Chemistry 24b Lecture 9&10
Spring Quarter 2004 Date: April 19, 23
Instructor: Richard Roberts

Reading Assignment: Tinoco,Ch7 & 8

Chemical and Biochemical Kinetics

Chemical Equation

aA+bB —— cC+dD

A B reactants orviceversa
C, D products

a, b, c, d = stoichiometric coefficients

Chemical Equilibrium

[ ©F D)1
ISRCEN

where AG%(T) = standard free energy change for process

AG’(T) = —RTInK, = —RTIn

aA (T,1atm,1M)+ bB (T,1atm,1M) = cC(T,latm,1M )+ dD (T, latm, 1IM)
U

inA, OM for other solutes

Departure from Chemical Equilibrium

If the system is not at equilibrium, it will approach chemical equilibrium according to a
rate equation given by

_1d[Al _ _1d[B _  1d[C] _
d b dt c dt

rate =

where the concentration derivatives < O if the reaction is proceeding from left to right.

In simple cases, we may write
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B 5
rate = ke [A]"'[B]""[C]"[D]”" - k, [A]*[B]*[C]"°[D] *
where «;, B, 71, 05, 04, w areintegers half -intergers, zero,
and occasionally negative

If you start off with reactants, then back reaction is negligible at initial times, and
rate = k¢ [A1“"[8]”'[C] "' [D]”

But the second term becomes important as the reaction approaches equilibrium.

Similarly, if you start off with products, the forward reaction as written is negligible at
initial times.

At Equilibrium

)
ki [Al% [BI! [CILIDIY = k, [A% [B: [C1Z[D]%:
i.e, forwardrate = reverserate

This result, together with the result for the equilibrium quotient at chemical equilibrium,
i.e,
[cI°[D]°

- ([EHEF)
[AFP[BI"),

can be used to infer the “rate law” of the reverse reaction if the “rate law” of the forward
reaction is known.

Rate Laws

Rate laws are expressions showing how the observed rate depends on the concentration of
reactants (and products).

Suppose therate for thereaction A + B = C follows the expression

d[€]

rate = = k[A]"[B]”

This expression gives the rate law for the reaction.
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= rate constant
o = the"order" of the reaction with respect to [ A]
= the "order" of thereaction withrespectto[B] and
o+ B = total reaction order

If o =1, thereactionissaidto befirst order with respect to[ A]
If o = 2, thereactionissaidto be second order with respect to [ A]
,  thereaction is said to be third order with respect to [ A]

vy EiC.

w

If o=

Catalysts and Inhibitors

The rate law of most biochemica transformations include concentrations of molecular
species that are not part of the overall chemical equation. Such species are catalysts or
inhibitors, which can enhance or inhibit the reaction.

For example, in enzyme-catalyzed oxidation of isocitrate by the NAD-dependent
isocitrate dehydrogenase of yeast

rate = k[E][S*[AI’[N]*[Mg**]?
where E = enzyme (isocitrate dehydrogenase)
S = substrate, i.e., isocitrate
A = AMP
N = NAD

Mg?" = magnesium

E, A, Mgt arecatalysts
total reactionorder = 1+4+2+2+2 = 11
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Reaction Mechanism

In general, a chemical reaction consists of a series of elementary steps. This series of
elementary reactions that make up the overall reaction is called the reaction mechanism.

Four Important Features of a Reaction Mechanism

(@) Elementary reaction steps result from processes in a single molecule, or from
reactive collisions between two or occasionally three molecules.

(b) No chemically stable intermediate can be detected between reactants and products in
an elementary step.

(c) Therate law for an elementary step can be deduced from its stoichiometry assuming
collision theory (unimolecular if only one molecule is involved; bimolecular if two
molecules are involved, etc.).

(d) The sum of the elementary stepsisthe overall net reaction.

Example 1:

Consider a reaction that’s comprised of the following elementary steps, i.e., the reaction
mechanism is given by:
TN
@ A+B — C
1
k2

(2) Ce—D
2

The net reaction or chemical equation for the overal reactioniis:

A+B —=D

Therate law for the individual elementary steps are:

step1 (%); KL [AITE] - k4 [C]
step 2 dibl ko[C] - k., [D]

D dt
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Suppose step 1 is so fast that it is in rapid equilibrium and step 2 is irreversible, i.e.,
ko >> K o.

Then %?] — rate = ky [C] = ko K, [Al[B]
snce Kk [A][B] = k;[C]
or [C] = WIAB _ K1 [A]l[B]

-1

A concrete example with the above reaction mechanism:

Intercalation of the drug proflavin (P) into DNA (D)
k
(M) P+D &= (PD)yy

@) (PD)y = (PD),

where (PD),,, = drug-DNA intermediate in which the drug is attached only loosely

to the outside of the double-helix. Step 1 isbimolecular; step 2 isunimolecular.

Example 2:

Now suppose that the reaction is made up of the following elementary steps instead:

k
@) A %—H: C
1
k

() C+B&—2D
2

The net reaction or chemical equation for the overall reactioniis:

A+B &T—=D

Therate laws for the individual elementary steps are:

(d[C] d[A]
stepl k?): "ot

d[D]
step 2 —
Step 2 at

= k [A] - k1 [C]

= ky[C][B] - K, [D]



Chemistry 24b — Lecture 9&10 6

Let’'s Examine the Following Scenarios:

D)

)

3

Step 1 is afast equilibrium so that kinetics is controlled by step 2 which is slower
and irreversible.

Then k[Al = ki[C] o [C] = kﬁl[A] - K, [A]
and  rate = k [C][B] = ky Ky [Al[B]

where we have assumed that k, >> k_, (step 2 isirreversible).

Note that this scenario predicts the same rate law as the previous reaction
mechanism. In practice, one can come up with several reaction mechanisms that
yield the samerate law.

Step 1 is dow, but step 2 is fast and equilibrium lies toward product so that
Ko >> k. s.

d[b] _ d[Al
dt dt

Then rate = + = k[A]

A more general scenario, where step 1 and step 2 have comparable rates. Then
expect [C] to be small and only slowly varying with time. That is

aiq] _
dt =0

[C]

initial buildup t

Figure 5-1

Thisisthe so-called steady-state condition.
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(ﬂd%l) = k[Al - k4[C] - k[CI[B] + K,[D]
U

0 if step 2 isirreversible
= 0 under steady state

Solving for [ Clgeady state O [Clss

ki[A] - k4[Cls — ke [Cls[B] = 0

o [Clg = —aA_
k_g+ka[B]
Then rae = J21 - ko[ Cl<[B] = kKo [AI[B]

k1 +Kk[B]

Examine the Limits:

(1) Steplisafast equilibrium; step 2 isslower and irreversible; that is, k_; >> ky[B].

— Ko [AILB] _ kiko[A][B]
K, +Ko[B] K,
Ki ko [Al[B]

(2) Steplisdow and step 2 fast and irreversible; thatis, k,[B] >> k5.

_ kio[A[B] _ kio[AI[B] _
e = Ki+ko[B] ~  k[B] Al

which are the results expected and obtained earlier.
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Note That

(1) Theequilibrium constant for an elementary step is the ratio of its forward and reverse

)

rate constants. This result follows from the principle of microscopic reversibility and
consideration of detailed balance and assumes that the rate law for an elementary
step can be deduced from its stoichiometry.

K
For example, for elementary step A + B %Tl>
1

Therate law for the forward reaction is:

_diAL _ _dig]

" el ki [Al[B] thatis itisbimolecular

Therate law for thereversereaction is;

__d([j?] = —k,4[C] that is it is unimolecular

Invoking detailed balance at equilibrium:

forward rate = reverserate
k; [AI[ B] k4 [C] at equilibrium, or

( (R K. - K
[AlB g " ka

Occasionally, three molecular species participate in areaction to give product; that
is, the step istrimolecular.

k
For example, A+ B + C %Tl> D
1

The equilibrium constant for the overall reaction, K. orKgq IS the ratio of
products of forward (k;) and reverse (k_;) rate constants for the elementary steps.
That is,
ITk
K = —
overall k.
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Detailed Balance for Overall Reaction

As mentioned earlier, the principle of microscopic reversibility and the considerations of
detailed balance at chemical equilibrium are applicable to the overall reaction as well.
However, here things are not so straightforward, because rate laws are not necessarily
related to the stoichiometry of the overall reaction.

Return to the earlier hypthetical reaction:
aA + bBB &= cC + dD

ke [A]“[B]” [C]7*[D] "
ko [A] %0 [B]P»[C]7>[D] %

rate law for forward reaction

rate law for reverse reaction

A simple scenario!
At chemical equilibrium,

rate for forward reaction = rate for reverse reaction

Kt - - - §i-6
or - LAl Bl el Dl Y = 1
b

But, we also know that the following is true

[C]°[D]

-]
(AF[BI,,

[A1%,[BlY,
[CI& (DI,

c =

For both equalitiesto hold, it is a sufficient condition that

Ky

[AIZ,[BIS, ]
kb C

af—0pr 1Bt —Bop ~ 7t~ Vor ~19f —Ob _
[Alq [Bleg " [Cleg " [Dleg _{[C]gq[D]gq
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In many cases, it will turn out that sis +1 or some small integer so that a ssmple relation
between the rates and the equilibrium expression can be obtained,

s0 that Ot —0Op = aS

Br—Pp=bs etc

k
and L -k

Ko
Example:

2 NO(g) + 0,(9) == 2NOy(g)

Given that the rate law for the reversereaction is
2
k, [NO, ]

you can deduce the rate law for the forward reaction.

Applying detailed balance:

K ) Bt —Po Yt=7b [[NO]Z[O ] JS
—I[NO o) NO = |*——=* K
kb [ ]eq [ 2]eq [ 2]eq [NOZ]Z c
where o, =0
Bp=0
Yo = 2
Therefore o, = 2s Simplest solution: s =1
By =s o, =2
Vi—2= —-25 By =1
7 =0
K = S
ok

or ratelaw for forward reaction = k; [NO]Z[OZ]1



