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Frank H. Stillinger 

Because of the large amount of water present on our 
planet, especially in liquid form, this substance has become 
centrally important for many aspects of science and tech­
nology. This importance is connected partly to the peculiar 
behavior of pure water, partly to its qualifications as a liquid 
solvent, and partly to its role as a fluid medium for support 
of life. 

The most prominent peculiarities exhibited by pure water 
are the reduction in volume upon melting at ooc (by 8.3%), 
followed by further shrinkage to a density maximum as the 
liquid is heated to 4°C. These attributes are also shared by 
D20 (m.p. 3.8°C, density max. at ll.2°C) and by T20 (m.p. 
4.SOC, density max. at 13.4°C). Although rare, these obser­
vations are not unique with water; the elements Si, Ge, and 
Bi also shrink upon melting, while In2Te3 appears to have 
a liquid-phase density maximum. 

Additional water anomalies are (a) large number of ice 
polymorphs (including those that form at high pressure); (b) 
tendency toward reduced viscosity when liquid water below 
30°C is compressed; and (c) minimum in isothermal com­
pressibility [ -(alnV/aph] for the liquid at 46°C. 

Observable properties of water in pure form and as a sol­
vent stem from the structure of the individual water mole­
cules and from the way that intermolecular forces between 
those molecules cause aggregation into liquid and solid. 

The isolated H20 molecule is shaped like a wide-open V, 
with the oxygen nucleus at the central bend and hydrogen 
nuclei forming "arms" of length 0.96 A. The HOH angle is 
104S. These dimensions can vary slightly as the molecule 
vibrates and interacts with neighbors in a crystal or the liq­
uid, but the overall shape remains. 

The dominant effect in water molecule interactions is the 
formation of hydrogen bonds. When two water molecules 
form a hydrogen bond, one (the hydrogen donor) points one 
of its OH groups toward the back side of the oxygen atom 
of the second (the hydrogen acceptor). This arrangement is 
illustrated in Fig. I. The oxygen-oxygen lengths of these 
bonds normally lie in the range 2. 7-3.0 A, so that the donated 
hydrogen resides only about one third of the way between 
oxygens, and so still "belongs" to the donor. 

The maximum hydrogen bond strength is achieved when 
the molecules are arranged as shown in Fig. 1. This strength 
is about 4.2 x w- 13 ergs (6.0 kcal/mole of bonds), and ex­
ceeds thermal energy k 8 T by a factor of 10 at room tem­
perature. The existence of these relatively strong hydrogen 
bonds between water molecules explains the relatively high 
melting and boiling temperat~res for water, compared to 
other substances of comparable molecular weight (e.g. , Ne, 
CH4, NH3, 02, CO). 

In a large aggregate of water molecules , optimum hydro­
gen bonding is achieved if each water molecule hydrogen­
bonds to four others. Toward two of these four it donates 
its hydrogens , while it accepts hydrogens from the other two. 
This fourfold bonding is present in ordinary ice, causing for­
mation of hydrogen bond hexagons. Without disturbing hy­
drogen bond strengths substantially, four-coordinated water 
networks can also form, which additionally incorporate 
squares, pentagons, and heptagons of hydrogen bonds. 
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FIG. I. Hydrogen bond (dashed line) linking two water molecules. 

These patterns also exist in high-pressure ice polymorphs 
and in hydrate crystals. 

Evidently the capacity for water molecules to form a di­
verse collection of three-dimensional networks of hydrogen 
bonds, while maintaining fourfold bonding at each molecule, 
has structural relevance for the liquid. Currently available 
evidence, both experimental and theoretical, indicates that 
liquid water consists of a structurally random network of 
hydrogen bonds uniformly fill ing the volume occupied by 
the liquid. That random network incorporates strained and 
broken hydrogen bonds, with greater frequency the higher 
the temperature. Furthermore, the network is labile, with 
bonds breaking in one place and reforming nearby, so that 
normal liquid flow and molecular diffusion are possible. 

An isolated water molecule has dipole moment 1.86 debye 
(D), with hydrogens acting as though each bore one third of 
a protonic charge, and the oxygen as though it bore minus 
two thirds . Neighboring molecules in the liquid tend to have 
their dipoles somewhat aligned, so as to act in concert under 
the polarizing influence of an electrical field. The net result 
of this alignment, and of molecular polarizability, is a large 
static dielectric constant (88.0 at ooc, but declining to 55.3 
at 100°C). 

The ease with which water dissolves many ionic crystals, 
such as the alkali halides, stems partly from its high static 
dielectric constant. However, it is also connected with the 
relatively small size of the water molecules, which permits 
them to approach ions closely, solvate them strongly, and 
thus overcome the largely electrostatic binding of the ionic 
crystals. 

The solvating power of water for ions facilitates th~ dis­
sociation of water molecules themselves into H + and OH ­
ions. In the liquid at room temperature , roughly one mole­
cule in 55 million will have dissociated. The H+ and oH­
formed in this way can readily be incorporated into the liq­
uid's random hydrogen bond network, and they tend to form 
shortened hydrogen bonds in their vicinity. Both H + and 
OH - have high apparent mobilities in water, due to the pos­
sibility of moving a succession of hydrogens along a chain 
of hydrogen bonds so as to cause a net transfer of ionic 
charge along that chain. 

Nonionic substances with high solubility in water tend to 
have molecules with which water can hydrogen-bond. Us­
ually this requires that molecules of those "hydrophilic" 
substances contain oxygen or nitrogen atoms. 



Hydrocarbons (such as methane, hexane, acetylene, ben­
zene) form an important group of "hydrophobic" molecular 
substances that are sparingly soluble in water. They cannot 
form hydrogen bonds with water strong enough to compete 
with those already present in that liquid itself. Consequently 
the random water network is obliged to restructure around 
the rare dissolved hydrocarbons so as to form a " cage" of 
hydrogen bonds of the required size. The corresponding geo­
metric constraints on the water network cause entropies of 
solution for hydrocarbons in water to be negative . 

Biologically important molecules (e.g. lipids , enzymes, 
RNA, hemes) often contain both hydrophilic and hydropho­
bic chemical groups. Consequently the biologically active 
conformations of these molecules , to the extent it is possible, 
place the hydrophilic groups on the outside to be in contact 
with water while the hydrophobic groups cluster within to 
avoid water contact. Since conformation is crucial to op­
eration in most cases , it is obvious that specific solvation 
properties of water have profound effects in biology and 
doubtless have exerted a powerful influence on the course 
of chemical evolution from the first rudimentary " protolife" 
to present complex biochemistry. 

See also HYDROGEN BOND; ICE. 
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Waves 

D. R. Tilley 

1. INTRODUCTION 

A simple wave is a single-frequency disturbance traveling 
at some speed v; the disturbance might be elastic strain, as 
in an acoustic wave; a combination of electric and magnetic 
fields, as in light; or some other quantity . All traveling waves 
transport energy. Single-frequency waves are of basic im­
portance, but it is sometimes necessary to consider more 
general disturbances. 

This review starts, in Sec. 2, with waves that are both 
linear and nondispersive . That is , amplitudes can be added 
(linearity) and velocity is independent of frequency (non­
dispersive propagation). Section 3 discusses the implications 
of linearity alone. Section 4 treats dispersive propagation in 
linear media, and Sec. 5 introduces nonlinearity. 

2. NONDISPERSIVE MEDIA 

The displacement u for a wave moving in the x direction 
in a nondispersive medium satisfies the wave equation 

I CJ 2u CJ 2u 
v 2 dt 2 ax 2 ' 

(I) 

Waves 1101 

This applies to electromagnetic waves in vacuum [1], in 
which case v = c and u is an electric or magnetic field vector 
in the y-z plane (transverse wave). It also applies to long­
wavelength acoustic waves, which may be longitudinal (u 
along x) or transverse. For acoustic waves, v 2 = C/p, where 
p is the density and C is an appropriate elastic modulus. 

The general solution of (1) is 

u(x,t)=flx-vt)+g(x+vt) (2) 

where f and g are arbitrary (twice-differentiable) functions. 
The expression flx- vt) represents a disturbance flx) trav­
eling to the right with speed v; we can see this by sketching 
flx- vt) at successive instants. The disturbance g(x + vt) 
travels to the left with speed v. With single-frequency time 
dependence, the two terms take the form 

u(x ,t) = u o exp ( ± ikx- iwt). (3) 

Here the convention is that the real part of the right-hand 
side gives the physical displacement u, and the complex am­
plitude u 0 may include a constant phase factor. The param­
eters k and w are the angular wave number and angular fre­
quency, respectively; also used are wave number K = k/27T 
and frequency f= w/27T. Equation (3) represents a traveling 
sinusoidal wave. Displacement u(x,t) repeats after distance 
A. such that kA=27T; thus wavelength A.=27T/k= IlK. Simi­
larly, periodic time T=27T/w= 1/f. From (2) and (3) , 

v=wlk =fA. (4) 

It was mentioned that with the appropriate v, Eq. (1) de­
scribes either a wave in which u is the longitudinal displace­
ment or a wave in which u is the transverse displacement. 
Not all waves are either simply longitudinal or simply trans­
verse. In a surface wave on water, for instanc~ , the dis­
placement is part longitudinal , part transverse. When light 
propagates through an anisotropic crystal, vector·'o is trans­
verse, because V·D=O implies k·D=O, but E, which is not 
parallel to D, is part longitudinal, part transverse [1]. In 
transverse, or partially transverse, waves, the displacement 
can take any direction in the plane normal to the propagation 
direction . One must then discuss the polarization of the 
wave, that is, the orientation of the displacement in that 
plane. 

The time-averaged energy density (E) in an acoustic wave 
is a sum of kinetic and potential (strain) contributions, and 
the rate of transport of energy, or intensity I= v(E), of (3) 
is found to be [2] I= iZiu ol2w 2 where Z = pv = (pC) 112 is the 
impedance. If a traveling wave (3) in a medium of impedance 
Z 1 meets an abrupt interface with a medium of impedance 
Z 2 , the transmitted and reflected amplitudes are [2] Tu 0 and 
Ru0 , with T= 2Z/(Z1 +Z2) and R =(Z1 - Z2)/(Z1 +Z2). Sim­
ilar expressions hold for electromagnetic waves. If 
Z 1 = Z 2 , there is impedance matching at the interface, and 
T= 1, R=O. 

3. SUPERPOSITION 

The wave equation (1) is linear in u , so that the sum of 
two solutions is itself a solution, as in (2); there is a super­
position principle. Superposition holds in many media be­
sides the nondispersive media of Sec. I. We now discuss the 


