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lonogels are an emerging class of soft material with exceptional
properties stemming from high ionic liquid content. In contrast to
other gel systems, the ionic liquid component provides an extra
level of design. However, this highly modular nature has yet to be
fully explored and the role ionic liquids play in the structural
properties of gel-based materials is poorly understood. Here,
methodical small angle neutron scattering and X-ray photoelectron
spectroscopy studies reveal the relationship between bulk
structure and surface composition of a soft material for the first
time. Furthermore, we show how ionic liquid design dictates
polymer structure, which in turn can be harnessed to fine tune the
mechanical properties of ionogels. With a level of control over gel
structure beyond what is possible using molecular solvents, our
systematic study thus provides insight into how ionic liquids can
expand the design space for gel development for a broad range of
applications.

lonogels are a new class of soft material typically consisting
of ionic liquid encapsulated within a polymer matrix. In
comparison to their hydrogel (water-based gel) and organogel
(organic solvent-based gel) counterparts, ionogels have many
the liquid
have low melting

favourable properties stemming from ionic
These salts

temperatures, typically below 100 °C and frequently around

component. organic

room temperature, and are increasingly popular solvents with
attractive properties such as; ion conductivity, thermal stability,
and negligible vapour pressure.l2 The latter attribute being of
particular interest for material design as the gels never dry out
and thus functional properties are easier to maintain for longer
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periods. As such, ionogels are promising materials for a host of
applications.3=5> Most notably in the current literature they are
being explored predominately as new materials for flexible
batteries and soft electronics.6"1> Additionally, ionic
conductivity and broad chemical and electrochemical stability
make them promising materials for interfacing with biology?6,
for prospective uses in biocatalysisl’, biosensing devices, and
soft robotics.

A key advantage of ionogels over hydrogel and organogels is
that ionic liquids have highly tuneable chemical and physical
properties, a result of the near endless combinations of anions
and cations that result in room temperature liquids. The
consequence of which is that ionogels, by their very nature, are
incredibly modular materials.11.1418 polymer composition and
concentration, crosslinking strategy, and both ionic liquid anion
and cation can be individually and systematically interrogated
to achieve desired material properties. Despite this, current
studies have been limited to assessing ionogels as task specific,
single polymer-ionic liquid pairings. To date, there has been no
systematic study to fully investigate controlling the modularity
of these materials through the interplay between ionic liquid
and gel structure: arguably the truly unique feature of ionogels
in comparison to other gel systems. As the ionogel field
matures, with recent reports of ionogels with ever more
complex functions such as self-oscillating actuation??, peristaltic
crawling??, and therapeutic delivery?! there is an increasing
requirement to understand how to control, and thus design,
ionogels with specific structural motifs and predetermined
mechanical properties. Key to this will be understanding the gel
structure within ionic liquids, through a comprehensive study of
ionic liquid induced polymer structuration.

Here, we systematically explore how ionic liquid selection

can dictate gel properties. Specifically, the stress-strain
relationships of ionogels containing photo-crosslinked
poly(ethylene glycol) diacrylate [PEGDA] at varying

concentrations, with ionic liquids of differing anion basicity ()
were investigated. The unique properties of ionogels allowed
for the elucidation of polymer structure within the gels using
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SANS, coupled with an unprecedented X-ray photoelectron
spectroscopy (XPS) examination of the surface composition of
the gel materials. Thus providing a comprehensive structural
basis for how ionic liquid influences gel structure and how that
in turn affects mechanical stability. In doing so, we found that
ionogel strength was inversely correlated to the polarity of the
anion of the ionic liquid. The less polar ionic liquids were better
solvents for PEGDA, resulting in ionogels with increased
strength and toughness. This study therefore provides the basis
for understanding how ionic liquids can be used to expand the
design space of gel materials for a broad range of applications.
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Results and Discussion

Thermally robust self-supporting ionogels were observed in
all of the ionic liquids tested, at PEGDA concentrations ranging
from 10 to 40 wt%. Polymer concentrations less than 10 wt%
produced viscous fluids rather than self-supporting gels,
indicating that 10 wt% PEGDA was the minimum polymer
concentration required for ionogel fabrication under ambient
conditions, where the presence of oxygen and water vapour (ca.
2 wt% of final gel) may impede successful photocrosslinking, as
oxygen is an effective inhibitor of radical polymerizations.4 As
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Figure 1. (a — d) Plots of compressive stress against compressive strain for ionogels of [emim][OAc] (a), [emim][EtSO,4] (b), [emim][OTf] (c), and [emim][NTf,] (d) with PEGDA
concentrations of 10 wt% (black), 20 wt% (red), 30 wt% (blue), and 40 wt% (green). Insets show ionic liquid anion structure. (e) Qualitative heat map showing compressive modulus
at high strain as an indicator of gel stiffness with respect to polymer concentration and anion basicity (), where red represents the most flexible gel (lowest modulus) and green

represents the stiffest gel (highest modulus).
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a result, lower polymer concentrations were not taken forward
for further analysis in this study. One of the more desirable
properties of ionic liquids, particularly over conventional
molecular solvents, is the ability to tune their solvent properties
simply by exchanging the components of the salt. The anion
significantly affects the polarity of the ionic liquid, and how
interacting the ionic liquid is towards solutes?223, particularly
impacting the solubility of macromolecules?*. Whilst the cation
has also been shown to aid in the solvation of ethylene oxide
polymers through hydrogen bonding?>, for clarity, we decided
to vary the anion and fixed the cation as the commonly used 1-
ethyl-3-methylimidazolium (emim), with cation dependence
the subject of future investigations. Anion basicity can broadly
be quantified through the Kamlet-Taft parameter for hydrogen
bond basicity: B.22 To investigate the effect of altering the
polarity of the ionic liquid on the resultant gel phase properties,
we therefore chose anions that covered a broad range of B
values, ranging from the highly interacting and polar anion
acetate (OAc, B = 0.85)23 through to the largely non-interacting
and hydrophobic anion bis(trifluoromethylsulfonyl)imide (NTf,,
B =0.23)23 [SI Table 1].

The key physical property of self-supporting gels with
respect to future device-based applications is their mechanical
properties. Therefore, we sought to investigate how ionic liquid
and polymer content could be used as parameters to fine tune
the stiffness and toughness of the resultant ionogels. For this,
we performed compressive stress-strain tests on the gels to
evaluate their compressive modulus at both low and high strain
(as a measure of stiffness) and failure stress (as a measure of
toughness) (Fig. 1, Sl Table 2). Given that the gels presented
fairly complex viscoelastic behaviour, for simplicity, we chose to
discuss the following in terms of the compressive modulus at
high strain as a measurement of maximum stiffness. For
[emim][OAc] gels (Fig. 1a), increasing crosslinked PEGDA
concentration from 10 to 40 wt% increased the compressive
modulus of the gels from 0.26 MPa to 1.18 MPa and the failure
stress from 0.08 MPa (at 20 wt%, no measurable failure was
observed for 10 wt% gels) to 0.54 MPa (S| Table 2). Similarly,
increasing PEGDA concentration from 10 to 40 wt% in
[emim][EtSO4] gels increased the compressive modulus from
0.77 MPa to 4.16 MPa, and failure stress from 0.06 MPato 1.11
MPa (Fig. 1b). Thus, increasing the polymer concentration by a
factor of 4, increased the stiffness and strength of the resultant
ionogels up to 5-fold. For [emim][OTf] (Fig. 1c) and [emim][NTf,]
ionogels (Fig. 1d) failure was detected by a sharp transition in
the stress strain response, a parameter that was less evident for
the [emim][OAc] and [emim][EtSO4] ionogels. This suggested
that although increasing polymer content increased the
compressive modulus of the gels (increasing from 0.75 MPa up
to 10.13 MPa — a 13-fold improvement in strength), increased
toughness came at a cost of increased brittleness (failure strain
was consistently lower for the [emim][OTf] and [emim][NTf,]
ionogels than the [emim][OAc] and [emim][EtSO4] ionogels — SI
Table 2). Additionally, the basicity of anion provided further
control over gel mechanical properties, where decreasing B
increased gel stiffness at all polymer concentrations
(summarized in Fig. 1e). This was the case for all of the ionic

This journal is © The Royal Society of Chemistry 20xx

liquids, except for [emim][NTf,] gels (Fig. 1d), where the 40 wt%
gel had a lower compressive modulus (8.29 MPa) and failure
stress (0.9 MPa) than the corresponding 30 wt% gel (10.13 MPa
and 1.58 MPa respectively — Sl Table 2). In this case, the gel was
so brittle that strength was compromised, aptly characterised
by a dramatic drop in failure strain from 43 % strain at 30 wt%
to 27 % strain at 40 wt% (S| Table 2).

The mechanical properties of the ionogels demonstrated
that there was a strong correlation with anion basicity and gel
stiffness. Notably, for crosslinked PEGDA ionogels, compressive
modulus was inversely proportional to anion basicity (Fig. 1e).
We initially hypothesized that ionic liquid with higher B values
would act as better solvents for the polymer, improving
cohesion and resulting in a tougher gel. Instead, the crosslinked
PEGDA ionogels exhibited an inverse gel strength relationship
to the solvent polarity. This was not necessarily unexpected, as
PEG, although notable for favourable interactions with water, is
not regarded as a polar polymer.2¢ lonic liquid-polymer solvent
pairing - matching the polarity of the ionic liquid such that itis a
better solvent for the polymer - has a significant impact on the
subsequent ionogel properties: thus providing the basis for an
additional level of control over mechanical properties beyond
what is possible through varying polymer loading alone in
conventional gel systems with a single solvent.

To date, small angle neutron scattering (SANS) has been
performed on a limited set of ionogels to study polymer
structure.?’-29 In light of the apparent solvent dependency on
ionogel mechanical strength, we hypothesized that a
comprehensive SANS study could elucidate whether polymer
structure was driving ionogel properties. To investigate this
effect further, scattering profiles were collected for all the
crosslinked ionogels (10 — 40 wt% PEGDA) with corresponding
solutions of ionic liquid and (uncrosslinked) 5 wt% PEGDA for
reference (Fig. 2a,c,e,g). Plots were fitted with a correlation
length function, where the porod exponent (n, used as a
measure of how compact the polymer chains were) and
correlation length (§, used to determine polymer bundle
separations and network mesh size as appropriate) were
calculated (SI Table 3) and used to develop schematics for the
gel structure (Fig. 2b,d,f,h).

Scattering plots for [emim][OAc] and [emim][EtSO4] (where
deuterated [emim][MeSO,] was used as a proxy) gels all showed
similar profiles with steep scattering at low q (Fig. 2a,c). In all
cases, the porod exponent was around 4 (Sl Table 3), indicating
the presence of dense spherical bundles of crosslinked PEGDA.
For these gels, the correlation length of the gels decreased with
increasing polymer concentration (S| Table 3). In these cases,
correlation length was an indicator of the distance between the
dense polymer-rich regions, where separation decreased with
increasing polymer content (Fig. 2b,d). Dense regions of
polymer, where tightly coiled chains minimized crosslinking,
was consistent with the low mechanical strength of the
ionogels. In contrast to the [emim][OAc] gels, [emim][EtSO4]
ionogels displayed increased stiffness and toughness with
increasing polymer loading compared to their [emim][OAc]
counterparts (Fig. 1e). Similarly, the distance between the
polymer bundles in [emim][EtSO4] was moderately less

J. Name., 2013, 00, 1-3 | 3
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Figure 2. SANS profiles and corresponding schematic illustrations for ionogels of [emim][OAc] (a-b), [emim][EtSO,] (c-d), [emim][OTf] (e-f), and [emim][NTf,] (g-h) with 10 wt%
(black triangles, i), 20 wt% (red squares, ii), 30 wt% (blue circles, iii), 40 wt% (green pentagons, iv), and 5 wt% solution (grey diamonds) for reference. Solid lines in SANS plots are

correlation length fits.

sensitive to increasing polymer concentration. This suggesteda [emim][OAc], and moderate network formation improved the
slight increase in crosslinking in the [emim][EtSO4] gels mechanical strength as a result (Fig. 2d).

prevented the bundles getting as close as what was observed in

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Whilst [emim][OAc] and [emim][EtSO4] ionogels displayed
very similar mechanical properties and scattering profiles, this
was not the case for the [emim][OTf] and [emim][NTf,] gels. For
these gels, SANS profiles (Fig. 2e,g) showed porod exponents in
the range 2 — 3, indicating that these ionic liquids were better
solvents, with PEGDA now forming highly crosslinked fractal
networks, as opposed to loosely connected regions of polymer.
This served as further evidence towards anion basicity playing a
pivotal in gel properties, in this case through the
structuration of polymers (as evidenced through the porod
exponent).

For [emim][OTf], the scattering profile for the pre-gel
concentration of PEGDA (5 wt%) had a porod exponent of 2.06
and correlation length of 142.5 A (Fig. 2e), indicating that the
ionic liquid was acting as a 8-solvent, with the polymer now in

role

an extended conformation. Similarly, in [emim][NTf,], the 5 wt%
pre-gel solution showed a porod exponent of 1.47, indicating
good solvent conditions (Fig. 2g). When the polymer
concentration was increased to 10 wt%, the concentration
required for a free-standing gel, for both [emim][OTf] and
[emim][NTf;], there were increases in the correlation length (SI
Table 3), indicative towards the polymer forming loose
networks of fractal objects. Given the similar mechanical
properties to the equivalent [emim][OAc] and [emim][EtSO4]
gels, this suggested the presence of low density regions of
polymer that were loosely connected (Fig. 2f,h). When the
polymer content was increased to 20 wt%, in [emim][OTf] the
porod exponent increased to 2.3 and correlation length
decreased to 187.2 A, indicating that the polymers were
beginning to form a much more fractal network. However, in
light of the mechanical properties, this suggested the presence
of some entangled bundles of polymer persisting (Fig. 2f,ii). By
comparison, for [emim][NTf,] the correlation length increased
moderately to 142.3 A concomitant with a decrease in porod
exponent to 1.81. This indicated that the regions of polymer
were becoming more crosslinked with greater network
formation (Fig. 2h,ii). This increased network was in agreement
with the significant 4-fold increase in the stiffness moving from
a concentration of 10 wt% to 20 wt% (Sl Table 2).

At 30 wt% the polymer concentration was now high enough
for a considerable amount of crosslinking and network
formation in both [emim][OTf] and [emim][NTf;] (Fig. 2f,h). This
switch from loosely associated bundles of polymer to a network
of polymer was reflected in the mechanical properties, with
significant increases in the compressive modulus of these gels
compared to their [emim][OAc] and [emim][EtSO4] equivalents
(Sl Table 2). This was particularly prevalent for the [emim][NTf,]
gels, where a porod exponent of 1.58 and scattering length of
175.0 A (Fig. 2g, Sl Table 3), indicated extended polymer chains,
behaving as ideal solutes, forming extended mesh-like networks
(Fig. 2h,iii). This was in broad agreement with the mechanical
properties, which showed that the [emim][NTf,] and
[emim][OTf] gels were the stiffest and toughest of all the gels
tested (Fig. 1e, Sl Table 2).

When the PEGDA concentration was increased to 40 wt%,
the density of the polymers increased, evidenced through the
slight increases in the porod exponent and further decreases in

This journal is © The Royal Society of Chemistry 20xx

a 307 Fis
2.5= O1s
)
'c F KLL Cls
D 2.04 OKWL N1s 52
A N KLL P
a CKLL 52s
= /‘/JJL—'\H
Yo 1.5 L
—
2 //‘/AJL/\L_J\
wn
A
1.0 |
.
0.5+
T T T T T T T
1200 1000 800 600 400 200 0
Binding Energy / eV
b 40
4 F

<

= o

/H
; i

Atomic Percent / %
S
|

0 T T T 1
0 10 20 30 40

Polymer [/ wt%

N/O

0.0 T T T 1
0 10 20 30 40

Polymer / wt%

Figure 3. (a) XPS survey scan for ionogels of [emim][NTf,] and crosslinked PEGDA at 0,
5, 10, 20, 30, and 40 wt% (pink — dark red). (b) Plot of atomic percent against PEGDA
concentration for [emim][NTf,] ionogels (calculated from survey scan shown in Fig. 3a).
(c) Plot of the ratio of N to O (as calculated from atomic % data derived from XPS scans
—Fig. 3a, SI Fig. 1, Sl Table 4) against PEGDA concentration for ionogels with [emim][OAc]
(black triangles), [emim][EtSO4] (red squares), [emim][OTf] (blue circles), and
[emim][NTf,] (green diamonds). N/O was chosen as a proxy to monitor the IL:PEGDA
ratio.

the correlation length (Sl Table 3). For the [emim][OTf] ionogel
this was in agreement with the increase in stiffness and
toughness. Overall, these observations indicated that the
structure of the [emim][OTf] 40 wt% crosslinked PEGDA gel was
that of a dense fractal network of polymer (Fig. 2f,iv). Whilst this
was broadly the same for the [emim][NTf,] gel, in this case the

J. Name., 2013, 00, 1-3 | 5



polymer packing was such that any gains in stiffness was
negated by a significant increase in brittleness — where the
failure strain was reduced dramatically from 48 % to 27 % (SI
Table 2). This was reflected in the scattering data (Fig. 2g), which
showed a slight contraction in correlation length (from 175.0 A
to 138.2 A) that was concomitant with an increase in the porod
exponent (from 1.58 to 1.93, SI Table 3), indicating a formation
of a much denser network of polymer (Fig. 2h,iv).

Overall, SANS profiles provided structural information on
the various ionogels, which could be correlated to their
mechanical properties. Particularly, deciphering the polymer
behaviour in the ionogels revealed that, in line with the
mechanical properties, decreasing the polarity of the ionic
liquid increased its solvent potential with respect to PEGDA.
This demonstrated that the physical properties of ionogels
could be specifically tuned through choice of ionic liquid,
explained in-turn by the arrangement and structure of the
polymers within the solvent.

The negligible vapour pressure of ionic liquids provided a
unique opportunity to study the surface composition of the
ionogels, something that is not feasible for other gel systems as
vaporisation of the solvent makes these experiments otherwise
impossible to conduct. To complement our SANS structural
studies, XPS was used to investigate the molecular species
present at the ionogel surface (Fig. 3, SI Fig. 1-2, Sl Table 4). XPS
survey scans (Fig. 3a, SI Fig. 1) were used to calculate the atomic
content of the ionogel surfaces (Fig. 3b, Sl Fig. 2, Sl Table 4). For
all ionogels, as the polymer content was increased, signals
associated predominately with the ionic liquid (S, N, F)
decreased concomitantly with increases in the signals
associated primarily with PEG (C, O). As expected, this indicated
an increasing polymer composition at the ionogel surface and a
decreasing ionic liquid composition. However, there were
striking differences between the modality of this change
between ionic liquids. To simplify the analysis, the atomic ratio
of N to O (N/O) was chosen as a proxy to express ionic liquid to
polymer ratio at the sample surface (Fig. 3c). This was validated
through the S/N ratio (Sl Fig. 3), which was consistent at all
polymer concentrations, indicating that observations were not
due to cation and anion segregation at the ionogel surface. For
ionogels of both [emim][OAc] and [emim][EtSO4], when the
crosslinked PEGDA concentration was increased to the
minimum required for gelation (10 wt%), there was a significant
decrease in the N/O ratio indicating the sudden appearance of
a polymer rich surface. The ionic liquid content at the surface of
the ionogel was significantly lower than within the bulk,
suggesting a lack of cohesion between ionic liquid and polymer-
rich domains. This was entirely consistent with both the bulk
structure (large spherical objects that were loosely connected),
and the comparatively low mechanical strength. Conversely,
when the ionic liquid was either [emim][OTf] or [emim][NTf,],
the decrease in N/O with increasing polymer content was much
more gradual. This suggested that there was minimal
segregation of ionic liquid between the bulk and the surface, as
compared to the [emim][OAc] and [emim][EtSO4] gels. Again,
this was in agreement with the SANS data and served as further

6 | J. Name., 2012, 00, 1-3

evidence to the presence of uniform polymer networks
throughout these ionogels.

Conclusions

lonic liquids have emerged as highly tuneable solvents for

in the development of functional materials. Taking
advantage of their unusual solvent properties, we have
deployed a combination of analytical techniques that have not
been used on gel systems before. Specifically, SANS and XPS
have provided a glimpse into structure-property relationships
that would not otherwise be possible in volatile solvents.
Drawing from these experiments, we have shown that the
physical properties of ionogels are entirely dependent on both
the ionic liquid component and polymer content. Further, we
have demonstrated that the structural motifs of the gels — both
within the bulk and at the surface — changes considerably with
ionogel composition. The defining features being tight compact
polymer rich regions in the more polar ionic liquids, moving
towards extended networks in the less polar ionic liquids where
polymer-solvent interactions are more favourable. Through
consideration of the polarity of the ionic liquid anion, ionogels
possess an extra level of tuneability compared to analogous gels
of other solvents. As such, the results presented here illustrate
that through systematic SANS and XPS studies, the modularity
of ionogels is intrinsically linked to the structure of the polymer,
which in turn is controlled by the tuneable solvent capability of
the ionic liquid. As a result, we provide a framework for
understanding — and expanding — the design space of gel
materials. It is obvious that the research presented here only
begins to probe the boundaries of ionogel design. Therefore,
subsequent research will do well to build on these foundations,
and explore the vast variety of components available (and their

use

combinations), including those that are biologically compatible,
polymers that are environmentally responsive, and deep
eutectic solvents. Furthermore, as the physical properties
examined here will impact charge transport within the gels,
studying conductivity as a function of ionogel structure (both
bulk and surface) will be of great importance. The result will be
a structure-led consideration for the careful development of
functional gels, opening avenues towards a plethora of new
applications.
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