CHEMICAL KINETICS

order reaction.
0,—-0+0
The oxygen atoms then react with carbon monoxide to produce carbon dioxide:
0+ CoO—cCo,

The half-life of a reaction, f,,,
reactant to fall to half its value,

is the time required for the initial concentration of a

For a first-order reaction: 2 = 0.693/k.
For a second-order reaction: ha = 1/k[A],

Notice that for a first-order reaction, the half-life is independent of the concentration
of the reactant A. The half-life is inversely proportional to the rate constant.

Table 14.2 summarizes the mathematical relationships of first- and second-order
reactions.

Table 14.2 Mathematical relationships of first-, second-, and zero-order kinetics.
Order of Reaction First Second
e it
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Zero

. . _______—________________-
Differential rate law Rate=k[A]=—A[A]/Ar Ratezk[A}2=—A[A]/ﬂr

Rate=4=—A[A]/Ar

Integrated rate law In[A],= —kt+1In[A], or 1/[A], =kt + 1/[A]y

In([Ao/[A]) = +k

[Al=—kt+[A],or
[Alo=+ke+ [A],

Half-“fe f|/2 = 0693/k 11/2= I/;([A]U

Lpp=[Aly/2k

Straight line plot In[A] versus time 1/[A] versus time

[A] versus time

- oY
Slope = —k k
l________.————ﬁﬁ_H__ﬁ_J_

Temperature and Rate

Generally, increasing temperature increases reaction rate. The collision model, based
on kinetic-molecular theory, says that for molecules to react they must collide. Tem-
perature increases the speed of molecules, and as molecules move faster, they collide
more frequently and with more energy, increasing the fraction of molecules that have

Section 14.5
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Figure 14.9 shows how the rate constant for a chemical reaction varies with tempera-
ture. Generally, the rate constant increases with increasing temperature.
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Figure 14.9 The rate constant, k, varies with
Temperature (°C)

temperature, 7.

The algebraic equation that describes the line in Figure 14.9 relates activation energy,
E,, to the rate constant, &, at various temperatures, 7.,

In(ki/ky) = (E,/R)(1/T, — 1/17,)

ky = the rate constant at temperature 7,

k3 = the rate constant at temperature 7,

E, is the activation energy

(All temperatures must be expressed in Kelvin.)

R = 8314 J/K mol

Figure 14.10 shows the energy profile of a typical exothermic reaction. The y-axis
represents relative energies of the molecules in the system. The X-axis represents
the progress of the reaction as successful molecular collisions of reactants produce
products.

Activation energy, £,, is the minimum amount of energy required to initiate a chemi-
cal reaction. The activation energy can be considered to be an energy barrier that
molecules must overcome before they react. On the energy profile in Figure 14.10,
the activation energy is the energy difference between the reactants and the highest
point of the profile.

The enthalpy of the reaction, AH, on the reaction profile is the difference between
the energy of reactants and energy of products.

The activated complex (also called the transition state) is the highest energy arrange-
ment of molecules as they change from reactants to products. The very top of the
energy profile represents the energy of the activated complex.
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A catalyst acts to lower the activation energy of a chemical reaction and thus
increases the rate of reaction,

Activated complex

Effect of catalyst

Products

Progress of reaction

Figure 14.10 Energy profile for a typical exothermic reaction
showing activation cnergy, £, change in enthalpy, AH, and the
effect of a catalyst.

For any reaction, the hj gher the activation energy, the slower the rate., Very fast reac-
tions have low activation energies and slow reactions have high activation energies.
At any given temperature, only a fraction of reactant molecules have sufficient en-
€rgy to react. If a reaction profile has a relatively high activation energy, relatively
few molecular collisions will result in areaction. If the activation energy is low, more
collisions will produce products. Increasing the temperature of a reaction increases
the fraction of molecules having sufficient activation energies to react, so the rate of
the reaction increases with increasing temperature.
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Figure 14.11 Energy profiles of two exothermic reactions and one endothermic reaction showing the
activation energies. The higher the activation energy, the higher the rate of reaction.
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Your Turn 1 4.6

Section 14.6

TOPIC 1 4

b.  Consider the reactions shown in Figure 14.11. Rank the relative rates of the
REVERSE reactions for Profiles 1, 2, and 3. Justify your answer.

Write your ansywey in the space Provided,

———

Reaction Mechanisms

A unimolecular elementary reaction involves one feactant molecule. It js first order.
meaning that only one reactant molecule participates. That molecule is likely acti-
vated by collisions with the solvent,

AB—A + B The rate law is first order: rate = k[AB]

A bimolecular elementary reaction involves the direct collision of two reactant
molecules. A bimolecular process is second order.

A+ B—AB The rate law is second order: rgre k[A][B]

A termolecular reaction involves the simultaneous collision of three reactant mol-
ecules. A termolecular reaction is exceedingly rare but pot Impossible.

A+ B + C— ABC The rate law is third order:  rate = k[A][B][C]

Commonly reactions occur jn multistep mechanisms. Each individual step is an
elementary reaction and the sum of the individua] Steps gives the balanced chemical
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equation for the overa] process. Usually, we write each elementary step in a mecha-
nism to be a unimolecular or bimolecular process because termolecular processes are

Example;

Consider the Jollowing overal process and write a mechanism that can ex-
Plain how reactants A and B become the product A,B,. Write the rate law
Jor each elementary step.

24 + 28— A,p,

Solution:

Elementary step Rate law for each elementary step
lL.LA+A — Ay Rate=k[A]?
2.A+B — A, Rate = k[A,][B]
3. A28+B—->A-,Bg Rate‘——k[AgB][B}
2A+2B— 4 285

Notice that the sum of the elementary steps of a mechanism gives the chemical
equation for the overa] process.

An intermediate is , chemical species that is formed in one elementary step of a mul-
tistep mechanism and consumed in another. In the above mechanism, A, and A,B

Chemists often seek to detect intermediates In a reaction mixture to obtain clueg
about the mechanism of the reaction.

The rate-determining step is the slowest step of a multistep mechanism and governs
the rate of the overall reaction,

The slowest step in a multistep mechanism is reflected in the rate law. The rate
law includes only those reactant molecules that react during and before the rate-
determining step. Therefore, the rate law must be determined experimentally and
cannot be determined from the overall balanced equation.

For example, if Step 1 in the above mechanism is the slowest step, the rate law is
rate = k[AJ? because two molecules of A and zero molecules of B have taken part

in the mechanism up to this step.
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Your Turn 14.7

Section 14.7

TOPIC 1 4

It Step 2 is slowest, the rate law will be rate — k[A]’[B], because two molecules of
A and one molecule of B have taken part through Step 2 of the mechanism.

If Step 3 is slowest, the rate Jaw will include two molecules of A and two mole-
cules of B, because they all have taken part through Step 3 of the mechanism:
rate = k[A]*[BJ

Common misconception: A rate law that is third order or hi gher does not mean
that the mechanism involves a three-molecule collision of reactants. Most often

it involves a series of unimolecular and bimolecular elementary steps, the sum of
which add to the overall balanced equation as shown in the example above.

-
<

Propose an alternate mechanism for the overall reaction: 2A + 2B = AsB,.
Identify any intermediates invol ved. Write your answer in the space provided.

Catalysis

A catalyst is a substance that increases the rate of a chemical reaction without un-
dergoing a permanent change in the process. Generally, catalysts act by changing the
mechanism of a reaction, so that the slowest step in the uncatalyzed reaction does not
exist in the catalyzed process. The effect of a catalyst is to lower the activation en-
ergy of the overall process by replacing the slowest step with one or more faster steps
having activation energies lower than that of the uncatalyzed rate-determining step.

To illustrate the action of a catalyst that changes the reaction mechanism, consider
the ozone cycle, the process that cycles diatomic 0Xygen to ozone and back to
diatomic oxygen in the upper atmosphere. In its simplest form, the mechanism might
look something like this:
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Stepl  Oy(g) + v —0(g) + O(g)
Step2  O(g) + Oi(g) — Os(g)

Step3  O;3(g) + v —0y(g) + O(g)
Step4  O(g) + O(g) — O5(g)

Overall:  O;(g) + 05(g) — 0,(g) + O3(g)

Steps 1-4 continually repeat, producing and destroying ozone at the same rate while
absorbing harmful ultraviolet radiation (hv) from the sun.

It has been shown that chlorine atoms from chlorofluorocarbons released to the
atmosphere catalyze the O3 — O, reaction. The net result is that ozone is depleted
faster than it is generated by the natural cycle. Thus, chlorine atoms from chlorofluo-
rocarbons catalytically deplete ozone in the stratosphere. In its simplest form, the
mechanism that catalyzes O to O, is:

Step 1l 2Cl(g) + 205(g) — 2CIO(g) + 20,(g)
Step2  ClO(g) + ClO(g) — O,(g) + 2ClI(g)
Overall: 20;(g) —30,(g)

Notice that C1O(g) is an intermediate. C1O(g) is generated as a product in one elemen-
tary step and is consumed as a reactant in another later elementary step. Experimen-
tal detection of intermediates is an important means to study reaction mechanisms.

By contrast, Cl is a catalyst. It is consumed as a reactant in one elementary step and
is regenerated as a product in a later step. A catalyst increases the rate of a chemical
reaction without undergoing a permanent change. A catalyst acts by providing a dif-
ferent mechanism for the reaction, one that has a lower activation energy.

A catalyst is present at the start of a reaction, whereas an intermediate is formed as
the reaction progresses.

(For more detailed information about the natural ozone cycle and its catalytic deple-
tion by chlorofluorocarbons, see Section 18.2 of Chemistry: The Central Science.)

A catalyst can act by stabilizing the transition state, therefore lowering the activation
energy. For example, the uncatalyzed reaction of hydrogen gas with ethene to pro-
duce ethane is not likely to occur by way of simple bimolecular collisions because
the activation energy to break the H—H bonds is too high.

Hy(g) + CyH,(g) — CHg(g)

However, Figure 14.12 shows that at the surface of a metal catalyst, the H—H bonds
readily break and the hydrogen atoms attach easily to the ethane molecule.
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After H—H bond brea ks, H atoms
Mmigrate along meta] surface

One free H has attached
to GyH, to form CyHg
fnten’nedfate

Second free H about to attach 1o Ethane, CoHg, desorbs from meta] surface

| CHs intermediate to form CH,

Figure 14.12 Heterogeneouys catalysis, Mechanism for reaction of ethylene with jy ydrogen on a cagg) ytic surface,

Enzyme Enzyme-substrate Enzyme
complex

Figure 14,13 Lock~and-key model for €nzyme actiop,
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L rate of reaction

1. rate constant

L. half-life

V. concen Iration of reactan;

A) 1only

B) 1 only

C) land i1 only
D) Il and 111 only
E) Iandyy only

2. Under certain conditions, the average rate of appearance of oxygen gas in the
reaction:

15 6.0 torr g1 Whart is the average rate expressed in unijts of torrs~! Jor the
disappearance of 05?

A) 9.0
B) 6.0
C) 40
D)3
E) 1.2

3. For irreversible chemical reactions, the rate will be affecteq by changes in all of
these factors EXCEPT

A) lemperatyye.
B) concentration of reactants,

C) presence of a catalys,

D) concentration of Products,

E) surface area of solid reactant,

The rate expression for q third-order reaction could pe-
A) rate = k[X]

i B) rate = kX1

g C) rate = K[X][¥]

D) rate = kX[ y]?

E) rate = p[x}?




B) inhibito).
C) rate law,
D) rate-determ:’ning step.

E) catal 'yst.

800 K. The rate constany f — 6.0 x 10731,
2XY(g) —Xa(e) + py(g)

What is the reaction ordey

A) 0

B) |

(o)

D) 3

E) 4

7. The rate gy, of a certajp reaction is rq1e — KX][Y). The UniLs of k, with time

Mmeasured iy, seconds, j¢

A) s—1
B) M-ig-2
C) M~2-1
D) pm-1,
E) M~ig-1

B) (0.693)/1 25
€ (0.693)75)
D) 75/0.693)

E) 0.693

9. The half-life of 14¢ ;o 5730 years. Approx:'mare!y how many years Will it take

Jor 949, ofa sample 1o decay?
A) 5730

B) 2 x 5730

C) 3 x 3730

D) 4 x 5730

E) 5x 5730
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| 10. A reaction benyee,, Xy andy Was found 1y pe describeq by the raze equation:
rate = k[ x, ][y 2. What can be said aboy, the process

A) The balanceq chemicql €quation for the reaction jy y. 2+ 2¥—y 25

R TR sy

B) The rare-dezermrmng Step must pe 4 three-atop, collision
C) The rare—detenm'm'ng Step must be the Sirse Step of q multistep mechanism,
4 D) The mechanism, g most likely 1o pe multistep,
B
;‘T E) The mechanismy, Must consisy of just one e[emenmrv step
i
i Free Response Questions
if
q
! 1. The overall chemjeqy equation for he reaction of Ritrogen oxide, NQ, With
f’ chlorine, ¢ 15, is:
4}
d

2NO + Cl, —>2Nocy

The initiql rates of reaction fp, Varioys Concentration of the reactants ey
measured ang recorded gy constany lemperatyre 45 JSollows:

Experimen; [NOJ(m) [C/EJ(M) HA[C!;,»]/AJ‘ (M/h)

/ 0.25 0.50 0.75
2 0.25 1.00 3.02
3 0.50 2.00 24.10

a. Derermiue the rate law for this reaction.
b. C alculate 1 Mumerical yafye Jor the rate constant ang SPecify the uniss

<. What is the order of thig reaction iy, respect to eqep reactant ang what is

d. Whar is the rate of ’df‘sappeamn €€ of Cly whey, the initiq) Concentratioy of
the reactanyy are [NO] = 0.50 M ang [ChL] =010 M?

¢. When 15 is dflmppearing ad.5 M/

S Whar is the rate of appearance of NOCy when the initial Concentrations of

2. Considey the Propose mechanisy, Jor the reaction beye,, Nitrogen Monoxide

and hydrogen 84S, Assume the mechanisy, i Correcy,

Step 2: Ny0y+ 41, N0+ 1,0

Sf(’[) 3: NEO + f]z — N_? +H20

a. Use the Sleps in the mechanism ¢, determine the overqjy balanceq equation
Jor the reaction, C learly shoy, Your method

b. If Step 2 is the mte-derenm}u}:g Step, write the rate law for the reaction,
Explaiy Your ansyey
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¢. If the observed rate law is rate — k[NOT*[H,]2, which step is rate

determining ? Explain your reasoning,
g y2 Yy &

d. Identify all the intermediates in the mechanism,.

e. If the first step is the rate-determining Step, what is the order of the reaction

With respect to each reactant?

3. Consider the exothermic reaction between nitrogen monoxide and ozone to
form nitrogen dioxide and diatomic oxygen.

a.
b.

C.

Write and balance q chemical equation,
Convert the chemical equation into a particle vieyy of the molecules.

Sketch an energy profile for the reaction and use particle views to label the
reactants and products. Show the effect a catalyst might have on the energy
profile.

- Draw a possible Iransition state for the bimolecular reaction. Use dashed

lines to represent the bonds that break and those that form.



