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In this paper we report on the transport properties of protic and aprotic ionic liquids of the imidazolium cation (CoC;Im™ or
C,HIm™) and the TFSI~ or TfO~ anion as a function of added water. We observe that the self-diffusion coefficient of the
ionic species increases upon addition of water, and that the cation diffuses faster than the anion in the entire water concentra-
tion range investigated. We also observe that the overall increase of anionic and cationic diffusion coefficients is significant
for C;HImTfO while it is rather weak for C,C;ImTFSI, the former being more hydrophilic. Moreover, the difference between
cationic and anionic self-diffusivity specifically depends on the structure of the ionic liquid’s ions. The degree of ion-ion asso-
ciation has been investigated by comparing the molar conductivity obtained by impedance measurements with the molar con-
ductivity calculated from NMR data through the Nernst-Einstein equation. Our data indicate that the ions are partly dissociated
(Aimp/Anmr in the range 0.45—0.75) but also that the degree of association decreases in the order C;HImTfO>C,HImTFSI ~
CoC{ImTfO>C,C{ImTFSI. From these results, it seems that water finds different sites of interaction in the protic and aprotic
ionic liquids, with a strong preference for hydrogen bonding to the —NH group (when available) and a stronger affinity to the TfO
anion as compared to the TFSI. For the protic ionic liquids, the analysis of 'H NMR chemical shifts (upon addition of H,O and
D, 0, respectively) indicates a water-cation interaction of hydrogen bonding nature. In addition, we could probe proton exchange
between the —NH group and deuterated water for the protic cation, which occurs at a significantly faster rate if associated to the

TfO anion as compared to the TFSIL.

1 Introduction

During the last decades ionic liquids (ILs) have attracted con-
siderable attention due to their unique properties such as neg-
ligible vapor pressure, non-flammability, low melting point,
and wide windows of thermal and electrochemical stability.
The areas for ionic liquid applications are many and include
dissolution of cellulose, nuclear fuel processing and organic
reactions, among others.! While the non-volatility of ILs is
interesting in organic syntheses offering a mean to reduce the
use of volatile organic compounds (VOC), the non-reactivity
towards many acids and bases have made ILs very interesting
compounds for use in green chemistry.! ILs are exception-
ally good solvents, able to dissolve both organic and inorganic
compounds and, by having very low melting points, they can
be used in many chemical processes where the reaction prod-
ucts and the solvent can readily be separated and recycled, as
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in the case of biodiesel production.? The low emission policy
adopted in many countries in the last years, has definitely con-
tributed in highlighting ionic liquids as the future solvents for
sustainable chemical processes.

In particular, ILs are widely investigated as electrolytes for
energy conversion devices like the lithium-ion battery and the
fuel cell.! In the former, non-flammability is the crucial prop-
erty whilst in the latter non-volatility brings along a main ad-
vantage with respect to the issues of dehydration and thus
reduced operational temperature, encountered with hydrated
Nafion membranes.> In fact, the use of protic ILs (PILs) in
fuel cells allows for operational temperatures higher than 120
° C,} hence reducing the amount of platinum catalyst at the
electrodes and enhancing the overall fuel cell efficiency.*®
However one should consider that as a result of the electro-
chemical reaction at the cathode, water is produced that can
back-diffuse into the membrane and mix with the electrolyte.
Hence, from the viewpoint of real fuel cell applications it is
crucial to understand not only the properties of PILs, but also

§ Which is also the target set by the U.S. Department of Energy (DOE) to
promote the implementation of intermediate-temperature fuel cells in, for in-
stance, the transport sector.
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those of HyO-PIL mixtures. Although water has long been
considered an undesired impurity that affects the properties of
ionic liquids, more recently the approach to deliberately add
water to ILs has increased significantly.” Thereby, the issue of
understanding the chemical and physical properties of H,O-IL
binary systems in the entire composition range has come to the
attention of several researchers. 1! Nevertheless, since this is
an emerging field of research, many issues are still unclear and
vividly debated.

From the studies reported so far, it seems that water mainly
binds to the anion'>!3 but we believe that this must also de-
pend on the basicity of the anion considered. Perfluorinated
anions like bis(trifluoromethanesulfonyl)imide (TFSI) and tri-
flate (TfO) are poorly basic and thus expected not to strongly
interact with water; however it has been reported that the
strength of hydrogen bond between water and triflate (TfO)
is slightly higher than that of TFSI.'>!3 Although aprotic ILs
like C,C{ImTFSI have been reported to be immiscible with
water, 714 the protic counterpart can promote water miscibil-
ity. CoC1ImTfO and C,HImT{O, on the other hand, are totally
miscible with water. The issue of miscibility and hydrophilic-
ity in IL/water mixtures has to date not been addressed exten-
sively. A general result, however, is that longer alkyl chains
on the cation reduce hydrophilicity. Furthermore, Kohno et
al. 13 have found that while [Na444]1 based ionic liquids asso-
ciated to [TsO]~, [DMBS]~ or [CF3COOQO]~ are miscible with
water, the [P4444]" analogous undergo LCST-type phase tran-
sition. !> As discussed by Kohno et al.” "The strength of the
hydrogen bonding between ILs and water should also be ca-
pable of predicting the degree of hydrophobicity of ILs, which
would be related to the energy of interaction between the ILs
and water molecules.’” However, this relationship may not
straightforward. In this context, a direct interaction between
water and ammonium based cations is manifested by increased
H-bonding. 17 On the other hand, the nature of interaction be-
tween water and imidazolium based ionic liquids has been
investigated to a limited extent!32! and, to the best of our
knowledge, no reports are available on the effect of added wa-
ter on the ionic mobility in imidazolium ionic liquids.

In this study we thoroughly investigate the transport prop-
erties in a series of imidazolium based ionic liquids, where
the cation is varied from aprotic to protic and the anion from
less to more hydrophilic. By employing pulsed field gra-
dient nuclear magnetic resonance (PFG NMR) spectroscopy
we investigate to what extent water promotes the mobility of
the different molecular species and, in this context, the influ-
ence of cationic protonation and anionic hydrophillicity. A
wide water-to-IL composition range is analyzed and, where
relevant, the mechanism of proton exchange is also investi-
gated. In addition, to address the issue of ionic association the
Aimp/ ANmr ratio is analyzed, where Ayyg is calculated ap-
plying the Nernst-Einstein equation to the self-diffusion coef-
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Fig. 1 Molecular structure and acronym for the investigated protic
and aprotic ionic liquids: 1-Ethyl-3-methylimidazoliumbis(trifluoro-
methylsulfonyl)imide, C,C;ImTFSI (top left)(A) ;
1-Ethyl-3-methylimidazolium (trifluoromethanesulfonate),
C,C{ImT{O (top right)(B); 1-Ethylimidazolium
trifluoromethanesulfonate, CoHImTfO (bottom right)(C);
1-Ethylimidazoliumbis(trifluoromethylsulfonyl)imide, CoHImTFSI
(bottom left)(D). Proton labeling is also shown to distinguish
between the protic, 1(H) and the aprotic 1(Me) sites, as well as
aromatic and aliphatic protons.

ficients obtained by PFG NMR, and A;;,, is the molar conduc-
tivity independently obtained by impedance measurements.

2 Experimental

2.1 Material

1-Ethyl-3-methylimidazoliumbis(trifluoromethanesulfonyl)-
imide (C,C{ImTFSI), 1-Ethyl-3-methylimidazoliumtrifluoro-
methanesulfonate  (C,C;ImTfO), 1-Ethylimidazoliumbis
(trifluoromethanesulfonyl)imide (CoHImTFSI) and
1-Ethylimidazoliumtrifluoromethanesulfonate  (CoHImTfO)
were purchased from Iolitec Germany and stored in a glove
box until use. The cationic and anionic molecular structures,
along with the proton labeling used in this work, are shown
in Figure 1. HO-IL mixtures were prepared with differ-
ent HyO-to-IL mole ratios, x, with x varying in the range
0<x<I. H,O-IL samples were analyzed immediately after
preparation.

2| Journal Name, 2010, [vol] 1—11
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2.2 PFG NMR

Pulsed field gradient nuclear magnetic resonance (PFG NMR)
experiments were performed on a Bruker Avance 600 spec-
trometer. The stimulated echo pulse sequence’? was em-
ployed to determine the self-diffusion coefficient of the molec-
ular species. All diffusion measurements were performed at
30 °C, at which all samples are in the liquid state. The NMR
tubes containing the liquids were thermally equilibrated for 30
minutes before the measurement. Self-diffusion coefficients
were obtained by fitting the decay of the echo signal with the
Stejskal-Tanner expression,

I = Iy exp{-(y8G)>D(A-8/3)} where I is the signal intensity,
Iy is the signal intensity of spin-echo at zero gradient, G is the
gradient strength, D is the diffusion coefficient, § the length of
the gradient pulse, and A is the diffusion time. The applied lin-
ear gradient was varied in the range 0-1200 G/cm, while the
diffusion time A and the pulse duration § were set to 150 and
0.6 ms respectively. The number of acquisitions in each exper-
iment was 16 and the relaxation delay was 12 s. To ensure that
thermal convection did not affect our results, we run the diffu-
sion NMR experiments for different A values (100, 150, 200
ms) whereby the self-diffusion coefficients were observed not
to depend on A. The magnetic field gradients were calibrated
using a 50/50 mixture of HDO and D,0.23 The consistency
of the measured diffusion coefficients from 'H and '°F PFG
NMR experiments was verified using the reference sample tri-
fluoroethanol (CF3CH,OH).

2.3 Proton exchange and chemical shift analyses

'H NMR spectra were collected for proton exchange and
chemical shift analyses on a Varian 400 MHz spectrometer
using 5 mm NMR tubes with inserted capillaries filled with
octamethylcyclotetrasiloxane as a chemical shift reference. In
order to study the proton exchange between water and the
ionic liquid, D>O-IL mixture were prepared at various con-
centrations.

2.4 Conductivity measurements

Conductivity measurements were performed on a CDM 210
conductivity meter instrument. Consistently with the proce-
dure used for diffusion measurements, the samples were equi-
librated for 30 minutes at 30 °C before collecting data. A
dosimeter was used to carefully control the amount of water
added to the ionic liquid. The instrument was calibrated with
aqueous KClI at a concentration of 0.01 M.
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Fig. 2 Single pulse 'H NMR spectra of the investigated pure ionic
liquids. From bottom to top: CoHImTFSI, C,HImTfO,
C,C{ImTFSI, and C,CImTfO. The proton resonance of the
reference molecule octamethylcyclotetrasiloxane is also indicated.
The NMR peaks assignment is according to the labeling in Fig. 1.

3 Results and discussion

3.1 Effect of water on ionic mobility

Figure 2 shows the single pulse '"H NMR spectra of the four
pure ionic liquids investigated. All proton resonances are
well resolved wherefore the self-diffusion of different protons
could be analyzed independently. Our analysis reveals that all
imidazolium protons diffuse at the same rate, with a deviation
of only 0.1—1.5 percent, hence we define the self-diffusion of
the whole imidazolium molecule as the mean value obtained
from the distinct proton resonances. Note that in Figure 2
the resonance of the —NH proton is clearly visible for both
CoHIMTFSI and CoHImTTO, at 11.04 and 11.99 ppm respec-
tively.

Figure 3 shows the self-diffusion coefficients of the cation
(D), the anion (D7), and water (D,,q,) in the four H,O-IL
binary systems.® We observe that the diffusivity of all molec-
ular species increases upon addition of water, which is ra-
tionalized by an overall decrease of viscosity. An increase
in diffusivity with added water had already been observed
for ethylmethylimidazolium-ethylsulfate (CoC;Im™EtSO4™)
and ethylmethylimidazolium-triflate (CoC;Im*TfO™), that

§ Note, however, that D4 not necessarily is the diffusion coefficient of water
but that of the signal corresponding to water protons and other exchangeable
protic protons in the system.
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Fig. 3 Self-diffusion coefficients of cations (D™, o), anions (D, W) and water (Dy,qrer, A) as a function of added water in the four
investigated ionic liquids. A: C,C{ImTFSI/water; B: C,C;ImTfO/water; C: C,HImTFSI/water, and D: C,HImTfO/water. Dotted lines are

guides for the eye.

apparently correlates with a decrease of the activation en-
ergy when self-diffusion is described by the Arrhenius
equation as recently discussed by Menjoge et al.'® Simi-
lar results have also been discussed for pyrrolidinium hy-
drogensulfate (Pyrr"HSO47), pyrrolidinum trifluoroacetate
(Pyrr"CF3C00™),® and ethylmethylimidazolium methane-
sulfate (C,C;Im*MeSO;7).81921.24 Apother observation is
that the self-diffusivity in pure ionic liquids (i.e. at x=0) is
lower for the protic ionic liquids as compared to their apro-
tic analogues, which is consistent with their higher viscosity.
It is also interesting to note that in the entire concentration
range investigated the cation diffuses faster than the anion.
This behavior has previously been observed in pure ionic lig-
uids 192425 and becomes an anomaly when the cationic size
exceeds that of the anion. Indeed, according to the classi-
cal Stokes-Einstein relation larger molecules should diffuse
slower than smaller molecules, and vice versa.S This relation
does not hold in some ionic liquids,25 which thus do not be-
have as classical hydrodynamic fluids. In this context, Tokuda
et al. have found that the ¢ factor in the Stokes-Einstein rela-
tion must be assumed to be smaller than 6 to fit the experimen-
tal data from ionic liquids of the C4C;Im cation,2° and that
this factor is smaller for cations than for anions despite their
similar van der Waals radii. This intriguing behavior has been
ascribed to some degree of anisotropy in the cationic motion,
with 7. -the motion on the ring plane and almost perpendic-

§ According to the Stokes-Einstein relation D=kT/cznrs, 26 where k is the
Boltzmann constant, 7 is the absolute temperature, c is a constant (for spheres
with stick boundary condition at infinite dilution equals to 6), 7] is the viscos-
ity and ry is the effective hydrodynamic (Stokes) radius.

ular to the 1-alkyl chain being the less hindered one”.*’ The
reported van der Waals radii for the ionic species considered in
the present study are 0.303 nm (C,C;Im™), 0.267 nm (TfO™),
and 0.327 nm (TFSI™).? The radius for C;HIm™ is not re-
ported in the literature but can be assumed to be comparable
to, or smaller than, that of C,C;Im™. So, from ionic radii
considerations only, it is a "hydrodynamic anomaly’ that the
C,CiIm and C,HIm cations diffuse faster than their associ-
ated TfO anion.

As mentioned above, one effect of adding water to ionic
liquids is the decrease of the self-diffusion activation energy,
as revealed by MD simulations.!® These simulations, how-
ever, also indicate that this decrease becomes less significant
at higher water concentrations, more specifically at concen-
trations with more than 0.7 water molecules per cation:anion
pair, i.e. for x> 0.7. In good agreement with these findings,
we also observe that the effect of water on self-diffusion is
stronger at lower concentrations and becomes weaker as more
water is added. The behavior displayed in Figure 3 by the sys-
tem based on C,C;ImTFSI is slightly different from the oth-
ers, with plateau values for D™ and D~ observed for x>0.4.
Upon further addition of water no changes at all are appre-
ciated, which we attribute to the occurrence of phase separa-
tion due to the immiscibility of this aprotic ionic liquid with
water. For C,C{ImTfO, that has a more water affine anion,
the increase of both D' and D~ is observed in the whole
concentration range, similarly to the cases of CoHImTFSI and
C,HImTfO.

The issue wether proton transport in ionic liquids can occur
via the Grotthuss mechanism is currently vividly debated, yet

4| Journal Name, 2010, [vol]1—11
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Fig. 4 Normalized self-diffusion coefficients with respect to the bulk values for the cation (D7/D ¢4, 0) and the anion (D™/D™ zqr, W) as a

function of added water. Dotted lines are guides for the eye.

not conclusively verified. While Noda et al. claim that the
proton conduction behavior in non-equimolar mixtures of Im-
idazole and HTFSI follows a combination of Grotthuss- and
vehicle-type mechanism,?” Blanchard et al. bring to the re-
searchers attention the possibility of an overestimation of self-
diffusion values as a result of fast proton exchanges between
water (impurities) and protic sites in the time-frame of the dif-
fusion experiments.30 Moreover, Anouti et al. also believe
that the proton conduction in water-added pyrrolidinium (pro-
tic) ionic liquids can follow a combination of Grotthuss- and
vehicle-type mechanism, at least in the water-rich domain.®
Achieving a unifying picture is made even more complicated
by the fact that the above-mentioned studies concern ionic
liquids of very different structures: imidazolium,?® ammo-
nium,3° and pyrrolidinium, respectively.® Nevertheless, one
method to assess the occurrence of the Grotthuss mechanism
is to verify that the Dyg/Dcasion 1atio is significantly higher
than unity. 29 In the present study, the Dygy/Dcation tatio for
the Co,HIMTFSI system shows to be close to one for all water
concentrations, see Table 1. This indicates that the main trans-
port mechanism is of vehicular type and that the imidazolium
cation keeps its native structure with an intact amine group, at
least in time scale of the delay time in diffusion experiment,
i.e. 150 ms. The latter observation is of key importance for the
discussion below, since it tells that the only charges present
in solution are the ionic liquid’s cation and anion, excluding
the formation of long-lived H3O™ ions. The Dyy/Dcasion 1a-
tio for the C,HImT{O system could not be calculated due to
fast proton exchange during the time scale of the NMR exper-
iment, wherefore the NMR signals of -NH group and water
are merged into one signal and Dyy can not be analyzed inde-

pendently.

Table 1 Excess self-diffusion values expressed as D yg/ D cqtion @s

a function of added water for CoHImTFSI.

mole,yer: moleyy,

DNH/ Dcation

0
0.02
0.05
0.1
0.2
0.4
0.6
0.8

1

1.01
1.01
1.01
0.99
1.00
1.00
0.95
0.98
N.A.

A particularly interesting aspect in this context is the con-
centration dependence of the self-diffusion of water. It in-
creases with x in the binary systems and by different amounts
depending on the ionic liquid’s structure’ D,y increases
only slightly in C,C;ImTfO, while it depends much more
strongly on concentration in C,HImTFSI. Indeed, as shown
in Figure 3C, water self-diffuses associatively to the CoHIm
cation at very low concentrations (x<0.1). This associative
behavior has not been reported before and may find a plausible
explanation in a specific water-cation interaction. Neverthe-
less, upon more added water (x>0.1) D,yqer increases steeply
and water appears to self-diffuse at its distinct rate. For the
CoHImTfO,the self diffusion of water could not be indepen-
dently evaluated for any x value, due to the merged signals of

§ The self-diffusion coefficient of water does not change in C,C{ImTFSI for x
greater than 0.4, since water and C,C{ImTFSI become immiscible.

This journal is © The Royal Society of Chemistry [year]
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—NH group and water, as discussed above.

The different degree by which the self-diffusion of cations
and anions is affected by added water can be appreciated
from the analysis of the DT/D™ ratio, as also suggested by
Stark er al.?' In agreement with the results of Menjoge et
al.'® we also find that D¥/D~ steadily decreases upon ad-
dition of water in C,C;ImTfO, indicating that the cation is
more affected than the anion. But we here also observe that
this ratio is almost constant in CoC{ImTFSI and C,HImT{O,
while it increases in C;HImTFSI for concentrations higher
than x>0.6 (see Figure SI-11). Nevertheless, to better un-
derstand the diffusional properties on a molecular level, we
here propose to analyze the excess ionic diffusivity by ex-
pressing the relative self-diffusion coefficients D™/D™ ., and
D7/D™ eqr, as summarized in Figure 4 (where Dy, is the
self-diffusion coefficient measured in the pure ionic liquid).
Even though an overall increase of D/D,,, is observed as a
result of lower viscosity, more subtle differences can be ap-
preciated that depend on the ionic liquid’s molecular structure.
The highest increase (four-fold) with respect to the neat ionic
liquid is observed for Co,HImTfO, followed by C,C;ImTfO
/ CoHIMTEFSI (three-fold), and C,C{ImTFSI (less than two-
fold). For C,C{ImTFSI the effect is limited to concentrations
of x <0.4. Another small but intriguing feature is that while in
H,O-C,HImMTESI at 1:1 concentration D.uo, €xceeds Dgnion
(Fig.4C), the opposite is observed at the analogues concentra-
tion in C,CImTfO (Fig 4B).5

A plausible explanation of this effect may be that water in-
teracts with the ionic liquid through specific sites, most proba-
bly through the —NH group in protic ionic liquids and through
the —SO3 in the TfO anion, that by a drag effect can in turn re-
sult in a selective self-diffusion enhancement.* This specula-
tion would also explain why D and D™~ are equally and more
greatly enhanced in the ionic liquid C;HImTfO, which offers
both type of interaction sites. Our hypothesis is in line with re-
cently reported MD simulations and experimental works that
reveal the possibility of water-anion hydrogen bonding. These
works reveal that while hydrophobic anions like TFSI are not
most favorable for strong and directional hydrogen bonds, '#
those with a higher water affinity like TfO do show a ten-
dency to form water-anion complexes.’ While the nature of
water-anion interaction will be investigated in more detail in a
separate work with focus on vibrational spectroscopy,! the is-
sue of water-cation interaction is further discussed in the next
sections.

§ The reader should note that in C,C;ImTfO the deviation of D~ from D7 is
considerable in the whole concentration range, as opposed to the other three
systems.

4 That the —SO3 in TfO interacts with water is indicated by Raman spectro-
scopic data which will be presented in a separate paper.

q Yaghini et al., in preparation.

3.2 Effect of water on chemical shift

To further investigate the nature of H,O---cation interac-
tions we have analyzed the chemical shifts, § (ppm), in the
'H NMR spectra of water/IL binary systems, see also Fig-
ure SI-2. While the chemical shifts of imidazolium hydro-
gens (aromatic and aliphatic) and of water are insignificantly
changed upon addition of water to the aprotic C,C;ImTFSI
and C,CImTfO based systems (Figure SI-2A and SI-2BfY),
the chemical shifts of the hydrogen in —NH and of wa-
ter (H,O) considerably shift down-field and up-field, respec-
tively in C,HImTFSI (Figure SI-2C{). These shifts are a
consequence of lower electron density (deshielding) for the
—NH group and higher electron density (shielding) for wa-
ter, 1931 a clear evidence for a specific C;HIm™* —water in-
teraction through the —NH group, which we now can de-
scribe being of hydrogen bonding nature. The effect of hy-
drogen bonding on the chemical shift of the —NH proton
has previously also been discussed for diethylmethylammo-
nium trifluoromethanesulfonate (dema*TfO™)/water and imi-
dazole/HTFSI non-equmolar mixtures. >>

The scenario for C;HImTfO is different (Figure SI-2D7).
The 'H resonances of the —NH proton and of water appear
merged and broad at all water concentrations, wherefore the
reported chemical shifts assigned to the —NH group are in
fact an average of all -NH and water protons as these undergo
fast exchange on the time scale for the NMR experiment. This
merged peak continuously shifts up-field upon increased water
content, while the chemical shift for the other imidazolium
hydrogens remains unaltered.

3.3 Proton exchange

Having established the existence of hydrogen bonding be-
tween water and protic cations, we now investigate the proton
exchange mechanism between these two molecular species.
To this end, we have analyzed the '"H NMR spectra of
D,0/C,HImTFSI and D, O/CoHImTHSO systems for increasing
DO concentrations, see Figure SA and 5B respectively. The
chemical shift of the —NH group in CoHImTFSI, 61( H)» shifts
down-field upon increased D, O content, consistently with the
results obtained for the HyO/IL systems. Moreover, the rel-
ative decrease of the 'H NMR signal intensity assigned to
—NH with increasing D, O indicates the occurrence of com-
plete proton exchange between the imidazolium protic site —
NH and deuterated water. In fact, the complete exchange be-
tween —NH and D,0O in Co;HImTFSI occurs on a time scale
longer than 0.5 ms,’ in fact longer than 150 ms, which is the
time scale of the diffusion experiment. In C;HImT{O this pro-
ton exchange is so fast that the NMR signals associated to the

§ This time is calculated as the inverse of the difference in chemical shift (in
Hz) multiplied by magnetic field strength.
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—NH and water are broad and merged for all D,O concentra-
tions here investigated, see Figure 5B.

In Figure 6 we have summarized the chemical shift evolu-
tion as a function of added D,O for the two protic ionic lig-
uids. In C,HImTEFSI the chemical shift of the —NH proton,
01(n)» shifts downfield and decreases in intensity upon added
water, while the opposite is observed for the chemical shift
of deuterated water, 8 poy, Figure 6A. This trend is in agree-
ment with that shown in Figure SI-2Cfand is attributed to a
direct NH- - -OD; (or ND- - - OHD) interaction through hydro-
gen bonding.

The chemical shift and NMR intensity analyses for the

D,O/CoHIMTfO system reveal a slightly different scenario,
Figure 6B. The single broad and merged —NH/DOH 'H res-
onance shifts up-field upon addition of D,O (see also Figure
5B) and its intensity evolution as a function of added D, O also
indicates a proton exchange between the CoHImTfO cation
and deuterated water. In this case however, due to the merged
character of the 'H resonance, a quantitative estimation of
the proton exchange would require further analyses, which is
outside the scope of this work. We limit our discussion to
the observation that the proton exchange between water and
CoHIMTfO is much faster than in the analogues CoHImTFSI
system, i.e. faster than 0.5 ms.

This journal is © The Royal Society of Chemistry [year]
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For a comparison of the state of water in the different
binary systems, the chemical shift of the 'H resonance
associated to water as a function of concentration is shown
for all ionic liquids in Figure 7. This plot reveals different
states of water that depend on the surrounding cation:anion
pairs. While dpy0 has a low value and is almost un-
altered in aprotic ionic liquids, it is more concentration
dependent in the protic ones. Indeed, at any concentra-
tion the chemical shift of water increases in the order
CoCImTFSI<C,C ImTfO<C,HImTFSI<C,HImTfO,**
which is also the order in which hydrophilicity increases. This
trend indicates that water is found in a more hydrogen bonded
state in the protic ionic liquids as well as in the presence of
the TfO anion, consistently with an increased hydrophilicity
of the ionic liquid (see order above). We can anticipate that
this behavior is consistent with the frequency shift observed
in the water sensitive range 3200-4000 cm~! of infrared
spectra (not shown here). This behavior also indicate a more
intimate mixing of water with the protic ionic liquids, which
is also reflected by self-diffusion values of water presented in
Figure 3. Here, the reader should recall that the chemical shift
values given for C,HImT{O in fact also include contributions
from the -NH group. Thus, to qualitatively compare the state
of water in the two protic ionic liquids we have calculated the
population averaged chemical shift for C;HImTFSI, §¢¢/¢-=
POywarer+(1-p)O g, where p is the fraction of water protons
in the system, i.e. Mygrer/(Myater+ing). The result is shown
in Figure 7 as red asterisks. The good overlapping of the
observed average chemical shift for CoHImTfO with the
calculated one for CoHImTFSI indicates that the state of
water in the two systems is very similar, and so should the
proton exchange mechanism also be, the difference being
mainly in the kinetics of the exchange process. We deduce
that the faster exchange process observed for CoHImTfO
is induced by the TfO anion. With this respect, it is also
interesting to note that as can be deduced from the chemical
shifts in the pure ionic liquids (11.99 ppm in C;HImTfO and
11.04 ppm in CoHImTFSI), the proton in the -NH group
is more ’acidic’ when associated to the TfO anion. This
difference can also explain the small but appreciable deviation
between the observed and calculated averaged chemical shift
curves at very low water contents, see Figure 7.

3.4 Effect of water on ionic conductivity

In addition to the self-diffusion coefficients and the chemical
shifts, we have also measured the ionic conductivity in order
to achieve a more thorough picture of the transport properties
in these water-added ionic liquid systems. The experimentally

+x To remind, however, that for the latter the chemical shift of water is merged

with that of —-NH.

measured ionic conductivities are shown as a function of com-
position in Figure 8.

At very low water concentrations (x<0.2) the ionic conduc-
tivities in CoCImTFSI and C,C;ImTfO are comparable, and
higher than those of C;HImTFSI and C,HImTfO (see Figure
8A). The lower conductivity observed in the protic ionic lig-
uid based systems qualitatively agrees with the trend observed
from diffusion NMR experiments (see Figure 3). Furthermore,
while the ionic conductivity in C;HImTFSI, C,HImTfO, and
C,C1ImT{O based systems steadily increases with water con-
centration, that in C,C{ImTFSI shows no changes for x>0.4
as a result of phase separation, and in agreement with the self-
diffusion trend (see section 3.1). Figure 8 also shows that the
relative increase in conductivity with respect to the neat ionic
liquid (x=0) is more enhanced for the TfO based ionic liquids.
The overall increase in ionic conductivity with water content
is in agreement with the data reported by Anouti et al. for the
ionic liquids (PyrrHSO4) and (PyrrCF3C00),? and has been
tentatively attributed to a more dissociative character of the
ionic species in solution.

However, the issue of ionic dissociation is more prop-
erly investigated by analyzing the molar conductivity ra-
tio Ajnp/Anmr also referred to as “ionicity”, where Ajpp
is the molar conductivity obtained from impedance experi-
ments and Ayyg is the molar conductivity calculated from
NMR self-diffusion coefficients. Indeed, while impedance
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Fig. 7 State of water.The chemical shift of water as a function of
added water in ILs investigated. Given values for CoHImTfO
include the contribution of -NH group. Calculated population
averaged chemical shift in CoHTFSI are indicated by red symbols.
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experiments probe the mobility of charged species only, by
diffusion NMR any species in motion is detected regard-
less its complexation state. Apypyg can be estimated from
self-diffusion values using the Nernst-Einstein (NE) equa-
tion Anyr=(F%/RT).(D¢ation+Danion) Where F is the Faraday
constant and R is the universal gas constant.3?> The equation
mentioned above is derived for non-interacting ions in infi-
nite dilute electrolyte solutions, assuming that all ionic mobile
species contribute to molar conductivity. 3> However, Harris et
al.*3and Hayamizu et al.3* have recently proposed a slightly
modified form of this equation to better suit the complexity of
electrolyte solutions and ionic liquids. Anywise, in the field
of ionic liquids the A;;,p/Anpmr ratio is extensively used as an
indicator of the dissociation degree in ionic liquids. 337

Figure 8B-E shows that A;,, is smaller than Ayyg in
all ionic liquids at all water concentrations. A value of
Aimp/Anmr smaller than unity (Figure 9) means that part of
the ionic species are associated and do not contribute to ionic
conductivity. Interestingly, the ionicity in the investigated
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Fig. 9 Ionicity (expressed as A;y,p/Aymr) of the investigated ionic
liquids as a function of added water. Ionicity values of pure
C4C{ImTfO and C4C{ImTFSI as reproduced from reference
Tokoda et al.2004 are also shown for comparison purpose. Dotted
line are guides for eyes only.

ionic liquids follows the order C,C;ImTFSI>C,C{ImTfO
~CoHImTFSI>C,HImTHO, at least at very low (or zero) wa-
ter concentrations. This trend is consistent with the results
recently discussed by Tokuda ef al. who observed that for
identical cations the ionicity is higher for TFSI as compared
to TfO.26 The Aimp/Anmr values reported for the pure ionic
liquids C4C{ImTFSI and C4C{ImTfO 26 are also indicated in
Figure 10 for comparison (red symbols). This comparison
shows that keeping the same anion, the ionicity is lower in
C4CiIm™ cations as compared to the C;C;Im™ counterpart.
It is also interesting to note that the protonation of the imida-
zolium cation reduces the ionicity of the system, as reflected
by lower Ajp/Anpr values. This may be a result of stronger
ion-ion interaction in protic ionic liquids, as also discussed by
Miran et al.3® Upon addition of water, the ionicity of the pro-
tic ILs increases suggesting that water is capable of interfering
with the native cation-anion coulombic forces, consistently
with the observed cation-water interactions discussed above.
By contrast, the ionicity of C,C{ImTFSI and C,C{ImTfO are
much less affected by added water.

4 Conclusions

In this work we have investigated the transport properties in
water/ionic liquid binary systems by performing PFG-STE
NMR and conductivity measurements. To better understand

This journal is © The Royal Society of Chemistry [year]
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how the molecular structure influences the local dynamics, we
have investigated different ionic liquids with a systematic vari-
ation of aprotic/protic cations (C2C{Im™ and C,HIm") and
more or less hydrophilic anions (TfO™ and TFSI™). Over-
all, the addition of water enhances the mobility of all ionic
species, which results in higher self-diffusion coefficients and
ionic conductivities. However, the degree by which cation
and anions are individually affected strongly depends on their
molecular structure.

In C,C{ImTFSI, which is representative for hydrophobic
and water immiscible ionic liquids, the dynamical effects are
limited to a narrow concentration range, beyond which phase
separation occurs. In this system, cations and anions are
equally affected and no specific water-ion interaction is sus-
pected. For its protonated counterpart, CoOHImTFSI, an asso-
ciative diffusional behavior is detected for water and cation at
very low water concentrations, whereas at high water contents
the imidazolium cation is speeded up more than the anion. By
contrast, in C,C;ImTfO the anion is the species most affected
at high water contents, while in C,HImTfO both ions are af-
fected in a similar way. These findings suggest preferential
interaction sites for water, that are the —INH group in protic
ionic liquids and the —SOj3 group in the TfO anion, a scheme
of interaction that can explain the selective self-diffusion en-
hancements that we observe. In the protic ionic liquids the
interaction between water and the —NH group on the imi-
dazolium is manifested by proton exchange, which is much
faster in CoHImT{O as compared to C;HImTFSI. Moreover,
the analysis of the molar conductivity obtained by impedance
measurements and from diffusion NMR reveals that the ion-
icity (Ajmp/Anpmr) is lower in the protic ionic liquids than in
the aprotic, in longer chain cations than in shorter, and for
cations in association with TfO than with TFSI. This trend
further proofs the tendency for complexation once sites of in-
teraction are provided.

Altogether these results represent a considerable step
forward with respect to a better understanding of the
structure-property relationship in water added ionic liquids.
In addition, our results provide new and important indications
for the design of ionic liquid based electrolytes in which the
addition of water can selectively enhance the mobility of
specific ionic species.
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