Complex Reaction Mechanisms
Chapter 36

For example; (2 N>Os(g) — 4 NO1(g) + Os(g)

|

The form of the rate law signals that the reaction involves
multiple steps (a ‘complex’ mechanism).

Rate Law is of the ‘form’; R=Kk[N,O;]

Mechanisms involve many single step reactions (sum of
them is the overall reaction), creation of intermediates

(allowing use of steady state approximation) and equilibria.
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Reaction Mechanisms:

Reaction mechanism is a collection of elementary (one step)
reactions that would add up to result in the overall reaction.
Generally elementary (simple) reactions are bimolecular
and unimolecular, rarely are termolecular.

Experimentally determined rate law does not conform with
the stoichiometric coefficients of reactions, in general;
unless the mechanism itself is simple. Therein lies the need
to propose a mechanism for the reaction.

A valid reaction mechanism must be consistent with the
experimental rate law.

. k
Proposed mechanism: z{moq —= NO, +%}
205 == 2 E
k2
NO; + N&3 — NO, + O, + NO

k3
NE+ NIy — 2 NO,

Reaction rate law can be written as;

d[N,05] e - o) W
. dt = (k[N,Os] — & '-NO3J[_N )
1 (![N.?Oﬁj 1 N [ )5]
2 ar E(kl.:\loﬁ] ~ k-1[NO,][NGs))



.
N,Os ;:I NO, + NO;

ka
NOE + NO“ — NOE + Og + NO
k
NO + NO; — 2 NO,

Invoking SSA for NO and NO,.
d[NO]

= 0 = k[NO,J[NO;] — k3[NO][NO;] == [NO] =

dt /
d[NO] o . e
o = 0= Kki[N2Os] — &4[NO2][NOs] — £2[NO,][NOs] — k3[NO][NOs]

R = 2(u[N0 - kNoyNo) e
1 J!(][NEOS:
o1 (2252
ki k
- m[wzos] = ko [N2Os] **
Violal!
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— [NO] = k:[ioz]

U
0 = k[N,05] — k_4[NO,][NOs] — k,[NO,][NOs] — ¥ (h[mz]

2 )TNO.\]

0 = k[N;0s] = k_[NO |[NO;3] — 2k3[NO,][NO;]
ki[N2Os]
Xy + 2k

= [NO,|[NO;]

Pre-equilibrium Approximation:

A useful concept for reactions that can proceed via an
equilibrium involving an intermediate I.

1
= ky k, d[P]
A+B = I—P and rate= — — = k,[I]
k, — dt
I o
1] ky

AB] kK

Upon rearrangement 1] = K [A][B]

Substituting for [1] 4[P] _

. ! k(1] = k,K[A][B] = k.7 [A][B
in rate expression o[l .4_;[ I(B] = kg [A][B]



Reaction Experiment
2NO(g) + Oa(g) —2NOa(g) R =k,; [NOJ*[0,]

Mechanism:Pre-equilibrium

k.
INO == N;O, = [N,O,] = f[Nogl = K.[NOP

Decay of intermediate I
k | d[NO, :
N0y + 0, —> 2NO, R =5 = k)[N,0,][0;]
[

R = k,[N20,][0,] = k,K [NOJ*[0;] = ks [NOJ*[O;]

Lindeman Theory — Unimolecular Reactions:

A — fragments

The energy necessary to overcome the activation energy
is achieved by collisions with any molecule M and M

can very well be an A. Two steps are involved, formation
of A” (activated reactant not an activated complex) and
decomposition of A*to form products.

k i
A+M 1: A+ M
.

. K
A —>P
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Lindeman Theory — Unimolecular Reactions:

A — fragments

The energy necessary to overcome the activation energy
is achieved by collisions with any molecule (M) and M
can very well be A itself. Two steps involved.

In gas phase the reaction constants are concentration,
(i.e. pressure (total)) dependent.

In solution it is not concentration dependent, due to the
fact that the particle concentration is nearly constant in
solution phase.

Lindeman Theory — Uni-molecular Reactions:

A — fragments

ky
In general A+M—/A + M
(solutions/ ks ke
gases); A —P

ky '
For M=A A+tA—A +A
The pre- o ko E
equilibrium AT+ A — A+ A
step.



d[P]
dt

#

Reaction rate =

Il
=
)
—

Applying SSAto A™.
d[A"]
dt

= W= e

Reaction rate =

d[P]  kik[A]

dt  k[A] + k,

2 )
N p
']
T 10" .
w L
] e
% 0
. .
!5 L]
107 :.
¢
) CH3NC — CH,gN
T T T
ot 10t 10TA] large
Pressure/Torr
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d[P] kika[ AT

For k4[A]>>k, For k ,[A]<<k,
dP]  kk. . "™ a[p) ' bi
b 2ra _ 4
dt k_| ] dt kl[A]
True for [A] large.
,.Q

For the general case - Lindeman Theory :

ky "
Reactions in A+ M -1:‘ A"+ M
solutions or gases at . ke &
high pressure - — P
k., [A] >>0.
uni
dP kik2[AlIM
[ :| = ! 2[ ][ ] = ki””‘[A]
' k_][MH)
3 : [M] ~ constant
with &, = _M Kapp = Kuni 1S NOt
ko [M] + ky simplistic.



potential energy

Catalyst remain unchanged after the reaction, it changes
the reaction mechanism by combining with reactant(s)/
intermediates and therefore changes the reaction coordinate.

< [M]

T T
100 200
M1 (¥mol)

products

reaction coordinate
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Catalysis

— 200K
— 500K

Increasing reaction rates
amounts to increasing reaction
rate constants.

k = A()_‘L“u."'rRT.

One strategy would be to
lower E’, Thereby increase the

E, K{ ]
E X [ fraction of molecules with
<E’D% energy > E’,.

Fraction of molecules with a
specific Ey,qg

Catalysis — a mechanism k,
S + C == SC - s-C complex

Reactant =S ks
8 —> P =&

; . d[P]
Reaction rate; [P] = ky[SC]

d
Applying SSA to SC;!
d[SC]
= = k[S][C] ~ k-i[SC] — ky[SC] = 0
- Kk[S][c] [Ss][C] koy + ky
[SCJ - k—l + k? B Km \ i T




Determining reaction .. d[P]
parameters k, and K ; —_ ko[ SC]
Intial rate method. !

d[P] _ ko[S][C]
dt K,
[ [S]o = [S] + [SC] + [P]

Substituting for [SC];

Conservation of

matter: [C]n _ [C] + [SC]-
[S]=[S]o — [SC] — [P]
[C] = [C]p - [SC]
. o d[P] . ka[S]o[Clo
yleIdS; R“ N di - [S]ﬂ + [C]ﬂ' + Ku:

(1) For [C], <<[S],

_ k[S)o[Clo .
! [S]U + Km

(a) and also if [S], < K,

[R], linear to [S], . sk

Substituting for [S] and [C] in

7

[SC] =
and rearranging ;

K,[SC] = [S][C] = ([8]y — [SC] = [P]) ([Clo — [SC])
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0 = [[Clo([S]o —)/P_/)] = [SC([S]y + [Clo —/{’/+ Kn) + /ﬂz'.é

@t=0,whereR=R,

Simplifies to; _ [Slo[Clo
[SC] [S](} + [C][I + Km
d[P] ka[S]o[Clo

yields; Rpy=— = ————

dr [S](: £ [C]u + Km

Starting with; Ry =

For [S], >> [C],
experimental
conditions

(b) and also if [S], ¥ K,

e kaf8To[Clo
o [%U + i

At large [S],, Ry =k,[Clo

(Sl



alternatively

o KalShlClo i

v [S]H =t Km _;

invert l €
[Cla} ™" 7

Ri] - S:H
I

T

.EN .
o

118k

G

Reciprocal plot

R = d[P] - k2[S]o[Clo
Heing: 0 di [‘SU + [C]{} + Km

(2) For [C]o>>[S],

ka[STo[Clo
Ry = ————
? [C][} + Km
(@) if [Cly <Ky, (b) if [C], > K,
k
Ro = Kiz[c]o[s]o RO = kz[s]o

m

[R], linear to [C], & [S], - [R]o linear to [S], .
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Again. R = d[P] k2[S]o[Clo
gatn. o dt [gll + [C]{} + Km

(1) For [C], <<[S],

b) if[S],>> K
R” — I\:[C][] — R”m_\-

[R], reaches a limiting value and zero order w.r.t. [S] .

Michaelis-Menten Enzyme Kinetics

TR, o
ﬁ’uﬁ}%ﬂh
B e
7 Bl
enzyme (‘%’2‘;“?{{&

substrate T




Michaelis-Menten Enzyme Kinetics

Enzymes are reaction specific catalysts.

Substrate (S)

Enzyme (E)

v
o

Mechanism E+S
C

k-

Lineweaver-Burk Equation

_ ko[STo[E]o

D =

[S-{l =¥ KHJ
invert K,?
S
1 | Ky 1
e —
Roy max Ryax [S_'[I

—_
_—

7
]

%

s &
g
Z

H

&

£

2

&

<

‘+

k>
ES— E+P

1/MRate (M~' s)

Product (P)
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Michaelis-Menten rate law

18l

ka[SJo[E]o
[S](l + Ky

K= Michaelis-Menten constant

For [E]l,<<[S],;, Rate=R; =

and also if [S], >> K, above equation simplifies to,
Ry = kZ[E]U = Roax
The reaction rate plateau is at k,[E],

d[P] ka[S]o[Cla

°T"dr " [+ [Clo+ Kn

Determination of K,

With R, known, g
evaluate R, /2 L
substitute in g
R = ka[SJo[Elo
)= — L
(Sl + Kn R S 2000 3000 2000
: 2 . Substrate concentration
g = KASIOED _ RmaclSlo
! [S]U + Km [Sfil -+ Xm
B B8l
2 B [S]n + Krn
[STo + Kum = 2[S]o
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Determination of K, Photochemistry — physical processes

With R, known, % Photochemistry deals with the chemical and physical
evaluate R,,/2 g changes of molecules following absorption of photons
substitute in 3 in the visible/UV region.
o oW lo[E]o 0os o Following the absorption of photons molecules undergo
P [Slo + Kn L T ram—— T electronic and \{ibr.ational and ro_tati_onal (rotational in
_ K,[SLIE], _ RuulS Substrate concentration gas phase ) excitation (photoexcitation).

T ISL+K, 8K,
/R;ax :MS]@Rmaxlz
2 [S]@Rmax/2 + Km

hv F At
A—"— A* > (A(radiatively) ohysical
A(non —radiatively) [ processes

[S]@Rmaxlz + Km = 2[8]@Rmax/2 * R PhOtoprOdUCtS
Ky, =[Slomere < A* =excited molecule
Photo-excitation; A —" P | | 104~
o 0
Rate of A undergoing photo excitation; d[A] = k[A] )
dt Monochromatic beam
Excited State [E=£4] ‘“' Io
_ —¢l[A]
P I =1,—-1,107°
|0107€|[A]
i
¢ = molar absorptivity
Guound State (£<Eg) ) A




: 2.303g4K])?
107#(Al = 1 — 2303e/[A] + ( ot b _ ..

Setting [A] low, 107#/[Al = 1 — 2.303el[A]

" e = 15(1=107140)

Laps = 19(2.303)el[A]

% = —1,(2.303)[ A]

In terms of number of molecules; A = # molecules of A,

dA 2303s
— = [p——A
d " N,

U Ka

—
A = Aoeﬁ’n(ﬂmaﬂ\’,ﬂ.)f — Ageﬂl“r""‘"

o, = absorption cross section.
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diAl_
dt abs

Keeping I, a constant and | = 1, substitute for 1;
M = _|o(2_303)g[A] First order loss
dt
U

[A] = [Alpe o3P = [A]pe™

Jablonski Diagram

(paths)
152" >(2") >3 F

Enengy

15254556

4,81SC

71C S0,
2,5,9VR

Abserption

10



Jablonski Diagram shows the electronic states of a
molecule and the photo-physical transformations between
them in an energy diagram.

The energy states are grouped horizontally by their spin
multiplicity.

Non-radiative transitions are shown by wavy arrows and
radiative transitions by straight arrows.

The vibrational ground state of each electronic state is
indicated by heavy lines.

Ka

Ky

k
=

5 y ¥

Kasha’s rule: Photon emission (fluorescence or
phosphorescence) occurs only from the lowest-energy
excited electronic state of a molecule.
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TABLE 36.1 Photophysical Reactions and Corresponding Rate Expressions

Process Reaction Rate
Absorplion/excitation Sy + w—5, ko[So] (kg = lgery)
Fluorescence S — S + h k8]

Internal conversion 81— 5 kil Sy

Intersystem crossing 5 =T ke lSi]
Phosphorescence Ty— 5y + hw kplTy]

Intersystem crossing Ty—Sy Kl [Ty

Kinetics of photo-physical processes

Quenching: Excited molecules can lose its energy by way
of collisions with other molecules (quenchers) and thereby
relax non-radiatively. This must be considered another
kinetic process.

k, '
S;+Q— S+ Q

Rq = kq[sl][Q]
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[S:=1[P]

oo oooooooooocooooood

541 P L v

[Sel = [A]

= [S1] = ki[Solrs

Iy = kg[Si]

f»’u[sn]kﬂ,z‘-

quencher q introduced

N

1, 1,107

/TN

Florescence
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Applying SSAto S;.

] = 0 = k,[So] — kS1] — ki S1] — kfe[S1] — k,[$1][Q]

% - ka[So]_(kf + I(ic + k:c + kq[Q])[Sl]

. 1 ) 7
Define ‘T_f = kf + ki + k?x(- + kq[Q]

bl =0 = k,[So] — @
dt Tf

Fluorescence yield: @

ki Parallel reactions (elementary)
% ke
Sl N I(isc "\'_r " .
\ k@l kr + kie + Kise + kg[Q] !

| S
o = kg + ki + kise + k4[Q]
kg

k = -
P57k ki + ke + k,[Q]

=¢)f
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Fluorescence yield: @,

Ip = kq[Solksry
1. invert
2. substitute _] = ky + ki + ki + k,[Q]
i

__ # photons emitted as fluorescence

# photons absorbed 11 1 1 ki +ki +kg +k,[Q]
I, k.Sl kiz; Kk,[S], K,
| ! ( ki + k;.‘_;.(.) ko[Q]
—= 1 + -
I.f ku[sﬂ]] }‘.‘ ku[sn]kf

. .1 ](l e k;f.)yf;_(w.) N ke[ Q¥ Stern-Volmer Plot

Iy kq[So k m{)]kf
Ifk, >>k.and ki,
k lope = k/k;
LT S = it >
kK, =
i —

0 :

!_Jr =1 E 0

y B k¢ [0] :Q present and 0

k; dominating @
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Measurement of

Excite molecules with a short pulse of photons, monitor
decay afterwards.

Creates S, species, with excitation turned off monitor the
fluorescence decay of S;.

If conditions are such that k, >>k;,and Kk,

Tt :k K ! - !
f + ic +kisc +kq[Q] kf +kq[Q]

1
" kp + k,[Q]

lim TJ('
k> ki ke

1
E = ky + ky[Q]

[S.]
ﬂ time

[81] = [81]oe
time
For S;;

Iil"l_S| = . - .

) ;.',_ = “k_:[5|| — ki [$1] — k?.u-[su - "qu][Sl]
1[5;] Si] . b

A _ Bl )= sigee

dt Tr :

IN[S,] = IN[S,], ——t = In[1, 1= In[I, ], -t
T

f f

] :
Plot — = kp + k,[Q]

Tf
2 -
slope =Kk,
intercept =k, T
2
k, =
SVE=slope=— =
kf
o T T
0 0.002 0.004

[BrgCelM
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