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Reading the mark scheme

m (B1) a mark that stands on its own — the point is either made or not.

m (M1) a method mark: the right approach, even if the number is wrong.

m (A1) an answer mark, and it usually needs its M mark first.

m (C1) a working mark on the way to the answer.

m // separates answers the examiner accepts equally.

m ecf = error carried forward: a later part is marked on your own earlier answer.

m owtte = “or words to that effect” — the wording need not match.



Past-paper walk-through

Question 3

2025 = Q3

White phosphorus is composed of P4 molecules with a tetrahedral structure, as shown
in the diagram on the left. Each P atom is bonded to the other three P atoms by
single bonds, as shown in the incomplete Lewis diagram on the right.

[Left: a ball-and-stick tetrahedral structure of Py, showing four P atoms (spheres) at
the vertices of a tetrahedron connected by bonds (sticks).]

[Right: an incomplete Lewis diagram showing four P atoms arranged in a tetrahedral
projection (one P at top, one P in the middle/front, two P at the bottom left and
right), connected by single bonds forming the P4 skeleton, with no lone pairs drawn
yet.]

(a) In the box in part A, complete the Lewis diagram for P4 by drawing the
nonbonding electrons.
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Mass of P,Oq 0.100 g

Mass of HyO 100.0 g

Initial temperature 22.00°C

Final temperature 22.38°C

Molar mass of P,O;;, | 283.9 g/mol

Specific heat of H,O | 4.18 J/(g-°C)







Past-paper walk-through

Question 3

2025 = Q3

White phosphorus is composed of P, molecules with a tetrahedral structure, as shown in the
diagram on the left. Each P atom is bonded to the other three P atoms by single bonds, as
shown in the incomplete Lewis diagram on the right.

[Left: a ball-and-stick tetrahedral structure of P4, showing four P atoms (spheres) at the
vertices of a tetrahedron connected by bonds (sticks).]

[Right: an incomplete Lewis diagram showing four P atoms arranged in a tetrahedral projection
(one P at top, one P in the middle/front, two P at the bottom left and right), connected by
single bonds forming the P4 skeleton, with no lone pairs drawn yet.]

(b) The reaction of white phosphorus with oxygen to form P4O1¢(s) is
thermodynamically favorable at 298 K. The reaction is represented by equation 1.
Equation 1: P4(S) + 502(g) — P4010<S)
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Question 3

(b)(i) The entropy change of the reaction, AS°, is negative. Using particle-level
reasoning, explain why the entropy decreases as the reaction progresses.

(b)(ii) The enthalpy change of the reaction, AH°, is also negative. A student claims
that the favorability of the reaction is driven by enthalpy and **not** by entropy. Is
the student’s claim correct? Justify your answer by using the relationship between
AG°, AH°, and AS°.
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Question 3

2025 = Q3

White phosphorus is composed of P, molecules with a tetrahedral structure, as shown in the
diagram on the left. Each P atom is bonded to the other three P atoms by single bonds, as
shown in the incomplete Lewis diagram on the right.

[Left: a ball-and-stick tetrahedral structure of P4, showing four P atoms (spheres) at the
vertices of a tetrahedron connected by bonds (sticks).]

[Right: an incomplete Lewis diagram showing four P atoms arranged in a tetrahedral projection
(one P at top, one P in the middle/front, two P at the bottom left and right), connected by
single bonds forming the P4 skeleton, with no lone pairs drawn yet.]

(c) P4O1¢(s) reacts exothermically with water to form phosphoric acid, as represented
by equation 2.

Equation 2: P4O10(s) + 6 HoO(/) — 4 H3PO4(aq)
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Question 3

A chemist uses a calorimetry experiment to determine the enthalpy change for the
reaction, as represented by the following diagram.

[Calorimeter diagram: a coffee-cup-style calorimeter labeled "Thermometer” (inserted
through the insulating cover), "Stirrer” (inserted alongside the thermometer),
"Insulating Cover” (the lid), "Inner Vessel” (the cup holding the solution, shaded), and
"Outer Vessel” (the outer supporting cup).]

The chemist carries out the calorimetry experiment and records the following
information.

| Quantity | Value | |—|—] | Mass of P4O1 | 0.100 g | | Mass of H2O | 100.0 g | |
Initial temperature | 22.00°C | | Final temperature | 22.38°C | | Molar mass of P4O1¢ |
283.9 g/mol | | Specific heat of HoO | 4.18 J/(g-° C) |

(c)(i) Calculate the amount of heat, g, released during the experiment, in kJ. Assume
that the specific heat of the solution is the same as that of water.
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Question 3

(c)(ii) Calculate the value of AH,

v for equation 2 in kJ/mol_ .. Include the sign in
your answer.
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Question 3

2025 = Q3

White phosphorus is composed of P4 molecules with a tetrahedral structure, as shown in the
diagram on the left. Each P atom is bonded to the other three P atoms by single bonds, as
shown in the incomplete Lewis diagram on the right.

[Left: a ball-and-stick tetrahedral structure of P4, showing four P atoms (spheres) at the
vertices of a tetrahedron connected by bonds (sticks).]

[Right: an incomplete Lewis diagram showing four P atoms arranged in a tetrahedral projection
(one P at top, one P in the middle/front, two P at the bottom left and right), connected by
single bonds forming the P4 skeleton, with no lone pairs drawn yet.]

(d) The chemist weighed out 0.100 g P4O;¢ of and 100.0 g of H2O to perform a
second trial. In the second trial, some of the solid P4O1¢ stuck to the weighing paper
and was not transferred to the calorimeter. Given that P4Oq is the limiting reactant,
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Question 3

would AT for the second trial be greater than, less than, or equal to the value in the
first trial? Justify your answer.

P4(s) also reacts readily with Cla(g) to produce phosphorus trichloride, PCls(g), which
in turn reacts with Cla(g) in an equilibrium process to produce PCls(g). The reactions
are represented by equations 3 and 4.

Equation 3: P4(s) + 6 Cla(g) — 4PCl3(g) AH; = —1148 kJ/mol

Equation 4: PCl3(g) + Clz2(g) = PCl5(g) AH; = —88 kJ/mol .
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Question 3

2025 = Q3

White phosphorus is composed of P, molecules with a tetrahedral structure, as shown in the
diagram on the left. Each P atom is bonded to the other three P atoms by single bonds, as
shown in the incomplete Lewis diagram on the right.

[Left: a ball-and-stick tetrahedral structure of P4, showing four P atoms (spheres) at the
vertices of a tetrahedron connected by bonds (sticks).]

[Right: an incomplete Lewis diagram showing four P atoms arranged in a tetrahedral projection
(one P at top, one P in the middle/front, two P at the bottom left and right), connected by
single bonds forming the P4 skeleton, with no lone pairs drawn yet.]

(e) Calculate the standard enthalpy of formation of PCl5(g) represented by equation 5.

1 )
Equation 5: 1P4(s) + §CI2(g) — PCl5(g) AHZ; =7

The following particle-level diagram represents the contents of the vessel in an
equilibrium mixture at 546 K involving equation 4.
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Question 3

[Particle diagram: a box containing multiple particles at random positions representing
an equilibrium mixture; a key indicates two-atom particles (grey-grey) = Cls,
four-atom tetrahedral-looking particles (grey with three white) = PCls3, and six-atom
particles (grey with five white) = PCl5. The box shows several Cly particles (pairs of
grey circles), several PCls particles (grey center with three white circles), and several
PCl; particles (grey center with five white circles) scattered throughout.]
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Question 3

2025 = Q3

White phosphorus is composed of P4 molecules with a tetrahedral structure, as shown in the
diagram on the left. Each P atom is bonded to the other three P atoms by single bonds, as
shown in the incomplete Lewis diagram on the right.

[Left: a ball-and-stick tetrahedral structure of P4, showing four P atoms (spheres) at the
vertices of a tetrahedron connected by bonds (sticks).]

[Right: an incomplete Lewis diagram showing four P atoms arranged in a tetrahedral projection
(one P at top, one P in the middle/front, two P at the bottom left and right), connected by
single bonds forming the P4 skeleton, with no lone pairs drawn yet.]

(f) Equation 4 for the reaction that occurs is shown.

Equation 4: PCls(g) + Cla2(g) = PCl5(g) AH; = —88 kJ/mol,,

(fF)(i) If each particle in the diagram represents a partial pressure of 1.00 atm, what is
the value of K|, for the equilibrium mixture at 546 K7
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Question 3

(F)(ii) Does the value of K} increase, decrease, or remain the same when the
temperature is increased to 596 K7 Justify your answer based on AH;.
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Solution 3

(a)

m Complete Lewis diagram for P4: the four P atoms form a tetrahedron, each
bonded to the other three P atoms by single bonds, and each P atom bears
one lone (nonbonding) pair of electrons — giving each P three bonding pairs
plus one lone pair, satisfying the octet rule.
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Solution 3

(b)

m No separate response required — this is the context/stem presenting equation 1
(P4(s) +502(g) = P4010(s)), thermodynamically favorable at 298 K, that parts (i)
and (ii) below refer to.

(b)(i)

m Because gas particles are more dispersed (have more accessible microstates) than
solids, the entropy decreases as the reactants (which include a gas, Oz) convert into
the solid product (P4O19).
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Solution 3

(b)(ii)

m Yes, the student’s claim is correct. Given AGS,, = AHS,_ — TAS®_, the

rxn rxn rxn:

reaction must have AG> . < 0 to be favorable. Because the reaction is

rxn
exothermic, AH},,, < 0 and enthalpy contributes to favorability. AS},, <0, so

rxn
entropy does NOT contribute to favorability — i.e., enthalpy alone drives it.
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Solution 3

(c)

m No separate response required — this is the context/stem describing the
calorimetry experiment for the exothermic reaction of P4O;¢(s) with water
(equation 2: P4Oq(s) + 6 HoO(/) — 4H3PO4(aq)) that parts (i) and (ii)
below use.
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Solution 3

(c)()

mg=mcAT=(100.1 g)(4.18 J/(g-°C))(22.38°C—22.00°C) = 160 J = 0.16 kJ
(reported to the correct number of significant figures).
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Solution 3

(c)(ii)

B Grxn = —Qsurr = —0.16 kJ.

—0.16 kJ 283.9 g P4010 1 mol P4010
AK, = — 450 kJ/mol_.
M1 = 0.100 g P,Oro . 1 mol PsOrp 1 molpen 50 kJ/mol

The correct (negative) sign must be included.
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Solution 3

(d)
m Less than. If less P4O; is present (some stuck to the weighing paper), less
thermal energy will be transferred to the water during the reaction, causing
the temperature increase (AT) to be less than it was with the full 0.100 g of

P4O1p.
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Solution 3

(e)
m Using Hess's law:

1 1
AHpeiy (g = 7AHT + AH3 = 7(~1148) + (~88) = 375 kJ/mol.
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Solution 3

(f)

m No separate response required — this is the context/stem presenting equation
4 (PCl3(g) + Cl2(g) = PCls(g), AH = —88 kJ/mol ) that parts (i) and (ii)
below refer to.

rxn
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Solution 3

(F) ()

m Reading partial pressures of 1.00 atm per particle from the diagram (4 PCl5, 2
) Ppc 4.00 1
PCls3, 6 Cly particles): K, = 5 = = — =0.333.
302 P ) Ko = Boc)(Paw) ~ (2.00)(6.00) 3
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Solution 3

(F)(ii)

m Decrease. The negative value of AH; indicates the reaction is exothermic.
Because exothermic reactions favor reactant formation at higher temperature
(the equilibrium shifts toward reactants as heat is added), the value of K,
decreases.
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Question 2

2024 = Q2

H2C4HQO4(aq) + 2 NaHC03(aq) — 2 COg(g) + 2 HQO(/) + Na2C4H204(aq)

2. A chemical reaction between maleic acid (H2C4H204) and sodium bicarbonate
(NaHCOs3) occurs in the presence of water to produce carbon dioxide and sodium
maleate (NaaC4H204), as represented by the following equation.

(a)(i) A student combines equal masses of HoC4H204(s) chunks and NaHCO3(s)
chunks with sufficient water at 20.0°C. The student determines that 0.0114 mol of
CO2(g) is produced after the reaction goes to completion.

Calculate the number of grams of CO3(g) produced.

(a)(ii) The CO2(g) produced from the reaction at 20.0°C was collected and found to
have a pressure of 1.25 atm. Calculate the volume of CO2(g), in liters.
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Question 2

2024 = Q2

HQC,1HQO,,1(aq) + 2 NaHCO;;(aq) — 2 COZ(g) + 2 HZO(/) + N32C1H201(3q)

2. A chemical reaction between maleic acid (HoC4H20,4) and sodium bicarbonate (NaHCO3)
occurs in the presence of water to produce carbon dioxide and sodium maleate (NaxC4H204),
as represented by the following equation.

(b)(i) The student performs a second experiment that is identical to the first except
that the student grinds the chunks of HoC4H204(s) and NaHCOj3(s) into powder
before combining the powder with water.

What happens to the surface area of the reactants when the student grinds the chunks
into powder?
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Question 2

(b)(ii) The rate-determining step for the overall reaction is the dissolving of the solids.
Would the time required for the dissolving of the solids in the second experiment be
longer than, shorter than, or the same as the time required in the first experiment?
Justify your answer based on the collisions between particles.

(b)(iii) When the reaction is complete, will the volume of CO2(g) at the end of the
second experiment be greater than, less than, or equal to the volume at the end of the
first experiment? Justify your answer.
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Question 2

2024 = Q2

HQC,1HQO,,1(aq) + 2 NaHCOg(aq) — 2 COz(g) +2 HQO(/) + NaQC,,lHQO,i(aq)

2. A chemical reaction between maleic acid (HoC4H20,4) and sodium bicarbonate (NaHCOj3)
occurs in the presence of water to produce carbon dioxide and sodium maleate (NaxC4H204),
as represented by the following equation.

(c) The student conducts additional trials of the experiment and produces the
following data table.

| Trial | Mass of HoC4H204 (grams) | Mass of NaHCO3 (grams) | Moles of COq
Produced (mol) | |—|—|]—|—] | 3| 1.543 | 1.251 | 0.01489 | | 4 | 1.543 | 1.686 |
0.02007 |

Based on the student’s data, identify the limiting reactant in trial 3. Justify your
answer.
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Question 2

2024 = Q2

H2C4HQO4(QC]) + 2 NaHCO;;(aq) — 2 COz(g) + 2 HgO(/) + Na2C4HQO4(aq)

2. A chemical reaction between maleic acid (HoC4H20,4) and sodium bicarbonate (NaHCOj3)
occurs in the presence of water to produce carbon dioxide and sodium maleate (NaxC4H204),
as represented by the following equation.

(d) The reaction has a value of AS° greater than zero. Using particle-level reasoning,
explain why the entropy increases as the reaction progresses.
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Question 2

2024 = Q2

2. A chemical reaction between maleic acid (HoC4H20,) and sodium bicarbonate (NaHCOj3)
occurs in the presence of water to produce carbon dioxide and sodium maleate (NaxC4H204),
as represented by the following equation.

(e) The student notices that the temperature of the reaction mixture decreases as the
reaction takes place and correctly determines that the reaction is endothermic.

The student claims that the reaction is thermodynamically favorable at all
temperatures because AS;,, > 0 and the reaction is endothermic. Do you agree or

disagree with the student’s claim? Justify your answer.
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Question 2

2024 = Q2

HQCqHQOq(aq) +2 NaHCO;g(aq) — 2 COZ(g) + 2 HZO(/) + NaQC,,lHQO,1(aq)

2. A chemical reaction between maleic acid (HoC4H20,) and sodium bicarbonate (NaHCO3)
occurs in the presence of water to produce carbon dioxide and sodium maleate (NaxC4H204),
as represented by the following equation.

(f) Next, the student investigates the acid-base behavior of maleic acid. The student
notes that maleic acid is a diprotic acid. The two acid dissociation processes that
occur are represented by the following equations.

HyCyHo0y4 + HoO = HC4H 0, + H30T K, = 1.5 x 1072
HC4Ho0; + HoO = C4H202™ + H30T Ko, =85 x 1077
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Question 2

Calculate the pK,, value for the HC4H2O} ion.
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Question 2

2024 = Q2

H2C4H204(aq) + 2 NaHCO3(ag) — 2 CO2(g) + 2H20(/) + NaaC4H204(aq)

2. A chemical reaction between maleic acid (HoC4H20,4) and sodium bicarbonate (NaHCOs3)
occurs in the presence of water to produce carbon dioxide and sodium maleate (NasC4H204),
as represented by the following equation.

(g) A buffer solution with a pH of 7.00 is prepared using C4H207~ and HC4H20; .
Calculate the ratio

[C4H,037]

[HC4H20; |

in this solution.
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Solution 2

(a)(i)

44.01
m 0.0114 mol COy x molg = 0.502 g CO,.
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Solution 2

(a)(ii)

m Using PV = nRT:
Ve nRT  (0.0114 mol)(0.08206 L - atm/(mol - K))(293 K)

=0.219 L.
P 1.25 atm 0-219
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Solution 2

(b)(i)

m Claim: the surface area of the solid reactants increases when the chunks are
ground into powder.

(b)(ii)

m Shorter than. The powdered solids have a larger surface area than the solid
chunks, so collisions between water molecules and the solid surface particles
occur more frequently, resulting in a faster rate of dissolution and a shorter
time to dissolve the solids.
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Solution 2

(b) (iii)

m Equal to. Both experiments begin with the same amount (mass) of reactants,
so they produce the same number of moles of CO2(g) under the same
conditions of pressure and temperature; therefore the final volume of COy will
be the same regardless of particle size (rate changes, but the final
amount/volume does not).
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Solution 2

(c) Mark scheme

m NaHCOs is the limiting reactant (accept either justification): changing the mass
of NaHCOj3 alters the amount of COs produced, OR NaHCOg has the smaller
theoretical yield of COa:

1 mol 2 mol COy
1.543 g HyCqHoO — 0.02659 mol CO» (if acid
& M2t X 19607 ¢ 1 mol acid mol CO (if acid were

1 mol 2 mol CO4y

=0.014 I C
S1.01 g < 2 mol NaHCO, — 01489 mol CO,
(if NaHCOs3 limiting) — the smaller value (NaHCO3) is the actual limiting

reactant, matching the trial’s observed 0.01489 mol COs.

limiting) vs. 1.251 g NaHCO, x
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Solution 2

(d)

m The entropy change is positive because the aqueous/solid reactants produce 2
moles of gas (CO2) particles, according to the balanced equation. Gases are
far more dispersed (occupy many more microstates) than condensed
(solid/aqueous) phases, so the entropy of the products is greater than that of
the reactants.
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Solution 2

(e)

m Disagree. Accept either justification: (1) The reaction is endothermic
(AH > 0) with a positive entropy change (AS > 0), so it is only
thermodynamically favorable at a high enough temperature where the
magnitude of — TAS exceeds AH — NOT at all temperatures. (2) For a
reaction to be thermodynamically favorable (AG < 0) at ALL temperatures, it
must be exothermic (AH < 0) AND have AS > 0 — this reaction is
endothermic, so it fails that requirement.
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Solution 2

()

m Given K,, = 8.5 x 1077 for the second dissociation of maleic acid:
pKa, = —log(8.5 x 1077) = 6.07.
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Solution 2

(2)
_ ) [C4H2077]
Using the Henderson—Hasselbalch equation: pH = pK,, + log ——=—.
u g q p PAa, g [HC4HQOZ]

[C4H20%7]

[HC v O_] _ 10(pH7pK.;2) — 10(7.0076.07) — 85,
412V

Solving:
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Question 1

2019 = Q1

[Complete Lewis electron-dot diagram of urea: H—N(H)—C(=0)—N(H)—H, with
the carbon double-bonded to oxygen (two lone pairs on O), and each nitrogen bonded
to two H atoms and bearing one lone pair, and the central carbon bonded to both
nitrogens|

The compound urea, HoNCONH,, is widely used in chemical fertilizers. The complete
Lewis electron-dot diagram for the urea molecule is shown above.

(a) Identify the hybridization of the valence orbitals of the carbon atom in the urea
molecule.



Polystyrene Thermometer Stirring Bottle of Balance Distilled
Cup Rod Urea Water



Question 1

«® o Oo

2900

% o

H,NCONH,(s) > H,NCONH,(aq)



S° (J/(mol-K))
H,NCONH,(s) 104.6

H,NCONH,(aq) ?
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Question 1

2019 = Q1

[Complete Lewis electron-dot diagram of urea: H—N(H)—C(=0)—N(H)—H, with the carbon
double-bonded to oxygen (two lone pairs on O), and each nitrogen bonded to two H atoms and
bearing one lone pair, and the central carbon bonded to both nitrogens]

The compound urea, HoNCONHs;, is widely used in chemical fertilizers. The complete Lewis
electron-dot diagram for the urea molecule is shown above.

(b) Urea has a high solubility in water, due in part to its ability to form hydrogen
bonds. A urea molecule and four water molecules are represented in the box below.
Draw ONE dashed line (—-) to indicate a possible location of a hydrogen bond
between a water molecule and the urea molecule.

[Diagram: a box containing one urea molecule (drawn with spheres: white = O, gray
= H, black = C, hatched = N) surrounded by four separate water molecules, each
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Question 1

water molecule drawn as one white (O) sphere bonded to two gray (H) spheres;
legend: white circle = O, gray circle = H, black circle = C, hatched circle = N]

HQNCONHQ(S) - HQNCONHQ(aq)

The dissolution of urea is represented by the equation above. A student determines
that 5.39 grams of HoNCONH3 (molar mass 60.06 g/mol) can dissolve in water to
make 5.00 mL of a saturated solution at 20.°C.
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Question 1

2019 = Q1

[Complete Lewis electron-dot diagram of urea: H—N(H)—C(=0)—N(H)—H, with the carbon
double-bonded to oxygen (two lone pairs on O), and each nitrogen bonded to two H atoms and
bearing one lone pair, and the central carbon bonded to both nitrogens]

The compound urea, HoNCONH,, is widely used in chemical fertilizers. The complete Lewis
electron-dot diagram for the urea molecule is shown above.
(c) Calculate the concentration of urea, in mol/L, in the saturated solution at 20.°C.
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Question 1

2019 = Q1

[Complete Lewis electron-dot diagram of urea: H—N(H)—C(=0)—N(H)—H, with the carbon
double-bonded to oxygen (two lone pairs on O), and each nitrogen bonded to two H atoms and
bearing one lone pair, and the central carbon bonded to both nitrogens]

The compound urea, HoNCONH,, is widely used in chemical fertilizers. The complete Lewis
electron-dot diagram for the urea molecule is shown above.

(d) The student also determines that the concentration of urea in a saturated solution
at 25°C is 19.8 M. Based on this information, is the dissolution of urea endothermic or
exothermic? Justify your answer in terms of Le Chatelier's principle.

[Diagram: row of laboratory equipment icons, labelled left to right: Polystyrene Cup,
Thermometer, Stirring Rod, Bottle of Urea, Balance, Distilled Water]
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Question 1

2019 = Q1

[Complete Lewis electron-dot diagram of urea: H—N(H)—C(=0)—N(H)—H, with the carbon
double-bonded to oxygen (two lone pairs on O), and each nitrogen bonded to two H atoms and
bearing one lone pair, and the central carbon bonded to both nitrogens]

The compound urea, HoNCONH,, is widely used in chemical fertilizers. The complete Lewis
electron-dot diagram for the urea molecule is shown above.

(e) The equipment shown above is provided so that the student can determine the
value of the molar heat of solution for urea. Knowing that the specific heat of the
solution is 4.18 J/(g-°C), list the specific measurements that are required to be made
during the experiment.

| | S° (J/(mol-K)) | |—|—| | HeNCONHx(s) | 104.6 | | HoNCONH32(aq) | ? |
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Question 1

2019 = Q1

[Complete Lewis electron-dot diagram of urea: H—N(H)—C(=0)—N(H)—H, with the carbon
double-bonded to oxygen (two lone pairs on O), and each nitrogen bonded to two H atoms and
bearing one lone pair, and the central carbon bonded to both nitrogens]

The compound urea, HoNCONH,, is widely used in chemical fertilizers. The complete Lewis
electron-dot diagram for the urea molecule is shown above.
(f) The entropy change for the dissolution of urea, AS . is 70.1 J/(mol-K) at 25°C.
Using the information in the table above, calculate the absolute molar entropy, S°, of

aqueous urea.
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Question 1

2019 = Q1

[Complete Lewis electron-dot diagram of urea: H—N(H)—C(=0)—N(H)—H, with the carbon
double-bonded to oxygen (two lone pairs on O), and each nitrogen bonded to two H atoms and
bearing one lone pair, and the central carbon bonded to both nitrogens]

The compound urea, HoNCONH,, is widely used in chemical fertilizers. The complete Lewis
electron-dot diagram for the urea molecule is shown above.

(g) Using particle-level reasoning, explain why ASZ , is positive for the dissolution of
urea in water.
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Question 1

2019 = Q1

[Complete Lewis electron-dot diagram of urea: H—N(H)—C(=0)—N(H)—H, with the carbon
double-bonded to oxygen (two lone pairs on O), and each nitrogen bonded to two H atoms and
bearing one lone pair, and the central carbon bonded to both nitrogens]

The compound urea, HoNCONH,, is widely used in chemical fertilizers. The complete Lewis
electron-dot diagram for the urea molecule is shown above.

(h) The student claims that AS° for the process contributes to the thermodynamic
favorability of the dissolution of urea at 25°C. Use the thermodynamic information
above to support the student’s claim.
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Solution 1

(a)

m sp2. The carbon atom in urea is bonded to three groups (two N atoms and
one O atom, one bond of which is a double bond) with no lone pairs, giving
trigonal-planar sp? hybridization. 1 point for stating sp.
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Solution 1

(b)

m A dashed line should connect a hydrogen atom of a water molecule to a
nitrogen or oxygen atom of urea, OR an oxygen atom of a water molecule to a
hydrogen atom of urea (an H-bond donor H drawn near an H-bond acceptor
lone pair). 1 point is earned for any correctly placed dashed line matching this
pattern.
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Solution 1

(c)

m Moles of urea: 5.39 g H2NCONH2 x (1 mol / 60.06 g) = 0.0897 mol (1
point, may be implicit). Molarity: 0.0897 mol / 0.00500 L = 17.9 M (1 point
for the correct molarity).



Past-paper walk-through

Solution 1

(d)

m Endothermic. The increased solubility at the higher temperature (19.8 M at
25°C vs. 17.9 M at 20.°C) implies the dissolution of urea is endothermic. By
Le Chatelier’s principle: heating a saturated solution stresses the equilibrium,
and that stress is counteracted by more urea dissolving (the endothermic
direction is favored). 1 point for the correct answer (endothermic) with this
justification.



Past-paper walk-through

Solution 1

(e)

m To determine the molar heat of solution calorimetrically, the student must
measure: the mass of urea and the mass of water used (1 point); and the
initial temperature of the water and the final temperature of the resulting
solution (1 point). With the given specific heat 4.18 J/(g - °C), these give q =
mcAT, which is then divided by moles of urea for the molar heat of solution.



Past-paper walk-through

Solution 1

()

m AS°soln = S°(H2NCONH2(aq)) — S°(H2NCONH2(s)); 70.1 J/(mol - K) =
S°(aq) — 104.6 J/(mol - K); S°(H2NCONH2(aq)) = 174.7 J/(mol - K). 1
point for the correct answer.



Past-paper walk-through

Solution 1

(g)

m Urea molecules in aqueous solution have a much greater number of possible
arrangements/microstates (free to move and interact throughout the solution)
than in the ordered solid, so dissolution increases the number of accessible
microstates, giving a positive AS°soln. 1 point for a correct particle-level
explanation along these lines.



Past-paper walk-through

Solution 1

(h)

m Thermodynamic favorability at standard conditions is determined by the sign
of AG®, where AG° = AH°® — TAS®. Since AS® is positive, the —TAS® term
is negative, making AG° smaller (more negative) and thus making the
dissolution more thermodynamically favorable — supporting the student'’s
claim. 1 point for this reasoning.



