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Evaluation time!

• I am super grateful for any feedback you 
may have!
• Please be honest, so I can improve 

further J
• Thank you for still being here so close to 

the winter break
• Have some brownies and treat yourself
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About this Revision Session

• The following summary is by no means exhaustive

• it is meant for us to recapitulate together about what we have 
learned this semester

• all materials (script and slides) discussed in our lectures are 
examinable, with the exception of Sascha’s research talk in the 
end of the previous session (hence no slides for that part)

• grey parts in the script table of contents will not be examined
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Chapter 1
Basic Concepts of Kinetics



Definitions

𝑎A + 𝑏B → 𝑐C + 𝑑D

• Rate of reaction: 𝑅 = − !
"
# A
#$

= − !
%
# B
#$

= !
&
# C
#$

= !
#
# D
#$

= #x
#$

 

• x: extent of reaction per unit volume
• unit of𝑅: [concentration/time]
• unit ofx: [concentration]

• Elementary vs complex reactions
• Molecularity & order of reactions
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Zero-order reactions

(e.g. heterogeneous catalysis)

 𝑅 = − # A
#$

= 𝑘 A ' = 𝑘

A $ = A ' − 𝑘𝑡
𝑡

A
A '

−𝑘
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First-order reactions

 𝑅 = − !
"
# A
#$

= 𝑘 A ! 

A $ = A '𝑒()$

• half-life: 𝑡!
"
= *+ ,

)
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Second-order reactions

First case: 2A → products

• Rate equation: 𝑅 = − !
,
# A
#$

= 𝑘 A ,

A #
A $

= !
!-, A $)$
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𝑡

A $

A '
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Second case: A + B → products

 𝑅 = 𝑘 A B

• − ! A
!"

= 𝑘 A B … problematic

àintroduce extent of reaction

• !#
!"
= 𝑘 A $ − 𝑥 B $ − 𝑥

!
A !" B !

ln
( A !"$") B !
( B !"$") A !

= 𝑘𝑡      and 

   𝑥& =
A ! B ! '

A
!
#"
"'
B

!
#"

A !'
A

!
#"
" B !'

B
!
#"
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reminder:
𝑥 = extent of reaction
in units of concentration
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Reactions of General Order

𝑎𝐴 → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠

𝑅 = − !
"
# A
#$

= 𝑘 A .   

!
/ 	&'!

− !
/ $
&'! = 𝑎𝑘𝑡	(𝑛 − 1)  (for 𝑛 ≠ 1)

• van’t Hoff plot to find out order of 
reaction:

ln −
𝑑 A
𝑑𝑡

= 𝑛 ln A + ln 𝑎𝑘
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Arrhenius Equation:

   𝑘 𝑇 = 𝐴	 𝑒(
()*#
+,

• to obtain 𝐴 and 𝐸"&$  , plot in logarithmic form:   
ln 𝑘 = ln𝐴 − 0)*#

12
 

• For reversible reactions (equilibrium):

A + B
𝑘forward

⇄
𝑘reverse

C + D 

• 𝐾eq =
C D
A B =

)forward
)reverse

 =
/forward
/reverse

𝑒(
-.$
+,

11

𝐸!"#$%&𝐸!"#

Reaction coordinate

Δ𝐻

1/𝑇

ln 𝑘
ln 𝐴

−
𝐸"&$
𝑅

“Arrhenius plot”



Chapter 2
Complex Reactions



Reversible Reactions

A
𝑘!
⇄
𝑘(!

B 

# A
#$

= −𝑘! A + 𝑘(! B

# B
#$

= 𝑘! A − 𝑘(! B
• we found for extent of reaction  

    𝑥$ =
&
)
1 − 𝑒()$  and

𝑥eq = lim
$→4

𝑥$ =
𝑘! A ' − 𝑘(! B '

𝑘! + 𝑘(!
13
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Consecutive Reactions

A 
𝑘1
→
	

B	
𝑘2
→
	

C   (e.g. radioactive decay) 
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[A]/[A]0

[B]/[A]0

[C]/[A]0
A '

𝒌𝟏 = 𝟏	 𝒌𝟐 = 𝟎. 𝟏

[A]/[A]0

[C]/[A]0

[B]/[A]0

C ≈ 𝐴 5(1 − 𝑒"6$&)
𝒌𝟏 = 𝟏	 𝒌𝟐 = 𝟏𝟎𝟎

for 𝒌𝟐 ≫ 𝒌𝟏
two cases:

for 𝒌𝟏 ≫ 𝒌𝟐

A = A !𝑒"#*$

B =
#* A +
#,"#*

(𝑒"#*$ − 𝑒"#,$) 

C = A !(1 +
𝑘%𝑒"#,$ − 𝑘&𝑒"#*$

𝑘& − 𝑘%
)



Parallel Reactions

Case 1: First-order decay to different products
• 𝐴 = 𝐴 '	𝑒(()/-)0)$

• B t =
)/

)/-)0
𝐴 '	(1 − 𝑒( )/-)0 $)	

• C t =
)0

)/-)0
𝐴 '	(1 − 𝑒( )/-)0 $)	

Case 2: First-order decay to the same product
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The Steady-State Approximation (SSA)

• valid, if conc. of intermediate  small. Then can set: # A1
#$

≈ 0
• applied it to simple 2-step consecutive reaction with 𝑘, ≫ 𝑘!
• applied it to 2-step consecutive reaction with reversible first step;
     with cases of 1st or 2nd step rate-limiting got different results

The Pseudo-First-Order Method

• e.g. for  A! + A,
𝑘!
→
	

products   & A! + A9
𝑘,
→
	

products

• trick: supply A!  in large excess in your reaction
• A! ≈ const. over time

16



Chapter 3
Catalysis & Polymerization



Michaelis-Menten Enzyme Kinetics 
   E + S ⇄ ES ⇄ EZ ⇄ EP ⇄ E + P 
• we simplify this for MMM to

     E + S
𝑘1
⇄
𝑘−1

ES
𝑘2
→
	

E + P 

MMM assumptions:
• 1): only 2 steps
• 2): no reverse reaction (or restrict to initial stage of reaction where 

back-reaction neglectable)
• 3): steady-state approximation for intermediate ES
• 4): [E] << [S]
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    E + S
𝑘1
⇄
𝑘−1

ES
𝑘2
→
	

E + P 

MMEq.:

𝑣 =
𝑘, E '

1 + 𝑘(! + 𝑘,𝑘! S
	
=

𝑣max

1 + 𝐾:S 	

𝐾: = 𝑘(! + 𝑘, /𝑘!Michaelis constant
(units of concentration)

𝑣maxmaximum rate

vmax

vmax
𝑣max

𝐾:
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Inhibition mechanisms in enzyme kinetics
• competitive
• uncompetitive
• mixed (non-competitive)

Autocatalysis (follows an “S curve”)

A + B
𝑘
→
	
2B 

B $ =
A ' + B '

1 + A '
B '

	 𝑒( A $- B $ )$

E + S
𝑘!
⇄
𝑘(!

ES
𝑘,
→
	
E + P

↑↓ 𝐾0;
EI

↑↓ 𝐾0<;
ESI

“mixed”

[B]



Polymerization
• Stepwise: linear growth

• average chain length 𝑁 =
A $
A = !

!(@
= 1 + 𝑘𝑡 A '

•  chain type: 3 steps
• initiation
• propagation
• Termination

• 𝑁 = 2𝜆 = )2

A)1)#
!
"
In (!" M

• kinetic chain length 𝜆 and degree of polym. 𝑁
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Chapter 4
Kinetic Theory of Gases



Kinetic theory of gases

• Ideal gas law: 𝑷𝑽 = 𝑵𝒌𝑩𝑻 = 𝒏𝑹𝑻 

• only kinetic energy, collisions elastic

𝑢CDE = 𝑢, =
3𝑅𝑇
𝑀

=
3𝑘F𝑇
𝑚

23



Maxwell-Boltzmann distribution

•  in 1D: 	𝑓 𝑢G 𝑑𝑢H =
D

,I)/2
	 𝑒(

345
"

"6/,𝑑𝑢H

•  in 3D: 	𝐹 𝑢 𝑑𝑢 = 4𝜋 D
,I)/2

7
" 𝑢,𝑒(

34"
"6/,𝑑𝑢

• and how curve changes with  composition
   & with temperature

• and how to measure speed distributions 
experimentally:

Doppler effect vs rotating discs slit machine

2424

𝑭 𝒖
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Chapter 5
Collisions



uxΔt

uΔt
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Hard Spheres – Collisions with a wall

Collision flux:   𝑧coll =
J
K
𝑢 = )/2

,I	D
𝜌   [s-1m-2]

Effusion
• low pressure, small hole vs. large mean free path
• effusion rate 𝑘effusion = 𝑧coll	𝐴 =

@/
,ID)/2

        [s-1]

• Knudsen method to measure vapor pressure of liquids



Collision rate: 
  𝑧/ = 𝜌𝜎 𝑢/F = 𝜌𝜎 2 𝑢

 = 2𝜌𝜎 M)/2
ID

= 𝜌𝜎 M)/2
IN

Mean free path: 𝑙 = O
P8
= !

,JQ
   [m]

• number of unscattered molecules as they pass through the 
volume of other particles and scatter decays as:

𝑛(𝑥) = 𝑛'𝑒(QJR = 𝑛'𝑒
(RS

2727

𝑥



Center-of-mass coordinates
• 𝒗/, 𝒗F → (𝒗&D , 𝒘/F)
   𝒗/ = 𝒗&D + 𝜇𝒘/F/𝑚/ 
  𝒗F = 𝒗&D − 𝜇𝒘/F/𝑚F  

•  ETU+ =
!
,
𝑚/ +𝑚F 𝑣&D, + !

,
𝜇𝑣/F,  

               =	 𝐸kin, cm 	 + 	 𝐸kin, AB
          conserved!       available for reaction
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distribution of relative velocities:
 𝑓 𝑣/R , 𝑣/V , 𝑣/P , 𝑣FR , 𝑣FV , 𝑣FP 𝑑𝑣/R𝑑𝑣/V𝑑𝑣/P𝑑𝑣FR𝑑𝑣FV𝑑𝑣FP
• transformed to c.m. system
• integrated out c.m. part

 𝑓 	𝑣/FR , 𝑣/FV , 𝑣/FP 𝑑𝑣/F,R𝑑𝑣/F,V𝑑𝑣/F,P
• transformed to spherical coordinates
• integrated out spherical part (isotropic)

 𝑓 𝑣/F 𝑑𝑣/F = 4𝜋 N
,I)/2

7
" 𝑣/F, 	 𝑒

(
9:8/
"

"6/, 	 𝑑𝑣/F

2929

a M.B. distribution for 
particles of mass 𝝁 



Bimolecular collisions 

Reactive hard spheres (𝐴 + 𝐵 → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠)

• If all collisions were reactive: − J8
#$
= − J/

#$
= 𝑧/F = 𝜎/F 𝑢/F 	 𝜌/𝜌F

          𝑘 𝑇 	 𝐴 [𝐵]
• rate would be much too high
• temp. dependence wrong:  𝑘 𝑇 ∝ 𝑇 vs Arrhenius: 𝑘 𝑇 ∝ 𝑒(0)*#/)/2

à Idea: 𝑘 𝑇 = 𝜎/F 𝑢/F 	 → 	 𝑘 𝑇 = 𝜎1 𝐸 	𝑢/F
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θ

𝑑

𝜃

𝑣

3131

• the closer the impact parameter 𝒃 
  gets to 0, the more heads-on is a collision

• only orthogonal component can drive reaction

• probability: 𝑃1 𝐸Y = �0	𝑝 	
if	𝐸Y < 𝐸∗
if	𝐸Y ≥ 𝐸∗

• hard sphere collision cross section:  𝜎/F = 𝜋𝑑,

• reaction cross section: 𝜎1 𝐸 = �
0	

𝜋𝑑,𝑝(1 − 0∗

0
)	

if	𝐸 < 𝐸∗
if	𝐸 ≥ 𝐸∗

Reactive hard spheres model 



θ

𝑑

𝜃

𝑣

3232

reaction cross section depends on energy,
   so we calculated the thermal average
   using the M.B. distribution and got:

   𝑘 𝑇 = 𝜋𝑑, 	 -.9/
01

:
; 	 𝑝	 𝑒2

<∗

>9? 

 hard-sphere cross section ×	mean velocity ×	 Arrhenius eq.
                                Arrhenius pre-factor 𝐴 

Reactive hard spheres model 
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• angular dependence and differential reaction cross section 𝐼1
• to learn more details about reaction mechanisms
• central interaction potential 𝑈 𝑟  (at least works for spherical rare 

gas atoms)
• the symmetrical nature of such a potential will make our life easier
• again, treat all in center of mass framework

• Ask: What fraction of particles (a part of the total reaction cross 
section 𝜎1) scatters into a specific solid angle (a small element 𝑑Ω 
of the total solid angle Ω)?

2-body classical scattering
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𝒓 𝑡 = 𝒓@ − 𝒓A

(𝑟&, 𝜃&)𝜙
𝜃

𝒗

𝐴 = 2𝜋𝑏𝑑𝑏

𝜒(𝑏)

𝜒(𝑏)𝑏

𝑏

𝑏𝑑𝑏𝑑𝜙

𝑑Ω = 𝑠𝑖𝑛𝜒𝑑𝜒𝑑𝜙

trajectory 𝜃(𝑟)

𝐴[ = 2𝜋𝑠𝑖𝑛𝜒𝑑𝜒

3434

𝜒 𝑏 = 𝜋 − 2𝜃&

Differential scattering cross-section:

 𝐼1 =
#Q+
#\

= ,I%#%
,IEH.] % #]

= %
< =>? @

<A

2-body classical scattering
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 𝐼1 =
#Q+
#\

= ,I%#%
,IEH.] % #]

= %
< =>? @

<A

• for hard spheres: 𝑈 𝑟 = �
0 (𝑟 > 𝑑)
∞ (𝑟 ≤ 𝑑)

•  𝜒 𝐸, 𝑏 = 2 arccos %
#

 

•  𝐼1 𝐸, 𝜒 = #"

K

𝑟

𝑈 𝑟

𝑑

∞

0

𝑏

𝜒 𝑏

𝑑
0

𝜋

2-body classical scattering
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 𝐼1 =
#Q+
#\

= ,I%#%
,IEH.] % #]

= %
< =>? @

<A

• for Lennard-Jones: 𝑈 𝑟 = 4𝜖 Q
C

!,
− Q

C

^

•  𝜒C  rainbow angle

0.0 0.5 1.0 1.5 2.0 2.5 3.0
1.0

0.5

0.0

0.5

1.0

r σ

U
ε

𝜖

𝜒 𝑏

𝑏small b

large b

𝜒𝜒C

lg 𝐼1 𝑠𝑖𝑛𝜒

𝜒C

2-body classical scattering



Chapter 6
Unimolecular Reaction Dynamics
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• Lindemann theory of collision-activated unimolecular 
reactions
• strong collision assumption for activation/deactivation
àgas-kinetic collision rate 𝑧_` for deactivation const. 𝑘(!:		
𝑧_` = 𝜎_` 𝑢_` 	𝜌_𝜌` = 𝑘(! A M

• applied steady-state approximation to [A∗	]

• overall rate: 𝑅 = 𝑘O.H A = 𝑘, A∗ = )!)" A M
)'! M -)"

• considered high- & low-pressure limits

A + M	
𝑘-
	→	 A∗+M

A∗ +M	
𝑘/-
	→	 A + M

A∗	
𝑘1
	→	 products

𝑘(! = 𝜎_` 𝑢_`

𝑘O.H =
𝑘!𝑘, M

𝑘(! M + 𝑘,
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• at low pressure becomes 1st order in collision partner, 
linear increase of 𝑘O.H 	with pressure (activation step is 
rate-liming)
• at high pressure becomes effectively 0th order, 

constant with pressure (pre-equilibrium, reaction rate-
limiting)

 𝑘O.H =
)B

!- 6B
6!M

A + M	
𝑘-
	→	 A∗+M

A∗ +M	
𝑘/-
	→	 A + M

A∗	
𝑘1
	→	 products

𝑘(! = 𝜎_` 𝑢_`

𝑘O.H =
𝑘!𝑘, M

𝑘(! M + 𝑘,
• …we realized that using 𝑘! from 

simply reactive-hard-spheres 
model underestimated 
experimental results…
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Lindemann-Hinshelwood theory
• to account for internal energy stored in vibrations that can 

drive reaction as well, to increase 𝑘! for better agreement 
with experiment
• LH theory approximates the ratio

𝑘!
𝑘(!

≈
𝐴0b0$
𝐴$c$"S

• only okay for pre-equilibrium approximation, i.e., at high 
pressures (very drastic approximation for low ones!)
• allowed us to apply statistical thermodynamics to 

calculate assuming a thermal distribution

A + M	
𝑘-
	→	 A∗+M

A∗ +M	
𝑘/-
	→	 A + M

A∗	
𝑘1
	→	 products
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• we derived from first principles:

   𝑘! =
)'!
E(! !

0$
)/2

E(!
𝑒(

($
6/,

• assuming 𝒔 classical harmonic oscillators, using stat. TD 
and density of states
• approximated solution, only valid for small molecules: 
    𝑠 small if overall atom number 𝑁 small, as 𝑠 = 3𝑁 − 6   (or 5)
• and for activation energy 𝐸' being relatively large (typical)
• and assuming quasi-equilibrium, i.e. high-pressure limit
• then, we could drop all terms in binomial expansion for 𝑗 > 0

à compared to just reactive-hard-spheres model, we learned 
that the reaction rate depends on the internal energy as well, 
taking into account the vibrational energy stored, which can 
contribute to successful activation and reaction, accounted for in 
the equation through the amount of modes 𝑠 

A + M	
𝑘-
	→	 A∗+M

A∗ +M	
𝑘/-
	→	 A + M

A∗	
𝑘1
	→	 products
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• assumes 𝑘, → 𝑘(𝐸) and A∗ 𝐸, 𝐸 + 𝑑𝐸
• assumes for activated molecules to…
(1) form microcanonical ensemble
(2) dissociate with frequency 𝜈 once 
reaching  𝐸' + 𝐸′  in the critical mode
(3) continue to form a microcanonical 
ensemble because…

A +M	
𝑑𝑘3
	→	 A∗ 𝐸, 𝐸 + 𝑑𝐸 +M

	A∗ 𝐸, 𝐸 + 𝑑𝐸 +M	
𝑘23
	→	 A + M

	A∗ 𝐸, 𝐸 + 𝑑𝐸
𝑘(𝐸)
	→	 products

(3a) ergodic hypothesis, i.e., energy can freely 
redistribute between all vibrational modes
(3b) fast IVR (intramolecular vibrational energy 
redistribution), i.e., faster than reaction

RRK theory again assumes
equilibrium (so that we can 
use statistical TD)
& classical oscillators (no QM)

Rice-Ramsperger-Kassel (RRK) Theory
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𝑘 𝐸 = 𝜈	 � 𝑃 𝐸, 𝐸E ≥ 𝐸'

𝑘 𝐸 = 𝜈 �
𝑁 𝐸, 𝐸E ≥ 𝐸'

𝑁 𝐸

𝑘 𝐸 = 𝜈	 �
𝐸 − 𝐸'
𝐸

e(!

A +M	
𝑑𝑘3
	→	 A∗ 𝐸, 𝐸 + 𝑑𝐸 +M

	A∗ 𝐸, 𝐸 + 𝑑𝐸 +M	
𝑘23
	→	 A + M

	A∗ 𝐸, 𝐸 + 𝑑𝐸
𝑘(𝐸)
	→	 products

E/E0

k(
E)

/ν

s = 1

s = 3

s = 10

5 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0

RRK result for “𝒌𝟐”

Rice-Ramsperger-Kassel (RRK) Theory



Chapter 8
Transition State Theory
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• At the TS, minimum energy path 
mode has maximum, while 
orthogonal path shows minimum
• In general: the transition state is 

a saddle point, which is a 
maximum along the reaction 
coordinate (the minimum energy 
path) and a minimum along all 
other normal modes 𝑟!

𝑟,

𝑠 ξ

U U
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A + B → N‡ → Products
• basic assumptions:
(1) Born-Oppenheimer Approximation
(2) Boltzmann (thermal) distribution
• specific assumptions:
(1) no re-crossing
(2) quasi-equilibrium
(3) classical motion along reaction
      coordinate (pretending no potential at
      the top and thus ideal gas behavior)

Transition State Theory (TST)
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𝑘2<2 = 𝑘‡
𝑁A
‡

A B
=
1
2
𝑘‡𝐾‡

𝐾‡ = gC	g‡

g8g/
𝑒(

($
6/, (stat. thermodynamics)

𝑄E =
h
i

2𝜋𝜇E𝑘F𝑇 

(translation of particle in 1D box)

𝑘‡ = !
h$
= jC

h
= !

h
,)/2
INC

 (classical 

treatment like kinetic gas theory for 𝑣E )

Transition State Theory (TST)
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  𝑘2<2 =
)/2
i

g‡

g8g/
𝑒(

($
6/, 
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Energy transfer & exciton motion via FRET
• exciton motion / 

energy transfer via 
Förster resonant 
energy transfer 
(FRET) (vs Dexter 
type)

• dipole-dipole 
coupling

• can be long-range 
interaction (few 
nm)

• very fast (sub-ps)
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2.2 Dynamic Processes in Conjugated Molecules

gral between the normalized emission spectrum of the donor and the absorption

spectrum of the acceptor. A complete derivation of this expression can be found

in [57].

HOMO 

LUMO 

Föster Transfer (Singlet) 

Donor Acceptor Donor Acceptor 

Dexter Transfer (Triplet) 

Figure 2.6: Schematic diagram comparing the mechanism of Föster and Dexter
energy transfer for a singlet and triplet exciton, respectively. Note the
analogy between FRET and non-local sequential photon emission and
absorption and between Dexter transfer and the correlated transfer of
two electrons.

The proportionality of the FRET rate to the oscillator strength of the transi-

tion is significant. This is because, as discussed previously, the transition between

a triplet state and the singlet ground state is spin-forbidden and, hence, has no

oscillator strength. As a result, triplet excitons cannot undergo FRET unless they

are rendered strongly phosphorescent by the spin-orbit interaction [13]. Contrar-

ily, FRET is a very important energy transfer mechanism for singlet excitons [58].

The dependence of the transfer rate on the spectral overlap integral has the con-

sequence that FRET can be used to achieve directed energy transfer between

chromophores with appropriately-selected transitions, as is the case in biological

light-harvesting complexes [56]. The e↵ective range of FRET is often character-

ized by the Föster radius, which is defined as the inter-chromophoric distance at

which the energy on the donor chromophore has an equal probability of transfer-

ring its energy to the acceptor as decaying. This quantity can be calculated from

material properties using Equation 2.14. The strong distance dependence causes

the Förster radius to be on the order of a few nanometers for many conjugated

organic materials [58].
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Förster transfer (singlet)
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Marcus theory of electron transfer
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Information on the Exam
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• allowed to bring:
• 1 hand-written (not print, not digital) A5 single-sided 

cheat sheet
• 1 non-programmable calculator

• provided: Exam questions and formula collection

• time to solve exam: 3hours sharp

• possible types of questions: all, for example…
multiple choice, draw this, read out that, calculate this, 
explain that, why is this, what are the limitations of that 
model, in what case is this valid, what happens for 
early/late times/in excess of X etc.

Friday, 17 January 2025
9.15 am - 12.15 pm
Room BCH2201



Interested in 
EPFL Valais Visit?

• free return train ticket 
Lausanne ßà Sion

• my team and I will give you 
a lab tour through 
facilities J

• if interested, need to know
• when?
• how many of you?
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