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I. eNMR experiments
All 'Li, 'F, and '"H NMR experiments were performed at a field strength of 16.4 T using

a 700 MHz Bruker Avance I spectrometer; a Bruker 5 mm double-resonance broadband observe
(BBO) probe (for "Li and 'H measurements) or a Bruker 5 mm triple-resonance inverse (TXI)
probe (for '°F measurements) were used. Both BBO and TXI probes were equipped with a z-axis
gradient coil with a maximum pulsed field gradient (PFG) strength of ~0.5 T/m and variable-
temperature control. Distinct 'H resonances corresponding to the EC and EMC components of the
electrolyte could be resolved, allowing for the independent measurement of velocities of both
species; the "Li and "°F resonances unambiguously corresponded to Li* cations and TFSI™ anions,
respectively. The eNMR instrumentation employed in this work is based upon the setup described
previously,! and was supplied by P&L Scientific Instrument Service (www.plscientific.se; Lidingo,
Sweden); details of our eNMR measurements have been previously reported in detail.? The
electrolyte sample was loaded into the eNMR cell within an argon-filled glovebox. We used a
convection-compensated double stimulated echo (DSTE) PFG-NMR sequence,’ with electric field
pulses of opposite polarity applied during the two halves of the sequence.* Typical applied
voltages ranged from 5—-15 V. Although a range of electric fields were applied, in this work all
eNMR species velocities are reported relative to an applied electric field of 1 V/mm. For all
experiments, the drift time A during which the electric field was applied was fixed at 100 ms. The
recycle delay was set to 120 s, to allow for equilibration following the electric field pulses. The
calibrated sample temperature was 30°C for all measurements. Calibration of the electric field was
previously performed with a 10 mM solution of tetramethylammonium bromide (TMABr) in D,O
(supplied by P&L Scientific) at 25°C. Analysis of eNMR phase shifts was performed as previously
described? using an automated procedure comparing the “phase spectra” of the eNMR data.
Dependence of the extracted velocities on the applied magnetic field strength parameters was
observed (Fig. S1), which likely reflects a distribution of velocities coupled with a distribution of
self-diffusion coefficients; to obtain average species velocities that were not weighted by

diffusivities, extrapolation of the velocity data to zero applied magnetic field was performed.
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Figure S1. Species velocities measured by electrophoretic NMR in the laboratory frame of reference, as a
function of the magnitude of the product of the applied magnetic field gradient strength, |g|, and the applied
magnetic field gradient length, . Velocities were measured at multiple electric field gradient strengths and
scaled to 1 V/mm. Measurements reflect an average of positive and negative applied magnetic field gradient
strengths. Linear extrapolation of the species velocities is depicted with dashed lines.

Conversion of the eNMR species velocities from the laboratory frame of reference to the
moving electrode reference frame requires knowledge of the conductivity and partial molar
volume of the electrolyte.” Experimental conductivity data on LiPFs:EC:EMC electrolytes were
previously reported by Wang et al.® We interpolated this data, acquired at 30°C, to obtain the
conductivity of the composition studied in this work (1 mol/L LiPFs; 1:1 volume ratio, EC:EMC),
as shown in Fig. S2. Wang et al® also reported concentration-dependent density data for

LiPFs:EC:EMC electrolytes, which can be converted to partial molar volumes using

W= (M -5/ (p-c) (s1)
where V, is the partial molar volume of salt in the electrolyte, M is the molar mass of the salt, p is
the density of the electrolyte, and c is the molar concentration. We interpolated the previously
reported density data acquired at 30°C to obtain the density as a function of concentration at the
desired composition (1:1 volume ratio, EC:EMC), as shown in Fig. S3a. Using Eq. S1, V, was
calculated and found to be 0.0558 L/mol at a concentration of 1 mol/L LiPF¢ (Fig. S3b).
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Figure S2. Experimental conductivity measurements reported by Wang et al.® on a series of electrolytes
comprising LiPFs as a function of salt concentration dissolved in EC:EMC, at various solvent compositions.
The colored lines depict weight ratios xgc = 0, 0.3, 0.5, and 0.7. The dashed grey line depicts the
interpolated conductivity corresponding to electrolytes containing an equal volume mixture of EC and EMC
(i.e., xec = 0.44). The interpolated conductivity of a 1 mol/L solution of the equal volume mixture is 10.9

mS/cm.
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Figure S3. (a) Experimental density measurements reported by Wang et al.® on a series of electrolytes
comprising LiPFs as a function of salt concentration dissolved in EC:EMC, at various solvent compositions.
The colored lines depict weight ratios xec =0, 0.3, 0.5, and 0.7. The dashed grey line depicts the interpolated
density corresponding to an equal volume mixture of EC and EMC (i.e., xgc = 0.44). (b) Partial molar
volume of the electrolyte, V,, calculated from the density data according to Eq. S1, as a function of salt
concentration. The electrolyte partial molar volume of a 1 mol/L solution of the equal volume mixture
(dotted vertical line) is 0.0558 L/mol.
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Using MD simulations described in the following sections, we also obtained simulated

densities for electrolytes comprising a 1:1 volume ratio of EC:EMC as a function of salt

concentration. Using Eq. S1, ¥/, was calculated and found to be 0.0532 L/mol at a concentration of

1 mol/L LiPF¢ (Fig. S4) representing excellent agreement with the experimental data of Wang et

al®
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Figure S4. (a) Density simulated by MD in the present work, on a series of electrolytes comprising LiPFs
as a function of salt concentration dissolved in an equal volume mixture of EC and EMC. (b) Partial molar
volume of the electrolyte, V,, calculated from the simulated density data according to Eq. S1, as a function
of'salt concentration. The electrolyte partial molar volume of a 1 mol/L solution of the equal volume mixture
(dotted vertical line) is 0.0532 L/mol.

Reference frame conversion was carried out by calculating the velocity of the electrode—

electrolyte interface, vjyerrace, 1N the laboratory frame of reference, using the equations previously

derived in Halat et al.’, i.e.,

or

Vinterface — (C]7e)ﬁ+ + (1 - CVe)ﬁo -

Vinterface — (CVe)ﬁ— + (1 - CVe)ﬁO 5

Ve 1%

V+Z+F L

(S2)

(S3)

where v, U_ and v, are the measured eNMR species velocities of the cation, anion, and solvent,

v, is the number of moles of cations into which a mole of salt dissociates (equal to 1 for a univalent

salt), z, is the cationic charge (equal to +1), k is the conductivity, and V /L is the electric field,

taken to be 1 V/mm as the reported species velocities have been normalized to this value. In using



Egs. S2 and S3, we assumed 7, to be the simple average of the measured velocities of the EC and

EMC species. The experimental conductivity and partial molar volume were taken from Figs. S2

and S3; using the simulated partial molar volume (Fig. S4) had no effect on the calculated values

within error. Table S1 shows the calculated values of ;e race, @and the eNMR species velocities

adjusted by this value, i.e., in the moving electrode reference frame. Within error, no difference

was observed in the values calculated using Eq. S2 or Eq. S3.

Vinterface (MM/S) Uy (um/s) U_ (um/s) Vgc (Hm/s) Vgmc (um/s)
Eq. S2 -0.50 + 0.05 4.2 +0.4 —6.8 +£0.3 0.8 +£0.3 0.0 £0.3
Eq. S3 -0.51+0.05 4.2 +0.4 —6.8 +£0.3 0.8 +£0.3 0.0 £0.3

Table S1. Calculated values of electrode—electrolyte interface, Vipterface, from equations Eq. S2 and Eq.
S3, using the experimental conductivity and partial molar volume data depicted in Fig. S2 and S3,
respectively. Species velocities converted to the moving electrode reference frame (i.e, adjusted by the
calculated values of Vipterface) are also tabulated.
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I1I. MD simulations

MD simulations were performed using the Gromacs package (version 5.1.4).” The bonds
involving hydrogen atoms are constrained using the LINCS algorithm.! An NpT ensemble with
velocity-rescale thermostat!! and Berendsen barostat'> was implemented at 303 K and 1 bar,
respectively. A global cutoff of 1.2 nm is used for computing Lennard-Jones potential. The particle
mesh Ewald (PME) method!'® was used to calculate the electrostatic interactions. Initially, the
system was packed and energy minimized. Next, the system was cooled and heated by equilibrium
simulations of 2 ns between (400 K, 1 bar) and (303 K, 1bar) for three cycles. This was followed
by a short equilibrium simulation at 303 K and 1 bar for 10 ns. Finally, equilibrium system was

performed for 800 ns.

LiPFs salt and EC/ EMC solvent are modeled based on the OPLS-AA (optimized potentials
for liquid simulations with all atom model) force field.!* !> The Lennard-Jones potential and
bonded interactions of all four species are obtained using LigParGen web server.!® While the
partial atomic charges for LiPFs are directly available from OPLS-AA force field and widely used,
the partial charges of EC and EMC are separately calculated using RESP method as mentioned in
the main text. First, partial atomic charges of EC and EMC were first calculated via density
functional theory (DFT) method with B3LYP/6-31G* basis sets using Gaussian package.!” Then,
the partial atomic charges were fitted using the RESP method via the Antechamber package.'® The

partial charges for all atomic species used in simulations are summarized in Fig. S5.
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Figure SS. Charges (in unit of e) for all atomic species LiPFs, EC, and EMC. Color codes for atoms:
hydrogen in white, lithium in blue, carbon of EC in grey, carbon of EMC in green, oxygen in red, fluorine
in yellow, and phosphorus in tan.
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I11. Obtaining transport coefficients

The transport coefficients are evaluated from the term equivalent to mean square

displacement in Egs. 3a and 3b in the main text. This term is defined as MSDj;(t) =
<Nil Za[rza(t) — rlf’a(o)] -Nijzﬁ[r;ﬁ () — r;ﬂ (0)]>, where r is the reference frame of either A or B.

The transport coefficients are related to this term by L; = kV—T% tlim % MSD;; (t). The window size
B —00

for computing MSD}; is 20 ns and the ensemble average accounts for all available time of origins
of each simulation trajectory. Figure S6 shows MSDj;(t)s for the six transport coefficients under
the reference frame of both A and B. The diffusive regime (MSDirj~t) is achieved within the time
window. L;s are obtained by fitting the slope of MSDj;(t) in the regime of 1-10ns, which is
denoted as shaded blocks. The error bars are evaluated by first dividing the MSD?J- (t) data in the

fitting regime into 10 consecutive blocks with the same size and then obtaining the standard error

between slopes fitted in all data blocks.
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Figure S6. Mean square displacement term for each transport coefficient under a reference velocity of
solvent A or B: MSij for (a) cation-cation, (b) anion-anion, (¢) cation-anion correlations, (d) cation-
solvent, (e) anion-solvent, (f) solvent-solvent correlations. The dashed lines denote a diffusive regime
where MSD;; (t)~t.
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IV. Determining the coordination number

The Li" coordination number is calculated based on radial distribution functions. Figure S7
shows the g(r) for carbonyl oxygen from EC, carbonyl oxygen from EMC, and phosphorus atom from

PF¢ around Li". The local of the valley outside of the primary peak is used as the cut-off distance to

determine coordination number of EC, EMC, and PF¢".
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Figure S7. Radial distribution function of carbonyl E)xyg)en from EC, carbonyl oxygen from EMC, and
phosphorus atom from PFs around Li'. The two vertical dashed lines denote the valley outside of the
primary peaks at v = 0.35 nm (for both Li-O(EC) and Li-O(EC)) and r = 0.50 nm (for Li-P(PFy)),
respectively.

To confirm the negligible anion solvation, we examine the radial distribution functions
g(r) for both the cation and anion with the two solvents, as shown in Fig. S8. The cation-solvent
interactions are represented by g(r) between Li" and carbonyl oxygens of EC and EMC; the anion-
solvent interactions are represented by g(r) between F in PF¢ and hydrogen atoms in EC and EMC.
Note that only hydrogen atoms at the two ends of EMC are considered due to their positive atomic
charges. It can be clearly seen that g(r) between the anion and the solvents is almost featureless,
in stark contrast to the strong peaks in the case of the cation. This demonstrates a much weaker
anion-solvent interaction than cation-solvent interaction, indicating that the anion solvation can be

safely neglected in our analysis.

-S9-



50

——— Li-Oc(EC)
—— Li-Oc(EMC)
407 - - - - F-H(EC)
- - - - F-H(EMC)
~ 30¢
N>
=T}
20}
10 L
0 2 — T e ——— ]
0 0.2 0.4 0.6 0.8 1

Figure S8. Radial distribution functions of Li" to carbonyl oxygen atoms (Oc) of EC and EMC, and F (PFy)
to hydrogen atoms (H) of EC and EMC.
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V. Cluster approximation

The velocity of cluster type k carrying a net charge of g, under an electric-field E is
qrEDy /kgT based on the Einstein relation, where Dy, is the self-diffusion coefficient. Because the
composition of a cluster type k is not fixed, different D, can exist for the same cluster type.
Considering this variability, the velocity of cluster type k with composition [ is denoted as v} =
qrED}/kgT . The velocity of species 7 in cluster type k is averaged through all possible
compositions as v, = )} frl,kv,lC /2 frl'k, where frl « 1s the fraction of species r in cluster type k
with composition [. These velocities are normalized by the absolute velocity of anion under the

same electric-field, which is equal to v, = €éEDgpion/kpT. The normalized v, ; thus becomes

dani o . . o
Ytk %% / 21/}« based on Stokes-Einstein equation, where df, is the effective diameter of
k

cluster type k with composition [. dgp;on/dL is then estimated by (Manion /ML )1/3, where M is

the molar mass. The contribution of velocities in each cluster type to species velocities v, is given

by frxVr k> Where f, ;. is the fraction of species 7 in cluster type k as shown in Fig. S9.
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Figure S9. Fraction of cations, anions, EC and EMC within clusters carrying different net charge q.
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