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Inclusion Compounds

Direct Observation of Hydrogen Molecules
Adsorbed onto a Microporous Coordination
Polymer**

Yoshiki Kubota,* Masaki Takata, Ryotaro Matsuda,
Ryo Kitaura, Susumu Kitagawa, Kenichi Kato,
Makoto Sakata, and Tatsuo C. Kobayashi

Hydrogen storage is an important technology and is indis-
pensable for the establishment of clean hydrogen energy
systems. Although various materials have been studied as
hydrogen-storage materials,!!! there is yet no decisive way to
store and release H, molecules efficiently. Adsorption of H,
molecules in metal-organic porous materials>®! is one of the
most promising candidates. To develop a rational synthetic
strategy for novel metal-organic porous materials that can
adsorb large amounts of H, molecules, the elucidation of the
intermolecular interactions between H, molecules and pore
walls is essential. Despite several investigations into novel
metal-organic porous materials as hydrogen-storage materi-
als,™ little is known about the effective interaction mecha-
nism and the fundamental structural characteristics of the
adsorbed H, molecules. In previous work,’) we determined
the assembled structure of O, molecules in nanochannels by
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in situ synchrotron powder diffraction, which allowed a good
understanding of the magnetic and adsorption behavior of O,
molecules. Therefore the structure determination of adsorbed
H, molecules should also provide us with much information
on physicochemical properties to allow a rational design and
synthesis of high-performance hydrogen-storage materials.
Although the weakest X-ray scattering amplitude of hydro-
gen made it difficult to determine the structure, the elusive
hydrogen can be observed by using a high-brilliance synchro-
tron light source and MEM (maximum entropy method)/
Rietveld charge-density analysis.®”! These techniques are
particularly suitable for systems in which the contribution
from heavy elements is not dominant. In a recent study on
metal hydrides,” the position of the hydrogen atoms was
determined and the bonding between the hydrogen atom and
the metal atom was revealed. Herein we report the first
successful direct observation of H, molecules adsorbed in the
nanochannels of metal-organic porous materials by in-situ
synchrotron powder diffraction experiment of gas adsorption
and MEM/Rietveld analysis.

The sample used in this study is [Cuy(pzdc),(pyz)].
(pzdc = pyrazine-2,3-dicarboxylate, pyz=pyrazine), which
has a pillared layer structure with uniform nanochannels of
4x6 AP We call it CPL-1 (coordination polymer 1 with
pillared layer structure). Figure 1 shows the variation of the
lattice parameters and the cell volume of CPL-1 with
hydrogen gas obtained by Rietveld analysis. Significant lattice
expansion occurred between 90 and 110 K. This can be
considered as the H, molecules being adsorbed in the
nanochannels of CPL-1. Changes in cell parameters are due
to the slight transformation of the CPL framework to
accommodate the adsorbed hydrogen molecules. The peak
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shifts and a slight profile broadening by the H, adsorption are
also seen in the powder pattern at 90 K. As a reference, the
powder diffraction pattern of CPL-1 without hydrogen gas
was also collected. The powder patterns of CPL-1 with and
without hydrogen gas at 90 K were analyzed (Figure 2).
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Figure 2. Synchrotron X-ray powder diffraction patterns of CPL-1 (90 K)
with hydrogen gas (102 kPa) and without hydrogen gas.

The structure was analyzed by using the MEM/Rietveld
method.! The amount of H, molecules adsorbed in CPL-1 at
90 K at 102 kPa was determined to be 0.3 molecules per Cu
atom from the measurement of the hydrogen-adsorption
isotherm. Thus, the atomic occupancy parameter of a hydro-

95.6 -
T 95.4
B/ 95.2 —
X
95.0 |
| T ] T T T T
80 100 120 140 160 180 200
T/IK —»
1015
1010
T 1005 —
3
V/ A" 1000 |
X
995

T T T T T T T
80 100 120 140 160 180 200

T/K —»

Figure 1. Variation of the lattice parameters and the cell volume of CPL-1 in hydrogen-gas adsorption. The black circles show the data with hydro-

gen gas and the crosses show the data without hydrogen gas.
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gen atom of a H, molecule was fixed as 0.3 in the Rietveld
analysis. The MEM calculation was carried out by the
computer program ENIGMA.®l The reliability (R) factors
based on the powder profile Ryp and the Bragg integrated
intensities R, for the final Rietveld analysis of CPL-1 with H,
gas were 2.45% and 3.33 %, respectively. The R factor based
on the structure factors in the final MEM analysis Rp was
1.86 %. The Ryp R;, and Ry for CPL-1 without H, gas were
2.21%, 3.89%, and 2.50 %, respectively.

Figure 3. MEM charge-density distributions of CPL-1 at 90 K as an
equidensity contour surface: a) without H, molecules, b) and c) with
adsorbed H, molecules, and d) close-up views around the adsorbed
H, molecule. The equidensity contour level is 0.11 e A~ in a), b), and
d) and 0.80 A~ in c). Charge densities of adsorbed H, molecules are
colored in blue. The green arrows indicate the direction of the nano-
channel of CPL-1. In c), the charge density within the unit cell is drawn
and the structural model is superimposed. Arrows indicate the hydro-
gen atoms of pyrazine in the CPL framework. The charge density of
adsorbed H, molecules is not seen at this level.
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The MEM charge density distributions of CPL-1 with and
without H, molecules are shown in Figure 3 as an equidensity
contour surface. In the MEM charge density of CPL-1 without
H, molecules (Figure 3 a), only the nanochannel structure was
clearly seen and no electron density was observed in the
nanochannels, even at lower electron-density levels. On the
other hand, in the MEM charge density of CPL-1 with H,
molecules (Figure 3b), the small peak maxima of the electron
densities with elongated shape distribution were observed in
the nanochannels. The number of electrons around the
density areas was calculated to be 0.6(1) e, which virtually
agrees with the initial estimated amount of adsorbed H,
molecules (0.3 ex2=0.6 ¢). Thus, we considered those to be
the densities of adsorbed H, molecules. It should be noted
that the position and the orientation of the H, molecules are
mean values obtained by statistical analysis. The charge-
density distribution of the adsorbed H, molecule is broader
than that of the hydrogen atoms of pyrazine in the CPL
framework (see Figure 3c) as a result of the large thermal
motion. The position of the H, molecule is found to be
displaced from the center of the nanochannel and is near the
corner of the rectangular nanochannels. They align in a zigzag
pattern to form a one-dimensional array along the nano-
channels. The H, molecule is positioned closely to the oxygen
atom (O1) of the carboxylate group (Figure 3d). The H,
molecules seem to be trapped in the concave spaces formed
by the O1 atoms and the hydrogen atoms H1 of the pyrazine
molecules of the CPL framework. The determined crystal
structure of CPL-1 with the adsorbed H, molecules is shown
in Figure 4.

Atlower temperature and/or higher gas pressure, more H,
molecules are expected to be adsorbed in CPL-1. In the case
of the adsorption of dilute hydrogen gas, it is interesting and

Figure 4. Crystal structure of CPL-1 with adsorbed H, molecules. The
adsorbed H, molecules and the oxygen atoms (O1) of the carboxylate
group in the framework are presented as blue dumbbells and red
balls, respectively. The adsorbed H, molecules randomly occupy the
site with a probability of 0.3.
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important to know where the first adsorbed H, molecule is
located in the nanochannel, because that will give us
structural information at the beginning stage of adsorption
phenomena in this system. The O1 atom to which the H,
molecule is close forms a coordination bond to the Cu" ion
and is slightly negatively charged. The Cu-OOC moiety is
associated with an attractive interaction site for H, mole-
cules.”) Interestingly, most metal-organic porous compounds
reported to date that behave as hydrogen-gas-storage materi-
als"! have similar metal-oxygen (M—O) bonded units. The
possibility that the interaction between the hydrogen mole-
cules and the M—O units is essential for H, adsorption should
be examined in the next stage of this work. Moreover the
pocket of the cavity formed by the carboxylate group and the
pyrazine unit is suited to the size of adsorbed H, molecules in
CPL-1. A pocket that is well-suited to the size of the adsorbed
molecule and a functional site from the Cu—-OOC moiety
could have an effect on the H, adsorption in this system. The
first direct observation of the H, molecules adsorbed in the
nanochannels of CPL-1 could give us promising guidelines for
designing hydrogen-gas-storage materials.

Experimental Section

The synthesis and crystal structure of CPL-1 are shown in the
previous paper.”?! The in situ synchrotron powder diffraction experi-
ment of hydrogen-gas adsorption was performed on the large Debye-
Scherrer camera installed at SPring-8 BL02B2,!'”! by using an imaging
plate as a detector. The wavelength of an incident X-ray was 0.800 A.
The amount of the adsorbed gas was controlled by changing the
temperature of the sample under a constant pressure of hydrogen gas
(102 kPa).

The space group was assigned as P2,/c. The cell parameters for
CPL-1 with H, gas determined by the Rietveld refinement were a =
47101(1) A, b=20.0289(2) A, c=10.7704(1) A, =95.472(2)°. The
cell parameters for CPL-1 without H, gas were determined as a=
47154(1) A, b=19.8268(2) A, ¢=10.7124(2) A, B =95.065(2)°.
CCDC-249301 (CPL-1 with adsorbed hydrogen) and CCDC-
249302 (CPL-1 without adsorbed hydrogen) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from
the Cambridge Crystallographic Data Centre, 12, Union Road,
Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or deposit@
ccde.cam.ac.uk).

Received: September 4, 2004
Published online: November 22, 2004

Keywords: hydrogen adsorption - metal—-organic frameworks -
microporous materials - structure elucidation - X-ray diffraction

[1] a) H. W. Langmi, A. Walton, M. M. Al-Mamouri, S. R. Johnson,
D. Book, J.D. Speight, P.P. Edwards, I. Gameson, P. A.
Anderson, 1. R. Harris, J. Alloys Compd. 2003, 356-357, 710 -
715; b) L. Schlapbach, A. Ziittel, Nature 2001, 414, 353 -358;
¢) P. Chen, Z. Xiong, J. Luo, J. Lin, K. L. Tan, Nature 2002, 420,
302-304; d) A. Ziittel, S. Rentsch, P. Fischer, P. Wenger, P.
Sudan, P. Mauron, C. Emmenegger, J. Alloys Compd. 2003, 356—
357, 515-520; e) M. Hirscher, M. Becher, M. Haluska, A.
Quintel, V. Skakalova, Y. Choi, U. Dettlaff-Weglikowska, S.
Roth, 1. Stepanek, P. Bernier, A. Leonhardt, J. Fink, J. Alloys
Compd. 2002, 330-332, 654-658; f) M. R. Smith,Jr., E. W.

Angew. Chem. 2005, 117, 942945

www.angewandte.de

Angewandte

Bittner, W. Shi, J. K. Johnson, B. C. Bockrath, J. Phys. Chem. B
2003, 107, 3752-3759; g) P. Sudan, A. Ziittel, P. Mauron, C.
Emmenegger, P. Wenger, L. Schlapbach, Carbon 2003, 41,2377 -
2383.
[2] M. Kondo, T. Okubo, A. Asami, S. Noro, T. Yoshitomi, S.
Kitagawa, T. Ishii, H. Matsuzaka, K. Seki, Angew. Chem. 1999,
111, 190-193; Angew. Chem. Int. Ed. 1999, 38, 140-143.
a) S. Noro, S. Kitagawa, M. Kondo, K. Seki, Angew. Chem. 2000,
112, 2161-2164; Angew. Chem. Int. Ed. 2000, 39, 2082 -2084;
b) K. Seki, Chem. Commun. 2001, 16, 1496-1497; c) M.
Eddaoudi, D. B. Moler, H. Li, B. Chen, T. M. Reineke, M.
O’Keeffe, O. M. Yaghi, Acc. Chem. Res. 2001, 34, 319-330.
[4] a) J.L. C. Rowsell, A. R. Millward, K. S. Park, O. M. Yaghi, J.
Am. Chem. Soc. 2004, 126, 5666 —5667; b) G. Férey, M. Latroche,
C. Serre, F. Millange, T. Loiseau, A. Percheron-Guégan, Chem.
Commun. 2003, 24, 2976-2977; c) P. M. Forster, J. Eckert, J.
Chang, S. Park, G. Férey, A. K. Cheetham, J. Am. Chem. Soc.
2003, 725, 1309-1312; d) D.N. Dybtsev, H. Chun, K. Kim,
Angew. Chem. 2004, 116, 5143-5146; Angew. Chem. Int. Ed.
2004, 43,5033 -5036; ¢) L. Pan, M. B. Sander, X. Huang, J. Li, M.
Smith, E. Bittner, B. Bockrath, J. K. Johnson, J. Am. Chem. Soc.
2004, 126, 1308 —-1309.
[5] R. Kitaura, S. Kitagawa, Y. Kubota, T. C. Kobayashi, K. Kindo,
Y. Mita, A. Matsuo, M. Kobayashi, H. Chang, T. C. Ozawa, M.
Suzuki, M. Sakata, M. Takata, Science 2002, 298, 2358 -2361.
a) M. Takata, E. Nishibori, M. Sakata, Z. Kristallogr. 2001, 216,
71-86; b) M. Takata, B. Umeda, E. Nishibori, M. Sakata, Y.
Saito, M. Ohno, H. Shinohara, Nature 1995, 377, 46-49; c) C.
Wang, T. Kai, T. Tomiyama, T. Yoshida, Y. Kobayashi, E.
Nishibori, M. Takata, M. Sakata, H. Shinohara, Nature 2000, 408,
426-4217.

[7] a) T. Noritake, M. Aoki, S. Towata, Y. Seno, Y. Hirose, E.
Nishibori, M. Takata, M. Sakata, Appl. Phys. Lett. 2002, 81,
2008-2010; b)S. Yamamura, S. Kasahara, M. Takata, Y.
Sugawara, M. Sakata, J. Phys. Chem. Solids 1999, 60, 1721 -1724.

[8] H. Tanaka, M. Takata, E. Nishibori, K. Kato, T. Iishi, M. Sakata,
J. Appl. Crystallogr. 2002, 35, 282 -286.

[9] When H, was introduced below its boiling point (20.3 K) to the
sample, the liquid H, filled up in the cavity and no information
on the attractive sites was obtained. In the structural determi-
nation described herein, a low pressure and high temperature
allowed a H, loading per unit that was low enough to explore a
specific attractive site among the functional groups in the cavity.

[10] M. Takata, E. Nishibori, K. Kato, Y. Kubota, Y. Kuroiwa, M.
Sakata, Adv. X-Ray Anal. 2002, 45, 377-384.

3

—

[6

—_

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chemie

945


http://www.angewandte.de

