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Introduction

lon dynamics in an iongel electrolyte based
on fluorine-free ionic liquid probed
by multinuclear NMR

*3 Maiia Karlsson-Brostrom,? Rustam Gimatdinov, (2 °

@ and Oleg N. Antzutkin*®

Andrei Filippov,
Faiz Ullah Shah

Multinuclear (*H, *'P, and “Li) NMR was applied to understand the ion dynamics in silica-based iongels
with a fluorine-free ionic liquid (IL), tetrabutylphosphonium 2-2-(2-methoxyethoxy)ethoxy acetate,
[P4,4,4,4][MEEA], doped with 10 and 30 mol% of LIMEEA. The results were compared with bulk
[P4,4,4,4IMEEA]/LIMEEA electrolytes and those confined in the "hard” silica matrix of a porous glass. It
was found that lithium ion (Li*) local dynamics and Li* diffusion coefficients are strongly affected by
confinements in an iongel and in porous glass, as revealed from the analysis of NMR parameters, such
as diffusion decays (DDs) in ’Li PFG NMR spectra, broadening of the ’Li NMR resonance lines and
variations in the *'P and ’Li chemical shifts. However, NMR diffusometry data do suggest that the
studied electrolytes in the iongel confinement have properties like those of bulk electrolytes: (i) high ion
diffusivities, (ii) weak alterations of Vogel-Fulcher—Tammann (VFT) parameters for diffusion; and (iii) high
transport numbers of ions. The diffusion coefficients of the [MEEA]™ anion and the [P44,4.4]" cation are
comparable in the bulk, while they are significantly different in the iongels: the specific interactions of
the [P44,44]" cations with the negatively charged silica matrix slowed down diffusivities of the cations,
while almost no effect of the matrix on diffusivities of the [MEEA]™ anions was noticed. It was also found
that the tortuosity of the iongel channels has a negligible effect on diffusivities of ions. The lithium com-
plexation or/and solvation shells of Li* ions remained unaffected. Thus, the ionic liquid-based iongel
electrolyte acquired the advantages of a semi-solid phase and offered transport properties of a liquid
electrolyte.

Ion mobilities of the confined ILs either increase®® or
decrease,” ™ depending on the nature of the confined space
and the chemical structure of the IL. The increase in ionic

There is an urge to develop new halogen-free ionic liquids (ILs)
for different applications due to their beneficial properties
including hydrophobicity, high hydrolytic stability, high thermal
and electrochemical stabilities, low melting points and promising
ionic conductivities over a wide temperature range.'™ ILs may
adopt quite complicated supramolecular structures and may have
complex ion dynamics. The translational ion dynamics of ILs are
related to the structure formed in bulk solutions, near solid
surfaces and in confinement. In most electrochemical applica-
tions, electrolytes are spatially confined. Therefore, understanding
the dynamics of IL-based electrolytes in confinements is of funda-
mental and practical importance.
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diffusivities with decreasing pore sizes might allow the devel-
opment of new applications where high ion mobilities are
desired at lower temperatures.'* A wider practical perspective
for confined IL-based electrolytes in the form of iongels (IGs) is
available for various energy and environmental applications
including supercapacitors, fuel cells and sensors."® Typically,
IGs are solid or quasi-solid electrolytes based on the trapping of ILs
in a silica matrix."®'” IG electrolytes have numerous advantages
over conventional liquid electrolytes, including less risks of leakage
and better mechanical properties."” Similar to ILs, IGs offer high
thermal stability and electrochemical properties such as ionic
conductivity, power density, and an electrochemical stability
window."”*° The high ionic conductivity and robust mechanical
properties of IG electrolytes lead to efficient and flexible energy
storage devices for challenging applications."”

Molecular level translational mobility in IG electrolyte-based
protic ethyl ammonium nitrate (EAN) IL doped with lithium
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nitrate (LiNO;) was studied recently by Parajo et al>® They
showed that the addition of LiNO; to EAN-IG electrolytes does
increase the ionic mobility of the ethyl ammonium cation.
Furthermore, the diffusion data revealed the presence of two
populations of the ethyl ammonium cation with two different
apparent diffusion coefficients. At the same time, Li" cations
displayed higher mobility in the iongel in comparison with the
liquid electrolyte.?®

Nuclear magnetic resonance (NMR) spectroscopy is a non-
invasive method to study molecular interactions and diffusivity
in multi-component and multi-phase systems, as well as opaque
and porous media.>**'*'>*'> Chemical shifts and multinuclear
J-coupling constants are used routinely for the structure elucida-
tion of ILs and the products formed by their covalent-bond
interactions with other materials. Pulsed field gradient (PFG)
NMR covers a wide range of time extending from milliseconds
to seconds and the corresponding length of molecular displace-
ments from sub-micrometers to micrometers. The presence of a
host of NMR-active nuclei in ILs permits the widespread use of
multinuclear NMR experiments.®?*>>

This study is a continuation of our recently reported work,>®
where it was found that the liquid inside the pore “necks” and
the “partially isolated volumes” of the porous glasses stays in a
“slow exchange” regime with the rest of the (bulk) liquid. The
temperature-dependent ion diffusivities in the “large” pores
deviated from the Arrhenius law and the exchange of diffusing
units between the “narrow” and the “large” pores led to abnormal
temperature-dependent diffusion coefficients. Furthermore, the
smaller Li' diffused more slowly than the larger organic ions in
the confinement, demonstrating the solvation of Li* inside the
pores in the same way as in the bulk. In this work, we analysed
ionic interactions and ion dynamics in an iongel electrolyte
comprising halogen-free, [P, 4 4 4|MEEA] IL and Li{MEEA] salt with
fractions of the salt of 10 and 30 mol% using NMR spectroscopy as
well as NMR diffusometry. The IL is composed of tetrabutylpho-
sphonium cations, [P,444]", and 2-2-(2-methoxyethoxy)ethoxy}-
acetate anions, [MEEA] . The chemical structures and abbrevia-
tions of the ionic components of the IL are presented in Fig. 1. The
results of the same IL-based electrolyte in bulk and confined in a
hard porous glass matrix were assessed for comparison purposes.

AJC?J+
[P4,4.4,4]

P N >
[MEEA]

Fig. 1 Chemical structures and abbreviations of the tetrabutylphospho-
nium cation and the 2-[2-(2-methoxyethoxy)ethoxylacetate anion of the
IL-based iongel electrolyte.
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Experimental
Materials and methods

Details of the synthesis and characterisation of the [P4 44 4]
[MEEA] IL and the LiMEEA salt were previously reported.”” The
silica-based IGs with 10 and 30 mol% of LIMEEA were prepared
as described by Negre et al.'” and Parajo et al>’ Briefly, a
mixture of 3 mL of ethanol, 0.428 mL of TEOS (tetraethyl
orthosilicate 98%, Sigma-Aldrich) and 1 mL of the IL-based
electrolyte mixture was prepared in the first step. This mixture
was stirred for one hour and then transferred to an appropriate
vial and conditioned for 1-2 hours. Then the vial was placed in
an oven at 313 K to evaporate the excess of ethanol and to
promote a complete gelation after 4 days. Finally, the IG was
evacuated under a pressure of 50 Pa for 24 hours to remove
residual ethanol and water. While the water content in IL was
estimated to be less than 200 ppm,>” the water content in the IG
as estimated by TGA analysis was ca. 1 wt% due to the presence
of the silica network. The porous glass (PG) confined electrolyte
was prepared as described earlier.>® Varapor100 porous glass
(average pore diameter of 9.8 nm) from advanced glass and
ceramics (https://www.porousglass.com) was used.

NMR techniques

All nuclear magnetic resonance (NMR) experiments were per-
formed using a Bruker Ascend Aeon WB 400 (Bruker BioSpin
AG) NMR spectrometer. The working frequencies were 400.21
MHz for 'H, 162.01 MHz for *'P and 155.56 MHz for “Li.
All spectra were externally referenced relative to: 'H resonance
(4.7 ppm, water doped with CuCl,), ’Li resonance (—0.147 ppm,
LiNO; aq.) and *'P (0 ppm, 85% H;PO,). Data were processed
using Bruker Topspin 3.5 software. For diffusion measure-
ments a Diff50 pulsed-field-gradient (PFG) probe was used.
The diffusional decays (DD) were recorded using the stimulated
echo (StE) pulse sequence. For single-component diffusion, the
form of the DD can be described as:*'

. 2 .
At 71, g, 8) x exp (—i - ﬂ) exp(—7% D) ()
2 1

Here, A is the integral intensity of the NMR signal, T and 7, are
the time intervals in the pulse sequence; y is the gyromagnetic
ratio for magnetic nuclei; g and ¢ are the amplitude and the
duration of the gradient pulse; ¢y = (4 — 9/3) is the diffusion
time; 4 = (tr + 14). D is the diffusion coefficient. In the
measurements, ¢ was in the range of 0.5-3 ms, t was in the
range of 1-3 ms, and g was varied from 0.06 up to 29.73 Tm ™.
The diffusion time ¢4 was varied from 20 to 300 ms. The recycle
delay during accumulation of signal transients was 3.5 s. Each
experiment was repeated at least three times. Non-linear least
squares regression was used to fit the experimental data with
eqn (1) to extract D values.

To demonstrate the absence of any effect of the internal field
gradient directly, a 13-interval stimulated echo sequence with
bipolar gradient pulses®® (Bp2) modified by including a long-
itudinal Eddy-current-delay®® was also used. The latter pulse
sequence removes cross-terms arising from the applied pulsed
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gradients, g and g,, which are significant even if the g, values
are small.

Results and discussion

We begin with the assessment of the chemical shifts and
resonance line broadening in 'H, *'P and "Li NMR spectra as
a function of temperature and then proceed with the analysis of
the ion diffusion data obtained from PFG NMR diffusometry
experiments.

NMR spectra

"H NMR spectra of the electrolyte with 30 mol% of LiMEEA
in bulk, confined in the porous glass (PG) and in the iongel (IG)
are shown in Fig. 2. The "H NMR spectrum of the bulk elec-
trolyte demonstrates sharp resonance lines for the [P4,4,4,4]+
cation in the range of 0.9-2.4 ppm (the right side of the
spectrum), while the resonance lines assigned to protons
in the ether groups of [MEEA] ™ anions are found to be around
3.2-3.9 ppm (the left side of the spectrum).>” In comparison,
for the electrolyte confined in the pores of the PG, all the
"H NMR resonance lines became broader, and the resolution of
the spectrum is much poorer.>® This is clearly the result of a
slower rotational mobility of the ions, resulting in an insuffi-
cient averaging of the proton dipole-dipole interactions
causing a homogeneous line-broadening.®® A similar effect is
observed in the "H NMR spectrum of the IG electrolyte. The
degree of the "H resonance line broadening for the IG is
comparable with that of the electrolyte confined in the PG.
The *'P NMR and ’Li NMR spectra characterising the
[Paa44] cation and the Li’, respectively, exhibit broad and
asymmetric resonance lines with different chemical shifts and
line broadening for bulk, PG and IG electrolytes (see Fig. 3). The
*1P NMR chemical shifts are different by ca. 0.5-1 ppm in these

'H NMR

bulk

iongel

varapor

T T T T T T T T T T T T T T

0 8 6 4 2 0 =2 -4 -6
Chemical shift (ppm)

Fig. 2 'H NMR spectra of the bulk, confined in Varapor PG and IG-based
[P4,4,4.41IMEEA] electrolytes (30 mol% of LIMEEA) at 295 K.
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three samples (Fig. 3a) that reflects differences in the electronic
environment of [P, 4 4 4] cations. The *'P NMR line broadening,
while with a “mirror-image” asymmetry (Fig. 3a) is comparable
in size in the IG and the PG samples, while both are ca. two-fold
larger in comparison to the *'P NMR line-width of the cation in
the bulk electrolyte. Temperature dependencies of the *'P NMR
chemical shifts and the resonance line-widths are shown in
Fig. 4a and b, respectively. For all three systems, there is a clear
increase in the *'P chemical shift (Fig. 4a) with an increase in
temperature that is correlated to the thermal expansion of the
samples. Interestingly, the slopes of the ‘‘chemical-shifts vs.
temperature” curves are comparable for all three samples,
probably due to similarities in variations of local compositions
of the electrolyte in bulk and the confinements. The *'P
resonance line broadening, AH, does not depend on tempera-
ture for the bulk sample (Fig. 4b, black circles), suggesting a
rather free rotational mobility of the phosphonium cation in
the whole temperature range.

For the electrolyte confined in PG (red circles), the AH is
twice larger at low temperatures in comparison with the bulk.
There is a sharp decrease in the linewidth (by a factor 1.8) as the
temperature increases, which agrees with the change in regime
of diffusion of the electrolyte in this system:*® heating of the
sample up to ~330 K leads to intensifying of the exchange of
the electrolyte between ‘“small” and ‘““large” pores of Varapor’s
pore size distribution. For the IG sample (green circles) AH is
also almost twice larger in comparison to the bulk. The
temperature dependence of AH in the iongel is weaker than
that in PG, while a slight decrease (by a factor ~1.1) in the line
width with an increase in temperature is also perceived, and
the decrease proceeds monotonously in the whole temperature
range. This suggests that there is not a sharp transition
between the motional regimes for the cation in the IG and
reflects a difference in the structures of networks of pores in
these two samples (PG vs. IG). Varapor has a “hard” structure of
a porous silica matrix: its thermal expansion leads to a variation
in the structure of pores and interpore connections.

The ion dynamics inside the pores and between the pores
follows the pore structure alteration. Therefore, variation in the
matrix structure of PG with temperature is an important factor
for ion electrolyte dynamics in the confinement. On the other
hand, the silica matrix of the IG is ‘“soft”; and therefore, in
contrast to the matrix of the PG, is controlled by the ion
dynamics of a confined electrolyte. It is also interesting to
notice that the values of AH in IG are smaller than the AH
values in Varapor at temperatures below 330 K, and larger than
in the PG at temperatures above 330 K. The thermal expansion
of the PG matrix together with the thermal activation of the
cations liberates reorientational mobility of the cations at
T > 330 K. In contrary, the IG silica network filled with the
electrolyte monotonously expands with an increase in tempera-
ture in the measured interval from 295 to 365 K.

The “Li NMR chemical shifts and line-widths for the electro-
Iyte in the bulk and confinements are shown in Fig. 5a and b,
respectively. The change in 'L NMR chemical shifts for different
samples (Fig. 5a) follow the same trend as for the *'P NMR
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Fig. 3 3P (a) and ’Li (b) NMR spectra of the electrolyte ([P4 4 4,4 [MEEA] with 30 mol% of LIMEEA) in the bulk, pores of PG and in IG. T = 295 K.
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Fig. 4 Temperature dependences of **P NMR chemical shifts (a) and resonance line-widths (b) for the bulk and confined ([P4,4,4,4][IMEEA] with 30 mol%
LIMEEA) electrolyte: bulk (black circles), Varapor (red circles) and iongel (green circles).

chemical shifts (Fig. 4a): 6 (iongel) > ¢ (bulk) > 6 (Varapor).
There is almost no significant change in the “Li chemical shifts
with an increase in temperature in all three systems. This might
be because the Li* cations persist in a highly bound state due to
their solvation shells inside the electrolytes. The bound state of
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the Li" is seen also from its much lower diffusivity in compar-
ison with other liquid components of the electrolyte.*® The “Li
line widths demonstrate an increase in the degree of restriction
of mobility of Li" from the bulk to IG and further to PG (Fig. 5b).
It seems to be that there is no any visible transition between
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Fig. 5 Temperature dependences of the ’Li NMR chemical shift (9) (a) and resonance line-widths (b) for the bulk (black circles) and those confined in PG

(red circles) and |G ([P4,4,4, 4] [MEEA] with 30 mol% LIMEEA) electrolyte.
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regimes of mobility for Li" in contrast to the clear transition
in mobility for the [P,444]" cation in Varapor at 330 K (see
Fig. 4b). This can also be a consequence of the bound state of
Li*, for which the thermal expansion of the Varapor silica
matrix does not open enough space to perform the transition.

Ion diffusivity

The diffusion decays (DDs) of "H NMR, *'P and ’Li resonances
of the bulk electrolyte are in the form of a single-component
diffusion (eqn (1)), as reported earlier.>® The diffusion coeffi-
cients of the organic ions are comparable to each other, while
diffusivity of the Li' ions is a factor 1.7-3.7 less than those of
the organic anions and cations. For the electrolyte confined in
pores of the PG, the 'H and *'P DDs have no-single-component
forms, which additionally depend on the temperature, while
the “Li DDs have a clear singe-component form.>® Diffusivity of
the [P4,4,4,4]+ cations demonstrates a complicated dependence
with an increase in temperature, and diffusivity of the Li'
cations further decreases when compared to that in the bulk.

The "H, *'P and Li for the electrolyte confined in IGs was
measured by the PFG NMR stimulated echo method. The
typical "H DDs for the bulk and confined electrolyte are shown
in Fig. S1 in the ESL7 It is seen that "H DDs for the IG sample
deviate from the single-component form in the third decimal
order of the signal decay that demonstrates a distribution of
diffusion coefficients in the confinement, which is not as broad
as in the case of the electrolyte confined in the PG. However, in
two decimal orders of the signal decay, the DDs are comparable
to the single-component form (Fig. S2 in the ESIt), and do not
show any distinct dependence on the diffusion time (Fig. S3 in
the ESIf). The same was observed for diffusion of the cation
(Fig. S4 in the ESIY) as well as Li* (Fig. S5 in the ESIY).

The temperature dependent diffusion coefficients of the
electrolyte confined in the IG are shown in Fig. 6, alongside

1 O bulk, anion
] @ bulk, cation
1 A bulk, cation
] % bulk, Li
T
& ] 2 iongel, anion
1 iongel, cation
=104 Y iongel, Li
c ]
Q 1 —QO— varapor, aniol
o ] A varapor, cation
£ ]
[0
Q ]
[&]
c
2107?24
[72] ]
=) ]
= ]
a) ]

28 29

T T T T T T

310 311 3.2
1000/T (K")

Fig. 6 Temperature dependences of diffusion coefficients obtained by
H (circles), *'P (triangles) and “Li (stars) PFG NMR stimulated echo experi-
ments for the electrolyte (30 mol% of LIMEEA) in bulk (black), in pores of
Varapor (red) and in IG (green). Temperature dependences for the bulk and
the Varapor-confined electrolyte were previously published.2
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those of the bulk and the PG-confined electrolyte. The diffusion
coefficients obtained for the anion (green circles) are like those
in the bulk throughout the studied temperature range. The
diffusion coefficients of the cation (green triangles) are lower in
comparison with the bulk (black triangles) and the difference
increases as the temperature increases up to the factor of 1.4 at
363 K. At the same time, the degree of decrease of diffusion
coefficients of the organic cation in the IG is smaller than that
in PG (red triangles). The diffusivity of the Li" in IG (green stars)
is also slower compared to the bulk (by a factor 1.15) but is
higher in comparison with Li* diffusivity in the PG (red stars).
Generally, ion diffusivities of the electrolyte in the IG are in
between of those of bulk and confined in the PG. There is no
deviation as previously observed for diffusivity of anions in the
Varapor-confined electrolyte in the high temperature range
(open red circles),?® evidently because of the “soft” structure
of the IG silica matrix and its gradual swelling upon heating.

In the case of the electrolyte confined in the IG, the form of
DDs is close to the single-exponential function, which means
that at the time (less than 20 ms) and in the corresponding
spatial scale of the NMR PFG experiment (less than 1 pm)
almost complete averaging occurs due to diffusion of the ions.
There is no bi-exponential DDs observed as observed earlier for
IG based ethyl ammonium nitrate (EAN).>° There is no “hid-
den” protons present in the system under study (as in EAN and
other protic ILs). These protons are not detected by spin-echo
NMR due to their fast T, relaxation rates but can influence the
dynamic parameters (relaxation and NMR diffusion) of other
(visible) protons through exchange. This could lead to a distor-
tion of the temperature dependence due to the exchange of
protons between cations and anions. In Fig. 6, it is seen that
diffusivities of the anions exceed the diffusivities of the cations
(green triangles) by a factor of ~1.2-2.2, and the difference
in the diffusivities increases as the temperature increases.
Based on this difference, like the case of the PG in the low-
temperature range, it can be concluded that confinement of the
IG leads to a decrease in diffusivities of cations relative to that
in bulk, while diffusivities of the [MEEA|  anions remain
comparable to those in the bulk. The temperature dependence
of Li" diffusion coefficients is shown in Fig. 6 as green stars,
which demonstrates a convex form like bulk and the PG-
contained electrolyte. However, diffusivities of the Li" are a
factor of 1.2-1.4 smaller than those of the bulk electrolyte.

The temperature-dependent diffusion coefficients of the
ions for bulk and IG-confined electrolyte with 10 mol% of
LiMEEA are shown in Fig. S6 and S7 in the ESL{ The depen-
dences of ion diffusivities have convex forms like for the
electrolyte with 30 mol% of the salt (Fig. 6). As expected, the
increase of lithium salt concentration in the bulk leads to a
decrease in the diffusivities of all ions. Furthermore, confine-
ment of the electrolyte with 10 mol% of the salt in IG resulted
in decreased diffusivities of the ions.

This study confirms that IG preserves the liquid-like beha-
viour of the IL-based electrolyte upon confinement."”*° The
confinement of the IL-based electrolyte in IGs has some simi-
larities to the confinement in the pores of the PG: (1) the
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diffusivities of organic ions demonstrate multi-component
characteristics, which can be formally characterised as the
spectra of apparent diffusion coefficients; (2) the diffusivity of
the cations decreases at a higher degree compared with those of
the anions; (3) the diffusivity of Li* shows a single-component
diffusion similar to the bulk and decreases in confinements.
On the other hand, the effect of confinement in IG is very
‘delicate’ in comparison with the confinement in the 9.8 nm
“hard” porous structure of the PG: (1) the degree of decrease in
the diffusivities of the cation and Li" in IG are minor; (2) there
are no “small” pores in the IG, where enhancement in "H NMR
transverse relaxation prevents measurements of the diffusivity
for a part of the ions.?® (3) Averaging of the diffusivities over the
system in the case of IG occurs over the time and spatial scale
attainable to the PFG NMR experiment.

It is known that the silica and silicate glass surfaces acquire a
negative surface charge density due to deprotonation of -OH
chemical g‘roups.31 Therefore, interaction of the [P,444] cation
with the negative surface might be a possible mechanism of the
stronger decrease in translational diffusion as compared with the
[MEEA]™ anions. It is already well known that Li* ions diffuse
much slower in IL-based electrolytes,”*'®***” which is proposed
to be due to the formation of lithium complexes or the formation
of solvation shells near the Li" ions. It was observed for the EAN-
based electrolyte*® that confinement in narrow pores of PGs and
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IG could destabilise these complexes and enhance the diffusivity of
lithium. This study confirms that the dynamics of Li" is strongly
linked to gelation, however, we did not observe any signs of
breaking the lithium complexes in our system. It could be
proposed that the lithium salt concentration in the electrolyte
with 30 mol% of the salt is too high. However, as shown (Fig. S6 in
the ESIt), the diffusivities of all ions in the bulk at 10 mol% of the
salt are much higher than those in the electrolyte containing
30 mol% of the salt. Confining the 10 mol% containing LiMEEA
in the IG leads to decreased diffusivities of all the ions, including
Li* (Fig. S7 in the ESIt). Therefore, confining of the electrolyte in
the IG matrix does not break down the lithium complexes in the
case of our electrolytes.

The diffusivities as a function of temperature for all the ions
confined in IG, as well as in the bulk and in the PG (with the
exception of [MEEA]™ anions in Varapor) demonstrated a con-
vex form, typical for bulk electrolyte ions. To further analyse
such dependences, we employed a Vogel-Fulcher-Tammann
(VFT) empirical approach widely used as a convenient tool for
systems with a characteristic liquid-glass transition.*** The
VFT model in the case of ion diffusivity has a form®® with three
adjustable parameters, Dy, Ty and Ep:

D = Dyexp (7R(;€DTO)> (5)

I bulk

jonogel

I varapor

E, kJ/mol
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Parameters of the VFT fitting for temperature-dependent diffusion coefficients of the ions. The values are tabulated in Fig. 6 and Fig. S7 (ESI¥).
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where D, is a pre-exponential factor, T, is the so-called “Vogel
temperature” or ‘“ideal glass transition temperature”. T, is
related directly to the fluctuations of the bond strength and
the coordination number of the structural units.>® Ep is the
apparent activation energy for diffusion, and R is the gas
constant. Values of Dy, Ty and Ep obtained from the tempera-
ture dependences of diffusivities for electrolytes with 30 mol%
and 10 mol% of LIMEEA (Fig. 6 and Fig. S7, ESI}) in such
analyses are presented in Tables S1 and S2 in the ESI.{ For
comparison, these parameters are also presented in Fig. 7.

Though the VFT analysis is quite formal, we can see certain
trends (in the increase of degree of constraint in the order
bulk — IG — PG), which characterise alteration of parameters
of the translational ion dynamics. This order of degree of
constrains for ion diffusivity is also seen from the degree
of decrease in the ion diffusion coefficients (Fig. 6) and the
degree of non-exponentiality of "H DDs (Fig. S1, ESIY).
T, (Fig. 7a and c) shows a weak trend of decreasing with the
increase in the degree of constraints for the organic cations and
anions, while with the opposite trend is seen for the Li*. The
apparent activation energy for ion diffusion (Fig. 7b and d)
shows a weak trend of increasing for the organic cations and
anions, but Ey slightly decreases for the Li'. Generally, the
decrease of T, and the increase of Ep with an increase in the
degree of restriction agrees with a common understanding of
the effects of constraints, which leads to retardation of the
diffusion process. This can be related to the peculiarity of
associated states of the Li" in bulk of the ionic liquid
systems,*® which can be additionally modified in the presence
of negatively charged silica. While for EAN-based electrolytes it
was shown that rotational and translational mobilities of Li"
increase upon confinement in silica-based IGs,* in our study,
an opposite effect is clearly observed. The increase in the "Li
NMR spectral linewidth and the decrease in Li" diffusion
coefficients with increasing degree of constraints from the bulk
to the IG and further to PG, highlight the remarkable stability
of the lithium complexes in these systems.

Effect of tortuosity on the ion diffusivity

The decrease in ion diffusivity in confinement can be related
with the interactions between molecules and ions of interest
and the confining matrix because of adsorption, precipitation
and changing in structures of the molecular/ionic assemblies.
Another mechanism, which might lead to a decrease in the
molecular/ionic diffusivity is a complexity of the percolation
paths in the interconnected system of channels. This effect is
usually expressed as tortuosity, which reflects the efficiency of
percolation paths and is linked to the topology of the
material.>” Tortuosity, understood as a topologic characteristic
of the porous network independent of the used probe. One of
the methods to evaluate tortuosity is the determination of the
ratio between the value of the diffusion coefficient of a probe in
the bulk to its apparent value in the porous network. It is
important that the probe molecule/ion is displaced at a dis-
tance much longer than the characteristic scale length of
the porous matrix: long-term diffusion, the root-mean-square
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displacements of molecules are larger than the correlation
length of the porous space &, and the motion of liquid mole-
cules is averaged over the space of the system,*®*° giving
exponential DD and diffusion time independent diffusion
coefficient D* = D,,. In a well-connected porous medium, D*
approaches at long times a finite value, which can be expressed
through tortuosity o:*®

D* ~ Dyla (6)

Our previous evaluations gave tortuosities of Varapor PG of
~2.94 for both ethylammonium nitrate ionic liquid and non-
ionic n-decane.’ Regarding the IG-confined electrolytes used in
this study: there is no diffusion-time dependence of the ion
diffusion coefficients (Fig. S3, ESI{) that corresponds to the
long-term diffusion. The diffusivity of one selected ion, the
[MEEA]™ anion, which is less prone to interact with the silica
matrix, is comparable to that in the bulk (Fig. 6 and Fig. S7,
ESIt). This demonstrates that the effect of tortuosity on ions
confined in the IG is negligible, that is « ~ 1. On the other
hand, keeping in mind no-dependence of tortuosity on the
probe molecule/ion, the decrease in the diffusivities of [P4,4,474]+
and Li" in the IG is obviously conditioned by their specific
interactions with the IG silica matrix.

Transport numbers

The transport number is defined as the ratio of the electric
current derived from the cation to the total electric current. The
transport numbers (¢;) for each ion in the electrolytes can be

calculated from their diffusion coefficients using eqn (7):***'
xiDi
t = 7
1 Z xiDi ( )
1

where x; is the molar fraction of each ion. Results of calculations
of ¢ for the bulk and IG-confined electrolyte are shown in Fig. 8.

The [MEEA]™ anions exhibit higher transport numbers in
both electrolytes as compared to the [P, 4 44]" and Li", and this
is obviously due to the higher content of the [MEEA] ™ anions in
these systems (Fig. 8). The ¢ of Li" is the smallest due to two
main reasons: the lower Li" concentration and the potential
aggregate formation facilitated by the Li'. It is also well known
that transport numbers obtained from PFG NMR diffusometry
are underestimated due to aggregate formation in electrolytes
and do not reflect the true ionic contributions to conductivity,
and the values are often approximately half of those deter-
mined by electrochemical techniques.*

Diffusivity of water

Since ethanol was used in preparation of the iongel samples
and even though ethanol was evaporated under high vacuum,
there can still be traces of trapped water in the hydrophobic
silica matrix. In porous glasses, there is no such water because
of the thermal activation of glasses at 450 °C before their
saturation with the electrolyte. However, the trapped water
present in IG leads to a broadening of the "H NMR spectrum
line in the range of 3.5-4.5 ppm (Fig. 2). Application of a spin-
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Fig. 8 Transport numbers for ions in the bulk and IG-confined electrolytes at 10 mol% (a) and 30 mol% (b) LIMEEA in the temperature range 293-363 K
calculated using egn (7) and diffusivities of ions from Fig. 6 and Fig. S7 (ESI¥).

echo pulse sequence can effectively increase the water apparent
fraction in diffusion decays (eqn (1)) due to slower NMR relaxa-
tion of water’s protons. In our experiments, the 'H NMR
diffusion decay of water was separated from the entire diffusion
decay as its contribution in the 'H NMR chemical shift is in the
range of 3.5-4.5 ppm having the activation energy for diffusion
(Ep) comparable to the Ey, of bulk water, ~18 kJ mol " (Fig. S8
in the ESIY). This value of the Ep, is significantly different from
the activation energies of the ionic components in bulk and
confinements (Fig. 7b and d). As is clear, water trapped in the
IG has a higher diffusivity than other molecules/ions, but lower
than that of the bulk water. The presence of water signals
should be taken into consideration while analysing the diffu-
sivity of the other components confined in IG, particularly the
anions. Similar maintenance of the activation energy of diffu-
sion for a fluid after confinement in nanopores was observed
earlier for ethyl ammonium nitrate (EAN) in the pores of PGs.’

Conclusions

This multinuclear (*H, *'P and “Li) NMR study revealed that the
iongel electrolyte preserves liquid-like beneficial transport
properties such as faster ion diffusivities, a weak alteration of
the apparent activation energy for diffusion and comparable
transport numbers to liquid electrolyte. Although ions of the
bulk electrolyte showed a single-component diffusional beha-
viour, some distribution of the apparent diffusion coefficients
is observed for the organic ions in the iongel. The specific
interactions of cations with the negatively charged silica matrix
decreased diffusivity of the cation, while the diffusivity of
the anion remained unaffected. The dynamic glass transition
temperature and apparent activation energies for ion diffusion
remained unchanged with increasing of the molar fraction of
Li[MEEA] in the ionic liquid based [P, 44 4][MEEA] electrolyte.
The local dynamics and diffusivity of the Li* are strongly
affected inside the porous glass and in the iongel, however,
the aggregates/complexes of lithium remained stable in the studied
temperature range, as confirmed by 'Li NMR spectroscopy.

8228 | Phys. Chem. Chem. Phys., 2025, 27, 8221-8229

This study provides insights into a fluorine-free IL-based
iongel that can potentially be used as a safer lithium battery
electrolyte.
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