1)

2)

3)

4)

KINETICS: RATES OF CHEMICAL REACTIONS

[MH5; Chapter 11]

Kinetics is a study of how quickly a chemical reaction proceeds
(the rate of the reaction) and the factors that affect that rate.
What are the factors that affect the rate of a reaction?

Nature of Reactants.
Some reactions are faster than others....

EXAMPLES:

H,(g) + F,(g) — 2HF (g) explosively fast
2Fe(s) +3/20,(g) — Fe,O,(s) months; this is rusting..
C (graphite) — C (diamond) undetectably slow

Concentration of Reactants. Increasing reactant concentrations
usually speeds up the rate of reaction.

Temperature. Reactions generally go faster as the temperature is
increased.

Presence of a catalyst; a catalyst increases the rate of a reaction
without being consumed in the reaction.

- 284 -



The rate of reaction is a positive quantity that describes how the
concentration of a reactant or a product varies with time.

Consider the reaction: N, + 3H, = 2NH,

We could define rate in terms of [N, ],[ H, Jor [ NH; .

l;?a.l_ = A [Na] J -/ ra,véS'
de [ Lk

mwuc/L
- ALHT . 4”7 ™
e /QZe/es_uje

A [NH; ]
At

But [ H, ] will decrease three times as fast as that of N, while
[ NH, Jwill increase twice as fast as that of N, decreases...

—

We express the rate of concentration change:

disappears ,7 o-R AL r/'7
O —[—2—] 0 1 —[—2_] @ A[M3_]
At 3 At 2 At

By defining rate of reaction in this way, it is independent of the
species we are using to track the reaction.

..PM-)‘ ant 3/ LoplH oo aach
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Concentration Effects [MH5; 11.2]

The effects of concentration on the rate of a reaction are
described by Rate Laws.
For the general reaction:

A + B + C ... — products
the Rate Law is:
Rate = k [A]P [B [CT ...

Rate may be measured by the rate of production of products, or
the rate of disappearance of reactants.

[ A], [ B]etc. are the concentrations of components A, B etc., in
units of mol L™

a, b, c... are the exponents of each reactant in the Rate Law.
They are NOT the coefficients of A, B, C in the balanced equation.
k is the Specific Rate Constant of that reaction at a particular
temperature.

The exponents a, b, c can only be found by experiment.

The exponent is called the order of the reaction; it relates changes
in reactant concentration the changes in rate.

They are often whole numbers, but not always......

If: a=1, the reactionis First Orderin[ A ]

a =2, the reactionis Second Order in[ A ]

a =0, the reactionis Zero Order in[ A ]; that is, the rate of

reaction is independent of the concentration of component A
Exponent values higher than 2 are seldom seen; sometimes you will
see an order of %, orevenof - %......
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EXAMPLE: For the gas phase reaction;

2H, + 2NO - 2HO + N,
the rate lawis Rate= k [H, '[NO J?

The reaction is first order in [ H, ] and second order in [ NO 1.
The overall order of this reaction is three; (the sum of all the
individual orders).

Note that the products do not (usually) appear in the rate law.

How do we find the exponents from an experiment?

EXAMPLE:
Consider some data for the reaction:
A + B — products

Run [A]lmoll™ [B]lmolL~" Rate moll's™

i) 0.001 0.002 5 x 107*
i) 0.002 0.002 10 x 107*
iii) 0.001 0.004 20 x 107*
Determine: i) The Rate Law

ii) The Specific Rate Constant, k

The strategy is:

a) vary one concentration at a time

b) evaluate the exponents separately

c) combine the exponents into a rate law
d) substitute one data set to find k

Puto - k [A1™ [B]d
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Jn [A]. -.,uo.-7 U)]/‘ /teep [B] constart

., funs ;3 and ;;)

Bk i1) k[ﬂj;-,)x [\Bl'.'.)g

Rak i) K 1aJy* T8I,

- -4
Aok i) " Uﬂu;x = X ( .ooaY
Rat i) [g]_)" 5% 107" -o0l
A
a - a S A =

Fn B: -v [B] . kee/o [R)] eonsHtert
— J
AL Tuns i) and 1i7)

1 -4
Rak i) & I—B]ii.‘) = J0 % 10 o 004 '3
Rk‘k i) L’le)‘a 5&[0"" (-OO&

—=

4 = g9 > g2

—_—p_—

*  The Rate Law is: Rwlf = k [n-] [BJ&
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Now find a numerical value for k:

k = Rade % ot dda%«wm

[B] [B]* ONE _n
-4 )
= 5 X 10 N _ B 25 Y 1D
(0-001) (0-062)
Units for k: ‘ | O
k= molL s~ _ peollc S
(ool L) (ool L) (ot (moPL™)
= 57 - .S"\mo\”2 L,a\_—gmo\":\\..:S”|
Mol 3| ~ &

Once the rate law is known, we can predict the rate of reaction
under other concentration conditions at the same temperature.

Suppose [ A ]=0.03and [ B ]= 0.05 mol L!

Rate = k [ﬂj [B]a
'Y &
= 1-a5Y 10 (0-03;) (0-05)
9.375

——————

! A\
UNITS . ol aL s (mo\L'B(molL 5
revel =31 37 (mo\L")vah_i‘—’L—'_'?\

n

<\ <) - -
- wol\L s 289
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What if the data are not easily interpreted to find the order ??
As it is almost impossible to prepare reaction mixtures with
concentrations that are exact multiples, we end up with data such

as.... Qa_..k =k [ﬂ]%

Run [ A ]lmol L! Rate
i 178 x 102 6.00 x 10-°
i) 2.85 x 102 759 x 10-°

What is the exponent of [ A ] ir}ﬁ’rhe rate law ?
Rk i) _ % LRk
Bade i) W LA

7.59 X0 ., a-%5&10°" A
b 00 KIS (l-‘)%xlo"’)
\WTof[A]be'x';
78
.S = |1-60

e JO&S Jp sole .
/606 (1. 8.6 5> = AN l% (/-60)
0-1000 = X (o a04>

A = 0-10d _ p.5 0.5
0 - 204 - Dok = k 1A]
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If several data points are available (as in an experiment), plotting a
graph is often a more accurate method of determining reaction

order: — PLDWC)‘S e Z?a-k = k !HJA

J Slo =_A_‘d
R 44 I

1
U§ AR T
bfxﬂ ~

A3
>~
i
P

Does the rate of reaction change as a function of time, +?

Yes, the rate decreases as the reactants are consumed.

Eventually all the reactants are consumed, and the reaction stops -
or appears to stop.

The rate we use in calculations is always the initial rate.
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How could we measure initial rate ?
Consider a reaction in which a gas is evolved; we are measuring the
volume of gas produced as a function of time.

>
Q&;\ Drad a 4‘“"“—’[ 70
Q\,o\“ +he ecurve ab O

\5/0’2 t% ‘f&nﬁen‘)" = Initiaf (Rﬁ:k-

Lirt

The initial rate of gas evolution will be the slope of this line at t = 0.
This corresponds to the initial reactant concentrations.

The slope of the line is calculated from the tangent slope
[MH5; Figure 11.2]
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First Order Reactions [MH5; 11.3]
Consider the reaction: A — products

This reaction is found to be first order in [A];
the Rate Law is: Rate = k [ A ]

As the reaction proceeds, the [A] decreases......
At the beginning of the reaction t (time) = t, .
At 1y, [A]=[A]

After some amount of time (t) has passed, [A]=[A] .
So, Rate = k [A], at some time .

Because Rate of Reaction is really the Rate of Change of [A]

Ak = 8L0] . d /1]
1L —E = K [QJ

If we integrate this, we get:

An _[f_)Zé = -kt R @:Q‘kt
[A], T,

This is the Integrated Rate Law for a first-order reaction; it
relates reactant concentration to time.
The example on p. 287 showed how to determine the Rate Law
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(which tells you the order of the reaction with respect to a certain
reactant) using the initial Rate of Reaction.

What if you don't know the initial rate ? Is there another way to
determine the order of the reaction ?

We can experimentally measure the [A] at various times....then we
can plot the data.

Integrated Rate Laws can be rearranged into the form of an
equation for a straight line: 'y = mx + b

m is the slope of the line and b is the y - intercept.

For a fll"S'l' order' reaction:

Lind
In o First O_dder Qeﬂ’t"m P'o#”‘y

A 1], Vs Lire — ,omﬂkf M
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EXAMPLE 1.
The reaction: M — products is known to be first order in [M].

The initial [M] is 0.625 M. After 10.5 minutes, [M]=0.426 M.
What will [M] be after one hour?

Ln [MIg 4t g ML _ a-kt
LM, = [M]

I /0.43(0194'7 _ _k (10-5 min)

0635

-0.-3833% = - K (10.5 min)
s k= 00365 min’ P ot K- -
[™m] — (0-0365 mia)(40 main)
0 _ L,
0635 M
= 0-NL
Im], = 0.1 X 0-635™
= 0.0699 M
e
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The Concept of Half - Life for First Order Reactions
[ MHD5; page 292]

- A Half-Life is the time taken for half the initial concentration of
the reactant, A, to be consumed. "L ¢
A

+ At this stage in the reaction:

[p], = Ao o g _os

6: = 06"3 DR k = M
YT = ty,
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This process is called Exponential Decay.

When is reaction "complete” ? Never !l
The decay graph approaches to axis x = O, but never reaches it.
Radioactive decay always proceeds according to first-order kineftics.
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A Different Approach to Half Life.......

*  We have said that the half life (or t,,,) is the time required to
reduce the reactant concentration to half of its original value.
For a first order reaction, the half life is constant; it only depends
on the rate constant, k, and not on the concentration of the
reactant.

We will follow a reaction for a few half lives...

After 1 half life, the fraction of the reactant remaining will be
050 = (0.5)!

After 2 half lives, the fraction of the reactant remaining will be
0.25 = (05)°?

After 3 half lives, the fraction of the reactant remaining will be
0.125 = (0.5)°

So.....we can make a general statement that says:

The fraction of the reactant remaining after n half lives = (0.5)<,
where "n" is the number of half lives.

In order to use this statement effectively, we need to know how
many half lives have elapsed at any given time in a reaction.

The # of half lives = The time elapsed
The length of the half life
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EXAMPLE 2:
A first order reaction has a half life of 11 minutes.

i) What fraction of the reactant remains after one hour? ( b0 Min )
'{J'AL = !l rmin

.,

#.,/w.7 _Lloes —n 60 rnuks

= 60 v _ 5.45
1] enio 5.45
S Fraction Q&ma.im'ry = (0’5>
=) 38 allx ,lu.nc-/'im = 0-0339

ii) What fraction has decomposed?

;rac—llb‘w dzwwyoo,om(
— | = Froatien /emai@:y

U

] - 0.0349
= 0.977/
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The fraction of the reactant remaining can be applied to an actual
starting amount of reactant to determine the actual amount
remaining (or the amount that has been used up).

EXAMPLE 3:
The half life of the first order reaction:
N,O; (g) — 2 NO, (g) + % O, (g)
has been found to be 120 sec at 67 ° C.
If the initial concentration of N,O; is 0.850 M, calculate the
concentration of N,Oy after 5 minutes have elapsed.
Also calculate the concen’rr'm‘lon of NO, at this time.

Jst r0ach Ly = 790 Ll

t/rs ,d_n.,ooa/ = 5 min = 300 RLL

e M h Au)es = 300 rEl - J.
0/ Uf 180 048 o

5
Fractrvy 9 /\/&05 remaim'ng = (p-5)
= 0-177
[No\ Osjlemal'm'y = 0.350M X 0177
= 0-150 M
Os)_y_ukd = 0.450M - 0-150M
= 0. 700 M
INO 37, = Q [NOT_jarted
= 2 (0-700 M)
= (HOM

_—
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KX nd lep,coa_ah

\/{; = /30 ate ) k=04693
£Y o
Kk = 0-693 _ 5'775)(10-3/014—{
130 nte
[INoOJT, , -kt
IN, 0],
_ (5715x 1p se¢”) (300 eae.
NOTe - (87 oy )
0-%50 M - 17345
= &
[N,05) _ 01763 <3mc—l—f¢m' \
[/&1&05]16 = 0-176% X 0.850M

(

0-I150M

E—
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EXAMPLE 4.
The 0.012% naturally abundant potassium isotope “°K is radioactive
with t, = 1.26 x 10’ years.

i) What is the rate constant for d gFay of K ?
Lv/& = /-86 X/0 -—yrs

_ 0. 10 -
k= 06931 . 0497 = 5-5%Ip _ﬁrs

bty /86X 10 ‘Tyrs
ii) Out of an initial 10 g of *°K, how much will remain after 10 years ?
[A], = 10 OJ -M\o
(e _ ke o 1 ooy
U')]o /0. 0(7
-5.9 .3 gm.:.—H&—n 3
[_Ql(; = & = 4 0% X 10 ( Rma.l'ns'r\&

lo.oa [g]é 4.087%10 ;\lOOa -004\8

iii) After what time would 1% of a sample of “°K remain ?

) [‘a]{: X 100 = I?o
T &
-kt

—7hen [F]]t ~-0.0l = ¢
[A],

= 0.0/ = e

A~ 0.0l = - (5. Sx/o-'o«vf “X¢t)

~4.605 = - 5:3%10 »«d" At
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Zero Order Reactions [MH5; p. 293]

*  For zero - order reactions: Q —ﬁ/ﬂfom
Aot = kAT = Bub -4

At = A1) JUA] _ xlg]°
4t 4t
[4), - [H]o = - At

* Rearrange the integrated rate law into the form of the equation for
a straight line

[,QZ& = -4LE + [ﬂ]o
g = ™Yx +7S

A plot of [A], vs time yields a straight line with a slope of -k.

LAl
A, A4 N

B _k

|

\l

€ imL
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Second-Order Reactions [MH5; page 293 - 294]
H — p,c.oabocc.‘/s

o2
For second-order reactions: Z?a.v(f = 4 [ﬁ]

Bub = 818) _ 4 [a]*
4t

. )

/I‘b%/ﬂ.‘j{ . A '6 = _’_ - T-ﬁ]
T

This is the Integrated Rate Law for a second-order reaction.

This can also be rearranged into the form of the equation of
straight line.....

kt |

1> 3 2=
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What is the half life? at t, . L”-le = [ﬂ-}o > LI _‘
= W, m
) o | \ A
t, = g T o=
- ], [, k L]

t. depends on the initial concentration [A],
No half-life can be calculated using "k" for second-order reactions
as it could for first-order reactions.

EXAMPLE 1: And
For the reaction: D = products, the Rate Law is: Rate = k [DE. wroler
If the concentration of D falls from 0.890 M to 0.560 M in 12 minutes,
what is the half life of the reaction?

Ly, = — ond kt =_1 _ |
L 1A, ¥, LA

Jubotrek ; k (1amin) = L - _!
9.S60 M 0-390 M

0663 M~

k = 0663 mol-'L

(A mMin

| |
= 0-0553d mol L min

/ /
"L'/ s =
VLA (0.0553)(0-%490)

(mol—'-:Lmir\">(moH-:-'>
= 204 min




EXAMPLE 2:
Ammonium cyanate, NH,NCO, in water rearranges to produce urea, a
common fertilizer, (NH,),CO:

NH,NCO — (NH,),CO
The rearrangement is a second order reaction. It takes 11.6 hours for

the concentration of NH,NCO to go from 0.250M to 0.0841 M.

)
Al,  IA],
]

a) What is k for the reaction ? /(‘L =

K(11.6h) =
0.084I M ~ 0-350 M

K (/I-L /“‘) - 789 ma/-'L
. K=z 0.680 ~ol 'L he !

b) What is the half life of the reaction when NH,NCO is 0.100 M ?
/

'L' s —
AT yIAT,
/ = /4‘07 Ar‘

0.680 K 0:-/100 I
(rvot=thr ~') (r=0tt=')

c) How fast is a 0.839 M solution being changed to urea ?

Ra.ué = klﬂ]a-

= 0680 (0.839)*
(mol “L he') (~nof 2L°"\

= 0-479 mo/L.-' Ar ”
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Activation Energy [ MH5; 11.4 ]

Generally speaking, reaction rate increases when the femperature
increases.

Food spoilage is a practical example of this; refrigerated leftovers
"keep"” longer than if we left them at room temperature.......the
cooler temperature slows the reactions which contribute to food
spoilage.

Why is this so? It can be explained using Collision Theory.

Molecules must collide for reaction to occur, and have enough energy
on collision to overcome an activation energy barrier.

Molecules must also be correctly "oriented” when they collide for a
reaction to occur.

For a very short time, colliding molecules remain stuck together as
an activated complex.

This then falls apart, giving either products or unchanged reactants.
Most collisions are unproductive; they do not result in any reaction.

For the general reaction:
A+ B = C + D

we plot reaction coordinate against energy......
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Repction Fro (7 ress

E is the activation energy of this reaction.
Tf is the minimum energy y which molecules must possess on collision
in order for reaction to occur.

Remember that, even if molecules have this energy, most collisions
do not result in reaction because of an unfavourable orientation of
the molecules.

So, how does increasing the temperature increase reaction rate?
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Effect of Temperature : The Arrhenius Equation
[MH5; 11.5]

As temperature increases, molecules have more energy and move
faster.
The fraction of the molecules having an energy greater than E, is:

- & ot
e

where R is the gas constant; units 8.314 J K~'mol™

This is incorporated into the specific rate constant for the reaction:
k= He

where A is a constant for the reaction.

So the complete rate law is:

-E_/RT
Rate = A e [A]IP[B]...
k/\r\_J

K

and the value of E, may be found by measuring the reaction rate at

different temperatures.
&—\’\/—\A
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Kot K K (e 2ither)

+ Instudying a reaction, suppose we find Rate(1) at T, and Rate(2) at
T, with other conditions being kept constant:

Hak (1) = Ae  %*/RT, [a] [3.7

Qok @) = Ae - £a/RT, LH] [5]
Ao (3) —rau vwﬁ‘&" +Aan

T \,wouzlly

ividin _ b
ey e f“/’%m"fﬂ

Pt (1)

* All other things being equal, changes in rate are entirely due to
changes in k which result from changes in femperature, provided
concentrations are kept constant.

 Take natural logarithms:
An Aok d \ - _ Ea {_ éa.)
Bak QTA RT,
And rearrange:
ln(%’f 2 > - fa | fa
Bule ( RT, RT&
—

) (D) |




We can use this relationship to determine rate changes due to
temperature changes: also to calculate E,.

<! -
EXAMPLE 1 # = g 3/4 T K™ ol

When the temperature of a reaction is mcr'eased from 20 to 30°C, the
rate increases from 1.50 to 2.40 mol L' s~!. Calculate the activation
energy, E, , for this reaction.

[ Buk _ - L
4/ &)— g:(T, =)

Pude |

An [ RH0 oL
/.50 83/4 d43 303

-4
0-470 = €&  (;.136 X 10 )

fa = 34703.Q  Jrol '

34 .7 /ﬂl—l_maf_l
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o.o g& = 50, 000 U-MOI -/
EXAMPLE 2:
A reaction has E, = 50.0 kJ mol ~!. If the specific rate constant (k)

for this reaction is 0.00365 s ~! at 25 ° C, what will the value of the

specific rate constant be at 100°C ? | /
A Bak L - o [— - =T
= = (7, "7

ok | R

Lo K —inskad 7;43,@/ 7 Bebo k)

/271 /{Q_ _ S50, 000 —_L _ __l_
é.ooaé’a‘) ¢ 314 34§ 373

J"h(_ﬁi. ) = 4.05¢%

0036 5
H.053
ks _ e _ 5135
003k 3 :
k.= 0-all s°
" g
Another way to word this question: By what factor does the rate
increase ?
ga Go 57/ "-'k . N o/ i‘
Rak | 'y
J Jle rak in uzsz& ]
;‘ = 57 85 Q acvh ~ S
% oy o

Wha? ,L/ Wb 40 5% factyw #han Hak |
Bak _ -312 - I~ Rak _ In 5
Bade | ° = (EA»QI




Some things to note:
Be very careful fo have E, in energy units J, not kJ; because 8.314

is J mol~! K*
Remember to convert °C to K

Remember that E, must be positive: if you get a

negative answer, you have two terms in the equation reversed.

As we saw previously, we could determine the Activation Energy by
plotting a graph........
-E_/RT
k = A e =7J"hk-’-‘,éhﬁ—-£&_-
BT
Rearrarg © Snk= - Lo (L), 4n B
Gy
= v R ¥ D

d J/Dﬂ:

44
!
Ead
_En
=N
—

Jn K o \:
DA

- (K)
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Effect of a Catalyst [ MH5; 11.6]
A catalyst speeds up a reaction by providing an alternate pathway
with a lower activation energy.
It is not consumed in the reaction.

+  (QcHvated CeerU X

p ea (-/fa'h

'I)rodres S
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+  Suppose E, changes from E (1) to E,(2) whena ca’ralysT is used.
+  The temperature is kept constant.

Bk ) | He AT " —[-BJ
Bak ) pe-f*: IRT M 875

A7 Ha‘ﬁéd = - £a, _ &a,
Rne 7 (2

=

- L, e

RT BT

A~ [Pk &) _ fa, - £a,
Rate/! AT

=

|

——

NOTE - 2y % Medﬂl‘-/uﬂl Y 7
Eay is au‘nl?lu-f{ r AN

éal 7 Za,

fa’- ?aa = bAéEa
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EXAMPLE 1:

A catalyst lowers E, for a reaction from 85.0 to 70.5 kJ mol~" at 27°C.
If the rate of the uncatalyzed reaction is 2.00 x 10 ~* mol L™'s ~*, what
is the rate of the catalyzed reaction ?

Mn Pate o?)

Ea, - &a,
AT

Pude 1

A/ Rat 2 a) 25000 — 70500

2.00 X 10 - §:314 X 300
= 5.813
Rak 3 o 5783
4-00 x ;p73 ~
= 3340

Co Bk = 0669 mol's !

ok d 3344
Rade |

- 316 -



EXAMPLE 2: A7 &
A reaction has E, = 60.0 kJ mol~' at 27°C. A catalyst speeds up
reaction by a factor 10°.  What is E, with the catalyst present ?

- & fa, J
6
Hade U) = | , then Bat (3) = 10

,va(ﬁ?mé (.z)) _ fa, - fas
QA.JC(/] RT

An (_I_Q_b) _ 60,000 - &4,
/ $-314 x 300

§-3/H x 300

3440 = 60,000 - €&,

‘. g4 = 45580 Umol”

d —_——
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Things to Note....

* A catalyst cannot decrease the rate of a reaction; the original
(uncatalyzed) pathway is always available.
A catalyst has no effect on AH for a reaction.
A catalyst cannot alter the final equilibrium position; both forward
and reverse reactions speed up.
A catalyst enables the system to reach equilibrium more rapidly.
The factor by which the reactions speed up depends only on the
change in E_ and this is the same for both reactions.

thh\éui \
(‘m\.dm

Qta.c.

At equilibrium, the reaction is proceeding at the same rate in each
direction, where k; and k. are the rate constants for the forward
and reverse reactions respectively.

What happens when a catalyst is added ? Both rates are increased,
as E,(f) and E(r) are both reduced...
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Reaction Mechanisms [ MH5; 11.7 ]

What is actually happening at the molecular level when reaction
occurs ?  Which atoms are colliding to produce the reaction?

A reaction mechanism describes the sequence of reactions that the
molecules follow.......

The simplest example is one where there is only one step involved......

CO(@ + NO,(9 — NO() + CO,(9) (Temp>600K)

What happens if the temperature is lower than 600 K? The reaction
takes place in two steps:

Stepl)  NO,(g) + NO; (@) — NO;p(g) + NO(g) (slow)

Step2) CO() + N&, () = €O, + MO, () (fast)
overal: {0 + NOa ) 00& + ND

Even though the route is different, the eventual destination is the
same.....the overall reaction does not change.

The Rate Laws for these two processes are different though.....

At High Temperatures: Rate = k [CO] [NO,]
At Low Temperatures: Rate = k [NO,]°?

The Rate Law (and therefore reaction order) depends on the
mechanism by which the reaction occurs.
The Rate Law can be determined from the reaction mechanism.
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A mechanism may consist of several steps; each one is called an

elementary step.

The term molecularity may be used to describe the number of
reactant molecules participating in each step.

A unimolecular process is one that involves only one molecule and no
collision occurs; for example;

NO,Ct (g)

—  NO,(9)

+ Cl(9)

In a bimolecular reaction, two molecules must collide for reaction to
occur; these molecules may be identical or different.....

NO.Ct (g) +

Ci(gd — NO,(g) + Ci,(9)

In an elementary step, the rate of that step is equal to the rate
constant (k) multiplied by the concentration of each reactant

molecule.

The rate of collision (and therefore, rate of reaction) is directly
proportional to the concentration of each reactant.......

Rate Laws for General Elementary Steps

Elementary Step Molecularity Rate Law

A — peod  |[Unimolewdar  |Bab = k [A]

A+ Sprod | Bimolewdar Pad = k [ﬂ]z
A+8->prod. | Bimolewlar [Rak = kn](B]
A+B+l - ,pd.od Ter rmolewler ‘fpkk'-'" k[DJ (8) [e]
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Consider the reactions involving NO,Ct (g) from the previous page......
These reactions make up the reaction mechanism for the
decomposition of NO,Ct (g).

Step1) NO,Ci(g) — NOJ(g) + .£r(q)

Step2) NOCi(g) + L0(g — NO,(g) + Ci,(9)

What is the Rate Law for Step 1) ?

Qa_.zl = /ﬂ/ [Nod &]

What is the Rate Law for Step 2) ?
Rat, = 4, LNO, w][u]

What is the overall reaction ?

ANO, 0 —> AN+ Uy

The Rate Law for the overall reaction ? 7. - QVera I/ v m

NOT
Q“{ = K £N06 w) elemenaah,l)y 64’70./

The Ct (g) that appeared in both steps is called a reaction
intermediate; a species that is formed and then consumed.
Intermediate species never appear in the overall reaction, and
therefore, do not appear in the Rate Law for the overall reaction.

So how do we go about determining the rate law from the reaction
mechanism ?
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First, we need a bit more information about the elementary steps.
Do any of the steps involve an equilibrium between reactants and
products, and at what stage in the mechanism do they occur?

In a mechanism there will always be one step that is slower than all
the others; this is known as the Slow, or Rate Determining Step.
This step is ultimately responsible for the rate of the overall
reaction.

The following mechanism give us the information we need.....

Stepl) NO(g) + NO(9) = N (9) (Fast)

Step2)  MO,(9) + O,(9) » 2NO, (9 (Slow)

We could write the Rate Law for each of these elementary steps...
BUT, the Rate Law for any reaction must be written in ferms of the
Overall Reaction, which is:

ANO + 0, — a NO,

Rate Law for the overall reaction: x
Rk = kIN0O] " [O] d

Are there any reaction intermediates ? It's important to be able to
recognize thesel!

Nb\Oa: ,/mrua/uc'n Skep |
- arwour~ed wn 54‘/3"1'
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To determine the rate law from a mechanism, we always begin by
writing the rate law for the slow, or rate determining step.

Ruk = k [N0,]10]

Compare this to the form of the rate law for the overall reaction; it
probably won't match!  What is the problem species ?

- cinkrrudah  apueies N O )u,uzwcf
- _uactand NO rot pusust

Look at the step(s) occurring before the slow step.......one of them
must contain the N,O, intermediate.
Is this step an equilibrium? For an equilibrium:

Hake %mwud = Sk _verse
k Ino]™ =k INO]

Rearrange to isolate the intfermediate species......

[Naoaj — l(, [N()JQ
K-
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Now substitute for the intermediate in the rate law for the slow

stepr  S/od 3.,(170 N Hﬂ{ = /fd !N&Q][OJJ
[N,0]= INO]*
k-
Aot = k LOJ
5 aubbid j&

[N, 0,
yngt10,]

The rate law determined from this mechanism is consistent with the
experimentally observed Rate Law.

It is not usually possible to "prove” that a suggested mechanism is
correct; only that it is consistent.

However, an equilibrium where two molecules associate to give a
short-lived, reactive infermediate such as N,O, above is quite
common.
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What happens if a reactant has to dissociate for reaction to occur ?

example: ek = 4 [T [co]d

Synthesis of phosgene (the overall reaction):
Cl, (@) + CO(g — COClg)

Suppose the reaction occurs in 3 steps:

1) Clb(g@ — Ci(g + Ci(9
2) CO(g + Ci(g — coOci(g)
3) COCl(g) + Cl,(g — cCOCl,(g) + Ci(g)

What rate law would be expected IF:

(i) lis slow, and 2 and 3 are fast.

Rk 1 = k 10)]

o A=

g =0 /6? [(0] does rod appedr
—tn Bak ofacs)

Over reasonable limits, the concentration of CO does not affect the
rate.

Any step occurring after the Slow step has no effect on the Rate of
the reaction, and therefore, no effect on the Rate Law.
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(ii) 1is a fast equilibrium, 2 is slow (RDS) and 3 is fast.

. Forstept: My — L4

Aak Z/nu)a.rc{ = Hak q.;.daru
4len] = &, la]

. Step 2 is the RDS: co + ¢ - coc

e 2= & Leo]la]  Gompas b At
L £ Stip | 2o bk /m la]:

) = / [Cp 7 = k. 12 )2
<zl 7/: W gk Y 1a,]
S dbatHe _H [ae] .J-i)t )u.l.oc.i sata P N

e '/z. A
Bk = 4 [60]{1(;) [)])
E~N——
I A= Iz
= k' [co] [Ch] d:,

* A rate law in which a reactant has an exponent of 0.5 results from a
dissociative equilibrium.
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Overall : Pk = k [C’ﬂ&]x )'_(,0:(3

(iii) 1 and 2 are both fast equilibria while 3 is the slow rate-
determining step?

Fo Sap 3°  Hab =4 [tow] [ ]
Q0 w0 an ._,L.rvlf.rrv\ad.ta.tz, tnm.u{ yS

£Q 04:,5 as k Leo]ld) = k., Lcoat]
. Jcoce ] = Kk, [co]LCﬂ

K 2
S_esbatiHctL %n [0 U] _in nlow tep:

Hat = /(3% Lcojla] leg, ]
S_ee bt iHcek _/n L] ,Lwl-y &o | a0 b7/““-'
Rk = kk (,)'/’ lo] JaJ* 1@,

= k' Jeo] Zcoa]

A
éf
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What happens if the reaction is catalyzed ?

Recall that a catalyst is present at the beginning of the reaction and
can be retrieved at the end of the reaction...therefore a catalyst
does not appear in the overall reaction.

But it may appear in the rate law!

EXAMPLE 3:

The proposed mechanism for a reaction is:
) A@ +(B@ = X7 (@ [ fast ]
2) XY() + C(@ -—H( [ slow ]
3) 2@ - E(@ + (Pw [ fast ]

What is the overall reaction ?

A+ C — E

What are the intfermediate species ?

D
Is there a catalyst ? C7lé5 ‘ B

J
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Ovecall : Rot - k [n]*[0Td

What is the rate law ?
Slow Skp & Rak = k [Xy][C]
XY 5 an _under modiate }/(Drma’ in &)o/
&6 643& 1. Bak (nward = ;?ar/( reversg
k [A1[B] = k., IxY]
S [Xy] =k, [ATLB]
K-i
S cehotideete jm IXY] _en o) D
Hat = & &k InjlB]ICT
Kt
= k' [AJBRI] A=

=

Oatagyst B appuars in Ratded
ke 20 0/40&7'./
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