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152 5/ELEMENTARY GAS-PHASE REACTIONS

to (—d[A)/dn)/[A), isindependent of [A]. According to Perrin, this probability remains
~ .the same even if [A] approaches zero, when there are no collisions. He therefore
- coricluded thiat collisions could play-no part in-unimelecular processes, and the ra- -
diation hypothesis appeared to offer the only plausible alternative. The argument can
be expressed in another way by saying that the frequency of collisions depends on the
square of the pressure; dependence of the rate on the first power therefore appeared
to be impossible.
To some® this argument appeared compelling, while others” were skeptical.
The controversy raged for a number of years until finally an alternative explanation
for unimolecular reactions was accepted. It is now easy to see the fallacy in Perrin’s
X ~ argument: there were no known experimental examples. and Perrin assumed behavior
“that eventually turned out to be incorrect. Unimolecular reactions do not remain first

order at very low pressures.

5.3.1 Lindemann-Christiansen Hypothesis .

. . In 1921 the Faraday Society held a discussion on “The Radiation Theory of Chemical
. Action.” At this meeting, the whole problem, including that of unimolecular reactions,

- was hotly debated. One who expressed strong opposition to the radiation hypothesis’

- was Lindemann (later Lord Cherwell). Realizing that if he destroyed the hypothesis

he should suggest an alternative explanation for unimolecular reactions, he did so in
a very brief communication which was later published.*® A few days after Lindemann
made his oral presentation, Christiansen® published his Ph.D. thesis in which the
same treatment was included, in a more detailed and explicit form-than appeared in
—1indemann’s written submnission. This Lindemann—Christiansen hypothesis is the basis
of all modemn theories of unimolecular reactions, although a number of important

4

- T - rnodifications had to be madeto it later. ° . . )
R . The hypothesis provided a way in which, under some conditions; activation by
" collisions ean give rise to first-order kinetics. It also led to the important prediction
’ that at sufficiently low pressures allunimolecular reactions must becorne second order.

Much later work has shown this to be the case. .

The Lindemann-Christiansen hypothesis, as later interpreted and expanded by
) Hinshelwood* and others, can be formulated as follows. The process of forming a
T molecule A* having sufficient energy to undergo reaction, the energization process,
involves eollision between two molecules of A. The energized molecule A* may undergo
de-energization by collision with a normal molecule, or it may-undergo a umnimolecular
reaction to form products. These three processes are quite distinct, and the situation

may be represerited as

ki
>+>N||y>*+>.
-1

k2
A* > Y +2Z

s
FE

The rate of energization is k[ A]>. The energized species can be de-energized, at a rate
k_[A*][A], or it can undergo conversion into products Y + Z at a rate ko[A¥]. ‘.

If the pressure is high enough, the rate k_JA*][A] with which A*.is de-energized
will be greater than the rate of product formation, k;[A*]. When this is the case, the:

5,3 UNIMOLECULAR REACTIONS
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by Eq. (5.13). A first-order rate constant under these conditions can be defined by

energized Eo_nnc_nm. A¥* are essentially in equilibrium with normal molecules, and the
_ concentration {A¥] is thus wﬁouonmn:m_ to the first power of [A], being given by

k
[A%] = —~[A] B CAY))
—1
Thus, the rate of reaction, equal to k,[A¥], is also proportional to [A]:

. . v = klA%].= ky LN T 5.13)

The kinetics are first order. :
.ﬁ_w m_:.E:oP however, is different if the 8:8::»:.0: of A is so small that de-
.n:oqmﬁ.m:o: 1s much less rapid than the rate at which A is converted into E.oa:oa‘
.H:Qo is no longer an equilibrium involving A*. Instead, the rate of product ?..Emnom
is almost equal to the rate at which A* molecules are.formed, since now these molecules. -
:.nm& always become products. The rate of reaction therefore equals the rate of nao_‘..
gization, which is k[A)%; the kinetics are second order. - : :
, >m8.n Lindemann and Christiansen put forward these suggestions, some exper-
iments were done with the object of seeing whether the kinetics &a.ao.noan second
order at sufficiently low pressures. At first there was considerable confusion, since
many of the reactions studied were not truly unimolecular; some were 88@0%8
Rmn:osm and others occurred on the surface of the vessel. Much early work was done
on the nitrogen pentoxide decomposition (seé Section 8.4.6), which did =o,~ show the
change of .E:o:om. but which eventually turned out to occur by a composite mechanism.
. An important aspect of the Lindemann-Christiansen hypothesis is the concen-
tration of A at which there should be an observable transition from first-order towards
second-order kinetics. According to the hypothesis, the kinetics are first order only
when :_.o rate of ao-nsw@w.m:o:« k_,[A*][A], is considerably greater than E.n rate of
conversion of A* into products, k] A*). When this is so, the rate of reaction is m?n.:

v=kL[A
and thus is given by . _ 49

ki, =
oo \ﬂl_

(5.15)
We now oosmaa.ﬂ in particular the situation when the rates of an.onmﬁ.nm:on. :
and of product formation are equal: the condition is

kA [A¥[A]z = kaA%] (5.16)

i::na [Alyy is the concentration at which this is satisfied. Now A* has only a 50%
chance of becoming products, and the rate is just half of th i

T . ] e rate given by Eq. (5.13).
L7

Vip = wa»
=1

[Ali2 G..:v

= 1kL Al (5.18)
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Theoretical
{Eq. (5.28)]

Experimental

"ﬂ;

m,_m__na 5.6 - Schematic plots of 1/k' versus 1/[A].

‘which this distribution may be effected. Once the energy is in the molecule, distributed

in any way among s vibrational degrees of freedom, the moleculé is in a position
eventually to react. After a number-of vibrations of the energized molecule A*—which
may be a very considerable number—the energy may find its way into appropriate
degrees of freedom so that A* can pass-at-once into products.

Hinshelwood derived the statistical expression (3.41) that was given in the ap-

pendix to-Chapter 3. This formula w:xwm the. @wo:os om Bo_aoﬁom rwSum n:na@ i

excess of e} as . . : o SR

1 e v . - T
* = e~ T - G.mov
4 (s—1) 1) Arw,
iroa s is the number of degrees of ?a&oE En then nxvanmmoa the rate constant F
. as - " :
=y (BY T . - (5.30)
ik (@) S

instead of simply as z,e™*/*T. Thus, an ma&noua factor has appeared,

)
s — DA\KT

and if s is sufficiently great this may be greater than unity by many powers, of 5.
The activation energy. for k; predicted in the Hinshelwood mo_.BEm:os. differs
from that predicted by the simple collision theory. maqﬁmo: (5.30) can be written

T
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This equation leads to
_ dink, (G- kT + et .

T ‘ - ar kT? - (5:32)
Since by the aom::._o: of the experimental activation energy _mn (2.81)}
k
d In aln x = m: _ £€q Aw.uuv

4T RT? kP . )
where ¢, is the experimental activation energy pcr molecule, it follows that
&g =ex+ (s~ kT (5.34)

Equation (5.30) can give much higher rates of activation and therefore much
higher &, /k_, values than simple collision theory. For example, if the expertimental
activation energy is 170 kJ mol™" and s is 12, Eq. (5.30) gives a <»_=o Om F Tk, Em_
is larger by more than 10° than that given by the-clder théory. -

A number of difficulties still remain, however, particularly the mo_._o(s:mn

1

The number s of degrees of freedom required to give agreement with exper- ~
iment on the basis of Hinshelwodd’s proposal usually turns out to be only
about one-half of the total number of vibrational modes. No satisfactory
explanation has been given for this.

According to Hinshelwood’s treatment, k,, 1s given by

L

kik 1 &\ .
— ki == IAIV T 35
: * "k =kiThilr) € (5.35)

Therefore, one would expect 4 strong temperature dependence of the pre-
exponential factor, especially »,olmqmm values of s. ,:88 1S no oxR:BnE»_
. evidence for this. - o : o
3. Hinshelwood’s treaimerit does not affect thé argument that a plot of 1/k'
versus 1/[A} should be linear (Fig. 5.6). The lack of _:.8:@ found experi-
mentally still calls for an explanation.

m w 3 Rice- mmamvmqum?_ammwm_ AII_C ._._.mm:._,.ma : —

The HRESQE of msmrn_Sooa and the ?:ran Qn<o_onBaEw of the EooQ of uni- -
molecular reactions are considered best in terms of the following scheme:

A+M=A*+M
A* - A* - products

Here M is any molecule, including another A, that can transfer energy to A when a
collision occurs. A distinction is made between an activated molecule, represented by
the symbol A%, and an energized molecule, represented as A*. An activated molecule
At is by definition one that is passing directly through the dividing surface of the
noaszm_-n:na@ surface. An energized Bo_ooc_o A*, on the other hand, is one that
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- modes of vibration. Because the normal modes are coupled loosely, the energy can

S/ELEMENTARY GAS-PHASE m;m>04_02w

Although it is convenient to consider the EonL.N»BmUQ,mQ and _Q.Mmm _.H_rnmmmm
together as-RRK theory, there are two .important differences between_them. s

Rice and Ramsperger used classicat statistical mechanics, whereas —h»wwm_m» roduoes
a quantum treatment as well as a statistical one. Second, Kassel proposed

occur only when the critical energy ¢¥ is concentrat

i 0€s
that is, in two “square. terms.”. In the Rice-Ramsperger treatment, the energy goes

into one “square term,”” which is not realistic. Most later Eﬂﬂ »anaws.wawunnmo GWMMMM:N
Kassel treatments, and the present account relates more closely to the o 8&:303.

In RRK theory a molecule is regarded as a m«mﬁo? o.m _mOma:\aoo:w o =o_.=.5m
In the energized molecule A* an amount of energy e* is distributed among [

. " t of
flow between them, and after a sufficient number of Scm.Eo:m the oncoM.WwMMﬁv_o
energy ¢f may beina particular normal mode and _.omo:on.- can 085.& or o iEom
o:oﬂ<. in an energized molecule of ethane; C;HE , may pass ::o. a Jﬁmmni =.n o
corresponds to an extension of the C—C bond. If the m:o_.@ is mcaho_mm no< m._,»ro e
bond will break with the formation of two methyl _.wa_o%_m..c ..:mwn Ty,
1 ) i cy of vibration.
cillators are tegarded as all having the same frequen ratio .
An nmmosm:m_ feature of RRK theory is that .Eo. n:.n@noa BM_oQ_:oM ho:wwwm
random lifetimes. By this is meant that the energy _anﬂ:c:ﬁm Mﬂﬁ _.M_Mw w: o cal
. ’ * _5 jepen .
various normal modes, so that the process A > A 1
factors. In other words, the process by which >w is formed does not lead to a species
in which the energy is more likely to be in oanm_s wy A
might be a higher or lower probability of mo_d.::m. . N -
’ >:o§nw important feature of the theory is that the oﬁ.v:._m_osm.ww_mﬁ. Mﬁ“ﬂ“
A* molecules and also those that deactivate them are strong collisions=By this

) the
that in the collision.processes large amounts (>kT) of energy are transferred. In other

. ion 1 in a si isi n.as a result of a number
“acti ten oceurs in a single collision tha a numbe
words, activation more often D e elision, i

ive collisions. " ) ize lecule
of successive collisions."When an energized mo - A* und oS
assumed in the strong-collision theories that de-energization 15 w:somﬁ hjomm%o_moim
The way in which RRK theory treats the anvgagow of kyon ¢* 1s ossmi:m.
The statistical weight of a system- of s degrees of ScE:o:m._ ?omaﬂ:. .Mc.._noa ing
J n:.msﬁ. of vibrational edergy is equal to the ::Bcan. of ways in w< WQSM :E.:GQ o
be divided among s boxes, each of which can contain any number,
" such waysis S ] :
. : . G+s— 1
s =1

i i j them,
The statistical weight for states in which the s oscillators =m.<o j quanta among
and one particular one has m quanta, 1S similarly

- (5.39)

w =

- ,_G=—mts— D (5.40)
WG mt s D! .

1 have
The probability that a particular oscillator has m quanta and all s oscillators
j quanta is the ratio of these:

(j—m+s— DY

Gomts= V) (5.41)
o

T miGts— 1)

w’
w

1 introduced °

ed in one normal mode of vibration,

ormal-modes, in which case there:-
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If the Sterling approximation (1! = n"/e”) is applied to this expression, the térms in
€” cancel out, and the result 1s

L (mmts— 1)l

= - - 42
U — MG T s = 42
Provided that j — m > s — 1, this reduces to
S my sy
. r= %ﬂ\l_ A - Amhuv
;o s—1
= A\%sv (5.44)

The total number of quanta j may be taken as proportional to ¢*, the total energy of
the molecule, while m is proportional to ¢§, the minimum energy that a molecule
must have for decomposition to take place.§ The expression given above therefore is
equal to :

=)
r= o

The rate with which the required energy ¢ passes into this particular oscillator is
proportional to this quantity, so'that i

- k, = »AEVT_

(5.45)

* (5.46)
€

Inthis expression k* is the rdte constant corresponding to the free passage of the system
through the dividing surface; when ¢* is sufficiently large, the energized moleeule is
essentially an activated molecule and therefore can pass immediately into the final
‘state. The variation of k, with ¢*/c% , according to Eq. (5.46), is shown in Fig. 5.9.
RRK theory also treats the distribution function f{¢*) as dependent on ¢*. If the

nsﬂmwn...Wm&mici&maosmmso::w_Boanmon,scsao:iorw<n?oamn.0.wd
that- : o T C

S J.HLIAMHV.W_FNJ.\:&*.
RTETA U7y

Introduction of this expression and Eq. G.Am.v.::o the general rate-equation G.umv.‘ o

Tt (547)

gives .
) (B Lo
o\ ) - D\kT) kT |
| -
ki= ,—M Kt fef — g\ ac* (548)
g [+ (=5
\?,E(:A e* . V
This equation may be reduced by making the following substitutions:
. _ n* - 0% _ nﬂ
XTTuT b=17 (5.49)

& This depends on the assumption that the oscillators all have the same frequency, so that all the
quanta are equal in size.
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5.3.5 Marcus’s mxﬁm:wmo.: o.q n—..m .mm_.A ._.q.mm::m:n .:.wm_.nzc. )

. . . &2
- _mechanical treatment of unimolecular reactions:

. during the course of reaction and that therefore cannot conttibute.to the breaking of

_formed. Vibrational energy and the energy of internal rotations are active.

5/ELEMENTARY GAS-PHASE REACTIONS

. /
is provided by experiments with molecules that have been energized in different ways;
this will be considered later (Section 5.3.8). o .
" " Alteinpts have been made®! to modify Slater’s treatriient with'a viéw to'permitting
fiow between normal modes. However, in the meantime, Marcus had proposed his
extension-of RRK theory, and since this proved successful little further work was done
on the basis of the Slater treatment. .

In spite of this ultimate fajlure of Slater’s theory, his work played m:.bauo_.BE
role in the development of the theories of unimolecular reactions, particularly by
suggesting criicial experiments. Aside from this, in the course of his work Slater gave
important classical treatments of molecular vibrations and also suggested a quantum-

Marcus’? has extended the Rice-Ramsperger—Kassel theory in a direction that brings
it into line with transition-state theory. The essence of his theory, now m.o:ﬂu.:v. ._n._ois
asthe EonlmgamvonmnTm&wmo_lz._maocm (RRKM) formiulation, is that the 59«55_
vibrational frequencies of the energized species and activated complexes are 85&@&.
explicitly: account is taken of the way the various normal-mode vibrations and rotations.
contribute to reaction, and allowance is made for the zero-point energies. )
Since RRKM theory is described in detail in two excellent books* by wocjmo:
and Holbrook and by Forst, only a brief general account .of the main assumptions
and procedures is given here. Figure 5.8 shows the relationship of RRKM Eoon.ulo‘
the other Eoonow, and Fig. 5.10 shows the energy scheme. The total energy contained
in the energized molecule is classified as either active or inactive (also referred to as
adiabatic). The inactive energy is energy that remains in the same quantum state
3 . -
bonds. The zero-point energy is inactive, as is the energy of overall translation NE.@.
rotation, since this energy is preserved as such when the activated molecule A? is

In RRKM theory, the distribution function f(c*) is expressed as
: " ’ ’ = i llhl\rul * : T ' . )
.o feyde* = Me*)e - e . (5.55)
. TP NEte M aet .
where N(c*) is the density of states having energy .&Qioas ¢* and & + de*. (The
density of states is defined as the number of states per unit energy range.) The denom-
inator in Eq. (5.55) is the partition function relating'to the active-energy contributions.
The expression for ky(e*) in. RRKM theory is.

I* 2 Plckuive) (5.56)
AN(*)F, .

where [* is the statistical factor (Section 4.5) and T P(ek.c) is the number of vibration-
rotational quantum states of the activated molecule, noqomvos&n.m to afl .oun@nm up
to and including e.. The factor F, is introduced to correct for the fact that the
rotations may not be the same in the activated molecule as in the energized molecule.

ka(e*) =

5.3 UNIMOLECULAR REACTIONS i 165

Reactant Energized Activated
molecule A molecule A* compiex A*
. Ehergy of - e e e .- L e e - ..
energized -— —_
molecule
L et
nactive nyctive
Energy in 1 Energy in
active Y -t — ¥ active
modes - modes
el
achive
€* - .
_ Zero-point
energy
k3 . 4
Loacnve | .o : - -
- ’ Classicat
ground
- stale
Zero-point
energy - A T T T T
€.
~ Classical
ground
state

Figure 5.10 Energy scheme for the RRKM mechanism, in which (1) fle*)de* is calculated
.using-quantum-statistical mechanics, and (2)-ka(e*) is expressed using CTST. The energy -
in A* and_Al.is either-inactive (zerd-point, overal] translational, overall totational) or -
active (all vibrations and free rotations). | -

A particularly satisfactory feature of RRKM theory is that it leads to the same
expression for the limiting high-pressure first-order rate constant that is given by con-
ventional transition-state theory: .

kL = mw.m-a\: U X 7)'
’ h g . - -
where g, and g; are the partition functions for activated and initial states. Thus, the
theory can explain the abnormally high pre-exponential factors that are sometimes .
obtained.

To make detailed caiculations using RRKM theory it is necessary to decide on
models for the energized and activated molecules. Vibrational frequencies for the
various normal modes must be estimated and decisions made as to which energies
are active and which inactive. Numerical methods are used to calculate rate coefficients
k' at various reactant concentrations.

On the whole, the theory has been very successful in interpreting the experimental
results. For a variety of reactions it has proved possible to formulate models for A*
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5.3.7 _quao_mn:_mq Energy Transfer

5/ELEMENTARY GAS-PHASE REACTIONS

el AT+ KAIMD
o U Al M 2 Ky ©-58)

Corresponding but more complicated expressions are found for the RRK and RRKM

mechanisms.
By studying rates at various concentrations of A and M, it is possible to obtain
" /k, and k., /k_,. These ratios represent the relative effectiveness with which M and
A transfer energy to A. This method is therefore a useful one for obtaining information

about intermolecular énergy transfer. .

Much evidence has accumulated about the efficiencies of energy transfers between

‘molecules, and ony a very brief .EEB»Q. is given here. The noble gases and other

simple molecules tend to.be ineffective in transferring energy; complex molecules are
more effective. Melecules that are able to react chemically transfer more energy than
nonreacting molecules. This result can be interpreted in terms of some distortion of
potential-energy surfaces when there is chemical interaction. This is illustrated sche-
matically in Fig. 5.12, which shows how relative translational energy may be converted
into the vibrationa! energy of a molecule A—B when it collides with a molecule C
with which it has some chemical affinity. : .

A rate constant k%, can be defined for a process ’ ‘

- M+ A* > M+ A
on the assumption that deactivation.occurs on every collision, that is, if the collisions
are strong collisions. In the general case, a collision efficiency B, can be defined by

e T T ky=mks T . L (5.59).

where k_, is the rate constant for a“particular substance. For large molecules B, is
approximately unity, while for small molecules-it is much less than unity. - .
Another quantity of interest, whichcan be estimated from the experimental
results, is (AE,), the average energy transferred per coliision., There is a rough cor-
mo_»mos between B, and (AE,). Molecules having B, values close to unity tend to
have Abmkv values of 40-60 kJ mol™'. Small molecules, having low B, .<m_.=8,.8=a

to transfer only ‘about 2 kJ mol ™! on each collision. - :

5.3.8 Intramolecular Energy Transfer

RRKM theory, now used almost exclusively for unimolecular gas reactions, is based
on the assumption that when a molecule is energized the vibrational energy is exchanged
rapidly between the normal modes. Specifically, it assumes that the rate of energy

redistribution within a molecule A* is much greater than the rate with which A* is

converted into products.
Two lines of evidence indicate that this assumption is usually valid. One is the

suecess of conventional RRKM theory, which makes the assumption of rapid intra-
molecular energy transfer. As already discussed, the Slater theory, which assumed no
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__Figure 512 Conversion-ef-translational energy into vibrational

energy ,.‘<=o= a molecule A—B collides with C. Because there is the
possibility of chemical reaction, there is a distortion of the energy
valleys, and upon collision the A—B distance is gitered, so that the
Bo._noEo gains vibrational energy. . : .
intramolecular energy distribution between collisions, was not satisfactory for a number
of reactions. e ) .

. The.second line of evidence involves producing energized molecules in different
ways and comparing their behavior. For example. Butier and Kistiakowsky®® produced -
BnEv\_Qo_oEmum:m.S two different ways and with different amounts of excess energy.
They _,o::ma..: by the ».a&:.o: of methylene 10 cveldpropanc )

AHIN + :NOIOIN — Aw—:—» --CH AIW
\/ A4
OIN ﬁ,Iu

and also by the process

CH, + CH;—CH=CH,; - CH;—CH—CH3
N/
CH,

The resulting Bﬁg_ﬂiouaocm:mm, although produced in different ways and having
arange E,o:oﬂm._mv.:saogmi decomposition in the same way, indicating that in spite
of the different initial condition the energy is redistributed rapidly among the normal
modcs.



