experimentghatthis situationis describedquantitatvely by the following formulafor

therateconstant
k= Ae Fa/RT (20)

inwhich E, andA arecalledanactivationenegy andapre-factort R isthegasconstant
(=8.314 x 1073 kImol™' K™1).

Activation energy |

Potential energy

Reactants Products

By takingthe naturallogarithms(log, or In) of bothsides,
E,
Ink=InA- —= 21
nk=mA- - (21)

Therefore by plotting In &£ against1/7, we will obtaina straight lineasshown in the
next diagrams.Fromthe slopeandtheinterceptof the plot we cancalculatethe actva-

tion enegy £, andthe pre-factor A.

— Intercept = In A

.\
*y
,

-
x Slope =-E_/R =
1=
High
activation
energy
0 1/Temperature, 1/T 1/Temperature, /T

 Thepre-factor A is sometimegalleda frequengy factor
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Equationq20) and(21) arecalledthe Arrhenius equation andthe plot of In £ against
1/T theArrheniusplot.

The Arrheniuslaw is closelyrelatedto the Boltzmann's law. In thermalequilib-
rium attemperaturd’, themoleculescantake variousenegies? Thedistribution of the
numberof moleculeglottedagainstenegy £ will look thefollowing diagrams.

A
wn
. R . Lower temperature
—_— = bBg
3 =2 o
54 g 2 2
g5 g2
£ o g
- g b=t § Higher temperature
c &b o
g 29
e g ==
5= 3°F
2 2 Z ~e—
Kinetic energy Kinetic energy
Activation energy, Activation energy,
(a) E (b) E,

a

As seenthe numberof moleculesdecreaseasthe enepgy increasegin the high enegy
region). Accordingo thepictureof theactvationenegy barrierlying betweerthereac-
tantandproductstatesthereactionratewill beproportional tahenumberof molecules
having higherenepgy than £, i.e., in the shadedareaof the diagram. By raisingthe
temperaturehe moleculeswill receve enegy from the surroundingsandthenthe dis-
tribution graphwill shift towardtheright, i.e., towardthe higherenegy. Thisresultsin
anincreasef the numberof moleculesabove £, andhencetheincreasef thereaction
rate. This behaiour is describedjuantitatvely by the Arrheniusequation(20) or (21).

3 Dataanalysis

Supposehatwe have carriedout a seriesof experimentdo obsenre changealongtime
of the concentration®f the reactantsand productsasin the diagramsin Section2.1
Fromthese and othesupplementargata,we attemptto determingheratelaw, i.e., the
orderswith respecto the speciesnvolvedandtherateconstant.

3.1 Unimolecular reaction A — P

We begin with a very simplereactionin which only one specieA is involvedin the

reactant.
A — Product(s) (22)

$The temperaturel’ is proportionalto the aver age kinetic enegy of the molecules. The enegy of
eachmoleculemaydeviatefromthis average.

12



We do not considetthebackwardreaction.We alsoassumehatthereis nointermediate
speciesor intermediatestepsinvolved in the reaction. Thatis, (22) is a single step
reaction.Thisis anexampleof theelementary reaction.

In this casetheratelaw will containonly the concentratiorof A,

Rate = k[A]" (23)

Becausehe reactionrateis thatof the lossof A, —d[A]/dt, the abore equationis a
simpledifferentialequation
d[A]
Cdt
which canbeintegratedmathematically

= KA (24)

3.1.1 Zeroorder reaction

Let usfirst considerthezeroordercasey = 0. BecauseéA]? = 1, (24) becomes

d[A]

Cdt

This meansthat the gradientd[A]/dt is a constant—k. Therefore,[A] decaysat a
constantateandtheplot of [A] alongtime will bea straightline.

[A]; = [A]o — Kt (26)

s (25)

Hereandhereafterwe denotethe concentratiorof A by [A]; whenwe wish to empha-
sizeits dependencentime. Theinitial concentratiorats = 0 is [A] ..
3.1.2 First order reaction

Forn =1, we have
d[A]

A ETA 27
= Al (27)
Thesolutior! is anexponentiafunction
[A]; = [A]oe™* (28)
Thisis equialentto
In[A]; = In[A]y — kt (29)

Thereforetheplot of In[A], againsttime ¢ is a straightline.

¥ For simplicity we write A(t) insteadof [A] ;. It follows from (27) that

dA dA

Puttingt = 0, wefind C' = In A(0). We thusget(29) whichis equivalentto (28).
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3.1.3 Second order reaction

Forn = 2, A
S — kAP (30)
Thesolutionisl! A
0
Al = T AT (31)
Or equvalently, X X
m == m -+ /{Zt (32)

Thereforetheplot of 1/[A]; againsttime ¢ is a straightline.

3.1.4 Summary

o Othorder: Rate= —%3 =

= Plotof [A]; againsttime is linear

e Istorder: Rate= —% = k[A]
= [A]; = [A]pexp(—kt) = In[A]; = In[A]o — kt
= Plotof In[A], againsttime is linear

o 2ndorder: Rate= —%21 — k[A]?

Al 1 1
-0 o= ikt
1+ kt[A (Al [Alo

= Plotof 1/[A]; againsttime ¢ is linear

= [A;

In this way, the ordern andthe rate constant: canbe determinedrom the graphsof
[A], In[A] or 1/[A] againsttime. Supposave have obtainedfrom experimentghe con-
centrationof A asa functionof time. We thenplot [A], In[A] or 1/[A] againsttime. If
oneof thesewasfoundto beastraightline, theordern is 0,1 or 2, respectrely.

I'From (30),
dA ) dA 1

Puttingt = 0, wefind C = 1/A(0). Thisimmediatelygives(32) and afterrearrangingve get(31).

14



[A]/mol dm™—
>
|

Gradient = -k

In[A]

In[A],

/dm?3 mol~!

Gradient = -k

1
[A]

Gradient = k

For thefirst andsecondorderreactionstheraw dataof [A] ; will look like

Concentration, [AV[A],

Both curvesshav smoothdecayin which the gradient(= rate)decreasealongtime as
the concentratiorfA] decreasesThis is simply becauseherateis proportional to[A]
or [A]2. In otherwords,the chanceof thereactionwill decreasaswe losethereactant

—

First=
order

Time, t

moleculesalongwith the progresf thereaction.

3.1.5 Half-life Method

The half-life is the time taken for the concentratiorof the reactanA] to halve. It
may dependon the startingconcentratiorfA]. For example,for zeroorderreactions
where[A]; is alinearfunctionof ¢, thehalf life decreasealongtime,i.e.,asthestarting
concentratiordecreases(Confirm this by draving a graph.) In contrast,for the first
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orderreactionghehalflife is aconstanthat isindependensf thestarting concentration.
Seethediagramselow.

5 5
B [
s = I
3
[=]
S S
& Q
[«
= 0.25
by
0.125
] r% i
0 2.85 570 8.55 t’}“i'
Time, t/h Time, t

This is a specialcharacteristiof thefist orderreactions.Let us denotethe half life by
7. ThenEq(28)att = 7 is writtenas

A
B _ (a),exp(—#r) (33)
By dividing bothsidesby [A]  andtakingthe naturallogarithms,we find
%—exp(—lm’) = explk7)=2 = kr7=mh2 = T—IDTZ (34)

As seenin the previous diagram,the decayprofile of the concentratioffA] for the
secondorderreactionis quitedifferentfrom the first orderreaction. It is easyto shav
from Eq (32) thatthe half life for thesecondrderreactionis proportional taheinverse
of thestarting concentration, = 1/k[A]y. Thismeanghatthe half-life increasessthe
reactionproceeds.

In summary
e Othorder: half-life =[A]o/2k o [A]o
e Istorder: half-life=1n2/k  independenof [A],

e 2ndorder: half-life = 1/k[A]y o 1/[A]o

Question: Confirmthese beéviours (qualitatvely) on graphs. Derive thesemathe-
maticalformulasof the half-life from Eqs(26) - (32).
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