
A Planar Water Tetramer with Tetrahedrally Coordinated Water Embedded in
a Hydrogen Bonding Network of [Tc 4(CO)12-(µ3-OH)4·4H2O]

Maaz Zuhayra,*,† Willm Uwe Kampen,† Eberhard Henze,† Zsolt Soti,† Laslo Zsolnai,‡
Gottfried Huttner,‡ and Franz Oberdorfer§

Klinik für Nuklearmedizin U-K Schleswig Holstein, Campus Kiel, Arnold-Heller-Strasse 9, D-24105 Kiel,
Anorganisch-Chemisches Institut der UniVersität Heidelberg, Im Neuenheimer Feld 270, D-69120 Heidelberg, and

Synthra GmbH, Donnersbergweg 1, D-67059 Mannheim, Germany

Received October 30, 2005; E-mail: mzuhayra@nuc-med.uni-kiel.de

Water is the basis of life. It plays a crucial role in many biological
and chemical processes.1 Because its chemical and physical
properties are primarily determined by the strong hydrogen bonds
formed by oxygen and hydrogen, it is of enormous importance to
understand the nature of the hydrogen bridges of bulky water,2 not
only to explain numerous anomalies of water but also to gain a
better insight into the world of many biomolecules which achieve
their effect by interaction with structured water.3 The key here is
to understand the bonding relationships in small water clusters.2

The importance of these unusual compounds as model molecules
for water has been emphasized in numerous theoretical4 and
experimental studies.5-9 Here the cyclic water tetramer plays a
significant role as a simple two-structure model for understanding
liquid water and ice.10 On the basis of theoretical ab initio
calculations, it has been possible to calculate different configurations
of the water tetramer11 (which were also subsequently detected
crystallographically) for the most part embedded in different
matrixes.12 The maximum tetrahedral coordination of the water
molecule in the tetramers has, however, not yet been detected.

This study describes for the first time a virtually planar water
tetramer in which the water molecules are virtually tetrahedrally
coordinated in a three-dimensional network through hydrogen
bonds. The network could be produced by the cocrystallization of
[Tc(CO)3-(µ3-OH)]4 (1) and water.

As shown in Figure 1 the complementary components, the water
tetramer (O10-O10A-O10B-O10C) and the cubic cluster1,
independently of one another, form two interpenetrating tetragonal
lattice networks held together exclusively by hydrogen bonds. The
amphiphilic behavior of cluster1 and water results in a highly
ordered three-dimensional network, [1‚4(H2O)]n.13 To our knowl-
edge this constitutes the first example of a network structure formed
as a result of the cocrystallization of an amphiphilic metal-organic
complex and water through multiple hydrogen bridge donor and
acceptor functions. As shown in Figures 1 and 2, it is also unusual
that, in the water tetramers, on one hand the water molecules are
linked together via hydrogen bonds in the same way as tetramers
in the gas phase,14 and on other hand the tetramer itself is embedded
in a virtually tetrahedral network such as that known from ice
structures.15

Within the network [1‚4(H2O)]n the water tetramers (H2O)4 are
orientated in planes perpendicular to the main axis, C. This also
applies to the midpoints of the molecules of1. When forming the
system, the rigidµ3-OH groups of1 act as hydrogen bridge donors
in the sense of a Lewis acid toward the free electron pairs of the
oxygen in the water tetramers. At the same time, the oxygen atoms

of the axial carbonyl groups behave as hydrogen bond acceptors
in the sense of a Lewis base toward the free protons of the water
tetramers. Thus, eight cubes are interlinked via each H2O tetramer.

The oxygen atoms within the (H2O)4 ring are in the corners of
a square that is folded by 15° along the diagonals (Figure 2). While
the O-H-O bonds, with angles of 170.9°, only deviate slightly
from linearity within the (H2O)4 ring, the other two hydrogen bonds
with 1 form for steric reasons angles of 162.1° and 162.6° (Table
1). The O-O distance of approximately 294 pm for the hydrogen
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Figure 1. Network [1‚4(H2O)]n. View along thec-axis.

Figure 2. Water tetramer in its immediate environment. Each oxygen atom
within the virtually planar water tetramer is tetrahedrally coordinated through
hydrogen bonds as in ice structures.
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bonds within the (H2O)4 ring is considerably greater than the O-O
distances measured in the solid phase for the water tetramer16 and
for the water trimer6c,17of 281 and 291 pm, respectively (Table 2).
As is known, the O-O distance in small cyclic water clusters (n
) 3-6) decreases almost exponentially with increasing cluster size.2

In this respect our measured distance of 294 pm is unusual. Also,
the infrared absorptions of small water clusters (H2O)n (n ) 3-10)
show a dependence on the number of water molecules in the cluster
in the gas phase. As the size increases, the wavenumber of the OH
stretching vibrations continuously decreases in the range from 3720
to 2935 cm-1.19 The broad IR band of [1‚4(H2O)]n at 3598 cm-1

for the bound OH stretching vibrations also fits in this scheme over
the IR absorptions of the water tetramer at 3416 cm-1 and the water
trimer at 3533 cm-1. Unlike water and ice, cyclic clusters in the
gas phase show a sharp single contribution of the vibrational bands.
Because of cooperative effects in the tetrahedrally coordinated
cluster the wavenumber may be higher than in the gas-phase cluster.
In addition, with an O-O distance of 303 pm, the hydrogen bonds
in the water tetramer are critically weakened by the hydrogen bonds
between the tetramer and the CO groups.

In diamagnetic1 theµ3-OH group can be formally considered a
5-electron donor, as in the homologous compounds [M(CO)3(µ3-
OH)]4 (M ) Mn, Re).21 The structure of1 is based on a distorted
heterocubane system, the corners of which are occupied alternately
by Tc and O atoms. Because in1 there is only one independent
Tc(CO)3OH fragment crystallographically, all four Tc(CO)3OH
units are equivalent in terms of the bond angles and bond order.

The angles between pairs of adjacent carbonyl groups are
identical within the limit of error (average value) 86.8° ( 0.3).
Very comparable values were measured for the Tc-C distances,
the C-O bond lengths of the carbonyl groups and the Tc-O bond
distances to the hydroxyl groups. On average these are 190( 0.6
pm for the Tc-C bonds, 114.4( 0.8 for the C-O bond lengths,
and 219.3( 0.4 pm for the Tc-O distances.

Supporting Information Available: Crystallographic data of1‚
4H2O in CIF format and experimental details.This material is available
free of charge via the Internet at http://pubs.acs.org.
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Table 1. Summary of the Distances and Angles in the (H2O)4
Ring

bond distance [pm] angle [deg]

O10-O10A 294.0 O10A-O10-O10C 89.54
O10-O3 302.5 O3-O10-O10A 118.62
O10-O1 292.8 O1-O10-O10A 124.78
O10-H10A 87.0 O10-H10B-O10C 170.9
O1-H1 96.7 O1-O10-O3 84.11
O10-H10B 101.2 O1-H1-O10 162.6

O3-H10A-O10 162.1

Table 2. Experimentally Determined O-O Distances and IR
Absorptions of the Bound OH Stretching Vibrations in Small Cyclic
Water Clusters

cluster distance [pm] IR absorption19 [cm-1]

(H2O)4 in this study 294 3598
trimer6c 291 3533
tetramer16 281 3416
pentamer20 272 3360
water1 285 3280
ice Ih

1 276 3220
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