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Water is definitely the most important "chemical" we are in contact in our daily life. 

Everybody has experimented, directly and personally, its characteristics ant its behavior. One is 

tempted to assert one knows everything about water. But such an assertion would be wrong. 

In fact, water is considered a very special substance by chemists. It exhibits a series of 

anomalies when compared to most substances. 

 
 

Water is definitely the most abundant chemical substance that is found nearly pure on the 

earth. It is essential for life. Though thousands of liquid chemical substances are known nowadays, 

water is by far the most important one, so many people tend to identify liquid with water. This is a 

bad idea: the properties of water are peculiar, and most liquids behave much differently. 

Actually, water is one of the few substances that are commonly found in nature in the three 

states: solid, liquid and vapor. This contributes to its importance in the environment. 

 

ANOMALIES IN DETAIL 

 

Density of the solid state compared with the liquid state  
 

Ice has a lower density than liquid water. 

This is not a unique case (cast iron is another), but 

most chemicals have a density in the solid state 

higher than in the liquid state. 

For this reason ice floats on water. This is a 

fundamental condition making life possible in the 

Arctic region, where an ice blanket insulates 

underlying water, keeping it liquid and allowing 

life to go on. 

So, when ice melts, its density increases. 

Moreover, when liquid water is heated above its 

freezing temperature of 0°C, its density continues 

to increase, contrary to most substances. The density attains a maximum at +4°C, then the effect of 

thermal expansion prevails and the density decreases. 

 

 

 

 

 

 

 

 



Unusually high melting and boiling points 

 

If one considers the molecular composition of water (1 

oxygen and 2 hydrogen atoms), one would predict a boiling 

and a melting point much lower than observed (100°C and 

0°C, respectively). 

A general trend about volatility of substance is: the 

heavier a molecule, the higher its boiling and melting points. 

Water, however, completely violates this rule. The water 

molecule is one of the smallest found in nature, and yet it is 

not a gas at room temperature. 

If you look at hydrides of atoms near oxygen in the 

periodic table, namely carbon, nitrogen and fluorine, you find their boiling point is lower than room 

temperature, making them gases. Ethyl alcohol, a much heavier molecule than water, has a boiling 

point lower than 100°C. 

The Hydrogen sulfide molecule H2S is homologous to water, containing sulfur (same 

Periodic Table group) in place of oxygen. Because sulfur is heavier than oxygen, one would expect 

this compound to have higher melting and boiling points than water. On the contrary, its melting 

point is -86°C and its boiling point is -60°C, making it a gas at room temperature and 1 atm 

pressure! 

So, the wide liquidity range of water, from 0°C to 100°C, is really anomalous. It is a key 

feature to explain the role of water in the environment and in support of life in our planet. 

 

Extremely high heat of fusion and vaporization  
 

When a liquid boils, a continuous supply 

of heat is necessary to keep it boiling, because 

energy is required to evaporate the liquid. The 

heat of vaporization is the amount of energy 

required to convert one gram of liquid into 

vapor. For water, this is 2250 J / g, a particularly 

high value compared to almost all known 

substances.  

The high heat of vaporization makes 

drying from liquid water slow. You can easily 

verify that ethanol, commonly known as ethyl 

alcohol, evaporates much faster than an 

equivalent amount of water. In environmental cycles, however, vaporization of huge masses of 

water, especially from the sea, takes place, and it is followed by condensation, giving rise to clouds 

and rain. These water and associated heat transfers are primary agents in climate control. 

Paired with this feature is the equally high value of the heat of fusion: 333 J / g for water. 

The heat of fusion is the amount of energy required for melting one gram of ice.  It is of the utmost 

importance for climate and ecology, because it causes the so-called "thermostatic effect at the 

freezing point". Any freezing or melting processes, as long as they are occurring, prevent the 

temperature from changing and keeps it fixed at the melting point. 

 Would you like to try this? Put water and some pieces of ice in a glass, introduce a 

thermometer, and expose the whole mixture to sun light or place it on a hot surface: as long as some 

ice is present  (it may take several minutes for all ice to disappear) the temperature inside the glass 

will be stable at 0 ° C, the ice melting temperature. 

 
SUBSTANCE 

BOILING 
TEMPERATURE 

at 1 atm [°C] 
Alcohol C2H5OH 78.3 

Ammonia NH3 -34 

Hydrogen fluoride HF 19.5 

Hydrogen sulfide H2S -60 

Methane CH4 -162 

Sea water 103 

Water H2O 100 



The same happens if we place a glass of water in a freezer at -25°C and introduce a 

thermometer: until all the water in the glass is frozen, its temperature is fixed at 0°C : only after 

that, the temperature gradually begins to decrease. 

Both the heat of fusion and heat of vaporization are often called “latent heat”. The term 

“latent”, meaning “hidden”, is used because such heat is associated with a state transition and it 

doesn’t cause a temperature change of the system. 
 

Extremely high surface tension 
 

What is surface tension? It is far easier to observe than to understand, and we will not go 

into technical details to explain it. Briefly, it is a property associated with any separation surface 

(also called interface) between a fluid and a different liquid, gaseous or solid phase.  

 A liquid such as water, characterized by a high surface tension, opposes high resistance to 

increasing its interface. 

Let’s think, for example, of a bug or a metal paper clip placed on a water surface. In order to 

counterbalance the weight force of the object, the water surface will tend to deform as a function of 

pressure, supporting it within certain limits, rather than breaking, so extending its initial area. 

Water exhibits the highest surface tension of all known liquids. This tension, and the related 

tendency to minimize the surface, governs the formation of droplets, their size and the fact that on 

many types of surfaces water stays condensed rather than spreading over the whole surface. 

  

Very high specific heat 
 

Let’s consider two pots filled with same amount of two different liquids 

and placed on two identical stoves,  with a thermometer immersed in each of 

them to measure the temperature (do not try this in your home yourself as most 

liquids will be flammable). In these conditions the same amount of heat is 

supplied  to both liquids . We will see, however, that the temperature will not be 

identical in the two pots: it will rise more quickly in one and more slowly in the 

other. Water will take longer to warm up compared to the majority of fluids. It 

requires a large amount of heat per unit mass to raise its temperature by one degree Celsius or, 

using the proper term, it has a high "specific heat". 

The specific heat is the amount of heat per unit mass required to raise the temperature by 

one degree Celsius, and it is measured in J / g•K (where J indicates the unit of heat and the 

temperature is measured in Kelvin, K, a unit of absolute temperature). Notice that 1 K represents 

the same temperature difference as 1 Celsius degree °C. 

The specific heat of water is 4.18 J / g•K, an exceptionally high value. The effects of this 

high specific heat are fundamental for the very existence of life on Earth: water prevents rapid 

changes in temperature caused by external factors. This peculiarity preserves the characteristics of 

living habitats and favors the maintenance  of a relatively stable internal temperature for our bodies; 

in the environment, it allows high heat transfers associated with the displacement of masses of 



water, directly i.e. when water flows in river, or by convective motions, i.e. when warm water rises 

to the surface and cool water sinks, with direct consequences ranging from climatic variations to the 

correct cooking of pasta!  
 

Excellent solvent capacity 
 

Water is a powerful solvent that solubilizes a large variety of solid, liquid and gaseous 

chemicals, like carbohydrates, amines, acids and alkalis, and inorganic salts. 

Many substances separate as electrically charged particles, called ions, when dissolved in 

water. Such substances are called electrolytes and include sodium chloride, or common table salt. 

Most organic substances soluble in water retain their molecular structure in solution. 

The key factor explaining solubility in water is electrostatic interaction between solute 

particles and water molecules. The water molecule is polar. Its O atom attracts electrons from the 

O-H bond, thus acquiring a partial negative charge (∂-), while the H atoms get a positive charge 

(∂+): remember electrons are negatively charged. The molecule is therefore an electric dipole, with 

a positive and a negative end, that is able to attract charged particles (ions) and other polar 

molecules, namely of water and of other polar substances. A particularly strong intermolecular 

interaction is the hydrogen bond (see later). 

The interaction between water and solute, called solvation, is 

somewhat different depending on the nature of solute. If the solute is 

an electrolyte, the water molecules orient themselves around the ions, 

presenting the oppositely charged ends (see figure). 

For organic molecules we can say, albeit approximately, that 

substances showing low solubility in water are not able to form 

hydrogen bonds with water molecules, and more generally they lack 

highly polarized bonds. Such substances are non polar, whereas polar 

substances are soluble in water. 

 

Extraordinary direct and indirect reactivity 
 

Despite its calm and peaceful aspect, water can react and 

help other substances to react; it stands in fact at the heart of a 

probably unparalleled number of chemical reactions.  

Its role in chemical reactivity can be ascribed to 3 

different effects:  

- Maintenance of molecules in solution (gases, solids 

and liquids, especially polar);  

- Separation and solvation of electrolytes (e.g. 

inorganic salts, acids, bases, etc.) in ionic species;  

- Acting as a reactant itself. 

The presence of water is involved in metal oxidation 

(e.g. formation of rust), in many different forms of hydrolysis, 

in hardening of lime caused by conversion of calcium 

hydroxide to calcium carbonate. 

Hydrolysis reactions are very common in biochemical 

processes: the word itself means that a substance can be “broken” into two different parts by the 

action of water as a reagent. Esters and polysaccharides are two classes of biologically important 

organic compounds that undergo hydrolysis; starch is a polysaccharide, and its hydrolysis is a step 

in digestion of many important foods; triglycerides are esters involved in fat metabolism, with 

hydrolysis preventing them accumulating to dangerous levels. 

 
Aspirin reacting with bicarbonate. 
The reaction takes place when the 

reactants are in water. 



In some cases the reactions could potentially occur also in the absence of water (e.g. the 

reaction of calcium hydroxide would require carbon dioxide only as a reactant: water does not even 

appear in the chemical equation!), but the process is incredibly longer because of low reactivity  of 

substances in the solid state. In this state the reaction takes place at the surface only, and the 

mobility of ions is limited. 

Basically, water plays a pivotal role in virtually all the biochemical reactions that occur in 

living beings. 

 

Low viscosity 
 

The viscosity of a liquid is a measure of the resistance it opposes 

to a gradual deformation; it can be somehow described as its 

thickness. The viscosity of water is low but not exceptionally so, 

many liquids are less viscous than water. Its viscosity coefficient, 

0.8905•10
-3

 Pa • s, is not exceptionally low, as other properties 

are. 

The rather extraordinary fact is that water exhibits such a 

low viscosity coefficient despite its marked ability to form 

hydrogen bond networks, which are at the heart of other 

properties described so far. High, and sometimes extremely high, viscosity coefficients are in fact a 

common characteristic of substances forming extensive networks of intermolecular hydrogen 

bonds, such as glycerol, glycols and formamide: the hydrogen bonds slow down the mutual 

movement of molecules,  hampering the movement of the whole mass of the liquid, as a sort of 

internal friction. 

The hydrogen bonds in water, though numerous and strong, are easily transferred from one 

site to another; molecules can quickly modify their relative positions, breaking existing bonds and 

forming new ones; this allows the liquid mass to deform, promptly balancing any difference in 

pressure. So, deformation of enormous masses of water is possible: take tides for example. 

 

Extremely high dielectric constant  

 

Water is a polar molecule, so it is sensitive to direction when placed 

in an electric field. As can be seen in the figures, the molecules orient 

themselves aligning their electric dipole p to the direction of the electric 

field. 

 We can say that the dielectric 

constant, also called electrical 

permittivity, measures the ability of a 

material to transmit the electric field to 

which it is subjected. 

The magnitude of the dielectric constant is proportional to 

the capacity of the material to polarize under the effect of an 

electric field, however generated, causing a reduction in the 

intensity of the field within the material. The dielectric constant 

of water is very high, due to its high electric dipole and to ease of 

reorienting. 

The high dielectric constant enables water to solubilize ionic species, reducing attraction 

between ions and surrounding them with water molecules suitably oriented to minimize the electric 

field. 

 

 



 

Reasons for anomalies… 
 

The majority of the anomalies so far described are primarily 

due to the highly polar nature of water. Such polarity derives from 

two features: 

- the high difference in electronegativity, i.e. in the capacity 

of attracting bond electrons, between its constituent 

elements, which results in strongly polarized OH bonds; 

- the fact that the two OH bonds are not aligned in a linear 

fashion, but form an angle of 104,5 degrees, so the two 

bond dipoles do not cancel each other, but yield a nonzero 

sum. 

These two features result in water having an electric dipole 

and enable formation of the hydrogen bond, one of the strongest 

intermolecular bonds in chemistry. A positively charged hydrogen atom is electrically attracted by 

the negatively charged oxygen atom of an adjacent molecule, generating a network of properly 

oriented molecules. The hydrogen atom has no electrons besides the one involved in the OH bond, 

so its nucleus, a simple proton, is not screened and can interact strongly with the oxygen electrons 

of another molecule.  

The number of first neighbors around an oxygen atom is limited to four H atoms, accounting 

for the low density of ice, where the hydrogen bond network is unperturbed, and to a lesser extent 

for the relatively low density of liquid water. 

The number of hydrogen bonds with which water molecules are actually connected opens up 

the possibility of there being different types of water present 

in a sample of a complex material: we can thus identify (and 

within certain limits quantify) water in different states in a 

substrate (e.g. carbohydrates, salts, macromolecules), and 

distinguish between so-called "bound water" and the total 

water amount. 

Another important feature, especially in regard to 

interactions with macromolecules, is the small size of the 

water molecule. The O-H internuclear distance is only 96 pm 

(1 pm = 10
-12

 m) and the molecular radius is of the order of 

300 pm, corresponding to less than one billionth of a meter. 

 

Water and life 

 

Water is essential to life, as we know it, at least on 

our planet. Animals, plants, bacteria, fungi, and even 

viruses need water for their vital functions. 

Other chemicals are necessary for human life, but 

some living beings can do without them. For instance, free 

oxygen is not required, and can even be toxic, for 

anaerobic organisms. Water, on the contrary is necessary 

for all, with no exceptions. 

It is generally agreed that life was first formed and evolved in water. The two most 

important classes of biological macromolecules, i.e. nucleic acids and proteins, have molecules with 

a chain structure, that folds to give a precise three-dimensional structure that is essential for their 

biological properties. Such a three-dimensional structure is made possible and stabilized by water. 

Water can penetrate inside the macromolecular volume, because of the tiny size of the molecule, 



and interact specifically with defined groups, 

selecting polar from non-polar groups, and 

forming hydrogen bonds with proper molecular 

moieties. 

 If water is not present in appropriate 

amounts and in the proper physicochemical state, 

the space structure of biological macromolecules 

is disrupted, making them inactive. This is the 

phenomenon of denaturation. It can be observed 

when cooking an egg: the egg white, mainly 

constituted of the protein albumin, is converted 

from its native form of a transparent liquid to a 

solid white mass of denatured albumin. 

In living beings, water interacts mainly 

with polar molecules, that are also called 

hydrophilic molecules. Non-polar molecules like 

fats tend to segregate and to form a lipophilic 

environment separated from the hydrophilic 

environment. These polar and non polar 

regions are strictly interrelated, not only in the 

whole body, but even in each cell and in 

subcellular organelles. Their relationships are 

the base for understanding most biochemical 

features. 

 

 
An enzyme (protein) in its stable conformation in water 


