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lonic liquids are an attractive material class due to their wide liquid range, intrinsic ionic conductivity,
and high chemical as well as electrochemical stability. However, the widespread use of ionic liquids is
hindered by significantly higher viscosities compared to conventional molecular solvents. In this work,
we show how the transport properties of ionic liquids can be altered significantly, even for isostructural
ions that have the same backbone. To this end, structure—property relationships have been determined
for a set of 16 systematically varied representative ionic liquids. Variations in molecular structure
include ammonium vs. phosphonium, ether vs. alkyl side chains, and rigid vs. flexible anions. Ab initio
calculations are used to relate molecular structures to the thermal, structural and transport properties of
the ionic liquids. We find that the differences in properties of ether and alkyl functionalised ionic liquids
are primarily dependent on minimum energy geometries, with the conformational flexibility of ether side
chains appearing to be of secondary importance. We also show unprecedented correlations between
anion conformational flexibility and transport properties. Critically, increasing fluidity upon consecutive
introduction of ether side chains and phosphonium centres into the cation is found to be dependent on
whether the anion is flexible or rigid. We demonstrate that targeted design of functional groups based
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on structure—property relationships can yield ionic liquids of exceptionally high fluidity.

Introduction

Ionic liquids are attracting increasing attention for electro-
chemical applications, for example as electrolytes in batteries and
supercapacitors.' The interest in (some) ILs has arisen due to
their inherent electrical conductivity, large liquid range and wide
electrochemical window allowing for the design of safer battery
systems with higher operating voltages."*® The limitations of
conventional solvents can be overcome by the variability inherent
within ionic liquids, as a class. ILs can be tuned through
modification of the constituent ions, leading the way for develop-
ment of a new generation of electrochemical devices. However,
viscosity remains a crucial issue for ionic liquids. ILs often exhibit
a relatively high viscosity leading to practical handling issues,
with the corollary that other transport properties are limited.”
Thus, optimising an ionic liquid for a particular application
often revolves around optimising the ionic liquid’s transport
properties.

The practical use of ionic liquids requires sound knowledge
of structure-property relationships. The aim is to be able to
choose a particular ion (chemical structure) which yields the
desired (transport) properties. Ions typically contain a range of
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functional groups. In many cases it is possible to isolate the effect
of a particular functional group on the macroscopic properties of
ionic liquids by comparison with the non-functionalised analogue.

Design elements, such as the degree of fluorination, choice
of functional groups, size, mass and shape of the ions determine
the properties and need to be taken into account.”™* The task of
tailoring an ionic liquid for a certain application is further compli-
cated by inherent structuring on different length scales™* and
cooperative effects,'> which also influence the macroscopic
properties. Thus, the wide variety and complexity of cation-
anion combinations forming ionic liquids represents both a
significant challenge as well as an opportunity.'®"” Structure-
property relationships based on a common chemical rationale
(such as ‘conformational flexibility’ or ‘coordination tendency’)
are then collected in design elements (such as ‘choice of
functional groups’ or ‘degree of fluorination’) which can then
be more generally applied.

A recurring concept relevant to almost all properties of ionic
liquids is conformational flexibility.'**® ILs are typically composed
of at least one organic ion, which usually exist in more than one
conformer. If the energy barrier for interconversion between these
conformers is small compared to the thermal energy available at
the temperature of the liquid, then the ion has a high conforma-
tional flexibility. A correlation between high conformational flex-
ibility and high ion mobility has been established for a number of
structural motifs, such as silyl or ether groups.'*" For example,
Suarez et al. reported that translational and conformational relaxa-
tion in the bis(trifluoromethanesulfonyl)imide [NTf,]” (Tf = triflyl
group, -SO,CF;) anion are coupled for 1-ethyl-3-methylimid-
azolium bis(trifluoromethanesulfonyl)imide [C,C,im][NTf,].>*

A single functional group can impact macroscopic properties
in complex ways. For example, increases in conformational (i.e.,
torsional) flexibility of alkyl chains in the cation can increase ion
mobility.>* Conformational flexibility dominates the ionic liquid
properties for shorter side chains,’® e.g. when replacing a
methyl with an ethyl group.>* However, dispersion interactions
between the side chains increases with alkyl chain length and
these can eventually lead to aggregation and a decrease of ion
mobility." The competing and cooperative effects from a single
functional group are difficult to disentangle; hence investigated
model systems must be carefully chosen so as to change as few
parameters at a time as possible.

In the present study, the physicochemical properties of ionic
liquids have been investigated by systematically varying the
constituent ions. The choice of cations enabled us to distinguish
between the effects of ether vs. alkyl functionalisation and the
effects of phosphonium vs. ammonium centres. The anions were
chosen to exhibit a range of conformational flexibility. The
combined set of ILs allows us to demonstrate the impact of
molecular structure on specific bulk properties. To rationalise the
structure-property relationships, we combine a broad range of
experimental and computational techniques. Computational
methods were used to disentangle the effects of the most stable
geometry versus ion conformational flexibility; in addition we
probed the cross-interactions between geometry and conforma-
tional flexibility.
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Materials and methods

Details of the syntheses of ionic liquids are given in the ESI,
Section 1. All ionic liquids were dried in high vacuum (10 mbar) at
30-40 °C for at least two days prior to their use. This procedure led
to a water content around or below 100 ppm as determined by
coulometric Karl-Fischer titration. Ether functionalised ionic liquids
require longer drying times of up to a week to reach comparable
water levels. Dry ionic liquids were handled in a glovebox or under
Schlenk conditions to avoid uptake of ambient moisture. Samples
were checked for purity using multinuclear NMR spectroscopy and
for the absence of halides using silver nitrate solution. The tetra-
cyanoborate anion behaves as pseudohalide with limited solubility
of the corresponding silver salt. Thus, [B(CN),]  ionic liquids were
checked for the absence of halides by ion chromatography.
No halides could be detected in the final ionic liquids. Tris(2-
ethoxyethyl)phosphine and tris(2-ethoxyethyl)methylphosphonium
iodide were prepared as described previously.** Water in direct
contact with the samples was purified using an Arium® advance
EDI Type 2 water purification system (Sartorius, Gottingen,
Germany). Thermal transitions, densities, viscosities, ionic con-
ductivities and self-diffusion coefficients were measured as
described previously.>* Self-diffusion coefficients were calibrated
against water. To improve the fitting procedure, viscosities and
ionic conductivities were measured in steps of 5 °C.

Small Angle X-ray Scattering (SAXS) was performed on a Xenocs
Xeuss 2.0 laboratory instrument. A Genix 3D source provided
X-rays at the copper K,-line with a wavelength of 4 = 1.54 A.
Scattered intensity was detected by two Dectris detectors, a
Pilatus 3R 1M and a Pilatus 100 K. Sample detector distances
were 575 mm and 158 mm, respectively. Scattering vectors q =
4msin(0)2~" between 0.02 A™* and 3.02 A~ were recorded, with
the scattering angle 20. Samples were filled into borosilicate
capillaries and flame sealed. Since scattering of all samples was
isotropic, intensities were radially averaged.

Theoretical calculations were performed using the Gaussian
09 software package, revision D.01.>° All calculations were
performed without symmetry constraints and with a pruned
integration grid with 99 radial and 590 angular points per shell.
Geometry optimisations including the 1D and 2D scans and
molecular dynamics simulation were performed at the B3LYP/
6-311+G(d,p) level of theory with the Grimme D3 dispersion
correction and Becke-Johnson damping.?®

Ab initio molecular dynamics trajectories of the isolated ions
were generated using the implementation of the ADMP approach in
Gaussian, with a fully converged SCF at each step.”” >
dynamics simulations were started from the geometry of the
minimum conformer with an initial nuclear kinetic energy corres-
ponding to a temperature of 600 K. This initial kinetic energy is
rapidly redistributed into potential energy, leading to an approx-
imate target temperature of 400 K. To ensure the target temperature
was maintained, velocity rescaling (to 400 K) was implemented every
500 steps. Trajectories were recorded for 20 ps ([CHTY,]” and
[NTf,] ") or 30 ps ([P111(201)]" and [P1114]") with a step size of 1 fs.

Ion volumes were obtained from optimised and verified
(by checking for the absence of imaginary frequencies)

Molecular
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minimum geometries. The formatted Gaussian checkpoint file
containing the wavefunction was analysed using the quantitative
molecular surface analysis tool in the Multiwfn software package
as described in our preceding publication.***°*' For the ion
volume calculations, convergence criteria were tightened to 107!
Hartree for the RMS change in the density matrix.

1D and 2D dihedral scans were generated by varying a
carefully constructed master z-matrix. Dihedrals were varied
from 0° to 360° in steps of 10° (2D scans) or 5° (1D scans). The
z-matrices for [P111(201)]" and [P1114]" are given in the ESLi
A tightened convergence criterion of 10~ '° Hartree for the RMS
change in the density matrix was employed during the geo-
metry optimisation. After optimisation with partly frozen dihedral
coordinates, single point calculations were performed at the full
MP2/cc-pVTZ level of theory with convergence criteria tightened to
10~ Hartree for the RMS change in the density matrix. Thus the
PES presented are those evaluated at the full MP2/cc-pVTZ//B3LYP-
GD3BJ/6-311+G(d,p) level of theory.

Results and discussion

This section is divided into subsections as follows. First, we begin
by describing the strategy and the choice of ions we investigated
in this work. We then present the experimental results and their
interpretation grouped by methods into five subsections. To
further ease understanding for readers only interested in a
particular aspect, we provide brief introductions at the beginning
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of each subsection. The key results regarding the connections
between macroscopic properties, cation functionalisation and
anion flexibility are presented in the rheology subsection and
are further substantiated with ionic conductivity and self-
diffusion data. Finally, we use theoretical methods to underpin
our understanding of how the molecular structures of the
cations and anions direct the resulting macroscopic properties.

Choice of model system

Combinations of 4 cations and 4 anions, see Fig. 1a, were used
to give 16 unique ionic liquids. Of these, [P5551][NTf,] and
[P(202)31][NTf,] are already known and our results are in good
agreement with previous data.** This particular set of ionic
liquids was chosen to specifically highlight how changes in
molecular structure (i.e., design elements) lead to changes in IL
bulk properties, Fig. 1b. The observed structure-property rela-
tionships were then rationalised using insights obtained from
computational studies of the IL ions.

Ionic liquids based on phosphonium cations have properties
distinctly different from those based on ammonium cations.**~*>
Since the only difference is the central atom, such ionic liquids can
be designed to be structurally as close as possible. Phosphonium
ionic liquids are valuable beyond basic research because they have
good thermal, electrochemical and chemical stability, in addition
to a relatively low viscosity.>*****> Understanding of ionic liquid
behaviour has been improved by comparing the properties of

phosphonium and ammonium ionic liquids. In particular, the

a) Changes in molecular structure (design elements) b) Relation to bulk properties
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properties, transport quantities, and SAXS patterns were determined.
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(a) lons and abbreviations used in this work. (b) Every possible 1:1 cation-anion combination was synthesised, and the resulting thermal
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different properties of these structurally similar ionic liquids have
been attributed to the flexibility of the phosphonium cations and
the more effective charge screening therein.** A disadvantage of
phosphonium ionic liquids is the anaerobic conditions required
during the quaternisation reaction. In contrast, amines (the pre-
cursors for ammonium ionic liquids) can be handled under air
and a wide variety is readily available.

Ether side chains provide an excellent means of changing
the physicochemical behaviour of ionic liquids.** By replacing
methylene groups with ether groups, the primary structure of
the ionic liquid remains the same (with only a minor mass
change). Side chains containing ether groups usually lead to a
higher fluidity compared to their alkyl counterparts.”->**2474¢
Ether groups are generally introduced into the cation, but the
effect is also evident when used in anions.*” Closely connected
to the increase in fluidity is an increase in other transport
properties, because of the accelerated dynamics.*® It has been
proposed that the movement of the flexible chain creates free
volume, which increases the dynamics.*® Nevertheless, employing
ether side chains as a design element also adds considerable
complexity, since the properties of the resulting ionic liquid are
strongly influenced by the number of ether groups and the
position of the ether group in the side chain.***°

The cations in this work ([P5551], [N5551]", [P(202);1]" and
[N(202);1]") are isostructural and have similar molecular weights.
Hence, changes in the thermal and transport properties can be
assigned to either ether functionalisation or the difference
between ammonium or phosphonium centres, and the relative
contributions from each functionality can be assessed.

Anions of different conformational flexibility were chosen
for this study based upon a preceding theoretical study."® Ionic
liquids with the 2,2,2-trifluoro-N-(trifluoromethanesulfonyl)acet-
amide, [NTfTFA| ", anion are known to have high fluidities and
low melting points, similar to those with the [NTf,]~ anion.>" Both
[NTfTFA]™ and [NTf,]” are of comparable flexibility, however their
potential energy surfaces exhibit qualitatively different minima.'

The [CHTf,]” anion is formally obtained from [NTf,]” by
replacing the imide group with a methanide group. Thus, the two
anions have almost the same molecular weight, the same degree of
fluorination, and a comparable acidity for their conjugate acids.”"*
The only significant difference between [CHTY,]~ and [NTf,]™ is their
conformational flexibility."® Both [CHTY,]~ and [NTf,]~ exist as cis or
trans conformers, but the energy barrier for conversion between the
conformers is significantly higher for [CHTf,]."® Thus, a com-
parison of ionic liquids containing these two anions gives insight
into how macroscopic properties of the ionic liquid are influenced
by the conformational flexibility of the constituent anions.

Similar to the pair [NTfTFA] /[NTf,], the tetracyanoborate
[B(CN),] anion was included to complement [CHTf,]” as a
rigid anion. The [B(CN),]” anion is weakly coordinating and,
although significantly lower in mass, of a comparable size to
the other ions. The volume of the [B(CN),]™ anion is 74% of the
volume of [NTf,] . To further illustrate this point, the volume
obtained from the integrated electron density of the tetra-
methylphosphonium [P1111]" cation and the (bis(fluorosulfonyl)-
imide) [NFs,]” anion are both lower than that of [B(CN),]

This journal is © the Owner Societies 2020
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see ESLi Section 3.1. Furthermore, [B(CN),]” serves as ideal,
rigid anion due to its high symmetry and lack of pronounced
interaction sites.

Rheological properties

Usually it is desirable for the viscosity of ionic liquids to be as low
as possible. However, ionic liquids are in general less fluid than
molecular organic solvents. The viscosity is often an important
consideration when working with ionic liquids because high
viscosity complicates handling and impedes mass transport.

Viscous flow occurs due to impeded transitions between a
large number of thermally accessible minima on a potential
energy surface, the description of which is the purpose of basin
theory.>**> Usually, several minima separated by small barriers
cluster together, forming metabasins.’® The minima and separating
barriers can arise from preferred mutual orientations of the
ions,””° but also from electrostatic constraints or different
conformations.>® The height of the barriers impacts on the
transport properties.>*®%®! If the barriers separating the con-
formers are too high, even ions that can exist in many different
conformations can be expected to have high viscosities and high
glass transition temperatures.

The variation of cations and anions in this study was found
to have a significant impact on the viscosity of the ionic liquids.
In this subsection we will first discuss the absolute viscosity
values, followed by ratios between viscosities of structurally
similar systems. The connections between ammonium vs.
phosphonium, ether vs. alkyl side chains, and rigid vs. flexible
anions are shown schematically in Fig. 2. The numbers given in
the boxes are the factors by which fluidity is increased/viscosity
is decreased when introducing a phosphonium centre (blue) or
ether side chain (red). For any given rigid anion, the relative
effect of changing one design element remains the same
regardless of the other design element (i.e. the relative effect
of adding ether functionalities is the same for both N and P
centres, and the relative effect of changing from a N to a P
centre is the same for both ether and alkyl substituted ions).
However, no such behaviour is seen for ionic liquids with
flexible anions. Thus, we hypothesise that there must exist at
least two distinct mechanisms of structural relaxation for the
ionic liquids in investigated this work.

The viscosity values at room temperature are shown in
Table 1. Experimental viscosity data and the corresponding Vogel-
Fulcher-Tammann fits can be found in the ESLi Section 2.3.

The viscosities of ionic liquids with the same anion, but different
cations followed the trend [P(202);1]" < [N(202);1]" < [P5551]" <
[N5551]" for all four anions. Regardless of the anion, the viscosities
at room temperature were an order of magnitude lower when
comparing [P(202);1]" with [N5551]" based ILs. For comparison,
the widely used ionic liquid 1-butyl-3-methylimidazolium bis-
(trifuoromethanesulfonyl)imide [C,C,im]|NTf,] has a viscosity of
52 mPa s at 25 °C,** which is intermediate between the viscosities of
the [N(202);1][NTf,] and [P(202);1][NTf,], despite a much lower
mass of the [C,C,im]" cation.

The liquefying effect of the ether side chains becomes
apparent in direct comparison of structural analogues with

Phys. Chem. Chem. Phys., 2020, 22, 23038-23056 | 23041
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a) Fluidity increase for flexible anions
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b) Fluidity increase for rigid anions
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Fig. 2 Factors by which the fluidity increases/viscosity decreases for (a) flexible anions and (b) rigid anions. There is little mutual influence between ether
side chains (red) and phosphonium centres (blue) for rigid anions, whereas for flexible anions the mutual influence is significant.

Table 1 Viscosity of the 16 ionic liquids at 25 °C in mPa s. The average
experimental error is 3%

Anion
Cation [B(CN),]™ [NTfTFA]™ [NTf,]~ [CHTS,]
[P(202);1]" 28.2 30.6 32.8 65.7
[N(202);1]" 56.8 54.0 61.2 181
[P5551] 148 141 206 390
[N5551]" 290 316 480 1074

and without ether side chains. A viscosity ratio najiyi/fether > 1
indicates an increase in fluidity upon introduction of the three
ether side chains, Fig. 3. The substituents ‘R’ of the pairs are
the ether side chain (R = 202) and the alkyl chain (R = 5).

The factor najyi/fether by which fluidity was increased at

room temperature was between 4.6 (for [PRRR1][NTfTFA]) and
7.8 (for [NRRR1][NTf,]). The viscosity ratio for [NRRR1][NTf,]
was the highest of the set of ionic liquids studied at 7.8,
followed by [PRRR1][NTf,] at 6.3. A viscosity ratio of 5.9 was

found for [NRRR1][NTfTFA], whereas [PRRR1]|[NTfTFA], a pair

which already has very low absolute values of viscosity, showed
the lowest decrease in viscosity (i.e., increase in fluidity) of 4.6.
The viscosity ratio #,1iy1/Mether an be used to group flexible and

rigid anions together, despite the different absolute viscosity

values of the ionic liquids. The impact of ether functionalisation
was comparable between phosphonium and ammonium centres
for the rigid [B(CN),]” and [CHTf,|” anions, with viscosity ratios

of approximately 5 and 6, respectively. This was not the case for

the [NTf,]” and [NTfTFA]" anions. The #ayi/fether ratios are
significantly different to each other when comparing the [PRRR1]"
and [NRRR1]" pairs, for the ILs formed from flexible anions as
opposed to the rigid anions.

23042 | Phys. Chem. Chem. Phys., 2020, 22, 23038-23056
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Fig. 3 Viscosity ratios showing the higher viscosity of ionic liquids with
alkyl side chains compared with ether side chains (R = (202) or 5). lonic
liquids with the same anion have the same colour and shape, changing
from closed to open symbols represents a change from ammonium

to phosphonium. The curves for [PRRR1J[CHTf2] and [NRRR1J[CHTf2]
coincide in the graph.

The viscosity ratio can be calculated for ionic liquids which
only differ in the central atom (yn/np), Fig. 4. These ratios
quantify the increase in fluidity/decrease in viscosity when
the quaternary ammonium atom (E = N) is replaced with
phosphonium (E = P).
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Fig. 4 Viscosity ratios showing the higher viscosity of ammonium ionic
liquids compared with phosphonium ionic liquids (E = P or N). lonic liquids
with the same anion have the same colour and shape, changing from

closed to open symbols represents a change from alkyl side chain to ether
side chain.

The influence of the central atom species on the viscosity
ratios is comparable to the effect of introducing a single ether
group on a single side chain, and hence is much smaller,
spanning a range from 1.8 to 2.8 at room temperature, than
the effect of adding three ether side chains.>**?

The smallest decrease in relative viscosity was again found
for [E(202);1][NTfTFA] which already has a very low absolute
viscosity value (1.8), compared to a ratio of 2.2 for [E5551|[NTfTFA].
A similar trend was found for the [NTf,] ™ anion, with the ratio being
much higher for [E5551][NTY,] (2.3) than for [E(202);1][NTf,] (1.9).

Similar to ayyi/Meter, the differences of the ratios nn/np
between the [E(202);1] and [E5551] pairs show a behaviour
dependent on whether the corresponding anion is flexible or not.
A significant difference between #y/np was found within pairs with
the flexible [NTfTFA]” and [NTf,]” anions, respectively. Specifi-
cally, the ratio nx/np increases from 1.8 for [E(202);1][NTfTFA] to
2.2 for [E5551][NTfTFA] and from 1.9 for [E(202);1][NTf;] to 2.3 for
[E5551][NTf,]. In contrast, the increase of fluidity when replacing
ammonium by phosphonium was the largest for the rigid
[CHTf,]” anion, regardless of whether ether functionalisation
was already present or not. The ratio nn/np was 2.8 for both
[E(202)51][CHTf,] and [E5551][CHTf,]. Similarly, for the rigid
[B(CN),] anion, the same increase in fluidity was found for the
ionic liquids both with and without ether side chains (2.0 for
both [E(202);1][B(CN),] and [E5551][B(CN),]).

All entries in Fig. 3 and 4 are larger than one. Thus,
exchanging ammonium with phosphonium and/or introducing
ether groups always decreased the viscosity in the set of ionic
liquids. Fig. 3 and 4 show relative values; the absolute viscosities
followed the trends shown in Table 4. Both the absolute viscosity
and the influence of ether or phosphonium functionalisation
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decreased with increasing temperature. This parallels the obser-
vations above that the influence of these changes is weaker for
ionic liquids that already have relatively low viscosities at room
temperature.

The thermal transitions, TGA traces and rheological data
clearly showed that ether-functionalised phosphonium ionic
liquids are most suited for applications that require high
fluidity around or even significantly below room temperature,
where large effects can be achieved.

Viscous flow can be understood in terms of transitions
between metabasins.>®® Metabasins are separated by higher
energy barriers than the small barriers between the local
minima within a single metabasin. At elevated temperatures,
sufficient energy becomes available for the ions to overcome the
higher metabasin barriers, whereas at lower temperatures these
barriers can be significant. Thus, at higher temperatures even
relatively inflexible ions can interchange between conformations,
while the conformational flexibility of both cation and anions
gains significance as a limiting factor for structural relaxation at
low temperatures.

The anion trends of the absolute viscosities were less clear
than the cation trends. The viscosities increased in the order
[B(CN),]” = [NTfTFA]” < [NTf,]” < [CHTf,]” for all ionic
liquids in this work. The low viscosity of [B(CN),]™ containing
ionic liquids is anticipated, given the lower mass and volume of
[B(CN),]™ in comparison to the other anions. Both [B(CN),]”
and [CHTf,]” show closely overlapping curves (of the same
colour) in Fig. 3 and 4, despite the different absolute viscosity
values of these ionic liquids.

The lowest viscosity values at 25 °C within our set of ionic
liquids barely fall below 30 mPa s, in agreement with values for
other ionic liquids with similar cations.?* This lower boundary
is likely due to other limiting factors such as the mass of the
ions or electrostatic restrictions.”® Even for ionic liquids
composed of small ions, viscosities of less than 15-20 mPa s
(at ambient temperature) are very rare. Lower viscosity values in
pertinent data bases”®*®* often arise from flaws in the
employed methodology, such as impurities in the ionic liquids
(especially water). The decrease in viscosity achieved by additional
flexible groups becomes smaller the more elements with high
flexibility that are already incorporated in the ionic liquid. Hence,
there appears to be a lower boundary for viscosity, beyond which
further enhancements to conformational flexibility will not reduce
the viscosity any further. In order to go below this boundary, it is
necessary to reduce the mass of the ions or to change the ion type
(e.g., by changing from imide to borate).""

The relative viscosity trends with respect to the choice of
anion reveal two different groups of anions. For [B(CN),]” and
[CHTS,] , there was little mutual influence between the viscosity
changes upon introduction of ether side chains or phosphorus
into the cation. The viscosity ratio curve belonging to [NRRR1]-
[B(CN),] almost coincides with that of [PRRR1][B(CN),], as does
that of [NRRR1][CHTf,] with [PRRR1][CHTY,] in Fig. 3. Similar
behaviour is seen in Fig. 4 for [E5551][B(CN),] together with
[E(202)31][B(CN),] and also for [E5551][CHTf,] with [E(202);1]-
[CHTL,). In contrast to [NTf,]” and [NTfTFA]™, [B(CN),]” and
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[CHTf,]™ can be considered rigid in the sense that they tend to
remain in a given conformation. It appears that the conformational
flexibility in the anion is connected to the cooperative behaviour
between ether functionalisation and changing to phosphonium
centres. Different mechanisms such as charge screening and con-
formational flexibility have been reported to be at the root of the
beneficial properties of phosphonium ionic liquids.**>* It appears
that the choice of the counter anion determines which mechanism
is prevalent. The dependence of the mechanism of structural
relaxation on the type of counterion can be further investigated
with the help of molecular dynamics simulations, which will be the
subject of future studies.

Thermal properties and density

Ionic liquids are a diverse class of materials, and this is reflected
in their thermal behaviour. In contrast to inorganic molten
salts, the low liquidus temperatures of many ionic liquids
facilitate handling under laboratory conditions and enable work
with organic solutes. For many applications it is desirable that
the liquid range be as wide as possible, with both low melting
points and high decomposition temperatures. The cations and
anions investigated in this work have shown that appropriate
ion selection provides an excellent means of tuning thermal
transitions, Table 2.

Ionic liquids can be classified by their thermal transitions, and
the ionic liquids in this set, with the exception of [N5551][CHTT,],
which crystallised upon cooling, belonged to one of two types:®®
(Type 1) exhibited only a glass transition Tg; (Type 2) exhibited,
in addition to a glass transition, cold crystallisation T¢c and
subsequent melting T; upon heating.

Changing the side chain from purely alkyl to ether function-
alised, in general, decreased the glass transition temperature.
The melting points of ether analogues were also either con-
siderably lowered or no longer observed when compared with

Table 2 Thermal transitions of the 16 ionic liquids. Heating and cooling
rate £1 °C min~%. Tg = glass transition temperature, Tcc = cold crystal-
lisation upon heating, Ty = melting point

System Tc Tce Tm
[P(202);1][NTfTFA] 91 —50 —21
P(202);1][NTf,] -91 —52 -30
[P(202);1][B(CN),] -83 — —
[P(202);1][CHTTY,] ~76 — —
[P5551][NTfTFA] —84 —43 9
[P5551][NTf,] —81 —47 20
[P5551][B(CN),] -84 — —
P5551][CHTY,] 71 —28 24
[N(202);1][NTfTFA] —81 — —
[N(202);1][NTf,] —80 — —
[N(202);1][B(CN),] —71 — -
[N(202);1][CHTf,] —66 — —
[N5551][NTfTFA] -77 -35 3
[N5551][NTf,] -72 —48 37
[N5551][B(CN),] -73 —21 8
[N5551][CHTHf,]? — — 46

“ Ty (solid-solid transition) at —12 °C. ” T, (crystallisation) at 8 °C.
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their alkylated counterparts. The most marked decrease in
melting point was obtained for [P5551][NTf,]/[P(202);1][NTf,],
for which Ty; was reduced by 50 °C from 20 °C to —30 °C. All
ionic liquids with the [N5551] cation showed melting points
(Type 2), whereas only glass transitions were found for ionic
liquids with the [N(202);1]" cation (Type 1). The effect of alkyl/
ether substitution was less pronounced for the [B(CN),]” anion
compared to the other three anions.

The same desirable reduction in melting point and glass
transition temperature was observed when changing from the
ammonium to phosphonium based ionic liquids. An exception
was the pair [N5551][NTfTFA]/[P5551][NTfTFA], where the melting
point of the phosphonium was 6 °C higher than the ammonium
analogue. For all seven combinations with T points, where only
the central atom is changed, the T of the phosphonium was
7-12 °C lower than the ammonium analogue.

The glass transition temperatures of ionic liquids with a
common cation, but different anions followed the general trend
[NTf2]™ & [NTfTFA]” < [B(CN),]” < [CHTY,| . The melting points
followed the same trend. An exception was [N5551][NTf TFA], for
which a considerably lower Ty; value was found compared to
[N5551][NTf,]. The difference between [N5551][NTfTFA] and
[N5551][NTf,] is possibly due to these exhibiting different crystal
structures, which would also explain the additional solid-solid
transition at —12 °C for [N5551][NT{TFA]. Ionic liquids are well
known to often exhibit different polymorphs and considerable
disorder in the crystalline state. The polymorph obtained can
also vary with the crystallisation conditions.®®

The trends observed here can be consistently rationalised by
considering the conformational flexibility of the ions. Both
ether side chains and phosphonium centres are known to lead
to lowered barriers for rotations around key bonds when compared
to alkyl side chains and ammonium centres, respectively. Con-
formational flexibility entropically favours the liquid phase, and
the crystalline phase is destabilised. In terms of potential energy
surfaces, conformational flexibility arises from the presence of a
large number of minima separated by small barriers.>® The
influence of anion conformational flexibility can be seen when
comparing [NTf,]” and [CHTf,]  ionic liquids. The two anions
are isostructural, have the same degree of fluorination, and
a similar mass. The main difference between [NTf,]” and
[CHTf,]” is the barrier for rotation around the C-S-X-S
dihedral, with X = C or N. The barrier for rotation is much
higher for [CHTf,]~ than for [NTf,]~, as will be shown shortly in
the Theory section.®

[P(202)31][NTf,] is analogous to [N5551][CHTf,] in structure,
size, and degree of fluorination. However, [N5551][CHTf,] exhi-
bits the least conformational flexibility for each of the three
possible functional variations (alkyl/ether, P/N, [CHTY,] /[NTf,] ).
Thus, the rigid [N5551][CHTf,] was the only one of the investi-
gated systems which crystallised upon cooling. In contrast,
[P(202);1][NTf,] is the most flexible. The practical value of these
three simple design elements is clearly visible in the melting
points of the two ionic liquids, which were 76 °C apart.
[N5551][CHTf,] was found to melt at 46 °C and crystallise at
8 °C, whereas the melting point of [P(202);1][NTf,] was —30 °C.
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Table 3 Experimental densities of the 16 ionic liquids/ion combinations
at 25 °C in g mL™L. The average experimental error in the densities is less
than 0.1%

Anion
Cation [B(CN)4]™ [NTfTFA]™ [NTf,]™ [CHTA,]™
[P(202);1]" 0.995 1.245 1.293 1.284
[N(202);1]" 0.989 1.246 1.297 1.286
[P5551:|Jr 0.915 1.152 1.202 1.191
555 .907 .15 . .
N 1] 0.90 1.156 1.206 1.193

If an increase in flexibility and free volume was the only
mechanism to determine the properties of ether functionalised
ionic liquids, then the density of ionic liquids with ether side
chains should be lower than their alkylated counterparts.
However, contrary to this hypothesis, the densities of ether-
functionalised analogues are higher than those of their alkylated
counterparts, Table 3. All experimental densities and fit para-
meters are provided in the ESL# Section 2.2.

All ether functionalised ionic liquids exhibited a density
approximately 8% higher than that of their alkylated counter-
part. The higher density indicates that structural changes must
have occurred at a molecular level. For instance, Kashyap et al.
associated the differences between alkyl and ether functiona-
lised ionic liquids with the coiling of the ether side chains.®”

A larger free volume should also result in a decrease of
density for the flexible phosphonium ionic liquids, compared to
the more rigid ammonium analogues. This expected behaviour
was observed for the fluorinated anions, despite the higher
mass of phosphorus. However, differences were marginal.

The upper liquid range of ionic liquids is usually limited by
thermal decomposition, even for applications under reduced
pressure, due to the extremely low volatility of ionic liquids.
Decomposition is a chemical rather than a physical process.
The relative thermal stability can be judged from dynamic TGA
carried out with moderate heating rate (+10 °C min~ "), which
also allows for a comparison with the literature values of other
ionic liquids. The onset temperatures obtained for the investi-
gated samples are shown in Table 4. The TGA traces are given in
the ESI,i Section 2.1.

In the pairs where only the central atom was changed, the
phosphonium were generally more stable than the ammonium
ionic liquids. The only exception was [P(202);1][CHTf,], which
had the lowest decomposition onset of 288 °C. The order of
stability with changing anion was [B(CN),|~ > [NTf,]” >
[NTfTFA]™ > [CHTf,]” for phosphonium ionic liquids and
[NTf,]” > [B(CN)4]~ > [NTfTFA]” > [CHTf,]” for ammonium

Table 4 Onset of the thermal decomposition of the 16 ionic liquids
determined by thermogravimetric analysis in °C

Anion
Cation [B(CN),]~ [NTfTFA]~ [NTf,]™ [CHTf,]~
[P(202)51]" 353 328 346 288
[N(202);1]" 313 306 331 302
[P5551] 409 393 400 374
[N5551]" 352 339 388 339
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ionic liquids. Furthermore, the alkyl functionalised ionic liquids
were in all cases more stable than those with an ether functionality.

The lower stability of [CHTf,]~ based ionic liquids compared
to [NTf,] ™ is likely due to a decomposition pathway specific to
the [CHTf,] anion, however an investigation of this pathway is
beyond the scope of this work.

Ionic conductivity and hole theory

Ionic liquids have great potential in electrochemical applications,
and molar ionic conductivity as a measure for ion transport plays a
central role among transport properties."”*®® Fig. 5 shows the
molar conductivities of the ionic liquids in this work as a function

Temperature / °C
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Fig. 5 Experimental values for the molar conductivity for (a) ether functio-

nalised ionic liquids and (b) alkyl functionalised ionic liquids. The average

experimental error is less than 3% of the value. lonic liquids with the same

anion have the same colour and shape, changing from closed to open

symbols represents a change from ammonium to phosphonium.
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of temperature. Experimental data for the specific and molar
conductivity as well as fit parameters are given in the ESL#
Section 2.4.

The molar conductivities at room temperature ranged from
0.04 S cm”® mol ™" for [N5551][CHT,] to 1.74 S cm® mol ™" for
[P(202)51][B(CN),]. For comparison, the molar conductivity of
the widely used ionic liquid [C,C,im][NTf,] at room tempera-
ture is 1.10 S cm® mol .*® All of the ionic liquids with the
[P(202);1]" cation (except [P(202);1][CHTf,]) exceeded the
molar conductivity of [C,C;im][NTf,]. The molar conductivity
of [P(202);1][CHTY,] was slightly lower at 0.66 S cm® mol ™ *. The
electrical conductivity scales with the inverse of the viscosity,
and thus increased in the order [N5551]" < [P5551]" <
[N(202)51]" < [P(202)51]" for all anions. The molar conductivities
of the tetracyanoborate ionic liquids were remarkably high.
For example, [P(202)3;1][B(CN),] has a molar conductivity of
1.74 S em” mol ' at room temperature, which even exceeds the
molar conductivity of tris(2-ethoxyethyl)methylphosphonium
bis(fluorosulfonyl)imide [P(202);1][NFs,] (1.48 S cm”® mol ").>*
The high electrical conductivity and low viscosity make
[P(202)51][B(CN),] an interesting IL for practical applications
in electrochemical devices such as batteries.

Hole theory provides a useful framework to describe the
properties of ionic liquids, including the relationship between
viscosity and electrical conductivity.”>”" Hole theory states that,
for an ion to move through the bulk ionic liquid, a nearby void
of suitable size must be available. Since the voids are at low
concentration, the Stokes-Einstein equation can be used,
which gives eqn (1) for the molar conductivity 4. Eqn (1) is a
variation of the Walden relation.”

22eF (1 1
Apt = (— + F) 0

z is the charge of the ions, e is the elementary charge, F is
Faraday’s constant and 7 is the viscosity of the ionic liquid. The
effective radii R* and R~ of cation and anion can be obtained
from theoretical methods.>*”° For rigid ions, angular rearran-
gement of the ions relative to each other can create such voids
or, more generally, free volume.”> Conformationally flexible
groups can also generate voids, which can be exploited to tune
the ionic liquid’s bulk properties.”* The correlation between the
experimental molar conductivity and the molar conductivity as
given by eqn (1) was evaluated for all 256 data points in this
work, Fig. 6.

Ion volumes have been obtained from ab initio calculations
(on isolated ions in a vacuum) and, using the volume formula
for a sphere, the ion radii have been derived. This approach was
chosen over more accurate methods'*”*”° for simplicity and
because experimental parameters are not required. Despite this
crude approximation, the correlation between measured and
predicted values is good. Moreover, deviations can be readily
explained by shortcomings of the hole model. The absolute
values for experimental and molar conductivity at room tem-
perature can be found in the ESI% in Section 2.5 and Table S9,
together with the relative deviation of the experimental molar
conductivity Aeyp, from Agr at 25 °C and 100 °C.
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Fig. 6 Correlation between the molar conductivity as predicted by hole
theory Ayt and the experimental molar conductivity Ae.. The black line
represents perfect correlation. Red circles are ionic liquids with flexible
anions, blue circles are those with rigid anions.

The ion radii were obtained from a sphere with the same
volume as that obtained from the integrated electron density of
the ions in the gas phase. Deviations represent corrections for
free volume in the liquid and the impact of non-spherical ion
shapes. A negative deviation (Aey, < Agr) suggests that the
effective radii in eqn (1) are too small, i.e. that hydrodynamic
radii were underestimated by the gas phase calculation. The
deviations of Ay, from Ayr decreased with increasing tempera-
ture, Table S9 (ESI). Eqn (1) has no temperature dependence
outside of the viscosity, i.e. the hydrodynamic radii are constants.
Thus, the hydrodynamic radii of cations and/or anions appear to
increase with temperature.

Hole theory qualitatively groups ionic liquids with rigid
([CHTf,] and [B(CN),] ) and flexible ([NTfTFA]™ and [NTf,] )
anions together, Fig. 6. For the ionic liquids with tetracyanoborate
anions, pronounced positive deviations of Ae, from Ayr were
found, Table S9 (ESI). The [CHTf,]” anion led to a behaviour
similar to tetracyanoborate, albeit with less pronounced positive
deviations. In contrast, ionic liquids with the [NTfTFA]™ and
[NTf,]” anions showed negative deviations from the calculated
conductivity. The only exception was [P(202);1][NTf,] at room
temperature. [NTf,]” and anions of similar shape move by
dihedral reorientation, i.e. the creation of free volume, which
is consistent with the negative deviations, suggesting that the
hydrodynamic radii are larger than the gas phase radii.*” In
addition to conformational flexibility, the pronounced positive
deviations of the [B(CN),]™ anion might also be a result of the
higher sphericity of this (tetrahedral) anion.

Ether functionalised cations showed a tendency towards
more positive deviations of /e, from Ay than the alkyl counter-
parts. Thus, the hydrodynamic radii of either cation or anion must
be larger for systems with an alkyl side chain in the cation,
whereas the hydrodynamic radii of systems with ether functiona-
lised cations were overestimated. The dominant effect of the ether
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a) Cation with alkyl side chain

Fig. 7 Hydrodynamic (red) and gas phase derived (blue) radii of cations
with (a) alkyl side chain and (b) ether side chain. The ether group leads to
coiling of the side chain by pointing towards the central atom, which
decreases the hydrodynamic radius.

side chains within the framework of hole theory is thus not the
increase in conformational flexibility, but rather a preference for a
different, more compact conformation. As will be shown in the
theoretical section, this more compact conformation arises from
coiling of the ether side chains, Fig. 7. The oxygen atom points
towards the central nitrogen or phosphorus atom, which signifi-
cantly decreases the hydrodynamic radius, but has only a negligible
influence on the gas phase derived volume (and thus the radius).
The compact nature of the ether substituted cations is also manifest
in the higher densities of the ether-functionalised ionic liquids.

Self-diffusion

In contrast to other transport properties, self-diffusion coeffi-
cients can be determined individually for cations and anions.
The self-diffusion coefficients for cations and anions in the
ionic liquids in this work are presented in Tables 5 and 6,

Table 5 Cation self-diffusion coefficients D* in 10~8 cm? s~ for the 16
ion combinations

Anion
Cation [B(CN),]~ [NTfTFA]~ [NTf,]™ [CHTf,]~
[P(202);1]" 33 28 26 13
[N(202);1]" 17 17 13 5.2
[P5551]" 6.3 5.9 4.2 2.1
[N5551]" 3.3 2.8 1.9 0.85
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Table 6 Anion self-diffusion coefficients D™ in 1078 cm? s~ for the 16 ion
combinations, except [B(CN)4]~

Anion
Cation [B(CN),]™ [NTfTFA]~ [NTE,]~ [CHTf,]~
[P(202)51]" — 35 32 17
[N(202),1]" — 20 16 6.6
[P5551]" — 7.5 5.3 2.8
[N5551]" — 3.4 2.3 1.1

respectively. The average error was 3% of the measured value.
A table collecting the self-diffusion coefficients, Haven ratios,
and the ratio of cation to anion diffusion is given in the ESL}
Section 2.7.

The cation diffusion coefficients strictly followed the trend
[P(202);1]" > [N(202);1]" > [P5551]" > [N5551]" for all of the
anions within the set of ionic liquids. An approximately twofold
increase in cation diffusivity was observed for phosphonium
compared with ammonium cations with the same chains. The
increase in diffusivity was 5-6 fold when the three ether side
chains were introduced to ions with the same central element,
thus the gain per additional chain is comparable to the effect of
the phosphonium centre. This is consistent with the increase in D
by a factor of 2.5 that has been reported when introducing a single
ether side chain into [P1115][NTf,], leading to [P111(202)][NTf,].**
For all anions, the cation diffusion increased by an order of
magnitude from [N5551]" to [P(202);1]".

For comparison, the cation in [C,C,im][NTf,] has a self-diffusion
coefficient of 28 x 10~% cm?® s™* at room temperature,® which is
comparable to [P(202);1]" in the respective [NTf,]~ ionic liquid. This
is remarkable, as the molecular weight of [P(202);1]" is almost twice
that of [C4,C,im]". The higher mobility of phosphonium cations has
been attributed to the enhanced rotation around the P-C bonds
compared to the N-C bonds in ammonium analogues.*® Further-
more, it has been argued that the strongly localised positive charge
on the phosphonium centre effectively reduces cation-anion
interactions.?? In contrast to ammonium ionic liquids, the charge
on phosphonium ionic liquids is less accessible to the anions due
to better screening of the charge by the alkyl chains.*

The anion diffusion coefficients followed the same trend as
for the cations, ie. the diffusivity decreased with the paired
cation in the order [P(202);1]" > [N(202);1]" > [P5551]" >
[N5551]". The diffusivity of [NTf,]” in [P(202);1][NTf,]
was found to be ~50% higher than in [C,C;im][NTf,] (21 X
10~ % em? s71).%?

For both cations and anions, diffusion followed the trend
([B(CN),]7) > [NTfTFA]™ > [NTf,]” > [CHTf,] . Unfortunately,
the diffusion of the [B(CN),]” anion was not accessible with our
instrumentation. However, information on the diffusion of the
[B(CN),]” anion can be obtained from comparing the cation
diffusion values. Cations in ionic liquids with [B(CN),]” had
the highest diffusion coefficients. The [NFs,]” anion is 8%
smaller in terms of volume, which could be expected to give rise
to higher values of cation diffusion than the [B(CN),]~ anion,”®
however, the reverse was found. For example, the self-diffusion
coefficient of the cation in [P(202);1][NFs,]** is 26 x 10 ® cm?®s™*
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Table 7 Ratio of anion to cation diffusivity D~/D*

Anion
Cation [B(CN),]™ [NTfTFA]™ [NTE,]” [CHTf,]~
[P(202)51]" — 1.24 1.21 1.30
[N(202);1]" — 1.20 1.19 1.26
[P5551]" — 1.26 1.25 1.33
[N5551]" — 1.21 1.22 1.29

while that for [P(202);1][B(CN),] is 33 x 10~® ecm?® s ™. This result
further supports a distinct mechanism of ion mobility for ionic
liquids with rigid anions.

For the three anions (other than tetracyanoborate) the ratio
D™/D" is shown in Table 7. All D~/D" ratios are larger than one,
i.e. all anions diffused faster than the cations. For comparison,
the D™/D" ratio is about 0.8 for [C,C;im][NTf,], i.e. the cation
diffuses faster than the anion.®” The higher relative anion
diffusion for the ionic liquids in this work can be attributed to
the more bulky cations compared to [C4C,im]". The fluorinated
anions examined in this work also all have higher mass than the
cations, however, the anion mass is due to the high degree of
fluorination and the anion volumes are considerably smaller
than those of the cations. Self-diffusion ratios should thus be
compared between ions with similar mass, such as the ones
shown in Table 7.

For all ionic liquids in this work, the D™/D" ratio was higher
for the phosphonium ionic liquids. A possible rationalisation is
that reduced cation-anion interactions have led to decoupling
of the cation and anion motions, which has enabled an
increase of the difference between the diffusion coefficients.

In contrast, the diffusivity D~/D" ratio decreased when ether
side chains were introduced into the cation, i.e. the movement
of both ions is more closely coupled. The mechanism by which
the dynamics of the cation are accelerated (see also Table 5)
appears to be different to that engendered by substitution of
nitrogen with phosphorus. One rationalisation for the increase in D"
is based on predominant conformation of the cation. Pronounced
coiling of the ether side chain has been reported for diether
substituted ammonium and phosphonium ionic liquids compared
to the alkyl analogues.®” The coiling depends on the length of the
side chain, an all-trans conformation was reported for pyrrolidinium
cations with only one methylene spacer between ammonium centre
and ether oxygen.”” Cations with ether side chains adopt a more
spherical shape, reducing the hydrodynamic radius r, which
reduces D (through the Stokes-Einstein relation D ~ r;,” ).

A second rationalisation for the increase in D" is related to
the preferred solvation environment of the ether, compared to
the alkylated, side chain in cations. For alkyl side chains of
sufficient length, the charge-rich and charge-poor regions of
the cation form distinct nanoscale domains.*”®”° This segre-
gation is disrupted by the presence of ether groups, which have
a higher tendency to interact with the charge-rich regions of the
IL, including the anion.®” Thus, the cation is no longer slowed
by dispersive cation—cation interactions.

The [CHTf,] anions showed the highest diffusion relative to
the diffusion of the cations, albeit its absolute diffusion values
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Table 8 Ratios of cation diffusion coefficients D* comparing different
structural elements. R = (202) or 5, i.e. the ratios D*(ether)/D*(alkyl) are
listed under [PRRR1] and [ERRR1]. E = P or N, j.e. the ratios D*(phospho-
nium)/D*(@ammonium) are listed under [E5551] and [E(202)s1]

Anion
Cations [B(CN).]™ [NTPTFA]™ [NTf,] [CHTS,]”
[PRRR1] 5.2 4.7 6.2 5.9
[NRRRl] 5.2 5.8 6.9 6.1
[E5551] 1.9 2.1 2.2 2.5
[E(202)31] 1.9 1.7 2.0 2.4

were consistently the lowest in this set. The high values of
relative diffusion indicate that the dynamics of the cation and
anion are more independent. One rationalisation for this beha-
viour is that the rigidity of the [CHTf,]” anion reduces coupling
between the conformational and translational motions of the
ions. Overall dynamics are slowed down, but the effect is more
pronounced for the cation. This finding supports the hypothesis
that more than one distinct mechanism dominates structural
relaxation. One of these mechanisms requires conformational
flexibility of at least the anion, and leads to higher mobility of
both cation of anion. The second mechanism is unspecific (with
regard to anion flexibility), but less efficient in the case of ionic
liquids with the [CHTf,]™ anion.

For comparison with the viscosity ratios in Fig. 3 and 4, the
corresponding cation diffusion coefficient ratios are shown in
Table 8.

In general, a reciprocal influence between phosphonium/
ammonium and ether/alkyl functionalisation is evident. If a
phosphonium centre is already present, then the gain in mobility is
lower when ether side chains are introduced. Similarly, if ether side
chains are already present, the gain in mobility is lower when a
phosphonium centre is introduced. This effect was less pronounced
for the rigid [CHTY,]” and [B(CN),]™ anions. The decreased coupling
between the effects of ether and phosphonium functionalisation for
ionic liquids with the [CHTY,] ™ and especially the [B(CN),]™ anion is
consistent with the earlier viscosity data.

Liquid structure

The internal liquid structure of ionic liquids can be probed by
Small Angle X-ray Scattering (SAXS). Many ionic liquids show
three distinct peaks in the scattering vector g below 2 A~
Fig. 8b.%° The ‘adjacency peak’ at highest g values results from
both inter- and intramolecular correlations between neighbouring
atoms (Fig. 8a, green arrows) and is also found for molecular
liquids.**®! For ionic liquids, inherent charge ordering (Fig. 8a, red
arrows) usually gives rise to a ‘charge peak’ at intermediate g
values, which can be absent in some cases due to cancellation.?%®!
For ionic liquids with extended alkyl chains, a third peak at a very
low g value (around 0.5 A™%) can be observed, often termed the
‘prepeak’ or ‘polarity peak’. The polarity peak is a signature of long-
range correlations between polar groups, caused by aggregation of
the alkyl chains (Fig. 8a, blue arrows).®®> The prepeak is thus
usually attributed to structural heterogeneity, i.e. the alternation of
polar and apolar regions due to the aggregation of nonpolar alkyl
side chains.®”*>® For imidazolium ionic liquids, the packing of
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Fig. 8 Simplified illustration of (a) the bulk structure of ionic liquids and (b) its manifestation as peaks in the SAXS scattering intensity.

alkyl chains can be disrupted by interactions between ether groups
and hydrogen atoms of the imidazolium ring.**®*

Small Angle X-ray Scattering experiments were performed on all
samples. The total scattering intensity for the [NTf,]~ ionic liquids
is shown in Fig. 9. Radially averaged SAXS scattering data of ionic
liquids with the [CHTY,]” and [NTfTFA] anions are given in the
ESL Section 2.8. A summary of peak positions and experimental
uncertainty in peak positions in both reciprocal and real space is
also given in the ESL: Section 2.8. Ionic liquids composed from
the tetracyanoborate anion will be discussed separately, because
the geometry of the [B(CN),]™ anion causes qualitative differences.

For [P5551][NTf,] and [N5551][NTf,] three peaks were
observed at 0.57, 0.80 and 1.36 A™*. The values correspond to
approximately 11.0, 7.9, and 4.6 A in real space, respectively. The

—[P(202),1]INTf,]
= [N(202);1][NTf,]
— [P5551][NTf,]
— [N5551][NTF,]

Intensity / a.u.

0.5

10 15 20 25
Scattering vector g / A™

Fig. 9 Radially averaged SAXS data for the ionic liquids based on the
[NTf,]™ anion. The curves are shifted vertically and include error bars for
the (small) experimental error.

This journal is © the Owner Societies 2020

peaks can be assigned to the underlying structures (intra- and
intermolecular) by comparison with similar systems from the
literature. All of the ionic liquids based on the [NTf,]” anion in
this work show charge (¢ = 0.80 A~") and adjacency (g = 1.36 A" ")
peaks. However, the prepeak at 0.57 A~" is only visible for the alkyl
analogues. The cation pentyl side chains are just long enough to
induce such an ordering. For [N4441][NTf,], such a prepeak is not
observed, or at most is just hinted at as a shoulder.®'

Incorporating ether side chains into the cations had a
pronounced effect on the SAXS profiles of the ionic liquids
examined. The prepeak is absent for the ether functionalized
ionic liquids. Hence, the structural heterogeneity induced by
segregation of apolar regions is lost. These findings match the
conclusions drawn from the transport properties discussed
above and agree with the behaviour of related systems reported
in the literature.®”** The adjacency and charge peaks are shifted
towards lower g values for all of the ionic liquids with fluorinated
anions. The shift towards lower q values, and thus longer inter-ion
distances, can be interpreted as a signature of pronounced coiling of
the ether chains. Ether side chains lead to a contraction of the
cation to form a ball, excluding the anion from the region
immediately surrounding the positive charge. The average
cation-anion distance increases (as does the bulk density).

The changes in the scattering intensity for different anions,
with the same cation are shown for the example of the [P5551]"
cation, Fig. 10. The data for the other cations are given in the
ESL,} Section 2.8.

The scattering intensity profiles for [NTfTFA] ", [CHTf,]|  and
[NTf,]” anions paired with a given cation are qualitatively similar.
Thus, despite a pronounced impact on the dynamics, replacing
imide with methanide has little effect on the bulk liquid structure,
as is apparent from the SAXS profiles. In contrast, the scattering
intensity profiles for [B(CN),]™ ionic liquids are markedly different,
due to the very different topology of the [B(CN),]” anion.

Fig. 11 shows the SAXS scattering intensity for the [B(CN),]~
based ionic liquids in this work. One could interpret the
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presence of three peaks using the conventional assumptions
outlined above in terms of polarity, charge, and adjacency
relations. This interpretation would imply that all ionic liquids
based on the tetracyanoborate anion, with or without ether
functionalisation, experience nanoscale segregation. However,
the g values would then become unreasonably high (compared
to commonly observed g values for polarity, charge, and adja-
cency relations).

It is apparent that the first peak in the tetracyanoborate
ionic liquids coincides with the charge peak of the other ionic
liquids, Fig. 10. The tetracyanoborate anion is comparable in
size to the other anions, despite having only 9 atoms. The
volume enclosed by the 0.001 isodensity surface of [B(CN),|™ is
even larger than those of [P1111]" or [N(Fs),] . Thus, both peaks
at higher g values likely arise due to adjacency correlations. Indeed,
a shoulder around 0.5 A~ was discernible for [N5551][B(CN),] and
[P5551][B(CN),], which is presumably the signature of domain
formation. The splitting of the adjacency peak into two distinct
peaks has been reported previously for [C4C,im][B(CN),].**> For
[C4C1im][B(CN),] (as opposed to [C,C;im][NTf,]), splitting of the
adjacency peak® into two distinct peaks®> has been attributed
to the tetracyanoborate anion interrupting the n-stacking of
cations. This argument cannot be used for the anions in this
work, since the cations they are paired with do not contain
aromatic rings. However, the adjacency region can be considered
as a fingerprint region for the ionic liquid.

The absence of the prepeak for the [B(CN),]” based ILs could
be rooted in the increased dynamics of these ionic liquids.
However, the viscosity of [N5551][B(CN),] is higher than that of
[P5551][NTf,], which in turn shows the same features in its
SAXS profile as [N5551][NTf,]. Thus, the absence of a prepeak is
more likely to be due to the poor scattering properties of the
(fluorine-free) [B(CN),]~ anion.®”

— [P5551][NTfTFA]
— [P5551][NTf,]

— [P5551][B(CN),]
— [P5551][CHTf,]

Intensity / a.u.

0.5

10 15 20 25
Scattering vector g / A™

Fig. 10 Radially averaged SAXS data for the ionic liquids with the [P5551]*
cation. The curves are shifted vertically and include error bars of the (small)
experimental error.
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Fig. 11 Radially averaged SAXS data for the ionic liquids with the [B(CN) 4]~
anion. The curves are shifted vertically and include error bars of the (small)
experimental error.

Conformational flexibility from theoretical methods

The conformational flexibility of anions similar in structure
to [NTf,]” has been extensively investigated by theoretical
methods."®**%° The relevance of such conformational flexibility
for the dynamics in ionic liquids has been established.>**™**
The anions [NTf,]” and [CHTf,]” exist as two interconvertible
conformers, with CF; groups that can be cis or trans.®® The
[CHTY,]™ anion has significantly decreased conformational flexibility
compared to [NTf,]".'"®* Fig. 12 shows potential energy surface
contour plots (full MP2/cc-pVTZ//B3LYP-GD3B]J/6-311+G(d,p) level
of theory) for the two dihedral angles relevant for characterising
the cis-trans conversion of [NTf,]” and [CHTf,] ."® To further
evaluate the motion of the ions on the potential energy surface,
we computed ab initio (B3LYP-GD3BJ/6-311+G(d,p)) trajectories for
the [NTf,]” and [CHTY,]  anions. The pathway of the ab initio mole-
cular dynamics trajectory is indicated by red dots. All trajectories
started at the minimum energy conformer, further simulation details
are provided in the Materials and methods section.

A threshold of 15 k] mol™" (dashed line in the potential
energy surfaces) has been arbitrarily introduced to indicate
which conformations are preferably adopted by the ions. This
15 kJ mol™" (ca. 6 KT at room temperature) threshold encom-
passes both the lowest energy transition state between cis and
trans for [NTf,]” and the transition state separating two cis
conformers.

The [NTf,] ™ anion, Fig. 12a, sampled a relatively large region
around the optimum conformation, including the cis conformer.
However, conversion between the mirror images of two cis con-
formations was not observed, i.e. the top right half of the potential
energy surface was not explored in this case. Crossing of the cis-to-
cis transition state being rare, is in line with observations from
classical molecular dynamics simulations.*® In contrast to [NTf,]
the [CHTf,]” anion, Fig. 12b, remained close to the starting
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conformation for the entire trajectory (20 ps), consistent with the
ionic liquids containing [CHTf,]” exhibiting significantly slowed
transport properties. These trajectories and our empirical results
strongly support the ‘slithering’ hypothesis by Suarez et al, that
translational relaxation in the [NTf,]” anion is coupled to cis-to-
trans conformational relaxation.*®

The sampled regions in Fig. 12 were well contained within
the 15 kJ mol™" line. The threshold is thus valuable for the
comparison of systems with very different potential energy
surfaces. Using the 15 k] mol " threshold, two separate regions
for the cis and the trans conformers emerge for [CHTf,]". In
these ionic liquids, the [CHTf,]” anion seems to behave like a
mixture of two rigid anions, rather than one flexible anion. The
apparent rigidity of the [CHTf,]” anion agrees well with the
rheological data, where [CHTf,]” and [B(CN),]” showed a similar
relative behaviour (Fig. 3 and 4), despite having different absolute
viscosity values.

Similarly, the side chain flexibility of the cation plays an impor-
tant role in the fluidity and dynamics of ionic liquids.>*?>>*8%9%
The conformational flexibility can be understood in terms of energy
barriers for the rotation around bonds. The cations [E111R], with R
being 201 (ethyl-2-methoxy group) or 4 (butyl group), and E being N
(ammonium) or P (phosphonium) have been used as simple model
systems for the ionic liquids in this work. In these examples,
three dihedral angles define the backbone of the cation:
C-E-C-C, E-C-C-X, and C-C-X-C. The general structure of
the model systems as well as the nomenclature used to describe
conformations is shown in Fig. 13.

The cations [P111(201)]" and [N111(201)]" were chosen as
they represent the smallest model system that still incorporates
all the design elements used in this work. Using an ethyl
instead of a methyl group to terminate the ether oxygen is
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Fig. 12 Energy landscape of the [NTf,]~ and [CHTf,]~ anions as a function of their two backbone dihedrals. The accessible region is represented by the
15 kJ mol ™ line (short dashed). The geometries encountered every 5 fs during the ab initio MD simulation are shown as red dots, and the starting points
of the trajectories as black crosses.
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Fig. 13 The structure of the model cations [P111(201)]*, [P11141*, [N111(201)1*,
and [N1114]" (top). Low-energy conformers (middle) and high-energy confor-
mers (bottom) are shown as Newman-projection.

expected to not change the obtained results qualitatively.>* In
addition, if the orientation of the side chains that are not part
of the scan is not chosen carefully, then the resulting steric
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clash from an ethyl group biases the results. Furthermore, the
(two-dimensional) PES scans at the MP2/cc-pVIZ//B3LYP-
GD3BJ/6-311+g(d,p) level of theory become prohibitively expensive
for larger cations.

Potential energy surface scans for rotation about the torsion
angles for the ‘long’ substituent have been carried out. Rotation
about the C-P or C-N bonds, Fig. 14, can be compared to
rotations around the CH,-CH, bond, Fig. 16, and the CH,-X
bond, Fig. 15.

The symmetry in Fig. 14 is due to the three equivalent
methyl groups. For both the ether and alkyl functionalised
cations, the barrier is approximately twice as high for C-N-C-C
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Fig. 15 Energy as a function of the C—C-X-C dihedral angle, with X = O,

CH,. The 15 kJ mol™ line (dashed) is shown for comparison. Ether

functionalised cations have closed symbols, cations with an alkyl side
chain have open symbols.
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compared to C-P-C-C. The barriers differ by approximately
9 kJ mol ™" in both cases, consistent with previous literature
values.®* Using the rate constant ratio as an estimate,>* a difference
of 9 k] mol " corresponds to a 40-fold increase of the conformational
reorganisation dynamics, see the ESLi Section 4. The barriers for the
phosphonium ionic liquids are below the 15 kJ mol™* threshold,
thus the conformational flexibility of the rotations is comparable to
the flexibility of the [NTf,]~ anion.

The energy as a function of the C-C-X-C dihedral is shown
in Fig. 15. The higher energies of the ether functionalised
analogues in the synperiplanar structures may seem surprising
at first, since the ether side chain is expected to increase
the flexibility. However, the conversion between two gauche
structures via the synperiplanar geometry is found to be signifi-
cantly higher in energy for both alkyl and ether analogues
(compared to the conversion between antiperiplanar and
gauche via the anticlinal geometry). Hence, the rate determining
barrier for conformational reorganisation corresponds to the
anticlinal geometry, which was lower in energy for the ether side
chains. Thus, based on the energy of the rotation around the
C-X bond, the ether side chain can be considered more flexible.

In the design of the ionic liquids for this work, two different
cation structural elements were employed; ether/alkyl function-
alisation and ammonium/phosphonium as central atomic spe-
cies. Of central importance is the E-C-C-X dihedral angle, in
which both elements are combined and which is expected to
have a significant impact on the macroscopic properties. There
are pronounced differences in the qualitative nature of the
E-C-C-X dihedral potential energy surfaces, Fig. 16.

For the alkyl functionalised cations, the antiperiplanar con-
former has the lowest energy. In contrast, the ether functionalised
cations prefer the gauche conformation. The gauche preference is
a driving force for ‘curling’ of the ether chains identified in the
literature.®” Thus, ether functionalisation can be used to design

2 ' ' ' ——[P1112OT) |
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5 —o—[N1114]
o
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Fig. 16 Energy as a function of the E-C-C-X dihedral angle, withE = P, N
and X = O, CH,. The 15 kJ mol™? line (dashed) is shown for comparison.
Ether functionalised cations have closed symbols, cations with an alkyl side
chain have open symbols.
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the preferred conformation of a cation. Furthermore, shielding of
the cationic charge is much more effective when ether groups
physically block access to the cation. The shielding of cationic
charge can be rationalised by a decrease of the electrostatic
potential on the surface of the molecule, as shown in Fig. S11 in
the ESI,% and Section 3.2.

The central atom (P or N) has a pronounced impact on the
barrier heights for rotation about the E-C-C-X dihedral angle,
in particular the synperiplanar transition structure. The energy
of the synperiplanar structure lies below the 15 kJ mol *
threshold only for the [P111(201)]" cation. Thus, for this cation
the structure fluctuates between the two gauche structures. The
sampled geometries are visible in the ab initio (B3LYP-GD3B]J/
6-311+G(d,p)) trajectories of the isolated [P1114]" and [P111(201)]"
cations, Fig. 17. All trajectories started at the minimum energy
conformer, further simulation details are provided in the Materials
and methods section.

During each trajectory, rotation around the C-P bond
occurred in both [P1114]" and [P111(201)]", with the rotation
being more restricted for [P111(201)]". Similarly, the C-P-C-C
dihedral angles in the alkyl analogue [P1114]" fluctuated between
the two symmetrically distinguishable minima. In contrast, the
alkyl functionalised cation only explored the gauche conformers,
interconverting via the synperiplanar structures. The trajectories
and two-dimensional subsets of the potential energy surface
provide a clear rationalisation for the experimental results.

Finally, the mutual influence of ether and phosphonium
functionalisation is clearly visible in Fig. 16. This result provides
an explanation for the experimentally observed coupling between
ether and phosphonium functionalisation, Fig. 2. Thus, we can
further develop the hypothesis of a distinct mechanism of
structural relaxation for ionic liquids with flexible anions. All
comparisons in Fig. 2 involve the [P(202);1]" cation, which is the

This journal is © the Owner Societies 2020

120

300
Dihedral (C-P-C-C) / degrees

Fig. 17 Energy landscape of the [P1114]" and [P111(201)]* cations as a function of the inner (C—P-C-C) and middle (P-C-C-X) dihedrals. The
accessible region is contained by the 15 kJ mol ™! line (black line, short dashed). The geometries encountered every 5 fs during the ab initio MD simulation
are shown as red dots, and the starting points of the trajectories are indicated by black crosses.
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equivalent of the [P111(201)]" model used for the theoretical
calculations. Thus, from Fig. 2 and 16, it can be concluded that
the distinct mechanism of structural relaxation for the ions in
this work involves the E-C-C-X dihedral angle.

Conclusions

In this work, a set of 16 systematically varied ionic liquids was
prepared and characterised to reveal structure-property relation-
ships. Ammonium and phosphonium cations were used, both
with and without ether functionalisation. The widely used [NTf,]~
anion was selected as an anion with high conformational flex-
ibility. The [NTfTFA]™ anion was selected for its flexibility and to
complement [NTf,]”. Furthermore, two rigid anions, [B(CN),]~
and [CHT,]”, were used to demonstrate the influence of anion
conformational flexibility on the ionic liquid properties. Each
possible 1:1 combination of the four cations with the four anions
was prepared.

Ether side chains in the cation were found to have a pro-
nounced impact on the macroscopic properties of the ionic liquids
in this work. Glass transition and melting temperatures were
significantly decreased compared to the purely alkyl functionalised
cations. The ether side chains led to accelerated dynamics,
visible in increased ionic conductivity, increased diffusivity,
and decreased viscosity. Ionic liquids with ether side chains
are thus promising fluids for applications at or below room
temperature.

The thermal and transport properties of ether functionalised
cations were interpreted as a signature of pronounced coiling.
Instead of the side chain extending away from the quaternary
centre as is the case for pure alkyl side chains, the ether groups
point inwards and produce a smaller cation. Furthermore, the
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ether functionalisation was found to prevent or at least suppress
nanoscale segregation. The structural heterogeneity of ionic
liquids with alkylphosphonium or alkylammonium cations
was lost when ether side chains were introduced. The curling
up of the side chains is consistent with the experimental data
and appears to dominate over conformational flexibility.

The use of phosphonium as opposed to ammonium cations
led to changes in the thermal and transport properties; liquidus
temperatures and viscosities were reduced, whereas self-
diffusion and ionic conductivity were increased. The changes
in the thermal and transport properties have been rationalised
as based on the higher conformational flexibility of the phos-
phonium cations compared to their ammonium counterparts.
In contrast, the ether side chains change the geometry of the
minimum energy conformer, rather than lowering the barriers
between different conformers. Both the high flexibility and
coiled geometry of multiply ether functionalised phosphonium
cations lead to an effective shielding of the positive charge.

We identified an unprecedented coupling between the flex-
ibility of the anion and the viscosity of the ionic liquid. The
rheology data showed a synergistic influence of ether and
phosphonium design elements within the cations if they were
paired with the flexible anions [NTfTFA]™ and [NTf,]”. However,
this was not the case for the ionic liquids based on the two rigid
anions [CHTf,]” and [B(CN),] . For cations in combination with
one of these rigid anions, ether side chains still led to a decrease
in fluidity, but the relative decrease did not depend on whether
a phosphonium centre was already present. Similarly, the
presence of a phosphonium centre led to decreased fluidity
compared to an ammonium centre, which did not depend on
the presence of the ether side chains, when paired with rigid
anions. The synergistic effect of phosphorus and ether function-
alisation of the cation thus appeared to be dependent on the
flexibility of the anion. Hence, to fully understand an ionic
liquid, the conformational flexibility of both the cation and
anion must be considered together. Despite the large absolute
differences in transport quantities, [CHTf,]” and [B(CN),]™ can
be grouped together based on the two viscosity ratios 7ajiy1/Mether
and #n/np and the deviation from hole theory. These results
show that both cations and anions and their coupling need to
be considered in the process of optimising transport properties
in novel ionic liquids. For example, a cation such as [P(202);1]"
may not reach its full potential in an ionic liquid when paired
with a rigid anion such as [CHTf,] .

The [CHTf,]” and [NTfTFA]|™ anions are structural variations
of the [NTf,]™ anion, with the same degree of fluorination and
similar acidities for the corresponding acids.’> However, the
conformational reorientation in the [CHTf,]  anion is severely
restricted, whereas the barrier for interconversion between
conformers is comparable for [NTf,]” and [NTfTFA]".'® The
difference in conformational flexibility was clearly visible in the
high viscosities, low ionic conductivities and slow diffusion in
all of the ionic liquids that incorporated [CHTf,]” (compared to
[NTf,]” and [NTfTFA] ). The [CHTf,]  anion behaves like a
mixture of two rigid conformers. This finding also supports the
‘slithering’ mechanism as a dominant pathway for translational
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relaxation.” In addition, the liquid phase structuring probed
by small angle X-ray scattering did not change between ionic
liquids based on the [CHTf,]” or [NTf,]” anions. Thus, the
[CHTf,]™ anion is an excellent ‘rigid’ model system to be used
in experimental studies as a contrast for the ‘flexible’ [NTf,]™
anion. Such comparative studies promise insight into how
cations and anions interact, and how conformational relaxation
is coupled to translational relaxation.
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