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ABSTRACT

This review paper presents the results of a study conducted using nuclear magnetic resonance (NMR) methods to
investigate the dynamic behaviour of ionic liquid-based compositions in micrometre-spaced confinement.
Ethylammonium nitrate (EAN) and other ionic liquid (IL) systems with nitrate anion in glass or quartz spaced confinement
demonstrate anomalous cation dynamics that differ from those observed in bulk and in nano-confinement. It was
demonstrated that the principal axis of the nitrate anion exhibits preferential orientation to the surface, akin to that in
liquid crystals. It was shown that the cation translational mobility reversibly changes during exposure to a static magnetic
field. This phenomenon was interpreted as a result of intermolecular structure transformations occurring in the confined
ILs. The mechanisms of these transformations were discussed.
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1. lonic liquid in interfaces and in nano-
confinements

lonic liquids (ILs) are ionic compounds formed typically of
organic cations and either organic or inorganic anions. These
compounds remain in the liquid state at temperatures below 100°C,
which has led to their attraction as solvents for the replacement of
organic liquids in “green” chemical synthesis, as components of
lubricants, and as electrolytes for electrochemical devices. Due to the
multitude of interactions inherent to ILs in bulk (Coulombic, van der
Waals, hydrogen bonding, etc.), numerous ILs exhibit ordering of ions
and form well-defined nanostructures with regions of polar and
nonpolar domainst®.The growing application of ILs has led to the
challenge of understanding the properties of ILs near surfaces’% and
in confining geometries™!12-2% |t is well established that the structure
and properties of molecular liquids in these conditions are significantly
different from those in bulk. These properties are affected by size,
shape, and topology of geometric restrictions, which influence rates of
chemical reactions, electrical conductivity, thermal properties, and
viscosity.



Studies of protic (PILs) and aprotic (AILSs) in contact with air and solid surfaces revealed different
molecular structures of ILs?? by Atomic Force Microscopy (AFM) and computer simulations. The solid
surfaces were composed of carbon in the form of graphite and graphene!??, mical*®24, silical®424 and metals(®.
It has been demonstrated that the most prevalent structure formed by ILs in proximity to the surface is a layered
structure. These structures comprise alternating layers of cations and anions. Additionally, the preferential
orientation of ions near the surface was mentioned. The charge of these layers is dependent on the properties
of the surface. The layered structure has been observed to extend up to a few nanometerst®724, There have
been multiple studies that have focused on IL structure near the surface?®?* and between micrometer-spaced
solid surfaces®?>?®l, The structure and extension of layers were studied in terms of the influence of surface
charge and roughness?. The long-range ordering of imidazolium ILs between slowly rotating disks was
demonstrated using a combination of FTIR, Ellipsometry, and Secondary-Harmonic Generation methods(?®,
Smectic mesophase was found by SAXS/WAXS methods in octadecylimidazolium ILs confined between
plates separated by 4 pm. It was mentioned that the application of a magnetic field affects the mesophase
mosaicity!?l,

Most publications about IL-confined systems focused on nanoporous, microporous, and mesoporous
materials, while macroporous systems received less attention. Carbon and silica are two commonly used
materials. The behavior of confined ILs is a combination of a 'surface contribution' and a ‘bulk-like
contribution' caused by ions located in the pore center!’2%, Depending on the molecular details of the confining
space and the type of IL, the diffusivities of confined ILs may increase*151627.28 or decreasel*'4??l, The
conductivity of confined ILs was comparable to or even higher than the bulk ionic conductivity?’l. The layered
structure over a few nanometers from the pore wall has been observed™”?1, and the formation of this structure
is driven by electrostatic interactions?!l, The melting temperature of nanoporous-confined ILs decreases
according to the Gibbs-Thomson equation(*!],

2. Properties of bulk, near surfaces and in nano-confinement nitrate ILs

Ethylammonium nitrate (EAN) and propylammonium nitrate (PAN) (Figure 1) are the most extensively
studied protic ILs®-%2, EAN is employed as a reaction medium, precipitating agent®, and electrolyte for
supercapacitors®*31, PAN has potential applications in self-assembly media, catalysts, and biological agents&®l,
The bulk structures of EAN and PAN were investigated, and nanoscale heterogeneity connected to the smectic
phase was found® 2. Neutron diffraction demonstrated that bulk EAN has a long-range structure with a
domain size of one nmf®l, The structure is similar to a bicontinuous microemulsion or disordered Lz-sponge
phase. On the other hand, 1-ethyl-3-methyl-imidazolium nitrate is aprotic IL.

The T relaxation recovery for H of different groups demonstrates forms close to the exponential ones.
The T, relaxation for the -NHz group was exponential while for of -CH.- and -CHs groups (Figure 2) it was
close to the sum of the two-exponentiall*?,

s CH [+ +
S IR ST
Ay By o N D
i e
E) NO, ’

Figure 1. Chemical structures of ILs ions: A) ethylammonium (EA) cation; B) propylammonium cation;

C) 1-ethyl-3-methyl-imidazolium cation, D) Li+ ion, and E) nitrate anion.
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Figure 2. 'H NMR spectrum of EAN in CDCls. T = 303 K[*2,
The resonance lines assigned to the NHs* (7.63 ppm), CH2 (3.21 ppm) and CHs (1.36 ppm) EA cation.

Mean T, times were essentially less than T, for all chemical groups of EA (Figure 3). This is a typical
for viscous liquids, where the primary relaxation mechanism for *H relaxation is dipolar coupling®®®, and the
reorientation correlation time is expressed like z >>1/wo.

Diffusion decays (DDs) for EA cations on *H and for nitrate anions on *°N isotopes were obtained by the
PFG NMR method. All DDs were one-exponential form and didn’t depend on the diffusion time™?. In the
temperature range of 293-363 K, the anions diffusion coefficient (DC) was found to be approximately 1.7
times greater than that of the EA cations. (Figure 4).
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Figure 3. 'H NMR T1 (open) and T2 (filled) relaxation times of bulk EAN [17]. T=293 K.

Temperature dependence of the DC of EA was analysed in the 283-363 K temperature range [“°! and was
described by the Vogel-Fulcher-Tammann (VFT) equation:

—Ep ) ey

D = Dy exp <—R T —Ty)

where Dy, To and Ep are adjustable parameters. Non-Arrhenius dependences are typical for ILs 1421, T,

indicates so-called “dynamic glass transition temperature” 31,

In the case of EAN (Figure 4) Arrhenius equation can be applied:
D = D, - exp(=Ep/RT), )
which gives the apparent activation energy for anions and cations diffusion Ep ~4 kJ/mol“%.,

A remarkable result concerning the peculiarities of diffusion in bulk ILs is the difference in DCs of almost
twice between EA cations and NOs-anions™™. It is assumed that in a free ILs, cations and anions are in the
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paired state most of the time, which implies close values of DCs. It is also known that the studied cations and
anions have comparable sizes'®?*44l, which should lead to approximately equal values of DCs if we assume
that ions can move independently in the IL. The observed difference in the ionic mobility of cations and anions
can be explained by the presence of the heterogeneous nanoscale structure®€l, The source of such self-
organization in bulk ILs is the association of EA cations due to their solvophobicity[*®l,
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Figure 4. Arrhenius plot of the temperature dependences of DCs of the EA cations and the NO3" anions obtained by PFG NMR on 'H
and N nucleus, respectively!2,

Nanoconfinement nitrate ILs like EAN and PAN were investigated in the last few years!®1217-19.24] For
example, it has been shown by AFM that the EAN confined between mica plates exhibits electrostatic
interaction with the substrate surface at a distance of more than two nm and the formation of a layered ionic
liquid structure near the mica surface®l. Furthermore, NMR data indicated that the polytetrafluoroethylene
(PTFE) surface induces a low diffusivity EAN region in its vicinity™. Additionally, efforts have been made
to investigate the behavior of ionic liquids confined within porous media through the use of NMR and
molecular dynamic simulations®"%45, According to some estimates, the pore surface exerts a significant
influence on the ionic liquid dynamics only in a very small region of approximately 1-2 nmt*"l, Diffusion of
EAN confined within pores of two types of porous glass, Vycor® and Varapor, with average pore sizes of 4
nm and 9.8 nm, respectively, was studied by *H NMR in the temperature range of 295-325 K™, It was shown
that the diffusional behavior of the EA cation corresponds to long-term diffusion in a system of interconnected
pores. Diffusivity of the IL in Varapor is controlled by the porous system’s tortuosity and does need to take
into consideration the interaction with the surface of the discrete pore walls. In the case of Vycor®, the long-
term diffusivity is a factor 1.5 lower than that expected in the absence of interaction with the pore walls. Two
possible mechanisms were suggested that may explain this discrepancy: the EAN-surface interaction and the
retardation of EAN diffusion in smaller pores present in Vycor® porous glass due to pore size distribution(*],

3. Diffusivity and NMR relaxation of the micrometer-spaced confined
nitrate ionic liquids

3.1. Diffusivity and NMR relaxation

The stack of glass plates with IL (Figure 5) spaced by 3.8-4.5 um was placed in the NMR solenoid ‘H
insert for diffusivity and NMR relaxation measurements[*?l. This type of samples has an axis that is normal to
the surface of the stack plates. This feature allows for sample orientation at different angles to the SMF
direction*?,



Figure 5. The stack of glass plates with confined of EANI'2],

The values of T; and T, of EA confined between glass plates were found to differ from those in bulk
(Figure 6). The T of protons of all groups of EA and the T, of the -CH.— and —~CHs groups of EA exhibited
a change of 5-10%!8!, The reliable change occurred with the T of the -NH; protons, which decreased by a
factor of ~22 relative to their bulk values!?. Diffusion measurements were conducted in two directions. For
both orientations, the DDs were in the exponential form. The parallel DC was independent of the diffusion
time, whereas the normal DCs were dependent on the diffusion times, as a result of the restricted planar
geometry of the glass platest*>#¢l, The DCs were found to be higher than that in the bulk by a factor of 2—-3
(Figure 6)12, The analysis!*2%8l allowed the authors to conclude that the observed alterations in the NMR
relaxation rates of the EA protons and the enhancement of the diffusion of the EA cation as a whole are not
artefacts but are the result of an entirely molecular structural effect.

Figure 6. 'H NMR T1 and T2 relaxation times for EA groups: bulk - coloured open bars and confined - coloured filled bars. EA diffusion
coefficients for bulk - open black bars and for confined - filled black bars*2, T =293 K.

3.2. NMR diffusion and relaxation of confined ILs exposed in the SMF

For EAN layers confined between glass plates and placed in a strong static magnetic field (SMF), values

of Ty, T2, and DC of the EA cations were observed to depend on time (Figure 6)!'*l. Similar effects were

reported for other protic ILs! 7.
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Figure 6(A, B, C). T: NMR relaxation times and C) 7> NMR relaxation times of protons of EA cations chemical groups for EAN
confined at 9.4 T SMF!'8l, DC was measured parallel to the plates, t« = 3 ms.



For [EMIM][NO3]IL, the diffusivity is also increased after confinement between plates and gradually
decreases under the influence of SMF (Figure 7A)*". For bulk solutions of LiNO3 in EAN, 1.9-15 wt%, the
diffusivities of the Li* ions are lower than the diffusivity of the EA cations!“?l (Figure 7B). Therefore, the
effects of increased diffusivity of cations of ILs neat and in mixed systems with nitrate ions are common for
protic and aprotic ILs and metal ions such as Li*. Further studies were conducted to examine the influence of
various conditions on the observed effects in the case of EAN 04851,
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Figure 7A. DCs of the EA cations and [EMIm]* B) DCs of EA cations and Li* in a mixture 15 mol% of LiNOs glass plates confined
ILs at SMFI2471, D was measured along the plates, t«= 3 ms. Dotted lines show DCs of bulk ILs.

3.3. Effects in IL/water solutions

'H NMR diffusometry experiments were performed on mixtures of EAN-water (3.1-12.4 mol%) confined
between polar glass plates and exposed to SMF“1, The diffusion of both EAN and water is single component
and no diffusion time dependence of the DCs was found in the range of diffusion times 3 - 300 ms. In bulk
EAN-water mixtures, increasing the water content leads to an increase in both DCs and the DCs don't change
with SMF exposurel*?. On the other hand, the diffusion behavior of EAN-water mixtures confined between
plates appears quite unusual. The placement of EAN-water mixtures in SMF leads to an increase in EAN DC
for samples with a water content of 0-6.2 mol% that is larger than the bulk EAN DC (Figure 9). However,
the ratio of the EAN DC to bulk EAN DC decreased from 3.8 to 1.4, respectively. For mixtures with 12.4 mol%
of water, EAN DC is less than bulk EAN DC. The DCs for water are larger for a sample with 3.1 mol% and
smaller for samples with 6.2 and 12.4 mol% of water than the bulk values for water DCs.

It was proposed that the bulk EAN-water structure®™ could undergo a change due to interactions with the
polar glass surface, in accordance with the phase diagram of the EAN-water mixturel®?l. Furthermore, it was
suggested that unusual diffusion could be conditioned by a phase transformations in the EAN-water system.
As the exposure time increased, the diffusivity of EAN decreased and the DC of EAN reached a stationary
value, D... This D., value is comparable to the confined neat EAN DC (Figure 9), yet this EAN-water system
state differs from the previously described bulk or confined states. It appears that EAN exists in two distinct
liquid phases: one comprising an EAN-water mixture, and another comprising neat EANM . The *H NMR
water signal exhibited a decrease with increasing exposure time, with complete disappearance observed at
approximately 200 minutes for the 3.1 mol% sample, 600 minutes for the 6.2 mol% sample, and 100 minutes
for the 12.4 mol% sample, respectively (Figure 9). It is possible that water exists in two physical states. The
first type is characterised by NMR relaxation times typical of liquids, which led to the measurement of NMR
diffusivity. The second type is characterised by “solid-like” NMR relaxation features that make it “invisible”
to the NMR diffusometry technique. It was proposed that this second type corresponds to adsorbed water on
the glass plates(®?.,
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Figure 8. DCs of EAN-H20 mixtures at different exposure times to SMF9l, Black dotted line corresponds to EAN, coloured
dotted lines correspond to bulk mixtures, and symbols and solid lines correspond to confined systems: EAN (solid circles)
and water (open circles). D*s are EAN and water DCs after placement in SMF.

3.4. Effect of surface roughness

The NMR data for EAN and EAN-water confined systems that drive by the chemical composition of
plates does not exhibit a significant difference. Borosilicate glass plates and fused quartz glass plates were
used for the experiments*7l,

The surface roughness and surface area of the glass plate may influence the dynamic behaviour of
confined ILs™8, To elucidate the impact of these characteristics, glass plates treated with hydrofluoric (HF)
acid aqueous solutions were subjected to investigation. The BET method®®! was employed to analyse both
untreated and HF-treated glass plates. The BET surface area was found to be 0.1 £0.01 m?/g for the untreated
glass plates and 0.05 +0.01 m?/g for the HF-treated glass plates. Figures 9A and 9B present atomic force
microscopy (AFM) images of glass plate surfaces before and after the HF-treatment, respectively. The
untreated surface is relatively flat, with height variations of no more than 1 nm. In contrast, the HF-treated
glass surface exhibits height variations of up to 400 nm. Consequently, the surface area of micropores is
reduced, while that of macropores (greater than 50 nm) is increased, as observed intl,

Figure 9. Atomic force microscopy images of untreated (A) and HF-treated (B) surfaces of glass plates/3].

The results of *H NMR diffusion experiments on HF-treated glass plates confined EAN
demonstrated a similar phenomenon to that observed for untreated plates. The DC was approximately
12% higher than that observed for EAN confined by untreated glass plates. The exposure of untreated
glass plates to SMF resulted in a decrease in the DC of EA cations over time. It was postulated that
the observed difference is correlated with the fraction of small pores in untreated and HF-treated glass
plates and is related to the dominance of surface properties contributions in the micrometer-scale range.
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The distance between the glass plates was found to exhibit small variations when comparing
results obtained on untreated glass platest*?'® with those obtained on vacuum-deposited TiO, on the
edges of the plates“®l, with a distance between the plates of 3-4.5 pm. The observed effects in the EAN
systems and the rate of DC decrease of the EA cations are comparable for both types of samples®®l,

3.5. Effects of temperature

In further discussion the term “phase” for EAN in bulk state, confined between glass plates and
confined between glass plates and exposed to SMF as Ig, | and Iwue, respectively was used. Dependences
of 'H NMR chemical shift and DCs of EA cations were analysed in the temperature range of 293-363 K. It
was found that NMR chemical shift of NH; protons in the | phase was strongly shifted upfield (Figure 10)
because of weakening of the hydrogen-bonding network of the confined EAN,

7.8+
LD —D N N N
Sk A
7.6 1 el OO ]
S =
7.4 O— - O/BO
e O/O S(NH,) | = 1, (bulk EAN), NH,
Q 7.2 —_— I, (bulk EAN), CH,
. A O~ ® I, NH,
w704 - &1, CH,
A e NH,
3.4 —A— I, CH,
3.2+
3.0 T T T T T T T
290 300 310 320 330 340 350 360
T,K

Figure 10. Temperature dependences of *H NMR chemical shifts of bulk EAN chemical groups, EAN glass plates confined in the Imr
phase and EAN experiencing | — lvr transition?l. Axis t shows the experiments time. Temperatures are 333 K(A) and 353 K (B).

The temperature dependences of DCs follows the order D(I) > D(lg) > D(Ime) (Figure 11) and describes
by VFT equation (Eq.3).
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Figure 11. Temperature dependences of DCs of the EA cations in Is phase, (black circles), in | phase (red circles), in Imr phase (blue
triangles) and of [NO3]- anions in Is phase (white circles)!*, Lines show best fits with the VFT equation.

Based on estimated apparent activation energies of EA cations it was assumed that transitions ls— 1 is an
endothermic process and I—Iur and lyr— 1 are exothermic and endothermic for confined EAN.
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The temperature dependencies of *H NMR spectra integral intensities of EAN in | and Iur phases
at cooling and heating®!! were investigated at the range 293-256 K (Figure 12). These dependencies
have different forms, but for both of one’s demonstrate an abrupt decrease. The decrease of the signal
occurs for | phase at ~263 K, and for Iur phase at ~266 K at cooling (Figure 12A). These temperatures
are much lower than EAN in Ig phase (=285 K)B4. For Iur the signal completely disappeared at
temperatures below 266 K (Figure 12A). However, for the | phase the typical *H NMR spectra of
EAN with an integral amplitude of ~0.24 was maintained down to 256 K. For the heating cycle (Figure
12B) the melting of the Ivr phase occurred sharply at 289 K. For the | phase, the process of melting
began at temperature 270 K, and “smeared” over the temperature range up to ~285 K.
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Figure 12. Temperature dependencies of 'H NMR spectra integral intensities of EAN in | and Imr phases at A) cooling and
B) heating 4. Arrows show the melting temperature of EAN in Ig phase.

H NMR spectra obtained for phases | and Ivr at heating are shown in Figure 13.

Figure 13.'"H NMR spectra dependencies of EAN polar glass plates confined from the temperature 256-293 K: A) before and
B) after exposure to the SMFBH,

For the I phase (Figure 13A), the sample at heating demonstrated spectral lines of protons in all
three chemical groups of the ethylammonium cation and also a signal from water at ~4.7 ppm. In
particular at lower temperatures, the contribution of the water NMR signal in the spectra of the | phase
is much larger than the real fraction of water protons in the sample, because of the much longer NMR
relaxation times of H,O protons in comparison with protons of EAN and also because of an increase
of the *H NMR signal at lower temperatures (Curie’s law). Heating the sample up to 270 K did not
significantly change the spectral form apart from minor changes in chemical shifts for NHs" protons
(from ca. 7.5 to 7.6 ppm) and for H,O protons (from ca. 4.9 to 4.7 ppm) in the temperature interval
from 256 to 266 K, respectively. In the temperature range of 270 — 285 K, spectral line intensities of
ethylammonium progressively increased, while the contribution of the water signal decreased. Finally,
the water signal almost disappeared at 293 K.



For the Iue phase (see Figure 13B), the sample at heating in the range of 256-288 K showed only
very weak spectral lines. This means that at these temperatures EAN was almost completely “frozen”
without any significant motion of ions. In solids both the dipole-dipole interaction between protons
and the 'H chemical shift anisotropy, which are 2" rank interactions with a strong orientation
dependence, have dramatically broadened *H NMR resonance lines. The 'H NMR spectral lines
appeared at T > 289 K and the spectral shape was maintained at higher temperatures, demonstrating
that EAN in this sample sharply and completely melted at 289 K. No signal from water was observed
in IH NMR spectra for the Ime phase. This may occur if water protons are under conditions of “fast
exchange” with protons of —~NH3 groups of EANE®., Usually, an exchange of protons of two chemical
groups that differ in chemical shift leads to averaging of the chemical shifts and producing a line in
the NMR spectrum with an intermediate value of chemical shift. Because -NHs; protons in our system
are in excess, the exchange can lead to disappearance of the NMR spectra line characteristic of bulk
water for the Ivr phase. This explanation also suggests that water protons are under conditions of “slow
exchange” in the I phase. Thus, I — Imr transformation leads to a change of the dynamic state of water
protons in the studied system from “slow exchange” to “fast exchange”. An alternative explanation of
the disappearance of the water signal in the NMR spectrum of the Iue phase is the increase of NMR
relaxation rate of the water protons, i.e., T, decreased significantly in the Iue phase and became so
short that water protons did not contribute to the *H NMR echo signal. Such short *H NMR relaxation
of water protons may be because water is actually expelled from EAN to the glass surfaces. It is known
that adsorbed water possesses “solid-like” properties ! and, therefore, does not contribute to the *H
NMR echo signal of a highly mobile liquid phase. In order to reveal the mechanism underlying this
effect, we performed an additional experiment. The *H NMR line, corresponding to -NHs protons (~
7.8 ppm), were pre-saturated using Bruker’s built-in NMR pulse sequences. It is known that pre-
saturation leads to a decrease of the chemical exchange effect in the NMR spectrumB7, Therefore, a
water proton signal should appear in the NMR spectrum in the case of proton exchange between H,0
and —NHs; groups. Two NMR pulse sequences were used: Pre-saturation and Watergate 3-9-19
supersaturation. Both sequences gave similar results®Y. The resonance line of -NH; protons at 7.8 ppm
almost vanished, however no resonance line corresponding to water protons appears in the spectrum.
This means that the “fast-exchange” mechanism does not take place in the system. Therefore, the other
hypothesis, in which water is expelled from EAN and adsorbed on the glass plates, remains the most
plausible explanation for the disappearance of the H,O resonance line in the spectrum of EAN confined
between polar glass plates.

Therefore, it can be concluded that the melting behaviour of the | and Imr phases is significantly
different. | phase melting proceeded in a rather broad temperature range, while in the Iwvr phase
complete melting occurred in a temperature range of only ca. 1 K. Additionally, the Ime phase did not
show any residual water NMR signal, most probably because water is expelled from the mixture with
EAN and adsorbed on the polar glass surface.

Several additional experiments were performed to elucidate the properties of Imrand | phases of
EAN confined between glass plates®!. The sample after long-term exposure to the magnetic field in
the NMR spectrometer (Ivr phase) was placed in a freezer at 193 K (-80°C) and kept there for twelve
days. Afterwards, the sample was placed back in the NMR spectrometer at 293 K. Diffusion of EAN
was then measured after the sample has completely thawed and the system reached a new thermal
equilibrium. The measurement showed that the diffusion coefficient of EAN was equal to Dwe, thereby
demonstrating that the transformation of Imr — I was stopped in the frozen state of EAN. The sample
in Iue phase obtained for the orientation of the glass plates normal to the direction of the SMF was
turned 90 degrees, so the plates became oriented along the magnetic field. Measurements demonstrated
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that this manipulation did not affect the measured diffusion coefficient. The same happened when the
orientation of the sample was changed from “parallel” to “normal” relative to the SMF. This
experiment additionally demonstrated the isotropy of the Iur phase.

Residual water, which is usually present in highly hygroscopic protic ILs, such as EAN and PAN,
could obviously modify properties of the studied system. EAN/H20 and bulk mixtures of some other
protic ILs with water have been thoroughly studied®2%8-62, Molecular dynamics simulations suggested
that at low concentrations of water in EAN a local sponge-like structure specific to this neat IL is not
significantly altered by water molecules®2¢, Instead, water accommodates itself in the network of
hydrogen bonds of the ILY and leads to “swelling” of the polar regions in the bulk IL"?, According
to data reported in® for the sample of layers of EAN confined between polar glass plates and exposed
to the external magnetic field, water is expelled from the IL and most probably is adsorbed on the polar
glass surfaces.

3.6. Kinetics of phase transformations

Watching changes of NMR relaxation and diffusivities of cations of ILs with nitrate anion
confined in layers between glass plates, we suggested that the processes occurring in the layers in the
magnetic field can be related to a phase transformation. The change in the phase characteristics over time
occurring at constant temperature has been analyzed by a heuristic Avrami equation!®% (also known as a
Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation). This equation describes processes of the autocatalytic
type, for example, a phase transformation occurring by a nucleation mechanism. The equation can specifically
describe the kinetics of crystallization or other changes of phases in a material. The degree of phase
transformation (fraction of a growing phase) is described as follows!®®l;

Y(t) =1—exp(—Kt"), (6)

where K is a reaction rate constant, and the exponent n is a constant related to nucleation and growth. In
our experiments, the parameter characterizing the phases is the diffusion coefficient. Therefore, the degree of
phase transformation (fraction of phase Imre formed in ILs between polar glass plates under the
influence of the magnetic field) can be calculated as in Eq. (7):

Y (t) = (Dinit — D))/ (Dinit — Dfin)- (7)

The calculated Y(t) for the kinetics of transformation of EAN and PAN BY are shown in Figure
14. Dependences, Y(t), were fitted by Eq.(6) using the least square method (Figure 15). Avrami
parameters K and n used for the fittings are also shown in Figure 15.

For both EAN and PAN, the Avrami exponent n is close to 1. Originally, n was held to have an
integer value between 1 and 4, which reflected the nature of the transformation(®l, There were simulations to
relate dimensionality and mechanism of crystallization with the observed Avrami exponent n. In earlier work
of Cahn, n = 1 was related to a case of site saturation at nucleation on a surfacel®. It has been shown[®8! that
homogeneous as well as heterogeneous nucleation in the surface-independent and diffusion-independent
deposition rates give n ~ 1 in a 3-dimensional system. This suggests the formation of a primary nucleus of a
new phase spontaneously or on heterogeneous nucleation agents in the beginning of the process and further
growth of the new phase by deposition of molecules from the original phase on the nucleus surface. The rate
constant K is influenced by a ratio of interfacial to thermal energy. K is higher for PAN in comparison with
EAN, because its thermal energy per mass of the PA cation is lower.
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Figure 14. Degree of phase transformation (fraction of phase Imr) as a function of time for EAN (black dots) and PAN (red
dots) polar glass plates confined®!. Lines are best the Avrami equation fits with indicated values K and n.

Inspecting fits presented in Figure 14, one can conclude that the kinetics of transformations of
phases in EAN and PAN exposed to a SMF can be described satisfactorily well by the Avrami equation
using parameters characteristic for autocatalytic processes, which often are controlled by spontaneous
nucleation. Kinetics of the phase transformation was analyzed also for the EAN-water system . It
was shown that the Kinetics of transformation fit well with the Avrami equation. The Avrami exponent
n remains close to 1, which suggests that there is no change in the geometry of the growing phase,
while the rate parameter K decreases with increased water up to 6.2 mol.% and increases again for a
sample containing 12.4 mol.% water.

The kinetics of phase transitions of confined EAN and PAN fits well with Avrami phase transition
theory. This demonstrates that the process is very likely autocatalytic and proceeds through a
nucleation mechanism. The obtained value of the Avrami equation exponent n is close to 1, which can be
described by homogeneous or heterogeneous nucleation in the surface-independent and diffusion-independent
deposition rates in a 3D system.

Temperature measurements of solidification and melting behaviours showed a difference in phase
transition temperatures, intervals of the phase transition temperatures and completeness of these
transitions for confined phases of EAN formed before and after exposure in the magnetic field. An
unexpected result was obtained that concerns the state of residual water under transformation of
confined EAN under exposure to a magnetic field.

3.7. Reversibility of the I — IMF transformation

Dynamics of EAN reversibly recovered after removing the sample from the magnetic field. We have
performed additional experiments with EAN confined between borosilicate glass plates to follow the kinetics
of recovery from exposure to a magnetic field"*”). The parameter measured was the diffusion coefficient of the
EA cation. Experiments were performed at 293 K twice and with a different time sequence for confidence of
the reproducibility of the effect. Before each experiment, the sample was kept outside of the magnetic field of
the NMR spectrometer for at least one week. Later, the sample was placed in the diffusion probe of the NMR
spectrometer (9.4 T). Enhanced diffusivity of the EA cation was registered in the beginning as well as a
continuous decrease with time as described earlier. In the first experiment, the process of the diffusion
coefficient decrease was followed almost to completion (~250 min), while in the second experiment, only to
half completion (~100 min). Later, the sample was removed from the spectrometer. To trace changes of
diffusivity during the process of recovery, the sample was kept outside the magnet and placed in the NMR
spectrometer only for the few minutes required for a single measurement. We believe that the limited duration
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of sample placement in the magnetic field (ca. 2-3 minutes) did not significantly distort the rather slow process
of inverse phase transformation in confined EAN with a characteristic time constant of ca. 500 min.

8.0x10™ A

6.0x10™

D, m?/s

4.0x10™ 4

0 1000 2000 3000
t, min

Figure 15. EA cations diffusion coefficients of EAN confined at borosilicate glass plates. D was measured along the plates, ta= 3 ms.
Do is the diffusion coefficient of EA in bulk EAN.Solid symbols — sample in the magnetic field 9.4 T, open symbols - after removal of
the sample from the magnetic field7,

As seen from Figure 15, the process of recovery started just after removing the sample from the strong
magnetic field, without a lag. Recovery curves demonstrate typical saturated behaviour. At the end of the
process, D reaches the value that was measured at # = 0. The kinetics of the reverse phase transformation is
well-described by the Avrami formula. The Avrami exponent # is close to 1, the same as was observed for
direct transformation!, corresponds to homogeneous as well as heterogeneous nucleation in the surface-
independent, and diffusion-independent deposition rates give n ~ 1 in a 3-dimensional system®®!. Based on the
Avrami analysis, we can suggest that mechanisms of reverse phase transformations are the same as the
mechanism of direct transformation.

3.8. Rotating magnetic field

An effect of the SMF of the NMR spectrometer on the rotated anisotropic sample containing EAN layers
confined between glass plates has been investigated®”. We studied the effects of rotation of the sample axis
directed along plates relative to two axes: along and normal to the SMF By of the NMR spectrometer (Figure
16).

A) o,
AN

TH
=
=

Figure 16. The scheme of the experiment with sample rotation relative to the SMF of the NMR spectrometer, Bo . o is the axis of
rotation of the sample. n is the direction normal to the sample.
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In the first arrangement (Figure 16A), the sample was connected to the standard 5-mm NMR tube spinner.
In this case, the sample was rotated around the z axis, parallel to the main SMF Bo. The angle between n and
the axis of rotation (90 degrees) did not change during rotation. The rate of rotation was ~20 Hz. In the second
arrangement, an NMR solenoid *H insert was used to macroscopically align the plates (Figure 16B). In this
case, the sample was rotated around the y-axis directed perpendicular to the direction of the main SMF Bo. The
rate of rotation was 1/3 min** (~5.6 410 Hz). To perform the NMR diffusion measurement, the rotation was
stopped for both arrangements (A) and (B) and, in the case of (B); the sample was turned with n perpendicular
to Bo. So, mechanical collisions of EAN with the glass plates did not influence the values obtained for the
diffusion coefficients, as was shown previously!*2,

Experiments showed that for arrangement (A) the diffusion coefficient decreases with time just after
placement in the magnetic field at the same rate as for a static sample from D; to Dwvr. After the diffusivity has
reached Dwr, the diffusivity does not change anymore until the sample is removed from the field. Thus, the
effect of rotating the sample in the magnetic field around the axis parallel to Bois like that obtained previously
for the static sample. In the case of arrangement (B), rotation of the sample for 18 hours after sample placement
in the magnetic field does not affect the diffusion coefficient, which remains nearly equal to D for the duration
of the experiment. However, after the rotation is stopped, D starts to decrease in the same manner as occurs
with the static sample and with the rotating sample in the case of (A) (curve 4, open triangles), and finally
reaches Dwr. Therefore, rotation of the EAN layers around the axis normal to By stops the effect of a SMF:
diffusivity of confined EAN does not change under the influence of a magnetic field under the latter conditions.

Characteristic time constants for transformations of dynamic phases of EAN placed between glass plates
are on the order of a few hours. For example, the diffusivity decreases by a factor of two over approximately
70 minutes!'?. For both arrangements used, (A) and (B), rotation of the sample occurs at different rates, ~20
Hz and ~5.6-10- Hz, but revolution times in both cases are much less than the time-scale of the EAN I—Ivr
and Iur—1 phase transformations. Formations occurring in the I and Iur phases of the confined EAN originate
from EAN interacting with the polar surface of glass plates. Therefore, one of the possible mechanisms leading
to the observed effects of sample rotation is the change in orientation of the surface layers of EAN interacting
with Si-O-H groups near the glass plates, which contributes insignificantly to the NMR signal, but is

3131 For the sample rotating around the axis directed along the magnetic field (A), the

nevertheless presentl
orientation of the surface layer does not change and the sample rotation does not influence the kinetics of the
decrease in D, which remains typical for a stationary sample. However, for the sample under arrangement (B),
rotation leads to a periodic change in the orientation of the surface layer. Because the interaction of EAN with
the surface of the glass plates is responsible for the formation of the I and Imr phases of EAN, the changing
orientation of the surface layer of EAN relative to By appears to be a leading factor resulting in preservation
of the I phase. The surface layer of EAN may include up to seven molecular layers with a spatial range up to
three nmbl. Subsequent interaction of the surface layer of EAN with other, more distant regions of the IL (~
four um), not directly interacting with the glass surface, occurs on a slower time scale and leads to modification
of the H-bonding network of all the EAN confined between glass platest*”. It is known that EAN can form
clusters with different structures of the H-bonding network!®. It is possible that the external influence can
change the structure. We do not know how these proceed in our particular case. Additional simulations are
necessary to elucidate how the interactions of EAN with the glass surface and the magnetic field alter the
hydrogen-bonding network.

Variation of By, AB, has been estimated by considering the variation of the 'H NMR chemical shift AS at

rotation of the sample from 0 to 90 degrees, using equations**:

Aw = Ad o ®) and AB = Aw/y. ©)
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For A ~ 4 ppm, the estimation showed that AB ~ 4.0-107 T. This is comparable to the width of the EAN
"H NMR spectrum (~5.4-107° T). Therefore, alteration of the magnetic field during the sample rotation may
also prevent I — Ivr transformation or can cause Iyr — I transformation for the sample in arrangement (B). In
this case, the H-bonding network should be involved in the transformation.

3.9. Ordering of ions in EAN confined between micrometer-spaced glass plates

Anisotropy of reorientational motion of molecules can be probed by 2H NMR spectroscopy using
deuterium-enriched samples!’. For a given C-D moiety, the quadrupolar splitting in the H NMR spectrum
depends on the angle between the C-D bond and the applied SMF. To check the anisotropy of the orientation
of ethylammonium cations, a sample of EAN was synthesized which was selectively deuterated at CDs- and
CD:- positions (~ 98 atom% of 2H). This sample (EAN-Ds) was admixed into EAN with a natural abundance
of ?H and used to prepare a sample with EAN confined between glass plates. >H NMR spectra were obtained
with the NMR Bruker spectrometer at a resonance frequency of 62.43 MHz for H using the quadrupole-echo
pulse sequence!'. 2H NMR spectra of the sample are shown in Figure 17. There is no detectable quadrupolar
splitting in the spectra. Therefore, there are no proof of the preferential ordering of CDs- and CD,- groups in
the sample.

Because the nitrate anion of EAN does not contain protons, its ordering cannot be studied by 2H NMR.
However, N and 70 NMR are potentially informative for this purpose, especially >N NMR spectroscopy,

3971721 Because of the low

which is extremely sensitive to the orientation of the spin orientation in a SMF!
natural abundance of N and '"O isotopes, a special isotopically enriched EAN (°N,7O-EAN) was
synthesized with degrees of enrichment 38% for 1’0 and 98% for N [73], Measurements were performed using
NMR solenoid '*N and 7O inserts to macroscopically align the sample stack at different angles with respect

to the direction of the magnetic field!™*.

The "N NMR spectrum of bulk '°N,"”O-EAN shows a symmetric line with a chemical shift of 374 ppm
and linewidth of 0.04 ppm. The "N spectra of ’N'?O-EAN confined between glass plates show broad lines
with chemical shifts and the form of the spectra depends on the orientation of the sample (Figure 18)7*!. As is
seen from the figure, for the sample orientation with normal perpendicular to the induction of the magnetic
field, a sharp signal is displaced upfield (right) relative to the bulk EAN signal, and a shoulder is observed on
the side of the higher chemical shifts the down field against the sharp peak (Figure 18C).

L

r T T T T 1
600 400 200 0 -200 -400 -600
f, Hz

Figure 17. 62.43 MHz 2H NMR spectra of 20 wt% of EAN-Ds sample glass plates confined obtained by Solid-Echo sequence. T = 293
K. Sample normal was oriented at 900 Bo.
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Figure 18. 1N NMR spectra of 15N,7O-EAN in bulk and glass plates confined after 20 h of exposure in the SMF.

For the sample orientation normal along the induction of the magnetic field, a sharp signal is displaced
downfield relative to the bulk EAN signal (left), and a “’shoulder” is observed on the side of the lower chemical
shifts the up field against the sharp peak (Figure 18B). For the sample orientation close to 54.7° (at the “magic
angle”B?), the chemical shift is close to that of the bulk sample (Figure 18D). Extended exposure of the
sample to the magnetic field of the NMR spectrometer leads to a slow and continuous change in its "N NMR
spectrum!™, It is known that the nuclear spin interaction with the SMF and motional averaging is described
by secular Hamiltonian!:

HE =—y 51 (0B, (10)

0" jz!

where the term 5! depends on the molecular orientation ® and the chemical shift principal values.

Because the two principal axes of symmetry of nitrate anion are equal, its structure is well represented by a
uniaxial chemical shift tensor with the axis directed normally to the plate of the anion. The upfield N chemical
shift corresponds to the orientation at 0° to B, (z-axis), while the downfield *°N chemical shift corresponds to
the 90° orientation (x and y axes).

A powder pattern for chemical shift anisotropy (CSA) of °N is a superposition of many sharp peaks with
different frequencies, generally resulting in a sharp, nonsymmetric **N spectrumB®7H, Complete isotropic
motional averaging characteristic for a liquid **N spectrum in liquids gives a narrow line, which is observed
for bulk **N,*’O-EAN. For the confined water-free EAN layers, broad lines of the spectra (Figure 19B-19D)
are also conditioned by noncomplete motional averaging of the chemical shift. Additionally, orientation
dependencies of the chemical shifts and form of the spectra are typical for anisotropy of the rotational motion[4.
The orientation dependence of the °N spectrum demonstrates that for the case “n along Bo” (Figure 18B) the
principal axis of the nitrate anion is preferentially oriented at 90° to Bo, while for “n normal to Bo” (Figure
18C) the principal axis of the nitrate anion is preferentially oriented at along Bo. Therefore, the principal axes
of the nitrate anions are preferentially oriented perpendicular to the normal of the glass plates, n. Previously, a
number of solvation layers of EAN were observed on a smooth silica surface® extending up to 4 nm from the
surface. It was found that the typical self-assembling structure formed near the surface consists of alternating
layers of cations and anions with a preferential orientation of ions relative to the surface. For our sample
containing EAN layers confined between glasses separated by ~4 pm, the contribution of surface layers with
a thickness of 4 nmis only 0.1 %. Therefore, our ®°N NMR results demonstrate the ordering of the nitrate anion
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occurring not or not only in thin surface layers but in the whole volume of the sample. Therefore, the nitrate
anion is in an ordered state.

The distinct two-component form of the °N spectra of the confined water-free EAN, particularly just after
the placement in the magnetic field means that alongside the one preferential orientation of the nitrate anion
(normal to the plates), there are also another and even less ordered orientations of the anion principal axis
relative to the glass plates. The last leads to the appearance of the broader °N spectrum component. Taking
this into account, the change of the *N spectrum form at exposure to a SMF corresponds to “enhancing” the
orientation of the anion normal perpendicular to the glass plates and decreasing other orientations.

It is known that the orientation of rotating spins at the “magic angle” effectively averages their dipolar
coupling as well as the chemical shift anisotropy™°l. In our case, orientation of the sample at the angle close to
the “magic angle” (Figure 18D) leads to narrowing of the N spectrum line. At the same time, the broad
background signal remains non-averaged. This might be due to the imperfect mutual orientations of spins and
the relatively weak dipole-dipole coupling of N nuclei, which are rather far apart from each other.

It is known that EAN has a three-dimensional hydrogen bond network like water", EAN is a highly
polar ILs, and it can interact with silanol groups on the polar surface of silical®®, The interaction of nitrate
anion with silanol groups leads to the ordering of the nitrate anion, which is close to the surface. Changes in
intermolecular interactions and electronic perturbations caused by variations in hydrogen bonds were observed
by NMR chemical shift®7’l, The nitrate anion ordering further leads to rearrangement (weakening) of the
hydrogen bonding network which further leads to the enhancing in molecular mobility of ions. The effect of
placement of EAN layers is stronger for transverse NMR relaxation of protons of -NH3 groups (decrease by a
factor of ~22) in comparison with protons of other groups (by a factor of ~6). It is now evident that this is a
result of the electrostatic interaction of the positively charged -NHs group with the nitrate anion undergoing
anisotropic rotation.

Ordering of ILs placed between micrometer-spaced solid surfaces was observed by other researchers?>2],
Therefore, our observation of the ordering of EAN is in agreement with these studies. Translational and local
dynamics of EAN confined between micrometer-spaced layers out and in the SMF is typical for liquid-crystal
systems was observed not only for EAN but also for other ILs with nitrate anions, such as propylammonium
nitrate®4, 1-ethyl-3-methyl-imidazolium nitrate* and mixtures of EAN with LiNO3[%¢1. This fact allows us to
propose that the ordering of the nitrate anions occurs in all these systems too. Therefore, there is a need for
further study in this field.

4. Conclusions and future perspectives

Several ionic liquids containing nitrate anion and their mixtures with salt with the same anion, enclosed
between micrometre-spaced plates containing silicon oxide, demonstrate unusual dynamics, which is different
from that in bulk and in nano-confinement of these ILs. The dynamics of the ions also reversibly changes
during exposure of the ILs to a static magnetic field. These phenomena were analysed and interpreted as a
result of phase transformations occurring in the enclosed ILs. Conditions of the transformations were
investigated by dynamic NMR methods, NMR-diffusometry and NMR-relaxometry. Diffusivities of cations
and anions in bulk are different because of the formed bi-continuous phase structure of the system. In
the case of the placement of the ionic liquid between glass plates, interaction of anions with silanol
groups on the surface leads to modification of the hydrogen bonding network in the whole EAN layer through
NOs- -NH;3 interaction. This does not lead to the ordering of CHs- and CH»- groups of rather flexible
ethylammonium cation that is evident from deuterium NMR spectroscopy. For the nitrate anion having a hard
plate-like structure, ®N NMR spectra demonstrate preferential orientation of the principal axis of the anion
relative to the surface of the glass plates. Therefore, bulk isotropic EAN, when placed within a micrometer-
spaced enclosure, forms an ordered phase, which is similar to a liquid crystal. This phase has properties typical
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for liquid crystals: the changed local and translational dynamics and a slow transformation kinetics occurring
under the action of an external magnetic field. These effects being observed for EAN enclosed in micrometer-
spaced layers do not observe for the IL confinemed in nano-sized pores of porous glasses, probably because
of limitation on the minimal size for the formation of the liquid-crystalline phase.

Formation of ordered phases by ionic liquids enclosed between barriers of different size and
geometry have to be investigated in detail. Effects of cation and anion stricture, composition and
properties of solid surface would be studied. T1, T» NMR relaxation and diffusivity as well as solid-
state NMR experiments on natural isotopic abundance and isotopically 2H, B, *N, 'O ionic liquid
samples is very helpful for this purpose, as well as other physicochemical methods such as FTIR,
Raman spectroscopy, X-ray diffraction and some other.
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