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1. INTRODUCTION

Room-temperature ionic liquids (ILs) are being incorporated as
electrolyte materials in a wide variety of electrochemical devices
including solar cells, fuel cells, and electrochemical (super or
ultra) capacitors because of their favorable properties, such as a
wide electrochemical window, high chemical and thermal
stability, and negligible vapor pressure.'”” In particular, ILs
represent a greener and safer alternative to volatile organic
liquids as solvents in lithium batteries.* ' Several studies have
reported that the addition of a lithium salt to an IL leads to an
increase in viscosity and often does not produce the desired
performance in terms of Li-ion mobility.""'> To improve
lithium batteries, particularly in terms of current density, it is
thus important to clarify the transport properties of IL
solutions.

Important structural information on Li-doped ILs has been
obtained by nuclear magnetic resonance (NMR) and vibra-
tional spectroscopies.>” "> Molecular dynamics simulations and
ab initio calculations have also been used to clarify Li-ion

transport at the molecular level.'®™** Studies carried out mainly

on TFSI-based ILs have demonstrated that the higher
viscosities and reduced Li-ion mobilities are due to the
aggregation of the anions around the small cation.

In our previous publications we have reported the
conductivity and ion diffusion coeflicients of neat pyrrolidi-
nium-based ILs and their mixtures, establishing the foundations
for a long-term project on the structure and dynamics of ILs of
interest for innovative Li-ion batteries (LIB).'***72¢ In
particular, we studied by NMR the binary mixture of N-butyl-
N-methylpyrrolidinium TFSI with LiTESI of 9 to 1 molar
composition. Such composition is poorer in lithium with
respect to the eutectic composition found for the 0.85:0.15
mixture.”® This prevents crystallization of the PYR,X:LiX
mixture, even at high Li" concentration gradient, and provides
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moderate lithium salt concentration resulting in acceptable
viscosity. That system showed a unique behavior of the
transport properties of Li ions: indeed the activation energy for
the diffusion of Li* in this mixture was found to be significantly
and unexpectedly larger than the corresponding ones for the
PYR,,* and TFSI” components in the same system. This
peculiarity determined the existence of crossover temperatures
in the diffusivity values of the components (PYR,,*, TESI~, and
Li*), namely “temperature values defining the inversion of
diffusivity orders of the ions”,'* with remarkable consequences
on the corresponding transference numbers and possible
implications in battery design. This fact prompted further
investigation on whether or not this behavior could be
generalized to a larger class of fluorinated anions sharing the
sulfonylimide core flanked by variable length perfluorocarbon
chains. Moreover, as we postulated'* that the observed
anomalous activation energy trend of Li* diffusivity with T
might be related to the so-called “structure diffusion”
mechanism of Li* diffusion, it is our interest to confirm
whether or not the Li ion self-diffusion in ILs containing
sulfonylimide anions may indeed be subject to a complex
mechanism consisting of breaking of coordinative Li-anion
bonds, jumping of Li ions to the adjacent anions shell and
reformation of Li-anion coordination complex.

Here we present a study of two ionic liquid solutions: N-
butyl-N-methylpyrrolidinium bis(pentafluoroethanesulfonyl)-
imide (PYR,BETI) and N-butyl-N-methylpyrrolidinium (tri-
fluoromethanesulfonyl)-(nonafluorobutanesulfonyl)imide
(PYR,IM,,), doped with the lithium salt sharing the same
anion (LiX, X= BETI or IM,,). The anions can be considered
as higher homologues of TEFSI], with symmetric and non-
symmetric perfluorinated chains. We have measured the ionic
conductivity, the viscosity and the self-diffusion coeflicient of
each ion by the pulsed gradient spin echo (PGSE) NMR
method. The activation energies for these processes have been
obtained from their temperature dependence and compared
with the data for the neat ILs. Finally, heteronuclear {'"H—"Li}
and {'H—""F} Overhauser correlation experiments (HOESY)
and density functional theory (DFT) calculations, respectively
on the LiX-IL mixtures and on [Li(X),]” complexes, provide
atomic-level detail on relevant interionic contacts and
processes. In particular, calculations on the formation-
disruption of the [Li(TFSI),]” adducts illustrate the processes
likely to occur during the structure diffusion mechanism. The
combination of experimental and computational results
provides a coherent picture of the relationship between the
Li-ion environment and the transport properties of the
mixtures.

2. EXPERIMENTAL SECTION

2.1. Materials. The PYR,,BETI and PYR,,IM,, ionic
liquids were synthesized through a novel procedure developed
at ENEA and described in detail elsewhere.® The LiBETI
(>99.9 wt %, battery grade) salt was purchased from 3M,
whereas LiIM,;, was prepared starting from the aqueous
solution of HIM,, (60 wt %, kindly provided by 3M) and
Li,CO; (99 wt %, Aldrich), which was added in slight excess
with respect to the stoichiometric amount. Water was
evaporated (from the resulting LiIM, solution) under vacuum
at 90 °C and, then, the lithium salt was dissolved in absolute
ethanol to allow precipitation of the Li,CO; excess (insoluble
in ethanol), which was removed by vacuum filtration. Finally,
ethanol was evaporated under vacuum at 70 °C. LiBETI and

LiIM,, were dried in high vacuum (<107° mmHg) at 120 °C
overnight before experimental measurements. The binary
mixtures PYR,,BETI/LiBETI and PYR,,IM,,/LiIM,, in 9:1
mol ratio were prepared (within a dry-room) by dissolving the
lithium salt in the corresponding ionic liquid at 50 °C. Water
content (determined by the standard Karl Fischer method
using an automatic coulometer titrator Mettler Toledo DL32
located in dry-room) was <2 ppm in all samples and mixtures.

2.2. Viscosity and Conductivity Measurements. The
viscosity measurements were carried out using a HAAKE
RheoStress 600 rheometer located in a dry-room. The tests
were performed from 20 to 80 °C (1 °C/min heating rate) in
the 100 to 2000 s™' rotation speed range. Viscosity values were
taken in 10 °C steps. The ionic conductivity was determined by
a conductivity meter AMEL 160. The binary mixtures were
housed (in the dry-room) in sealed, glass conductivity cells
(AMEL 192/K1) equipped with two porous platinum electro-
des (cell constant equal to 1.0 + 0.1 cm). The temperature was
controlled by a climatic test chamber (Binder GmbH MKS3).
In order to fully freeze the sample mixtures,”® the cells were
immersed in liquid nitrogen for a few seconds and, then,
transferred in the climatic chamber at —40 °C. After a few
minutes of storage at this temperature, the solid samples turned
again liquid. This route was repeated until the ionic liquid
samples remained solid (at —40 °C). After a storage period at
—40 °C for at least 18 hours, the conductivity was measured by
running a heating scan at 1 °C h™".

2.3. NMR Measurements. The 'H and 'F NMR spectra
were recorded on a Bruker Avance 500 spectrometer operating
at 500 MHz proton frequency equipped with a QNP four
nuclei switchable probe. The NMR samples were prepared in
dry-room to avoid any contamination, transferred in a S mm
NMR tube equipped with a coaxial capillary containing DMSO-
dg for locking, and immediately flame-sealed. The DMSO-dy
signal is also used as 'H chemical shift reference. The 'F
chemical shifts were calibrated using exafluorobenzene as
external reference heteronuclear {'H—"F} and {'H-"Li}
HOESY experiments were acquired using the inverse-detected
pulse sequence with 512 increments in the t1 dimension with
16 scans for each experiment and a mixing time of 40 ms.
These NMR experiment were carried out at 28 °C.

Self-diffusion coefficients were measured by pulsed field
gradient (PGSE) spin—echo experiments. A pulsed gradient
unit capable of producing magnetic field pulse gradients in the
z-direction of 53 G cm™' was used, with the bipolar pulse
longitudinal eddy current delay (BPPLED) pulse sequence.
The ion self-diffusion coefficients were measured independently
by carrying out experiments in the 'H and F frequency
domains, respectively. The duration of the magnetic field pulse
gradients (5) and the diffusion times (A) were optimized for
each sample in order to obtain complete dephasing of the
signals with the maximum gradient strength. In each PGSE
experiment, a series of 32 spectra with 16K points were
collected. For the investigated samples, 5 values were in the
1.5—3 ms while the A value was set to 1 s. The pulse gradients
were incremented from 2 to 95% of the maximum value in a
linear ramp. Temperature was varied within the range 27—67
°C in steps of § °C and controlled with an air flow of 535 L h™".

The "Li PGSE experiments were performed on a BRUKER
AVANCE 200 spectrometer equipped with a MIC 200 MHz
W2/S1 diff/30 probe with a gradient power of 1800 G/cm.
The STE pulse sequence was used in the temperature range
extending from 27 to 47 °C, controlled by water flow. The



Table 1. Experimental Self-Diffusion Coefficients D (m” s™"') at 305 K and Activation Energies E,[D] (kJ/mol) for the Pure
Ionic Liquids and the Mixtures PYR,, TFSI/LiTFSI, PYR,,BETI/LiBETI and PYR,,IM,,/LiIM,,

ionic liquid ion Dpurea’b

PYR,, TFSI/LiTFSI* PYR,, 2.5 x 1071
TESI™ 2.0 x 107"
Li*

PYR,,BETI/LiBETI PYR,, 9.0 x 10712
BETI™ 62 x 1072
Li*

PYR,,IM,,/LiIM,, PYR,," 6.4 x 1077
IM,, 43 x 1072
Li*

“Reference 14. “Reference 20.

ranges of the experimental parameters were 6 = 2—3 ms and A
= 0.08—0.035 s. In the temperature range of 52—67 °C, we
used the dstegp3s sequence to avoid convection effects. In this
sequence, SMSQ rectangular gradients were used with § = 1 ms
and A = 0.2—0.32 s. Temperature was controlled by an air flow
of 800 1 h™".

2.4. Computational Procedures. All calculations were
performed with the B3LYP hybrid density functional and the 6-
31G** basis set,”’ using the Gaussian 09 program.*® The stable
structures of the gas phase complexes [Li(BETI),]”, [Li-
(IMy,),]7, and [Li(TFSI),]” were obtained in two sequential
steps: (i) optimization of the anion geometries; (ii) formation
of the complex by docking of the Li cation between two anions,
followed by full energy minimization. Several starting
orientations were used in the case of BETI, while two different
starting geometries were used in the case of the IM,,-based
complex. In the case of [Li(TFSI),]”, we also performed
relaxed potential energy scans by constraining one conforma-
tional degree of freedom and optimizing all the remaining ones.
Further details are given below.

3. RESULTS AND DISCUSSION

3.1. Physical Properties. The self-diffusion coefficients D
of the anions and cations in all samples were measured
independently by PGSE experiments in the '°F, 'H, and "Li
frequency domains, respectively. The observed echo intensity I
is related to D and to the experimental parameters by the
Stejskal-Tanner equation:*

I=1, exp[—(7g5)2D(A - g)] (1)

where I, is the echo intensity without field gradient, y is the
gyromagnetic ratio of the observed nucleus, g is the magnetic
field gradient strength, o is the duration of the gradient pulse,
and A is the interval between the two pulses. The resulting self-
diffusion coeflicients at 305 K for the binary mixtures are
reported in Table 1, alongside those for the TFSI-based
mixtures from our previous work.'*

It is interesting to compare the D values for the ions within
the pure ILs and the mixtures. The general trend is D(Li") <
D(X™) < D(PYR,;"). This observation agrees with other
literature data pertaining to Li-doped pyrrolidinium-**"* or
imidazolium->>">° based ILs. It is generally admitted that the
slower diffusion of the Li ions, compared with that of the
bulkier pyrrolidinium ions, is a consequence of strong
coordination of Li* to the anions, gossibly leading to larger
aggregates such as [Li(X)n]("'l)_.lé’1 It is also interesting to

Do E,[D]ue™” E,[D] s
1.7 x 107 31 36
12 x 107! 31 37
0.9 x 1074 46
62 % 10712 37 47
42 x 10712 37 48
23 % 10712 45
40 x 10712 43 51
23 % 10712 43 51
1.6 x 10712 47

note that the diffusion of the IL cation and anion is slowed by
the addition of lithium. This parallels the IL viscosity increase
caused by the lithium salts (see below).

The temperature dependency of the diffusion coefficients
was investigated in the range T = 300—340 K. The results
plotted in Figures 1 and 2 demonstrate that, within the
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Figure 1. Arrhenius plot showing the temperature dependency of the
ion diffusion coefficients in the ionic liquid mixtures PYR,,BETI/
LiBETIL

explored temperature range, the diffusion coefficients follow the
Arrhenius law:
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Figure 2. Arrhenius plot showing the temperature dependency of the
ion diffusion coefficients in the ionic liquid mixtures PYR;,IM,,/
LilM,,,



D(T) = Dy exp(~E,[D]/RT) @)

In all samples, the cation PYR;," and the anion X~ have
identical E,[D] values. The addition of LiX slows down the
dynamics of both ions, increasing the activation energies for
their motion but retaining identical values within each pair.”’

The activation energy for the self-diffusion of Li" in all
mixtures has a value of 46 + 1 kJ mol™". This finding indicates
that the mechanism of diffusion of Li* is different from that of
the larger ions and is independent of the length of the anions’
fluorinated chains. Thus, it seems that the key factor
contributing to the activation energy for Li* diffusion is related
to the presence, in all the examined anions, of the common
perfluorosulfonylimide functional group.

The viscosities #, or equivalently the fluidities ¢ = 17", were
measured in the temperature range T = 293—373 K (Figure 3).
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Figure 3. Arrhenius plot showing the temperature dependency of the
fluidity in the ionic liquid mixtures PYR;,BETI/LiBETI and
PYR,,IM,,/LiIM,,. The curve for PYR,,TESI/LiTFSI is based on
data of ref 14 and here reported for clarity.

These experimental data can also be fitted by the Arrhenius law
and the corresponding activation energies E,[¢] are reported in
Table 2. The addition of the lithium salts produces a 50%

Table 2. Experimental Fluidities ¢p (Pa s)™" at 303 K and
Activation Energies E,[¢p] (kJ/mol) for the Mixtures
PYR,, TFSI/LiTESL, PYR,,BETI/LiBETL, and PYR,,IM,,/
LiIM,, and for the Pure Compounds

ionic liquid AR S A7) R AT
PYR,,TFSI/LiTFSI* 16.5 10.3 29 30
PYR,,BETI/LiBETI 5.0 36 36 37
PYR,,IM,,/LiIM,, 34 2.4 40 39

“Reference 14. "Reference 20.

reduction in fluidity but does not affect the corresponding
activation energy. In this respect, the different behavior of the
fluidities and the ion diffusion coeflicients implies once again a
breakdown of the Stokes—Einstein equation in ILs.>® This is a
consequence of the fact that these quantities describe collective
and individual dynamical properties of the ions, respectively.
The conductivities ¢ of the pure and doped samples are
plotted in the Arrhenius form in Figure 4. We have not
attempted to extract activation energies from these quantities,
as they exhibit a clear non-Arrhenius behavior. This might be
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Figure 4. Arrhenius plot showing the temperature dependence of the
conductivities of pure IL PYR,BETI, PYR,JIM,, and PYR,,BETI/
LiBETI, PYR,,IM,,/LiIM,, Li-doped mixtures.

due also to the fact that these quantities were measured in a
wider temperature range, from 278 K (or lower) to 373 K. The
Supporting Information presents the fits of these data according
to the more general Vogel-Tammann—Fulcher law, which
contains a reference temperature T, as an additional adjustable
parameter. This temperature is found below 200 K, in all cases.
From an applicative point of view, the important observation is
that doping with lithium decreases the ionic conductivities of
both ionic liquids, in agreement with previous observations.”*

As a closing to this section, we briefly discuss the
implications of these measurements for the Li-ion transport
mechanism. Two distinct mechanisms have already been
identified in the literature.'”” The “structure diffusion”
mechanism (hopping of Li* from one coordination environ-
ment to another) necessarily involves a sizable activation
energy for the breakup and formation of strong lithium-anion
interactions. Instead, the competing “vehicular” mechanism
(migration of Li* bound to its first coordination shell) implies a
larger size of the diffusing species, but an activation energy
comparable to that for the fluidity of the mixture. The fact that
the measured activation energy for diffusion is significantly
higher than that for fluidity clearly indicates that the first
mechanism is more important than the second. Therefore, the
computational part of our study was mainly focused on
understanding the lithium-anion interactions and the mecha-
nisms for the rearrangements within their coordination shells.

3.3. Theoretical Calculations. The measurements re-
ported in the previous section demonstrate that the activation
energies for Li-ion diffusion are independent of the length of
the sulfonylimide anions’ perfluorinated chains. Therefore, in
order to understand this feature, it is natural to start from the
simplest anion in the series, namely TFSI™. This anion can exist
in syn or anti conformations, depending on the relative
arrangement of the terminal CF; groups (see Figure 5).20_22
This also implies a different relative arrangement of the
sulphonyl groups, so that the shortest O-+-O distance is 3.29 A
in the syn conformation and 2.89 A in the anti one. According
to our calculations, the latter is the most stable of the two, while
the syn conformation is higher in energy by 3.26 kJ/mol
Analogous conformations were found also for the other anions,
which, however, have additional degrees of freedom because of
their longer perfluoroalkyl chains.



Figure S. Anti (left) and syn (right) conformations of TFSL

The interaction of the Li* cation with the fluorinated anions
was investigated by optimizing the structure of [Li(X),]”
model aggregates. Our calculations on the [Li(TFSI),]”
aggregate show that the more stable configurations contain
Li* tetrahedrally coordinated by four oxygen atoms, as shown in
Figure 6. Recent experimental and computational work on
TESI/FSI mixtures of pyrrolidinium-based'® or closely
related®®™>* ILs at variable Li* content confirmed that the Li-
ion coordination strongly depends on the mixture composition
and that, for the 9:1 mol ratio examined in the present paper,
the Li cation is surrounded by 4 oxygen atoms in its first
coordination shell. The most stable complex (structure a)
contains both anions in the anti conformation. Next, in order of
increasing energy, we have structure b at +6.8 kJ/mol, in which
one anion is anti and the other is syn. Structure ¢ has both
anions in a syn conformation (+14.1 kJ mol™"). The fact that
the energy of the O-coordinated complexes increases by 7 kJ
mol™! when an anti conformation is replaced by a syn one,
whereas the energy of an isolated anion increases by slightly
more than 3 k] mol™', indicates that the Li-anion interaction is
more favorable in the anti conformation. Indeed, we find that
an anion in the anti state can readily coordinate Li* (the
intramolecular O---O distance is 2.88 A, virtually identical to
that in the isolated anion), whereas an anion in the syn state
can chelate Li* only at the cost of some intramolecular
distortion.

When Li" is coordinated by the two nitrogen atoms of the
anion, the energy of the [Li(TFSI),]” aggregate rises to more

than 60 kJ/mol with respect to the absolute minimum
(structure d in Figure 6). Thus, coordination of Li* by the
nitrogens can be ruled out. This point is in agreement with the
single crystal X-ray structures previously reported.>” This might
appear surprising, considering that these atoms are negatively
charged. The preference for the interaction with the oxygen
atoms may be understood in terms of the Lewis concepts of
hardness and softness. Because of its small size, Li* is a very
hard acid, which interacts more favorably with O (hard Lewis
base) than with the softer N~ moiety.

On the basis of these findings, we have approached the
minimization of the [Li(BETI),]” complex. Figure 7 illustrates
two minima, with energies differing only by 0.54 kJ mol™". In
both configurations, the Li* cation is tetrahedrally coordinated
by four oxygen atoms, and the state of the central portions of
the molecules resembles that in the anti/syn complex of TFSI
(structure b) in Figure 6.

Starting geometries for the [Li(IM4),]” complex were
generated with all-trans, extended conformations of the
perfluorobutyl chains. As shown in Figure 8, which displays
the final equilibrium geometries, the anions’ chains could be
either roughly parallel or roughly antiparallel (a and b,
respectively). The latter, antiparallel structure has a slightly
higher energy of +2.83 kJ mol™". Once more, the Li* cation is
tetrahedrally coordinated by four oxygen atoms belonging to
two anions. Thus, the lithium first coordination shell is not
influenced by the length of the anion’s fluorinated chains.

Going back to the simplest aggregate, the [Li(TFSI),]”
complex, we have calculated the energetic requirements of
two types of rearrangement, which may be correlated to the
“structure diffusion” mechanism for the migration of the Li
cation. We have calculated the potential energy curves
associated with a deformation along two structural coordinates.
Coordinate a corresponds to the dihedral angle formed by
atoms 1-2—3—4 in Figure 9a and therefore involves the
concerted replacement of a Li*—O bond by another one.
Coordinate B corresponds to the dihedral angle formed by
atoms 1-2—3—4 in Figure 9b and therefore involves the
passage through a roughly square-planar coordination of the

Figure 6. Minimized structures of the [Li(TFSI),]” complex.



a)

Figure 7. Minimum energy structures of the [Li(BETI),]” complex.

Figure 9. Definition of the dihedral angles a (left) and S (right),
scanned by B3LYP/6-31G** calculations on the [Li(TFSI),]”
complex. The terminal CF; groups are not shown, for clarity.

cation. Starting from the absolute minimum (structure a in
Figure 6), we changed these coordinates in 10° steps, and at
each point we reoptimized the structure while keeping a or f
fixed. Figure 10 shows that the potential barriers for both types
of rearrangement are of the order of 50 k] mol ™, in agreement
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with the experimental activation energy for Li* diffusion in the
ILs considered in this study. This result provides two important
indications. First, the rearrangement of the tetrahedrically
coordinated Li cage with the sulfonylimide ligands makes a
significant contribution to the transition state for the Li-ion
diffusion mechanism, thus confirming the importance of the
structure diffusion scheme. Second, the remote, dangling
perfluorocarbon substituents can be expected to provide only
a small, if not negligible, contribution to the energy profile
along the reaction coordinate, in agreement with the NMR
data.

3.4. Intermolecular Contacts via Nuclear Overhauser
Enhancements. For the two PYR,X/LiX samples (X= BETI
or IM,,) as well as for the pure PYR,,X ILs, high-resolution 'H,
F, and Li NMR spectra could be obtained at room
temperature, despite the high viscosity of the solution (spectra
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Figure 10. B3LYP/6-31G** potential energy curves along the dihedral angles a (squares, left) and § (circles, right) defined in Figure 9. The

minimum energy conformation has a = —17.45° and f = 73.13°.
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Figure 11. Contour plot of {'"H—""F} (top) and {'H-"Li} (bottom) HOESY spectrum of PYR;,BETI/LiBETL Li and ’F chemical shifts are

reported for clarity. See the Experimental Section for referencing.
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Figure 12. Contour plot of {'"H—""F} (top) and {'H-"Li} (bottom) HOESY spectrum of PYR,IM,,/LiIM,,. "Li and “F chemical shifts are

reported for clarity. See the Experimental Section for referencing.

reported in the SI). The sharpness of the NMR peaks for all of
these species, and for 0.10 LiTFSI/0.90 PYR,, TESI in ref 14, is
dramatically different from that reported by Fromling et al.*
for the 0.377 LiTFSI/0.623 PYR,,TFSI system, where broad
bands without fine structure were observed for all nuclei. The
difference is likely due to the higher viscosity of the latter, due
to its much higher Li content. We stress that, on the basis of
our previous studies, the present concentrations are near-
optimal for practical lithium battery applications.*®

For our system, no chemical shift differences induced by LiX
dopant are observed in the 'H spectra with respect to the
undoped reference (Figure S1). Similarly, only small chemical

shift differences are observed in the 'F spectra of the pure and
doped PYR,,BETI samples (Figure S2). The "Li NMR spectra
of PYR,,BETI/LiBETI and PYR,IM,,/LiIM,, (Figure S3)
consist of a single, sharp peak showing a small chemical shift
difference. The sharpness of the Li signal (line width 8 Hz) is
interesting, considering the quadrupolar nature of this nucleus
(I =3/2). This indicates a highly symmetric environment, with
near-zero electric field gradient, in agreement with the
tetrahedral coordination of Li".

As previously reported, useful information for the assessment
of the structure of ionic liquids can be obtained from the NMR
HOESY correlation spectroscopy.>”** However, the interpre-



tation of intermolecular NOEs requires special atten-
tion,”**'™* as the intermolecular cross-relaxation may include
long-range effects usually not present in the intramolecular
case, where the R™® decay law of the NOE intensity with the
distance R between the I and S interacting nuclei renders the
NOE intensity negligible beyond the S A threshold. This
concept was recently formally developed in a mathematical
model for cross-relaxation in ionic liquids by Gabl, Steinhauser,
and Weingirtner (GSW).***> The basic concept is that the
distance dependence of intermolecular NOE strongly depends
on the (w; — wy) difference of the Larmor frequencies of the
interacting nuclei. A practical consequence of this finding is that
the R™° short-range dependence, strictly true for the intra-
molecular cross-relaxation, turns into a more general R™" law,
with n < 6. Consequently, long-range effects are likely to be
detected in intermolecular NOE experiments whenever the
frequencies of the cross-relaxing nuclei are close, as in the
{'H-'H}, {"H-"F}, and, to a much lesser extent, {'"H—"Li}
cases. Therefore, the GSW model imposes a careful
interpretation of intermolecular NOE data, including long-
range effects. At the same time, it offers the possibility of an
unprecedented comparison of NOE data with structural
parameters obtained by small-angle X-ray and neutron
scattering, as recently stressed.*

Figures 11 and 12 show the expansion of the HOESY
experiments carried out on the PYR,BETI/LiBETI and
PYR,,IM,,/LiIM,, mixtures. The NMR absorption peaks are
numbered according to Scheme 1. The {'"H-'""F} NOE data

Scheme 1. Molecular Formula and Atom Numbering of the
PYR,," Cation (Left) with the TFSI~, BETI, and IM,,”
Anions (Right, from Top to Bottom)
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show the dipolar contacts between the protons of PYR,," and
the fluorine nuclei of anions, while the {'H-"Li} NOE
correlation spectrum gives information on the dipolar
interactions of the Li* dopant with the PYR,," components
of the mixture.

Before commenting on the results on the doped systems, we
point out that {'H—'F} HOESY spectra of the pure
compounds PYR;,BETI and PYR,JM,, showed selective
NOE contacts between the fluorines of the anion and the
H(6), H(7), H(5), and H(l) protons belonging to the
pyrrolidinium ring and the methyl groups of the cation, while
no interaction with the inner protons of the butyl chain was
observed.*® The PYR,,BETI/LiBETI sample has a {'H—'"F}
NOE pattern which is very similar to that of the pure IL. This,
together with the absence of chemical shift differences among
the samples, indicates that the majority of cation—anion
interactions are not affected by doping. Intriguingly, the
{'H-"Li} NOE spectrum shows an analogous selectivity of
the Li* cations toward the protons of PYR,,". In particular,
there is a strong NOE between Li* and H(S), H(7), and the

remote H(1). This result suggests that Li* ions do have short
contacts with PYR,,", despite the presence of a positive charge
on both species. A straightforward rationale for the observed
{'H-"Li} NOE can be proposed by remembering that Li* is
strongly coordinated to the anions giving rise to negatively
charged complexes, such as [Li(X),]” (X = TFSL, BETL IM,,).
These Li-containing aggregates thus undergo Coulombic
interaction with the PYR,, cations. The selective NOE patterns
also point out that such an interaction is specific and not
random, leading to an organized picture of tI‘Px)e Li* solvation
shells. The importance of the Li'-anion binding is further

confirmed by the similarity between the NOE patterns of the
lithium and fluorine nuclei with the PYR,,* cation, despite their

obvious chemical differences: indeed, Li* and the perfluorinated
anions experience the same distribution of cations in the closest

solvation spheres.

This conclusion holds also for the PYR;,IM,,/LiIM,,
sample. The heteronuclear NOE experiments (Figure 12)
show patterns similar to those of PYR,BETI/LiBETI. The

NOE data confirm the Li*-anion coordination, even in the

presence of longer perfluorocarbon substituents attached to the
sulfonylimide core. Again, the strong coordination of Li* with

the IL anions is responsible for the spatial proximity of Li* and
PYR,," cation, irrespective of the presence of Coulombic
repulsion. The contour plots of Figure 12 shows strong NOE
contacts of both the CF; groups of IMy,, namely F(S) and
F(1), with the terminal methyl group of the PYR,,* butyl chain.
The presence of these NOE correlations indicates cross-
relaxation beyond the first solvation sphere. Such data can only
be interpreted by invoking the GSW model for intermolecular
NOE patterns in ILs.

4. CONCLUSIONS

We have presented a comparative physicochemical study of two
ionic liquids PYR,,X (X= BETI or IM,,) doped with the LiX
salts in the 9:1 molar ratio. Ion diffusion coefficients and
viscosity data have been collected over a range of temperatures
and they show an Arrhenius-like temperature dependence. The
strong changes in the activation energies for these processes,
together with further conductivity data (which have a non-
Arrhenius behavior), indicate that doping with lithium produces
a strong perturbation in the microscopic dynamics of the ions.
DFT calculations have allowed us to better define the structure
of the environment of Li*, which has been found to be
coordinated to four oxygen atoms originating from two anions.
The energy barriers calculated for the rearrangement of this
coordination are comparable to the measured activation

energies for lithium diffusion (about 46 kJ mol™’, independ-
ently of the anion’s perfluorinated chain length). Although
modeling the transition state(s) for the diffusive jumps of Li* is
well beyond the purpose of this work, these calculation confirm

the predominance of the “structure diffusion” over the
“vehicular” mechanism of lithium transport. Finally, the

heteronuclear, intermolecular NOE data have been interpreted
in light of the recent GSW model.**** The NOE data not only
confirm the Li-anion coordination as the major structural
feature in these systems but also shed light on the interactions
of the butyl and perfluorobutyl moieties. Further work is in
1p;rogress on a larger variety of alkyl and perfluoroalkyl
omologues in order to assess the possible formation of
multiple domains (e.g, polar, nonpolar, and fluorophilic) on
the nanometer scale, as previously suggested for other IL
systems.46
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