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Bulk nanostructure of the prototypical ‘good’ and
‘poor’ solvate ionic liquids [Li(G4)][TFSI] and
[Li(G4)][NO3]†

Thomas Murphy,a Sam K. Callear,b Nageshwar Yepuri,c Karina Shimizu,d

Masayoshi Watanabe,e José N. Canongia Lopes,d Tamim Darwish,c

Gregory G. Warrf and Rob Atkin*a

The bulk nanostructures of a prototypical ‘good’ solvate ionic liquid (SIL) and ‘poor’ SIL have been

examined using neutron diffraction and empirical potential structure refinement (EPSR) simulated fits.

The good SIL formed by a 1 : 1 mixture of lithium bis(trifluoromethylsulfonyl)imide (Li[TFSI]) in tetraglyme

(G4), denoted [Li(G4)][TFSI], and the poor SIL formed from a 1 : 1 mixture of lithium nitrate (Li[NO3]) in

G4, denoted [Li(G4)][NO3], have been studied. In both SILs there are strong Lewis acid–base interactions

between Li+ and ligating O atoms. However, the O atoms coordinated to Li+ depend strongly on the

counter anion present. Li� � �O coordination numbers with G4 are 2–3 times higher for [Li(G4)][TFSI] than

[Li(G4)][NO3], and conversely the Li� � �O anion coordination number is 2–3 times higher in [Li(G4)][NO3].

In both solvates the local packing of Li around G4 O atoms are identical but these interactions are less

frequent in [Li(G4)][NO3]. In both SILs, Li+ has a distribution of coordination numbers and a wide variety

of different complex structures are present. For [Li(G4)][NO3], there is a significant proportion

uncoordinated G4 in the bulk; B37% of glyme molecules have no Li� � �O contacts and each G4

molecule coordinates to an average of 0.5 Li+ cations. Conversely, in [Li(G4)][TFSI] only B5% of G4

molecules lack Li� � �O contacts and G4 molecules coordinates to an average of 1.3 Li+ cations. Li+ and

G4 form polynuclear complexes, of the form [Lix(G4)y]
x+, in both solvates. For [Li(G4)][TFSI] B35% of Li+

and G4 form 1 polynuclear complexes, while only B10% of Li+ and G4 form polynuclear complexes

in [Li(G4)][NO3].

Introduction

Ionic liquids (ILs) are pure salts with low melting temperatures
(o100 1C).1 ILs have garnered significant research attention for a
wide variety of applications,2–13 but especially as next generation
solvents in electrochemical devices.7,14–20 Many studies have inves-
tigated IL–lithium salt solutions, with a view to producing high
performance electrolytes17,19,21–25 with wide electrochemical

windows and liquid stability temperature ranges.15,20 However,
low lithium (Li) transference numbers and solubility of elec-
trode materials are recurrent problems in IL-based electrolytes.
Solvate ILs (SILs) are an emerging class of ionic liquids with the
potential to circumvent these problems.19

SILs are a sub-class of ILs, consisting of a metal cation
bound to a stoichiometric quantity of coordinating ligands via
strong Lewis acid–base interactions that yield stable complex
cations and counter ions in the bulk. The first known examples
of SILs consisted of aqua cations in inorganic hydrate melts.26

However, perhaps the most widely studied SILs utilise oligoethers
(glymes) with metal salts.22,23,27 Research into glyme-based SILs
owes much of its growth to investigations of Li-salt:polyethylene
oxide (PEO) rubbery electrolytes.28 It was found that particular
salt:PEO mixtures produced low melting, highly conductive
amorphous phases in the ‘‘crystallinity gap’’ regions of the
phase diagrams.29 Many stoichiometric mixtures of glymes and
lithium salts form crystalline complexes, and a variety of crystal
structures have been elucidated.30–33 Notably, many of these
solvate complexes melt near room temperature.29 These melts

a Priority Research Centre for Advanced Fluids and Interfaces,

Newcastle Institute for Energy & Resources, University of Newcastle, Callaghan,

NSW 2308, Australia. E-mail: rob.atkin@newcastle.edu.au
b STFC, Rutherford Appleton Laboratory, Didcot, UK
c National Deuteration Facility, Australian Nuclear Science and Technology

Organisation, Kirrawee DC, NSW 2232, Australia
d Centro de Quı́mica Estrutural, Instituto Superior Técnico, Universidade de Lisboa,
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have been identified as SILs, and closely conform to a rigorous
set of criteria characteristic of SILs.34

Interactions between Li+ and solvating glyme molecules
strongly influence the thermal22,27,34 and electrochemical19,24,27,34

stability of lithium–glyme solvates. Moreover, the solvation
and coordination environment of Li+ controls bulk trans-
port23,24,27,34,35 of Li+ and its behaviour at electrode inter-
faces.18,36 Understanding the coordination environment of
Li+ in the bulk of SILs is critical for practical applications.
Li+ has a complex coordination chemistry, forming complexes
with coordination numbers between 2 to 8 in solution, and
crystalline phases.37 4–6 coordinate structures are much more
common while 2 and 3 coordinate structures are rare.19,38 Li+ has
coordination numbers of ca. 4 in both pure molten Li[TFSI]39

and Li[NO3].40 Li+ coordination numbers of six are preferred
in crystalline structures37 including glyme-based solvates30–33

and crystalline Li[NO3].41 Crystalline Li[TFSI],42 however, is
4 coordinate. In glyme-based solvates, the make-up of the Li+

coordination shell is controlled by the relative Lewis basicity of
the glyme and the counter anion present.34 Higher anion basicity
leads to fewer Li� � �glyme contacts and a greater number of
Li� � �anion contacts. In the case of high Lewis basicity anions,
strong Li� � �anion interactions preclude Li� � �glyme interactions,
leading to significant proportions of uncoordinated (‘‘free’’)
glyme in solution.25

The presence of ‘free’ glyme is key consideration for solvate
systems. SILs that are comprised of almost purely ionic species
are defined as ‘good’ while SILs that are mixture of ionic and
molecular species are categorised as ‘poor’, with an equilibria
of complex cations and dissociated Li+ cations and glyme
molecules.34 Strong complexation between Li+ and the glyme
produces stable [Li(glyme)]+ complex cations, producing a good
SIL. Conversely, a ‘poor’ SIL is characterised by stronger inter-
actions between Li+ and its counter anion, reducing the pre-
valence of [Li(glyme)]+ complexes and promoting free,
uncoordinated glyme in solution.

Here, the bulk structure of two 1 : 1 lithium salt : glyme
mixtures have been elucidated using isotopically labelled
contrast variation neutron diffraction in conjunction with
empirical potential structure refinement (EPSR) fits. EPSR
compares simulated and experimental diffraction structure
factors, iteratively refining the simulation against the measured
data to faithfully reproduce the atom–atom correlations in the
system. This means the simulated atomic level structure can be
commented on with confidence. Equimolar mixtures of lithium
bis(trifluoromethane)sulfonimide (Li[TFSI]) with tetraethylene
glycol dimethyl ether (G4) ([Li(G4)][TFSI]) and lithium nitrate
(LiNO3) with G4 ([Li(G4)][NO3]) were selected as prototypical
‘good’ and ‘poor’ SILs respectively. These systems are interro-
gated to determine how the coordination environment of Li+

differs in a good SIL compared to a poor SIL. The effect of the
anion species on the coordination numbers and coordination
geometry around Li+, the geometry of ligand� � �Li+ interactions,
distribution of complexes formed, including both mono
and polynuclear complexes and the proportion of free glyme
present in solution, is examined.

Method
Synthesis of deuterated tetraglyme isotopomers

Chemicals and reagents of the highest grade were purchased from
Sigma-Aldrich and used without further purification. Solvents
used in the synthesis of deuterated glymes were purchased from
Sigma-Aldrich Chemical Co., Merck and Fronine Laboratory
Supplies and were purified by literature methods. When solvent
mixtures were used as an eluent, the proportions are given
by volume. NMR spectroscopy solvents were purchased from
Cambridge Isotope Laboratories Inc. and were used without further
purification. Thin-layer chromatography (TLC) was performed
on Fluka Analytical silica gel aluminium sheets (25 F254).
Davisils silica gel (LC60Å 40–63 micron) was used for bench-top
flash column chromatography and prepacked silica cartridges
were used for REVELERISt flash chromatography. Deuterated
tetraglyme isotopomers were synthesised via the reaction
scheme given in Fig. 1. A full description of the synthesis of
the tetraglyme isotopomers and their respective intermediates
is given in the (ESI†).

The percentage deuteration of the product tetraglyme iso-
topologues were characterised using enhanced resolution – mass
spectroscopy (ER-MS), 1H NMR (400 MHz), 13C NMR (100 MHz),
and 2H NMR (61.4 MHz). The overall percent deuteration of
the molecules was calculated by via ER-MS using the isotope
distribution analysis of the different isotopologues by analysing
the area under each MS peak which corresponds to a defined
number of deuterium atoms. The contribution of the carbon-13
(natural abundance) to the value of the area under each [X + 1]
MS signal is subtracted based on the relative amount found
in the protonated version. In a typical analysis we measure
the C-13 natural abundance contribution by running ER-MS of
the protonated version (or estimate it by ChemDraw software)
and use this value in our calculation using an in-house
developed method that subtracts this contribution from each
MS signal constituting the isotope distribution. 1H NMR
(400 MHz), 13C NMR (100 MHz), and 2H NMR (61.4 MHz)
spectra were recorded on a Bruker 400 MHz spectrometer at
298 K. Chemical shifts, in ppm, were referenced to the residual
signal of the corresponding solvent. Deuterium NMR spectro-
scopy was performed using the probe’s lock channel for direct
observation.

Preparation of solvate ionic liquids

Fully hydrogenous tetraethylene glycol dimethyl ether, aka
tetraglyme, (G4) (Sigma Aldrich, Z99%), lithium nitrate (Sigma
Aldrich, Z99%) and lithium bis(trifluoromethane)sulfonimide
(Li[TFSI]) (Sigma, Z99%) were used as received. H, d6, d16, and
d22 contrasts for [Li(G4)][TFSI] and [Li(G4)][NO3] were prepared
by dissolving equimolar quantities of LiNO3 or Li[TFSI] in the
appropriate G4 samples. Prior to synthesis of the glyme solvate
ionic liquids, the pure salts used were dried in an oven at
120 1C for 24 hours. The salt–G4 mixtures were stirred at 60 1C
for 8 hours under N2 atmosphere to ensure the lithium salts
were completely dissolved and thoroughly mixed with the G4.
Fig. 2 gives the structure of G4, nitrate and TFSI� and the atom
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labels used. Table 1 shows the structure and deuteration of the
[Li(G4)][TFSI] and [Li(G4)][NO3] isotopomers prepared.

Neutron diffraction spectra were collected for all isotopo-
meric SIL samples (Table 1) using the SANDALS time-of-flight
spectrometer at the ISIS pulsed neutron and muon source,
Rutherford Appleton Laboratory, UK. The SNADALS instrument
has an incident wavelength range of 0.05–4.5 Å, and covers a Q
range of 0.05–50 Å�1.43 For the measurements, samples were
contained in chemically inert, ‘null scattering’, Ti0.68Zr0.32 flat
plate cells with internal geometries of 1 � 35 � 35 mm, with a
wall thickness of 1 mm sealed with PTFE O-rings. Samples were
maintained at a temperature of 298 K using a recirculating
heater (Julabo FP50) for the duration of the diffraction experi-
ments. Diffraction measurements were made on each of the

empty sample containers, the empty spectrometer, and a 3.1 mm
thick vanadium standard sample to enable instrument calibra-
tion and data normalisation. The net run time for each measure-
ment was ca. 8 hours. Reduction of raw scattering data was
performed using the GUDRUN software package as described
in the ATLAS manual.44 During data reduction, corrections
including normalisation to the incident neutron flux, absorp-
tion and multiple scattering corrections, Ti–Zr can subtraction
and normalisation to absolute units by dividing the measured
differential cross section by the scattering of a vanadium standard
of known thickness were performed. Fits to the normalised
diffraction data were produced using empirical potential structure
refinement (EPSR) simulations.45,46 The simulation used Lennard-
Jones 12-6 and electrostatic potentials, truncated at 12 Å.

Fig. 2 Structure and atomic labels for the bis(trifluromethanesulfonyl)imide, TFSI�, anion (top left); lithium cation, Li+, (top centre); nitrate anion, NO3
�,

(top right) and tetraethylene glycol dimethyl ether aka tetraglyme, G4, (bottom).

Fig. 1 Reaction scheme for the synthesis of the HC3O(CD2CD2O)4CH3 (d16-G4) and DC3O(CD2CD2O)4CD3 (d22-G4) isotopologues of tetraglyme. The
D3CO(CH2CH2O)4CD3 (d6-G4), isotopologue was prepared from hydrogenous 8 using the reaction conditions given in viii. The purified products were
then used to prepare isotopomeric contrasts of the solvate ionic liquids for neutron diffraction measurements.
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Previously reported potential values were used for the potential
parameters for tetraglyme molecules47 and lithium,48 bis(trifluoro-
methanesulfonyl)imide49 and nitrate50 ions. For both systems
the spectra for all four isotopomers were fit simultaneously.

Results and discussion

The measured neutron diffraction data, S(Q), for four contrasts
of [Li(G4)][TFSI] and [Li(G4)][NO3] are shown in Fig. 3A and B
respectively. A preliminary comparison of the S(Q) functions for
the two solvates reveals important differences between the two
liquids. The d6 and d22 contrasts for [Li(G4)][TFSI] have low

Q peaks, located at 0.95 and 0.65 Å�1 respectively, which are
absent in the corresponding contrasts for [Li(G4)][NO3]. These
peaks indicate the presence of regular repeating structures in the
bulk with characteristic lengths of 6.6 Å and 9.7 Å. The smaller of
these repeat lengths, characterised by the weak peak in the d6

contrast, is consistent with the combined packing dimension of
the Li+ cation51 and TFSI� anion52 while the larger repeat length
is slightly greater than the packing dimension expected for an
[Li(G4)][TFSI] ion pair calculated using the molecular weight and
density of the solvate, assuming a cubic packing geometry.36,53

This suggests the presence of complexes larger than a simple
1 : 1 lithium : glyme complex cation, i.e. polynuclear complexes,
which have been previously suggested.19,39 The primary peak

Table 1 Structure and names of isotopomeric contrasts for 1 : 1 lithium salt : tetraglyme (G4) solvates for which neutron diffraction spectra were
recorded. Hydrogen atoms are coloured white and deuterium atoms are highlighted green, carbon atoms are grey, oxygen atoms are red, nitrogen
atoms are blue, sulphur atoms are yellow, and fluorine atoms are brown

[Li(G4)][TFSI] [Li(G4)][NO3]

Contrast Name Contrast Name

H-[Li(G4)][TFSI] H-[Li(G4)][NO3]

d6-[Li(G4)][TFSI] d6-[Li(G4)][NO3]

d16-[Li(G4)][TFSI] d16-[Li(G4)][NO3]

d22-[Li(G4)][TFSI] d22-[Li(G4)][NO3]

Fig. 3 SANDALS neutron diffraction data and EPSR derived fits for (A) 1 : 1 mole fraction lithium bis(trifluoromethane)sulfonimide in tetraglyme,
[Li(G4)][TFSI] and (B) 1 : 1 lithium nitrate in tetraglyme, [Li(G4)][NO3]. Coloured dots show the experimentally measured S(Q) and the black lines the EPSR
derived fits.
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found between 1 and 2 Å�1 in all contrasts for both solvates is
consistently at higher Q for [Li(G4)][NO3] than for [Li(G4)][TFSI],
indicating smaller bulk repeat spacings. This can be attributed
to two factors. Firstly, the nitrate anion is much smaller than
TFSI� and secondly, the local Li+ solvation environment is
expected to be significantly different in the two liquids.

Extracting detailed structural information from the experi-
mentally measured diffraction spectra, S(Q), is difficult without
the aid of supporting simulations. This is because the S(Q) is a
complex sum of scatting contributions from multiple atom–
atom correlations, which produce both positive and negative
going peaks.54–58 Accurately modelling S(Q) functions is diffi-
cult as there are almost invariably more partial site–site radial
distribution functions than independent diffraction data sets.
Constraining atom–atom arrangements by defining optimised
molecular geometries, preventing unrealistic atom–atom over-
lap and fixing the bulk atomic density to its known value
(calculated from the measured bulk density) ensures only
physically plausible structures are produced. Additionally,
in the case of neutron diffraction, contrast variation using
isotopic substitution of deuterium for hydrogen highlights
specific atom–atom correlations contributing to the total S(Q).
Simultaneously fitting multiple isotopomeric contrasts with a
single model structure affords greater confidence in the simu-
lated structure factors. The EPSR simulated fits produced for

both [Li(G4)][TFSI] and [Li(G4)][NO3] (solid black lines in Fig. 3)
show good agreement with the measured S(Q) (open circles in
Fig. 3) for all four contrasts.

Fig. 4 presents snapshots of the front faces of the equilibrated
simulation boxes corresponding to the fits presented in Fig. 3.
Close examination of the snapshot presented for [Li(G4)][TFSI]
reveals Li+ cations (green spheres) solvated by G4 molecules,
separated from TFSI�. In addition, Li+ cations can be seen
interacting with both G4 and TFSI� simultaneously. Conversely,
in [Li(G4)][NO3] relatively few Li+ cations are obviously solvated
exclusively by G4 in the snapshot. This suggests that Li� � �glyme
interactions are much more abundant in [Li(G4)][TFSI] than in
[Li(G4)][NO3], where Li� � �anion interactions dominate. Differences
in Li+ coordination environments for the two solvates can be
clearly seen in Fig. 4C and D where only the cations are plotted.
For the [Li(G4)][TFSI] (Fig. 4C) Li+ cations are uniformly distributed
throughout the simulation box. However, for [Li(G4)][NO3]
(Fig. 4D) Li+ cations are less uniformly distributed, with evidence
of cation clustering, producing Li+ enriched and Li+ depleted
regions. The interactions producing these structural differences are
quantified by examining gij(r) functions, coordination numbers,
spherical density functions (SDF) and cluster distributions
extracted from the simulation boxes for the two solvates.

gij(r) correlation functions for [Li(G4)][TFSI] are given in
Fig. 5 and for [Li(G4)][NO3] in Fig. 6. Both [Li(G4)][TFSI] and

Fig. 4 Snapshot of fitted bulk structure for [Li(G4)][TFSI] (left hand column) and [Li(G4)][NO3] (right hand column) equilibrated at 298 K. Each simulation
box contains 300 ion pairs. (A) Shows all [Li(G4)][TFSI] atoms; 300 G4, 300 Li+ and 300 TFSI�. (B) Shows all [Li(G4)][NO3] atoms; 300 G4, 300 Li+ and
300 NO3

�. (C) Shows the 300 Li+ in [Li(G4)][TFSI] and (D) shows the 300 Li+ in [Li(G4)][NO3]. H atoms are shown in white, C atoms in grey, N atoms
in blue, O atoms in red, F atoms in brown, S atoms in yellow and Li atoms in green.
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[Li(G4)][NO3] have very pronounced Li� � �O gij(r) correlations
due to strong Lewis acid–base interactions between Li+ and
O atoms on G4 and counter anions. However, the strongest
Li� � �O interactions differ markedly between [Li(G4)][TFSI] and
[Li(G4)][NO3]. In [Li(G4)][TFSI], all Li� � �O correlations with G4
oxygen atoms (Li� � �O1, Li� � �O2 and Li� � �O3) have very strong
sharp peaks at 1.90 Å. Additionally, the Li� � �O correlation with
the TFSI� anion has a strong, sharp peak at 2.0 Å. However the
Li� � �O correlation with TFSI� is weaker than the Li� � �O1 and
Li� � �O2 correlations and of comparable intensity to the Li� � �O3

correlation with G4. Caution must be taken when comparing
gij(r) functions peak intensities for atom–atom pairs with different
bulk atomic densities because distributions are normalised to this
bulk density, giving a value of 1 at wide separations. The calculated
coordination numbers (cf. Table 2) are a better guide for this
type of comparison. The gij(r) functions are a useful guide for
determining the atom–atom separations for atom–atom correla-
tions and identifying particularly strong interactions. [Li(G4)][NO3]
has similar Li� � �O correlation peaks. However, in [Li(G4)][NO3],
Li� � �O correlations with the nitrate anion have far more intense
gij(r) peaks than Li� � �O correlations with G4 O atoms. The
dissimilar gij(r) peak intensities between [Li(G4)][TFSI] and
[Li(G4)][NO3] reveal markedly different Li+ coordination environ-
ments in the two liquids.

Li+� � �anion correlations (Fig. 5B) in [Li(G4)][TFSI] confirm
Li+ interacts with the anion preferentially through its O atoms,
the Li� � �OA peak is much more intense than any other correla-
tions between Li+ and anion atoms. Additionally, a pronounced
peak is present in the Li� � �S gij(r) function at 3.33 Å which is
1.35 Å higher than the Li� � �OA gij(r) peak. This distance is
comparable to the SQOA bond length (1.442 Å), indicating
roughly linear S–OA� � �Li arrangements are preferred. Conversely,
Li+� � �anion correlation for [Li(G4)][NO3] (Li� � �NO in Fig. 6B) is
much stronger than the Li+� � �anion correlations for [Li(G4)][TFSI].
This reveals Li+ interacts with the nitrate anion much more
strongly than with the TFSI� anion.

The Li� � �NO gij(r) function has two pronounced, closely
separated peaks at 2.73 and 2.94 Å. The close peaks indicate
that nitrate anions complex Li+ in two different geometries in
[Li(G4)][NO3]. Nitrate is known to complex in two distinct
fashions – as a monodentate ligand, interacting with a metal

centre through one of its O atoms, and as a bidentate ligand,
interacting with a metal centre through two of its O atoms.59

These two different binding methods result in different Li� � �NO

distances. In [Li(G4)][TFSI] there is no evidence in the gij(r)
functions of TFSI� anions binding Li+ cations in a bidentate
fashion.

The Li� � �Li gij(r) functions for [Li(G4)][TFSI] and [Li(G4)][NO3]
are markedly different. In [Li(G4)][TFSI], the Li� � �Li gij(r) function
lacks a well-defined peak and slowly reaches its bulk value by
approximately 6 Å. This indicates that the strong lithium� � �glyme
interactions, evident in the Li+� � �Oglyme gij(r) functions, produces
stable complex cations which favour larger average Li� � �Li separa-
tions. Conversely, for [Li(G4)][NO3], a pronounced peak is present at
3.5 Å, indicating much Li+ is densely packed in [Li(G4)][NO3]. This
denser Li� � �Li packing, coupled with exceptionally strong Li� � �O
and Li� � �NO gij(r) correlations, indicates that Li+ and NO3

� partially
segregate from the solvating G4 molecules. This is visibly evident in
the snapshot given in Fig. 4D, where regions slightly enriched in Li+

can be seen. Phase segregation of Li+ and NO3
� has been observed

in previous simulations,39 and attributed in part to difficulties
in accurately modelling polarisation of the nitrate anion when it
coordinates with Li+. However, the present results indicate that the
predicted partial segregation of Li+ and NO3

� from G4 is not an
artefact and does indeed occur in the [Li(G4)][NO3] system.

Fig. 7 gives spherical density function (SDF) plots produced
for Li� � �O correlations with anion O atoms in [Li(G4)][TFSI] and
[Li(G4)][NO3]. SDF plots give three dimensional reconstructions
of the corresponding gij(r) functions, depicting the spatial
distribution of Li+ around the selected O atoms. The SDF plots
in Fig. 7A and B show the packing of Li+ around nitrate in
[Li(G4)][NO3]. The two closely separated peaks in the Li� � �NO

gij(r) function (Fig. 6B) indicate the nitrate anion binds to Li+ in
both monodentate and bidentate geometries, and the Li@NO

SDF plots confirm this. At low separations, 0.0–2.6 Å, (Fig. 7A)
three Li+ density lobes are symmetrically distributed about the
nitrate anion, in plane with the anion and between its O atoms.
These lobes are due to the nitrate anion coordinating to Li+ in a
bidentate fashion. The SDF plot for larger Li� � �NO separations,
2.6–3.5 Å, (Fig. 7B) has three Li+ density lobes, each coaxial with
the N–O bonds. These lobes corresponds to monodentate
Li� � �nitrate complexation interactions. The SDF plot in Fig. 7C

Fig. 5 Key gij(r) functions for [Li(G4)][TFSI]. (A) Gives Li+� � �O correlations (B) gives Li+� � �anion and Li+� � �Li+ correlations.
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shows the packing of Li+ around TFSI� O atoms in
[Li(G4)][TFSI]. The SDF distribution is calculated with the
highlighted S atom at the centre of the plot. (Distributions
are the same for both anion S atoms). Li+ closely associates with
the O atoms of TFSI�, coaxial with the SQO bonds. This reveals
that TFSI� anions bind with Li+ cations in a monodentate
fashion. However, TFSI� anions may simultaneously bind to
more than one Li+ cation (i.e. bridging between cations).

Fig. 8 presents SDF plots for Li+ around G4 O atoms; A and B
give the SDF distribution for Li+ cations around the O2 atoms
(highlighted by green circles) of representative G4 molecules
taken from the respective simulation boxes for [Li(G4)][NO3]
and [Li(G4)][TFSI], while C and D give the general local geo-
metry of Li� � �O interactions with G4 O atoms. It is important to
stress is that the G4 molecules presented in Fig. 8 are repre-
sentative of average interactions only. In the bulk G4 molecules
freely rotate, adopting a distribution of conformers. Free rota-
tion of G4 and the exchange of O atoms coordinated to Li+

means the exact geometry of a [Li(G4)]+ complex is time
dependant. The distribution of Li� � �O interactions is discussed
in greater detail below. For reference, corresponding plots for
other O atoms are presented in the ESI† in Fig. S23 and S24.

For [Li(G4)][TFSI], SDF plot shows that the distribution of Li+

cations about the G4 O2 atoms (indicated by the black shaded
density lobe in Fig. 8A) is concentrated, located immediately
adjacent to the two O2 atoms. Conversely, for [Li(G4)][NO3] the
distribution is quite diffuse (Fig. 8B). This is because Li+ and O2

atoms in [Li(G4)][NO3] are not as strongly correlated as in
[Li(G4)][TFSI], which translates to weaker Li� � �O interactions
with G4 and less regular packing.

The general local geometry of Li� � �O coordination inter-
actions is given in Fig. 8C and D for [Li(G4)][NO3] and
[Li(G4)][TFSI] respectively. The geometry of this interaction is
identical in both solvates. In both systems, Li+ packs adjacent
to the G4 O atoms, opposite to the O bonded –CH2– groups.
While the local geometry of Li� � �Oglyme interactions is identical
in both [Li(G4)][NO3] and [Li(G4)][TFSI], gij(r) functions and
coordination numbers show that these interactions are far less
frequent in [Li(G4)][NO3].

Li� � �O coordination numbers corresponding to the first gij(r)
peaks are given in Table 2 for both [Li(G4)][TFSI] and [Li(G4)][NO3].
Li� � �O coordination numbers with G4 are 2–3 times higher for
[Li(G4)][TFSI] than [Li(G4)][NO3]. Conversely, the Li� � �O anion
coordination number is 2–3 times higher in [Li(G4)][NO3]. This
confirms that lithium� � �glyme interactions predominate in
[Li(G4)][TFSI] while lithium� � �anion interactions are dominant

Fig. 6 Key gij(r) functions for [Li(G4)][NO3]. (A) Gives Li+� � �O correlations (B) gives Li+� � �anion, anion� � �anion and Li+� � �Li+ correlations.

Table 2 Coordination numbers for Li� � �OX atom–atom pairs in [Li(G4)][TFSI]
and [Li(G4)][NO3] derived from the EPSR modelled interionic partial radial gij(r)
data. Coordination numbers were calculated over 0.00–3.25 Å, corresponding
to the first local minima in the respective Li� � �OX gij(r) functions

[Li(G4)][TFSI] [Li(G4)][NO3]

Li� � �O1 1.00 0.49
Li� � �O2 0.94 0.35
Li� � �O3 0.33 0.09
Li� � �Oanion 1.72 4.39
Li� � �Oglyme 2.27 0.93
Li� � �OTotal 3.99 5.32

Fig. 7 SDF plots for Li+ cations around (A) nitrate N atoms at short
separations, corresponding to the first peak in the corresponding Li� � �NO

gij(r) function given in Fig. 6B; (B) nitrate N atoms at larger separations,
corresponding to the second peak in the corresponding Li� � �NO gij(r)
function given in Fig. 6B; (C) the highlighted TFSI� S atom, using radial
separations that correspond to a Li� � �OA separation of 0.0–3.25 Å and
capturing the Li� � �OA peak in the corresponding gij(r) function given in
Fig. 5B. All SDF plots show the 20% isosurface.
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in [Li(G4)][NO3] as is indicated by the gij(r) functions presented
in Fig. 5 and 6. This is in agreement with both experimental
findings and recent MD simulations.39,60

In [Li(G4)][TFSI], the EPSR simulations show that Li+ is
coordinated by an average of 2.27 G4 O atoms and 1.73 TFSI�

O atoms, giving a total coordination number of 4.00. This
contrasts with the Li� � �O coordination numbers obtained by
other simulations. In the MD/ab initio simulations by Tsuzuki
et al.,60 Li+ is coordinated by an average of 4.5 G4 O atoms and
0.5 TFSI� O atoms (total coordination number of 5.0), whereas
in the MD simulations by Shimizu et al.39 Li+ is coordinated by
an average of 3.9 G4 O atoms and 1.9 TFSI� O atoms (total
coordination number of 5.8).

All simulations agree that G4 O atoms displace TFSI� O
atoms in [Li(G4)][TFSI], such that the Li+ coordination shell is
dominated by glyme O atoms. Such displacement generally
yields systems with a greater total Li� � �O coordination numbers:
in pure crystalline Li[TFSI], Li+ is tetrahedrally coordinated by
four oxygen atoms from four different TFSI� anions,42 whereas
in crystalline [Li(glyme)][TFSI] systems, the total Li� � �O coordi-
nation numbers frequently increase to 5 or 6.32,33 The total
coordination numbers in the corresponding liquid systems are
generally slightly lower (e.g., in liquid Li[TFSI] at 530 K, the
Li� � �O coordination number is 3.7239 instead of the above-cited
value of 4 for the solid phase).

The different Li� � �O coordination numbers from the pre-
vious simulations and the EPSR fits to the neutron diffraction
data in this work reflect the different types of solvate structures
obtained using distinctive models: the torsionally unhindered
glyme molecules used in the MC/EPSR simulations are less

prone to wrap around a given Li+ and coordinate it in a
polydentate fashion (cf. Fig. 7 below). This yields Li–G4 solvates that
suffer more competition from the anions and are thus coordinated
to more TFSI� O atoms. On the other hand, the parameterization
of glyme molecules performed by the Tsuzuki et al.60 took into
account ab initio geometries of [Li(G4)][TFSI] complexes, where
the Li+ coordination shell is dominated by glyme O atoms from a
single glyme molecule. Such strong and polydentate solvation by
the glyme molecules inhibits the coordination of TSFI� O atoms.
The MD simulations by Shimizu et al.39 used torsionally-
hindered glyme molecules parameterized by a general force-
field and show a situation where the competition between
glyme and TFSI� for the complexation of Li+ yields a wide
distribution of solvates with distinct coordination numbers.
The versatility and dynamics of such a distribution probably
accounts for the larger total coordination numbers observed in
this last model. The EPSR fits are refined against, and must
ultimately fit, the four scattering spectra obtained for different
isotopic contrasts. Thus, the EPSR coordination numbers are
experimentally validated in ways that the pure simulations are
not (or at least not to the same extent39).

In [Li(G4)][NO3], each Li+ cation is coordinated by an average
of 0.93 G4 and 4.39 nitrate O atoms donated by 2.69 nitrate
anions (calculated from the Li� � �NO gij(r) function in Fig. 6B). In
crystalline LiNO3 lithium cations are octahedrally coordinated
by 6 NO3

� anions,41 converse to the tetrahedral arrangement
produced with the much larger TFSI� anion. Li� � �NO3 associa-
tions are diminished in the molten state, with each Li+ cation
interacting with an average of 4 nitrate anions via their O atoms,40,61

similar to the situation in to pure crystalline and molten
Li[TFSI]. Far fewer Li� � �NO3 associations are displaced by the
addition of G4 in [Li(G4)][NO3] compared to [Li(G4)][TFSI]. The
overwhelming preference for Li� � �anion interactions is consis-
tent with segregation of Li+ and NO3

�, as is apparent by the Li+

rich regions in the simulation snapshot given in Fig. 4. The
Li� � �Li gij(r) functions for [Li(G4)][NO3] confirm that Li� � �Li are
associated in this poor solvate.

As the number of Li–O contacts with G4 increase around a
cation, the attraction between Li+ and the coordinating O atom
decreases.35 The weaker attractions are the result of the nega-
tive charges on coordinating O atoms progressively weakening
the electric field around Li+, weakening the electrostatic and
ion–dipole interactions responsible for Li–O binding as more
O atoms coordinate to the cation. This produces longer Li–O
distances for each additional O atom coordinated to Li+.
However, coulombic interactions with anions stabilize [Li(G4)]+

with multiple Li–O contacts, allowing good SILs to form. The
difference between a good and a poor SIL then depends on
whether [Li(G4)]–anion interactions stabilize the complex (as with
the TFSI� anion), or the anion displaces precludes interactions
with G4 (as with the nitrate anion).

The difference between Li+ coordination shells in [Li(G4)][TFSI]
and [Li(G4)][NO3] is thus due to the relative Lewis basicity of G4,
TFSI� and nitrate. The Lewis basicity of ligands can be compared
by their Gutmann donor number (DN)62 which is defined as the
negative enthalpy value for formation of a 1 : 1 adduct with a

Fig. 8 SDF plots for Li+ cations around (A) G4 O2 atoms (highlighted
by green circles) in [Li(G4)][TFSI], distances used corresponding to the
first peak in the corresponding Li� � �O2 gij(r) function given in Fig. 5A;
(B) G4 O atoms in [Li(G4)][TFSI], distances used corresponding to the first
peaks in the corresponding Li� � �Oglyme gij(r) functions given in Fig. 5A;
(C) G4 O2 atoms (highlighted by green circles) in [Li(G4)][NO3], distances
used corresponding to the first peak in the corresponding Li� � �O2 gij(r)
function given in Fig. 6A; (D) G4 O atoms in [Li(G4)][NO3], distances used
corresponding to the first peaks in the corresponding Li� � �Oglyme gij(r)
functions given in Fig. 6A. All SDF plots show the 20% isosurface.
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standard Lewis acid. A large DN value corresponds to a high
Lewis basicity, and therefore Li+ coordinating power. DN values
have been reported for G4 (69.4 kJ mol�1),63 TFSI� (22.5 kJ mol�1)63

and nitrate (87.9 kJ mol�1)64 showing that their relative coordination
power follows the order of TFSI� o G4 o NO3

�.65 Consequently,
nitrate complexes Li+ more strongly than G4 in [Li(G4)][NO3].
Conversely, TFSI� forms weaker complex with Li+ than G4 and is
displaced from the Li+ coordination shell in [Li(G4)][TFSI]. Thus
Lewis basicity can be used to indicate whether a given glyme–
lithium salt combination will form a ‘‘good’’ or a ‘‘poor’’ SIL.34

The above gij(r) functions and coordination numbers describe the
average Li+ coordination shell in [Li(G4)][TFSI] and [Li(G4)][NO3].
However, the instantaneous coordination environment for any
given Li+ cation in the two solvates can vary widely. Fig. 9 gives
the coordination number probability distributions, p(n), for
Li� � �O linkages in [Li(G4)][TFSI] and [Li(G4)][NO3], describing
the probability of a cation having a specific coordination num-
ber, n, for each Li� � �O pair. The coordination environments in
both [Li(G4)][TFSI] and [Li(G4)][NO3] can vary markedly from
cation to cation. While G4 O atoms contribute most to the
Li+ coordination shell in [Li(G4)][TFSI], the TFSI� anion also
contributes significantly. Similarly, in [Li(G4)][NO3], there are an
appreciable number of Li� � �O linkages with G4 despite the
dominance of nitrate anions in the Li+ coordination shell.

In [Li(G4)][TFSI] the Li� � �O coordination number with G4
readily varies between 0 and 5. However, coordination numbers
of 2–3 are preferred, with just over 70% of all Li+ cations having
2 or more contacts with G4 O atoms. Conversely, B5% of Li+, at
any time, are found uncoordinated to G4. The Li� � �O coordination
number with TFSI� varies between 0 and 4, with 0–2 the most
probable. The Li+ coordination environment in [Li(G4)][NO3] also
fluctuates. The number of nitrate anion O atoms coordinated to
Li+ varies between 0 and 7, with 3 and 4 most frequently
encountered. The number of G4 O atoms about Li+ is between
0 and 4, although numbers of 0 and 1 are most common, with
only B24% of Li+ having more than 1 Li� � �O contact with G4,
and B37% of Li+ lacking any Li� � �O contacts with G4. However,
there is 1 glyme O atom present in the average coordination
environment of Li+ in [Li(G4)][NO3] which affords solubility
of the Li[NO3] salt in G4 despite the Li� � �nitrate connectivity in
the bulk liquid.

A key consideration for categorising SILs good or poor is the
percentage of free glyme in the solvate, i.e. the fraction of glyme
molecules which lack coordination interactions with Li+. A good
SIL is characterised by strong complexation between the metal
cation and the glyme, forming stable [Li(glyme)]+ complex
cations.34 The size and distribution of complexes formed is also
of interest. The number of ions and G4 molecules in a complex
is variable, and both G4 and the counter anions can bridge
between Li+ cations to produce poly nuclear complexes.

Cluster analysis has been performed for [Li(G4)][TFSI] and
[Li(G4)][NO3] to determine the proportion of free glyme and
give insight into the distribution of complexes formed in both
solvates. A G4 molecule was designated as coordinated to a Li+

cation if any of its O atoms were found to be within 3.25 Å of the
Li+ cation (this distance corresponds to the first local minima
in the Li� � �O gij(r) functions involving G4 O atoms in Fig. 5
and 6). The analysis performed considers any two G4 and/or Li+

cations to be a part of a single complex if they are joined by an
uninterrupted chain of Li� � �O linkages between Li+ and G4
as defined above. This allows the proportion of [Li(G4)2]+ and
[Li2(G4)]2+, and higher, complexes to be determined in addition
to the proportion of free glyme present.

In [Li(G4)][TFSI] B5% of G4 molecules lack Li� � �O so are ‘free’
glyme. This agrees remarkably well with the estimation of free
glyme concentration in [Li(G4)][TFSI] using Raman spectroscopy,25

and with the predictions of recent MD simulations for this
solvate39 but is higher than the free glyme concentration
determined electrochemically25 for [Li(G4)][TFSI] of 0.29%.
The activation energy for charge transfer processes at an Li/Li+

electrode for SILs are controlled by the energy required to break
the final Li–O contact between Li+ and a solvating glyme
molecule.22 This means that the electrochemical approach will
be sensitive to [Li(G4)]+ complexes with few Li–O contacts while
the Raman method is sensitive only to complexes with multiple
Li–O contacts.

The average number of Li+ cations interacting with all
O atoms for a G4 molecule for [Li(G4)][TFSI] is 1.30. This suggests
that most G4 molecules interact with only one Li+ cation, while
some G4 molecules interact with multiple Li+ cations. The cluster
analysis performed indicates B60% of Li : G4 complexes exist
as 1 : 1 complexes, resembling lithium–crown ether complexes,

Fig. 9 Coordination number probability distributions for Li� � �O linkages in (A) [Li(G4)][TFSI] and (B) [Li(G4)][NO3].
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as suggested by ab inito calculations,35 however the number of
Li� � �O contacts between Li+ and G4 in the complexes deter-
mined here are, on average, lower and more variable than
predicted.35 An additional B20% of the Li+ and G4 in the
system participate in [Li(G4)2]+ and [Li2(G4)]2+ complexes while
a further B15% of the Li+ and G4 form complexes of the form
[Lix(G4)y]x+ where x + y = 4. These poly-nuclear complexes are
the reason the average number of Li+ cations coordinated to
each G4 molecule is higher than one.

In [Li(G4)][NO3], B37% of glyme molecules lack Li� � �O
contacts and can be considered as ‘free’ glyme. This fraction
is markedly lower than the fraction determined from Raman
spectroscopy25 and recent MD simulations.39 However, the
degree of Li� � �O contacts with G4 in this solvate is low, cf. the
coordination number distributions in Fig. 9. The average
number of Li+ cations coordinated to each G4 molecule is only
0.51 which is a function of the high fraction of free G4 in the
bulk and low overall average number of Li+ cations coordinated
to each G4 molecule. This means the exchange time for G4
complexed to Li+ will be markedly shorter in [Li(G4)][NO3] than
[Li(G4)][TFSI]. Short exchange times coupled with low Li� � �O
connectivity between Li+ and G4 in [Li(G4)][NO3] means that the
percentage of free glyme predicted from Raman spectroscopy
will be significantly higher than the B37% determined by these
EPSR fits. Cluster analysis also reveals that only about 5% of Li+

and G4 in [Li(G4)][NO3] participate in complexes of the form
[Li(G4)2]+ and [Li2(G4)]2+, while only a further 5% in complexes
of the form [Lix(G4)y]x+ where x + y = 4. This is in stark contrast
to the much higher fraction of poly-nuclear complexes present
in [Li(G4)][TFSI]. This is due to markedly lower coordination
numbers for Li� � �O contacts between Li+ and G4 in [Li(G4)][NO3]
compared to [Li(G4)][TFSI]. This means the degree of connectivity
between G4 and Li+ is much lower and G4 does not extensively
displace nitrate anions coordinated Li+ in [Li(G4)][NO3]. Conse-
quently, the proportion of [Li(G4)]+ complexes in the nitrate solvate
containing multiple Li� � �O contacts between G4 and Li+ is small.

The formation of [Li(G4)]+ complex cations in SILs results in
reduced diffusion coefficients for Li+ compared to what may be
expected for an unsolvated Li+.22,34 The formation of poly-nuclear

clusters could further reduce the Li+ self-diffusion coefficient.
However, only a relatively small fraction of the Li+ is found in
poly-nuclear clusters at any time, and these are only weakly
associated. This means the diffusion coefficient for Li+ in the
system is probably not strongly impacted by the presence
of poly-nuclear clusters. The apparent measured diffusion
coefficient for Li+ will be the average for Li+ in both 1 : 1 and
poly-nuclear complexes, as is seen for example by NMR.22

SDF plots cannot be produced for packing atoms around Li+

as there is no way to define and distinguish a privileged set
of axis about the spherical ion. However, atom-triplet angle
distributions for O� � �Li� � �O triplets allow the spatial packing of
O atoms around Li+ to be deduced. Atom-triplet angle distribu-
tions for [Li(G4)][TFSI] and [Li(G4)][NO3] are given in Fig. 10
and 11 respectively.

In [Li(G4)][NO3], a sharp pronounced peak is present in the
angle distribution for the O� � �Li� � �O triplet at ca. 601. This peak
corresponds to the Li+ bound to nitrate in a bidentate fashion,
producing a sharp angle between the two closely spaced
O atoms on the anion and the bound Li+ cation. A similar,
but much smaller shoulder at ca. 601 is also observed in the
OA� � �Li� � �OA triplet in [Li(G4)][TFSI]. This shoulder is due to
the TFSI� O atoms bound to the same S atom both falling
within the radial limit used to calculate the angle distribution.
However, the Li� � �OA gij(r) function (Fig. 4A) and the corres-
ponding SDF plot (Fig. 7C) do not show any features consistent
with TFSI� binding Li+ in a bidentate fashion like the nitrate
anion, meaning the shoulder seen in the OA� � �Li� � �OA angle
distribution is an artefact of the angle distribution calculation.

In both [Li(G4)][NO3] and [Li(G4)][TFSI] triplets involving
O atoms adjacent on the G4 chain (i.e. O1� � � Li� � �O2 and
O2� � � Li� � �O3) produce sharp, well-defined peaks at ca. 85–901.
This is because the molecular bonding between O1, O2 and O3

atoms on the same G4 chain physically constrain their coordi-
nation geometry around Li+, necessarily producing a sharp, well
defined peak in the angle distribution. The O1� � � Li� � �O2 and
O2� � � Li� � �O3 angle distributions also have finite probabilities
at higher angles (41001) which is the result of O atoms
from different G4 molecules coordinating Li+ in polynuclear

Fig. 10 Normalized angle probability distributions (p(y)) for O� � �Li� � �O atom-triplets in [Li(G4)][TFSI] calculated for r values corresponding to the first
local minima in the corresponding gij(r) data. (A) Gives p(y) for Oanion� � �Li� � �Oanion atom and Oanion� � �Li� � �Oglyme triplets and (B) gives p(y) for
Oglyme� � �Li� � �Oglyme atom triplets, note that the O1� � �Li� � �O2, O2� � �Li� � �O3 and O3� � �Li� � �O3 distributions are plotted on a secondary axis for clarity.
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complexes as detected by cluster analysis. However, the prob-
ability for these interactions is much lower as the close proxi-
mity of O1 to O2 and O2 to O3 on the G4 chain make it far more
likely that neighbouring O atoms on G4 will chelate a common
Li+ cation. This is the origin of the chelate effect for glymes,
favouring coordination by O atoms from the same G4 chain.
The chelate effect has already been shown to be important in
lithium–glyme solvates.24 In both [Li(G4)][NO3] and [Li(G4)][TFSI],
the O3� � �Li� � �O3 angle distributions also have strong sharp peaks
at ca. 1201. Each G4 molecule only has one O3 atom defined,
meaning this angle distribution represents Li+ cations coordi-
nated O atoms from two G4 molecules. The well-defined peak is
for the O3� � � Li� � �O3 angle distribution is the result of steric
hindrance about the G4 O3 atoms, constraining packing of the
O3 atoms around the Li+ cation.

In [Li(G4)][NO3] the O� � �Li� � �O and O� � �Li� � �Oglyme distribu-
tions have maxima at ca. 90–1001 while the Oglyme� � �Li� � �Oglyme

distributions peak at ca. 80–901, 110–1201 and 160–1701. Atom-
triplet angle distributions involving only G4 O atoms have sharper
peaks than either the Oanion� � �Li� � �Oanion or Oanion� � �Li� � �Oglyme

triplets. However, there is greater variation in the peak positions
observed. These distributions, together with an average Li� � �O 5–6
in [Li(G4)][NO3], are consistent with the formation of distorted
5 coordinate trigonal bipyramidal Li+ complexes, and distorted
6 coordinate octahedral Li+ complexes. The angle distributions

for [Li(G4)][NO3] generally have peaks sharper than for [Li(G4)][TFSI].
This is attributed to strong complexation between Li+ and the
nitrate anion, which means a smaller portion of the Li+ coordina-
tion sphere is available for glyme oxygens, leading to smaller,
tighter angle distributions. In [Li(G4)][TFSI] the OA� � �Li� � �OA,
OA� � �Li� � �Oglyme and Oglyme� � �Li� � �Oglyme angle distributions all have
maxima at ca. 110–1201 while the Oglyme� � �Li� � �Oglyme distributions
also have peaks at ca. 170–1801 in addition to the peaks at
ca. 901 for O atoms adjacent each other on the G4 chain. Li+ has
an average coordination number of 4 in [Li(G4)][TFSI]. Taken
with the calculated O� � �Li� � �O angle distributions for this
solvate, these angle distribution indicate distorted tetrahedral
geometries are commonly encountered for Li+ in [Li(G4)][TFSI].

Torsional angles for O–C–C–O dihedrals in [Li(G4)][TFSI] and
[Li(G4)][NO3] are given in Fig. 12. Differences in the proportion
of free glyme and the degree of Li� � �Oglyme connectivity between
[Li(G4)][TFSI] and [Li(G4)][NO3] produces differing torsional
angle distributions along the G4 chains. In [Li(G4)][TFSI]
gauche/cis O–C–C–O rotamers are favoured. In this conformation,
O atoms are eclipsed or slightly staggered. In this conformation,
G4 O atoms are appropriately oriented to interact with a common
Li+ cation. The dihedral distribution for [Li(G4)][TFSI] is the result
of a high proportion of stable [Li(G4)]+ complexes in this solvate.
Conversely, in [Li(G4)][NO3] there is no strong preference for
any given rotamer. This the consequence of a high proportion

Fig. 11 Normalized angle probability distributions (p(y)) for O� � �Li� � �O atom-triplets in [Li(G4)][NO3] calculated for r values corresponding to the first
local minima in the corresponding gij(r) data. (A) gives p(y) for Oanion� � �Li� � �Oanion and Oanion� � �Li� � �Oglyme atom triplets and (B) gives p(y) for
Oglyme� � �Li� � �Oglyme atom triplets, note that the O1� � �Li� � �O2, O2� � �Li� � �O3 and O3� � �Li� � �O3 distributions are plotted on a secondary axis for clarity.

Fig. 12 Torsional angle distributions for O–C–C–O dihedrals in (A) [Li(G4)][TFSI] and (B) [Li(G4)][NO3].
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of free glyme and the limited degree of Li� � �Oglyme connectivity
in [Li(G4)][NO3], meaning Li� � �G4 complexation does not create an
energetic bias toward specific rotamers as it does in [Li(G4)][TFSI].

Conclusion

In both [Li(G4)][TFSI] and [Li(G4)][NO3], the strongest atom–
atom correlations in the bulk are between Li+ cations and
O atoms. These correlations are due to strong Lewis acid–base
interactions between Li+ and ligating O atoms. However, the
O atoms which form the Li+ coordination shell differ greatly
depending on the counter anion present. Li� � �O coordination
numbers with G4 are 2–3 times higher for [Li(G4)][TFSI]
than [Li(G4)][NO3], and the Li� � �O anion coordination number
is 2–3 times higher in [Li(G4)][NO3]. This difference in the coordi-
nation numbers between the two systems is a consequence of the
relative Lewis basicities of TFSI� and NO3

� compared to G4. The
more basic nitrate anion coordinates Li+ more strongly than G4,
meaning Li� � �O anion interactions dominate in [Li(G4)][NO3].
Conversely, the less basic TFSI� anion is readily displaced by
G4, meaning Li� � �O G4 interactions dominate in [Li(G4)][TFSI].
In both solvates the local geometry of Li� � �O G4 interactions are
identical but they are much less frequent in [Li(G4)][NO3].
Nitrate anions in [Li(G4)][NO3] coordinate Li+ in both mono-
dentate and bidentate geometries. TFSI�, however, does not
bind Li+ in a bidentate fashion.

In [Li(G4)][NO3], strong Li� � �O anion interactions and low
number of Li� � �O G4 interactions produce Li+ rich and Li+

depleted regions in the bulk. Conversely, strong Li� � �O G4
interactions in [Li(G4)][TFSI] generates stable complex cations,
with Li+ well solvated and uniformly distributed in the bulk. For
[Li(G4)][NO3], weaker Li� � �O G4 interactions also means that
there is 37% free glyme in the bulk and low overall connectivity
between Li+ and G4; each G4 molecule is coordinated to an
average of 0.5 Li+ cations. In [Li(G4)][TFSI] only B5% of G4
molecules lack Li� � �O contacts with Li+ and G4 molecules are
coordinated to an average of 1.3 Li+ cations.

In [Li(G4)][TFSI] the Li� � �Oglyme coordination numbers vary
between 0 and 5. However, coordination numbers of 2–3 are
preferred, while the Li� � �O coordination number with TFSI�

varies between 0 and 4, with 0–2 the most probable. In
[Li(G4)][NO3] the number of nitrate anion O atoms coordinated
to Li+ varies between 0 and 7, with numbers of 3 and 4 favoured.
The number of G4 O atoms about Li+ varies between 0 and 4,
although 0 and 1 are most common. The distribution of coordi-
nation numbers is accompanied by a distribution of complex
clusters in both solvates. In [Li(G4)][TFSI] B20% of the Li+ and
G4 in the system participate in [Li(G4)2]+ and [Li2(G4)]2+ com-
plexes while a further B15% of the Li+ and G4 form complexes
of the form [Lix(G4)y]x+ where x + y = 4. These poly-nuclear
complexes are the reason the average number of Li+ cations
coordinated to each G4 molecule is higher than one. Conversely,
only about 5% of Li+ and G4 in [Li(G4)][NO3] participate in
complexes of the form [Li(G4)2]+ and [Li2(G4)]2+, while only a
further 5% in complexes of the form [Lix(G4)y]x+ where x + y = 4.
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H. Li, R. J. Wood, A. J. Page and R. Atkin, J. Phys. Chem. C,
2014, 118, 10833–10843.

53 R. G. Horn, D. F. Evans and B. W. Ninham, J. Phys. Chem.,
1988, 92, 3531–3537.

54 H. K. Kashyap, J. J. Hettige, H. V. R. Annapureddy and
C. J. Margulis, Chem. Commun., 2012, 48, 5103–5105.

55 H. K. Kashyap, C. S. Santos, R. P. Daly, J. J. Hettige,
N. S. Murthy, H. Shirota, E. W. Castner and C. J. Margulis,
J. Phys. Chem. B, 2013, 117, 1130–1135.

56 H. V. R. Annapureddy, H. K. Kashyap, P. M. De Biase and
C. J. Margulis, J. Phys. Chem. B, 2010, 114, 16838–16846.

57 C. S. Santos, N. S. Murthy, G. A. Baker and E. W. Castner,
J. Chem. Phys., 2011, 134.

58 J. J. Hettige, H. K. Kashyap, H. V. R. Annapureddy and
C. J. Margulis, J. Phys. Chem. Lett., 2013, 4, 105–110.

59 R. Han and G. Parkin, J. Am. Chem. Soc., 1991, 113, 9707–9708.
60 S. Tsuzuki, W. Shinoda, M. Matsugami, Y. Umebayashi,

K. Ueno, T. Mandai, S. Seki, K. Dokko and M. Watanabe,
Phys. Chem. Chem. Phys., 2015, 17, 126–129.

61 T. Yamaguchi, I. Okada, H. Ohtaki, M. Mikami and
K. Kawamura, Mol. Phys., 1986, 58, 349–364.

62 V. Gutmann, Coord. Chem. Rev., 1976, 18, 225–255.
63 K. M. Abraham, J. Electrochem. Soc., 2015, 162, A3021–A3031.
64 E. P. Buchikhin, A. M. Chekmarev and N. A. Bobyrenko,

Russ. J. Inorg. Chem., 2011, 56, 1088–1093.
65 M. Schmeisser, P. Illner, R. Puchta, A. Zahl and R. van Eldik,

Chem. – Eur. J., 2012, 18, 10765.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ja

nu
ar

y 
20

16
. D

ow
nl

oa
de

d 
on

 4
/1

8/
20

26
 2

:2
6:

34
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6cp00176a



