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The measurement of ion diffusivity inside nhanoporous materials by Pulsed-Field Gradient (PFG) NMR is
not an easy task due to enhanced NMR relaxation. Here, we employed multinuclear (*H, *'P, and ’Li)
NMR spectrometry and diffusometry to probe ion dynamics of a fluorine-free battery electrolyte
comprising the [P44.44l[MEEA] ionic liquid (IL) and LIMEEA salt in a 7:3 molar ratio, confined in three
different nanoporous SiO, glasses with pore diameters of 3.7, 7 and 98 nm. Confinement of the
electrolyte leads to NMR resonance line broadening and variation in the 3!P and “Li NMR chemical shifts.
The complicated diffusion decays are explained taking into consideration the complex porous structure
of the porous glasses, the presence of pore "necks” and the “partially isolated volumes” containing the
liquid, which is in a “slow exchange” regime with the rest of the liquid. The mean apparent diffusivity is
controlled by the exchange of ions between the "narrow” and the “large” pores and the boundary
separating these pores to measure diffusion coefficients by PFG NMR is in the range of pore sizes of
Vycor and Varapor. The temperature-dependent ion diffusivities in the “large” pores deviate from the
Arrhenius law and the exchange of diffusing units between the “narrow” and the “large” pores leads
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to abnormal temperature-dependent diffusion coefficients. Like the bulk, diffusivity of the small Li* is
slower than that of the larger organic ions in the confinement, demonstrating the solvation of Li* inside
the pores.
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Introduction

Ionic liquids (ILs) are organic salts containing cations and
anions that are liquids at temperatures below 100 °C, while
some remain as liquids at ambient temperature commonly
known as room temperature ionic liquids (RTILs). Depending
on the cation-anion combination, ILs offer attractive physico-
chemical properties such as thermal and chemical stabilities,
non-flammability, low volatility, and high ionic conductivity.
These properties make ILs desirable for many applications,
including greener solvents for different applications, gas
separation, conductive lubricants, electrolytes, etc.'™ However,
most of the studied ILs are heavily based on fluorinated anions
that pose safety and environmental problems. In this context,
fluorine-free ILs are emerging as potential replacements for the
fluorinated ILs in different applications.*>™®
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The use of ILs as electrolytes in electrochemical applications
is receiving attention due to their unique properties and,
therefore, understanding the dynamics of such electrolytes in
bulk and in confinement is of fundamental and practical
importance. Confined ILs have been investigated using a broad
range of experimental and computational techniques such as X-
ray and neutron scattering, nuclear magnetic resonance (NMR)
spectroscopy, and molecular dynamics simulation.®™® The
proximity of the confined medium to the surface may alter
the structure and ordering of the ions in a different way. It has
been shown that the most typical structure formed near the
surface is layered, with alternating layers of cations and anions
with preferential orientation of ions;*'* the charge of the layer
contacting the surface is determined by the surface properties.
The layering can extend over a few nanometers of the
surface.”>™"” The physical properties of confined ILs are gen-
erally compared with those of molecular liquids: in particular,
the melting temperature of the nanoporous-confined ILs
decreases according to the Gibbs-Thomson equation.'®

The structure and dynamics of the confined ILs can be
described as the sum of several factors: the surface contribu-
tion arising from the ions in contact with the surface and
the bulk-like contribution arising from the ions located in the

This journal is © The Royal Society of Chemistry 2024
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pore center."”?° Significant layering (alternating regions of
anions and cations) over a few nanometers from the pore wall
has been observed,"®*® which is mostly driven by electrostatic
interactions.”® The mobilities of confined ILs either
increase'®?'* or decrease'>'**** and the trend as well as
the extent both depend on the molecular structure of ILs and
properties of the surface. The increase in ion diffusivities as a
function of decreasing pore size would allow the development
of new batteries operating at lower temperatures.® Conductivity
is the integrated dynamic property of ions: it might be compar-
able to the bulk ionic conductivity® or even higher.”® In a series
of studies, the ion diffusivity and the phase structure of ionic
liquid-based compositions with different cations and nitrate
anions have been studied in micrometre-spaced enclosures
formed by glass and quartz glass plates.""'*?"° 1SN NMR
spectroscopy revealed preferential orientation of the principal
axis of the nitrate anion relative to the surface that is typical for
liquid crystals.*°

A wider practical perspective on confined IL-based electro-
lytes in the form of ionogels is opened for supercapacitors, fuel
cells and biosensors."® Typically, ionogels are solid or quasi-
solid electrolytes based on the trapping of ILs in a silica
matrix.>"*> Nanoporous silica is the preferred confining matrix
because of its easy synthesis, well-characterized properties of
its internal surface, its known pore diameter distribution and
other characteristics of the pores. The system formed by an IL
confined in a controlled porous glass is a type of ionogel.'***%?
Controlled porous glass (CPG) is derived from a glass that is
heat treated to form two interconnecting phases: a silica-rich
phase and an alkali-rich borate phase.***> The heat-treated
glass is then leached selectively to remove the alkali-rich phase.
Diffusion of several ILs confined in porous glasses has been
studied earlier.*>'*'*?° For example, Frielinghaus et al.® have
studied the structure and diffusion behavior of aqueous solu-
tions of 1-ethyl-3-methylimidazolium acetate in nanoporous
glasses by X-ray diffraction and high-resolution neutron
spectroscopy. They found that the confinement leads to distor-
tion of domains formed in the bulk, which gives more room for
diffusion. In the narrow pores of Vycor porous glasses the
strong distortion gives even more room for diffusion such that
the hydrogen bonds between acetate and water seem to be even
stronger.

Filippov et al.'® have studied the diffusion of a phospho-
nium bis(salicylato)borate IL in Vycor at 296 K by "H pulsed
field gradient NMR (PFG NMR). They observed multi-
component diffusion decays for cations and anions and the
mean values of diffusion coefficients were higher than bulk
diffusion coefficients. Also, it was mentioned that some com-
ponents of diffusion decays demonstrated values of apparent
diffusion coefficients much lower than mean diffusion coeffi-
cient values. Therefore, at a temperature of 330 K changes in
the diffusivity of the ions were observed. One of the possible
reasons for these changes is their redistribution among the
pores. The size of the bounded regions is of the order of 1 um,
as estimated from the dependence of the ion diffusivity on the
diffusion time. Diffusion of the ethyl ammonium nitrate (EAN)
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IL has been studied by '"H NMR in the temperature range of
295-325 K within pores of two types of porous glasses: Vycor
(~7 nm) and Varapor pores (~9.8 nm)."? It was shown that the
diffusivity of EAN confined in Varapor is controlled by the
tortuosity of the porous system and must consider the inter-
action with the surface of the discrete pore walls. In the case of
Vycor, the long-term diffusivity is a factor of 1.5 lower than that
expected in the absence of interaction with the pore walls. Two
possible mechanisms that may explain this discrepancy were
proposed: (1) the EAN-surface interaction and (2) the retarda-
tion of EAN diffusion in comparison to n-decane in narrow
pores. Wei et al.>® have studied [BMIM][BF,], [BMIM][PF] and
[HMIM][NTf,] ILs confined in Vycor and Varapor nanoporous
glasses by 'H, B and *'P PFG NMR. The in-pore diffusion
coefficients of IL ions are lower than the corresponding bulk IL
diffusion coefficients at the same temperature. Especially, the
diffusion coefficients of the ILs confined in the 7 nm Vycor or
Varapor pores decrease by one order of magnitude approxi-
mately in comparison with the bulk ones. This effect can be
related to the strong attraction of ions to the pore surface. The
decrease in the magnitude is higher for Vycor than that for
Varapor because of the difference in the pore size distribution.
It is noteworthy that the strong attraction of ions to the pore
surface is also the possible reason for the faster dynamics of the
calculated bulk diffusion coefficients compared to the confined
ones. The decreasing trend of the NMR-measured diffusion
coefficient agrees well with the results of MD simulations.*®

Despite the growing interest in the development of func-
tional electrolytes of energy storage devices including batteries
and supercapacitors, fundamental understanding of the trans-
port behaviour of electrolytes within restricted geometries is
not adequate. The phenomena occurring with ions of electro-
Iytes are due to the presence of a restrictive barrier, absorption—-
desorption processes, exchange between pores of different sizes
leading to modification of their translational mobility, and
interactions between ions changing their association.*'>*?°
In this context, nuclear magnetic resonance (NMR) is a unique,
noninvasive method to study the diffusivity of molecules and
different ions in multi-component and multi-phase, opaque
and porous media.'®*3?1:2%:36740 The PFG NMR method covers
a wide range of diffusion times: from milliseconds to seconds.
This allows us to use this method for observing molecular
displacements in sub-micrometer and micrometer ranges. The
presence of NMR-active nuclei in ILs permits the widespread
application of multinuclear NMR experiments®'*3*° for these
systems. Chemical shifts and multinuclear coupling constants
are used routinely for elucidation of the structure of ILs and
the products formed by their covalent interactions with other
materials. Furthermore, the availability of a multitude of NMR
relaxation and NMR diffusometry techniques has facilitated the
study of IL dynamic processes. In this work, we analyzed NMR
spectra and diffusivities of ions of a lithium battery electro-
Iyte comprising a fluorine-free IL (Fig. 1) and lithium salt
in nanopores of SiO, with three different pore diameters
to investigate the structure and dynamics of ions within the
confinement.
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Fig. 1 Chemical structures of the cations and anions of the electrolyte
investigated in this study.

Experimental
Materials and methods

The synthesis and physicochemical properties of the [P, 4.4.4]-
[MEEA] IL and the lithium salt LiilMEEA] are reported in our
recent publication.’® [P,,44] is the tetrabutylphosphonium
cation and [MEEA] is the 2-[2-(2-methoxyethoxy)ethoxy] acetate
anion. The Li" conducting electrolyte is created by doping the
[P4,4,4,4][MEEA] IL with 30 mol% LiMEEA to get a concentrated
solution. The bulk and the confined electrolytes were kept in a
vacuum oven at 80 °C for about six days until the water content
was less than 100 ppm as determined by the Karl Fischer
titration using a 917 coulometer (Metrohm), placed inside a
glovebox with water and oxygen contents less than 1 ppm.
The structure and dynamics of the electrolyte are studied in
bulk as well as under confinement in nano-porous controlled
porous glasses (CPG): AGC-40, Vycor (Vycor® 7930) and Varapor
produced by Advanced Glass and Ceramics, https://www.por
ousglass.com. The pore structure of CPG is complicated and
presents different levels of organization on different scales. The
typical structure of a liquid confined in CPG is three-
dimensional and sponge-like and can be supplemented with
rigid barriers spaced on the nanoscale. This can be realized
from the SEM*"** and TEM*® images as well as the recon-
structed images.**"> The pore space can be described by using
two variables, the pore diameter d and the chord length 1.*°
These parameters vary with the method of determination. The
pore diameter is an opening or a gap for filtering and is the
closest distance between the opposite pore walls. The pore
radius distribution for Vycor 7930 has been determined initially
by Levitz et al. using the nitrogen desorption isotherm and
has an average value of about 3.5-3.7 nm (mean pore diameter
~7 nm).*” This value was comparable to that determined and
used in other studies,*>*”™*° while from SAS X-ray data it was
obtained as 4 nm.*® The chord length is a geometrical para-
meter that describes the length between the intersections of
lines with the interface.’® The chord length distribution in
Vycor was estimated from digitalized images to be about
10 nm (ref. 43) and 15 nm.*® Pore radii and chord length
distributions obtained by Levitz et al. are reproduced in
Fig. S1 in the ESLt The parameters of pore diameters (pore
diameter distributions) of AGC-40 and Varapor are 3.7 nm
(5.0 = 1.7 nm) and 9.8 nm (13.5 + 4.4 nm), respectively.’’
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The values of pore diameters as well as some other parameters
of the used CPG obtained from Advanced Glass and Ceramics
are shown in Table S1 of the ESIL.{

Each of the used samples of porous glasses has a cylinder
form with a length of 15 mm and a diameter of 4 mm. The
porous glass cylinders were thoroughly cleaned with a boiling
50% hydrogen peroxide aqueous solution at 393 K for 48 h.
Afterwards, the glasses were washed with distilled water and
dried under vacuum. These glasses were activated at 723 K
for 2 h and then cooled and placed in the electrolyte under
vacuum at 298 K and finally stored within the electrolyte for two
days at an ambient temperature. After that, the sample was
removed from the electrolyte, wiped with paper, placed in a
5-mm standard NMR sample tube, heated at 330 K for
3 hours and subjected to several cycles of heating and cooling
(363-295 K) to homogenize the distribution of the electrolyte
inside the pores.

NMR techniques

A Bruker Ascend Aeon WB 400 (Bruker BioSpin AG) nuclear
magnetic resonance (NMR) spectrometer was used for record-
ing NMR spectra. The working frequencies were 400.21 MHz for
'H, 162.01 MHz for *'P and 155.56 MHz for “Li. For diffusion
measurements a Diff50 pulsed-field-gradient (PFG) probe with
exchangeable 'H, “Li and *'P inserts was used. The diffusional
decays (DDs) were recorded using the stimulated echo (StE)
pulse sequence. For a single-component diffusion, the form of
the DD can be described as:*”>*

A(r,71,8,0) o exp (—— - T—) exp(—y*6°¢*Diq) (1)
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 gyromag-
netic ratio of magnetic nuclei; g and ¢ are the amplitude and
the duration of the gradient pulse; t4 = (4 — 6/3) is the diffusion
time; A = (t + 7,); and D is the diffusion coefficient. é was in the
range of 0.5-3 ms, ¢ was in the range 2-5 ms, and g was in the
range 0.06-29.73 T m™ ". Diffusion time ¢4 was varied from 20 to
300 ms. The recycle delay during accumulation of signal
transients was 3.5 s. DDs were obtained by the increase of g
in all the experiments. Non-linear least square regression was
used to fit the experimental data with eqn (1) to extract mean D
values.

For multicomponent DDs mean apparent diffusion coeffi-
cients were obtained from the initial slope of the experimental

DDs in accordance with the equation:*"*

_ —04 (yzézgztd)

i rrera SN (2)

To demonstrate the absence of internal field gradient effects
a 13-interval stimulated echo sequence with bipolar gradient
pulses,® modified by including a longitudinal Eddy-current-
delay,”* was used.

This journal is © The Royal Society of Chemistry 2024


https://www.porousglass.com
https://www.porousglass.com
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm01058b

Open Access Article. Published on 03 October 2024. Downloaded on 4/9/2026 11:03:27 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Results and discussion

The NMR spectra of the bulk and the confined electrolytes are
shown in Fig. 2. The "H NMR resonance lines in the range from
1 to 3 ppm are attributed to the [P,444] cation, and the
"H resonance lines around 4 ppm are due to the [MEEA] anion
(Fig. 2a). In contrast, all the '"H NMR resonance lines became
broader and the resolution of the spectra became much poorer
for the electrolytes confined in the porous glasses, which is in
accordance with the previous studies.’>>® This might be caused
by the restricted rotational mobility of ions as well as transla-
tional diffusion in the presence of background gradient or
between different magnetically non-equivalent sites.>® The
broadening of NMR spectral lines is related to reduction of
the effective transverse NMR T, relaxation time.®” Interaction of
ions with rigid barriers leads to spatial restrictions of ion
mobility and to ineffectual averaging of the contribution to
relaxation from the dipole-dipole interactions. Since in this
work all the porous systems are based on silicon oxide and the
behavior of the same electrolyte is investigated, the pore size
may have the greatest influence on the behavior of the electro-
lyte. As obvious from the "H NMR spectra, the broadening of
the spectral lines is maximum for AGC-40 and Vycor systems
with the smallest average diameter (3.7 nm and 7 nm) and the
lines get narrower as the average pore size increases in the case
of Varapor (9.8 nm).

The *'P NMR spectra characterize the phosphonium cation,
while the “Li NMR spectra correspond to lithium ions in the
electrolyte (Fig. 2b and c). The single *'P (34.5 ppm) and "Li
NMR (—1 ppm) resonance lines corresponding to the chemical
structure of the electrolyte have symmetric forms. As expected,
like the "H NMR spectra, the *'P and ’Li NMR resonance
lines also get broader and the trend of increasing spectral line
broadening with the decreasing average pore diameter is
maintained.

Another feature of the *'P and “Li NMR spectra of the
electrolyte in pores is the shift of the resonance lines, which
increases with decreasing average pore diameter (Fig. 3). The
1P chemical shift values of the [P, 4 4 4] cation in different pores
increase in a similar way with increasing temperature (Fig. 3a).
In contrast, the “Li chemical shift remained unchanged as a
function of temperature for the bulk electrolyte and the one
confined in Varapor. However, for the electrolyte in AGC-40 and
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Vycor, the chemical shift values moved sharply downfield,
especially in the temperature range from 290 to 310 K (Fig. 4a).

Generally, NMR chemical shift of a nucleus alongside the
chemical structure is determined by the surrounding environ-
ment.”” Therefore, the variation of NMR chemical shifts of
different nuclei for ILs and electrolytes in the confinement is
expected. For example, Brinkkétter et al.>® observed an upfield
shift of the '°F spectral line with increasing salt concentration
for electrolytes based on the [Pyr;,o;] cation and the [FTFSI]
asymmetric anion, which was attributed to the increasing
fraction of the side groups coordinating to Li'. The lower
chemical shifts are associated with the stronger coordination
and the change in ’Li chemical shift corresponds to the
deshielding of Li". In another study, a downfield shift in
'H NMR was observed for a protic diethylmethylammonium
methanesulfonate IL confined in pores of nano-porous silica
micro-particles.>® Similarly, a downfield shift in '°F NMR of
[BMIm][TFSI] was observed in the pores of active carbon.>® The
observed resonance shift in the pores of carbon materials is due
to the aromatic ring currents in the pore walls, which shields
the external magnetic field, thereby lowering the resonance
frequency of the in-pore spins.

For the [BMIm|[BF,] IL confined in a polymer gel electrolyte
matrix,®® the decrease in molecular mobility was accompanied
by the "Li and 'F NMR resonance line broadening and the
Li signal was shifted downfield, while the 'F signal was
shifted upfield. In our case, the increase in temperature leads
to a downfield shift of the *'P resonance lines (Fig. 3a), which is
expected due to the faster ion mobility (this is also clear from
the line narrowing, Fig. 3b). This is a result of the decreasing
interactions between the organic cation and the Li" with
increasing temperature in the bulk as well as confined electro-
Iytes. In addition, the decrease in the pore size leads to an
upfield shift of the *'P resonance lines, again suggesting a
weaker coordination of the organic cation by Li as the pore size
decreases (Fig. 3a). This occurs evidently for the same reason
as the temperature variation. The “Li NMR chemical shifts
remained almost unchanged with increasing temperature
(Fig. 4a), but the lines systematically shift upfield as the pore
size decreases. According to the previous studies conducted by
Brinkkétter, et al.,>® this corresponds to the deshielding of Li",
which is related to the increase in the fraction of the organic
ions contributing to the coordination. Additionally, this can
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Fig. 2 (a) *H NMR, (b) 3P NMR, and (c) “Li NMR spectra of the bulk and the confined electrolytes at 295 K.
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Fig. 4 (a) ’Li NMR chemical shift and (b) “Li resonance line broadening for the bulk and confined electrolytes.
also be attributed to the changing ion associated structures in ) 7
the system. o 1H' [MEEAJ
Unlike chemical shift, the **P and Li resonance line broad- — ® HP,.l
enings have some peculiarities (Fig. 3b and 4b): the forms of ‘» =P, P,
~ 44,
dependencies for bulk electrolyte and electrolyte in Varapor are € 10™' L
similar and remain almost unchanged with increasing tem- = l
perature. On the other hand, forms of the dependencies for .g
electrolytes confined in AGC-40 and Vycor are also similar and %
line broadening decreases with increasing temperature. In the 8
temperature range from 290 to 310 K, the line broadening is S
higher by a factor of six and three for “Li and *'P, respectively, D
as compared to the line broadening of the bulk electrolyte. = 1077
In the temperature range from 320 to 360 K, the difference o
in the line broadening decreased significantly for both 7Li

and *'p.

To get insights into the effect of confinement on the ion
dynamics of the electrolytes, systematic multinuclear (*H, *'P
and “Li) PFG NMR studies are performed over a wide tempera-
ture range. The sharp resonance lines of the "H NMR spectra
for the bulk electrolyte allowed us to analyze diffusivities of the
[P4,4.4,4] cation and [MEEA] anion separately. It appeared that
"H NMR diffusional decays (DDs) of the [P, 44.4] cation and
[MEEA] anion can be described by a single-component decay
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Fig. 5 Diffusion coefficients of the [P4 4,4,4] cation, Li* and [MEEA] anion in
the bulk electrolyte as measured by H, *'P and L PFG NMR.
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(eqn (1)) and the diffusion coefficients of the cation and the
anion are very similar in the studied temperature range (Fig. 5).
The DDs of the [P, 4 44] cation were also measured by *'P NMR

This journal is © The Royal Society of Chemistry 2024
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PFG and they showed a single-component form. The diffusion
coefficients of the [P, 44 4] cation obtained by 'H and *'P PFG
NMR are comparable. As expected, the diffusion coefficients of
the cation and anion in the bulk electrolyte monotonously
increase with increasing temperature and follow the VFT beha-
vior:*!

o) ©)
0
where D,, T, and Ey, are the adjustable parameters.

The “Li DDs are in one decimal order and demonstrated
single-component forms (Fig. S2, ESIt). Despite the smallest
size, Li" diffusivities are less by a factor of 1.7-3.7 as compared
to the organic [P, 4,44] cation and [MEEA] anion and agree well
with the previous reports.>® This is primarily due to the bulky
lithium aggregates and/or formation of solvation shells near Li"
ions. It is worth noting that no signs of restricted molecular
and ion mobility are observed due to the spatial limitations or
exchange processes in the time range from 20 to 1000 ms as
detected by PFG NMR.

For the confined electrolytes in porous glasses, the "H NMR
spectral resolution became poorer and the separation contribu-
tion of the anion and cation to DDs became problematic. In
this context, the most reliable information about the [Py 44 .4]
cation diffusivity can be obtained by *'P PFG NMR. The *'P PFG
NMR signal of the confined electrolytes was decreased in
comparison with the bulk electrolyte because of enhanced T,
NMR relaxation. This did not allow us to perform the experi-
ment for electrolyte confined in AGC-40 pores. However, DDs
were obtained at temperatures of 303 K and higher (323 K) for
electrolytes confined in Varapor and Vycor, respectively (Fig. 7).
Even though dynamic ranges of DDs are less than one decimal
order (Fig. 6), they allow the estimation of the mean values of
apparent diffusion coefficients using eqn (2). For the electrolyte
in varapor (Fig. 6b), an increase in the temperature leads to an
increase in the slope of the *'P DDs. At higher temperatures
(353 and 363 K), the form of the decay evidently deviates from
the single-component one. This is typical for the short- and
intermediate-diffusion time regimes in the pores.*”
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Fig. 7 Comparison of the diffusion coefficients of the [P4,4 4.4] cation, Li*
and [MEEA] anion in the bulk and confined electrolytes. The black color
represents diffusion of ions in the bulk electrolyte, red in pores of Varapor,
blue in pores of Vycor and green in AGC-40.

The values of D,, for the [P, ,,44] cation of the electrolyte
confined in Varapor and Vycor were estimated from the *'P PFG
NMR DDs (Fig. 6) and are presented in Fig. 7 (red triangles).
The ability to measure diffusion using PFG NMR is determined
by the T, value of the nuclei of interest. In the case of AGC-40,
and in Vycor at low temperatures, spectral lines are broad
(Fig. 3b) and the corresponding T, values are too short.
It is seen that the possibility to measure diffusion by PFG
NMR agrees with the NMR spectra line broadening less than
~160 Hz for *'P.

The "Li NMR spin echo signal for the electrolyte confined in
Varapor was obtained only at temperatures higher than 333 K.
’Li DDs for the Varapor samples were obtained in less than one
decimal order (Fig. S3 in the ESIf) and no diffusion time
dependence of the ’Li DDs was observed in the range of 20
to 100 ms. The diffusivity of Li* in the electrolyte confined
in Varapor was measured by ’Li PFG NMR (Fig. 7, red stars).

(b) 1

A(g,3)/A(0)

0.4+

0 110"
Y8 (A-8/3)

Fig. 6 >'P NMR diffusion decays for the electrolyte confined in: (a) Viycor porous glass, diffusion time 10 ms and (b) Varapor porous glass, diffusion time

is 20 ms. DDs in (a) are shifted along the Y-axis for clarity.
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Fig. 8 H NMR diffusion decays for the [MEEA] anion (open circles) and
[P4,4,4,.4] cation (solid circles) and for both (half-solid circles) in the pores of
the porous glasses. The diffusion time is 20 ms and the temperature is
333 K. In the case of Varapor, Vycor and AGC-40, the H signals belong to
both the [P44,4.4] cation and [MEEA] anion.

The temperature-dependent diffusion coefficients of Li" in the
Varapor confined electrolyte demonstrate a convex form and
are a factor of ~5 less than the Li" diffusivity in the bulk
electrolyte. The measurement of Li" diffusivity in the pores of
Vycor and AGC-40 did not succeed due to enhanced “Li NMR
relaxation.

Overall, confinement of the electrolyte in pores of Varapor
leads to a decrease in the diffusivity of the [P, 44 4] cation by a
factor of ~3.6 in comparison to the bulk electrolyte. Both
cation (*'P data, red triangles) and lithium (red stars) diffusiv-
ities increase with temperature similarly to bulk electrolytes.
However, in the case of electrolyte confined in Vycor, the
apparent diffusion coefficients of the [P,,,44] cation are in

“ m? s7' in a temperature range of

the range of ~2-3 x 10
323-363 K and remain unchanged with increasing temperature
(blue triangles), which are a factor of 3-10 less than that in the
bulk electrolyte.

Because of poor resolution of "H NMR spectra of the con-
fined electrolytes (Fig. 2A), we analyzed diffusion decays of
integral intensities of the whole '"H NMR signals. Generally,
'H diffusion decays for ions in pores demonstrated no-single
component form (Fig. 8), which can be characterized as a distribu-
tion (spectrum) of apparent diffusion coefficients. It is clearly seen
that at 333 K slopes of the initial parts of decays are comparable,
while they diverge from the exponential form as far as the
amplitude of PFG, g, increases. The difference increases with
decreasing pore size - from bulk to Varapor, further to Vycor
and finally to AGC-40. The effects of diffusion time on the forms of
DDs were analyzed for the electrolyte confined in AGC-40, Vycor (¢4
was varied from 20 to 100 ms) and Varapor samples (20-300 ms)
and no clear dependencies were observed (Fig. S4-S6 in the ESIT).

Because of enhanced T, NMR relaxation in narrow pores,
the amplitude of the stimulated echo in the 'H PFG NMR
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Fig. 9 H NMR diffusion decays as a function of temperature for the
electrolyte confined in the pores of Varapor. The diffusion time is 20 ms.

experiment is low and depends on temperature differently for
different porous glasses. The signal-to-noise (S/N) ratios mea-
sured at 343 K are: 47.5 (varapor), 2.65 (vycor) and 0.16 (AGC-
40). This shows correlation with the pore size distributions in
these porous glasses. Therefore, DDs in the 'H PFG NMR
experiment were obtained in limited temperature ranges,
which were different for different systems: 303-363 K for
Varapor, 333-363 K for Vycor and 333-363 K for AGC-40.

The typical variations of the 'H DDs as a function of
temperature for the organic anion and cation of [P, 4 4 4| MEEA]
as an example for Varapor (the most extended temperature
range) are shown in Fig. 9. Similar results for Vycor and AGC-40
systems are shown in Fig. S8 and S9 (ESIT), respectively.

Overall, the forms of DDs are not single component for all
the systems. Therefore, no complete averaging of diffusivities
over the porous system occurs in the diffusion time range of the
experiment in the whole studied temperature range. Depen-
dencies of mean values of apparent diffusion coefficients on
temperature are shown in Fig. 7 as solid-colored circles. In the
case of Varapor (red circles), proton diffusion coefficients at
303-323 K are comparable with those of the cation and anion in
bulk, while in the higher temperature range from 323 to 363 K,
the proton diffusivity does not change and remains close to
1 x 10" m? s, For the electrolyte in Vycor and AGC-40 pores
(blue and green circles, respectively), the diffusion coefficients
are also close to 1 x 107" m® s~ " at 333-363 K.

To analyze the transport properties of GPG, its porous
space was described as curved cylindrically shaped voids.*’
An adsorption-desorption and Monte Carlo study showed that
Vycor has a highly disordered silica matrix with a network of
pores containing alternating enlargements (‘“‘voids’”) and con-
strictions (‘“necks’’) that determine the diffusion properties of
Vycor.”” The fraction of the “necks” estimated from the dis-
tribution function is nearly 0.4.*” Therefore, diffusion of these
ions through such “necks” can be effectively hindered.'’

This journal is © The Royal Society of Chemistry 2024
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The “necks” can affect the diffusion of low-molecular hydro-
carbons. In the case of n-decane confined in pores of Vycor,
the "H NMR diffusion decay showed single-component form
in three decimal orders of the signal decay.”” However, for
4.5 decimal orders of the signal decay the form of the decay is
clearly complicated and is like a sum of the two components
(Fig. S7, ESIT). In this work, DDs obtained for the IL electrolyte
presented in Fig. 8 are similar to those observed for the
confined n-decane. All the controlled porous glasses prepared
with the same technology evidently have similar structures.
Therefore, it is reasonable to suggest that the fraction of “necks”
increases as the mean pore diameter decreases. As the fraction
controlled by the “necks” is independent of diffusion time, it
follows that the corresponding areas of space inside pores form
“partially isolated volumes” containing the liquid, which is in
a so-called “slow exchange” regime with the rest of the liquid.'°
The size of “partially isolated volumes”, as estimated from the
dependence of ion diffusivity on the diffusion time, is on the
order of 1 pm."

The fraction of the porous space controlled by the “necks”
(“partially isolated volumes”) increases from ~0.2 in Varapor
to ~0.6 in AGC-40 (Fig. 8). Because of the lower apparent
diffusivity corresponding to this fraction, there is no effect on
the mean apparent diffusion coefficient. Therefore, to further
explain diffusivities inside pores as a function of temperature
and pore-size, a different and at the same time rather broad
distribution of pore diameters of the used porous glasses
should be taken into consideration. At least two effects may
influence the mean apparent diffusivity of a liquid in the nano-
pores: (1) the pore-size dependence of the NMR relaxation time
and (2) the exchange of moving particles between the pores
with different diameters. In the first case, the contributions of
the electrolyte confined in pores with different diameters in the
stimulated echo NMR signal (DDs) are different: the “large”
pores give higher contribution, while signals from the “narrow”
pores are reduced and/or even vanished. Here the term “large”
refers to the pores that contribute to the signal of the stimu-
lated echo NMR. The exchange of particles between pores,
which is accelerated as a function of temperature, leads to an
averaging of both the NMR relaxation times and the diffusion
coefficients. The effect of exchange between the pores of
different sizes on the line broadening was described by Forse
et al.>® As the ions diffuse from “large” pores to “narrow”
pores, their NMR signal decreases, and, therefore, their con-
tribution to the DDs decreases. As a result, the apparent
diffusivity may decrease as the intensity of the exchange between
pores intensifies.

Now these ideas can be applied to analyze the experimental
dependencies on proton diffusivities (Varapor, Vycor and AGC-40
samples) and phosphorus diffusivity (Vycor sample). In the case of
Varapor, because the diffusivity of the [P, 4 44] cation according to
1P PFG NMR data is a factor of 3.6 less than the ones measured by
'H PFG NMR, the measured averaged 'H diffusion coefficient Dy,
according to the averaging rule for diffusivities:

Doy = Py-Dy + Py-D, (4)

This journal is © The Royal Society of Chemistry 2024
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corresponds to a higher degree to diffusivities of the [MEEA]
anion. Here D; and P; are diffusivities and fractions of the
diffusing components, respectively. In the temperature range
from 303 to 333 K, 'H diffusivity of the anion corresponds to
the “large” pores and there is no effect of exchange between the
“large” and the “narrow” pores, while protons in the “narrow”
pores are not detected due to NMR relaxation. As the tempera-
ture exceeds 333 K, thermal intensification of mobility begins,
which leads to the appearance of a signal from the “narrow”
pores and manifestation of molecular exchange between
the “large” pores and a part of “narrow” pores with higher
diameters from the pore diameter distribution. This leads to a
decrease of the average apparent diffusion coefficients. As the
temperature increases, higher fractions of the ions from the
“narrow’”’ pores became involved in the exchange. Together
with the thermal activation of diffusivity, this leads to the
almost constant apparent diffusivity of the [MEEA] anion in
the temperature range from 333 to 363 K. At the highest
temperature of 363 K, the cation diffusivity measured by
'H PFG NMR reaches the diffusivity measured by *'P PFG NMR.
The same effect is observed for 'H PFG NMR in Vycor and
AGC-40 systems (blue and green circles in Fig. 7); the only
difference is the absence of the “large” pores in these porous
glasses. Therefore, there is no "H NMR stimulated echo signal
at temperatures below 333 K. However, as temperature exceeds
333 K, the stimulated echo signal begins to appear and the
effect of exchange manifests and develops as the temperature
increases. From the 'H PFG NMR data, it is evident that the
boundary between the “large” and ‘“narrow” pores is in the
pore size range between those of Vycor and Varapor. A similar
effect of exchange is observed in *'P PFG NMR for the [Py 4,4.4]
cation in pores of Vycor (blue triangles in Fig. 7). From the
trend of the measured apparent diffusion coefficient of the
[P4,4,4,4] cation at higher temperatures, it is seen that diffusivity
of the cation in pores of Vycor is lower than that in Varapor.
It is also quite possible that the electrolyte present on the
outer surface of the CPG cylinder is involved in the exchange
with “narrow” pores, alongside with the “large” pores. Although
the outer electrolyte from the sample was carefully removed by
wiping, the increasing temperature can cause thermal expansion
of both the porous matrix and the electrolyte. The thermal
expansion coefficient of liquids is much higher than those of
the Vycor type porous glasses (~7.5 x 10~7/°C). Therefore, some
amount of the liquid could be expelled from the sample upon
heating. However, there is a possibility that the expelled out-pore
electrolyte has NMR relaxation like the bulk electrolyte. The
'H NMR resonance lines from the out-pore electrolyte might be
a factor of two broader than that from the in-pore due to diffusion
in the background gradient.>® Additionally, for our consolidated
porous samples the border between the out-pore and the in-pore
is located on the surfaces of the sample cylinders. Keeping in
mind the diffusion coefficient ~10""* m® s™* and the diffusion
time 20 ms, the region of the pore exchange is ~0.6 pum. This is a
negligible part of the porous cylinder diameter. Therefore, even
if some of the electrolyte is expelled from glass samples, which
has bulk-like NMR relaxation properties, it does not essentially
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contribute to the observed temperature dependencies of the
apparent diffusion coefficients.

These PFG NMR data suggest that confinement of an elec-
trolyte in silica pores decreases the diffusivity of the [Py 44 .4]
cation to a much higher degree in comparison with the [MEEA]
anion. This might be due to the reason that the silica and
silicate glass surfaces acquire a negative surface charge density
because of deprotonation.®® Therefore, interaction of the
[P4,4,4,4] cation with the negative surface might be the possible
mechanism of its greater decrease in translational diffusion as
compared with the [MEEA] anion. Concerning the diffusivity of
the small Li", it diffuses much more slowly than the larger
organic ions when solvation of the Li* occurs.®® Furthermore,
as the concentration of the lithium salt increases, the diffusiv-
ities of all the ions decrease due to increased electrostatic
interactions, demonstrating solvation of Li* in the system.
Similarly, in the confinements (Fig. 7), diffusivity of the small
Li" decreases and remains slower than the diffusivities of the
larger organic ions of the system, confirming the solvation of
Li" inside the pores.

In contrast to the previous studies of ionic liquids confined
in nanopores,'®"*" no enhancement of ion diffusivities is
observed for the studied electrolyte. However, this agrees well
with previously observed decrease of ion diffusivity in various
nanopores'*?® and this might be related to the specificity of the
used ILs and IL-based compositions. The interactions of the
electrolyte components with the pore surface and change in
the nanostructure of electrolyte in the nanoconfinement
may contribute to the enhancement of the NMR relaxation.
However, in the time scale of the PFG NMR experiment and for
the observed effect of molecular exchange between the pores
these small-scale processes are dynamically averaged.

Conclusions

The confinement of a fluorine-free ionic liquid-based electro-
lyte in nanopores of controlled porous glasses caused several
NMR spectroscopy effects. The broadening of 'H, *'P and “Li
NMR resonance lines increased with decreasing pore size and
the confinement led to a variation in the *'P and “Li NMR
chemical shifts. While ions of the bulk electrolyte exhibited a
single-component diffusional behavior, a distribution of appar-
ent diffusion coefficients was observed for the organic ions
inside the nanopores. The complicated diffusion decays are due
to the complex porous structure of the porous glasses, the
presence of pore ‘“necks” and “partially isolated volumes”
containing the liquid, which is in a “slow exchange” regime
with the rest of the liquid. The mean apparent diffusivity is
controlled by the exchange of ions between the “narrow” and
the “large” pores in the pore size distribution. The frequent
exchange of ions between the ‘“narrower” and the “larger”
pores resulted in an abnormal variation of diffusion coeffi-
cients with increasing temperature. Like bulk electrolytes, the
Li" ions are solvated inside porous glasses and their diffusivity
remained slower as compared to the organic ions. This study
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provides a foundation to study ion dynamics of electrolytes
under confinement and design new fluorine-free electrolytes
with desired transport properties for various energy storage
devices.
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