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orksheet — integrated Rate Laws
The dependence of the rate of a chemical reaction on the concentratton of the
reactants is given by the rate law and takes the form:

rate = k [A]® [B]” [C]®

where the exponents, a,b,c, , may be zero, integers or fractions.
The sum of the exponents (a+b+c+ ) is the order of the reaction.
The expressions for the change in concentration with time are differential ‘
equations which, in some cases, can be integrated to give a different, but related, -
form of the rate equation. These are summarized below:

order differential rate law integrated rate law 2 time
Zero rate = k [A] = -kt + [Alp. i = [Alpf2K
first rate = kfA] In {A] = -kt + In[Aly tie = In 2/k
second rate = k[A]? AA] = kt + 1[A)p tin = 1/K[Al

or rate = k[A][B] as long as [A]s = [B]o and they reactin a 1:1 ratio

These are all linear equations of the form y = mx +b. Graphs of [A], In[A] or
HA] {y) vs time (x} will give a straight line when the reactions are zero, 1% or 2
order, respectively. There are no analytical solutions for other rate laws.

1. For the reaction 2A — 2B + C, the following data were collected.
[A]{(M)  t(min)
823x10° - 10
8.74 x 10 20
5.52 x 10 30
452 x 10 40
3.70x 10°® 50

3.03x10° © 80 D |
axDetermme the rate law ‘RQ\Q l“/\(/p(3 P _ i

TA] X 10° (M)
CJ -bn 01 [=)] - [=:] [i=]

llme (m:n) N

b. Calculate k for this reaction 3)- \n(B € 75) k,_ ;.-@ @ \CM 8 S ]

K= In Chod= 7k - (InBebe2) e SR
\QO““ o)
c. Calculate the half-time for thzs‘react[on %M
4, > 0 — 124 B wiy s
i0 20 30 40 50 €0

Ve :
Y oladd

alculate [A]y

\n15036-3) = (149 -9)(1) + In[A)e

\Y\[‘/I\A = “”L'“oo CAj \ e\m 5::
alcuEate [A] after 70 minites -

[/\3 = (-199¢72) (10) + | (1.0c- e
L@ﬂ &)%c A MW

time {min)

e A S 2 o g S



2. The reaction A — B + C is first order in A. When [A]o = O 10 M, the reaction is
20% complete in 40 0 minutes. lOD?% -“’).O; - Qﬁ)é A ox ‘E) O 08

a. Calculate the rate constant k, for this reactlon wath the correct units.

| n (0 0®)= ~\L (40) ¥ V\(tm@ @% 5” imw\v

SO —
e mw gy R S

b. Which of the following plots best describes the changes in
concentration of A and C?

= /

In{ ]

/ fime (min) time {mi

S

time (min
\ o B A
1] 11 ] \ /
A c :
N
/ time (:;T‘m\. / time (min) )

@ For the reaction A — product, the first two half-times are 10 minutes and éO
minutes respectively. At the beginning of the reaction, [A] was 0.10M.

# What is the rate law for this reaction?

7& What is the [A] at t = 80 min?

The half-life for *°K is 1.3 x 10° years. What percent of the original remains
after 3.9 x 10°years? . Radioactive decay is a first order process.

“y, = 1%V ye =0, (Dqg | f< 655_“)/3(

In(A), =KY - lncM (
e »535 10 /3( ( 54¢4 4r) =« (.9

\V\U(}«x | CA*J =0 . Q4 O, @ % (003 = 121"

I




More complex reactions can be studied by using pseudo order kinetics. The
rate of reactions falls as the concentration of the reacting species fall. If all but
one of the reacting species are present in excess, the rate of the reaction will
depend solely on the changing concentration of the limiting reactant.

For example the reaction A + B — C can be run with {Alo=0.1 M and {B];=10 M.
rate = k[AJ? [B]’ but since [B] doesn’t really change, this becomes
rate = K'{A]" where k' = K[B]

The results can then be analyzed using the integrated rate laws. Then the [B] is
changed, but is still present in excess. The effect of this change will give the
order of the reaction with respect to B.

[B] = 5.00 M [B] = 10.00 M ooee] (B, = 5.00 M

time (s) [A] time (s) [A] 0085

0 0.1000 0 0.1000 = oosi]

10 0.0975 10 0.0800 = 002

20 0.0950 20 0.0800 ™ o000

30 0.0925 30 0.0700 o065 ]

40 0.0900 40 0.0600 S
50 . 0.0875 50 0.0500 o o s A s
[ ‘ : ime (s)

a Whatis the order with respect to A? 2¢O 0“7\‘3)(

b. Whaf is [Blsu-in each experiment? o
@ 5,00 ~6,0819= H.A) W o ~0.00 ~ q.95M

\jé What is the apparent rate constant, k', with [B]o = 5.00 M?

< ‘\1" .’.f’;y:. e
. What is"the apparent rate constant, k' with.[B]o = 10.00 M?

BN Vo

e el
. s

Sy N A

;,:;‘{:—-:'s

e ‘h-.\“-n

" What is the ordbe,r,..ef’fhe readiion with respect fo B?
K'10.00 = [10.Q \-\\\\'
e~ Lo - .
T

T

//><What is the rate law, including a value of k with units”? .‘\.\‘“m.

S
.

.







Worksheet — Reaction Mechanisms
The sequence of elementary steps that leads to the formation of products is
called the reaction mechanism. There are three types of elementary steps:

unimoiecular A — product rate = k[A]
bimolecular A+A or A+B — product rate = k[AJ or k[A]LB]
termolecular A+A+A or A+A+B— product rate = k[AJ® or k[A]*[B] etc.

These describe hteraity what is happening at the atomic scale.

The sum of the elementary steps must give the overall baianced equation.
They must aiso explain the experimentaily determined rate law. The slowest
step in the reaction mechanism will determine the overall rate of the reaction and
is called the rate determining step.

1. The kinetics of the reaction: 2X +Y = Z was studied and the resuilts are:

Expt | [X]o (M) | [Y]o(M) | Initial rate (M/s) a. Deduce the rate law including the
1 0.20 010+ |7.0x10* value of k with units

2 |020~ [0.20% [1.4x10% Dﬂ Ao ot L
3 040. |0.20: [1.4x10° . "'5 2 ’TI‘E:’L’":) A
4 0.60 060 [42x10°

T 0et=k [on7} I B el
20,007 Yo

b. The folloWiRg 3 mechanism have been proposed. The species M and N
are called intermediates, they are formed in early steps and consumed in
later steps. What is the overall reaction for each mechanism? <
What is the molecularity of each step? Whatis the rate law derived from
each? Which mechanism is consistent with the rate law from part a?

Mechgrfism | X+Y —»M (slow) — mgQé(\AlC&(
L XA Z (fash b\ mw‘lemie‘{

Ax Y > 7. Q ktx‘;iﬂ)
Mech\743m 1 Y= M. (slow) — \)\\\NQQ,Q«{)U\'Q@*( \

X+M-2 (fast) — \poeanleandol

XaN = Z 7 \([3’3 \

Y - M (slow)

S

\

Mechanism Il

M+ X~ N (fast) - ‘o\‘) N

N+ X7 (fast) \ e
g A ,.JZ\N‘ M ‘0\ —— /H’w

oereTN CCovyBeR
¢ W eﬁxﬁ)ﬁg (ode




There are often equilibrium steps in mechanisms. We will usually assume that
they are not rate limiting. The concentration of the species involved can be
determined by setting up the equilibrium expression:

= [product]® / [reactant]” so that, for example, [reactant]’ = K [product]®

' v\ '@(@ «
\\\o x\y0q YWY o
step1 2NOS \\1
step 2 NuOp + Hy Mgo FHO (slow) N X
step3 Nof'+ Hy = Ny + HO /Qﬁ \\\ ) X \?Vg_,

! :}Determme the overall reaction.

ANO « g\ == 2 W, 0+ \J,

2. Given the following mechanism:

. b) Are there any intermediates in this reaction mechanism?

Nes ?7.%9@9\ ) Nl@

. v 1 St
\\:}( Determine the rate law. Intermediates may not appearin Tate
&Iaws Use the equilibrium expression to wyite-theé rate law only in
terms. of [reactants]. e

r‘-f(“ -

/\#/Whgt/i;fhe overall order of the reactitﬁm\

@ What is the molecularity of the rate determining step?

\:); (Y\QQQ/CAA«Q&(




Another common component of reaction mechanisms is a catalyst. These are
compounds that change the reaction mechanism and provide a pathway with a
lower activation energy, and correspondingly faster reaction rate. They are a
reactant in an early step in the mechanism and a product in a later step.” They
do not appear in the overall reaction, but do appear in the rate law.

3. .A reaction occurs by the following mechanism.
step 1 Cet + ME > Ce®* + Mﬁi
. step 2 ce* + ™ - ce +

Cstep3 T+ R TP+ e

Write the overall reaction

AWe™ « TV = JCe% & T\

C_B Identify each of the components as a reactant, product, mtermedlate or

atg_[ggt i
Mn?" = C&*o‘% diole. M ndermeniode
Mn®* = TI = r»et.\c\e\
Cer st o mm

mem?}f

\Assumlng that the catalyst is involved in the rate determming step,
whiitis. the rate law for this reaction? ..o

e
e "‘ﬂ(—-
e

Why is the u catalﬁgreactlon 0 slow? (Hint: look at the

}iecula‘f’ y) T

Under certain conditions, the reaction:
2 NO + Cl; = 2 NOC|

'

is found.to be second order in NO and ﬁrsr’gfgrde“’r”:ixr{ Cls.

Given the following mechanism;-”‘"

"\.\ s
step 1 NO + G5 ‘:. NOCI,
stop2  NOCp+ NO- =2 NOC|
"x «
what are the- relatlve rates of the two elementary steps under these - v
condmons’? Ny
o }- ‘&b\
-~ g \\‘a
/,‘ h S _
\\\
.



The rate of the reaction shown below was studied:
2 NO + Hy = N,O + H.,O ~
It was found that the rate doubled when the [Hz] was dou ed. It
was also found that the rate increased by a factor of four when the
NO concentration was doubled, Which of the foEIowmg '
mechanisms is/are consistent W|th these data? .

e

N + NO = N2O

_,2-@{ + Hz”—’Nzo + HzO (slow)

et AT

step 1 ’T—Iz 52H
step2 / H+2NO—-NQ+OH  (slow)
step3 /S OH+H=-HO

S

VAR A
7
step 1 NO + NO—= NOs + N (slow)
step 2 NOs + H» = NO + H-O

step 3 N+ NO - NO

‘7( S 1 NO + Ha = N + H;0 /g‘{slow) (\ﬂk’\e? \’\E’N 01 Ek\?’li
stefh

N + NO 57 W %\Q -\ E\\\ 20 ,;)(,“73

v
R ade (o) b

(_




Chemistry 12 ' Unit 1 - Reaction Kinetics

Chemistry 12
Worksheet 1-3 - Reaction Mechanisms

1. It is known that compounds called chilorof tuorocarbons (C.F.Cs) (eg. CFCl3) will
break up in the presence of,,gltggy_iolep radiation, such as found in the upper atmosphere,
forming single chlorine atoms: ‘

-CFCl; = CFChL + CI
The Cl atoms then react with Ozone (O3) as outlined in the following mechanism.
- Step Lt @ + 03 2>Lg+ Oy
. R B \‘
Step 2: @+ 0 9@1‘- Oy (single "O" atoms occur naturally in the atmosphere.)
a) Write the equation for the overall reaction . (Using steps 1 and 2}

05”‘"(\)“‘?” ;)Oa

. b) What is the cafalyst in this reaction? Q \

¢) Identify an infermediate in this reaction _ O/ | O

d) Explain how a small amount of chlorofluorocarbons can destroy a large amount of

ozZone. R} - o . . . .
Whep o A dé?%'.fa\\jb " Do (9@?{3 \>+ VT
v Yy ' \ '
IS vegueradd in_ Skep d Ao degironmore
¢) What breaks the bond in the CFCl3 And ;'éleases the free Ci at_om‘?

Q. @h@"ﬂ)m CJE; UV Y“CLO\J\( RAYOA)

2 Given the following mechanism, answer the questions below:

Step L. 03 +@ > @9+ 0, (slow)
Step 2 @+ 0o =2 + 0, (fast)

a) Give the equation for the overall reaction .
Oa + O —= IO
S hal Cr

b) What could the catalyst be in this mechanism? M CD

¢) What is an infermediate in this mechanism? \\‘ 0 )

Worksheer 1-3 - Reaction Mechanisms Page 1




Chemistry 12 Unit I - Reaction Kinerics

d) Given that the uneafalyzed overall reaction is a slow exothermic reaction, draw a
potential energy graph which shows the possible shape of the curve for the
nncatalyzed  reaction. On the same graph, show a possible curve for the catalyzed
reaction.

Sl ' X)
w‘
P / \\)qx

220
c,oﬁff§ o

(Q\eucf‘m |

Qudncks

Progress of Reaction
3. Consider the following mechanism:
Step I:  Hy0; +™& = Hy,0 +/IQ’ (slow)
Step2:  Hy0p + 40" D Hy0 + 0y + K (fast)

a) Give the equation for the overall reaction.

,Q H’LO'J —> 9\\‘(16 A \Oq

o~

b) What acts as a catalyst in this mechanism? 1

¢) What acts as an infermediate in this mechanism? TO

4. What is meant by the rafe determining step in a reaction mechanism? i &'\\0

Sy e ,,
5. What is meant by a reaction mechanism? %h@wg - Sexes O{:
2icgs Celemeddny nucesses) for e (n

Worksheet 1-3 - Reaction Mechanisms Page 2




Chemistry 12 Unit 1 - Reaction Kinetics

6.  How are reaction mechanisms determined? e/K‘ P@M WY\IO h)liﬂa“fj

7. Given the following Potential Energy Diagram for a 3 step reaction, answer the questions
below it: - '

POTENTIAL
ENERGY

PROGRESS OF REACTION

~

a) Which arrow indicates the activation energy for the first step of the reverse reaction?

i

b) Which arrow indicates the activation energy for the first step of the forward reaction?
¢) Which arrow indicates the activation energy for the second step of the forward reaction?

d) Which arrow indicates the enthalpy change (AH) or "enthalpy change" for the overall

forward reaction? . ' : ( e,

e) Which arrqw‘indicat‘és{tfie enthalpy change (AH) or "enthalpy change" for the overall

" reverse reaction? vl(L

Worksheet 1-3 - Reaction Mechanisms Page 3




Chemistry 12 . Unit 1 - Reaction Kinetics

f) Which arrow indicates the activation energy for the overall forward reaction?

g) Which step would be the rafe determining sfep in the forvard reaction? &

h) In a dashed line or another colour sketch a possible curve that-avould represént the route
for the uncatalyzed overall reaction. Label this on the graph.

8.  Given the reaction:

4HBr + 0 2 2H,0 + 2Br,

71$?Vould you expect this reaction to take place in a single step?

Why or why not?

b) This reaction is thought to take place by means of the following mechanism:

Step I: HBr + 0, > HOOBr
Step2: HBr + HODH? 9@@31/- (Fast)

Step3: 2HBr + 2 r > 2H;0 + 2Bry  (fast)

¢y Identify the two infermediates HOO %( ﬂv\(&.. ‘%‘1 N O%(
d) A catalyst is discovered which increasés the rate of Step 3. How will this affe-ct the rate
of the overall reaction? _\O @’PQ ecX
Explal;l your .answe1 %\Q)\%A( %"\@J@ \f\m
wheadyy \nspoun «d

e) A catalyst is dlscoveled which increases the rate of Step /. How will this affect the rate

of the overall reaction? Aﬁ U\h ‘\ ‘ V\CV‘QG\SQ, ’/“/\Q W\J@«

Explain your answer. \ADMV\ U\U‘}\. 5230()-(? A UQ W@g ™)
Yo uhle  pooteg sgeedS vy

) Which step has the greatest activation energy? 83({)}\0 /\

Worksheet 1-3 - Reaction Mechanisins Page 4



Chemistry 12 Unit 1 - Reaction Kinetics

g) How many "bumps” will the potﬁltial energy diagram for the reaction mechanism have?

h) Which step is called the rate defermining step in this mechanism? S&QA‘O {L»—
i) In order to have successful collisions, the colliding particles must have both the proper

amount of energy and the proper

j) On the set of axes below, draw the shape of the curve you might expect for the reaction
in this question. The overall reaction is exothermic! Make sure you get the "bumps" the
correct relative sizes.

Patential
" Engrgy
R . e
e
e "'\._:‘Eh
e ey
,..w-.x*’ﬁ(’é T .
e T
I’s‘.,f""’:ﬁ{f “‘»,,_‘}:_,“N\
L T a
/ T -
-~ Progress of Reaction )

9.  The equation for an everall reaction is: -
I+ oCt =2 100 + CF

a) The following is a proposed:mechanisim for this reaction. One of the species has been left
out. Determine what that species is and wrife it in. fhe box. \fIake sure the charge is

correct if it has one! )
Step . OCl- + 20 > @+ OH (fast)

Step2: I + @ (gg)+ Cl- (slow)
R “Step 3: (@Jr OH- 9 107+ H20 ( fast )

; 'b) Which species in the mechanism above acts as a catalyst?, \“)T Q C)
c) Which three species in the meLEﬁaﬁism above are infermediafes? \‘\“ QC,-\ 5 hEQ %‘\5 ) Qlf“‘\fﬂ

d) Step & - 'is the rate determining step.

Worksheet 1-3 - Reaction Mechanisms Page 5




Chemistiy 12 Unit I - Reaction Kinetics

€} On the set of axes below, draw the shape of the curve you might expect for the (
reaction in this question. The overall reaction is endothermic! Make sure you get the :
"bumps" the correct relative sizes.

Potential
Energy

1

/A
N e e

Progress of Reaction

10. Given the following steps for a mechanism:
Step 1.  Brp %@} (fast)
Step 2: @D-}- ocl, - BroCl + @ (stow) (

Step 3: @ + @-) BrCl  (fast)

a) Write the equation for the overall reaction.
Bry ¥ OCy - B B0

b) A substance is added that decreases the activation energy for step 1. Will this speed

up, slow down, or have no effect on the rate of the overall reaction? ﬂ O L ’F’?@(‘ L"Lf(
Give a reason for your answer. %A‘Q‘? \ S NYY (7 ),{ d@/‘!ff’/(m;\ﬂ }\/\13,

¢) s there a catalyst in this mechanism? i 3' O so, what is it?
d) Ts there an infermediate in this mechanism? ™\ lQ_,S . If so, what is it? Q;i - C’\

-
e) Which step is the rate determining step? S«Q{? 9

Worksheet 1-3 - Reaction Mechanisms . Page 6
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Chemistry 12 - Unit 1 - Reaction Kinetics

11. The following pofential energy diagram refers to a very slow one-step reaction of ozone
(O3) and oxygen atoms in the upper atmosphere.

250
200 ’
0,+ 0 /
150
PE (kJ)
100
\ 20,
-~
50
0

Progress of Reaction

On the axis below, draw a potential energy diagram svhich could represent the catalyzed
mechanism for the reaction: '

Step I: O3 + NO 2 NO; + 03 (slow)

Step2: NOy; + O 2 NO + 03 (fast)

250

200 — _ _
150 /\\//\J

100

PE {kJ)

.

T sty i i e e e T

50

Progress of Reaction
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Chemisiry 12 Unit 1 - Reaction Kinetics

12. A certain chemical can provide a reaction with an alternate mechanism having a greater (
activation energy. What will happen to the rate of the reaction when this chemical is added?

g
Explain your answer. /ﬂﬂ?_ (Xﬂ 1, )\]\ \ (&\%ﬁh AL ' @
e OV f\owiner, e o 2 o) yechapmism

13.  The following overall reaction is fasf at room {émperature

H+ + I + Hy0, = H,0O + HOI
A student proposes the following two-step mechanism for the above reaction:

Stepl: H* + Ht + H0; =2 H, 0,2+

Step2: H,02+ + I 2 Hy0 + HOI + H*

Would you agree or disagree with this proposed mechanism?

Explain your answer gf‘efp ) IHVD\UIO\S 5 4 “Hk:f)ﬁ L ‘p S

UQ\/\'\;(”L\ \mmﬂ(‘é \O@« S](wd Olwui a(NY
(AN 1S Suposes. to bve {as> ad roswh

[4, Consider the following reaction:
CO + NO; = CO» + NO Mp
a) The first step in each of two proposed reaction mechanisms for the above reaction is listed { o
below. If each proposed reaction mechanism consists of ouly fivo steps, defermine the '
second step for each mechanism,

-Proposed Mechanism One:

Step 11 2NO; =2 NO3 + NO (slow)
Step 2: CO F NO, —> NOL +% (fast)

Proposed Mechanism Two:

Step 1: 2N, > . NO4 (fast)
Step 2: Nnﬁ')u r OO = NOF\ X QQh '\\\\O(slow)

b) Experimental data show that the rate of the reaction is not affected by a change in the

{COJ. Which of these two mechanisms would be consistent with these data?

Explain youy answer. lﬂCf {’a(é? f\% Cfa:\ I g mf C\(\ é
UJoadd Mf € e rade as T s
ol dedeminivg - Rlep
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