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a b s t r a c t

Imidazolium-based ionic liquids (ILs) are frequently used solvents, due to their peculiar structure result-
ing in low melting points. Recent studies revealed the direct impact of the water molecules on the self-
structuring of the IL nano-domains. Therefore, in this work the influence of different water impurities on
the IL network and its vacuum stability has been studied using Nuclear Magnetic Resonance (NMR) and
Electrochemical Impedance Spectroscopy (EIS). As a result, three distinguishable interdependent regions
could be identified. Degassing of solutions with different IL-H2O ratios proved a strong dependence of the
removed water species on the initial composition of the doped IL nano-domains. Consequently, selective
purification of targeted cavities, based on vacuum extraction, is proposed as a novel tool to control the
structural rearrangement of the ionic liquid networks in the presence of water.
� 2021 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Theoretical introduction

Since ionic liquids (ILs) were discovered in 1914[1], this class of
compounds continuously attracts the attention of various fields in
science[2–8]. The most basic definition of ILs describes them as
molten salts, consisting entirely of ions. Because of their structural
arrangement[9,10], they can easily encapsulate small molecules,
such as short-chain alcohols or CO2[11–13]. This ability, together
with a low melting point and a low volatility, has turned ILs into
one of the most studied industrial solvent family.

All the imidazolium-based ionic liquids demonstrate a similar
structural arrangement, resulting from the presence of polar
(aromatics rings coordinated by the anions trapped between them)
and non-polar (between the aliphatic chains of the neighbouring
cations) nano-domains[9,14,15]. This type of aggregation is

additionally enhanced by the presence of p-p stacking between
the aromatic rings[16,17]. The influence of the anions on the
nano-domains depends on its size as well as the molecular shape,
but stays independent of the length of the aliphatic chain in the
cation[18]. Because anions are coordinated inside of the polar
domains created by four (within the plane) or eight (between the
planes) imidazolium rings, large and bulky ions, such as octanoate
(OOct�) or bis(trifluoromethanesulfonyl) imide (Tf2N�)[19], do not
fit those cavities and therefore distort the periodic network of
the IL[16,20,21]. The characteristic cation–anion network of Cn-
MIM-based ILs results in their aprotic character, high thermal sta-
bility[22], always retaining high density[23] and high viscosity
[24].

Because of its permanent dipole moment[25], the dicyanamide
(DCA�) anion is one of the most frequently used to design ILs with
revised electrochemical applications[25,26]. Especially, 1-ethyl-3-
methylimidazolium dicyanamide (EMIM-DCA) is known for ultra
low viscosity and thus high conductivity in comparison with other
EMIM-based liquids[25,4,27]. Additionally, its local packing was
proven to be much more dense than other solvents from the imida-
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zolium solvents family[5]. EMIM-DCA is often used for tailor-made
membranes for CO2 separation or ionic jelly polymers[28,25], or
serves as the solvent in extractive distillation of water-alcohol
mixtures and even reaction media in biotechnology[29,30].

Nuclear Magnetic Resonance (NMR) spectroscopy is known as
an excellent technique to study the structural and kinetic aspects
of ILs. In 1994, Welton et al. used the sensitivity of the environ-
ment, chemical shift (CS), relation to study the interactions
between the neighbouring EMIM+ cations, driven by the presence
of ring current effect[31]. The CS of the acidic proton H-2[18,32]
is the most responsive to the changes in the local environment
[33]. It facilitates the analysis of the cation–anion competition
for hydrogen bonding with water molecules[34]. Consequently,
the perturbation of CS upon titration serves perfectly to establish
the critical micelle concentration (CMC) of the CnMIM cations.
The same information can be extracted from spin–lattice relax-
ation rates (R1)[35], which, over a range of temperatures, are
known to be a precise indicator for the thermal structural inter-
conversion of the imidazolium-based ILs with a short side alkyl
chain[20]. 2D NMR experiments, such as NOESY or ROESY, are fre-
quently used to understand the structural arrangement of neat IL
networks[36]. In addition, the presence of NOE kinetics[37] allows
to predict the intermolecular distances between neighbouring
cation and anion[38,39,16]. A different approach employs 2D DOSY
experiments to determine the diffusion coefficients in neat ILs and
IL-water mixtures[40,41].

The most important, but often neglected feature of the short
side-chain Cnmim-ILs is their high hygroscopicity[42,43]. However,
in the case of some ILs, water impurities can be removed with
purification techniques based on ultra-high vacuum (UHV) degas-
sing[44] or gas dehydration[45]. An interesting reversed approach
employs intentional doping of the IL network with water mole-
cules, in order to modify the overall properties, such as density
or viscosity[46–48,11].

Multiple molecular dynamics (MD) studies confirmed the
presence of single water molecules in ILs (frequently described as
”free” molecules) and small water clusters in the mixtures with
low water fraction XH2O 6 0.2[49–51]. This type of water
aggregation directly results from the binding affinity of the IL anion
in the polar domains, due to the EMIM+ cation being proven to be a
weak proton donor[52]. The DCA� anion can strongly attract water
molecules and therefore control the existence and size of possible
water aggregates[53–55]. If the water fraction is small, in the
presence of a hydrophobic anion, it is expected to incorporate as
single molecules preferring to form a hydrogen bond (HB) network
in the mixed anion-water environment, rather than self-aggregate
[50].

Various studies on the advantages of the doping of Cnmim-
based solvents with small molecules have proven the direct impact
of the presence of water on the electrochemical properties of the
ionic liquids[56,57]. Multiple studies confirmed the differences in
the nanosegregation of 1-alkyl-3-methylimidazolium based ILs in
both, bulk and liquid–solid or liquid-vacuum interfaces[58,59];
governed by structure of cation, length of the side alkyl chain,
and most importantly structure and size of anion[14,60–62]. How-
ever, despite extensive studies on the water behaviour during IL
titration up to the water molar fraction XH2O = 0.990, the reversed
mechanism of the removal of water molecules was not quite stud-
ied, yet. In this work, the influence of different vacuum regimes on
the IL-water mixtures is analysed for several initial molar fractions
of water. The applied degassing conditions allowed to restructure
water molecules into clusters remaining stable inside of the
selected domains in the short side-chain CnMIM-based IL network.
This occurrence of the selective purification of ionic liquids is
opening the pathway to tailor-made water-IL mixtures.

2. Experimental

2.1. Materials

1-Ethyl-1-methylimidazolium dicyanamide and D2O were pur-
chased from Sigma–Aldrich with 98.5% and 99.9% purity, respec-
tively. H2O was deionized with a commercially available Milli-Q
water purification system purchased from Merck. If not mentioned
differently, IL was used without further purification. During the
sample preparation (see Tab. S-1), H2O was added to EMIM-DCA
and stirred using vortex mixer for few seconds. Afterwards, D2O
was added to the IL-H2Omixture and the solution was again stirred
using vortex mixer for 1–2 min. All atmospheric pressure NMR
measurements were conducted less than an hour from the sample
preparation.

2.2. Methods

2.2.1. NMR
Spin–lattice relaxation time and standard 1D single pulse mea-

surements were conducted using an Avance Neo 400 and Avance III
500 Spectrometers (Bruker BioSpin GmbH) with magnetic fields of
9.4 T and 11.7 T, respectively. Samples were transported to the
NMR tubes with an outer diameter of 5 mm, containing a D2O cap-
illary used for the external lock. Spectra were referenced against
the capillary HDO peak. T1 experiments were performed using
the Inversion Recovery sequence (180� - inversion time (si) - 90�)
with si containing 26 delays varying from 0.01 s to 40 s. After sam-
ple preparation (see Tab. S-1), all solutions were left for 30 min to
equilibrate. All measurements were conducted at 298 K; the tem-
perature was controlled within �1�C. All spectra were acquired
and processed with Topspin 4.0.5 (Bruker BioSpin GmbH).

Fits for the critical aggregation concentration (CAC) via the
method of continuous variation have been performed using the
SciPy Orthogonal Distance Regression (ODR) package, which
implements a non-linear Levenberg–Marquardt-type algorithm. A
linear ODR was performed to the first and last 10 and 12 points
of chemical shift and relaxation data, respectively[63]. This
allowed taking into account both the error on the peak areas/inten-
sities/T1 relaxation value, as well as the preparatory error (esti-
mated to be less than 2%). Subsequently, the Python
Uncertainties package was used to propagate the errors on the fit
results to the final value of the CAC[64].

2.2.2. Electrochemical Impedance Spectroscopy
Impedance measurements were conducted using a potentiostat

PGSTAT302N (Metrohm Autolab) equipped with the frequency
response analyzer FRA32M. Two cylindrical platinum electrodes
were immersed in 1.5 ml volume polypropylen cell, modified to
be sealed due to the high hygroscopicity of EMIM-DCA. Electrodes
were rinsed with EtOH and dried at room temperature (RT)
between the measurements. A frequency range of 1–106 Hz was
selected, using ten logarithmic frequency steps per decade (61 data
points in total). After sample preparation (see Tab. S-1), all solu-
tions were left for 60–80 min to equilibrate. Impedance spectra
were recorded using Nova 2.1.4 software (Metrohm Autolab).

During processing, impedance spectra were fitted using the
equivalent electrical circuit R(RQ)[11]. Obtained resistance was
recalculated into conductance. All measurements were performed
in doublets within 6% error and fitted independently.

2.2.3. Degassing of the samples
Volume of the samples before degassing was up-scaled to cover

for a possible loss of 100% of the water volume. Solutions listed in
Table 1 were transported to the low pressure J. Young valve NMR
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tubes (Wilmad) containing a vacuum-tight D2O capillary, similarly
as during the atmospheric pressure measurements. Young tubes
were connected with a home-built setup located within the ISOLDE
facility at CERN, where different vacuum conditions could be
achieved. Process-vacuum (10�2 mbar - 10�4 mbar) conditions
were applied for 10 h and the minimal value of pressure
ð4:5� 10�3 mbar) was reached after �1 h for each sample. High-
vacuum (10�5 mbar - 10�9 mbar) conditions were applied on the
same samples after keeping them at 4:5� 10�3 mbar for 24 h.
The final pressure ð5:8� 10�5 mbar) was reached after �2 h and
the total degassing time in the high vacuum was 24 h for each
sample.

3. Results and discussion

3.1. Atmospheric pressure NMR

3.1.1. Splitting of the water peak
1H1 NMR 1D spectra acquired during the titration of EMIM-DCA

with a 50:50 mixture of H2O and D2O revealed the splitting of the
water peak in the chemical-shift range between 3.5 and 4.15 ppm.
Selected spectra (0.049 6 XH2OþD2O 6 0.498) are presented in Fig. 2,
for all see Fig. S-1. This is generally attributed to a slowed H/D
exchange between H2O and HDO species present in the solution.
This type of water behaviour results from the presence of well sep-
arated polar and non-polar domains in short-chained ILs[40]. Addi-
tionally, Fig. 2 shows a comparison of the water peak in the 1H1

spectra for the sample containing molar fractions of water: XH2O

= 0.284 (orange) and mixed solution of XH2O = 0.142 and XD2O =
0.142 (blue). Chemical shift perturbation between the more
shielded HDO (3.67 ppm) and less shielded H2O (3.69 ppm) pro-
tons is 0.02 ppm and stays constant during the titration between
0.049 6 XH2OþD2O 6 0.665. Consequently, the IL network is pre-
served in the presence of two water species up to the molar frac-
tion XH2OþD2O = 0.665. Additionally, this behaviour proves the
ability of short side-chain Cnmim-ILs (n 6 4) to encapsulate water
molecules in polar and non-polar domains[65]. Due to the high
affinity with the anion and H-2 in the imidazolium ring (Fig. 1),
their preference will be higher for polar domains.[66,32].

The presence of nano-domains in EMIM-DCA can be addition-
ally confirmed using the relative intensity of the water peak repre-
sented as the % fraction of the total H2O-D2O mixture intensity (see
Fig. 3). A slow decrease can be observed until it reaches a minimum
of 55% maximum intensity at XH2OþD2O = 0.554. For XH2OþD2O = 0.749,

the intensity of the H2O peak returns to 100%, implying that no
nano-domains are present in the IL and its network is disrupted.
Consequently, there are no spatial restrictions for the H/D
exchange of water molecules and only one water species HDO is
visible in the spectrum, indicated by singular water peak. Neat
EMIM-DCA without additional purification has shown traces of
water in 1H NMR. No splitting of the water peak was observed in
the presence of 1 lL D2O (XD2O = 0.015). This behaviour shows that
below XH2OþD2O = 0.049, the separation of water molecules is suffi-
cient to exclude the exchange between H2O and HDO.

3.1.2. Chemical Shifts
The chemical shift difference (Dd) for EMIM+ protons for

XH2OþD2O changing from 0.049 to 0.990 is presented in Fig. 4. Dd is
calculated as the difference between the CS (d) of the neat IL and
the titrated sample (Dd = dneat - dsample) in ppm, selected for the clar-
ity of the representation, because aromatic and aliphatic CS are in
different regimes.

For 0.0496 XH2OþD2O 6 0.665, where the IL network is preserved,
all protons experience a systematic increase of Dd due to the
increasing number of water molecules stored in the polar and
non-polar domains. Above XH2OþD2O = 0.907, only negligible
changes of the chemical shifts (below 0.05 ppm) are observed upon
the water addition. This indicates the presence of well-isolated
cations and anions of EMIM-DCA, diluted with water molecules.

Between the occurrence of the nano-domains and saturated
water solvation of the IL, a transition region can be seen. The chem-
ical shifts of all protons increase more rapidly than before, during
the titration from XH2OþD2O = 0.749 to XH2OþD2O = 0.882. This results
from the disruption of the IL network and gradual degradation of
the IL aggregates.

3.1.3. Critical Aggregation Concentration
If n 6 4, the classical micelle formation of Cnmim-ILs is not

observable[67] and the number of cations forming the higher order
structure can not be clearly calculated[34]. However, a general crit-
ical aggregation concentration can be determined with the same
method[68,69].

The method of continuous variation was employed to obtain
CAC[70]. The average value estimated for the aromatic protons cor-
responds to the molar fraction XH2OþD2O = 0.832 (see Fig. 5). Average
CAC value obtained for aliphatic protons (see Fig. S-2) is in good
agreement with the aforementioned concentration. In addition,
the CAC value estimated for water is similar to the results for the
IL protons and equals XH2OþD2O = 0.832. This kind of agreement
for the CAC illustrates the equal participation of all protons in
the aggregation formation and thus, confirms its random character.

3.1.4. Spin–lattice relaxation
Measuring 1H1 spin–lattice relaxation times (T1) in the IL-water

mixtures provides detailed information about the changes in the
micro-environment and solvation patterns of the individual pro-
tons[35]. T1 values for the protons in the neat EMIM-DCA (see
Tab. S-2) are in good agreement with the relaxation times pub-
lished for EMIM-BF4 and EMIM-Tf2N and vary by a factor of 1.3
(aromatic) and 1.4 (aliphatic) due to the change in the structure
of the anion[71].

A systematic step-wise increase of the T1 times is observed for
all protons (see Tab. S-2). This behaviour of protons is directly
linked to the larger number of water molecules present in the close
neighbourhood of EMIM+. The decrease of IL viscosity results in
faster tumbling and therefore enhanced molecular motion, slowing
down the relaxation[72].

The average CAC values obtained based on T1 times correspond
to the molar fraction XH2OþD2O = 0.882 for all protons, includingFig. 1. The structure and labeling pattern of EMIM-DCA.

Table 1
Labeling pattern, molecular ratio and molar fractions of water in the solutions, before
degassing in process- and high-vacuum conditions.

Label No. H2O/1 EMIM-DCA XH2OþD2O

A 3.0 0.749
B 4.5 0.817
C 7.5 0.882
D 20.0 0.952
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water molecules. T1s presented in Fig. S-3 show a pattern confirm-
ing the presence of a CAC region with the previously determined
transition region 0.665 < XH2OþD2O 6 0.907.

Using an automated fitting procedure, errors of both methods
can be determined yielding an uncertainty of 3% and 5%, for T1
and chemical shift derived CAC, respectively. Thus, both methods
exhibit comparable reliability to extract the CAC.

3.2. Electrical conductance

The conductance curve shown in Fig. 6 exhibits the presence of
four regions, corresponding to the IL-H2O regimes determined with
1H NMR. Below XH2OþD2O = 0.665, a systematic increase of the con-
ductance is observed due to the induced mobility of DCA� anions
upon the addition of water[73]. No extensive mobility of the
cations is observed, because the IL network is preserved. Therefore,
their participation in the overall conductance is considered to be
constant. Following a maximum value of 37.8 mS for 0.665 <

XH2OþD2O < 0.749, a steep decrease is observed up to XH2OþD2O =
0.832. This region has previously been associated with the break-
down of the IL nano-domains, followed by the systematic degrada-

Fig. 2. 1H NMR spectra of IL-water mixtures. A: Single water peak in the solution containing XH2O = 0.284 (orange) compared with the splitted H2O/HDO peak in the solution
containing mixed XH2OþD2O = 0.284. B: Gradual change of the CS and intensity of the H2O and HDO peaks in the selected spectra between 0.049 6 XH2OþD2O 6 0.498. For all
spectra showing the splitted water peak, see Fig. S-1.

Fig. 4. The perturbation of chemical shift compared to neat IL Dd for EMIM+ protons, shown as a function of the molar fraction of water XH2OþD2O. Black arrows (#) indicate a
changing point in the IL-H2O regime.

Fig. 3. Intensity of the H2O peak shown as the % fraction of the total H2O + HDO
intensity, shown for solutions containing molar fraction of water 0.0406 XH2OþD2O <

0.850.
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tion of the IL-water aggregates. Here, the spontaneous interionic
interactions will result in the significant reduction of the number
of charge carriers due to the neutralization of IL cations and
anions[74,75]. The CAC region is represented as the plateau
between 0.832 < XH2OþD2O 6 0.907[76,77]. For XH2OþD2O > 0.907, a
further steep decrease of conductance indicates the continued dis-
ruption of IL aggregates into smaller species diluted by the pre-
dominantly neutral water molecules[78].

3.3. Process vacuum NMR

Four solutions with XH2OþD2O values (see Table 1) representing
the most dynamic IL-H2O regimes were selected for degassing. A,
B and C were chosen within both transition and CAC region. Solu-
tion D (XH2OþD2O = 0.952) was selected above the CAC region. There-
fore, both ionic liquid and water aggregations are expected to be
present in the bicontinuous solution[51,49]. While the desorption
process is mainly affecting the surface-near-area, it can also be
influenced by the diffusion between different mixing states in bulk
and liquid-vacuum interface[42,79]. Consequently, to achieve the
interphase equilibrium, an extensive degassing time was provided
and a waiting time of 5 h was additionally implemented between
the vacuum application and NMR measurement. The excess of
the solution allowed to detect the NMR signals only from the bulk
liquid.

Analysis of the water content in the degassed samples is based
on the comparison of the chemical shifts in A - D to the titrated
solutions measured at atmospheric pressure. All 1H 1D NMR
results show good agreement for the aromatic proton chemical
shifts (H-2, H-4 and H-5) and separately for the aliphatic protons
(H-6, H-7 and H-8). In all spectra, before degassing no splitting of
the water peak was observed and after degassing, it was present

with Dd = 0.02 ppm between H2O and HDO, proving that the polar
and non-polar domains were fully reassembled in the IL network.

3.3.1. Polar and non-polar domains
Chemical shifts observed in A - C show a strong disproportion

between the water occurrence in the polar and non-polar domains
at atmospheric pressure and process-vacuum conditions. The CS of
H-6, H-7 and H-8 stay in good agreement for A, B and C and indi-
cate a final molar fraction of water XH2OþD2O 6 0.049, while D cor-
responds to a twice higher fraction XH2OþD2O = 0.090.

In comparison, all aromatic protons in solutions A - C are asso-
ciated with larger molar fractions of water. This confirms the pref-
erential water storage in the polar domains[10]. Interestingly, the
trend for retaining water in A - C is reversed in comparison with
initial solution composition (Fig. 7). For example, the CS values of
H-2, H-4 and H-5 in A correspond to XH2OþD2O = 0.166, but in B
and C to a lower fraction XH2OþD2O = 0.090.

CS of aromatic protons in D indicate a similar water fraction as
in A. Thus, even if larger water clusters or mixed-environment
aggregates are formed in the solution (as expected for this regime),
they will not withstand the spatial restrictions of the domains driv-
ing the restoration of the IL network. Only small clusters will
remain in process-vacuum conditions. Consequently, the solute–
solvent interactions, such as Coulombic interactions between the
hydrophilic anion and water molecule likely serve as the dominat-
ing driving force of the limitations of the structural arrangement
inside of the polar domains[54].

3.3.2. Water behaviour
The chemical shift analysis of the polar and non-polar domains‘

environment indicates the direct influence of the water presence
on the aromatic and aliphatic protons of EMIM-DCA. In addition
to this information, the CS of H2O and HDO provide detailed insight
into the nature of water species formed in the IL network (Fig. 7).

The reversed arrangement of the CS of H2O reflects the higher
molar fraction of water observed in the solution with less water
added before the degassing. This behaviour is related to the num-
ber of isolated water molecules, which increases systematically
with higher water fraction in the solution[80]. Additionally, the
number of water/water HB is proven to systematically decrease
with lower water fraction[81]. At the same time, water clusters
present in the system during the systematic increase of water frac-
tion remain constant in their size even up to XH2OþD2O = 0.700[81]
and stay dispersed[53], which is in good agreement with the
EMIM-DCA network defragmentation determined at XH2OþD2O =
0.665.

The aforementioned water CS trend in A - C is analogous to that
of CS for H-2, H-4 and H-5. However, the determined molar frac-
tions of water are larger for two solutions: XH2OþD2O = 0.284 for A
and XH2OþD2O = 0.166 for B, but stable XH2OþD2O = 0.090 for C. The dif-
ference between the IL protons and water indicates changes in the
environment experienced by the proton in water molecules. Due to
this clear divergence, water should be considered as a consolidated
cluster instead of a random anion-water network containing single
water molecules. Thus, although the high binding affinity of DCA�

will lead to the incorporation of the majority of water molecules
into the cation–anion spatial arrangement in the polar domains,
the small water clusters can withstand the vacuum conditions
much easier, up to the point of becoming vacuum-resistant, while
the free water molecules in the polar domains will be degassed.

In summary, degassing of water vapour from EMIM-DCA solu-
tion in the process-vacuum regime can only remove a restrained
number of water molecules. Consequently, after the polar domains
are saturated with small water clusters, water is accommodated in
the non-polar domains.

Fig. 5. Determination of the CAC using 1H NMR CS of the water peak as a function of
the reciprocal of water concentration. Linear least-squares fits were performed on
the first and last 10 data points.

Fig. 6. Electrical conductance shown as a function of the molar fraction of water
XH2OþD2O .
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3.4. High vacuum NMR

Contrary to the process-vacuum regime, the application of a
high vacuum environment is a commonly used IL purification tech-
nique[82], if combined with high temperature[83].

Before the application of high vacuum conditions, D contained
nearly seven times more water than A (accordingly 20.0 and 3.0
water molecules per 1 EMIM-DCA). After degassing, the CS of aro-
matic protons in both solutions can be attributed to the same
molar fraction of water: XH2OþD2O = 0.284, whereas the storage
capacity of polar domains was proven to be up to XH2OþD2O =
0.665. This behaviour confirms the absence of single water mole-
cules in the degassed polar domains. Additionally, the CS of H2O
in sample D shows an excess of water (0.332 < XH2OþD2O < 0.398)
in comparison with the protons in the IL domains. Thus, water pre-
sent in the ionic liquid network self-aggregates in a similar manner
like in A - C and only small clusters are expected. However, it is
important to mention that the nature of water molecules and/or
their aggregates in the non-polar domains can not be deduced from
the performed measurements.

Solutions A, C and D resulted equivalent CS for protons in the
acquired 1H spectra, corresponding to the trace amounts of water
in pure EMIM-DCA (Fig. S-6). The analysed solutions were previ-
ously degassed in the process-vacuum regime, thus the high-
vacuum conditions were applied on the selected water species
built into the IL network. This indicates that only water clusters
in the polar domains were able to disrupt the IL domains enough
to overcome the binding affinities in the ionic liquid network.
Therefore, more than one type of small water clusters is expected
to exist in the process-vacuum regime, because the selective purifi-
cation can happen only if different water molecules possess differ-
ent binding energies, while the IL environment is limited and
spatially restrained.

3.4.1. Splitting of the water peak
As mentioned before, EMIM-DCA containing negligible water

impurities with small fraction of D2O (XD2O = 0.015) added, did
not reveal the presence of H/D exchange. This suggests a direct
relation between the probability of the water-deuterium exchange
and the number of water molecules trapped in the IL domains. If
XH2OþD2O is too low, water molecules will not only not saturate all
the cavities, but additionally will avoid the neighbouring cavities.

Such a behaviour has a direct influence on the water rearrange-
ment in the process-vacuum solutions.

Two different water species have been observed independently
in all the solutions in both vacuum regimes (see Fig. S-4 for
process- and Fig. S-5 for high-vacuum regime). If compared with
the intensity of H2O and HDO peaks at atmospheric pressure con-
ditions, a notable reduction is observed (Table 2). This suggests
more than one water molecule present inside the domains is well
isolated from other water molecules. Therefore, the H/D exchange
does not happen between the domains (as proven for the non-
degassed systems) but within the same cavity. However, this
exchange is limited by the spatial constraints due to the molecular
arrangement of water molecules inside a domain.

Additionally, no change in intensity ratios is observed for the
H2O-HDO peaks, when changing from process- to high-vacuum
conditions. This indicates the removal of water in the larger clus-
ters, present mainly in solutions A and D, and no influence on
water dimers and monomers.

4. Summary and conclusions

In the present study, several independent regions were proven
to exist during the titration of EMIM-DCA with a H2O/D2O mixture.
Below XH2OþD2O 6 0.665, polar and non-polar domains dominate
the structural arrangement of the IL network. Between 0.665 <

XH2OþD2O 6 0.907 a transition region exists, representing the exten-
sive defragmentation of the IL aggregates. Within this range, a crit-
ical aggregation concentration was determined using 1H chemical
shifts (0.832 � 0.025) and spin–lattice relaxation times (0.882 �
0.044), both staying in good agreement. However, it should be
emphasized that due to the random character of this process,

Fig. 7. Water molar fractions derived from the chemical shifts of EMIM-DCA and water in the solutions A - D (Table 1) at atmospheric pressure (hollow) and after degassing at
process-vacuum conditions (solid). Molar fractions of water XH2OþD2O are shown as symbols: H-2, H-4 and H-5 (yellow dots); H-6, H-7 and H-8 (purple squares); H2O and HDO
(red triangles) and assigned to the corresponding IL-water regions. The values of the water fractions on the y-axis were selected from among all studied fractions for clarity,
for the exact values see table S-3.

Table 2
Relative intensity of H2O peak shown as the % fraction of the total water intensity
(H2O + HDO) in solutions degassed at process and high vacuum; The results for the
degassed solutions are compared to the XH2OþD2O fractions for the non-degassed
samples containing the same molar fraction of water (atm equiv).

Process vacuum High vacuum
Label % H2O atm equiv % H2O atm equiv

A 57 79 57 no splitting
C 53 92 53 no splitting
D 52 73 54 no splitting
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CAC indicates an aggregation region (herein confirmed between
0.832 < XH2OþD2O 6 0.907) and not one specific molar fraction of
water. For XH2OþD2O > 0.907, the EMIM-DCA aggregates are system-
atically disrupted and diluted by the increased number of water
molecules.

Degassing of the IL-water mixtures under process-vacuum con-
ditions reveals a strong dependence of the polar and non-polar
domains’ saturation on the initial molar ratio between the two
mixed solvents. Within the transition region, more water species
present in the solution before degassing result in less water
becoming vacuum-resistant in the polar domains, while non-
polar domains are non-selectively purified. The chemical shift of
water confirms the size of those species to be larger than single
molecules.

When the vacuum conditions are applied on the solution with
XH2OþD2O in the mutual solvation region, the IL network formed dur-
ing degassing is confirmed to arrange around small water clusters
in both polar and non-polar domains.

Under high-vacuum conditions, no selectivity is observed dur-
ing purification and only traces of water can be confirmed in the
analyzed solutions. However, no conclusion about the character
of water species could be drawn.

The strong correlation between the process vacuum solution
and its initial composition allows to consider degassing under
process-vacuum conditions as a novel tool for selective ionic liquid
purification. Doping of imidazolium-based ILs with small fractions
of water is widely proven to improve their physicochemical prop-
erties, important especially for electrochemical applications. How-
ever, the structure–property relationship was so far only studied
using theoretical approaches.

The presented experimental approach allows to remove
selected water species from one type of IL nano-domains. This
opens the pathway to possible control of the IL-water mixtures
and their structural dependence on the type and location of water
species in the IL network. Therefore, tailor-made degassed solu-
tions balancing the intentional doping with water molecules and
peculiar features of neat ILs can be easily customized.
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