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Abstract

A self-assembled, (H2O)38 cluster stabilized by a mono-nuclear copper(II) complex 1 namely {[Cu(phen)2(CO3)]�7H2O} is

characterized by X-ray diffraction studies. The adjacent (H2O)38 clusters connect together resulting in an infinite 2D water layer

structure. The water morphology is stable at room temperature, but upon thermal decomposition, the water loss is irreversible.
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Being water plays an indispensable role in life-sustaining processes, investigations on the structure, properties and

functions of water have received more attention than any other substance [1–3]. Structural studies on ‘‘discrete’’ water

clusters within the lattice of a crystal host have significantly advanced our knowledge toward the first step of

understanding the behavior of bulk water [4–6]. Growth of larger water clusters, and how these clusters link

themselves to form a larger network of water molecules is still a challenging scientific endeavor [7–9]. A surge of

publications dealing with the structure of some interesting polymeric water molecule motifs in crystal hydrates of

organic compounds and coordination complexes has appeared [10–14]. Very recently, two-dimensional (2D) water/ice

layers containing large 10-, 12-, 18- and 45-membered water rings have been observed in the solid state [15–19]. These

polymeric water morphologies, the size of which lies in between water clusters and bulk water, have physical

properties very closely associated with those of bulk water. Therefore, the above studies have significantly advanced

the understanding of water structures as well as provided novel structural aspects of water and new insights into water

with implications for biological environments. Herein, we describe the formation of an unprecedented, infinite 2D

water layer consisting of (H2O)38 clusters stabilized by a crystal host (complex 1), where each cyclic (H2O)38 cluster

consists of six five-membered rings and two four-membered rings. Hydrogen-bonding interactions between the 2D

layers of water and complex 1 create a unique, infinite through-channel.

Single-crystal diffraction analysis [20] reveals that 1 contains two phenanthroline ligands, one Cu(II), one

carbonate dianion, and seven free water molecules in the asymmetric unit. Four pyridine nitrogen atoms from two

phenanthroline ligand units and two oxygen atoms from carbonate dianion coordinated Cu(II), leading to an

octahedral geometry structure. There lies a bidentate binding mode of the carbonate ligand, the extension of these Cu–
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O bonds [Cu–O5 2.287(6) and Cu–O4 2.683 (6) Å] should ascribe to the Jahn–Teller effect. The complex 1 is

associated with free water molecules through O1–H� � �O9w, O2–H� � �O4w, O3–H� � �O4w and O3–H� � �O6w

hydrogen-bonding interactions form a 2D sheet structure in crystallographic [0 0 1] plane (Fig. 1). The 2D sheets are

further extended along [0 0 1] plane by hydrogen bonds among water molecules generating a 3D supramolecular

structure. (see supporting information, Fig. S2).

In order to investigate the function of organic–metal complexes stabilizing various water topologies in

environments resembling those in living systems, we have examined the topology structure of the supramolecular

assembly of the water molecules. Seven water molecules exist in coordination complex crystal host, which formed an

infinite 2D water layer in the [1 0 0] plane by hydrogen bonds. The 2D water layer is composed of a unique (H2O)38

cluster with symmetric center (Fig. 2), which is formed by a type of tetramer and a type of pentamer. Basically, the
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Fig. 1. 2D sheet structure in crystalographic ab plane (hydrogen atoms are omitted for clarity).

Fig. 2. The 2D layer of water is composed of a unique (H2O)38 clusters (hydrogen atoms are omitted for clarity).



(H2O)38 cluster unit is an assembly of six (H2O)5 and two (H2O)4 subunits. Water molecules connected together by

hydrogen bonds. According to the classification system of common aggregation states adopted by hydrogen-bonded

water molecules [21], this cycle (H2O)38 belongs to a L38(10)5(2)4(2)4(1) pattern, and it possesses D2d-symmetry.

Although the data collection for the complex 1 is carried out under liquid-nitrogen temperature conditions (100 K)

most of the water hydrogen atoms were never located, however, positions of the water molecules constituting the 2D

supramolecular architecture were determined unequivocally. The subunit (H2O)5 comprised five different oxygen

atoms (O6w, O7w, O8w, O9w, O10w) whose conformation is similar to cyclopentane with one water molecule raising

up above the plane formed by the other four oxygen atoms. The water pentamer topology described here is in

agreement with the puckered ring achieved from both experimental and theoretical studies by Liu et al. [22]. Adjacent

pentamers connected each other by the way of centers of inversion, these pentamers produce a 1D T4(2)5(2) water tape

along c axis via hydrogen bonds between O7w and O9w, O8w and O10w (see supporting information, Fig. S2).

Another (H2O)4 subunit is formed by two symmetry-related O4w and O5w presenting a rigid parallelogram geometry,

and the distances of the length and width, that is, the two distinct O4w� � �O5w distances are 2.843 and 2.939 Å,

respectively. The hydrogen bonds (O5w� � �O6w) link this parallelogram geometry (H2O)4 with the neighboring

(H2O)5 subunit along the b axis, and finally result in the formation of a big (H2O)38 cluster. However, we consider

‘‘bridged tetramers’’ are a more appropriate description for the (H2O)4 subunit, because the bond distance of

O5w� � �O6w is 2.930 Å, which is longer than O–O average bond distance (2.8398 Å) in (H2O)38 cluster. Formation of

the 2D water layered is generated by simple shift of the (H2O)38 cluster, when viewed down the a axis. Alternate

arrangement of the complex 1 and the 2D-layered water produce infinite through-channels along a direction. The CPK

diagram of the 3D supramolecules structure clearly shows that the phenyl rings of the coordination complex 1 are

located inside these channels.

Interestingly, the hydrogen-bonding motif of the 2D water layer of (H2O)38 clusters in the self-assembled system

presented herein, in which three water molecules (O6w, O4w, O9w) are involved in the formation of four hydrogen

bonds, and others (O5w, O7w, O8w, O10w) are involved in the formation of three hydrogen bonds. Apart from the

interactions with the surrounding cyclic water rings, the O4w water molecule of the tetramer has hydrogen-bonding

interaction with two oxygen atoms (O2, O3) of carbonate dianion in the complex 1. Whereas O6w and O9w water

molecule of pentamer are also forming O� � �O short contacts with the O3 and O1 of carbonate dianion, respectively, the

ranges of hydrogen bonds between waters and carbonate dianion are from 2.634 to 2.698 Å. The geometry of the 38-

membered basic ring is imposed by the cooperative effect which include Ow� � �Ow interactions between fused four-

and five-membered rings and O–H� � �Ow interactions among water molecules and complex 1.

In summary, we have characterized a novel 2D water layer structure composed by a unique (H2O)38 cluster. This

new (H2O)38 cluster has D2d symmetry structure. The manner of self-assembled tetrameric water and pentameric

clusters during the formation of (H2O)38 cluster is unprecedented. We believe that the water structure demonstrated

herein brings to a novel mode of the cooperation for water molecules self-assemble. This discovery is helpful in

improving the modeling of some of the unexplained properties of water.
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