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Abstract

Electrophoretic nuclear magnetic resonance (eNMR) is a powerful tool in stud-

ies of nonaqueous electrolytes, such as ionic liquids. It delivers electrophoretic

mobilities of the ionic constituents and thus sheds light on ion correlations. In

applications of liquid electrolytes, uncharged additives are often employed,

detectable via 1H NMR. Characterizing their mobility and coordination to

charged entities is desirable; however, it is often hampered by small intensities

and 1H signals overlapping with major constituents of the electrolyte. In this

work, we evaluate methods of phase analysis of overlapping resonances to

yield electrophoretic mobilities even for minor constituents. We use phase-

sensitive spectral deconvolution via a set of Lorentz distributions for the inves-

tigation of the migration behavior of additives in two different ionic liquid-

based lithium salt electrolytes. For vinylene carbonate as an additive, no field-

induced drift is observed; thus, its coordination to the Li+ ion does not induce

a correlated drift with Li+. On the other hand, in a solvate ionic liquid with

tetraglyme (G4) as an additive, a correlated migration of tetraglyme with

lithium as a complex solvate cation is directly proven by eNMR. The phase

evaluation procedure of superimposed resonances thus broadens the applica-

bility of eNMR to application-relevant complex electrolyte mixtures containing

neutral additives with superimposed resonances.
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1 | INTRODUCTION

The electrolyte plays a crucial role for the performance of
a battery. The very demanding requirements concerning
battery electrolytes led to a variety of approaches towards

new types of electrolytes.[1,2] With the aim to resolve
safety issues, less volatile/flammable liquid electrolytes
based on ionic liquids (ILs) were considered. However,
these electrolytes consisting of a Li salt in an IL usually
suffer from high viscosities and low conductivities. In
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order to improve their properties, neutral additives are
employed with the intention of either improving the
electrode–electrolyte interface (solid electrolyte inter-
face), or advancing the lithium transport by weakly coor-
dinating molecules, which compete with the Li–anion
interaction. A variety of studies on the impact of additives
on the lithium dynamics in IL electrolytes has been car-
ried out using nuclear magnetic resonance (NMR), elec-
trochemical methods, and molecular dynamics
simulation techniques.[3–9] Impedance measurements
deliver the total conductivity, but do not distinguish
between the contributions from different charge carriers.
Diffusion NMR measurements, on the other hand, deliver
ion-specific information. Assuming validity of the
Nernst–Einstein equation, transference numbers and
thus the contributions of particular ion species to the con-
ductivity can be determined.[10–12] In concentrated elec-
trolytes, however, ion correlations such as ion pair
formation may play a large role, as shown for a range of
different systems.[13–17] In that case, the information con-
tent of diffusion coefficients is limited, and an interpreta-
tion in terms of single ions, pairs, or clusters requires
complex models.[18]

Recently, electrophoretic NMR (eNMR) was intro-
duced to the field of IL-based electrolytes.[13,19] The
method provides the ability to directly investigate the
migration velocities of charged and neutral molecules in
an electric field and benefits from the species selectivity
that comes with NMR spectroscopy.[20,21] Typically, the
investigated nuclei in battery electrolytes are 7Li, 1H con-
tained in the solvent and/or the IL cation, and 19F con-
tained in the investigated anion. The eNMR experiment
consists of a pulsed field gradient NMR diffusion experi-
ment with additional simultaneous electric field pulses
applied to the investigated sample. The application of the
electric field causes a coherent displacement of the inves-
tigated nuclei, resulting in a phase shift ϕ-ϕ0 of the
observed NMR signal phase, as compared with the signal
without electric field, ϕ0.

[20,22]

With this technique, Li transference numbers in IL
were determined without assumption of an ideal electro-
lyte, that is, in a model-free approach without assuming
validity of the Nernst–Einstein equation. A large influ-
ence of Li–anion correlations was found, which even
results in an unintended lithium migration in the
“wrong” direction caused by strong lithium–anion corre-
lations leading to the transport of net negatively charged
clusters.[23–26] This was termed a “vehicle mechanism” of
Li transport, and after being experimentally observed in
several salts,[23,26] it was confirmed by simulations and
suggested as a generic feature in Li salt in IL systems.[25]

As drift velocities become experimentally accessible,
the role of uncharged additives in IL-based electrolytes

is interesting to clarify. However, due to typically low
concentrations, low mobilities, and overlapping 1H sig-
nals from different compounds, this has not been
achieved so far.

In dilute aqueous salt solutions, however, where
experimentally observable phase shifts can reach
>1,000�,[22] eNMR is established in the investigation of
multiple molecular species, which exhibit different phase
shifts in the 1H eNMR spectrum.[22,27–29] It was shown
that the mobilities can be analyzed via 2D Fourier trans-
formation applying the States–Haberkorn correction
yielding a mobility-ordered spectrum (MOSY).[22,30] This
has been demonstrated as a powerful tool to resolve sup-
erimposed 1H eNMR spectra of, for example, aqueous
amino acid mixtures or polyelectrolytes and their coun-
terions by their electrophoretic mobilities.[28,31–35]

Unfortunately, when investigating ILs, which have a
high viscosity, the observable phase range is significantly
less than in aqueous systems due to lower mobilities and
higher conductivities, which limit the applicable electric
fields.[13,19] Additionally, the electrodes in the NMR sam-
ple tube significantly disturb the homogeneity of the
static magnetic field and decrease the spectral resolution.
Thus, the applicability of MOSY spectra to distinguish
distinct molecular species in ILs with small mobility dif-
ferences is limited.

In the present work, we introduce the phase-sensitive
spectral deconvolution of eNMR spectra in order to inves-
tigate the correlated migration behavior of additives in
IL–lithium salt mixtures and to overcome spectral and
phase resolution issues. 1H eNMR measurements are per-
formed on two different IL-based lithium salt electrolytes
with either added vinylene carbonate (VC) or tetraglyme
(G4). The first mixture consists of 1 mol L−1 LiTFSA in
C1C6ImTFSA + 5 % (per volume) VC, that is,
Li(C1C6Im)3(TFSA)4(VC)0.8, which was investigated in
the past by NMR spectroscopy, diffusion experiments,
and molecular dynamics simulations.[8] The second mix-
ture consists of the solvate IL Li(G4)1TFSA

[36,37] and the
IL C1C2ImTFSA at a molar ratio of 1:8 resulting in the
sum formula Li(G4)1(C1C2Im)8(TFSA)9. Considering
previous work on solvate IL, one expects the formation of
a complex solvate cation effectively breaking unwanted
lithium–anion clusters. The 1H eNMR spectra of these
mixtures exhibit superimposed 1H NMR signals of the
respective imidazolium-based cation and the additive.
We compare the results of the proposed deconvolution
method with MOSY 2D fast Fourier transformation
processed spectra and phase data obtained from zero-
order phase correction. Finally, we achieve the determi-
nation of the mobilities of additives, even if they are
present in minor amounts and even if 1H resonances are
overlapping. With the aforementioned two electrolytes,
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we can showcase a system with and without pronounced
additive drift, respectively. This first determination of
additive mobilities opens the route for studies of the
transport of additive species in further electrolyte
formulations.

2 | EXPERIMENTAL

2.1 | Materials

5 vol% of VC (Aldrich > 99%) was added to a mixture of 1
mol L−1 lithium bis-(trifluoromethanesulfonyl)amide
(LiTFSA, Sigma Aldrich ≥ 99%) in 1-hexyl-
3-methylimidazolium bis-(trifluoromethanesulfonyl)
amide (C1C6ImTFSA). C1C6ImTFSA was synthesized by
Bolimowska et al. as reported previously.[8] LiTFSA,
tetraethylene glycol dimethyl ether (tetraglyme, G4,
Sigma Aldrich ≥ 99%), and 1-ethyl-3-methyl-imidazolium
bis-(trifluoromethanesulfonyl)amide (C1C2ImTFSA,
Iolitech ≥99%) were mixed with a molar composition of
Li(G4)1(C1C2Im)8TFSA9.

2.2 | eNMR experiments

Experimental data were acquired on a 400 MHz Avance
III HD NMR spectrometer (Bruker), equipped with a
Diff50 probe head, and a 400 MHz Avance spectrometer
(Bruker), equipped with a Diff30 probe head. A double
stimulated echo pulse sequence with gradient pulses[38]

was used while applying alternating electric field pulses
with an in-house built power source. The electric fields
were incremented from low to higher voltages while
keeping all parameters of the pulse program constant.
The observation times (Δ) were between 100 and 200 ms,
and the gradient pulse duration (δ) was between 0.5 and
3 ms, depending on the investigated nucleus. A custom-
ized sample cell, based on the cylindrical design of
Holz,[20] was equipped with capillaries and palladium
electrodes spaced at a distance of 22 mm as described
earlier.[13] The capillaries and the sample cell were dried
at high vacuum and 105�C overnight prior to filling the
tube with electrolyte solutions in an argon-filled glove
box. The 1H chemical shift was referenced to 8 ppm for
the 1H signal of the C2 carbon atom of the imidazolium
ring in C1C2Im

+, as determined for an imidazolium-
based IL with the TFSA counter ion.[39]

2.3 | Data evaluation

The python modules nmrglue,[40] lmfit, matplotlib,
numpy,and pandas were used for the import, processing,
and fitting of all results. For the MOSY processing, zero

filling up to 32 k data points in the indirect dimension
was applied, and the peak height was determined by
selecting the largest value.

3 | PHASE ANALYSIS METHODS

eNMR measurements yield spectra with a phase shift
depending on the drift velocity of the respective ion spe-
cies. This phase shift is directly proportional to the gyro-
magnetic ratio γ, the magnetic field gradient pulse
duration δ and strength g, the observation time Δ, and
the drift velocity ν (see Equation (1)). The drift velocity is
directly proportional to the applied electric field E and
the electrophoretic mobility μ of the respective molecular
species (see Equation (2)).

ϕ−ϕ0 = γδΔgν ð1Þ

ν= μE ð2Þ

The phase shift ϕ − ϕ0 needs to be quantified in order
to derive the observed nuclei's mobility. Generally, the
phase angle ϕ of a spectrum is defined by Equation (3),
where S0 is the amplitude, A(ω) the absorptive, and D(ω)
the dispersive spectrum.

S ωð Þ= S0 A ωð Þ+ iD ωð Þ½ �exp iϕð Þ ð3Þ

The simplest approach towards determining ϕ is to
multiply the acquired spectrum with exp (iϕcorr) varying
ϕcorr until ϕ = -ϕcorr, such that the exponential term in
Equation (3) becomes zero, obtaining a purely absorptive
spectrum.[41] This process of “phasing” the spectrum is
often done manually under visual inspection of the
resulting spectrum. For the series of spectra with individ-
ual phases acquired in eNMR, this procedure is time con-
suming and limited in its accuracy due to a personal bias.
In addition, this approach is limited to spectra consisting
of single resonances without any superposition by other
resonances with a different phase shift. Regarding phase
correction, one distinguishes between zero and first-order
phase correction, in order to correct frequency-
independent and frequency-dependent phase distortions.
In the context of eNMR, only zero-order phase correction
is typically applied to extract ϕcorr from the phase value
required to obtain a purely absorptive spectrum.

In order to overcome the drawbacks of manual phase
determination, we describe the following three different
approaches towards analyzing the signal phase shift. Fur-
ther on, we compare them with regard to their perfor-
mance in eNMR measurements investigating nuclei with
low mobilities.
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3.1 | Entropy minimization

A variety of phase correction algorithms was introduced
in the past in order to automatize and improve the phas-
ing process of NMR spectra.[42–45] A robust algorithm
was described as a method for phase correction of NMR
spectra by Chen et al.[46] It involves an entropy minimi-
zation, based on the fact that purely absorptive spectra
exhibit lower entropies than purely dispersive spectra.
With the first derivative of the spectrum hj, the entropy S
is calculated via Equation (4) and minimized by per-
forming zero-order phase correction.

S= −
X

i
hjlnhj ð4Þ

The application of zero-order phase correction as a
tool for the analysis of signal phase shifts requires that
the investigated NMR spectrum consists only of a sin-
gle component exhibiting a single mobility. In particu-
lar, it is not possible to distinguish between different
phase shifts of superimposed signals. Therefore, this
method is not further considered for the analysis of
superimposed eNMR resonances, but can be used on
isolated resonances.

3.2 | 2D fast Fourier transformation
(MOSY)

Applying the Euler formula to Equation (3) and inserting
Equations (1) and (2) result in Equation (5). It becomes
clear that the phase shift of the observed NMR signal can
be described as an oscillation of the signal intensity in
dependency of the applied electric field E, electrophoretic
mobility μ, observation time Δ, gradient strength g, and
the gradient duration δ.

S ωð Þ= S0 A ωð Þ+ iD ωð Þ½ � cos γδΔgμEð Þ+ isin γδΔgμEð Þ½ �
ð5Þ

Therefore, the electrophoretic mobility can be ana-
lyzed via 2D Fourier transformation in the time domain

and the electric field domain E, using a modification of
the States–Haberkorn method as applied in various
reports.[22,27–29] The States method is employed to obtain
pure absorption phase spectra and suppress phase twist

line shapes.[30] For its application, the voltage must be
incremented linearly, covering both positive and negative
voltage regions. The data for each frequency ω are then
transformed individually, yielding a 2D correlation plot
of electrophoretic mobility versus frequency.

3.3 | Fitting of Lorentz profiles

Alternatively, for the analysis of phase modulations in
eNMR measurements, a phase-sensitive spectral
deconvolution of eNMR spectra can be performed. The
benefit of this approach is to extract more precise phase
information by correlating data from all frequencies ω,
which belong to the same signal, and therefore must
exhibit the same phase shift. A limitation of this
approach is that an assumption of a particular line shape
is necessary; here, we employ a set of Lorentzian profiles.

The absorptive A(ω, ωL, λ) and dispersive Lorentz
profile D(ω, ωL, λ), depending on the nuclei's resonance
frequency ωL, and the coherence decay rate constant λ,
which is proportional to the peak width λ/π, are given in
Equation (6).

A ω,ωL,λð Þ= λ

λ2 + ω−ωLð Þ2

D ω,ωL,λð Þ= −ω−ωL

λ2 + ω−ωLð Þ2
ð6Þ

The real Ri and imaginary Ii parts of a NMR spectrum
are then given as a trigonometric combination of
absorptive and dispersive Lorentzians according to
Equations (7a) and (7b) with a as the amplitude and ϕ as
the signal phase. In the case of ϕ = 0, one obtains a
purely absorptive spectrum for Ri and a purely dispersive
spectrum for Ii.

[41]

Ri = aj j A ω,ωL,λð Þcosϕ−D ω,ωL,λð Þsinϕð Þ ð7aÞ

I i = aj j D ω,ωL,λð Þcosϕ+A ω,ωL,λð Þsinϕð Þ ð7bÞ

For the analysis of an eNMR data set, each recorded
spectral row corresponding to an applied voltage is
approximated individually via the sum of a set of
Lorentzians. The complex phase-sensitive spectral shape

Ŝ ω,ωi,λi,ai,ϕi,bð Þ= b+
Xnp

i=1
Ri ω,ωi,λi,ai,ϕi½ �+ iIi ω,ωi,λi,ai,ϕi½ �½ � ð8Þ
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is given by Equation (8), where np is the number of peaks
to be fitted, b the baseline, and ωi, λi, ai and ϕi are indi-
vidual parameters for each fitted peak according to
Equation (6).

In order to reduce the degrees of freedom of the fit
model, reasonable restrictions to the fit function may be
introduced, for example, using the same phase ϕi for
peaks that are assigned to the same molecule and there-
fore will exhibit the same signal phase shift.

This approach correlates all frequencies with each
other and considers physically meaningful dependencies
of correlated resonances, while being able to describe
superimposed signals. Additionally, the individual phase
values for each electric field value E are obtained, which
makes it easier to test their linearity and thus identify
potential experimental artifacts.

4 | RESULTS AND DISCUSSION

4.1 | VC in LiTFSA/C1C6ImTFSA

The mixture of VC with 1 mol L−1 LiTFSA in
C1C6ImTFSA was investigated via 1H, 7Li, and 19F
eNMR. In the 1H spectrum, the low VC concentration
results in only a minor VC signal, which is furthermore
overlapping with the 1H resonances of C1C6Im

+ (see
Figure S1). Two regions of the full 1H eNMR spectrum
were selected for the analysis of the C1C6Im

+ and VC
mobilities. The first region exhibits the C4 and C5 1H sig-
nals (7.1–6.6 ppm) of the organic cation's imidazolium
ring as well as the 1H signal of VC (see Figure 1), whereas
the second region (2 to −0.5 ppm) exhibits solely isolated
alkyl 1H signals of C1C6Im

+ and serves as reference for
the Lorentz fitting method. The 1H spectra of the VC
region acquired with −200, 0, and + 200 V are depicted
in Figure 1 (see black lines) exhibiting only minor phase
variations, which could be mistaken for random phase
errors. However, it is not apparent from this depiction

whether all three peaks exhibit the same or deviating
phase shifts, respectively.

4.1.1 | Mobility-ordered spectroscopy

The 1H MOSY spectrum was calculated for the first spec-
tral region (7.1–6.6 ppm) containing the VC signal of the
investigated VC/LiTFSA/C1C6ImTFSA mixture and is
shown in Figure 2a. The two peaks labeled as C4/5 corre-
spond to the adjacent aromatic protons in C1C6Im

+,
whereas VC corresponds to the proton signal in VC. Due
to the nature of Fourier transformation, the resolution of
the resulting MOSY spectrum is strongly dependent on
the number of oscillation periods recorded in the indirect
dimension. Unfortunately, the observable phase shift
range in eNMR measurements of viscous, highly concen-
trated solutions is often limited to <π/2. In the presented
example, only a very minor distinction between the C4/5

and VC signals can be made in the mobility dimension of
Figure 2a.

Slices of the MOSY spectrum corresponding to the
chemical shifts of the discussed signals are extracted (see
Figure 2b), in order to obtain a better comparison of the
peaks of interest and the mobility differences. Electro-
phoretic mobilities obtained from the respective maxima
are indicated in Figure 2b. Both C4/5 signals (δ: 6.91 and
6.84 ppm), exhibit approximately the same mobility but
deviate from each other by approximately 0.3�10−10 m2

V−1 s−1. VC exhibits a peak maximum at 1.4�10−10 m2

V−1 s−1. However, this maximum is very broad, indicat-
ing a considerable error. In addition, considering the low
intensity, the overlapping C4/5 signals may influence the
position of the maximum. Thus, although both C4/5 sig-
nals are clearly occurring at positive mobilities, it is hard
to state whether the small positive value of VC is an
overlap-induced artifact, or indicates a true drift of VC.
Thus, in this application involving viscous samples where
only small phase changes are observed, the analysis of
MOSY-processed eNMR is limited.

FIGURE 1 Black lines: 1H electrophoretic nuclear magnetic resonance spectra of VC/C1C6ImTFSA/LiTFSA at −200, 0, and 200 V in

the spectral region containing the C4/5 1H signals of the imidazolium ring and the smaller vinylene carbonate signal. Dashed lines:

Lorentzian fits (C4/5: blue dashed lines, vinylene carbonate: orange dashed line)
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4.2 | Lorentz fitting procedure

Both spectral regions were fitted individually with a
superposition of three Lorentzians. For the first spec-
tral region (7.1–6.6 ppm), examples of the fit are
shown in Figure 1 by dashed lines. Here, the phase,
amplitude, and peak width of the two C1C6Im

+ signals
were set to identical values, respectively. For a separate
fit of the second spectral region (2 to −0.5 ppm), the
phase was set equal for all isolated 1H alkyl signals.
These physically meaningful restrictions to the fit
models were introduced in order to reduce the degrees
of freedom by correlating not only frequencies of a sin-
gle signal but also of multiple signals, which belong to
the same molecular species.

The phase shift values obtained for the superimposed
VC and C1C6Im

+ signals of the first spectral region are
depicted in Figure 3a and clearly deviate from each other.
The second spectral region was analyzed as well by spec-
tral deconvolution, resulting in the phase data in
Figure 3b (see full blue circles). For comparison, we also
performed an analysis via phase correction, these data
(open circles in Figure 3b) are in very good agreement
with the fit results, showing that the phase correction
method and the fitting method yield equivalent results, if
no superposition is present. In addition, the phase shift

values of C1C6Im
+ depicted in Figure 3a,b are in very

good agreement, validating the fit of the superimposed
C4/5 and VC signals. The C1C6Im

+ mobility obtained
from the superimposed fit of the C4/5 signals in the first
spectral region containing the 1H VC signal is (4.1 ± 0.2)�
10−10 m2 V−1 s−1; it matches very well the mobilities
obtained from the second spectral region (2 to −0.5 ppm)
analyzed via phase correction, (4.3 ± 0.2) 10−10 m2 V−1

s−1, and the mobility extracted by Lorentz fitting, which
is (4.2 ± 0.2) 10−10 m2 V−1 s−1.

While C1C6Im
+ exhibits a positive slope and there-

fore a positive mobility, this is not the case for VC
with μ = (−0.1 ± 0.2)�10−10 m2 V−1 s−1. However, the
error bars of the phase shifts of VC are large because
the VC signal contributes only to a small part of the
fitted region. Hence, one can conclude that in view of
the given error range, VC has an electrophoretic mobil-
ity of zero.

Finally, the zero mobility of VC sheds light on the
influence of solvent coordination on Li+ migration:
Previously, 7Li-1H heteronuclear Overhauser enhance-
ment spectroscopy experiments had indicated a vicinity
of VC with Li+, and molecular dynamics results sug-
gest an average contribution of 0.5 OVC atoms in the
first Li+ solvation shell.[8] Thus, a coordination of VC
to Li+ is clearly evident. On the other hand, this

FIGURE 2 (a) 1H mobility-ordered

spectrum of spectral vinylene carbonate and

C4/5 region and (b) slices of the 1H mobility-

ordered spectrum for the C4/5 (δ = 6.91 ppm

and δ = 6.84 ppm) and VC (δ = 6.78 ppm) peaks

FIGURE 3 Phase shift values ϕ-ϕ0

plotted against the applied voltages

obtained from (a) fit results of the

superimposed VC and C4/5 signals

observed between 7.6 and 6.1 ppm. (b)

Fitted and phase-corrected phase shift

values of the isolated aliphatic 1H

C1C6Im
+ signals observed between 2

and −0.5 ppm
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coordination is not sufficiently long lived to induce a
drag of VC alongside with Li+ in the electric field.

Concerning the Li+ transport, for Li salt in IL systems
without additive, it was previously discussed whether the
Li+ transport may occur as structural transport via Li+

ion hopping between different coordination sites (involv-
ing short-lived Li–anion coordination), or via a vehicle
transport of Li-containing clusters, involving a Li–anion
coordination lifetime, which is longer than the time scale
of a cluster displacement.[23,26] There, long-lived coordi-
nation was found, leading to vehicle transport of Li
(Anion)x

1-x clusters, evidenced by a negative transference
number of Li.[23] In the present system containing VC,
we also investigated the Li+ migration by 7Li eNMR (see
Figure S2). The results show a negative Li+ mobility,
similar to the findings in salt in IL systems without added
carbonate.[23] Hence, the Li+ migration behavior is still
dominated by anionic lithium–anion clusters.

Concerning the VC–Li+ coordination, the opposite
case applies: A short-lived VC–Li coordination leads to
Li+ moving between different VC coordination sites,
which do not experience a drift in the electric field, while
Li+ still drifts alongside with its coordinated anions in
the anion direction. The correlated motion with the
anions might be, however, reduced by the VC coordina-
tion, which is possibly the cause for the improved
performance of lithium-ion batteries using IL electrolytes
with VC.[47]

4.3 | Tetraglyme in Li
(G4)1(C1C2Im)8TFSA9

The system of Li(G4)1(C1C2Im)8(TFSA)9 offers another
example to showcase the analysis of superimposed 1H
eNMR spectra via phase-sensitive spectral deconvolution.
In this mixture, the tetraglyme (G4) is coordinated to the
lithium ion forming a complex cation. Therefore, a
nonzero electrophoretic mobility might be expected for
G4, despite not carrying a charge itself. Again, two
regions of the 1H eNMR spectrum (see the full spectrum
in Figure S3) are selected. Figure S4 shows spectra of
these regions taken with the double stimulated echo
sequence at different voltage values of the electric field
pulse. The first spectral region (8.5–6.5 ppm) exhibits
only the aromatic proton signals of C1C2Im

+, whereas
the second region (4.2–2.5 ppm) exhibits a superimposed
spectrum of the G4 signals and the aliphatic proton
signals of C1C2Im

+.
Due to the small accessible range of phase shift

values, MOSY processing yields again peaks that are very
broad in the mobility domain. An analysis is shown and
discussed in Figure S6.

4.4 | Lorentz fitting procedure

Phase-sensitive spectral deconvolution of the 1H eNMR
spectra of Li(G4)1(C1C2Im)8(TFSA)9 was performed on
both spectral regions. A 1H eNMR spectrum of the sec-
ond spectral region, including all fitted Lorentzians, is
shown in Figure 4. Due to the limited spectral resolution,
each signal is approximated via a single Lorentz shape in
spite of the J coupling-induced multiplicity.

The first region, displayed in Figure S4a, containing
only isolated C1C2Im

+ resonances, results in the phase
values given by the black circles in Figure 5b, which can
serve as reference values. The second region (Figure 4),
exhibiting the superimposed C1C2Im

+ and G4 signals,
was fitted with and without restrictions to the fit model
in order to test the necessity of physically meaningful
restrictions. Figure 5a gives the results of fits without any
restrictions, and Figure 5b gives the results for fits with
the phases set equal for peaks that correspond to the
same compound. In Figure 5a, the phase shifts of the G2

peak are not in good agreement with the G1 and G3

peaks. This is physically not meaningful because all three
signals belong to the same molecular species. Hence,
some restrictions in the fit model are necessary in order
to obtain reasonable results. In Figure 5b, the phase shift
of the isolated C1C2Im

+ signals, analyzed independently,
is in very good agreement with that analyzed for E1 and
E2 in the superposition region with the G4 signals. Both
are resulting in a C1C2Im

+ mobility of (14.6 ± 0.3)�10−10
m2 V−1 s−1. This demonstrates that the determination of
the C1C2Im

+ phase shift in the superimposed spectrum
by spectral deconvolution is accurate.

The phase shift values of G4 obtained from the same
fit model exhibit a shallower slope, resulting in a mobility
of (7.2 ± 0.5) 10−10 m2 V−1 s−1 as obtained from

FIGURE 4 1H electrophoretic nuclear magnetic resonance

spectrum of Li(G4)1C1C2Im8TFSA9 showing the spectral region

approximated with a set of five Lorentz distributions. E1 and E2

corresponding to EMIm+ and G1, G2, and G3 corresponding to G4
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Figure 5b. Interestingly, this G4 mobility agrees well with
the lithium mobility of (7.4 ± 0.7) 10−10 m2 V−1 s−1

extracted from 7Li eNMR experiments on the same sam-
ple (see phase shifts in Figure S5). Thus, a correlated
migration of G4 with lithium in form of (LiG4)+ solvate
ions can be concluded in Li(G4)1(C1C2Im)8(TFSA)9. Pre-
vious studies had already assumed a correlated migration
of G4 with lithium as a complex solvate cation, because
identical self-diffusion coefficients were observed.[36,37]

Here, we show that this is not a mere coincidence of
diffusivities, but indeed, the neutral G4 molecule exhibits
a drift in the electric field due to its coordination to the
Li+ ion.

Furthermore, the results show that Li+ is migrating
in the expected “right” direction. The coordination with
G4 apparently reduces the lithium–anion interaction and
breaks the net negatively charged Li–anion clusters. G4
thus serves to form a complex solvate cation and effec-
tively reverses the lithium migration from the wrong to
the right direction.

Finally, comparing the two systems including VC
and tetraglyme, respectively, major differences are
obvious, which can be attributed to a very different
coordination strength of the respective additive to Li+:
We recall that the additive-free Li salt in IL system
exhibits a Li migration in a vehicle mechanism in form
of net negatively charged Li (Anion)x

1-x clusters. VC as
an additive in such an electrolyte does not change the
direction of lithium migration, though it may weaken
the Li–anion coordination somewhat. The VC itself
exhibits no significant migration, but is nevertheless
coordinated to Li+; thus, these coordination bonds can
be concluded to be short lived. Hence, no long-lived
VC lithium clusters are formed and lithium–anion
clusters are still dominating the lithium migration
behavior in this mixture.

Tetraglyme, on the other hand, shows a strong
coordination to Li+, and we prove here a migration of
these neutral molecules in an electric field. This is
attributed to a long-lived coordination; thus, Li is drag-
ging the tetraglyme along in the field direction. The

Li–tetraglyme clusters effectively act like a cation. In
addition, G4 leads to the effective breakage of nega-
tively charged lithium–anion clusters as indicated by a
positive lithium mobility.

5 | CONCLUSION

Although MOSY is a powerful tool for the analysis of
superimposed eNMR spectra, its application is tied to
the observable phase ranges. In eNMR experiments on
ILs, this phase range is typically far below a full
period. This limitation can be overcome by spectral
deconvolution of eNMR spectra via a set of Lorentz
profiles with absorptive and dispersive components.
However, reasonable restrictions need to be introduced
to the fit model in order to obtain reliable results.
Using this procedure, we could for the first time ana-
lyze the transport of uncharged, coordinating solvent
molecules in an electric field and distinguish between
correlated or uncorrelated additive–lithium migration,
respectively. Instead of indirectly deducing migration
behavior from diffusion measurements, we directly
observe the displacement of the investigated molecules
within an electric field.

Using VC as an additive in a lithium salt IL electro-
lyte does not change the lithium migration mechanism
significantly. Lithium is migrating, correlated with the
anions in net negatively charged clusters, and is thus
migrating in the wrong direction, whereas vinylene car-
bonate exhibits no significant migration. Hence, no long-
lived VC–lithium clusters are formed and lithium–anion
clusters are still dominating the lithium migration behav-
ior in this mixture.

On the other hand, using tetraglyme as the additive
in a lithium salt IL electrolyte leads to the effective
breakage of negatively charged lithium–anion clusters as
indicated by a positive lithium mobility. In this context,
we present the first direct observation of a correlated
migration of tetraglyme with lithium as a complex solvate
cation, which is generally assumed in solvate ILs.

FIGURE 5 Phase shift ϕ-ϕ0 against applied

voltage obtained from superimposed 1H

electrophoretic nuclear magnetic resonance

spectra (δ = 4.2–2.5 ppm) of

Li(G4)1C1C2Im8TFSA9 using (a) an unrestricted

fit model and (b) a fit with identical phase values

for 1H resonances from the same molecule. In

addition, phase shift values of the isolated

C1C2Im
+ signals (δ = 8.5–6.5 ppm) are depicted

in (b)
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