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CARBON FORMATION

The carbon formed in these experiments was, surprisingly, an
activated char. It had decolorizing properties. Its density was a
function of the temperature of the reaction, higher temperature
producing a more dense form. It was not contaminated with
tarry substances. Tars were not found as products from the
oxidation of either aromatic or aliphatic substances. All of the
organic compound may be converted to carbon without gaseous
products, depending only upon the use of sufficient oxygen. In
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most of the experiments reported in Table I, only a relatively
small amount of oxygen was present in the vessel and the re-
action proceeded only as far as this was used.
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THE main chemical characteristic of fluorocarbons is due
to the great stability of the C—F bond. Thus, particularly
in contrast to chlorocarbons, they show remarkable
thermal stability and molecules with long carbon chains,
similar to those of hyvdrocarbons and their derivatives,
are possible, They are furthermore characterized by
their great chemical inertness and resistance to oxidation.
The physical properties of fluorocarbons are compared
with those of hydrocarbons of the same carbon structure,

IN THE fall of 1941 work was started at Columbia, and ex-
tended to various other universities, having as its objective
the development of certain liquid and solid compounds with spe-
cial properties required by the Atomic Energy Project. From
the behavior of those fluorocarbons, C;Fy, which were described
by Simons (26), Grosse suggested in 1940 that compounds of this
chemical type might be satisfactory for the intended purpose. A
few cubic centimeters of a mixture of liquid fluorocarbons, prac-
tically all of the available supply, were secured from Simons,
tested (8), and found to be satisfactory. Further intensive re-
search was indicated.

As the result of a great cooperative effort by both university
and industrial laboratories, a large number of new compounds
containing only carbon and fluorine (fluorocarbons) were dis-
covered. A large amount of data on their properties has accumu-
lated, and the purpose of this paper is to compare the fluorocar-
bons with hydroecarbons of the same carbon skeleton.

On the basis of information now available, it is not premature
to conclude that we are confronted here with a vast new field of
inorganic ‘‘organic chemistry”’, which is potentially as immense
and as varied as that of ordinary organic chemistry. If we con-
sider, in addition, the mixing of fluorocarbon compounds or their
radicals with classical organic compounds or their respective radi-
cals these potentialities become staggering. (Approximately 10¢
organic compounds are now known; in view of the stability of
fluorocarbons and their derivatives, a similar number is possible.
The number of possible “mixed” compounds is thus 10'2.)

At the time that work on the fluorocarbons was started, only
the first gaseous members of the fluorine paraffin series—namely,
CF,, C:Fe, C;Fs, and C,Fi—and CF;=CTF,, were known as pure
compounds, and some information was available on one or two
pure liquid fluorocarbons. By the summer of 1942 a large num-
ber of pure, liquid fluoroparaffins and -naphthenes, both mono-
and bicyclie, were available.

The first practical and general way to produce them was the
CoF; method of Fowler and associates (6) at Johns Hopkins.

1 Present address, Houdry Process Corporation, Marcus Hook, Pa.
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and a number of regularities observed. Their boiling
points and volatilities are close together, but the fluoro-
carbons have about double the density of hydrocarbons
and remarkably low indices of refraction. On the basis
of present information, it is not premature to conclude
that we are confronted here with a vast new field of in-
organic ‘“‘organic chemistry”, a field potentially as im-
mense in size and as varied, both in compounds and
reactions, as that of ordinary organic chemistry.

This was followed shortly after by Columbis’s catalytic method
and later by others.

The first references to fluoro-olefins, such as CF,=CF;, are
found in early papers by Otto Ruff and A. L. Henne. Since then
our knowledge of fluoro-olefins has substantially increased.
Fluorodiolefins, such as fluorobutadiene (CFs), were first isolated
by W. T. Miller, and cyclo-olefing, such as fluorocyclobutene
(CsFg), by Henne. Representatives of fluoroaromatics, such as
hexafluorobenzene (C;F¢), have been synthesized by E. T. McBee
and co-workers.

Table I lists all fluorocarbons known to date with their physical
properties.

NOMENCLATURE OF FLUOROCARBONS

The classical nomenclature becomes cumbersome, particu-
larly for compounds containing many atoms of fluorine and only
a few of hydrogen. For example, CF;—CFH—CF,—CF;—CF,—
CFy—CF:—H would be called 1,1,1,2,3,3,4,4,5,5,6,6,7,7-tetra-
decafiuoroheptane.

We have found it convenient to use the Greek letter phi as a
symbol to indicate complete substitution of all hydrogen atoms
attached to carbon by fluorine in the compound following the
symbol. For example, $-heptane is C;Fy;, and the hydrofluoro-
carbon mentioned above is 1,6-dihydro-®-heptane. Similarly ®-
cyclohexane, pronounced phi-cyclohexane, is:

CF—CF,

e AN
F.C CF,
AN s
CF,—CF

Bigelow’s CeF;;H would be named monohydro-®-cyclohexane,
whereas its regular Geneva organic name would be 1,2,2,3,3,4,4,-
5,5,6,6-undecafluorocyclohexane. Further examples are &-ben-
zoie acid (CeFsCOOH), &®-ethyl aleohol (C.F;OH), and ®-ethyl-
d-benzoate (Cell;-—COOC,F;). The letter & was chosen as the
Greek equivalent for the Latin F, symbol of the element.

We believe that this departure from organic nomenclature is
warranted, particularly since we do not consider this new field of
chemistry a part of regular organic chemistry.
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The saturated fluorocarbons—that is, the fluoroparaffins
(C,F,._,) and the fluoronaphthenes, monocyclic (C,F,,) and bi-
cyclic (C,F,,_,)—may be produced in good vields (from 50-959%,)
by two general methods. The first was Fowler’s two-step method
(6). The compound to be fluorinated is vaporized, diluted with
nitrogen, and passed over a bed of CoF; at 200-350° C. Substi-
tution takes place according to the general equation:

N C—H . ~ . .
—C—H + 2CoF; —> —C—F + 2CoF, + HF
/ /

The degree of substitution depends on contact time, tempera-
ture, and structure of the compound. The second step consists in
reconversion of CoF: to CoF; by passage of elementary fluorine
at 200-250° C. MnF;, CeF,, and AgF; may be used in a similar
manner, and the latter modification was worked out later at
Purdue by McBee, Hass, and co-workers.

A second method, developed at Columbia (5), is a continuous
one-step catalytic process. Vapors of the substance to be fluori-
nated and fluorine are each diluted with nitrogen and mixed
gradually, in the range 150-325° C., over catalyst consisting of
fine copper turnings or ribbon covered with a thin layer of silver
fluorides, Substitution takes place according to the general
equation: N

>C—H + P> >C—F + HF

These general methods permit direct conversion of a saturated
hydrocarbon to a fluorocarbon of substantially the same carbon
structure, but depend on the use of expensive elementary fluorine.
Parallel to these, specialized methods were developed for the
stepwise conversion of hydrocarbons to fluorocarbons by way of
the much less expensive chlorination and anhydrous hydrogen
fluoride treatment.

The conversion of benzotrichloride (obtained by direct chlori-
nation of toluene) with hydrogen fluoride to benzotrifluoride, with-
out or with catalysts (SbCl; or SbF;), was previously established.
Similarly, the xylenes and mesitvlene could be chlorinated and
then converted with hydrogen fluoride to bis(trifluoromethyl)-
benzenes (“hexafluoroxylenes”, 17) and tris(trifluoromethyl)-
benzenes (“nonafluoromesitylene’), respectively. All these par-
tially fluorinated compounds can be readily fluorinated by the
two general methods (2), referred to previously, to completely
fluorinated produets with much greater yields than the original
hydrocarbons.

In addition to the increase in vield, an advantage is the great
decrease in elementary fluorine consumption (i.e., 6 moles fluo-
rine for nonafluoromesitylene with a loss of only 1.5 moles as hy-
drogen fluoride compared to 15 moles fluorine for mesitylene with
a loss of 9 moles as hydrogen fluoride).

In addition, paraftins can be converted substantially to fluoro-
carbons (19). For instance, n-heptane can be chlorinated photo-
chemically and in the liquid phase (19) up to C:H,Clie. When
treated with hydrogen fluoride, the latter yields C;H,FeCls. Much
higher fluorine substitution is possible (1) by intermittent chlori-
nation during hydrogen fluoride treatment—namely, up toanav-
erage composition of C;HoFo5Cli ;. Final treatment of this com-
pound by the two general methods gives ®-heptane; thus, con-
sumption of elementary fluorine has been reduced from 16 moles
per mole heptane (Equation 1 below) to only 3.75 moles,

The saturated fluorocarbons are characterized by great sta-
hility and inertness toward even the most reactive chemicals.
This is to be expected in view of the strength of the C—F bond
and the large heat of formation of fluorocarbons,

The direct substitution of hydrogen by fluorine in an organic
molecule is an extremely exothermic reaction, and it is remarkable
that high yields of completely fluorinated products with an intact
carbon structure may be obtained. This may best be illustrated
by citing heptane as an example. Using bond strength data of
both Pauling and Rice, the heat of reaction for Equation 1,

C:Hyie + 16F; —> C:Fis + 16HF [€))]

has been calculated as 1660 kg.-cal. per mole (Pauling data) or
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1600 kg.-cal. per mole (Rice data). In comparison, the heat of
formation of water, 68 kg.-cal. per mole, appears insignificant.

The saturated fluorocarbons are attacked by the most reactive
substance known—elementary fluorine—to yield CF; as the
final stable fluorination product. With Pauling’s bond energy
values, it iz evident that the reactions will be highly exothermic.
Taking ®-heptane as an example, the heat of reaction AH should
be:

C:Fi + 6, —> 7 CF4, AH = —551 kg.—cal.

(16 C—F bonds + 6 C—C bonds) + 6 F—F bonds —>
28 C—F bonds

2064 kg.-cal. + 381 kg.-cal. —> 2996 kg.-cal.

In view of this highly negative value, AF (the free energy de-
crease) should also he negative. Mixtures of fluorine and ®-hep-
tane vapors do explode violently when ignited hy a spark dis-
charge, as found by Cady. It is therefore to bhe expected that
fluorocarbons will burn in fluorine, and vice versa, if admitted
through a jet and ignited. Consequently precautions are neces-
sary in handling fluorocarbons in the presence of free fluorine.

The fluorocarbons are readily attacked by metallic sodium and
potassium at temperatures around and above 400° C., as men-
tioned by Simons (26). *

SATURATED FLUOROCARBONS

The following results were obtained, using ®-heptane and -
cyclohexane as representatives of their respective classes. These
results may be generalized and are believed to be typical of the
saturated fluorocarbons, unless special structural features inter-
fere.

The fluorocarbons are thermally very stable. They can be
heated to 400-500° C. even in the presence of possible catalytic
material, such as finely divided CaF,, without cracking. At red
heat, however, decomposition to carbon and CF, takes place.
Probably other products are also formed, in amounts depending
on temperature, pressure, and time conditions.

Solubilities of fluorocarbons in various solvents are discuszsed
later in the paper.

Fluorocarbons react with finely divided silica at temperatures
above 400° C., forming carbon dioxide and SiF, and perhaps oxy-
fluorides, according to the scheme:

F F
s ya
N N Nelo + Ve
/C\ + /x,l 0 —> /C 0 + p Sl\\
T F

Fluorocarbons are not attacked by nitric acid, concentrated
(96%) and fuming sulfuric acid, nitrating mixture, acid chromatc,
and permanganate solutions. The reaction product of the fluo-
rination of benzene (i.e., #-cvelohexane) may be easily separated
from the last traces of unreacted benzene by nitrating the latter
with nitrating mixture and separating the dinitrobenzene from
the volatile CgFy..

Fluorocarbons are stable toward air and do not burn by them-
selves, They crack, however, in the flame of a Bunsen burner.
They do not decolorize bromine water and are stable aguinst
bromine and iodine.

Fluorocarbons react in the presence of catalysts with hydrogen
under pressure at higher temperatures. Ior instance, d-methyl-
cyclohexane (boiling at 75.5° C.) reacts with hydrogen under
about 100 atmospheres and at 450° C. for 22 hours, in the pres-
ence of NiCr;O; and NiF; as catalyst, in a steel bomb.. A few
moles of hydrogen fluoride form per mole of C7Fy. At the same
time no noticeable cracking to gases takes place. Higher boiling
material (i.e., from 75° to 95° C.) forms, having lower density,
higher refractive indices, and higher specific refraction than the
original (Table IT).
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TaBrk I.  List oF IsoLaTeEp FLuorocarBoNs KNowN To DatTE
Boiling )
Point at Refractive Viscosity Appearance .
Melting 760 Mm., Density Index at99.5°C., at Room Literature
Name Formula C Skeleton Point, ° C. °C. (t° C.) (t° C.) Millipoises Temp. Reference
A. ®-PararriNs
®-Methane CFy C —184 ~128 1.96 (—184) ........ Colorless gas (24)
$-Ethane C.Fs Cc—C —100.6 —78.2 1.85(—7%  ........ Colorless gas (24
®-Propane C3Fs c—C—C — 183 —38 1.45(0.2)  ........ Colorless gas (26)
®-n-Butane CiFe CcC—C—C—C Glass —4.7 1.47 (20) S Colorless gas (26)
d-Isobutane CiFuo C*C‘—C Glass +3.0  ...oa0 Colorless gas (26)
C
¢-n-Heptane C:F1s c—C—C—C—C—C—C o 82 1.7038 (30) 1.2572 (30) Colorless liquid 6, 9
®-Methylhexane CiFis C—C—C—C—C—C ... oy e e Colorless liquid ~(8)
and dimethyl- .
pentanes
F T
$-2,2. & 2,4-Di- C1Fus C—C—C—C—C . e e Colorless liquid (9)
methylpentanes \ i
1 C
‘ C—C—C—C—C
i
e
®-2,2,3-Trimethyl- C:Fis c¢—C¢—-Cc—-c L. —+82 1.7535 (30) 1.2676 (30) Colorless liquid (6, 9)
butane |
Cc C
C
$-2,2,4-Trimethyl- CsFis TP <104 1.8002 (30) 1.2733 (30) Colorless liquid (€]
pentane C—C“—C——C—C
e} c
&-n-Hexadecane CieFas C—(CHs—C +115 +240 ... Colorless  plates 9y
(cetane) sol.in hot CCly
$-Tetraisobutane CuFae ~110b 1.98 (25) 1.324 (25) 32 (6)
Solid from high «Fy +93 485 L. o L Thin colorless [€))
boiling fractions plates from
of n-heptane ether
fluorinations
B. AloxocycLiC $-NAPHTHENES
&-Cyclopentane CsF1o | —12 22 1,64 (30 1.24 (30} Colorless liquid (24)
NS
$-Cyclohexane CeF12 -+ 30 52 1.684 (30} 1.2685 (30) White glistening (3)
< > compact crystals
P-Methyleyclo- CHyie TN . e 76 1,7779 (30) 1.2762 (30) Colorless liquid €}
hexane ( —C
®-Dimethyleyclo- CsFie < : - 100 1.8270 (30) 1.2858 (30) Colorless liquid @)
hexanesd é
)i
®-1,3,5-Trimethyl-  GCsT's @—C ..... 123 1.8678 (30) 1.2930 (30) Colorless liquid )
cyclohexane ‘
C
C. BiI-, TRI-, axD TETRACYCLIC ®-NAPHTHENES
&-Indan CsFis /\} | —8 to —15 116-117 1,8838 (20) 1.3033 (20) Colorless liquid (mn
@-Naphthalane CrFus k/a -7 to —10 140°¢ 1.9456 (20) 1.3118 (20 Colorless liquid 1) f
C
\
$-1-Methyl- CuFao / /\ <—=75 161 1.9606 (20) 1,3168 (20) Colorless liquid 16)
naphthalane 1
|
C_/\(
$-2-Methyl- C1iFao ‘ i < —-60 160-161 1.9632 (20) 1.3164 (20) Colorless liquid (16)
napthalane \\/K/
N
$-Dimethyl- Ci1:Faz2 —30to —40 177-179 1.9759 (20) 1.3200 (20) Colorlessliquid 18
naphthalanes \) —C
#-Dicyclohexyl CuFa < >——© FT5 e e White glistening. (3

(Continued on page 370)

compact crystals
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TaBLE I. List oF IsoLATED FLuoRocarRBONS KNowN 10 Date (Continued)
Boiling
. Point at Refractive Viscosity Appearance
. Melting 760 Mm., Density Index at 99.5° C., at Room Literature
Name Formula C Skeleton Point, ° °C. (° C) (t° C.) Millipoises Temp. Reference
%-Acenaphthane  CuFa CO 2t00 173 1.9883 (20) 1.3292 (20) Colorless liquid ~ (16)
. -
¢-Fluorane CisFas o <—40 190 .9819 (20)  1.3264 (20) Colorless liquid (16)
NS
2-Anthracane CuiFa m ! 76-81 211-2139 ... el 22.4 Colorless glisten- (4, 16)
| ] ing crystals
AVAVA
@-Phenanthrane CuFy < < > > <—40 205-206 2.0107 (20)  1.3315 (20) Colorless liguid (16)
F | |
¢-Fluoranthane Cuel'ss NN —30to —36 235-238 2.0398 (20)  1.3460 (20) Colorless liguid (16)
} )
| |
NV
3-R 1. - ~1axn N [ ~ " ) e
mztt%ll;/?-g‘—bis})- C13Fse C\C— - \) ..... ~1356  2.05(30) 1.343 (23) =~~60 Colorless oil (3)
propylphe- c/ W
nanthrane) e >
C
4
¢-Chrysane CuFp C > < > ..... ~1355  2.06 (25) 1.344 (25) =60  Colorless oil (5)
D, &-Orerins {(SRAIGHT, Mox0- axDp DI-, axp CycLIcs)
$-Ethylene C.Fy —C=C— —142.5 —-76.3 1.6816 (—1000; ........ Colorless, odor- Benning
1.368 (-40) less gust (28); (16)
(23)
@-Polyethylene (CaFy)n —(C—C)n— Ao L 2.2-2.3 1.37-1.38 \Vhit?iinsol., Benning
. soli (23)
@-Butadmne ) CFs C=C—C=C ... —6. Gas (20)
@-Butadiene dimer  CsFiz . 2 o +98-100 Liguid (20)
(Satd. dimer) CsFiz ? +40 L. Solid (20)
(Satd. trimer) CsFis L 64-665 Liquid (20)
$-Cyclobutene C,Fs i:z —60.37 +1.13 Gas (12)
B E. &-AROMATICS
&-Benzene CeFs @ —-13to —11 81.0-82.0; 1.612 1.3760 Colorless liquid (18)
$-Toluene C1Fs Q-——C <~70 103. 5% 1.660 1,3664 Colorless liquid (18)
¢ Crystallizes in dry ice in colorless large plates. b At 10 mm. mercury. ¢ At 5 mm. mereury.
4 Mixture of ortho, meta, and para isomers. ¢ 20° C. at 10 mm. [ Additional data from Hass and Weber, quoted from Grosse and Cady (9): absolute

viscosity at 24.6° C. = 53.39 and at 99.3° C.
0. 100;, molecular refraction, experimental’ = 46.71, calculated = 46.32.
0° C. at 10 mm. & Solid- phase transition at 320-327
i Crmcal temp = +33.3° C.; crltlcal pressure = 38.9 atn.;
30° C. = 0.000037 cal. /sq cm./sec./® C./ecm. Vapor pressure (log p),atm.:
866.84/7. (Data of A. F. Benning, cited by Renirew and Lewis, £3.)
7 At 743 mm. mercury. % At 740 mm. mercury.

= 11.61 millipoises; average molecular weight = 462;

specific refractlon experimental = 0.101, calculated =

° C.; decomposed above 400° C.
critical density = 0.58; dxelectrlc constant at 28° C.
from —76.3° 10 0° C., 5.6210 — 875.14/7, and from O° to +33.3° C.,

= 1.0017; thermal conductivity at

5.5908 —

Neither fractions 1, 2, or 3 nor the residuc (Table II) reacted
with 5%, bromine in CCly, whereas CFy=CF, rapidly decolorized
it. This fact indicates the absence of unsaturated fluorocarbons.
All four fractions, but not the original C;F),, precipitate manga-
nese dioxide from neutral 29} potassium permanganate; thisis
similar to the behavior of hy dro ®-heptanes obtained in the cata-
Iytic fluorination of $-heptane.

At present all these facts may best be interpreted by assuming
that substitutions of fluorine by hydrogen have taken place with
the formation of hydrogen fluoride and hydro-d-methyleyelohex-
anes. The splitting of the ring, although less likely, is not ex-
cluded.

The fluorocarbons are stable toward dilute and concentrated
alkali, at both room temperature and around 100° C. Hydro-
fluorocarbons, however, do react with concentrated alkali at’

elevated temperatures.  For instance, hydro-®-n-heptane, of the
composition n-C7F3.7H;.3, mostly dissolves in a fourfold volume of
aqucous 4067 potassium hydroxide on heating for 45 hours at
00° C., and forms an opaque, deep brown solution. About 5 moles
of fluoride ion per mole of hydrofluorocarbon were split off.
Pure ®-n-heptane.under identical conditions gives only a slight
reaction, with no trace of coloration.
FLUCORO-OLEFINS

®-Olefins are just as stable as the saturated compounds as far
as the C—F bond is concerned, but show, as would be expected,
the typical double-bond behavior. They add ehlorine and bro-
mine with great heat evolution to form colorless dichlorides or di-
bromides. These, in turn, can readily be converted back to &-
olefins with zinc; thus a general method for preparation of -
olefins is provided.
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TasrE II. DistiLLaTiON OF PrODUCTS OF HYDROGENATION OF

$-METHYLCYCLOHEXANE
(Charge, 18,5 grams; pressure, 766 mm.)

Boiling M a0 o Sp. Re- Compo-
Fraction Range, ° C. Grams % np d3 fraction sition®
1 75.8-77.4 5.9 32 1.2811 1.7544 0.100g CiFuasHog
2 77.4-78.9 5.5 30 1.2822 e e
3 78.9-92.5 4.7 25 1.2918 1.7316 0.104g CrFuasHig
Residue 92.5 1.0 5.5
Loss e 1.4 7.5
Original
CrFy 75.5 1.2761 1.7779 0.0973 C:Fu

a Assuming no double bonds are present; calculation of composition ig
discussed elsewhere (7).

A general procedure for obtaining mixed chlorofluorocarbons is
the in-line dimerization reaction of Miller and associates (21).
Halo-olefins add fluorine, at relatively low temperatures, under
liquid-phase conditions, in two ways, as illustrated for CFCl==
CFClL:

CFCI=CFCl + F; —> CF.Cl—CT:Cl 2
2CFCl=CFCl 4 F; —> CF.Cl—CFCI—CFCI—CF:Cl (3)

Reaction 2 is normal addition; reaction 3, which is favored by
lower temperatures, gives a dimer. Dechlorination of this dimer
with zine and alcoho] led Miller and co-workers (20) to the highly
reactive ®-butadiene, CF;—=CF-—CF=CF..
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Cyeclic dimerization is also possible, and Henne and Ruh (12)
thus obtained the cyelic olefin,

CF,—CFCl 5, CFy—CF
2CFe=CFCl—> . | 2B, 17
CF—CFCl  CFe—CF

&-cyclobutene, isomeric with ®&-butadiene.

&-Ethylene can be obtained by noncatalytic pyrolysis of CF:Cl,
in an inert reaction tube above 650° C. (22).

The ®-olefins are readily polymerized, like their hydroecarbon
counterparts. $-Ethylene is polvmerized by BF; slowly during a
period of days, at room temperature, to a white, inert, highly in-
soluble and temperature-stable polymer (CsFy)n. A similar poly-

INDUSTRIAL AND ENGINEERING CHEMISTRY 371

mer, Teflon, has been disclosed (4), and its properties have been
described in detail (23). Columbium fluoride, CbFs, will poly-
merize ®-ethylene rapidly, in the course of a few minutes, as AICIL
does ordinary ethvlene (14) to a similar polymer.

@-Ethylene is slowly absorbed at roor temperature by fuming
(159, 8O) sulfuric acid. Ordinary concentrated sulfuric acid
(969,) will not absorb it at a noticeable rate.
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Figure 2. Boiling Points of Hydro-®-n-Heptanes

Permanganate oxidation splits the olefin at the double bond;
forinstance, ®-cyclobutene gives ®-succinic acid (12, 13):

CF—CF CF,—COOH

| [

CF.—CF CF—COOH
FLUOROAROMATICS

®-Aromatics were obtained by McBee, Lindgren, and Ligett
(18) by reacting bromine trifluoride and hexachlorobenzene, re-
spectively, with pentachlorobenzotriftuoride, C¢Cl;i—CF: A
complex mixture of a large variety of possible perhalogenated
fluorochlorobromonaphthenes is produced; this mixture can be
satisfactorily separated by precision fractionation. By dechlori-
nation or debromination with zine and alcohol, referred to previ-
ously, ®-benzene (C:Fs) and -toluene (CsF;—CF;3) were produced
and isolated in pure form (Table I).

VAPOR PRESSURE IN MM, HG — =

Figure 3.

Vapor Pressures of
-n-Heptane and n-Heptane
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BorLing Poixts. Table I gives these values. Figure 1 compares
the boiling points of ®-paraffing with those of normal paraffins.
Up to the Cy4 group the fluorocarbons arc less volatile than the
paraffins, but become markedly more volatile above the butane
range.

As Simons pointed out, the volatility of fluorocarbons is re-
markable, particularly if one considers their high molecular
weight as compared to hydrocarbons of the same number of car-
bon atoms. Evidently the molecular attraction forces are very
low, and in this respect the fluorocarbons approach the noble
gases. The following brief comparison illustrates this point:

Fluorocarbon (X = F) Hydrocarbon (X = H)

B.P. at Mol. B.P. at AMol.

Formula 760 mm., ° C. wt. 760 mm., ° C. wt.
n-CrX1e - 82 388 98 100
CsX 1o 52 300 80 84
CiXy, C=C —-78 100 —104 28

The increment per CF; group in a homologous series, both of

¢-paraffing and ®-naphthenes, in the gasoline range, is 20° to 25°

C. and is not substantially different from the hydrocarbon incre-

ment. This is illustrated by the following comparison:
Paraffins
A A
. o _ °
®-Heptane 82 Nooo . n-Heptane 99 \270 ¢
®-Octane 104"/ n-Octane 126°/
Naphthenes
Fay A
_ ° oo
®-Cyclohexane 52 \2 R Cyclohexane 81.2 NG c
&-Methyleyclohexane 76°/ 100.3°/

' Methylhexane
24° C. >20° C.
Dimethylhexane 119-121° 1
9

" 1,3,5-Trimethyl- 139~141°>
cyclohexane

$-Dimethyleyclohexane 100°

®-1,3,5-Trimethyleyclo- 123°/
exane

On the basis of Figure 1, the boiling points of the still unknown
¢-n-pentane (C;F1z) and ®-n-hexane (CsF1s) are expected to lie be-
tween 25-30° and at about 60° C., respectively.

The boiling point of ®-paraffins and ®-naphthenes of the same
number of earbon atoms are quite close. The loss of 2 atoms of
fluorine in the ring formation causes a decrease of only 6° in the
case of C7, and 4° in the case of Cs.

Boiling point data on isomers are available only on several ®-
heptanes (C;Fi5) as follows:

B.P. of
B.P. at Corresponding
&-Heptanes 760 Mm., ®> C. Hydrocarbons, ° C.

Normal 82 98
Mixt. of @-methylhexanes and

d-dimethylpentanes 80-84 90.0-91.8
Mixt. of ®-2,2- and &-2,4-di-

methylpentanes 82 79.1-89.7
$-2,2,3-Trimethylbutane 82 79

The boiling points of all isomers are, for all practical purposes,
identical; the range in the hydrocarbon series is 21°, As Cady
emphasizes, this is to be expected in view of the extraordinarily
low molecular attractive forces in fluorocarbons.

The knowledge of boiling point of incompletely fluorinated hep-
tanes is important for the purification of ®-heptanes. Boiling
points of hydro-®-heptanes lie above the value for C;Fys and also
(vHy.  The semihydrofluoroheptanes (i.e., C:FsHs) should boil
around 150° C. Evidently hydrogen bonding is responsible for
this phenomenon. Figure 2 illustrates the change in boiling
point with number of substituting hydrogen or fluorine atoms,
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respectively. This graph is based on the following experimental
values:

B.P, at 760 Mm., ° C.

Iraction (5Figils 91-100
Fracton CiFisrHao 100-112
Fracrion CrHia.rHag 112-130
2,2-Difluoroheptane 111.8
1,.1-Difluoroheptane 119.7
1-Fluorcheptane 120.4

Varor PrEsstRE:. Research on the determination of vapor
pressures of various fluorocarbons is in progress at Columbia.
However, no data are available as yet. R. D, Fowler at Johns
Hopking obtained the following results on ®-n-heptane:

Temp., ¢ C. 0 41.3 51.4 61.
Vapor pressure, mm. Hg 50 191.3 272.3 393.

[{Fe1)

9.6 81.7
2.2 760.0

Figure 3 compares these results with those on the corresponding
hydrocarbon. The slopes of the two curves seem to be about the
same.

Mertine PoiNts, Only a few data are available, and as usual
they show less regularity than do boiling point data.

Comparison of the melting points of symmetrical compounds,
such as ®-cyclohexane, and of straight-chain derivatives leads to
the tentative conclusion that fluorocarbons melt substantially
higher than the corresponding hydrocarbons, except possibly ®-
methane. All known values are compared below:

Fluorocarbons MP,°C. A M.P, ° C. Hydrocarbons
$-Methane —184 —1 —183 Methane
&-Ethane —100.6 - 81 —-172.0 Ethane
&-Propane —183 +4 —187.1 Propane
$-n-Heptane —78 +-13 —90.6 n-Heptane
&-n-Cetane +115 -+98 +18.13 n-Cetane
¢-Cyclopentane —12 +81 —-03.3 Cyclopentane
®-Cyclohexane -+ 50 +43 +6.5 Cyeclohexane
$-Dicyelohexyl +75 —+55 +20 Diecyclohexyl

The main reason for this effect is probably the much higher atomic
mass of fluorine as compared to hydrogen.

DEexsity axp Mornar Vorvaes., Table I and Figure 4 cor-
related our density data. Both in ®-paraffin and naphthene scries
the densities increase regularly with the number of carbon atoms
(Figure 4). The increase per carbon atom is, however, much
larger than in hydrocarbon series. For instance, the increase
from CoFys (d5° = 1.711) to CoFys (d2° = 1.801 islarge in compari-
son to the change from CsHip(d2° = 0.780) to CoH,s (d2° = 0.773).

! E-NAPHTHENES ¥ - PARAFFINS !
S e G - i
P | |
[=3 i . !
™ 6c0 —
.

< 0800~ s

4] | NPARAFFINS (20°1~ . i i
= — frmrtr T e
I A |
& os00 ‘
a "y s 5 & 7 8 9 10 1112 I3

NUMBER OF C ATOMS IN MOLECULE —

Figure 4. Densities of Fluorocarbons

Rerractive InpEX axp Morrcrrar RerractiON. The re-
fractive indices of fluorocarbons are lower than those of any other
known type of compounds, owing to the very low value of the
atomic refraction of fluorine, For this reason they are outside
the range of usual refractometers, and we have reverted to the
classical method of determining the angle of minimum deflection
for their determination. Table I gives our results, a comparison
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with hydrocarbons is made in Figure 5 and illustrates the differ-
ence mentioned. The refractive indices of -naphthenes increase
regularly with the number of carbon atoms. As expected, the re-
fractive indices of the corresponding paraffins lie lower.

1450 ‘ — : —
: n-PARAFF\NSW
‘ i ! ;
1400 : : : 1
1 i P
1350 !
3 I
. ; ;
5 i |
™ i
1300 - :
< 0 ‘ L
a T -NAPHTHENES T PARAFFINS
‘ i S
1,250 L : : |
|
‘ ‘
1200 1 : . L
3 5 o 01z 13

4 8 7 8 £l
NUMBER OF C ATOMS IN MOLECULE —»

Refractive Indices of Fluoro-
carbons

Figure 5.

From the data available, the aromic refraction of fluorine was
caleulated by the method deseribed earlier (7). At present the
best value for ARr is 1.23 (=0.01). The molecular refraction,
MR, of any saturated Huoro- or hydrofluorocarbon of the for-
mula C+F..H, may now be calculated from the expression:

MR = 2,418k + 1.25m + 1.100n

where AR¢ = 2.418 and ARr = 1.100 are the well known Eisen-
lohr values for carbon and hydrogen.

In contrast to other elements, the atomic refraction of fluorine
is not a constant. It changes as follows with the number of
fluoririe atoms per molecule, in the gasoline range:

No. of ¥ Atoms per Mol. ARy . Source of Value
1 0.95 Grosse, Wackher, & Linn (1)
2 0.99 Grosse & Linn (10)
i %8% | A. L. Henne (personal com-
H 114 munication to authors)
d-compounds 123 This report

TEMPERATURE COEFFICIENTS OF DENSITY
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independent, at least in the first approximation, Anp/At¢ can
be calculated by means of the equation:

nztl - 1 1

M1
712:1 + 2 X du

1
- 77,212 + 2 X Ei’;;

where ny,, dy, and ne, dy, are the refractive index and density, re-
spectively, at {, and ¢,° C.

For ®-n-heptane and ®-perhydromesitylene, we obtain in the
temperature range 25-50° C.:

An/ At = —0.00045 and —0.00040

These values have been adopted throughout this paper.

Viscosity. The absolute viscosities of ®-n-heptane and &-
1,3,5-trimethylevelohexane have been determined. They are
substantially higher than those of the corresponding hydrocar-
bons. Their temperature coefficients are also much greater,
Figure 7 illustrates these relations for n-C:Fys and n-CyHas.

The viscosity of n-C;F s and CsFis was determined with an Ost-
wald viscometer, which was calibrated using water at two tem-
peratures and the expression:

n = adl — ¢ (d/T)

where n = viscosity, millipoises
= density, grams/cc.
T =time, seconds

The measurements on water were made at 23.35° and 39.64° C.
The data are: (1) ¢t = 23.35° C., d = 0.99748 (literature),
n = 9.30 millipoises (literature) =0.19%. (2) ¢ = 32.64° C.

Tasre III. ViscosiTy DaTa®

Observed: Density, 7 {Caled.),

Compound Temp., ° C. Time, sec. Grams/Ce. Millipoises
&-n-Heptane 0.42 81.42 1.7740 13.67
27.5 54.18 1.6990 8.61
32,1 51.19 1.8875 8.05
38.2 47.28 1.6700 7.33
45.0 43.54 ¢ 1.5620 6.64
%-1,3,5-Trimethyl- 0.28 202.05 1.9445 37.49
cyclohexane 35.7 97 .66 1.8630 17.27
62.2 66.24 1.8040 11.25
94.6 45,68 1.7300 7.32

¢ Errors in these measurements: for temperature, =0.1° C.; for =,
=0.,2%: for time, about 0.2% (maximum deviation, 0.6%).

AND OF REFRACTIVE INDEX. Fluorocarbons 19500
change density rapidly with temperature, more (E——
so than any other well known type of compound. 15000

The ratio dD/d¢ for ®-n-heptane (CyFi) and
®-1,3,5-trimethyleyclohexane (CeFis) is —0.0027 e

and —0.0023 gram/(cc.)(® C.) in the range 0°
to 65° and 0° to 75° C.,, respectively (Figure 6).
These coefficients are based on the following

18500 1 e e

\( @1 §-1,35-TRIMETHYL CYCLOMEXANE

experimentally determined density values:

18000
P-n-Heptane $-1,3,5-Trimethylecyclohexa ne -J
°C. G./cc. °C. G./cc.
17500
0.0 1.7740 0.0 1.9484
27.0 1.7019 28.0 1.8848
63.2 1.6031 76.0 1.7710

17000 *

For comparison the coefficient for n-heptane in

the same temperature range is —0.00084 gram/
(ce.)(° C.) or approximately three times as 16500

small.

The temperature coefficient for refractive
index has not yet been determined experi-

L6000

mentally. However, since the molecular or
specific refraction should be temperature .

[} 10

Figure 6.

20 30 60 70 80 90 100

40 50
TEMPERATURE (°*G.)

Density-Temperature Curve of Fluorocarbons
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| CsH;—CF;. Some preliminary quantitative data are

IB‘OO\ { i‘ ‘ “ “ : i !

available on ®-cyclohexane (Table 1V), ®-heptane, and
some hydro-®-heptane fractions (Table V).

CONCLUSION

The substantial amount of knowledge now avail-
able on the main classes of fluorocarbons form the
skeleton around which the chemistry of their various
derivatives will develop in the future. At present

1 ; : TEMPERATURE (°C.)
2,00 SN —

— or ®-ketones, etc.

little is known about ®-acids, ®-alcohols, $-amines,
There is no doubt, however, that
these will prove even more interesting than their parent
substances, and various new reactions will be discovered
in this fertile field.
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d = 0.99238 (literature), 7 = 6.58 millipoises (literature) =0.1%,
and Tobsva. = 70.30 seconds. The calculated constants are:
¢, = 0.09536 and ¢ = 6.151. Results are givenin Table III.

Rayax SpeEcTRA. Raman spectra of two isomeric heptanes,
&-n-CyFis and €-2,2,3-trimethylbutane, were taken by E. Rosen-
baum of the Sun Oil Research Laboratories, The Raman shifts
were not evaluated, but the difference in the speetra definitely
eliminates the possibility of any identity of the two ®-hep-
tanes. Raman spectra data were desirable since no chemical re-
actions are available at this time to distinguish between isomers
of saturated fluorocarbons.

Sovvsiuity. The liquid saturated fluorocarbons are substan-
tially insoluble in water, alcohols, and hydrocarbons. They
show appreciable solubility and, at higher temperatures, misci-
bility with chlorocarbons. They are completely miscible in
ether and in some partly fluorinated hydrocarbons, such ax

SoLUBILITY OF $-CYCLOHEXANE® IN ORGANIC
SOLVENTS

(Boiling point, 45.2-53.4° C.; solid to about 907 at room temperature:
n% of fraction used, 1.2622)

TasrLe IV,

—n% of i———
Upper
layer Approx.
satd. ~—Anp of i——  §u Cokhe
CeFio, Pure with Pure Dissolved
Ce. Solvent, Ce. solvent CsFp2 Solution liquids at 27° C.
2 Acetone, 2 1.3540 1.3470 0.0070 0.0920 8
1  CHClb, 2 1.4389 1.4060 0.0329 0.1767 19
2 Benzene<, 2 1.4934 1.4889 0.0045 0.2312 2
2 CClyd, 2 1.4545 1.4532 0.0013 0.1923 0.7f
1 Trichloroethylene®, 21,4715 1.4709 0.0006 0.2093 0.2
1 Ether (C:Hs):0 Completely miscible at 27° C.
1 CeH;—CFy Completely miscible at 27° and 0° C.

2 Insoluble in water and methanaol.

b Completely miscible on heating to about 50° C.

¢ Solubility increases on warming to 50° C., although two layers remain;
no cooling, turbidity in both layers.

d Separated into two layers at 0° C.;
% %, 1.3657.

¢ Completely misecible on warming to about 50° C.

£ 0.7% soluble at 0° C.; completely miscible at 27° C.

completely miscible at 27° C.;

TaBLE V. SoOLUBILITY OF ®-n-HEPTANE AXD HYDRO-®-HEPTANES
Solubility, G./G. of Solvent

Temp., In anhydrous
s C. HF In H:0
®.Heptane® 0 3.14 0.23
-78 0.4 Ces
Trihydro-®-heptane (b.p.
121.6-130.0° C.) 0 10
Monohydro-®-heptane
(b.p. 90-122° C.) 25 . 0.3

8 The solubility of ®-heptane in anhydrous HF is small but not negligible,
It is significant that trihydro-®-heptane is much more soluble, In its
presence the solubility of ®-heptane is increased, and this fact should be
taken into account in recovering the latter from the reaction products.

Viscosity-Temperature Curve of Fluorocarbons

to V. Engelhardt for experiments on hydrogenating
fluorocarbons under pressure and reacting hydro-
fluorocarbons with alkali, and to A. D, and I. Kirshenbaum
for determinations of density and viscosity.
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PreESENTED before the Symposium on Fluorine Chemistry as paper 53,
Division of Industrial and Engineering Chemistry, 110th Meeting of
AsERrIcaNy CHEMICAL Sociery, Chicago, 111, The basis for this paper is the
original report (9) submitted under Office of Scientific Research and De-
velopment Contract OEMsr-412. Additional data disclosed during the
sessions of the Symposium on Fluorine Chemistry are included where avail-
able. The work described in this paper is covered also in a comprehensive
report of work with fluorine and fluorinated compounds undertaken in con-
nection with the Manhattan Project. This report is soon to be published
as Volume I of Division VII of the Manhattan Project Technical Series.



