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ABSTRACT

Fundanental knor.¡ledge on the kinetics and thernochenristry of
decomposition of organic cyanides is very lirnitecl. A research progr.am

described herein was undertaken to investigate the gas-phase pyrolysis of
three snall ring cyanides and four alhyl cyanides. From these studies the

C-C bond fission and HCN elinil'ration pathways of decompcsition were

compared, and heats of fornation of cyanoalkyl radicals ancl the effect of
the cyano group on bond dissociation energies were obtained

The unimolecular decornposition of cyclobutyl cyanide was followed

over the temperature range 833-L203K using the technique of very lrcw-pressuÌe

pyrolysis (VLPP). The reaction yields ethylene ancl vinyl cyanide as the o¡1y

products. If A- is based on the high-pressure study of this conpound,

then the unimolecular rate constants are consistent with 1og k*= 1s.0 -
(57.0 t 1.0)/0, where k has the units sec-t, and o = 2.g03 Rl'kcal/more.

Adjusting Ao. relative to the more recent VLPP of cyclobutane, yields 1og k_ =

15.9 - (59.1 ! I.0)/A. Comparison of these kinetics with rhat for
nethylcyclobutane yields a value of 5.t llkcal/mole for the cyano stabilizatio;r
energy. The high-pressure stirred-ftow p¡rolysis of trans-l,z-dic¡,ano-

cyclobutane yields vinyl cyanide as the only product over the teìjìperature

range 571-661K. The r:ate constants are given by rog k = L5.j-sç.9/0, which

yields 5.25 kcai/mole per cyano group as the stabili-zation enei:gy. Both the

cyclobutyl cyanide and dicyanide studies show that the previous stuclies by

Sarner anC colvorkers ivere affecte<i by' seconciary, probably heteïogeneous

reactions. Cyclopentyl cyanide','ras foLlowed by botli VLPP ancl at high pïessure

conditions in the stirred-flor'r sysr-enÌ over the range g0S-l14iK. Decomposition

pïoceedeo vla tl./o pathtr'ays to yì,eld in sinilar crllìceiìtrations vinyl cyanide +

prcpylene and cyanopropene + ethylene, as rr'ell as via the ninor pathway of

HCN elinination. The kinetics obtained fronl both ïeactor systelns r,¡ere in

(v)



excellent agreenent. The Arrhenius e:çressions are log k = (16.0 1 0.s)

(80 t 1.5)/0 (for vinyl cyanicle formation), and tog k = tS.g - g0/O (for the

formation of cyanopïcpene + ethylene). these ,d,ata are ccnsistent with a

biradical rnechanism. IICN elinination accounts for ca. 25% of the overall
deconposition, and the expression obtained fron the vlpp analysis is
log k = (13.2 ! 0.3) - (69.s ! 2)/O.

The pyroiyses of isopropyr cyanide, n-propyr cyanide, ild tert-
butyl cyanide were investigated in the VLPP system over appr:oximately the

sane temperature range of 1C50-1250K, and were found to rJecompose via the

competitive pathhtays of C-C fission and HCN eLimination. Taking into account

the nutual interaction of the pathrvays in the fal1-off region, Ar.rhenius

expressions consistent with the uninolecular rate constants were obtained.

The cz-.cg fission rate constants in isopropyl cyanide, n-propyl cyanide, and

tert-butyl cyanide are in accord with 1og k_ = (IS.7 r 0.3) - (79.0 ! 2.0)/O,

log k- = (15.4 10.3) - (76.7 ! I.7)/O, and 1og k_ = (1.5.8 t 0.S)

(74.9 1 1.6)/0 respectívely. The Cz-Cs fission pathway accountecl for -'90eo

of the overali decomposition, with HCN elinination accounting for the

renainder of isopropyl cyanicle and of tert-butyl cyanide disappearance; the

results being in accord with log k_ = (13.9 t 0.3) - (76.2 ! 2.0)/o, and

log k* = (14.1 10.3) - (74.1 r 1.6)/O respectiveJy. Ce-C,* fission

accounted for the renainder of n-propyl cyanide decomposition. The activatj-on

energies for C-C fi.ssion in these alkyl cyanides l.eacls to DFttlss[CIJsCH(CN)-CH3]=

78.8 1 2.0, DH?se lCzus-cHzcrr-] = 76.g + I.7, DH02se ¡ (CHs)2 C(CNJ _ CH3l =

74.7 ! I.6, and AHo,,zse ICHsÔHCN, g] = 50.I + Z.S, MT,rssfö¡26¡¡,gi = 58.5 '.1 f-.2,

^uo""f,ee,[ (cFI3), ÓcN, g] = 39. I ! 2.0, all in kcar/nole. The srabilization
energies of the a-cyanoethyl, cyanomethyl, ancl c-cyar-roisopropyl radicals

are found. to be 5.1 I 2.5, 5.1 1 2.S, ancl 5.5 i Z.C kca\/nole respectivcl.y.

'lhe val-ues of the cyano stabilization eneïg)'obtained fr.om the small

ring cyanide and the alkyl cyanide studies shorv excellent agreement. It is
found that the cyano group consistentl¡'rfecreased the adjacent bonri strength
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by 5.1 t 1.8 kcal/mole, with no variation in cr-methyl substitution being

observed. Revised values of the gnoup contributions of tC-CHlz (CN)],

tð- Crll (C) (CN) I , and tC - (C) z (CN) I to the heat of formation of free

radicals are calculated. HCN elinination activation energies obtained fron

the studies r^¡ere found.to be in substantial agreement with the theoretical

seni-ion pair models of Benson-Flaugen and of Tschuikol-Roux and coworkers.

Using the estimated AHt,zrg[CHzCN], the high-pressure Arrhenius

expression for ethyl cyanide pyrolysis via C-C fis.sion was predicted to be

1og k = 15.4 - 8I/O. Experirnents in the stirred-flow systen were found to

support the paraneters. HCN elinination is rlot an observable pathvray for

prinary cyanide deconposition relaiive to C-C fission, over the ternPerature

trange investigatecl. Stirred-flow experinents carried out on isopropyl

cyanide and ethyl cyanide under similar conditions to the studies of l{unt,

Kerr and Trotman-Dickenson, and Da.stoor and Ernovon, lead to the conclusion

that free radical chain processes make a significant cont.ribuiion to IiCN

eljnination despite the presence of chain inhibitors.
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CHAPTER 1.

INTRODUCTION

The conversion of one substance to another, by means of a chemical

reaction forms an important part of many industrial processes. Success-

ful design of chernical reactors requires an understanding of chenical

kinetics coupled with knowledge of such physical processes as rnass and

energy transport. The achievenent of higher conversions with lower costs

ancl better plant utilization, requires a fundamental knor'"'ledge of the

kinetics and therlnochemistry of the reactions. Although many of the

reactions involved in industry are carried out in reactor systems with

catalysts, a prirnary prerequj-site in design is a knowledge of the cl-renicai

thermodynamics which can be obtained from homogeneous studj-es. For examp1e..

if a homogeneous investigation indicates that an equilibriurn is teacited,

then this is the same extent to lvhich the reaction will proceecl itl a

heterogerìeous system, independent of the catalyst used.

IndustriaLLy, aetylonitrile (or vinyt cyanide) is a very usel'ul

conpound, being very inportant in the polymer field anci also being

employed in cyanoethylation procedures. , Polyacrylonitrile (PAN) is

findi.ng an important and rapiclly expanding future in the nanlrfac*Lure

of carbon fibres. The PAN fibres are subjectecl to an oxi.dizing pretreat-

ment below 3000 C, the shrinhage of the fibres being prevetlted by clamping

so that preorientation in the dj rection of the fibre axis is provided

for the graphite crystallites to be formed. This is then follorved by

a carbonizat1on step at ii/O0oc, anci then by furtirer heating in an inert

atmosphere betr,reen 1600 - 280C0C, depcndent cn the tensile s*'rength and

modulus properties required. ihis is the British proces-s based on the

wor o

to the American

fibres (r'ayon) .

o a ]-

(union carbide) D1.ocess [2] which begins with cel lu1ose

Synthetic resi.ns leinforced with polycrystalline



a¿

inorgani-c fiT¡res a.Te expected to find a rp*it.rrn of appl.ications sirnj.lar

in breadth to that existing at pÌesent for glass-fibre reinforced

plastics. Applications include lighter arrd stronger civil structures,

corrosion resistant structural componenLs in shipbuilcling, and corrosion

resistant pressure vessels, tanks and reactors in chernical reactor

engineering. Although extensive research into the formation of carbon

fibres from PAl.,'has been carried out, the chemistry of the conversion

pTocess is not ful1y understood.

Approximately TOeo of the worldrs acrylonitrile production of 5

rnillion tonnes is used in the production of ac.rylic fibres, which are

manufactured into soft, v¡oolen-like fabric-s. Acrylonítri1e - butadiene -

stryene (ABS) copolymers are extensively used for the production of high

tensile and inpact strength pla.stic gooris, and also in ÂBS/SAN type resi.rrs.

Almost 20e" of the worldrs dernand of acrylorritril.e is accounted for in

these copolymers. Nitrile rubbers are no longer use'd as extensively as

they rvere twenty years ago, and account for about 59o. In adciitj on-, thele

is a world-wide trend towards the manufacture of nylon r¡ia the acrylonitrile

route - acrylonitrile to adiponitrile to hexamethylenediarnine plus

adipic acid to yield nylon 66. It is forecast [3] that acrylonitri.le

demand may grorv L6% annually in spite of the grorting arunonia shortage a:rd

the increasing usage of propylene for polypropylene. Due to the higher

priced Talu materials, acrylcnitrile (and he.nce its products) rui11 cost

more during the remainder of this decade. Thus additional processes

for manufacturing acrylonitrile are desired, aird hence stuclies of the

pyrolysis of organic cyanides should provide useful daia.

Recently Hall and coworkers [4] of E.i. du Pont de Nemours and Conpany

have reported on studies of the poiynerization of substituted snall

strained carbocyclic rings , and they for:nd thai monomel's contain.ing

bridgehead cyano or ester substituents poJynrerize readily. These species

undergo free-radic.a1 or anionic hornopolymerization to form high rnolecular
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v/eight polyneïs, contailring I,5 cyclobutane links in the chain. this

new class of reactive monomers constitutes a new area of polyner chenistry

for the future. To determi-ne the therrnodynanics of their polymêrization

requires knowledge of the thermochemistry of cyanides, which at present

is Limited.

The airn of this research project is to stucly the kinetics an<l

thermochernistry of thernal gas-phase reactions of several organi.c cyanides

using laboratory reactors. From a fundarnental viewpoint, the kinetic

paraineters of reactions such as carbon-carbon bond fission and hydrogen

cyanide elimination should be of irnportance in the cletermination of bond

energies, the thermochemical properties of free radicals and the fornulati-on

of reaction rate theories. These data should also assist in +-he interpre-

tation of the kinetics and necTranisms of the pypolysis of nitrile polymers.

Before outlining the in'yestigations that were carr:ied out, an exposition

of ehernical kinetics and the relevant reaction scheines and Tate theories

is justified.
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1 .1 Fìeaction Klnetics

Chemical kinetics are concerned with the rates of reactions, and

how the rates are influenced by changes in the physical conditions.

In particufar we are interested in the effects of changes to the

concentration, temperature and pressure of the chemical species involved in

the reaction. From studies of the effect of these factors on the reaction,

a,detailed mechanism can be postulated; such as whether the reaction

proceeds via a single step or a sequence of steps.

The rate of reaction is normally expressed in terms of the

concentration of products and reactants with respect to time. If the rate

is directly proportional to a single concentration, R = kC, the reaction

is referred to as first-order. Similarly if the rate is proportional to

the product of concentrations, R = LC2 or R = kCOC, then it ls a second-

order reaction. The order of the reaction should not be confused wi-th

moleculari-ty wfri-cir is defined as the number of molecules entering into an

elementary step.

The constant k in the above equations is known as the rate constant

for the reaction. If the reaction is affected by wal1 or surface effects

then secondary reactions are involved and they will each have a different

k value. For an elementary process the dependency of k on temperature T

follows the Arrhenius equation [5]

k = ¡t -E/nT

where A is the frequency factor, with the same units as k, E is the

activation energy, generally with the units of kcal/mole'Ér and Fì is the

universal gas constant.

* Throughout this research, 1 kcal = 4.184 kJ
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I
If we consider the reversible reaction, aA + bB +...:i pP +qQ +....

then the relationship between the Arrhenius parametels and therno-

chemical quantities is described
k,

equilibritm constant, K = # =o-l

5t bv
1

I

I
l
A

A

-(8, - E ,)I --t
RT (2)

-1 e

^Go
also 

^ 
Go

=-RTlnK

= ÀHo - T^so

(3)

(4)

f¡so - ¡Hoìt- _- I

tR RT J (s)K =e

equating (2) and (5), gives

ÂSo = 2.303 R log

and 
^Ho

(6)

-t E
1 -1

AJ-though the great rnajority of reaction rate constants are

expressible by the sinple Arrhenius equation, a smal1 group of thetn are

not. For these cases, such as termolecular recornbinatiolrs of ato¡ls

or atoms with diatomic molecules, a nodified Arrhenius equation [5] is

used in which a temperature variation for the A - factor is introCuced
-E,/RT

k=A'TD e (8)

When the data is analysed in the forn of the Arrhenius equat.ion, the

relation between the paraneters is

A = A, (e T)n (9)

E=E'+nRT (f0)

Exp1aining his postulatecl equation, Ar,rhenius [6-] suggestecl that du:ring

the course of reaction the reactant molecules become activated l.ry collisions

wit¡ olte another, and that there is an equilibriu¡n existing betvteen

(7)

-1 ^ ^ .FL^ ,--.^--.' ^J: ^¡firrafin¡IIOf:lllaI L8,I'ULlff(l 5 LcLLYJ clrlu 4utrvdLeu ¡¡¡v¡vvu¿vJ

represents the enelgy that rnolecules nust acquire in order to be capable of
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r.ndergoing reaction. Flaving acquired this energy of activation the

molecules are referred to as activated. Schematically it can be

lepresented as

octi voted
molecu løs

I
E_t

El
I
t
I
t

I

pro.Juct
rnoløcules

AE
+reoc to n t

nroleculøs

1.1.1 Chain Reactions

Many organic deconpositions obey simple kinetic lah/s and may

¡nistakenly be considered to be elementary processes. Hower¡e:r they often

involve bond fission reactions which yiel d free radicals capable o{'

initiating a chain reaction. The presence of certain atoms and fr'ee

radicals in a reaction system makes it necessary to write down all tire

elenentaïy Teactions that can be expected to occur. If ttvo of these

lreactions invoLve the attack of the reactant molecule t'hen these ale

called chain-propagating steps. I{hen such a feature exists in a

nechanism the process is referred to as a chain reaction' Chain reactions

consist of three kinds of elementary steps : initiation' Þropagation,

and termination.

In 1954, Rice and Herzfeld t7l shor,¡ed how complex mechallisns for

decomposition reacti.cns can lead to sinple cverall kinetic behovicur'

As an example consider the case of a leaction sholing overall first-order

kinetics

R1 +

I
M->

2
l"l --->

3

Rc't+
R2 ->

2Rr
R1H+R2
P +Rt
142

initation steP

propagation .step

terrnination step

observed overall steP

Rt*

M RrH + P
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, Bather than trying to soÌve the time-dependent differential

equations for formation of the B¡ and R, radicals, making use of the

steady-state treatment wilÌ give a satisfactory approximate solution.

The rate of formation of the product R, H is then

I
2rr[n,l I M IuJl

i.e. the reaction is of first-order.

Rewriting the rate expression in terms of the Arrhenius parameters,

,2

A I e -Er /FT a, e -Ez/Bt n, e -E3/Bt lMtBate
oo " 

-'o/^'

I ¿.¡egl
Loo)

I
2

. Therefore A overall

E overall å[Er +Er+E3-E4)

Since E, is usually very much larger than either Erand E3r the overall

activation energy is observed to be appreciably smaller than E,.
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Tirne dependent solution"s of the differential equations can be

obtained nowa,Jal's rvith the use of computer plogralns. E:panded rnodels

of more reaction steps carr be solved and the results sometilnes shown

discrepanies rvi.th solutions obtained using the stea.dy-state assunption

t8l. It -should be noted that Anhenius paraneters obtained via the

steady-state treatment should only be considered as approximate and not

necessarily as accurate values.

The ot'erall reaction erder depends on the manner in which the chai-ns

are initiated and terrninated. Goldfinger, Letort and Niclause [9] have

shonrr that trvo t-ypes of radicals can be distinguished : radicals involved

in birnolecuiar propagating step-s referred to as ß radicals, and r:adicals

tr'hich undergo unimolecular reactions in the propagation steps, knovrn as

p radicals. The terrnination step involves the conbination of radj.cals

(wÍ-th or without a third body, designate<i ì'l) so as to break the propagation.

The r:esults of Golclfinger and coworkerst general kine.,tic scherne are

sumrnarized in Table 1.1 , and

TABLE 1.1 0vera11 Orders of Reaction for Various Tþes of Initiation
and Termination Reactions

First-order initi ation Second-order initiation Overal I
orderSirnple Third bocly

termination tei:rnin ation
Simple Third bocly
termination termination

Êß

ßu

uu

gßM

ßuM

uuM

2.

Êß

ßu

¡:Ë

Êßi\f

BUNI

uirM

3/

I
,,,

0

2

are of great value in deciding the probable reaction mechanisrns, since

each case. The tahie has beerr constructed for'"he cases of sinple chain

processes and is of Little value for more conrpiicated systerns.
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1.2 Theories of Elementary Reactions

To enable experi-mental rates to be predicted requires the

derivation of a theory based on some physical assumptions of how a

reaction proceeds. In 1918 Lewis [lO] formulated an explanation of the

magnitude of the frequency factor of the Arrheni,is equation by identifying

it with the cotlision number of molecules which were treated as hard

spheres. The calculation of the frequency of collisions on this basis

gives only satisfactory un"""r"na with experiment for atoms and simple

molecuLes, but as the complexity of the reactant molecules increases so

does the deviation between predicted and experímental values. Moreovert

unimolecular decompositions are difficult to explain by collision theory.

For reactions between more complicated molecules a more detailed treatment

was required.

1.2.1 Transition-State Theoryx

fn the 1930rs Eyring, Polanyi and their coworkers [tl] useO

quantum mechanics to formulate the theory that for a reaction to occur the

reacting atoms or molecules must approach one another and pass over a

free-energy barrier. The molecular species at the top of such a barrier

are referred to as a transition-state complex, and the rate of reaction

is controlled by the rate by which these complexes travel over the top

of the barrier. The complex is assumed to possess vibrational and

rotational energy as well as translational. en'ergyr and thÞ activated

complex is assumed to be in thermodynamic equilibrium with the reactants.

Essentially the complex possesses the required energy of activation but

before decompositj-on can occur the energy, to break a bond for example,

* The Transition-State Theory is also known under the title of Theory of

AbsoLute Fleaction Bates.
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Consider two reactant molecules A and B reacting together to form

a product; i,e.

A+B-

the following reaction scheme -"
*¿

(n e) 
- 

(n e).
excited transition
compÌex state

Products

where the complex is an excited combination of A and B, and the transition

state is essentially a rearrangement of (ne)* closely resembfing the

products. The rate of reacti-on equals the rate of passage over the

barrier multiplied by the concentration of transition-state molecúl-es

R

sinceA + B =:

oorl I tn e)l

oorÉ *or# t l

l
AlI

(rt)

B (tz)

( 1s)

( te)

(.,1o\

(n e)1, the equilibrÍum

t lne)l lconstant

Therefore kne k

KRe

#
AB

k

tAl I B]

*

= ù oorl (rs)

where t is the frequency of motion through the transitior¡-state region.

Taking the value of this vibration factor in the limit as t tends to

zero, then as shown by Glasstone, Laidler and Eyring [121

K._* = tgl K# (r+)''AB L ht J

where fl i= the equilibrium constant referring to the remaining degrees

of vibration freedom.

KRe

.kT
ï- Kl

AB

k is Boltzmannrs constant, and h is Planckrs constant.

Relating the equilibrium constant to the standard free energy change for

the formation of the transition-state

Ki = "-aellnr = "[oslln)*, kr ^ asl/H

(aullnr)

,.-aHl/nr
'-AB h
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For unimolecular reactions, there is no mofe change as the activated

complex is formed, and the activation energy

4E =aH' + RT

A e
ekTT-

/AS /a

( re)

( rs)

To predict these parameters.requires sufficient detailed knowledge of

the transition-state to enable the enthalpy and entropy of activation to

be cal-culated.
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1.3 ûninolecular Reactions

'Ihe transition-state theory provides an acceptable e:.pianation of

the first-o:rder rate of uninolecular reacttonr. A unirnolecul,ar reaction

is one in rvhich the reacting rnolecules gain energy from collisions an<l

then forms an activated complex frorn a single reactant rnolecule. From

experinental evidence, rurimolecular reactions follow the Arrhenius relation-

ship and are first-order at high pressures, but as the pressure decreases

the rate t¡ecomes second-order. Lindenann [1S] shorved in 1922 that activat-

ion by collision resulted in fir:st-order kinetics at high pl:essures, and

second-order kinetics at 1ow pressures. The theory of Linclemann is the

basis of modern theories of unimolecular reactions, with im¡rortant

rnodifications to it being made by Flinshehvood [14] later by Rice,

Ramsperger and Kassel t15l , and more recentl)' by Marcus ti6l. i¡v?rat

follorvs is a treatment of the theory of Lindeman¡r and Hlnsltelrvood,

followed by a discussion of the modjfications of Rice, Rirnsperger, Kassel

and Marcus.

I.3.1 Lindernann-Hinshelwood Theory

Conside:: the reaction sctreme
1*

A+MÌf A +l{

A*3 P

Application of the steady-state treatment gives

d[¡*l *
=Ë = kr iAl [t'{] - k_t tA I tlvll -

.i tr*t =ffi$n,

*k2[A]=o

(20)

The reaciion rate, R = k2

cltP l-ãr -

[R* ]
kr kz LAI tlrl

k-1[l{] + k2 (2.1)

At sufficiently high prc,ssuïes, the ra-te oÍ ac'.r:ivatj-on of nolecules is

practically equal to their rate of deacLivaLion, since the rate of product
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formation is slow conpared to deactj-vation by collísi.on; i.e.
k-r[M] >> k2

.'.R=Htot=k-[41 e2)
and the reaction is th¡.rs of first-order. The unimolecular rate constant

krrri 
"i11 be a fi:nction of rrr, the frequency of corlision of the average

nolecule with a second body. The frequency of collision at low pressures

is not sufficient to nainiain an equilibriun distribution of energy in

the reacting molecules, and thus the measured rate is less than k-, the

constant rate for o tending to infinity. That is since k_1 [M] << kz,

R = kl tAl lMl which is proportional to o (23)

and the reaction is of second-order. This area where the reactí.on

changes from first to second order is normally referred to as the "fall-off"
region.

Lindenarurts theory gave a satisfactor;r qualitative exp)anatj-on of

unimolecular reactions, but rvhen it was conpared luith experinental results,

deviations $Iere apparent. First-order behaviour rsas exhibi.ted to lower

concentrations than that pr:edi.cted by the theory. This is illustrated below
.ldPKuni = ¡¡1 ãt

k f-Ml=æ-
[M] + k2/'k-1 Q+)

k.o

kun¡ theorci.icol
- -- - experimøntol

[t'¿ ]

1Plotting by another proceclure, the pto't of /k--^, against thc reciprocal' unl

of the concentlation, should from theory gi.ve a straight line with the slope

Ik_t__
krkz

1tr.uî1

of 1/kt
ÇI-rtJ

(25)
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1

krni thøorøticol
--.- e\Perimøntol

1/ LM]

The value of k- can be obtained from experiment , arld according to

collision theoi:y k1 should eqtlal Zt. -E'/RT. Since the lates fa1l off

at a higheï plessule than is actualiy observed, k1 must be in error.

Hinshelwood [14J pointed out that Lindernann assunecl the molecules to be

hard spheïes with only one clegree of freedom, when in fact they would

nornally have rnore. Hence a molecule having more than one degree of

freedon woulcl have a greater probability of acquiring the e.nergY E' , since

this energy is distr:-buted anong aLl the degrees of freedom [5]. TIte

expression for k1 that applies to the case of s classical oscillators

(or degrees of freedom) is

k1 =

zrv E,I
RTJ

s-1 -E,/RT
e Q6)(s- 1) I

This combined theory however did not completely satisfy the observed

experinental rates in the fall-off region. 'Ihe failure of the Lindemant'r -

Hinshelwood expression was that lhe probability of reacti.on was consj-dered

to be independent of the excess cf energy beyond that required for activa*u-

ion.

7.3.2 Rice-Ransperser-Kassel IRRI()'fheory

Th.e RRK theory [15] of tmirnolecular reac'uions uses the basic Lindenantr-

Hinshelwood mechanism of coll-isicrral energi.zation and de-energization, but

considers the more realistic approach that the rate of conversion of an

energized inolecule to products is a f.u:tctioll of its energy content.



Rewrit.ing the reaction scherne

*
A+M A+MI

P

The Lindernann-Hinshelwood theory gives

krkzl k-r

1

:
2
->

*
A

16.

Q{) rearrangedktnl1 I + k2lk-1[ì"f J

wi-th kr=
ZR¡r

(s-1) I
-E, /RT

e (26)

k_,1 -¿) AM

For a reaction to occur the energized nolecule must becorne an activated

complex; occurring when a critical arnount of energy Eo concentrates in

one particular rnode of vibration. 0n every- vibration it is supposed that

there is a compleþ reshuffling of the quanta of energy between the norrnal

modes, so that for any energized rnolecule with E , Eo, there is a

finite probability that Eo will be found in the relevant part of the

mo1ecule. RRK theory asslrmes that the rate constant for conversion of

the energized molecule to products is proportional to this probability.
fp-nì.-r

Probability = l:----91 Q7)
[E )

kz (E) =[ s-1

Ë (28)

r"here A is the proportionality constant at this stage. Integrating (26)

with respect to E

k1 f or, (^ r lE ls-l -ElRr fas'ì eg)
Tr, = JrSr -- )Ë^ -c-s-ITI tFrj e [nrJoo

Cornbining (31) , (35) ancl (36) gives

-E o

I -ErlRT
f.t 

-u"ì
t.fl-J

e s-1

k
un].

I-;j-j-: (30)dE
ARr-

A{ Ë-EIE o
s-1



t7.

Letting x =
E-E

RT

k
un1

k @rlt

o andB=

1
s-l -xxedx

E
o

m
6

s-1
(31)

ß2)

(33)

(34)

ó

where the R.H.S. is known as the Kassel Integral.

Equation (37) can also be written

k.=loctl kz6)'-uni 
J ;r¡¡-i- 

¿t

(o

where P(E) is the energ-y distribution function, given by

s-1 
"-EIRTT

and ûr = k-r [M]
which is the collision frequency for de-energization

I
P(E) = T(:-) tn-J

Thus knor+ing A, E, s and t¡ it is possible to predict k.rrri from k-, ot

vice versa.

The quantum version of Kasselts theory is very sirnilar to the classical

theory outlined above. It assumes, in its simplest fotn, that there are

s identical oscillators in the nolecule, all having the same frequency.

A description of the theory is presented by Robinson and Holbrook Ltll' and

it is a more accurate treatment than the classical version

1.3.3 R ice-Bamsp sel-Marcus fnnrru) Theory

- Marcus [16] has developed a quanturnmechanical formulation of

the BRK theory, which results in the most realistic and successful of

current theory. Although the theory was descri-bed over twenty-five years

ago, the practical application of the treatment has been sl-ow due to the

complexity of the calculational procedures. computer assess has eased

experimental results.

ion to their



An accumulation of literature has been written on RBKM theory, and for

a clear, well documented presentation the recent texts by Robinson and

Holbrook [1?J and Forst [19] are recommended to the reader for a full

treatment of the mechanics of computation. An outline of the

development of RRKM expressions is given below.'

The reaction scheme used in RBKM theory is

A+M 6r, (e** Ers )
.t+

1Bo.

+ M (es)+6 E l+

k-l

I kt*
A Products (ge)o (.")

is the energized molecuÌe
I

and Ar is the activated complex.

There are essentially two new principles involved j-n the RRKM treatment'

Firstly the energization rate constant k, is evaluated as a function of

energy by a quantunrstatistical-mechanical treatment instead of the

classical treatment used in the RRK and Slater theorj-es.

r , (ro)

A ¡E** E* + S EO)

r , (eo) a r, 
[Eo* rx + aE*) / o-, (et)

k 2 
(Ë") / o-, Lnll

l+
where A

kunl-
d tAl
dt 1+

@

1

GÏ
--Lo

The de-energization rate constant k_, is considered as in FRK theory to

be independent of energy. Secondly the application of Transition State

Theory (or Absolute Rate Theory) [ fel to the calcufation of k2(E").

For this purpose a distinction has been made between the energized

molecule A* and activated complex Al. The energized molecule is

basically an A molecule having enough energy to react, but not in the

l+
E

complex is a species recognizable as being intermediate between reactant

and products, characterized by a configuration corresponding to the top

of an energy barrj-er between reactants and products.
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RRKM theory uses statistical mechanics for calculating the

equilibrium concentrations of A* and Al, and evaluates the number of ways

of distributing a given amount of energy between the degrees of freedom of

a molecule. Fixed energy, such as the translational- energy of the

molecule which cannot be redistributed, has no effect on the rate of

molecular reactions. However some energy of the molecule is considered

free to move around the moLecule' and subject to rapid redistributions;

the vibrational (E,r) anU ractivef rotationaf [E") energies contribute to

this non-fixed energy.

The quantity 5k, (Eo*eo +'eo) / O-, Ís the equilibrium constant

for reaction Iae) and is given by statistical mechanics as the partition
:*-'Ë

function ratio " a (n-¡ex*E* + sE*)) / a-r rf 5E is small, the

exponential terms in O = I n, exp [-e , /r.f) all become exp (-1" / kT ) ;

: where g, is the number of quantum states of the energy 1eveI E¡ .

Defining No(Eo) as the number of quantum states per unit range of

energy at energies close to E*, then-.* ( >o [n-(Eo*Eo + se"1) = [uo*eo *
.t+ 9i exp (-e"/r.r]

exp (-t"7r.r)

equilibrium

SE

( gg)

(sB)

(¿o)

(¿r )

N*(E*) 5E*
Thus

6"kr(Eo*Eo 4 6'Eo) No(Eo) '*p [-eoltr) ,+
E6

a_

To find an expression or the rate constant kr[e") of reaction (36),

kl [Al ] 'nu hence

K
-l

+steady-state treatment to A gives r., [n"i

+ kr tk2(E*) =
toÉl

In" ]

The norr-fixed energy of activated complex A
tt

from energized molecule A

l+J
of energy È- is Er, and is made up of energy of vibration and rotation

t

*
VT

reaction coordinate X

For description of statistical mechanics and partition function I'

Appendix 2 of reference l1?1 is recommended '

*
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r

Af

Ef

X

EÏ

EÏ

t
Energy level of røqcting molccu lc

ta
l_ E +x =f T

v

-*L
E;

-tþEut-t*tr ef+ri
Eo I+ E +x

vr r

A

. (ruote: adiabatic and inactive degrees of freedom excluded

from above schematic sketch.)

Thus reaction (36) can be written as

JT

A (r")
r. , (EuÍ,, )

and (41) as

r.l (r).I
o'(.uÍ,^ 

)
Products (e)

(+a)

eqrn

(qq)

(qs)

E* =VT

Evaruating kl (") and (tnll ¡ ¡n"l)"0,.,., {,For details, reference 1?,

r. , [e")
E*

1

2
¡.1[") |, [o*,."*,, )]

ljF,.",r0

pg ?1-n), the resultant equation obtained is

Et
elr"f) Q rg'/ rr2x 1å

Et
kr(

.¡+

E )
1

2 F4t+
¡/-ò

E+

=S No(E")
VT

1

r, ruo¡e"1 J
Ef=o

e¡e"f)

VT

where e¡frf) is the number of vibrational-rotational quantum states of

A* with vibrationaf-rotational non'-fixed energy equal to E

Planckrs constant.

/ ,andhis
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The above expression has been developed from consideration of the

ractiver non-adiabatic rotational energy. However adiabatic rotations

[those that stay in the same quantum state during the change from

energized molecule to activated complex) do suffer an energy change

because of the different moments of inertia of A* ana nl , releasing

energy into other degrees of freedom thereby affecting the rate constant

k 2 [E"). Fof the high pressure limiting case, it is found lll) that

the correct k"o is obtained if ih" *p""ssion (45) for l(, [e") is

multiplied by I ,* / A, r where q = A(A) is the partition function for the

adiabatic rotations. A second modification to ({5) involves the

inclusion of a statistical factor tl whictr takes account of the possibility

that a reaction can proceed by different paths which are kinetically

equivalent. The equation for k (eoJ g"ntrally used in RRKM calculations

is thus
+ 1

k (E")

#L a

h Q,Q_,

-Tplg rl'vr' (q6)

(n)

a
L#

h N*(E*)

Substituting equations (+6) anU [46) into (3?) gives the RRKM expressions

for krnt

¡ e¡r"f) I ""0 (-eoltr) uEo

a

k
/

I Iunl_ 1+ k2(E") ¡ r<_, Iru J

(P(E,f) )
texp (-e / /rr) ue (¿e)

-E o

and sínce =E +Elanu dgo =dE
.tg

E

* t8l

.¡ç

o

@

L exp [-eo/rr)
k

urìa h0aI -l
#)lo, tr'¡l

Et =0
1+ rr(eo + e
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The high pressure 1imit is obtained by putting [U] .- _ , and
evaluating the summation over all possible valu J

the expression 
-----" sve¡ qr¿ frussl-ore values of Erf, , resulting in

k@ L a l. #

(+s)

substitutins equation (as) into expressi-ons [so) anu (st),
Eo = kT2 u Ln ç/ur (so)

tn A- = [n ko + Vr.r (sr)as defined by Slaterrs Theory l1?J, we obtain
e-(nnrnr) = Eo + kr + kT2d (l.nn,ln_f 

{ o,o_, ) ur (sz)
Ln n-(nnru) = [n (tle t<¡/n) + d(r tnÅ *._Í 7'n,n_,) ur (ss)

= tn (tle rct/n) + a ,# / 
^ (sq)Application of RBKM carculations to the postur-ated model depends

significantry on an assessment of the distribution of vibrational_
rotational quantum states at various energy levels. From these
assignmentsr--the entropy of activation asl can be obtained and 3150 fl_.The appropriate critical energy Eo for a given moder can then be carculatedby comparison with the experimental E-. ïf the model is chosen to givethe experÍmentaL A_factor, the RBKM formulatj_on will automatical.ly predictthe experimental values of k_and its temperature dependence. Details ofsuch procedures are described in Chapter 3.

*kr
h õi---1'-l

exp (-eolrr)
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the total energy of -eeneration of the seni-ion quadrupole is

t- .rÊ +(tns )[ r=¡' .['*r]'- +l++
Ioo'o* o'o'cD

Ir e' UAR (55)I 2
CÐ

2
5 o2

Le
CXr

ABt

where
q ; is the fornal charge across the bond in the transition state,
+
T'-.' is the length of the bond in the transiLtion state,

+
c^ is the effective longitudinal polarizabi'J'ity,

'Loo.C" is the ground state Longitudinal polarizability,

u is the groun{ state bonrl dipoLe,
22

e and e are conversion factors,

and r" is the equilibrium distance between the dipole centres, estirnated fron

2-LJ

AB
+I

ze

L

1
J

tAB-t
2

-J-
+-"̂ BD

1

1-t
+ "cD

t'
I- tAC

4 Ia-
^BD

66)

The first terrn of equation (55) i-s the poJ.ari zaticn energï of the AB boircl,

the second the polarization energy of the CD bond, the th:ird is the equili-

briurn electrostatic energy of the dipolcs âilr1 the final tern is the ground-

state electrostati-c energy. Agreement between theoretical calculatj.ons and

experi.mental ciata is very good (within + 2 lr.ca|f ro!e) for compounds vrhose

activation energies are knorrn with some degree of certain-uy 1221.

Recently Tscl¡-rikotv-Rcux, lr{altman and Jung [23] ha'ye developed a nodjfi-

cation to the semi-j.on pair theory, whicír c"ombines the basic concepts of

the Benson-Haugen model rvith thc bond-energy-'-bond-order concepts of Johnston

1241. The energy contributions to the acti '¡at:ion 1irocess depenC only cn the

ground-state properties of reactants and prorlucts. Their modei is reported

to have similar agreenent a-s the Benson-Haugen mo,Je1.

1- CD

r
\
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1.5 Rel'ierr' of Previous Ttrork on Cyanides

Despite the apparent need for infortnatjion about the effects of a

cyano group on the reaction kinetics and thermochemistry of organic cyanides,

few observations have been reported on this important substituent group,

and nuch of it is subject to uncertainties.

1.5. 1 Reaction Kinetics

Although industrial catalytic decornposition of long-chain nitriles

have been investigated to some degree l25l, few studies have been reportecl

on the homogeneous kinetics and nechanisms of the pyrolysis of shorter

chain organic cyanides. Rabinovitch and Winkler I26J in 1942 car:ried or¡t

an investigation on the pyrolyses of rnethyl an<l ethyl cyanides to obtain

information about the nature of the reactions involved and thc products

fornred. This r¡as carried out using a silica plug-flow reactor over two

flow rates anci two temperatures, g4S and 1138 K. They found in the case

of rnethyl cyanide that hydrogen cyanide was a primary product, along rvith

hydrogen, methane and carbon. Secondary reactions r^lere suspected. Ethyl

cyanide decomposition r,¡as found to be very complex with product euralyses

yieldi.ng hydrogen, methane, ethane, ethylene, hyCrogen c¡ranide, methyl

cyanide, vinyl cyanide and carbcn., plus some high boiling :naterials.

Secondary and chain reactions $¡ere suggested to account for the r¡ariety of

products.

The pyrolysis of methyl cyanide was investigated luo?e recently by Asnrus

and llouser I27l over the ternperature range ]-153 -. 1233 K in an atmospheric

pressure stirred-florv reactor using heliun a-s the carrier gas. Gas chronato-

graphic analysis revealed *,he rnajor vclatiLe proCucts to be methane ancl

hyclrogen cyanide, plus smail anounts of ethylene and vinyl cyanide" They

also observed a brown, non-vo1ati1e polyrnerÌ-c residue deposited alÖng the

exit lines, rvhich fro¡r analysis was believecl to be of a c1'ano-substi-tuted
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ethylenic type. A fractional reaction order greate-r than one was found,

which was interpreted as mixed first-and second*order kinetics. Their

Arrhenius plots gave the foÌ-lowing e:pressions

1og (k1, sec-t ) = 11. B - (72.0 ! 4.0) /0

for the first*order: reaction, and

trog (k2, 1 mole-t sec-t )., = 20, 5 - (120.0 t 6.0) /0

for the second-order reaction; where 0 = 2"303 RT kcal f^orc.

Ethyl, tert-butyl, and cunyl cyanides have been investigated by Hunt,

Ken, and Trotrnan-Dickenson [28] in a i;lug-flolv reactor, usitig the aniline-

carrier technique developed by Swarc 1297, and rvele fcund to exhibit first-

order kinetics. In the case of ethyl cyanide over the teïnperature range

959-1038 K, Hunt and corrrorkers found products relating to r:he elirnination

of both hydrogen and hydrcgen cyanide, as v¡ell- as the bo¡rd fission reacti.on

yielding nethane and methyl cyanide. Hower¡er their kinetic paralteters'are

suspect.' The Arrhenius A-factor (tO1S'0 t""-1) for hyclrogen cyanide

elinination is too high for this type of reaction t30l , ffid î.Ìre kinetics

of the fission reaction give a relatively 1ow value for the r:ecombitration

ïate constant I31]. The forma.tion of hydrogen was observed in all aniline-

carrie:r studies and cannot be explàined in tel'ms of a moleculal eliminatíon.

It has been suggested by Benson and OtNeal [31] .¿ha-t the products froni r,roth

hydrogen and hydrogen cyanide elilninations arise from free radical induced

decornposítion. Tert.-butyl cyanide was foliotr'ed over the range 875-925 K

and Hunt and cowor.kers found that bond fission wa.s predoninartt; some

hydrogen was ollserve<l. The Arrhenir-rs expressi-cxr for: the fj-ssi<-''n reactj-on

v/as reported as log (k, sec-11 = (15.16 : 0.3.1) - (.70.2 ! 1, .4) i e which

yields a value of 10.6 kcai,trole for t-he resonance stabilization of the

rL^ ^f -.--*..1 ^,'..*-'i l^ -"-^1.'ai c fn1'!n',raá
U/dlrUrJVPLvLtJL ¡4u!ç4r. ¡v¿ Ì'i'e-J

over the I'ange 793-897 K, rnethane rves pr:oducecì a-s well as sonle hydrogen.
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t2.3 _1
The A-factor [10 sec ) obtained from a least-rnean squares

treatnìent of the results is much lower than 
,that 

erpected frorn analoEious

reactions, and Fltmt and colorkers suggested that the methane formation

could arise from a four-centre molecular elininati-on reaction rather thalr

the bond fission reaction yielding rnethyl radicals. This wou1d, horvever,

involve pentavalent carbon in the transition-state, and thus is not

considered probable [30].

Recently Dastoor and Emovon Í32] reported their obserl'ations otl the

pyrolyses of ethy1, isopropl'1-, and tert-butyl cyanides using a flow system

over the teÍperature range 803-943 K. They found hydrogen cyanide elimination

as the rnocle of deconposition, and the reactions appeared to be honogeneous

and nrolecular with no indication of carbon-carl¡on bond fission. The

reaction was followed titrimetrically with siiver nitrate, rvith c.onfirmation

of any other products via gas chrornatography. A four centTe reactj-orl

sj.rni-lar to Jrydrogen haiide elini.nation frorn all<yl halides was sriggested by

Dastoor and Emovon; but although the reported A-factor (fOlS'1 t"c -1) for

isopropyl and tert-butyl cyanides are lol.er than expected [50]. (It is

woTth noting that in a sirnilar study of the pyrolysis of alkyl fluor1des

[33], Dastoor and Emovan again obtained 1ow A-factors). As we11, the

activation energies for the ser:ies ethyl, isopropyl, tert-butyl cyanides

do not show any trend with o-methyl substitution' It is surpr:isi'ng that

Dastocr a:rd Ernovan did not observe any bond fission r:eac-tion for tert-br-rtyl

cyanide, whíle Flunt and coworkers formd only -"his rcaction ol'er the sarne

tenperatuTe îange. Free tadica1 chain processes could possibly be a

contribution to the rate of forr¡ration of hyd::ogen cyanide' Ðastcor and

Emovon dicl reporf, ït¡ls with ancl rvithout toluene fin tIre tatio of ca-' 1:l

with the reactant) as a c.ha.in ínhibicor to confi.rn the absence of free

radicals,buta-5suggestedb1,SwarcI29],theinhibi.tc¡rshoulciexistin
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bulk such as in a carríer-gas system, tc., be certain of scavenging al1

the radicals. In addition, at the temperatures at which the cyanides

were investigated the chain inhiiritor itseLf begins to decompose to

produce more radicals I511.

Snal.l ring ni.triles have been the subject of a few recent investigations

since small ring compouncl reactions are normally well behaved kinetically,

and they give strong indications as to the effect of substituent groups.

Their deconpositions can also be followed at lower tenpera'uure-c than the

alkyl cyarrides, thus avoiding higher temperat,,rre cornplications. Luckraft

and Robinson [34] followed the isonerization of cyclopropyl cyanide in the

gas-phase over 660-760 K and 2-89 torr within a batch reactor. Prc¡cluct

analysis was calried out by gas chromatograph)¡, and the reactions rvere found

to be first-order, homogeneous ancl u'raffected by the presence of radical

chain inhibitors. Cyclopropyl cyanide isomerized to give cis- and tr¿rns-

crotonitrile, and a1lyl cyanide, with a trace of meth;,*l vinyl c1'arricle. The

overall rate constants were given by

1og (k, sec-l) = [14.s8 1 0.08) - (52.9 I 0.Ð/e

and on the basis of a biradical rnechanisrn, a cyano siabiTizatÍon ener:gy of

7.2. kcal/rnole nay'be calculaied

Kinetic data for the gas-phase pyrolysis of fjve cyano-surbstituted

cyclobutanes have been reported by Sar:rer and coworkers [55.] G¿rs

chronatographic analysis of the products formed shrolvccl then to he entirely

analogous to those fourd in reactions cf the parent hydrncarbon.s" Tlvo sets

of runs were carri-ed out for the pyrolysis of cyclobutyl cya:ricle over the

tenperature range 726-792 Y', an<l tlie activation enbì?gies ob-uainec1 weLe

identical (56.6 kcal,/mole) for the two kineti.c luns, but differecl by a factor

of ca. 2.5 in A-factors and rate constants. A tl¡irri set of apploximate

¡neasurements was mentioned ir,w *uhe authors rvhich gave 'ralues intermeciiate beit+een

the above sets of data, but ¡r'ith a¡l incli-cation of a lower activaticn energy.

The average rate equation for the tlo sets cf cia'ra rvas
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1og (k, ,u.-1) = C15.3 + 1.2) - t56.7 ! 4.7)/o'

which leads to a resonance stabilization of ca. 6 kcal/nole b1' the

cyano group relative to a hydrogen atom. Their study of trans- 1,2-

dicyanocyclobutane showed that it decomposed to vinyl cyanide over the

range 593-683 K, but the reported A-factor of Io72' 
u 

,u"-t seems low

when compared to analogous reactions. fn addition, their determination

of 10-11 kcal/nole per cyano group for the cyano stabilj.zation energy

seerns high with that obtained frorn their cyclobutyl cyanide res¡rlts. The

fornation of the trans isomer cornplicates the reaction cf cis-1,2-dicyanocy-

clobutane, but indications were that the same rate equation governing the

decomposition of the trans isomer also fitted the data for the cis iso¡ner.

The deconposition of S-rnethylene-l-cyanocyclobutane also procer:ried via a

biradical mechanism to produce vinyl cyanide and allene. Ouce again the Á.-

factor and activation energy reported seem low when coinpared with

rnethylenecyclobutane.. Although the reactor used in their stu.dies has been

described as free from surface effects [36], this üendency of A and E Èo

be lower Ëhan e>çected ís indicative of some contri5utíon froin a

heterogeneous process. TtLe decompositíons of cyanobicyclobutane arrcl

eyanocyelobutene were observed by Sarner and coworkers to occull: via a

concerted mechanism and, as expecËed, the cyanogroup offered r.o addit-,i.onal

stabilizatÍon energy in the conee-rted reaction paÈh

Very recenËly, Bellus and Rist I37f, jn a study of the mechanj.sms of

pyrolysis of substituted bicyclo-i¡.2.2.01 - hexanes, reported on the pyrolysis

of 1,4 - dicyanobicyclo-12.2.0]-hexane. blMR measulements over the tempeiatlìTe

range 293 -323 K yielded the following rate e>çression

i.og (k, sec-l1 = (11.0 + 1.0) - (2i.7 ! L.ü/e

The activation energy when compared with that for the pyrolysis of

bicyclo - 1,2.2.01-hexarre gave 7.3 kcaL/nole as the stabilization energy per

cyano group. It shoulcl be noted that the sta'oilization energies cierived above

t
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for small ring compound pyroly-ses are quoted relative to Fi.

The isornerization of truo cyanides have been investigated and

reported, and frorn these the resonance energy for the effect of the

cyano group can be determined. Kistj akowsky and Smith [38] in 1936

obseryed the kinet.ics of the cis-trans isonerization of ß-cyanostyrene

over the ternperature range,581-651 K. Analysis was be means of a

refractometer, and it was found ttrat at pressures of 15-40 torr a surface

reaction was evident, rvhilst at trigher pressures (150-450 torr) it did

not interfere with the horuogeneous reac.tion. The high ¡rasssure rate Cata

rvas reported to be given by logCk, sec-li = (11.6 t 0.4) - (46.0 i 1,.0)/o

yielding Arrhen.ius parameters that are lower than expected from otlier

isonerizations. Holever, using a regression progr¿ùn on their data gave

log k = (I2.3 t 0.3) - (48.2 ! O.9)/0 v¡hich ,seems more accepterbl.fj. From

the activation energy a cyallostabilizatíon energy for the 'oii:adical was

calculated to be ca. 10 kcal/nole.

The cis-trans i.somerization of crotonitrile was reported by Butler aud

McAlpine [59], who also studied the equilibriun. Rate constants trere

meastrred over the range 673-833 K and 0.7 to 20 torr. Gas chrornatography

ana,1-l.sisrevealed a unirnolecular, first-order reversible reaction rçith 1og k =

(11.0 t 1.0) - (51 .3 ! 3.D/e. Surface polymer.rzation yieldecl a tatry

deposit at the higher temperatures. Their Arrhenius -parameters are relative-ly

iorv, but perforning a simple regïession ca.lculation on their data resultecl

in 1og k = (L2.1 t 0.2) - (55.0 I 0.6)/0, rvhich is appreciably clifferent

from that reportecl above. Taking th-i-s activation eneïgy, a resona'nce of

ca. 10 kcal is calculated for the effect of t-hr: cyaÌro group on the radicaì.

Very recently the strock tube cis-trans isonerizaLiot¡ of crotonitrile has beetr

examined by lvlarley and Jeffers [40] over the range 1060-1280 K, usi.ng the

relative rate technique. Chronratographic analysis of the product nj-xtuie

resulted in the following rate expression t
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1og (k, r". -l) = (15.2 ! 0.3) - (58.0 ! 2.0)/e

Extrapolation of their results passes very close to the rate constants of

Butler and McAlpine. Cornparison of the activation energy with tha.t- for the

isornerization of 2-butene [31] irnplies a ïesonance stabilization of ca.

8 kcal/rnole. Note that this calculation assumes that the energy for rotation

from cis to trans position in the biradical is the same for both compounds

t411.

I.5.2 Thernochenistrr

Although the thermochemistry of hydrocarbons and tlle ass<lcj.atecl free

radicals is known to a good degree of certai-nty, the data concerlling cyano-

substituted hydrocarbons and thej.r related free radicals are perticularly

sparse. In 1969, Benson and colorke::s [42] tabulated the thernochemistry

of several s tudies cyanides, and compared them wj.th the group additivity

predictions. ûnfortunately much of the data was the sole souïce trsecl for

deternining a Þarticular gïoup va1ue, and there v¿ere ferv reliable valtles i-or

On?. Recently, Hal1 and Baldt [43] deternined the enthalpies of formation

of several alkyl and cycloalkyl cyanides using a rotating bonb calorimeter.

Tley reporte<l that replacernent of H by CN in an organic -noiecule made

otT,rn, more posit:-ve by 24 kcar/mole, but this value is incorrect; analysis

of their results shcr,,'s that it is ca.30 kcal/rnole.

Free raclic.al species as reactive j.ntermedia'r:es âre involved in a r¡ast

majority of gas-phase reactions, and their thernochemistry is mcst accural.ell'

obtained fro:ri kinetic stuCies. The thernochemistry of free radicals has bt:en

discussed recentlT- by 0'Neal ancl Belrson |.44] and data on the o,-c1'a-noethyl,

and cya.noisopropyl raCicals hreïe included.Elowever the entÏralpies of fcrmaticrl

of these free raclicals were based uporr the stuclies of Hturt an<l coworkers [28]

an,J as e:çlained earlierthis work needs re-exanining. The group additivity

values derived for the abor¡e t'hree cyanoalkyl radicals tvere based rrpon

resonance stabilizations of approximately 11-13 kcal/no1e, which are high

compared rvith the more recent valttes of 6"7. 3 kcal/'mo 1e [ 34 , 35 ,37 f '



28.

1.6 The Present Investigation

The overriding aspect of much of the previous work on gas-phase

pyrolysis of organic cyanides is the suspicion that chain processes

occurred and heterogeneous reactions were present. Despite the

assurances that the reactions showed no changes when checked with chain

inhibitors and extended surface reactors, analysis of the Arrhenius

parameters suggest otherwise. Enough knowledge of transition-state

theory coupled with an understanding of molecular basis of entropy now

exists to put fairly rigid constraints on the values of the Arrhenius

A-factor for most elementary reactions [eO, 31, 45' 46]. Very often

investigators lose sight of the meaning of Arrhenius parameters; simply

plotting the logarithm of their experimental rate constants versus the

reciprocal of temperatures in their limited range, and with a least-

means-squares treatment obtain the intercept and s1ope, i,e. values of

the A-factor and activation energy. A slight change in slope of the

best-fit li-ne Iwhile still being within their error limits'of the data)

can often result in a change to the obtained A-factor of a factor of ten'

and by two or three kcal/mo1e in the activation energy. It is

important to realize that the theoretical calculational procedure requireò

the estimation of molecular parameters of the transition-state complex'

and as such is no substitute for highly reliable data. Converselyt

however, the calculations render obsolete all but the most precise

experimental data.

From the preceeding discussion it is apparent that a

critical re-examination of the aIkyl cyanides is

required to determine the competitiveness of carbon-carbon
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bond fission and hydrogen cyanide elimination. From these studies

thernochemical data on c,yanoalkyl raclj-cals can be deterrnined, as well as

C-C ancl C-l{ bond dissociation energies in a¡"r" cyanides. Reliable thermo'

chernical knowledge on free radicals is very necessary for the formulation of

possible reaction mechanism for a cherni-cal reaction.

An excellent technique for following rinimolecular reactions, and

ensuring that secondary reactions are elirninated is very low-pressure

pyrolysis (VLPP) 1471. This technique gives dir"ect quantitative informati.orr

on the reaction occuring, and since the collisions are preclor.tinately gas-

wall rather than gas-gas, due to the low pressures, secondary reactions

are virt¡ally elinrinated" A description of the technique is given in Chapt-er'

Z. Dr. K.D. Ki.ng of the Chenical Engineering Department of the ilniversíty

of Adelaide, has recentl,v const:ructed such a system 14B], and ha.s petmitte'J

parts of this investigation to be carried out usi-ng it. Two couventional

reactor systems rvere clesigned ancl construc-ted to enable studie-s to be made

of cyanides ruhose reactivity and physical properties hinderecl their study

by the VLPP pechnique. A stirred-flow reactor, and a batch Teactor connected

to a vacuurn line, were built in the labolatory. A ga.s c.hromatograph was

used for analysis.

Sjnce most small-ring cornpound reactions are kinetically straight

forward and normally free from radical processes and surface effects, it r';as

clecided to stu.Jy the decomposition of c¡rçl¡5utyI cyatii<ie first- The rate

e4ression obtained wo'rld then be able to be c.onpared rvith the tv:o 'fiffering

sets of data reported by Sarner and cor,vorkers i351. The investi.gation ruas

carried out in the \¡LPP systelïì, and the resul.ts t,tere hcped tc be infornati'r,'e

on the pyrolysis of cy.--.1,rbr-ttaïìe t49] r:arried ortt in a si-lnilat' s)/steln, but

rvhich had given inconc.lusive results. A .'o11olr'-up inv-^stigation of the

decomposition of cycloprop-vJ. cyanid.e using r/LPP rvas attenpe<i as rvel1, but

provecl inpractical, since the rnss spectra of the cyanide and its pÍoducts
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did not have any unique peaks with which to monitor the pyrolysis.

After fanLiliarizing myself with the VLPP systen by follorving the

above biradical decomposition, the pyrolyses of a series of alky1 cyanides

vrere caïried out. The kinetics of the deconpositions of ethyl cyanide,

isopropyl cyanide, n-propyl cyanide, Ðd tert-butyl cyanide were exanrined;

n-propyl cyanide not having been studied previously. Carbon-car'oon bond

fission and hydrogen cyanide elirnination were the probable reaction pathruays,

and the study of the series was hoped to clarify the confl.icting observations

of Hunt and coworkers [28] and of Dastoor and Emovon [32] , amd to detelmj.ne

to what extent secondary reactions were involved in their work. In acidition,

inforrnation concerning the cyanomethyl, a-cyanoethyl, and cr*cyanoisopropyl

free radicals would be obtained. Most of this work inr¡o1ved the VLPP

technique, supplernented by the stirred-florrr system which could follow nore

closely the experimental conditions used in previous j.n'l'estigations. The

upper ternper.ature lilnitation of the \¡LPP appa-ratus neces-*j-tatecl, the kinetics

of the ethyl cyanide decomposition to be studied in the flow system only.

Due to the distinct possibility of secondary reactions occuring at the

terperatures of this inves-uigation, the use of an efficient chairr inhibi'uor

was required. The large yield-s of hydrogen, observed by tlunt anil coivorkers

during the pyrolysis of ethyl cyanide, r,rlas also examined.

these investigations of the a1kyl c.yani.des rev-ea1ed that h7d::ogen

cyanide elimination t{as a minor reaction pathnay accounti.ng for iess than

lO% of the overall decornposition. To enable the elimination reacti-on to bc

f,ollowed rnore close1¡', and obtain more inforination on its kinetic. pa-ra:neters,

entailed the investigation of cyano conpounds in which the carbon- carbc;i

bonds adjacent to the CN group are stronger relative to those in the alhyl

cyanides. Cycloalkyl cyanides such as cyclopentyl cyanide or cvclchexyl

c1'anide seemed suitable, anrl could be folloled wj-th litt1e difficulty i.n th+

static and flow systems.
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The effect of more than one cyano group on the bond strength of

the adjacent carbon-carbon L¡ond would be of v41ue in checking against

the stabilization energy obtained from mono-substittrted cya.no coinpounds.

Since the investigation of Sarner and coworkers Ï341 on trans -I,2-

dicyanocyclobutane required a re-examination, this conpouncl was selected

to observe the effect of two adjacent cyano groups. The resultant biradicai

should be doubly stabilized since conjunction with both cyano groups is

possible at the point of ring breaking. Studies of decompositicns of

divinylcyclobutane and 1.,2- climethallylcyclobutane [50] show that the

biradical was stabilized in an additive fashion.' Be1lus and Rist [57] have

studied the pyrolysis of 1,4- dicyanobicyclol2.2.0l hexane, and found it to

give a stabilization energy pe1' cyano group in good agreernent with tirose

obtained from cyclopropyl cyanide [34] and cyclobutyl cyanide [35].
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CHAPTER 2.

EXPERIMENTAL TECHNTQTJES

The investigations r,¡ere conducted using three reactor systerrs i-n

order to obtain results over a wide range of conditions, These systens

wele

(1) Very low-pressure pyrolysis technique, which involves- a high

tenperature, steady-state, stirred-flow reactor operating at

the molecular 1evel. Reactions r{ere monitored by means of a

quadrupole mass sPectrorneter.

(Z) Conventional carrier-gas florv reactor:, operating at atmospheric

pressuïe using a vycor reaction vessel connected to a gas

saturator. Procluct analysis vlas by means of gas chromat'ography'

(S) Conventional static (batch) reactor, wirich used a V1'cor reaction

ves.sel connected to a Pyrex high-vacuum Iine., The counse of the

reactions could be fol lowed by gas chlolnatography and 1,:ressure

measurenents via a pressure tra¡sducer.

Each system had its purposes and limitations of range, and sone c'oillpounds,

due to their reactivity and physical propertj-es, were oniy abLe to be studied

in one of the reactors.

Before describing each reactor systern and the proced.ttres of 1:r:ocluct

analysis, the preparation and purificatj.on of the rnater:ials used j-n thi.s

study are discussed.
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2.1 Preparation and Purification of Materials

Most reactants, and cornpounds required for characterization of

pr,oducts, r¡ere obtained cornrnercially, in the highest purity available.

The follorving procedure described for one of the reactant compounds

was carried out for all the colrnerciall.y obtained rnaterials. A few

nillilitres of cyclobutyl cyanide (frorn P.C.R. Inc.) were thoroughly

degasseC using liquid nitrogen and a high-vacuun line, before being

pumped on at < 5 x 10-3 torr: * for at least five minutes. Vacuum

distiliation -oulb-to-bulb was then calrj.ed out a few times' Prodt¡ct'

purity rvas checked by either mass spectrornetry or gas chromatography. -'fhi-s

was performed each time the naterial rvas required. The following materi-als

we1.e treated sirniLarly : isopropyl cyanide, n-propyl cyanicle, tert-butyl

cyanide, vinl'l cyanide , allr*L cyanide, crotonitrile, cyclopentene (a1i fronr

Koch - Light), methyl cyanicle (Ajax, Llnivar), nethyl vinyl cyanirie (Eastnian)

ethyl. cyani<lc (K ç I( Laboratori-es) , cyciopentyl cyanide (Fluka) .

Hydrocar.bon gases were obtained frorn lvlatheson and were of C.P, grade.

Ethane, ethylene, propylene and isobutene were degassed before use, whilst

methane was used directly. The gases were used only for identification and

calibration purposes. Argon (from C.I.G, high puritl' dry) was required as

the internal standard for monj-toring the VLPP reactionsr âncl. i.t ivas useci

directly.

trans - 1, 2-DicYanocYclobuta-ne

The riicyanide is corunerically avaiLable as a mixture of cis and trans

isomers , anð. a snall amount cf the material was obtained from Aldrich'

Information coltcerning its physical properties was obtaine'J fron patents

[51], v¡hich r+ere lieipful in determi.ning the boi.ling pot'nts c¡f th'e isonie::-q '

rall

*, Throughout tiris research, I torr = 133.322l n-2 iD s.I. units

of the
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dicyanide is between 100-150oC, rvith the trans iscmer boiling point

being approximately 30 C less than that of the cis isoner. With such

a difference in boiling points, it was e>rpected that the mixture coul.d be

sqparated into its isomers with a good degree of purity by using a vacuum

distil lation co lunn .

Vacuum distillation was carried out in a seni-micro apparatus consisting

of a 50 ml. still, a jacketed fractionating colunn, an air condensor, and

5 rnl. bottles for collection of the fractions. The still was heated by an

oi1 bath, the temperature of which was monitored by a thernometer, an<i the

temperature at the top of the col.unn also being foll.owecl by thermometer.

About 10 n1. of the dicyanide were added, and at atmospheric pressure,

the mixture was observed to melt at 40-50 oC. Tire apparatus was evacuated

via a cold trap by a rotary purnp, anC the pressure within the equipment

was maintained at ca. 0.5 torr. At this pressure the sti11 was heated

slowly until the to1> temperature rose suddenly and steaCied. The first

f-raction was collected at a bath tenperature of 125oC and a top tenpeïature

of 87oC. After sarnpling 2-3 m1s, a second fraction lva.s taken uniil the

temperature dropped (indicating the end of the trans iscmer). Heat was

increased to the still until the top temperature rose sharply and steadi-eci.

The condensate was initially collected in the seccnd fraction bottle, before

the third bottle was used the fraction. Cond-itions for this fraction rvere

a bath temperature of 155oC and a top tempeÍature of 110oC. Distill.atiori

was continued until only a sinall amount of naterial was ieft in the still.

Gas chromatography was used to determine the purity of the flac.tj-ons.

Using a I0% w/w Apiezon L colirmn at 130oC wrth hydrogen flatne ior¡i:¿aiior-i

detection, the first fraction was found to be better than 99e¿ pure in tlans-

1,2-dicyanocyclobute-ne. The second fraction r^Jes a mixture of the two

isomers, whilst the third fractiort consisted of about 98?¿ cis 1,2-

clicyanoeyclobutane. For this i¡rvestigation, only thc thermal deconrpositiorr
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2.2 Very Low-Pressure Pyrolysis (VLPP) Technique

One of the greatest difficulties encountered in the exçrerimental sturly

of kinetic system.s is that of secondary reactions. In the nid 1960rs

Spokes and Benson [52] constructed a system v¡hich gave direct,.quantitative

information on gas-phase reactions operating at the rnolecular 1eve1.

The principle behind the scheme- was to flow a reactive gas at very low-'

pressures into a heated K:rudsen cehl where it would cleconpose uniltiole-

cularly, and then the products and reactant ttould flow mol.ecularly through

an exit hole to a Ìnass spectromcter where they woul-d be analysed directly.

Due to the lorr p1.essuïes the collisions betv¡een -species are predc'rninantl¡'

gas-wal1 rather than gas-gas, and thereby no secondary reactions ()ccur.

The question of heterogeneous reactions nìa.y occ.ur to the reader'. Ilowever,

heterogeneous reactions are usually slow reactions requiring a molecul.e cr

radical to reside on an acti.ve surface site for chcmical- rearrangement.

Reeva-poration, with a very high A-factor ancl lov¡ activation enelîgy, i-s a

much faster competing reaction for the absorbed molecute than chenj-cai

reartangement, which has a low A-factor an<l moderate activation energy.

I1 addition, as the telïrperature is increased, the residence tilne of the

species on the surface decreases.

The applicability of this technique to the study of uninclecular

reactions has been well substantiated l47l I'he rate cc¡nstant data

obtained lie in the fall-off region, and in conjuncti.on rr'itlt RRK(¡4) theor'¡,

can yield high-pressure activation energies , if a reasonable transition-

state model can be made to estinute the activation entropy. VLPP is a

useful nethcd for obtaining heats of formation cf free raCicals fotmed in a

unimolecular bcnd hornotysis, as rvel1 as activation errergi.es for concerted

processes.



2.2.1 Description

The apparatus was constructed by'Dr. K.D. King of the CJremical

Engineering Departnent of the University of Adelaide [48]. A brj-ef

description is given here. The design hras based on that known.as VLPP-I

at Stanford Research Institute, Menlo Park, California. 147,52,53). The

:reactor was of similar clesign to the ritriple-aperture reactorrr [531 depicted

in Figure 2.1, and was made of Vycor and had a reactor volume of 161 nls.

It was heated electrically and housed in a cylindrical furnace rnade of

Incoloy DS; the temperature of which could be controlled by a Eurotherrn

PID/SCR controller to better than I .K.

The reactant flow rates r,ùere measured by observing the pressure drop

per unit time frorn a calibrated volume 'chrough precision-boré capillaries

using a Celesco P7D dj,fferential pressure transduc.er. Product and reactan'¿

gases effuse from the reactor into the ionization chamber of. a quadrupole

mass spectrometer. The analyser head of an EAI Quad l-11Oit nass spectrorretel

was flange mounted inside a I52 mn i.d. by 279 mm long cylindrical stainless

steel vacuum charnber, such that it is in direct alignment with the exit

bearn of molecules. The pressure Ì,vithin the chamber rcas ¡ronitorecl by an

AEI VC20 Ion Gauge. 
^ 

L02 rnn í.d. stai-n1ess steel elbow connects the c:hamber

to the vacuum purnping system, rvhere a 650 litres/sec rliffusj-on pump baclced

by a 10 cubic metres/hour single-stage rotary pump e\¡acuated the chainbe:r

through a liquid nitrogen cold trap. The base chamber pressures was cã.

2 x 10-7 torr without trapping and ca. 6 x 10-8 torr with liquid nitrogen

t:rapping. The highest pressure during l<inetic rurs did ncL rise above

ca. 10-5 torr at the highest ïeactant florv rates. The nass spectra ivere

monitored with the Quad ccntlol console oscil loscope and recorcied v;ith a

Gorrld Rrrrch qOO X-Y reeor.der Two r¡iews of the VT,PP qvstem are nrr:sented

in Plates L and 2.
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THIS SECTION IS REIVIOVABLE
THROUGH JOINT

3.3 mm
APERTURE
PLATE
MANIPULATOR

1 mm APERTURE PLATÊ MANIPULATOR

GAS INLET TUBE

1 Mm APERTURE PLATÉ

3.3 mm
APERTURE PLATE

APERTURE PLATES MAY BE
INDEPENDENTLY MOVED
TO COVEB 1 cm HOLE PLATE

I cm HOLE

Figune 2.I The triple-apel?ture reactor.

6'

I
I
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PLATE 1. View of VLPP System

The vacuum line precision-bore c-apillaries are
shown at the left. The triple-aperture reactor
and furnace are mounted on top of the stainl,ess
steel vacuum chaniber. Quad control console,
ionization gauge meter, and X-Y recorder are shown
to the riþht.
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PLATE 2 View of VLPP reactor and analyser

The triple-aperture reactor js housed in a

cylindrical furnace on top of the vacuum
cñanber, while the mass spectrometer head is
rnounted from below in alignnent with the exit
bean of molecules.
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The conditions in VLPP correspond closely to those in a stirred flow

reactor [SZ]. The pathways for a reactant molecule A can be

represented by

41.

(z)

(¡)

(+)

ín the absence of any secondary reactions.

Thus [n]== =m;ffi
where Inl__ is the steady-state'concentration of A in the reactor of

Þ JSS

(r)

and N
A

, volume V,

is the steady-state flow rate.

However, it should be noted that kr. depends on the average molecular

speed¡ and this is the important difference between the stirred flow

reactor equations for high and for very low pressure.

From kineti-c theory, the rate constant for escape from the reactor

is given by [szJ

sec

where V is the reactor volume, in ct3,

ã is the mean molecular speed, in cm/sec, and is given by

kinetic theory as

;

products (pP + qO)

escape through aperture

T
M

BRT
nM

¿,1.46 x 1O'

V

A

kea

k
unr-

k
ea

c- n,ne

-41/-

and A-- is the effectj-ve area of the ho1e, in cmz; calculated from
ne

Ah" = Af, Cf, where An i-s the aperture area and Cn is the Clausing factor

for the shape of the hoIe.*

Thus k = 3,65x103ea
e

Ah lr
JM

The escape rate constantso fo" the VLPP system [4el used in this

research are shown in Table 2.1 .

o 
Th" Clausing factors and escape rate constants were calculated by

Dr K.D. King in the same manner as outlined in reference [53].
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Tab1e 2.1 Apertures and Escape Rate Constants.

Hole diarneter, \ ct \"x 103,

cm2

x 103,

cm2

k

cm
ea'
sec-l

0.108

o.327

1.00

9. 18

83. 8

78s

0. 935

0.937

0.-87

8.58

78. 5

683

1'he average nurnber of collisions with the rvalls , Z*;.rnaCe by a

molecule during its residence in the cell is given by the ratio of the

reactor waI1 area A.r, and the escape aperture area \. In this system

the reactor collision nurnbers were 19,550,2,I40, and 246 for the 1.1 mn,

3.3mm and LOmm apertures respect-ively. The frequency tr-i of collision of

the average molecule with the reactor walls is given by

c AvTû)= Zk=wea (s)

Ttrus o = 3.8 x 103 ,l-¡trl based on a reactor surface area of 167 .7

cm2 and a volume of 161 cm3.

For the irreversible unimolecular reaction

d_-+ pP + qQ

the typical stable product P has a steady--state concentrat.ion given by

P k*,i [o]r,
TP]

SS

=ftea
k IP]eF SS

pk tAlea 55

keP (6)

Thus k
un1

= ku. ,_-åU-l (8)

Alternatively, equation (.8) can be written as

(7)

Ik - =ftun1
A

ea I
A

I o
A

(e)
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v¡here IO is the intensity of the reactant peak at ternperatule T,

and I^o ir the intensity of the same peak at a ternperature below
A

which no decomposition occurs.

In terns of product formation, korri = k"" o i
PIR

where c is the calibration factor determi.ned by rneasuring In,,'fA

for known mixtures of P and A.

2.2.2 Experimental Procedure

(10)

Before kinetic runs could be carried out irr the VLPP systern, a gas

mixture of the reactant and internal standard was prepared on the vacuutn

line accornpanying the system, and then stored in one of the storage bu1bs.

When the pressure in the ionization chamber was ca. 6 x 10-8 torr, the

background rnass spectra was recorded. 'fhe reservoir of react-ant and internal

standard was then opened to the VLPP aparatus via one of the precision-bor,'

capillaries. Fl<¡w rates through the reactor hrere able to be selectecl from

ca. 3 x 1014 to ca. 2 x 1016 molecules/sec; the highest pressure in the mass

spectroneter chamber being less than 10-5 torr. After allowing at least

twenty rninutes for the reactor to cotne to therrnal equiiibriun the selected

mass spectral range was recorded on the X-Y recorder, and the l:cactor

tenperature measured. The background contribution to the peaks nsed tcr

rnonitor the reaction were then subtr:acterl . 'rVhen using the 1.1. nm aperture

and the 3.3 rnn aperture at low decomposi'lions, the reactant to internal

standard ratio at zero decompos.ition r,¡as checked by reco::ding the mass spectre

with the 1O mm aperqure. setting. At the enti of a series of runs for the day,

the reactant - internal standard reservoir was f.urneci off, and the base

pressure in the system and the backgrotmcl spectra were checked'
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The kinetic data obtained fron this VLPP apparatus has been confirme<i

by the investigation of two reactions (one molecular and one raclical)

[48] which had been investigated previously in the VLPP systems at Stanford

Research Institute. These reactions were the :nolecular eli.nination of

hydrogen iodide from isopropyl iodide Í47,531 and oxygen-orygen bond fission

in di-t-butyl peroxide I54l The Arrheni.us parameters of these reactions

are very different, anci required the VLPP system to be tested over a. wide

temperature range. The results showed excellent agreement r';ith the other

studi.es, and clearly indicated that the system in Adeiaide yields accurate

and reliable kinetic data.
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2.3 Stirred-Florv Reactor System

Due to the tì.nherent uncertainties regarding the temperature and

flow conditions r,¡ithin a tubular florv reactor [55], it was decided that

a stirred-flow reactor would be a more versatile system to operate.

Cornposition throughout this form of reactor is uniforn due to the stirring

which also helps attain rniform terperature conditions. In addition the

effluent gases flowing from the reactor vessel have the same steady-state

composition as the contents of the vessel. Reactions can also be follolvecl

to higher conversions than tubular florv reactors wh-ich operate at 1ow

conversions and pressures.

The theoretical basis is as follolvs:

consider the unimolecular reaction scheme, A * FP + qQ, then fo-l'a-n icieal

contj-nuously stirred reactor at steady.-state operation

R=-åi = I [ror"-rAr] (ir)

[Al"n ¡\

where U is the volunetri.c flow rate through the reactor,

V is the volume of the reaction vessel,

and x is the fraction of decornposition.

Thus k - R

tAl
lAlo - IAIU

v
(t 3)

tAl

In the case where a carrier gas is usecl to transport the d.ilutecl concent*

ratj-on of reactant through the reactor,'uhen changes in the mol.ar flow

rate of the streams are insignificanE. Thus the flow rate thlor.rgh the

apparatus is only Cependent on the tempei'ature. The measure.i volu¡itetric

flow r:ate nust be corrected to the reactoi'tenrperatr.rre-. and this is achieved

by nurtlpryrng by tne ratlo Ireactor/ rfrorvmeter.
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2.3.I Ðescription and procedure

The flow system apparatus is presented <tiagrarnìtìatically in Figure

2.2, and shown in Plate 3. rt r,/as constructed by incorporating the

general techniques of Herndon [56] and the stirred-flo¡v ïeactor design

of Mulcahy and l{il1iarns tSZl. A oimilarsysteìn [58] was used for. gas

kinetic studies at university co11ege, London, and was found to,u-ield

rate constants in good agreement with those obtained by both static
and flow methods

The nitrogen carrier gas with reactant vapour ü/as injected racli.ally

into a spherical Vycor reaction vessel from a snal1 perforated sphere at

the centre. The reaction volume within the furnace r4ras neasured to be

179.5 m1s. Housed in a well of the vessel, a chrornel¡/alunel, therorncouple,

calibrated against a platinurn/platinum - 13 rhoclium thermocouple, ruas nsed

to measure the reaction temperature, being considered accurate to ltj.t¡in
+ 0.5K. Before installing the reaction vessel, experiments wer* c.arr.ieci

out to obtai.n the rnixing requirements within the vessel by clií'fusio¡ anci

forced convection. The diffusion mechanis¡n was checked by passing nitrogen

through the reactor and then introducing nitrogen c1ioxide; a rni¡Ì-nurn floi*

rate'for nixing by diffusj-on was determined. Force,J convec.tj,on \däs observed

by adding dyestuff to v¡ater flowing th::ough the vessei. O¡l tìre besis of
dynamic sinilarity (or equivalence of Reynoldst numbcrs) the ternper.ature

dependence of the mixing mocies was examined., and a nri-nimunr flc,,u rate of
4' 20 nls/sec through the reactoï r^¡as for:nd to satisfy good mixing criteria
up to 700oC, whi Ie 25 rnls/sec was required for 7û0.^8J0oC. The surface to

volume ratio of 0.9 for this reactoï vessei r,;as able to be t:a.iserl by tht:

adcij.tion of lengths of silica tubing, 10 nrn by 2 mn i.d. (0.6 nnr r+'al1

thickness). The addition of 170 such lengtlis resulted :-n a reaction voiune

of 171.0 mls with. a threefold increase i.n the surface to volume ratio.
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PLATE 3 View of stirled-flow reactor system



oo
t 't

æ

a?+ì

;i

0

tt
,i
I
t
rt

rif



49.

The reaction vessel was located ruithin a vertical electric f-urnacci

230 rrn long by 90 rnn internal diameter (6 nrm thickness), rnade of 327

stainless stee1, whic)r was wound wítfr. 80/20 nichrome resistance wire.

The wiring had three sections whose heat input were adjusted by varying

the resistances that shunted the wiring, to give a ruríform temperature

gradient along the furnace. Six chromel/alume1 thernocouples were located

in the walls of the furnace, to check on the'lemperature uniforrnity and

one was used for control by a Eurotherm contr:oller, type 017. The

temperatures of the six thernocouples varied by no more than ! 2 I( at

973 K, and the variation within the vessel would be much l.ess. The furnace

was housed with a 340 mm long by 255 mn diarneter asbestos pipe rvith

vermiculite being used as the insulation mediu:n.

Nitrogen (C.I.G., high purity dry) was regulated by valves and a two

litre buffer vessel followed by an Edrvards 0S1D needle va1ve, rr'hich contr:ol1eá

the flow rate through the system. The carrier gas strearn cou1rl then be .

bubbled through liquid reactant in a saturator, which use<i a sinteled giass

distributor to obtain a large gas-reactant surface contact. The saturator

(or vaporiser) r¡ras r,^rarmed by placing it in a water bath, coirtt:ollerl by an

on-off detector, to enable the vapoul pressure of the reacl"ant to ì-:e raise'""

if necessary. The reactant-saturated nitrogen was then pêssed tÏtrcugh a

1145 nrn by 10 mn diarneter' length Pyrex preheater which coul d raise the

te,'nperature of the gas to appïoxina,t-ety 30OoC before entering the ftirnace.

A sampler consisting of a BI4 joint ruith septurù cap hotder was locatecl

irnmediately before the reactor. From the reactor, the effluent gas stream

passed through another sampling part [the exit ]-ine being warned to about

80oC to prevent condensation) and tiren to c+ither trapping, soap-buL'ble floi,t-

meter or exit. Product analysì.s of the irrlet and effluent strealns was b1'r

gas chromatography.
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2.4 Batch Reactor System

Batch (or statri-c) Teactor systems are widely used for kinetic stuclies

of gaseous reactions. This is because a known concentration of reactant

can be placed r,¡ithin the isotherrnal volunre and the change in its concentrat-

ion with time calr be follorved accurately. The batch leactor has a much

larger temperature range than some flow systerns, in that the residence time

rvithin the reactor can be extended fron minutes to hours.

2.4.1 Description

The apparatus is presented diagranunatically in Figure 2.3 at¡d shov¡l

in Plate 4. The techniques of hlaccoll [59] and Swinboulne 160l were

incorporated in the cr¡nstruction of the system.

Reactions were carried out in a Vycor rea-ctor vessel of 391 mls

capacityrand surface-to-volume ratio of 0.94 ctil l,housed within an

alunrini'¿m a1lo¡' therrnostat. The reactotî r{as connectecl to a high-1¡acutull

system, aud coul.d also be connected to a Celesco P7Ð diffe::ential presstrl'e

transducer head r,¡ith a resultant dead-space of 6.7 rn1s. A chromel/alumel

thermocouple, calibrated against a platinun/platinun-13 rhoclium thermocouple,

was inserted in the thermorveil of the vessel, and this wa.s used to measure

the reactoï temperature. The thermocouple was considered acc'ura1,e to

within 10.5 K. An extended surface reac.tor ma.de from Pyrex, witlr sirnil-ar

Cirnensions to the trlcor vessei br.rt packed with thin Pyrex tubes;'wa-s also

consttlrcted. It has a reactoÌ'volume of 277 ml-s, ancl a surface-to-volìline

ratio of approximately 13.5 cn-ì. The thernosta-L was constructeC of an

alumini.rim al1oy 42011 in the form of a c:ylinder 115 run diar¡eter by 305 rnm

length, rvith a cylindrical recess of 80 rnrn diameter by 275 rrm depth to

acconodate ihe reactor vessel. A cap of sjnilar matel'ial fitted o1Ì top.
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PLATE ¿i. View of batch Teactor systen.
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Heating was provided by means of 80/2ù nich::orue resis'cance wire wound

arowtd the outside of the thermostat b1ock. To ensure unifonn control

of the temperature along the therrnostat, three windings were used, with

the top and bottorn windings woturd more closely spaced at the ends to reduce

the effects of end heat 1oss. The resistance wires were wound onto asbestos

paper and covered with alumdum cement, and are connecterl to the main via a

variable transformer. The thenno.stat has six chronel/a-lunel thermocoupl.es

located along its length to check the unil-blnity of the temperature. They

can each be connected via a switch to a Etirotherm indicator controller, type

070, which is connected in lj.ne with the load around the thennostat. A

temperature distribution study about the therrnostat and within tire reactíon

vessel over the range 200-550oC showed it to be uniform rvith a graclient- of

less than 0.soc.

TTle vacuum system backing the reacti.on vessel contains a manifold fo::

the addition and removal of materials, two manometers (mc;rcury a¡rcl di-n-but;ti

phthalate) and large storage bu1bs. The apparatus could be evacuated to

about 2x10-4 torr by mearìs of a two-stage mercury diffusj.on pump backed by

a twin single-stage rotary oil purnp. A Sadla-Yac pirani gauge was used to

rnonitor the pressure. All vacuum lines of the apparatus that a:re used for-'

handling condensible materials were wound nith resistance wi:re, ancl the

transducer head was located v¡ithin a'thot boxrt. Thes,e vacL:LrÍì'r lines and the

hot box r^¡ere normally maintained at about BOoC.

2.4.2 Ex¡rerimental Procedure

To carry out a kineLic run, the reactor systen rvas completeJ-y et'acuated,

and the transducer zeroed. Âir uas adnittcd to one side of tlie diaphagirr

to a pressure approxinately ec1ua1 to tha.'i anticipatecl as the initi.al press',rle

distilled quickly into the reactor until the transducer:reading rvas ::eroed,
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and then a stopnatch was stalted. The pyroiysis could be followed by

monitoring the pressure change with tirne, if a rnolar change is involved.

At the end of a run, the reaction mixture vlas trapped with liquid nitrogen

in a large sarnple co.llection vessel of approxirnately 1200 nls. These

vessels had a septurn cap holder incorporated in their design. After

bringing the contents of the vessel to atmospheric pressure, by bleeding

in high-purity nitrogen via a rubber b1adc1er, satnples of the neaction

nixture were irrjected into the gas chromatograph for analysis. The product

analysis by gas chromatography has been described in section 2.3.2"
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CHAPTER 3.

RESULTS

In this chápter, each conpound investigated during the

research progïam is dealt with in turn. Each sec*-ion on a particular

cyanide clescribes the techniques used, the results of the experinental

runs, and the derivation of kinetic paranetels. The experirnental data

and caliL.ration plots used to calculate the percentages of

deccrmposition and ïate constants summarized in this chapter ' are

collated in the Appendix. Discussjon of these results is contairled in

Chapter 4. However, certain parameters derived in this chapter for some of

the cyanides studied in the early steges of the research progran trr'ere

used to anticipate ncdes of decomposition and their kinetic parameters

for the later stucliecl compounds. l"{ention is madé in the chapter when

such an estination was used.
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3.I Cyclobutyl Cyanicle

rt was decided to use the vlpp tdchnique to obtain more

accurate data for the decomposition of cyclobutyl cyanide, in order to
clarify the two differing sets of data reported by Sarner and c.oworkers

[35]. Although Arrhenius expressions r{ere not reportecl, a least-squares

treatment of their results gives

1og (k, sec-t ) - (rs . 4t0 . 2) - (56 .6!0 .7) /O ancl

1og (k, sec-1 I = (ls.0i0.3) _ (s6.ór0.9)iO

for the first and seconc sets of data respectivery. For the 1-lvo sets

conbined

tog (k, sec-t) - (1s.311.2) - (56.7!4.r)lO

this being the equation quoted by Sarner and qov¡orkers without error

limits.

Ethylene and vinyl cyanide (vcN) rvere fou¡rd to be the only.

pïoducts. The reaction was followed quantitatively b1, monitoring the

disappearance of cyclobutyt cyanide (c-BuCN) at tTìe mass spectral pea.k

n/e = 54 amu, and the fornation of vinyl cyanide at peak n/e = 53 amu.

Argon (m/e=40 amu) was used as an internai standard. By prepar-ing known

rnixtures of vinl'l cyanide and cyclobutyl cyanide on the vacuum 1ine,

and allotving this to effuse into the jonization chambe::, the mass suect.ral

peak sensitivities were cali.brated. Irive mixtures wel'e preparecl ancl it
was found from a linear regression progran that

[VCNJ / tc-sucN] = (I ss/ Is + - 0.1007) /0.Agtl

This relationship was then included in a conputer plogranl rvritten to

calculate the unirnolecular ïate constants from the tenperatu're of the

cyanide and cyclobutyl cyani<le.

à(
Pefer to Appendix 4.3, page 210.
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TABLE 3.1 VLPP RESULT'S FOR CYCLOBUTYL CYANIDE

(Z = 19,550, flol rate = 5.6 x loramolecules/sec)

% deconposition

a b
Run Tenp

K

kunic-BuCN
decay

VCN

formation -tsec -

CB El

82

B3

84

92

85

87

8B

93

89

94

95

96

97

98

99

100

101

8s2.8

844.2

854.2

863.7

863.7

873.s

882 "7

893.0

902.8

904 .1

9L2.9

932.3

933.2

941. s

953. 3

964.2

972.9

983. 8

'12.0

L6.4

20.t

23.9

25.3

30. 1

55.8

42.8

51.1

48.5

s7.9

63.3

68. 0

71..8

76.9

80.7

83. 5

86.4

9.4

13. 0

L7.s

22.0

22.9

27.7

3s.2

39.9

47 .4

46.r

54. 5

59 .5

55. 3

f¡9.1

74.s

78. s

B1 .4

84 .5

0.084

o.r23

0.159

0.199

o.2r

0.27

0. 56

0.4 8

0.68

0.61

0.90

].13

1 .40

1 .68

2.22

2.79

3.47

4.30

a
Flow rate = 3 x 10r i molecules/sec for Runs CB 81-89

C)'clobuty1 cyanide cìi-sappearance.
b
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TÁ,BLE 3.2 V[,PP Results f,or 1 obu I ide
Z = 2.140. Flow rate = B-9 x I moleculesT'sec)

% decomposition

a b
Run Tenp Ç-BuCN

decay
VCN

formation
k

K
uni
sec -1

CB 45

314

46

32

47

35

48

34

54

1034

55

104

35

56

105

36

106

57

37

IIJT

58

3B

108

39

40

902.8

922.9

923.6

933.1

942.t
952.6

962.9

970.6

972.3

982.4

984.0

991.9

993.6

1002.5

1003.5

70L2.6

1014. I
1024.5

1032.6

1037.5

1043. 5

1053. 0

10s9.0

r073.r
1093.2

9.9

17.5

16. B

19.8

23.7

28.9

32.9

4r .4

40. 1

54.3

4s.8

56.6

53. 8

.-s6.2

62.4

62.3

67.I
67.9

7r.2
75.r
75.4

7.7 .8

80.6

83.2
o'7 a

10 .4

18.1

17 .3

19.1

25.3

27.1

35 .5

40.2

s9.4

s0.2

45 .3

52.0

51 .3

s4. B

57.9

60. 3

62 .4

64.7

68.7

77.{,

72.0

75.6

77 .8

81.4

85.7

0.66

1.28

1.22

1 .50

1.83

2.49

3.02

4.4

4.2

7.4

5.3

8.2

7.3

8.1

10.5

10.5

12.9

i3.5
15.8

19.5

19.6

22.6

26.9

32.3

44.8

a

b

Flow rate = 3.3 x 10'" ¡nolecules/sec. for Runs CB 54-58,

and 4.7 x 10ta rnolecules/sec for Runs CB103A-108

Cyclobut¡'l cyanide disappearance.
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TABLH 3.3 VLPP Results fo¡: Cyclobutl'l Cyanide
(Z = 246, flow iite -= T:TI-f O--nolecules/sec)

Þo ilecomposition

a
c-BuCN
decay

VCN
formation

b
kuni

-isec '
Run Temp

K

cB8
9

l0
11

l2
13

T4

17

18

19

20

2t

22

23

962.4

982.7

1002 .0

1021.9

1042.7

1063. 0

r081.4

1081 .4

1105 . 4

TI2T.9

1143.1

Lr63.4

1183.9

1202.9

r0.4
13.9

r8.0
28.2

34.4

42.7

48.9

49. B

56.7

62.7

69. 9

75.3

79. I
83. I

9.9

15.9

20.I
26.4

34.3

4t.3
48.7

48.9

57. 0

63. 0

69.9

75.0

79.6

83. I

s.2

7.3

10.0

18. 0

24.2

54.9

45 .1

4(¡.8

62.4

80. 8

113

149

19s

244

a

b

Flow rate = 5.7 x 10ra rnolecules/sec for Runs CB 8-14

Cyclobutyl cyanide disappearance.
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The reiåults of the pyrolysis of cyclobutyl cyanide are summarised

in Tables 3.1 to 3.3. Pepentage of decomposition calculated from

reactant disappearance or product formation agreed to better than 5'/" i-n most

cases. The rate constants were found to be independent of the aperture

size and the reactant flow rates, which is indicative of a unimolecufar

first-order irreversible process lql).

Unimolecul-ar rate constants are a function of the collision frequency

ûr¡ and will be in the fa}I-off region under VI-PP conditions' The.Rice'

Ramsperger, Kassel (nnf) and Marcus (nnf<U) unimolecular reaction rate

theories provide a means for converting krni to k- (and vice versa) ' and

thereby obtain the Arrhenius high pressure parameter= A- and E"o '

gther studies of low pressure effects are carried out by measuring the

apparent first-order rate constant at a fixed temperature but successively

lower pressures. In the \/|-PP technique, the frequency of wall collisions

is fixed by the dimensions of the vessel, and the rate constants are

investigated over a range of temperatures '

Accordingly, if one of the high pressure parameters is known, then the

value of the other may be determined from a fit of krni versus T to a

computed curve, In general, A-factors for un|molecular processes can be

estimated with considerable accuracy if the process is unambig'o'= [30' 31 
'

AS], ttrus allowing E- to be determined frcm the fit. This is normally

the procedure adopted in VLPP studies '

The BRKM calculations were carried out with the assistance of a

computer paog"tt.o

As outlined in Chapter 1, section 1.3.3, the essential requirement for

applying the RRKM formul-ations is the assignment of the internal

vibrational and rotational modes for the reacting molecule and transitior¡-

Iex. fn addition the moments of inertia products of the speciesstate co

* The computer program was supplied originally by Professor B.S. Babinovitch
of the University áf Wasf ington. It has been modified and adapted to the
University of Adelaiders CDC 6400 computer by Dr K.D. King. The program
and its listing did not forrn part of this research programr âfld is only
outlined above. Details of similar programs are available on request
from various relia-bi;";;;;"=-(="r Appenãix 3, reference 117] ).
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are required. By adjusting some of the low frequency vibration

assignments, while still maintaining a reasonable physícal picture of the

mo1ecule,.the value of A@ can be altered to give the experimental value,

or if this is unavailable or unreliable to the value predicted from

theoretical considerations. The Arrhenius parameters and not the exact

details of the transi-tion-state model are important in determining the

degree of falI-ol=f llll.

Substituent groups that are attached to the tetramethylene biradical

can cause resonance to be set up with the unpaired electrons, stabilizing

the biradical and lowering the A-factor and activation energy relative to

the values for the pyrolysis of cyclobutane. This occurs when the

substituent group contains n-bond electrons, such as in the case of

isopropenylcyclobutane, where we have

a

The A-factor is found to be lower than that for cyclobutane by about

a power of ten, due to the loss of the hindered rotation of the vinyl

group in the stiffened resonance stabilized biradicaf IOt]. A biradical

mechanism has been assumed for cyclobutyl cyanide pyrolysis. Because of

the cylindrical symmetry of the C=N triple bond there are no such rotational

constraints in the biradícaI, but resonance stabilization should cause

changes in the low frequencyC-C - (Cru) anUC-C=N bends. Benson [AsJ'

in his book "Thermochemical Kinetics", has outLined methods for the

estimation of rate parameters, and if these are applied to the determination

of the transitiorrstate frequencies for the above bends, then it is found
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that tire cyano gïoup lowers the cyclobutane A-f¿rctor by ca. 100'usec-t

overall or l0o'tsec-t per reaction path. Luckraft and Rol¡inson [34]

found the cyano group lowered the cyclopropane A-fa.ctor: by 10o'osec"t p"t

path in the case of cyclopropyi cyanide. Thus from the observed A-factor:

of 101s' 6sec-r t61] for cyclobutane,resonance considerations favour the

lower A-factor (10t t'o sec-t ) found by Sarner and coworkers.

Although a complete vibrational assignment for cyclobutyl

cyanide has not been reporterl in the literature, Blackwel1 and cot'torkers

l62f have determined the ring puckering '.'ibration and the C - C = N bends '

On the basi-s of the frequency assignments for cyclobutane [63] and i'soplopyl

cyanide [64], the other frequencies for the cyclobutyl cyanide molecule

were estimated. 'The flequenc.ies are listecl rvith the molecular parameters

used for: the RRKM calculations in Table 3.4, and are averaged an<i rounde'l'

The mcments of inertia were calculated us:-ng the bond leng*"hs and angles

given by Durig, Carriera anrl Lafferty [65], and the collision diatneter rvas

assumecl to be approximated'by that for n-propyl cyanide (5.5Ã, [66]).

From the group additivity tables 1,421 tlte ntolecular entropy hlas predicted to

be Sos oo = 77.9 cal K-tmole-r, and the entropy calculatecl from the above

paraìneters lras made to agree with this value by slightly adjusting sone of

the lorc-valued frequencies. Based upön the following tralisition-state

st:r'uct--ure

îN.

\

the changes in nlolecular frequencies l{eïe estimated by the methods of

Benson [45], and by analogy with the transit'ion-state contplexes of
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TAtsLE 3.4 Molecular Par:ameters for Cyc lobut.yl C),anide Pyrolysis

Molecule Complex

Frequencies (cn-t )
and degeneracies

2eoo (7)

22so (1)

14so (3)

1300 (s)

11s0 (3)

s4o (3)

7oo (s)

600 (i)

4Zs (1)

300 (1)

230 (1)

17s (1)

r20 (1)

2soo (7)

22s0 (1)

14so (3)

1300 (s)

11s0 (5)

1000 (2)

ss0 (1)

850 (1)

700 (5)

400 (1)

200 (5)

r70 (1)

e0 (2)

b
15e (3)

1os (1)

70 (2)

89.3

I I (g .^')3 x 101 1 3rc'
B

t.27

1.0

5.5

77 .9

4.37

1.0

85.5

A

a
Signa

Col l isic,n diameter, R

Sosco , cal K-1 mo1-r

a
Signa o/n , where o is the symnetry number for external

rotation, and n is the numDer ol: opt1cal lsorllers

b
Denotes alterations made to give A- = 10r t' 'sec-t (see text) '
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cyclobutane [a9] ana isopropenylcyclobutane [Ot] . The breaking C - C

bond in the biradical was lengthened by 1Å in accordance with the procedure

of Fìabinovitch and cowor{<ers 169].

The molecular parameters shown in Table 3.4 were used j-n the RRKM

calculations, and yields an A-factor of 1015'0 u""-1 at 700 K. The BRKM

computed curve is found to fit the experimentally obtai-ned unimolecular

rate constants when E-(ZOO f) = 5?.0 keal/mo1e, as shown in Figure 3.1.

The spread in experimental data was small and an error limit of J I keal/mole

was found to cover the scatter, thereby givi-ng the Arrhenius equation for

the pyrolysis. of cyclobutyl cyanide as

loo k fzoo rl 15.0 (sz.o J 1.0) /e

(The parameters have been quoted for ?00 K in order to obtain a comparison

with the high-pressure dqta for cyclobutyl cyanide and cyclobutane).

The above A-factor was derived from resonance considerations which were

found to lower the analogous cycÌobutane A-factor by 100'6 =""-1.

However, a VI-PP of cyclobutane [49] has reported Amhenius parameters of

Ao = 1016'5 u""-1 and E-= 65.5 kcal/mole. Maintaining the difference

between the two compounds at 1OO'3 =""-1 per reaction path implies än

n5.9 -1A-factor of 10'''- =".-' for cyclobutyl cyanide pyrolysis. After suitable

alterations were made to the low-valued frequencies of the complex (see

Table S.4) to give this value, an RBKM calculation yields Eo= 59.1 keal/

mole. This has been included on Figure 3.1.

Extending this per reaction path difference to trans - 1 12 '

dicyanocyclobutane, then an A-factor for the dicyanide of rc1'2 "t.-1
lower than that for cyclobutane was predicted.
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3,2 trans I,2 - Ðicyanocyclobutane

Trans - 1,2-dieyanoc¡.clobutalre h/as expected to decornpose t¡ia a

biradical mechanism producing two nolecules of vinyl cyanide

____> 2 cH2cH cN

the compound was separated from a mixture of the isonlers, and purified as

outlined in Chapter 2. Its purity was checked by gas chromatography {GLC)

and the isomer was found to contain no impurities. Its vapour pressure was

low (less than reported by Hatl and Baldt [43] )' and this was a major

obstacle to overcorne when transferring gaseous sarnples to and from the

reactor. Since the chromatograph used for: product analysi-s was not on-

line, care had to be exercised when transferring a sample from t'iie reactûr

to the column to ensuïe that no reaclant naterial condensed on the su::faces

of the sampling vessels or syringe.

Initial experinents were carried out within the batch reactor,

describecl in Chapter 2. Whilst maintaining the 1¡acuum lines and hot box at

90oC to avoid condensation, the trans isomer was distilled quickly into'the

reactor l,essel. Tle pressure obtained within the reactor Ìvas only ca.0.5 t'orr

and following the Teaction by pressure measLrrements proved fruitless" 0n

transferrilg the ::eactiorr mixture to a samplirrg vessel anci press'-lr:j-sing to

atmospheric r+ith nitrogen, gas chromatography rer¡ealed that nost of tl're

reactan+- was condensing orr the walls of *,he vessel . Altllough the vessel

was kept heated, there was no assuri-ty that the syringe sanple lúas a corlect

measuTe. In addition, RRK calcr:lations showed that at 0.5 torr the

reaction was in the fall-off, t"giorl*" To avoid this problem and to assj-st

in overcoming thc condensation problen when sampling, the reaction tvas
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caïTj.ed out in the presence cf an addecl gas rvhich doubled as a solvent

for the reactant and product rr'hel'ì sampJ,ed. Benzene tvas selected sincc its

chroinatographic peak rlicl not inte::fere with those of the reaction mixture.

Inmediately after adding the reactant, benzene vapour was adCed to a

pt:essure of approximately 25 torr* in the reactor. At the cornpl etion of

a ïun, the reaction mixture was trapped j-nto an additional 0.2 mls of benzene.

The cornplete mixture u/as then vaporised and pressurised to atnospheric

with nitrogen. Chromatographic analysis proved to be more successful by

this nrethod.

The gas chromatograph flame ionization detector (FID) was

calibrated for the relative sensitivities of the dicyanide and vinyl

cyanide (VCN) by preparing knorrn liquid nixtures of the two. The samples

were injected on to an apiezon L column and the resultant calibrat-ion plot

i.s shown in the Apperrdix. A regression 'Lreatment gives

peak area ratio, trans-1 ,2-CaH6 (CN) 2/VCN

It.rans -I,2- C4H6 (CN) 2]

1 .35

I vcN ]

In a few expe:liiner-rts lvith the batch reac.tol systern, the

decompositj.cn was analysecl at three reaction temperaturcs over' times of 15 to

60 rninutes. The results had sone scatter attached to them, an<l the potentiai

eTÏor of condensatíon was still of an uncertain nature. At tenpelatures of

573,600 and 623 K the average rate constants cbtainerl were 2.5 x 10-ssec-l,

LZ x 10-3 sec-l ancl 5 x 10-3 sec-t respectivel;-. These t¡alues are 1es-s than

l.hose of Sarner an<l corvorkers [35], a.nd -seented to be closeI to t]re kinetic

* Llsing k - 1o1s' o -st/o
with il correctecl for
discussion] ) and the
19.5, B = 42.8 and I)

respectivelY, giving

(est
s tab

t-ab
=9,
kun

imated. fron, tïans-i, 2-dimethyi-cycrobutane [61],
iliza.tion by t}:e cyano sroup 134,37 ,48, see

ies of the Kassel integral i67'l: at 600Ít, S =

3.6.6 ancl 6.3 at pï'essu1'os of 0.5, 25 and 5C'uÛi:r

/ i.- = 0.80, 0'98 al¡d 0,99 for t.he-se pressures'
1
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parameters expect-ed from the study of cyclobutyl cyanide.

It rr¡as decided that clue to its direct sampling facilities, the

stirred-f1ow systen would be nore suitable to fo1low the decornposition. To

ensuïe a measurable flow of reactant the saturator water bath was maintaineci

at 70oC, and the GLC.syringe was kept warmed to ninimize condensation when

sarnpling. The temperatures, flow rates and peak areas obtained fron the

experimental runs are tabulat--ed in the Appendix, and the results are

sumnarized in 'l'able 3.5. The reproducibility of the rate constants obtained

is goocl suggesting that the problen of reactant condensation had been

minini zed.

The reaction was followed over the temperature range of 571-699 K

with residence ti,nes of 5 . I to 12.8 seconds. At teinperatures alrove 665 K thc

rate constants showed an upward trend alay from the values predicted by

the results at loler temperatures, but shorved no discernable c.orrelation

with reactant florv ïate. The possibilit.y of an alternative pathrvay fo::

decomposition, nanely the fission of the adjacent carbon-carbon bond as weil

as of the bond between the cyano groups was considered. IJowever, examination

of the chromatograph records showed no peaks which could be attributed to

ethylene or dicyanoethylene, and the predicted Þararneters* for this

alternative reaction (A - 10rt'osec-t, E - 57-58 kcal/nrolel show it to be

too slor,J to be observed. The possibi lity of conciensation seems a lnor.e

likely cause. At low deconpositions a .small discrepancy in the reac.tanr"

concenttation dtre tr:l c.olrdensation, wil-1 cause the eÏrot: in the |VCN]/

Itraris-ï,2.-C,*ils(C],i)z] ratio to be insigriificalr-u but at hi-gher conversiorls

( - 60% or rnore) t-he errcr i-s magnifiecl causing the ratio to be la::ger than

the true va1ue. Thus i.t rvas decicled to restrict atral.v.-sis of the rate

* Esti.;nated from decomposit-ion cf cyclobutyl cyanide
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TABLE 3.5 Stirred -florv Reactor Results foi' tran-s -1 ,2- Dicyanocyclobutane

Run Tenp Flow rate
U, rnls/sec

u/v
-lsec '

k x 103
-l-sec -

K

DI 27

51

28

52

55

29

30

54

55

31

33

56

32

34

37

36

55

38

58

47

42

40

39

59

6

8

7

43

44

570.7

570.7

570. I
570. 8

570. B

579 .6

590. B

s88.9

589. 0

s89.4

590. 3

5 90.6

590. 7

599.7

600. 5

600. 4

600. I
608.6

609. 1

609 .6

609.7

610. 0

610.3

610. 5

610.9

613.8

6L5.2

61s.6

618.6

619.6

L4.02

14.11

14.42

14.04

13. 98

74.28

t4.20
14.62

14.43

14.50

14 .4I
L4.61

L4.46

14.68

t4.75
14.74

14.77

14.91

15.06

14.90

26.97

r5.51

2t.30
14.99

15 .01

15.09

2L.44

15.20

15.97

2r.79

0.0782

o.0787

0.0782

0. 0783

0 .0780

0.079ó

o.0792

0 .0815

0.080s

0. 0808

0 . 0803

0. 0B1s

0. 0806

0.081.9

0.0823

0.0822

0.0824

0.0831

0. 0840

0. 0831

0. I 504

0. 086s

0 . 1188

0.0856

0. 0B37

D. 0842

0. 1 196

0. 084 8

0.0891

0. r215

0 .055

0 .071

0.060

0 .067

0"070

0.11

0.13

0.24

0.22

0. 16

0.23

0.22

0.23

0. 7s

0.69 '

0.54,

0.65

0.79

L.29

1 .09

0"84

L.26

0. 84

L.27

1.0s

I .46

I .66

r.51
2.50

2.4s

45

60

620.r

627.9

27 .46

15.51

0.1s32

0.0865

2.89

4.18

continuecl
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TABLE 3.5 Continued

Run Temp Flow rate
U, mls/sec

U/V
-tsec '

kx103
-lsec ^K

DT 47

48

11

61

49

10

9

64

63

62

65

66

67

T2

15

1.4

68

69

70

7T

72

L7

74

73

i4
15

628.3

628.9

629.2

629.4

629.5

629.7

629.9

630.0

630.6

630.9

658. 6

639.2

ðss. o

643.6

644.8

645.6

648.2

648.9

649.6

649.9

659. 5

6s9.7

659. 7

659. 8

660. 3

660.5

1s .85

22.II
22.09

15.64

27.98

1s .59

15 .64

t4.4i
27 .57

2r.94
23.L5

r6.90
28. 88

16. 00

t5 .99

22.62

5r.55
26.32

22.I8
17 .78

22.63

28. 88

28.41

1s .53

23.s0

16.34

0. 0884

o.1233

0.L232

o.0872

0.1s61

0. 0869

0.0872

0.0803

0. 1538

0.L224

0.1291

0. 0943

0 . 1611

0.0892

0. 0892

0.r26L

0.r747

0.1468

0.7237

0.0992

0.L262

0.1611

0. 1.s84

0. 0866

0. I 300

0.0911

s.2s

6.00

3.83

5 .64

6.22

3.63

3.60

4.96

3.32

3. 35

s.69

7.94

6.88

14 .0

14 .5

75.4
oo

T2.B

15 .4

2r.t
40.4

26.7

3s .0

29.8

32.2

56. 0
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ionstants to the teilrpeîatuïe range 571-66lK, in rvhich the decompositions

are <50%. The data points are plotted in Figure 3.2. A few experiments

were ca.rried out in the extended surface fJ-ow reactor, described in

Chaptet 2, and the results obtained a¡e also shown in the figure' These

experiments were conCucted oveï a sinilar range of flow rates, and it was

found that the rate constants are unaffected by a threefold increase in the

surface-to-volune ratio of the reaction ve-ssel. Analysis of the

experirnental ra[e data obtained j-n this study reveal the reaction to be

first-order and homogeneous with rate constants given by

logk = (16.010.3) - (52.910.8)/0

where the error linits are standarC deviations.

In the pyrolysis of cyclobutyl cyanide it tr,a-s estirnated that

the cyano group lowers the cyclobutane A-factor by 100'tsec-tper reaction

path. cn this basis and coltsidering reac.tion path degeneràcy, then the A-

factor for trans-I,2-dicyanocyclobutane is lower by 101"sec-1 overall than

that for cyclobutane. Thus an A-factor of 101o'osec-t is estimated froni

the value given for cyclobutane pyrolysis t61] frorn the work of lValters and

Coworkers, or taking the recent work on the \¡LPP of cyclobutane [49] as.

colrect, then A = l.O1t'tsec-t. In either case, ttre observed A-factor of

1016' osec-t seens high but tenils to support the results ofl the VLPP stucl1'.

This will be discussed further in Chapter 4.
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3.3 Isopropyl Cyanide

From previous studies, the expectecl reactions for the deconposit-ioil

of isopropyl cyanide are

and

CHgCH (CN) CHg ->

CHgCH(CN) CHa ->

cII3CHCN

CsHe + HCN

CHe (1)

(2)

followed by decomposrtion of î-he cÌ-cyanoethyi radical

CHaCHCN CH2CHCN + H-+ (3)

The kinetic pararneters of reaction (3) should be similar to those for the

analogous isopropyl radical decomposition [30], but ì^Iith E corrected for

stabili zatíon by the cyano group ( - 6 kcal/no1e) 134, 35, "], and A

correctecl for reaction pat-h 'Jegeneracy. Thus

log (ke, sec-l) = 14'0 - 47'3/O

Using the tables of the Kassel integral conputed by Ernanuel [67], RRK

caic'ulatiors f shorvecl that under the VI-PP condit,ions all of tlie cr-

cyanoethyl radicats should <leconpose before escaping fron the :reactor' The

product nass spectluln ',,,'as consistent wj.th these expectations.

The disappearânce of i-sopropyL cyaniCe (i-PrCN) wa-s fol lc'cerì b;r

nonitoring the peak at m/e=68 anu, whilst the bond fission procluct of vinyl

cyanide (VCN) was lnonitored at mfe = 53 amu, and propylene as a lneasuTe of

FICN elimination at m/e = 41 amu. Argon, used as an internaL 'stanclard, iut

nonitcrred at m/e = 20 (At**) rather than the Ar+ peak at m/e = 40 anÈ 'oecar-rse

of interference from other species " To obtain the ratio [product],/ [reactant] ,

* S1S 48 Cha ter 4

B = E/RT = 22.I, and D - 1og A -
-r rr'hich is 1ar:ger than the escape
77 sec-t; at 1250K' S = i2, B = 19

c-l compared ao k", (3.3 ;nm.} =

0
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the VLPP systern tvas calibrated by rneasuring the mass spectral peak

intensity ratio for known nixtures of procluct and reactant. These calibration

plots have been included in the Appendix; the r:esultant relati-onships

were found to be

[vcN]/[i-PrcN] = (IsslIs+ - 0.316) /I.930

[Propytene]/[i-PTCNJ = (I+t/Ias -1 .35)/s.048

The experinental data obtained o'','er the temperature range 1074-

12S3K are tabulated in the Appendix, and thc calculated VI,PP ra,te constants

ale pïesented in TabLes 3.6 and 3.7. 0n11' 1¡" 1.1mn and 3.Smm apertures

were used, since no deconposition was observed for the 10lnm apertuTe

over the experimental temperature range. It can be seen that under VLPP

conditions, C-C bond fission tvas the rnajor reaction; the formation of

propyle¡e accotrnted for only - IO% of the overall deconposition. Although

the percentage <iecomposition based on prop¡'lene is sma1l, it shoulcl be

noted that it is the directly rneasured ratio" [p"opylene]/[i-PrCN], rvhich

determines k The material balance betneen the prorlucts and reac';ant
unr -

was noticed to be not quite in agreernent, but the discrepailcy was srral1 and

showed no significant trend. The results were checked by rnonitoring the

reactions at nass nunbers different to th.ose quotecl above; isopropyl cytulide

was monitored at 42 alrtú, vinyl cyanicie at 26 anÚ, and propylene at 59 ani-l'

These intensities and the respecti.¿e calibration plot.s have been inclucled

in the Alipendix, and the results were found to agree rvjthin exPer-irnental

er¡oï with Tables 5.6 and 3.7. Inspection of the reactor during ntaintenance'

to t¡e apparatus reveaied that a liglit carbonaceous coatjng trad formed olr

the wai1s, and this probably accounted for the isu-prop'yi cyanide materi¿11

balance discrepancy . Heterogeneous decomposition was considered, bttt over

the period of several nonths that this investigation was carried out,
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TABLE 3.6 VLPP Results for Isopropyl Cyanide

(Z = 19,550, flow rate = 9.1 x 101a molecules/sec)

Run Te¡Iìp Product forrnation
VCN C sHs

kiuni , sec- t

C sHe

9o decomposition

a
i-PrCN
decay

VCN

K

IP I79

189

190

161

180

188

1284

762

151

r29

L52

1El

130

153

131

154

L32

155

I3s

156

r34

1s7

135

r074.3

1082.8

1093.5

1101.7

1 104. 8

1106.9

1111 . 5

trrT .4

rr23.3
L132.4

1145.4

Lt48.7

11s5.5

1 164. 0

1172.3

1185.7

1191.6

t203.7

I2I0.9
1224.5

1232.2

1243.0

1251.0

s.2

7.9

10.3

9.7

10. 8

10.4

12.2'
14.1

16.0

19. 0

24.0

24.9

28.8

31.9

s6.4

4L.3

44.8

50. 5

54.3

59.2

63.3

66. 3

69.4

4.3

5.8

7.8

7.0

8.0

9.6
qa

9.9

rL.7
14 .9

1B. s

18.9

22.8

25.4

29.3

53.9

37.0

4r.3
45 .8

49 .9

54.4

56.5

60.5

b
(0 .4)
(1 .e)
(2.7)

(1.0)
(1 .s)
(0.e)
(0 .4)
(1 .s)
(1 .4)
2.3
)q

2.8

2.6

3.2

3.2

3.9

3.9

4.4

4.3

4.9
5.1

s.2

0.034

0.049

0.067

0.058

0. c6B

0. 084

0 .082

0.086

0.105

0.140

0.185

0.191

0.243

0.28

0. 3s

0 .43

0.50

0.61

0 .7s

0. 89

1.10

I.2l
L.46

0.022

0.029

0. 030

0.029

0 .058

0.042

0. 053

0. 058

Q.072

a.a7B

0 .099

0. 109

0.L26

d

Flow rate = 1 x 1015 nolecules,/sec for Runs IP 179-190;
7.5 x l0larnoleculesT'sec for Runs IP 161-2; and
5.2 x l01a rnolecules/sec for Runs IP 151-7.

b
Bracketed data not used in calculation of Tate cons'Lants.
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TABLE 5.7 VLPP Results for Iso I de

(Z = 2,I40, flow rate = I.2 x 1015 molecules/sec)

9o decomposition k. ..sec-tuïtl '
a

Run Temp i-Pr-CN
decaf

Product fornration
VCN C sHoK VCN

b
IP 146

140

166

145

141

L67

142

168

1.44

r43

1198.7

1202..7

1206 .4

1220.5

L22I.7

1222.7

I24r.s

rzsr.3

t252.5

7253.4

70.2

10. s

9.9

15. I

L3.4

14.3

18.0

19.5

22.9

20.7

6.3

6.6

6.7

8.9

9.4

r0.2.

12.9

L4.3

I5.2

15.1

(0.s)

(0.s)

(0. 1)

(1 .4)

(1 .0)

(0.4)

(1.1)

(0. 8)

(4 .4)

(1.3)

0.49

0.52

0.52

0. 73

0.77

0.84

r .11

7.26

7.4L

t.34

a

b

Florv rate = 5.4 x 101s inolecules/sec for Runs IP I44-6t
and 7.1 x 1O1a molecules/sec for Runs IP 166-8.

Bracketed data not used in calcuiation of ïate constants.
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Teproducibi.lity was goocl irrespective of whether the reactol iuas

conditioned or not. Hence it rvas concluded tha*" the fornati-on of calbon must

occur indepen<lent1y of the homogeneous reactions (I)- (3) .

The A-factor for C-C bond fission in isopropyl cyanide was

deterninecl by considering the reverse radical reconbinaLion reaction, thermo-

chenistry, and the A-factors for analogous reactions. Radical recombination

rate constants have been derived by Benson and OrNeal [31], frorn an analysis

of the bulk of unimolecular bond físsion reactions carried out to 1970.

and they rcconmend for the conbina'tic-lr of stabilized radical plus r:adical

1og (kr, li1- 
t sec-t ) = 8.4 t 0.5. Tllis should be a reasonabie estina-ee for'

the combination CH3CHCN + CHs. To calculate the A-factor for the foreward

reaction, from the rate const-ant of the reverse reaction and- +-he::ncchemistry

requires an estimate of E-r which for no.st radical conlbinatiolrs is close to

zera at. 300K if not at highel temperatnres. Thus conbirling k*r = S.4 - A.-t â't

j00K with log (Arsec-t /A-, , lf t sec-t ) =' 6.9ó (from the therrnochernical data

tabulated ín Table 4.2 of CliapteT 1), yieltts 1og (Ar, sec-t ) - 15.4,which is

reasonable when compared v;ith analogous reactions [3I].

A transition-state nodel was set up to represent the re¿lctions,

arrd frorn the para.nete-rs a va7'.re for the A-f¿rctol'could be obtainecl . As

explainecl ear1i.er, bond fissions resultìirg j-n the for¡ratjoll of l'e.solÌance-

stabilized radicals har¡e 1ov¡er A-factors tha;-r their saturated counter?arts

[g1, 68], which is dr-re to the resonance stiffening of hinclered rotations'

All-ho¡glr tliere are no rotational ccnstraints ín the cases of alky1 cyanides

(and alkynes) becau.se of tÌ"re cylindr"ical spnnetTy of -uhe'lriple band,

resonance in the C-C=N (and C-C=CH) benris:hor¡ld cau.se an increase in these

lolv frequency mocles with a resul.i-airt lorveri;'ig o:Ë tlie A-factor relative to

alkanes. Rabinovjtcl-r ancl Setser' 169al . anci .-iohlisolr and coworkers 169bl hal'e
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described a transition-state model for C4 bond fission and have

applied it to the decomposition of alkanes. The usual transj-tior¡-state

model outlined by them is the assignment of the C{ stretch in the

breaking bond as the reaction co-ordinate, the lengthening of that bond

oby 1Ä with the barrier to internal rotation.about it being reduced to

zero, and the weakening of the four bending frequencies which are destined

to become external rotations of the product radicals. Tsang [Og¡] has

found that the formation of ethyl radicals from'alkanes has an A:factor

of 1016'2 ="" 
-1 per reaction path at 1100 K. Application of the above

model to these reactions revealed that the four beniing frequencies are

fowered to ca. 30y'. of their molecular values to obtain this A-factor.

The alkyne analog of isopropyl cyanide is 3-methyl-1-butyne, but the only

detailed study of C-C fission i-n an alkyne is the shock-tube work of

Tsang [zo] on 4-methyl-1-pentyne. He obtained A- = 1015'56 ="" 
-1

at 1100 K which is -100'6 "t. 
-1 per path lower than for alkanes.

Extension of the above model to the calculations for 4-methyl-1-pentyne

showed that the two C{=CH bending frequencies have to be íncreased to

ca. 1Æ!" of their molecular values to give agreement with the experimental

A-factor. This may be regarded as a consequence of the development of

resonance in the transition-state.

The above transitior¡-state model of Rabinovitch and Setser [OSa]

and Johnson and coworkers [6S¡J with the resonance modifications is
'postulated as the model to represent C-C bond fission in organic cyanides.

Frequency assignments for the isopropyl cyanide molecule were

taken from the work of Klaboe [Oa.] and Durig and coworkers [O+UJ ' and are

listed in Table 3.84. Using the bond lengths and angles tabulated by

Sutton [Zl] witfr the atomic masses, the product of the moments of inertia
14

is in agreement with the val-ue found by Durig and Li llZ). From the

vibrational assignmentrthe molecular entropy can be calculated directly by

methods of statistical thermodynamics. The calculational

procedure is straight forward and described in standard
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TABLE 3.BA FrequencY Ass iqnments for Isopropyl Cyanide Fission

Molecule CÆ FissÌon Complex

H H

H H H

H H

Mode Bond Mode Bond Degen. Freq.(.*-1)

HIH

cH

I

c
I

c
ilt
N

c
H

H

H

H .'C
I -'c"
I

c
lll

N

c

Degen. Freq . (.rn- 1 
)

Stretch C-H

c4

EÞnd

c-cN

C=N

t-{.{-H

c-c-c

c-c-(cN)

n+-(ctrl) 2

C-C=N 2

Rock -CH¡ 2

-cH 3

?

2

29s0

769

11C,4

7æ

2255

1440

510

355

490

1296

1326

175

220

916

1068

932

11?5

220

Stretch

Bend

G-C=N

Bock ---CH3

-cHe

Torsion CHA+

cH3 Ì

c-H ?

G--C

c-c 1

c{N 1

G=N 1

t-+4-H 6

c-c---c 1

c---c-(cru) 1

cÆ- (cN) 1

+c-[ctl) 2

2950

f .C.

1104

7æ

2255

1MO

'153

10?

490

1296

1326

243

308

275

320

932

11?5

220

free
rotation

1

1

6

1

2

2

2

22

1Torsion CH3 Ì 2

220



TABLE 3.EB Frequenc v Assiqnments for Tsopropyl Cyanide Pyrolysis

Molecule l-CN Elimination ComPlex

H

79 b.

-1

H

Hì
H/

H

H H

Mode Bond Degen. Freq.("t-1) Mode Bond Degen. Freq. I

H
cH

I

c
I

c
lil

N

G

H

H/
c HHt/

c cl
aa

c.H
It

N

cm

2950

2200

1300

1104

f .C.

2255

1440

510

35s

353

933

1326

126

158

660

7?O

932

¿loo

)

Stretch C-H ?

c{N 1

Bend

G=N 1

lr{-H 6

c-c-c 1

c-c-(cN) 2

n¿-(cru) 2

C-C=N 2

Rock {HS

-cH 23

2

2950

?69

1104

?æ

2255

1440

510

355

490

1296

1326

1?5

220

916

1068

9e.

Stretch

Bend

c-H 6

c-H 1

c{1
c-c 1

c-gN

c=N 1

t-t{-H 6

c-c4 I

clc. (cN) 1

c-c. (ctrt) 1

rpc. (cru) 1

r++-(cN) 1

C.C=N 2

22

220 Torsion CHZ -

Rock -cÞ'H

{Hs 2

1Torsion CH3 ) 2

220 cH3+ 1 220



80.

texts [¿s, 46]. A molecular entropy of the isopropyl cyanide

molecule at 300 K of ?6 ,2 caL tCl tol" -1 is obtained which agrees with

the value predicted from group additivity tables [¿¿].

The complete vibrational assignment for the C-C bond fission

transition-state complex is shown, in Tab1e 3.84. As described in the

above postulated model, the G-C stretch (ZOS.t-1) was taken as the

reactÍon co-ordinate. The four bending frequencJ-es Ínvofving the

breaking bond were reduced to 3Oy'o of their molecular values. These

frequencies were two methyl rocks (sto, looe cm-1), one C-rC{ bend

4 tl-

(StO cm-'), and one C{-(Cru) UenO (SSS cnf '). In addition the two

C{=N bends (ttS, 22O cnll) were increased fu lftOolo of their molecular

values due to resonance. One of the two torsional frequencies [ZZO "t-11
of the molecule is treated as a free rotation about the breaking bond, and

its moment ís calculated to be 5.34 x 10-40 g cmz. Using the same bond

lengths and angles as for the molecule except that the breaking C{ bond

was lengthened Uy 1,E, the prnduct of moments of inertia for the transition-

state model is calculated to be 15.o x 1f1to (n.rn2)3.

RBKM calculati-ons were made using these molecul-ar assignments and it is

found that the postulated model gives R- (eOO K) = tO15'3 ="t-1 for G{

fission in isopropyl cyanide. This agrees very well with the value

estimated from the reverse reaction and thermochemistry' At 1100 Krthe

model yields A-(1100 K) = 1015'4 =""-1 per path or 1015'? =""-1 overall.

A four-centre transition-state model was assumed for the FCN

elimination reaction from isopropyl cyanide. The frequencies of the

normal and partial bond bending and stretching were assigned by following

the procedures outlined by OtNeal and Benson [¡0, 45], and the

assignments are shown in Table 3.88. The six transition-state

frequencies involved in the foupcentre model were reduced to ca.72lo

of their mol-ecular values, in accord with other estimates ISO, 45].

Frequencies involving the cyano grÐup which are not

listed by 0tNeaI and Benson are as follows
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c
\(cru 

)

\(cru 
)

490 cm-

1296 crr-

c
c' 'lcru 

) 353 cm-c' 1 1

,C 1
c

H' '[c¡r) -îi933 cm

c\
126, 158 cm-

H

,'"\, 1 11?5, 22O cf c N

The moments of inertia of the complex were calculated using distances and

angles determined according to the method of Bens'on and Haugen IZZ).

Using these mol-ecular parameters for the postulated FCN elimination modeI,

RBKM calculations yietd a value (including reaction path degeneracy) for
nt'9 

""r-1, At 600 K, the A-factor obtained is. Ao(tloo K) of 1o''
4 3.7 -110'"" sec which is similar to the experi-mental and theorectical values

for HX eliminations from isopropyl halides [SO, n].

RBKM calculations were carried out on the molecular parameters

- for CÆ bond fission and l-CN elimination shown summarized in Table 3.8C.

The frequencies have been grouped and rounded.

For isopropyl cyanide decomposition, we have the situation of

. competing unimolecular paths in the faÌI-off region, where energized

molecules are depleted by aII reaction paths and each path feels the

effect of the drain on energized molecules of the other paths. The usual

unimolecular rate theory expression for krni h.= to be modified to take

into account this mutual interaction among reaction paths. The RRK

theory expression has been modified previously [Se] tor the scheme of two

competitive reaction paths, and the resultant procedure was caì.1ed the

BBK/2 method*. The rate data for the pyrolysis of isopropyl cyanide were

' analysed with the RRK/2 formulations and the results are shown in Figure 3.3

theory on the same input information.

It was found that the minor reaction pathway of HCN elimination

* Refer to Appendix 4.4, page 214.
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TABLE 3.8C Molecular Parameters for lsoplopyl Cyanide Pyrolysis

N{o lecui e Conplex
(c-c)

Compl ex
(-HCN)

Frequencies (cn-1 )

and degeneracies

rA. IB. rc (g 
"*')t 

x 101 I a

I,gcm2xl0ao
1b

Signa

Collision Diameter, ,{

So so o, cal K-l nole-1

2ss0 (

22ss (

1440 (

1310 (

1110 (

92s (
7s4 (

s00 (

sss (
220 (

zeso (7)

22ss (1)

L44o (6)

1310 (2)

1140 (2)

e32 (1)

738 (1)

4s0 (1)

300 (3)

243 (1)

220 (1)

1s3 (1)

r07 (r)

2sso (6)

2230 (2)

1440 (6)

1310 (2)

l 140 (2)

e53 (2)

770 (r)
660 (1)

sl0 (1)

36e (3)

220 (1)

1s8 (1)

126 (1)

7)

1)

6)

2)

5)

2)

2)

2)

1)

3)

r7s (1)

6,23

1.0
c

76.2

ts.6

5.34

0.5

85 .6

1q, o

1.0

77 .8

a

5.5

a

b

c

Using symmetry = 'rfoldness" of barrier = 3.

Sigma = cf /n, where o is the symmetì^y nrrmlrcìr for external
rotation and n i.s the number of optícal isomers.

Assunecl equal to that for n-propyl cyanide [511
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had little effect on the na.ior process of C-C bond fission, as emphasised

by the virtual-ly iclentical cal.cuiations of tlie RRK and RRK/2 theories for

the fission reaction. A-c expect"d 
* 

tÌ'," RRICI'Í calculations are little

different; thus enabling RRK(M) theory to determj-ne the ac1-.ivatiolr energy

for reaction (1), while the RRK/2 method was usecl to fj-nd the activation

energy for reaction (2). It was found that interaction of the competitive

paths in the energy-dependent region caused the rate constants for the

elinination reaction to be lower by a factor of -3 thalr the values

predicted on the basis of no interaction (RRK, RRKM)*:

The Arrhenius A-fa.ctors estimatecl fron transition-state nnodels

- have been shotr,n [30,61] to be reliable -uo about 1010' ' ,,, o. It

was found that changes of this size in A- required changes i.n E- of ca.

t lkcaJ/nole to refit the <iata for both reacl-ions. 'Ihe spr:ead ilt measttred

ra-te constants we:re found to'oe covered by a further error limi-" of

1 1 kcal/mo1e. Therefore the high-pressì-rïe Arrhenius expressiolrs v¡hich sat-isfl'

the unintolecular rate constants are

log k1 (1100K) = (ls.7 t 0.3) - (79.0 ! 2.0)/0

and log kz (I100K) = (13.9 I 0.3) - (76.2 ! 2.0)/0

where k is in .sec-t

In order to clalify the observation of Dastoor and Emovon [33]

that HCN elj.mínation wes the on1-y reaction pathway in the p1'rolysis of

isopropyl cyanide, with no indication of bond fission, an experil:iental

ilvestigation botl, in the absence and presence of toLuene was carr--i-ed out

i¡ tlre stirrecl-fiow reactor. Injtial cìrroniatoglaphic atraiysi:; sllorveci tlia'c

methane, propylene, hydrogen cyani<le, eth¡.l cyanide aud vilrl'1 cyanide l'Iel:rj the

*

theor,u- give substan+.ja11y the same re-si.r

for thernally activaled systems 1741.
T

b

** 
R".entLy, a computer pïograrì for treeting trvo cornpetitive paths in t

fall-off region trsing RRKI'I theory has been dcvelol:red'by B.J. Gaynor, K'

a¡d R.G. Gilbert. I'his RRKI{/2 nethod gives results that differ from th
ÌìRli/2 valtres by only ca. ! 0.2 kca1,/mcle in activation enerry.

ft for fe11-off calculati-cns

he
1).
ê

King



8,+

major prociucts. On the addition of a chain inhibitor, namely toluene, tlte

yield of propylene decreased nalkeclly. This observation is irr sharp

disagreement with Dastoor and Emovon, who state that v/hen toluene was

aclded I'in equal volumertas the reac.tant, the elimination of hydrogen cyanide

was unaffected. Indications are that a large amount of toltlene is

requi.red to prevent any cliain processes from occurring. In two series of

experiments carried out at 905 and 927K, the yield of propylene was

determined for toluene/isopropyl cyanide ratios up to -20; the results

Lreing suunnarised in Table 3.9. Over this range of inhibitor thr: ra"te was

observed to decline by a factor of ca. 50, and it was not clear that a

rni.nirnun value had been reached. Obr,.iously the anìount of toluette used by

Dastoor and Emovon hras not adequate to inhibit the chain pïocesses, aLtltoi-rgh

it is surprising that they did not observe any cha:rges at aII I'rith a-ncl

without the addi tion of toluene.

Using a toluene to reactant ratio of ca. 6, an invc:stigatioii* of

the deconposition of isopropyl cyanide was follorvecl over the temperature

range 872-974K, and the experinental::esults are given in Table 3.10. Bol-h

vinyi cyanide and ethyl cyanide (EteN) were observed to be forned in greater

quantities than propylene, and the vinyl cyanide/ethyl c-vanide ratio tvas four.C

to be a function of both the relative concentration of toluene and the

ternperatu.re. This probab11, rsrrlts fronn the cornpetition betlveen reac'ljons

(4) and (5) in the following scheme

CH3CH(CN) CH3 ->

CHgCil(CN) CH3 ->

CH, ',' PhCI.ls ->

cFI3öHCll + PhcHg

cH3öHCN -, ctlz

CH3CH = CHz +

ci{ göFiCNI +.

CIlq r. PhÖH2

-> CH¡CHz-CN +

= CHCN + FI

FICN

öu.

PhCHr-

(1)

t,¿.1

(5)

(4)

(s)

PhCH2 + PhCHz PhCHzCHzPh-> (7)

*'The assistance of Mr D.B. Cox in perforning nost o:F the
experimental runs is acknolledged,
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TABLE 3.9 Effect of Inhibitor on Propylene Formation from

Decomposition of Isopropyl Cyanide at High-pressure

T=903K
lJ = 29 mls/sec

T = 927 l('
lJ z 43.5 n1s/sec

Toluene
ïrÞreñ-

Toluene
i-PrCN

0

0.1

0.4

1.1

1.6

2.3

3.9

5.1

5.9

>6

tStqp¿lg"ç_l r.rr,2
I i - Prcl'l]

0

0.6

L.7

2.s

:a.2,

5.8

t.o

16

22

>22

2L.7

4.0

2.7

2.4

1.8

0. 54

0. 85

0.45

0 .45

propylene not
detected

5.7

4.7

3.9

11

1.9

r.2

0.62

0.79

0.70

propylene nr:t
det ectab 1 e
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TABLE 3.10 imental Results for Stirred-Flotv P 1 is of
1 eI

Temp
K

FIorv rate
n1 s/sec

tJ/v
-1sec '

[Product] / fReactant x 102

i-PrCN i-PrCN i-PrCN

85r.2

85I.2

851.6

871.9

871.9

871 .9

890. 2

891.2

891 .5

891.5

892.0

892.2

911.9

9T2.7

9r2.3

9t2.3
912. s

913.1

932.4

932 .4

932.6

932 "6
932.6

932.8

38.76

38.76

38.78

39.43

39.43

s9.43

47 .7r

47 .76

56.66

56.66

40.2r

40.22

58.61

s8.62

48.6s

47 .40

39.92

39.32

59. 19

59. 19

49.39

49 .39

,+1.16

4r.17

0.2162

0.2162

0.21_6s

0. 2199

0 . 2199

0 . 2199

0.2661

0.2664

0.3160

0. 3160

0.2242

0.2243

0 .3269

0..3270

0.2713

o.2644

0.2227

o.2L93

0. 3301

0.3301

0.275s

0 27ss

0.2296

0.2296

0.077

0.074

0.073

0.2r
0.20

0.2I
0. 39

0. 39

0. 30

0. 31

0.s2

0.54

0.73

0.69

0. 88

0.96

1.16

1 .58

I .45

1.61

1.9s

1.83

2.3L

2.22

0.s2

0.36

0.41

0.88

0. 93

0.77

1 .51

1 .56

1.23

t.17
2.I0
2.16

3.0

3.0

3.1

3.6

4.3

4.7

5.6

6.0
7.9

7.5

9.9

9.3

0.29

0.27

o.2r
0.58

0.63

0.57

0.51

I .06

I .03

1.74

1 .69
))
2.3

3.0

3.3

4.0
4.9

5.8

4. rl

7.0

6.7
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the product to reactant concentration ratios obtained in

Table 3.10, were deternincd from calibration plots of mixtures of propylene,

ethlrl cyanide and vinyl cyanide with isopropyl cyanide prepared on a

vacuum line and analysecl using the 10% w/w dinonyl phthalate colunn with

hy.drogen flane ionization detection. The following calibration relationships

were obtained

[Propylene]/[i-PrCl{] = 1.303 x peak area ratio of CaHs/i-PrCN

IEtCN]/[i-PrCN] = 1.585 x peak area ratio of EtcN/i-PrcN

[vcN]/[i-PrcN] = 1.575 x peak area ratio of vcN/i-Prcl"l'
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3,4 n-PropyiCyanide

From +.he VLPP study of is,cpropyl cyanide, the unimolecular

deconposition was found to pïoceed via C-C bond fission, while HCN

elinin¿rtion accoutlted for Less than LOeo of the overall deconposi.tion.

Since DHo [CzHs-CzHs] < DI+ [(CHg)2 CH - C]I3l [45] and, in addition,

from a comparison of the a1kyl halide decompositions [73], HCN

elininationfrornaprinaryalkl'|cyanidei.sexpectedtobeslorverthan

frorn a secondar;.' cyanide, then n-pTopyl cyanide waq anticipated to

decornpose almost entirely via C)-C3 bond fission

cHacHzcHzcN -> cftgöHz * cgrc¡¡ (1)

The conpe*"ing HCN elinination

CH¡CFIzCHzCN --'--+ C sHo + HCN Q)

should be too slor* to observe. The ethyl radical formed as a result of

ïea.ction (1) will deconìpose to ethylene and an H atom

CHgCFIz 
-> 

CzH,* + H (3)

ancl RRK cal-culatiorlr* rho"ed that under the VLPP conditions the radíc.als

should deconpose conpletely before leaving the reactor.

The disappearance of n-propyl cyanide (n-PrCN) was monitorecl

by measuring the mass spectral peak mfe = 29 anil,r, using argon (m/e = 2O anv)

as an internal standard. Ethl'lene formation was fol.lotved at m/e = 26 amt-

Reasonable agïeentent betleen the disappearance of n-propyl cyani<le and

the fonnation of ethylene tvas crbtaitred, but evidence indicated that

Cz-Ce fission was not the sole pathway for decomposition. The fornation

of r¡iny1 cyanide (VCN), monitoned at mf e = 53 amr, v/as observed but

acccunted 1-or less than 1o% af the overall decomposition.

*Us
the
þ=
than
Kea

ing the 1'ate constant exPresslon, li.a= 101 
3' s-4

tables of tJre KasseL integral 167 l, then at 1100K, S

18.6 and D 9.I gi-ving li 79.2sec- which is rnu

[31] and
= 9.6

ch larger
-t ' anothe escape rate constan

ur-1 ^ts oi k.

(3.3 nrnJ 11.2 sec-r
ea

(ì . I run) 1.2 sec
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Its for:mation nay be attributed to Cs-Cq bonC fission

CII: CHz CIlz Cll

CHzCHzCN

CHs +

CzHsCN

CHzCHzCN

+H

------*

->

(4)

(s)

rr'hich h'as further su.pported by yields of lnethane via CH3 forrnation

(rrrorritore d at m/e = 15 amu).* The nass spectlometer ',\tas calibrated by

measuring the peak intensity ratio'for known mixtures of product and Teactant'

and the relaticnships were found 'lo be

[Etirylene]/ [n-PlCt'¡] = (Ize lTze - 0 "177)/0.5109

IVCNI / [n-PrCN] = (I ss/Tze - 0. 00S) / 0 .2928

Corrections to mfe = 26 anu were made for the contributions of other

pr"oclucts. The formation of ethylene + methyl cyanide was also followed

at m/e = 14 anu, and the results were in agreement with ethylene forlnation

at m/e = 26 amu.

The results of this investigation a1'e presented in I'ables 3.11

an.d 3.I2, 0n1y the 1.1mm and 3.3nm apertures were used over the

tempera.tul:e range 1090-1251K. From the tables it can l-¡e seen tÌlat the rate

constants are independent of the aperture size and flow rates (ir-r tire range

where the gas-gas collision frecluency is smaller: than the gas-wall

collision freqrlency), inclicating that tlle reactions are unilnolecular

fi::st-order: iryeversible processes 1471 . As a cireck on the HCN elininatj-on

reaction a careful search for propylene was carried out. Using its

characterjstic mass spectral peak at m/e = 42 amu as a marker (n-propyl

cyanide ttas founC to be the only other species in the reaction nixturc to

contribute to this mass numbe::) a yieid of propyiene of -0.9% at I25) K

iìra-s deteïrnined. This gives an estimated upper linit of -0.025 sec-t for

* Some of the CFI3 shculd reach the mass spectrometel aS CHrt due to
collisions with the walls of the vacuum chanber'
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TABLE 3.11 \¡LPP Results for. n-Propyl Cyanide

(Z = 19,550, flow rate = I-2 x lOlsmolecules/sec)

b
eo decomposition k _ ,.- Isec '

un1

a
Run Temp n-PrCN

decay

Product formation

CzH+ VCN PropYlene
(r+z/ rz g)

CzH,* VCN

K

NP 98

109

66

99

67

100

110

68

101

69

L02

111

70

103

7T

104

1a

73

105

74

1C6

9.1

9.7

1.4.2

14.6

2r.2
19.9

20.5

28.6

29.7

34.4

36.0

s/.5
46 .1

46 .9

s4.s

54.2

62.9

66 .6

63. s

70.4

70.6

6.9

9-.5

L4.6

t3.2
¿3.5

18.3

19 .3

30.2

26.2

36 .3

33.0

35.1

49.0

45. 5-

58.5

50. 7

66 .4

69.2

59. 4

66.3

L.2

1.0

0.053

0.0s2

0.058

0. 052

0.057

0.0s5

0 .053

0.058

0.056

0.057

0.054

0.049

0 .058

0.0s 4

0 .066

0. 060

0.063

0.059

0.065

0.068

0.06s

0.058

0. 082

0. 13

0.r2
0.24

0.18

0. 19

0.34

0.30

0.45

0.43

0.46

0.77

0.70

r.r4
0.98

1 .61

I .84

1 .46
1 'ra

2.02

0. 010

0.009

0.022

0.057

0 .059

0.,107

0.17

0.20

1089.8

1092.7

1102.s

1111 .4

1124.8

1131.0

LI32.0
I r43. 0

I 151 .7

1160 . s

1171.0

7L72.t

1184 . 0

ir93.7
1203.3

r2L0.7

t223.2
r23L.0

r23L.8

1242.6

t250.7

3.7

6.0

2.4

5.1

6.0

7.7

6.6

0.078

0. r47.2

a

b

Ijiow rare = l.I x 1O1a nolecules/sec for Runs NP 1Û9-I1I.

In the experimental r¡ns rr'here VCN rva-c not measured,the CzH,* formation
is s1-ightly l.arger chan the total disappearance of n-propyl cyanide;
this is because mfe = 26 was ¡ot corrected for contribution from VCN'
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TABLE 3.I2 \¡LPP Results for n-Propyl Cyanide

(Z = 2,I40, flow rate = 6.1 x 1014 mc;lecules/sec)

b
% decomposition

ca
Run Temp n-PrCN

decay
C2H,¡

fornation
\onr.sec- 

I

K

NP 87

113

8?.

88

114

90

89

9r

115

83

84

116

B5

L17

LL7I, L

7t72.s

1190.6

I 190. 9

Lt92.4

1211 . r

r2L7.4

T2II.7

L2r2.7

L2T3.B

L232.7

12s5.6

t247 .6

1248.7

5.8

5.1

10.5

7.5

9.2

12.T

ls .4

12.4

15.1

18.5

17 .7

24.L

2r.4

1a

6.5

11.3

6.7

8. l.

13 .5

14.0

L3.6

11.8

15.6

20.3

16.6

25.t

20.3

0. s1

0.45

0. 89

0.s7

0 .69

1.11

1.11

r.26

I .01

1 .33

L.78

I .54

2.43

r.97

a

b

Fiow rate = 7.'l x 10ts molecules/sec for Runs NP 82-85;
3-.2 x LAls ntolecul-es/sec for R.uns liip E7-69; 8.4 x l-01s ngiecule;7'sec
for Run Np g0; and 5.2 x 101 s ,noLecules/sec for Run ì.lP 9l-.

VCN formation was too small to be cf qua.ntiEative sÍ-gnificance

c
Average.
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Frequency assignments for the n-propyl cyanide mol-ec.ule and

actirrated compLex model were based on tl're work of Fujiyana [75] ' and

the frequencies for other alkyl cyanides 16-+, 761 and analogus hydrocarbor-is

177). Using norrnal bond lengths and angles for alky1 cyanides lTll ' the

moments of inertia weÌe calculated, and the rotational constants \4lere

found to be in agreement with those repolted by Hilota [78] . The col lision

diameter was taken from Chan and colorker:s [66]. The calculated molecular

entropy of 77.8 cal K-l lnole-l at 300K agrees with the value prcdicterl

from group adclitivity 1421. The frequency assignlT'.ents and nolecular

pararneters are shown in Table 3.73.

The transition-state model for Cz-Ca bond fission was constructed

accordi¡g to thc prccedure outlined for isopropyl cyani.de. It was estimated

that Ar, *(1100K) -. 1015' 4 -sec-t , which is the sa-me as the .¿alue (peÏ

reaction pat-h) for isopropyl cyanide. The formation of vinytr- cyanide vÍa

Cs-Cq fissio¡ slioul-d have the same A-factor as that for tlte analogous fissioti

in alka¡es, since the strength of this C-C bond was not expected to be

influenced by the cyano group. Applying the transition-ståte model for

C-C f j ssion t69] to the fornnation of the nethyl radj.cal from alkanes revealed

that the four critical bending freqttenc.ies lnust be reduced to ca'. 22eo of t.heir:

molecular values t-o give A- (1100() = 101u'tsec-1, the value reconunended

by Tsang [68b']. The same A-factor rvas obta.ineC when this nodel vr:rs applied

to the p1'rolysis of n-prop/i c1'¿¡ifls. The palaneters for Cg-C,+ fission

ar-e shown in Table 3.15.

The urrit,rc¡1ecul ar r:ate coLrstants ol¡tairied i^rer'e ccnlpaled with tire

conputed clrrves of the RRK/2 rnethod and are shorrri in Figure 5.4. The li-nes

corl.espondì-ng to iì.RK aud RRKI4 theori.es a::e also inc-.ludec1 to demonstrate t:he

e ec o n eTac
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'TABLE 3. 15 It'lolecular Parameters for n-Propyl Cyanide Pyrolysis

Molecule Conplex
(Cz -C e)

Conplex
(C s-C,-)

Frequencies (ct-t )

and degeneracies

IA, rB, Ic (g .t')t x lolra

r-, (g cm') x loao

Sigmab

Collision diameter, ,{

Ssooo , cal K-l moie-l

zsso (7)

22ss (1)

744s (s)

rzeo (2)

1140 (4)

szs (1)

7s0 (1)

4e0 (1)

404 (2)

220 (2)

100 (1)

2ss0 (7)

22ss (1)

144s (s)

r2eo (2)

1140 (4)

s2s (1)

738 (1)

s2s (1)

3r4 (1)

220 (3)

r47 (1)

rzs (1)

15.1

76.74

1.0

86 .4

2eso (7)

22ss (1)

r44s (s)

r2s0 (2)

11s0 (2)

7so (3)

4eo (1)

378 (1)

2s3 (1)

21s (2)

16s (1)

e8 (2)

9.75.04

0.333

5.5

77 .8

c

4.71 a

0.333

B8 .4

a

b

u.sing internal -syrilnetry = rrfolclness'r of the rotor '

Signa = O/tt, where O is the Symmetly number for external r:otation
and n is the nttmber of optical isorners.

c
Accounts for the entropy c,f rrrixing of trans and gauche forrns .
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fi.ssion gave essentially the sarne result since decclmposition proceederi

almost entirely via this pathway. Conrpetitive path j.nteraction resulted

in the unimolecular rate constants for vinyl cyanide fornatj.on to be below

the values predicted by RRK and RRKM theories by a factor of !3. ' Applying
+o. t

an uncertainty in Ar of 10' sec-l required a change in E1 of ca.

t I kcal/mole to refit the data, and the scatter of the rneasured rate

coltstants was found to allow for further erïors of ca. t 0.7 kcal/mole.

Thus the rate data for Cz-Cs fission in n-propyl cyanicle al:e given by the

high-pressure Arrhenius expression

log kr- (1100K) = (15.4 t 0.3) - (76.7 ! I.7)/0

while the rate constants for Cs-C'+ fission are reasonabl)'consistent r'.rj-th

Jog ks- (1100K) = 16.2 - 82.3/0

where ll is j-¡ seil . This latter expression is in good agteement with the

paraneters for methyl l:rrptuïe fronr n-butane, corrected for r:eact-ion paih

degeneracy [6Bb].

Following the procedure outlined for isopropyl cyanide, the

transition-state model for HCN elimination from n-propyl cyanide gave an

estinated A-factor of 10r3'A sec-l. Application of this A-factor to the

observation of < 0.9% yield of propylene gives a lorver limit ofÞ76.5 kcal/

mole for the actir¡ation energy. 'ì-his calcuiation was carrieci otrt- using a

theoretical schenre where the interaction alnong three reaction pathways

(Cz-Cg fission, Cs-Cq fission, and HCN elinination) in the fal1-off region

was taken i¡Lo accor-rnt. T'[e scheme was cierived by extending the iìRK theor;''

along the li¡res outlined for the RRK/2 nethod [53].

The deri.vation of this prcrceclure, appropriateLy callcd thc lì[l]'.,/3

rnethocl, is discussed in the Appendix. The rate con-stent-s givcn by this

nethod for the Cz-Cz and Cg-C,; fissions rüere virtually the sanle as the
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RlìK/2 rìcthocl since these reactio:ls ciom]n¿rte tlie decornpcsi ti on relative

to HCN eliniination.
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3. 5 ter-t-Buty1 Cyanide

The VLPP stuclies on isopropyl cyanide and n-propyl cyaniCe have

shown t¡at they decornpose rnainly via C-C fission of the bond adjacent

to the cyano gloup; [iCN elimination is a minor reaction. Thus it- was

expected that tert-butyl cyanide should also decompose in a sirnilar manne-r.

Fron a comparison of the alkyl halj.des 1731, the HCN elinination should be

more conìpetitive than it was for: tire prinary and secondary compouncls. The

kinetic paranieters ob-,-ained fron the p1'rolysis of tert-bubyi cyanide should

enable the heat of fonnatjon and the stabilization energy of the

c-cyanoisopropyl radical to be calculated.

Deconposition reactiolrs expected are

(CHs) ¡ CCN (CI{3), öcru 'n cn, (1)

(CHs) s CCN --> (CIl3) z CCHz + ÌICN Q)

The o.-cyanoisopropyl radical should decompose via H atom loss to for¡rr nlethyl

vinyl cyanide

(cH g) , öcu ---+ cH3 (cN) ccHz + H (5)

and, under VLPP conditions, this reaction should be more rapid than the

esc-ape of (CIl3),CCN. P.RK calculations* confilmed this' The produot ma-ss

spectrum was in agreement with the occur1ellce of these reactions '

The disappearaÌice of tert-buty1 cyanicie (t-BuCN) was nonitcred

at peak mf s = 42amu (arirl also at mf e = 68 anu) using argon (at m/e = 40 amu)

as an interlral standarcl. The fcrnatiorl of neth,'l vin)'l c¡'eli-de (l"leVCN) l{as

followed at m/e = 67 alnu, w[i]-e isobute:re forntatiorÌ was f611owed at

Using iog k3 14.4-18.1/0, taken froin that for the i'ert-butv1*

for stabilization bY CÌ{ (- 5 kc¿r1/rnole, 179,801 ; see disr:ussion
the tables of Kassel integral 167] elded: ât 1200K, -q 19.6,

) , r,i i-th
B = 20.2

cape i:at-eand I) 10.2 giving k.U
)

767 sec-
consta,nt , ke" ( 10 mm Its+.2 sec-r .

yL
I compared to the fa-stest es
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m/e = 56 amu. l'he mass spectroneter was calibrated for the lelatir¡e

sensitivities of products and reactant by preparirlg krtowlt mixtures on

the vacuum line, and allowing them to effuse into the VLPP system'

The relationships obtained were

[MeVCN] / lt-nuc¡t] = (rst/rsa - 0.s67) / 0.6994

Irsobutene] / [t-BuCN] = (I55lIsa - 0.021) / L'2855

The uninolecular rate constants were calculated from the

expressio. \rrr;_ = k"u [product]/[reac-uant]. The Ïesults for the three

aperture settings aÏ'e plesented in Tables 3,14 - 3.16. The experi'mental

data and computer progran used to calculate these results a::e i'rcluded

in the Appendix. Percentages of decornposition based on Teactant.

disappearance and fornatj.on of products show gooci agreement. Tt can be

seen flon the tables that C-C bond fission was the najor reaction, HCN

elinination accounting for less than 5% of the overall deccmposjtio:r' The

unirnolecular rate conbtants were found to be ir'dependent of the:Lpertur"c

settings ald flow rates, thereby confirming the react'ions to be unimr:lecular'

Details of the frequency assignment and nnolecular pararneters for

the molecule ancl transition-state are givetl in Table 3'I'/ ' l{e-stnrm and

Ribner [81] and Durig, Craven and Bragin [82] have r-eported frecl''iericy

assi.gnments for the tert-butyl cyanide molecule, and 1-'hese were used for

the rnode] . The moments of inertia, calculated by using t'he nonna.l aikyl

cyanide bond lengths altd angles, agree r'¡ith the results of l'lugent, Nlanrr and

Li<le [83], and the calculated molecular entropy of 79'6 cal K-lncLe-r at

3001i is in agrecrnent rvith the work of lvestrum and Ribnel" The same

transition state nodel as has been outlined for Cz-Ce fission' in isopropl'l-

cyanìcle wa-s appJied to tert-br-rty1 cyanide. The calcula't'ed A-fac1:or at

1100K was 101 
s' 4 sec-t per reacti.on path or 10t t' I sec-' otterall ' Th.i'-c
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TABLE 5.14 VLPP Results for tert-Butyl Cyani-de

(Z = 19,550, flow rate = 2.6 x 1014 ntolecules/sec)

I% decornposition *uni' sec

Product for:mation

Runa Tenp
K

t-BuCN
decay

bMeVCN i-C¡rHe MeVCN i-C,*Ha

TB 72

40

B5

4

4T

86

l3
5A

42

L4

B7

43

6

15

44

16

88

45

T7

89

46

47

48

49

.50

5l
52

7022.9

1023.4

1023.5

1036 .0

1043.5

1043.7

1044,2

1056.0

1057.8

1062.2

r073.3

r07s.5

1077 .9

10B4.0

1095.0

1103 . 6

1112.8

IIL4.4
rr22.s
It33.3
1134.6

tr47 .5

11s4.5

r166. s

t.r77 .2

TT77.T

1188.0

10.8

14.6

72.4

15.1

2L.I
20.2

1B.s

24.4

27.6

28.O

s4.1

36.9

36.9

40. 8

48.2

52.6

s8.0

58.1

64.0

67.9

67.8

73.r
76 "2

79.7

82 .5

83.4

85 .4

11.9

r0.7
10.9

15.8

17. B

17.8

19.7

24.7

23.7

28.L

3r.7
33.2

56. 0

59. 3

43.s

49. 8

55.1

55. 8

59"8

65.5

64.6

71.7

7s.2

77 .7

81. C

81 .1

84. 1

2.2

1.5
)t

2.3

1.6

2.3

2.5

2.4

2.3

¿"J

2.3

2.t

0.093

0. 083

0.084

0.133

0.152

0. 150

0.L72

0.233

0.22r

o.277

0. 53

0. 36

0.41

0.47

0. 56

0.73

0 .90

0.94

T.L2

T.4T

r.40
1 .93

2.I7
2.82

3.5

3.6

4.5

0.032

0. 02s

0.037

0 .043

0.034

0.051

0.067

0.072

0 .083

0.100

0.100

0.115

a
FIow rate = 3.8 x 101s molecules/sec f,'or Rtms 1'B 4-6; 2.8 x l-015

nolecules/sec for Runs TB I2-I7; 1.9 x l.0r s molecules/sec for
Runs TB 5I-2;8 x 1014 molecules/sec for Runs 1'B 85-89.

b Isobutene formation at tenps below 1100K was too small to be of
quantitative significance.
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T.ABLE 3.15 VLPP P.esults for tert-Butyl Cyanide

(Z = 2,140, flow rate = 3 x 10r5 molecules/sec)

% decomposition k ..sec-l
un]. -

a

';:::ï -d#t"'t i:äifi:'""Run Tenp MeVCN i-C+He
K

TB 65

22

66

67

I8

24

68

25

53

54

zo

69

55

56

27

70

57

28

62

7T

63

5B

29

59

30

60

6i

1095.1

1103.5

110s . 9

1118 . 5

LL22.0

L123.7

1134.9

rL40.7

114s.4

Lrs4.7

1165.1

r173.7

1175.3

1r84.7
1188 . 0

!r92.4
1r.96. 9

t20L.6

121 3. 0

72L3.4

I2r3.4
1213 . 5

122s.4

!233.0

L2.45.6

1253.0

1255.0

9.6

10.1

12.8

17 .0

17 .4

17.9

23.r
24.8

24.4

28.5

36.3

39. 0

37.4

41. 8

46.7

48. i
48.0

s2.7

55.7

56. 9

58.3

5s .2

62.s

62.5

69. 3

69.3

70.3

10.3

12.0

12.4

L6.2

1b.6

19.4

2r.4
25.6

25.s

29.7

35 .6

37.2

38.4

42.4

4s.4

45.7

47 .7

sI.7
54.3

55.2

s4.7

55 .0

6r.3
62.8

68 .5

69.7

69 .0

0.9

I,2
t.2
r.2
0.9

r.3
r.4
r.5
1.I
1.4

r.4
r.6
1tr

r.8
1.6

L.7

0.73

0.88

0.91

I.25
I .48

I .56

r.77
2.26

2.24

2.80

3.7

4.0

4.2

5.0

5.7

s,7

6.2

7.4

8.2

8.4

8.3

8.3

tr.2
11 .9

15.6

16.5

16 .0

0.093

0.126

0. 138

0.176

0.117

a .167

0.228

0 .2.21

0. 1 Lr4

0.2r+
0.207

0.32

0.,28

0 .40

0. 38

0.39

a Flr:rù rate = 1.5 :< 101s molccuies/sec for Runs TB 53-60t 6,2 x 10¡s
nrolecules/sec for Runs TB 6L-2;1.1 x 1016 molecules/sec for }ìun TB 63;
9. 9 >: I Ct 

a inolecul es/sec for Runs TB 65- 71 .
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.T¡\BLE 5. 16 VLPP Results for tert-Butvl Cyanidê

(Z = 246, flow l'ate = I-2 x 101s molecules/sec)

9o decomposition

a
t-BuCN
tlecay

MEVCN
formation

,cKuni' -l
Run Tenp sec

K

TB 75 rr73.7

IL74.4

r1Bs.7

1193.8

1194.8

1203.2

1215 . 1

1216.3

I2I7.0

L2r7.0

L2r7 .2

1225.s

L¿õ¿.J

1233.3

r240.5

r24t.4

t244.9

1253.5

7.6

8.6

,8.1

12.8

14.4

12.7

L7.3

16.s

L7,I

19.9

tB.0

19.5

2r.s

22.7

24.2

28.r

25 .8

29.r

9.7

10.0

12.2

13.8

L4.4

15.6

r9.0

19.3

18.4

19. I

19. I

20.5

2s.3

23.9

26.4

2.5.9

27 .2

29.9

4.6

5.0

5.5

7.5

8.2

8.1

10.9

10. 8

10. I

L2.0

11 .6

L2.5

14.4

15.r

16.9

18.5

18.1

2L.r

80

35

76

72

36

B1

5t

83

73

77

84

38

78

E2

74

39

79

b

b

a Flow rate = 5 x 101s rolecules/sec for Runs TB 75-79; 1.5 x 1016
, n -- ¡r.l 4 

-^1^..,,1^-l-^^ Çn¡
illoIeculeS/ 5eL'- Iur ltlrrrs rD ou-4, 'a'r ^ tv
Runs 'IB 83-4.

b Isobutene wil.s detected; krrrri = O.SO sec-l

c Average.
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TABLE 3.17 lvlclecular Paraneters for tert-But-vl Cyanide Pyrolysis

Molecule Compl ex
(C-C)

Conpl ex
(-HCN)

Frequencies (cn-t )
and degeneracies

Collision diaineter,Å

Saooo cal K-1mo1e-r

. rB. rc, (g .*t )t x 101 I 3

, (g .r') x loao
bgna

IA
I.
I

Si

2eso (e)

22ss (1)

r44o (e)

L12s (3)

e3s (2)

86e (2)

7s3 (2)

s61 (5)

37t (3)

2ss (2)

220 (2)

r7s (1)

L.70

3.0

6.3c

79.6

2ss0 (e)

22ss (1)

r44o (e)

rr20 (2)

sss (1)

86e (2)

738 (1)

s7s (2)

376 (2)

zse (3)

zsr (3)

1s8 (1)

10E (1)

3 .55

5.424

1.0

89 .7

2eso (8)

2230 (2)

L44o (e)

r500 (1)

1070 (2)

s3s (1)

86e (2)

787 (2)

ss3 (2)
'í'es itt)
366 (4)

260 (2)

176 (1)

140 (1)

3.77

1.0

82.7

a Using internal symrnetry = I'l=oldness'r of the rotor = 3

b, Sigrna = ofn, where o is the symrnetry number for external rotation
and n is the number of optical isoners.

c Assurnecl equal to that fol n-butyl cyanide [66-| .
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agr:ees v'¡ith the values for isopropyl and n-propyl cyanide. The

elinination of hydrogen cyanide rr¡as assumed to be via a four-centre cyclic

transj.tion-state, and application of the methods of 0'Neal and Benson

[50, 45] yielded an A-factor of 1014'rsec-l atll00K or 1013'tsec-l at

600K. This is sinilar to the observed and estimated values for the

eliminaticn of hydrogen halide fron alkyl halides [30, 73].

The experinental rate óonstants are compared with theory

(RRKM, RRK, RRK/2) in Figure 3..5. For the najor pathway of C-C fission,

the three conputed cllr\¡es are similar, while interaction of the competitive

reaction paths causes the rate'constants for the minor pathway to be

lower by a facto:: of :'5 than those predicted by RRK and RRKM theories.

The unimolecular rate data are found to be consi.stent with the high pressure

rate constants gì-ven bY

log Kr (1100K) = (15.8 t 0.3) - (74.9 t 1.6)lO

logk2 (1100K) = (14.1 t 0.3) - (74.1 11.6)/0

where k. is in sec-t .
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3.6 Cyclopentyl Cyanide

To gain more inf<¡rmation about the'unintolecular elimination of

hydrogen cyanide, the decomposition of a five or six mernbered cyclic cyanide

was considered. Due to the increased strength of the ring bonds, it was

.expected that the elinination reaction would play a greater role in the

overall decomposition than it does for alky1 cyanide pyrolyses.

Cyclopentyl cyanide was chosen as a suitable cornpound to study in the

reactoï systems available; its pyrolysis has not been reported in the

literature,

The expected reactions are

CN CN (1)

CN

The biradical nay decompose to produce propylene and vinyl cyanide, and

ethylene and cyanopropenes.

CrHu + C2H3CN

CN

-__>¡

.---*

+ HCN \¿)

(3)

(4,}J CrHo + C3H'CN

The cyanopropenes are taken to be a nixture of cis- and trans- crotonitrile

and allyl cyanide.

An ilitial investigation was c.arriecl out in the batch reactor

at temperatures of ca. 4011, 450 and -q00oc. very Little decomposition of

out over 67 hours at ca. 50OoC at an initial pressure of ca. 15 torr, the
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Tate constant fo:: cyclopentene formation was found to be ca. 10-7 sec-t

assuming a first-order reaction; a RRK calculatiorl* rho*s it not to be in

the fall-off region. Products relating to the formation of viny-l cyanide

and cyanopropenes $tere not observed.

The flow system provided more information. It was used to study

the pyrolysis over the tenperature rfange of 897-1056K, and the presence of

toluene as a radical chain inhibitor could be introduced. Over this

temperature range, the flow rates through the reactor were maintailred above

20-mls/sec to satisfy good rnixing requirements by forced convection and

diffusion. Of the colurnns available for GC quantitative anaiysis (see

Chapter 2), the squalane column, using temperature programrning from ¡100 C to

70oC , was found to give good separation of the product peaks. The Porapak

Q * R column rvas also used for a qualitative analysis of the low boilers.

The expected proclucts, i.e. ethylene, propylene, hydrogen cyanide,

cyclopentene, vinyl cyanide, crotonitrile and al1yl cyanide were detected

as well as the observation of a dark brown residue deposited along the exit

lines from the ïeactor. In addition, as the tempeÏature was increaserl

cyclopentene v\ras found to decompose to cyclopentadiene.

+ H (5)
2

Rate parametels for the thermal decomposition cf cyclopen+'ene [84] suggest'

that over the temperature fange of this investigation, almost all of the

cy,clopentene formed fron cyclopentyl cyanide wj-l1 subsequently decornpose'

The GC flane ionization detector (FID) was calibrated by preparing

known mixtures of products and reactant on the vacuum Jine; cyclopetltetrc

and cyclopentyL cyanide were calibrated against each other, v;hi1st the cther

-t-

* Assuming k.2,- '- 10 1 t -t o / " çfron analogy of cyclopentyl hai ide
eliminaiioni-¡SO1 , and the prec.eding studies of alkyt cya.nide FICN

eljnrinations), aná ¡sing thè Kassel integral tables Í671: at 773K,

s = 23.2, B = 45.6, and D = 4.9 giving \rrriÃ'- = 0.9999.
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products were calibraterl relative to cyclc;pentene. Decornpositions via

the assumecl biradical mechanism were fol1ov¡ed by the formation of vinl'l

cyanide (VCN) and of cyanopropene, CsHsCN. (It was found the crotonitrile

and allyl cyanide lrad similar retention times on the squalane colunn and

the same sensitivity of detection, and were therefore analysed together as

CgHsCN). The HCN elimination was complicated by cyclopentene decomposing to

cyclopentadiene plus some side products [84]. Thus it was decidecl to prepal'e

sone hydrogen cyanide (see Chaptet 2) fol calibratioil purposes, so its

forntation could be foliowed, as tr'eli as thaC of cyclopentene arrrl

cyclopentadiene. The calj-bratj-on plots are shown in the Appendix, altd the:

rel ationships obtained are

[VCN]/[c-PeCN] = I'403 x peak area ratio' VCN/c-Pr:CN

[CsHsCN]/ [c-PeCN] = I.463 x peak area :ratio, CstisCì'¡/c-PcCN

[csHe] / [c-PeCl¡] = I.240 x peak area ratio, csHa/c-PeCN

[csl.to]/ [c-PeCN] = L240 x peak area ratio, cslis/c-PecN

[HCN]/[c-PeCN] = 16.666 x peak area ratio, HCN/c-PeCN

It should be noted that hydrogen cyanide tr'as found to have a very

low flame ionization sensitivity relative tc the other species '

T'oluene to reactant ïatios of 0 - 36:1 and residence tines of

3.5 - i0.J seconcls rvere used. The results of the study are presetitred 'in

Table 3.18, from wfiich it can be seen that the elj'mirra-uion of LICN is the

rnajor process of clec.ornposition at lower tetnper:atures, while vinyl cyanide

for¡nation domilrates at the higher tenpera-LuÏes. The three pathlvays c'f

clecomposition ha-ve equivaleni rates at ca' 980K. The rate of di sapperrrance

of cyclopentyl cyanicle was not obtained foT all ruirs. The combj-ned rate

of forlnatioti of cyclopenterre ancl cyclopentadiene w¿rs found to be less than

the formation of hydrogen cyanicle

discrepancy l{as snial 1, but at ca,

At tert,peratul:es to 950K, the

1050K t-he conbincd rat'e was ca. 40"¿ of
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TABLE 3.18 Stirred-Flow Reactor Restilts for Cyclopentyl Cyanide

Run Ternp
K

tJ/v
-tsec ' VCN

Rate constants, l.i x 102rsec-1
CgHsCN HCN (C5Hs+C5H5) c-PeCN

cPe 43

15

t4

I3

46

4B

47

19

18

17

16

5T

50

49

2A

2T

22

2

54

53

52

J

26

25

57

56

s5

29
.7

905.5

975.7

916.2

918.7

925.0

926.0

926.L

94r.2

94t.4
94r.7

942.8

946. 0

946.3

946.s

954. I
9s6. 0

956.1

966.2

966. 5

966.6

966.6

966. 9

97r.2

97r.6

986. 1

986. 3

986. S

991.2

991.4

0 . 1154

0 . 1180

0.1r86

0. 1033

c.rI47
0 . 2186

0.16s1

0.1032

0.1025

0.1247

0.1233

0.2198

0.1665

0.1r.88

0.1243

0.r24r
0 . 1.051

0. 0970

0.2276

0.1709

0.1184

0. 0934

a.2246

0.1728

0.2¿a2

0.18s1

0.1269

0.2?.99

c.1257

0. 062

0. 070

0. 087

0. 086

0.r32

0.119

0.I42
0.33

0. 30

0.26

a.28

0. 31

0.38

0.44

0.s7

0.57

0.67

r.43
L.C2

0. 84

0. 81

r.3l
0.97

r.26
2.L3

2.29
) ).4

2. 81

3. 36

0.05.1

0. 060

0.0s4

0. 109

0. 071

0. 101

0.28

0.28

0. 30

0. 13

0. 19

tl. 1B

0.20

0. 40

0.34

0.54

1.14

a.42

0.50

c .47

0.93

0.49

O.7'r

1.09

0. 89

0.94

1 .15

2.23

0. 16

0. 15

0.18

0. 16

0.21

0.43

0.4s

0.46

0.46

0.32

1 .00

0. 86

1 .06

r.67
1.81

r .94

2.C0
4 to¿.vo

0. 30

0. 31

0.65

0.61

0-,70'

r,67
0.s7

0.67

0.55

L.64

0. 84

1.11

I .06
rJ.99

1.03

1.47

J.¿¿

1.1

.A¿.+

2.6
)7

7.2

s.2

6

5

991.5

991 .5

o.1247

0.0964

¿.u /

I .99

¿.5U

2.r3
¿,95z .98

2.76

Continued....
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TABLE 3.18 Continued

Run Temp v/v
sec-t vcN

Rate constants, k. x 102,sec-1
CsHsCN IICN (CsHe+Csl{o)K c-PeCN

cPe 4

28

5B

60

61

30

32

51

11

10

9

B

84

35

34

36

38

5t

991 .6

99r.6

1004.6

100s .4

100s.9

1012.8

1013. 4

L0r3.7

1 015.5

1015 . s

10r5.7
101s . 7

1034.5

103s.4

103s.9

10s5.2

10ss .9

1 056.4

0. 0996

0.r768
0.1317

0.23s8

0.1777

0.1786

0.1269

0.239I
0. 1435

0.t4r2
0.12B0

0.L274

0 . 1841

0. 1 301

0.2475

0. 1915

0.133r

0.2482

3.04

2.48

4.5

4.6

4.4

4.9

4.8
5.2

7.3

8.0

7.6

8.6

13.9

L2.T

12.2

26.1

30.0

28.2

1.83

1 .05

I.7T
2.35

r.82
I .66
.la

2.L

4.0
4.0

3.8

4.1

4.8

3.9

4.6

9.9

9.3

11.0

2,36

2.4t
3.5

4.4
3.9

3.9

4.0
4.7

5.5

6.1

5.6

6.4

7.7

6.9

B.l_

L5.2

L6.2

17 .6

2.8'I

1 .59

1 .4s

L.44

L.67

I .66

I .69
)1

4.9

5.7

5.3

5.8

3.4

2.7

5.1

5.5

5.5

5.6

12.2

9.4

13.3

18. 8

14.8

17 .0

4.7

3.7
7)

69

84

72
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that for HCN formation. The studies of Lelis and cjoworkers [Baa], and Knecht

[S4ìr], on the <ieconposition of cyclopentene have shown that for ca. 50%

conversion, side reactions account fot 2-59o of the loss of reactant; but

at larger extents of reaction, higher yields of ring fragnentation

products were observed. The major side products htere found to be ethylene,

propylene, allene and 1,3-butadiene, and thei-r formation has a strong

tenperature clependence IBaa]. Swarc [85] has reported that the

decompositicn of cyclopentadíene yielded nainly hydrogen, methane, and C2

hydrocarbons, but the rvork of Lewis and cjolorkers [B a] and Tanji and c'o-

wo:rkers ¡S+cl have shotr,n that over the tenperature ranges at which t'hey

studied cyclopentene decomposition, most side proclucts were produced from

the cyclopentene. A brief qualitative investigation of these two cyclo-

alkenesintheflows¡'5¡emconfirnedtheproductanalysesoftheprevj.otrs

studies. Since the residence times at tenperatures above - 1000K allowed

for complete decoxnposition of any cyclopentene formecl, it js not suipl'ising

that the discrepancy between the formations of hydrogen cyanide and

cyclopentene + cyclopentadiene becomes large at the higher tetnperatures '

Experinents carried out in the extended surface reactDr (Chapter

2) over simi lar tenperatures and flow I'ates of this study, showed that the

late constant-s for the for"rnation of vinyl cyanide and of hydrogen cyani.de

are unaffectecl by a threefold increase in the SiV ratio of the reaction

vessel.

Consicler the consecutive reaction sciterne for the l'ormati'on of

cycl-opentene a,nd cyclopentadiene from cycioperrt¡'l c;ranicle

a

A+B+.C
*s

D+E
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Then for a stirTcd-flow sYstem

I
î

k

.k'z [A] ,kz tAl - ks tBl

sec

ts tBl

ksx
sec

tBl + ID] tBl tDl

t.e lBl + [D]
tAl

Hence the rate constants for the decomposition of cyclopentene to

cyclopentadiene (i.e. B + D + E) can be obtained fron the concentrations

of these compounds in the effluent reaction mixture ' The values obtainéd

arecomparedinTable3.lgwiththerateconstantsgiven

ri.son of Rate Constants for I tene
Decotnpos tron

eo decomposition k exptl x 102 102 a

'z cl

0ú
lDl
TE]-

Table 3.19

Tenp
K

-1
-1

867

886

897

905

917

956

11.9

2L.8

,30.+

17 .L

50. 0

69. B

r.4

3.1

5.0

10. I

11.5

26.2

L.7

3.5

5.4

7.2

IL.2

2t_.8

a Lewis and c,oworkers [8aa]

hv the Arrhenitrs expression, log(k's,sec-t ) 13. 35 60.0/0, found bY

Lewis and c-oworkers

agreement is goorl ,

[B a] f::on a shock trrbe stt c|y at T - 1100K' lhe

consj.dering that the previor'ts studjes only follorved the
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clecomposition to 50% conplet-ion, and that the actual amounts of cyclopentene

ancl cyclopentaclielte present in the effluent stTeam are very smal1, the

decomposition of cyclopentyl cyanide at these temperatures being below 10e".

The presence or absence of toluene had no effect on HCN elimination,

except at the highest temperatures of the range, where its absence caused

the rate to be slightly higher. This could be due to free radical

processes caused by fragnent-ation of the ring. For the purpose of analysìs

of the elinination rate data, the values based on hydrogen cyanide,

detectable at tenperatures over.950K, were combined with the rates based on

cyc.lopentene + cyclopentadiene at temperatuïes belolv 950K. This enables-

the temperature range of HCN elimination to be extended, and the Arrhenius

plot is shown in Figure 3.6. A least-squares tleatment carri'ed out on the

data gives the follort'ing first-order rate expression

log k.2 (1.2 "7s r 0. 3) (6,s.3 ! r.3)/0

where the error limits ar'e one standard deviation. These Arrhenius

parameters are consistent with the proposed four-centle cyclic tlansitj.on-

st-ate for HCr\ elimination.

It can be seen fron Table 3.18 that the rates of fornation of vinyl

cyanicle and of cya.ltopropene are approximately the same at the lower end of

the tenperature Jrange, but at the higher temperatuTes the Tat'e constants

for cyanoplopene are less than -uhose for vinyl cyan'jde' It was expectecl

that t.he energetrcs of reactions 3 and 4 should be similar since the stlengths

of the breaking c-c bonds in the biradical aÏe not expected to be affected

by c¡'arro s|abilizatioti. Thus tire ovelall activation energies of the tivo

pathways should be the sanìe, and the A-fac.tors shoul.d be similar'

nnforfrrna-relv. a check on the formation of propylene and of ethylene I{aS

conlplicatecl by tire forrnation of these. products due to ring fragmentati'on

of cyclopentene. si.nce the investigation was catried out at high
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temperatures it was clecicied to check rvhethei" there is any decomposition

of crotonjirile or allyl c1'anicle, rvhich woulcl c.ause the lower rate constants

reLative to viriyl cyanicle. A st.udy t{as conducted over 940-i070K, rvith U/V'"

0.13 sec-l . Both the squalane and Porapak Q + R colurnns tvere used for

product analysis. A1íy1 cyanide wa-s found to clecompose to nainly cis-trans

crctonitrile before cracJ<ing to hydlogen, methane, ethylene, acetylene,

propylene, vinyl cyanide and a dark brov¡n residue. SnalLer amounts of

hydrogen cyanicle arrd nethyl cyanide were also observecl. The exterlt of

decornposition reachea 7O% at 1050K. Crotonitri-le was founcl to decompose

to a. simil.ar extent. ProCucts rvere methane, ethylene, a-cetyl ene, vinyl

cyanide and a brov¡n resiciue, plus sorne h1'drogen, propylene anC h¡'dÌogen

cyanide. Vinyl c1'anide was also checked for: decomposi.tion, ancl was found to

be fair:ly -stabie.

An Arrhenj-us plot for the for:mation of vinyl cyanide fron cyclopentyl-

cyalide is shown in Figure 3"7, ancl the iirst-ordeï rate expressi,cn obtained

fronr a least-squares treatnerrt is

1og li3 = (16. 0s t 0.25) - (S0.0 I 1 .I) / 0

rvhere the error limits are one stanclard deviation. Fron the limited -stucly

of crotonitrile and al1y1 cyani<1e decomposition, correct.ed rate constants

can be estimated for the formation of cyanopïopenc. The resrilts rvere founrl

to be satisfied by thc' rate e;tpression giirert by 1og k.+ - 16.1- - 81'0/0;

that is, haying Tates v¡hich are 1otçer than t.hose for vinvl cyanide b¡'a

factor of - 2.

when the ra.tes of fornratit-l¡i of hydL:cgen cyanide, vinyl cyanide, anð

the estimated cyanoprcpene (coriecteà {.r-¡'r secondary decomposition) ' iLTe

for the cU-sa earance of 1 entyl

cyanide, a cliscrepancy of Ll:,-Zoe¿ is evicient. It j-s suspected that a large
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portion of this disc.repancy is due to the formatiorr of the brotvn residue

observed along the exit lines. Analysis of it v¡as attempte<l r',rith the GC,

and revealed some very hi gh boi lers. This observation brings to mind

the ciark, tarry, polyrneric residues reported by many investigators 126,27

39] of cyanide pyrolyses. An analysis by Asmus and Hauser [27] of the

polymeric resiclue'Lhat they observed, sho',verl it to be of a cyano-substituted

ethylenic type.

A llmited investigation of the decomposition by the VLPP technique

was carlied out to verify the results obtai.ned in the liigh-pressure study.

The disappealance of cyciopentyl cyanide was nonitorecl by peal< rn/e = 54 anÈ1,

using a1gon (m/e = 20 amu) as an internal standard. The fomation of vinyl

cyanide. propylene and ethylene were rnonitoreci at peaks 55, 42 anð' 28 anu

Tespectively. I,i¡'dtot"tr cyanide was followed at. mf e = 27 antt, vrhile

cycl"opentene ancl cyclopentadiene were followed at peaks 67 and 66 anu

respectively. Peaks 42 anð.53 were corrected for cyclopentene ccrntribution,

while peaks 27 and 28 amu were also corrected for cyclopetrtadiene, vinyl

cyanide and propylene. The nass spectrometer calibration plots are shown

in the Appendix. and tJie relationships cbtaj-ned rvere

lvCNl / [c-PecN]

[CsHe ] / [c-PeCN]

ICzH+] / [c'-PeCN]

IHCNI / [c-PeCN]

lCsllBl / [c-PeCN]

lCsHo I / lc-PeCNl

(rsa/rsE - 0.043) /0.4430

(I+z/fs+ - 0.944) /0.5079

(Ize/ T s'* - 0.22) /I.0453

(Izz/Is+ - a.40) /1.1.470

(Isz/Is+ - 0.07) /C.7687

(IsolIsq - 0.03) /0.7L29

Use of these -¡e1at,ionships with the experinental cjata tabr-rlated in

the Appendix, resuits in the rate constants an1 9o ciec.ornposi'lion shorvn in
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Tables S.ZO and 3.27. Note that Table 3.2C shorvs the infornation for the

disappearance of cyclopentyl c-yanic1e , and formations of vinyL cyanide

and hydrogen cyanide, rvhile in Tabl-e 3.21 these format'ion rate constants

are compared with the results for propylene, ethylene and cyclopentene

plus cycl.opentadiene. The sane product distribution as found for the

high-pressure study was observed in the VLPP investigation' Cyclopentene

plus cyclopentacliene formation i.niti ally ag'ree with the fornation of

hydrogen cyanide, but as the temperature is incrcased, a sh'JÏtfall is

eviclent. Fron Table 3.21 it can be seen that the ::ate con-stallts for

propyJ.ene and for ethylene fornation approxinate those for vinyl cyanide-

formation. It rvas found that there r{as a 10-15% discrepancy between the

formations of vii'ryl cyanide, propylene, ethylene and hydrogen cyanide and

the disappearance of cyclopentyl cyanide. Inspection of the :reactor a'fter

this stucly revealed a substantial carbonaceous coating on the wal1s;,

r+liicþ may be Ehe source of the nlass balance cliscrepancy.

To relate the rate constants obtained in the VLPP system to high-

pressure parameters requires application of unimol-ecular rate theory, and

from a given A- value, E* is obtained fron a fit of \'i t"ttus T to a

cornputed line. Rather than use the A-factors obtained in the high-pressule

study, it was decided to estiinate then from models of the reactiorl

mechanj-sn, constructed accor<iing to the procedures outlined earlier (see

section on isopropyl cyanide). A cornplete vibrational assignrnent for

cyclopentyl cyani,le has not been reported in the literature, and estimates

were rnade fron the data on cycLopentane and the preceding cyanides' A

structural model of cyc.lopentane was fir:st deveiopec!, an'i the vaiue obtaii-rec

for its no¡nent of inel'+-ia using normai honó I'engths ancl angles [71] ' was

Kruse and Scott

l87l , Actclition of the cN group to the rnodel enabl ed the montent of ínertia
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TABLE 3.20 VLPP lìesults for: CvcloP entvl Cvanide PYroIYsis

(flow rate = B x 1014 molecules/sec)

-1
90

c- C,-

sition
t

k'uni ' sec
orrnation

TICN
Run Tenp

K decay VCN c-PeCN VCN HCN

Z = 19,550:

CP 64

55

34

47

65

3I

56

35

66

40

484

4B

32

s7

36

69

49

58

70

38

50

7T

39

L032.6

1043.0

ro43.4

L049.2

I 051.9

1054.2

I064. 0

1064.s

1073.0

1073. 5

I 075. 5

L073.6

1075.6

1083.6

1084. 0

1092.3

1097.1

1103.s

tL12.6

rt23.2
Lr25.4

1132.0

rI4s.4

7.5

12.S

16. I
12.7

14.2

t7,L
L8.7

L7.9

24.s

24.4

23.9

23.9

2s.9

28. I
27 .6

51 .3

37 .6

40. 0

45.3

51 .4

s4.5

57 .2

62.6

3.7

4.r
4.8
s.4

4.7

6.5

6.3

7.7

7.3

9.6

8.0

8.1

9.1

8.3

to.2
10.4

12.3

L2.6

T4.T

18.0

L7 .L

T7.B

2I.2

(2.s)
(1.0)
(4 .1)
(s.0)

(1.1)

0.052

0.092

0.r23
0. 094

0.I06
0. 133

0. 149

0.r42
0.2L1

O.2TI

0. 205

0.204

0.228

0.27

0.25

0. 30

0.40

0.44

0. s5

0.71

0. 80

0.90

I.T2

0.025

0.029

0. 034

0. 039

0. 033

0.049

0. 049

0.058

0. 055

0. 079

0.063

0. 064

0.077

0. 071

0. 084

0.087

0.110

A.T2L

0.141

0.207

0.210

0.23

o'.32

5.0

4.2

8.8

7.3

9.0

9.8

8.1

16.4

11.5

9.2

L9.7

0.042

c.035

0. 075

0. 063

0. 084

0.099

0. 082

0.209

0.149

a.I2C

0.s4

Z = 2,140:

cP 42 1095.8

43 1111.5

74 1115"1

4.7

9.4

9.9

3.2

4.0

3.8

0.29

0.62

0.66

(0.22)
(0.28)

(0. 2s)

Ir32.8
1133 . 0

14.4

14. 8

r.02
1. 05

34075

44

4.6

4.6 0.34
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TABLE 3.21 VLPP Results for Cyclopen tvl Cyanide (Z = 19,550)

Comparison of Product Rate Consta¡rts

Rate Constants. k
cÞeCN C-c Sõfssfõn- uni

decay VCN CaH-s Czll+

, sec-'
Run Tenp E1 1m1na t 10n

K HCN C I 6

CP 64 1032.6 0.052 0.025 0.049 0.008

0.027
0.002
0 .015
0.013
0. 031
0. 052
0.01.6
0.029
0. 064
0.038
0. 039
0.063
0.084
0 .043
0. 055
0.074
0.r23
a.ls7
0.195
0.27

0.011

55
34
47
65
37
56
35
66
40
4BA
48
32
s7
36
69
49
5B
70
3B
50
7L
39

.033

.022

.059

.066

.053

.058

.057

.068

.144

.to2

.085

.081

.07I

.072

. 095

.r26

. 130

. r38

.1s5

.27

.33 0.29
0. 39

104.3.0
1043.4
1049.2
1051.9
t054.2
1064.0
1064 .3
1073.0
1073.s
1075.5
107-c.6
1075.6
I 085. 6
1084.0
1092 . s
1097.1
1103.5
i112.6
rl23.2
Lt23.4
Lr32.O
7t4:5.4

0.092
0.0125
0. c94
û.106
0.133
0. 149
c.r42
O.2TT
0.211
0.205
0.204
0.228
0.27
0.25
0. 30
0 .40
0 .44
0. s5
c. 71
0. 80
0.90
T.T2

0.029 0
0.034 0

0.039 0
0.033 0
0.049 0

0.049 0
0.0s8 0
0.055 0
0.079 0
0.063 0
0.064 0
0.077 c
0.071 0
0.084 0
0.087 0
0.110 0

0.121 0

0.141 0
0.207 0
0.210 0
0.23 0
0.32 0

0.042
0.035
0.075
0.065
0.084
0 .099
0.082
0.209
0.149
0.120
o.34

0.022
0.027
0.024
0.016
0 .035
0.027
0 .036
0.026
0. 035
0.031
o.032
0.047
0.042
0. 046
0.036
0.047
0.056
0.059
0. 083
0. 084
0. 085
0.115.22
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for cycl.opentyl cyanicle to be determilred, T'he vibrational assignment for

cyclopentai-ie hras taken from Kilpatrick and,cotvorkers [88], Kruse and Scott

[87], and Duri.g and .ioworkers [S9] , and its pseudorotation nornent of

11.0 x 10-409 cn' ]90] had to be treated as an internal rotation to give a

entropy contribution of ca. 5 cat K-lmole-l at 30OK [30]. The resultant

entropy data fron 300-1300K wele consistent with the results of Kilpatrick

and.coworkers [SS] . Ttre same ¡nodel was applied for cyclopentyl cyanide

r¡ith the adclition of a C-CN stretch (7S8cm-r ), a C=N stretclr (2255cin-1),

trvo C-C-(CN) bends (500cn-1), atuo ç-C=lJ bends (I75,221cmt), and two

,H-C.- (CN) bend.s (1i50, SZO cn-1); its pseudorotation mornent was assuTrecl to be

similar to that for rneth/cyclopentane (18.0 x 10-aog.*', [91] ). The

calculatecl entropy of the molecule, SS o o = 84. B ca. K-l rnole-I , agr"ees with

that obtainetl from group addjtivity tables 142), Details of the ¡nolecular'

paranìeteïs used in the RRK(l\'l) calculations are sholn in Tabie 3.22.

'[he transition-state compl.ex for propylene + vinyl cyanide rvas based

on the structure

C4:

tN
\¡
Yr.

n --:-=..2

c5
ta;

C-alculation of the A-fa.ctor was macle by application of the same plocedure

fol C-C fission outlii-reri in detaii for isopropyl cyanide, wit-h the

aCditiolal assignments for CHz, Özll,* torsions and the ôsHe free rotation

about the brea-king Cs-Ca bond. The A-factor obtained is 1016'osec-l at 1100K
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TABLE 3.22 Molecular Parameters for Cyclopentyl Cyarride Pyrolysis.

Mo I ecule Biradical
c omplex

Complex
(-HCN)

Frequencies (crn-t )

and degeneracies

I
A

rt.'

rg.rc, (g.tn')t x 101r3

(g cm') x loao

2es0 (e)

22ss (1)

146s (4)

r2s0 (4)

113s (7)

eso (1)

820 (3)

738 (1)

sOo (2)

400 (1)

300 (1)

24s (3)

lBo (3)

10.9

29.9b, 55. oc

1.0

zeso (e)

22ss (1)

146s (4)

rzso (4)

113s (7)

ss0 (1)

Bso (1)

82s (6)

738 (1)

600 (1)

s00 (3)

220 (i)

162 (2)

1.45

lB.0 a

zsso (8)

2230 (2)

146s (3)

t2e0 (4)

1140 (s)

1Oss (i)

ezs (3)

824 (7)

s30 (3)

3Bo (2)

1s4 ('.2)

126 (1)

1.0

2.65

1.0d
br-gma

Collision di-aneter,,&

Sog o o, ca1 K-l mole-l

6.0

84.8 %.2b,9s.8c 81.1

a Pseuclorotation of ring treated as an internal rotation.

b For ethylene forrnation; moment of inertia of Cztl+ -È- - .

c For propylene formation; moment of inertj.a of ÖaHe * -
d Sigma = o/n, where o is the symnetry nunrber. for extert"ial r'otat:-ttlrt,

and n is the number of optical j-somers.
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which agrees with the experimental high-pressure va1ue. The tra-nsítion-state

for ethylene plus cyanopropene forma.tion has a sinj la-r structure to that

above, except that it has a CzH,* free rotation about the bleaking C'*-Cs

bond. Due to its smaller size, it contributes less entropy than-does the

ö¡Ho free rotation, thereby giving a slightly lower A-factor; the value is

found to be IOt5' esec-l. The HCN elinination transition-state was

constructed as a four-centre cyclic structure, based on the procedures of

OrlJeal and Benson [50,45]. For the purposes of calculating the momerrts of

inertia of the complex, a I,2 elj-mination rvas assurned although tl're 1,4

elimination across the ring could also be considered. Thc frequencies

of the mocles invoived in the elinination mechanism were reduced to 72e, of

their lnolec¡1ar values, and the pseudorotation mode was ?tfIozen out'! [30]'

Calculations usittg this model give an A-factor of 10r3'2sec-r at 1100K, or

1012.esec-t at 600K v¡hich is close to the value obtained fron the s';irred-

florv study. It also agrees with the estimated value for IIX elimir¡a-r-ion

froin cyclopentyl halides [30].

Before fitting the experimental rate constants for these reaction

pathways to the computed curves given by uninolecnlar rate theory, aiì

examjnation was made on the rates obtaineC for cyclopentene decornposition

in the VLPP s1,sten. As described earlier, the rate of formation of

cyclopenta<liene can be obtained from the -¡rroduct concentTation-s of tlie

exit stream fron a stirred-flow system. Correcting the escape Taie constant,

k"u o'..lfÑ, for t¡e nolecular weight of cyclopentene, the results are shoivn

in 'Iable 3,23. Note that the actual yields of cyclopentene frorn

cyclopentl.'I cyanide r^¡ere quite sma11 (see Tabl e 3.2i). RRKIVI calc''ulations

r^reïc carlicd out. Boncl lengths and anglcs for the mr¡lecule rvele takcn f-ron

Davi s

Ie3] ,

and lvfueke lg2lranC the frequency assignmerrts of Harris and Longshore

and wertz ancl c.,oworkers [94] were usecl. The c.aLculated rtolecui-ar
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a
TABLE 3.23 VLPP Results for Cyclopentene Pyrolysis

Run Tenp
K

% formation
C sHe

kunl.
-tsec '

Z = 79,550
CP 28

45
53
29
33
s4
46A
30
55
34
47
65
3L
56
55
66
40
484
4B
32
57
:i6
69
49
58
70
38
50
7L
39

992. 5
998.0

1003.9
1014.1
1021 . s
1022.9
1024.0
1033.0
1045. 0
L043.4
1049.2
10s1 .9
ro54.2
1064.0
1064. 3

1073. 0
1073.5
LO73.5
L073.6
1075 .6
1083.6
1084.0
IO92:3
1097.1
1103.5
1Lt2.6
Lt23.2
11.23.4
1132.0
Ir4s.4

4L
47
53
53
60
58
60

4
9
3
I
3
7
2

6
6
1

I
I
5
5
7

7

4
9
0
4
1

4
I
1

6
3
9
0
4
0

0.s2
0.68
0. Bs
0. 85
L.L4
L.07
r.t4
T.2I
I .58
T.4L
L.97
2.29
L.74
2.r3
1 .68
2.7
3.0
2.3
2.4
2.4
))
2.0
2.8
2.9
¿.o
2.7
2.4
2.8
2.7
5.0

75

77
79
74
76
75
74
72
78

61.
67.
65.
72"

69.
73.
68.

79.
76.
77.
74.
78.
77.
79.

1083.7

Z = 2, 1210:

CP 67
4T

. -1')
,A.

r073.4
1076 ..5

4.0
2.8
6.0
6.3
6.1
5.0
6.1
8.5
9.5
8.0

36.7
28.4
46.4
47 .4
46.6
41.5
46.2
54.6
s7 .0
q?q

6B
7s
42
43
74
1C

44

1092.3
1092.4
109s.8
1111 . 5
1115 . I
rr32.8
1133 . 0

a
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entropy of 69.3 cal K-lmole-r at 300K is in agTeement with the val-ue

reported by Furuyama, Golden and Benson [S-5]: The transition-state was

devised by foll.owing the nethods already outlined, and the calculated A-

factor was found to be 1013'osec-t at 600K, and 1013'osec-r at 1100K. T'his

is in accord rvith the'experimental values [S4]. In Figure 3.8 the

unirnolecular rate constants over the ïange 993-1143K are compared with E-

(600K) = 5B.t kcal/mole, or E-(1100K)= 59.5 k.cal/nole. The rate constants

foun,:l using the l.lntn aperture up to ca. 1080K, and the 3.3 nm aperture values

can be seen to delineate the degree of falt-off. However, the 1.lrun apelture

results found at temperatuTe-s above 1080K, corr.esponcling to high %

deconpositions, t{ere found to fall away frorn the 3.5 aper:ture values. The

nass bala-nce between tþe sun of the cycloalkenes and hy<lrogelr cyanicle ís

found to also deviate at these temperatures (see Table 3.2I). The rirrg

fragrnentation of cyclopentene via C-C r:upture to form the biradical alkene [B4a]

will*ä'icount for solne of the discrepancy, holvever, it appears that there is sone

tirne dependent mechanism operating at these high tenperatures.

Since there are tht-ee competitive pathways operati.ng in 1-he

decomposition of cyclopentyl cyanide, the RRK/3 method tvas used (see page.214,

Appendix for derivation). In Figures 3.9, 3.10 and 3.11 the experirnental

rate constants for scission prortrr,rcts VCN, and ethylene, artd for IICN

elinination, are compared with the RRK/S contputed curves. 'l'he a-sslrrttption cf

equivalent actir¡a.tion energies has been m"ade fbr the two bond Êission

pathwavs, since the strengths of the breaking bonds in the molccttle and the

biradical shculcl be the saine in each case. It r+as found that the conpr'tteC'

curves (see Figur:es 3.9 and 5.10) give very similar values since thej-¡

.13 -1
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rate data gives the folIowj-ng higli-pressure Tate expresslon

1ogk.r,- (1100K) = 16.0 - 79'7/0

which i_s virtually identical with the result obtained in the high-pressure

study. Although there is some scatter attached to the ethylene rate

constants they are consistent with the rate expression

togk.u,-(llooK) = 15.9 - 79.7/e

The \¡LPP stucl)¡ shows the rates of ethylene and cyanopropene format'ion to

ìre a factor of ca. 1.4 less than the Tates for vinyl cyanide forrnation,

which is in gogd agreement rvith the results of the high-pressure -study rvhere

the factor was estinated to be - 2. In Figure 5.11 the RRK/S conputed

curve for HCN elininatiolr is conpared rr'ith the unimolecular: rate constants

for hydrogen cyanide and the sunmed values for cyclopentene and cyclopen-

tadiene (á.t ternperatures less than f O80K). The data are found t'o be

reasonabl.y consistent with the Amhenius expression

1ogk.r,- (1100K) = 13.2 - 69.5/e

The high-pressuÎe study of thi-s reaction, however, gives a lotuer A-factor

(l0tr.?tsec-lat T* - 1000K); and if the A- is now adjusted to this value,

the RRK/3 cornputed curve is found to be refitted by

1og k-2,- (1100K) = l2'8 - 67 '8/e

An uncertainty of ca. ! 2 k.cal/no]e in the activation erÌergy obtained' shows

the VLPP and high-pïessule stu<iies of tiCN elininat-ion to be in agreement

within experimentai erors.
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3.7 Ethyl Cyanide

Fr:om the preceding studies it was anticipated that c-c bond

fission sliould be the rnajor pathway for the pyrolysis

CzHsCN + ôu, * ôurctt (t)

An initial investigation showed the deconposition to be too slow under vLpp

conditions. Therefore the stirred-flow reactor was used for this study
over a temperature range of ca. 890-1075K. rt has been shown (see section
on isopropyl c1'anide) that the prevìous studies by Hunt and c,oworkers [2g],
and Dastoor and Ernovon [32], suffered from the conplications of secondary-

chain processes even in the presence of a chain inhibitor. At the

teinperatures required for the pyrolyses of alkyl cyani_des, it has been

shown earlier that very large amounts of inhibitor are required to decrease

the effect of chain processes. Thus, a few prelininary experinents were

carried out using large volulnes of toluene addecl to the ethyl cyanjde in
the saturator- using a diethylene grycol adj-apate corumn, GLC analysis

indicated the products hydrogen cyanide, vinyl cyanicle and rnethyl cyanide,

while analysis of the 1ow boilers using a porapak Q * R column, revealecl

hydrogen, nnethane and ethylene. Thus the suspected free raclj-cal chain

fornation of hyrlrogen and vinyl cyanide, observed by Hunt and coworkers t2g]
is stil1 a substantial pathway of decomposition er¡en with large anro¡nts of
inhibitor. Alnost alr the hyclrogen cyanide ancl ethylene result fron the

chain reactions; the rnolecular elinination of HCN

CzHsCN -> + HCN (2)

-.hould, frcm the n-propyl cyanide study [.90], be practi cal|y not. observable.

The gas chlonatograph wa"s calibrateci for the p:rocucts hydrogen

c¡'anide,

(EtcN).

met-hyl cyanicle (MecN), and vinyl cyanide, against ethyl cyanide

The relatiorr,ships obtained from the calibration plots are
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[lvleCN] / [Et's¡1

lvcNl / [Et.N]

IHCNI / [Et cÌ{]

I .469s

= A.9625

= 5.28

x peak area ra.tio, Ìr{eCN/Et-CN

x peak area ratio,, VCN/EICN

x peak area ratio, FiCN/EtCN

Before considerirtg the results when a chain inhibitor is

present, it was decided to follow the reactions that occur without the

inhibitor to gather information on the free-rariical chain reactions. The

experimental ciata obtained or¡er the tenperature range 896-1020K are

included in the Appendix, an<i the results are sumnarized in Table 3.24. Over

residence t|mes of 3.8-7 .7 secon<ls, nainly hydrogen, etirylene, hyd::ogen

cyanide ancl vinyl cyanide rvere found, rr'ith only a smaLl amount of methyl

cyanide being observed at the higher temperatures. The chain reactions

were also observed in the reaction vessel containing a threefold increase

in the S/V ratj.o. The results are shoirryr in Figure 3.I2. The rar-e constant-s

cbtained are urraffected by the j-ncrease in sttrface-to-volutne ratj,o, and

indicate ihat appJ-ication of the steady'-sta-te treatlììent to the differentj-al

equations of the probable chain steps coulcl girre parameters to satisfy'che

observed l,alues, and yield a plausible free ra<iical mechanism (see Chapter: 4).

The experimental rate data were found to satisfy a first-order relationship,

and the Arrhenius parameters founcl fron a leasi-squares pt:ocedure are

1og k = 14.3 - 67.5/A for the formation of flCl'l

log k = I2.1 - 59.1/0 for the formation of VCN

Conparison ',vitl-' the VLPP results incllcate that the observed

actir¡ation energy for hydrogen cyanide for¡llation is too low to be

explainecl j.n t.e:rms of a four-c.enire nolecular elinrination. The rate const-ants

are approximately a thousand t-ines larger than predictecl from atra-1ogy with

n-propyl cyanide (see Chapter 4) . The formation of '"'inyl cyanide rr'it:h

acconìpanying liber'ation of hyrlrogell nost certainlf is not a mclecular

elinination rea,ct-ion, and this pathwzry'h'as n(rt observecl for tìre other cyanides.



L32.

1

1dl

o

Formatìorr of VCN
oro
Log k = 12.1

Formation" of HCN
A,A
Log k = 14.3 67 .s /s

A

-îu

A)
(^

-Y

..?i0-

g
o
o
^

'sj /s

1o-3

a ro
ârØ

g7y = 0.9

SlV = 2.'l

-¿.10'
c1.90 0.95 1 .00 1.05

to3 f t txt
1.10 1.15

Figure 3.12 Arrhelrius plo b for free-radlcal toÏlnatlons or

hydr:ogen cyanide anci of vinyi cyanide fron ethyl

cyanide.



133 .

TABLE 3,24 Stirred-flow React,cr Results for Ethyl Cyanid.e
(in t-he ebsence of a chajn inhibitor)

Run Tenp
K

Flow rate
U, mls/sec

kx102 -lsec '
TICN VCN

ulv

ET7
I

2L

20

19

23

22

9

24

25

26

i1
10

29

28

27

32

31

30

33

34

55

58

37

36

888.6

890. 3

89s. 2

89s.5

895.7

9r4.4
91s .6

921 .5

9s2.4

934. 0

934.2

938.2

950.2

9s4.2

9s4.7

954, B

974.r

974.s

974.6

99r,7

994.1

994.1

1011.6

1019.7

t020.2

2r.84

5a.67

26.47

s2.74

¿5.55

33.93

24 "r8
22.24

25.45

34.6t

42 .46

32.42

2s.28

44.04

34.93

26.08

4s .54

35 .99

2s .98

26.48

36.76

46 .06

46.93

37 .83

27.30

0. 1218

0 . 1710

0.1476

0. 1826

0. 1 301

0. 1893

0.1349

0.1240

0. 1419

0"1950

0.2368

0.1808

0. 1298

0.2456

0.1948

0. r4s4

4.2540

0.2007

0.1449

0.14s5

0. 2050

0.2559

a.2617

0. 21 10

0.1523

0.43

o.2s

0. 56

0.58

0. s9

7 .40

0.93

2.IO

2.2I
2.5

2..9

4.3

5.6

6.1

6.7
6.2

LI¡7
LT.2

r0.7
19.5

24.6

24.L

37 .9

s6.4

5.5.0

0.28

0.32

0. 35

0. 36

0 .58

1.13

7.L2

I .1C

r .86

2.09

2.25

1.80

3.0

3.9

4.r
3.9

7.4

7.2

6.6

10.0

L2.4

12.7

19.1

24.5

20.6
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Free-raclical processes are the likely cause

The effec.t gf the pïesence of a chain inhibitor, namely anilìne,

rvas exalnined. Product analysis was by f1a:ne ionization using the cljethylene

glycol adiapate colurnn. With an aniline/etþyl cyani-de ra-tio of ^' 4, the

rates of for:mation of hydrogen cyanide and vi-nyl cyanide decrease by a

factor of -20 from the va-lues obtained in the absence of inhibitor' The

results are found to be in close agreement with the values for hydrogen

and HCN fornation obtained by 1ìunt and coworkers 1281, and with Dastoor

and Emovonrs wo1.k 132,1 on HCN fornation. Howe\¡er, on increasing the ratio

of inhibitor to reactant, the Totes of fornation continued to clecr:ease' Thj's

was rnonitored until the doninatilìg pTesence of aniline began to interfere

with the chronatographic measul'ements of the reaction products.

The forrnation of neth.l'l cyanide was also observed in the al¡ove

experiments, and the Tate constants obtained are plotted j-n Figure 3'13'

l\rhen the ¡Lniline/reactant ratio is'- 4, the rate constants obtainecl are

sinilar to those reported by Hunt and c,oworkers l2B), but as the ratio is

increasecl t.o 6 and g:1 the rate of formation of methyl cyanide decreases

and steaclies rvith values that are 2-3 t.imes less than those at 4:l- '

This is pi:obably a :resr-llt of competition between the reactions

CHTCN

CHzCI-l

+ RH + CFI3CI{ + R

+ C zH sCiJ + CF13CN +

(3)

t4)C zli '*CN

If insufficient inhibitor (RH) i.s presetrt then the cyanomethyl ra.dical

c¿rn attack the ethyl cyanide and thereby reduce its concentration' The

rate constants for C*C fission tÌìereby obtained fron [l"leCl{]/[$.CN] aÎe

obser:ved to decrease to a i jlnit as reaction (3) becoines the domilrant

pathway for cyanornethyl raclicals. At the highest temperatures of the

range, the late constants falJ- arta.y probabiy due to the decompo-sition of
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nethyl cyairide 1271.

.*expresslon,

The line collresponding to the preclicted.rate

log k (1100K) = L5.4 -81/0

for C-C fission in ethyl c1'anide has also been included in Figure 3"13.

AlthougTr the data obtained fron this brief investigation are j.nsufficient

to <ieternine rate paliameters, they support the pararneters predicted from

the VLPP of n-propyl cYaniCe.

An aniline/ethyl cya.nide ratio of ten ()1'nore was found to

interfere with product analysis, and thus it wa*s decided to investigate

the effect of toluene as the chain inhibi.tor, in an atternpt to obtain the

liinitíng unimolecular rate constants for HCN elimination. Due to sinilar

retention tines of ethyl cyanide and toluene on the diethylene glycol

adiapate column, a squalane colunn was used, which allowed the fonnation oí:

h¡rdrogen cyanicle to be followed, but not of methyl cyanide or vinyl cyanide

due to their sinilar retention periocls on this column. A series of

experinents ü/ere carried out at temperatures of 900, 941 and 990K, witlt

toluene/reactant ratios of up to - 60; the two lower telnperatures åre lçithj-n

Dastoor ancl Emc¡vonrs range 1321. The results are showtr with p::edicted

rate constants (see discussion, Chapter 4) in Table 3.25, A lolv boilers

arralysis using the Porapak Q + R column showed arapid disappearance of

hydrogen ancl ethylene with increasing inhibitor concentration. Over this

ïange of inhjbitor to ethyl cyanide, the rate of fornation cif hyrirogen

cyanide decLined by a factor of - 300, and a liinitiug value w¿rs not

obta.ined clue to the chroluatograuhfs insensìtivity to lÌCN in the effluent

* The resu1t_s of tire VLPP of ¡-pr:opyl c,"-anide;ri.e1cl the heat ot
fnrnqrinn nf rho c.¡enonofhv'l r.arlic-al - frorn tr'hiclr the actiVation
energy fot ethyl c¡.anicie fjssjon can be estimated (-see Chapter: 4,p9152)
the Ã-ta.ci,or is fcund b;' ¡ot lowing the procerit¡res outline¡i for
the other aJ kyi cyani-des.
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TABLE 3.25 Rate of ¡-ornation of.ílCN r,¡ith the Arldition of T,rluene

as a Chain Inhibitor.

T = 900K T = 990K

3 Hs

k, sec-l k -lsec '
EtCN EtCN

0

1.4

5.5

20

>20

9.7 x L0-3

2.3 x 10-3

4.0 x IO-a

-1 x 10-a

HCN not
detectable

0

L.2

3.5

8.5

35

60

>60

nrolecul ar
elimination

2.9 x l.O-r

8.5 x l0-2

3..5 x 10-2

l.L x 10-2

5.2'x 10-3

'-1 x 10- 3

HCN not.
dete c.table

5 x 10-5
amolecular 5 x 10*?

aeIan].natl0n

a
Predicted from 1og k 13. 6 82/ 0 (seo Clrapter 4, poge.152 )

molecttl ar
elinination

4 x 10-'6
a

3.3 x 10-2

1.4 x 10-2

3.2 x IO-3

8.6 x 10-a

4.7 x LA-a

19

>20

0

1.0

L.2

2.2

8

-1 x lO-a

HCN not
detectable

EtCN

PhCHg

k, sec-1

T = 94lK
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samples. As mentioned earlier when simi.lar results were found from

the isopropyl cyani<le investigation in the flr::w systern, it is surprisi.ng

that Dastoor and Emovon did not observe any change in HCN formation in the

presence or absence of toluene.
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CHAPTER 4.

DISCUSSION AND CONCLUSIONS

Before examining in detail the effect of the cyano group on the

pyrolyses, reviews of the kinetic parameters obtained in Chapter 3 are nade,

and reaction mechanisms proposed, The result.s are contpared with the

previous studies on the thermal decomposition of organic cyanicles. This

is follorved by a study of bond dissociation energies and heats of formation

of cyano radicals obtained fron C-C fission of the alkyl cyani.des. The

paraneters for HCIJ elinination are compared with IIX elininatjon fron alkyl

halides, and the serni-ion pair theolies are teste<l for their appiicability.

The postulated four-centre transition-state for elinination is exanined

in the light of these results. Ttre chapter closes with implications and

conclusions of this research progran.
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4.1 Discussion

The resultant experimental Arrhenius parameters obtained and

reported in Chapter 3 for each cyanide in this resear"ch investigation are

repeated below and reviewed in relatj-on to each other and with the results

of other researchers. To assist the discussion, the compounds are

examined under the categories of cyclic cyanides and alkyl cyanides.

4.1,1 Fleview of Cyclic Cyanides

The \ILPP technique was applied to the pyrolys is of cyclobutYl

cyanide over the temperature range 833 - 1023 K, and the decomposition was

found to yield ethylene and vinyl cyanide. Basing the value of A- on

thø high-pressure work of Sarner and coworkers [¡S], the unimolecular

rate constants are given by the high-pressure rate expression

1og k 15.0 (sz.o J 1.0) /e

However, if A@ is adjusted relative to the VLPP results for cyclobutane

[49] , then an A-factor of tO15'9 """-1 is obtained (see Chapter 3, page 65).

The experímental rate constants are then found to be fitted by a

unimolecurar rate theory computed curve having E- = 59' I ! I'o kcal/mole'

The above experimental Arrhenius parameters obtained for cyclobutyl

cyanide are shown in Table 4.1 and compared with the rate constants

reported by Sarner and coworkers in Tables I and II of thei-r study [¡S].

There is good agreement with the data of Table IT, but their Table I data

suggests that a heterogeneous prucess could be present. A similar

observation is also made for their trans - 1,2 - dicyanocyclobutane results

(see later discussion, page 145).
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The high-pressure pyrolysis of trans - 1.2 - dicyanocyclobutane yielded

vinyl cyanide as the only product over the temperature range 571-661 K.

A least-squares treatment of the observed rate constants gives log k :l-

[to.O J o.e) - [SZ.S J O.e) / g wtrere the error limits are one standard

deviation. 0n the basi-s of the cyano group reducing the cyclobutane A-

factor by 100'3 """-1 
per reaction path Llg), the A-factor for trans - 1,

2 - dicyanocyclobutane is predicted to be rc1'2 """-1 
less than that for

cyclobutane. If this is the case then taking the results of Walters and

coworkers ISO] for cyclobutane (fog k = 15.6 - 62.5 /e), ani: fl =

rc14'4 u""-1 iÈ obtained, while the recent VLPP study on cyclobutane [+g]

(1og k = 16.5 - 65.5 /0) gives A = 1015'3 =""-1

To qualify this descrepancy between the experimentat A-factors and

values predicted from the parent ring compound, it was decided to develop

a transition-state model for the decomposition of fou:r-membered ring

compounds based on the known molecular parameters for cyclobutane and

using the methods outli-ned in Chapter 3. This procedure would be used to

yield estimated A-factors for the series cyclobutane, cyclobutyl cyanide'

and trans - 1r2 - dicyanocyclobutane. A planar ring structure using

normal bond lengths and angles was used in the calculation of the moments

oÊ Ínertia products. _The value of the moments of inertia products

obtained for cyclobutane is in good agreement with the puckered ring value

of 0.952 x lo-1'* (n r*2)3 reported by Beadre and cowort<ers [+s].

The values obtained when cyano groups are added to the ring structure

were for cyclobutyl cyanide and'trans - 112 - dicyanocyclobutane.

The moments of inertia products for the respective transition-states were

calculated for the structure t

o
with the breaking bond lengthened by 14. The frequency assignments for
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tìre cyclobutane mc,lecule were taken fron reference 49, anci fron Rathjens ancl

coworkers [63]. Using t]ris as a foundatic,n for cyclobt:tyl cyanide and

the dicyanide, the additional assignments fol the cyano group contributiorrs

were taken from Klaboe l6aal, and Durig and coivorkers [64b, 65] as

outlined for the isopropyl cyanide study in Chapte-r' 3. The calculated

entropies wel:e adjusted to agree rvith the group adclitivity erstimations by

lovrering the ling vibration frequencies sljghtly. (It was expec.tecl that

these vibrations would be progressiveiy lolver than those of cyclolruttiire

due to the hea\¡y cyano group) . Applying the procedures outlined irt Chapter 3

for the frequency assignment of the transition-state, the C-C st}etc.h a*.

930 cn I ln,as taken as the reaction co-ordinate, the frequencies of tt"o

inethylene rocks (890 cm-t ) and trvo nethylene wags (1150 crn t ) rvere iowereci

to 30% of their molecular values, and the C-C-(CN) bencl (450 cn-1) arici

the trvo C-C=N bends (165, 200 cm 1) were increased to 140eo cf thcil

mclecular values, to account for lresonance stabjlization. Table 4'l lists

the frequencies and par:atneters used to calculafe the A-factors, (tJre

frequencies have been averaged and rounded).

From these pïoposecl models, the estimatr:cl values ol' log (A,sec-r )

for cyclobutane, cyc1obut1.l cyanide, and trans -ï ,2-àícyarrccycloblrta,Ìle t}re

16.0, 15.4 and 14.9 respectively, all quotc:¿ a1 100K. The differerices

bettveen the A-factors for the series is in agreement rvith the c)¡ano glroiril

lorveling the cyclobutalre A-factor by 100't sec-t p". reaction pat.li [Z:ti '

Althcugh the Þ.-factor for cycl-obutane i-s higÌrer than the es1-i¡nate of

0tNeal and Benson [61], their value should be re.r,ised 
"isi'.tg 

flora r-crcelìt

gr:oup adclit j vi ty data la7.l; 1, he cal culatecl va1¡re is 10r 6 ' o sec-' "

This d.evelcpment of ::eactiort rnoCels using a ccrls:i-stenl treatntent

gives Arrhenius A-factors that 1ie between the v¿Llue.s p::edicteci f:rorn the
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experimental work of Walters and coworkers [SO], and Beadle and coworkers

[¿g] using VLPP.

ïf the A-factor of 1014'9 u""-1 predicted above for trans - 1r2.

dÍcyanocyclobutane is combined with the rate constant at the mid-

temperature of this work, then the activation energy obtained is 49'8 kcal/

mole. Similarly, if the prediction for n (t015'3 =t"-1) based on VI-PP

study of cyclobutane [49] is used, then we find an activation energy of 50'9

kcal/mo1e. The fine corresponding to these latter parameters nås oeen

plotted in Figure 4.2 as a comparison with the experimental rate constants'

ft is found that the postulated line passes within the error limits of the

data points, and that the A-factor is just over two standard deviations and

within the 9S"[ confidence limits of the least-means-squares parameter.-F

The higl-rpressure data obtained by Sarner and cowor*<ers [35] have also

been plotted in Figure 4.2. Their rate constants are much higher than

the present stud¡, although the discrepancy di-minishes with increasing

temperature. This suggests that the results of Sarner and coworkers

may contain a heterogeneous component although no evidence for such effects

was found in this studY.

The formatlon of vinyl cyani-de and propylene, and cyanopropene. and

ethylene (in similar concentrations), from the decomposi tion of cyclopentyl

2gi9g, is consistent with a biradical mechanism. over the temperature

range 905-1143 K, the two pathways for decomposition of the ring are found

to be competitive, and the higþpressure and \rLPP studies give excellent

agreement for the reaction kinetics. The Arrhenius expression for vinyl-

cyanide formation is log t< = (16.0 10.3) - (eO 1t.S) /g, while that for

the products cyanopropene and ethylene is 1og k = 15.9 - eO /9. The A-

factors are consistent with the biradical mechanism t611. l-ON.elimination

is found to be the only othei reaction pathway over the range, accountíng for

* It should be noted that there might be some experimental complexities
which bias the data toward a high A-factor. As discussed in Chapter 3'
page 69, during sampling there existed the possibility of condensation of
the dicyanide due to its low volatility resulting in rate constants larger
than the true value.
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Â

â
A
A

â A
â

ÊA
o

o

o

A

o A
11

ê¿\

A

q

o

1

-t0-

10-l

1

10

10

Ê

1c-

't
o
0)
(J)

J

1.50 1.60 1.70 1.80
1Ot / T("K)

Figure 4.2 Arrhenit¡-s plot fo:r the decomposition of tra'ns-

I,2-dicyanocyclobu4;ane- a , dat'a poirlts

fr orn [35 ] ; ' paranete rs fro;n thi s work '



747

ca. 25% of the overall dec.omposition. VLPP da'La reveals the :react.ion

to be in accord with 1og k = (I3.2 I 0.3) - !U9.3 
! 2)/O, while a least-

squares treatment of the high-pr:essure study yields 1og k = (I2.8 1 0.3)

(65.3 t L.s)/o. If the predicted A_ in the vLPP study is a-djusted to

1012'tsec-t, then it is found that E-= 67"8 kcal/ mole' From a comparisort

of the activation energies for hydrogen halide elimination from

cyclopentyl halirle [30], it was exçrected that the activation energy for

HCN elimination sl-rould be of a sinilar nagnitude to the elinination frorn

tert-butyl cyanide (74.I kca-l/nole, [97]) . The exper:imerrtal r'esuit is

much less than this prediction based on anâlog¡'; it will be discus-sed

further irr this chapter.
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4.1 .2 Effect of CN Group on Ring Bond Strengths

Fron the kinetic parameters for- unj.rnolec.ula.r reactiorr patht'rays

in the pyrolysis of organic cyanides, information is obtained about- the.

effect of the cyano group on C-C and C-H bond dissociation energies and

on reactivity. This in turn enables the stabilízation energies of the

cyano-substituted radicals to be determined.

VaLues of 6-7.3 kcal/nole for the racljcal stabiljzation energy of

the CN group have been p:reviously reported fron the kinetics cf the

pyrolysis of cyano-sutrstituted snal1-ring compounds 1"34, :55, 37). It

should be realized, howevet, that these values all refer to the

stabil.ization energy ::elative to a hydrogen a-tom; that is, the ac-ti-vat-ion

elìeïgy for decomposition of th<> substituted cotnpound tvas contpareC rcith that

of the parent hycirocarbon. l'o ob[ain the stabi]ization energy as originalIy

defined by Benson [98], it is more collfect to nake the cotnirariscrr ¡'ith

respect to the coïIesponding alkyl substituent-. 0n this basis, using

activation energies of 63.0 and 62.1 kcal/mole for rnetl'ry1c'1'cLopropane and

methylcyclobutane respectively [6I] , a.nd 31.0 kcal/no1e fo:: 1.4*dimef-h¡'l -

bicyclo[2.2.0] hexane [99], the corrected values a¡e 5.0 kcal/rnole fr'"on the

py'rolysis of cyclopropyl cyanide [34], 5.4 ]rcal,/rnole fron the pyroJ"ysis of

cyc.lobutyl cyanide [35], and 4 .'/ kca.I/t¡oie from the pyrolysis of l,'4-

dicyanobicyclo 12.2.0] herane 137), On t-he basis of e- biradical lnecha.nism,

connparison of E- = 57 .0 Ì I kcal/nrole obtairied flo:n this investigaticn tlf

the VLPP of cyclobutyl cyanicle rvjth that for rnethylcyclobutane )'ields a

value of 5.1 i I kcal,/nole for the cyano stabilization enel'gy. 'l'his is in

excellent agreemeiit with 1-lie abovc- values'

For the high-pressul c pyr-'olysis of t-rans - 1,2'-dicyanoci'c1obt-ttanc,

the activatj-on energy obtaj.ned by a least--sqr.lal:es f-lÎeatment of thc da-*¿a js

52.9 kcal./mole, tvhich compared with the activat-j-on energy for trans'-1,2-
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dimethylcyclobutane (ot ,q ! 1.5 kcal/mo1e, [ol] ) yields a

stabíIization energy of 4.3 j 1.? kcaLfmole per cyano group.

Thus the effect of two cyano groups at opposite ends of the

tetramethylene biradical is approximately additive. This is in

agreement with the results reported for ally1 stabilization in the

decomposition of 1,2 -divinylcyclobutane [SO] '

There is very litt1e information published on the kinetics of

decomposition of five membered ring compounds. This lack of knowledge

has prevented a cyano stabilization energy to be obtained from a

comparison of cyclopentyl cyanide with analogous bydrocarbons'

A research program to investigate ring fission reactions in five

membered ring compounds in a suitable higl+-temperature reactor system'is

recommended.
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4,1.3 Revir¡w of AlkYl C)'anides

For primary alkyl cyanides, HCN elimination tvas l'ound t'l be

practically unobservablr; compaïed to C-C boncl fissions. The VLPP of

n-propyt cyanide over 1090-1251K was founci to yield etl'rylene as a major

product. vinyl cyani-de was al.so formed accounting for ca. l0% of the

overall deconposition. Considering C, -C¡ fission as the major pathwa¡'

for: deconposition, application of unirnolecular rate theory shows that- the

experitnental rate constants are consistent u'ith the high-pressure

par.'ameters

1og k- = (1s.4 t 0.51 - (76.7 ! 1.7) /O

The rate constant for vinyl c:yanide formation have been shown to be

cons istent rvi th

log k- = 16'2 - 82'3/ø

which is in good agreement rr,ith tire palarnet-eis for nrethl'l rrrpt-rrre fron.,

n-butane (corrected for reaction path degeneracy) [69c]. Both Arrhenius

expressions a.re quoted ta T,r, a 1100K.

Taking E- (298K) = 76.3 kcal/nole (see text and Figu:re 3.4 of Chapter .3)

and assuming that the activaÈiotÌ energv of the reverse raclical combinatj.ort

reaction is zero at 298K, when the ï:ate constant is measured in ntc'lar

concentration ¡-mit-s [44], then AH?ss = E""(293K) +'R'I " 76'9 r r'7 i<ca1/ncle'

This is equivalent tc tlìe c-c Ïiond r1i-ssocj,a.tion energ¡'. conrbining this

rvith the knorun heats of fornation of n-prcpyl cyanide (7.5 kcal/mole" l42l)

and the etli1,1 radical (25.g lical/no1e, [44i) yields AH],zes i'CP'zCfI'gj

58.5 ! 2.2 kc.al/mole. 'lhj s r¡alue should he able to be uscd f--or the

predicti-cn of the activ att-on energies for c: -c¡ fission in pi:inur1' a]k-vl

c

cyanide over thc teir.per¿:tlrl'e rallge 1011-l!23K'. The deconposÌ'tion r:cactíon-c
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païal1e1ed those of tr-pr:op¡'l cyanide, and the experimental- rate ilata for

C¿ -C¡ fission are in accord with

1og k- = (15.4 t 0.3) - ('i3.1t 1.7)/A

Coinbirring the value of AU|(öUrC¡,t) rvi-th the heats of formatjon of isobut-yl

c).anjde (1.2 kcal/mo1e; estinated fron group additivity l42l) and the

isopropyl radical (1s.2 kcal/mole, l44i) leads to the prediction t.hat

E-(298K) = 74.9 kcal/nole, with an mcertainty of ca. ! 3 kca"l'/nole, <iue

to ihe eïToï limits in the thernochemical quant-itie's'

The activation energy for the Pyrolysis of ethl'l cYanide vja C-C

fission -should also be pledictable; from the heats of fornation of etiii'J'

cyanì.de (_I2.3 kcal/mo1e , l43l) ancl the methyl raclic.al (3'1. I ltcal/mo1e, [4zi l)

combined witlì 
^HT 

¡Ct'irCtt¡, E- (298K) - B0 kcal/rno1e. Hence the high-

pressure Arrheni.us e,.pression shoulcl be

log k - 15.4 - 81/0

the ecluation being quoted at 1100K in line with the other alk¡'1 cvanicle-ç.

In addition, if the activation energy for llCN adrtition to e1-hylertr: i s

approximately equal to that for the anti-Marl<ovnikov actcijtion to Ëropyl-ene

(cotnparing I-lX addition to olefins l?.21) then the predictecl ratr'ì colì:;t'a:rts

for FICN elimination from ethyl cyanide are given by

logk=13.6-82/O

wìrer-e the A-factoL tvas est.imated according 'bo the mettrods of Bcnsoli a:l<!

0rNeal [S0, 45]. Thus C-C fission should be t]re dominant pathr'ray of uni-

molecular decgrnpo-sition. High-pressure expeiintents in thc suj-rreC-fl611ç sir5fst¡-'

calried ouf- \,tith arlil-ine En reactant ra'Eios of urp to B:1, ¡r1¡-¡e¡ for-tu'J

* Heat capacity data fron 29EK to 1100i( l'eveal an

j-ncrea=è it the en't-hal'py change of 'che reaction
resulting in all inc::ease in activation enelg-r of
ca. t llcát/mole' See footnote, page 136, for A-factor'
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to support the predicted paraìnetel:s for C-C fissicn (sc:e Figure 3'1ii) '

Although a limiting rralue for HCN elinination \^/as not found in experiments

rvith toluene to reactant ratios of up to 60:1, the results revealed that

HCN elimination is lrot an observable pathway for decomposition rel¿rt'ive

to C-C fission, over the range 900-1080K.

The Arrhenius paranìetels differ rnarkedly from the work of Hunt- and

cov¿orkers [28], who observecl both c-c fissicn (wi th log i'r = 14.1 -

72.7/O) as well as the eliminatíon of hydrogen cyanicie (with Log lt = l'S'C -

77.3/O) ancl of hydrogen (with 1og k = L2.4 - 64.6/O). The rate const¿Ints

for the elimination reactions shorved a reasorrable alnount of sca-tt.er-', alrd

were found to be in approximate agreement with the results obtai:reo for t'hr:

a¡iline illhibiCe<l rtrns of the present study l'¡hen the anii-ilre to l.'e¿Ìct¿ut

raLio rn'as ca. 4. The aniline-carrier technique employeC by llunt artr'l

corvorkers ìs expected tc; have irad ratios of thjs ordel' [iorveveL, jt- hes

been shonn that with increasing cotlcentlation of inhibitor: the ra[c: of

formation of hydrogen cyanicle and of vinyl cyani de decrease nuch further"

Dastoor and Emovon l32l reported an observatiol-t of HCN eliminat-ion orrll¡

(with 1og k = 13.11 - 69.48/o), and their data are plott-ed vrith tlìa*" of

Hunt and co',^rorkers, artd the lines of tlre preclicted parametefs in Figure 4'15

It can l-re seen tl-rat the c-c fission data of llunt altd coworkers are in

reasonable agreeiltent rvith the preclìcted rates, and if theii: inid-telrçteratut;:

ïate colìstant js combinerJ rvjth A = 10rs'4sec-t, tilcn F = 78.6 kcal/inole'

It is not surprising that Dastoor ancl Emor¡on did not obser.'¡e C-C fi'ssiorr'

if hydrogen cyanide and etþylene are products of a racljcal chain re¡rcl:ion

initjated by c-c fission. This !\,as suggested by 0'Ne¿l ¡:nci Be¡tsott i30l

w¡en analysing Hunt and corvorheis observatic'tt of 'Lhe foi':nat.ion of Ìrydrogert

and of hyclrogen cYanide.
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To gai¡ more accurate parameters for the urtintolecular decorposi-tiort

oÊ ethyl cya¡icle, a high-tempel'ature shock tube study would be he1pful.

Only the pr:irrrary proclucts of clecoinpositi.on wouid be observed, the chairi

processes being te::rninated b1, the very short pcriod of reaction.

3ver the tempet:ature range I074-I253K, the unimolecular decomposi'tion

of isopropyl cyanide under VLPP co¡rditions was found to yield products

relating nainly to C-C fission of the boncl acljacent. to the cyano group'

The fornation of propylerre resulting fron HCI'i elimination t\'as l'ourtd to

accognt fo¡ onl¡, ca. I0% af the overal1 decorrtposition. Taking into ¿rccount

the inte::action of the ttvo pathwa)'s, IìRK/2 cal'culations shorv t'hat the

experimental rate constants are given by

log k- = (15 .7 ! 0.3)

1og k- = (13.9 1 0.3)

is in -.ec-t , ancl quoted at

- (7e.0 t 2"0)/o

- (76.2 ! 2.0)/0

1100K.

for C-C fission, arril

for HCN elimination, ivi:ere ir

The data of Dastoor ancl Elnovon l32l for the eiinination of HCN ¿rle

plotted in Figure 4.4 with the lines corl:esponding tc the paramct-el:s obtair-red

from this investigation. Dastoor ¿-nd Ernovon found 1og k = 12.2-64.14/0, but

as melrtiolrecl earlíer.. their A-fac.t-or is too lott'for a four-cent-re lnolecttlar

elj,nination. Hotr'eve1', if the rate const.an'L at the mid-teìnpel:atuIe of thcir

strrdy is combined rvith the preclictecl A- = 10"'t sec- t ' tlten E = 70'9 kcal/nole

which is cLoser to *"he \¡LPP estimate. From Figure 4.4 it ca-l't be secn that

HCN eliminai.ion canrot cornpete witli Cl-C fissio¡', cvei-'the temperati-rire,-range

of t.heir study, anC free ::aclical chaill pl'ccesses nì1st be suspectccl ' Lìastocr

and Enovcn consj-,Lered tl'rat chain processes reqttired the CN radical beíng

in'olt,ed in the react j-ol'i scherne, and cotrcir:cled that since DH' ¡C-CÌ'l) i s

ecularl . However Ii atolns

have been sjrot.¡n [100] tc ïeact raiii,Jly rvith lrerthyl and ethyt cyaníclcs Eo forln

nainly iiCN with little H abstractjon. Thils, the follorving chail'i propagatiolì
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steps are l)roposed for Dastoor ancl Elnovt-¡nrs results

Il '¡ cFlsclt (cN) ci-I3 + FICI'tr + cH3ÔllcH3

CLIgÖllCti¡ * C 3H5 r- I'l

In support of their proposal for a molecular elinination, t.ltey reported

that IICN fornation hlas unaffected by the presenc.e of a chain inhibitor'

namely toluene. Horvever, tliis has been refuted by -ehc present work c-arried

out with the stir-red-flow systern, which revealed that toluene had a ntarked

effect on the formation of pr:opylene. It vias fouucl that excessj-ve amounts

of inhibitoï aïe r:equired to substantialiy ::eciuce the chaj'n processes'

In the case of the VLPP of tert-br-rtyl cyanide, the formatjon of nethyl

vinyl cyanide was found to account for over 95en of the disappearanc'e of

react.ant over the temperature ïange 1023--l2S4K. Isobutene ac(rortt-t1q6l for

the r,'er,,rainder. RRK(l\4) calculations sholv that tlie rate coltst-ants are

consisteïìt lvith the hi gh-pressure Arrhenl,us expressions

log k; = (15.8 t 0.3) - (74.9 t 1.6)/O for C-C fission, and

1og k_ = (14.1 r 0.3) - (74.1 Ì 1.6)/o for IICN elirnination, quotecl atr

I100K. Hunt, Kerr ancl 'Irotrnan-Dickenson [28] :ceported I og k - 15 '2--'lO '2/Ö

for C-C fission, but as cliscussed eatlier their parameteTs appear to be too

lorv. If the ïate const-ant at the micl-temperature of thcir str-rdy i's conbined

with the predicted A-factor of 101t't sec-t , the' E = 72.6 kcal/rnol'e, tvhiclt

is cLose to the activation ellergi'obtained in the present st-ucl')" tli

Figure 4.5 the experimentaL data of Hunt and col^Iorkers are coinpareci wi-tl]

the lines corïespotlding to the paramete1.s from this work' lJast-ocrr arrcl

Enrovonrs reported experinental data l32l r-or l{cÌl elimination ar:e incLr-rclecl

also; the Arrhenius expression fotllici fror¡. a lcasi-SqualeS t'Îea*uInent being

log k = !2.2 - 64.69/0. Tl.,eir A-factcr is too lotr'for a four-c.entre

e lirninat oïl co IilA rIo

the prcdicterl A_ = 101 
o. t sec-t yiulcls E = 72.4 kcal/'mo1e which j-s lttore
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reasonabl-e. Both the present stud¡'and the fission clata of I-lunt' ancl

corr¡orkeLs i-ntlicate that the elimination c¡f hyclrogen cyanide cannot compete

rr,ith C-C fissiotÌ oveï t.he tempet:ature ran8e of Dastoor and Emovonrs strtdy.

TÌre isopropyl cyanide ilrvestigation confj-rned that chain plocesses malle a

signifi-cant contribution to IICN formatiolr in hj-gh-pressure studies, and thus

a chain contribution in the pyrolysis of tert-butyl cyanide under the

experimental conclit.ions of Dastoor and Emovon seems \¡ely probable '

It is of intel-est to note that Dastool and Emovcnts adjustecl E,

correspoirding to the uredicted A*, for: tert-btrtyl cyanide Eive-* better:

agreemerrt rvith the VLPP results, than <loes their adjusted E for isopropyl

cyanicle, ancl in turn than for ethyl cyariide. Ttrere appeals to be a c"ecrease

in chain contribution along tlìe series et-hyl, isoplropyl ancl tert--butyl

cyanicle.

In o1der to gain a ftrrther understancliirg of the chain processes that

call occuÏ in high-pressure studies of a1k¡r1 cyanides, atl investiga-tion tr'as

carried out in tlie stirreci-flow s)¡stem using ethyl cyanide' A-s detailed ilt

Chapter 3, no inhibitor lvas present and the experiments were conrlucted over

the range BgC - f020K. The str.rcly reveaied that the rates of formatj-ûn of

hyclrogen cya,riicle ancl of vinyl cyanide are homogeneou-s, of the fj.rst'-order

and given by the Arrhelrius expressions

log k = L4.3 - 67.8/0 for hydrogen cyanide folnation, anri

1og k = 12.i - 59.l/er for vìnyl cvani<le formaticlt'

To account for these palameter-s, a free radic-a1 mechanism was so'lrght

probabler c.hain ste,ns for <iec.omposition are

itìitiatiLrn: CzllsCN ->

c.hain transfcr', CH, + CzHsCl"l -; Ct-ia +- CH3ÛilCl'l

The

(r )

r3)
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propagation: cFI3ði{cl.{ + cHzcf{cN .r Fì

Cz-HsCl.{ -} HCN + CilsÖHz

CII¡CHz +CHzCHz+ll

CzHsCll '> ÍLz + CUeÖttCt't

H+

H¡-

(5,5)
(6)

Q,77
(8)

Frorn a steady-state treatment of the propagation steps

ICH 3CtlCN] ka[CzHsCN] * ks'[CHzCHCN]

lHl

[CHaCHz]

. ks

k6 [CzH5CN] * k 7'lCLt2.CHz)

and kz
IFT ]

RRK calculations for the initiation step show that a second-order

initiation is unlikely, and a first-order initiation should be consj-dered.

Fron tJre table of overall orclers, for a general kinetic scherne of -sinple

c.hain mechanisms [9] (Table 1. t, chapter 1), the observation of fir:st-o'rder:

kinetics -suggests tliat the terrnination step is eitherr H atorn combilta'i-j on with

the cyanoethyl or t-he ethyl radical (ßU), or tertmolecular H ato¡n

reconrbination '( ßPl'f) .

At the nid-tenperature of the study (950K), the decorposition of ethl'l

cya,níde was ca 50eo, and the forlnations of ethylene and vi'nyl cyatricle rvere

sinrilar. Thus the appi'oxination [vcN] = [czi{+ J ' f EICN] f 2 can be app j'ie<i to

the concentration relationships above, to give

[i:ll3CHCN] 2ks+k5'

tHl

ICH sCHz ]

2ks

2kt+kt'

[C zH sCl'l]

[C ztl rCN]

IH]

* Using k1 101 
s.4 * t/ 0 rvith the Kassel 'tables 1.67'l: at

2kt

10ooK, s 14.2, B - 40.8 and D = 5.1 gl vìng K/Kæ = L'':/J
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The Arr-henirrs pararfleters for reactions (5) - (S) tvere taken frorn the shown

refeïences, or esti¡nated fron analogous reactions and therrnochenis'try

log k5 =

log k5' :
1og k5 =

1og k7 =

log k7' =

log ks a

14.0 - 46.6/O

10.o - r.2/ O

s.3 - s. o/0

13.s - 40.7/o

11.0 - 2.8/O

1o.o - 7.s/0

[ 31]

[1or ]

[100b,r'02]

[31]

lrol l
[102]

The concentration of ethyl cyanide through t.he reactor l{a.s es'linalled to he

l0-3M, which when combj-ned with the ïate parameteïs shows the concer¡Lration

of cyanoethvl radicals to be approxinately tt^rice that of ethyl rarlica-ls, and

both spec.ies to be nuch more abulrdant 'chan H atoms. This suggests that ßU

te::ninations are more probable than H aton recombination. Taking

k = A = l0lo.osec-t for the ternúnation step of H aton with cyancethyl

radical, calculations on the steaCy-state ecluations reveal an overa-1.1 first-

order rate of formation of hydrogen cyanide equalling 1014'rs-øt'1 fO IEtCN],

and an overall first-order -rate of forma,tion of vinyl cyanide cqualling

l0r4.r, -to.'/O [gtCN]. The parameters for IICN forrnation are in c.lr-¡se

agreenent rvith experiment, while the vinyl cyanide fornation paralne'cers aÏe

higher than founci experimentally; hoivever c¡mparison of predicted late

constants at 950K show them to be in reasonable agreement wi.th experilnent.

If the terrnirration step of ethyl radicals r'¡ith H atoms is consj-derecl, then

k = 10r3.4-6o.o/O for HCN formation, and k = 1014't-6ø's /A for VCN folrnatioir

Predicted and experinental rate constants at 950K are within experi-ntental

crror. Thus steaCy-state tïeatnent of *'he pcstulate¿ rnechani-sm si.lpports it

as a possible mocle for fi:ee-r:adical chai-n clec.omposition, ancl it is pr:cbable

tlrat the two ternination steps considered a're conipetiti-ve.
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4.1.4 Kjnetics and Therrnochemistry of C-C Fissj'on

Frorn E_ (2g8K) = 78.2 kcaLz'mole for C-C fission in isopropyl cyanide,

A H!rr= E- (298K) + RT = 78'8 ! 2'0 kcal/mole

if it i-s assumed that the activation energy of the reverse radical

combination r-eaction is zero at 29BK rvhen the rate constant is measured in

rnolar c.oncent-ration units [aa] . Thus knowing the heats of fornation of

isopropyl cyanicJe and the rnethyl radical (see Table 4.2), the heat of

formatjon of the ct-cyanoetl-ryl radical can be determined; the result

(incorporating erïor iinits) being

^ 
HI (cHrÖHctt,gl = 50.r t 2.5 kcal/nole

1

1'he forma.tion of a radica1 centre adjacent to a n-bonC can be

acconrpaniecl by resonance stabilization clue to delocalj zation of i:ì"re unpai.red

elec+,ron. The stabilization energy, SEo, of a delocalized radical h¿rs ber:n

defined [103] as A H" - A Hb, t+here

RH -+ R' + H
SS

b
RT{,IT R

T
+H

and ni ïepïesents the h)'drogen-saturated ladica1, and Rn the analogot,s

t-delocalized radical. Thus the stabilization energy of the ü-cyanoel'hy1

raclic.al nay be cletermj-ned by cornparing DHTss [cFl3cH(cN) - H] witlt

ÐH9ge[CgaCH(CI]3) - Ii]. Combining the value fol the heat of forrnation of 1he

ct-cyanoethyl radical with those of the H atom ald ethyl c'yanide tTable 4 '2)

rr¡e can calculate

Dr{9e8 [fJHaCrr(cN) - H] 89.9 1 2.3 kcal/mole.

Coripar lng SVA Ue I\iIt econ

(9S 1 1 kca.l/rnoJe, Ii04]) yieliis Sno(CHiöHCN) = 5.1 t 2.5 kcal/rnole' This is

in excellent agreement with the pr:evious determinations based on sma11 ring

conpouncl reactions.
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TABI,E 4.2 THERI!{OCIIETII CAL DA'TA

Species
^Hi 

(2sBK)

kcal/no1e

^où29 8

cal K-r nole-l
COp ca1 K-t mol-e"I

300 500 800 1000

CzHsCNa

i -C sH zCNa

n- C sHrCNa

t-C +HgCNc

önrd

cH3ÖH2d

ösrc¡ld

CHsCUCNd

(CÌìa) z

C gllea

i-C 
'+Hs
a

HCN.

f

H'

öcNd

L2.3b

5.4b

7q.

-0. Bb

34.L

25.9

e

e

e

4.9

-4.0

32.3

52.r

68.7

76.2

77 .8

79.6

46 .4

59. s

58.5

68. B

75.8

63. B

70. 5

48.2

)7^

L7.3

23.4

22.8

28.2

8.3

11. 1

10"7

15.3

2I.2

Is.2

2L.4

8.6

5.0

24.9

32.9

33.2

40.0

10.1

1.6. I

14.s

2.2.2

29. I

22.6

3I;2

IC.0

5.0

32.7

43 .3

43.8

s4, 0

).2 .6

22.9

18. I

29.0

39. 0

30.7

tL ")

11.3

5.0

36.r
/14 'l

48. 4

60. 0

14. 0

25 .8

19. 8

51.9

43 .5

54. 5

46.9

1a aJ-/- -.

5.0

a_

a

b

c

d

Reference Í421

Reference [43]

Reference [81]

Reference [441

e

JANAF 'fh.ermochemical Tables, Natl. Stand. lìc¿f . Data ScrT.,

Natl. Bur. Stand., No. 37 (f970).

.c
I
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Sinilar calcu-lation-s can be made for thc other a1ky] cyani.des' The

bond fission activat-ion eltel'gy of 74.9 Ì'.cal,/mole obsel'¡cd for thc p¡'1'¡¡1t=.it

of tert-butyl cyalide leads to AHoz ga = 74.7 ! I.6 \<c.aI/nole, rr'hich i s

equivalent to DHgga[(CHa)2 C(CN) -. CH¡]. Fr:orn the thermoche;nica.l. data in

Table 4.2, the heat of formation of the cr-cyano-ísopropyL radical can be

determi-ned.

AHt- t(cl-ls)rðc¡J, g] = 39 .8 t 2.0 l<carfircLet

Thus, DH%ru[(CHa)zC(CN) - ll] = 86.5 ! 2.0 kcal/male. Comparirig thi:; bond

strength r,/ith the tertiary C-H bond strength irr 2-methyl"plopane (92 I Ì kc.aii

rnole. [104] yields SEo [ (CH:), cctll - 5. 5 t 2.2 kcal/mo¡e.

The p¡r161ysis of n-propyl c}'anide yields

AI'lÛzgs = 76.9 t 1.7 kc.al/r¡tole = DIiÛ2e8[Czi-ls - CHzC]{]

from rchich the heat of formation of the cyanornethyl radical is determinccl to

be 58,5 ! 2.2 kcal/nole. Since ihe emor lirriits cn tite heat oj: fortraiiolt c'f

nethyl cyanide ar:e significant, a cofllparjson cif C-H bond strengths in nethyl

cyanicle and ethalre to yield a value for the stabitization energ)'i.s not

accurate. Horvever, Rodgers, lVu, and Kuitu [103] have shown that stal'¡i1i-zaticn

is a property of the radjcaL and does n-ot depend on t-he bond that is broiicri.

Thus a comparisotr of the bond strengths of Czlis - CllzCN alrd Czlls - Czlls

(.BZ ! 1.5 kcal/rnole, t45l) gìr,es SEo (CHzCN) = 5.1 ! 2.3 kcal/mole' Thjs js

in exc.ellent agr:eenent tvith the valucs for tl're cl-c-yanoethyl ancl

o-cyanoisoprgpyl radical s, as rve11 as tl-re sma1l ring cyanide deterrninati-ons '

Conbining the value rvith DHoz g o [CzHs - I]-l = 98 1 i hcal./mole [104] anrl f:-'onl

the cïefinition of stabjlization erìergy. we obLain Dil?-ee [C]iz(Cùí) - I-li

g3 kcal/nole. This bond srl-ength yieJds mttctl:cN) - i.7.6 kcal/Íiole-"

iJ¡ich is betwcen the value of i9.1 kcal/lttoJ-e lepoi'ted D)/ trvalls antr ¡ir.l-lÌnef

[105], and the

Baldt [43].

calorimetr), value or' 15"7 l: 1.7 kcaL,/no1e founcl by IIal' I anci
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The above da'!a shorv that the effect of replacing a methyl

group in an alkyl radical by a cyato group increases the hr:a.t of folntation

by - 32 kcal/mole (see Table 4.3). The tiiernrochemical properties of

free radicals are able to be estinateC b¡'group addjtivity netliods, but

the heat of fornation'group contributions of l.C- (H)2(CN)1, tC-fHl (C) (CN)1,

and iÖ-Ccl'(c¡l)l listed b),0,Neal and Benson [44] r,rere based on radical

stabilization energies of 10.8 - 12.6 kcal/nole [51]. These t¡alues clearly

need revisi-ng, and using the hea-ts of fornation of the cyanoalkyl radicals

listed in Table 4.3 the group additivity .u'âlues derived frorn 1:his wor.l< a-re

IÔ

rð

tc

(H), (cN) l

(H) (c) (cN) l

(c), (cN) l

58.5 kcal/mole

= 60.2 kcal/mole

60.0 kcal/uro1e

In additd-on, the heats of fornati-on of cyaniclc rnolecules

recently reportecl by' tiall and Baldt [45] enable the group r":ontr:ibuticns

of C - (tl)z(C)(CN), C - (H)(C)z(CN), and C - (C)3(Cl'l) liste,l by l3enson

and corvorkers l42l to be updated. {In fact a value fnr C - (C)l(CN) r{as

rrot given). The molectrlar hea-t of formatiori gro,.rp ad-cliti-r¡ity values are

C - (H) 2 (C) (CN) = 22.4 kcal/mole

C - (H) (C)z (CN) -- 25.6 }'.callmole

C - (C) 3(CN) = 29.4 kcal/moLe

Irr TaLrIe 4.4, the C-H alrcl C-C boncl dissociation cnergiers 
":or

corresponding alkanes anC atkyl cyanides; are co;rparecl . ft c.ai'L be seer.r that

the cyancr gïoup dec:reases the adjacent boncl dissocjati-cn enel'g), cousi-st.elìl.1y

b;r an average of 5.1 t l.B kcal/mole. 1'his is a consequence of tiie cyano

stabilizal.ion ener.gy, a;r<l confirns the fín<ìings of Ro<igers, lVu, and Kuitu

[103] regarciing stabilization being ä propert.;'/'of the radj-cal and not of

the borrcl. lhe stabili.zat,ion energy of the ailyl radir:al- has becn:¡ltol-tn to
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TABLE 4.3 EFFECT OF CN SUBS ITUTION ON I.'REE RADICAL HEAT OF

FORI\'IATI

Radical R- cHrb CNC
d

A

CHzR

cHgÖHR

(CHs ) zCR

2s.9

18.2

1,3

1.5

+

+

58.5 ! 2.2

50.1 1 2.3

39.8 1 2.0

t 2.6

+)1

+)<

32.6

51. 9

32.27.6 ! r.2

a

b

c

d

A1t values j-n kcal/ nole

Refer:ence [104]

This v¡ork

Difference.

TABLE 4.4
@

EFFECT OF CN SUBSTITUTION ON BOND DISSOCIATION ENERGiES

c d
b

Bond R CHs CN
^

H-CHzR

CHe-Cllz-R

CzHs-CHzR

H-CH (CFI3 ) R

CtI¡-CH(CHs)R

Iì-C(CH¡)zR

CI{s-C (CHs) zR

98

B5

B2

95

B4

92

80

+1
J 1.5

r 1.5

r1
I 1.5

r1
t 1.5

j- 93

80. 3

76.9

89. 9

78. B

86 .5

T

+

+

+

+

+

2.5

t.7
¿.J

2.0
2.0

1.6

-5
4.5

5.1

5.1

s.2
5.5

5.3

2.9

2.3

2.5

2.5

¿.¿

))

+

+

+

+

+

+

a

b

c

d

Referonces [45] and [104]

This work

Di fference.
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increase b), - 5 kcat/mo1e [106] rvj-th methyl substitution, A sinilar:

effect iras been found for the acetonyl radical [107]. It has been

srrggest-ecl tliat this is clue to an incluctive effect [10q, J.07]. No significant

varj,ation in the cyano stabilization elrergy for o.-methyt substitution ',vas

observed, although the error lilnits couid mask any sna1l effect.

The heat of fornation of an o-cyanoalkyl radical can be used to

find the change in enthalpy of the decomposition of the radical to a cyano-

alkene and a H atom. Conbining rtHt fCUaCnCl't) rvi'.'h AHf (VCN) = 43 kcal¡'mole

l43l f ields AIf = 45 kcal/mole. 'llhis r¡alue is also the difference between

nd [gC-g] in the radical and the C=C ri-bonrl energy in vinyl cyanide.

Assuming that DHo [ßC-U1 is equivalent to t)lf [C2l]s-Hl = 98 kcallmole [45],

then DHl [CHr= CI'ICN] = 53 kcal/rnole. This n-bond is 6.1 kcal/rnole l.ess
ïÍ

than Dtll [CHz= CI{CI{:] [108]. A similar calculation, ttsing the c¿ - cyano -

isopropyl hea.t of formation, shows nHf,[Cnz= C(CHa)CNl to be 6.3 kca]/no1e

less than DIlllCtir= C(CI-13)2]. Tiris suggests that the cir¿n6 grottp has ¡¿T'

sirnilar effect on l-bond energies as it does on o-bond energies, in agreenrelil:

with the work of Egger and Cocks [i08] on the effect of substituents on

r-bol'rd energies. The r-bond energies obtained for r,'inyl cyanicle a:rd

neth)'l vinyl cyanide suggest that the activation energi-es for the ci-s-tr¿lns

isome::izations of crotonitrile (51.5 kcal/mo1e, [39], anci p-cyano:;t)/rene

(.46 kcai/no1e, [38] ) are too 1ow. lvÍar1ey antJ Jeffersr [40] recenl-iy

r:eporteC activation energy (58.0 t2 kcal/mole) for the isomeiizatj,ori of

crotonitrile is a nore acceptable result.
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4. i.5 Kinetics of HCN Eliminatron

This investiga'Eion has shorvn that the unimolecnlar elimination of

hydrogen cyanjde i.s a rninor pathway on1y. Activation energies for the

reaction have been deternúned for the alkyt cyanides and cyclopentyl cyanide.

As disc.ussed in Chapter 1, tlCN elimination activa-tion energies nay be

calculated theoretically by using the Benson-Flaugen serni-ion pair theory

1221, or its nodification developecl by Tschuikow-lìoux, ìvfaltnan, and Jrng [2:5] .

'l'he activation enet'gies for-. the four-cerrtre addition of HCN across a rJcuble

bond is calcuLated, and then the .endothe::nicìty of tlre elimj-natio¡r reacti,:n

ad<ied.

As a first a.pproximation in using the Benson-l-laugen model,, the llCN

molecule h'as trested as a pseudo-diatonic rvith a bond length equal to t.he

H-N distance in the nolecule (2 .226f\, [71] ) . Using o,n"u', (CN ) /orn"",,. (H{;N) = L ."'!9

the effective lcrngituciinal polarizalrility of HCN, ,rr+ (HCN) was calc,-:,latecl to

be 4.20ff. This reveals the pola'rizat on energy of the FICN bond to be

68.1 kcal/mole. The ecluilibrium distance betleen the dipoJ.e centres in thc:

reacting bonds was calculated to be 2.I93L" resulting in a val-ue of

2I.7 kcal/mole for tl're equilibrium electrostatic interactiorì e¡-ì(rlrfly of the

clipoles. From the polarizabtlities of tlCN (oT"u,ì = 2.59,43 , o1 = -q.92'Å'3 , [109]l

ancl its dipole jnoment (U= 3,00D, [110] ) , the groutid sta+-e pol ariz.,ati ou energy

was calculated to be 16.4 kcal/mole. Conbining these t¡alttes r+ith the

polari zation errergy of the olefin double bond 1221, resuits i,n a val-ue fc:: ti-tr-

addjtion activation energy a-t 0 K. The elimination actìvation enclgies for

298K are ob+-ained after inclusion of the thernal energ)¡ change and tirc

endothermic.ity of the reactj.on. The rnoclel of IICN addition to s - Cr,Hs i/âs

assumeci to r:epre-.;ent tÌle aciditi on to cyclopentene ( calcul a tiol'ts cariiecl out

fo:: ilX eiiminaticns frcm ci*clopentyl halides suppolt this treatnent )

The noc1e1 of Tschuj-kor,¡-lìoux and corvorkers l23l :recluircs a stan.dard
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:reaction ir'hc¡se activation alrergy is knorwr with some degree cf certainty to

fi-x a value. for the part-ial forrnal- cha-rge separation to be used in a

homologous serj.es of compouirCs. For the reaction, olefin + FIX + RX, they

proposed the following relationship bet-rr'een tire p-factors and the value of 6

o:t= ô: - ß(p:t- p:)

wl,er" 601 is the partial fornal charge separaLion, n.ra pll is the value of

the p-factor for the C-C boncl. 6e ancl nl rte the corresponciing vallres l'or

the ethylene + HX reaction. Tschuikorr,-Roux and coworllers clel-ermint'C ðe b:t

trial. and error fitting for the ethylene + HX reacti-on, while the constant- ß

was forrnd by trial and err'or fitting tor the arrti-lr{arkovnikov ad<iition of lI'C!.

to propylene. They adoptecl the procedure for ca.Iculatjng the C-C bortd energ;v

-ìn speci,es with a, X group j-n *"he primary position, of incr:easi-ng the ene::gy

of the adjace*t C-C bond by S(X) relative to its stretrgth irr the specì-es in

r,/hicir the X was ::eplaced.by a. CLIz

ÐH0 [R-CH2X] = DHo [R - CtlzCFIa] + S(x)

From SlC.0) = 3.7 kcal/nole 1231, and DHo [Cztts - CzHs] = 87 kcal/moJe, take:ii

from Kerr [i11], they used DHo [CzHs - CH2Cf"f = 90.7 kcal/nole to fiild tire

ßva1ue lr4"rich gave t-he knolvn activation energy of 55.0 l<cal/no1e [31J jìor FICi

elirnitrat j on from n-p::opyl chlorj <Je. The t¡alue of ß obtained is Ct.415. Fron

the rables of Kerr- f 111] tirey noted that DIlo [(CIl3)zCIl - CHrl < DIf [C:.Hs

CzHs], leading lheln to the procedure for species wi.th X in the seconclar:y

position of replacing X i:y ll and subtracting S(X). However, t-he C-C bonrl

strength in n-butanc reported b1'Kerl is incorrect (being ca. 5 kcai/nol.e too

high), and tlre C-C þeni -str:engt-h in isobütane j-s larger than in n-blttane'

I:rorn heats of -fortnati.on clata i42, 112], 'the C-C bond stren¡lth irl n-i:rop¡'j

chloli de i s 85.2 lical/mole rr'hich inrpli es ß = 5' ' 9 to sat'ì sfy the ac1"-ivat-ion

energ),. (This lalgc cleviatj.or in ß j-s clue a" p:ït" ar,.i peU being almost

equa1, recluj-ritrg ß to br: sr:hstarrtia1 in order to al-ter ô).
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Fortunately, for the cya.nicles investigated it rvas foturcl tfttt l[* "tta 
p!fr,',

almost equal and therefore the va.Lue of ß is nct crit-jcal. The rirotlel

requires the dissociation energies of the part icipating bonds and their

single bond lengths. The bond dissociation euergy of HClrl (r23'B l<cal/mole)

and the C-CN bond energies rvere calculated frorn thernochemical data

142, 43,113], the C-H bond energies were taken from reference [104], and the

experirnental- bond energies found fron this resear:ch were used for the

carbon-carbon bonds. The boncl strength of the C-C bond in cycl opentyl

cyarride adjacent to the cyano grfoup was estirnated from thermochenistr)' [43J

and group aclditivity [44] using tC - (H) (C) (CN) I = ó0.2 kcal/mole. Single

bond lengths were taken from the tables of Sutton [71]. 0f the c)'anides

investigatecl.. HCI'I eliniltation was follotved nost accuratell'fr:on the VLPP of:

tert-butyl cyaDicle, being ¿Lb1e to be monltored ovel the thÏce apeï1-tlres. tJsjng

the reaction, isobutene r-ÍlCN -+ tert-butyl r:yani-cle as the stalrciar'J for.'this

honologous series, the value of ôCt¡ t,;as founcl to bc 0.iS62. lhe j¡ltcrio-¡

angle 0r of the convex quadrilateral representing tTre geometr:y of tlie four-

centr.e transition state 123) vtas found to be 690, and the energ)/ corrtributj-ons

to the ac-tivation plrocess tvere computed.*

The resul-ts of tlie calculations for the Benson-Haugen seriri-i,on pai.r

nociel, and the modifiecl model of Tschuikolr¡-lìoux ar'e cotnpaletl rvith experilnenI

in Tabie 4.5. The agrcene,'rt is gc,od except in the Benson-ila.';gen ca.l.cu1e-ti'¡¡

for tert-butyl cyanide. However their moCel ha¡ been found to be sen:;i-tive

to the choice of transition state pa.raineter-s; if the H-C bond is cousj-dered

to be thc ieacti-ng part- of thc flCN molecul"c then the cal,culateC activi'tlcn

e¡ergies are -13.5 kcal/mole t97] l"or+er: tiran tho.çe shown in Table ¿l .S. The

treatment of HCli as a pscuclo-diatc¡lnic may bc an cversi-tnplillicatic¡n, but

A copV cf thc computef ploglleìTr for thc, modifie,l semi-iÙrl palT
theory was l<i.nd.1¡. strppÌie:-1 b¡' p'*er:csso;: l'-,, Tschtrikoiv-Pot-tx ()f- 1-iìe

University of Calgzlry.
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TABLE 4.5 COMPARISON OF ]T]EORETICAL AND EXPERIMENTAL

ACTIVATION ENERGIES FOIì HCN ELIMINATION

COMPOUND Ë (298K), kcal/nole

a b

BIT TMJ Experimental

Czl{sCN

i-C gHzCN

n-CaHzCN

t-C r+HgCN

c-C sHsCN

C

78.4

73.L

76.0

63.0

69. I

79. 0

78.6

74.8

7 3.6

67 .8

-82
75.3

> 75.7

73.6
de

65.3 , 67 .5

a

b

e

c

d

Seni-ion pair nodel of Be:rson and l-laugen ï221 -

Modified seni-ion pair model of Tschuikott'-Roux, I'lalttnan,
and Ji:ng 1231.

Estimated fron the VLPP of n-prop)¡l cyanide.

Obtained from the stirre<l-flow system at T, - 10001('

Obtained from VLPP'
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structure. Although tl're predictecl rralues for the additj-on of tbentl

molecules such as HzO and Hz-S l22l agree wi.th experiment, the additj-on of

the linear HCN mol ecule imp]-ies some bendirlg i, necessar), in the tra¡rs j tion

state. That is, in the transition from reactant to prodlrcts, extra re-

organi.zational energy rnay be involved, either about the C-C=N angle

(HCN lineal) or the H-C=N angle (HCN bent), ancl this may reqtrire a rnodific.ation

to the Benson-Haugen calculation. Siirce the model of Tschuikow-Roux and

colvorkers requires knov¡n kinetic. parameteïs to fix values for ô* and ß,

and the clata is lirnited, the apparent success of the moclel. j.n Î.hjs case may

only be artificial.

In Table 4.6, the Arrhenius parameters for HCN elinjnation are conçar:ed

v¡ith those for FIX elinj.nation from the cor]'espondìng a1kyl haliCe-s. From

the table i.t c.an be seen that hydrogen cyanide eljnination is a ver¡'mu.ch

slolver reaction that hydrogen halide elininations, arid that ü-flte'Lhyl

substitution does not have as significant an effect. Treatnent of cyanides

as pseurlohalides in order to predict kinetic parcameters can lead to

discrepancies if used as a ru1e, as if found in the case of ci'cloÞentyl

cyanide. Although the heterolytic bonC dissociation energies D(lt+Ct'l-) lgTl

are siniilar to D(E+F-), the activation energies for: elimination cliffer by

- 20 kcal/nrole. This suggests that the degr:ee of heteroJ-ysis of tlie R-CN

bond is l,ery small [20].

*
'lhe question of bending in the t-r¿lnsitielì-state was
proposed b)' Dr S'lV. Benson of Stanforrl Research lnst'i-t'.iLe
in a private comnunication to Dr K.D. King.
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a
1i\BLE 4.6 ARRHENIUS PARAhIETERS FOR HX ELIMINATIO¡{ FROM

b
TIALIDES AND CYANIDES

c
Compound log A E

d e
I Br C9" F CN

CzFI s X

i-C sH zX

n-C:ìll zX

t-C'+FIsX

c- C sllg X

13.3

13.7

13.2

13. 8

12.8

50.6

45.0

48.49

38.4

53. 5

47 .8

51.5

41.8

43.7

s6. 5

5L.2

54.2

4s.2

46. s

59. 9

53. 9

58.3

51 .5

f
-82

75.7

> 76.5

/5.ó
h

69

a

b

A in sec-r, and E in kcal/mole, quoted at 600K.

Values fron 0rNeal and Benson [30].

Estination follorving the method of 0'Neal and Benson [50]

Reference [114].

'l'his work, quoted at 600K

Estinaterl from the VLPP of n-propyl cyanide.

Reference [55].

c

d

e

f

g

h
VLPP
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4.2 Conclusions and Implications

The dominant feature of all the deconrpcsit-ions of the cyauiCes

inr¡estigal--ed was the fission of the carbon-carbon bond adjaceTìt to the cyalÌo

group. Iìydrogen cyanide elimination was founcl to be a minor react:Lon,

accounting for less than l}eo of the overal.l decomposition of alkyl cyanides.

Most of the previous studies of the kinetics of organic cyanídes have been

shown to have had serious secondary reac+-ion cornplications, resulting in

dubious thernochemical data on cyanoalkyl r'adicals. High-presslre stirrecl-

flow studies have reveaied that fr:ee radical chain processes ma::kedl1' contribute

to the elimination of hydrogen cyanide, and were extrentely dif{'icul.t to iniríbit:

at the high temperatures at which -uhe kinetics t"ere i.nvestigated. The usual

procedur:es for checking for seconclary reactions, valid for deccmpo,*itions

at temperature-s of up to 800K, are found to be ineffectit'e whert exte+nclerl to

1000 - 1100K. Extremely large concentrations of inhibitors are .i':equired

to prevent chain processes. fn virr-ually elimì-nating theso scccndil;':7-

reactions, the VLPP techniclue proved to be e very successful procedure to

follorv cyanide unimolecular deconrpositiotrs .

Fron the kinetic parameters of the carbon-carbon fissions, fttndarnental

knorvledge has been obtained on bc¡nci energies, and the thernochenristr:y' of

cyano-substituted molecules and laciicals. For the cyanomethyl, ct^cyanoethyl,

and u-c1'¿noisopropyl radicals,

AH0^t
ArfÎ

Arf^t

(cH2cN) =

(CH aCHc¡¡)

( (CIl3 ) rÖcN;

58.5 r 2.2

= 50.I ! 2.3

= 39.I + 2.0, all in kcal/noLe.

The replacenent of a rnethyl group by a cyano gioup in the a1ky1 -r¿r¡lical

iricreases tire Ìreat of formation b,r' '*32 kr:al/nrole. TJrese radical irea'ts of

fornation enable'revised values of the free ::adical group adclitivit;i

contlibutions to be calculated; they are
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tÔ-(ll)2(cN)l = stJ.s

tc - (H) (c) (cN)l = 60.2

tC - (C)z(CN)l = 60.0, all in kcal/mol.e.

Conparison of the heats of formatjon of an" .rorroalkrlnes and'cya-no-

cycloall<anes rvith the analogous hydrogen saturated alkanes show thai: the.

effect of the cyano group is to íncrease the heats of forlnation by

- 37,5 kcal/mole per group. 'fhe difference between the effects of a ¿:r'ano

group on cyanoalkyl radicals and orì cyanoalkanes, conìpareci rvith t-lit:

anaic,gr:us h1'clrogen saturated species, in effect defines r;lte st¿:,bj,iiz.ai.iolr

energy of the delocaltzed radical [103] . Thi.s was shown i,-l anc;*"1-ir,:r- liayz 14hg¡

the C-H and C-C bond dissociation energies for alkanes and a1l<1'1 cyanicies

were compared; the cyano group consistent1y decreased the a-dj acei:1: bond

str-ength by an average of 5.I t 1.8 kcal/nole. Being a property of the

radical and not the bond, it rvas founcl that the cyano lesonalrce st¡rbil.iz:atioir

has a similal effec.t on-T-borld energies as j-t does on single Lionci energie:;.

By applf ing the Benson-Haugetì or T-schuikorv-Roux and coworkers thettret-ical

se¡¡i-ion pair models, it was founci that the predicteci a<idii:ioli actir¡ation

energies of hydrogen cyanide -uo the appropriate olefin, resultcC i-ri

elimination activation energies in good agreenent r.;ith experinterliall.y

observecl values. I-lowever the niodels werîe orì-gi-nal1y devised rv.i,th h;"rirogen

l,alides and similar species in mincl , and wl^ren exteireled 1-o a 1inear"i:r'j-atolitic

molecule suc.h as I{CN, the treatment of j-t as pseudo-cliatolnic tnay be ¿Ilì c\¡ell

sinqrlification. Possibly some modifi cation may be required to all,orv f'or

extra reorganiza.tional energy due to the bending invol't'ed in goirrg f-l'om the

Teactan'[s to products.

Some c;f the ccnciusj.uns lesulting fronr íiris lvcrk ìlave be:en i:epot'ieri in

articles published during r;he cou-¡se of the research progl:aill . Tlte1. ';''cr:e

co-auchored v;ith Dr K.D. King, and reprints of these have been inclucled iil

the Appendix. Ir/e anticipate pr-rbl j cati o:l of thc-: rtork on t.rans -'1 ,2' tlic;'¿1¡,o--

c;'c1.obutane, cyclopentyl cyanide, and etl-ry'1 cyanide i.n the near:' f u.tti.::'e.
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' T'he data obtained from tliis investigation of tire kinetics a¡rd thermc-

chernistry of the unimolecular rl.econposition c¡f short chain and smal1 rì.ng

organic cyanides, has filLed a substantie-l gap that existed in the fu.ndamental

k¡owledge of one of our most inportant substituent groups. Knorvledge

gained on the effects of triple bond resonance on reactivity, nay help wit-h

a stucly of alkynes on rvhich there j-s presently limited inforntation.* A

sound foundation of these basics should enable accurate estirnations to be

lnade on the therncchenistry of longer chain cyaniC.es. Futu::e clt+velolments

in the polymer chemistry of new cyanide reactive ltononters, attd the pr'clductitill

of light-weíght, high strength Uuitding materials incorporating poL¡'-

crystaliilte carbon fibres, produced from polyacrylo.nicrile, were discussed

j.n the introducrj-on of Chapter i. It is hoped that this research tr'ill enabie

the c.hemisfry of proCuction of these materials to be uncierstoo<i more

cleally, naking technical refinements and their future narketing nttcli closer.

*
St-udies of alkyne decornpositions are urrently being
undertaken by Dl K.D. King of the Universit;v of Adelaide.
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4.1 Experimental Data

The clata obr-ained fron experiinental runs conducted in the VLPP

system and in the stirred-flow reactor systen are presented in Tables A.l.-4.9'

They contain the information used to calculate the rate constants

presented in Chapter 5. The py1'elyses of cyclobutyl cyanide, isopropyl

cyanide, n-pÏopyl cyanide, tertbutyl cyanide, and cyclopentyl cyanide

usíng the VLPP technique are shotr,n in Tables 4.1, 4.3 and 4.4, 4.5, A'6 and

A. I respecti vely. Tabulated are the run number, aperture ' rca.ct-or:

tempeïature in 0C, relative mass Spectral peak intensities, reactant

to algon ratio, and the nolecular flow rate. The flow system studies on

trans- I,z-ðicyanocyclobutane, cyclopentyl cyanide, and ethyl cyanide

(in the abse¡ce of a chain inhibitor) are shomr i-n Ta,t¡Ies 4.2, Ã.7 and

A.9 respes¡ively. Presented are the run number, reactor temperatllÌe in

oC, the anbient telnperatul'e flots rate (Ut), the reactoT tempel:ature florv

rate (u) , u/v (ivhere v = reactor rrolume) , and the chromatograph peak

areas (neasured in integrator counts).



TABLE, 4.1 VLPP RA\'' ]l,{PENTI'1L¡JTAL tATA
PYRøLYSI 5 '¿F CYÇL,ð 

'JUTYL 
CYANI LE

ii'{TL\SI TI ES
I53 154

0l'I./ AFì
( 54/ ttO)
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¡LØ lJ fì/ìTE
\4.àLEC/ SLt
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P EAK
I lr0
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9
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t2
t3
l4
lú.
l7
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3l¡\
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3/.t
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/_l 5
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5tj
qÊ

qt-
cn
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689. 2
709.5
7 2¿J .8
7 43.7
769.5
739.8
|308.2
78 6,7
808. 2
830.2
8 48.7
t3 69 .9
990.2
9 t 0. 7
929"7
649.7
659. g

679"4
697.4
720.4
739.4
759.4
779"8
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820.0
629. 6
ó50.4
668.9
689.7
699.1
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729.3
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73" ¿t

7 3.8
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99 .7
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78. B
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74.4
70.4
74.2
7O.6
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70.2
70.4
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37"8
37. I
JO.5
34. 4
30.75
76.2
30. 2
73.25
76.O

7. 25
8.05
9.5

to.2
12. I
13" c
| 4.7
15. 6
lg.0
15.ð5
17.3
¿O. O

24.4
ÔE ôaJ. a

26.7
8.2
8.2
9.0

I 1.9
12. E

I zr. 3
15. I
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I 6.9
17. 4
5. O5
5.9
7.0s
8.05
7.3

t9.8
iJ.7

22.2
24. I

46.9
44.7
42" 3
36.9
33.9
?:9. L
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36.1
31" 5
2t. L

18" s
19.05
15.5
12. 5
t0.6
39"2
37. 9
31.õ
27. 6
¿9t I

I 6.9
t2.B
9.9
7.5
5.7

32.0
29. O

26.4
2t. 7
17. 4
39. 0
12.5
22.2
17 .7

0.7 0
0.70
0.70
0.70
0.70
o.70
o.7o
0.63
0.63
0. 6:r
0" ó3
0. ó3
0. 63
0. ó3
0.63
0.635
0" ó35
0. ó35
0. ó35
0. ó35
0.6íis
0.635
0. ó35
0.63s
0.635
0. 9 ¿i

O.9 tt
o.9 4
4.9 ¿)

C. 9 /15

0.9 zr5

o.9 45
0. 9 ll5
o.9 45

5.'7Er'I4
5. -lE+ I 4
5.7l,+.1tr
5.78+L¿t
5.78+14
5.7Erltt
5. 7li-¡ I ¿¡

l" 2E+l5
¡.2L+15
l.2E1I5
l. 2l-'t I5
1.2tr+15
l. 2[+ l5
1.2¡,+15
l.2L+i5
8.91,+14
t.9li+lli
cj"9E+l/l
8.9E+l¡+
B.9IL+lLi
B.9E.t-lz¡
8.9ì:l+14
E"9E+!i-t
B.9i*Ia
.J"9[.+1.4
ó.3[+14
ú. 3¿+ ! ¿;

6"3ErI¡.r
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3.38+i4
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3.38+14

10. 0
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r0.0
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10.0
10.0
10.0
t0.0
10.0
10.0
10. 0

J. J
a.)
na

JrJ
3.3
Jo J
3.3
J¡ J
Jo J
aa

J.J
J.J
aa

Jo J
J.J
1a
1,)

3. 3
J. J

contd/. . .
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TABLE A.1
contd
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t 5.0
16. 2
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16. 4
t2. I
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O. t¡64
o" 464
o.464
o, 46¿t
O. ¿i64
o" 464
o.464
0. 40
0. 40
0" 40
0.40
0. 40
o.40
0.40
0. 40
0. /+0

0.40
o. 40
o.40
0. 40
0. 40
0. z¡6

0. 40

3. 0E+ l5
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3.0E+'15
3. 0E+ I Ii
3.0E+ l5
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3.0E+ I 5
5. 6E+ I ¿r
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4.7 E+ | lt
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4"-lE+l/+
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4.-lE+14

l.l
l.l
l.l
l.l
l. t
l. t
l.l
l.l
l.l
t.l
t.l
l.l
l.l
I,I
t.l
l.l
l.l
1.1
3.3
3.3
3.3
3.3
3. 3
3.3

3.3s.)Ë
3.9
4.3
4.7 5
cl
Etr

6.05
5. I
7.2
7.7

15. 4
17.2
17.6
t8.0
ItJ. 4
tB. 7
lg. I
I 3.7
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194.

f\.2 Calibrati,on Plots for the Concentration Ratio

T'he concentration ratio [product] / treactant] i-s required t.o calcul-are

the late constants for the reaction paths. This was obtained by deterrnin-

ing the calibration factor found by neasuring the mass spectral peak

intensity ratio for known mixtures of product and reactant in 1.he VLPP

system, or for the florv systen, ,by measuring the peak area ratio for knonrn

product to r:eactant nixtures.

The mass s,pectlrometer calibration plots for the VLPP of cyclobutyl

c)'anide , isopropyl cy.anide, nlpropyl cyanide, tert-buty1 cyani de, a¡rd

c1'clopentyl cyaníde are shovm in Figures 4.1, 4"3 - 4.4, 4.5 -A.7, 4"8 -4.9,

and 4.15 - 4.20. Gas chromatograph calibration plots for the pyrolyses

of trans - 7,2-díeyanocyclobutane, cyclopentyl cyanide, and ethyl cyanide

are shown in Figures 4.2, 4.10 - 4.14, ancl 4.21 - 
^,23.



195.

s
ú¡

(f¡
[n

1.0

0.5 stope = 0./"911

intercept = 0.1007

0,5 1.0 1.5 2.4

Figune 4.1 Mass spectrometer calibration plot of the.

natio Iviny1 cyanidel/[cyclobutyl cyanidel

0
0

tvc trtl/ [c.Bu cN]



196.

1.0

1.0

o

o

o
o

o
o

3.0

o
'.8
ú
v.
(t
Q¡
t_< 2.0

.)l
ú
AJ
o-

stope = 1 .33

0
0 0.5 1.0 1.ri

tronE- 1,2 C4Hó(ChJ)z

2_,5

the ::at,io
cyanirle J

)l
2..0

[vcr,rl

iigure 4.2 Gas chromatograoh calibnation ptot of
Itnans -I, 2- di cyanocy c lobutane J / [ vi.rty 1



797.

10

6

B

@
\o

F{

\o
ñt

H

@
\o

Cf,
ln

stope = +.¿OA
intercept = 1.100

4

2
stope = 1.930
intercept : 0.1¡16

0 0.5 1.0 1.5 2.0

[vcr.r]/[i PrcNr]

['igure 4.3 Mass spectrr:met'er cal4bnation plot of the
rati-o [vinyl cyanide ) / Lísop1'opy1. cya.nide J

0



198.

7

o

o
6

B

1.35

I e,^opyr'.,l;l ¡ [i.n, u,r ]

stope = 3,04
intercept =

o)
\o

-ù

@€

o\
(f)

H

5

l-

3

1

0

L

slopc' = 2.534
intercept = 0.9 50

1.5

2

0 0,5 2.O

Figure 4.4 Mass spe-ctrometer calibnation plot of the
nat:io lpnopylene ] / [ isopropyl cyanic,le J



199 .

ol1
cv

H

\o
C\tH 0.5

0

1.0

0.3

0.2

0.1

0.5 2.0

slope = 0.5109
intercep ¡ = 0.177

0 1.0

lrrn^l/ L

1.5

n-PrC N

slope = 0.2928
intercept : 0.008

Figure 4.5 Mass spectromete:: cal-ibratíon plot of -l-he

. ratio Ietl-rylerrcf/[n-propyl cyanideJ

o

o

1.0

o\
C\¡

C4
tr)

B

0
0 0-5 .

[vcr.r]/þ-Prc Nl

Ilass spectrometer cal-ibnat-ion p'lot of thc
ratio Iviny1 cyanrl-deJ / [n-pnop],,._ cyanide J

Figure A.6



20ü,

o.
c\jÞ{

c{0
HS

1.0

5

0

sLope = 0.4286
irrtercept - 0.A52

1 50 0.5 1 2.0

[c' Hu] ln ercîrl]

Fi gu:re A .7 l4ass sDectr"ome'uer cal ibr.aticn pl-ot of the'.

ratÌo IpnopyleneJ/ [n-pnopy:l- cyanideì



H

{o

@()

1.0

2.0

1.0

zAL.

slope = 0.6994
irrtercept = 0.367

lli, nucNl
1.0

Mass spectrometen calibr"ation plot of the
ratio [methyl vinyl cyanide]/[tert-buty1 cyani-Ceì

slope = 1.2855
;rrtercept = 0 .021

o

tr

0.5

0
0 0.5

MeVC l.I

l'ig,ure A. B

@o
H

\o
râ

H B

o

0
0 0.5 t 1.0 1.5

[i-coriu] I l, BucN]

Mass spectrometer calj.bratio4 plot of tlie
natio Iisobutene]/[tent*buty1 eyanidel

Figune A. -o



202..

1.5

o

o

g
0

0.5

1
o';l
oß
õ
c,
L

_tc
õ
O)
o.

sLope = C.3065

o
þsHa] -- = t.24o x p.A. Rorio
[cPeCN ]

0
0.5

Pr'rl /
1.0

[c-eecxt]

1.5

Figure 4.10 Gas chrornatogr.aph ca-Lj-l¡rati-on pl,ot
ratio Icyclopen'LeneJ/ [ cyclopenl:yì-

g
3.0

slope = 1.00

lcrru J

[c Pø Crll
= 1.244 r P. A. Rotic>

of thi:
cyan:i-c1.e ]

.02
o'jr
Õa
Õ
Cr
L

-v.
Ua

o_

1 .0

0 0 1.0 2.0 3.c

lcrnul /[curu]
Figure 4.11 Gas chromatognaoh calibration plot of the

ratio I cyclcnentadie:re ) / lcyalooent'/l cyanide J



?05.

3.0

Irigure A.12

3.0

0

vcN I
[c PeCN

1.0 2.0
[vcru] flc,au)

1.0

[cruuctrtl

slope = 0.8835

= 1.4O3 x P.A. Rotic¡

3.0

3.0
E

o

o

B

o
'*, 2.0
Õc
õ
0)
r_

J

I r.o
o_

0
0

ñ

2.0

1

o
.{-,
Õ

CT

ú
Ar
L

-l¿õ
0r

CI

Gas chromatog:raph caì-ibnation plo-t of 'ch.e

ratio Ivinyi- cyanide ]/ [cyc] openty.l- cyanide J

slope - 0.8/*7tr

[c eccN I
Lgtnlf Ii = t 463 x P.A Roric

0
0 .0

þ'ri
2

I

Figune 4.13 Gas chrornatograrph cal-ibration otot of the
:ratio Icyanooropen ef /Lcyclopentyl cyanicie -l



204.

0.15

.o.P
o
ry
õ
0.,t-

Y
ú
O

o-

010

o

stope = O.071/,

= l.6.66ó x PA. Rotio

050

HCN]

[cPecN]

0 0 1.0 , 2.0
[ncrui/lcuHul

Figune 4.14 Gas.chnornatograph calibratj.ol'i plot of the .na.tio
[hydnogen cyanidel/[cyclopentyl cyanideì



205.

s
lf)

H

1.0

0.5

0

3.0

2.0

1.0

(a
tñ

Figune 4.15

.ü
l.rl

0 0.5

0.5

s[opc' = 0.4130
intercept = 0.ti43

1.0 1.5

sLope -- 1.14'lO

intercept = 0.40

1.0

2.0

[vcN] ll. PecN l

Mass sÞec-Lrometer cal j-br.ation plot oí 'the

:ratio [vinyl cyanide J / [ cyclopentyl cya.ni cle I

H

fr
c\,

0
0

[ucru ]

1.5

[c- aeCrr]]
2.0

Figune A.16 Mass.spectrometen calibration plot of the
natio []rydrogen cyanideJ / lcyclooentyl. cvani Ce-l



2ü6.

2.0

\t
tf!H

c\,
\ù

1.5

0

0

sLope = 0.5079
intercept = A .9/-41

0
0 0.5 1.0 1.5

1"0 5

lcrHo]

2.0 2.5

Figure A. l-7

3.0

\t(n
2.4

1.0

@
cv

H

lcrHu] I l. PecN]

lfass spectnorneten calj.br.at-ion plot of the
natio Ipropylene] / [ cyclopentyl cyanr'-de I

s[ope = 'l .0453
intercept = O.22

0
10 0.5 2.4
c- PeCN

't

I

Figure A.18 Mass spectrometer calibr.rtiorr pl-ot- of the
natio Iethylene)/Lcyclopentyl cyanideJ



¿0/ "

2.0

t'-\o
H

s

\(
lr}

0.5

1.5

0

0.5

1

sLope = 0.7e,87
intercept = 0.07

0
0 1.0 , 1.5

[.unu jlþ necN]
2.4

Fígure 4.19

i.0 , 1.5

fcruu]/[c-necHt]
2.0

Mass spec-broneter" cal-ibration plot of the
ratio Icyclooentene-l/[cyclopentyl- cyanide J

2.0

1.5

1.0

0.5

slope - 0.7129
intercept; = 0.03

0.5
0

0

Plass soectrorneter cal-ibr"ation plo-L- of the
ratio Icyciouentadiene]/ tcycl-opentyl cyanideJ

Figune 4.20



208.

1.5

o

o
E
ó
(_,
L

-Y
ú
o
o*

.01 o

0.5

s Lope = 0 .6 805

- 1.4ó95 x P.A.Rqtio

2.0

[r'¡ucru]
tErcN f

0
0 1.0

[v *c n] [rtcru]I
Figu.ne A.2I Gas chromatognaph calibration plot of the

ratio [methyl cyanide.l / [eth5r1 cyanicle 1

2.0

slope = .1 .039

[vc r.r = O.9 6 25 x P.A. Rotio
etcrv]

01

o

úft
o
o(-

l¿
Õ
A)

0_

0 0 1.0 , 2.0

Ivcr'i J lizt cN]

Figure A,22 Gas chromatognath calibration p1.ot of the
natio Ir'inyl cyanideJ/[ethyi cyanideJ



2CI9 "

o
o

.9
+)
o
E
oo
t-

-]¿
o
O)
o-

5.0

¿r.o

1,0

3.0

2.0

[nc r'r

[Etc N ]

sLope = 2 .545

= 5.28 x P.A.Rotio

2.0
0

0 1.0

[crr-tu ] frtcN]/
I-igure 4.23 Gas chromatograph cal-ibr.ation plot of 'the:

natio [hyd:rogen cyanide J / [ ethyt cyanicie J



21. rl "

4,3 Conputer Program for Calculation of k
una

For the VLPP studies, conputer programs were written to calculate

the unimolecular rate constants frorn the experimental data tabulated in
Section 4.1, using the mass spectrorneter calibration factors obtained fron

the plots shown in section 4.2. The fornat of the programs rr¡as simirar, and

an exanple for the VLPP of tert-butyl cyanide is listed on the folLowing

page. A sample print-out for the eryerirnental runs TBl3-l g, '1824-..29, 
,

T836-39 has also been included.



2LT.

Computen pnoguam fon the calculation of
fon the VLPP of tent-butyl cyanide

k valuesunr-

DIi'î K t ( 50) ¡ Tl ( 50), A( 50), C( 50) ¡ D( 50), E( 50)¿ F( 50), G( 50),H( 50)
DIM T2( 50) ¿K2( 50),Y( 50) tZ( 50) ¡ P( 50) ¡ I ( 50) ¡ 0( 50)¡ U( 50), t^l( 50)
DIM R( 50) ¡ S( 50) ¡ T( 50), V( 50) ¡M( 50) ¡N( 50) ¿Ø C50) ¡ J( 50), K( 50) ¿ L( 50)
INPI]T N

FØR I=l 1Ø N
READ K I ( I ) , T I ( I ) , C( I ) , D( I ) ¡ E( I ) ¡ F'( I ) , G ( I )
NÐ(T I
FØR I=l TØ N
READ A( I )
NFI(T I
FØR I=l TØ N

T2<l)=Tl(I)+273.2
K2(I)=I{ I ( I ) *S0R( T2(I > /83. I 3)
Y(I )= l-( D(f) / C( I ) ) / A(I>
Z(Í>=A( I ))k( C( I> / D(I ) )- I
P(I)=I{2(l),t Z(I)
x=F(I)-0.33*G(I)
G(I)=G(I)-0. ll5*X
R( I )=( F( I )/G( I ) -0. 3668) / O. 699 4
T( I ) =I(2 ( I ) *R( I )
M( I )=( E( I) / G( I )-0. 02 l> / l. 28 55
N( I )=M( I ) / ( l+M( I )+R( I ) )
Ø(I>=K2(I)*M(I)
S( I )=R( I ) / ( l+R( I ) +M( I ) )
ND(T I
PRINT t'Tünf P"¡ "DECØMP"t"F/ ( l-F) tt, trKEAt'¿ "KTB(UNI ) t'
PRIN T
FøR I=l TØ N
PRII\¡T T2(L) ¡Y( f ) ¿ Z(I)'K2( I )¡ P( I )
NÐ(T I
PRIN T
PRIN T
PRINT "TliMP"¡ "MVCI{/TBCN"r"FØ RMN"¡ "K67 ( UNI ) I'
PRIN T
FØR I=l 1Ø N
PRINT T2( I )¡R( I ), S(I )¡T( I )
NÐ(T I
PRIN T
PRIN T
PRINT "TÐ{P"¿ "I-BUTEI{E/TBCN"¿"FØ RI'IN"¡ "i(56(UNI ) "
PRIN T
FØR I=l TØ N
PRINT TzCl ) ¿M( I ).'N (I) rØ(I)
NÐ(T I
PRIN T
PRIN T
END

700
70s
710
?¡s
725
730
73s
737
738
740
745
750
75s
760
76s
770
772
't7 3
?75
780
800
B05
Blo
B2t
822
825
830
B3s
840
845
850
B5s
BóO
865
870
875
BBO
BB5
890
930
935
9 tt0
945
950
955
960
990



rr¡here N

I

K1

K2

T1

T2

A

C

D

E

F

G

Y

n
b

P

X

G

R

S

T

M

t{

0

212..

is the number of rturs

is the ith run

i.s the physical constant in the escape rate constant
for each aperature.

is the escape rate constant, k", = Kl ,[l/M

is the ïeactor teÍperatut", oC

is the :leactor temper-.ature, K

is the relative j-ntensity of reaqtant to inter.nal sta:rdard
at zeto decomposition, (I42/f 4ùo
is the intensity of peak 40, i.e. argon

is the intensity of peak 42, i.e. tert-butyL cyanide

is the intensity of peak 56, i.e. isobutere

is the intensity of peak 67, ),.e. rnethyl vinyJ. cyanirirr

is the intensity of peak 68, i.e" tert-buty1 cyanide

is the fractíon of deconpositiorr,f

is the steady-state ratio of product to reactant, (f /7-Ð,

is the r::rimolecular rate constaltt for tlecotnposition,
k ft-Bu CNI -un1

is the nethyl vinyl cyanide cántri-bution to pealr 57, ccrlected
for tert-butyl cyanide contribution.

is then corrected for the contr,'il¡utíon of :nethyl rrinyl cyanide
to peak 68

is the concentration ratio of [t"tevCNl/lt-Brr C]Il

is the fraction of formation of methyl vinyl cyanitle.

is the unimolecular rate coitsta-rrt for forilation, k..-. (i'{eVCNI)

is the concentraticn ratio of IIsobutcne]/ [-"-Bu CÞl]

i-s the fract.i.on of forrnation of i-sobut.ene

is the unimoÌecr¡1ar: rate constar¡t :Eor forne..'lion, kurr' (Isobutene.¡
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Computen

ltuns
pnrnt-out for tent-butyl cyanide expenimental

TBf 3-1B,TB2 4-28,T836_ 39 .

DE CØI,IP r'./( l-F) I(EATü.'1P

¡g4tt.2
I 062" 2
l0B /i.
t 103.6
| 122.5
| 122.
I t23.7
llt¿0.7
I 165. I
I l8g.
120 r. ó
r 203. 2
t216. 3
1232.5
t 244.9

TÐ4P

lOtt4.2
1062.2
I 0B u-t.

l 103.6
I122. s
I t22.
I 123.7
1140.7
ll6s. I
t t83.
t20t.6
1203.2
t 2 t 6. 3
1232.5
| 2 ttli. 9

TE}IP

. lB 5078

. 27989 5

.408163

. 5259 26

. 6399 69

. 17 413

.179303

.24798

. 36265 3

.467 486

. 5267 3B

. 127 353

.164995

.2t5t92

.258052

T.1VCN,/ TBCN

.227Ltt

. 388 687

. 689 655
l. l0g3g
1.7775tt
. 2log 45
.2t8476
.3297s1
. s69OO3
. B7 7'ú-ó 5
t.l l3
. I zr59 45
.197s97
. 27 4197
.347804

. 687 566

. 69 3467

.700547

.7 068 52
,7 L 2879
6. tt29 lB
6. tt3105
6. 43 254
6.5515
6.ó1557
6.65333
49.0772
49. 3436
49. 67 t2
49.9204

K67(U\it)

KTts( L;N I )

. ¡5ó154

. 269 542

. AB 3l'J6

.'Ì-ó4!6ti
l. 267 t't
t. 3555ó
!. AO559
2. 137 6:3
3.727ó3
5. BO77 t
7 " 40'il2
7. I 6253
9. 7 501ú
i3.6197
17.3625

irØ Ri4tù

lo4¿!.2
to62.2
1084.
It03.6
I t22. s
t 122.
tt23.7
tt40.7
lt65.l
I Iri3.
l20l . 6
1203.2
t2tó.3
1232. s
lZttA,9

.25079 4

. 3999 06

.670938
1.03ó
l. 57 452
.229 652
. 24239 5
. 3¿t9 379
.56333
. B 54504
l.l062t
. tB s69B
. 239¿lg 5
.3059ó3
. 37 689

. 197 323

.28ll3tt

. 39 3442

.497BEt
" 597 668
. lB 5658
.!937 l6
. 25637 |
. 35598 5
.45/4241
.51ó8 l3
.1559ó6
. 19257 I
. 23297 6
.27 1759

1.58839:E-2
1. 58 63 48-2
2.01532]E-2
2. I 5363E- 2
2.27423F-2
s.9tl39E-3
7. l09 I 3tr- 3
9.83647E-3
l. 208 4tE- 2
l.4t75lE-2
1.599 sEE-2
4. I 4564tr- 3
4. 6660 5E- 3
5. 57 2658-3
7. lB 57 sE- 3

. 17 2tt31

. 277 ?,21

. 47 0024

. 7 322,9 6
I . 122/-t4
l. 47 647
l. 559 5g
2. 2648 6
3. 69 0óó
s.6s303
?. 3600 I
9. I r 3s3
t l. B 368
ls. t97s
16.Bl4s

I - E TIT EN tr,/ TE C\I FØ Ri.1N

2.OtB3tL_-2
2. 256528- 2
3. zr3 67 3E- 2
.044913
5.99 I 42L-2
7.3tztEE-3
B. 89 559 tt- 3
.013405
1.9 t225:E-2
2.66658L-2
3. tt2382E-2
4.93593E-3
5. B 1249 E- 3
7.3194óE-3
9.9 6s ó0 E- 3

K56( Ln{ I )

1.38607L,-2
1.56492E.-2
, O2¿tO7 6
3. I 67 62E- 2
4.27 I l6E-2
4.70113E-2
5.7 23468- 2
B. 6B9B 3E- 2
. 12528 r
. 17 6109
.227798
.242242
. 2B 6t3 0g
.363516
.497497
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A.4 etitive Unimolecular Reacticns at Lorn¡ Pressures

hrhen a reactant decornposes by competiting unimolecuJ.ar paths in the

faIl-off region, energized molecules are depleted by all reacti-on paths

and each path feels the effect of the drajn orr eriergi zecl rnolec.ules of other

paths. The usual unimolecular rate theory expression for k,rrri h"r to be

rnodified to take into account this interaction among react.j-on prLtirs. thís

has been done previously for the systen of two conpetitive react-ion paths

[5:]; the nodification being applieci to RRK theory and thc prclcicclure was

caIled the RRK/2 nethod. It has been shown that RRK (usitg s = Cvib (T)iR)

' and RRKM theory give substantially the same result for fall-off cai-

culations for therrnalll' u.ai.,'ated systens [53,74]

The derivati.on of the RRK/3 nethod for a system of three conrpetitive

reaction paths is as fo.l-lows:

Consider the reaction scheme

A+M å A +M
*

k +k +K +k
I

1

A
* ]? 

B+C
'7-*D+E

(i)
(ii)
(iii)\F*G

In the steady state

= krlAl IMI -k_llAtl [M] - kz [A'*] - k3 [A*] - k4 [A*'] = C

IA*] =
ki tAl tMl

_eÞ:1
dr

23
[A*] =

4

tAl

(i)

Rate=(kz+k3+ka) k1 (kz + k3 + ka) tAl [l'!i
k-t + kZ +. lg + k4

ki (kz a" k3 + ka)

k-1

- kr
l-t.L

k3 ka.t^

k.- ' [M] (2.)
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The pseúJo first-ordcr rate constant for the total disappe.arance

of A i.s then

At high pressures, k-l [t"f] >> \z + k3 + k4

R
@ = kl (kz + k3 + kr+)

IA] k tAl
k-1

(total) =

1+ k* (tota1)

k1 (kz + k3 + ka)

k-1

I + k2+kg +kr+ (5)
k- 1 tt"tl

(4)

(s)

(6)

-1"uni tAl
dlAl
dr

k* (tota1)

l=t

oo

k
InrL

k- r [n]

Now, for the formation of B or C

gi'Þl = t..*. (i) [o]dL unl

,-(i) _ 1 dB _ 1
^tmi - tll dr - TÃI

kr kz IAI tMl

k-t lMl + k2 + k3 + i<4

krkz / k-t

k (i)
un1 k li)

æ

kr (kz + ks + k,')

kr k r[lvl]

k
æ

(íí)

1 + k_ (toral)
kr tMl

k(iií)

1+ (7)

(8)

(e)

s:lmil-arly k

1 * k_ (total)
k1 tMl

(íÍ)
uni

(iii)
unik

k- (roral)
l- + ^- \ Lv Lr¡!/'

tr IMT- (1 0)

wl'rele k1 , kZ, k3 , k4 arê energy dependent, an.d k-, js ir,depe¡-lclent of

energy.





k
(iii.)
uni

@.

k 
(ii.i)
unr

k
(iii)

E
1t_1

T[s)

s

l

eB
r (s)

=A:

P(E) kq (Ë) dE

* t 
*{ [k2 (E) + k. (Þ]) + ko (E) ) /ur]

(x*

2I7 .

(.14)

(1s)

( 16)

(r'7)

I'he above expressions reflect that, each reaction path feels the effect of

the other paths on the drain of energized species. These expressions rnay be

written, using RRK theory, as follows:
ct

k
(i)
uni I s-l -xxedx

s-l -xxedx

k[j.) o,*too[oful
1+ s-r , .s-I

I + lgu{x +Y[x-o] ]I
5- r

J"

r ¡-loD { xs-t n r(*-o)t-tI

{
r

g

E - E..r
1'r'f_.__---,ttrl!l

*)

s-1 -xxedx+
.s-1r.ô (x - B) ]

s-1(x+B)
k 
(ii)
Un]- = f'

(x. -0.

1+loD {

edx
S-

X

x +lì

e-1 -v[x-o.) e dx

) 
t-1

s-1+Y x-ct Ì

+

D s-l -s- 1

s-1

s-11+I0 x .t- x- ct

(x -t B)

s-l -xedx

X-

t; I + 10

s-1

*t-1 ,.y (x-,r,)s-I + ô(x- ß)t-1
x-ß

for Ë >E

s-l
fn¡ E :Eì

(x + I))

{ 't
J

ß s-1

where P ([) =
E

RT
-ElRTe

RT'

r (s) = (s-1) !

kz.;) = o, 

I
k3 (E) = Aii

* s-1
1

* S=l

I
| (s)

I
l

E_E
E

EE

forE>E

ú

11

*

1

(

k
4

(E)
111_

t1

111-
111
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S

x

B

0

g

Y

ô

= Cvib (T) / R = I'ef,fective number <¡f oscillators[

= (E - Ei)/RT
*

= 'f,. /nf
].**

= fE.. - E.l/RT'11
**

= (Eiii - Ei) /nr

= 4../4.
11' 1

= [. ../^.111' a

= log Ar. - 1og'&tD

The conputer progran written for the RRK/2 rnethod [51] was extencled to

numerically evaluate the integrals in the above expressioris and compute

values "t ujiì, n$il *d kjilr) fot ccmparison rr¡irh erperirnent. The

procedure was appropriately called the RRK/3 method.
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4..5 Reprints of Publications 1=::om this Research

The following reprint-s rver-^ published durj-ng the course of the

research progran. They were co-authored with Dr K.D. Kiltg. I{e anticipate

publication of the work on trans-I,2-dicya:rocyclobutane, cyclopent)¡I

cyani-de, and ethyl cyanide in the near future.

rrVery Lorv-Pressure Pyrolysis of Cyclobutyl Cyanije. The Cyano
Stabilization." by K.D. King and R.D. Goddard.

(lteprinted froin Int. J. Chem. Kinet. , Vol. 7 , PP. 109-123 (1975) . )

rrVery Lorv-Pressure Pyroiysis (VLPP) of Alky1 Cyanides. I. The
Therrnal Unimolecular Reactions of Isopropyl Cyanide.r' by K.D. Kirrg
and R.D. Goddard.

(Reprinted from J. An. Chem. Soc., Vol. 97 pp 4504-4509 (1975i.)

f tVery [,or','-P::essure Pyrolysis (VI,PP) of A1kv1 C1'anides. II. n-Propyl
Cyanide and Isobut-yl Cyanì-de. The Heat of Forna[ion a-rrcl StalriÌjz¿rEion
Errergy of the Cyanome'Lhyl Radical.tr by K.D. King and R.D. Gorldarcl.

(Reprinted from Int. J. Chen. Kinet., Vol. 7, pp. 837-855 (1975).)

I'Very Low-Pressure Pyrolysis (VLPP) of A1ky1 Cyanides. III " l:erc-
Butl'1 Cyanide. The Effect of the Cyano Grorrp on Bond Dissociation
Ene-r.gi.es ¿ntl Reacr:ivity." by K.D. King and R.D. Godclarcl.

(Reprinted fron J, Phys. Chern, Vol. 80, pp 546-552 (1Si76).)
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