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The Dielectric Polarization and Molecular Association of Hydrogen Fluoride Vapor!

By RICHARD A. ORIANI AND CHARLES P. SMYTH

The polymerization or molecular association of
hydrogen fluoride has been known for a long time.
Simons and Hildebrand? analyzed the data® of
Thorpe and Hambly on its vapor density and con-
cluded that the gaseous substance was composed
mainly of cyclic hexamers (HF)s. A very careful
redetermination of vapor densities led Long,
Hildebrand and Morrell® also to the conclusion that
the data could be represented by an equilibrium
existing between the monomer and the cyclic
hexamer, except at low pressures, where there was
some indication of lower polymers. Fredenhagen’
also made vapor density measurements, and con-
cluded that forms other than H,F, existed and
also that the theory that only HF and (HF),
existed was untenable. His data were further
analyzed by Briegleb,®’ who assumed an equi-
librium distribution of polymers according to the
equation HF 4+ (HF), & (HF)u+1, and calculated
that the dimer had the largest energy of asso-
ciation, but that values of » up to 8 were sig-
nificant. Briegleb considered the configurations
of the polymers to be chains in which adjacent
HF units were anti-parallel to one another (Fig.
1B). The electron diffraction data of Bauer,
Beach and Simons?® indicated that under the con-
ditions obtaining in their experiments at least, the
principal configuration existing in gaseous hydro-
gen fluoride was a chain-like arrangement in which
the fluorines occupied the corners of a zig-zag
structure, with the hydrogens lying on a line con-
necting two consecutive fluorines.and with a chain
angle of about 140° as in Fig. 1C. The same
structure with a chain of almost infinite length and
angles of 135° was indicated by the X-ray analysis
of solid hydrogen fluoride.? On the other hand,
Pauling!® calculated that, for a degree of poly-
merization of 6 or more, the cyclic polymer would
be more stable than its chain analog by virtue of
the additional bond, that the partial covalent
character of the hydrogen bonds tended to sta-
bilize bond angles of about 110 or 120° for fluorine,
and that as a consequence the cyclic hexamer was
somewhat more stable than other polymers.

Because of the large difference in dipole moinent
to be expected between a cyclic structure and a
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zig-zag chain, it has been considered advisable to
investigate the molecular association of hydrogen
fluoride by measurement of the dielectric polariza-
tion of the vapor as a function of temperature and
pressure. A preliminary note describing work
along these lines has already been published.!!
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Fig. 1.—A, cyclic hexamer with zero dipole moment;
B, linear model with consecutively antiparallel HF mole-
cules; dipole moment either zero or 1.91: C, linear model
deduced from electron diffraction data; dipole moment
increases with chain length.

Apparatus and Method of Measurement

While the electrical measuring circuit has been
previously described,!? no account has been pub-
lished of the cell and vacuum systemn, which were
identical, except for somne minor inodifications,
with the apparatus employed by Hannay and
Smyth'® in the determination of the dipole ino-
ment of unassociated hydrogen fluoride. The cell
was constructed of three concentric nickel cylin-
ders, of which the outer and the inner were silver-
soldered to the same nickel disc, while the middle
one was insulated from the other two by a gasket
of “Teflon.””!* Electrical contact was made to the
middle cylinder by a nickel rod passing through a
bushing tightly packed with “Teflon.” The
capacitance of the empty cell was 250 micromicro-

(11) Benesi and Smyth, J. Chem. Phys., 18, 337 (1947).
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farads, exclusive of lead capacitance; this latter
was determined separately and was checked by
measurements of the dielectric constant of air.
The apparatus for handling the hydrogen fluoride
was constructed of copper tubing and nickel with
silver-soldered joints, except for the ‘‘Kerotest’
valves, the brass bodies of which gave some
trouble because of jamming due to corrosion.
Two valved containers were provided for the puri-
fication of the hydrogen fluoride by distillation
from one to the other, and for the storage of the
purified material. A Bourdon gage, calibrated
with air against a mercury manometer and read-
able to 1 mm., was used to measure the pressure.
A commercial tank of hydrogen fluoride from the
Matheson Company, East Rutherford, N. J., was
permanently connected to the system, as was also
a tank of fluorine. The leads to the cell were suit-
ably shielded, and the cell was immersed in a
thermostated oil-bath able to hold the tempera-
ture constant within 0.02°. The temperature was
read by a calibrated platinum resistance thermom-
cter immersed in the bath. The gas system was
connected to an oil vacuum pump through a long
tube filled with soda-lime. In order to prevent
the occurrence of corrosion during the course of a
measurement, the system was given a prolonged
exposure to fluorine from the attached cylinder,
and the fluorination was repeated whenever the
inside of the system had been exposed to the at-
mosphere. The importance of this operation may
be gaged by the observation that, when the system
was inadequately conditioned, a gas pressure
slightly larger than one atmosphere was developed
over a period of time apparently by reaction of
hydrogen fluoride with the metal.

In order to purify the hydrogen fluoride, a quan-
tity was distilled from the commercial tank into a
reservoir by chilling the latter (b. p. of hydrogen
fluoride, 19.4°). This material was then distilled
back and forth from one reservoir to the other by
alternately chilling and warming the containers.
After each distillation the apparatus was evacu-
ated, while the condensate was chilled with liquid
nitrogen. At least one of these distillations was
performed through an atmosphere of fluorine to
aid in the removal of moisture. The procedure
was repeated until the vapor pressure of the hy-
drogen fluoride at 0° was close to the literature
value of 357 mm." (358.2 mm.'). In these puri-
fications, the vapor pressure at 0° always de-
creased as the purification proceeded to assume
values from 354 to 356 mm. Another criterion of
purity was the consistency and reproducibility of
the dielectric measurements in the low pressure
regions at all the temperatures studied, and their
agreement with the results of Hannay and
Smyth.13

In order to carry out a determination of polari-
zation, the system was evacuated of the fluorine

(15) "International Critical Tables,”” McGraw-Hill Book Com-
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left in it, and flushed out repeatedly with hydrogen
fluoride. After another evacuation, and after the
cell had attained temperature equilibrium, simul-
taneous readings of pressure and capacitance were
made after admittance of successive small portions
of hydrogen fluoride, and also after successive
withdrawals of the vapor by recondensation into
the storage container. Enough time had to be
allowed before making readings after each admis-
sion or withdrawal of hydrogen fluoride to permit
adsorption of the vapor to attain equilibrium.
Adsorption was evidenced in a lag in the attain-
ment of constant capacitance and pressure read-
ings at the higher pressures when the temperature
was not far above the boiling point. Repeated
measurements of capacitance and pressure as func-
tions of time showed that, in typical experiments
where adsorption was a maximum when the pres-
sure was raised to 700 mm., the adsorbed layer
raised the capacitance by abeut 50 scale divisions
while the total increase of capacitance produced by
the hydrogen fluoride was about 1600 scale di-
visions, The maximum error thereby produced
in the dipole moment value, which is proportional
to the square root of the capacitance, was, there-
fore, about 1.6%.

It was believed that the treatment of the hydro-
gen fluoride with fluorine had removed any last
traces of moisture. As moisture has been sup-
posed to affect the association of hydrogen fluoride
materially, a considerable quantity of water vapor
was introduced into the cell after the completion
of the measurements reported in Tables I and II.
A very slight apparent increase in the dipole mo-
ment at low pressures was observed and, at higher
pressures, adsorption or condensation of the water
so affected the capacity measurement as to render
the experiment valueless. Indeed, the slight in-
crease in apparent moment at low pressures was
probably the effect of adsorptiomn.

Experimental Results

The molar polarizations P were computed from
the condenser readings C by the relation
RT C—G
3; : fclﬂ (1)
in which f is a condenser calibration factor, Co is
the condenser reading at zero pressure, C’y is the
vacuum capacitance in micromicrofarads, R is the
gas constant per mole, T is the absolute tempera-
ture, and p is the pressure in mm. The dipole
moments were computed by the Debye equation

u = 0.01281 [(P — MRp)T)/» 6)]
in which MRp, the molar refraction, was taken?
as 2.0.

Table I gives the values of the polarization P in
cu. cm. per mole and of the dipole moments in
e.s.u. X cm. for the linear portions of the capaci-
tance—pressure isothermal curves, that is, for

(17) Smyth, "Dielectric Constant and Molecular Structure,”
The Chemical Catalog Co., Inc., New York, N. Y., 1931, p. 149.
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TABLE I

POLARIZATION AND DIPoLE MOMENT VALUES OF UN-
ASSOCIATED HYDROGEN FLUORIDE

4, °C. P k(X 10%)
23.10 76.5 1.90
25.20 77.0 1.91
26.00 74.4 1.89
31.30 77.3 1.93
38.05 75.6 1.93
38.50 74.2 1.91
48.35 72.4 1.92
59.7 68.35 1.91

Mean value of moment = 1.91 = 0.01

the low pressure ranges where the association of
the hydrogen fluoride is negligible and the polari-
zation independent of pressure. The mean value
found for the moment is identical with that previ-
ously reported.!® Figure 2 shows the polarization

TaBLE II

DEPENDENCE OF POLARIZATION AND AVERAGE DIPOLE
MOMENT ON PRESSURE AND TEMPERATURE
Polarization, cu. cm./mole

1:5:2’ 23.10°  25.20° 31.30° 38.50° 48.35° 50.70°
0 76.0 77.0 77.4 741 72.4 68.4
50 77.0 77.6 76.9 743 72,4 684
100 76.5 77.0 77.6 74.7 72,4 68.4
150 77.8 76.6 77.0 74.1 72.4 68.4
200 80.5 78.5 7.0 74.0 72.4 684
250 85.0 80.5 79.5 74.1 72.4 684
300 91.1 82.7 8.4 742 724 684
350 97.6 85.7 83.8 76.0 72.4 68.4
400 104.3 90.1 8.4 780 72.4 68.4
450 110.6 94.6 8.1 8.2 72.4 68.4
500 117.1 99.6 91.5 82.7 72.4 68.4
550 125.0 104.8 95,9 85.4 73.5 68.4
600 135.7 111.3 98.9 88.2 74.6 68.4
650 149.8 127.8 101.0 91.2 76.0 68.4
700 170.9 150.7 104.6 94.2 77.3 68.4
730 198.0 ce .. .. 68.4
740 163.3 v 96.6 78.2 68.4
750 107.2 68.4
DipoLeE MoOMENT (X 1018)

0 1.90 1.91 1.3 1.9 192 1.91
50 1.91 1.91 1,92 191 192 1.91
100 1.90 1.91 1.93 1.92 1,92 .1.91
150 1.92 1.91 1.92 1.91 1,92 1.91
200 1.95 1.93 194 191 1,92 1.91
250 2.01 1.96 196 1.91 192 1.91
300 2.09 1.98 1.99 191 192 1.91
350 2.16 2.02 202 194 1,92 1.91
400 2.24 2.08 2.05 197 192 1.9
450 2.30 2.12 2.09 200 192 19
500 2.36 2.18 2.11 2.03 1.92 1.91
550 2.45 2.24 2.16 2.06 194 1.9
600 2.54 2.31 2.20 2.10 1.96 1.91
650 2.68 2.48 2.22 214 198 1.9
700 2.87 2.70 2.26 2.18 2,00 1.91
730 3.08 . ‘e .. 1.91
740 e 2.80 v 2,20 2.01 1.91
750 . . 2.28 1.91
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isothermals as functions of pressure, the tempera-

ture in °C. being given beside each curve, and

Table II lists the polarization values from which
the curves were constructed, as well as the dipole
moments calculated by means of equation (2).
The values at 26.00 and 38.05° are so close to those
at 25.20 and 38.50° that they have been omitted.
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Fig. 2.—Polarization of hydrogen fluoride vapor.
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Discussion of Results

Without close analysis, it is evident that the
6HF =2 (HF); (cyclic) equilibriumn postulated by
some investigators?¢ cannot be the whole story;
such an equilibrium would predict lower polariza-
tions as the ratio of hexamer to monomer increased
with increasing pressure, since the dipole moment
of a plane ring (Fig. 1A) or of any ring formed by
joining the ends of the chain shown in Fig. 1C
would be zero. Also, these results invalidate
Briegleb’s model (Fig. 1B) of a polymeric chain in
which the units are consecutively antiparallel,
since this structure would have a moment 0 or
1.91 according as the number of HF units was even
or odd.

For associated hydrogen fluoride, the polariza-
tion is the sum of the contributions from the mole-
cules of each of the several species present, so that
the Debye equation becomes y

P35 N = (3 Maw + ML) @
Cd AT E\E T T T

in which a;, ae and p; are, respectively, the total

polarizability, distortion polarizability and dipole

moment of the 7* species; V; is the number of
”

molecules of the 4 species, and Z Nj = Na, the

=1
Avogadro number, The index i has integral val-
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ues from 1 to » corresponding to monomer, dimer,
etc., to the #n®-mer. The application of equation
(2) to the polarization data gives an average di-
pole moment, which, in terms of the quantities
used in equation (3) is

1 & /3
B = (1—\,: Z Ni#i’) (4)

i=1

Similarly, the average distortion polarizability is

n
« = (1—\}: z im) an ®)
Although the distortion polarizabilities of the
polymers are larger than that of the monomer,
{the value 2.0 has been used for MRp throughout
since, in the range of these measurements, the
molar refraction should never increase above 2.0
by more than 2, an amount negligible in its effect
upon the calculations.

The dipole moments given in Table II are the
average values represented by equation (4). In
order to obtain values of the degree of associa-
tion from these average dipole moments, a mo-
lecular model is necessary. The most probable
structure would seem to be the chain with bond
angles of 140° (see Fig. 1C), asindicated by X-ray®
and electron diffraction® studies. As a basis for
calculation, it may be assuimed, as an approxima-
tion, that the mmoment of each monomeric unit re-
mains unchanged at 1.91 when it forms part of a
polymeric chain, and that each such unit is free to
rotate with respect to the HF unit to which it is
linked by a hydrogen bond, the bond angle being
maintained at 140°. Such a polymeric chain
would have a dipole moment dependent upon the
degree of association, the relationship being ob-
tainable from an equation!® which, for this particu-
lar case, assumes the form

12+

—

—_

<
T

o o]

Dipole moment X 108,
- I

0 2 4 6 8
n.
Fig. 3.—Calculated moment of polymeric chain of # units.

(18) Lvring, Phys. Rev., 39, 746 (1032).
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#=pn+2[(n — 1) cos 40° 4+ (n — 2) cos? 40° + ...

+(# — (n — 1)) cos®~1 40°])"/r  (6)
in which # is the degree of association, and w1 1S
the moment of one HF, 1.91. In Fig. 3, a smooth
curve is drawn through the values of u calculated
forn =1, 2, 3, ..., 8 by means of equation (6).
For a mixture of monomer and dimer, dimer and
trimer, or any pair of successive polymers, the
value of u calculated from equations (2) and (3)
could be used to calculate an average value of n
by means of equation (6). This average value of n
is a special case of the association factor, z, which
may be defined as the ratio of the total number of
HF units to the total number of molecules. In
view of the small departure of the curve in Fig.
3 from linearity, its abscissas may be treated as
giving the approximate values of an association
factor, 24, for the polar molecules of average mo-
ment u.

Table III gives the values of the association fac-
tor zx estimated by means of the curve in'Fig. 3
from the average dipole moment values, and Fig.
4 represents zm as a function of pressure at the in-
dicated temperatures.

1.60 |

1.50 +

1.40 -

Zm.

1.20 -

0 200 400 600
Pressure, mm.

Fig. 4. —Variation of association factor, zm, with pressure.

It must be kept in mind that since equation (6)
postulates random orientation of the units of the
chain because of complete freedom of rotation
around the bonds, this method of evaluating the
degree of association will give low results if any
ring formation occurs and slightly high results if
the chain is an extended, rigid structure. It will
also tend to give high results if the hydrogen bond-
ing raises the hydrogen-fluorine moment above
that found for the monomer and assumed to be
unclianged in the polymner. On the other hand,
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TaAsLE I11 255"
VALUES OF ASSOCIATION FACTOR, zm 1.50 -
Pressure 23.10° 25.20° 31.30° 38.50° 48.35° 59.70°
0 1.00 1.00 1.00 1.00 1.00 1.00
50 1.00 1.00 100 1.00 1.00 1.00
100 1.00 1.00 1.00 1.00 1.00 1.00
150 1.00 1.00 1.00 1.00 1.00 1.00 140
200 102 102 101 1.00 1.00 1.00
250 1.05 1.03 1.02 1.00 1.00 1.00 38
300 1.10 1.04 1.04 1.00 1.00 1.00 )
350 1.13 1.06 1.06 1.01 1.00 1.00 £1.30}
400 1.18 1.09 1.08 1.08 1.00 1.00 3
450 1.21 1.11 1.09 1.05 1.00 1.00
500 1.24 1.14 1.01 1.06 1.00 1.00 385
550 1.29 1.18 1.13 1.08 1.01 1,00 120l
600 1.35 1.22 1.15 1.10 1.02 1.00 .
650 1.43 1.31 1.17 1.12 1.03 1.00
700 1.54 1.44 1.19 1.14 1.04 1.00 /
730 1.67 .. , .. .. 1.00
740 1.50 . 1.15 1.05 1.00 1.10 /
750 1.20 . 1.00
association factors calculated from vapor density 300 400 500 600

measurements are unaffected by the configuration
of the polymers. Consequently, a comparison of
the values estimated from the dipole moments
with those obtained from vapor density data
should make possible a rough estimate of the
-relative proportion of cyclic structures among
the polymers. In Fig. 5 the ratios of the values
of the association factor z, obtained from vapor
density measurements* to those of z, are plotted
against pressure at different temperatures for
the whole range within which the two sets of
data overlap. This graph shows that, as as-
sociation increases, 2, becomes increasingly larger
than zm, by an amount greater than one would ex-
pect to be occasioned by any difference in the two
methods of averaging. Actual computations for
tnany equilibria assutned between two or more lin-
ear molecular species show that the discrepancy
between z, and 2y should be small, That these
two association factors are different must then be
attributable to the presence of cyclic structures
which contribute to 2y but not to zm. Stabilization
of coiled-chain structures in which the dipole
moments would largely cancel one another and
give small resultant moment to the molecule as a
whole would give the same effect as the presence of
cyclic structures. Since, however, these coiled-
chain structures do not possess-the stabilizing fac-
tor of the extra bond possessed by the cyclic struc-
tures, there appears to be no reason to expect a
proportion of coiled-chain structures greater than
that corresponding to the random distribution
assumed in the calculation of sm. Contributory
evidence along these lines is obtained from the
work of Briegleb,” who, by assuming that only
monomer and dimer were present at low pressures
and that successively larger polymers made their
appearances at successively higher pressures used
vapor density data® to calculate the dependence

Pressure, mm.
Fig. 5.—Variation of z+/2m with pressure.

of the concentrations of the individual polymers
upon pressure at 28 and at 38°. The average di-
pole moments calculated by means of equation
(6) from these extremely approximate concentra-
tions are considerably higher than those in Table
II, just as the values of g, are higher than those of
2m. The presence of cyclic structures without di-
pole moment accounts for one discrepancy as well
as for the other.

If the angle of 140° in the zig-zag chain indi-
cated by electron diffraction were larger than the
actual value, the error introduced in equation (6)
would result in too low values for zm. However,
lowering of the angle to 90°, thereby replacing
40° by 90° in equation (6), still leaves the zm val-
ues well below those of g,.

Conclusions

The dielectric constant measurements and di-
pole moment calculations established the fact that
hydrogen fluoride forms polar and, therefore, more
or less linear polymers as indicated by X-ray and
electron diffraction measurements. The discrep-
ancy between the association factor calculated from
dipole moment and that calculated from vapor
density indicates the presence of cyclic polymers,
the relative proportion of which increases with
increasing association. The adsorption of hydro-
gen fluoride molecules on the metal surface of the
condenser produces no significant error and the
dielectric behavior of the adsorbed layer evidences
the freedom of molecular orientation found in a
liquid. The dipole moment results are consistent
with the successive equilibria HF + (HF), &
(HF)xn41 postulated by Briegleb®? in the interpre-
tation of the vapor densities, but show the incor-
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rectness of the linear model with anti-parallel
units which he adopted for the polymer structure.
The existence of but one equilibrium, 6HF =
(HF),, with the hexamer a ring, which was found*
capable of representing the vapor density data, is
quite inconsistent with the dipole moment re-
sults. The infinitely extended zig-zag chain
shown by X-ray analysis® to exist in the crystal
would, of course, be broken into fragments in the
vapor. In the molecular beam indicated by elec-
tron diffraction® as consisting of these fragments,
an appreciable proportion of cyclic structures
might have escaped detection and the proportion
may actually have been much lower than that ex-
isting under the conditions of the dielectric meas-
urements. It is interesting to note that the zig-
zag structure indicated for the polymeric chain as
compared to a rectilinear structure involves an
attractive force between the proton of one hydro-
gen fluoride unit and negative charge localized as
by an orbital in the fluorine of the adjacent hydro-
gen fluoride unit. In other words, the hydrogen
bonding, in this case, though electrostatic, is not
merely the undirected electrostatic attraction be-
tween the charges of a proton and an anion, as
often implied in hydrogen bonding. The existence
of both linear and cyclic structures in hydrogen
fluoride is consistent with the belief of Bernal and
Fowler!® that both should exist in the liquid and
with the conclusion of Pauling'® that the addi-
tional bond obtained by ring formation should
(19) Bernal and Fowler, J, Chem. Phys., 1, 515 (1933).
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increase the stabilities of ring structures over open-
chain structures when the degree of polymeriza-
tion is greater than 5.

The work described in this paper was carried out
as part of a research project supported by the Of-
fice of Naval Research.

Summary

The dielectric polarization of hydrogen fluoride
vapor has been measured as a function of pressure
at various temperatures above the normal boiling
point of 19.4°. The apparatus employed has been
described, and the errors due to adsorption of the
hydrogen fluoride on the condenser walls have
been shown to be unimportant. In the region of
temperature and pressure where no molecular as-
sociation occurs, a dipole moment value identical
with that previously found in this laboratory has
been obtained. At lower temperatures and higher
pressures the experimental results show con-
clusively that a very considerable fraction of the
associated molecules in the vapor state exists in
various linear structures of large dipole moment,
and that the average degree of association in-
creases rapidly with increasing pressure or de-
creasing temperature. Further analysis of the
data indicates that cyclic structures also exist in
equilibrium with the chains, and that the former
tend to increase in relative proportion with in-
crease in pressure and decrease in temperature.
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Perfluorinated Olefins

By ALBERT L. HENNE aAND THos. H. NEwBY

The synthesis of perfluorinated ethylene and its
polymerization to commercial TEFLON, (CFy)a,
have become industrial processes; efforts are now
directed at the synthesis of other fully fluorinated
olefins in order to study their polymerization char-
acteristics and their ability to copolymerize with
CF;=CF,. We report here experiments toward
the preparation of CF;CF=CF;, CF;CF=CFCF;,
and CFaCFzCF=CF2.

Synthesis of CF;CF—=CF,

Perfluorinated propylene has been prepared by
us before, but by a sequence which has too many
steps for industrialization.! To simplify, we have
subjected the easily available? CCI;CCIFCCIl; to
fluorination with antimony fluoride in the stand-
ard way, and have obtained in one step a 709,
yield of CF,CICFCICF,Cl], from which zinc in al-
cohol yielded CF;CICF=CF. almost quantita-
tively. From this olefin, it was expected that

(1) Henne and Waalkes, TR1s JOURNAL, 68, 406 (1946).
(2) Henne and Haeckl, ibid., 68, 2692 (1941),

“allylic” fluorination® would easily yield the de-
sired perfluorinated propylene, but this did not
appreciably succeed because an allylic rearrange-
ment took place which gave CFyCF=CCIF in-
stead of the desired product. The course of the
rearrangement was evident from the facts that the
rearranged olefin differed from the known?® CF;-
CCl=CF3, and that its alkaline oxidation* yielded
nothing but trifluoroacetic acid.

The desired synthesis was, however, completed
as follows. The rearranged compound accepted
a mole of chlorine to give the known! CF;CFCl-
CFCl,, which antimony fluoride transformed into
the known! CF;CFCICF,Cl. Dechlorination with
zinc gave the desired perfluorinated propylene.
The sequence is thus a simplified laboratory prepa-
ration, but is still too complex for industrial
application.

The rearrangement reminded us of a similar
case which could not be explained at the time. A

(3) Heane, Whaley and Stevenson, ibid., 68, 3478 (1941).
(4) Henne, Alderson and Newman, ibid.. 67, 918 (1945).



