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The hydrogen adsorption properties and uptake capacities of three-dimensional microporous materials of lantern-
type dinuclear M(BDC)(DABCO),;» (M = Co™, Cu", and Zn"; BDC = 1,4-benzenedicarboxylate, DABCO = 1,4-di-
azabicyclo[2.2.2]octane; Co(BDC)(DABCO);,, (1), Cu(BDC)(DABCO);,> (2), Zn(BDC)(DABCO);,, (3)) were inves-
tigated at various temperatures of 77-333 K and pressures up to 10 MPa using a PCT automatic measuring system
(Sievert-type apparatus). The results indicated that uptake to 4.11, 2.70, and 3.17 wt % of hydrogen can be stored on
1, 2, and 3, respectively, at 77 K. The amounts of hydrogen are adsorbed by all complexes at around room temperature
(293 K) and high-pressures are much lower (<0.5 wt %). Adsorption isotherms at around room temperature show a linear
uptake relationship; all of them follow the Henry’s law. By measuring nitrogen gas adsorption/desorption, all complexes
exhibit approximately Type-I isotherms according to the IUPAC classification and possess BET surface areas in the
range of 1165 (for 3) to 1595m? g~! (for 1). Further, the thermal stability of all complexes is high, in the range of about
500K (for 3) to 600 K (for 1). These complexes were synthesized and characterized by X-ray powder diffraction pattern,
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TG/DTA, FT-IR, surface area analysis, and hydrogen adsorption measurements.

The mineral zeolite was reported by Cronstedt in 1756 and
Damour in 1840.! In the 20th century, numerous porous com-
pounds (either natural or artificial) have become recognized.
Zeolite, porous silica, clay, activated carbon, carbon fabric,
etc. are well-known classical porous materials.> They are clas-
sified by their components (organic and inorganic), the degree
of crystallization, pore size, and function.

Recently, a great deal of attention has been directed toward
the use of coordination polymers in the design and synthesis of
new porous materials.> Compared with conventional porous
materials such as zeolites or activated carbons, these coordina-
tion polymers have future potential because they enable the de-
sign of desirable pore shapes and sizes, high microporosity,
and flexible frameworks based on a variety of coordination ge-
ometries of metal centers and the multifunctionality of bridg-
ing organic ligands.* Such materials have been extensively
studied in recent years because of their intriguing structures
and, more importantly, for their potential applications in gas
storage,” separation,® ion exchange,” and catalysis.®>® These
materials include a wide variety of coordination polymers hav-
ing microporous structures, which usually accommodate guest
molecules such as solvent molecules and/or counter ions.” The
microporous structures are usually retained as far as the guest
molecules are accommodated. Reversible removal and re-ad-
sorption of guest molecules in solids without collapse of cav-
ities or channel structures is a much less common phenomenon
in solids of coordination polymers. Therefore, construction of
robust compounds includes the properties that a channel or a
cavity allows reversible adsorption and desorption of guest
molecules without collapse of the microporous structure. For

the porous properties, it is significant to build a well-associated
network from a metal-organic ligand system.

The technology already exists in the form of fuel cells to
convert stored chemical energy, in the form of hydrogen gas,
directly into electrical energy with high efficiency.!® The cru-
cial factor that is hindering progress towards commercial im-
plementation of these devices is the safe and efficient storage
of the hydrogen fuel. Conventional storage of large amounts
of hydrogen in its molecular form is difficult and expensive
because it requires employing either extremely high-pressure
to maintain it as a gas or very low temperature to maintain it
as a liquid."" The development of storage media designed to
overcome this difficulty is at the forefront of current research.
The U.S. Department of Energy, in its Year 2010 Guidelines,
has set performance targets for on-board automobile storage
systems to have densities of 60mg H,/g (gravimetric) and
45 g H,/L (volumetric).!> Given that these are system goals,
a practical material will need to have higher capacity when
the weight of the tank and associated cooling or regeneration
equipment is considered. The size and weight of these compo-
nents will vary substantially depending on whether the materi-
al is operated by a chemisorption or physisorption mechanism.
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. Clear-
ly, the most important attributes of the second class are high
surface area and strong binding potential. Of the various mate-
rials under consideration, ordered porous materials such as
metal-organic frameworks (MOFs) are considered capable of
fulfilling this role. Recent studies have confirmed that these
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Figure 1. 3-D lattice organized by the assembly of lower dimensional building blocks.

frameworks can store considerable quantities of hydrogen
at 77K.1?

Previously, we discovered that copper(Il) terephthalate
occluded a large amount of nitrogen gas; various transition-
metal dicarboxylates were synthesized as the first step in pro-
ducing new porous materials. Polydentate ligands are suitable
for producing stable covalent networks (softness of the struc-
ture is required). The use of molecular assemblies is also fa-
vorable for producing porous complexes in the solid state.
The general method for synthesizing a three-dimensional (3-
D) porous complex is shown in Figure 1. The intermolecular
interactions are more important for producing porous struc-
tures consisting of lower dimensional building blocks. The
ideal pores of complexes should have no disturbing molecules
such as counter ions, so it is recommended that the complex
skeleton be neutral. However, the counter ions of the pores
sometimes play an important role in ion-exchange reactions.
Further, we reported that copper(I) dicarboxylates,'* molyb-
denum(II) dicarboxylates,'> and ruthenium(ILIIT) dicarbox-
ylates!® reversibly occluded large amounts of gases such as
Ny, Ar, Oy, CHy, and Xe. The uniform linear micropores of
these adsorbents were determined 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(Il) BDC—pyridine,!’
which has a regular one-dimensional (1-D) structure, occludes
large amounts of gases.

In this paper, we report the synthesis and characterization of
a series of lantern-type coordination polymers with 3-D net-
work structures by linking original 2-D layer frameworks for
mononuclear metal(II) BDC—pyridine with a pillar ligand such
as DABCO. These 3-D polymers are expected to have larger
porosities and higher stabilities than those of the original 2-
D polymers. We present the hydrogen storage characteristics
of three different samples of 3-D microporous materials of
lantern-type dinuclear M(BDC)(DABCO);,, under 77-333 K
and different pressures, and correlate the maximum hydrogen
storage capacity with their specific surface area.

3a,5a

Experimental

Materials and Characterization of Compounds. Cobalt(Il)
acetate tetrahydrate, copper(Il) formate tetrahydrate, zinc(II) ace-
tate dihydrate, terephthalic acid, methanol (99.8%), and pyridine
(99.5%) were purchased from Wako Pure Chemical Industries
Ltd. 1,4-Diazabicyclo[2.2.2]octane (DABCO) was purchased
from Tokyo Chemical Industry Co., Ltd. Carbon, hydrogen, and
nitrogen analysis were conducted using a Perkin-Elmer PE 2400
series-II CHNS/O analyzer. Fourier transform infrared (FT-IR)
spectra were measured with a Jasco Co., FT/IR-300 spectropho-
tometer in the region of 4000—400 cm™! using KBr discs. Absorp-
tion peaks were assigned as follows: very strong (vs), strong (s),
medium (m), and weak (w). X-ray powder diffraction analysis
data were recorded on a Bruker MF18XH?22 diffractometer oper-
ated at 18 kW (400 mA) power for CuKa (1 = 1.54056 A) with a
scan speed of 4°min~! and a step size of 0.020° in 26. Thermo-
gravimetric/differential thermal analysis was conducted using
TG8101D and TAS300 with an aluminum pan in an ordinary
atmosphere. Samples were heated between room temperature
and 773K at 1-4 Kmin~'.

N, Adsorption Measurement. Nitrogen adsorption/desorp-
tion isotherms were measured using an ASAP2010 volumetric
adsorption apparatus provided by Micromeritics Co., Ltd. Before
adsorption measurements, the samples were degassed under vacu-
um at 373 K. Nitrogen adsorption/desorption isotherms were mea-
sured in the relative pressure (P/Py, Py = saturation pressure)
range of 107° to 1. The linear region of the nitrogen isotherm used
for the BET surface area plot was 0.02 < P/Py < 0.10, and for
the Langmuir surface area plot the range was 0.02 < P/Py <
0.35. The apparent surface areas were calculated using a molecu-
lar cross-sectional area of 0.162nm? for both models. The
pore volume was determined by extrapolating the Dubinin—
Radushkevich (DR) equation'® across the linear region of the
low-pressure data points with the assumption that the density of
the adsorbate in the pore was the same as that of the pure adsor-
bate in its liquid state.

Ar Adsorption Measurement. Argon adsorption isotherms
were measured using an ASAP2010 volumetric adsorption
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apparatus provided by Micromeritics Co., Ltd. Before the
adsorption measurements, the samples were degassed under
a vacuum at 373 K. Argon adsorption isotherms were measured
in the relative pressure (p/po, po = saturation pressure) range
of 107 to 1.

H, High-Pressure Adsorption Measurement. = Hydrogen
adsorption and desorption capacities were determined at 77—
333K by PCT automatic measuring systems (Sievert-type
apparatus, maximum pressure: 10MPa) provided by Suzuki
Shokan Co., Ltd., Japan. The hydrogen adsorption and desorption
capacities were calculated from densities of about 1.700, 1.659,
and 1.612gcm™ for compounds 1, 2, and 3, respectively. The
grade of hydrogen used in this work was >99.99999%. The
mass of the compounds used for hydrogen storage measurements
was 0.2-0.3 g. Prior to measurement, the samples were degassed
and heated at 373K for approximately 2h at a pressure of
0.1 MPa.

Co(BDC)(DABCO);,2. An aqueous solution (100 mL) of co-
balt(Il) acetate tetrahydrate (0.25 g) was added to a pyridine solu-
tion (400 mL) of terephthalic acid (0.2 g). After mixing, the solu-
tion was allowed to stand for several days at room temperature
forming a pink, plate-like crystal precipitate.!” A methanol solu-
tion (100 mL) of DABCO (0.1 g) was added to the pink, plate-like
crystal precipitate (0.1g) and the mixture was stirred for about
24h at 338 K. A purplish-red powder capable of adsorbing gases
was collected, washed with methanol, and dried at 373 K under
vacuum for 4 h (yield: 67.7%) (complex 1). [Co(0,CCsH4CO,)-
(N2C6H12)0'5] (1) Anal. Calcd for C11H10CON1042 C, 4733, H,
3.61; N, 5.02%. Found: C, 47.27; H, 3.58; N, 4.91%. FT-IR
(KBr disk, 4000-400cm™") 1575vs, 1502m, 1467w, 1381vs,
1316m, 1149w, 1104w, 1053w, 1014w, 805m, 748m, 697m,
610m, 518m, 451mcm~".

Cu(BDC)(DABCO)¢/2.  An aqueous solution (100mL) of
copper(Il) formate tetrahydrate (0.5 g) was added to a pyridine so-
lution (100 mL) of terephthalic acid (0.37 g). After mixing, the so-
lution was allowed to stand for several days at room temperature
forming a blue, plate-like crystal precipitate.!” A methanol solu-
tion (100mL) of DABCO (0.027g) was added to the blue,
plate-like crystal precipitate (0.1 g) and the mixture was stirred
for about 2 days at room temperature. A greenish-blue powder
capable of adsorbing gases was collected, washed with methanol,
and dried at 373 K under vacuum for 2 h (yield: 73.8%) (complex
2). [Cu™(0,CCeH4CO)(N2C6Hi2)os] (2): Anal. Caled for
Ci11HoCuN;Oy4: C, 46.56; H, 3.55; N, 4.94%. Found: C, 46.53;
H, 3.47; N, 5.14%. FT-IR (KBr disk, 4000-400cm~"') 1587s,
1504m, 1388vs, 1150w, 1093w, 1053m, 1013w, 889w, 829m,
748m, 669m, 569m, 501w, 464w, 417wcm™!.

Zn(BDC)(DABCO)y/2.  An aqueous solution (100mL) of
zinc(Il) acetate dihydrate (0.5 g) was added to a pyridine solution
(400 mL) of terephthalic acid (0.38 g). After mixing, the solution
was allowed to stand for several days at room temperature form-
ing a colorless, plate-like crystal precipitate.” A methanol solu-
tion (100 mL) of DABCO (0.2 g) and benzene (10 mL) was added
to the colorless, plate-like crystal precipitate (0.1 g) and the mix-
ture was stirred for about 2 days at room temperature. A colorless
powder capable of adsorbing gases was collected, washed with
methanol, and dried at 373K under vacuum for 2h (yield:
904%) (Complex 3) [Znn(OQCC6H4C02)(N2C6H12)0'5] (3) Anal.
Calcd for C11H9ZnN;Oy4: C, 46.26; H, 3.53; N, 4.90%. Found: C,
46.21; H, 3.30; N, 4.97%. FT-IR (KBr disk, 4000—400cm™")
1570vs, 1503m, 1381vs, 1160w, 1112w, 1053m, 1011w, 886w,
830m, 745s, 658w, 557w, 514w, 446w cm™!.
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Results and Discussion

Structural Characterization. The so-called “pillaring”
strategy in designing metal-organic frameworks involves
using appropriate pillars to connect well-defined 2-D layers
either in a one-pot reaction’® or in two separate steps.’!
Throughout a series of preliminary experiments,'” we noticed
that diffusional reactions of transition metals, aromatic dicar-
boxylic acids, and pyridine rings predominantly produce 2-D
layered structures with 1-D micropores. Lantern-type 3-D
coordination polymers of M(BDC)(DABCO);,, were synthe-
sized by heterogeneous reactions between mononuclear
metal(II) BDC—pyridine and DABCO as a pillar ligand. It suc-
ceeded in syntheses of lantern-type cobalt(IT) dicarboxylates, '
which was not reported to form lantern-type dinuclear struc-
ture by using a mononuclear complex as starting materials.
Furthermore, the reactions are reproducible and can be readily
scaled up to produce gram quantities.

The structures and stabilities of 3-D coordination polymers
were studied by X-ray powder diffraction (XRPD) patterns and
thermal gravimetric (TG) analysis. Figure 2 shows that the ob-
served XRPD patterns are in good accordance with the simu-
lated patterns of the optimized Cu(BDC)(DABCO); ,*" struc-
ture by using Cerius2, confirming that the structures of the ob-
tained compounds are plausible. Based on these results and el-
emental analyses, this structure is supposed to be lantern-type
3-D. The 2-D layers bridging the metal(II) ions with the dicar-
boxylates ions are linked with DABCO as a pillar ligand, as
shown in Figure 3.

Structural stability is an important factor in the study of the
microporous functions of coordination polymers. Figure 4
suggests that the porous nets in this study have a thermal
stability about 570K under air. The results showed that
M(BDC)(DABCO); ; has high thermal stability with no chem-
ical decomposition between room temperature and 500-600 K,
in comparison with the starting material, M(BDC)(Py). For all
the complexes, the XRPD patterns were measured at different
temperatures to unambiguously establish the stability of its
bulk phase. The fully evacuated open structures were found
to be stable up to at least 573 K under an inert gas (Figure 5).

N,/Ar Adsorption Properties. Specific surface area is
one of the most important factors for evaluating pore capacity,
and is associated with the number of guest molecules accom-
modated by direct contact. The porosity and specific surface
areas of metal-organic porous materials 1-3 were estimated
by measuring nitrogen gas adsorption/desorption isotherms
at 77 K in a relative pressure range of 107° to 1. Strictly speak-
ing, the mechanism of adsorption in microporous material
(pores < 2nm) is pore filling as opposed to mono/multilayer
adsorption. Therefore, applications of the Langmuir or BET
methods only give rise to apparent surface areas and are re-
ported in order to facilitate comparisons with other materials.
Analyses of these isotherms yielded Langmuir surface areas,
BET surface areas, maximum micropore volumes (using DR
methods and Horvath-Kawazoe (HK) methods??) for all com-
plexes shown in Table 1. The nitrogen gas adsorption/desorp-
tion isotherms are shown in Figure 6a. Isotherm plots for nitro-
gen adsorption/desorption of all complexes against relative
pressure do not show the significant hysteresis. In all cases,
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Figure 2. XRPD patterns for all complexes. (a) Co(BDC)-
(DABCO); ;. (b) Cu(BDC)(DABCO);,2. (¢) Zn(BDC)-
(DABCO), . (d) Simulated XRPD pattern for Cu(BDC)-
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the adsorption of nitrogen reaches near-saturation at low rela-
tive pressures (P/Py < 0.05) and thereafter increases very
slowly up to 1atm. The adsorption isotherms of nitrogen for
all complexes can be interpreted as Type-1 of the Langmuir
type adsorption isotherm, implying that the cavities in all these
materials consist of micropores but there are no large cavities,
which may be classified as mesopores. The sharp rise of nitro-
gen adsorption at low relative pressures indicates that the mi-
cropores are uniform. The rise of nitrogen adsorption at high
relative pressures depends on condensation into interparticle
voids. With an approximation based on a monolayer condensa-
tion of adsorbed nitrogen molecules on a uniform surface, the
sorption isotherms were fitted to a Langmuir equation and
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Figure 3. Plausible lantern-type 3-D structure for
M(BDC)(DABCO),;; [M = Co'l, Cu"!, and Zn"].
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Table 1. Summary of Porosity Measurements®
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gave surface areas for the frameworks from 1488 (for 3) to
2120m? g~! (for 1). The maximum pore volume, which is
the volume adsorbed at STP when P/P, approaches 1, ranges
from 0.63 (for 3) to 0.77 cm® g~! (for 1). However, compared
with the actual surface areas, the isotherm values are generally
small because of irregularities in the walls of the adsorbent.
The BET surface areas are generally 25-30% less than the
Langmuir surface areas, as is often recorded in the articles.
The difference between the values of the surface area obtained
with the BET and the Langmuir models results from the fact
that neither model adequately describes the nitrogen adsorp-
tion isotherms of microporous materials.

The effective pore size distributions by measuring argon gas
(using HK methods) are shown in Figure 6b. In each sample, a
single sharp peak is observed ca. 6.0 A, indicating that the
complexes have uniform micropores. The effective pore sizes
were 6.13, 5.96, and 6.18 A for materials 1, 2, and 3, respec-
tively.

Low-Pressure Hydrogen Adsorption. In general, the be-
havior of adsorption in a pore is different according to the di-
ameter of the pore. It is a known fact that the energy of the in-
teraction of hydrogen with adsorbent surfaces is low.?> How-
ever, the interaction potential can be enhanced in pores with
sizes close to that of the hydrogen molecule (ca. 0.3 nm)>* be-
cause of the overlap of the potential fields from the pore walls.
Therefore, pores that are slightly larger than a molecule’s di-
ameter are important for a high degree of hydrogen adsorption.

As expected from their large porosities, the materials adsorb
considerable amounts of hydrogen. Figure 7 shows the result-
ing hydrogen adsorption/desorption isotherms up to 0.1 MPa
at 77K. Under these conditions, hydrogen adsorption iso-
therms are not saturated because these temperatures are above
the critical temperature (33 K for hydrogen). The hydrogen ad-
sorption properties of all complexes are listed in Table 2. For
materials of this class, the hydrogen adsorption isotherms are
Type-1, as expected for microporous materials. Low-pressure,
high-resolution hydrogen adsorption measurements can pro-
vide useful information on gas—solid interactions between ad-
sorbate and adsorbent. A characteristic feature that is clearly
apparent from the hydrogen adsorption isotherm, shown in
Figure 7, is the different slopes of the curves in the low-pres-
sure range. All complexes in this study showed a faster rise in
hydrogen uptake than in Yaghi’s IRMOF-1.3 In general, the
lower pressure range (P/Py < 0.3) in the BET isotherms is
considered as the region where gas molecules cover the sur-
face almost exclusively as a monolayer. Therefore, it might

. N2ggr N2Lan N2y, N2gjia  Argia N
Materials /m2g~!  /m? g*g1 Jem? g~ /A /A per fu.P
Co(BDC)(DABCO), /5 1) 1595 2120 0.77 47 613 12,5
Cu(BDC)(DABCO); /> 2) 1300 1703 0.63 9.7 5.96 10.4
Zn(BDC)(DABCO), ), 3) 1165 1488 0.63 53 618 10.4
IRMOF-15¢13b 2900 3362 1.04 — — —
Kim’s Zn(BDC)(DABCO), ,'% 1450 2090 0.75 — — 12.3

a) Acronyms: N2ggr and N2 4, are the BET and Langmuir surface areas by measuring nitrogen gas; N2y,
is pore volume by measuring nitrogen gas; N24;, is pore diameter by measuring nitrogen gas; and Arg;, is
pore diameter by measuring argon gas. b) Formula units (f.u.) defined [M,(BDC),(DABCO)].
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be that the affinity of hydrogen molecules toward the frame-
works in this study is higher than in IRMOF-1. The maximum
amounts of storage hydrogen gas ranged from 1.54 wt % for 3
to 2.28 wt % for 1. These values are higher than are those of
IRMOF-1°° under the same conditions. The results showed that
no correlation existed between storage capacity and specific
surface area. This result might be attributed to the difference
in pore size, since complex 1-3 (ca. 6.0 A) possesses a smaller
size than does IRMOF-1 (ca. 8.0 A;325 This value is measured

by X-ray crystallography).

High-Pressure Hydrogen Adsorption. High-pressure hy-
drogen adsorption measurements were performed on a Sievert-
type apparatus using a static volumetric technique. Figure 8a
shows the resulting hydrogen adsorption/desorption isotherms
up to 10MPa at 77K. As expected, all complexes adsorbed
large amounts of hydrogen at low temperature. The isotherms
show a Type-1 profile with an initial steep increase in hydro-
gen uptake followed by a plateau at high pressures. There is a
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Figure 7. Hydrogen adsorption/desorption isotherms for
M@BDC)(DABCO);,, measured at 77 K and 0.1 MPa. Ad-
sorption data is indicated by filled circles, desorption data
by filled triangles, IRMOF-1 adsorption data'*® by open
diamonds, and Kim’s Zn(BDC)(DABCO);,, adsorption
data’ by open squares. Top: Co(BDC)(DABCO),;
Middle: Cu(BDC)(DABCO);,;; Bottom: Zn(BDC)-
(DABCO),».

hysteresis loop between adsorption and desorption under
1 MPa for 1. All complexes reached saturation under 10 MPa
at 77 K. The saturation uptakes vary widely: for 1, the uptake
at saturation is 4.11 wt % (4.42 MPa), for 2, the uptake at sat-
uration is 2.70 wt % (3.37 MPa), and for 3, the uptake at satu-
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ration is 3.17wt % (8.32MPa). Complex 1 showed superior
hydrogen adsorption at 77K and 0.1 MPa compared with
IRMOF-1. However, the quantity of maximum hydrogen
adsorption reversed under high-pressure (77K and 10 MPa)
because the mechanism of adsorption in microporous material
is pore filling in contrast to mono/multilayer adsorption. This
result reveals that the best MOFs for hydrogen storage based
on physisorption should possess a high pore volume.

Figure 8b shows the resulting hydrogen adsorption iso-
therms up to 10 MPa at 253, 273, 293, 313, and 333 K. The
hydrogen adsorption properties of all complexes are listed in
Table 2. At around room temperature, all complexes can only
adsorb very small amounts of hydrogen and exhibit a linear
uptake relationship (known as Henry’s law?®). Henry’s law is
predicted to be observed in the region of very low coverage,
where interaction between adsorbed molecules can be neglect-
ed and the only remaining interactions are those between sin-
gle molecules and the surface.?” Such types of isotherms are
typical for physical adsorption in microporous materials. The
fall of the quantity of hydrogen caused by the temperature in-
crease from 293 to 333 K of 1 and 2 were below 0.1 wt %. For
comparison, IRMOF-1 (ZnyO(BDC)3) was reported to have a
high-pressure hydrogen uptake <0.3 wt % of less than 6.5 MPa
at 77K.1%

Figure 9 shows that the maximum hydrogen uptake of each
MOF, corresponding to the plateau of the adsorption isotherm
of 77K, correlates almost linearly with the specific surface
area. Here, the specific surface area determined with the
BET model is considered. This is conventionally reported in
the literature even though not perfectly appropriate for micro-
porous materials. Nevertheless, these BET values can be con-
sidered for qualitative comparisons. This correlation is inde-
pendent of the framework structure and the central metal ions,
which are indicated in the figure.

Conclusion

We have reported on high-pressure hydrogen storage at var-
ious temperatures in three porous metal-organic frameworks
of lantern-type dinuclear M(BDC)(DABCO) /,. All complexes
were synthesized using a new procedure, the reactions of
which are reproducible and can be readily scaled up. These
complexes exhibit extremely high thermal stability under
vacuum.

Hydrogen adsorption/desorption measurements at 0.1 MPa
and up to 10 MPa, confirm high hydrogen adsorption in these
materials with excellent reversibility. At 77 K and high-pres-
sure, Co(BDC)(DABCO),,, has the highest storage capacity
(4.11 wt %, 4.42 MPa) of all complexes. At 77 K and low-pres-
sure, all complexes are promising hydrogen storage materials
because of the steep rise in the adsorption isotherms. In partic-
ular, the quantity of hydrogen adsorption of Co(BDC)-
(DABCO);/; was higher than that of IRMOF-1, Kim’s
Zn(BDC)(DABCO) », zeolites,” and activated carbons’ un-
der the same conditions. These results showed that high sur-
face area and more suitable pore size are important under
low-pressure. In addition, a higher porosity is important under
high-pressure. Therefore, the major challenge is to synthesize
MOFs having both an optimum pore size and high pore vol-
ume without decreasing the specific surface area. In contrast,
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Table 2. Summary of Hydrogen Gas Adsorption Data®

Hydrogen Adsorption Properties of MOFs

Materials N2ger HL77x HH77x HHas3x  HHz7;sx  HHzozx HH3;3x HHazzk Hy
/m2g7! /wt% /wt % JWt%®  Jwt %  jwt %P jwt%®  Jwt%®  per fu.®

Co(BDC)(DABCO); » 1€ 1595 228 4.11 (4.42MPa) 0.56 0.48 0.32 0.31 0.25 6.4
Cu(BDC)(DABCO), ,» 2) 1300 1.67 2.70 (3.37MPa) 0.63 0.59 0.42 0.28 0.33 4.8
Zn(BDC)(DABCO); > 3) 1165 1.54 3.17 (8.32MPa) 0.63 0.56 0.43 0.35 0.29 4.4
IRMOE-]13d.13¢ 2900 132 521 (4.54MPa) — — 0.289 — — 5.0
Kim’s Zn(BDC)(DABCO), '3 1450  2.01 — — — — — — 5.7
Zeolite (ZSM-5)** 445 1.97 — — — 0.38 — — —
Activated carbon?® 2564 — 4.5 (6.5MPa) — — <0.5 — — —

a) Acronyms: N2ggr, is the BET surface areas by measuring nitrogen gas, HL77x is the maximum amounts of H,
0.1 MPa, 77 K; HH77k is the maximum amounts of H, adsorbed at 10 MPa, 77 K; HH,53 ¢ is the maximum amounts of H, adsorbed
at 10 MPa, 253 K; HH,73 is the maximum amounts of H, adsorbed at 10 MPa, 273 K; HHj93k is the maximum amounts of H, ad-
sorbed at 10 MPa, 293 K; HH3;5 ¢ is the maximum amounts of H, adsorbed at 10 MPa, 313 K; HH333¢ is the maximum amounts of H,
adsorbed at 10 MPa, 333 K. b) High-pressure hydrogen adsorption data from 253 to 333 K are converted into 10 MPa. c¢) Formula
units (f.u.) defined [M,(BDC),(DABCO)]. The condisions are at 0.1 MPa, 77 K. d) Maximum amount of H, adsorbed at 6.5 MPa,

298 K.
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Figure 8. (a) Hydrogen adsorption/desorption isotherms for M(BDC)(DABCO); , measured at 77 K and 10 MPa. Adsorption data
is indicated by filled circles, desorption data by open circles. Top: Co(BDC)(DABCO);,; Middle: Cu(BDC)(DABCO);,,; Bot-
tom: Zn(BDC)(DABCO),». (b) Hydrogen adsorption isotherms for M(BDC)(DABCO),,, measured at various temperatures and
10MPa. Top: Co(BDC)(DABCO);,; Middle: Cu(BDC)(DABCO); »; Bottom: Zn(BDC)(DABCO) ;.
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Figure 9. Maximum hydrogen uptake at 77 K of different
MOFs versus their BET surface areas. The central metal
ions of the MOFs are indicated.

at around room temperature (293 K) and at high-pressure, the
hydrogen uptake is less than 0.5 wt %, which is reasonable
considering the weak interaction involved in physisorption. It
is not clear from the available results to date that increasing
the pressure will be sufficient to increase the adsorption ca-
pacity at around room temperature to a level similar to that
achieved at 77 K.

The results indicated that, at around room temperature, con-
ventional porous metal-organic frameworks could not store
the amount of hydrogen required for automotive applications.
However, much of the periodic table has yet to be explored in
pursuing open framework MOFs. We are currently exploring
the synthesis of new inorganic clusters with new pore structure
for high levels of hydrogen storage.
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