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While electric fields primarily result in migration of charged species in electrolytic solutions, the solutions are
dynamically heterogeneous. Solvent molecules within the solvation shells of the cation will be dragged by the
field while free solvent molecules will not. We combine electrophoretic NMR measurements of ion and sol-
vent velocities under applied electric fields with molecular dynamics simulations to interrogate different
solvation motifs in a model liquid electrolyte. Measured values of the cation transference number () agree
quantitatively with simulation-based predictions over a range of electrolyte concentrations. Solvent—cation
interactions strongly influence the concentration-dependent behavior of t9. We identify a critical concen-
tration at which most of the solvent molecules lie within solvation shells of the cations. The dynamic het-
erogeneity of solvent molecules is minimized at this concentration where t{ is approximately equal to zero.
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The rate at which secondary batteries can be charged and
discharged depends directly on ion transport through the
electrolytic phase [1,2]. lon transport in dilute and
concentrated electrolytes is also the subject of intense
fundamental interest. In the dilute limit, those solvent
molecules within the ion solvation shell will be affected by
ion transport, but most will not. In concentrated
electrolytes, however, the solvation shells of a fraction of
the cations may be composed exclusively of solvent
molecules whereas others may contain one or more anions.
Thus under application of electric fields, solvent molecules
coordinating to cations may be “dragged” with the migrat-
ing ion, while those near nominally neutral cation—anion
pairs may exhibit weaker coupling to the electric field. The
importance of solvent motion was recognized by Hittorf,
Onsager, and Newman [3-7]. However, unlike ion motion,
which can be readily studied by electrochemical methods,
limited direct knowledge exists on solvent motion under
applied potential, particularly its heterogeneous nature.

The term “dynamic heterogeneity” is often used to
describe spatially heterogeneous dynamics that emerge in
glass-forming systems [8,9]. In these systems, dynamics
within regions separated by distances of mere nanometers
can differ by orders of magnitude. These effects have
recently been discovered in other systems such as ionic
liquids [10] and solid fast-ion conductors [11]. In the
present study, our usage of the term dynamic heterogeneity
refers to the fact that the application of an electric field
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induces motion in some solvent molecules in an electrolyte
while others a few nanometers away are unaffected. The
disparity in response is related to subtle differences in local
environments that surround individual solvent molecules.

In this Letter, we parse solvent motion in the context of
ion migration by combining electrophoretic NMR (eNMR)
measurements with quiescent molecular dynamics (MD)
simulations. To our knowledge, these methods have not yet
been applied in a complementary manner to enable a
guantitative description of transport of neutral solvent
molecules in electrolytes. eNMR enables measurement of
the average velocities of the ions and solvent molecules
under applied electric fields, whereas the heterogeneity of
solvation motifs is quantified by MD simulations. The joint
methodology allows determination of the velocity of only
those solvent molecules that lie within the cation solvation
shell. Comparison of calculated velocities with the aver-
aged species velocities measured by eNMR thus elucidates
the dynamic heterogeneity of solvent motion, yielding
concentration-dependent structural models that can ration-
alize electrochemical transport.

A crucial step in our analysis is a comparison of the
cation transference numbers determined by experiments
and simulations. While conductivity (x) quantifies ion
transport of both the working ion (usually a cation) and the
non-working ion, the parameter that sheds light on the
transport of the cation is the transference number (£2),
defined as the fraction of ionic current carried by the cation
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FIG. 1. (a) Average species velocities in LiTFSI/tetraglyme electrolytes (r = [Li*] / [0]) measured by “Li, *H, and *°F electrophoretic NMR
(eNMR) at 30°C: cation (blue), solvent (black) and anion (red). To highlight the smaller values of v, and v, a separate vertical axis is plotted
for these velocities compared to that for v_. (See Fig. S4 for data plotted on same axis.) Velocities are in the lab frame of reference. All velocities
reflect an applied electric field of 1 VV/mm; measurements were performed at a range of electric fields and velocities were scaled to 1 V/mm.
(b) Representative MSD’ as defined in Eq. (6) calculated from MD simulations, for r = 0.048 (upper traces) and r = 0.08 (lower traces), corre-
sponding to Onsager transport coefficients L** (top), L™~ (middle) and L*~ (bottom), which are extracted from the diffusive regime, i.e., the
indicated timescale over which the slope equals one in the log-log scale. (c) lonic conductivity from independent electrochemical and eNMR
experiments (filled diamonds and open circles, respectively, which are nearly coincident), and predicted from MD simulations (filled squares).

relative to the solvent velocity in an electrolyte of uniform
composition [2]. Recognition of the importance of this
transport parameter dates back to Hittorf [3,4]; more
recent work has emphasized the relevance of the cation
transference number to the electrochemical efficacy of the
electrolyte under fast charging conditions [12-14] and
circumstances that lead to lithium dendrite growth [15,16].
Newman's concentrated solution theory can be used to
relate t? to species velocities [7,17]. eNMR determines
these species velocities when a one-dimensional electric
field is applied across an electrolyte of uniform

concentration [18-21].
For a binary electrolyte containing a univalent salt of
uniform composition,
__ Fc(vy—v.)

(1.2)

0 _V+— Vg
and ty = U+_—v_ ,
where v, v_ and v, are the averaged species velocities of
the cation, anion, and solvent, respectively, F is the Fara-
day constant, c is salt concentration and E is the applied
electric field [22]. The ionic conductivity and transference
number at dilute concentrations can be determined using
the Nernst-Einstein equation [23]. For concentrated elec-
trolytes, more rigorous frameworks that capture the ion—
ion and the ion—solvent correlations are required [24-29],
commonly with the aid of computer simulations [30-34].
In particular, Onsager coefficients, LY, quantify

correlations between species iandj [5,6,35,36]. While

several expressions for relating LY to displacements of

species i and j exist, a transparent approach was recently

proposed by Fong et al. [29,37,38], which expresses LY as
Veicj Veicj 1

kgT 6 t—>oo dt< -Yalri (©) —r{(0)]-
W3[0 - o),

where kg is the Boltzmann constant, T is the temperature,
V is the system volume, c¢; and N; are respectively the
molar concentration and particle number of species i, and
ri¥(t) is the position, relative to the center of mass of the
system, for the a™ particle of species i at time t. The
expression for LY is analogous to the Nernst-Einstein
relation for determining self-diffusion coefficients from
mean squared displacements. Experimentally measured
conductivity and transference number relative to solvent
velocity are related to the three independent transport
coefficients L**, L*~ and L™, as follows:

LY =
3)

K= FZ(L++ _ 2L+— + L__) (4)
Lt
and t+ = (L++—2L+_+L__ - (,I)_)/(,Uo, (5)

where w_ and w, are the mass fractions of anion and
solvent, respectively [2,38]. Herein, we explore the
consequences of these equations with a joint experimental
and computational study of a model electrolyte comprising



lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt
dissolved in tetraglyme (tetraethylene glycol dimethyl
ether). We find that we are able to discern the molecular
origins of the concentration dependence of t¢ in the
context of differing molecular structures experienced by
the solvent molecules (i.e., dynamic heterogeneity).

Mixtures of LiTFSI and tetraglyme were prepared in a
concentration range of 0.18 to 2.5 mol/kg of solvent. In this
work, we quantify salt concentration by r = [Li*] / [O], the
ratio of Li* cations to O atoms within tetraglyme [39-41].
The cation, anion, and solvent may be selectively and
unambiguously probed with “Li, °F, and 'H NMR
measurements, respectively. Our eNMR cell comprises a
5mm NMR tube with Pt electrodes separated by
3.35cm [42]. We employ a convection-compensated
eNMR pulse sequence [43,44] with bipolar electric field
pulses lasting 50 ms for each polarity (Fig. S1).
Temperature, gradient strength, and electric field
calibration details are given in the Supplemental Materials
[45-51]. To minimize systematic errors, measurements
were repeated with a range of positive and negative pulsed
magnetic field gradient strengths (Figs. S2 and S3). The
eNMR lab-frame velocities thus reflect induced
electrophoretic migration during the initial 50 ms of
electric field application in an electrolyte of uniform
concentration.

Fig. la depicts the average species velocities in
LiTFSl/tetraglyme experimentally measured by eNMR.
Velocities toward the negative electrode are defined as
positive. The anion velocity (v_) is negative, whereas the
cation velocity (v.) is positive and smaller in magnitude
than v_ at all concentrations, consistent with prior
literature [52-54]. We also observe an electric field-
induced drift of the nominally uncharged solvent. The
solvent velocity (v,) is positive and increases with salt
concentration until r = 0.08. Thus, the solvent drifts in the
same direction as the cation, and moreover, the two
velocities become comparable at high salt concentration.

The Onsager transport coefficients L**, L*~ and L™~
can be determined from MD simulations using the slopes
of the term equivalent to mean squared displacement over
time, which is defined as

S e OREHOIE
w2 [rf © -] )]
(compare Eqg. (3)). Fig. 1b depicts the MSD’ profiles from
MD trajectories at two salt concentrations; Onsager
transport coefficients are obtained by fitting these curves
in the diffusive regime where the MSD’ scales linearly
with time. (Further details of the MD simulations are given
in the Supplemental Materials [55-60].) Note that in this
approach, solvent mass fraction enters into the expression
for t9, and solvent correlations (e.g., L*) are related to the

(6)
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three independent coefficients, subject to mass balance
constraints [38] (see Supplementary Material). The
concentration-dependent Onsager transport coefficients
are depicted in Fig. S8.

To assess the agreement between the experimental and
computational approaches, Fig. 1c depicts the ionic
conductivity predicted from eNMR velocities and from
Onsager transport coefficients (Eq. (1) and (4)), together
with separate electrochemical ac impedance spectroscopy
measurements. Agreement between eNMR data and the
electrochemical measurements confirms that the eNMR
velocities reflect migration of ions; values obtained using
these two independent methods are within experimental
error at all salt concentrations. The simulation results are
in qualitative agreement with experiments, but significant
deviations are evident at higher salt concentrations.

Despite the disagreement between conductivity values
predicted by experiment and simulation, Fig. 2 reveals
remarkable quantitative agreement between t? obtained
from the eNMR species velocities and the Onsager
transport coefficients using Eq. (2) and (5) respectively.
The transference number reflects a ratio of transport
coefficients, while the conductivity reflects a summation
(see Eq. (4,5)). We arrive at the surprising conclusion that
the standard transferable potentials for phase equilibria
with united atom (TraPPE-UA) force fields [61-66] are
sufficiently accurate to quantitatively capture the under-
pinnings of an important transport property — the transfer-
ence number. In Do et al. and Brooks et al. [67, 68], it has
been proposed that quantitative agreement between
experimentally measured and simulated conductivities is
obtained by rescaling (reducing) the formal charges on the
ions. This rescaling is believed to account for the fact that
the fixed potentials used to describe interactions in MD
simulations do not account for the polarizable nature of
atoms and ions. In the Supplementary Material, we show
the effect of charge rescaling on both conductivity and
transference number. While rescaling does lead to better
agreement between experimental and theoretical conduc-
tivities (see Fig. S6 in Supplementary Material), it has a
negligible effect on the transference number. The decrease
of t9 to nearly zero at r = 0.08 reflects the increasingly
dominant effect of solvent motion. From Eqg. (2), we see
that t approaches zero when the cation and solvent
velocities are similar. This occurs in the vicinity of
r. = 0.08, defined as the critical salt concentration.

Snapshots from MD simulations uncover the microscopic
solvation shells that surround different Li* cations. Li* ions
are solvated by oxygens either on the tetraglyme chains or
from the TFSI™ anions. At low concentrations, the average
number of tetraglyme solvent molecules surrounding each
Li* ion is two, while at high salt concentration, fewer
solvent molecules coordinate to Li*, implying that anions
enter the solvation shells (Fig. 3a). These two solvation
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FIG. 2. Transference numbers in the solvent reference frame (£2)
determined from eNMR (open symbols) and MD (filled symbols),
using Eq. (2) and (5), respectively. The critical salt concentration,
r. = 0.08, is indicated with a dashed line.

motifs are depicted in Fig. 3a, inset. The two-chain motif
(left), comprising one cation and two solvent molecules, is
predominant in the dilute regime (r < 0.08). In the
concentrated regime (r > 0.08), the one-chain motif (right),
comprising a cation coordinated by one solvent molecule
and one anion, becomes increasingly important.

To understand solvent motion in the context of solvation
structure, we quantify the fractions of the tetraglyme solvent
within the two motifs (Fig. 3b). The fraction of solvent in
the two-chain motif increases until the critical salt concen-
tration r. = 0.08, and then decreases gradually. At r > r, the
available solvent molecules are insufficient to fully solvate
all lithium ions, resulting in an increase of the fraction of
solvent molecules in the one-chain motif. In fact, the critical
salt concentration r.=0.08 is remarkably close to a
simplistic prediction based on two solvent molecules
coordinating with each cation: r=1/(2 x 5) = 0.1 (each
tetraglyme contains five O atoms). In Fig. 3b, we also
present the solvent velocity data measured by eNMR. The
concentration dependence of v, parallels that of the fraction
of solvent molecules in two-chain motifs; v, is also
maximized at r.. This result provides the molecular
underpinning of t ~ 0 at rc: this is the concentration at
which nearly all the solvent molecules lie within the
solvation shells of Li*. At higher concentrations, anions
begin to replace solvent molecules in the solvation shells.
One may view r. as the salt concentration at which the
dynamic heterogeneity of solvent motion is minimized.
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FIG. 3. (a) Average number of tetraglyme molecules (TEG, circles)
and anions (TFSI, triangles) in the coordination shell of each Li*
cation, obtained from MD. A tetraglyme molecule or TFSI™ anion is
determined to coordinate Li* if one of its oxygen atoms lies within
0.3 nm of Li*. The insets, representative snapshots from simulations,
depict the two-chain motif that dominates at low salt concentrations
(left) and the one-chain motif that appears for r > r¢ (right); Li is
shown in dark blue, C is shown in cyan and O in red; within TFSI",
all atoms are shown in yellow except O in red. (b) Fraction of
tetraglyme within the two-chain (open circles) and one-chain (open
triangles) motifs, determined from MD. Solvent velocity measured
by eNMR (filled squares) is overlaid using the right vertical axis,
highlighting similar trends.

Quantitative information about solvation structure from
MD supports a simple model of solvent motion, in which
we can calculate the solvation shell velocity, vgj;;, under
an applied electric field. We posit that the solvent motion
arises from the dragging of the solvent by the cation within
a solvation shell. Our model accounts for the three dominant
dynamically heterogeneous motifs that are evident in the
simulations (Fig. 4a): (i) the two-chain motif, (ii) the one-
chain (with anion) motif, and (iii) free solvent molecules.
The representative population of these motifs at r = 0.08 is
shown in an MD snapshot of solvent molecules and Li*
cations (Fig. 4b). Since motifs (ii) and (iii) have no net
charge, we assume that the measured solvent velocity
simply reflects the fraction of solvent molecules in the two-
chain motif (i). Thus solvent molecules within the two-
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FIG. 4. Quantification of dynamic heterogeneity by estimating the
drift velocity of only those solvent molecules that are in the solvation
shell of the Li* cation. (a) Depiction of solvation motifs and free
chains. In our model, only solvent molecules in the two-chain motif
are dragged with the migrating cation (rightward arrow). The
depicted electrodes are schematic. (b) MD snapshot of representative
tetraglyme molecules (colored chains) and cations (spheres) at
r. = 0.08. The solvation motifs are highlighted using the same color
scheme in (a). (c) Comparison of calculated shell velocity vy,
using Eq. (7) with measured cation velocity v, from eNMR. Error
bars for vy, reflect propagation of error in v, and f;; both
parameters approach zero as r tends to zero, resulting in large error
bars. Velocities assume an applied electric field of 1 V/mm.

chain motif (shown as blue chains in Fig. 4b) should
translate with the cation under application of an electric
field. The fractions quantified in Fig. 3 are thus directly
related to the dynamic heterogeneity of solvent motion
induced by the applied electric field. Breaking and
reforming of the solvation structures occurs on a short
timescale relative to the eNMR measurement (50 ms), and
thus an individual solvent molecule will encounter all
possible motifs such that its migration reflects an average
over the populations dictated by dynamic speciation.
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This simplified model relates the solvation shell velocity
(vsherr) to the average solvent velocity by eNMR (v,) and
the fraction of solvent in the two-chain motif (f,) from MD:

- 7)

Ushell = 5

We can test the hypothesis that solvent motion under
electric fields is due to two-chain motifs that are dragged by
the migrating cation by comparing vgspe; With v,. This
comparison, depicted in Fig. 4c, shows the relationship
between two independently measured quantities, v, and
v,. Agreement between vgy;; and v, is observed within
error across the range of salt concentrations. This validates
our simple model and indicates that we can selectively
quantify field-induced transport of only those solvent
molecules within charged solvation shells in dynamically
heterogeneous electrolytes.

At concentrations higher than those studied herein,
multiple one-chain solvation motifs may share anions,
thereby forming charged clusters [69—71] that will migrate
and contribute to the solvent velocity. In prior computa-
tional work, negatively charged cation—anion clusters have
been invoked to justify transference numbers in the vicinity
of zero [27]. Our analysis suggests that t] ~0 may also
arise entirely from cation-solvent correlations. Developing
an experimentally validated framework that accounts for
both ion-solvent and charged cation—anion clusters is an
avenue for future work.

In summary, we present a novel approach for molecular
interpretation of eNMR results using MD simulations in
concentrated electrolytes. Our work establishes the im-
portance of directly quantifying solvent motion, which has
traditionally been a neglected variable in electrochemistry.
The MD simulations reveal two dominant solvation motifs:
(1) where the cation is solvated by two solvent molecules,
and (2) where it is solvated by one solvent molecule and an
anion. We validate a model of cation-solvent coordination
that quantifies the velocity of only those solvent molecules
that lie within solvation shells of the migrating Li* cations.
The LiTFSl/tetraglyme electrolyte is dynamically heteroge-
neous at all salt concentrations; the cation transference num-
ber t? approaches zero in the least dynamically heterogene-
ous electrolyte.
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