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ABSTRACT: We have used literature data on the solubility of
cyclooctasulfur in a number of solvents to drive Abraham descriptors
for cyclooctasulfur. These can then be used in linear free-energy
relationships that we have already constructed to predict partition
coefficients and solubilities in a very large number of additional
solvents. Cyclooctasulfur is very hydrophobic, has zero hydrogen bond
acidity and zero hydrogen bond basicity, and dissolves best in nonpolar
or only moderately polar solvents. We have also obtained enthalpies of
solvation of cyclooctasulfur in solvents; again our linear free-energy
relationships can be used to predict enthalpies of solvation in further
solvents.

1. INTRODUCTION

The lithium/sulfur battery is a recent development. It has a high
theoretical capacity, and has aroused considerable interest.1,2

One concern is the solubility of sulfur in potential nonaqueous
electrolytes, and Zheng et al.3 have determined the solubility of
sulfur in a several candidate solvents. However, the number of
possible solvents is so large that it would be very useful to have
some methods of estimating the solubility of sulfur. Jeschke and
Johansson4 have used the conductor like screening model for real
solvents method of Klamt5 to calculate the solubility of sulfur in
ten solvents, but this method is very computer intensive and it
would be of some advantage to have a simpler method that could
be used without recourse to a specific computer software
program.
We have developed a method of assigning properties or

“descriptors” of molecules, based on linear free-energy relation-
ships, LFERs. These descriptors, together with equations for
water−solvent partition coefficients, that we have concurrently
developed, can then be used to estimate further water−solvent
partition coefficients into a very large number of solvents.
Because water−solvent partition coefficients can, for the most
part, be regarded as the ratio of solubilities in a solvent and in
water, this provides an arithmetically very simple way of
estimating solubilities. Our aim is therefore to obtain descriptors
for sulfur and then to use these to estimate solubilities of sulfur in
a wide range of solvents.
The stable form of solid sulfur at 298 K is orthorhombic α-

sulfur6 and so any solubility at 298 K will be that of α-sulfur.
There are a number of configurations of sulfur that can exist in
solution. However, α-sulfur dissolves as cyclooctasulfur6 and so
all of the data on solubilities that we shall use refer to

cyclooctasulfur of molecular weight 256.52. Some literature
data on solubilities are given in terms of cyclooctasulfur, but
other data may be in terms of wt %, etc.Where necessary, we have
converted solubilities given in various units to mol cyclo-
octasulfur per dm−3 solution.

2. METHODOLOGY

Themethod we usemakes use of two LFERs, eqs 1 and 2. In eq 1,
SP is Ps, the water−solvent partition coefficient, and in eq 2, SP is
Ks, the dimensionless gas to solvent partition coefficient.

= + + + + +c e s a b vE S A B Vlog SP (1)

= + + + + +c e s a b lE S A B Llog SP (2)

The independent variables, or descriptors, in eqs 1 and 2, are
properties of a neutral solute, in this case cyclooctasulfur, as
follows:7−12 E is the solute excess molar refraction in cm3 mol−1/
10, S is the solute dipolarity/polarizability, A is the overall solute
hydrogen bond acidity, B is the overall solute hydrogen bond
basicity, V is McGowan’s characteristic molecular volume in cm3

mol−1/100,12 and L is the logarithm of the gas to hexadecane
partition coefficient at 298 K. The coefficients in eqs 1 and 2 are
shown in Table 1 for partition from water or from the gas phase
to the various solvents that we shall deal with.13−22 These are all
dry solvents except for octan-1-ol where the solvent is in
equilibrium with water. We list this solvent as “wet” octan-1-ol.
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Use of eqs 1 and 2 for the determination of descriptors has
been reviewed several times.7−11 In brief, a set of simultaneous
equations is set up using eqs 1 and 2 with known values of the
dependent variable for a given compound. The values of the
independent variables, E, S, A, B, V, and L, are then obtained by
using solution of the set of simultaneous equations. Because we
invariably have more equations than unknowns, the set of
equations is solved by trial-and-error, with the final set of

independent variables, or descriptors, taken as the set that yields
the smallest error of the fit. The “Solver” add-on to the Microsoft
Excel is a particularly convenient method to obtain the trial-and-
error solution.

3. RESULTS AND DISCUSSION

The solubility data that we use are given in Table 23,6,23−30 as log
Cs where Cs is the solubility of S8 in mol dm

−3. These solubilities

Table 1. Coefficients in the LFER Equations, eqs 1 and 2

Solvent, eq 1 c e s a b v

octan-1-ol, wet 0.088 0.562 −1.054 0.034 −3.460 3.814
hexane 0.333 0.560 −1.710 −3.578 −4.939 4.463
heptane 0.297 0.634 −1.755 −3.571 −4.946 4.488
cyclohexane 0.159 0.784 −1.678 −3.740 −4.929 4.577
trichloromethane 0.191 0.105 −0.403 −3.112 −3.514 4.395
tetrachloromethane 0.199 0.523 −1.159 −3.560 −4.594 4.618
1,2-dichloroethane 0.183 0.294 −0.134 −2.801 −4.291 4.180
diethyl ether 0.350 0.358 −0.820 −0.588 −4.956 4.350
propanone 0.313 0.312 −0.121 −0.608 −4.753 3.942
acetonitrile 0.413 0.077 0.326 −1.566 −4.391 3.364
dimethylsulfoxide −0.194 0.327 0.791 1.260 −4.540 3.361
dimethylformamide −0.305 −0.058 0.343 0.358 −4.865 4.486
propylene carbonate 0.004 0.168 0.504 −1.283 −4.407 3.421
aniline −0.156 0.325 −0.006 −1.289 −3.512 3.841
pyridine −0.056 0.271 0.082 0.657 −4.638 4.297
ethanol 0.222 0.471 −1.035 0.326 −3.596 3.857
diethylene glycol −0.096 0.58 −0.145 0.138 −3.718 3.072
benzene 0.142 0.464 −0.588 −3.099 −4.625 4.491
toluene 0.125 0.431 −0.644 −3.002 −4.748 4.524
m-xylene 0.122 0.377 −0.603 −2.981 −4.961 4.535
ethylbenzene 0.093 0.467 −0.723 −3.001 −4.844 4.514
chlorobenzene 0.065 0.381 −0.521 −3.183 −4.700 4.614
nitrobenzene −0.152 0.525 0.081 −2.332 −4.494 4.187
carbon disulfide 0.047 0.686 −0.943 −3.603 −5.818 4.921
gas to water, log Kw −0.994 0.577 2.549 3.813 4.841 −0.869

Solvent, eq 2 c e s a b l

octan-1-ol, wet −0.222 0.088 0.701 3.473 1.477 0.851
hexane 0.320 0.000 0.000 0.000 0.000 0.945
heptane 0.284 0.000 0.000 0.000 0.000 0.950
cyclohexane 0.163 −0.110 0.000 0.000 0.000 1.013
trichloromethane 0.157 −0.560 1.259 0.374 1.333 0.976
tetrachloromethane 0.217 −0.435 0.554 0.000 0.000 1.069
1,2-dichloroethane 0.017 −0.337 1.600 0.774 0.637 0.921
diethyl ether 0.288 −0.379 0.904 2.937 0.000 0.963
propanone 0.217 −0.387 1.733 3.060 0.000 0.866
acetonitrile −0.007 −0.595 2.461 2.085 0.418 0.738
dimethylsulfoxide −0.556 −0.223 2.903 5.037 0.000 0.719
dimethylformamide −0.391 −0.869 2.107 3.774 0.000 1.011
propylene carbonate −0.356 −0.413 2.587 2.207 0.455 0.719
aniline −0.394 −0.362 1.895 2.421 1.334 0.842
pyridine −0.145 −0.416 1.915 4.443 0.000 0.946
ethanol 0.017 −0.232 0.867 3.894 1.192 0.846
diethylene glycol −0.496 0.167 1.961 3.831 1.057 0.617
benzene 0.107 −0.313 1.053 0.457 0.169 1.020
toluene 0.085 −0.400 1.063 0.501 0.154 1.011
m-xylene 0.071 −0.423 1.068 0.552 0.000 1.014
ethylbenzene 0.059 −0.295 0.924 0.573 0.098 1.010
chlorobenzene 0.064 −0.399 1.151 0.313 0.171 1.032
nitrobenzene −0.296 0.092 1.707 1.147 0.443 0.912
carbon disulfide 0.101 0.251 0.177 0.027 0.095 1.068
gas to water, log Kw −1.271 0.822 2.743 3.904 4.814 −0.213
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can be transformed into water−solvent partition coefficients
through eq 3, where Cw is the solubility of S8 in water at 298 K.

Table 2. Solubilities of Cyclooctasulfur in Solvents at 298 K

solubility as log(mol S8 dm
−3)

solvent obs calc

trichloromethane −1.290,23 −1.17329 −1.94
tetrachloromethane −1.513,23 −1.285,24 −1.2756,26 −1.46
1,2-dichloroethane −1.39729 −1.64
benzene −1.010,23 −1.146,6 −1.09913 −1.32
toluene −1.107,23 −1.196,27 −1.13630 −1.41
m-xylene −1.18029 −1.47
ethylbenzene −1.48330 −1.45
chlorobenzene −0.993,29 −0.87330 −1.35
nitrobenzene −1.39229 −1.36
diethyl ether −1.923,23 −2.1076 −1.7
carbon disulfide 0.2436,26 −0.72
ethanol −2.695,6 −2.7683 −2.43
propanone −1.085,6 −2.616,29 −2.6763 −1.78
hexane −2.113,6 −2.150,3 −2.59330 −1.91
heptane −2.01812 −1.81
cyclohexane −1.471,28 −1.27113 −1.47
acetonitrile −3.2143 −2.52
pyridine −1.3183 −1.6
dimethylformamide −2.2973 −2.02
aniline −1.30029 −2.26
propylene carbonate −2.8803 −2.54
dimethylsulfoxide −2.4043 −2.27
γ-butyrolactone −2.4103

dimethoxyethane −2.0023

diglyme −1.989,3 −2.15525

triglyme −2.13725

tetraglyme −2.12825

diethylene glycol −2.95825 −2.83
cyclohexene −1.08130

1,2,3,4-tetrahydro-naphthalene −1.06630

styrene −1.17530

Table 3. Calculation of the Enthalpy of Solvation of
Cyclooctasulfur in kJ mol−1 at 298 K

solvent ΔH(sublimation) ΔH(solution) ΔH(solv)

benzene 100.1 25.2 −74.9
toluene 100.1 25.1 −75.0
ethylbenzene 100.1 30.1 −70.0
tetralin 100.1 22.9 −77.2
styrene 100.1 44.0 −56.1
chlorobenzene 100.1 22.9 −77.2
hexane 100.1 53.3 −46.8
cyclohexane 100.1 19.2 −80.9
cyclohexene 100.1 23.0 −77.1

Table 4. Equations for the Calculation of Enthalpy of Solvation into Various Solvents

Solvent, eq in V c e s a b v

benzene 3.396 −4.108 −20.296 −12.198 −4.174 −31.095
toluene 4.199 −7.143 −20.440 −10.006 −3.439 −32.235
chlorobenzene 5.534 −4.164 −20.543 −16.252 −4.832 −34.675
hexane 4.894 −8.916 −8.463 −1.168 0.773 −36.769
Solvent, eq in L c e s a b l

benzene −5.175 4.526 −11.212 −8.489 −5.226 −8.393
toluene −5.291 3.511 −12.943 −6.317 −4.434 −8.382
chlorobenzene −5.377 5.383 −10.333 −11.478 −5.038 −9.041
hexane −6.458 3.610 0.000 0.000 0.000 −9.399

Table 5. Values of log Poct, a Measure of Hydrophobicity

solute log Poct

cyclooctasulfur 5.29
biphenyl 4.01
cyclooctane 4.45
decahydronaphthalene 4.79
octane 5.18
triphenylmethane 5.65
decane 5.98
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= −P C Clog log logs s w (3)

Experimental determinations of the solubility of sulfur in water
yield values of 3.01 and 2.63 × 10−8 mol S8 dm

−3,31,32 so that
from the average we take log Cw as−7.55 as the value to use in eq
3. A particularly useful physicochemical parameter is Kw, the gas
phase to water partition coefficient at 298 K, because it can be
used to convert all log Ps values into the corresponding gas phase
to solvent partition coefficient, Ks, through eq 4.

= −P K Klog log logs s w (4)

Kw itself can be obtained from the gas phase concentration of
sulfur at 298 K, Cg derived from the vapor pressure of solid sulfur
at 298 K and the aqueous solubility. If Cw and Cs are both in units
of mol dm−3, then Kw is dimensionless.

=K C C/w w s (5)

We have fitted the data of Briske et al.33 on the vapor pressure,
VP, of α-sulfur to the Apelblat equation, eq 6, and find that the ln
VP/mm Hg = −13.37, corresponding to log Cg = −10.07 at
298.15 K. The corresponding enthalpy of sublimation of α-sulfur
at 298.15 K was 100.1 kJ mol−1, essentially the same as that found
by Briske et al,33 99.9 kJ mol−1. If log Cw is −7.55, as shown
above, the value of log Cg leads to log Kw = 2.52

= + +A B T C Tln VP / ln (6)

There is one set of data on solubilities, that of Wang et al.,30 in
which solubilities were recorded over a range of temperature. We
fitted these to the equivalent Apelblat equation and then
obtained the enthalpy of solution at 298 K. When combined with
the enthalpy of sublimation, these yield the enthalpy of solvation
of cyclooctasulfur, that is, the enthalpy change from the gas phase
to solution, as shown in Table 3. We give results for all of the
solvents studied,30 although we have equations on the lines of eqs
1 and 2 forΔH(solv) for only four of the listed solvents,34−37 see
Table 4.
We have solubilities in 18 solvents, as log Cs, and using log Cw

as −7.55 we can convert all these into log Ps values through eq 3.
These 18 log Ps values can be transformed into 18 log Ks values
through eq 4, either using log Kw = 2.52 (obtained as above) or
by allowing log Kw to float, that is to take log Kw as another
unknown descriptor. We have two equations in log Kw itself, see
Table 1, and eight equations inΔH(solv), making a set of no less
than 46 simultaneous equations, from which to deduce the
cyclooctasulfur descriptors. In the case of ΔH(solv), we
regressed ΔH(solv)/100 in order that the dependent variables
should be of a similar magnitude to those of log Ps. We can

sometimes estimate the E-descriptor from known values for
related compounds but that is not possible in this case. However,
we can calculate that V = 1.3080 by McGwan’s method,12 and so
we are left with six unknown descriptors (E, S, A, B, L, and log
Kw) to obtain from the 46 simultaneous equations. The system is
greatly over specified, and we use a trial-and-error procedure to
yield values for the descriptors that minimizes the error in
observed and calculated dependent variables. We obtained a set
of descriptors for cyclooctasulfur as E = 1.92, S = 0.82, A =0.00, B
= 0.00, L = 7.127, V = 1.3080, and log Kw = 1.10 with an overall
standard deviation (SD), between the observed and calculated
dependent variables of 0.205 log units. These descriptors include
log Kw = 1.10 instead of the 2.52 log units that we calculated from
the water solubility and the vapor concentration. However, this
calculated value is the difference between two very large
quantities and so is subject to considerable error. If we fix log
Kw as 2.52 and repeat the solution of the simultaneous equations,
the SD rises to 0.224 log units, and so we prefer our original set of
descriptors with log Kw = 1.10. These descriptors show that
cyclooctasulfur is not very polar and has neither hydrogen bond
acidity nor hydrogen bond basicity. The latter observation may
appear surprising, but sulfur compounds in general have a low
hydrogen bond basicity; hydrogen sulfide has B = 0.08, for
example. The small dipolarity and lack of hydrogen bond acidity
and basicity result in cyclooctasulfur being considerably
hydrophobic. The water−octanol partition coefficient, as log
Poct, is often taken as a measure of hydrophobicity, and in Table 5
we compare our calculated values of log Poct, 5.31, with those for
other hydrophobic solutes.38 It can be seen that cyclooctasulfur
can be classed as extremely hydrophobic.
Our obtained descriptors can now be used to calculate values

of log Ps through the coefficients for eq 1 given in Table 1. These
can simply be converted into solubilities, as log Cs, using log Cw =
−7.75, see eq 3. The calculated solubilities are in Table 2. There
are quite substantial differences in the observed solubilities where
multiple determinations are given, and so we only regard
differences of more than about 0.3 log units between calculated
and observed solubilities as significant. These differences include
that for carbon disulfide (0.96 log units), which is so large that we
suggest there may be solvate formation in this solvent. Other
notable differences are for solubilities in acetonitrile and aniline.
The observed solubility in acetonitrile seems quite out-of-line in
comparison with solubilities in other polar aprotic solvents and
could be in error. Once the descriptors for cyclooctasulfur are
available, no more than simple arithmetic is necessary to predict
values of the water−solvent partition coefficient and then

Table 6. Coefficients in eq 1 for Partition into Some Organic Solvents and Ionic Liquids and Predicted Values for the Solubility of
Cyclooctasulfur in these Liquids at 298 K

solventa c e s a b v log Cs

tetrahydrofuran 0.207 0.372 −0.392 −0.236 −4.934 4.447 −1.33
1,4-dioxane 0.098 0.350 −0.083 −0.556 −4.826 4.172 −1.59
cyclohexanone 0.038 0.225 0.058 −0.976 −4.842 4.315 −1.48
N-methylpyrrolidinone 0.147 0.532 0.225 0.840 −4.794 3.674 −1.59
[AllMIm]+[N(CN)2]

− −0.202 0.360 0.780 0.790 −4.475 2.621 −3.19
[AllMIm]+[T2N]

− 0.000 0.058 0.703 −1.301 −4.343 3.159 −2.923
[B3EP]

+[E2PO4]
− 0.120 −0.242 0.309 1.899 −5.345 3.723 −2.97

[OE3Am]
+[Tf2N]

− −0.044 0.111 0.398 −1.298 −4.815 3.667 −2.46
[BMMorp]+[C(CN)3]

− −0.318 0.374 0.951 0.000 −4.484 3.122 −2.49
aThe ionic liquids are 1-allyl-3-methylimidazolium dicyanamide [AllMIm]+[N(CN)2]

−, 1-allyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide [AllMIm]+[T2N]

−, tributylethylphosphonium diethylphosphate [B3EP]
+[E2PO4]

−, octyltriethylammonium bis(trifluoromethylsulfonyl)imide
[OE3Am]

+[Tf2N]
−, and 1-butyl-1-methylmorpholinium tricyanomethanide [BMMorp]+[C(CN)3]

−.
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solubilities in a very large number of solvents, for which we have
equation on the line of eq 1. As expected from the
hydrophobicity of cyclooctasulfur, it is not very soluble in
alcohols or in dipolar aprotic solvents but is more soluble in
aliphatic or aromatic hydrocarbons. Other solvents, in which
cyclooctasulfur is more soluble, are aliphatic esters and aliphatic
ethers, especially cyclic ethers, and a number of other not very
polar solvents, such as cyclohexanone and N-methylpyrrolidi-
none, see Table 6. We also have equations for enthalpy of
solvation in additional solvents to those in Table 4, and so
enthalpies of solvation can be predicted for these extra solvents.
Because of its high hydrophobicity it seemed unlikely that

cyclooctasulfur would easily be soluble in solvents, such as ionic
liquids. We have equations for partition into a large number of
ionic liquids, and coefficients in eq 1 are given in Table 6 for a few
ionic liquids that we have studied recently.39 The obtained values
of log Ps for cyclooctasulfur can be calculated and then
transformed into solubilities. Values of log Cs are given in
Table 6 and indicate that for the five ionic liquids, solubilities are
very low, even lower that in the dipolar aprotic liquids, listed in
Table 2. This example shows again how simple it is to estimate
solubilities for cyclooctasulfur using the equations that we have
assembled.
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