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SUMMARY 

_A detailed study was undertaken of the reaction of 

ground state oxygen atoms with the fluoroethylenes and 

with 14.32 trifluorobutene-1. 

Phe O(°P)/ fluorocethylene study yielded the 

following rate constants and Arrhenius parameters relative 

to ethylene. 

  

  

  

  

  

eye 
OLEFIN ae exo: aa ss ely 

= i 2°4 | (kJmol’ ) 

CH,=CH, (1.0) | (1.0) (1.0) (1.0) 

CH,=CHF 0.40 0.52 1.04 2245 

CH,=CF, 0,22 0.30 O12 56) 

cisCHF=CHF | 0.31 0.45 me ts26 5.50 

transCHF=CHF 0.56 GT) E45 Zale 

CHF=CF,, 0.57 0.66 8 08, 1 10D 

ORo-CF>.. 4570027 1439 0.88 | -1.55             
Reactivity differences between the cis and trans 

isomers of 1,2 difluoroethylene have been attributed 

to a combination of entropic and ghalpic factors. 

. An attempt to relate reaction rates to various bond and 

atomic properties of the fluoroethylenes indicated 

that formation of a o transition complex is probably 

the rate determining process. 

The reaction of ground state oxygen atoms with 

1,1,2 trifluorobutene-1 yields 1 fiuoroprope ne (cis



and trans isomers) and carbonyl fluoride with quantum 

yields near to unity. Minor products identified 

included ethane, het one propane, fluorocyclopropane 

and propionyl Piugptas. In sharp contrast to the 

reactions of non—~fluorinated olefins with oxygen 

eee epoxide formation was not significant in this 

system. The main primary process is thought to be 

formation of carbonyl fluoride and ethylfluorocarbene . 

CHZCHSCP:, fluorocyclopropane and 1 fluoropropene being 

products of the isomerisation of this carbene. 

Addition of oxygen to the system left the yield of 

1 fluoropropene unchanged but greatly increased yields 

of propionyl and carbonyl fluoride. This behaviour 

has been attributed to the reaction of the biradical, 

CHZCH5CF-CP50°, with molecular oxygen to yield 

ultimately 1 fluoropropene, carbonyl fluoride and 

propionyl fluoride. 

The reaction schemes proposed satisfactorily 

Ss major and minor product formation both in the 

presence and absence of molecular oxygen.



CHAPTER ONE 

INTRODUCTION 
4.1 PHOTOS#HNSTLISATION. 

The process of photosensitisation consists of 

absorption of light energy by a strongly absorbing 

substance, the "photosensitiser", and transfer of this 

energy by collision to a compound only weakly absorbing 

in the spectral range considered. 

Photosensitisation offers the obvious advantage 

of inducing chemical reactions in substances which do 

not absorb a sufficient amount of light energy Ae 

particular spectral region. jhen light has been 

absorbed by the sensitiser, a coinpetitive situation 

is created. The light energy can either be spontan- 

eously re-emitted or can be dissipated by collision 

with another molecule ( either the photosensitiser or 

a different molecule). The latter process is termed 

"quenching". 

Photosenistisers in the gas phase have to ful fist 

the following requirements: 

1) A relatively high vapour pressure at the 

temperature considered, is essential for sufficient 

molecules to be able to absorb in the gas phase. 

2) The potential photosensitiser must have 

readily accessible excited states (singlet or triplet) 

of suitable energy for the purpose considered, 

If we are interested in bringing about chemical 

reactions, 1 and 2 above limit the metal photosensit~ 

‘ ‘ or 1 
isers to mercury, cadmium and 2inc.



An example of a reaction photosensitised by-an-" 

organic molecule is the dimerisation of 1,3,3trimethyl- 

4 es cid a 
cyclopropene using acetone as the sensitising molecule. 

p< 2eq_k- <—k 
The triplet state of acetone is about 330kd mol.’ 

  
  

above the ground state. 

In the field of inorganic photosensitisers, an 

example is the mercury photosensitised decomposition 

we 

Of  Hitrous oxide .? 

ae 0(?P) Hg("P,) + N,0 ——> Hg('S,) + No 

1.2 mERCURY PHOTOSENSITISATION 

Mercury is particularly usefulfrom a photo- 

sensitisation point of view for the following reasons: 

1) It is not very reactive and hence does not 

usually react chemically with other substarces in the 

system, 

2). It has an appreciable vapour pressure at 

ambient temperatures (1.5 x 407mm, at 23°C). 

3) It has an easily accessible triplet state 

6(7P,) 469 kJ mol.~' above the ground state, ‘This is 

of sufficient energy to in duce many chemical reactions 

(see fig. 1.1). 

A low pressure mercury lamp emits mainly 2537 

and 1849 & radiation corresponding to the transitions 

Hg 6( 8.) tit Hg 6(°P,) and Hg 6( 8.) ellis 6( Py). 

However, 1849 iL radiation is absorbed strongly by 

ordinary quartz and atmospheric oxygen. Almost all the 

useful radiation froi a low pressure mercury lamp is at 

Saat ‘ for absorption of 2537 A radiation by the 

mercury in the reaction pelt to be éffective, it is
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essential that the line shapes of absorbing and 

emitting systeys should match as closely as possible. 

In the high pressure mercury lamp, the ling shape is 

considerably broadened by collisiong (collision 

broadening). In addition, the 2537 R line is almost 

entirely absent due to re-absorption of this iis by 

ground state mercury atoms in the iamp. This 

phenomenon is termed ‘gelf-absorption" and is minimised 

by using a low pressure lamp. 

shen mercury is excited by 2537 & radiation to 

the 6(°P,) state, three types of quenching are possible 

1) Hg(?P,) +A ale He(7P) + A Ae Te mae 5 

2) Fe(P,) + A titi Fe "S.) + A*(469kd noe) 

3) He (7P,) oA eens He'S.) + A, @ Ay 

or HgA, + he 

where A is the quenching molecule. 

Process 1 is quenching of the triplet mercury state 

to the metastable 6(7P,) level. (See fig.1.1) 

fransitions from this state to the ground state are 

strictly forbidden and hence species in this state are 

relatively long lived (& 107sec.). Metastable | 

quenching takes place with the transfer of only 21 kJ 

mols of energy to the quenching molecule and hence 

this process 6an rarely induce chemical reaction. 

Tor a number of years the extent of metastable quench- 

ing by various gases has been a matter of controversy, 

due principally to the difficulty of quant it.tively 

monitoring the metastable population levels. liany 

early workers’? used a detection method based on the 

apility of metastable atoms to induce emnission of 

electrons from a metal surface. More recent work 

3



using this method has been carried out by Darwent and 

Hurtubiee? An alternate method of detection of 

metastable mercury atoms (6°P.) is by their absorbtion 

of 4047 & (corresponding to the transition Hg (6°P, )—» 

He(7°S,)). This method has been used by Kimbell and 

Le Roy! However, it would appear that more reliable 

using the flash photolysis technique. Excitation 

takes place by absorption of continuous light and the 

absorption spectrum noted at intervals after the flash. 

For the purpose of discussion the recent work of 

9 has been accepted as the ost Callear and Hedges 

reliable. The method is flash photolysis, using a 

special lamp constructed to produce an intense flash 

of mercury resonance radiation, Briefly their €indings’ 

were that metastable atom Yields ia Hy Dos NO,N5O, 05 

H S, CoH, , Caz Br , HBr , HC1 and HCN are less than 1% 
2 

(aie, fractional quenching of He (PP, ) to Hg(7P5))5 

significant yieigs of Hg (Po) were observed with Np, 

CoHe » CHy » CH, and CO. 

Process 2 is direct quenching of Hig (?P, ) to the 

ground state, with transfer of 469kd moh?! to the 

quenching molecule. This energy raises the 

quenching molecule to an excited electronic state (as 

with CS, ). 

Process 3 involves the transfer of the energy, again 

with quenching to the ground state, but in this case 

the quenching molecule fragments. An example of this 

is quenching by hydrocarbon molecules in which the 

energy is sufficient to break the C-H bond, with the 

formation of a hydrogen atom and alkyl radical. lxcvss 

4



energy after rupture is manifest as excess kinetic 

energy of the fragments. It is possible for one of 

the fragments to form a complex with the mercury atom. 

Callear and Hedges? have observed, spectroscopically, 

HgH in the mercury photosensitised decomposition of 

hydrogen presunably formed by the process 

Hg(°P,) + Hp —% HeH + H 

1.2a Quenching Cross Sections 

1) Physical method 

If we consider the 3 quenching acts mentioned 

previously together, then the following reaction scheme 

can be written; 

a) Hg6('S,) + 2557 8 EeeS 6(7P,) 

b) Hg6 (2p, ) aks He 66'S.) er BS 
: : ee (25372) 

c) He6 (72, ) + <i oa Hg 6's) eS awe. 

If the rate of a) is R,, then by steady state theory 

3 | 
ae P,) ae Kefae (Pr, | - fier, )) Pt] “a = 0 

2 } vik oa i ee eee 
Hence the rate of the fluorescence reaction b) is 

} 3 feo hi ea ke [He( P,)) Sod: lege Ae! fe) = Rk, 

If in the absence of My Rep = Ro es R; 

Hence Ro i k 
wf te eee [x] 
Rep Kp 

Now 1/ kp, is the mean"lifetime" of Hg (?p,), which 

can be designated T 

Hence 0 
f ze ae ee ee 

This is the Stern-Volmer equation. By measuring the 

intensity of fluorescence in the absence and prescence 

5



of a quenching gas it is possible 46 evaluate the 

quenching rate cons*ant, = provided we have an 

estimate for the mean lifétime of Hg(*P,) in the 

system. The quenching cross section, Oo; is readily 

extracted fron the quenching rate constant using the 

following equation; 
\Y 

c = @* Ieqre (mu Mo fo aN . 
eo He + “mM / “He"™M 

One of the difficulties of this physical method 

is the uncertainity in the apparent lifetime of the 

Hg (7B, ) molecule. As ground state mercury absorbs 

25378 light very strongly, when a triplet mercury 

atom reverts to the ground state, a photon is emitted 

(25378), and is often recaptured by another ground 

state mercury atom, This process, usually known as 

"radiation imprisonment", can occur many times in a 

reaction cell and has the effect of prolonging the 

apparent lifetime of the species, Kang Yang \° has 

eliminated the problem to a certain extent by noting 

the effect of increasing mercury vapour pressure on the 

value of Tk. He found that TK, varies roughly 

linearly with mercury vapour pressure and by extrapol- 

ating to zero vapour pressure the value of Ty was 

obtained, Kang Yang estimated the quenching rate cons# 

tant for ethylene by substituting the known T, 

value (lifetime of an isolated He (?P, ) atom) into the 

extrapolated value obtained of TK: Ko cag 

reaction Hg (7P, ) + CoH, => He('S.) + CoH, was 

11 2 moe | gz! at 25°, estimated to be 4,61 x 10 

2. Chemical Method 

Chemical methods of determining relative quenching 

6



cross sections have the following advantages; 

1) They are independent of such effects as 

radiation imprisonment, mentioned above. 

2) The experiments can be performed under condit- 

ions normaily employed in mercury photosensitised studies. 

The chemical method is competitive in character 

and will only yield the relative quenching cross 

section, The results may be placed on an absolute 

pasis if the absolute cross section of the standard 

is known, 

cvetanovié? studied the mercury photosensitised 

decomposition of nitrous oxide and mixtures of nitrous 

oxide with hydrocarbons. Briefly he found that triplet 

mercury atoms react with nitrous oxide to form nitrogen 

and oxygen atoms, This nitrogen can be readily measured 

quantitatively . If we consider the following 

competitiW¥e reaction scheme;- 

a) He + h® «ih He* (Rate = R,) 
ae 

Kyo 3 
Dee He* 47 N50 — Hae Nt O(-P) 

c) Hg* + RH * Hg + products 

where Hg* represents He (6° Pay 

If the rates of reactions b) and c) are Ry 

and R then c 

Ry = Ry + R, 

If there is no hydrocarbon present then 

Ry = Ro = Ryo (rate of formation of 
2 nitrogen ) 

Pea. = [xe*] [x0] 0 + [se*] [2] Kay = Ry, ° 

2) By, = x0 [iex] Gol



Diviging <=7). by -2):~ 

Py Sbiine. Ne) re ead / yo bted 
2 

By tat Ot ee vs fka]/ [x50] should give a line 

of gradient k which is the required rH / Ky,0 
quenching rate constant of the hydrocarbon relative 

to nitrous oxide, This Hevegionship holds well in 

practice as can be seen from Cvetanovic's results 

shown in Fig. 1.2 for ethane, ethylene and n-butane. 

Both chemical and physical rate constants can be 

combined ag the quenching cross section (and rate 

constant) of ethylene has been measured relative to 

nitrous oxiderct!" Some doubt has recently been cast 

on the results obtained by the nitrous oxide method, 

Rousseau |* has observed that the quenching cross 

sections derived by the chemical method in some cases 

seem to be dependent upon incident light intensity. 

As Much as a five-fold increase in the apparent cross 

section of n-butane relative to nitrous oxide is reveal- 

ed by varying light intensity by a factor of 10°, (o2's 

increasing with decreasing light intensity.) He 

proposed that Cvetanovié's pasic mechanism is incomplete 

and that at high light intensity radical-radical 

reactions become important. Low light intensities are 

essential for meaningful results to be obtained. 

further work is needed to clarify this problem. 

1,2b The Mechanism of Mercury Photosengitised Reactions 

and the Flectrophilic Nature of He(6°P,). 

It has been pointed out? that the triplet mercury 

atom exhibits electrophilic characteristics. In 

general, atomic reactants may show electrophilic, 

8



FIG. = 1.8 PLOTS OF 1/ g 

ETHYLENE, 

“No 

nBUTANE 

( R.J. Cvetanovic, 

vs. __ [EypRocarBON] L ty, FOR 

AND, ETHANE. 

Progress in Reaction Kinetics, 2, 62, (1964) ) 
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TABLE 1,1 

CROSS SECTIONS AND RATE CONSTANTS FOR QUENCHING OF 

  

  

  

            
  

TRIPLET MERCURY (6°P,) 

Compound ro k Compound ae k 
Q Q s Q Q 

CoHe Osc. | O20 CH5=CH, 48.2 46,1 

CaHe 2.6 20 CH, =CHF 46.1 S645 

Cil, CP, CH, OF 3547 O29 CH, =CF, 4275 ous 

CD,CH, CD, ie lect CHP=CF, 30.6 18.9 

nC, Ho (9 ae 

(CH, ) 40D 0.96 0.68 

Cony 48.2 146.1 CH, CHO 61.5 | 48.0 

CdeCD=CD. 162.9 AS ie CH=CH 549 Ag Si 
3 2 4 2 Sol 

C,H, -2 oF. 61.6 

Notes: units of Ko are eae x 40719 at 25°a 

units of ak are ge 

References: 1) 

2) 

By 

R.J.Cvetanovic: ont 

Progress in Reaction Kinectics,p.41, 

voh.1,Pergammon ircss,1964. 

A.R.Trobridge and K.R.Jennings 

Proc.Chem.Soc.,335,(1964) 

Kang Yang 

J.Amer.Chem.Soc,,88, 4575, (1966). 

 



nucleophilic or radical reagent character. for example, 

it has been noted by Cvetanovie* that oxygen atoms 

(0?P) behave distinctly as electrophilic reagents in 

their reactions with olefins. 

af Hg (6°P, ) is clectrophilic in character this 

will be reflected in higher @* values for the more 

nucleophilic reagents, even when account has been taken 

of differing molecular sizes. For example, it can be 

seen from Table 1.1. that the olefins exhibit a far 

larger cross sectional area than the saturated 

hydrocarbons of comparable molecular size. This is 

because of the high ffelectron density of the @Jefinic 

double bond which makes the olefins nucleophilic in 

nature. Also it has been noted by Rousseau that a 

progressive substitution of methyl groups in amnonia 

increases the O° values very much more than the sun 

of a methyl group and ammonia would indicate. Here, 

cross sections follow the increase in basicity of the 

methyl substituted ammonia. A proposed scheme of 

  

  

  

quemching interactions’? can be written, based on the 

assumed electrophilic nature of He?P, + - 

i 

Alkanes t 

R H 

Alkyl Halides R———Xl—eig” 

Alcohols, esters, 

ss + * 

oe 
Olefins a 

ie® 

10



Carbonyl compounds R 

  

Amines ,phosphines 

In each case the triplet mercury atom quenches 

itself at the site of maximun electron density. Further 

evidence in support of this mechanism has been provided 

by deuteration experimeiuts carried out by Rousseau, 

Gunning and Strausz.|??!? The quenching rate constants 

of various deuterated compounds are compared with the 

undeuterated parent in the table below:- 

EAB ieee? 

Effect of Deuteration upon the Relative Quenching 

Rate Constant of Various Molecules. 

  

  

Compound ; k,/k5 

Cv,CD, cD; io..> 

CHZCD, CH, Te 

CD,CH, CD, ee 

(CH, ) CD 10.9 

CD, =CD- Cis 1.04 

evelo CeDig 12 

Do0 e<e 

ND. oY 

PDs 0.9       
  

The ratio ky/ Ky refers to the ratio of the quenching 

rate constant of undeuterated conpound to the 

ge



deuterated molecule showr in the 1st column of 

Table 1.2. If the quenching site is one of the C-—D 

bonds then we would expect to see a considerable 

isotope effect for the quenching rate constant. It 

is evident from the ratio of rates for the deuterated 

hydrocarbons that the secondary C-H bonds must quench 

very much more effectively than the methyl (primary ) 

C-H bonds. Similarly a tertiary C-H bond quenches 

more effectively than a secondary C-H bond. Deuterium 

substitution reduces quenching efficiency substantially. 

Rousseau has calculated the quenching efficiency of 

these secondary and tertiary C-H bonds and this is 

shown in the table below:- 

  

  

  

  

  

TABLE 1. 

Compound Minimum quenching on 

CHe or CH group 

CH,CH, CH, 87% (on CH» ) 

7 ry ee O; i CH,CN,CH, 64% (on CD,) 

CD,CH, CD, 96% (on CHy ) 

CD,00,0D, 27% (on CDy) 

(CH,),CH 91% (on CH) 

(CH, )..0D 71% (on CD)     
  

In contrast to the hydrocarbons, the olefins 

show very little isotope effect. #/ith both CDo=CD-CD. 

and: cyedo CDi gs the decrease in quenching(relative 

to the undeuterated parent) is very small. This 

would sugvest that the quenching site is not a C-H 

bond as with the hydrocarbons but is more likely to be 

the electron-rich C=C bond. As deuteration does not 

12



affect the electron density of the bond significantly, 

little effect would be expected. 

Similarly, a smaller isotope effect is noted for 

D50,NDz and PDs. This evidence points to the quench- 

ing site being the lone pair of the electronegative 

atom and not the bonds to hydrogen. 

Thus the proposed schemes of interaction shown 

above are in accordance with observed results and 

suggest strongly that the triplet mercury atom behaves 

in an electrophilic manner. 

1.2c Some Typical brimary Processes in Mercury 

Photsensitised Reactions. 

a) Decomposition of Hydrogen 

This reaction has been extensively investigated 

8,9,16,17 whe latest indicat~ by 2 number of workers. 

ion put forward by Callear? using resonance flash 

spectroscopy is that the primary process is 

Per He amy HoH & H(eS.) 
2 

'b) Decomposition of n-Butane 

4 oe : : : Ns 
8 has studied this reaction in detail. Cvetanovic 

Experimental behaviour of the system could be explain- 

ed without having to invoke the participation of 

metastable mercury atoms Hg(?P). Callear and Hedges |? 

have not detected HgH in the quenching of He(?P, ) by 

ba tua hydrocarbons. They suggest the primary 

process is either 

He(?P,) + RH ew He + R' + HB" 

or He(°P,) + RH——} HeR + 4H 

c) Decomposition of Methyl Chloride and Hydrogen Chloride 

Both reactions have been studied by Strausz and 

13



Sy ee 
co-workers.’ Flash resonance spectroscopy” has 

established the primary processes as:- 

ECE, ) 40 Hole HECl’ +H 

endss Bet Pa). + CH, CI —> HeC1 i CH 

d) Decomposition of Carbon Disulphide 
  

Callear? has shown the reaction produces the CS 

molecule but only very slowly. Tle mechanism of 

quenching is probably electronic energy transfer 

Hg* + Cy — He('s.) + OS»* 

where CS5* is probably a triplet state of the 

moleculc. CS is produced by secondary reactions of 

CSp*. 

e) Decomposition of Nitrous Oxide 

Early studies by Manning and Woyes<* lead them 

to the conclusion that two processes were possible 

(1) w,0 + He(?P,) = NO(™T) + NCS) + He('S,) 

or (II)N,0 + He(P,) —3 5, ('® + 0(?P) 

Cvetanovie?? has shown that the experimental 

results can only be explained if (II) is the primary 

process, The quantum yield of (II) is unity. Callear? 

reported less than 1% metastable mercury atoms He(?P.) 

are produced in the quenching process. 

£) Decoaposition of Carbonyl Sulphide 

Gunning and Straus2<* have investigated the 

decomposition of carbonyl sulphide as a potential 

source of sulphur atoms (Pp). They have proposed 

the scheme shown below 

He(?P, ) + cos('g) meal He ('S,) + cog) ma



1.3 PRODUCTION OF GROUND STATE OXYGHN ATOMS (p) 

A number of different methods have been used to 

produce ground state oxygen atoms for investigation of 

their reactions. The more important methods are 

listed below :- 

a) Blectrical Discharge 
  

Avramenko and Kolesnikova’? generated oxygen atoms 

by passing molecular oxygen through an electrical 

discharge at presstres of about ima. The major 

disadvantage of this system is that undissociated 

molecular ‘Oxygen in ground end excited states 

participates in stbsequent reactions and can influence 

the nature of the products. 

b) . Microwave Discaarge 

  

Westenberg and deHaas heve used the microwave 

discharge of a trace of oxygen in an inert cas (helium 

ot argon). This method has beer used as a source of 

sround state oxygen atoms by a number of other workerg® 

An alternative metiod of producing oxygen tous in: the 

absence of molecular oxygen is »y the titration of 

discharged nitrogen with nitric oxide which yields 

ground state oxygen atoms by the following resction:- 

i 4 NO all My 4 0(7P) 

Many investigators use both techniques to examine the 

effect of molecular oxygen. Discharge technicues in 

fast flow systems at low pressures are particularly 

useful for the determination of absolute rate con:tants 

of atomic reactions. 

eo) Thermal Production 

Ozone, oxygen and nitrous oxide can be decompcs— 

ed by a hot filament to give ground state oxygen 

16



e9 
atoms<? It has been pointed out by Lundell that 

electrical discharge produces vibrationally and 

electronically excited molcules in addition to oxygen 

atoms, Lundell's basic source of oxygen atoms was 

nitrous oxide decomposed by cobalt oxide on a platinum 

filament. This has the following advantages:- 

1) The other product is nitrogen which is inert. 

2) The reaction of undecomposed N50 with O atoms 

is very slow at room temperature. 

3)A vibrationally excited Ny or N50 molecule 

produced thermally at the filament is rapidly 

quenched by the excess nitrous oxide, 

Kiein and Scheer? 2? 41 +84nave found that a good source 

of oxygen atoms is the dissociation of molecular 

oxygen on either tungsten ribbon between 2400 and 

'2800 K, or rhenium filaments at 2300 K. The latter 

has the advantage that it lasts considerably longer 

than tungsten, 

a) Photolysis of Nitrogen Dioxide 

When mixtures of oe and NO, are irradiated 

at 31308, it has been shown? that the molecular 

oxyzen becomes scrambled aud 185 transfer to NO, occurs. 

This evidence would appear to suggest complete 

dissociation at 31308 and probably virtually complete 

dissociation at 36608, The proposed primary process 

TAS t= 

NOy + by ep NOT) + 0(7P) 

The scrambling mechanism is probably by the reaction 

HO" 4+ 720, — >) NO, + O 

16



Sato and Cvetanovié?! studied the photo-oxidation of 

butene-1 by NO, at wavelengths between 40474 and 2288A. 

They found that between 40478 and 32618, the ratio of 

the two principal oxidation products *butene oxide and 

n~butanal, remained constant. It is pointed out that 

this would be difficult to explain if free oxygen 

atoms were not involved in the reaction, 

Between 25378 and 22888, a considerable increase 

in the amount of butene oxide formed was noted. Sato 

P52 
and Cvetanovic concluded that the primary reaction at 

these shorter wavelcugths is 

NO, + hy — 4 no(*™ + o('p) 

It appears that NO. is a good source of triplet oxygen 

atoms betw en 40478 and 25378 and a convenient source 

of o('p) at wavelengths shorter than 22888, 

The disadvantage of using NO» as an oxygen atom 

source are 

1) The parent molecule is very reactive. 

.s NO, can react rapidly with oxygen atoms to 

yield molecular oxygen. 

NO, + O —)y No = Ve 

e) The Mercury Photosensitised Decomposition of NAO 
Ge 

This reaction was studied by Manning and Noyes? 

in 1932. When the reaction was allowed to go to 

completion the products were nitrogen and mercuric 

oxide 

N50 + He* ml) No + Heo 

It was noted that overall there was no pressure change 

although initially small pressure increases had been 

claimed. Two primary processes were considered possibke 

ay



These were3- 

a) N50 + He(?P,) ——y} No(“M) + n(43) t He('s,) 

or b) NoO + He(?P,) ——} Ny('x) + 0(?P oF'D) 44 ; 
& 0 

5 After reinvestigation Cvetanovic” found that the major 

products were nitrogen and oxygen in the ratio of 2:1, 

although a slight deficiency in the oxygen was noted, 

and attributed to the formation of mercuric oxide. 

The rate of formation of nitrogen in the system was 

found to be rather variable. This was due to depletion 

of the mercury vapour in the system and also formation 

of mercuric oxide which tends to reduce the transpar- 

ency of the cell windows. Cvetanovité also noted that i 

in the prosence of an oxygen consuming compound 

(olefin or hydrocarbon) no mercury depletion occurred 

and no mercuric oxide was formed. He also found thav 

the rate of decomposition of nitrous oxide was identi- 

Ga} to the rate of formation of nitrogen, 

This result rules out reaction (a) above and 

reaction (b) appeared the more likely decomposition 

mechanism, Spin conservation rules predict that 

oxygen atoms formed should be in the triplet state. 

93 has also considered two further 
eA 

Cvetanovic 

alternatives to the formation of free triplet oxygen 

atoms; 

1)Formation of an electronically excited N,O molecule formation of an electronica. UE 2   

ie, ae tEaye 4 NO —yHe('S,) + MN,0* 

This was ruled out on spectroscopic grounds and also 

because the rate of decomposition is pressure - 

independent (the rate of decomposition would be expected 

to decrease at high pressure when the N5O* molecule 

could be collisionally ceactivated.) 
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E) 

It 

Formation of an energy rich HsO molecule 

2 ¥ ‘ 
He ( P,) + N50 —> Heo* + Ne 

is conceivable that HgO* could show the reactions 

attributed to triplet oxygen atoms in the Hg/N,0 

Me yes : 
system. Cvetanovic has dismissed this for several 

reasons. 

1G 

4) 

of 

a3 
by 

a) He0- formation is very pronounced in the absence 

of oxygen consuming substances, but not formel 

when oxygen consuming compounds are present. 

b) When an N,0/olefin mixture is irradiated, then 

the ratio of addition products to nitrogen formed 

is independent of the N,0/olefin ratio. If the 

energy rich HgO molecule was involved, one would 

expect progressively more HgO to be deposited 8s 

the N50 mole fraction is increased, which is contrary 

to observation. 

c) Gunning ?4 also found that no isotope enriched 

ngO was formed in the mono-isotopic photosersitised 

decomposition of N50. pnrichment would be expected 

if HzO was formed in the primary stage of the 

decomposition. 

ad) The addition product yields tend to increase 

with increasing total pressure. fn energy rich 

HzO molecule would tend to be collisionaliy deactiv-- 

ated st these higher pressures leading to deposition 

of mercuric oxide within the reaction cell. 

3a Advantages of the He/N,O System as a Seurce of o(?P) 

The tot:l pressure may be chosen from a wide range 

values, 

The rate of oxygen atom formatior is easily monitored 

measuring the rate of nitrogen formaticn. 
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3) The rate is easily altered by changing the lamp 

intensity. 

4.)Nitrous oxide is inert to radical attack under most 

conditions. 

5) The absence of molecular oxygen can be ensured. 

Quenching by nitrous oxide is only about half as 

erficient as by olefins (see quenching cross sections 

and rate constants in section 1.2). However by having 

a darce excess of nitrous oxide it is possible: to 

eliminate almost completely quenching of mercury atoms 

by the olefin. 

20



1.4. THE REACTION OF GROUND STATE OXYGEN aTOMS WITH 
    

OLEPINS . 

Previous to 1955, very little work had been done 

25 on these reactions, In. 1955, Avramenko and Kolesnikova 

and Cvetanovie?? carried out independent studies into 

the 0(?P)/olefin reactions. 

The basic difference between the two lines of 

research was the source of ground state oxygen atoms, 

avramenko and Kolnesnikova used the elctrical discharge 

technique whereas dvetanovié used the mercury photo- 

sensitised decomposition of nitrous oxide. The results 

obtained by the different workers were similar in some 

respects but showed appreciable differences in others. 

These differences have been attributec to the vastly 

dissimilar conditions in the two systems. Electrical 

discharge requires that the pressure is only a few 

millimetres and that molecular oxygen is present. as 

will be seen later these are two critical factors 

which can radically alter the nature of the products. 

Po Cvetanovit studied the reaction of oxygen atoms 

with ethylene. The products of the reaction were 

carbon monoxide, hydrogen,several paraffins(to Ca)s 

aldehydes (mainly CH,CHO and some higher homologues ) 

and a small amount of ethylene oxide, 

These reaction products are best explained by a 

primary addition of 0(7?) to ethylene and the split 

of the "hot" adduct into CH," and’ CHO, the ToLlowing 

reactions then. become clear 

C,H ay 
‘CHO ceed CO + HY aaa CoH” RORESRES parattine 

CoH,’ + *CHO + M——}CoH,-CHO + M 
“ages 
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Stabilisation of the initial adduct could yield 

acetaldehyde. Cvetanovic noted that the yields of 

CH,CHO, and ethylene oxide increase with increasing 

pressure and that the CO yield decreased at higher 

pressures, 

Cvetanovit's studies of the higher olefins gave 

some very interesting results and enabled him to 

construct a more concrete picture of the "hot" adduct, 

He found that with propylene and 1,3 butadiene the 

amounts of addition products increase and fragmentat- 

ion products decrease with increasing pressure (as had 

been observed previously with ethylene). In the case 

of propylene (see Fig.1.3), addition products included 

propylene oxide, propionaldehyde and acetone. 

Fragmentation products were mainly acetaldehyde and 

ethane. 

This evidence points to the initial formation of 

a "hot" precursor of short lifetime. At high pressures, 

the precursor can be partially stabilised by collis- 

ional deactivation. This stabilised precursor then 

forms the observed addition products. At lower 

pressures, most of the energy remains with the adduct 

leading to a greater degree of fragmentation. This 

trend is immediately obvious from Fig.1,3. 

1.4a) Mechanism of the Addition Process. 

The main features evident from the reaction of 

oxygen atoms with propylene and the butenes noted dy 

Cvetanovié is that the major products are the epoxide 

and some isomeric carbonyl compounds. The products 

of a number of the reactions are shown in fahle 1,4 

overleaf. 
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TABLE 4 a 

Types of Addition Products from 0(°p)/Olefin Reactiougs 

  

  

  

  

  

  

  

      

) 1 ¢ Addition products and their fractions 

Epoxides Carbonyls 

Propylene CH, CH——— CH, (0,50) oH, CHO (504 

* 

Butene-1 eer CzH CHO (0.43) 

CHzCO-CoH. (0.04) 

isobutene CH 
Vea ss (0.54) IS CH-CHO (0.43) 
cH N/ ne 

| ad CH, COC, H, (0.03) 

cis butene-2 Ov CH 
“Soe moe (0.25)] °Scu-cHo(0.23) 

CH “ou CH 
> > 2 

CH 
ae (0,26)} CH,CO-CH. (0.26) 

3 

trans butene-~2 CH= 

eee 4 (0 15) “3 yon. CHO (0.21) 
CHE 

CH 0 H 
a dete ie CHzCOC>H, (0.31)     

Reference :-— 

The following 

R.J Cvetanovic 

Acvances in Photochemistry p.126. 

voints become clear if we study the i y 

types of products from each olefin, 

a) The addition products do rot retain the stereo- 

Specific character of the olefin, 

starting with cis butere-2, we obtain a mixture 

of cis and trans butene-2 oxides as addition products . 

The same pattern is observed in the case of trans butene-2. 
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This perhaps best explained by the formation of a 

biradical intermediate. 

R R 
aa oe 1. wos 

Cae C weg?) Scssc 
: 4 “3, rf 4, Na, 

This mechanism allows for possible rotation about the 

original C=C bond before ring closure to form the 

epoxide. Rotation will lead to loss of any stereo- 

specific character of the original olefin. Another 

point in favour of the biradical intermediate is that 

the spin conservation rule is satisfied. These 

biradicals are probably short-lived. This is illustr- 

ated by the fact that different ratios of cis and trans 

putene-2 oxide is obtained from cis and trans butene-2. 

b)Oxyzen adds preferentially to the less substituted 

carbon of the double bond. 

For example, with butene-1, the main carbonyl 

product is n-butyroaldehyde and not methyl ethyl ketone. 

CH,CH,CH=CH, + oC ry —> CH, CH, CH=CH, 

Tae 
CH, CH,CH,CHO 

Similar behaviour is observed with other olefins. 

c) Internal rearrangements. 

These generally occur in the formation of 

carbonyl compounds with the migration of a hydrogen or 

an alkyl group to the neighbouring carbon of the double 

pond. The migration is always from the carbon to 

which the oxygen is attached, The following example 

24



illustrates this point. 

Sis i CH oo 

we + ag isobutyraldehyde 

H Oo H I CH 

or CH go ae 

Ose ~<a} Oligsp—CligCH, methyl ethyl ketone 
rte wih HO H Q 
Naot 

As shown in Table 1.4, approximately equal amounts of 

the aldehyde and ketone are formed. Cvetanovit?? 

suggested that H migration proceeds internally 

whereas migration of an alkyl group is only partly an 

internal process. 

T2n0) Pressure Jependent and Pressure Independent 

Fragmentation. 

if we consider the reaction of ‘O(?P) with 

butene-1 the main products are & butene oxide ,n-butanol, 

methyl ethyl ketone (small amount), and carbon 

monoxide. Butene oxide is clearly an addition product. 

The ketone and aldehyde have also been formed from the 

biradical intermediate (methyl cthyl ketone only in a 

small amount by @ddition of oxygen te the end of the 

double bond.) The carbon monoxide is a fragmentation 

product, 

It is found that with increasing pressure all 

products except carbon monoxide show increasing yields 

per oxygen atom. Carbon monoxide yields, on the other 

hand decrease when the pressure increases. However, 

even at high pressures a certain amount of €@: is still 

produced and this cannot be suppressed by 2ny further 

increase in pressure. This portion of CO is caused by 

a pressure indepemdent process, whereas the 

25



additional CO produced at lower pressure is formed 

from pressure dependent fragmentation. We can illust- 

rate the scheme diagrammatically as shown below. 

ee cats \ A C=C ae O P “ or 

ans aI a 
R64 Ry Ht, \. 

R x 3 . 

ie i} epoxide (B) 

ehh At 
eda . 4 INppE 

R fragmentation 

ee products (GC) 

NaC" 4 
\ geeezonent PDF 

(carbonyl products )* 

    

   
stable carbonyl 
compounds (D) 

pressure independent fragc_ments (E) 

(PDF = pressure dependent fragmentation) 

The pressure independent fragments are formed 

because the biradical is presunseay very short lived 

and does not experience a collision before partially 

decomposing by the pressure independent route, 

The biradical has a considerable amount of excess 

enemey. if ‘the energy is not removed by a collision, 

then it is carried over to the "hot" products of the 

reaction ("hot" carbonyls or epoxides.) These thot" 

products can subsequently be stabilised: by collision 

to yield normal epoxide and carbonyls. If the pressure 

is kept low, some of the products decompose by the 

pressure dependent pathway. If the reaction is 

carried. out at 2 higher temperature or the oxygen 

atoms.are given more kinetic energy (eg by NO. photo- 

lysis) then the excess cnergy of the biradical is 
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increased. This energy increases the amount of pressure 

independent fragmentation. It also increases the 

amount of pressure dependent fragmentation when the 

excess ener,y is carried over to the carbonyl and 

epoxide stage, where it is increasingly more difficult 

to stabilise these products by collision (as their 

Lifetime is shorter, ) 

1,4c) Nature of the Transition State: 

Klein and boworecras: | 100 cand ied the reactions i 

of 0(?P) with condensed simple olefins in the 77-90K 

temperature range. This has the advantage of supp- 

ressing the fragmentation processes observed in 

Gvetanovic's system, Apart from this, the products 

obtained were the same as those at 300K. 

Klein has proposed a loose three- membered ring 

ag the intermediate. The oxygen is bound in the plane 

Ote the Olekinuc. structure ss: : a 

This ring allows 2 certain amount of rotation about the 

very much weakened original carbon double bond, so that 

the initial reaction is, for instance, cis butene-2. 

CH Ma ts I I ‘ ys : oe He ait Ze 

Ditee. 2 Pp) ee + POON 

H ul u% \f Nu eee. 

Klein also proposes that oxygen can form weak 

bonds with neighbouring hydrogens illustrated 

diagram tically below 

CH CH CH H 
yes é or Nome7 
Hee Gh) Be oO Sdn, 4s) 

ait



With form (A) both hydrogens are held by their 

proximity to oxygen. As a result, it is: much more 

likely that there will be a migration of a methyl group 

ie. oR NES rae 

wegen | CHa gee 

isobutyraldehyde 

With form (B), only one of the hydrogens is held and 

the other is much more likely to migrate in. preference 

to the two methyl groups. 

Ie CH. EZ 

CH, CH,~—& —@CH iS sh cV Sca, 7 5 oh 5 

2 butanone 

This scheme can be generalised to predict that the cis 

form of olefin complex (A) will lead to aldehydic 

products, whereas form (B) gives rise to ketonic 

products. 

Klein studied a series of reactions of olefins 

with oxysen atoms using both the cis and trans isomers 

of each olefin. The results are shown below. 

TABLE 1,5   

Fractional Product Yields for the o(?P) Addition 

to InturnalStraight Chain Olefins at 90K os 
  

  

  

  

    

Olefin 

Products 2-butene 2-pentene 3-hexene 
eis | trans cis trang CLs purans 

t.epoxide O eG FOLoO WF 0.26 10. 59 AO ult Pore 

c.,epoxide 0,241 0,06 0,94 10,04 10.42 70.02 
Aldehyde O,2) 4 0,06 O.204°0.04 “10, 20's 0.05 
Ketone Go25 PO sos 0,201.0 ,9) 10. Pee ow 
t,epoxide/ketone | 1.2 1.5 $55 Via eo vee 
c.epox./aldehyde | 1.1 140 1.7. 1.0: Soe oo Bee 
c.epoxide/ 

t.epoxide 0.8 0,42 13 OSOT 425 aS Og,             
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As the aldehyde is derived from the cis intermedi- 

ate then there should be a relationship between the 

two; Thiesie obvique-in fable 1.5, . With ell ofthe 

trans isomers of tne olefins, only a small amount 

of cis epoxide andi aldehyde is formed. 

Klein also argued that if all the aldehydic 

products were derived from the cis intermediate then 

the ratio of cis epoxide to aldehyde should be the 

same as for the two isomers of each olefin. Using the 

sane argument, the ratio of trans epoxide to ketone 

should also remain constant. The ratios in Table 

1.5 are considered to demonstrate this point within 

“he limits of the; analytical, uncertaina ties. 

The gener2il conclusions for the series of olefins 

were; 

a) The retention of the configuration of products 

becomes more pronounced with increasing chain 

length of the olefin. 

b) Reaction of 0(?P) with olefins at low temper- 

atures tends to be more stereospecific with trans 

Zhan Cis ofetins, 

These ideas of the transition state do not conflict 

with those of Cvetanovi¢ if we imagine the initial 

adduct being the previously mentioned bi-radical 

N P3 

Cem CF 
Pe Bag ‘ 

allowing rotation about the single bond and then 

formation of the two intermediates proposed by Klein. 

R R R 
4 5 | 4 

No a and x ee 
\ 

Co 0. 

of Na 
2 » 

eo



1.4d) Relative Rates of Reaction of Oxygen Atoms 

with Olefins, 

2 WN 

Cvetanovic’”~has measured the relative rates of 

reaction of oxygen atoms with various olefins. The 

method used is competitive in nature, based on the 

theory discussed in detail in section 4.3. The stand- 

ard olefin preferred in later experiments was cyclo- 

-~pentene whi-ch at 25°C, yields 27% ethylene for each 

oxygen atom produced. By measuring the ethylene yield 

in the presence of various amounts of other olefins, 

it is possible to calculate the reaction rate of 

that olefin relative to cyclopentene. Of course, the 

method will not be applicable to ethylene itself. 

This obstacle is surmounted by following the carbon 

monoxide yield from ethylene. Cvetanovic's results 

are summarised in Table 1.6 below (rates calculated 

relative to cyclopentene). 

TABLE 1.6 

Relative Rate-of Reaction of Of°P) at 25°0 
  

  

Compound Rel.rate Compound lRel.rate 
se constant iconstant 

Ethylene 0.034 trans butene-2 Oy 95 

Propylene 0.19 cis 2-pentene O..76 

Butene-1 Ono Cyclopentene 1400 

Hexene-1 0.,22 trimethylethylene 2.67 

Tsobutene 0.84 tetramethylethylene] 3.42 

cis butene-2 0.80 1,3 butadiene 0,82             

Taken from Advances in Photochemistry, vol.1, 

By 3-785) 
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42 has also determined the Arrhenius Cvetanovié 

parameters for some of the reactions in Table 1.6. 

PADLE 1.7 

Activation Snergies and 'A' Factors of the 
  

Reaction of 0(°P) with Olefins 
  

  

        
  

Olefin ee EE (xitnio .7') 

ithylene 1404 44 9 

Butene-1 0.74 ay 

Isobutene 0.67 eae 

Cyclopentene 1.00 245 

Cyclohexene 0.89 255 

Trimethylethylene 210 O.4 

Tetramethylethylene Aged 0 

1 1,3 butadiene ee 3,4 

cp is the pre-exponential factor for cyclopentene. 

Faye is activation energy for the tetramethylethylene 

reaction. 

The results in Table 1.7 suwgest that the differ- 

ence in reactivity in wthe olefins is primarily due to 

a difference ‘in activation energies and not contralled 

by the’ 7A‘ factom differences (which appear near to 

unity compared to cyclopentene). 

cvetanovie 44 3nas suggested that the initial 

interaction of the oxygen atom is with the double 

bond as a whole, and only at a later stage does the 

oxygen atom localise itself on one of two carbon atoms 

of the double bond. If we consider the rates and 

products of the following reactions:- 
k 

3CH=CH, as O(°P) apzopyleng epoxide + 
« CH, CH CHO 

es butene-1 
CH, CH=CH5+ O(?P) —————} epoxide + 

CH, CH, CH, CHO 

tO 

2) CH 

a



ee ee 

*yutene-2 3) CH,CH=CHCH,+ 0(7P) ASME epoxide + 

HCH sqrt CHO +CHg OCH, CH 

kK 
4) CH,CHjCH=CHCH, + 0(?P) enero epoxide # 

Pa 08s — Ci, 

x ropylene = Ky utene-1 ane Kyutene-2 => Kpentene-2 ‘ 

It would appear that the contributions of methyl and 

ethyl groups to the reactivity of the olefin are about 

equal. Also, for these two olefins, the etyyl groups 

exert strong orientating effects as the addition is 

almost .exclusively to the terminal carbon. If the 

orientating effect of the methyl and ethyl groups was 

related to their respective contributions to the 

reactivity of the olefin, we would expect, for pentene-2 

almost equal addition to both carbons of the double 

bond (as the methyl and ethyl groups contribute equally 

to the reactivity). This is not the case as addition 

is almost exclusively to carboh attached to the methyl 

group (evident from the products obtained from 

pentene-2). 

Cvetanovic has suggested that the rate constants 

depend on the polarisability of the double bonds 

rather than the stability of the intermediates. The 

configuration of the activated complex should not 

therefore be identified with the configuration of the 

intermediates. In view of the electrophilic trend 

in the rates, it is probable that aTfcomplex is 

formed. with a partial charge transfer from the olefin 

to the attacking oxygen. 

1.4e)The Blectrophilic Character of Oxygen Atoms 

Cvetanovic !4:23943nas pointed out that oxygen atoms 

De



exhibit electrophilic character, The reaction of 

0(°P) with olefins is closely related to the reaction 

of peracetic acid, bromine, dichloro- and dibromo- 

carbene with the same olefins. This is best illust- 

rated by a free energy plot of the logarithus of each 

of the above reagents! rate constants with the olefins, 

awainst the corresponding rate constant for oxygen 

atom reactions with the same olefins. This is shown 

in Fig,*144. 

The significance of the straight line is establi- 

shed from the following theory. 

The specific rate constant for any reaction is defined 

by transition state theory as 

Gee age (-B6°/R0) 
h 

where k is specific rate constant 

«! is Boltzmann's constant 

h is Planck's constant 

T is absolute temperature 

Ac is the free energy of activation. 

Posse ihe = aaGat/h) AG /ae 

Por a Berieg of reactions at constant temperature 

the equation can be written as 

ints) Fee » Ac? 

where a and b are constants, and the subscripts i 

represent the reaction of the member of the series 

with a particular reagent (eg o(?P) atoms. ) 

If we write the same equation for the reactions of the 

same series with a different reagent, also at constant 

temperature; we obtain 

is “i ». Oct in(k, ) a;+ j j 
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Ve can now see that if In(k) for peracetic acid, 

bromine, dichloro~ and dibromocarbene reactions with 

olefins are plotted against ln(k) for oxygen atom 

reactions, and a linear relationship is observed then 

theffree energy of activation must be related by 

Act s nA ar + d (n and d constants) 

ie. there is a linear free energy relationship 

between the reactions of oxygen atoms with olefins and 

the other three reactants. ‘his implies that the two 

series of reactions are related (usually the reactive 

species are related in character). 

The gradient of the line obtained is significant 

as shown by the following argument:- 

If we represent the rate of oxygen atom reaction by 

k. and the rate of the other three reagents reactions 

by k,; and distinguish the various members (olefins) 

by superscripts a....n then the gradient.of the 

time is 

n a in(k, ) - in(k, ) 
S é ee (1) 

AN oe 
in(k, ) in(x, ) 

Also the Arrhenius aquation gives 

  

“et = A” exp, (—B"/RT) (2) 

Subetitutine (2) inte (1) 

(an¢4,%) : a,*van,) ne (20(4,°) 2 2,°/n2,) 
5 = 

Ne ad , Key copy QB pom. 
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simplifying 

  

      

    

g OO: a) a 

(Ss oe ee a 

a as (3) 
Ei n a a 

log =] ~ oO OQ 

RT 
O 

“42 Cvetanovic has shown that for oxygen atom 

reactions with olefins, the 'Aa' factors are almost 

identical for the series, 

; oe . ce 
ie Ag = A (4) 

Also Béeseken and Hanegraaff'* have shown that the 

'A' factors for peracetic acid oxidation of olefins 

are very nearly the same for the series. 

7 A n rg ft a co 
Le eT cee iol (5 ) 

Substituting (4) and (5) into (3) we obtain 

n a ' 

m sree cy a 
ys fi Bo 
AL Oo 

  

The graph indicates a gradient of 2 for the peracetic 

acid oxidation. As the two series of reactions were 

carried out at about the same temperature this would 

“paste pe n 1 = mo a indicate a eres a 2b. 2. ) 

ie, the difference in activation energy for any two 

olefins! reactions is twice as large for epoxidation 

by peracetic acid as it is for addition of oxygen 

atoms. 

Another argument in favour of the electrophilic 

character of oxygen atoms is the approximate correlat- 

ion between the ionisation potential of 2n olcfin 

and the rate of oxygen atom reaction with that 

olefin (ie. the lower the ionisation potential the 

faster the rate of attack). This trend is indeed 

observed, ”? In fact, other physical properties 

correlate well with the logarithm of the oxygen atom 
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rate constant because of a relationship sinilar to 

that observed with the free energy plot. This 

relationship is 

a 
-~ ££ = RTS, 

Th 34 *) 

O 0 CX (Bey 7 ex 

for spectroscopic excitation 

energies. 

=) RTS Ch te) 

for ionisation potentials 

= RTS, (AH, An 

for heats of hydrogenation. 

where S represents the slope of the plots of logk, 

against value of the measured physical property. a 

and Eo represent, as before, the activation energy 

of oxygen atom reaction with n th and a th olefin 

respectively. These linear relationships hold because 

of @ constant 'A' factor*for the sepies of olefin 

reactions, 

Yet another strong argument pointing to the 

electrophilic character of oxygen atoms is in the 

trend in the rates of reaction with various olefins 

shown in Table 1.6. The rates increase progressively 

as the number of alkyl groups attached to the double 

bond carbons increase. ie. the rates are in the order 
CH CH, 3 

CH=CH, < CH,CH=CH, €CH,CH=CH-CH, < es Eee 

it 5 hy 

CH CH. 
3 5 

Zz es fe 

ae “Ska 
1S ro, 5 

This, understandable when we consider that alkyl 

groups are electron donating, giving an electron rich 

double bond. 
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1.5 REACTION OF OXYGEN ATOMS WITH *LUORINATED OLEFINS 

1,5a) Perfluoro-olefins. 

Heicklen and co-workers have extensively investig- 

ated the reaction of oxygen atoms with perfluoro-olefins 

Oxygen atoms were generated by nitrous oxide techni- 

que previously mentioned. Heicklen and Cohen*? 

reinvestigated the mercury photosensitised decompos- 

ition of nitrous oxide and found that at least 99-9% 

of the oxygen atoms were 0(°P), 

Reaction of oxygen atoms with some perfluoro- 

olefins are discussed in detail below. 

2) Tetrafluoroethylene (CoF,) 

This reaction has been studied by Saunders and 

Heickien’® at temperatures of 23° and 125°C, over a 

wide range of pressures and lamp intensities (ie. 

oxygen atom concentrations). ‘They found that the 

quantum yield of carbonyl fluoride,p(C1,0), was 1°0 

for :ali..conditions. 

The only products formed in the absence of mole- 

cular oxygen were CF50 and perfluoro-cyclopropane 

(c-CzF¢). No tetrafluoroethylene oxide (CoP,0) or 

CF,CFO was formed. 
2 

af re-examined the system at Cohen and Heicklen 

22,95, and 150°C. They proposed two possible mechan- 

isms to explain the products, 

scones Mechanism I 

  

ey dit, => CFO GES (4) 

2CF, a uF, (2) 

CRy: + CoP, ——y  c-Cai* iS) 

Mechanism If 

O(°P) + CoP; ——} CoP,0* (4) 
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eo 3 OLF 3 BO + c-C,1¢ (5) ker 
CoP,0* —_ CP,0- + CBy ~-¥BCoFy (6) 

CF, found in reaction (1) wiki probably ber. in 

the triplet state if the spin conservation rule holds. 

This has subsequently been verified. *947>?°Rvidence 

of triplet CP, is that it can be scavenged by mole- 

cular oxygen, as was observed in the OC) pe, 

system. #or the mercury photosensitised decomposition 

ies ; ; : a4 
OE eke it is known that singlet CF, 1s produced, oy? 
which is not scavenged by molecular oxygen. This 

evidence points strongly to the CF, produced dn 

reaction (1) being a triplet. 

In the absence of On» the triplet Ci'5 converts to 

the singlet state before removal.’ | In mechanisia II 

CoP, 0*is presumably a triplet which does not stabilise 

as Col,0 is not observed i: the system. 

Both mechanisms predict that ¢ CF,0 = 1-0 in 

accordance with observation. If we consider the 

quantum yield of cyclofluoropropane p(c-Uzl'g) we find 

that mechanism II preJlicts 

ee ee 
Mechanism II gives 

d (c-Cz¥) = 1:0 if kg PP Ky 

or 7 “Ks (c,F] it key by 

(2k, )* 

  

acre oes cee a on dat ms sn om 

Heicklen found that by varying Cor] and q, that 

the behaviour of p(c-Cz7¢ )conforned to neither mechan- 

ism I nor II completely but all the data could be 

explained exactly if one assumed that both mechanisms 

operate simultaneously.



b) Reaction of Oxygen Atoms with Perfluoropropylene Cae 

Heicklen*® »4993 found the products of the reaction 

to be C50, CF,CFO, C.F and CF,-CF--Ci'-CF -Cof 
3 oe 3 / 2 4 

Nof, 
was ' probably formed but the analytical system 

could not detect its presence. ‘Three primary schemes 

were proposed 

3 P EF _ fe Wo) OUTe yrs Cio? CHL0 + CFZCF: 

5 4. 7A yy iy ° Db) Ol Ee 4 ae ep CFZCFO + Ci, : 

7 - COP). Cz g —_ CaP,0* 

Proposed subsequent secondary reactions were 

ad) Cz B60" + a a C5Pig + CHO 

Pp * Aisne ‘s 1 oP i e) Cz#60 + Be —> CF, Alby CF CH + CFZCFO 

CP, 

f) CzF0* —} CF,0 + CPZCF: 

ec) Perfluorobutene-2 
  

The major product was i-CzFICRO. Other products 

formed were CE,URO and CF50 ~ In ‘contrast to tne 

previously mentioned reactions, the main route is not 

cleavaze of the double bond but is probably addition 

followed by rearrangement. 

Ce
 

= 

C2
 

hy
 

Hy
 
ON

 

Q 
| 

Q(2Ry x OP, CF=CECF, 

W
N
 

a
 

e
 

C2
 

o
e
 

A
G
 

ae 

— C PaelS PO 

Qu
 

ad) Perfluoro 1,3 butadiene 
  

The products are CFO and c- Cn By. The reaction 

is probably 

0(°P) + CPj=CP - CFsCF,—9CF,0 + OF,=CF - CF: 

ae 
One feature common to these reactions is evident. 

al



If the perfluoro-olefin has a terminal double bond then 

the major product is always carbonyl fluoride CFO. 

ie. C.F, {CFSCF, + 0(°P)—>C,F, CF: + C50 
The resulting biradical formed then can 

1) add to the original olefin 

2) Cyclise or rearrange 

3) Dimerise with another biradical. 

An alternative or complimentary scheme is 

CF F=CP 3 PR - op, ] x 
n° 2n— 

0 

\priginaa olefin 

C50 + products 

1,.5b) Partially Fluorinated Olefins 

Although the relative rate constants for reactions 

of oxygen atoms with partially fluorinated olefins have 

been studied extensively,°47> 1ittle work has been 
undertaken to elucidate the products and mechanisms of 

the reactions. Mitchell and Simons?? studied the 

reaction of O(?P) with halogenated 1,1 difluoroethylenes 

CRo=CXY, They concluded that the oxygen adds to 

fluorinated carbon when X and Y are halogens, but to 

the other carbon if X and Y are hydrogen, 

ie. 16, .%,% helogen = ; ys 
CPo=CXY + O(°P)—}CF,-CxY (1) 

GQ 

if X,Y hydrogen, 3 | : , 
CF5=CH, + O(°P) —m_CH,-"C?, (2) 

The main products observed from 1,1 difluoroethylene 

are carbon monoxide and hydrogen presumably by the 

scheme 

‘O4CH)+CF, —3CF, + CH,0*¥ —}CO + Hy 

Halogenated 1,1 difluoroethylene gives carbonyl fluoride. 
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The reaction of oxygen atoms with 2 trifluoromethyl- 

propene?’, sugvests that with partly fluorinated 

propenes and butenes, the reaction is essentially the 

same as the unsubstituted compound ie. formation of 

an epoxide and isomeric carbonyl compound. 

This generalisation can probably be extended to 

most partially fluorinated olefins, but excluding those 

with fluorine substitution at the double bond, One 

would expect olefins with a fully fluorinated double 

bond to behave similarly to the perfluoro-~olefins. 

a) Reaction of O(°P) with 2 trifluoromethyl propene 

In a detailed study of this reaction iioss and 

Jennings>* found that the products of the reaction 

were the expected epoxide (2 trifluoromethyl propylene 

oxide) and aldehyde ( 2 trifluoromethyl-propionalde- 

hyde). A small amount of 1,1,1 trifluoroacetone (1%) 

was also formed. The products were explained by the 

scheme analogous to that proposed by Cvetanovié for 

the reaction of o(?P) with hydrocarbon olefins. 

: / * 
CF ae 

3 ee ; 
eos Gs e \ 

CH CH ee 

a “3 se 

CH 0 CH 

1,1,1 trifluoroacetone was probably formed by the 

reaction 

CH, + GF 
a 3Na_ x ; 
Cy —_—y 3s 0 + CH: 

CH 0 CH 
3 3 
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b) Reaction of O(°P) with 2. fluoropropene 

7 

  

lorley? found the major products to be 2 fluoro- 

propene epoxide and 2 fluoropropionaldehyde. These 

products accounted for 90% of the oxygen atoms produc- 

ed at pressures greater than 500mm. Once more, 

Cvetanovic's mechanism can be used to explain product 

formation, 

CH,CP=CH, + o(22). ee “ pi 
O° 

Re: in oH |. : 

“Ti i il car? epoxide —- 

7 Ma Pe 
>: —CHO| ——> aldehyde     Le see! 

As with 2 trifluoromethylpropene, the oxygen appears 

to add to the less substituted carbon atom to form a 

biradical, which can then rearrange to form the 

aldehyde or cyclise to the epoxide. 

1.5¢) Relative Rate Constants of the Reaction of 0(°P) 

with fluorinated Olefins. 

Using the nitrous oxide technique Moss and 

99156 have measured the relative rate constants Jennings 

of the reaction of oxygen atoms 0(7P) with the 

fluorinated ethylenes and partly fluorinated 

propylenes and butenes. Their results are summarised 

in Table 1.8 overleaf. 
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TABLE 1,8 

Relative Rate Constamts for Reaction of 0(?P) with 

some Fluorinated Olefins at 25°C 
  

  

        
  

: : k(olefin) k(olefin) : i 
Olefin EE hte uf Se 

k(ethylene )|k(hydrocarbon) Rae 

CH=CH, (1.00) (1.00) 

CH,=CHF 0.38 0:38 56 

CH, =CP, One O22 56 

cis CHF=CHF 0.32 0.32 BG. 

trans CHF=CHF Gos 0.54 56 

Che Oo) 44.60 1760 56 
mee 2 
OF 

oo 
ae On45 0,078 oy 

CH 
> 

CHZCF=CH, 2.66 O.50 — 

CH, I-CH=CH, 1242 gi2 55 

oP, CH=CH, 605.1, OnON4 2 

CH, F. CH, CH=CH, 550 0258 af 

CH, CHoCH=C Hy De, 0) 0.93 55 

CH,CH=C", 2.2% 0.45 a5   
Note: k(hydrocarbon) refers to the rate constant for 

the compound replacing all the fluorine atoms by 

hydrogen. 

1.5d) Relative Reactivity of the Fluoro-olefins 

As mentioned previously in this section and shown 

in Tables 1.8 and 1.10 the rate of oxygen atom addition 

to fluorinated ethylenes is decreased progressively 

with increasing fluorination and reaches a minimum 

for 1,1 and 1,2 difluoroethylenes. Purther substit— 

ution increases the reactivity and for tetrafluoro- 
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ethylene, the rate constant is greater than ethylene e 

itself. This has been explained by Moss and hennaee 

in the following manner:~ If a fluorine atom is 

introduced into a saturated system, fluorine is able 

to attract @ electrons by virtue of its high electro- 

negativity (-Ig, effect). The fluorine polarises the 

C-F bond, the resulting C-F dipole being capable of 

attracting other electrons in the molecule. On the 

other hand, if he fluorine is situated in an unsatur- 

ated (olefinic) molecule, the fully occupied 2p 

orbitals of fluorine have Ty symmetry and electrons 

in these orbitals will repel thelectrons giving rise 

to: @ (+1 ) effect. Fluorine also exerts a strong 

electron donating mesomeric effect (+i) to Wsystems. 

The combination of -Ig, +Iw and +M effects 

can lead to a reduction in electron density at the 

fluorinated carbon atom but an increased electron 

density of the double bond. A possible explanation 

of the minimum reactivity observed with the difluorin- 

ated ethylene is that the -Ig effect falls off with 

increasing substitution (ie. not additive) whereas the 

mesomeric and +Iq persist producing an overall 

enrichment of the TTelectron system of the fully 

fluorinated ethylene. This could possibly explain 

why tetrafluoroethylene reacts faster with oxygen atoms 

than ethylene itself. This explanation cai: be used 

to account for the similar trend observed for the other 

fluoro-olefins, 
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1.6 ADDITION OF OTHER ATOMS Aw RayICaLS 1O QLwriNs 

A collection of relative rate constants 29 of 

radical species with olefins is shown in Table 1.9. 

Similarly, Table 1.10 shows the rate constants for 

the fluorinated ethylenes.°° All the rate constants 

are expressed relative to ethylene for a particular 

attacking species. The uncertainity in absolute 

‘rate constant evaluation creates diificuity if one 

wishes to compare across the Table. However the 

relative rate constants can be placed on au absolute 

basis from information in Tabl 1.11, the rate constant 

for the reaction between some of the radical species 

and ethylene, 

TAphs 149 

Relative Rates of Addition of Atoms and Radicals 
    

with a Series of Olefins. 
  

@ be®e Pesos Br) “CH CH 
  

  
Olefin (2p) Cr) Ker) | a 

5 25 age 1 96° Poo°l 5°) on? Loc’ fos 65" 11807] 78°   

CH,=CH, Ao 4 420 1 TOL, FOL BO. 4 T0112. 770 11.0 

CH,CH=CH, 5,8 6,8 en TS TeOR Ves ta a1, CLO. 6 FO. 7.15.8 

Cpl, CH=CH, Bo 19.7 E723 F 1681.6 1.91 1.2 0.8 70.6 45.4 
Z 

(Cilz )5C=CH, 25 51° PhS. | 3648 2.9250 Pe Tite 1 t Fae 

cis SH CH= CH He 4 16-424 (95 70,94) 1..4:.10,08:0.910.1010.231.14 

      
trans ° 

“CH,0H=CHCH, J28 [19 [56 |99 |o.89}1.4 |1.1]1.0]0.20]0.33] 16 

Me, G=CHMe 19 92 ae baed 0.1610.32] 59 

He, C=Cle,: 102 | 128 2.7 |2.2 |1.511.3 0.20) 175 

cH=cacH=cu, {24 |93 |98| |19.0]3.9 |s.7]18.7|59 [12 
Reference oe 60 161 | 62 162 3 fed. 165° 59°} 65                       
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TABLE ‘pacar ren a se 1.10 

Relative Reactivities of FPluoroethylenes with Atoms and 

  

  

  

                    

Radicals : 

0(?P)s(7P) CCl, rma py 

Olefin.2@5° 20°. §25°} 4649 .969 95° 11642 | 26°77 259 Wey) 

CH=CH, |1.00|1.00 11.00|1.00 1.00 |1.00 | 1.00 |1.00]1.00 |10.66 

CHj=CHF |0.38]0.42 10.68|0.71 (0.51 10.79 |0.47 |0.60/0.79 |10.45 

CHo=CF, 0.22 10.10 |0.12/0.25 0.42 11.45 | .47 J0.33]0.62 [10.45 

c.CHF=CHF |0.32 0.07 0.70 

+. CHF=CHF |0.54 0.10 1.15 

CHP=CF, 0.57 |0.07 [0.05 |0.27 ).07 [1.65 0.16]0.41 10.33 

CFo=CF, |1.60 ]0.09 J0.23 |1.21 0.09 1.70 [0.12 |0.10]0.21 |10. 12 

Reference] 56 | 66 (67 67 68 | 69 TOE TH de 13   
  

TABLE 1,11 

Absolute Rate Constants and Arrhenius Parameters for Atom 

and Radical Addition to Ethylene at 25°C 
  

  

    

  

      

3 te Soi 296 45% K/\(0°P addition) Log, oA (#3mo17!) Reference 

0(?P) 626.1420 9.7 6.3 28,74 
s(>P) Not known 
Se(°P) | 8.0 | 0.27 10.0 | 11.7 60 
H g.3°1 025 tf.2 | 46.8 75 
Br 1 9 61 

C1 10.2} 40 1029 1 0 16 
OH, 3,.2| 4 x 107° 8.1 28.5 17 
OF, 6.7 | 1x 107° 8.6 10.1 718 
CHE 4.5 | 8x 107? 7.6 18.0 79 
WP, RG Pete a 7.6 65.0 80 
cCl, Ror ee 6.8 13.4 67 
Colts 3.315 x 107° 7. 23.0 81 
ase, 3.7414 x 1077 oc aris 77       
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Activation energies for radical additions range 

between 14 and 65 kJmol.~', and A factors between 

10* ana 10°1.mo17'sec7! Se Depending on the species 

we often find that either activation energies are 

responsible for reactivity differences (A factors being 

constant) or that these reactivity differences are due 

to both and A variations within a given series. 

The aton and radical species can be divided roughly 

into three classes, 

\ a) Electrophilic species ~ these include 0(?P), 

S(?P), Se(°P) ana oF 

  

ar 

b) Electroneutral species - CH, and alkyl radicals. 

c) Intermediate species : fall between those 
  

classed as a) or b) above, These include hydrogen 

atoms, triplet and singlet methylene. 

Stefanie has also included cyclopropyl radicals 

as exhibiting very slight nucleophilic characteristics 

Table 1.9 shows well the different behaviour of these 

species. It is helpful if we discuss each class in 

turn. 

a) Dlectrophilic species. 

O:ygen, sulphur and selenium show the same 

reactivity trends with the various olefins, nainely 

very susceptible to methyl and alkyl substitution at 

the double bond. ‘The rates of addition increase 

dramatically as the number of alkyl groups increase 

(due to the electron donating power of alkyl groups 

to Tl electron systems.) For instance, oxygen atoms 

react more than 100 timesas fast with tetramethylethyl- 

ene as with ethylene. : 

Trifluoromethyl radicals (in contrast to alkyl 

45



radicals)are also selective in the same respect as 

other electrophilic species discussed above. This 

suggests CP, behaves basically in an electrophilic 

fashion. 

b) Electroneutral species 
  

ethyl radicals sho. a very different trend to 

that of oxygen and sulphur. Substituting alkyl 

groups at the double bond decreases the reactivity of 

the olefin. Cvetanovit>? has suggested that reaction 

rates seem to be dictated primarily by the stability 

of the radicals forméd in the addition process, Steric 

effects also appear to play a considerable part in 

the reactivities of the olefins, It can be seen from 

Table 1.9 that methyl radicals react (at 65°C) almost 

60 times as fast with 1,3 butadiene as with ethylene, 

which is best explained by resonance stabilisation 

of the allylic radical which is formed by addition. 

c) Intermediate species. 

Ovetanovite® points out that triplet methylene 

radicals exhibit electrophilic properties but much 

weaker than oxygen atoms. It is also suggested that 

the transition complex is similar to that formed in 

oxygen atom reactions. Activation energy and entropy 

effects are important in these radical reactions and 

in this respect resembled the addition reactions of 

OF, 

As discussed earlier the nature of the attacking 

radical species is often easily assessed from logk- 

ionisation potential plots. stefani ?? has shown that 

good linear conrelations exist for NP and OP radicals 

with various hydrocarbon olefins (rates increasing with 
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lower ionisation potential). Cyclopropyl radicals 

show the opposite trend suggesting slightly nucleo- 

philic character. The rates of methyl radical addit- 

ion appear not to be influeneced by the ionisation 

potentials of the hydrocarbon olefins. 

1.6a) Nature of the Transition Complex   

Stefani’? has suggested a method of tentatively 

assigning a Wor © character to the intermediate 

complex formed in the addition process, by examining 

the arrhenius parameters for the reaction. He suggests 

that for a set of reactions, each of which proceeus 

through a & transition state (this being the rate 

determining step), structural rearrangements during the 

activation process may be essentially similar for each 

member of the set. In support of this assumption he 

uses the example of sinall molecules in which the rearr~ 

angement is largely the rehybridisation of carbon 

from a trigonal (double bond hybridisation) to a tetra- 

hedral state, Activation energy differences should 

then mainly govern the rate process of addition. 

Stefani also added that the activation energies should 

correlate with the atom localisation energy of the 

carbon aton with which the attacking radical associates 

itself. 

In contrast, if the reactions proceed through a 

TT transition state, varying the number of substituents 

at the carbon double bond causes constraint on the move- 

ment of both trigonal carbon atoms and attacking radical, 

as the environnent of the double bond is altered by 

changing the substitucnts. It is anticipated that 
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EH and A factors will be important variables in determin- 

ing the rate of addition. 

It is accepted that the reaction of the species 

listed below, with olefins, proceed with the formation 

of thd corresponding complex:- 

0(7P) TW complex 

s(?p) TT complex 

Se(°P) TT complex 

OF, O complex 

CH, & complex 

H © complex 

CH, (triplet and singlet) probably Yfcomplex. 

It should be understood that when a radical attacks 

an olefin, the transition state can assume anything from 

from a nature resembling the olefin( Weomplex) to 

a resembling the products (@ complex). Generally 

it is not possible to explain the reaction on the 

assumption that the complex is pure 'fr' or pure 

'@'. More often than not, the complex is of inter- 

mediate character. 

1.6b)Comparitive Rates of Atom and Radical Reaction 

Table 1.11 usefully illustrates that atoms 

react faster than radicais with ethylene. In column 

3, the rate of each species is compared to the rate of 

oxyzen. addition. /ith the exception of CPs radicals, 

radical reactions are 10° to 40° tjmes slower than 

atom reactions. This is predominantly due to the such 

smaller 'A' factors of the radical reaction (rejated 

to steric hindereace imposed by the size of tie 

attacking radical.) 
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CHAPTER TWO 

EXPERTMENTAL.... 

2.1 APPARAYUS 
fhe description of the apparatus can be conveniently 

dealt with by considering each of the functional units. 

a) Main line (Fig.2.1) 
tivacuation of the main line was by mercury 

diffusion pumps backed by single stage rotary pumps, 

Pressures of better than 10 am, Ou mercury (as 

measured by an Edwards Vacustat) were possible with 

both mercury and rotary pumps working and better 

than 5 x 107? im . with only the rotary pump. Pressures 

higher than 1 ma. were measured by a mercury manometer. 

To prevent the pumps operating with too little water 

flowing through the jackets, a safety device was fitted 

to the outlet water pipe, consisting of a trap filled 

partly with mercury which could monitor the water 

pressure, when the pressure fell below the necessary 

value, a mercury contact was broken which switched off 

the relay controlled power to the diffusio, pump. 

The reactant gases were stored in 2 litre bulbs 

(nitrous oxide in a 5 litre bulb) attached to the 

main line via greased taps. The volume of the main 

line was 570 ml, 

b) Gas burette (fig.2.1) 

The gas burette enabled the transfer of small 

amounts of gas at an accurately known pressure to the 

reaction system. 

The volumes of the calibrated gas burette were 

Vy 5.50 = 4 0209.ni. 
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V5 17.35 £ Os15 mii 

Vz 56.6.~ 6,2 - mi; 

Vv 176.64. 0.8 m1, 4 

c) Reaction system (Fig.2.2) 

The greaseless reaction system is essentially a 

close@ loop in which gas can be circulated continuously 

through a reaction cell. The reaction cell was a 

cylindrical quatz vessel 10cm. long and 5cm, in dia- 

meter. This was connected by graded seals to pyrex 

glass at both inlet and outlet. /ithin the closed 

system was a pool of clea@mmercury to ensure that the 

reaction mixture remains saturated with mercury vapour 

at room temperature, All pressures in the reaction 

system were measured by a mercury manometer. 

Two sampling systems were incorporated into the 

loop. The first was a precision~made stainless steel 

valve of the type devised by Pratt and Furne11°? 

(sec.2.3a), which could be used to inject directly 

into the G.l.C. his valve was used for all quantit- 

ative work, The alternative method of sampling was 

a closed greaseless sample volume which enabled 

removal of samples by a gas-tight syringe. this was 

found to be occasionally useful. 

A trap was included in the reaction systein to 

enable the transfer of gases from other parts of the 

apparatus. It also made possible the freezing of 

mixtures after irradiation and allowed the removal 

of non-~condensible gases(section 2.1(d)). 

An important yart of the reaction system was the 

all-glass circulating pump. The piston was a sealed 
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Pyrex tube containing a number of mild steel rods held 

rigidly inside the glass envelope with 'Telcothene?! 

The piston was enclosed within another close fitting 

tube, enough clearance being allowed to enable the 

free movement of the pistons Cushioning between 

piston and extremities of the outer glass casing was 

by 'Telcothene' coated springs. The whole piston and 

casing was surrounded by a solenoid wound on a water- 

cooled brass former (approx. 6000 turns, 40 ohms 

resistance). ‘shen the coil was energised, the piston 

rose into the field and when switched off the piston 

returned to its original position. ‘This series of 

operations was automated by connecting the power to 

the solenoid. through a microswitch, opened and closed 

once a second by an eccentric cam on the spindle of a 

motor, 

A ground glass metal cored valve located above 

the circulating pump ensured a unidirectional flow of 

gas within the reactioa system, By this method, 

secondary reaction products were kept to a minimum 

and ensured evenness of reaction within the mixture 

being irradiated. 

Irradiation was by two Hanovia (type 1641/s) low 

pressure mercury lamps (double laap arrangement for the 

reason explained in section 2.1(e)) to give mostly 

unreversed radiation at 2537 &, The lamps were fed 

by a constant voltage 1guatt transformer to ensure a 

steady output. The lamps were housed in a cylindrical 

can which acted both as a support for the quartz 

spiral and as a collimator of the light produced. The 

lid was conveniently used as a shutter. 
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For variable temperature work, an oven was constre 

ucted to heat the reaction cell. The oven was an 

aluminium block furnace of the type described by 

Caivert ana pitts? consisting of two aluminium cylin- 

drical shells which key together to form a tight but 

non binding joint. Each cylinder is heated by 30ft. 

of resistance wire (1ohm/foot). Quartz windows cover 

the open end of the oven. Power was supplied by a 

Variac and temperatures within the cell were measured 

by two copper-constantan thermocouples, one positioned 

at the top of the cell and the other at the bottom. 

Subsequent checks of the temperature variation revealed 

that the oven could maintain temperatures witnin - 2-6 

Variations across the cell itself were generally less 

than 1°, 

Gases were -prehcated just before they entered the 

cell. This preheating was achieved by winding heat- 

ing tape around the section located just before the 

inlet to the cell. Power to the tape was supplied 

through a rheostat and temperature of the preheat 

section measured also with a copper constantan thermo- 

couple. It was generally thought advisable to set the 

preheat about 5° above the cell temperature. 

d) Toepler pump (fig.2.4) 

After reaction, any products not condensible by 

liquid nitrogen (eg. Ny ,0O and CH, ) were collected 

and measured in the analysis line, This consisted 

of two fixed traps cooled in liquid nitrogen and a 

mercury diffusion pump which pumped the small amount 

of non-condensible products to the Toepler pump, The 
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FIGURE=2.3, 

TOEPLER PUMP AND COPPER OXIDE FURNACE 
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Toepler pump concentrated the products in a small gas 

burette where the pressure of the sample in a known 

volume could be measured, The Sample was retained in 

the gas burette by a ground glass valve with a metal 

core, sealed by a pool of mercury. iianipulation of 

the valve was possible using a permanent magnet. To 

automate the collection of the gases by the Toepler 

pump, three platinum contacts inserted into the 

mercury reservoir, controlled a simple relay circuit 

governing both air and vacuum valves. 

Any carbon monoxide in the non-condensible gases 

was estimated by transferring the gases to a copper 

oxide furnace heated to 240°C, for not less than one 

hour, Gases were cooled in liquid nitrogen and 

retoeplered to the gas burette. Any carbon monoxide 

in the mixture is oxidised to carbon dioxide which 

condenses at 77° and hence is not recovered. 

Calibration of the gas burette of the Toepler 

pump was by transference of a measured amount of gas 

from the calibrated reactant gas burette (described 

previously) to volumes 1 and v" (Fig.2.3). These 

volumes were found to be 

, geek Ol Mh A 

vo 1,46 © 0,01 nt. 2 

e) Mercury. double lamp arrangement 

The lamps used for irradiation were Hanovia 

(type 1641/8) low-pressure mercury lamps, mounted 

approgimately 6cm. from each of the wall faces, 

wo lamps were used to achieve inore uniform 

reaction throughout the whole of the cell and not 
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just in the vicinity of the cell windows. The advan- 

tage of two lamps over a single lamp can be seen from 

Fig. 2.4. The graph of available relative light 

intensity v.s. distance from the cell face has been 

drawn using two values of the extinction of Hg('s.), 

quoted in the literature. fhese values have been 

estimated in systems closely reseinbling that used in 

this work. The two values chosen were 

87 95x 10. '4om@aton™ Pinder and Le Roy 

and 0+56 x 107'4om@atom™! sicalduff and Le Roy®® 

These values can be expected to enclose the value 

appropriate to the present system, The graph is 

drawn using both these values for single and double .. 

lamp arrangements and assuming the vapour pressure of 

mercury at 20°C to be 1°5 x 107? ra:a. 

As the concentration of the activated species, 

Hg(?P,), is proportional to the available light inten- 

sity at any part in the cell, the local rate of react- 

ion is similarly proportional to available light 

iatensity at that point. Hence if the intensity 

profile across the cell is relatively wniform, the 

reaction will be distributed throughout the cell. 

It can be seen from Fig.2.4 that if the . high 

value of extinction coefficient is operative in the 

cell, then a double lamp arranzement will have little 

effect in alleviating the problem. However, the lower 

value shows that the profile is considerably improved 

with two lamps. 

54



a 

FIG.2.4 LIGHT ABSORPTION BY He( So) IN REACTION CELL WITH DOUBLE AND SINGIE LAMPS’ 
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2.2, PROCEDURE 

a) Irradiation of an_olefin-nitrous oxide mixtur 

  

  

The following description covers the procedure 

during a normal run, 

A portion of the olefin was transferred from one 

of the storage bulbs to the main line, the pressure 

was noted, and then either transferred to the gas 

burette (if the amount of olefin - needed to be 

known accurately) or the reaction vessel with liquid 

nitrogen. The olefin was degassed at this stage. 

Nitrous oxide was then similarly measured ° and 

transferred to the reaction system, with subsequent 

degassing. The reaction system was closed, the 

mixture allowed to warm up to room temperature and 

circulated for at least 30 minutes. Before irradiation, 

the shuttered lamp was allowed to stabilise for about 

15 minutes. Pressure and temperature of the mixture 

were noted and irradiation started by removing the 

shutter. Typical irradiation time for a standard 

run was 45 minutes. 

After irradiation, the mixture was froze: with 

liquid nitrogen for at least 10 minutes. The one-way 

valve above the circulating pump was raised by a 

permanent magnet to allow efficient freez.ng of 

condensible products. At this stage, the reaction 

system was opened to the Toepler pump and the pum) set 

into operation for at least 15 minutes, when it was 

generally found that the pressure of non-condensibles 

collected in the small gas burette was . essentially 

constant. The reaction vessel was then warmed ‘to



room temperature and cooled once more in liquid 

nitrogen to dezgas the reaction uixture. Any residua} 

gas was again collected by the Toepler pump. The : 

pressure in either ae or oe was noted at measured 

‘temperature. The non~condensible gases were then 

transferred to the copper oxide furnace for at least 

an hour, with the U~bend to the furnace (#ig.2.3) 

immersed in liquid nitrogen, then returned to the gas 

burette and the new pressure noted, On appropriate 

occasions, the non-condensible g+ses were analysed 

For CH by mass spectrometry. 

sondensible gases in the reaction system were 

allowed to warm up and circulate for another 45 minutes. 

Chromatograms were obtained by introducing samples of 

tiis mixture into the «.l.U. with the valve, at least 

three G.L.C. samples being taken frou each run. 

for competitive runs, the procedure is essentially 

che same, except that both olefins are measured ii the 

gas burette (pressures being corrected for room 

temperature variations) before being transferred to 

the reaction system. Nitrous oxide was added to 

make the total pressure about 600mm, irradiation times 

were 40 minutes and a minimum of three consistent 

chromatograms were taken of the products. 

b) Isolation of reaction products. 

Generally, reactio.: products were isolated using 

the apparatus described in section 2.3(iv). It was 

occasionally found coiuvenient to separate some of the 

excess nitrous oxide froi tre reaction mixture. 

This could be achieved with a certain amount of success 

by either cooling in acetone/dry ice or a slush bath 
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of 50/50 chloroforin and carbon tetrachloride with 

liquid nitrogen coolant. This had the effect of 

condensing most of the products and leaving the nitr- 

ous oxide gaseous. Most of the nitrous oxiiie was 

then transferred to another part of the apparatus, 

leaving an enriched mixture of nitrous oxide, reactants 

and products, whic: could be separated relatively 

duiowiy py ELC, 

“or product analysis, it was also fouud convenient 

to carry out irradiations to high conversions, which 

resulted in a mixture rich in reaction products. 

c) Calibration of the detector 

When most of the products of the 1,1,2 trifluoro- 

butene~1 and o(7P,’) reaction had been identified it 

was necessary to calibrate the detector to determine 

the absolute auounts of these products present. 

This was achieved by preparing a synthetic mixture 

containing a measured amount of each of the products. 

These products were purified synthetic samples or 

C.P. grade commercial samples. The products were 

measured in the gas burette and each transferred to the 

reaction system. Nitrous oxide was aagded to male a 

total pressure of about 600mm. After mixing a num- 

ber of samples were introduced into the G.L.C., the 

areas of the peaks from each product being measured by 

the disc:integrator. To confirm detector linearity 

smaller samples were analysed by expanding the mixture 

into the manifold and analysis line, and re~analysing 

the residual gas. 

d) Calibration of the I.R. spectrometer for carbonyl fluoride 

A synthetic mixture was made of carbonyl fluoride 
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(about 17mm) and nitrous oxide (about 700mm.) in 

the reaction vessel using the method previously 

described. Pressure of eaci component was accurately 

noted. After -effecient mixing, this mixture was 

allowed to expand into an I.x. gas cell, (voluue 

about 120ml. path length 100mm, with ibr windows ) 

which had previously been evacuated, he new pressure 

was noted and the gas cell closed. #roi the total 

pressure in the cell, the partial pressure of 

carbonyl fluoride was calculated. The cell was then 

transferred to the sample compartment of a Perkin~ 

Blmer 225 spectrometer. when the spectrometer be,an 

to scan the 2000em™| region, the instrument was set 

to zero transmittence and allowed to scan slowly 

down to 18000n7 | This region contains the principal 

stretching frequency of C=0. ‘the transmittence at 

1955 ,,194e and1926cm.7" was noted. After evacuating 

the cell, the pressure in the reaction vessel was 

reduced as described before, by the allowing the 

contents to expand into a larger volume and the eell 

refilled at this lower pressure (and hence lower 

partial pressure of carbonyl fluoride). The I.R. was 

measured and the procedure repeated. 

Another wixture was sade up with less carvonyl 

fluoride but about the same total pressure. In this 

way, most of the spectra obtained were for carbonyl 

fluoride pressures of below nn, This was the partial 

pressure anticipate. for a standard run, in the 

reaction vessel. The effect of any pressure broaden— 

ing on the absorbance of the C=0 band was examinedby 
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repeating the calibration with much reduced initial 

pressure 

The results of this calibration are shown and 

discussed in section 3.2. 

2.3 ANALYSIS INSTRUMENTATION 

a) G.L.C. equipment 

The essential units of the G.L.C. are as follows 

i) saupling system 

ii) columns and temperature control units. 

iii) detector, amplifier and recorder 

iv) product isolation equipment 

v) reaction chromotogpaphy coluinns 

A description of each gection follows 

i) Sampling systeia 

As previously mentioned, two sampling systems were 

used at various stages of this work. All quantitative 

sampling was done witha precision | stainless steel 

valve de dewtrived by Pratt and Purnell. To this 

valve was attached a copper sampling loop of approxim- 

ately 10ml.volume. Far product isolation, relatively 

fv 

large samples need to be injected into the G.i.C. ana 
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in this respect the copper sampling loop was useful 

as itcould be cooled in liquid nitrogen. hen warmed 

up as much as two atmospheres of gas in this loop could 

be introduced into the G.L.C. without significant 

deterioration of column performance. The six connec~ 

tions to the valve consisted of two to the sampling 

loop, one to incoming carrier gas, one to the outgoing 

carrier gas, one to the main line (for evacuation of 

the sample loop) and one to the reaction system (for 

filling of the sample loop). The sample loop could be 

pumped down to 5 x 107? iam . and it was found that this 

sampling systei used only 3% of the reaction mixture. 

Hence correction factors ‘were 1.03 for the first 

sample, 1.06 for the second sample etc, 

The alternative sampling system was the sample 

volume , used for sampling by gas-tight syringe. this 

was used only for qualitative work such as peak 

enrichment, when suspected products of a reaction 

could be added to a small portdon of the .reaction mix~ 

ture. 

ii) Columns and temperature control.units, 

A variety of columns were used for both analysis 

and preparative work. 

For analysis work, re" 0.D. stainless steel columns 

were usually employed, using nitrogen carrier gas. 

For most preparative and isolation work, '/4"0.D. 

copper columns were found to be most useful as they 

could handle larger samples without overloading, 

Helium carrier gas was necessary as nitrogen tends to 

condense in the liquid nitrogen-cooled collection traps. 
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for sub-ambient teaperaxsyres a dewar was filled 

with the coolant, and the column placed in the dewar. 

This could be used only fer isothermal operation, 

Temperatures of higher than 30°C were obtained 

using a precision temperature controlled oven. This 

could be operated isothermally or temperature programued 

at most practical heating rates. ‘This was found to 

be very useful for analysis of the products from the 

Gi" P.daee trifluorobutene-1 reaction. 

iii) Detector, amplifier and recorder. 

Detector and amplifier were those as supplied 

as the #11 Perkin iilmer G.L.C. unit. The detector was 

a flamc-ionisation detector, the flame being fed by 

hydrogen (1741b./sq.in.) and air (251b./sq.in.). The 

detector unit was maintained at 300 volts relative to 

earth, 

Output from the deturtor was fed into the ionis- 

ation amplifier and output from this into a sent 

recorder (1 millivolt input). The recorder was equipped 

with a dise chart integrator for the measure.uent of 

peak areas (144 counts/sq.cm. ) Carrier gas,hyudrogen 

and air all passed through molecular sieves‘ '38)+5 

remove water, carrier gas being regulated by a constant 

flow valve. The flowmeter attached to this valve had 

been previously calibrated for different carrier gases. 

iv) Product isolation equipment. 

At various stages in this work, it was necessary 

to collect products from a reaction, This was achieved 

by injecting the reaction mixture and noting the position 
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of the peaks on the chromatogram. A larger sample 

of the mixture was then injected and when the peax to 

be identified was due to appear, the stream of carrier 

gas was diverted through a T piece inserted between 

the exit from the column and the inlet to the detector 

The diverted gas passed through a collection tube 

immersed in liquid nitrogen. The exit from this 

collection tube was connected to a similar tube also 

cooled in liquid nitrogen to prevent back diffusion and 

subsequent condensation of air in the collection trap. 

After collection of the peak in question, the carrier 

eas was recirculated through the detector . ‘this 

operation was repeated until sufficient product was 

collected for identification by standard physical 

methods. It was found necessary to insert a restrictor 

tube (stainless steel capillary bore) between the 1? 

piece and detector to ensure that the carrier gas was 

prefernetially diverted into the collection tubes. 

v) Reaction chromatography columns 

These columns are for determining the type of 

compound each peak represents. By inserting short 

columns, which remove certain types of compounds, 

between the inlet of the G.L.C. and the inlet to the 

column, information can be obtained of the types of 

compounds comprising the mixture. For example, by 

using a short tube filled with silica gel, ceated with 

concentrated sulphuric acid and silver sulphate, ole- 

fanic compounds can be removed from the mixture. By 

comparing chromatographs obtained with and without the 

tuhe in place, those peaks which are affected cai be 
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89,90,91 
attributed to olefinic compounds, Similarly a 

5 & molecular sieve will remove n paraffins of greater 

than Cz, whereas. 4 R molecular sieve will remove 

CH, and CoH (but not propane). The molecular gieves 

will not remove branched paraffins. For the sake of 

convenience, a four-way greaseless valve was incorpor- 

ated into the G.L.C. inlet system. ‘the sample 

entering the G.L.C. could be 

i) diverted through the silica gel/sul phuric acid tube 

ii) injected directly into the G.L.C. 

iii) diverted through a molecular sieve (58 or 48) 

It was necessary to heat the molecular sieve reactor 

to 100°C with a heating tape to prevent the retention 

times of unadsorbed compounds altering appreciably. 

fhe sulphuric acid / silica gel mixture had to be 

enclosed in a thick walled PTFE tube to prevent corr- 

osion of the tube. 

b) LR. cell 

In order to obtain a reasonable infra red spectrum 

from small quantities of gaseous material, a miniat- 

ure infra-red cell was constructed. 

The cell consisted of a piece of rectangular brass 

mierowave tubing, 69mm.x 17mm. x 3mm., closed at both 

ends by sodium chloride cell windows. ‘he cell was 

chosen to be of minimum Vewume yet of maxiuum path 

length. Gases were introduced into the cell through 

a ground microtap attached to the cell by a metal-to- 

glass seal, A cold finger was incorporated into the 

glass section of the cell, so that small amounts of 

gas could be condensed into the cell. 
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This cell was found to give very satisfactory results 

on both Perkin Zlmer 225 and 457. I.R. spectrometers 

with only 10 micromoles of sample. Path length of the 

cell was 60 mm. and the volume was 7ml. 

c) Mass spectrometry   

Samples for mass spectrometric analysis could be 

transferred directly to tubes with greased taps, 

from the apparatus via the manifold. (i#ig.2.1) Non- 

condensible gas could also be analysed by being 

transferred to the mass spectrometry tube using the 

two--way greased tap on the Toepler pump. (lig.2.3) 

liass spectra were obtained from an A.E.I. 1189 spectro- 

yaeter, using a direct entry to the wiS 9 source 

through a Varian leak valve in place of the normal 

solid~sample probe. 
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2.4 MATERIALS. PREPARATION AND PURIFICATION 

a) 141.2 Prifluc robutene-1 (4,1,2 TFB) 

‘was prepared by the following method. Tetra- 

hydrofuran was dried by sodium wire for one day. 

further drying was by adding 10g. of lithium aluiminiun 

hydride and distilling the mixture, the fraction between 

66-67°C being collected, #resh sodium wire was added 

to the distillate and the mixture allowed to stand 

overnight in a stoppered flask. 

Magnesiui turnings (2.4¢.) were washed in sodiun 

dried ether and allowed to dry at 80°C for one hour, 

The magnesium was then added to 30ml. of the dried 

T.H.i'. and the mixture cooled in ice. at this stage 

19g. of CPy= CFCH,CH,Br (Peninsular Chemical Co.) was 

added dropwise and the mixture stirred magnetically. 

When the magnesium had fully dissolved ‘the resulting 

solution of Grignard reagent was hydrolysed with 

5~10% sulphuric acid (ice cool). ‘The 1,1,2 TFB evolved 

was carried through to a pair of traps cooled in liquid 

nitrogen using a slow stream of helium until the reaction 

had reached cogpletion. It should be noted that the 

whole apparatus had to be dried over night in an oven 

as the Grignard preparation is severely inhibited by 

even slight traces of water. A crystal of iodine was 

found useful for iniation of the reaction, 

Yield was approximately 50%. 

Purification: 

The collected 1,1,2 TFB was transferred to a vacuum 

line and degassed thoroughly. ‘The gas was then condensed 

onto active charcoal and ‘allowed to warm up slowly to 

room temperature. Residual gas was purified twice by 
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gas chromotography, once on an 8m. dibutyl phthalate 

and then on a 4m. column of Porapak Q (temperature 

prograinmed), 

Finally, the purified gas was condensed onto 1g. 

of Porapak Q in a small glass bulb. cooled in liquid 

nitrogen. The gas after warm up was found to contain 

approximately 0.25% of a diene (identified by iass 

spectrometry to be CRy=CPCH =CHy , presumably formed 

from an elimination reaction) and less than 0,15% of 

TH, This was considered to be of sufficient purity for 

quantitative work. 

b) Allyl #luoride (CH, =CH~CH,F) 

To 80%. of finely vowdered and dried potassium 

fluoride was added 800ml. of ethylene glycol in a three- 

neeked flask (500ml.). The mixture was agitated with 

an oil-sealed stirrer and heated to 140~150°C. Allyl 

bromide(25ml.) was added dropwiseover 2 period of 

three hours and the product gas passed through Cacl, 

and CaSO, drying tubes to remove traces of water. The 
4 

yield of the mixture was good (80%) with little 

contamination of the gas by allyl bromide or ethylene 

glycol. 

The identity of the allyl fluoride was confirmed by 

mass spectrometry and I.R. 

c) Propioyl Fluoride 7? 
To 1 mole(74m1l.) of water free proprionic acid 

(iried with Cacl, overnight) was added 60g. of potassium 

hydrogen fluoride. Wo warming up was observed. Benzuayl 

chloride(116m1l.) was slowly added and the mixture 

heated to 60°C in a water bath. After one hour, the 
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mixture was distilled with collection of the fraction 

between 42-44°C, 

The propionyl *tluoride was subsequently identified 

by mass spectrometry and I.R. 

d) Cis and trans! #luoropropene. 

A two stage synthesis was required 

1) preparation of 1,1,difluoropropane PARE CAs 

2) Pyrolysis of the difluoropropane to cis and 

trans 1 fluoropropene. 

Stage 1 

Onto 5ml. of propionaldehyde in a 50ml. autoclave 

was condensed 1 atmosphere of sulphur tetrafluoride 

(in 241.) ‘This gave a maximum calculated pressure 

(assuning propionaldehyde vapourised at reaction 

temperature,) of 120 atmospheres in the autoclave, 

After heating to 45°C overnight in a thermostated 

oven, the yield of saseous products was found to be 

15%, assumed to be mostly 1,1 difluoropropane. ihe 

sulphur tetrafluoride for the reaction was synthesised 

in this laboratory.?? 

Stage 2 
The unpurified 1,1,difluoropropane (from stage 1) 

was pyrolysed by passing through a quartz spiral 

heated to 690°C in a cylindrical oven. Heliun 

carrier gas was used, Any hydrogen fluoride formed 

by the elinination reaction was removed by passing 

through two wash bottles containing 40% potassium 

hydroxide, Before collecting in liquid nitrogen, the 

gas was dried by calcium chloride and calcium sulphate. 

Purification: 

Gas chromotography indicated approximately 20% 
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conversion of 1,1 difluoropropane to cis and trans 

1 fluoropropene. The main contaminant was removed by 

preparative G.C. and found by iass Spectrometry to be 

allene, presumably formed by the elimination of two 

molecules of hydrogen fluoride from 1,1 difluoropropane. 

Cis and trans 1 fluoropropene were purified by gas 

chromotography using an 8m. dibutyl phthalate column 

(helium carrier gas), 

e) Formyl fluoride (citeo) 7? 

The preparation was cssentially the same as that 

used for propionyl fluoride, but using formic acid 

(46g.), potassium hydrogen fluoride (60g.) and benzoyl 

chloride (116ml.) as the starting materials. Gaseous 

formyl fluoride (B.P. Be Te ate was collected ou formation 

in liquid nitrogen traps and purified by degassing. 

Identification was by the characteristic carbonyl 

stretching frequency at 1834em7'(Q branch), 1849em7| 

(R branch) and 18190m7!(P branch) 2° 

f) 2 trifluoromethyl propene 

The source was cylinder (K and K Labs.). Purific- 

ation was by G.C. on 4m.(1/4" 0.D. copper column) of 

25% squalane and 1% carbowax 1000 on chromosorb W-Ai- 

dems(60~80 mesh). The column was cooled to 0°C in an 

ice-filled dewer. 

&) Nitrous oxide (BDH) 

Purified by degassing twice and fractionating froin 

activated charcoal. 

h) Propane,ethane 

(B8H CP grade) From cylinder, used without further 

purification. 
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i) Oxygen (British Oxygen) 

Fractionated from activated charcoal. 

j) Carboxyl fluoride (Pierce Chemical Co.) 

stated 95% purity. Supplied in cylinder. 

k)ethylene, Vinyl fluoride , 1,1 Difluoroethylene and 

irifluoroethylene. (VJambrian Chemical Co.) 

All purified by fractionation from activated 

charcoal. Residual impurities totalled less than 

0.2% in each case (by G.L.C.) 

1) fetrafluoroethylene (Cambrian Cheicals) 

was purified by fractionation from activated 

charcoai. Although G.L.C. analysis indicated that 

impurities were less than 0.2% M.S. examination showed 

approximately 3% of Ca¥6 (perfluoropropene or perfluoro- 

cyclopropane) which could not be removed. Both com 

pounds are known to be less reactive than a” 

m) 1,2 difluoroethylene (Pierce Chemical Co.) 
  

was supplied as an approximately equimolar mixture 

of cis and trans isomers. These were separated by G.L.C. 

om 4m. of dimethoxyethyl adipate (133%) and diethylhexyl 

sebacate (63% at O°C (helium carrier), 

The cis isomer was contaminated by approximately 1.5% 

of trans isomer and the trans isomer contained 

approxinately 0.5% of the cis. 

Isomers were distinguished and identified by their 

Le, spectra?!, Compounds in sections (k) and (1) were 

purified by Dr.S.J.Moss in this laboratory. 
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CHAPTER DHREH 

RESULTS OF TH REACTION OF OXYGEN ATOMS WITH 

1.1,2 DRIPLUOROBUTENE-1 
  

3.1 PRODUCT ANALYSIS 

Using the methods of analysis described in section 

2.3, the followin., products were identified:- 

cis and trans 1 fluoropropene,carbonyl fluoride, 

fluorocyclopropane, ethane, ethylene, propane, propionyl 

fluoride, | 

In the presenceOf molecular oxygei, tue additional 

products identified vere ethanol and acetaldehyde. A 

sumaary of the teciniques used to identify individual 

compounds is shown in Table 3,1. 

The products were isolated by &.L.C. froin standard 

high conversion runs. Whose products not jisolasle 

were confirmed by as many alteriuative techniques as 

possible. 

ixplanatory notes are given below for the individ- 

val compounds, 

cis and trans 1 fluoropropene 

It was found that the Ag_S0,/silica gel/i,50, 

reactor was only partially successful in the removal 

of these olefins. Possibly this is due to the diffic~ 

ulty of protonating fluorinated olefins with sulphuric 

acid (ethylene protonates very easily to give ethyl 

hydrogei sulphate). Although the I.R. spectra of cis 

and trans isomers were very similar (both C=C stretch 

at 1690em™') trans has a characteristic peak 901 c.07 | 

which is absent in the cis spectrum. This was in 
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TABLE 3.1 IDENTIFICATION 0 

  

OF PRODUCTS 

    
  

RED {| MASS SPECT. 

  
    

“METHOD OF IDENTIFICATION 
COMPOUND COL. RET. REACTION GAS | INFRA 

TIME CHROMATOGRAPHY 

aha in) tO) ee (oe) 
cis 1 fluoroprepene ff ee A Be Gs, ~ (1s) 

trans 1° fluoropropene’ /- A,B,C - (1s) 

carbonyl fluoride ~ - (2) 

fluorocyclopropane A,B D a 

propionyl fluoride A,B - 7 

ethylene A,B,C D,E - 

ethane | A,B,G D,E cS 

propane A,B,C | D,E re 

pee ae PRODUCTS WITH ADDED OXYGEN 

ethanol B = = 

acetaldehyde B ~ ~ 

propionyl fluoride A,B oe (4s)   F 
: 

pe
vt
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en
di
ae
pn
ip
ei
ap
es
ib
ai
li
cn
in
ie
el
 

| 

  

Notes: 

a) letter indicates the compound was identified by its retention time 

(compared with authentic sample) on one of the following columns: 

A- 8m. 20% di-n-butylphthalate (23°C) 

B- 4m. Porapak Q (temperature programmed) ; 

C- 4m. dimethoxyethyl adipate (13.5%) + diethylhexyl sebacate (65%) 

at 23°C 

b) letter indicates type of reactor column employed. 

column indicates 

D -Ag,S0, /silica gel / HO 
4 

E -molecular sieve (5") ee to 100°C 

c) A bracket in this column gives reference(given below) to a 

An entry in this 

behaviour on this column was as expected. 

comparison spectrum-"S" indicates comparison toa synthetic sample. 
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accordance with reported observations. 

lass spectral data was of little use for disting-— 

uishing between the different isouers. It has been 

found that the mass spectra of cis and trans 1 fluoro- 

propene,allyl fluoride, fluorocyclopropane and 2 fluoro- 

propene (ie. Coie co2apounds) are closely siwilar, ?® 

Carbonyl fluoride   

fhe presence of carbonyl fluoride covld not be 

ascertained by G.L.C. as it does not give a response 

on a flame ionisation detector. jtiwever, the I.R. spectrun 

was examined under high resolution and compared with 

an authentic sample. Matching was so unambiguous, as 

to a make identification positive. : 

lluorocyclopropane   

This compound was collected on a Poropak Q 

column and foumd, by inass spectrom:tric peak matching, 

to have the empirical formula Coit. However, insuffi- 

cient was collected for a reasonable I.R. spectru.a to 

be obtained. As for cis and trans 1 fluoropropene, 

mass spectral data yielded no unique information of 

the structure. A sample of allyl fluoride was prepared 

(section 2.4(b)) and although it had a very sinilar 

mass spectrum, its retention time on a dibutyl 

phthalate coluun differed from that of the product 

collected. Also, as the product had a different 

retention time from cis and trans 1 fluoropropene, the 

only alternatives were2 fluoropropene and fluorocyclo- 

propane, Previous work?? has shown that the retention 

time of 2 fluoropropene on a dibutyl phthalate column 

differed from the product and the evidence pointed 

strongly towards the product being fluorocyclopropane. 
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A sample of suspected fluorocyclopropane had previously 

been prepared in this laboratory by a completely 

different route. The reaction of oxygen atoms with 

cis and trans 1,2 difluoroethylene yields mostly 

fluoroethylene radicals(CHF:).22 A mixture of 4-42 

difluoroethylene and ethylene when reacted with oxygen 

atoms, would reasonably be expected to yield fluoro- 

cyclopropane by the following mechanism, 

O + CHF=CHE ———} CHF: + CHO 

CHF: + CH=CH, ———p Vv 

This is the analogous route to the formation of 

perfluorocyclopropane in the reaction of oxygen atoms 

with tetrafluoroethylene .49? 19° 

OF,=CF + 0(7P) smi CF,0 + CF: 
Cyt + CBy=CP mui "2092 (cyclo 05% ¢) 

The fluorocyclopropane, preparéa by the above method, 

was found to have identical retention times on the three 

columns and the same mass spectrum as the product 

collected from 1,1,2 TFB and O(°P) reaction. It 

appears therefore that this product must be fluoro- 

cyclopropane, 

Propionyl fluoride 

The reaction of oxygen atoms with 1,1,2 TFB yields 

only small amounts of propionyl fluoride, and makes 

collection difficult. However, a sample of propionyl 

fluoride was synthesised (section 2.4c) and was found 

to have the same retention time as the product in question 

on two coupletely different columns (dibutyl phthalate 

and Poropak Q). When molecular oxygen was added to 

the system, the product peak size increased very 

Te



significantly and an I.R. spectrum obtained of the 

product mixture after irradiation, revealed a very 

characteristic new peak at 18450n7! identical in posit- 

ion to the C=0 stretch frequency of the prepared 

propionyl fluoride. Thig frequency is also in accordance 

with reported work,? 7/9! 

Htnylene, ethane and propane 

Ethylene and ethane were difficult to collect froin 

the reaction mixture because on all three columns (see 

Fig 3.1), they were eluted very near to nitrous oxide. 

Hence, these compounds were identified by alternative 

techniques. 

The ethylene peak matches the retention time of an 

authentic sample injected onto the three columns used. 

Also, a silica gel/Agss0,/HpSv, reactor column removed 

this peak completely, indicating that the compound was 

probably an olefin, A 4% molecular sieve also reinoved 

this peak as it would ethylene?° 

The ethane peak similarly matched that of an authentic 

sample on all three columns and was not affected by 

the silica gel reactor (indicating product was 

saturated), whe peak was also removed by a 42 sieve 

indicating it was an n-paraffin, 

A sample of propane was collected with difficulty on 

a Poropak Q column, and identified by all the techniques 

indicated in Table 3,1. A 58 molecular sieve was used 

to remove this compound from the coluinn. (48 sieve 

will not remove compounds above oie 

Ethanol and acetaldehyde 
  

ts These products were formed in the O(7P)/1,1, 205



reaction in the presence of molecular oxygen. They were 

identitied by retention time on only one column, Poropak 

Q. However, it was anticipated that these compounds 

might be found when molecular oxygen was added to the 

irradiation mixture as they are the known main products 

from the reaction of ethyl radicals with oxygen! 0? For 

this reason the identification procedure was thought 

sufficient. 

Unidentified products 

Two unidentified products with lons elution times 

were evident in tne reaction mixture (see chromatosran 

shown as Fig.3.1). <All attempts to identify these 

conapounds failed, because the small quantities formed 

made collection of 2 sufficient amount for analysis 

very diztticult, 

The quantun yield of these products was estimated 

to be less than 0.001. 

Carbon monoxide 

Using the copper oxide furnace incorporated into 

the Toepler pumping system(section 2.1d), it was found 

that at no time did the amount of carbon monoxide in the 

nitrogen collected exceed 1%, 

Choice of columns 
  

A number of codlui;wns were use@ for the analysis, 

two were found occasionally useful, these were am &mi, 

20% dibutyl phthalate column and a 4m, mixed ester 

column (dimethoxyethyl adipate (134%) + diethylhexyl 

sebacate (6$%)). 

However, far superior results were obtained with 

a 4m, Poropak Q (1/8"'0.D.) column, temperature 
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GLC_SEPARATION OF PRODUCTS FROM THE REACTION OF O( P,) WITH 1,1,2TFB FIG= 5.1   
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programmed from room temperature to 200°C at 6°C/min, 

This coluan had the aivantage that it gave good separ- 

ationof very volatile products (eg. ethane, ethylene etc. ) 

by isothermal operation at room temperature ani could be 

programmed to give similar separation of less volatile 

compounds. Good peak shape can be maintained for at 

least 20 minutes after the sample had been injected, if 

the column is operated under temperature provramned 

conditions. 

A chromatogram representing a typical run is 

shown in fig.3.1. 
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3,2 CALIBRATION ResSULTS 

Detector 
a pole) 

The detector was calibrated for 1,1,2 Ti'B,propane, 

allyl fluoride, cis and trans 1 fluoropropene, ethylene, 

and ethane, by the method discussed in 2.2c. ach of 

the compounds exhibited good linearity in the entire 

pressure region investigated(O — 2ma,) vuring a run 

none of the products exceeded this partial pressure. 

The results are shown in #ig.3.2 and are summarised 

in Table 3.2 below. 

TABLE 2.2 a 

Calibration Results 
  

Conversion factor 
  

  

Compound mn/100 counts at micro moles/100 

  

    
  

irae 104 counts at 1 x 10" 

4,1,2 TFB 0.520 14.5 

propane 0.375 er @ 

ethane 0.583 26,5 

ethylene 0.58. 20,5 

cis and trans 
1 fluoropropene 0.50, 22,0 

allyl fluoride 0.41, 18.4 

propionyl fluoride 6.58 26.5(calculated) 

acetaldehyde 0,29 -s4? e 

ethanol 0.68 Mea 

note: 1 ma. of gas inreaction vessel (Ti wma. } is 

equivalent to 45.4 micro moles. 

Unfortunately it was not possible to obtain a samplex 

of fluorocyclopropane for calibrating the detector. 

has been assumed 

It 

for subsequent work that it has 

the same response factor as cis and trans 1 fluoropropene. 
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PEAK AREA 4 
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FIG. 3.2 GIc CALIBRATION OF PRODUCTS Lo(?p) ‘eke oe ~Peak area vs. concentration.



This approximation is justified to some extent as the 

yield of fluorocyclopropane was always iuch less than 

the yield of the 1 fluoropropemes. 

The calibration factor for ethanol was calculuted 

from the value relative to ethane, given in a paper 

by Galloway,Sternberg and Jones, | It has been 

noticed that a carbonyl group effectively reduces the 

reponse factor approximately to that of the correspond- 

ing n hydrocarbon containing one less carbon (ie.=0 

effectively deactivates that carbon to which it is 

attached.) For example /9? acetone (CH, ) 500 has an 

effective carbon nuinber of 2,06 (nearly the same as 

ethane) and isobutyraldehyde (CH; ) 9CH CHO a carbon number 

of 2.83 (very nearly that of propane). #or this reason 

the calibration factor of acetaldehyde CH, CHO is 

assumed to be the same as methane and propionyl 

fluoride, CH, CH,CHIO to be that of ethane. 

Carbonyl fluoride calibration 

This was carried out in the manner described in 

section 2.2d. The results are shown on fig.3.3 

It is of interest to note that Heicklens' results*® 

agree well with the calibration. Heic'den obtained a 

value for the extinction coefficient of 0.013 (ma.Hgem.)7! 

for the 5.12 micron peak of carbonyl fluoride, the 

value for the calibration was 0.012(mm,Hgem. 7" in the 

O- 3 ma, carbonyl fluoride pressure region, 

It can be seen from Fig.3.3 that Beer's law is 

obeyed up to pressures of 3mm., but deviations appear 

at higher pressures. Also it can be seen that total 

pressure of the carbonyl fluoride/nitrous oxide mixture 

TT



FIG- 3.5 BEER'S IAW PLOT FOR CARBONYL FIUORIDE 
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has very little effect on the measured extinction 

coeffiecient, indicating no significant pressure 

broadening in the range examined. 

The carbonyl fluoride was ineasured during a run 

by the following method: The mixture was irradiated, 

allowed to circulate thoroughly and then allowed to 

expand into the evacuated I.R.cell and manifold. 

The I.R. cell was then closed, and transferred to the 

I.R. spectrometer. from the calibration graph it 

was possivle to determine the concentration of carbonyl 

fluoride in the gas cell and hence calculate the 

pressure of carbonyl fluoride in the reaction cell. 
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3.3 TIME DEPENDENCE STUDIES 

Variations in yields of major and minor products 

with irradiation tiine os shown in t'ig.3.4and 3,5 

a)liajor Products 

iitrogen 

The yield of nitrogen from the reaction 

Hg(?P,) + Ny0 ——}Ny + O(°P) + He('S,) was found 

to be virtually linear with time throughout a reaction 

up to at least 60% conversion, 

cis and trans 1 fluoropropene 

Yields of these compounds are linear wit" time up to 

approximately 25 minutes irradiation (corresponding to 

10% conversion of the trifluorobutene.) At higher conver- 

sions, the rate of formation falls, This had been attrib-~ 

uted to,the compet:tion of 1 fluoropropenes with 1,1,2 THS 

for the oxygen atoms. If the reaction is continued to 

high: conversion (85%), in the latter stages the fluoro- 

propenes reach a maximum concentration and then diminish 

as the oxygen atoms remove these products from the 

syatem. The results of a high conversion run can be seen 

in FPig.3.6. It is possible to calculate from this graph 

the rate constants of cis and trans 1 fluoropropene 

relative to 1,1,2 TFB fron the following reasoning 

Suppose the following reaction scheme is in operation 

Det o(?P) #1, 1,20FR aaa @¢c-1FP + ot. 1FP + CF50... 

322 c={1FP + 0(?P) ack products 

3.3 t.1FP + 0(°P) cally products 

ea) = k, fo] [1,1,20P8) -x, (0] f-194 

At the maximum in the curve of c-1FP eet, EEE 0 
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Sd dew Bo 2 oO, f.1,2 18 

ky [c-1F max, 

where [c-1FP] ax is maximum concentration of cis 1 fluoro- 

propene (point A on the graph 3.6). 

and i yt,2 728], is concentration of 1,1,2 1FB when 

the concentration of cis reaches a maximum(point B.) 

Now, a is the proportion of cis isomer formed per oxygen 

atom in the main reaction 3.1 and is 0,65, (see followin.: 

section). 

fi,1,2 czB], is 0.67, mn, and 

c~1 A is 0.82, mm. 

Substituting these values into equation 3.4 

      

Fos sea es 2 ESS. 
k, 0.82, 

Similarly, k > 'O.54e.% 9,90 = 
- = oe ke nee = 0.84, 

4 weal ay 

ie, the rate constant of cis 1 fluoropropene relative 

GO lotsecen .e8 0.53¢ and for the trans isomer is 
  

0.84, 

  

Pept ee kn Oy 

Ki rans 

These ratios have been measured previously and are 

  

compared with those above in Table 3.5(overleaf). 

As trans 1 fluoropropene reacts with oxy,en atoms faster 

than the cis isomer, the ratio of cis to trans should 

increase with conversion, as is shown in #ig.3.6A. 
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TABLE 3.3 
  

olefin Koi / “on =CFEt 
  

cis 1 fluoropropene 0.536 0.35, 

trans 1 fluoroppopene 0.84, 0461, 

ratio ge / Ke 0.63, 0.58, 
          Reference this work] 57,99 
  

Carbonyl fluoride 

The yield of carbonyl fluoride was not followed as 

a function of time. ‘Ye anticipate that the carbonyl 

fluoride time dependence would closely ressemble that 

of total 1 fluoropropene. However, as carbonyl fluor- 

ide caniot react with oxyzen atoms, the only deviation 

<rom linearity ..should be due to the competition of 

cis and trans 1 fluoropropene with 1,1,2 TFB for O(?P). 

This is .the analogous argument to the deviation of 

fluorocyclopropane formation from linearity explained 

in greater detail below. 

b) Minor Products 

Fluorocyclopropane _ 

The yield of this compound also appears to fall with 

time, in a similar manner to the fall of the cis and 

trans 1 fluoropropene yields, (i’ig.3.5). ‘his is explain- 

ed from the competitive scheme proposed in dealing 

with 1 fluoropropene yields. If the fluorocyclopropane 

is formed from the reaction of 0(?P) with 1,1,2 TFB 

then as the reaction proceeds and cis and trans 1 fluoro- 

propene co.pete for the available oxygen atoms then the 

yield of fluorocyclopropeane must decrease, 
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Propiony}] fluoride, ethane and propane. 

These prod ucts appear to increase linearily with 

time It is difficult from the scatter of the poiuts, 

to ascertain if there is any significant fall off at 

high conversion, 

Ethylene 

This shows a definite increase with irradiatiou time 

although in the initial stages a linear production rate 

is indicated. As shdwn in the discussion section, 

CoH, is believed to be derived from the reaction of 

oxygen atoms with 1-fluoropropene as well as the 

meaction with 1,1,2° TRS. 
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3.4 PRESSURE DEPENDENCE STUDIES 
  

Variations of quantum yields with total pressure 

for major and minor products are shown in Fig.3.7 

and 3.8 respectively. Pressures were varied between 

100mm. and 800mm, Ratios of olefin to nitrous oxide 

were always in excess of 1:20, snsuring reactions 

involving mercury photosensitised decompositions 

of the olefin are kept to a minimum. All reactions 

were at room temperature 93°e ct a and carried to 

2% conversion. It was necessary to work at constant 

conversion as cis and trans 1 fluoropropene quantum 

yields are dependent upop this factor (due to the 

competition with 1,1,2 TFB for oxygen atoms). 

a) Major Products 

Nitrogen _ 

Cvetanovit®> has noted that the quantum yields 

of the reaction He(?P) + ip0 ae oe 0(?P) + He('S,) 

proceeds with a quantui yield of unity. It has been 

assumed that this is true for the range of pressures 

investigated, 

cis 1 fluoropropene 

The apparent trend is for a slight increase in 

the quantum yield with increasing pressure. ‘the 

quantum yield varies between 0.6(at low pressures) 

to 0.7 at 800mm, 

trans 1 fluoropropene 

There appears to be no effect of pressure on the 

quantum yield of the trans isomer, which femains 

essentially constant at about 0.3. The variation 

of the ratio of cis to trans quantum yield with 

pressure is illustrated in fig.3.9. 
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The behaviour of the two isomers has been considered 

in ore detail in the discussion section. 

Carbonyl fluoride 

The carbonyl fluoride quantum yields were measured 

by the infra-red technique described in section 3.2. 

It was inconvenient to measure carbonyl fluoride at 

the same tine as following the other products by G.L.C. 

hence a series of six runs were carried out exclusively 

to investigate the effect of pressure on the quantui 

yield of carbonyl fluoride. The results are shown in 

Figeds ls 

It is difficult from the graph to distinguish a 

definite trend. This is because of inheraat inaacuracy 

in the method of measurenent compared to measurement 

by G.L.C. The limits of error are indicated in 

Fig.3.7. by vertical lines. However it can be said 

that the results indicate a constant or slightly 

Riavencing guantun yield with pressure, of about 

0.8, ¥ 0,04. 

It should also be noted that the six runs were 

carried out to between 6 and 8% conversion. It was 

necessary to wow’: at these relatively high conversions 

because of the insensivity of the I.R. spectrometer 

compared ta the G.L.C. 

b) Minor Products 

Pluorocyelopropane and propionyl fluoride 

Both show little dependence o: pressure. It is 

possible that fluorocyclopropane quantum yields increase 

slightly above 500mm.pressure, but this is uncertain 

due to the scatter of the points. 

84



  

Average quantum yields are:- 

propionyl fluoride 

fluorocyclopropane 

0.02, 

0.04¢ 

Ethane, ethylene and propane 

t+
 

( 
ts 

0.002) 

='0,.004) 

Quantum yields of these products show a definite 

gecrease with increasing pressure. 

range of about 0.02 and 0.002. 

  

They vary over the 

  

  

              
  

The quantu: yields of all the products at various 

pressures is shown in Table 3.4 and 3.5. 

ABLE 3.4 
Variation of Quantum Yields with Pressure 

Press-| fthyl- [Ethane | Propane] .cis trans |PFluoro-|Propionyl 

ure; ene 1FP 1#P eyclo- |fluoride 

(aa. ) propane 

88 0.0087 |0.0148 10.0057 }0.621 |0.330 |0.044 |0.022 

2, 0.0088 }0.0155 [0.0078 }0.610 | 0.321 |0.042 0.020 

240 0.0076 [0.0105 [0.0037 0.632 [0.304 |0.045 0.021 

oo 0.0068 {0.0107 [0.0036 |0.649 [0.309 | 0.042 0.023. 

396 0.0057 10,0094 [0.0024 |0.668 | 0.300 {0.045 |0.022 

509 ” 0.0084 }0.0023 |0.670 | 0.302 |0.044 j0.022 

596 * 0.0071 10.0022 |0.681 | 0.304 | 0.047 0.020 

692 * 0.0068 10.0019 |0.692 | 0.310 [0.051 pd0.002 

he * 0.0071 |0.0017 | 0.685 | 0.307 | 0.051 OvOe7 

7194 0.0068 | 0.0017 | 0.700 | 0.302 | 0.047 0c) 

Note: * It has been found that in high pressure runs, the 

great excess of nitrous oxide causes overlap of the N50 

peak with ethylene on a Poropak Q column. for thes reason 

no quantum yields have been given for ethylene in Table 3.4 

above 500m. pressure, 
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TABLE 3.5 

Variation of Carbonyl #luoride Quantum Yields 
    

with Pressure | 
  

  

  

pressure (mm. ) Quantum yield 

107 0.86 

107 0.82 

254 0.86 

254 0,89 

679 0.90 

695 0.89       
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3.5 BRSECT OF REOUCED LIGHT IN?TaNsTTy   

The reaction mixture, total pressure 296ma., 

was irradiated at s lower light intensity, but under 

otherwise identical conditions to those used for the 

pressure dependence runs. Light intensity was 

reduced by using only a single lamp. Also a double- 

leyere. fine copper gauze was inserted between lamp 

and cell window to further reduce the intensity of 

radiation incident upon the cell. The transmission 

of the gauze at 2537 £ hada previously been measured 

using an SP700 UV spectrometer and was found to be 

12.5%. ‘The reduction in the incident radiation intensity 

could be measured by the veCucsion in the nitrogen 

yield measured by the Toepler pump. for the run 

quoted below, the total irradiation time was 400 iinutes 

the pressure of nitrogen produced in the reaction 

vessel was 0.455mm. This corresponds te a reduction of 

Light intensity te 8.5% of that operative in a standard yun. 
The results in table 3.6 are compared to a run of 4 

normal light intensity, at the same pressure (approx- 

imately 300mm.) and carried out to the same conversion 

(2%). 

  

  

  

  

  

TABLE 3.6 
Effect of Reduced Light Intensity on Quantum Yields 

Compound Quantum Yield 
reduced light (normal intensity) 
intensity) 

ethane O70te 0.011 
ethylene 0.008 0.007 
propane 0,004 0.003 
fluorocyclopropane 0.044 0.044 
cisi fluoropropene 0.66 0.64 
trans 1fluoropropene Ose 0.32 
propionyl fluoride] 04020 C022         
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It can be seen that reducing the light intensity 

has very little effect on the quantum yiclds of the 

products, The effect of reduced light intensity on the 

quantum yield of carbonyl fluoride was not measured, 

However, as cis and trans 1 fluoropropebe yields are 

not affected, there is reason to Suppose that the 

carbonyl fluoride quantum yield is Similarly not 

affected. 
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3.6 TEMPERATURE DEPENDENCE STUDIRS 

The reaction cell was heated by the oven previously 

described in section 2.1(e). Temperatures were measured 

with a copper constantan thermocouple and were constant 

to better than * 2%, 

Runs shown in Table 3.7 were carried out at a 

pressure of 300mm, , (+ 10m, ) and all conversions were 

kept within 2 to 34, 

SABLE <3. 7 

Variation Of product Quantam Yields with Temperature 
  

  

  

Product Baan agogt ahaha renee 

ethane 0.010 0.016 0.019 | 0.024 

ethylene 0.007 JO.010 0.015 | 0,016 

propane 0.003 j0.005 0.005 | 0.003 

cis 1fluoropropene|0.66 10.69 0.66 0.60 

trans 1 fluoro- 
propene Wag Woo Os oe 0.30 

total 1 fluoro- 
propene O96 41,02 0.98 0.90 

propionyl fluoride]0.022 |0,.020 0.007 10.014           fluorocyclopropane |0.043 J0.040 | 0.042 | 0.035 
  

cis and trans 1 fluoropropene 

fhe relationship between the quantu.: yields oj 

these two products and teaperature is not clear, as 

the variation does not follow any clearly defined trend, 

It would appear, however, that the quantum yield of the 

cis isomer falls at high temperatures by about 10%, 

Also, the ratio of cis and trans isomers shcws a 

Steady decrease with increasing temperatures. This igs 

illustrated in Pig. 3.10, 
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Ethylene and ethane 
  

the quantum yields of these products show a definite 

increase with increasing temperature, 

Propane 

This seems to,show a Slight increase at moderate 

temperatures but falls again at higher temperatures, 

bropionyl fluoride and fluorocyclopropane 

A definite decrease of quantum yield is indicated 

with increasing temperatures for both these products. 

Carbon monoxide 

A check was made of the carbon monoxide yield in 

the reaction carried out at 193°C, It was found that 

even at this high temperature carbon monoxide constit-— 

uted less than 1% of the nitrogen yielg (ie quantum 

yield was less than 0,01). 

Carbonyl fluoride 

No measurements were made of the quantum yield 

of carbonyl fluoride, It has been assumed that the 

variation with temperatures is similar to that shown 

by the total 1 fluoropropene (shown in the Table) 

ie. falling by about 10% at about 200°C, 
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3.7 THE ERFECT OF ADDED MOLECULAR OXYGEN UPON THE 

REACTION OF O(°P) AND 1,1,2 TRB 

Molecular oxygen (British Oxygen) was admitted 

to an evacuated trap filled with activated charcoal. 

The trap was cooled in liquid nitrogen, which had the 

effect of condensing most of the oxygen onto the 

charcoal, The trap was allowed to warm slowly and the 

first few centimetres of oxygen was pumped away. A 

few millimetres of oxygen was then admitted to the 

reaction vessel via the manifold, the reaction 

vessel contained a previously measured amount of trifluoro- 

butene and nitrous oxide frozen with liquid nitrogen. 

The reaction vessel was closed and the gases thoroughly 

circulated at room temperature for about half an hour 

prior to irradiation, at the end of a reaction, 

oxygen and nitrogen were collected by the Toepler 

pump and tne pressure measured. Knowing the normal 

production rate of nitrogen in a run containing no 

oxygen it was possible to estimate accurately the 

pressure of oxygen initially admitted to the reaction 

vessel, 

Carbonyl fluoride quantum yields were measured by 

I.R. spectrometry and all other products by G.L.C. 

a) Bffect of added oxygen on the rates of formation of 

products 

Iwo runs were carried out for the investigation, In 

the first, 5mn. of oxygen was ndmitted to the reaction 

vessel after 15 minutes irradiation. The irradiation 

was then continued for a further 60 minuted. Yields 

were measured just previous to oxygen addition and 
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and after 15, 30 and 60 minutes further irradiation, 

The results are shown in Fig. 3.11 and 3.12 (major 

and minor products respectively.) 

Ia the other run, 5mm. of oxygen was admitted at 

the start of the reaction, and samples 

16,31,46 and 61 minutes irradiation, 

zajor and minor products as a function 

produced are illustrated in 

Both runs 

Pigs. 

were carried out at 300mm. 

conversion was kept to below 5%. 

Note:~ Nitrogen production rate was 0.87 ima.(in 

reaction vessel) per hour for both runs. 

of nitrogen represents 6,9 minutes irradiation. 

Cis and trans 1 fluoropropene 
  

9443 

In the table below(Table 3,8) the quantuy, 

pressure, 

ie.0. 

analysed after 

The yields of 

of nitrogen 

end..3.14, 

1 mn. 

yields 

of the two isomers are compared to a run carried out 

at the same temperature and pressure but in the 

absence of @olecular oxygen. 

PABLE 3,8 

bifect of Oxygen on Quantum Yield ee ae ee of Cis. and Trans   

i Fluoropropene 
  

  
  

oxygen oxygen no oxygen 
added added dur- added 
initially ing reaction 

cis 1 fluoropropene |0.64(0.04) |o.61(40.04) Jo.66(%0.02) 

trans 1fluoropropene|0.29(=0.02) jo.27(10.02) O51 (20504) 

Ratio cis:trans 2520 2.20 2.15         

It can be seen that within experimental error that 

the addition of oxygen has no effect on the observed 

quantum yields of the cis aud trans isomers. 

DHE MeavLO. OF CLs trans remains unaltered, 
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FIG.3.12 EFFECT OF ADDED OXYGEN ON MINOR PRODUCT YIELDS (0+ 1,1,¢ TYB) 
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runs involving addition of oxygen, it should be noted 

that the experimental error involved in estimating 

quantum yields is correspondingly greater than normal. 

This is because nitrogen yields cannot be measured 

directly, but are estimated assuming a constant output 

from the mercury lamps. As day to day variations of 

up to 5% have been noted previously it should be borne 

in mind that additional experimental errors of the same 

magnitude will be includedin the calculated quantum 

yields. 

Propionyl fiuoride 

It is very evident from Fig.3.11 that addition 

of oxygen greatly increases the quantum yield of prop- 

ionyl fluoride. In the absence of oxygen, the quantui 

yield of this product is 0.02. With oxygen present, 42 

quantuin yield of as high as 0.6 has been observed. 

(It was later found that the quantuin yield of propionyl 

fluoride was dependent upon the oxygen concentration. 

For this reason, no exact quantum yield is quoted above. ) 

Ethane and propane 
  

Hrom the run involving oxygen addition during the 

reaction (Fig.3.12), it was noted that the oxygen 

warkedly reduced the ethane and propane production 

rates. However, because of sampliag inaccuracies it 

was difficult to ascertain whether the rate was 

reduced drauatically or formation ceased completely. 

It became obvious from the second run, in which oxygen 

was added initially, that no ethane or propane was 

formed. 
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Pluorocyclopropane 

  

Oxygen was found to have no effect upon the rate 

of formation of this product. The quantum yield in the 

presence of oxygen was 0.04, (expected quantum yield 

in absence of oxygen was 0.04,) 

Ethylene 

Similarly, oxygen had no effect on the quaiutumn 

yield of ethylene, 

quantum yield elhylene in presence of oxygen = 0.007 

. i ta BOSSRES xc 2! i 0.006 

Acetaldehyde and ethanol 

These products were formed only in the presence 

of molecular oxygen and in approximately equal amounts. 

Average quantum yields in the runs shown iu Figs. 

3,12 and 3,14 were 0,14 for each product. 

Carbonyl flyoride 

Quantum yields were not measured during the two 

runs considered above. However, yields were measured 

in the experiments described in the following section. 

b) Effect of olefin/oxygen ratio. upon quantum yield 

of the products 

: the following runs were carried out at room temp- 

erature. Quantum yields of all products except 

ethanol and acetaldehyde were imeasured., The ratio of 

oxygen to trifluorobutene was varied (olefin concentr- 

ation being kept constant) and results of this variat- 

ion summarised in Table 3.9 overleaf, 
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TABLE 3.9 

0#¥ken/Olefin Ratio Upon the Quantum Yield   

  

  
QUANTUM YIELDS 
  

  

                    

No. (afi) (mm Jethylene [ethane [propane | CIS [TRANS Propiony] 
1FP 1¥P fluoride CF,0 

50 0 t2°"10,0085 0.0106 |0.0043 0.72 10.34 P.02 0.98 

54 O 13 |0.0080 0,01-40: 10; 0042) 10'.65'4.0.53% 10 02 1.06 

ie O 6.2 |0.0086 040703} 040057 10.65. 10, 8155,02 0.98 

DD 14,5 13 J0.0065 Oo 0 0166.10.34.) .33 1.84 

Of: toed Love 10,0007 0 0 0502 10635,20,54 tas 

DS 0 113.840.0092 0.9099 | 0.004 0,65 [0529-002 1 0G 

56 10.4 113.2 ]0.0068 0.0027 | 0.001 0,66: 10.32 10,32 too 
  

All conversions 

carried to 6%, 

were about 3% except Run55 which was 

This explains the low cis and trans 1 

fluoropropene quantum yields of this run, 

The main points evident from the table are 

1) The quantua yield of carbonyl fluoride is greater 

than unity in the presence of oxygei. 

2) Propionyl fluoride and carbonyl fluoride quantun 

yields are ltependent upon oxygen concentration, \ 

3) Gis and trans 1 fluoropropene yields are unchanged 

in the presence of oxygen. 
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RESULTS FOR THE REACTION OF OXYGEN ATOMS WITH 

THE FLUORINATED ETHYLENES 

Phe rate constants for the reaction of oxy:,en 

atoms with ethylene and all the fluoroethylenes were 

iteasured at 23°C ana 150°C, 

Rate constants and activation energies were estin- 

ated relative to a common reference olefin, 

2 trifluoromethyl propene Cr. 

CHa d ae, 

hereafter referred to as 2 Ti#iP) 

An extensive study has been aade of the addition 

of oxygen atoms to 2 TRMP 24 the advantages of using 

this olefin as a reference are:- 

a) The products are almost exclusively the epoxide 
(ean CE © 

ans aldehyde %. OH me i, ed 
2 n a vu “Me 

CHS ‘“o% CH, a 

b) The yields of these products are almost pressure 

independent above pressures of 100mm. 

c) Tre reactivity of the olefin with oxygen atoms is 

comparable to that of the fluorinated olefins. 
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4.2 ANALYSIS 

  

All G.L.C. analysis was carried out using a 4m. 

1/8" O.D. stainless steel colmmn packed with 20% 

di n-butylphthalate and 2% Carbowax 1000 at room 

temperature(2322°c). Nitrogen was the carrier gas, 

This arrangement was found to give good separation 

of epoxide and aldehyde peaks and for most olefins, 

good separation of other products from epoxide and 

aldehyde, (exceptionally, the cases mentioned in 

section 4.4). 

Carbon monoxide was measured with the copper 

oxide furnace. By correcting for the small amount of CO 

from the reference olefin (less than 2%) it was possible 

to egtimate the carbon monoxide yield frou the olefin 

beins investigated. However, in the case of ethylene 

a rather more refined procedure was necessary. It 

was found that at liquid nitrogen temperatures (77°K) 

the vapour pressure of ethylene was still. appreciable 

(0-005Snm.) and as a result, a small amiount of this 

olefin was collected with the nitrogen by the ‘oepler 

pump. Hor this reason, the trap in the reaction 

system was kept at about 65°K with liquid nitrogen 

cooled in a double-dewar (containing solid nitrogen 

in the outer jacket ee 

In the case of ‘ethylene, methane is also a 

product of the reaction with oxygen atoms. As a 

result, the non-condensibles frou the reaction contained 

a snall amount of methane which was not oxidised by 

the copper oxide furnace. . Hence, inetuane 

yields were estimated by mass spectrometry, after 
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copper oxide combustion. The samples were run on an 

ASI MS9 spectrometer using a direct entry to the source 

through a Varian leak valve in place of the normal solid 

sample probe. The instrument was calibrated with a 

mixture containing known amounts of nitrogen,carbon 

dioxide and methane. 

Carbon dioxide gives peaks at 44 (CO,") 

28 (co *) 

and 16 (0*) 

Nitrogen gives peaks at 28 ie) and 14 (NT). 

Methane gives peaks at 16 (CH,*) 

15 (CH,”) 

14 (CH,*) 

13 (0H") 

+2 Li") 

The proportion of hig was estimated from the intensity 

of the 16 peak (resolved from 0*)relative +o the 

intensity of the No peak at 28 after correcting for 

the air background and CO*t from CO,(via peak at 

44*), The test Mixture gave the following results 

If xX is the component whose molar ratio to nitrogen 

is required, then 

Molar ratio 
  

= <. = peak ht.of X (parent peak) | f 

2 peak ht.of Np (1a/e 28) 

J 
where fy is a calibration factor for the parent peak x 

PF -_ Bor 44°: of CO, XO00 w 1902 

f = 1.44 a CH, 

Hence it was possible to calculate the proportion of 

i 6167 of CH 

methane and carbon dioxide in the non-condensibles 

collected. 
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The absence of 27,26, and 25 peaks in any of the 

Samples examined showed that no appreciahle amount of 

ethylene had been collected (these peaks would corres- 

pond to cH,” ,CoH,", and CHT), 
2 
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4.3 RATE EQUATIONS 
The rate constants for the reaction ef ground-state 

oxygen atoms with several. partially fluorinated 

olefins have been measured relative to @ §uitable 

reference olefin. 

dhen mixtures of two olefins are irradiated in the 

a. of excess nitrous oxide, the reaction scheme is 

a) He 5.) + hWe(2537R ) Saeed He(P, ) 
b) He (°P, ) + 0 aon He 'S,,) 4 Mpg OF P) 

c) 0(? P) -+-olefin (1) = ity hae 

a) 0(7P) + olefin (2) a On Po + ceeee 

where & represents the fraction of oxygen atoms reacting | 

with the olefin to produce product P. 

Then ip; = *&, Mod Goi.) (1) 

and = AP, = ky & 0) [c1,] (2) 
Dividing (2) by (1) 

ne xo [or] AP. 
ee “otal * APY (3) 

where AP re the rate of formation of product 

P. Also by steady state considerations 

310) oe kb] fe) - x0] [or] at 

substituting (1) and (2) into (4) 

Me oe AP . AF, (5) 
é « 4 Xp 

where R, is rate of formation of nitrogen in reaction(B) 
N 

z 
Substituting (5) into (3), we can express the ratio of 

rate constants in terms of one product as 

si 2 fou c [x - 1 (6) 

k, ~ ld Py 
eC values and detector calibration factors can be 
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eliminated by performing experiments with olefins 

individually but otherwise under the same conditions 

as those used in mixed runs, 

Let AA, be the increase in peak area corresponding 

to the increase in product AP, then if detector 

calibration factor is f 

Ar, = cha, 
@& values are determined (in principle) in experiments 

with single olefins (denoted by *) by comparison 

with the product yield of nitrogen 

  

‘ @ - Oe [4 | > ie Sha) 

The last expression defines Q and Q*, 

Substituting (6a) into (3) and (6) respectively we 

obtain 

[2,] Ko Q5* Ay | 
pr] “ [3 “a* Pe tq) 

[025] ky a4” 
Ps = ie (9) 

It should be noted that the above equations are derived 

assuming olefin concentrations remain constant throughout 

&n irradiation, It is possible to correct for the sinall 

amount of olefin consumed (never more than 4%) by 

calculating the final concentration and using a mean 

value, Justification for this procedure is in the linear 

plots obtained.(section 4,5) 

for the purpose of this work, equation (8) was used purp 

to calculate the ratio of the rate constants, separate 

plots being used for epoxide, aldehyde and where 

applicable carbon monoxide yields, 
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From the fora of equation (8) a plot of (or) 1 
eZ 

bij “~ &, 
should give a straight line of gradient. a: et and 

k 2 
intercept ‘Me. Intercepts were genrrally estimated by 

feeding olefin ratios and 1/Q values into a liicro 16 

computer programmed to calculate the least mean squares 

kine, 

Hach plot should give the same rate constant ratio, 

but in practice some discrepancies are noted. MThis is 

usually due tp peak overlap of the products from the olefin,, 

with epoxide an@ aldehyde peaks of the reference olefin, 
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4.4 RsLATIVe RATH CONSTANTS FOR 0(7P) WITH THE - 

PLUQROBTHYLENES | 

Reaction at 23°C 
Detailed results are collected in Appendix 2. 

All measurements are shown graphically at the end of 

this section. Tables 4.1 and 4.2 contain the derived 

relative rate constants using equation (8) with 

least squares treatment of the data. The rate constants 

quoted in Table 4.1 are relative to the reference olefin. 

2 TFMP, and those in Table 4.2, relative to ethylene, 

The experimental errors quote. for the averaged value 

are based upon the difference in the relative rate 

constant as assessed from epoxide, aldehyde and 

occassionally carbon monoxide yields. In most cases 

the small yield of carbon monoxide from the olefin 

made the derived rate constant unreliable (see Table 

4.3.) In this instance, the result has been ignored 

when calculating the average rate constant. 

It was also found that in the case of ethylene, 

peaks from certain products of the reaction overlapped 

with aldehyde peak and for this reason, the average 

rate constant has been derived. from the epoxide and 

carbon monoxide yields . 
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TABLE 4.4 
Rate Constants for 0(?P) with the Fluoroethylenes 

  

  

  

  

  

  

  

  

  

  

Relative to 2 TP (23 and 150°) 

: Koletin / Konpyp other Olefin |TEMP~C lProduct used for estimation MEAN work ; 
Epoxide -| Aldehyde] CO Ref .56 

i +40 , + os CH=CH, [2521 2415, 1.68,* 1.594 1.81,70.3 | 1.81 
+40 : 4: 150=4 1.71, 1 62% 1 37 1 2971570.2 

CHo=CHF |2471° | 0.76, 0-70, | 0.525* 10.73,70.03] 0.69 
+40 x + 14844 0.81 0.80, 0,82, 0.81,70.01 

CF=CH,.J2542° 0.40, Geely 0.295% 0.38 5*0,01 0.39 
190242 0.49, 0.432 0.434% 0.46.*0,03 

Trans |26¢7° 1,04, 0.99, 1.019*0,02 0.97 CHF=CHF oo ; 151-1 dy te 1,09, 1.12 40.03 

Cis 9600" J oa 0.54 6.56.50,071.0,57 CHR=CHF 4 0 9 . 15124 0.71, 0.705 0.71, 0.01 

CF,=O0FH (2521°. 14,07 0.97 440230, 041-4402? 2 3 6 5 
+50 

DF, =CF, |2542° 3.14, 3.036 3.08,70.05 2.90 
15022° 2.04, 2.145 2.09470.05                 

* indicates these values not’ included in the averaged 

result, as they are thought to be unreliable, 

TABLE 4,2 
ere so 

Rate Constants for 0(?P) with the Fluoroethylenes 

  

  

  

Relative to CHo=CH.(23 and 150°C) 

This work K other work ref.56 Olefin 23°C 150°C 23°C 
CH, =CH (1.00) (1.00) (100) 
CH5=CH 0.40. O32 0.90 OF5=CH 0.215 0.29, 0,22 
Trans CHP=CHP 0,56 Oy 74 0.54 eis CHF=CHF G5 34 0445 a te CF, =CFH 0257 0.66 Oat 
CP5=CF, 1 1.35 TsGo       
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Absolute rate constants 

Absolute rate constants may be calculated from 

the relative values by means of the absolute rate 

constant for reaction of oxygen atoms with ethylene, 

Two recent independent determinations<® /4 have been 

made using fast flow systems, with agreement within 

35%. ‘the mean of these two results at 300°K is 
1 -1 

oP 4G! dite io ing™ sec. 

TABLE 4.3. 

Carbon Monoxide Yields (expressed as & percentaze of 

k = 
Coy 

nitrogen collected) for the Reaction of Oxygen Atoms 

with the Ethylenes. 
  

  

  

  

  

  

  

  

  

    

Carbon monoxide yield% ) > 
Olefin this work other work |Temp.(~C) 

ref .99 

CH=CH, 44.4 44,8 25 

45.3 148 

CHy=CHF at aa 22.9 25 

24.7 150 

CF5=CH, 13.5 14.5 23 

12 150 

Trans CHF=CHF Teo 329 24 

T.2 152 

Cis CHF=CHF oe ave 24 

9.1 7 152 
CP5=CPH 3.0 fen | 

4.0 150 

CF5=CF, approx.0 approx.0 eo 

0.8 145 

2 TEMP FeO 446 fo 

: 2.0 150       
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4.5 ARRHENIUS PARAWETERS FOR THE RBACTION BETWREN 

OXYGEN ATOMS AND THE FLUORTNATED HTHY LE NS 

Using the relative rate constants at the two temp- 

eratures quoted in the previous section, the activation 

energies and pre-exponential factors were calculated 

from the Arrhenius ‘equation 

= A exp(-B/RT) 

The activation energies and 'A! factors relative to 

2 TFiP and ethylene are shown in Table @.4. 

quoted are based 

The errors 

on the discrepancies between values 

calculated separately from epoxide,aldehyde and in the 

case of ethylene, carbon monoxide yields, 

TABLE 4.4 
Pre-exponential actors and Activation Energies of the 

Reactions between Oxygen Atoms and the Pluorinated | 

ithylenes 

  

  

          

Bie oe te ie ol ee a ol Coll, 
Olefin AS neu (kimoly© s) AG Hl (xJmo1.7') ) 24 

CH=CH, 0.98(20.1) | -1.59(+0,3) (7,00) (0) 
CHo=CHP | 1.03(=0.1) |+0,84(40.3) |1.04(10.2)]2.43(t0.6) 
CHo=CF, 0. 71h40.7} +1.42(=0.3) |0.72(40,2) 3,01(40,6) 

cis aa + us + ais 
CHF=CHE 1.23(-0.05)1 +1.92(10,1) 1.26(-0.2)13.51(20,4) 
trans 
CHF=CHF 1.40(*0.05)}+0.79(40.1) |1.43(40.2) 2 38(20,4) 
CFj=CFH | 1.06(40.1) |+0.0@R(40.4) |1.08(40.2) 1.63(40.7) 
CP,=CF, 0.86(=0.1) |-3.14(+0.4) 0.88(=0.2) |-1.55(+0.7) 
  Absolute Arrhenius parameters 

Westemhurg '* has made a detailed study of the 0(?P) 
/CoHy, reaction over the temperature range 195~715K 

using a fast flow technique. 
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Arrhenius plot showed definite curvature over the 

temperature. range. However, linear behaviour was 

observed in the range 226-380 K and the reaction rates 

were reasonably descritted by the equation:-— 

Kg yu = 5-0 x 10'*exp(-6270/R7) 
24 

where the pre-exponential factor is in units of 

om?mol7 sec?! and activation energy in Joules nok. 

This is in reasonable agreement with an estimate by 

Blias!% of the activation energy of the reaction 

being 6700 Jmo1.7! 

Using the Westenburg absolute values of pre~expon- 

entiak factor and activation energy the Arrhenius 

parameters of the fluoroethylene reactions have been 

placed on an absolute basis in Table 4.5 below. 

TABLE 4.5 

Absolute Arrhenius Parameters of the 0(7P)/Fluoro- 

ethylene Reactions. 
  

  

Olefin A om?mol7! ect! E( kJmoi;”') 

x 197 '¢ 

CH=CH, 5.0 6.27 

CH)=CHF 5.2. (580) 8.70 (=0,6) 
CHp=CF, #.0.. (21,0) 9.26 (20,6) 

cis CHF=CHF 6.3 (31,0) 9.75 (20.4) 

trans CHF=CHF 1.2481 0} 8.65 (70.4) 

CHF=CF, 5.4 (21.0) 7.90 (20.7) 

CF,=CF, a.€ “t2r 10% 4,72 (40.7) 

2 TFMP 5.1 (21.03 7,86 (20,3)           
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CHAPTER FIVE 

THERMOCHEMISTRY 

5.1 INTRODUCTION 

Thermochemistry is possibly one of the most 

important criteria in determining the feasibility of 

a@ reaction. For this reason, the heats of formation 

of products, reactants and related compounds 

have been extracted from the literature or estimated 

and are listed in this chapter for reference purposes. 

These will be utilised in the discussion section, 

Three important and general sources of thermochemicah 

data | were 

a) Stull,D.R.,Westrum,E.F, and Sinke,G.C. 

'The Vhemical Thermodynamics of Organic Compounds' 

John Wiley and Son, ist Edition, (1969). 

b) Benson,S.i. 

'Thermochemical Kinetics! 

John Wiley and Son, 1st Edition, (1968) 

c) Benson,S.W. 

‘Additivity Rules for Estimation of Thermochen- 

ical Properties, 

Chem.Revs., 69, 279, (1969) 

A fourth particularly useful source of estimated and 

experimental values for fluorine-~containing compounds 

and radicals was the review article 

a) Heicklen,J. 

"Gas Phase Oxidation of porhalocarbons., ‘i 

Advances in Photochemistry, Vol.7,pps.57-147, (1969) 

It will be realised that due to the degree of experi 

mental error and scarcity of thermochemical information 
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relating to fluorine containing compounds,much of the 

data in Table 5.1 is subject to some uncertainity. In 

Table 5.2 (a),(b),(c) and (d) correspond to the 

references given above, 

5.2 METHODS OF ESTIMATING HEATS OF FORMATION 

When the heat of formation of a compound has not 

been reported in the current literature, one or more 

of the following methods have been used to estimate 

the value, 

1) Method of Group Contributions 

A molecular property, such as the heat of formation 

of a compound, can be estimated by considering the 

property to be couposed of contributions from groups 

comprising the molecule. A group is defined as a 

polyvalent atom (ligancy > 2), in a molecule together 

with all of its ligands. Thus C-(H)3(C) represents 

a carbon atom connected to three hydrogen atoms and 

another carbon atom (ie. a primary nethyl group). 

Hach such group contributes to the heat of formation 

of the whole compound. 

Group values for On: contribution are shown 
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below in Table 5.1 for a number of relevant groups. 

Ca represents dihedral carbon considered as a bivel-— 

  
  

  

ent unit. 

TABLE 5.1. 
Some Group Contributions to Heats of Formation 

Group ABS uJmor =" 

C-(H).(C) 42 

C-(H)5(C)5 oe 

C-(H)(C); “e 

c~(C), +2 

C4-(H) (C) +36 

C-(F)2(C) -662 

C~(F),(H)(C) -428 

C~(F)(H),(c) 2h 
0-(F)5(C), -405 
0~(F)(H)(C), -205 
C-(F)(C). -184 

Ca-(F)o . -324 

C4 ~(#) (H) -157 

C4-(F)(C) ~130%       
  

Values taken from Ref.(b) 

* Estimated by the author. 

2) Method of Structural Sinilarity 

The heat of formation of a compound can be estab- 

lished by the following method. We select a co apound 

of similar structure, whose heat of formation is 

known, ‘We can then add or subtract contributions for 

groups that are either additional to or absent froin 

the parent molecule, 
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For example if we wish to estimate the heat of 

formation of CHZCHSCHSCF, we can select CHE=CF,, as 

the parent molecule (heat of formation = ~481kJmol.~!) 

and a contribution for the two extra CH, groups in the 

fluorinated butene. 

ie. Au (CH,CHCF=CF,) = -481 + 2 x (-21) 

—5o% «Jmol. tl 

If the group increment is not known then an altern- 

ative method is to assume that the difference in heats 

of formation of the trifluoroethylene :nd trifluoro~ 

butene is the same as the dirference between the heats 

of formation of ethane and n-butane, 

; j Oo ee oO 7 ie. An (CH,CH,CF=CP,) “ An. (CHFSCF, ) 

oO rt t o z Ax: (CH, CH, CH, CH, ) - AH} (cHCH, ) 

~481 + 84 - 125 

= 522 kJmol.. 

3) Estimation of Ring Strain 

Oo rt Yk AH, (CH, CH,CF=CP, ) 

If the heat of formation of the cyclic compound 

is known then the ring strain can be calculated by 

subtracting the group céntributions from the known 

heat of formation, Consider as an example, 

hexafluorocyclopropane, 

The heat of foriaation of cyclo Cale is approz- 

imately ~940 kJno1.7! Then the ring strain will be 

Axe (cyclo 08g) - 3 x AHP (c-(C)5(F)5) 

= -940 - 3 x (~405) 

= + 275 kJino1 7! 

It has been assumed that all the derivatives of 

hexafluorocyclopropane have this ring stain 

CEen A>, has the same ring strain as cyclo Cale. 

*2 
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The numbers in the reference column of Table 5.2 

  

  

  

  

correspond to the methods of estimation 1, 2, and 3 

mentioned above, 

TABLE 5.2 
HEATS OF FORMATION OF VARIOUS COMPOUNDS 

COMPOUND Axo (kJmo1.~') Reference 

Alkanes 

CHy -75 a 

CoH, —84 a 

CzHe -104 a 

cyclo CoH +55 a 

CHAP -254 a 

CoHeF ~266 a 

éx, cH bHF ~129 (+410) aes 
a 9 CH, CHS CFP-CF,-CF, -782 (=20) 1a oS 

Alkenes 

CHz CH=CH, 21 a 

CF5=CF, ~648 b 

CR,=CFH ~481 b 

CHy=CF, —-339 b 

CH, =CHE ~132 b 

CHP=CHF ~314 1 

CH,CF=CF, ~496°* (210) 1-& 2 

CH,CH»CP=CF, =5175) (510) 1&2 

CH,CH=CHF(cis and : 
trans ) -163 (=10) 1.82 

CFZCF=0F, -1110 a         

se 

 



TABLE 5.2 (cont, ) 
  

  

  

  

COMPOUND HO (kJmol.~') Reference 

Oxygen—containings 

compounds 

CF,0 -640 a 

CHFO -403 (£20) 2 (three nts) 

CH, 0 iit a 

CH,CHO (g) “167 a, 

CoH.0H (g) 234 a 

CHzCOF (g) -439 a 

OF,08 -758 d 

CH,CH,COF (g) 460. (392) 2 

ae -53 a 

OH OH OB, -105 a. 

Sale Say cae 643: (220) 1& 3 

Free Radicals 

Biradicals 

O: +248 b 

CF: -163 d 

CHp: +368 c 

CHF: +34. (210) 

OFCF -460 d 

CH,CH,CF: whe S10) 2 (two parent 

Radicals 

CH," +142 (24) c 

OF" -472 (417) d 

CoH, ° +109 (*4) c 

CF,=CF* mete: (210) d 

CFO’ +226 (+30) a 
CoH. 0p" -8 b 
CHzCH-CF=CP, ~375 e 

CP,0° wato%. (2255 d 
‘CH, CF=CF, mand. (220) 2       

{33 
 



5.3 BOND DISSOCIATION ENERGIES 

A reference table of bond dissociation energies 

is shown below for some relevant molecules, 06: 107,108 

TABLE 5.3 
Bond Dissociation Energies 
  

    
  

  

  
  

Carbon-Carbon Bonds Bond Energy (kJmol7!) 

CHz-CH, 368 

CH, =CHF 525 

CH= €6 552 

CHE=CHP 414 

CHF=CF, 360 

Bonds to Fluorine Atoms 

Ciz~F 452 

CP, ~F 519 

Miscellaneous 

N5-0 163 

CHz—H 4.355 

OP3-H 444       
These bond dissociation energies are utilised in 

the discussion section. 
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CHAPTER SIX 

DISCUSSION OF: 0(>p) +  FLUOROETHYLENE RESULTS 

6.1 GENERAL DISCUSSION 

Reproduced as Table 6.1 is a summary of the results 

reported in sections 4.4. and 4.5. 

TABLE. 6 54 

Summary of Rate Constants and Arrhenius Parameters 

OF 0(?P) + Fluoroethylene. 
ee ee a ee ee eh eee   

| 

  

  

OLEFIN k(23°C) 1k(150°C) Wigan, en 

CoH, (1,0) (1.0) (1.0) (0) 

CH, =CHF 0.40 O1S2 SV On ean). 2.43 

Gly CF, 0,22 0,30 so. 726202) 3.01 

OHF=CHF 0.31 0.45: 11, 2600.2) 3.51 

trans 

CHF=CHF 0.56 G23 44,451 10,2) 2.38 

CHF=Ci, 0,57 0,66 11.08(10.,2) 1.63 

CF, =F, 1.70 1:55 10s88(40,2) | =1.55           
  

Moss and Jennings? have previously determined the 

relative rate constant for 2 trifluoromethylpropene 

azainst butene-1 as 0.077. Cvetanovic”? has found 

that the rate constant for butene-1 against ethylene 

is 5.8 and hence the relative rate constant for ethylene 

avxainst 2 trifluoromethylpropene should be 2.2. ‘The 

directly measured value from this work was found to 

be 1.81 which is in satisfactory agreement. 

The only rate constant measured by other workers 

in the fluoroethylene series is tetrafluoroethylene. 

Heicklen*® determined the rate constant for owe 
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relative to ethylene and obtained a value of 1.1(+0.1) 

measuring the yield of CE50 by I.R. spectroscopy. 

3a180 in a competitive study, measured the Tyerman| 

rate for CoPy relative to CoH, by following the CP, 

formed using UV spectroscopy. He obtained a value of 

1,05(20,5). From the results of this work and that 

56 the results obtained were 1.70 and ¥460(2027) of ‘ioss 

respectively. It is difficult to explain the apparent 

discrepancy which lies autside the experimental errors 

associated with the various methods used. Carefully 

purified batches of the olefins were used for the 

determination. Additionally,it is unlikely that 

interference by cross products from the mixed system 

are responsible for the discrepancies as G.L.C. 

determination would tend to give a lower relative 

reactivity, 

It would appear that, in general, the relative 

reactivites of the fluoroethylenes with 0(?P) are 

governed primarily by activation energy differences. 

With the exception of 1,1 difluoroethylene and the 

cis and trans isomers of 1,2 difluoroethylene, the 

'A' factors relative to ethylene are unity within 

See inbriel errom, 

1,1 diflou:-cethylene displays a relatively low 

'A' factor (0.72) whereas cis and trans 1,2 difluoro- 

ethylene appear to have high 'A' factors (1.26 and 

1.43 respectively). As a result of the approximate 

constancy of 'a' factors the rates of the reactions are 

paralleled by the order of the activation energy 

differences. It should be noticed however that the 
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order is reversed for 1,1 difluoroethylene and cis 

1,2 difluoroethylene. fPhis is due to the large 

difference in relative 'A' factors (about 0.5) for 

the two compounds, The general observation of constant 

'A' factors has similarly been noted by Cvetanovib®> 

for the reaction of oxygen atoms with non-fluorinated 

olefins. (see Table 1.7) 

The arguments put forward by. Moss and Jannings?+??° 

to explain the reactivity differences of various 

fluorinated butenes and propylenes can be applied tio 

the fluoroethylene system, The reasoning has been < 

described in detail in section 1.5d. Briefly, it is 

suggested that fluorination initially decreases the 

reactivity by the -Ig effect, withdrawing electrons 

frog the system. However further fluorination can 

increase the TT electron density of the system by 

+Igp and + M effects, leading to an increase in 

reactivity. This, of course, assumes that reactivities 

are associated with electron density(formation of 

alf complex being the rate determining step.) One 

night argue that the above reasoning would necessarily 

imply that the Tf electron density initially decreases 

to a minimum for 1,1 difluoroethylene and then increases 

progressively with further fluorination. This is 

not reflected by the trend of ionisation potentials 

for the fluoroethylene which decreases regularly with 

increasing fluorination, !? 

In sections 6.2 - 6.5 an attempt is made to 

relate the order of relative reactivities to various 

properties of the individual flouroethylenes,. 
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Oz CORRELALTON OF RATHS WITH CALCULATED PHYSICAL 
  

PROPERTIES OF THE #LUORO#THYLENES 
  

Useful information about the nature of the 

transition state is often gained by relating rates of 

radical reactions to physical properties of the react- 

ing molecules. The physical properties of an olefin 

can be roughly divided into two classes. 

1) Properties associated with individual atoms in 

the molecule. These include charge density at the 

atom in question, atom localisation energy and inaximum 

free valence. 

2) Properties associated with the molecule as a 

whole. These include ionisation potential, excitat~ 

ion energy and W bond order. 

If the rates correlate well with atomic para- 

meters the reaction generally proceeds through a & 

complex located at the top of the potential energy 

pass, On the other hand, if the rates are related to 

double bond properties (the second class mentioned 

above), then it is likely that a TF complex ties at 

the top of the potential energy curve. Gvetanovil!4 

has successfully correlated the oxyzen atom reactions 

with bond properties of the olefins, strongly suggest- 

ing the formation of a JW complex at a rate determin - 

ing stage of the reaction. 

Calculation of the physical parameters can be 

very tedious even for relatively simple molecules, 

fhe introduction of a fluorine (or any hetero atom) 

can complicate the problem still further. However, 

68 Kilcoyne has calculated a number of useful parameters 
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using Hitckel theory. The results obtained must be 

accepted as extremely approximate. They are shown in 

Table 6.2 

  

  

  

  

                    

TASLE 6.2 

Parameters calculated by li.0. Theory for the Fluoroetntleves 

Molecule Pharge Density] Atom Localis—|Maximum Free |ixcit.| bond 
ation Energy |Valenee Energy] order 

2 a4 dp a He Tee EAD 

CHj=0H, | 1-000 | 1.000 | 2,200 |2.200 |0.732 10.732 }2.200 | 1.00 

CHF=CH, +5095 10,9506 ?..629 [1:2 159 4 0V594-"10.742 [2.13444 0.983 

CP5=CHy 14/9 PGB e285. OTT bee dels 607478 10.7170 146076 10.962 

cis & trane 
CHF=CHF e091 47 O51 2 578 42.575 70.590. $0,590 12.062 480,969 

Cfo =CHE Ale b.O.O7e 45.018 1.25590 Oy4O) £O.590444,000.1 0.954 

CPo=CF, 7.0G5°) 1,005"1 2,966 [279665 0.449 10. £4077 S261 0.995 

A brief explanation of each of the parauseters is useful. 

a)Atom Localisation nergy (ya) 

is the energy required to localise a TT electron 

completely on carbon atom JA of the double bond. 

This can be visualised as the process 

‘X ° we ee oo 
a a ~ 

b) Maximum Free Valence (FA)   

can be regarded as a measure of the"available 

valence" at atom & . @his therefore is related to 

the ease of forming an incipient bond at this atom. 

c)Excitation Bnergy (€) 

Ideally the excitation energy should be the differ- 

ence in energy of the ground state olefin malecule 

and the lowest excitated triplet state. If calculated 

iv 

by Huckel theory, it is the difference in energy of 
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ground state and the averaze of lowest excitated 

triplet and singlet states. ‘This is because Huckel 

theory does not take into account electron spin. 

d)_. Bond order (Py ) 
is a measure of the Welectron density in the bond 

between carbon atoms and ¥ (ie. a measure of the TT 

charge in the bond between the two atoms.) 

An attempt to correlate the rates of oxygen react- 

ions with the various paraueters listed in Table 6.2 

has proved reasonably successful. The results are 

illustrated in graphical form in Figs.6.1 to 6.8, 

. Hor each of the parameters, charge density, 

localisation energy, maximum free valence, Whbond order 

and excitation energy, it is possible only to correl~ 

ate those olefins with a comuon teriainal group(ie. 

those olefins with Cit, , CHI and CH» groups considered 

as three separate series of olefins.) The atomic 

parameters are considered for more and less substituted 

carbons. Necessarily, the variation of rates with 

these parameters must be opposite for the two ends of 

the molecule. This is because the atomic properties 

of the two carbons of tie fluoroethylene are 

complementary eg. as localisation energy at the less 

substituted carbon decreases, the energy at the 

opposite end increases. + 

120



k 
Eg te 

O22 

0.1 

0.0 

-0.1 

-0.2 

  

  

  

  

PLOTS OF log.. 
i 

of 

CoH) 

- 

0:8 

© t-CHF=CHF 

: ©c-CHF=CHF 

CH.=0r ; Pe 

FIG... 634 LESS SUBSTITUTED CARBON 

  

    

  

k 
D0 ks 

24 

ce CF,=CF5 

0.7 | 

0.0 Eee i i . < CHARGE 

ie ao DENSITY 
=0.4 pag 

Oo 
CHF=CF,, 

-0.3 

-0.4 ——— CF, groups 

SOA ©c-CHF=CHF CH,__groups 

~0.6 - 

AGAINST CHARGE 

  

  

FIG. (fe MORE SUBSTITUTED CARBON 

DENSITY



  

  
   

      

   
   

1084 0%01 

k CoH) 

0.2 5 

Get T 

0.0 
2.0 

-0.1 | 

-0.2 

-0.3 |. @tCHF=CHF 

-0.4 1 

-0.5 | © cCHF=CHF 

-0.6 CF,_groups 

eS CH, groups et CH)=CF, a 

FIG. 6.3 LESS SUBSTITUTED CARBON 

PLOTS OF 10845 k AGAINST 

*°810%01 

  

    
    

“CoH, 

ee GFo=CFo 
0.1 

0.0 
Ox Be z 7.2 

61 LOCALISATION ———_— 
ar ENERGY 

-0.2 

CHF=CF, ae 

~—CF groups 

1A CHFSCHoy CH, groups 

cCHF=CHF 
-0.5 s 

-0.6 

CH=CF., 
-0.7 S 

  
FIG. 6.4 MORE SUBSTITUTED CARBON 

LOCALISATION _ ENERGY



in 
10849 ko) 

    

         

  

      

k k CoH, CoH) 

0.2 O23 .. a CF5=CF, 

0.1 0.17 F 
. CH=CH. 

O50 0.0 1 a 2 oN 2 ae 

FREE VALENCE O.4 0.8 E 
-0.1 204 b 

-~0.2 

-0.2 BR 

20,3 2 | CH, GROUPS 

CF, GROUPS -0.4 | -0.4 L CH =CHP =e 

-0.5 G5 | © cCHF=CHF 

-0.6 -0.6 FP 
CH)=CF, 

ns | “0,7 & 

Fic. 6.5 LESS SUBSTITUTED CARBON , FIG. 6.6 MORE SUBSTITUTED CARBON   

  

_PLOTS OF 1084 9k AGAINST MAXIMUM FREE VALENCE:



log, o“o1 

  
  

  

     
   

  

  

    

  

k 
CoH) 

0.2 ¢- CF=CF, 

0.45: 
EXCITATION ENERGY 8 BOND ORDER ———e aeoancagee lille CH=CH 

f 1 r 1 > 0-0 1 1 L Gy 

2.00 2.05 2.10 2.15 20 0.92 0 ‘f.00 

-O71° 1 : 

-0.2 L : 
CHF=CF., “0.2 F 

& © *CHF=CHF 0.3 0.3 
r CF, groups ———— . S CF, groups 

-0.4 [ Ak CH. groups 

CH, groups : © CHF=CH, 

0.5: 1 -0.5 L © ACHF=CHF 

-0.6 | -0.6 

WO.7 -0.7 CHL=CF, 

FIG. 6.7 LOG,, k vs. EXCITATION ENERGY FIG. 6.8 LOGj, k vs. BOND ORDER 
    

PLOTS OF 102, ok AGAINST BOND PROPERTIES



6.3 COMPARISONS BETWEEN OXYGEN ATOMS AND OTHBR RADICAL 

SPiC tes 

In Table 6.3, the rates of reaction of 0(7’P) 

with the fluoroethylenes are compared with rates for 

other radical species. 

Relative Reactivities of Fluoroethylenes with Atoms and 

Radicals, 

ZABLE 6.3 

  

  

  
    

o(Pyo(rpy} o( Pls (Fp Cl, JOR; |cHi, (3p cP. 
25> H50° bes". pot |.95° 16491 a6a> 15 a5°1 Lev) 

CHp=CHy {1.00 |1.00 | 1.00 [1.00 |1.00]1.00]1.00]1.00]1.00 |10.66 

CH =CHF 0.41 10.52 10.38 [0.42 |0.68]0.7110.4710.60|0.79 [10.45 

CHp=CF, 0.22 10.30 | 0.22 (0.10 |0.1210.25| .47]0.33]0.62 110.45 

c.CHP=CHF |0.31 (0.45 | 0.32 

t,CHP=OHF (0,56 0.71 |0.54 

CHF=CF5 0.57 0.66 | 0.57 P.07 10.05 10.27 0.16]0.41 10.33 

OF, 0B5 2 1410 [33 1-1,60.0,09 0.231, 218004210,.1010;21-110,42 

Reference [This work | 56 | 66 |67 | 67 |7o0 TieeFe 1                     

It can be seen that electrophilic species such as 

S(?P), Cr. and Hg (?P, ) do not show the same trends in 

reactivity as are exhibited by oxygen atom reactions, 

As pointed out previously the rates of oxygeu atom 

reactions (at both temperatures) fall with increasing 

fluorination to a minimum for 1,1 difluoroethylene; 

further fluorination then increases the rate for the 

olefin. In marked contrast, the rates of the other 

electrophilic species mentioned above, progressivly 

decrease with increasing fluorination. 

ion between rates of different: 

A useful procedure when searching for a o correlat= 

radical species is to 

plot the logarithm of the rates against each other. 

vat 

 



This is called a free energy plot. The theory of the 

procedure has previously been described in section 1.4. 

A good free energy plot often suggests that the react- 

ions proceed through a similar tr-nsition econplex, 

A detailed analysis of log-log plots for the species 

listed in Table 6.3 yielded the following information. 

a) A good correlation between rates of methylene 

and He (?P, ) with the fluoroethylenes. 

b) An approximate correlation of the Cis and CCl, 

reactions, 

c) No correlation of oxygen atoms rates with other 

radical species. 

It would appear that methylene and Hg (?P, ) 

reactions are in some way related. It is also possibile 

that CCl, and CPs reactions are related. Indeed Tedder 

and Walton! !7 have pointed out that the reactions of 

CCl CFzand Oslo with the fluoroethylenes follow 3? 

the same trends, 

Unfortunately the free energy plots do not reveal 

any useful information on the mechanism of the oxygen 

atom reactions. It has been noticed, however, that 

methylene and Hg (7P, ) reactions relate well with 

bond properties of the fluoroethylenes. Plots of 

excitation energy and bond order against the logarithm 

of the rate constants for the two reactions reveal 

a linear relationship. A similar correlation has 

been noted for ionisation potential with the rate 

constants, 
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6.4 GENBRA. CONCLUSIONS 
Although there seems to exist a relationship 

of both bond and atosic properties with the oxygen 

rate constants (section 6.2) the evidence presented 

above points more towards a © than a VI transition 

state. The arguments against a 7 complex are as 

follows:- 

1) As mercury and methylene reactions correlate 

well with TT bond order, excitation energy and ionis- 

ation potential there is every reason to believe the 

reaction proceeds through a VW) transition. state. 

However, the complete lack of correlation in the free 

energy plots of these two species with oxygen atom 

reactions, would tend to suggest that the transition 

states are different, especially when one considers 
an 

that triplet mercury atoms behave 4 S, eleetrophilic 

species! >, 

2) Even though Figs. 6.7 and 6.8 do show a 

correlation b@teéeen bond properties and rate constants 

of fluoroethylenes with a common reaction centre, 

this relationship is probably fortuitous. ‘whe idea of 

a reaction proceeding through aV¥ transition state 

(ie. rate associated with the double bond properties) 

and yet at the same time being influenced by the 

nature of the group at one end of the double bond 

(rate associated with atom properties) seems rather 

unlikely. Conceivably this might suggest an intermed-— 

iate transition state, but it is also unlikely that 

the Tf and @ character could be separated by the method 

mentioned above. 
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Evidence for a @ transition state seems somewhat 

stronger. 

1) The good correlation of charge densities, atom 

localisation energies and maximuin free valence with 

rate cogstants can be incorporated into a general 

theory of a @transition state, 

2) The idea of dividing the fluoroethylenes into 

separate categories with common reaetion sites simpli- 

fies the corr®lation ~considerably. The idea of 

separate reaction sites also is in keeping with reacts es 

ion taking place at a particular carbon, and not with 

the double bond. ‘his method has been usefully 

68 to relate hydrogen atom reactions employed by Kilcoyne 

with fluoroethylenes to a @ transition state. At this 

point it is necessary to formulate a more concrete 

theory in keeping with the observed correlations, 

If the oxygen atom reactions are influenced by 

Similar factors to the reaction of alkyl radiccls 

with olefins, then one of the major cousiderations 

is the stability of the radical formed. Cvetanovié '*9 

has pointed out that the carbon with the higher free 

valence is most likely to determine the initial 

position of attack in O transition state reactions 

Examination of Table 6.2 reveals that the less 

substituted carbon has the higher free valence and 

hence is more susceptible to attack by the oxygen atoms, 

However it must be noted that the rates of the 

oxygen atom reactions are not related to the maximum 

free valence of this carbon atom (rates increasing 

with decreasing free valence as is seen from HIP, Ot 5 ) 
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Careful examination of VFig.6.4 revenls that the expect- 

ed correlation does exist between the localisation 

energy at the more substituted carbon and the rates of 

the oxygen atom.rcactions (rate decreasing with increas- 

ing localisation energy). Any different interpretation 

(eg. attack at the more substituted .carbon) gives the 

opposite correlation to that expected with free 

valence and localisation energies. The following 

conclusions have therefore been drawn, 

1) the position of initial attack is dictated 

by the free valence of the respective carbon atoms in 

the fluoroethylene molecule ie. attack at the less 

supstituted end. 

mn) the rates of reaction appear to be related 

to the localisation energy (energy to .localise a 

electron) at the more substituted carbon, 

3) the rates of the oxygen atom reactions with 

the fluoroethylenes are best correlated by considering 

those olefins with a common reactive centre, rather 

than by considering progressive fluorination of ethylene, 

Cvetanovil®? has proposed a tentative potential energy 

diagram for the reactio. between oxygen. atoms: and 

hydrocarbon olefins. Thidg is shown in Fig. 6.9. 

He visualises the activation energy AE as being the 

result of initial electrostatic repulsion between the «. 

electron rich oxygen radical and double bond of the 

olefin. At C a state is reached wheret electrostatic 

repulsion is balanced by the charge tranfer- process, 

electrons being donated by the double bond to the oxygeu 

atom to give a loose Weomplex. A is presumably a 

tea
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JT complex in which the initial repulsion has been 

overcome and B then corresponds to the biradical inter-~ 

mediate, relatively stable, which undergoes further 

rearrangement to give the products. 

It should be noted that at C, the oxygen ato 

has not yet become localised on any particular carbon 

atom, but is rather reioved from the olefin molecule 

and loosely associated witn the double bond, 

It seems probabl©®from the conclusions of this 

work that a rather different reaction scheme operates 

for the fluoroethylene system, this is illustrated in 

Fig.6.10. It is proposed that A corresponds to the 

formation of the biradical (not the TT transition state 

advanced by Cvetanovic for the hydrocarbon olefins.) 

This biradical is considered to be formed by addition 

of oxygen to the less subsitituted end, Tt would 

seem reasonable to assume that initial attack is at 

the less substituted end because of electrostatic 

repulsion experienced if the oxygen atom approaches 

the more fluorinated carbon, for example, with 

1,1 difluoroethylene the biradical formed would be 

CF,-CH,-0'. This dees not necessarily mean that 

the products formed are associated with addition at the 

less substituted end of the molecule. Cvetanovic? 

has mentioned that for the hydrocarbon olefins the 

factors controlling the rates of the reaction are not 

the same as those governing the nature of the products, 

It is possible that the oxygen atom subsequently . 

becomes attached to the other (more substituted) 

carbon which might be visualised as passing through 
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an intermediate state CH,——CF, (B) 

Sail 

However, as a detailed product analysis of those 

systems has not been undertaken, it is difficult to 

predict to:.which end of the molecule the oxygen 

eventually attaches itself. It seems unlikely from 

the foregoing discussion that the Klein mode1?2’40»41 

is involved in the rate determining process (ie. form- 

ation of A in Fig.6.10). As previously mentioned, 

the transition state proposed is one in which loose 

bonds are formed with hydrogen on the same side of the 

molecule as the oxygen becomes attached, 

eg. with cig and trans 1,2 difluoroethylene, the 

envisaged transition states would be 

Pig % ‘y nwt 

~‘ 
uo o%-S 7S Ny) 

cis complex trans couplex 

Oy, the Klein theory oxy.en bonds are formed to both 

carbon atoms simultaneously, contrary to the observations 

in this system in which rates are dictated by propertics 

of the less substituted carbon, 

However, Klein complexes have been successfully 

employed to explain the nature of the products of 0(?P) 

~ olefin reactions and there seems no reason why the 

Klein transition state could not be important in some 

later stage of the product foruing process(point B of 

Fig.6.10), 
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6.5 THE REACTIVITY DIFFMRENUES OF CIS any) TRANS 
  

4, 2vIFLUOROBTAYLENE _ 
  

in this section an attempt is made to discover 

the factors responsible for the difference in reactivity 

of the cis and trans isomers of 1,2 difluoroethylene 

with oxygen atoms. 

The differences in reactivity can be due to 

i) steric differences (associated with 'A' factors) 

ii) energetic differences (associated with activat- 

ion energies.) 

Table 6.1 shows that the difference is a nixture of 

both factors. The trans isomer . reacts faster with 

oxygen atoms because of the larger 'A' factor ana also 

because of the lower activation energy. 

Moss?° has considered the problem by the following 

approach:-— 

From a detailed experimental study of the 

isomerisation equilibrium’! *! 

cis CHF=CHF === trans CHF=CHF 

1 (298K) Bio5+ = +3890 Jmol.” 
Oo 1 

AS. 54 

the cis isomer is thermodynamically more stable. Fron y: ¥ 

1 
$0.56 JK mel (298K) 

a knowledge of the ratio of the rate constants at 

room temperature, certain deductions can be made of 

the differences in the transition states for the two 

isomers. Using the information above 

Ac? = 3725 Jmol.~' at 298K, Now if the 
ct 

transition states for both isomers are identical the 

situation can be represented by the free energy diagram 

of fig.6.11(a). Alternatively the free energy difference 
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of the ground state molecules may be retainzd or 

enhanced in the complexes as illustrated in Fig. 6.11(b) 

If (b) is the true situation then Act 3 Act and 

the reactivity of the cis isomer is greater than or 

equal to the trans isomer. ie. ko / BP 14 Op 
o . : 1 A +O If (a) is valid then ke oe An] 

Kk. ce Re 

(ie. i. i kes Kn, the equilibrium constant for 

cis 4 trans isomerisation at temp. 1), 

= O2i_at 298% 

Experimentally, k /X,, as ineasured in this work is c 

0.60 which indicates that the transition states lie 

Somewhere between the two extremes. 

  

More specifically, Keis on aie oF i. AM) sar 

trans 
AY 2Uck,; kf kK, = 0.60 and hence 

¢ & 1 CA Me us Beso3 3 = +1270 Jmol. (298K) 
  

ie, the free energy difference in the transition state 

is less than the free energy difference of the ground 

state molecules by 1270 Jnol.7! 

# £ -1 ie. ois 7 Strans = —3/@5 + 1276 <> e2455 Jmol, 

Similarly using the ratio of the rate constants at 

424K measured in this work 

  

xois / Ktrans = 0-634 

got - eet, s +1610 Jmol .~! (424K) 

ne ane (aoe ....) : (Aut, An...) 

n@o® Ase...) 

We obtain the two simultaneous equations (3) and(4) 
(3y> W276 es ere Anfrens) ~ 20(AET *trens) 

(A) 1610 (BH 5 AH rans) sh ( 8315-8 trans) 
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Solving, we have 

  

+ . 
(ACS, - - ar) = 465 J mol. a 400.8. nds") 

+ 
and (As oie. oS - Ast St rans) ome. 7 J MOS as oat 1,.0Jmol. ae ae 

es hl AS Ne EL ma cm ce 

(limits of error have been assessed froin the experi- 

imental errors incurred in measuring cis and trans 

rate constants at 298 and 433 °K) 

The results indicate 

a) the enthalpies of the transition state are 

465 J mol.~ closer together than the ground state 

molecules, 

b) the entropies of the transition state are 2st 

tie en) ferther removed than the ground state 

molecules. 

The results are illustrated in #igs.6.12 and 6,15. 

A contrasting systea is the 0(?P) ~ dutene-2 reaction 

In this case, the trans isomer of butene-2 is the more 

14 

stable but is the more reactive with oxygen atoms. 

Thernodynamic data! @* indicates that 

0 a ad Oe “ -1 Ac? ae - Age ee = 2880 J mol, 

The ratio of the rate constants for cis and trans 

: ‘ re re Sache: © 
putene-2 deterained by Cvetanovic " was ere6 (ie ./ Ki ais) 

at 298 K. Using the same method of calculation as 

previously described for 1,2 difluoroethylene, we 

find that the difference in free energy of the 

ares : a =i 
transition states is 3252 J mol... This is illustrated 

in’ fi¢e.6614, Tt can be seen that the free energy 

difference between transition stetes is greater 

than that between. the ground state molecules whereas 

for cis and trans 1,2 difluoroethylene the converse 

is evident. 
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The enthalpy diagram (Pig. 6.12) for cis and trans 

1,2 difluoroethylene, is in one respect not compatable 

with the transition state being the biradical. If 

the biradical corresponds to the highest point of the 

enthalpy curve then we would expect a11 configuration-~ 

al differences to be eliminated ie. cis and trans 

isomers passing through a commen transition state. 

However, it can be seen that energy differences 

associated with configurational factors are retained 

in the transition state. It seems difficult to 

explain this in terms of the discussion in the 

previous sections. 
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CHAPTER _ SEVEN 

DISCUSSION OF THE O(°P) + 1,1,2 TRIFLUOROBUTENE-1 

REACTION 

SECTION A : IN “HU ABSENCE OF MOLECULAR OXYGEN 
7.1 PRODUCTS AND YIELDS 

The main products of the reaction are cis and 

trans 1 fluoropropene and carbonyl fluoride, sinor 

products include fluorocyclopropane, propionyl fluoride 

ethane, ethylene and propane, 

The quantum yields of each of these products from 

a typical run at roon temperature and 250ma,. pressure 

are shown in Table 7.1 below. 

TABLE 7.4 

Quantum yields of products O(7P) + 1,1,2 8B reaction 

at 23°C and 250mm. pressure. 
  

  

  

Product Quantum Yield 

@thylene 0,0068 

Ethane 0.011 

Propane 0.0036 

Gis 1 flueropropene 0.65 

trans 1 fluoropropene G34 

FPluorocyclopropane 0.042 

Propionyl fluoride 0.029 

Carbonyl fluoride 0.89     
  

In the following discussion, an attempt is made to 

foraulate a mechanis:: which satisfactorily explains 

product formation and certain other aspects of the 

reaction, 
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7Te2 PRIMARY PROCUSSuS 

The reaction of oxyzen atoms with non-fluorinated 

olefins has been discussed previously (Section 1.4). 

Cvetanovié proposed the initial adduct as a biradical 

with oxygen attached to the less substituted carbon of 

the double bond. The main possible reactions of the 

piradical were; 

a) ring closure to epoxide. 

b) intramolecular aigration of an alkyl sroup or 

hydrogen atom to form aldehydic or ketonic 

products, with the same number of carbon atoms 

as the olefin. 

ec) fragmentation to products with a sisaller aumber 

of carbon atoms than the original olefin, 

The reaction of o::zygen atoms with small olefins 

proceeds with predomiuant fragmentation (reaction c) 

because excess energy of the biradical cannot be 

accomodated by the few vibrational modes of the iolecule. 

Using Uvetanovit's scheme, we would expect two possible 

biradicals for the 0(°P)/1,1,2 TB reaction: 

CF, CFEt and CF, ——CP ——#t 
beg 2 
0, 

(A) (3B) 

It is difficult to predict which biradical is formed 

in accordance with Cvetanovié's theory as, the "less 

substituted carbon" is rather an anbiguous expression 

when applied to 1,1,2 TiB; one carbon of the double bod 

is substituted with two fluorines, the other with one 

Fluorine and an ethyl group. 

No identified products of the 1,1,2 TFB reaction 

had more than three carbon atoms end no detectable 

amounts of epoxide were formed, +his suggests that 
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reactions a) and b) of the biradical (mentioned above ) 

are not important in this system and it would seem 

likely that(A) or (8) fragment almost completely. 

Predominant fragmentation would appear peculiar to the 

fluorinated double bond rather than related to the 

molecular size of the olefin (non-fluorinated butenes 

give high yields of epoxide and four carbon carbonyl 

compounds ii their reactions with oxygen atoms*>), 

Heivkleute © has noted that small perfluoro-ole 

fins with a terminal double bond yield carbomwyl fluoride 

a quantum yield near to unity. Im the case of tetra 

fluoroethylene, primary processes considered most 

likely were 

O + CoPy ——} CF,0 + OCF: 

or 0 + Ooh, ep Co#,0 —-} CHO + OF: 

With perfluoropropylene 46 ,52,53° primary processes 

proposed were 

O + Cah —) C50 + CHgCP: 

Cc ale -——t aoe + OF»: 

O + Cals ————w) Cai60 

The structure of the oxygen-containing interuediate 

has not been elucidated but is probably the excited 

biradical or epoxide 

P ame Chee OF, ; CP zUP mm Ci, +. 02 poe 

O° os" 0 

Gvetanovie's and Heicklen's schemes are broadly 

conpatible if we consider the overall reaction as 

wr Cis en om) ot CEZOR: + CP50 

02 

O + CP,0F=CR, 

CihgCs _ C's moe Cats C20 + Cf 
Oe



By analogy, the corresponding 1,1,2 TFB reaction 

kde oie oa —CFEt —>CF,0 + :CFBt = (1a) F 2 
OF, = CFEt + o(3py*d (a) 

‘OP, —CFBt —> EtCKO + Cr (1b) 93 

Ot 

ie.,addition to the terminal fluorinated carbon gives 

carbonyl fluoride and the carbene BtCF:, whereas 

addition to the other carbon of the double bond is 

expected to yield propionyl fluoride and CE: In the 

absence of oxygen the yields of carbonyl fluoride and 

propionyl fluoride are probably indicative of the extent 

of addition to the two respective’ carbons of the double 

bond. As the quantum yield of propionyl fluoride is 

is very simall (0.02) and carbonyl fluoride relatively 

large (0.9) most oxygen atoms add to 1,1,2 1B with 

formation of biradical (A). 

The small pressure dependence of carbonyl 

fluoride quantum yields (ig. 3.7) would indicate that 

intermediate (A) is very short-lived and is not collis- 

ionally deactivated within the pressure htas ive sticctes 

in this study. 

If we accept reaction 1a as the main primary 

process, it is necessary to consider some possible 

reactions of the carbene §tCi:,; 
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7.3 REACTIONS OF HE CARBENE (CH_CP: ) 
qo 7 

48549550 verified that difluorocarbenes Heicklen 

formed in the reaction of o(?P)with tetrafluoro- 

ethylene is in the triplet state (from the reactivity 

of AGR. vith molecular oxygen, not shown by the corres-~ 

Ponding singlet series .) This is in accordance with 

Spin conservation rules 

O(7P) + OF, i CF,0 + FOR, 

Heichlen*t®» 92193 has gimilarly postulated that 

:CPs and CPZCR: formed in the perfluoropropylene 

reaction (section 7,2) are also in the triplet state. 

#rom these considerations, there is good reason to 

believe that the carbene, CoH CP: froin reaction ia is 

also formed in the triplet state. 

Carbenes exhibit a variety of reactions !*? The 

three most important are outlined below 

R 
pal Nowe = CHR ff 4 

  

4 > 
R, Re 

ee idea - zy a > x \ 
if, a RS HT 

  
Reaction a) refers to hydrogen atom shift, a well- 

known reaction of alkyl and dialkyl carbenes. MThe 

reaction proceeds intramolecularly and predominates 

when the carbene is substituted with straight chain 

groups (ie. R, and Rz are hydrogen), 
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Reaction b) illustrates cyclisation of the carbene, the 

carbenyl carbon inserting into a suitable C-H bond, 

by an intramolecular mechanisin. This reaction is 

increasingly predominant with increasing branching of 

the substituted alkyl groups. Relative yields of 

substituted eyclopropane increase in the order 

R = nbutyl € isobutyl € neopentyl. 

Reaétion c) represents the well known addition of carbenes 

to olefins to give cyclopropane derivatives. 

These three reactions have been used to explain 

a number of products observed in the present system, 

a) Hydrogen atom shift 

The analogous reaction for ethylfluorocarbene is 

F 

| CH,CH, - CG: —————} CH, CH = CHF (2) 
Cis. and trans 1 fiuoro= 

propene 

Reaction 1a predicts that the carbene and carbonyl 

fluoride are formed in equivalent amounts. It has been 

observed that carbonyl fluoride and 1 fluoropropene 

yields are almost identical, This suggests thet the 

carbene isomerises overwhelmingly to orm 1 fluoropropeue 

by reaction 2 

The ratio of cis to trans 1 fluoropropene was 

found to decrease with increasing temperature (Fig.3.10) 

and with decreasing pressure(Pig.3.9). These observat- 

ions have been explained by the ideas outlined below, 

Rotation of carbene molecule is illustrated oe 

atically assuming a tetrahedral configuration, 

x a 
~ 

‘, 
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X and Y represent the tio vacant valencies on 

the carbenyl carbon. It can be seen that isowerisat- 

ion of the carbene yields cis 1 fluoropropene if 

the fluorine atom is in close proximity to the methyl 

group at the time of hydrogen atom transfer, tte 

thought that in this position a certain amount of 

attraction is experienced due to the proximity of 

the methyl hydrogens and the fluorine atom, If the 

carbene is formed by reaction ja without excess 

energy (in equillibrium with the surroundings) then 

we anticipate the attraction to result in a predomin- 

ant amount of the cis isomer being formed. However, 

if the carbene is given progressively more energy, 

the attraction effect will assume less and less import- 

ance and hydrogen atom transfer occurs with the molecule 

in a random orientation. This would be observed 

as a decrease in the cis/trans ratio. 

The pressure dependence of the isomer ratio 

seems to be best interpreted as progressive removal 

of excess energy from the carbene by collision, 

yielding at high pressure, the carbene in thermal 

equil~ibriwa with the surroundings and therefore a 

higher yield of cis-olefin. 

nereasing the reaction temperature, on th 

hand, increases the energy of the biradical resulting 

in a decrease of the cis/trans ratio. 

b) Cyclisation 

Cyclisation of ethyl fluorocarbene is expected 

to yield fluorocyclopropane as shown below, 

i H { ce 

C CH» -C° F 3 os 

A B05 > cH, 
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As fluorocyclopropane and 1 fluoropropene are formed 

intranolecularly frou a common intermediate (the 

carbene) one would expect factors affecting the yield 

of the intermediate to produce correspondingly affected 

yields. of both products. for example, the pressure 

dependence of 1 fluompropene is paralleled by the 

pressure dependence of fluorocyclopropane. However, 

diminished yields of fluowcyclopropane at high convers- 

ions are explained by competition of 1 fluompropene with 

1,1,2 TFB for oxygen atoms. 

c) Addition to an olefin 

A possible reaction is 

7 = Op ee ee CoH.CP: + Ci, = CHit ——» cr, ye t 

CF 
Et 

Although this compound was not specifically 

identified as one of the reactiog products, it is 

possible that a small amount formed would correspond 

to one of the two trace products observed in the high 

poiling point region of the Porapak Q chromatogram 

fetes 90133 Difficulty of synthesis prevented 

subsequent confirmation. 

The addition process was considered unimportant 

in the overall reaction due to relatively fast isomeris~ 

ation of the carbene. The high quantum yield of 1 

fluoropropene confiris this supposition, In addition 

extensive fluorination of the double bond would be 

expected to reduce the rate of thecarbene addition by 

a relatively large factor.?? 

139



7.4 FORMATION OF MINOR PRODUCTS 
  

Fluorocyclopropane formation has been discussed 

in Secuion 1.5; The remaining minor products are ethane, 

ethylene and propane, identified by the techniques 

outlined in Vhapter 3. 

A number of runs carried out at low conversions 

(less than 1%) confirmed that all three minor products 

were formed by . primary processes. Hach product 

exhibits a marked pressure dependence, yields of each 

increasing with decreased pressure (ige.3,8).° This 

behaviour is similar Sectna eae Cvetanovie’°? forsfrag~ 

mentation products of the non-fluorinated olefin 

reactions with oxygen atoms, In Gvetanovié's scheme, 

increased yields of fragmentation products are attrib- 

uted to the inefficiency of collisional stabilisation 

of "hot" intermediates at low pressure, excess energy 

being dissipated by fragmentation of the primary 

adduct, 

With these ideas in mind, the formation of each 

minor product is discussed. 

a)ithane 

One possible source of ethane is from the combin- 

ation of two methy] radicals. For example, the 

process might be 

O + CP, & CPC os —SJ CH + fragments 

followed by Cis + CH my CoH, 

As oxygen atom concentration is directly proport- 

ional to lamp intensity, reducing the lamp inteyvsity by 

a factor of 10 would resuit in a 10 fold reduction of 

methyl radicals from the first reaction, although the 

uantum yield is unaffected = 2 quantum yield von, Roy 
eee 

£ No Fd
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However, the ethane formation process is me aueed by 

a factor or 100, giving a quantum yield of ethane 10 

times less then that at full lamp intensity. ‘his 

direct dependence of ethane quantum yield with lamp 

intensity is contraryto observation (Section 3.5 )s 

In addition, radical-radical combination processes are 

highly inefficient at low pressure. Pressure depend- 

ence curves indicate ethane yields increasing at lower 

pressures. For this reason, the above scheme has been 

Gismissed as a likely source of ethane. 

Abstraction of a methyl group (from 1,1,2 TFB) by 

by a methyl radical has also been discounted because 

of the absence of methane amongst the reaction products. 

Formation of ethane from ethyl radicals seems the only 

logical alternative. kadical formation processes are 

conceivably 

O + CoH. CF = CF, 9 Ole + fragments (3) 

7 + uae ves Ge Ty ¢@ LT ry 1 mad ior Ha + CoH. CF a CP Coie + Ket SO) 

Fol lowed. by + fragments (4) 

Colt + RH ——pCollg + 8° (5) 

Tf reaction (4) is to be important, one would expect 

the mercury photosensitised decomposition of 1,1,2 TFS 

to yield ethane as one of the major products. One 

run carried out using 1,1,27FB alone revealed ethane to 

be one of the products. However, if reaction 4 is the 

major source of ethyl radicals, variation of the 

Tybee TFB/N,0 ratio should affect the observed quantum 

yield of ethane as the olefin competes witn nitrous 

oxide for quenching of triplet mercury atoms, Comparing 

runs 51 and 52 of Table 3.9 reveals the expected variat- 

ion is not observed.



The major source of ethane seems to be the 

primary reaction (3) between oxygen atoms and 1,1,2 

TFB , Fellowed by the hydrogen abstraction (5). 

b) Ethylene 

The time dependenece of ethylene quantum yield 

(fig. 3.5) shows a linear rate of formation in the early 

stages of reaction and an enhanced rate at higher 

conversion, Yhis is indicative of primary formation 

coupled with a secondary source of ethylene, becoming 

more important at high conversions, 

Primary sources of ethylene are first considered, 

Colac ere oon, 4, ; CHE (6) 

CP, - OFC oH. ———? CHy + fragments (7) 

Oy 

He Che CRRt —}CoH, + fragments (8) 

If the carbene is formed 'hot' we would expect 

that at higher pressures progressively more carbene 

satolecules are collisionally deactivated. ‘he deact- 

ivated carbene probably isomerisés to 1 fluoropropene 

in preference to ethylene (reaction (6)). A decrease 

in ethylene quantum yield with increasing pressure, 

in accordance with 6, is indicated in Fig.3.3. 

Tt would seem experimentally impossible in this 

system to distinguish between reactions 6 and 7. 

“he variation of ethylene quantum yield with pressure 

could be explained by a similar argument to that of 

the climination mechanism. 

Reaction @ has been discounted for two reasons. 

The mercury photosensitised decomposition of 1,1,2 

TPB was found to proceed without formation of ethylene 

Secondly the absence of variation of ethylene quantuia 
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yield with varied 1,1,2TFB/N,O ratio (Table 3.9) is 

contrary to the expected behaviour. 

The most likely secondary source of ethylene is the 

reaction of oxygen atoms with 1 fluoropropene 

Q + CHizCH = CHF — + CHFO + CoH, 

It can be seen this is anal®sous to the reaction of 

O(2P) with 1,1,2TFB 

o(?P) + Ci, CH=CRE > CH,CH ~ CHF —> CHZCH: + CHIFO 

| isonenisation 

Coly 

Isomerisation of methyl carbene CilgCH: is known to 

predominantly yield ote, 0 As confirmation, 

a single run with NoO and a mixture of cis and trans 

1 fluoropropene yielded ethylene as the major product 

observable, 

thes scheme can only become appreciable as a source 

of ethylene when 1 fluoropropene has reached sufficient 

concentration to compete effectively with 1,1,2 2S 

for available oxygen atoms as discussed in Uhapter 3, 

Further consideration of these processes is included 

im Section 704 

c) Propane 

Three possible routes to formation are 

Ek (Xt } a + oe eG (9) 

Ozh + RH _—_ SF Calls + R° (10) 

Cole + CH, HoCP ss Cho —> Cai, + “CH, CF = CF, bt) 

Reaction (9) is discounted both on observed invarience 

of propane yields with reduced light intensity and 

decreased yields at high pressure. 

A likely source of propyl radicals (for reaction 

10) 46 not* apparent, The.strueture of 1,1,¢ TFB is 
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such that a non-fluorinated Cz fragment cannot be 

formed without breaking a C-F bond, which is 

energetically unfavourable, 

Reaction (11) is thought to be the onlypossible 

source of propane, Abstraction of a methyl group from 

1,1,2 TFB yields an allylic-type radical which are 

known to be exceptionally stable due to resanance, 

"CH, CE = cr €e CH, = OF — CFS 

Purther evidence in support of this mechanism is 

offered in Section 7.6. 
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SECTION B 

THE REACTION IN THE PRESENCE OF MOLECULAR OXYGEN 

Molecular oxygen is well known as a radical 

scavenger, An investigation of the reaction 0(?P) with 

1,1,2 TFB in the presence of molecular oxygen was under- 

taken in the hope of identifying those products formed 

by a radical process. In particular, it was anticipated 

the results would indicate the reactivity of the carbene, 

CoH, CR: , with molecular oxygen. It is realised that 

oxygen is capable of quenching excited states and could 

possibly diminish yields of some productsfor this 

reason (as opposed to reaction). This possibility is 

hopefully minimised by adding only small amounts of 

molecular oxygen to the system, ‘he results of this 

investigation are discussed in the subsequent sections. 

7.5 PRODUCTS AND YIELDS © 
  

It was found that yields of some products were 

dependent on oxygen concentration, These have been 

discussed in greater detail in section 3,7 but the 

results are swmmarised in Table 3.9 reproduced 

below for ease of reference, 

The main points evident from the table are 

1) The quantum yields of carbonyl fluoride and propionyl 

fluoride are greatly enhanced in the prescence of oxygen 

and are dependent upon oxygen cancentration, 

2) Cis and trans 1 fluoropropene yields are unchanged 

in the presence of oxygen, 

3) Ethane and propane are not formed with oxygen present, 

ethanol and acetaldehyde are additional products of the 

reaction, 
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of Products 

"TADLE 3,9 

Effect of Oxygen/Olefin Ratio Upon the Quantun Yiela 

  
r 

| 

  

  

                    

Run] 0, | TFB QUANTUM YIELDS 
(1am) (mn) |ethylene jethane propane |}CIS |TRANS propiony] a 

1FP 1FP |fluoride CP,0) 

50 © 112. 10,0085. 10,0106 |-0,0085 10.72 b 0934 t'0.02 0.98| 

51 Oia 10.0088 AGs0110 1 -070042° 10.65). 6,31 0.02 1.00) 

52 | @ab*6.210,0086 10,0103 120.0087 10,65|-.0,311.0..02 0.98! 

53 | ApS e 10.0065 2-40 0 Oi661 043) 0,38 1,95] 

54 [3.1415.2 10,0067 40 0 0,651 0,31 1-0, 54 17 

55 0 113.810.0092 {0.0099 | 0,004 |0.63| 0.29] 0.02 1,00 

0.4 |13.2 10,0068 {0.0027 | 0.001 |0.66] 0.32] 0.32 1.55 
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7.6 INFLUBNC® OF OXYGEN ON YIELDS OF MZINOR PRODUCTS 

BHthane am propane 

Ethyl radicals react with molecular oxygen giving 

as the main products ethanol and acetaldehyde in 

approximately equal amounts, |02»124 

205 He + Be CH 

Disappeararce of ethane and appearance of ethanol 

CHO + CoH, OH 

and acetaldehyde (also in equal amounts) or. oxygen is 

added strongly suggests that the source of ethane is 

indeed ethyl radicals. 

Propyl radicals also can react with oxygen by 

an analogous process to form propionylaldehyde and propanol 

The absence of even traces of these two compounds amongst 

the reaction products confirms that propane is not 

formed from propyl radicals (reaction 10 Section 7.4). 

It would seem that abstraction of a methyl group from 

1,1,2 TFB by an ethyl radical is the most plausible 

route to formation of propane. 

If all reactions of ethyl radicals lead to 

to propane and ae : 

“iia ; fate * Katy CoH 7 sie Calg 4 
and if, in the presence of “oxygen, , ethyl radicals 

are consumed by oxygen, then 

p = 6, Cp He CH, 

It has been observed that quantum yields of propane 

ae ae ae es 
CHO Cols 0H 

and ethane are typically 0.004 and 0,012 (at 250m 

pressure Fig. Se, At the same pressure, but in the 

presence of oxygen, the yields of ethanol and 

acetaldehyde were both 0,14 
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oo 
whercas fegee ee es 

abs ao Bt 

One explanation of this anomaly is that not all 

    
= eee us 

ethyl radicals react to form ethane and propane but 

can be consumed by an alternative route. It is thought 

likely that in this system (05 apsent) that some ethyl 

radicals are able to add to the olefin 

CoHe +, C¥a= CREt > CEt - CF, -—°CPEt 

on, CFs CF(Et)> 

Although the possible products from this reaction have 

not been specically identified, it is conceivable that 

they correspond to unidentified peaks on the chromatogram 

Pie 574) s However, it seems unlikely that the quantum 

yield of ethyl radicals could be as high as 0.3 

(suggested by acetaldehyde and ethanol yields) when 

one considers the yields of | fluoropropene and 

carbonyl fluoride are both close to unity. The only 

alternative explanations are that either more ethyl 

radicals are formed in the presence of oxygen or that 

acetaldehyde and ethanol can also be formed directly 

by an alternative mechanism (such as Oo with the carbene 

or biradical). From the thermochemical viewpoint, 

the latter explanation is considered more likely. 

This problem remains unresolved at present, 

mthylene 

The primary sources of ethylene considered most 

likely from the foregoing discussion were 

CoH,CF: —_——?> CoH, + CHP: (6) 

and CF, ~*CFCoH, —) CoH, + Fragnents (7) 

O. 
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Yields of ethylene in the presence of oxygen will be 

dependent entirely on the stafionary state concentration 

of biradical and carbene with oxygen present. for 

this reason, ethylene yields are considered in the 

section dealing with reactivity of carbene and 

biradical with oxygen, 
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7.7 YIELDS OF MAJOR PRODUCTS IN THE PRESENCE OF 

MOLECULAR OXYGEN 

Any mechanism proposed must explain the following:: 

1) An unchanged yield of 1 fluoropropene 

2) Greatly increased yields of propionyl fluoride 

and carbonyl fluoride. 

The number of possible processes in the presence 

of oxygen is considerable. It is necsssary at an 

early stage to establish which of these processes are 

Likely to be important in the een reaction scheme, 

a) Quenching Processes 

With oc eee triplet.mercury caw be 

quenched by three reactions:- 

He" + 0, ——90, + He('S,) 12a 

ig eo car <,,) 42) 

Hg’ + N,0——> Ny, + O + He('S,) 420 

Reaetion 12c has been well described elsewhere 

in this thesis. As all runs in the presence of molecul- 

ar oxygen were under conditions of a great excess of 

nitrous owide (greater than 20 : 1) this route must 

constitute the major quenching process. . 

he rate of the quenching process 12b relative to 

nitrous oxide quenching has not been measured. 

Hxamination of Table 7.2 (containing the quenching 

rate constants of some perflugro~olefins relative to 

M50) reveals that those olefins with a fully fluorinated 

double bond have rate constants less than that of 

nitrous oxide (with the exception of perfluoro rso 

butadiene). This would suggest that 11,2 208 nas’ & 

quenching rate constant less than that of nitrous oxide. 
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In all runs with added oxygen, the ratio of olefin to 

N50 was never greater than 1 : 20, Reaction 12b would 

hence not be expected to account for more than 5% of 

the total quenching process. 

TABLE fy 

Rate Constants for Reaction of He (°P. ) with various 

Molecules relative to N.O 
  

  

  

Molecule k/ ky Reference 
2 

O5 4. 00 110 

Oo Lang 1" 

CoP, O65} ree 

CoP, G5 35 AD 

CoP, 0.36 ge 

CoP, 0.43 ie 

CaP 0.27 D9 

Ci Pg-2 0.54 114 

Nasco at 0.71 115 

1,3 CF 1.9 116       
  

Quenching of triplet mercury by oxygen (reaction 12a) 

has been investigated previously! 1°, The excited 05 

molecule formed is considered to be sufficiently 

excited to react with an unexcited O5 molecule to 

yield Oz and 0(>P) ; However the value of the 

quenching rate constant indicated in Table 7.2 would 

suggest this reaction could be responsible for no more 

than 5% of the total quenching process for N50/05 

ratios operative in this study. It would appear,in 

conclusion, that excited olefin and Oo molecule reactions 

such as



G1. + Oo ——) products 

and sk + 05 ———} products 

cannot possibly account for the greatly increased 

yields of propionyl fluoride and carbonyl fluoride in 

this system. 

dD) Ozone formation 

The reaction of oxygen atom with molecular 

oxygen is known to yield ozone. 

0 - On (M) +} 0. (Mi) 

The results of earlier research! indicate the above 

reaction is relatively unimportant even for oxygen 

pressures of 1 atmosphere. This ig primarily due to 

the difficulty of pressure stabilisation of the ozone 

molecule formed. done reactions are not thought to 

to be important in this system and are unable te 

explaim enhanced yields of CE,0 and CoH CFO. 
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An unchanged 1 fluoropropene yield in the presence 

of oxygen can be interpreted in two ways: 

The first is that intermediates leading to 1 fluoro- 

propene do not react with oxygen either because the 

lifetime of the intermediate is too short or that 

reaction is unfavourable, This explanation does not 

account for greatly increased yields of propionyl fluor- 

ige .and: carbony) fluoride. 

The alternative explanation is that oxygen can 

react with the intermediates but the same or similar 

intermediates are regenerated at some laterstage in 

in the reaction, together with the carbonyl and propionyl 

fluoride. This chain-type process is thought to be the 

more likely of the two alternatives. Some possible 

reactions are outlined below. 

Reaction of Oxygen with Intermediates 

The two main intermediates are the carbene and 

biradical adduct CHzCH, CP : end Cj4.68 - CP,0 » Four 

possible reactions are 

oe ores ae a pear ie 
CH,CH, CE e + 0» ~) Colig Ck 05 ° 2 CoHeCk ° 13a 

+ CR5O° + Cot CRO 

CoH CP: + O—) CoH, CPO “0 13b 

et, terran 
CoHLCPs + CF,0 + CH, COF 

CoH CF-CF,0 + On ——P CoH CPO + CH#50 + O 134 

Reactions 13a and 13c both generate the carbene 

CHZCHZCH: (the precursor to 1 fluoropropene) as well 

as carbonyl and propionyl fluoride. 

Reactions 13b and 13c regenerate oxygen atoms. 

Heichlen has studied the reactions of oxygen atoms with 
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tetrafluorethylene 100,112 in the presence of oxygen, 

It was found that triplet CR, was able to react with 

Oo to yield CR505:- On the other hand, singlet CB: 

is remarkably inert to O09 even at oxygen pressures Om 

1 atmosphere. In the present study there is every 

reason to believe the triplet carbene CHZCH CP: is 

able to react by an analogous route to 7 Cie the 

The importance of reactions 13c and 15d depends 

largely upon the existence and lifetime of the 

biradical which must be sufficiently long lived to 

experience a collision with an oxygen molecule. If 

fragmentation of the piradical to the carbene occurs 

faster than reaction with oxygen then reactions 15 a 

nd b become necessarily more important than 15c 

49,100n.5 included the analogous ehralonacnae a Heichlen 

yeactuon: boxloc 

CoP ,O: + On ZCF,0 + JP On 

as an integral part of the reaction mechanism for othe 

0,/ 0 / CoP, system. 

Derivation of Rate Equations 

In the remainder of this section, rate equations 

will be derived for various possible reaction schemes. 

The four schemes based on reactions 13a <— dare 

outlined in Fig. 7.1. The reactions in the schemes 

have been renumbered to simplify the rate equations. 

The intermediates listed below have been assigned the 

following identities for further simplification. 

ae ee EtCF; 

Y ll EtCPO, 
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3 
BIG /s POSSIBLE REACTION SCHEMES FOR THE REACTION OF ot ae WITH 1,1,2TFB_ IN THE PRESENCE OF OXYGEN 

  
  

  

  

    

  

some “@) ks | 0 + CRS Clete CF,0 + re —————= 1 Fluoropropene 

5 4 Pa) 

“4 se ian 2TF a a 
; Cf,0 + EtCFO + EtCF: (X) 

SCHEME 2 Ky (x) Die a : 1 
O + CFS=CFEt | —————_> CFL0 + EtCF: ————m 1 Fluoropropene ae SS 

|G) ee. 4 
gO SCHEME 3 ke oom ke (X) ky 

O°+ CESS CEE Geen ERCE-CP50° weet CF 0 + EtCE: —_—emmpe 1 Fluoropropene 

ky | (2) | | (Y) 1 s | Seg ka CF,0 + EtCFO,: (1,1, 27R CR,0 + Etcro + xtcr/ 7 

as Ke (Z) Ke sie | Oat CFo=CFEt ee EUCF—CF, 0 ee Gis + ECR: ——— mp | Fluoropropene | 

% | (0, | 
O- + EtCFO + GRO 

i : 3 | SaemoeenmesE eS — a od    



Z Sow ao CF,0 

and’: Olesree 494.2: aeR 

a) SCHEME 1 (Fig, 7.1) 

Considering concentration of the carbene X : 

gH). Kec Ry + Ry ~ R Ae under steady state 
at conditions 

fe. RR, - Ro + Ry = 0 (1) 
  

For intermediate Y: 

Hl © (steady state condition) 

For oxygen atom concentration ;: 

aco) = Ry ba Ry a O ( . 

at Soe 3) 

Substituting (2) into (1) and adding (3) we obtain 

ea ie ae (4) 
ie, Rate of formation of 1 fluoropropene is equal to 

rate of formation of ritroven ie. independent 

of oxygen concentration, 

R i 

From (4) we have 

ic, fe = Ry Mp (5) 

Also from (2) we have 

“Oo, - «fb 
Substituting for XK from (5) 

. Hy [o.] 

  

= n° aia 6 

— ne - 

Bop = Ry + Ry = By + x, Fy] [oy



—
_
 + 2 b,] (7) 

2 
  

Similarly 

x > CH,CH,CPO 

Hence h PP 

ie. increases 

R _ x b1bl 
[5] 

4 

3 
Ko 

En, 

(8) 

in the quantum yields of propionyl 
  

fluoride 

proportio 

and carbonyl fluoride are directly 

nal to oxyyen concentration. 
  

Using the 

the following 

quantum yield 

Scheme, 1 

[x] 

(x 

  

Ons 
CF,0 

Pop 

D4 pp. 

Scheme 

[9 

il 

methods illustrated for sckeme 1 we obtain 

stationery state concentrations and 

expressions for the remaining schemes. 

Re. fk ws * 2 

By. 5 [02] 

DT 
deca 2 [2] 

2 fo5] 
te Eo 
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Scheme 3 

im... 2 Ry Mp 

a Ra Ky [oa 

K, WUE; +) 

fs Ry, M(Eg +X, [e.]) 

  

%oR,0 on eae K+ E,(0 

ie = [ol 
ke + ko 07) 

24 ep ? 

Scheme 4 

i) ? Ry! Ko 

[z] a Ry, /*s 

en (8) 

%oR,0 es 9 oa] 
kg 

Oop Fu. Ko b) 
Ke 

Pigg ae 
It is noted that all four reaction schemes satis- 

factorily explain 1 fluoropropene yields which are 

independent of oxygen concentration, However, schemes 

tae wend. & art predict that increased yields of propionyl 

and carbonyl fluoride are directly proportional to 

oxygen concentration. Examination of Table 5.9, reveals 

that varying oxygen concentration by a factor of over 

20 times has a very small effect on the quantum yields 

of C50 and HtCFO. For this reason these scheues 

are regarded as being inadequate to explain tune 

observations in this system. 

Reaction scheme 3 seems rather more promising. 

Tat



cs ka >> kg, the expected behaviour is a fast linear 

srowth in the quantuin yield of both CR50 and EtC¥O at 

low oxygen concentrations (where Ke> k., O5 ) At high 

oxygen concentrations when k, [02> Kegs the form of the 

quantum yield equations predicts a limiting value of 

2 fer %on,0 and 1 for Png : This behaviour is more in 

line with observation than that predicted by the other 

three schemes. For thes reason, scheme 3 is believed 

to be operative in this system. 

One reaction not yet considered but thought possible 

is decomposition of intermediate Y(EtCPO,: ) to yield the 

carbene and onyGeo 

£tCKO,: 210s BSF: + 0, (10) 

Inclusion of this roses on in scheme 3 yields the 

following results:- 

BJ = Ry sey 

{i} Ry, «7 (02) 
(ET > eo + 9) 

Ry / Er [oo] + Kee 

ul 

  

i 
  

  

Por,0 () = a. «fal 404 (A) 
(3 + ko 0 (& ot kK, [O4) 

Lo oe kok, (02) [oF a 

(5 + K- (2) Px;, Kaa + ky [o)) 

Pap ee 
‘It can be seen that at constant olefin concentration, 

the variation of CF,0 and CoH CBO quantuin yields with 

oxygen are basically the same as for scheme %, However, 

che limiting values at high [o.] Lor PoR,0 and Dop now 

eo xy tot) 

(iin 2) Pee) aio K, [od («; pd») *s) 

become 

il —_
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and Ppp - x, bl x. fo k, 
(lim. [o]—ee ) nt K, [o9 al ape) 

Bearing in mind that quantum yields of carbonyl 

fluoride are subject to relatively high uncertainty 

(40.05) the results of runs 53-56 (Table 3.9) can be 

fitted with behaviour anticipated from the above 

reaction scheie 
  

  

  

Run No.|(05) ima FoR,0 bon 

55 0 1.00(£0.05) | 0.02 

56 Bde 455160705). 1.0, 32 

5S 4.5 1.84(40.05) | 0.38 

54 9.1 + TWO 05) $0654           

The results would suggest that the assumption of 

k, [05] >)k, is valid for [oJ] >0.4 ma, Further 

inclusion of the reverse of reaction (10) (reaction 

of the carbenes with oxygen) modifies the quantum yield 

equation to Sy 

foe.o “= Pon.o: (ay + re) 
ioe 

Pop = Vem fey et as wa (oi 

eo ae 

Ree oe 
where PoR,0 (A) and Dow (B) represent quantum yields 

of CP50 and EtCFO derived from the previous scheme 

(equations A and B respectively). ‘The form of the 

equations above indicate that the quantum yields of 

CE5O and EtCFO are increased (over and above those of 

the previous scheme) linearly with oxygen concentration 

(olefin concentration constant). However observed 
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constant quantum yields at high oxygen concentration 

suggests that this linear proportion is not signific- 

ant (implying the reaction of the carbene with oxygen 

does not play an important part in the overall 

reaction scheune.) 

It has been noted that all reaction schames 

predict 

Rae he Pop 

Examination of Table 3,9 reveals this not to be the 

case. It was found that all likely mechanisms by 

which bos o was . increased to greater than 

unity also required an equal increase in the propionyl 

fluoride quantum yield. One possible explanation of 

this discrepancy is error incurred in the estimation 

of the propionyl fluoride calibration factor, at 

will be remembered from section 3.2 a factor was 

calculated for propionyl fluoride, assuming the 5 

response of CHCH 2 %#0 to be approximately the same 

as ethane. Tf the factor for propionyl fluoride is 

substantially greater than ethane, this would explain 

the apparent low yield of propionyl fluoride. An 

alternative explanation is rapid decomposition of 

propionyl fluoride as it is formed (formyl fluoride 

CHFO, is known to decompose completely within 24 hours 

ar pede temperature?”). Difficulty of freparation 

and purification of an authentic sample (section 2.4c) 

for calibration purposes prevented subsequent clarific- 

ation of this point. 
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Bthylene yields in presence of or 

The two sources of ee considered were 

CH 30H: CF - CF,0 <ate Cy + fraguents (a) 

C Ky and CoH, CP: ———> CoH, + CHP: (b) 

(x) 
From the discussion in this chapter all schemes 

leave Cx} unchanged in the presence of oxygen. 

As Ry H ky [xJ » the rate predicted is unchanged 
2-4 

with oxygen present, 

However, if ethylene is formed by reaction (a) 

aon a BJ " ‘alt ( [2] taxen from 

(ke of ; Ky eR) scheme 3) 

k [o.] >> k, as already supposed at [o ] > 0. 4imn 
Te 2 8 2 

then Ro pote ain . This predicts a rate dependent 
ata iN 9 

Ka O 

upon O5 concentration, Mxamination of Table 3.9 

reveals Do Hq is independent of 0, which supports 
enh 

reaction (bd). 
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7.9 JHERKOCHSMISTRY 

The feasibility of various reactions already 

described in this chapter have been assessed purely 

on their ability to explain product formation. aud the 

influence of factors, such as pressure, on the yields. 

However, it is iuportant at this stage to consider the 

additional criterion of thermoche...stry. 

Below in Table 7.3 are listed some reactions 

considered important in sections 7.2 - 7.4 with corre- 

sponding estinated heats of reaction. Heats of forn- 

ation of reactants and products are taken from table 

5.2. Unfortunately, difficulty was encountered in 

the estimation of heats of formation of many of the 

fluoro-oxygen radicals and biradicals. for this 

reason, the list is restricted to those reactions 

occurring in the absence of molecular oxyg@e.. It 

should be noted that the reactions have been renui- 

bered for ease of classification. 

It appears from the results shown in fable 7.3 

that most of the included reactions are favourable 

on thermochemical grounds (the majority being exo- 

thermic). The reactions are briefly discussed bdelow, 

classified in the manner illustrated in the Table. 
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TABLE 1.3 

POSSIBLE PROCESSES IN THE ABSENCS Of OXYGEN AND 

THBIR GBATS OF REACTION 
  

  

  

SH _, 
Reaction “HkImol sy} 

Waste + N0 ——-pHg(' Sy) + Not 0(?P) moet 

Rh ; yh Ta AD Aa ye i dis ees. eee BtCFeCF, —» Hg ( Sg) + CFj=Ci*+ Coit, | +40 

a wa ig = ener are a 
te Hg + EtCP=Ci, —yHg( 8.) + Ci =C#H +C5Hy | -261 

2a 0 + ECGP=CP, —p»OF,0 + CpiuisOP: 389 

2b 0 + BtOF=Ciy —y UpH.CPO + Cl): -354 

2c 0 + BtCF=CR, —» I -374. 

24 0 + CH{CH=CHP —>CHVO + CpH, -286 

3a CHzCHoCF: ——» cis and trans CH, CH=CHI -145 

  
3b CHZCH,CP: ———y cyclo C,H Pr ~1q1 

ac CHzCH,CP: ——~3 Col, + CHF: +68 

3a CH, CHSCP: + BtCP=Ci, <teeal Et By ~90 

ut 

4a Cols + EtCF=C', —)C.H, +° CH, CP=CP, -50 

40 CojHe + EtCF=CF H HeCHGr=CF -5 | gis + EtCE CH, ~y Coe + CH; CHus CB, oa 

  

a) Quenching reactions (1a, 1b and 1c) 

Reaction 1a has been well described already and 

requires *no further discussion. 

+ Quenching of triplet. mercury by 1,1,2TFS to 

yield ethyl radicals in the manner illustrated by 

‘ eg : ; ss ~1 
reaction 1b is slightly endothermic by 40 kJmol. ., 

This value is rather uncertain as the exact nature of 

the products of. this prisaary reaction have not been 

 



elucidated. However, in view of the high positive 

heat of foraation of ethyl radicals (+109 Jno 7 |) it 

is unlikely that any reaction producing tae radical 

is very exothermic, 

Reaction ic, although appearing energetically 

favourable, has been discounted as a source of 

ethylene because of the absence of trifluoroethylene 

aiongst the reaction products. 

bd) actions of oxyex atoms (2a, 2b, 2c and 2d) 

All are considerably exothermic varying from 

—9B6 kJmolT! 1 for reaction 2d to -389 kJmol. for 2a, 

This is explained largely by the ‘driving force" for 

these reactions which is the highly reactive oxygen 

atom (heat of formation +248 kJmol7!), The absence 

of the epoxide CHZCH) Cu! eo auongst the reaction 

products can probably be°ascribed to this high 

exothermicity; the excess energy of the process must 

pe retained by the epoxide inolecule on formation. 

Necessarily, the high energy content of the molecule 

substantially reduces the lifetime. If the energy 

cannot be distributed adequately betweeen the available 

vibrational modes of the molecule and the ijfetime 

is shorter than the time necessary to experience a 

collision, then fragmentation results. Hor this 

reason, high excess energy or tue molecule can make 

pressure stabilisation difficult. 

Comparison of reaction 2a and ab reveals 

addition of oxygen atoms to 41,52 TUB is sliently 

“TN 

more fevourable for UF,0 formation than Cos vPO by 
a 

o 

about 40 kJmol7z!. However, it is difficult to 
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believe that this small difference could be wholly 

responsible for the great predominance of reactions 

2a over 2b. Evidently, other factors must play an 

important part in determining the main course of 
reaction 

eaction. Support for the possible VWeeritieemeisee of 

oxygen atoms with cis and trans 1 fluoropropene (2d) 

is provided by the high exothernicivy of the reactions. 

c) Reactions of Sig CHS OR: (3a. 3b. 30 ,end 30): 

CIt can be seen that the exothermicities of the 

three carbene reactions considered in section 7.3, 

namely H atom shift, cyclisation and addition to the 

olefin, parallel well observed product yields froin 

the three reactions. Exothermicities predict yields 
= 

in the order on eens. > Vv > addition product as 

was observed in this system. 

2 Decomposition of tne carbene to give ethylene 

(3c) would appear energetically unfavourable co.upared 

to the three other possible reactions of tie carbene. 

or this reason, it appears unlikely that this reaction 

is significant as a source of etnylene. 

d) Ethyl radical abstraction reactions ( 42 and 4b)   

Both abstraction of a hydrogen atom and methyl g 

group from 1,1,2 TFB by an ethyl radical are energet- 

ically feasible (both with AH of about ~-50 kJ rmoly'). 

The results of the calculation support the view that 

propane is forme’ by reaction 4b. 
ay 
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7,9 CONCLUSIONS 
It is believed that the mechanisms derived 

adequately describe the reaction of 0(7¥) with 

1,1,2 TFB, bath in the presence and absence of mole- 

cular oxygen. The mechanisms are illustrated 

diagrammatically in Figs,7.2.and 7.3 .. sYelow is a 

suamary of the main points of the reactions. 

a) In the Absence of Oxygen (fig.7.2)   

The reaction proceeds almost entirely (greater 

than 90%) to yield ultimately, carbonyl fluoride and 

cis and trans 1 fluoropropene. ‘the primary process 

is thought to be initial formation of an oxygen- 

containing biradical adduct, which decomposes rapidly 

to carbonyl fluoride and the carbene CHZCH CR: 

Predominant isomerisation of this carbene (by hydrogen 

atom shift) gives an overall 1 fluorpropene yicld 

approximately equivalent to that of carbonyl fluoride, 

the cis/trans ratio of 1 fluoropropene shows a slight 

pressure dependence which has been explained by 

progressive removal of excess vibrational energy from i 

the carbene, with increasiig pressure. 

A notable feature of the reaction is the high 

yield of carbonyl fluoride which is characteristic 

of the reaction of those perfluoro-olefins with a 

teriinal double bond (perfluoropropylene and tetra- 

fluoroethylene). It has been seen that partially 

fluorinated olefins in which fluorine substitution 

is remote from the double bond give large yields of 

epoxide aad aldehyde (as in the case of 2trifluoro~ 

methylpropene), This behaviour is similar to that of 
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non~fluorinated olefins. The results of this work would 

lead one to anticipate that those partially fluorinated 

olefins with a fully fluorinated terminal double’ bond 

behave essentially as their perfluoro- counterparts, 

Absence of epoxide has been attributed to the high 

exothermicity of the addition process. It is possible 

that at high pressures (greater thai. those investicated 

in this study), the biradical adduct could be collis- 

ionally astabilised. If this is true, it is reasonable 

to suppose that epoxides and aldehyde yields would be 

considerably increased, This hypothesis can be 

broadened to predict that at sufficiently high pressures 

the fluorinated olefin systems assume the same 

characteristics as those exhibited by the non-—fluorin- 

ated olefins, but as yet, remains to be verified. 

Winor product formation, whilst being relatively 

insignificant, is adequately explained by the reaction 

scheme, 

6b) in the Presence of Oxygen (Pig. 7,3)   

Unchanged 1 fluoropropene yields in the presence 

of oxygen are not necessarily indicative of non 

particpation of oxygen in the reaction scheme. 

Alternatively, this has been interpreted as reaction of 

the biradical adduct with oxygen in the inanner 

illustrated in Fig.7.3. The scheme also explains 

increased yields of carbonyl and propionyl fluoride, 

observed when oxygen is added to the system. 

Reaction o the carbene with oxygen, whilst satis- 

factorily explaining the unchanged 1 fluoropropene 
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FIG. 7.2 SUMMARY OF THE PROPOSED REACTION MECHANISM o(7P) bi CF=CFEt IN THE ABSENCE OF OXYGEN 

  

Ol 
EtCF-CFEt 

( 0.005) 

O1 
Fragments + Et’ C3H, + ‘CHCF=CF, 

ie (0.003) 
p, 

Hg OCP | Ae oH, + CH, CH-CF=CF,, 

(0.012) Lsomerisation 
NO ae + fragments 

2 0 
2) ae CFO + ELCF: oe 7 (0.044) 

a3 (0.90) 

addition to 

olefin ah fee 

OL CFj: + EtCFO 
(0.022) 

Heavy line represents the main course of the reaction. 

Gig. + trans 

CH, CH=CHF 

(0.95) 

0(7p) 

CoH, + CHFO 

The quantum yields of the products are indicated in brackets for a typical run at 250mm. Hg pressure at 2°6, 

Ol represents Ci Fo=CFEt



FIG. 7.3 SUMMARY OF THE PROPOSED REACTION MECHANISM oP) ata CFA=CFC 5H, IN THE PRESENCE OF OXYGEN. 
"he 2 

  

  

     
  

  

ol o9 
=TFragments + Et° ———————» EtOH + CH, CHO 

(0.14) (0.14) 
3 (0.0065) 

He 6( P,) CoH, + fragments : 
isomerisatio ae, Yaarans 

CH, CH=CHF (0.97) 

Np 3 Ol cyclisation - 
O(-P) onmmente CF5-OFEG —— OO. + CH; CH, CF: ae NZ. (0.045) 

O- 

0 CH, CH,CFO,: : (possibly small 
2 amount) 

cress CF,0 ty BtCFO} EtCE:. + 

Ol 

CF50 + EtCFO + EtCF: 
(0.38) 

The quantum yields of the products are enclosed in brackets. They represent those yields observed with [0.] = 4.5mm.Hg. 

Total CF50 yield was 1.84, but has not been apportioned to the relevant reactions due to lack of information. 

Ol represents CF=CFEt ; Heavy lines represent the main course of reaction.



yield, predicts carbonyl and propionyl fluoride yields 

which are linearly dependent upon oxygen concentrat- 

ion, contrary to observation, Reaction is thought 

unlikely for this reason. On similar reasoning, 

schemes involving regeneration or oxygen atoms have 

also been discounted, 

Satisfactory correlation of the preferred mechan- 

ism with observed product yields is tentative evicence 

of the existence of the biradical CoHCH-CF 50° and 

implies necessarily that it is sufficiently long~lived 

to react with an oxygen molecule. At first sight, 

this might appear contradictory to the ideas already 

advanced on lack of pressure stabilisation in this 

system. This cam be explained by supposing that the 

biradical requires a imultiple collision to be collis- 

ionally stabilised but need experience only a single 

collision to react with oxygen, ithe correlation is 

the only indication im the course of this work which 

directly supports the existence of a reactive inter- 

mediate prior to carbene formation. 

Addition of oxygen provided valuable inforuation 

on the origin of the minor products (ethane and propane) 

which are formed in the normal course of reaction (0, 

absent). Results were readily interpretable and 

provided evidence which could have proved difficult to 

obtain by alternative methods, 

The major inconsistency between theory and results 

is the observed quantum yield of propionyl fluoride 

which is appreciably lower than predicted by the reaction 

scheme postulated, This has been attributed to 
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error incurred in estimating the G.L.C. response 

factor of propionyl fluoride and/or a decomposit~ 

ion pathway for EtcC#O which,as yet, remains uncertain, 

In conclusion, it is appreciated that with 

relatively large errors possibly present in measured 

yields of carbonyl and propionyl fluoride, the finer 

detail of the proposed mechanisi imust be regarded 

as highly speculative. #urther investigation, 

over a comprehensive range of olefin and oxygen 

concentrations, and accurate measurement of product 

yields would prove useful in this respect. 
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APPENDIX 1 

  

  

  

    

a) MASS SPECTRAL DATA 

All mass spectral data obtained using 

an A.E.I. MS 9 mass spectrometer, 

All intensities are relative to the base peak of 

the spectrum (peak height = 100) 

m/e cis 1 fluoro-}trans 1 fluoro-|jallyl fluoro- | probable 
rT propene. propene. fluoride |cyclo- frag- 
rel.,intensity|rel. intensity jrel.int. |propene | ment. 

rel.,int. 

25 2 2 2 2 

26 4 4 10 6 

27 7D 15 28 24 CoHy 
28 2 8 0 20 (N”) 

<7 2 O 0 2 

31 5 6 6 2 

De 2 2 2 2 

33 11 12 15 12 CH FT 

36 1 O 2 1 

a 3 4 8 6 

38 3 4 10 4 

a9 27 30 SD 40 C,H,” 

40 2 3 9 9 

41 - = 8 7 

42 1 O 0 0 

43 4 0 0 1 CoE* 

& =z Cor + 

nt oe 
45 2 2 2 6 CoFH, 

55 1 0 0 0 0,78 

56 2 2 2 2 CH? 
> 

5 tp 57 TY 20 12 13 CH5! 2 

59 100 100 100 100 CMF | 

60 55 61 57 65 P | 
61 2 2 2 2 Rete           
 



  

  

1 CHuGF=<CP.| prod. CH,=CHCF=CF.}| prob. ic. Ber prob. 
a oe 2 2 Pio a, 2D fragment 

e trel, int, |77?8 "| rei: int. fragment lie int. © 

45 4 CHS 0 2 CHS 

25 0 2 a GeHt 

a ‘ + 

26 0 3 15 CoH5 

27 4 4 44 Cols 

Q tt qt 

A +. eet 

29 O 0 10 Cos 

34.1 crt 13 pt 2 

32 0 2 q 

33 4 2 35 CH, F* 

oy 4 5 O 
~ 

+ 

38 4 9 CaH5 O 

+ & 1 oat 
39 | 20 Cz Hs 53 zs 0 

40 2 3 0 

41 8 2 0 

44 2 3 6 C HPT 

oa a pt 45 8 Co FHS 3 8 CoHk 

a ee 
46 1 0 10 Coli, B 

x + | 47 0 O HOO CoH, & | 

p+ : 48 0 0 Col. i 

49 0 2 0 

50 2 2 O 
as at 

56 5 9 O 
: | ee 
51 a CHF" ay CoHoP 0 

a oe aT. O 

a ae 6 
24 C34, F 5 

eo 

+ a yt 

a at 
oo > Dati A 0                   
 



  
" 

  

            

m | CoHECF=CF, |prob. CHa =CHCF=CF,| prob. CoH, prob. 
° [rel sink. crash’ rél. int. feAgnont rel.int. peo t 

69 46 CRS 4 0 

71 2 0 0 

75 9 12 CzPoH 0 

77 3 5 0 

82 & 12 CoH” 0 

88 2 — C,PoH" 0 

89 5 5 0 

90 2 5 0 

93 0 3 0 

94 2 2 0 

95 | 100 Cz i gH5 20 CP.H5 0 

96 3 0 

106 0 5 O 

107 0 3 0 

108 0 100 CyFsH5(P) 0 

109 2 8 0 

110} 40 C,FHA(P} 9 C.F He 0 
(impurity) 

111 2 es 4 0 0   
  

 



b) INFRA RED SPECTRAL DATA 

Spectra were obtained using a Perkin Elmer '»7 IR 

spectrometer, gases enclosed in the microcell previously described 

in Chapter 2. Intensities are classified as 

vs: very strong s: strong m: medium w: weak. 
  

  

  

  

  

trans 1 fluoropropene | cis 1 fluoropropene 

~ * fe — ye ,. 

H a * F H te Na 

WAVELENGTH ( ons! ) | INTENSITY WAVELENGTH ( om, ) | INTENSITY 

900 m 835 s 

Gn W ao. s 

1080 m 845 m 

1100 m 995 8 

1120 s 1000 vs 

1136 vs 1100 nm 

1640-1690 m 1125 m 

2830 Ww 1225 m 

2900 m 1235 mn 

2930 m 1245 m 

2970 W 1340 W 

1360 w 

1640-1690 s 

2920 m 

2945 m 

3060 WwW 
|          



  

sw
ee
te
n.
 

1,1,2 trifluorobutene-1 1,1,2 trifluoro-1,3 butadiene 
  

  

  

    
  

  

  

        

CH,CH,CF=CF., CH,=CH.CF=CF5 | 

WAVELENGTH (cm.') |INTENSITY WAVELENGTH Gan) INTENSITY — 

as w 780 w rt 

1030 m 840 m 

1140 s 900 s 

1235 m 910 s 

1280 Ss 60 m 

1290 s 970 s 

1370 W 1080 vs 

1430 m 1095 s 

1460 s 1140 m 

1800 m 1260 vs 

2890 W 1280 vs 

2920 W 1320 vs 

2970 m 1335 s 

1415 s 

Allyl fluoride OTTO . 

CHy=CHCH,T s p 

WAVELENGTH (cms!) | INTENSITY eels . 
925 ‘ 2830 w 

$80 2900 Ww 

1020 s fs 2 

1030 s ie - 

1100 m nay . 

1360 Ww 

1415 m 

1435 W 
  

 



  

  

  

  

Carbonyl fluoride Vormyl fluoride 

CF,0 (using Perkin Elmer 225) CHFO (using Perkin Elmer 4s) 

WAVELENGTH(cm. ) INTENSITY WAVELENGTH ie ) | intensity 

1022" m 1080 m 

1927 s 1818 m 

1942 s 1834 s 

1956 s 1849 m 

2655 wW 

2680 Ww 

2705 W 

2735 m 

2755 m 

2780 s 

2800 s 

28 0 s 

2845 s 

2870 s 

2910 m 

2930 m 

2945 s 

2963 s 

2980 s 

3000 s 

3020 m 

3035 W 

3045 w 

3060 Ww           
 



APPENDIX 2 
a a ec Se Ne oR 

This appendix contains detailed quantative 

results of the series of runs investigating the 

reaction of oxygen atoms with the fluoroethylenes 

(summary in Chapter 4). 

Key to tables overleaf. 

A represents BLHYLENE CHy=CHy 

B M VINYL #LUORIDE CHo=CHi 

C " 1,1,DIFPLUOROBTHYLANE CF5=CH, 

D uf cis 1,2,DI#LUOROBTHYLENE cis CHESCur 

E . trans 1,2 vIi#LUCROBTHYLENG trans CHER“ 

F i" TRIFLUOROETHY LENE CF,=CFH 

G : TETRA PTLUORCETHY LENE CF,=CF, 

2 : a run with the reference olefin absent 

ayer’ ’ pressure of reference olefin ina 

volume of 56.6ml.at PAu oa 

Pe . pressure of olefin in a volume of 

66,.6mig-at 24°C. 

FN» * pressure of nitrogen in a volume 

6fic 2 Ohmi ys at 2a-Cs 

Poo , pressure of carbon monoxide in a 

volume. of 2.22 Ml at eae



  

APPENDIX 2 

QUANTETATIVE RESULTS OF O(?P) + FLUOROBTHYLENES 
  

  

  

Run . : 01 iP P P P gemp Area jArea Ratio 
No. cae REF } Ol. Ny Conc epox-|alde+ epox 

ide hyde | alde. 

101 |75151B” (169 O $116.1] 2.0 422.216308 14290 | 1.97 

102 |606 |B 158 O |220.7|n.k.| 20 |[11872]7599 | 2.07 

103 }606 |B |168 O 1177.6] 3.8422.5]1000016428 | 2.10 

1041597 |B*] O 140 |181 OS 120 * ‘ % 

1051595 IB |149.11154.0/211 119.5 |24.916662 {4568 |1.948 

1061610 |B |148,0122.0 |187.6]21.2 123.6|5032 (3547 1.925 

1071605 1B |139.2]301.0]191.6]26.3 !23.814218 |2985 |1.932 

1081596 IB 1158 O |196.6] 3.9 123.0111510|7498 |2.02 

109 {634 |B 4155 04: 4225.0] 388149 41355519295 71.,.91 

410 {609 |B |148 o 1231.6] 3.64150 114320]9790 1.93 

1111616 1B [151.0}156.0]215.8}27.04149 |7055 15326 |1.915 

1121625 |B ]160.8]230.6]215.9]28.9 1149 |6085 |4678]1.92 

113 1610 1B [195.54109.1}211.5/18.6 {147 {8665 |6212 11.94 

1141610 |B O° sige. 127943154.2 7150 - - |- 

115 1604 IB 4189 O 213.9) 4.1 9151 113095]8830 11.935 

116 {599 {- 148 O $192.4] 2.2 j24.3]11075|7186 |2.024 

117 {597 |- 4168 0 189.1] 2.8 j23.6| 1097017150 |2.020 

14181598 |c*} O 4159 4179.6]25.2 123.0 . a: ee 

4191599 I[C*#1+ 0... A85>°7168!.).21.7 [21.0 5 pean 

1201601 {C 1158.2 }199.01174.5| 8.2 {23.2]6870 | 4576 }2,004 

124 1599 ICG {145.6 1434.31181.2]11.1]26.0/4788 | 3223 |1.982 

422 \586 Ic 1147.3 |311.8]182.5| 10.3 124.8] 5730 | 3804) ~ 

123 |607 jC 1193 O {217.9} 3.14150 113045] 8740] - 

424 1610 1G 1179.0 |182.2]206.1,|12.9]150 | S445 | 5850] -                       
 



  

  

  

  

    

APPWNWTX 2 (cont. ) 

w frstio|satisfese, pie |’ ['/aa f° [Poo 
Breet ah at 

Pref. 

101 11.46 0 42.68 0 10,0183 ]0,0270]1.72 | - 

102.11, 56 0 5.23 O 15,0185 |0.0290 |1.68 a 

103 11.56 gos 0 |0.017740.0276 12.14 | - 

104.) = 0 ie ee S Nee8e [oe gp: 

105 11.46 |1.033|3.22 |1.95 {0.0316|0,0461| 9,24 |8-256 
106 11.42 |1.500]2.49 11,53 |0.0372]0.0528 |11.30|10.450 

107 11.41 |2.162]2.22 11.43 ]0.0454/0.0641 [13.73 |13.031 

108 |1.54 0.715.742 0 10,.017010.0262]1,98 | - 

109 11.46 0 15.62 0 |0.016510,024211.69 | - 

110 11.46 eo 0*|0,016110.0236|1.55 | - 

411 11.32 |1.03513.08 {2.55 |0.0305]0.0405 |12.51 |11.598 

11211.30 |1.434]2.50 [1.88 |0.0354]0,0461 |13.39]12.596 

113 11.396 10.55812.87 12.37 |0.0244|0.034013.79 |7.681 

1444 aa - ie az “24,70 124270 

115 1.485] 0 [4.41 0 10.0163}0.0242]1.917] - 

11641 Beate O 45.05 O |0.0173}0.0267]1.14 | - 

117|1.535] 0 [4.42 oO |0,0172|0.0264]1.48 | - 

tas oes - - |14.03}14.03 

41.9 |: Yee oa a = 999592112992 

120 |1.50,|1.25812.969/0.93 |0,.0254| 0.0381]4.699|3.649 

1211148, |2,983|2.261] 0,658] 0.0378] 0.0562/6,126|5.418 

422 11,506]2.11712.655] 0.819] 0.0318] 0.0479}5.644 | 4.808 

123|1.49,| 0 [4.30] - }0,0167/0,0249}1.423) - 

1241.44, }1,018{3.076| 1.65 |0.0244) 0,0352}6.259]5.142             
  

 



  

APPENDIX 2 (cont.) 

  

  

Rin tP. Dly Pung P, Pp, |femp|Area jArea |Pk.ht|Area | 
tot~ Pe a Re Me of 56 epox-jalde-jratio|ratio 
al mm ; ide hyde 

125611 1c [149.3520 |200,9|16.3|150 }5770 [4102 | - 400. 

126 587 a+ 1165.2 1486.0 1188.8 119.9 |150 [4762 13472 - 1.370 

4271687 | ox} o 1175.0|206.8|33.6]150 | - | - me pes 

‘ca Van uk E O- Maeblta0.5 1 9)0l te bs Peed = | 

129 596 |x| o [155 |2329 | 4.6]24.8] - | - er 

130 695 |p |178.2 |183.0|199.4| 2.4 |26.2 [5274 |3554 bb 4 484 

131 580 | F |193.0 [4114.8]181.3| 3.0|25.5 [3120 |2285 | 2.05 | 1.569, 

132 [598 172,35 1105,5|178,9| 3.1|25,5|6365 |4200} - | 1.515 

133 (590 186,0| 0 |189.9] 2,0|25.5|11110) 7224 | 2.011) 1.5379 

434602 | B 1156.4 |241.0|169,8| 2.2|24.1|3714 [2555 | = | 1.494 

135 1599 453 O- }212.7] 5.01151 113165] 8875 -:' | 1.4833 

1361621 | F 1169.3 |166.2]210.8] 6.2|150 J6525 | 4376 44491 

1371601 | # |155.8|241.3}207.8] 7.4|152 |4888 | 5269 - | 1,493 

4381601 | # 1166.0|99.2 |206.8] 5.7|150 [7595 | 5094 - | 1.496 

OV
 

4441597 | A*}| 0 [180 |181.2]80.7|24. 

                        
4421605 | A |171.8]160.91196.6|52.7 [24.7 3812 | 2911 - | 1.310 

1431601 | A [166.3] 98.4]179.7| 39-9 124.8 44662 | 3354 = 1 1390 

144|604 | A [182.5 |134.6|172.2| 42.2 [24.1 44092 | 298) = Pes te 

4451597 180 o 1168.2] 1.6|22.64}9805 | 6410 - | 1,950 

446/606 | ax} o 178 |209.0195.3|148 oe eee 

1471603 | A |172.8]167.1| 200.0] 67.8|150 45580 | 5597 - | 1.496° 

4481601 | A | 178.9/105.2] 204.3155.2|149 [6380 | 4536 oP , 407 

4491597 | A | 170.7/136.1] 194.8] 61.2]150 75010 | 5974 - 1.402 | 

a
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Run} Init.|Mean | conv. conv. i 1/ ‘ we %CO IQ %CH 
Pavicjratio |: raf; lok, QE QA co 4 

S14 ats ° ‘*” 
Bet, | Tet; 
  

125/2.143)2.157 | 2,55311.28710, 0348] 0.04g9]- 44.433] 7.320 

126|2.94212.955 | 1.929]1.070{0.0396]0.0543|10.5419,334 

127 0 . é ~  eeeL oor ears 

128 } - ~ ahd Baad 4.1 

129 0 i =e Ob See 

150|1.027]1 0338) 2.0371.7033 |0.0359]0.0532]1.267|0.5198 
131}2.149|2.155 | 1.16210.67 |0.0581|0.0793]1.655|1.173 
132] .6115 10.6139] 2.513 |1.747 10.0281 10,0425|1.733|0.788 
135), O 10 - 145035 | 0% 40,0170). 026287 85 of 
15411.541 11.549 11.651 10.648 J0.045710.0664]1.30 |0.703 
135]. 0 O 15.53 | 0 |0.0161]0.0239|2.35 |2.35 
136 |.9816 |0.9765|2.47 13.50 |o.0323 10.0451 |2.941 12.112 
137 11.548 11.539 | 2.011 |3.299 10,0425 |0.0632 |3.561 12.931 
138 |.5975 [0.5920] 2.969 14.780 ]o.0268 0.0401 12.756 11.754, 
141 0 - - - |44.37144.37 | 10.8 
142 1.9365 10.9308]1.63 12.84 10.0515 [0.0675 |26. .1 126.25 15.7 
143 1.5917 0.587211.99 13.47 |0.0385 10.0535 |22.20121.48 |6.3 
N44 1.7375 $0.733411.61 [2.70 |0.0420 |0.0577 [24.51 |23.85 |5.2 
Has | O O.< [3.69. | -0. ae oNPt wm 0cee"b -o5a). 0 
H 46 0 as - 145.55 |45.55 |6.3 
N47 1.9670 .9600]1.99 13.42 10.0371 [0.0556 [33.9 {33.18 13.5 
N48 $5880 0.582012.35 [4.37 0.0320 lo.0450 [27.02 |26.16 | 2.3 

78 0.0388 [0.0545 [31.42 |30.71 | 2.9                     149 47973 0.739811.94 |.   
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Area 

  

                124.7       

al mm ide hyde jepox. 
eae alde. 

150 |598 180 |o  |202.914.2 1150 |12405/8475 [1.464 

4511600 sf Ae] Oo Reo: [202 0/o1c2ar7 tb - da - 

nba soe Geo 7s 1107 Sled eras foe f= = 

153)598 |G |187.8[166,.61149,2]0.3 |21.2|2334 [1565 |1,.492 

154. [592 196 10 |156.0]1.0 {22.218890 |5862 11.520 

155 1598 G [184.0 J97.0 |178.0]0.8 23.3 14412 |2938 |1.501 

1561598 |G 1181.838.0|161.8]0.6 |23.4|2966 |1988 {1.492 

157/610 | G 1196.2 j207.6]188.7|1.3 {149 |3646 | 2408 |1,514 

1581593 | G |188,0]96.6 |200.8|1.6 [149 [5950 | 3968 | 1.499 

1591591 | G 1178.5 [65.2 1191.611.9 [152 ]6665 | 4482 11.487 

1601598 195 |0 1|190.6]2.9 1150 |11640] 7970 11.460 

161]598 | A |185,2 (58,0 |189.7|35.6]150 8030 |5696 11.415 

1624604 | A |181.34149.51179.8159.41149 |4834 | 3348 |1.444 

163|597 | a 1177.1$63.7 |216.3/39.5] 26.5/7310 | 5168 [1.414 

1644593 | G 1193.8/56.5 |169.011.0 |26.7|5490 | 3664 | 1.498 

1651593 192 |o |171.4/2.6 126.7]104101 6870 | 1.515 

11664595: 1.04 0... 1135 1178.40 1 es bis =: lee - 

1671597 140 10. 1175.5|2.1 |26.0110565] 6915 | 1.528 

1681593. | B*|.0.° W130 [174.112.6 126.3] .- : _ 

1691597 | D |118.54126.9/176.113.7 |27.216535 | 4440 | 1.472 

1701599 | EB |125.04134.21175.813.5 |27.5|5023 | 3374 | 1.489 

1711604 | vd |149.71234.9|163.9]2.9 125.5|5184 | 3484 | 1.488 

172/602 | B |147.4|231.8]165.7|2.4 |24.5|3806 | 2578 | 1.476 

1731593 | pd |127.2482.8 |159.5|1.2 |23.9]7035 | 4716 |-1.492 

1741586 | B1138,9191.7 |170.8]2.0 6190 | 4172 | 1.484 
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conv. 
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1/ 
QA 

  

  

0.8871 

0 

0.527 

0,129 

1,0581 

0.51358 

0.3652 

40 

0.3081 

0.8223 

0.3596 

+ iV.eero 

0 

1.0708 

1.0736 

1.5691 

T5725 

0.6509 

0.6601   

0,8943 

0 

045355 
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0, 5659 
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Oyeog' 
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4.46 

  

0.76 

#1 O2 

0.55 
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1,62 

Fae 
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0,0639 
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0.8 

9.20 

0.64 

0.45 

0.37 

0.69 

0,80 
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18581 
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o7e09 
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+4 
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al ide jhyde jepox. 
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175 | 603 120 0 173.0|2.6 |24.0|10430]6870 11.520 | 

176 | 605 120 O |205.113.4 {154 |13090]9015 11.452 

177 (602 Fe TO 120° 4223 .4 20.441 5¢ a ub 

178 \602 3 BESO 120. 1208.8 }15.0]152 “ = | 

179 |602 |D 4138.3 |132.6]196.2 |8.8 1149 17890 |5320 |1.483 | 

180 }602 |B 1123.5 |134.9 1195.2 [8.3 1150 [5618 |3880 |1.446 | 

181 1596 115 00 1198.7 |3.3 [151 |12680]8600 |1.474 ! 

182 [603 FD 1125.41 Tove 1Gags 17. 1158 e710. 15868 11/484 

483 |597 FR 1129.01 7o04. 1166.2.19.1 1151 17320; [5044 11.460 

184 [604 |D 4135.3 |252.91183.5 12.91149 [5038 13457 11.457 

185 [602 |B 1130.8 |245.71182.2 10.91151 (3724 |2616 | 1.4242 

186 }601 |D |132,0 | 42.60)189,.8 | 4.9]153. j10035]6766 11.483 | 

187 |604 |B 1128.2 [54.4 [189.41 8.11152 8510 15852 11.459                       

   



APPENDIX 2 (cont,) 
  

  

  

Run Paps 

ratio 

Ol 

ret; 

Mean 

ratio 

conv, 
iia ie. 

% 

conv, 
ol, 

CG 7? 

1 
‘op 

Hf ’ 

lon CO 

  

  
0.9587 

+3 me o 

O 

0.5995 

0.5837 

1,8691 

1,8784 

0,3227 

0.4243}   
0.9649 

1,0924 

0 

0.6036 

0.5784 

1.8720 

1.8742 

0,3264 

0.4202   
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3.47 

e.00 

G12 
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3.48 
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