4 Simple Reactions

4.1 Reversiblereaction approaching to equilibrium
Let usconsiderareversiblereactionbetweenA andB
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If we startwith pureA, i.e.,[A], # 0 and[B], = 0, partof A
will be convertedto B until they reachthe equilibrium state
in which the concentrationsre[A] ., and[B] ... (Theseare
[A]; and[B]; attime ¢t = oo. Although we usethe symbol B
for infinity, oo, this practicallymeans sufiiciently long time

-
comparedo thetime scaleof thereaction.)Theratiobetween  §
thesetwo is the equilibriumconstanbf this reaction. 7
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Notethedifferencefrom thereactiondreatedn the previ-
oussection
A—P

with no backward reaction. In this case,[A] will decayto

zero,i.e., [A] . = 0. Thisis in contrastwith the reversible
reaction(36),in whichfinite amountof A will berestoreddue
to theexistenceof thebackwardreactionandhencdA] ., # 0
andthe equilibriumconstantX is finite.

Time, ¢

We will assumehatboth theforwardandbackwardrateconstants:; andk, arefirst
order Thereforetheforwardreactioncontributesto thelossof A andgainof B as

diA] _ d[B] _
g =t = k(A (38)
Similarly, the backwardreactioncontritutesto the gain of A andlossof B as
dlA] _ dB] _
a - dar ky[B] (39)
Overall, therateof the changeof [A] is a combinationof thesetwo contributionssuch
as
dlA
A — k1] + ki3] (40)

In sufficiently long timet = oo, the systemwill relaxto the equilibrium statein
which the concentrationglo not changeary more. Thatis, d[A]/dt = 0 att = oc.
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Then,Eq (40) will belf

[B]oo kf
= —k[Also + kb[Bloo = 41
0 f[ ] + b[ ] = [A]oo kb ( )
As seenin Eq (37), the left handside of the last equationis equalto the equilibrium
constantk’. We thereforefind arelation
Bl _ ky
K=—=-—+ 42
Al h “2
Althoughthis might appeara simpleequation|t is conceptuallyremarkablébecauset
finds arelationbetweerthe equilibrium property X" andthe kinetic quantitiesk; and
ky.

4.2 Pre-equilibrium

Now we introduce,in additionto thereversibleprocessA = B just consideredareac-
tive processrom B to afinal productP.

kek
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This lastproceswill disturb,or evendestry, the equilibriumbetweenA andB. How-

ever, we will assumehatthis processs very slow suchthatthe equilibriumbetweenrA

andB is well maintained.In otherwords,we will considersituationswherethe ratio

[B]/[A] is approximatelyjkeptconstantlL et usdenotethis constanby K.
B _ky

-~ K

AT TR @9

The last equality hasbeenfound in the previous sectionin Eq (42). We call this the
‘pre-equilibrium’ assumptionthe equilibrium A = B prior to thereactive procesB
— Pis approximatelywell maintainedhrououtthereaction.

Question:  Sketch(roughly)thechange®f [A], [B] and[P] alongtime¢. (Hint: Look
at the graphin the previous pagefor A = B, andconsiderwhatwill happerby intro-
ducingthereactve stepB — P)

't We canalsoderive Eq (41) by thefollowing consieration.In equilibriumatt = oo, theforward Eq
(38) andbackwardEq (39) proceseswill balancesuchthat

kf [A]oo = kb[B}oo

21



We furtherassumehatthereactve stepB — P is alstorderprocess:

d[P]
— =k,.[B
Theoverall reactionrateis givenby this rateof the productformation.
d[P]
Rate = —
ate 5
With the pre-equilibriumassumptionq (44), this is rewritten as
d[p k.k
Rate — % = k[B] ~ k.KI[A] = k—f[A] x [A] (45)
b

Thereforethe overall ratelaw turnsoutto be 1storderwith respecto A.

Now, a questionarises: How canwe distinguishthis from the straightfornard 1st
orderreactionA — P whenwe have noway to detecttheintermediatespecieB? Some-
times, though not always, we can get someclue to this questionby looking at the
temper ature dependence of the reactionrate. To this end, it is usefulto look at the
following specificexample.

Example:  Oxidationof nitrogenoxide
2NO(g) + O2(g) — 2NOs(g)
Experimentafactsare:
1. Ratelaw is givenby; Rate= k [NO]?[O,] (overall 3rd order)
2. Reactiorratedecreaseasthetemperaturéncreases.

Theseobsenationscannotbe explainedby the simplebimolecularcollision mechanism
(which predictsa 2ndorderratelaw k& [NO][O,]). In particular the second obseation
is unusualin view of the ordinarytemperatureependenceéescribedy the Arrhenius
equation(Section2.3).

Let usassumae pre-equilibriummechanisnfor this reaction:

NO + NO 2" N,0, (46)
N5y + Oy =5 2NO, (47)
Fromthe pre-equilibriumassumptiorwe get
[N20,] kg 2
~K=—+ N ~ KI[N
[NO]Q ks = [ 202] { O]

22



Puttingthis into therateexpressiorderivedfrom thereactve stepEQ (47),

d[NO,]

Rate =
dt

= kr[N205][O,]

we obtain
Rate = &, K[NOJ?[O,)] (48)

Thisimmediatelyexplainsthefirst fact,the overall 3rd orderratelaw.

Now, let's seehow this explains the secondfact, the unusualtemperaturalepen-
denceof the rate. As seenin Eq (48), the overall rate constantis a productof two
factors,k = k,.K. We cannaturallyassumehatthe rate constantof the reactve step
k, hasa normaltemperaturealependencsuchthatit increasesn highertemperatures.
However, the behaiour of the equilibriumconstant’ canbedifferent.It mayincrease
or decreasén highertemperaturesiependingon the sign* of the free enegy change
AG®°. For example,AG° < 0 meansthatthe productstatehaslower G thanthe re-
actant.Generally by raisingthe temperaturave increasehe populationsof the higher
enegy state.Thismeanghat,whenAG® < 0, increaseof thetemperatre will resultin
anincreaseof thereactantoncentrationandhenceadecreasef K.

In this way, the overall rate constantt = £, K may containcompetingpositive
andnegative factorsof thetemeraturalependencerlhe obseredfact forthis particular
reactionsuggestshatthedecreasef K is thedominantfactorto determinethe overall
temperaturelependence.

4.3 Consecutivereaction
Let usnext considerthefollowing consecutie reaction

At F o

Thebehaiour of theintermediatdB] will dependnthedifferencebetweent, andk,.

 This canbedescribednorequantitatively by K = e 26"/ AT
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