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We placed nanometer-scale water-tube clusters with phase

transition within a porous crystal formed from molecular

blocks specifically designed to investigate the molecular

dynamics of confined water molecules.

The dynamics and structure of water clusters1 confined to a

nanometer-scale environment are different from those of bulk

water and ice under ambient pressure.2 For example, intriguing

theoretical studies have been carried out for a one-dimensionally

ordered chain of water molecules,3 and it was found that new ice

phases not observed in bulk ice4 are present within a carbon

nanotube. Experiments have shown that a water decamer,

representing a fragment model of the ice phase Ic, can be stabilized

by noncovalent interactions.5 The lowering of the freezing point

of water confined to micropores such as those of zeolite,6 and

unusual viscosity on a thin water membrane bound to hydrophilic

slits7 were shown. Furthermore, neutron diffraction of a two-

dimensional water cluster bound to molecular sheets8 revealed an

interesting behaviour at variable temperatures in relation to mutual

interactions with the surface of the outer walls. We modelled the

creation of a new nanometer-scale water cluster in a molecule-

based nanoporous crystal in order to inspect the dynamics and

behaviour of water molecules under specific conditions.

We recently employed crystal engineering, which is known as a

method for controlling a crystal structure, to synthesize new

molecular building blocks of H-bonded metal complexes having

2,29-biimidazolate monoanion (Hbim21) as a ligand (Fig. 1S{).9

This Hbim21 system controls the multi-dimensionality of mole-

cular aggregations in the crystal by using difunctional ligands that

are bonded to a metal by coordinate-covalent interactions and to

each other by H-bonding interactions, as shown in Fig. 1a.10 To

confine water molecules within a nanometer-wide channel, we

propose a new design strategy that introduces H-bonding donor or

acceptor sites onto the surface of the channel framework. Thus, we

used two types of building blocks, trimesic acid (TMA32) and

[CoIII(H2bim)3]
3+, to construct a framework with mixed comple-

mentary intermolecular H-bonding between the building blocks.

By comparing the relative acid–base strength of the corresponding

chemical species, we predict that the complementary H-bonding is

a proton-transferred H-bond (Fig. 1b) and not a neutral one

(Fig. 1c).11 The oxygen atoms of TMA32 function as H-bonding

acceptor sites for the water molecules. Furthermore, the strength

of the mixed complementary H-bonding and the proton-accepting

ability of the oxygen atoms may be enhanced in the ionic structure

(Fig. 1b). This proton-transferred H-bonding structure is a new

supramolecular synthon of H-bonding.12

The preparation was obtained by mixing H3TMA and

[CoIII(H2bim)3](NO3)3 in alkaline water. It was allowed to stand

overnight at 45 uC, and we obtained orange crystals of 1

containing water molecules as a hexagonal prism with a frame-

work of TMA32 and [CoIII(H2bim)3]
3+ in a 1 : 1 ratio. In a similar

manner, crystals of 2 containing D2O were also prepared.

Compound 2 is merely a deuterated version of 1. Isolated crystals

of 1 and 2 were susceptible to the escape of confined water (or

heavy water) from the channels. Therefore, elemental analyses

were performed on the crystals after dehydrating them by vacuum

drying at 100 uC. The ratio of TMA32 to [CoIII(H2bim)3]
3+ is 1 : 1.

We performed an X-ray crystal structure analysis of 1 at room

temperature (23 uC) by placing 1 inside a glass capillary filled with

water vapour.13 The proton-transferred mixed complementary

H-bonding generated two types of honeycomb sheets; D and L

sheets between the D or L isomer of [CoIII(H2bim)3]3+ and
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Fig. 1 (a) Complementary H-bonds with two sets of NH donors and N

acceptors between neutral metal complexes with Hbim21 ligands, (b) ionic

H-bonds between the anionic acid and the cationic H2bim metal complex,

and (c) the complementary neutral H-bonds between a carboxyl acid and a

metal complex with Hbim21 ligands.
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TMA32, respectively (Fig. 2a and 2b, and Fig. 2S{). The D and L

sheets are stacked alternately along the c axis to realize the desired

channel frameworks with H-bonding acceptor sites. The channel

diameter, obtained by subtracting the van der Waals radius of the

framework, is estimated to be approximately between 15 and 16 Å.

The ratio of the channel volume to the unit cell volume is

approximately 63%. The electron densities on the oxygen atoms of

the water molecules are observed only near the outer wall of the

channel, but these values cannot be accurately ascertained at this

temperature due to the diffusion of the water molecules. (Figs. 3S

and 4S{).

The existence of confined H2O or D2O molecules was also

confirmed by thermogravimetry (TG) measurements, which were

carried out after coating the fragile crystals 1 and 2 with paraffin

liquid in air (Fig. 5S{). Hence, the number of H2O and D2O

molecules for [CoIII(H2bim)3](TMA) and [CoIII(D2bim)3](TMA)

units in crystals 1 and 2, respectively, is determined to be more

than twenty. Further, differential scanning calorimetry (DSC)

thermograms were performed between 210 uC and 260 uC at a

scan rate of 10 uC per min (Fig. 6S{). We observed a reversible

phase transition for 1 and 2 that showed exothermic peaks at

238.8 uC and 233.4 uC, respectively, during cooling, and

endothermic peaks at 228.3 uC and 222.8 uC, respectively, during

heating. The difference in the temperatures of these phase

transitions for 1 and 2 is almost comparable to the isotope effect

(ca. y5 uC under ambient pressure)14 on the freezing and melting

of H2O and D2O. This similarity suggests that the peaks of the

phase transitions in DSC are related to the condensation and

fusion of water molecules within the channels. The irreversible

endothermic peaks of 1 and 2 were also observed at 101.7 uC and

105.0 uC, respectively. The values of the freezing enthalpies15 of 1

(65.89 cal mol21) and 2 (58.22 cal mol21) were rather low as

compared with those of bulk ice (1436.3 cal mol21),14 indicating

that only a limited number of water molecules in the channels

participate in the water–ice transition. Therefore, the strong

H-bonded water molecules in the primary water tube probably

play a less important role in this transition; this is because in the

primary domain, these molecules are strongly H-bonded with the

oxygen atoms of TMA32 on the surface of the channels.

We also performed X-ray crystal structure analysis below the

phase transition temperature.13 Figs. 3, 4 and 4S{ show the crystal

Fig. 2 Schematic representations of the H-bonding networks of D-sheet

(a) and L-sheet (b).

Fig. 3 A perspective view along the c axis of crystal structures for 1

below the phase transition temperature of 275 uC: the view of the multi-

layered structure represents units of a channel-confining hierarchical ice-

like tube. Trimesic acids contained in the outer wall of the channel as

building blocks are shown by the blue spheres and solid lines. The yellow

spheres and solid lines describe H-bonding between water molecules in the

primary layer stabilized by strong interactions with the oxygen atoms

(white spheres) of the trimesic acid of the outer wall. For clarity,

H-bonding greater than 2.7 Å (i.e., the mean value of H-bonding distance)

was omitted. The red spheres and solid lines represent H-bonding between

water molecules in the secondary layer, and the green spheres show water

molecules in the tertiary domain, respectively.

Fig. 4 A view of the crystal structure for a unit of the three-layered ice

nanotube into 1 below the phase transition temperature of 275 uC. The

red solid lines describe H-bonding between water molecules in the primary

water-tube. The blue spheres and solid lines represent H-bonding between

water molecules in the secondary water-layer and the tertiary water

domain.

This journal is � The Royal Society of Chemistry 2006 Chem. Commun., 2006, 1274–1276 | 1275



structure of the hierarchical ice-like tube containing 1 at 275 uC.

The confined water molecules are recognized as a certain type of

‘‘multi-layered ice’’ composed of three-layered nanotube networks.

At 275 uC, the c axis of the crystal is three times as long as that at

23 uC; we believe that this is due to formation of the ice nanotube.

Thus, the structure of the water nanotube at 23 uC would be

essentially different from that of the ice nanotube. Such H-bonded

ice nanotube networks are held in the channel by additional

H-bonds between the water molecules in the primary water tube

and the oxygen atoms of TMA32 on the surface of the framework,

primary water tube, secondary water layer, and tertiary water

segment, as shown in Fig. 3S{. The H-bonded networks in the

primary layer are constructed from small cyclic structures; such as

pentagons, hexagons and octagons; they are also held to the

oxygen atoms on the channel framework by H-bonds. The

octagonal structure was not found in a normal clathrate hydrate.16

Interestingly, the secondary and tertiary water domains consist of a

poly-spiro chain in which a disordered water molecule and two

spiro hexagons are connected to each other by H-bonds (Fig. 4).

All the hexagons of the spiro chain have a chair–chair

conformation; this is found only in the fragment of the cubic ice

phase Ic and not in a hexagonal phase Ih, which comprises spiro

structures with chair–boat and boat–boat conformations (Fig. 5).17

The ice phase Ic is known to be stable below 280 uC at

atmospheric pressure.18 The spiro-bihexagon unit found in this

study is expected to be a suitable model for crystal embryo

formation at the ice phase Ic during heterogeneous nucleation;

further, it may also provide important information concerning ice

growth in this Ic phase under extreme conditions. A water

molecule that is still disordered at this temperature exists in the

connection between the spiro-bihexagons in the nanotube (O(40)

and O(40)*). In the two sites, one disordering water molecule is

located in the water cluster of a cyclic belt-like hexagon that

belongs to the primary layer. Since the cyclic belt-like cluster

consists of an exclusive space surrounded by six condensed

hexagons, the disordered water molecule would not condense for

the normal ice formation even at 275 uC. Thus, a repeating unit of

the ice nanotube is constructed for obtaining a large water cluster

with 60 H2O molecules that are connected by H-bonds. (The

primary tube is formed from 48 H2O molecules, and the secondary

and tertiary portions are formed from a total of 12 H2O

molecules.) On the other hand, at a low temperature, i.e., less

than 275 uC, an X-ray analysis for 1 reveals that it is now very

difficult to form a twin crystal as the temperature decreases. In

future, it is necessary to reveal the crystal structure of the ice

nanotube in the lower temperature region.

In this study, we have created a novel water-tube network

anchored in a 1D nanometer-scale channel framework. The

channels were constructed by designing molecular building blocks

for a new supramolecular synthon. The water molecules within the

tube structure demonstrate the intriguing tube-like ice-water phase

transition. This transition is caused by water molecules in the

secondary and tertiary domains, where dynamic structural changes

occur. In addition, water molecules in the secondary and tertiary

domains assist in generating the spiro-bihexagon and disordered

water molecule, which are stabilized by H-bonding below the

transition temperature. Above this temperature, the networks

transform to a highly disordered species, as observed by the X-ray

analysis. These findings represent the first reported description of

this unexpected property of water. Studies on confined water are

relevant to a number of biological processes including hydration of

a biological surface,18 dynamics of hydrated proteins,19 and the

mobility of water within biological pores.20 Thus, our synthetic

efforts using crystal engineering may contribute to a greater

understanding of the ice formation mechanism and the properties

of water and ice in a biological context.
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Fig. 5 The spiro-bihexagon units found in the hydrogen bonding

structure of two ice polymorphs of ice phases Ih and Ic: Ih is constructed

from two patterns of the chair-boat and boat-boat conformations, while,

Ic is constructed from only one pattern of the chair–chair conformation.
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