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A. Historical 

CHAPTER I 

INTRODUCTION 

The histo.:z;-y of fluorine and its compounds begins with 

the preparation of elementary fluorine by Moissan (1) in 

1886. Although Moissan and his students in France, and also 

Bancroft (2,3) and his collaborators in this country, made 

numerous unsuccessful attempts from 1890 onward to fluorin

ate organic compounds, it was the French chemists, Lebeau 

and Damiens (4) , who in 1926 first isolated carbon tetra

fluoride from the product formed- by the action of elementary 

fluorine on wood charcoal. They also noted the presence 

·of homologous fluorocarbons in this product, but did not 

describe completely any of these compounds. Four years 

later Ruff (5) repeated this work and fully characterized 

carbon tetrafluoride. He also observed the apparent 

formation of higher homologs at the same time but did not 

give complete details. In addition, Ruff and Bretscheider 

(6) have studied the action of fluorine on graphite at 

temperatures considerably below those required for complete 

combustion, and they discovered that in all cases a very 

characteristic inert gray compound was formed which could be 

1 
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represented by the formula (CF) • On heating , this inter-
x 

esti ng substance decomposed, · sometimes explosively, into 

free radicals. Later Simons (7,8) reported an 

extended study of the direct fluorination of several 

varieties of carbon in a metal tube in the presence 

of small amounts of mercury salt as explosion inhibitors . 

In 1905 Moi ssan and Chavanne (9) tried to react solid 

methane with liquid fluorine at - 187°c. In spite of the 

very l ow temperature and the recognized skill of the in

vestigators , the only result of this interesting experiment 

was a disastrous explosion. 

Direct introduction of fluorine into organic mole

cul es has been a difficul t problem for many years. Early 

attempts at direct fluorination led to explosi ons and the 

only products were tar and polymers. The first successful 

attempt to fluorinate a hydrocarbon seems to have been made 

by Bockernull er (10) more than a quarter of a century later . 

He passed f l uorine gas i nto a dilute soluti on of cyclo

hexane in dichlorodifluoromethane at - so0 c in a glass 

apparatus and obtained approximately 33% yield of the pure 

s ubstituti on product , monofluorocyclohexane , c6H11F, which 

i s descri bed as a relati vely unreactive compound. He con

c l uded that under the conditions for liquid phase fluorina

tion, ·aromatic compounds form only addition products or 

polymers i nstead of desired substitution products . Many 
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other workers tried to control the reactions of molecular 

fluorine and organic compounds but failed (2,3,4). More 

recently, Gracauskas (11) studied the direct liquid phase 

fluorination of aromatic compounds and obtained very low 

yields of substitution products . 

The development of the chemistry of fluorine con

taining compounds has experienced tremendous growth since 

the beginning of World War II , and at present fluorine 

chemistr y is very important industrially. For example, 

various Freons are used as refrigerating compounds and 

Teflon is a frequently used material because of its excep

tional stability towards chemicals and heat . Because of 

this scientific and industrial interest in organic fluorine 

compounds, the various aspects of f l uorine chemistry have 

been reviewed extensively (12,13,14 ,15,16). The direct 

interaction of elementary fluorine with organic compounds 

as well as with free carbon has been studied ever since 

the discovery of the gas by Henri Moissan (1) in 1886 . 

Progress at the start was very slow, first on account of 

the difficulties encountered in the preparation of fluorine 

in the early days, and secondly because of the extraordinary 

reactivity of the element, which caused it i:o enter into 

combustion with most organic compounds, often with explosive 

violence. It was later found , however, that the direct 
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action of fluorine on free carbon gave rise to a series of 

very stable, highly characteristic fluorocarbons. 

The most important types of chemical changes which 

can be brought about by the action of elementary fluorine 

upon organic compounds are addition, substitution, frag

mentation, dimerization, and polymerization. All these may 

readily be explained on the basis of the modern theory of 

atomic chain reactions, which is as follows: 

First the fluorine . molecule may dissociate into 

atoms either thermally or catalytically, 

--~ 2F• 

after which addition may occur, 

or substitution can take place, 

RH+ F•--~~HF + R• 

B. Chemistry of Fluorine 

Elemental fluorine is a pale yellow or yellow-green 

gas, b.p. -188.14°c, produced only by electrolysis because 

no chemical oxidizing agent is sufficiently powerful. 

Fluorine is widely distributed in nature and occurs in 

continental rocks of the earth's crust to the extent of 
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about 0.065% by weight, and mo~e than 100 fluorine minerals 

have been described. 

The word, fluorine, is derived from the Latin word, 

fluere, to flow. Fluorine , being the first member of the 

halogen family, occupies a unique position in the periodic 

table . Fluorine is unique in that no other - element has 

greater oxidizing power. The bonds formed by fluorine are 

among the strongest known, particularly to carbon, where· it 

forms a stronger single bond than any other element. Since 

the formation of a C-F bond is highly exothermic, the sub

stitution of a hydrogen or a hal.ogen by a fluorine atom is 

frequentl~ accompanied by fragmentation. 

Following are the main factors which explain why the 

chemistry of fluorine is different from that of the other 

halogens: 

1. The low dissociation energy of the fluorine 

mo,lecule (Table J.) , 

2. The relatively high strength of the bonds 

formed between fluorine and other elements, 

3. The relatively small size of the fluorin~ atom 

and the fluoride ion, 

4. High electronegativity of covalently bonded 

f l uorine (Table 2), 
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5. High electron affin.i,ty of fluorine (Table 2), 

6. High ionization energy of fluorine (Table 2). 

Table 1. Dissociation Energies of Selected Elements 

Elements 

--..• 2X) 

Dissociation Energy, Keala 

37 

58 

46 

36 

aT. L. Cottrell, "The Strengths of Chemical Bonds," 

2nd Ed., Butterworth Scientific Pubiications, London, 1958. 

The ready dissociation of fluorine into atoms is at the root 

of its high reactivity. Iodine, however, is almost equally 

dissociated at a• given temperature but forms much weaker 

bonds, so that ' the overall energy release in the formation 

of a fluoride is ~onsiderably greater. 
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Table 2. Selected Ionization Energies, Electron Affinities, 

and Electronegativitiesa 

Elements 

F2 

Cl2 

Br2 

I2 

Ionization 
. Energy 

401. 50 

300.00 

272.90 

242.20 

Electron 
Affinity 

83.50 

87.30 

82.00 

75.70 

Electronegativity 

4.00 

3.00 

2.80 

2.50 

a 1· 11 h f h h · 1 11 d L. Pau ing, Te Nature o t e C emica Bond, 3rd E. 

Cornell University Press, Ithaca, N.Y., N.Y., 1960. 

Fluorine is•the most electronegative element and exerts the 

greatest attraction for the electron-pair. Thus, the bond 

will be strongly polarized because of the unequal sharing 

of the electron-pair: 

C :F 
o+ o-

ana the C-F bond can be represented as a mixture of 

covalent and ionic bonds, as shown by the resonance 

structures: 

:F 
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C. Significance of Atomic Fluorine 

When a fluorine molecule (F2) reacts with an organic 

substrate there will be enough exothermic energy generated 

at the point of reaction to cause c-c bond cleavage, mole

cular rearrangements , generation of activated species and 

subsequent polymerization. It is true that some of this 

energy will be consumed in the breaking of ·the F-F bond, 

but this is small when compared to the energy generated. 

I f a t omic fluorine reacts with an organic substrate , 

there will only be one atom of fluorine involved. It could 

generat e onl y about half the ~xotherrnic energy at the point 

of reaction as in the case of the fluorine molecul e . This 

no doubt reduces the possibility of having c-c bond cleav

age , mol ecular degradations and polymerization. The low 

dissociati on energy of fluorine (37 kcal/mole) assures that 

a kinetically significant number of fluorine atoms are 

avail able for reaction even at room temperature. The dis

soci ated f l uorine is an extraordinary electron- seeking 

species that forms extremely stable bonds with carbon 

and hydrogen. 

The energy released i n making H-F an~ C-F bonds 

under uncontrolled conditions supplies energy for massive 

molecular dissociation . Consequently , elemental fluorine 

reacts viol ently with organic materials in extremely 
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exothermic reactions and shows little selectivity. The use 

of the elemental fluorine as a fluorinating agent is hence 

restricted to special techniques such as use of very low 

temperature and high dilutions. 

D. Radical Formation Techniques 

In the gas phase free radicals are formed by: 

1. electron impact in an electric discharge, 

2. heating the gas to a high temperature to 

dissociate the molecules, 

3. and photolysis. 

When gas containing molecules and radicals come into contact 

with a cold surface condensation takes place. Molecules 

and radicals are then arranged in a form of complex mixtures. 

The characteristic feature of all free radical processes is 

that the reactive species possesses . an odd electron. Radical 

forming initiators are peroxides, azonitriles, and light. 

Initiation or acceleration of a reaction by a radical source 

is the characteristic of free radical reactions and can be 

regarded as evidence of a free radical process. 

Radical formation, which is caused by bond dissocia

tion, depends largely on temperature. Some molecules with 

covalent bonds dissociate even at room temperature. When 

molecules absorbed light, the radicals are produced at 

temperatures below those at which thermal decomposition 

occurs. The energy of a quanta of light is equivalent to 
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48 kcal at 6000 A and to 96 kcal at 3000 A. These energies 

are sufficient for dissociation of most covalent bonds. 

Consequently, absorption of a light quantum of appropriate 

wavelength by a molecule with a covalent bond results in 

cleavage of the bond to form two radicals, which react 

exactly as though they were produced thermally. Photo

chemical production of radicals is convenient, since it 

can be easily initiated and interrupted. 

Another radical producing process uses the high 

energy radiation produced by alpha and beta particles 

or by gamma and X-rays. This process is seldom used 

because high energy radiation frequently results in frag

mentation of many molecules, with the production of complex 

mixtures. 

A considerable number of reactions between halogen 

atoms and hydrocarbons have been investigated by discharge 

methods for the production of atomic species. Steacie (17) 

has provided a comprehensive summary up to 1954, and Fettis 

and Knox (18) have discussed the rate constants for many 

of these reactions. Radford, Beltrane-Lopez, and Hughes (19) 

were the first to prove the existence of atomic fluorine. A 

paramagnetic resonance absorption spectrum has been observed 

in the radio-frequency discharged region with fluorine gas. 
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Another proof of the existence of atomic fluorine is based 

on the observation of deep red glow, showing the strong 

optical lines of neutral atomic fluorine. The presence of 

fluorine atoms in the radiofrequency discharge was further 

proved by Jeffery and Sams (20) • · 

An electrodeless radio-frequency glow discharge 

provides a convenient and relatively safe method for the 

generation of atomic fluorine. Advantages of electrodeless 

radio- frequency discharge are as follows: 

1. easy impedance match, hence efficient transfer 

of power, 

2. electrodeless discharge, therefore no electrode 

reaction, 

3. the discharges usually fire readilyr 

4 . a considerable range of power is available from 

one generator, 

5 . and wide range of frequencies may be chosen. 

The use of atomic fluorine represents advancement 

in the fluorine field and opens up opportunities for new 

synthesis as well as mechanism studies. In this study 

reactions of atomic fluorine with different substrates are 

diviaed into three main groups which are listed on the 

fellowing page. 
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I. Halogen substitution from alkyl halide 

F• + RX ---RF + X• 

II . Hydrogen substitution from a hydrocarbon 

2F• + RH ---,.RF + HF 

III. Addition to carbon-carbon double bond 

F• + ---+) F-~-t-
1 I 



CHAPTER II 

HALOGEN SUBSTITUTION BY ATOMIC FLUORINE 

IN CARBON TETRACHLORIDE 

A. General Discussion 

Carbon tetrachloride is generally regarded as an 

inert, nonionizing, nonpolar, and essentially nonsolvating 

aprotic solvent which plays a minimum role in the chemistry 

being studied. However, one of the few reactions which 

carbon tetrachloride undergoes is with olefins under free 

radical conditions to give 1:1 adducts (21,22) as follows: 

+ ) 

With vinylsilanes (23,24) carbon tetrachloride forms the 

tetrachloro derivatives; the reactions are promoted by 

azonitrils, light or benzoyl per.oxide. Reactions of carbon 

tetrachloride with terpenes are also known (25,26,27). It 
' 

has been used as a chlorinating agent for many halocarbons 
. ' 

in which chlorination involves the halogen exchange (28). 

In halogen exchange reactions alkyl halides (29) have 

received considerable study. 

B. Fluorination 

The fluorination of carbon tetrachloride has been 

investigated on aluminum fluoride catalyst and the mechanism 

13 
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of this reaction was explained (30). The fluorination of 

carbon tetrachlorid€ by hydrogen fluoride can be shown as: 

CC1 4 + HF CC13F + HCl 

CC1 3F + HF ,. CC1 2F 2 + HCl 

CC1 2F2 + HF CC1F 3 + HCl 

Fluorination of carbon tetrachloride with sodium 

fluoride catalyzed by ferric chloride has also been in

vestigated (31). If this reaction was carried out in the 

absence of ferric chloride the yield was only 9%, but when 

0.03 mole of ferric chloride was added to the reaction 

mixture the percent yield increased to 90%. Arsenic tri-

. fluoride has been used as a fluorinating agent by 

Pacini (32). Vapor phase fluorination of carbon tetra

chloride was studied by McBee, Hass, and Frost (33). In 

the absence of catalyst and below 450°c, carbon tetrachloride 

reacts with hydrogen fluoride to produce trichlorofluoro

rnethane, but above 4so0 c dichlorodifluoromethane was the 

principal product. 

The original preparation of Freons is based on the 

Swa.rts reaction (34). This method was later improved by 

using anhydrous hydrogen fluoride as a continuous source 
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of fluo~ine and an~imony salt as a transfer catalyst. 

The chemistry of the transformation of organic halogen 

derivatives to freons can be expressed by a sequence of 

equations: 

SbC15 + XHF ) SbF xCl ( S-x) + XHCl 

CC14 + XHF 
SbF xCl ( S-x)) 

CC1 3F + X.HCl 

CC13F + XHF 
SbF xCl ( S-x)) 

CC12F2 + XHCl 

SbF Cl 
CC12F3 + XHF x (:;i-~) ~ CClF + XHCl 3 

According to above sequence of equations, it appears that 

halogen exchange for fluorine is stepwise. If the trichlo

rofluoromethane . is left in contact with the fluorinating 

medium, the second chlorine atom is replaced by fluorine, 

and dichlorodifluoromethane is formed. The third chlorine 

atom is replaced only with difficulty and to a small ex

tent. The circumstances are extremely favorable for the 

production of di;::hlorodifluoromethane, since by recycling 

of . trichlorofluororn~thane and in a sufficiently lorig re

action time at 60°c all of the carbon tetrachloride can be 

finally converted to dichlorodifluorornethane. McBee and 

Co-workers (.33) have +eported the results of the reaction of 
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carbon tetrachloride and hydrogen fluoride as given in the 

following table: 

Table 3. Summary of Fluorination of Carbon Tetrachloride 

by Hydrogen Fluoride 

Temperature 0 c 400 435 460 490 

H-F: CC1 4 Ratio 1 1.9 2.3 4.9 

Total % Yield 0 95 85 59 

Product Composition 

CC1 2F2% 0 5 34 79 

CC1 3F% 52 77 59 21 

CC1 4% 48 18 7 0 

The exchange of the third halogen atom is sometimes diffi

cult and gives a low yield. The replacement of the third 

halogen atom by fluorine requires a very active 

catalyst~ 

CCl 4 + HF Ccl 3F + CC12F 2 
110°c, 30 atm. 

9% 90% 

+ CC1F 3 

0.5% 

Calcium fluoride in the form of fluorospar presents 

the primary source of fluorine for the fluorochemical in

c.ustry (35, 36). Anhydrous hydrogen fluoride is produced 
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from fluorospar by the reaction with concentrated sulfuric 

acid: 

CaF2 + H2so4 Caso 4 + 2HF 

Calcium fluoride could be directly used in a fluorination 

reaction with a chlorocarbon: 

The reaction of solid calcium fluoride with carbon te.tra

chloride at elevated temperature has been studied by 

Schiemann ( 36) . 

The reactivity of the halogens in being replaced by 

fluorine depends on the fluorinating agent. Elemental 

fluorine can also replace halogen atoms, irrespective o~ 

their mode of bonding. It is diff:i.cult to limit it to the 

replacement of one definite halogen atom. Usually several 

atoms are replaced and mixtures of compounds are produced. 

Carbon tetrachioride was fluorinated to a mixture of carbon 

tetrufluo~ide and chlorotrifluoromethane by the treatment 

with fluorine in the presence of arsenic (37} at 70°c. 

The reaction proceeded without explosion and the analysis 

showed 74% carbon tetrafluoride and 17% chlorotrifluoro-

methane. 
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F 
2 ) F 

As, 106 c c 4 + CC1F3 

A few kinetic studies of atomic fluorine reactions have 

appeared in the literature. Kolb and Kaufman (38) have 

generaten atomic fluorine by discharging either carbon tetra

fluoride or a fluorine argon mixture, and they have studied 

the rate and mechanism of the reactions. According to 

Kolb and Kaufman, the reaction between atoms and alkanes 

and their halogenat~d derivatives generally proceed by an 

abstraction mechanism. They concluded that fluorine atoms 

reacted by exothermic displacement: 

F· + CC1 4 

bH298 = -36 + 10 kcal/mole 

rather than by endothermic abstraction: 

F• + ClF + eel • 3 

~H 298 = 8.8 + 5 kcal/mole 

and both Cl • and cc1 3• react rapidly with molecular fluorine 

and give the same final products, ClF and CC1 3F. 

C. Results and Discussion 

Cold plasma reactor described earlier (20), was used 

to generate atomic fluo!:ine for the study of the halogen 
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substitution reaction. Tedder (39) used fluorine on carbon 

tetrachl oride at 20°c and obtained only monofluorination . 

It was necessary for Simons and co-workers (37) to use a 

catalyst and relatively high temperature to get a reasonable 

yield of carbon tetrafluoride. However , in the case of the 

more active atomic f l uorine, carbon tetrachloride has been 

completely fluorinated in the absence of a catalyst and at 

a much lm·.'er temperature . 

Carbon tetrachloride was selected as the substrate 

for this atomic fluorine study for reasons given earlier. 

Eighteen reactions have been carried out using eight differ

ent fluorine to carbon tetrachloride ratios in an effort 

to determine the relative chemical activity of atomic 

fluorine in the halogen substitution type of reaction. It 

can be seen from Table 4 that two reactions were studied 

using identical reaction conditions in every respect except 

in the type of fluorinating gas used. In experiments 6 and 

7 the fluorinating gases were molecular fluorine and atomic 

fluorine, respectively . Experiment 6 , using molecular 

fluorine , produced only 0.26 mmole of carbon tetrc:.fluoride 

while experiment 7, using atomic fluorine , produced 

17.6 mmoles. This shows clearly that atomic fluorine 

was 67 times more effective than molecular fluorine 

in this halogen substitution type reaction . 



T bl 4 Quantitative Data for Fluorinated Products of Carbon Tetrachloride a e • 

Millimole of 
Millimole of Fluorinated fluorine 

Reaction Mil limo le of 
Millirnole Products* 

Numbers carbon tetra- of CC1 3F CC12F 2 CC1F 3 CF4 
Fluorine chloride Atoms 

1 0.7 39.4 0.02 0.00 0.01 0.85 

2 1.0 50. 0.03 0.13 0.30 2.40 

3 1.2 60.6 0.10 0.11 0.12 2.80 

4 1.5 72.8 0.21 0.06 0.00 3.90 

5 1.9 94.4 0.12 0.03 0.07 7.60 

6 2.3 123.2 0.08 0.02 0.09 0.26 

7 2.3 123.2 0.70 0.54 0.31 17.6 

8 4.6 232.0 0.67 0.30 o.oo 24.6 

9 6.9 348.0 1.05 0.20 0.00 24.9 

All reactions were run with atomic fluorine except 6, which was run 
with molecular fluorine. 

*Normalized using reaction number 7 as a standard 

I\J 
0 
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Upon completion of the eighteen reactions, the 

analysis of the products showed that the end product of 

every reaction was carbon tetrafluoride, along with trace 

amounts of the three partially fluorinated intermediates. 

The concentration of the intermediates has been found to be 

so small that one can say that they are being consumed 

about as rapidl y as they are being produced. 

Previous atomic fluorination studies (40,41,20) 

have resulted in only monofluorination. The reactions 

between carbon tetrachloride and atomic fluorine were 

surprising in that predominantly perfluorinated products 

were produced. In each reaction fluorination was multiple 

and consecutive according to the fol lowing equations : 

F· ➔ CF 
4 

Figure 1 shows the relationship found between 

fluorine to substrat e ratio and the mmoles of total carbon

containing fluorinated product. It can be seen that the 

amount of f luorinated product increases until a ratio of 4-6 

is reached. As· the ratio is increased more than 4.6 , the 

fluorinating effectiveness goes down and at this point the 

saturation state has appar ently been reached . This indicated 

that f luorination is no longer a function of f luorine atom 

concentration. 
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Figure 1. Graphical Relationship between Reactant Ratio 

and Total Fluorinated Products of 

Carbon Tetrachloride 
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Upon the calculation of the percent conversion of 

lower fluorinated product to the higher one, it can be noted 

(Table 5) that only the first step of the consecutive reac

tions is highly affected by the change in fluorine atom 

concentration 

F· 
). 

i.e;, all the following steps are not so responsive. It is 

also clear that at the ratio of 0.7 only 1.5% of carbon 

tetrachloride is converted to trichlorofluoromethane, and 

when the ratio is 6.9 the conversion of carbon tetrachloride 

is increased to 51.80%. Therefore, the first step of con

secutive reactions is rate determining step. 

When molecular fluorine and atomic fluorine are 

compared in their efficiency to convert carbon tetrachloride 

to trichlorofluoromethane as shown in experiments 6 and 7, 

it can be seen that atomic fluorine is forty-two times 

more effective than molecular fluorine. 

The conclusion drawn from the above reaction is 

that the reactivity of atomic fluorine in this halogen 

substi t.ution reaction is far superior to o.ther fluorinating 

agents in two regards: 

1. Atomic fluorine has been shown to be many 

times more effective than other fluorinating agents in 



Table 5. Percent Conversion Data of Fluorinated Products of Carbon Tetrachloride 

Reaction 
Number 

1 

,., 
~ 

3 

4 

5 

6 

7 

8 

9 

Millirr.ole of F • 
Millirnole of 

CC1 4 _ 

0.7 

1.0 

1.2 

1.5 

1.9 

2.3 

2.3 

4.6 

6.9 

from to 
CC1 4 CC1 3Y 

1.5 

5.6 

6.2 

8.6 

15.7 

0.8 

36.1 

50.7 

51.8 

PERCENT CONVERSION 
from to from to from 
CC1 3F CC12F 2 CC12F 2 CC1F 3 CC1F 3 

97.7 100 98.8 

9·0. 9 95.4 88.9 

96.8 96.4 95.9 

95. 0 . 98.5 100 

98.5 99.6 99.l. 

82.2 94.6 74.3 

96.3 97.1 98.3 

97.4 98.7 100 

96.0 99.0 100 

I\J 
~ 
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converting carbon tetrachloride to trichlorofluoromethane. 

2. Atomic fluorine has been shown to be very 

effective not only in the replacement of the first halogen 

atom, but in all fluorination steps that follow, producing 

perfluorinated carbon tetrafluoride as the end product of 

each reaction. 

D. Experimental 

Materials: Carbon tetrachloride was obtained from 

J. T. Baker Chemical Co. Trichlorofluoromethane, chloro

trifluoromethane,- and carbon tetrafluoride were purchased 

from Matheson Gas Products and dichlorodifluoromethane was 

obtained from Ernest F. Fullam, Irie. 

Figure 2 shows the design of the reactor. This new 

reactor using the molecular beam design was constructed of 

pyrex glass. The reactor was activated inductively with a 

radio-frequency generator (Johnson Viking Model II) with 

deliverable power from minimum up to 180watts. This generator 

is connected to a Johnson Viking impedance matching box. All 

experiments were carried out at a radio frequency of_ 29.1 MHz. 

The flow of the fluorine gas and carbon tetrachloride vapor 

was measured by a Hasting Mass Plow Meter ·(Model LF-20) which 

was equipped with Monel metal fittings. The flow rates of 

both gases were reg-u.lated with Hoke fine metering valves, 

V ( l) and V ( 2 ) • 
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Design of Molecular Beam Type Reactor 



27 

~he analysis of the reaction products was carried 

out in a fashion similar to that described by Seiler, 

Durrance and Sams (42}, using a Varian Aerograph Model 

90-P3 Gas Chromatograph with a thermal conductivity detector. 

Integrations to obtain peak areas were obtained using a 

Beckman Ten-Inch .Laboratory Potentiometric Recorder fitted 

with a disc integrator. 

For the separation of recognizable fluorinated 

products of carbon tetrachloride, different columns have 

been tried at different gas chromatographic conditions 

as shown in Table 6. 

Table 6. List of Columns and Conditions for the Separation 

of Carbon Tetrachloride Reaction Products 

Number of Name of Temperature Flow of Resolution 
Columns Columns of Columns Carrier Gas of Prod. 

1 Denton-34 150°C 60cc/min None 
30°C 18cc/min None 

2 Carbowax 160°C 60cc/min None 
. 20M 50°C 15cc/min None 

3 Apiezon L 120°c 30cc/min None 

4 Porapak Q 120°C 20cc/min Resolved 
CF 4 , CF 3cl 

and CF2Cl2 

180°c 40cc/min Resolved 
CFC13 and 
CC14 
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The column which was found to be suitable for separa

tion of both gas and liquid products of reaction is Porapak 

Q of 60/80 mesh (1.23 m long and 6.35 mm od). The quantity 

of each component of the product was determined by comparison 

of integrated peak areas to that of calibrated curves derived 

from authentic compounds. Reaction products were identified 

by comparison of their infrared spectra to that of the 

authentic compounds. 

A series of reactions was carried out to study the re

activity of atomic fluorine with carbcn tetrachloride. The 

fluorine and carbon tetrachloride flow rates were established 

in a manner necessary to give increasing fluorine to carbon 

tetrachloride ratio as shown in Table 4. 

E. Typical Reaction Procedure 

In a typical reaction undiluted elemental fluorine 

was passed through metering valve V(l} and flow transducer 

FT(l) into the previously evacuated reactor which was cooled 

by condensers maintained at o0 c. The fluorine was then 

allowed to pass into the discharge region where the red glow 

characteristic of atomic fluorine (20) was initiated by the 

radio-frequency field . A beam of fluorine atoms then passed 

into the reaction chamber by way of a 0.75 mm hole in .a 

glass septum. The temperature of the beam of fluorine atoms 

was measured after passing through the 0.75 mm hole and was 
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found to be 14°c. After the stabilization of the fluorine 

flow, substrate vapor was introduced by placing the reactant 

in a substrate holder , maintained at 2s0 c, and allowing the 

autogenous vapor pressure (~650 Torr) to cause a flow through 

metering valve v(2), flow transducer FT( 2) and then into a 

reaction chamber through a 0 . 75 mm id capillary tube . 

The flow carried the products from the reaction chamber and 

they were condensed in trap T(l ) which was cooled by liquid 

nitrogen. At completion of the reaction the 

contents of the trap T(l) were passed through the sodium 

fluoride pellets and then distilled in a sample holder main

tained at liquid nitrogen temperature . The sample was 

degassed and frozen several times before the product was 

analyzed. 



CHAPTER III 

HYDROGEN SUBSTITUTION BY ATOMIC FLUORINE 

IN n-BUTANE 

A. General Discussion 

For many years, especially in the field of organic 

chemistry the element fluorine was believed to be a thing 

apart, following no generalization, obeying no rules, and 

characterized by disruptive and explosive reactions. Now, 

rapidly developing kncwledge makes clear that the reactions 

of fluorine with organic compounds fit in . very well with 

existing theoretical consideration, and are nearly as 

predictable as those of the other halogens. 

Since fluorine is the most electronegative of all 

elements, it should react atomically rather than ionically, 

because the removal of a.n electron from it to form a posi-• 

tive F+ ion, would be very difficult. Consequently, in 

organic fluorinations the fast chain reactions should be 

expected. Bockiniiller (10) directed attention to another·. 

fundamental cause of the violence of these reactions, namely, 

the high energy of the hydrogen-fluorine bond and the 

carbon-fluorine bond: 
I 

-C-H 
I 

+ F-F 
substitution> 

30 

H-F 

6H = 

+ ·-6-F 
I 

-106 Kcal 



31 

The energy of dissociation of a• carbon-carbon bond is 71 kcal . 

This shows that the heat of reaction exceeds the heat of dis

sociation of the carbon-carbon bond by a substantial margin. 

B. Fluorination 

Fluorination of the simple paraffins has been studied 

for many years beginning with the research of Moissan (1) . 

Due to the extreme chemical inertness of fluorocarbons and 

their application to the atomic bomb project, a great amount 

of research and development work was devoted to the prepara

tion and properties of these substances during the years 

1941- 1946. Hydrocarbons can be fluorinated in several ways 

as follow : 

1. Reaction with metal fluoride 

2. Electrolysis of hydrocarbon in anhydrous hydrqgen 

fluoride 
3. Reaction with elemental fluorine 

4. Reaction with chlorine (bromine) followed by 

halog~n exchange 'with inorganic fluorides. 

In the fluorination of paraffins several types of chemical 

changes may occur when a hydrocarbon is mixed with fluorine 

such as: 

1. Substitut ion of a hydrogen atom by fluorine 

2. Addition to an unsaturated linkage 

3 . Fi ssion of the carbon- carbon chain 
4. Formation of high :nolecular weight compounds 

arisi~g from free radical i ntermediates. 



32 

The mechanism of fluorination reaction is believed to be a 

chain reaction . involving free radical intermedi~tes (43) . 

The first step is formation of fluorine ato~s by a thermal 

or catalytic process ; this is followed by substitution of 

hydrogen by a fluorine atom resulting in a free radical 

intermediate which reacts with a molecule of fluorine to 

form a fluorine containing compound and another fluorine 

atom. 

==~>. 2F· 

F • + RH ---+) R• + HF 

--.. ➔ RF+ F• 

The reaction of a metal fluoride with a hydrocarbon 

to produce a fluorinated alkane offers a convenient method of 

substituting a hydrogen atom by a fluorine atom. The reac

tion, while exothermic , is much more readily controlled and 

docs not result ip carbon-carbon bond fission. The reaction 

mechanism in the case of metal .fluoride is different in 

natt1re from that of fluorine alone (44). The reaction se

quence can be postulated as follows, using CoF3 as an example. 

+ 

RH + 2CoF3 --~) RF + 2CoF2 + HF 
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Another development in the area of fluorination 

has been an electrolytic process for the substitution of 

hydrogen by fluorine in an organic compound (45). The 

application of the electrochemical procedure to hydrocarbons 

themselves offers an advantage of smooth, controllable 

reaction with the disadvantage of poor yield. 

Jet fluorination of some aliphatic hydrocarbons by 

the action of elemental fluorine was also reported (46). 

Gas phase reactions of chlorine and bromine atoms with 

saturated hydrocarbons have been investigated (47,48). 

Much less is known about the reactions by which fluorine 

atoms abstract hydrogen atoms from saturated compounds. The 

reactions of fluorine atoms have been neglected partly 

because of experimental difficulty and partly because the 

reactions are so exothermic that they have been difficult 

to control. 

Bigelow and his co-workers (49) concentrated their 

attention for more extensive fluorination. Hass and McBee 

(50) have carried out the classical study of chlorination of 

aliphatic compounds. The first precise study of _aliphatic 

monofluorination was carried out by Anson and Tedder in 1957 

(51), but they failed to give results for a reall quantita

tive comparison of fluorination and chlorination. 
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The gas phase fluorination , chlorination and bromina

tion of n - butane and isobutane have been studied by Tedder 

atd co- workers (52) . Initially they tried to start with the 

hydrocarbon in the liquid phase-which was not suitable 

because f l uorination under ,these conditi ons was heterogeneous 

and re l atively uncontrolled. In the gas phase the great 

difficul t y was thecontrol of the temperature in the highly 

exothermic reaction . 

I n 1960 f l uori nation , chlorination and bromina

tion of butylhalides was studied in gas phase (53). The 

presence of halogen in the molecule retards substitution 

at a ~-car~on atom in the order F >Cl> Br. 

C. Results and Discussion 

The principal reaction of aliphatic hydrocarbons is 

substitution by a free radical process involving the initial 

formation of an alkyl radical by abstraction of a hydrogen. 

The· ease of abst~action of hydrogen atoms from aliphatic 

hydrocarbons (54) by free radical is invariably in the oider 

of tertiary> secondary> primary. This can be explained 

on the basis of resonance stabilization of alkyl radicai 

by hyperconjugation and by inductive effect. This series 

of reactions is intended to probe the degree of selective 

substitution in alkanes containing both primary and 

secondary hydrogen atoms . Monosubstitution of primary and 



35 

secondary hydrogens should give two different fluorinated 

products. Since ~b~tane contains six primary hydrogens 

and four secondary hydrogens , it has been selected as the 

substrate to study the relative activity of both types of 

hydrogens with respect to atomic fluorine. The reaction 

proceeds by the following free radical sequence: 

Initiation 
radi.o.-f requency 2F. 

. . '""" activation . 

Propagation 
F• + R-H ~R· + HE' 

Termination 
F· + R· --► R-F 

If the initial attack of atomic fluori ne is on primary 

hydrogen the product will be 1- fluorobutane; if the attack 

is on secondary hydrogen, 2- fluorobutane will be formed. 

A large number of preliminary reactions were carried out 

with h.:-:_butana_ at different concentrations of the atomic 

fluorine. The products of these· reactions were not identi

fied because the separation technique was insufficient to 

resolve the reaction products. Several colunu1s were tried 

to obtain the separation of monofluorinated producis. It 

has been found that 5% silicone gum on 80/10 0 mesh Chromo

sorb W colu.·nn (3.075 m long, 3.175mm od) gave the best separa

tion for the monofluorinated products at a column temperature 



36 

0 of approximately O C and a flow-rate of 6 ml helium per 

minute . Later, a serie.s of reactions was completed at 14°c 

with the same relative concentrations of ·atomic fluorine and 

n - butane . Experimental results ·of these reactions are given 

in Table 7. 

Figure 3 shows the relationship between the reactant 

ratio (atomic fluorine/g- butane) and product ratio (1-fluoro

butane/2- fluorobutane). As the reactant ratio increases the 

product ratio also increases until the reactant ratio reaches 

the value of 2 . Following this point the product ratio 

remains reasonably constant at 1 . 41 even though the reactant 

ratio is increasing continuously. The actual probability 

factor for primary to secondary hydrogens in the case of 

n - butane is 1. 5 while the experimental plateau value cal~u

lated from Tabl e 7 is 1. 41. Two monofluorinated products . 

are formed in different amounts: 

+ F • 

(58. 3%) ( 41. 7%) 

The reactivity of secondary hydrogens can be calculated 

according to the following equation, where the reactivity 

of primary hydrogens is considered to be uniti. 



Table '7. Monofluorination of n-Butane 

REACTANT RATIO PRODUCT RATIO 

Reaction millirnole fluorine rnillirnole rnillirnole rnillimole of 
Numbers atom of of 1-fluorobutane 

rnillirnole n-butane 1-fluorobutane 2-fluorobutane millirnole of 
2-fluorobutane 

1 1.1 12.5 11.5 1.1 

2 1.4 12.5 10.4 1.21 

3 2.0 38.0 28.2 1.35 w 
-...J 

4 4.0 30.7 21. 9 1.40 

5 5.1 22.0 15.3 l.44 

6 6.1 24.6 17.2 1.43 

7 5.1 6.9 7 .·5 0.92 



Q) Q) 
C: ~ 
pj rU 
.µ .µ 
:::s :::, 

..Q ..Q 
0 0 
H H 
0 0 
:::s :::, 

,-f ,-f 

~ µ.; 
I I 

r-1 N 

4--l 4-l 
0 0 

. (l) Q) 
r-1 ..-4 
0 0 s I:: 

·r-1 ·ri 
..-4 ...-t 
,-f ..; 
•r-1 ·.-1 
I:; ~ 

1.5 

1.4 

1.3 

1.2 

1.1 

0 1.0 

38 

2.0 3.0 4. 0 5.0 

rnillirnole of atomic fluorine 
millirnole of n-butane 

Figure 3. Graphical Relationship between Reactant Ratio 

and Product Ratio of n-Butane 
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1-fluorobutane 
2-fluorobutane = number of primary hvdrogen 

number of secondary hydrogen 

reactivity of primary hydrogen 
reactivity of secondary hydrogen 

X 

Reactivity of primary hydrogen 
Reactivity of secondary hydrogen = 1-fluorobutane 

2-fluorobutane 

number of secondary hydrogen 
number of primary hydrogen 

Reactivity of primary hydrogen 
Reactivity of secondary hydrogen = 1.41 

Reactivity of secondary hydrogen= 1.06 

4 
X 6 

This value indicates that secondary hydrogens are only 

slightly more reactive towards fluorine atoms than the 

primary hydrogens. 

X 

The relative reactivity of primary and secondary 

hydrogens in fluorination,chlorination,and bromination of 

alkane have been studied (55); the results of these studies 

are presented in the following table along with the value 

for atomic fluorination found in this study. 

Table e. Relative Reactivity of Primary and Secondary 

Hydrogen 

Number 

1 

2 
3 
4 

Process Primary:Secondary 

Atomic Fluori
nati.on 
Fluorination(55) 
Chlor.ination(55) 
Bromination(SS) 

1.0:1.06 

1.0:1.2 
1.0:4.6 
1.0:250 

0 Temp., C 

14°C 

25°c 
25°c 
98°C 
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Reactions 5 and 7 in Table 7 were run using identical reac

tion conditions except in the type of fluorinating gas used. 

In experiments 5 and 7 the fluorinating gases were atomic 

f luorine and molecular fluorine·, respectively . These two 

reactions show different product ratios, the ratio of prod

uct is decreased to 0.9 if molecular fluorine is used as 

fluorinating agent. This probably indicates that the 

reactivity of molecular f luorine in this reaction is due 

only to the extremely low concentration of the atomic 

fluorine found in all molecular fluorine. 

D. Experimental 

,: 

Materials: n- Butane ~as obtained from Matheson Gas 

Products. 1-Fluorobutane was purchased from ICN Pharma

ceuticals , Inc. Since 2- fluorobutane was not commercially 

available, it has been synthesized in this laboratory by ' the 

Hoffman method (56). The synthesized product was further 

ide'ntif ied by ta~ing the mass spectrum and nuclear magnetic 

resonance spectr~m of the pure peak separated by gas chroma

tography. 2-Fluorobutane for the identification of unknown 

peaks in each reaction product was obtained in this manner. 

Similar experimental techniques were used according to the 

typical reaction procedure explained in Chapter II. '!'he 

only di fference is thc.t glass wool was used to improve the 
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trapping_ efficiency of the more volatile fluorinated products . 

In all the reactions , the products were passed over the 

sodium fluoride pellets to remove hydrogen fluoride. The 

quantity c.,f each reaction product was determined by com

parison of integrated peak areas to that of calibrated 

curves derived from authentic compounds . 



CHAPTER.IV 

ADDITION OF ATOMIC FLUORINE TO 

CARBON-CARBON DOUBLE BOND 

A. General Discussion 

Carbon-carbon TI bonds are relatively weak 65 kcal/ 

mole). They are also, unless substituted by strong electron 

withdrawing groups, electron rich. The exact mechaniBm of 

addition depends on the reagent. The free radical reaction 

is ordinarily initiated by a homolytic bond cleavage. The 

radicals may then undergo various processes, such as, 

substitution, addition, rearrangement, elimination, or 

fragmentation. Unlike the heterolytic counterparts, these 

processes seldom produce a stable species. 

Addition of radicals to carbon-carbon double bonds, 

by a chain process, may lead to the formation of either small 

molecules or polymers, depending upon the efficiency of chain 

transfer. Chain· reaction of radical addition follows i~itia

tion, propagation, and termination. The chain is initiated 

by the a<ldition of some radical X to an olefin (1) 

I I 
X• + -C=C--

I I 
) x-c-c· ( 1) 

I l 

+ X-Y 
I l 

x-c-c-Y + X• (2) 
I I 
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➔ 
I I I I 

X-C-C-C-C• 
I I i I 

(3) 

The intermediate alkyl radical produced by the addition has 

a choice of paths. It may attack X-Y, abstracting Y and 

leaving a new X· to add to another olefin (2), or it may 

itself add to the next olefin (3). Halogenation of many 

unsaturated compouuds proceeds by a free radical mechanism. 

Photochemical bromination and chlorination proceed through 

a chain process. A simple approach is to assume that in 

halide displacement, bond breaking occurs to a significant 

extent in the rate-determining step. Since the fluorine 

to carbon bond is much stronger than the other carbon 

halide bonds, the energy of activation for bond breaking 

will be higher, and consequently the rate of fluoride dis

placement would be slower . Carbon-fluoride bond length in 
0 

vinyl fluoride is 1. 348 A (57). The bond length of the 

carbon-fluorine bond in fluorinated alkenes and aromatics 

is shorter than the normal carbon-fluorine bond. 

The fluorine affects both the o and ~ electrons of 

the molecule~ In the cr framework the charge density alter

nates, and wi thdra\'1c1l is more effective at odd atom posi

tions from the fluorine (Figure 4). However, the effect 

drops off very rapidly. The w1shared p-electrons of fluorine 

are calculated to feed charge density back to the organic 

system (58). A vinyl fluoride partly counteract its 
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+42 -182 

H'-.-111 /F 
"'-c=c 

H/ +211'._H. 

+36 +5 

Flgure 4. Electron Distribution in Vinyl Fluoride 

strong inductive electron withdrawal by return of electron 

density from the non-bonding p-electrons to the 1r system 

(cal°led p-7T interaction). In spite of high electronegativity 

and low polarizability of fluorine, the resonance electron 

return is suggested to be very important for fluorine, even 

better than for chlorine or other halides which are much 

more polarizable. A possible reason is that fluorine and 

carbon are almost the same size and carbon-fluorine bond 

is shorter, so that overlap is better than for the other 

halogens. 

B. Fluorination 

Hydrogen fluoride is the most extensively used in

dustrial fluorinating agent and is the basic chemical of 

the fluorochemical industry (59,60). The addition of 

hydrogen fluoride to halogenated alkenes has been an ex

tremely important reaction since it has been used extensive

ly in research directed toward synthesis of Freon chemicals. 
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The ease with which hydrogen fluoride adds varies 

inversely with the number of hal~gen or pseudo-halogens 

substituted on the doubl~ bond • . The greater the halogen 

sll.bstitution, the more difficult the addition. To add 

hydrogen fluoride to tetrachloroethylene required a 

catalyst and elevated temperature. Henne and Plueddeman (61) 

have correlated the difficulty of adding hydrogen fluoride 

to halogenated alkenes with structures. The proposed mechan

ism of this addition is a concerted process in which during 

S- " r-_L H-F C- c'\ 
'-"!'/ - ' 

or 

the transition state charge separation take place. Orbital 

symrnetl;°y consideration would prohibit this 4-centered transi

tion state. Electron withdrawal by halogen or pseudohalogen 

makes the electron pair of the carbon-carbon -bond les·s avail

able for attack or protonation by hydrogen fluoride. 

Fluorination of perfluoro-2-butene .was carried out 

by Miller and co-workers (62) at -7_s0 c and ·more than 90% of 

the fl~orination product was found to consist of the simple 

. . 
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addition and dimer addition products. Henne and Waalkes (63) 

tried to add fluorine on seven different olefins and succeed

ed each time, by the interaction of lead dioxide ,,d th 

hydrogen fluoride. This reaction evolves much heat and 

generates c: temporary pressure; the result is a mixture of 

the difluoride in an excess of the original material, which 

was separated by distillation. Henne and Renell {64) have 

synt.r.esized 1, 1, ~-trif luoroethane by reacting l-iotlo-2-

bromoet.hane with mercuric fluoride in a nickel container, 

Liquid phase fluorination of perhaloolefin with 

elemental fluorine under controlled conditions gives 

principally simple addition product, and dimer addition 

product. These reactions take place with great ease at 

low temperatures in the absence of a catalyst. The follow·· 

ing general free radical reaction mechanism has been pro

posed by Miller and Koch (65): 

I I I ' -C=C- + F-F > -c-c· + F• { 1) 
f! f 

I l ! I l2) -c:::c- + F• --.-.a-) - -C• 
I I 

T!'le very hi.gh efficiency of reaction (2) is consistent with 

the expected great j".'eacti vi ty and small steric requireraent 

for reaction of the fluorine atom. This minimizes the occur

enc:'.:! of primnry ccmbination (3)· . 
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-b-!. + F• -{-~-I I 
F F F 

(3) 

I I -~-t--C-C• + F-F + F• 
! I I I 

FF 

(4) 

I I I ·I -b-b-~-b--C-C• + ·c-c- :) 

' I I I I I I 
F F F F 

(5) 

The reaction between free radicals which diffuse away from 

their original partners also becomes prohable under condi

tions of sufficiently low fluorine concentration in the 

liquid phase, and the relative importance- of the two paths, 

both of which leads to dimer addition product (5) will vary 

with olefin reactant and experimental conditions. They 

showed that low temperatures (-75°C) are favorable for the 

formation of fluorine dimer addition product. This low 

temperature reduces the formation of by-products and de

creases the amount of addition product . 

•• BockemuJ.ler (10) was the first to control the direct 
I 

addition of fluorine selectively to a carbon-carbon double 

bond. This was done by passing fluorine diluted with carbon 

dioxide into a dichlorodifluoromethane solution of organic 

compounds. He proposed that the formation of fluorine 

addition and dimer addition products proceeded through an 

unstable intennediate addition compound formed between 
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fluorine and the olefin. Bigelow (66) has suggested that 

the formation of fluorine dimer addition product may occur 

by combination of free radicals . The same product may be 

formed by free radical addition to an olefin followed by 

reaction with fluorine. 

Trichloroethylene has been fluorinated by the action 

of elemental fluorine i n the vapor phase over a close metal 

packing (67). In this reaction, first ad~ition across the 

olefinic carbon-carbon double bond takes place and further 

reaction of fluorine gives the substitution products. 

C . Results and Discussion 

Hydrogen bonded to vinyl carbon is less reactive to 

displacement than hydrogen on allylic carbon . Hence, atomic 

fluorine would be expected to add across the carbon-carbon 

double bond rather than be involved in hydrogen substitution. 

I n order to study the addition reaction which occurs between 

an isol ated double bond and atomic fluorine , vinyl fluoride 

has b€en selected as the substrate . 

A series of reactions was carried out as shown in · 

Table 9. Molecular weight of · the gases vol atilized ·from the 

product at different temperatures was dete•rmined. This data 

showed the possibility of formation of trifluoroethanes 

"{MW= 84), difluoroethanes (MW= 66) , and tetrafluor0butanes 

(MW = 130) ." 
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Table 9. Experimental Data for Atomic F'luorination of 

Vinyl Fluoride 

Reaction Temperature, 0 c Observed Molecular 
Numbers Weight, Grams/Mole 

1 -78°C 82 

2 -78°C 84 

3 -78°c 82 

4 -78°c 85 

5 o0 c 66 

6 o0 c 66 

7 o0 c 65 

8 25°c 129 

9 25°c 127 

A typical analysis of the product shows four well separated 

peaks. The first peak (RT= 4.0) was identified as hydrogen 

fluoride by its disappearance after passing through the sodi

um fluor:i.de trap, and it represents 17. 6% of the total prod

uct. The second peak (RT= 5.1) was identified as vinyl 

fluoride by injecting the authentic compound, which was 

found to be 4 7. 6% of the total product. The third peak 

(RT= 6.0) was found to be 1,1-difluoroethane which was identi

fied by injecting the authentic compound which represents 9.6% 

of the -total product. The fourth peak (RT = 7 .1) was not 
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identified. The nmr spectrum was run on this which was 

inconclusive. This peak represents 25.5% of the total 

product. 

Based upon the above information, the possible 

fluorination can be explained as outlined in Scheme I. 

First the substrate, vinyl fluoride, undergoes the initial 

attack by atomic fluorine. This produces either primary 

radical A or secondary radical B, depending upon the loca

tion of the initial attack. Once the fluoroalkyl radicals 

A and Bare formed, there are two possibilities: (1) these 

radicals may undergo further addition with atomic fluorine 

to give product C (1,1,2-trifluoroethane MW= 84) or 

(2) dimerization gives products D and E (tetrafluorobutane 

MW= 130). 

Stability of fluorine compounds was explained by 

Henne and Renoll (64) on the basis of asymmetry of the 

molecule. The more asymmetric the molecule, the more stable 

the compound. Due to this instability, molecule C underwent 

decomposition and formed a more stable product F. 

1,1-difluoroethane 

1,1,1-trifluoro
ethane 

F I 
F-t-c-

1 I 

F-!-t-
-p I 

I I 
F-C-C-F 

I I 

F-b-6-F 
½ I 

1,2-difluoroethane 

1,1,2-trifluoro
ethane 

more stable less stable 



A 

dimerize 3 

F F 
I I I I 

-c-c-c-c-
1 I I S 
F F 

D(l30) 

l 

SCHEME I 

P I 
-~-C- + HF 

I I 
F-C=C-

l' 
F F 
I I P. ------F-y-y- ~ 

C ( 84) 

4 -HF 

F 
I I 

F-C=C-

( 64) 

5 i +HF 

F-~-t-
1 I 
F 

F (84) 

f I 
---) F-C-C-

1 I 
G (6 6) 

6 

I I 
F-C-C-F ., I 

B 

3,j dimerize 

F F F F 
I I I I 

-c-c-c-c-
1 I I I 

E ( 130) 

01 
I-' 
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Hydrogen fluoride p~oduced in step 4 may add to the vinyl 

fluoride and form a more stable product G (1,1- difluoro

ethane MW= 66). 

Free radical addition to a carbon- carbon double bond 

involves the intermediate formation of the more stable free 

radical. It is knovm that the more stable the radical the 

more readily it is formed . Stability of free radicals is 

in the order: 

1° >CH · 
3 

therefore, radical Bis more likely to be fonned. 

The following conclusions can be drawn from the study 

of the reaction of vinyl fluoride and atomic fluorine. Since 

both trifluoroethane and tetrafluorobutanes were produced 

in a free radical environment the r adicals A and B must have 

been produced. The quantitative information, regarding 

fluorinated products, is incomplete and provides little data 

concerning the amounts of radicals A and B which were 

produced. More experimental s tudies need to be performed 

to determine the atomic fluorine ' s ability to generate 

radicals A and B. 

D. Experimental 

Material: Vinyl fluoride was purchased from Union 

C_al'bide Gas Products, and 1, 1-difluoroethane was obtained 

from Matheson Gas Products. 
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A series of reactions was carried out according to 

the typical reactior. procedure as described in Chapter II. 

All reactions were run at s0 c for four hours at an atomic 

fluorine to vinyl fluoride ratio of 3. Each reaction prod

uct was allowed to· volatilize at - 78 , o, and 2s0 c. The 

molecular weight was determined by Dumas ' method on the 

gases which evolved at each respective temperature. 

In the first four reactions, the products were care

fully collected at -78°c and subjected to molecular weight 

determinations; the experimental values as shown in Table 9 

are in reasonable agreement to the molecular weight of the 

expected fluorinated product 1,1,2-trifluoroethane (MW= 84), 

or the more stable 1,1,1-trifluoroethane (MW= 84). 

In the reactions 5, 6, and 7 the vapors of the reac

tion product were taken at o0 c and the molecular weight 

determination as presented in Table 9 showed the possibility 

of formation of the two isomers of difluoroethane (MW= 66). 

In the reactions 8 and 9, the sample was taken at 

room temperature and molecular weight was determined. The 

results appeared to be approximately equal to that of tetra.

fluorobutane (MW= 130). 

In addition to the molecular weight determination, 

gas chromatography analysis was also carried out using a 
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Porapak Q column of 60/80 mesh {2.46 m long and 6. 35 mm od) 

at 90°c and at a flow of 20 ml/min. 
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( 2) 
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(8) 

{ 9) 

{ 1 0 ) 

( 1 1) 

(12) 

{1 3) 

(14) 

(15) 
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