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Ionic liquids comprised of tetradecyltrihexyl- and tetrabutyl-
phosphonium cations paired with chloride or sulfonyl amide
anions exhibit properties that reflect strong ion association,
including comparatively low viscosity as well as a degree of
volatility, and hence exemplify an interesting intermediate state
between true ionic and true molecular liquids.

Room temperature ionic liquids are currently attracting consider-
able attention as potentially benign solvents for many areas of
chemistry, as well as electrochemical devices such as rechargeable
lithium batteries, fuel cells, electrochemical capacitors, and
photoelectrochemical solar cells.' This interest in ionic liquids
can be attributed to the properties variously exhibited by some,
though not all, members of the family, such as low volatility,
nonflammability, electrochemical and thermal stability, and high
ionic conductivity—all of which can be tailored through careful
choice of cation and anion.>?

Tonic liquids based on tetraalkylphosphonium cations have been
demonstrated to exhibit greater thermal stability than their
tetraalkylammonium based counterparts* and a range of phos-
phonium salts are commercially available in large quantities.’
Many reports of the utility of ionic liquids prepared from
phosphonium cations with anions such as [PFg], [BF4],
[NTf5]” have appeared.® The use of sweetener anions such as
saccharinate [Sacc] ™, acesulfamate [Ace]” and cyclamate [Cyc]™ to
achieve ionic liquids has been reported by Davis e al”® and a
communication by Pernak and co-workers disclosed a range of
phosphonium ionic liquids with the acesulfamate anion.”

We describe here an expanded series of phosphonium salts of
sweetener anions and compare these with more routinely used
anions (as shown in Fig. 1) with a focus on their transport
properties. Remarkably (and perhaps counter-intuitively) it
appears that tetraalkylphosphonium halides exhibit lower ion
conductivity than analogues with bulky, charge-diffuse anions
such as saccharinate. Examination of the transport properties in
terms of the Walden plot, as described by Angell ez al.,'® suggests
that these liquids are strongly ion-paired or ion-associated. Ab
initio calculations of the stability of the ion-pairs in each case
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supports this interpretation. Hence, they are perhaps best thought
of as an interesting intermediate case between a true ionic liquid
(i.e. aliquid salt of a high degree of jonicity'") and a true molecular
liquid.

The compounds were synthesised and characterised as described
in the supporting information. The [Cl]”, dicyanamide [dca] ,
bis(trifluoromethylsulfonyl)imide [NTf,]” and dodecylbenzenesul-
fonate [dbsa] ™~ salts of the tetradecyltrihexyl phosphonium cation,
[Pss6.14] > were obtained from Cytec and purified/characterised as
described in the supporting informationt. The ionic liquid
trioctylmethylammonium chloride [N;gss][Cl] (Sigma Aldrich)
was also included for comparison as a hydrophobic ammonium
ionic liquid.'> Measurements of conductivity and fluidity (¢ = ")
were carried out using standard methods as described in the
accompanying notes. Table 1 summarises some of the data
obtained. [P,,44[Cyc] and [P, [Ace] were too viscous for
measurement of 1 using the apparatus available (although this
high viscosity supports our further findings).

The interdependence of ionic conductivity and viscosity is
usefully considered by reference to the Walden plot of the data, as
described by Angell er al'® On this plot an “ideal” line is
constructed by using data for dilute aqueous KCl solutions as an
exemplar of almost ideal behaviour and placing a unity gradient
line through this data, as suggested by the Walden rule. Typically,
data for ionic liquids fall below this ideal line because of the strong
interaction between ions in the purely ionic medium, which renders
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Fig. 1 Cation/anion combinations studied in this work.
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Table 1 Transport properties of phosphonium ILs at 40 °C
IL Conductivity (S em™ ) Viscosity (Pa. s)
[Ps.6.6,14][C1] 9.5 x 10°° 0.70
[Ps,6.6.14[Cyc] 8.9 x 107¢ 0.62
[Ps.6.6.,4[dbsa] 6.7 x 107°¢ 0.95
[Ps.6.6.14[Sacc] 3.0 x 1077 0.58
[Ps.6.6.14[NTH] 1.8 x 107* 0.15
[Ps.6,6,14][dca] 3.8 x 107* 0.12
[P, 4[Sacc] 40 x 107° 1.58
[Py 4 4.4)[Ace] 1.5 x 107* —
[Py4.44[Cyc] 8.7 x 107° —
[Ny.5.5,][Cl] 54 x 1077 0.57

the movement of most ions at least partially “correlated” with their
immediate neighbours. The simplest example of such correlations
is the ion pair, which is neutral and therefore does not contribute
at all to the measured conductivity. Angell describes examples that
lie more than an order of magnitude below the ideal line as “poor”
ionic liquids, meaning that their ion conductivity is substantially
less than would be expected on the basis of their viscosity.
However, in the context of the application of these very interesting
and useful liquids as solvents and electrochemical media, these
cases might be more simply described as Liquid Ion Pairs (LIPs).
Fig. 2 shows a Walden plot for the family of salts studied here,
over the temperature range 30-100 °C. For comparison,
ethylammonium nitrate (EAN) and o-picolinium triflate (oPic-
Tf) from Angell"® are also presented. The slope of the line with
increasing temperature for each compound is 1 which indicates
that the conductivity—fluidity relationship remains constant. In
comparison to the ideal line it can be seen that all ionic liquids
synthesised here lie below this line (for examples of materials that
lie above the KCI line, see Bourlinos ez al.'¥). Thus three of the
cight ILs plotted ([P 46, 14[Cl] [Ps614[Cyc] and [Psg 4 14][dbsa])
could be described as Liquid Ion Pairs. [Pss64][Sacc] and
[N;s5s][ClI] lie on the borderline. The other salts, [Py 44, 4[dcal,
[Ps6.6.14[NTE], and [P, 4][Sacc] all lie well within an order of
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Fig. 2 Walden plot for phosphonium salts over temperature range 30—
100 °C. Ethylammonium nitrate (EAN) and o-picolinium triflate (oPic-Tf)
from ref. 10 for comparison.

magnitude of the ideal KCl line and could be classified as true (or
high ionicity) ionic liquids.

As an example of these effects, [P, 4[Sacc], although being
almost three times more viscous (1.58 Pa.s at 40 °C) than
[Ps.6.6.14[Sacc] (0.58 Pa s at 40 °C) nonetheless has similar
conductivity, presumably because the degree of ion correlation
and association is lower in the former case. Looking at this from a
rather different point of view, one could consider [Py 4, ;4][Sacc] to
be surprisingly fluid given the size of the cation, but on
consideration of its rather low conductivity, one realises that it is
not behaving as a true ionic liquid and is better thought of as
reflecting the properties of a liquid ion paired compound.

The deviations of the various ILs in Fig. 2 are summarised in
Table 2 where AW is the vertical deviation from the ideal line. For
the family of [Ps4,4" salts it can be seen that the deviation from
the ideal line follows the trend; [CI]” ~ [Cyc]” ~ [dbsa]” >
[Sacc]” > [dca]” ~ [NTH] .

To further investigate the role of ion pairs (and by implication
larger ion aggregates) in the large AW observed for some of the
salts, ab initio calculations of the corresponding ion pairs were
carried out. Using molecular orbital theory calculations, the gas
phase binding energy of each ion pair system was calculated and
an anion displacement energy was obtained from this data. The
anion displacement energies, ALy;p, are defined as binding energies
relative to the ion pair with the lowest binding energy of the set
(—321.6 kJ mol ™! for [P 4, JINT£]); the displacement energy thus
represents the energy of the gas phase anion exchange process:
[Pys44INTEH] + X™ = [Py444X + [NTE] . In the calculations a
model cation [P, 44" was used instead of the [Py 44" cation due
to the molecular size limitations of these high level calculations.

The calculated displacement energies are shown in Table 2, in
which a negative ALy, indicates a more tightly bound ion pair.
From this it is seen that ion pairs [P, 4 /[Cyc] and [P, 4 [Cl] are
more strongly bound than [P, 4, [NTf,] by almost 50 kJ mol !,
thus indicating a tendency for very strong ion pairing in the former
two ILs. It was found that the displacement energies (Table 2)
tended to follow the trends in the Walden plot deviations.

Shown in Fig. 3 are the optimised structures for the calculated
ion pairs. In the case of the [dbsa]  anion, the dodecyl chain was
terminated at the hexyl position for the sake of calculational
simplicity. In the case of the [CI]” ion the strong binding appears
to be the result of a single charged atom approaching quite closely
to the positively charged centre of the cation. Note that the cation
in this case has a distance to its extremities of approx. 6.3 A; this
distance might be considered to be a measure (in fact the upper
bound) of the hydrodynamic size of the cation in the liquid state.

Table 2 Deviation of ILs from the ideal line in the Walden plot at
60 °C along with displacement energies (AEg;sp, in kJ mol ™) calculated
for the [P44.44]" analogue

IL AW (+0.1) AEg,
[Ps.6.6,14][C1] 1.4 —46.0
[Ps.6.6.14[Cyc] 1.4 —48.5
[Ps.6.6,14][dbsa] 1.3 —44.7
[Ps.6,6,14)[Sacc] 0.9 —324
[Py 4.44][Sacc] 0.6 -

[N7.sssCl] 0.9 _

[Ps.6.6,14[dca] 0.6 —142
[Ps.6.6,14][NT12] 0.7 0.0
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Fig. 3 B3LYP/6-31+G(d) optimised geometries and MP2/6-311+
G(2df,p) binding energies of the gas phase [P,44.][X] ion pairs for X =
[Cyel, [CI]", [dbsa] ", [Sacc] , [dea] ", [NTH] .

With the cyclamate anion there is equally close approach of all
three binding oxygens, which are collectively good donor atoms
despite the delocalisation of the charge. For all the other ions there
is close approach (<4 A) of at least one of the coordinating atoms,
however the lower displacement energies indicates a weaker
interaction.

Small spherical anions such as the halides can reside very close
to the phosphonium centre. In turn, this would allow the alkyl
chains of neighbouring phosphonium cations to align easily with
respect to one another, thus effectively trapping the halide anion in
a hydrophobic matrix. Fig. 4 shows an example of such a situation
derived from a measured crystal structure for [P 0,10, 1,;][Br].]5
The Br ion in this case lies close to the phosphonium atom (4.8 A)
and well within the effective hydrodynamic radius of the cation
~13 A. Structures such as this support the notion that bound ion-
pairs dominate in these compounds, even in the ionic liquid state.
With this in mind it is not surprising to see that [P, J[Sacc] has a
slightly higher degree of ionicity than [P 4][Sacc] since the
longer alkyl chains of the latter require a greater separation of
anion from cation before the anion can move independently.
Similarly, in [N, sss][Cl], the single methyl substituent provides
sites near the nitrogen that are closer to the exterior of the cation
and hence it exhibits a higher degree of ionicity than [Pg,4 4 1[Cl].

The fact that some of these liquids lie in the liquid ion pair zone
of the Walden plot does not necessarily mean that they are not of
interest as solvents or media. Certainly their conductivity is lower
than a true ionic liquid of comparable viscosity, however the high
degree of ion pairing provides a range of other potentially useful
and tunable properties. For example, if ion pairing is significant, it

Fig. 4 Space filled crystal structure representation of [P;g,0,10.10][Br]
(crystal structure data from ref. 15). Phosphorus atoms are in blue and the
bromide ions are in red. Some atoms are removed for clarity.

may be predicted that such compounds would exhibit higher
vapour pressures. Indeed, these liquids are slightly volatile such
that they can be removed by distillation; e.g. we have found that
[Ps.6.6.14][Cl] can be evaporated slowly at 0.1 Torr at 80 °C.

In conclusion, a Walden plot indicates that a number of
phosphonium based ionic liquids appear to be of relatively low
degree of ionicity due to strong ion pairing. The liquids can in
some senses be thought of as liquid ion pairs. Lying between true
molecular solvents and true ionic liquids they possess “inter-
mediate”, but nonetheless tunable properties. A slight degree of
volatility is one consequence that is of value in some applications,
as are the potentially adjustable solvency properties.
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