HL Paper 2

Chemical kinetics involves an understanding of how the molecular world changes with time.
A catalyst provides an alternative pathway for a reaction, lowering the activation energy, E,.
Sketch graphical representations of the following reactions, for X — products.

For the reaction below, consider the following experimental data.

2C10;(aq) + 20H™ (aq) — ClO; (aq) + ClO, (aq) + HyO(1)

1 1.00x107" 1.00x10™ 230x107
2 5.00x107" 1.00x10™ 5.75x107
3 5.00%x107? 3.00x107 1.73x107

Another reaction involving OH ™ (aq) is the base hydrolysis reaction of an ester.

CH3COOCH>CH(aq) + OH™ (aq) — CH3COO™ (aq) + CH3CH20H(aq)

A two-step mechanism has been proposed for the following reaction.

Step 1:
Step 2:

C10" (aq) + CI0~ (aq) — CIO; (aq) + C1” (aq)
Cl0, (aq) + C10™ (aq) — ClO; (aq) + Cl1™ (aq)

Define the term rate of reaction. [4]

(i)  Temperature and the addition of a catalyst are two factors that can affect the rate of a reaction. State two other factors.

(iiiy  In the reaction represented below, state one method that can be used to measure the rate of the reaction.
ClO; (aq) + 5C1™ (aq) + 6H" (aq) — 3Cly(aq) + 3H,O(1)
Define the term activation energy, Es,. [4]

(i)  Sketch the two Maxwell-Boltzmann energy distribution curves for a fixed amount of gas at two different temperatures, T} and
T (T> > T1). Label both axes.



C. () Concentration of reactant X against time for a zero-order reaction.

[X]

N

(i)  Rate of reaction against concentration of reactant X for a zero-order reaction.

Rate

[X]

(i)  Rate of reaction against concentration of reactant X for a first-order reaction.

Rate

[X]
d. () Deduce the rate expression.

(i) Determine the rate constant, k, and state its units, using the data from Experiment 2.

(i) ~ Calculate the rate, in mol dm~3s !, when [ClO2(aq)] = 1.50 x 10”2 mol dm ™~ and [OH (aq)] = 2.35 x 10~ * mol dm 2.

e.i. Apply IUPAC rules to name the ester, CH;COOCH,CHj3(aq).

e.ii.Describe qualitatively the relationship between the rate constant, k, and temperature, T.

e.iiiThe rate of this reaction was measured at different temperatures and the following data were recorded.
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Using data from the graph, determine the activation energy, F,, correct to three significant figures and state its units.

f.i. Deduce the overall equation for the reaction. 1]
f.ii. Deduce the rate expression for each step. [2]
Step 1:
Step 2:

Consider the following list of organic compounds.

Compound 1: CH3CH,CH(OH)CHj;
Compound 2: CH3CH;COCHj3
Compound 3: CHsCH,CH,OH
Compound 4: CH3sCH2CH2CHO

a. Apply IUPAC rules to state the names of the four compounds. [4]



Compound

Name

CH,CH,CHOH)CH, | ...

CH,CH,COCH, | ..

CH,CH,CH,0H | .. .

CH,CHLCH,CHO | oot

b. () Define the term structural isomers.

(i)  Identify the two compounds in the list that are structural isomers of each other.

(2]

c. () Determine the organic product formed when each of the compounds is heated under reflux with excess acidified potassium dichromate(VI). [5]

If no reaction occurs write NO REACTION in the table.

Compound

Organic product

CH.CH,CHOH)CH, | -t

CH,CH,COCH, | ... .. ...

CH.CH,CHLOH | oo

CH,CH,CH,CHO | .. ... ... .. . .. ...

(i) Describe the colour change during the reactions that occur in part (i).

f. (i) Pentanoic acid reacts with ethanol. State the structural formula of the organic product and the name of the functional group it contains.

(i) State the type of reaction in part (i).

g. Describe what is meant by a weak Brgnsted-Lowry base, including an equation for the reaction of ammonia with water.

(3]

(3]



The compound C4H7Cl can exhibit sterecisomerism.

The reaction between bromoethane, CH3CH,Br, and potassium cyanide is an example of a nucleophilic substitution reaction.

a.i. Draw the structural formulas of the two geometrical isomers of 1-chloro-but-2-ene.

a.ii.Explain why 1-chloro-but-2-ene shows geometrical isomerism.

a.iiiDraw the structural formula of one isomer of C4H;Cl that shows optical isomerism and identify the chiral carbon atom with an asterisk (*).

c.i. State whether this reaction is Sy1 or S\2.

c.ii.Explain the mechanism of the reaction using curly arrows to represent the movement of electron pairs.

c.iiThe organic product obtained in part (c) (i) can be reduced to form an amine. State an equation for the reaction, naming the catalyst involved.

Nitrogen and silicon belong to different groups in the periodic table.

Draw the Lewis structures, state the shapes and predict the bond angles for the following species.

Consider the molecule HCONHo,.

a.i. Distinguish in terms of electronic structure, between the terms group and period.
a.ii.State the maximum number of orbitals in the n = 2 energy level.

b.i.SiF;

b.iNO,

d. Explain, using diagrams, why NOs is a polar molecule but CQOs is a non-polar molecule.
f.ii. Explain the term hybridization.

f.iii.Describe how o and 7 bonds form.

f.iv.State the type of hybridization of the carbon and nitrogen atoms in HCONH,.

But-2-ene belongs to the homologous series of the alkenes.
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The time taken to produce a certain amount of product using different initial concentrations of C4HygBr and NaOH is measured. The results are shown

in the following table.

Reaction | [C,H,Br] / 10 moldm™ |[NaOH]/ 10~ moldm™ |7/s
A 1.0 2.0 46
B 20 2.0 23
C 20 4.0 23

a.i. Outline three features of a homologous series.

a.ii.Describe a test to distinguish but-2-ene from butane, including what is observed in each case.

a.iii2-bromobutane can be produced from but-2-ene. State the equation of this reaction using structural formulas.

a.ivState what is meant by the term stereoisomers.

a.v.Explain the existence of geometrical isomerism in but-2-ene.

c.i. Deduce the order of reaction with respect to C4HgBr and NaOH, using the data above.

C4H9BI‘

NaOH:

c.ii.Deduce the rate expression.

c.iiiBased on the rate expression obtained in (c) (ii) state the units of the rate constant, k.

d.iiHalogenalkanes can react with NaOH via Sx1 and Sx2 type mechanisms. Explain why C4HgBr reacts via the mechanism described in (d) (i).

d.iiildentify the rate-determining step of this mechanism.

a. Below are four structural isomers with molecular formula C4HgBr. State the name of each of the isomers a, b, ¢ and D.
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Key:
B ‘ Bromine

‘ Carbon

&  Hydrogen

%4

C D
b.i.Identify the isomer(s) which will react with agueous sodium hydroxide almost exclusively by an Sx1 mechanism. State the meaning of the

symbols in the term Sy 1 mechanism.
b.iiUsing the formula RBr to represent a bromoalkane, state an equation for the rate determining step of this Sx1 reaction.

b.iildentify one isomer that will react with aqueous sodium hydroxide almost exclusively by an Sy2 mechanism. Draw the mechanism for this
reaction using curly arrows to represent the movement of electron pairs. Include the structural formulas of the transition state and the organic

product.

c. State and explain how the rates of the reactions in parts (b) (i) and (b) (iii) are affected when the concentration of the sodium hydroxide is

doubled.

d. State and explain how the rate of reaction of 1-bromobutane with sodium hydroxide compares with that of 1-chlorobutane with sodium

hydroxide.

e. ldentify the isomer of C4HgBr that can exist as stereoisomers. Outline how a polarimeter will distinguish between the isomers, and how their

physical and chemical properties compare.

Ethanol has many industrial uses.

a. State an equation for the formation of ethanol from ethene and the necessary reaction conditions.

Equation:

Conditions:
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b.i.Define the term average bond enthalpy. [2]

b.iiEthanol can be used as a fuel. Determine the enthalpy of combustion of ethanol at 298 K, in kJ molfl, using the values in table 10 of the data  [4]

booklet, assuming all reactants and products are gaseous.

c. Students can also measure the enthalpy of combustion of ethanol in the laboratory using calorimetry. Suggest the major source of systematic  [1]

error in these procedures.

d. State the equation for the acid-catalysed reaction of ethanol with propanoic acid and state the name of the organic product. 2]

Equation:

Name of the organic product:
e.i. A polyester can be formed when ethane-1,2-diol reacts with benzene-1,4-dicarboxylic acid. [2]

Deduce the structure of the repeating unit and state the other product formed.

Repeating unit:

Other product:
e.ii.State the type of polymerization that occurs. [1]
f.i. The standard enthalpy change of combustion, AHCQ, of propanoic acid is —1527 kJ mol *. Determine the standard enthalpy change of [4]

formation of propanoic acid, in kJ mol_l, using this information and data from table 12 of the data booklet.
f.ii. Deduce, giving a reason, the sign of the standard entropy change of the system for the formation of propanoic acid from its elements. [2]

g. Identify three allotropes of carbon and describe their structures. [4]

Geometrical isomerism and optical isomerism are two sub-groups of stereocisomerism in organic chemistry.

Compound P has the following three-dimensional structure. P also has geometrical isomers.




Menthol can be used in cough medicines. The compound contains C, H and O only.

a. Describe what is meant by the term stereoisomers. (1]

b. Geometrical isomers have different physical properties and many drugs, such as doxepin (which has antidepressant properties), have [1]

geometrical isomers.

Example of a geometrical isomer of doxepin

For each of the carbon atoms labelled 1 and 2 in doxepin, deduce the type of hybridization involved (sp, sp? or spd).

2;

c. Clomifene, a fertility drug, whose three-dimensional structure is represented below, also has geometrical isomers. [1]
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Identify the name of one functional group present in clomifene.
d.i.Draw any two other isomers of P. [2
d.iiApply IUPAC rules to state the names of all the straight-chain isomers of compounds of molecular formula C4Hg (including P). [2]

d.iiiState the structural formula of the organic products, Q, R, S and T, formed in the following reactions. [4]



CH,CH=CHCH, + HBr(g) —— Q

Q:
oy
- 4 5
CH,CH=CHCH, DOHon R
R:

CH,CH=CHCH; + Br(ag) —> 8§
S:

Q + OH(@) —> T

T:

d.ivSuggest one suitable mechanism for the reaction of Q with aqueous sodium hydroxide to form T, using curly arrows to represent the movement [4]

of electron pairs.

d.vState the structural formula of the organic product formed, U, when R is heated under reflux with acidified potassium dichromate(VI).

d.viApply IUPAC rules to state the name of this product, U.

e.i.When a 6.234 x 1072 g of the compound was combusted, 1.755 x 1071 g of carbon dioxide and 7.187 x 1072 g of water were produced.

Determine the molecular formula of the compound showing your working, given that its molar mass is M = 156.30 g mol L.
e.iiMenthol occurs naturally and has several isomers. State the structural feature of menthol which is responsible for it having enantiomers.
e.iiiState the instrument used to distinguish between each of the two enantiomers, and how they could be distinguished using this instrument.

e.ivCompare the physical and chemical properties of enantiomers.

Physical properties:
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Chemical properties:

The standard electrode potential for a half-cell made from iron metal in a solution of iron(ll) ions, Fe?* (aq), has the value —0.45 V.

Consider the following table of standard electrode potentials.

E® /v
Fe(aq) + 2e” = Fe(s) -0.45
Sn’*(ag) + 2~ = Sn(s) -0.14
H'(ag)+e = 1H, (g) 0.00
Sn**(aq) + 2e” = Sn™* (aq) +0.15
Fe**(aq) + e = Fe™* (aq) +0.77
Ag*(aq) +e = Ag(s) +0.80
1By () + e = Br (aq) +1.07

From the list above:

An acidified solution of potassium dichromate is often used as an oxidizing agent in organic chemistry. During the oxidation reaction of ethanol to

ethanal the dichromate ion is reduced to chromium(lll) ions according to the following unbalanced half-equation.

Cr02 (aq) + H" (aq) + e~ — Cr**(aq) + HoO(1)

Sodium metal can be obtained by the electrolysis of molten sodium chloride.

a.i. Define standard electrode potential.

a.ii.Explain the significance of the minus sign in —0.45 V.

b.i.State the species which is the strongest oxidizing agent.

b.iiDeduce which species can reduce Sn** (aq) to Sn?* (aq) but will not reduce Sn** (aq) to Sn(s) under standard conditions.
b.iiiDeduce which species can reduce Sn2+(aq) to Sn(s) under standard conditions.

c.i.Draw a labelled diagram of a voltaic cell made from an Fe (s) / Fe2+(aq) half-cell connected to an Ag(s) / Ag*(aq) half-cell operating under
standard conditions. In your diagram identify the positive electrode (cathode), the negative electrode (anode) and the direction of electron flow

in the external circuit.

c.ii.Deduce the equation for the chemical reaction occurring when the cell in part (c) (i) is operating under standard conditions and calculate the

voltage produced by the cell.

d.i.Describe the colour change that will be observed in the reaction.
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d.iiDeduce the oxidation number of chromium in Crzogf. 1]
d.iiiState the balanced half-equation for the reduction of dichromate ions to chromium(lll) ions. 1]

d.ivDeduce the half-equation for the oxidation of ethanol to ethanal and hence the overall redox equation for the oxidation of ethanol to ethanal by [3]

acidified dichromate ions.

d.vExplain why it is necessary to carry out the reaction under acidic conditions. [1]
d.videntify the organic product formed if excess potassium dichromate is used and the reaction is carried out under reflux. 1]
e.i. Explain why it is very difficult to obtain sodium from sodium chloride by any other method. [2]
e.ii.Explain why an aqueous solution of sodium chloride cannot be used to obtain sodium metal by electrolysis. [2]

Consider the following reactions.

(CH,),CHCH,CH,CH,0H —CSB.COOHH" , oy cOOCH,CH,CH,CH(CH,),

D G
(CH,),CHCH,CH,CHO
E
(CH,),CHCH,CH,co0H —(CHLNH H
F
b.i.State the IUPAC names of each of the compounds, D, E, F and G. [2]
D:
E:
F:
G:
b.iiiState the reagents and reaction conditions used to convert D to E and D to F directly. [2]

b.ivDiscuss the volatility of E compared to F. [3



Two groups of students (Group A and Group B) carried out a project* on the chemistry of some group 7 elements (the halogens) and their compounds.

* Adapted from J Derek Woollins, (2009), Inorganic Experiments and Open University, (2008), Exploring the Molecular World.

In this project the students explored several aspects of the chemistry of the halogens. In the original preparation of ICI(l), they observed the yellow-

green colour of chlorine gas, Cl,(g), reacting with solid iodine, I5(s).

e. When iodine reacts with excess chlorine, ICl3 can form. Deduce the Lewis (electron dot) structure of ICl3 and ICl, and state the name of the  [4]

shape of each species.

ICl, IC1S
Lewis structure
Name of shape
f.i. State the full electron configuration of iodine (Z = 53). (1]

f.iii.One important use of chlorine is in the synthesis of poly(chloroethene), PVC. Identify the monomer used to make PVC and state one of the uses [2]

of PVC.

Monomer:

Use:

Oxidation and reduction can be defined in terms of electron transfer or oxidation numbers.

A reactivity series can be experimentally determined by adding the metals W, X, Y and Z to solutions of these metal ions. The following reactions were
observed:

W2 (aq) + X(s) — W(s) + X*"(aq)

Y(s) + W2t (aq) — Y?"(aq) + W(s)



Z** (aq) + W(s) — Z(s) + W?* (aq)
Y(s) + X** (aq) — Y*"(aq) + X(s)

A student carries out the electrolysis of aqueous potassium iodide, Kl, using inert electrodes.

Three electrolytic cells were set up in series (one cell after the other), as shown below.

All of the solutions had a concentration of 1.00 mol dm 3.

Inert

electrode Cu Graphite Graphite

SnS0,(aq) CuS0,(aq)

Cell 1 Cell 2 Cell 3

a. Alcohols with the molecular formula C4HgOH occur as four structural isomers. Three of the isomers can be oxidized with acidified potassium  [9]

dichromate solution to form compounds with the molecular formula C4HgO.

(i) Deduce the half-equation for the oxidation of the alcohol C4Hy9OH.

(i)  Deduce the overall equation for the redox reaction.

(i)  Two of the isomers with the molecular formula C4HgOH can be oxidized further to form compounds with the molecular formula C4HgO».
Deduce the structural formulas of these two isomers.

(iv)  One isomer cannot be oxidized by acidified potassium dichromate solution.

Deduce its structural formula, state its name and identify it as a primary, secondary or tertiary alcohol.

Name:

Alcohol:

(v)  All isomers of the alcohol C4H9OH undergo complete combustion. State an equation for the complete combustion of C4HgOH.

b. () Deduce the order of reactivity of these four metals, from the least to the most reactive. [6]



(i) A voltaic cell is made by connecting a half-cell of X in XCly(aq) to a half-cell of Z in ZClz(aq). Deduce the overall equation for the
reaction taking place when the cell is operating.

(i)  The standard electrode potential for Z** (aq) +2e~ = Z(s) is +0.20 V. State which species is oxidized when this half-cell is connected
to a standard hydrogen electrode.

(iv) Describe the standard hydrogen electrode including a fully labelled diagram.

c. () State the half-equation for the reaction that occurs at each electrode. [4]

Positive electrode (anode):

Negative electrode (cathode):

(i) Suggest, giving a reason, what would happen if the electrodes were changed to aluminium.

d. () Determine the mass of copper produced at one of the electrodes in cell 2 if the tin electrode in cell 1 decreased in mass by 0.034 g. [6]

(i) Compare the colour and the pH of the solutions in cells 2 and 3 after the current has been flowing for one hour.

(iliy  Explain your answer given for part (d) (ii).

Colour:

pH:

Some of the most important processes in chemistry involve acid-base reactions.

a.i.Calculate the K, value of benzoic acid, C¢H5; COOH, using Table 15 in the Data Booklet. [1]



a.iiBased on its K, value, state and explain whether benzoic acid is a strong or weak acid. [2]

a.iiiDetermine the hydrogen ion concentration and the pH of a 0.010 mol dm 3 benzoic acid solution. State one assumption made in your [4]

calculation.

Bromomethane was used as a pesticide until it was found to be ozone-depleting.

a. State the equation for the reaction between methane and bromine to form bromomethane. [1]

b.i.Explain, using equations, the complete free-radical mechanism for the reaction of methane with bromine, including necessary reaction [4]
conditions.

b.iiBromomethane reacts with aqueous sodium hydroxide. State the organic product of this reaction. [1]

c. Explain why the rate of the reaction between iodomethane, CH3I, and NaOH(aq) is faster than the rate of the reaction between CH3Br and [2]
NaOH(aqg).

d.i.Bromine can be produced by the electrolysis of molten sodium bromide. [2]

Deduce the half-equation for the reaction at each electrode.

Positive electrode (anode):

Negative electrode (cathode):

d.iiPredict the products formed at the electrodes during the electrolysis of concentrated aqueous sodium bromide. [2]

Positive electrode (anode):

Negative electrode (cathode):
e. Bromine reacts with aqueous sodium iodide. [1]
Bry(aq) + 2Nal(aq) — Iz2(aq) + 2NaBr(aq)
Identify the oxidizing agent in this reaction.

f.i. Define the term standard electrode potential, E®. 1

f.ii. Draw a labelled diagram for the voltaic cell in which the following reaction occurs. [4]
Mg(s) + Cu®* (aq) — Mg*" (aq) + Cu(s)
Include in your answer the direction of electron flow and the polarity of the electrodes.
f.iii.A student measures a voltage of 2.65 V in the voltaic cell formed between magnesium and copper half-cells using a digital voltmeter. [2]

State the random uncertainty of this value, in V, and the number of significant figures in the answer.



Random uncertainty:

Significant figures:

f.iv.Outline how the student can reduce the random error in her results.

)

g. Determine the standard enthalpy change of formation, AHQ, of NaCl(s), in kJ mol !, using a Born-Haber cycle and tables 7, 10 and 13 of the [4]

data booklet. The standard enthalpy change of atomization (standard enthalpy change of sublimation), AH®, of Na(s) is +108 kJ mol 1.

at?

The p K, value for propanoic acid is given in Table 15 of the Data Booklet.

a.i. State the equation for the reaction of propanoic acid with water.

a.ii.Calculate the hydrogen ion concentration (in mol dm—2) of an aqueous solution of 0.100 mol dm ™3 propanoic acid.

b. The graph below shows a computer simulation of a titration of 25.0 cm?® of 0.100 mol dm 2 hydrochloric acid with 0.100 mol dm 2 sodium

hydroxide and the pH range of phenol red indicator.
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Sketch the graph that would be obtained for the titration of 25.0 cm? of 0.100 mol dm 2 propanoic acid with 0.100 mol dm 2 potassium
hydroxide using bromophenol blue as an indicator. (The pH range of bromophenol blue can be found in Table 16 of the Data Booklet).
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Consider the structure and bonding in MgCls and PCls.

For each of the species PBr3 and SFg:

b.i.State and explain the difference in the electrical conductivity in the liquid state of the two chlorides.

c. () deduce the Lewis structure.

(i)  predict the shape and bond angle.

(i)  predict and explain the molecular polarity.

PBr, SFs
(1) Lewais structure: (1) Lewsis structure:
(i1) Shape: (11) Shape:
Bond augle ---------------------- Bond angle:
(111) Polanty ------------------------- (111) Polanty:
Explananou ---------------------- Explanation:

d.i.Compare the formation of sigma (o) and pi (7) bonds between the carbon atoms in a molecule of ethyne.

Esters and amides can be produced by condensation reactions.

Under certain conditions but-2-ene can react with water to form butan-2-ol.

(3]
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a.i. State the names of two organic compounds required to produce ethyl methanoate and state suitable reaction conditions.

a.ii.Deduce the structure of the simplest repeating unit of the polymer formed from the reaction between 1,6-diaminohexane and hexane-1,6-dioic

acid and state one use of this product.

b.iiiState and explain how the rate of step Il would differ if 2-chlorobutane was used instead of 2-bromobutane.

(2]

(3]

(1]

In an experiment conducted at 25.0 °C, the initial concentration of propanoic acid and methanol were 1.6 mol dm~ and 2.0 mol dm—3 respectively.

Once equilibrium was established, a sample of the mixture was removed and analysed. It was found to contain 0.80 mol dm 3 of compound X.

a. Two compounds, A and D, each have the formula C4HgyCI.

Compound A is reacted with dilute aqueous sodium hydroxide to produce compound B with a formula of C4H1¢9O. Compound B is then
oxidized with acidified potassium

manganate(VIl) to produce compound C with a formula of C4HgO. Compound C resists further oxidation by acidified potassium
manganate(VIl).

Compound D is reacted with dilute aqueous sodium hydroxide to produce compound E with a formula of C4H190O. Compound E does not
react with acidified potassium manganate(VIl).

Deduce the structural formulas for compounds A, B, C, D and E.

A:

mo QD

b. Deduce an equation for the reaction between propanoic acid and methanol. Identify the catalyst and state the name of the organic compound,

X, formed.

c.i. Calculate the concentrations of the other three species present at equilibrium.

c.ii.State the equilibrium constant expression, K., and calculate the equilibrium constant for this reaction at 25.0 °C.

d.i.2-chloro-3-methylbutane reacts with sodium hydroxide via an Sx2 mechanism. Explain the mechanism by using curly arrows to represent the

movement of electron pairs.

d.iiExplain why the hydroxide ion is a better nucleophile than water.

d.iiil-chlorobutane can be converted to a pentylamine via a two stage process. Deduce equations for each step of this conversion including any

catalyst required and name the organic product produced at each stage.

Two students were asked to use information from the Data Booklet to calculate a value for the enthalpy of hydrogenation of ethene to form ethane.
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C2Hy(g) + Ha(g) — C2Hs(g)

John used the average bond enthalpies from Table 10. Marit used the values of enthalpies of combustion from Table 12.

b. Determine the value for the enthalpy of hydrogenation of ethene using the values for the enthalpies of combustion of ethene, hydrogen and

ethane given in Table 12.

c. Suggest one reason why John’s answer is slightly less accurate than Marit’s answer and calculate the percentage difference.

An acidic sample of a waste solution containing Sn2*(aq) reacted completely with K,Cr,0O5 solution to form Sn**(aq).

a.vldentify one organic functional group that can react with acidified K,Cr,O-(aq).

b.i.Corrosion of iron is similar to the processes that occur in a voltaic cell. The initial steps involve the following half-equations:

Fe?*(aq) + 26~ = Fe(s)

205(9) + HoO() + 2~ = 20H(aq)

Calculate Ee, in V, for the spontaneous reaction using section 24 of the data booklet.

b.iiCalculate the Gibbs free energy, AGe, in kJ, which is released by the corrosion of 1 mole of iron. Use section 1 of the data booklet.

b.iiExplain why iron forms many different coloured complex ions.

c. Zinc is used to galvanize iron pipes, forming a protective coating. Outline how this process prevents corrosion of the iron pipes.

But-2-ene is a straight-chain alkene with formula C4Hg. The molecule contains both o and 7 bonds.

The polymerization of the alkenes is one of the most significant reactions of the twentieth century.

a. () Explain the formation of the  bond.

(i)  For each of the carbon atoms, C(1) and C(2), identify the type of hybridization shown.

(2]

(2]

(1]

(1]

(2]

(3]

(1]

(3]



C(2):
b. But-2-ene shows geometrical isomerism. Draw the structural formula and state the name of the other geometrical isomer. [2]
c. ldentify the structural formula of an isomer of but-2-ene which does not decolourize bromine water, Bry(ag). [1]
d. () Outline two reasons why the polymers of the alkenes are of economic importance. [6]

(i)  State the type of polymerization reaction shown by the alkene in part (a).
(i)  Deduce the structure of the resulting polymer showing three repeating units.

(iv)  Explain why monomers are often gases or volatile liquids, but polymers are solids.

Some reactions of but-2-ene are given below.

Poly(but-2-ene)
Br(l) concentrated H,S0,
Compound A 2 H,C—CH=CH—CH, H.00) = (C,HOH
in the absence But-2-ene 2 Compound C
of UV
HBr
Y
H,C=—=CHBr—CH,—CH,
Compound B
But-2-ene can exist as two geometrical isomers. Cis-trans is a form of stereoisomerism.
a.i. Deduce the full structural formula of compound A. [1]
a.iiApply IUPAC rules to name compound A. [1]
a.iiiDescribe the colour change observed when excess but-2-ene reacts with bromine to form compound A. [1]
b. (i) Outline two reasons why the polymerization of alkenes is of economic importance. [3]

(i)  Identify the structure of the repeating unit of poly(but-2-ene).



c.i.Compound €, C4HygOH, can also be formed by reacting compound B, CHsCHBrCH>CH3, with aqueous potassium hydroxide. This reaction [4]

proceeds by both Sx1 and Sy2 mechanisms. Explain the Sx2 mechanism, using curly arrows to represent the movement of electron pairs.
c.iiExplain why the hydroxide ion is a better nucleophile than water. [2]

e. Compound C, C4HyOH, can be oxidized by acidified potassium dichromate(VI) to form compound F. [2]

() State the name of the functional group present in compound F.

(i)  Deduce the structural formula of an alcohol which is a structural isomer of compound C and cannot be oxidized by acidified potassium
dichromate(VI).

f. Explain why but-2-ene is more volatile than compound C. [2]
g. Deduce the equation for the complete combustion of compound C. [1]
h.i. Define the term stereoisomers. [1]
h.ii.State the conditions needed for a compound to show cis-trans. [2]
h.iiDraw the structures of the two geometrical isomers of but-2-ene, clearly identifying each as cis or trans. [2]

In some countries, ethanol is mixed with gasoline (petrol) to produce a fuel for cars called gasohol.

Deduce a two-step synthesis for each of the following conversions. For each step, state the structural formulas of all reactants and products and state

the conditions used in the reactions.

b.i.Ethanol to ethyl ethanoate. 2]

b.iiPropene to propanone. [2]

c. The reagents used in an elimination reaction are shown below. [3]
CHj

HiC—C—Br + NaOCH,CH; ——

CH;

Explain the mechanism of this reaction using curly arrows to represent the movement of electron pairs.

d.i.Describe geometrical isomerism. (1]

d.iiDraw the geometrical isomers of but-2-ene. 2]

d.iiDraw the two enantiomers of butan-2-ol. [2]



Carboplatin used in the treatment of lung cancer has the following three-dimensional structure.

Elemental platinum has electrons occupying s, p, d and f atomic orbitals.

a. ldentify the name of the functional group circled in the structure of carboplatin. [1]
b. State the type of bonding between platinum and nitrogen in carboplatin. [1]
c.i. Draw the shape of an s orbital and a p, orbital. Label the x, y and z axes on each diagram. [2]
M N
s orbital p, orbital
c.ii.State the maximum number of orbitals in the n = 4 energy level. [1]

d. A number of ruthenium-based anti-cancer drugs have also been developed. State the full electron configuration of the ruthenium(ll) ion, Ru?t. [1]

e. Iron is in the same group in the periodic table as ruthenium. [1]

Construct the orbital diagram (using the arrow-in-box notation) for iron, showing the electrons in the n = 3 and n = 4 energy levels only and
label each sub-level on the diagram.




Consider the following sequence of reactions.

reactionl reaction2

RCH3 —— RCHBr ——— RCH,OH

RCHj3; is an unknown alkane in which R represents an alkyl group.

All the isomers can by hydrolysed with aqueous sodium hydroxide solution. When the reaction of one of these isomers, X, was investigated the

following kinetic data were obtained.

) Imitial [X] / Imitial [OH] / Initial rate of reaction /
Experiment e 3 a4 . 4
mol dm maldm moldm™ min
1 2.0x107° 2.0%107 4,0%107
2 2.0x107 40x107 4.0x107°
3 4.0%x107 40x1072 8.0x107

a. The alkane contains 82.6% by mass of carbon. Determine its empirical formula, showing your working.
b. A 1.00 g gaseous sample of the alkane has a volume of 385 cm? at standard temperature and pressure. Deduce its molecular formula.
c. State the reagent and conditions needed for reaction 1.

d. Reaction 1 involves a free-radical mechanism. Describe the stepwise mechanism, by giving equations to represent the initiation, propagation

and termination steps.

e. The mechanism in reaction 2 is described as Sp2. Explain the mechanism of this reaction using curly arrows to show the movement of electron

pairs, and draw the structure of the transition state.

f. There are four structural isomers with the molecular formula C4;HgyBr. One of these structural isomers exists as two optical isomers. Draw

diagrams to represent the three-dimensional structures of the two optical isomers.

g. () Deduce the rate expression for the reaction.

(i)  Determine the value of the rate constant for the reaction and state its units.
(iliy  State the name of isomer X and explain your choice.

(iv)  State equations for the steps that take place in the mechanism of this reaction and state which of the steps is slow and which is fast.

a.i. Ethanol is a primary alcohol that can be oxidized by acidified potassium dichromate(VI). Distinguish between the reaction conditions needed to

produce ethanal and ethanoic acid.

Ethanal:

Ethanoic acid:

(3]

(2]

(2]

(4]

(3]

(2]

Bl

(2



a.ii.Determine the oxidation number of carbon in ethanol and ethanal.

Ethanol:

Ethanal:

a.iiiDeduce the half-equation for the oxidation of ethanol to ethanal.

a.ivDeduce the overall redox equation for the reaction of ethanol to ethanal with acidified potassium dichromate(VI).

b. Ethanol can be made by reacting aqueous sodium hydroxide with bromoethane.

Explain the mechanism for this reaction, using curly arrows to represent the movement of electron pairs.

c.i. Determine the orders of reaction of the reactants and the overall rate expression for the reaction between 2-bromobutane and aqueous sodium

hydroxide using the data in the table.

Experiment | [NaOH]/ moldm™ | [C,H;Er] / meldm™ | Rate / moldm™s™
1 1.00 1.00 166 x 1072
2 0.50 1.00 8.31 x 107
3 0.25 0.25 1.02 %107
4 1.00 0.50 829 =107

c.iiDetermine the rate constant, k, with its units, using the data from experiment 3.

c.iiildentify the molecularity of the rate-determining step in this reaction.

d.i.2-bromobutane exists as optical isomers.
State the essential feature of optical isomers.

d.ii2-bromobutane exists as optical isomers.

Outline how a polarimeter can distinguish between these isomers.

f. Describe the formation of o and m bonds in an alkene.

g. The two most abundant isotopes of bromine have the mass numbers 79 and 81.

Calculate the relative abundance of "Br using table 5 of the data booklet, assuming the abundance of the other isotopes is negligible.

(2]

(1]

(2]

(4]

2]

(2]

(1]

(1]

(2]

(2

(2]

2-methylbutan-2-ol, (CH3),C(OH)CH>CHz, is a liquid with a smell of camphor that was formerly used as a sedative. One way of producing it starts

with 2-methylbut-2-ene.

As well as 2-methylbutan-2-ol, the reaction also produces a small quantity of an optically active isomer, X.

2-methylbutan-2-ol can also be produced by the hydrolysis of 2-chloro-2-methylbutane, (CH3)2CC1C2H5, with aqueous sodium hydroxide.



2-chloro-2-methylbutane contains some molecules with a molar mass of approximately 106 g mol ! and some with a molar mass of approximately

108 gmol L.

2-chloro-2-methylbutane can also be converted into compound Z by a two-stage reaction via compound Y:

CH, CH, cH
\ /Cl \\ -~ e
C — > Y —— C NH,
~ ~ \
me” \ H,C
| CH, | CHs
CH; CH;
2-chloro-2-methylbutane Z
a. State the other substances required to convert 2-methylbut-2-ene to 2-methylbutan-2-ol. 2]
b. Explain whether you would expect 2-methylbutan-2-ol to react with acidified potassium dichromate(VI). [2]
c.i.State what is meant by optical activity. [1]
c.ii.State what optical activity indicates about the structure of the molecule. 1]
c.iiiOptical activity can be detected using a polarimeter. Explain how this works. [3]
c.ivDeduce the structural formula of X. [1]
d. Explain why 2-methylbut-2-ene is less soluble in water than 2-methylbutan-2-ol. [2]
e.i. Explain the mechanism of this reaction using curly arrows to represent the movement of electron pairs. [4]
e.ii.State the rate expression for this reaction and the units of the rate constant. [2]
e.iiiSuggest why, for some other halogenoalkanes, this hydrolysis is much more effective in alkaline rather than in neutral conditions. [1]
f.i. Outline why there are molecules with different molar masses. [1]
g.i.Draw the structure of Y. [1]
g.ii State the reagent and any catalyst required for both the formation of Y and the conversion of Y into Z. [3]

Formation of Y:

Conversion of Y into Z:

There are several structural isomers with the molecular formula CsH;;Br.



All the isomers react when warmed with a dilute aqueous solution of sodium hydroxide according to the equation below.

CsH11Br + NaOH — C5;H1;OH + NaBr

a. Deduce the name of one of the isomers which can exist as enantiomers and draw three-dimensional representations of its two enantiomers.

b.i.The reaction with 1-bromopentane proceeds by an Sxy2 mechanism. Describe this mechanism using structural formulas and curly arrows to

represent the movement of electron pairs.

b.ii.The reaction with 2-bromo-2-methylbutane proceeds by an Sy 1 mechanism. Describe this mechanism using structural formulas and curly

arrows to represent the movement of electron pairs.
b.iiExplain why 1-bromopentane reacts by an Sx2 mechanism whereas 2-bromo-2-methylbutane reacts by an Sx1 mechanism.
b.ivExplain whether the boiling point of 1-bromopentane will be higher, lower or the same as that of 2-bromo-2-methylbutane.

b.vThe product C5H11 OH formed from the reaction with 1-bromopentane is warmed with ethanoic acid in the presence of a few drops of

concentrated sulfuric acid. State the name of the type of reaction taking place and the structural formula of the organic product.

25.0 cm? of 0.200 mol dm 3 ethanoic acid was added to 30.0 cm? of a 0.150 mol dm 2 sodium hydrogencarbonate solution, NaHCO3(aq).

(3]

(3]

(3]

(3]

(3]

(2]

The molar mass of a volatile organic liquid, X, can be determined experimentally by allowing it to vaporize completely at a controlled temperature and

pressure. 0.348 g of X was injected into a gas syringe maintained at a temperature of 90 °C and a pressure of 1.01 X 10° Pa. Once it had reached

equilibrium, the gas volume was measured as 95.0 cm?.

Bromoethane, CH3CHyBr, undergoes a substitution reaction to form ethylamine, CH3CHyNHo.

Many organic compounds exist as stereoisomers.

a. Outline how electrical conductivity can be used to distinguish between a 0.200 mol dm 3 solution of ethanoic acid, CH3COOH, and a

0.200 mol dm ™~ solution of hydrochloric acid, HCI.

b. () State an equation for the reaction of ethanoic acid with a solution of sodium hydrogencarbonate.

(i)  Determine which is the limiting reagent. Show your working.

)

(5]



(iliy  Calculate the mass, in g, of carbon dioxide gas produced.

c. () Determine the amount, in mol, of X in the gas syringe. [4]

(i)  Calculate the molar mass of X.

d.i.Deduce the mechanism for the reaction using equations and curly arrows to represent the movement of electron pairs. [3]

e. () Outline the meaning of the term stereoisomers. [6]

(i) Draw the structures of the two stereoisomers of dichloroethene, CoH2Cls.

(i)  Explain why this type of stereoisomerism exists in CoHsCls.

(iv) Draw the structures of the two stereoisomers of 1-chloro-1-fluoroethane, CoH4F Cl, showing the relationship between them.

(v)  Outline how the two isomers of CoH4FCl could be distinguished from each other.

Buta-1,3-diene can be hydrogenated to produce butane, according to the reaction below.

C4Hs(g) + 2Hz(g) — C4Hio(g)

a. State the conditions necessary for this reaction. 2]

b. Determine the standard enthalpy change of reaction, AH®, ink]J mol_l, at 298 K for the hydrogenation reaction, using Table 11 of the Data [1]

Booklet.
c. Calculate the standard free energy change, AG®, in kJ mol !, at 298 K for the hydrogenation reaction, using Table 11 of the Data Booklet. [1]

d. () Determine the standard entropy change of the reaction, AS®, at 298 K, in kJ Kilmolfl, using your answers from (b) and (c). [8]



(i)  Explain why the standard entropy change for the hydrogenation of buta-1,3-diene has a negative sign.

(iliy  Predict whether the hydrogenation reaction becomes more or less spontaneous as the temperature increases.

(iv) Determine the temperature, in K, at which the spontaneity changes.

(v) Determine the standard entropy, S©, for hydrogen in J Kflmolfl, using Table 11 of the Data Booklet and your answer for (d)(i).

The photochemical chlorination of methane can occur at low temperature.

The overall equation for monochlorination of methane is:

CHq(g) + Cl2(g) — CH3Cl(g) + HCl(g)

Calculate the standard enthalpy change for the reaction, AHS, using section 12 of the data booklet.

This question is about ethene, CoH4, and ethyne, CoHo.

a.i. Ethyne, like ethene, undergoes hydrogenation to form ethane. State the conditions required. [2]
a.ii.Outline the formation of polyethene from ethene by drawing three repeating units of the polymer. [1]

b. Ethyne reacts with chlorine in a similar way to ethene. Formulate equations for the following reactions. [2]



One mole of ethyne reacts with one mole of chlorine:

One mole of benzene reacts with one mole of chlorine:

c.i.Under certain conditions, ethyne can be converted to benzene. [2]

Determine the standard enthalpy change, AH®, for the reaction stated, using section 11 of the data booklet.

3C2Ha(g) — CeHe(9)
c.ii Determine the standard enthalpy change, AH®, for the following similar reaction, using AH; values in section 12 of the data booklet. [2]
3C2Ha(g) — CeHell)
c.iiiExplain, giving two reasons, the difference in the values for (c)(i) and (ii). If you did not obtain answers, use —475 kJ for (i) and —600 kJ for (ii). [2]
c.ivCalculate the standard entropy change, AS®, in J K-1, for the reaction in (i) using section 12 of the data booklet. [1]
c.v.Determine, showing your working, the spontaneity of the reaction in (i) at 25 °C. [3]
d. One possible Lewis structure for benzene is shown. [1]
T
H c H
~Na X
[
C C
~ =
H '\.T./’ ~ H
H

State one piece of physical evidence that this structure is incorrect.

Benzene is an aromatic hydrocarbon.

a. Discuss the physical evidence for the structure of benzene. [2]

b. State the typical reactions that benzene and cyclohexene undergo with bromine. [1]



Benzene:

Cyclohexene:
c. State the reagents used to convert benzene to nitrobenzene and the formula of the electrophile formed. [2]
d. Explain the mechanism for the nitration of benzene, using curly arrows to show the movement of electron pairs. [4]
e. State the reagents used in the two-stage conversion of nitrobenzene to aniline. [2]

This question is about the reactions of halogenoalkanes.

a. Compare and contrast the mechanisms by which 1-chlorobutane, CH;CH,CH,CH,CI, and 2-chloro-2-methylpropane, (CH3)3CCl, react with [3]

aqueous sodium hydroxide, giving two similarities and one difference.

Two similarities:

One difference:

b. Outline why the rate of reaction of the similar bromo-compounds is faster. [1]
c.i.State the organic product of the reaction between 1-chlorobutane, CH3;CH,CH,CH,CI, and aqueous sodium hydroxide. [1]
c.ii.Suggest how this product could be synthesized in one step from butanoic acid. 1]
c.iiiDeduce the name of the class of compound formed when the product of (c)(i) reacts with butanoic acid. [1]

Organic compounds often have isomers.



A straight chain molecule of formula CsH4¢O contains a carbonyl group. The compound cannot be oxidized by acidified potassium dichromate(VI)

solution.

A tertiary halogenoalkane with three different alkyl groups, (R1R>R3)C—X, undergoes a Sy1 reaction and forms two isomers.

a.i. Deduce the structural formulas of the two possible isomers.

a.iiMass spectra A and B of the two isomers are given.
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[Source: NIST Mass Spec Data Center, S_E. Stein, director, "Mass Spectra” in NIST Chemistry WebBook, NIST Standard
Reference Database Mumber 69, Eds. P.J. Linstrom and W.G. Mallard, MNational Institute of Standards and Technology,
Gaithersburg MD, 20899, doi:10.18434/T4D303, (retrieved May 31, 2018)]

Explain which spectrum is produced by each compound using section 28 of the data booklet.

b.i.State the type of bond fission that takes place in a Sy1 reaction.

b.iiState the type of solvent most suitable for the reaction.

2]

(2]

(1]

)



b.iiDraw the structure of the intermediate formed stating its shape. [2]

Shape
b.ivSuggest, giving a reason, the percentage of each isomer from the Sy1 reaction. [2]
c. Nitrobenzene, CgHsNO,, can be converted to phenylamine via a two-stage reaction. [2]

In the first stage, nitrobenzene is reduced with tin in an acidic solution to form an intermediate ion and tin(ll) ions. In the second stage, the
intermediate ion is converted to phenylamine in the presence of hydroxide ions.

Formulate the equation for each stage of the reaction.

Stage one:

The Bombardier beetle sprays a mixture of hydroquinone and hydrogen peroxide to fight off predators. The reaction equation to produce the spray

can be written as:

CgH4(OH),(aq) + Ha04(aq) — CgH405(aq) + 2HO()
hydroquinone quinone

b.i.Hydrogenation of propene produces propane. Calculate the standard entropy change, AS®, for the hydrogenation of propene. [2]



Formula S®/JK 'mol™
H,(9) +131
C,H:(g) +267
C.Ha(a) +270
b.ii.The standard enthalpy change, AH®, for the hydrogenation of propene is —124.4 kJ mol~. Predict the temperature above which the [2]

hydrogenation reaction is not spontaneous.

This question is about carbon and chlorine compounds.

a. Ethane, CaHg, reacts with chlorine in sunlight. State the type of this reaction and the name of the mechanism by which it occurs. 1]

Type of reaction:

b.i.Formulate equations for the two propagation steps and one termination step in the formation of chloroethane from ethane. [3]

Two propagation steps:

b.iiDeduce the splitting patterns in the "H NMR spectrum of C,HsCl. [1]
b.iiExplain why tetramethylsilane (TMS) is often used as a reference standard in 'TH NMR. [2]
c.i.One possible product, X, of the reaction of ethane with chlorine has the following composition by mass: [2]

carbon: 24.27%, hydrogen: 4.08%, chlorine: 71.65%

Determine the empirical formula of the product.



c.iiThe mass and "TH NMR spectra of product X are shown below. Deduce, giving your reasons, its structural formula and hence the name of the [3]

compound.
Mass spectrum:
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c.iiiwhen the product X is reacted with NaOH in a hot alcoholic solution, C,H3Cl is formed. State the role of the reactant NaOH other than as a [1]
nucleophile.
d. Chloroethene, CoH3Cl, can undergo polymerization. Draw a section of the polymer with three repeating units. [1]

Compound A and compound B are hydrocarbons.



a. (i) State the term that is used to describe molecules that are related to each other in the same way as compound A and compound B. [3]

(i) Suggest a chemical test to distinguish between compound A and compound B, giving the observation you would expect for each.
Test:
Observation with A:

Observation with B:

b. Outline how you could use the IR spectra of compounds A and B and section 26 of the data booklet to identify them. [1]

c. Two signals occur in the TH NMR spectrum of compound A. Deduce their expected chemical shift and their splitting pattern, using section 27 of [2]

the data booklet.

Signal 1 2

Chemical shift / ppm

Splitting pattern

A compound with a molecular formula C;H;40 produced the following high resolution "H NMR spectrum.



10 9 8 7 B 5 4 3 2 1 0
Chemical shift / ppm

a.i. Deduce what information can be obtained from the 'H NMR spectrum. [3]

Number of hydrogen environments:

a.iildentify the functional group that shows stretching at 1710 cm™ in the infrared spectrum of this compound using section 26 of the data booklet [1]

and the 'H NMR.

a.iiiSuggest the structural formula of this compound. [2]

b.i.Bromine was added to hexane, hex-1-ene and benzene. Identify the compound(s) which will react with bromine in a well-lit laboratory. [1]

b.iiDeduce the structural formula of the main organic product when hex-1-ene reacts with hydrogen bromide. [1]

c.i. State the reagents and the name of the mechanism for the nitration of benzene. 2]
Reagents:

c.ii.Outline, in terms of the bonding present, why the reaction conditions of halogenation are different for alkanes and benzene. [1]



d. Below are two isomers, A and B, with the molecular formula C4HgBr. [3]

¢ @ & @

A B

Explain the mechanism of the nucleophilic substitution reaction with NaOH(aq) for the isomer that reacts almost exclusively by an Sy2
mechanism using curly arrows to represent the movement of electron pairs.

Phosgene, COCl,, is usually produced by the reaction between carbon monoxide and chlorine according to the equation:

CO(g) + Cl,(g) = COCL,(9)

a. (i) Deduce the equilibrium constant expression, K¢, for this reaction. [8]

(ii) At exactly 600°C the value of the equilibrium constant is 0.200. Calculate the standard Gibbs free energy change, AGG, for the

reaction, in kd, using sections 1 and 2 of the data booklet. State your answer to three significant figures.

(i) The standard enthalpy change of formation of phosgene, AH®, is —220.1kJmol~'. Determine the standard enthalpy change, AH®, for the

forward reaction of the equilibrium, in kd, using section 12 of the data booklet.

(iv) Calculate the standard entropy change, AS®, in JK™, for the forward reaction at 25°C, using your answers to (a) (i) and (a) (iii). (If you did
not obtain an answer to (a) (i) and/or (a) (jii) use values of +20.0 kJ and —120.0 kJ respectively, although these are not the correct answers.)

b. One important industrial use of phosgene is the production of polyurethanes. Phosgene is reacted with diamine X, derived from phenylamine.  [8]

HoN CH, NH, X

(i) Classify diamine X as a primary, secondary or tertiary amine.
(i) Phenylamine, CgHsNH,, is produced by the reduction of nitrobenzene, CgHsNO,. Suggest how this conversion can be carried out.

(i) Nitrobenzene can be obtained by nitrating benzene using a mixture of concentrated nitric and sulfuric acids. Formulate the equation for the
equilibrium established when these two acids are mixed.

(iv) Deduce the mechanism for the nitration of benzene, using curly arrows to indicate the movement of electron pairs.



C. The other monomer used in the production of polyurethane is compound Z shown below. (5]

(i) State the name, applying IUPAC rules, of compound Z and the class of compounds to which it belongs.

Name:

Class:

(i) Deduce the number of signals you would expect to find in the 'TH NMR spectrum of compound Z, giving your reasons.
The mass spectrum and infrared (IR) spectrum of compound Z are shown below:

Mass spectrum
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IR spectrum
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(iii) Identify the species causing the large peak at m/z=31 in the mass spectrum.
(iv) Identify the bond that produces the peak labelled Q on the IR spectrum, using section 26 of the data booklet.
d. Phenylamine can act as a weak base. Calculate the pH of a 0.0100 mol dm=2 solution of phenylamine at 298K using section 21 of the data [4]

booklet.



