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Abstract

Electrostatic interactions are ubiquitous in ionic liquids and therefore, the electronic environment
(i.e. the distribution of electron density) of their constituent ions has a determining influence on
their properties and applications. Moreover, the distribution of electron density on atoms is at the
core of ionic liquid molecular dynamics simulations. In this work, we demonstrate that changing the
composition of ionic liquid mixtures can tune the electronic environment of their constituent ions,
both anions and cations. The electronic environment of these ions can be monitored by measuring
the characteristic electron binding energies of their constituent atoms by X-ray photoelectron
spectroscopy (XPS). The possibility to fine tune, in a controlled way, the electronic environment of
specific ions provides an invaluable tool to understand ionic liquid properties and allows the design
of ionic liquid mixtures towards specific applications. Here, we demonstrate the power of this tool
by tuning the electronic environment of a catalytic centre, and consequently its catalytic activity, by

the use of an ionic liquid mixture.

Introduction

lonic liquids, low temperature molten salts composed entirely of mobile ions, exhibit a large range of
properties that make them useful in a wide variety of fields such as synthesis and catalysis,!
biocatalysis,? electrochemistry,3 separation technology* or materials science.> One of the reasons for
this wide span of applications is their tunability. Every combination of ions that give rise to an ionic
liquid has its own set of properties. The number of combinations can reach the order of trillions if
ionic liquids mixtures are considered.6 In the last years, several applications and fundamental
studies of ionic liquid mixtures have appeared.” Very promising examples can be found in their
application in lithium battery cells,® magnesium-based rechargeable batteries,’ dye-sensitised solar
cells,”® and in the electrodeposition of metals including magnesium.™* The use of tuneable ionic
liquid mixtures as chromatographic stationary phases,’” and solvents for the controlled self-
assembly of amphiphilic materials,™® or enzymatic mediated reactions** also highlights the potential

of mixtures to improve the performance of existing ionic liquid-based systems.

The potential to fine tune the properties of ionic liquid media by the use of mixtures is clear and the
ability to understand and predict these properties would constitute an invaluable tool. However, for
applications of ionic liquid mixtures to become widespread, a deep understanding of their properties
and the molecular level structure that determines them is needed. The physical and chemical
properties of these systems have begun to be consistently measured and simulated. The properties

of several ionic liquid mixtures have been found to follow an ideal or quasi-ideal mixing behaviour."
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lonic liquid mixtures have also been found to exhibit enhanced properties when compared to the

15¢,16

neat ionic liquids used in their preparation. Structurally, ionic liquid mixtures seem to consist of

7,17

mixtures of randomly distributed ions.””" More in detail, their molecular level structure might be

dominated by one of the ionic liquids.”*"**®

The electronic environment of the ions constituting ionic
liquids plays a dominant role in determining the molecular level structure, macroscopic properties
and the interaction of ionic liquids with other molecules. For instance, accurate reproduction of
molecular charge distributions using point charges is critical in classical molecular simulations. In
ionic liquids this charge distribution plays an essential role. There is on-going debate as to which
force fields most adequately describe ionic liquids.’® Models that allow for polarisation and charge
transfer in ionic liquids have recently gained recognition. Traditionally, the total charge on individual
ions has been assumed to be an integer.”® However, reduced charges have been used to account for
partial charge transfer between the anion and the cation.”* Polarisable force fields, which can
artificially reproduce charge transfer effects, have also been used but at much greater

computational expense.'*%*?

Experimentally obtained charge distributions would be an invaluable
piece of information in parameterising accurate electrostatic interactions for ionic liquid systems.
The distribution of electron density also has a significant impact in the way molecules interact. lonic
liquid solute interactions can have an enormous impact on several applications such as catalysis or
electrochemistry that depend on the electronic distribution of specific species in solution. For
example, the electronic environment of the metal centre of catalysts is a major factor controlling its
catalytic activity. The nature of the ionic liquid anion has been proven to have a determining
influence in the activity and stability of several cationic catalytic systems.”® In terms of
electrochemical applications, ionic liquid mixtures have also been used to tune the redox potentials
of different compounds in solution.”* These examples evidence that the ability to measure and

control the electronic environment of ions within ionic liquids, and therefore programming its

properties and potential interactions, will be of utmost importance for the ionic liquid field.

X-ray photoelectron spectroscopy (XPS) can be used to monitor the electronic environment of the
constituent atoms of a sample. Binding energies measured by XPS can be correlated to calculated
atomic charges.25> Binding energy shifts have been compared to quantum mechanically calculated
atomic charges of different samples and useful relationships were extracted.2¢ Due to their low
vapour pressure, XPS can be used to analyse ionic liquids and study the electronic environment of
their constituent ions.”’ Recent XPS studies for neat ionic liquids have demonstrated that the
characteristic binding energies from the carbon and nitrogen atoms within the cation headgroup

correlate with the calculated amount of charge transferred from the anion to the cation.?® For
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anions such as halides or acetate, [OAc], the electron density on the cation was found to be higher
than for low basicity anions such as [Tf,N]7 or [TfO]" (where [Tf,N] =
bis[(trifluoromethane)sulfonyl]imide and [TfO] = trifluoromethanesulfonate). These changes in
electron density were positively correlated to anion basicity (f), calculated by solvatochromic

methods.?®*?

In this publication, we study the use of ionic liquid mixtures to tune the electronic environment of
their constituent ions. We present a detailed XPS study of three different ionic liquid mixtures
systems composed of a common cation and two different anions at different molar ratios (a total of
16 mixtures). Two mixture systems contain a strongly coordinating, high basicity anion and a weakly
coordinating, low basicity anion: [CgCiIm]Cl + [CgCyiIm][Tf,N] (denominated as [CgCiIm]CI[Tf,N]14,)
and [CgCiIm]Cl + [CsCqIM][TFO] ([CsC,IM]CI,[TfO]1,) and one of the mixture systems contains two
strongly coordinating, high basicity anions: [CgCilm][OAc] + [CgCilm]Cl ([CsCiIm]CL[OAC]1.). The
measured binding energies confirm changes in the electronic environment of the ions with
composition. These changes can be used to tune the properties and interactions of a particular ionic
liquid system. To demonstrate the power of this tool, we use an ionic liquid mixture to fine tune the
electronic environment of a catalytic metal centre in an ionic liquid solution and achieve distinct

turnover frequencies.

Results and Discussion

Tuning the Electronic Environment of lons

Figure 1 illustrates how the electronic environment of both anions and cations within ionic liquids
can be tuned using mixtures. Figure 1 shows the N 1s and Cl 2ps;, high resolution XP spectra
(characteristic of the electronic environment of the cation and anion respectively) of all the different
[CeCalm]CL[Tf,N]1 and [CsCiImICI,[TfOl1x and [CgCilm]Clos[OAclys. mixtures and respective neat
ionic liquids. It can be clearly seen that for mixtures of anions of different basicity, i.e.
[CgCalm]CI,[Tf,N]1., and [CgCyIm]CI,[TfO];.,, the binding energy of the N 1s peak (Figure 1a-b) changes
in a quasi linear behaviour from the characteristic energy of one of the neat ionic liquids to the
other. It should be noted at this point that the full width at half maximum (FWHM) of the
photoemission envelopes in the mixtures spectra were comparable to those exhibited by the neat
ionic liquid spectra, see Supplementary Information (Figures S7a-b). This observation clearly
illustrates that the XP spectra of the mixtures not composed of a superposition of the XP spectra of
each neat ionic liquid, but a new signal corresponding to a series of entirely new electronic

environments. This data agrees with the well reported structure of ionic liquid mixtures consisting
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17a-c

of a randomly distributed mixture of all component ions. Consequently, the cations in the ionic

liquid mixture are all interacting with a statistically similar environment which is composed of an

74 As a result of this mixed interaction, the net

average number of both anions at the same time.
amount of charge transferred to each cation in the mixture is identical, i.e. the electronic
environment of the cation is now distinct to that of the two neat ionic liquids. The binding energies
acquired for the Cpetero 15 and Neion 1S peaks suggest that the final average electron density
associated with the cation is a weighted average of the electron densities of the same cation in the
two neat ionic liquids, where the weighting is reflective of the molar ratio of the two neat ionic
liguids employed. These results are also consistent with preliminary analyses made on a

C

pyrrolidinium-based ionic liquid mixture.?®* Figure 2 and Figure S8a show the measured binding
energies for each component of the [CgC,Im]CI,[Tf,N];, and [CgCyIm]CI,[TfO],., mixtures respectively
(extracted from suitable fitting models, see Experimental section in Supplementary information)
plotted as a function of composition (molar fraction of [CgCiIm]Cl) to allow trends to be easily
identified. All the measured binding energies for the carbon and nitrogen atoms within the cationic

headgroup (C, C*, C°, C® and C’ 1s and Nguon 1s) shift progressively, in a near-linear behaviour,

between the binding energies characteristic of the corresponding neat ionic liquids.

The Cl 2p;/; peak in the [CgCyIm]CI,[Tf,N];., and [CsCiIm]CI,[TfO];., mixtures is observed at a higher
binding energies than the Cl 2p3/, peak in [CsC;Im]CI (Figure 1d and Figure 2 and Figure 1e and Figure
S8e respectively): the higher the amount of [CgCiIm][Tf,N] or [CCiIm][TfO] the higher the binding
energy of the Cl2ps,, peak. This variation in binding energy can only be explained by a change in the
interactions between the CI" and other components in the mixture, in comparison to those in neat
[CsC.Im]CL. In a mixture, both anions are competing for more favourable interaction sites’’® and on
average, each cation will be interacting with both types of anions at the same time. The presence of
poorly coordinating [Tf,N]” will clearly lead to a reduction in the number of basic anions in the
coordination sphere of the cation. As [Tf,N] anions transfer less electronic charge to the cation than
CI" anions, the cations within the mixture will have more capacity to accept electron density from CI’
anions. Consequently, the CI" anions will be able to transfer more electronic charge to these cations.
This larger donation of charge will leave the CI" anion with less electron density and therefore, their
electrons will exhibit higher binding energies than the CI" anion electrons in neat [CsC;Im]Cl. In
Figure 2f-j and Figure S8f-i, it can be seen that there is no significant perturbation in the measured
binding energies of the elements within the [Tf,N] and [TfO] in the mixtures. [Tf,N]” and [TfO] are

a

low basicity anions and they do not participate in significant charge transfer.”®* Moreover, as the

negative charge associated with [Tf,N] is delocalised across many atoms, any change in electron
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density will be distributed around many atoms and therefore, will be too small to be measured

directly by XPS, i.e. it will be within the error of the measurement.

In Figure 1c and Figure 1f present a study of a mixture of two ionic liquids containing two strongly
coordinating, high basicity anions. The exhibited binding energy of the Ncion 1s peak for the
[CgCilm]Clos[OACc]y s mixture and neat [CgCyIm]Cl and [CsC;Im][OAc] are the same within acceptable
experimental error (see Figure S8b as well). Both anions are highly coordinating, highly basic in
nature and transfer a significant amount of electron density to the cation. The Cl 2p;/, and the O 1s
peaks (Figure S8b) for [CsC,Im]Clys[OAc]ys are also observed at the same binding energy (within
error) as in the neat [CgC;Im]Cl and [CsC,Im][OACc] respectively. In summary, the binding energies of
all of the elements in the mixture are all comparable to those in the neat ionic liquids (Figure S8b in
supplementary information), i.e. any difference in binding energies is smaller than detectable by
XPS. It can be concluded that the electronic environment of the cations and anions in
[CgCilm]Clos[OAC]y 5 is very similar to that in the neat ionic liquids themselves, electronically it could

be stated that they are almost identical.

The binding energy data presented in this study evidences the tunable nature of the electronic
environment of the ions within ionic liquid mixtures. The electronic environment of the ions of a
particular ionic liquid can be effectively modified by the addition of other ions. The amount of fine
tuning of the electronic environment of a particular cation is determined by the initial electronic
environments of the cations in the neat ionic liquids used for the mixture. The electronic
environments of the cations in [CgC;Im]Cl and [CgC,Im][OAc] are very similar and therefore, mixtures
containing the two will not have a measurable effect in the electronic environment of the ions in the
mixture. [CgC,Im]Cl,[Tf,N]., and [CsC,Im]Cl,[TfO],., mixtures offer a wider range of fine tuning for the
electronic environment of both the cation and the anion. The tunability range is slightly higher in the
[CsC1IM]CI[TF,N]1.x system as the difference in the electronic environment of the cations in the neat
ionic liquids is the largest. Finding a combination of ionic liquids with larger differences in electronic
environment of the cation will widen the possibilities. For example, anions such as
tris(pentafluoroethyl)trifluorophosphate, [FAP], and bis[(pentafluoroethyl)sulfonyllamide, [Pf,N],

8 could allow even wider tunability for the [CgCilm]" cation

with the lowest investigated basicity,
electronic environment. The change in the chloride electronic environment for the different ionic
liquid mixtures means that ionic liquid mixtures with a common cation can also be used to tune the
anion’s electronic environment. It is expected that the tunability range of the anion can be further

increased by ionic liquid mixtures containing different cations.
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This data on binding energies also offers invaluable information to computational simulations of
ionic liquids. It is especially relevant in order to evaluate point charges in computational force field
models. XPS data shows that charge transfer from anion to cation occurs for ionic liquid mixtures as
well as for neat ionic liquids and it is characteristic for every combination of ions. Therefore, when
carrying out simulations of ionic liquids and ionic liquid mixtures, reduce charge or polarisable force
fields will more accurately describe the real charge distribution within ionic liquids. In addition, the
distinct binding energies and narrow peaks (with similar FWHM as for neat ionic liquids) obtained for
ionic liquid mixtures suggest that the electronic environment of the ions within ionic liquid mixtures
is distinct and unique. This cannot be the consequence of a mixture of different local distribution of
ions but the result of the sum of long range anion-cation interactions and charge transfer events
which results in this distinct and unique electronic environment. Consequently, simulations based on
small clusters (maybe <10 ions) will not be able to capture the real electronic environment of ionic
liquids as it is the combination of several solvent shells that appears to influence the electron density
on the ions. Moreover, binding energies could be used as a useful solvation parameter. For neat
ionic liquids, the binding energy of Neton 15 has been found to linearly correlate with the hydrogen

bond donor ability of the anion, S, calculated by solvatochromic methods.?**®

For mixtures, £ has
not been measured as determining S for mixtures is more challenging than for pure samples as one
of the ions normally preferentially interacts with the probing dye giving a wrong measure of the
average hydrogen donor ability of the mixture.” XPS binding energies could also be used as an

alternative to fin both neat ionic liquids and ionic liquid mixtures.
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Figure 1 High resolution XP spectra of the different mixture systems: a) N 1s and d) Cl 2ps/: for
[CsCiIm]CL[Tf,N];,, b) N 1s and e) CI 2ps,2 for [CsCiim]CL[TfO]; and c) N 1s and f) Cl 2ps/. for
[CsC1Im]CI[OACc];... Reference data recorded for the neat ionic liquids is also included for
comparison. In this case the intensity of the photoemission peaks have been normalised to the
intensity of the N.ion 15 peak, so the natural change in peak areas with composition can be also
visualised. All XP spectra are charge corrected by setting C,iy 1s = 285.0 eV and offset vertically for

clarity.
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(i) S 2psj2 and (j) Nanion 1s, binding energies for [CsCiIm]Cl [Tf,N];., mixtures. The y-axis scales for
binding energy are all the same range, making comparisons easier; hence, the error bars (0.1 eV)

are all the same height.

Tuning the Electronic Environment of a metal catalyst in solution:
The electronic environment of the ions that constitute ionic liquids also has a determining influence
in the interaction of these ions with solutes.*® Changing the interaction of ions with starting

materials, reactive intermediates or catalysts can have a determining effect in the outcome of
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chemical reactions.*" lonic liquids can act as ligands of charged catalysts. Some cationic catalyst

have been found to be stable, unstable, active or even change coordination depending on the

constituent anion of the ionic liquid media.”*"*

For example, it has been shown that a mixture of
Pd(PPh3)s/NaCl/[CsCiIm][A] and aryl bromide renders an stable phosphine-imidazolydidene
palladium complex that successfully catalyses the Suzuki cross-coupling reaction of the aryl bromide

with phenylboronic acid over different cycles.***

The formation of the final catalytic complex and its
activity have been found to depend on the nature of the anion. The complex is not formed when PFg
and SbF¢ anions are used and different turn over frequencies (TOF) are obtained for different ionic
liquids in which the active complex is formed. It has been suggested that anions of high basicity
interact more strongly with the catalyst and change the electronic environment of the catalyst and

hence its activity and TOF.

The electronic environment of the metal centre can also be probed directly using XPS.*> We have
measured the Pd 3ds/, binding energies of the solutions produced after mixing aqueous Na,COs/aryl
bromide/Pd(PPhs)s/NaCl/[CsC,Im][Tf,N], aqueous Na,COs/aryl
bromide/Pd(PPhs)./NaCl/[CsC,Im][OAC] and agueous Na,COs/aryl
bromide/Pd(PPh;),/NaCl/[CsC,Im]Clys[Tf,N]o 5 (see experimental information). The measured binding
energy for the Pd 3ds;, in [CsCilm]Clys[Tf,N]os containing a highly basic CI" anion and a non-
coordinating [Tf,N] anion rendered a palladium metal centre with a Pd 3ds/, binding energy half way
(338.4 eV) the one observed for the same palladium catalyst dissolved in a high basicity [OAc] ionic
liquid (338.7 eV) and a low basicity [Tf,N]-based ionic liquid (337.6 eV). These binding energies are a
measure of the electronic density of the palladium metal centre of the catalyst. Subsequently, Suzuki
cross-coupling reactions of phenylboronic acid with the aryl bromide in the three systems were
performed under the same conditions and their TOF calculated. Figure 3 shows that there is a lineal
correlation between the Pd 3ds, binding energy and the TOF for these systems. These
measurements exemplify how the combination of two different ionic liquids can be used to fine tune
the anion-catalyst interactions and therefore, the electronic environment of the metal centre of a
catalyst, in order to modify the TOF of the reaction. XPS is also proven as an ideal technique to

measure these changes in electronic environment in ionic liquid media.

10
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Figure 3: Pd 3ds/, binding energies of the solutions produced after mixing aqueous Na,COs/aryl
bromide/Pd(PPhs),/NaCl/[CsC,im][Tf,N], aqueous Na,COs/aryl
bromide/Pd(PPhs)./NaCl/[CsC,Im][OAC] and agueous Na,COs/aryl
bromide/Pd(PPh;),/NaCl/[CsC,Im]Clos[Tf,N]os vs. turnover frequency (TOF) of the Suzuki cross-
coupling reaction of phenylboronic acid with the aryl bromide in these mixtures at the same

conditions.

Conclusions

Changes in the composition of ionic liquid mixtures can be used to tune the electronic environment
(i.e. the distribution of electron density) of their ions, both anions and cations. XPS is ideally suited to
investigate these changes in electronic environment by the measurement of binding energies of
specific atoms. We have shown that the final electronic environment of the cation depends upon the
nature and relative percentages of the anions present in the mixture. Moreover, the electronic
environment of the anion is also affected by the presence of other anions. We also show that the
observed electronic environments are the sum of long range anion-cation interactions and charge
transfer events and are consequently, distinct and unique for every mixture. Therefore, simulations
should use large clusters in order to capture the real electronic environment of ionic liquids and ionic
liquid mixtures. Binding energy data is also an invaluable experimental starting point to aid in the
parameterisation of point charges in force field models used in simulations of ionic liquids and ionic
liquid mixtures. The electronic environment within ionic liquids is one of the factors governing the
properties exhibited by ionic liquids and the interactions of their constituting ions with solutes. The
ability to fine tune the electronic environment of ions within ionic liquid systems signifies a step
forward towards the ultimate goal of ionic liquids systems: delivery of a material with a very specific

series of physical and chemical properties to match a given application. We demonstrate this

11



Chemical Science

potential by finely tuning the interactions of an ionic liquid mixture with a metal catalyst in order to

modify the electronic environment of the metal centre and consequently the TOF of the catalysed

reaction.
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Tonic liquid mixtures can be used to tune the electronic environment of the ions and hence, their interactions
with catalysts.
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