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1.  Introduction

2.1

The freezing point of a solvent, e.g. water, is known to decrease when a substance is dissolved in
it. This effect gets more and more noticeable as the number of dissolved particles in the solution
increases; this allows one to determine how many particles of the substance are dissolved by
measuring the freezing point depression. So one can also calculate the ratio of the number of de-
composed molecules over the total number of salt molecules added to the solvent. This ratio is
called the degree of dissociation. It is assigned the symbol o.

The purpose of the experiment is to determine the degree of dissociation of NaNOj dissolved in
distilled water this way.

Experimental tasks

Calibration of the thermistor

For measuring the freezing point of a solution, we need a thermometer, of course. There are two
kinds of “thermometers” available for the experiment: A digital thermometer with an accuracy of
about +/- 0.1 °C and a thermistor, whose resistance rises with falling temperature. The thermistor
is more precise than the thermometer but the correlation between temperature and the measurable
resistance is unknown at the beginning. So the first step we have to do is to calibrate the thermis-
tor with the help of the digital thermometer. The method used for doing this is simple: We pre-
pared a cold bath (salt with water and ice), stirred it quite heavily until the digital thermometer
put in showed —6 °C and then put the tip of the thermistor into the bath. The task was now to note
down the values of the resistance and the (rising) temperature at -6°C, -5.5°C, -5°C ... and finally
0°C while constantly stirring. To accelerate the rise of the temperature, we warmed up the bath a
bit with our hands from time to time. The whole series of measurements was recorded twice to
compensate the relatively bad accuracy of the thermometer.
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The results of our measurements are shown in the table and diagrams below. We calculated a lin-
ear approximation for the functions R(#) and ¢ (R) with the help of a spreadsheet program and its

linear regression function.

TI[°C] -6,0 -55 -5,0 -4,0 -3,5 -3,0 -2,5 -2,0 -1,5 -1,0 -0,5 0,0
R, series 1 [Q] [9,29 9,09 8,86 8,46 8,31 8,12 7,92 7,76 7,56 7,42 7,23 7,09
R, series 2 [Q] ]9,27 9,07 8,88 8,48 8,29 8,10 7,93 7,74 7,54 7,39 7,22 7,09

linear regression: parameters of the regression lines for R(39):

series 1: slope axis intercept

series 2: slope axis intercept

value -0,3668 7,0365

value -0,3684 7,0234

linear regression: parameters of the regression lines for 3(R):

series 1: slope axis intercept

series 2: slope axis intercept

value -2,7209 19,1395

value -2,7103 19,0307

* measured
values
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2.2

The following two equations define the functions ¢ (R), ¥, (R) calculated from two series of
measurements:

e series no. 1: &¥/°C =-2.7209 R/kQ + 19.1395 (1a)
e series no. 2: ¢/°C =-2.7103 R/kQ + 19.0307 (1b)

We now average over the two slope values and then over the axis intercept values. Thus we get
the interrelationship between temperature and resistance we will use later:

¥°C = -2.72 RIkQ + 19.1 (1)

Measurement of the freezing point depression

Now we want to find out about how much the freezing point is depressed when a certain amount
of salt is dissolved in a definite quantity of a solvent (distilled water). The first step to do here is
to determine the freezing point of pure distilled water as comparative value. After that we will de-
termine the freezing point of a solution (NaNOs in water). To compensate the error of measure-
ment to some degree we recorded every series of measurements twice as before. As each series
consists of up to 70 measurements, we will only show the diagrams and no tables in this para-
graph. We will directly show the temperature curves and not the resistance curves as we have al-
ready calibrated the thermistor before and the calculation of the temperature values is easily done
with help of the computer using equation (1).

e Freezing point of pure distilled water

At first, we prepare a cold bath and a test tube with about 20 mg of distilled water. The exact
mass is not important here because we have no other substance than water inside the test
tube.

Then the water is cooled down through placing the test tube in the cold bath; the tube con-
tents and the cold bath are constantly stirred. During the cooling process, the resistance value
of the thermistor is noted down every five seconds.

temperature [°C] freezing point of pure water |
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temperature [°C] freezing point of pure water Il

12

time [s]

The freezing point is, according to the instructions, the temperature of the solvent at the time
when the freezing process has started and the resistance of the thermistor becomes stable. To
determine the freezing point of the pure solvent more exactly, it is legitimate to average over
all temperature values after stabilisation of the temperature as the theory says that the tem-
perature of the pure solvent stays constant after having once reached the freezing point.

These are the values for the freezing point we obtained:

first series: ﬁ_'ﬁ‘eezingpoml, solvent = '017 OC

second series: Weezing poin, soven = -0.14 °C

average: Wieezing poini, soven: = -0.16 °C (rounded)

To gain an idea about the uncertainty of this average value, we will now try to use equations
(1a) and then (1b) instead of (1) to calculate the value:

average (calculated from resistances using (1a)): -0.12 °C

average (calculated from resistances using (1b)): -0.16 °C

So we can finally give an estimation for the uncertainty:
Sveezing point, sowent = ~0.16 °C +/- 0.05 °C
*  Freezing point of a solution
We are now going to do the same once more, but with a solution inside the test tube. For later

calculations, we need to get the exact mass values of the salt and the distilled water inside the
glass here.
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The mass of the distilled water put into the tube is determined by first weighing the dry and
empty test tube and then the test tube with around 20 ml of water inside. After that, around
0.5-0.6 mg of NaNO; are added to the water and the mixture is stirred until the salt has com-
pletely dissolved; the solution is weighed a third time then to get an exact value for the mass
of the salt.

The obtained mass values are:

M= 39.811 g (+/- 0.001 g)

Mype - warer= 61.705 g (+/- 0.001 g) => My, = 21.894 g (+/- 0.001 g)l
My water+sait = 62.218 g (+/- 0.001 g) => mgq,= 0.513 g (+/- 0.001 g)1

(We will not note down the fourth digit behind the point when mentioning mass values here
as it showed up that the certainty of the measured mass values is not good enough.)

The same solution was used for both measuring series, so we only had to weigh the masses
once.

Now, let us have a look at the diagrams and values for the freezing point we obtained:

temperature [C] freezing point of the solution |
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' These values for the uncertainty were obtained through quadratic error propagation.
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temperature ['C] freezing point of the solution Il
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The temperature of the solution first falls below the freezing point; then the freezing begins
and the curves rise to the freezing point. Up to that point, there is no difference between the
form of these curves and the two curves we have seen when freezing the pure solvent. But af-
ter the freezing point has been reached, the temperature begins to fall again slowly as men-
tioned in the instructions. So one has to determine the freezing point as the temperature at
which the rise of the temperature caused by the beginning freezing process stops.

The values obtained this way are:

l?freezingpomt, solution = -1.06 °C (ﬁrSt series)

@)‘eezingpnml, solution = -1.06 °C (SCCOHd Series)

@)‘eezingpnml, solution = -1.06 °C (average)

To estimate the uncertainty of this value we use the same method as before and get:

average (calculated from resistances using (1a)): -1.02 °C
average (calculated from resistances using (1b)): -1.05 °C
= lgfreezing point, solution =-1.06 °C +/- 0.05 °C 5

furthermore we finally obtain the value for the freezing point depression:
AY}reezingpuint =0.90 °C +/-0.10 °C

The uncertainty of 0.10 °C was calculated through linear error propagation as the thermistor
calibration error affects the two freezing point values the same way; the errors of the two
freezing point values used to calculate the depression value are not stochastically independ-
ent.
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2.3 Determining the number of dissolved particles and the degree of dissociation

The number of dissolved particles in the solution (in moles) can now be determined using equa-
tion no. (8) of the instructions and the values calculated above:

m water
n M m
water water water
n = = = =0,011 moles
dissol s
KG,water ’ looog _ 1 KG,water ’ looog _ 1 KG,waler : 1000g _
water
AT freezing p. M, water AT freezing p. M water AT freezing p.

(cryoscopic constant K¢ yaer = 1,859 K/mole; M., = 18,015 g/mole)

Using equation no. (9), we get the same value:

. — Myater AT/r@ezmg P _ 0.011 moles
dissol KG’wmer ] 1000g 5

For determining the maximum error of this value, we use quadratic error propagation for equation
no. (9):

An, 1 \[(Amwm )2 . (dfﬁm.ng p.)z + (mm,(gr )2 -(d (‘flj’ﬂmngp_))2 = 0,0012 moles

discol KG,wafer looog

This means, that the number of dissolved particles is N=n + N4 = 6,6 10%" +/- 0,7 - 10*.,

Equation (2) allows us to calculate the degree of dissociation now:

Ziz R jissol M NaNOy

o0=————77-1=0,82

M1 (NaNO;)

For its experimental uncertainty we get (quadratic error propagation):

2 2
Ja Jda
Aa = p) -An dissol + p) -Am NaNO, =
M issol M yane )3

2 2
My — gissor M nan
= (’V—"’V"S-o,omz moles] +(M~0,001g] ~0,20

M Nano, M nano,
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3. Questions
3.1 Ideal solutions

3.2

3.3

A solution contains (at least) two components: the solvent and the dissolved substance, where the
former always predominates in concentration over the latter. In particular, a solution is called di-
luted if the concentration of the dissolved molecules is so low that they only meet each other very
seldom and therefore practically do not interact with each other but only with the solvent. In the
borderline case of an “infinite dilution”, i.e. if the concentration of the dissolved substance is al-
most zero, the solution is called ideal.

Electrolytes

An electrolyte (for example a solution of salt in water) contains ions, i.e. charged particles. These
particles interact with each other by electrostatic force which is very strong compared to other
ways of interaction. This means that even at high dilution you will hardly ever reach the case of a
vanishing concentration of the dissolved substance as described above (cp. question 1). Therefore
this solution may not be called ideal.

Concentration measures

The following measures are usually used for the concentration. In the equations, m; always stands
for the mass of the component i, M; its molar mass and #; its mole number, i.e. the ratio m,/M..
Furthermore we will mostly view the most simple case with a solvent (component 1) and just one
dissolved substance (component 2):

e The molar ratio x
The molar ratio is the ratio of the respective mole numbers of the components. Therefore it
describes the relative amount of substance. The molar ratio of component 2 (in our case: the
dissolved substance) is given by

n
K, =—"—.
}’ll+}’l2

In general, a solution can contain more than two components. Then the molar ratio of com-
ponent i can be calculated as follows:

e The molality
The molality b (formerly also called kilogram molarity) is the amount of the dissolved sub-
stance per kilogram of the solvent. Therefore its unit is [moles/kg]. For the dissolved sub-
stance the molality is given by
p=o__"
2

m  n-M

1

1 1
e The molarity
The molarity ¢ (formerly also called liter molarity) is the amount of a dissolved substance per
liter solution. Consequently, its unit is [moles/liter]. Using the density p of the solvent (in

[kg/liter]), the molarity of the dissolved substance is:
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3.4

3.5

3.6

_ n, p= n,
(ml+m2) n M, +n, M,

&

.p.

Dissociation

Dissociation is defined as the decomposition of a molecule into two or more neutral or charged
fragments. In the case of solutions, dissociation usually means that a dissolved electrolyte (such
as a salt, acid or base) is splitted into ions. For this decomposition energy is needed, since the
fragments (for example the ions in the lattice structure of a salt) have to be separated from each
other. This so called dissociation energy, for instance, can be provided by heat (then we speak of
thermal dissociation) or it may be taken from the so called dissolution energy, i.e. the energy that
is set free when the ions interact with polarized molecules of the solvent (solvent molecules sur-
round the ions because of the attractive electrostatic force).

From this it becomes clear that there will be no dissociation if the dissolution energy is too low
unless other forms of energy are available (for example, heat could be taken from the solution, so
that it cools down; the solution reaction is then called endothermic). On the other hand, the solu-
tion will heat up, if the dissolution energy is higher than the dissociation energy (more energy is
set free than energy is used up for the described decomposition). In this case, we call the solution
process exothermic.

Degree of dissociation

The degree of dissociation ¢ is defined as the number of the molecules decomposed during disso-
ciation divided by the total number of dissolved molecules that would be there without decompo-
sition. In the instructions to the experiment the following expression for the degree of dissociation
is derived (cp. page 3):

o= (n,7n,)-1

z—-1

Here, n, is the mole number of the dissolved substance, n,’ the number of dissolved particles ex-
isting in the solution (dissociated or not) and z is the number of parts into which one molecule
dissociates.
From this equation we can see that it is possible to measure the degree of dissociation by deter-
mining the total number of dissolved particles (#,’) (n; and z can, of course, easily be determined
from the mass of dissolved substance and the knowledge of the decomposition process).
One method to do this is to measure the relative decrease of the solution’s vapor pressure com-
pared to that of the solvent, since this (according to Raoult’s law) equals the molar ratio of the
dissolved substance if the vapor pressure of this substance can be taken as zero (which is true for
salts, for example). At low concentrations, the vapor pressure depression only depends on the
number of dissolved particles. The degree of dissociation can thus be derived from this decrease
of the vapor pressure, but also from its consequences: the boiling-point increase, the freezing-
point depression (this is the method we carried out in our experiment) or osmotic pressure.
Moreover, there are other (completely different) ways to measure the degree of dissociation, such
as by conductivity phenomena in weak electrolytes or by optical absorption.

Vapor pressure of a solution

To understand the lower vapor pressure of a solution compared to that of the solvent alone, one
has to know that in a solution the partial vapor pressure of each component is proportional to its
molar ratio. If py,.. and py,, are the vapor pressure of the pure solvent and the dissolved sub-
stance respectively and if the molar ratio of these components are 7., and ng, , the total vapor
pressure of the solution is given by
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3.7

3.8

3.9

Piotution ™ Psoven Psoment ¥ Psarr " Psarr -
Of course, the molar ratio of the solvent is always <1 and the salt does not have any noticable va-
por pressure (ps,=0). Therefore the total vapor pressure of the solution will always be lower than
the one of the pure solvent:

psolull(m < psal\'enl *
Melting pressure curve
Equation (4)
dp _ Ly
dT (Vl,llt]llld - I/l,solid ) T

describes the slope (j—?]of the melting pressure curve at temperature 7. Lg, is the molar melting
heat of the solvent, V; jjuia and V; ia , respectivly, the volume of the solvent in the liquid and the
solid phase.

As the density of the solvent in the liquid and the solid phase is usually very similar (for example:
density of ice at 0°C: 0.917 g/cm3; density of water at 0°C: =1,0 g/cm3), the difference V; iguia-

V) sonia 18 quite small. Therefore, [%) gets very large, which means that the melting pressure

curve is steep.
In case of water as solvent, the high value of the molar melting heat (Ls,=334 kJ/kg) is the second
reason for the large slope.

Principle of a cold bath

To prepare a cold bath, firstly a mixture of ice and water is needed. As soon as equilibrium be-
tween the two phases has been reached, the temperature of the mixture is 0°C, since ice is melting
at this point. Now salt is added, for example the cattle/road salt used in our experiment. As de-
scribed above, the solution’s freezing point will be lower than the freezing point of pure water.
Consequently, the ice starts to melt (its temperature is now higher than the freezing point!). The
melting process however needs energy (the so called melting heat; this energy is used just for the
melting itself, not for a change in temperature) which is taken from the heat of the solution, i.e.
the whole mixture cools down and can be used as a cold bath. The minimum temperature of the
cold bath is given by the freezing point of the solution. Of course, this limit can not be reached
exactly in reality, since the ice stops melting at this point and no more heat can be removed from
the solution.

It is important to notice that the main purpose of the salt is to achieve a depression of the freezing
point. The cooling effect is not mainly caused by an endothermic solution process (this can at
most be a side effect). Otherwise the ice would not be needed at all!

Use of other than cattle/road salt

Regarding the principle of a cold bath as desribed above (cp. question 8), it becomes clear that
other types of salt could also be used, since the very main purpose of the salt is to decrease the
freezing-point. This can basically be fulfilled with any salt soluble in water. However, it makes
sense to use a salt with an endothermic solution process, because otherwise the heat added to the
bath from dissolution energy would have to be removed additionally.
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3.10 Change of the electrical resistance in a semiconductor

3.11

The electric resistance of conductors, semiconductors and insulators can be understood using the
band model. In metals, there is no gap between the valence- and the conduction-band. This means
that electric conduction will be possible however low the temperature is, since electrons partly fill
the conduction-band at all temperatures. The increasing resistance of a conductor with rising tem-
perature can be understood considering the stronger oscillations of the atoms in the lattice struc-
ture, which (graphically speaking) makes it more difficult for the electrons to pass, i.e. the resis-
tance is higher. This effect is comparatively small, as we will see.

In semiconductors however, we find a gap between the valence- and the conduction-band. At a
temperature of 0K, the electrons fill up the valence-band completely and do not have enough en-
ergy to get over the gap and pass into the conduction-band. Therefore the conductivity is zero and
the the semiconductor acts as an insulator. With rising temperature the electrons gain enough en-
ergy to get into the conduction-band and the resistance decreases. This effect is very distinct (i.e.
a small change in temperature causes a big change in conductivity) and surpasses by far the effect
with metals as described above.

Negative temperature coefficient

In a “normal” conductor (for example in metals) the electric resistance increases with rising tem-
perature. With semiconductors (such as the thermistor of the experiment) however, we find a con-
trary connection: the lower the temperature, the higher is the electric resistance. This effect is
meant by the “negative temperature coefficient of the thermistor”.
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