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The hydrogen adsorption properties and uptake capacities of three-dimensional (3-D)
microporous materials of lantern-type dinuclear M(BDC)(DABCO);, (M = Co(Il), Cu(Il),
Zn(lf), BDC = 1,4-benzenedicarboxylate, DABCO = 1,4-diazabicyclo[2.2.2]octane,
Co(BDC)(DABCO); 1, Cu(BDC)Y(DABCO),); 2, Zn(BDC)(DABCO),» 3) were investigated at

different temperatures of 77 K and 87 K and pressures up to 0.1 MPa.

The results from

hydrogen adsorption experiments conducted at 77 K and 87 K show that all complexes have a

relatively high hydrogen uptake.

The isosteric heats of hydrogen adsorption data calculated

based on the Clausius-Clapeyron equation are consistent with these observations, indicating

strong adsorbent-adsorbate interactions.

The results indicated that the hydrogen heats of

adsorption were 5.9-6.5 kJ/mol, 6.3-7.9 kl/mol, and 5.6-6.0 kJ/mol for 1, 2, and 3,

respectively.
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1. INTRODUCTION

Porous metal-organic frameworks (MOFs) have
become competitors to other porous materials
such as zeolites[1-2] and carbon materials.[3-5]
They are synthesized in a building block
approach from metal or metal oxide vertices
interconnected by organic linkers.

Hydrogen storage has been a consistently topical and
controversial focus of materials research over the past
few decades. Recent studies have confirmed that
MOFs can store considerable quantities of
hydrogen at 77 K.[6-13] Hydrogen storage
materials fall into two categories: those that
dissociate the molecules and chemically bind
them as hydrides and those that physisorb the
molecules on their surface. Clearly, the most
important attributes of the second category are
high surface area and strong binding potential.
Of the various materials under consideration,
ordered porous materials such as MOFs are
considered capable of fulfilling this role.
Recently, Yaghi and co-workers reported on the
considerable potential for hydrogen storage in
microporous coordination solids with robust 3-D
frameworks and high surface areas.[6-9] One
key feature that characterizes most MOFs is the
relatively low enthalpy of adsorption change
associated with the hydrogen uptake. This
energy usually lies in the range 4.7-7.5 kJ/mol,
significantly lower than the estimated 15 kJ/mol
required for reversible hydrogen uptake at
ambient temperatures and fuel-cell operating
pressures between 1.5 and 30 atm.[14]
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Previously, we reported that copper(Il)
dicarboxylates,[15-17] molybdenum(II)
dicarboxylates,[18] and ruthenium(I1,11T)
dicarboxylates,[19-20] which have lantern-type
structures, reversibly occluded large amounts of
gases such as N,, Ar, O,, CH,, and Xe. The
uniform linear micropores of these adsorbents
were assumed as having been constructed by the
stacking or bonding of two-dimensional (2-D)
lattices of dinuclear transition-metal
dicarboxylates. Furthermore, it has been found
that mononuclear copper(1l) BDC-pyridine, which
has a regular one-dimensional (1-D) structure,
occludes large amounts of gases.[21-22] We
recently reported the hydrogen adsorption
properties for MOFs of the type
M(BDCYDABCO),,,.[13] The general method
for synthesizing a 3-D porous complex is shown

in Fig. 1.
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Fig. 1 3-D lattice organized by the assembly of
lower dimensional building blocks.
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Fig. 2 Plausible lantern-type 3-D dinuclear
structure for M(BDC)YDABCO);,, (M = Co(ll),
Cu(1l), Zn(ID)).

In this paper, we report the hydrogen
adsorption properties for MOFs of the type
M(BDC)(DABCO);»(M = Co(1I), Cu(Il), Zn(1I)),
which has a regular 3-D structure.(Fig. 2) All
complexes were investigated at different
temperatures of 77 K and 87 K and pressures up
to 0.1 MPa. In addition, we present the
hydrogen heat of adsorption, which is a very
important factor in the application of these
hydrogen storage materials, evaluated at 77 K and
87 K.

2. EXPERIMENTAL
2.1 Synthesis
Cobalt(IT) 1,4-benzenedicarboxylate-DABCO

{Co(BDCYDABCO),}(1) was synthesized using
already published procedures.[13] The same methods

as 1 were wused to synthesize copper(ll)
1,4-benzenedicarboxylate-DABCO
{Cu(BDC)(DABCO),}(2) and zinc(IT)

1,4-benzenedicarboxylate-DABCO
{Zn(BDCYDABCO);,,}(3).[23]
2.2 H, adsorption measurement

Hydrogen adsorption isotherms were measured using
an ASAP2010 volumetric adsorption apparatus provided
by Micromeritics Co., Ltd. Before the adsorption
measurements, the samples were degassed under a
vacuum at 373 K. Hydrogen adsorption isotherms
were measured up to 0.1 MPa.

3. RESULTS AND DISCUSSION

Lantern-type dinuclear M(BDC)(DABCO);, (M =
Co(l), Cu(Il), Zn(1l)), has been synthesized in a
two-step reaction,[13] which is a new synthetic method
compared with the previously reported synthetic
method.[15-20] In addition, the reactions are
reproducible and can be readily scaled up.

Analysis of the temperature dependence of hydrogen
adsorption by MOFs provides further insights into the
influences exerted by their structural features. Isosteric
analysis of adsorption isotherms collected at various
temperatures  enables an  estimation of the
coverage-dependent  isosteric heat of hydrogen
adsorption, where the behavior of this function
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Fig. 3 Hydrogen adsorption isotherms for
M(BDCYDABCO),, (M = Co(Il), Cu(Il), Zn(II)) at 77
K and 87 K. At 77 K data is indicated by filled circles,
at 87 K data by open squares. Top:
Co(BDCYDABCO),, Middle: Cu(BDCYDABCO),,,
Bottom: Zn(BDCYDABCO),.
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Table 1. Summary of gas adsorption data.

Transactions of the Materials Research Society of Japan 33{4] 1347-1350 (2008)

materials N22131-;T Nz;ang Nz}vol Arg, HL7x HLgx AH 45

[m*/g] [m*/g] [em™/g] [A] [wt %] [wt %] (kJ/mol)

Co(BDCYDABCO), 1 1595 2120 0.77 6.13 2.28 1.09 5.9-6.5
Cu(BDC)(DABCO),, 2 1300 1703 0.63 5.96 1.67 0.78 6.3-7.9
Zn(BDCYDABCO),, 3 1165 1488 0.63 6.18 1.54 0.81 5.6-6.0
IRMOF-1{8-10} 2900 3362 1.04 ca. 8 1.32 — 4.7-5.2
Prussian blue analogues[11] 560-870 — — — 14-1.8 — 53-74
Activated Carbon[5] — — 0.18-0.74 — — — 39-52

“ Acronyms: N2ggr, N2y, are the BET, Langmuir surface areas by measuring nitrogen gas; N2, is pore volume by measuring nitrogen gas; Ar;, is pore diameter by measuring argon gas;
HL ;7 is the maximum amounts of hydrogen adsorbed at 0.1 MPa, 77 X; HLg is the maximum amounts of hydrogen adsorbed at 0.1 MPa, 87 K; AH 4 is isosteric heats of hydrogen

® This value is measured by X-ray crystallography.
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Fig. 4 Enthalpy of hydrogen adsorption for
M(BDC)YDABCO), (M = Co(1l) 1, Cu(Il) 2, Zn(1I) 3)
calculated from fits of their 77 K and 87 K isotherms.

is determined by the relative magnitudes of the
adsorbent-adsorbate and adsorbate-adsorbate interaction.

Hydrogen adsorption in three different MOFs, 1, 2,
and 3, were investigated at temperatures 77 K and 87 K.
Fig. 3 shows the resulting hydrogen adsorption
isotherms up to 0.1 MPa at 77 K and 87 K. Table I
lists the adsorption properties of all complexes. As
expected, the amount adsorbed decreases significantly
with  temperature. All  complexes display
approximately a Type-I isotherm in the IUPAC
classification scheme. Under these conditions,
hydrogen adsorption isotherms are not saturated because
these temperatures are above the critical temperature (33
K for hydrogen).

The strength of the interaction with the framework
was probed by measuring a second hydrogen sorption
isotherm for each compound at 87 K. Taking both the
77 K and 87 K data, a variant of the Clausius-Clapeyron
equation[24] was then used to calculate the enthalpy of
adsorption as a function of the quantity of hydrogen
adsorbed.

As expected, the behavior of the isosteric heat of
hydrogen adsorption is shown to gradually decrease in
value as a function of the amounts adsorbed.  As shown
in Fig. 4, the enthalpies of adsorption lie in the ranges
5.9-6.5 kI/mol for 1, 6.3-7.9 kJ/mol for 2, and 5.6-6.0
kJ/mol for 3, significantly higher than the enthalpy of
vaporization of hydrogen (0.99 kJ/mol at its boiling

point). These values are nearly equal to the previously
reported hydrogen adsorption enthalpies of 4.7-5.2
kJ/mol for IRMOF-1(ZnO(BDC),),[8] 5.3-7.4 kJ/mol
in the dehydrated Prussian blue analogues
M;[CO(CN)g], (M = Mn, Fe, Co, Ni, Cu, Zn),[11] and
3.9-5.2 kJ/mol for variously functionalized activated
carbons.[5] A possible explanation for the different
values for the heat of hydrogen adsorption in the three
samples could be different pore sizes. It is known
from theoretical calculations on carbon structures that
hydrogen adsorption is favored in small micropores. If
we assume that this is also the case for MOFs, it would
be reasonable to assume that hydrogen is more strongly
adsorbed in 2, which has an effective pore size of 5.96
A, the smallest of the three complexes.

As observed for all complexes, the low-pressure
region of the adsorption isotherm is strongly dependent
on the strength of the interaction between the hydrogen
molecules and the adsorbent. Therefore, the difference
in the storage capacity at low pressures for different
materials can also be attributed to different heats of
adsorption.

4. CONCLUSIONS

We have reported on hydrogen storage at different
temperatures in three different MOFs,
M(BDC)YDABCO),» (M = Co(Il), Cu(Il), Zn(11)). All
complexes were synihesized using new procedures.
The magnitude of the measured heat of adsorption for
both temperatures gives clear evidence that hydrogen is
physically adsorbed in the MOFs.

At low temperature and low-pressure, 2 has the
highest hydrogen heat of adsorption (6.3-7.9 kJ/mol) of
all the complexes. MOFs with smaller pores
systematically —show a  considerably  stronger
adsorbent-adsorbate interaction. It is might be that the
difference of the hydrogen heat of adsorption for MOFs
depends on pore size.

These results showed that high surface area and more
suitable pore size are important under low-pressure.
Therefore, the major challenge is to synthesize MOFs
having an optimum pore size without decreasing the
specific surface area and pore volume.
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