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An icelike supramolecular structure is found in a self-
assembled quasi 3-D crystalline hydrate in-between the layers
of CuII tris(pyridylthio)methyl hydroxide complexes, which is
comparable with compressed pure ice III.

Water changes its structure depending on the confining cir-
cumstance as in the limited space, biological channels, and on
the surface of substances.1–3 Such polymorphs are essential to
the assembly of water molecules which controls the nature of
its existence in the particular environment. To understand such
behavior of water, many have attempted to elucidate the proper-
ties and structures in constrained phases separated by inter-
faces.1,2,4,5 The structural investigation of discrete water mole-
cules in organic/inorganic crystalline hydrates provides a direct
aspect into the networks of water molecules with the surround-
ings. They have been found in a discrete water hexamer,6 infinite
2-D layered water clusters of (H2O)45,

7 (H2O)12 rings in a 2-D
supramolecular icelike layer,8 a 2-D water cluster9 (and many
clathrates),10 and an ice layer.11

Recently, we found 2-D clathrate hydrates and 2-D water
sheets sandwiched by the layers of copper complexes of
[CuF(tptm)] (tptm = tris(pyridylthio)methyl) in a supramolecu-
lar structure.12,13 The structure is constructed with a strong
hydrogen-bonding interaction, concerted with a �–� stacking
between the complexes and weak van der Waals interactions
of the sulfur atoms between the layers of the complexes.

Here, we report the crystalline hydrate of 2[Cu(OH)(tptm)].
13H2O forming a massive icelike structure, which resembles the
ice III phase, sandwiched by layers of copper complexes
(Figure 1).14

Water molecules and the hydroxide ligands of the copper
complexes are hydrogen-bonded resulting in the formation of
sheet structure sandwiched by 2-D arrays of copper complex
molecules (Figures 2 and 3). Both sheets of the copper com-
plexes and water molecules are extended parallel to the (001)
plane, and they are stacked perpendicular to the (001) plane to
form an infinite layered structure. Although each sheet of the
copper complexes contains only one of the two crystallographi-
cally independent complexes, the sheets are almost identical.
Three pyridine rings in each copper complex are stacked with
pyridine rings of the neighboring complexes in the same sheet
in face-to-face and/or edge-to-face fashions.15

Water molecules are sitting in-between the planes formed by
the OH ligands coordinating to the copper atoms.

All water molecules are connected by hydrogen bonding to
form the quasi 3-D network while [CuF(tptm)] constructed the
2-D network with water molecules, in which each axial F ligand
was connected to O atoms via two H atoms. The array of the

water molecules resembles icelike structure with five- and six-
membered rings in the network, which is different from that of
ice Ih but resembles ice III16 (Figure 3, left). Consequently, the
hydrogen-bonded O���O distances of the water molecules ranged

Figure 1. Schematic representation and ORTEP drawing of
2[Cu(OH)(tptm)].13H2O. Two independent copper complex
molecules and thirteen water molecules exist in the asymmetric
unit. The hydrogen atoms of the complexes are omitted for clar-
ity. The hydrogen atoms of the water molecules could not be
located because of the positional disorder due to the crystallo-
graphic symmetries.

Figure 2. Crystal structure of 2[Cu(OH)(tptm)].13H2O viewed
along the a axis. Atoms are represented by colors: oxygen (red),
copper (brown), sulfur (yellow), carbon (white), and nitrogen
(blue).
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between 2.636(3) and 2.841(4) Å (2.77(5) Å average), and the
O���O���O angles are in the range of 85.46(13) to 147.2(16)�,
which are comparable to those in ice phases under high pressure
(Table S1).17 The density of water molecules in-between the
complex sheets is estimated to be ca. 1.1 g�cm�3, indicating
that the water molecules are thickly packed similar ice III
(Figure S1).17

The aggregated water molecules are held by the OH ligands
which are located in the (001) plane at regular intervals of
7.757(4) and 9.031(4) Å along the a and b axes, respectively.
In the interfacial region away from the OH ligands in the layer,
the C–H groups of the pyridine rings in the tptm ligands, which
stand nearly perpendicular to the plane of the 2-D sheet, have hy-
drophobic interaction with the water molecules (Figure 3, right).
The closest distance of the carbon atom in the pyridine ring
to the water oxygen atom CPyH���Owater is 3.280(6) Å for
C(5a)���O(3wa). In-between these interfacial regions, the water
molecules aggregated together forming a [54,62] minimum water
cluster, which are also supported by the OH ligand in the sheets
of the complexes.

The structural features of the water layer are quite similar to
a molecular dynamic simulation performed by Debenedetti and
co-workers.4 They predicted a crystalline phase between hydro-
phobic walls with a 6 Å separation and 0.5GPa or more. In our
case, the distance between the walls defined by the O atoms of
the hydroxide ligands on the complexes is 5.74(1) Å and the
walls have large hydrophobic area formed by the pyridine rings
of the tptm ligands. From this similarity to the ice phase III, the
pressure to the water phase in the crystal of the hydrated copper
complex can be estimated to be 0.5GPa, and the formation of
the icelike water clathrate is attributed to this ‘‘Hydrophobic
Wall’’ pressure. Such phenomena were observed and reported
also in aquaporin3 and on a precious metal surface such as Ru.5

The positions of the hydrogen atom of the OH ligand and
one of two hydrogen atoms of each of the two water molecules
just around the OH ligand were determined by X-ray crystallog-
raphy from the differential Fourier maps (Figure 1). The hy-
drated copper complex with three adjacent water molecules
can be reproduced by DFT calculation, which represents the ori-
entation of water molecules around the OH ligand.17 However,
in the crystallographic analysis, the positions of the other hydro-
gen atoms of the water molecules are disordered, and no peaks
were found because of the crystallographical symmetries and,

therefore, can not be determined. Based on the determined hy-
drogen atoms, some sets of orientations of the other hydrogen
atoms of the water molecules are logically determined. This
feature of the aggregated water molecules is similar to the nature
of ice III,16 i.e., the orientation of the hydrogen atoms cannot be
identified.

In summary, an icelike supramolecular structure was found
in a self-assembled quasi 3-D crystalline hydrate, which is com-
parable with the compressed pure ice phase III. Possibly, a pres-
sure-like effect is produced by the stacking of the water layer
between the hydrophobic interfaces constituted of the pyridine
groups of the tptm ligands. By the hydrogen bonding, the copper
complexes and water molecules are aggregated, self-assembled,
and layered with the help of the hydrophilic/hydrophobic inter-
actions, the van der Waals interaction, and the �–� interaction
between the copper complexes. These results provide useful
information to interpret the interactions of water molecules on
the surface at interfacial regions in biochemical systems.
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Chem., Int. Ed. 2004, 43, 3041.

10 W. L. Mao, H. Mao, A. F. Goncharov, V. V. Struzhkin, Q.
Guo, J. Hu, J. Shu, R. J. Hemley, M. Somayazulu, Y. Zhao,
Science 2002, 297, 2247.

11 C. Janiak, T. G. Scharmann, J. Am. Chem. Soc. 2002, 124,
14010.

12 R. Miyamoto, R. T. Hamazawa, M. Hirotsu, T. Nishioka, I.
Kinoshita, L. J. Wright, Chem. Commun. 2005, 4047.

13 I. Kinoshita, H. Hashimoto, T. Nishioka, R. Miyamoto, N.
Kuwamura, Y. Yoshida, Photosynth. Res. 2008, 95, 363.

14 Crystallographic data reported in this manuscript have been
deposited with Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-696253. Copies of
the data can be obtained free of charge via www.ccdc.cam.ac.
uk/conts/retrieving.html (or from the Cambridge Crystallo-
graphic Data Centre, 12, Union Road, Cambridge, CB2 1EZ,
UK; fax: +44 1223 336033; or deposit@ccdc.cam.ac.uk).

15 M. Scudder, I. Dance, Chem.—Eur. J. 2002, 8, 5456.
16 C. Knight, S. J. Singer, J. Chem. Phys. 2006, 125, 064506.
17 Supporting Information is available electronically on the

CSJ-Journal Web site, http://www.csj.jp/journals/chem-lett/
index.html.

Figure 3. Hydrogen-bonding network: the oxygen atoms of the
water molecules and the hydroxide ligands are represented by
red and green, respectively (left), and the 2-D array of copper
complex molecules (right).
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