Colligative Properties
What are Colligative Properties?

We have discussed, solutions have different properties than either the solutes or the
solvent used to make the solution. Those properties can be divided into two main groups--
colligative and non-colligative properties. Colligative properties depend only on the number of
dissolved particles in solution and not on their identity. Non-colligative properties depend on
the identity of the dissolved species and the solvent.

To explain the difference between the two sets of solution properties, we will compare the
properties of a 1.0 M aqueous sugar solution to a 0.5 M solution of table salt (NaCl) in water.
Despite the concentration of sodium chloride being half of the sucrose concentration, both
solutions have precisely the same number of dissolved particles because each sodium chloride
unit creates two particles upon dissolution--a sodium ion, Na*, and a chloride ion, CI.
Therefore, any difference in the properties of those two solutions is due to a non-colligative
property. Both solutions have the same freezing point, boiling point, vapor pressure, and
osmotic pressure because those colligative properties of a solution only depend on the number
of dissolved particles. The taste of the two solutions, however, is markedly different. The sugar
solution is sweet and the salt solution tastes salty. Therefore, the taste of the solution is not a
colligative property. Another non-colligative property is the color of a solution. A 0.5 M
solution of CuSQ, is bright blue in contrast to the colorless salt and sugar solutions. Other non-
colligative properties include viscosity, surface tension, and solubility.

Raoult's Law and Vapor Pressure Lowering

When a nonvolatile solute is added to a liquid to form a solution, the vapor pressure
above that solution decreases. To understand why that might occur, let's analyze the
vaporization process of the pure solvent then do the same for a solution. Liquid molecules at the
surface of a liquid can escape to the gas phase when they have a sufficient amount of energy to
break free of the liquid's intermolecular forces. That vaporization process is reversible. Gaseous
molecules coming into contact with the surface of a liquid can be trapped by intermolecular
forces in the liquid. Eventually the rate of escape will equal the rate of capture to establish a
constant, equilibrium vapor pressure above the pure liquid.

If we add a nonvolatile solute to that liquid, the amount of surface area available for the
escaping solvent molecules is reduced because some of that area is occupied by solute particles.
Therefore, the solvent molecules will have a lower probability to escape the solution than the
pure solvent. That fact is reflected in the lower vapor pressure for a solution relative to the pure
solvent. That statement is only true if the solvent is nonvolatile. If the solute has its own vapor
pressure, then the vapor pressure of the solution may be greater than the vapor pressure of the
solvent.

Note that we did not need to identify the nature of the solvent or the solute (except for its
lack of volatility) to derive that the vapor pressure should be lower for a solution relative to the
pure solvent. That is what makes vapor pressure lowering a colligative property--it only
depends on the number of dissolved solute particles.



summarizes our discussion so far. On the surface of the pure solvent (shown on the left) there
are more solvent molecules at the surface than in the right-hand solution flask. Therefore, it is
more likely that solvent molecules escape into the gas phase on the left than on the right.
Therefore, the solution should have a lower vapor pressure than the pure solvent.

Figure 1 The Vapor Pressure of a Solution is Lower than that of the Pure Solvent

The French chemist Francois Raoult discovered the law that mathematically describes the vapor
pressure lowering phenomenon. Raoult's law is given in :

F= :al's-:-'l'l.r-:-nt P*

Raoult's law states that the vapor pressure of a solution, P, equals the mole fraction of the
solvent, ¢ e, Multiplied by the vapor pressure of the pure solvent, P°. While that "law" is
approximately obeyed by most solutions, some show deviations from the expected behavior.
Deviations from Raoult's law can either be positive or negative. A positive deviation means that
there is a higher than expected vapor pressure above the solution. A negative deviation,
conversely, means that we find a lower than expected vapor pressure for the solution. The
reason for the deviation stems from a flaw in our consideration of the vapor pressure lowering
event--we assumed that the solute did not interact with the solvent at all. That, of course, is not
true most of the time. If the solute is strongly held by the solvent, then the solution will show a
negative deviation from Raoult's law because the solvent will find it more difficult to escape
from solution. If the solute and solvent are not as tightly bound to each other as they are to
themselves, then the solution will show a positive deviation from Raoult's law because the
solvent molecules will find it easier to escape from solution into the gas phase.

Solutions that obey Raoult's law are called ideal solutions because they behave exactly as
we would predict. Solutions that show a deviation from Raoult's law are called non-ideal
solutions because they deviate from the expected behavior. Very few solutions actually
approach ideality, but Raoult's law for the ideal solution is a good enough approximation for the
non- ideal solutions that we will continue to use Raoult's law. Raoult's law is the starting point
for most of our discussions about the rest of the colligative properties, as we shall see in the
following section.

Boiling Point Elevation

One consequence of Raoult's law is that the boiling point of a solution made of a liquid solvent
with a nonvolatile solute is greater than the boiling point of the pure solvent. The boiling point
of a liquid or is defined as the temperature at which the vapor pressure of that liquid equals the
atmospheric pressure. For a solution, the vapor pressure of the solvent is lower at any given
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temperature. Therefore, a higher temperature is required to boil the solution than the pure
solvent. is a phase diagram for both a pure solvent and a solution of that solvent and a
nonvolatile solute that explains that point graphically.
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Figure 2: Phase Diagram for a Solvent and its Solution with a Nonvolatile Solute
As you can see in the the vapor pressure of the solution is lower than that of the pure solvent.
Because both pure solvent and solution need to reach the same pressure to boil, the solution
requires a higher temperature to boil. If we represent the difference in boiling point between the
pure solvent and a solution as ATy, we can calculate that change in boiling point from the :

AT =K, m

In the we use the units molality, m, for the concentration, m, because molality is temperature
independent. The term K, is a boiling point elevation constant that depends on the particular
solvent being used. The term i in the above equation is called the van't Hoff factor and
represents the number of dissociated moles of particles per mole of solute. The van't Hoff factor
is 1 for all non-electrolyte solutes and equals the total number of ions released for electrolytes.
Therefore, the value of i for Na,SO, is 3 because that salt releases three moles of ions per mole
of the salt.

Freezing Point Depression
As you may have noticed when we looked at the, the freezing point is depressed due to the

vapor pressure lowering phenomenon. The points out that fact:
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Figure 3: Phase Diagram for a Solution and the Pure Solvent Indicating the Freezing Point
Depression



In analogy to the boiling point elevation, we can calculate the amount of the freezing point
depression with the :

AT =K:m

Note that the sign of the change in freezing point is negative because the freezing point of the
solution is less than that of the pure solvent. Just as we did for boiling point elevation, we use
molality to measure the concentration of the solute because it is temperature independent. Do
not forget about the van't Hoff factor, i, in your freezing point calculations.

One way to rationalize the freezing point depression phenomenon without talking about
Raoult's law is to consider the freezing process. In order for a liquid to freeze it must achieve a
very ordered state that results in the formation of a crystal. If there are impurities in the liquid,
I.e. solutes, the liquid is inherently less ordered. Therefore, a solution is more difficult to freeze
than the pure solvent so a lower temperature is required to freeze the liquid.

Osmotic Pressure

Osmosis refers to the flow of solvent molecules past a semipermeable membrane that stops the
flow of solute molecules only. When a solution and the pure solvent used in making that
solution are placed on either side of a semipermeable membrane, it is found that more solvent
molecules flow out of the pure solvent side of the membrane than solvent flows into the pure
solvent from the solution side of the membrane. That flow of solvent from the pure solvent side
makes the volume of the solution rise. When the height difference between the two sides
becomes large enough, the net flow through the membrane ceases due to the extra pressure
exerted by the excess height of the solution chamber. Converting that height of solvent into
units of pressure (by using the ) gives a measure of the osmotic pressure exerted on the solution
by the pure solvent. P stands for pressure, r is the density of the solution, and h is the height of
the solution.

P=|:lg]fl.

shows a typical setup for measuring the osmotic pressure of a solution.

Solution Pure Solvent

Seripermeable
Membrane

Figure 4: Setup for Measuring the Osmotic Pressure of a Solution



You can understand why more molecules flow from the solvent chamber to the solution
chamber in analogy to our discussion of Raoult's law. More solvent molecules are at the
membrane interface on the solvent side of the membrane than on the solution side. Therefore, it
is more likely that a solvent molecule will pass from the solvent side to the solution side than
vice versa. That difference in flow rate causes the solution volume to rise. As the solution rises,
by the pressure depth equation, it exerts a larger pressure on the membrane's surface. As that
pressure rises, it forces more solvent molecules to flow from the solution side to the solvent
side. When the flow from both sides of the membrane are equal, the solution height stops rising
and remains at a height reflecting the osmotic pressure of the solution.

The equation relating the osmotic pressure of a solution to its concentration has a form quite
similar to the ideal gas law:

PV =nRT

Although the above equation may be more simple to remember, the more useful. This form of
the equation has been derived by realizing that n/V gives the concentration of the solute in units
of molarity, M.

P=C,RT



