Colligative Properties: Boiling Point Elevation and Freezing Point Depression
Objective: In this experiment you will determine the molecular weight of a simple organic compound by two methods.

Introduction


Consider a binary mixture of a volatile solvent and a nonvolatile solute.  The pure solvent will boil when its vapor pressure is equal to barometric pressure that day.  If the barometric pressure is 1 atmosphere then the boiling temperature is called the normal boiling point of the solvent.  If a small amount of nonvolatile solute is introduced into the solvent then the vapor pressure of the solvent will be lowered according to Raoult’s Law.  This means that the solution will have to be heated to a higher temperature in order for the vapor pressure of the solvent to reach barometric pressure.  Thus the boiling point of the solution will be elevated relative to the pure solvent.
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We can use the chemical potential of the solvent to derive an expression for the change in boiling point.  We know that at the boiling point of the solution, the chemical potential of the solvent vapor must equal the chemical potential of the solvent in the liquid phase.  

The expression on the right side of this equation is the normal expression for the chemical potential of a solvent.  In this expression, a is the activity of the solvent.  We can rearrange this expression to get
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We can now substitute in for G to get the following expression

For the pure solvent, a =1 so ln (a) = 0 and we can write,
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where T* is the normal boiling point.  We can subtract the last two equations to get 
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To proceed further we assume that we have an ideal dilute solution.  In this case the activity of the solvent is equal to its mole fraction, xA.  Furthermore we can substitute in the mole fraction of the solute to get

If we have an ideal dilute solution, then xB is almost equal to zero.  We can thus approximate the left hand side of the equation as –xB.  This gives use the following equation
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Since the solution is very dilute, T*T is approximately T*2.  This substitution gives us
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Typically we use molality instead of mole fraction as a concentration scale in the lab when dealing with a nonvolatile solute.  To convert between the two concentration scales, we note that
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Where M is the molecular weight of solvent and mA is the mass of solvent in kg.  This gives the final boiling point elevation equation

Where m is the molality of the solution.  The factor of 1000 is a result of a grams to kilograms conversion in M.  Note that all the terms in the brackets depend only on the identity of the solvent and not at all on the identity of the solute.  The ratio in brackets is given the symbol Kb and is called the boiling point elevation or ebulloscopic constant.  The expected temperature change depends on the moles of solute but does not depend on the identity of the solvent.  All solutions at the same molality are expected to give the same boiling point elevation.  This behavior, dependence on the moles of solute but not the identity of the solute, is the common characteristic of all colligative properties.  


We can do a completely analogous derivation for the effect of a solute on the freezing point of a solute.  Again we would start with the equality between the chemical potential of the solid and the liquid solvent
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By rearrangement and substitution we can derive a result exactly analogous to the boiling point equation.
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In this equation Kf is the freezing point constant. As before, the value of this constant is independent of the solute.  All solutions in a particular solvent of the same molality should exhibit the same freezing point depression.

Experimental Procedure:


In the first week, you will determine the molecular weight of your assigned compound based on boiling point elevation.  Assemble the Cottrell apparatus as shown in class.  Note that the glassware is fragile and expensive and thus should be handled with great care.  The end of the probe should be inside the arms of the percolating device in order to get accurate temperature readings. To prevent superheating, several boiling chips should be placed in the apparatus.  Once the apparatus is assembled, pipet 50 mL of your assigned solvent into the boiling chamber.  Make sure that the probe is within but not touching the glass arms of the percolator.  Place the device in the heating mantle and turn the mantle on using a variac.  Once the solvent begins to boil, take a temperature reading every 30 seconds until a plateau is reached.  If a plateau can not be reached within 5 minutes of the first observed boiling, take the best average temperature over the last several data points.  A weighed pellet of unknown is then introduced into the apparatus.  Once the pellet appears to have dissolved, take temperature readings every 30 seconds to establish a new boiling point.  Turn off the heating mantle, clean and refill the apparatus and repeat the measurement a minimum of three times.  Calculate the solute molecular weight for each trial.  Determine an average, standard deviation, and standard error.  Perform a Q test and acquire additional data if needed.  Perform a t-test to determine if your value is significantly different from the literature value.  


In the second week, you will set up a freezing point depression experiment.  Weigh out 50 grams of your solvent.  Heat your solvent until, it is above the freezing point of the solvent and completely liquefied.  Discontinue heating the sample.  Then determine the temperature of the system every 30 seconds until a freezing point has been determined.  Reheat the solvent until completely liquefied.  Then add a pellet of your organic unknown.  Once it has completely dissolved, remove the system from the heat and record the temperature of the system every thirty seconds until a freezing point has been determined.  Reheat the solution and dispose of the mixture.  Clean and refill the apparatus and repeat the measurement a minimum of three times.  Calculate the solute molecular weight for each trial.  Determine an average, standard deviation, and standard error.  Perform a Q test and acquire additional data if needed.  Perform a t-test to determine if your value is significantly different from the literature value.  

Colligative Properties Pre-lab

1) Look up the densities, boiling point constants and boiling points of ethanol, methanol, chloroform, and acetone and the freezing points and freezing point constants for naphthalene and biphenyl.

2) Assume you have a 1.000 g pellet of naphthalene in 50.00 mL of chloroform.  What increase in boiling point would you expect to see?

3) If a 1.000 g sample of an unknown organic raises the boiling point of a solution made starting with 50.00 mL of ethanol by 1.23 degrees, what is the molality of the solution?  How many moles of the unknown are present?
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