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A: Simulation protocol

All-atomistic molecular dynamics (MD) simulations of lithium salt-ionic liquid (IL) mixtures
were performed using the software package GROMACS (version 2018.8).'* The atomic in-
teractions were parameterized according to well-established OPLS-AA ®-derived CL&P force
field developed by Canongia Lopes and Padua specifically for modeling ILs.51°

Electronic polarization and charge transfer effects were accounted for in a mean field sense
via rescaling the atomic point charges, which is the prevalent practice when relying on non-
polarizable force fields to study ionic liquids, ' ?° because a more accurate treatment of the
electronic polarizability by means of Drude oscillators?! or induced point dipoles*? comes
at a great computational cost. Very recent studies on lithium salt-ionic liquid mixtures!™2°
and a variety of lithium salt containing electrolytes!*!%23 have demonstrated successfully
the ability of non-polarizable force fields, employing scaled partial charges, to capture and
confirm experimental observations. In this work the the atomic point charges of all species
were uniformly scaled down by a factor of 0.8.111720 We study structural and dynamical
properties of the Li} — Pyra(

— TFSI™ and Li} — Pyrﬂ’ = TEFSAM™ electrolytes in

1—z) (1-=
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the same concentration range from x = 0.0 (neat IL) to = 0.7 as experimentally reported
in. 24

The initial configurations were created with the PACKMOL software?® which randomly dis-
tributed 1000 ion pairs, corresponding to the respective lithium salt to ionic liquid ratio,
in a cubic box. The systems were first exposed to an energy minimization and then pre-
equilibrated under NPT conditions for 40 ns at a high temperature of 500 K controlling
pressure via a Berendsen barostat (relaxation time constant 7p = 5.0 ps, compressibility of
4.5 x 107" bar) coupled to a reference pressure of 1 bar and temperature via a velocity-rescale
thermostat (relaxation time constant 77 = 1.0 ps).?%?” Then the systems were cooled down
to 400 K and equilibrated for another 100ns. In the subsequent production run of 400 ns
duration, that was used for data acquisition, pressure and temperature were coupled to
an extended Parrinello-Rahman and Nosé-Hoover ensemble using the same relaxation time

constants as before. 28731

The equations of motion were solved via the leap-frog algorithm
at a time step of 2fs. The center of mass of the system was repositioned every simulation
step. Furthermore, cutoffs for the long range electrostatic and the van der Waals interac-
tions were both set to 1.4nm and the linear constraint solver (LINCS) was employed to
constrain the hydrogen bonds.3*33 The simulation trajectories were analyzed with custom

scripts supported by the Python library MDAnalysis. 3435
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Figure S1: Self-diffusion coefficients D; of all ionic species as a function of charge scaling fac-
tor «y for the TFSI™ (left) and the TFSAM™ system at a salt content of x =0.1. D;(7) is fitted
(dashed lines) by an exponential function f(v) = a - e®? (b+ = —10.4, bpy.s, = —7.6 and
brpsan- = —8.7 for the TFSAM™ system and by ;+ = —7.6, ber1+4 = —5.6 and bppg- = —6.3
for the TFSI™ system), which can be interpreted as an Arrhenius-like behaviour. Weakened
ionic interactions, i.e., as expressed through lower v values, might lower the activation bar-
rier for diffusion which would thus result in faster ion dynamics. Comparison of D; with
preliminary results from polarizable FF simulations suggest a scaling factor 0.7 < v < 0.8.
In order to avoid an over-scaling, we opted for v = 0.8. The similar fitting values of b; for the
species in the respective mixture suggest that the relative dynamic trends are not distorted

by the choice of ~.



B: Structural properties
The radial distribution functions g;;+_x are computed according to
v No Ny
9ab(T) :mzz<5(|ri—r3‘|—7‘)>» (S1)

=1 j=1

where N,/V and N,/V denotes the average number density of species a and species b with

V' being the volume of the simulation box. The brackets (..) indicate the ensemble aver-

age.
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Figure S2: Overview of radial distribution functions g;;+_(r) between Li" ions and
nitrogen / oxygen binding sites provided by TFSI™ and TFSAM™ as well as g ;+_p;+(r) in
both electrolyte series on a log scale.
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Figure S3: gr3+ ., for TESI™ and TESAM™ illustrate the choice of cutoff distance to de-
termine current Li™ — anion™-binding, which is used for the computation of 7+ _, o0
The split peak structure of gr;+_rpgr-(x,,,) results from the bidentate and monodentate co-
ordination geometries. Using the position of the second minimum as a cutoff distance thus
ensures that both motifs are included.

The double peak structure of gy;+_rpsan—(n,,,) can be explained in a similar way: At low salt
contents, such as x = 0.1, Li* binds almost exclusively with TFSAM ™~ through N (see Fig-
ure 1B in the main manuscript) which determines the peak position of g ;+_rpsam-(n,.) at
approximately 4 A. In the highly concentrated mixtures, e.g., x = 0.5, Li' is also coordinated
by the less favorable N4 which is reflected in the emerging closer peak at approximately
3A. Thus, to decide if TFSAM™ is part of the Li*-solvation shell the second minimum
position is used as the cutoff distance as well.
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Figure S4: Overview of lithium - anion(com) radial distribution functions gpi+ .nien.... (¥)

on a log scale. The global minimum position is employed as the solvation shell size Ls in

analogy to the procedure introduced by Self et al.*
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Figure S5: Probability distribution of Li*-anion coordination numb

ers in the TFSI™ (left)

and TFSAM™ (right) -based electrolytes as a function of lithium salt content x.
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C: Mean squared displacements
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Figure S7: Example mean squared displacements of Li™, Pyr{, and TFSI~ as a function of
time for lithium salt contents x=0.1 and x=0.3 (top) as well as x=0.5 and x=0.7 (bottom).
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Figure S8: Example mean squared displacements of Li*, Pyr], and TFSAM™ as a function of
time for lithium salt contents x=0.1 and x=0.3 (top) as well as x=0.5 and x=0.7 (bottom).
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Figure S9: Investigation of the temperature dependence of the concentration-induced decel-
eration of transport properties on the basis of experimentally measured DC conductivities
opc taken from the work of Niiernberg et al.?* opc(x = 0.0)/opc(x = 0.6)(T) is compared for
the TFSI™ systems (red) and the TFSAM™ analogue (blue). The temperature dependence
can be well-described by an Arrhenius relation as demonstrated by the exponential fitting to
F(T) =a-e"" 7" (dashed lines). Reprinted (adapted) with permission from P. Niirnberg, E.
I. Lozinskaya, A. S. Shaplov and M. Schonhoft, The Journal of Physical Chemistry B, 2020,
124, 861-870. Copyright 2020 American Chemical Society.
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D: Mean residence times

The mean residence times shown in Figure 5A and B in the main manuscript are calculated
in four steps: Firstly, we define a neighbour function H;,(t) which counts 1 if a Li* particle
[ and a particle x belonging to species X are closer than a specific cutoff distance L., and

0 if they are further apart:

1, if particle x is inside 1’s solvation shell at timet

Hy . (1) = (S2)
0, otherwise.

If not mentioned otherwise, the first minimum position of the radial distribution function
gri+_x(r) is employed as the cutoff distance L., to determine present Li* — X binding.
Please see gr;+ v, (1) for both TFSI™- and TFSAM™-containing mixtures in Figure S3 for
an illustration of L.

In the second step, we compute the autocorrelation function (ACF) of H;,(t) which thus
measures the probability that a specific Li* — X pair, which was formed at ¢y, is a pair after

time t has passed: 143638

_ (Hia(to) - Hyulto +1))
pLit_x(t) = (Hy(to) - Hiu(to)) (52)

The brackets (..) denote the ensemble average over all pairs Li* — X and time origins .
Empirically, these relaxation processes can be well-described by stretched exponential func-
tions such as the Kohlrausch-Williams-Watts (KWW) function.363370 In a third step, we

thus fit the probability distribution py;+_y(t) to a stretched exponential f(t):

F(t) = exp (=(t/7')%), (54)
where 5 and 7’ are the fitting parameters. In the last step, the mean residence time 7+

11
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with species X is obtained from the integral of f(¢) according to

S / "t exp (— (1)) = %F 1/8). (55)

I' denotes the Gamma-function.
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Figure S10: Exemplary overview of the concentration dependence of the autocorrelation
functions of Lit — TFSI~ and Li* — TFSAM™ measured via Nyq employing cutoffs of 5.5 A .
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E: Supporting information on the "self diffusion time" 7
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F: p(Avy)) for various lag times and lithium subensembles

The panels in Figure S13 show the distributions p(Av)) of TFSI™ and TFSAM™ relative
distances in direction of the lithium displacement for salt concentrations x=0.05, 0.1, 0.2
and 0.5. The upper panels (a, b and ¢) display the histograms obtained for the anions whose
designated lithium ions exhibit a squared displacement equal to the lithium mean squared
displacement at the corresponding time ¢, i.e. u? = 1- (u?). The lower panels (d, e and f)
measure p(Av)) for the subensemble of lithium ions which achieved a squared displacement
u? =3 - (u?).

In order to extent the statistical analysis of the subensembles to a larger data set, we in-
troduce a tolerance interval {u? < u? < w?}, whose upper and lower boundaries u? and u?
are set in such a way that the sampled average u? of the subensemble corresponds to the
target k - (u?) (see Table S1). Because the lithium ions’ individual squared displacements
are normally distributed the threshold boundaries cannot be chosen symmetrically.

To characterize the peak positions and widths, we proceed according to the following proto-

col:

1. Avyj is measured according to Equation 5 in the main manuscript and discretized
employing a bin width of 0.1 A and normalized. For reasons of visual appearance the

histograms shown in the panels employ a bin width of 0.5 A.

2. The obtained histogram p(Awv) is empirically fitted by a Gaussian function

g(z) = @ exp (‘”“—’”)

262
with the amplitude @, the expected value fi and variance G2.
3. Since anions naturally decouple from the lithium ion’s dynamics upon detachment, it
seems plausible that the distributions exhibit a skew towards negative Av) values. We
find that an increasing amount of initial lithium-anion pairs has separated over time

and is reflected in a growing tail of p(Av) ). To separate the peak features belonging to

15



the coupled lithium-anion dynamics from the overlapping distribution of dissociating

dynamics, we restrict the left-hand side of the fit interval to [—& + fi,00). The peak is

(x —p)?

refitted by a Gaussian function (red) g(x) = a - exp ( 52
o

) with the amplitude

a, the expected value p and variance o?.

4. Due to the significantly shorter mean residence times 73 ;+ _ppgr- compared to 7+ _rpsani-
as discussed in the main manuscript, p(Av) is more disintegrated for TFSI™ at the
longest analysed lag time of ¢ = 10ns. Since the fit protocol step (3) fails to expose
the peak originating from yet retained coupled dynamics, we fitted the peak manually

(dashed orange).

Table S1: Overview of numerically determined lower boundaries u? for a given distance
scaling factor k& and upper tolerance thresholds u? of either 1.3 or 1.5, i.e., 30 or 50 percent
tolerance for lithium ions covering a squared distance larger than the target u?.

1 1 () « /133 v 13
3 3. «?/1.22 w?-13
1 1-(? «?/158 u*-15
3 3. w?/131 w?-15

At the very bottom of Figure S13, p(Av)) is additionally shown for the explicit lithium bind-

ing sites provided by the respective anion, i.e., TFSI™ (O) and TFSAM™ (Ngy) at x=0.1.

16
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Figure S13: Distributions p(Avy) of TFSI™ and TFSAM™ for the subensembles of u* = k-(u?)

with k=1 (a,b and c) and 3 (d, e and f) for various lag times ¢ and salt concentrations x
using an upper threshold tolerance u? = 1.5 - k - (u?).
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Figure S14: Distributions p(Av)) of TFSAM™ at a salt concentration x=0.1 for the
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threshold tolerance u? = 1.3 - k - (u?).
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G: Relationship of Gaussian peak parameters 1 and 0% : A particle-spring-model

approach

With the aim to understand why the Gaussian peak centers y are not positioned at Av; =0 A
but increasingly shifted for a larger distance scaling factor k£, we propose a simple thought
experiment:

We idealize a lithium-anion-pair to behave like two particles that are coupled through a
harmonic interaction, i.e., connected by a spring. Since we analyse the anion dynamics in
the reference frame of the lithium ion, the coupled dynamics reduce, firstly, to one spatial
dimension and, secondly, can be conveniently expressed by the system’s collective and relative

displacements

X=-(u+tvy))

(u—vy).

The collective coordinate X thus describes the diffusive motion of the coupled particles

(S6)
r—

N — DN —

whereas the relative coordinate I' measures the fluctuations of the particles’ relative positions.
Assuming a normal distribution for both, i.e., N'(ux,0%) and N (ur, o), we can deduce the
conditional probability distribution P(v) — u|u) that we sampled in the histograms p(Auv),
starting with P(v)|u) = P(u,v))/P(u):

P(u,v)) oc N(px, 0%) - N(ur, o2
& exp (_1M> - exp (_EM)

2 40% 2 40%

1 1 A-B
—_ . — . . » 'th A: 2 B: 2
2 4.-AB/(A+ B)? U arg Y exp(..) wi o o2
—

H‘U”

X exp

(S7)
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Therefore, it holds for p=fia,:

=ty — U
0% — o3
_ 9% r
=5 g u—u
ox +orp
2
o
=—2-2—112-u
or +0x

The variances o3 and o2 are related to the observables (u?) and o= UZU”

through our analysis:

o2 = (u*) — (u)? = 0% + o} A op = ~o”.
——

0

Consequently, we can rewrite Equation SS8:

. u g

HE TS

VB @ :
Yk

which are accessible

(59)

(S10)

The expression "masterscaling" in the main manuscript refers to a simple rearrangement of

Equation SS10 :
_ . V)
Vko?

22
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Figure S15: Gaussian peak positions u(t) divided by the square root of the distance scaling
factor k. Inset: Masterscaling of the Gaussian peak parameters p and o2 to 1 according to
Equation SS11. The data points relying on the manually performed Gaussian fits are high-
lighted in grey. The data points are based on measurements employing an upper threshold
tolerance u? = 1.5 - k - (u?).
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parameters p and o2 to 1 according to Equation SS11. The data points relying on the
manually performed Gaussian fits are highlighted in grey. The data points are measured

u / k0'5 [A]

-2

Li*-TFSAM (Ngy) (x=0.1)

F1 i T

s = 27 ]
* S 15 o ]
3 e f
G 05 @ 4
E ol : o]
: 1000 10000 ]
i f e ]
uZ =k - (u?) ]
- ® 1-(u? 3

= 3. (u?)

Fi L

1000 10000
t [ps]

using an upper threshold tolerance u? = 1.5 - k - (u?).

FT T T T ]
[ Li*-TFSAM" (x = 0.05) ]
1 _ o 2 URE| B
r s 15 N
; R |
=Y r 2 05 b
0r £ ol L ]
pd i 1 10
X B# & ;]
= 1 uZ =k - (u?) ]
Eoe1-(u?) ]
m 3. (u?)
_2 :I |
1 10
t[ns]

Figure S17: Scaling relations exemplary for the TFSAM™-based mixtures for x =0.05 and

FT T T T ]
[ Li*-TFSAM" (x =0.1)
a g’ 2 T T B
E 15 @
2 1l@E-=--F5 - =" "1
% 05 8 i
r g o L I
r 1 108 7
@ ]
* 5 :
FouZ=k - (ud) é ]
Foe1-(u?) ]
: = 3-(u?)
:I |
1 10
t[ns]

0.1 using an upper threshold tolerance u? = 1.3 - k - (u?) .

25



H: Quantification of dynamically decoupled anions pj.t

The ratio of dynamically decoupled anions is estimated from the relative displacement dis-
tribution by subtracting the Gaussian peak fit A (s, 02) from the histogram data p(Avy)

and summing up the remaining counts: [ dAv(p(Av)) — N (,0%)) = piost. The part of the

histogram which is attributed to pjst is highlighted in blue.
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Figure S18: Estimation of the amount pj,s; of dynamically decoupled TFSI™ shell anions
at different lag times ¢, lithium squared displacements k - (u?) and various salt contents x.
Since the distributions of coupled (Gaussian peak) and decoupled (tail) dynamics overlap
considerably at the shortest analysed lag time of ¢ = 1ns, a precise quantitative estimate
of piost 1s not feasible through this procedure.
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Figure S19: Estimation of the amount pj,s of dynamically decoupled TFSAM™ shell anions
at different lag times ¢, lithium squared displacements k - (u?) and various salt contents x.
Since the distributions of coupled (Gaussian peak) and decoupled (tail) dynamics overlap
considerably at the shortest analysed lag time of ¢ = 1ns, a precise quantitative estimate
of prost is not feasible through this procedure.
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I: LCF )\ as a function of squared lithium displacement u?(t)

The LiT™

anion follows the dynamics of this very Li

u? of this Li

the 400 ns trajectories are divided into 130 blocks to evaluate the lag time t = 3ns.
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Figure S20: Coupling of anion motion to lithium dynamics measured via A as a function
of u?(t);+ exemplary for the lithium salt fractions x=0.1, 0.3, 0.5 and 0.7 in the TFSI"-

100 1000

u2 (0 (A

containing mixtures.

AU 2(0)

AU (1)

30

coupling factor A, which measures the extent to which an initially lithium-bound

*, is binned according to the squared displacement

*. The data sets are generated by averaging over multiple individual blocks, e.g.,
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Figure S21: Coupling of anion motion to lithium dynamics measured via A as a function of
u?(t);+ exemplary for the lithium salt fractions x=0.1, 0.3, 0.5 and 0.7 in the TFSAM™-

containing mixtures.
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J: &, & and & as a function of squared lithium displacement u?*(t)

One may split the random motion € of an anion into contributions parallel and orthogonal

to the lithium path direction 7 = 4 /||, which can be computed as

(S12)

™
—
I
my
|
o

Ay 2 corresponds to the definition in Equation 7 in the main manuscript

<ﬁz : 771 >u2,t <U >u2 t . . .
Mu?t) = J — V7w, i.e., the data shown in Figures S20 and S21.
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Figure S22: Variances €, € and €8 as a function of u?(t)y;+ for TFSI™ exemplary for salt

contents x=0.1 and x=10.5.

1000 f T T T
3 TFSAM™ (x =0.1)
T s= 1.30ns
A
A A A A *a
ST /A/A‘AlAL“A‘(A‘ Ak aAa
&
<, 100 |
o~ . s Soty
1w x-,,,._>‘_4..a‘~(.'." ©
"t time t
mat lns =
oo 3ns o
10ns 4
10 L MR | L Lol L
10 100 1000
u?e (1) A9
1000 ¢ ————ry ————y .
; TFSAM™ (x =0.1)
Ts= 1.30ns
AL aa A
100 foocomemiea gk atgaaisd B0
& : W
°‘$ R
N N . r&‘..p. oP0e
1(»: 10 i ‘/......-.- [ ]
f---- " time t
s lns =
3ns ©
10ns 4
1 L MR | L Lol
10 100 1000
u?e (1) (A%

1000 ¢ T T T
. TFSAM™ (x = 0.5)
T s= 2.84ns
& ahaaxta,
<{, 100 R, RPTYTCE S 3
N q
1w o
AT PR time t
T j— ins =
e 3ns o
T 10ns 4
10 L | L MR | |
10 100 1000
u?e (1) A9
1000 ¢ —— —— T
: TFSAM™ (x =0.1)
Ts= 1.30ns
E— RN AA‘A‘AA st a0 ,"AAA
100 £ - *
o 3
<, . 000000 o000 s 0 ®
N -
— ,-7—}—1——l""..'..'
1w 10 .

3 time t
lns =
3ns ©

10ns &
1 L | L MR |

10 100 1000

u2r (1) [A2]

33




1000 —————— e — 1000 —————— — -
: TFSAM- (x = 0.5) ] : TFSAM- (x = 0.5)
T s= 284ns | L T s= 2.84ns
100 E 100 E
‘O\E s aaakaba akbakbaraA, 1 g e S O T R
o~ ) ..“,.nc.' ~ R —.7."..”..'3..
1@ 10 et et E 1@ 10 SESERERRES S RS E
S el time t 3 q time t
e ins = | s 1ns =
I 3ns ¢ | I 3ns °
10ns & 10ns &
l L ool M| L l L ool L MR | L
10 100 1000 10 100 1000
u? (1) [A?] u? (1) [A2]

Figure S23: Variances €%, € and €% as a function of u”(t) ;+ for TFSAM™ exemplary for salt

contents x=0.1 and x=10.5.
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K: Correlation of the random motion of next-neighbor anions in a solvation

shell

To investigate the interaction between two initially adjacent anions anion; and anionsy in

a lithium solvation shell, we compute the correlation (€ - €) /(€2) as well as quantify the

—

contributions parallel (& -€)) /(e_ﬁ) and orthogonal (€, 1 -€,)/(é2) to the lithium path-

way.
15 . e T 1.5 T T
time t time t
= 1ns ° 3ns A 10ns = 1ns ° 3ns A 10ns
1r B 1r B
T s= 0.82ns T s= 3.02ns
o~ o~
{fo 05 4 fo 05F -
16 = o8y 0 A ln‘ ApasRyaa 16 b o ccgccacheanfenabates 2ty
1(;' 0 ,Zfif.:,.,.-i]‘tfi 41'.'\ ‘..“?AA“‘ R A 7 1(;' 0 v e B
- e, -
-0.5 - B 05 4
next-neighbor TFSI* (x = 0.1) next-neighbor TFSI- (x = 0.5)
within same shell within same shell
1 1 I 1 1 I
10 100 1000 10 100 1000
u? () [A% u? () [A%
1.5 T T 1.5 T T
time t time t
= 1ns © 3ns 4 10ns = 1ns © 3ns 4 10ns
1r . 1r .
T s= 0.82ns o T s= 0.82ns
~N ~—~
- —
19 05 4 1® 05k .
S E a/ A
= A _A- Ag A A ak xA
R S e L LL LU 1 19 ot stee T, e 1
1e° F Y " oo = 5
~ % A 13
05 F N 05 F .
next-neighbor TFSI- (x = 0.1) s next-neighbor TFSI (x = 0.1)
within same shell within same shell
1 . M- | . N " 1 | . N
10 100 1000 10 100 1000
u? () [A7 u?+ (1) [A7]

35



15

N
;_::==l=-l-‘-tl|‘“!.14-“.A A
w e

T T
time t
3ns A

= 1ns 10 ns

T s= 3.02ns

A

next-neighbor TFSI- (x = 0.5)
within same shell

1 -
o
16 05
‘S
1(‘:_ 0
10
05
-1
10

Figure S24: Correlations of initial next-neighbor shell anions TFSI; and TFSI; as a function
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Figure S25: Correlations of initial next-neighbor shell anions TFSAM; and TFSAM; as
function of u*(t);+ exemplary for salt contents x=0.1 and x=0.5.
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L: LCF )\ as a function of time ¢
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Figure S26: Time dependence of LCF X for Lit to different binding sites provided
by TFSAM™, i.e., the outer nitrogen atoms Ny (top left) or the oxygen atoms (top
right). Using the second minimum position of gr;+ y . as a cutoff distance to determine
Lit — TFSAM ™ -binding as discussed in the manuscript, contains all possible coordination
geometries. For a structurally equivalent comparison with TFSI™, we analyse the LCF of
Li" and the middle nitrogen atoms Nq in the initial TFSAM™ solvation cage. To compare
the time dependence of A\ for different salt contents x, t is scaled by the characteristic self
diffusion time 714 (see Figure 5B) of each electrolyte composition.
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Figure S27: Time dependence of LCF A for Li* to the oxygen atoms (top left) of TFSI™.
Employing the second minimum position of gj;+_y_ .. as a cutoff distance to determine Lit —
TFSI -binding as discussed in the main manuscript allows for a structurally equivalent
comparison with TESAM™. Thus, we analyse the LCF of Lit and the middle nitrogen
atoms N,,;q in the initial TFSI™ solvation cage. To compare the time dependence of A for
different salt contents x, ¢ is scaled by the characteristic self diffusion time 115 (see Figure
5A) of each electrolyte composition.
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M: Comparison of A\, \{, \, and A, as a function of salt content x for characteristic

times of 3.1 and 5 - g
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Figure S28: Comparison of lithium coupling factors (A, A1, Ay, Ay) as a function of salt content
for both TFSI™ (left) and TESAM™ (right) - based mixtures for characteristic times of 3 7y
(top) and 5 - 115 (bottom).
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Figure S29: Time dependence of LCF A, \{, Ay and A, exemplary shown for the x=0.4 TFSI™ -
(left) and TFSAM ™ -based (right) electrolyte compositions.
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N: Additional information for discussing Danion/Dy,i+

as a function of salt content x

It can be easily shown that the line of argumentation for a decreasing ratio (v)/(u) as a
consequence of double Li*-anion coordination is applicable to higher Li* over-coordination
of the anion. Assume the anion j is bound to n Li™ and tries to couple with the strength

L1
A, to the average Li* displacement U = — - (i} + ... + i) :
n
7, = A, - Ul + Ej. (S13)
Squaring and rearranging yields for the ratio (v)/(u):

:A2 .

S
/N
—
+
£
|
Naw’

(@ (S14)

If the remaining terms and factors do not change considerably, one can easily see that the

ratio drops further with n-fold coordination.
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F Li* - TFSI (x=0.1) b F Li* - TFSAM (x=0.1)
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Figure S31: Li* —Li" - correlation (i - i,)/(@?) for lithium ions that are bound to the same

anion at time 7 = 0.
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Figure $32: Random motion (£2) of anions, which have two Li* neighbours at time 7 = 0,
scaled by the average squared lithium displacement (?). (..) denotes the ensemble average
over the Li* that are involved in the double coordination of the anion at 7 = 0.

44



2 T T T U T T T T 2 T T T T T
F lithium salt fraction x 1 F lithium salt fraction x
e 01 0.4 ° 06 1 r e 01 0.4 ° 06
° 03 05 ° 07 1 r ¢ 03 05 ° 07
~ ~ 1.5 B ]
F F
AN A L
o~ N L
1> 1> L i
\ \ 1
o~ ~ L -
1w t 1w L
Y L \ L
05 (Li*y) - TFSI 0.5 1 (Li*)) - TFSAM
0 L 1 Il 1 0 L 1 Il
0.1 1 10 100 0.1 1 10 100

T= (/1) T= (/1)

Figure S33: Random motion (€2) of anions, which have only a single Li™ neighbour at time
7 = 0, scaled by the average squared lithium displacement (#?). (..) denotes the ensemble
average over the Lit that are involved in the single coordination of the anion at 7 = 0.
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O: Self van Hove function Gg(r, At)

The self van Hove function Gg(r, At) describes the probability distribution that a particle

has moved a distance r within a time lag At away from its original position:

Gulr, 1) = (376 — [Flt + A1) — 7)) (515)

i=1

Figure S34 gives an overview of the displacement distributions G4(r, At) of the lithium ions
at time lags At =10 ps, 100 ps, 1 ns, 10 ns and 100 ns for the broad spectrum of lithium
salt contents. The dashed lines represent the displacement distribution expected for an ideal

diffusive motion that exhibits a Gaussian behavior

Gos(r, At) = (W)Sﬂ exp (—gﬁ) Comparison of the probed displace-
ment distribution Gg(r, At) to Gos(r, At) shows that the non-Gaussian characteristics of the
lithium dynamics increase in both electrolyte series with increasing lithium salt content.
The tails of the distributions at high displacement distances r are indicative of a fraction of
lithium ions that display a higher mobility.

We note that although no secondary peaks emerge in the distributions at elevated salt con-

tent, which would indicate that lithium transport is achieved through discrete "hopping"

events, the pronounced tails of G4(r, At) might stem from lithium jumps.
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Figure S34: The self van Hove functions Gg(r, At) of the lithium ions in TFSI™ (left) and
TFSAM™ (right) containing electrolytes for the spectrum of investigated lithium salt concen-
trations x. Gg(r, At) is compared to the corresponding ideal Gaussian distribution Gos(r, At),
which is depicted by the dashed lines.
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P: Non-Gaussian parameter oy

The non-Gaussian parameter (NGP) ay which probes the deviation from truly Gaussian dy-

namics, is extracted from the second and fourth moment of the particle displacements:

an(t) = g

where AF(t) =

(AFH(t))
(AT2(1))?

brackets < .. > indicate the ensemble average over all particles for the given time lag.
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(7(t) — 7(0)) denotes the particle displacement within the time ¢ and the
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Figure S35: Non-gaussian parameters Li™ (top), anions (middle) and Pyr{, (bottom) dy-
namics in TFSI™ (left) and TESAM™ (right) containing electrolytes for various lithium salt
fractions x and averaging over 4 blocks of 100 ns duration each.
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