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properties of metal ionogels through Lewis acidity
and basicity†

Coby J. Clarke, ‡*a Richard P. Matthews, a Alex P. S. Brogan b

and Jason P. Hallett a
Ionogels are emerging as soft materials with remarkable physical

properties that can be tuned to suit application requirements. The

liquid component—ionic liquids—are effectively involatile, which

provides new opportunities to explore gel surfaces with UHV based

analytical techniques. Here, we exploit the highly solvating nature of

ionic liquids to fabricate poly(ethylene glycol) based ionogels with high

concentrations of zinc, and then investigate their surfaces to show

that tunability extends beyond the bulk to the interface. A unique

relationship between Lewis acidity and basicity and the surface

concentration of metal was revealed. Chemical state analysis and

molecular dynamics showed that Lewis acidic metals templated

polymers to give new architectures reduced brittleness and increased

flexibility, while Lewis basic metals improved polymer uniformity and

strengthened gels. Therefore, bulk structure, surface composition, and

metal speciationwere all found to be intimately related and dependent

upon the coordination strengths of ionic liquid anions. Importantly,

the highly controllable surface and structural properties of metal

ionogels allow fine-tuning across a broad design space, which pres-

ents new opportunities for gel based applications.
Ionogels are a promising class of so materials that are
primarily composed of ionic liquids with cross-linked polymer
networks.1 The properties of ionic liquids are well-known and
arise from their ionic composition,2 which bestows unique
properties that are unparalleled by molecular liquids. Conse-
quently, the high ionic liquid content of ionogels integrate
these properties into so materials, providing remarkable
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material features that present new and unique opportunities.3

For example, ionogels are electrically conductive, heat stable,
resistant to evaporation, non-ammable, and highly tunable.4–6

The latter point is of particular importance because it arises
from the extensive structural diversity of ionic liquids,7 and is
enhanced by the large number of cross-linked polymer
networks available. Hence, ionogels are versatile so materials
and the benets of their tunability are far reaching, impacting
areas such as drug-delivery,8 stimuli-responsive smart mate-
rials,9 and energy storage.10

Understanding structure–property relationships in ionogels
is important because a wide range of physical properties can be
accessed through modular design of ionic liquids and poly-
mers. Therefore, molecular level insights can help navigate the
broad design space of ionogels to match physical and chemical
properties to the application of interest, which is key to
exploiting the benets of ionic liquid based materials. Our
previous study showed that the structure of cross-linked poly(-
ethylene glycol) diacrylate (PEGDA) could be controlled to
inuence the ratio of ionic liquid and polymer at the surfaces of
ionogels.11 To the best of our knowledge, this was the rst time
ionogel outer surfaces had been studied and the ndings
showed that structure–property relationships extended beyond
the bulk to the surface—an insight that was only possible
because the low volatility of ionic liquids enable surfaces anal-
ysis with UHV-based analytical technicques,12 which is impos-
sible for gels with volatile liquid phases.

Compared to other solvents, ionic liquids can dissolve large
quantities of metal salts—up to 75 mol%, or c0.75—to give free-
owing solutions that are useful in catalytic, energy, or material
applications.13–15 Even weakly coordinating ionic liquids can
dissolve large quantities of metals.16 In the presence of func-
tional coordinating groups, weakly coordinating anions
undergo ligand exchange to give new interactions that improve
or introduce new properties.17 For example, polyether chains
can compete with weakly coordinating [NTf2]

� ligands to coor-
dinate Mg2+, which improves the reversible electrochemical
deposition/dissolution of magnesium and inhibits dendritic
J. Mater. Chem. A, 2021, 9, 4679–4686 | 4679
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growth.18 Similar interactions can also be used to form pseudo-
crown ethers polymers, to give in-chain cavities capable of
selective molecular recognition.19 Hence, the balance between
interacting and non-interacting groups can be exploited in both
ionic liquids and polymers, the two major components of ion-
ogels. Hydrogel and organogel studies have shown that metals
can introduce unusual new architectures to gel media, to give
controllable porosity20 and supramolecular organisation.21

Therefore, there is great interest in extending these investiga-
tions to ionogels, especially when considering that ionic liquids
and polymers can both interact with embedded metals.

In this work, we have prepared ionogels from ionic liquids
containing large quantities of dissolved zinc (33 mol%). Highly
cross-linked PEGDA was selected as the polymer phase, and
[omim]Cl or [omim][NTf2] were chosen as the liquid phases as
they contained strongly coordinating and weakly coordinating
anions that gave Lewis basic and Lewis acidic metal complexes,
respectively.22,23 Surface compositions of ionogels were investi-
gated with a variety of surface analysis techniques and bulk
structure was investigated with mechanical testing. A molecular
level understanding of the complex interactions between the
ionic liquid, polymer, and zinc was provided by molecular
dynamics (MD). Coordination of polymers to Lewis acidic metal
complexes gave new polymer architectures via templating,
which reduced brittleness and increased exibility of the gel
and led to the metal being sequestered in the bulk. Conversely,
Lewis basic metals complexes did not interact with polymer
supports, but did reduce the hydrogen bonding acceptor ability
of the anions to improve polymer uniformity and strengthen
ionogels. Thus, herein we provide a detailed and comprehen-
sive investigation of metal ionogels as highly tunable so
materials with several levels of control provided by metals,
cations, anions, polymers, and, importantly, the competing
behaviour of the collective components. The ability to study gel
surface compositions not only impacts interfacial design, it also
provides a window into the bulk which can help reveal new
information that is otherwise hidden. The advantages of ion-
ogel surfaces are quickly being realised,24 and new insights into
surface composition can greatly improve current understanding
at the molecular level to initiate the development of interfacially
tuned gels.

Results and discussion

The rst step in our study was to quantify [omim]+ ionogel
surfaces without metal ions to understand whether long-chain
ionic liquids followed the same trends as short-chain
analogues.11 Therefore, XPS was used to analyse the top 7–
9 nm (ref. 25) of both [omim]Cl and [omim][NTf2] ionogels with
PEGDA content from 0–40 wt% (ESI, Fig. S1, Table S3 and S4†)
over a grid of ve sites to account for surface inhomogeneity
and measurement error. We chose to prepare ionogels from
long chain ionic liquids primarily for internal charge correction
of photoelectron spectra,26 which was important for accurate
chemical state analysis in mixtures of non-conductive polymer
and conductive ionic liquids (i.e. differential surface
charging).27 The XPS derived N/O ratios for [omim]Cl ionogels
4680 | J. Mater. Chem. A, 2021, 9, 4679–4686
showed a large decrease from 16.6 to 6.5 when increasing the
PEGDA content from 5–40 wt%. However, there was only a small
amount of oxygen at the surface—1.8 at% for 40 wt% PEGDA—
which demonstrated that [omim]Cl ionogels surfaces were ionic
liquid rich. In our previous work,11 we showed that short-chain
ionic liquids with high basicity anions28 such as Cl� gave
polymer-rich ionogel surfaces as a result of dense polymer
bundles formed from poor solvent-monomer mixing.
Increasing the length of the aliphatic chain appeared to disrupt
this surface trend, which was likely to be due to a combination
of aliphatic chain surface enrichment29 and improved misci-
bility of the ionic liquid with PEGDA.30 The surfaces of [omim]
[NTf2] ionogel were also found to be rich in ionic liquid (ESI,
Fig. S1b†) with very little polymer present, which matched those
of short chain ionogels analogues (ESI, Table S5†). Therefore,
[omim]Cl and [omim][NTf2] ionogels both had ionic liquid rich
surfaces (in the top 9 nm) that were chemically different, but
compositionally similar.

We then looked to investigate ionogel surfaces prepared with
metal containing ionic liquids. Zn was chosen as an archetypal
metal because it is diamagnetic with a closed d-orbital, which
has been shown to give sharp, intense photoemission signals
ideal for XPS.22 Concentrations of cZn[A]2 ¼ 0.33 (33 mol%) were
used because speciation in the control ionic liquids is well
known; in [omim]Cl the Lewis basic [ZnCl4]

2� anion is
present,31 while in [omim][NTf2] the Lewis acidic [Zn(NTF2)6]

4�

anion is present.13,32 The resulting solutions of [omim]Cl–0.33-
ZnCl2 and [omim][NTf2]–0.33Zn[NTf2]2 were used to prepare
30 wt% PEGDA ionogels, which were free-standing, clear gels.
Parallel angle resolved XPS (PARXPS) was then used to depth
prole (ESI, Fig. S2a–d†) the ionic liquids controls and 30 wt%
PEGDA ionogels from 8.2 nm to 2.4 nm to investigate Zn
concentrations towards the outer surface. For strongly coordi-
nating Cl� anions, Zn was observed at all depths in both the
ionic liquid and the ionogel (Fig. 1a and b). A small decrease in
the quantity of Zn at 2.4 nm was observed in the ionogel relative
to the pure ionic liquid (0.31 at% less), with a concurrent
increase in [omim]+ cations. The FWHM and binding energies
values of the Zn 2p3/2 photoemissions differed only by 0.1 eV at
most, which indicated that the chemical state of Zn was unaf-
fected by PEGDA polymer and [ZnCl4]

2� remained intact. This
was conrmed by the Cl 2p photoemission, which showed
a single chemical state for chlorine (Fig. 1e). Altogether, these
observations showed that metal speciation was unaffected in
ionogels when strongly coordinating anions were present. The
ionogel surface was primarily composed of ionic liquid—also
supported by the weak oxygen signal—but small changes in the
N/Zn ratio (ESI, Fig. S3†) implied that the top 8.2 nm was
reordered (relative to the control ionic liquid), possibly by
association of [ZnCl4]

2� to PEGDA or segregation of [omim]+

from PEGDA.
PARXPS of the [NTf2]

� containing ionic liquid showed that
Zn was present at all depths; however, the 30 wt% PEGDA ion-
ogel showed no Zn at any depth, even down to 8.2 nm (Fig. 1c
and d). The surface of the ionogel was found to primarily
contain [omim][NTf2] ionic liquid and all photoemission
binding energies matched those of metal free [omim][NTf2]
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 PARXPS Zn 2p high resolution scans for (a) [omim]Cl–0.33ZnCl2, (b) [omim][NTf2]–0.33Zn[NTf2]2, (c) [omim]Cl–0.33ZnCl2 with 30% PEGDA,
and (d) [omim][NTf2]–0.33Zn[NTf2]2 with 30% PEGDA. Two signals are shown for 25� (black) and 75� (red) emission angles with the corresponding
depths on respective plots. (e) XPS Cl 2p high resolution scans of [omim]Cl–0.33ZnCl2 (black) and [omim]Cl–0.33ZnCl2 with 30 wt% PEGDA (blue).
(f) XPS Zn 2p high resolution scans of [omim][NTf2]–0.33Zn[NTf2]2 (black) and bulk [omim][NTf2]–0.33Zn[NTf2] with 30 wt% PEGDA (blue).
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with 30 wt% PEGDA. Relative to the Cl� ionic liquid, the [NTf2]
�

ionic liquid gave Zn 2p3/2 binding energies 1.7 eV higher, which
highlighted that Zn had a signicantly lower electron density
when coordinated by [NTf2]

� anions. A Zn 2p binding energy
was obtained for the [omim][NTf2]–0.33Zn[NTf2] ionogel by
removing the top 1–2 mm of the gel with a scalpel (Fig. 1f). The
Zn 2p3/2 binding energy of the ionogel was 1.1 eV lower than the
binding energy measured for Zn in pure [omim][NTf2]–0.33Zn
[NTf2]2 ionic liquid, which indicated that Zn had gained
a signicant amount of electron density when incorporated into
the gel. Therefore, we hypothesised that the polyether groups of
PEGDA had displaced weakly coordinating [NTf2]

� ligands of
the Lewis acidic complex, which could explain the observed
gain in electron density and resulting binding energy shi. This
ligand substitution led to Zn being sequestered in the bulk
This journal is © The Royal Society of Chemistry 2021
ionogel, where coordination to PEGDA could cause conforma-
tional changes in the polymer chains. Pseudo-crown ether
formation can result from these interactions if polymer chains
match the cation's size.19 However, the PEGDA used in this work
(MW ¼ 575) had an average length of 10–11 monomer units,
which was far too long for pseudo-crown ethers to form.
Nevertheless, molecular scale conformational changes could
cause macroscopic structural changes, which could ultimately
affect gel properties. Recent reports have shown that [NTf2]

�

ligands can be substituted by functional groups attached to
cations,33 which supported our coordination hypothesis.
Furthermore, strongly coordinating ligands such as Cl� were
unlikely to be substituted by polyether groups, which could
explain why [omim]Cl–0.33ZnCl2 ionogels had Zn at the surface
and speciation was unaffected.
J. Mater. Chem. A, 2021, 9, 4679–4686 | 4681
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Fig. 3 Plots of compressive stress against compressive strain for
ionogels of [omim]Cl (black), [omim]Cl–0.33ZnCl2 (red), [omim][NTf2]
(green), and [omim][NTf2]–0.33Zn[NTf2]2 (blue) with 30% PEGDA.
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Deconvoluting photoemission signals is difficult in XPS,12

which complicates quantications of components that share
a common element, such as oxygen containing [NTf2]

� and
PEGDA. Therefore, ionogels were investigated with secondary
ion mass spectrometry (SIMS) depth proling to understand the
spatial arrangement of chemical species at the surface, and for
denitive identication of molecular species during sputtering.
SIMS of metal free [omim][NTf2] ionogel with 30 wt% PEGDA
showed that small amounts of polymer were present in the
outer 2–3 nm (ESI, Fig. S4†), and that depth proling of ionogels
was possible as both ionic liquid and polymer components
could be identied and monitored by MS. The surface of the
[omim]Cl–0.33ZnCl2 ionogel with 30% PEGDA was found to be
rich in Zn, while the surface of the [NTf2]

� ionogel analogue had
a large depletion of Zn—a factor of 38 lower than the Cl� ion-
ogel (Fig. 2). The Cl� ionogel showed relatively high and
consistent ionic liquid and Zn signals throughout depth
proling, with a steady increase in PEGDA. Conversely, the
[NTf2]

� ionogel had lower levels of PEGDA at the outer surface
which signicantly increase as sputtering proceeded (by a factor
of 67), while the amount of ionic liquid steadily decreased.
Small uctuations in the PEGDA signal were also mirrored by
the Zn signal, which demonstrated that Zn was no longer
associated with the ionic liquid but PEGDA instead. This vali-
dated the low binding energy of Zn observed in XPS analysis and
supported the hypothesis that Zn was coordinated to PEGDA,
which displaced the weakly coordinating [NTf2]

� ligands. A
similar surface depletion of Co in a 30 wt% PEGDA ionogel (i.e.
[omim][NTf2]–0.33Co[NTf2]2) was also observed (ESI, Fig. S5†),
which conrmed that surface depletion was not unique to Zn
and that other weakly coordinated metals were subject to
similar effects. In addition, control samples of ionic liquid
showed no variation in the metal concentration during depth
proling of the liquid surface (ESI, Fig. S5†), which conrmed
that PEGDA was responsible for sequestering of metals within
the bulk ionogels.

The results obtained from surface analysis suggested that
there was a balance between ionic liquid and polymer coordi-
nation to Zn, which was inuenced by the Lewis acidity/basicity
of the metal complex. We wanted to investigate how the bulk
properties of ionogels changed as this balanced was tipped,
which was particularly important when considering that
Fig. 2 SIMS depth profiles of ionogels composed of (a) [omim]Cl–0.33

PEGDA, showing the [omim]+ cation (red), PEGDA (black), and zinc (gree

4682 | J. Mater. Chem. A, 2021, 9, 4679–4686
conformational changes in PEGDA were likely to result from
metal coordination. In line with previous reports, here we use
compressive stress–strain data as being representative of ion-
ogel bulk structure,11 (ESI, Fig. S6†) and thus an indication of
polymer structure. Our rst goal was to mechanically charac-
terise metal free ionogels of long-chain [omim]Cl and [omim]
[NTf2] to provide a reliable basis for comparison (ESI, Table
S10†). The mechanical properties of [omim]Cl ionogels were
similar to those previously published for short-chain [emim]
[OAc] ionogels.11 The [OAc]� anion has a high basicity similar to
that of Cl�,34 so the mechanical similarity was expected given
the previously observed link between anion basicity and PEGDA
structure.11 The PEGDA polymer structure of [omim]Cl ionogels
were therefore composed of loosely interconnected bundles of
polymer, which resulted in relatively weak gels. Bulk behaviour
of the Cl� and [OAc]� systems were the same, despite the
observed differences in surface composition, which could be
explained by alkyl chain enrichment at the ionogel surface in
vacuo. The mechanical properties of low basicity [omim][NTf2]
ionogels matched those of short-chain [emim][NTf2] and
[bmim][NTf2], which conrmed that the bulk structure was
composed of uniform networks of polymer.

For Cl� anions, the addition of Zn to the ionogel increased
both failure stress and strain, which improved strength and
toughness. The failure stress of the [omim]Cl2–0.33ZnCl2 ionogel
ZnCl2 with 30% PEGDA and (b) [omim][NTf2]–0.33Zn[NTf2]2 with 30%
n).

This journal is © The Royal Society of Chemistry 2021
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Table 1 Compressive modulus at low (<10%) and high (before fracture) strain and failure stress for [omim]Cl, [bmim][NTf2], [omim][NTf2], [omim]
Cl–0.33ZnCl2 and [omim][NTf2]–0.33Zn[NTf2]2 ionogels with 30 wt% PEGDA

Ionogel PEGDA/wt%
Compressive modulus
(low strain)/MPa

Compressive modulus
(high strain)/MPa Failure stress/Mpa Failure strain/%

[omim]Cl 30 0.065 � 0.0077 1.32 � 0.20 0.24 � 0.01 58.39 � 2.77
[omim]Cl–0.33ZnCl2 30 0.15 � 0.02 2.60 � 0.16 0.64 � 0.06 74.58 � 5.16
[bmim][NTf2] 30 1.23 � 0.13 4.36 � 0.10 0.61 � 0.10 37.51 � 7.17
[omim][NTf2] 30 1.71 � 0.20 4.66 � 0.20 0.64 � 0.08 33.33 � 4.90
[omim][NTf2]–0.33Zn[NTf2]2 30 0.77 � 0.14 2.99 � 0.39 0.87 � 0.28 52.65 � 1.68
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was approximately 2.6 times the value of the metal free
analogue (Fig. 3, Table 1) at both low and high strain. The
change in anion from Cl� to [ZnCl4]

2� resulted in a decreased
hydrogen bond acceptor ability,22 which subsequently increased
the strength of the gel by improving the uniformity of the
polymer network, in line with the observations made in our
previous work.11 The interaction of the metal with the ionic
liquid therefore altered the physicochemical properties of the
ionic liquid phase, which had an indirect impact on the struc-
tural properties of the polymer phase. Conversely, Zn reduced
the brittleness of stiff [NTf2]

� ionogels, which increased the
failure stress and failure strain and signicantly increased the
toughness. However, the modulus of the [NTf2]

� ionogel
decreased on addition of Zn because the increase in strength
was surpassed by a large increase in exibility. The reduced
brittleness and improved exibility was apparent when
handling the ionogels and it suggested that the highly unifor-
mity polymer phase found in [NTf2]

� ionogels was disrupted.
This observation was consistent with the previous hypothesis
that Zn was coordinated to PEGDA. Furthermore, the decrease
in compressive modulus for [omim][NTf2]–0.33Zn[NTf2]2 ion-
ogels could not be explained by basicity changes (further
discussion in the ESI†). These results highlighted that Zn could
modulate ionogel mechanical properties through two different
mechanisms—either indirectly, by altering the basicity of the
ionic liquid anion, or directly, by coordinating PEGDA. Cl� and
[NTf2]

� ionogels are examples of weak and strong gels respec-
tively, and a wide range of mechanical properties exist between
the two. Therefore, addition of Zn salts can allow intermediate
Table 2 Ensembled average radius of gyration (Rg), end-to-end distance
metal-free [omim]Cl and [omim][NTf2], and Zn containing [omim]Cl–0.3

Ionogel IL/PEGDA Zn/PEGDA

[omim]Cl 30 0
10 0
6 0

[omim][NTf2] 30 0
10 0
6 0

[omim]Cl–0.33ZnCl2 30 5.0
10 1.7
6 1.0

[omim][NTf2]–0.33Zn[NTf2]2 30 5.0
10 1.7
6 1.0

This journal is © The Royal Society of Chemistry 2021
properties to be obtained, which introduces a way to ne-tune
the strength of ionogels across a broad design space to target
application requirements.

Overall, mechanical testing showed that Zn could have
considerable and opposing effects on ionogel toughness. We
wanted to test our hypothesis that Zn-PEGDA coordination was
responsible for reducing strength in [NTf2]

� ionogels, and to
what degree polymer dimensions were affected. Therefore, MD
simulations were used to investigate mixtures of PEGDA with
[omim]Cl, [omim][NTf2], and their Zn analogues. The size of
PEGDA polymers were quantied with three ensemble average
parameters (Table 2), which were the radius of gyration (Rg),
end-to-end distance (R), and solvent accessible surface area
(SASA), for three different concentrations of PEGDA (ESI, Table
S11; Fig. S33†). The metal-free control ionic liquids mixtures
showed that PEGDA was slightly smaller in high basicity Cl�

ionic liquids compared to low basicity [NTf2]
� ionic liquids,

which was consistent with previous SANS experiments.11 Addi-
tion of Zn did not effect PEGDA size for the Cl� containing ionic
liquid; however, addition of Zn to [NTf2]

� ionic liquids caused
a signicant reduction in all three parameters, which indicated
that PEGDA polymer chains had contracted in size. For
example, the R value of PEGDA in [omim][NTf2]–0.33Zn[NTf2]2
reduced by 29.3% relative to the [omim][NTf2] control (IL/
PEGDA ¼ 30). Larger amounts of Zn caused larger contrac-
tions in the polymer size for [omim][NTf2]–0.33Zn[NTf2]2, but the
analogous [omim]Cl–0.33ZnCl2 mixtures showed that polymer
size was independent of the Zn/PEGDA ratio.
(R), and solvent accessible surface area (SASA) for PEGDAmonomers in

3ZnCl2 and [omim][NTf2]–0.33Zn[NTf2]2

Rg/Å R/Å SASA/Å2

7.1 � 1.1 16.8 � 5.5 631.2 � 29.3
7.3 � 1.3 17.6 � 5.8 634.3 � 29.5
7.3 � 1.2 17.6 � 5.8 634.4 � 28.8
7.4 � 1.2 18.4 � 5.9 638.7 � 28.1
7.4 � 1.3 18.2 � 6.2 637.4 � 29.3
7.4 � 1.3 18.1 � 6.0 636.6 � 29.6
7.3 � 1.1 17.5 � 5.2 636.6 � 25.9
7.3 � 1.2 17.8 � 5.8 633.6 � 29.3
7.3 � 1.3 17.8 � 5.9 633.1 � 30.1
5.3 � 0.5 13.0 � 3.1 538.8 � 16.5
5.9 � 0.7 15.0 � 4.2 567.5 � 22.8
6.1 � 0.9 15.3 � 4.6 576.2 � 24.8
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Fig. 4 (a and b) Zn ions in [omim][NTf2]–0.33Zn[NTf2]2 showing (a)
different coordination modes of Zn ions to PEGDA present throughout
the simulations and (b) dynamic and complex coordination states of
multiple PEGDA monomers bound to Zn ions (40 ns simulation time
for PEGDA/Zn ratio of 1). (c and d) Representative snapshots of Zn and
PEGDA taken from MD simulations of (c) [omim]Cl–0.33ZnCl2 and (d)
[omim][NTf2]–0.33Zn[NTf2]2.
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The contraction in polymer dimensions in [omim]
[NTf2]–0.33Zn[NTf2]2 was conrmed to be the result of extensive
Zn–O(PEGDA) interactions (Fig. 4). For example, the radial
distribution functions (RDFs) for Zn–O(PEGDA) in [omim]
[NTf2]–0.33Zn[NTf2]2 had g(r) values of z100–250 (ESI,
Fig. S27†), which were far higher than those obtained from
[omim]Cl–0.33ZnCl2 which were z0–11 (ESI, Fig. S28†).
Furthermore, several coordination modes and monomer
conformations were observed in the [NTf2]

� Zn mixtures, such
as coiling (Fig. 4a) and bridging (Fig. 4b). Simulations also
showed that Zn–Cl interactions were far stronger than Zn–
O([NTf2) and Zn–N([NTf2) interactions (ESI, Fig. S27 and S28†),
which conrmed that the two anions had considerably different
coordination strengths. Therefore, [ZnCl4]

2� remained intact in
the presence of PEGDA—validated by the solvation number n(r)
¼ 3.9—which limited direct Zn–O(PEGDA) interactions in
[omim]Cl–0.33ZnCl2 mixtures, whereas [NTf2]

� ligands were
displaced to form new Zn–O(PEGDA) coordination complexes in
[omim][NTf2]–0.33Zn[NTf2]2 mixtures.

Hydrogen bonding in imidazolium ionic liquids primarily
occurs through the aromatic proton of the cationic ring.35

Strongly interacting anions form strong hydrogen bonds with
these positions, while weakly interacting anions do not.
Therefore, hydrogen bonding to solutes may increase for ionic
liquids with weakly interacting anions because they do not
compete for hydrogen bonds. Hydrogen bonding between
aromatic ionic liquid cations and the oxygen atoms of poly-
ethers have been identied as important solvent–solute inter-
actions that inuence miscibility and dissolution of polyethers
in ionic liquids.36 However, our MD simulations showed that
[omim]+ ring protons weakly interacted with the oxygen atoms
4684 | J. Mater. Chem. A, 2021, 9, 4679–4686
of PEGDA and formed preferential interactions with ionic liquid
anions instead (ESI Fig. S29†), for both Cl� and [NTf2]

�. The
[omim]+–Cl� interaction was found to be stronger than the
[omim]+–O([NTf2]

�) interaction (ESI, Fig. S30†), which was
consistent with previous results for ionic liquids.37 Alkyl chains
weakly interacted in all systems (ESI, Fig. S31†) and alkyl-
PEGDA interactions were found to be the weakest observed
interactions (ESI, Fig. S32†), which supported that PEGDA
structure was primarily determined by anion Lewis basicity/
acidity and the presence of Zn.

MD simulations supported the observed changes in chem-
ical state by XPS and conrmed the hypothesis that Zn was
sequestered in the bulk by coordination to PEGDA for [NTf2]

�

ionic liquids. The considerable contraction in polymer size and
the multiple coordination modes of Zn to PEGDA also sup-
ported the increase in exibility and decrease in brittleness
observed during compression testing. Chelation of the PEGDA
chains around Zn decreases polymer uniformity and promotes
disorder, which decreases stiffness and makes the ionogels
more suitable for mechanically demanding applications.
Furthermore, [omim]X–0.33Zn[X]2 ionogels with 30% PEGDA
have approximate Zn/PEGDA values of 1. The results obtained
from MD simulations suggest that larger quantities of Zn can
have signicantly larger reductions on polymer size, and
therefore, mechanical strength. This can be readily achieved
because of the highly solvating nature of ionic liquids ($c0.75 is
possible), which is one of the unique properties that extend to
ionogels to make them exceptional so materials.

Following the investigation of surface and bulk inhomoge-
neity in Zn ionogels, we decided to thermally characterise the
ionic liquids and gel materials prepared in this work (ESI, Table
S12†) as thermal properties are critical for all applications of
ionic liquids and ionogels. For the Cl� containing ionic liquid,
addition of Zn improved thermal stability (Tonset increased by 54
�C) because Cl� anions were coordinated to the metal in the
[ZnCl4]

2� complex and therefore not able to act as nucleophiles
in retro SN2 reactions—the dominant decomposition process
for halide ionic liquids.38 Lower quantities of Zn (i.e. c ¼ 0.1)
had similar thermal stabilities to those of [omim]Cl because
free Cl�was still present (in a mixture with [ZnCl4]

2�)39 and thus
able to participate in retro SN2 reactions. The corresponding Cl

�

ionogels had thermal stabilities that reected the stabilities of
their respective ionic liquids (ESI, Fig. S45†), which showed that
thermal stability of ionogels is largely determined by the iden-
tity of the ionic liquid anion. For the [omim][NTf2] ionic liquid,
addition of Zn slightly reduced the thermal stability of the ionic
liquid (Tonset reduced by 45 �C), but Tonset was 70 �C higher than
analogous [omim]Cl–0.33ZnCl2 because of the intrinsic thermal
stability of the non-nucleophilic [NTf2]

� anion (ESI, Fig. S46†).40

However, thermal stability of the [omim][NTf2]–0.33Zn[NTf2]2
ionogel with 30% PEGDA was signicantly compromised when
compared to the Zn free ionogel analogue (Tonset reduce by 173
�C). Furthermore, reducing the quantity of Zn did not improve
thermal stability, and even small quantities of Zn (i.e., c ¼ 0.05)
signicantly impacted ionogel thermal stability (ESI, Fig. S47†).
These observations highlighted that association of metals to
coordinating PEGDA polymer phases introduced new thermal
This journal is © The Royal Society of Chemistry 2021

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ta11821d


Communication Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Fe

br
ua

ry
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 1
2:

04
:3

6 
PM

. 
 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
decomposition pathways. Further investigation into metal
containing ionic liquid and ionogel thermal properties are
currently underway in our laboratory because of a signicant
lack of literature data.
Conclusions

In this work we have prepared new metal ionogels and charac-
terised their surfaces with two complimentary techniques – XPS
and SIMS. Involatile ionic liquids open up the possibility of
studying gel surfaces with UHV-based techniques, which is
impossible for other types of gels with volatile liquid phases.
Our surface measurements revealed that ionic liquid anion
coordination strength affected whether Zn remained in the
liquid phase, and thus at the surface, or whether it coordinated
to PEGDA instead, which gave a surface devoid of metal.
Consequently, the mechanical properties of ionogels could be
manipulated by either reducing the hydrogen bond acceptor
ability of the anion to increase strength, or by disrupting the
uniform polymer network via templating to decrease strength.
The competitive coordination of anions and polymers to Zn was
the underlying principle that introduced the two processes.
Lewis acidic metal complexes favoured polymer coordination,
while Lewis basic complexes were stable in the presence of
coordinating polymer. The molecular level understanding
provided in this work was only possible because of the unique
properties of ionic liquids, which open up new avenues for gel
based materials.

Here, most experiments were performed with Zn but sup-
porting data for Co showed that the metal ion could be readily
substituted. This indicated that the process was applicable to
a broad range of emerging applications that could benet
from interfacially and mechanically tunable metal ionogels.
Examples of emerging applications include electrochemical
devices based on ionogel electrolytes, where the exibility and
conductivity of ionogels enable exible energy storage
devices, sensors, and actuators. Speciation of metals and
interfacial properties of so electrolytes are particularly
important for electrochemical applications where gels inter-
face with electrodes. Other examples include biomedical
appliances, where so gels must interface with delicate
biomaterials that require surfaces free of toxic metals, and
catalytic membranes or supports, where speciation and
surface concentration can directly inuence catalytic perfor-
mance. Therefore, surface chemistry is of critical importance
for applications where gels interface with other materials or
chemicals, and molecular level insights in the bulk and at
surfaces of gels provide valuable information for all applica-
tions of ionogels. Importantly, metal salts create a new way to
ne-tune surface composition and mechanical properties of
ionogels across a broad design space to target application
requirements.
Conflicts of interest

There are no conicts to declare.
This journal is © The Royal Society of Chemistry 2021
Acknowledgements

JPH, CJC, and APSB would like to thank EPSRC (EP/K038648/1)
for funding. RPM would like to thank the Daphne Jackson Trust
for awarding him a Daphne Jackson Fellowship – jointly funded
by the Royal Society of Chemistry and the Royal Academy of
Engineering. CJC would like to thank HarwellXPS for access to
the Thermo Scientic Theta Probe, and Prof. Robert Palgrave for
helpful advice with data acquisition and analysis. We also thank
Dr Sarah Fearn for help with SIMS acquisition and analysis, and
Dr Ruth Brooker for access to the Instron 5543. Computational
resources provided by the Imperial College Research
Computing Service (DOI: 10.14469/hpc/2232) are gratefully
acknowledged.

Notes and references

1 P. C. Marr and A. C. Marr, Green Chem., 2015, 18, 105–128.
2 C. J. Clarke, W. C. Tu, O. Levers, A. Bröhl and J. P. Hallett,
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