m Kinetics and Arrhenius Equation

1. Kinetics
Zero Order Reaction

A reaction is of zero order when the rate of reaction is independent of the concentration of materials. The rate of reaction is a
constant. YWhen the limiting reactant is completely consumed, the reaction stops abruptly.

The zero order rate law for the general reaction

A—P

is written as the equation

-k (1)
which on integration of both sides gives

[A] = -kt+C ®

When t = 0 the concentration of A 1s [A],. The constant of integration must be [Aly,.

Now the mntegrated form of zero-order kinetics can be written as follows

[A]= -kt+[A] 3)

Flotting [A] versus t will give a straight line with slope -k.

First Order Reaction

A peneral ummeolecular reaction

A—>P

where A is a reactant and P iz a product is called a first-order reaction.
The rate is proportional to the concentration of a single reactant raised to the first power.

The decrease in the concentration of & over time can be written as:
v=-—— =K[A] L
A
-——=kdt @
Al

Equation (2) represents the differential form of the rate law. Integration of this equation and determuination of the mtegration constant € produces
the corresponding integrated law.



Integrating equation (2) yields:
In[A]=-kt+C 3
The constant of mtegration C can be evaluated by using boundary conditions. When t= 0, [A] = [Al,. [Aly 15 the onginal concentration of A.

Substituting into equation (3) gives:

In[A];=-k(0) +C @
Therefore the value of the constant of mtegration is:
C=In[A], ®)
Substituting (5 into (4) leads to:
In (4] =-kt )
(Al

Plotting In[A] or In[A]/[A]; againsttime creates a straight line with slope -k. The plot should be linear up to a conversion of
80-90%%, that is up to the point at which 80-90% of the concentration of the reactant is consumed.

Equation {6) can also be written as:
[A] =[a] ekt G

This means that the concentration of A decreases exponentially as a function of time.

The rate constant k can also be determined from the half-life ¢, Half-life 15 the time it takes for the concentration to fall from [A], to [A], /2.
According to equation (6) is obtained:

0 K In2
= or = —
1z [A], 72 tis2 6

Pseudo First Order Reaction

A and B react to produce P

A+B—>P

If the initial concentration of the reactant A is much larger than the concentration of B, the concentration of A will not change appreciably during the
course of the reaction The concentration of the reactant in excess will remain almost constant. Thus the rate's dependence on B can be 1solated and
the rate law can be written

v=—_Jd-K" [B] where K'=Kk- [A] 1))

Ecuation (1) represents the differential form of the rate law. Integration of this equation and evaluation of the imtegration constant © produces the
corresponding inteprated law.

Substituting [B] = ¢ mnto equation (1) yields:

d
- Tc =K-dt )

Integrating ecquation {2) gives:

Inc=-Kt+C @)



The constant of integration C can be evaluated by using boundary conditions. At t= 0 the concentration of B is .
Therefore

C = Incy @)
Accordingly is obtained:

Inc=Incyg-K-t or c=cge-Kt {5)

If'the decrease in concentration of B is followed by photometric measurement the Beer' Law must be talen into account.

Combinmg ecuation (4) and Beer' Law

A=log%=—log1"=s-c-d {6)

A = absorbance, e = molar absorbtivity with units of L - mol Lem-!

¢ = concentration of the compound in solution, expressed mmol - L gl
P= radiant power for radiation entering, P= radiant power for radiation leaving

gives the relationship between k' and InA

InA=-K-t+Incg+In(e-d) or mMmA=-K"“t+C (7

Cne needs only monitor the relative concentration of B as a function of time to obtain the pseudo-first order rate constant k' The value of k'
can then be divided by the known, constant concentration of the excess compound to obtain the true constant second order ko

k=[Ar] @)

The pseudo-first order rate constant k' can be also determined from the half-life t; .

Cp In2
or

K-t =In K =—
12 cufz tis2

©

Second Order Reaction

The rate of a second order reaction is proportional to either the concentration of a reactant squared, or the product of concentrations
of two reactants.

For the general case of a reaction between A and B, such that

A+B—P

the rate of reaction will be given by
—— " =k-[A][B] 48]

1. Initial concentrations of the two reactants are equal:

Equation (1) can be written as:

_9fa]_ k-[A]? )



Separating the variables and inteprating pives:

1

[A] =kt+C 3

‘With the condition that [A] = [A], at t= 0 the constant of mtegration C becomes equal to 1/ [A],.

Thus the second order mtegrated rate equation is

1 1
— T _ Kkt
[A] [, @

Aplotof 1/[A] vs t produces a straight line with slope k and intercept 1/[A]; . The plot should be linear up to a conversion of
50, that is up to the point at which 50% of the reactant concentration is consumed.

2. Starting concentrations of the two reactants are different:
IF[A], and [B], are different the variable x 15 used.
Equation (1) becomes

dx
((a],-0(B],-»

= kdt 5)

where [A]lg - x= [A], [Bly - x = [B] and x is the decrease in the concentration of A and B.

Talcing inte account that the left side can be written as

1 { 11 J ©
[B],-[a],\[a],-x  [B],—x
Integrating equation {3) gives
1 A e o
[B]D_ [A]D [B]D_X



where C 15 the constant of mtegration.

Using the condition that x = 0, when t = 0, the value of C can be found

- B[, ] ®

and equation {7) becomes

SRR = e
A plot of

against t should be a straight line.

If the ezpenmental method ywields reactant concentrations rather than x, the equivalent form of the equation 1s

m% = kt ([B] - [A],) (11)

If equimolar amounts of A and B are converted, then [A] can be expressed by the concentration of B.
E[B]=x,[A]l=[Aly- (x5 - %)

Prowided that the mitial concentration of A 1s twice the concentration of B equation (11) becomes

1 X
m{z[fuﬂ = x, kit 12)

Summary

Differential Rate | Integrated Rate Slope of Units of Rate

Reaction Order Law Law L L Linear Plot Constant
| 0 | -dAa=k | [A ]=[A]u—kt | Alwt | -k ol Lt
‘ Ist | d[A]/ dt =l [A] ‘ [Al=[Ale- | In[A] vs t ‘ K ‘ ¢!

\ 2nd | dlA]f di=k [AP \H[A]—H[A +kt| S[A] ws t \ k ‘ L-mell - sl




2. Arhenius Equation

Arrhenius Equation

/:::’T‘:’\_Qu\ .
B Tt 1z a well-known fact that raising the temperature ncreases the reaction rate. Quantitatively this relationship between
I|,||I the rate a reaction proceeds and its temperature 15 determined by the Arrhenius Equation:

=y, | Ea

k=Ae X W

E, = activation energy
R =28314 I'mol-E

T = absolute temperature in K elvins
A = frequency factor

Svante Arrhenius

The Arrhenius equation is often written in the logarithmic form

E,
Ink=-—2+InA
RT @

A plot of Ink wersus T produces a straight line, from which the activation energy,
Ea, can be determined because the slope is - Eaf R

| The y-intercept represents the value for Ind.

An accurate determination of the activation energy requires at least three runs
completed at different reaction temperatures.

Determination of E_

" Two-Point" Arrhenius Equation

The "Two-Pomt" Equation provides a computational method to detenmine the activation energy for a given reaction from the experimental data
found at two different reaction temperatures. The Arrhenius equations for two temperatures (T) and T, ) give two rate constants (k) and k):

atTl: Ink, = - Ea+]n.A
RT,

atT2: Ink,=- Ea +InA
RT,

Combining the two Arrhenius equations yields

Kk E 1 1
]_“__1 = = (_ = _] (3)
k, RI\T, T,

BT o

= 4
P M-T) K, @



Both the Arrhenius and the Eyring equation describe the temperature dependence of reaction rate. In the strict
sense, the Aarhenius equation may be applied only to gas reactions. The Eyring equation is used in gas,
condensed and mixed phase reactions - all places where the sumple collision model 15 not very helpful The
Arrhenius equation s founded on the empinical observation, that raising the temperature increases the rate of
reaction. The Eyring equaion is a thecretical construct, based on transition state model.

According to the "transition state theory' during a chetical reaction the reactants are getting over into an unsteady intermediate state.

k] o 1".2
A+B £ AB* o0
-1

&l When two particles A and B collide, due to collision energy a complex is formed. Ifthe collision invelves more than a

certain amount of energy ('threshold energy”), the "activated complex’ or “transition state’ AB* is formed, an unstable
atrangement, i which bonds break and form to generate the products C or to degenerate back to the reactants A and B

Effective collision
iline Betrodnctony Chewisty

The concentration change of the complex AB* can be described as follows:

d[AB*
AR -y [A] (8] - ke-y [AB#] -k [AB*]
Due to the equilibrium between the 'activated Complex' AB* and the reactants A and B, the components k; - [A] - [B] and k , - [ABﬁ] cancel

out. Thus the reaction rate is directly proportional to the concentration of AB*

d[AB¥] #
- ——— = k' |AB
at ke[ ]
k, is gven by statistical mechanics:
Ko kT
h

kp = Boltzmann's constant [1.381:10% - K1
h = Plank constant [6.626-1074 7 - 5]

k, is called 'universal constant for a transition state® (~ 6 - 1012 sec”! at room temperature).

Addiionally [AB*“] can be denved from the quasi stationary equilibrium between AB*and AR by applying the mass action law:

[AB*] = K* [A] [B]
K= thermodynamic equilibrium constant
Due to the equilibrium that will be reached rapidly, the reactants and the activated complex decrease at the same rate. Therefore, considening both
equation {4) and (5), equation (3) become:

A 5 e

With consideration of the derived rate laws and by algebraic rearrangement, equation (6) can be rewritten:

kT
k==K



Additionally thermodynamics gives a further representation of the equilibrium constant:

AG*=-R-T-mK* (8)
AGF= AH*-T  AS* (9)

AGH = Fee activation enthalpy [k - mol‘l]
As# = activation entropy [T - mol? - K'l]
AHF = activation enthalpy [k - mol‘l]

H iz the amount of heat of a system with constant pressure. AH? s the enthalpy difference
between the activated complex and the reactants A and B. Tt iz called activation enthalpy (Fig.
1)

S)is for the entropy, the extent of randomness or dizorder in a system. The entropy difference
hetween activated complex and the reactants 15 called activation entropy ASH

AGH is the free activation enthalpy. According to equation (9) AG¥ is molar enthalpy AH*
minus the product of the temperature T (which iz in kelwnn) and the change in entropy AS*
The general rule applies: A stabilization of the activated complex reduces the enthalpy difference
AG* and increases the rate.

AGH represents the determining driving power for a reaction. The sign of AGH determines f a
reaction 15 spontatiecus of not.

Figure 1: Energy profile
E: Potential energy 4 .
Reaction coordinaie: Bond length or bond angle AGY =0 = system at equilibrium, no net change occurs
Transition state: Maximum of energy in the path
way,
ie.along the reaction coordinate

AGH#< 0 = reaction is spontaneous

AG* > 0= reaction is not spontaneous

Combining Equation (8) and the expression (9 and solving for Inle welds:

sH* A8
InK*=- = (10
rT ‘1T Y
The Eyring eguation: iz found by substituting equation (10) nito equation (7):
_Ln* ps®
- kB'T.E RT R (11)
h
Equation (11} iz transformed into a inear expression:
kg AH* 1 as®
B p_2  — 8%
Ink = In h T B S (12)

k AH* 1 kg AS*
- =+ m=2+ 13
g R T ™% R 13)



T

A plot of (/TY versus T will be a straight line with a slope of m=- AHM R Fig. 23
AH* can be calculated from the slope of this line. Multiplying -m hy -R (-8.314J'mol'K) yields
AHF

In(k/T) Using the y-intercept
ky  As?

h R

yx=0)=In

AS# can be determined and thus is enabled the caloulation of AGY for the appropriate reaction

temperatires according to equation (9).
Figure 2: Determination of AH? i ding 4 @

A comparison between the Arrhenius equation and the Eyring eguation shows, that E_ and AHF or InA and AS? are analog quantities. For
mecharistical nvestigations the different activation parameters E_ / In& or AH* | AS* are used alternatively. The activation energy E_ is not

exactly equal to the activation enthalpy AHF butis greater than it by a small ameunt (the difference 15 E-T)

® Small values of E_ and AH* = fast rate
® large values of E_ and AHF = slow rate

® InA small, corresponding to very negative values of AS* = slow rate
® InA large, corresponding to relatively positive values of AS*= fast rate

Typical values for E_ and AH* run from 20 to 150 [kJ / mol].

The study of the temperature dependence supplies the above all mechanistically important values InA or AS#, equivalent in their
predicate strength.

® [nA small, corresponding to very negative values of Ast {unfavorahle)
The transition state is highly ordered in comparison to the ground state. This is generally the case, if on the way to the transition
state, degrees of freedom (translational, rotational or vibrational) are frozen.

® [nA large, corresponding to relatively positive values of Ag? {favorahble)
In comparison to the ground state the transition state is disordered. Translational, rotational or vibrational degrees of freedom are
set free.

InA and AS* are sensible sensors for the status order of transition state.

Note:
Although the determination of the activation parameters must be performed accurately, it may not pretend an excessive accuracy.
The values of the activation energy and activation enthalpy are rounded in publications to one decimal place. The value of activation

entropy is to he specified hasically with whole numbers. Values of entropies AS" < + 10 are written to one decimal place of accuracy.
The value of InA shall be expressed with an accuracy of two decimal places.

An accurate determination of the activation energy requires at least three runs completed at different reaction temperatures. If the
data points in the plot of In{k/T) versus 1/T (Fig. 2) do not lie exactly on a straight line, a linear regression analysis providing the 'line
of best fit' will not increase the accuracy. If the plotted points deviate significantly from the straight line, the rate constant should be
determined at a further reaction temperature, since each of the three data points can be false. Basically, it recommends to increase
the accuracy of the measured values by improvement of the measuring method {accurate thermostating of reaction solutions).
Sometimes the data points are positioned on a concave or convex curve. Most notably a secondary reaction is responsible for this
hehavior. The secondary reaction will have more or less importance, owing to the deviation of activation parameters with rising
temperature. In this case the calculation of the activation parameters is senseless.



