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Introduction

Small-angle neutron scattering from mixtures of
long- and short-chain 3-alkyl-1-methyl
imidazolium bistriflimidesT

@ Naomi S. Elstone,® Sarah Kirchhecker,®
© Sarah E. Rogers, (2°

Christopher P. Cabry,® Lucia D'Andrea,
Alessio Riccobono, 2¢ Iman Khazal,® Peixun Li,
Duncan W. Bruce (2 *® and John M. Slattery (&) *?

The preparation of mixtures of ionic liquids (ILs) represents an attractive strategy to tune their properties,
an important aspect of which is to understand how the structure of the bulk varies with composition. In
this study, small-angle neutron scattering (SANS) was used to probe mixtures of methylimidazolium-
based ionic liquids [C,mim][Tf,N] with [Comim][Tf,N]) (n = 4, 6, 8 and 10) and of [C,mim][Tf,N] with
[Comim][Tf,N] (m = 2, 4, 6 and 8). Mixtures were prepared in both contrasts, which is to say that one
component would be fully hydrogenated while the other was fully deuterated, and vice versa. Data were
fitted using a range of appropriate models, of which the Teubner—Strey model provided most useful
information and the pure materials showed a nascent Polar Non-polar Peak (PNPP) for n = 6, which
became more evident as n increased. In the mixtures [C,mim],[Comim],_,[Tf,N], the PNPP was evident
for n = 10 and 8, nascent for n = 6 and absent for n = 4, with percolation showing a very strong
dependence on the chain length of the added IL, [C,mim][Tf,N]. In contrast, while the ability of
[Ciomim][Tf,N] to form percolated structures was damped when mixed with [C,mim][Tf,N], as m
increased from 2 to 6, this effect was less strong. However, data obtained for mixtures of [C;omim][Tf,N]
and [Cgmim][Tf,N], both of which percolate as pure materials, did not fit easily in any of the models
applied to the previous systems and gave results that depended on the contrast used. Complementary
small-angle X-ray scattering (SAXS) data, however, showed the expected evolution and behaviour of the
PNPP, COP and CP, revealing that the unexpected observations were due to an adventitious matching
out of isotopic contrasts. As well as revealing details of the structures of these IL mixtures, the results
also point to complementary strategies for generating bulk percolated structures as a function of cation
chain length.

costs associated with such an approach. Another way of acces-
sing a library of new ILs with a wide-range of properties is,

Given the synthetic flexibility available in ionic liquids (ILs)
where it is possible easily to interchange cation, anion, or both,
they are often described as ‘designer solvents’. However, con-
sidering only a selection of four different cations with four
different anions leads to a potential suite of sixteen new
materials, all of which would have to be prepared, purified
and tested in order to identify a suitable IL for a particular
application of interest. There are significant time and resource
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however, to prepare a small number of salts and to combine
these in different ratios to prepare mixtures." This has been
explored for a range of applications including supercapacitors,>
in classic synthetic pathways and for potential for use in
catalysis,>" all of which require a good understanding of
physical properties such as viscosity and conductivity as well
as their bulk structure.”™" The liquid structure of ILs can be
used to explain the variations observed in physical properties
and also to provide insights into potential applications as well
as to tune structures for specific applications.'*** Structural
investigations of pure ILs utilising small-angle scattering,
liquid diffraction and computational studies have found clear
ordering in the bulk liquid structure with the presence of two
characteristic peaks relating to the anion-cation distance and
anion-cation-anion distance. A third peak is observed when
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long chains (> 6 carbons) are present, indicative of a bicontin-
uous structure.”*® The structure of some mixed systems have
also been investigated using a combination of computational
studies and scattering™® of both neutrons and X-rays.?’">* These
studies often show ideal behaviour with the development of a
phase rich in the alkyl chain developing as ILs containing long
alkyl side chains are added to those without.>®> Some studies
also show the development of micelle structures of the long-
chain IL within the bulk structure of the shorter-chained IL.>*
Attractive as the idea of controlling bulk structure is, the
understanding available of how the properties of IL mixtures
relate to their composition and structure is still at an early stage
and so if this approach is to prosper,® there remains a need for
fundamental studies to arrive at the point where mixture
properties may be understood and predicted with some
confidence.

As part of a study aimed initially at understanding the
properties of imidazolium ILs at the gas-liquid interface using
reactive atom scattering,?®*¢7¢ a series of mixtures was pre-
pared with the composition [Cj;mim],[C,mim]; ,[Tf,N]
(Fig. 1). It was found that [C;,mim][Tf,N] was preferentially
enriched at the surface, to a large degree mirroring the beha-
viour of long-chain amphiphiles in water.?>*° The work on the
surfaces of the materials was then complemented by a study of
the bulk and an initial report described six compositions
investigated using small-angle neutron scattering (SANS) with
site-specific deuteration to obtain the necessary contrast.>
There then followed a more detailed examination of mixtures
of other compositions.”® This employed eight different H/D
contrasts (note that the methyl hydrogens, the imidazolium
ring hydrogens and the flexible chain hydrogens of [C,mim]"
cations can all be deuterated independently of one another,
providing differing degrees of neutron contrast). Both studies
were complemented by molecular dynamics simulations.

These experiments showed the evolution of ordering
with the mixtures as the proportion of [C;,mim][Tf,N] in
[C,mim][Tf,N] increased, starting from dilute solutions of
small aggregates and then moving towards the emergence of
a bicontinuous network where polar (anions and cationic head
groups) and non-polar (alkyl chains) parts of the ILs are nano-
segregated. This is evidenced by the appearance of a PNPP
reflection, incipient from fitting from ca. 24 mol%
[C1,mim][Tf,N] and quite evident by 52 mol% of the longer-
chained salt. Indeed, from Teubner-Strey fitting of the data, the
derived amphiphile strength (y) turned negative between

H H
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TN Cn-HH
CH3’N@N\CnH2m—1 CHS/N%O/N\CnHZnH
0 0 [C;mim][Tf,N] o "o
.S.,-S< Cn-DD
F3C 1 "N 11 "CF,4 "
0p0 CDe’N(\_D(N‘CnDzm
D

Fig. 1 Structures and abbreviations for the ionic liquids used in this study,
showing the two isotopic contrasts used in the SANS experiments.
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24 (y = 0.1) and 32 mol% [C;,mim][Tf,N] (y = —0.1) indicating
the onset of percolation, which would typically accompany the
appearance of reflections originating from persistent bilayer
structures. While the multiple contrasts used did provide some
nuancing of the understanding, useful data were obtained
readily from mixtures of all-hydrogen and all-deuterium
contrasts.

Curious then to develop further the understanding of mix-
tures this general type, a more extensive small-angle neutron
scattering (SANS) study has been undertaken in two parts. In
the first, a series of mixtures [C,,mim],[C,mim], ,[Tf,N] (n = 4,
6, 8 and 10) was prepared in which longer-chain imidazolium
salts are mixed with [C,mim][Tf,N] at different composi-
tions. In the second part, a series of mixtures [C,mim],-
[Ci,mim], ,[Tf,N] was prepared (m = 2, 4, 6 and 8) using
[C1,mim][Tf,N] as the base solvent in mixtures with imidazo-
lium salts of decreasing chain lengths. Results from the pre-
vious study of the mixtures [C;,mim],[C,mim]; ,[Tf,N] showed
that these new experiments could be carried out with just two
isotopologues, as shown in Fig. 1.%° These new data were then
compared with those obtained from the pure [C,mim][Tf,N]
(n=2,4,6,8,10 and 12) as well as with data obtained from the
studies published previously. The results are now presented
and discussed.

Experimental

The preparation of the compounds and mixtures used in this
study are found in the ESI{ along with details of the neutron
source and experiments.

Small-angle X-ray scattering used a Bruker D8 Discover
equipped with a bespoke temperature-controlled, bored-
graphite rod furnace, custom built at the University of York.
Cu-K, (4 = 0.154056 nm) radiation was used, generated from a
1 pS microfocus source. Diffraction patterns were recorded on a
2048 x 2048 pixel Bruker VANTEC 500 area detector set at a
distance of 121 mm from the sample, allowing simultaneous
collection of small- and wide-angle scattering data.

To interpret the scattering data obtained, the Teubner-Strey
model,?” which is described in the ESLt was utilised. It uses
empirical fitting parameters which, when combined in differ-
ent ways, yield the d-spacing, correlation length ({) and amphi-
phile strength (y) parameters for each sample, whose
significance to ILs will become evident in the discussion.
Where 0 < y < 1, the d-spacing is related to the distance
between the aggregates, while the correlation length is asso-
ciated with the density fluctuations within the aggregates,
which can be interpreted as the alkyl chain aggregate size.
Where —1 < y < 0, the d-spacing relates to the local bilayer
dimension (given by the position of the PNPP and Bragg’s law),
while the correlation length relates to the alkyl chain domain
length scale. The point at which the amphiphile strength
changes from negative to positive values is known as the
Lifshitz line.

This journal is © the Owner Societies 2022
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In cases where the Teubner-Strey model did not describe the
observed scattering, Lorentz and peak Lorentz models were
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found useful in describing broad scattering features at low
(Lorentz model) and high (peak Lorentz model) values of g. The
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Fig. 2 SANS data for: (a) Cn-HH; (b) Cn-DD, (n = 2, 4, 6, 8, 10, 12). Fitted data for (c) C4-HH; (d) C4-DD; (e) C12-HH) and (f) C12-DD. Fitting models are

indicated on each plot and all data are normalised to the background.
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difference between the d-spacing and correlation length in the
Teubner-Strey or peak Lorentz models gives a length scale
associated with the polar network, which in all cases is
ca. 12 A and corresponds to the sum of the lengths of the [Tf,N]|~
anion and the imidazolium head group.

Results
Pure ionic liquids

Fig. 2a and b show the data collected for all homologues and
isotopologues, while Fig. 2c and d show the data and fits for
[C4ymim][Tf,N] (C4-HH and C4-DD) and Fig. 2e and f show these
data for [C;,mim][Tf,N] (C12-HH and C12-DD) as examples of
shorter- and longer-chain salts. Remaining plots are found in
the ESIt (Fig. S1).

Small-angle scattering from ILs has been characterised in
terms of three features (not all of which are present for all
liquids), which are also seen in the data presented here.*®*° At
the shortest length scales (~1.3 A™" in q or ca. 4.8 A) the liquids
usually exhibit a so-called Contact Peak (CP), which has been
described as relating to correlations between oppositely
charged ions. At intermediate length scales (~0.8 A" or ca.
7.8 A) the liquids often display a so-called Charge Ordering
Peak (COP), which is related to correlations between like
charged ions. Finally, at longer length scales (~0.25 A™" or
ca. 25 A, but as a function of alkyl chain length) a Polar Non-
Polar Peak (PNPP) can be seen, where nanosegregation of the
charged and aliphatic parts of the liquids occurs. In imidazo-
lium salts of the type [C,,mim][X] (where X is a range of anions),
for example, this starts to become visible at around n = 6 and
becomes more prominent with increasing alkyl chain length.
These basic findings mirror those determined using small-
angle X-ray scattering by Deutsch and co-workers.""**

The SANS data presented here for shorter-chain
[C,mim][Tf,N] ILs (n < 8) simply feature a COP (the CP does
not appear in the g-range studied) that appears at the char-
acteristic position of around 0.8 A™*, which is seen in all the
fully deuterated contrasts, as well as in [C,mim]|[Tf,N]. The
scattering intensity for the COP is a function of the difference
in scattering length densities (SLDs) between the cationic
imidazolium head-group and the anion, which is large in
[C,mim-d,,,|[Tf,N] and small in [C,mim][Tf,N]. The SANS
fitting parameters and their derived values are found in
Table 1 (n < 8) and 2 (8 < n < 12). For n < 8, all the
[C,mim-d,,.;][Tf,N] contrasts were well fitted by a single Lor-
entzian peak that describes the COP, although it is noticeable
that a nascent PNPP begins to appear for n = 6. This is
consistent with previous work that suggests that alkyl chain
ordering, and the PNPP that is associated with this, builds
slowly from around 7 = 6.>**° The COP shifts to lower values of
g with increasing n, which has also been seen in previous work.
It has been proposed that this is related to the stretching of the
polar network, formed from the cation head-groups and
anions, as the non-polar sub phase, formed by the alkyl chains,
becomes more established.**3%10~

15814 | Phys. Chem. Chem. Phys., 2022, 24, 15811-15823

View Article Online

PCCP

Table 1 SANS fitting parameters and derived parameters for
[C,mim][Tf,N] (Cn-HH) and [C,mim-d,,,71[TfoN] (Cn-DD) (n = 2, 4, 6)

Lorentz + peak Lorentz

Correlation length/A COP length scale/A COP position/A™"

C2-HH 5 7 0.9
C2-DD — 8 0.81
C4-HH 4 — —
C4-DD — 8 0.78
C6-HH —“ — —
C6-DD  — 8 0.77

¢ Satisfactory Lorentz model fitting of the low-q data for this liquid was
not possible, due to the presence of the incipient PNPP, which overlaps
with the low-q scattering.

g = 0.2 to 0.3 A~* with a COP again seen for the perdeuterated
isotopologues.

For the longer-chain ILs (n > 8), the scattering describing
the PNPP can be modelled by a single Lorentzian peak and,
where the COP is visible, a model containing two Lorentzian
peaks describes both of these features. However, the
[C,mim][Tf,N] (Cn-HH) contrasts have additional scattering at
low g (<0.04 A™), which is also seen in the shorter-chain
homologues and which is discussed below.

Where n > 8, the system can be described as a bicontinuous
network of continuous, apolar domains, comprising the alkyl
chains and a continuous, polar network of the [Tf,N]  anions
and imidazolium head groups. This is indicated by the clear
PNPP and the negative amphiphile strength (y) derived from
the Teubner-Strey model (Table 2). This bicontinuous network
changes with increasing chain length (n) with the PNPP moving
to lower g and increasing in intensity. Thus, the d-spacing from
the fitted models in Table 2 increases from ~20 A for
[Csmim][Tf,N], to ~23 A for [C;omim][Tf,N], to ~25 A for
[C1,mim][Tf,N]. These are related quite closely to the length of
the cations, assuming fully extended alkyl chains (17, 19 and
21 A, respectively estimated from crystallographic data e.g.
ref. 46). However, we note that the angle made by the extended
chain to the plane of the imidazolium cation can vary signifi-
cantly [see e.g. Fig. S5 in ref. 47] and in the most extreme case
where the chain direction might be close to perpendicular to
the imidazolium plane, then the observed separation between
the polar and apolar domains can be reduced by as much as ca.
5.5 A. However, this is a rather extreme situation and, in a fluid
medium the average angle would be expected to be significantly
smaller. Thus, while the cation lengths quoted should be
considered as maxima, they do not affect the overall conclusion
that from the length scales obtained, a bilayer structure, likely
constructed of interdigitated alkyl chains, is present. The
scatterer size, from the Lorentz plus peak Lorentz model and
the correlation length from the Teubner-Strey fitting both
relate to the size of the scattering objects and these values
increase with increasing alkyl chain length from ~ 6 A (n=8) to
17 A (n = 12). This suggests that the length of the alkyl chain
region increases with increasing n and the alkyl chains are
either interdigitated or folded, agreeing with the picture given

For n > 8, the data also show a clear PNPP in the range

This journal is © the Owner Societies 2022
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Selected SANS fitting parameters and derived parameters for [C,mim][Tf,N] (Cn-HH) and [C,mim-d2,.7[Tf,N] (Cn-DD) (n = 8, 10, 12)

Lorentz + peak Lorentz Teubner-Strey

Peak Lorentz + peak Lorentz

Correlation . Scatterer Correlation . Amphiphile COPd-  COP scatterer PNPP . PNPP X

length/A d-Spacing/A  size/A length/A d-Spacing/A strength, y  spacing/A size/A d-spacing/A scatterer size/A
C$-HH 10 21 6 5 18 —-0.7 — — 21 6
C8-DD — 18 6 8 18 -0.9 8 4 20 10
C10-HH 10 23 9 8 21 -0.7 — — 23 8
C10-DD — 22 10 8 20 —-0.9 8 5 23 13
C12-HH 13 27 14 13 25 —-0.8 — — 27 13
C12-DD — 25 15 17 24 -0.9 8 4 25 17
by the d-spacings. The data collected from the fitting for these B
materials are shown in Fig. 3 and an indicative cartoon of the °§%<F
proposed ordering is presented in Fig. 4. The differences in d- Selio ) NN SE
spacings and scatterer sizes between the different models can FF & 6;3‘“\3:9 i
be accounted from the ways in which the two models determine § \/W\/\/\/N@ o F
these sizes. Thus, while the PL model simply determines the : é?,,?,,/FkF >

s . O
peak position, the TS model also accounts for scattering caused § & F \@N/\/\/\/\/\/\ F e
by different scattering objects (as can be seen from the equa- E Fi(
tion in the ESI+ which shows both a ¢~ * and a ¢~ > dependence). ~ A

o L . . . . 0=S% =5<
This interpretation is consistent with the MD simulations NO \Né\N/\/\/\/W\ F7(S €
. o . =87
carried out by Shimizu et al. who suggest that the PNPP is well ° . = il
F

defined by [C,mim][Tf,N] and that the length scale of the
apolar network increases with increasing n.%®

Support for the models proposed here comes from a com-
prehensive study of [C,mim][Tf,N] (2 < n < 10) by Canongia
Lopes et al. in which molecular dynamics simulations were
compared with X-ray scattering data collected by Triolo
et al.*®*® The bicontinuous nanostructure was reported to
occur when n > 5, with the bicontinuous domains being well
defined by n > 6, in good agreement with the interpretation of
the SANS data presented here.

30
L] TS d-spacing

®  PL+PL d-spacing @
®  L+PL scatterer size

25 -
®  PL+PL scatterer size §

20

d-spacing / A

@

T T 1
6 8 10 12 14

Alkyl Chain Length

Fig. 3 Plots of d-spacings and scatterer size arising from processing of
the data by different models for [C,mim][Tf,N] (n = 12, 10, 8). Data are
averaged values for the [C,mim-d,,.7l[Tf2N] and [C,mim][Tf,N] contrasts.
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Fig. 4 A cartoon representation of the proposed bicontinuous structure
of these ILs.

SANS of Binary mixtures of [C,mim][Tf,N] in [C,mim][Tf,N]

Having established the neutron scattering and appropriate fitting
models for our samples of pure [C,C,im]Tf,N] ILs and confirmed
that these data present a picture of organisation in these systems
that is consistent with previous work, we move to a discussion of
mixtures of these compounds that have not been studied previously
by small-angle scattering measurements. The compositions and
contrasts investigated are given in Table S1 (ESIt), while the SANS
data for the [C,mim],[C,mim-dy, ], _,[Tf,N] contrasts are provided in
Fig. 5 (data for the reverse contrasts are provided as Fig. S2, ESIt).
The Teubner-Strey model was used to describe all the SANS data,
chosen as it proved robust across the whole composition range in
previous work on mixtures of [C;,mim],[C,mim]; [Tf,N] and as it
gave information about length scales for the pure ILs (see above)
that was comparable with the other models.>’

The amphiphile strength parameters for the mixtures are shown
in Fig. 6 and are averaged values for the [C,mim],[C,mim-
di11[TEN] and [C,mim-dy,.7]{Comim], [Tf,N] neutron con-
trasts (n = 12, 10, 8 and 6). Data for [C;mim],]C,mim-dy;];_,[Tf,N]
and [C;mim-d;;5],[C,mim], ,{Tf,N] are not included as they essen-
tially have no scattering from alkyl chain aggregates at ¢ < 0.4 A"
and so do not display any organisation of alkyl chains. However, as
can be seen in Fig. 5, these samples do show low-g scattering that
indicates the presence of small spherical scattering objects, which
can be fitted to a simple spherical form factor with no structure
factor contribution or polydispersity (data are found in Table S3,
while fits are shown in Fig. S3, ESIt). This is an unexpected result as
short chains such as these would not be expected to aggregate to

Phys. Chem. Chem. Phys., 2022, 24,15811-15823 | 15815
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Fig. 5 SANS data for the mixtures: (a)

form spherical ‘micelles’. However, experiments carried out by
Smith and Prévost on mixtures of hydrogenated and deuterated
tetradecane may provide an explanation for the source of this
scattering.*® They found that although no aggregates form in this
system, scattering objects with a radius of gyration of around 5 A
were present. This can be understood by considering that in these
mixtures there is contrast between the hydrogenated and deuterated
alkane molecules resulting in distinct scattering objects at the
molecular length scale, without the need for aggregation of any
component. While our samples are made up of two different
cations, they are structurally similar and therefore a similar process
can be used to explain this unexpected scattering when mixing ILs
with fully deuterated and fully hydrogenated cations. The molecular
length of the cations is approximately 9.4 A, from a crystal structure
containing [Cymim]" as the cation. Fitting the observed low-q
scattering suggests spherical scattering objects with a radius of
~6 A. This is similar to the size of the cations, and reasonable when
molecular motion and rotation of the ion is considered.”
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[Camim] [Comim-dyqls_,[TfoNI;  (b)
(d) [C1omim], [Comim-dy]s «[TfoN]. Data are normalised to the background.
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In order to fit these data efficiently, we have assumed that
the SLD of the scattering object is equal to that calculated for
[C,mim]" and the bulk SLD is that of the average of all
components present in the mixtures.

The variation in the intensity of the scattering from the different
samples can be accounted for by the difference in the SLD of bulk
versus scattering object decreasing as the concentration of [C;mim]"
increases while the number of scattering objects also increases,
leading to an initial increase in scattering followed by a decrease as
the SLD difference between the scattering objects and the bulk
decreases. For some samples the fitting was complicated by the
presence of peaks at high g, which are expected for these samples.
The variation in the fitted radius may be due either to the scattering
being from different components in the system or from variations
within the orientation of the [C;mim]" cation within this system, in
order to fully determine this further contrasts would be required.

For n > 8, the evolution of the amphiphile strength para-
meter (y) with x is similar for different values of n so that y
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decreases with increasing x. Positive values (y, 1; low values of
x) indicate the presence of small aggregates of the longer alkyl
chains, while the presence of a non-polar sub-phase formed
from the longer alkyl chains is established and percolates
through the liquid for value of —1 y < 0. The percolation
threshold decreases as n increases, varying from x ~ 0.75 for
n=8tox ~ 0.28 for n =12 (Fig. 6 and plotted vs. chain length in
Fig. S4a, ESIT). The volume fractions of the liquids composed of
alkyl chains (apolar volume fraction) at the percolation thresh-
old were then estimated and found to be 0.26 (n = 8), 0.24
(n =10) and 0.19 (n = 12). A plot of the apolar volume fraction
against percolation threshold (Fig. S4b, ESIT) suggests that the
apolar volume alone is not the driver for formation of a
bicontinuous network i.e. a bicontinuous network is not guar-
anteed when a critical threshold in the apolar volume fraction
of the system is reached. This suggests that in addition to
volume-fraction considerations, preferential organisation of
the longer chains helps to drive the formation of local bilayer
structures in the liquids that lead to percolation at lower x and
lower apolar volume fractions for the mixtures containing
cations with longer chains. Percolation is not observed where
n==6.

The length scale data obtained from the fitting are plotted in
Fig. 7. Thus, decreasing the alkyl chain length of [C,,mim][Tf,N]
in binary mixtures in [C,mim][Tf,N] for n = 12, 10, 8, 6, 4, has
an interesting effect upon the liquid structure. As the chain
length decreases from n = 12 to n = 6, at mole fractions below
the percolation threshold the aggregate size decreases, as
indicated by the smaller correlation lengths and greater dis-
tances between the aggregates (larger d-spacing) are seen. This
is intuitive since, as the alkyl chain becomes shorter, the
aggregates also become smaller and so can be further apart.

This journal is © the Owner Societies 2022
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This effect is compounded by the prospect that at a given
concentration of [C,mim][Tf,N], there will be fewer aggregates
at shorter chain lengths as the cations are less amphiphilic.

After the percolation threshold and the formation of bicon-
tinuous structures, the d-spacings decrease at a slower rate and
the correlation lengths begin to increase, although while this is
most pronounced when n = 12, it is less clear at shorter chain
lengths. The cause of this decrease in the d-spacing after the
percolation threshold is less blatant than a simple increase in
concentration of aggregates. Instead the decrease in the d-
spacing can be attributed to the decrease in the volume of
the polar network as the concentration of [C,mim][Tf,N]
decreases. Thus, as the concentration of [C,mim][Tf,N]
decreases, the d-spacing converges upon that measured for
the pure [C,mim][Tf,N]. For mixtures with [C,mim][Tf,N],
however, no structuring is observed as the [C;mim]" cation is
evidently insufficiently amphiphilic to aggregate when dis-
solved in [C,mim][Tf,N].

SANS of Binary mixtures of [C;,mim][Tf,N] in [C,,mim][Tf,N]

A complementary series of experiments then considered mix-
tures formed between [C,mim][Tf,N] and [C,,mim][Tf,N] for m
=2, 4, 6 and 8. Compositions are found in Table S2 (ESI}), data
for [Cipymim],[C,mim-d,.7];_[THN] (m = 2, 4 and 6) are
provided in Fig. 8 (the reverse contrasts are provided as
Fig. S5, ESIY), while amphiphile strength parameters for the
same mixtures are shown in Fig. 9.

The basic form of the data is the same as found for the
mixtures of [C,mim]Tf,N] in [C,mim][Tf,N]. Isolated
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aggregates of the C12 alkyl chains are evident at low concentra-
tions of [C1,mim][Tf,N]. As the proportion of [C;,mim][Tf,N] in
the mixtures increases the form of the scattering changes and
an incipient PNPP appears, indicating that percolation of the
chains has occurred and a bicontinuous network of polar and
non-polar domains is established. Perhaps intuitively, the
proportion of [C;,mim]Tf,N] required for percolation
increases with increasing m (x ~ 0.29 for m = 2 increasing to
x &~ 0.49 for m = 6, Fig. S6a, ESIt), the relationship again being
linear. Thus, for mixtures where the ‘base’ IL is more aliphatic
(longer alkyl chain), a larger mole fraction of [C;,mim][Tf,N] is
required in order to form a well-established bilayer structure
around the C12 chains. As was seen for the [C,mim],[C,.
mim]}, ,[Tf,N] mixtures, the percolation threshold is not linked
to a critical apolar volume fraction in the systems, above which
a non-polar sub-phase is established (Fig. S6b, ESIT). Instead,
the apolar volume fraction of the liquids increases linearly as
the percolation threshold increases. The general form of plots
of d-spacing and { are also similar to those for the mixtures of

View Article Online

PCCP

[C,mim][Tf,N] in [C,mim][Tf,N] (Fig. S7, ESIT), with d-spacings
that decrease steadily with increasing mole fraction of
[C;,mim][Tf,N] as the correlation lengths increase. These
changes are essentially independent of the alkyl chain length
of the shorter-chained liquid. This is logical, since the self-
organisation in the system that leads to the observed scattering
is related to the long-chained IL, which is the same in all of
these mixtures.

Binary mixtures of [C,,mim][Tf,N] in [Csmim][Tf,N]

The SANS study of the binary mixtures of [Ci,mim][Tf,N] in
[Csmim][Tf,N] ([C;,mim],{Cgmim],_,[Tf,N]) has been singled
out as it warrants a more detailed explanation owing to the
observation that it does not follow the trends of the other
mixtures presented above. The SANS data for both contrasts are
shown in Fig. 10. The IL mixtures [C;,mim],[Cgmim]; ,[Tf,N]
are distinct from all the mixtures discussed above as both pure
components have a bicontinuous structure, showing PNPPs in
the SANS experiments and negative amphiphile strengths from
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Teubner-Strey fitting (Table 2). On mixing these two ILs it was
expected that they would be compatible and form bicontinuous
structures with length scales intermediate between the two
components, so that all compositions would show a PNPP.
However, this is not the case and Fig. 10 shows that in most
cases the PNPP is absent. Furthermore, fitting the data using
the Teubner-Strey approach and using the models employed
for the other mixture systems proved difficult across most of
the compositional range (0.24 < x < 0.96; Fig. S8, ESIY).
However, Fig. 11 shows that, as expected, the data did fit well
to the Lorentz + peak Lorentz model over most of the composi-
tion range except at x = 0.16, 0.24, 0.32 for C12-DD in C8-HH,
and x = 0.01, 0.04, 0.16 for C12-HH in C8-DD, where only a
Lorentz component was required to fit the data at lower g (>
0.4 A™"). As the SANS data did not fit well to the Teubner-Strey
model and there was a discontinuity in the parameters derived
from the Lorentz + peak Lorentz model, it was reasonable to
consider whether these data were really indicating the inherent
ordering in these mixtures.

One possible explanation for the observations above would
be poor neutron contrast between the apolar and polar compo-
nents in the liquid. To see if this might be the case, comple-
mentary small-angle X-ray scattering (SAXS) measurements
were conducted on a subset of the compositions of
[Cromim],[Cemim-d,3],_{Tf,N] (x = 0.01, 0.04, 0.16, 0.24,
0.52, 0.87, 0.99). These data (Fig. 12) do indeed show that all
the compositions show a CP (g ~ 1.3 A™", 4.8 A), a COP (g ~
0.8 A™', 7.8 A) and a PNPP (g ~ 0.25 A™*, 25.0 A for x = 0.99
moving to ca. 0.34 A™*, 18.5 A for x = 0.01). The PNPP suggested
that all have a bicontinuous structure, as expected, and that the
length scale for this increases smoothly with increasing x, as

This journal is © the Owner Societies 2022

View Article Online

Paper

the proportion of the longer chain cation increases. We note
that mixtures of the same two ILs were studied by Pontoni et al.
using synchrotron radiation and that in this study they also
looked at the evolution of the data as a function of temperature.
They also found that the position of the CP and COP were
essentially invariant with composition, with the position of the
PNPP varying with composition.**

The absence of PNPPs in the SANS data and their presence
in all of the SAXS data suggested that there is indeed poor
contrast between the apolar and polar components in the SANS
experiments, which led to the observations above. The esti-
mated SLD difference between the apolar alkyl chain compo-
nent and the polar component of the mixtures was calculated
using a group contribution scheme (Fig. 13). In this approach,
the SLD of the polar component was estimated using the molar
ratio and densities of [C;mim][Tf,N] and [C;mim-d,][Tf,N], the
density of [Cymim-do][Tf,N] being estimated from the density
and molecular mass of [C;mim][Tf,N] and the molecular mass
of the deuterated analogue.***° SLDs of the apolar alkyl chains
were calculated using the molar ratio and densities of decane
for the C12 alkyl chains and hexane for C8 alkyl chains.

For [Cy,mim],{Cgmim-d,3]; ,[Tf,N] mixtures, a PNPP is visi-
ble in the SANS data when A(SLD) > 2.3 x 10 ® A% which
occurs at x > 0.74. However, for mixtures of [Cj,mim-
d31]{Csmim]; ,[Tf,N], the situation is a little more complex.
Thus, the PNPP can only be seen in the SANS data when x >
0.87 corresponding to A(SLD) = 1.1 x 10~ ° A% Lower mole
fractions of [C;,mim-d;, |[Tf,N] in [Cgmim][Tf,N] (x < 0.32) also
have A(SLD) > 1.1 x 10~° A%, yet no PNPP is observed by SANS
because at lower x, the mixture is rich in hydrogenated chains,
which have good contrast against the bulk liquid and lead to
low-g scattering, as seen and discussed for the short-chain ILs
above. This effectively masks any low-intensity PNPP, meaning
that a larger value of A(SLD) is needed to clearly observe
the PNPP.

The SAXS data were fitted to a model where the PNPP, COP
and CP were each fitted as individual Lorentzian peaks. The
parameters derived from this for the PNPP are shown in Fig. 14,
from which it can be seen that upon increasing the mole
fraction of [C;omim][Tf,N] in [Cgmim][Tf,N], both the d-
spacing and scatterer size increase smoothly. The d-spacing
increases from 18.5 A for x = 0.01 to 26 A for x = 0.99 and the
scatterer size increases from 6 A for x = 0.01 to 13 A for x = 0.99.
As all the SAXS data shows a PNPP peak, these mixtures are all
interpreted as having a bicontinuous structure. On increasing
x, the d-spacing and scatterer sizes both increase at the same
rate, giving the picture of an increasing bilayer length scale due
to more volume being taken up by the apolar alkyl chains, while
the length scale of the polar network (the difference between
the d-spacing and the scatterer size) stays constant around 13 A.

Summary and conclusions

In previous work, mixtures of [C,mim]Tf,N] and
[C1,mim][Tf,N] have been studied in various contrasts using
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Fig. 11 Derived parameters for the Lorentz + Peak Lorentz model for all
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trasts at that composition, except where stated in the main text.

SANS methods.***° These studies showed the evolution of the
mixture structure from isolated aggregates of [C;,mim]" cations
at lower concentrations of [C;,mim][Tf,N] to the formation of a
bicontinuous, percolated structure at higher concentrations. As
such, in some ways these mixtures can be regarded as analo-
gous to solutions of a long-chain amphiphile ([C;,mim]") in a
polar solvent ([C,mim][Tf,N]). The present study extended this
work to consider mixtures of other, shorter-chain imidazolium
cations dissolved in [C,mim][Tf,N] and found rather parallel
behaviour. However, there were chain-length dependencies in
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(a)

Fig. 10 SANS data for all compositions for: (a) [Ciomim-dsyl, [Cgmim]y_,[TfoNI;
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Fig. 12 SAXS data for x = 0.01, 0.04, 0.16, 0.24, 0.52, 0.87, 0.99 of
[Ciomim] [Cgmim-dzl; _«[TfoN] (C12-HH in C8-DD).

the data. Thus, mixtures with both [Cgmim][Tf,N] and
[C1omim][Tf,N] showed formation of percolated structures at
75 mol% and 50 mol% of the long-chained IL, respectively
(compared to 28 wt% for [C;,mim][Tf,N]). This was accompa-
nied by the appearance of a PNPP in the scattering pattern.
Percolation is driven to lower concentrations of the longer-
chain cations as the chain length increases. This is not solely
due to the apolar volume fraction of the system, i.e. there is no
critical apolar volume fraction that is associated with the
formation of a percolated structure. Presumably, preferential
organisation of the longer alkyl chains drives the formation of
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local bilayers found in the percolated structure. However, while

aggregates of the [Cemim]" cation were present in
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[Cemim],[C,mim]; ,[Tf,N] mixtures and a nascent PNPP was
seen in the scattering data, percolation was not observed, as
interpreted through the Teubner-Strey amphiphile strength
parameter, y (Fig. 6). Mixtures including [C,mim][Tf,N], on
the other hand, showed no scattering from aggregates. Clearly,
as the length of the alkyl chains in these mixtures decreases
their ability to support self-organised structures (bicontinuous
networks or aggregates of the longer alkyl chains) is sup-
pressed, in a similar way to that seen in the homologous series
of pure [C,mim][Tf,N] ILs.*®

The second series of mixtures then sought to examine the
behaviour of the amphiphilic cation [C;,mim][Tf,N] when
dissolved in [C,,mim][Tf,N] ILs with increasing chain lengths.
Formation of aggregates with increasing proportion of
[C1,mim][Tf,N] was seen through a development of the
observed scattering and in each case, m = 2, 4 and 6, a distinct
PNPP was first observed in mixtures containing 52 mol%
[C1,mim][Tf,N]. Analysis of the data using the Teubner-Strey
model showed a pronounced trend with increasing m, with the
amphiphile parameter, y, turning negative (indicating percola-
tion) for [C;,mim][Tf,N] mol fractions of ca. 0.3, 0.4 and 0.5 in
[Comim][Tf,N], [Cymim][Tf,N] and [Cemim][Tf,N], respectively.
Thus, increasing the chain length of the ‘base’ solvent damps
the ability of [C;,mim][Tf,N] to percolate and, while this effect
is less strong than the inverse where percolation of
[C,mim][Tf,N] in [C,mim][Tf,N] is considered as a function
of n (above), nonetheless, approaching double the concen-
tration of [C;,mim][Tf,N] is required to form a bicontinuous
structure in [Cemim][Tf,N] compared to [Comim][Tf,N].

Mixtures of [C;,mim][Tf,N] and [Cgmim][Tf,N] proved an
altogether different prospect and, despite each component
showing a distinct PNPP as a pure material, the PNPP was only
observed in the SANS data at the highest concentrations of
[C1o,mim][Tf,N]. Interestingly, this concentration was not the
same in [C;,mim-ds, [{{Cgmim]; ,[Tf,N] mixtures compared to
[Ci,mim][Cgmim-d,,], ,[Tf,N]. Complementary SAXS data for
this system, however, showed a clear and smooth evolution of
the PNPP, present in pure [Cgmim][Tf,N] with a spacing of
18.5 A to its value of 26 A for pure [C;,mim][Tf,N]. By determin-
ing the SLDs of different contrasts of the two components, the
reason for unexpected behaviour observed in the neutron
experiments became immediately apparent. By coincidence in
many of these mixtures, the SLD difference between the alkyl
chains and the bulk liquid was insufficient to observe scatter-
ing and observation of a PNPP in the SANS. The X-ray contrast
between alkyl chains and the bulk was sufficiently high across
all compositions and thus the true evolution of the liquid
structure was revealed in the SAXS data.

In conclusion, SANS has been shown to be a powerful tool
to probe the bulk structural properties of mixtures of methyli-
midazolium ILs of varying chain length, although contrast
issues need consideration in some mixtures, ie. [Ci,mim],-
[Cgmim]; ,[Tf,N]. The behaviour of these mixtures can then be
described according to distinct regimes. Thus, with only the
shortest chains, i.e. [C;mim],[C,mim], ,[Tf,N], no aggregation
or bicontinuous structures are seen, whereas when one chain
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lengthens slightly as in [Csmim],[C,mim]; ,[Tf,N], aggregation
of the longer-chain cation is seen, but percolation does not
occur at any concentration. However, for [Cj,mim],-
[C,mim]; _,[Tf,N] where m is short (2, 4 or 6), aggregates of
[C1omim][Tf,N] are seen at lower concentrations, while a
bicontinuous network of polar and non-polar domains is seen
at higher concentrations. However, when both chains are long
enough to form bicontinuous structures in the pure liquids, i.e.
[C12mim],[Cgmim], ,[Tf,N], then the mixtures are bicontinu-
ous at all compositions, with the d-spacing smoothly changing
between the two extremes as the composition changes. Thus, by
mixing a relatively small number of ILs it is indeed possible to
access a range of different liquid structures and the informa-
tion above helps to set out design rules that allow some
prediction of the structures that may be expected for particular
combinations of liquids and compositions.
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