Lecture 36: Detailed Balance

Detailed Balance, Relating k to K.



Detailed Balance

A+B=XC+D
k_1

Forward and reverse rates are equal at equilibrium (detailed balance):

Ul(t) = ’L),l(t)
k1 [A]eq[B]eq = k—l[c]eq {D]eq

Rearrange:



Detailed Balance, multiple steps

k1 ko
k_q k_o

Detailed balance for each elementary equilibrium:

ki [eg
KC = — =
T h T [Aleg
k2 _ [Pleg
KC = — =
Pk [l
Multiplying gives overall equilibrium:
Ple
Kc,overall = Kc,ch,Q = [[A]] 1
eq
K1k

k_1k_o



Example: Detailed Balance

Overall Reaction:
CO + Cl, — Cl,CO

Proposed mechanism:

Cl, \% 2Cl1 (Step 1)
=il
Cl+CO <= CICO (Step 2)
=9
CICO + Cl, =25 CLL,CO + Cl (Step 3)
2Cl =45 Cly (Step 4)

Reactant: CO, Cls. Product: CloCO. Catalyst: none. Intermediate: Cl, C1CO



Example: Detailed Balance

) v(t) = ko [Cl] [CO]
Cl, kil 2Cl (fast eq) k1[Cly] = k_;
-1

Cl+CO =2 CICO (slow eq) / 012
2
CICO + Cl, L‘ C1,CO + Cl (fast) /7 B (g
2
2Cl — Cly (fast)
Fast step after slow equilibrium makes Fast equilibrium before the slow step:
equilibrium one-directional )
[€1]
K., —
C,]. [CIQ}



Calculus derivation of one-directional equilibrium

Fast step after slow equilibrium makes equilibrium one-directional

Pathway 1: Pathway 2:
Aciap b2, p AP

k_1



Substitute [A]; = [A]pe ¥, rearrange:
Al r 2, p
—— + ko [I] =k [A]O e_klt

Concentrations as function of time: dt

Inverse product rule:

T — k) = [ = (Ao )
a kot _ olka—k1)t
A _ afa] - ol (1) = ki
ar _, . 1)kt = kAl [ et gy
o Pl kot _ F1lAlo (ky—k)e
[I]e™" = pa— 2T 4 C
[Mo=0 = C=— U0 jivide by ek

ko —ky’



Analytical Solutions

1
Concentrations as function of time: =
< 08} .
_k ~
Al = [AJpe™™" 5 06 — [4]:/[Ao
3 — [1:/[Alo
7, = k1 [Ao (e_klt B e_th) £ 04f — [P):/[Ao
ko — k1 g
s 02f *
[Pl = [A]o [1 - (kz e Mt — kg e'”t)} . 0 ‘ ‘
k1 — k2 0 1 2 3 4 5



Derivation of [P);

Conservation of Mass:
[Alo = [A]¢ + [I]: + [Py = [Pl: = [A]o — [A]s — [I]:
Substitute and simplify:

_ k1 [A] _ _
_ B kit MO kit —kot
[Ple = [4]o = [4loe ™" - =0 (eht —ehr)
[ k k
_ 1 — —kit 1 —kit 1 kzt:|
[Alo _ e [ kle + [ kle
[ ko —kit k1 —k t]
=[Alg |l — ——e M 4 —— "2
[ ]0_ k‘2—k‘16 Jrk‘Q—k‘le

[ 1
= [Alp |1
[]0_ +l<:1—k:2

(k‘ge_klt — ]{31 €_k2t>]



What if ky > k7

[Pl = [Ao [1 + i i - (k’g ekt _ e—kzt):|

]4}1 — ]{}2 ~ —/432
ko @ e >k e k2t
[Pl ~ [A]o(1 - e7™f)

Fast step after slow equilibrium makes equilibrium one-directional

Pathway 1: Pathway 2:

A::ll’“—%P AR p
—1



