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THE PUZZLE OF WATER 

by Walter Drost-Hansen The most abutidant, most atypical liquid on earth 

has challenged theoreticians for decades. 

Two structural models look promising, 

but understanding may still lie decades away 

In Brief: Current attempts to explain the 
many anomalous properties of liquid xvater 
all invoke the occurrence of hydrogen hond- 
ing to a greater or lesser degree. The tivo 
"best" models also agree that water is a 
mixture of unbonded (monovieric) water 
molecules and hydrogen-bonded polymeric 
macromolecides of the form (H20)n. In the 
Neviethy-Scheraga model, the polymeric 
species occurs as structureless clusters con- 
taining various numbers of molecules, each 
of which is bonded to the others by any- 
where ,ffom one to four hydrogen bonds. 
Cluster size varies inversely with tempera- 
ture in this model. The Frank-Quist model 
builds on a highly organized clathrate-hy- 
drate cage structure, first suggested by 
Linus Patding, in which water is conceived 
to be a hydrate of itself with a formula of 
the form HoO^HoO. The necessary fluidity is 
introduced into this quasi-crystalline model 
by invoking collapse and ref ormation ("flick- 
ering") of the cage struetnres lO11 times 
per second. Weither model can account for 
water's high speeifie heat at elevated tem- 
peratures, or for "kinks" or infiection 
points in temperature-dependent plots of 
many of its other properties.—S.T. 

B I became interested in the structure of 
water in 1953, when I joined a group at the 
New Mexico Institute of Mining and Tech- 
nology that was trying to explain how elec- 
trical Charge was generated in thunderstorms. 
In the course of this work we had to estimate 
the rate of ice nucleation in the atmosphere at 
—40oC, and to do this we needed to know the 
viscosity of water supercooled to such a low 
temperature. Available viscosity data mostly 
lay in the ordinary ränge of temperature in 
which water is liquid, 0-100oC, but by plot- 
ting such data very carefully we hoped to make 
the heroic extrapolation down to —40oC. In 
working up these graphs, we discovered sur- 
prising anomalies in the way water's viscosity 
changed as the temperature changed, right in 
the liquid ränge. Instead of a more or less 
straight-line relationship between viscosity 
and temperature, our graphs consistently re- 
vealed "kinks" or infiection points. These ap- 
peared at four temperatures within the 
O-IOO'C ränge—approximately at 15°, 30J, 
45°, and 60°. Each extended over a narrow 
temperature ränge of l" or 2'. This discovery 

from old data excited me so much that since 
that time I have pursued the problem of water 
structure in an attempt to understand these 
thermal anomalies. This pursuit has taken me 
from thunderstorms to the treatment of can- 
cer; such is the ubiquity and importance of 
"ordinary" water. 

I have since found that similar thermal 
anomalies occur in graphs of many properties 
other than viscosity. I now believe, though I 
cannot prove it, that these more or less abrupt 
changes in the properties of water at definite 
temperatures are manifestations of higher- 
order phase transitions or order-disorder 
transitions in the structure of water, ana- 
logous to those which occur in metal alloys. 
I cannot prove this contention because neither 
I nor anyone eise knows the fundamental 
structure of water, though there is no lack of 
theories (Fig. 1) which seek to account for 

Is waler niade of "water" trapped in cages of "waler"? 

Fig. 1. Dodecahcdral cages, arravgcd around a 
rcfcrencc eube, as in the cxploded view above, 
can more effectively explain many anomalous 
properties of xvater, especially if cages' col- 
lapse and refortn perhaps 10" times per second. 
Each dodecahedroyi represents a hydrogen- 
bonded array of 20 water molecules—ojie at each 
conier of the figure. Six more hydrogen-bonded 
xvater molecules are at cube's face centcrs, though 
only two are shown. Water molecules within do- 
deeahedra are topologically trapped, not hydro- 
gen bonded, and additional molecules can be 
trapped in apaces betiveen adjacent dodeeahedra. 
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its many and varied peculiar properties. 
This is really a pity, not just from my point 

of view, but also for the many people who are 
grappling with the unknown role played by 
water in aqueous solutions. Physical chemists 
studying solutions, technologists trying to de- 
salinate sea water, chemical engineers per- 
forming industrial processes in water—all are 
finally hamstrung by our inability to under- 
stand this most abundant and at the same time 
most atypical liquid on the face of the earth. 

Some properties of a most improper liquid 

First and most familiar, perhaps, among 
water's many anomalous properties is that the 
density of its solid form is less than that of 
its melt. This highly unusual property (shared 
only by bismuth, antimony and gallium) was 
probably crucial to the development and exist- 
ence of life as we know it on earth. If the re- 
verse had been the case, if ice had been denser 
than water, then wherever fresh water bodies 
froze in winter, freezing would have proceeded 
from bottom to top, as ice newly formed at the 
cooling surface sank. As things truly are, how- 
ever, freezing ordinarily afTects only the sur- 
face and the near surface of water bodies, 
leaving life-sustaining liquid water at depth. 

Another well-known density anomaly of 
water which challenges the theory builders is 
the density maximum at 3.980C. 

In ice modcl, tuater violccides liberatcd whcn icc 
viclts are tuckcd a'^ay in voids along c-axis of 
hcxagonal icb crystals. This packing concept ex- 
plains hoto watcr can bc more dcnsc than icc, tut 
it also rcquircs cxistcncc of ice nuclci in the wei- 
ter—an idea difficult to reconcilc with snpcr-cool- 
ing tuater exhibits far below the freeziug point. 

A useful way to think about these density 
anomalies is to look at a quantity known as 
the radial distribution function. This impor- 
tant function is derived, for water and for 
other liquids. from x-ray-diffraction-scattering 
data and from neutron-difFraction experi- 
ments. The radial distribution function is 
more or less a measure of the spacing or de- 
gree of crowding of molecules in a liquid, but 
it teils us nothing about their exaet structural 
arrangement. One way of portraying the 
radial distribution function is to plot the ratio 
of the density—at any chosen distance from 
any reference molecule—to the mean density 
of the liquid, as a function of distance from 
the central molecule (margin). Another way 
is to plot the average number of nearest or 
next-nearest (and so forth) molecular neigh- 
bors to the central molecule. A similar plot can 
also be made as a function of temperature as 
is done for water in Fig. 2. This simple graph 
is most revealing. 

In this illustration, you can see that as the 
temperature of the water increases from about 
4IC to 100aC, the number of neighbors next to 
the reference molecule increases by about ten 
percent—from 4.4 to about 5. We are faced 
with the remarkable Situation that at the same 
time as the density of water decreases in go- 
ing from 40C to lOO'C, the degree of molecular 
crowding increases. This is just the opposite 
of what happens in most other liquids. Clearly, 
simple versions of the kinetic-molecular theory 
—in which molecules move further apart and 
the density drops as temperature rises—do not 
apply to water in the liquid state. For some 
reason—which any theory of water structuie 
must try to explain—water molecules remain 
strongly bonded, eveYi at high tempeiatuies 
where other molecules of similar size would 
have long since disrupted their bonds and 
flown apart as a consequence of their increas- 
ingly energetic thermal motions. 

The existence of strong bonds between 
water molecules is also suggested by other 
anomalous properties of water. Among most 
liquids, for example, properties differ more or 
less regularly as the molecular weight in- 
creases. This is particularly true within ho- 
mologous series such as the 'hydrocarbons 
ranging from methane to the higher parafins, 
which are still liquid at room temperature. 
Water is itself a member of a homologous 
series, of two of them in fact: the hydrides of 
the sixth main group of elements in the pe- 
riodic system (H^O, HoS, H.jSe, H/Te), and 
the hydrides of period-2 elements from boron 
through fluorine (BH3, CH4, NH3, HoO, and 
HF). Yet within these hydride series water's 
properties are anomalous. The melting and 
boiling points of water are far higher, for ex- 
ample, than the values one would obtain by ex- 
trapolation to the "oxygen hydride" from the 
values of these quantities for the other hy- 
drides. The speeifie heat and heat capacity of 
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water also are anomalously high in contrast to 
more typical liquids, as are its heat of fusion, 
heat of vaporization, critical temperature, 
viscosity, and surface tension. And water's es- 
pecially high dielectric constant explains why 
it is such an.excellent solvent. 

Althöugh .water's high melting and boiling 
points and high viscosity and surface tension 
all suggest that strong bonding exists between 
water molecules, these properties shed no light 
on the nature of this bond; nor do the density 
anomalies help much. The dielectric constant, 
however, does suggest the bonding mechanism. 
Water molecules cling to each other with such 
remarkable tenacity partly because of the 
marked asymmetry and dipolar nature of the 
H20 molecule itself, and partly because these 
molecular dipoles can assume resonance con- 
figurations which give than an unparalleled 
ability to form hydrogen bonds. 

Dipole interactions and hydrogen bonding 

The value of the dielectric constant of any 
ensemble'öf molecules, whether they constitute 
a gas, liquid, or solid, depends very strongly 
on the dipole moments of the individual mole- 
cules. The water molecule has a large dipole 
moment to begin with—1.84 Debye (see 
sketch)—because of its marked asymmetry; 
the two positively charged hydrogen atoms lie 
off to one side of the strongly electronegative 
oxygen atom. Strong dipole-dipole interactions 
between water molecules thus provide part of 
the cohesive energy (EK, see margin) of water 
in the liquid or solid State, and dipole-induced 
dipole interactions (given by the term £■„ in 
the margin) create additional cohesive forces. 
Since the water molecule is so highly polar- 
izable, a further contribution to the cohesive 
energy (EL in the margin) also comes from 
London forces (the attractive forces due to 
mutual perturbations of the electron clouds 
surrounding two molecules which are in their 
ground electronic states). 

By far the largest coupling interaction be- 
tween neighboring water molecules in liquid 
water, however, comes from the hydrogen 
bond rather than from these several kinds of 
dipole interactions. 

The hydrogen bond is intermediate in 
strength between the strong ionic-valence 
bonds and the weak attractions due to fluctu- 
ating interactions between molecules which do 
not have permanent dipole moments (van der 
Waals forces). Typical ionic-bond energies are 
of the order of 10's of kilocalories per gram 
mole while the van der Waals force bond en- 
ergies are about 0.6 kilocalorie per gram mole, 
and hydrogen bond energies ränge from 2 to 7 
kilocalories per gram mole. 

The hydrogen bond can be pictured quite 
simply in terms of purely electrostatic attrac- 
tive forces (Fig. 3). In this simple view, the 
bond results from the electrostatic attraction 
between the partially unshielded positive 
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Fig. 2. Althöugh il looks simple—and is—this 
graph reveals the essencc of the puzzle concem- 
iug water's structure. Note how the number of 
water molecules surrounding any other water 
moleculc (a measure of molecular crowding) in- 
creases, as temperature increases from V to 100° 
C, even though xoater's density decreases over the 
samc tempcrattire ränge. Dcnsities of most nor- 
mal liquids also decrease with rising temperature, 
but presumably because their molecules move 
further apart. Simple versions of the kinetic- 
molecular theory clcarly do not apply to water 
in the liquid state. Current theories, built on sta- 
tistical mechanics and statistical thermodynamics, 
have achieved some succcss, as text explains. 

charge contributed by the proton from one 
of the hydrogen atoms in a water dipole, and 
the un-neutralized negative charge concen- 
trated on one side of an oxygen atom in a 
neighboring molecular dipole. This electro- 
static model of the hydrogen bond is useful, 
but it does not represent the füll truth, and 
its deficiencies are important for us. 

A few years ago, Coulson of Oxford re- 
viewed hydrogen bonding from a quantum 
point of view and emphasized the contribution 
made by the different resonance configurations 
available to the water molecules. Exchange 
forces between water molecules, generated by 
changes in the resonance configuration of 
water molecules, undoubtedly can contribute 
to the strength of the hydrogen bond and, 
hence, to the over-all stability of liquid water 
which is made manifest by its properties. Fig- 
ure 3 will help you to visualize how this im- 
portant "autostabilization" mechanism works. 
What happens, in efTect, is that the initial hy- 
drogen bond between two Single water mole- 
cules ultimately leads to a great deal of hydro- 
gen bonding extending through a three-dimen- 
sional array comprised of many water mole- 
cules. The original bond propagates itself by 
making one of the original water molecules 
more negative and the other more positive 
than each was initially. The "covalent" bond- 
ing in other words, takes on a more nearly 
ionic character as partial charge Separation be- 
tween the two original molecules is achieved. 
This two-molecule unit can form still stronger 
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THE HYDROGEN BOND: WATER'S REMARKABLE "GLUE"' 

This complex picture of a simple elcctrostatic bond, 

-Hydrogen (proton) 

ygen 

looks much simpler 
in conventional chemical shorthand. 

H H 

Fig. 3. Lobes emanating from 
oxygcn atoms in top drawiny 
portray hybrid quantum or- 
bits of clcctrons rcsponsible 
for tctruhcdral bonding be- 
tivcen fl and-0 atoma ivlthin 
a ivater molcculc. Electm- 
stutic attraction betwecn 
sack asymmclric, hencc di- 
polar, molecules can account 
for hydrogen bonding bc- 
tween any tivo water molc- 
cules. But rcsonancc effccts 
create the true hydrogen 
bond, below. Partial charge- 
Separation achieved by res- 
onance between any two 
molecules, such as a and b, 
in effect creatcs a still 
stronger dipole which can 
then more casily attract other 
water molccules (c, d). 

/ •?;•—h 
t 

:o:—h • • 
b 

But complex resonant states 
like the one shown here... 

'HV)(+) H 

.. 1 
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create the tenacity 
of the true hydrogen bond. 

H H (") 

:o:—H :o: h----- 
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H 
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electrostatic bonds with the third and fourth 
water molecules which approach it, and so on. 

Professor Henry Frank and his co-workers 
at the University of Pittsburgh have argued 
that such a resonance-induced charge-separa- 
tion mechanistn might lead to cooperative be- 
havior of the whole hydrogen-bonding phe- 
nomenon on a grand scale, resulting in large 
aggregates or clusters of water molecules. Be- 
fore considering the structural model to which 
this reasoning has led Frank and his co-work- 
ers, let us take a more systematic look at theo- 
ries concerning water's strueture. 

Uniformist models versus mixture models 

We can divide the models that have been 
proposed to explain the properties of water 
into three major categories. The first is based 
on theories pertaining to liquids in general. 
In these theories no long-range molecular Or- 
der is involved. Such short-range order as does 
occur is, at most, merely the consequence of 
random packing of the close-in molecules 
around any one molecule considered as the 
origin. Since these theories now find little 
favor among workers in the field, I will say no 
more about them. 

The second category of models conceives of 
water as structurally- well-ordered—i.e., as a 

quasi-crystalline quasi-solid, but one with 
unique properties, in which each molecule in 
the crystalline array has the same character- 
istics and is bonded into the strueture in the 
same way as every other molecule. 

The third major category of theories— 
the most important one in current thinking 
—includes the so-called mixture models. Mix- 
ture models stress the idea that water may 
not simply be a random or ordered arrange- 
ment of individual molecules with uniform 
characteristics and bonding, but that it may 
consist of at least two different molecular 
species, each bonded or otherwise tied to the 
others and structurally organized in its own 
distinetive way. 

The most celebrated paper on the strueture 
of water from the quasi-crystalline viewpoint 
is undoubtedly that. of Bernal and Fowler 
which appeared in the Journal of Chemical 
Physics in 1933. Taking their cue from the 
then recently analyzed crystallinity of ice, and 
proeeeding from a crystallographic point of 
view, Bernal and Fowler suggested that liquid 
water also possessed a high degree of quasi- 
crystallinity and that different types of mole- 
cular strueture prevailed over different tem- 
perature ranges. Water's strueture below the 
freezing point was inferred to be similar to 
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that of tridymite, a well-known hexagonal 
form of silica (SiOo). Over most of the liquid 
ränge the structure was inferred to be quartz- 
like—the most familiar hexagonal form of 
SiO^. And at higher temperatures the struc- 
ture (in the liquid state, under appropriately 
high pressure) was inferred to be close-packed 
like solid ammonia. 

This theory did not account well enough for 
the specific heat of liquid water being almost 
twice that of ice. Another problem, and one 
that still bedevils most other theories, was that 
it failed to account for the relatively large 
specific heat of liquid water at much higher 
temperatures, e.g., at 300oC—just 749C below 
the critical point. 

In meeting these objections, one of the most 
powerful of the more recent non-mixture 
views holds that individual molecules of water 
are not arrayed in a quasi-crystalline struc- 
ture, but instead merely are arranged in a 
giant "polymolecule" in which hardly any hy- 
drogen^bpnds are broken at any one time as 
the temperature rises. In this view, the heat 
energy added to raise the temperature is dis- 
tributed over bending modes of the hydrogen 
bonds; the bonds bend with great freedom but 
do not break. Unfortunately, a strictly electro- 
static picture of the hydrogen bond was em- 
ployed in this treatment and, as mentioned 
earlier, Coulson and Frank have given us good 
reason to believe that exchange forces brought 
into the act by the resonance feature of hydro- 
gen bonding also play a significant role in the 
stability of water. This polymolecule theory, 
however, is able to account moderately well 
for water's radial distribution function and 
dielectric constant. 

There are mixture models galore 

Turning our attention to several of the mix- 
ture models, all begin with the assumption 
that water consists of discrete polymolecular 
units in equilibrium with monomeric (i.e., 
Single) molecules. All sizes of polymolecular 
units have been suggested over the years by 
various authors. Assuming water to contain 
polymeric species of the form (H;.0)n, values 
proposed for n ränge from 1 to as much as 
10,000. Similar variety prevails in conceptions 
of the way in which polymolecular units and 
monomers are structurally arranged and held 
together. 

We can impose some order on this multiplic- 
ity of ideas by dividing the mixture models 
into three categories: (1) Broken-down ice 
structures; (2) polymolecular clusters in 
which the number of molecules in a cluster 
is more important than its structure; (3) 
clathrate cagelike structures. 

The simplest and oldest mixture model is 
the one which considers water to be a par- 
tially broken-down. disorganized ice lattice. 
In modern versions of this idea (which is 
more than 80 years old), it is proposed that 

when incipient melting of ice occurs upon 
heating, the liberated water molecules—those 
which have acquired sufficient thermal energy 
—move into the large central cavities in the 
hexagonal ice lattice (Fig. 1). These migrat- 
ing molecules leave empty lattice sjtes.behind 
them, which, in turn, may cause the surround- 
ing ice lattice to collapse further, since such 
vacancies increase the chances for formation 
and propagation of dislocations. The high den- 
sity of water compared to ice is readily ex- 
plained by this approach, since water mole- 
cules which have acquired sufficient energy 
have been tucked away in the voids of the ice 
lattice, packing more matter into much less 
space. The proper density of the water is ob- 
tained by assuming that about half of the 
cavities in the ice lattice are filled with such 
monomeric water molecules. At the same time, 
only a few water molecules need to escape 
from their equilibrium positions in the ice lat- 
tice for the entire lattice to become mobilized. 
Hence ice melts and fluidity is achieved with- 
out greatly increasing the number of nearest 
neighbors surrounding any one molecule. This 
is consistent with the results shown in Fig. 2, 
where it is seen that the average number of 
nearest neighbors to any molecule in water 
near O-C is 4.4, little more than the 4.0 for a 
perfect ice lattice. 

Notwithstanding the numerical success of 
treatments of water in terms of a mixture of 
icelike microcrystalline chunks and mono- 
meric water, there are serious grounds for 
questioning this approach. One is that if struc- 
tures similar to ordinary hexagonal, crystal- 
line ice were present in water, it would be 
hard to explain why liquid water is able to 
supercool as drastically as to —40oC. Were ice 
already present, it would serve as a nucleus 
for freezing. Yet, in fact, pure water never 
freezes at 0oC; it always must be supercooled. 

Eyring's "significant sfruclure" model 

Most older theories of water structure, and 
even the modern derivatives of them which I 
have discussed so far, have attempted only 
semiquantitative descriptions. Over the last 
few years, however, far more sophisticated ap- 
proaches have been based on statistical ther- 
modynamics. One of the more interesting of 
these theories is the so-cälled "significant 
structure" theory of Henry Eyring, of the 
University of Utah, and his co-workers. In 
essence, this is another of the broken-down 
ice approaches. . | 

Eyring's significant-structure theory takes 
as its starting point a mixture of two water 
species: One is a non-rotating, hydrogen- 
bonded species while the other consists of 
simple unbonded monomers able to rotate 
freely. The hydrogen-bonded species is tetra- 
hedrally coordinated and, for this reason, is 
referred to as icelike, though it is not solid in 
any sense, and the Eyring theory does not 
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imply that this species has the same spatial 
arrangement of molecules as ice. The mono- 
meric component of the mixture can in fact 
pack more densely than the icelike species 
which, because of its tetrahedral bonding, 
packs in a bulky way, creating voids and in- 
terstitial sitös. As in other variants of the 
ice theory, these vacancies or voids may be oc- 
cupied by rotating monomers. However, the 
Eyring model further assumes thät in the 

: process of melting, additional randomly mi- 
grating "fluidized" vacancies are introduced 
throughout the structure in a concentration of 
about 10%. These fluidized vacancies help to 
explain the fact that water's maximum density 
occurs at 3.980C instead of at the melting 
point. The difference results from the competi- 
tive effect between the increasing number of 
fluidized vacancies (which increases the vol- 
ume) and the transfer of water molecules into 
interstitial sites between hydrogen-bonded tet- 
rahedra (which decreases the volume). 

Bookkeeping on the molecular scale 

Based on the above model, Eyring and his 
collaborators were able to write a "partition 
function" for water—the all-important mathe- 
matical expression by which we do our molecu- 
lar bookkeeping in statistical mechanics. The 
partition function specifies how many mole- 
cules are distributed over each of the various 
possible energy levels associated with dilTerent 
degrees of molecular freedom—translational, 
rotational, and vibrational. The partition func- 
tion not only specifies the number of molecules 
having certain energies but, through the pre- 
exponential factor (see margin), it specifies 
the likely multiplicity of the corresponding 
energy states. Thus the partition function can 
serve as the essential link between the molecu- 
lar or atomistic description of the system and 
its collective thermodynamic properties; this 
link is forged by the simple relationships be- 
tween the free energy and the partition func- 
tion, also shown in the margin. Using these 
relationships derived from the fluidized-va- 
cancy model of water, Eyring and his co- 
workers got results for the free energy and 
entropy of water which agreed reasonably well 
with experimental quantities. But the calcu- 
lated volume of water failed to show a mini- 
mum at 3.980C. 

Very recently, Eyring and his co-workers 
have attempted a somewhat different approach 
with very impressive results. You have to ro- 
member that ice can assume any one of six 
crystalline modifications, depending on the 
pressure and temperature; ordinary ice is 
known to crystallographers as "ice-l." Eyr- 
ing's new approach assumes that not one, but 
two icelike states of water are in equilibrium 
with each other in liquid water. One of these 
is a cagelike cluster of about 46 water mole- 
cules, which has a density close to that of 
ice-l. These clusters in turn are dispersed in 
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an "ice-III-like" structure, which consists of 
smaller molecular clusters. An increase in 
temperature results in the "melting" of the 
larger ice-l-like structures. At the same time, 
fluidized vacancies occur as in the earlier 
theory. The partition function derived from 
this model becomes considerably more com- 
plex, but calculated and observed values for 
many thermodynamic parameters are in ex- ■ 
cellent agreement, and even the minimum vol- 
ume near 40C is faithfully reproduced. The 
calculated critical temperature and specific 
heat values, however, are still in poor agree- 
ment with observed values. 

Jhe Nemethy-Scheraga cluster theory 

A second category of mixture theories in- 
vokes bonded polymolecular clusters in 
which varyingly large swarms of individual 
molecules are considered to behave coopera- 
tively, like gigantic macromolecules. There are 
many variants of this approach. The most 
important cluster theory, however, is the one 
originally proposed by Nemethy and Scheraga 
at Cornell. Like Eyring, Nemethy and Scheraga 
base their theory on significant structures, but 
their choice of significant structures is quite 
different. They considered the significant 
structures to consist of unbonded, monomeric 
water molecules and of polymeric water mole- 
cules with either one, two, three, or four hy- 
drogen bonds each. By assuming a fixed spac- 
ing between the energy levels of the water 
molecules with different degrees of hydrogen 
bonding, they were able to calculate the sizes 
of the molecular clusters that would form at 
different temperatures. Their clusters decrease 
in size, for example, from 91 to 25 water mole- 
cules as the temperature increases from 0° to 
70oC. At the same time the mole fraction of 
monomeric molecules increases from 0.24 to 
0.39. At room temperature, the clusters are 
made up of approximately 50 H._,0 molecules. 

The Nemethy-Scheraga rrtodel is undoubtedly 
the one which has achieved greatest success in 
predicting thermodynamic properties of water. 
This theory has also been applied successfully 
to problems posed by nonpolar solutes (such as 
hydrocarbons or the side chains of protein 
molecules) in water. 

Yet even the Nemethy-Scheraga theory has 
its weaknesses, among them one with the spe- 
cific heat, a property that is very structure- 
sensitive. Their theory makes the specific heat 
decrease too rapidly as; the temperatlire in- 
creases. A more recent treatment, by Griftith 
and Scheraga, promises to overcome this dif- 
ficulty, however, as well as to improve the al- 
ready impressive fit between calculated and 

" observed values of the internal energy, en- 
tropy, and molar volume. 

The last major model for water that we 
shall consider is the clathrate cage model pro- 
posed by Linus Pauling of CalTech about 
seven years ago. Clathrates are the interesting 
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compounds formed when small, relatively inert 
molecules are trapped—by geometry, not by 
valance bonds—in cavities of appropriate size 
and shape within a crystal lattice or within a 
larger molecule. Some clay minerals and zeo- 
lites ußed as "molecular sieves" in petroleum 
refining areTamiliar examples. 

Water inside a cage of water 

Pauling called attention to the long-known 
existence of many clathrate hydrates of inert 
gases, halogens, and low-molecular-weight hy- 
drocarbons—e.g., CL • 8H0O, Kr • GH^O, CH4 • 
6HmO, and CHC1;J • 18H.O—and suggested that 
water might be its own clathrate hydrate, with 
a formula of the form H^O • nR.O. Pauling 
modeled his water hydrate after the chlorine- 
hydrate structure shown in Fig. 1, in which 
the basic structural unit is the pentagonal 
dodecahedron. At each of the 20 corners of 
this geometric figure there is a water molecule, 
and the dodecahedral geometry is sustained by 
hydrogen, bonds among these molecules. Such 
dodecahedra, suitably arranged at the corners 
and center of a reference cube, leave cavities 
between them, and the cavities can accommo- 
date Single water molecules. Some of these 
lone molecules help to tie the entire structure 
together by hydrogen bonding; others are 
merely trapped in the structure. By also 
placing non-hydrogen-bonded water molecules 
within some of the pentagonal dodecahedra as 
trapped guests, Pauling was able to calculate 
the density of water to be 0.98 g/ml, in fair 
agreement with the observed value of 1 g/ml. 

But there are several difficulties. First of all, 
very few known clathrate hydrates can incor- 
porate guest molecules which have so large a 
dipole moment as the water molecule. Such a 
strongly dipolar guest molecule would prob- 
ably interact with and distort, if not destroy, 
the host lattice—permitting the guest mole- 
cules to escape. Furthermore, while crystalline 
hydrates containing both filled and empty pen- 
tagonal dodecahedra have indeed been ob- 
served by x-ray-diffraction techniques, no evi- 
dence yet available suggests that this is the 
case for water or that a Single water molecule 
can occupy a guest position. Still another ob- 
jection to the Pauling clathrate-hydrate model 
is that it pictures water as being very nearly 
a crystalline solid; the fluidity of water in the 
liquid state is not accounted for. This Prob- 
lem, however, was overcome in the treatment 
by Frank and his colleagues at Pittsburgh, to 
which I alluded when we discussed the hydro- 
gen bond. Building on the Pauling model, 
Frank and Quist have come up with a concept 
of "flickering" clusters which currently is 
probably the strongest alternative to the 
Nemethy-Scheraga model. 

Recall, in the discussion of the hydrogen 
bond, that I stressed that cooperative efTects 
are likely to occur on a large scale in the bond- 
ing of neighboring water molecules. However, 

this tendency to stabilize bonds does not sutlice 
to impart a permament, definite structure to 
the water clusters created by hydrogen bond- 
ing. It is considered more likely, rather, that 
the large-scale clusters form and break down 
—or flicker—with a relatively high frequency, 
perhaps on the order of lO11 times per second. 
On the other hand, the frequency with which 
the molecules themselves vibrate around their" 
equilibrium positions in the clusters is much 
higher—lO'3 to lO14 times per second. Thus, 
the molecules may oscillate hundreds or thou- 
sands of times around their equilibrium posi- 
tions in a clathrate-like cage before the cage 
falls apart; but the constituent molecules 
quickly reform to create new clusters. • 

Clathrate cages and flickering clusters 

Such flickering structures can introduce the 
necessary fluidity into the Pauling model. At 
the same time, they ease the strict require- 
ments for Alling all available space (and get- 
ting clear x-ray-diffraction patterns) that 
would be demanded by any crystallographer 
considering such solid-like structures as Paul- 
ing's clathrate eages. 

Frank and Quist are thus able to account 
for the enthalpy and entropy of water, but, as 
with the Nemethy-Scheraga clusters and 
Eyring's significant structure theory, the re- 
markable heat capacity of water is less sat- 
isfactorily duplicated. Frank has suggested 
that this model may be further improved by 
postulating the existence of water molecules 
which neither participate in the hydrogen- 
bonded clathrate host lattice nor occupy the 
trapped-guest positions. These extra water 
molecules (sometimes referred to as state-III 
water) may, if they exist and if they can be 
accounted for quantitatively, indeed allow a 
very accurate description of the unusual prop- 
erties of water. 

But even if state-III ^yater molecules do 
exist, the indications are that the struc- 
ture of water is likely to prove far more com- 
plex than even the most sophisticated of the 
current theories contemplates. Remember, for 
example, the thermal anomalies or kinks that 
I mentioned at the outset. Their existence im- 
plies the occurrence of higher-order phase 
transitions in the structure of water, what- 
ever it may be. None of the current theories 
can predict such higher-order phase transi- 
tions, although such phenomena may.be al- 
lowed, for instance, in terms of transitions 
between one type of cluster and anothe^. Un- 
fortunately, our ability to deal with coopera- 
tive order-disorder phenomena of this kind in 
terms of statistical mechanics is limited. 
Hence, hopes for a complete understanding of 
the structure of water within the next few 
decades remains dim. 

Mcouirhile, fnr a doser view of the efforts 
at understniidinq, see the references in the To 
Dig Deeper section. 
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