[image: image1.png]Butane

Propane

Ethane

Methane




Introduction

Background Information and Applications of Alkanes:

Alkanes, also known as paraffins, are chemical compounds that consist only of the elements carbon and hydrogen and are thus known as hydrocarbons.  In alkanes the atoms are linked together exclusively by single bonds and so are referred to as saturated hydrocarbons.  Alkanes belong to a homologous series of organic compounds in which the members differ by a –CH2- (methylene) group.  This gives them the general formula CnH2n+2.
The first four alkanes are methane, ethane, propane, and butane.  Their structures are shown below:
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All of the alkanes are highly combustible and are valuable as clean fuels, burning to form water and carbon dioxide in complete combustion.  The first four alkanes - methane, ethane, propane and butane are gases at room temperature, and are used directly as fuels.  Below is a propane torch:
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Alkanes from pentane up to around C17H36 are liquids at room temperature.  Gasoline is a mixture of alkanes from pentane up to about decane.  Kerosene contains alkanes from about n=10 to n=16.  Above n=17 they are solids at room temperature.  Alkanes with higher values of n are found in diesel fuel, fuel oil, petroleum jelly, paraffin wax, motor oils, and for the highest values of n, asphalt. Alkane derivatives are used in hundreds of products such as plastics, paints, drugs, cosmetics, detergents, insecticides, etc., so the fossil fuel resource from which we obtain the alkanes is much too valuable to burn it all as a motor fuel.
In nature, alkanes exist in many areas:  

Methane is produced in the gut of cows from archaea, which are a group of prokaryotic and single-celled microorganisms (see below).  These cows are responsible for some of the methane gas detected in the atmosphere. 
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Archaea

In plants, it is the solid long-chain alkanes that are found; they form a firm layer of wax, the cuticle, over areas of plants exposed to the air.  This protects plants against water loss, while preventing the leaching of important minerals by the rain.  It is also a protection against bacteria, fungi, and harmful insects.  In the picture below, water forms droplets on a thin film of alkane wax on the skin of the apple. 
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Alkanes are also found in animal products.  One example is the shark liver oil, which is approximately 14% pristane (C19H40).  Their occurrence is more important in pheromones (chemical messenger materials), however, on which above all insects are dependent for communication.  
In addition, alkanes form a significant portion of the atmospheres of the outer gas planets such as Jupiter, Saturn, Uranus and Neptune. Titan, a satellite of Saturn, was examined by the Huygens probe, which indicates that Titan's atmosphere periodically rains liquid methane onto the moon's surface.  Also on Titan, a methane-spewing volcano was spotted and this volcanism is believed to be a significant source of the methane in the atmosphere.  There also appear to be methane/ethane lakes near the north polar regions of Titan, as discovered by Cassini's radar imaging.  Methane and ethane have also been detected in the tail of the comet Hyakutake.  Alkanes have also been detected in meteorites such as carbonaceous chondrites. 

Alkanes have many environmental effects: 

If there is not enough oxygen present during combustion, then instead of carbon dioxide, carbon monoxide, CO, is produced.  Carbon monoxide is particularly toxic and absorbed into blood, through respiration, very easily.  For domestic heating systems it is particularly important that enough air can get to the flame to avoid carbon monoxide being generated in the home.  Car engines also require a lot of air and there is a lot of research going on to make the internal combustion engine more efficient, and so put out less carbon monoxide.  Note also that both alkanes and carbon dioxide are green house gases, i.e. they trap infra-red radiation inside the Earth's atmosphere, gradually increasing global temperatures
The Physical Properties of Alkanes:

Boiling point

Alkanes experience inter-molecular van der Waals forces. Stronger inter-molecular van der Waals forces give rise to greater boiling points of alkanes. 

There are two determinants for the strength of the van der Waals forces:

· the number of electrons surrounding the molecule, which increases with the alkane's molecular weight 

· the surface area (size) of the molecule 

Under standard conditions, from CH4 to C4H10 alkanes are gaseous; from C5H12 to C17H36 they are liquids; and after C18H38 they are solids.  As the boiling point of alkanes is primarily determined by weight, it should not be a surprise that the boiling point has almost a linear relationship with the size (molecular weight) of the molecule.  As a rule of thumb, the boiling point rises 20 - 30 °C for each carbon added to the chain; this rule applies to other homologous series as well. 
A straight-chain alkane will have a boiling point higher than a branched-chain alkane due to the greater surface area in contact, thus the greater van der Waals forces, between adjacent molecules. For example, compare isobutane and n-butane, which boil at -12 and 0 °C.  Their structures are shown below:

CH3-CH2-CH2-CH3     

       CH3-CH-CH3

      CH3
        n-butane                and          iso-butane (2-methyl propane)
Also represented as:






          and




           


Melting point

The melting points of the alkanes follow a similar trend to boiling points for the same reason as outlined above. That is, the larger the molecule the higher the melting point.  There is one significant difference between boiling points and melting points.  Solids have a more ridged and fixed structure than liquids.  This rigid structure requires energy to break down. Thus the stronger better put together solid structures will require more energy to break apart.  For alkanes, this can be seen from the graph below (blue line).  The odd-numbered alkanes have a lower trend in melting points that even numbered alkanes. This is because even numbered alkanes pack well in the solid phase, forming a well-organized structure, which requires more energy to break apart. The odd-number alkanes pack less well and so the "looser" organized solid packing structure requires less energy to break apart. 

The melting points of branched-chain alkanes can be either higher or lower than those of the corresponding straight-chain alkanes, again depending on the ability of the alkane in question to packing well in the solid phase: This is particularly true for iso-alkanes (2-methyl isomers), which often have melting points higher than those of the linear analogs.

                  Temperature

                         (°C)
# of carbon atoms

                           Melting (blue) and boiling (pink) points of the first 14 n-alkanes.

Other notes to consider regarding Intermolecular Forces and the Physical Properties of Alkanes: 

· Van der Waal's interactions (a.k.a London/dispersion forces), which occur between non-polar molecules such as hydrocarbons, are stronger when they the molecules are tightly packed together (i.e. dispersion forces are very distance sensitive). 

· What are van der Waal’s forces, anyway?  Averaged over time, non-polar molecules have a symmetrical distribution of electrons, that is to say there is no dipole moment. However at any instant in time, there is a probability that the electron density is shifted one way or another to give a brief polarization of charge or a dipole. This temporary dipole can induce a similar dipole in an adjacent molecule. So, dispersion forces are weak electrostatic interactions that occur between temporary induced dipoles of adjacent molecules. 

· The strength of van der Waal’s forces is related to how easily a given electron cloud can be polarized.  The electrons in small atoms and molecules tend to be held close their nuclei.  These electrons are not as easily polarized.  Electrons in larger atoms are more easily polarized. So, as molecular size and mass increases, the dispersion forces get stronger. 

· The density also increases with molecular weight, suggesting that the molecules are held more tightly together.

Chemists often gather data regarding physical and chemical properties of substances. Although these data can be organized in many ways, the most useful ways uncover trends or patterns among the values. These patterns often trigger attempts to explain regularities. In this activity we will be looking at the boiling and melting point of alkanes. 

In the space below draw a picture of four propane molecules relatively close together. Propane is a gas. Explain what happens when propane becomes liquefied. What is happening to these molecules when propane becomes liquefied?  Somehow try to illustrate this diagrammatically.

Consider the following boiling point data for the first ten alkanes:

 The Boiling Points of Alkanes
	Name
	
	Molecular
Formula
	
	
	
	Boiling
Point 
(oC)
	
	

	methane
	
	CH4
	
	
	
	-164
	
	

	ethane
	
	C2H6
	
	
	
	-89
	
	

	propane
	
	C3H8
	
	
	
	
	
	

	butane
	
	C4H10
	
	
	
	-0.5
	
	

	pentane
	
	C5H12
	
	
	
	36
	
	

	hexane
	
	C6H14
	
	
	
	69
	
	

	heptane
	
	C7H16
	
	
	
	
	
	

	octane
	
	C8H18
	
	
	
	125
	
	

	nonane
	
	C9H20
	
	
	
	151
	
	

	decane
	
	C10H22
	
	
	
	174
	
	

	
	
	
	
	
	
	
	
	


Part One:  Boiling Points of Alkanes 

Boiling is a physical change whereby a liquid is converted in to a gas. Boiling occurs when the vapor pressure of a liquid is equal to the atmospheric pressure pushing down on the liquid. But what other factors affect the boiling point of a liquid?

To explain relative boiling points we must take into account a number of properties for each substance. These properties include molar mass, structure, and intermolecular forces.  All of these properties can affect the boiling point of a liquid.  In this activity we will investigate the boiling points for the first ten straight chain alkane hydrocarbons. We are most interested in the effect of molecular size (mass) upon a substance's relative boiling point.
1. Use the data table above to answer the following questions:

a) Based on the data given what is the boiling point of propane? Heptane? 

b) Which substances are gases (have already boiled) at room temperature, 25oC? 

c) Which substances are liquids at room temperature, 25oC? 
2. Based on boiling points, what can you infer about intermolecular attractions in decane compared to those in butane?

3. Given the boiling point data for the first ten straight chain alkanes above, prepare a graph in the space provided of boiling point as a function of the number of carbon atoms.

4. Use your graph to determine the average change in boiling point (in oC) when a carbon atom and two hydrogen atoms are added to a given alkane chain.
5. Describe the relationship between the number of carbons and the boiling point by using one of the following terms:
· vary directly 

· vary inversely 

· directly proportional 

· inversely proportional 

6. The pattern of boiling points among the first ten alkanes allows you to predict the boiling points of other alkanes. Let’s assume the relationship is linear and proportional. 

a)  From your graph, extrapolate the boiling points of undecane (C11H24), dodecane (C12H26) and tridecane (C13H28).  
b) Compare your predicted boiling points to actual values listed below: 
   Alkane       Boiling Point (oC)

	Compound
	
	Formula 
	
	
	
	Actual  BP 
	
	
	

	undecane
	
	C11H24
	
	
	
	196
	
	
	

	dodecane
	
	C12H26
	
	
	
	216
	
	
	

	tridecane
	
	C13H28
	
	
	
	234
	
	


7. We have already noted that a substance's boiling point depends on its intermolecular forces-that is, on attractions among its molecules.  Discuss how intermolecular attractions are related to the number of carbon atoms in each molecule for alkanes you have studied.

Part Two:  Melting Point of Alkanes

Melting is a physical change whereby a solid is converted in to a liquid.  Under standard atmospheric pressure different pure crystalline solids will each melt at a different specific temperature; thus melting point is a characteristic of a substance and can be used to identify it.  When heat is applied continuously to a solid, the temperature rises steadily until it reaches the point at which liquefaction occurs.  Here the rise ceases and no further change in temperature is observed until all of the substance has been converted to liquid.  The heat being applied to the substance at that temperature is consumed in bringing about the change of state - using it to spread the molecules further apart.  If heat is still applied when liquefaction is complete, the temperature will begin to rise again.

                  Temperature

                         (°C)
# of carbon atoms

                           Melting (blue) and boiling (pink) points of the first 14 n-alkanes.

Recall that the melting points of the alkanes follow a similar trend to boiling points.  That is, the larger the molecule the higher the melting point. Consider the following melting point data for the first ten alkanes:

Melting Points of Alkanes
	Name
	
	Molecular
Formula
	
	Melting
Point 
(oC)
	
	
	
	

	methane
	
	CH4
	
	-183
	
	
	
	

	ethane
	
	C2H6
	
	-183
	
	
	
	

	propane
	
	C3H8
	
	-190
	
	
	
	

	butane
	
	C4H10
	
	-138
	
	
	
	

	pentane
	
	C5H12
	
	-130
	
	
	
	

	hexane
	
	C6H14
	
	-95
	
	
	
	

	heptane
	
	C7H16
	
	-91
	
	
	
	

	octane
	
	C8H18
	
	-57
	
	
	
	

	nonane
	
	C9H20
	
	-51
	
	
	
	

	decane
	
	C10H22
	
	-30
	
	
	
	


1. Use the data table above to answer the following questions:

a) Ice melts at 0oC.  How many degrees colder does methane melt at? 

b) How many degrees colder than ice does decane melt at?

c) Based on melting points, what can you infer about intermolecular attractions in decane compared to those in methane?

2. Given the melting point data for the first ten straight chain alkanes above, prepare a graph of melting point as a function of the number of carbon atoms.

3. Use your graph to determine the average change in melting point (in oC) for the:

a) Even numbered alkanes

b) Odd numbered alkanes
4. Describe the general relationship between the number of carbons and the melting point by using one of the following terms: 

· vary directly 

· vary inversely 

· directly proportional 

· inversely proportional 

5. We have already noted that a substance's melting point depends on its intermolecular forces-that is, on attractions among its molecules.  Discuss how intermolecular attractions are related to the number of carbon atoms in each molecule for alkanes you have studied.
Summary; Alkanes are non-polar molecules containing only carbon and hydrogen atoms, and only single bonds. Thus, the interactions between molecules are the relatively weak van der Waals (London/Dispersion) forces, which increase as the surface area/size of the molecule increases. Boiling points depend almost exclusively upon the size of the molecule, thus, they rise fairly uniformly with the number of carbon atoms.  The intermolecular forces that must be overcome in melting depend not only upon size, but also upon how well the molecules fit into a regular crystal lattice. In general, highly symmetric and rigid molecules fit more easily into a regular crystal.  This is most pronounced at the smallest carbon numbers. Thus you can draw a generalization that longer chains have higher melting and boiling points than shorter ones.  As you have seen, for boiling point or melting point predictions, the compound that is capable of the strongest intermolecular attractions will have the highest boiling point or melting point. Consider hexane and butane. Both have van der Waal’s/London/Dispersion Forces.  But, the forces in hexane will be stronger than those in butane because hexane molecules are larger and therefore capable of more extensive Dispersion Forces between each other than the molecules of butane. For this reason, hexane has a higher boiling point than butane. 
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Trends of Alkanes: Teacher Information
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Background information on inter-molecular forces:


In order for a substance to be able to exist as a liquid or a solid there must be intermolecular forces of attraction between particles of the pure compound.  All of these forces are electrostatic in nature, but the strength of these interactions varies considerably with the type. 





There are 3 types of inter-molecular forces:  van der Waals (London, dispersion) forces, dipole-dipole interactions and hydrogen bonding.  Van der Waals forces exist in all molecules.  Dipole-dipole forces exist only in polar molecules and hydrogen bonding exists only in molecules that have a hydrogen atom bonded to F, O or N (highly electronegative atoms).  Alkanes only exhibit van der Waals forces since they consist of only carbon and hydrogen atoms and are all non-polar.





London Forces Animation:


�HYPERLINK "http://dwb4.unl.edu/ChemAnime/LONDOND/LONDOND.html"�http://dwb4.unl.edu/ChemAnime/LONDOND/LONDOND.html�
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