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Abstract

Electrophoretic NMR has recently proven to be a powerful toolin studies of nonaqueous electrolytes,
such as ionic liquids. It can separately monitor electrophoretic mobilities of variousionic constituents in
an electric field, andthusshed lighton ion correlations, which determine the conductivty. In applications
of liquid electrolytes often uncharged additives are employed, which are accessible via 'H NMR.
Characterizing their mobility - and thus their potential coordination to charged entities - is desirable,
however often hampered by small intensities and 'H signals overlapping with major constituents of the
elec trolyte. In this work, we evaluate methods of phase analysis of overlapping resonances to yield
elec trophoretic mobilities even for minor constituents. We use phase-sensitive spectral de-convolution
via a set of Lorentz distributions for the investigation of the migration behavior of additives in two
different ionic liquid-based lithium salt electrolytes. psing vinylene carbonate (VC) as an additive, no

field-induce d drift is observed, thus the a dditive does not show a coordination-induced correlated drift

with the Li" ion] On the other hand, in a solvate ionic liquid with tetraglyme (G4) as an additive, a

correlated migration of tetraglyme with lithium asa compkx solvate cation is directly shown for the first

time. The phase evaluation procedure of superimposed resonances thus broadens the applicability of
elec trophoretic NMRto application-relevant complex electrolyte mixtures containing different additives

with superimposed resonances.
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Introduction

The electrolyte playsa crucial role for the performance of a battery. Its propertiesinfluence important
aspects such as battery safe ty, coulomb efficiency and/or operating temperatures. T he very demanding
requirements concerning battery electrolytes in modem technologiesled to a variety of approaches
towa rds new types ofelectrolytes.!' 2 With the aim to resolve safety isues less volatile/fhmmable liquid
elec trolytes based on ionic liquids (IL) were considered. However, these electrolytes consisting of a Li
salt in an IL usually suffer from high viscosities and low conductivities. In order to improve their
properties, neutral additives are employedwith the intentionof either improvingthe electrode -e lectrolyte
interface (solid electrolyte interface, SEI), or advancing the lithium transport by weakly coordinating
molecuks, which compete with the Li-anion interaction. Avariety of studies on the impact of additives
on thelithium dynamicsin ionic liquid electrolytes have been carried out using NMR, ek ctrochemical
methods and molecular dy namics simula tion techniques.?? Imp edance measurements deliver the total
conductivity, which can be a first indication ofelectrolyte performance. However, they do notdistinguish
between the contributions from different charge carriers. Diffusion NMR measurements, on the other
hand, deliver ion-specific information. Assuming validity of the Nemst-Einstein equation, transference
numbers and thus the contributions of particular ionspecies to the conductivity can be determined.['™"
In concentrated electrolytes, however, ion correlations such as for example ion pair formation may play
alarge role, ashas been shown fora range of different systems.!'> " In that case, the in formation c ontert
of diffusion coefficientsis limited, and in order to take into account different species such as single ions,
pairs, or clusters with their various contributions to diffusivity andconductivity, respectively, additional

models have to be employed“g]

Recently, electrophoretic NMR (eNMR) was introduced to the field of Li battery electrolytes.m’ ¥t
provides the ability to directly investigate the migration velocities of charged and neutral molecules in
an electric field and benefits from the gpecies selectivity that comes with NMR spectroscopy.[mm
Typically, the investigated nuclei in battery electrolytes are "Li, 'H contained inthe solvent and/or the IL
cation, and "F containedin the investigated anion. The eNMR experiment consists of a pulsed-field-
gradient (PFG NMR diffusion experiment with additional simultaneous ekctric field pulses applied to
the investigated sample. The application of the electric field causes a coherent displacement of the

investigated nuclei resulting in a phase shift ¢-go of the observed NMR signal compared to the signal

without ele ctric field.”*??



With this technique, Li transference numbers in IL were determined without assumption of an ideal
electrolyte, i.e. assuming validity of the Nemst-Einstein equation. A large influence of Li-anion
correlationswas found, which even results in an unintended lithium migration in the “wrong” direction
caused by strong lithjum-anion corre htions leadingto the transport of net ne gatively charged clusters.*>
29 Thiswas termeda ‘vehicle mechanism’ of Li transport, and observed in several salts,m] and recently

confirmed by simulations *¥

As drift velocities become experimentally accessible, the role of uncharged additives in IL-based
elec trolytes is interesting to clarify. However, due to typically low concentrations, low mobilities and

overlapping signals from different compounds, this has not been attempted so far

In dilute aqueous salt solutions, however, where experimentally observable phase shifts can reach >
1000°,”? ¢NMR was appliedto the investigation of multiple molecular species, which exhibit different
phase shifts in the "H eN MR spectrum.? 27?11t was shown that the mobilities can be analyzed via 2D
Fourier transformationapplying the State ssHaberkorn correction yielding a mobiity ordered spectrum
(MO SY).% 3% This has been demonstrated by resolving superimposed 'H eN MR spectra ofe .g aqueous
amino acid mixtures or polyelectrolytes andtheir counterions by theirelectro phoretic mobilities. ™ *-**!
However, theresolution in the mobility dimension s highly de pendent on the mobility difference of the
investigated distinct mole cular speciesas well as the observed phase range. When investigating ILs, the
observable phase range is significantly less than in aqueous systems due to lower mobilities andhigher
conductivitieslimitingthe applicableelectric fie lds!'* ' Additionally, the electrodesin the NMR sample
tube significantly distub the homogeneity of the static magnetic field and decrease the spectral
resolution. T hus, the ability to calculate MOSY spectra from eNMR measurements ofILsis limited.

In the present work, we introduce the phase sensitive spectral de-convolution of eNMR spectra in order
to investiga te the c orrelated migration behavior of additives in IL-lithium salt mixtures and to overcome
spectral and phase resolution issues. 'H eN MR measurements are performed on two different IL-based
lithium salt electrolytes with either added vinylene carbonate (VC) or tetraglyme (G4). ). The first
mixtwe consigs of 1 mole'L” LiTFSA in CiGImTFSA + 5 % (per volume) VC, ie
Li(C1CGsIm)3(TFSA)4(VC)o.s which was investigated in the past by NMR spectroscopy, diffusion
experiments, and molecular dyna mics simulat ions.®! The second mixture consists of the solva te ionic
liquid Li(G4 ) TFSAB®*] and the Ionic Liquid CiC2ImTFSA at amolar ratio of 1:8 resulting in the sum

formula Li(Gs)1(CiC2Im)sT FSA . Considering previous work on solvate ionic liquids, one expects the
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formation of a complex solvate cation effectively breaking unwanted lithium-anion clusters. The 'H
eNMR of these mixtures exhibit superimposed 'H NMR signals of the respective imidazo lium-ba sed
cation andthe additive. We compare the resultsof theproposeddeconvolution methodto MOSY 2D FFT
processed spectra and discuss the applicability of zero order phase correction for phase analysis. Finally,
we achieve the determination of the mobilities of additives, even if they are present in minor amounts,
and even if "H resonances are overlapping. We can showcase a system with and without pronounced
additive drift, respe ctively. This first determination of additive mobilities opens the route for studies of

the transport of additive species in further electrolyte formulations.

Experimental

Materials

5 vol% of vinylene carbonate (VC, Aldrich >99%) was added to a mixture of I mol-L™" lithium bis-
(trifluoromethanesulfonyl)amide (LiT FSA, Sigma Aldrich >99%) in 1-hexyl-3-methylimidazolium bis-
(trifluoromethanesulfonyl)amide (CiGsImT FSA). CiCImTFSA was synthesized by Bolimowska et al.
as reported previously.™ LiTFSA, tetraethylene glycol dimethyl ether (te traglyme, G4, Sigma Aldrich
>09%) and 1-ethyl-3-methyl-imidazolium bis-(trifluoromethanesulfonyl)amide (CiC2ImmTFSA,
Iolitech >99%) were mixed with a molar composition of Li(Gs)1(CiC2Im)sT FSAs.

Hectrophoretic NMR experiments
Experimental data was acquired on a 400 MHz Bruker Avance III HD, equipped with a Diff50 probe
head, and a 400 MHz Bruker Avance spectrometer equipped with a Diff30 probe head. A double

stimulated echo pulse sequence with gradient pulses[3 8

was used while applying alternatingelectric 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 (4) we re
between 100 and 200 msand the gradient pulse duration (J) was between 0.5 and3 ms, depending on
the investigated nucleus. A customized sample cell, based on the cylindrical design of Holz,”” was
employede quipped with capillaries and palladium electrodes spacedata dissance of22 mm as described
earlier."™ The capillariesandthe sample cell were dried at high vacuum and 105 °C ovemight prior to

filling the tube with electrolyte solutions in an argon filled glove box. The 'H chemical shift was



referencedto 8 ppm forthe 'H signal of the C carbon atom of the imidazolium ring in C1CoImIm”, asit

was determined for animidazolium based IL with the TFSA counter ion.>”

Data evaluation

The python modules nmrgluem]

, lmfit, matplotlib, numpy and pandas were used for the impott,
processing and fitting of all results. For the MOSY processing, zerofilling up to 32k data points in the

indirect dimension was applied and the peak height determined by selecting the highest data point.

Phase Analysis Methods

eNMR measurements yield spectra with a phase shift de pending on the drift velocity of the regpective
ion species. This phase shift is directly proportional to the gyromagnetic ratio y, the magnetic field
gradient pulse duration ¢ and strength g, the observation time 4 and the drift velocityv«(sce eq. 1). The
velocity of the observed nucleus is directly proportional to the applied electric field £ and its

elec trophoretic mobility u as depicted ineq. 2.

¢ — o =ydAgvy M

vy = uE 2
The phase shift ¢ — ¢y needs to be quantified in order to derive the observed nuclei’s mobility.
Generally, the phase angle ¢ of a spectum s defined by eq. 3 where So is the amplitude, A(w) the

absorptive and D(w) the dispersive spectrum.

S(w) = SolA(w) + iD (w)]exp(ig) ®3)
The simplest approach towards determining ¢ is to multiply the acquired spectrum with exp(idcor)
varying ¢cor until ¢ = -@eor, such that the exponential term in eq. 3 becomes zero, obtaining a purely
absorptive spectrum.*! Thisprocess of “phasing” the spectrum is usually done manually under visual
inspection ofthe resulting spectrum. For the series of spectra with individual phases acquired in eNMR
this procedure is time consuming 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 cormrection, one distinguishes between zero and

first order phase correction, in order to correct frequency-independent and frequency-depe ndent phase

6



distortions. In the context ofeNMR, typically only zero order phase correction s applied to extract geor

from the phase value required to obtain a purely absorptive spe ctrum.

In order to overcome the drawbac ks of manual phase determination, we describe in the following three
differentapproaches towards analyzingthe signal phase shift. Furthermore, we comparethem with regard

to their performance in electrophoretic NMR measurements investigating nuclei with low mobilities.
Entr opy Minimiz ation

A variety of phase correction algorithms was introduced in the past in order to automatize and improve

42481 The algorithm applied in this work was described asa robust

the phasing process of NMR spec tra.
method for phase c orrection of NMR spectra by Chen et al."? It involves an entropy minimization via
phase correction, based on the fact that purely absorptive spectra exhibit lower entropies than purely
dispersive spectra andtherefore the entropyserves well as a quantity to be optimized resulting a in a
purely absorptive spectrum. As suggested in the paperby Chen, thefirg derivative ofthe spectrum is
calc ulated numerically andconsecutively its entropy S is calculhte d via eq. 4. The resulting entropy is

then minimized via the Levenberg-Marquardt algorithm by performing zero order phase correction as

discussed above.

== hyinky @
[

The applic ation 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 single c omponent exhibitinga single mobility. In
particular, it is not possibk to distinguish between different phase shifts of superimposed signals.

Therefore, thismethod is not further considered for the analysis of superimposed eNMR spectra.

2D Fast Fourier Trans formation (MOSY)

Applying the Euler formula to eq. 3 and insertingeq. 1 and 2 results in eq. 5. It be comes 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 4, observation time 4, gradiernt
strength g and the gradient duration J.

S(w) = So[A(w) + iD (w)][cos(ySAguE) + isin(ySAguE)] %)
Therefore, theelectrophoreticmobility canbe analyze dvia 2D Fourier transformation in the time domain
and the ele ctric field domain E, applying a modification of the States-Ha berkom method as applied in
7



various rep otts. [2227P] The States method is appliedto obtain pure absorption phasespectra andsup press
phase twist line shapes.”” For its application, the voltage must be incremented linearly, covering both

positive and negative voltage regions.

The data for each frequency w is then transformed individually without any correlation between
frequencies. Due to the nature of Fourier transformation, the resolution of the resultingMOSY spe ctrum
is strongly depending on the mumber of oscillation periods recorded in the indirect dimension.
Unfortunately, the observable phase shift range in eNMR measurements of viscous, highly concentrated
solutions is often limitedto <m/2. This minor phase shift results in a pootly resolved MOSY spec trum in
the mobility domain. The mobility spectrum may be further broadened due to phase errors c aused by
experimental artifactssuch asele ctroosmosis or sample decomposition which are difficult to identify in

the resulting MOSY spectrum.™”
Fitting of Lorentz Profiles

Alternatively, forthe analysis of phase modulationsin eNMR measurementsa phase sensitive spec tral
de-convolution of eNMR spectra canbe performed.Thebenefit ofthisapproach is to extract more pre cise
phase information by correlating data from all frequencies w, 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 lineshape is necessary; here, we employ a set of Lore ntzian profiles.

The absorptive A(w, w1, 1) and digpersive Lorentz profile D(w, w1, 1), depending on the nuclei’s
resonance frequency or, and the coherence decay rate constant 4 which is proportional to the peak width
Alm, are given in equ. (6).

A —w — Wy,

¥ wowp? Do =T,y ©

Alw, w,A) =
The real R; and imaginary /; part ofa NMR spectrum are then given as a trigonometric combination of
absorptive and dispersive Lorentziansaccording to equation 7a and 7b with @ as the amplitude and ¢ as
the signal phase. In the case of ¢ = 0, one obtains a purely absorptive Ri and a purely dipesive /i

spectrum. "

R; = lal (A(w, wy,,A) cosp — D(w, wy,A)sing) (7a)
I = |a| (D(w, w,A) cosp + Alw, wy,, A) sing) (7b)



For the analyss of an eNMR data set, each recordedspectral row corresponding to an applied voltage is
approximated individually via the sum of a set of Lorentzians. The complex phase sensitive spectral
function is given by equation 8, where n, is the number of peaksto be fitted, b the baseline and w;, 4; ai

and ¢; are individual parameters for each fitted peak accordingto equation 6.

S(w,wi,A,a5,¢;,b) = b +Z?51[Ri(w,wi,/1i,ai,¢i)+ il;(w, 0,4, a5, ¢)] (3)
In order to reduce the degreesof freedom of the fit model, reasonable restrictions to the fit function may
be introduced, e.g. using the same phase ¢; for peaks which are assigned to the same molecule and

therefore will exhibit the same signal phase shift.

This approach correlates all frequencies with each other and considers physically me aningful
dependencies of correlhte dresonances, while being able to describe superimposed signals. Contrary to
MOSY processing, the individual phase values for each electric field value £ are obtained which makes

it easier to te st their linearity and thus ide ntify potential experimental artifacts.



Results & Discussion

Vinylene carbonate in LITFSA/C1CeImTFSA

The mixture of VC with 1 mole-L™ LiTFSA in C;CeImT FSA was investigatedvia 'H, Liand '°F eNMR.
In the 'H spectrum, the low VC concentration results in only a minor VC signal, which is furthemmore
overlappingwith the 'Hresonancesofthe CiColm” (see supplementary mate rial, figure S1). Two regions
ofthe full 'H eNMR spectrum were selected for the analysis of the CiCslm™ and VC mobilities. T he first
region exhibitsthe C*and C’ 'H signals (8.2 — 6.6 ppm) ofthe organic cation’s imidazolium ring as well
as the 'H signal of VC, whereas the secondregion (2—-0.5 ppm) exhibitssolely isolated alkyl 'H signals
of CiCslm”™ and serves as reference for the Lorentz fitting method. The 'H spectra of the VC region
acquired with -200, 0 and+200 V are depicted in figure 1 exhibiting only minor phase variationswhich
could be mistaken for random phase errors. However, it is not apparent from this depiction whether all

thre e peaks exhibit the same or deviating phase shifts, respectively.

-200V oV 200V
U u
e \\\J_\ -__...._.;__‘\a_ S T
T T 1 T T | T T 1
7.0 6.8 6.6 7.0 6.8 6.6 7.0 6.8 6.6
6/ ppm

Fig 1:Spec tral region of the 'H eNMR spectra of VC/CiCslm TFSA/LITFSA containing the C*° 'H signals
of the imidazokum ring and the smaler VC signalat -200, 0 and 200 V, dashed lines: Lorentzian fits
(VC: green dashed line).

MOSY

The 'HMOSY spectrum was calcuhted for the first spectral region (8.2 — 6.6 ppm) containing the VC
signal ofthe investigated VC/LiT FSA/CiCsImT FSA mixture andis shown in figure 2 a). The two peaks
labe lled as C*° correspond to the adjacent aromatic protons in CiCeIm" while VC corresponds to the
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proton signal in vinylene carbonate. Only a very minor distinction between the C*° and VC signals can

be made in the mobility dimension of figure 2 a).

x10°
0.8 4
1=3.92E-10 11=3.64E-10
_ oo ]
P
"
5 0.4 1
£ ;; 11=1.40E-10
= 5 o2 .
A c
£ ] — §=6.78 (VC)
: = 6.84 (CV9) b)
—_— = 4/5
02 § =691 (C*/%)
T -6 -6 —4 -2 0 2 4 6
7.0 6.9 6.8 6.7 211 ©10-9
o/ ppm w/ (mPv-lsTh)

Fig 2: a) 'H MOSY of spectral VC and c”? region b) Slices of the '"H MOSY spectrum at c”
(0 =6.91 ppm and 6 = 6.84 ppm) and VC (6 = 6.78 ppm) peaks.]

Slice s of the MOSY spectrum correspondingto the chemical shiftsof the discussed signals are extracted,
see figure 2 b), in order to obtain a bette rcomparison of thepe aksof interest andthe mobility differences.
Electrophoretic mobilities obtained from the respective maxima are indicate d in figure 2 b). Both C*°
signals (J:6.91 and 6.84 ppm), exhibit approximately the same mobility but deviate from each other by
approximately 0.3 -1 0"'m?V's!. VC exhibits a peak maximum at 1.4 10"°m?V's". However, this
maximum is very broad, indicatinga considerable error. In addition, considering the low intensity the
overlapping C*° signals may influence the position of the maximum. T hus, while both C** signals are
clearly occurring at positive mobilities, it is hard to state whether the small positive value of VC is an
overlap-induced artefact, or indicates a true drift of VC. Thus, the analysis of MOSY processed eNMR

is limited in this application.
Lorentz fitting procedure

Both spectral regions were fitted individually with a superposition of three Lorentzians. For the first
spectral region (7.1 — 6.6 ppm) examples ofthe fit are shown in figure 1 by dashed Imes. Here, the phas,
amplitude andpeak width ofthe two C1CeIm" signals were set to identical values, respectively. For the
fit of the second spectral region (2 —-0.5 ppm), the phase was set equal for all isolated 'H alkyl signals.
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These physically meaning ful restrictions to the fit models were introduced in order to reduce the degrees
of freedom by correlating not only frequencies ofa single signal but of multiple signals which belongto

the same molecular species.

T he phase shift va lues obtained for the superimposed VC and C1CsIm" signals are depicted in figure 3a)
and clearly deviate from each other. The second spectral region was analyzed as well by spectral de-
convolution, 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) show very good
agreement with the fit results, showing that the descrbed phase correction methodand the fitting method
yield equivalent results, if no superposition is present. In addition, the phase shift values of C1Cslm"
depictedin 3a) and 3b) are in very good agreement, validatingthe fit ofthe superimposed C** and VC
signals. The C1CsIm " mobility obtained fromthe superimposed fit of the C** signals in the first pectral
region containing the 'H VC signal is (4.1+0.2)-10"° m?V's", it matches very well the mobilities
obtained from the second spectralregion (2 —-0.5 ppm) analyzedvia phase correction, (4.3 +0.2) 10

m’V's", and the mobility extracted by Lorentz fitting, which is (4.2 £ 0.2) -10™° m*V's™.

20 20
&6=7.6-6.1ppm: 6=2--0.5ppm:
(ol vC fitted
10 LJ - 10 ¢ s
b0 O phase corrected 8
o6 ‘3
2 Lo -~ 2 )
- 1 Y - 1 085
FE 14083 FE ° :5 09
| 47 |
B & R ,;g’i
—10 A o0y —10 A 985‘
. 2
ee®, &86’. b
-20 a) -20 )
—=200 -100 0 100 200 —=200 -100 0 100 200
usv ulv

Fig 3: Phase shift values ¢-¢o plotted against the applied voltages obtained from a) fit results of the
superimposed VC and c”? signals observed between 7.6 and 6.1 ppm. b) Fitted and phase corrected
phase shift values of the isolated aliphatic 'H CiCslm " signals observed between 2 and -0.5 ppm.

While C1CsIm* exhibits a positive slope and therefore a positive mobility, thisisnot the case for VC with
u=(0.1+0.2) 10" m*V's". However, the error bars of the phase shifts of VC are large since the VC
signal contributes only to a small part of the fittedregion. Hence, one can conclude that VC has eithera
very low ne gative, but morelikely an electrophoretic mobility ofzero. Note that thisresult does notagree
with the value extracted from the MOSY spectrum, probably the influence of the adjacent C* resonance
with its large positive mobility is influencing the phase of the VC signal.
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Finally, the zero mobility of VC sheds light on the influence of solvent coordination on Li" migration:
Previoudly, "Li-'"H HOESY experiments have indicated a vicinity of VC with Li" and MD results sug gest
an average contribution of 0.5 Ovcatoms in the first Li* solvation shell.® Thus, a coordination of VC to
Li" is clearly evident. On the other hand, thiscoordination 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 stes (involving short-lived Li-anion coordinations), or via a vehicle transport of Li-
containing clusters, involving a Li-anion coordination lifetime, which is longer than thetime scale of a
cluster displacement.[Gouv 18, Bri 19] There, long-lived c oordinations were found, leading to vehicle
transport ofLi(Anion)'™ clusters, evidenced by a negative transfe rence number of Li.[Gou 18] In the
present system, containing VC, we also investigated the Li" migration by 'Li eNMR, see figure S in the
Supp lementary Material. T he results show a negative Li" mobility, similar to the findings in salt-indL
systems without added carbonate.™ Hence, the Li" migration beha vior is still dominated by anionic

lithium-anion clusters.

Concerning the VC-Li" coordination, the opposite case a pplies: 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 anionsmight be, however, reduced by the VC coordination, which is possibly the cause

for t[1e improved performance of lithium -ion batteries using ionic liquid electrolytes with VC.'¥ isthus

L|(G4)1(C102|m )8TFSA9

The system ofLi(Gs)1(CiC2Im)sT FSA g offe rsanother example toshowcea se the analysis of superimposed
'H eNMR spectra via phase sensitive spectral de-convolution. In this mixture, the tetraglyme (Gs) is
coordinated to the lithium ionforming a complex cation. Therefore, a non-zero electrophoretic mobility

might be expected forGs, despite it does not carry a charge itself. Again, two regions of the 'H eN MR
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spectrum (see the full spectrum in figure S3) are selected. Figure 4 shows spectra ofthese regions taken
with the double stimulated echo sequence at different voltage values of the electric fieldpulse. The firg
spectral region (8.5 — 6.5 ppm) exhibits only the aromatic proton signals of EMIm" while the second
region (4.2 —2.5 ppm) exhibitsa superimp osed sp e ctrum of the Gg signals and the aliphatic proton signals
of CiCaIm”.

MOSY

The MOSY processed data ofthe second spectral region of Li(Gs)1(C1CoIm)sT FSA ¢ is depictedin figure
4a). All CiCIm" and Gu signals exhibit a shift towards positive mobilities x with a large uncertainty due
to the poor mobility resolution. However, one can conclude from the MOSY spectrum that the signals E'

and E represent a higher electrophoretic mobility than G', G and G

a)/\_J\/\’\A

E? E? G'G? G3
TP o8 100
t0.75
+0.50
025 = :
w 2
7 ©
tooo 2 =
£ 2
< (%]
t-0.25
= g
£
t -0.50 =
/./\\ F-0.75
. : . —L ~1.00
36 34 32 30 28
&/ ppm

Fig 4: a) "H MOSY of the spectral region with superimpose d G4 and C1CoIm * signals, ThepeaksE] and
E’ correspond to CiColm”™, while the peaks G', G* and G° are assigned to tetraglyme (G4) b) Slices of
the MOSY spectrum through the peak maxima of E', E*, G', G* and G°. The mobilities i obtained from
the peak m axima are given inthe legend in 10™"'m*V's".

Slice s of the MOSY peaks E', E%, G', G* and G in the mobilitydimension are presentedin figure 4 b).
This depiction emphasizes the different intensities of the MOSY signals. The legend gives the
corresponding mobility for each peak in 10™° m*V's'. The mobilities assigned to CiCoIm' are
significantly higher (16.0 and18.1)-10"’m*V''s” than those of G4 (9.7, 4.2 and8.8)-10"’m*V''s™"). The

deviation between the mobilities obtained for the same molecule, but from different resonances gives an

14



estimate for the uncertainty ofthismethod. It appears that the peaks with lower intensities tendto result
in lower mobiliies than their counterparts of the same compound. Furthermore, the G' peak exhibits a
higher mobility compared to the G peak with a similar intensity. T hisis most likely due to its slight
superposition with the E* peak and the resulting partial superposition of oscilhtions. Thus, even in this
second exampk, MOSY is not a precise and reliable analysis method for the analysis of eNMR

measurements on ionic liquids.

Lorentz fitting procedure

Phase sensitive spectral de-convolution of the 'H eNMR spectra of Li(Gi)i(CiC2Im)sTFSAy was
performed on both spectral regions. The first region, containing only C1C2Im” resonances, results in the
phase values given by the black circles in Fig. 5b). The second region, exhibiting the superimposed
CiCIm" and Gs signals, was fitted with and without restrictions to the fit mode1in orderto test the
necessity of physically meaningful restrictions. Figure 5 a) gives the results of fits without any
restrictions, and Fig, 5 b) results for fits with the phases set equal for pe aksthat correspond to the same
compound. In figure 5 a), the phase shiftsofthe G peak are not in good agreement with the G' and G
peak. This is physically not meaningful since all three signals belong to the same molecular species.
Hence, some restrictions the fit model arenecessary in order to obtain reasonable results. In figure 5b),
the phase shifts of the isolated CiC2Im" signals are in very good agreement with those analyzed in a
superposition with the G4 signals. Both exhibit the same phase shift valies ¢-¢o resultingin a C;CoIm”
mobility of (14.6 £0.3)- 10"°m?V's". Thisshows that the determination of the CiC2Im” phase shift in

the superimposed spectrum is acc urate.
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Fig 5: Phaseshift values$-do againstthe applied voltage obtained from superimposed 'H eNMR sp ectru

(0=4.2 - 2.5ppm) of Li(G4)1C1ColmsTFSAy using @) an unrestricted fit model and b) physically .
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meaningful model restictions for the phase-sensitive spectral de-convolution method. The phase shift
values of the analyzed isolated CiColm”* signals (5 = 8.5 — 6.5 ppm) are depicted in b).

The phase shift values of Gs obtained from the same superimposed fit model exhibit a shallower slope
resulting in a mobility of (7.2 +0.5) - 10"m?V's". Inte restingly, this G4 mobility agrees well with the
lithium mobility of (7.4 £0.7) - 10"°m*V's! extracted from’Li eNMR e xperiments on the same sample
(see phase shifts in fig. S5). Thus, a correlated migration of Gu with lithium in form of (LiGs)" solvate
ions can be concluded in Li(Gy)1(CiCoIm)sT FSA9 Previous studies had already sugge sted the correlated
migration of(# with lithium asa complex solvate cation, since identical self-diffusion coefficients were
observed.?*") Furthemore, the results show that Li* is migrating in the expected “right” direction. The
coordination with Gy apparently reduce s the lithium-anion interaction and breaks the net negatively

charged Li-anion clusters. Gy 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 glyme, respectively, major difference are obviots,
which can be attributed to a very different coordination strength of the respective additive jto Li': We
recall that the additive-fre e Li salt in IL system exhibits a Li migration in a vehicle mechanism in form
of net negatively charged Li(Anion),'™ clusters. VC as an additive in such anelectrolyte doesn ot change
the lithizm migration mechanism direction, though it may weaken the Li-anion coordination somewhat.
The vinylene carbonate itself exhibits no significant migration, but is nevertheless c oordinatedto Li’,
thus these coordination bonds can be concluded to be short-lived. Hence, no long-lived vinylene
carbonate lithium-clusters are formed and lithium-anion clusters are sill 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, thusLi is
dragging the tetraglyme alongin the field direction. T he Li-glyme clusters effectively act like a ca tion.
In addition, G4 leads to the effective breakage of negatively charge lithium-anion clusters as indicated

by a positive lithium mobility.
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Conclusion

Supe rimposed ele ctrophoretic NMR spec tra in combination with limited observable phase ranges re sult
in poorly resolved MOSY spectra which are hea vily impacted by the superposition of adjace nt signals
with different phase shifts. However, this limitation can be overcome by spectral de-convolution 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 relia ble results. Using this
procedure, we couldfor the first time analyze the transport of uncharged, coordinating solvent molecules
in an electric fieldand reveal correlated oruncorrela ted additive-lithium migration, respectively. Instead
of indirectly deducing migration behavior from diffusion measurements, we directly observe the

displaceme nt of the investigated molecules within an electric field.

Using vinylene carbonate as an additive in a lithium salt -ionic liquid electrolyte 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, while vinylene carbonate

exhibits no significant migration. ﬁ-Ience ,no long-lived vinylene carbonate lithium-clusters are formed

On the other hand, using tetraglyme as the additive in a lithium salt-ionic liquid electrolyte leads to the
effective breakage of nega tively charge lithium -anion c lusters as indicated by a positive lithium mobility.
In this context, we observed for the first time the comrelated migration of tetraglyme with lithium as a

complex solvate cation, which wa s previously suggested for solvate ionic liquids.
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Fig. S1: Full 'H spectrum of the VC/IL/Li-Salt m ixture with the the only WC resonance annotated.
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Fig. 82: Re duced phase shifts obtained from 'H and ’Li eNMR m easurements of all investigated species
in CiCsImTFSA + Imole.L™ LiTFSA+ 5% VC, i.e Li(CiCslm)s(TFSA)«(VQo.s, showing the negative
mobilities of TFSA™ and Li" indicated by a negative slope, as well as the positive mobility of CiCslm "

indicated by a positive slope.
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Fig. S3: Full 'H spectrum of the Li(G4) 1(C1Colm)sTFS Ao mixture.
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Fig. §4: 'H eNMR spectra recorded at 0, -50 Vand + 50 Vshowing the phase modulation in the spectral
region a) c ontaining only the aromatic Cand C*° signals and b) containing alphatic C;Colm” signals
and the G4 signals.
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Fig. S5: Reduced, fitted phase shift values of all components in Li(G4)1(CiC2Am)sTFSAy against the
applied voltage.
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