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CHAPTER 12
Fluorocarbons and Their Production

BY J. I. SIMONS

Fluorine Laboralories, The Pennsylvania Slate College, State College, Pennsylvania
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Introduction

The fluorocarbons are destined to become a new and very large domain
of chemistry. They can be expected in the not too distant future to
rival that branch of chemistry called organic.  As their name implies,
they are compounds of fluorine and earbon; but in a more restricted
gense they are compounds, analogous to hydrocarbons, with fluorine
atoms oceupying the positions of hydrogen atoms in hydrocarbons.
Chemically, however, the properties of these compounds are so vastly
different from their hydrogen-containing analogs that entirely new and
different techniques, methods of synthesis, and reactions are necessary.

Hydrocarbons and their derivatives, i.e., organic chemical compounds,
are extremely useful for mankind, these uses being chiefly in two impor-
tant areas. They are very reactive substances which are particularly
susceptible toward oxidation. For this reason they are extensively used
for fuel and for food, Oxidation is without question the most important
organic chemical reaction. The other area in which organic compounds
are useful is as materials of construction such as wood, paint, lubricants,
fabries, plastics, and rubber. Here this ease of combustion is highly
disadvantageous. Slow oxidation causes deterioration as in paint,
dyes, and rubber; and rapid oxidation causes tremendous destruction of
life and property in fires.

401
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402 J. H. SIMONS

The fluoroecarbons and their derivatives appear destined to fll ¢}
role of “materials of construction” completely free from the ravag
of either slow or rapid oxidation, so in this arca they should be gresat]
superior to organic chemical substances.  Mast organic compounds ay
subject to gradual deterioration by slow oxidation, but the fluorocarbox
are free from this defect. IFor the same reason bacterial life and insec|
cannot use fluorocarbon material for food, and substances made from «
protected by fluorocarbons are free from decay and insect damiag:
Fluorocarbons are completely nonorganie, when it comes to being eithe
used or produced by organisms. In addition to being completely mor
combustible, the fluorocarbons are resistant to the action of chemie:
agents, including the strong acids and bases and strong oxidizing an
reducing agents.

TABLIE 1
Bond Knergies
keal. /mol.

¥ G Br 1 I & Bond radii
F 63.5 86.4 147 .5 107.0 0.64
Cl 86.4 57.8 H2.7 51.0 102.7 66.5 0.99
Br 52.7 46.1 42.9 87.3 54.0 1.14
1 51.0 42.9 36.2 71.4 45.5 1.33
I 147.5 102.7 87.3 71.4 103 .4 87.3 0.30
C 107.0 GG.5 5.0 45.5 87.3 58.6 0.77

Prior to the first identification of liquid fluorocarbons in 1937 (21}, 1
was not considered feasible to create molecules of carbon and haloge:
alone containing more than three carbon atoms per molecule. CaC]
had been prepared and found to be high melting and not very stable
No higher members of this series had been identified. The eompam
fallacy of analogy led to the expectancy of instability for higher moleeuls
weight compounds of carbon and halogen. Now that numerous ¢om
pounds in the fluorocarbon domain have been prepared and studied, w.
are forceably brought to the realization that analogy between chlorin
and fluorine in chemical compounds is extremely hazardous and tha
between organic compounds and fluorocarbon compounds even more sc

Once it was demonstrated (22) that fluorocarbons containing mor
than three carbon atoms per molecule were extremely stable and unreac
tive substances, it was very easy to rationalize these properties, surprising
as they were at that time. Considering the fundamental properties o
bond energies and bond radii (12) shown in Table I, it is easy to see tha
fluorine atoms are held more firmly to the carbon skeleton than are th
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FLUOROCARBONS AND THEIR PRODUCTION 403

atoms of any other element. There is an additional factor which the
bond radii indicate but do not adequately express. Hydrogen atoms
surrounding the carbon skeleton in hydrocarbons in the tetrahedral
arrangement do not completely cover and protect the carbon atom or the
bonds between atoms. A complete shell of chlorine atoms surrounding a
carbon skeleton exists under strains and repulsive forces as the chlorine
atoms are too large for the symmetrical, stable structure. A complete
covering of fluorine atoms over the carbon skeleton apparently form a
sufficien tly compact envelope so as to protect both the carbon atoms and
the honds (or internal foree ficlds) from exposure or attack from outside
molecules, without at the same time ereating undue internal repulsions.
Most chemical reactions of earbonaceous structures involve attack either
at an exposed carbon atom, as in the back side entrance in the Walden
inversion or at exposed bonds or foree fields.  The compact fluorine atom
envelope in the fluorocarbons forms such a protective coating that the
rate of reaction is greatly reduced even under conditions where reactions
are allowed or favored by thermodynamics. Thus it can be truly stated
that fluorocarbons have hearts of diamond and skins of rhinoceros hide.
As the fluorocarbons and their derivatives are both much more stable
thermodynamically and more resistant structurally to chemical attack
than analogous organic compounds, it can be expected that not only can
most of the structures of organic chemistry be duplicated in the fluoro-
carbon domain but also many compounds not feasible in organic chemis-
try can be obtained as stable substances. This will permit the crea.ti{.)n
of a greater number of compounds in the fluoroearbon domain than in
organic chemisiry. The number of compounds thai will be prepared
that are part fluorocarbon and part organic becomes enormous, so
much so that our present systems of classifying and arranging will
probably not be satisfactory. ‘
There are differences between fluorocarbon compounds and organic
compollnds that do not permit completely analogous struetures in the tw-u
domains. Compounds containing the grouping R—OH where R 1Is
fluorocarbon will not be very stable because of the ready formation of HF,
Howewver, this is counterbalanced by the fact that R—OF is st.abl;z in the
fluorocarbon domain but is not in organic chemistry. CF af)F and
CH30H are stable but not CI;OIT or CHOF., A similar sitllﬂ.t.m_n may
exigt, for most amines although one fluorocarbon compound of this t.ype
is known (CIFy),NH. Compounds of the types RNF; and R.NF (deriva-
tives of mitrogen trifluoride) are quite stable substances in the fluoro-
earbon domain but unknown in organic chemistry. Dimc;thforyl
peroxide; CF;00CF;, has none of the explosive instability f]f dimethyl
peroxide- Similarly higher oxidized types of other kinds will be found
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ing the syllable to “for.”” This also greatly improves the sounding ¢
the names. This system has been proposed (19), and although obje
tions to it were requested, none has been received. This system he
correspondingly been adopted for this book—methforane (CPY-
methforyl (CFy—)—ethforane (C.Fg)-—ethforene (C.Fy)—methfors
peroxide (CI73),0s, efe.

Early History

Chemists have been interested in the great reactivity of fluorine from
the time Moissan isolated the element and have known its power o
igniting carbonaceous substances al room temperature or below, ©Mais
san himself found that earbon and organic substances caught fire iz
fluorine. He made efforts to isolate the products of the reaction, but hi:
characterization of these was vague; there was an error of over 110° iz
the boiling point of methforane. As these reactions are extremels
violent, it is not surprising that pure methforane was not prepared unti
1926 (8). Subsequently the reaction between fluorine and carbon was
studied more intensively. Products from the high-temperature rese-
tion between fluorine and wood charcoal in a hard glass tube were par—
tially identified (17). These were found to be CFy SiF,, COz; an
indefinite condensate boiling —50° to —20°C with varying molecular
weight; and a heavy pleasant smelling fluid boiling over 0° contaminated
with HF and H;SiF;. The authors state that this liquid probably con-
tained C.Fg, C3Fg, and other compounds up to Cslfys, although no sub-
stances were isclated or identified. Obviously ethforane and propforane
must have been in small amounts because of their low boiling points; and
the odor must have come from some substance other than the mentioned
fluorocarbons, which are odorless. Further work (16) explained the
frequency of violent explosions that occur when fluorine is brought in
contact with carbon. A white erystalline material is formed that has
the composition CF. This material explodes on heating to give chiefly
methforane. Because of the violence of the explosions only very small
quantities of product could be obtained. Active carbon adsorbed
fluorine to form CI below 280° above 280° and below some tempera-
tures above 450° explosions result. Only at very high temperatures
does the reaction proceed without explosion. With graphite adsorption
proceeds below 420° explosions between 420° and 700°, and no free
burning under 700°. A product from the explosive decomposition that
is an oily liguid at room temperature is assumed to be C,F, or at least to
average this composition. As neither butforane nor any higher-boiling
liquid fluorocarbons had yet been isolated, this assumption is excusable,

STATE_07525282
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as it was not then known that these were nonoily liquids of low viscosity
and that butforane boiled below room temperature.

Ethforane was first obtained from the uncatalyzed reaction between
fluorine and carbon (17). This substance was obtained by the clec-
trolysis of acetforic acid in aqueous solution (26) and also by the passage
of methforane and difluorochloromethane through an electric are (15, 27).
Iithforene was also first obtained in this manner,

The Catalyzed Reaction between Fluorine and Carbon

A fortunate accident enabled the reaction between fluorine and
carbon to be conducted without explosions at a temperature sufficiently
low so that a mixture of liquid fluorocarbons was obtained (21). This
enabled the 1solation of propforane, butforane, pentforane, and hexforane.
The quantities obtained from the first set of experiments were insufficient
for precise determination of physical properties. It was found that
mereury wag a good catalyst for the reaction and enabled it to proceed
smoothly without explosions and with the formation of significant
proportions of fluorocarbons boiling higher than methforane, The first
use of the catalyst occurred when an amalgamated copper fube was
inadvertently used for the reaction. It was later found that a small
amount of any mercury compound added to the carbon served as catalyst
(22). The products of the reaction on separation showed 54.5% meth-
forane, 12.69% ethforane, 8.29, propforane, two butforane fractions of
5.3 and 1.39%, 5.59, cyclic CsFyy, 4.49 eyelic CeF'1s, 1.39% CiI'w4, 5.5% of
a mixture boiling 25° to 95°, and 1.59% of a mixture boiling 95° to 160°.

The original isolation and identifieation of stable fluorocarbons con-
taining four and more carbon atoms per molecule immediately strongly
indicated that an entire new field of chemistry would eventually result
as further studies were made. This was expressed in the original publi-
cation as follows:

“The gubstances are colorless and either odorless or very nearly so. They are
very stable chemically. Many of the tubes containing these were sealed off while an
appreciable pressure of the vapor existed inside.  No frace of etching or carbonization
could be observed in the Pyrex glass seal, which must have heen at least 700°.  The
different, fractions were tested for unsaturation with bromine in carbon tetrachloride

solution, and no decolorization could be observed.

The formatlon of stable eompounds of carbon and fluorine eontaining more tlmn
three carbon atoms per molecule indicates the possibility of the synthesis of a large
number of similar compounds provided that methods can be discovered. Such com-
pounds should be of considerable interest both theoretically and as useful substances.

To indicate the relatively low attractive force between the molecules of these
compounds, a graph is shown in the figure. The molecular weight is plotted against
the boiling point. On the same graph are represented the inert gases, the hydrocar-

3008.0009
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bons, and a few other substances. The fluorocarbon curve does not lie greatly aboye
the inert gas curve, whereas the hydrocarbon curve is very much higher The:
fluorocarbons approach the inert gases in properties more closely than any other
compounds.”
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TG, 1.—Simons and Block comparison of fluorocarbons and other substances,

Recent History

Other methods of oblaining fluorocarbons soon followed. Freden-
hagen and Cadenbach (5) controlled reactions between elementary
fluorine and liquid hydrocarbons by the beneficial geometry of fine mesh
copper screening. No fluorocarbons were produced, but complex
products containing a small percentage of fluorine were obtained. Miller,
Calfee, and Bigelow (9) employed the same idea for the partial replace-
ment of the chlorine of hexachloroethane with fluorine in the vapor
phase. Employing the same technique Young, Fukuhara, and Bigelow
(28) fluorinated ethane and obtained some ethforane. It was not until
Fukuhara and Bigelow (6) tried benzene that this tech nique yielded higher
molecular weight fluorocarbons. Cady and associates (2) improved
this technique by silver plating the copper gauze to provide a catalytic
surface in addition to the advantages of geometry provided previously

STATE_07525284
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and made the production of specific fluorocarbons more feasible by this
method. Ruff (13) and Ruff and Ascher (14) showed the preparation of
cobaltic fluoride from cobaltous fluoride and fluorine. Tisher and
Jaenckner (3) used it in the synthesis of sulfur fluorides. Ruff and Keim
(18) used it in the replacement of chlorine with fluorine in carbon tetra-
chloride. Cobaltic fluoride is a powerful fluorinating agent and is
reduced to ecobaltous fluoride in the reaction. Tt is reoxidized back
to the cobaltic state by elementary fluorine. Fowler and associates (4)
employed this technique with hydrocarbons and prepared large quanti-
ties of fluorocarbons. Good yields of specific products are produced by
this process. Another interesting method of producing fuorocarbons
has been reported by Park and associates (11). From chloroform,
CI,CIH is made, using the Swarts reaction. A thermal decomposition
of this material yields in addition to ethforene, small amounts of a com-
pound C;I%; (first reported to be eyelopropforane, but now shown to be
propforene), c¢yelobutforane, and compounds of the formula H(CE:).Cl
(with 2 extending to 14). These compounds can be chlorinated to
replace the hydrogen atom; and then by exhaustive and vigorous fluorina-
tion, the chlorine replaced with fluorine. Straight chain and certain
eyelic fluorocarbons ean be obtained by this path,

Another interesting method of producing fluorocarbons is reported
by Miller and associates (10). Ilementary fluorine reacts with a com-
pletely halogenated olefin in the liquid phase at low temperature to cause
coupling in addition to removal of unsaturation by addition of fluorine.
An interesting example is the addition of fluorine to CFCI=CFClL. In
addition to other products CF.Cl—CFCl—CFCl—CF,Cl is obtained.

Dechlorination yielded CF,=CF-—CF-=CF,, butafordiene. On further

liquid phase fluorination of this diolefin, fluorocarbons such as CsFys and
C12F5 were obtained.

Catalyzed Fluorine and Carbon Reaction—Pilot Plant Study

InTrRODUCTION

The AgF: catalyzed reaction between fluorine and hydrocarbons and
the CoFy reaction with hydrocarbons were developed to high efficiency
during the period 1942-45 and are described fully elsewhere in this book.
Relatively high yields of one specifically desired substance can be obtained
with them. As both of these processes use elementary fluorine to replace
combined hydrogen, the maximum yield based on fluorine is only 50 %,
as half of the fluorine goes into the formation of hydrogen fluoride. For
wartime purposes costs were not vital and specific products were urgently
needed, and these processes were selected over the catalyzed reaction

3008.0011
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410 J. H. SIMONS

between fluorine and carbon. In this latter process all the fluorine finds
its way into fluorocarbons, but the largest percentage is methforane for
which there was little wartime use. As all the fuorocarbons show
promising peacetime uses, even to some applications for methforane; the
catalyzed reaction between fluorine and carbon has been studied in
greater detail.  As this process requires much less equipment than other
methods of making fluorocarbons and as the recent study shows only 34%
methforane, it offers promise of economic advantages over other proc-
esses.  As this pilot plant study of this process is not elsewhere reported,
it is given here in some detail.*

TrCHNIQUE

In Fig. 2 is shown the reaction vessel. The charge of carbon and
catalyst were placed upon the iron tray. The fluorine was supplied

"4 "R,

Std. 2" Steel Flonges . ]

20 Ga. Iron Tray
Cross Section Above

Magnesia Insulation
16 Ga Nichrome Heating Coil

Safety Cap Asbestos Paper
Std. 2" Iren Pipe
Mercury i \ 7 48" | =
Seal 4 et 4 / v | == =
et N, = 2] | = |
— ©
- Fg Inlet
Vent i Wa!rls a
Copper Veuel\¥ Fenwal Thermoswitch
Dry lce-Aleohaol in Sories with
[+~ Dewaor Flask Heating Coil END VIEW
/"’
1] Wy
2 Legs eo. End, 18" high Note: Nichrome coil is divided
into 4 zones, an combination
of which con be heated
separately. A T.C, wellis

located in soch zone,

Fre. 2 —Apparatus used in the merenry eatalyzed reaction between fluorine and
carbon.

from a 50-70 ampere generator, and operation was continuous except for
replacement of carbon. As the reaction zone proceeded through the
vessel in a relatively narrow region starting at the fluorine entrance, its
presence toward the far end of the tube could be detected by the thermo-
couples. Time for recharge is indicated by the reaction zone reaching
the far end of the charge. Each charge consisted of 250 g. of Norit

*The large-scale reaction for fluorocarbon produetion was conducted in the
laboratories of the Minnesota Mining and Manufacturing Company. The separa-
tions and identifications were made by Dr. W. H. Pearlson in the author’s laboratory
under the sponsorship of the above-mentioned company.
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FLUOROCARBONS AND THEIR PRODUCTION 411

carbon mixed with 5% of mercuric fluoride. The temperature of the
reaction vessel was held between 350° and 385°.

Although mercury was used as the eatalyst in this preparation, it has
been found that other substances have catalytic effects on this reaction.
Aluminum, antimony, and iron are examples of such eatalysts, but they
are inferior to mercury under the conditions here employed. Other
substances have detrimental effects.  Sodium bromide appears to pro-
mote the increased production of (CF),.

Propucrs

A total of 19 kg. of fluorocarbons was produced. Separations were
made chiefly by distillation, but fractional erystallization was employed
in some cases. Fluorocarbons are exceptionally easy and satisfactory
substances to distill. Their extremely low surface tension and high
density, coupled with a viscosity of the same order as hydrocarbons of

TABLE 11
Pattern of Products from the Mercury Catalyzed Reaclion of Fluorine and Carbon

Boiling range, °C Weight ¢, Liarhai AL5HY Far

molecule
Below — 100 34 C,
—100 to —75 16 Cs
—T75 to —30 14 g
—30 to +5 8 Cy
45 to 42 8 Cs
42 to BT 8 Cy
57 to 8O 3 Oy
80 to 110 1.0 Cs
110 to 120 0.6 Y
120 to 148 0.9 Cio
148 to 194 0.4 Cro—Cis
195 to 230 0.3 Cr~Chra
Solid at 25° 0.2 ¢ and higher

the same boiling range, enable satisfactory use of columns of high effi-
ciency with remarkably large through-put. Columns were used having
a bore of 9 mm. packed 16 in. with % in. stainless steel helices at take-off
rates of 2 g. per hour with 50 to 1 reflux ratio. The primary distillation
resulted in the separation of products according to the number of carbon
atoms up to and including Cio.  Fractions C, and upward each contained
a number of isomers and mixtures of ¢yclic and acyelic compounds. The
pattern of products is shown in Table IT.
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FLUOROCARBONS AND THEIR PRODUCTION 413

A careful redistillation was made of all fractions. ‘The C;I%y fraction
was further purified by fractional erystallization, and fractional erystal-
lization combined with distillation separated two isomeric cyclic com-
pounds of the formula Cgl'.. The material Cyly, is probably cyclo-
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Fia. 3,—Apparatus for the determination of proper density of high moleeular weight
fluorocarbons.

pentforane and the remainder of the C; material is probably a mixture of
isomeric acyclic isomers. The properties of the six-carbon fraction
indicate the presence of at least three individual compounds. Two
eyelic compounds and a mixture of acyclic isomers were separated. One
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414 J. H. SIMONS

eyelic compound is identified as eyclohexforane by its high melting point
and comparison with a previously obtained compound (6). One rela-
tively pure acyelic Cslyg fraction was separated, but the rest of the eighit-
carbon fraction was ungeparable, although continuously taken refractive
index during distillation indicated at least five compounds.  In the nine-
carbon material there is at least one cyelic and one bi-eyelie compound.
The bi-eyelic Cylfys is presumably a compound with fused rings of five
and six carbon atoms by comparison with a previously reported com-
pound (7). The mono-cyclic compound is most likely a six-membered
ring with three methforyl groups, as it has the properties of this compound
as given previously (7). An individual compound was separated from
higher-boiling material. Tt was a solid with liquid fractions boiling both
immediately higher and lower. Its determined molecular weight of 580
corresponds to Cilfyy and indicates the compound to consist of three
fused six-membered rings arranged analogous to the hydrocarbon benzo-
naphthene. Material with boiling points above 240°C was solid at room
temperature. The properties of compounds and fractions boiling abowve
room temperafure are given in Table T11. Standard means of deter-
mining properties were used except for molecular weights above 400,
For this a new density balance was designed (25), a diagram of which is
shown in Fig. 3.

The Electrochemical Process (20)

INnTRODUCTION

To produce fluorocarbons without the necessity of generating ele-
mentary fluorine has been a major objective from the time it was demomn-
strated that fluorocarbons containing more than three carbon atoms per
molecule were stable and interesting substances. Although both the
Agly and the Col'y processes are examples of excellent technology and
are capable of producing many desirable products, they require large
amounts of equipment operated under very careful control and are,
therefore, quite expensive. A number of chemically very skillful pro-
cedures have been devised to reduce greatly the amount of elementary
fluorine required in the production of the finished fluorocarbon. In
general, these procedures involve the replacement of hydrogen atoms on
hydrocarbons by direct ¢hlorination, then replacement of as much of the
chlorine with fluorine as can be readily accomplished with the Swarts
reaction or the halogen exchange with hydrogen fluoride, then perhaps &
coupling or chlorine removal step, and finally replacement of the residual
chlorine and hydrogen with elementary fluorine. This last step somue-
times was the saturation of double bonds with the element, and for this
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FLUOROCARBONS AND THEIR PRODUCTION 415

last step reagents such as Agl'y, Colfy, and BrF;, which required the
element, for their preparation, were sometimes used instead of the ele-
ment itself. All these methods of preparation require the generation of
as much elementary halogen as the direct fluorination with the element.
The only advantage, which may not be an advantage in many cases, is
the use of chlorine instead of fluorine for part of the necessary elementary
halogen.

The electrochemical process produces fluorocarbons directly in one
step without the employment or the generation of any elementary
fluorine. It does this by replacement of hydrogen with fluorine on
organic chemieal substances dissolved in liquid hydrogen fluoride or in
contact with liquid hydrogen fluoride made conducting with some elec-
trolyte. It operates at potentials considerably below that necessary to
generate the element. Hydrogen is generated simultaneously with the
fluprocarbon; but as there is no reaction between these two products
under conditions of cell operation, there is no need of separating cell
compartments. This makes possible very compact ecll design.

Many organic substances, particularly those containing oxygen,
nitrogen, Or sulfur, are not only soluble in liquid hydrogen fluoride but
the solutions are highly conducting. Passage of an electric current
through these solutions with suitable electrodes and at suitably low
potentials results in the production of fluorocarbons or fluorocarbon
derivatives or both. Some organic compounds such as hydrocarbons
are only very slightly soluble in hydrogen fluoride or do not form elec-
irically conducting solutions. These materials can, however, be used
in the process by the simple expedient of adding some material, either
organic Or inorganic, which will provide conductivity.

GENERAL TECHNIQUE AND PROCEDURE

The cells are constructed of any metal not readily attacked by hydro-
gen fluoride such as copper or iron. There is only one compartment so
the cell body serves merely as a vessel for the solution and a support for
the electrodes. It can be part of the cathode. The electrodes most
conveniently are arranged as a compact pack with alternating cathodes
and anodes. Cathodes can be of almost any conductor such as iron,
copper, OT nickel. Anodes are usually nickel, but other metals show
promise. Both hydrogen and gaseous products escape through a gas
exit line.  Separation of fluorocarbons from the hydrogen is accomplished
by standard procedures such as condensation stripping.  Liquid products
are denser than the electrolytic solution and are drained from the bottom
of the eell. Voltages can range up to about 8 volts depending on condi-
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tions, but most situations operate at between 5 and 6 volts. The current
densities are usually in the order of 0.02 amp. per square centimeter.

It is important that cell potentials be kept below that necessary for
the generation of fluorine. If the potential is raised so that the element
is produced, extensive corrosion of the electrodes occurs, some fluorine
escapes and can be detected in the exit gas, minor or even major explo-
sions occur, and undesirable decomposition of the organic materials
results. Fluorocarbons are not satisfactorily pro-
duced under these conditions.

The size or shape of the cell has little to do
with the process. The first experiments used
cells 1 in. in diameter and 6 in, high. At present
a 2000-amp. cell is in operation. Intermediate
sizes such as those carrying 5, 50, 100, and 200
amp. are also at present being employed. Any
temperature of operation is satisfactory at which
the electrolytic solution remains liquid. For
laboratory purposes it has been convenient to
hold the cells at or near 0°C so that an ice bath
—@ can be used. At this temperature loss of hydro-

gen fluoride by vaporization is not serious for
laboratory operations. Higher temperatures can
be used particularly if the cell is held under
pressure. Various means can be used to return

o) vaporized hydrogen fluoride to the cell such as
low temperature stripping condensers on the gas

© exit line, with or without the aid of solvents.

? A great variety of raw materials can be em-

[ - ]

F1a. 4 —Tleotrochemical ployec*'i.. Examp!es are: hydrocarbons, oxygel‘];-

process laboratory cell,  Containing organic compounds such as carboxylic

acids, aleohols, ethers, and esters, nitrogen-con-

taining compounds such as amines, and many other classes of substances,

The products obtained include fluorocarbons, fluorocarbon hydrides,

fluorocarbon chlorides, fluorocarbon oxides, fluorocarbon nitrides, fluoro-
carbon carboxylic acid fluorides, ete.

Some degradation of the carbon strueture of the organic raw material
occurs with some substances and under some conditions of operation.
Carbon dioxide is produced in some cases from oxygen-containing mate~
rials as well as OF; and sometimes even CO. From nitrogen-containing
substances NFjy is sometimes a product. There is also some splitting of
the carbon structure to form products containing fewer carbon atoms
than the raw material, although usually the greatest amount of product
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FLUOROCARBONS AND THEIR PRODUCTION 417

| contains the same number of carbon atoms. A variety of products is
obtained from the same source material. For example, a carboxylic
acid R—CO:H can give the fluorocarbon &F containing the same number
. of carbon atoms as contained in R, with small amounts of smaller fluoro-
' carbon molecules, fluorocarbon hydrides such as ®H, and also the acid
fluoride »COF. Resinous materials are produced in the cells in some
cases but not in others. These resinous materials usually contain
fluorine sometimes up to 50 or 609,

CrELL DisienNs

A small fluorocarbon cell for laboratory use is shown in Fig. 4. The
cell body is a piece of 3-in. iron pipe. The cell body and a central post

F1a. 5.—Electrochemical process—>50 amp., cell.

serve as the cathode. The anode is a cylindrical piece of nickel sheeting
with a longitudinal slit to provide circulation of liquid for the region inside
the anode. In Fig. 5 is shown a photograph of a 50-amp. cell and in
| Fig. 6 a 2000-amp. cell. The fact that separation of anode and cathode
' compartments is not necessary, combined with the fact that there is small
electrode corrosion, makes it possible to construet and use very compact

STATE_07525293
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electrode arrangements. A high volume efficiency is thus provided. A
cubic foot of volume of an electrode, consisting of interleaving metal
plates making up the anode and cathode, can produce in a twenty-four
hour day between 5 and 50 Ib. of produect.

F1a. 6.—Electrochemical process—2000 amp. cell.

Typrcar, OpERATION OF PRrocrss

In a typieal laboratory operation using acetic acid, 11 kg. of meth-
forane and 8 of fluoroform were produced. A current density of 0.04
amp. per square centimeter was used at voltages between 6.0 and 7.5
The exit gas analyzed for H, 679%, CO. 169, O, 2.3%, CFs 7.79,
CF;H 5.69, C¥F.H; 1.39%, and CFH; and higher-boiling products 0.3 97,

Propionic acid gave 10 kg. of ethforane in a preparation which used a
current density of 0.04 amp. per square centimeter at voltages between
5.5 and 7.0. The gas stream analyzed I, 79%, CO, 11%, OF: 2.69%,
CF40.99%, C.Fy 5.49%, C.FH 0.99%, and CoI'yH, 0.1%,.

Other oxygen and nitrogen-containing organic compounds function
in a manner not greatly different. The employment of a hydrocarbon
or other relatively nonsoluble substance in the process is an unexpected
variation of the technique. A typical operation using octane produced
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octforane as the major product. The original cell charge was 160 g.
n-octane, 550 g. HF, and 10 g. H,O.  Water and hydrogen fluoride were
added periodically as the experiment progressed, the hydrogen fluoride
to maintain the liquid level and the water to provide conduectivity., The
total of these additions amounted to 440 g. of hydrogen fluoride and 60 g.
of water for the passage of 47.3 faradays. There was produced 560 liters
of gas not condensed at —70°C.  From this 54 g. of CI';, methforane, and
27 g. of Cals, ethforane, were condensed in liquid air. In Dry-Ice traps
120 g. of product was collected during the experiment, and 14 g. by pass-
ing dry air through the cell at its conclusion. The distribution of prod-
uets is shown in Table IV, Other substances besides water used to pro-

TABLE IV
Ty pical Distribution of Products from Odane Using Electrechemical Process

Boiling range, °C Wt., g. Mol. wt. %
_70 to 0 9
0 to +30 7
30 to 37 14.5 221-292
37 to 52 3 285-303
52 to 55 6.5 303-331
55 to 70 6.5 330-335 79.1,77.4
70 to 75 3.0 341
75 to 85 4.0 381
g5 to 90 3.0 374
90 to 95 11.0
95 to 96 .'12.5} 440-444 78.6
higher boiling 5.5 (h.p. 102-103)
losses 6.5
e s

vide conductivity in the production of octforane from octane were
methanol, acetic acid, pyridine, sodium fluoride, ammonia, and mercuric
cyanide- -

Carboxylic acids R—COzH or their anhydrides give in general the
fluorocarbon containing the same number of carbon stoms per molecule
as the hydrocarbon radical R, the same fluorocarbon with one hydrogen
atom & H fluorocarbons of few carbon atoms per molecule, some di and
tri hydrogen compounds, carbon dioxide, some oxygen difluoride, and
the compound &COF where # is the fluorocarbon radical corresponding
to R. Alcohols ROH give a range of fluorocarbons with the largest
quantity appearing in the fraction in which the molecule has the same
namber of carbon atoms as R, some distribution of lower molecular
weight fluorocarbons and a smaller amount in larger molecular weight

compounds and some hydrogen-containing compounds. Ethers ROR'
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give chiefly the fluorocarbon oxide © O & but also the fluorocarbon s
and &'F,  Similarly, the tertiary amines RR'R”N give the Huorocarbon
nitrides @&’ ¢ N as well as the fluorocarbons &F, w/F, ®”F, Primar
amines RN, give chielly the fluorocarbon &I" and NT,.

Liquid Phase Fluorination

Elementary fluorine has been sueccessfully caused to reaet with organi,
compounds by means of several techniques, and replacement of hydroge
by fluorine has been accomplished by means of higher valence typ
metallic fluorides such as Agl's and Col'y.  There are, however, very fey
examples of a liquid phase fluorination reaction.  The use of AgFy ane
Col'y even with liquid reactants is a solid-liquid surface reaction. Mos
of the suecessful fluorinations with either clementary fluorine or wit}
the metallic fluorides are accomplished with gascous reactants. Somy
reactions have been conducted with gaseous fluorine admitted to g
organie¢ compound dissolved in a liquid solvent.  Hydrogen fluoride ha.
been used for this purpose, and an example of its use is the fluorinatioy
of acetophenone to difluoroacetophenone (24). This solvent, althougt
inert to the action of elementary fluorine, is an extremely acidie solvent
and for reactions in which aeidity is disasdvantageous, it cannot be used
Fluorine is also very slightly soluble in it, so that it is difficult to carry
out truly liquid phase reactions unless the organic reactant is in extremely
dilute solution and the fluorine is admitted very slowly. Otherwise tle
reaction will take place at the gas-liquid boundary. Liquid fluorocarbon:
are also available; but as hydrogen fluoride is produced by all reactions
in which hydrogen is replaced by fluorine, a golution of an organic sub.
stance in liquid fluorocarbon becomes acidic when fluorine reacts with
the organie substance.  Although fluorine is more soluble in liquid fluore.
carbon than in hydrogen fluoride, the solubility is still low and truly
liquid phase reacticns will be exceptional. Chlorine-containing solven s
such as carbon tetrachloride or difluorodichloromethane give simuyl-
taneous chlorination and fluorination due to reactions of the solvent (1).
In addition the solubility of fluorine is low in these fluorine-containing
solvents, and the reaction takes place at the liquid-gas interface g
Bigelow has pointed out.

Liquid phase reactions have considerable advantages of economy,
specificity, and simplicity of operation and control; and it is highly
desirable to find conditions for liquid phase fluorination. The solvent
must be resistant to the action of elementary fluorine but should have
high solubility for it, it should be & good solvent for organic substaneces,
and it should either be basic or should have a capacity for absorbing
hydrogen fluoride without becoming acidic. It has been found that at
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low temperatures pyridine possesses all these desired qualities and at
higher temperatures 2-fluoropyridine does likewise (23).  Fluorine has a
very considerable solubility up to about one mole of fluorine to one mole
of solvent apparently to form the pyridine-perfluorides. The compounds
are resistant to the action of the element, and organic compounds are
soluble in it. In addition they absorb very large amounts of hydrogen
fluoride without becoming acidie.

Fluorine was found to absorb smoothly and completely in liquid
pyridine with apparent reaction but with no evidence of the production
of gaseous products. The reaction mixture became dark in color and
viseous as the reaction proceeded. Iinal separation of the reaction
mixture showed that in addition to pyridine a considerable amount of
9 fluoropyridine had been formed.  There was also a residue of 2-amino-
pyridine. When the temperature of the pyridine during the admission
0; fluorine was held at —40°C, there was no evidence of apparent reaction
and a dark brown solid separated from the liquid. This solid is appar-
ently & mo]e;zu]ur complex l;(ztwvf-,n lh.u,}rinc and pyridine such as pyridine
Derﬂuoridc CyHN-Fy.  The solid disappeared as the temperature was
allowed 1o rise to O°C, and there was a considerable evolution of heat.
The product of the reaction, ie., between pyridine and pyridine per-
fluoride, was found to be 2-fluoropyridine.

As 2-fluoropyridine is more resistant to elementary fluorine than
pyridine, it can be used as a liquid phase solvent for the element at tem-
peratures at which fluorine reacts with pyridine. In the temperature

range of —10°C to room temperature 2-fluoropyridine absorbed fluorine
p(}mplete]y in amounts of one mole of fluorine to one of 2-fluoropyridine

with no apparent reaction. This mixture showed no evidence of reac-
tion when heated until a temperature of 150°C was reached. The

. product of this reaction was found to be difluoropyridine. At room

" at gbout —30°C.  Its total fluorine content was found to be 47 %, and

temperature fluorine is absorbed by 2-fluoropyridine wit-,h no a,pparent
reaction. The solution remained clear, but as the quantity of dissolved
fluorine increased it became viscous. When saturation was approached,
the solution was a clear yellow-brown viscous liquid which became a glass
it apparently consisted chiefly of 2-fluoropyridine ]')erﬂlll(il‘ide. ‘It
reacted vigorously with pyridine, acetophenone, and acetic acid. It lib-

. erated iodine from potassium iodide and reacted with sodium hydroxide.

The use of 2-fluoropyridine or similar nitrogen-containing organic

. {:ompounds for liquid phase fluorination reactions provides an excellent

means of controlling the reactions of elementary fluorine. It will be of
considerable assistance in the production of fluorocarbons. It will be
used in ab least two different ways. In the one, it will be used as a
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solvent for a liquid phase reaction between fluorine and an organic cor
pound. In the other, it will serve to dissolve a quantity of fluorin
The resulting solution will then be used to mix with an organic compoun
under conftrolled conditions for fluorination reactions.
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CHAPTER 13
Fluorocarbons--Their Properties and Wartime Development
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Introduction

Prior to 1937 the only definitely known fluorocarbens were CFy and
UiFy; in that year and more extensively in 1939 the preparation and
sroperties of liquid fluorocarbong were disclosed by Simons and Block
86). Since then a tremendous expansion in the field of fluorocarbons
has oceurred due to a considerable extent to work on problems concerned
With the separation of uranium isotopes. In July, 1940, the possibility
of using fluorocarbons as sealants and coolants and in other applications
0 direet contact with uranium hexafluoride was suggested by J. H.
Simons; all materials which had been tested previously were found to be
insuitable since they reacted with the corrosive uranium hexafluoride.
In December of that same year a 2-ce. sample of liquid fluorocarbon,
Virtually all of the material available, was sent by Simons to Dr. H. C.
Urey at Columbia University. Tests made on this small amount of
Material showed that it had the desired properties (28), and the problem
then became one of finding suitable methods of preparing fluorocarbons
M large scale.  Because of the secrecy surrounding all phases of atomice
flergy research at that time, fluoroearbons acquired the ecode name
Joe's Stuff”; this code name was derived, of course, from the given
lame of the person creating and supplying the first liquid fluorocarbon
“mpleg, J. H. Simons.

Out of the intensive search for suitable methods of preparing fluoro-
“thons which ensued several processes were developed. The two
"ethods which were extensively investigated for large-scale production
423
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