(dobpdc) reveal two additional secondary H2 adsorption sites not observed for the nonexpanded
framework. While displaying higher gravimetric capacities than their nonexpanded counterparts, the larger pore volumes result in
lower volumetric capacities. Upon comparison with other promising frameworks for hydrogen storage, it becomes evident that in
order to design future materials for on-board hydrogen storage, care must be placed in achieving both a high surface area and a
high volumetric density of exposed metal cation sites in order to maximize gravimetric and volumetric capacities simultaneously.

■ INTRODUCTION

As a potentially renewable and gravimetrically dense fuel,
hydrogen stands poised as a clean burning alternative to current
carbon based fuels.1−3 However, limited on-board storage
capacity remains a major obstacle to its widespread
implementation, preventing it from being competitive with
gasoline. In order to achieve a target driving range of 300 miles
for fuel-cell-based light-duty vehicles, the Department of
Energy has identified specific targets for hydrogen storage
systems. Targets of a 5.5 wt % H2 gravimetric capacity and a
volumetric capacity of 40 g of H2/L are based on the mass and
volume of the entire system and must be achievable from −40
to 60 °C with a maximum pressure of 100 bar. Refueling rate,
durability, and cost are also important considerations.4 A

number of competing technologies are currently under
investigation for onboard hydrogen storage, including metal
hydrides,5 cryogenic storage,6 and ultra high-pressure storage.7

Although metal hydrides exhibit high volumetric storage
capacities, they suffer gravimetrically and can involve expensive
metals. Cryogenic storage requires a heavy, voluminous, and
expensive on-board system in order to maintain the requisite
low temperatures. High-pressure storage in cylinders typically
requires pressures of 700 bar for appreciable driving distances,
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which entails the use of expensive compressors and heavy,
bulky fuel tanks.7

Recently, adsorptive storage employing porous materials has
been explored as a possible alternative to current hydrogen
storage technologies. Although activated carbons and zeolites
have been widely studied and are typically cheap, abundant, and
nontoxic materials, they do not meet the gravimetric and
volumetric storage targets because of their relatively weak
interactions with H2.

8,9 Indeed, the adsorption enthalpies
within these materials are significantly lower than the −15 to
−20 kJ/mol needed to achieve a reasonable storage capacity at
ambient temperature and 100 bar.10,11 Metal−organic frame-
works represent a promising, relatively new, and tunable class
of materials that may have the potential to meet the
aforementioned storage targets.12−22

MOF-5 (Zn4O(bdc)3; bdc
2− = 1,4-benzenedicarboxylate), a

high surface area material that has been among the most widely
studied metal−organic frameworks, boasts an exceptional
gravimetric uptake of 10 wt % and a volumetric storage density
of 66 g H2/L at 100 bar and 77 K.17 The latter value represents
a significant improvement over the density of pure hydrogen
under these conditions (31 g/L at 77 K and 100 bar). However,
at 298 K the adsorption capacity of this material decreases
dramatically to 8.9 g/L, which represents little improvement
over the density of pure hydrogen at the same temperature and
pressure (8.7 g/L). The relatively poor performance of this
material at room temperature is a result of the weak interaction
between H2 and the framework surface, which at −5.0 to −6.9
kJ/mol, falls short of the target enthalpy necessary for optimal
storage and delivery.10,11 A number of high surface area metal−
organic frameworks with the potential to improve upon the
gravimetric storage capacity of MOF-5 have since been
synthesized.23−25 In order to access expanded framework
topologies, acetylene and phenyl spacers have been added to
previously used linkers. These expanded materials can display
BET surface areas in excess of 7000 m2/g and exceptional
gravimetric storage capacities at cryogenic temperatures;
however, they exhibit adsorption capacities of just ∼1 wt %
at 298 K and 100 bar and comparably low volumetric uptakes,
in part due to their lack of strong binding sites.26,27 Metal−
organic frameworks containing stronger H2 binding sites, such
as materials featuring coordinatively unsaturated metal centers,
often display higher room temperature capacities.
The M3[(M4Cl)3(BTT)8]2 (M-BTT; BTT3− = 1,3,5-

benzenetristetrazolate; M = Mn, Fe, Co, Cu, Cd) family of
frameworks was among the first metal−organic frameworks
containing open metal sites studied for hydrogen storage.28−32

This class of materials showed moderate improvements in
volumetric capacity over materials lacking strong binding sites.
In particular, Mn-BTT was the long-standing record holder for
volumetric hydrogen storage, with a capacity of 12 g/L at 298 K
and 90 bar.28 This material, however, was unstable to complete
desolvation, and as a result, its optimal potential as a hydrogen
storage material was not achieved. In terms of hydrogen
binding enthalpy, a moderate improvement over this material
was realized with Fe-BTT, which displayed a low coverage
isosteric heat of adsorption of −11.9 kJ/mol, but a 298 K and
100 bar capacity of just 8.4 g/L.33

Perhaps most representative of metal−organic frameworks
containing accessible coordinatively unsaturated metal sites is
the well-known M2(dobdc) (dobdc4− = 2,5−dioxido−1,4−
benzenedicarboxylate; M-MOF-74; CPO-27-M) framework
family. Thus, far, eight different isostructural analogues with

M = Mg, Mn, Fe, Co, Ni, Cu, Zn, and Cd have been
synthesized.34−41 Comparable libraries of accessible metal
cations within an isostructural series of frameworks are found
only in the M3(btc)2 (btc

3− = 1,3,5-benzenetricarboxylate; M =
Cr, Fe, Ni, Co, Cu, Zn, Mo, Ru), M-BTT (M = Mn, Fe, Co,
Cu, Cd), and M-MOF-5 (M = Ti, V, Cr, Mn, Fe, Co, Ni)
frameworks.28−32,42−46 These M2(dobdc) frameworks have
been widely studied for a variety of applications, including
conductivity,47−50 drug delivery,51,52 catalysis,53−55 and the
storage and separation of various gases.56−68 Intense scrutiny
has been placed on this particular class of materials as a result of
their high gravimetric and volumetric density of open metal
sites and relatively high thermal and hydrolytic stability.
Furthermore, the compatibility of this structure type with the
incorporation of a wide array of metal ions allows for the
systematic study of fundamental metal−adsorbate interac-
tions.69−72

Isosteric heats of hydrogen adsorption in M2(dobdc) suggest
the population of a first strong binding site, followed by the
occupation of additional binding sites with lower enthalpies of
adsorption. This is further corroborated by the distinct change
in adsorption isotherm shape upon reaching approximately one
H2 per metal site. Confirmation of the presence of a primary
strong binding site and several additional weaker binding sites
was realized through the use of neutron diffraction. Neutron
diffraction studies undertaken with M2(dobdc) (M = Mg, Fe,
Co, Ni, Zn) reveal M2+−D2 distances for the primary binding
site of 2.20(1)−2.60 Å with Ni < Co < Mg < Fe < Zn.70,73,74

Additionally, the M−D2 bond distances correlate well with the
adsorption enthalpies, with Ni2(dobdc) having the highest
initial enthalpy of −12.9 kJ/mol and Zn2(dobdc) the lowest of
−8.5 kJ/mol.72−74 Additional weaker binding sites were
identified in each case, accounting for the drop of the isosteric
heat to a lower value after saturation of the strong binding sites
at a loading of ∼1 H2 per M.
Two different expanded analogues of M2(dobdc) have

recently been synthesized. Although both are based on the
dioxidobiphenyl-dicarboxylate ligand, the placement of the
carboxylate and phenoxy units is switched in each isomer. The
so-called IRMOF-74-II framework utilizes 3,3′-dioxidobiphen-
yl-4,4′-dicarboxylate and has been synthesized with Mg2+ and
features one-dimensional hexagonal channels with ∼19 Å pores
and a BET surface area of 2510 m2/g.75 Our laboratory
concurrently developed the isomorphous framework series
based upon 4,4′-dioxidobiphenyl-3,3′-dicarboxylate
(dobpdc4−). Thus far, six different M2(dobpdc) materials
have been synthesized with M = Mg, Mn, Fe, Co, Ni, and Zn. A
single crystal X-ray analysis of Zn2(dobpdc) enabled the first
structural characterization of this material, while the magnesium
analogue proved to be an exceptional scaffold for appending
diamines, resulting in a material with high a CO2 adsorption
capacity and CO2/N2 selectivity for capture from both air and
under flue gas conditions.76,77 We recently extended this
strategy to the remaining members of the M2(dopbdc) family
to prepare a new class of “phase-change” adsorbents that
display unusual step-shaped CO2 isotherms that shift drastically
with temperature.78 This behavior is not seen in the
nonexpanded M2(dobdc) frameworks.
Herein, as part of an ongoing effort to improve high pressure

hydrogen storage in metal−organic frameworks with exposed
metal sites, we investigate in detail the H2 adsorption properties
of the expanded isoreticular materials M2(dobpdc) (M = Mg,
Mn, Fe, Co, Ni, Zn). The entire series is explored in order to
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study systematically the effects of both larger pores, possessing
the potential for installation of additional binding sites, in
addition to the variations in M−H2 interactions.

■ EXPERIMENTAL PROCEDURES
General. Unless otherwise specified, all experimental procedures

were conducted under an argon atmosphere using standard Schlenk
techniques. All solvents, N,N′-dimethylformamide (DMF), methanol,
1,4-dioxane, and diethyl ether were obtained from commercial sources
and used without further purification. All other reagents were obtained
from commercial sources (Combi-Blocks and Sigma-Aldrich) at
reagent grade purity or higher and used without further purification.
NMR solvents were purchased from Cambridge Isotope Laboratories
Inc. (MA, USA) and Sigma-Aldrich and were used without further
purification. D2O (99.8%) was supplied by Sigma-Aldrich. The
M2(dobpdc) (M = Mg, Mn, Fe, Co, Ni, Zn) frameworks were
synthesized utilizing conditions recently reported by our laboratory.78

Instrumentation for Physical Measurements. Infrared spectra
were collected on a PerkinElmer Spectrum 400 equipped with an
attenuated total reflectance (ATR) accessory. Powder X-ray diffraction
patterns were collected on a Bruker Advance D8 powder X-ray
diffractometer employing Cu−Kα radiation (λ = 1.5418 Å) and
equipped with a powder stage. Thermogravimetric analysis was carried
out at a ramp rate of 2 °C/min in a nitrogen flow with a TA
Instruments TGA 5000 apparatus. 1H NMR spectra were obtained
using a Bruker Avance 400 console with Oxford Instruments 9.39 T
magnet.
Instrumentation for deuteration: Hydrothermal reactions were

performed using a Mini Benchtop 4560 Parr Reactor (600 mL vessel
capacity, 3000 psi maximum pressure, 350 °C maximum temperature).
1H NMR (400 MHz), and 2H NMR (61.4 MHz) spectra were
recorded on a Bruker 400 MHz spectrometer at 298 K. Chemical
shifts, in parts per million, were referenced to the residual signal of the
corresponding NMR solvent. Deuterium NMR experiments were
performed using the lock channel of the probe for direct observation.
Electrospray ionization mass spectra (ESI-MS) were recorded on a
4000 QTrap AB Sciex spectrometer. The overall percentage
deuteration of the molecules was calculated by NMR and MS using
the isotope distribution analysis of the different isotopologues in MS.
Synthesis of Methyl 5-Bromo-2-hydroxybenzoate (1). A 500 mL

round-bottom flask was charged with 5-bromosalicylic acid (10.0 g,
46.1 mmol), methanol (300 mL), and 98% sulfuric acid (10 mL). The
reaction mixture was then heated at reflux (383 K) with stirring for 12
h and allowed to cool to room temperature, and the solvent was
removed by rotary evaporation until approximately 50 mL of solvent
remained and solid had precipitated. The white needle-like solid was
collected by filtration and dried in air to yield 9.62 g (90%) of product.
IR (ATR, neat): 3199 (m), 2961 (m), 1923 (w), 1773 (w), 1682 (vs),
1608 (s), 1598 (m), 1471 (s), 1435 (vs), (1336 (vs), 1285 (vs), 1242
(vs), 1198 (vs), 1102 (vs), 1078 (vs), 958 (vs), 828 (s), 787 (vs), 699
(vs), 626 (s) cm−1. 1H NMR (400 MHz, DMSO-d6): 10.49 (s, 1H),
7.83 (d, J = 2.6 Hz, 1H), 7.64 (dd, J = 8.9, 2.6 Hz, 1H), 6.96 (d, J = 8.9
Hz, 1H), 3.87 (s, 3H).
Synthesis of Methyl 2-Hydroxy-5-(4,4,5,5-tetramethyl-1,3,2-diox-

aborola-yl)benzoate (2). A 500 mL three-neck round-bottom flask
was charged with 1 (8.00 g, 34.6 mmol), bis(pinacolato)diboron (8.79
g, 34.6 mmol), potassium acetate (10.2 g, 104 mmol), bis-
(triphenylphosphine)-palladium dichloride (1.21 g, 1.73 mmol), and
1,4-dioxane (300 mL). The reaction mixture was then sparged with
argon gas for 1 h, heated at reflux (383 K) with stirring for 24 h, and
then cooled to ambient temperature under inert gas. The solution was
filtered to remove palladium residue, and the filtrate was extracted with
diethyl ether (3 × 150 mL). The organic extracts were combined,
dried over anhydrous magnesium sulfate, and evaporated using a
rotary evaporator to yield 6.25 g (65%) of an off-white crystalline
powder. IR (ATR, neat): 2987 (m), 1673 (s), 1592 (s), 1441 (m),
1360 (s), 1307 (vs), 1286 (vs), 1273 (s), 1216 (vs), 1144 (vs), 1104
(vs), 1098 (s), 968 (s), 855 (s), 837 (s), 800 (vs), 754 (s), 694 (m),
659 (vs), 613 (m) cm−1. 1H NMR (400 MHz, DMSO-d6): 10.80 (s,

1H), 8.11 (d, J = 1.6 Hz, 1H), 7.74 (dd, J = 8.3, 1.7 Hz, 1H), 6.97 (d, J
= 8.3 Hz, 1H), 3.89 (s, 3H), 1.28 (s, 12H).

Synthesis of H4(dobpdc). A 500 mL three-neck round-bottom
flask was charged with 1 (5.00 g, 21.6 mmol), 2 (6.62 g, 23.8 mmol),
potassium carbonate (6.58 g, 47.6 mmol), lithium chloride (101 mg,
2.38 mmol), 1,4-dioxane (150 mL), and water (150 mL) and sparged
with argon for 1.5 h. Tetrakis(triphenylphosphine)palladium (826 mg,
0.714 mmol) was added to the reaction mixture under a counter-flow
of argon, and the reaction was further heated at reflux (393 K) under
an inert atmosphere for 27 h, cooled to ambient temperature, and then
filtered to remove palladium residue. The filtrate was collected and
acidified to pH 1 using 12 M HCl, causing a white precipitate to form.
The precipitate was collected by filtration and dried in air to yield 4.20
g (71%) of a white powder. IR (ATR, neat): 3247 (m), 3073 (m),
2879 (m), 2634 (m), 2572 (m), 2130 (w), 1660 (vs), 1610 (vs), 1600
(s), 1479 (s), 1450 (vs), 1402 (m), 1310 (s), 1290 (vs), 1217 (vs),
1151 (m), 1100 (m), 1052 (m), 971 (w), 911 (m), 875 (m), 831 (s),
792 (s), 724 (w), 685 (s), 656 (s) cm−1. 1H NMR (400 MHz, DMSO-
d6): 14.12 (s, 1H), 11.31 (s, 1H), 7.96 (d, J = 2.5 Hz, 1H), 7.79 (dd, J
= 8.6, 2.5 Hz, 1H), 7.04 (d, J = 8.6 Hz, 1H).

Synthesis of 4,4′-Biphenol-d8. A mixture of 4,4′-biphenol (5.0 g,
27 mmol), Pt/activated carbon (1.0 g, 10 wt % of the substrate, 0.51
mmol Pt), and 40% w/w NaOD (6 g, 59 mmol) in D2O (120 mL) was
loaded into a Parr pressure reactor. The contents of the reactor were
degassed by purging with N2 gas, and the reactor was subsequently
purged with an atmosphere of H2 gas and then sealed and heated to
180 °C with constant stirring for 1 day. The reactor was cooled to
room temperature, and the contents were filtered through a short plug
of Celite to remove the catalyst, which was further washed with water
(150 mL). The aqueous filtrate was acidified to pH = 2 using 1 M HCl
to produce a white precipitate, which was collected by filtration and
washed with cold water. The residual water in the material was
removed using a rotatory evaporator. Thin layer chromatography was
used (referenced with the protonated compound) to estimate the
purity and to develop a purification protocol. 1H NMR (400 MHz)
and 2H NMR (61.4 MHz) spectra were recorded on a Bruker 400
MHz spectrometer at 298 K. The off white solid was dissolved in a
minimum amount of acetone and reprecipitated by adding hexane, and
the solid was collected and dried to give pure 4,4′-biphenol-d8 (4.5 g,
90% yield, ≥ 97% D by NMR and MS). 1H NMR (acetone-d6): δH
6.87 (s, residual 4 × Ph-H), 7.40 (s, residual 4 × Ph-H), 8.31 (s, 2 ×
OH). 2H NMR (acetone-d6): δD 6.92 (bs, 4 × Ph-D), 7.45 (bs, 4 ×
Ph-D), 8.29 (bs, residual 2 × OD). 13C{1H} NMR (100.6 MHz,
CDCl3): δC 115.1 (t, 4 × Ph-D), 126.8 (t, 4 × Ph-D), 132.1 (s, qC),
156.2 (s, qC). 13C{1H,2H} NMR (100.6 MHz, CDCl3, D1 = 20 s): δC
115.1 (s, 4 × Ph-D) 126.8 (s, 4 × Ph-D), 132.1 (s, qC), 156.2 (s, qC).
ESI-MS m/z: 193 [M-H]− overall 97.4% D levels with isotopic
distribution d8 79.3%, d7 20.7%. (Supporting Information, Figures
S28−S29).

Low-Pressure Gas Adsorption Measurements. For each low-
pressure (0−1.2 bar) gas adsorption measurement, 200−500 mg of
M2(dobpdc) was transferred into a preweighed glass sample tube
under an atmosphere of nitrogen gas and capped with a Transeal.
Samples were then manually transferred to a Micromeritics ASAP
2020 gas adsorption analyzer and heated at a rate of 0.1 K/min to 453
K while under a vacuum. A sample was considered activated when the
outgas rate at 453 K was less than 1 μbar/min. The evacuated tube
containing the activated sample was then transferred to a balance and
weighed to determine the mass of the desolvated sample. The tube was
then manually placed on the analysis port of the instrument, where the
outgas rate was once again confirmed to be less than 1 μbar/min. The
N2 adsorption isotherms were measured at 77 K in a bath of liquid N2,
while the H2 measurements were carried out at 77 K in liquid N2 and
at 87 K in liquid Ar.

High-Pressure Gas Adsorption Measurements. High-pressure
adsorption isotherms in the range of 0−100 bar were measured on a
HPVA-II-100 from Particulate Systems, a Micromeritics company. In a
typical measurement, 0.3−0.7 g of activated sample was loaded into a
tared 2 mL stainless steel sample holder inside a glovebox under a N2
atmosphere. Prior to connecting the sample holder to the VCR fittings
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of the complete high-pressure assembly inside the glovebox, the
sample holder was weighed to determine the sample mass.
The fully assembled sample holder was transferred to an ASAP 2020

low-pressure adsorption instrument, fitted with an isothermal jacket,
and evacuated at the original activation temperature of the material for
at least 1 h. Then, a 77 K N2 adsorption isotherm was measured. This
was used to verify that the sample mass was correct and that the
sample was still of high quality by comparing the resulting Langmuir
surface area to the expected value. Note that a specially designed OCR
adapter was used to connect the stainless steel high-pressure
adsorption cell directly to the ASAP 2020 analysis port, allowing the
measurement of accurate low-pressure isotherms on the exact same
samples used for high-pressure measurements in the same sample
holders.
The sample holder was then transferred to the HPVA-II-100,

connected to the analysis port of the instrument via an OCR fitting,
and evacuated at room temperature for at least 1 h. The sample holder
was placed inside an aluminum recirculating Dewar connected to a
Julabo FP89-HL isothermal bath filled with Julabo Thermal C2 fluid,
for which the temperature stability is ±0.02 °C. Note that while the
majority of the sample holder is placed inside the temperature bath
(analysis zone), there is still a significant volume that is exposed to the
air (ambient zone) and is affected by fluctuations in the temperature of
the room. A small upper volume of the sample holder above the
analysis port is inside a temperature controlled heated enclosure, along
with the gas dosing manifold (manifold zone). While this setup is
typical of most volumetric adsorption instruments, it creates challenges
in determining the amount of free space (or empty volume) of the
sample holder that is in each temperature zone. Accurately
determining these volumes is particularly important, because non-
ideality corrections have a significant temperature dependence that can
lead to large errors at higher pressures. Thus, it is necessary to
determine the volumes of the ambient and analysis temperatures zones
for an empty sample holder. Since the portion of the sample holder
containing the sample is always fully immersed in the constant
temperature bath and the bath is always placed at the exact same
height on the sample holder, the ambient volume will always be
constant, regardless of the amount of sample present. On the other
hand, the analysis volume will depend on the amount of sample
present, but this can be easily determined by subtracting the volume of
the sample from the analysis volume of the empty sample holder.
Here, the sample volume is determined by subtracting the total free

space of the filled sample holder from that of the empty sample holder.
The total free spaces for the empty or filled sample holders were
determined using ambient temperature He free space measurements,
which were repeated 20 times and averaged. The analysis volumes of
the empty sample holder were determined by performing He free
space measurements at each potential analysis temperature and
calculated using the ideal gas law with the measured total empty
volume of the sample holder, the ambient temperature, the analysis
temperature, the He dose pressure, the He equilibrium pressure, the
known dosing manifold volume, and the dosing manifold temperature.
It is worth noting that by using this technique, it is only necessary to
measure the He free space at ambient temperature for a new sample,
and it is not necessary to measure He free space at any of the other
analysis temperatures. High-pressure isotherms (0−100 bar) were then
measured at 77, 248, 273, and 298 K.
Powder Neutron Diffraction Measurements. Neutron diffrac-

tion experiments were carried out at the National Institute of
Standards and Technology Center for Neutron Research (NCNR)
with 0.64 g of Fe2(dobpdc-d6) powder, using the high-resolution
neutron powder diffractometer, BT1. The activated sample was placed
in a He purged glovebox and subsequently loaded into a vanadium
sample can, which was sealed using an indium O-ring and which
contained an outlet valve for gas loading. Diffraction data were
collected using a Ge(311) monochromator with an in-pile 60′
collimator corresponding to a wavelength of 2.078 Å. Before data
collection, the sample was loaded onto a bottom-loading closed cycle
refrigerator, connected to a gas-manifold of known volume, and the
residual He evacuated at room temperature via turbo-molecular pump.

Initial data on the evacuated, bare sample were collected at 10 K. For
comparisons of the deuterium (D2) loadings and structural depend-
ence, approximately 0.75, 1.5, 2.75, and 4.5 D2 molecules per Fe
(refined composition given in Tables S4−S8) were successively dosed
to Fe2(dobpdc-d6) at 77 K, and data were collected at 10 K. The
sample was slowly cooled from 77 to 10 K to ensure full equilibration
and complete adsorption, as evidenced by a zero pressure reading on
the barometer above the condensation point.

Neutron diffraction data were analyzed by the Rietveld method as
implemented in EXPGUI/GSAS.79,80 The starting model for the
activated Fe2(dobpdc-d6) compound was taken from a structure
previously obtained from synchrotron X-ray diffraction data collected
on the bare material at 100 K.76 Initial refinement of the Fe2(dobpdc-
d6) structure included free atomic displacement parameters (ADPs)
for all atoms as well as “independent” H and D atoms on identical
symmetry sites for the three unique ligand hydrogen atoms (H/D3,
H/D5, H/D6) at an occupancy of 85% D and 15% H with a
constrained net occupancy of 1. Attempts to refine the structure led to
(i) poor thermal behavior in carbon atoms C2 and C5, as was
observed in the 100 K synchrotron single crystal structure, and (ii) the
occupancy of D3 and D5 refining to 100% deuterated while H6 refined
to 100% hydrogenated, suggesting the total deuteration of
Fe2(dobpdc-d6) at 67%. For the final refinement of the bare
Fe2(dobpdc-d6) structure, ADPs for the carbon atoms were con-
strained to be identical based on the poor behavior of C2 and C5.
Correspondingly, the ligand positional parameters (C1−C7, D3, D5,
H6) were left in the ideal geometry from the single crystal refinement,
as the behavior of the ligand in free refinement was less than ideal and
the change in positional parameters for the ligand had no
distinguishable impact on the refinement based on difference plot.
Finally, the iron and coordinated oxygen atoms were left free to refine.
ADPs for the oxygen atoms were constrained to be identical, as the
refinement of these values led to the same results within a standard
deviation. Note that D3, D5, and H6 were fixed at 100% D or H,
respectively, for the subsequent deuterium dosed structure refine-
ments, and the associated ADPs were constrained to be identical.

For the determination of D2 adsorption sites in Fe2(dobpdc-d6),
Fourier difference methods were employed to locate the adsorbed D2
molecules. An initial dose of 0.75 D2 per Fe was chosen to provide
clarity in the structure model for the active site in eliminating potential
D2 intermolecular interactions, based upon previous knowledge of
adsorption in the similar Fe2(dobdc) material. Fourier mapping and
accounting for a significant portion of the excess D2 scattering density
on the stable bare structural model, the atomic positions, and isotropic
ADPs were left free to refine for both the iron centers and the added
D2 during the analysis. Upon determining that freeing the isotropic
ADPs for the oxygen atoms, from one another, resulted in no
appreciable difference in the model, these values were constrained to
be equal and allowed to refine. Again, parameters for the positions
were held at the values determined from the synchrotron single crystal
experiments, as this did not affect the modeling of the D2 within the
confines of the framework, and the C ADPS were constrained to be
identical to one another.

■ RESULTS AND DISCUSSION

Synthesis of M2(dobpdc) (M = Mg, Mn, Fe, Co, Ni, Zn).
The reaction of H4(dobpdc) with divalent metal salts, under
solvothermal conditions utilizing various alcohol/amide solvent
mixtures, yielded highly crystalline microporous metal−organic
frameworks that are isostructural with Zn2(dobpdc), as
determined by powder X-ray diffraction.76 In order to achieve
the isostrucutral series of frameworks, extensive screening of
numerous reaction conditions with an array of alcohols
(MeOH, EtOH, i-PrOH, n-BuOH), amides (DMF, DEF,
DMA), and water was necessary. Small deviations in solvent
mixtures or the use of older solvents yielded poorly crystalline
and/or phase impure materials. Original screening procedures
were performed on a 2 mL scale in 4 mL glass vials. Upon
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arriving at viable solvothermal conditions, all framework
reactions were scaled up to a 10 mL scale in 20 mL glass
scintillation vials. Attempts to further scale up reaction
conditions to 100 mL and beyond were successful only for
the Mg, Fe, and Ni frameworks. The remaining materials
displayed decreases in crystallinity upon scaling up. Addition-
ally, it was discovered that purging the reaction mixture with N2
gas prior to heating yielded a more crystalline product and
prevented formation of unwanted amorphous phases.
As noted above, the expanded frameworks display similar

one-dimensional hexagonal channels to M2(dobdc). The
bridging ligands connect MO6 units that form a three-
dimensional structure with M2+ ions at the vertices of hexagons
formed by connections via the organic linker. As is the case
with M2(dobdc), the as-synthesized expanded frameworks
feature octahedral metal sites with a coordinated solvent
molecule pointing into the channels. These solvent molecules
can be removed by heating the materials under reduced
pressure to create metal centers with square-pyramidal
geometries and an open coordination site. The channels within
M2(dobpdc) have a larger diameter of 18−22 Å compared to
those of the M2(dobdc) compounds at 13−15 Å, depending on
the metal cation. The larger pore diameter that results from the
elongation of the ligand gives rise to a greater Langmuir surface
area of 3000−3900 m2/g for the M2(dobpdc) compounds,
compared to 1100−2100 m2/g for the M2(dobdc) com-
pounds.10,81

The first coordination spheres of the metals in M2(dobdc)
and M2(dobpdc) are nearly identical as a result of the
similarities between H4(dobdc) and H4(dobpdc). As illustrated
in Figure 1 for the single crystal structures of the cobalt analogs,

the first coordination spheres of both M2(dobdc) and
M2(dobpdc) feature two aryl oxide based oxygen ligands,
while the remaining three are from carboxylates. The metal−
oxygen bond distances are the same within error: the mean
Co−O distance in Co2(dobdc) is 2.08 ± 0.06 Å while in
Co2(dobpdc) it is 2.07 ± 0.05 Å. In addition, the Co−O bond
distance with regard to the bound solvent molecule is 2.158(6)
Å for Co2(dobdc) (water molecule) and 2.114(1) Å for
Co2(dobpdc) (DEF molecule). As a result of the close
similarities in the coordination environments for the open

metal sites in these frameworks, they can be expected to display
similar isosteric heats of H2 adsorption when desolvated.

Low-Pressure H2 Adsorption. In order to investigate the
hydrogen storage properties of M2(dobpdc), low pressure H2
isotherms were measured at 77 and 87 K. The adsorption
isotherms were independently fit with either a dual- or triple-
site Langmuir model, as a single-site model did not yield an
acceptable fit. This is consistent with a material that contains a
mixture of high- and low-enthalpy H2 binding sites. Using the
dual- or triple-site Langmuir fits and the Clausius−Clapeyron
equation, isosteric heats of adsorption, −Hads, were calculated
for each compound as a function of the amount of H2 adsorbed.
As shown in Figure 2A, all six frameworks display high initial

isosteric heats of adsorption that range from −8.4 to −12.0 kJ/
mol with the magnitudes ordering as Ni > Co > Mg > Fe > Mn
∼ Zn. The isosteric heats for all frameworks decrease rapidly to
near −5 kJ/mol at higher loadings as the high-enthalpy metal
sites become fully occupied.
The loading at which the isosteric heat decreases, or more

specifically, the inflection point in the isosteric heat curve, can
serve as a useful indicator of the completeness of framework
activation and the accessibility of the open metal sites. If the
inflection point resides at an H2 loading of one molecule per
open metal site, as is observed for Mn2(dobpdc) and
Co2(dobpdc), then the framework is most likely completely

Figure 1. Coordination sphere for the cobalt cations in solvated
Co2(dobdc) (left) and Co2(dobpdc) (right) as determined from
single-crystal X-ray diffraction. Note the nearly identical cobalt−oxido
and −carboxylato coordination. Purple, red, and gray spheres
represent cobalt, oxygen, and carbon atoms, respectviely. Hydrogen
atoms have been omitted.

Figure 2. (A) Isosteric heats of adsorption plotted as a function of the
amount of H2 adsorbed for M2(dobpdc). (B) Equilibrium H2
adsorption isotherms for M2(dobpdc) at 77 K. Note that the amount
adsorbed is plotted in terms of H2 molecules per M atom.
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desolvated and all open metal sites are accessible to H2.
61 In

contrast, if the inflection point in the isosteric heat curve occurs
at a lower loading, as is observed for the other four compounds,
then some fraction of the metal sites are not accessible to H2.
This could be the result of incomplete removal of bound
solvent from some of the metal sites during activation or, more
likely, from defects or intergrowth of crystallites that block
some of the channels in the framework and make the metal
sites inaccessible to gas molecules.82−84

Consistent with the M2(dobdc) compounds, the trend in the
low-coverage isosteric heats of adsorption across the
M2(dobpdc) family of frameworks tracks well with the
empirical Irving−Williams series for high-spin octahedral
divalent cations.16,85 The zinc framework displays the lowest
magnitude for the isosteric heat of adsorption at −8.4 kJ/mol,
due to its 3d10 electron configuration. Otherwise, the
magnitude of the isosteric heat tracks inversely with the ionic
radius of the high-spin metal cation, with Ni2+ > Co2+ > Fe2+ >
Mn2+ (Table 1). Additionally, the magnesium framework

exhibits an isosteric heat of adsorption comparable to that of
Fe2(dobpdc), due to the high charge density of the cation and
the ionic nature of its interactions.
Owing to the strong H2 binding sites, the 77 K isotherms for

all six frameworks (Figure 2B) display a sharp rise in H2 uptake
at low pressures (0−0.05 bar). In the case of cobalt and nickel,
which exhibit the strongest hydrogen binding in the case of
M2(dobdc), a loading that corresponds to one H2 molecule per
metal site is achieved by just 10 mbar. The remaining four
frameworks do not saturate their strongest binding sites until
higher pressures, above 100 mbar in the case of Zn2(dobpdc).
The materials display a nearly linear increase in adsorption
capacity up to 1.2 bar, ranging from 1.70 H2 per metal for zinc
to 2.15 H2 per metal for cobalt with Zn < Mg < Mn ∼ Fe < Ni
< Co. To illustrate the differences in low pressure H2
adsorption between M2(dobdc) and M2(dobpdc), the 77 K
adsorption isotherms for the nickel analogues are shown in
Figure S22. On both a per metal and per gram basis,
Ni2(dobdc) displays a greater H2 uptake capacity at pressures
up to approximately 300 mbar as the nonexpanded framework
contains a higher gravimetric density of open metal sites (6.42
vs 5.16 mmol/g) and has a slightly higher low-coverage
isosteric heat. Given the much higher specific surface areas of
M2(dobpdc), on a gravimetric basis, these compounds can be
expected to adsorb more hydrogen than M2(dobdc) at higher

pressures and therefore may show utility for H2 storage at
higher pressures.

Neutron Diffraction. Although single crystal X-ray
diffraction has been utilized to structurally characterize
metal−organic frameworks containing metal-bound molecules,
it is often poorly suited for observing H2 binding, due to the
low X-ray scattering factor of a H atom.86 We have previously
shown neutron powder diffraction to be an invaluable
technique for this challenging task.39,52,62 Indeed, the structural
characterization of a number of new species, including high-
spin metal-paraffin, -olefin, -carbonyl, -CO2, and -D2 complexes,
has been achieved in this manner. A particular obstacle to the
utilization of neutron diffraction techniques for the
M2(dobpdc) family of frameworks is the higher density of
hydrogen atoms on the ligand compared to the nonexpanded
variant. In our hands, the high incoherent scattering of
hydrogen in the extended dobpdc-based materials led to high
background in neutron diffraction experiments, making analysis
of weak high-angle diffraction peaks difficult. To combat this,
we prepared a deuterated form of the ligand (H4dobpdc-d6)
using previously reported methods and utilized it to synthesize
Fe2(dobpdc-d6).

76

A detailed powder neutron diffraction experiment was
performed with Fe2(dobpdc-d6), allowing us to probe the
exact positions, occupancies, and site affinities of adsorbed D2
molecules (Figure 3). At a relatively low loading of 0.75 equiv

Table 1. Performance Metrics Comparison between the
M2(dobpdc) [M2(dobdc)] Framework Families34−41

M

volumetric
metal density
(mmol M/cm3)

gravimetric
metal density
(mmol M/g)

isosteric
heat
(−Qst)
(kJ/mol)

BET
surface
area

(m2/g)

Langmuir
surface
area

(m2/g)

Mg 3.54 [7.41] 6.28 [8.24] 10.7
[10.6]

3270
[1800]

3873
[2060]

Mn 3.53 [7.13] 5.28 [6.58] 8.7 [8.8] 2134
[1447]

3479
[1872]

Fe 3.53 [7.46] 5.23 [6.54] 10.0 [9.7] 2607
[1360]

3315
[1535]

Co 3.53 [7.49] 5.15 [6.41] 11.3
[10.7]

2255
[1341]

3357
[1432]

Ni 3.54 [7.74] 5.16 [6.42] 12.0
[12.9]

2059
[1218]

3108
[1312]

Zn 3.53 [7.57] 4.99 [6.15] 8.4 [8.5] 1873
[747]

2974
[1100]

Figure 3. Adsorption sites for D2 within the structure of Fe2(dopbdc-
d6), as determined by powder neutron diffraction.
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of D2 per Fe, a single adsorption site, located 2.44(7) Å from
the metal, is apparent. As expected based upon the nearly
identical coordination geometry and ligand donor environment,
the Fe−D2 distance is within error of the value of 2.47(3) Å
observed in Fe2(dobdc).

72 Upon doubling the D2 loading to
approximately 1.5 per Fe, full occupancy at the first binding site
is achieved, along with some population of site II. Similar to site
I, binding occurs along the one-dimensional Fe−O chains
running the length of the pores approximately halfway between
the Fe−D2 sites with close D2−carboxylate carbon and D2−
aryloxide oxygen distances of 3.03(3) and 3.01(9) Å,
respectively. At 2.75 D2 molecules per Fe, the saturation of
site II is observed, along with some population of two
additional binding sites (III and IV) at the faces of the ligand
benzene rings. Sites III and IV display similar occupancies of
approximately 0.5 with D2 binding at 3.27(5) Å and 3.23(7) Å,
respectively. These values are consistent with previously
reported values for analogous D2−ligand binding. At 4.5 D2
per Fe, the first four binding sites are fully occupied.
Interestingly, it is apparent at this loading that the site IV···
site IV distance of approximately 5.6 Å produces a favorable
binding pocket in which an additional D2 molecule adsorbs.
Although these additional binding sites are expected to lead to
higher gravimetric H2 adsorption at high pressure, the increase
in empty pore volume is expected to cause M2(dobpdc) to
suffer volumetrically compared to M2(dobdc).
High-Pressure H2 Adsorption. To evaluate the hydrogen

storage potential of M2(dobpdc) at ambient temperature, high-
pressure adsorption isotherms were collected from 0 to 100 bar
at 298 K for all six compounds. At 100 bar, the total gravimetric
capacities of the compounds range from 1.3 wt % (M = Zn) to
1.8 wt % (M = Mg) and correlate reasonably well with the
respective BET surface areas (Table 1, Figure 4A). Owing to
their higher gravimetric surface areas and pore volumes, the
M2(dobpdc) gravimetric capacities are significantly greater than
those of M2(dobdc). For instance, the 100-bar capacity of
Co2(dobpdc) is 1.45 wt %, while that of Co2(dobdc) is 0.9 wt
%. More generally, the total H2 capacity for a range of metal−
organic frameworks at 100 bar and 298 K correlates well the
gravimetric BET surface area. This is perhaps not surprising
as surface area increases, the amount of free space inside the
framework increases, and there is more bulk H2 present in
empty space that contributes to the total capacity. Because of
this, total gravimetric capacity is not the best metric for
comparing the H2 storage performance of different adsorbents.
As porosity increases, the mass of framework that occupies a
given volume will decrease toward zero, and the total
gravimetric capacity will increase toward infinity.
While high-pressure H2 capacities are routinely reported in

the literature in terms of gravimetric uptake, maximizing the
volumetric capacity is far more important for H2 storage
applications in passenger vehicles that have limited space for a
gas storage system.90 The volumetric capacity of the
M2(dobpdc) compounds, as calculated using the respective
crystallographic densities of the activated frameworks, trends
well with the isosteric heats of adsorption and the relative
number of accessible strong binding sites. Indeed,
Co2(dobpdc), which has the largest number of accessible
strong binding sites, has the highest volumetric uptake at 100
bar and 298 K. As expected, the M2(dobdc) compounds have
higher volumetric capacities than the M2(dobpdc) compounds,
owing to their higher density of strong binding sites.

In contrast to the correlation between gravimetric surface
area and gravimetric H2 capacity, volumetric H2 capacities for
M2(dobpdc) and various other previously reported metal−
organic frameworks do not tend to correlate with volumetric
surface area (Figure 4B). When considering volumetric uptake,
interactions with the framework are most important, and the
amount adsorbed is determined primarily by the density and
strength of H2 binding sites rather than simply by the
volumetric surface area. As a result, materials that have high
surface areas and high total gravimetric capacities but lack any
strong binding sites demonstrate much lower volumetric
capacities than frameworks with lower surface areas containing
strong binding sites.33,88 For instance, the high density of
strong binding sites in Ni2(dobdc) makes it one of the best
materials for on-board H2 storage, despite its comparatively low
volumetric surface area.

■ CONCLUSIONS AND OUTLOOK
The in-depth and systematic interrogation of hydrogen
adsorption in the M2(dobpdc) series of compounds has
shown them to be an excellent platform from which to study
high pressure hydrogen storage. Additionally, these frameworks

Figure 4. Plots of gravimetric capacity versus gravimetric surface area
as well as volumetric capacity versus volumetric surface area for various
frameworks.87−89 Triangles and squares represent the M2(dobdc) and
M2(dobpdc) framework families respectively with red (Mg), orange
(Fe), magenta (Co), black (Ni), and olive (Zn). Additional
frameworks are displayed for systematic comparison across a range
of gravimetric and volumetric surface areas.
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have illuminated the future directives necessary to achieve
efficient on-board hydrogen storage. Past work on metal−
organic frameworks for gas storage applications has focused
heavily on expanding linker size and achieving large surface
areas. However, while gravimetric storage capacity trends
linearly upward with surface area, a high volumetric capacity
is necessary for efficient fuel storage in transportation
applications. Unsurprisingly, this work serves to illustrate how
simply expanding a known framework topology, while
maintaining isoelectronic and isostructural open metal sites,
does not yield an increase in the desired volumetric capacity.
Thus, in order to design and develop the next generation of
materials for on-board hydrogen storage, it is imperative that
the density of open metal sites be maximized. Future work will
therefore emphasize the synthesis of new metal−organic-
featuring metal centers bearing more than just one open
coordination site as a means of increasing the volumetric
hydrogen storage capacity.
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