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ABSTRACT: One of the dominant types of interactions
between host and guest molecules is hydrogen-bonding, and
these interactions can work selectively for a guest molecule.
Here, we demonstrate a metal�organic framework (MOF)
having both hydrogen-bonding donor and acceptor sites
that are quite effective for selective sorption. The MOF
selectively interacts with hydroxylic guests in contrast to
aprotic hydrogen-bonding guests and shows a sorption
selectivity for protic H2O, MeOH, and EtOH guests.
Notably, this is the first compound that shows complete
selectivity in adsorption not forMeCN andMeCHObut for
EtOH, which has similar fundamental properties except for
its proticity.

The rational design and construction of metal�organic frame-
works (MOFs) is an active current topic in solid-state

chemistry because of the specific properties of these compounds,
such as their gas sorption,1 heterogeneous catalysis,2 magnetic,3

and conductive properties.4 The porous frameworks of desig-
nable MOFs have regular pores and internal surfaces, which
provide the opportunity for them to interact with various guest
molecules via optimally tuned hydrophilic, hydrophobic, and
electrostatic interactions.5 In particular, hydrogen-bonding has
emerged as a promising interaction in MOFs and can confer
unique properties, such as proton conductivity,6 dielectricity,7

and sorption selectivity.1b,2d,5c,8

We have focused on the selective sorption properties of MOFs
using hydrogen-bonding interactions. Hydrogen bonds work
selectively for specific molecules having hydrogen-bonding func-
tional groups such as hydroxyl, carbonyl, and nitrile groups; their
configuration depends on the combination of these groups.Well-
designed MOFs having accessible hydrogen-bonding sites and a
suitable geometry for the target molecule can selectively bind to
these hydrogen-bonding guests. Therefore, they have the poten-
tial to recognize specific molecules independently of their
fundamental properties, such as size, polarity, and boiling point.
So far, sorption selectivity in MOFs has been investigated for
functional-group recognition using two types of hydrogen
bonds,1b,2d,5c,8 those formed between a hydrogen-bonding donor
site on the host and an acceptor site on the guest,2d,5c and those
formed between an acceptor host and a donor guest.8 However,
MOFs containing either of these types of hydrogen bonds
show only a size-dependent selectivity among polar solvents

(e.g., MeOH over MeCN, and MeOH over EtOH).8 It has been
suggested that functional-group recognition in hydrogen-bond-
ing MOFs requires a more elaborate design and construction of
such MOFs to enhance the hydrogen-bonding interaction spe-
cific to the target functional group.

In this work, we have demonstrated hydroxyl group recogni-
tion of protic solvents by employing a layered MOF, (H2dab)-
[Zn2(ox)3] 3 6H2O (ox = oxalate and dab = 1,4-diaminobutane),
that has a combination of hydrogen-bonding donor and acceptor
sites to provide a suitable geometry for hydroxylic guests. This
system is selective toward the hydroxyl group of a guest in
contrast to other potential hydrogen-bonding groups, such as
carbonyl and nitrile groups, because the hydroxyl group has both
hydrogen-bonding donor and acceptor sites that form two types
of hydrogen bonds concurrently. This MOF clearly shows
complete selectivity for protic guests of H2O, MeOH, and EtOH
over other hydrogen-bonding guests, such as MeCN and Me-
CHO, which are smaller than EtOH.

Single crystals of (H2dab)[Zn2(ox)3] 3 6H2O (1 3 6H2O) were
hydrothermally synthesized from a mixture of zinc oxide, oxalic
acid, and 1,4-diaminobutane with water as the solvent (details are
provided in the Supporting Information (SI)). The crystal
structure of 1 3 6H2O was determined using single-crystal X-ray
diffraction (SCXRD) and is shown in Figure 1. The zinc ions are
octahedrally coordinated by three oxalate ions, and the oxalate
ligands bridge zinc ions to form an infinite two-dimensional
(2-D) layer framework of [Zn2(ox)3]

2�
∞. The H2dab ions are

incorporated as counterions in the voids of the honeycomb
framework. As a result, the �NH3

+ groups of the H2dab
dications and the O atoms of the ox ions are located between
the 2-D layers as hydrogen-bonding donors and acceptors,
respectively. From a thermogravimetric analysis, H2dab ions were
found to be stably trapped in the frameworks up to the decom-
position temperature of the MOF, 300 �C. Therefore, the H2dab
ions are considered to be a part of the host.

Figure 1c shows the guest arrangement and hydrogen bonds
between the host and the water molecules in interlayer space.
The positions of hydrogen atoms were refined using SCXRD,
and the results show a reasonable geometry (see the SI). These
hydrogen bonds were classified into three types, as color-coded
in Figure 1c: (1) to the donor site of�NH3

+, (2) to the acceptor
site of the oxalate, and (3) to neighboring guest molecules. The
average hydrogen-bonding distances ofN�H 3 3 3OandO�H 3 3 3O
are 2.88 and 2.82 Å, respectively, indicating an effective interaction
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of the host with the hydroxyl groups, according to a previous
report.9 All the guest molecules concurrently form two types of
hydrogen bonds according to (1) and (2) above (denoted by the
yellow and light blue dotted lines in Figure 1c, respectively). This
result indicates that hydroxyl groups can form both types of
hydrogen bonds with this host, and the interlayer space of 1
potentially has the ability to recognize the hydroxylic groups of
protic guests by the plural hydrogen bonds.

To examine the selectivity toward hydroxylic guests, we mea-
sured adsorption/desorption isotherms of several guests having
various sizes, degrees of polarization, and functional groups
(Figure 2). The fundamental parameters of the adsorbents are
shown in Table 1.1b,10 This compound showed a high degree of
adsorption toward the protic guests H2O, MeOH, and EtOH.
However, no adsorption was observed for the other guests
studied: H2, N2, MeCN, MeCHO, Me2CO, Me2CHOH, PrOH,
and BuOH. This result indicates two tendencies for this com-
pound. One is the clear tendency to bind specific guests having
hydroxyl groups, independently of molecular size and polarity;
the other is that 1 does not adsorb hydroxylic guests that are
larger than EtOH. Notably, EtOH is well adsorbed in 1 com-
pared with MeCN and MeCHO, which are smaller polar
molecules. It should be also noted that MeCN and EtOH have
similar boiling points (MeCN bp = 81.6 �C, EtOH bp = 78.3 �C).
To the best of our knowledge, this is the first compound that
shows complete selectivity in its adsorption of EtOHoverMeCN
and MeCHO. These results show the ability for hydroxyl group
recognition in this MOF, and this can be explained by the ability
of this MOF to form multiple hydrogen bonds with the hydroxyl

groups. Thus, protic polar solvents can be successfully separated
from aprotic solvents by their proticity.

This compound showed sharp increases in its sorption
isotherms for H2O, MeOH, and EtOH, with large hysteresis.
In the case of H2O, a two-step adsorption/desorption isotherm
was observed that had a hysteresis loop in each step. The
amounts of adsorbent in these steps were 99 and 291 cm3 g�1,
which correspond to 2.1 and 6.3 water molecules per formula,
respectively, suggesting the existence of stoichiometric dihydrate
and hexahydrate phases. This is consistent with the results of our
SCXRD analysis, which indicated that 1 could adsorb six water
molecules in its interlayer. We also confirmed the structure of
1 3 2H2O from our SCXRD measurements performed after air
drying of 1 3 6H2O. As shown in Figure S1, two water molecules
were also bound by the hydrogen-bonding donor and acceptor
sites of the host, and thismay contribute to the adsorption observed
in the low-pressure region. In addition, the �NH3

+ groups of the
host formed hydrogen bonds with the ox ions of the neighboring
layers in 1 3 2H2O, resulting in a shrinking of the periodic distance
between the layers of 1 3 2H2O (6.34 Å) compared to 1 3 6H2O
(7.45 Å). It is suggested that there is competition between the two
different trends. The first is the shrinking of interlayer spacing on
the formation of hydrogen bonds between the hosts, and this also
contributes to the electrostatic stabilization of the framework. The
second trend is the expansion induced by the inclusion of the
hydroxylic guests and the formation of hydrogen bonds to them.
From a void analysis using PLATON software package,11 no
accessible pore was found in the host in 1 3 2H2O, whereas
1 3 6H2O showed a void volume of 22.1% per unit volume, owing
to a narrowing of the interlayer space.

In the case of MeOH and EtOH, single-step adsorption
profiles with a sharp rise were observed, and the amounts of
MeOH (186 cm3 g�1) and EtOH (139 cm3 g�1) adsorbed
corresponded to 4.0 and 3.0 molecules per formula, respectively.
Each sample with these guests showed sharp X-ray powder
diffraction (XRPD) patterns that were different from those of
the other samples, indicating the existence of a separate crystal-
line phase of 1 3 4MeOH and 1 3 3EtOH. We confirmed the
crystal structure of 1 3 4MeOH from a Rietveld analysis (see
the SI), which indicates that theMeOHmolecules were adsorbed
in the interlayer and triggered an expansion of the layers
accompanied by the formation of hydrogen bonds with the ox
and H2dab ions. Although the XRPD pattern of 1 3 3EtOH was

Figure 1. (a) Honeycomb layer framework of [Zn2(ox)3]
2�

∞ and
incorporated H2dab ions. (b) Perspective view along a layer. The guest
molecules are omitted. (c) Arrangement of hydrogen bonds around the
guest molecules. The yellow, light blue, and brown dotted lines denote
the hydrogen bonds to the donor sites of the host, to the acceptor sites of
the host, and between the guests, respectively. Red, green, gray, blue,
and white correspond to oxygen, nitrogen, carbon, zinc, and hydrogen
atoms, respectively.

Figure 2. Sorption isotherms of 1 for several guest molecules. Themea-
surements were performed at 298 K, except for H2 (77 K), N2 (77 K),
and MeCHO (288 K).
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similar to that of 1 3 4MeOH, it was not well fitted using the
crystal data of 1 3 4MeOH. This may be because the odd number
of EtOH molecules gives a different unit cell for 1 3 3EtOH.

Anhydrate 1 did not show any adsorption behavior toward
small gaseous molecules, such as H2 and N2, and the structure of
1 was assumed to be nonporous. From the XRPD data, all the
phases under each adsorption condition were found to be
crystalline. A Pawley fitting of the XRPD data (see the SI)
indicates that the unit cell of 1 shrank compared to that of
1 3 2H2O, whose framework does not have enough space to allow
adsorption to occur, and the space between the layers in 1 is
assumed to be too narrow to adsorb any guests. Thus, the
absorption behavior of this MOF can be recognized as a gate-
open type, with a closed�open structural transformation that
enhances selectivity by prohibiting the adsorption of nontarget
molecules.12 Large protic guests such as propanol and butanol
did not transform 1 into the open form and so were not adsorbed.
The loss of electrostatic energy derived from the expansion
process is considered to exceed the energy gain from the
formation of hydrogen bonds to the guests. Both a large
molecular size and a small number of hydroxyl groups per
molecular volume are assumed to be unfavorable to the adsorp-
tion process in this MOF.

In summary, we have demonstrated that a layered MOF
having hydrogen-bonding donor and acceptor sites in its inter-
layer space clearly shows a sorption selectivity for hydroxyl guest
molecules. This MOF is an important example of a hydrogen-
bondingMOF showing an ability for hydroxyl group recognition.
Notably, this is the first compound to indicate a complete
selectivity in its adsorption of EtOH over MeCN and MeCHO.

’ASSOCIATED CONTENT

bS Supporting Information. Synthetic procedure, physical
measurements, and XRD measurements; X-ray crystallographic
files in CIF format. This material is available free of charge via the
Internet at http://pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
kitagawa@kuchem.kyoto-u.ac.jp

’ACKNOWLEDGMENT

Synchrotron XRPD measurements were supported by High
Energy Accelerator Research Organization (KEK), Japan
(Proposal No. 2008G068). This work was partly supported by
the JSPS Research Fellowships for Young Scientists No. 21 3 4405,

and Grants-in-Aid for Scientific Research Nos 20350030 and
22108526.

’REFERENCES

(1) (a) Murray, L. J.; Dinca, M.; Long, J. R. Chem. Soc. Rev. 2009,
38, 1294–1314. (b) Li, J. R.; Kuppler, R. J.; Zhou, H. C. Chem. Soc. Rev.
2009, 38, 1477–1504. (c) Morris, R. E.; Wheatley, P. S. Angew. Chem.,
Int. Ed. 2008, 47, 4966–4981. (d) Chae, H. K.; Siberio-Perez, D. Y.; Kim,
J.; Go, Y.; Eddaoudi, M.; Matzger, A. J.; O’Keeffe, M.; Yaghi, O. M.
Nature 2004, 427, 523–527. (e) Ferey, G.; Mellot-Draznieks, C.; Serre,
C.; Millange, F.; Dutour, J.; Surble, S.; Margiolaki, I. Science 2005,
309, 2040–2042. (f) Chen, B.; Ockwig, N. W.; Millward, A. R.;
Contreras, D. S.; Yaghi, O. M. Angew. Chem., Int. Ed. 2005,
44, 4745–4749.

(2) (a) Seo, J. S.; Whang, D.; Lee, H.; Jun, S. I.; Oh, J.; Jeon, Y. J.;
Kim, K. Nature 2000, 404, 982–986. (b) Wu, C.-D.; Hu, A.; Zhang, L.;
Lin, W. J. Am. Chem. Soc. 2005, 127, 8940–8941. (c) Zou, R.-Q.; Sakurai,
H.; Xu, Q. Angew. Chem., Int. Ed. 2006, 45, 2542–2546. (d) Hasegawa,
S.; Horike, S.; Matsuda, R.; Furukawa, S.; Mochizuki, K.; Kinoshita, Y.;
Kitagawa, S. J. Am. Chem. Soc. 2007, 129, 2607–2614. (e) Horike, S.;
Dinca, M.; Tamaki, K.; Long, J. R. J. Am. Chem. Soc. 2008,
130, 5854–5855. (f) Wu, C.-D.; Lin, W. Angew. Chem., Int. Ed. 2007,
46, 1075–1078.

(3) (a) Kurmoo, M. Chem. Soc. Rev. 2009, 38, 1353–1379.
(b) Tamaki, H.; Zhong, Z. J.; Matsumoto, N.; Kida, S.; Koikawa, M.;
Achiwa, N.; Hashimoto, Y.; Okawa, H. J. Am. Chem. Soc. 1992,
114, 6974–6979. (c) Ohba, M.; Okawa, H. Coord. Chem. Rev. 2000,
198, 313–328. (d) Shiga, T.; Okawa, H.; Kitagawa, S.; Ohba, M. J. Am.
Chem. Soc. 2006, 128, 16426–16427. (e) Kaneko, W.; Ohba, M.;
Kitagawa, S. J. Am. Chem. Soc. 2007, 129, 13706–13712. (f) Agusti,
G.; Ohtani, R.; Yoneda, K.; Gaspar, A. B.; Ohba, M.; Sanchez-Royo, J. F.;
Munoz, M. C.; Kitagawa, S.; Real, J. A. Angew. Chem., Int. Ed. 2009,
48, 8944–8947.

(4) (a) Takaishi, S.; Hosoda, M.; Kajiwara, T.; Miyasaka, H.;
Yamashita, M.; Nakanishi, Y.; Kitagawa, Y.; Yamaguchi, K.; Kobayashi,
A.; Kitagawa, H. Inorg. Chem. 2009, 48, 9048–9050. (b) Kitagawa, H.;
Onodera, N.; Sonoyama, T.; Yamamoto, M.; Fukuwa, T.; Mitani, T.;
Seto, M.; Maeda, Y. J. Am. Chem. Soc. 1999, 121, 10068–10080.
(c) Otsubo, K.; Kobayashi, A.; Kitagawa, H.; Hedo, M.; Uwatoko, Y.;
Sagayama, H.; Wakabayashi, Y.; Sawa, H. J. Am. Chem. Soc. 2006,
128, 8140–8141. (d) Fuma, Y.; Ebihara, M.; Kutsumizu, S.; Kawamura,
T. J. Am. Chem. Soc. 2004, 126, 12238–12239. (e) Bureekaew, S.; Horike,
S.; Higuchi, M.; Mizuno, M.; Kawamura, T.; Tanaka, D.; Yanai, N.;
Kitagawa, S. Nat. Mater. 2009, 8, 831–836. (f) Hurd, J. A.; Vaidhya-
nathan, R.; Thangadurai, V.; Ratcliffe, C. I.; Moudrakovski, I. L.;
Shimizu, G. K. H. Nat. Chem. 2009, 1, 705–710.

(5) (a) Shimomura, S.; Horike, S.; Matsuda, R.; Kitagawa, S. J. Am.
Chem. Soc. 2007, 129, 10990–10991. (b) Higuchi, M.; Tanaka, D.;
Horike, S.; Sakamoto, H.; Nakamura, K.; Takashima, Y.; Hijikata, Y.;
Yanai, N.; Kim, J.; Kato, K.; Kubota, Y.; Takata, M.; Kitagawa, S. J. Am.
Chem. Soc. 2009, 131, 10336–10337. (c) Kitaura, R.; Fujimoto, K.; Noro,
S.; Kondo, M.; Kitagawa, S. Angew. Chem., Int. Ed. 2002, 41, 133–135.
(d) Otsubo, K.; Wakabayashi, Y.; Ohara, J.; Yamamoto, S.; Matsuzaki, H.;

Table 1. Fundamental Parameters of the Adsorbentsa

aDipole moments were estimated using DFT calculations, except for water. “P” and “A” in proticity indicate “protic” and “aprotic”, respectively.



11053 dx.doi.org/10.1021/ja203291n |J. Am. Chem. Soc. 2011, 133, 11050–11053

Journal of the American Chemical Society COMMUNICATION

Okamoto, H.; Nitta, K.; Uruga, T.; Kitagawa, H. Nat. Mater. 2011,
10, 291–295.
(6) (a) Sadakiyo, M.; Yamada, T.; Kitagawa, H. J. Am. Chem. Soc.

2009, 131, 9906–9907. (b) Okawa, H.; Shigematsu, A.; Sadakiyo, M.;
Miyagawa, T.; Yoneda, K.; Ohba, M.; Kitagawa, H. J. Am. Chem. Soc.
2009, 131, 13516–13522. (c) Yadama, T.; Sadakiyo, M.; Kitagawa, H.
J. Am. Chem. Soc. 2009, 131, 3144–3145. (d) Taylor, J. M.; Mah, R. K.;
Moudrakovski, I. L.; Ratcliffe, C. I.; Vaidhyanathan, R.; Shimizu, G. K. H.
J. Am. Chem. Soc. 2010, 132, 14055–14057. (e) Ohkoshi, S.; Nakagawa,
K.; Tomono, K.; Imoto, K.; Tsunobuchi, Y.; Tokoro, H. J. Am. Chem. Soc.
2010, 132, 6620–6621. (f) Shigematsu, A.; Yamada, T.; Kitagawa, H.
J. Am. Chem. Soc. 2011, 133, 2034–2036.
(7) (a) Jain, P.; Ramachandran, V.; Clark, R. J.; Zhou, H. D.; Toby,

B. H.; Dalal, N. S.; Kroto, H.W.; Cheetham, A. K. J. Am. Chem. Soc. 2009,
131, 13625–13627. (b) Cui, H.; Zhou, B.; Long, L. S.; Okano, Y.;
Kobayashi, H.; Kobayashi, A. Angew. Chem., Int. Ed. 2008, 47,
3376–3380.

(8) (a) Kitagawa, S.; Uemura, K. Chem. Soc. Rev. 2005, 34, 109–119.
(b) Ghosh, S. K.; Azhakar, R.; Kitagawa, S. Chem. Asian J. 2009,
4, 870–875. (c) Maji, T. K.; Uemura, K.; Chang, H. C.; Matsuda, R.;
Kitagawa, S.Angew. Chem., Int. Ed. 2004, 43, 3269–3272. (d)Maji, T. K.;
Mostafa, G.; Matsuda, R.; Kitagawa, S. J. Am. Chem. Soc. 2005,
127, 17152–17153. (e) Ghosh, S. K.; Bureekaew, S.; Kitagawa, S. Angew.
Chem., Int. Ed. 2008, 47, 3403–3406.

(9) Kuleshova, L. N.; Zorkii, P. M. Acta Crystallogr. 1981, B37,
1363–1366.

(10) (a) Li, S.; Tuan, V. A.; Falconer, J. L.; Noble, R. D.Microporous
Mesoporous Mater. 2003, 58, 137–154. (b) Tuan, V. A.; Li, S.; Falconer,
J. L.; Noble, R. D. Chem. Mater. 2002, 14, 489–492. (c) Halasz, I.;
Agarwal, M.; Marcus, B.; Cormier, W. E.Microporous Mesoporous Mater.
2005, 84, 318–331. (d)Maji, T. K.; Pal, S.; Gurunatha, K. L.; Govindaraj,
A.; Rao, C. N. R. Dalton Trans. 2009, 4426–4428. (e) Gregory, J. K.;
Clary, D. C.; Liu, K.; Brown, M. G.; Saykally, R. J. Science 1997, 275,
814–817.

(11) Spek, A. L. J. Appl. Crystallogr. 2003, 36, 7–13.
(12) (a) Kitagawa, S.; Kitaura, R.; Noro, S. Angew. Chem., Int. Ed.

2004, 43, 2334–2375. (b) Shimomura, S.; Higuchi, M.; Matsuda, R.;
Yoneda, K.; Hijikata, Y.; Kubota, Y.; Mita, Y.; Kim, J.; Takata, M.;
Kitagawa, S. Nat. Chem. 2010, 2, 633–637.


