                              The Melting Point of an Unknown Compound
Reference: Smith, Chapter 2
Pre-lab assignment: With your browser open, click on the following icons and view acetanilide, salicylic acid and acetylsalicylic acid as space-filled models (Right click on the model. Follow the path: Display ( Spacefill ( Van der Waals Radii and select Van der Waals Radii. In the solid state, what kinds of intermolecular forces hold molecules of these solids together?
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[image: image2.wmf]salicylic acid.pdb

 
[image: image3.wmf]acetylsalicylic acid.pdb


In a previous experiment, you recrystallized your unknown compound. In this experiment, you will determine the melting point of your unknown. Then you will compare your result to published melting points for the three possible compounds, acetanilide, salicylic acid, and acetylsalicylic acid. You will record all of your data in your lab notebook and summarize your results. You will combine your results from this experiment with those of the crystallization and thin-layer chromatography (TLC) experiments and write one report that covers all three experiments. The report is due one week after the TLC experiment. You will turn in your data sheet for this experiment with that report. Your answers to the 10 melting-point questions on page 8 are due at the beginning of your next lab period.
Introduction: As you know, most substances can exist in one of three phases (i.e., solid, liquid, or gas). A phase change occurs when a substance is converted from one phase to another (e.g., solid to liquid). The phase for most compounds in nature is solely a function of the temperature. For example, water is a solid at -20 oC, a liquid at +20 oC, and a gas at +120 oC. Thus, if we heat solid water (ice), it will turn into a liquid, and then into a gas as we continue to heat the sample. Likewise, if we cool gaseous water (steam), it will turn into liquid water, and then into ice as we continue to cool the sample. We give names to each of these processes, depending on whether we are heating or cooling the sample. The conversion of a solid into a liquid is called melting; the reverse process is called freezing. The conversion of a liquid into a gas is called boiling; the reverse process is called condensing. Thus, these processes are reversible, and the name we give the process depends on whether we are heating or cooling the sample. Figure 1 shows these reversible processes.


[image: image4.wmf]S

o

l

i

d

L

i

q

u

i

d

G

a

s

H

e

a

t

i

n

g

 

t

h

e

 

S

a

m

p

l

e

C

o

o

l

i

n

g

 

t

h

e

 

S

a

m

p

l

e


Figure 1. Phase Changes

In today’s experiment, we will be dealing only with melting a sample. In melting (and boiling), heat must be supplied. When heat is added to a system, we call the process endothermic. Thus, melting is an endothermic process. When heat is removed from a system, we call the process exothermic. Because the physical state or phase of a substance is a function of the temperature, it follows that the substance will change phases (e.g., melt) at a specific temperature. The melting point is the temperature at which a compound changes from a solid to a liquid at 1 atm pressure. At the melting point, a state of dynamic equilibrium exists between the solid and liquid phases. The vapor pressure of the solid and liquid phases both equal 1 atm at the melting point. The melting point of water is 0 oC. The melting point of water defines zero on the Celsius scale. In other words, the melting points of all compounds are relative to the melting point of water, which is arbitrarily set at zero. The energy added at a melting point goes into the phase change. This energy is called the heat of fusion (melting). Phase changes offer excellent examples for learning the thermodynamic terms of enthalpy, entropy, and free energy. The enthalpy change H measures the change in heat content. By convention, energy going into a system is labeled positive (+) energy, and energy going out of a system is labeled (-) energy. When a system absorbs heat, H is positive. Thus, when a substance melts, H is greater than zero. The entropy change S measures the change in randomness (order) of a system. When the system becomes more random (less ordered), S is positive. When a substance melts, its molecules are generally further apart and the system is more random. Thus, when a substance melts, S is greater than zero. The free energy change G measures the excess or “free” energy of a process. If the system has excess energy, G is negative and the process is said to be spontaneous. If the system is deficient in “free” energy, G is positive and the process will not occur. When a system is at equilibrium, G is zero.  At the melting point, a system is at equilibrium and G is zero.
During the phase change, the temperature remains constant. So the melting point is a constant temperature that can be measured and recorded as a single temperature, providing a state of dynamic equilibrium exists. In the lab, a solid-liquid equilibrium can be established if the sample size is large enough. Cooling curves are made by starting with a sample at an elevated temperature and then allowing the sample to cool. As the sample cools, the experimenter plots the temperature vs time. The cooling curve is horizontal when the solid-liquid equilibrium is reached and the corresponding temperature is the melting point. However, we will determine melting points of very small samples in capillary tubes. Under these conditions, an equilibrium condition cannot be achieved between the solid and liquid. Therefore, we will not observe a single temperature as the melting point. We will observe the onset of melting and record the first temperature. Then we will observe the entire sample as a liquid, which we will record as the second temperature. The result is a range of typically one to three degrees (e.g., 120-122o​). 
Summary of Intermolecular Forces Ion—ion, dipole—dipole, and van der Waals forces, and various sub-categories of them can describe most of the attractive forces that hold individual molecules or ions together in the solid state. Figure 2 summarizes these forces as they influence the melting behavior of sodium chloride (NaCl), an ionic compound; acetanilide, a polar covalent compound; and neon (Ne), a noble gas. 
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Figure 2. Examples of Attractive Forces—As the strength of the attractive forces increases, the melting points increase.
Ionic compounds are held together primarily by ion-ion attractions and melt at high temperatures of 1000 oC and above.  Most organic compounds are covalent and melt below 300 oC. It simply takes less energy to overcome non-ionic forces than it takes to overcome ionic forces.  If a covalent molecule contains a permanent dipole, then it will be held together primarily by dipole—dipole forces. If a covalent compound is non-polar it will have induced dipole—induced dipole attractions as well as van der Waals forces. Very small, non-polar molecules or atoms have primarily van der Waals forces holding them together in the solid state.
The Melting Behavior of Covalent Compounds As you determined in the pre-lab assignment, all three of our known compounds are comprised of polar molecules that are held together primarily by dipole—dipole intermolecular forces. The act of heating any these solids causes the kinetic energy of their molecules to increase until the applied energy overcomes the intermolecular attractive forces. At this point, the sample melts and the molecules begin to flow (i.e., the sample is in the liquid state). The temperature of melting is different for the three compounds, because the forces holding their molecules together vary with their structures. Table 1 gives the melting points we will use as the reference or literature values of the three known compounds in this experiment. Typical of covalent compounds, all three melt between 100-150 oC (i.e., well below 300o).
Table 1. Melting Points

	Compound
	Melting Point

	Acetanilide
	114 oC


	Salicylic acid
	159 oC

	Acetylsalicylic acid (aspirin)
	136 oC


■Does the order of melting of the three compounds listed in Table 1 seem to correlate with the polarity you observed in the Chime views of the space-filled models? 
Figure 3 shows a schematic of a pure covalent compound melting. We start with the crystalline solid in which the molecules of the solid are packed snuggly together. As the sample is heated, the molecules begin to vibrate and finally undergo translational motion through the melt.
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Figure 3. Melting Behavior of a Covalent Compound
Initially the molecules are closely packed in the solid, as indicated by the white circles. Heat is applied to a small sample of about 1 mg in a capillary tube. One region within the sample will become hotter than any other region, because the heat does not spread evenly throughout the sample.  Molecules at the hottest spot will begin to melt. These molecules are represented by the gray circles in Figure 3. As the gray molecules overcome the dipole—dipole attractive forces, the rigid three-dimensional array of molecules begins to collapse. At this point, the experimenter records the first temperature. Very rapidly all of the molecules melt, and the entire sample is a liquid. The experimenter records the second temperature as soon as the entire sample is a liquid. The result is a melting point, recorded as a range. For example, the melting point might be recorded as 120-121 oC. The range is small for most organic compounds.

How does the presence of an impurity affect the melting behavior of the compound represented in Figure 3? Consider Figure 4, in which the impurity is shown by the gray wedges.
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Figure 4. Melting Behavior of an Organic Compound that Contains an Impurity
The impurity breaks up the snug arrangement of molecules and, before we start heating the sample, the solid resembles the stage of melting shown in Figure 3 as the “Onset of melting.” Therefore, it will take less energy (lower temperature) to reach the point where the experimenter sees the onset of melting (i.e., the first recorded temperature). Some of the solid is firmly packed and behaves like the pure compound, melting at nearly the same second temperature but not quite as high. The observed melting range starts at a lower temperature than observed for the pure sample and ends at a temperature just below the second temperature of the pure sample. For example, the melting range of the compound of Figure 3 with an impurity might be recorded as 116-120 oC. We compare the melting behavior of the impure compound with that of the pure compound. We describe the melting point of the impure compound in contrast to that of the pure compound as extending over a wider range (four degrees instead of one) and at a lower temperature (120 oC instead of 121 oC) . Thus, one of the ways of assessing the purity of a compound is its melting behavior. If it melts sharply over a small range, it is considered pure. If it melts over an extended range, it is considered to have an impurity. The effect of removing impurities, as you did in your crystallization experiment, is to cause the melting point to sharpen, occur over a smaller range, and at a higher final temperature. 
Mixed-Melting Point Technique Because the admixture of a second compound causes a lowering or depression of a melting point, chemists frequently mix a small amount of a known compound with an unknown and take a melting point of the mixture. The melting point of the mixture will either be the same as the known or lower. If the melting point is the same, the two substances are considered to be the same. If the melting point is lower than the melting point of the first substance alone, the two compounds are judged to be different. Thus, a mixed-melting point, abbreviated as mmp, allows an experimenter to judge whether two compounds are identical or different.
Eutectic Mixture A eutectic mixture behaves like a pure compound and has a sharp melting point even though it is a mixture of two compounds. The melting point of a eutectic mixture is always less than the melting point of either pure component of the mixture. In effect, each compound acts as an impurity with respect to the other compound. Hence, each component of the eutectic mixture lowers the melting point of the other, and the mixture melts at a lower temperature than either pure compound. The prefix eu- means good, as in the words eulogy (to say something good about a deceased person), and euphony (to sound good like a symphony orchestra). Thus, a eutectic mixture is a “good” mixture in that it melts the way a pure compound melts. Eutectic mixtures are of theoretical or academic interest but are seldom encountered in the lab.
Three Reasons to Record Melting Points
1. To compare the melting point (mp) of an unknown compound with that of a known compound.

2. To get an indication of a compound’s purity.

3. To document the melting point of a newly discovered compound.

General Factors Influencing Melting Points 
1. If other factors are equal, compounds of higher molar mass melt at higher temperatures than those of lower molar mass. [Decane melts at higher temperature than octane.]
2. The most symmetrical isomer in a series of constitutional isomers has the highest melting point. Symmetrical molecules pack closer together in the solid state and are more difficult to separate. [2,2-dimethylpropane has a higher melting point than pentane or 2-methylbutane.]
3. R- and S-enantiomers have identical melting points, but a 50:50 mixture (racemate) of the two has a different melting point.

4. The presence of hydrogen bonding in a compound tends to increase its melting point over a similar compound without hydrogen bonds. Hydrogen bonding occurs in organic compounds that contain either O—H or N—H bonds.
In this experiment, you will be comparing the melting point of your unknown to the melting points listed in Table 1. Then you will conduct a mixed-melting point. If the melting point of your unknown compound matches one of the compounds in Table 1, you can conclude they are the same compound. If your results are inconclusive, you must await the TLC experiment to further assess the purity of your unknown and its identity.
                                                               Procedure
1. Obtain your recrystallized unknown from its storage location and again record its identification number on your data sheet.

2. Obtain a container of capillary tubes that are sealed one end and a disposal container for spent tubes.
3. Load a tube as described by the instructor. [The best results are obtained with the smallest sample you can see with the naked eye and with a sample that is packed into the capillary tube as firmly as possible.]

4. Set up a Mel-Temp melting point apparatus on your bench top.

5. Insert your sample into the apparatus and set the heating control to about one-half of the full heat setting. [All of the unknowns melt below 150 oC; therefore, a full-heat setting should not be necessary. You want the temperature of the apparatus and hence your sample to increase very slowly through the melting temperature (i.e., at a rate of about 1oC per minute)]. 
6. Record the temperature range as described above—the temperature at which the sample shows a drop of liquid and the temperature at which the sample is liquid.

7. Turn off the heating apparatus and allow it to cool prior to the next melting point determination. The temperature of the apparatus is determined by the temperature of its metal heating block. Thus, removal of the thermometer will have no effect on the cooling rate of the apparatus. Therefore, LEAVE THE THERMOMETER IN THE APPARTUS AT ALL TIMES.

8. Load three melting-point tubes as follows and place them in a cooled melting point apparatus from left to right.
Tube 1: your unknown; 
Tube 2: a 1:1 mixture of your unknown plus the known compound you now believe to be your unknown; 
Tube 3: the known compound. 
9. Record the melting points of all three samples as before.

10. If you have correctly identified your unknown, all three samples should melt together.

11. If they do not melt together, ask your instructor what to do next.

12. Clean up your area and all common-use areas. Remove all spent capillary tubes and place them in the waste container specified.

13. Summarize your melting point results on your data sheet. You will report your melting point results together with your TLC results later.

14. Turn in your answers to the following problem set at the beginning of the next lab period.
Melting Point Questions
Last name__________________________, First name________________________PRIVATE 
1.  A pure compound has a melting point, meaning a specific temperature of melting. Why do melting points of pure compounds taken in capillary tubes occur over a temperature range?

2. How does a small amount of impurity change the melting point of an organic compound?

3. Two different compounds, Compound 1 and Compound 2, both melt at 125.5 oC. What is the melting point of a mixture that is 95% Compound 1 and 5% Compound 2?

4. What term describes a mixture that melts as though it were a pure compound?

5. You have a compound you believe to be benzoic acid, an organic compound. What melting point experiment will help confirm or refute your hypothesis? 

6. Why must a solid be packed firmly in a melting point tube?

7.  A student finds the melting point of an organic solid in the literature to be recorded as 114 oC. The student observes that the solid begins to melt at 112 oC and finishes melting at 114 oC. What experimental melting point should the student record?

8. Another student takes the melting point of the same compound of problem 7. The melting temperature begins at 120 oC and ends at 125 oC. What is the likely reason for the high reading?

9.  How does the order of melting of the pentane isomers (pentane, 2-methylbutane and 2,2-dimethylpropane) compare to their order of boiling?
10. You are given two compounds, one of which is urea, which melts at 132-3 oC. How can you determine which compound is urea?
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_1150694864/acetylsalicylic acid.pdb
HEADER

REMARK Spartan `02 exported Molecule001

HETATM    1  C   UNK  0001       0.583  -0.786   1.054

HETATM    2  C   UNK  0001      -0.491   0.386   3.339

HETATM    3  C   UNK  0001       0.653  -1.466   2.273

HETATM    4  C   UNK  0001      -0.005   0.478   0.970

HETATM    5  C   UNK  0001      -0.553   1.057   2.115

HETATM    6  C   UNK  0001       0.117  -0.870   3.423

HETATM    7  H   UNK  0001      -0.025   1.015   0.025

HETATM    8  H   UNK  0001      -1.009   2.043   2.059

HETATM    9  H   UNK  0001       0.197  -1.357   4.392

HETATM   10  H   UNK  0001      -0.898   0.855   4.233

HETATM   11  C   UNK  0001       1.299  -2.792   2.365

HETATM   12  O   UNK  0001       2.377  -3.060   1.871

HETATM   13  O   UNK  0001       0.535  -3.689   3.027

HETATM   14  H   UNK  0001      -0.352  -3.378   3.285

HETATM   15  O   UNK  0001       1.162  -1.309  -0.118

HETATM   16  C   UNK  0001       0.419  -2.008  -1.066

HETATM   17  O   UNK  0001       0.872  -2.254  -2.180

HETATM   18  C   UNK  0001      -0.960  -2.433  -0.648

HETATM   19  H   UNK  0001      -0.916  -3.056   0.249

HETATM   20  H   UNK  0001      -1.397  -3.042  -1.446

HETATM   21  H   UNK  0001      -1.605  -1.564  -0.500

CONECT    1    4    3   15

CONECT    2    5    6   10

CONECT    3    6    1   11

CONECT    4    1    5    7

CONECT    5    4    2    8

CONECT    6    2    3    9

CONECT    7    4

CONECT    8    5

CONECT    9    6

CONECT   10    2

CONECT   11    3   12   13

CONECT   12   11

CONECT   13   14   11

CONECT   14   13

CONECT   15    1   16

CONECT   16   15   17   18

CONECT   17   16

CONECT   18   19   20   21   16

CONECT   19   18

CONECT   20   18

CONECT   21   18

END




_1242740034/acetanilide.pdb
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REMARK Spartan `02 exported Molecule001

HETATM    1  H   UNK  0001       0.264   0.303   0.003

HETATM    2  C   UNK  0001       0.099   0.189   1.073

HETATM    3  C   UNK  0001      -0.285  -0.020   3.809
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HETATM    6  C   UNK  0001       0.271   1.142   3.282

HETATM    7  C   UNK  0001      -0.650  -1.080   2.968

HETATM    8  H   UNK  0001       0.898   2.150   1.488

HETATM    9  H   UNK  0001       0.552   1.961   3.939

HETATM   10  H   UNK  0001      -1.075  -1.948   3.449

HETATM   11  H   UNK  0001      -0.438  -0.106   4.882

HETATM   12  N   UNK  0001      -0.787  -1.980   0.644

HETATM   13  H   UNK  0001      -0.583  -1.748  -0.322

HETATM   14  C   UNK  0001      -1.330  -3.226   0.708

HETATM   15  C   UNK  0001      -1.739  -3.854   2.005

HETATM   16  H   UNK  0001      -0.873  -3.973   2.659

HETATM   17  H   UNK  0001      -2.147  -4.851   1.809

HETATM   18  H   UNK  0001      -2.525  -3.262   2.481

HETATM   19  O   UNK  0001      -1.480  -3.843  -0.352
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HETATM    1  C   UNK  0001       0.000  -0.172   0.998
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HETATM   10  H   UNK  0001       0.000   0.421   4.822

HETATM   11  C   UNK  0001       0.000  -2.650   1.253

HETATM   12  O   UNK  0001       0.000  -2.797   0.037
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