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“The rate laws we have considered so far express the rate as a function of the reac-
tant concentrations. I is also useful to be able to express the reactant concentrations
as a function of time, given the (differential) rate law for the reaction. In this sec-
tion we show how this is done

‘We will proceed by first looking at reactions involving a single reactant:

aA — products
all of which have a rate law of the form

AAL_ e
Ar HAY

Rate

‘We will develop the integrated rate laws individually for the cases n = 1 (frst
order), n = 2 (second order), and n = 0 (zero order),
First-Order Rate Laws
For the reaction
2N;05(s0ln) —> 4NOs(soln) + Oslg)

we have found that the rate la

Rate

ANO] _
o= im0

Since the rate of this reaction depends on the concentration of N;Os to the first

power, itis a ction. This means that if the concentration of

a flask were suddenly doubled. the rate of production of NO; and Oy also would

double. This rate law can be put into a different form using a calculus operation

known as integration, which yields the expression

1n[N:0] = —kt + n[N;Oglo

where In indicates the natural logarith, £ is the time, [N>Os] is the concentration
of N2Os at time 1, and [N:Oslo is the initial concentration of N2Os the
St o e st e i sk et sale e e L
expresses the concentration of the reactant as a funciion of time.

For a chemical reaction of the form

aA —> products
where the inetics are first order in [AJ, the rate law is

Rate = 241 _ 0

and the integrated first-order rate law is
In[A] = —ki + InfA]o 12.2)




[image: image2.png]There are several important things to note about Equation (12.2):
1. The equation shows how the concentration of A depends on time. If the

concentration of A nd the at constant & are knowe,the concentation o A at

any time can be calculated.

Equation (12.2)is of the form y = mx + b, where a plot of y versus xis a straight

line with slope m and intercept b. In Equation (12.2),

»

y=hAl  x=t m=-k b=liAl

“Thus, for  firs-order reaction, plotting the natural logarithm of concentration
versus time always gives a straigh line. flen used 10 test whether
a reaction is fist order or not. For the reaction

aA —> products
the reaction is first order in A if a plot of InfA] versus 1 is a straight line. Con-
versely, if this plot is not a straight line, the reaction is no first order in A.

i integrated rate law for a first-order reaction also can be expressed in terms
of a ratio of [A] and [Alo as follows:

Sample Exercise 12.2 First-Order Rate Laws |

 The decomposi

of N2Os i the gas phase was studied at constant tempera-

2N;04(g) —> 4NOx(g) + O(g)

© The following results were collected:

IN:05] (moliL) Tome (s)
01000 0

1 50
00500 100

f 00250 200

oo 300

1 00

 Using these data, verify that the rate law is first order in [N20s], and calculate
 the value of the rate constant, where the rate = —A[N;O5]/Ar.

~ Solution
We can verify that the rate law is first order in [N;Os] by constructing a ool
10[N;0s] versus time. The values of In[NOs] at various times are the

* abl on th nest pager and e plot of a[N;Os] verus time s shown In Fg,
124,

An integraed e low relofes concer
ration o reacion fime.

For o firstorder reaction, o pll of
n[A] versus s always  siraight line.

nINO]

Time ()

124
A plot of In[N;O5] versus fime.
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~2303 0
~2649 50
~209 100
~3689 200
—a3% 300
-s075 a00

“The fact that the plot s a straight line confirms tha the reaction i first order in
N:Ox, since it fllows the equarion In[N-0] = —ki + In[N:Os]
 the reaction i first rder, the slope of the line equals —k, where
Slope = hangeiny _ Ay _ AGo[N;Os)
'OP® = Change inx  Ax A
Since the first and las points are exactly on the fine, we will use these poinis
1o caleulate the slope:
5,075 — (2303 )
lope = _i
ERES =08 3005
k —mop:»:a.g;x 1075

693% 1073571

See Exerdse 1229,

Sample Exercise 12.3 First-Order Rate Laws Il

Using the data given in Sample Exercise 12.2, calculate [N;O5] at 150 s after th
start of the reaction.

Solution

We know from Sample Exercise 12.2 that [N>Os] = 0.0500 mol/L at 100 s and
[N;05] = 0.0250 mol/L at 200 . Since 150 s is halfway between 100 and
o0 e et e i i g
obiain [N;0s] at that incorrect because it is In[N;Os], not [N;Os],
Tl g S TN T TN Ay ek T
tion (12.2):

1n[N:04]

D s
nd Nl = 01000

In(IN0s])-150

—kt + I[N:Oslo

(a5 determined in Sample Exercise 122),

=(6.93 X 107 s71)(150. 5) + In(0.100)
~1.040 - 2303 = ~3.343

[N205],- 159 = antilog(~3.343) = 0.0353 mollL
Note that his value of [N>O5] is ot halfway between 0.0500 and 0.0250 mol/L.

Soo brrcise 1229,
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Figue 125

A plot of [NZOs] versus fime
for the decomposition reaction
of N;Os.

Half-Life of a First-Order Reaction

The time required for a reactant to reach half is original concentration is called
the hislf-ife of a reactant and is designated by the symbol 1,7 For example, we.
can calculate the halF-ife of the decomposition reaction discussed in Sample Exer-
citie 12.2. The data plotted in Fig. 12.5 show that the half-life for this reaction is
100 seconds. We can see this by considering the following numbers:

) )
o100 N 000 1
0050 w)" 1% “0udea 01002
DO 0035 1
0050 o ios R - T3
m] w105, DO 1
00125 N

Note that it always takes 100 seconds for [N;Os] to be halved in this reaction.
‘A general formula for the half-Jife of a first-order reaction can be derived from
the integrated rate law for the general reaction
aA —> products

If the reaction is first order in [A],

By definition, when 1 = fiz,




[image: image5.png]Then, for £ = 1, the integrated rate law becomes
‘“([Jﬁn[?z) = kna
o @) = ki
Substiuting the value of In(2) and solving for 1y gives
0693
k

u 23

This is the general equation for the half-lfe of a first-order reaction. Equation (12.3)
‘can be used 10 calculate fy if k i known or & if 7 is known. Note that for a first-
order reaction, the half-lfe does not depend on concentration.

Sample Exercise 12.4 Half-Life for First-Order Reaction _

A certain first-order reaction has a half-life of 20.0 minutes.

a. Caleulate the rate constant for this reaction.
How much time is required for this reaction to be 75% complete?

Solution
a. Solving Equation (12.3) for k gives

347X 102 min~!

b. We use the integrated rate law in the form

mn)
inf 18D _ 4y
"( 1Al .
If the reaction s 75% complete, 75% of the reactant has been consimed, leav-
ing 25% in the original form:

Ol

100 =25

1Alo

“This means that

‘Thus it takes 40, minutes for this particular reaction to reach 75% comple-
tion




[image: image6.png]Let's consider another way of solving this problem using the definition of
half-lfe. After one half-life the reaction has gone 50% to completion. If the
initial concentration were 1.0 mollL, after one half-life the concentration
would be 0.50 molL. One more half-life would produce a concentration of
0.25 molL.. Comparing 0.25 molL with the original 1.0 moV/L shows that
25% of the reactant s left after two half-lives. This s a general result. (What

e of reactant remains after three half-ives?) Two half-lives for this
reaction is 2(20.0 min), or 40.0 min, which agrees with the preceding answer.

See Exerdss 1230 nd 12.37 through 1240,

Second-Order Rate Laws
For a general reaction invalving a single reactant, tha i,
A — products
that is second order i A, the rate law s
Rate = —2A1 _ yap (124)  Second . e - AP Dubing
Ao the concentration of A quadrupl
kb Tt pckiords

tion of A increases fhe rafe by nine
times.

‘The integrated second-order rate law has the form

a25)

Note the following characteristics of Equation (12.5)
1. A plot of U[AI verus 1 willproduce a tsight lne with a slpe equal (0 k. Fr secondrder reacions o plof of

2. Equation (12.5) shows how [A] depends on time and can be used to caleulate /) ers vl b I
[A] at any time 1, provided & and [Al are known.

‘When one half-life of the second-order reaction has elapsed (1 = 1), by defin-
ition,

Equation (12.5) then becomes

2 L
(Al [Aly
1
——=kp
[
Solving for 11,2 gives the expression for the half-life of  second-order reaction:

1
HAlo

[ (126)




[image: image7.png]Sample Exercise 12.5 Determining Rate Laws
Butadiene reacts to form its dimer according to the equation

2CHi(g) —> CoHiats)
“The following data were collected for ths reaction at a given temperature:

[Cattg] (molfL)
001000 0
0.00625 1000
000476 1800
000370 2800
000313 3600
000270 4400
000241 5200
000208 6200

a. Is this reaction first order or second order’
b. What is the value of the rate constant for the reaction?
€. What s the half-life for the reaction under the conditions of this experiment? ™.

Solution
8. To decide whether the rate law for this reaction s firs order or second order,
we must see whether the plot of In[C,Hq] versus time is a strght line (first

order) or the plot of 1/[C4Hg] versus time is a straight line (second order). The
data necessary to make these plots are as follows:

I

) [Cattsl In{CHa]
0 100
1000 160
1800 210
2800 20
3600 a0
4400 370
5200 415
6200 81

‘The resulting plots are shown in Fig. 12.6. Since the InC4H] versus f plot
[Fig. 12.6(a)] is not a straight line, the reaction s nof first order. The reactio
i, however, second order, as shown by the linearity of the 1/[C.H] versus 1
plot [Fig. 12.6(b)]. Thus we can now write the rate law for this second-order
reaction:

= HCHal?

AICHg]
Rate a7

b. For a second-order reaction, a plot of [CaH] versus 1 produces a straight
line of slope k. I terms of the standard equation for a straight e, y = mx + b,





[image: image8.png]|
| 00
»
L
{ (o]
0|
R 1 0g
Iy o
Tine )
@ o

Figure 12,6
o) A plot of In[C.aHe] versus 1. (b] A plot of 1/[CaH] versus 1.

we have y
as follows:

1/[C4He] and x = 1. Thus the slope of the line can be expressed

s el
Slope = [CAH ]
the reaction:

Limol -5 = 6.14 X 102 L/mol - s

k:xhpkﬁ(lu 100) Limol _ 381

200. - 0) s 6200.

. The expression for the half-life of a second-order reaction is
=
27 kAl

In this case £ = 6.14 X 102 Limol - s (o pat ) and (A = (Ci =
0.01000 M (the concentration at £ = 0). Th

63%10°s

1
1127 614 1072 Limol - 5)(1.000 X 10 2 mol/L)

‘The initial concentration of C4Hg is halved in 1630 s,

See Exordss 12.31, 12:3, 1241, ond 1242
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Figwe 127
A plot of [A] versus tfor a zero-
order reaction.

1t is important to recognize the difference between the half-lfe for a first-order
reaction and the halF-lfe for a second-order reaction. For 4 second-order reaction,
112 depends on both k and Al for a firs-order reaction, 1y depends only on k

For a first-order reaction, a constant time is required to reduce the concentration of
the reactant by half, and then by half again, and so on, as the reaction proceeds.
From Sample Exercise 12.5 we can see that this is nor true for  second-order re-
action. For that second-order reaction, we found that the first half-fif (the time re-
quired 10 20 from [CHy] = 0010 M 1o [CiHe] = 00050 M) s 1630 seconds. We.
can estimate the second half-Jife from the concentration data as a function of time.

Note that 0 reach 0.0024 M C.Hq (approximaely 0.0050/2) requires 5200 seconds
of reaction time. Thus 1o get from 0.0050 M C,Hq to 0.0024 M CyHg takes 3570
seconds (5200 — 1630). The second Ml s much longe than the firs. Tis pat-
ter is characteristic of second-order reactions. In fact, for a second-onder reaction,

each successive half-ife is double the preceding one (provided the effects o the re-
verse reaction can be ignored. a5 we are assuming here). Prove this to yourself by
examining the equation 11, = (K{AJo)

Zero-Order Rate Laws

Most reactions involving a single reactant show either first-order or second-order
Kinetics. However, sometimes such 4 reaction can be 4 zero-order reaction. The
ate law for a zero-order reaction is

Rate = KAJ? = k(1)

k
For a zero-order reaction, the rate is constant. It does not change with concentra-
tion as it does for first-order or second-order reactions.

‘The integrated rate law for a zero-order reaction is

(Al = —ki + [Alo 27

In this case a plot of [A] versus ¢ gives a straight e of slope —k, as shown in
g 127

“The expression for the half-life of a zero-order reaction can be obtained from the.
integrated rate law. By definition, [A] = [Aly2 when ¢ = 1,1, s0

18—ty + 141y
or iy = 1810
2%k
Sotving fo 1z gives
1AL
hn % 12.8)

Zero-order react
i enzyme is required for the reaction to occur. For example, the de-
composition reaction

2N:0(5) —> 2Na(g) + Osle)
oceurs on a hot platinum surface. When the platinum surface is completely covered
with N20 molecules, an increase in the concentration of N;O has no effect on the
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i first order. However, since this law was obtained by simplifying a more comp
cated one, it is called a pseudo-first-order rate law. Under the conditions of this
experiment, a plot of In[BrO ] versus f wil give a straight line where the slope is
equal to K. Since [Br o and [H" o are known, the value of k can be calculated
from the equation

K= K(Br JolH' 1"
‘which can be rearranged 10 give

[BrJolH" Jo’

Note that the kinetics of complicated reactions can be studied by observing the.
behavior of one reactant at a time. If the concentration of one reactant is much
smaller than the concentrations of the others, then the amounts of those reactants
present in large concentrations wil not change significantly and can be regarded as
constant. The change in concentration with time of the reactant presen in a rela-

ively small amount can then be used to determine the order of the reaction in that
‘component. This technique allows us to determine rate laws for complex reactions

12.5 Rate Laws: A Summary

In the last several sections we have developed the following important points:
1L To s.mpmy e el ol b ey el e o
r conditions where only the forward reaction is importan.
This ymdum s T tht cotan anly rectan conceneations.
2. There are two types of rate laws.
Sl o o oo ) e o g s g

nds on the concentrations. The forms of the rate laws for zero-order, frsi-
S el Y o I g Yoo e
in Table 12.

The integrated rate law shows how concentration depends on time. The
earaiod rai laws concsponding o zero-omde, T, ad sccond-
order kinetics of one-reactant reactions are given in Table 12.

3. Whether we determine the differential rate law or the integrated rate law de-
pends on the type of data that can be collected conveniently and accurately.
Once we have experimentally determined either type of rate law, we can write
the other for a given reaction.

‘The most common method for experimentally determining the differential rate
law is the method of initial rates. In this method several experiments are run
at different initial concentrations and the instantaneous rates are determined
for each at the same value of 1 (as close 10 1 = 0 as possible). The point
evaluate the rate before the concentrations change significantly from the ini-
tial values. From a comparison of the initial rates and the initial concentrations
the dependence of the rate on the concentrations of various reactants can be
obtained—that i, the order in each reactant can be determined.
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5. To experimentally determine the integrated rate law for a reaction, concentra-
tions are measured at various values of 1 as the reaction procceds. Then the job
s t0 see which integrated rate law correctly fits the data. Typically this s done
visually by asceraining which type of plot gives a straight lnc. A summary for
is given in Table 126,

s found, the corret integrated ate Iaw can be chosen and the value ok ob-
tained from the slope. Also, the (differential rate law for the reaction can then

be written.

6. The integrated rate law for a reaction that involves several reactants can be
treated by choosing conditions such that the concentration of only one reac-
tant varies in a given experiment. This is done by having the concentration of
one reactant small compared with the concentrations of al the others, causing
a rate law such as

Rate = HAV[BI"IC
0 reduce to
Rate = KA}
where k' = K[BJ"[Cly and [BJy > [Alp and [Clo > [Alo. The valuc of n is ob-
tained by determining whether a plot of [A] versus ¢ is inear (1 = 0), a plot of
In[A] versus r (1= 1), or a plot of V[A] versus s linear (n = 2). The
tse STE{E o fom i e o i pproie o 1t o

Ceneaions of B and C.

12.6 Reaction Mechanisms

Most chemical reactions occur by  series of steps called the reaction mechanism.
To understand a reaction, we must know its mechanism, and one of the main pur-
poses for studying kinetics is to learn as much as possible about the steps imvolved





