
A First Course on Kinetics and Reaction Engineering

Unit 5. Empirical and Theoretical Rate Expressions

Definitions
empirical rate expression - a rate expression, as defined in Unit 4, that is chosen on the basis of its ability 

to accurately predict experimental results, and not on some theoretical basis
reaction order with respect to a given species - the power to which the species concentration is raised in 

a power-law type of rate expression
overall reaction order - the sum of the reaction orders of all the species in a system

elementary reaction - a reaction where the reaction equation is an exact description of the molecular 
event taking place

collision cross section - projected area around a molecule that will result in a collision if another molecule 
enters the area

molecularity - the number of reactants participating in an elementary reaction
steric limitation - requirement that reactants must be in a particular orientation relative to each other in 

order to react
steric factor - ratio of the number of collisions that satisfy the steric limitation to the total number of 

collisions
potential energy surface - a plot of the potential energy of a system as a function of the spatial 

coordinates of all of the atoms in that system
activated complex - the species that exists at the point on the reaction coordinate with the greatest 

potential energy; it is said to be in the transition state and has a geometry somewhere between 
that of reactants and that of products

transition state - the thermodynamic state of an activated complex; the thermodynamic state 
corresponding to the point on the reaction coordinate with the greatest potential energy

saddle point - a point on a surface where the curvature is uphill in all directions but one
activation energy - the maximum energy along the reaction coordinate

reaction coordinate - the sequence of atomic positions a system will display as reactants are converted to 
products while maintaining the lowest energy possible at all times in the process

transmission coefficient - correction factor introduced into a transition state rate expression to account for 
quantum mechanical tunneling through the activation barrier

Nomenclature
[ ] symbols indicating the concentration or, if a gas, partial pressure of the species within the 

brackets
‡ symbol, when superscripted, indicating a species to be an activated complex or a quantity to be 

associated with the transition state; when subscripted it indicates a quantity to be associated with 
the transition state after the partition function for the critical vibrational mode has been factored 

out
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|equilibrium symbol indicating that the preceding quantity is evaluated at equilibrium

ΔE00 difference in the ground state electronic energy at absolute zero

ε0 minimum relative translational energy necessary for a collision to result in chemical reaction

µ specific cell growth rate or reduced mass; when the subscript “max” is present it indicates the 

maximum specific cell growth rate, a parameter in the Monod equation

ν stoichiometric coefficient (in which case the first subscript denotes the species and the second 

subscript denotes the reaction) or frequency (in which case a subscript may indicate the event the 
frequency is for); a subscripted c denotes the critical vibrational mode corresponding to motion 

along the reaction coordinate

σij cross section for a collision between species i and j
C concentration; a subscripted “S” indicates the mass concentration of substrate during cell growth, 

otherwise the subscript indicates the chemical species and that it is a molar concentration

D distance between molecules i and j
E activation energy; a subscript j denotes the associated reaction and an additional subscripted “f” 

indicates as measured in the forward direction 

K equilibrium constant; a subscript j denotes the associated reaction; (T) may follow to indicate it is 

a function of temperature; when followed by a subscripted “s” it represents the saturation constant 

in the Monod equation

L average distance traveled by a molecule between collisions

NAv Avogadro’s number

Ni number of molecules of species i
N*i number of molecules of species i per unit volume

P pressure, a subscript “i” indicates the partial pressure of species i
R ideal gas constant, or, when written with a subscript “i,” collision radius of species i
T temperature

V volume; a superscripted * and subscripted “i” denotes the average volume per molecule of i 
Z collision number; a prime denotes the total collision number and the absence of a prime denotes 

a collision number for collisions involving energy greater than some threshold energy; subscripts 
indicate the colliding species

a parameter in a power-law rate expression

h Planck’s constant 

kB Boltzmann’s constant

kj rate coefficient for the generalized net rate of reaction j, an additional subscripted “f” indicates 

rate coefficient for the absolute rate in the forward direction and “r” denotes the reverse direction

k0,j pre-exponential term (not necessarily equal to the Arrhenius pre-exponential factor) in the rate 

coefficient for reaction j, an additional subscripted “f” indicates rate coefficient for the absolute 

rate in the forward direction and “r” denotes the reverse direction
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l termolecular collision distance; when three molecules are within this distance of each other, they 

are taken to have collided

mi reaction order of species i or mass of species i
qi partition function for species i; additional subscripts may indicate a partition function for a 

particular type of motion

rj generalized net rate of reaction j; an “f” as a second subscript denotes the absolute rate in the 

forward direction and an “r” as a second subscript denotes the absolute rate in the reverse 

direction

t time; a subscript may indicate the time required for a particular event to occur

u velocity

Equations
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 (5.3)

  
µ =

µmaxCS

Ks +CS

 (5.4)

H2 + Br2  2 HBr (5.5)

  
dN A = 4πN A

∗u2( ) µ
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du  (5.6)

 
µ =

mAmB

mA + mB

 (5.7)

  σ AB = π RA + RB( )2
 (5.8)
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VB

∗ = 1
N B

∗  (5.9)

 
L =

VB
∗

σ AB

 (5.10)

 
t = L

u
 (5.11)

tone collision =
VB

∗

uσ AB

 (5.12)

  
νcollisions of single A

molecule with velocity u
=

uσ AB

VB
∗  (5.13)

  
νcollisions of all A

molecules with velocity u
=

uσ AB
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∗ dN A

∗  (5.14)

  
′ZAB = N A

∗ N B
∗σ AB

8kBT
πµ

 (5.15)

  
ZAB = N A

∗ N B
∗σ AB

8kBT
πµ

exp
−ε0

kBT
⎛

⎝⎜
⎞

⎠⎟
 (5.16)

  
ZAA = N A

∗( )2
σ AA

2kBT
πµ

exp
−ε0

kBT
⎛

⎝⎜
⎞

⎠⎟
 (5.17)
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∗ N B
∗ NC
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 (5.18)

  
ε0 =

E
N Av

 (5.19)

 
kB = R

N Av

 (5.20)

 Ni
∗ = N AvCi  (5.21)

  
ZAB = N Avrj , f  (5.22)
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 (5.29)

Ci =
ni
V

= Pi
RT

 (5.30)

AB + C → A + BC (5.31)

AB + C ⇄ ABC‡ (5.32)

  
K ‡ =

ABC‡⎡⎣ ⎤⎦
AB⎡⎣ ⎤⎦ C⎡⎣ ⎤⎦

 (5.33)

  
ABC‡⎡⎣ ⎤⎦ = K ‡ AB⎡⎣ ⎤⎦ C⎡⎣ ⎤⎦  (5.34)
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 qi = qtr−iqrot−iqvib−i  (5.36)
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rj , f = ABC‡⎡⎣ ⎤⎦νc  (5.46)
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