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UNIT

5 Kinetics

0O This logo shows it is a Topic Question - it

= should only require knowledge included in
this Topic and it should be giving practice
in the Science Practice associated with this
Topic.

Science Practices

§ ‘ T=9°% 4 Exam
N i I 1.8 | 5.8 | 5.c | 5.E | 6.E
£
ST X .
o> Topic Suggested Skill

5.1 Reaction Rates X3 Provide reasoning to justify a claim
using connections between particulate and
macroscopic scales or levels.

o
S 5.2 Introduction to Rate Law X3 Explain the relationship between variables
- within an equation when one variable changes.
5.3 Concentration Changes EZA Identify an appropriate theory, definition,
Over Time or mathematical relationship to solve a problem.

5.4 Elementary Reactions IEE3 Determine a balanced chemical equation

for a given chemical phenomena.
< 55 Collision Model X3 Provide reasoning to justify a claim
& using connections between particulate and
E macroscopic scales or levels.

5.6 Reaction Energy Profile EXA Represent chemical substances or
phenomena with appropriate diagrams or
models (e.g., electron configuration).

5.7 Introduction to Reaction EX:E Describe the components of and

Mechanisms quantitative information from models and
representations that illustrate both particulate-
level and macroscopic-level properties.

5.8 Reaction Mechanism and X Identify an appropriate theory, definition,

3 Rate Law or mathematical relationship to solve a problem.
4
=

5.9 Steady-State Approximation

X3 |dentify an appropriate theory, definition,
or mathematical relationship to solve a problem.
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@m> Topic Suggested Skill
5.10 Multistep Reaction Energy EX3 Represent chemical substances or
Profile phenomena with appropriate diagrams or
models (e.g., electron configuration).
- 5.11 Catalysis X Provide reasoning to justify a claim
% using connections between particulate and
- macroscopic scales or levels.
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5.1 MC Questions
1. —
Reactant Initial Concentration
Q NO 0.0028 M
0. 0.0014 M

2NO @ T O, @0 2NO, @

The oxidation of NO  producing NO, , is represented by the chemical equation shown
8 29)

above.

The initial concentrations of NO @ and O

2 (g)

are given in the table above. The changes in

the concentration of NO  as a function of time are shown in the following graph.

0.0030
0.0025
0.0020
9 0.0015+
0.0010+
0.0005+
0.0000
Graph 1
0.0030
0.0025+
0.0020+
S 0.00155
Qoo1o-¥
0.0005+ \‘\k
0.0000 i Sty CEE S

Time (s)
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0 100 200 300 400 500

Time (s)
Graph 2
0.0030-

0.0025+
0.0020+
S 0.00154
0.0010+
0.0005+
0.0000

0 100 200 300 400 500
Time (s)

Which graph best represents the changes in concentration of O,  , and why?

A

ISPS Chemistry Oct 2022

Graph 1, because the rate of O, consumption is half the rate at which NO is
consumed; two molecules of NO react for each molecule of O, that reacts.

Graph 1, because O, molecules are consumed at a slower rate at the beginning of the
reaction when there are not as many molecules of NO, produced.

Graph 2, because there is a large excess of O, molecules and its concentration will

not change drastically over time.

Graph 2, because a collision between three molecules to form a product has a low
probability and the concentration of O, will remain relatively constant.
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2.
0

10

+ NG 2+
CaCO3(S) + 2H (a0 Ca + HZO(D + COz(g)

(aq)
: Initial Mass of CaCO Initial Concentration of Initial Temperature
Experiment 36) o
(grams) H' M) (°C)
5.00 1.0 25.0
5.00 2.0 25.0

The initial rate of formation of CO, . from the chemical reaction represented by the

2(g)

equation above was studied in two separate experiments.

The table above provides the experimental conditions used. If both experiments are carried
out with finely powdered samples of the solid and 50.0mL of HCl(aq), which experiment, if
any, will have the faster initial rate of formation of CO,  and why?

A

The rate of formation of COz(g) will be the same because the mass of CaCO3(S)
and the volume of HCl = used will be the same in both experiments.

The rate of formation of CO,  will be the same because the surface area of the solid
and the average kinetic energy of the particles will be the same in both experiments.

CO,,, will be formed at a faster rate in experiment 2 because more H" particles can
react per unit time.

CO,,, will be formed at a faster rate in experiment 1 because the proportion of

CaCO, , particlesto H* particles will be greater.

When the chemical reaction 2NO(g) + Oz(g) > 2N02(g) is carried out under certain
conditions, the rate of disappearance of NO, is 5.0x10~° Ms™.

What is the rate of disappearance of O, under the same conditions?

A

Because two molecules of NO are consumed per molecule of O,, the rate of
disappearance of O, is 2.5x10°Ms™".

Because two molecules of NO are consumed per molecule of O,, the rate of
disappearance of O, is 1.0 x 10*Ms™.

Because the rate depends on [NOJ?* and [O,], the rate of disappearance of Oz(g)
is 2.5x10°Ms™!.

Because the O, is under the same experimental conditions as NO, it is consumed
at the same rate of 5.0 x 10°Ms™.
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4.
CH + H —— CH
27 " 4(g) 2(g) 2

6(g)

Which of the following will most likely increase the rate of the reaction represented above?

A Decreasing the temperature of the reaction system
B Adding a heterogeneous catalyst to the reaction system
C  Increasing the volume of the reaction vessel using a piston
D Removing some H, from the reaction system
_—
> C2H4(g) + H2(g) C2H6(g)
C,H,,, is reduced by H,  in the presence of a solid platinum catalyst, as represented by the

equation above.
Factors that could affect the rate of the reaction include which of the following?

I Changes in the partial pressure of H, |

II  Changes in the particle size of the platinum catalyst

III  Changes in the temperature of the reaction system

A Ilonly B IandIlonly C IandIllonly D ITandIIIonly E I,II andIII

- + 2+
6. 5 HZOZ(aq) +2 MnO4 et 6 H (o) > 2 Mn et 8 HZO(D +5 Oz(g)

In a titration experiment, H,0,  reacts with aqueous MnO,’  as represented by the
equation above. The dark purple KMnO, solution is added from a buret to a
colorless, acidified solution of H,0, in an Erlenmeyer flask.

At a certain time during the titration, the rate of appearance of O, Was
1.0 x 10° mol L' s . What was the rate of disappearance of MnO, at the same time?

A 6.0x 10° mol L' s!
B 4.0x10°mol L' s
C 6.0x 10*mol L' s
D

40x10*mol L's?
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7.

A kinetics experiment is set up to collect the gas that is generated when a sample of chalk,
consisting primarily of solid CaCO,, is added to a solution of ethanoic acid, CH,COOH.

The rate of reaction between CaCO, and CH,COOH is determined by measuring the
volume of gas generated at 22 °C and 1 atm as a function of time.

Which of the following experimental conditions is most likely to increase the rate of gas
production?

A Decreasing the volume of ethanoic acid solution used in the experiment

B Decreasing the concentration of the ethanoic acid solution used in the experiment
C Decreasing the temperature at which the experiment is performed
D

Decreasing the particle size of the CaCO, by grinding it into a fine powder

A 0.35 g sample of Li | is placed in an Erlenmeyer flask containing 100 mL of water at
25 °C. A balloon is placed over the mouth of the flask to collect the hydrogen gas that is
generated.

Which of the following changes will most likely increase the rate of reaction between Li
and water?

Using 125 mL of water instead of 100 mL
Using a 0.25 g sample of Li | instead of a 0.35 g sample

Using a 0.35 g sample of Li  cut into small pieces

o O = >

Decreasing the water temperature before adding the Li

Relatively slow rates of chemical reaction are associated with which of the following?

The presence of a catalyst
High temperature
High concentration of reactants

Strong bonds in reactant molecules

m o O % »

Low activation energy
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10.
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Two samples of Mg  of equal mass were placed in equal amounts of HCl(aq) contained in
two separate reaction vessels.

Particle representations of the mixing of Mg  and HCl | in the two reaction vessels are
shown in Figure 1 and Figure 2 above. Water molecules are not included in the particle
representations.

Which of the reactions will initially proceed faster, and why?

A The reaction in Figure I, because the atoms of Mg are more concentrated than those
in Figure 2

B The reaction in Figure I, because the Mg in Figure I has a larger mass than the
Mg in Figure 2

C The reaction in Figure 2, because more Mg atoms are more exposed to HCI  in
Figure 2 than in Figure 1

D The reaction in Figure 2, because the Mg  in Figure 2 has less surface area than the
Mg, in Figure I

ISPS Chemistry Oct 2022
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5.2 MC Questions
1. An experiment was conducted to determine the rate law for the reaction .
Q —
¥ A t By AB g
Trial [A,] [B] Initial rate (Ms™1)
1 0.10 0.50 2.5 x 107
2 0.20 0.50 5.0 x 1074
3 0.30 0.05 5.0 x 1078
4 0.30 0.10 1.0x 1074

The table above shows the data collected. Based on the data in the table, which statement is

correct?

A Since the rate law can be expressed as rate = k [A, ] ?, tripling the concentration of
A, will cause a 9-fold increase in the rate of the reaction.

B Since the rate law can be expressed as rate = k [A, ] [B] , doubling the concentrations
of A,and B will quadruple the rate of the reaction.

C Since the rate law can be expressed as rate = k [A,] ?[B] , tripling the concentration
of A, while keeping the concentration of B constant will triple the rate of the
reaction.

D Since the rate law can be expressed as rate = k [A,] [B]?, doubling the concentration

te)

of B while keeping the concentration of A, constant will double the rate of the
reaction.

2 S 2- -
S,0, wp T 31 (9 280, e T IR (a9

In aqueous solution, the reaction represented by the balanced equation shown above has

the experimentally determined rate law: rate = k [ 82082 ] [T]

If the concentration of [S,O,*] is doubled while keeping [ I" | constant,

A
B

D

The rate of reaction will remain the same, because k will decrease by half.
The rate of reaction will double, because the rate is directly proportional to [ 82082 ]

The rate of reaction will increase by a factor of four, because two moles of SO >
are produced for each mole of S,0,* consumed.

The rate of reaction will increase by a factor of four, because the reaction is second
order overall.
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3. 2NO + Cl —> 2 NOCI
(8 2(g) (g)
Q
Experiment INO] [012] Initial Rate of N(—)1Cl Formation
(Ms™)
1 0.0250 0.0510 4.55 x 107°
2 0.0250 0.1020 9.10 x 107°
3 0.0500 0.0510 1.82 x 10~

The initial rates of the reaction represented by the equation shown above were measured

for different initial concentrations of NO _ and CI, ® " Based on the data given in

(g)
the table above, which of the following is the rate law expression for the reaction, and why?

A rate =k [ NO J? , because the initial rate quadrupled when [ NO ] was
doubled but remained constant when [ Cl, ] was doubled.

B rate=k [NOJ[CL ],  because the initial rate doubled when either [ NO ] or
[ Cl,] was doubled.

C rate=k [NOJ[CL J*, because the initial rate doubled when [ NO ] was doubled
and was quadrupled when [ Cl, | was doubled.

D rate=k [NOJ?[Cl,] ,  because the initial rate quadrupled when [ NO ] was
doubled and doubled when [ Cl, ] was doubled.

4.  The rate law for the reaction of nitrogen dioxide and chlorine is found to be
rate = k [NO,]*[CL].

By what factor does the rate of the reaction change when the concentrations of both NO,
and Cl, are doubled?

A 2
3

Mg O W
o AN B
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5.

Initial Rate of

Initial [NO] | Initial [O;] | Formation of NO,
Experiment (mol L™Y | (molL™hH (mol L™!s™h
1 0.10 0.10 2.5 x 1074
2 0.20 0.10 5.0 x 1074
3 L 020 0.40 8.0 x 1073

The initial-rate data in the table above were obtained for the reaction represented below.

2NO( + O
g)

2(g)

— 2 NOZ(g)

What is the experimental rate law for the reaction?

m g O W

The table above shows the results from a rate study of the reaction X + Y > Z.

rate=k [NOJ[ O,]

rate=k [NO][ O, J?
rate=k [NOJ’[ O,]
rate=k [NO J’[ O, ]

rate=k [NO]/[O,]

Initial Rate of
Experiment | [X], | [Y], | Formation of Z
(mol ! sec™)

1 0.40 | 0.10 R

2 0.20 | 0.20 ?

Starting with known concentrations of X and Y in experiment 1, the rate of formation of Z
was measured. If the reaction was first order with respect to X and second order with

respect to Y, the initial rate of formation of Z in experiment 2 would be

A

m g O W

R/4
R/2
R
2R
4R
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7. Rate = k[M][N]?
The rate of a certain chemical reaction between substances M and N obeys the rate law

above.

The reaction is first studied with [M] and [N] each 1 x 10 M. If a new experiment is
conducted with [M] and [N] each 2 x 107 M, the reaction rate will increase by a factor of

A 2 B 4 C 6 D 8 A 16
8.
Initial [X] Initial [Y] Initial Rate of Formation of Z
Experiment (mol L71) (mol L) (mol L7t s71)
1 0.10 0.30 4.0 x10™*
2 0.20 0.60 1.6 x1073
3 0.20 0.30 4.0 x107%
The data in the table above were obtained for the reaction X + Y > Z. Which of the
following is the rate law for the reaction?
A Rate = k[X]? B Rate = k[Y]? C Rate = k[X][Y]
D Rate = k[X]*[Y] E Rate = k[X][Y]?
9. H,AsO, + 3I" + 2H,O* > HAsO, + I + HO

The oxidation of iodide ions by arsenic acid in acidic aqueous solution occurs according to
the stoichiometry shown above. The experimental rate law of the reaction is:

Rate = k[H,AsO,] [I"] [H,0]
What is the order of the reaction with respect to I'?

A 1 B 2 C 3 D 5 A 6
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5.3 MC Questions

1.
The graph opposite shows the results of a study of the reaction

=~ 405 y of X with a large excess of Y to yield Z.
-
—_ 4_ O Or L
2 3 22 The concentrations of X and Y were measured over a period of
= ) time. According to the results,which of the following can be
= 301} concluded about the rate law for the reaction under the
T 954 conditions studied?
© .
2 20
5 s A Itiszero order in [X].
3 .
g 10 X B It is first order in [X].
©o05
o i 3 4 5 C It is second order in [X].
Time (hours) D It is first order in [Y].

2. If 87.5 percent of a sample of pure *'I decays in 24 days, what is the half-life of *'I?
A 4days B 6 days C 8 days D 12 days

3. Ifthe oxygen isotope *°O has a half-life of 15 seconds, what fraction of a sample of
pure *°O remains after 1.0 minute?

A /2 B Y4 C /s D /16

4. Gaseous cyclobutene undergoes a first-order reaction to form gaseous butadiene.
At a particular temperature, the partial pressure of cyclobutene in the reaction vessel
drops to one-eighth its original value in 124 seconds. What is the half-life for this reaction
at this temperature?

A 15.5 sec B 31.0 sec C 41.3 sec D 62.0 sec

5. The reaction between violet C, H, N.* —and OH" _ is first order with respect to
CH, N, in the presence of excess OH - A sample of the reaction mixture is placed in
a spectrophotometer, and the progress of the reaction is measured. The data are given in
the table below.

Time (s) 0 30 60 90 120 | 150 | 180 | 210 | 240 | 270 | 300

Absorbance | 0.62 | 0.54 | 047 | 041 | 0.36 | 0.31 | 0.27 | 0.23 | 0.20 | 0.17 | 0.15

Approximately how long did it take for 75 percent of the initial amount of C _H, N_* -
to react?

A 75 s B 225 s C 300 s D 600 s
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6. A sample of N O, was placed in an evacuated container, and a decompostion reaction
occurred. The value of Pxoo,> the partial pressure of N,O,,, was measured during the
reaction and recorded in the table below.

Time (min) Py.o. In( Py, ) 1
A}

0 150 5.0 0.0067

100 75 4.3 0.013

200 38 3.6 0.027

300 19 2.9 0.053

Which of the following correctly describes the reaction?

A 'The decomposition of N O, is a zero-order reaction.

B The decomposition of N, O, is a first-order reaction.
C The decomposition of N, O, is a second-order reaction.
D

The overall reaction order is 3.

7 A 2 H()2 @ —> 2 HZOZ @ + 02 (@

10

The reaction represented by the chemical
equation shown above involves a
hydroperoxyl radical and occurs in Earth’s
atmosphere.

1
[HO,]

In an experiment, [HO,] was monitored over
time and the data plotted as shown in the
graph opposite.

Time

Based on the information, which of the following is the rate law expression for the
reaction?

A rate = k

B rate = k [HO, |

C rate =k [HO, |

D rate =k [HO,][O,]
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8. The rate constant (k ) for the decay of the radioactive isotope I-131 is 3.6 x 10~ hours .
() The slope of which of the following graphs is correct for the decay and could be used to

= confirm the value of k ?

A B
3 |
_1_ _1
[1-131] [1-131]
Time (hours) ] Time (hours)
C D
A f |
In [I-131] [1-131]
Time (hours) . Time (hours) .

9. HO,, — HO,+ %20, ® Hydrogen peroxide decomposes to produce
0O water and oxygen according to the equation
= 000 above.

-0.014 An experimentally determined graph for the
S -0.02 ﬁrst—orc;ier deconzlp(c)isition of hydrogen
2 eroxide is provided opposite.
= -0.03] P P PP
-0.04+ Which of the following best identifies the rate
B constant k for the reaction based on the

100 200 300 400 500 information in the plot of In[H,O, ]versus

Time (s) time (¢) ?
A  k=In[HO,]att=0s B k=1In[H,0,] att=500s
C k = - (slope of graph) D  k=1/(slope of graph)
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10. X - products

Pure substance X decomposes according to the equation above. Which of the following
graphs indicates that the rate of decomposition is second order in X ?

A B
A \
[X] [X]
- o
Time Time
C D
A A
1 1
[X] [X]
- -
Time Time

11.  The isomerisation of cyclopropane to propylene is a first-order process with a half-life of
19 minutes at 500 °C. The time it takes for the partial pressure of cyclopropane to decrease
from 1.0 atmosphere to 0.125 atmosphere at 500 °C is closest to

A 38 min B 57 min C 76 min D 152 min

12.  The half-life of **Cr is about 2.0 hours. The delivery of a sample of this isotope from the
reactor to a certain laboratory requires 12 hours. About what mass of such material should
be shipped in order that 1.0 mg of **Cr is delivered to the laboratory?

A 130 mg B 64 mg C 32 mg D 11 mg
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13. Consider the reaction represented by the equation

2X + 27Z @ —s X222

During a reaction in which a large excess of reactant X was
present, the concentration of reactant Z was monitored

In [Z]

over time.

A plot of the natural logarithm of the concentration of Z
versus time is shown in the figure oposite.

Y

Time The order of the reaction with respect to reactant Z is

A zero-order B first-order C second-order D third-order
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5.3 FRQ

1. Dinitrogen pentoxide is the unstable anhydride of nitric acid that decomposes by first-order
kinetics into nitrogen dioxide and oxygen gas, as shown below:

2 NZOS(g) —_ 4 NOz(g) + Oz(g) Rate = k[N, O,]

The rate constant for the reaction is 6.22 x 10~ s! at 45°C.

a) If the initial concentration of N, 0, is 0.500 mol I, how long will it take for the
concentration to drop to 0.0500 mol 1 ?

b) The same reaction was then carried out at a different temperature. What is the new rate
constant if the initial concentration of N,0, is 0.300 mol I'! if, after 158 s, the concentration
is 0.200 mol I''?
c) Is the temperature in b) higher or lower than 45°C ? Justify your answer.
2. The decomposition of a certain insecticide in water at 12 °C follows first-order kinetics with a rate

constant of 1.45 yr'. A quantity of this insecticide is washed into a lake on June 1, leading to a
concentration of 5.0 x 107 g/cm’. Assume that the average temperature of the lake is 12 °C.

a)  What is the concentration of the insecticide on June 1 of the following year?

b)  How long will it take for the insecticide concentration to decrease to 3.0 x 107 g/cm’ ?
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3. The ammonium salt of isocyanic acid is a product of the decomposition of urea,
CO(NH,),, represented below.

CO(NH,), = NH;_ + OCN

(aq) (aq)
A student studying the decomposition reaction runs the reaction at 90°C. The studentcollects data

on the concentration of urea as a function of time, as shown by the data table and the graph

below.
Time (hours) | [CO(NH,),] 0.104
0 0.1000 — 0.08+
5 0.0707 = 0.064 . ‘
4
10 0.0500 £ o0sf | |
15 0.0354 O
20 0.0250 0.02 '
25 0.0177 0.00 ; %
30 0.0125 0 10 20 30

Time (hours)

The student proposes that the rate law is rate = kK[CO(NH,)_].

a) Explain how the data support the student’s proposed rate law.

b) Using the proposed rate law and the student’s results, determine the value of the rate
constant, k. Include units with your answer.

4.
2.00
" The graph opposite shows the
Ev 1.60 concentration of cyclobutane as it
) decomposes over time at 1270 K.
e 120
§3
g E o080 a)  Based on the graph, determine
8 the order of the decomposition
5 = reaction of cyclobutane at

L Tr—— 1270 K. Justify your answer.
0 40 8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0 40.0
Time (milliseconds)

b)  Calculate the time, in milliseconds, that it would take for 99 percent of the original
cyclobutane at 1270 K to decompose.
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5.4 MC Questions
1. Step 1: Hz(g) + ICl(g) —_— HI(g) + HCl(g) (slow)
0 Step2:  HI + ICl, —— HCl + L (fast)

te)

Which of the following represents the overall chemical equation for the reaction and the
rate law for elementary step 2 ?

A The overall reaction is Hz(g) + 2 ICl(g) _ HCl(g) + Iz(g) ;
the rate law for step 2 is rate = k[H,][HI][ICI]
B The overall reaction is H2( + 2IC1l, ———» 2HCl + I,  ;
) (g (g 2(g)
the rate law for step 2 is rate = k[H_][ICI]?
C The overall reaction is Hz( + ICl, ——» HClL + I  ;
8 (® (& 2(g)
the rate law for step 2 is rate = k[H,][ICI]
D The overall reaction is H2( + 2IC1L, —» 2HCl + I . ;
) (g) (g) 2(g)
the rate law for step 2 is rate = k[HI][ICI]
Step 1: ? (slow)
Step 2: NO3(g) + CO(g) —_ NOZ(g) + COz(g) (fast)

overall: NOz(g) + CO(g) _ NO(g)+ COz(g)

A two-step reaction mechanism is proposed for a gas-phase reaction, as represented above.

Which of the following correctly identifies both the chemical equation for step 1 and the
rate law for the overall reaction?

A The equation for step 1 is 2NO,, —— NO_ + NO, ;
and the rate law is rate = k[NO,]?

B The equation for step 1 is NO,, + €O, —— NO  + CO,  ;
and the rate law is rate = k[NO,][CO]

C The equation for step 1 is NO,, + 2CO, —— NO  + 2CO,  ;
and the rate law is rate = k[NO,][CO]

D  The equation for step 1 is NO, +NO, +2CO  — NO_+NO, +2CO,

and the rate law is rate = k[NO,][NO,] [COJ*
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3. NO(g) and Oz(g) react to form NOZ(g). The rate law of the reaction is rate=k[NO]*[O_].

Q If the reaction occurs in a single elementary step that is a three-body molecular collision,
then which of the following is the equation for the elementary step?

A N( + O .+ O ——>» NO
g (g) (g)

2(g)

2 No(g) + 02(g) 2 NO2(g)

2(g)

B

C N( + O —>» NO
g) 2(g)

D + ZOZ(g) —_ 2N02(g)

NZ(g)

5.4 FRQ

4. The reaction between NO, and CO to produce NO and CO, is
believed to occur via two steps:

Step 1: NO, + NO, —— NO + NO,
Step 2: NO, + CO —— NO, + CO,

The experimental rate law is rate = k[NO_]*.

a)  Write the equation for the overall reaction.
b) Identify the intermediate(s).

c)  What can you say about the relative rates of steps 1 and 2? Justify your answer.
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5.5 MC Questions
1.

Q

te)

The gas-phase reaction A, = + B, =~ > 2AB_ isassumed to occur in a single step.

Two experiments were done at the same temperature inside rigid containers. The initial
partial pressures of A, and B, used in experiment 1 were twice the initial pressures used in
experiment 2. Which statement provides the best comparison of the initial rate of
formation of AB in experiments 1 and 2 ?

A The initial rate of formation of AB is the same in both experiments because they
were done at the same temperature and the frequency and energy of the
collisions between A, and B, would have been about the same.

B The initial rate of formation of AB is slower in experiment 1 than in with
experiment 2 because at the same temperature, a higher pressure would reduce the
volume available for A, and B, molecules to achieve the proper orientation for
a successful collision.

C The initial rate of formation of AB is faster in experiment 1 than in experiment 2
because at a higher pressure the collisions between A  and B, molecules would have
been more frequent, increasing the probability of a successful collision.

D  The initial rate of formation of AB is faster in experiment 1 than in experiment 2
because at a higher pressure a larger fraction of the A) and B, molecules would have
the minimum energy required to overcome the activation energy barrier.

Step 1: H, + ICl(g) — HI + HCl(g) (slow)

Step 2: HI + ICl(g) —_ HCl(g) + 1 (fast)

() 2(g)

The reaction is carried out at constant temperature inside a rigid container. Based on this
mechanism, which of the following is the most likely reason for the different rates of step 1
and step 2 ?

A The only factor determining the rate of step 2 is the orientation of the HI and ICl
polar molecules during a collision, but it has a negligible effect when H, and ICI
molecules collide.

B The amount of energy required for a successful collision between H, and ICI is
greater than the amount of energy required for a successful collision between
HI and ICl.

C  The fraction of molecules with enough energy to overcome the activation energy

barrier is lower for HI and ICl than for H, and ICI.

D  The frequency of collisions between H, and ICl is greater than the frequency of
collisions between HI and ICL
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3.

Q

The proposed rate-determining step for a reaction is 2NO,, » NO,  + NO

A
8 Temperature 1
0
%)
<§> -, Temperature 2
g . I|Ea Activation Energy
Re! o
= |
>
pa

Energy of Molecules

(g)

The graph above shows the distribution of energies for NO,  molecules at two
temperatures.

Based on the graph, which of the following statements best explains why the rates of
disappearance of NO,  are different at temperature 2 and temperature 1 ?

A

NO,, is consumed at a faster rate at temperature 2 because more molecules possess
energies at or above the minimum energy required for a collision to lead to a

reaction compared to temperature 1.

NO,, is consumed at a faster rate at temperature 2 because the molecules have a
wider range of energies allowing for a better orientation during a collision compared

to temperature 1.

Fewer NO,  molecules have a relatively high energy at temperature 1, which favors
collisions between molecules rather than between the molecules and the container,
leading to a faster rate of disappearance compared to temperature 2.

More NO,  molecules have a relatively low energy at temperature 1, which
increases the number of effective collisions taking place and the rate of
disappearance compared to temperature 2.
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4, Cl‘(aq) + CIO‘(aq) + 2H+(aq) > Clz(g) + HZO(I)

What effect will increasing [H*] at constant temperature have on the reaction represented
above?

A The activation energy of the reaction will increase.

B The activation energy of the reaction will decrease.

C  The frequency of collisions between H* _ions and ClO" _  ions will increase.
D

The value of the rate constant will increase.

5. NO(g) + NO3(g) > 2N02(g) rate = k[NO][NO,]

The reaction represented above occurs in a single step that involves the collision between
a particle of NO and a particle of NO..

A scientist correctly calculates the rate of collisions between NO and NO, that have
sufficient energy to overcome the activation energy. The observed reaction rate is only a
small fraction of the calculated collision rate.

Which of the following best explains the discrepancy?

A The energy of collisions between two reactant particles is frequently absorbed by
collision with a third particle.

B The two reactant particles must collide with a particular orientation in order to
react.
C The activation energy for a reaction is dependent on the concentrations of the

reactant particles.

D  The activation energy for a reaction is dependent on the temperature.

6. Which of the following best describes the role of the spark from the spark plug in an
automobile engine?

A The spark decreases the energy of activation for the slow step.
The spark increases the concentration of the volatile reactant.
The spark supplies some of the energy of activation for the combustion reaction.

The spark provides a more favorable activated complex for the combustion reaction.

m g 0O =

The spark provides the heat of vaporization for the volatile hydrocarbon.
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7. Factors that affect the rate of a chemical reaction include which of the following?
L. Frequency of collisions of reactant particles
II.  Kinetic energy of collisions of reactant particles

III.  Orientation of reactant particles during collisions

A Ilonly B IandIlonly C IandIllonly D IlandIlonly E I, IIandIII

8. Which of the following best helps explain why an increase in temperature increases the
rate of a chemical reaction?

A Athigher temperatures, reactions have a lower activation energy..

B At higher temperatures, reactions have a higher activation energy.

C At higher temperatures, every collision results in the formation of product..
D

At higher temperatures, high-energy collisions happen more frequently.
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5.5 FRQ

1.

2 NO, @ F2<g) > 2 NOZF(g)

It is proposed that the reaction represented above proceeds via the mechanism represented
by the two elementary steps shown below.

Step 1: NO, + F, » NOJF + F (slow)

2 2

Step 2: NO, + F > NOF (fast reversible)

2

Step 1 of the proposed mechanism involves the collision between NO, and F, molecules.

This step is slow even though such collisions occur very frequently in a mixture of NO, |
and E, o Consider a specific collision between a molecule of NO, and a molecule of F,.

a) One factor that affects whether the collision will result in a reaction is the
magnitude of the collision energy. Explain.

b)  Identify and explain one other factor that affects whether the collision will result in a
reaction.

c¢)  Consider the following potential rate laws for the reaction. Circle the rate law below
that is consistent with the mechanism proposed above.

rate = k[NO, ]*[F ] rate = k[NO_|[F]

Explain the reasoning behind your choice in terms of the details of the elementary
steps of the mechanism.
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5.6 MC Question

1. Based on the bond energies shown
in the table opposite, which of the
following diagrams best represents
the change in energy as the reaction
represented below proceeds?

Hz(g)+ Clz(g) > 2HCl(g)

Energy (kI)

Reaction Coordinate

Energy (kJ)

Reaction Coordinate

ISPS Chemistry Oct 2022

Bond Bond Energy
(kJ/mol)
H-H 430
CI-Cl 240
H-CI 430

Energy (kJ)

Reaction Coordinate

Energy (kJ)

Reaction Coordinate
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5.6 FRQ
1. 2NO, | + F

rxn

o > NOF_ AH® =-284 kJ/mol__

NO, and F, , can react to produce NO,F ,as represented above. A proposed

mechanism for the reaction has two elementary steps, as shown below.
Step 1: NO, + F, > NOJF + F (slow)
Step 2: NO, + F > NOJF (fast)

2

a)  Write a rate law for the overall reaction that is consistent with the proposed
mechanism.

b)  On the incomplete reaction energy diagram below, draw a curve that shows the
following two details.

The relative activation energies of the two elementary steps

The enthalpy change of the overall reaction

2 NO2 + F2

Energy

Reaction Progress
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5.7 MC Questions

_ b All 3 questions relate to the particle
Step 1: — (slow) :
O b models shown opposite.

They represent a proposed two-step
mechanism for the destruction of

Step 2: Q‘ % - O @0 ‘ (fast) o zone (O,) in the upper atmosphere.

O=c @-=0

1. Based on the proposed mechanism, which of the following best describes C)
the concentration of the species shown opposite as the reaction occurs?

10

A The concentration is larger than that of reactant or product.

B The concentration is very low for the duration of the reaction.
C The concentration increases steadily as the reaction proceeds.
D

The concentration fluctuates between high and low during the reaction.

2. Based on the models, which of the following represents a species that acts as a catalyst
for the reaction?

A.~ B OO0
c O p (O@®

o)

3. Based on the proposed mechanism, what is the balanced chemical equation for the overall
reaction?

o)

A O3(g) + Cl(g) > Oz(g) + ClO(g)

203(g) + 2Cl(g) > ZOz(g) + ZCIO(g)

3(g) (g)
20 > 30

3(g) 2(g)

B
C @) + Cl. + ClO(g) > 202<g) + Clz(g)
D
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4. Step 1: NO(g) + 03(g) > NOz(g) + Oz(g)
Step 2: NOz(g) + O(g) > NO(g) + Oz(g)
A reaction mechanism for the destruction of ozone, 03(g), is represented above.
In the overall reaction, NO(g) is best described as
A acatalyst
B a reactant
C an intermediate
D  aproduct
5. Step 1: Ce** + Mn* > Ce* + Mn’
Step 2: Ce** + Mn* > Ce* + Mn*
Step 3: Mn* + TI* > TP* + Mn*

The proposed steps for a catalyzed reaction between Ce** and TI* are represented above.
The products of the overall catalyzed reaction are

A Ce** and TI"
Ce’* and TI**
Ce’* and Mn**
Ce’" and Mn*

m o O W

T1** and Mn?*

6. Stepl:  Cl, + O, > ClO_ + O,

Step 2: ClO(g)+ o, = Cl(g) + O

(g) 2(g)

A proposed mechanism for destruction of ozone gas in the stratosphere is represented
above. Which of the following is evidence that the mechanism is occurring?

A 'The presence of Cl  increases the rate of the overall reaction.
B The presence of Cl | decreases the rate of the overall reaction
C The presence of Cl  increases the equilibrium constant of the overall reaction.
D The presence of Cl | decreases the equilibrium constant of the overall reaction.,
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5.8 MC Questions
1. Based on a kinetics study of the reaction represented by the equation above, the following
0 mechanism for the reaction is proposed.
= Step 1: HBr(g) + Oz(g) > HOzBr(g) (slow)
Step 2: HOZBr(g) - HBr(g) > 2HOBr(g) (fast)
Step 3: 2HOBr(g) > HzOz(g) + BrZ(g) (fast)

Which of following rate laws is consistent with the proposed mechanism?

A Rate = k [HBr]*[O,]

B Rate = k [HBr][O,]
C Rate = k [HO_Br][HBr]
D Rate = k [HO_Br]?

o) )

Sy 0
Step 1: — (slow)
O b

Step 2: C) .‘ — O @) ‘ (fast)

(O=c @-=0

The particle models shown above represent a proposed two-step mechanism for the
destruction of ozone (O,) in the upper atmosphere.

Based on the proposed mechanism, which of the following is the rate-law expression for
the destruction of O, ?

A Rate = k[O,]

B Rate = k[CL]’

C  Rate = k[CIO][O]]
D  Rate = k[O,][CI]
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3. Step 1: Hz(g) + ICl(g) > HI(g) + HCl(g) (slow)

Q .
= Step 2: HI(g) - ICl(g) > HCl(g) + Iz(g) (fast)

Which of the following represents a rate law for the overall reaction that is consistent with
the proposed mechanism?

A Rate = k [H,][ICI] B Rate = k [H,][ICI]?
C Rate = k [H,][HI][ICI]? D Rate = k [HI][ICI]
4, X, +Y, > XY, rate = k[X_]

A reaction and its experimentally determined rate law are represented above. A chemist
proposes two different possible mechanisms for the reaction, which are given below.

Mechanism 1 Mechanism 2
Step I: X, > 2X (slow) X, > 2X (slow)
Step 2: X+Y, > XY, (fast) X,+Y, > XY+Y (fast)
Step 3: X+XY, > XY, (fast) X+XY > X)Y (fast)
Step 4: Y+XY > XY, (fast)

Based on the information above, which of the following is true?
A Only mechanism 1 is consistent with the rate law.
B Only mechanism 2 is consistent with the rate law.
C Both mechanism 1 and mechanism 2 are consistent with the rate law.
D Neither mechanism 1 nor mechanism 2 is consistent with the rate law.
5. 2 A(g) + B(g) >2 C(g) When the concentration of substance B in the reaction

above is doubled, all other factors being held constant, it is
found that the rate of the reaction remains unchanged.

The most probable explanation for this observation is that
A the order of the reaction with respect to substance B is 1
B substance B is not involved in any of the steps in the mechanism of the reaction

C substance B is not involved in the rate-determined step of the mechanism, but is
involved in subsequent steps

D  substance B is probably a catalyst, and as such, its effect on the rate of the reaction
does not depend on its concentration

E the reactant with the smallest coefficient in the balanced equation generally has little

or no effect on the rate of the reaction
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6. 2NO,  + FE, > 2NOF_

The rate law for the reaction represented by the equation above is rate = k[NO,][F ].

Which of the following could be the first elementary step of a two-step mechanism for the
reaction if the first step is slow and the second step is fast?

A Fz(g) > 2F(g)

B NOz(g) + Fz(g) > NOZF(g) + F(g)
C NO,, + F, » NOF
D 2 NOz(g) + FZ(g) > 2 NOZF(g)
7. 2NO, + 0, »N,0,
A possible mechanism for the overall reaction represented above is the following.
NO,+NO >N,O, slow
N,O,, + Oy, > 2NO, fast

Which of the following rate expressions agrees best with this possible mechanism?

A Rate = [NOJ?

B Rate = k[NO]/[O,]
C Rate = k [NOJ*/[O,]
D  Rate = k[NOJ*[0O,]

E Rate = k [N,0,][O,]
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5.8 FRQ
1. Cyclopentane, C.H, . is an alkane with a ring structure, that reacts with chlorine, Cl, ,
to produce CzHgCl(g) and HCl(g).
Following is a representation of a proposed mechanism for the reaction.
Cl, » 2dCl (slow)
cl + CH, » HCl + CH, (fast)
CH, + ClI » CH/(CI (fast)

a)  Write the overall equation for the reaction.

b) Write a rate law for the reaction that is consistent with the mechanism.
Justify your answer.

¢)  Astudent claims that Cl,  is a catalyst in the reaction.
Explain why the student’s claim is false.
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5.9 MC Questions
1. Step 1: NO, + F, = NOJF, (fast reversible)
g Step 2: NO,F, > NOF + F (slow)

Step 3: NO, + F > NOF (fast)

A proposed mechanism for the chemical reaction 2NO,, + F, > 2NOJF
is shown above. Which of the following rate laws is consistent with this mechanism?

A Rate = k [NO,][F,] B Rate = k [NO,J*[F ]
C  Rate = k[NO,][E,]? D  Rate = k[NO,]*[E,]?
2. Brz(g) + 2NO(g) > 2NOBr(g)
g The reaction represented by the equation above has the following proposed mechanism.

Step 1: NO, + Br,, = NOBr, ~ (fast equilibrium)
Step 2: NOBrz(g) + NO(g) > 2NOBr(g) (slow)

Based on the information, which of the following is the initial rate law for the reaction?

A Rate = k [Br,][NO]

B Rate = k [Br,][NOJ?

C Rate = k [Br,]*[NO]

D Rate = k [NOBr,][NO]

3. 2H2(g) + 2NO(g) > Nz(g) + 2H20(g)
Q For the chemical reaction represented above, the following mechanism is proposed

Step 1: 2NO, = NJO, (fast equilibrium)
Step 2: NzOz(g) + Hz(g) > NZO(g) - HzO(g) (slow)
Step 3: NZO(g) + Hz(g) > N2<g) - Hzo(g) (fast)

Which of the following initial rate law expressions is consistent with this proposed

mechanism?
A Rate = k [H,]*[NOJ B Rate = k [NO]J?
C  Rate = k[H][NOJ? D  Rate = k[H][N,O]
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4. 2NO + 0, »2NO,

Consider the following mechanism for the reaction represented above.
Step 1: 2NO = NJO, (fast reversible)
Step 2: NO, + O, » 2NO, (slow)

Which of the following statements is true?

A Step 1 represents a unimolecular reaction.

B Increasing the concentration of NO will decrease the overall rate of the reaction.

C  Raising the temperature will have no effect on the numerical value of the rate
constant.

D The rate law that is consistent with the mechanism is rate = k[NOJ*[O_].

5. Step 1: NHO, = NHO, + H' (fast reversible)
Step 2: NHO, » NO + OH (slow)
Step 3: H* + OH > HO (fast)

Nitramide, N H O

,O,, decomposes slowly in aqueous solution.

This decomposition is believed to occur according to the reaction mechanism above. The
rate law for the decomposition of nitramide that is consistent with this mechanism is given

by which of the following?

A Rate = kK [N.H O] B Rate

277272

k [N.H O,][H"]

277272

C Rate

k[INHO.]/[OH] D Rate

277272

k[N HO.,]/[H']

277272
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5.9 FRQ

1. Nitrogen dioxide, NO, , is produced as a by-product of the combustion of fossil fuels in
internal combustion engines. At elevated temperatures NO,  decomposes according to the
equation below.

0.085
2NO,,, > ZNO, + O, 006t
AN
. © 0.04+
The concentration of a sample of NO,, £
is monitored as it decomposes and is 0.027 . . .
' 0.00 : : : : S ?
recorded on the graph opposite. 5 150 200 300
Time (s)
The two graphs below are derived from the original data.
250 e 2007
200 . — 300}
5 150 . )
o 9 _4.004 .
£ 100 . =] .
- =
50 . £ -5.001 . s
[
0 : : : : : | -6.00 : : : : : |
100 200 300 0 100 200 300
Time (s) Time (s)

a)  Explain how the graphs indicate that the reaction is second order.

b)  Write the rate law for the decomposition of NO, @

¢)  Consider two possible mechanisms for the decomposition reaction.

Mechanism I Mechanism 11
Stepl: NO, +NO, ->NO_+NO,  slow NO, +NO, =N, fastequilibrium
Step2:  NO, ->NO_ + O, fast N,O,,>2NO  + O, slow

i) s the rate law described by mechanism I shown below consistent with the
rate law you wrote in part b) ? Justify your answer.

ii)  Is the rate law described by mechanism II shown below consistent with the
rate law you wrote in part b) ? Justify your answer.
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5.10 MC Question

1. When free Cl(g) atoms encounter O, molecules in the upper atmosphere, the following
reaction mechanism is proposed to occur.

Cl(g) + O5(g) — ClO(g) + O,(g) slow step
ClO(g) + O4(g) > Cl(g) +2 O,(9) fast step
205(g) = 30,9 overall reaction AH =-285 kJ/mol,

Which of the following reaction energy profiles best corresponds to the proposed

mechanism?
A B
4 A
5 25
= Fe]
2 2
= 83
- >
Reaction Progress Reaction Progress
C D
A )
~ >
o0 2
L D)
= <)
83| a8
' -
Reaction Progress Reaction Progress
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5.11 MC Questions
1.
g A
Line A
0
Q@
-
o
(O]
[e
=
©
@
e
£
-}
Z
e

Molecular Energy

The energy distribution profile (Curve C) for the Y, molecules is shown in the graph above

for the reaction
X + Y, > XY,

when it is done under certain experimental conditions. Line A represents the most
probable energy of the Y, molecules, and Line B represents the activation energy.

Which of the following changes should be made to the graph to explain the increase in the
rate of the reaction if the only change in experimental conditions is the addition of a
catalyst?

A Curve C will broaden and Line B will move to the left, because more Y, molecules
will have an energy greater than the minimum energy needed to overcome
the activation energy barrier.

B Line B will move to the left because a larger fraction of the Y, molecules will have
the minimum energy to overcome the activation energy barrier..

C Curve C and Line A will move to the right because the average energy of the Y,
molecules will increase.

D  Line A will move to the right because the most probable energy of the Y, molecules
will increase.

ISPS Chemistry Oct 2022 page 39 Kinetics Questions



AP Classroom Questions - only for use by fellow teachers with accredited access to AP Classroom. Please respect.

2.

0 0 b The diagram opposite illustrates how the reaction
, ®.® N, + 3H,, > 2NH,

@ . / / occurs on the surface of Ru,.

The rate of this reaction is determined by the
amount of energy required to break the bond
in N.. This bond is weakened when N,
is adsorbed on Ru, .

Based on this information, which of the following provides the best reason for the use of
Ru, for the synthesis of NH, ?

A It promotes the proper orientation of N and H atoms to form new N—-H bonds.
B It provides a reaction path with a lower activation energy.

C It forms a bond between Ru and N that is stronger than the bond in N,

D

It decreases the frequency of collisions between N, and H, .
8 2(9)

3. Sucrose CHO + HO > 2CH O
127722 711 2 6712 76
OO
g Sucrase The hydrolysis of sucrose is represented by the
chemical equation above. This reaction is extremely
Sucrase-Sucrose . .
Complex slow in aqueous solution.

Glucose However, when sucrase is added as shown in the
O diagram, the rate of the reaction is about 6,000,000
Fructose .

times faster.
Based on this information, which of the following
best explains the large increase in the rate of
hydrolysis that occurs with the addition of sucrase?

A The reaction proceeds through a different reaction path with a lower activation
energy in which the sucrase-sucrose complex is formed as an intermediate.

B The addition of the sucrase reduces the number of effective collisions between the
water and sucrose molecules.

C The reaction proceeds through a different reaction path that is independent of
temperature and concentration.

D The addition of the sucrase decreases the number of sucrose molecules that have
the minimum energy required to overcome the activation energy barrier.
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4.

The energy diagram for the reaction
X +Y > Z is shown opposite.

The addition of a catalyst to this reaction
would cause a change in which of the
indicated energy differences?

Fotential Energy

Reaction Coordinate

A Tonly B Ilonly CIllonly D IandIlonly E LII, and III

5. XY,>X+Y,

The equation above represents the decomposition of a compound XY.. The diagram below
shows two reaction profiles (path one and path two) for the decomposition of XY,.

A

R S .~Path One

100 kJ/mol,,

_——— - ——_——

-~

-~

Potential Energy

—

|

o |

=

S~

=)

=2

g

Reaction Progress

Which of the following most likely accounts for the difference between reaction path one
and reaction path two?

A Ahigher temperature in path one
B A higher temperature in path two
C  The presence of a catalyst in path one
D

The presence of a catalyst in path two

6.  The role of a catalyst in a chemical reaction is to

A decrease the amount of reactants that must be used

B lower the activation energy for the reaction

C supply the activation energy required for the reaction to proceed
D

increase the amounts of products formed at equilibrium
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