THEORIES OF UNIMOLECULAR GASEOUS REACTIONS

- Though we have dealt at length with the two theories of reactions ratcs, thZ;‘-’ itsh:o(r:(illi:?rlrlt]}::eq
and the activated complex theory (ACT), which purport to find the theoretica bas el hmus
‘equation, k = A exp (-E,/RT), unimolecular gaseous reactions, which are the s:m;;_ i s : ave
attracted considerable attention at the hands of theorists. There are at pregent ive : tt:c:)r;cs of the
unimolecular gaseous reactions, viz., Lindemann-Christiansen treatment, t'he Hinshelwoo dr.ca mel;]t, the
Rice-Rampsberger-Kassel (RRK) treatment, N.B. Slater’s treatment (which we shall not leCUSS ere),
and finally the most important of them all—the Marcus extension of the RRK treatment, known as the
RRKM theory.

As we have shown earlier in this chapter, the unimolecular rate constant, as derived in the
Lindemann-Christiansen theory, is given by Eq. 78, viz.,

o g ki ky _ (1)
= ko) + ky [[A]

For some purposes, it is convenientt to write this equation as

1+ ky/k_; [A] |

According to Eq. 1, the plot of the first-order rate constant
k! versus [A] is a hyperbola (Fig. 1). The rate constant &' is a
constant in the higher concentration range but falls off at
lower concentrations. It can be shown that k! = k. /2 when
k_; [A] = k, and we write the concentration at which this is
true as [A]],Q.

’ k I -y
ThUS, [A]lJQ — —2- = _,S,.; ”.(3)
ko Kk
Application of this relationship to experimental data raises
some difficulties. The value of k) is an experimental quantity;
it was thought that, using the simple collision theory, it could Fig. 1. Plot of k! versus [A].
be written as z; exp (-E,/RT), where z, is the collision frequency o
factor and E| is the activation energy. Experimentally, however, it was found that the valy
were always smaller than those estimated in this way. Thus, es of [A]y.2
the error must lie in the estimation of k; rather than kalo
(which is an experimental quantity). Thus, we must modify &
so that it is larger than zj exp (- E/kT). ‘
Another difficulty with the Lindemann-Christiansen
mechanism becomes evident when experimental results are

plotted in another way. Rewriting Eq. 1 as

[A]l —

Theoretical

Zl= —

Experimental

7 T
X kky  klA] (@)
and plotting 1/k" versus 1/[A) should give a straight line.
However, deviations from linearity have been found (Fig. 2). ity i
1. The Hinshelwood Theory ; _}\_]

The first difficulty with the Lindemann-Christiansen

treatment that the first-order rates are maintained down to versus 1/[A].

Fig. 2, Schematic plot of 1/k!
'_*hh_
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helwood’s suggestion that

lower ¢ i _ .
oncentrations than the theory appeared to permit, was overcome by Hins o5 of freedom.

the expression z; exp (- £/RT) applied only i is distributed among two degr
Hoviever ‘[or Some'unimoleculal:'preactionz. illsenzlzl;g of degrees of freedom, 5. I s Lirg(fii"e;:g
activation energy is distributed initially among these degrees of freedom ; this distribution can_] s of _
in many ways. Once the energy is in the molecule, distributed in any way among $ vibrational deg coliad
freedom, ths: molecule is in a position eventually io react. After a number of vibratic_ms of the ene griate
degrees of freedom so that A" can immediately pass into the products. Hinshelwood derived the 0

formula for the fraction of molecules having energy in excess of € :

-1
. 1 (Y . .(5)
S — xp (—¢&q /KT
J (s—l)l[kT] R
where s is the number of degrees of freedom. He then expressed the rate constant ki as
. \g-1 " '
_1 (&) ( io_J (6)
& = x — . ; e
ki z‘(s-l)![kr] s :
l * s-1 i
instead of simply as z) exp (—gg / kT). Thus, an additional factor PP —g_-) has appeared and if
s—1)!

s is sufficiently large, this may be greater than unity by many powers of 10. Eq. 5 can give much hi_gl-ler
rates of activation and, therefore, much higher k;/k_; values than those given by the simple collision

theory. It can be shown that the experimental activation energy per molecule g, is related to €0 as

€ = €q + (5 — F)KT

Thus, if £, = 170 kJ mol-! and s=12, then Eq. 5 gives a value of k;/k_j that is larger by more than 10°
than that given by the older theory. : ‘

The following objections may be raised to the Hinshelwood theory :

(1) The number s of the degrees of freedom required to give agreement with experiment on the basis
of the Hinshelwood theory is about one-half of the total number of vibrational modes. There is no
satisfactory explanation for this. ‘

(2) According to the Hinshelwood theory,

- s—-1 -
T T [ﬁo.} & _ :
s ki (s=DUAT P\ T . inskd)

Thus, one would expect a strong !empcraw're-depem_ience of the pre-exponential factor, especially for
large values of s. No experimental evidence exists for this.

3.) The Hinshelwood treatment cannot account for the lack of linearity found experimentally for the
plot of 1/k! versus 1/[A].

. K Theory A o3
: Ti\lﬁitfl?: slight modification of the Lindemann-Christiansen mechanism, the the

following the Hinshelwood suggestion, be written as
k L]
A+M ‘_._—k-’—‘ A+ M
-1 -

A — A —— products . *-i_‘.'_

ory of unimolecular
reactions can,

where M is any molecule, including another A: that can transfer energy to A whe
is the energized molecule and A" is the ac-twatcd molecule. To become an
molecule A must acquire at least the energy €. The energy scheme for the Ling

n a collision occurs: A*
activated molecule; the
emann, Hinshelwood and
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wed A to acquire an amount g

RRK, mechanisms is in Fi i ’ ification allo
Ll B Sy ey on 9 s s A¥ to be independent of g,

*
_energy g at an enhanced rate but regarded the rate at which A" become

Reactant Energized Aclwilé;d& +
moleculeA molecule A* ﬂ-—;
Energy of energized = - - - - - = et :
molecule A* ' '1 |
i
58 TN ..+ - - Zero-point
» T 1: energy
£ =+
: Classical
Critical ground
energy for state
reaction &;

Zero-point = =p= = = = J = = - Z -2
energy L

. Classical
ground
state

Fig. 3. Energy scheme for Lindemann, Hinshelwood and RRK mechanisms

energy. In the subsequent theoretical treatment, Ehe rate constant K, was not treated as a constant but was
considered to be larger the greater the value of €". Eq. 2 can now be written in the more general form :

K - __fkalk/k) | j .8
1+k2/k_1[M]

In the Hinshelwood version, both k; and k\/k_, are treated as inde;ﬁendent of £*, the amount of energy
in the energized molecule. Hinshelwood’s result (Eq. 6) involves the critical energy gB , rather than €.

After the derivation of the Hinshelwood formula (in 1927), O.K. Rice and H.C. Rampsberger, and
independently L.S. Kassel, proposed theories (in 1928) wherein both k, and ki/k_, were treated as
dependent on e*. These theories are referred to jointly as the RRK theory. In this theory, k, is replaced
by kz(e') and k;/k_; by ﬂs*), which is a distribution function, so that Eq. 8 is written as

| k(D .
& = @ M .0

Here dk! is a microcanonical rate constant which relates to energized molecules S
* 5 . ' ] .
between & and £ +de”. To obtain the ordinary rate constant k' this expresslon st b ine s b 1om
— the minimum energy that may lead to reaction— to infinity :

o * L
| k(e f(E) et

k = . * € (10)

#1+A2(8 )Ik—l[M] s

E

In the RRK formgtism, a molec::l'e is. re_gardcd as a system of loosely coupled oscillators. In the
SHET gized molecule A", the energy € 1S distributed among the normal modes of vibration. Because th¢
normal modes are coupled loosely, the energy can ﬂow hetvyeen them and after a sufficient number of
vibrations, the T itical amount of energy ¢ may be mla particular normat mode and reaction can 0ccu’:
Thus, for example, energy inan energized ethane molecule, CoHg", may pass into a normal vibrationa

*
€0
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the C—C bond and if the energy is sufficiently great, the bond
0 +CHj radicals. In the RRK theory, the oscillators are all

Ory is that the energized molecules A* have random lifetimes,

§ entirely o Statisti :’andomly among 1hf: various normal modes so that lhc procegs

ce A* moleculeg 1~ dca factors. Another important feature of the-tpeory ls'that the

DS large amouns (;? also those that deactivate them are strong collisions. This means

ngle collision thap energy (>> kT) are transferred. This implies that activation more

on it is assy d‘\.a,r“su_it of successive collisions. When an energized molecule A
med that it inevitably gets de-energized.

According to ¢
o ne RRK theory, the dependence of k, on €* is s follows : The statistical weight of a

system of s de . -

number of Waysg{:ish?sl\‘f;l;lsnopal frf{'edom containing j quanta of vibrational energy is equal to the
g JeCts can be divided i ain any number of

objects. The number of such ways is gi among s boxes each of which can contain any

ven by

- € ene

collisions that produ
that during collisig
often occurs in 5 si
undergoes a colljs;

gy is distributeq

_(J+s-1)!
V=G A1)

T - - - . . ) * i
.. he stanstlcal.we_lgl}t for states in which s oscillators have j quanta among them, and one particular
¢ has m quanta, is similarly given by |

g &) =i A5 = 1)]
(J-m)(s - 1!

& Tl}e probability that a particular oscillator has m quanta and all s oscillators have j quanta is given by
e ratio . :

= .(12)

W (J=mis— 11!

wo (-mlG+s-1! -+(13)
Applying the Stirling approximation (n ! = n'/e"), the terms in " cancel out, giving
il _ \J-m+s=1 :j :
ro G-—m+s-1) i 1 5
_ (J - m "+ 5 - 150
If j—m>>s-1,this reduces to ! _
i —m j-m+s-1 :j : —m 5-1
rF= (J )j—m -jﬂ-{l =[j : ) : ...(15)
G-m""J J .

a j may be taken as proportional to ", the total energy of the molecule,

total number of quant 1y .
The the minimum energy that a molecule must have for decomposition to take

while m is proportional 0 &g »
place. Eq.15, thus, becomes

% 8‘ 5-1 .
’=[£‘T£J ..(16)
€
The rate at which the encrgy e; passes into this particular oscillator is proportional to this
er |
i w\5-1
quantity SO that , et 3
ky = k" |7 ik Lt)

¥ i . . *® i . ;
our attention 10 the distribution function fle’) which, according to the RRK theory, is
n

We next tur
given by

*

s-1
" N (20 IR AR

- e
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1026 ' CHEMICAL KINETICS

gs normal modes of yibration.

It is assumed here that the energy & i distributed amon
Substituting Eqgs. 17 and 18 into Eq. 10, we obtain

* * 5-] * g 1 * i ;
i e —€p 1 & ——exp(-€ kT) :
X150 wole) BT =
k! = I : . . -1
€ i [E*-“": 80}
ky[MI{ e * _ehYkT 3 b = gq /KT . Changing

This equation may be reduced using the following substitutlions ¢x = (€
de*/kT to dx and thereby the limits of integration, we obtain

Wes = DR .20)

§
sl 1+ (6 MDLxEx + DY
- kfe b Q]‘ ¥ le % dx o
(=D + (Pl IMD[xx + b
P exp(ceokT) T e -
or k! (s — 1)1_ : Lad: (k#/k_l[M])[xl(x + b)]s—-l ...( )

When [M] is very large, that is, at the high pressure first-order limit, this exp‘ression reduces approximately to
kL = k¥ exp(—eo/KT) ...(23)

For given values of [M], g, and s, the integral in
Eq. 22 can be evaluated numerically. Eq. 22 ok
generally gives a reasonable-~dgreement with
experiment, if s is taken to be about one-half of
the total number of normal vibrational modes in
the molecule. This is one unsatisfactory feature of
the theory ; it is impossible to predict what value sz
of s should be taken for a given reaction. .

In this expression, the rate constant k¥
corresponds to the free passage of the system through
the dividing surface. When ¢’ is sufficiently large,
the energized molecule is essentially an activated i
molecule and, therefore, can pass immediately to 0 5 10 1'5 2‘0 :
the final state. The variation of k, with &/ ¢y, £y e+ i
given by Eq, 17, is shown in Fig. 4. !

Fig. 4. Variation of k; with € /ey

for different values of s.

The significance of k¥ in RRK theory is also
rather unsatisfactory. If there were a complete redistribution of ener
vibration, the theory would predict that the pre-exponential facto
limit (Eq. 23)_ would be the average of the various normal-mode frequenci
pre-exponential factor of about 10'* s~ for all unimolecular reactions Th?S" It would, therefore, predict a
for many the values are very much greater than this. The RRK theor '8 IS true for some reactions, but
high values. According to Laidler and Steel (1961), the interpretati Ty provides no explanation for such

transition state theory), which gives the following expression for k”l('m is provided by CTST (conventional

K = (KI/) (gylq,)

rgg among the normal modes on every
or the reaction in its high pressure

..(29)
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where g, js

he paryiy;
assumed that ll'l()n f“DCtion .
large pr e-e)cpol:: o mplgg;;he activated complexes and g, for the reactants. If it is reasonably
3. The RRKM e factors are accoumgefm"ch looser structures than the reactants, gy >> g, and the
) (R.iCQ-. or.
Psherger—Kassd—Mamus) Theory

theory). 1 ml\garcus €Xtended the RRK treatment to bring it in line with the TST

. “OMplexes are cothe-gry' the mf:‘h_vidual vibraliopal frequencies of the cncrg'lzcd

energies. Fi 1 otatio NSidered expllcnly. + account is taken of the way the various
© F18- 5. shows the e NS contribute to reaction, and allowance is made for zero-point
Nergy scheme for the RRKM mechanism.

CHEMICAL KINETICS 1027

Reactant Energi :
nergized Activated
Energy of energized _ _ _molecule A molecule A* complex A
molecule i Sl f-—-____-_-‘r_-
inactive %aclive
Energy in + : .
actiwey 4 & Ecr:g:rgy in 4
wodes +|  active modes
Zero-point
"""" energy
Classical
ground state
Zero-point
energy f
&
Classical
ground state
Fig. 5. Energy scheme for the RRKM mechanism

The total energy containe_d in.the energi:-_:ed molecule is classiﬁed as either active or inactive (also
referred to as adiabatic). The inactive energy is the energy that remains in the same quantum state during
the course of the reaction and, therefore, cannot contribute to the bregkmg of bonds. The zero-point

. i :ve. as is the energy of overall translation and rotation, since this energy is preserved as
energy 1s lnactlve:vate d molecule A? is formed. Vibrational energy and the energy of internal rotations

' n the actl T ' ST
such whe ne RRKM theory., the distribution function | (¢ )de s calculateq using quantum

are active. In t 5
atoh : iven *
statistics and is given by p(e) exp (- & /KT) de’

f(g" )de' = (25)

f o(c") exp (- € /kT) de"

0S) having energy between ¢* and £* + dg*. (The DOS is defined as

0
. D inator -
ty of states ( ) The denominator in Eq. 25 is the partition function relating

i o
tates per unit energy rang
. y contributions:

RRKM theory,
k(€)= hpe)F

where p(e*) is the dens

the number 0
to the active energ

According to the

the rate constant k»(e") is given by

(26)

QRIS —— e i
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1028 CHEMICAL KINETICS

sbration- ion quantum states f
Where [ is the statistical factor and SP(elive) 1S the number oLY: br?tzilo'ﬁ ro:;%[l.o _the factor F h
the activated molecule corresponding to all energies upto and inciuch gh activated molecule as.
introduced to correct for the fact that the rotations may not be the same 1f the 5 |
the energized molecule. - &

A mnoteworthy feature of the RRKM theory is that it : :
high-pressure unimolecular (first-order) rate constant as is given by CTST :

leads to the same expression for the limitir

. 30
Kl = [%]giexp(—solkﬁ 27
i

where gy and g; are the partition functions for the activated and initial states. Thus, the theory cal

~explain the abnormally high pre-exponential factors that are sometimes observed. I-n order to use th
RRKM theory for detailed calculations, we must decide on models for the energized and activatec
molecules. Vibrational frequencies for the various normal modes must be estimated and decisions made
as to which energies are active and which are inactive. Numerical methods are used to calculate the rate
constants k' at various concentrations. Reactions which have been successfully investigated include the
isomerization of cyclopropane, the isomerization of cyclobutane and the dissociation of cyclobutane into
two ethylene molecules. The isomerization of cyclopropane to propylene was the first unimolecular
gaseous reaction investigated in the 1920s. A major difficulty in applying the RRKM theory is that the
vibrational frequencies of the activated complexes usually cannot be estimated very reliably and there is
evidence for the non-RRKM behaviour.

In conclusion, we must remark that none of the theories of unimolecular reactions we have described
so far addresses the possibility of nonstatistical energy distribution in the original A molecule or of non-
statistical reaction dynamics. Much recent work is directed towards finding the extent to which non-
-statistical behaviour exists. A key factor affecting the energy distribution is the mode of excitation of A
Thus, we have concentrated on excitation by collisions, that is, thermal excitation, which it seems should
produce a statistical energy distribution. However, there are methods such as chemical and photochemical
excitation wherein there is evidence for nonstatistical energy distributions.

One potential method for obtaining information about unimolecular reactions with
is the use of molecular beams. (The reactions studied in this way are, of course, bij
the activation steps of unimolecular mechanisms.) In such studies,
energy distribution of reaction fragments is nonstatistical, contrary
theory ; this implies that not all degrees of freedom participate in th

nonthermal activation
molecular but can be
it has been found that the translational
to the predictions of (say) the RRKM
e fragmentation of the complex.

The reaction dynamics of molecules with many degrees of fr
area of intensive research. The issues we must analyze to e
reactions are the process of acquisition of sufficient ener
bond rearrangement, tho, process: of energy” trnsfer within the molecule and h ”
reaction steps. The last two PTocesses compete with each other The occ the elementa‘ry Cheml.cal
requires the concentration of energy, say, within the bond that i:; to be b urrence of chemical reaction
within the molecule tends to distribute the available energy amo : mke_n' Whereas energy transfer
freedom. There may occur the so-called bo N8 many, possibly all available degrees of
transfer. These topit_:s, including chaos in molecy]ar dgasiics
mathematical physicists.

eedom is far from understood and is an
ruct a complete theory of unimolecular
gy by a molecule for the breaking of a bond or
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