CHEMICAL KINETICS I. THE BASIC IDEAS.
RATE CONSTANTS AND ORDER OF REACTION
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TEMPERATURE DEPENDENCE
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COLLISION THEORY AND TRANSITION-STATE THEORY
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IONIC-STRENGTH EFFECTS
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ESSAY QUESTIONS
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ELECTROCHEMICAL CELLS

ELECTRODE REACTIONS AND ELECTRODE POTENTIALS
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THERMODYNAMICS OF ELECTROCHEMICAL CELLS
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NERNST EQUATION AND NERNST POTENTIALS
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TEMPERATURE DEPENDENCE OF CELL EMFS
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APPLICATIONS OF EMF MEASUREMENTS
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ESSAY QUESTIONS
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The first-order decomposition of nitramide in the presence of bases, NH;NO; — N>O(g) + HyO()). is conveniently analyzed by
collecting the gas evolved during the reaction. During an experiment, 50.0 mg of nitramide was allowed to decompose at 15 °C. The
volume of dry gas evolved after 70.0 min. was measured to be 6.59 e’ at 1 bar pressure. Find the rate constant and the half-life for
nitramide decomposition.
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9.21. Prove that for two simultaneous (parallel) reactions
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9.25. The rate constant for a reaction at 30 °C is found to be exactly twice the value at 20 °C. Calculate the activation energy.

9.26. The rate constant for a reaction at 230 °C is found to be exactly twice the value at 220 °C. Calculate the activation energy.
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9.27. The following data for a first-order decomposition reaction in aqueous medium was reported by E. O. Wiig [J. Phys. Chem. 34,

596(1930)].
rC 0 20 40 60
K107 min™ 246 435 575 5450

Find the activation energy and the preexponential factor.
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9.28. Two second-order reactions have identical preexponential factors and activation energies differing by 20.0 kJ mol™. Calculate the
ratio of their rate constants (a) at 0 °C and (b) at 1000 °C.
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9.30. The definition of activation energy Eq is generally considered to be given by an extension of Eq. 9.91:
P
ar
Problem 9.29 shows that for certain reactions. the temperature dependence of the reaction rate constant s better described by an
expression of the type

k=ar"e®*"

Using the definition for E, given here, derive an expression for the activation energy from this expression.
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934, The activation energy for the reaction:
H+CHy —H, +CH;

has been measured to be 49.8 kJ mol ™. Some estimates of enthalpies of formation. AZH®, are:

H 218.0 kT mol™
CH, ~74.8 kI mol™*
CHs 139.5 kI mol™*

Estimate a value for the activation energy of the reverse reaction.
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9.36. A reaction of the type A + B = Z has been studied by relaxation methods. Some of the available data relating equilibrium
concentrations of the product to the relaxation times are given below.

/M 0.001 0.002 0.005 0.010 0.025 0.05 0.10
t*/ms 4.08 3.74 2.63 1.84 1.31 0.88 0.674

Determine k1. k-1, and K = ki/k-1.
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9.38. Two reactions of the same order have identical activation energies and their entropies of activation differ by 50 J K~' mol™".
Calculate the ratio of their rate constants at any temperature.
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9.39. The gas-phase reaction:
Hy+T, — 2HI

is second order. Tts rate constant at 400 °C is 2.34 x 10~ dm® mol™' s, and its activation energy is 150 kJ mol™’. Calculate A’H®,
A%se, and ATG® at 400 °C, and the preexponential factor.
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9.40. A substance decomposes according to first-order kinetics: the rate constants at various temperatures are as follows:

Temperature/°C Rate constant, k/s™
15.0 418 % 10°
200 7.62%10°
250 137x 107
300 241%x107
37.0 5.15%107

Calculate the activation energy. Calculate also, at 25 °C. the enthalpy of activation, the Gibbs energy of activation, the preexponential
factor, and the entropy of activation.

Solution

9.41. The following data have been obtained for the hydrolysis of adenosine triphosphate, catalyzed by hydrogen fons:

Temperature/°C Rate constant, k/s™
399 4.67%10°
4338 7.22%10°
471 10.0 x 10°
502 13.9 % 107

Calculate, at 40 °C, the Gibbs energy of activation. the energy of activation, the enthalpy of activation, the preexponential factor, and the
entropy of activation.
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9.42. The half-life of the thermal denaturation of hemoglobin, a first-order process. has been found to be 3460 s at 60 °C and 530 s at 65
°C. Calculate the enthalpy of activation and entropy of activation at 60 °C. assuming the Arrhenius equation to apply.
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9.46. The rate constant k for the reaction between persulfate ions and iodide ions varies with ionic strength 7 as follows:

77107 mol dm™ 245 3.65 445 645 845 124
K/dm® mol™ s 1.05 112 116 118 1.26 1.39

Estimate the value of zazs.
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9.47. The following constants were obtained by Bronsted and Livingstone [J. 4mer. Chem. Soc., 49, 435(1927)] for the reaction:

[CoBr(NH;3)s]*" + OH — [Co(NH;)sOH]> + Br~

under the following conditions:

Concentration/mol dm™

k
[CoBr(NH3)s]*" NaOH NaCl dn’® mol™ s
5.0x107" 7.95x 107 0 152
5.96 x 107 1.004 x 107 0 145
6.00 < 107 0.696 < 107 0.005 123
6.00 < 107 0.696 < 107 0.020 097
6.00 < 107 0.691 < 107 0.030 091

Make an estimate of the rate constant of the reaction at zero ionic strength. Are the results consistent with zyzg =27
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9.49. When the subatomic species muonium (Mu) was first discovered in 1960. it was not known whether it bore an electric charge. The
answer was provided by a kinetic study of the ionic strength effect on the reaction Mu + Cu?” in aqueous solution. The following
rate constants were measured at two ionic strengths:

I=0 k=650 x 10° dm’ mol™* 5™
I=09M k=635 x 10° dm’ mol 57!

Suppose that muonium had a single negative charge; what would k be expected to be at an ionic strength of 0.9 M? What do you deduce
about the actual charge on mucnium?

Solution
9.50. The rate constants of a second-order reaction in aqueous solution at 25 °C had the following values at two ionic strengths:
I/mol dmi® k/dm® mol™ s
25%10° 140 x 107
25%107 235%107
Make an estimate of the value of zaZg. the product of the charge numbers.
Solution

9.51. A reaction of the type:
A™+ B> — products

was found at 25 °C to have a rate constant of 2.8 » 10~ dm’ moI™ s at an ionic strength of 1.0 x 10~ M. Assume the Debye-Hiickel
limiting law to apply and estimate the rate constant at zero ionic strength.
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9.56. Explain clearly the difference between the order and the molecularity of a reaction.

9.57. Give an account of experimental methods that might be used to study the kinetics of (a) a reaction having a half-life of about 107 s
and () a reaction having a half-life of about 107s.

9.58.  Predict the effects of (a) increasing the dielectric constant of the solvent, (b) increasing the ionic strength. and (c) increasing the
pressure on the reactions of the following types:

A¥ 4B X
AT+BT X"
A+B 5AB”
Give a clear explanation in each case. What can you say about the entropy of activation to be expected in each case?
9.59. Van't Hoff's differential method can be applied to kinetic data in two different ways:
1. Rates can be determined at various stages of a single reaction.

2. Tnitial rates can be measured at a variety of initial concentrations. the reaction being run a number of times. In cach case logio
(rate) can be plotted against logio (concentration of a reactant). Can you suggest why a different order of reaction might be obtained
when these two different procedures are used?
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9.1.  The stoichiometric equation for the oxidation of bromide ions by hydrogen peroxide in acid solution is:
2Br +H,0; + 2H — Bra + 2H20
Since the reaction does 1ot occur in one stage, the rate equation does not correspond to this stoichiometric equation but is
v =k{H,0,][H][Br]
a. If the concentration of H>0; is increased by a factor of 3, by what factor is the rate of consumption of Br” ions increased?

b. If the rate of consumption of Br~ions is 7.2 x 10~ mol dm™ s

the rate of formation of bromine?

. what is the rate of consumption of hydrogen peroxide? What is

. What is the effect on the rate constant k of increasing the concentration of bromide ions?

d. If by the addition of water to the reaction mixture the total volume were doubled. what would be the effect on the rate of change
of the concentration of Br"? What would be the effect on the rate constant k?
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8.1.

8.2.

8.3.

‘Write the electrode reactions. the overall reaction. and the expression for the emf for each of the following reversible cells.
a. Pt, Hy(1 bar)[HCl(aq)[Pt. Cl,(1 bar)
b. HgHg,Cly(s)[HCl(aq)|Pt. Hy(1 bar)
c. AglAgCl(s)[KCl(aq)Hg,Cl,(s)[Hg
d. Pt. Hy(1 bar)|HI(aq)|Aul(s) Au
e. Ag/AgCI(s)[KCl(cy) i KCl(c,)|AgCI(s)|Ag
Solution

At 25 °C and pH 7. a solution containing compound A and its reduced form AH, has a standard electrode potential of —0.60 V. A
solution containing B and BH, has a standard potential of —0.16 V. If a cell were constructed with these systems as half-cells,

a. Would AH, be oxidized by B or BH, oxidized by A under standard conditions?
b. What would be the reversible emf of the cell?
c. What would be the effect of pH on the equilibrium ratio [B][AH,]/[A][BH,]?
Solution
Calculate the standard electrode potential for the reaction Cr*”+ 2¢”— Cr at 298 K. The necessary E° values are

a.Cr’"+3¢ —Cr E°=-074V
b.Cr +e —Cr’” E°=-041V
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‘Write the individual electrode reactions and the overall cell reaction for the following cell:
Pt HL[H (1 m) i F*, 8% H'(aq)Pt

where F>represents the fumarate ion and S*" the succinate ion. Write the expression for the emf of the cell.

Design electrochemical cells in which each of the following reactions occurs:
a. Ce**(aq) + Fe*"(aq) — Ce*"(aq) + Fe*(aq)

b. Ag"(aq) + CI(aq) — AgCl(s)

¢. HgO(s) + Hy(g) — Hg(l) + H,O(1)

In each case. write the representation of the cell and the reactions at the two electrodes.
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Calculate the equilibrium constant at 25 °C for the reaction
2Fe**(aq) + 2I'(aq) — 2Fe*"(aq) + LI»(s)

using the standard electrode potentials given in Table 8.1.

From data in Table 8.1. calculate the equilibrium constant at 25 °C for the reaction

Sn+Fe** — Sn*"+ Fe
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*8.10.

The standard electrode potential at 25 °C for
cytochrome ¢ (Fe*") + &”— cytochrome ¢ (Fe*")

is 0.25 V. Calculate AG" for the process

%Hz(g) + cytochrome ¢ (Fe*") — H™ + cytochrome ¢ (Fe*")

Using the values given in Table 8.1, calculate the standard Gibbs energy change AG® for the reaction

H, + %Oz — H,0

From the data in Table 8.1, calculate the equilibrium constant at 25 °C for the reaction
2Cu"— Cu®"+ Cu

‘What will be produced if Cu,O is dissolved in dilute H,SO4?
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8.12.

8.13.

8.14.

8.15.

8.16.

Calculate the emf for the following cell at 25 °C:

Pt. Hy(1 bar)[ HC1(0.5 m

(CI(1.0 m)[Pt. H,(1 bar)
Solution

The pyruvate-lactate system has an E°’ value of —0.185 V at 25 °C and pH 7.0. What will be the potential of this system if the
oxidation has gone to 90% completion?

Solution
a. From the data in Table 8.1. calculate the standard electrode potential for the half-reaction
Fe’ +3¢ — Fe
b. Calculate the emf at 25 °C of the cell
PHiSnZ7(0.1 m). Su**(0.01 m) i Fe**(0.5 m)[Fe
Solution

The cell Pt{H,(1 bar), H i KCl(saturated)Hg, Cl,|Hg was used to measure the pH of a solution of 0.010 M acetic acid in 0.0358 M
sodium acetate. Calculate the cell potential expected at 25 °C [K, = 1.81 x 10~ for acetic acid].

Solution

The voltage required to electrolyze certain solutions changes as the electrolysis proceeds because the concentrations in the solution
are changing. In an experiment. 500 dm® of a 0.0500  solution of copper (II) bromide was electrolyzed until 2.872 g Cu was
deposited. Calculate the theoretical minimum voltage required to sustain the electrolysis reaction at the beginning and at the end of
the experiment.
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8.17.

8.20.

Calculate the concentration of I; in a standard solution of iodine in 0.5 M KI. making use of the following standard electrode
potentials:

I, +2¢ —2I" E°=0.5355V
I, +2¢ — 3T E°=0.5365V
The molality of I" in the standard solution can be assumed to be 0.5 m.
Solution
Calculate the Nernst potential at 25 °C arising from the equilibrium established in Problem 7.41.
Solution

It might seem plausible to separate lead and gold by making use of the great difference between their standard electrode potentials
(Table 8.1). In order to test this idea. one might electrolyze a solution containing 0.0100 A/ AuNO; and 0.0100 M Pb(NOs), in a
well-stirred tank using platinum electrodes at low current density. As the potential difference is slowly increased from zero. which
metal will be deposited first? What will be the concentration of this metal ion in solution when the second metal begins to be
deposited? Do you think this is an acceptable method of separating the two metals?

Solution

Calculate the emf of the cell

Pt. Hy(1 ba)[HCI(0.1 m) i HCI(0.2 m)[Pt. H, (10 bar)
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8.32. a. Calculate the standard emf E° for the reaction
fumarate’ + lactate” — succinate’ + pyruvate”
on the basis of the following information:

fumarate’” + 2H" + 2¢”— succinate’ E'=0.031V

pyruvate” + 2H" + 2¢”— lactate” E"=-0.185V

The E*' values relate to pH 7. The temperature coefficient éE/GT for this cell is 2.18 x 107 V K™

b. Calculate AG®. AH®. and AS® at 25 °C.
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8.33.

8.34.

t°C
EN

8.35.

The Weston standard cell (see Figure 8.2b) is
8
Cd amalgam|CdSO, - —H>0(s)|Hg>S04(s), Hg
3

(saturated solution)

a. Write the cell reaction.

D. At 25 °C. the emfis 1.018 32 V and 8E°/0T =-5.00 x 10~ VK. Calculate AG°, AHP, and AS°.

Solution
Salstrom and Hildebrand [J. Amer. Chem. Soc., 52, 4650(1930)] reported the following data for the cell
Ag(s)|AgBr(s)HBr(aq)/Bra(g. 1 atm)[Pt
4423 456.0 490.9 521.4 5383 556.2
0.8031 0.7989 0.7887 0.7803 0.7751 0.7702

Find the temperature coefficient for this cell assuming a linear dependence of the cell potential with temperature. What is the
entropy change for the cell reaction?

Solution

The reaction taking place in the cell Mg(s)Mg**(aq). Cl7(aq)|Clx(g.1 atm)[Pt is found to have an entropy change of -337.3 J K™
mol ™ under standard conditions. What is the temperature coefficient for the cell?
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8.38.

8.39.

8.40.

8.41.

Calculate the solubility product and the solubility of AgBr at 25 °C on the basis of the following standard electrode potentials:

AgBI(s) + ¢ — Ag+ Br- E°=00713V
Ag'+e—Ag E°=0.7996 V
Solution
The emf of a cell
Pt. H(1 bar)[HCl(aq)|AgCl(s) Ag
was found to be 0.517 V at 25 °C. Calculate the pH of the HC1 solution.
Solution
The emf of the cell
AgALIE () | Ag (ag)lAg
is —0.9509 V at 25 °C. Calculate the solubility and the solubility product of Agl at that temperature.
Solution

An electrochemical cell M(s)MCl(aq. 1.0 7)|AgCl(s)|Ag(s). where MCI is the chloride salt of the metal electrode M. yields a cell
potential of 0.2053 V at 25 °C. What is the mean activity coefficient y. of the electrolyte MCI? E° for the M(s)M" electrode is
0.0254 V.
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8.42. The following thermodynamic data apply to the complete oxidation of butane at 25 °C.
C4Hio(g) + (13/2)05(g) — 4C0O,(g) + SHO(1)

AH® =-2877 kJ mol™
AS°=-432.7TK™ mol™

Suppose that a completely efficient fuel cell could be set up utilizing this reaction. Calculate (a) the maximum electrical work and
(b) the maximum total work that could be obtained at 25 °C.
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8.45.  Explain how emf measurements can be used to obtain AG°, AH®, and AS® for a reaction.

8.46.  Suggest an additional example. giving details. for each of the electrochemical cells listed in Figure 8.8.
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8.1.

‘Write the electrode reactions, the overall reaction. and the expression for the emf for each of the following reversible cells.
a. Pt, Hy(1 bar)[HCI(aq)[Pt. Cl,(1 bar)

b. HgHg,Cly(s)[HCl(aq)|Pt. Hy(1 bar)

c. AglAgCl(s)[KCl(aq)Hg,Cl,(s)[Hg

d. Pt. Hy(1 bar)|HI(aq)|Aul(s) Au

e. AglAgCI(s)[KCl(cy) i KCl(c,)|AgCl(s)|Ag
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8.2.

At 25 °C and pH 7. a solution containing compound A and its reduced form AH, has a standard electrode potential of —0.60 V. A
solution containing B and BH, has a standard potential of —0.16 V. If a cell were constructed with these systems as half-cells,

a. Would AH, be oxidized by B or BH, oxidized by A under standard conditions?
b. What would be the reversible emf of the cell?

c. What would be the effect of pH on the equilibrium ratio [B][AH,]/[A][BH,]?
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9.1.  The stoichiometric equation for the oxidation of bromide ions by hydrogen peroxide in acid solution is:
2Br + H,0, + 2H™ — Br; + 2H,0
Since the reaction does not occur in one stage. the rate equation does not correspond to this stoichiometric equation but is
v =KH0][H][Br]
a. If the concentration of HyO; is increased by a factor of 3, by what factor is the rate of consumption of Br” ions increased?
D. If the rate of consumption of Br”ions is 7.2 x 10 mol dm™ s™", what is the rate of consumption of hydrogen peroxide? What is
the rate of formation of bromine?

. What is the effect on the rate constant k of increasing the concentration of bromide ions?

d. If by the addition of water to the reaction mixture the total volume were doubled. what would be the effect on the rate of change
of the concentration of Br™? What would be the effect on the rate constant k?
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9.2.  Areaction obeys the stoichiometric equation:
A+2B—2Z

Rates of formation of Z at various concentrations of A and B are as follows:

'mol 1) 'mol 1) ate/mol s
Al/mol dm™ B]/mol dm™ Rate/mol dm™ s
= = =
35% 10 23%10 5.0 % 10
7.0 % 102 4.6x 107 2.0%107°
7.0 % 102 92x107 4.0x107°
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‘What are @ and f in the rate equation and what is the rate constant k?
v =HAJ'BF
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9.4. A substance decomposes at 600 K with a rate constant of 3.72 x107
a. Caleulate the half-life of the reaction.

b. What fraction will remain undecomposed if the substance is heated for 3 h at 600 K?
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9.7.  The isotope *°Sr emits radiation by a first-order process (as is always the case with radioactive decay) and has a half-life of 28.1
years. When ingested by mammals it becomes permanently incorporated in bone tissue. If 1 g is absorbed at birth, how much of
this isotope remains after () 25 years. (b) 50 years. (<) 70 years?




