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Reactivity and Thermal Stability of Hexafluorides

N.P.Galkin and Yu.N.Tumanov

The review deals with the possibility of using various physicochemical characteristics of the hexafluorides of p, d, and /
elements for a comparative estimation of their thermal stability and reactivity. The force constants of EF6 molecules,
the average bond energy and length, and also the thermodynamic stability constants of the octahedral EF6 molecules have
been used as characteristic properties.
It has been shown that the force constants of the Ε -F bond are not effective characteristics of the thermal stability and
reactivity of all hexafluorides in reactions where more than one E-F bond is dissociated.
Only the thermodynamic stability constants can serve as an objective criterion for the assessment when account is taken
of definite dissociation mechanisms of EF6 molecules (complete or incomplete dissociation).
Within the limits of individual groups of Ad, 5d, and 5/elements and also sulphur, selenium, and tellurium, the variation
of the force constants and thermodynamic stability in relation to the incomplete dissociation of the hexafluorides
corresponds to the experimental sequences of their thermal stabilities.
The bibliography includes 85 references.
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I. INTRODUCTION

Hexafluorides are a class of fluoride compounds
formed by certain elements having not less than six p, d,
or/valence electrons. Up to the present time, the
hexafluorides of 18 elements have been identified: sulphur,
chromium, selenium, molybdenum, technetium, ruthenium,
rhodium, tellurium, xenon, tungsten, rhenium, osmium,
iridium, platinum, polonium, uranium, neptunium, and
plutonium. In addition one may expect, by analogy, the
formation of the hexafluorides of palladium, iodine,
astatine, radon, and americium.

The common properties of hexafluorides are low melt-
ing and boiling points and comparatively high volatility
under ordinary conditions (Table 1). With the exception
of XeF6, the molecules of hexafluorides EF e have the con-
figuration of a regular octahedron belonging to the O^
point group with the element Ε in the centre. The reac-
tivities of hexafluorides are not the same. Some hexa-
fluorides, for example CrF6, are so unstable that they
can be synthesised and investigated only at very low tem-
peratures, while others (for example sulphur hexafluoride)
resemble the noble gases in their chemical inertness.

Hexafluorides have attracted much interest, since those
of many elements are obtained and used in individual stages
of the technology of the manufacture of nuclear fuel1"3.
In particular, this accounts for the publication of a large
number of studies on the physicochemical properties of
both individual hexafluorides and individual groups.
Reviews have also appeared on hexafluorides, among which
mention should be made in the first place of those by
Weinstock2"4 and O'Donnel and coworkers5"8.

In Weinstock's work attention was concentrated on the
molecular constants of hexafluorides. However, there

Table 1. Physicochemical properties of hexafluorides 3>4»8.
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* Under the pressure of its own vapour.
** Triple point.

are certain data on their thermal stabilities3»4. O'Donnel
and coworkers attempted to make a systematic arrange-
ment of the hexafluorides of certain elements in terms of
their reactivities. In particular, they showed that the
reactivities of hexafluorides fall on moving down the
Groups of the Periodic System, while the thermal stabil-
ities increase on going from elements with 3d electrons
to elements with 5d electrons5"7.
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In the solution of certain practical problems associated
with the presence in a chemical system of the hexafluo-
rides of several elements or their lower fluorides, it is
necessary to employ some qualitative criterion in order
to predict the changes in the system which are potentially
possible. Thermodynamic analysis is in many cases
impossible, since the thermochemical and thermodynamic
constants of many fluorides are unknown. On the other
hand, an empirical systematic arrangement may prove to
be unreliable, since the rate of a chemical reaction
depends on the experimental conditions. For example, in
the system "uranium hexafluoride-hydrogen" the products
may be uranium pentafluoride, tetrafluoride, trifluoride,
or the so called "intermediate" fluorides U2F9, U4F1 7, etc.,
depending on the temperature, the reactant ratio, and the
effect of light. Until recently it was also believed that
molybdenum and tungsten hexafluorides are vigorous fluor-
inating agents9»10, but later studies5»11 showed that these
two hexafluorides are inert.

In the present review the possibility of using various
physicochemical characteristics of hexafluorides for a
comparative estimation of their reactivities and thermal
stabilities is discussed. Such characteristics may be the
force constants of the EF e molecules, the E - F bond
energies and lengths, and the equilibrium dissociation con-
stants of hexafluorides. An attempt has been made to
discover regularities in thermal stability both for the
entire class of hexafluorides and for individual series.

which are attributed to the dynamic Jahn-Teller
effect4,12"15. According to the Jahn-Teller theorem1 6,
the orbital degeneracy of the electronic ground state of
octahedral molecules is reduced by distortion of their
configuration, i.e. by a decrease of molecular symmetry.
This is the so called static Jahn-Teller effect. However,
in the present case the static Jahn-Teller effect is not
observed, but there is an anomaly in the infrared absorp-
tion spectra owing to a vibronic interaction.

Table 2. Width of the half-absorption bands of certain
hexafluorides (cm-1) 4.

Molecule

MoF e

TcF6

RuFe

RhFe

Mean*

vl/2

v.+v,

20
23
21
19

21

v,+v>

31
113
—
27

29

Δν,/s

0
84

0

Molecule

WF,
ReF,
OsF,
IrF,
PtF»

Mean*

Vl/2

17
36
23
18
20

20

v,+v,

24
68
84
26
26

25

A v l/ j

0
43
59

0
0

* The band widths for "anomalous" hexafluorides were
disregarded in the averages.

II. PRINCIPAL GROUPS OF HEXAFLUORIDES

Depending on the nature of the valence shell of the
element forming the hexafluoride or the type of its valence
electrons, all hexafluorides can be arranged systematic-
ally in groups according to the position of the elements in
the Periodic System. The positions of the hexafluorides
of various elements in these groups are consistent with
the positions of the elements themselves, either in the
Periods (horizontal series) or in the Group (vertical
series) of the Periodic System. The horizontal series of
hexafluorides comprise the groups of hexafluorides of
3d (CrF6), Ad (MoF6, TcF6, RuF6, RhF6), 5d (WF6, ReF6,
OsF6, IrF 6 , PtF ?), and 5/elements (UF6, NpF6, PuF6).
The vertical series of hexafluorides comprise (1) the
hexafluorides of the non-metals in Group VI of the
Periodic System (SF6, SeF6, TeF6, PoF6), (2) the hexa-
fluorides of the transition elements of Group VI (CrF6,
MoF6, WF6, UF6), (3) the hexafluorides of elements with
one unshared electron (TcF6, ReF6, NpF6), (4) the hexa-
fluorides of elements with two unshared electrons (RuF6,
OsF6, PuF6), (5) the hexafluorides of elements with three
unshared electrons (RhF6, IrF6), and (6) platinum hexa-
fluoride (PtF6). The platinum atom in this molecule has
four unshared electrons which, judging from the type of
the ground state of the PtF 6 molecule (Table 1), are
paired. Xenon hexafluoride, the molecule of which does
not belong to the symmetry point group O ,̂ occupies a
special place.

The electronic ground states of eleven hexafluorides of
sulphur, selenium, tellurium, molybdenum, tungsten,
uranium, neptunium, plutonium, rhodium, iridium, and
platinum are either non-degenerate or the degeneracy is
predominantly of the spin type. The normal vibrational
spectra of these molecules correspond to O^ symmetry.
The vibrational spectra of the hexafluorides of technetium,
ruthenium, rhenium, and osmium have appreciable
anomalies (compared with the preceding hexafluorides),

The infrared spectra of the "normal" hexafluorides
usually have two characteristic bands corresponding to the
compound frequencies vx + v3 and v2 + vz in the region of
1140-1710 cm"1 and having almost identical intensities
and outlines (Table 2). For each hexafluoride, the long
wavelength band corresponds to the compound frequency
vz + i/3 and the short wavelength band to the frequency
vt + v3. However, whereas the outlines of the vx + v3

bands are virtually identical for both "normal" and
"anomalous" hexafluorides, those of the v2 + v3 bands for
different types of hexafluorides are not the same, which
is a qualitative criterion of the "anomaly" of the hexa-
fluorides.

The relations between the observed frequencies and
the number of unshared valence electrons in the molecules
of the "normal" hexafluorides, derived by Weinstock and
Goodman3»4, make it possible to estimate the vibration
frequencies u2 and u5 which the molecules of the hexa-
fluorides of technetium, ruthenium, rhenium, and osmium
would have in the absence of the dynamic Jahn-Teller
effect. The points corresponding to the v2 and v5 fre-
quencies of the "anomalous" hexafluorides deviate from
the graphical relations. It is interesting to note that the
anomalies in the vibrational spectra of the hexafluorides of
Ad and 5d elements are not repeated in the series of the
hexafluorides of 5/ elements.

III. RELATION BETWEEN THE VARIATION OF THE
FORCE CONSTANTS OF HEXAFLUORIDES AND THEIR
THERMAL STABILITIES AND REACTIVITIES

In certain reviews (for example those of O'Donnel and
Stewart5»6) attempts are made to relate the regularities
in the variation of the reactivities of hexafluorides in the
first vertical series (CrF6, MoF6, WF6, UF6) to the
valence force constants (fa in Wilson's terminology17) and
average energies of the Ε - F bonds. Several comments of
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a general nature must be made concerning the estimation
of the reactivities of hexafluorides with the aid of the
force constants. The force constantt/d = (92V/9#2)q _• 0,
where V is the potential energy of the molecule and q the
vibrational coordinate, characterises the resistance of the
molecule to the deformation of the equilibrium configura-
tion. However, even for diatomic molecules there is no
unambiguous relation between the force constant and the
dissociation energy18. The quantity (32V/3^2)q _ 0

characterises merely the curvature of the potential well
in the vicinity of the equilibrium position but does not
necessarily indicate its depth19.

The multiplicity of models proposed for the description
of the force field of a polyatomic molecule is due to the
existence of a set of elastic structural elements the num-
ber of which is greater than the number of chemical bonds
and independent nuclear coordinates. However, regard-
less of the choice of model, none of the different types of
coefficients can provide a simple individual characteristic
of a bond in a polyatomic molecule20. The extension of
one bond involves a whole group of structural elements,
since the valence force constant /d depends not only on the
interaction between two atoms but also on their interaction
with other structural elements of the molecule. Only a
set of force constants characterises an individual bond in
a polyatomic molecule21.

We shall consider to what extent various force constants
of hexafluoride molecules can characterise their thermal
stability and reactivity. In the present paper we shall
employ the terminology adopted by Claassen22:

(l)/d—valence force constant;
(2) fa—deformation force constant for the bond angle;

Interaction Constants

(3)/dd—f°r the interaction of bonds at right angles to one
another;
(4)/ a Q —for the interaction of adjacent angles in the same
plane;
(5)/da—f° r the interaction of an angle with the bonds
forming its sides;
(6) δ—for the interaction of two opposite bonds;
(7) Ύ—for the interaction of an angle with a bond perpen-
dicular to its plane;
(8) k—for the interaction between two angles in perpen-
dicular planes having a bond in common;
(9) e—for the interaction between two angles in perpen-
dicular planes without a bond in common.

Seven independent force constants may be isolated for
hexafluoride molecules4:

(1)
(2)
(3)
(4)

A = fd;

Β = δ;

c=2/d i i;

D = 2 (/dc
. - β ) ;

(5)

(6)
(7)

E = f* - τ ;
F = 2 (/„„ - τ);

C = 2 (k — ε).

Many investigators 4>2 2"3 6 analysed the normal vibra-
tions of octahedral hexafluoride molecules and calculated
the force constants. The force constants depend on the
choice of model for the force field. In the present study
only the force constants quoted in the review of Weinstock
and Goodman4 are considered. They are listed in
Table 3.

Figs. 1 and 2 present a graphical interpretation of the
relation between the force constants of EF e molecules and
the charge number of the element Ε (see p. 157).

Analysis of these relations permits the following con-
clusions: (1) the valence force constant exceeds approxi-
mately by two powers of ten all the remaining force con-
stants; this is a general rule 3 7; (2) the independent
force constants Α, Β, Ε, and partly G of hexafluoride
molecules increase on going from id to 5d elements and
sharply decrease on going to 5/ elements; (3) the force
constants C and F also increase on going from 4d to 5d
elements; on going to 5/ elements, the constant C
increases and the constant F changes in different ways for
each of the vertical series; (4) the constant D decreases
on moving downwards along the vertical series; (5) the
constants A, B, C, and partly G decrease sharply on
moving along the series of 4d, 5d, and 5/ elements from
left to right, which is consistent with the variation of the
thermal stabilities of the hexafluorides; (6) the constants
D, E, and F increase along the series of Ad, 5d, and 5/
elements (from left to right).

Table 3. Force constants of octahedral hexafluoride
molecules4 [cm-V(0.01 A)2].

Force
constant

A
Β
C
D
Ε
F
G

SF,

28.163
—1.125

3.580
5.634
4.346
0.443
0.848

SeF,

25.663
0.666
1,232
2.160
2.648
0.316
0.676

MoF,

24.673
1.673
2.597
0.713
0.843

—0.555
-0.415

TcF«

24.483
0,860
1.888
0.720
1.083

—0.183
0.214

RuF,

23.304
0.331
1.268
0.767
1.199
0.050
0.205

RhF,

21.770
-0.654

0.986
0.806
1.260
0.221
0.234

TeF,

26.032
0.773
0,711
0.499
1.090

—0.317
—0.002

\VF,

26.480
2.246
0.709
0.488
0.970

—0.455
0.454

A
Β
C
D
Ε
F
a

ReF.

26.353
1.802
2.293
0.480
1.243

—0.006
0.173

OsF,

26.185
1.190
1.744
0.531
1,400
0.307
0.194

IrF,

25.181
0.209
1.418
0.543
1.432
0.476
0.213

PiF,

23.033
— 1.033

1.322
0.526
1.446
0.605
0.168

UF,

19.412
0.066
3.038
0.210
0.663
0.083
0.100

NpF,

19.029
-0.314

2.702
0.244
0.832
0.229
0.050

PuF,

18.451
—0.425

2.314
0.255
0.899
0.255
0.035

For diatomic molecules.

One may conclude that the variation of the majority of
force constants along the horizontal and vertical series of
hexafluorides is of the same type as that of the valence
force constant/d (A). The force constants for sulphur,
selenium, and tellurium hexafluorides are quoted only for
comparison.

Analysis of the feasible configurations of the xenon
hexafluoride molecule38 showed that it cannot have the
structure of a regular octahedron. A model close to the
structure of iodine heptafluoride, in which the missing
bond is replaced by the electron pair of xenon, is more
likely. This is confirmed both by the analysis of the
infrared spectrum of xenon hexafluoride 39 and by the study
of its structure by electron diffraction 40>41. Therefore
the force constants of XeF6 cannot be compared with those
of other hexafluorides.
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On the hypothesis of a relation between the force con-
stants, thermal stabilities, and reactivities of EF 6 mole-
cules, the latter can be arranged in the following series
in terms of their thermal stability:

Vertical series:
SF e >TeF e >SeF e ;

WFe > MoF, > UFe;

ReF e >TcF,>NpF e ;

OsFe > RuFe > PuFe;

IrFe > RhFe.

10 30 50 70 SO HO 10 SO SO 70 SO „ 110

Figure 1. Variation of the force constants A, B, C,
andD of EF 6 molecules with the charge number of the
central atom of the element Ε in the vertical and horizon-
tal series of hexafluorides.

Horizontal series:
MoF > TcFe > RuFe > RhF0;

WFe > ReF0 > OsFe > IrFe > PtFe;

U F a > N p F e > P u F 6 .

When all the elements are arranged in a single series,
the following sequence is obtained:

SF0 > WFe > ReFe > OsF, > TeFe > SeFe > lrFe > MoF,

> RuF6 > PtF, > RhF, > UF, > NpF, > PuFe.

c F ,

10 30 50 70 90 10 30 50 70 90

Figure 2. Variation of the force constants E, F, and
G of EF 6 molecules with the charge number of the ele-
ment Ε in the vertical and horizontal series of hexafluo-
rides.

The last series probably does not fully reflect the
actual relation between the thermal stabilities and reac-
tivities of the hexafluorides. Therefore, before dealing
with a comparative analysis of the experimental data, it
is necessary to analyse the above relations by other
methods.

IV. VARIATION OF THE AVERAGE BOND ENERGIES
OF HEXAFLUORIDES IN HORIZONTAL AND VERTICAL
SERIES

The average bond energy Eo of the E F n molecule is
defined by the formula

£ . - * - . (1)

where D° is the heat of atomisation of the molecule and η is
the number of bonds. The values of D% are not known for
all hexafluorides and the accuracy of the calculation or
estimation of some of them is low. For example, one may
mention the discrepancy between the data of different
workers for the heat of formation of gaseous plutonium
hexafluoride: -460 kcal mole"1,4 2 -473 kcal mole' 1, 4 3

-411.2 kcal mole"1,4 4 and -418 ± 8 kcal mole"1 4 5. The
last value was recommended by Rand45 as the most
accurate.
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The bond energies and heats of atomisation of certain
hexafluorides are listed in Table 4. For the majority of
the known hexafluorides, the heats of formation are known
only under standard conditions, i.e. only the values of
AHf 298 a r e available, and in order to find D% (-Δ#°) a
correction must be calculated from the equation

where ACp is the heat capacity change from 0° to 298°K.

V. INTERATOMIC DISTANCES AND BOND STRENGTH

The use of interatomic Ε - F distances to characterise
the chemical properties of hexafluorides (Table 4) appears
to be of doubtful value. In the series of hexafluorides of
uranium, neptunium, and plutonium, the interatomic Ε - F
distances decrease but in the series of hexafluorides of
Ad and 5d elements it is difficult to establish a similar
sequence. Probably Badger's equation61, whereby the
E - F bond lengths were found (see, for example, Ref. 56
and 60), does not ensure the necessary accuracy owing to
the dependence of the calculated force constants on the
force field model.

Table 4. Heats of formation, heats of atomisation, and
bond lengths and energies in hexafluoride molecules.

iff!

Χ Λ "53 tS

SF»
SeF,
TeF,
MoF e

TcF,
RuF,
RhF e

WF e

ReF,
OsF,
IrF 6

P t F e

UFC

NpF 6

PuF e

XeF6

—291.7
- 2 6 6 . 9
—327.2
—382
- 3 0 0

—411.5
- 2 7 8
—225
- 1 3 0

—510.5
—461
—418
—82.9

kcalat
393° Κ

•Β 3 3 s

Illl

478.93
439.2
487.7
653.5
569

729
577
526
403.8

740.5

ο »,

ite
474.6
434.9
483.2
649.2
565

725
573
522
399.5

735.96
675.6
619,5

79.0
72.5
80.6
108.2
94.2

120.9
~95.5
-86.9

66.55

122.64
112.8
103.21
32.3 50

1,564+0.01
1.688+0.010
1.84+0.03

1.83
1.8512
1.8775
1.8738
1,833

1.83
1.833

1.994
1.980
1.972
1.90

* Estimated from Eqn. (2).

The accuracy of the determination of AH^B is usually
not sufficiently high to make this correction, but never-
theless in the present study the correction was introduced.

Analysis of the results in Table 4 shows that the bond
energies decrease in the horizontal series from left to
right like the valence force constants (A) and the constant
B, C, and partly G (see curves 1 -3 in Fig. 1 and curve 3
in Fig. 2). In the vertical series the bond energy increases
in the series of hexafluorides of Ad, 5d, and 5/ elements.
In the series of hexafluorides of sulphur, selenium, and
tellurium, the Ε - F bond energy is 79.0, 72.5, and 80.6 kcal
mole"1 respectively. The Xe-F bond has the lowest
dissociation energy (only 32.3 kcal mole"1).

Thus if it is supposed that the average bond energy
characterises the thermal stability and reactivity of
hexafluoride molecules (as was done by O'Donnel and
Stewart5), then hexafluorides can be arranged in the
following series in terms of decreasing thermal stability:

UFe > WF, > NpF, > MoF, > PuF, > ReFe >TcF, > OsF, >
> TeFe > SFe > SeF, > IrF, > XeFe .

The discrepancy between this series and the experi-
mental stabilities and activities of hexafluorides will be
discussed below.

VI. ANALYSIS OF THE THERMODYNAMIC STABILITIES
OF HEXAFLUORIDES

A rigorous characteristic of the dissociation of any
chemical compound is its thermodynamic stability in this
reaction. The thermodynamic stability is characterised
by the reciprocal of the equilibrium constants Ke for the
corresponding dissociation process:

ι / Δ//" ΑΦ'
α = — = exp

Ke \RT R
(3)

where ΔΦ-ρ is the reduced free energy of the dissociation
reaction, R the gas constant, and Τ the absolute temper-
ature. The values of Ke(a) may be related to the corre-
sponding yields of the dissociation products of hexafluo-
rides. For example, for the reaction

4.6656 · 10«x'pe

(4)

(5)

where p is the pressure and χ the number of moles of
hexafluoride which have reacted.

The values of ot depend both on the enthalpy change
(Δ/β) and on the change in the reduced free energy
(ΔΦ.ρ), which are calculated from energy and geometrical

molecular constants.
The thermodynamic functions for gases consisting of

polyatomic molecules (including EF 6 molecules) are cal-
culated in many cases in terms of the rigid rotator—harm-
onic oscillator approximation. The components of the
thermodynamic functions due to translational, rotational,
and vibrational motion are calculated. This is because the
electronic ground states of polyatomic molecules are as a
rule of the singlet type and therefore the partition func-
tion with respect to the intramolecular motion of the
polyatomic molecule is equal to the sum of the vibrational
and rotational partition functions of the electronic ground
state 1 7. The thermodynamic functions obtained are called
virtual, since they do not include the components due to
nuclear spins and the mixing of isotopes.

The multiplicity of the electronic ground state is taken
into account by introducing into the thermodynamic func-
tions the term Rlnpy^, where pyi is the statistical weight
of this state.

It is assumed17 that the electronic ground state of
polyatomic molecules with an even number of electrons is
of the singlet type (the statistical weight of the state is
unity); electronic states with one free electron have a
statistical weight of two. Some workers have calculated
the thermodynamic properties of many hexafluorides in
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terms of the approximation of the rigid rotator - harmonic
oscillator model. The entropies, reduced free energies,
heat capacities, and enthalpy changes have been calculated
in the range 50-1600°K at p = 1 atm. for the hexafluorides
of uranium55, plutonium55»62, molybdenum, tungsten,
iridium, and neptunium55 and in the range 50-2000°K for
the hexafluorides of ruthenium, rhodium60, and techne-
tium5 6. It should be noted that some of the molecular
constants employed by Nagarajan to calculate the thermo-
dynamic functions of the above hexafluorides were subse-
quently revised by Weinstock and Goodman4 (Table 5).

Table 5. Fundamental vibration frequencies of hexafluo-
ride molecules.

Molecule *

SF e

SeF,
TeFe

PoF,

MoFe

TcF,
RuFe

RhF,
PdF6

WF,
ReFe

OsF6

IrF6

PtF6

UF,
NpF6

PuF,
AmFe

CrF,

v, (1)

770
708
701

[700]

741
(712)
(675)
(634)
[590]

(771)
755

(733)
(701)
655

667
(648)
(628)
[609]
(720)

V , (2)

640
(661)
674

[682]

643
(639)**
(624)**
(592)
[525]

(673)
(671)**
(6681**
(646)**
(600)

535
(528)
(523)
[500]
(650)

v s (3)

639
780
752

[741]

741
748
735
724

[711]

711
715
720
719
705

624
624
616

[603]
790

v. (3)

614
437
325

[253]

262
265
275
283

[280]

258
257
272
276
273

(184)
(198)
(203)
[205]
[266]

v. (3)

522
(403)
313

[243]

(312)
(257)**
(283)**
269

[258]

(315)
(295)**
(276)**
(258)
(242)

(201)
(205)
(211)
[216]
[309]

v. (3)

349
(262)
(195)
[144]

(122)
[174]
[186]
(189)
[191]

(134)
(193)
[205]
(206)
[211]

(140)
(165)
(173)
[178]
[110]

*The degree of degeneracy of the given vibration is indi-
cated in brackets after ulf v2, etc.

** The estimate was made from the variation of the vibra-
tion frequencies with the number of free electrons in the
hexafluoride molecules4; these are postulated frequencies
in the absence of vibronic interaction. The frequencies
obtained from the above relation and virtually identical
with the experimental values are indicated in round brack-
ets; the frequencies calculated from the Raman frequen-
cies are indicated in square brackets.

The ue frequencies for molybdenum and tungsten hexa-
fluorides, the v2 frequency for technetium hexafluoride,
etc. have been revised. The Mo-F bond length in the
MoF6 molecule, assumed by Nagarajan to be 1.56 A,63 is
inconsistent with a later value of 1.83 A.59 Moreover, the
statistical weight of the electronic ground state in the case
of its degeneracy was not taken into account in any of the
calculations. This applies to the hexafluorides of techne-
tium, ruthenium, rhodium, rhenium, osmium, iridium,
and neptunium.

According to Moffit et al. 6 4 the lower electronic states
of the hexafluorides of rhenium and osmium are orbitally
degenerate and the Jahn-Teller theorem predicts instabil-
ity of the octahedral configuration. As already mentioned
above, such instability does not lead to a static distortion
of the symmetrical configuration in the gas phase. This
is shown by the similarity of the electronic spectra of the
hexafluorides of rhenium and osmium on the one hand and
those of iridium and platinum on the other. For the last
two hexafluorides, the Jahn —Teller theorem does not
predict instability of the octahedral configuration. The
number of electronic bands in the spectra of all four

hexafluorides corresponds to the number predicted by the
ligand field theory for the configuration with the <\
symmetry; the absence of the static distortion of the EF e

molecules was demonstrated by electron diffraction4 and
by the analysis of the infrared spectra of the "anomalous"
hexafluorides. In the case of static distortion, one might
expect that the force constants for the longer bonds (or
larger angles) would differ from the force constants for
the shorter bonds (or smaller angles); moreover, one
might observe splitting of the infrared absorption bands.
The analogies in the yibrational spectra have been inter-
preted on the basis of a vibronic interaction 12>65. Quan-
titatively this interaction was investigated by Weinstock
and coworkers W 5 > 6 6 .

Table 6. Effect of vibronic interaction on the thermo-
dynamic properties of hexafluorides 4.

Hexafluoride

ReF0

TcF,

T,°K

200
298.15
900

200
298.15
900

ΔΦ*,,
-1 -1

cal mole deg

0103
0.136
0.175
0.087
0.117
0.154

Δ(4-^),
cal mole"

18.5
20.2
12.4

17.1
19.1
11.1

AS»,

cal mole" deg"

0.196
0.203
0.189

0.172
0.181
0.166

The empirical relations between the ground vibration
frequencies and the number of unbound electrons 4

enabled Weinstock and Goodman to estimate the frequencies
of the hitherto not investigated (CrF6, PoF6) and not even
synthesised (AmF6) hexafluorides. The effect of the
vibronic interaction on the thermodynamic properties was
also estimated by Weinstock and Goodman4 (Table 6).
The corrections obtained (ΔΦιρ and AS^) are virtually
negligible for TcF6 and ReF6 in the range 200-900°K.
Such an error in the calculations of the thermodynamic
functions is possible as a result of an error of 1 -2 cm"1

in the estimation of the vibration frequencies.
For the hexafluorides of osmium and ruthenium, the

corrections are of the same order of magnitude as those
for ReF6 and TcF6, which are listed in Table 6. This
implies that the v2 and v5 frequencies (Table 5) may be
employed without additional correction to calculate the
thermodynamic properties of rhenium, technetium, ruthen-
ium, and osmium hexafluorides.

Table 7 lists the reduced free energies of certain
hexafluorides required for the calculation of their thermo-
dynamic stabilities. They were calculated in terms of the
rigid rotator-harmonic oscillator approximation taking
into account the corrections for frequencies in the review
of Weinstock and Goodman4 and for the degeneracy of the
electronic ground state.

The reduced free energies of the elements forming
hexafluorides were taken from Kulikov's monograph52 and
the paper of Gurvitsh and Jungman67. The thermodynamic
stability constants of the hexafluorides of certain elements
were calculated by Eqn. (3) (Table 8).

Fig. 3 presents the logarithms of the thermodynamic
stability constants of the hexafluorides in the vertical
series at 298°, 1200°, and 2400eK. Analysis of these
relations permits the following conclusions:
1. The thermodynamic stabilities of hexafluorides in
relation to atomisation reactions decrease along the
horizontal series (4d, 5d, and 5/ elements).
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Table 7. Reduced free energies of certain hexafluorides (cal mole"1 deg"1) at ρ = 1 atm. in the
ideal gas state.

r, °κ

298
400
800

1200
1600
2000
2400
2800
3200
3600
4000

SF,

56-64
62.01
74.88
85.21
93.38

100,11
105.84
110.82
115.21
119.16
122.72

SeF,

59,06
64.21
80.07
91.46

100.27
107.43
113.46
118.67
123.24
127.33
131.01

TeF,

62.42
68.13
85.06
96.88

105.91
113.22
119.34
124.61
129-24
133.36
137.08

MoF,

64.46
70.52
88.10

100.17
109.32
116.72
122.85
128.19
132.84
136.99
140.73

TcF.

65.90
71.83
89.30

101.82
110.47
117.84
124.01
129.32
133,37
138.10
141.85

WF,

65.11
71.16
88.67

100.71
109.86
117.23
123.40
128.71
133.36
137.51
141.25

ReF,

66.63
72.56
89.89

101.87
110.99
118.34
124.50
129.80
134.45
138.15
141.90

OsF,

66.93
72.84
90.13

102.10
111.22
118.57
124.73
130.03
134.67
138.75
142.43

IrF.

66.68
72.65
90.06

102.08
111.23
118,60
124.77
130.07
134.73
138.85
142.60

UF,

68.74
75,44
94.26

106.85
116.30
123.86
130.15
135.55
140.28
144.37
148.15

NpF,

69.48
76.08
94.73

107.26
116.67
124.22
130.50
135.89
140,61
144.82
148.58

PuF,

67.36
73.93
92.54

105.06
114.48
122,02
128.30
133.69
138.41
142.62
146.38

Τ', Κ

1200
1600
2000
2400
2800
3200
3600
4000

SF,

2.24·
6.32·
8.69·
1.8·

1.48·
3.02-
7,07·

1.2·

10«
10"
10·
ίο-»
ΙΟ"»
10-13
ί ο - "
10-"

SeF,

1.12 1 0 "
4.47
5.13
6.45
1.48
4.67
5.49·
1.55

ΙΟ»4

10»
10-5
Ι Ο " 1 0

Ι Ο - "

10-18
10-ao

Table 8

TeF,

10"
5-61-1023.
4.17-101»
6.38 ΙΟ·
3.72 «Τ»
6.03-10-1»
1.42- 10-ι»
2.83 ·10~"

Thermodynamic

MoF,

3.17
5.38
7.88
9.13
4.21
1.63
1.91
2.69

•10"
• 1047

•ΙΟ2·
•10"
•10»
•10»
•10-a

•lO-i

TcF,

1-45-10·»
5-10»4

3.17-10"
1.66-10»
9.6-101

2.35-10-4

1.48-10-8
7.1-10-"

WF,

4-10»i
1.78-1055

2-10»8

1.6-1087

1.74-10"
1.34-108

4.46-10s

1.94·ΙΟ"2

stability constants

ReF.

5.62-1051
7.93-103'
1.26-10s»

lOio

3.39-102

1.13-10-»
4.22-10-8
1.29-10-»

5
1
1
4
8
6
ί

7

OsF,

62-10"
26-10*8
15· 10"
17.104
84-10-»
17-10-8
.5-10-11
24-10-16

of hexafluorides

1.
1.
1
1.

1
1.
3.

8

I

91
59
74
23
.2
82
98
.9

rF,

• 10»°
•ΙΟ"
• 101
•10~6

•ΙΟ""
• 10~i5
• Ι Ο - "

•ΙΟ"2·

UF,

4,47
6,31
7.95
1,59
2.82
2.37
6,02
2,56·

10»»
1059
103»

10 ί β

10"
10»
10»
ΙΟ-'

NpF,

1.59-108»
2-1062

7.93-10»»
2.3-10"
3.8-10W

5.94-105
2.82

1.44-10-5

PuF,

1.7-10'»
7.94-1042

7.94-1027
1.5-1015
9.5-10»

9-101
1.55-10-»
6.68-10-e

10 20 30 40 50 60 70 80 90 Ζ

Figure 3. Variation of the logarithms of the thermal
stability constants of hexafluorides with the charge
number of the central atom; temperature (°K): 1) 298;
2)1200; 3)2400.

2. The sequence of hexafluorides in terms of decreasing
thermodynamic stability depends little on temperature.
In the vertical series the hexafluorides of the actinide
elements are the most stable:

UF, > WF 6 > MoF e; NpF, > ReF, > TcF,; P u F , > OsF,.

However, the difference between the values of lga dimin-
ishes as the temperature is raised, owing to an increase
of the contribution by the entropy factor to the equation
AG = AH - Τ AS compared with the heat of reaction.
3. In the series of non-metal hexafluorides the stability
falls from sulphur hexafluoride to selenium hexafluoride,
but increases sharply on going to tellurium hexafluoride,
so that TeF6 > SF6 > SeF6.
4. The sequence of hexafluorides in terms of decreasing
thermodynamic stability in relation to the atomisation
reaction is as follows:

UF 6 > WF, > NpF, > MoF, > PuF, > TcF, > ReF, > OsF, > TeF, > SF, > SeF, > IrF,.

The positions of the hexafluorides in this series depend
to a considerable degree on the accuracy of the determina-
tion of Δίί° (Table 9). Xenon hexafluoride should occupy
the last place in this series.

We shall examine the changes in the thermodynamic
stability of hexafluorides in partial dissociation reactions
in the first vertical and third horizontal series. The
decomposition to the tetrafluoride may be employed as a
reaction of this kind:

( E F 6 ) № S -> ( E F 4 ) g a s + 2 ( F ) , (6)

The reduced free energies of the tetrafluorides required
for the calculation of the stability constants were evaluated
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in terms of the rigid rotator-harmonic oscillator model
using an empirical method for the estimation of the equi-
valent geometrical and energy constants68. The results
of the calculation are presented in Table 10. The calcula-
tion was made for only six hexafluorides, since only in
these cases was it possible to calculate the heats of
reaction at the standard temperature (298.16°K) and the
absolute zero (Table 9).

Table 9. Enthalpies of dissociation of hexafluorides by
reaction (6) under standard conditions (298.16°K) and at
the absolute zero (kcal mole'1).

Hexa-
fluoride

UF 6

N P F e

PuF e

Δ«298

184.4
131
102.5

ΔΗ"

181.4
129
101.3

References to
literature

employed in
calculations

49,69,70
42,71
45

Hexa-
fluoride

WF e

MoF,
SF6

Δ#298

234
194

Δ/Τ

232
191
152,261

References to
literature

employed in
calculations

42.48
42.47
17

Table 10. Thermodynamic stability constants of hexa-
fluorides in reaction (6).

Τ'. Κ

800

1200

1600

2000

2400

2800

3200

UF,

103,

1.12-10"

1.2-10»

2.7(5-10*

1.66-101

8.92-ΙΟ"1

1,74-10-»

NpF.

1.32

1,12

1.23

1.34

1.37

2.81

1.62

ΙΟ-1

10"

ΙΟ3

10-ι

ΙΟ" 3

10-5

10"*

PuF,

224-1013

4.8-103

1.04 -10-1

1.78-10"*

2.29-ΙΟ"»

1.1-10-'

1.15-10-s

WF,

1.78-10*8

5-38-1023

1.27-101"

5.49-10»

3.03-ΙΟ5

2.95-10*

1.61-10°

Me

7.93

1.13

1.7G

7.24

2.21

6.88

F,

ΙΟ3'

10"-»

1OU

• ΙΟ 5

10-

10»

9.10-3

SF,,

4.36-102»

2.1-101*

1.48-10*

8.9 -10-'

1.23-10-3

2.2·1ΰ~5

3.81-ΙΟ"'

The logarithms of the thermodynamic stability constants
of the hexafluorides decrease from left to right along the
series of 5/ elements. When the hexafluorides are
arranged in a common series in terms of decreasing
thermal stability with respect to reaction (6), the following
sequence is observed up to 2300°K: WF6 > MoF6 > UF6 >
SF6 > NpF6 > PuF6. Above 2300°K, SF6 and NpF6 change
places.

VII. ANALYSIS OF EXPERIMENTAL DATA FOR THE
THERMAL STABILITIES AND REACTIVITIES OF HEXA-
FLUORIDES

The chemical reactivities $ of non-metal hexafluorides
differ markedly from those of metal hexafluorides. With
the exception of polonium hexafluoride, non-metal hexa-
fluorides exhibit unusual chemical inertness. In the
reviews by Weinstock already mentioned2»3, it is reported
that the thermal stabilities in this series decrease and the
chemical reactivities increase from sulphur hexafluoride
to tellurium hexafluoride, the hydrolysis of tellurium
hexafluoride, which is the most reactive of the three hexa-
fluorides, requiring not less than 24 h for its completion at

t As in the work of Canterford and O'Donnel7, it is
assumed that the increase of the thermal stability of the
molecule is accompanied by a decrease of its chemical
reactivity.

room temperature3. The information available at present
about the thermal stability of sulphur hexafluoride is fairly
adequate. The compound is stable in an electric arc 7 2 ,
which can be accounted for3 by its high thermal stability.
At 2300-2500°K sulphur hexafluoride molecules dissociate
into atoms4 6. A wide variety of fragments of SF6 mole-
cules, obtained in an electric arc, have been isolated73»74.
The reason for the pronounced insulating properties of
sulphur hexafluoride is probably the high electron affinity
not only of fluorine atoms and molecules, but also of SF6

molecules and their fragments75.
We shall consider the experimental regularities in the

variation of the thermal stability and reactivity in the
vertical and horizontal series of metal hexafluorides. The
first vertical series includes the hexafluorides of chrom-
ium (3d), molybdenum {Ad), tungsten (5c?), and uranium (5/).
The molecules of all these hexafluorides do not have free
electrons. Their chemical reactivity maybe characterised
by the reactions involving the fluorination of the lower
fluorides of various elements (including the lower fluorides
of the elements forming the hexafluorides), the sensitivity
to hydrolysis, substitution and addition reactions, etc.

The feasibility of reaction (3) is a direct indication that
tungsten hexafluoride is chemically less reactive than
molybdenum hexafluoride:

(WF 4 ) s o l i d + 2(MoF 6 ) g a s - 2QA°fs\oVd + (WF 6 ) g a s . (7)

Chromium hexafluoride is thermally unstable at
-100°C.76 Even chromium pentafluoride is more reactive
than the hexafluorides of molybdenum, tungsten11, and
uranium6. This was demonstrated by studies of the
reactions of the above fluorides with the trifluorides of
phosphorus, arsenic, bismuth, etc. The reaction with
carbon disulphide is particularly instructive:

CSa + 8CrF5 - 8CrF3 + CF4 + 2SFe ,

2CS2 +6MoF e — (CF3)2 S2 + 2 S -p6MoF5

(8)
(9)

Reaction (8) takes place explosively11, reaction (9) is
also vigorous11, but tungsten hexafluoride does not react
with carbon disulphide11. Uranium hexafluoride fluo-
rinates carbon disulphide, various fluorination products
being obtained, depending on temperature.6,7 7

On the basis of studies of the behaviour of these four
hexafluorides, O'Donnel6,7,11 believes that the reactivity
of the hexafluorides in the first vertical series diminishes
in the following sequence: CrF6 > UF6 > MoF6 > WF6.
Thus the hexafluoride of uranium (a 5/ element) is more
reactive than the hexafluorides of molybdenum (4d) and
tungsten (5d).

In the series of hexafluorides of 5/ elements (uranium,
neptunium, and plutonium), the reactivity increases from
UF6 to PuF6. ^ W 1 . Uranium hexafluoride may be
obtained by the fluorination of the tetrafluoride with
Plutonium hexafluoride88. Neptunium and plutonium hexa-
fluorides are readily decomposed photochemically, so that
it is impossible to record their Raman spectra. Ameri-
cium hexafluoride, the existence of which may be postu-
lated by analogy with platinum hexafluoride, is probably
even more unstable79.

The transition elements of the second intercalary
decade (4d elements) form four hexafluorides: MoF6,
TcF6, RuFe, and RhF6. Ruthenium and rhodium hexafluo-
rides oxidise xenon even at room temperature, like plat-
inum and plutonium hexafluoride50, in contrast to UF6,
NpF6, IrF 6 , and OsF6. Technetium hexafluoride is
reduced more readily than rhenium hexafluoride80. The
hexafluorides of technetium and ruthenium are thermally
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and photochemically unstable, so that it is impossible to
obtain their Raman spectra. Molybdenum hexafluoride
is the most stable in this series, the other hexafluorides
being probably thermally unstable. The experimental
evidence for the increase of the reactivity of the hexafluo-
rides from left to right in this series is inadequate, but it
is postulated that rhodium hexafluoride is thermally less
stable than ruthenium hexafluoride81.

The series of hexafluorides of 5d elements contains WFe,
ReF6, OsF6, IrF 6 , and PtF 6 . Platinum hexafluoride
fluorinates the fluorides of neptunium and plutonium to the
corresponding hexafluorides72. Selenium tetrafluoride
reduces platinum hexafluoride to the tetrafluoride, but the
hexafluorides of osmium and iridium pass to the pentavalent
state under the same conditions 8 2. Tungsten hexafluoride
does not react with nitric oxide83, osmium hexafluoride
forms NO*OsFg,83 and iridium and platinum form
(NO)2IrF6

 8 S and (NO)2PtF6

 M respectively. Canterford
and O'Donnel arranged the hexafluorides of 5d elements
in the following sequence in terms of decreasing thermal
stability: WF6 > OsF6 > IrF 6 > PtF 6 . In addition7,
OsF6 > RuF6, IrF 6 > RhFe.

Among the least thermally stable metal hexafluorides of
various series, plutonium hexafluoride has a higher
thermal stability than platinum hexafluoride; neptunium
and uranium hexafluorides are more stable than ruthenium,
rhodium, and platinum hexafluorides. The least stable
hexafluoride is probably that of chromium§. There is
evidence that the thermal stability of rhodium hexafluoride
is lower than that of platinum hexafluoride85. From this
standpoint, the least stable metal hexafluorides can
probably be arranged in the following series in terms of
decreasing thermal stability: PuFe > PtF 6 > RhF6 > CrF 6.

—oOo—

Analysis of the results presented in this review leads
to the conclusion that the thermal stability of a particular
hexafluoride, as a characteristic of its reactivity, depends
on the type of the dissociation reaction considered.
Depending on whether the hexafluoride dissociates com-
pletely into atoms or only partially to the penta- or tetra-
fluoride, a particular sequence of hexafluorides in the
vertical and horizontal series in terms of varying thermal
stability is obtained.

The experimental thermal stability and reactivity
series characterising the incomplete conversion of metal
hexafluorides, mainly to the penta- or tetra-fluorides
within the limits of individual groups, correspond to
changes in the majority of the force constants.

However, if all the hexafluorides are arranged in a
single sequence in terms of decreasing valence force
constants, the latter is not consistent with the experimen-
tal thermal stability series.

The experimental data for non-metal hexafluorides do
not agree fully with the variation of the force constants.
Probably a higher force constant for the bond is a neces-
sary but not sufficient condition for a higher thermal
stability of the hexafluoride. The shifts occurring in the
dissociation of the Ε - F bond are so large, even on
partial dissociation, that they no longer depend on the
force constants. Moreover, if stepwise dissociation of
the Ε - F bond is postulated, then for reactions (6) one

§ Only the hexafluorides having the octahedral config-
uration with the Oh symmetry are considered.

must consider not only thefd constant of the EF e mole-
cule, but also thefd constant of the EF 5 molecule, since
on transition from the hexafluoride to the pentafluoride
both the geometrical configuration and the average bond
energy of the molecule change. For example, the
average energy of the U - F bond in the uranium hexafluo-
ride molecule is 122.24 kcal and in the pentafluoride
137 kcal mole"1.

The equilibrium constants for the dissociation of
hexafluorides to the corresponding tetrafluorides [reac-
tion (6)] probably constitute a more objective criterion of
the stability of the hexafluoride in relation to incomplete
dissociation (Table 10). In this case the thermal stability
of the hexafluoride decreases in the following sequence:

WFe > MoFe > UFe > SFe > NpFe > PuF, > PtF, > RhFe > CrF, .

From this point of view, the great inertness of sulphur
hexafluoride is to be accounted for not by thermodynamics
but by kinetic characteristics. The reasons for the
position of the hexafluorides SeF6, TeF6, TcF6, OsF6,
IrF 6 , and RuF6 in this series are still not quite clear.

Probably the most objective characteristic of the
stability of hexafluorides in relation to total dissociation
(atomisation) is provided by the thermodynamic stability
constants. The estimates of thermal stability from the
average energies of the Ε - F bonds in hexafluoride mole-
cules agree fully, except for rhenium hexafluoride, with
the thermodynamic estimates. The valence force con-
stants are altogether unsuitable to characterise the
stability of hexafluorides in relation to the atomisation
reaction. The discrepancy between the thermal stability
and force constant series constitutes indirect evidence
that the decomposition of hexafluorides to atoms takes
place via stepwise abstraction of fluorine atoms and,
instead of a single force constant of the bond, one must
take into account all the force constants of the Ε - F bonds
in the molecules of the hexa-, penta-, tetra-, tri-, di-,
and mono-fluorides of the elements.
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