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Chapter 7

How Molecules Mix
THE MAIN IDEA

7.4 Solubility

The solubility of a solute is its ability to dissolve in a solvent. As 
can be expected, solubility mainly depends on the attractions 
between the fundamental particles of the solute and solvent. 
If a solute has any appreciable solubility in a solvent, then that 
solute is said to be soluble in that solvent.

Solubility also depends on attractions of solute par-
ticles for one another and attractions of solvent particles for 
one another. As shown in Figure 7.18, for example, there are 
many polar hydrogen–oxygen bonds in a sucrose molecule. 
Sucrose molecules, therefore, can form multiple hydrogen 
bonds with one another. These hydrogen bonds are strong 
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Solubility depends upon 
what?

READING CHECK

<  Figure  7.18
A sucrose molecule contains many 
hydrogen–oxygen covalent bonds, in 
which the hydrogen atoms are slightly 
positive and the oxygen atoms are 
slightly negative. These dipoles in any 
given sucrose molecule result in the 
formation of hydrogen bonds with 
neighboring sucrose molecules.
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enough to make sucrose a solid at room temperature and to 
give it the relatively high melting point of 185°C. In order for 
sucrose to dis- solve in water, the water molecules must first pull 
sucrose molecules away from one another. This puts a limit on 
the amount of sucrose that can dissolve in water— eventually, 
a point is reached at which there are not enough water mole-
cules to separate the sucrose molecules from one another. As 
we discussed in Section 7.2, this is the point of saturation and 
any additional sucrose added to the solution does not dissolve.

When the molecule-to-molecule attractions among 
solute molecules are comparable to the molecule-to-molecule 
attractions among solvent molecules, there is no practical point 
of saturation. As shown in Figure 7.19, for example, the hydro-
gen bonds among water molecules are about as strong as those 
between ethanol molecules. These two liquids therefore mix 
together quite well in just about any proportion. We can even 
add ethanol to water until the ethanol, rather than the water, 
can be considered the solvent.

A solute that has no practical point of saturation in 
a given solvent is said to be infinitely soluble in that solvent. 
Ethanol, for example, is infinitely soluble in water. Also, all gases 
are generally infinitely soluble in other gases, because they can 
be mixed together in just about any proportion.

Let’s now look at the other extreme of solubility, where 
a solute has very little solubility in a given solvent. An exam-
ple is oxygen, O2, in water. In contrast to sucrose, which has a 
solubility of 200 grams per 100 milliliters of water, only 0.004 
gram of oxygen can dissolve in 100 milliliters of water. We can 
account for oxygen’s low solubility in water by noting that the 
only attractions that occur between oxygen molecules and water 
molecules are relatively weak dipole–induced dipole attractions. 
More important, however, is the fact that the stronger attraction 
of water molecules for one another—through the hydrogen 

Water sometimes gets into 
the gas lines of cars, usually 
by condensing from moist 
air. In regions where the 
winter gets super cold, this 
water can clog the gas line 
by freezing. To prevent this 
from happening, the mind-
ful driver pours in a small 
12-ounce bottle of gas line 
antifreeze with each fill-up. 
For a fuel-injected car, iso-
propyl alcohol, C3H7OH, is 
the recommended gas line 
antifreeze. For a carbureted 
car, methyl alcohol, CH3OH, 
is recommended. Just like 
ethanol, each of these alco-
hols is soluble in water. They 
are also soluble in gasoline. 
Their presence, therefore, 
helps the water to mix with 
the gasoline, thereby pre-
venting a gas line freeze-up.

FOR YOUR
INFORMATION

  Figure 7.19
Ethanol and water molecules are 
about the same size, and they both 
form hydrogen bonds. As a result, 
ethanol and water will readily mix 
with each other.
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bonds that the water molecules form with one another—effectively 
excludes oxygen molecules from intermingling with them.

A material that does not dissolve in a solvent to any appre-
ciable extent is said to be insoluble in that solvent. We find many 
substances to be insoluble in water, including sand and glass. Just 
because a material is not soluble in one solvent, however, does 
not mean it won’t dissolve in another. Sand and glass, for exam-
ple, are soluble in hydrofluoric acid, HF, which is used to give glass 
the decorative frosted look shown in Figure 7.20. Also, although 
StyrofoamTM   is insoluble in water, it is partially soluble in acetone, a 
solvent used in fingernail- polish remover.  Pour a little acetone into 
a StyrofoamTM  cup,  and  the  acetone soon causes the StyrofoamTM  
to deform, as demonstrated in Figure 7.21.

C O N C E P T   C H E C K
Why isn’t sucrose infinitely soluble in water?

CHECK  YOUR  ANSWER   The attraction between two sucrose molecules is much stronger than 
the attraction between a sucrose molecule and a water molecule. Be- cause of this, sucrose 
dissolves in water only as long as the number of water molecules far exceeds the number of 
sucrose molecules. When there are too few water molecules to dissolve any additional sucrose, the 
solution is saturated

^  Figure  7.20
Glass is frosted by dissolving 
its outer surface in hydrofluoric 
acid.

 Figure  7.21
Is this cup melting or dissolving?

Solubility Changes with Temperature
You probably know from experience that water soluble solids 
usually dissolve better in hot water than in cold water. A highly 
concentrated solution of sucrose in water, for example, can be made 
by heating the solution almost to the boiling point. This is how syrup 
and hard candy are made.

Solubility increases with increasing temperature because 
hot water molecules have greater kinetic energy and therefore are 
able to collide with the solid solute 
more vigorously. The vigorous col-
lisions facilitate the disruption of 
particle-to-particle attractions in the 
solid.

Although the solubilities 
of many solid solutes—sucrose, to 
name just one example—are greatly 
increased by rises in temperature, the 
solubilities of other solid solutes, such 
as sodium chloride, are only mildly 
affected, as Figure 7.22 shows. 
This difference involves a number 
of factors, including the strength 
of the chemical bonds in the solute 
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molecules and the way those molecules are packed together. 
Some chemicals, such as calcium carbonate, CaCO3, actually 
become less soluble as the water temperature increases. This 
explains why the inner surfaces of tea kettles are often coated 
with calcium carbonate residues.

When a sugar solution saturated at a high temperature 
is allowed to cool, some of the sugar usually comes out of solu-
tion and forms what is called a precipitate. When this occurs, 
the solute, sugar in this case, is said to have precipitated from 
the solution.

Let’s put on our quantitative thinking caps and consider 
another example. At 100°C, the solubility of sodium nitrate, 
NaNO3, in water is 165 grams per 100 milliliters of water. As we 
cool this solution, the solubility of NaNO3 decreases, as shown 
in Figure 7.22, and this change in solubility causes some of the 
dissolved NaNO3 to precipitate (come out of solution). At 20°C, 
the solubility of NaNO3 is only 87 grams per 100 milliliters of 
water. So, if we cool the 100°C solution to 20°C, 78 grams (165 
grams – 87 grams) precipitates, as shown in Figure 7.23.

Figure 7.22 > 
The solubility of many 
water-soluble solids increases 
with temperature, while the 
solubility of others is only 
very slightly affected by 
temperature.

Figure 7.23 > 
The solubility of sodium 
nitrate is 165 grams per 100 
milliliters of water at 100°C 
but only 87 grams per 100 
milliliters at 20°C. Cooling 
a 100°C saturated solution 
of NaNO3 to 20°C causes 
78 grams of the solute to 
precipitate.
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Solubility of Gases
In contrast to the solubilities of most solids, the solubilities of gases 
in liquids decrease with increasing temperature, as Table 7.2 shows. 
This effect occurs because with an increase in temperature, the 
solvent molecules have more kinetic energy. This makes it more 
difficult for a gaseous solute to remain in solution, because the 
solute molecules are literally ejected by the high-energy solvent 
molecules.

Perhaps you have noticed that compared to cold carbonated 
beverages, warm ones go flat faster. The higher temperature causes 
the molecules of carbon dioxide gas to leave the liquid solvent at 
a higher rate.

The solubility of a gas in a liquid also depends on the pres-
sure of the gas immediately above the liquid. In general, a higher gas 
pressure above the liquid means more of the gas dissolves. A gas at 
a high pressure has many, many gas particles crammed into a given 
volume. The “empty” space in an unopened soft drink bottle, for 
example, is crammed with carbon dioxide molecules in the gaseous 
phase. With nowhere else to go, many of these molecules dissolve 
in the liquid, as shown in Figure 7.24. Alternatively, we might say 
that the great pressure forces the carbon dioxide molecules into 
solution. When the bottle is opened, the “head” of highly pressur-
ized carbon dioxide gas escapes. Now the gas pressure above the 
liquid is lower than it was before. As a result, the solubility of the 
carbon dioxide drops, and the carbon dioxide molecules that were 
once squeezed into the solution begin to escape into the air above 
the liquid.

TABLE  7.2
Te m p e r a t u r e - D e p e n d e n t 
Solubility of Oxygen Gas in Water 
at a Pressure of 1 Atmosphere

<  Figure  7.24
(a) The carbon dioxide gas above 
the liquid in an unopened soft 
drink bottle consists of many 
tightly packed carbon dioxide mol-
ecules that are forced by pressure 
into solution. (b) When the bottle 
is opened, the pressure is released 
and car- bon dioxide molecules 
originally dissolved in the liquid 
can escape into the air.
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The rate at which carbon dioxide molecules leave an 
opened soft drink is relatively slow. You can increase the rate by 
pouring in granulated sugar, salt, or sand. The microscopic nooks 
and crannies on the surfaces of the grains serve as nucleation 
sites where carbon dioxide bubbles are able to form rapidly 
and then escape by buoyant forces. Shaking the beverage also 
increases the surface area of the liquid-to-gas interface, making 
it easier for the carbon dioxide to escape from the solution. 
Once the solution is shaken, the rate at which carbon dioxide 
escapes becomes so great that the beverage froths over. You 
also increase the rate at which carbon dioxide escapes when you 
pour the beverage into your mouth, which abounds in nucle-
ation sites. You can feel the resulting tingly sensation.

What happens to the solubility of gases in water when 
salt is added? Consider what water molecules do when sodium 
and chloride ions are introduced to the mix. The water mole-
cules are drawn to these highly charged ions, to the point of 
surrounding them forming a “sphere of hydration”. In effect, 
there are now fewer water molecules available to interact with 
the nonpolar gas molecules. This can be any sort of gas, such 
as oxygen, O2, or carbon dioxide, CO2.  Simply put, these gas 
molecules cannot compete with the salt for water’s attention. 
As salt is introduced to water, the solubility of any gas dissolved 
in that water decreases. This is called a salting effect. 

Thus, adding salt to a carbonated beverage is particularly 
effective at the formation of bubbles—there are the nucleation 
sites discussed earlier as well as this salting effect. This also 
explains why oxygen, O2, is more soluble in freshwater streams 
and lakes than in seawater. A fresh water trout won’t survive in 
seawater—its tissues are not accustomed to the high salinity, but 
also there is less oxygen, O2, available for it to absorb through 
its gills.

It is not just dipole–induced 
dipole attractions that keep 
carbon dioxide dissolved 
in water. As we’ll discuss in 
Chapter 10, carbon dioxide 
reacts with water to form 
carbonic acid, which is much 
more soluble in water. When 
a can of carbonated soda is 
opened, much of this car-
bonic acid rapidly transforms 
back into water and carbon 
dioxide, which quickly bub-
bles out of solution because 
of its low solubility.

FOR YOUR
INFORMATION

C O N C E P T   C H E C K
You open two cans of soft drink, one from a warm kitchen shelf and the other from the coldest depths 
of your refrigerator. Which provides the greater fizz in your mouth?

CHECK  YOUR  ANSWER   The solubility of carbon dioxide in water decreases with increasing 
temperature. The warm drink, therefore, will fizz in your mouth more than the cold one will.


