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Topic 6A: Introduction to organic chemistry
1. know that a hydrocarbon is a compound of hydrogen and carbon only.
2. be able to represent organic molecules using empirical formulae, molecular
formulae, general formulae, structural formulae, displayed formulae and skeletal
formulae.
3. know what is meant by the terms ‘homologous series’ and ‘functional group’.
4. be able to name compounds relevant to this specification using the rules of the
International Union of Pure and Applied Chemistry (IUPAC) nomenclature
Students will be expected to know prefixes for compounds up to C10
6. understand the term ‘structural isomerism’ and determine the possible structural,
displayed and skeletal formulae of an organic molecule, given its molecular
formula.

Topic 6B: Alkanes
8. 	know the general formula for alkanes
9. 	know that alkanes and cycloalkanes are saturated hydrocarbons
10. understand that alkane fuels are obtained from the fractional distillation, cracking
and reforming of crude oil
11. know that pollutants, including carbon monoxide, oxides of nitrogen and sulfur,
    	carbon particulates and unburned hydrocarbons, are formed during the combustion of alkane fuels
12. understand the problems arising from pollutants from the combustion of fuels,
limited to the toxicity of carbon monoxide and the acidity of oxides of nitrogen
and sulfur
13. understand how the use of a catalytic converter solves some problems caused by
pollutants
14. understand the use of alternative fuels, including biodiesel and alcohols derived
from renewable sources such as plants, in terms of a comparison with non-renewable fossil fuels
15. know that a radical:
i 	is a species with an unpaired electron and is represented in mechanisms by a
	single dot.
ii 	is formed by homolytic fission of a covalent bond and results in the formation
	of radicals.
16. understand the reactions of alkanes with:
	i 	oxygen in air (combustion)
	ii 	halogens, in terms of the mechanism of radical substitution through initiation,
propagation and termination steps
The use of curly half-arrows is not expected in this mechanism.
17. understand the limitations of the use of radical substitution reactions in the
synthesis of organic molecules, in terms of further substitution reactions and the
formation of a mixture of products
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Websites:-
http://www.chemguide.co.uk/organicprops/alkanemenu.html#top
A good coverage of the topic for AS level

http://antoine.frostburg.edu/cgi-bin/senese/tutorials/isomer/index.cgi
This is an interactive program which teaches the user how to construct isomers of simple hydrocarbons, such as butane, pentane, hexane and heptane.

http://www.chem.ucalgary.ca/courses/351/Carey5th/Ch02/ch2-0.html
A fuller site more suitable for revision of the topic once Unit 2 has been completed.
This section looks at the structure and reactions of alkanes and contains the following topics: functional groups; types of hydrocarbons; properties of alkanes and cycloalkanes; thermodynamics; stability; oxidation and reduction; and a series of practice problems.

http://www.mhhe.com/physsci/chemistry/animations/chang_7e_esp/bom5s2_6.swf
This shows the nature of the bonding in alkanes – Probably more useful after you have covered shapes of molecules in Unit 2

Finally some quizzes on hydrocarbons:-
These are all suitable
http://www.mp-docker.demon.co.uk/as_a2/topics/hydrocarbons/index.html

Try quizzes 1-4 only for AS – Quiz 5 is for unit 5 A2
http://www.mp-docker.demon.co.uk/as_a2/topics/more_on_hydrocarbons/index.html
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WHAT IS ORGANIC CHEMISTRY?
Hydrocarbons compounds containing carbon and hydrogen only. 



ORGANIC CHEMISTRY is the study of the compounds of carbon, an element that has unique properties.  Its ability to make stable chains and rings of covalently bonded carbon atoms as well as forming strong covalent bonds to hydrogen enables it to form a vast number of compounds, (in excess of 10 million and rising, more than all the rest of the elements together.)
The ability of carbon to form chains and rings is called catenation and is responsible for the vast range of organic chemicals. This relies on its ability to form strong bonds with atoms of the same element.
Electronic configuration of carbon:	 1s2 2s2 2p2
There are 4 bonding electrons which are used to form 4 covalent bonds by sharing electrons.
Silicon can also make four covalent bonds yet it does not form the range of compounds.  Suggest why this is so. Si is a larger atom, the shared pair of electrons are further from the nucleus resulting in weaker bonds.

Order is brought to the study of this huge number of compounds in two ways:
1. Organic compounds are organised into families, called homologous series.
Homologous series A family of compounds with the same functional group, which differ in formula by CH2 from the next member.





· All share the same general formula.
· Formula of a homologue differs from its neighbour by CH2. (e.g. CH4, C2H6, . . . etc )
· Contain the same functional group(s).
· Have similar chemical properties.
· Show a gradual change in physical properties as molar mass increases.
· Can usually be prepared by similar methods.
3 examples of homologous series:-
Alkanes, alkenes, alcohols, carboxylic acids
2. These families are identified by the functional groups they contain –
Functional Group 
the atom or group of atoms responsible for the chemical behaviour of the molecule




· Can consist of one atom, a group of atoms or multiple bonds between carbon atoms.
· Each functional group has its own distinctive properties, which means that the properties of a compound are governed by the functional group(s) in it.

3 examples:- (Name of functional group and structure)

	alkene





	
alcohol
	
carboxylic acid



TYPES OF ORGANIC MOLECULE
Your teacher will show / draw models to represent different types of organic molecules.
Draw examples of these below.  All your examples should have 6 carbon atoms. 
Aliphatic compounds are made up of chains of carbon atoms which may be straight or branched.
	Straight chain molecule




hexane

	
Branched molecule



2-methyl pentane





Alicyclic/cyclic compounds are made up of closed rings of carbon atoms. 

cyclohexane



Aromatic compounds contain arene (benzene type) rings.  They often have distinctive smells but these are not always pleasant!


delocalised electrons

benzene			more accurately shown as 


Draw examples of:-

Saturated compounds contain only single covalent bonds.  They have the maximum number of hydrogen atoms.

hexane 



Unsaturated compounds contain double or triple bonds which can add more hydrogen atoms to form additional C-H bonds.

hex-2-ene 

DEPICTING MOLECULES (DIFFERENT TYPES OF FORMULAE)
[image: MCj04247820000[1]]Ref:	Facer p130 – 131 also Chemguide online support

[image: New exercise]There are several ways of representing a particular organic molecule
Distinguish between the following types of formulae using PENTANE as an example

Empirical formula shows
The simplest whole number ratio of atoms present in the molecule. 
 e.g. C5H12








Molecular formula shows 
Number of each kind of atom present in the molecule 
e.g.	C5H12









Structural formula shows
the functional groups present and how the atoms are linked
e.g.		CH3CH2CH2CH2CH3		OR 








Displayed formula shows
all the covalent bonds single bonds as a line, double bonds as C=C and triple bonds as C≡C.  All H atoms must be shown.

e.g. 












Skeletal formula 
Omit C atoms and H atoms, - is a single bond, = a double bond and ≡ is a triple bond
if there is another atom present then it is shown.
e.g. 











[image: http://upload.wikimedia.org/wikipedia/commons/5/5f/Pentane-3D-space-filling.png]
Space filling image

Naming Organic Molecules (Nomenclature)[image: New exercise]		IUPAC site
At GCSE you learnt to name simple alkanes. Fill in the names of the first 10 unbranched alkanes in the table below:
	Number of C atoms
	Alkane name
	Number of C atoms
	Alkane name

	1
	methane
	6
	hexane

	2
	ethane
	7
	heptane

	3
	propane
	8
	octane

	4
	butane
	9
	nonane

	5
	pentane
	10
	decane



This naming follows the
Rules of IUPAC nomenclature:-						LEARN THESE!
1.	Identify the longest chain  Stem name / prefix
The first part of the name of an aliphatic compound refers to:
· the number of carbon atoms in a straight chain.
· the number of carbon atoms in the longest part of a branched chain.
Complete the table below to give the stem name for 1 - 10 carbon atoms
	No of C atoms in the longest unbranched chain
	‘Stem’ name or prefix
	No of C atoms in the longest unbranched chain
	‘Stem’ name or prefix

	1
	meth-
	6
	hex-

	2
	eth-
	7
	hept-

	3
	prop-
	8
	oct-

	4
	but-
	9
	non-

	5
	pent-
	10
	dec-


2	The functional group ending of the name
The second part of the name refers to the functional group or the family to which the compound belongs. (Halogenoalkanes have a prefix to the name as well!)
Complete the following table:-
	Homologous series
	Name ending
	
Example (name and displayed formula)

	alkene
	-ene
	Propene  CH2CHCH3


	halogenoalkane
	Chloro             ane
Bromo……….ane
Iodo                 ane
	

Chloroethane CH3CH2Cl



	alcohol
	-ol
	You will come across these functional groups in Unit 2 


	aldehyde
	-al
	

	ketone
	-one
	

	carboxylic acid
	-anoic acid
	



3	Numbering the chain
Numbers are used to indicate where on the carbon chain a functional group or branch is to be found.  Always give the lowest possible number by numbering from the end nearest the functional group (or for alkanes the end nearest the branch or branches)  
This compound is 2-methylbutane, not 3-methylbutane.

Number the carbon atoms on the carbon skeletons below:-







4	Side chains / branches
Hydrocarbon branches off straight chains are called alkyl groups.  An alkyl group is an alkane minus a hydrogen atom to enable it to bond to the chain. 
Complete the list below.
	Alkyl group
	
Structural and displayed formula
	Molecular formula

	methyl
	―CH3
	―CH3

	ethyl
	
―CH2CH3
	―C2H5

	propyl
	

―CH2CH2CH3
	―C3H7

	butyl
	―CH2CH2CH2CH3
	―C4H9

	pentyl
	
―CH2CH2CH2CH2CH3
	―C5H11

	hexyl
	
―CH2CH2CH2CH2CH2CH3
	―C6H13


5.	Indicating number of each type of alkyl branch
If there are several branches of different lengths they are put in alphabetical order. i.e. ‘ethyl’ before ‘methyl’ before ‘propyl’.
If there are several branches of the same length the number of branches is shown by a prefix and the position of every branch is indicated by a number before the name:

	Number of branches of the same type
	Prefix
	Example

	2
	di
	2,3 dimethylpentane

	3
	tri
	2,2,3 trimethylpentane

	4
	tetra
	2,2,3,3 tetramethylpentane


Draw the displayed formulae of these examples below:








Use the rules on the previous page to name the following alkanes

· Firstly you must identify the longest continuous chain, which does not necessarily run from left to right, (In reality the chains are not really straight but zig-zag – see later). 
· Then, you need to number it so that the side chains are on the lowest possible number carbons.

















2,2,4,4-tetramethylhexane					3-methyl-4-propyloctane













3,3,4-trimethylheptane					3-ethyl-4-methyloctane

[image: MCj04247820000[1]]Drawing skeletal formulae
Facer p131 also see online Chemguide

· The carbon atoms are not shown.
· A straight line represents a single bond and a double line a double bond
· A carbon atom is assumed to be at the end of these lines unless another atom such as oxygen is shown.
· Hydrogen atoms bonded to carbon atoms are also omitted but remember there would be hydrogen atoms present such that each carbon atom makes four bonds.







		semi-displayed						skeletal
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[image: New exercise]Draw the structural, displayed and skeletal formulae for:
· Skeletal formulae are explained on the previous page.
· Note the use of brackets to indicate branches of the same type or different types on the previous C atom in the structural formulae
	
	Structural formula
	Displayed formula
	Skeletal formula

	heptane
	CH3CH2CH2CH2CH2CH2CH3
	

	


	octane
	CH3CH2CH2CH2CH2CH2CH2CH3
	


	


	2,2-dimethylpentane
	CH3.C(CH3)2.CH2.CH2.CH3
	

	


	2,3-dimethylpentane
	CH3CH(CH3)CH(CH3)CH2CH3
	

	


	3-ethyl, 2-methylpentane
	CH3.CH(CH3).CH(C2H5).CH2.CH3
	

	


	2,2,4-trimethylhexane
	(CH3)3CCH2CH(CH3)CH2CH3
	

	


	5-ethyl, 3-methylheptane
	CH3CH2CH(CH2CH3)CH2CH(CH3)CH2CH3
	
	



[image: New exercise]Now try and name and give the structural formulae of the following.  Be careful! 
	Name
	Structural formula
	Displayed formula
	Skeletal formula

	4-ethylheptane
	CH3CH2CH2CH(CH2CH3)CH2CH2CH3
	

	


	3-ethyl-3-methyl-5-propyloctane
	CH3C(CH3CH2)2CH2CH(CH2CH2CH3)2

These are more complex than you would be asked = just make sure the number and order of C atoms is correct
	
(semi-displayed)
	


	2,6-dimethyloctane
	CH3CH2CH(CH3)CH2CH2CH2CH(CH3)2
	

	


	2,2,6-trimethyloctane
	(CH3)3CCH2CH2CH2CH(CH3)CH2CH3
	

	


	2,2,6,6-tetramethylnonane
	(CH3)3CCH2CH2CH2C(CH3)2CH2CH2CH3
	

	



	4-propyloctane
	CH3CH2CH2CH(CH2CH2CH2CH3)CH2CH2CH3
	

	



[image: New exercise]MOLECULAR MODELLING
Use the model kits to make these structures. Draw the molecules to show the displayed structures:
Methane	Ethane				Propane






Can you make more than one structure for each of these molecules? … No ….
STRUCTURAL ISOMERISM occurs when two or more compounds have the same molecular formula but different structural formulae.


[image: MCj04247820000[1]]
http://antoine.frostburg.edu/cgi-bin/senese/tutorials/isomer/index.cgi

Construct two isomers of formula C4H10 (the isomers of butane).

· Draw out the displayed formulae showing all carbon and hydrogen atoms.
· Draw out skeletal formulae
· Name both molecules
· Identify the straight chain and the branched chain molecules.  
            (Hydrocarbon chains are not really ‘straight’ but ‘zig-zag’; all bond angles are 109.5o)

	Displayed formula






	

	


	Skeletal formula




	

	


	Name

	butane    (n-butane)
	2-methylpropane    (isobutane)

	Structural formula

	CH3CH2CH2CH3
	CH(CH3)3

	Straight/branched

	straight
	branched



Construct three isomers of formula C5H12 (the isomers of pentane).
Complete the table

	Displayed formula
	Skeletal formula
	Name
	Structural formula

	







	

	pentane
	CH3CH2CH2CH2CH3

	







	

	2-methylbutane
	(CH3)2CHCH2CH3

	











	

	2,2-dimethylpropane
	C(CH3)4



Extension Draw the skeletal formula and name the isomers of C6H14
. 
[image: Constitutional isomers of C6H14]

THE ALKANES
[image: New Reference]CONSULT:	Facer AS Chemistry p1136 - 137

[image: Worksheet]Additional worksheets covering 	‘Bonding in Alkanes’
					‘Cycloalkanes
[image: New exercise]General formula 	CnH2n+2  

Complete the following table:

	Number
of carbon atoms
	Molecular
Formula

	Name

	State 
at 298K
	Boiling Point / K (straight chain)

	1
	CH4
	methane
	g
	112

	2
	C2H6
	ethane
	g
	184

	3
	C3H8
	propane
	g
	231

	4
	C4H10
	butane
	g
	273

	5
	C5H12
	pentane
	l
	309

	6
	C6H14
	hexane
	1
	342

	7
	C7H16
	heptane
	1
	371

	8
	C8H18
	octane
	1
	399

	9
	C9H20
	nonane
	1
	424

	10
	C10H22
	decane
	1
	447



Physical Properties
a) The boiling points of alkanes

[image: MCj04247820000[1]]Use EXCEL to plot a graph of number of carbon atoms (x axis) against boiling point / K (y axis) for the first 10 straight chain members of the alkane family.

Extrapolate the graph to predict the boiling point of C12H26.(straight chain).

Predicted value	……………..		Actual value 489 4K..

There are weak attractive forces in a liquid which must be overcome before molecules escape to form a gas.
What can you say about the relative strengths of these forces in small alkane molecules compared with large ones? 
Intermolecular forces of attraction (London forces) are stronger in larger molecules.
This will be covered in more detail in Unit2

Draw the displayed formulae of:
(1) 2-methylbutane		(2) 2,2-dimethylpropane
 B. Pt. 301/K 		     B. Pt. 283/K









What is the relationship between these two molecules? … isomers of pentane

Insert these two boiling points onto your graph and number them (1) and (2) as above. 
Compare the boiling point of the compounds above with their straight chain isomer.
How does chain - branching affect the boiling point of alkanes?

· branching reduces the boiling point
· highly branched molecules reduces the B.Pt more 

What does this suggest about the strength of the attractive forces between branched molecules compared with those between straight chain molecules with the same number of carbon atoms?

weaker force of attraction between branched molecules
Can you suggest a reason for this difference? Branching prevents close approach to neighbouring molecules which results in a weaker force of attraction.[image: New experiment]
b) Solubility of alkanes in water – Practical investigation
Would you expect alkanes to be soluble in water (some oils are alkanes) No
What would you expect to see if a liquid alkane was mixed with water? Two layers.
Test the liquids in the table below by adding 10 drops to 1cm depth of water in a test tube and shaking.FLAMMABLE

	Liquid
	Alkane or not an alkane
	Observation on adding to water
	Soluble/Insoluble
(Miscible/immiscible)

	Hexane
	alkane
	Two layers
	insoluble

	Ethanol
	Not alkane
	Colourless solution
	soluble

	Cyclohexane
	alkane
	Two layers
	insoluble



ALKANES AS FUELS – note you need to understand the general principles not the details
· [image: New exercise][image: ]Fractional distillation.
Crude oil is separated into fractions by distillation in cylindrical towers.
What property of hydrocarbon molecules allows them to be separated in a fractionating column?
 Differing boiling points.
Explain how different fractions are obtained by fractional distillation.
Vapourised crude oil  hot base of column.
This temp < the B.Pt of the longest molecules which liquefy or even solidify as tar.
Others remain as vapours, they rise up to next layer.  This layer is slightly cooler.
Passing through bubble traps they condense.
Longer molecules may remain as liquid, shorter ones re-vapourise and rise up to the next (cooler) layer where they condense.
Smaller molecules with higher B.Pts rise to the top of the column before condensing.
Very smallest ones remain as gases and are tapped off at the top.
Liquids drawn off each layer, highest BPt (largest molecules) at base 

The fractions cannot be used directly as fuels.  They have to be refined to remove sulfur compounds. 


[image: scan002]An additional problem is that the demand for the lighter fractions far outstrips the output of the fractionating column.  To overcome this imbalance the heavier fractions are treated by the process of Cracking
Cracking
Cracking is the breakdown of molecules into shorter       ones by heating with a catalyst. 





Fresh feedstock and catalyst powder flow into the vertical reactor where cracking takes place.  The cracked products pass to a fractionating column, while the catalyst flows to a regenerator






Write an equation for the cracking of decane to produce octane 
and ethene (use structural formulae)


CH3CH2CH2CH2CH2CH2CH2CH2CH2CH3  CH3CH2CH2CH2CH2CH2CH2CH3
							+ CH2CH2

One molecule of the alkane C12H26 is cracked to form 2 molecules of ethane and one molecule of a different alkane. What is the molecular formula of the alkane formed? C8H14
Reforming 
During the rapid combustion that occurs in vehicle engines, not all the alkanes burn in the same way. The alkanes with straight chains burn less efficiently than branched or cyclic compounds. The process of reforming converts straight chained alkanes into branched alkanes and cyclic compounds. This is achieved by heating the hydrocarbons with a catalyst, usually platinum. 

Reforming is the conversion of straight chained hydrocarbons into branched and cyclic hydrocarbons by heating with a platinum catalyst. 




Eg 
Using skeletal formula show the conversion of pentane into cyclopentane and identify the non organic by-product 

[image: http://www.chemhume.co.uk/ASCHEM/Unit%202/Ch9%20Alkanes/pentane_cyclopentane.jpg]



Questions
[image: New exercise]1	a)	Why is crude oil so important?
		Used as fuel and lubricants, valuable source of chemicals
		These are used for the manufacture of paints, polymers, pharmaceuticals etc.
	b)	Why should we try to conserve our reserves of crude oil?
		They are a finite resource and a valuable source of chemicals
2`a)	Why is cracking important?
		Cracking increases our supplies of the gasoline (petrol) fraction and produces short chain alkenes that are used to manufacture polymers (plastics)
	b)	What conditions are used for cracking?
		High temps >400oC, needed for zeolite catalyst, moderate pressure to move gases through the system
3.	Write displayed and structural formulae beneath to show how:


	a)	catalytic cracking converts hexane to butane and ethene

+



	CH3CH2CH2CH2CH2CH3			CH3CH2CH2CH3	CH2=CH2

	

b)	catalytic cracking converts decane, C10H22, to 2,3-dimethylpentane and propene.






+




CH3CH2CH2CH2CH2CH2CH2CH2CH2CH3	CH3CH(CH3)CH(CH3)CH3	CH2CH(CH3)

	c)	reforming converts hexane to cyclohexane




										+	H2


		CH3CH2CH2CH2CH2CH3			C6H12




THE NEED FOR ALTERNATIVE FUELS 
Refer to:- Facer p140 – 141
Read the following articles which discuss the reasons for developing alternative fuels in terms of sustainability and reducing emissions, including the emission of CO2 and its relationship to climate change  (they are all available on Godalming online/Chemistry AS/Alkanes/Resources).
[image: MCj04247820000[1]]Cars and Society.
Can biomass save the planet?
Fuelling the future.
[image: New exercise]Calculating carbon dioxide.
Then answer the questions:-
4 	Why are governments around the world becoming increasingly concerned about our use of fossil fuels?
		Combustion of fossil fuels  greenhouse gases  global warming, acid rain, smog.
		They are a finite resource
5		Suggest three ways in which our use of fossil fuels might be reduced
		Alternative energy sources – wind, solar, tidal, hydroelectric, biofuels, nuclear
		Reduce energy consumption
		Recycling
6	What is the greenhouse effect?
		CO2 and CH4 gases in the atmosphere act as a blanket preventing solar energy being re-radiated back out to space
7	How do CO2 levels relate to climate change 
		CO2 increases global warming melting glaciers,sea ice  sea level rises
		More energy in atmosphere  more violent storms; seas warming  sea level rises
8		Biofuels are sometimes described as ‘carbon neutral’.  Why is this?
		Plants photosynthesise using CO2  biofuels
		Burning these biofuels only releases the original CO2 back into the atmosphere
9		Explain what is meant by ‘sustainable development’, using examples from the manufacture of fuels.

		Does not use up non-renewable or finite resources
	Does not produce large amounts of waste which could have an environmental effect, e.g CO2  climate change, waste bottles, polymers, packaging  landfill.



CHEMICAL REACTIONS OF THE ALKANES
1) Combustion
Alkanes burn in oxygen to produce carbon dioxide and water.
Give the equation for the complete combustion of Propane
C3H8 + 5O2   3CO2 + 4H2O

Sometimes the combustion of an alkane is incomplete producing carbon monoxide and/or carbon 
Propane burning in limited oxygen producing carbon, carbon dioxide and water
C3H8 + 4O2  C + 2CO2 + 4 H2O
C3H8 + 3O2  2C + CO2 + 4 H2O

Propane burning in limited oxygen producing carbon monoxide, carbon dioxide and water
C3H8 + 4O2  2CO + CO2 + 4H2O

(N/B the H atoms are always converted into water, in both complete and incomplete combustion)
Both solid carbon (soot) and carbon monoxide are pollutants, carbon monoxide is particularly dangerous as it prevents the transport of oxygen around the body.

Other pollutants associated with the combustion of alkane fuels are Sulfur dioxide and nitrogen dioxide and unburnt hydrocarbons. 

Sulfur Dioxide 
Sulfur occurs naturally in crude oil, and although most of it is removed in the formation of petrol it is impossible to remove all the sulfur. During combustion these atoms of sulfur are converted into sulfur dioxide. 
Give the reaction of sulfur reacting to form sulphur dioxide 
S + O2  SO2

The sulfur dioxide can then react to form sulfur trioxide 
2SO2 + O2  2SO3

Both of these oxides are acidic and can react with water to produce acid rain.

Nitrogen dioxide 
Although very few nitrogen atoms are present in the fuel the very high temperatures in the engine can cause atmospheric nitrogen to react with oxygen to produce oxides of nitrogen, represented by the formula NOx most commonly NO2 and NO. Like sulfur the oxides are acidic and can react with water to produce acids
Give the equation for the reaction of Nitrogen dioxide and water to produce nitric and nitrous (HNO2) acids 

2NO2 + H2O  HNO2 + HNO3

Catalytic converters.
Most cars are now fitted with catalytic converters these help to remove some of the pollutants from the exhaust fumes and thus cut pollution. 

There are many different types but they all use a small amount of expensive metals eg Platinum, rhodium and palladium. These metals are thinly spread over a mesh to both conserve materials and increase surface area. The reaction only take place at the surface so only a thin layer of the metal is required. 
[image: http://dev.nsta.org/evwebs/3368/images/catconverter.gif]As the exhaust gases pass through the catalytic converter several reactions can happen. 

1) The oxidation of carbon monoxide to carbon dioxide 

2CO + O2  2CO2










2) The oxidation of unburnt hydrocarbons
Eg octane
C8H18 + 12.5 O2  8CO2 + 9H2O

3) The reaction of nitrogen oxide and carbon monoxide to produce nitrogen and carbon dioxide.

2NO + 2CO  N2 + 2CO2

Which pollutant is not removed via the catalytic converter? Sulfur 
This pollutant is best removed before the fuel is burnt, usually in a hydrodesulphurization reaction.

[image: https://www.fueleconomy.gov/feg/hybrid_diag.gif]Also note that carbon dioxide is still produced. In recent years there has been serious concerns raised about the levels of carbon dioxide and its contribution to global warming. This has contributed to the development of hybrid cars which run on both crude oil based fuels (petrol/diesel) and electricity as well as fully electric cars and hydrogen fuelled cars (although the hydrogen fuelled cars are still very rare) 
A hybrid vehicle is a vehicle that uses two or more distinct power sources to move the vehicle for example a conventional internal combustion engine and also a high voltage electric motor


















Alternative fuels 
As well as designing new vehicles which burn less fossil fuels an alternative is to keep the cars we 
have but change the fuel.

Most of these fuels are described as biofuels, i.e. fuels obtained from living matter that has died 
recently, (different from fossil fuels obtained from living matter which died millions of years ago)

The two biofuels we shall consider are Biodiesel and Bio alcohols

Biodiesel is produced from vegetable oils such as sunflower or rapeseed. Biodiesel has the potential 
To become an effective alternative to ordinary diesel. It can also be mixed with diesel. 

Bio alcohols, usually bioethanol is produced by the fermentation of sugars or the use of bacteria

There are many factors to consider when comparing biofuels with each other, as well as with conventional fuels.

	Comparing Fuels
	Questions to ask

	Land Use


	How much land is used to grow crops for biofuels? would this land be better used to grow food?



	Yield


	How much of a crop can be grown on a given piece of land? How quickly does it grow? How much waste material is produced? How is this waste disposed of? 


	Manufacture and transport


	How much energy is used in the production and transportation of the crop (including fertilisers) 



	Carbon neutrality 


	How close is the fuel to 100% carbon neutral 







Note that no fuel is currently 100% carbon neutral why? 
Energy in the form of (usually) fossil  fuels are still used in the manufacturing and transportation of the biofuel 










2)	THE ALKANES WITH CHLORINE e.g. THE REACTION OF METHANE WITH CHLORINE
In the presence of ultra violet light, alkanes react with chlorine in a substitution reaction to form chloroalkanes
In the following example the four hydrogen atoms in methane are substituted one at a time for chlorine atoms.  Write the equation for the first reaction of methane and chlorine to form chloromethane and hydrogen chloride using STRUCTURAL formulae
	CH4 + Cl2  HCl  +  CH3Cl





[image: New Reference]MECHANISM FOR THE REACTION (free radical homolytic substitution)
A reaction mechanism shows step by step how the bonds break and form.


THE INITIATION STEP
In the presence of ultra-violet light, covalently bonded chlorine molecules break into two highly reactive chlorine atoms each with a single, unpaired electron.  These are called chlorine free radicals
· Energy is required to break the bond, hence the reaction only proceeds in the presence of UV light.
· As the homolytic fission of a chlorine molecule must occur before the reaction can proceed, this is known as the initiation step. After this step no more UV light is needed.
[image: New exercise]Draw dot and cross diagrams of the chlorine molecule and the two chlorine atoms to represent this reaction: 








HOMOLYTIC FISSION (homo- of like kind, lysis-to break open) is the term used to describe the breaking of a covalent bond so that the bonding electrons are shared equally between the atoms involved. It is represented using half-headed curly arrows.





HALF HEADED CURLY ARROWS show the movement of one electron precisely from the covalent bond to the atom to which the electron moves.




FREE RADICALS are molecular fragments or atoms with one unpaired electron.  
They are highly reactive.




SUBSTITUTION REACTION where one atom or group of atoms replaces another atom or group of atoms



FREE RADICAL SUBSTITUTION 

THE INITIATION STEP

Cl· is an example of a free radical, formed by the action of UV light on a chlorine molecule. Note the convention used to show a chlorine atom with an unpaired electron.
[image: Methane chlorination: initiation]


THE PROPAGATION STEPS	(molecule + radical  molecule + radical)
The reaction between a chlorine atom and a methane molecule proceeds as follows:-
[image: https://upload.wikimedia.org/wikipedia/commons/thumb/4/48/MethaneChlorinationPropagationStep.svg/400px-MethaneChlorinationPropagationStep.svg.png]
[image: New exercise]


This two-step sequence sets up a CHAIN REACTION where the chlorine free radical is regenerated at the end of step 2 ready to attach another molecule of methane. 



TERMINATION STEPS 	(radical + radical  molecule)
Termination will occur whenever two free radicals react together:-
[image: Methane chlorination: termination]


The termination will depend on the concentrations of the different species present and their bond enthalpy – the first termination reaction is possible but unlikely.


POSSIBLE PRODUCTS OF THE REACTION BETWEEN METHANE AND CHLORINE
How many H atoms in the methane molecule can be substituted by chlorine? four.  If there is enough chlorine present the chain reaction proceeds to form three more organic molecules. Give the equations for their formation plus names and displayed formulae of these three products:


CH4  +  Cl2    CH3Cl  +  HCl	chloromethane


CH4  +  2Cl2    CH2Cl2  +  2HCl		dichloromethane


CH4  +  3Cl2    CHCl3  +  3HCl			trichloromethane


CH4  +  4Cl2    CCl4  +  4HCl				tetrachloromethane


Mechanism of the reaction of ethane with chlorine 

[image: http://research.cm.utexas.edu/nbauld/610a_ex3_key_files/image063.gif]

(Ignore arrows)

[image: Worksheet]
Worksheet on Alkanes Mechanisms.











HAZARD AND RISK
[image: New exercise]State what you understand by:-
Hazard Something that could cause harm depending on circumstances
…………………………………………………………………………………………………………
Risk The chance or probability that harm will occur
…………………………………………………………………………………………………………

You need to have an understanding of the hazards associated with organic compounds.  In chemistry, information on the potential hazards is provided by the Hazcards, placed beside the relevant chemical put out for your use in practical sessions.

Examine the Hazcards for:-
Ammonia, Bromine, and Hexane
and complete the first two columns of the table below.

Before any procedure is carried out, we carry out a risk assessment when dealing with potentially hazardous materials.
Risks can be reduced and reactions can be carried out safely by:-
· working on a smaller scale
· taking specific precautions or using alternative techniques depending on the properties of the substances involved
· carrying out the reaction using an alternative method that involves less hazardous substances.

Complete the risk assessment by suggesting risk reduction measures for the three chemicals
	Risk assessment for reaction of hexane with bromine

	Chemical
	Hazard symbol(s)
	Hazard details
	Risk reduction measures

	AmmoniaDANGEROUS TO ENVIRONMENT
CORROSIVE

	TOXIC

	Corrosive
Dangerous to environment
	Only using NH3 vapour – very low concentrations.
Dissolve in water

	BromineDANGEROUS TO ENVIRONMENT
CORROSIVE

	
	Very toxic by inhalation
Corrosive
Dangerous to environment
	Use in the fume cupboard
1 drop only, teacher dispenses using gloves.
Dispose of by reacting with sodium thiosulphate

	HexaneHIGHLY FLAMMABLE
DANGEROUS TO ENVIRONMENT

	
	Extremely flammable
Harmful – skin irritation
Dangerous to  environment
	no naked flames 
Avoid skin contact
Careful disposal in marked bottle



Now read the instructions for the practical overleaf - check you are satisfied with the risk reduction procedures.

REACTION OF HEXANE WITH BROMINE
[image: New experiment]CARE: Work in the fume cupboard – bromine is very harmful and unpleasant
FLAMMABLE

Method
· Put 1 cm3 hexane in each of two test tubes. 
	Ask your teacher to add one drop of bromine (not bromine water) to each.CORROSIVE

· Leave one test tube in bright sunlight (or near a UV lamp).TOXIC

	Wrap aluminium foil around the other or place in a dark cupboard.
· Leave for 5 - 10 minutes and then examine each tube.
· [image: New exercise]Hold a glass rod dipped in a concentrated ammonia solution so that ammonia gas blows across the top of each tube
Observations:
	
	Tube in the light / UV lamp
	Tube in the dark

	Initial colour
	red/brown colour
	red/brown colour

	Colour after 10 minutes
	decolourised and steamy fumes
	red/brown colour – no change

	With ammonia vapour
	white smoke
	no reaction


Ammonia reacts with HBr(g) to produce a white smoke of solid ammonium bromide.
Write an equation for this reaction with state symbols.
	NH3(g)	+	HBr(g)		NH4Br(s)
			steamy fumes	White smoke
	Under what conditions does hexane react with bromine? Light / UV light .
	What inorganic, gaseous product is formed in this reaction? HBr(g)
Explain how many possible organic products can be produced? 

Any or all of the H atoms in the alkane can be substituted by a Br atom

Write the displayed formulae for three possible organic products and name them.






1-bromohexane		2-bromohexane		1,5-dibromohexane










REVISION PAGE
[image: New exercise]Before attempting the questions you need to make a summary of this topic including
:-
Definitions of terms
Rules for naming
Production of fuels
Alternative fuels, sustainability, emissions, CO2 and climate change
Hazard and risk reduction
Reactions of alkanes
Mechanism of free radical substitution


EXAM QUESTIONS

Multiple choice questions: complete quiz on Godalming Online

https://online.godalming.ac.uk/mod/quiz/view.php?id=327

Alkanes and Fuels in the ‘Quizzes’ section at the top of the AS Chemistry course page.

Questions
Q1 Scientists are developing sources of energy as alternatives to fuels produced from crude oil. Which of the following reasons for doing this is incorrect?
(1)
[image: ]   A    Crude oil is being used up faster than it is being formed.
[image: ]   B    Burning hydrocarbons affects global carbon dioxide levels.
[image: ]   C    Hydrocarbons from crude oil are a source of essential chemicals other than fuels.
[image: ]   D    Carbon dioxide produced by burning hydrocarbons is toxic to plants.

Q2.
Which of the following mixtures could not form when octane, C8H18, is cracked?
[image: ]   A      propane + pentene
[image: ]   B      butane + butene
[image: ]   C      pentane + propene
[image: ]   D      heptane + ethene
(Total for question = 1 mark)
Q3.
Cracking crude oil
[image: ]   A    separates the mixture into pure compounds.
[image: ]   B    separates the mixture into a number of fractions.
[image: ]   C    separates saturated compounds from unsaturated ones.
[image: ]   D    decreases the average number of carbon atoms per molecule.

(Total for Question = 1 mark)








Q4.
 Ethane reacts with chlorine when the substances are exposed to UV radiation.
(a) The equation for this reaction is
(1)
[image: ]   A      C2H6 + Cl2 → C2H5Cl + HCl 
[image: ]   B      C2H6 + Cl2 → C2H4Cl2 + H2
[image: ]   C      C2H6 + Cl2 → 2CH3Cl 
[image: ]   D      C2H4 + Cl2 → C2H4Cl2

(b) The role of the UV radiation in the reaction is to
(1)
[image: ]   A       break the Cl—Cl bond forming Cl• free radicals. 
[image: ]   B       break the Cl—Cl bond forming Cl+ and Cl− ions. 
[image: ]   C       break the C—C bond in ethane forming CH3• free radicals. 
[image: ]   D       break a C—H bond in ethane forming C2H5• free radicals. 

(c) The overall reaction between ethane and chlorine is best described as
(1)
[image: ]   A       addition. 
[image: ]   B       homolytic fission. 
[image: ]   C       heterolytic fission. 
[image: ]   D       substitution. 
(Total for question = 3 marks)
Q5.
 Isomers have different
[image: ]   A     empirical formulae.
[image: ]   B     molecular formulae.
[image: ]   C     skeletal formulae.
[image: ]   D     molar masses.
(Total for question = 1 mark)

Q6.
 Which of the following statements correctly describes an environmental problem caused
 by the burning of hydrocarbon fuels?
[image: ]   A     The carbon dioxide is toxic and kills plants.
[image: ]   B     The smoke produced reflects sunlight and leads to global warming.
[image: ]   C     The water produced results in a damaging increase in rainfall.
[image: ]   D     The carbon dioxide produced absorbs heat radiated from the Earth and leads to
                global warming.
(Total for question = 1 mark)



Q9.
 What is the systematic name for the hydrocarbon shown below?

[image: ]

[image: ]   A    1,4-dimethylbutane
[image: ]   B    2,3-dimethylbutane
[image: ]   C    2,3-dimethylhexane
[image: ]   D    1,1,2,2-tetramethylethane
(Total for question = 1 mark)
Q10.
 
What is the IUPAC name of the compound shown below?
[image: ]
[image: ]   A    2-ethyl-2-propylpentane
[image: ]   B    3-methyl-3-propylhexane
[image: ]   C    4-methyl-4-propylhexane
[image: ]   D    4-ethyl-4-methylheptane
(Total for question = 1 mark)

Q1.
Crude oil is a complex mixture of hydrocarbons. Initial separation is achieved by fractional distillation of the crude oil. The separate fractions are further refined to produce hydrocarbons such as decane, C10H22.

(a)  Give the general formula of alkanes.
CnH2n+2
(b)  Carbon monoxide, CO, is formed during the incomplete combustion of decane.
(i)  Write an equation for the incomplete combustion of decane, forming carbon monoxide and water only.
C10H22 + 10.5 O2  10CO + 11H2O 								 (1)


(ii)  Explain why incomplete combustion can occur.
Incomplete combustion occurs when there is a limited supply of oxygen 
(Any statement that makes it clear there is not enough air or oxygen)				(1)
(c)  'Low-sulfur fuel' is now supplied to petrol stations. The removal of sulfur from diesel and petrol reduces the emission of toxic oxides of sulfur from vehicle exhausts. One such oxide is sulfur dioxide, SO2.

The bonding in sulfur dioxide may be represented as shown below.

O = S → O
[image: ]
Complete the dot and cross diagram below for the SO2 molecule, showing only outer shell electrons. Use dots to represent the oxygen electrons and crosses to represent the sulfur electrons.
[image: ](3)










(d)  Another alkane produced from crude oil is heptane, C7H16. The reforming of heptane produces methylcyclohexane and only one other product. A methylcyclohexane molecule is made from a ring of six carbon atoms bonded to a methyl group.
(i)  Use the information given above to give the skeletal formula of methylcyclohexane.
(1)
[image: ]







(ii)  Write a balanced equation, using molecular formulae, for the reforming of heptane into methylcyclohexane and one other product. State symbols are not required.
C7H16  C7H14 + H2 										(1)

(iii)  Suggest a reason why oil companies reform alkanes such as heptane.
[image: ] (1)
 (e)  Five branched-chain isomers of heptane are shown in the boxes below.
[image: ]









[image: ]





(i)  Give the systematic name of isomer A.    								(1)
2,2-dimethylpentane

(ii)  In the empty boxes above, draw skeletal formulae for two other branched-chain isomers of C7H16, with no side-chain having more than one carbon atom. 

(f)  Butane, C4H10, reacts with chlorine, Cl2, at room temperature and pressure.

C4H10 + Cl2 → C4H9Cl + HCl

(i)  What other condition is essential for this reaction? 						(1)
UV Light 

(ii)  Write an equation for the initiation step of the mechanism for the above reaction. 
[image: ](1)




(iii)  State the type of bond fission involved in the initiation step.
Homolytic fission 												(1)
[image: ]
(iv)  Write equations for the two propagation steps of this mechanism..
(2)










[image: ]v)  Write one equation for a reaction that would terminate this mechanism.
 (1)














Q3.
 Crude oil is composed mainly of alkanes, which are saturated hydrocarbons.
(a)  (i)  Define the term hydrocarbon.
(1)
Compound of Carbon and hydrogen ONLY

(ii)  State what is meant by the term saturated, as applied to a hydrocarbon.
Contains only C-C single bonds/ only sigma bonds/contains no C=C (double) bonds 
Allow Has maximum number of hydrogen atoms 
(b)  Crude oil can be separated into fractions.
(i)  What property allows crude oil to be separated by fractional distillation?
(1)
[image: ]Different boiling points.
(ii)  Many chemists are of the opinion that we should use fuels such as biodiesel rather than petrol and diesel.
Suggest one reason to support this opinion.
(1)

 







(c)  A molecule of a hydrocarbon, X, can be cracked to form one molecule of pentane, C5H12, and two molecules of ethene only.
(i)  Deduce the molecular formula of X.
C9H20
(ii)  Give one reason why cracking reactions are carried out in industry and suggest why high temperatures are used in this process other than to speed up the reaction.
[image: ]
(d)  Butane, C4H10, is a hydrocarbon which is used as a fuel. It is a gas under standard conditions.
(i)  Explain what is meant by the term fuel.
A substance that releases energy or produces heat 
(ii)  Write an equation for the complete combustion of butane under standard conditions. Include state symbols in your answer.

C4H10 (g) + 6½ O2 (g)  4CO2 (g) + 5H2O (l) 
(2)
Or multiples 

(iii)  Write an equation for the incomplete combustion of butane to form carbon monoxide and water only. State symbols are not required.
(1)
C4H10 (g) + 4 ½ O2 (g)  4CO (g) +5 H2O (l) 



(iv)  Under what conditions would you expect incomplete combustion to occur?
(1)
Limited supply of air/oxygen 

(e)  Butane can react with bromine, in the presence of ultraviolet radiation, according to the following equation.
C4H10 + Br2 → C4H9Br + HBr
(i)  Calculate the atom economy by mass for the formation of C4H9Br. 
Use the expression

[image: ]
Use the Periodic Table as a source of data.
[image: ]

















 (2)







*(ii)  Describe the mechanism of the reaction between butane and bromine that forms the products given in the equation below.
C4H10 + Br2 → C4H9Br + HBr
In your answer you should include
 	equations for each step of the mechanism (curly arrows are not required)
	the name of each step occurring in the mechanism. 
[image: ] (7)


 (Total for question = 21 marks)
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Question [ Acceptable Answers Reject Mark
Number
(©) First mark 3
Dative pair of e between S and
hand O (1)

Second mark
Two bond pairs between S and left-
hand O @)

Third mark

Two lone pairs on left-hand O, one
lone pair on central S and three lone
pairs on right-hand O atom 1)

If 2 double bonds between sulfur and
each oxygen then the third mark can
be given for two lone pairs on both
oxygens and one lone pair on

central S

NOTE

ALLOW dots and crosses that have
been reversed

Lone pair electrons can be shown as
separated (rather than having to be
paired up) the total number
of electrons in each outer shell
that matters

Stand alone marks

If molecule shown as charged then 2
max
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Question | Acceptable Answers Mark
Number
@)@ 2o 2
benzene ring
Question | Acceptable Answers Reject Mark
Number
(d)(ii) [CrHis = CrHia + Ha Formulae other than 1
molecular formulae
ALLOW CsHuiCHs Any other structural or
displayed formulae
IGNORE state symbols, even if
incorrect
Question | Acceptable Answers Reject Mark
Number
d) | Any ONE of: (a cydlic alkane) Less pollution / reduce 1

has more efficient combustion
allows smoother burning
increases octane number

reduces knocking / less likely to
produce pre-ignition

is a more efficient fuel
bums better / easier to burn
/combusts more easily / improves.
combustion

IGNORE (a cyclic alkane):
increases the volatility of a fuel
“ignites more easily”

“is a better fuel”

“burns more cleanly”

IGNORE (a cyclic alkane) has a lower
boiling point

mentions of viscosity

safer fuel

waste
High atom economy

Produces useful products /
hydrogen

Used to make polymers
Produces substances in

higher demand / more
valuable
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Question | Acceptable Answers Reject Mark
Number
(e)(i) |2,2-dimethylpentane 2-dimethylpentane !
IGNORE missing hyphen/missing
comma
Question | Acceptable Answers Reject Mark
Number
(e)(ii) 2
@)
@)
IGNORE names even if incorrect
IGNORE different length bonds
IGNORE direction of methyl aroups
Question | Acceptable Answers Reject Mark
Number
()(i) |U.V./ U.V.light/ light / sunlight Y
ALLOW high temperature heat alone
Question | Acceptable Answers Reject Mark
Number
[GIO) 7

Ck—dl +Cl /
Cl— 2l

IGNORE any curly arrows, even if
incorrect

IGNORE C4Hyo given on both sides
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Question | Acceptable Answers Reject Mark
Homolytic (fission) Photolysis (fission) / free 1
radical (fission)
IGNORE any formulae and arrows
Question | Acceptable Answers Reject Mark
Number
(f)(iv) | (First propagation step) 2
CaHio + Cl* > CiHgr + HCl (1) | Any reactions involving
Hydrogen radicals scores
(Second propagation step) 20!
CaHg®  + Clz > CaHoCl + CI (1) | Reverse of first reaction
Formulae can be displayed
“dots’ can be anywhere on free radical
but no dots at all scores zero
ALLOW in either order
Incorrect alkane / halogenoalkane but
two correct propagation steps scores 1
out of 2
Question | Acceptable Answers Reject Mark
Number
(f)(v) |Any ONE of: 1

CiHg® + Cl* - CHsCl
OR

a +clt - cl:

OR

CaHs* + C4Hg* — CgHys
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Question | Acceptable Answers Reject Mark
Number

Save fossil fuels / saves finite 1
(b)(i)) | resources / saves petrol / saves diesel

OR

More sustainable

OR

Uses renewable resources / biodiesel
made from ‘natural resources’

OR

Biodiesel is a renewable fuel

OR

Plants (more) carbon neutral / use of
plants improves carbon footprint (of
fuel)

OR

Biodiesel has smaller carbon footprint
/ zero carbon footprint

OR

Biodiesel (more) carbon neutral

ALLOW
Reverse argument for petrol / ‘normal’
diesel (eg crude oil is non-renewable)

IGNORE

Less impact on the environment /
references to ‘environmentally
friendly’ / less polluting / acid rain

IGNORE

References to ‘global warming’ or
“Greenhouse Effect’ or ‘climate
change'.
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Question | Acceptable Answers, Reject Mark
Number
(c)(ii) | First mark: 2

Any ONE of:

(Greater) demand for smaller
molecules /
(Greater) demand for smaller alkanes
/ (Greater) demand for| alkenes /
To make more useful products /
To make more reactive product /
To make smaller molecules /
To make shorter molecules /
To make alkenes /
To make shorter chains
NOTE:
ALLOW
“To produce fuel(s)’

)
Second mark:
(High temperatures needed to)
break (the C-C and / or C-H) bonds
OR
To break (down) the (hydrocarbon)
chain(s) / To break (down) the
molecule(s) / To split the molecule(s)
/ To break the hydrocarbon
OR
(Reaction is) endothermic

ALLOW

To overcome the (high) activation
energy / the reaction has a high
activation energy / provide activation
energy

IGNORE
C-C bond is stable
References to increasing rate (of
reaction)
References to yield / equilibrium
References to efficiency / producing
less CO

)
Marks are stand-alone

No 2nd mark if any of the
following are mentioned:

Separation of molecules

Breaking intermolecular
forces

References to (high) boiling
temperatures / (high)
boiling points

References to (high) melting
temperatures / (high)
melting points
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molar mass of the desired product
atom economy = %100 %
sum of the molar masses of all products
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Question | Acceptable Answers, Reject Mark
Number
(e)(i) | First mark 2

Calculation of the sum of the M, values
of all the products = 217.8
If using Br = 80, M, = 218 (1)

Second mark
Calculation of % atom economy using
value of total M,

[=136.9 (x 100%) ]
217.8

= 62.856 (%) (1)

NOTE
If using Br = 80, final answer = 62.844
(%)

ALLOW
ECF for the 2nd mark on an incorrect
total M, value

IGNORE
sf except 1 sf

Correct answer with no working ~ (2)
Check rounding of answer

NOTE
If one error only is made, (1) mark
awarded

For M, = 217.8,
62.8% (no 2nd mark, as
this is a rounding error)
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Question
Number

‘Acceptable Answers.

Reject

Mark

* (e)(ii)

First mark:
Initiation (step)

Second mark:
Br—Br — Bre + Bre /
Bry — 2Bre

Third mark:
Propagation (steps)

Fourth and fifth marks:
Bre + CeHio— CaHse + HBr

Br + CaHge — CaHsBr + Bre
Allow in either order

sixth mark:
Termination (step(s)

Seventh mark:

Any one of
Bre + Bre — Br;

OR

CaHge + Bre — CaHsBr
OR

CaHge + CaHge — CgHys

(1)

[¢5)

(1)

[¢5)

(1)

1)

(1)

He (the fourth and fifth
marks cannot be awarded if
He appears in either
propagation step)
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