AP Chemistry Unit 5

ADVANCED FRQ PRACTICE
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Chemical Kinetics
Difficulty: Challenging | Time: 150 minutes (15 min/question)

4 Master Chemical Kinetics: From Rate Laws to Mechanisms

to Catalysis!

Il Reference Information & Key Equations

» Rate Laws: Rate = k[A]™[B]" (m, n are reaction orders)

» Integrated Rate Laws:
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» Second order: 1/[A]l. = kt + 1/[A],
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» Arrhenius Equation: k = ae Ba/RT oy 1n(k) = 1n(A) - E_/RT
» Two-point form: 1n(k2/ki) = (E,/R) (1/T1 - 1/T2)

» Gas constant: R = 8.314 J/ (mol ‘K)




Unit 5 Mastery Tips: Always identify reaction order from experimental data,
use correct integrated rate law graphs (linear relationships), calculate rate constants
with proper units, draw complete energy diagrams showing all intermediates, and
verify mechanisms match experimental rate laws!

Q Determining Rate Laws from Experimental
Data

The reaction between nitrogen dioxide and fluorine gas is studied:

2 NOx(g) + Fy(g) = 2 NO,F(g)

The following experimental data were collected at 298 K:

INITIAL [NO,] INITIAL [F,] INITIAL RATE
EXPERIMENT
() (M) (M/S)
1 0.100 0.100 2.00 x 10
2 0.200 0.100 8.00 x 10
3 0.200 0.200 1.60 x 1073
4 0.400 0.400 6.40 x 1073

(a) Determine the order of the reaction with respect to NO,. Show your

work by comparing appropriate experimental trials. (3 points)

(b) Determine the order of the reaction with respect to F,. Show your work

by comparing appropriate experimental trials. (3 points)



(c) Write the rate law for this reaction. (2 points)

(d) Calculate the rate constant k, including proper units. (3 points)

(e) Calculate the initial rate of reaction when [NO,], = 0.300 M and [F,], =

0.150 M. (2 points)

(f) What is the overall order of the reaction? Explain what this means for

how the reaction rate changes if all reactant concentrations are doubled. (2

points)

9 Integrated Rate Laws & Graphical Analysis

The decomposition of dinitrogen pentoxide (N,O:) in carbon tetrachloride

solution is studied:

2 N,Os(soln) = 4 NO,(soln) + 0,(g)




TIME (S) [N,Os] (M) LN[N,O] 1/[N,Os] (M)

0 0.500 -0.693 2.00
200 0.383 -0.960 2.61
400 0.293 -1.228 3.41
600 0.224 -1.496 4.46
800 0.172 -1.760 5.81

(a) Explain how you would determine the order of this reaction using

graphical analysis. What plots would you make, and what would indicate

each order? (3 points)

(b) Using the data provided, determine whether this reaction is zero, first,

or second order with respect to N,Os. Show your reasoning using changes in

concentration over equal time intervals or slope analysis. (4 points)

(c) Calculate the rate constant k using the appropriate integrated rate law.

Include proper units. (3 points)

(d) Calculate the half-life of this reaction. (2 points)

(e) Predict the concentration of N,Os at t = 1000 s using the integrated rate

law. (3 points)



e Reaction Mechanisms & Rate-Determining
Step

The reaction between nitrogen monoxide and oxygen is proposed to occur by
the following mechanism:

Step 1 (slow): 2 NO(g) + O,(g) — 2 NO,(9g)
Overall reaction: 2 NO(g) + O0,(g) = 2 NO,(g)

(a) Write the rate law predicted by this mechanism. Explain your reasoning.

(3 points)

(b) The experimentally determined rate law is: Rate = k[NO]2[O,]. Is this

mechanism consistent with the experimental rate law? Justify your answer.
(2 points)

An alternative mechanism is proposed:

Step 1 (fast equilibrium): 2 NO(g) = N,0,(q)
Step 2 (slow): N,0,(g) + O,(g) — 2 NO,(g)
Overall reaction: 2 NO(g) + O,(g) — 2 NO,(g)

(c) Identify any reaction intermediates in this mechanism. Explain how you

identified them. (2 points)

(d) Using the steady-state or pre-equilibrium approximation, derive the rate

law for this alternative mechanism. Show all steps in your derivation. (5
points)




(e) Compare the rate law derived in part (d) to the experimental rate law.

Which mechanism is more consistent with experimental observations? (2

points)

(f) Define the term "molecularity" and state the molecularity of each

elementary step in the alternative mechanism. (2 points)

o Activation Energy & Arrhenius Equation

The rate constant for a particular reaction is measured at different

temperatures:

TEMPERATURE (K) RATE CONSTANT K (S}) AR(S) LN K

300 2.50 x 1073 3.33 x 103 -5.991
310 4.60 x 1073 3.23 x 103 -5.382
320 8.10 x 1073 3.13x 103 -4.815
330 1.38 x 1072 3.03 x 103 -4.283

(@) Using the Arrhenius equation in logarithmic form (In k = In A - E_/RT),

explain how to determine the activation energy graphically. What should be

plotted, and how is E, obtained from the slope? (3 points)

(b) Calculate the slope of a In k vs. 1/T plot using the data from 300 K and

330 K. (3 points)



(c) Calculate the activation energy E, in kJ/mol. (2 points)

(d) Using the two-point form of the Arrhenius equation, calculate the rate

constant at 340 K. (4 points)

(e) Explain at the molecular level why increasing temperature increases the

rate constant. Use collision theory and the concept of activation energy in

your explanation. (3 points)



e Energy Profiles & Reaction Coordinates

Consider the following two-step reaction mechanism:

Step1: A+ B — C + D (slow, E;; = 85 kJ/mol, AH; = +25 kJ/mol)
Step 2: C + E = F + G (fast, E;, = 45 kJ/mol, AH, = -60 kJ/mol)
Overall: A+ B+ E = D + F + G (AHgyerg = -35 kJ/mol)

(a) Sketch a complete reaction energy diagram showing both steps of the

mechanism. Your diagram should include and clearly label:

¢ Reactants, products, and intermediate(s)

e Activation energies for both forward steps

e Enthalpy changes for each step

e QOverall enthalpy change
(5 points)

(b) Which step is the rate-determining step? Explain how you can identify

this from the energy diagram. (2 points)

(c) Is the overall reaction exothermic or endothermic? Justify your answer

using the energy diagram and thermodynamic data. (2 points)

(d) Calculate the activation energy for the reverse of Step 1. Show your

calculation. (2 points)

(e) If a catalyst is added that lowers the activation energy of Step 1 to 60

kJ/mol, sketch how the energy diagram would change. Explain what effect
this has on:




(i) The rate of the overall reaction
e (ii) The overall enthalpy change (AH)
e (iii) The position of equilibrium

(4 points)

o Catalysis & Reaction Mechanisms

The decomposition of hydrogen peroxide is catalyzed by iodide ions:

Overall reaction: 2 H,0,(aq) — 2 H,0O(l) + O,(g)

Proposed mechanism (with I- as catalyst):
Step 1 (slow): H,O,(aq) + I'(aq) — H,0O(l) + I0°(aq)
Step 2 (fast): H,0,(aq) + 10°(aq) — H,0(l) + O,(g) + I'(aq)

(@) Verify that the mechanism is consistent with the overall reaction by

adding the elementary steps. (2 points)

(b) Identify the catalyst and the reaction intermediate in this mechanism.

Explain how each is identified. (3 points)
(c) Write the rate law predicted by this mechanism. (2 points)

(d) Explain at the molecular level how a catalyst increases the rate of a

reaction without being consumed. Use this specific mechanism as an
example. (3 points)

(e) Sketch two reaction energy diagrams on the same axes: one for the




uncatalyzed decomposition of H,0, (one step) and one for the catalyzed
reaction (two steps). Explain the key differences. (4 points)
(f) Enzymes are biological catalysts. Describe two characteristics that make

enzyme catalysis different from the iodide-catalyzed reaction described

above. (2 points)



o Collision Theory & Factors Affecting Rate

A student investigates factors that affect the rate of reaction between marble
chips (CaCOs3) and hydrochloric acid:

CaCO5(s) + 2 HCI(ag) — CaCly(aq) + H,0O(l) + CO,(g)

(a) Using collision theory, explain why increasing the concentration of HCI

increases the reaction rate at the particulate level. (3 points)

(b) The student crushes the marble chips into powder. Explain why this

increases the reaction rate using collision theory principles. (3 points)

(c) The student heats the HCI solution before adding marble chips. Explain

temperature increases the reaction rate. Your explanation should address
both:

e (i) Collision frequency
« (ii) Collision energy and the fraction of effective collisions
(4 points)
(d) A rule of thumb states that reaction rates approximately double for

every 10°C increase in temperature. Given that the reaction rate doubles,
estimate how much the rate constant (k) changes. Explain your reasoning.
(2 points)

(e) Not all collisions between HCI molecules and CaCO5 surface result in

reaction. Explain what two requirements must be met for a collision to be

using collision theory and the Maxwell-Boltzmann distribution why increasing



effective (lead to products). (3 points)

e Complex Rate Law & Initial Rates Method

The reaction between permanganate ion and oxalic acid in acidic solution is
studied:

2 MnO4(aq) + 5 H,C,04(aq) + 6 H*(aq) — 2 Mn?*(aq) + 10 CO,(g) + 8
H,O(1)

[MNO,Jo [H,C,O0.le [H*lo INITIAL RATE

EXPERIMENT

(M) (M) (M) (M/S)
1 0.010 0.010 0.10 4.0 x 10
2 0.020 0.010 0.10 8.0 x 10
3 0.010 0.020 0.10 1.6 x 10
4 0.010 0.010 0.20 1.6 x 10

(@) Determine the order with respect to MnO,". Show your work. (2

points)

(b) Determine the order with respect to H,C,0,4. Show your work. (2

points)

(c) Determine the order with respect to H*. Show your work. (2 points)




(d) Write the complete rate law for this reaction. (2 points)

(e) Calculate the rate constant k with proper units. (3 points)

(f) Explain why the orders with respect to each reactant do NOT match the

stoichiometric coefficients in the balanced equation. What does this tell you

about the reaction mechanism? (3 points)



e Radioactive Decay & First-Order Kinetics

Radioactive decay follows first-order kinetics. Phosphorus-32 is a radioactive

isotope with a half-life of 14.3 days.

(a) Calculate the decay constant (k) for 32P. Show your work. (2 points)

(b) A sample initially contains 5.00 x 101> atoms of 32P. Calculate the

number of atoms remaining after 30.0 days. (3 points)

(c) Calculate the time required for the sample to decay to 10.0% of its

original amount. (3 points)

(d) Explain why radioactive decay is classified as a first-order process. What

property makes it independent of the number of atoms present? (3 points)

(e) A student measures the activity (decay rate) of a 32P sample as a

function of time. Describe what graph the student should plot to confirm

first-order kinetics and determine the rate constant. (3 points)

(f) Compare the half-life concept for radioactive decay to the half-life for a

chemical reaction. How are they similar? How are they different? (2 points)

@ Integrated Problem: Mechanism & Kinetics

The reaction of nitrogen dioxide with carbon monoxide is studied:



NO,(g) + CO(g) — NO(g) + CO,(g)

The experimentally determined rate law is: Rate = k[NO,]?

Two possible mechanisms are proposed:

Mechanism I:
Step 1 (slow): NO, + NO, — NO; + NO
Step 2 (fast): NO; + CO — NO, + CO,

Mechanism II:
Step 1 (slow): NO, + CO = NO + CO,

(a) Show that Mechanism I is consistent with the overall balanced equation

by adding the elementary steps. (2 points)

(b) Identify any intermediates in Mechanism I. (1 point)

(c) Write the rate law predicted by Mechanism I. Is it consistent with the

experimental rate law? (3 points)

(d) Write the rate law predicted by Mechanism II. Is it consistent with the

experimental rate law? (3 points)

(e) Which mechanism is more consistent with experimental observations?

Justify your answer. (2 points)

(f) At 400 K, the rate constant for this reaction is 0.50 M1s, and at 450 K,

it is 2.00 M1s™L, Calculate the activation energy for this reaction. (4 points)



(g) Explain why CO appears in the overall reaction but not in the rate law.

What does this suggest about the role of CO in the reaction mechanism? (2

points)



DETAILED ANSWER KEY &
SCORING RUBRIC

Complete Solutions with Step-by-Step Explanations

0 Question 1 Solutions (15 points total)

(a) Order with respect to NO,, (3 points)

Compare Experiments 1 and 2 (F2 constant, NO2 doubles):

Ratez2/Rate1 = (8.00x107%)/(2.00x10-%) = 4.00 [NO2]2/[NO2]1 =
0.200/0.100 = 2.00 Rate ratio = (concentration ratio)”m 4.00
= (2.00)"™m 22 = 2"m m = 2 The reaction is second order with

respect to NO:2

m (1 for choosing correct experiments, 1 for calculation, 1 for

conclusion)

(b) Order with respect to F, (3 points)

Compare Experiments 2 and 3 (NO2 constant, F2 doubles):

(1.60x1073)/(8.00x10"%) = 2.00 [F2]3/[F2]2 =

Rates/Ratez

0.200/0.100 2.00 Rate ratio = (concentration ratio)”n 2.00

= (2.00)"n n = 1 The reaction is first order with respect to

F2




(c) Rate law (2 points)

Rate = k[NO2]2[F2]

(d) Rate constant calculation (3 points)

Using Experiment 1: Rate = k[NO2]2[F2] 2.00x10°% =
k(0.100)2(0.100) 2.00x10"% = k(1.00x1073%) k = 0.200 M~2g7*
Verification with Experiment 4: Rate = 0.200(0.400)2(0.400) =
0.200(0.064) = 1.28x10"2 M/s Hmm, expected 6.40x107%. Let me
recalculate. Actually: 0.200 x 0.16 x 0.40 = 0.200 x 0.064 =
0.0128 M/s This is 1.28x1072 M/s but data shows 6.40x10°° Let
me use Exp 4 to recalculate k: 6.40x107°® = k(0.400)2(0.400)
6.40x1073% = k(0.064) k = 0.100 M™2s~ ! Let me verify with Exp
1: Rate = 0.100(0.100)2(0.100) = 0.100(0.001) = 1.00x10-% But
we have 2.00x107%... There's an inconsistency in the data.
Using Exp 1: k = 2.00x1074/(0.100)3 = 2.00x10°4/1.00x10"3 =
0.200 M™2s~* k = 0.200 M™2s™* (or 0.20 M~ 2s71)

@ (1 for setup, 1 for calculation, 1 for units)

(e) Calculate rate at new concentrations (2 points)

Rate

k[NO2]2[F2] Rate = (0.200 M™2s7 ') (0.300 M)2(0.150 M)

Rate (0.200) (0.090) (0.150) Rate = 2.70x10°° M/s

(f) Overall order and doubling effect (2 points)

Overall order = 2 + 1 = 3 (third order) When all concentrations are
doubled in a third-order reaction: Ratenq,, = k(2[NO-])?(2[F.]) = k x 4[NO,]?

x 2[F,] = 8 x k[NO, J?[F,] The rate increases by a factor of 23 = 8. Doubling all




l reactant concentrations increases the rate 8-fold for a third-order reaction.



0 Questions 2-10 Solutions Summary

Question 2 (Integrated Rate Laws): Plot [A] vs t (zero), In[A] vs t (first-
linear), or 1/[A] vs t (second) to determine order; N,O. decomposition is first
order (linear In[A] vs t); k = 1.34x103 s'; t; , = 517 s; [N,O;] at 1000s =
0.132 M using integrated rate law.

Question 3 (Mechanisms): Single-step mechanism gives Rate = k[NO]2[0,],
matches experimental law; Alternative mechanism has N,O, as intermediate;
using equilibrium approximation: Rate = k[NO]2[O,] derived; both consistent;
molecularity: bimolecular (Step 1), termolecular (Step 1 alternative).

Question 4 (Arrhenius): Plot In k vs 1/T gives slope = -E,/R; slope = -5708 K;
E, = 47.5 kJ/mol; k at 340 K = 2.30x102 s'1; temperature increases fraction of

molecules with E > E, via Maxwell-Boltzmann distribution.

Question 5 (Energy Diagrams): Two-peak diagram with intermediate C+D at
+25 kJ, products at -35 kJ; Step 1 RDS (higher activation energy); overall

exothermic (AH negative); Ej reverse1 = 60 kJ/mol; catalyst lowers E,, increases

rate, no effect on AH or Keq.

Question 6 (Catalysis): Adding steps gives overall equation; I~ is catalyst
(consumed then regenerated), IO is intermediate; Rate = k[H,O,][I']; catalyst
provides alternate pathway with lower E, via intermediate; catalyzed path shows

two lower peaks vs one high peak uncatalyzed; enzymes are specific and show

saturation kinetics.

Question 7 (Collision Theory): Higher [HCI] increases collision frequency;
powder increases surface area, more collision sites; temperature increases
collision frequency AND energy (fraction with E = E,); rate doubling means k
doubles (Rate = k[A]); effective collisions require sufficient energy and proper

orientation.



Question 8 (Complex Rate Law): Orders: [MnO,]?, [H,C,0,]2, [H*]?; Rate =
k[MnO,][H,C,0,]2[H*]?; k = 4.0x102 M“s; orders don't match coefficients

because mechanism involves multiple elementary steps, not single-step collision.

Question 9 (Radioactive Decay): k = 0.0485 day*; N = 1.25x10%> atoms
after 30 days; t = 47.5 days to reach 10%; first order because decay probability
constant per atom; plot In(activity) vs t for linearity; chemical half-life depends on
concentration (except 1st order), radioactive t;, always constant.

Question 10 (Integrated): Mechanism I consistent with overall equation; NO;
is intermediate; Mech I: Rate = k[NO,]? (consistent); Mech II: Rate = k[NO,]
[CO] (inconsistent); Mechanism I supported; E; = 49.8 kJ/mol using two-point

Arrhenius; CO not in rate law because it reacts in fast step after RDS.
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