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Answer all the questions.

1 Twaron™ is a polymer used to make body armour.

 The polymer strands are made using the reaction in Fig. 1.1.

O

compound A compound B polymer strand of Twaron

Cl

O
NH2H2N+

Cl O

N N
H

H

O

Fig. 1.1

 (a) Name the functional groups in compounds A and B.

A  ...............................................................................................................................................

B  ...............................................................................................................................................
[2]

 (b) Suggest the O=C−Cl bond angle in compound A.

  Explain your answer.

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [3]

acyl chloride (two acyl chloride groups, −COCl)

amine (two primary amine groups, −NH2)

The bond angle is about 120°.

There are three areas of electron density around the carbon atom: the C=O

double bond, the C−Cl bond and the C−C bond to the ring.

These areas of electron density repel each other and get as far apart as

possible to minimise repulsion, so the shape around the carbon is trigonal

planar.
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 (c) Compound A can be made by the reaction in Fig. 1.2.

O

benzene-1,4-dicarboxylic acid

HO

O
+ 2SOCl2 + 2HCl + 2SO2

OH

O

compound A

Cl

O

Cl

Fig. 1.2

  Calculate the mass of compound A that can be made from 32 g of benzene-1,4-dicarboxylic 
acid if the yield is 67%.

  Give your answer to the nearest whole number.

 mass of compound A =  ......................................................  g [2]

 (d) A synthetic route for making compound B is shown in Fig. 1.3.

NO2Cl NO2H2N

compound B

NH2H2N

step 1 step 2

Fig. 1.3

  Use your chemical knowledge and the Data Sheet to suggest possible reagents for steps 1 
and 2.

Step 1  .......................................................................................................................................

Step 2  .......................................................................................................................................
[2]

excess concentrated ammonia, NH3, heated

tin, Sn, and concentrated hydrochloric acid, HCl, under reflux

Mr of benzene-1,4-dicarboxylic acid, C8H6O4 = 166.0
amount = 32 ÷ 166.0 = 0.193 mol
Mr of compound A, C8H4O2Cl2 = 203.0
1 mol acid gives 1 mol A, so with a 67% yield:
mass of A = 0.193 × 0.67 × 203.0 = 26.2 g

26
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 (e) The polymer strands link together by intermolecular bonds when they are spun to form 
Twaron. This gives the fabric its tough quality.

  (i) Name the strongest intermolecular bonds that can form between the chains.

   .................................................................. [1]

  (ii) Mark the positions of the intermolecular bonds by drawing dotted lines on the diagram 
below.

O

N N
H

H

O

O

N N
H

H

O

[1]

 (f) A Twaron polymer strand is hydrolysed.

  (i) State the conditions that could be used to hydrolyse the polymer.

 ...................................................................................................................................... [1]

  (ii) Draw the formulae of the two organic products of hydrolysis in the boxes.

[2]

Heat under reflux with dilute hydrochloric acid, HCl(aq)

hydrogen bonds

O

OH

O

HO

+H3N NH3
+
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2 Strontium carbonate is used in fireworks to colour the flames red.

 (a) The red colour comes from lines of specific frequency in the atomic emission spectrum of 
strontium.

  Explain how these lines are formed.

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [3]

 (b) Strontium carbonate decomposes to give strontium oxide when heated.

  SrCO3 →  SrO + CO2

  (i) 12.0 g of SrCO3 are heated.

   Calculate the volume of CO2 (in cm3) that would be collected at 290 K and 155 kPa.

   Give your answer to an appropriate number of significant figures.

 volume of CO2 =  ................................................... cm3 [4]

Heat from the flame excites the electrons: they are raised (promoted) to

higher energy levels.

The electrons then fall back to lower energy levels and release the energy

as photons of visible light.

Each line has a specific frequency because the photon energy equals the

gap between two fixed energy levels: ΔE = hν.

Mr SrCO3 = 87.6 + 12.0 + 3(16.0) = 147.6
n(CO2) = n(SrCO3) = 12.0 ÷ 147.6 = 0.0813 mol
pV = nRT, so V = nRT ÷ p
V = (0.0813 × 8.314 × 290) ÷ 155 000 = 1.26 × 10−3 m3

V = 1.26 × 10−3 × 106 = 1260 cm3 (3 s.f.)

1260
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  (ii) A student says ‘Strontium ions are larger than calcium ions, so the attraction to carbonate 
ions is weaker. This means that strontium carbonate has a lower thermal stability than 
calcium carbonate.’

   Discuss the student’s statement, giving the correct chemistry where necessary.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [4]

 (c) A sample of strontium metal has the isotopic composition shown in the table.

Mass number 84 86 87 88

Abundance / % 0.56 9.86 7.00 82.58

  (i) How many neutrons are there in an atom of 84Sr?

 number of neutrons =  .........................................................  [1]

  (ii) Use the data to calculate the relative atomic mass of the strontium sample.

   Give your answer to 2 decimal places.

 relative atomic mass =  .........................................................  [2]

The student is right that strontium ions are larger than calcium ions;

both have a 2+ charge, so Sr2+ has a lower charge density.

So Sr2+ ions polarise (distort) the electron cloud of the carbonate ion

less than Ca2+ ions do, and the C−O bonds in the carbonate ion are

weakened less.

The student is wrong about the stability: strontium carbonate has a

higher thermal stability than calcium carbonate, as thermal stability

increases down Group 2.

46

Ar = (84 × 0.56 + 86 × 9.86 + 87 × 7.00 + 88 × 82.58) ÷ 100

= (47.04 + 847.96 + 609.00 + 7267.04) ÷ 100

= 8771.04 ÷ 100 = 87.71

87.71
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 (d)* Strontium oxide reacts with water to form strontium hydroxide, Sr(OH)2.

  The solubility of strontium hydroxide in water at room temperature is around 10 g dm−3.

  A student is given a saturated solution of strontium hydroxide, normal titration equipment and 
a variety of different concentrations of hydrochloric acid.

  The student wishes to find an accurate value for the concentration of the solution in mol dm−3.

  Describe in full a suitable procedure and indicate how the result would be calculated. [6]

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

  Additional answer space if required

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

Choosing the acid: Mr Sr(OH)2 = 87.6 + 2(17.0) = 121.6, so the

saturated solution is about 10 ÷ 121.6 = 0.08 mol dm−3.

Sr(OH)2 + 2HCl → SrCl2 + 2H2O, so the mole ratio is 1 : 2 and [OH−] is

about 0.16 mol dm−3. I would choose HCl of about 0.15 to 0.2 mol dm−3

so the titre is close to the 25 cm3 pipetted.

Procedure: filter the saturated solution so no solid is present. Rinse a 25.0

cm3 pipette with the Sr(OH)2 solution and use it to transfer 25.0 cm3 into

a conical flask. Add a few drops of indicator, e.g. phenolphthalein.

Rinse the burette with the chosen HCl, fill it and record the initial reading.

Do a rough titration first, then accurate titrations, swirling and adding the

acid dropwise near the end point until the indicator just changes colour

(pink to colourless). Read the burette at eye level.

Repeat until two concordant titres (within 0.10 cm3) are obtained and

calculate the mean titre.

Calculation: moles of HCl = c(HCl) × mean titre ÷ 1000; moles of Sr(OH)2

= moles of HCl ÷ 2; concentration of Sr(OH)2 = moles ÷ 0.0250 dm3, in

mol dm−3.
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 (e) (i) Write the equation for the equilibrium that occurs between solid strontium hydroxide and 
its ions in solution.

   Use your equation to write the expression for the solubility product of strontium hydroxide.

   Equation with state symbols:

   Ksp = [2]

  (ii) At 0 °C, the solubility of strontium hydroxide in water is 3.4 × 10−2 mol dm−3.

   Calculate the solubility product of strontium hydroxide at this temperature.

   Give the units in your answer.

    solubility product = ............................ units ............................[3]

  (iii) Explain how the solubility of strontium hydroxide in aqueous NaOH at 0 °C compares 
with 3.4 × 10−2 mol dm−3.

   Use the idea of solubility product in your answer.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [2]

 (f) The melting point of strontium is higher than the melting point of rubidium.

  (i) To which block of the Periodic Table do these elements belong?

 ...................................................................................................................................... [1]

  (ii) Explain the difference in melting point.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [2]

NaOH(aq) has a larger [OH−], so for Ksp to stay constant [Sr2+] must

be lower (equilibrium moves left), so the solubility is lower than 3.4 ×

10−2 mol dm−3.

s-block

Sr loses two electrons per atom to form Sr2+ ions, but Rb loses only

one electron to form Rb+ ions.

So Sr has more delocalised electrons, and its 2+ ions attract the

delocalised electrons more strongly, so the metallic bonding is stronger

and more energy is needed to melt it.

Sr(OH)2(s) ⇌ Sr2+(aq) + 2OH−(aq)

[Sr2+(aq)] [OH−(aq)]2

[Sr2+] = 3.4 × 10−2 mol dm−3

[OH−] = 2 × 3.4 × 10−2 = 6.8 × 10−2 mol dm−3

Ksp = (3.4 × 10−2) × (6.8 × 10−2)2 = 1.57 × 10−4

1.6 × 10−4 mol3 dm−9
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3 Chlorine is made by electrolysing sodium chloride solution.

 Sodium chlorate(V) is made by letting the chlorine react with the hydroxide ions that are also 
produced.

 (a) When chlorine reacts with hot hydroxide ions, part of the chlorine is oxidised to chlorate(V) 
and the rest of the chlorine is reduced to chloride.

  Use oxidation states to balance the equation for the reaction.

    ....... Cl 2 + ....... OH− → ....... Cl O3
− + ....... Cl − + ....... H2O  [2]

 (b) Cl O2 can be made by reacting Cl O3
− with concentrated hydrochloric acid.

  2Cl O3
− + 4H+ + 2Cl −  2Cl O2 + 2H2O + Cl 2 Equation 3.1

  Cl O2 is used for water purification and for bleaching the pulp used to make paper.

  Table 3.1 shows some electrode potential data.

Half-reaction E o / V

Cu2+(aq) + 2e–  Cu(s) +0.34

 I2(aq) + 2e–  2I−(aq) +0.54

Cl O3
–(aq) + 2H+(aq) + e–  Cl O2 (aq) + H2O(l) +1.15

 Cl 2(aq) + 2e–  2Cl −(aq) +1.36

Table 3.1

  (i) The forward reaction in equation 3.1 does not occur under standard conditions.

   Use data from Table 3.1 to explain why.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [2]

  (ii) Suggest why the forward reaction in equation 3.1 does occur in the presence of 
concentrated hydrochloric acid.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [2]

E⊖ for ClO3
−/ClO2 (+1.15 V) is less positive than E⊖ for Cl2/Cl−

(+1.36 V).

So Cl2 is reduced and ClO2 is oxidised (electrons flow from the

ClO3
−/ClO2 system), which is the reverse of equation 3.1.

Concentrated HCl gives a much larger [H+] and [Cl−] than standard (1

mol dm−3).

This moves the position of equilibrium 3.1 to the right: E for

ClO3
−/ClO2 becomes more positive and E for Cl2/Cl− less positive.

3 6 1 5 3

stemup.co.uk

https://stemup.co.uk


10

© OCR 2019

 (c) A student investigates the reactions of some halogen compounds using the data in Table 3.1.

Half-reaction E o / V

Cu2+(aq) + 2e–  Cu(s) +0.34

 I2(aq) + 2e–  2I−(aq) +0.54

Cl O3
–(aq) + 2H+(aq) + e–  Cl O2 (aq) + H2O(l) +1.15

 Cl 2(aq) + 2e–  2Cl −(aq) +1.36

    Table 3.1

  (i) The student uses a Cu2+(aq)/Cu(s) half-cell to confirm the E o of a Cl 2(aq)/Cl −(aq) 
half-cell.

   Complete and label the diagram of the apparatus the student would set up.

   Show state symbols.

   Indicate how standard conditions are achieved.

[4]

  (ii) Give the value of E ocell for the cell in (c)(i).

   E ocell = .............................. V [1]

  (iii) State where the electrons move and which way they are moving when the cell delivers a 
current.

 ...........................................................................................................................................

 ...................................................................................................................................... [1]

Through the external wire, from the copper electrode to the platinum

electrode.

V
e−

salt bridge
Pt(s) Cu(s)

Cl2(aq) + Cl−(aq) Cu2+(aq)

Standard conditions: all solutions 1 mol dm−3

(Cl2(aq), Cl−(aq) and Cu2+(aq)), temperature 298 K

1.02
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  (iv) A standard hydrogen electrode is used to measure E o values, such as those in Table 3.1.

   Give the half-cell reaction that occurs at a hydrogen electrode.

   Show state symbols.

[1]

  (v) The E value for the copper electrode at 298 K varies with the concentration of copper 
ions. The equation for this is shown below.

   E = E o + 0.0128 l n [Cu2+]

   Calculate the E value for a copper electrode where [Cu2+] = 0.010 mol dm−3.

 E =  .......................................................V [2]

 (d) From data in Table 3.1, the student knows that chlorine reacts with iodide ions in aqueous 
solution.

  (i) Write an equation for the reaction that occurs.

[1]

  (ii) Name the reducing agent in your reaction in (d)(i).

 ...................................................................................................................................... [1]

  (iii) What will be seen when the reaction in (d)(i) occurs?

 ...................................................................................................................................... [1]

  (iv) Explain, in terms of electrons, why chlorine is more reactive than iodine.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [1]

iodide ions, I−

The colourless solution turns orange-brown.

A chlorine atom is smaller than an iodine atom, so chlorine has a

greater attraction for electrons and gains an electron more easily than

iodine.

2H+(aq) + 2e− ⇌ H2(g)

ln [Cu2+] = ln 0.010 = −4.61

E = +0.34 + 0.0128 × (−4.61)

E = +0.34 − 0.059 = +0.28 V

+0.28

Cl2 + 2I− → 2Cl− + I2

stemup.co.uk
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 (e) The student uses a simple apparatus to prepare a test-tube full of hydrogen chloride gas in 
the laboratory.

  Draw a diagram of an apparatus the student could use, labelling the reactants.

[2]

sodium chloride, NaCl(s)
+ concentrated sulfuric acid, H2SO4

warm gently

HCl gas collected by
downward delivery
(denser than air)

delivery tube

test tube

stemup.co.uk
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4 Dinitrogen pentoxide, N2O5 is an oxide of nitrogen that is formed in the stratosphere by reactions 
such as those shown below.

 NO2 + O3 → NO3 + O2

 NO3 + NO2  N2O5

 The dinitrogen pentoxide acts as a ‘sink’ for NO2, stopping it breaking down ozone.

 (a) A student says that oxides of nitrogen catalyse the breakdown of ozone in the stratosphere 
by the reactions shown below.

  NO2 + O3 → NO3 + O2

  O3 + NO3 → NO2 + 2O2

  Discuss the student’s choice of reactions, giving the correct chemistry if necessary.

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [2]

The student is right that NO2 is regenerated (recycled), so it acts as a

catalyst, but these are not the correct reactions.

The reactions are NO + O3 → NO2 + O2 and NO2 + O → NO + O2, so

overall O3 + O → 2O2.
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 (b) In the troposphere, dinitrogen pentoxide decomposes as shown below.

  2N2O5 → 4NO2 + O2 Equation 4.1

  The table shows how the concentration of 2N2O5 varies with time at 315 K.

Time / s [N2O5] / mol dm−3

0 0.330

1000 0.210

2000 0.124

3000 0.078

4000 0.048

  (i) Use the data in the table to plot a graph to determine the half-life for the reaction. 
   Label the axes.

 half-life =  ....................................................... s [4]

  (ii) How does the graph show that the reaction in equation 4.1 is first order with respect to 
N2O5?

   Draw construction lines on the graph to explain your answer.

 ...................................................................................................................................... [1]The half-lives are constant (both are 1440 s), so it is first order.

0

0.04

0.08

0.12

0.16

0.20

0.24

0.28

0.32

0.36

0.40

0 1000 2000 3000 4000 5000
time / s

[N
2O

5]
/m

ol
dm

−3

0.165

0.0825

t1/2 = 1440 s t1/2 = 1440 s

1440
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 (c) The gradient of the graph at 1000 s is 9.8 × 10−5 mol dm−3 s−1.

  Work out the rate constant for the reaction in equation 4.1 at 315 K.

  Give the units in your answer.

   rate constant = ............................ units ............................ [2]

 (d) The reaction in equation 4.1 was repeated with a fixed concentration of N2O5 at different 
temperatures.

  A graph of l n k against 1T for the reaction in equation 4.1 is given below.

/ K–1

l n k

1
T

0

– 2

– 4

– 6

– 8

– 10

– 12

– 14

0.0029 0.003 0.0031 0.0032 0.0033 0.0034 0.0035

  Use the graph to work out a value for the activation enthalpy (in kJ mol−1) for the reaction.

 Ea =  ...........................................  kJ mol−1 [3]

rate = k[N2O5], so k = rate ÷ [N2O5]

k = 9.8 × 10−5 ÷ 0.210 = 4.7 × 10−4

4.7 × 10−4 s−1

−4.8

0.00040

gradient = (−10.7 − (−5.9)) ÷ (0.00340 − 0.00300)
= −4.8 ÷ 0.00040 = −12 000 K

gradient = −Ea/R, so Ea = 12 000 × 8.314

Ea = 99 768 J mol−1 = 99.8 kJ mol−1

99.8
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  2N2O5 → 4NO2 + O2  Equation 4.1

 (e) A student suggests the following mechanism for the reaction in equation 4.1.
  The reaction is first order with respect to N2O5.

   N2O5 → NO2 + NO3 step 1
   NO3 → O2 + NO step 2
   NO + N2O5 → 3NO2 step 3

  Show that this is a possible mechanism.

  Consider which step(s) could be rate-determining.

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 .............................................................................................................................................. [3]

The three steps add up to the overall equation (NO3, NO and one NO2

cancel):

2N2O5 → 4NO2 + O2, so it is a possible mechanism.

Step 2 cannot be rate-determining as N2O5 is not a reactant in it.

Step 1 could be rate-determining because one N2O5 molecule decomposes in

it, which fits first order. Step 3 could also be rate-determining because it

uses N2O5 as a reactant and could be slow compared with steps 1 and 2.
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5 This question refers to the Advance Notice Article ‘Clearing the air around smoke formation’ that is 
included as an insert in this paper.

 (a) The enthalpy change of combustion of acetylene, C2H2, can be calculated using enthalpy 
changes of formation.

  Draw the Hess cycle that shows this, giving formulae and state symbols.

  Label the enthalpy changes of formation and show how they can be combined to give the 
enthalpy change of combustion.

  You do not need to give ∆H values.

[3]

 (b) The Article refers to a ‘back-of-the-envelope’ calculation. This shows that the number of 
acetylene molecules combusting is approximately 1.4 times greater than the number of 
ethane molecules in the same volume of air/fuel mixture.

  Use a similar calculation for propane.

  Calculate how many more acetylene molecules combust in air in a given volume of air/fuel 
mixture compared with propane.

  (Assume air contains 20% oxygen by volume.)

  Number of acetylene molecules combusting is approximately .................. times greater than 
the number of propane molecules in the same volume. [4]

C2H2(g) + 2.5O2(g)
ΔcH

2CO2(g) + H2O(g)

2C(s) + H2(g) + 2.5O2(g)

ΔfH(C2H2)
2ΔfH(CO2)
+ ΔfH(H2O)

ΔcH = 2ΔfH(CO2) + ΔfH(H2O) − ΔfH(C2H2)

C3H8 + 5O2 → 3CO2 + 4H2O
propane: 5 ÷ 0.2 = 25 mol air, so 1 mol C3H8 in 26 mol mixture
acetylene: C2H2 + 2.5O2: 2.5 ÷ 0.2 = 12.5 mol air,

so 1 mol C2H2 in 13.5 mol mixture

ratio = (1/13.5) ÷ (1/26) = 26 ÷ 13.5 = 1.9

1.9
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 (c) In an sp2 hybrid carbon atom, one s orbital joins with two p orbitals to form three ‘hybrid’ sp2 
orbitals of the same energy. This leaves one other p orbital of a similar energy containing one 
electron.

  (i) Explain why the remaining p orbital contains one electron.

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...........................................................................................................................................

 ...................................................................................................................................... [2]

  (ii) State what happens to these single p electrons in the structures of ethene and 
naphthalene.

ethene  ...............................................................................................................................

naphthalene  ......................................................................................................................
[2]

 (d) Fig. 2 in the Article shows the formation of naphthalene from benzene.

  Suggest the first step in the formation of a larger PAH from naphthalene.

 ...................................................................................................................................................

 .............................................................................................................................................. [1]

 (e) The equation C4H10 + M → C3H7 + CH3 + M, is given in the Article. M is a molecule.

  (i) Classify this reaction as initiation, propagation or termination with a reason.

 ...........................................................................................................................................

 ...................................................................................................................................... [1]

  (ii) Suggest a reason for the involvement of the molecule M.

 ...........................................................................................................................................

 ...................................................................................................................................... [1]

A carbon atom has 4 outer shell electrons (2s2 2p2, with one 2s

electron promoted).

The three sp2 orbitals use 3 of these electrons, one each, which leaves

one electron in the remaining p orbital.

they overlap sideways to form a π bond

they are delocalised over the rings

Abstraction (removal) of a hydrogen atom from naphthalene by an H atom.

Initiation, because radicals (C3H7• and CH3•) are formed from a

molecule.

M collides with the butane and provides the energy to break the C−C

bond.
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 (f)* Oxygen is involved in the formation of soot in the flame of a burning hydrocarbon.

  Discuss the role of oxygen in controlling the flame temperature, causing small molecule 
reactions and providing competing routes.

  Illustrate your answer with equations where appropriate. [6]

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

 ...................................................................................................................................................

  Additional answer space if required

 ...................................................................................................................................................

 ...................................................................................................................................................
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END OF QUESTION PAPER

Flame temperature: saturated hydrocarbons need more oxygen per mole than

unsaturated ones:

C2H6 + 3.5O2 → 2CO2 + 3H2O compared with

C2H2 + 2.5O2 → 2CO2 + H2O.

So in a stoichiometric fuel/air mixture there are fewer saturated fuel

molecules in the same volume (Avogadro), less energy is released per

volume and the flame temperature is lower (ethane under 2000 °C,

acetylene about 2500 °C). Pure oxygen gives a much higher flame

temperature (about 3500 °C) as no N2 is heated.

Small molecule reactions: oxygen atoms and molecules react with small

fragments to produce hydrogen atoms, e.g. CH + O → CO + H and CH2 +

O2 → CO2 + 2H. These H atoms abstract hydrogen atoms from the growing

PAH, pushing PAH growth forward and overcoming the unfavourable entropy

of making one large molecule from many small ones.

Competing routes: there is a race between oxidation of carbon to CO2 and

formation of acetylene, which leads to PAHs and soot. Saturated fuels such

as butane mostly follow the oxidation route to CO2 and need extra steps to

make acetylene (C2H4 + H → C2H3 + H2, then C2H3 → C2H2 + H), so

they give little soot. Unsaturated fuels are or easily give acetylene, so soot

formation wins and the flame is sooty.
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