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Thermochemical data on selected gas phase compounds containing sulfur, fluorine,
oxygen, and hydrogen are evaluated. These are of particular relevance to plasma chemis-
try and SF; dielectric breakdown. Values of the enthalpies of formation and the entropy
are provided at 298 K. Where no experimental data are available, methods for estimation
have been developed for deriving the enthalpy of formation. Data are tabulated for 36

substances.
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1. Introduction

Detailed modeling of the physical and chemical pro-
cesses occurring in plasmas, chemical vapor deposition, and
dielectric breakdown of sulfur hexafluoride requires an eval-
uated thermochemical and kinetic data base. This review
provides a thermochemical data base applicable to the prob-
lem of dielectric breakdown in sulfur hexafluoride, an im-
portant gaseous insulator used in large switches and other
high-voltage devices.

The starting point for this review is the earlier review of
Benson' and the JANAF Thermochemical Tables.>* The
review of Mills,® which contains data on sulfur fluorine com-
pounds, is more limited in coverage, and was not used. Since
there are few experimental data available for the compounds
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of interest, particularly as regards enthalpies of formation, it
has been necessary to develop and apply methods for esti-
mating these properties.

Data are presented in tabular form, listing the standard
enthalpies of formation A;H ° and entropy S°, all referred to
298.15 K and 1 aim. (Throughout the text, in using A, H °
and S° without a subscript specifying temperature, or with
the subscript 298, it is understood to refer to 298.15 X.)
Data are reported in SI units, using the conversion factors 1
cal=4.184J and 1 eV =96.485 J/mol. The source of the data
is given, and is discussed in detail in the text as appropriate.
Except for the series SF,. (x =010 6), and some of the S,F,
(x =0 to 10) compounds, there are relatively few values
based on experiment. Many of the enthalpies given in the
tables are estimates. All such data are enclosed in parenthe-
ses.

In addition to tables of enthalpies and entropies, tables
of bond strengths are provided based on experimental obser-
vation or derived from the tables of cnthalpies of formation.
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For the bond scission reaction AB— A + B, where A and B
may be atoms or free radicals, the bond strength is defined as

D;9s (A-B)= AH;%
= AfH;.QB (A) + Angss (B} — AfH;m; (AB),

where AH ,; is the enthalpy of reaction.

The review is divided into four sections: (1) the series
SF, (x =010 6), (2) the series OSF, (x =0105), (3) the
series S,F, (x =0 to 10), and (4) miscellaneous S, F, O
compounds.

2. The Series SF, (x=0 to 6)

The starting point for considering this series is the data
onF, S, SF, SF,, SF,, and SF given in the JANAF Thermo-
chemical Tables and reported here in Table 1. They are ac-

cepted without change. The important new data available

for this series are the bond strengths for SF, and SF, report-
ed by Kiang and Zare’ derived from studies of the chemilu-
minescence resulting from the reactions of SF, and SF¢ with
metastable excited Ca and Sr atoms. From the chemilu-

minescence, the highest populated internal state of the prod-
uct MF species (M = Ca or Sr) was identified. By means of
separate time-of-flight measurements, the translational en-
ergy of the M species, which were produced in a nozzle beam
apparatus, were measured. The assumption was then made
that in some collisions all the reaction exothermicity ap-
peared in the form of chemiluminescence. Under those con-
ditions, the internal energy in the other product (SF,_,)
and its translational energy were taken to be zero. This gives
an upper limit to the reaction enthalpy, and if the assump-
tion regarding internal and translation energy of the SF, _ ;
product is correct, it provides a true measure of the reaction
enthalpy. Extrapolation of the data to 0 K, then yields
AHJ = Dg. They report D (SF;-F) = 351.9 + 12.6 and
D (SF+~F) = 381.2 + 13,4 kJ mol ™. From these data one
calculates the enthalpies of formation of SF; and SF; at
298.15 K (using auxiliary data from the JANAF Tables?).
There are two major sources of systematic error in the
measurement of bond strengths and hence enthalpies of for-
mation using this technique. The first relates to the identifi-

TABLE 1. A;H"° 298 and S 3, for some S-F-O-H molecules radicals, and related compounds®

AH® S 208 :
Species (kI mol™") (Jmol 'K~ Source
F 78.91 + 1.67 158.645 Ref. 5
S 276.98 + 0.21 167.720 + 0.034 Ref. 2
SF 13.04+6.3 225.1+0.8 Ref. 3
SF, —296.6 + 16.7 257.61 + 0.08 Ref. 3
[ —262.8 +23.0]

SF, —488.3 4+ 25 286.2 +4.2 AcH, Ref. 7°; S, Ref. 2
SF, —763.2 421 299.6 + 0.4 Ref. 3
SF, —012.5 4+ 134 304.6 + 8.4 A H,Ref 7°; S, Ref. 2
SF, — 12205408 291.6 + 0.4 Ref. 3
S, 128.49 4 0.29 228.053 + 0.050 Ref. 2
SSF (—10420)
SSF, — 297+ 10 29271 4 4 18 A H, Ref 3°; S, Ref 3
FSSF — 286410 293.97 + 0.08 A H, Ref. 3%; S, Ref. 3
SFSF, — 660 + 24 3344+ 4 AcH, Ref. 17°; S, Ref. 17

[ —593 + 331
$,F ( — 1130  50)
S,F, (— 1570 % 50)
S,F, (— 1704 £ 25)
S,Fy — 2012 + 21 397.1 + 8.4 A.H, Ref. 19; S, Ref. 2
o 249.174 1- 0.100 160.950 | 0.021 Ref. 2
FO 109 + 42 216.61 +1.26 Ref. 5
FO, 12.6 +21 259.0 Ref. 5
F,0 24.52 + 1.59 247.36 + 0.4 Ref. 5
oS 50413 221 836 0042 Ref 2
OSF ( —207 +33) (258) Ref. 5
OSF, (—494 +32) 279.03 4- 0.42 S, Ref. 4
OSF, (—633+21) (300)
OSF, (— 954+ 16) 312.654 S, Ref. 24
OSF; (—996 1 15) (292)
O,SF (—428 +15)
0,SF, —758.6+ 8.4 283.51 4 0.42 Ref. 4
O,SF; — 969+ 15
H 217.999 + 0.004 114.603 + 0.017 Ref. 2
HF — 272554038 173.669 Ref. 5
SF;(OH) (—1213 4+ 13)
SF,(OF) (— 1089 +15)
(SK;0), (— 2148 +25)
SF,0,5F; (— 2069 + 21)

2 All values in parentheses are estimated. Values in brackets are based on appearance potential measurements (see text).

* Recalculated from data given in referenced source.
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cation of the highest excited vibrational level of the product
fluoride which contributes about + 4 kJ mol~". The other
arises from the uncertainty in D° (Ca-F) or D° (Sr-F),
which is about <+ 8 kJ mol~!. Improvements in the quality
of these bond dissociation energies will lead to a direct im-
provement in the quality of the SF,, data. In this review, the
values for A.H °(SF;) and A;H °(SF;) derived from the
measurements of Kiang and Zare have been accepted. They
are supported by shock-tube measurements. The JANAF
value, A H °(SFs) = — 908.3 + 15.1 kJ mol™", is based on
Lyman’s® reinterpretation of the shock-tube study of Bott
and Jacobs® on the decomposition of SFg. It can be compared
with the value which can be derived from the study of Kiang
and Zare’ of — 912.5 4- 13.4 kJ mol ™. In the case of SF,,
the older shock-tube data on SF, decomposition’® have not
been reanalyzed in the same manner as the SF4 data. The
data are consistent with a value of D (SF;-F)
=32644+126 kJmol™', from which AH°®
(SF;) = — 516.7 4+ 24.6 kJ mol~" can be calculated. This
should be taken as a lower limit.

Bond strengths, D 55, for the SF, series are given in
Table 2 and compared in Fig. 1 with S-F bond strengths in
other molecules.

The major uncertainty in the data for the SE, seriesisin
A H° for SF, which is uncertain by at least 21 kJ mol .
This also leads to the large uncertainty in A.H° for SF,
which is derived from the reaction SF,—SF; + F. There is
also a problem with the enthalpy of formation of SF,. The
value adopted here, — 296.6 + 16.7 kJ mol™, is based on
an analysis’ of equilibrium data for the reaction
S + SF,=2SF.® Lasking et al.'? report a value for A H®
(SF,) of — 267 kJ mol~* based on photoionization appear-
ance potential measurements on SF, and SSF,. They report-
ed the appearance potential of SF;" from SF, to be 16.9 eV.
If the process corresponds to: '

SF,—SF;" +2F, AH=AP=169¢V _
[in this and subsequent discussions of ionization potential
(IP) and appearance potential (AP) data, electrons will not

be explicitly included in the equations] and as the ionization
potential of SF, is known," i.e.,

TABLE 2. Bond strengths in SF,, OSF,, OSF,, and §,F, compounds.

Bond Do (KImol™") Bond D3 (K¥mol™")
S-F 343 +7 S=8 425.5
SF-F 389 4 18[355 +24]* S=SF, 277 4+ 19{311 4 25]

SF,-F 271 + 28[304 + 32] FS-SF 312+ 12
SF,-F 354 4+ 13 FS-SK, 185 + 34[112 + 42]
SF-F 228 425 F,S-SF, 153+ 59
SF~F 387+ 13 F,S-SF, 171+61
OS-F 291 + 33 FS-SF, 192+22
OSF-F 366 + 17

OSF,-F 219 428

OSF,-F 400 + 13

OSF,-F 1205 + 5.4

0,S-F 210 + 14

O,SF-F 410+ 12

#Values in brackets are based on appearance potential measurements (see
text). :

SO,F, A
400~ ©SOF;
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£

€

X
o &

(o}

200

Fi1G. 1. Bond strengths in SF,, OSF, , and O,SF,. compounds as a function
of n, where » is the sum of the number of S—F bonds and twice the
number of 8 = O bonds.

SF,-SF,;", AH=1IP=10.08eV

then
SF,—-SF,+2F, AH=AP —-IP=6.82¢V.

Using A¢H ° data from Table 1, and assigning an uncertainty
of 0.1 eV to the appearance potential measurement (which
should be taken as an upper limit in any case), leads to A H °
(SF,) = —262.8+23.0 kImol~!. This differs slightly
from the value derived by Losking er al. due to the use of
different auxiliary thermochemical data. Although equilib-
rium measurements in general are preferable to appearance
potential measurements in deriving thermochemical data,
there are reasons to consider the appearance potential value.
As will be pointed out in Sec. 4, Losking ef al.*> have made
extensive appearance potential measurements on SSF,,
FSSF, SF, and SFSF,. Their results are in good agreement
with independent equilibrium-type measurements for other
systems. Also, as will be discussed in Sec. 3, S-F bond
strengths derived for the OSF, series are out of line with
those that are obtained for SF; and SF, on the basis of the
more negative value for A H °(SF,) (see Table 2 and Fig. 1).
Since there is no basis for rejecting either set of measure-
ments, the JANAF value for A;H °(SF,) has been retained.
However, I also include in the tables the values for A H®
(SF,) based on the appearance potential measurements. Ina
similar manner dual values are given for all thermochemical
quantities derived from cycles or reactions in which SF, was
involved. These values, based on appearance potentials, are
enclosed in brackets.

The entropy data given in Table 1 vary in quality. Data
on SF, and SF¢ are probably very good based on extensive
spectroscopic characterization. In the case of SFs, there are
some vibrational data, but most of the vibrational frequen-
cies are assigned by analogy with other known systems. This
is also the case for SF,, SF,, and SF. The quoted uncertain-
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ties therefore reflect the uncertainties in vibrational assign-
ments.

3. The Series OSF, (x=0to 5)

There are no experimental data on the enthalpies of
formation of any OSF, species. There are data on several
related species, however, which provide a basis for estimat-
ing the properties of the OSF,, series.

Benson' argued that substitution of an F atom by OH
on a sulfur atom led to a decrease in stability of about 8
kJ mol~". The argument was based on comparison of A;H °
(O,SF,) = — 757+ 8 and A.H°(O,S(OH),) = — 744

+ 8 kI mol ™!, (These numbers are from Ref. 1). The data

on O,SF, and O,S(OH), are probably reliable and support
the idea of an 8 + 13 kJ mol ! difference. On that basis, one
calculates (now using data from Table 1), that AH"
(SFsOH) = — 1213 4+ 13 kImol~'. If D°(SF;0-H) is
taken as the same as that in an aliphatic alcohol (435
kT mol~1), then for the reaction

SF;OH-SF,O +H, AH =435+ 8kImol™?,

and A;H°(SFs0) = —996 4+ 15 kJmol™! (this differs
slightly from the value calculated in Ref. 1, reflecting ditfer-
ent values of the auxiliary data used in the calculation).

The activiation energy for the reaction SF,0—
OSF, + F has been reported to be 120.5 + 5.4 kJ mol~ 1%
Assuming that the reverse reaction has zero activation ener-
gy, and taking A H°(SF;0) = —9964- 15 kI mol™},
AH?(OSF,) = — 954 + 16 kI mol ™.

In order to estimate enthalpies for other members of the
OSF, series, it is necessary to know the S-F bond strengths
in these compounds. There are two sets of direct measure-
ments. The bond dissociation energy D {(OSE-F)

=361.9 + 16.7 kI mol™’, was reported by Kiang and
Zare.” No details were given as to the measurement, al-
though the technique was the same as that discussed in Sec. 2
on bond dissociation energies in SF, and SF. At 298 K,
D° (OSF-F) = 366.1 4- 16.7kJ mol~'. Benson, ! in a reana-
lysis of the shock-tube data of Wray and Feldman!® on the
_pyrolysis of SO,F,, estimated that D 5o, (O,SF-F) was close
to 418 kI mol~!. Allowing that it could be somewhat lower,
I have chosen D 5, (O,SF-F) = 410 kY mol ! with an esti-
mated uncertainty of 12 kJ mol~!.

Comparing D° (O,SF-F) with D° (SFS—F) and
D° (OSF-F) with D° (SF,-F) (see Table 2}, it can be seen
that substitution of an oxygen atom for a pair of fluorine
atoms leads to about an 11 kJ mol ~! strengthening of the S—
F bond. This can be used to estimate D°(OSF,-F)

=D’ (SFs~F) + 11 =400 + 13 kJ mol™

!, Then from thel

reaction OSF,—OSF; + F, the enthalpy of formation of
OSF; may be calculated.

To proceed further, it is necessary to know D° (OSF,-
F). It is expected that this bond, by analogy with the bonds
in the SF, series, would be considerably weaker than
D’ (OSF,-F). Some idea as to the difference in the first and
second S-F bond strengths can be had from a consideration
of the bond strengths in O,SF,. The sum of S-F bond

-strengths is the heat of reaction for 0,SF,—0,S + 2F, i.e.,

620 + 8 kJ mol ™. If the estimate for the first bond energy
given above of 410 + 12 kJ mol ~! is valid, then the second
bond strength is 210414 kImol~' I have chosen
D° (OSF,-F) to lic between D° (SF,~F) and D° (O,S-F) at
219+28 kIJmol~!. It follows that AH°(OSF,)
= —494 1 32 kI mol~'. Using the measured value for
D° (OSF-F) it follows that AH°(OSF) = 207 1 33.
JANAF* gives A.H®° (OSF,)= — 544 =+ 105
kJ mol " based on calculated increments in A H " between
OSF, and O,SF,. The present value is probably better, but
the uncertainties in either case are unfortunately large.
Entropy data for compounds in the series OSF,. are
limited. Good values exist for OSF, and OSF, (as well as
O,SF,) based on frequencies assigned on the basis of experi-
ment. Comparison of the values for the SF, and OSF, _ 1
series suggests a rough correlation which could provide a
basis for estimating values based on the observation that sub-

* stitution of an oxygen atom for a fluorine atom does not

change in the entropy more than about 8 k¥ mol~! K~'. On
this basis one can’ roughly estimate that S° (OSF) ~.258,
S° (OSF;) =300, and S° (OSF5)~292 Jmol 'K~ %

4. The Series S,F, (x=0to 10)

The S,F, series is not well characterized in terms of
basic thermochemical data although there are spectroscopic
and equilibrium data available for several members.

Enthalpies of formation of FSSF and SSF, have been
reported by Losking ef al. 2 on the basis of appearance poten-
tial measurements (using photoionization) and a direct
measurement of the equilibrium SSF, = FSSF. For the lat-
ter, they report AH 5o, = 11.3 + 1.5 kJ mol~'. The appear-
ance  potential  measurements yielded AH®
(SSF;) = —297, and A.H°(FSSF) = — 291 kJmol™'
Since the equilibrium measurement is the “best” data, the
procedure chosen here is to calculate A H °(SSF,) from the
appearance potential data, and then calculate A H °(FSSF)
using the equilibrium data. There are two sets of relevant
measurements from which A¢H °(SSF,) may be obtained.

Set 1. Based on the appearance potentials of SF," from SSF, and SF,:

SF,—SF;* + 2F
SSF,—SF;" +8

Difference: SF, — SSF,—2F —§

AH(SSF,) = AH —

J. Phys. Chem. Ref. Data, Vol. 16, No. 1, 1987

AP; =169 eV( + 0.1 €V estimated)
AP, =13.304+0.07 eV

AH = AP, — AP, = 347.3 4 11.8 kJ mol "

2A0H"(F) + AH*(SF,)
=299 4 25 kT mol .
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Set 2. Based on the appearance potential of S;* from SSF, and the ionization potential® of S,:

SSF,—S;+ + 2F

AP, =15.42 4+ 0.05 eV

S,—S; IP = 9.36 + 0.02 eV
Difference: SSF, — S, 2F AH = AP, — IP = 585 + 5 kJ mol !
AH(SSF,) = — AH + 20.H "(F) + AH(S,)

= —297+5kImol™!.

The assignment of uncertainties in the two calculations
is somewhat arbitrary since the reported uncertainties in
measured appearance potentials are no guarantee that the
true onset was accurately obtained. The second measure-
ment, since it did not involve using the already uncertain
value ( 421 kI mol™*') of A H °(SF,) is probably the bet-
ter. A H °(SSF,) is taken as — 297 + 10 k¥ mol 2. It fol-
lows that A H °(FSSF) = — 286 + 10kJ mol™ %,

For the reaction SFSF, = 2SF, Gombler ef al.’’ report,

SFSF,—SF;" -+ SF,
SF, - SF;+

Difference: SFSF, — SF, = SF,

Accepting the equilibrium-based value of 66.9 4 4.2
kI mol~! for the heat of reaction, I calculate A H°
(SFSF;) = — 660 +24 kIimol™! wusing A.H°(SF,)
= —296.6 + 16.7 kJ mol™*, and A;H °(SFSF;) = — 593
+32 kImol™! using AH°(SF,) = —262.8 +23.0
k¥ mol !, The latter value is enclosed in brackets in Table 1.

The enthalpy of formation of S,F,, was derived by Ben-
son and Bott'® from the equilibrium constant estimated for
the reaction

S,F,,=SF, + SF, .

Following Benson, the JANAF Tables® gives A H °(S,F,,)
= —2064.4 + 29.3 kJ mol~ ..

However, from a reanalysis of the data on the pyrolysis
of S,F,,, the enthalpy for the reaction,

S,Fy—28Fs,

has been estimated to be 187.0 4+ 9.6 kJ mol ! at 444 K.°
This is close to the measured activation energy for the overall
reaction of 188-209 kJ mol~". Accepting that A H °(SFs) is
that given in Table 1, one can arrive at a different valuc for
AH°(8,Fp), viz., — 2012 + 21 kI mol ™. I am inclined to
put greater credence on the data derived from the kinetic
analysis and suggest A.H °(S,F,0) = — 2012 4+ 21 kT mol.
For the remainder of the series, enthalpies of formation
must be estimated on the basis of bond energies and the prop-
erties of homologous series.
If the bond strength D° (SSF-F) is taken to be equal to
D° (OSF-F) =366+ 17 kImol™!, then A.H °(SSF)
= — 10+ 20 kI mol~". Similarly, if the bond strength
D’ (S,F,—F) istaken to be equal to D° (SFs—F) =387 + 13
kT mol ™", then A H °(S,F,) = — 1704 + 25 kY mol 1.
Data on A H ° for the series S,F, are plotted in Fig. 2 as
a function of x. In the absence of any other quantitative data,

r
that K, (298) = 2.5 107 atm. They also report that S 5o,
(SFSF,) =3344+4 Jmol 'K™!. Using S5 (SF,)

= 257.61 4+ 0.08 J mol~* K ! from Table 1 and the equi-
librium constant, one obtains, through the relationships
AG= —RTInK,, and AH = AG + TAS, AH 35, =66.9
+ 4.2 kY mol ™. This value is supported by appearance po-
tential data of Losking e al.'* They reported the appearance
potential of SF," from SFSF,; to be 10.80 4 0.05 eV. The
heat of reaction can be obtained from the cycle:

" AP, = 10.80 + 0.05 eV
IP, = 10.08 eV (Ref. 13)

AH = AP, —IP, = 69.5 kI mol™’

a straight line has been drawn through the points and values
of A H ° for the intermediate compounds S,F, and S,F; have
been interpolated. There is a report in the literature on the
compound SF,SF,,?° but it has since been reported'? that the
compound was really of formula S,F,. Although we have no
information on the structure of these compounds, it seems
very probable that, like S,F, and S,F,,, they can be written
formally in terms of single S-S bonds, i.e., SF;-SF;, and
SF;-SF; rather than F,S = SF, and SF, = SF,. Calculated

S-S bond strengths for these compounds are given in Table
2.

100 — T T m T T
s Af Hzgg Series Sz Fx
.\ 2 o
[ s SoF —
§. FSSF
100l  SSF \ i
- % SFSF;
g 200 -
K]
]
gf -300[— -
™~
<
-400 |- SoFq ]
-500 |- SaFqo ¢
-600 L1 ] i 1 ] 1
0 2 4 6 8 10

FIG. 2. A(H 5, for the series S,F... x =0 to 10.
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5. Miscellaneous S-F-O Compounds

These are basically compounds containing the SF;0 or
SF;0, groups.

Czarnowski and Schumacher'® report D° (SF;0-
OSFs) = 155.6kJ mol™*. Using A;H °(SF50) = — 996 +
15 kY mol~! from Table 1, A H °(SFs0), = — 2148 4-25
kJ mol—1.

The enthalpy of formation of SF;0O, may be estimated
from the reported activation energy of 56.5 kJ mol~1,* for
the process SF;0,— SF; 4 O,, and auxiliary data from Ta-
ble 1, i.e., AH °(SFs0,) = — 969 4+ 15 kJ mol 1.

For SF;O,SF;, the activation energy for the process
SF;0,SF;—SF;0 + SFs0, has been reported to be 105.9
kJ mol~1.2 'Using auxiliary data from Table 1, AH°
(SF;0,SF;) = ~— 2069 + 21 kJ mol ™.

The activation energy of the reaction SF;OF -
SFsO + F has been reported® to be 172 k¥ mol~!. Using
data from Table 1, A.H°(SF;OF)= — 1089 + 15
kI mol™!. In considering these bond scission reactions, it
has been assumed in every case that the activation energy of
the reverse process is zero.

6. Summary and Conclusions

This review has provided, wherever possible, a consis-
tent set of thermochemical data for use in modeling chemical
processes involving SF¢ and its thermal and oxidative reac-
tion products. The older data incorporated in the review of
Benson'® and the JANAF Tables?>™ have been reexamined,
and new data available since those reviews appeared have

been incorporated.
In order to put the estimation method used here on a

more quantitative basis, however, reliable data are needed on
the enthalpies of the reactions:

S,F,,—2SF; ,
SFSF,-2SF,,
SOF,—SOF; +F,
and independent measurements of enthalpies of formation of
SOF, and SOF,. There is a particularly strong need for a

better measurement of A.H °(SF,) which has an unaccepta-
bly large uncertainty of + 21 kJ mol ™. In addition, there is

J. Phys. Chem. Ref. Data, Vol. 16, No. 1, 1987

some question as to the correct value for A H ° of SF,.

In the case of the entropy data, the situation is some-
what better as there are spectroscopic and structural data
available for many of the compounds of interest.
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