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14

CHEMICAL KINETICS

The content in this topic is the basis for mastering all the Learning Objectives in Big Idea 4:
4.1-4.9 as found in the Curriculum Framework.

Chemical kinetics provides answers to the question, how and why do chemical reac-
tions occur? Kinetics provides both qualitative and quantitative models to examine
how molecular collisions between reactants lead to formation of products.

When you finish reviewing this topic, be sure you are able to;

Know what rate of reaction is and common ways to express the rate of
reaction

Design an experiment or interpret experimental data that measure rate
Understand the factors that affect the rate of reaction

Use the collision model to explain how concentration, pressure, tempera-
ture, and the phase of the reactants affect reaction rates

Know how the frequency and success of molecular collisions and their
orientations affect reaction rate

Examine concentration versus reaction rate data using the method of initial
rates to determine the rate law and the order of a reaction

Know what a rate constant is and how it characterizes a reaction
Connect the half-life of a first-order reaction to its rate constant
Infer reaction order from plots of concentration versus time
Understand how temperature affects a rate constant

Interpret Maxwell-Boltzmann plots that describe distributions of particle
energies

Use energy profiles to make qualitative predictions about the relative rates
of reactions

Evaluate reaction mechanisms and determine which are consistent with rate data
Interpret data that infer the presence of reaction intermediates

Explain how catalysts work, including acid-base catalysts, surface catalysts,
and enzymes
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Reaction Rateg

Rate = —A[A]/A;

Rates are always expressed as positive Quantities. Becayse the slope in the graph in
Figure 14.1a js negative, a negative sign is used to €Xpress rate as a positive quantity,
A typical reaction rate starts fast and becomes slower as time goes on. The initial rate
atr = 0 is always the largest rate,

[A],
[A] [B] dt
(4, [A]) d[B]
d[A] (t, [B])
dt
- [B], :
f (time) t (time)
A (b)

Rate = +A[B]/As

Notice that the slope of the line is positive, so a positive sign in the expression
denotes a positive rate.
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Common misconception: Molarity per second is often expressed as mol L~ - sib

M/s = mol/L+s = moj =1 . ¢1

of Chemistry: The Central Science.)

Factors that Affect Reaction Rates

The collision mode] s a model that explains reaction rates and js based on the
idea that molecules must collide to react. The collision model is based on Kinetic-
molecular theory and accounts for the factors that affect the rate of a reaction,

sions are successful. Rate of reaction increases with greater frequency of collisions
(and, therefore, greater probability of Successful collisions), and/or greater energy
with which the collisions occur. Figure 14.2 illustrates an effective collision that
results in a reaction and an unsuccessful collision that regenerates reactants,

Effective collision,
reaction occurs,
Cl; forms

Collision After collision

Ineffective collision,
no reaction possible,
no Cl,

Collision - After collision

Figure 14,2 Molecular collisions may or may not lead to g chemical reaction between Cl and NOCI: CI + NOC] — Cl, + NO.
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L.~ Concentrations of reactants. Higher concentrations of reactants usually
produce a faster reactjon. As concentration increases, the frequency of

Figure 14.3 A higher concentration of o Q

molecules yields more frequent collisions @ o Q :
"]

and thus a higher rate of reaction,

Minimum energy
needed for reaction, E,

Larger fraction of molecules
reacts at higher temperature

Fraction of molecules

Figure 14.4 The effect of lemperature
on the distribution of kinetic energjes SR
of molecules in a sample, Kinetic energy




244

Your Turn 14.2

Section 14.3

TOPIC | 4

more detail later, js 5 step-by-step process or pathway by which reac-
tants become products,

Provided.

Concentration and Rate Laws

aA + pB— products

the rate law takes the form:
Rate = k[A]"[B]"
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Common misconceptiun: Th

Dot necessarily the same as the €Xponents, m and s, ;

Reaction orger is the sum of the eXponents m and n ip 4 rate law. For example
consider the rate law:

Rate = K[A]'[B]?
The reaction is said to be “first order in A”

of the reaction is the sum of m and p, Int
“third order” overall.,

and “second order i

n B.” The overal| order
his €xample, ] +2

=3, s0 the reaction is

The rate law for any chemical reaction must pe determined ex
by observing the effect of ¢

perimentally, often
hanging the initial concentrations of
initial rate of the reaction,

the reactants on the

Consider the reaction:

A+2B—2C+p
The rate law always takes the form:

Rate = k[A]"[B]"

A series of experiments Measuring initial rate

at varioys concentrations of reactants
might give the data in Table 14,1,

Table 14.1

Experiments | and 2 show ¢

hat the rate s doubled when
constant. Thig means that th

€ exponent of [B] s ] (2! =

[B] is doubled while [A] is
Zson = 1),

that the rate js quadru
'3 is constant, This meang that the €Xponent of [A]

Table 14,1 show that the rate law js:

pled when [A] is doubled while [B)
B0 = 4y 2). The data in

Rate = [A]?[B]!

The reaction is second order in A, fi

Ist order in B, and third order overall,
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Solution;
Rate = k[A][B]'

0.04M/s = k0.1 M][0.1 M]!
k= (0.04M/5)/(0.01 12 0.1 M)

=40/M %1

What are the units for each rate constant for the Jollowing rate laws? Assume each

rate is expressed in M/s. g, Rate = k[A); b. Rate — kAT c. Rate = KA. Write
Your answers in the Space provided.

is large, discuss the relative Srequency ang success of the collisions. Write your an-
Swers in the space Provided.
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At a particylqy tim

e during the
of 3.0 M /s.

reaction, H,(g) disappears ar the rate

Solution:

@ In the balanceg €quation, Ny(g) has q co

efficient of |, whereas H, (¢)
has a coefficient of 3, Ny(g) disappears a; one-third the rate of Hy(g).
1/3(3.0 M/s) = 10 M/s

b. NH;( &) appears g Wo-thirds the

rate of Hy(g).
2/3(3.0 M/s) = 20 M/s

If ammoniq appears ar 2.6 pf /
answer i the space provided.

Sy how fast does hydrogen disappear? Write your

The application of gto;
various rates,
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Example:

From the datq for Experiment | in Table 14.] calculate the rate of appear-
ance of C.

Solution:

S0 the rate of appearance of C is twice that of A.
+AC/Ar = —2AA/Ar = 2(0.040 M/s) = 0.080 M/s

The Change of Concentration with Time

A first-order reaction (a unimolecular reaction) is a reac tion whose rate depends on
the concentration of a single reactant raised to the first power.

The rate of a first-order reaction is expressed both by the rate law and by the slope of
the tangent line at any point (z,[A]) on the graph in Figure 14.1a,

Rate = f[A] = —A[A]/As differential rate Jaw

Using calculus, this €quation is transformed into the equation of the curved line in
Figure 14.54. The equation of the line js:

In[A], = — +In[A], inte rated rate law
t ) g

Notice that the €quation takes the form of the simple linear equation, y = pyy + p,
Where y = In[A], p = In[A]y, and the slope of the line = —k, the rate constant,

For a first-order Ieaction, a plot of In[A] versus time will yield a straight line with a

slope of —k a5 shown in Figure 14.5p, This is a usefy] graphical method for deter-
mining rate constants for first-order reactions,

[A] In[A]

[A],

£t (time) t (time)
(a) (b)

Figure 14.5 ;. Plot of [A] versus time for a first-order reaction. b. Plot of In[A] versus time for a first-
order reaction, The negative slope of the line equals the rate constant.
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Often the €quation of the line fo,
€Xpression:

agine collisio

€S with methy]
N bong breaks and 3 C

—C bond formg instead.

Figure 14.6 The first-order reaction of -
CH;NC conversjon 1 CH;CN. Acetonitrile

For 4 first-ordey Teaction, the €Xponent of one in the rate equatjop,
Rate = 4 Al

differemial rate Jaw

integrateq rate law
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Note that the integrated rate law is a linear equation of the form:
y=mx+b

A plot of 1/[A] versus time will yield a straight line whose slope is the rate constant
k as shown in Figure 14.7b.

[A], 4
[A] 1/[A]
[A], :
¢ t (time) t (time)
(a) (b)

Figure 14.7 a. Plot of [A] versus time for a second-order reaction. b, Plot of I/[A] versus time for a
second-order reaction. The slope of the line equals the rate constant.

A second-order reaction is a bimolecular process. That is, it depends on the collision
of two molecules of reactant to produce a product. In a bimolecular process, colli-
sions between reactant molecules change reactants to products. The exponent of two
in the rate equation for a second-order reaction,

Rate = k[A]?,
is interpreted to mean that two molecules of A collide to produce a reaction.
A zero-order reaction is one in which the rate of disappearance of A is independent

of the concentration of A: Rate = k[A]® = k. A plot of [A] versus time for a zero-
order reaction is a straight line as illustrated in Figure 14.8.

(Al

A
(Al First-order reaction

= —kt \..— Zero-order reaction
Figure 14.8 Comparison of first-order and Alape K

zero-order reactions for the disappearance
of reactant A with time. Time




