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ABSTRACT

In this dissertation, the thermal/decompositions of ethane,
1,1,2,2-tetraf]uofoethane, pentafiuoroethane and hexaf]uoroethane have
been subjected to a theoretical treatment.in terms of the quantum sta-
tistical RRKM theory. The RRKM theofy assumes that the activated mole-
cule has a certain amount of vibrational energy spread among the various
vibrational degrees of freedom of the molecule. Then the probability
of one particular mode of vibration acquiring so much of‘thié energy
that the Vibratioﬁ leads to dissociatiqn into fragments is calculated.

The experimental results have shown that the first order rate
constant for unimolecular reactions is not a true constant but declines
at low pressures. The decline or "fall-off" in the first order rate
constant with pressure is an important criteribn of unimolecular reac-
tions. The rate constants in this fall-off region’as well as the rate
" constants ‘at the experimental pressures and temperatures for the carbon-
carbon bond rupture fdr the above molecules have been evaluated.

| As already known, the major difficulty in this field is the
determination of the configuration of the transit{bn state. This is
done in two different ways where two different models are suggested:

In the first one, the complex is considered as a decomposing
diatomic molecule in which the atoms have the masses of the actual
fragments. From this assgmption follows the derivation of the}]ength of

the crjticé] bond (Gorin Model).



In the second one, the critical configuration has a value of the
reaction coordinate such that the number of accessible internal states
of the molecule 1s.min1mized. The R* va]uetgiven by the criterion of
minimum state densﬁty is less than the value given by the Gorin Modg]
at the rotational barrier. Choosing the critical configuration at the
rotational barrier gives an overestimaté of the unimo]etu]ar rate. In
fact, the kuni values ca1cu1atedvfor the first model are higher than
those obtained for the second one. |

In the evaluation of the rate constants, the centrifugal effects
which reduce the activation energy for the reaction and the anharmonicity,
resulting in a decreasing Spacing between succéssive vibrational levels,.
are considered.

As a resu1t,_the pressure at which the rate constant reaches
one half its 1imit1ng high pressure value increases with the number of
fluorine atoms. kThis behaviour is in harmony with activation energies
for the carbon-carbon bond scission, increasiné with thé number of fluorine

atoms 1in the hydrocarbon.
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0ZET

Bu calisma, etan, 1,],2,2—tetraf1o¥oetan, pentafloroetan ve
hegzafloroetan'in 1s1sal ayrismalarini RRKM kurami 11¢ aciklamayr amag-
lamistir. RRKM kurami, etkinlesmis molekiiliinbir miktar titresimsel
erkeye sahip oldugunu ve bu erkenin mb]ekﬁ]ﬁn cesitli titresim dere-
celeri arasinda yay11d1g1h1 farzeder. Sonradan belirli bir titresim
derecesinin fazladan erke akisinin sonucu olarak mo]ekU]Un.parcac1k1ara
ayr1$masin1n ihtimali hesaplanir.

Deneysel sonuclar, tek molekiillii tepkime]erin birinci derecedeki
h1z sabitinin gercekten sabit bir say: olmadi§in1 ve alcak basinclara
dogru bir diisiis gosterdigini gostermektedir. Hiz sabitinin basinca
bagl1 olarak gosterdigi bu disiis tek molekiilli tepkimelerin onemli bir
6ze11i§idir. Karbon-karbon baginin kirilma tépkimesinin h1z sabiti

“diisiis gosterdidi bolgede ve deneysel calismalarin yapi1ldid1 basing¢ ve
As1cak11kta,de§er1endiri1mistif. |

Bilindigi gibi bu a]anda en onemli sorun gecis konumunun seklinin
saptanmasudir. Bunun i¢in iki ayri modelin onerildigi iki ayri1 yol kul-
laniimistar.

[Tk model olarak gecis konumunun ayrismakta o]én iki atomlu bir
moieku1 gibi kabul edildigi Gorin Modeli seci]mistif. Bu modelde atom-
larin kiitlelerinin ayrismakta olan parcalarin kiitleleri ile ayni oldudu
kabul edilmistir. Hesaplamalarda bﬁ varsayima dayanan kritik bad uzun-

Tugu kullaniTmstar.



tkinci modé] gecis'konumunda molekiillin i¢ enérji seviyelerinin
say1sinin minimum oldugu varsayimina dayanmaktadir. Bu modelin hesaplama
yonteminde elde edilen etkinlesmis komb1eksin kritik bad uzunludu, R+, nin
dederi birinci modelle elde edilenden daha kiicliktir. Bu durumda birinci
model ge¢is konumuna uygulandiginda, tek molekiillii tepkimenin hiz sabitij
nin degeri gercek dederinden daha biiylik olacags dUsUntmektedir. Bu c¢a-
Tismada da i1k modelden elde edilen hiz sabitlerinin ikinci modelden elde
-edilenlerden daha bUyUk oldugu goriilmistir. |

Hiz sabitlerinin hesaplanmasinda, aktivasyon erkesini azaltan ad-
yabatik doniistimlerle, birbirini takip eden titresim seviyelerinin arasin-
daki uzaklidin azalmasina neden olan anharmonisite etkileri de dahil edil-
mistir. |

Sonu¢ olarak, hiz sabiti yliksek basinctaki dederinin yarisina
esit oldugu basing, flor atomlarinin sayisi ile. bir artis gostermektedir.
Hidrokarbondaki flor atom]arin1n sayisina bagli olarak artan karbon-karbon
baginin kirilmasi i¢in gerekli olan aktivasyon>erkesi de belirtilen ozel-

Tikle uyum halindedir.
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I, INTRODUCTION

In-a dilute gas, a completely isolated engrgetically activated
chemical species may undergo a unimolecular reaction. This process may
correspond to an internal rearrangement of atoms, the breaking of a bond,
or the rotation of a group. |

| Suppose a reactant species A underiappropriate conditions decom-

poses according to:
*
A+ A - Products

In order for the above unimolecular reaction to occuk, the reacting mole-
cule must have sufficient internal energy to break the necessary bonds or
undérgo the:intérnal rearrangement. This activation energy is accumulated
.in a sequence of collisions with other molecules in the gaé or with the
vessel walls. Molecules which have sufficient energy to react are termed
"energized molecules". These molecules do not necessarily react; the mole-
cule attains a critical configuration which is structurally intermediate
between reactant and products, and is called a transition state.

In the (relatively) long intervals between co]]isidns, the energy
redistributes itself over the various parts of the molecule. At STP there

is about 107% sec between gas collisions, whereas a 600 cm ' vibration



corresponds to 600 x 3 x 10*° = 1.8 x 103 oscillations/sec or about 10000
oscillations between successivé collisions [1]. As a result, the energized
molecule takes many different3c0nfigyratjon§f If any one of them corres-
ponds to the localization of enougﬁ énergy to break a bond or to
isomerize, chemical reaction occurs. | | |

A characteristic of the rate of a gaseous unimolecular reaction
is that at sufficiently high pressures a unimolecular reaction is of the
first order and the aCtivatéd complex theory can be applied to the reaction.
At Tower pressures, the first order proportionality constan£ tends to déc4
rease and at very sma]] concentrations the kjinetics become second order.

The purpose of this work is to subject the thermal decompositions
of C,oHg, CoHoFy, C2HF5, C,F¢ to a theoretical treatment fnlterms of the
quantum sfatistica] RRKM theory of unimolecular reactions with the intent
to prediét the pressure dependence of the rate in the fall-off region and
to test plausible models for the transition state, which would explain the

experimenta]]yvobserved high-pressure 1imiting rates.



II. HISTORICAL

The theories of unimolecular reactions differ in their descriptions
of the transﬁtioh state. At the beginning of "the twentieth century, a lot
of gas phase reactions were known to be first-orqer processes and unimole-
cular, on thelother hand uniho]ecu]ar reactioné were thought to be first
order. The problem was to know how the reacting molecule acquifes the

activation energy needed for the reaction to take place.
2.1 BASIC THEORIES OF UNIMOLECULAR REACTIONS

2.1.1 First‘Théories of Unimolecular Reactions

1n 1919, Perrin [2] proposed mo]ecu]es to acquire energy by the
absorption of infrared radiation from the walls of the reaction vessel.
The rate constant k was given by (2.1) in which v is the frequency of

che radiation absorbed.
k = Constant x exp(-hv/kT) - A (2.1)

In 1920 Langmuir [3] showed that the density of the infrared radia-

tion available from the walls was not sufficient to explain the observed



reaction rates. From then on, radiation theory was replaced by theories
in whiéh-molecu]arrco11isions provided the activation energy.

In 1923 Chrigtiansen and‘Kramérs,[4].ﬁbstu1ated an overall first-
order rate by supposing that product molecules had an excess of energy
which could be .used to re-energize reactant molecules. The process is

described in the following form:

k, ' ‘
A+A 2 A+ A Collisional energization/de-energization
k2 | (2.2)

CA* o+ B o Production of "energy rich" products (2.3)
* k, & s ‘
B* + A - A* + B Energization of further A molecules (2.4)

Stationary states are assumed for [A*] and [B*]. The overall rate v is then:

v = —jf:—“] - 1, [A*] = (klil)[A]  (2.5)

Th{s theory was found to be later unsatisfactory. First, product molecules
don't have enough internal energy to energize more reactant molecules, since
most unimolecular reactions ﬁre'endothennic.k_Seccnd]y, inert gases would

be expected to remove the excess energy of the product mo]ecu]e; B* and to
reduce the overall rate of the reaction. In practice inert gases increase

the rates of unimolecular reactions.

2.1.2  The Lindemann Theory

~Finally Lindemanh [5]4recognized the importance of molecular colli-

sions in the energization process and found that the first order rate-constant



for unimolecular reactions is not a constant but déc]ines at low pressures.
This theory forms the basis of all modern theories of un1mo]ecu1ar reactions.
When a c0111s1on occurs between two molecules, one of them may get a criti-
cal amount of energy to enab]e it to become a product molecule.
kl * | :
A+M >~ A +M . (2.6)
M can represenf a'product molecule, an added "inert" gas molecule or a
second molecule of reactént. Ky ﬁs energy independent and is calculated
from the collision theory equation. An energized molecule A* may be de-
energized by collision with a normal mo]ecu]e. | '
R ST A I (2.7)
k, is energy independent and equals the c0111s1on number 22 The assump-
tion is that every collision of A* deenergizes it. A* molecules which
don't collide dissociate or isomerize
A* 2 products o (2.8)
This process occurs with a rate constant indebendent of the energy content
of A*.
When the steady-state approximation is applied to fhe energized

molecule A%,

_ AR | [ATOM - ko [AFIOMD - 1 [AY] = O (2.9)
dt o .

Then



i, [AICM] K, [A] o
= A - (2.10)
1olM] * ks ko * ks(1/0MD)

and the overall rate of the reaction is given by

C(kska /o)A
- g(jLil = ky[A"] = kz : . I (2.11)
KZ[M]
At high pressures, when k,[A] >> ki

1+

K1ks | |
- 9.5%1 - _::__m: k_[A] . (2.12)

and k_ is the first order constant at high pressures.

At Tow pressures, when k,[A] << k;

_ AL Ly [AIIM] = k. tA][M]:' (2.13)
dt wm

_and the rate of the reaction is equal to the second order rate of energi-

zation.

Thus, it is shown. that at sufficient1y>high1y pressures, the rate
of a gaseous. unimolecular reaction will be first order, whiTe iﬁ the Timit
of very low concentrations, a seéond-order rate law will be obeyed. The
relative magnitudes of the rate constants k;, k, and k; determine the

pressure range in which the transition will occur.

2.1.3  The Hinshelwood Theory

The failure of Lindemann theory in its simple form has been shqwn
by the calculation of transition pressures P 1/2 which are much too high

to agree with experiment. On the other hand the rate of energization



is too Tow to account’ for the observed rate of reaction.
ky = Z;. exp(-E_/kT) B | (2.14)

Both inconveniences are remedied’by an increase in the rate constant
'kl. Hinshelwood [6] developed Lindemann's theory by assuming that the re-
quired energy could be drawn in part from méin]y thé vibrafiona1 degrees of
freedom of the reactant molecule. The réte-constant k , in the modified
Hinshelwood-Lindemann theory is given by |
1z E

K, = (—2)°"T exp(-,/kT) (2.15)
Pos =)0 kT

Equation (2.15) gives much bigger values of k than doesl(2.14). k, s

. approximated by
k, = Z2 = Z] \ (2.16)

The high-pressure rate-constant given by Hihshé]wood-Lindemann theory is

Kk ks - E_
K, = — = ——— (—2)5" exp(-£ /kT) (2.17)
k, (s - 1)1 kT

Thus the overall rate~ét’high pressures is

'k E . o
JAIAT LR (o s exp(-E_/KT)[A] (2.18)
dt (s - 1) kT
At Tow pressures the overall rate is
| 2.
JAIAl L T To ys-l exp(-E,/KT) [AJ[M] (2.19)

dt (s - 1) kT



(2.11) can be rearranged as

o LAl D C (2.20)
unl oraY dt ]+k2[M]/k

where kuni is the pseudo first-order rate constant
The Tinear form of (2. 20) re]ates the first-order high- pressure

rate-constant k_ to the general constant

= -+ | (2.21)
: ‘kuni ky P Kk ’ ' -

For a fixed temperature, if (2.21) is valid a plot of 1/k ni VS 1/p
should be a straight 11ne. Th1s Tinear relation is not generally obeyed
by accurate experimenta1 measurements. - The assumption of Hinshelwood
theory that all critically energized molecules react at the same rate

is a simplification. It is more logic that k; increases with the energy
possessed by the molecule in excess of the critica] energy. The more

elaborate theories consider both the rate constants k; and k, energy

dependent.

2.1.4  The RRK Theory

In the theeries of Kassel [7 8],.Rice and Ramsperger [9,10] the
mode] of the reactant mo]ecu]e is a group of simple harmonic oscillators.
These tneor1es assume that for a reaction to occur a critical amount of
energy E f]ows into one partlcular osc11]ator The total energy E of
the molecule is assumed to be rap1d1y redistributed so that for any

energized molecule there is a finite probability that E0 will be found in



the reTevant part of the molecule. The rate constant k; or k (E) for
“conversion of energized molecules to products is proportionel to this
probab111ty |

There are two main d1fferences between the Rice-Ramsperger and the
Kassel theories.‘ First, Rice and Ramsperger used classical statistical
mechanics, whereas Kassel also developed a quantum tfeatment. Second]y;
‘KasSe1 assumed that the energy was concehtrated into one oscillator (i.e.
two squared terms in the energy expression) Rice and Ramsperger assumed
only one Squared term. Kassel's classical expression for kuni/kw is given

in (2.22)
Kini _ ] ’fw » xS-TexD(-x)dx  (2.22)
k, (s-1) o )5-1

1_+'~—{¥- ( X
I X+ E /KT
where x = (E - Eo)/kT, k is the Boltzmann constant, A is a proportionality
constant (equated to the experimental high-pressure Arrhenius frequency
factor), and s is the number of "effective" CECillators of the molecule.
"s" s chqsen by fitting the theoretical with the experimental decline
of the'rete constant with eoncentration. It is usually much smaller than
the number of molecular vibrations of the reactant.

The Rice and Ramsperger theory on the one hand and- the Kassel
theory'on the other are based on the same model and are often referred to
. collectively as the RRK theory. The quantum statiética] (mechahica]) treat-
ment gives resu]ts in good agreement with experiment. The classical sta-
t1st1ca1 mechanical treatment g1ves agreement on1y with a reduced number

of reactions.
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2.1.5 The Slater Theory

The model of the classical Slater [11] theory, put forward in
1939, is a group of oéc%l]ators whith are c1a$sica1 and harmonic and
wﬁich have independent frequencies. The.reactioh takes p]ace when a
specified coordinate attains a critical distance or angle. The rate-
constant k, is replaced by a "specific dissociation probébi]ity" L which
is the frequency with which the specified cqordinatevattains the critical
value necessary for the reaction; The resulting expression for kuni/kw |

is given by (2.23)

 Kuni _ 1 7 Xl/2<n-1)e_xdx

K (_.]2_" - ]T)! o 1+ gl’Z("'1)e']

(2.23)

‘where x = (E - EO)/kT, n fs the number of normal modes that contribute to the
réaction and 8 is a complicated function of pressure, temperature, the
critical energy and the molecular parameters. '
The work of Laidler and Gill [12], shows that, when the number

of vibrational modes of the reactant is small, the values predicted
by the Slater formulation ére too low. These workers suggest that at
low concentrations transfers of energy between the vibrational modes do
take place, the effect being less important for complex molecules.

| . Thiele and Wilson [13] compared the high pressure experimenta]
" data with the Slater theory; they concluded that the theory should in-
clude the possibility of the existence.of more than 6ne feaction coor-

.dinate, and the theory'has since been extended [14,15].
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The two major disadVantages of this theory are that the model con-
sists of classical oscillators and it is assumed that the_criticé] state
resémb]és'that of the reactant. in some case$, passage to‘the critical
state -is associated with large entropy chénges and the approximation of

the similarity between the critical and initial states may not be exact.

2.1.6 The Absolute Rate Theory

This theory is a]sb known as Transition-sfate Théory or Activated
Complex Theory'and applies thermodynamic and statistical-mechanical argu-
ments to a system in which activated compiexes are at equilibrium with
the reactant molecules. For a general reaction A + B » Products, the
reaction scheme is (2.24)

+

* X products : | (2.24)

A+B Z AB

The equitibrium qoncentration'of activated complexes eva]uated from sté-
tistical-mechanical equations with expressions for k+, Teads to the equa-
tion (2.25) [19] o

| .
_d[Al/dt | KT 0 op(- /kT) (2.25)

AIB] b Q0

k =

for the overall rate constant.

In this equat’ion‘E0 js the critical energy, QA and‘QB are the
complete partition functions for the reactants and Q+,is the partition 
function for all the degrees of freedom of the activated complex éxcept
thé”réactiqn coordinate. The motion in the reaction coordinate has its

‘partition function included in the factor KT/h.



12
For a unimolecular reaction the ART expression becomes (2.26);
it gives the Timiting high-pressure rate constant

., | | o
KL L exp(-£,/kT) . (2.26)

. L
h Q- ‘ ; o

o
The translational -contributions to Q,ahd Q+ are identical. Assuming that
rotational contributions also cancel, the approximation (2.27) results,

in which there are n frequencies_for the molecule and (n-1) frequencies

for the activated complex.

exp(-E/KT) | (2.27)

The pre-exponential factor at high pressures is expected to be of the
order of a vibrationvfrequency, about 10'3% sec™!. If the geometry of the
activated complex is very different from that of the reactant molecule

the rate constant is mu]tip]ieq\by a factor (IK Ig IE/IAIBIC) which
involves the principal moments of inertia of the reactant and activated
coﬁp]ex. When loose activated complexes are formed, vibrational degrees
of freedom fn,the reacténtvmo]ecu]e are replaced by rotational degrees

of freedom in the activated complex, and this factor contributes to much
highek«pre—exponehtia]‘factors. |

| Marcus and Rice [16,17] héve developed a quantum mechanical tran-
sition state formulation of the RRK theory;' This theory takes into account
the possibility of a large increase in entropy.whi1e forming the activated
complex. It also takes into consideration the pahticipétion*of the rota-
tional degrees of freedom {n intramolecular energy transfer. The present

work -being mainly concerned with the RRKM (Rice, Ramsperger, Kassel and

Mércus) theory, it will be discussed in more detail in Chapter III.



-2.2 BASIC QUESTIONS IN UNIMOLECULAR REACTIONS

Two d1fferent po1nts of v1ew ex1st in the descr1pt1on of a uni-
molecular react1on in terms of mo]ecu]ar propert1es Based on the sta-
t1st1ca1 point of view, the rate constant is assumed to depend on the
1nterna] energy of the nolecule [20]. 1In the 1950's Marcus [17] deve-
loped the RRKM theory whereas Rosenstock, Wallenstein, Wahrhaft1g and
Eyr1ng [21] deve]oped the (quasi-equilibrium theory) QET.

~In the other model, representing the quantum point of view, the

13

d1str1but1on of energy is considered to depend on wh1ch modes are excited.

The rate constant is a funct1on of e]ectron1c,‘v1brat1ona1 and rotational

quantum numbers {v,v BV, e

def1ned in terms of two such states: the initial and the final state

This method is ca]]ed state -to-state chem1stry [22], and it has been made

necessary by the advent of lasers.

2.2.7  Comparison of the Basic Theories of Unimolecular

Reactions

Recent research has' shown that the different theories'arebnot.

mutually exclusive, but relationships exist among them.

RRKM/QET

‘Bdth are based on the assumption that all the ways into which the

energy E is distributed among the different molecular oscillators are

equally probable.

e Van_ 6,J Ks. }. A chemical reaction is then
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The-RRKM,theery was designed for studying thermal reactions: it
only considers dissocfations involving a single electronic state and
assumeS'thqt the system has reeched a state of microcanonical equilibrium
before it reacts. | |

QET assumes‘that fast radiationless transitions will degrade elec-
tronic excitation energy into vibrational energy of the ground state. Both

theories are based on the concept of transition state.
Klots [23]

The dissociation of a transition state and the process by which
two fraghents associate to form a ]oose transition state are two time-
linverted motions.

Klots' theory and- QET are complementary, the first one deals with
the last part of the reaction path, part which is disregarded in RRKM
theory. ' As a result Klots' theory is good for studying problems of
kinetic energy release, whereas QET is des1gned for calculating rate
constants

Klots' theory is a special version of Light's phase space theory
[24—26]. Marcus [24] compares RRKM/QET with phase space theory as follows:
'When the transition state is loose, RRKM and phase space theory become

similar. When it is not loose, phase space theory no longes applies'.

Slater [27]

Slater's theory does not take into account the anharmonicity of
molecular v1brat1ons and assumes normal-mode behaviour in a system under-

going dissociation.
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RRKM and Slater's

'When theories are applied to the same model, they both lead to
the same mathematical expression for the rate constant' says Loquet [28].
What differs in the two theories is the interpretation to be given to

the different parameters which enter the equation (e.g. v,n and Eo).

Quack and Troe [29]

They propose to correlate each -vibrational and rotational energy
level from the reactant molecule to its dissociation products. Their
work applies in partiéu]ar to simple bond fission reactions and the
reverse radical associatiqn reactions. Each vibrational-rotational |
Tevel is called a channe] A channel is declared open or closed at a
part1cu1ar energy E, according to whether its maximum energy is- be]ow
or above energy E. The theory requires a knowledge of the.different
e]ectronic-vibrationa]-rotational energy levels along the reaction path.
The transition state is not Tocalized at any position along the reaction
cookdinaté.

They developed a simple and useful model using a maximum number
of knownAmo]ecular parameters, contaihing a minimum number (one) of ad-
justab]e parameters. The model gives a éonnection between this parameter
and features of the potential properties. It allows for an empirical
eva]uat1on of unimolecular rate constants and may be re]ated to more

comp]ete theories of unimolecular react1ons
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 Figure 2.7 - Adiabatic channel theory

— Potential energy curve as a function of the reaction
- coordinate r .

a Open channel at energy E
" b Closed channel at energy E

" ¢ Closed channel at energy E

Y
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-2.2.2 The Transition State

Eyring and Polanyi [30] suggested the presence of a little well at
the top of the potential barrier. - This led to the existence of a short
lived activatéd complex. When it became apparent that this well didn't
exist in real life, the energy barrier along the reaction coordinate Qas
proposed. This was termed as saddle point. Ab initio ca]cu]atidns [31,
32,33] denied the existence of the nump. The third exfension of the theéry
was done by Wigﬁér [34]. _The transition state is presented as a critical
surface in phase space [20] which divides the stabTevmo]ecule and its frag-
ments. It turns out that even when there exists an energy barrier, the
best Tocation of‘the critical surface is not at the saddle point. According
to Wigner [34], there is a surface which divides phase space info two re-
gions: one is thevreactaﬁt side, the other is the product side. The rate
constant calculated by the transition state theory is greatef than the true

rate constant k> > greal, A principle has been proposed to determine the

position of the surface: the surface is shifted until the rate constant

is a mihimum [35,36-39]. ‘The rate constant calculated by transition state
theory provides an upper bound to the real rate constant. A bott]eneck
detérmines the rate of flux in phase space. Bunker and'Pattengi]1 [40,41],
have proposed a method of finding the location of fhe critical surface
which minimizes the reactive f]ux; Accbrding to.these authors the transi-
tion state should be located at that particular position.

At one extreme there is the trans1t1on state methods wh1ch express

the rate constant in terms of mo]ecu]ar frequenc1es corresponding to a



concept of transition state

activated complex
saddle point
critical surface.

18



19

certain point on the potential energy surfacé and néeds guesswbrk. vAt
the other extreme, there are dyhamica] treatmenis [42] which requiré.av
knowledge of the entire potential enefgy‘surface. At the intermediate
there is the Bunker and Pattengill method which requires knowledge of
the molecular frequencies and moments of inertia along the reacfion path.
Another method related to this one, for which no transition state is

defined, is the adiabatic channel method developed by Quack and Troe [29].
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IIT. RRKM THEORY

3.1 THE DERIVATION OF THE RRKM EXPRESSION'FOR.kuni

The unimolecular reaction rate drops with decreasing pressure
when the lifetime of the active molecules becomes comparable to the time
between successive collisions.

The following reaction sequence is considered,

A+ p o EEMEED)
' 2

n (E*+E*+6E*)+ M . (3‘] )
* "k (E*) + .
Apey kg (E*)p | (3.2)
+ _ -
+ k
A" » Products (3.3)

A* and A denote the active molecule and activated complex respectively,
M is any third body deactivating AY. Steady state treatment for A" and
At gives a relation between the unimolecular raté constant, k o and the

pressure, p.

Sk, .= ka(E*)(akl'(E*—>E*+6E*)/k2)/(1 +k (E)/k,P ) (3.4)

The k's, functions of the energy of the initial A™ molecule, are evaluated
for a sma]i-energy range. k o3 is then obtained by integration overall

possible energies
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Energy level of reacting molecule

I 1 ]

X

Figure 3.1 - Energy terminology for a unimolecular reaction; adiabatic
and inactive degrees of freedom are excluded.
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f°° k (E*)dkl(E*+E;"+dE*)/k2‘
=2 - (3.5)

uni v '
E*=E_ 1+ k_(E%)/k,[M]

" Evaluation of the inteQrand_invo]ves~a calculation 6f the number of ways

of distributing energy among the various degrees of freedom of the active
molecule and of the actiVated complex. The vibratiéna]‘zero point energy

of A* and A" and also the potentfa] energy of the broken bond of the acti-
vated complex cannot bé so distributed ahd-are ca]]ed"fixed'energyﬁ. The /
rremaininé "non-fixed" energy of the active molecule and of its corresponding

activated Comp]ex are denoted by E* and oM respectively.

.
E*-E = E
o

where E, is a cdnstant’approx1mate1y equal to the bond strength of the
breakihg‘bdhd. | | |
The non-fixed energy is considered to be free fo move around the -
mo]ecu]ei The vibrational energy of the molecu]e is assumed to be subject
to‘rapid redistribufion. : |
. Rotational energy mightrcontribute to a reaction (centrifugal force
might assist a bond breaking reaction). There are some limitations due to
the requirement of conservation of the angular momentum. If a rotational
degree of freedom stays in the same quantum state during the reaction,
there is no exchange of energy.
‘ Thé degrees of freedom of the active molecule are “active", "adia-

batic" or "inactive". The active degrees of freedom can contribute their
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energy to the bréakihg~bond; The adiabatic ones remain in the same quantum
state during the decomposition of the molecule and contribute little energy
to the breéking bond. When the molecule has become an acfivated complex
the energy transfer between the "1hac£ive" degrees of freedom and this bond”
takes p]ace rapidly. Inactive degrees of freedom exchange energy between
themselves but cannot contribute it toward the energy required for sur-
mounting fhe‘potentia] ehergy barrier. |

The qqantity Sky(E*»E*+ E*)/k,, which is the equilibrium constant
for the reaction (3.1) is given as the partition ratio'Q(A?E*+E*+dEﬁ)/Q(A)
The function Q(A) denoted as Q2, js the molecular partition function for
all the active modes of A. The function Q(A?E*eE*+5E*9 is the partition
function for A* having non-fixed energy in the range E* to E*+6E*. If6E™

is small the. exponential terms in the expression Q = Zgiexp(-Ei/kT) are all

the same, exp(-E*/kT) and the partition function is expressed as:

* _ _E* '
Wigrgeassn) * f B 3510 E
= N*(E*)sE™exp(-E*/kT) (3.6)

Division by Q(A) = 02 gives then the required result

E(_I-(E*—»E*-PGE*) ='N*@*)exp(-E*/kT)6E*
k, v Qz

(3.7)

where N*(E*) is the density of quantum states.
ka(E*) is the rate constant for the formation of activated complexes
“from energized molecules with non-fixed energy E*. The steady state treat-

ment is applied to A
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+

A ka [A ] + Products
ka[A 1=k [A ]
rata’ o .
iy (e%) = 1A | | | (3.8),
: [A"] | |

At equilibrium the concentration of forward crossing complexes is half the

total concentration of complexes

K (EY) = g iy} | | (3.9)
o e UA* eqm. |

The overé]] reaction can be written in the form

+ +
A*(E*) XaCvr,d pt | K ®pogicts
, (Evr %)
+ :
ET - [(AEE. )]
k(€)= 2 LY ( e 0 eqn (3.10)
E;=0 2 [AT(E®)]
where
* + + +
E” = E0.+ E ) and x=FE - Evr

The decomposition of the activated complex into products is treated
as the translation 6f a partic]e of mags u in a one dimensional box of
length 6. ‘

If the energy in the reaction cQordinate is x, then x = —%—-uv2
and the speed of translation is v = (Zx/u)%.v |

‘The time taken for the mass p to cross the box is t = 5/(2x/u)%,

The rate constant for crossing the barrier is therefore

KF(x) = (-2 wa-( )2 C(3.)
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The equilibrium ratio of concentrations of A" and A* is calculated
‘from statistica]-mechanics as the ratio Q(A+)/Q(A*) of the partition func-
tions of the éctiyated complex and energized molecule. The two species
under consideration have a total energy in-the range E*>E*+8E . Each par-
tition function is of the form (Zgi)exp(-E*/kT), where Zgi is the number
of quantum states in the sma]i energy range, and Q(A+)/Q(A*) reduces to
Zg:/Zg:.» A" having less non-fixed energy than A*, [A+]/[A*J will be small.

Zg? can be replaced by a continuous distribution function N*(E*)SE*.
At this point, the activated complex contains a translational degree of
freedom and Zg? can be replaced by a continuous distribution function
N¥ (E*)SE*. |

The number of QUantum states of the'acfivated complex in the fange
of total energy E*>E*+6E* can be denoted by N+(E*)6E* but is written és

N*(E*)SE*. Thus the concentration ratio for the small energy range becomes
+9 /% C_ eat x = NFIEFY/NF |
(LA J/IA D gqn = 293/297 = N*(E*)/N*(E¥) | (3.12)

The density of states N*(E*) for a specified division of EV into the

vibrational-rotational energy Etr and the translational energy x is heeded.

This density is denoted by N+(E¢r,x). In order to split N+(E¢r,x) into
ibuti + + ) + (x)8y ;

contributions from Evr and x, P(Evr) and Nrc(x)éx are defined.

P(E;f) ~+ Number of vibrationa]-rotatiqna] quantum stafes of At
with vibrational-rotational non-fixed energy equal to Etr‘

‘ Nic(x)éx + Number of translational quantum states of A* with energy
in the reaction coordinate in the range X-x+§x.

The overall number of states in an energy range x is given by the product

BOBAZIC DNVERSITES! K{TdPhaNEst



of»thesé two quahtities
N+( poX) = P(E* )N+ (x) - (3.13)

The required concentration ratio is

| [A*(E;r,g)l _ PIES N (x) 10y
[A*(E*)] egm N*(E*)

To evaluate N+ (x) one has to use the wave- mechan1ca1 treatment of a

th

part1c1e of mass u in a box of 1ength §. The energy x of the n™" level

is

X = n2h?/8us? ) (3.15)
where h is Planck's constant. The number of quantum states with energy
up to and inc]udfng X is n ='(8u62x/h2)%. The number of states in the

energy range Xx - X+6X is &n = (dn/dx)8x and this number of states is

+
equal to Nrc(x)dx

ot ; dn- 2u82 .\ -
Nrc(x) il ( e )2 (3.16)

The expression for ké(E*) can be evaluated using (3.10), (3.11), (3.14)

and (3.16)
() g* 12 P(EY ) (2u8%/h2x)*
k = )2
a E:f‘o 2 ]JG N*(E*)

gt P(ET .
- R (3.17)
E* =0 hN*(E¥) |

+
1 E + :

z—— I P(E}) (3.18)

26
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The sum in (3:18) is the tota] number of v1brat1ona1 rotat1ona1
quantum states of the activated comp]ex with energies < E*,
. Two final mod1f1cat1ons are 1ntroduced

The ART treatment at high pressures shows that the correct k_
is obtained if the expression (3.18) for k (E ) is multiplied by Q]/Q]
where Q] and Q] are the part1t1on funct1ons for the ad1abat1c rotat1ons
in the activated complex and A molecule. B

The second mod1f1cat1on concerns the poss1b111ty that a reaction
can proceed by severa] paths wh1ch are k1net1ca]]y equivalent. The
correct rate-constant k (E ) is obtained by including a factor L', the

statistical factor in (3. 18)

P E
By 8 o) (3.19)

ka(E*)'= o
. | ro] N (E%)

Provided that the complex is chosen S0 that it can form products
or return to reactants by on]y one route, the stat1st1ca] factor is g1ven
by E* a(ot/o) where a is the number (1 or 2) of optical isomers of the
complex and .0 and ot are the ‘symmetry numbers for the molecule and the
complex respectively (ot = 1 for asymmetric species) [43,44].

The overall first-order rate- constant L is obtained by subs-

t1tut1ng (3. 7) and (3.19) into (3.5)

*
o L™ Q] f' EiZPSE ) Yexp(-E*/KT)dE

(3.20)
0, ey 14 k (E™)/k,[M]

But £ = E_+E* and dE* = dE+, the final result is then:
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- | |
E¢§=O{P(E;r)}exp(-E*/kT)dEf

(3.21)

E*QTexp(-Eo/kT) [“
uni = hQ]QZ ET=0 . ] + ka(EO+ET+)/k2[M]

3.2 THE HIGH PRESSURE LIMIT

The high pressure 1imit is obtained from (3.21) by putting [M] » =
1ot ‘ +

E B
! exp(—EO/kT)EI°° {exp(-E*/kT) § P(Etr)}dE+ (3.22)
hQ]Q2 =oh ‘ Evr=0

k =

[e+]

The above expression ‘is reversed

Lo o
% + _ o+ +
o = exp(-Eo/kT)E+z_o{P(Evr)EI=E+ exp(-E¥/kT)dEY)  (3.23)

1%2 vr vr

The evaluation of the integral gives

oo

J o exp(-EP/KTYAEY = [-KT exp(-E*/KT)] = KT exp(~E? /kT)

E+=E+
= VT vr
The value Qf k_ becomes
Fat - :
L Q] e + +
k, = KT exp(-E /KT) 1 [P(Evr)exp(-Evr/kT)]

The sum 1is the partition function Qg for the active vibrations and rotations
in the~activated}comp]ex. The final expression for the high pressure rate

constant is given by (3.24)

070; , |
- LTk 72 exp(~E/KT) C(3.26)
h o |

%0,

K

0
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3.3 THE LOW-PRESSURE LIMIT

At vehy Tow pressures the first-order rate-constant becomes propor-
tional to the pressure. The second order rate constant kbim is given by

(3.25)

R, o= 1 im (-
T [Ms0 M
| k | * + +
= exp(-E_/KT) fm N"(E_ + E")exp(-E*/kT)dE*
+ 0
2 E'=0
k ® , QX
=2 *f N (E*)exp(~E*/KT)dE* = k, - 2 (3.25)
Q0 E'=E, %

where Q; is the partition function for energized molecules.

3.4 TREATMENT OF ADIABATIC ROTATIONS IN RRKM THEORY

The term "adiabatic rotations" describes rotations that are cons-
trained to remain in the same quantum state when the activated complex is
formed from the act1ve molecule because of restrictions imposed by angular
momentum conservation.

The energy of the rotation is g1ven by E, (h2/8ﬂ21)J(J+1) ~ When
s I_so that EJ > EJ the adijabatic rotat1ons re]ease energy into the
active degrees of freedom of the molecule. The multiplicity of available
quantum states of the comp]ex is 1ncreased, in this way the specific rate-
constant k, is increased. In bond fission reactions, investigated 1n this -

Study, the moments of inertia change and there is a reduct1on of E In
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this case there is a single doubly dégenerate adfabatic rotatioﬁal degree
of freedom [43-45]. These réactions have a "loose" transition state in.
which the two Targest momenié of inertia of the reactant molecule are
appreciably Targer than they are in the "ground" state. One conseduencé
of this, is that the rate constants for such reactions tend to be faster, -
both at the high and low-pressure ]imits, than those for tight transition
states. | |

The energy diagram of Figure 3.2 shows that the'energy in the

active degrees of freedom of A* is

* _ + + _ oot
Eactive = E0 + E" + EJ .EJ = E0 + E" + AEJ
where AEJ = EJ EJ.
‘Equations (3.7) and (3.19) should be modified
*, % _ + ., o+ *
Sk, N (Eactive)EXp[ (Eo *E 4 EJ)/kT]-GEactive
(), = (3.26)
PN A . -
2 Q
* | L* E+_ + o
: _ active’ VT
The right expression for k_; is given by (3.28) ,
E+éxp(-Eo/kT) o . {EP(E¥ )}exp(-E*/KT)dE*
ks X T (2041)exp(~EX/KT) f —
hQ J=0 \ g0 | * ke (B + ET 4 0E))/ic [

(3.28)

The expression is simplified by repTacing AE by its mean value <AEJ>.-

whence <AEp>= EY - E. = (] - —li)<E+> (3.29)
S SAEpE Ry TRy s AN '




Energy Level of Reacting Molecule
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| A +
- ‘ £
3 %
—1
| E+

A

~Figure 3.2 - Energy diagram for a unimolecular reaction
with adiabatic rotations included.



There are (2J+1) rotatibna] states for each value of J.

<EP> = S E%(20+1)exp(-E*/kT)dJ/ (2341 Jexp(~E*/KT)dd
U g0 9 J J=0 J

(EJ)/KT = h29(d+1)/8m2 1M kT
(h?/8M21*kT)(20+1)dJ

X

dx

The result for <E3> is

‘ <E+> = kT /7 x exp(-x)dx/ f exp( x)dx = (3.30)
x=0 . x=0
and
<AEp> = <E¥> - <Ep> = (1 - I*/I)kT ‘ (3.31)

When AEJ in (3.28) has been replaced by <AEJ> the only function of J

remaining is (2J+1)exp(-E3/kT). The equation can be rewritten as

k .
uni

c ¥ [(2J N 1)exp(=E}/kT)]
J=0

=g f“ (2d + ])exp(-Ej/kT)dJ = cq} - (3.32)

in wh1ch C includes the remaining terms in (3 28) and Q] is the classical
part1t1on funct1on for the two d1mens1ona1 rotation. The final equations
for k i and k (Eact1ve) are (3 33) and (3.34) which differ from (3.21)
and (3.19) only in the om1ss1on of the factor Q]/Q] in the expression
for k_ and 1n the modified energy at wh1ch k is evaluated.
| E*Q]exp( ~E /KT) (oo {E+E P(Evr)}exp( E+/kT)dE+
uni = hQ- , El=0 1+ k,(E, +E*4<aE 3>)/k, [M]-

(3.33)
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o | gt

(E +E 4<AE s T - ¥
hN* (E + EF - (1 /I-])kT)VE¢r=Q

)= P(E}.). (3.38)

The high pressure Timit which includes the factor Q]/Q] agrees

~with the Absolute Rate Theory express1on

- . + . . . N
i, = OF XL 0 oniee sk (3.35)
© h - Q 0 ' .

+ kot '
where Q" = 0102_ and Q =,Q]QZ'
A simplification for ka(E*) may be obtained in the form
: oy _ ] + :
ka(EO+E +<AEJ>) = —;f-ka(Eo + E7) | (3.36)
where

CF = N(E E++<AEJ>)/N*(EO + EY | (3.37)

The factor F is less than unity and may be considered constant. Numerical
values for F can be obtained using various expressions for the state den-
sities. Hay and Belford [46] derived (3.38), Waage and Rabinovitch [47]

derived (3.39). The Whitten Rab1nov1tch [48] expression for N (E ) leads

0 (3.40) as expressions for F.

Fg = XPL=(s=1)(I*/1-1)KT/(E, + £, + KkT)] (3.38)
Fur ='[1 + (s¥1)(1+/1-1)kT/(Eb + aEZ)]" (3.39)
Fuier = [ - (1+/1-1)kr/(50'+ ak, )%™ | (3.40)

In these equations s is the number of active vibrationa];dégrees of freedom

(*sr if there are in addition r active rotational degrees of freedom), Ez
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is the zero point energy of the mo]etu]e and a is a parameter having a value
between 0 and 1 wh1ch can be calculated from the propert1es of the mo]ecu]e
The high pressure 11m1t is still given by (3.35) and the low pressure rate

constant is given by (3.41)

0. q
koo = (F ] Mk, ] ) (3.41)
: 1 2
From these equations expressions for f and fo can be derived
f= QU | - | (3.42)
f, = FO}/Q | | , - (3.43)

The effect on kuni is to increase k_ by the factor Q?/Q] and to shift,

the fall-off curve of log kuni/kw v.s. log P to higher pressures by

-log F along the log p axis. | '
E*DTexp(-Eo/kT) .~ P(EY Jexp(-E*/kT)dE*

k . = J " T (3.44) .
unt hQ Et=0 1+ k (E +E™)/Fi, [M]

FWR,gives good resu]ts even for high values of 1t/1.

3.5 THE EVALUATION OF SUMS AND DENSITIES OF MOLECULAR
QUANTUM STATES 1IN RRKM THEORY [18]

+
The quantities E+z o P(Etr) and N*(E*) are fundamental to any
vr™ :
application of the RRKM theory. An illustration and clarification of

their\significance is necessary.
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- | E
3.5.1  Sum of Quantum States, ¥ P(Ev)

E =0
v

The degeneracy P(E ) is the number of vibrational quantum states
E .
W1th a vibrational energy E T P(Ev) is the total number of states

with energy not exceeding E. Vv

In the case of a s1ng]e s1mp]e harmonic osc111ator of frequency Vs,
it has one quantum state at each energy level. The sum gP( Ev) is obta1ned

by counting the number of quantum states up to and including energy E.

For E/hy
For E/hy

0 to 0.9 there is one statev = 0

0.9 to 1.9 the total is two, v=0and vy = 1.

zP(E ) is a stepw1se function having a constant value throughout
the energy range between any two of the quant1zed energy Tevels (Figure 3.3).
3.5.2  Density of Quantum States, N(E)

The density'of quantum states or the number of quantum states per

unit energy is the gradient of the plot. of zP(Ev) against E, .

N(E) = Tim (ME+ OF) - W(E), (3.45)
SE-0 SE
d d . E | | '
= ——H(E) = —L 3 p(e) N (3.46)
- dE dE EV=O'

3.5.3  Separation of Vibrational and Rotational Degrees of Freedom

-The total number of vibrational- rotat1ona1 states’ corresponding
to a given v1brat1ona] ]eve] of energy E is the number of P(E ) of

vibrational states of this energy multiplied by the number of possible
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rotatidna]'states with energy‘Er_i E .- E  denoted by

vr v
Evr_Ev' : o
T P(Er) = Wr(Evr - EV)' : (3.47)
Er=0 .

The total number of states is given by

Evr L ' : -
2 P(EW (E,,. - E ) . (3.48) .

w(Evr) =

v
The density of vibrational rotational states is

Evr ‘
z 3 P(Ev)Nr(Evr - E,) (3.49)

\4
E
f

N(Ev})

N(E,) N JEN(E, - E&)dEv. (3.50)

For classical rotations the sum of states is given by (3.51)

9 By o

)’2

WE) = 5 P(E,) =

. 3.51
E_=0 r(1 + %) ( kT (3.51)

where r = zd r is the sum of degeneracies of p rotors. In this equation -
l=1
- I(x) is the gamma funct1on, propert1es of which are discussed in Append1x 1.

The rotat1ona] partition function is

. 2 1% b kT ds ‘
0, = (LY orsingg )y = b ELKTsinog )y (3.5)
S 1_1, Coi=1 h2 .
The density of states is
Qr Lr=1
N(E ) = — W(E ) = — E; (3.53)
dE,. (KT)#"r(yr)

since r(] + 5r) = Lr r(yr).
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The'résu]ts for the RRKM theory are obtainedAby’substitution of
equations (3.53) and (3.51) into (3.50) and (3.48).

‘ o*  B* v v

‘ Lp- ;

N*(E*) = -(Wl/zl;l:_ﬁ £ o (E* - E’\\/‘)zr 'IN;(E;)dE_\); (3.54)

»r) E = ‘ v ‘

. v
' Q. gt | .

. P(EY ) - *Y' £t . E+‘1/2Y‘P E*)7(3.55)
E:i:o ( vr (kT)]/gY‘I.,(-l +.1/2Y‘*) E¢=0[( V) ( V)]( ) |

The expression for L assuming classical active rotations is obtained.

by substituting (3.54) and (3.55) in (3.21).

+
E *
- LRQ}Qtexp(~E /KT) {5, (E*-ERY3"P(E)jexp(-E*/KT)dE"
k . = — . V= : :
UL hQqQ,(KT)E T (14459 E+=0 14 x (B + EY) /i [M] -
~ (3.56)
. R |
Y S T
ka( ot ) = L (3.57)

O (KR e N + EY)

3.5.4 Diréct Count of Vibrational States

3.5.4.1 The. Method

The working is done in two stages. The first stage is a listing
of_a]] possible combinatjon of quantum numbers for which the total Vibra-
tional energy is below the»required energy’limit. The second table is
constructed 1in whjch‘the given energy range is split up into as many small
increments as required.”

- In general, the number of ways of distributing j quanta in p

oscillators is given by the permutation theory as (j+p-1)!/j!(p-1)! [49].
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Even w1th a fast computer, the direct count is very t1me consuming and

expensive at high energ1es

3.5.4.2 Grouped-Frequency Models [50]

- For large molecules, the vibration.frequencﬁes‘can be grouped into

five or six groups of degeneraté vibrations, chosen such that the geometric

mean of all the frequencies is not changedl The use of five or seven groups

of vibrations giVe results close to those calculated from the actual mole-

cular vibration frequencies.

3.5.4.3 Commensurable Frequency Mdde]s [51]

In this method all frequencies are multiples of the Towest frequency.

A11 the energy 1evels of the molecule are multiples of the energy corres-
ponding to the 1owest frequency and the number of states is worked out
by inspection. Then the number of states correspond1ng to each combina-

tion can be evaluated from the combinatorial expression.

3.5.5 Approximate Calculations

3.5.5.1 Classical Approximation [52]

The molecule is treated as a set of classical harmonic oscillators.
In this approximation s quantum oscillators of frequency vi~(i = 1to's)
give rise to the following sum of states

S

B, E,
= IP(E, ) » ———

OV

W(E,)  F

(3.58)
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The density of‘quantum»states iS'bbtained by differentiation

N(E,) = —ZP(E ) = V = (3.59)
. v dEV ‘v (S _ ])3§H‘lhvi. |
. , i=1-

The classical approximation is poor at Tow energies, the results are more

reliable at high_energies;

3.5.5.2 Semi Classical Approximation [16]

The classical expressions (3.58) and (3.59) were modified by Marcus

and Rice to give semiclassical expressions (3.60) and (3.61)

E., (E, + E.)S
WE,) = T P(E) = —L 2 (3.60)
 E =0 ' s. I hv,
v i1 1
(E, + Eé)s'1
N(E,) = = (3.61)
_ (s -1)! I h\),i
i=1
where ' ‘
E, = I (= hv) | (3.62)
“1=1 ’

This approach gives a better approximation than the classical expressions
(3.58) and (3.59), however the number of states at any level is over-

estimated.

3.5.5.3 The Whitten-Rabinovitch Approximation [50]

The energy levels in-RRKM calculations are too low to admit
classical or semicTassica] approximations, but are high enough so that

the direct sum is difficult. Rabinovitch and Diesen'[53] suggested that



an appropriate fraction of the zero point energy should be added to E,»

‘they introduced a correction factor a to get the following expressions

(E, + aE,)S | |
M(E,) = — o (3.63)
' s! . hv, o
1=1 1
‘ (E, + aEZ)S 1 :
N(E,) = — - , | : (3.64)

Whitten and Rabinovitch [50]‘characterized the correction factof a, the

41

dependence on the energy involved, the nature of the molecular frequency

pattern concerned (Figure 3.4).
The values increase with increasing energy, approching unity at
high energies. Whitten and,Rabinovifch have defined a frequency disper-

sion parameter B

g - X L (3.65)

S <2

where <v> is the mean frequency-and <v®> is the mean square frequency of

the molecule. The value of B vary from unity for molecules with similar

frequencies to two for molecules with different frequencies.

Wiy =1-23..4 | . (3.66)
B 8

w(E') is a function of E' and is described by the equations (3.67) and

(3.68) -

0.1 <E'<1.0 W= (5.00E' +2.73E'°"% + 3.51)7"  (3.67)

1.0 <E' < 8.0 w= exp(-2.419 E'0°25) o (3.68)
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The modified approximation expression is

E : .o s '
I P(E,) = [E, + (1 - BW)E,IS/T(s+ 1) T hv, (3.69)
E =0 _ ) : i=1 1 .
v .
" The density N(EV) is then
(B + aE,)®! 3 ,
N, = —L—E 1 - -2y | (3.70)

(s - 1)! Thv, dE"

where dw/dE' is given by

0.1<E' <1.0 M _ _(5.00+71.365E'-0 52  (3.71)
dE* | '

1.0<E' <80 -
dE"

-(0.60478E'~°"7%), (3.72)

The different problems encountered while dsing this approximation are the

following:

1. For simple molecules the error is sma]]\bécause of

relatively small values of s

2. For Big molecules, the large value of s can cause large

errors
3. The calculation in the region 0 < E' < 0.25 requires further

consideration.

u, The Whitten-Rabinovitch approximation is simple and easy to apply.

Its accuracy is good and compares with those of other approaches.
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3.5.5.4 thtten-Rabinovitch Treatment of Vibrational - Rotational

Spectra

When there are a¢t1ve'rotatjons fo_be taken into account, Whitten
and Rabinovitch have suggested (3.74), in which a = 1 - BW(Evr/Ez) and B

" now becomes

_S =1 s +4r <\

8= (3.73)
S 3 <y>2
Eqyy N Q L
WE, )= £ P(E )= r (E,. + aEx)°TF (3.74)
vr vr 1 S r \
E =0 (kT)sz(1+s+%r)i£1hvi v
where r = f di’

i=1
The density of vibrational-rotational states is obtained by diffe-

rentiation of (3.74)°

S+3r-1
Q.(E,,. + aE )"

-1 - (%) (3.75)

N(E _
(kT)%rF(S+%P)§£ihvi dE"

yr) =

Forst and Prasil found a modified version of (3.75) which is also satis-
factory [54]. ’
3.5.6 . Inverse Laplace Tfansformation of the Partition Function

This treatment is based on the observation that the partition func-
tion Q for any system can be considered as the Laplace transform of the

energy level density N(E).

:Q(B) = L{N(E)} = fm N(E)e*P('BE)dE o (3.76)
0 :



46

where B = 1/kT

S0 | _ _ _ v -
N(E) = 27'4Q(8)) - (3.77)
. E N - |
W(E) =L P(E) =1 '1Q(8)/8} - (3.78)

3.5.6.1 Direct Inversion of an_Approximate Partition Function
Haarhoff [55] appTied this technique in 1963.. The partition

function for the systeh is given by the following expreésion

_ ~ 1
Q(B) = T { i) } (3.79)
- di=n 1 - exp(-hv,B)
This expreésion can be expressed as a power series in B.
Qﬁfl ='(i§1h“i)-](8511 - B:f1+ B:fB - 8295 +n)(3.80)
The a, are constanfs invd]ving the frequencies IZE
a2': (<v2>/<v>2)E§/65,. ‘} , (3.8f)

According to the equation

L-1(B-m) =E"/(m - 1) (m =-positive integer) (3.82)

one can write

' -2
(E, + EZ)S a (E, + EZ)S

E) = 5 atee ) (rho;) 'L 5! (s - 2)! bl
N aéﬁ LI
semivg o (BE)T(BYE)

(3.83)
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Thére are 4s+1 or %4(s+1) terms'according to whether § is even or odd. The
© terms represgnt a smooﬁh curve on which the stepped functions ‘are super-
imposed; |

Héarhoff also derived the equation (3;84) as an appfoximation '
to the series expression for the density of states and extended the same

treatment to vibrational-rotational systems.

N(E,) = (2t L2 V2D 1 gy (/)15 [1-1/(1um) 2380 (3.80)

IIs h<v>(1 + n)
where .
n = 1 + EV/EZ
. S .
A =i']__;[l (<w>/v.i).
N 1)(s = 2) <v®> s
0 6s <w? 6

Forst [56] and his coworkers have also extended the series treatment to

vibrational-rotational systems.

3.5.6.2 Inversion by Complex Integration:Method of Residues [57]

~ Another method of carrying out the inverse Laplace transformation

_is by means of the comp]éx'integration formula.

. ] Ve ' 1
L {f(B)} =— S f(B)exp(BE)AB = — S ¢
2019 ¥-iy 28 y-i

(B)dB (3.85)

where B is a complex variable.
The integration can be done by using the method of residues. The

integral of a function ¢(B) along a Tine is equal to 2IIi times the sum of
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the residues of ¢(B).at all its poles.

exp(’shvB )Jexp[B(E, + E )]

For s = 1 W(E,) is given by (3.86) -

(3.86)

W(E,) = sum of residues at poles of
- [0 - exp(-phv)18
B = (Zﬂni/hv) (n = 0;11,12,...) and substitution of these.values gives
(3.87)
(E. + E_)
_ v z o, yn 2m(E +E))
WE) ===+ 5 (1) v 2)y (3.87)

n=1 TN hv

This expression is illustrated in Figure 3.6.

3.5.6.3 Evaluation of Complex Inversion by Method of Steepest. Descent [58]

.The energy level density N(E) is given by (3.87) in which g* is

the value of B which satisfies (3.89)

N(E) = Q(B")exp(B*E)[2n(221n0/28%) o, ]7* -~ (3.88)
where

(31n0/38) 5o, = ~E , | | (3.89)

W(E ) may be obtained by integration of N(E). But in the first order

approximation it is given more simply by:

W(E) = N(E)/B* | : (3.90)

“For a system of s quantized harmonic oscillators with frequencies

Vis the partition function is given by:
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ﬁ exp(%hvi)

Q(B) = .0 3.91
1 - exp(-hvig) (3.91)
' ' _ v, , T | N
oInd % [xhv, - i (3.92)
8 T exp(hv.g) - 1 -
2 (hv;)?exp(hv.B)
021nQ =.§ i i (3.93)
ag? ' [exp(hv;g) - 1]
s (hv,Jexp(hvigx)
N(E,) = Q(g*)exp[*(E, + E,)]{2m 2 , 2 13.98)
| P iexp(hvgpr) - 172
s h; s
L = E, - iglghv] (3.95)

eXp(h\).iB‘*) -1

The method has been applied to harmonic oscillators [59], to vibra-
tional-rotational systems.and.to anharmonic oscillators [6Q}' A geneka]i-
zation of the method as seen in Egs. (3.88) to_(3.95)\has been developed
by Forst and Prasil [54,61] and by Hoare and Ruijgrbk'[62,63].

3.5.7 Comparisons

In thé case of a smé]]-mo]ecu]e (5-7 vibrations) and a medium
sized molecule (]5—2] vibrations) good results are obtained~by tHe methods
of.Hadﬁhoff [32], Whitten and Rabinovitch [27], by the'ihverse transfor-
mation as a seriés [33,34] and by the generalized steépest descent method
[38,39,40].‘ The expressions of Wahrhaftig [29] and cowofkers are less
accurate. ‘The‘Whitten—Rabinovitch expressions [27]‘are the simplest to'
program and use the least computer time. The steepest descent method is

simple to program but requires more computer time.
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Figure 3.6 -~ I1lustration of equation (3.87).
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The Whitten- Rab1nov1tch treatment is preferab]e be1ng checked
by exact count data if the energies of 1nterest are very low. The
steepest-descent method offers the greatest scope for development of
models containing anharmonic vibrations ‘and hindered oh non rigid

rotations.

3.6 ASSUMPTIONS OF THE RRKM THEORY [18]
There are five fundamental assumptions of the RRKM theory [18].

3.6.1 Free Exchange of Energy Between Oscillators

If we consider the phase space of the enefgized mo]eeule A*, for
each point in it, there are uniquely detehmined paths representing the
past and the future of the dynamical state of the mo]ecu]e [66]
paths ]1e on a hypersurface of constant energy and angu]ar ‘momentum.

The RRKM theory assumes that the phase-space of the molecules cannot be
subdivided into sma11er regions. If the phase-space were decomposab]e,
not a1] states of the same energy would be freely interchangeable. Figure
- 3.8 rennesents schematica]]y the phasé-space for a dissociating polyatomic
mo]ecu1e.. Thus the non-fixed energy of the active vibrations and rota-
tions redistributes itse]f rapid]y.’ The_energetic molecule is‘eonvented

' into products or deactivated by collision.
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Figure 3.8 - Schematic representation of the phase space
for a dissociating polyatomic molecule [66].

3.6.2 Strong Collisions

This assumption means that the states of the molecule beforerand'
after the collision are téta1]y unrelated and relatively large amounts
of energy (>>kT) are transferred in collisions. The processes of acti-
vation and deactivation are treated as sing]e-step'ﬁroceéses. In thermal
unimolecular reactions the reacting molecules have average energies Which

are less than 10 kcal mole

above the critical energy./ Many colliding
molecules are able to remove this—amount of energy on a sing]e collision,
- S0 that this assumption will often be a good approximation. On the other
hand, in chemically activated'reactions,‘energized molecules may be formed
with mUch higher excess energies and this assumption is more 1likely to

- collapse. For this latter case the reaction is considered from each

energy level, together with all the collisional processes which transfer

molecules from one energy level to another.
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3.6.3 The Equilibrium Hypothesis

This assumption sustains that the concentration of the complexes
crossing forward is the same in the steady state as it would be at tota]

equilibrium where no net reaction occurs.
3.6.4 Random Lifetimes

This assumption means that the process A > At s governed by sta-
tistical considerations and there is no tendency for all A~ to decompose
after their formation or to exist for some ]ength of time before decomposing.

The Tifetime t associated with a phase point is the t1me before 1t
reaches the boundary C in the abscence of collisions (Figure 3. 8). The gap
1ength t is the total time interval between boundary cross1ngs Molecules

with a particular energy have a random distribution.
P(t) = kaexp(-kar) or P(t) = kaexp(-kat) ' (3.96)

This equation means,that the probabi]ity of any phase point reaching the
boundany is uniform for any equal time interval. If the lifetime d1str1-
butions are not random, then the passage of A¥ to At 1stno 1qnger the rate
determining step for dissociation. Instead some slow redistribution of
energy within the snecies A*, in the absence of collisions, may become
rate determining The RRKM theory, in assuming rapid 1ntramo]ecu1ar energy
transfer, assumes: 1mp11c1t]y the notion of random lifetime. )
Theoret1ca]v[67,68] and experimental evidence hasg1ndicated that

the random Tifetime assumption may not always be true, especia1]y for some
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diatomic or triatomic molecules or for cases where Eo/kT is very Tow.

3.6.5 Continuous Distribution Function N*(E¥)

The energized molecule is treated in- terms of a continuously
variable energy. A different treatment would be required for the case

where the energy Tevels of A were separated.

3.7 ON NON- RRKM UNIMOLECULAR KINETICS [70-72]

As mentioned before the main assumption of RRKM theohy is that
activated molecules behave as if all their accessible states are occupied

in random order (Figure 3.9a)
P(t) = kaexp(—kar)

For thermaT reactions the most usual procedure is’the detailed
strong collision aésumption which says thaf after an activating collision
any energy is likely in proportion to its equilibrium prdbabi]ity and that
the states at that energy are all equally probable (Figures 3.9a and 3.9b).

In experiments based on chemical activation detailed strong colli-
sion conditions are intentiona]]y avoided. The RRKM assumption would
render the pattern of initial energization equivalent to a random’onevin
a negligibly short time as shown in Figure 3.9d. The‘initial energy dis-
tribution of the ‘energized molecules is quite different between thermal
reactions énd chemical activation. Figure 3.10-15 a‘diagram of the»two‘

types of distributions, where~E*-EO sighifies energy in excess‘ofvthe
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Figure 3.9 - Relation of state occupation (schematically shown at constant
energy) to lifetime distribution for the RRKM theory and for
various actual situations. Dashed lines in lifetime distribu-
tions indicate RRKM behaviour.
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‘/criticaT energy E . The thermal experiment creates a broad distribution

of energized molecular species. In contrast, a rather narrow band of

jnitial energies is created using chemical activation.

Chemical activatio

Thermal activation

. . A o
1.0 2.0 3.0 4.0 (ev)
E-Eg-

Figure 3.10 - Comparison of energized molecular distributions
. for thermal and chemical activation.

Apparent non-RRKM behaviour arises from state se]ecfion. Deposi-
tion of the .energy in favorab]é or unfavorable locations in the molecule
may'depress or enhance the probability of a short lifetime with respect
to reaction. |

Another poésibi]ity is an intrinsically non-RRKM molecule. If
transitions between two or more groups of states were less probable than
those leading to products, this could Arise. Even if the detailed strong

collision assumption were exactly true, P(t) would be non random.
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The possible ways in which reaction rates might be found to depend

on the frequency of molecular co]]isions are the following:

1. No.significant deviations from the RRKM assumption under
the experimental conditions 3.9b, 3.9¢ and the middle point

P(t) of 3.9d.

2. Apparent non-RRKM features arising onTy from state selection-

the P(t) of 3.9d.
3. Intrinsically non-RRKM.

4.  Both (2) and (3).
The probability that a‘molecule avoids a collision for T seconds is
w(t) = exp(-k, [M]r) (3.97)

in which k, is a bimolecular rate constant for deactivation of reactant
molecules by any collider M. '
The rate of collisional preparation is kl[M]. The overall rate for

a particular energy is then:

k .= k, [M] foow(’r)P(T)d'r ‘ (3.98)
0

un
For RRKM kinetics, substitution of Egs. (3.96) and (3.97) in (3.98) yields
the form

&, [M]
k

Funi T
1 + kz[M]/ka

(3.99)
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The RRKM theory is a mathematical idealization and does not correspond to
any actual molecular mechanics. In the case of non-RRKM features arising
from state sejection, this is a matter of degree not of kind. A molecule
may be free of non-RRKM character. -If 'we know the molecule's critical
configuration the RRKM statistical procedures will give k_correctly; if
we have to guess the critical configuration, unreasonable guesses will
not be required. ‘It is difficult in a single experiment to estab]ish
non-RRKM kinetics. When the basic RRKM is to berexamined,the molecule.
should be subjected to every feasible tests - thermal studies, chemical
activation of all possible kinds,}high pressure measurements and any

other procedure that seem relevant.



60

IV, GENERAL THEORETICAL PROCEDURE

To carry out the calculation of kuni as a function of pressure one
should 'set up models bf the molecule A and the activated -complex AT, The
parameters needed for A are the vibrations and internal rotations as well
as its overall moments of inertia and its collision diameter. These infor-
mations can be obtained from éxperimentai measurements or can be estimated
by empirical methods. The same data must be specified'fdr the activated
complex, but it is not possible to determine it experimentally. The infor-
mation might be obtained by a solution of the Schriodinger equation for the
system. Such calculations not being practicab]e, empifica] methods -have

to be employed.

4.1 SELECTION OF A MODEL

kIn'the selection of a model for a reaction thekfirst_thinQ to do is
to decfde how many rotationa]'degrees of freedom will be inc]uded in the
mode]svof A and AT, and which of these degrees are active. A change in
the number of inferna] rotational degrees of freedom produces a model with
a high or low A-factor. The activated complex can be classified as "kigid"

or "Toose". In a "loose" complex, there is some degree of free internal
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rotation which was not present in the reactant molecule. The loose complex
is associated with bond-fission reactions. The rigid complex has no inter-
na1‘rbtations which were not present in éhe reactant molecule. The nature
of the complex can be determined by examination of the potentia] curve for
the reaction coordinate. If the barrier is high fof both the forward and
the reverse reaction, as shown in the potential eﬁergy profile in Figure
4.la, there are reiatively strong chemfca] interactions in the transition
region. This type of barrier occurs when there is considerable activation
energy for both the forward and reverse reaction. Figure 4.1b shows a
potential energy profile of a reaction path in which the energy of activa-
tion of the reverse reaction is close to zero, as in the dissociation 6f
ethane and fluoroethanes to form two methyl or f]uorométhy1 radicals. Here
the forces at the peak’of the barrier may be weak enough to permit the rota-
tional motions of a loose complex.

After a structure has been proposed~fqr the activated complex,
values must be assigned to the vibration frequencies and moments of inertia
of the complex. This could be done accurately if the geometry of the com-
plex was known and if a cohp]ete set of'force constants for the complex |
could be constructed. It is difficult to realize these aims in practice.
Analogous structures in normal molecules and free radicals as well as semi-
empirical correlations of bond lengths and force constants with bond order

can be considered.
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Figure 4.1 - Typical potential energy profiles

a) Rigid activated complex
b) Loose activated complex.
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4.2 DETERMINATION OF THE LENGTH OF THE CRITICAL BOND

Two procedures have been used for determining the length of the
§Cr1t1ca1 bond in the loose act1vated comp]ex for the dissociation of a

;mo1ecu1e into two fragments, e.g.,

CH, + 2CH,»

4.2.1 The Gorin Model (Model I)

The fragments formed'by the dissociation of a molecule are assumed
to have the same geometry and vibration frequencies as the.free radicals
and to have a large degree of rotational freedom. The reaction coordinate
1s‘treated by considering.the compiex as a decomposing diatomic molecule
in which the atoms have the masses of the actual fragments. The distance
R. is large enouéh to make the assumption mentioned above, which is a basic
assumption in the Gorin theory [73,74]. It is assumed that the radicals
:are}attracted by a force Fa’ due to the intermoiecular éttractive potential
Va»= -a/Rs and fhis force is opposed by a centrifugal force arising from
the rotation of the two fédica]s about a common center of mass. The centri-
fugal force is FC = ‘M2/uR® where n is the reduced mass, M is the total
angular momentum of the complex equal to [J(J+1)]%ﬁ and J is the angular
momentum quantum number. The activated complex is defined to exist at a

critical separation Rc’ at which the centrifugal force is equal and oppo-

site to the attractive force F_ = -6a/R’. R, is given by

= [6ap/d(J+1)n2]% o (4.1)
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where a is the constant in attractive potential energy expression vy = -a/R®.
The average value of Rc for dissociating molecules was given by Tschuikow-
Roux [.75] ’b.Y (42)’

‘ 1
2

<R>. =T (—33—)1/5 P (<22 /R] 4.2)
Cav Ty ) T W 8

For practical cases (2a/kT)%/R% > 2 so that the error function is equal to

unity, hence

1
<R>4, = 1.3092(2a/kT) /s | 83

For reactants having permanent dipole y, po]érizabi]ity a, and are in

thermal equilibrium, the attractive potential is given by [76]

Ya

_a/RG

= (agg + 54 + Ag;g)/RE | (4.4)

es dis

where aés :IZﬁfﬁi/BkT is the electrostatic contribution due to dipole-dipole
. . _ 2 . . . s .
interaction, a, . = a,u; + a,u? s the 1nduct1vg contr1but1on due to dipole
induced dipole interaction, A4is is the dispersion contribution due to
instantaneous induced dipole moments interaction between R] and RZ‘ Slater

and Kirkwood [77,78] have given an estimation for a ;o

ayig = (3/2)(en/mE)agon/Lloq Ny % + (ap/Ny)?] © (4.5)

where e and m, ére the charge and mass of an electron and N is the number
of outer shell electrons. The dipole moments for the fluorohydrocarbon
radica]s are taken as 90% of the values for the correﬁponding fluoro-

hydrocarbon molecules. Polarizabilities are based on known atom polari-

zabilities [79].
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Thus 1in this approach the critical configuration is ]écated at the
maximum of the potential energy surface separating reactants and products
and the average value of the critical bond length is giVen by (4.3). How-
ever when the rétio of the adiabatic rotational partition functions of
the activated comp]ex‘fo the molecule Q;/Q] is expressed as the ratio of

the square of the appropriate distances
. | .
Q]/Q] = <<r;>>/ré (4.6)

the square of the apparent distance between the centers of masse3<«r;>>
is used. Waage and Rabinovitch [22] have evaluated <<r;>> for a London

dispersion force between particles as

.

<<r2>> = 1.35(2a/kT) /3 | - (4.7)

4.2.2  The Criterion of Minimum State Density (Model I1I)

Bunker and Pattengill [41] proposed to ask the RRKM theory to pre-
scribe its.own critical value of the reaction coordinate. They required
that thé'critica1.cqnfiguration‘have a value of the reaction coordinate
such that the number of accessib]e-inteknal states of the molecule is
ninimized. The proposal fs that this "bottleneck" should represent the
critica1 configuration or dijviding surface of the RRKM theory. In studies
where the potential energy of the reaction coordinate iS represented by a
Morse funttibn, fhe criterion of minimum state density gives a value of
r* at the critical configuration less than the value of r' at the rotational

barrier [42]. The rotational barrier is located in the product fegion
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and choosing the critical configuration at this point (Gorin model) would
give an overestimate of the unimp]ecu]ar rate. The critical configurations
required to fit the experimental rate-constants are'much "tighter" than
those of the Gorin mode]. The minjmum state density criterion can be

expressed as

aN(ET)/ort = 0 | | (4.8)

R" is the value of the reaction coordinate where (4.8) is satisfied. The

internal energy of the critical configuration et ds

L T E5(1.0 - 1/1%) (4.9)

WhererE* is the internal energy of the energized molecule, V(r+) is the
potential energy associated with the reaction coordinate, E‘J is the ex-
ternal rotational energy of the energized molecule, and the I's are the
moments‘of 1nerf1a. The internal energy of the energized molecule and
criticai cohfiguration is the vibrational-internal rotational energy.
Equation (4.9) applies to the situation where the unimolecular reaction
can be described by the bond rupture of a diatomic molecule. The density
N(E+) can be writfen as a summation of the product of sum of vibrationai-
internal rotational states, P(E+-E;) times the densify of translational

states in the reaction coordinate, N(E:),
. E+
+ + + + . +
N(E™) E+20P(E - EON(EY) 5 Ef

1}
o

(4.10)

CN(E]) = (2u8%/h%E])* @)
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t: is the translational energy associated with the reaction coordinate and
p is the reduced mass of the separating fragments.
+ L+ ' :
If P(E,-Et) can be represented by a continuous function, (4.10)

becomes
+

N(ET) = éE N(E" - EDIN(ED)dE] ‘» (a2
where N(E+-E:)_1s the . density of vibrational-internal rotational states
in the critical configuration. To find an approximation for N(E+), it is
assumed that N(E+-E;) can be represented by the vibrational-internal rota-
tional density expression ‘ |

+ ot + s+r*/2-2

%y )
r(s + r*/2 - 1)nhv§

(E" - E

N(E'-E}) = (4.13)

Q:r is the internal rotational partition function, s-1 and r* are the number

of.vjbkatiohs and internal rotations in the critical configuration, and the
+

j s are the vibrational fréqhencies. Combining (4.9)-(4.13) and integra-

AY

ting one gets,

*
b QLET - W) 4 (1.0 - 1t s (3/2)

N(E )a

(4.14)
I'(s + r*/2 - ])ﬂhv: ,

When a semiempirical Correction is made for the zero?point energy of the

. . . + :
critical configuration Ez one gets,

‘ *
+ Q:r[E* - Vr) + Ey(1.0 - 1ty + aE;]S+r /2-(3/2)

N(E (4.15)

r(s + r*/2 - ])ﬂhv:

Where a is the empirical constant used in the Whitten-Rabinovitch approxi-

mation [50].
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As shown by (4.15) the position of fhe critical configuration along
r* depends on chénges in the mO]ecu]ar Structure. The terms in (4.15) de-
pendent on the mo]ecu]ar structure are I*, the v+'s Q P E+ and the number
of vibrational frequenc1es s and internal rotors r*. In the absence of any
structural effects, the minimum state density criterion will depend only
on V(r") and the critical configuration will be Tocated at the top of the
potential energy barrier. |

Since in this study only the-rate constants for therha] uniho]ecu]ar
reactions will be ca]cU]ated,the effect of external rotationa1 energy can be
approximately accounted for by ca]cu]ating the difference in average energies
between'reacting molecules and critical configurations as shown by Marcus [43].
For the thermal situation a very good approximation of the average rotational
energy of critical cbnfigﬁrations is <E3> = RT [80]. The appropriate expres- J
sion for EJ EJ is obtained by noting that the rotationa1~energies of A* and
A" in a given Tevel J are related by EJ/ES = I*/1 whence E¥-E, = (]-I+/I)<Ej>

J J
and ‘

f<E3>-<EJ>= (1 - I*/1)RT | (4.16)
Thus the expression for N(E+) used in this work is

| *
Q:r[E* - V(r+)‘_ RT(1 - I+/I) + aE;]s+r /2-(3/2)

N(E Yo (4.17)

I'(s + r*/2 - 1)nhv:

The expression used for external rotations in (4.17) is modified according
to the suggestion of Marcus [43] and the proposal of Hase and coworkers [81]

as shown in (4.18)
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: + o o+ -
tore* XX“YY“ZZyiy & tostr*/2-(3/2
Q’ [E V("‘+ - RT(1 - Yy 2 + SY‘ / ( )
N(E¥)o T ) ( ( XX vazz) ) 7+ 3kl

T(s + r/2 - 1)}
| | (4.18)

where % is/the humber of adiabatic rotétiona] degrees of freedom. This
final expression for counfing the number of states (4.18) s minimized

using the computer program prepared by W. L. Hase and D.L. Bunker [82j

with my further modifications (Appendix IT). |

4.3 CALCULATION OF THE ACTIVATION PARAMETERS

The high pressdre A factor 1is significant, and in fact the Gorin
model 1is chosen so that thevcalculatedrA factor agrees with the experi-
mental value. The experimental high pressure Arrhenius parameters are

defined by (4.19)

B/ KT

A= ke (4.19)

The critical energy E0 is determined from the limiting high pressure
activation energy E. by equating (3.24) to the Arrhenius expression (4.19)

and logarithmically differentiating both sides with respect to (1/RT) [28].

0]0;
k, = LT T2 eyp(-g /rT) | (3.24)
L L |
The result is
1, * _ et
E0 =E - —E—(r -r+ 2)RT’+ <Ev> <Ev> \\ (4.20)

where <Ev> and <E:> are the mean vibrational energies (above the ground

state) of the active molecule and the activated complex.
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3

"Affer the determination of the Eo parameter from (4.20) it is possib]e to
compute the value of k_ from (3.24) and compare this value with the expe-
rimgnta11y determined high pressure rate constant.

On the other hand, to fest the validity of the model, the entropy -
oflactivation obtained from the expérimentai, high pressure pre-exponen-

tial factor (4.21)

asT = ROA/KT) <11 a2

can be compared with that calculated from statistical thermodynamics based

on the choice of models,
+ , '
astFestos (4.22)

where S+ and S are, respectively, the entropy of the activated complex
and molecule.

There are an infinite number of models reproducing a given set of
Arrhenius parameters, thus the Arrhenius pérameters.don't specify uniquely

the model to be used.
4.4 CALCULATION OF THE FALL-OFF PRESSURE

4.4.1  Neglecting Centrifugal Effects

The thermal decomposition of A, as shown in section 3.1, may be

represented by

- Oky % '
A+M 2" A +M
k2

k, (E* k*
A*—-——é-(——b)A+ + products



71

‘ * :
‘where A denotes an active molecule with an energy greater than some
i .. + .
critical minimum, and A" is the activated complex M is any colliding
- %
molecule capable of deactivating A . The detailed from of the fractional

rate, k_./k_; in the pressure dependent region is derived from (2.20) and

unt
(3.24).
Equation (3.20)
' | E* + +, +
L*b?exp(-Eo/kT) o (I _oP(E,)exp(-E7/KT)dE
k . = vr
o hQ,Q, + T+ (B + E+)/k2[M]

E =0 -
in which ka(E++E0) is given by
+ 4t +
L™ Q E

) = p )
hQ,N*(E, + E) E§=O vr

+
ko(E +E,

is divided by (3.24), the high pressure rate constant ‘
=+
L g

k, = —— = exp(-E,/KT)
" |

w Q
where G* = 010, and Q = 0,0, .

E + + +
K @ {E§ _o P(E, ) Jexp(-E"/KT)dE
uni 1.1 - J VI

_ (4.23)
Tk KT Q;

+
gtoo VHk(E) + E7)/k,[M]

where QZ is‘the partition function of the active degrees of freedom of
the complex A+; Eo is criticaT energy; and et is the energy of the active
modes of A less the zero point energy E;.-~The total sum of the}degene-
racies of all possible energy eigenstétes of the active degrees of freedom

of the activated complex at energy EY is shown by (3.55)
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+ :
-+ QY‘ Et

. . - . : 2
E+ =0 vr (kT) Y‘*/ZP(-I + I/Zr*) E:; =0

C(E" - €D P(ED)]

where Q: is the rotational partition function of the activated complex

th

“and Et is the energy of the v vibratioha] level of A+ less E;. The

* .
exact evaluation of ZP(Ez)(E+-E;)%r is impractical. The accurate semi-
empirical technique of Whitten and Rabinovitch has been ﬁsed in these

calculations [507].

EY Hy et kr* + b ST
L PED(ET - BV = 101+ ) (8 4 o)) oLy
=0 .
) s o1+ i (4.24)
(sT 1 43 }.]llv'i
Thus
. etk
ET N Q:(E+ + a+E;)S e
I P(ER) = - — , (4.25)
E_.=0 rY/2 et xS 4 ‘
vr (kT) T(s™H 4 il Vs
1=1

The modified expression for N*(E*), the density of energy eigenstates of
the active degrees of freedom of A* at a total energy E:} is,
NS(E*) = Q(E* + E_ +aE )S* /()2 o(s +3r) Ty,  (4.26)
r 0 z ]'.:1 |
where Qr is the rotational partition of the_active molecule; a is the
corfection factor in the Whitten-Rabinovitch approximation; s is the
total number of vibrational frequenciesw; and r is the number of active.

1 .
rotations. The same definitions hold for the daggered quantities.
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The expression for k i/ becomes

L+
+ + + .S Harky, + +
L B Qr (E +,a EZ) : exp(-E /kT)dE

% *5 4+ L+ sT , (4.27)
o (kT)2" 7 0, T(s™+14r* Vi F01 + K, (E, + E)/k,[M]

For Tow values of QT/Q] a better result is obtained by including
this factor in the expression for k ; and not in the expression for

ka(E*) [83]. The centrifugal effects will be considered in the Qext

E
section, and further modifications will be made. Replacing +Z P(E:r)f
' ' E..=0 .

by (4.25) and N*(E;+E+) by (4.26) the expkession for ka(Ei+Eo)VB;comes

. + 1t 1 5 -
L * Qu(E*42"E))® 3 T (s wir) (k1) v, )
K (E¥+E.) = , ~ A ~ =1 (4.28)
B0 h Qu(EME HE) ST (st (kT ﬁ+v1.

1=1
Since k,[M] = AZP and [* = 0/0* in these reactions the terms in k i/ %

can be rearranged to give

1k i
1= (E++a+E;)S sl exp(-E+/RT)dE+

1
- T F .
Fani | GO W o rstage BV . O (4.29)
- ’ 1 1 ) .
Ky L+ OHESE) (s (DT T v,
[+ ( " )/AZP]
+

o Q(ETE wE )P R (st e ) (R 1 o

: r 0z iy |
The factor a (or a') is a function of the reduced energy xE'=E+/E;)

and approaches unity as x becomes large. It is defined as shown in (3.66)

by
a =1 - Bw(x)
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where B is a constant and w(x) is an expression whiéh depends on the energy

range.
+ + ‘
8 =1-8/(5.00x +2.73x°"5 + 3.51 ) o <x<1.0 (4.30)
+ + 025 ’ - |
a =1 - g exp(-2.419x ) 1.0 < x < 8.0 (4.31)

6 is defined to be equal to the ratio of v: miri to E;. :

For the active molecule

*

+
E. =E0+E

Since E0 > Ez, E” /EZ > 1 and the expression for a becomes

-1 - - oret 0.25 +,ct0.25
ca =1 sexp[ 2.4}9(E2/Ez) (E0 +E /EZ) 2] (4.32)
1.0 < x <8.0
a=]- Bexp[-2.419(E;/EZ)°'25(E0/E; + x)0-25] (4.33)
~ ] ) ‘
As shown jn (3.73) the value of B is
B = [(s - 1)(s +%r)/sIz v2/(zv)?
At Tow ehergies in the range 0 < x < 6 the rotétion vibration
energy level sum is
PENE - ENT = (EYF o0<x<o (4.38)

‘The contribution to (kuni/kw) at energies x > 8.0 is completely

negligible.
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Finally with the aid of equations (4.24)-(4.34) and upon the change of
E+/ES to x (4.23) becomes

Gn(x)exp(~C0x)dx

= C: 2 » : 4.35
K 'n=1 1+ Cz/p[Gn(x)/H(x)] ( ?
where
s+ | + %
6(x) = [T(e” + 1) Wi/r( + )€ K72 0cx<o  (a.3)
. | . |
6,(x) = [x + 1 - 87/(5.00x + 2.73x°"% + 3.51 )1% 6 < x < 1.0 (4.37)
+ a+
G(x) = [x + 1 - B'exp(-2.419x°"2%)] 1.0 < x < 8.0 (4.38)
E0 EZ ‘ +,c vo0.25 + 0.25y7%
H(x) = [x + = + - (1- Bexp(-2.419(E, /E,) (E/E, *+ x) )]
Z z

(4.39)

The quantity [1 - Bexp[-2.419(E:/EZ)°'25(EO/E: + x)°°2%] being very small

the final expression for H(x) will be

Bt E o :
H(x) = [x + ——=1 ’ (4.40)
: E
z
where
azs -] | (4.41)
a*= S+

ik | (4.42)

At a fixed temperature C, and C,/p are dimensionless constants and are

defined as



76

.

Co = E/RT | (4.43)
+y0 14Hsr* N :

G = ()" TUQG(R) T r oyt | (4.44)

) . i |
C,/p = [(E,)" 'G/AZRh(RT)Z(r< r)](Ol/GT)(Q:r/Qir)[P(a+1)/F(a++1)]

. (Hv /H 2 ) (4.45)
, =g 1izq
where R is the gas constant and h is Planck's constant. The evaluation
of the integral in (4.35) using Simpson's rule was carried out with a
UNIVAC 1106 for several pressures. . The fall-off behaviour of all the four

molecules was studied using Models I and II.

4.4.2 Including Centrifugal Effects

When centrifugal effects are included the quantity <AEJ> is

included in N*(E*) and consequently in H(x). (4.40) becomes

. E + <AE S + E v )
H(x) = [x + -2 bz | (4.46)

E,

<AEJ> for Model I is given by
<BEg> = -RT[(I/1) - 11472 | (4.47)

where I+/I is. the Eatio of the moments of inertia of the adiabatic rota-
tions in the complex and molecule, in which the resulting fragments are
treated as "atoms" of a diatomic molecule, and £ is the number of such

rotations.

For model II the expression used for <AEy> s
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XX %
B e R 73 (4.48)
XX'yy'zz'

4.5  CALCULATION OF k_(E*) and k.
a uni

ka(E*) and kuni are evaluated by the computer program according

to (3.19) and (3.21).

+ B
k (E*) _ L. E:;E:O P(Evr)
a - WN* ¥
hN*(E*)
E+
+ + +
E#bfexp(-E /kT) o 4% P(E,.)exp(-E"/KT)dE
k .= 0 Eyr=0
unit hQ R N .
E=0 1+ (E7)/x, IM]

The non-fixed energy is given by _
*

+
E :E0+E

or

., m
1]

+
E0 +E + <AE‘J

according to Whefher éentrifuga] effects are neglected or not.

.6 ANHARMONICITY CORRECTIONS FOR W(E*) and NYE™)

«  The molecule undergoing decomposition is highly excited and
during the time Tag between activation and decomposition most of its
vibrations will pass through high quantum states where the departure

from a harmonic potential is considerable. Anharmonicity is responsible

77
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for energy transfer among the vibrations. Anharmonicity results in.a
decreasing spacing between successive vibrational 1éVels bf an anharmonic
oscillator. The effect of anharmon1c1ty on k (E ) and k hi is investigated
for Models I and II.

Unt11 the appropriate force constants are ava11ab1e for po]y-
atomic molecules, it is difficult to make very accurate predictions on
the effects of anharmonicity. For this purpose, the molecule is cons1dered
‘as an assemb]y of 1ndependent Morse osc111ators

The application of a Morse oscillator representation to an actual

molecular system requires the assignment of x or De to each oscillator [84].
= hv/2x _ ' . (4.49)

The parameter x is related to the spectroscopic normal frequency w and

the fundamental frequency v by
X = (w - V)/w

If the vibration is a simple stretch1ng v1brat1on D may be ca1cu]ated

from the quadrat1c (f2) and cubic (f3) force constants

D = (fp)°/2(F3)2 | | (4.50)

These force constants can be obtained from Badgér's rule as modified by

Hershbach and Lawrie [85]
(—1)jfj = 10" (re~ayy)/byy j=2o0r3 (4.51)

wherevre is the equilibrium bond Tength between atoms of rows x and y in

the periodic table and ayy and bxy are tabulated Semi-empirica1'constants.
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Equations (4.50) and (4.51) can only be used for bond-stretching vibrations.

Equation (4.49) is used for determining De.of more complex motions. Haarhoff

[86] has started with the Whitten-Rabinovitch approximation and modified

the equations (3.63) and (3.64) to include anharmonicity.

The energy levels of a classical Morse oscillator with energy

referred to potential minimum as zero are given by
€= (n-+ _%_)hv”- (n +‘_%r)2(hv)2)40e

where D, is the dissoéiation énergy of the oscillator and
e=E+Ez‘

Solving for the quantum number n

(n+ =) = (/)T - [1 - (&/D,)T%)

so that the density of levels at energy E is

dn . 1

- - r'|+ €‘+ 3I€)Z+
= » T = L : \
- 2
CdE V[T - (/D) TR 20, 8 D
The Laplace transform of dn/dE gives
ey Ll Loyl
dE hve s 2D852 4D3s?

For s oscillators

Q(S) = .H Qi(S)‘

(4.52)

(4.53)

(4.58)

(4.55)

(4.56)



and

N(E) = L;]{R(s)} =27 W 8 (s)) o - . (4.57)

Multiplication of (4.56) and term by term inversion in (4.57) yields

.S=1 2 .
N(E) = —5 1+ -E_ 5y 1 , € -2 (L)2
F(s)Hhvi- s ZDe S(s+1) 2 2Dg
i S ,
1 1 2 :
t— (T )27+ ...} (4.58)
2 ZDé

The series in (4.58) is a correction factor for anharmonicity. (4;58)

be generalized to include r rotations by -writing s+r/2 for s and the

corresponding correction factor for W(E) can be obtained by writing r+2

for r. By various manipulations Haarhoff truncated the series in (4.58)

to obtain

k=0 NTE®) {anharmonic)

NTE*)'(harmonic) \\*N

K = ] W(Efl (anharmonic) //’l
‘ W(E+) (harmonic)

~C(E) - (1 4 2y (E2)(14E72) exp - 15 ysE2/ (ne1)
. . El . 3(]+E')

« exp[My(1 + E')Z(EZ/D)2 + My(1 . E')3(EZ/D)3] (4.60)

here D is the harmonic mean of the dissociation energies defined by

S (E) (4.59)

80
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DT =< D;1>
My = slds + (5/2)(r + 2K01/8(n +1)?(n + 2)
My = s[24s> + (59/2)s(r +2k) + (37/8)(r + 2k)21/28(n+1)% (n¥2) (n+3)

n=s+k-14+ (r/2)
E' = E/E,
o = <\}2>/<\_)>2

(4.60) is unre]iab]é at ehergies which represent an appreciable fraction
of Ey, the energy required to dissociaterthe entire molecule (E4 = I D-E,).
The usefu]ness of formula (4.59) is limited to roughly E'<‘0.1Ed.
If the anharmonicity constraints are known for the molecule and the
complex the dissociation energy for each oscillator is calculated from (4.49).
If the anharmonicity constants are not givén in the literature, De
is evaluated from (4.50)‘f0f bond stretching vibfations.~ The assignment
of De to a bending, deformation or rocking frequency is Tittle better than
gueséwork. |
The mean of'fhe dissociation enefgies is then evaluated. Finally

the subroutine evaluates the anharmonic correction (4.50) for N(E+) and
. .

HEYy.
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V. RESULTS AND DISCUSSION

As mentioned previously the purpose of this dissertation is to
give a theoretical treatment of the thermal unimolecular C-C bond
fission reactions in ethane and fluoroethanes with use of RRKM theory.
Under the cond1t1ons of the experiments the mode of decompos1t1on in
in the mono- [87] di- [88], and trifluoroethanes [89] consists exclu-
sively of the unimolecular elimination of hydrogen'f]uoride. However,
at high temperatures (T > 1300°K), in the thermal decomposition of 1,1,2,2-
tetrafluoroethane [90] and pentafluoroethane [91] performed by E.:Téchuikow-
Roux and coworkers, there is a significant.contribution from the C-C bond
rupture. The shock-tube studies provide evidence that thé‘acfivation
energy for'dehydrofluorination reaction 1hcrease§ with additional fluoro
substitution, while the preexponential factors change only in a minor way.
Therefore,- for any given temperature the values of the rate constants
decrease with increasing n in the series C2 6- nF (n =1,5). Then, in
relation to the HF‘eliminatipn, the parallel reaction involving the C-C
bond scission becomes progressively more important at the elevated tempe-
ratures used in shock-tube studies. This manifests’itSelf by the apbearance

of products resulting from free-radical reactions.
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In this chapter, the C-C bond fission in C2H6, C2H2F4, C,HF

2fFgs CoFg
is investigated théoretica]ly using a Gorin model (Model I) and a model
using the criterion of minimum density (Model II). The ca]cu]atéd re§u1fs

are compared with the experimental ones and a conclusion is drawn.

5.1 ETHANE

The unimolecular dissociation of ethane has been widely studied [92].
Abnormally high A factors have been obtained for this unimolecular disso-

ciation reaction

C2H6 > 2CH3 .

The high A factor is attributed to the conversion of low frequency vibra-
tions or hindered rotations into free, or almost free rotations in the
transition state. A review of the experimental data and of the theore-
tical models has been given by Waage and Rabinovitch [93]. There is wide
disagreement on the magnitudes of the relevant reaction parameters and on
their inferpretation. Critical configurations‘Have been presented that
fit either the forward or reverse rates. In the temperature ranges at
which these studies were carried out, the rate constants are all within
a factor of 2 of one énother. It seems probable that experimental uncer-
tainities have led to the divergence in the Arrhenius parameters.

Lin and Back [94] obtained values of ki at temperatdres between
550° and 726°C and at pressures between 1 and GOO‘forr. Their A factor

of 10'® sec”' 1is Tower than that calculated by Rabinovitch and Setser [95].
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Trenwith [96] stuaied the reaction at pressures between 0.5 and
280 torr and at temperatures of 566° and SOOOC. The fa]]-off curves
obtained are‘stepper than those of Lin and Back [94], but the A factor
js in gobd agreement with that of Lin and Back's work [94].

Quinn [97] has measured a larger A factor which is in good égree-
ment with the theoretical value found by ﬁabinovitch and Setser [95],
where a loose Gorin model is postulated.

Lin and Laidler [98] used four different activated complex models
for RRKM calculations for the ethane decomposition. They found good
agreement for their models I and IV with the data of Lin and Back [94]
for the fall-off shape and the region of the fall-off.

Waage and Rabinovitch [93] have extended the calculations with the
‘models I and IV of Lin and Laidjer and found out that they don't get the
Arrhenius parameters of Lin and Back [94]. They present a bending model
for the activated complex in which four bending vibration frequencies are
Towered unfi] the calculated rate of recombination of the two methyl
radicals agfee with the observed rate. The results for this model are
similar to those for the loose complex of Rabinovitch and Setser [95].

Haée [42], by minimization of the state dénsity at the critical
cdnfiguration required the measured decomposition and recombination rates
to be interpreted in terms of a critical configuration with ]oweréd H-C-C
bending frequencies'énd a negative critical energy for recombination. He
found 'good agreement between the calculated and measured rates.

Growcock, Hase and Simons [99] studied the kinetics of the éhemi—
cally éctivated ethane. Their result agreés, via RRKM theory with most

other chemically activated ethane data.
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TABLE 5.1 - Exper1menta] and Theoret1ca] Therma] Parameters
for Ethane Decomposition

A factor Ew Temp. Reference
(sec-1) (kcal mole™')  (°cC)
Experiménta] Studies
1018.3 86.0 327 (100a)
101%.5 81.0 537 (100b)
1017.45 91.7 586 (97)
101‘6 86.0 638 (94)
1016.% 88.0 ’583 (96)
1016.3 88.0 583 (96)
Calculational Studies
101745 87.2 600 (95)
10171 90.4 600 (98) I
1018.8 89.4 600 (98) I
101846 600 (101)
1018.2 90.6 600 (93)
1018.09 90.6 600 (present work)I?
1016.6 327 (99)
101645 87.8 600 (present work)II®
1016.88 89.7 600 (present work)II

a .
Model number in the reference cited.

Centrifugal effects are neglected.

c
Centrifugal effects are included.
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TABLE 5.2 - Summary of P 1/2 Values for Ethane Decomposition

T (OC) P 1/2 (Torr)  Reference
Experimental studies 566 5.1 | (96)
600 6.3 (96)
A 685 54.0 (94)
Theoretical studies - 25 0.21 (93)
247 3.6
600 117.0
685 240.0
25 0.015 (98)
247 0.43
600 ' 22.0
685 47.0
25 1.06 (95)
300 - 12.2
600 100.0
25 0.14 " (101)
247 3.8 |
600 200.0
600 6.6 (42a)
685 15.0
600 5.5 (99)
600 _ 12.0 (Present work)Ia’b
600 43.0 (Present wor‘k)Ia’c
600 0.65 (Present work)112°P
600 . 2.7 (Present work)IIa’C

Model I or ITI in the reference cited.
Centrifugal effects are neglected.

c
Centrifugal effects are included.
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The first pakt‘of the théoretica].ca]cu]ations at 600°C involves a

loose Gorin model for the critical configuration; in the second part the

geometry of the critical configuration is determined by the minimization

of the density of states. -

5.1.1 Model I

5.1.1.1 Data -

A. The Molecule

TABLE 5.3 - Vibrational Frequenéies of C2H6 [105] (D3d)
Wave huhber Type of vibration Species
(cm=1)

A 2915 C-H stretching A]g
v 1388 CHy deformation Mg
V3 955 C-C stretching A]g
v, | 260 CH3 torsion (from specific heat) A]u
v 2915 C-H stretching | v A2u
v, 1370 CH3 deformation A2u_
v, 2974 C-H stretching Ey
Vg 1460 CH deformation EQ
v, 822. CH3-C rocking (external deformation) Eu
v, 2950 C-H stretching | Eg
v, 1469 CHg deformation | Eg
\ 1190 CH3-C rocking (external deformation) Eg
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TABLE 5.4 - Molecular Parameters of C2H6 [106]

r~———R(C-C) () 1.543
R(C-H) (X) ' 1102
A CCH 109937
A HCH 109°19"

*
The energized molecule is assumed to have the geometry of the ground

state C2H molecule, except that the torsional frequency along the
figure axis is treated as an active free rotation.

B. The Activated Complex

The observed high pre-exponential factor suggesting a loose transi-
tion state, the RC-C distance is taken as the most probable internuclear

distance<§‘<¢>av for a Gorin-model activated complex given by (4.3)

1
Re>y = 1.3082(2a/KT) /s (4.3)

This model is identical to the "loose" model (Complex 3) for ethane used
by Rabinovitch and Setser [95]. The CH3 group is taken as planar. The
three overall rotationa] degrees of freedom are adiabatic. There are five
active internal rotational degrees of freédém which include the figure
axis rotafion plus two doubly degenerate tumblings of each CH3 group about
its owh axisi The 12 vibrational frequencies of the complex are the fre-
quencies of two planar CH3 radicals. In fact the deviation of CH3' from

planarity is less than ]Oo [107]; The C-H bond ]ength fn the methyl group

is taken to be the Same as in the ethane molecule with £ HCH = 120°,



TABLE 5.5 - Vibrational Frequencies of CHy® (D

3n)
[ .

Wave number Type of vibration Species
(cm=1) v

v, 3044 C-H stretching (calculated) Al

v, 617 Out of plane bending Ag

v, 3161 Asymmetric stretching E'

v, 1398 ~ In plane bending E'

5.1.1.2 The Moments of Inertia

A. The Molecul (Table 5.4)

I. External Rotation

H..

Figure 5.1 - Geometrical representation of C2 6

89



90 -

calculation of the coordinates -

a = 109937 - 90°- 19937' - 19.62°
B = 109°19'/2 = 54%0" - 54.66°

X = 0 y =0
XH],HG =0 - | ‘ yH] = cosa r(C-H)
’XHZ’HS = sing r(C-H) = cos 19.62(1.102)
= sin 54.66(1.102) = 1.038
= 0.899 - Yy, .H. = -sin 30 (1.038)
23 :
X = -0.899 = -0.519
H3,H4
: y = 0.519
HysHe
2. = 0.772 Y = 71038
1
ZC2 = =-0.772
ZH],HZ,H3-= sino r(C-H) + 0.772
. = sin 19.62(1.102) + 0.772
= 1.142
Zy pop. = -1.142

4°"5°"
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TABLE 5 6 - Parameters for Eva]uat1on of Moment of Inertia

Product of C2H6

2 2 2

m, X; Y; Z M) X3 m Y m,zy
12.011 0 0 0.772 . (. 0 7.1583
12.011 0 0 -0.772 0 0 7.1583
1.0079 0 1.038 1.142 0 .1.0860 1.3144

1.0079 0.899 -0.519 1.142 0.8146 .2715 1.3144

1.0079 -0.899 -0.519 ~ 1.142 0.8146 .2715 1.3144

1.0079 -0.899 0.519 -1.142 0.8146 .2715 1.3144

o O o o

1.0079 0.899 0.519 -1.142 0.8146 .2715 1.3144

—

1.0079 0 -1.038 -1.142 0 .0860 1.3144
' ‘ 3.258 3.258 22.203

_ 2 2

Ixx = Zmiyi +Im,z; (5.1)

Iyy = ):m]x1 + Zm1z1 (5.2)

I, = Zmix1 + Zmiyi : y (5.3)
. . 0, 50 _ 2

I,, =1, =3.258 + 22.203 = 25.461 amu A 42.27x107"" g.cm

XX Yy o

IZz = 3.258 + 3.258 = 6.516 amu A2 v 10.82x107*°? g.cm?

II. Internal Rotation
The moment of inertia for-internal rotation is given by

[, =12 | | C (5.8)




In this case for a symmetrical top

.Iir = I]/Z = (3/2)mH5L2 (5.5)
where

% = re_y sin(180-6)

is the angle between the gxis of rotation and the C-H bond. Thus

P

(3/2)(1.0079)(1.102) 2 in?(180-109.62)

Iir
0
1.629 amu A?

2.70x107*° g.cm?

I. External Rotation

Calculation of <R >
; c av

As shown by (4.3)

1 ' '
<R > 1.3092(2a/kT) /s a = 1.09x107°° ergs em® [75]

c av

1
1.3092(2 x 1.09x10-5¢/1.3805x10"'% 873) /®

4.57x107% cm

Calculation of the coordinates

+

+ .
X =0 y =0

+ ' + +
X =0 . y = 1.102 y = -1.102
X = €0s30(1.102) = 0.954 ™ = sin30(1.102) = 0.551
H,,,H . H, ,H

2°"5 4°"'s

+ ‘ +
X = -0.954 - y = -0.551



2.285

-9

3

ir

Internal Rotation

(3/2)(1.0079)(1

0
1.834 amu A?

3.048x107° g.cm?.

.102)2

2

Z =
HysHasH3
z = -2.285
“HyoHgsHg
TABLE 5.7 - Parameters for Evaluation of Moment of Inert1a
Product of czHg (Model 1)
+ + + 4; + ¥
Atom  m, X; Y; z; mq X3 my3 m Z3
, 12.011 0 0 2.285 0 0 62.7121
¢, 12011 o0 0 -2.285 0 0 62.7121
Hy  1.0079 0 1.102 2.285 0 1.2240 5.2625
“H,  1.0079 0.954 -0.551 2.285 0.9173  0.3060 5.2625
Hy  1.0079 -0.954 -0.551 2.285 0.9173  0.3060 5.2625
W,  1.0079 -0.954 0.551  -2.285 . 0.9173  0.3060 5.2625
He  1.0079 0.954 0.551  -2.285 0.9173  0.3060 5.2625
He 1.0079 0 -1.102  -2.285 0 1.2240 5.2625
- ' - 3.672  3.670 156.999
i 1T - 3.671 + 156.999 = 160.670 amu A2 266.71x10°4° g.cm?
o = Ly = 3 .999 " = 160. | ) :
. ) (0] .
I}, = 3.672 + 3.670 = 7.342 amu A’ 12.19x1074° g.cm?
II.



5.1.1.3 Calculation of the Partition Functions

A. The Molecule

I. Vibrational partition function

Q, = 1O - exp(-hv, /kT)] v (5.6)
i=1 : .
where
8/T = hc/kT = 1.4388V/T = 1.648x10™ %

TABLE 5.8 - Parameters for Evaluation of the V1brat1ona1 Partition
Function of C2H6

v, 1/1-¢"Vi/T
2915 (2) . 1.0082
1388 1.1130

955 1.2614
1370 | 1.1168
2974 (2) -~ 1.0075
1460 (2) 1.0997

822 (2) - 1.3478
2050 (2) 1.0078
1469 (2) 1.0975
1190 (2) - 1.1637

'(1.0075)2(1.0078)2(1.0082)2(1.0975)2(1.0991)2(1.1130)(1;1168)
-(1.1637)2(1.2614)(1.3478)

L
n

5.8813

94
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IT. Rotational partition function

(V7/o)(8T2KT/h?) /2( Iox yylzz)l/2 - (5.7)

Q,

(/376 (BU1 203005007 ) 873), 2 (42, 7)1 10.8210720)]
(6.6262x10727)2 ,

.4140.30

III. Partition function for internal rotation

- (8ﬂ31irkT)1/2/hn (5.8)

O
I

ir

((8)(3.14)%(2.70x107* %) (1.3805x10-16)(873)) '
(6.6262x10-27)(3)

4.5161

B. The Activated Comp]ex

I. Vibrational partition function

TABLE 5.9 - Parameters for Evaluation of the Vibrational Partition
Function of: CZHE (Model I)

+
v: ]/]_e-6v1/T
3044 (2) 1.0067
617 (2) 1.5668
3161 (4) 1.0055
1398 (4) 1.1109
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Atcording to (5.6)

Qp = (1.0067F(1.5668)2(1.0055)" (1398)"
= 3.8730

II. Rotational partition function

According to (5.7)

Q" = (/3ay2)(BLr")(1.3805x1071%) (873)
. (6,6262x10727)2

3/ - 1/
) /2((266.71)2(12.19x107120)) /2

83089.86

III. Partition function for internal rotation ‘

The complex, in addition to the figure axis rotation, has two
doubly degenerate tumblings of each planar CH3 group about its own axis [104].

Thus

—

Q},= [(8n21}, k1) /2/hn* Jpan21? k1) /2 /na*e (5.9)

[((8)(3.14)°(3.048x107"%)(1.3805x107}¢) (873) ) /2/( 6.6262x10-27) (1) ]
[((8)(3.14)2(3.048x107°) (1.3805x1072€) (873)) /2/6. 6262x10-27) (2) ]"
3924.70
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LY
L A

5.1.1.4  Calculation of <E >, <E™>, E and E

A Calculation of <€ >

<E,> = RT?dInQ, /dT = RT.g {(hv,/kT) [exp(hv,/kT) - 117"} (5.10)

1=1

TABLE 5.10 - Parameters for Evaluation of <Ev>

v, vi/eevi/T_]
2915 (2) 24093
1388 156.844

955 249664
1370 160.016
2974 (2) 22.286

L 1460 (2)  144.692

822 (2)  285.870

2950 (2) 23.005

1469 (2) 143.232

1190 (2) 194.849
2242578

Taanv

= (1.648x107%)(2242.578) = 3.696
aT

<E,> = (3.696)(1.987x107%)(873)

= 6.41 kcal mole”"



B.

*
Reference

Calculation of <E >

Ta1nQ

- aT

+
<t >
EV

TABLE 5.11 - Parameters for Evaluation of {Et

v: o /eev /T-1

3044 (2) 20.309
617 (2)  349.698
3161 (4) 17.371

1398 (4) 155.106
1429.920

< +

= (1.648x107°)(1429.920)= 2.356

(2.356)(1.987x1072) (873)
4.09 kéa] mole” "

Result for E

According to (4.20)

E - (f*i- r+ 2)RT + <E > - <ﬁ+>
0~ e | v v

m
n

87.72 kcal mole” "

93.

98

90.60% . - -1 (5 = 1 + 2)(1.987x10"%)(873) + 6.41 - 4.09
> |
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D. Calculation of ET

In a thermal reaction the non-fixed energy E+ has been calculated

as follows [43]

E+

(1 + —g—)RT + 2hv Texp(hvi/kT - 1)]7" (5.11)

(1 +2.5)(1.987x107°)(873) + (2.859x10"%)(1429.92)

10.16 kcal mole™'

5.1.1.5 Calculation of As#i k., and A

| The experimental Arrhenius parameters chosen in this-work
are [93] |
A - 10%8-2

[+5]

E)

oo

90}6 kcal mole”!

According- to (4.21)

AST= R(TnAL(h/KT) - 1)

1.987‘1n((101°'1)(5.6262x1o-27)/(1.3805x10-‘6)(873)) - 1)
120.15 cal mole™".deg™

From (3.24)

k, = A_e E/RT | (5.12)

-3
. -%0.6/1,9872%X10  "xg73
(1030-1)e720-/

2.62x1075 sec”!
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The corresponding theoretical values are calculated below. Asi; is given

by (3.22)

-AS

th =

+
Sth = Sgh

The statistical-mechanical equation (5.13) is used to calculate Sih and Sth |

S

th

11.987(1n4.5161 + 0.5) since T(d/dT)1nQ;,,

d
dT

RInQ + RT

1nQ | (5.13)

1.987(1n5.8813 + 3.696)
10.68 cal mole™'.deg”"

1.987(1n4140.30 + 1.5) since T(d/dT)1n Q. = 3/2

19.53 cal mole™'.deg”"

1/2
3.99 cal mole™".deg”’

34.20 cal mole™'.deg™"

1.987(1n3.8730 + 2.3565)

7.37 cal mole™'.deg”’

1.987(1n83089.86 + 1.5)

25.49 cal mole™'.deg™"

1.987(1n3924.70 + 2.5) since T(d/dT)Ing, . = 2.5
21.41 cal mole™'.deg™”

54.27 cal mole”'.deg™’

54.27 - 34.20 = 20.07 cal mole™".deg™"
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The va1ﬁe of k., th is calculated using (3.24)

) Lt
+ kT
gy = L -7;--%- exp(~E/RT) (3.24)

_ (3)(1.3805x1071°)(873) . (3.8730)(2)(83089.86)(3924.70)
(6.6262x10727) " (5.8813)(4140.30)(4.5161)

X exp(-87.720/(1.987x1073%)(873)"
2.28x107°

Rearranging (4.21)

o
ekT ST/

Aw;th = A | (5.14)
: (2;718)(1.3805x10'16)(873) 620.07/1.957
6.6262x10727
= ]018-08
5.1.1.6 Calculation of the Anharmonicity Corrections

A: The Molecule

The anharmonicity correction factor derivéd by Haarhoff is given
by (4.60)

C (E) = {(1 + (z/E.))(E'/Z)(]+(E'/2))exp[;§?+;13]}SEZ/(n+1)D

* exp[My(14E")2(E,/D )2 + My(14E')3(E,/D )?]

k =0 for N*(E¥) ; k=1 for ~ WEY
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where D is the harmonic mean of the dissociation energies defined by

-1 -1
D :<De>

E' = E/EZ
a = <vi>/<y>?
n z=s+k-1+(r/2)

s[4s + 5/2(r + 2k)1/8(n+1)2(n+2)

=
N
[} ]

3 = s[28s%+59/2 s(r + 2k) + 37/8 (r + 2k)21/24(n+1)3(n+2)(n+3)

The éorrection factor involves D,‘the mean Morse dissociation
energy of the varioUs oscillators, on the assumption that a molecule
can be considered as a system of independent Morse oscillators.
Qnevpossib1é way of obtaining D is based on the observation that
because of anharmonicity the (observed) fundamental frequency’v fs related

to the (zero order) normal frequency w through the relation -
vz (l-Xxw

where x is the anharmonicity constant of the vibration. For a Morse:

oscillator

Dy = hv/2x (4.49)

so-that the anharmonicity constant, when known provides a means of ca]cu-‘

lating D particularly for vibrations that are not simple stretching vibra-

tions. | | | |
Based on the data given by Hansen and Dennison [106] the mean Morse

dissociation energy is calculated.
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TABLE 5.12 - Parameters for Evaluation of the Dissociation
Energies for C2H6 [106]

Anharmonicity Normal Dy (kecal mole ) 0;1 (kcal mole” ')

constants frequencies -
xy = 0.042 w, = 3042.8 98.73 0.01013

x, = 0.034 w, = 1449.3 58.57 0.01707

xg = 0.0225  w =z 1015.8 62.78 0.01593

x, = 0.0933 w, = 303.3 4.19 0.23866

xg = 0.0477  w_ = 3061.0 86.93 0.01150

xg = 0.0405 w, = 1437.5 48.44 0.02064

x; = 0.046  w = 3139.9 92.63 0.01080

xg.= 0.035 w, = 1525.6 59.83 0.01671

Xg = 0.0004 w, = 821.8 2921.43 0.00034

Xjg= 0-0694 - = 3175.1 60.57 0.01651

Xj7= 00690 w,,= 1551.6 35.20 0.02841

X1p= 0.045 w = 1246.0 37.62 0.02658

b - (6.6262x10-27)(3x10*%) (1.439x10*%)v
.
: ' 2X

De is calculated for all the oscillators.

-1 C
ZDe = 0.2739

. "-V’I :
<De > = 0.01611

D* = 62.06 kcal mole” !
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Another pbssib]e way of obtaining D for a simple stretching vibra-
tion, is by ca]cu]afing the quadratic (fz) and cubic (f3) force constants.

‘In a Morse oscillator they are related by
De = (f,)?/2(f5)* ; . (4.50)

The two force constants can be obtained from Badger's rule modified by

Hershbach and Laurie
(_'I)JfJ = ]o‘(r‘e'axy)/bxy j.= 2 or 3 (4‘5])

where 1, is the equilibrium bond length between atoms of rows x and y in

the periodic table and a__ and bX are tabulated semiempirical constants.

. Xy Y
For a C-H stretching vibration (6 fold degenerate)

Ay byy
f 1.54 0764
f 1.58 0.48
f, = 4.8348x10°  dynes cm’ !

9.9045x101% dynescm 2

w
n

f
D, = 5.7602x10™'? ergs molecule™' = 82.89 kcal mole !
-1

De = 0.01206

For a C-C stretching vibration

axy bxy
f2 1.73 0.47
1.78 0.39
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f, = 2.4996x10° dynescm '

fy = 4.0522x1013 dynes cn”2

D, = 4.7555x107!2 ergs molecule” ' = 68.43 kcal mole”’
—'I -

De = 0.01461

For a C-H bending mode (10 fold degenerate)

To calculate De for bending modes, the following approach is used.

1
De :—2—kr‘2

where k is an average value for a C-H bending force constant and r is an

average distance for this bending motion [108].

1 (0.46x10%)(10716) -

e~ 2
= 0.23x107!! ergs molecule”" - 33.10 keal mole™
D-'= 0.03021
<.'> —;%7«6)(0.01206) + 0.01461 + (10)(0.03021))
= 0.02289
D = 43.69 kcal mole”"
B The Coﬁp]ex

Since anharmonicity constants are not available, for the complex,

the second way is chosen to calculate D.
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For a C-H stretching vibration (6 fold degenerate)
-1
D, = 0.01206
For a C-H bending vibration (6 fold degenerate)

An average value for the dissociation energy is taken by comparison

with the dissociation energies for the bending motions in ethane.
Dy = 5.07x107*2 ergs molecule™ ' = 72.99 kcal mole
n-1
De :=.0.01370
<> = -é%- ((6)(0.01206) + (6)(0.01370))

0.01285

77.82 kcal mole !

L)
"

~00

5.1.1.7 Eya]uation of kuni/k

A. Centrifugal Effects are Neglected

The parameters used in kuni/k°° are calculated below.

87.72 kcal mole™!

(1/2)Zvi

(1/2){(2)(2915) + 1388 + 955 + 1370 + (2)(2974) + (2)(1460)
¥ (2)(822) + (2)(2950) + (2)(1469) + (2)(1190)}

E

Es

15636.5 cm | = 44.71 kcal mole”
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+ 1 +

EZ-‘TZ\H‘
- ~%r{(2)(3o44)-+ (2)(617) + (4)(3161) + (4)(1398)}
= 12779 cm ' = 36.54 kcal mole”"

s =17

st =12

Y‘:]

Y‘*:5

o« = 16.5

o = 14.5

I(at1) = 8.563x101 3
F(at+1) = 3.348x101!
r(1+r*/2) = 3.2333

S

. Jvg = (2915)2(1388)(955)(1370)(2974)2(1460)? (822)2 (2950)2
+ (1469)2(1190)2
4 = 5.228x10°% cm™17
15}@‘: (3044)2(617)2(3161)%(1398)*
= 1.345x103° cm~12
)0‘+ & - (12779)1"'5-16'5 = 6.124x107° cm?

15 5
E+)a 12 (12779) 7t = 4.474x7083 cpmiseS

(E

(

(£} 57 (12779)12 = 1.897x10% cm-12

(RT)]+r«/2 = (1.987x0.3498x873)3"5 = 5.503x10° cm™3" 5
(

RTyT 2 (1.987x0.3498x873)2 = 3.682x105 cm-2



where,

™
n

A
<
3
v
1

[(2)(2915)2 + (1388)2 + (

108

955)2 + (1370)2 + (2)(2974)2

~+ (2)(1460)2 + (2)(822)% + (2)(2950)2 + (2)(1469)>2

+ (2)(1190)27/17

= 4092174.2 cm™2

> = [(2)(2915) + 1388 + 955 + 1370 + (2)(2974) + (2)(1460)

+ (2)(822) + (2)(2950) + (2)(1469) + (2)(1190)]/17

= 1839.59 cm™!

<v>2 = 3384084.9 cm~2

(16/17)(17.5/17)(4092174.2/3384084.9) = 1.1716

<w¥2z ((4)(3161)% + (2)(3048)2 + (4)(1398)2 + (2)(617)2)/12
= 5589879.2 cm~2 |

A
<
|

= 2129.83 cm™!

<vt>2- 4536190 cm™2

Bt = (11/12)(14.5/12)(5589879.2/4536190) = 1.3649

Z .= (0%Ny/R) (Biyk/u)2(1/T)*

= 10.82x10°% Torr 'sec”!

Od,[93]'

5.3x107% cm .

6.0225x1023 mole”"

6.2362x10* cm®Torr K 'mole
1.3805x10716 erg K

((1/30) + (1/30))77 = 15‘g mole”
873%K

= ((4)(3161) + (2)(3044) + (4)(1398) + (2)(617))/12

(5.15)
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since according to (4.23)

3 o Gn(x)exp(-Cox)dx
kuni/koo = C'l 2 '
: n=p 0 |1 +‘C2/P[Gn(x)/H(x)]

(]
1]

, ,
E,/RT | . | (4. 43)

12779/(1.987)(0.3498)(873)
21.06

*
1+r /2P

_ o ehata L+ P
(E5)* *1/0% (RT) (" +1)1 v} | (4. 44)

[gp]
I

(4.474x1083)/(3.8730)(5.503x10°)(3.348x1011)(1.345x10%9)

466.17

+ +
- vmin/Ez

617/12779 = 0.048

+ S++ * +ysto r¥/2
G, (x) = [[(a +1)Hvi/r(1+rb/2)(Ez) X ; 0<x<o (4.36)

=[(3.348x1011)(1.345x1039)/(3.2333)(1.897x10"9)]x5/2.

= 7.34x2%5 0 < x < 0.048
. ‘ . : ‘ o+
Gy(x) = [x+1-8%/(5.00x + 2.73x°"® + 3.51)]% B < x < 1.0 (4.37)
= [x + 1 -1.3649/(5.00x + 2.73x°"5 + 3.51)] 4" S
0.048 < x < 1.0
' ‘ oot ‘ Lo o ‘ :
G3(x) = [x + 1 - B'exp(-2.419x°"2%)] 1.0 < x < 8.0 (4.38)
= [x + 1 - 1.364%xp(-2.419x°°25)]14"5
H(x) = [x + (E; + E_)/E}T° | (4.40)
- 0 Z Z :
= [x + (87.72 + 44.71)/36.54]16"5
= (x +3.624)16°5
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L
C/P = L(E)* *\zph(®TYAT ")) (0)/07) (€, /0, P (41 /0 a41)]
(ﬁvi/ﬁv:) ‘ (4.45)

Pl

(6.124x107°) (P(10.82x108(9.537x10721) (0. 3498)(3.682x105 )
(3)(4033.69 /4.825(8.563x1013)/(3.348x10!?)

((5.228x105%)/(1.345x102°)

= 1.1489x10'! /P

Thus when centrifugal effects are neglected.

'k /k_ = 466.17 [v?'048 7.34x% " Sexp(-21.06x)dx
uni @ 11 v
° -1 +]‘i§__@0_ [7-34X2'5/(X +3_:624)16'5]

N 1 [x+1-1.3649/(5.00x+2.73x°"5+3.51)]* " Sexp(-21.06x )dx
0{048 1+ l;lﬂ%gilgii[x+1-].3649/(5.00x+2.73x°'5+3.5D] 14-5

(X%3.624)16" 5

. f8[x+1-1.3649exp(-2;419x°'25)]1~'5exp(-21,06x)dx
Ty LMBIXI0 G 0y 3649exp(-2.410x0725) 14" 5/ (3 624) 157

B. LCentrifugal Effects are Included

I. The Direct Method

According to (447)
deg> = RT(1 - (I'/1))
To calculate 1771 (4.6) and (4.7) are used.

+ _ 2 2
I'/1 = <<rm>>/re
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and
1
<<r2>> = 1.354(2a/kT) /3
cartns = 1.354({(2L0-0910%%) 1,
,: (1.3805x1071¢) (873)

16.498x107'¢ cm?

+ 16.498x1071¢

I"/1 = = 6.929
(1.543)2
<AEp> = -(1.987x1072)(873)(5.929)
= -10.28 kcal mole™’
N |
H(x) =[x+ (Ej +E, + <AEJ>)/EZ]a (4. 46)

[x + (87.72 + 44.71 - 10.28)/36.45]16"5

(x + 3.35)16°5

TABLE 5.13 - Contribution of Centrifgga] Effects to kuni/km
' for C2H6 - 2CH3' at 873"K (Model I)

P (torr) (kyni/k,) (kK
07 0.0236 0.0077 -
1 0.1365 0.0522
10 0.4658 0.2517
102 0.9082 0.6674
100 1.1936 1.0706
10 1.2781 1.2521
105 1.2945 1.2907
106 1.2961 1.2957
107 1.2962 1.2962
100 - 1.2962 1.2962
10° 1.2962 1.2962

I}

0.5 at P = 12 mm Hg)

d
Neglecting the centrifugal effects (log(kuni/km)

0.5 at P

)

b
Including the centrifugal effects (log(kuni/k 43 mm Hg)

=]
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0.048

k ./k = 466.17[ 1 7.34%2"° exp(-21.06x)dx
| —
0 p 4 1148910 Ty agp2es/x 4 3.35)16°5]

] .
+ f [X+1-1.3649/(5x+2.73x%"5+3.51) 1% " Sexp(-21.06x)dx

0-0% 1.1489x101

5 [x+1-1.3649/(5x 2.73x * +3.51)] * /

16 5
(x+3.35) °

? [x+1-1.3649 exp(-2.419x°"25)]14 " 5exp(-21.06x )dx

1

1+ ]5]489x1011

B [x+1-1.3649 exp(-2.419x0°25)]214"5/(x+3,35) 6" 5

II. TbeWaage-Rabinovitch»a.lpproximation [45]

When centrifugél effects are taken into account the fall-off curve

can also be located by using the Waage-Rabinovitch approximation.
: + 1 +
ka(E0 +E + <AEJ>) = —F_ ka(E0 + E7) - (3.36)

F is given by (3.39)

(s + (r/2) - 1)(I*/1 - 1)RT

F' 21+
EO + aEZ
= 2.311
F = 0.433

where 17/1 = 6.929

a

1 -Bexp -2.4191(E, + <AEy> + E+/Ez)o-?s
0.9331
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gince F < 1 the fall-off curve is shifted to higher pressures by -log F
along the log p axis. According to the Waage-Rabinovitch approximatibn

the kum./k°° ratio equals 0.5 at P = 28 Torr.

5.1.1.8 Calculation of k_(E™)

The computer program calculates ka(E*) according to (3.19)
: +
+ B+
L z
E;'.rr:O ( vr')

k,(E*) =
hN*(E*)

The input data is given in Table 5.14.

TABLE 5.14 - Properties of the Active Molecule and Activated Complex
(C2H', Model 1)

Molecule Complex
Frequencies (cm ') = ‘ 2915 (2).. - 3044 (2)
; o ; o 1388 - #U vl D617 (2)
955 3161 (4)
1370 "= = 1398 (4)
2974 (2) .
1460 (2)
822 (2)
2950 (2)
1469 (2)
| 1190 (2)
E, (kcal mole™"). - | | 87.72
S 17 12
r . 1 -5
Moments of inertia, amu AZ
Ixx’Iyy 25.461 160.67
Izz : 6.516 7.34
Hh _ ; 1.629 » 1.834 (5)




Table 5.14 continued...

114

Molecule Complex
'Symmetny number for internal rotation -
o . 3 2 (4) and 1 (1)
Average bond energy (kcal mole™') ,
D* o 62.06 - 77.82
D o 43.69 77.82
Step 1en§th -
(kcal mole °) 0.05
Number of rate constants to be calculated
~ NEN 1200
L 3
Temperature (OK)
T : 873
Pressure (Torr)
P o 600
Collision number (Torr™' sec™')
S 10.82x10¢

The results at EV = 10.16 kcal mole” ! are
ky(E* + Ej) = 0.7576x10° sec”’

ka(E+‘+ E, + <AE;>)= 0.2740x10*°sec”’
+ _ 9 -1

ka(E + E )anh = 0.2546x10° sec

* -+ _ 9 =1

ka(E + E )anh = 0.1848x10° sec

+ I0cac™]
ka(E + Eo +‘<AEJ>)anh 0.1032x10*%sec

0.5854x10° sec

-+

* 4
ka(E Eo + <AEJ>_)anh

5.1.1.9 Calculation kun1

As shown in (3.20)
L#b] 1max [ZP(E

"

exp(-E/RT)

exp( -E /RT)AE )

T hg,0, | 1504k (E%)/azp
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The input data for the computer program which evaluates kun

; is given
in Table 5.14.
A Neglecting _ _Ctentrifugal Effects
Ko .= 83089.86 exp -87.72

uni (9.537x107**)(4140.30) (5.8813) (4.5161) (1.987x10-3)(873)

(0.05)(0.6289x10°)
2.7194x107% sec”' |

k ) =(4.3241x10711)(0.7005x10°)

uni(anh
= 3.0290x107% sec” "

*

- =11
Kuni (anh) =(4-3241x10711)(0.6812x10¢)
= 2.9455x1075 sec”!

B. Including Centrifugal Effects

k 4.3241x10711)(0.5306x106)

uni =
= 2.2943x10"5 sec”!

k =(4.3241x10711) (0.6478x106)

uni(anh)

2.8011x1075 sec” "

*
kuni(anh)

(4.3241x10711)(0.6113x10¢)
2.6433x1075 sec !
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5.1.2 Model II
5.1.2.1 Data

A. The Molecule

The energized molecule in this pért is assumed to have the geometry
and the vibrationa1‘frequencies of the ground state C2H6 molecule (Table

5.3 and Table 5;4). The torsional frequency is considered as a vibration.

B. The Activated Complex

© TABLE 5.15 - The .Vibrational Frequencies of CoH§ (Model II)

Wave number (cm—1) Type of vibration Species

v, 2915 | C-H'stretching A]g
v, 1388 CH3 deformation A]g
v, 2915 C-H stretching A2

v, 1370 CH3 deformation A2
Vg 2974 C-H stretching E

ve ' - 1460 CH3 deformation . Eu

v, . 822exp[-a(r*-1.543)] CHy-C rocking E,
v, 2950 C-H stretching | Eg
Ve 1469 ' | CH3 deformation | Eg
vy, - 1190exp[-a(r'~1.543)] CHy=C rocking Eq

The reaction coordinate is assumed to be the C-C bond extension and'V(r+)
is determinedvﬁy repreéenting the classical potential energy by a Morse

function.



+ V .
v(r) = o1 - BT Tedge gt L gl

_ a0 m_ p
D= AH0 + EZ Ez
and

B = (f/2D)%

(5.16)

(5.17)

(5.18)

AHg = Bond dissociation energy at 0%k
ET = Zero point energy of the reactant molecule
Eg = Zero point energy of the produced methyl radicals
f = C-C stretching force constant

The CH3 rocking motions are the frequency Towerings in the molecule .

Values for the two degenerate CH3 rocking frequencies are given as

v, = 822exp[-a(rt - 1.543)] cm ' (2)
, ] «

a

v, = 1190exp[-a(r* - 1.543)] cm™’ (@

The known parameters for the calculation of V(r+) are:

MHO = 87.2 keal mole”" [42b]
E) = 45.08 kcal mole”'  (Model I)
EE = 36.54 kcal mole” " (Model 1)
~ f = 5.1080x10° dynes cm ' [42b]
o = 0.82 [42b]

The ca]cu]ated values of D and B are

D

95.74 kcal mole” "
o

" 1.96x10° cm

118 .
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™
o+~
1
m
3
n

_%_{(2)(1190)[exp(-0-82(r+-1-543)) - 1]

+ (2)(822)[exp(-0.82(r*=1.543)) - 17 - 955 - 260} (2.859x10"

{1190[exp(-0.82(r*-1.543)) - 1] + 822[exp(-0.82(r*-1.543)) -
- 607.5)2.859x1073)

5.752[exp(0.82(r*-1.543))] - 7.489 kcal mole™’

Thus
] + =
v(rt) = 95.7401 - e 1 -90(r"=1-543)32 5 75rexp -0.82(r*-1.543))] - 7.

The distance where the activated complex is supposed to be located is divided
into smaller disfances. The potential energy and the rocking frequenciés are
evaluated at each r*. The density of states is computed at every point and
the minimum value is chbsen by the computer program.

TABLE 5.16 - Potential Energy and Vibration Frequencies as a
Function of r* for C,HE (Model II)

6
rt (R) Y(r*) (keal mo]e-1)b v, (cm-') Vi (cm ')
3.000 7930 ﬂ 249 360
3.250 - 83.04 203 294
3.500 85.32 165 239
13.750 - 86.68 135 195
4.000 - 87.47 | 10 159
4.250 87.93 89 129

'~ 4.500 88.18 73 105
4.750 - 88.31 59 86
5.000 - 8. 37 ” 48 70
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'5.1.2.2 The Moments of Inertia

A. The Molecule

The moments of inertia for the external rotation of the molecule

are those calculated for Model I.

o .
- - 2 _ -40 2
IXx = Iyy = 25.461 amu A" = 42.27x10 g.cm
e Q2 2
I, = 6.516 amu A® = 10.82x107"*° g.cm
B.  The Complex
I. External Rotation

The moments of inertia are calculated at each value of r+,
0 0
in the interval from 3 A to 5 A.

)
The value of x' is supposed to change from 0.899 A 1in the

: S 0
molecule to 0.954 A in the complex.

In the saﬁe way the value of zﬁ, the perpendicular distance
from the hydrogens to the C atom; changes from 0.366 X in
the molecule where Fo = 1.543 g to 0. (The methy] groups
are planar) in the Gorin model where r; = 4,57 X.

“The "change in z' and x+'6? y+ is 'supposed to be propor-

tional to the elongation of the distance r.



121

0o - 560 - - 000°G

0 - © $56°0 - - 0SL°Y
woo.o. 85¢°0 | £€56°0 #60°0 LG6°¢ . 008" ¥
6€0°0 v L2e°0 87670 6%0°0 0.2 06¢°v
690°0 16270 _ 960 570°0 1512 000"
660°0 0/2°0 6€6°0 0v0°0 L0¢°2¢ 06.°¢€
mm—.o LE20 : mmmwo 9¢0°0 LG6°1 00g°€
09L°0 90¢°0 0€6°0 _mo.o L0L°L 06¢°¢
mwF.o 9/L 0 , G26°0 192070 LSY°L 000°¢

(,27-99€°0) Ammmmmm%mww - 2 A+x<+mmmfo.u«xv Awmmmmmmwmmnwwu< = xy)  (£96°T-,7=,17)
.+N _+N< 5 XV Y 4

(11 1apow) n%o oy

+4 10 UOL3OUNY ® Se 3DNpPOdd BLIASU] 40 JUSWOK 4O UOLIEN[BAJ 404 Sddjaweded - Z[°S I1avi




122

TABLE 5.18 - Change in x* as a Function of r+ for CHE (Model I1)
3.000 3.250 3.500 3.750 4.000 4.250 4.500 4.750 5.000
m_i X X , X X X X X X X
12.011 0 0 0 0 0 0 0
12.011 0 0 0 0 0 0 0
1.0079 0 0 0 0 0 0 0
1.0079 0.925 0.930 0.935 0.939 0.944 0.948 0.953 0.954 0.954
1.0079 -0.925 -0.930 -0.935 -0.939 -0.944 -0.948 -0.953 -0.954 -0.954
1.0079 0 0 0 0 o 0 0 0 0
1.0079 0.925 0.930 0.935 0.939 0.944 0.948 0.953 0.954 0.954
1.0079 -0.925 -0.930 -0.935 -0.939 -0.944 -0.948 -0.953 -0.954 -0.954
? 3.450 3.487 3.525 3.555 3.592 3.623 3.662 3.669 3.669
TABLE 5.19 - Change in z* as a Function of r+ for C,Ht (Model II)
34000  3.250  3.500 3.750 4.000 4.250 4.500 4.750  5.000
m z" il zt zt zt zt z* zt zt
2.01 1.5  1.625 1.75  1.875 2.00 2.125 2.25 2.375 2.5
12.011 -1.5  -1.625 -1.75 -1.875 -2.00 =-2.125 -2.25 -2.375 -2.5
1.0079 1.689 1.785. 1.879 1.974 2.069 2.164 2.25 2.375 2.5
1.0079 1.689 1.785 1.879  1.974 2.069 2.164 2.25 2.375 2.5 |,
: i
1.0079 1.689 1.785  1.879 1.974 2.069 2.164 2.25 2.375 2.5 |
1.0079 -1.689 -1.785  -1.879 -1.974 -2.069 -2.164 -2.25 -2.375 -2.5
1.0079 -1.689 -1.785  -1.879 -1.974 -2.069 -2.164 -2.25 -2.375 -2.5
1.0079 -1.689 -1.785  -1.879 -1.974 -2.069 -2.164 -2.25 =-2.375 -2.5
) , §
| 71.301 82.700  94.920 108.017 121.976 136.794 152.445 169.610 187.934]




TABLE 5.20 - Moments of Inertia as a Function of r for CHE

(Model 11)

+ 02 + 02

(R) Ixx Iyy (amu A7) I, (amu A™)
3.000 74.751 6.900
3.250 86.187 6.974
3.500 98.445 7.050
3.750 111.572 7.110
4.000 125.568 7.184
4.250 140.417 7.246
4.500 156.107 7.324
4.750 - 173.279 7.340
5.000 191.603 7.340

II. Internal Rotation

123

The moment of inertia for 1nterna1 rotat1on is proport1ona1

to the value of & which changes from 1.038 A in the molecule to 1.102 A

in the complex.
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TABLE 5.21 - Parameters for Eva]uat1on of the Moment of Inertia

for Internal Rotation as Function of @ for CZHG'F
(Model 1II)
B "t 2" () " (i)
(ort= r-1.543) Agt= Ar+(13?8371.038) 2= 1.038+a2%)
3.000 1.457 - 0.031 - 1.069
3.250 1.707 0.036 1.074
3.500 1.957 0.041 1.079
3.750 2.207 0.047 1.085
4.000 2.457 0.052 1.090
4.250 2.707 0.057 1.095
4.500 2.957 0.063 . 1.101
4.750 - - 1.102
5.000 - - 1.102

TABLE 5'22,' Moment of Inertia for fnterna] Rotation as a

Function of r* for C,H}

26

(Model II)

+ (R)‘ + - (amu %2)
3.000 1.731
3.250 1.744
3.500 1.760
3.750 1.780
4.000 1.79
4.250 1.813
4.500 1.829
4.750 1.834
5.000 1.834
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5.1.2.3 Calculation of the Partition Functions

I. Vibrational Partition Func#ion
The vibrationai partition function for the mo]ecu]é is calcula-
ted in the same way as in Section 5.1.1.3 with the exception that the
contribution of fhe torsional mode (v = 250 cm ') is also considered.

QV =.16.8758

II. Rotational Partition Function

Q, = 4140.30

B. The Activated Co&p]ex

B |
I. Vibrational Partition Function » i

The minimization procedure carried out for the number of

, 0
states located the activated complex at rt = 3.375 A.

265 cm™1(

1190exp(-0.82(3.375 - 1.543)) 2) .

<
n

183 cm™1(2)

822 exp(-0.82(3.375 - 1.543))
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_ TABLE 5.23 - Parameters for Evaluation of the Vibrational
Partition Function for C2H6 (Model I, neglecting
Centrifugal Effects)

v: \ 1/1-e093/T | 0 = 1.648x1q;jv*/
2915 (2) 1.0082
1388 1.1130
1370 1.1168
2974 (2) 1.0075
1460 (2) 1.0997
183 (2) 3.8409
2950 (2) 1.0078
1469.(2) 1.0975.
265 (2) 2.8261
Q; =(1.0082)2(1.1130)(1.1168)(1.0075)2(1.0991)2(3.8409)2(1.0078)2

(1.0975)2 (2.8261)2
Q: = 223.3198

II. Rotational Partition Function

o+ ' + + + + +
r “Ar AX X _ Az Y z!'

13.375 1.832 0.033 0.932 0.222 0.144
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TABLE 5.24 - Parameters for Evaluation of Moment of Inertia
Product of CZHZ (Model II, neglecting Centrifugal

Effects)
Atom m, z: x:
Cy ~l2.0m 1.6885 0
c, 12.611_ -1.6885 0
H, 1.0079  1.8325 0
H, 1.0079 - 1.8325  0.932
H, 1.0079 1.8325 -0.932
Hy 1.0079 -1.8325 0
He 1.0079 -1.8325  0.932
He 1.0079 -1.8325 -0.932
-. zmjzi= 88.743  3.502 = Imx}
I:X = I;y = 88.743 + 3.502 = 92.245 amu Az 153.13x107*° g.cm?
I;Z = (2)(3.502) = 7.004 amy A2 11.63x107*° g.cm?

———

¢ :,/3.14((8)(3.14)2(1.3805x1o-16)(873))3/2((]53'13)2(]]_63x]0-120))72'

6 " (6.6262x10727)2
= ].5537x10;
III. Partition Function for Internal Rotation
SR et a2t ) 1, (amu A)

3.375 1.832 0.039 1.077 1.753



O
i

ir

4.667

I. Vibrational Partition Function
QV = 16.8758
II. Rotational Partition Function

Qr = 4140.30

B. The Activated Complgi

I. Vibrational Partition Function

128

((8)(3.14)3(2.91x19-“°)(1.3805x10'15)(873))1/2/(6.6262x10-27)(3)

The minimization procedure carried out for the calculation

_ ' 0
of the number of states located the activated complex at rt o= 3.6-A.

Va

,Vb

1190exp(-0.82(3.6 - 1.543))
822exp(-0.82(3.6 - 1.543))

220 cm-1
152 cm-|



TABLE 5.25 - Parameters for Eva]uatjon+of the Vibrational

II.

Partition Function of C
Centrifugal Effects)

2H6 (Model II, including

Vi 11T
2915 (2) 1.0082
1388 1.1130
1370 1.1160
2974 (2) 1.0075
1460 (2) 1.0991
152 (2) 4.5189
2950 (2) 1.0078
1469 (2) 1.0975
220 (2) 3.2883

129

(1.0082)2(1.1130)(1.1160) (1.0075) 2(1.0991) % (4. 5189)%(1.0078)>

(1.097
417.10

Rotational Partition Function
+,0
x (A)

0.936

0
axF(R)
0.037

+ 0 + 0
r(A) Ar(A)
3.600 2.057

5)2(3.2883)2

sz Ry R

0.249  0.117
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TABLE 5.26 - Parameters for Evg]uation of Moment of Inertia
- Product - of C2H6 (Model II, including Centri-
fugal Effects) _

Atom m, o x; ‘Z;
C 12.011 0 1.800
”c2 12.017 0 "-1.800
H, 1.0079 0 1.917
H, 1.0079 0.936 1.917
Hy 1.0079  -0.936 1.917
Hy 1.0079 0 -1.917
Hg 1.0079  0.936 -1.917
Hg 1.0079 20.936 -1.917
Imx2 = 3.532 Im,7%=100. 055
+ +

o _
_ - 2 =40 2
X Iyy = 100.055 + 3.532 = 103.587 amu A 171.95x10 g.cm

0
= (2)(3.532) = 7.064 amu A? 11.73x10"*° g.cm?

— —
| n

.

+ /30 ((8)(3.14)2(].3805x]0'16)(873))3/2((
6 (6.6262x10°27)®

171.954)2(11.7266x10712°)

4
1.7499x10
ITI. Partition Function for Internal Rotation

PR ar YA atA) 2T T (amu A2)

3.600 2.057 0.043 1.081 1.768
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i ((8)(3.]4)3(2.93x10'“°)(1.3805x10'15)(873))1/2/(6.6262x10'27)(3)

4.708

5.1.2.4 Calculation of <EV>, <E:> and E*

A.

B.

C.

Calculation of < >

TB]nQv/BT = 4,497

<E,> = 7.80 kcal mo]e-],

Calculation of <E.>

I. Neglecting Cenrifugal Effects

TB]nQ:/BT = 5.008

<El> = 8.69 keal mole”!

II. Including Centrifugal Effects

ToTnQ)/3T = 5.119
1

<E:> '8.88 kcal mole”

Calculation of ET

m-
1]

(1 + 0.5)(1.987x1072%)(873)+(2.859x1073)(3038.84)

11.29 kcal mole”"
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5.1.2.5  Calculation of AS", k_and A_

A.  Neglecting Centrifugal Effects

The value of Eo is 84.30 kcal mo]e-]. The value of Ew which

corresponds to

E0 is

= E +—(r" -y 4 2)RT - <E. > +E>
o, _ v v

(84.30)%2 + (1.5)(1.987x107%)( 873) - 7.8 + 8.69
T

87.79 kcal mole”

+

th = 3

=S th

1.987(1n 16.8758 + 4.497)
1 1

14.55 cal mole” deg”

19.53 cal mo]e_]deg_]-(Model I)
1

= 34.10 cal mo]e']deg'

= 1.987(1n 223.3198 + 5.008)
= 20.69 cal mo]e-]deg-]

= 1.987(1n 1.5537x10* + 1.5)

= 22.16 cal mo]e_]degf]

= 1.987(1n 4.667 + 0.5)

= 4.05 ca]-mo]e-]deg-]

= 46{90.ca1‘m01e_]deg_]

= 12.80 cal mo]e_]deg-]



o = {1.3805x1071%)(873) (223.32)(1.5537x10*) (4.667)
th 6 6262x10-27 (16.8758)(4140.30)
= 0.33x10"S
Ay = (2.718)(1.3805x1071%) (873) 15-50/1-307

(6.6262x10-27)

- ]016;u9

B. 'lpcluding_gentrijygal Effects

The value of Eo is 85.97 kcal mo]e—].
to E0 is
E =E +—(r* - r + 2)RT - <E > + <E*>
= 89.65 kcal mole”]
‘ Sy = 34.10 cal mole”’
5: = 1.987(1n 417.10 + 5.119)
= 22.16 cal mole 'deg”]
s:: = 1.987(1n 1.7499x10* + 1.5)
= 22.39 cal mo]e-]deg_]
s?r = 1.987(1n 4.708 + 0.5)
= 4.07 cal mole” 'deg™!
+ -1, -1
Sth = 48.62 cal mole 'deg
e -1, -1
Asth ='14.52 cal mole 'deg

exp(

133

-84.30

— e

1.987x873xﬂ

The value of E corresponding
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K -+~ (1.3805x10°15)(873) (417.10)(1.7499x10“)(4.708) exp( -85.97
=, th (6.6262x10727) ' (16.8758)(4140.30) ~1.987x873x1
= 0.27x10°% |
A . ={2.718)(1.3805x107'%) (873) 14.52/1.987
= th 6.6262x10727 -
- ]016,87
5.1.2.6 Calculation of the Anhdrmonicity Corrections
A. The Molecule

The molecule has 18 vibrational frequencies. The mean Morse disso-
ciation energy is calculated as done.in Section 5.1.1.6 for Model I, in-

cluding the anharmonicity correction for the torsional vibration.

D = 35.11 kcal mole”]

The activated complex contains
6 C-H stretching vibrations (Model I)
10 C-H bending vibrations (Model 1)

<;'> = —T%—-((G)(O.01206) " (10)(0.01370))

:0;01309 4

lws)
n

76.42 kcal mole” !
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TABLE 5.27 - Parameters for kum./koo for C

LK,

j

2H6 .(Mode1 I1)

Centrifugal effects

are neglected

Centrifugal effects

are included

84.30 kcal mole”!

15767 cn”!

13595 cm |

18

16

0
1

17

16.5

3.557x10*

8.563x1013

0.886

1.350x1057 cm18

1.345x10%° cm™1°%

5

0.0086 cm~""

2.1584x1072 cm~'7"?

1.3617x10%% cm™1®

14946.79 cm~'"°
24.63 cm°"°
4042424.8 cm™2

=45,08 kcal mole”
=38.87 kcal mole”

85.97 kcal mo]e']

1
1

15767 cm
13519 cm”
18

16

0

1

17

16.5
3.557x10**
8.563x10!3

0.886

1.359x10%7 cm™!8

6.397x10*®% cm™®

0.0086 cm~°°°

1.9567x1072 cm~!7"°®
,].2448x]066 cm-16

1.5

14946.79 cm”
24.63 cm~°°
4038398.5 cm™?

g

= 45,08 kcal mole”

1

= 38.65 kcal mo]e-]
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Table 5.27 continued...

r— . :
Centrifugal effects Centrifugal effects
are neglected are included |
whs 1699.375 cm™* V ~ 1689.875 cm-!
<wyt>2. 2887875.4 cm~?2 . 2855677.5 cm™2
3+ 1,3533 ‘ 1.3672
7 10.82x10° Torr 'sec” 10.82x108 Torr 'sec!
CO 22.410 22.280
C.I : 561.28 572.95 ?
6 ~0.0135 0.0112
(%) 9.55x10""x°" 3 4.97x1074x0" 5
x + 1 - 1.3533/ x+1-1.3672/
5.00x+2.73x°°5+43,51]%%.5 5.00x+2.73x%°5+3,51]%.5
G3(x) . v [x+1—1.3533exp(-2.419'x°'25)]16'5B+1—123672exp(-2.4]9 x0°25)
H(x) o (x + 3.328)17 (x + 3.173)17 *
CZ/P ~1.9048x10%/P 4.0409x10°/P

-Thus when centrifugal effects are neglected

- 0.0135
k ./k =561.28 [ f '

uni 9 : .
0 141208107 (g 55x1074x°/(x+3.328) 7]

9.55x10"4x" " *exp(-22.41x)dx

} [x+1-1.3533/(5.00x+2.73x " °+3.51) 1" ° " "exp(-22.41x)dx__

+
0.0135 ¢, 1.9048x10%,41.1. 3533/ (5. 00x+2.73x°* *+3.51)1"***/ (x+

o 8 Dx1-1.3533exp(-2.4191x°2*) 1" “exp(-22.41x) dx

0,25
)

116°5/(x+3.328) 7

9
T L300 101, 3533exp(-2. 4191
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when centrifugal effects are included

0.0112 ST
572. 95[ s 4.97x107"x°%"5 exp(-22.28x)dx

—
kw 0 1+ 2409107 (4 97x10-4x0" %)/ (x+3.173)7]

l‘”

1
+ f
0.0112

[x+1-1.3672/(5.00x+2.73x° " 5+3.51) ] & " Sexp(-22.28x ) dx

4.0409x10°
P

1+ [x+1-1.3672/(5.00x+2.73x°"543.51)]18°5/(x+3

+ g [x+] 1. 3672exp( 2.4191x°'2§)]16‘5exp(-22.28x)dx ]

1 1+ 4.0489)(]0 [X_l_]_'l .36728Xp('2-419]xo.25)]16.5/(X+3']73)17

b = 151 - (QZLEBRALT, ey
v - (42.27)%(10.83)

1.987x1073)(873)

-1

8.41 kcal mole

TABLE 5.28 - Contribution of Centr1fuga] Effects to k /ké for
‘ C.H. + 2CH,» at 873% (Model II)

26 3
P (Torr) Kk ./k)2 (k .7k )P
: uni’ <« unil’ o
10-! 0.2368 | 0.1075
1 0.5745 0.3482
10! 0.9357 0.7278
102 1.1374 1.0516
103 1.1942 1.1912
10" 1.2031 1.2218
10° 1.2040 1.2258
106 1.2041 1.2262
107 1.2041 1.2262
108 1.2041 1.2262
10° 1.2041 1.2262
aNeglecting centfifugal effects (kuni/km = 0.5 ’at P = 0.65 mm Hg)
bIncluding centrifugal effects (kuni/koo = 0.5 at P = 2.7 mm Hg)
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5.1.2.8  Calculation of k_(E)

TABLE 5.29 - Properties of the Active Molecule and Activated Complex
(CoHgs Model II)

— .
Molecule ) "Complex
Frequencies(cm"]) 2915 (2) Neg]ect1ng C E. Including C.E.
1388 | 2915 (2)
955 ’ 1388
260 v 1370
1370 2974 (2)
2974 (2) 1460 (2)
1460 (2) 2950 (2)
822 (2) 1469 (2)
2950 (2) r+3.003.25 3.50 3.75 4.00 4.25 4.50 4.75
110 ggg 249 203 165 135 110 89 73 59
360 294 239 195 159 129 105 86
£, (kcal mole™") - 84.30 85.97
s 18 16
r 0
Momenis of 1nert1a . oo |
(amu A 2) ' rt 3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75
XX=I 25.46  74.151 86.187 98.445 111572 125568 140.47 156117 173.279
Izz vy 6.52 6.900 6.974 7.050 7.110 7.7184 7.246 7.324 7.340
Symmetry number for- |
internal rotation
o . - 3
Average bon? energy
(kcal mole
D 35.11 : , : 76.42
Increment for the -1
summat1on (kcal mole ')
AEY 0.1

Number of rate constants
to be calculated
NEN 1000

Reaction path degeneracy
L 1
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Table 5.29 continued...

—
Molecule Complex

Neglecting C.E. Including C.E.

Temperature (°k)
T 873

pressure (Torr)
p 600

Collision number
(Torr-1 sec-1)
Z 10.82x10°

Internal energy of
energized molecule
(kcal mole-T) ' |
ECC 107.35 97.35

Number of reaction

coordinate intervals :

NN 8
Potential energy of

reaction coordinate

(kcal mole-1) . — §
V(rt) r 3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75

79.30.83.04 85.32 86.68 87.47 87.93 88.18 88.31 8

Reduced moment of

\ ; - . +
12ert1a chang1ngow1th o+ Iir

It (amu AZ) 3.000  1.731

: : 3.250 1.744

3.500 1.760

3.750 1.780

. 4.000 1.796

4.250 ~ 1.813

4.500 1.829

4.750  1.834

- 5.000 1.834




The results at ET = 11.29 kcal mole” ! are

ky(E* + E) = 0.3278x10° sec”’
k(E" +E) . = 0.3405x107 sec”’

o’anh

+ _ 9 -
k (E + E, * <AEj>) = 0.1433x10° sec

+
ka(E + Eo * <AEJ>)anh

5.1.2.9 Calculation of kuni

= 0.1740x10® sec”

f# Q+ imax [ZP(

1

1 exp(-EO/RT)AE+ T [

E:r)]exp(-E+/RT)]

k.
“"“ hQ, 0, i=1 1+ k (E")/AZp

The input data for the computer program which evaluates the

sunmation for k . is given in Table 5.29.
A. Neglecting Cenfrifuga] Effects

K= 1.5537x10*

Ut (9.537x1071%)(4140.30)(16.8758)

-1

4.0196x107° sec

) =(1.8279x10-1°)(o.2203x1o§)
-1

kum’(anh
= 4,0269x10"% sec

B. Including Centrifugal Effects

(7.8613x10711)(0.4164x10°)
1

uni
3.2735x10°% sec”

(7.8613x10-11)(0.4193x10°)
1

kum'(anh)/

3.2963x10"¢ sec”

exp(

-84.30

(1.987x1073%)(873)

140

)(0.1)(0.21
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5.2 1,1,2,2-TETRAFLUOROETHANE

The kihetics of the thermal decomposition of a dilute mixture of
1,1,2,2-tetrafluoroethane in argon has been studied in a single pulse
shock tube in the temperature range 119071450°K at total pressures of
about 2900-4000 Torr [90].

Three of the vibrational frequencies of the CHF2 radical haVe not
been given in the literature. They have been determined in this work
such that, their magnitudes fit the values requifed by the spectra and
permit to obtain good agreement with the experimental results.

The fb]]owing ca]@u]ations evaluate the position of the fall-off
region as well as the rate constant for the C-C bond scission in 1,1,2,2-

tetrafluoroethane.
5.2.1 Model I
5.2.1.1 " Data

A. The Molecule*

TABLE 5.30 - Vibrational Frequencies of C2H2F4 [109] (C2h symmetry)

" Wave number ' Type of vibration ’ Speéies
(cm™1) '

v, 3015 , C-H stretching Ag
v, 1440 ' ~ C-H bending Ag
v, - 1360 C-F stretching Ag
v, 901 C-C stretching Aq
v, 622 CHF2 deformation Ag
v, 361 rocking Ag

e ‘

*
The energized C H,F molecule has the same configuration as the energized

4
C2H6 molecule.
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Wave number Type of vibration Species
(cm™ 1) ‘ '
v, 1440 C-H bending By
v, 1080 C-F stretching Bg
v, 478 rocking ' Bg
Vi 1322 C-H bending A,
Vi, 1125 C-F bending A,
Vi, 271 rocking (calculated) Au
Vg 130 torsion A
u
Vi, 3000 C-H stretching By
Vs 1336 C-F stretching B,
Vie 1134 C-H bending B,
Vi, 539 CHF, deformation B
: u
Vig 549 rocking (calculated) Bu

B.

TABLE 5.31 - Molecular Parameters of C2H2F4 [110]

(C,y, symmetry - the anti rotamer - 84%)

R(C-C) (5) 1.518

R(C-H) (A) 1.098

R(C-F) (R) 1.350
A CCF 108°12"
A FCF 107°18"
A CCH 110%18"

The Activated Complex

The activated complex is treated as in the ethane case.
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TABLE 5.32 - Vibrational Frequencies of CHFZ‘ [110] (Cs symmétry)

Wave number , Type of vibration

Species
(cm™1)
v, 3000° . C-H stretching A'
v, 11655 © C-F stretching A’
v, 7002 C-F bending A
v, 6502 C-F bending A'
Vg 1316.5 C-H bending A"
Vg 1175 | - C-F stretching A"

aThe values of the vibrational frequencies Vir Vi,V have been estimated
in this work. The estimation is based on the comparison of the entropy
of activation to that calculated from statistical thermodynamics.

TABLE 5.33 - Molecular Parameters of CHF2' [110] (CS)

0
R(C-F) (A) 1.350
’ 0
R(C-H) (A) 1.098
‘AHCF= &FCF 115°

Deviation from b
planarity 12742
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5.2.1.2 The Moments of Inertia

I.

Figure 5.4 - Geometrical representation of C2H2F4.

Calculation of the coordinates

o

= 110%18* - 90° = 20°18* = 20.3°

Q
I

108°712" - 90° = 18%12' = 18.2°

Q
1]

107°18'/2 = 53°39' = 53.65°

Lo
"
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X =0 | y =0
Xy H =0 Yy, = cos(20.39(1.098)
172 1 .
o ' = 1.030
Xp o = sin(53.65". ')(1.35)
1°"4 , Yy = -1.030
= 1.087 : o2
X =_'| 087 yF F = ‘(Sin 300)(].283)
F2,F3 . 1272
= -0.641
y = 0.641
F3:Fy
zC] = 0.759  uhere
: _ 0
ZC = -0.759 0C = COS(18.2 )(].35)
2 s = 1.283
z, = (sin 20.3" x 1.098) + 0.759
. v
= 1.140
TR
H, = -1.140
z = (sin 18.2% x 1.35) + 0.759
F]’Fz : )
= 1.181
2p = -1.181
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II. Internal Rotation

1, = —%—(2 x 18.998 x (1.283)% + 1.008 x (1.030)2)
. -0 ’
= 31.80 amu A%
= 52.80x107"% g.cm?
% = (1.350)(sin 71.8°)
FoF,
= 1.283 8
%, = (1.098)(sin 69.7°)
0
= 1.030 A
B. The Complex

TI. External Rotation

. B )
Calculation of <Rc>av at T = 1350°K

1
= /e
<RC>av 1.3092(2a/kT) | (4.3 )

The a va]ue to evaluate (4.3) is calculated be]ow

2ufu§/3kT (5.20)
2(1.77x10718)*/(3)(1.3805x10"*#)(1350)

QO
il

es

0.35x10"%8 erg cm®
where

—t

y =1.970  [111]
CH,F,

uepr. = (1.97)(0.90)

1.77D

1.77x10° 18 esu.cm
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aipq = T2+ o2 (5.21)
= 2(2.008x10'2“)(].77x]0'18)2
= 0.13x1075® erg cm®
where
a(C-H) = 6.425x10"25cm3 [79]
o(C-F) = 6.825x10"25 cm? 179]
a(CHF,)= (2 x 6.825 + 6.425) x 10725
= 2.008x107%* cm?
agis = (3/2)(et/mDa o /T, /M)% + (a,/M)4] - (5.22)
N g (E4.8033x10'1°)(6.6262x]0‘27))(2.008x]0-2u)2/2(2.008x10"

2)(3.14)(9.1096x10-28)% 19
1.56x10758 ergs cmé | 4

a= 2.04X10"58ergs cmé

- -8
<RC>av 4.72x107% cm

Calculation of the coordinates

X~ ~ =0 _
Cq5Cy Ye,.e, 7O
. =0 yy. = cos 12.7°(1.098)
HysHy 1
- =1.071
— e 0
Xp g = sin 57.5°(1.35) y - _1.071
1°° 4 _ H2
=1.139
X - 1,139 g g = -(sin30°)(cos12.7°1.35)
F23F3 ._ B 1°°2 '
' = -0.659
= 0.659

YF3sFy
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- - : 0 .
zC1 = 2.36 ZF],FZ = (sin 12.7° x 1.35)‘+ 2.36
_ ) ' = 2.657
zC2 = -2.36
z = -2.657
. o ; F3’F4
z = (sin 12.7° x 1.098) + 2.36 ,
1 ‘
= 2.601
z = -2.601
Hy
iI. Internal Rotation
i} ——]2-—-((2)(18.998)(1.317)2 + (1.008)(1.071)2)
. 0 2
= 33.53 amu A
= 55.60x107*° g.cm?
2. = (1.35)(sin 77.39%)
FysFs
0
© =1.317 A
2, = (1.098)(sin 77.3°)
o
= 1.071 A
5.2.1.3 Calculation of the Partition‘Functions
‘ A The Molecule

I. Vibrational Partition Function

Q, = 6472.55

‘II. Rotational Partition Function

2 1A 2 ~16 3
Qr - /3é14((8)(3i;4ézé;.?292§;g )(]350)) /2(]6.45x10'11ﬁ%
. . X

6.9712x10°
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IIT. Partition Function for Internal Rotation

_ ((8)(30.96)(5é.80x10‘“°)(1.3805x10'16 (1350))%

o (6.6262x10727) (1)
= 74.51
B.  The Activated Complex
I. Vibrational Partition Function

+_
Q, = 107.1316

II. Rotational Partition Function

‘ 2 -16 3 '
+ /3.14((8)(3.14) (1.3805x10 ) (1350) ) /2(2.92x10—11z)%

Q =
T2 (6.6262x10727)?
= 2.9373x10°

III. Partition Function for Internal Rotations

Q:r = [((8)(3.14)3(55.60x107°) (1.3805x10~1%)(1350) )%/ (6.6262x10"

X [((8)(3.14)2(55.60x10'“°)(1.3805x10'16)(1350))%/(6.6262x10{

=16.72 x10°

552.1.4 Calculation of <Ev>’ <E:>; E_ and E+ '

A. Qplpglgﬁipg_gf_ﬁgv>

TalnQ,/aT, = 8.833

<E,> = 23.69 keal mole” !
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B. Calculation of <E >

TB]nQ:/aT = 5.93
C<E}> = 15.91 keal mole”!

C. Result for E

L= 91.4 - —%—(5 -1+ 2)(1.987x1073)(1350) + 23.60 - 15.9]

91.14 kcal mo]e']

m
I

D. Ca]cu]at1on of E

'(3.5)(] 987x1072)(1350) + (2.859x1073)(5562.82)
-1

m .
1l

25.29 kcal mole

5.2.1.5 Calculation of A§#, ko, and A_

The experimental [90] Arrhenius parameters are

107" sec]

™
i

91.4 kcal.mole”)

m
1]

According to (4.21) and (3.24)

ast

16.08 cal mo]e']deg-]

k -]

oo

4.00x102 sec

The corresponding theoretical values are given below

wn
no

1.987(1n(6472.55). + 8.833)

34.99 cal mo]e-]deg-1
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s ='1.987(1n(6.9712x10°) + 1.5)

= 29.72 cal mole” 'deg”!

S, =1.987(In 74.52 + 0.5)

= 9.56 cal moTe-]deg']

s,.= 74.27 cal mole” 'deg™|

S, = 1.987(1n 107.1316 + 5.93)

= 21.07 cal mole 'deg™!

S, = 1.987(1n(2.9373x10°%) + 1.5)

= 32.57 cal mo]é_]deg_]

S, = 1.987(1In(16.72x10°%) + 2.5)

= 38.02 cal mo]e_]deg_]

st = 91.66 cal mole 'deg”]

ast = 17.39 cal mole 'deg™!

- (1)(1.3805x107%°)(1350) 5.2614x10'°, xp(—=21-14

6.6262x10727 3. 3620x1011 : _(].987x10'3)(1350)‘
-1

7.72x10% sec

- (2.718)(1.3805x107"°) (1350) 17.39/1.987
6.6262x10727

]017.68 Sec—]

5.2.1.6 Calculation of the Anharmonicity Corrections

The anharmonicity constants for C2H2F4 have not been encountered
in the literature. The average dissociation energies have been calculated

using the relationship given by Hershbach and Lawrie [85].
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A. The Molecule

axy bxy
,fz 1.54 0.64
f3 1.58 - 0.48

for a C-F and C-C stretching

axy bxy
_fz 1.73 0.47
f3 1.78 0.39

For a C-H stretching vibration (2 fold degenerate)

f, = 4.9048x10° dynes em™!

£, = 10.0964x10'* dynes cm™

D, = 5.7876x10712 ergs molecule”| = 83.29 kcal mole™!
p-'= 0.01200

e

"For a C-F stretching vibration (4 fold degeneraté)

f, = 6.4344x10° dynes en !
fy = 12.6638x10** dynes cn™
.De = 8.3055x107!2 ergs mo]ecu]e-] = 119.52 kcal mo]e—]

1
De = 0.00837
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For a C-C stretching vibration
‘ 1

f, = 2.8253x10° dynes cm”
fg = 4.6967x10'° dynes cm 2
D, = 5.1118x107'2 ergs mo]ecu]e-] = 73.56 kcal mole”!
_]_
De = 0.01360
| Ho F ' |
For a _C_  bending mode [108] (4 fold degenerate)
F ,
k = 0.76x10° dynes em”]
Do= 54.68 kcal mole”!
_] o
De =-0.01828
F\ 7 .
For a L Dbending mode [108] (7 fold degenerate)
F
k = 0.7x10° dyne em!
D, = 51.08 kcal mole”’
D”'= 0.01957
e
<!> = —1 (2 x 0.01200 + 3 x 0.00837 + 0.01360 + 4 x 0.01828
17 ' :
+ 7 x 0.01957)
= 0.0160
D = 62.31 kcal mole
B. " The Complex

The C-H and C-F distances in the complex are identical with those
in the molecule. As a result the average dissociation energies are also

the same. , :
<Dé]> =(1/12)(4 x 0.00837 + 2 x 0.012 + 2 x 0.01828 + 4 x 0.01957)

0.01436 .
69.64 kcal mole”

D
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5.2.1.7 Evaluation of k ./k,
A Centrifugal Effects are Neglected

TABLE 5.36 - Parameters for kum./koo for-C2H2F4 (Model I)

Neglecting Centrifugal Effects

£, 91.14 kcal mole”]
3 9987 cm™! = 28.55 kcal mole |
£l 8007 cm™! = 22.89 kcal mole”)
S 17
s+ 12
r 1
r* 5
o 16.5
o 14.5
T{a+1) 8.563x10%3
I(a+1) 3.348x10%?
I(1+r*/2) 3.2333
S
Iy 4.821x10%° cm™t7?
i=]
S
i v: 6.062x10%¢ cm™12
i=1 .
(E;)a - 1.559x]b'? cm?
+ .
(£ ] ©3.190x10°° cm15°
+
(£7)° 6.944x10%5 cm12
(RT) 1772 2.531x10'° cm™?" 9




Table 5.36 continued...

rGQSY?*-r)/Z 8.804x10° cm™2

<w?> 1974208.1 cm~?

<v> 1174.94 - com™?

<w>? 1380484  cm™?

B | 1.3855

<wt2> 2397447.9 cm™2

W' 1334.5 cm?

whs? 1780890.3 cm"?

g 1.4911

/A . 3.2104x10° Torr-lsec™! *

Co |  8.533 |

o o - 0.580

6 ' 0.0810

6, (x) , 18.80x2" 3

6,(x) | [x+1-1.4911/(5.00x+2.73x0" 5+3.51) ] *" 3
65(x) [x+1-1.4911 exp(-2.419x°"25)]14"3
H(x) - ' | (x + 5.229)16"5

C,/P ‘ 7.68x1011/P
x

The collision diameterd., to calculate Z, is not found in the

literature. It has been calculated using the 28:7 potential [112].
The Mie m,n potential being a. composite function obtained by adding

an attraction term to a repulsion term can be written as [113]

o . = kel[(o/m)™ - (0/2)™]
l,j
where B _
= (n/(n-m) (nym)™ (")
c=r (4)'1/21

o
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I. The Direct Method

In this method all the parameters in Table 5.36, except H(x),-
are the same as those used in the determination of the fall-off région

without centrifugal effects.

<AE > -(1.987x10"3)(1350) (6.629)

-17.78 kcal mo]e_]

HOx) = (x + 21214 = 17.78 + 28.55)15.5
22.89

(x + 4.452)1%°°

IT. The waage-Rabinovitch Approximation

o
It
—

- 1.3855exp[(-2.419(91.14 - 17.78 + 25.29)/28.55]°"2°
= 0.9488 | |

el g, (17+0.5 - 1)(7.629 - 1)(1.987x107° x 1350)
91.14 + 0.9488 x 28.55

3.482

F = 0.287

The k :/K, ratio equals 0.5 at P = 2125 Torr.

-/o--
In this case

o = ro(m/n)l/(n—m)
From the average_gistance <R >a calculated at 400°K, (o] is found to
be equal to 5.09 A. Since the®¥hermal decomposition of 2a2 4mixture of
1,1,2,2 tetrafluoroethane and argon has been studied, the mean of the

collision diameters, C = 4.37 A, should be considered.

(o}
g = - § = 3.644 | 104 .
( (0, + oc2H2F4)/2,_where O,, = 3-64 [104])



TABLE 5.37 - Contribution of Centrifugal Effects to Kyni/ %o
for C,H,F, at 1350°K (Model I) :

The input data to calculate ka(E*)

224
P (Torr) (k .7k )3 (k ./k )P
uni’ e uni’ N
107! 0.0043 0.0006
1 0.0222 0.0042
10! 0.0897 0.0226
102 0.2685 0.0945
103 0.5704 0.2888
]Q“ 0.8567 0.6106
105 0.9970 0.8903
108 1.0212 1.0020
107 1.0250 1.0228
108 1.0255 1.0251
109 1.0255 1.0255
aNeglecting - centrifugal effects (k’uni/koo = 0.5 at P = 610 Torr)
bIncluding . centrifugal effects (kuni/kw = 0.5 at P = 4800 Torr).
5.2.1.8 Calculation of ka(Ef)

160

is given in Table 5.38.
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TABLE 5.38 - Propert1es of the Act1ve Molecule and Activated Complex
: C,H,F,, Model I)

2 2 4°
— .
Molecule Complex
erequencies (cm ) 3015 3000 (2)
1440
1360 . 11655(2)
901 .
622 700 (2)
361
1440 650 (2)
1080
478 1317 (2)
1322
1125 1175 (2)
271
3000
1336
1134
539
549
£ (cal mole h _ 91.14
S 17 12
r v 1 5
Moments of - Inertia (amu A2)
IXX 164.228 o 719.22
I 220.656 782.50
Y 123.152 133.90
I1r 31.80 33.53
Symmetry number for
internal rotation ‘
o 1 2 (4) and 1 (1)
"| Average bond energy (kcal mo1e']) \
D 62.31 69.64

Increment for the summation o .
(kca] mole~1)
AET : 0.05

Number of rate constants'
to be calculated -

REN o 1200
N S | 1
Temperature (°K) ‘
Pressure (Torr)
p- 3500
Collision number (Torr']sec-])
17 3.2104x10°

L
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The results at EY = 25.29 kcal mole”) are shown below.
+ _ 10 -1
ka(E + EO) = 0.3277x10°° sec

| + - . 10 cpn=]
ka(E’ + EO + <AEJ>) 0.9550X]0} sec

= 0.1157x10'° sec”!

+
ka(E + E)

o’anh

+ = 10 -
k(B + Ej + <AEp>) . = 0.3708x10'° sec”]

5.2.1.9 Calculation of kuni

The input data for the computer program which evaluates kuni

is given in Table 5.37.

k . =' 2.9373X]06 e-(91.14/1.957x103x1356
UNT (9.537x1071%)(6.9712x10%) (6472.55)(74.51)

+(0.05)(6.9830x10*°)

5.61x102 sec-]

=(8.0379x107°)(8.1500x101°)
1

kuni(anh)
= 6.55x102 sec”

kuni (8.0379x1077) (5.3420x10'?)

4.29x10% sec”

-9 10
kuni(anh) (8.0379x107%) (6.6420x10'°)

5.34x102 sec']

L



163

(4401) 4 Bo) 6 8 L 9 g

v L\ A L)

"POPN[OUL dJe $303440 |eBNiLUIUl) ¥

*pa723|bau aue $199449 [BN4LAIUD) 0

(*3/+"")601 -



164

5.2.2 Model II

5.2.2.1 Data

A. The Molecule

The molecule has the vibration frequencieé given in Table 5.30 and

‘the molecular parameters given in Table 5.31.

B. The Activated Complex

TABLE 5.39 - The Vibrational Frequencies of CZHZFE (Model II)

Waveknumber_(cm_]) Type of vibration Species
v, ‘ 3015 C-H stretching Ag
v, : 1440 - C-H bending | Ag
v, : 1360 ~ C-F stretching | Ag
v, 622 CHF2 deformation Ag
v, 361exp[-o(r*-1.518)] rocking Aq
Vv, - 1440 : C-H bending Bg_
v, 1080  C-F stretching B,
v, 478exp[ (r*-1.518)] rocking B,
v, 1322 C-H bending A,
SV SN2 C-F bending A,
v, 27lexp[<«(r*-1.518)] rocking A,
v, 3000 | C-H stretching A,
v, ) >, 1336 C-F stretching B,
v . 13 C-H bending ' B,
Vi - 539 CHF2 deformation Bu

Vie ' 549exp[-a(r*-1,518)] rocking B,




According to (5.16)

+

V(r+) = D[1 - e—B(r ']'5]8)]2+ E; - E?

MHO(CHF, = CHF,) = 91.4 kcal mole”! [90]

pHO = 89 kcal mole” ! (H = oK - 2.4)" [114]

EZ =>28.73 kcal mole!

EP = 22.89 keal mole™

f = 5.35x10° dynescmT]

v, = 36lexp[-a(r'-1.518)]

v, = 478exp[-a(r’-1.518)] '

v, = 271exp[-a(r"-1.518)1

vy = 549exp[-a(r’-1.518)]

Thus D = 94.84 kcal mole”)

B = 2.01x10-% cm”!

o =0.75 (The adjustable parameter has been chosen such that
the theoretically calculated Arrhenius parameters agree
with the experimental ones).

Er - E7 = 2.372[exp(-0.75(r" - 1.518)] - 3.846 keal mole”!

o ‘ )
v(r') = 94.84[1 - o~2:01(r"-1.51

The value of the force constant for ¢,
the force constants of C_H_ and C_F_ an

6 ,
agreement with the increasing numger of fluorines.

constants parallels the increase in bon

8)12 + 2.372[exp(-0.75(r"-1.518)] - 3.¢

H_F has been calculated by considering

g gupposing that this trend is in
"The increasé in force
d energies" [108]. '



TABLE 5.40 - Potential Energy and Vibration Frequencies as a
Function of r* for CZHZFZ (Model 1I)
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0. + -1 -1, -1 -1 |
r (A) V(r") (kcal mole ) va(cm ) vb(cm ) vc(cm ) vd(cm )
3.000 82.37 119 157 89 181
3.250 85.90 98 130 74 150
3.500 88.03 82 = 108 61 124
3.750 89.31 68 90 51 103
4.000 90.07 56 74 42. 85
4.250 90. 52 47 62 35 71
4.500 9077 39 51 29 59
4.750 90.92 32 42 24 49
5.000 91.00 27 35 20 40
5.2.2.2 The ‘Moments of Inertia

A.

The Molecule

I.

II.

1

External Rotation

Ixx = 164.228 amu
Iyy = 220.656 amu
77 = 123.152 amu

Internal Rotation

. 0
Iir = 31.80 amu A

2

(same as Model I)

(same as Model I)

= 52.80x107"°% g.cm

2

0

A% = 272.62x107"0 g.cm?
09 o 2
A = 366.29x107"°% g.cm
o .

A% = 204.43x107%° g.cm
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B. The Complex

I. External Rotation

: 0 .
_ The value of x' changes from x" = 1.087 A in the molecule
0 \ .
to x = 1.139 A.

1.030 A (for the hydrogens)

The value of y+ changes from y+

0
and y+ = 0.641 A (for the fluorines) in the molecule to y = 1.071 A
(for the hydrogens) and y+ = 0.659 for the fluorines in the complex.

The values of z+L the perpendicular distances from the
0
hydrogens and the fluorines to the carbon, change from 0 381 A (for the
0
hydrogens) in the molecule whsre r,=1. 5]8 A to 0.241 A and from 0.468 A

(for the fluorines) to 0.297 A where rt o= 4.72 A
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TABLE 5.42 - Change in x" as a Function of r’ for CZHZFZ
(Model I1I)

I

r+ 3.000 3.250 3.500 3.750 4.000 4.250 4.500 4.750 ~ 5.000

T+ + . + + + + + +

_ X X X X X X X X X
¢, O 0 0 0 o 0 0 0 0
c, O 0 0 0 0o 0 0 0 0
Hy O 0 0 0 0 o 0. 0o 0

FoOTN 115 1190 1123 127 131 11135 1139 1139
F, -1 1115 <1119 <1123 <1127 -1.131 -1.135 -1.139 1,139
H, 0 0 0 0 o 0 0 0 0

F. -1.111 -1.115 -1.119 -1.123 -1.127 -1.131 -1.135 -1.139 -1.139
4 _L111 _1.115 19 1.123 1127 1131 1.135  1.139 _1.139

Zmix§2 93.799 94.475 95.154 95.836 96.520 97.206 ,97.895 98.588 98.588

TABLE 5.43 - Change in y+ as a Function of rt for C2H 3

(Model 1I) 2.4

«* 3.000 3.250 3.500 3.750 4.000 4.250 4.500 4.750 5.000
. y+ y'l' y+ y+ y+ | 'y+ | y'l" + . +

¢, 0 0 0 0 0 0 0 0
C, 0 0 0 0. 0 0 0 0
W, 1.089 1.052 1.055 1.059 1.062 1.065 1.068 1.071 1.071
F, -0.649 -0.651 -0.652 -0.654 -0.655 -0.656 -0.658 =-0.659 -0.659
F, -0.649 -0.651 -0.652 -0.654 -0.655 -0.656 -0.658 -0.659 -0.659
H, -1.049 -1.052 -1.055 -1.059 -1.062 -1.065 -1.068 -1.071 -1.071
F, 0.649 0.651 0.652 0.654 0.655 0.656 0.658 0.659 0.659
F, _0.649 0.651 _0.652 0.654 0.655 _0.65 _0.658 _0.659 _0.659
+2

34.226 34.437 34.548 34.764 34.876 34.989 35.201 35.314 35.314

(e ]

=3

<
—i

|
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"TABLE 5.44 - Change in z* as a Function of r* for CZHZFZ
(Model IT)
F;? 3.000 3.250 3.500 3.750 4.000 4.250 4.500 4.750 5.000
z* z" 2" Zt il A z" _ z+
C] 1.500 1.625 1.750 1.875 2.000 2:125‘ 2.250 - 2.375  2.500
c2 -1.500 -1.625 -1.750 -1.875 ,—2’000 -2.125( -2.250 -2.375 -2.500
H] 1.816 1.931 2.044 2.158 2.272 2.387 2.501 2.616 2.7M1
F] 1.889 2.001 2.113 2.224 2.335 2.447 2.559 2.672 2.797
F2 1.889 2.001 | 2.113  2.224  2.335 2.447 2.559 2.672 2.797
H2 -1.816 -1.931- -2.044 -2.158 -2.272 -2.387 -2.501 --2.616 -2.74]
F3 -1.889 -2.001" -2.113 -2.224 -2.335 -2.447 -2.559 -2.672 -2.797
F4 -1.889 -2.001 -2.113 -2.224 -2.335 -2.447 -2.559 -2.672 -2.797
Zm1;?331.862 375.224 421.278 469.708 520.218 574.984 631.854 691.848 759.784
TABLE 5.45 - Moments of Inertia as a Function of r' for CZHZFZ
(Model II) ' _
r+(g) I:X (amu 22) I;y (amu %2) I;Z (amu %2)
3.000 366.088 425.661 128.025
3.250 409.661 469.699 128.912
3.500 455.826 516.432 129.702
3.750 504.472 565.544 130.600
4.000 555.694 617.338 131.396
4.250 609.973 672.190 132.195
4.500 667.055 729.749 133.096
4.750 727.162 790.434 133.900
5.000 795.098 858. 133.902

372




II.

Internal Rotation

171

The moment of inertia for internal rptation is a'function 2.

The variation of £ is from 1.283 (for the fluorines) and 1.030 (for the

hydrogens) to 1.317 (for the fluorines) and to 1.071 (for the hydrogens).

TABLE 5.46 - Parameters for Evaluation of the Moment of Inertia

for Internal Rotation as Function of r* for CZHZFZ
(Model II)
F® ety W el Ry ) i ()
3.000 1.482 0.019 0.016 1.049 1.299
3.250 1.732 0.022 0.018 1.052 | - 1.301
3.500 1.982 0.025 0.021 1.055 1.304
3.750 2.232 0.029 0.024 1.059 1.307
4.000 2.482 0.032 0.026 1.062 1.309
4.250 2.732 0.035 0.029 1.065 1.312
4,500  2.982 0.038 0.032 1.068 1.315
4.750 3.232 0.041 0.034 1.071 1.317
5.000 3.232 0.041» 0.034 1.071 1.317
Az(;)= ar*(1.071-0.030) A“?F) _ ArT(1.317-1.283)
' 4.72 - 1.518 ; 4.72 - 1.518
Yy = 1-030 + ae* gy = 1.283 + ag’
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TABLE 5.47 - Moments of Inert1a for Internal Rotation as a Funct1on
of r* for C,HFT (Model II)

22"
e (A) I3, (amu A2)
'3.000 : - 32.60
3.250 372
3.500 32.86
3.750 ' 33.01
4.000 33.11
4.250 - 33.27
4.500 33.42
4.750 33.52
5.000 33.53

5.2.2.3' Calculation of the Partition Functions

A. The Mo]ecu]e

1. . Vibrational Partition Function
The molecule has 18 vibrational degrees of freedom (Table 5.30)
Q, = 5.0027x10"

II. Rotational Partition Function
Qr = 6.9712x10°

B. The Activated Complex

The activated comp]éx is located at r' = 3.45 A.
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I.  vibrational Partition Function
v, = 361 exp[-0.75(3.45 - 1.518)] = 85 cm’|
v, = 478 exp[-0.75(3.45 - 1.518)] = 112 cm”|
ve = 271 exp[-0.75(3.45 - 1.518)] = 64 cm’|
vy = 549 exp[-0.75(3.45 - 1.518)] = 129 cm”)
Q) = 6.8604x10°

IT. Rotational Partition Function

0 0 ‘ i
G IO S| B (3 WA A () BT (S WA
3.450 1.932 0.031 1.118  0.025 1.055 0.011 0.652
sZ(H)  ZH)  aZ'(F)  2(F)

0.084  0.297 0.103  0.365 =

TABLE 5.48 - Parameters for Evaluation of Moment of Inertia Product
of C,H,FF (Model II, neglecting Centrifugal Effects)

224
‘ + + + 7
Atom m, - X; Yi o Z; | B
C] 12.011 0 0 1.725 0
C2 12.011 0 0 -1.725 0
H] 1.0079 O 1.055 -2.022 2.133
’_F] 18.998 1.118 - -0.652 2.090 -1.363
F2 18.998 -1.118 -0.652 | 2.090 -1.363 .
H2 1.0079 O -1.055 -2.022 2.133
F 18.998 1.118  0.652 -2.090 -1.363
'F_4 18.998 -1.118 0.652 -2.090 -1.363
94.984 34.548 411.663 99.277
2 2y 2 +_+
(Zmixi) (Zmiyi) (Zmizi) (Zmiyizi)
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L o,
IXx = 446.211 amu A

+ 02

Iy, = 506.647 amu A

' . 0

1t = 129.532 amy A2

zZZ A02

+ :

Iyz 99.277 amu A
msct = 17 (1t 1t -1t

XX\Tyy zz yz
2.4886x107 amu3A®

1.14x10°'12 g3cm®

/n 1A 2 -16 3 1
Q: _ /3.]4((8)(3.14) (1.3805x10 )(1350)) /2(].14x10'“2) /g
2 (6.6262x]0"27)2

1.8331d0°

Partition Function for Internal Rotation

., 0 0 .. 0 o . 0 0
rt(a) Art(A) AQ?H)(A) AQZF)(A) ‘z{H)(A) z?F)(A)

3.450  1.932 0.025 0.021 1.055 1.304
I:r = —1—((1.0079)(1.055)2+ (2)(18.998)(1.304)7
) ,
02
= 32.87 amu A

54.56x]0'“° g.cm?

gt = ((8)(3:14)°(54.56x10-") (3. 3805x10°%) (1350)) /2
L (6.6262x10727) (1)

75.79



B.

I. Vibrational Partition Function
Q, = 5.0027x10"
ITI. Rotational Partition Function

Q, = 6.9712x10°

I. Vibrational Partition Function

The activated complex is 1ocafed at r' = 3.65.(2).
v_ = 361 exp[-0.75(3.65 - 1.518)] = 73 cm”'
v, = 478 exp[-0.75(3.65 - 1.518)] = 97 cn”'
v, = 271 exp[-0.75(3.65 - 1.518)] = 55 '
vy = 549 exp[-0.75(3.65 - 1.518)] = 111 cm’|

Q: is evaluated by replacing the rocking frequencies in Table 5.30

by the ones calculated above.

| Q: = 1.2126x10°

175
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II. Rotational Partition Function

+ 0 + 0

0 o 0 0 : 1
v Y(H)(A) AY(F)(A) YZF)(‘

+ 9 40 + 0
PR BrT(A) Mx(py (B x(py(R) By (A)

- 3.650 2.132 0.035 1.122 0.027 1.057 0.012 0.653

0

+ + 0 + 0
AZ(H)(A) Z(H)(A) Az

+ 0o
W sz ()2 (A)
0.093 0.288 0.114 0.354

TABLE 5.49 - Parameters for Evaluation of Moment of Inertia Product
of CZHZFZ (Model II, including Centrifugal Effects)

Atom m; - v,x: y: z: y:z:
¢, 12.01 0 0 1.825 0
c,  12.011 0 0 -1.825 0
H, 1.0079 0 1.057 2113 2.2513
F,o 18.998  1.122 ~0.653 2.179 -27.0320
kz 18.998  -1.122 -0.653 2.179 -27.0320
H,  1.0079 0 ~1.057 2113 2.2513
F,  18.998 1.122 0.653 ~2.179 -27.0320
F,  18.998  _-1.122 0.653 C -2.179 ~27.0320
zmi£$=95.665 2mij}34.656 zm1£%=449.82 zmiy§z§ =103.625

1t = 484.476 amu A2 asct = 1t (1t 1t - 1Y

XX Txxyy'zz - yz

Iy, = 545.485 amu 2 = 2.924x107 amu® A®

1T = 130.321 amu A? = 1.34x10°112 gicm®

= 103.625 amu A%
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o - /3.]4((8)(3.14)2(1.3805x10'15)(1350))3/2(];§4X]0-11z)1/2‘

r 2 (6.6262x10727)2
= 2.0234x10°
ITI. Partition Function for Internal Rotation

+ 0 0

+,9 +00 : + + 0 + 0
) arTA) A TR) sy () 2 (A) 2Ey (A)
3,650 2.132 0.027 0.023 1.057 1.306

1}’;-—2——(’(1.0079)(1.057)2 + (2)(18.998)(1.306)2)

02

32.97 amu A

54.72x107"%° g.cm?

+ ((8)(3.14)3(54.72x10'“°)'('l.3805x'lO‘16)(]350))1/2

w (6.6262x10-27) (1)
= 75.90
5.2.2.4 - Calculation of <E >, <Ef> and £
A. Ca]cu]at1on of <E >

TB]nQV/BT = 9.765

<E,> = 26.20 kcal mole” !

B. Ca]cu]atlon of <E >

I. Neglecting Centrifugal Effects -

Taanj/aT = 8.849

<Ey> = 23.74 keal mole”]
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IT. Including €entrifugal Effects

TB]nQ:/aT-= 8.877

<Ey> = 23.81 kcal mole”!

. Calculation of E

E" = (1 + 0.5)(1.987x107%) (1350) + (2.859x10~2) (8302.70)

1

27.76 kcal mole”

5.2.2.5  Calculation of AST, k_and A_

A. Neglecting Centrifugal Effects

1

B, = 87.67 + —(1 - 0 + 2)(1.987x107%) (1350) - 26.20 + 23.74
‘/“'=né9.23 kca% mole”]
s, = 1.987(1n 5.0027x10" + 9.765)
= 40.90 kcal mole”] |
S, =29.72 cal mole-]deg"]
Sy~ 70.62 cal mole” 'deg”!
s, = 1.987(1n 6.8604x10° + 8.849)
= 44,29 cal mo]e_]deg—]
S = 1.987(1n 1.8331x10° + 1.5)

31.64 cal mole” 'deg”!
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s:r = 1.987(1n 75.90 + 0.5)
- = 9.60 cal mo]e-]deg—]
st = 85.53 cal mole 'deg”!
tn = 85.53 ca mole "deg
+ o ' -1, -1
Asth = 14.91 cal mole 'deg
,k _ (1.3805x10"%)(1350) (6.8604x105)(1.8331x105)(75.90)
=, th 6.6262x10727 (5.0027x10%) (6.9712x105)
' -87.67
- x exp(
= 4.93x10% sec - (1.987x107%)(1350) .
A - (2.718)(1.3805x107*®) (1350) _1u.91/1.987 _ 1017+ b
o th ’ ~27 e - .
’ (6.6262x10727) :
B. Including Centrifugal Effects

The value of E_ is 88.86 kcal mole™'.. The value of E,, which

corresponds to E, is

E_ = 90.49 kcal mole”!
S., = 70.62 cal mole” 'deg™]
ogp = /0 ~
~sj = 1.987(1n 1.2126x10° + 8.877)
- = 45.47 cal mo]e_]deg_] |
's: = 1.987(1n 2.0234x10° + 1.5)
= 31.83 cal mo]e—]deg_]
| s:r = 1.987(1n 75.90 + 0.5)
= 9.60 cé1-mo1e_]deg—]
+ o -1, -1
S,, = 86.90 cal mole 'deg
th
As:; = 16.28 cal mo]e_]deg']
o 2 o]
kw,th 6.08x10“ sec
A = 101744
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5.2.2.6 Calculation of the Anharmonicity Corrections

A.

The Molecule

In the molecule there are

2 C-H stretching frequencieé (D; 0.01200 )(Model I)

3 C-F stretching frequencies (D; 0.00837 ) (Model I

)
1 C-C stretching frequency (D;] = 0.01360 ) (Model I)
4 C-H bending frequeﬁcies (D;] = 0.01828 ) (Model I)
7 C-F bending frequencies (]! = 0.01957 ) (Model 1)
1 torsion frequency (0;1 = 0.17570 )*
: <D;]> = —;%~((2)(0.0]200).+ (3)(0.00837) + 0.01360 + (4)(0.01828)
_ + (7)(0.01957) + 0.17570)
= 0.02492 |

40.13 kcal mole” )

o
]

In the activated complex there are

2 C-H stretching frequencies

3 C-F stretching frequencies

‘4 C-H bending frequencies

7 C-F bending frequencies

> = —;l—x(z)(o.01zdb) + (3)(0.00837) + (4)(0.01828) + (7)(0.01957)
- |
0.01620 o '

1

D 61.72 keal mole”

*

The dissociation energy corresponding to the torsion frequency of C._H.F,6 is

estimated by comparing the potential barrier (V = 3.5 kcal mole~l) of this
molecule to that of C_H, (V = 2.87 kcal mole™l) and taking into consideratior

the known dissociatio% gnergg in CbHé (D71 = 0.2387 kcal™t mole)_ of the same
e
frequency [115]. 7



.5.2.2.7_ Evaluation of kK niZk,

TABLE 5.50 - Parameters for kum./k°° for C
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2H2F4 (Model 1I)

Centrifugal effects are neglected

Centrifugal effects are ini

' 87.67 keal mole™ ).
10051.5 cm” ) = 28.73 kcal mo]e_]
8901.5 cn™! = 25.45 kcal mole”|

18

16

0

1

17

16.5 -
3.557x10"
8.563x1013
0.886

6.258x1052 ¢cm~1s
1.636x10*> cm~t6

0.0106 cm®"5
1.3050x108° cm~17-S
1.5539x10%% cm™1¢
28742.67 cm i+

30.63 cm S
2003468.5 cm2
1112.6875 cm1
1238073.5 cm™

1.5645

3.2106x10° Torr-lsec™!

88.86 kcal mole” !

10051.5 cn”! = 28.73 kea
8874.5 cn”! = 25.37 keal
18

16

0,

].

17

6.5
- 3.557x101*

8.563x1013
0.886

6.258x1052 cm~!8
8.996x10*" cm™!¢6

0.0106 cmo*®
1.2374x105% o175
1.4801x108% ¢~}
28742.67 cm-t-S

30.63 cm™ %5
- 2002817.2 cm~?

1109.3125 cm-!

1230574.2 cm2

1.5735

3.2106x10° Torr~lsec-!
g
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Table 5.50 cohtinued..;

F—_—i » Centrifugal effects are neglected Centrifugal effects are inclu
o 9.487 . | ~ 9.458 |
C; 0.4724 " 0.4609
0 0.0072 o h0.0062
6;(x) 1.0175x1074x°+ 5 5.8742x1075x0-5
6,(x) [x+1-1.5645/(5.00x+2.73x°" 5+ [x+1-1.5735/(5.00x+2.73x°" 5+3.!
| | 35S ‘
G3(x) [x#]-].5645exp(—2.4]9x°'25)]‘6'5 [x+]-1;5735exp(-2.419x°'25)]1sj
H(x) (x + 4.574)17 (x + 4.332)'7% |
C,/p 3.9128x101%/p 7.1251x101 /P

<AE > =(1.987%107%) (1350) (1 - ((484.476)(545.485)(130.321))1/2)(]‘5) {
(155.812)(212.240) (123.152) |

= -7.68 kcal mo]e—]

TABLE 5.51 - Contribution of Centrifugal Effects to kum./k°°
' for C,HoF, + 2CHF,- at 1350%K (Model II)

2"'2"4
P (Torr) (ki /k)? (k0 i/k,)®
107! 0.0081 0.0028
1 0.0362 0.0142
10! 0.1273 0.0599
10 0.3346 0.1924
10° 0.6354 0.4513
10" 0.8842 0.7560
10° © 0.9898  0.9473
108 1.0123 1.0061
107 1.0152 1.0156
10° 1.0156 1.0167
10° , 1.0156 1.0167
aNeglect.ing centrifugal effects (kuyni/k, = 0.5 at P = 370 Torr)
“Including centrifugal effects (kyni/k, = 0.5 at P = 1514 Torr)
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5.2.2.8  Calculation of kﬁ(E*)

TABLE 5.52 - Properties of the Active Molecule and Activated Complex
. (C2H2F4, Model II) \

Molecule = Complex
Neglecting C.E. Including C.E.
Frequencies ‘
(cm~T) 3015 3015
h 1440 1440
1360
1360 622
1440
901 1080
) 1322 -
622 1125
361 3000
1440 , 1336
1080 : 1134
- 478 539
1322 : |
1125
271 r 3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.
soo0 19 98 8 68 56 47 39 3
1336 157 130 108 90 74 62 51 {
1134 89 74 61 51 42 35 29 .
539 181 150 124 103 85 71 59 £
‘ : 549
E, (kcal mole™) 87.67 88.86
S ' 18 16
r ' 0
Moments of Inertia , vt ; . t .
(amu A<) XX Tyy zz
‘ '>Ixx 155.812 3.000 366.088 425.661 128.025
I 212.24 3.250 409.661 469.699 128.912
Yo 123.152 3.500 455.826 516.432  129.702
zz 3.750 504.472 565.544  130.600
~4.000 555.694 617.338 131.396 .
4.250 609.973 672.190 132.195
4.500 667.055 729.749 133.096
4.750 727.162 790.434 133.900
5.000 795.098 . 858.372 133.902
Symmetry number for
internal rotation ,
o : - _ 1
Average bond_energy
(kcal mole-1)
D 40 61.7



Table 5.52 continued..:
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Molecule

Comp1lex

Increment for the .
summation (kcal mole™ ')
AE*

Number of rate constants

to be calculated (for

k .

uni’ wen
.

Temperature (OK)
T

Pressure (Torr)
p

Collision number
(Torr=-1sec-1)
- 7

Internal energy of -
energized molecule
(kcal mole-1)
ECC

Number of reaction
coordinate intervals
NN

Potential energy of

reaction coordinate -
(kcal mole-1)

v (rt)

Reduced momént of
inertia changing

with r¥ oy
Iir (amu A%)

Neglecting C.E. Including C.E. i

0.1

1000

1

1350

3500

3.2104x10°®

r

r

+

>

+

112.35 102.35

)

3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75 5.00
82.37 85.90 88.03 89.31 90.07 90.52 90.77 90.92 9].00;

3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75 5.00

32.60 32.72 32.86 33.01 33.11 33.27 33.42 33.52 33.523

The results at ET = 27.76 kcal mole™! are -.given below.
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+

ET + Ej) = 0.1343x10'° sec™!

E +E)

ka(

( o’anh
(E" +
(

+

= 0.2007x10° sec_]

xr

a

ka

ka E

E" + Ey + <AE;>) = 0.5667x101° sec”!

+ B} . -1
+ EO + <AEJ>)anh 0.9761x10 sec_

5.2.2.9 Ca]cu1at10n’ofgguni

The input data for the computer program which evaluates kuni

is given in Table 5.52,

A. Neglecting Centrifugal Effects
6 _ .
o = ’1.8331x10 exp! 87.67 1(0.1)
(9.537x1071*)(6.9712x10°%) (5.0027x10%) 1.987x10°x1350
=(3.5261x10"7) (0.1106x101 ) x (0.1106x10°)
= 3.90x102

. = -7 10
kuni(anh) (3.5261x1077)(0.1333x101°)
= 4.70x10%

~ B. Including Centrifugal Effects

- ‘ 12.0234x10° exp( -88.86

k
un (9.537x]0'1“)(6.9712x]05)(5.0027x]0“) 1.987x107%x1350

)(0.1)

x (0.1499x101°)
=(2.4976x1077)(0.1499x10'°) '
= 3.67x10?
- -7 / 10
kuni(anh) =(2.4976x10 )(0.2049x10 )
=5.12x102
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5.3 PENTAFLUOROETHANE

The kfnetics of the gas phase decomposifion of a dilute mixtqre
of pentafluoroethane in argon has been studied in a single pulse shock
tube in the temperature range 1180-1370?K at total pressures of about
2900-4000 Torr [91]. At high temperatures (T > 1350°K) there is a signi-
ficant contribution from the C-C bond rupture. |

In the following sections the fall-off region as well as the rate
constant for this C-C bond fission reaction arevevaluatedf’ Good agree-
ment is obtained between the experimental Arrhenius parameters and the

'resu1ts of Model II with centrifugal effects.
5.3.1 Model I

5.3.1.1 Data

A. Thé Mo]ecu]e*

TABLE 5.53 - Vibrational Frequencies of CZHF5 [116] (CS symmetry)

! Wave n*mber Type of vibration Species

; _(em™}) -

p v, | 5218 CF5 asymmetric stretching Al
v, | 1198 CF3 symmetric stretching . A
v, BRARN CF2 symmetric stretching Al
v, | 867 - C-C stretching ' Al
Vg 725 CF5 symmetric deformation Al
ve . resa CF, deformation A

g

* = .
The energized C HF ; molecule has the same configuration as the energized

CZH6 molecule.
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Table 5.53 continued....

—
Wave number Type of vibration Species
(cm-1) |
v, 523 - CF4 asymmetric deformation A
v, 361 CF, wagging’ | A'
v, 3008 C-H stretching A'
Vie 217 CF3 rocking A'
v, 1393 ~ CCH deformation A'
v, 1309 CF3 asymmetric stretching A"
v 1145 CF2 antisymmetric stretching A"‘
V., - 577 CF, asymmetric deformation A"
Vs ‘ 413 CF2 twisting ‘ | A
v, 1359 " CCH bending A"
V., 247 CF3 rocking ’ ' A"
Vg 74 torsion E A"

TABLE 5.54 - Molecular Parameters of CZHF5 [117] (CS symmetry)

0 0
R(C-C) (é) : 1.525'(@)
R(C-H) (A) - . 1.09 (ﬁ)
R(C-F)(CHFZ) (A) 1.347 (A)

[0}
R(C-F) (CF3) (R) 1.327 (R)
4 CCH 109°
A CCF 110°
iy 118048' (angle between the two
: ' ' CCF planes associated
. with the -CHF, group)

A FCH - 109054! '
A FCF(-CHF,) 108°

AFCF(-CF3) 109°
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B. The Activated Complex

‘The activated compiex is supposed to have the vibrational frequen-

cies and molecular pafaméters of CHFZf and CF Tables 5.32, 5.33, 5.75.

3
and 5.76). "

5.3.1.2. | The Moments of Inertia

I. External Rotation

Figure 5.7 - Geometrical representation of C2HF5.
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Calculation of the coordinates

a = 109° - 90% = 19°
o]

a'= 110° - 90° = 20
g = 108°%/2 = 54°

g'= 109°/2 = 54°30" = 54.5°

The -CHF, Group

________ 2-210UP_
XC] =0 yC] =0
Xy =0 yy = cos 19°(1.09)
Xp = sin54°(1.347) = 1.031
] 118.8° |
=1.090 - g, g = -(sin(900—22)(1.266))
. 1°72 2
Xe =-1.000 . = -0.644
2 ; . ;
where €O = cos 20°(1.347)
zc' = 0.763 = 1.266
1 B
z, = (sin 19°(1.09)) + 0.763
1
= 1.118
z = (sin 20°(1.347)) + 0.763
F1oF2 |
= 1.224
The_-CF,_Group
X, T 0 | Y, =0
Xe =0 yo = -(cos 20°(1.327))
Xz = sin 54.5°(1.327) = -1.247
4
= 1.080 e =sin 30°(1.247)
‘ 3274
Xe = -1.080 = 0.624
3
- . o]
z. = -0.763 z =-(sin 20°(1.327)) + 0.763
G 7 Faofaols

= -1.217
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I, = 57.561 + 153.474 = 211.035 amu A2
\Iyy = 90.288 + 153.474 = 243.762 amu A2
I, = 90.288 + 57.561 = 147.849 amu A°
ABC = 7.374x10° amu325’

33.70x10°*'* g3cm~*®

1

II. Internal Rotation

The moment of inertia for internal rotation can be calculated
in the following way.

I

O i S I, = 63.60 amu A2 from I.. of C,H.F
LA 170 M Lip OT S22y
"0, (Section 5.2.1.2)
= 37.05 amu A 0y
,12 = 88.76 amu A~ from Iir of C2F6

61.51x107*°% g.cm?
(Section 5.4.1.2)

B. - The Complex

I. External Rotation

1400°K

Calculation of <Rc>av at T

_ 2(1.77x10718)2(1.5x1071#)2
€S 3(1.3805x1071%)(1400)

0.24x10~°%® ergs cm®

QU
1

ind = (2.008x1072%)(1.5x10728)2 + (2.650x1072%)(1.77x1071¢8)2

0.13x1075% ergs cm®



n

'(3/é)((4-8033x10‘1°)(6;6262x10-27)

q4is

2.06x10758 ergé cm®
a = 2.43x1075% ergs cmé

<Rc>av = 4.,83x1078 cm.

Calculation of the coordinates

-CHFz_jSee Section 5.2.1.2)

X~ =0 Yo =0
c, C, |

Xy =0 yy =1.071

Xx. = 1.139 y = -0.659
F FisFy

Xe = -1.139
F, -
CF, (from C,F})

X =0 Yo =0
C, G

X. =0 ye = -1.286
Fo Fy

x. = 1.114 y = 0.643
Fq FgoFsg

Xe = -1.114
F3

©2(3.14)(9.1096x10728)%

2.415

Z
G

Zy

)(2.008x2.650x10'“8)/[(

193

2.008x1072" &,
/
19

4 (2.650x10'2“fﬂ

25

2.415 + 0.241 = 2.656

Zp p T 2.415 4+ 0.297 = 2.712

1772

zC = -2.415

z
FysFysFe

2.712
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II. Internal Rotation

5.3.1.3

A.

B.

+ o+ o
R 2 17 = 67.06 amu A° from I} of C,H,F, (Model 1)
ir o+ o+ ’ S
I +1 | + 02 + +
1 2 12 = 94.26 amu A" from Iir of C2F6 (Model I)

. 05
39.18 amu A

65.04x1074° g.cm?

Calculation of the Partition Functions

The Molecule

I.

IT.

IIT.

Vibrational Partition Function
QV = 76610.56

Rotational Partition Function

—c———

/3.]4((8)(3.14)2(].3805x10'16)(1400))3/2(
1 (6.6262x10727)2

1
q, 33.70x10-11%) /2

2.1083x10°

Partition Function for Internal Rotation

_ ((8)(30.96) (61.51x107"°) (1.3805x10"1¢) (1400)) /2
v N (6.6262x10727)(3)

27.30

The Activated Complex

TI.

D

Vibrational Partition Function

Q, = 380.152



5.3.1.4

A.

B.
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II. Rotational Partition Funétion

———

2 -16 3 1
qf = £3:14((8)(3.14)°(1.3805x1071%) (1400) \*/2 (5 gpy1g-232) /2.
| 1 (6.6262x10-27)2 -
= 8.6074x1068
III. Partition Function for Internal Rotations

X

K(8)(3.14)3(65.04X1O'“°)(1.3805x10'16)(1400)f/2/6.6262x10f27x]]

[((8)(3.14)2(65.04x]0‘“°)(].3805x10'16)(1400))1/2/6.6262x10'27x2]“

26.9134x10°

Calculation of <E >, <Ef>, E_and E+

“ Calculation of <E >

T31nQV/8T = 10.48

<t >
EV

= 29.15 kcal mole”]

Calculation of <E >

T81nQ$/aT = 6.765

+
<t >
EV

18.82 kcal mo1e-1

Calculation of E

m
n

93.50 - (1/2)(5 - 1 +2)(1.987x1072)(1400) + 29.15.- 18.82
95.48 kcal mole” !



.D.

©5.3.1.5

m
n

Calculation of E+

1

28.55 kcal mole”

Calculation of AST, k_and A_

The experimental [91] Arrhenius parameters are

A 16.6 -1

= 10 sec

©

E_= 93.5 kcal mole™!

A§*¥ 12.35 cal mo]e_]deg']

k = 4.01x102 sec”

[se]

The corresponding‘theorefica] values are

1.987(1n 76610.560 + 10.480)

w
]

43.17 cal mole 'deg™!

S. =1.987(1n 2.1083x10° + 1.5)

= 31.91 cal mo]e']deg—]

S. =1.987(1n 27.30 + 0.5)

= 7.56 cal mo]e-]deg_]

S..= 82.64 cal mole 'deg”’

‘st = 1.987(1n 380.152 + 6.765)

= 25.25 cal mo1e']de9-1

S’ = 1.987(1n 8.6074x10° + 1.5)

= 34.71 cal mole_]deg—]

(1 +‘2.5)(1f987x]0'3)(1400) + (2.859x10'3)(6580.53)

197
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. ,
Sir = 1.987(1n 26.9134x]05.f 2.5)
= 38.96 cal mo]e-]deg_]
+ e -1, -1
Sth = 98.92 cal mole 'deg
A§fh = 16.28 cal mo]e-]deg-]
K . LJ)(].3805X]0'16)(]400) 380.152x8.6074x10°x26.9134x10°
’t 6.6262x10f27 76610.560x2.1083x10%x27.30
x exp( -95.49
1.987x1073x1400
= 7.20x102
A - (2.718)(1.3805x10"1¢) (1400) e16.28/l.987
=sth 6.6262x10727
- ]017.46
5.3.1.6 Calculation of the Anharmonicity Corrections

As previously mentioned, the va]ues‘of»axy and bxy to calcu-

late f, and f3 are taken from the tables [85].

A. The Molecule

For C-H stretching

f, = 5.0480x10° dynes cm”|

f, = 10.4914x1013 dynes cm™2

Dy = 5.8433x107'? ergmolecule”’ = 84.09 keal mole”!
p~'= 0.01189

y For C-F stretching (in -CHFZ) (2 fon degeherate)

f, = 6.5297 dynes cn !

fy = 12.8901 dynes cm™]

D, = 8.3780x10™ ergsmolecule”! = 120.56 kcal mole”!

-1

D "= 0.00829
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For C-F stretching (in -CF3) (3 fold degenerate)
. : |

]

7.2019x10° dynes cm_

T,
fy = 14.5057x10' 3 dynes cm!
Do = 8.8763x107*2 erg;mo]ecu1e—] = 127.73 kcal mole”!
D~'= 0.00783
e

For C-C stretching
1

~+
(]

2.7300 dynes cm_

2

f3 = 4.5066 dynes cn”]

D = 5.0091x107!2 erg;mo]ecu]e-] = 72.08 kcal mole”!
-1

D '= 0.01387

For bending nodes

C-H bending (2 fold degenerate) (from previous calculations)

D-]

e © 0.01828

C-F bending (8 fold degenerate) (from previous calculations)
1

D' = 0.01957
<> =-—$;—(0.01189 + (2)(0.00829) + (3)(0.00783) + 0.01387
+ (2)(0.01828) + (8)(0.01957))
<0.)> = 0.01520
D .= 65.65 kcal mole”!

The Complex
<D;3> = —L ((3)(0.00767) + (3)(0.01957) + (2)(0.0837) + 0.012
12 |
+0.01828 + (2)(0.0195))

0.01398 (from the data of C2F6 and C2H2F4)
1

71.54 kcal mole

o
n



5.3.1.7

Evaluation OfAkuniZEw
A.  Centrifugal Effects are Neglected

TABLE 5.57 - Parameters for kum./koo for C

2

Neglecting Certrifugal Effects

HF5 (Model 1)

95.49 kcal mole”]

8162.5 cm” |

6661.5 cm™ )

17

12

1

5

16.5

14.5
8.563x10! 3
3.348x10!!
3.2333

23.33 kcal mole”
19.04 kcal mole”

1.372x10%°cm™17

7.718x1035 cm™12

2.253x1078 ¢m2?

1.842x105% cm~15-5

[Ye) NN

.469x10° cm~2

.640x10%5 cm~12
.874x1010 cp~3° S

1
1

200



Table 5.57 continued...
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G;(x)
G, (x)
G5 (x)
H(x)
C,/P

1337260.3 cm™2
960.294 cm~!
922164.57 ¢m~2
1.4050
1642896.3 cm~2
1110.250 cm™?
1232655.10 cm~?
1.4763
2.9358x10° Torr
6.846

0.0652

0.0976
10.47x2+°

[x+1-1.4763/(5.00x+2.73x°" 5+3.51) %" ®
[x+1-1.4763exp(-2.419x0"25)]t4"5

(x + 6.239)186°3
11.13x10t1/p

]

sec']

*

% -

The collision diameter used in the evaluation of Z is not given in the

literature. It is calculated using the 28:3 potential (as done for

224 c

CHF ). © HTisfbund to be equal to 5.14 A. The mean of the collision
O ~

diameters (C_HF_ and argon) is 4.39 A

275
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B. Centrifugal Effects are Included

I. The Direct Method

The value of H(x), calculated below, is used with the para--

meters of Table 5.57 to determine the -fall off’kegion.

<AE 5> =(-1.987x10"%) (1400)(6.92)

= -19.25 kcal mo]e']

HOX) = (x , 95.48 - 19.25 + 23.3315.5
| 19.04

(x + 5.229)'8"3

II. The Waage-Rabinovitch Approximation

a=1-1.4050 exp[_24]9 (9548 - 19.25 + 28.55)0.25]
23.33

= 0.9585

el oy, (07 +0.5 -1)(7.92 - 1)(1.987x10*x1400)
©(95.48 + (0.9585x23.33))

3.695

F

0.270

The k  ./k_ ratio equals 0.5 at P = 2074 Torr.
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TABLE 5.58 - Contribution of Centrifugal Effects to k ./k_
for C,HF. + CF.- + CHF.,- at 1400°K (Model I)

oHFg > CFy 2
P (Torr) (k. :/k)? (k,i/k,)°

107 0.0053 0.0006

1 0.0258 0.0041

10! 0.0988 0.0213

102 0.2833 0.0756

10° 0.5831 0.2720

10 0.8578 0.5850

10° 0.9831 0.8692

10 ' 1.0106 0.9884

107 1.0141 1.0114

10° 1.0144 1.0142

10° 1.0145 | 1.0144
8centrifugal effects are neglected (k _./k, = 0.5at P = 560 Torr).
bCentrifugal effects are included (kl.;ni/kw = 0.5 at P = 6000 Torr). -

*
5.3.1.8 Calculation of ka(E )

.
The input data for the computer program to calculate ka(E )

is given in Table 5.59.
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TABLE 5.59 - Properties of the‘Active Molecule and the Activated

Complex ,
(CoHF5, Model 1)
Molecule Complex
Frequencies (cm ]) 1218 , 3000
: 1198 1166
1111 700
867 650
725 1317
654 1175
523 1087
361 703
3008 ’ 1251 (2)
217 512 (2)
1393
1309
1145
577
413
1359
247
E; (kcal mole ]) 95.49
s 17 12
r 5.
. . 02
Moments of inertia (amu A°)
IXX 211.035 885.992
1 243.762 922.421
Y 147.849 156.463
124 37.05 39.18
ir
Symmetry number for
_internal rotation :
o 3 2 (4) and 1 (1)
Average bond energy (kcal mo]e'])
D 65.65 71.54
Increment for the summation
(kcal mole-1)
AE* 0.05
Number of rate constants to
be calculated
NEN 1200




Table 5.59 continued....
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Molecule Complex

Iy ]
Temperature (OK) .

T 1400
Pressure (Torr)

p | 3500
Collision number (Torr 'sec™!).

| Z 2.936x10°

The results at ET = 28.55 kcal mole” ] are shown below.

ky(E" + E_) = 0.2469x10'° sec”]
k (E + E, + <Ep>) = 0.2562x101? sec-T

ko (E" +E) = 0.9118x10° sec”]

anh
ky(E" + E +<AE>) = 0.1143x101 sec”!

5.3.1.9 Calculation of guni

The input data for this calculation is given in Table 5.59.

A. Neglecting Centrifugal Effects

- 8.6074x10°

p"95:49 /1,987X10-‘3X1uoo

un’ (9.537x1071*)(2.1083x10°)(76610.56) (27.30)

~

1

5.47x10% sec

(1.2652x107°)(4.9705x10?)
-1

kum'(anh)

6.29x10% sec

- (0.05)(4.3239x10*?)
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‘

B. Including Centrifugal Effects

(1.2652x10°°) (2.4353x10 1)
3.08x10% sec™)

=
]

= (].2652x]0'9)(3.]202X]011)
3.95x102 sec”

kum’(anh)

5.3.2 Model I1
5.3.2.1 Data

A. The Molecule

The molecule has the vibrational frequencies given in Table 5.53

and the molecular parameters given in Table 5.54..

B. The Activated Complex

TABLE 5.60 - The Vibrational Freqyenbies of CoHFeg (Model II).

Wave number (cm']) Type of Vibration Species
v, 1218 CF3 asymmetric stretching A'
v, 1198 CF3 symmetric stretching A'
v, 1111 » CF2 symmetric stretching A'
v, 725 CF3 symmetric deformation A'
v 654 CF2 deformation A
v, 523 CF3 asymmetric deformation A'
v, 361exp[-a(r+f].525)] CF, wagging A
Vg 3008 C-H stretching Al
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Table 5.60 continued...

e

Wave number (cm']) Type of vibration Species
v, 217exb[-a(r+-1.525)] CF5 rocking | A
Vi, 1393 ' CCH deformation ' A’
Vi, 1309 CF3 asymmetric stretching A"
Vi, 1145 CF2 asymmetric stretching A"
Vi, 577 CF3 asymmetric deformation A"
V., 413exp[—a(r+-1.525)] CF, twisting A"
V. 1359 CCH bending : A"
V. 247exp[-o(r*-1.525)] CF, rocking A"

The potential energy is
- e B(r 1.525)]2 +‘E; - E

AHO(CFy = CHF,) = 93.5 keal mole”]

AHg = 91.1 kcal mole”! [114]
en - 23.44 kcal mole”]

EP = 19.04 keal mole” !

*

f = 5.40x10° dynes cm!

v, = 361 exp[-a(r’ - 1.525)]

v, =217 expl-a(r® - 1.525)]

v, = 413 exp[-a(r’ - 1.525)]

vy = 247 exp[-a(r® - 1.525)]

D = 95.51 kcal mole”!

8 = 2.02x10¢ cn”

a = 0.80(The adjustable parameter has been chosen as done previous]y)

1.77[exp(-0.80(r" - 1.525)7 - 3.115 kcal mole” !

+_-m
EZ—EZ

*
It has been calculated in the same way as in C2H2F4.
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v(rt) = 95.50[1 - e‘2'°2(”+'1'525)]2 + 1.77[exp(~0.80(r"-1.525))]

- 3.115 keal mole”!

TABLE 5.61 - Potential Energy and Vibrational Frequencies as
a Function of r* for C,HFf (Model II)

2HFsg
o + -1 _— -1 -1 -1
r (A) V(r') (kcal mole™') valem ')y (em ') v (cm vglem ')
3.000 83.55 m 67 127 76
3.250 87.07 91 55 104 62
3.500 89.24 74 45 85 51
3.750  90.56 61 37 70 42
1.000 91.34 50 30 57 34
4,250 "91.80. 41 25 47 28
4.500 92.08 - 33 20 38 23
4.750 92.24 27 16 31 19
5.000 92.32 22 13 26 15

5.3.2.2 The Moments of Inertia

A. The Molecule (Same as Model I)

211.035 amu A2
2

—t
(]

]

350.32x10"*% g.cm?
0
243.762 amu A

—
[

404.65x10""° g.cm?

02
147.849 amu A

—
1]

245.43x107%° g.cm?
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B. The Complex

I. External Rotation
The value of x* for the fluorines changes from X" = 1.090
to 1.139 (for the -CHF, group) and from 1.080 to 1.114 (for the -CF4 group).
Tﬁe value of y+ changes from y = 1.031 to 1.071 (for the hydrogen) from
'10.644 to 0.659 (for the fluorines of the -CHF2 group), from 1.247 to 1.286
and from 0.624 to 0.643 (for the fluorines of the -CF3 group). The values
of z+, the perpendicular distances from the hydrogens and the fluorines to
the carbon, change from 0.355 (for the hydrogen) in the molecule where
= 1.525 to 0.241 and from 0.461 to 0.297 (for the fluorines of the
-CHF2 group) from O. 454 to 0 297 (for the fluorines of the CFy group) in

the complex where vt = 4.83 A
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TABLE 5.63 - Change ih X+ as a Function of r' for CZHF; (Model 11)

[, ‘
rF 3,000 3.250 3.500 3.750 4.000 4.250 4.500 4.750 5.000
¢ 0 0 0 0 0o 0 0 0 0
C, 0 0 0 0 0 0 0 0 0
H 0 0 0 0 0 0 0 0 0

F 1.112  1.116  1.119  1.123 1.127 1.130. 1.134 1.138 1.142
F, -1.112 -1.116 -1.119 -1.123 -1.127 -1.130 -1.134 -1.138 -1.142
F, -1.095 -1.098 -1.100 -1.103 -1.105 -1.108 -1.111 -1.113 ~-1.114
F 1.095 1.098 1.100 1.103 1.105 1.108 1.111 1.113 1.114
0 0 0 0 0 0 0 0 0

Zm]XTbZ.542 93.130 93.552 94.144 94.654 95.163 95.760 96.275 96.706

TABLE 5.64 - Change in Y* as a Function of r' for CzHﬁs (Model 1I)

r 3.000 3.250 3.500 3.750 4.000 4.250 4.500 4.750 °5.000

o 0o 0 o 0 0 0 0 0 0

c, 0 0 0 0 0 0 0 0 0

H 1.049 1.052 1.055 1.058 1.061 1.064 1.067 1.070 1.071
F, -0.651 -0.652 -0.653 -0.654 -0.655 -0.656 -0.658 -0.659 -0.659
F, -0.651 -0.652 -0.653 -0.654 -0.655 -0.656 -0.658 -0.659 -0.659
F. -1.264 -1.267 -1.270 -1.273 -0.276 -1.279 -1.282 -1.285 -1.286
, 0.632 0.634 0.635 0.637 0.638 0.640 0.641 0.643 0.643

F5 0.632 0.634 0.635 0.637 .638 0.640 0.641 0.643 0.643

o

HMY:262.742 63.038 63.287 63.584 63.834 64.133 64.434 64.734 64.785

—
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: +
TABLE 5.65 - Change in Z' as a Function of r' for CHFg (Model 11)
r+ 3.000 3.250 3.500 3.750 4.000 4.250 4.500 4,750 5.000
C] 1.500 1.625 1.750 1.875 2.000 2.125 2.250 2.375 2.500
C2 -1.500 -1.625 -1.750 -1.875 -2.000 -2.125 -2.250 -2.375 -2:500
H 1.804 1.921 2.037 2.153 ‘2.270 2.386 2.502 2.620 2.741
F] 1.888  2.001 2.113  2.226 2.338 2.451 2.563 2.676 2.797
F2 1.888 2.001 2.113 2.226 2.338 2.45]1 2.563 2.676 2.797
F3. -1.884 -1.997 -2.110 -2.223 -2.336 -2.450 -2.563 -2.676 -2.797
F4 -1.884 -1.997 -2.110 -2.223 -2.336 -2.450 -2.563 -2.676 -2.797
F5 -1.884 -1.997 -2.110 -2.223 -2.336 -2.450 -2.563 -2.676 -2.797
Zm]ZT2395.066 445.218 501.136 559.047 619.988 684.577 748.120 818.361 893.812
. 0
TABLE 5.66 - Moments of Inertia as a Function of r (amu A2)
; :
for CZHF5 (Model 1I1)
0
+ + 2 + 02 + 02
-r (A) Ixx (amu R ) Iyy (amu A%) I, (amu A7)

3.000 457.807 487.608 ‘]55.284

3.250 509.595 538.348 156.168

3.500  564.424 594.688 156.839

3.750 622.606 653.191 157.728

4,000 683.823 . 714.642 158.488

4.250 748.688 779.740 159.296

4,500 812.554 843.880 160.194

4.750 883.095 914.636 161.009

5.000 958.597 990.518 161.491
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II. Intérnal Rotation

TABLE 5.67 - Moment of Inertia for Internal Rotation as a Function
of r" for C,HFy (Model 1I)

5

+,9 + + +
r (A) I] (from C2H2F4) 12 (from §2F6) IiVOQ

(amu -A%) - (amu A%) (amu A%)
3.000 65.20 ' 91.06 38.00
3.250 65.44 ' 91.48 38.15
3.500 - 65.72 91.88 38.31
3.750 66.02 92.28 38.49
4.000 66.22 92.68 38.62
4.250 66.54 93.08 38.80
4.500 66.84 93.48 38.97
4.750 - 67.04 93.90 39.11
5.000 67.06 - 94.26 . 39.18

5.3.2.3 Calculation of the Partition Functions

TI. Vibrational Partition Function
The molecule has 18 vibrational degrees of freedom (Table 5.53)

Q, = 1.0459x10°
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II. Rotational Partition Function

Qr,= 2.1083x10°

I. Vibrational Partition Function o)

The activated complex is located rt o= 3;350 A

v, = 361 exp[-0.80(3.35 - 1.525)] = 84 cm”|
vy = 217 exp[-0.80(3.35 - 1.525)] = 50 cm|
"v, = 413 exp[-0.80(3.35 - 1.525)] = 96 cm”!
vy = 247 exp[-0.80(3.35 - 1.525)] = 57 cm”|
Q, = 9.797x10¢

II. Rotational Partition Function

FR) et (R) ax"(-CHFp)  xT(-CHF,)  ax¥(-CFy) x"(<CFy) ay*(H) y*(H)

3.35 1.825  0.027 1.117 0.019  1.099 0.022
by*(-CHF,)  y'(-CHF,) ay(-CFy) y*(-CFy) az™r(H) 2t (w)
0.008  0.652 0.022  1.269  0.063  0.292
+, +, +, o0
Az ' (-CHF,) z"'(-CHF,) Az (-CF3)  z7'(-CF,)

0.090 0.370 0.087 0.367

1.053
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IITI. Internal kotation

0
The moment of inertia at r+ = 3.35 A is evaluated by inter-

0
polation in Table 5.67. The corresponding value for I:r is 38.21 amu A2,

gt = ((8)(3.14)°(63.44x107*°)(1.3805x10°) (1400)) /2
B (6.6262x10727) (3)

27.74

Including Centrifugal Effects

A. The Molecule

I. Vibrational Partition Function

Qv = 1.0459x10°
II.  Rotational Partition Function
Q. = 2.1083x10°
B. fﬁe Activated Complex

S TI. Vibrational Partition Function

)
The activated complex is Tocated r' = 3.550 A

v, = 361 exp[-0.80(3.550 - 1.525)] = 71 cm”]
vy = 217 exp[-0.80(3.550 - 1.525)7 = 43 "]
v, = 413 exp[-0.80(3.550 - 1.525)] = 82 cm”]
vy = 247 exp[-0.80(3.550 - 1.525)] = 49 !
Q" = 1.7968x107
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IT. Rotational Partifion Function

0 0 ' S
rT(A) art(A) axT(-eH,) x*(-oHF,) axT(-cFy) xT(-CF) ay(H) yP(H)
3.550  2.025  0.030 1.120 0.021  1.701  0.025 1.056
ay"(-CHF,) Y (-CHF,)  ay*(=CFy) y*(-CF) az'(H) 2'y(h)
0.009  0.653 0.024  1.271  0.070 0.285
+I +I +l +l
Az (-CHFZ). z (-CHF2) AZ (-CF3) z (-CF3)
0.100 0.361 0.096 0.358

IIT. Internal Rotation

0
The moment of inertia at r' = 3.550 A is evaluated by inter-

polation in Table 5.67. The corresponding value for I:r is 38.35 amu RZ.

+ ((8)(3.-14)3(63.65210'”)(1.3805x10'16)(1400))1/2
r (6.6262x10727)(3)

27.79

5.3.2.4 Calculation of <Ev>’ <E:> and E+

A. Calculation of <E >

TB]nQV/BT = 11.442

<E,> = 31.83 keal mole” !

. +
. <t >
B Calculation of <E >
I. Centrifugal effects are neglected

TalnQl/eT = 10.31 - ; <Ey> = 28.69 kcal mole” !



II. Centrifugal Effects are Included

Taan:/aT = 10.34

E, = 28.75 keal mole”]
. +
C. Calculation of E_
B =

(1 +0.5)(1.987)(1400) + (2.859x107%)(1.0032x10%)

32.85 kcal mole”]

5.3.2.5 Calculation of AST, k_and A_

A. Neglecting_Centrifugal Effects

The value of E; is 88.10 kcal mole™!. The value of E., which

corresponds to E0

w w (2] w [%2] m
I L] ] ! 1] 1] 1l 1] 1]

= 82.19 cal mole”

is

89.13 kcal mole”

1.987(1n 1.0459x10° + 11.442)

50.28 cal mole” 'deg”

1.987(1n 2.1083x10% + 1.5)

1

31.91 cal mo]e-]deg-]

]deg'

1.987(1n 9.7970x10° + 10.314)

52.48 cal mo]enldeg-

1.987(1n 4.9928x10% + 1.5)

33.63 cal mole 'deg”

1

1

1

220
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Si. = 1.987(1n 27.74 + 0.5)
= 7.60 cal mo]e-]deg_]
ST = 93.71 cal mo]e'1deg']
th
A§fh = 11.52 cal mo]e"]deg_]
) - (1.3805x107}°) (1400) (9.797x10°)(4.9928x10°)(27.74)
= 6 6262x10727  (1.04509x10%) (2.1083x10°)
% exp(- 88.10
i, (1.987x1072)(1400)
= 3.16x10% sec
_ (2.718)(1.3805x10°'€) (1400) _11.s2/1.987
A th = e
’ 6.6262x10727
= 101642
B. Including Centrifugal Effects

The value of E_ is 89.57 kcal mole™'. The value of E_ which

corresponds to E0 is

E_ = 90.66 kcal mote”!

S, = 82.19 cal mole” 'deg”!
s, = 1.987(1n 1.7968x107 + 10.34)
= 53.74 cal mole” 'deg”]
S’ = 1.987(1n 5.4355x10° + 1.5)
= 33.80 cal mole” 'deg”!
spo- 1.987(In 27.79 + 0.5)

7.60 cal mo]e']deg']



95.14 cal mole™ 'deg™!

1

‘deg-1

= 12.95 cal mole”

-1

o
]

3.73x102 sec

1613

=10
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5.3.2.6 Calculation of the Anharmonicity Corrections

A. The Molecule

In the molecule there are

1 C-H stretching frequency

2 C-F stretching frequencies
3 C-F stretching frequencies
1 C-C stretching frequency

2 C-H bending frequencies

8 C-F bending frequencies

1 torsion frequency

-1 1

A
<

\"4

1}

18

0.02410

1

o
1]

41.49 kcal mole”

*

The dissociation engfgy corresponding. to the torsion frequency of
(V = 3.51 kcal mole ) is calculated as done before for C

(0;' = 0.01189) (Model 1)

(in -CHF25 (07! = 0.00829) (Model 1)
(in ~CFy) (D' = 0.00783) (Model 1)
(0;1 = 0.01387) (Model 1)

(0;! = 0.01828) (Model 1)

(5! = 0.01957) (Model 1)

(07! = 0.17400)"

——(0.01189 + (2)(0.00829) + (3)(0.00783) + 0.01387
+ (2)(0.01828) + (8)(0.01957) +v0.]7490)

C _HF

[11?] 3

F .
2H24



B.

The

Complex

In the activated complex there are

<D_e-|

1 C-H stretching frequency

2 C-F stretching frequencies
3 C-F stretching frequenéies
2 C-H bending frequencies

8 C-F bending frequencies

>

16 :
’ + (8)(0.01957))

0.0153
1

65.28 kcal mole

5.3.2.7 Evaluation of kun'/k

TABLE 5.70 - Parameters for kum./k°° for C,HF

1—<X)

—1_(0.01189 + (2)(0.00829) + (3)(0.00783) +

223

(2)(0.01828)

MFe (Model 1I)

Centrifugal effects are neglected

Centrifugal effects are included

88.10 kcal mole” !

1 1

8199.5 cm ' = 23.44 kcal mole”
7253.5 cm™! = 20.74 kcal mole”!
18

16

0

89.57 kcal mole” !

1 1

8199.5 cm ' = 23.44 kcal mole”
7232.5 cm | = 20.68 kcal mole”]
18

16

0
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Table 5.70 continued. ..

F—- Centrifugal effects are neglected Centrifugal effects are included
o 17 17
o 16.5 16.5
r(o+1)  3.557x10'* | 3.557x101"
r(a™+1)  8.563x10'? | 8.563x10'3
r(1+r /2) 0.886 0.886
.; Vs 1.015x10°! cm-18 1.015x105! cm™18

1:1 ,

121 vy 4.550x10"*% cm 18 2.429x10"3 cm™168
(E;)“+‘“ 0.0117 cm®-5 0.0118 cm®-®
(E;)a++] 3.627x10°7 cm™17- S : 3.448x10°7 cm™17"
(EDs* s.872x10%! oo 5.606x105! cm™16
(RDV/2 30350184 ot 30354.184 cm1*
(RT)(r -r)/2 31.19 cm %5 31.19 cm°" 5
w'> - 1349673.1 cm? | 1349297.7 cm2
«w'>  906.688 cm! 904.063 cm-!

v’ >2 822083.13 cm 2 o 817329.91 cm2
8" 1.5873 ' 1.5960
7 2.9358x10° Torr  'sec”] 2.9358x10° Torr 'sec”|
¢y 7.454 | 7.433 ©
C, 3.1307x1072 3.0399x1072
0 0.0069 0.0059
6, (x) 7.4891x1075x0" ® 4.1871x1075x°"

Gy(x)  [x+1-1.5873/(5.00x+2.73x°" +3.511 %% [x+1-1.5960/(5.00x+2.73x°" $+3.51]1 ¢
5(x)  [x+1-1.5873 exp(-2.419 x°*25)]'%-5  [x+1-1.5960 exp(-2.419 x0"2%)]1¢"3
...
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Table 5.70 continued...

*<AEJ> - 1.5(1 - ((559-040)(594.100)(152.380))1/2
(211.035)(243.762) (147.849)

—
‘Centrifugal effects are neglected Centrifugal effects are included

H(X) (x + 5.379)17 (x + 5.128)17 * :

_ . : -

C,/P 9.9024x10 1.8745x101° f

(1.987x10™%) (1400)

=-6.59 kcal mole L

TABLE 5.71 - Contribution of Centrifugal Effects to kum./kc°

for CoHFg > CFy + + CHF,- at 1400°K (Model I1)

PATorY) (k) (kypi/k)P
107! 0.0192 0.0076
1 0.0742 0.0341
10! 0.2217 0.1212 ;
102 0.4884 0.3237 :
10° 0.7800 0.6247
104 0.9509 0.8771
105 1.0009 0.9837
108 1.0087 1.0060
107 1.0096 1.0088
10° 1.0097 1.0091
100 1.0097 1.0091

0.5 at P = 112 Torr) ..

glecting centrifugal effects (kuni/k

[s]

0.5 at P = 400 Torr).

includ.mg @ntrifugal effects (kuni/koo
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5.3.2.8 Calculation of ka(E*)

TABLE 5.72 - Properties of the Active Molecul iyat
(CZHFS’ Model 1) ecule and Activated Complex

Molecule Complex
: Neglecting C.E. Including C.E.
Frequencies (cm ') 1218 1218
: 1198 1198
1111 1M
867 725
725 654
654 523
523 3008
361 1393
3008 1309
217 _ 1145
1393 577
1309 1359
1145 + |

577 r__3.000 3.250 3.500 3.750 4.000 4.250 4.500 4.750 5.000

35 M1 91 74 &1 50 41 33 27 22

247 67 55 45 37 30 25 20 16 13

74 127 104 85 70 57 47 38 31 26

! 76 62 51 42 34 28 23 19 15
Eg (kcal mole™!) 88.10 89.57
S 18 16
r 0 1
Moments of inertia
~ (amu A2)
+ + + +
: Ixx Iyy ' Izz r Iix Iyy Izz
211.035 243.762 147.849 3.000 457.807 487.608 155.284
3.250 509.595 538.348 156.168
3.500 564.424 594.688 7 156.839_‘.
3.750 622.606 653.191 157.728
4.000 683.823 714.642 -158.488
4.250 748.688 779.740 159.296
4.500 812.554 843.880 160.194
4.750 883.095 914.636 161.009
5.000 958.597 990.518 161.491

Symmetry nuhber for

internal rotation ‘ 3
0 - N




~Table 5.72 continued...
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Molecule

Com Plex

Average bond_energy
(kcal mole-1)
: D 47.49

Increment for the 1
summation (kcal mole™ ')
AE*

Internal energy of
activated molecule
(kcal mole-1)

ECC

Number of reaction
coordinate intervals
NN

Potential energy of
reaction cooydinate
(kcal mole”
V(rt)

ﬂgg]ecting'C.E.

Including C.E.

0.1

Number of rate constants
to be calculated

NEN 1000
N 1
Temperature (°K)

T 1400
Pressure (Torr)

P 3500
Collision number
(Torr-1sec-1)

Z 2.9358x10¢

65.28

119.35 kcal mole~]

r* 3.000 3.250 3.500 3.750 4.000 4.250 4.500 4.750 5.000

Reduced moment of
inertia changing
with r*(amu A2)

I+
ir

m-p-bb.;:.wwww"

3.000

.250

.500
.750
.000

.250
.500

.750
.000

|
|
i
|
|
109.35 kcal

83.55 87.07 89.24 90.56 91.34 91.80 92.08 92.24 92,32
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The results at E+

32.85 kcal mole”! are given below.

+
ka(E" + Ej) = 0.4688x10° sec”!

1l

+
ka(E +Eg). o = 0.7820x10° sec”!

+ .
ka(E + E0 + <AEJ>) = 0.174]x]0‘°sec7]

+
ka(E + Eou+ <AEJ>)anh = 0.3230x10° sec-]

5.3.2.9 Calculation of k .
—uni

The input data for the computer program which evaluate kun

is given
in Table 5.72. |

i

K . = _4.9928x10° exp(-88.10/1.987x10"3(

. 1400)) (0.1)(0.6605x101 9)

(9.537X]O'1“)(2.1083X105)(1.0459X]06)
2.76x102 sec” !

Kuni(anh) = (4-1816x1072)(0.7289x101°)
= 3.05x102 sec”]
B. Including _ . Centrifugal Effects
« . - 5:4355x10° exp(-89.57/1.987x10"(1400)) ¢ 1y (0. 10634101 1)

uni (9 537¢1071*)(2.1083x10°)(1.0459x105)

1

2.85x10% sec

- -8 11
kuni(anh) = (2.6837x107°%)(0.1279x10 )

3.43x102 sec”!
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5.4 HEXAFLUOROETHANE

E. Tschuikow-Roux [103] performed the thermal decomposition
of hexafluoroethane in a shock-tube over the temperature range 1300-
1600°K and total pressures in the neighbourhood of 4 atm. The author
discussed this reaction in terms of the RRKM .theory [104]. The results
are misleading due ‘to the lack of the negative sign in front of the
quantity <AEJ>. |

Calculations are carried out in the following sections to
find out the fall-off region and the rate constant for this reaction.

In this case Model I agreesbetter with the experimental results.
However, the adjustable parameter o has the value of 1 in the calcula-

tions for Model II. Any change in o would improve the agreement of the

results for Model II.
5.4.1‘ Model I
5.4.1.1 Data -

A. The Molecule*

TABLE 5.73 - Vibrational Frequencies of CZFG [118] (D3d symmetry)

Wave number Type of vibration Species
(cm™1) |

vi 1420 - C-F stretching A]g
Vo 807 CFy deformation ) A]g
V3 - 349 C-C stretching A]g
Vy 68 twisting A.Iu
Vs 1116 C-F stretching Ao,
Ve 714 CFy deformation Ao

* .
The energized C.F, molecule has the same configuration as the energized

26
C2H6 molecule.
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Table 5.73 continued. ..

Wave number Type of vi i i
(en-1) ype of vibration Species

V7 1250 C-F stretching E
u

Vg 522 CF3 deformation E
u

Vg 219 CF3-C rocking Eu
V1o 1237 C-F stretching E
Vi1 620 CF3 deformation Eg
Vi2 380 CF3-C rocking' Eg

TABLE 5.74 - Molecular parameters of C Fe (D3d symmetry)

2
0
R(C-C)(A)[119] 1.545
‘R(C-F)(A)[119] 1.326
& CCF[119] 109%2:
AFCF[120] 109°28°
B. The Activated Complex

Table 5.75 - Vibrational Frequencies of CF3 (C3v)[121]

B Wave number Type.of vibration Species
(cm=7) »
Vi 1087 C-F strecthing A]
V2 - 703 - out of plane bending A]
V3 1251 asymmetric strecthing E
vy : b12 bending - E




Table 5.76 - Molecular Parameters of CF3 (C3v)

0 ;
R(C-F) (A)[121] 1.32
AFCF[122] 109%28"
Deviation from
planarity 13°

5.4.1.2 The Moments of Inertia

~

A. The Molecule* (Table 5.74)

I. External Rotation

Figure 5.10 - Geometric representation of C2F6.

e

Calculation of thercoordinates

109%2'-90° = 19%2' = 19.7°

- Qa

8 = 109%28'/2 = 54%4" = 54.73°

232
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x
(ep]
(ep]

"

o
0]

o

, y
1°%2 6,56,
X =0 _ 0
F1sFe yF] = cos 19.7"°x 1.326
o sin(54.73%1.326) = 1.248
= 1.083 Ve =-1.248
6
XF3,F4 =-1.083 FF = -(sin BOOX; ].248)
2°'3
= -0.624
y = 0.624
Fgofs
zc] = 0,773
z. = -0.773
Cy
z = (sin 19.7% 1.326) + 0.772
F]sFZ’F3 R
=1.219
z = -1,219
FysFesFe ;




Table 5.77 - Parameters for Evaluation of Moment of Inertia Product
of C,F

‘ 26
r—K’com m.
i X Y 25 mxp o omy; o mz}

¢, 12.0m 0 0 0.773 0 0 7.177
C, 12.01 0 0 -0.773 0 0 7177
Fp 18.998 0 1.248  1.219 - 0 29.589  28.230
Fp  18.998  .1.083 -0.624  1.219  22.277 7.397 28.230
F  18.998 -1.083 -0.624 1.219 22.277 7.397 23.230
Fy 18.998 -1.083  0.624 -1.219 22,277 7.397 28.230
F 18.998  1.083  0.624 -1.219 22.277 7.397 28.230
Fe  18.998 0 -1.248  -1.219 0 29.589 ~ 28.230

89.108 88.768 183.735

XX

IZZ

2

0 -40 2
=1 = 272.673 amu A" = 452,64x10 g.cm

yy

)
= 177.876 amu A

II.

2

Internal Rotation

The Complex

I. External Rotation

Calculation of <RC>av

es

= 295.27 x 107*° g.cm?

234

1.326 x sin (180°-109.7°)

- :} x 18.998 x 1.2482 g =
.
= 44,384 amu A = 1,248
- 73.68 x 107" g.cn’
at T = 1450°K

2(1.5x107*%)" /(3x1.3805x10™" "x1450)

0.17 x 107°% erg .

cm®




o]
I

. =24
ind = 2% 265 x 107" x (1.5 x 107*%)?

0.12 x 10" ergs o’

| 4.802 x 10™"x6.6262x10"%7
ayig = 1.5 x ( X

235

2x3.14x(9.105x107 %) 1/

2.72 x 107°° ergs'cm6
a =3.01 x 107°° ergs cn®
<R.>av = 4.97 x 107° cm

Calculation of the coordinates

X = 0 ‘ y _
Cq5Cy C1sC, = 0
X =0 _

F'I ,FG ‘yF] =

= 0
XFZ,F = cos 30° x 1.286 - 1.286
5
=1,114 yF - _1.286
6
y
FasF3

X = -1.114 —-0.643

F3:Fg

qu’F5 = 0.643

z. = 2.485

¢

z =-2.485

02

z =(sin 13%1.32)+2.485

FisFosFs

=2.,782
= -2,782

VA
FgsFgsFg

) (2.65x107°")2
2x(2.65x10"2" /25) /2

cos 13° X 1,32

=-(sin 300x1.286)




Table 5.7 - Parameters for Evaluation

C.FY (Model 1)

of Moment of Inertia Product of

I. Vibrational Partition Function

Q, =7

.3599x10°

| 2'6
—
tom m. + +o +
A i X5 ¥ Z; m1fﬁ miﬂ%_ mifﬁ
C, 12.011 0 0 2.485 0 0 7417
C, 12,01 0 0 -2.485 ¢ 0 7417
F] 18.998 0 1.286 2.782 0 31.429 147.025
F) 18.998 1.114 -0.643 2.782 23.576  7.857 147.025
,F3 18.998 -1.114 -0.643 2.782 23.576  7.857 147.025
F4 18.998 -1.114 0.643 -2.782 23.576 7.857 147,025
F5 | 18.998 1.114 0,643 -2.782 23.576 7.857 147.025
F6 18.998 0 -1.286 -2.782 0 31.429 147.025
94.304 94.286 1030.492
+ g+ 0
Lex = lyy = 1124.787 amu A% = 1867.15x107"° g.cm?
+ 0o ~40
I~ =188.608 amu A® = 313.06 x 10  g.cm?
2z
II. Internal Rotation
I:r = %’x 18.998 x 1.286% % = 1.32 x sin(180°-77°)
0 =
- 47.13 amu A° = 1.286
= 78.23x107"" g.cm?
5.4.1.3 Calculation of the Partition Functions
“A. The Molecule

236
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II. Rotational Partition Function

- BT (8x3.14%x1.3805x10™* *x1450
(6.6262 x 10727)2

= 4,9623 x 10°

)2/ 2(452.642x295 . 27x707220) /2

- ~40 -
Tix = Iyy = 452.64 x 107" g cm?

295.27 x 107" g.cm?.

T = 1450%

III. Partition Function for Internal Rotation

0;,= (8x30.96x73.68x10™" 'x1.3805x10"" x1450)*/%/6.6262x10™2"x3

= 30.40

The Activated Complex

I. Vibrational Partition Function

Q; = 1439.88

II. Rotational Partition Function

' -16
- “3é'1x(8X3°]42X]'3805f19 x1450y°/2, (1867.152x313.06x10™2")/*
(6.6262x10™°")

Q

- 6.3216 x 10°
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IIT. Partition Function for Internal Rotations

t e 3 ~40 - ‘ '
07,=[(8x3.14%x78. 23510 "1 . 3805410 *51450)* 2 /6..6262x10"x1]

-40 - :
[(8x3.142x78.234107* °x1 . 3805410 **x1450)' * /6.6262x107%7x2] "

= 4.6619 x 107

Calculation of <Ev>’ <Et>,vEn_gpd E¥

Calculation of <E >

<E,> = 33.48 kcal mole”’

Calculation of E

<E;> = 21.84 kcal mole”™!

Calculation of E

94.40 - (5-1+2)x1.987x107°x1450-33.48-21 .84

m
fl

97.40 kcal mole™”

Calculation of E*

E¥ = (1+2.5)x1.987x10™ x1450+2.859x10™ x7641.08

31.93 kcal mole”"




5.4.1.5

Calculation of AS¥ k_ and A

o

e

- ]017.sasec-]

94.40 kcal mole”!

I

B
AS* = 17.01 cal mo]e']deg‘]

w
n

"

w
]

:i;
AS¢h

- 103.66 cal mole!.deg”

= 16.93 cal mo]e—].deg

k., = 2.54x10° sec™1

1.987(1n 7.3599x105+11.62)
49.91 cal mole”!.deg”!

1.987 (1n 4.9623x10°+1.5)
29.04 cal mo]e'].deg-]

1.987 (1n 30.40+0.5)
7.78 cal mol™'.deg-]

= 86.73 cal mo]e_].deg']

1.987 (1n 1439.88 + 7.58)

29.51 cal mo]e-].deg*]

1.987 (1n 6.3216x10%+1.5)

1 1

34.10 cal mole '.deg”

1.987 (1n 4.6618x107+2.5)

40.05 cal mo]e_l.deg-]

1

-1
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e .
K =3X1.3805x]0 x1450 X]439.88x2x6.3216x105x4.6618x1OZ

-

240

’ _ 97.400
M 6.6262x1072 7.3509x10°%6x4.,9623x10°x30,40 " 1-987x1.450
x1073

= 2.40x10° sec-?

- 2.718x1.3805x10"*°x1450
6.6262x1072”

16+93/1.987

o, th

]Oliosl

sec‘]

5.4.1.6 Calculation of the Anharmonicity Corrections

As previously mentioned, the values of 3yy and bxy are taken

from the tables[85].

A. The Molecule

For C-F stretching (6 fold degenerate)

f, = 7.2373 x 10° dynes cn”!

fy = 14.5916 x 10*° dynes cu™>

D= 8.9021 x 10—12lergs molecule”] = 128.10 kcal mole™]
Dz = .00780

For C-C stretching

5 1
f2'= 2.4752 x 10 dynes cm 1
fy = 4.0046 x 1013 dynes cn? , ,
-De='4.7280 x 1077 ergs mo1ecu1e-] - 68.04 kcal mole”]
-1
Dy = .01470

For bending modes (10 fold degenerate)

a1 ~
| Da' = 0.01957

)
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el 1
e T7-(10x0.0]957 + 6 x 0.00780 x 0.01470)

AN
(=)
v
1]

= 0.01513
D = 66.09 kcal mole”
B. The Complex

For C-F stretching (6 fold degenerate)

—h
n

) 7.4532 x 10° dynes cm!

—h
]

3 = 15.1178 x 10%3 dynes cn2

=12
De = 9.0578 x 10 ! ergs molecule™! = 130.34 kcal mole”)
= 0.00767

- For C-F bending (6 fold degenerate)
D' = 0.01957

a'> = 15(6x0.00767+6x0.01957)

A
o
\4

!

0.01362

73.42 kcal mole”]

(e
]

5.4.1.7 -Evaluation of kun'/k

1o

A, Centrifugal Effects are Neglected

TABLE 5.79 - Parameters for kuni/%» for C2F6 (Mode1l I ), Neglecting
Centrifugal Effects

E, | 97.40 kcal mole”
Ez 6431 cm”! = 18.38 kcal/mole
E; 5316 cm~1 = 15.20 kcal/mole
S _ A 17
st 12
..




Table 5.79 - Continued

242.

+
<v >

+
<y >2

1

5

16.5

14.5
8.563x10"°
3.348x10™"*
3.2333

=17

5.53x10" cm

~12

9.828x10°" cm
3.540x10™° cm2
5.579x10° cm "
5.094x10"" cm
3.249x101° cm
1.016x10° cm™>
4092174.2 cm™’
1839.59 cm ™
3384084.9 cm’
1.1716
888344.67 cm™”

886.00 cm”!

784996 cm~’
1.2535

2.8257x10% Torr~

.5

]sec"]

where 0d=4.5x10.'8 cm o




Table 5.79 - Continued

Co . 5.275

¢ 3.624x107°

0 | 0.0960

6, (x) . 19.44x2+5

6,(x) [><+1-1.2535/(5.00x2.73x°-5+3.51)]”'s
G3(X) [X+]-].2535 exp(_2.4]9X0o25)]1!i.5
H(x) (x+7.620)16.5

Cop : 25.049x10%1/p

B. Centrifugal Effects are Inc]hded

I. Direct Method

The value of H(x), calculated below, is used with the

parameters of Table 5.79, to determine the fall-off regioh.

<OE > = -1.987x10" x1450x7.186
=-20.70 kcal mole”)

_ 97.40-20.70+18.38y156. 5
H(x) = (x + =575 )

(x + 6.255)18+5

II. The Waage-Rabinovitch Approximation

40-20,70+31.93, 0.
1-1.2311 exp[-2.419 (272023, 7131 -2 02 J

fai]
fl

0.9717
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Fr* = 1 4 (17+0.5-1)(8.186-1) (1.987x10" *x1450)
(5730 +T0.9717 5 18.387)

F7' = 3.964
F = 0.252

The k i/k, ratio equals 0.5 at P = 15873 Torr,

TABLE 5.80 - Contribution of Centr1fuga1 Effets to k /koo for
C2F6 > 2CF3 at 1450% (Model 1)

P (Torr) (ki /k) (k ./k )P
107" 10,0010 0.0004
1 0.0058 0.0025

102 0.0286 0.0137
102 0.1111 0.060]
10° 0.3189 0.2011
10 ~ 0.6369 0.4801
10° 0.8878 0.7885
108 0.9772 0.9505
107 ‘ 0.9923 0.9886
108 0.9940 ‘ 0.9936
10° 0.9941 0.9941

>glecting centrifugal effects ((kuni/km)=0-5 at P=4000 mmHg)

1cluding centrifugal effects ((kuni/kw)=0'5 at P=16000 mmHg)

5.4.1.8 . Calculation of ka(E*)

The input data for the computer program to calculate k (E*)

is given in Table. 5.81.

244




TABLE 5.81 - Properties of t
(CoFg, Model I)

he Active Molecule and the Activated Complex

245

Increment for the summation
AE*(kcal mole-1)

Number of rate constants
tobe calculated

NEN
ha
Temperature

T

Pressure (Torr)"
P

JA

Average bond energy (kcal mo]e_])
D

Collision number (Torr_]Sec—

66.09

h

0.05

1200

1450

. 3040

2.8257x10°

| Molecule Complex
Frequencies (cm ) 1420 1087
807 703
349 1251 (2)
1116 512 (2)
714
1250 (2)
522 (2)
219 (2)
1237 (2)
620 (2)
: 380 (2)
E (kcal mole ") 97.40
S 17 12
r 1 5
Moments of Inertia (amu Kz)
IXX 272.673 1124.787
IZZ 177.876 188.608
Iir 44 .38 47.13
Symmetry number for
internal rotation
o 3

2 (4) and 1 (1)

73.42
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The results at E' = 31.93 kcal mole”] are shown below
ka(ET+Eo) = 0.3637x101° sec”]

K, (E™+E+<0E>)= 0.4506 x 1012 sec”]

+ : T =
ka(E™+EQ) (anpy = 01346 x 1010 sec”]

+ . . -
K (ETHEQ+<AE>) (o= 0.2037x10%1 sec™]

5.4.1.9 Calculation of k .
uni

The input data for the computer‘program which evaluates k j
un

is given in Table 5.81,

A. Neglecting the Centrifugal Effects

. — 6.3216x10° éxpt'(97-»0/1-9e7x103x1uso)
9.537x10 ~ x4.9623x10°x735988.4x30.40

i .(0.05)(2.5893x1022)
= 1608.42 sec~”

6.2118 x 10™*°x 3.0715 x 102

kuni(anh)
]

1907.95 sec”

B. Including the Centrifugal Effects

ki = 6.2118 x 107" x 1.2405x10%2
= 770.57 sec”! |

= 6.2118 x 107"’ 1.6468 x 1012
(anh)- 1022.96 sec”!
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5.4.2 Model II
5.4.2.1  Data

A. The Molecule

The molecule has the vibrational frequencies given in Table

5.73 and the molecular parameters given in Table 5.74,

B. The Activated Complex

TABLE 5.82 - The Frequencies of C.F' (Model II)

2'6
Wave number (cm-]) Type of Vibration Species
vl. ' 1420 C-F stretching A]g
V2 | 807 CF3 deformation A]g
V3 ' - 1116 C-F stretching A2u
Vy 14 CF3 deformation A2u
Vs 1250 C-F stretching Eu
Vg ‘ 522 CF3 deformation Eu
vy 219exp[-a(r™-1.545)]  CFsCrocking E,
Vg 1237 C-F stretching Eg
Vg 620 CF3 deformation Eg
V10 380exp[-a(r*-1.545)] CFtrocking Eg

The potential energy is
. -a(r*-1.545) ]2 +_gm
v(r") =D[1-eB + E-E,

- 96.9 * 2 kcal mole” [123]
1[114]

0
AH (CF3-CF3)

AHS = 94,5 kcal mole

18.48 kcal mole”]

: m
R

15.20 kcal mo]e_]

P
Ez




f = 5.45 x 10 dynes en” ' [124]

vy = 219 exp[-a(r
Vb 380 exp[-a(r

o O
]

2.00x10
1.00

Q
]

+

E

r*-1.545)] (2)

V-1.545)] (2)

= 97.79 kcal mole~)
!

m
2~ = 1.713[eXP(-(r+-1.545))]-2.309 kcal mole”!

| + 2
Virt) = 97.79[1_e—2.00(r -1.545)J

+1.713[éxp(-(r+-1.545))]-2.309

kcal mole

The data concerning the potential energy and the rocking

frequencies is given in Table 5.83.

TABLE 5. 83 - Potent1a1 Energy and Vibrational Frequenc1es as a Funct1on

of r* for C2F6 (Model II)
r+(X) V(r)keal mole™! va(cm']) vb(cm'])
3.000 85.51 51 89
3.250 89.43 40 69
3.500 91.84 31 54
3.750 93,30 24 42
2.000 94.19 19 33
4.250 94,72 15 25
4.500 95.04 11 20
4.750 95.22 9 15
5.000 95.34 7 12

249
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5.4.2.2  The Moments of Inertis

A The Molecule (same as Mode] 1)
o |
Low = Ty = 272,615 amu A% = 452,50 ¢ 107*° §.co?
X yy ¥ 40
I = 177.876 amu A° = 295.08 x 107" g.cn?

B. The Comp]éx%

I. External Rotation

The value of x* changes from x™ = 1.081 in the molecule to

X' = 1.114 in the complex.

The value of £+, the perpendicular distance from the fluorines
to the carbon, changes from 0.44751n the molecule where re=1.545 to 0.297

. -0
in the Gorin model where re = 4.97 A,
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TABLE 5.85 - Change in x* as

(Model 11)

252

a Function of r* for CZFZ
+
3.000

r ‘ 3.250  3.500 3.750 4.000 4.250 4,500 4.750 5.000

x* x* X" + + + + —

X X X + X+‘

C1 0 0 0 0 0 0 0
C2 0 0 0 -0 0 0
F 0 -0 0 0 0 0
F, 1.095 1.097  1.100 1.102 1.105 1.107 1.109 1.112 1.114
Fy -1.095 -1.097 -1.100 -1.102 -1.105 -1.107 -1.109 -1.112 -1.114
Fy -1.095 -1.097 -1.100 -1.102 -1.105 -1.107 -1.109 -1.112 -1.114
Fe 1.095  1.097 1.100 1.102 1.105 1.107 1.109 1.112 -1.14
Fe . 0 0 0 0 0 0 0 0 0
Imixy 91.116  91.449 91.950 92,285 92,788 93.124 93.461 93.967 94.304
TABLE 5.86 - Change in z' as a Function of r* for Cng (Model 11I)
rt 3.000 3.250 3.500 3.750 4.000 4.250 4.500 4.750 5.000

Z+ Z+ Z+ Z+ Z+ Z+ Z+ Z+ Z+
C, 1.500 1.625 1.750 1.875 2.000 2.125 2.250 2.375 2.500
C, -1.500 -1.625 -1.750 -1.875 -2.000 -2.125 -2.250 -2.375 -2.500-
Fl 1.883 1,997 2.111 2.225 2,339 2.453 2.567 2.682 2.797
Fy 1.883 1.997 2.111 _2.225 2.339 2.453 2.567 2.682 2.797
Fy 1.883 1.997 2.111 2.225 2.339 2.453 2.567 2.682 .2.797
Fy -1.883 -1.997 -2.111 -2.225 -2.339 -2.453 -2.567 '72.682 -2.797
Fe ©21.883 -1.997 -2.111 -2.225 -2.339 -2.453 -2.567 -2.682 -2.797
FG" -1.883 -1.997 -2.111 -2.225 -2.339.-2.453 -2.567 -2.682 -2.797
Sm. 22458.216 518.018 581.535 648.764 719.707 794.805 872.734 955.429 1041.830

171




TABLE 5.87 - Moments of Inertia as a Function of r* (

253

amu RZ) for CZng’
~ (Model 1II)
N ‘

r* (R) I;X==I;y(amu RZ) I;z(amu RZ)
3.000 549.332 182.232
3.250 609.458 182.898

+3.500 673.485 183.900
3.750 741.049 184.570
4.000 812.495 185,576
4.250 887.929 186.248
4.500 966.195 186,922
4,750 1049,770 187.934
5.000 1136.134 188.608

II. Internal Rotation

The internal moment of inertia changing with r

is a function

of 2 which changes from 1.248 A in the molecule to 1.286 A in the complex

of the Gorin model.

TABLE 5.88 - Parameters for Evaluation of the Moment of Internal Rotation a
as a Function of rt for C,Ff (Model 1I)

2 6

r(R) art(R) ALt (R) ¥ (R)

(bgrLr X1 2860 28)) (4t -y pag 4 ag")
3.000 1.455 0.016 1.264
3.250 1.705 0.019 1.267
3.500 1.955 0.022 1.270
3.750 2.205 0.024 1.272
4.000 +2.455 0.027 . ].275
4,250 2.705 0.030 1.278
4,500 2.955 . 0.033 1.281
4,750 - 3.205 0.036 1.284
5.000 3.45% 0.038 ‘1.286 o
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TABLE 5.89 - Moment of Inertia for Internal Rotation as a Function of r'
for C2F6 (Model 11)

o]
r+(R) I;r (amu 22)
3.000 45.53
3.250 . 45.74
3.500 . 45,94
3.750 46.14
4.000 46.34
4.250 46.54
4.500 46.74
4.750 | 46.95
5.000 | 47.13

5.4.2.3 Calculation of the Partition Functions

— T — e —— e Y e e e

A, The Molecule

I. Vibrational Partition Function

The molecule has 18 vibrationé] degrees of freedom (Table
5.73). -
QV = 1.1280 x 107

II. Rotational Partition Function

Q, = 4.9623 x 10°

B. The Activated Cbmp]ex

The minimization procedure cagried out by the computer located

the activated complex gt r = 3.250 A.
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I. Vibrational Partition‘Function

v, = 219 exp(-1(3.250-1.545)) = 49 cm“ (2)
vy = 380 exp(-1(3.250-1.545)) = 69 cn™! (2)
Q' =

1.2230 x 108

II. Rotational Partition Function

0 0 0 0 [0} 0
r(A) art(A) (A XA azt (A ZT(A)
3.250 1.705 0.016 1.097 0.075 0.372

TABLE 5.90 - Parameters for Evaluation of Moment of Inertia Product of
C2F6 (Model II, Neglecting Centrifugal Effects)

Atom my x$ ' z{
4 12.011 0 1.625
C, 12,011 0 -1.625
Fl 18.998 0 1.997
Fy 18.998 1.097 1.997
Fy 18.998 -1.097 1.997
Fy 18.998 -1.097 -1.997
|Fs 18.998 1.097 -1.997
Fe o 18.998 0 -1.997
= 91.449 2m1£§ = 518.018
9 -0 2
I* =1 - 609.458 amu A° 1011.70x10°  g.cm
XX yy
0 =40 2
1T = 182.898 anu A°  303.61x107 g.om’
z

gt =3 T8(8x3.147x1.380510 “OX1450) /%011, 702¢303.61x1072°) /%
r8 7 (6.6262 x 1077)2

= 1.1247 x 10°




III. Partition Function for Internal Rotation

+,9 +,0 0 0 : :
r (A) Ar”(A) I £ 1 (em, 39
3.250 1.705 0.019 1.267 45.74
Q:k i (8x3.143x75.93x10‘“°§l;3805x10'16x1450)1/2
6.6262 x 1072"x3 -
= 30.89 |
Including Centrifugal Effects
A The Molecule
I. Vibrational Partitiqn FunctiQn
Q, = 1.1280x10°
II. Rotational Partition Function
Q, = 4.9623 x 10°
B.  The Activated Complex
.i. Vibrational Partition Function
0

The activated complex is located at rt = 3.375 A

35 em™! (2)
61 cm™ ' (2)

219 exp (-(3.375-1.545))
380 exp (-(3.375-1.545))

<f
1

<
"

ot = 2.0180 x 10°

256
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II. Rotational Partition Function

0 0 0 0
r*(A) art(A)  axt(A) x*(A)
3.375 1.83 0.018 1.099

TABLE 591 - Parameters for Eva]uat1on of Moment of Inert1a Product of

C2F6 (Model I1, Including Centrifugal Effects)

Atom .oomy x¥ z;
C, 12.011 0 1.6875
C, 12.011 0 -1.6875
F, 18.998 0 2.0405
F, 18.998 1.099 2.0405
Fl 18.998 -1.099 2.0405
Fy 18.998 -1.099 -2.0405
18.998 1.099 -2.0405
18.998 0 ~ -2.0405

mix3=91.783  1m,7%= 543.01

+ _ ot 02 -40 2
IXx = Iyy = 634.793 amu A 1053.76 x 10 g.cm

0 40
1t - 183.566 amu A2 304.72 x 10" 'g.cn?

ot - /317 8x3. 142x1 3805x10'1°x1450)a/z(
r

1053.762x304.72x10">2°)1 /2
6 (6.6262 x 10°27)2

1.1736 x 10°

o
1
: n

III. Parfition Function for Internal Rotation

0 0
r+(X) ArT(A) 22t (A) ' (R) 5}(amuk22)
3.375 1.83 0.020 1.268 45.84




O
|

ip = (8x3.14%x76,09x107"°

30.92

5.4.2.4 Calculation of <E >, <E*> and E*

A.

<E,> = 36.26 kcal mole”

Calculation of <E >

I. Neglecting Centrifugal Effects

T31n Q;

—7— = 11.24

<E!> = 32.37 keal mole”!

II. Including Centrifugal Effects

Taln Q°
Y = 11.25
T :

<E¢> = 32.41 kcal mo]e']

Calculation of E*

E+=(1+0.5)(1.987x10'3)(1450)+(2.859x10'3)(1.132x10“)
_'| )
= 36.71 kcal mo1e;

x1.3805x107°x1450)' /2 /(6. 6262x10™27 )x3
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5.4.2.5 .

A.

Calculation of asT, k, and A_

The value of E0 is 89.43 kcal mole™!

The value of E_ which corresponds to £ is
: 0

E., = 89.86 kcal mole”!

Sy = 1.987 (1In 1.1280x107+12.58)

= 57.26 cal mole”! deg”!
S, = 29.04 cal mole”! deg']
Sip= 86.30 cal deg™! mote”]
Sy = 1.987 (1n 1.2230x10°+11.24)
= 59.34 cal mo]e']~deg']
Sy. = 1.987 (In 1.1247x10841.5)
= 30.67 cal mole” deg']
s§r= 1.987 (1n 30.89+0.5)
= 7.81 cal mole™'deq™?
SZh= 97.82 cal mole”! deg;]
A§th=1].52 cal mole” deg']

k
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_ 1.3805x10"°x1450 1.2230x10%x1.1247x106%30.89 .

~ Including Centrifugal Effects

The value of E_ is 90.75 kcal mole™!

-The value of E_ corresponding to'E0 is

E_ = 91.23 kcal mole”

“th™ 6 6262x1072" 1.1280x107x4.9623x10°
= 7.59X]02 SEC—] X exp_(
T
Agp = 10

89.43

1.987x1450x10"°)
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th = 86.30 cal deg'] mole!
+
SV = 1.987 (1In 2.0180x108+11}25)
= 60.35 cal mole”! deg”!
+
Sr =1.987 (1In ].1736x106+1.5)
= 30.75 cal mole”! deg'1
si. = 1.987 (1n 30.92 + 0.5)
- =7.81 cal mole”! deg-]
S;h = 98.91 cal mole”! deg_]
AS?%— 12.61 cal mole”! deg-]
Koy = 8-29 x 102 Sec™?
. 16467
Aogh = 10
5.4.2.6 Calculation of the Anharmonicity Corrections
A. The Molecule

In the molecule there are

6 C-F stretching frequencies (Model I)
(Model 1)
(Model 1

10 C-F bending frequencies
1 C-C stretching frequency |
1 torsion frequency*

<D—.I
e

= 0.02095

47.73 kcal mole”!

D

*

The dissociation energy .corresponding to the

>=_%g(10x0.01957+6x0.00783+0.01470+0.11990)

torsion frequency of CoFg is

‘calculated by comparing the potential barrier (V=4.35 kcal mole—l) of this

molecule to the one of CyHg(V=2. 87 kcal mole

~ dissocitaion energy of the same frequency in

-1) considering also the known

C,H, (D -1.0.2387 kcal mole-l).
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B. The Activated Complex

In the a;tivated comp]ex‘there are

6 C-F stretching frequencies
10 C-F bending frequencies

Thus

<Dg'>= ¢ (10°x 0.01957 + 6 x 0.00783)

0.01517

o
"

65.92 kcal mole”!

5.4.2.7 Evaluation of k ./k

uni

TABLE 5.92 - Parameters for kum./koo for C.F. (Model 1I)

2"6
Centrifugal effects are neglected Centrifugal effects are included

E0 89.43 kcal/mole 90.75 kcal/mole ;

E, 6465 cm™! = 18.48 kcal mole”| 6465 cm” = 18.48 kcal mole”!

E; 5766.5 cm™| = 16.49 kcal mole”! 5763.5 cn”' = 16.45 keal mole”!
s 18 18 '

st 16 ‘ | 16

r 0 , ‘ 0

r* 1 1

o 17 , 17

o 16.5 | 16.5. , e
T(o'+1)  8.563x10%° I 8.563x107°

T(1+r*/2) 0.886 0.886

ﬁ V. 3.758x104° cm ° 3.758x10%° cm "

i=] 1 '
Sﬁ v 1.742x10%2 cm™*° . 1.042x104% cm ¢

i * .

i=1

A
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Table 5.92 - Continued: ..

Centrifugal effects are neglected Centrifugal effects are included

o 5
(E+)a+ ® 0.0132 cp® 5 0.0132 e~ é
(EN**! 6.546x105 cp~t7" 6.2021055 e+ |
(Ez)1+r* 1.496x10°° em™** 1.442x108° cp~*® é
(RT) "2 31994.735 cm™*° 31994.735 cp~t+® :
(RT)™1/2 31 75 cn™° 3175 =0 %
<w'?> 745920.56 cm2 74574369 on™ ;
> 720.8125 cm™* 719.1875 en™t é
w2 519570.66 cm™ 517230.66 c@-Z ?

g" 1.3880 1.3939

zZ 2.8257x10° Torr™! sec™! 2.8257x10° Torr™! Sec”!

¢, 5.72 5 71

C, 132150070 1 0919x10°"

6 0.0069 0.0061

Gy (x) 1.1260x107" x0+° ; 6.9868x10~° x0+2 .
6, (%) [x+1-1.3880/(5.00x+2.73x°*543.51)] [x+1-1,3939/(5. 00x+2“73xo.3;§”51)11é¢§
G5(x) [x+1-1.3880 exp(-2.419x023)j16°5 [x+1-1.3939 exp( 2. 419x° 25)]-18->-
H(x) (x+6.546)17 | (x+6.283)17*

CZ/P- 1.2277x10°%/p 2.0538x101°/P

¥ CAE.>=1.5x(] -((634 793)°x183.5661 /2,7 | 98710 31450
J (272.615)2x177.76

= ~5.90




TABLE 5.93 - Contribution of Centrifugal Effects to k
| u
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. _ ni/k, for CFg » 2CF3 at
1450 K (Model 11) -
P (Torr : a b
( 1 ) (Kyni/ke) (ki /o)
0T ~0.0167~- - ... .. . .0.0078
1 0.0653 0.0344
10% 0.1995 0.1208
102 0.4540 0.3245
10° 0.7514 0.6181
10" 0.9412 0.8712
10° 1.0018 . 0.9802
108 1.0120 1.0034
107 | 1.0131 1.0064
108 1.0132 1.0067
109 1.0132 1.0068
Neglecting centrifugal effects (kuni/kw = 0.5 at P=150 Torr).
Including . centrifugal effects (kuni/koo = 0.5 at P=417 Torr).
5.4.2.8 Calculation of ka(E*)
TABLE 5.94 - Properties of the Active Molecule and Activated Complex
(C2F6, Model II)
Molecule Complex
Neglecting C.E. Including C.E. :
Frequencies (cm™') 1420 1420 i
807 807 :
349 349
68 68
1116 1116
714 714
1250(2) 1250(2)
522(2) 522(2) |
219(2) 1237(2) L
1237(2) 620(2) | ;
620(2)r 3.00 3.25 3,50 3.75 4,00 4.25 4,50 4.75 5.00
380(2) ol 40 31 24 19 5 T 9 e
89 69 54 42 33 25 20 15 12
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» ] Molecule Comp1lex
E,(kcal mole™") 89.43 90.75
s o 18 16
r 0 1
‘Moments of inertia A .
(amu AZ2) | rt Ixx=Iyy“ L2z
Ixx=1yy " 272,62 3.000 549.332 182.232
I 177.76 3.250 609.466 182.90
zz 3.500 673.498 183.900
3.750 741,05 184,57
4.000 812.50 185.58
4,250 887.929 186.25
- 4.500 966.20 186.92
4,750 1049,77 187.93
5.000 1136.13 188.61
Symmetry number for
internal rotation
o - 3
Average bond energy
(kcal mole-1)
D : 47.73 65.98
Increment for the 1. -
summation (kcal mole™ ')
AEF 0.1
Number of rate
constants tobe
calculated
(for kuni) NEN 1200
Reaction path degeneracy
- ‘
L o 1
Temperature (°K)
T 1450
Pressure (Torr)
p - 3040
Collision Number
(Torr'] sec_])
7 2.8257x10°
Internal Energy of
?ctivated m?lecule
kcal mole-l)
v ECC 127.50 117.50 .
Number of reaction
~coordinate .intervals :
NN 8
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Molecule -

Complex

Potential Energy of
reaction coordinate

(kcal mole ])
v(r")

Reduced moment of
inertia changing with r'

2
I;r (amu R )

The results at E¥ = 36.7] kcal mole”) are

ka(E™+E) = 0.5740 x 10° sec”!
"k (e* +E +<AE >) = 0.1610x10? °sec

k (E* +E )(- h) = 0.1354x10° sec

k (E+E +<AE . >)(a h)*

-1

-1

0.4073x10° sec

. 85
89.
91
93
94,
94
95
95
95

45,
45
45
46.
- 46,
46,
46.74
46.95
47.13

.84 (rf=
.30 (r+=3

51 (rf=3

43 (r*=3

53 (r*=3

74 (r*=3
.94 (r*=3

14 (r*=3
34 (r+-4
54 (r*=4

(r*
(r*=a,
(r*=5,

0
.000 4)
250 A)
3.500 A)
750 A)
19 (r*=4.
72 (r*=4
04 (r'=4,
.22 (rt=a,
.34 (r'=5

000 A)
0

.250~é)

500 é)
750,6)

0
.000 )
250 A)
500 A)
750 )
.000 A)
250 A)
=4.500 A)

750 A)
000 A)

.000 A)




5.4.2.9 Calculation of k ;
—2 X

The input data for the computer program which eval
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uates k.
. ) ~ uni
is given in Table 5,94,
A. _ﬂgg}gqgigg_ﬁ_._pgnzrjfgggj;ﬁffects
K . = 1.1247x10° ’ -89.43
uni — —e )x0.1x
9.537x107" 'x4.9623x10° x1.1280x107  1.987x10™%x1450

6.9706x10™°x0.9339x7 p11

6.51x102

_ -9
kuni(anh) = 6.9706x10" "x0.1038x1022

= 7.23x102
B. Including _ _ Centrifugal Effects
6 -
K - 1.1736x10 exp( 90.75

x 0.9339x10"

‘12
)x0.1x0.1337x10

uni 9.537x10™""x4.9623x105x1.1280x107 1.987x10™°x1450
6.15x102

= | -9 12
Kuni(anh) = 4-6002107 x 0.1578 x 10

7.26x102
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It has only beep possible to compare some of the results obtained

in this work with already published experimental studies and theoretical

calculations. Since the ethane molecule has been widely studied, a

comparison with previous investigations is made in what follows.

For Model 1, good agreement is obtained. with the Arrhenius para-

meters calcglated by*Waagé and Rabinovitch [93],.as well as with the
experimental results of Quinn [97]. The fall-off curves obtained with
this Model are less step than those of Waage and Rabinovifch [93] ob-
tained at the same temperature. On the other hand, the Arrhéniué pafa—’l‘
meters calculated with Model II agree with the results of the experf-
mental work of Trenwith [96]. The result for P](zobiained by consi-
dering the éentrifuga] effect of adiabatic‘rotations is close to the

ohe of this worker and to the value ca]cuiatedvby Hase [42a]. The
measured rate constant, ka(E*),:for the decomposition of ethane [99]

1

for E_ = 85.8 kcal mole” at E¥ = 114.9 kcal mole”| is 4.6x10~° sec™ .

The results of Hase at the same conditions are 5.8x10° sec'],[42a] and

4.9x10° sec”! [42b]. In this work, the value of ka(E*) for Model II,

1

at E¥ = 114.9 kcal mole”' and E0 = 85.97 kcal mo]e'] including correc-

tions for anharmonicity and centrifugal effects is 3.39x10° sec'].

Furthermore, the magnitude of kuni calculated with Model II is aniy
satisfactory agreement with the one computed by Growcock and coworkers [99].

3.3x107° sec”! (Present work)

.

' kum’

k

R

.~ 1.6x1076 sec”! (Growcock)
uni

The margin of numerical correspondance between theory and experiment

for the majority of examples should be reasonable in view of the fact ‘
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that equation (3.20), upon which the ca]cu]ations are based, does not

contain arbitrary parameters for fitting the experimental values.

The foT]bwing trends may be noted:

Aa. The pressure at which the rate constant reaches one- ha]f
its limiting h1gh pressure value 1ncreases with the number
of fluorine atoms. This behaviour, which is observed 1n
the calculations with Mode] I, is in harmony w1th the
activation energ1es for the carbon carbon bond sc1551on,
increasing with the number of fluorine atoms in the hydre;
carbon. Since in Model II, a similar agreement befween
the theoretical and experimental entropies of activetfon
is not observed, it is not possible to observe‘a trend‘in

the P 1/2 values.

b. At any constant value of log P, where the pressure 1is .very
small, it is seen that the values of log kun1/k become

larger as the number of fluorine atoms decreases.-

1. The de-energization Variable AZ

- The significant variable is the de-energiiation rate cons-
tant AZ which appears in the expression for kuhi as AZP. A change in
AZ causes an inversely proportional change in the pressure required
to produce a given value of kuni or kuni/km' The plot of 1og'kun'1./koo
v.s. log P is shifted horizontally by a distance equal to the change in




20

Tog AZ without any change in the shape.

the values of ) and the collision cross section o4- It has been demons-

Uncertainities in AL arise from "~ -

trated that the collision efficiency for deactivation varies for differéntf o

gases [125]. Even if the collision efficiency is taken as unity for the .

parent gas, it is less than unity for an inert gas. Kohimaier and Rabi-
novitch [126] have shown that in the case of sec-buty1l radicals the »
average energy removed per collision by argon is about 3 kcal mo]e ].'
In the case of C2H6 at 873° K, the calculated average energy 1n.exeess of
the critical energy in Model II is 11.29 kcal mo1e']. Based on a. step-
ladder model this indicates that an average of 4 collisions may be re-
quiredlto deactivate the CZHZ molecule. The collision efficiencyiwou]d ‘
be X = 0.25. This factor would have the effect of shiftiﬁg the fell-off
curve to highgr pressures by 0.60 log units. The value obteﬁned‘}n this
way for P 1/2 inc]udingkcertrifuga] effects would match exaetly the ex-
perimental result of Trenwith [96]. The same assumption couid”be made‘
vfof the other molecules to obtein‘the following collision efficiency
parameters: 1.1.2.2-tetrafluoro ethane = 0.11, pentafluoroethane = 0 09,
hexafluoroethane = 0.08.

On the other hand, the values used here for the hard-sphere
collision diameters may not be exact. In the case of ethane different )
va]des of 9y have been used in the theoretical calculations [93,95,98,:
102]. Any change in od~wou1d have the effect of shiftihg the fall-off

curve by about 0.3 log units to higher or lower pressures.




The Integration ‘Procedure

In the integration procedure the variable parameters - ‘are the

step 1ength AET and the maximum energy ¥ to which the 1ntegrat1on is

taken. The results of a series of calculations to 1]1ustrate these

points are summarized in Table 595 for CZFG

‘TABLE 5.95 - Effect of Af™ and £t on k o for C,F. (Model i)‘

2'6
+* ~ *

AET . 0.05 0.1 et 50 59.97
(kcal mole ]) (kcal mo]e']) '
. (+C.E. ' | %
Kung (7C-E-) 76611 766.11 KunitC-E) g60 g5 g66.1
(sec™ ) | (sec™ ™) ’
kuni(+C'E;% 101706 101689 uni*C-E) 1074 58 017,08

(anh) (sec (anh) (sec™1)

*

The remaining parameters for the integration are those of Table 5.81 .

As seen in Tab]e 5.94 none of variations tested introduces a considerable
change in kuni' In conclusion, the integration is insensitive to varia-

.tions in the computational details.

3. The Whitten-Rabinovitch Approximation

An artifact of the approximation may be noted in that for

certain molecules as the pressure becomes very large, the value of ~~ =~

/k, converges toward slightly higher or slightly lower values than : °
Kuni

unity. The departure from unity. for the molecules studied is shown'in

Table 5.96.
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TABLE 5.96 - Deviati ity a oh
E 5.96 - Deviation of kuni/km from Unity at Very High

Pressures

Mode1 ]  Model II

12 1P 18 1P
CHe 0% - 30% - ...208 . 23 .
(T=873%)
CoHoF, 3% 3 2% 2%
(T=1350%%) '
C2HF5v | 1%_ 1% 1% 1%
(T=1400°) T '
C,F¢ 1% 1% 1% 1%
(T=1450°%) |

a ‘ . , :
Neglecting centrifugal effects.

Including centrifugal effects.

The deviation from unity observed for the ethane molecule may be attri-
buted to the Whitten-Rabinovitch approximation. At low energies, the
nature of the vibrational energy levels assures discontinuous energy-.

level sums which are approximated here by a smooth representation..

4. The Experimental A, and E_ Values

The fall-off curves are sensitive to the values taken' for
the experimental A_ and E_ which the model is adjusted to fit.The effect of
théséu changes is to produce a disp]acement of the fall-off curves to

higher pressures.
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Alog P = (7 - 6)1og Aw/A;
where B

(s +3r - DKT/(Ey + E, + <E)

The features of the

on the results, provided the model reproduces correctly the required

high-pressure Arrhenius parameters

affect the results significantly are relaxation of the strong c0111s1on

assumption and alteration of the numerical values of the Arrhenius para-v‘r"

meters which the model is made to fit.

5. Centrifugal Effects

The results of the computation of the fall-off behavfour
for Colgs C2H2F4, CZHFS’ C2F6 corrected for the centrifuga] effects are
Tisted in Tables 5.58, 5.71, 5.80, 5.93, 5.13, 5. 37, 5.51. As expected

. the looser Model I enters the fall-off region at higher pressures than -

Model II. The centrifugal effect allows part of the adiabatic rotat1o-.

na] energy to be used for overcom1ng the potential energy barrier, thus
reducing E0 and the density of states N*(E* ), increasing the rate cons-
tant ka(E*). A1l the results for Models I and II confirm ;his predic-
tion. The value of kuni’ being inversely proportional to ka(E*), dec-

reases when the centrifugal effects are included. Some diserepaneies

are observed in the calcu]ationsrwith Model II. Since.in this case the ‘

search for r' is made at different energies when centrifugal effects are

included or not, a healthy evaluation of this effect is not possible.

modeT can be varied without any significant effect -

The changes which are 11ke1y to
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o Besides the values for k uni 2re also ca]cu]ated by cons1der1ng

the values of k

[k* . = (k )k ol The results computed by the two methods agree »A
- “Muni

to within a factor of 1 or 2. This accuracy justifies the use of RRKM. = = =~

/k at the pressure at which the 1ntegrat1on 1s done ‘,‘ :

“TABLE -5:-97-= “Contribution of- Centr1fuqa1 Effects”

ana*Anﬁafmaﬁﬁéity‘"““f“fjf
to k (E ) (Model 1) o :

N

. + + + A N

Model I ky(E, +_E ) ky(E*E +<$EJ>) ka(Eo+E])anh KalEg*E *f?sd?zanh‘
(sec™') (sec™') (sec™") (sec :

CHe  0.7576x10° 0.2740x10%° 0.2546x10° 0.1032x1010
(T=873°) | I
CH,F, 0.3277x1019 0.9550x1010 0-1157x10%%  0.3708x10°. :¢
(T=1350°K) ‘ T
C HF, 0.2469x101° 0.2562x10'1 0.9118100  o.1l43x10m 7 A
(T=1400°K) B
C.F 0.3637x10'° - 0.4506x10!! 0.1346x10'°  0.2037x10'T
2"6 A
(T=1450°K)




(TABLE 5. 98 - Contribution of Centrify al Effects and
to ka(E ) (Model 11)
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Anharmonicity

Model 11 kafigcf]§+) ka(E0:§:+f$EJ>)‘ alEo*E %anh a(EGHE" *<8Ep)an
¢ ') (sec ) ‘(sec )
C2H6 0.3?78X]08 0.1433x10° 0.3405x107 0.1740x108
C2H2F4 0.1343x10'0 0.5667x10!? 0.2007x10° 0.9761x10°
CZHF5 0.4688x10° 0.1741x1010 0.7820x108 0.3230x10°
C2F6 0.5740x10° 0.1610x101° 0.1354x10° 0.4073x10°

TABLE 5. 99- Contribution of Centrifugal Effects and Anharmon1c1ty

to kum (Model 1)
. * A
Model 1 kuni kun1(+C‘E’) Kyns kuni(anh) kuni‘ um(+C E)
(sec-1) (sec™1) (sec1)  (+C.E.)(sec™?) (sec-1) (sec-1)

C2H6 2.7194x107° 2.2943x1075  3.0290x10-5 2.8011x107°  2.4325x10-°2.0324x10-° -
C2H2F4 5.61x102 4.29x102 6.55x102 5.34x102 5218X102 3.62x10%2 .
CZHF5 5.47x10° 3.08x10? 6.29x10? 3.95x10°? 4.88x10%2  3.19x102 ,
C2F6 1.61x10°3 7.70x102 1.91x103 1.02x10° ].42x]0? 7.91x]02;‘ ;

. ]

kuni = k ( /k ) at the appropriate pressure.

@, th

TABLE 5.100- Contribution of Centrifugal Effects and Anharmonicity

to kuni (Model 1II)

v - - Sy

Model 11 kuni kuni(+C'E') kuni(anh) kuni(anh) kuni? kan1(+$‘E‘),)
(sec-1) (sec™1) (sec™1) (+C.E.)(sec‘]) (sec~1) (sec” )

CHe 4.0196x107°3.2735x10"°  4.0269x10"° 3.2963x10"°  3.86x107° 3.05x10f9ff s
CH,F,  3.90x10*  3.67x10* 4.70x10° 5.12x10% 3.86x10% . 3.84x10° ‘| -
C,HF;  2.76x10*  2.85x10°  3.05x10° 3.43x10° © 2.69x10* :2,66x10° |
C,Fg  6.51x10*  6.15x10" 7.23x10° 7.26x10° 6.09x10°  5.63x10%
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As ment1oned preV1°“S]y in Chapter I1I, an approximation formu]a for the

evaluation of the centrifugal effects has been given by Waage and Rabino-

vitch [45] (Eq. ( 3.39)). The effect of the factor F is to shift the

fall-off curve to higher pressures by the constant-logF along the log P

axis. Results for Mode] I including the centrifugal effects computed

by the direct method and by using the Waage-Rabinovitch approximation are

given in Table 5100. As seen in this table the approximation gives better

results for lower values of I+/I.

TABLE 5.101 - ITlustration of the P 1/2 Pressure for C,H.,
C2H2F4, CZHFS’ C,F 276

276"
Model 1 P1/2 (Torr)  P1/2 (Torr) P1/2%(Torr)| |
(#C.E.)  (4C.E.) |
CoHe  (T=873%) 12 43 28
1 CoHLF, (T=1350%) 610 4800 2125
| CHF s (7=1400%) 560 6000 2074
CoFe  (T=1450%) 950 116000 3770

*
This pressure is calculated by using the Waage-Rabinovitch [45]
approx1matlon for the centrifugal effects.

6. Anharmonicity

When énharmonicity'of vibrations is taken into-account, the
density of vibrational energy levels is increased, particularly at high
energies. As a result of this increase there is a decrease in ka(E*)
and an increase in the value of kuni‘ A11 the results ihc1uding anhar-

monicity effects satisfy (Tables 5.97, 5.98, 5.99, 5100) this expectation.




Two different valyes for the d1ssoc1at1on energy have been used

in the anharmon1c1ty calculations of the ethane molecule. D has been
obtained from the tabulated anharmonicity constants whereas D is the mean

of the dissociation energies calculated from the relationship of Hershbach

and Laurie [ 85]. The disagreement between D and D* is appreciable. efhe ;

re]ation D = hv/2x is valid only for a diatomic molecule so that the x of

each vibration has been adjusted to fit an independent Morse oscillator.
On the other hand, the Morse function may not be a particularly good repre;
sentation even for a diatomic molecule. The big difference between D' and D*
does not affect the calculated rates too much. The effect of anharmon1c1ty
on kuni is Tess than a factor of two, so that the results are insensitive
to even gross errors in De's. The term exp(-E+/kT) in the rate constaﬁf
integral predominates at high energies even though the correction is appre-
ciable. The small effect of anharmonicity in thermal reactions is due
more to the smearing out effect of the thermal distribution of energies
rather than to the small value of the anharmonic correction factor: itself.
In the fall-off region anharmonicity is thought to cause decreased
curvature of the fall-off plot relative to the harmonic case. Since while
N*(E*) increases P(E+) is much less affected, the net result would be a

shift of the fall-off curve toward lower pressure.
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TABLE 5.102- The Effect of Different Mean Dissociation Energies -
on the Rate Constants of Ethane (Model 1) o

D" = 62.06 kcal mole™! D = 43.69 keal mole~]
K, (E*4E,) 0.7576x10° sec™] 0.7576x10° sec”!
ka(E++EO)anh ) 0.2546x10° sec-1 0.1348x109"sec_1
ko (E4E +<0E ) 0.2740x10 0sec” ! 0.2740x10 0sec”
ka(E++E0+<AEJ>)anh 0.1032x101°sec-] 0.5854x10° sec-l
Kuni 2.7194x10°5 sec”! 2.7194x10"5 sec”)
Kuni (anh) 2.9455x10"5 sec”! 3.0290x10°5 sec™]
Kund (+C.E. ) 2.203x10°% sec”  2.2043x107 sec”!
umi (+€.E.), 2.6433x1075 sec”]  2.8011x107% sec”!

*

* .
D" is calculated from known anharmonicity constants. D is calculated
using Herschbach and Laurie's approximation.

The critical configuration provides an actual boundary between

reactants and products. The RRKM theory assumes a transmission coefficient : %‘

of unity. If the critical configuration is located in the reactant region. |

there will be a kinematic equilibrium between reactants and the critical
configuration, but there is no assurance that crossing the critica]yconfial
guration toward products would Tead to products. If the critical confi-
guration is chosen in the product region, there will not be a kinemqgjq/   ‘° 
equilibrium between reactants and critical configurations. Therefopeﬂygpvr
choosing the critical configuration the two criteria of kinematic egqilib-v

rium and a transmission of unity should be fulfilled.




Since in this study the potentlal energy of the react1on coord1nate |

is represented by a Morse function, the r' value given by the cr1ter1on of

minimum state density is less than the value g1ven by the Gorin mode] at B

the rotational barrier. Choosing the critical conf1gurat1on at the rota-kﬁﬁ |

tipna] barrier (Gorin model) located in the product region gives an over-

i

est1mate of the unimolecular rate. In fact, the k uni va]ues ca]cu]ated
for Mode] I are higher than the ones calculated for Model] II - o

One of the results of the criterion of minimum state den51ty 15#;;;
a prediction of both an internal energy and external rotational energy s
dependence on the cr1t1ca1 configuration study. The dependence of RY on |
both E* and Ej is significant. As these energies are increased the value
for R' is decreased. The location of the bottle-neck in the molecular
phase space is dependent on both energies E* and EJ. In this work, the
value of E*, where the search for the minimum density is made, is chosen
in such a way that it is an average of the total energies at which the “’
integration is performed.. A fit to a rate constant does not provide a
unique critical configuration which may be used for rate calculations at
all energies.

On the other hand, the free rotor postu]ated in Model 1 has\an
increased value of N*(E*) at all energies, thereby decreasing the specific;‘f
rate constant ka(E*) and inereasing k

uni’
Although E. Tschuikow-Roux and coworkers have dealed with the ex-

perimental decomposition of fluoroethanes, a complete theoretical treat-
ment of the carbon-carbon bond fission in these molecules has not been

given before. Both the effects of adiabatic rotations and anharmonicity
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of vibrations together on tﬁe rate constant have been téken into account.
- Furthermore, the results obtained in this dissertation allow us to comparef"
the two d1fferent Mode]s applied to the critical configuration for an RRKM'_«
treatment as well as the relative behaviour of the above mentioned mole-
cules at different pressures. The fact that the results obtained with

the Gorin Model . are h1gher than those obtained by the minimization of the -
number of states and _the experimental ones, should not exclude comp]etely ‘vv

the use of the Gorin Model for a loose trans1t1on state since it perm1ts

an estimation of the rate .constant.
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APPENDIX I
THE GAMMA FUNCTION I'(n)
The gamma function I'(n) is defined, for n > 0, by the integral; -

T'(n) = { x= 0 exp(-x)dx (n>0)

n is restricted in this work to positive integral or half-integral

values.
I'(n + 1) = nT(n)
r(1) = 1
r(1/2) = /n

If n is integral,

T(n) = (n-1)T(n-1)

(n-1)1"

If n is half-integral

T(n) = (n-1)(n-2) ... 5/2, 3/2, 1/2, 1(1/2).




APPENDIX 11




.
EVALUATION OF k,(E) and k.

L AN DO OO0 DN MU DO

* leo
w x O
Lo x W
V€ LO tWx wv
= O X -«
o wun e W W
z v z [- {2} E -
- w OL W« v O «
- WD oW e Z X
- 2 e, r X - I ]
X O 1 fet D - o
~ W= Z Zu > un
o~ P N K ] o fe oo’
© T vaxr w VNI +mid
(] Two = Ir Wwo @ o
a SO W > u wo
[ %) XD ZZe M T e
(2] W a O VNI W =
- - Wk O le > o e
DN sy Zz L« v O
o VO o =~ T o
(V] WOFL) -0 - Ll L T~T
. o r—r 0T r Pl
> OOXD VOO0 W 4+ « a
= Toroow o W er TWo
o0 wHx o «n - 02
e Fau LOU— L= e
- [ L S 2279 I TN 4 -l ‘KO |
le LI ZHMC P O O >
o d g —OCx0 T < -
F Druax W e M TITOX
Ol Oblmlilt Sb=jmld - ¢ o= WX
ZN WLOZZZIFXZIX 4@z ZIwx
g R T T e e T L I - WIW = e 7T )
N OZ xz Iz WO
W) X0l bLOmatd =40 L @
w oz coo OF «m~a« X Ol
o LS [N B> e
TO IO VINIC T VI OO0 wvik-T
U= N At WL W] e Ky
- €« VNOCZZT VT OO -ND ZOZTa
* WZrWIWZ =W Z<Z-D Julx
B ONZOTINMZOW A>MHIO T
us WXOO WX= X Wt O MO
>HEZNIDTIIVIDW LIWXoWIT ax
mzowozr wozro Q=0 @ v -

LI X PHAT L O Il
> = >aAgl) >  OIZX Ol O>
R OX00ZOOO>TIIHO WA o
> bttt WL = OWIED~ v

CoDED

x
= >HL NG G L VO OLT OXZDa H>D
@ o < * o
[ca™ W ~ & o
R-1-1=) @ ~ O -~ a
xw = - 9
a. ~en w1 - - - &0
> * * 0 e - D>
X e *«X $OK - (&) - e
XOXs ITeasoxxr U O O oo
XOXTA>»TLUE X O & O o
T AR =N b RN = - = ear

LLUULULLLOLUL VLLLVLLULLLL

foldaoeldadoidofadoocldooldeos

v R
W x -
X @xax
v w Woo
wn - 0Oxo
- o sacm>-
- - T WOt
vamn Sx=2i
(8] X
[V, N wviex
= = oEx< -
bl SN 2 EIN]
=Z O  —=ZuxU
Vo VN aw z
ot > Jow
Il HOIT
O - LS LI z
Zrn OUXr WV FO
OCOZEL «+-aJZX O
—or WD FWOE =)=
_ N wihuke- =0
- or Fr ow
= orox Owii=t W
oroo zxrall oo
EXLLWO =O> &xO
(] =T 0O
M= al) O
« T OOT =" 4t (%)
ZrA=l TR o e
ofl oo a0 - 2
Wl o » ZO
FELLOL LW OX
-+ ‘Y JOWZT X
ZZOWDWND o«
1MOCOUTUwr «x
b bttt = LI 0 XTI
KL b - T«
ZOOUKXO Zw «
OM LIV O XD W x
DL ITxO X
— ke O [t
-« OOMILi X Mx

@O O O g ) =2
- LU =3 =3 wx
S HHL VOLWWVMO o
WZZOZT WO

WHOO OZTUOJd i
O=IIVOWIUO o«

VD WX W N
EZITd-OU=ZI~ITX
U Z X € (XT €D O Lt
O x> RFT“'iSS

cle 1

»
*» * »x
Iz o » T=
IZ ey O D
DI TOOx x e
O OUror oo

slldadatddutoldef qmu
2 ) TN O VOO w4 M T 0N O O O (N
bt it oot (N NN NN OIOD NN M MMM M I i o a2t

- w L
(2] - -
- - .
[ -4 "
o - (-4
o - [~ -t i
w = a~ e
- o o~ of ox
- Q X = @dD
Q- & o ez
(=] 00 - - e >ul
le wwn = - o >
=] - O eex
" VO x x - 40—
L. «3 x LR g T
W Oe = " (eOX
o OF o= v - DX
o0 NO L alatet
[ 00D -t wwn
© O~00 ~er e
=z O xTNN [FEN] o =
-~ - ners”
u - e - t) —un
- 0~ > "en ECRS
.» «2Dex o w < M
-t DO » - O —tle
" oo~ - Vi
[N >N .0 wr rru
uw ———ry g - Q0 -
o ~FD . - QT
oOxOmMm - @i
o SO0~ [T,) tyer
u QunNo Wz — -
o N e~ dO - <Zr
> Letod sdend O te (-4 <-4
- X0 - 0 W
o O = oo -~ Qs T
z *X -~ as) WP La)b=t=t
- -TOwn < Ljc (=l
n>0 - (2] 3 ™
w ~wundm x D o o
3 O N~ - W -
«< Xt -—ud -2
-0~ N« <z
[ Q@ 0 =18 aud
[ad ~T er[o ~x [l
(2] Mt =0 [FCNN wzo
u -0t ) oz
[y [ == - - -
[ 00 - 1 woe - O
w NN e Q X <uhud
) axe —~— P
- MOZ - o W W) s~ AsnuaD
g =TZOMm~ANN- O s2E0 -~
L] XS oMU aZ~ o ayND W N
= FHVOXCX4oe CXDOO e X Lo
[Ty N . OO el b=t O L, et
i~ ZZZTu il N sNHLLND NG -

T(9F8

-3 QOO OMOC e ZhPPerdn NI

(o Pl thed o s s ot | O s e et e e D)

z VIOV bbb b OO b= b bbb e b=
[V} T ZLTZ M KT A L A P o~
w WWWIWIXTIX - IIIITXILININI
ITITT OOl XX aXex
IS HHOOO0 O O0000Q OO €O
- O000OL WL U [T PER T VI PRy T TR - 3 Y

- - .
N Nor~ano ~N
Q- -

- o

(3 )

ddoldadee
DD DD~

ol old

o, >
- [
o o > -
- o w " > -
- z o - o
x = [ - 3
[~ 4 - z - 2D
[ -4 [2 N - w
- @ b4 e
z (W] c o e o
- - wn 2z ZOUX
=2 [~ oM
['s -t w m x4
o - W oo -
-~ ~u < KT -
-~ =4 [+ [1s] Jaa>
~w N ‘al o« . -
-z "o > o -3
M "y -« w xZwvi
e v > Car -~
~NZ T v - 4o U}
- L —~t - oo
[TA I T d L 4 e We o)
[P} -~ (e™D Lt LIV, ot
D N> [ ]S ] = X T
~O el LL a -~ Te 1~V
oL X -d T N D) Y-
AT —~— ) e Y se
-0 T NNNY QU e P o
~D3 (1K g} LR N [P X ST E N <4
-~ no HXe 2@ @ 4 IXT ION
-z (=] —~LXIDIO C D e 00O el
W= 02 NJwOh b U s Xe N
=] = e O WX N -
=2 o472 B « 4 XIEXOAIZ T A" %>
O a OV WOIOC € OJIm<calls
LIKO | LY JOUOT M = Frd = ()—D
IO (=2 [ S 2N o o Sxe oy NWeu
Ous «— TZ ZU O ZAOXe= el
F o M OHTHL) W SN e e
«.J =J U ~ X €LY =X X
T+ o o =0 o orelue OC»
=) Ll ZTw=TO O Ll = L) = —&D
OV ZO HOZLU O @ME ere & ot
VWO = =) T LI - mL e el
WZ SN © VNITICLNONDOTICWM -
—_—tl el APOF A ot =X 44F AT

Lol 3 Ze e WweaxCe
Q> DO JOW > = X X0
WOo JVIK~ZaDLI I3 J0e &l Ne
D WOFUNWUFWOX OO -1l de J sl
OVNG. OZO «DWOA T aX WG s X -
= WWT e GTDOT NINFT IO
OCZOJIDXWI OLZ JZ I3 Wilierix e
LWZOOZLA >l < XL > e -do =
elde Lle JVIQe » We QNe = = we L,
e » a0® s s eaX wxXe ode Dema
NENENNT SNNNN e N NNTIOeIXI e
NE N SNNONNNNN A a4
g S R PR U Y P YR DPY. S Pt
b N e e O 8 e = =D = X
o ol X alal T ol of ol o o] Pl ol o T a e o
FIXTOIIHNITITITLITLYII IO o)
oo QOoXoal O -0 Q<O xXn
OO0 OOOVNOOOOO0s O OOCOTONO
LLUMFLLOULLLLU HLHLLL = L e
» « L 4 N -
VIO O Lt @ 00 Ot 0~
A A NN NN MMM M M
~ .

[CIN ] 4 - (&)
FaC -y -
- O i
Nk O (= a
20 . &>
o s L
w0 e O
=t ~ bt
-< (C - ~Z - bad
SO -y Z -
DZx - W e | -~
LN T [ TU | [~} W
-4 -t ) x -
- x CZ = ~ -
U0t o = -t hd
- L T - o
[l a—- Z (S
[l X1 o o x X
ou I b= = - -
F *xO O - -
~O T er o " ~%
"t D) ..’ - ie W
— > ) - - oo &N
Ou «s les > T g
N - w2 - -t
=LY Lo - e L
"in e - - e >
—t * L - Oy --
-l - wJgon oy X
W - e Ly e
“<O— ex O N
—_OWnC o~ © Lath=t bt
- ZX O © e X<
QJlu ™~ V< L * Ll
WTD O Z ~ XL
U @ Zx O =* co o
S INTE] e - 0 =g
i e - F = F
- > W DMl
oy — (Ne a OeloacC
I ~rH W LOaO~T
- e Ot O ZuLKro
p o7 = _-De Z

F X e~ I O ZullXO
Ol =ML SN %) ok OXF
FELPu N e & W INANAOL T
DO e e xZ O TOUNAO z
Z=e « NOOQ JIXXODZ—
[l ¥} NG as -0

DAZZ e>xa
OO JANG Z o <HHONAQN
- DA S SO T IO O
IV OSUC > w WO L
= O >~ -te < XK b
e el DM es s o oo
IO mmfl, P oo o tar an
NI W3 AaTINWET. AT
St N Z Lt SN NN
—— .
o = e e b
A q ) TG T
LY CILEI «MITZIITITITT
o WSO X000 CoOa oo
OOT =H-HOO OOOMONOO OO
L O o LT T R YA PR Y WS VIR Y
-8 ‘- & .
e (e 2] N Moo
[aglat} EL g T TI3TT T

1ddelolqausidadadusitdasinandiisnsidauncdandusiclaciosinqusidas
MID DD O ~ANMII NI~ OOD ANMIN OO DN M FTNO OO0 ~N

Mz -
WNNININNININO O 0 DO O DOO I PPt e PP I 00 @ I 0500 MW K &0 0 000 O OO0

occoco

-



-
xz
-4
-
(34
[3)
W
-
Kl
o
-
-
-d
-
-
o
-
-
(3]
o
o
o
-
>
>
-
©
¥
>
v
-
O
o
=
-

-
<)
-
~
-
A
—
-
-
(3]
-
(=)
[+ 4
-
&
ut
x
o
-
-
o

ERTIE CqANSIVS 4TTH LR
Ye'THF COLLISTION yyw3rg S 1Eluey)

x
-tis’
Iz
s
z —t
[l (%23 e}
~" by
u >
o usn 2 B
(Y F - - -~ - 4 "~ - -
s - xr z - o - z ° 0 - = x rox
Z e Lz - - o o o~ -~ o o -~ - 0 3 - © W t 2 [T ) x - DL}
W P -~ T FTemr T o~ o [S I - 4 [V 4 ~ o w0 x Lo - - r~ - 4 4 ety
E T % I oz VI e - O Za v e Z Q e =z o -— - =] - L] - - "W o
o - - NT - Z e ¢ N ez F4 4 - ut - > [4 M o o o [~ 1 =~ =0 O " x - —E D or-
3 . - ol Z W e L d LI L] P e e - 0 - - n -r -t - - [ o "Hn v — M — - - LN o o
1 ewr = - -t IR ) - 1 - a = it [ YO RN w n -~ o - et - - - -0 Wwo
[T, B i Hbe o o ¢ =1t H - - O . e o a o o - -~ o - -0 C -~ " Lo o oo N
w XL N N - e e - -~ - -« - + > U v -~ 02 - e O - - - ~Z W w
o = el b e 3 bt B pd - - (9 - e o= - e . N el - - et~ - - ) b I -0
TR VS X e e X e e U om =~ — & - o - o . - D o E I = - - - oo wvo
O oA .o Coremoebmie . T eI Tl o~ 2 ~ U -0 - O . Za - o o - Ole He - w0 C - - (3] Lo [T
L= yL. O L dalal o . =T T O~ - = ¥ UFTLu a x. -ZOr ON - - - L & Lo ] O - & - (8] - (&) OZ - o~
cCuwou 17 o33 3 3k > eml UL O L > Bl Oemfibd — o el € - (I T 4] (8] v te O —-~C C (] D A X~ WO [=]47
— 0 O Wty WEIZIX> V) = NOOUI>X el VX V) =mUa IZwl? VOIDOO < - e 15 T XX O-— o o A D= = X e x e
- Ne o N VN N 2o oo o VBN L O Z e im0 S 2 (DT € IO 1e = DX C e~ X e e EmTDI U amen e Sl oy
Lot AWV 2 MIT e fe N~ DI P T e wrom Ovom Fmrd (N A (VX o e ) = OO0 Ot -X -~ ) o~ - - N e MO D &0 AN Al OWM T e
L P N N P e LT PN AL o o o e W VO N CON MV e CLPIO omPlUW ot e O te S e Q- SVm gL e NI BTl Nl SxOoU
SUINN e DMNOA O = re e e e e ] OOOMND == s me o re omd N @O = mand (17 03 o~ W edifeg UWIZ = s s em o Al A el T e eT) @OOXE S el
e aDCIE 0 s st e e L OOVOLDD & te o m e aJOUOOLOIL0 » Q=M ol VOT T T = O e low w 1™ e aDM 4 4D a0 ol DO DO X LINOM O oC
Lnlond ad ol Te Rodil e R 0¥ o F0y RV o TV ¥ g B et T4 T2 W2 IV AR T2 72 114 Loy et =R _J [ b e — - U o0 o O UV e~ N =Y N e N DX~ aeaely
O OeCUN— 00 ZeoR0~ ~LU Oecl MeLWl FLCWWOL!  «CWO WwwLS
b 4 M O 4 Z e e b e | (D Db b b b O

i o v o s l\((_f.—?.rr.—trrEFF[E(Q'FD(R.(T(EF:’.TOT
OO0 OO b b b b = (OIZ IV TO = 0DZOX
I Xt T DIVt bt ottt bt St A T ag 2 el Wbt bt bbb bt ot | § e o ot

X = TOQADT ¢ ZOoODPRO -

et et L LR TRt el d O PV P01 I Y 901 11 P
[ R ed i 1] o ) e A et e bt |}

F3FF OO0 0000 bt e b

OO OrQ bt b ol ol AL o ol Pt Pt ot g Pmd

OO0 uIX X X Ol Wil oo O (r O L Ll sded WdudidiYy Or QX OF Crix O (X L UOO ERTLIF XOror OO =L 1 LHNODOWXLLILHOXYO: W JNOUWL HO

LL G RO X R ETROOON OOYYETETE X YR FEOTrat Y YA 7R BT VA TVt bt et {0 ) (VY S bt b b 417 N ) Y MY A =N IOV ROVO MR T OIS A R D RO
! . -

O ey, . . " o M " F w0 .o~ @ o N ) (o] - N2y P aladVsl

2 I I o oo 0 o o0 0 o o~ ~ ~ o~ J o O~ P~

w n . - e -
-

.nlo_A-.Lo-.znlzlaa-_nl11AA!-.A‘-.A-.LL!A...:..l-.1oo.l-.;llull-.&l..lt;&-.tlo_&ttto.n&L&&Ln..;iu-l..-ttac....-.ll;t!AL-_lAl&All.
TWND~0 P 4NM T OO 0123U567 D03 ~HNFIT N OSD ODNNM TN DM 00O =M T WD~ WO O~NMNT N OM~DP O =M FN DM DD AN NOM OO0 D NMNTIN D P00 Ded\IM PO M
DnUnnnllll!lllll2?222222223333333333uuuuuuQQQQSSSSS55555666666666677777777775888888888909999099900000000
o bt bt ot o o omb ol ot e e o o bk ) e ol ot inde i tn Radh lo o o To 5 DT Pt Sysh D pov DV o pulb Dty oo o oo’ v o Do e Y S IP ORI YUl v s S iy v v it ol ) =l g (OO DN OISO



-
" -
- -z
x a=
P - N3
-~ - X
P ' - W
" a -~
- ~ -

o N

- ~ T

- -~ -x

- -t X

~ -~

- x -

I o = -

- R TS

-~ - jer

- .

o~ le =D

- - NX

[} ) - -0

—_ ~ -

- - - P

- F4 x - o=

- w = - -

- o v o wx

> - - ¥y

- = x YR

-~ - - - [ ]

- - - -* o4

-t > > r~ O

-~ - - © ~4X

%) L Wt - - o O

— - - (5] [S) -4 DD

-~ 3 w - - XL e

- T T us w 0D O~ -~

O n > > - - e - te

* e %] 144 x x e BN o o d

- - L. - - —— (e [=]

- - x S ] x [ ] - <z e~

- & o o - - -t~ T Cle

- -~ [ - (=) a P LI ex)

o N - - - - Fo~-h o cc

oD ul 4 xr (5] ¥ (8] Al X - - 22

o 4 = = = x aiovan -~~~ ~ic

- WO - - - - St b S o ] -7y

- O+ L3 o -9 (S} ~L il - c

a + 4 @ o -3 Hx—#u OX -

X ©Oo 4 z < -4 -~ DO —t

w oxwv - - - - - THOHT & #O =x O

- W T Q X (8] Tt -~ - X

» N~ 3 v 3% Zwv ZO A T O Z D

~ Lie -4-4 Zz wz [ 4 Livise =3 V) =l b Xw-Xx L

@® X3 ad Ll z -~ T~ Z8#I D X Ze~ZaxDax M+

ot e X2 X -3 X — gL =Nt~ X O m—x e~ O

. oqll X 2D —Nrx - NO 4TI~ DidCs 1+ 0 «

- ] -~ - v e Mo ML IOIA N NORWO O =0 -

Oneer it N ™ " W HWVO —~I O MI D e ekl e (NS N w0 W0
N ~wox O —~Z —~Z o ZOUZ ZOZTOL N0 ~~LiID X000 Wo

WO~

N g D 4 =0 O T4 Mt 11D Tt D ] e

OO 100 ~Lia o —whk o s C WD ==2ZL =R iixlloaco

=L OUWN DnJdZ +0 O dYs [ LR Yt} It e T T XD 0N - -
el T WL AT WD e Lt el =Da D F T e - 00

OB AL HIEYOCLI NI XOECIN M NOKTINH IO LHEX O XX X XX DLWIND O XXX O VNO- Z

(N (o1 I o MM L N € M O LIy RO OWLIT Y OOV VLR RO I (Y e L N Y LIV L)
- } - »

o o o ~ " r

~ o © o 2 o
~ -t -

1u6

iddoividaidolddoidddioiddoeldo b¢edotqdoiddaocldadeisacdoslddasidastofdelwoiddere
DD A TN OB O LIAN M F NP P00 OO et (NIT LN DM D TN M 2N B DO 00~ T ND D D~ N
0 ot vt bt et e ettt BN N 2 NI A B A MMM ML MMY A MR o 5 2 21 2 2 2 1 LD LOLOLA LD LA DD DD B D



-
=
-t
(]
Q
»
-
-
W
- o
- » .
~N ~N
~ Lt - [n]
- Ny - wn ]
< - o]
% ﬂ‘ - [~ ole
- . +* - a—t
. : > -C -
x g w ~Ne X -]
< o w - ey -t
s x w =) ~ v
= g — - - e - <
wo wv (%} — (L] o~ = O w.J
-— a - v o O N o 4§14
z P9 = NW L) - *un e D Y
ST - - w z5 LU - He M m Q—
wo o ~ w v *»Ccy * » X 4 [ Lo
L) o - ~ z » w 3 we vV N oy
el e x w o -0 * 0 > ~un . % O ~w
- - > = fevt -~ ol c o~ - mMe O v N oe
Py z n o - - - - D + ~D % e O -
ey —_ o~ 'y ') - -~ * ™ (=] le & o M~ e
gl > s z - —no0 X e @ ~NE T 0D ex —_
ot o a (e <~z = - «ty o ™~ a 43 a # X (=)o
Zn - o 2 ) w o O r=r= - w - ot > Wwa. W # % BN
- - L. c - a0 - # 0 " - ot # Z W~ O
A - - -— -« =3 ey - M - — DE M W Na o
2~ o~ ~NZ X ] =] - N~ Lo X v O+ N e e
ox z - ~—t x [ D=0 xee ~“e 3« z Rt ol * 1 Ow <O
[l o M - ao -, - - -~ - * (5] w Lle N (N *& +O
T = —_— o~ - +qa v 2 v -a o N+ » * a ONNE ¢+ & X -
Wy -~ e o - wn ~ - ouw Lonlaad -3 ¥ - . ~C+OY O JO ora
ety o - e -0 [= TS w N IO © 0. o = WO =~eZa #U1NQZ Tus
PRI va. - - .o teQ -n o ca JO . COx vl LI E Se VNG W DN XTQo Z
= - < Mo - —~ut NN ey D1 Herag . NJIOC A% & #OD = WO DR # ~>J
T X e =m0 CHD v LEN NZH DN O ¢+ a +Z Z [ ~C O~rg— Al ~%RN0 NLON—~<aC~0O
wo CNHD D Z . Lo wo NADmmx Z+. (N XD e+~ T e DX O DODX ® D& DEAX 4+ <
T o2 a2 ey =ML L TR VLU WE RS- ST S -2 o NCY., =2 4 T CCVOrJ O N Lot f ORI R Ol e P ULl X #
O O O - A B b e N XD X SN T2 & SN =M O X OO # O NW AN 0L PN DO D OD #
T Wit o ClHVE #VNE 20 ZVIOHARZOZND a8t LN St 0§ OO vt N3 e Nt Wit oo~} JOD
SOV sKACM S IO 0 SHAEe T=_ID+JZ KOO + 1AMV ID CWEXZIO ~aDd e JXZTHIIDD 111 430 Dga o
CZZmOO# QD 1O 6D A VDI SHND I HOVEN FUDHC Il eslial oOfi Xl e GO+ XX 11 0O X! IidieNNOQ
EAI N AID ZOETHODHMIN HKO D F WO ZT X DA Z o HDC IO DX L i (L) =1 e O WSO X =Bl O 1 Xl <4 T Z =D
ONT O b o~ HXJNV DB e =D 3 NTX TFUAx =T~ DN Yy ~QZ JH QZX I 1 DWIit -0
S L 1 Z LaO bl € B XO R NUCNONLE LNACOCONKCAO L CXL0.O OLAA L BOXN RANM OO0 L ALIL OO WNIIE C OONULIZ
DY A AL IO 8.0 QNVONN NPUWOWOD T TGO ZINTOIMNINOI O o i bt R 2 T O (AL AN O RN X O o et ML)
4 w o - L] W <O ~ o
el ” - -“- N - =z - - -4 ~
L] -— -
~N ~
[ (8} (&) (8] (8] o Lo (8]

lesiaisiqoioldgoldudmsuddoldaoladddslddolddncdsldasiadas.dddoloddddoiddeldddoddodoldagaioiddolaldoloree
MIT NOPDO O=NMFNO DD *0M F OO D~ NMNTN DO SerdiNM IFNOM OO0 O mNM TN OO0 O~NNM FND M DD ~ 0N 3 N0
OO OO OO =P Pt P -0 DO TDDE DCCC0C00 000 D00 OOEE O C rivtei aripet v=to—temtes (NN OV (NN O NI M) PP A Y
OO A A NN O NI O DRI O O NS OO (N NN N NN NN TN NN DN M N M P 50 0 19 90 M) 9 PR M) MY ) M P M ) MY 9 ML) VY




o CIITLCON

U < - - a ” H t=]

U O~ u O oW W - - le

w N oz -2 »n T x : - ~

. e e o= <« - - »

G SO~ W ~ o - =)
L0 EUC @ Ze- O WL tu - te - le

= XN O e L Z " ~N - o~ o

L ol LT LWz e . bd - L) " - fe

- oM ® LXx - T ¥o -t - x - - N

- wU=-x O 0O L Eae L P - - *

- 0 W0 w W =X » Cnd [t - 2 [ =

[ R S w X {4 - 1] [~ 1] le - te

—- e -0 Zuw d x xo x ~ ] ~

. e=eO O ZOMe H - - T - ) - *

O ~U~g M wWa xOow x k=] [t Ouw L] * [t} *

O~ - 3 = oD Lt te (=03 zZO ~ o= - - -

XU T=() « OVWMO ~ ~ @xon Wi~ an ] =) -

e e @ X Vel O - » I o O~ ~ 1 Ja - -3 -

“_oOMUL=- O - [-1=] ~N * owe ~x O Qe (5] - %)

¥ tw comg alepmOU - - FO- - o O~ - - -

T Qmompy Doyl t3 —t L~ -0 wlsd N — [<)

o, OM.O OMUO O dn - - i O~ -—p = O~ o -~ o

L) oY ~—iar _— TR ) s nd > ~ =) ~rres thm ~rres - [ -»

TN LNITY Wiy O DI OO - L - ¥ e - L) we L) -ty - (%) -

> (0 e TLLICFOT < - o " O N ~awm el ~a - o —

N2 - rFog e > - - - > —nm et~ -a M - - -

3N Nyt - LS et x x ™ u e | =7%) —— g B0 (8] L) (5]

OO =T Z OTHarO - - o AO- - w1 [§7814] > #l) ¥ N ¢

O o) @ o il i b=l Y ~ - LU el L2 alad NSSE 4 e e ) 3 * -

—0 T - om o- o - > c. o~ O pdome oo ~ Pt bbt fe Lol - ”

> MZ N DZWY L it - e . ~ux ——d [ —o 1 B ~ (8] ] (5}

UX WV~ N MZW OO g - 2 - N O - Lox ‘M- COx * h -~ *

OO ~OL Zhg wZ O " (& - o » ~ o QU- -0 LU~ - - L) -

XD, OUN CZL N - W - . #Cu~= = =0 x: a -0 - el -t )

- i) Bt =L ON ' o ol - [y -~ ey O + M« -~ *M< L] -~ a ~

DO=MNZ NINZIOL O » Lad 1) = - xoowo -0 o~ - - (L3 a o

PDEONICINZO « O > o x -4 o ~ Bl B > 4 -t «* w - - -

O e O L 2 e [=} fe > - »veaono m - €It -t - o - o

ON mm? U OV Ll [G) - v - (=4 o~ g~ W~ -~ =) [+4 - o

L eOMNZX OfezTH - - - - ox>#h - e oo - @ » - r

- P D Y X OWZ AT - * o (8] ot M)~ Q- -0 [T * - [S) -

OF CwOOOT O QT W o - o - Q BSOS OO o - [ eeS] " - (% -

MO - —Sy OFX — - o - [ 1] a Dax 8§ OO O —l0 (&) ~- ar Dt

FO TN O WITO > o o - - o~ lap—~ x »Ox I o O (=24 (8] - o

il N ZMT 0wl kT X ZD - ~3 o [3) - M NXOX - N XN Ll § N— N - [8) ~N [8)

O e WUF- o = i - - o = = - © nN hflaww 5 O ——et TR ey T = oy -

NoUM e OV a <dul L) OoN - - - > - MIINUNAC 4~ N e AN At u)—n ~NO +N o o @ o
ZOU == ZTOOOC QwOZ o~ = 0 Ie -0 > w [S) - MO I8 egalivd voiomed Nxfiet e oim - OO (87,8 -y (8] o~ o~ m
XN WXou ™A aad - I & @ z ONF NN>O + 4+ -~ -x + ¢~ - e+ < + -t +

ol =ML QO o [=] (=] " Ol @ z FX®) z (L) #ARX RO XXBIO it «O xxi) - -0 - -0 - (=] o . -]

D~ OV O=0-UZ0 WL J =2 = - o [CT ] - - Y] OO FANIN o axX oo o eoxD—dx AT - Ot - - - -

W eC O E WO WY O x> [ = LA [ L~ [=1 ——tn e~ o - [STE Y et el - i ow - O i x
DN X AE e N~ 2 o -~0 -O -0 Lalodibed v I x L] - e D w0 DOUO we et X0 WNO Lo wo (3} o -~ -0 -
Ve a-OLUL vualo no b AL} x e x O o x x: Z - I+ 180 m ¢+ 4l DU 0 OO0 OUsr =g ~ULW o - (s (L] > -, x X -~
VOO 4= O N = QL b= - - - . .~ Uy~ - - =1t TOLT XX+ 4+~ DOVO X JOUUNUOON+ DT X 4 J 4 D e X = ] ewX

EEmAUIO OQ WNWOE D O~ T e O~ HE ¥ ol oD -2 Iz o e W D ~wxXxll m~TX BUA~AX e ) = U0 QXN ot~ N (U Ot - e U MO~
WS> M e LT O =D X0 Ve DXHOO IS -~ B ot g T oxw o~ e VW= =X ew e el D caw e O cQUD = «aL = a1 » «Q D et D w0 - —a O
Z aT e X OO Z D by v 4 ssiox+QLl v O~CCH~%0O Wwo «c- -x 8 vt (G = O} 1) 0w e o Ot J ) | IO IOV FH ®omi v 3| S gmt ot St o=t |} LSl R sra| o~ UDE -~
HOOINNVOU OMNU~ 0D+ =k 400U =X 0 & 0, | bnpx VI THW Ne— W) @ OOCCOTI ™ o | bt =4O 1] ommoml) H] 1] 1~ CFU I ~COI 1 ™ICTIN M =408 TDIDUTHX I TNHOT D
b~ € a0 OCD N ZHO N DU L 1 4 el 0 1) N> Em ZmrD HZ IXOO0 QXOO CLIFF It o s ol b bt bt bt 1 o et o it ™D Db 7D el D et 1] Ot L") L X 1) Wl 4 b 5 O
DOV WV e JUZY) el MZEIX ® 8 04 b~ T HNLD ) NEXY «XZ XZT ZTWW HIHEELD & ~ e @ (JIU ® seeasf] b = @ - - o o ) - L T4 — a itz

— W Haides FaS>0O0LOLXNUOLOALT VUUC UV —ODINRHXO0 0wt HHWOR DU~ X~OT J0 J-~0 0T

OO Z=~LULOUONTIOLFHOENILY T OU~axFHOXJ J=amW-D0d ¢ wC

KeemdO> #0042 JZ—- OO0 FITY Ol 20O VUX XX I~ OOVE AN A It e Xt U JNN~I X DNNIY NI - N Z X (0D

@ UOXU OO ~ <> X0 ~N x MK~ i) -
MZEP-BU -3 FWOOOFDEX ~ Teww ZTUw Movwawooh $WZHIZZ JZ2 =X 2w ZO0HN " XXX e a0 €O  Oe o SIaruy dNgdxnNeedN Ex oD
DZ et =N TV TO X O C<OOL OHOLONHZEULONHOLFOL X~ A XX LK WOH O IO L. L ii WA MN~AULOM NFL OMN-LO MANW COIEO OLO OVLOOXLOOUVNCOOH LONULONEWOIIONOWZ
W eM IO QL MO LG T DO O e S O 7 [.IT[.L”-..JACDJC.JCW OHT O iy D DO OHMO IO IO OOOO SOUY O O T O bt (3 Q=3 T (N7 =0 B T = b2 = L e L)
. w0 » [ .
. e “ o - o o e} w ~ ot
o L -4 ['2] Mo~ «© D4 N a0 - M~ L, 1) -4 N ~NO 3o NM
- o -t oot -t ———t o~ N o~ ~N o~

wuoLLOLLLLOLL

tdofeloidacioldolstiddoluqaolodacidadoiadiiddidoddeganosolinge

tadolejdoiolddoioladqotiaiddoldddoiddololaniaiojddoloidasdndodaldojfoloifec[dadoiandiotlddacldoaeladdslora
WO O ~4NM FUND - DD M LN DD O D~ M O DO O~ TIND M 0 OO

= O CI~40 MIT LD O P 00 O M T LN DOP QOO =4 (M) I 1N O 1~ OF D F) U O P00 OND = NP WD WD M0 O O N 1) TN D P~ DO O =400 T ~
MMM IIT IT T2 IIINNNUNNUIUIRN DN D 0D A0 0 DD N0 =P P -1 P P et 00 60 000 MO W WO 0 0 0O -0 00 OO0 O 50 DI O eturtontont v ombont v v 1\ (s I N NS N TN MM MMM T T3 3 3 3 2 2 DN
MM FPIM MM M M P MMM MMM AN MMM M MMM MMM MM N K RN MM MM MMM T 293 3 P2 37 2 3333 333 22 I3 3243 T 31 P SIS ISP P ITI I ITT T T



289

?Rﬁ(NS.NP.H,DA.(.EvC)

NH
L]
/2

0

[ = PR o A =
DViaq oMM TING Z D @
OZO0 a# ¢l oWt T HN X
L)1) L L) Dl )
@I L 1toui Il vt

k4 TR TIR A U T L e dnd

Qe

S#(R+2,0%AK) *42,01/(24

N+EPU/2,01)

Ax(ANCL NI ee2,Ne[AN2,0))
OQ®AK ) #9942

SH/S)ttg‘ﬂ )
2.0«
*See2,0+29

Trewtl)
S+2e45%¢

(

*
Y
.

o
hd
N
Q
4

N ~D W) S~ S

T 3 RO N =
-t =T NS+ T =l

P el e * %
WX +NE 8D QNI T
I UM L IR O
W ™ D
P 4 LT VL [af =]

Deiit) x 2N ZRIONG 2TOT XTI 5 Z A NN W2

VIO e LMo L DWIL VN

v

ladsisasladdnnslddoidoiaciddoiad

NN gl LU Bty )

L 4
[V

dastinaer d

L

NFY U DO O O =N TN O DO D =N T Or~cn MO

VU LA VNN WD OO0 DL D
TY ey T P ITTITTIY

O DO Ie =Pt = pmp- -
T3 TIIITIITTY



[slalalelalslalsinlsla'sls]

POPINI NI NI N 1 et 1t ot o sy

AENNI=D 0D EG

W RSN E
o

[

o

N
[ o lo Ve [#1)

-0
MNO=~MNNMNMNOAQM
ZA0MIJIONO>

2 Z XX E L EEEER Y X ¥}
£

NINNANE S EEEERE
MASLAND 0 DDA SN

EVALUATION OF
‘ OF kuni/km

RV?L KoM :
CETEPUINATION 0F ThE Fary- iTen -
CALEULATION 08 Thr G0 TRRSAr Fonr ARy

?C?é'#5&?3“5”“59'“9”11“1°5°?D MUNT/RILE ACCOPRIRG TC B, TSCHUTKOW |
CORAN. 1S CODE~ RY 7,1, 1SFNECHD (T : f .
TN CONPLTFD Buae . AT ARt yL TSERHOUR, , INTROPLET TN
?EQ ;Qgégérﬂnneig::3;¢gi§éLLvN AMC EALOR f i omaSTAR e 1a72 )
= LN - g
P Syl W TUETTNTEGOAND CHANGES ACCARRING T THE LTvIYS

INTEGRAL 1°1S FyaluATER BETUFEN. I} ANE THETA

INTEGRAL

. Tt 1S EVALUATED BETWEEN A AN
%EIE?E“L ¥LIF:§USVALHATEP nrrﬁéng?FIkuﬂgn '
e 155 ol FREGUFACY oF THE reMPLEX) /R 24

FSSUnE f' WHTCH THE INTEGrAL 1S FyaLLATFN
. - ngnang
annnny

INTEGRAL FaR rFokg 1 WITHONT CLE,
n'

FimC 77,0y 2 5 (-
*Z7+g.§5;)*;{$:?( 2240127714727 %4 SI/1+ (1,970 00F6 /% 1477400 ,85) /1 {

EMSION wi2n)

LIVEMG
I1=0
REAC(E,2C) ju(T),1=
R:An(s.O)v{.x62KIAéé'1)
=141
A=t
Kzt (1)
wQ'TF(ﬁrlQ)YloXZ,KrhCCrK
EganéP«rtx' K)4E

MR N +EUNC L «)
cx:(vp-x1)}ELnAT%k) ¥2e
Sii?1=n,
SiMa=q
L=n72-1

=X1
0n 10 1=t

n

X=YX4NX
SUMESSHNTAEUNG (X, )
XZX4ny
CSHUMD=QUNOLEIING (X 4K )

Fo{CON+U  «qUMT 42  4SUMD ) 40X /3
WRITE (5039 )N/ F :

1F LAHC (FaFA)=ACCHARSIFA) 13913912

N

ln. )
110/ 1PE18,401E5,9)

~XLZTTZ
VoA~ T ZTTIT 4T

2

H
1
1
|
i
{
i
1
i
i
1



291

REFERENCES

Benson. S.W.. Thermochemical Kinetics, 2nd Ed., NEW York: John Wiley
and Sons, Inc., 1976.

Perrin, J.,"Matter and light: An esséy toward formulation of the
of chemical reactions”, Ann. Phys., Vol. 11, pp. 5-108, 1919.

Langmuir, I., "Radjation as a factor in chemical action", J. Amer.
Chem. Soc., Vol. 42, pp. 2190-2205, 1920.

Christiansen, J.A., and H.A. Kramers, "Velocity of chemical reactions",
Zeit. Phys. Chem., Vol. 104, pp. 451-471,.1923. '

Lindemann, F.A., Trans. Faraday Soc., Vol. 17, 598, 1922.

Hinshé]wood, C.N.; "The theory of unimolecular reactions", Proc.
Roy. Soc. (London), Vol. A-113, pp. 230-233, 1926.

Kasse], L.S., "Studies in homogeneous gas reactions, I", J. Phys.
Chem., Vol. 32, pp. 225-242, 1928. '

Kassel, L.S., "Studies in homogeneous gas reactions, II. Introduction
of quantum theory", J. Phys. Chem., Vol. 32, pp. 1065-1079, 1928.

Rice, 0.K., and H.C. Ramsperger, "Theories of Unimolecular Gas
Reactions at Low Pressures, I", J. Amer. Chem. Soc., Vol. 49,
pp. 1617-1629, 1927. ‘ :

Rice, 0.K., and H.C. Ramsperger, "Theories of unemolecular gas
reactions at low pressures, II", J. Amer. Chem.Soc., Vol.50, pp.617-620,1928.

Slater, N.B., "The theoreticaT rate of.isbmerization of cyclopropane",
Proc. Roy. Soc. (London), Vol. A-218, pp. 224-44, 1953.

Gil1, E.K., and K.J. Laidler, "The Theory of Unimolecular Gas
Reactions", Proc. Roy. Soc. (London), Vol. A-250, pp. 121-131, 1959.

Thiele, E., and D.J. Wilson, "A comparison of Slater's Theory of
Unimolecular Reactions with Experimental Data", Can. J. Chem., Vol. 37,
pp. 1035-1037, 1959. '

Thielé; E., and D.J. Wilson, "An extension of Slater's high-pressure
unimolecular rate expression to simultaneous reaction coordinates",
J. Phys. Chem., Vol. 64, pp. 415-475, 1960. ‘ .



15.
16.
17.
18.
0.
20.

21.

22.

23(a).

(b).

~(c)

- (d)
24,

25.

- Wiley-Interscience, 1972.

292

Slater, N.B., J.Phys. Chem., Vol. 64, pp. 476, 1960.

Marcus, R.A., and 0.K. Rice, "Session on Free Radicals, The Kinetics

of the Recombination of Methyl Radical and Iodine Atoms", J. Phys.

and Co]]oid, Chem., Vol. 55, pp. 894-908, 1951.

Marcus, R.A., "Unimolecular Dissociations and Free Radicals Recombi-

nation Reactions", J. Chem. Phys., Vol. 20, pp. 359-364, 1952.

Robinson, P.J., and K.A.~Ho]bfook,'Unimo]ecu]ar Reéctions, Bristol:

Laidler, K.J., Theories of Chemical Reaction-Rates,‘London: McGraw-
Hill Book Co., Tnc., 1969,

. Forst, W., Theory of Unimolecular Reactions, New-York: Academic

Press, 1973,

Rosenstock, H.M.; M.B. Wallenstein, A.L. Wahrhaftig and H. Eyring,
"Absolute Rate Theory for Isolated Systems andthe Mass Spectra of
Polyatomic Molecules”, Proc. Natl. Acad. Sci. U.S., Vol. 38,

pp. 667-78, 1952. . ‘

waite, B.A., and W.H. Miller, "Mode] studies of mode specificity
in unimolecular reaction‘dynamics", J. Chem. Phys., Vol. 73,

.pp. 3713-3721, 1980.

K]ots,'C.E., "Statistical-Theory of Kinetic Energy of Fragmentation
in Certain Unimolecular Dissociations", J. Chem. Phys., Vol. 41,
pp. 117-122, 1964. :

Klots, C.E., "Reformulation of the Quasi equi]ibrium.Theory of
Ionic Fragmentation", J. Phys. Chem., Vol. 75, pp. 1526-1532, 1971.

Klots, C.E., Z. Naturforch. Teil, Vol. A27, p. 553, 1972.

Klots, C.E., J. Chem. Phys., Vol. 64, p. 4269, 1976.

Marcus, R.A., "On the theory of energy distributions of products
of molecular beam reactions involving transient complexes", J. Chem.
Phys., Vol. 62, pp. 1372-1384, 1975." .

Mies, F.H. , "Resonant Scattering Theory of Association Reactions
and Unimolecular Decomposition II. Comparison of "the Collision
Theory and the Absolute Rate Theory", J. Chem. Phys., Vol. 51,
pp. 798-807, 1969. ‘ ;



26.

27.
- 28.

29.

30.

31,

- 32.

33.
34.

35.

36.
37.

38.

39

293

Chesnavich,-w.J., and M.T. Bowers, "Statistical phase space theory

of polyatomic systems: Rigorous energy and angular momentum conser-

vation in reactions involving symmetric polyatomic species", J. Chem.
Phys., Vol. 66, pp. 2306-2317, 1977.

Slater, N.B., Theory of Unimolecular Reactions;’Ithaca,_New York:
Cornell University Press, 1950. T :

Lorquet, J.C., "Basic Questions in Mass Spectrometry", Org. Mass.

- Spectrom, pp. 469-82, 1981.

‘Quack, M., and J. Troe, "Specific Rate Constants of Unimolecular

Processes.I1I. Adiabatic Channel Model", Ber. Bunsenges. Phys. Chem.,

- Vol. 78, pp. 240-252, 1974.

Eyrihg, H., and M. Polanji, "Simple Gas’Réactions", Z. Physik. Chem.
Abt.B., Vol. 12, pp. 279-311, 1931. S .

~Sannen, C., G. Raseev, C. Galloy, G. Fauville and J.C. Lorquet,

"Unimolecular decay paths of electronically excited species. II.
The CZHZ ion", J. Chem. Phys., Vol. 74, pp. 2402-2411, 1981.

dulienne, S., "Predissociation of the molecular hydrernD'Hu state",
Chem. Phys. Lett., Vol. 8, pp. 27-8, 1971. '

Bagus, P.S., C.M. Moser, P. Goethals and G. Verhaegen, “"Accurate

‘abinito calculation of the BeH molecule. I. The X2T*and AZT states",

J. Chem. Phys., Vol. 58, pp. 1886-]897, 1973.

Wigner, E., "A Discussion of Reaction Kinetics. I. General, The

 Transition-State Method", Trans. ‘Faraday Soc., Vol. 34,

pp. 29-41, 1938.

- Chesnavich, W.J., and M.T. Bowers, Gas Phase Ion Chemistry, .

Vol. 1, New-York: Academic Press, p. 119, 1979.

Horiuti, J., "Statistical Mechanical Treatment of the Absolute ‘
Rate of Chemical Reaction", Bull. Chem. Soc. Jpn., Vol.13,-pp.210-16,
1938. - y : ‘

Keck, J.C., "Variational Theory'of Chemical Reaction Rates App]fed
to Three-Body Recombinations", J. Chem. Phys., Vol. 32, pp. 1035~
1050, 1960. _ '

Miller, W.H., "Unified Statistical Model for fcompiex' and 'direct’
reaction mechanisms", J. Chem. Phys., Vol. 65, pp. 2216-2223, 1976.

. Truhlar, D.G., and B.C. Garrett, “Variatfona] Transition-State

Theory", Acc. Chem. Res., Vol. 13, pp. 440-8, 1980.



294

40.  Lifshitz, C., "Unimolecular Decomposition of Polyatomic Ions: .
Decay Rates and Energy Disposal", Adv. Mass Spectrom, Vol. 7A,
pp. 3-18, 1978. - ' : '

41. Bunker, D.L., and M. Pattengill, "Monte Car]o.Ca1éu1ations, VI.
A Re-evaluation of the RRKM Theory of Unimolecular Reaction Rates",
J. Chem. Phys., Vol. 48, pp. 772-776, 1968.

42(a). Hase, W.L., "Theoretical Critical Configuration for Ethane Decompo-
: sition and Methyl Radical Recombination™, J. Chem. Phys., Vol. 57,
pp. 730-733, 1972. - ' -

(b) ibid., "The criterion of minimum state density in unimolecular
rate theory. An application to ethane dissociation", '
Vol. 64, pp. 2442-2449, 1976. ' '

(c) Wolf, R.J., and W.L. Hase, "Trajectory Studies of Model H-C-C— H+C=C
dissociation. I. Random Vibrational Excitation", J. Chenm. Phys.,
Vol. 72, pp. 316-331, 1980.

43. Marcus, R.A., "Dissociation and Isomerization of Vibrationally

Excited Species, III.", J. Chem. Phys., Vol. 43, pp. 2658-2661,
1965. ; 4 _

“44. Marcus, R.A., "Generalization of Activated Complex Theory. III.
Vibrational Adiabaticity, Separation of Variables, -and a Connection
with Analytical Mechanics", J. Chem. Phys., Vol. 43, pp. 1598-1605,
1965. : S

45. Waage, E.V., and B.S. Rabinovitch, "Centrifugal-Effects in Reaction
: Rate Theory", Chem. Rev., Vol. 70, pp. 377-387, 1970. :

46.  Hay, A.J., and R.L. Belford, "High-Temperature Gas-Kinetic Study
of Carbonyl Sulfide Pyrolysis Performed with a Shock Tube and
Quadrupole Mass Filter", J. Chem. Phys., Vol. 47, pp. 3944-3960,
1967. : - o ,

47. Waage, E.V., and B.S. Rabinovitch, "Simple and Accurate Approxima-
tion for the Centrifugal Factor in RRKM Theory", J. Chem. Phys.,
Vol. 52, pp. 5581-5584, 1970. ' ' .

48. Whitten, G.Z., and B.S. Rabinovitch, "Accurate and Facile Approxi-
mation for Vibrational Energy-Level Sums", J. .Chem. Phys., Vol. 41,
'pp. 2466-2473, 1964. o ‘

49, Wilde, K.A., "Anharmonicity in Vfbrationa] State Sums", J.'Chem.
Phys., Vol. 41, pp. 448-451, 1964. : - o :

50. Whitten, G.Z., .and B.S. Rabinovitch, "Accurate‘and Facile Approxi-
mation for Vibrational Energy-Level Sums", J. Chem. Phys., Vol. 38,
pp. 2466-2473, 1963. o ' K o



51.

52.

53.

54.

55.

56.

57.

. 58.

59.

60.

61.

62.

- 63.

295

Whitten, G.M., "Dissociation and Isomerization of Vibrationally
Excited Species. II. Unimolecular Reaction Rate Theory and Its
App]ication", J. Chem. Phys., Vol. 37, pp. 1835-1852, 1962.

Vestal, M., A.L. Wahrhaftig and W.H. Johnston, “"Improved Rate
Expression in the Quasi-Equilibrium Theory of Mass Spectra",
J. Chem. Phys., Vol. 37, pp. 1276-1283, 1962. '

Rabinovitch, B.S., and R.W. DieSeh; "Unimolecular DecompoSition
of Chemically Activated sec-Butyl Radicals from H Atoms plus cis-
Butene-Z", J. Chem. Phys., Vol. 30, pp. 735-747, 1959. -

Forst, W., and Z. Prasil, "Comparative Test of Approximations for
Calculation of Energy-Level Densities", J. Chem. Phys., Vol. 51,
pp. 3006-3012, 1969. : ' -

Haarhoff, P.C., "Semi-classical approximation to density of vibra-

tional energy levels", = Mol.. Phys. . Vol. 6, pp. 337-339, 1963.

Forst, W., Z. Pré§i1/and,P.St. Laurent, "Test of Laplace Transform
Techniques for Energy-Level Density Calculations", J. Chem. Phys.,
Vol. 46, pp. 3736-3740, 1967.

Thiele, E., "Smooth Curve Approximatioh to:the,Energy-Leve1 Distri-
bution for Quantum Harmonic Oscillators", J. Chem. Phys., Vol. 39,
pp. 3258-3262, 1963. ‘ T

Eyring, H., D. Henderson, B.J. Stover and E.H. Eyring, Statistical -

Mechanics and Dynamics, New York: John Wiley and Sons, Inc., 1964.

Lin, S.H., and H. Eyring,"Improved Ca]éu]afion of Quasiequilibrium
Reaction Rate Constants", J. Chem. Phys., Vol. 39, pp. 1577-1579,
1963. . : ' . ‘

~ Tou, J.C., and S.H. Lin, "Computation of Statistical Complexions

pp. 4187-4192, 1968. i

Forst, W., and Z. Prd%i1, "Exclusion of Disallowed States from
Density and Its Effect on Unimolecular Rate", J. Chem. Phys.,
Vol. 53, pp. 3065-3075, 1970. o ] .

by the Method of Steepest Descent", J. Chem. Phys., Vol. 49 .

Hoare, M.R., and Th. W. Ruijgrok, "Inversion of the Partition _
Function: The First-Order Steepest-Descent Method", J. Chem. Phys.

Vol. 52, pp. 113-120, 1970.

Hoafe; M.R., "Inversion of the Partition Function. II. The Full
Steepest Descent Method", J. Chem. Phys., Vol. 52, pp. 5695-5699,
1970. S : , : S



64.
65.

66.

67.
68.
69.
70.
71.
72.

73.
74.

75.

- 76.

77.

296

Schlag, E.W., and R.A.Sandsmark, “Computatibn of Statistical
Complexions as Applied to Unimolecular Reactions", J. Chem. Phys .,
Vol. 37, pp. 168-171, 1962. ' :

Tou, J.C., "A Numerical Comparison of Methods for Computing Sta-
tistical Complexions for Harmonic Oscillators", J. Phys. Chem.,
Vol. 71, pp. 2721-2723, 1967.

Bunker, D.L., Theory of Elementary Gas Reaction Rates, Oxford:
Pergamon Press, 1966.

Bunker, D.L., "Monte Carlo Calculations. IV. Further Studies of

1964.

Baetzold, R.C., and D.J. Wilson, "Classical Unimolecular Rate
Theory. II. Effect of the Distribution of Initial Conditions",
J. Phys. Chem., Vol. 68, pp. 3141-3145, 1964.

Rynbrandt, D.D., and B.S. Rabinovitch, “Intramo]ecu]ér Energy
Relaxation, Nonrandom Decomposition of Hexafluorobicyclopropyl",
J. Phys. Chem., Vol. 75, pp. 2164-2171, 1971.

Bunker, D.L., and W.L. Hase, "On non-RRKM Unimolecular Kinetics: -
Molecules in General, and CH3NC in-Particular", J. Chem. Phys.,
Vol. 59, pp. 4621-4632, 1973:

Dutton, M.L., "High Pressure Gas Kinetics. I: The Thermal Decompo-
sition of Nitryl Chloride II: The Thermal Decomposition of Nitrogen
Pentoxide", Ph.D. Dissertation, University of California, 1971.

Harris, H.H., and D.L. Bunker, "Methyl isocyanide in probably
non-RRKM (Rice-Kamsperger-Kassel-Marcus) molecule", Chem. - . -
Phys.:. Lett.y. . Vol. 11, pp. 433-6, 1971. * :

’ quin; E., Acta Physicochim. URSS, 6, p. 691, 1938.

Glasstone, S.; K.J. Laidler, H. Eyring, The Theory of the Rate
Processes, New York: McGraw-Hill Book Co., Inc., 194T.

: Tcshuikow-RouX, E., "Critical Bond Length in Radical Combination

Unimolecular Dissociation®, J. Chem. Phys., Vol. 40, pp. 1946-1957,

and Unimolecular Dissociation Reactions", J. Phys. Chem., Vol. 72,

pp. 1009-1011, 1968.

Hrshfe]der,ld.o., C.F. Curtiss, and R.B. Bird, Molecular Theory
of Gases and Liquids, New York: John Wiley and Sons., Inc., 1954.

Slater, J.C., and J.G. Kirkwood, "The vander Waals Forces in Gases"
Phys. Rev., Vol. 37, pp. 682-697, 1931.



- 78.

79.

80.

81.

82.

83.

84.

- 85.

86.

87.

88.

89(a).

(b)

(c)

297
Salem, L., "Calculation of Dispersion Forces", Mol. Phys., Vol. 3,

pp. 441-452, 1960.

LeFevre, R.J.W., "Molecular refractivity and polarizability",
Advan. Phys. Org. Chem., Vol. 3, pp. 1-90, 1965. '

Reference 18, pp. 85-93. ]

Scott, R.L., A.E. Richardson, J.W. Simons and W.L. Hase, "Decompo- -
sition of Chemically Activated Ethyltrimethylgermane. The Arrhenius
A-Factors for Rupture of Group IV A-Methy] Bonds", Int. J. Chem.
Kinet., Vol. 7, pp. 547-555, 1975. '

RRKM program coded by W.L. Hase and D.L. Bunker (QCPE 234) and
modified in this work. _ ‘

Reference 18, p. 76.
Reference 20, p. 120.

‘Hersbach, D.R., and V.W. Lawrie, "Anharmonic Potential Constants

and Their Dependence upon Bond Length", J. Chem. Phys., Vol. 35,
pp. 458-463, 1961. : .

Haarhoff, P.C., "The Density of Vibrational Energy Levels of Poly-
atomic Molecules", Mol. Phys., Vol. 7, pp. 101-117, 1963. -

Maccoll, A., "Heterolysis and Pyrolysis of Alkyl Halides in the

. gas Phase", Chem. Rev. , Vol. 69, pp. 33-60, 1969.

Kerr, J.A., and D.M;'Timlin, “Application of the RRKM Theory to
the Unimolecular Decomposition of 1,2-Difluoroethane", Trans.
Faraday Soc., Vol. 67, pp. 1376-1383,‘197]. : \

Chang, H.W., N.L. Craig and D.W. Setser, "Non-eqilibrium Uni-
molecular Reactions and Collisional Deactivation of Chemically
Activated Fluoroethane and 1,1,1-Trifluoroethane”, J. Phys. Chem.,
Vol. 76, pp. 954-963, 1972. ' ' '

Rodgérs, A.S., and W.G.F. Ford, "Analysis of the Kinetics of the
Thermal and Chemically Activated Elimination of HF from 1,1,1-

Trifluoroethane: The C-C Bond Dissociation Energy and the Heat

of Formation of 1,1,1-Trifluoroethane”, Int. - dJ. Chem. Kinet., -

Vol. 5, pp. 965-975, 1973.

Tschuikow-Roux, E., and W.J. Quiring, "Kinetics of the Thermally
Induced Dehydrofluorination of 1,1,1-Trifluoroethane in Shock
Waves", J. Phys. Chem., Vol. 75, pp. 295-300, 1971.. :



90.
91.

92,

93.

94(a)

95(a)

(b)

96(a)

97.

98.

99.

. 100(a)

298

Millward, G.E., R. Hartig and E. Tschu1kow-Roux, "Kinetics of
the Shock Wave Thermolysis of 1,1,2,2- Tetraf]uoroethane" J. Phys.
Chem., Vol. 75, pp. 3195-3201, 1971

Tschuikow-Roux, E., G.E. Millward and W. J Quiring, "Kinetics
of the Shock Wave Pyro]ys1s of Pentafluoroethane", J. Phys. Chem., -
Vol. 75, pp. 3493-3498, 1971.

Steacie, E.W.R., Atomic and Eree Radical Reactions, 2nd Ed.,
New York: Reinhold PubTishing Co., 1954..

~ Waage, E.V., and B.S. Rabinovitch, "Some Aspects of Theory and

Experiment in the Ethane-Methyl Radical System", Int J. Chem.
Kinet., Vol. 3, pp. 105-125, 1971.

Lin, M.C., and M.H. Back, "The Thermal Decomposition of Ethane
Part I., Initiation and Termination Steps", Can J. Chem s Vol. 44,
Pp- 505- 14, 1966.

- ibid, "The Thermal Decomposition of Ethane. Part II. The Unimole-

cu]ar Decomposition of the Ethane Molecule and the Ethy] Radical",
pp. 2357-2367.

Rab1nov1tch B. S: ‘and D.W. Setser, "Unimolecular Decomposition
and Some Isotope Effects of Simple Alkanes and Alkyl Radicals",
Adv, . Photochem . » Vol. 3, pp. 1-82, 1964

Setser, D.W., and B.S. Rab1novitch, "Unimolecular Decomposition
of Ethane", J. Chem. Phys., Vol. 40, pp. 2427-2429, 1964.

Trenwith, A.B., "Dissociation and Kinetics of Thermal Decomposi-
tion of Ethane", Trans. ‘Faraday Soc., Vol. 62, pp. 1538-45, 1966.

-Dexter, R.W., and A.B.-Trenwith, “Dissociation of Ethane", Proc.

Chem. Soc:, p. 392, 1964.

Quinn, C.P., "The thermal dissociation and pyrolysis of ethane",

‘Proc. Roy." Soc.,Ser A, Vol. 275, pp. 190-199, 1963.

Lin, M.C., and K.J. Laidler, "Theory of the Unimolecular Decompo-

"sition of Ethane and of the Ethyl and Methoxymethyl Radicals",

Trans. . Faraddy Soc.; ~-._ . Vol. 64, pp. 79-93, 1968.

Growcock, F.B., w.L..Hase and J.W. Simons, "Kinetics of chemica]]y_.
activated ethane", Int. J. Chem. Kinet., Vo] 5, pp. 77-92, 1973.

Davis, H.G., and K.D. Williamson, Proc. 5th WOrld Petrol. Congr.
Sec. IV., Paper 4, 1959.

Gordon, A.S., C.I.C. Sympos1um on Kinetics of Pyro]yt1c Reactions,
Ottowa, Sept. 1961..



299

10]. Umanskii, V.M., and V.L. Bakhrakh, "Model of a free activated
- complex in radical reaction kinetics", Dok]. Akad. Nauk. SSSR,
V017'185, pp. 390-3, 1969. , g

102.  Golden, D.M., R.K. Solly and S.W. Benson, "Comparison of RRK and
RRKM Theories for Thermal Unimolecular Processes", J. Phys. Chem.,
Vol. 75, pp. 1333-1338, 1971.

103.  Tschuikow-Roux, E., "Kinetics of the Thermal Decomposition of
~ CaFg in the Presence of Hp at 13000-16000K", J. Chem. Phys.,
Vol. 43, pp. 2251-2256, 1965. ~ :

104.  Tschuikow-Roux, E., "RRKM Theory Calculation of the Unimolecular -
Decomposition of Hexafluoroethane: Thermal Activation"; J. Chem.
Phys., Vol. 49, pp. 3115-3121, 1968.

105.  Schachtschneider, J.H., and R.G. Snyder, "Vibratfona] analysis
of the n-paraffins II. Normal coordinate calculations", Spectrochim.
Acta, Vol. 19, pp. 117-68, 1963.

106. - Hansen, G.E., and D.M. Dennison, "The potential Coﬁsﬁants of
Ethane", J. Chem. Phys., Vol. 20, pp. 313-26, 1952.

107.  Kochi, J.K., Free Radicals, New York: John Wiley and Sons, Inc.,
1973. , , _

108.  Harmony, M.D., Introduction to Molecular Energies'and Spectra,
New York: Holt, Rineholt and Winston, Inc., 1972.

109.  Brown, D.E., and B. Beagley, "The Gas Phase Rotamers of 1,1,2,2-
Tetrafluoroethane - ForceField, Vibrational Amplitudes and -
Geometry - A Joint Electron - Diffraction and Spectroscopic
Study”, “J. Mol. Struct. ..., Vol. 38, pp. 167-176,
1977. ' ‘

110.  Carver, T.G., and L. Andrews, "Infrared Spectrum of the’Dif]uoro-
methyl Radical in Solid Argon", J. Chem. Phys., Vol. 50, pp. 5100-
5107, 1969. ' ' o '

111, Handbook of Chemistry and Physics, 46th Ed., Cleveland and Ohio:
The Chemical Rubber Pub]ishing\Co; . ,

112.  McCoubrey, J.C., and N.M. Singh, "Viscosity of Some -Fluorocarbons
in the Vapor Phase", Trans. Faraday Soc., Vol. 56, .pp. 486-9, 1960.

113.  Reed, T.M., and K.E. Gubbins, Applied Statistical Mechanics,
- New York: McGraw-Hi11 Book Co., 1973. ~

114. Bensqn,’S}W., "Bond Energies", J. Chem. Educ., Vol. 42, pp. 502-
518, 1965. - - ' C :



115.

116.

17.

118(a)

119.

120.

121.

122.

123.

300

Knox, J.H., Molecular Thermodynamics. An Introduction to

?Sg%istica] Mechanics for Chemists , London: Wiley-Interscience,

Edgell, W.F., and C.E. May, "Raman and Infrared Spectra of CF8r
and CF3I“, J. Chem. Phys., Vol. 22, pp. 1808-1813, 1954.

Bgag]ey, B., M.0. Jones and P. Yavari, "Gas Phase Electron Diffrac-
tion Studies of the Molecular Structure of Pentafluoroethane C F5H
and Monofluoroethane CoHsF", ~J. Mol. Struct. s Vg]. 71,
pp. 203-208, 1981. -

Simanouti,uT., "The Normal Vibrations of Polyatomic Molecules as
Calculated by Urey-Bradley Field, III. A Table of Force Constants",
J. Chem. Phys., Vol. 17, pp. 848-851, 1949.

Nielsen, J.R., C.M. Richards and H.L. McMurry, "The Infra-Red
Absorption Spectrum of Hexafluoroethane Gas", J. Chem. Phys.,
Vol. 16, pp. 67-73, 1948.

Gallaher, K.L., A. Yokozeki, S.H. Bauer, "Reinvestigation of the
structure of Perfluoroethane by Electron Diffraction", J. Phys.
Chem., Vol. 78, pp. 2389-2395, 1974.

Swick, D.A., and I.L. Karle, "Structure and Internal Motion of

CoFg and Si2Clg Vapors", J. Chem. Phys., Vol. 23, pp. 1499-1504,
1955.

Milligan, D.E., and M.E. Jacox, "Matrix-Isolation Study of the
Reaction of Atomic and Molecular Fluorine with Carbon Atoms.

The Infrared Spectra of Normal and 13C-Substituted CFp and CF3",
J. Chem. Phys., Vol. 48, pp. 2265-2271, 1968. .

Rogers, M.T., and L.D. Kispert, "Trifluoromethyl and Other
Radicals in Irradiated Single Crystals of Trifluoroacetamide",
J. Chem. Phys., Vol. 46, pp. 3193-3199, 1967.

Coomber, J.W., and E.'Whitt]e, "Bond dissociation energies from

"~ equilibrium studies. II. D(CF3-CF8) and enthalpy of formation of

124.

125.

126.

CoFg", Trans. Faraday Soc., Vol. 63, pp. 1394-401, 1967.
Pace, E.L., "The Force Constants for CF, and CpFg", J. Chem. Phys.,
VO]. ]6, pp- 74"77: ]948.

Wilson, D.J. and H.S. Johnston, "Decomposition of Nitrogen Pentoxide
in the Presence of Nitric Oxide, IV. Effect of Noble Gases",
J. Amer. Chem. Soc., Vol. 75, p. 5763, 1953.

Kohimaier, G.H. and B.S. Rabinovitch, "Collisional Transition
Probabilities for Vibrational Deactivation of Chemically Activated
sec-Butyl Radicals. The Rare Gases", J. Chem. Phys., Vol. 38,

pp. 1692-1708, 1963.



	Tez85001
	Tez85002
	Tez85003
	Tez85004
	Tez85005
	Tez85006
	Tez85007
	Tez85008
	Tez85009
	Tez85010
	Tez85011
	Tez85012
	Tez85013
	Tez85014
	Tez85015
	Tez85016
	Tez85017
	Tez85018
	Tez85019
	Tez85020
	Tez85021
	Tez85022
	Tez85023
	Tez85024
	Tez85025
	Tez85026
	Tez85027
	Tez86001
	Tez86002
	Tez86003
	Tez86004
	Tez86005
	Tez86006
	Tez86007
	Tez86008
	Tez86009
	Tez86010
	Tez86011
	Tez86012
	Tez86013
	Tez86014
	Tez86015
	Tez86016
	Tez86017
	Tez86018
	Tez86019
	Tez86020
	Tez86021
	Tez86022
	Tez86023
	Tez86024
	Tez86025
	Tez86026
	Tez86027
	Tez86028
	Tez86029
	Tez86030
	Tez86031
	Tez86032
	Tez86033
	Tez86034
	Tez86035
	Tez86036
	Tez86037
	Tez86038
	Tez86039
	Tez86040
	Tez86041
	Tez86042
	Tez86043
	Tez86044
	Tez86045
	Tez86046
	Tez86047
	Tez86048
	Tez86049
	Tez86050
	Tez86051
	Tez86052
	Tez86053
	Tez86054
	Tez86055
	Tez86056
	Tez86057
	Tez86058
	Tez86059
	Tez86060
	Tez86061
	Tez86062
	Tez86063
	Tez86064
	Tez86065
	Tez86066
	Tez86067
	Tez86068
	Tez86069
	Tez86070
	Tez86071
	Tez86072
	Tez86073
	Tez86074
	Tez86075
	Tez86076
	Tez86077
	Tez86078
	Tez86079
	Tez86080
	Tez86081
	Tez86082
	Tez86083
	Tez86084
	Tez86085
	Tez86086
	Tez86087
	Tez86088
	Tez86089
	Tez86090
	Tez86091
	Tez86092
	Tez86093
	Tez86094
	Tez86095
	Tez86096
	Tez86097
	Tez86098
	Tez86099
	Tez86100
	Tez86101
	Tez86102
	Tez86103
	Tez86104
	Tez86105
	Tez86106
	Tez86107
	Tez86108
	Tez86109
	Tez86110
	Tez86111
	Tez86112
	Tez86113
	Tez86114
	Tez86115
	Tez86116
	Tez86117
	Tez86118
	Tez86119
	Tez86120
	Tez86121
	Tez86122
	Tez86123
	Tez86124
	Tez86125
	Tez86126
	Tez86127
	Tez86128
	Tez86129
	Tez86130
	Tez86131
	Tez86132
	Tez86133
	Tez86134
	Tez86135
	Tez86136
	Tez86137
	Tez86138
	Tez86139
	Tez86140
	Tez86141
	Tez86142
	Tez86143
	Tez86144
	Tez86145
	Tez86146
	Tez86147
	Tez86148
	Tez86149
	Tez86150
	Tez86151
	Tez86152
	Tez86153
	Tez86154
	Tez86155
	Tez86156
	Tez86157
	Tez86158
	Tez86159
	Tez86160
	Tez86161
	Tez86162
	Tez86163
	Tez86164
	Tez86165
	Tez86166
	Tez86167
	Tez86168
	Tez86169
	Tez86170
	Tez86171
	Tez86172
	Tez86173
	Tez86174
	Tez86175
	Tez86176
	Tez86177
	Tez86178
	Tez86179
	Tez86180
	Tez86181
	Tez86182
	Tez86183
	Tez86184
	Tez86185
	Tez86186
	Tez86187
	Tez86188
	Tez86189
	Tez86190
	Tez86191
	Tez86192
	Tez86193
	Tez86194
	Tez86195
	Tez86196
	Tez86197
	Tez86198
	Tez86199
	Tez86200
	Tez86201
	Tez86202
	Tez86203
	Tez86204
	Tez86205
	Tez86206
	Tez86207
	Tez86208
	Tez86209
	Tez86210
	Tez86211
	Tez86212
	Tez86213
	Tez86214
	Tez86215
	Tez86216
	Tez86217
	Tez86218
	Tez86219
	Tez86220
	Tez86221
	Tez86222
	Tez86223
	Tez86224
	Tez86225
	Tez86226
	Tez86227
	Tez86228
	Tez86229
	Tez86230
	Tez86231
	Tez86232
	Tez86233
	Tez86234
	Tez86235
	Tez86236
	Tez86237
	Tez86238
	Tez86239
	Tez86240
	Tez86241
	Tez86242
	Tez86243
	Tez86244
	Tez86245
	Tez86246
	Tez86247
	Tez86248
	Tez86249
	Tez86250
	Tez86251
	Tez86252
	Tez86253
	Tez86254
	Tez86255
	Tez86256
	Tez86257
	Tez86258
	Tez86259
	Tez86260
	Tez86261
	Tez86262
	Tez86263
	Tez86264
	Tez86265
	Tez86266
	Tez86267
	Tez86268
	Tez86269
	Tez86270
	Tez86271
	Tez86272
	Tez86273
	Tez86274
	Tez86275
	Tez86276
	Tez86277
	Tez86278
	Tez86279
	Tez86280
	Tez86281
	Tez86282
	Tez86283
	Tez86284
	Tez86285
	Tez86286
	Tez86287
	Tez86288
	Tez86289
	Tez86290
	Tez86291
	Tez86292
	Tez86293
	Tez86294
	Tez86295
	Tez86296
	Tez86297
	Tez86298
	Tez86299
	Tez86300

