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5.1 Mass Spectrometry

This section will look at mass spectrometry when applied to compounds including 
molecular ions, base peak and fragmentation ions.

Mathematical content
Students will have the opportunity to analyse fragmentation patterns and peak 
heights in mass spectra.

Learning outcomes
• recall the meaning of and identify base peak, molecular ion peak, M+1 and 

fragmentation ions in a mass spectrum 

• suggest formulae for the fragment ions in a mass spectrum

• distinguish between molecules of the same RMM/mass using high resolution mass 
spectrometry 

Introduction
Mass spectrometry has been used at AS level to determine the relative atomic mass of 
elements. Simple molecules such as chlorine and bromine have also been considered 
at AS level. When these molecules break down in a mass spectrometer the only 
possible products are the atoms. At A2 level the molecules get more complicated and 
the possible fragments of the molecules are greater in number and complexity. The 
mechanism of how a mass spectrometer works in not required.

Mass spectra
When a chlorine molecule is ionised in a mass spectrometer Cl2+ ions are formed. The 
positive ion can then break down to form a chlorine atom (chlorine radical shown with 
a dot) and a chlorine ion These equations may be written as:

 Cl2  →  Cl2  +  e-

 Cl2  →  Cl    +  Cl+

A positive ion and a chlorine atom (a radical) are formed. If a (35Cl–37Cl)+ ion breaks 
down either a 35Cl+ or a 37Cl+ ion is produced. The spectrum shows peaks at m/z values 
of 35, 37, 70, 72 and 74.

+

+
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The mass spectrum of chlorine is shown below:

The mass spectra of molecules are recorded in the same way as with atoms. 

• The vertical axis of the mass spectrum is given as relative abundance or more often 
as % relative abundance and hence the scale goes from 0 to 100.

• The base peak is the peak of greatest abundance in a mass spectrum. Therefore 
the base peak is the largest peak in the mass spectrum which is usually set as 100 
and the other peaks in the spectrum are all relative to it. The base peak is caused by 
the most stable ion.

• The horizontal axis is technically m/z. This is the mass of the ion divided by the 
charge on the ion; if z =1 because only one electron is knocked off the molecule; this 
means that m is relative mass and the x axis could be labelled as relative mass.

• The molecular ion peak is a peak produced by the ion formed from the removal 
of one electron from a molecule. It is given the symbol M+, should be the last/
highest m/z value peak in the spectrum (but be aware of the 13C peak which is 
explained later). Sometimes the molecular ion peak is so unstable it cannot be seen 
but this is rare. In the case of chlorine there are three molecular ion peaks at 70, 72 
and 74. These are sometimes called the M+, (M+2)+ and (M+4)+ peaks.
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• A fragmentation ion is a positively charged ion produced when the molecular ion 
breaks apart.

• Fragmentation peaks are produced when the molecular ion breaks down. In the case 
of chlorine, the fragmentation ions occur at m/z values of 35 and 37.

The mass spectrum of ethane is shown below.

All of the peaks in the spectrum must be due to ions of carbon and hydrogen. There are 
no peaks for 1 and 2 which would be for hydrogen. That does not mean that these ions 
are not formed they just do not occur in the spectrum i.e. they are not visible. The ions 
associated with the main peaks seen are:

C2H6  = 30; C2H5  = 29; C2H4  = 28; C2H3  = 27; C2H2  = 26; C2H  = 25; CH3  = 15; CH2  = 14; 

The M+1 peak is the peak produced by a molecular ion with an increased mass due 
to the presence of one carbon-13 atom. There is a very small peak at m/z=31 which is 
about 2 % of the relative abundance of the m/z=30 peak. In nature 98.89 % of carbon is 
12C and 1.11 % is 13C. In a molecule with two carbon atoms 2 × 1.11 % = 2.22 % of the 
carbon atoms will be carbon-13. This peak at m/z = 31 is the M+1 peak for ethane.
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The mechanism for forming the ions in a mass spectrum need not be known but the 
possible formulae for the ions should be capable of being deduced. If the peaks are 
very small there is the possibility of carbon-13 being involved but if the peaks are large 
there is no possibility. 

Determining structure from mass spectra
Mass spectra are very useful in determining the formula of a compound. Sometimes 
they are used in conjunction with other spectroscopic methods. This is best shown with 
isomers. The structures of isomers are different and hence they would be expected 
to break down into different fragments. Ethanol CH3CH2OH and methoxymethane 
(dimethyl ether) CH3OCH3 are isomers. They both have the formula C2H6O.

The mass spectrum of ethanol is shown below:
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The mass spectrum of methoxymethane is shown below:

The peaks between 25 and 27 in the spectrum of ethanol are important as peaks with 
this m/z ratio are not present in the methoxymethane spectrum. The base peak in the 
mass spectrum of ethanol is at m/z=29 and is caused by the CH2OH+ fragment ion. One 
spectrum is more logically that of ethanol but the easiest thing to do is run spectra of 
both compounds and compare your spectrum to see with which one it matches. This 
technique applies to all spectroscopic methods whether it is mass spectrometry or 
infrared or NMR or ultraviolet. Each spectrum is unique to a particular compound even 
if the compounds have the same formula and a very similar structure the spectra will 
still be different.

High Resolution Mass Spectrometry (HRMS)
High resolution simply means that the relative masses in a mass spectrometer can be 
determined to several decimal places. HRMS machines are more complex and more 
expensive to buy and run.

The relative atomic masses in the Periodic Table are often given to a whole number. 
In some tables they are given to one decimal place, but they can all be determined to 
several decimal places. Carbon-12, by definition, is given the value 12.000000. Usually 
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12.000 but the number of decimal places is irrelevant as they are always zero. The 
other elements such as hydrogen, nitrogen and oxygen can be measured in HRMS to at 
least four decimal places.

C = 12.0000

H = 1.0078

N = 14.0031

O = 15.9949

If a molecule in low resolution mass spectrometry (LRMS) has a mass of 28 it could 
be N2 = 2 × 14  = 28 ; CO = 12 + 16 = 28 or C2H4 = 2 × 12 + 4 × 1 = 28. But if these are 
calculated using the atomic masses to the fourth decimal place the values obtained 
are:

N2 = 2 × 14.0031   = 28.0062

CO = 12.0000 + 15.9949  = 27.9949

C2H4 = 2 × 12.0000 + 4 × 1.0078 = 28.0312

If the m/z value of the molecular ion peak in HRMS is 28.0062, the molecule must be 
nitrogen. 

HRMS for compounds containing elements which have common isotopes such as 
chlorine and bromine are also useful for identification. For example, 1-chloropropane, 
C3H7Cl, could have a relative molecular mass incorporating 35Cl or 37Cl. If it is 
compared to C2H6O3, C5H4N and C6H6 all of which have relative molecular masses of 78, 
the 35Cl isotope gives a mass of 78. There will be another peak at 78 + 2 = 80.

The accurate mass of 35Cl is 34.9689. Using this value gives C3H7Cl = 78.0235; the other 
values are C2H6O3 = 78.0315, C5H4N = 78.0343 and C6H6 = 78.0468. 

If these values are compared at a relative formula mass of 78 the true identity will be 
revealed. If the m/z value of the M+ peak is 78.0235 the molecule is C3H7Cl. There will 
be another molecular ion peak (M+2)+ peak at an m/z value close to 80.

Mass spectrometry website:
http://chemwiki.ucdavis.edu/Core/Analytical_Chemistry/Instrumental_Analysis/
Mass_Spectrometry/Introductory_Mass_Spectrometry/Introduction_to_Mass_
Spectrometry

https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Supplemental_Modules_(Analytical_Chemistry)/Instrumental_Analysis/Mass_Spectrometry/Introductory_Mass_Spectrometry/Introduction_to_Mass_Spectrometry
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Supplemental_Modules_(Analytical_Chemistry)/Instrumental_Analysis/Mass_Spectrometry/Introductory_Mass_Spectrometry/Introduction_to_Mass_Spectrometry
https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Supplemental_Modules_(Analytical_Chemistry)/Instrumental_Analysis/Mass_Spectrometry/Introductory_Mass_Spectrometry/Introduction_to_Mass_Spectrometry
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Test yourself 5.1

1.  Explain the meaning of the following terms: base peak; molecular ion peak; 
fragmentation ion; M + 1 peak.

2. Predict all the m/z values of the peaks in the mass spectrum of Br2 given that 
bromine exists as two isotopes, 79Br and 81Br.

3.  The mass spectrum of tartaric acid HOOCCH(OH)CH(OH)COOH shows peaks at m/z 
values of 45, 87 and 105. Identify fragmentation ions which could cause these 
peaks.

4. Give the following accurate relative atomic masses:

 H = 1.0078 C = 12.0000 N = 14.0031 O = 15.9949 S = 32.0651

 (a) Calculate the relative molecular mass of the molecule shown below.

 (b) An unknown molecule was found to have its molecular ion peak at 60.0963.   
   Which one of the following is the molecule?

    A CH3COOH

    B CH3CH2CH2OH

    C CH2=CHSH

    D HCOOCH3

H H H H 

H H H

O

H      C      C      N      C      C      H
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5.2 Nuclear Magnetic 
Resonance Spectroscopy
This section looks at 1H nmr spectroscopy which includes an understanding of 
chemically equivalent hydrogen atoms, chemical shift, peak integration and spin-spin 
splitting.

Learning outcomes
• demonstrate understanding of the difference between low resolution and high 

resolution nmr spectra

• demonstrate understanding of the reasons for using TMS (tetramethylsilane) as a 
standard

• demonstrate recognition of chemically equivalent hydrogen atoms

• demonstrate understanding that chemical shifts depend on the chemical 
environment of hydrogen atoms

• use integration curves to determine the relative number of hydrogen atoms in 
different chemical environments

• apply the n+1 rule to analyse spin-spin splitting, limited to doublets, triplets and 
quartets where n is the number of hydrogen atoms on an adjacent carbon atom

• deduce a molecular structure from an nmr spectrum, limited to simple splitting 
patterns

Introduction
1H or proton nuclear magnetic resonance spectroscopy (1H nmr spectroscopy) allows 
the structure of a molecule to be examined in terms of the hydrogen atoms in the 
molecule. Low resolution nmr spectroscopy does not include the spin-spin splitting 
pattern but simply shows the different environments of chemically equivalent 
hydrogen atoms and the ratio of the number of hydrogen atoms in each environment. 

NMR spectroscopy website:
http://www.chemguide.co.uk/analysis/nmr/background.html#top 

http://www.chemguide.co.uk/analysis/nmr/background.html#top 
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Nuclear Magnetic Resonance 
Spectroscopy
The process of nuclear magnetic resonance
• Organic compounds contain hydrogen atoms.

• The nucleus of a 1H atom contains only one proton.

• Like electrons, protons spin.

• The spin of the proton creates a magnetic field so the nucleus can be regarded as a 
magnet. 

• When a sample of the compound is placed in an external magnetic field, the 
magnetic field caused by the spin of the protons will align with the external 
magnetic field.

• Energy (in the form of electromagnetic radiation) can “flip” the spin of the proton so 
that it is spinning in the opposite direction. 

• The energy required is small and is in the low energy range of the electromagnetic 
spectrum, i.e. radio waves.

• The energy required to flip the spin of the proton depends on the environment of the 
proton in the molecule and how many other protons are bonded to adjacent carbon 
atoms (as these have an additional magnetic effect on the adjacent protons).

Producing an NMR spectrum
• The substance being investigated is dissolved in a suitable solvent. In most cases 

this is tetrachloromethane, CCl4. This does not contain 1H atoms.

• The horizontal scale of an nmr spectrum is known as chemical shift and is 
represented by δ. Chemical shift is measured in parts per million (ppm).

• The vertical scale is the signal intensity.

• A standard is used to compare the signal from the other protons. The standard used 
is tetramethylsilane which is shown below.

CH3

CH3

H3C      Si      CH3 
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Nuclear Magnetic Resonance 
Spectroscopy
• Tetramethylsilane is used as it has 12 chemically equivalent 1H atoms (protons) 

and gives a strong signal. Also as silicon has a lower electronegativity than 
carbon (which is unusual in organic compounds as most atoms have a higher 
electronegativity than C), the electrons in the C–H bond are closer to the 1H nucleus 
than in other compounds so forming a chemical shift scale from the 1H nuclei of 
TMS to other 1H in nuclei in organic compounds. TMS is also volatile, non-toxic, 
dissolves in most organic solvents and is unreactive so does not interfere with the 
compound in the sample.

• The chemical shift of TMS is set to zero (δ = 0 ppm). This will be seen as a single peak 
at δ = 0 ppm as shown below.

How a 1H-nmr spectrum is produced video clip:
http://my.rsc.org/video/54

12           11            10            9             8            7            6            5            4            3            2           1            0              
δ / ppm

Interpreting nmr spectra:
http://www.chemguide.co.uk/analysis/nmr/highres.html

http://my.rsc.org/video/54
http://www.chemguide.co.uk/analysis/nmr/highres.html
http://www.chemguide.co.uk/analysis/nmr/highres.html
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Nuclear Magnetic Resonance 
Spectroscopy
The 1H nmr spectrum of methane is shown below. There is only one peak at δ = 0.2 ppm 
(apart from the TMS peak at δ = 0 ppm).

The 1H nmr spectrum of ethane is shown below. There is only one peak at δ = 0.8 ppm 
apart from the peak at δ = 0 ppm. The full scale from δ = 0 to 12 ppm is shown but 
often only the relevant part is shown.

12           11            10            9             8            7            6            5            4            3            2           1            0              
δ / ppm

12           11            10            9             8            7            6            5            4            3            2           1            0              
δ / ppm
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Nuclear Magnetic Resonance 
Spectroscopy
Equivalent and Non-equivalent Hydrogen 
Atoms
If the hydrogen atoms in a molecule are all identical and are in similar positions in 
the molecule, they are all the same in 1H nmr i.e. they all require the same energy to 
flip the spin of the proton and are referred to as chemically equivalent. Only one peak 
would be produced whether the nmr is carried out at high resolution or low resolution. 
This is the case with methane and ethane in which the hydrogen atoms cannot be 
distinguished from each other. 

Shielding and Deshielding
In the 1H nmr spectra of the chloromethanes, the hydrogen atoms in each 
chloromethane form a single peak (singlet). These singlets change chemical shift with 
the number of chlorine atoms in the molecule. 

The same pattern applies with the iodomethanes but the delta values are not changed 
as much. 

Chlorine is more electronegative than iodine and attracts the electrons more in the C–X 
(carbon-halogen bond). If electrons are further away from the H atom(s), the hydrogen 
nuclei are more exposed. They are said to be deshielded and their absorption moves 
downfield to a higher δ value. 

The further away the halogen atom, the less its influence but it is still there. In 
chloroethane the δ value for the methyl group is 1.5. Compare this to the value of δ for 
ethane which is 0.9.

Shielding and deshielding:
http://www.chem.ucla.edu/harding/ec_tutorials/tutorial51.pdf

Name chloromethane dichloromethane trichloromethane

Formula CH3Cl CH2Cl2 CHCl3

δ value 3.0 5.3 7.3

Name iodomethane diiodomethane triiodomethane

Formula CH3l CH2l2 CHl3

δ value 2.2 3.9 4.9

http://www.chem.ucla.edu/harding/ec_tutorials/tutorial51.pdf
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Nuclear Magnetic Resonance 
Spectroscopy
Spin-Spin Splitting and High Resolution nmr
A high resolution nmr spectrum shows the spin-spin splitting pattern. 

A low resolution nmr spectrum does not show the spin-spin splitting pattern.

The low resolution NMR of ethanol is shown below: 

There are three types of hydrogen atom: in the CH3 group, the CH2 group and the OH 
group. The protons/hydrogens absorb in different places at different δ values. Note that 
the hydrogen attached to the oxygen atom absorbs anywhere in the range δ = 0.5 – 5.5 
ppm. The oxygen, being electronegative, deshields the atoms closest to it. The CH2 is 
nearest the oxygen and appears downfield. The CH3 group is furthest away from the 
oxygen and appears further upfield.

6                       5                        4                        3                         2                        1                        0                          
δ / ppm

CH3CH2OH

CH3CH2OH
CH3CH2OH

TMS
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Nuclear Magnetic Resonance 
Spectroscopy
The high resolution NMR of ethanol is shown below: 

Some books show different ethanol spectra. In this spectrum the –OH proton is in the 
middle. In others it is on the far left-hand side. Various reasons are given such as the 
concentration of the ethanol i.e. if water is present or the temperature at which the 
spectrum is run.

The CH3 group which shows a peak at δ = 1.0 ppm is now a triplet; the CH2 group which 
shows a peak at δ = 3.8 ppm is now a quartet and the hydroxyl hydrogen atom which 
shows a peak at δ = 2.7 ppm is a singlet. This spin-spin splitting is caused by the 
presence of hydrogen atoms bonded to adjacent carbon atoms. It can all be summed 
up by the “n+1 rule”. If there are no hydrogen atoms bonded to adjacent carbon atoms 
then n + 1 = 1 so there is a single peak (a singlet). If there is 1 hydrogen atom bonded 
to adjacent carbon atoms then n + 1 = 2 so there are two peak (of equal height) which 
is a doublet. The pattern continues with triplets and quartets. The peaks for hydrogen 
atoms bonded to nitrogen or oxygen atoms are not split and do not cause splitting of 
other peaks.

• A doublet is a signal which appears as a pair of lines of equal intensity.

• A triplet is a signal which appears as three lines in the approximate intensity 
ratio 1:2:1.

• A quartet is a signal which appears as four lines in the approximate intensity 
ratio 1:3:3:1.

For the high resolution nmr spectrum of ethanol:

• CH3 is adjacent to CH2 which contains n=2 hydrogen atoms; n+1 = 3 so there are 
three peaks so it is a triplet.

6                       5                        4                        3                         2                        1                        0                          
δ / ppm

CH3CH2OH

CH3CH2OH
CH3CH2OH
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Nuclear Magnetic Resonance 
Spectroscopy
• CH2 is adjacent to CH3 which contains n=3 hydrogen atoms; n+1 = 4 so there are four 

peaks so it is a quartet.

• H is bonded to O and so OH peak is not split so it is a singlet.

For ethyl ethanoate which is shown below:

Left hand CH3 is adjacent to C=O which contains n=0 hydrogen atoms; n+1 = 1 giving a 
singlet.

CH2 is adjacent to CH3 which contains n=3 hydrogen atoms; n+1 = 4 giving a quartet.

Right hand CH3 is adjacent to CH2 which contains n=2 hydrogen atoms; n+1 = 3, giving 
a triplet.

The Integration Curve
The integration curve for the high resolution nmr spectrum for ethanol is shown below:

H H H 

H H H

O

H      C      C      O      C      C      H

6                       5                        4                        3                         2                        1                        0                          
δ / ppm

CH3CH2OH

CH3CH2OH
CH3CH2OH
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Nuclear Magnetic Resonance 
Spectroscopy
The integration curve measures the relative areas under the sets of peaks in the nmr 
spectrum. The height of the dips over the peaks can be measured using a ruler and 
this gives the simplest ratio of the numbers of hydrogen atoms in each environment. 
This spectrum shows an integration ratio of 3:1:2 with increasing chemical shift. This 
corresponds to the ratio of hydrogen atoms in each environment. Be careful with 
number of hydrogen atoms such as 2:6 which will appear as a 1:3 ratio so always be 
aware it is just the simplest ratio but in this case, it shows the actual number as well.

Test yourself 5.2

1. Explain the meaning of the terms:

 (a) low resolution nmr spectrum

 (b) doublet

 (c) triplet

 (d) quartet

2  Predict the patterns of peaks for the high resolution 1H nmr spectra of the following 
compounds:

 (a) methanol, CH3OH

 (b) propanone, CH3COCH3

 (d) lactic acid, CH3CH(OH)COOH

3. TMS is used as a standard in 1H nmr spectroscopy.

 (a) Draw the structure of TMS

 (b) State two reasons why TMS is used in 1H nmr spectroscopy

4. 1,1,2-trichloroethane and 1,1,1-trichloroethane shows different 1H nmr spectra.

 (a) Draw the structure of 1,1,2-trichloroethane and 1,1,1-trichloroethane

 (b) Describe the 1H nmr spectra in terms of chemically equivalent hydrogen
    atoms, spin-spin splitting pattern and integration ratio for each of the    

   compounds
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5.3 Volumetric Analysis

This unit will examine three different types of volumetric analysis, looking at oxidising 
agent titrations using iodide and sodium thiosulfate, reducing agent titrations using 
potassium manganate(VII) and back titrations.

Mathematical content
It will be expected that the knowledge of titration and associated calculations from 
AS will be brought through to this section. Candidates will be expected to carry out 
calculations using ratios derived from the ionic equations for any redox reactions 
occurring and understand and carry out calculations related to the process of a back 
titration.

This tells you exactly how to carry out a titration and gives some indicators:
http://www.wiredchemist.com/chemistry/instructional/laboratory-tutorials/
volumetric-analysis

Learning outcomes
• titrate iodine with sodium thiosulfate using starch as an indicator and estimate 

oxidising agents, for example hydrogen peroxide and iodate(V) ions, by their 
reactions with excess acidified potassium iodide

• titrate acidified potassium manganate(VII) with iron(II) and other reducing agents

• deduce titration equations, given the half-equations for the oxidant and the 
reductant

• demonstrate understanding of the method of back titration, for example by 
determining the purity of a Group II metal oxide or carbonate

Introduction
The concentration of oxidising agents, such as hydrogen peroxide and iodate(V) ions, 
may be determined by allowing them to oxidise iodide ions to iodine and titrating 
the liberated iodine using sodium thiosulfate solution. Starch indicator is used to 
determine the end point when all the iodine is used up.

The concentration of reducing agents, such as iron(II) ions or ethanedioate ions, may 
be determined by reacting them with potassium manganate(VII) solution. These 
titrations are self-indicating due to the colour of the manganate(VII) solution.

The percentage or amount of a Group II metal, Group II metal oxide, Group II metal 
carbonate in a sample may be estimated by back titration. This is the process where a 
known excess of an acid is added to the sample. The amount of acid remaining is then 
titrated allowing the amount of acid which reacted to be determined. This allows the 
amount of the Group II metal or compound to be determined. This is carried out when 
the substance being examined is not soluble in water or has limited solubility in water 
and so is not directly titratable.

http://www.wiredchemist.com/chemistry/instructional/laboratory-tutorials/volumetric-analysis
http://www.wiredchemist.com/chemistry/instructional/laboratory-tutorials/volumetric-analysis
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Volumetric Analysis

Titrating oxidising agents 
(iodine thiosulfate titrations)
http://www.titrations.info/iodometric-titration 
https://facultystaff.richmond.edu/~rdominey/301/local/Iodine_Titrations.PDF 

Oxidising agents can oxidise iodide ions to iodine in aqueous solution. However, the 
solubility of iodine is low in water but it dissolves well in a solution containing iodide 
ions as it forms the soluble triiodide ion, I3. If an excess of sulfuric acid and potassium 
iodide is added to an oxidising agent, the iodide is oxidised to iodine.

Iodine can be easily titrated with sodium thiosulfate solution and the indicator is 
starch which forms a blue-black colour with iodine. The starch is added when the 
colour of the iodine becomes very faint. The starch should be added when the solution 
is a straw/yellow colour. The end-point of the titration is when the blue-black colour 
changes to colourless.

Tip
The titration of iodine is very useful in following rates of reaction experiments. The 
iodine could be determined by colorimetry or by titration. If titration is used the 
reaction should be quenched by adding water to slow it down or adding sodium 
hydrogencarbonate to react with the acid and stop the reaction. 

-

The colours observed during an iodine thiosulfate titration. The brown colour of iodine in solution which changes to 
straw/yellow as the thiosulfate is added. When starch solution is added the blue-black colour is observed which fades 
and changes to colourless at the end point

http://www.titrations.info/iodometric-titration
https://facultystaff.richmond.edu/~rdominey/301/local/Iodine_Titrations.PDF
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Volumetric Analysis

Oxidation of iodide ions
Iodine is generated by the oxidation of iodide ions to iodine with an oxidising agent.

   2I-   →   I2   +   2e-

A simple oxidising agent is chlorine gas.

   Cl2   +   2e-   →   2Cl-

Adding the two equations together gives the overall equation for the reaction. The 
electrons cancel out. 

oxidation half equation: 2I-   →   I2   +   2e-

reduction half equation: Cl2   +   2e-   →   2Cl-

ionic equation:   2I-   +   Cl2   →   I2   +   2Cl-

This is an example of a redox reaction. The iodide ions are oxidised and the chlorine is 
reduced. 

The iodine produced is titrated with thiosulfate ions.
 
    I2   +   2S2O3   →   2I-   +   S4O6  

Oxidation of Iodide ions with Hydrogen 
Peroxide
Hydrogen peroxide, H2O2, is a common oxidising agent. Hydrogen peroxide is reduced 
as shown below in the presence of H+ ions (provided by the addition of H2SO4).

   H2O2  +  2H+  +  2e-  →  2H2O

The overall reaction with iodide ions is:

   H2O2  +  2H+  +  2I-  →  2H2O  +  I2

2- 2-
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Volumetric Analysis

Oxidation of Iodide ions with Iodate(V) ions
The oxidation using iodate(V) ions is again carried out in the presence of sulfuric acid 
to provide H+ ions.

Iodate(V) ions are reduced to iodine:

   2IO3  +  12H+  +  10e-  →  I2  +  6H2O

The 10e- means that the iodide oxidation half equation (2I-  →  I2  +  2e-) will have to be 
× 5. 

The overall reaction of iodate(V) ions with iodide ions in the presence of H+ ions is: 

   IO3  +  6H+  +  5I-  →  3I2  +  3H2O

Oxidation of Iodide ions with a Variety of Oxidising agents
Oxidising agents can be estimated, for example, hydrogen peroxide and iodate(V) ions 
by their reactions with excess acidified potassium iodide. These are titrations that 
you should carry out in the laboratory and you should be able to do all the associated 
calculations. But note that these are only examples and you might be expected to 
perform titrations in a practical exam with other oxidising agents and be able to do the 
calculations associated with these other reactions. 

-

-
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Typical calculation
25.0 cm3 of a solution of potassium iodate(V), KIO3(aq), were placed in a conical 
flask. Excess sulfuric acid and excess solid potassium iodide were added. The solution 
was titrated using  0.0220 mol dm-3 sodium thiosulfate solution. The mean titre was 
determined to be 17.25 cm3.

(a) Write ionic equations for the following reactions:
 (i) oxidation of iodide ions using iodate(V) ions
 (ii) reaction of iodine with thiosulfate ions

(b) Calculate the concentration of the potassium iodate(V) solution in mg dm-3.   
 Give your answer to an appropriate number of significant figures.

Answers:
(a) (i) IO3  +  6H+  +  5I-  →  3I2  +  3H2O
 
 (ii) I2  +  2S2O3  →  2I-  +  S4O6

(b) moles of S2O3 =
17.25 x 0.0220

 = 3.795 ×10-4

          
1000

 moles of I2 in 25.0 cm3 = 
3.795×10-4

 = 1.8975 ×10-4

               
2

 moles of IO3 in 25.0 cm3 = 
1.8975×10-4 

= 6.325 × 10-5

     
3

 

 [KIO3] = 6.325 × 10-5 × 40 = 2.53 ×10-3 mol dm-3

 concentration (g dm-3) = 2.53 × 10-3 × 214 = 0.54142 g dm-3 = 541 mg dm-3

The answers is given to 3 significant figures as the numerical values in the question 
were given to 3 (25.0 and 0.0220) and 4 (17.25) significant figures so the fewest 
significant figures is 3.

Note that the overall ratio of IO3 : S2O3  =  1:6.

2-

-

- 2-

-

2- 2-
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Titrations with potassium manganate(VII) 
http://staff.buffalostate.edu/nazareay/che112/manganate.htm 
Redox titration lab – permanganate and iron(II) under acidic conditions

Manganate(VII) ions, MnO4, are a very powerful oxidising agent. Normally they are 
used in acidic solution and sulfuric acid is used. Manganate(VII) ions are purple in 
even relatively dilute solution and pink in very dilute solutions. As the manganate(VII) 
ions are used up during the titration, the purple colour disappears. The titration is self-
indicating as the last drop of manganate(VII) added will not decolourise so the solution 
changes from colourless to pink.

-

A titration of acidified iron(II) sulfate solution (conical flask) 
against potassium manganate(VII) solution (burette)

http://staff.buffalostate.edu/nazareay/che112/manganate.htm
https://www.youtube.com/watch?v=UCReOPY-YDU
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Reduction of Manganate(VII) ions with Iron(II) 
ions
The half-equation for the reduction of manganate(VII) ions is shown below:

   MnO4  +  8H+  +  5e-  →  Mn2+  +  4H2O

Mn2+ ions in aqueous solution are virtually colourless (or very pale pink). 
Manganate(VII) can oxidise iron(II) ions to iron(III) ions. The equation for the oxidation 
is:

   Fe2+  →  Fe3+  +  e-

The overall ionic equation for the redox reaction is:

   MnO4  +  8H+  +  5Fe2+  →  Mn2+  +  5Fe3+  +  4H2O

The titration of a solution of iron(II) ions by manganate(VII) ions is carried out by 
adding the potassium manganate(VII) solution to the iron(II) ions in a conical flask. 
The purple potassium manganate(VII) solution decolourises as soon as it is added and 
the flask swirled. This continues until all the iron(II) ions are used up and the end-
point is reached when the first drop of potassium manganate(VII) solution does not 
decolourise so the solution in the conical flask changes from colourless to pink. 

-

-



CHEMISTRY

pg 25

Volumetric Analysis

Reduction of Manganate(VII) ions with Oxalate 
ions
http://www.mikeblaber.org/oldwine/chm1046/notes/Electro/Balance/Balance.htm 

Ethanedioic acid (also called oxalic acid) is a weak dicarboxylic acid. Hydrated 
ethanedioic acid has the formula H2C2O4.2H2O.

 
      

Both ethanedioic acid and its salts, which are called ethanedioates (or oxalates) such 
as sodium ethanedioate (C2O4Na2), can be used in the reaction with manganate(VII) 
ions. 

The half-equation for the oxidation of ethanedioate ions is shown below:

  C2O4  →  2CO2  +  2e-

So the overall ionic equation for the redox reaction is:

  2MnO4  +  16H+  +  5C2O4  →  2Mn2+  +  8H2O  +  10CO2

The overall ratios are:

  5Fe2+ : 1MnO4

  5C2O4  : 2MnO4

COOH

COOH

2-

- 2-

-

2- -

http://www.mikeblaber.org/oldwine/chm1046/notes/Electro/Balance/Balance.htm
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Typical calculation
Mohr’s salt is hydrated ammonium iron(II) sulfate. (NH4)2Fe(SO4)2.xH2O. 2.00 g of 
Mohr’s salt were dissolved in 250.0 cm3 of deionised water. 25.0 cm3 of this solution 
were acidified using sulfuric acid and titrated against 0.00625 mol dm-3 potassium 
manganate(VII) solution. The results of the titration are given below.

(a) Calculate the mean titre.

(b) Write an ionic equation for the reaction of iron(II) ions with manganate(VII)   
 ions.

(c) Determine the value of x in Mohr’s salt, (NH4)2Fe(SO4)2.xH2O. Give your    
 answer to the nearest whole number. Show all working out.

Answers:

(a) 16.35 cm3

(b) MnO4  +  8H+  +  5Fe2+  →  Mn2+  +  5Fe3+  +  4H2O

(c) moles of MnO4  = 
16.35×0.00625

 = 1.022 × 10-4

               
1000

 moles of Fe2+ in 25.0 cm3 = 1.022 ×10-4 × 5 = 5.110 × 10-4

 
 moles of Fe2+ in 250.0 cm3 = 5.110 ×10-4 × 10 = 5.110 × 10-3

 
 RFM of (NH4)2Fe(SO4)2.xH2O =        

2.00 
        = 391.4

                 
5.110×10

    
 RFM of (NH4)2Fe(SO4)2 = 284

 RFM of xH2O = 391.4 – 284 = 107.4
 
 x = 

107.4
 = 6

          
18

  

Rough 
titration

Accurate 
titration 1

Accurate 
titration 2

Initial burette reading / cm3 0.5 17.5 20.0

Final burette reading / cm3 17.5 33.8 36.4

Titre / cm3 17.0 16.3 16.4

-

-

-3
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Back Titrations
Websites with information on back titrations:
http://www.ausetute.com.au/backtitration.html 
http://www.ibchem.com/IB16/03.55.htm 

Back titrations are most frequently used when a substance is not soluble in water. 
Normal titrations occur when both the acid and the base are soluble in water e.g. 
hydrogen chloride is soluble in water to form hydrochloric acid and sodium hydroxide 
is soluble in water. A simple acid-base titration can then be carried out where one 
solution is added to another. 

If the base is insoluble e.g. magnesium oxide or calcium carbonate, it can be reacted 
with excess hydrochloric acid. Once the base has reacted, the acid that remains can 
then be titrated with alkali to see how much acid was used to react with the base. 

This may be used for determining the amount of an antacid in a digestion remedy.

A back titration is defined as a method where an excess of a reagent is reacted 
with a sample. The unreacted reagent is then determined by titration.

http://www.ausetute.com.au/backtitration.html
http://www.ibchem.com/IB16/03.55.htm
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Typical calculation
1.15 g of an impure sample of calcium carbonate were reacted with 20.0 cm3 of 
2.00 mol dm-3 hydrochloric acid (an excess). The solution was then transferred to a 
volumetric flask and the volume made up to 100.0 cm3 using deionised water. 
25.0 cm3 of this solution required 29.5 cm3 of 0.200 mol dm-3 sodium hydroxide 
solution in a titration.

The equations for the reactions occurring are:

 CaCO3(s)  +  2HCl(aq)  →  CaCl2(aq)  +  CO2(g)  +  H2O(l)

 NaOH(aq)  +  HCl(aq)  →  NaCl(aq)  +  H2O(l)

(a) Determine the mass of calcium carbonate in the original sample.

(b) Determine the percentage of calcium carbonate in the original sample. Give   
 your answer to 1 decimal place.

Answers:

(a) moles of NaOH = moles of HCl in 25.0 cm3 = 
29.5×0.200

 = 5.90 × 10-3

                   
1000

 moles of HCl in 100.0 cm3 = 5.90 × 10-3 × 4 = 0.0236

 moles of HCl added initially = 
20.0×2.00

 = 0.04
       

1000

 moles of HCl which reacted with CaCO3 = 0.04 – 0.0236 = 0.0164

 moles of CaCO3 = 
0.0164

 = 0.0082
            

2

 mass of CaCO3 = 0.0082 × 100 = 0.82 g

(b) % CaCO3 = 
0.82

 × 100 = 71.3 %                                1.15
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Test yourself 5.3

1. 25.0 cm3 of a solution of hydrogen peroxide were placed in a conical flask. Excess 
sulfuric acid and excess solid potassium iodide were added. The solution was 
titrated against 0.450 mol dm-3 sodium thiosulfate solution and the mean titre was 
14.2 cm3. 

 (a) State the name of the indicator used in this titration and the colour change at   
   the end-point.

 (b) Write ionic equations for the reaction of hydrogen peroxide with iodide ions in   
   the presence of acid and for the reaction of iodine with thiosulfate ions.

 (c) Calculate the concentration of the hydrogen peroxide solution in mol dm-3.   
   Give your answer to an appropriate number of significant figures.

2. 25.0 cm3 of a solution of 0.250 mol dm-3 iron(II) sulfate were acidified with excess 
sulfuric acid and titrated against 0.0350 mol dm-3 potassium manganate(VII) 
solution. Calculate the volume of potassium manganate(VII) solution required. Give 
your answer to 3 significant figures.

3. 0.85 g of impure magnesium metal were reacted with 50.0 cm3 of 2.00 M 
hydrochloric acid (an excess). The resulting solution was placed in a volumetric 
flask and the volume made up to 250.0 cm3 using deionised water. 25.0 cm3 of this 
solution required 11.0 cm3 of 0.450 M sodium hydroxide solution. Calculate the 
percentage purity of the magnesium metal. Give your answer to 1 decimal place.
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5.4 Chromatography

Chromatography is a separating technique which allows mixture of soluble chemicals 
to be separated based on their relative solubilities in the mobile phase (usually a 
solvent or a gas) and the stationary phase (usually a liquid often on a solid support).

Mathematical content
Students will be expected to analyse chromatograms and calculate and interpret Rf 
values.

Learning outcomes
• describe and explain how paper (one-way and two-way), thin-layer (TLC) and gas-

liquid (GLC) chromatography are carried out qualitatively and quantitatively

• interpret GLC data in terms of the percentage composition of a mixture

• interpret one-way and two-way paper and TLC chromatograms, including 
calculations of Rf values

Paper Chromatography
http://www.chemguide.co.uk/analysis/chromatography/paper.html 

Simple paper chromatography is used in chemistry to separate inks. Because the inks 
dissolve in water it seems obvious to use water as a “solvent” but the experiment can 
be done with many other solvents such as ethanol or mixtures of solvents. A simple 
rule of chromatography is that polar molecules will move in polar solvents. Water is 
polar and so is ethanol. In paper chromatography the mobile phase is the solvent and 
the stationary phase is the water bonded to the cellulose in the paper. A simple paper 
chromatogram is shown below. A, B and C are pure dyes.

                         X                        A                       B                         C                        D          

X X X X X

solvent 
front

base 
line

http://www.chemguide.co.uk/analysis/chromatography/paper.html
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The chromatogram shows that X contains both B and C. 

Rf value (retardation factor) is calculated using the expression:

Rf =
    distance moved by spot

         
distance moved by solvent

Rf values should always be between 0 and 1. The higher the Rf value, the more soluble 
the substance is in the mobile phase (solvent). The distances should always be 
measured from the base line (sometimes called the origin) and measured to the centre 
of the spot. 

The Rf for the spot at C is  50  = 0.71       70

D contains C and some A is also present (the Rf value of the small spot is the same as A 
but there is less of it).

Paper chromatography may be one-way or two-way. The simple ink experiment shown 
above is one-way paper chromatography. A mixture of amino acids is often separated 
using two-way paper chromatography. This is because amino acids all have similar 
structure and so different solvents or different mixtures of solvents can separate them 
more completely.

A two-way chromatogram has two base lines drawn at 90° to each other. The 
chromatogram is run one way in one solvent (or mixture of solvents) and then taken 
out and dried and then placed in another solvent (or mixture of solvents) at 90° to its 
original position. The two solvent fronts are marked in pencil.

All the amino acids used are colourless and need to be seen. The chromatogram is 
often developed using ninhydrin which stains the amino acids blue and the spots can 
be seen. UV light may also be used to view these spots and others and pencil can be 
used to trace round the spots. 

The Rf values which are calculated from the spots are known and the amino acids 
can be identified. There should be little difficulty in determining which amino acid is 
which. It is possible to cut up the paper and extract the amino acids with a solvent (not 
the one developed with ninhydrin).
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An example of a two-way paper chromatogram is shown below:

solvent 
front 2

base 
line 2

origin

base line 1 solvent front 1

A

C

B

The sample was spotted onto the origin (intersection of the two base lines) and allowed 
to run in solvent 1 and then in solvent 2. The solvent front 1 moved 77 mm and solvent 
front moved 83 mm. Each of the three spots has two Rf values as shown in the table.

Spot Solvent 1 Solvent 2

A 15/77 = 0.195 42/83 = 0.506

B 60/77 = 0.779 9/83 = 0.108

C 70/77 = 0.909 60/83 = 0.723
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Thin-Layer Chromatography (TLC)
http://orgchem.colorado.edu/Technique/Procedures/TLC/TLC.html
 
• Thin layer chromatography (TLC) uses silica or alumina which is the stationary 

phase.

• The plates are made by coating glass or plastic in a silica or alumina gel/paste. 

• The process of carrying out the chromatography is the same as for paper 
chromatography with the base line drawn near the bottom of the TLC plate and the 
samples spotted onto it before being placed in a small volume of the solvent. The 
solvent is the mobile phase.

• The solvent front is marked and Rf values are determined in the same way.

A typical thin layer chromatogram being run is shown in the image below.

Thin layer chromatography

http://orgchem.colorado.edu/Technique/Procedures/TLC/TLC.html
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Gas-Liquid Chromatography
http://www.chemguide.co.uk/analysis/chromatography/gas.html

With gas-liquid chromatography, the solvent (mobile phase) is replaced with a gas 
(called the carrier gas) which might be nitrogen which is inexpensive but argon could 
be used. 

The stationary phase is an oil/viscous liquid which is either soaked into a solid or just 
an oil on its own on a solid support inside a coil of metal. This means that the length 
through which the carrier gas travels can be very long. 

A diagram of GLC in operation is shown below:

Injection of sample

Oven

Column

Flow meter

Carrier 
gas

Detector

Recorder

http://www.chemguide.co.uk/analysis/chromatography/gas.html
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The essential fact in using GLC is the retention time.

The retention time is the time taken from injection until a component reaches 
the detector.

A typical trace from GLC (simplified) is shown below:

• The area under the graph is a direct indication of the relative amounts of substances 
present.

• The retention time can be used to identify pure substances as the retention time 
should be same under the same conditions.

• Three peaks are present in the GLC detector trace shown.

• Some substances will have the same retention time under the conditions used so 
this does not mean there are three substances.

• However, each of those separated substances or mixtures could be passed on into 
a mass spectrometer and analysed further. This would be able to identify any pure 
substances by comparison with a database.

• Any sample which does not appear to be pure could be analysed using different 
conditions in GLC.

0         2         4         6         8        10        12       14       16       18       20      

Time / min
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Test yourself 5.4

1. A TLC chromatogram is shown below. A sample of a dye was run using a mixture of 
ethanol and 2 M hydrochloric acid (1:3 ratio).

 (a) Explain how the TLC plate was prepared and run in the solvent.

 (b) Calculate the Rf values for the three spots, A, B and C. Give your answers to 3   
   significant figures.

 

X

A

B

C

solvent front

base line
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2. For the two-way chromatogram shown below, 4 different amino acids were run in two 
different solvents.

 (a) Which amino acid (W, X, Y or Z) has an Rf value of 0.417 in solvent 1?

 (b) Which amino acid (W, X, Y or Z) has an Rf value of 0.172 in solvent 2?

 (c) A fifth amino acid, E, has an Rf of 0.410 in solvent 1 and 0.850 in solvent 2  
   Plot its position on the chromatogram.

X

Y

X

Z

W

solvent 1
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5.5 Transition Metals 

http://www.bbc.co.uk/schools/gcsebitesize/science/edexcel_pre_2011/patterns/
transitionmetalsrev2.shtml

This section looks at the first transition series from Ti to Cu including the properties 
of the metals and their compounds. Complexes, analytical tests and the chemistry of 
vanadium will be examined.

Mathematical content
Candidates will investigate the geometry of transition metal complexes.

Learning outcomes
• recall that transition metals or their ions have an incomplete d-shell, variable 

oxidation states, catalytic activity, and form coloured complexes

• deduce the electronic configuration of transition metals and their ions and explain 
their stabilities based on the filling of the subshells

• demonstrate understanding that complexes consist of a central metal atom or ion 
surrounded by a number of ligands, defined as anions or molecules possessing lone 
pairs of electrons

• explain that ligands are molecules or atoms that contain a lone pair which can be 
donated to a transition metal atom or ion

• explain the meaning of and deduce co-ordination numbers in complexes

• deduce the oxidation number of transition metals in complexes and use them to 
explain redox and disproportionation reactions

• demonstrate understanding of the distinction between monodentate, for example 
Cl-, H2O and NH3, bidentate, for example NH2CH2CH2NH2 (represented by en), and 
polydentate ligands (edta)

• explain the relative strengths of ligands in terms of the availability of lone pairs

• demonstrate understanding of the ligand replacement reactions of 
hexaaquacopper(II) ions with concentrated hydrochloric acid and ammonia 
solution, including colours and shapes of the complexes

• explain ligand replacement in terms of positive entropy changes, for example a 
bidentate ligand displacing two monodentate ligands

• recall the colours of the aqueous complexes of Cr3+, Cr(VI), Mn2+, Fe2+, Fe3+, Co2+, 
Ni2+, Cu2+, V2+, V3+, V(IV) and V(V)

• use, as qualitative detection tests, the formation of precipitates of the hydroxides 
of Cr3+, Mn2+, Fe2+, Fe3+, Co2+, Ni2+ and Cu2+ with NaOH(aq) and NH3(aq) and, where 
appropriate, their subsequent dissolution

• recall the reduction of VO2 (acidified ammonium metavanadate) by zinc to form 
VO2+, V3+ and V2+

+

https://www.bbc.co.uk/bitesize/guides/zqsxrwx/revision/1
https://www.bbc.co.uk/bitesize/guides/zqsxrwx/revision/1
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• deduce, given appropriate emf values, reagents for the interconversion of vanadium 
between its oxidation states and combine half-cells to give an overall equation for a 
reaction

Introduction
• The transition metals are found in the middle of the Periodic Table.

• At AS level the Periodic Table was divided up into blocks of elements.

• This block of elements is described as the d block. 

• You can see that there are three rows of elements but only the first row, from Sc to 
Zn features at GCE. These are the metals that most people are familiar with such as 
copper and iron.

• A transition metal is defined as an element which forms at least one stable ion 
with a partially filled d-subshell.

• This definition rules out scandium and zinc. The electronic configurations of Sc and 
Zn are:

• Sc 1s2 2s2 2p6 3s2 3p6 3d1 4s2

• Zn 1s2 2s2 2p6 3s2 3p6 3d10 4s2

• Scandium only forms the ion Sc3+ which has the electronic configuration:  
1s2 2s2 2p6 3s2 3p6. As can be seen there are no d electrons.

• Zinc only forms the ion Zn2+ which has the electronic configuration: 
1s2 2s2 2p6 3s2 3p6 3d10. As can be seen there is a full subshell of d electrons.

Both of these electronic configurations do not fit the definition i.e. a partially filled 
subshell. In the case of scandium it is empty and in the case of zinc it is full. Both zinc 
and scandium form compounds that are colourless. 

The electronic configurations of the d block elements, together with the major 
oxidation states of the elements in their compounds are shown below.

Sc 1s2 2s2 2p6 3s2 3p6 3d1 4s2   +3

Ti 1s2 2s2 2p6 3s2 3p6 3d2 4s2   +3 +4

V 1s2 2s2 2p6 3s2 3p6 3d3 4s2   +2 +3  +4 +5

Cr 1s2 2s2 2p6 3s2 3p6 3d5 4s1   +3 +6

Mn 1s2 2s2 2p6 3s2 3p6 3d5 4s2   +2 +4 +7 

Fe 1s2 2s2 2p6 3s2 3p6 3d6 4s2   +2 +3
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Co 1s2 2s2 2p6 3s2 3p6 3d7 4s2   +2 +3

Ni 1s2 2s2 2p6 3s2 3p6 3d8 4s2   +2 

Cu 1s2 2s2 2p6 3s2 3p6 3d10 4s1   +1 +2

Zn 1s2 2s2 2p6 3s2 3p6 3d10 4s2   +2 

• Notice that transition metals with electronic configurations 3d4 and 3d9 do not exist. 
Instead chromium has the configuration 3d5 4s1 and copper is 3d10 4s1. Filled (3d10) 
and half-filled (3d5) subshells are more stable than partially filled ones. 

Properties of Transition Metals
Transition metals have all the typical physical properties of metals:

• high melting points

• high boiling points

• high densities

• high tensile strength

• conduct electricity 

• conduct heat

• malleable i.e. can be hammered into shape

• ductile i.e. can be drawn out into wires

• sonorous i.e. when hit they make a sound (as in bells)

Group I and Group II metals have all of these properties except high melting and 
boiling point and being sonorous.

At GCE level we can add to this list for transition metals with the following:

• they form at least one stable ion with a partially filled d subshell

• they have variable oxidation states 

• they show catalytic activity 

• they form coloured complexes
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Variable Oxidation States
https://chem.libretexts.org/Bookshelves/Inorganic_Chemistry/Modules_and_
Websites_(Inorganic_Chemistry)/Descriptive_Chemistry/Elements_Organized_
by_Block/3_d-Block_Elements/1b_Properties_of_Transition_Metals/Electron_
Configuration_of_Transition_Metals/Oxidation_States_of_Transition_Metals

• The common ions for the transition metals have been shown in the table together 
with the electronic configurations of the metals.

• It can be seen that +2 and +3 oxidation states are the most common. 

• The highest oxidation states are in compounds with oxygen or fluorine. 

• Potassium permanganate is potassium manganate(VII) where manganese has an 
oxidation state of +7.

• Potassium dichromate is potassium dichromate(VI) where chromium has an 
oxidation state of +6.

• The best example of a variable oxidation state is vanadium. It forms a series of 
coloured ions with oxidation numbers +2, +3, +4 and +5.

• Scandium and zinc have oxidation states of +3 and +2 respectively. These are the 
only oxidation states of these two elements apart from zero.

Catalytic Activity
http://www.sky-web.pwp.blueyonder.co.uk/Science/transitionmetalcatalysts.html 

• Transition metals and their compounds are used as heterogeneous catalysts.

• The transition metals are used in the solid state and reacting gases are usually 
passed over the heated catalyst. 

• The mechanism for the catalysed reaction using transition metals is based on 
chemisorption using the d-orbitals of the transition metals. 

• The mechanism of the catalysed reaction using transition metal compounds is 
based on changes in oxidation state.

 – Iron is the catalyst used in the Haber process.

 – The Contact process used to make concentrated sulfuric acid uses 
  vanadium(V) oxide. A mixture of sulfur dioxide and air is passed over 
  heated vanadium(V) oxide.

 – A mixture of platinum and rhodium are used in the oxidation of ammonia to form   
  nitrogen(II) oxide (nitrogen monoxide) in the manufacture of nitric acid. 

 – Nickel is used in the hydrogenation of oils to produce margarine and as a general   
  catalyst for the hydrogenation of carbon-carbon double bonds. 

https://chem.libretexts.org/Bookshelves/Inorganic_Chemistry/Modules_and_Websites_(Inorganic_Chemistry)/Descriptive_Chemistry/Elements_Organized_by_Block/3_d-Block_Elements/1b_Properties_of_Transition_Metals/Electron_Configuration_of_Transition_Metals/Oxidation_States_of_Transition_Metals
https://chem.libretexts.org/Bookshelves/Inorganic_Chemistry/Modules_and_Websites_(Inorganic_Chemistry)/Descriptive_Chemistry/Elements_Organized_by_Block/3_d-Block_Elements/1b_Properties_of_Transition_Metals/Electron_Configuration_of_Transition_Metals/Oxidation_States_of_Transition_Metals
https://chem.libretexts.org/Bookshelves/Inorganic_Chemistry/Modules_and_Websites_(Inorganic_Chemistry)/Descriptive_Chemistry/Elements_Organized_by_Block/3_d-Block_Elements/1b_Properties_of_Transition_Metals/Electron_Configuration_of_Transition_Metals/Oxidation_States_of_Transition_Metals
https://chem.libretexts.org/Bookshelves/Inorganic_Chemistry/Modules_and_Websites_(Inorganic_Chemistry)/Descriptive_Chemistry/Elements_Organized_by_Block/3_d-Block_Elements/1b_Properties_of_Transition_Metals/Electron_Configuration_of_Transition_Metals/Oxidation_States_of_Transition_Metals
http://chemwiki.ucdavis.edu/Core/Inorganic_Chemistry/Descriptive_Chemistry/Elements_Organized_by_Blo
http://chemwiki.ucdavis.edu/Core/Inorganic_Chemistry/Descriptive_Chemistry/Elements_Organized_by_Blo
http://www.sky-web.pwp.blueyonder.co.uk/Science/transitionmetalcatalysts.html
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Coloured Complexes 
• A complex consists of a central metal atom or ion with ligands bonded by 

co-ordinate bonds.

• Transition metals form complexes, for example [CoCl4]2-. This is not just a property 
of transition metals. Aluminium also forms complexes such as [Al(OH)4]-. Complexes 
can be charged either positively or negatively or they can be neutral, for example 
[Fe(CO)5]. The metal is either an atom or an ion. 

• A complex is formed when a ligand combines with a metal atom or ion. 

• The [CoCl4]2- complex ion is formed from the reaction of a Co2+ ion with four chloride 
ions which are known as ligands. 

• If cobalt(II) chloride is dissolved in water it forms a pink solution which is due to the 
formation of the hexaaqua complex ion [Co(H2O)6]2+, the ligand in this case is water. 

• If sodium chloride or hydrochloric acid is added, the solution changes from pink to 
blue. 

• The new complex ion [CoCl4]2- is formed. You could say that Na2[CoCl4] is formed 
with NaCl and H2[CoCl4] is formed with HCl. In solution the ions exist independently. 

• The co-ordination number is the number of co-ordinate bonds to a central 
metal atom or ion in a complex.

• Complexes can be linear, square planar, tetrahedral or octahedral.

Ligands
A ligand is an ion or molecule with a lone pair of electrons which forms a co-
ordinate bond with a central metal atom or ion in a complex.

http://www.docbrown.info/page07/isomerism3.htm

Monodentate ligands

A monodentate ligand uses only one lone pair of electrons to form a co-ordinate 
bond with a central metal atom or ion in a complex.

Some examples of monodentate ligands: Cl- (chloro), CN- (cyano), NH3 (ammine), 
SCN- (thiocyanato), OH- (hydroxo), H2O (aqua).

http://www.docbrown.info/page07/isomerism3.htm
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Complex Co-ordination 
number

Oxidation state of 
central transition 

metal ion
Shape

[Cu(H2O)6]2+ 6 +2 Octahedral

[Cu(NH3)4(H2O)2]2+ 6 +2 Octahedral

[CoCl4]2- 4 +2 Tetrahedral

[Fe(H2O)5SCN]2+ 6 +3 Octahedral

[Fe(CN)6]4- 6 +2 Octahedral

[Cr(OH)6]3- 6 +3 Octahedral

[Ag(NH3)2]+ 2 +1 Linear

[Pt(NH3)2Cl2] 4 +2 Square planar

Some examples of complexes with monodentate ligands are shown in the table below 
with the co-ordination number of the complex, the oxidation state of the central 
transition metal ion and the shape.

Chloro ligands are large so only 4 can fit around the central metal atom or ion in chloro 
complexes, giving them their tetrahedral shape. 

The diagrams below show the four different shapes of the complexes.

        octahedral       tetrahedral

    square planar          linear

Cu

Pt

Cu

H3N      Ag      NH3 

OH2 Cl

OH2 Cl

H2O

H3N

H2O

H3N

Cl

OH2

Cl

OH2

Cl

2+ 2-

+

Cl
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[Pt(NH3)2Cl2] is a specific example of a square planar complex and it can form cis and 
trans isomers are shown below. The complex is either called cisplatin or transplatin 
depending on the position of the ligands. This can apply to other complexes where two 
of the same ligand are beside each other or opposite each other.

           cisplatin                                     transplatin

Cisplatin is used as an anticancer drug.

Bidentate ligands
A bidentate ligand uses two lone pairs of electrons to form two co-ordinate bonds 
with a central metal atom or ion in a complex.

1,2-diaminoethane (ethylene diamine), NH2CH2CH2NH2, is an example of a bidentate 
ligand which is often given the symbol en. 

Bidentate ligands include: 

1,2-diaminoethane H2NCH2CH2NH2

                                         ethanedioate ion  

Some examples of complexes with bidentate ligands are shown in the table below with 
the co-ordination number of the complex, the oxidation state of the central transition 
metal ion and the shape of the complex.

Pt Pt
H3N H3N

H3N NH3

Cl Cl

Cl Cl

––

C

C
O O

O O

– –

–– –
-

-

Complex Co-ordination 
number

Oxidation state of 
central transition 

metal ion
Shape

[Ni(H2NCH2CH2NH2)3]2+ 6 +2 Octahedral

[Co(C2O4)2(H2O)2]2- 6 +2 Octahedral
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Most bidentate ligands form octahedral complexes. Sometimes, due to the size of 
the ligand, three of the bidentate ligand cannot fit around the central metal atom or 
ion so there may be 2 bidentate ligands and 2 monodentate ligands as in the second 
example.

The shapes of the complexes are shown below:

Polydentate ligands
• A polydentate ligand uses many lone pairs of electrons to form more than two 

co-ordinate bonds with a central metal atom or ion in a complex.

• The best known polydentate ligand is the hexadentate ligand 
ethylenediaminetetraacetic acid, edta. 

• The anion of edta is edta4- and has the structure shown below:

  N       CH2CH2       N

  
• Edta has four carboxylic acid groups that means it can form four sodium salts. It is 

often used as the tetrasodium salt because it is more soluble in water. 

• Edta foms complexes with all transition metal ions M2+ and many other dipositive 
cations such as Ca2+ and Mg2+.

• It is said that the edta sequesters the metal ion which is another way of saying that 
it completely surrounds it. 

Ni Co

NH2

NH2 O

O

O

OH2N

H2N

H2C

H2C

NH2

NH2

2+ 2-

CH2

CH2

CH2 OH2

OH2

C
H2

C

O

O

C
C

C
O

O

CH2 H2CC C-O O-

CH2 H2CC C

O O

O O

-O O-
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• There are many polydentate ligands in biological systems such as the porphyrin 
ring in haemoglobin. 

• Haemoglobin is a complex made from a porphyrin ring and an iron(II) ion. The 
porphyrin ring contains 4 nitrogen atoms which form co-ordinate bonds to the 
central iron(II) ion. An amino acid in the protein chain forms a fifth co-ordinate 
bond to the Fe2+. O2 bonds to the iron(II) ion via a sixth co-ordinate bond. Carbon 
monoxide also bonds to the Fe2+ ion forming a complex with is much more stable 
than the complex formed with oxygen.

CH2

CH3

CH2

CH3H3C

H3C

COOHCOOH

N

Fe

N

N

N
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The Relative Strength of Ligands
The relative strength of a ligand is shown in the diagram below.

CN-

H2NCH2CH2NH2

NH3

H2O

OH-

F-

Cl-

Br-

I-

Ligands higher in the list will displace those lower in the list but there is also a 
concentration effect as a large concentration of a weaker ligand will still displace 
a stronger one. For example, using concentrated hydrochloric acid provides a very 
high concentration of Cl- ions which can displace H2O from [Cu(H2O)6]2+ and from 
[Co(H2O)6]2+.

For example:  [Cu(H2O)6]2+  +  4Cl-  →  [CuCl4]2-  +  6H2O

However entropy also has to be considered.

decreasing relative 
strength of ligand
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Entropy changes during ligand replacement 
reaction
In the example above, there are 5 species on the left and 7 on the right. This would 
cause an increase in disorder which is an increase in entropy. This is another 
explanation of why this ligand replacement reaction occurs.

Edta4- will replace most monodentate and bidentate ligands due to the increase in 
entropy.

[Ni(NH3)6]2+  +  edta4-  →  [Ni(edta)]2-  +  6NH3

There are 2 species on the left-hand side and 7 species on the right-hand side. This 
leads to an increase in entropy.

Also edta4- will replace 1,2-diaminoethane ligands.

[Ni(H2NCH2CH2NH2)3]2+  +  edta4-  →  [Ni(edta)]2-  +  3H2NCH2CH2NH2

There are 2 species on the left and 4 on the right so again an increase in entropy.

This will also apply to bidentate ligands replacing monodentate ligands e.g. 
1,2-diaminoethane forming complexes with hexaaqua ions. 

[Ni(H2O)6]2+  +  3H2NCH2CH2NH2  →  [Ni(H2NCH2CH2NH2)3]2+  +  6H2O
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The ligand replacement reactions of 
hexaaquacopper(II) ions with chloride and 
ammonia ligands
• Hexaaquacopper(II) ions, [Cu(H2O)6]2+, are the ions formed when copper(II) salts 

such as copper(II) sulfate are dissolved in water to produce a blue solution. 

• When sodium hydroxide solution is added to [Cu(H2O)6]2+ two of the water ligands 
are displaced and a pale blue precipitate of copper(II) hydroxide is formed. 

[Cu(H2O)6]2+(aq)  +  2OH-(aq)  →  [Cu(H2O)4(OH)2](s)  +  2H2O(l)

• The equation may be written more simply as: 

Cu2+(aq)  +  2OH-(aq)  →  Cu(OH)2(s)

• Ammonia solution will also form the same precipitate because ammonia solution 
also contains hydroxide ions.  

• However, excess ammonia solution will dissolve the precipitate because NH3 is a 
stronger ligand than OH-. 

• The tetraamminediaquacopper(II) complex, [Cu(NH3)4(H2O)2]2+, is a deep blue or 
dark blue solution.

     [Cu(H2O)4(OH)2](s)  +  4NH3(aq)  →  [Cu(NH3)4(H2O)2]2+(aq)  +  2H2O(l)  +  2OH-(aq)

Adding concentrated hydrochloric acid to either [Cu(H2O)6]2+(aq) or  
[Cu(NH3)4(H2O)2]2+(aq) produces tetrachlorocuprate(II) ions, [CuCl4]2- which are yellow.

[Cu(H2O)6]2+(aq)  +  4Cl-(aq)  →  [CuCl4]2-(aq)  +  6H2O(l)

[Cu(NH3)4(H2O)2]2+(aq)  +  4Cl-(aq)  →  [CuCl4]2-(aq)  +  2H2O(l)  +  4NH3(aq)
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Transition metal ion colours
The following colours should be known for the transition metal ions given:

Cr3+     green

Cr2O7     orange

CrO4     yellow

Mn2+     pink 

Fe2+     green

Fe3+     orange/yellow

Co2+     pink

Ni2+     green

Cu2+     blue

V2+     violet

V3+     green

VO2+     blue

VO2     yellow

2-

2-

+
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Qualitative tests for some transition metal ions
The precipitation of transition metal hydroxides is a useful means of identifying 
transition metal ions. All of the following metal ions form insoluble hydroxides with 
distinct colours. 

The first colour is the colour of the original solution as shown above. The second colour 
is that of the hydroxide precipitate. The final two columns show the effect of adding 
excess NaOH(aq) and excess NH3(aq). A tick (✓) indicates that the precipitate is soluble 
in excess NaOH(aq) or excess NH3(aq) and the colour of the solution formed.

Ion Colour of 
solution

Colour of 
precipitate NaOH(aq) NH3(aq)

Cr3+ green green-blue ✓ deep green X

Mn2+ pink
white slowly 
changing to 
brown/black

X X

Fe2+ green green X X

Fe3+ yellow/orange brown X X

Co2+ pink blue X

✓ yellow 
slowly 

changing to 
brown

Ni2+ green green X ✓ blue

Cu2+ blue blue X ✓ deep blue

Precipitates from left to right: iron(II) hydroxide, iron(III) hydroxide, copper(II) hydroxide and nickel(II) 
hydroxide formed on mixing sodium hydroxide solution with solutions containing the transition metal ions

Tip
Some sources state that the green-blue chromium(III) hydroxide precipitate is soluble 
in excess ammonia forming a violet solution. It is dependent on the concentration of 
ammonia and is usually not examined.
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Vanadium chemistry
Vanadium exists in +2, +3, +4 and +5 oxidation states and these have distinct colours.

V2+  violet

V3+  green

VO2+  blue

VO2  yellow

Vanadium can be reduced from +5 to +2 using zinc in the presence of hydrochloric 
acid. Often ammonium metavanadate(V) is used which is NH4VO3. In acidic solution 
the metavanadate(V) ions, VO3, are converted to dioxovanadium(V) ions, VO2.
 
 VO3  +  2H+   →  VO2  +  H2O

The half equations for the reduction reactions of vanadium are:
 
 VO2  +  2H+  +  e-  →  VO2+  +  H2O

 VO2+  +  2H+  +  e-  →  V3+  +  H2O

 V3+  +  e-  →  V2+

The colours change from yellow to blue to green to violet but often a green colour is 
seen between yellow and blue, but this is simply the combination of the yellow and 
blue as the change occurs. There will be more on vanadium chemistry in the next 
section of electrode potentials.

+

The oxidation states of vanadium. From left to right +5 (yellow), +4 (blue), +3 (green) and +2 (violet)

- +

- +

+
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Test yourself 5.5

1. State the shape and co-ordination number of the following complexes.

 (a) [Ag(NH3)2]+

 (b) [Ni(edta)]2-

 (c) [CuCl4]2-

 (d) [Pt(NH3)2Cl2]

2. State the colour of the following ions in solution.

 (a) VO2+

 (b) Cr3+

 (c) V3+

 (d) CrO4

 (e) Fe2+

 (f) Co2+ 

 (g) VO2

 (h) Cr2O7 

3. Hexaaquacopper(II) ions react with concentrated hydrochloric acid.

 [Cu(H2O)6]2+  +  4Cl-  →  [CuCl4]2-  +  6H2O

 (a) Explain, in terms of entropy, why this reaction occurs.

 (b) State the colour change observed during this reaction.

4. Describe what is observed when ammonia solution is added to a solution containing  
 nickel(II) sulfate until it is in excess.

 

2-

2-

+
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This section will look at standard electrode potentials, how they are measured and 
their use in predicting feasibility of a reaction. Commercial cells such as the lithium 
cell and the hydrogen fuel cell will also be examined.

Mathematical content
Students will be expected to carry out calculations involving the deduction of the emf 
of cells from standard electrode potentials.

Learning outcomes
• define standard electrode potential, E  , explain the construction and significance 

of the hydrogen electrode and demonstrate understanding of the importance of 
conditions when measuring electrode potentials

• use standard electrode potentials to predict feasibility and direction of reactions, 
to calculate the emf and demonstrate understanding of the limitations of such 
predictions in terms of concentrations and kinetics

• use conventional representations for cells

• classify cells into non-rechargeable, rechargeable and fuel cells and state examples 
of each

• demonstrate understanding of the electrode reactions in a lithium cell

• demonstrate understanding that a fuel cell uses the energy from the reaction of a 
fuel with oxygen to generate a voltage

• recall the electrode reactions that occur in an alkaline hydrogen-oxygen fuel cell

• recall the environmental issues associated with cells

Introduction
The use of batteries or cells to produce electricity is well known. A battery is simply 
a collection of cells. The first electrochemical cell was created by Alessandro Volta in 
1799 by placing zinc and copper either side of cloth or paper soaked in brine (sodium 
chloride solution). The “voltaic pile” was a collection of these cells arranged vertically 
to produce a battery.

An electrochemical cell consists of two half cells (or electrodes). In one of the half cells, 
oxidation occurs and electrons are lost. In the other half cells reduction occurs and 
electrons are gained. The electrons can move in an external circuit. The voltage in the 
external circuit can be measured.

o
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A basic electrochemical cell
An equilibrium is set up when an element is in contact with a solution of its ion or 
when two ions of the element are in the same solution. For example a piece of zinc 
dipping into a solution of its ions, Zn2+ or a solution containing Fe2+ ions and Fe3+ ions 
or chlorine gas being passed into a solution containing Cl- ions. These equilibria can be 
represented by half equations involving electrons such as those shown below:

  Zn2+(aq)  +  2e-          Zn(s)

  Fe3+(aq)  +  e-          Fe2+(aq)

  Cl2(g)  +  2e-          2Cl-

The equations are usually written as reduction equations and often state symbols 
are included. For a gas in equilibrium with its ions or two ions in solution, a platinum 
electrode is used to allow contact between the gas and its ions or the two ions in 
solution.

For two half cells Zn2+(aq)  +  2e-          Zn(s)
   Cu2+(aq)  +  2e-          Cu(s)

the electrochemical cell would look like the one shown in the diagram below.

V
high resistance 

voltmeter

salt bridge

copper

copper(II) sulfate 
solution

zinc 
sulfate 

solution

zinc 
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The cell is usually set up under standard conditions which means that:

• the temperature is 298 K (25 °C)

• any gases are at 100 kPa pressure (does not apply in this cell)

• the ion(s) which are part of the oxidation reduction equilibria in the half cells are at a 
concentration of 1 mol dm-3 (in this case Zn2+ on the left and Cu2+ on the right)

Cells are drawn (by convention) with the oxidation half-cell on the left and the 
reduction half-cell on the right.

A salt bridge connects the two solutions and allows ions to flow. It is usually made 
from a piece of filter paper soaked in saturated potassium nitrate solution or a u-tube 
filled with a gel again containing potassium nitrate. (Potassium chloride may also be 
used but the chloride ions can sometimes form complexes with the ions in the solution 
so potassium nitrate is most frequently used).

The high resistance voltmeter allow the voltage in the external circuit to be measured 
without allowing electrons to flow. If electrons were allowed to flow the concentrations 
of the solutions would change so the cell would no longer be under standard 
conditions.

If the voltmeter were replaced with an ammeter or a bulb, the electrons from flow from 
the left hand side (where oxidation occurs Zn  →  Zn2+  +  2e-) through the external 
circuit to the right hand side (where reduction occurs Cu2+  +  2e-  →  Cu).

The electrode where oxidation occurs is the anode or the negative electrode.

The electrode where reduction occurs is the cathode or the positive electrode.

This goes against what you would have encountered at GCSE during electrolysis but 
the processes are the same. Oxidation occurs at the anode and reduction occurs at the 
cathode.
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The standard hydrogen electrode
The hydrogen electrode is the standard electrode used for measuring electrode 
potentials. It is assigned an electrode potential of zero (this is often quoted as 0.00 V) 
under standard conditions which are:

• Hydrogen gas at 100 kPa pressure

• 298 K (25 °C)

• 1 mol dm-3 H+

The half cell (electrode) for which the electrode potential is to be measured is 
connected via salt bridge and a high resistance voltmeter. The voltage (or more 
correctly potential difference) measured is the standard electrode potential. The 
diagram below shows the standard hydrogen electrode on the left connected to a 
copper electrode on the right. The voltage would be + 0.34 V which is the standard 
electrode potential for the reduction reaction Cu2+(aq)  + 2e-  →  Cu(s).

The standard electrode potential is defined as the potential difference measured 
when a half-cell is connected to the standard hydrogen electrode under standard 
conditions.

The cell is drawn as per convention with the oxidation cell on the left and the reduction 
cell on the right. As electrode potentials are reduction potentials, the cell to be 
measured is on the right and the standard hydrogen electrode is on the left.

V

salt bridge

copper

1 mol dm-3 Cu2+(aq)1 mol dm-3 H+(aq)

platinum

H2(g) 
at 100 kPa
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The features of the standard hydrogen electrode on the left of the diagram are:

• a platinum electrode (this is platinum foil coated with platinum black)

• H2 gas at 100 kPa

• 1 mol dm-3 H+ in solution (usually 1 mol dm-3 hydrochloric acid)

• operating at 298 K (25 °C)

The reduction half-equation for the standard hydrogen electrode is written as:

  2H+(aq)  +  2e-          H2(g)  E  = 0.00 V

Electromotive force (EMF) of a cell
When two cells are connected as shown below, the voltage measured is the 
electromotive force or EMF.

The electromotive force (EMF) of a cell is the potential difference measured when 
two half-cells are connected.

A silver and copper half-cell are to be combined to form a cell. The standard electrode 
potentials are:

  Ag+(aq)  +  e-          Ag(s)  E   = + 0.80 V

  Cu2+(aq)  +  2e-          Cu(s) E   = + 0.34 V

One cell will be on the left (oxidation half-cell) and the other on the right (the reduction 
half-cell).

The half-cell with the larger E   value is the reduction cell and is placed on the right of 
the cell diagram.

+ 0.80 V is greater than + 0.34 V so the silver cell is the reduction half-cell and the 
copper half-cell is the oxidation one. The cell diagram is shown below.

o

o

o

o
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V

silver

silver nitrate solutioncopper(II) sulfate 
solution

copper

The EMF of the cell is calculated using the expression: EMF = E   rhs –  E   lhs

So in this case EMF = +0.80 – (+0.34) = + 0.46 V

If the high resistance voltmeter was removed the copper metal would be oxidised to 
copper(II) ions: Cu  →  Cu2+  +  2e-

Also the silver ions would be reduced to silver: Ag+  +  e-  →  Ag

The overall ionic equation would be:   Cu  +  2Ag+  →  Cu2+  +  2Ag

o o
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Example 1
Draw the cell diagram and calculate the EMF of the cell formed using these two half-
cells. Write an overall equation and state which half-cell is the positive electrode.

  Zn2+(aq)  +  2e-          Zn(s)  E    = - 0.76 V

  Cu2+(aq)  +  2e-          Cu(s)  E    = + 0.34 V

The copper half-cell has the larger value (as +0.34 > -0.76) so it is the right hand 
reduction cell and the zinc half-cell is the left hand oxidation half-cell.

EMF = +0.34 – (-0.76) = + 1.10 V

The ionic equation for the reaction which would occur is: Zn  +  Cu2+  →  Zn2+  +  Cu.

Tip
Note that this is same as the ionic equation for the displacement reaction which would 
occur if zinc was placed in a solution containing copper(II) ions. A positive EMF can 
predict the feasibility of a reaction occurring.
 

o

o

V

copper

copper(II) sulfate 
solution

zinc sulfate 
solution

zinc
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The electrochemical series
The standard electrode potentials of metals (and hydrogen) are placed in a series 
called the electrochemical series from the most negative standard electrode potential 
values to the most positive values. A sample of the series is shown below.

The reversible sign is not a sign of equilibrium it simply means that the reaction is 
reversible. 

This series of metals should be very familiar. It is the order of reactivity of metals. 

It might be surprising to see lithium at the top of the list. The reason is that electrode 
potentials are measured in aqueous solution and lithium has a very high hydration 
enthalpy which promotes the formation of lithium ions.

Metals higher in the electrochemical series will displace metal ions in solution which 
are lower in the electrochemical series, e.g. zinc will displace copper(II) ions from 
solution. This redox reaction would give a positive EMF (+ 1.10 V) as shown in the 
previous section which shows that the reaction is feasible.

Notice where the standard hydrogen electrode is placed. Metals above it react with 
acids (which produce hydrogen ions) and metals below it do not react with acids. Note 
that nitric acid is an oxidising agent and reacts with copper. 

Reduction E   /V

Li+(aq)  +  e-          Li(s) -3.03

K+(aq)  +  e-          K(s) -2.92

Na+(aq)  +  e-          Na(s) -2.71

Mg2+(aq)  +  2e-          Mg(s) -2.37

Al3+(aq)  +  3e-          Al(s) -1.66

Zn2+(aq)  +  2e-          Zn(s) -0.76

Pb2+(aq)  +  2e-          Pb(s) -0.13

2H+(aq)  +  2e-          H2(g) 0.00

Cu2+(aq)  +  2e-          Cu(s) +0.34

Ag+(aq)  +  e-          Ag(s) +0.80

o
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The metal at the top of the list, Li, is the strongest reducing agent (most easily 
oxidised) and Li+ is the weakest oxidising agent. The metal ion at the bottom of the list, 
Ag+, is the strongest oxidising agent (most easily reduced).

Relative Strengths of Oxidising and Reducing 
Agents
This is a list of some oxidising and reducing agents according to electrode potentials:
http://hyperphysics.phy-astr.gsu.edu/hbase/chemical/oxred2.html

Taking the electrochemical series and adding non-metal and molecular ions to it 
creates a very useful list of oxidising and reducing abilities.

Reduction E   /V

Li+(aq)  +  e-          Li(s) -3.03

K+(aq)  +  e-          K(s) -2.92

Na+(aq)  +  e-          Na(s) -2.71

Mg2+(aq)  +  2e-          Mg(s) -2.37

Al3+(aq)  +  3e-          Al(s) -1.66

Zn2+(aq)  +  2e-          Zn(s) -0.76

Fe2+(aq)  +  2e-          Fe(s) -0.44

V3+(aq)  +  e-          V2+(aq) -0.26

Pb2+(aq)  +  2e-          Pb(s) -0.13

2H+(aq)  +  2e-          H2(g) 0.00

SO4 (aq)  +  2H+(aq)  +  2e-          SO3 (aq)  +  H2O(l) +0.17

VO2+(aq)  +  2H+  +  e-          V3+(aq)  +  H2O(l) +0.32

Cu2+(aq)  +  2e-          Cu(s) +0.34

I2(aq)  +  2e-          2I-(aq) +0.54

Fe3+(aq)  +  e-          Fe2+(aq) +0.77

Ag+(aq)  +  e-          Ag(s) +0.80

o

2- 2-

http://hyperphysics.phy-astr.gsu.edu/hbase/Chemical/oxred2.html
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Reduction E   /V

VO2(aq)  +  2H+(aq)  +  e-          VO2+(aq)  +  H2O(l) +1.00

Br2(aq)  +  2e-          2Br-(aq) +1.07

2IO3(aq)  +  12H+(aq)  +  10e-          I2(aq)  +  6H2O(l) +1.09

Cr2O7  (aq)  +  14H+(aq)  +  6e-         2Cr3+(aq)  +  7H2O(l) +1.33

Cl2(aq)  +  2e-          2Cl-(aq) +1.36

MnO4(aq)  +  8H+(aq)  +  5e-          Mn2+(aq)  +  4H2O(l) +1.51

H2O2(aq)  +  2H+(aq)  +  2e-          2H2O(l) +1.77

F2(g)  +  2e-          2F-(aq) +2.87

o

+

-

2-

-

• The strongest reducing agent in the table is Li(s). This is the most readily oxidised as 
it has the most positive value for the reverse oxidation reaction.

• The strongest oxidising agent in the table if F2(g). This is the most readily reduced as 
it has the most positive value for the forward reduction reaction.

• Reducing agents lose electrons and become oxidised.

• Oxidising agents gain electrons and become reduced.
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Conventional representation of cells
A video clip on how to write cell notation:
Cell Notation + 3 Examples

It is useful to write down, in shorthand, what a cell actually is. For the cell shown 
below:

The cell notation is: Zn(s)|Zn2+(aq)||Cu2+(aq)|Cu(s)

This shows the left hand cell as the oxidation reaction and the right hand cell as the 
reduction reaction.

The | lines are phase boundaries and are used to separate substances in the cell which 
are in different states such as Zn(s) and Zn2+(aq).

The || is the salt bridge between the two half-cells.

The EMF of the cell = E   rhs –  E   lhs = +0.34 – (-0.76) = + 1.10 V

For gas half-cells and those containing two ions, the platinum electrode is included. 
Any species in the cell in the same state are separated by a comma as shown in the 
cell below.

  Pt(s)|Fe2+(aq), Fe3+(aq)||Cl2(g)|Cl-(aq)|Pt(s)

V

copper

copper(II) sulfate 
solution

zinc sulfate 
solution

zinc

o o

https://www.youtube.com/watch?v=XgHUk7apOMA
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Both half-cells contain platinum electrodes. These are written at the start of the left 
hand oxidation cells and the right of the right hand reduction cell. Fe2+(aq) and Fe3+(aq) 
are in the same state so are separated by a comma. Pt(s) is in a different state to the 
two ions so is separated from the ions by |. The EMF of the cell using the values in the 
table on pages 62–63 is:

  EMF = E   rhs –  E   lhs = +1.36 – (+0.77) = + 0.59 V

Vanadium Reactions using Cells
http://chemwiki.ucdavis.edu/Core/Inorganic_Chemistry/Descriptive_Chemistry/
Elements_Organized_by_Block/3_d-Block_Elements/Group_05%3A_Transition_
Metals/Chemistry_of_Vanadium
http://www.docbrown.info/page07/transition03V.htm

Vanadium is a transition metal which has several oxidation states all of which have 
characteristic colours. 

When zinc is added to ammonium vanadate (NH4VO3) the vanadate ion, VO3, is reduced 
through a series of oxidation states. The table below shows the ions and the oxidation 
states of vanadium with their corresponding colours.

The vanadate(V) ion, VO3, converts into the dioxovanadium(V) ion, VO2, in acidic 
solution. There is no change in oxidation state.

  VO3  +  2H+  →  VO2  +  H2O

o o

-

Ion Oxidation state of vanadium Colour 

VO3 +5 Yellow

VO2 +5 Yellow

VO2+ +4 Blue

V3+ +3 Green

V2+ +2 Violet

-

+

- +

- +

https://chem.libretexts.org/Bookshelves/Inorganic_Chemistry/Modules_and_Websites_(Inorganic_Chemistry)/Descriptive_Chemistry/Elements_Organized_by_Block/3_d-Block_Elements/Group_05%3A_Transition_Metals/Chemistry_of_Vanadium
https://chem.libretexts.org/Bookshelves/Inorganic_Chemistry/Modules_and_Websites_(Inorganic_Chemistry)/Descriptive_Chemistry/Elements_Organized_by_Block/3_d-Block_Elements/Group_05%3A_Transition_Metals/Chemistry_of_Vanadium
https://chem.libretexts.org/Bookshelves/Inorganic_Chemistry/Modules_and_Websites_(Inorganic_Chemistry)/Descriptive_Chemistry/Elements_Organized_by_Block/3_d-Block_Elements/Group_05%3A_Transition_Metals/Chemistry_of_Vanadium
http://www.docbrown.info/page07/transition03V.htm
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The standard electrode potentials for the changes in the vanadium oxidation states are 
shown below:

The electrode potential for Zn2+/Zn is – 0.76 V. As the standard electrode potentials of 
all the vanadium reductions are greater than this so Zn(s) can reduce vanadium from 
+5 to +2.

The electrode potential for I2/I- is +0.54 V. As the standard electrode potential for 
VO2/VO2+ is the only vanadium reduction which is greater than this, iodide ions will 
reduce vanadium from +5 to +4 but no further.

Oxidation state change Reduction E   /V

+5  →  +4 VO2(aq)  +  2H+(aq)  +  e-          VO2+(aq)  +  H2O(l) +1.00

+4  →  +3 VO2+(aq)  +  2H+  +  e-          V3+(aq)  +  H2O(l) +0.32

+3  →  +2 V3+(aq)  +  e-          V2+(aq) -0.26

o

+

+
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Types of cells/batteries
Non-rechargeable cells (primary cells)
Primary cells are non-rechargeable cells. The chemical reaction takes place and is 
not reversible and consequently the cell cannot be recharged. These cells are not as 
expensive as cells that can be recharged. 

Tip
You do not have to remember the details of zinc-carbon cell or the nickel-cadmium 
cell but you may be expected to work out oxidation states or ionic equations from half 
equations for unfamiliar cells such as these.

A common example of a non-rechargeable cell is the zinc-carbon cell.

The reaction occurring at the negative electrode is: 
 Zn(s)  →  Zn2+(aq)  +  2e-

The reaction occurring at the positive electrode is:
 MnO2(s)  +  H2O(l)  +  e-  →  MnO(OH)(s)  +  OH-(aq)

Non-conducting 
tube

ion transfer is 
accomplished 
in a paste of 
ammonium 
chloride and 
zinc chloride

zinc metal sleeve 
is the anode

Carbon 
(graphite) 
electrode 

surrounded 
by carbon 
black and 

manganese 
dioxide is the 

cathode

+

-
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The zinc is oxidised from 0 to +2 and the manganese is reduced from +4 to +3. A 
variety of equations for the reaction at the positive electrode may be written using the 
ammonium ions and showing MnO(OH) and OH- as Mn2O3 and H2O but the important 
point to remember is that manganese is reduced from +4 to +3. Another typical 
equation is show below:

 2NH4(aq)  +  2MnO2(s)  +  2e-  →  Mn2O3(s)  +  H2O(l)  +  2NH3(aq)

Rechargeable cells (secondary cells)
Nickel-cadmium cells, lead-acid cells and lithium ion cells are the most commonly 
used rechargeable cells. Nickel-cadmium cells are common rechargeable cells. 
Lead-acid cells are used in motor vehicles. Lithium ion cells are common in mobile 
phones and other portable electronic equipment.

Nickel-cadmium cells
The half-equation for the reaction at the negative electrode (oxidation) is:

 Cd  +  2OH-  →  Cd(OH)2  +  2e-

The half equation for the reaction at the positive electrode (reduction) is:

 NiO(OH)  +  H2O  +  e-  →  Ni(OH)2  +  OH-

The overall equation during discharge is:

 Cd  +  2NiO(OH)  +  2H2O  →  Cd(OH)2  +  2Ni(OH)2

Tip
For any rechargeable cell, the equations are simply reversed during charging.

+
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Lithium ion cell

  Lithium ion cells are used in electronic devices such as mobile phones

The half-equation for the reaction at the negative electrode (oxidation) is:

 Li  →  Li+  +  e-

The half equation for the reaction at the positive electrode (reduction) is:

 Li+  +  CoO2  +  e-  →  Li+[CoO2]-

The overall equation during discharge is:

 Li  +  CoO2  →  Li+[CoO2]-

The conventional cell representation for this cell is: Li|Li+||Li+, CoO2|LiCoO2|Pt

Tip
MnO2 can be used in place of CoO2 and the same oxidation and reduction processes 
occur with LiMnO2 forming.

Fuel cells
Fuel cells use fuels, such as hydrogen, to generate electricity. They require a constant 
supply of the fuel. The fuel reacts with oxygen and this generates electricity in the cell.
The overall equation is the same as the equation for the combustion of the fuel with 
oxygen.

A car powered by hydrogen fuel cells
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Hydrogen fuel cell in alkaline conditions
The half-equation for the reaction at the negative electrode (oxidation) is:

 H2  +  2OH-  →  2H2O  +  2e-

The half equation for the reaction at the positive electrode (reduction) is:

 O2  +  2H2O  +  4e-  →  4OH-

The overall equation during discharge is:

 2H2  +  O2  →  2H2O

The conventional cell representation for this cell is: Pt|H2|OH-, H2O||O2|H2O, OH-|Pt

The emf of this cell is +1.23 V.

The efficiency of the cell in converting chemical energy to electrical energy is very 
good. About 70% of the chemical energy is converted into electrical energy. Power 
stations have an efficiency of 45% but then the energy has to be transported through 
power cables to homes and industry with another subsequent loss. Fuel cells can be 
used where they are needed to supply small amounts of electricity. They would never 
be used to supply large amounts of power that conventional power stations provide. 
Another advantage is that they produce no pollution. The product is water which is 
non-polluting. Any pollutants will come from impurities in the fuel or the oxygen 
which are minimal.

One of the best known uses of fuel cells is in space travel. It is important that the cell 
is light and the water produced can be used to drink. The development in solar cells 
competes with the choice of fuels cells. The space station has a large number of solar 
cells which stretch out on attached long panels.
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Test yourself 5.6

1. For the following standard electrode potentials:

 Fe3+(aq)  +  e-          Fe2+(aq)  E   = + 0.77 V

 Zn2+(aq)  +  2e-          Zn(s)  E   = - 0.76 V

 (a) Write the conventional cell representation of the cell formed.

 (b) Calculate the EMF of the cell.

 (c) State and explain which electrode is the negative electrode.

 (d) Write an overall ionic equation for the reaction.

2. Some electrode potentials are given in the table below.

 Which one of the following would reduce vanadium from +5 to +3 but not to +2?

 A  bromide ions

 B  iron

 C  silver

 D  tin

3. Describe how the Cu2+(aq)/Cu(s) electrode potential could be measured.

o

o

Half equation E   /V

VO2(aq)  +  2H+(aq)  +  e-          VO2+(aq)  +  H2O(l) +1.00

VO2+(aq)  +  2H+  +  e-          V3+(aq)  +  H2O(l) +0.32

V3++(aq)  +  e-          V2+(aq) -0.26

Br2(aq)  +  2e-          2Br-(aq) +1.09

Ag+(aq)  +  e-          Ag(s) +0.80

Fe2+(aq)  +  2e-          Fe(s) -0.44

Sn2+(aq)  +  2e-          Sn(s) -0.14

o

+
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4. The half equations for the reactions which are occurring in a nickel-cadmium cell 
are:

 Half equation at electrode A  Cd  +  2OH-  →  Cd(OH)2  +  2e-

 Half equation at electrode B  NiO(OH)  +  H2O  +  e-  →  Ni(OH)2  +  OH-

 (a) Write an overall ionic equation for the reaction which occurs when the cell is   
   discharging.

 (b) State which electrode is the negative electrode and explain your answer.

 (c) Explain, in terms of oxidation state, the redox processes happening when the   
   cell is discharged.
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This section looks are the nitrogen containing homologous series, the amines, 
including the physical and chemical properties, preparation, reactions and their 
identification.

Some background information on amines:
http://hyperphysics.phy-astr.gsu.edu/hbase/organic/amine.html.

Learning outcomes
• recall the molecular and structural formulae of amines with up to six carbon atoms, 

with reference to primary, secondary and tertiary amines

• refer to the effect of hydrogen bonding on boiling point and solubility with water

• recall the formation of primary aliphatic amines by reduction of nitriles using 
lithium tetrahydridoaluminate(III) (lithal) and by the reaction of ammonia with 
alkyl halides

• explain the formation of phenylamine by reduction of nitrobenzene using tin and 
concentrated hydrochloric acid, to form the phenylammonium salt, followed by 
liberation of the free amine by addition of alkali

• recall the formation of salts by the reaction of amines with mineral acids and the 
liberation of amines from their salts using alkali

• explain the relative basic strengths of ammonia, primary, secondary, tertiary 
aliphatic amines and phenylamine using the availability of the lone pair on the 
nitrogen atom

• recall the reaction of amines with ethanoyl chloride and use this reaction to identify 
unknown amines

• explain the formation of benzenediazonium chloride from phenylamine and recall 
the coupling of diazonium ions with phenol and phenylamine

• explain the colour of compounds such as dyestuffs and indicators based on the 
extent of delocalisation of electrons leading to the closer proximity of electronic 
energy levels

http://hyperphysics.phy-astr.gsu.edu/hbase/Organic/amine.html
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Introduction
Amines are derivatives of ammonia. One or more of the hydrogen atoms in ammonia 
are replaced by alkyl groups. The amines produced can be primary, secondary or 
tertiary depending on the number of hydrogen atoms replaced. 

  RNH2   R2NH   R3NH
  primary amine  secondary amine tertiary amine

The R group can be an alkyl group or an aryl group (benzene ring attached). The NH2 
group is called an amino group.

A primary amine has only one carbon atom directly bonded to the nitrogen atom 
and therefore has the –NH2 group.

A secondary amine has two carbon atoms directly bonded to the nitrogen atom, i.e.   

A tertiary amine has three carbon atoms directly bonded to the nitrogen atom, i.e.   

Nomenclature of amines
Amines can be named in various ways, all of which are correct. Some nomenclature 
systems suit certain amines better than others. If a substituent group is bonded to a 
nitrogen atom the prefix N is used as in N-methylmethanamine. N,N- is used for two 
substituent groups. These are in place of the locant numbers which cannot be used as 
the N atoms are not part of the carbon chain.

The basic system is as an alkylamine such as methylamine and ethylamine. However 
alkanamine and aminoalkane names are also used. The alkanamine naming system 
is the IUPAC name and is shown in bold in the table. Alkylamine names are also 
commonly used as throughout this section.

NH

N
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Structure Classification 
(1°, 2° or 3°) Names

H       C       NH2 1°
methylamine

aminomethane
methanamine

H       C       C       NH2 1°
ethylamine

aminoethane
ethanamine

H       C       C       C       NH2 1°
propylamine

1-aminopropane
propan-1-amine

H       C       C       C       C       NH2 1°
butylamine

1-aminobutane
butan-1-amine

H       C       C       C       H 1°
isopropylamine
2-aminopropane
propan-2-amine

H       C       N       C       H 2°
dimethylamine

N-methylaminomethane
N-methylmethanamine

H       C       N       C       H 3°
trimethylamine

N,N-dimethylaminomethane
N,N-dimethylmethanamine

H       C       C       N       C       H 3°
dimethylethylamine

N,N-dimethylaminoethane
N,N-dimethylethanamine

H

H

H

H

H

H

H

H

H

H

H H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H

H H

H

H

H

H

H

H

H

H

CH3

CH3

H

NH2

H

H
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The first amine, methylamine, is a gas (boiling point = -7 °C); ethylamine is also a gas 
at room temperature. (boiling point = 17 °C). Propylamine (boiling point = 48 °C) and 
butylamine (boiling point = 78 °C) are liquids at room temperature. The only basic 
gases at room temperature are ammonia, methylamine and ethylamine. 

Hydrogen Bonding
Hydrogen bonds exist between amines. The lone pair on the nitrogen atom can form 
a hydrogen bond with a hydrogen atom in another molecule. This affects the boiling 
point of amines and their solubility in water. Short chain amines are very soluble in 
water as they can form hydrogen bonds with water but also as they react as bases with 
water forming ions as will be discussed later in the chapter. The solubility of amines in 
water also decreases from 1° to 2° to 3°.

Ethanol and butylamine have the same boiling point 78 °C. Butylamine has a greater 
RMM (73) than ethanol (46) yet they both have the same boiling point so the –OH 
group forms stronger hydrogen bonds than the –NH2 group as would be expected as 
oxygen is more electronegative than nitrogen.

Preparation of amines
Amines may be prepared from halogenoalkanes, amides and nitriles.

Preparation of an amine from a halogenoalkane
Primary aliphatic amines can be prepared by the reaction of ammonia with 
halogenoalkanes. The reaction of one molecule of RX with NH3 gives the primary amine 
RNH2 and HX where X is a halogen atom. Because the amine is basic, the salt RNH3X is 
formed. The reaction does not stop at this stage it goes on and on. The primary amine 
reacts with another molecule of RX to form a secondary amine which goes on to react 
with another molecule of RX until the tertiary amine is formed.

For example:
  CH3CH2Br  +  NH3  →  CH3CH2NH2  +  HBr
  bromoethane           ethylamine

  CH3CH2Br  +  CH3CH2NH2  →  (CH3CH2)2NH  +  HBr
              diethylamine

  CH3CH2Br  +  (CH3CH2)2NH  →  (CH3CH2)3N  +  HBr
                 triethylamine

The tertiary amine can react further to form a quaternary ammonium compound.

  CH3CH2Br  +  (CH3CH2)3N  →  (CH3CH2)4N+Br-

                  tetraethylammonium bromide
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The quaternary ammonium compound is exactly like an ammonium salt. With four R 
groups it has a tetrahedral structure.

In many cases a good yield of a primary amine is obtained if a large excess of 
ammonia is used.  

The reaction of ammonia with a halogenoalkane cannot be carried out by heating a 
halogenoalkane with ammonia under reflux as the ammonia gas would escape. It is 
normally carried out by heating a solution of the halogenoalkane and ammonia in 
ethanol in a sealed tube. Ethanol is chosen because both the halogenoalkane and 
ammonia are soluble in ethanol. 

Preparation of an amine from a nitrile
Amines can also be produced by the reduction of nitriles with lithium 
tetrahydridoaluminate(III) (lithal). [H] is used to represent the reducing agent. 

For example:

  CH3CH2CH2CN   +   4[H]  →  CH2CH2CH2CH2NH2
  butanenitrile        butylamine

The nitrile is refluxed with lithal in ether (dry). The [AlH4]- attacks the polarised cyano 
group -C   N, the carbon has a δ+ charge.  

Preparation of an amine from an amide
Amides contain the functional group CONH2 and they may be reduced by refluxing 
with lithium tetrahydridoaluminate(III), LiAlH4 in dry ether.

For example:

  CH3CH2CONH2   +    4[H]  →  CH3CH2CH2NH2  +  H2O
  propanamide         propylamine
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The formation of Salts by the Reaction of 
Amines with Acids
Amines are basic and react with mineral acids i.e. hydrochloric, nitric and sulfuric 
acids. 

Mineral acids are strong acids and are fully dissociated (almost) in water. 

These salts have been mentioned in the formation of amines from halogenoalkanes 
with ammonia. 

The hydrogen ions from the acid protonate the lone pair on the nitrogen atom. 

This reaction happens with all amines whether they are primary, secondary or tertiary. 
The reaction can be reversed by the addition of alkali to the salt. 

The salt names are based on ammonia, methylamine forms methylammonium salts, 
ethylamine forms ethylammonium salts.

For example:

  CH3CH2NH2  +  HCl  →  CH3CH2NH3Cl
  ethylamine             ethylammonium chloride

The amine may be regenerated from the salt by adding an alkali such as sodium 
hydroxide.

  CH3CH2NH3Cl  +  NaOH  →  CH3CH2NH2  +  NaCl  +  H2O

The salt is ionic and hence dissolves readily in water. This can be a means of purifying 
amines. Organic impurities can be left behind because they will not dissolve in water. 
The aqueous layer can be separated and the amine regenerated and then be extracted. 

Amine salts can be crystallised from water just as any other soluble salt can be. They 
have high melting points e.g. methylammonium chloride, CH3NH3Cl has a melting 
point of 226 °C. Compare ammonium chloride which has a melting point of 338 °C.

Methylamine also reacts with weak acids such as ethanoic acid to form 
methylammonium ethanoate.

  CH3COOH   +   CH3NH2  →  CH3COO-CH3NH3
         methylammonium ethanoate 

+
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The Basicity of Amines 
The basicity and the reactivity of amines depends on the lone pair on the nitrogen 
atom. The availability of the lone pair depends on the groups attached to the nitrogen 
atom.

Alkyl groups push electrons in a bond away from the alkyl group.

This mean the alkyl groups in aliphatic amines push electrons towards the nitrogen 
atom which destabilises the lone pair and makes it donate more readily.

The more alkyl groups there are the greater the effect.

This means that based on this effect, the order of decreasing basicity is 3° > 2° > 1°.

However this is not seen practically as the solubility of the bases decreases from 1° to 
2° to 3°.

Phenylamine, C6H5NH2, (which is also called aniline) has the structure:

The lone pair of electrons on the N atom can be delocalised as part of the π delocalised 
system in the benzene ring and this means they are more stable and less easily 
donated. So phenylamine is a weaker base than ammonia and primary amines.

NH2



CHEMISTRY

pg 80

Amines

Preparation of phenylamine
Phenylamine is prepared by the reduction of nitrobenzene using tin and hydrochloric 
acid.

The equation for the reaction is:

 C6H5NO2  +  6[H]  →  C6H5NH2  +  2H2O

Phenylammonium chloride, C6H5NH3Cl, is formed in the presence of hydrochloric acid 
and the free amine is liberated using alkali such as sodium hydroxide or potassium 
hydroxide.

 C6H5NH3Cl  +  KOH  →  C6H5NH2  +  KCl

The following is a method to prepare phenylamine from nitrobenzene.

• Nitrobenzene and granulated tin are added to a flask fitted with a reflux condenser. 

• Concentrated hydrochloric acid is added down the condenser and the contents of 
the flask shaken. Immerse the flask in cold water if necessary. 

• The flask is then heated on a boiling water bath.

• The flask is cooled in water and the flask is equipped for steam distillation. The 
phenylamine is only moderately soluble in water and the greater part separates 
as oily drops in the distilled water. Salt is added to the distillate to obtain more 
phenylamine. The mixture is shaken.

• Ether is added to the distillate and shaken in a separating funnel. The separating 
funnel is shaken and the pressure is relieved by inverting the funnel and opening the 
stopper. The layers are allowed to separate. The lower aqueous layer is run off and 
discarded. The ether layer is run off through the mouth of the funnel. 

• The ether layer is added to a conical flask. Powdered potassium hydroxide is added 
to the flask which is left until the ether is clear. The mixture is filtered and the ether 
is distilled off. The remaining phenylamine is steam distilled and the fraction boiling 
at 180-185 °C is collected. 

Tip
Steam distillation is used as phenylamine can decompose close to its boiling point. 
Steam is added to the flask and this allows phenylamine to boil off at a lower 
temperature.
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Phenylamine and diazonium ions
http://www.chemguide.co.uk/organicprops/aniline/makediazo.html

Amines react with nitrous acid (HNO2) (systematic name: nitric(III) acid) which is 
formed from sodium nitrite (sodium nitrate(III)) and hydrochloric acid. They form 
diazonium ions which contain the –N+   N group. Aromatic diazonium ions are stable at 
low temperature but aliphatic ones are not and they decompose readily.

• Phenylamine reacts to form the benzene diazonium ion, C6H5N2.

• The diazonium ion is stabilised by the benzene ring. 

• Nitrous acid is very unstable. It can be prepared by adding hydrochloric acid to 
sodium nitrite (sodium nitrate(III)). The acid can be dilute or concentrated the result 
is the same.

   NaNO2  +  HCl  →  NaCl  +  HNO2

• If this is done at room temperature the nitrous acid immediately decomposes to 
gives brown fumes of nitrogen(IV) oxide. Nitrogen(II) oxide is readily oxidised to 
nitrogen(IV) oxide. 

   3HNO2  →  HNO3  +  2NO  +  H2O

• It is necessary to carry out the reaction of phenylamine with nitrous acid at a low 
temperature. 

• Phenylamine is dissolved in excess dilute hydrochloric acid cooled in ice and to 
slowly add a cooled aqueous solution of sodium nitrite. 

• All of the reactions of the benzenediazonium chloride are carried out in solution. 

• The reaction is normally carried out below 5 °C.

• The phenylamine is dissolved in a slight excess of dilute hydrochloric acid.

• The nitrous acid is generated in situ. 

+

NH2 N     N   Cl-

+  HNO2   +   HCl  →        +  2H2O

+

http://www.chemguide.co.uk/organicprops/aniline/makediazo.html
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• The solution is cooled to 5 °C and kept at this temperature during the addition of 
sodium nitrite solution. 

• External cooling needs to be carried out otherwise the heat of the reaction will 
decompose the benzenediazonium ion.

• However if the temperature is reduced to 0 °C the reaction becomes very slow. 

• If the temperature is not maintained below 5 °C, the benzenediazonium ion breaks 
down to form phenol, C6H5OH.

   C6H5N2  +  H2O  →  C6H5OH  +  N2  +  H+

• When aliphatic amines are reacted with nitrous acid, even at low temperature, the 
alcohol is formed.

 For example: CH3CH2NH2  +  HNO2  →  CH3CH2OH  +  N2  +  H2O

     Nitrogen gas is evolved during this process which can be seen as effervescence.

Phenylamine mixed with water on the left showing it is not soluble with water; middle test tube shows phenylamine 
dissolved in dilute acid forming the soluble phenylammonium salt; right hand test tube shows phenylamine forming 
when alkali is added to the phenylammonium salt in the second test tube.
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Reactions of the benzenediazonium ion
The benzenediazonium ion only reacts with “activated” benzene rings. Although the 
benzene ring is electron rich the benzenediazonium ion is not sufficiently electrophilic 
enough to attack it. If an –OH or an –NH2 group is attached to it the benzene ring is 
"activated". 

Phenol
Phenol has the formula, C6H5OH. The benzene ring in the benzenediazonium ion 
combines, via a –N=N– group with the benzene ring in phenol. The –N=N– group is 
known as an azo group and the compound formed is an azo dye.

The diazonium ion is an electrophile (with the positive charge) and readily attacks the 
benzene ring which is electron rich. 

The reaction is known as a “coupling reaction” and phenol is known as a “coupling 
agent”.

A coupling reaction is a reaction in which two benzene rings are linked together 
through an azo (–N=N–) group.

• Note that the diazo group has similarities to a –C=C- bond which means that it can 
have E-Z isomerism. The nitrogen atoms have lone pairs which can be either side of 
the –N=N– bond.

Phenol has an –OH group which is electron –donating and increases the electron 
density on the benzene ring. The phenol is used in alkaline solution because the 
phenolate ion, C6H5O-, is formed this provides even more electron density than the –OH 
group. Coupling reactions are very sensitive to the pH of the reaction mixture. 

The benzenediazonium ion normally couples in the para position (position 4 around 
the ring). The ion is large and there is less steric hindrance (less resistance to its 
formation due to the bulk of the molecule).

N     N +                OH →            N    N           OH  +  H++
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Azo dye formed from benzenediazonium chloride and phenol

Phenylamine
The equation for the reaction of the benzenediazonium ion with phenylamine is shown 
below. 

The pH of the solution is very important if it is low the hydrogen ions will protonate the 
amino group on the phenylamine and “deactivate” the benzene ring and no reaction 
occurs. 

N     N +                NH2 →             N    N             NH2  +  H++
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The Colour of Azo Dyes
The products from the coupling of the benzenediazonium ion with both phenol and 
phenylamine are coloured. The reason is the extensive delocalisation of electrons in 
the molecule. The azo group, –N=N–, has p orbitals which allows the delocalisation of 
the benzene rings to be extended over the whole molecule. Many dyes and indicators 
contain the azo group. 

“Acid Orange 7”, shown above, has a bright red-orange colour and is used as a dye. The 
sodium salt is used as this improves the solubility of the dye.

The indicator methyl orange, shown below, is also an azo dye which changes its 
structure when acid or alkali is added. 

The colours of these dyes and indicators are explained using electronic energy levels. 

• Electrons in molecules occupy molecular orbitals which can be regarded as 
molecular energy levels. 

• Delocalisation of electrons leads to the closer proximity of these energy levels. 

• The greater the extent of delocalisation, the closer the energy levels will be.

• The energy difference between the energy levels moves into the visible region of the 
electromagnetic spectrum with increasing delocalisation.

• When electrons move up energy levels they absorb energy and absorbing certain 
wavelengths of visible light leaves a complementary colour which is the colour 
observed.

O     S                   N     N

     N                 N     N              S      O- Na+

O

Na+ O-

H3C

H3C O

O

OH
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The effect of delocalisation on colour is apparent with fused benzene rings. Benzene, 
naphthalene and anthracene are colourless. 

  benzene  naphthalene           anthracene

Tetracene and pentacene are coloured orange and blue respectively. Hexacene is green.

   tetracene

             pentacene

                      hexacene
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The reaction of amines with ethanoyl chloride
Ethanoyl chloride, CH3COCl, is an acyl chloride which was met in A21 as a derivative of 
a carboxylic acid in section 4.9 of the A2-1 unit.

ethanoyl chloride

Amines do react with carboxylic acids but they form salts. Acyl chlorides are a lot more 
reactive and the reaction with an amine is very vigorous. Hydrogen chloride is given off 
and the CH3CO group is attached to the N atom. 

  RNH2   +   CH3COCl  →  RNHCOCH3   +   HCl

Note that the product contains the grouping –CONH– which is the structure of an 
amide group. The product is thus an N-substituted amide. An example is shown below.
   

This is N-ethylethanamide. There is an ethyl group bonded to the N atom of 
ethanamide.

Both reactions can be reversed by heating the amide with acid or alkali.

The main reason for making these derivatives is to identify the amine that 
forms them. This is the same as the process carried out using the reaction of 
2,4-dinitrophenylhydrazine with carbonyl compounds. The N-substituted amides 
are usually solids. Amines are often liquids and it is far easier and more accurate 
to determine a melting point rather than a boiling point. The increased mass of the 
amide and the extra polar groups present makes it more likely that the N-substituted 
amide is a solid. Once the melting point is determined table of data can be consulted 
to see which melting point it matches and the amine can then be identified. This is a 
chemical method of identifying the amine. 

Of course, today, identification of an amine could be carried out using spectroscopic 
methods. Perhaps the simplest would be to compare infrared spectra of the unknown 
amine with known amines. If the spectra are identical the amine is identified. Any 
spectroscopic method be it NMR, mass spectrometry or infrared would be approached 
in the same way. This is known as an “instrumental method”.

H     C      C  

H     C      C     N     C     C     H  

O

O

ClH

H H H

H

H H HH
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Test yourself 5.7

1. Classify the following amines as primary, secondary or tertiary. State their IUPAC   
 name.

 (a) CH3CH2CH2NH2

 (b)

 (c) CH3CH(NH2)CH2CH2CH3

 (d) (CH3CH2)2NH

 (e) (CH3)3N

 

 (f) 

 

2. Explain how you would use ethanoyl chloride to identify an unknown amine.

3. Write equations for the following reactions.

 (a) ethylamine and hydrochloric acid

 (b) propylamine and ethanoyl chloride

 (c) dimethylamine and sulfuric acid

 (d) benzenediazonium chloride and phenylamine

4. Name the organic product from the following reactions and write suitable equations  
 for the reaction.

 (a) reduction of propanenitrile using lithal

 (b) 2-bromobutane with ammonia

 (c) reduction of nitrobenzene using tin and concentrated hydrochloric acid

5. Explain why the azo dyes are coloured.

 

H     C      C     C     C     NH2  

H HCH3 H

H CH3 HH

NH2
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This section will look at the homologous series of amides which contains the CONH2 
functional group.

Learning outcomes
• recall the preparation of amides via the reaction of carboxylic acids with ammonia 

and the reaction of amines with acyl chlorides

• recall the hydrolysis of amides with acids and alkalis

• recall the dehydration of amides with phosphorus pentoxide to form nitriles

• explain the basicity of amides relative to amines, with reference to the 
delocalisation of the lone pair on the nitrogen atom

Introduction 
Amides are compounds which contain the –CONH2 group. These are primary amides. 
Secondary and tertiary amides do exist but they are not important in this section.

Amides are very soluble in water because of the hydrogen bonds they form using the  
–NH2 group. They also result in relatively high melting and boiling points. 
Methanamide is a liquid but all the other amides are crystalline solids.

Preparation of Amides
1. Amides can be formed by heating the ammonium salt of a carboxylic acid. This is a   
 dehydration reaction. 

For example:  CH3COONH4    →    CH3CONH2  +  H2O

     ammonium ethanoate   ethanamide

The ammonium salt is made by reacting either ammonia or more conveniently 
ammonium carbonate with the acid:

For example:  CH3COOH  +  NH3  →  CH3COONH4

     2CH3COOH  +  (NH4)2CO3  →  2CH3COONH4  +  CO2  +  H2O

2. As shown in the section for the reaction of amines with ethanoyl chloride amides   
 can be prepared by this method. These are N-substituted amides.

 For example:  CH3CH2NH2  +  CH3COCl  →  CH3CONHCH2CH3    +    HCl

             N-ethylethanamide
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Reactions of Amides
1. Hydrolysis of amides
Hydrolysis of amides can be carried out by both acids and alkalis. Amides are 
hydrolysed slowly by water. The reaction with acids is rapid but the reaction with alkali 
is far more rapid. 

Acid hydrolysis produces a carboxylic acid. The ammonia, which is also produced, 
reacts with the acid e.g. HCl to give ammonium chloride. No ammonia is released. 

For example: CH3CH2CONH2  +  H2O  +  HCl  →  CH3CH2COOH  +  NH4Cl
  propanamide    propanoic acid

Alkaline hydrolysis produces the salt of the carboxylic acid. The ammonia, which is 
also produced is released as a gas. The difference from acid hydrolysis is that ammonia 
is released and that the salt of the acid is produced. Adding a dilute mineral acid will 
form the carboxylic acid.

For example: CH3CH2CONH2  +  NaOH  →  CH3CH2COONa  +  NH3
  propanamide         sodium propanoate

The reaction of the amide with alkali may be used as a means of detecting amides. 
Heating an unknown organic compound with sodium hydroxide would liberate 
ammonia gas which would change damp universal indicator to blue. Note that 
ammonium salts would also do this as would amine salts where a gaseous amine is 
formed.
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2. Dehydration of Amides
When nitriles undergo hydrolysis the reaction forms an amide which is then 
hydrolysed by water to form the carboxylic acid or its salt if it is alkaline hydrolysis.

So if water is removed from an amide, using a dehydrating agent, the nitrile is 
produced.

The powerful dehydrating agent phosphorus(V) oxide, P4O10, (sometimes written using 
its empirical formula, P2O5) is used. 

Equations are usually simple and of the form in the example shown below.

For example:  CH3CONH2      →      CH3CN      +     H2O
   ethanamide       ethanenitrile

The dehydration of amides is a reaction which involves the elimination of water 
from the amide.

The Basicity of Amides
Amides are very weakly basic. They do not react with acids to form salts. The –NH2 
group does not show its usual basic properties because it is next to a –C=O group. 
The –C=O group has a π bond (formed by the overlap of p orbitals) which overlaps with 
the p orbital containing the lone pair on the nitrogen atom. This forms a continuous 
delocalised system. This means that the nitrogen lone pair is not available for bonding.
 
Consequently amides are less basic than phenylamine. We can now write a list which 
shows the decreasing basicity of amines, amides and ammonia. However, in practice 
the basicity of amines is limited by their solubility in water.

3° amines > 2° amines > 1° amines > NH3 > phenylamine > amides
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Test yourself 5.8

1. Explain the difference in the acid catalysed hydrolysis (using hydrochloric acid) 
compared with the alkaline catalysed hydrolysis (using sodium hydroxide) of 
ethanamide. Write equations for the reactions and name the products.

2. State a method of preparation of propanamide from propanoic acid. Write an 
equation for the reaction and name the reagent used.

3. Explain why amides are very soluble in water.

4. Which one of the following would form a solution of the highest pH when equimolar 
amounts are mixed with water?

 A   ammonia

 B    ethanamide

 C  ethylamine

 D  phenylamine

5. Write equations for the following reactions and state the IUPAC name of the organic 
product.

 (a) dehydration of butanamide using P4O10

 (b) dehydration of ammonium 2-methylbutanoate by heating

 (c) alkaline hydrolysis of 2,3-dimethylpentanamide using sodium hydroxide
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This section will look at amino acids which contain both the COOH and NH2 functional 
group including their structure, optical activity and ability to form natural polymers 
called proteins.

Learning outcomes
• recall the formulae of glycine and alanine

• explain the optical activity of amino acids

• explain the formation of dipolar ions (zwitterions) from amino acid molecules

• explain the solubility of amino acids in water and their relatively high melting point

• recall the reactions of amino acids with sodium carbonate, copper(II) sulfate and 
nitrous acid

• recall the primary, secondary and tertiary structures of a protein and the formation 
of peptide links

• define enzymes as biological catalysts and use the concept of induced fit to explain 
enzyme action

• recall the use of enzymes in washing powders and their economic advantage in 
operating at lower temperatures

• explain that an enzyme is a protein and provides a path of lower activation energy

• explain the effect of pH and temperature on enzyme activity

Introduction
As the name suggests amino acids contain an amino group and a carboxylic acid 
group. The amino acids that exist in nature, as part of proteins, are all alpha (α) amino 
acids which means that the –NH2 group and the –COOH group are bonded to the same 
carbon atom. Anything that contains an amino group and a carboxylic acid group is an 
amino acid but only α-amino acids exist in proteins. The basic structure of an α-amino 
acid is shown below. The R group varies from one amino acid to another.

H2N     C      COOH       

R

H
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The simplest amino acid is glycine, CH2(NH2)COOH. Another simple amino acid is 
alanine, CH3CH(NH2)COOH which are shown below.
   

        glycine                              alanine

The IUPAC name for glycine is aminoethanoic acid and for alanine is 
2-aminopropanoic acid.

Optical activity of amino acids
Alanine has four different groups bonded to the central carbon atom which means that 
it is optically active. 

Glycine has two hydrogen atoms bonded to the central carbon atom and so it is not 
optically active.

In nature twenty different amino acids are needed to make proteins. Eleven are non-
essential and nine are essential. The essential ones are obtained through the diet 
the non-essential are synthesised in the body. All of them are optically active except 
glycine. 

H2N     C      COOH       H2N     C      COOH       

H CH3

H H

C
–

–

H

CH3
H2N COOH
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Dipolar ions (zwitterions)
https://www.khanacademy.org/test-prep/mcat/biomolecules/amino-acids-and-
proteins1/v/isoelectric-point-and-zwitterions

Amino acids exist in the solid state as dipolar ions or zwitterions.

Zwitterions are ions which have a permanent positive and negative charge but 
which are neutral overall. 

The proton from the carboxylic acid group can move to the amine group giving the 
molecule a positive and negative charge. The zwitterions of glycine and alanine are 
shown below.

Melting points of amino acids
Methylamine is a gas and ethanoic acid is a liquid but glycine is a solid. The melting 
point of glycine is 233 °C which is remarkably high for such as small molecule. The 
amino acid tyrosine has a melting point of 342 °C. The strong ionic attraction between 
the dipolar ions results in the high melting point as substantial energy is required to 
overcome these forces. However it should be noted that amino acids often decompose 
when heated near their melting point.

Solubility of amino acids
Zwitterions are dipolar and as such they would be expected to dissolve in a polar 
solvent such as water. The highly polar zwitterions have very strong intermolecular 
electrostatic or ionic attractions which lead to a strong crystal lattice structure. The 
greater the ionic attractions between the ions, the lower the solubility in water.

Most of the amino acids are only sparingly soluble in water but glycine is very soluble 
(25 g/100 g water at 25 °C). Tyrosine’s solubility is 0.04 g/100 g water at 25 °C which 
would fit with its high melting point as the attractions between the zwitterions are 
stronger. 

Amino acids are generally not soluble in non-polar organic solvents. 

H3N+     C      COO-       H3N+     C      COO-       

H CH3

H H

https://www.khanacademy.org/test-prep/mcat/biomolecules/amino-acids-and-proteins1/v/isoelectric-point-and-zwitterions
https://www.khanacademy.org/test-prep/mcat/biomolecules/amino-acids-and-proteins1/v/isoelectric-point-and-zwitterions
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Zwitterions in solution
• Zwitterions exist in solid amino acids. When dissolved in water the species present 

depend on the pH. 

• At high pH (alkaline), the NH2 and COOH groups are described as being deprotonated 
so the species in solution is a negative ion, e.g. H2NCH2COO-.

• At low pH (acidic) the NH2 and COOH groups are protonated so the species in solution 
is a positive ion, e.g. H3N+–CH2COOH.

• At a certain pH, known as the isoelectronic point, there is no net electrical charge on 
the amino acid as the zwitterion is the species in solution. The isoelectric points of 
amino acids vary.

• Some amino acid side chains have groups which may be protonated or deprotonated 
as well such as lysine and glutamic acid shown below.

            lysine          glutamic acid

• At pH 1, lysine has the structure below:

H2N     C      COOH       

H3N+     C      COOH       

H2N     C      COOH       

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

COOH

CH2

CH2

NH2

H3N+

H

H

H
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• At pH 12, glutamic acid has the structure:

Reactions of amino acids
All amino acids will react with carbonates because of the presence of the carboxylic 
acid group. The reaction of sodium carbonate with glycine (aminoethanoic acid) 
produces sodium aminoethanoate.

 2H2NCH2COOH  +  Na2CO3  →  2H2NCH2COONa  +  CO2  +  H2O

The reaction only takes place in the presence of water. Bubbles of carbon dioxide are 
given off but this depends on the concentrations of the carbonate and the acid.

Copper(II) Sulfate
Amino acids such as glycine can act as bidentate ligands with transition metal ions 
such as copper(II) ions. When solutions of glycine and copper(II) sulfate are mixed, a 
blue solution is formed. The complex formed is often simply referred to as copper(II) 
glycine.

 Cu2+  +  2H2NCH2COOH  →  [Cu(H2NCH2COOH)2]2+

Different shades of blue are formed with different amino acids. At low pH the amino 
acid is protonated and the lone pair on the nitrogen atom is unavailable to form a 
co-ordinate bond so this form of glycine is monodentate.

If copper(II) carbonate is reacted with glycine this is an acid reacting with a carbonate 
and follows the expected equation.

 CuCO3  +  2H2NCH2COOH  →  Cu(H2NCH2COO)2  +  CO2  +  H2O

The copper(II) glycinate or copper(II) aminoethanoate produced is a salt and is ionic.

H2N     C      COO-      

CH2

CH2

COO-

H
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Nitrous Acid
Aliphatic amines including amino acids do not form a stable diazonium ion so they 
react with nitrous acid to form the alcohol.

 H2NCH2COOH  +  HNO2  →  HOCH2COOH  +  N2  +  H2O

The product is hydroxyethanoic acid. Effervescence is seen as nitrogen gas is evolved.

Sodium carbonate
Carbonates reacts with the acid group in amino acids as expected.

For example: glycine reacts with sodium carbonate.

 2H2NCH2COOH  +  Na2CO3  →  2H2NCH2COONa  +  CO2  +  H2O

Effervescence is observed due to the production of carbon dioxide. The salt formed is 
sodium aminoethanoate.

Proteins
Amino acids react with each other to form polymers known as proteins. If two amino 
acids react with each other they form a dimer known as a dipeptide. For example 
glycine and alanine react to form the dipeptide shown below. 

H2NCH2COOH        +        H2NCH(CH3)COOH     →     H2NCH2CONHCH(CH3)COOH    +     H2O

A different dipeptide can be formed if they react in the way shown below.

H2NCH(CH3)COOH     +     H2NCH2COOH        →        H2NCH(CH3)CONHCH2COOH    +    H2O

The order of amino acids from the N terminal end (free NH2 group) of the peptide or 
protein to the C terminal end (free COOH group) is very important and forms the basis 
of the primary structure of the protein.

H2N     C      COOH    +    H2N     C      COOH    →    H2N     C     C     N     C      COOH    +    H2O

H2N     C      COOH    +    H2N     C      COOH    →    H2N     C     C     N     C      COOH    +    H2O

H

CH3

H

CH3

CH3

H

CH3

H

H

H

H

H

H

H

O

O

H

H

H

H
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The “peptide link” (sometimes incorrectly called a peptide bond) joins the two amino 
acids together. This is an example of the amide group but it is given the special name 
of “peptide link” when it applies to polypeptides and proteins. It is often represented as 
CONH in the middle of the peptide.

Protein levels of structure
http://alevelnotes.com/protein-structure/61
http://www.particlesciences.com/news/technical-briefs/2009/protein-structure.html 

Proteins have primary, secondary and tertiary structures. They even have quaternary 
structures but this is not in CCEA chemistry. Proteins are important and carry out 
many functional roles in the human body.

Primary Structure
You can regard proteins as “biopolymers”. They are formed when amino acids 
“condense with the elimination of water”. But all of this is carried out with catalysts 
and at a body temperature of 37 °C.

The primary structure is the sequence of the amino acids joined by peptide links 
in the chain. 

To find the amino acids in the primary structure (the protein itself) you can hydrolyse 
the protein by boiling it with acid or alkali. This should remind you that amides can 
be hydrolysed by acids or bases (see the section on amides again). The amines can be 
identified by chromatography (see chromatography again).  
 
Secondary Structure
The secondary structure of a protein is the twisting/coiling of the chain to form a 
β-pleated sheet/α-helix by intramolecular hydrogen bonding. 

There are two features of secondary structure, α-helix and β-pleated sheet. The 
chain of amino acids contains polar C=O and N–H groups which can form hydrogen 
bonds with each other. Both the α-helix and the β-pleated sheet are held together by 
hydrogen bonds between these groups.
The basics of the structures are shown below:

α-helix

hydrogen bond 

http://alevelnotes.com/protein-structure/61
http://www.particlesciences.com/news/technical-briefs/2009/protein-structure.html
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H H H H

H

H H H H

H H H H

H H H

β-pleated sheet

Tertiary Structure
The tertiary structure of a protein is the bending/folding of the secondary 
structure to give a precise 3D shape held together by hydrogen bonding/disulfide 
bridges/ionic interactions/van der Waals’ forces.

The tertiary structure is the further folding of the secondary structure. This means that 
both the α-helix and the β-pleated structure can fold. It is due to cross-linking between 
parts of the polypeptide chain. One important bond of the –S-S– bond, known as a 
disulfide bridge which is formed between cysteine amino acids in the chain (Cysteine 
contains the –SH group). The disulfide bridge is stronger than a hydrogen bond (it is a 
covalent bond).

There are also “salt links” due to amino acids which have a carboxylic acid group or an 
amino group in the side chain. They can exchange a proton to form ions which then 
exert an attraction for each other i.e. –NH3 attracting  –COO- . 

Van der Waals' forces will exist but are the least important compared to all the other 
bonds that exist. 

Also hydrophobic (water hating) side chains tend to come together on the inside of the 
globular protein trying to keep away from the aqueous solvent. On the outside of the 
protein molecule hydrophilic (water loving) and charged residues will be found which 
can form hydrogen bonds and ionic bonds and stabilise the whole structure.

hydrogen bond 

+
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A model of the enzyme nitric oxide synthase. Some α-helices and β-pleated sheets (arrows) are clear in the structure. 
The enzyme catalyses the synthesis of nitric oxide (NO) from arginine. Nitric oxide is an important vasodilator and 
involved in cell signalling.

Enzymes
http://www.rsc.org/Education/Teachers/Resources/cfb/enzymes.htm
http://www.biotopics.co.uk/other/enzyme.html

An enzyme is a protein which is a biological catalyst.

Enzymes are specific. They are either highly specific or broadly specific. Some 
catalysts have a low degree of specificity and for example catalyse the hydrolysis of 
most esters.

The mechanism of enzyme action is based on the “lock and key” mechanism. Each 
enzyme has an “active site” which may only involve a small number of amino acids 
although the rest of the protein molecule might be so constructed to actually bring 
this combination of amino acids together in the correct shape. 

The active site is the site on the surface of the enzyme into which the substrate 
fits.
 
This active site gives the enzyme its specificity because only one substance or 
chemical group can fit into it. The molecule that fits into the active site is known 
as a substrate. The enzyme and substrate fit together to form a complex (not like a 
transition metal complex). 

Once the reaction has taken place the product is no longer the correct shape to fit into 
the active site and the complex breaks up to form the product and the enzyme.

Today we have the concept of induced fit. This is still based on the “lock and key 
mechanism” but the modern idea is that the active site is not such a rigid shape.  It 
still has a very definite shape but it is more flexible.  Once the substrate enters the 
“lock” the shape of the site is modified in other words it fits around the substrate. 
Hence there is very little difference between “lock and key” and “induced fit”.

Induced fit is when the substrate induces a change of shape of the active site of 
the enzyme.

http://www.rsc.org/Education/Teachers/Resources/cfb/enzymes.htm
http://www.biotopics.co.uk/other/enzyme.html
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Enzymes in Washing Powders
http://www.bbc.co.uk/schools/gcsebitesize/science/triple_ocr_gateway/beyond_the_
microscope/enzymes_in_action/revision/1/ 
http://biotechlearn.org.nz/themes/biotech_at_home/enzymes_in_washing_powders 

Enzymes in the human body operate best at body temperature which is 37 °C. 

Some washing powders contain enzymes, they also contain a very wide range of other 
chemicals such as those that make clothes whiter or make water softer. The enzymes 
are obtained from microorganisms. Enzymes are used to hydrolyse fats and other 
molecules found in food and nature to make them more soluble during the washing 
process. 

Temperature and Enzymes 
http://academic.brooklyn.cuny.edu/biology/bio4fv/page/enz_act.htm 
http://alevelnotes.com/Factors-affecting-Enzyme-Activity/146?tree
Video 16 CATALASE IN POTATOES

Enzyme function is temperature dependent. Enzymes will still function at higher and 
lower temperature than 37 °C but as the temperature increases further the enzyme 
structure begins to break up and its function decreases. The term used for this is 
denatured.  We say the enzyme is denatured at high temperatures.

Enzymes and pH 
How pH affects enzyme activity

The situation with regard to pH is very similar to that with temperature. Enzymes 
function best at pH values around neutral. Any change in pH will affect many of the 
intermolecular bonds. However some enzymes function well at other pH values. Pepsin, 
the enzyme which is found in the stomach is most active at a pH of about 2. The 
stomach is an acidic area well known for the existence of hydrochloric acid used to 
digest foods. 

http://www.bbc.co.uk/schools/gcsebitesize/science/triple_ocr_gateway/beyond_the_microscope/enzymes_i
http://www.bbc.co.uk/schools/gcsebitesize/science/triple_ocr_gateway/beyond_the_microscope/enzymes_i
http://biotechlearn.org.nz/themes/biotech_at_home/enzymes_in_washing_powders
http://academic.brooklyn.cuny.edu/biology/bio4fv/page/enz_act.htm
http://alevelnotes.com/Factors-affecting-Enzyme-Activity/146?tree
https://www.youtube.com/watch?v=_5Kd1OLE9j0
https://www.youtube.com/watch?v=WcjrWGFDA-0
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Test yourself 5.9

1. State the IUPAC names for the following amino acids.

 (a) H2NCH(CH3)COOH

 (b) 

 (c)

 (d) 

2. Which of the following describes alanine at pH 12?

 A     anion

 B     cation

 C     dipolar ion

 D     neutral molecule

3. Explain the primary and secondary structure of proteins.

4. Write equations for the following reactions.

 (a) alanine with nitrous acid

 (b) glycine with copper(II) ions

 (c) alanine with sodium carbonate

H2N     C      COOH

H2N     C      COOH

(CH2)4

CH2

CH2

NH2

COOH

H

H

H2N     C      COOH

CH2

OH

H
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5. Two amino acids, leucine and valine, are shown below.

      

                      leucine       valine

 (a) State the IUPAC names of these amino acid.

 (b) Draw the structure of a dipeptide which could be formed from these amino   
   acid. Circle the peptide link.

H2N     C      COOH H2N     C      COOH

H3C

H3CCH2 CH

CH3

CH CH3

H H
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5.10 Polymer Chemistry

This section will look at the formation, structure and properties of condensation 
polymers including PET and nylon.

Learning outcomes
• demonstrate understanding that condensation polymers are formed from molecules 

containing COOH, OH and NH2 groups and be able to draw polymer structures from 
monomers and vice versa

• demonstrate understanding of the formation, structure and uses of the polyester 
polyethylene terephthalate

• demonstrate understanding of the formation, structure and uses of the polyamide 
nylon

• recall that polyesters and polyamides can be hydrolysed and are, therefore, 
biodegradable

Introduction
There are two types of polymerisation: addition and condensation. Addition 
polymerisation was considered in AS.

Condensation polymerisation 
http://www.4college.co.uk/a/dp/condensation.php

A condensation polymer is a polymer formed by the elimination of small 
molecules such as water or hydrogen chloride when monomers bond together.

There are a wide variety of condensation polymers. This is because they are formed 
when molecules containing  –COOH, –OH and –NH2 groups react with each other. These 
molecules are bifunctional because the monomers contain two of the same functional 
group. The possibilities are discussed below. 

Polyethylene terephthalate
https://en.wikipedia.org/wiki/Polyethylene_terephthalate
A lot of useless information but the information on recycling and manufacture is 
useful.

http://www.chemguide.co.uk/organicprops/esters/polyesters.html
Polyesters are discussed at GCE level.

This polymer is formed by the reaction of ethane-1,2-diol with terephthalic acid 
(benzene-1,4-dicarboxylic acid). The polymer formed is known as polyethylene 
terephthalate or its abbreviation PET. An ester group is formed and it is also known 
as a polyester. The reaction is carried out by simply heating a mixture of the two 
monomers.

http://www.4college.co.uk/a/dp/condensation.php
https://en.wikipedia.org/wiki/Polyethylene_terephthalate
http://www.chemguide.co.uk/organicprops/esters/polyesters.html
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n   HO     C     C      OH    +  n       C                         C     →          O     C                        C     O     C      C      +  (2n-1)H20

H H H HO O O O

H H H HHO HO n

        ethane-1,2-diol       benzene-1,4-dicarboxylic acid     PET (polyethylene terephthalate)

        nHOCH2CH2OH            +            nHOOCC6H4COOH          →          [ OOCC6H4COOCH2CH2 ]n     +     (2n-1)H2O

PET water bottles

The polymer is known as Terylene and Dacron. It is used as synthetic fibres to replace 
cotton and wool but they can be blended with natural fibres such as cotton where the 
easy care of synthetic fibres is mixed with the feeling of natural fabrics. The fibres 
are strong and elastic and water repellent. Terylene was very popular because the 
materials made from it were crease-resistant. The first material made from Terylene 
was used in the manufacture of lace curtains in 1948. Nowadays it is often found 
as the material used to make fizzy drink bottles. These can be melted down and the 
recovered PET recycled to make a variety of products such as carpets and clothes and 
sails. Because PET is the only plastic used to make fizzy drink bottles and PET has a 
high value recycling is extensively carried out.

PET can be hydrolysed as all esters are by acids or bases. Acids do not cause too much 
damage but alkali on PET garments will produce holes as the monomers are reformed 
but the acid will form the sodium salt.

– –
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Nylon
Elementary Productions: Nylon synthesis
http://www.explainthatstuff.com/nylon.html 

There are several types of nylon e.g. nylon-6,6 (or nylon 66). This is made from a 
diamine which contains six carbon atoms and a dicarboxylic acid which also contains 
six carbon atoms. The diamine is 1,6-diaminohexane (hexane-1,6-diamine) and the 
dicarboxylic acid is adipic acid (hexanedioic acid).

1,6-diaminohexane             hexanedioic acid       nylon-6,6

nNH2(CH2)6NH2   +   nHOOC(CH2)4COOH   →   [ NHCO(CH2)4CONH(CH2)6 ]n   +   (2n-1) H2O

An amide bond is formed between the monomers hence nylon is known as a 
polyamide. 

The “nylon rope trick” is a quick laboratory demonstration using a diacyl dichloride 
with a diamine. The diacyl dichloride reacts at room temperature.

The diamine is dissolved in water and the diacyl dichloride is dissolved in an organic 
solvent that does not mix with water such as hexane. The nylon is formed where the 
two liquids meet. It can be continuously drawn out and wound round a glass rod. The 
reaction continues until the two reactants are used up.

nNH2(CH2)6NH2   +   nClOC(CH2)4COCl   →   [ NHCO(CH2)4CONH(CH2)6 ]n   +   (2n-1) HCl

The diacyl dichloride is adipoyl dichloride or hexanedioyl dichloride. The small 
molecule eliminated is HCl rather than H2O.

Nylon-6,10 may also made. The diamine is the same as before i.e. 1,6-diaminohexane 
and the acid is sebacic acid (decanedioic acid) which contains 10 carbon atoms. 
Sebacoyl chloride may also be used which is the diacyl dichloride formed from 
decanedioic acid, called decanedioyl dichloride.

n  H2N     (CH2)6     NH2  +  n         C     (CH2)4      C     →      N     C     (CH2)4      C     N     (CH2)6      +  (2n-1)H20

H HO O O O

HO HO n

– –

– –

https://www.youtube.com/watch?v=yFEHKRdXb9Y
http://www.explainthatstuff.com/nylon.html
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Making nylon-6,10. The nylon forms are the junction between the two layers and can be pulled out continuously until 
one of the layer is used up.

Nylon is used to make a wide variety of things such as toothbrushes, brushes, ropes, 
fishing nets and fabrics besides parachutes and stockings. It is extremely strong due to 
the extensive hydrogen bonding between the polyamide chains.

Biodegradability of Polyamides and Polyesters
http://www.essentialchemicalindustry.org/polymers/degradable-plastics.html

A biodegradable polymer is a polymer which can be hydrolysed by the action of 
microorganisms.

Amides and esters are both capable of being hydrolysed by acids and bases. Bio 
is short for biological and degrade means to be broken down. The biological is the 
presence of microorganisms that supply the enzymes to carry out the hydrolysis. 
Condensation polymers such as polyamides and polyesters are biodegradable 
although the process takes a very long time. If the polymers are modified by 
containing structures that biodegrade very quickly the whole item made from the 
polymer will biodegrade very quickly in years or less. However, normal condensation 
polymers will still take decades to disappear unless they are placed in environments 
where microorganisms proliferate. However they are much better than addition 
polymers which biodegrade extremely slowly.

http://www.essentialchemicalindustry.org/polymers/degradable-plastics.html
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Test yourself 5.10

1. Draw the structure of the three benzenedicarboxylic acids. State their IUPAC names.

2. Addition polymers are usually non-biodegradable but condensation polymers are   
 usually biodegradable. Explain these differences. 

3. Kevlar is a condensation polymer. The structure of a repeating unit is shown below.

 (a) State the type of condensation polymer shown in the structure of Kevlar above.

 (b) Draw the structure of the two monomers and state their IUPAC names.

 (c) Explain why Kevlar is a biodegradable polymer.

4. PET is a polyester.

 (a) Name the two monomers from which PET is formed.

 (b) Draw a repeating unit of PET.

5. Nylon-6,10 has the following structure.

 

 

 (a) Explain the significance of the 6 and 10 in the name nylon-6,10.

 (b) State the IUPAC names of the two monomers from which nylon-6,10 may be   
   formed.

      N      C                         C      N

H HO O

      N     C     (CH2)8      C     N     (CH2)6      

H HO O

n
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Chemistry in Medicine
This section will examine the role of chemistry in medicine to include digestion 
remedies, aspirin, anticancer drugs, skin treatments and the sequestering of calcium 
ions to prevent blood clotting as well as the structure of haemoglobin.

Mathematical content
Calculation involving titrations, including back titrations, are expected and percentage 
yield calculations involving aspirin.

Learning outcomes
• recall the use of digestion remedies, for example hydroxides and carbonates, to cure 

excess acid in the stomach (link with Section 1.9)

• use a back titration to determine the percentage of an active ingredient in an 
indigestion remedy (link with Section 5.3.4)

• recall methods to deal with excessive pH values of skin and explain the use of 
corrosive chemicals in removing warts (link with Sections 1.9 and 2.11.5)

• recall and explain the use of silver nitrate in the treatment of eye diseases

• explain the action of anticancer drugs, for example cisplatin, in preventing DNA 
replication in cancer cells and how varying the structure of cisplatin affects the 
efficiency of anticancer activity

• use volumetric analysis to determine the concentration of aspirin in solution (link 
with Section 5.3)

• recall the synthesis of aspirin from salicylic acid using ethanoic anhydride and 
reasons for its use as a sodium salt

• use TLC and GLC MS to identify drugs and their purity (link with Section 5.4)

• explain the role of iron(II) in haemoglobin in the transportation of oxygen in blood 
and the poisonous nature of carbon monoxide (link with Section 2.3.5)

• explain the role of edta in sequestering calcium ions and how this prevents the 
clotting of blood (link with Section 5.5.7)
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Digestion remedies
http://www.rsc.org/learn-chemistry/resource/res00000698/using-indigestion-tablets-
to-neutralise-an-acid?cmpid=CMP00005978

Stomach problems are often caused by an excess of hydrochloric acid. Indigestion 
tablets contain chemicals that neutralise the excess acid. There are many names for 
indigestion such as dyspepsia, hyperacidity and heartburn. There can be other serious 
reasons for indigestion but if the indigestion is cured by taking a simple remedy the 
cause was probably a reaction to the food or drink consumed.

The chemicals which react with the hydrochloric acid are called “antacids” although 
chemists would describe them as bases. It would not be feasible to take alkalis such 
as sodium hydroxide. They would cause more damage than the indigestion. The 
chemicals used are usually oxides, hydroxides and carbonates. Magnesium oxide, 
hydroxide and carbonate are frequently used. The corresponding calcium compounds 
calcium oxide and hydroxide would not be used because they are too alkaline but 
calcium carbonate is used. 
• Rennie contains calcium carbonate and magnesium carbonate.

• Milk of Magnesia contains magnesium hydroxide; 5 cm3 contains 415 mg of 
Mg(OH)2; magnesium hydroxide is not very soluble (0.64 mg dissolve in 100 cm3 of 
water) and it is called “milk” of magnesia (magnesium oxide) because it appears 
white because of the insoluble magnesium hydroxide. In 2013 the EU banned it 
because it contained too much magnesium sulfate (0.5%). Milk of magnesia also 
acts as a very mild laxative. 

• Gaviscon from Reckitts contains sodium alginate, sodium or potassium 
hydrogencarbonate and calcium carbonate. The sodium alginate acts as a gum 
and with the gas released from the carbonates forms a layer on the stomach which 
prevents the acid reaching the oesophagus.

• Gaviscon from Glaxo Smith Kline contains aluminium hydroxide, magnesium 
carbonate or magnesium trisilicate. 

• Bisodol contains sodium hydrogencarbonate (64 mg), calcium carbonate (522 mg) 
and magnesium carbonate (68 mg).

Indigestion tablets containing calcium carbonate

http://www.rsc.org/learn-chemistry/resource/res00000698/using-indigestion-tablets-to-neutralise-an-a
http://www.rsc.org/learn-chemistry/resource/res00000698/using-indigestion-tablets-to-neutralise-an-a
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Back Titrations
This was covered in the titrations section earlier in this e-book (page 27).

Worked example
5.00 cm3 of a suspension of magnesium hydroxide in water were reacted with an 
excess of hydrochloric acid (50.0 cm3 of 1.00 mol dm-3). The resulting solution was 
transferred to a volumetric flask and the volume made up to 250.0 cm3 using deionised 
water. 25.0 cm3 of the resulting solution required 15.3 cm3 of 0.225 mol dm-3 sodium 
hydroxide solution.

Calculate the mass, in mg, of magnesium hydroxide present in 5.00 cm3 of the original 
suspension.  Give your answer to an appropriate number of significant figures.

Answer

moles of NaOH = 
15.3×0.225

 = 3.4425 × 10-3

           
1000 

moles of HCl in 25.0 cm3 = 3.4425 ×10-3

moles of HCl in 250.0 cm3 = 0.034425

moles of HCl added initially = 
50.0×1.00

 = 0.0500                   1000
 

moles of HCl which reacted with Mg(OH)2 = 0.0500 – 0.034425 = 0.015575

moles of Mg(OH)2 = 
0.015575

 = 7.7875 × 10-3
   2

 

mass of Mg(OH)2 = 7.7875 ×10-3 × 58 = 0.452 g

mass of Mg(OH)2 = 452 mg
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Skin
http://skincarerx.com/article-ph  
http://www.ncbi.nlm.nih.gov/pubmed/18489300 

The pH of skin is acidic and whilst the pH quoted is usually 5.5 it can range from 4.5 to 
5.5. The acidity is caused by free fatty acids and by lactic acid and amino acids from 
sweat. Sweat itself has a pH range of 4.5 to 7.0. The layer of acid on the skin is often 
described as the acid mantle. Skin has an acidic pH which is protective because many 
bacteria are killed in acidic conditions. If the pH of the skin is not maintained at an 
acidic pH its condition changes. At alkaline pH values, skin becomes dry and sensitive.

Soap is the sodium (or potassium) salt of a long chain fatty acid. Fatty acids are weak 
acids and sodium hydroxide is a strong base this means that the salt formed from such 
a combination is alkaline. This means that washing with soap removes the acidic layer 
although it can be replaced. This has led to cosmetic products which claim to clean 
and leave the skin acidic as before.

Warts are caused by the human papilloma virus (HPV). They can be removed using 
several methods. One is cryotherapy with liquid nitrogen another is actual surgery. The 
chemical method is to add salicylic acid. The structure of salicylic acid is shown below.  
Its IUPAC name is 2-hydroxybenzoic acid.

The acid is not used in its pure state as it would be too corrosive; 10-60% solutions or 
creams etc. are used. It is regarded as being less painful than the other methods. It 
softens the hard outer layers of the wart and removes the skin and the wart and also 
stimulates the immune system to respond to the virus by irritating the skin.

Many corrosive chemicals have been used over the years for removing warts such as 
concentrated nitric and sulfuric acids. The main danger is that such chemicals can 
damage healthy skin around the wart. 

C
O OH

OH

Wart treatment using salicylic acid

http://skincarerx.com/article-ph
http://www.ncbi.nlm.nih.gov/pubmed/18489300
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Silver nitrate eye treatment
http://www.avocamedical.com/usage/medical-uses/

A major use of dilute silver nitrate solution was in treating babies’ eyes at birth. If 
the birth canal was contaminated with venereal disease especially gonorrhoea the 
babies’ eyes became infected. Adding a few drops of 1% silver nitrate solution killed 
the bacteria causing the infection. Silver ions are very toxic to bacteria. Like many 
other heavy metal ions they react with the –SH groups on amino acids and change the 
structure of a protein. 

With the mass production of penicillin, the use of silver nitrate became redundant with 
bacterial disease being treated with antibiotics. Silver is today being looked at again 
with the development of nanotechnology. 

Cisplatin
The structure of cisplatin is shown below. It is a complex of Pt2+ ion with two NH3 
ligands and two Cl- ligands. It has a square planar shape.

http://scienceblog.cancerresearchuk.org/2015/08/26/cisplatin-the-story-of-a-
platinum-selling-life-saver/

The chemical name for cisplatin is cis-diamminedichloroplatinum(II).

The mechanism of the action of cisplatin in curing cancer is to attack the DNA 
molecule. Protein structure has mentioned the coiled α-helix. DNA also has a coiled 
structure but in the case of DNA amino acids are not in the chain they are organic 
bases instead.

Cancer cells are rapidly dividing cells as part of the process of cell division, the cells 
have to replicate DNA. If the process of DNA replication can be stopped, the cell will die 
so stopping the growth of the cancer.

DNA replication is the process by which a double stranded DNA molecule is 
copied to produce two identical DNA molecules.

Pt
Cl

Cl

H3N

H3N

http://www.avocamedical.com/usage/medical-uses/
http://scienceblog.cancerresearchuk.org/2015/08/26/cisplatin-the-story-of-a-platinum-selling-life-sa
http://scienceblog.cancerresearchuk.org/2015/08/26/cisplatin-the-story-of-a-platinum-selling-life-sa


CHEMISTRY

pg 115

Chemistry in Medicine

The structure of guanine (one of the bases in DNA) is shown below.

Cisplatin reacts with water as shown below:

[Pt(NH3)2Cl2]  +  H2O  →  [Pt(NH3)2Cl(H2O)]+  +  Cl-

The complex acts to disrupt DNA replication in two ways. A nitrogen atom in guanine 
binds to the Pt displacing the water ligand and a hydrogen atom on ammonia ligand 
forms a hydrogen bond to a nitrogen or oxygen atom in guanine. These halts the 
process of DNA replication and the cell dies.

Cisplatin has quite a few unpleasant side effects as other dividing cells are also 
killed such as hair cells and gametes (sex cells) but it is still an effective drug in 
chemotherapy. It has been replaced in some cases by carboplatin and oxaliplatin.

O

NH

NH NH2N

N
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Aspirin
http://www.rsc.org/learn-chemistry/content/filerepository/CMP/00/000/045/Aspirin.
pdf 

Aspirin is a painkiller which contains an ester group. It may be formed from ethanoic 
anhydride and 2-hydroxybenzoic acid (salicylic acid).

Ethanoic anhydride 
Ethanoic anhydride is an acid anhydride formed from the dehydration (removal of a 
molecule of water) from ethanoic acid. 

 2CH3COOH  →  (CH3CO)2O   +   H2O

It has the structure:

It is a colourless liquid with an irritating smell. It is neutral when pure. It is slightly 
soluble in water whereas ethanoic acid is miscible and ethanoyl chloride reacts very 
quickly. Ethanoic anhydride reacts in a similar way to ethanoyl chloride but much less 
vigorously. Hence it is preferred to ethanoyl chloride and it is also cheaper to make.

Aspirin tablets

C 

C 

O

O

H3C

H3C

O

http://www.rsc.org/learn-chemistry/content/filerepository/CMP/00/000/045/Aspirin.pdf
http://www.rsc.org/learn-chemistry/content/filerepository/CMP/00/000/045/Aspirin.pdf
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2-hydroxybenzoic acid (salicylic acid)
The common name for 2-hydroxybenzoic acid is salicylic acid. It is a white crystalline 
solid with a melting point of 159 °C and is sparingly soluble in water but readily 
soluble in hot water and in ethanol. Its structure is:

2-hydroxybenzoic acid can be esterified as the –OH group reacts with an acid or an 
acid chloride or acid anhydride.

The reaction to form aspirin
The reaction between 2-hydroxybenzoic acid and ethanoic anhydride is shown below:

2-hydroxybenzoic acid   ethanoic anhydride           aspirin                       ethanoic acid

This can be written:

HOOCC6H4OH  +  (CH3CO)2O  →  HOOCC6H4OOCCH3  +  CH3COOH

The reaction is irreversible and no equilibrium is formed. There are numerous 
preparations to be found on the internet and in organic practical books. The 
preparation often uses a catalyst of either concentrated phosphoric acid or 
concentrated sulfuric acid.

C

C C

O

O O

OH

OH OH

OH

OH O      C      CH3                              C 
C 

C 

O O

O

O

H3C

H3C

HO

H3C

O+      →       +
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The Preparation of Aspirin
The following procedure is a standard method of preparing and purifying aspirin:
• 20.0 g of salicylic acid are added to a pear shaped flask.

• 40 cm3 of ethanoic anhydride are added.

• 5 cm3 of concentrated phosphoric acid are added.

• Add anti-bumping granules.

• Heat the reaction mixture under reflux for 30 minutes.

• Add excess water.

The excess water hydrolyses any remaining ethanoic anhydride.
(CH3CO)2O  +  H2O  →  2CH3COOH

• The aspirin is filtered off using a Büchner funnel with a vacuum (suction filtration).

• The crude aspirin is washed with a little cold water.

• Recrystallise the crude aspirin from a minimum volume of hot solvent, filter and 
allow to cool and crystallise.

• Suction filter off the crude product and dry between two sheets of filter paper or in a 
desiccator.

TLC to check purity
Plastic plates can be purchased for TLC or they could be made by dipping microscope 
slides into alumina or silica slurry and then drying them. The aspirin and salicylic acid 
and aspirin from a tablet are dissolved in ethanol or dichloromethane. Aspirin does 
dissolve in hot water but is partially hydrolysed and the water does not evaporate off 
as well when the spot is created on the TLC plate.

Using a capillary tube solutions of aspirin, salicylic acid and aspirin from a tablet are 
applied to the TLC plate. The plate is run using ethyl ethanoate. 

The spots are developed using either UV light or iodine. The plate is placed in a beaker 
containing iodine crystals.

It depends on the material used to make the plate but the Rf value for aspirin using 
ethyl ethanoate as a solvent is 0.45. The use of salicylic acid is to show whether there 
is any present as an impurity in the crude. Commercial aspirin is used to show that the 
aspirin made is the same as that used commercially.

Aspirin is most often used as the sodium salt as this is more soluble so more effective 
as a drug. Its structure is shown below.
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C
O O-Na+

O     C     CH3

O

Reactions of aspirin 
1. Iron(III) chloride
Shake a small amount of the prepared aspirin with deionised water. Prepare a similar 
solution of salicylic acid. Each solution is tested with a drop of iron(III) chloride 
solution. Salicylic acid gives an immediate purple colour with the iron(III) ion because 
of the formation of a complex. Aspirin gives no colour (the solution remains yellow), if 
it is pure because there is no free –OH group. If the aspirin gives a colour it should be 
recrystallised and a comparison made with the purified product. 

2. Hydrolysis
Boil a mixture of 1 g of aspirin with 15 cm3 of 2M sodium hydroxide solution in a flask 
under reflux for 20 min. Cool the solution thoroughly answer and then add dilute 
sulfuric acid until the precipitation of salicylic acid is finished. Filter off the salicylic 
acid and recrystallize it from hot water. Its identity can be confirmed by the iron(III) 
chloride test and also by its melting point which should be 156-7 °C. Sulfuric acid has 
been added to just neutralise the sodium salt but the remaining solution will be acidic 
because of the ethanoic acid and should smell of vinegar.

3. As an acid
Aspirin has a free –COOH group so it may be directly titrated using a standard solution 
of sodium hydroxide. The concentration of a sample of aspirin may be determined.

 CH3COOC6H4COOH  +  NaOH  →  CH3COOC6H4COONa  +  H2O
                         aspirin

Worked example
12.0 g of aspirin were obtained using 10.0 g of 2-hydroxybenzoic acid and 10.0 g of 
ethanoic anhydride. Calculate the percentage yield. Give your answer to 1 decimal 
place.

Answer
moles of 2-hydroxybenzoic acid (HOC6H4COOH, RMM = 138) = 10.0/138 = 0.07246
moles of ethanoic anhydride ((CH3CO)2O, RMM = 102) = 10.0/102 = 0.09804
2-hydroxybenzoic acid limiting reactant
moles of aspirin formed = 0.07246
theoretical yield of aspirin = 0.07246 × 180 = 13.04 g
percentage yield = 12.0/13.04 × 100 = 92.0 %
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TLC and GLC-MS
http://www.scientific.org/tutorials/articles/gcms.html 

GLC-MS is a gas liquid chromatograph attached to a mass spectrometer.

TLC has limited use in identifying drugs because one spot in a one dimensional TLC 
can be as many as 10 separate compounds when analysed by GLC. However it is very 
quick to compare simple drugs especially when an unknown drug can be compared 
with a known sample of a drug. TLC is not appropriate to determine the amount of a 
substance present largely because of the uncertainty in the value and the fact that 
GLC can do this far more accurately.

The battle to identify new drugs goes on. All chemicals can be identified and they can 
all be detected no matter what they are. The problem is that some are more difficult to 
identify and if they have not been identified before they are even more difficult. Today 
it is estimated that there are 10 million known compounds; 9 million of them organic 
and the rest consisting of other elements.

Although a GLC trace can determine what a substance is, there is always the possibility 
of a “false positive” being noted. However, from a legal point of view, conclusive 
evidence is required. This is provided by GLC-MS. 

The following areas now use GLC-MS:
• Sports antidoping agencies

• Organic pollutants in the environment

• Explosives detection

• Analysis of fire debris

• Astrochemistry several probes carrying GLC-MS have left the Earth

• Medicine investigating metabolic disorders via minor compounds in urine

• Food, beverage and perfume analysis

• Chemical warfare agent detection

http://www.scientific.org/tutorials/articles/gcms.html
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Iron(II) in haemoglobin (link with section 2.3)
http://chemed.chem.purdue.edu/genchem/topicreview/bp/1biochem/blood3.html 
http://www.chemistry.wustl.edu/~edudev/LabTutorials/Hemoglobin/
MetalComplexinBlood.html

Max Perutz and John Kendrew of Cambridge University were awarded the Noble prize 
in 1962 for their discovery of the structure of haemoglobin. It was and probably still 
is the most studied protein. Haemoglobin has a RMM of about 68,000. An adult has 
4 g of iron of which 2/3 are contained in haemoglobin. The body needs a means of 
transporting oxygen around the body and of absorbing it from air. Simpler animals 
just absorb oxygen from the air others need lungs and gills. Hence the existence of 
haemoglobin. It is a globular protein which dissolves in water.

A structure of haemoglobin is shown in the section on transition metals. It is a 
simplification of the overall structure of haemoglobin being a haem molecule and 
occurs in red blood cells. 

There are four peptide chains each of which contains a haem group which contains iron 
in an oxidation state of +2. Each haem group contains iron as a tetradentate ligand in 
a four-coordinate planar structure. The iron is contained in a porphyrin ring. Oxygen 
molecules have lone pairs. It only needs one of them to form a bond to the iron(II) ion. 
Oxygen combines with haemoglobin to form oxyhaemoglobin.

 haemoglobin  +  oxygen        oxyhaemoglobin

In the lungs there is a high concentration of oxygen. In the body tissues there is a low 
concentration of oxygen. Hence the equilibrium moves appropriately from left to right 
and vice versa. 

Carbon monoxide, CO competes with oxygen in coordinating with the iron(II) ion in 
haemoglobin. Unfortunately it bonds 200 times more strongly with the iron(II) than 
oxygen so carbon monoxide prevents haemoglobin carrying oxygen. The carbon 
monoxide is often formed from faulty boilers which because of a lack of oxygen 
result in fuels burning with incomplete combustion and forming carbon and carbon 
monoxide.

 haemoglobin  +  carbon monoxide        carboxyhaemoglobin 

There are also deaths caused by the carbon monoxide in car exhausts, again because 
of incomplete combustion. With the fitting of catalytic converters this is far rarer than 
it was. 

http://chemed.chem.purdue.edu/genchem/topicreview/bp/1biochem/blood3.html
http://www.chemistry.wustl.edu/~edudev/LabTutorials/Hemoglobin/MetalComplexinBlood.html
http://www.chemistry.wustl.edu/~edudev/LabTutorials/Hemoglobin/MetalComplexinBlood.html
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Edta in sequestering calcium ions 
(see the link with section 5.5.7)
Sequestering is the formation of a complex so that an ion is no longer available for 
reactions.

The word sequester means to remove or set apart. In chemistry an ion may remain in 
solution when it is sequestered but it is no longer available for reaction. When edta is 
added to a solution of calcium ions they are sequestered. A calcium ion is surrounded 
by edta which forms co-ordinate bonds to the ion. 

The equation for the reaction is.

 Ca2+(aq)  +   edta4-(aq)  →  [Ca(edta)]2-(aq)

Calcium ions are essential for the successful clotting of blood. In a blood bank, sodium 
citrate is added to prevent clotting as the citrate ion chelates the calcium ion. EDTA 
would do the same thing. Edta can also be used to remove calcium ions from hard 
water as well as magnesium ions both of which cause permanent harness.

Blood ready for transfusion
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Test yourself 5.11

1. Aspirin may be formed from 2-hydroxybenzoic acid and ethanoic anhydride.

 (a) Write an equation for the formation of aspirin from 2-hydroxybenzoic acid and  
   ethanoic anhydride.

 (b) Describe how the preparation of aspirin may be carried out in the laboratory to  
   obtain a crude sample of aspirin.

 (c) Explain how iron(III) chloride solution may be used to check the sample of   
   aspirin for 2-hydroxybenzoic acid impurities.

 (d) Explain how the crude sample of aspirin may be recrystallised.

 (e) 15.0 g of aspirin (RMM 180) were obtained from 18.0 g of 2-hydroxybenzoic   
   acid (RMM 138) with excess ethanoic anhydride. Calculate the percentage   
   yield. Give your answer to 1 decimal place.

2. Cisplatin is used in the treatment of cancer.

 (a) Write the formula of cisplatin.

 (b) Explain how it is useful in treating cancer.

3. Explain how edta may be used to prevent blood clotting.

4. Salicylic acid is used to treat warts.

 (a) State the IUPAC name of salicylic acid.

 (b) Explain how the acid is useful in the treatment of warts.

5. Five indigestion tablets containing calcium carbonate were reacted with an excess of 
hydrochloric acid (25.0 cm3 and 2.50 mol dm-3). The resulting solution was diluted 
to 250.0 cm3 in a volumetric flask and 25.0 cm3 of this solution required 11.2 cm3 
of 0.325 mol dm-3 sodium hydroxide solution. Calculate the mass, in mg, of calcium 
carbonate in 1 tablet.
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Base peak Peak of greatest abundance in a mass spectrum.
Molecular ion peak A peak produced by an ion formed by the removal of one 

electron from a molecule.
M+1 peak A peak produced by a molecular ion with an increased 

mass due to the presence of one carbon-13 atom.
Fragmentation ion A positively charged ion produced when the molecular 

ion breaks apart.
Low resolution nmr A spectrum which does not show the spin-spin splitting 

pattern.
High resolution nmr A spectrum which does show the spin-spin splitting 

pattern.
Doublet A signal which appears as a pair of lines of equal 

intensity.
Triplet A signal which appears as three lines in the approximate 

intensity ratio (1:2:1).
Quartet A signal which appears as four lines in the approximate 

intensity ratio (1:3:3:1).
Back titration Method where an excess of a reagent is reacted with a 

sample. The unreacted reagent is then determined by 
titration.

Rf values Retardation factor, this is calculated using the 
expression: 

Rf =   
distance moved by spot

        distance moved by solvent

Retention time The time taken from injection until a component reaches 
the detector.

Transition metal An element which forms at least one stable ion with a 
partially filled d-subshell.

Complex A central metal atom or ion with ligands bonded by 
co-ordinate bonds.

Ligand An ion or molecule with a lone pair of electrons which 
forms a co-ordinate bond with a central metal atom or 
ion in a complex.

Co-ordination number The number of co-ordinate bonds to a central metal atom 
or ion in a complex.
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Monodentate A ligand which uses only one lone pair of electrons to 
form a co-ordinate bond with a central metal atom or ion 
in a complex.

Bidentate A ligand which uses two lone pairs of electrons to form 
two co-ordinate bonds with a central metal atom or ion 
in a complex.

Polydentate A ligand which uses many lone pairs of electrons to form 
more than two co-ordinate bonds with a central metal 
atom or ion in a complex.

Standard electrode 
potential

The potential difference measured when a half-cell is 
connected to the standard hydrogen electrode under 
standard conditions.

e.m.f. The potential difference measured when two half-cells 
are connected.

Primary amine Only one carbon atom directly bonded to the nitrogen 
atom and therefore has the (-NH2) group.

Secondary amine Two carbon atoms directly bonded to the nitrogen atom 
i.e.  

Tertiary amine Three carbon atoms directly bonded to the nitrogen atom 
i.e. 

Coupling A reaction in which two benzene rings are linked together 
through an azo (-N=N-) group.

Dehydration of amides A reaction which involves the elimination of water from 
the amide.

Zwitterions Ions which have a permanent positive and negative 
charge but which are neutral overall.

Primary structure 
(protein)

Sequence of amino acids joined by peptide links in the 
chain.

Secondary structure 
(protein)

The twisting/coiling of the chain to form a β-pleated 
sheet/α-helix by intramolecular hydrogen bonding.

Tertiary structure 
(protein)

The bending/folding of the secondary structure to give 
a precise 3D shape held together by hydrogen bonding/
disulfide bridges/ionic interactions/van der Waals’ forces.

Enzyme A protein which is a biological catalyst.

NH

N



CHEMISTRY

pg 126

Glossary of terms

Active site The site on the surface of the enzyme into which the 
substrate fits.

Induced fit The substrate induces a change of shape of the active 
site of the enzyme.

Condensation polymers Polymers formed by the elimination of small molecules 
such as water or hydrogen chloride when monomers 
bond together.

Biodegradable polymer A polymer which can be hydrolysed by the action of 
microorganisms.

DNA replication The process by which a double stranded DNA molecule is 
copied to produce two identical DNA molecules.

GLC-MS A gas liquid chromatograph attached to a mass 
spectrometer.

Sequestering The formation of a complex so that an ion is no longer 
available for reactions.
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Test yourself 5.1

1. base peak = peak of greatest abundance in a mass spectrum

 

 molecular ion peak = a peak produced by an ion formed by the removal of one 
electron from a molecule

 fragmentation ion = a positively charged ion produced when the molecular ion 
breaks apart

 M+1 peak = a peak produced by a molecular ion with an increased mass due to the 
presence of one carbon-13 atom

2. peaks at 79, 81, 158, 160, 162

3. 45 COOH+

 76 CCH(OH)COOH+

 105 CH(OH)CH(OH)COOH+

4. (a) 87.0682

 (b) C

Test yourself 5.2

1. (a) a spectrum which does not show the spin-spin splitting pattern

 (b) a signal which appears as a pair of lines of equal intensity

 (c) a signal which appears as three lines in the approximate intensity ratio (1:2:1)

 (d) a signal which appears as four lines in the approximate intensity ratio (1:3:3:1)

2. (a) two singlets

 (b) one singlet

 (c) singlet (COOH), singlet (OH), doublet (CH3), quartet (CH)

3. (a) 

  

CH3

CH3

H3C      Si      CH3 
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 (b) unreactive/strong signal in nmr/12 chemically equivalent hydrogen atoms/  
   protons very shielded compared to organic molecules/soluble in most organic   
   solvents/volatile

4. (a)

    1,1,2-trichloroethane       1,1,1-trichloroethane

 (b) 1,1,2-trichloroethane

    2 environments of chemically equivalent hydrogen atoms, CH2Cl and CHCl2
    doublet (integration ratio: 2)

    triplet (integration ratio: 1)

    1,1,1-trichloroethane

    1 environment of chemically equivalent hydrogen atoms CH3

    singlet (integration ratio: 3)

Test yourself 5.3

1. (a) starch

    blue-black to colourless

 (b) H2O2  +  2H+  +  2I-   →   2H2O  +  I2

    I2  +  2S2 O3   →   2I-  +  S4O6

 (c) 0.128 mol dm-3

2. 35.7 cm3

3. 71.3 %

Test yourself 5.4

1. (a) draw a base line in pencil near the bottom of the TLC plate

    spot the sample onto the centre of the line (concentrate)

    place in a small volume of solvent and allow to run

    stop when solvent near top of plate

H Cl Cl H 

Cl H Cl H

Cl      C      C      H Cl      C      C      H

2- 2-
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 (b) A = 0.224 B = 0.517 C = 0.862

2. (a) X

 (b) Y

 (c)

X

Y

X

E

Z

W

solvent 1
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Test yourself 5.5

1. (a) co-ordination number = 2 shape = linear
 (b) co-ordination number = 6 shape = octahedral
 (c) co-ordination number = 4 shape = tetrahedral
 (d) co-ordination number = 4 shape = square planar

2. (a) blue
 (b) green
 (c) green
 (d) yellow
 (e) green
 (f) pink
 (g) yellow
 (h) orange

3. (a) 5 species on left hand side and 7 on right hand side

   increase in entropy/increase in disorder

 (b) blue to yellow

4. green precipitate

 soluble in excess ammonia solution forming a blue solution

Test yourself 5.6

1. (a) Zn|Zn2+||Fe3+, Fe2+|Pt

 (b) +1.53 V

 (c) zinc electrode as it is where oxidation occurs

 (d) Zn  +  2Fe3+  →  Zn2+  +  2Fe2+

2. D

3. standard hydrogen electrode
 hydrogen at 100 kPa (1 atm)
 1 mol dm-3 H+ (1 mol dm-3 hydrochloric acid)
 298 K
 salt bridge and external circuit with (high resistance) voltmeter
 copper metal
 1 mol dm-3 copper(II) sulfate solution
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4. (a) Cd  +  2NiO(OH)  +  2H2O  →  Cd(OH)2  +  2Ni(OH)2

 (b) Electrode A where oxidation occurs

 (c) Cd 0 →  +2

   Ni + 3 →  +2

Test yourself 5.7

1. (a) primary propylamine/propan-1-amine/1-aminopropane

 (b) primary 3,3-dimethylbutylamine/3,3-dimethylbutan-1-amine/ 
   1-amino-3,3-dimethylbutane

 (c) primary pentan-2-amine/2-aminopentane

 (d) secondary diethylamine/N-ethylethanamine/N-ethylaminoethane

 (e) tertiary trimethylamine/N,N-dimethylmethanamine/N,N-dimethylaminomethane

 (f) primary phenylamine/aniline

2. reaction of ethanoyl chloride with amine forms an N-substituted amide

 which is a solid

 determine melting point of solid

 compare with tables of values to identify amine

3. (a) CH3CH2NH2  +  HCl  →  CH3CH2NH3Cl

 (b) CH3CH2CH2NH2  +  CH3COCl  →  CH3CONHCH2CH2CH3  +  HCl

 (c) 2(CH3)2NH  +  H2SO4  →  ((CH3)2NH2)2SO4

 (d) C6H5N2Cl  +  C6H5NH2  →  C6H5N=NC6H4NH2  +  HCl

4. (a) propylamine/propan-1-amine/1-aminopropane

   CH3CH2CN  +  4[H]  →  CH3CH2CH2NH2

 (b) butan-2-amine/2-aminobutane

   CH3CHBrCH2CH3  +  NH3  →  CH3CH(NH2)CH2CH2  +  HBr

 or CH3CHBrCH2CH3  +  2NH3  →  CH3CH(NH2)CH2CH2  +  NH4Br

 (c) phenylamine/aniline

   C6H5NO2  +  6[H]  →  C6H5NH2  +  2H2O

5. extended delocalised electron system

 energy levels closer together

 electron transitions from lower to higher energy in visible region of spectrum

 visible wavelengths of light absorbed and a colour observed
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Test yourself 5.8

1. CH3CONH2  +  NaOH  →  CH3COONa  +  NH3

 alkaline hydrolysis produces sodium ethanoate and ammonia gas

 CH3CONH2  +  H2O  +  HCl  →  CH3COOH  +  NH4Cl

 acid hydrolysis produces ethanoic acid and ammonium chloride

2. reaction of propanoic acid with ammonia/ammonium carbonate

 forming ammonium propanoate

 CH3CH2COOH  +  NH3  →  CH3CH2COONH4

 2CH3CH2COOH  +  (NH4)2CO3  →  2CH3CH2COONH4  +  CO2  +  H2O

 dehydration of ammonium propanoate by heating

 CH3CH2COONH4  →  CH3CH2CONH2  +  H2O

3. hydrogen bonding

 between polar C=O and N–H groups and water

4. C

5. (a) CH3CH2CH2CONH2  →  CH3CH2CH2CN  +  H2O

    product is butanenitrile

 (b) CH3CH2CH(CH3)COONH4  →  CH3CH2CH(CH3)CONH2  +  H2O

    product is 2-methylbutanamide

 (c) CH3CH2CH(CH3)CH(CH3)CONH2 + NaOH  →  CH3CH2CH(CH3)CH(CH3)COONa  +  NH3

    product is sodium 2,3-dimethylpentanoate

Test yourself 5.9

1. (a) 2-aminopropanoic acid

 (b) 2,6-diaminohexanoic acid

 (c) 2-aminopentanedioic acid

 (d) 2-amino-3-hydroxypropanoic acid

2. A
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3. primary structure = sequence on amino acid joined by peptide links

 secondary structure = α-helix and β-pleated sheet held together by hydrogen bonds

4. (a) H2NCH(CH3)COOH  +  HNO2  →  HOCH(CH3)COOH  +  N2  +  H2O

 (b) 2H2NCH2COOH  + Cu2+  →  [Cu(H2NCH2COOH)2]2+

 (c) 2H2NCH(CH3)COOH  +  Na2CO3  → 2H2NCH(CH3)COONa  +  CO2  +  H2O

5. (a) leucine = 2-amino-4-methylpentanoic acid

    valine = 2-amino-3-methylbutanoic acid

 (b)

Test yourself 5.10

1. 

   benzene-1,2-dicarboxylic acid   benzene-1,3-dicarboxylic acid

   benzene-1,4-dicarboxylic acid

 

H2N     C     C     N     C      COOH     OR     H2N     C     C     N     C      COOH

CH2 CH

CH3 CH3

CH CHCH3

CH2CH

CH3

H3C

H3C H3C

H3C

HH HH OO HH

COOH

COOH

COOH

COOH
COOH

COOH
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2. condensation polymers contain ester or amide groups

 which can be hydrolysed

 by micro-organisms

 addition polymers cannot be hydrolysed

3. (a) polyamide

 (b)

              benzene-1,4-dicarboxylic acid                              benzene-1,4-diamine

 (c) amide groups can be hydrolysed

4. (a) benzene-1,4-dicarboxylic acid

    ethane-1,2-diol

 (b)

5. (a) 6 carbon atoms in the amine

    10 carbon atoms in the acid

 (b) hexane-1,6-diamine/1,6-diaminohexane

    decanedioic acid/decanedioyl dichloride

Test yourself 5.11

1. (a) 

2-hydroxybenzoic acid   ethanoic anhydride           aspirin                       ethanoic acid

HO     C                         C     OH   H2N                         NH2

O     C                        C     O     C     C

O

O

O

O H

H

H

H

C C
O OOH OH

OH O      C      CH3                              C 
C 

C 

O O

O

O

H3C

H3C

HO

H3C

O+      →       +
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 (b) mix 2-hydroxybenzoic acid with ethanoic anhydride

   add some concentrated phosphoric acid

   add antibump granules

   heat under reflux for 30 minutes

   allow to cool and add water

   suction filter product and wash with a little cold solvent

 (c) add iron(III) chloride

   purple colour if 2-hyroxybenzoic acid impurities

   yellow colour is no 2-hydroxybenzoic acid impurities

 (d) dissolve in a minimum volume of hot solvent

   filter whilst hot

   allow to cool and crystallise

   suction filter off the crystals

   dry between two pieces of filter paper or in a desiccator

 (e) moles of 2-hydroxybenzoic acid = 18.0/138 = 0.1304

   moles of aspirin = 0.1304

   theoretical yield of aspirin = 0.1304 × 180 = 23.48 g

   percentage yield = 15.0/23.48 × 100 = 63.9 %

2. (a) [Pt(NH3)2Cl2]

 (b) prevents DNA replication in dividing cells

   binds to guanine

3. Ca2+ cause blood clotting

 edta sequesters Ca2+

4. (a) 2-hydroxybenzoic acid

 (b) removes skin around wart

   stimulates immune system to respond to virus
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5. moles of NaOH = 
11.2×0.325

  = 3.64 × 10-3

                1000
 

 moles of HCl in 250 cm3 = 0.0364

 

 moles of HCl added initially = 
25.0×2.50

 = 0.0625

           
1000

 moles of HCl which reacted with CaCO3 = 0.0625 – 0.0364 = 0.0261

 

 moles of CaCO3 = 
0.0261

 = 0.01305

                 
2

 mass of CaCO3 = 0.01305 × 100 = 1.305 g

 

 mass of CaCO3 in one tablet = 
1305

 = 261 mg

           
5
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