HL Paper 2

Magnesium, a reactive metal found in many common minerals, is also an essential nutrient for both plants and animals.

Successive ionization energies of magnesium are given in the table below.

First Second Third

Energy required / kJ mol™ 738 1450 7730

Magnesium metal is mainly used as a component in lightweight alloys, particularly in combination with aluminium and titanium.

Magnesium is usually produced by the electrolysis of molten magnesium chloride.

. Define the term first ionization energy. 2]

. () Explain why the second ionization energy is greater than the first ionization energy. [4]

(i)  Explain why the third ionization energy is much greater than the second ionization energy.
. Although magnesium is usually found as Mg2+ in its compounds, it is possible to use the Born-Haber cycle to investigate the possibility of [3]
Mg™" being able to form stable compounds.

Use the ionization energy data from part (b), along with the other data provided below, to determine the enthalpy change of formation of
MgCl(s). Assume that, because Mg™ would be similar in size to Na™*, MgCl would have a similar lattice enthalpy to NaCl.

Enthalpy of atomization of Mg +146 kJ mol !
Bond enthalpy in Cl;  +243 kJmol ™!
Electron affinity of CI ~ +349 kJ mol *

Lattice enthalpy of NaCl ~ +790 kJ mol *

. Consider the lattice enthalpies of MgFy, MgCl, and CaCl,. List these from the most endothermic to the least endothermic and explain your  [3]

order.

Most endothermic — Least endothermic
. Magnesium hydroxide, Mg(OH)Q, is only sparingly soluble in water and the equilibrium below exists when excess solid is in contact with a [2]

saturated solution.

Mg(OH),(s) = Mg*" (aq) + 20H™ (aq)



Outline how the solubility of magnesium hydroxide will vary with pH.

f. () Describe the bonding present in magnesium metal. [4]

(i)  Suggest why magnesium is harder than sodium.

(i)  Outline why alloys are generally less malleable than their component metals.

g. () Draw a labelled diagram of a suitable apparatus for the electrolysis. [7]

(i) State equations for the reactions that take place at the electrodes.

Negative electrode (cathode) reaction:

Positive electrode (anode) reaction:

(i)  When dilute aqueous magnesium chloride is used as the electrolyte, the reactions at both electrodes are different. State equations for the
reactions that occur in aqueous solution.

Negative electrode (cathode) reaction:

Positive electrode (anode) reaction:

(iv)  Outline why magnesium metal is not produced in the electrolysis of aqueous magnesium chloride.

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

C4He(g) + 2Ha(g) — C4Hio(g)

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

b. Determine the standard enthalpy change of reaction, AH@, inkJ molfl, at 298 K for the hydrogenation reaction, using Table 11 of the Data 1]

Booklet.
c. Calculate the standard free energy change, AGe, inkJ molfl, 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®, at298 K, in kJ Kflmolfl, 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.

(i)  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 Kilmolfl, using Table 11 of the Data Booklet and your answer for (d)(i).

The Born-Haber cycle for MgO under standard conditions is shown below.
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The values are shown in the table below.
Pracess Enthalpy change / kJ meal™
A +150
B +248
C +736 + (+1450)
D —142 + (+844)
E
F —602




a.i.ldentify the processes represented by A, B and D in the cycle. [3]

a.ii.Define the enthalpy change, F. [2]
a.iiiDetermine the value of the enthalpy change, E. (2]
a.ivDefine the enthalpy change C for the first value. Explain why the second value is significantly larger than the first. [4]

a.v.The inter-ionic distance between the ions in NaF is very similar to that between the ions in MgO. Suggest with a reason, which compound has  [2]

the higher lattice enthalpy value.

b.i.The standard enthalpy change of three combustion reactions is given below in kdJ. [4]

2C,Hg(g) + 70,(g) — 4CO,(g) + 6H,0(1) AH® = —3120
2H;(g) + O2(g) — 2H,0(1) AH® = —572
CyH,y(g) +30,(g) — 2C05(g) +2H,0()  AH® = —1411

Based on the above information, calculate the standard change in enthalpy, AHG, for the following reaction.

C2Hs(g) — CoHu(g) + Ha(g)

b.iiPredict, stating a reason, whether the sign of AS® for the above reaction would be positive or negative. [2]
b.iiiDiscuss why the above reaction is non-spontaneous at low temperature but becomes spontaneous at high temperatures. [2]
b.iWJsing bond enthalpy values, calculate AH® for the following reaction. [3]

CoHg(g) — C2Hy(g) + Ha(g)

b.vSuggest with a reason, why the values obtained in parts (b) (i) and (b) (iv) are different. 1]

Lattice enthalpies can be determined experimentally using a Born—-Haber cycle and theoretically using calculations based on electrostatic principles.

a. The experimental lattice enthalpies of the chlorides of lithium, LiCl, sodium, NaCl, potassium, KCI, and rubidium, RbCl, are given in Table 13 of [2]

the Data Booklet. Explain the trend in the values.
b. Explain why magnesium chloride, MgCl,, has a much greater lattice enthalpy than sodium chloride, NaCl. [2]

c. (i) Identify the process labelled a on the Born-Haber cycle for the determination of the standard enthalpy of formation of lithium fluoride, LiF.  [3]
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(i)  The enthalpy change for process a is +159 kJ mol . Calculate the standard enthalpy of formation of lithium fluoride, LiF, using this and
other values from the Data Booklet.

Phosphoryl chloride, POCls, is a dehydrating agent.

POClI; (g) decomposes according to the following equation.

2POCl; (g) — 2P013(g) + Oy (g)

POCI3 can be prepared by the reaction of phosphorus pentachloride, PCls , with tetraphosphorus decaoxide, P4O1o.

PClsz and CI” can act as ligands in transition metal complexes such as Ni(PCls)4 and [Cr(H20)3Cl3].

a.i. Predict and explain the sign of the entropy change, A.S, for this reaction. 1]
a.ii.Calculate the standard entropy change for the reaction, AS® inJ Kflmol_l, using the data below. [1]
Substance 5%/ JK  mol™
POCL (g) 325.0
PClL(2) 3117
O,(g) 2050
a.iiiDefine the term standard enthalpy change of formation, A H, f@. [1]

a.ivCalculate the standard enthalpy change for the reaction, AH®, in kJ molfl, using the data below. 1]



Substance AH.® / kI mol™

POCL (g) —5342.2

PCl;(g) —288.1
a.vDetermine the standard free energy change for the reaction, AG®, in kJ mol !, at 298 K. [1]
a.viDeduce the temperature, in K, at which the reaction becomes spontaneous. 1]

b.i.Deduce the Lewis (electron dot) structure of POCI; (with P as the central element) and PCl; and predict the shape of each molecule, using the  [4]

valence shell electron pair repulsion theory (VSEPR).

b.iiState and explain the CI-P-Cl bond angle in PCls. [3]
c.i.Deduce the Lewis (electron dot) structure of PCls. [1]
c.ii.Predict the shape of this molecule, using the valence shell electron pair repulsion theory (VSEPR). 1]
c.iiildentify all the different bond angles in PCls,. 1]
c.ivPCl3Br, has the same molecular shape as PCls. Draw the three isomers of PCIsBr, and deduce whether each isomer is polar or non-polar. [3]
d.i.Define the term ligand. [2]
d.iiExplain why the complex [Cr(H,0)3Cls] is coloured. [3]

In December 2010, researchers in Sweden announced the synthesis of N,N-dinitronitramide, N(NO2),. They speculated that this compound, more

commonly called trinitramide, may have significant potential as an environmentally friendly rocket fuel oxidant.

a. Methanol reacts with trinitramide to form nitrogen, carbon dioxide and water. Deduce the coefficients required to balance the equation for this  [1]

reaction.
__ N(NO»)4(g)+ __ CH3;0H(I) - __ Na(g)+ __ COs(g)+ __ H20(l)

c. Calculate the enthalpy change, in kJ molfl, when one mole of trinitramide decomposes to its elements, using bond enthalpy data from Table  [3]

10 of the Data Booklet. Assume that all the N-O bonds in this molecule have a bond enthalpy of 305 kJ mol .
d. The entropy change, AS, for the decomposition of trinitramide has been estimated as +700 J K 'mol . Comment on the sign of AS. [2]

e. Using +700 J K 'mol ! as the value for the entropy change, along with your answer to part (c), calculate AG, in kJ mol, for this reaction  [3]

at 300 K. (If you did not obtain an answer for part (c), then use the value —1000 kJ mol !, but this is not the correct value.)
f. Explain how changing the temperature will affect whether or not the decomposition of trinitramide is spontaneous. [2]
g. Outline how the length of the N-N bond in trinitramide compares with the N-N bond in nitrogen gas, N». [2]

h. Deduce the N-N-N bond angle in trinitramide and explain your reasoning. [3]



Predict, with an explanation, the polarity of the trinitramide molecule.

An example of a homogeneous reversible reaction is the reaction between hydrogen and iodine.

Propene can be hydrogenated in the presence of a nickel catalyst to form propane. Use the data below to answer the questions that follow.

a.vAt a temperature just above 700 K it is found that when 1.60 mol of hydrogen and 1.00 mol of iodine are allowed to reach equilibrium in a

Hz(g) + L(g) = 2HI(g)

Compound Formula AH® kT mol™ | §%/JK mol™
hydrogen H,(g) 0 +131
propane C.H.(g) —104 +270
propene C.H;(z) +204 +267

4.00 dm? flask, the amount of hydrogen iodide formed in the equilibrium mixture is 1.80 mol. Determine the value of the equilibrium constant at

this temperature.

b.i.Outline why the value for the standard enthalpy change of formation of hydrogen is zero. 1]
b.iiCalculate the standard enthalpy change for the hydrogenation of propene. [2]
b.iiiCalculate the standard entropy change for the hydrogenation of propene. [2]
b.iDetermine the value of AG® for the hydrogenation of propene at 298 K. [2]
b.vAt 298 K the hydrogenation of propene is a spontaneous process. Determine the temperature above which propane will spontaneously [2]

decompose into propene and hydrogen.

Methanol is made in large quantities as it is used in the production of polymers and in fuels. The enthalpy of combustion of methanol can be

determined theoretically or experimentally.

1
CH;OH(1) + 1505(g) —+ COx(g) + 2H;0(g)

CH,0H() | O,(g) | CO,(g) | HO(2)

Standard enthalpy of formation, Aer { kI mol™ -239 0 -394 242

Entropy, S /1K™ mol 240 205 214 189

d. Determine the AS® for the combustion of methanol. [2]



1

e. Using the enthalpy of combustion for methanol from Table 12 of the Data Booklet and the AS® determined in part (d), calculate the standard  [3]

free energy change for the combustion of methanol.

f. Explain whether changing the temperature will alter the spontaneity of the reaction. 1]

Enthalpy changes depend on the number and type of bonds broken and formed.

The table lists the standard enthalpies of formation, AHf@, for some of the species in the reaction above.

CH,(g) H,O(g) CO(g) H,(g)
AHZ/ kJ mol™ —74.0 —242 —111

Enthalpy changes depend on the number and type of bonds broken and formed.

a. Hydrogen gas can be formed industrially by the reaction of natural gas with steam. [3]

CHa(g) + H20(g) — 3H2(g) + CO(g)
Determine the enthalpy change, AH, for the reaction, in kJ, using section 11 of the data booklet.

Bond enthalpy for C=0: 1077 kJ mol"

b.i.Outline why no value is listed for Hy(g). 1]
b.iiDetermine the value of AH®, in kJ, for the reaction using the values in the table. 1]
c. The table lists standard entropy, S, values. 1]
CH, (a) H,0 (9) CO(g) H, (9)
S%/JK 'mol™ +186 +189 +198 +131

Calculate the standard entropy change for the reaction, AS®, in J K.

CHa(g) + H20(g) — 3Hx(g) + CO(g)

d. Calculate the standard free energy change, AG®, in kJ, for the reaction at 298 K using your answer to (b)(ii). [1]

e. Determine the temperature, in K, above which the reaction becomes spontaneous. 1]

To determine the enthalpy change of combustion of methanol, CH3OH, 0.230 g of methanol was combusted in a spirit burner. The heat released

increased the temperature of 50.0 cm?® of water from 24.5 °C to 45.8 °C.

Methanol can be produced according to the following equation.



CO(g) + 2H2(g) — CH3OH(1)

The manufacture of gaseous methanol from CO and H, involves an equilibrium reaction.

CO(g) + 2H,(g) = CH3;0H(g) AH® <0

b.i.Calculate the standard enthalpy change of this reaction, using the values of enthalpy of combustion in Table 12 of the Data Booklet. [3]

b.iiCalculate the standard entropy change for this reaction, AS®, using Table 11 of the Data Booklet and given: 1]
59(C0O) = 198 JK 'mol ' and S€(Hy) = 131 JK 'mol .
b.iiiCalculate, stating units, the standard free energy change for this reaction, AGG, at 298 K. [2]

b.ivPredict, with a reason, the effect of an increase in temperature on the spontaneity of this reaction. [3]

¢.iii1.00 mol of CH3OH is placed in a closed container of volume 1.00 dm? until equilibrium is reached with CO and Ha. At equilibrium 0.492 mol  [3]

of CH3OH are present. Calculate K.

Consider the following reaction.

2CH30H(g) + Ha(g) — C2He(g) + 2H20(g)
a. The standard enthalpy change of formation for CH3OH(g) at 298 K is —201 kJ mol * and for HoO(g) is —242 kJ mol . Using information  [2]
from Table 11 of the Data Booklet, determine the enthalpy change for this reaction.

b. The standard entropy for CHsOH(g) at 298 K is 238 JK 'mol *, for Ha(g) is 131 J K 'mol ' and for H2O(g) is 189 JK 'mol . Using  [2]

information from Table 11 of the Data Booklet, determine the entropy change for this reaction.

c. Calculate the standard change in free energy, at 298 K, for the reaction and deduce whether the reaction is spontaneous or non-spontaneous. [3]

Consider the reaction:

CuS(s) + Ha(g) — Cu(s) + HaS(g)

Given:
H,S (g) CuS (s)
AG,® /kJ mol™ -336 -53.6
AH,® /kJ mol™ 206 -53.1
a. Deduce and explain the sign of the entropy change for the following reaction. [2]

CO(g) + 2Hz(g) — CH30H(1)



b.i.Suggest why the AHf9 values for Ha(g) and Cu(s) are not given in the table.

b.iiDetermine the standard enthalpy change at 298 K for the reaction.

b.iiDetermine the standard free energy change at 298 K for the reaction. Deduce whether or not the reaction is spontaneous at this temperature.

b.ivDetermine the standard entropy change at 298 K for the reaction.

b.vEstimate the temperature, in K, at which the standard change in free energy equals zero. You should assume that the values of the standard

enthalpy and entropy changes are not affected by the change in temperature.

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

Consider the following Born-Haber cycle:

. AHS
K(s) + +Br(D) —» KBr1(s)

a=900 c=112
K(g) Br(g)

e=670
b =418 d=342

Y Y
K'(g9 + Brig
The magnitudes for each of the enthalpy changes (a to e) are given in kJ mol ' but their signs (+ or -) have been omitted.
a.i.PCl3
a.iiNH,
a.iiXeFy
b.i.State the names for the enthalpy changes ¢ and d.
b.iiDeduce which two of the enthalpy changes a to e have negative signs.

b.iiDetermine the value for the enthalpy of formation of potassium bromide.

b.ivExplain why the quantitative value for the lattice enthalpy of calcium bromide is larger than the value for the lattice enthalpy of potassium

bromide.
c.i.Compare the formation of a sigma (o) and a pi (7) bond between two carbon atoms in a molecule.

c.iildentify how many sigma and pi bonds are present in propene, CsHg.
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c.iiiDeduce all the bond angles present in propene.

c.ivExplain how the concept of hybridization can be used to explain the bonding in the triple bond present in propyne.

The electron configuration of chromium can be expressed as [Ar]4s*3d”.

Hydrogen and nitrogen(ll) oxide react according to the following equation.

2H;(g) + 2NO(g) = Na(g) + 2H,O(g)
At time =t seconds, the rate of the reaction is

rate = k[Ha(g)][NO (g)]2

When concentrated hydrochloric acid is added to a solution containing hydrated copper(ll) ions, the colour of the solution changes from light blue to

green. The equation for the reaction is:

[Cu(H0)4]*" (aq) + 4C1 (ag) — [CuCly]*" (aq) + 6H>0(1)

a.i. Explain what the square brackets around argon, [Ar], represent.

a.ii.State the values of = and y.

a.iiiAnnotate the diagram below showing the 4s and 3d orbitals for a chromium atom using an arrow, 1 and * to represent a spinning electron.

4s 3d

b.i.Explain precisely what the square brackets around nitrogen(ll) oxide, [NO(g)], represent in this context.
b.iiDeduce the units for the rate constant k.
c.i.Explain what the square brackets around the copper containing species represent.

c.ii Explain why the [Cu(HQO)G]2+ ion is coloured and why the [CuCl,]*~ ion has a different colour.

d. Some words used in chemistry can have a specific meaning which is different to their meaning in everyday English.

State what the term spontaneous means when used in a chemistry context.

Hydrazine, NoHy, is a valuable rocket fuel.

The equation for the reaction between hydrazine and oxygen is given below.

NyH4(1) + O(g) — Na(g) + 2H;0(1)

2]

(3]

(1]

(1]

(1]

(1]

(1]

(1]

2]

(1]



The reaction between NoHy(aq) and HCl(aq) can be represented by the following equation.

N,H,(aq) + 2HCl(aq) — NoH; " (aq) + 2C1 (aq)

a. () Draw the Lewis (electron dot) structure for NoH4 showing all valence electrons. [4]
(i) State and explain the H-N-H bond angle in hydrazine.
b. Hydrazine and ethene, CoHa, are hydrides of adjacent elements in the periodic table. The boiling point of hydrazine is much higher than that of  [2]
ethene. Explain this difference in terms of the intermolecular forces in each compound.
c. () The enthalpy change of formation, AH?, of liquid hydrazine is 50.6 kJ mol . Use this value, together with data from Table 12 of the Data[16]
Booklet, to calculate the enthalpy change for this reaction.
(i)  Use the bond enthalpy values from Table 10 of the Data Booklet to determine the enthalpy change for this reaction.
(i) Identify the calculation that produces the most accurate value for the enthalpy change for the reaction given and explain your choice.
(iv) Calculate AS® for the reaction using the data below and comment on its magnitude.
Substance S?/IK  'mol™
0,(g) 205
N, () 191
H,O) 699
NH, D 121
(v) Calculate AG® for the reaction at 298 K.
(vi)  Predict, giving a reason, the spontaneity of the reaction above at both high and low temperatures.
d. The reaction between N2H4(aq) and HCl(aqg) can be represented by the following equation. [3]

N,H,(aq) + 2HCl(aq) — NoH: " (aq) + 2C1 (aq)

() Identify the type of reaction that occurs.
(i)  Predict the value of the H-N-H bond angle in N2H§+.

(i)  Suggest the type of hybridization shown by the nitrogen atoms in N2H§+.

Ethane-1,2-diol, HOCH,CH,OH, reacts with thionyl chloride, SOCI,, according to the reaction below.

a.

b.

HOCH,CH,OH (1) + 2SOClI; () — CICH,CH.CI () + 2505 (g) + 2HCI ()

Calculate the standard enthalpy change for this reaction using the following data. [2]
HOCH,CH,OH (1) socl,(l) CICH,CH,CI(l) S0,(g) HCl(g)
AHE
AHS 4 —454.7 2457 —165.2 —296.9 923
! kJmol

Calculate the standard entropy change for this reaction using the following data. 1]



HOCH,CH,0H(l) | soclL(l) | CICH,CH,Cl(l) S0,(g) HCl(g)

se - -
166.9 2786 2085 2481 186.8
K 'mol™
c. The standard free energy change, AG?, for the above reaction is =103 kJ mol™ at 298 K. [2]

Suggest why AG® has a large negative value considering the sign of AH® in part (a).

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:

CeHa(OH)p(aq) + HoO5(aq)  — CgH402(aq) + 2H,0O()

hydroquinone quinone
b.i.Hydrogenation of propene produces propane. Calculate the standard entropy change, AS®, for the hydrogenation of propene. [2]
Formula 5%/ JK 'mol™
H,(a) +131
C.H:(qg) +267
C.H:(g) +270
b.iiThe 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.

Millerite, a nickel sulfide mineral, is an important source of nickel. The first step in extracting nickel is to roast the ore in air.

The reaction for the formation of liquid tetracarbonylnickel is shown below:

Ni(s) + 4CO(g) — Ni(CO),(1)

a. Formulate an equation for the oxidation of nickel(ll) sulfide to nickel(ll) oxide. [1]

b. The nickel obtained from another ore, nickeliferous limonite, is contaminated with iron. Both nickel and iron react with carbon monoxide gas to  [1]
form gaseous complexes, tetracarbonylnickel, Ni(CO),(g), and pentacarbonyliron, Fe(CO),(g). Suggest why the nickel can be separated

from the iron successfully using carbon monoxide.

c.i.Calculate the standard entropy change, ASB, of the reaction, in J Kil, using the values given. [2]



S% 1 JK "mol™
Ni(s) 299
co(q) 197 6
Ni(CO), (1) 3134
c.iiCalculate a value for AH? in kJ. (1]

AH® I kJ mol™

CO(g) ~1105

Ni(CO), (1) ~633.0

c.iilUse your answers to (c)(i) and (c)(ii), to determine the temperature, in °C, at which the decomposition of liquid tetracarbonylnickel to nickel and  [3]

carbon monoxide becomes favourable.

(If you did not get answers to (c)(i) and (c)(ii), use —500 J K~ and —200 kJ respectively but these are not the correct answers.)

d. Suggest why experiments involving tetracarbonylnickel are very hazardous. 1]

This question is about ethene, C,H,4, 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.

3C,Ha(g) — CeHe(Q)

c.iiDetermine the standard enthalpy change, AHC, for the following similar reaction, using AH; values in section 12 of the data booklet. [2]



3C2H,(9) — CeHe(l)

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-, for the reaction in (ii) using section 12 of the data booklet. 1]
c.vDetermine, showing your working, the spontaneity of the reaction in (ji) at 25 °C. [3]
d. One possible Lewis structure for benzene is shown. 1]
T
H C H
~Na X
7
C C
~ 2N
H \“T”/ H
H

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

Vanadium has a number of different oxidation states.

Electrode potentials for the reactions of vanadium and other species are shown below.

V¥ (aq) + e = V¥ (aq) -0.26V
VO™ (aq) + 2H (aq) + e = V¥ (aq) + H,0(l) +0.34V
VO, (aq) + 2H (aq) + & = VO™ (aq) + H,0O(l) +1.0V
Zn”" (aq) + 2e” = Zn(s) -0.76V
Pb™ (aq) + 2" = Pb(s) -0.13V
S0,” (aq) + 4H™ (aq) + 2e” = H,S0,(aq) + H,0(l) +017V
Ag’(ag) + " = Ag(s) +0.80V
1 - - —~

3ClL(g)+ e = Cl (aq) +1.36V

a. Determine the oxidation state of vanadium in each of the following species. [2]




b.i.Identify, from the table, a non-vanadium species that can reduce VO?%*(aq) to V3*(aq) but no further.
b.iildentify, from the table, a non-vanadium species that could convert VO;(aq) to V2*(aq).

c.i.Formulate an equation for the reaction between VO2*(aq) and V2*(aq) in acidic solution to form V3+*(aq).

c.iiComment on the spontaneity of this reaction by calculating a value for AGY using the data given in (b) and in section 1 of the data booklet.

The reaction between ethene and steam is used in the industrial production of ethanol.

CoHy(g) + H20(g) — C2H;0H(g)

The enthalpy change of the reaction can be calculated either by using average bond enthalpies or by using standard enthalpies of formation.

a. Determine the enthalpy change of the reaction, in kJ mol_l, using the average bond enthalpies in Table 10 of the Data Booklet.

b. () Define the term standard enthalpy change of formation.

(i) Determine the enthalpy change of the reaction, in kJ molfl, between ethene and steam using the enthalpy change of formation values

given below.
Compound AHSI kT mol™
C,H,OH(g) 235
CH,(g) +52
H,0(g) —242

c. Comment on which of the values obtained in (a) and (b)(ii) is more accurate, giving a reason.

d. Predict the sign of the entropy change of the reaction, A S, giving a reason.

Tin(ll) chloride is a white solid that is commonly used as a reducing agent.

a. (i) State why you would expect tin(ll) chloride to have a similar lattice enthalpy to strontium chloride, using section 9 of the data booklet.

(ii) Calculate the molar enthalpy change when strontium chloride is dissolved in water, using sections 18 and 20 of the data booklet.

(iii) Tin(ll) chloride reacts with water to precipitate the insoluble basic chloride, Sn(OH)CI.

SnClL,(aq) + H,O (1) = Sn(OH)CL(s) + H* (aqg) + CL (aq)

(1]

(1]

(1]

(3]

(3]

4]

(1]

(1]

4]



Suggest why tin(ll) chloride is usually dissolved in dilute hydrochloric acid.

b. Tin can also exist in the +4 oxidation state. [3]

Sn* (aq) + 2e = Sn*' (aq) E°=+40.15V

Vanadium can be reduced from an oxidation state of +4 to +3 according to the equation:

VO*(aq) + 2H" (aq) + e = V*'(aq) + H,O()  E®=+0.34V

(i) Calculate the cell potential, E®, and the standard free energy, AGS, change for the reaction between the VO?* and Sn®* ions, using sections 1
and 2 of the data booklet.

E®:
AG®:
(i) Deduce, giving your reason, whether a reaction between Sn?*(aq) and VO?*(aq) would be spontaneous.

c. Outline, giving the full electron configuration of the vanadium atom, what is meant by the term transition metal. [2]

d. In an aqueous solution of vanadium(lll) chloride, the vanadium exists as [V (H20)g]**, [VCI (H20)s]** or [VCla(H20)4]" depending on the [3]

concentration of chloride ions in the solution.

(i) Describe how CI™ and H20 bond to the vanadium ion.

(ii) Outline what would happen to the wavelength at which the vanadium complex ions would absorb light as the water molecules are gradually
replaced by chloride ions, using section 15 of the data booklet.

e. Eight successive ionisation energies of vanadium are shown in the graph below: [6]



18000 —
16000 —
14000 —

|.E. 12000 -

kdmol™ 40000 -
8000 —
6000 —
4000 —

2000 -

1 2 3 4 5 6 7 8
Number of electrons removed

(i) State the sub-levels from which each of the first four electrons are lost.

First: Second: Third: Fourth:

(ii) Outline why there is an increase in ionization energy from electron 3 to electron 5.

(iiiy Explain why there is a large increase in the ionization energy between electrons 5 and 6.

(iv) Vanadium is comprised almost entirely of 5'V. State the number of neutrons an atom of 3'V has in its nucleus.

Ethanol has many industrial uses.

a. State an equation for the formation of ethanol from ethene and the necessary reaction conditions. [3]
Equation:
Conditions:

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, AHCG, of propanoic acid is —1527 kJ mol . Determine the standard enthalpy change of [4]

formation of propanoic acid, in kJ molfl, 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]

Ethane-1,2-diol, HOCH,CH,OH, has a wide variety of uses including the removal of ice from aircraft and heat transfer in a solar cell.

b. (i) Calculate AHS, in kJ, for this similar reaction below using AHfg data from section 12 of the data booklet. Aer of HOCH,CH,OH(l) is — [6]

454 .8kJmol.

2CO (g) + 3H» (g) = HOCH,CH,OH (l)
(i) Deduce why the answers to (a)(iii) and (b)(i) differ.
(iii) AS® for the reaction in (b)(i) is -620.1JK-1. Comment on the decrease in entropy.

(iv) Calculate the value of AGE, in kdJ, for this reaction at 298 K using your answer to (b)(i). (If you did not obtain an answer to (b)(i), use —244.0 kJ,
but this is not the correct value.)

(v) Comment on the statement that the reaction becomes less spontaneous as temperature is increased.

f. Predict the "THNMR data for ethanedioic acid and ethane-1,2-diol by completing the table. [2]



Number of signals Splitting pattern

Ethanedioic acid:

Ethane-1,2-diol: Not required

Magnesium is the eighth most abundant element in the earth’s crust. The successive ionization energies of the element are shown below.
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Magnesium can be produced from the electrolysis of molten magnesium chloride, MgCl,.

The lattice enthalpy of magnesium chloride can be calculated from the Born-Haber cycle shown below.
A

Mg'(g) + 2e” + 2Cl(g)

F

a.

(i)

MI=+738 + 1451 k]

Mg(g) + 2Cl(g)

v

Mg>*(g) + 2CI7(g)

F Y Y
H I1

Mg(g) + Cly(g)

F 3

I=+148 k]
Mg(s) + Cly(g) AHE(MgCl,)
V=—642kJ
MgCl4(s)

Define the term first ionization energy and state the equation for the first ionization of magnesium.

(8]



(i) Explain the general increase in successive ionization energies of the element.

(iliy  Explain the large increase between the tenth and eleventh ionization energies.

b. () Explain how molten magnesium chloride conducts an electric current.

(i) Identify the electrode where oxidation occurs during electrolysis of molten magnesium chloride and state an equation for the half-reaction.

(i)  Explain why magnesium is not formed during the electrolysis of aqueous magnesium chloride solution.

c. (i) Identify the enthalpy changes labelled by I and V in the cycle.

(i)  Use the ionization energies given in the cycle above and further data from the Data Booklet to calculate a value for the lattice enthalpy of

magnesium chloride.

(iliy  The theoretically calculated value for the lattice enthalpy of magnesium chloride is +2326 kJ. Explain the difference between the
theoretically calculated value and the experimental value.

(iv)  The experimental lattice enthalpy of magnesium oxide is given in Table 13 of the Data Booklet. Explain why magnesium oxide has a higher

lattice enthalpy than magnesium chloride.
d. () State whether aqueous solutions of magnesium oxide and magnesium chloride are acidic, alkaline or neutral.

(i) State an equation for the reaction between magnesium oxide and water.

Carbon monoxide reacts with hydrogen to produce methanol.

CO(g) + 2Hs(g) — CH3;0H(1)

Substance AH® | kJ mol™ AG? /1 kI mol™ 5%/ Jmol” K-
CO(g) ~1105 _137.2 +197.6
CH,OH (L) -239.0 —166.0 +126.8

a. Calculate the standard enthalpy change, AH®, inkJ molfl, for the reaction.

b. Calculate the standard free energy change, AG®, in kJ mol ™, for the reaction
(AG?(Hz) = 0 kJmol ).

c. Using the values obtained in parts (a) and (b), calculate the standard entropy change, AS® inJ molflel, for the reaction at 298 K.

d. Determine the absolute entropy, S©,inJ mol 'K, for H(g) at 298 K.

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.

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

conditions.

(5]

(10]

[2]

(1]

(1]

(1]

2]

(1]

[4]



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

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

NaOH(ag).

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

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.

Positive electrode (anode):

Negative electrode (cathode):
e. Bromine reacts with aqueous sodium iodide.
Bra(aq) + 2Nal(aq) — Iz(aq) + 2NaBr(aq)
Identify the oxidizing agent in this reaction.

f.i. Define the term standard electrode potential, E°.

fi

.Draw a labelled diagram for the voltaic cell in which the following reaction occurs.
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.

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, AHG, of NaCl(s), in kJ molfl, using a Born-Haber cycle and tables 7, 10 and 13 of the

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

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

(1]

[2]

[2]

[2]

(1]

(1]

[4]

[2]

(1]

[4]



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

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 kJ, 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, AHG, is —220.1kJmol~'. Determine the standard enthalpy change, AHG, for the

forward reaction of the equilibrium, in kJ, 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) (ii) and (a) (iii). (If you did
not obtain an answer to (a) (i) and/or (a) (iii) 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]

H,N CH, NH,, X

(i) Classify diamine X as a primary, secondary or tertiary amine.
(ii) 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 "H 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~23 solution of phenylamine at 298K using section 21 of the data [4]

booklet.



