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How WATER MOLECULES ARE CONNECTED

ater may be the most important molecule on Earth, but our understanding of its properties is embarrassingly limited.
In solid ice form, water takes on numerous phases and structures that can be studied by means of diffraction tech-
niques. As a liquid, however, water poses a frustrating structural puzzle because of the complex hydrogen bonding
that forms a disordered network. Recently, researchers from the Stanford Synchrotron Radiation Laboratory, the BESSY laboratory,
Stockholm University, Linkdping University, and Utrecht University have used the APS to obtain detailed information about the near-

est neighbor coordination geometry in liquid water.

Fig. 1. In ice, each water molecule is surrounded by four other molecules in a tetrahedral arrangement (left). This new result on liquid
water shows that the molecules are connected only with two others. This implies that most molecules are arranged in strongly hydro-
gen-bonded rings (middle) or chains (right) embedded in a disordered cluster network connected mainly by weak hydrogen bonds.
The oxygen atoms are red and the hydrogen atoms are gray in the water (H,O) molecules. (Figure courtesy H. Ogasawara, SSRL).

Previous experimental efforts to understand water struc-
ture have relied on several methods including infrared spec-
troscopy and neutron and x-ray diffraction. Unfortunately, the
structural information provided by infrared spectra is ambigu-
ous for water, and diffraction provides only radial distribution
functions that do not allow unique assignment of local hydro-
gen bonding configurations. In the work reported by Wernet et
al.,, x-ray absorption spectroscopy (XAS) and x-ray Raman
spectroscopy (XRS) were used to investigate local bonding in
the first coordination shell of water. In XAS, x-rays are
absorbed by core electrons close to the nucleus of the oxygen
atoms in water; in XRS, the x-ray photons are inelastically scat-
tered by the oxygen atoms. Both processes are highly sensitive

to the hydrogen bonds formed by the water molecules. The
XRS data were collected at the Bio-CAT18-ID beamline at the
APS; the XAS measurements were carried out at the
Advanced Light Source, Lawrence Berkeley National
Laboratory.

The researchers found that the hydrogen bonding of liquid
water was very similar to that seen in the surface layers of ice
but very different from the bonding observed in bulk ice, in
which water molecules are tetrahedrally coordinated. This new
finding indicates that, contrary to the conclusions of earlier
work, bulk water is not predominantly four-fold coordinated.
Instead, it appears that the x-ray spectroscopy results are con-
sistent with quantum chemical models in which the water mol-

il M TEREALS | | e ||
), H 1 N [] 111
Iililili“ll diliiianad el ittt



ecules form two hydrogen bonds with their neighbors. In this
case, liquid water appears to consist of structures made of
chains and rings, which are, in turn, weakly hydrogen-bonded to
other chains and rings.

Members of the research group believe that the work will
be controversial because many computer simulations over the
last 10 years tell a very different story. Because computer power
has increased rapidly and experimental techniques have been
more difficult to develop, the simulations have outpaced the
empirical data. Based on the recent models, many scientists
have concluded that, in changing from ice to liquid, water mole-
cules maintain their four-fold tetrahedral network structure, but
the liquid acquires more defects and disorder in the form of dif-
ferent bond lengths and bond angles. The new x-ray spec-
troscopy data discussed here do not support this conclusion,
however, yielding a two-fold bonding picture instead.

The debate on the structural picture will likely continue, but
these new data show the importance of third-generation facili-
ties such as the APS synchrotron. Core excitation spectro-
scopies—especially XRS, which can only be done at the newest
x-ray sources—are vital to understanding the local structure of
a complex system such as water. — David Voss
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