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Eq. (1.22) is equal to TL. Therefore, the energy released in a rise of h is given by 

27ri?/i7L, or TrR2h2piJg from Eq. (1.26). This implies tha t if the liquid were non-

viscous it would rise to height 2/i and oscillate between 0 and 2h with its mean 

position at h. In practice viscosity dissipates the excess energy very rapidly. 

Notice a further implication of the above result. If the liquid is completely 

wetting, then the capillary rise does not depend on the material of which the 

capillary is made. It depends only on the surface tension of the liquid-vapour 

interface. 

1.7 W a t e r a n d Ice R e v i s i t e d 

We have often appealed in this chapter to liquid argon and to water as examples 

of liquid systems. The specific non-spherical shape of the H2O molecule and the 

specific interactions tha t it gives rise to have a number of novel and important 

consequences. 

In the H2O molecule the oxygen a tom binds two hydrogens by electron 

pairing, thereby imparting an electric dipole moment to the molecule, and 

arranges its further four valence electrons in two lone-pair bonds. The four 

bonds point towards the vertices of an almost perfect te t rahedron and each 

lone pair can interact with an electron-deficient hydrogen a tom belonging to a 

neighbouring H2O molecule. By virtue of this so-called hydrogen bond, each 

H2O molecule in the dense liquid or solid phases is tetrahedrally coordinated by 

four other H2O molecules and structural correlations can build up in space as 

a consequence of this constraint. Of course, this type of bonding is responsible 

for much of what happens in the field of biology. 

From X-ray diffraction experiments (see Chap. 4 for an introduction to 

this technique of structure determination) it is possible to determine how the 

density of molecules in water builds up with increasing distance from a central 

"average" water molecule. This is shown in the top par t of Fig. 1.8, from the 

work of Nar ten et al.7 As in all liquids, there is a region of "excluded volume" 

(i.e. of essentially zero local density) within a molecular diameter from the cen­

tral molecule: the electronic energy rises very sharply from both the exclusion 

principle and the Coulomb repulsions as the valence electrons of two chemi­

cally sa tura ted molecules are squeezed close together, so tha t each molecule 

looks at very short range like a hard wall. Further out the liquid density profile 

in Fig. 1.8 is seen to rise into a shell of first neighbours and then to oscillate 
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Fig. 1.8. Oxygen-oxygen correlations determined by X-ray scattering from liquid H2O 
(top), amorphous solid H2O (middle) and polycrystalline ice (bottom). (Redrawn from 
Narten et al, Ref. 7.) 
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Fig. 1.9. Radial distribution functions for oxygen atoms in water (dashed line) and for liquid 
argon (solid line). Both liquids are near their respective freezing points and the distance 
R = r/a- is scaled by the van der Waals diameter a (2.82 A in water and 3.4 A in argon). 
(Redrawn from Franks, Ref. 9.) 

and decay to the homogeneous liquid density at a few intermolecular distances 
further out. Figure 1.8 also contrasts the liquid structure with that of amor­
phous solid water (middle part) and with that of polycrystalline ice (bottom). 
In fact X-rays are almost blind to hydrogen atoms, so that Fig. 1.8 essentially 
shows us the distribution of oxygen atoms in these states of aggregation of wa­
ter. Special techniques in neutron diffraction have allowed detailed mapping 
of the spatial arrangement of the two atomic species in water and also around 
foreign cations and anions in electrolyte solutions.8 Finally, in Fig. 1.9 (from 
the booklet by Franks9) the structure of water is contrasted with that of liquid 
argon near freezing. The average number of first neighbours is estimated from 
these data to be about 4.4 in water and about 10 in liquid argon, the latter 
being, however, very sensitive to temperature changes. 

As water crystallises into ice at atmospheric pressure, the local tetrahedral 
arrangement of the oxygens is frozen into a periodic lattice consisting of lay­
ers of rippled hexagons (see Fig. 1.10, taken from the book of Petrenko and 
Whitworth10). This microscopic hexagonal arrangement of the H 2 0 molecules 
in the ordered crystalline phase is beautifully revealed at the macroscopic level 
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Fig. 1.10. Crystal structure of hexagonal ice, with the molecules frozen in a particular 
hydrogen-bond configuration and showing in gray the four oxygen atoms belonging to the 
unit cell of the average structure (shown in dashes). (Redrawn from Petrenko and Whitworth, 
Ref. 10.) 
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Fig. 1.11. Phase diagram of the ice-water system. (Redrawn from Franks, Ref. 9.) 
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in the sixfold symmetry of snowflakes. There evidently is a lot of empty space 
in the very open structure of ice and this has two main consequences: (i) melt­
ing is accompanied by a partial structural collapse, leading to the observed 
increase in density; and (ii) the crystalline structure of ice is very sensitive to 
pressure and some ten polymorphs are known — each of them being stable in 
a limited range of pressure and temperature and all showing fourfold coordi­
nation of the oxygen atoms. The phase diagram of H2O, showing the liquid 
and various solid polymorphs, is reported in Fig. 1.11 (taken from the booklet 
by Franks8). 

In crystalline ice both the translational and rotational symmetries of the 
liquid water phase are broken. Systems with intermediate symmetries also 
occur in nature: in particular we have already mentioned liquid crystals, in 
which the full symmetry of the liquid phase is broken in steps through a series 
of mesophases. It is also worth stressing that the dynamical behaviours of 
the crystalline and liquid phase (and of an amorphous state if attainable) 
are crucially dependent on the time scale. Having mentioned in Sec. 1.5 the 
visco-elastic behaviour shown by water under a high-frequency probe, we may 
conclude this Chapter by recalling that ice flows over very long time scales, as 
is evidenced by the behaviour of glaciers. Such flow properties of crystalline 
materials are determined by the presence of line and plane defects in the real 
crystal. 


