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Kinetics

* In Kinetics we study the rate at which a
chemical process occurs.

» Besides information about the speed at
which reactions occur, kinetics also sheds
light on the reaction mechanism (exactly
how the reaction occurs).
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Factors That Affect Reaction Rates

 Physical State of the Reactants

— In order to react, molecules must come in
contact with each other.

— The more homogeneous the mixture of
reactants, the faster the molecules can react.
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Factors That Affect Reaction Rates

e Concentration of Reactants

— As the concentration of reactants increases, so
does the likelihood that reactant molecules will
collide.
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Factors That Affect Reaction Rates

e Temperature

— At higher temperatures, reactant molecules
have more Kinetic energy, move faster, and
collide more often and with greater energy.
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Factors That Affect Reaction Rates

 Presence of a Catalyst

— Catalysts speed up reactions by
changing the mechanism of the reaction.

— Catalysts are not consumed during the
course of the reaction.
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Reaction Rates

100 maol A 0.54 mol A 3 maol £
0 mol B 0.46 mol B 0.70 mol B

Rates of reactions can be determined by
monitoring the change in concentration of either
reactants or products as a function of time.
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Reaction Rates
C,HyCl(aq) + H,O()—— C,H,OH(aq) + HCl(aq)

Time, Hs) Gt CLGD In this reaction, the

00 0.1000 concentration of butyl

50.0 0.0905 .
000 S50 chloride, C,H,ClI, was
150.0 0.0741 measured at various
200.0 0.0671 times_
300.0 0.0549
400.0 0.0448
500.0 0.0368
800.0 0.0200
10,000 0
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Reaction Rates

C,HyCl(aq) + H,O()— C,H,OH(aq) + HCl(aq)

Time, t(s) [CH,ClIOM average Rate /5 The average rate of the
00 0100 — g x 10 reaction over each
U A ol s 4
P 1.7 % 10 : H
1000 00820 %7 qpe interval is the change
150.0 0.0741 ’ 4 . :
= =t In concentration
200.0 0.0671 —— 12x 1074
000 0058 —— 101 x10° divided by the change
4000 00448 ——  gpx 10t in time:
500.0 00368  —— (560 % 104 In time.
800.0 0.0200
10,000 0
AlC,HCI].
Average rate = AL
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Reaction Rates

C,HyCl(aq) + H,O()— C,H,OH(aq) + HCl(aq)

Time, t(s) [C4HoCLI(M) Average Rate (M/s) * Note that the average
00 01000 rate Qecreases as the
50.0 0.0905 reaction proceeds.
100.0 0.0820 ..
S0 e » This is because as the
200.0 0.0671 122 % 10 reaction goes forward,
300.0 0.0549 .
2000 00448 Lo1 x 107 there are fewer
) ' 0.80 x 107* . .
500.0 0.0368 collisions between
800.0 0.0200
e 0 reactant molecules.
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Reaction Rates

C,HyCl(aq) + H,O()— C,H,OH(aq) + HCl(aq)

0.100%=
[ Instant 5
A-‘ pIOt of [CAHQCI] VS. 0.090 r;ﬂt:.t': Jn t_m}:“
time for this reaction o0 IR, 7l 1)
yields a curve like this. oor0|
- . ..\
» The slope of a line tangent S 0060 :
to the curve at any point is %o
; = Instantaneous
the instantaneous rate at e g AR AR O =
H 0.030 I
that time. J
0.020 <
At
0.010
0 100 200 300 400 500 600 700 BOO 900
Time (s)
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Reaction Rates

C,HyCl(aq) + H,O()— C,H,OH(aq) + HCl(aq)

* All reactions slow down
Instajtaneous
H rateht i = 0
over tlme' (initifal rate)
* Therefore, the best
indicator of the rate of a 5
reaction is the g ans0
- I Instantaneoly
instantaneous rate near the J 0.0 - rateat £ = 600%
- . - ~
beginning of the reaction. 0.030 Z
J
0.020
0.010
0 100 200 300 400 500 600 700 BOO 900
Time (s)
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Reaction Rates and Stoichiometry
C,HyCl(aq) + H,O()— C,H,OH(aq) + HCl(aq)

0.100 9

 In this reaction, the ratio Instan\gneous

0.040 rate at\t = 0

Of C4H9CI tO C4H90H iS oo 1 (initial\rate)
1 : 1 ) 0.0v0

e Thus, the rate of g oos
disappearance of C,H,Cl % 0.050 .
is the same as the rate of =% £ D et - 6003
appearance of C,H,0OH. 0.030 %
0.020

At
0.010

-A[C4H9C|] = A[C4H90H] 0 100 200 300 400 500 600 700 800 900
At At Time (s)

Rate =
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Reaction Rates and Stoichiometry

e What if the ratio is not 1:1?

2 HI(g) ——— Hy(9) + 15(9)
*[n such a case,

Rate = _iAJﬂ] — A[|2]

2 At At
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Reaction Rates and Stoichiometry

» To generalize, then, for the reaction

aA + bB cC+dD

_ _ 1 AA] _ 1 AB] _1AC] _ 1 AD]
Rate= == "\t =" b At ~ ¢ At _ d Al
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Sample Exercise 14.1 Calculating an Average Rate of Reaction

From the data given in the caption of Figure 14.3, calculate the average rate at which
A disappears over the time interval from 20 s to 40 s.

Solution

Analyze: We are given the concentration of A at 20 s (0.54 M) and at 40 s (0.30 M) and asked to calculate
the average rate of reaction over this time interval.

Plan: The average rate is given by the change in concentration, A[A], divided by the corresponding change
in time, At. Because A is a reactant, a minus sign is used in the calculation to make the rate a positive
quantity.

A[A 0.30 M — 0.54 M
L =12 % 1072 M/s

Solve: Average rate = — iz 10s — 205

Practice Exercise

For the reaction pictured in Figure 14.3, calculate the average rate of appearance of B over the time interval
from0to40s.
Answer: 1.8 x 102 M/s
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Sample Exercise 14.2 Calculating an Instantaneous Rate of Reaction
Using Figure 14.4, calculate the instantaneous rate of disappearance of C,H,Cl at t = 0 (the initial rate).

Solution

Analyze: We are asked to determine an instantaneous rate from a graph of concentration versus time.
Plan: To obtain the instantaneous rate at t = 0, we must determine the slope of the curve at t = 0. The
tangent is drawn on the graph.

0.100 9=
Instantaneous
0.080 rateatt =0
(initial rate)
0.080 '
0.070
b
1
= 0.060 :
2 0.050
:‘.:.. Instantaneous
Y0040 g rateatt =600 s
=
0.030 o
Jd
0.020 -
At
0.010
0
100 200 300 400 500 600 700 800 900
Time (s)
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Sample Exercise 14.2 Calculating an Instantaneous Rate of Reaction
Using Figure 14.4, calculate the instantaneous rate of disappearance of C,H,Cl at t = 0 (the initial rate).

Solution

The slope of this straight line equals the change in the vertical axis divided by the corresponding change in
the horizontal axis (that is, change in molarity over change in time).

Solve: The straight line falls from [C,H,CI] = 0.100 M to 0.060 M in the time change from 0 s to 210 s, as
indicated by the tan triangle shown in Figure 14.4. Thus, the initial rate is

_A[CHGCI (0,060 — 0.100) M

=10 —4
Al 210 — 0) 5 LAl M

Rate =

Practice Exercise

Using Figure 14.4, determine the instantaneous rate of disappearance of C,H,Cl at t = 300 s.
Answer: 1.1 x 104 M/s
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Sample Exercise 14.3 Relating Rates at Which Products Appear and
Reactants Disappear

(a) How is the rate at which ozone disappears related to the rate at which oxygen appears in the reaction
2 04(9) — 3 0,(9)? (b) If the rate at which O, appears, A[O,]/ At, is 6.0 x 10-5 M/s at a particular instant, at
what rate is O, disappearing at this same time, ~A[O,]/A t?

Solution

Analyze: We are given a balanced chemical equation and asked to relate the rate of appearance of the
product to the rate of disappearance of the reactant.

Plan: We can use the coefficients in the chemical equation as shown in Equation 14.4 to express the relative
rates of reactions.

Solve: (a) Using the coefficients in the balanced
equation and the relationship given by Equation 14.4,
we have:

_ _L1A[Os] 1404
RS T @
) ' A0y 2A[05) 2 : -
(b) Solving the equation from part (a) for the rate at g = (6.0 % 107 M/s) = 4.0 % 107 M/s
. T At 3 Al 3
which O,disappears, -A[O,]/ At we have:
A[O4] = mol Oz/LY 2 mol Oy = mol O/1
(mr < 107 ( ) 4.0 % 107
At 5 3 mol Oy 5
. L . = 4.0 5 M/s
Check: We can directly apply a stoichiometric factor SO U
to convert the O, formation rate to the rate at
which the O, disappears:
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Sample Exercise 14.3 Relating Rates at Which Products Appear and Reactants
Disappear

Practice Exercise
The decomposition of N,O proceeds according to the following equation:

2 Nzos(g) -4 Noz(g) + Oz(g)
If the rate of decomposition of N,O; at a particular instant in a reaction vessel is 4.2 x 10-" M/s, what is the

rate of appearance of (a) NO,, (b) O,?
Answer: (a) 8.4 x 107 M/s, (b) 2.1 x 10" M/s
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Concentration and Rate

One can gain information about the rate of a
reaction by seeing how the rate changes
with changes in concentration.
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Concentration and Rate

Experiment Initial NHy " Initial NO, Observed Initial
Number Concentration (M) Concentration (M) Rate (M/s)

1 0.0100 0.200 54 %107

2 0.0200 0.200 10.8 x 1077

3 0.0400 0.200 215 % 107

4 0.200 0.0202 10.8 x 1077

5 0.200 0.0404 216 X 107

6 0.200 0.0808 433 x 107

NH,*(ag) + NO, (aq) N,(g) + 2 H,0O(l)

If we compare Experiments 1 and 2, we see that
when [NH,*] doubles, the initial rate doubles.
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12

Concentration and Rate

Experiment Initial NH," Initial NO, Observed Initial
Number Concentration (M) Concentration (M) Rate (M/s)

1 0.0100 0.200 5.4 % 1077

2 0.0200 0.200 10.8 x 1077

3 0.0400 0.200 215 % 107

4 0.200 0.0202 10.8 x 1077

5 0.200 0.0404 21.6 X 1077

6 0.200 0.0808 433 x 1077

NH,*(ag) + NO, (aq) N,(g) + 2 H,0O(l)

Likewise, when we compare Experiments 5 and 6,
we see that when [NO, ] doubles, the initial rate
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Concentration and Rate
e This means

Rate oc [NH,*]
Rate oc [NO, ]
Therefore, Rate «c [NH*] [NO, ]
which, when written as an equation, becomes
Rate = k [NH,*] [NO, ]
 This equation is called the rate law, and k is the rate
constant.
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Rate Laws

A rate law shows the relationship between the
reaction rate and the concentrations of reactants.

» The exponents tell the order of the reaction with
respect to each reactant.

* Since the rate law is
Rate = k [NH,*] [NO, ]
the reaction is
First-order in [NH,*] and
First-order in [NO, 1].
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Rate Laws

Rate = k [NH,*] [NO, ]

» The overall reaction order can be found by
adding the exponents on the reactants in the
rate law.

e This reaction is second-order overall.
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Sample Exercise 14.4 Relating a Rate Law to the Effect of concentration on Rate

Consider a reaction A + B — C for which = k[A][B]2. Each of the following boxes represents a reaction
mixture in which A is shown as red spheres and B as purple ones. Rank these mixtures in order of increasing
rate of reaction. .

0% 0| 0% 0% e
9990 090 o090’

Solution

Analyze: We are given three boxes containing different numbers of spheres representing mixtures
containing different reactant concentrations. We are asked to use the given rate law and the compositions of
the boxes to rank the mixtures in order of increasing reaction rates.

Plan: Because all three boxes have the same volume, we can put the number of spheres of each kind into
the rate law and calculate the rate for each box.

Solve: Box 1 contains 5 red spheres and 5 purple spheres, giving the following rate:

Box 1: Rate = k(5)(5)> = 125k

Box 2 contains 7 red spheres and 3 purple spheres:
Box 2: Rate = k(7)(3)* = 63k
Box 3 contains 3 red spheres and 7 purple spheres:
Box 3: Rate = k(3)(7)* = 147k
The slowest rate is 63k (box 2), and the highest is 147k (box 3). Thus, the rates vary in the order 2< 1< 3.
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Sample Exercise 14.4 Relating a Rate Law to the Effect of concentration on Rate

Solution (continued)

Check: Each box contains 10 spheres. The rate law indicates that in this case [B] has a greater influence on
rate than [A] because B has a higher reaction order. Hence, the mixture with the highest concentration of B
(most purple spheres) should react fastest. This analysis confirms the order 2 <1< 3.

Practice Exercise

Assuming that rate = k[A][B], rank the mixtures represented in this Sample Exercise in order of increasing
rate.
Answer:2=3<1
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Sample Exercise 14.5 Determining Reaction Order and Units of Rate Constants

(a) What are the overall reaction orders for the reactions described in Equations 14.9 and 14.10? (b) What are
the units of the rate constant for the rate law in Equation 14.9?

Solution

Analyze: We are given two rate laws and asked to express (a) the overall reaction order for each and (b) the
units for the rate constant for the first reaction.

Plan: The overall reaction order is the sum of the exponents in the rate law. The units for the rate constant,
k, are found by using the normal units for rate (M/s) and concentration (M) in the rate law and applying
algebra to solve for k.

Solve: (a) The rate of the reaction in Equation 14.9 is first order in N,O; and first order overall. The reaction
in Equation 14.10 is first order in CHCI, and one-half order in Cl,. The overall reaction order is three halves.
(b) For the rate law for Equation 14.9, we have

Units of rate = (units of rate constant)(units of concentration)
So

units of rate M

Units of rate constant = ———————— = =s
units of concentration M on changes.

Practice Exercise

(a) What is the reaction order of the reactant H, in Equation 14.11? (b) What are the units of the rate constant
for Equation 14.11?
Answer: (a) 1, (b) M1st

IV Chemistry: The Central Science, Eleventh Edition Copyright ©2009 by Pearson Education, Inc.
'_Educatinn_' By Theodore E. Brown, H. Eugene LeMay, Bruce E. Bursten, and Catherine J. Murphy Upper Saddle River, New Jersey 07458
With contributions from Patrick Woodward All rights reserved.

Sample Exercise 14.6 Determining a Rate Law from Initial Rate Data

The initial rate of a reaction A + B - C was measured for several different starting concentrations of A and B,
and the results are as follows:

Experiment Initial Rate
Number [A] (M) (Bl (M) (M/s)

1 0.100 0.100 40 = 10°°
2 0.100 0.200 4.0 % 1078
3 0.200 0.100 160 x 107°

Using these data, determine (a) the rate law for the reaction, (b) the rate constant, (c) the rate of the reaction
when [A] = 0.050 M and [B] = 0.100 M.

Solution

Analyze: We are given a table of data that relates concentrations of reactants with initial rates of reaction
and asked to determine (a) the rate law, (b) the rate constant, and (c) the rate of reaction for a set of
concentrations not listed in the table.

Plan: (a) We assume that the rate law has the following form: Rate = k[A]"[B]" so we must use the given
data to deduce the reaction orders m and n. We do so by determining how changes in the concentration
change the rate. (b) Once we know m and n, we can use the rate law and one of the sets of data to determine
the rate constant k. (c) Now that we know both the rate constant and the reaction orders, we can use the rate
law with the given concentrations to calculate rate.

[IXERI Chemistry: The Central Science, Eleventh Edition
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Sample Exercise 14.6 Determining a Rate Law from Initial Rate Data

Solution (continued)

Solve: (a) As we move from experiment 1 to experiment 2, [A] is held constant and [B] is doubled. Thus,
this pair of experiments shows how [B] affects the rate, allowing us to deduce the order of the rate law with
respect to B. Because the rate remains the same when [B] is doubled, the concentration of B has no effect on
the reaction rate. The rate law is therefore zero order in B (that is, n = 0).

In experiments 1 and 3, [B] is held constant so these

data show how [A] affects rate. Holding [B] constant

while doubling [A] increases the rate fourfold. This Rate = K[AJ’[B]” = k[A]?

result indicates that rate is proportional to [A]? (that

is, the reaction is second order in A). Hence, the rate

law is

This rate law could be reached in a more formal way Rate2 4.0 x 107 M/s
by taking the ratio of the rates from two experiments: Ratel 40 = 1075 M/s

rate2  KOJ00-MI™[0.200 M]"  [0.200]" _

rate 1 k0109 M]™[0.100 M]" ~ [0.100]"
2" equals 1 under only one condition: il

Using the rate law, we have -

=M

. - . i —5
We can deduce the value of m in a similar fashion: Rate3 160 % 107" M/s
Ratel 4.0 x 1075 M/s

rate 3 _ K[0.200 MJ™[0-100-M]" _ [0.200]"

Using the rate law gives 4= = = =or
9 g rate 1 K[0.100 MI™[0106-61"  [0.100]™
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Sample Exercise 14.6 Determining a Rate Law from Initial Rate Data

Solution (continued)
Because 2™ = 4, we conclude that m=2

rate _ 4.0 x 10° M/s

= = =40 % 103 Mg
[AF (0.100 MY?

(b) Using the rate law and the data from experiment k
1, we have

(c) Using the rate law from part (a) and the rate Rate = HAF = (4.0 > 107 M~157)(0.050 M)? = 1.0 X 107 M/s
constant from part (b), we have

Because [B] is not part of the rate law, it is irrelevant to the rate, if there is at least some B present to react
with A.

Check: A good way to check our rate law is to use the concentrations in experiment 2 or 3 and see if we can
correctly calculate the rate. Using data from experiment 3, we have

Rate = k[A]? = (4.0 % 1073 M1 s71)(0.200 M)? = 1.6 x 107 M/s
Thus, the rate law correctly reproduces the data, giving both the correct number and the correct units for the

rate.
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Sample Exercise 14.6 Determining a Rate Law from Initial Rate Data
Practice Exercise
The following data were measured for the reaction of nitric oxide with hydrogen:

2NO(g) + 2Haig) » Nafg) + 2H;0(g)

Experiment Initial Rate

Number [NOT (M) [Hz1 (M) (M/s)

1 010 0.10 123 % 1073
2 0.10 0.20 246 % 1072
3 0.20 0.10 492 = 1073

(a) Determine the rate law for this reaction. (b) Calculate the rate constant. (c) Calculate the rate when
[NO] = 0.050 M and [H,] = 0.150 M

Answers: (a) rate = kINOJ[H,]; (b) k= 1.2 M2 s7%; (c) rate = 4.5 x 10~ M/s
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Integrated Rate Laws

Using calculus to integrate the rate law for a
first-order process gives us

AL

I AL,

-kt
Where
[A], is the initial concentration of A, and

[A]; is the concentration of A at some time, t,
during the course of the reaction.
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Integrated

Rate Laws

Manipulating this equation produces...

AL

N AL,

= —kt

In [A], - In [A], = -kt

In [A], = -kt + In [A]

...which is in the form

y

= mx+ b
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First-Order Processes

In [A], = -

Therefore, if a reacti
of In [A] vs. t will yi

kt + In [A],

on is first-order, a plot
eld a straight line, and

the slope of the line will be -k.
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First-Order Processes

» D

Methyl isonitrile

CH,NC

-4

Acetonitrile

Consider the process in
which methyl isonitrile is
converted to acetonitrile.

CH.CN
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First-Order Processes

CH,NC

This data was
collected for this
reaction at 198.9 °C.

CH.CN

1 60'
140
120
100
80
60
40
20

(torr)

Pressure, CH;NC

0
0 10,000 20,000 30,000
Time (s)
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First-Order Processes

Ib{!' 52

E 140 U 5.0

< 120 Z 48
8]

Z 100 g 46

T 80 g 44

v z 4.2

g 60 g 40

7 40 5 38

& 20 = 36

34

0 10,000 20,000 30,000 0 10,000 20,000 30,000
Time (s) Time (s)

* When In P is plotted as a function of time, a
straight line results.

» Therefore,
— The process is first-order.
— k is the negative of the slope: 5.1 x 10 s71,
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Second-Order Processes

Similarly, integrating the rate law for a
process that is second-order in reactant A,
we get

11
AL - AL

y = mx+b

also in the form
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Second-Order Processes

11
TR

So if a process is second-order in A, a plot
of vs. t will yield a straight line, and the

slope of that line is k.
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Second-Order Processes

The decomposition of NO, at 300°C is described by

the equation

NO, (9)

and yields data comparable to this:

Time () [NO,], M

NO (g) + 5O, (g)

With contributions from Patrick Woodward

0.0 0.01000
50.0 0.00787
100.0 0.00649
200.0 0.00481
300.0 0.00380
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Second-Order Processes

 Plotting In [NO,] vs. tyields
the graph at the right.

* The plot is not a straight
line, so the process is not

=

first-order in [A]. g

Time (s) [NO,,M In[NO,] =
0.0 0.01000 -4.610
50.0 0.00787 —4.845
100.0 0.00649 -5.038
200.0 0.00481 -5.337
300.0 0.00380 -5.573

-4.64
-4.8
-5.0
=5.2
5.4
-5.6

—5.80

100 200 300
Time (s)
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Second-Order Processes

250
a"r
&
=~ 150
500 100 200 300
Time (s)
Time(s) [NO,,M  1/[NO,]
0.0 0.01000 100
50.0 0.00787 127
100.0 0.00649 154
200.0 0.00481 208
300.0 0.00380 263

. 1
Graphing In [oy
vS. t, however,
gives this plot.

Because this is a
straight line, the
process is second-
order in [A].
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Half-Life

» Half-life is defined as
the time required for
one-half of a reactant
to react.

» Because [A] att,, is
one-half of the

original [A],

0 10,000 20,000 : 30,000 [A]t =05 [A] 0

Pressure, CH3NC (torr)

Time (s)
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Half-Life

For a first-order process, this becomes

0.5 [Al,

In [T]o :_ktllz

|n 05 = _kt1/2

—-0.693

NOTE: For a first-order 0.693
process, then, the half-life K - ti)o
does not depend on [A],.

‘kt1/2
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Half-Life

For a second-order process,

S
05[Al, 27 [Al

2 1

A, et g,

2-1 _ 1 _
c-l - =
A, [Al

1,
AL, ~ "
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Sample Exercise 14.7 Using the Integrated First-Order Rate Law

The decomposition of a certain insecticide in water follows first-order kinetics with a rate constant of 1.45 yr-!
at 12 °C. A quantity of this insecticide is washed into a lake on June 1, leading to a concentration of

5.0 x 107 g/cm3. 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 concentration of the
insecticide to decrease to 3.0 x 107 g/lcm3?

Solution

Analyze: We are given the rate constant for a reaction that obeys first-order kinetics, as well as information
about concentrations and times, and asked to calculate how much reactant (insecticide) remains after one
year. We must also determine the time interval needed to reach a particular insecticide concentration.
Because the exercise gives time in (a) and asks for time in (b), we know that the integrated rate law,
Equation 14.13, is required.

Plan: (a) We are given k = 1.45 yr-%, t = 1.00 yr and [insecticide], = 5.0 x 10-" g/cm?, and so Equation 14.13
can be solved for [insecticide],. (b) We have k = 1.45 yr1, [insecticide], = 5.0 x 10~ g/cm?, and
[insecticide], = 3.0 x 10-7 g/cm®, and so we can solve Equation 14.13 for time, t.

Solve: (a) Substituting the known quantities into
Equation 14.13, we have In[insecticide];~1yr = —(1.45 yr_l)(l.DD yr) + In(5.0 X 1037)

We use the In function on a calculator to evaluate the In[insecticide]t=1 yr = —1.45 + (—14.51) = —15.96
secondterm on the right, giving

. . ) [insecticide];—q y, = €71>% = 1.2 X 107 g/cm®
To obtain [insecticide],., ,,, we use the inverse natural
logarithm, or X, function on the calculator:
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Sample Exercise 14.7 Using the Integrated First-Order Rate Law

Solution (continued)

Note that the concentration units for [A], and [A],
must be the same.

(b) Again substituting into Equation 14.13, with

T e —7
[insecticide], = 3.0 x 10-7 g/cm3, gives In(3.0 X 107) = —(145yr™)(#) + In(5.0 X 107°)
t = —[In(3.0 X 1077) — In(5.0 X 1077)]/1.45 yr™!

Solving for t gives = —(~15.02 + 1451)/145 yr! = 035 yr

Check: In part (a) the concentration remaining after 1.00 yr (that is, 1.2 x 10-7 g/cm?) is less than the original
concentration (5.0 x 10-7 g/cmd), as it should be. In (b) the given concentration (3.0 x 10-7 g/cm?3) is greater
than that remaining after 1.00 yr, indicating that the time must be less than a year. Thus, t =0.35 yr is a
reasonable answer.

Practice Exercise
The decomposition of dimethyl ether, (CH,),0, at 510 °C is a first-order process with a rate constant of

6.8 x 1045 _ _
(CH3)2 O(g) — CHy(g) + Halg) + CO(g)

If the initial pressure of (CH,),0 is 135 torr, what is its pressure after 1420 s?
Answer: 51 torr
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Sample Exercise 14.8 Determining Reaction Order from the Integrated Rate Law

The following data were obtained for the gas-phase decomposition of nitrogen dioxide at 300 °C,
NO,(g) —> NO(g) + ;0,):

Time (s} [NQ,] (M)
0.0 0.01000
50.0 0.00787
100.0 0.00649
200.0 0.004581
300.0 0.00380

Is the reaction first or second order in NO,?

Solution

Analyze: We are given the concentrations of a reactant at various times during a reaction and asked to
determine whether the reaction is first or second order.

Plan: We can plot In[NO,] and 1/[NO,] against time. One or the other will be linear, indicating whether the
reaction is first or second order.
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Sample Exercise 14.8 Determining Reaction Order from the Integrated Rate Law

Solution (continued)
Solve: To graph In[NO,] and 1/[NO,] against time, we will first prepare the following table from the data

given:
Time (s) [NO,] (M) In[NO,] 1/[NOs]
0.0 0.01000 —4.605 100
50.0 0.00787 —4.845 127
100.0 0.00649 —5.037 154
200.0 0.00481 —5.337 208
300.0 0.00380 —5.573 263

As Figure 14.8 shows, only the plot of 1/[NO,] versus time is linear. Thus, the reaction obeys a second-
order rate law: Rate = K[NO,]2. From the slope of this straight-line graph, we determine that
k = 0.543 M-t 571 for the disappearance of NO,.
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Sample Exercise 14.8 Determining Reaction Order from the Integrated Rate Law

Solution (continued)

4.6,
-4.8 50
=50 E
52 £

1

1

I Ny

w
iy

o 100 200 300 0 100 200 300
Time (s} Time (s)
(a) (b
A Figure 14.8 Kinetic data for decomposition of NOz. The reaction is MOz(g)
NO(g) + -Iz Oa(g), and the data were collected at 300 “C. (a) A plot of In[NO;] versus

time is not linear, indicating that the reaction is not first order in NO3. (b) A plot of
1/[NO;] versus time is linear, indicating that the reaction is second order in NO;.

Practice Exercise
Consider again the decomposition of NO, discussed in the Sample Exercise. The reaction
is second order in NO, with k = 0.543 M- s7L. If the initial concentration of

NO, in a closed vessel is 0.0500 M, what is the remaining concentration after 0.500 h?
Answer: Using Equation 14.14, we find [NO,] = 1.00 x 103 M

[IXERI Chemistry: The Central Science, Eleventh Edition Copyright ©2009 by Pearson Education, Inc.
'_Educatinn_' By Theodore E. Brown, H. Eugene LeMay, Bruce E. Bursten, and Catherine J. Murphy Upper Saddle River, New Jersey 07458
With contributions from Patrick Woodward All rights reserved.




Sample Exercise 14.9 Determining the Half-Life of a First-Order Reaction

The reaction of C,H,Cl with water is a first-order reaction. Figure 14.4 shows how the concentration of
C,H,Cl changes with time at a particular temperature. (a) From that graph, estimate the half-life for this
reaction. (b) Use the half-life from (a) to calculate the rate constant.

Solution

Analyze: We are asked to estimate the half-life of a reaction from a graph of concentration versus time and
then to use the half-life to calculate the rate constant for the reaction.
Plan: (a) To estimate a half-life, we can select a concentration and then determine the time required for the
concentration to decrease to half of that value. (b) Equation 14.15 is used to calculate the rate constant from
the half-life.
Solve: (a) From the graph, we see that the initial value of [C,H,Cl] is 0.100 M. The half-life for this first-
order reaction is the time required for [C,H,ClI] to decrease to 0.050 M, which we can read off the graph.
This point occurs at approximately 340 s. (b) Solving Equation 14.15 for k, we have

k= 0.693 _ 0.693 _ A

ti 340s

Check: At the end of the second half-life, which should occur at 680 s, the concentration should have
decreased by yet another factor of 2, to 0.025 M. Inspection of the graph shows that this is indeed the case.

Practice Exercise

(a) Using Equation 14.15, calculate t,, for the decomposition of the insecticide described in Sample Exercise
14.7. (b) How long does it take for the concentration of the insecticide to reach one-quarter of the initial
value?

Answer: 0.478 yr = 1.51 x 107 s; (b) it takes two half-lives, 2(0.478 yr) = 0.956 yr
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Temperature and Rate

» Generally, as temperature
increases, so does the
reaction rate.

* This is because k is
temperature dependent.

Higher temperatur Lower temperature

180 190 200 210 220 230 240 250
Temperature ("C)
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The Collision Model

* In a chemical reaction, bonds are broken
and new bonds are formed.

» Molecules can only react if they collide
with each other.
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The Collision Model

Furthermore, molecules must collide with the
correct orientation and with enough energy to
cause bond breakage and formation.

o ¢ o W

Before collision Collision After collision

Copyright ©2009 by Pearson Education, Inc.
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Activation Energy

 In other words, there is a minimum amount of energy
required for reaction: the activation energy, E,.

 Just as a ball cannot get over a hill if it does not roll up the
hill with enough energy, a reaction cannot occur unless the
molecules possess sufficient energy to get over the
activation energy barrier.
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Reaction Coordinate Diagrams

It is helpful to

visualize energy Qj
changes throughout 3
process on a reaction
coordinate diagram

like this one for the
rearrangement of

Potential energy

1

methyl isonitrile. 9 o0 T
[IXERI Chemistry: The Central Science, Eleventh Edition Copyright ©2009 by Pearson Education, Inc.
'_Educatinn_' By Theodore E. Brown, H. Eugene LeMay, Bruce E. Bursten, and Catherine J. Murphy Upper Saddle River, New Jersey 07458
With contributions from Patrick Woodward All rights reserved.




Reaction Coordinate Diagrams

» The diagram shows the
energy of the reactants and
products (and, therefore,
AE).

» The high point on the
diagram is the transition
state.

* The species present at the transition state is
called the activated complex.

* The energy gap between the reactants and the
activated complex is the activation energy barrier.
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Maxwell-Boltzmann Distributions

Lower tmnperaturei ® Temperature iS
Higher ’Emnpcmturc defInEd as a measure
| of the average
" Minimum ene -
i need:dr;lotll'n:e;z:iggr{ E klnetIC energy Of the
. molecules in a

sample.

Fraction of molecules

Kinetic energy

* At any temperature there is a wide
distribution of kinetic energies.
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Maxwell-Boltzmann Distributions

.  As the temperature
Lower temperature: increases’ the curve

Higher temperature flattens and broadens.

I -

"~ Minimum energy » Thus at higher

| needed for reaction, E,

! temperatures, a larger

| population of

Kinetic energy molecules has higher
energy.

Fraction of molecules
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Maxwell-Boltzmann Distributions

* If the dotted line represents the activation energy,
then as the temperature increases, so does the
fraction of molecules that can overcome the
activation energy barrier.

|
Lower tem p erature :

[
&
g Higher t
] igher temperature I h
< i * As a result, the
g : .
. I--. ..
° 77~ Minimum energy reaction rate
=1 3 .
= | needed for reaction, E,
£ i . INncreases.
tt‘: |
i
(4 I
I
Kinetic energy
IV Chemistry: The Central Science, Eleventh Edition Copyright ©2009 by Pearson Education, Inc.
By Theodore E. Brown, H. Eugene LeMay, Bruce E. Bursten, and Catherine J. Murphy Upper Saddle River, New Jersey 07458
With contributions from Patrick Woodward All rights reserved.




32

Maxwell-Boltzmann Distributions

This fraction of molecules can be found through the expression

Ea
RT

f=e
where R is the gas constant and T is the Kelvin temperature.

I
Lower temperature |
|
|
Higher temperature
I
I
I-. ..
I Minimum energy
\ TE)
| needed for reaction, E,
I
|
I

Fraction of molecules

!

Kinetic energy
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Arrhenius Equation

Svante Arrhenius developed a mathematical
relationship between k and E:

E

k:Ae_R_Ta

where A is the frequency factor, a number that
represents the likelihood that collisions would
occur with the proper orientation for reaction.
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Arrhenius Equation

Taking the natural
logarithm of both sides,

_ﬁ -
3 the equation becomes
& -8
“ Ink=- Ea (1) +InA
T
~10 - R
et e
0.0019 0.0020 0.0021 0.0022
v y = m X + b

Therefore, if k is determined experimentally at
several temperatures, E, can be calculated
from the slope of a plot of In k vs. %
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Sample Exercise 14.10 Relating Energy Profiles to Activation Energies and
Speed of Reaction
Consider a series of reactions having the following energy profiles:

75
- T
=
2 ll 25 k] /mol 20 K]J/mol
| 15 kll.-'mul |,
H ) L4
z ¥ P
=10 k] /: - -
X ‘?'I' mol =15k]/maol 5k /mol
) (2) 3

Rank the reactions from slowest to fastest assuming that they have nearly the same frequency factors.
Solution

The lower the activation energy, the faster the reaction. The value of AE does not affect the rate. Hence the
order is (2) < (3) < (1).

Practice Exercise

Imagine that these reactions are reversed. Rank these reverse reactions from slowest to fastest.
Answer: (2) < (1) < (3) because E, values are 40, 25, and 15 kJ/mol, respectively
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Sample Exercise 14.11 Determining the Energy of Activation

The following table shows the rate constants for the rearrangement of methyl isonitrile at various temperatures
(these are the data in Figure 14.12):

Temperature (°C) kis™h

180.7 252 x 1075
198.9 5.25 x 1075
230.3 630 % 1074
2512 3.16 % 107°

(a) From these data, calculate the activation energy for the reaction. (b) What is the value of the rate constant
at 430.0 K?

Solution

Analyze: We are given rate constants, k, measured at several temperatures and asked to determine the
activation energy, E,, and the rate constant, k, at a particular temperature.

Plan: We can obtain E, from the slope of a graph of In k versus 1/T. and the rate constant, k, at a particular
temperature. Once we know E,, we can use Equation 14.21 together with the given rate data to calculate the
rate constant at 430.0 K.
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Sample Exercise 14.11 Determining the Energy of Activation

Solution (continued)

Solve: (a) We must first convert the temperatures TiK) 1YTK™ In k
from degrees Celsius to kelvins. We then take the ) R -
inverse of each temperature, 1/T, and the natural log 462.9 2.160 x 10 ) 10.589
of each rate constant, In k. This gives us the table 4721 2118 x 1073 —9.855
shown at the right: 503.5 1.986 x 1073 =7.370
5244 1.907 % 1073 —=5.757

A graph of In k versus 1/T results in a straight line, as
shown in Figure 14.17.

4 Figure 14.17 Graphical

-6 \ determination of activation
energy. The natural

=7 logarithm of the rate constant
e for the rearrangement of
-8 methyl isonitrile is plotted as a
— function of 1/T. The linear
relationship is predicted by
—10 the Arrhenius equation giving
i T a slope equal to —Ey/R.
0.0019 0.0020 0.0021 0.0022
Ll F
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Sample Exercise 14.11 Determining the Energy of Activation

Solution (continued)

The slope of the line is obtained by choosing two Slope = Ay =GES(EI0) - o e
well-separated points, as shown, and using the Ax 000195 — 0.00215

coordinates of each:

Because logarithms have no units, the numerator in

Slope
this equation is dimensionless. The denominator has !
the units of 1/T, namely, K-1. Thus, the overall units ( I )( L] )
’ ' ' E, = —(slope)(R) = —(~1.9 = 10* K)| 8.314 S
for the slope are K. The slope equals -E,/R. We use SR ot LS 1000 J
the value for the molar gas constant R in units of = 1.6 % 10% k]/mol = 160 kJ/mol

J/mol-K (Table 10.2). We thus obtain

We report the activation energy to only two significant figures because we are limited by the precision with which
we can read the graph in Figure 14.17.

(b) To determine the rate constant, k,, at T, = 430.0

K, we can use Equation 14.21 with E, = 160 kJ/mol,

and one of the rate constants and temperatures from

the given data, such as ( ky 5 ( 160 K] /mol ( 1 1 1000 ] .
k, =2.52 x 105 sland T, = 462.9 K: I\ = 10—:'-,—1) 8314 J;moj—}:) 1620K 4300 h)( 0] ) HE

Thus, ki = ¢ M8 = 415 x 1072

252 x 107%™
ky = (415 % 1073252 X 107557") = 1.0 x 10°¢s7!
Note that the units of k; are the same as those of k,.
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Sample Exercise 14.11 Determining the Energy of Activation

Practice Exercise

Using the data in Sample Exercise 14.11, calculate the rate constant for the rearrangement of methyl isonitrile
at 280 °C.
Answer: 2.2 x 102 s1
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o Chapter 16

Next
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