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Below is a sample of the various AP® question types from Chapter 9: Properties of Gases: The Air We Breathe. If you need to see a greater

sampling of assessment questions during your textbook review, please contact your Norton representative.

AP® MULTIPLE-CHOICE QUESTIONS

10 AP® multiple-choice questions are included per chapter and are based on data sets, equations, and molecular structures.

EXAMPLE:

Tl

The formation of nitrogen gas from nitrogen monoxide may occur through a three-step mechanism.
This potential mechanism, as well as the overall equation, is shown.

Overall Equation: 2 NO(g) + 2 Hy(g) — 2 HO(¢) + Na(g)

2NO(g) = N20x(g) (fast)
N20,(g) + Ha(g) - H,0(f) + N,O(g) (slow)
N20(g) + Ha(g) - HO(¢) + Na(g) (fast)

Which of the following is the correct rate law for this reaction?
a. Rate =k[NOJ?
b. Rate = k[NzOz] [Hz]

c. Rate =kNOJ}[H,]

N,0,1°’[H

& Rao—k 20 [H:] Z]E d
[NO]

ANS: C
To find the rate law, we must first focus on the slow step of the mechanism, using the reactants and
their coefficients to write a rate law.

Rate = £[N,O,][H,]

This rate law includes a reaction intermediate, N,O,, which cannot be included in the rate law. To find
what to replace it with, use the following steps:

Assign rate symbols to the forward and reverse reaction for the fast step.
kINOJ* = & [N,O,]
Isolate the intermediate.
[N20,] = [NOJ*

Substitute this into the original expression in place of the intermediate.
Rate = k[NOJ*[H,]

The various rate constants in this mechanism are combined into the final £ value.

DIF: Difficult

OBJ: AP Learning Objective: TRA-5.C Identify the rate law for a reaction from a mechanism in
which the first step is not rate limiting. TOP: AP Topic: 5.9

KEY: AP MSC: AP Practice: 5.B
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AP® SHORT FREE-RESPONSE QUESTIONS

2 AP® short free-response questions are included per chapter.

EXAMPLE:

A student conducts an experiment to measure the change in concentration of reactant A over time. The
overall reaction for the system studied is:

2A > A,
(@)
time [A]
(minutes) (molarity)
0.0 1.0000
10.0 0.7500
20.0 0.5000
30.0 0.3500
40.0 0.2500
50.0 0.1750
60.0 0.1250
70.0 0.0800
80.0 0.0625
Concentration of A vs Time
1.2000
1.0000
_ 0.8000
E| *
£ 0.6000
E 0.4000 b
0.2000 ? i
0.0000 1 ?

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0
Time (minutes)

(1) The student states that the reaction is first order. What evidence from the data or graph can be
used to support their statement?

(i1) Calculate the rate constant for this reaction. Include units.

(b) The mechanism shown is proposed for the reaction being studied.

A—>M (slow)
M+ A — A, (fast)

Validate that the proposed mechanism supports the experimental rate law and the overall reaction.
(c) What is the concentration of A remaining after 93 minutes?

ANS:

(a)(i) Analysis of the data shows that the half-life is consistently 20 minutes, as the concentration is
decreased by half every 20 minutes. Only first order reactions have half-lives that are
independent of concentration.

oL
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(a)(i1) The easiest way to determine the £ for this reaction is with the use of the first order half-life

equation.
(= 0.693 and k = 0.693
2 k rL
2
~0.693
~ 20min
k =0.035min"’

(b) The first reason why the mechanism is valid is that the rate law for the slow step (rate-determining
step) matches the experimental rate law (Rate = k[A]). To determine the rate law for the slow step,
use the coefficients (molecularity) for the reactants from the slow step. Those represent the order
of reactants in the rate law.

The second reason why the mechanism is valid is that the steps shown, when added, will equal the
overall reaction shown at the start of the problem. M is an intermediate that will cancel out, and
the two A molecules can be combined to make 2 A, resulting in the matching overall reaction.

©) In[A]; — In[A]o = —kt

In[AJe; — In[1.0000 M ], =-0.0347 min~'(93 min)
In[A]o; — 0=-3.23
33 =0.040M

DIF: Easy | Moderate | Difficult

OBJ: AP Learning Objective: TRA-3.C Identify the rate law expression of a chemical reaction using
data that show how the concentrations of reaction species change over time. | AP Learning Objective:
TRA-3 B Represent experimental data with a consistent rate law expression. | AP Learning Objective:
TRA-5 A Identify the components of a reaction mechanism. | AP Learning Objective: TRA-5 B
Identify the rate law for a reaction from a mechanism in which the first step is rate limiting.

TOP: AP Topic: 5.3 | AP Topic: 5.2 | AP Topic: 5.7 | AP Topic: 5.8

KEY: AP MSC: AP Practice: 5.B | AP Practice: 5.C
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19 AP® LONG FREE-RESPONSE QUESTIONS

1 AP® long free-response question is included per chapter.

EXAMPLE:

Tl

Nitrogen monoxide gas (NO, also known as nitric oxide), reacts with hydrogen gas, according to the
following equation.
2NO(g) +2 Ha(g) — Nx(g) + 2 H0(g)

(a) If 10.0 g H, reacts with excess NO according to the equation shown, calculate the theoretical yield,
in grams, of N, that would be produced in the reaction.

(b) A student claims the reaction shown is a redox reaction. Provide evidence to support this claim by
identifying the element that is oxidized and the element that is reduced in this reaction.

Experiments were performed to study the kinetics of the reaction. All three trials were performed at the
same initial temperature. The data are shown in the table.

Initial Initial Initial Rate
Concentration Concentration of Formation
of NO(g) of H,(g2) of Ny(2)
Trial (M) (M) (Ms1)
1 0.0500 0.0500 0.0104
2 0.100 0.0500 0.0417
3 0.100 0.100 0.0833

(c) In terms of the collisions between the reactant molecules, explain why the initial rate in Trial 2 is
greater than the initial rate in Trial 1. Base your answer on what occurs at the particle level.

(d) Based on the data in the table, determine the order with respect to NO(g) and the order with
respect to Hy(g). Justify your answers.

(e) Based on your answer to part (d), write the overall rate law for the reaction.
(f) Calculate the value of the rate constant, £, for the reaction. Include units with your answer.

The following mechanism is proposed for the reaction.

NO(g) + NO(g) S N,0Ox(2) fast
NzOz(g) + Hz(g) —> NQO(g) + HzO(g) slow
N,O(g) +Hax(g) — Nu(g) + H,0(g) Jast

(g) Is the rate law described by the proposed mechanism consistent with the rate law you wrote in part
(e)? Justify your answer.

Standard Enthalpy
of Formation, AH
Substance (kJ/mol)
Ha(g) 0
NO(g) 90.3
Na(g) 0
H:O(g) 2418
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(h) Using the table of standard enthalpies of formation, calculate the value of AH® for the reaction
2 Ha(g) + 2 NO(g) — Na(g) + 2 H.O(g).

(1) The entropy change for this reaction, AS°, is —95.5 J/(mol « K) at 298 K. Using particle-level
reasoning, explain why AS° is negative for this reaction.

ANS:
(a) The theoretical yield of N»(g) is calculated as follows.
1 molH, ImoIN, 28.02gN,

00t X 6eH, “2mol H, ~ Tmol N,

69.5gN,

(b) The oxidation numbers of the atoms in the reactants and the products are the following.
Reactants: H=zero, N=+2, O =-2 Products: H=+1, N = zero, 0 =-2
In this reaction, H is oxidized (from zero to +1) and N is reduced (from +2 to zero).

(c) Comparing the initial concentration of the reactants between trials 1 and 2, the concentration of
NO(g) 1s doubled in trial 2. As reactant concentration increases, the frequency of collisions
between reactant molecules increases. This leads to a greater number of effective collisions and a
faster reaction rate.

(d) Comparing trials 1 and 2, NO is doubled while H, remains constant. As a result, the initial rate is

0.0417
> 0.0104
Comparing trials 2 and 3, H; is doubled while NO remains constant. As a result, the initial rate is

. 0.0833
doubled (i.c., 0.0417

quadrupled (i.c. ~ 4). Therefore, the reaction is second order with respect to NO(g).

~ 2). Therefore, the reaction is first order with respect to H,(g).

(e) Rate =k|NOJ?[H,]

(f) Using the data from trial 1:
Rate = k[NO,J*[H,]

0.0104Ms™" = k(0.0500 ) (0.0500 M)

0.0104 M s

= - =832M 7 s™
(0.0500M1)" (0.0500M)

Using the data from trial 2:
Rate = £[NO,]*[H;]
0.417M s =k(0.100A1)° (0.0500 A1)

0.417Ms ™!

= > =83.4M7s™
(0.100M) " (0.0500M)

Using the data from trial 3:
Rate = £[NO,]*[H;]
0.0833M s =k(0.100A1)°(0.100A1)

0.0833M s

= > =833M7s™
(0.100A1)"(0.100A1)
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(g) The rate law described by the proposed mechanism is consistent with the rate law written in part
(e). Step 2 is the slow step, so it is the rate-determining step of the mechanism. The rate law of this
clementary step is Rate = £[N,O,|[H,]. Because N,O, is an intermediate, it cannot appear in the
rate law of the overall reaction.

In step 1, the rate of the forward reaction is equal to the rate of the reverse reaction:

k[NOJ? = k1 [N,0,]

Now we can solve for N,O, in terms of NO, and then substitute this expression into the rate law of
step 2.

k,
[N20,] = E [NOJ
Rate = £,[N,0,][H;]

kyk,
Rate = k—[NO]Z[Hz]
=]

Rate = {[NOJ2[H,]

This rate law is consistent with the rate law written in part (¢).

(h) The value of AH® for the reaction is calculated as follows.
AH° =% AH , products — > AH | reactants

AHP = [(0) + 2( -241.8 kJ/mol)] — [2(0) + 2(90.3 kJ/mol)]
AH® = —664.2 kJ/mol,,

(1) In this chemical equation, there are 4 moles of gaseous reactants and 3 moles of gaseous products.
The sign of AS° is negative because the total number of moles of gaseous products is less than the
total number of moles of gaseous reactants. This is a reduction in the number of possible
arrangements of the particles, resulting in a decrease in the overall entropy for the reaction.

DIF: Moderate | Easy

OBJ: AP Learning Objective: TRA-4.B Explain the relationship between the rate of an elementary
reaction and the frequency, energy, and orientation of molecular collisions. | AP Leaming Objective:
TRA-3 B Represent experimental data with a consistent rate law expression. | AP Learning Objective:
TRA-5.C Identify the rate law for a reaction from a mechanism in which the first step is not rate

limiting.
TOP: AP Topic: 4.5 | AP Topic: 4.7 | AP Topic: 5.5 | AP Topic: 5.2 | AP Topic: 5.9 | AP Topic: 6.8 |
AP Topic: 9.1 KEY: AP

MSC: AP Practice: 5.F | AP Practice: 6.C | AP Practice: 6.F | AP Practice: 5.A | AP Practice: 5.C | AP
Practice: 5.B | AP Practice: 6.C
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