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ABSTRACT: The Zn2+ coordination shell in ZnCl2-based battery electrolytes is far more dynamic than its time-averaged structure
suggests. Using a machine-learning force field (MACE) fine-tuned with density functional theory data, we simulate nanosecond-scale
molecular dynamics of a ZnCl2:urea:H2O deep eutectic electrolyte across 300−400 K, a time regime inaccessible to ab initio
methods and poorly captured by classical force fields. The Zn2+ first coordination shell is tetrahedral and compositionally mixed with
chloride ions, urea, and water contributing comparable shares. This overall occupancy remains essentially constant with temperature,
masking markedly asymmetric underlying kinetics. Residence-time analysis reveals that chloride is essentially nonexchanging on the
nanosecond time scale, while water and urea exchange continuously, with residence times an order of magnitude shorter and
activation energies of 12.5 and 16.2 kJ/mol, respectively. Potential of mean force and speciation analyses identify ZnCl2 as the
dominant solute species and show that ligand substitution proceeds predominantly through an associative pathway. Self-diffusion
coefficients and activation energies for all four constituent species further establish a mobility hierarchy consistent with this
coordination picture. Together, these results provide a molecular-level rationale for the transport behavior of ZnCl2-based
electrolytes and a general framework for understanding ion speciation and lability in coordinating eutectic battery electrolytes.

■ INTRODUCTION
Zinc-based electrolytes have emerged as a particularly
attractive platform for electrochemical energy storage devices,
partly because metallic Zn is a promising anode material for
batteries with aqueous electrolytes.1−4 However, its practical
implementation is still limited by the high reactivity of free
water and the parasitic reactions associated with Zn plating/
stripping processes.5 In this context, highly concentrated
electrolytes, eutectic mixtures, and “water-in-salt” or “water-in-
DES” architectures have been extensively investigated as
strategies to reduce water activity, modulate Zn2+ solvation,
and improve the reversibility of reactions at Zn metal
anodes.1,5 Zn-WO3 cells operating with 30 m ZnCl2 electro-
lytes have exhibited excellent capacity retention after 1000
cycles, and ZnCl2 in urea deep eutectic solvents has likewise
been proposed as low-cost electrolytes for zinc-ion hybrid

supercapacitors, reinforcing the technological relevance of this
class of liquids for next-generation energy storage.1

ZnCl2/urea DES electrolytes occupy a particularly important
position among Zn-based electrolytes because they combine a
highly coordinated Zn environment with an intense,
composition-sensitive hydrogen-bond network.6,7 Structural
and periodic DFT studies on ZnCl2(urea)2 crystals indicate a
tetrahedral Zn(II) coordination environment with partially
covalent Zn−Cl character, a feature invoked to rationalize the
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unusual fluidity and comparatively low ionic conductivity of
these melts.2 The controlled addition of water adds a further
layer of complexity: rather than acting as an inert diluent, water
competes with chloride and urea for the Zn2+ coordination
shell, reorganizing the local hydrogen-bond network and, in
doing so, potentially modulating ionic transport and interfacial
stability at the Zn anode.8

Beyond this static structural picture, the rate at which
chloride, urea, and water exchange within the Zn2+
coordination shell is expected to govern key transport
properties of these electrolytes. Mass spectrometry studies on
ZnCl2/urea melts have identified a rich speciation landscape,
including cationic complexes such as [ZnCl(urea)]+ alongside
anionic species such as ZnCl3− and Zn2Cl5−, whose relative
populations are thought to control ionic conductivity and
viscosity.2,9 Such ensemble-averaged techniques, however,
cannot resolve the underlying microscopic exchange events:
which ligand is kinetically labile, how exchange proceeds
mechanistically (for instance, through an associative or
dissociative pathway), and how these factors respond to
temperature and hydration remain open questions that are
directly relevant to the rational design of Zn-electrolyte
formulations for battery operation.
Capturing this competitive, fluxional coordination behavior

is essentially out of reach for the methods conventionally
available. Classical molecular dynamics simulations using fixed-
charge force fields (CMD) cannot represent the electronic
reorganization that accompanies Zn2+ ligand exchange, and
polarizable force fields, while in principle better suited to this
electronic detail, are themselves known to suffer from
trajectory instabilities (“polarization catastrophe”)10 and a
substantial parametrization burden in systems combining
small, highly charged ions with extensive hydrogen-bond
networks. Even AMOEBA, a polarizable force field developed
specifically for divalent cations, has been shown not to
adequately capture the charge-transfer character of the Zn−Cl
interaction itself.11,12 Ab initio molecular dynamics (AIMD)
simulations avoid these issues by construction but remain too
costly to reach the nanosecond time scales over which ligand
exchange occurs. This work would not have been possible
without a method that closes that gap: we use a machine-
learning force field (MACE), fine-tuned with density-func-
tional-theory reference data, which combines near-quantum-
mechanical accuracy with the nanosecond trajectories required
to resolve ligand-exchange dynamics. Full validation of the
model against ab initio benchmarks is provided in the
Supporting Information.

In this work, we use nanosecond MACE-based machine-
learning molecular dynamics (MLMD) simulation trajectories
to characterize the coordination chemistry and ligand-exchange
dynamics of Zn2+ in the ZnCl2:urea:H2O electrolyte across the
300−400 K range. We quantify the speciation of ZnCln
complexes, the relative binding free energies of chloride,
urea, and water at the Zn2+ center, and the residence times and
exchange mechanisms that govern how these ligands
interconvert. These results provide a molecular-level rationale
for the transport and conductivity behavior of ZnCl2-based
electrolytes and more broadly establish a framework for
understanding ion speciation and lability in coordinating,
eutectic battery electrolytes.

■ METHODOLOGY

System and Simulation Boxes

The system is a ZnCl2/urea/H2O deep eutectic electrolyte
(DEE) with a 1:3:1 molar ratio (ZnCl2:urea:H2O). Ab initio
reference trajectories were generated in a 491-atom cubic cell
(17.86 Å edge). For MLMD, three system sizes were tested to
assess finite-size effects on structure (see Figure 1): small (491
atoms, 17.9 Å, matching the AIMD cell), medium (982 atoms,
22.6 Å), and large (∼2000 atoms, 28.5 Å). The medium box
was adopted for all production simulations as the best
compromise between structural accuracy and computational
cost. The cell edge of each box was fixed to reproduce the
equilibrium density obtained from a 2 ns NPT equilibration at
300 K and 1 atm (ρ = 1.58 g/cm3); the AIMD cell and the
three MLMD boxes therefore share a common number
density, ensuring that the canonical-ensemble simulations
sample the correct liquid density. Because the local speciation
of concentrated Zn-halide systems can be sensitive to the initial
arrangement of ions, several starting configurations were
generated and independently equilibrated. The configuration
whose first-shell speciation is consistent with experimental
EXAFS13 data for aqueous ZnCl2 (Zn−Cl distance ≈2.25 Å,
CN(Zn−Cl) ≈2) and with recent MACE-based MLMD of
aqueous ZnCl2 was retained for the production runs. The
structural convergence of these trajectories is documented in
the Supporting Information (Section S6). The large box, while
useful for size-convergence testing, proved too computationally
demanding for the 1 ns, five-temperature production protocol
required for the dynamical analyses presented here.
We note that 400 K is adopted as a practical computational

upper bound for the liquid range; all MLMD runs employ a
fixed particle number (NVT), so evaporative water loss is not

Figure 1. Representative simulation cells of the ZnCl2-based electrolyte with molar composition 1:3:1 (ZnCl2:urea:water), containing cubic boxes
with edge lengths of 17.9, 22.6, and 28.5 Å. All systems were simulated using MLMD simulations, while the smallest cell was additionally
investigated using AIMD simulations. The panel on the right shows a typical local coordination environment around Zn2+ (gold), where the metal
ion is coordinated by two chloride ions (green), one urea molecule, and one water molecule (N: blue, H: light gray, C: dark gray, O: red).
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modeled. Experimental TGA data for this exact ternary
composition are not available to us, and this temperature
ceiling should therefore be read with the caveat that the
stability of the mixture against water loss at 400 K has not been
independently verified.
Reference Data Set and Force Field Training
Density-functional-theory (DFT) reference data were gen-
erated with the CP2K14 package at the PBE-D3 level.15,16 Ten
ab initio molecular dynamics (AIMD) trajectories of 6 ps (1 ps
equilibration followed by 5 ps production) were generated at
300, 400, and 500 K using a multiseed protocol, and ∼10,000
configurations were reevaluated (energies and forces) at an

elevated plane-wave cutoff of 650 Ry, to build a balanced
training/test set of 2,800/600 configurations providing a good
compromise between data diversity and computational cost.
The MACE machine-learning force field was obtained by fine-
tuning the MACE-MP-0 foundation model on this data set.
Model performance was primarily assessed using the root-
mean-square error (RMSE), the standard metric for this class
of machine-learning potentials. The resulting model achieved
validation RMSEs of 25 meV/Å for forces and 1.8 meV/atom
for energies, values that are comparable to, or better than,
those typically reported for machine-learning interatomic
potentials developed for ionic liquids and deep eutectic

Figure 2. Radial distribution computed from classical molecular dynamics (CMD, gray), ab initio molecular dynamics (AIMD, black), and
machine-learning molecular dynamics using the MACE force field (MLMD, red) for the ZnCl2:urea:H2O (1:3:1) deep eutectic electrolyte at 300
K. Panels (a)−(c) show Zn2+-centered pairs; insets highlight the sharp first-coordination-shell peak. Panels (d)−(f) show Cl−-centered and water
oxygen−oxygen pairs. AIMD and MLMD use the same box size, 491 atoms. The close agreement between AIMD and MLMD curves across all pair
types validates the MACE model for structural properties of this electrolyte.
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electrolyte systems.17,18 Full DFT settings, data set con-
struction protocol, and force field training hyperparameters are
provided in the Supporting Information.
CMD Simulations

CMD simulations were carried out with GROMACS19 for
comparison with the results of the AIMD and MLMD
simulations. The configuration was assembled using the
PACKMOL20 package considering a cubic box with edges of
4.5 nm. All potential models used to describe intermolecular
interaction were based on the GAFF-D3 force field.21 The
water molecule was treated using the SPC/E model.22 The
equilibration of the DEE was performed in an isothermal−
isobaric ensemble (NPT) with T = 300 K and p = 1 atm for 2
ns, and the production was performed using the canonical
ensemble (NVT) for 30 ns. A Parrinello−Rahman barostat23
was utilized to maintain constant pressure with a time constant
of 2 ps and compressibility constant of 4.5 × 10−5 bar−1. This
value corresponds to pure water; the isothermal compressi-
bility of the ternary DES is expected to differ, but the
Parrinello−Rahman barostat is robust to this parameter, which
controls only the rate of volume relaxation rather than the
equilibrium properties of the sampled ensemble. To ensure a
constant temperature, a Nose−́Hoover thermostat24 was used
with a time constant of 2 ps (the same as used in the NVT
simulations). The Lennard-Jones interaction computed by the
classical shifted force technique and long-range electrostatic
correction estimated by the Particle Mesh Ewald method
(PME)25 were applied beyond a cutoff radius of 0.9 nm.
Periodic boundaries were employed in all directions.
MLMD Simulations

Production MLMD simulations were performed with
LAMMPS interfaced to the trained MACE potential via the
ACEsuit package,26 using a 1 fs time step and three-
dimensional periodic boundary conditions. After energy
minimization and a 50 ps NVT equilibration (Nose−́Hoover
thermostat), 1 ns production trajectories were generated
independently at five temperatures (300, 325, 350, 375, and
400 K) spanning the liquid range of the electrolyte. Structural
and dynamical properties (radial distribution functions,
coordination numbers, mean-square displacements, and
dimer existence autocorrelation functions for residence-time
analysis) were computed from the production trajectories
using the TRAVIS package.27 Structural convergence of all
production trajectories was verified by monitoring the time
evolution of the Zn2+ coordination numbers and the ionic-
aggregate count (Supporting Information, Section S6). Full
simulation protocol details (thermostat parameters, dump
frequency, momentum correction, hyperparameters, models,
and data split) are provided in the Supporting Information.

■ RESULTS AND DISCUSSION

Zn2+ Coordination Environment and Its Thermal Response

Full validation of the MACE potential, including its agreement
with AIMD for all pair correlations, the comparison against a
classical force field, and the assessment of finite-size effects, is
provided in the Supporting Information; here, we focus on the
structure and coordination chemistry of the Zn2+ center, which
is most directly relevant to the electrochemical behavior of this
electrolyte.
Figure 2 compares the radial distribution functions (RDF)

obtained from CMD, AIMD, and MLMD at 300 K. For all

Zn2+-centered pairs (panels a−c), AIMD and MLMD curves
overlap almost exactly: the Zn−Cl, Zn−Ow, and Zn−Ou
correlations each show a single, sharp first peak (near 225,
202, and 198 pm, respectively) followed by a deep minimum,
the hallmark of a well-defined, exchange-limited first
coordination shell. The Cl-centered and water oxygen−oxygen
correlations (panels d−f) show good agreement between
AIMD and MLMD, including the position and relative
intensity of second-shell features. Notably, the Cl−N(urea)
correlation (panel e), which reflects the N−H···Cl− hydrogen-
bond geometry, is well-reproduced by the MACE model, with
a first-shell peak at 342 pm consistent with moderate-strength
hydrogen bonding. For this pair, the classical force field also
captures the peak position reasonably well, in contrast to the
urea−urea and urea−water correlations where CMD substan-
tially overstructures relative to AIMD. The classical force field,
by contrast, reproduces the general peak positions but fails
qualitatively for the hydrogen-bonded urea network: CMD
substantially overstructures the urea−urea and urea−water
correlations relative to AIMD, and this is attributable to the
absence of explicit polarization and charge transfer in the fixed-
charge models considered.
These qualitative observations are confirmed quantitatively

in Table 1. MLMD and AIMD agree closely on the

composition of the Zn2+ first coordination shell: CN(Zn−
Cl) = 2.04 vs 2.06, CN(Zn−Ow) = 0.64 vs 0.75, and CN(Zn−
Ou) = 1.35 vs 1.19, giving a total coordination number of 4.03
versus 4.00 and confirming a tetrahedral, 4-fold coordinated
Zn2+ center in which chloride accounts for about half of the
total occupancy, with the remainder partitioned between water
and urea oxygen donors. This three-way partitioning of the first
shell is consistent with the rich speciation landscape reported
by mass spectrometry studies of ZnCl2/urea melts, where
cationic [ZnCl(urea)]+ and related mixed-ligand complexes
coexist with more chlorinated species and the recovered
CN(Zn−Cl) ≈2 parallels the [ZnCl2]-type core motif
observed in that work. The tetrahedral geometry itself mirrors
the Zn(II) environment reported crystallographically for
anhydrous ZnCl2(urea)2,

2 indicating that the local coordina-
tion preference of Zn2+ persists from the anhydrous DES into
the hydrated electrolyte studied here, even as water displaces
part of the urea population. The model also reproduces the

Table 1. Structural Parameters of the First Coordination
Shell for Selected Atom Pairs in ZnCl2:Urea:Water (1:3:1)
at 300 K, Computed from AIMD and MLMD Simulationsa

AIMD MLMD

Pairs rpeak rmin CN rpeak rmin CN

Zn−Cl 225 288 2.1 225 295 2.0
Zn−Ow 205 262 0.8 202 268 0.6
Zn−Ou 202 268 1.2 198 268 1.4
Zn(total) 4.1 4.0
Cl−Nu 345 412 4.8 342 410 4.8
Ou−Hu 195 275 1.9 188 268 1.6

aThe coordination number (CN) is defined as the running integral of
the RDF, evaluated at the first minimum rmin of each pair correlation:

=CN r g r r dr( ) 4 ( ’) ’ ’
r

0
2 where ρ is the bulk number density. Note

that for Cl−Nu, the broad first shell reflects N−H···Cl− hydrogen-
bond geometry rather than direct ionic coordination. Zn(total) refers to
the sum of all oxygen and chloride contributions to the Zn2+ first shell.
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hydrogen-bonding organization beyond the immediate Zn2+
shell, with CN(Cl−Nu) = 4.8 which reflects the number of
urea N−H donors surrounding each chloride and CN(Ou−Hu)
= 1.58 vs 1.90.
The coordination of Cl− is markedly lower than the

hydration number of ∼7 reported for chloride in dilute
aqueous solution. This is a direct consequence of composition
and speciation: with two chlorides per zinc and CN(Zn−Cl)
≈2.0, essentially every Cl− is bound within a Zn2+ first shell,
where it is screened from the solvent, and the surrounding
medium is urea-rich and water-poor (one H2O per two Cl−).
The reduced coordination therefore reflects the ion-rich
structure of the DES rather than a simulation artifact, and
the recovered Zn−Cl distance (225 pm) agrees quantitatively
with EXAFS13 and with MACE-based MLMD of aqueous
ZnCl2.

4

This coordination pattern remains remarkably stable across
the accessible liquid range. As shown in Figure 3, CN(Zn−Cl)
decreases only marginally, from 2.04 to 2.00, between 300 and
400 K, while the total Zn2+ coordination number stays
essentially constant (∼4.0). The composition of the oxygen-
donor population, however, changes: CN(Zn−Ou) increases
from 1.35 to 1.48 with temperature, at the expense of CN(Zn−

Ow), suggesting the influence of temperature over oxygen’s
vibrations. This compositional shift indicates a progressive,
modest preference of Zn2+ for urea over water as temperature
increases, even though the total first-shell occupancy is
conserved. Taken together with the near-invariant Zn−Cl
occupancy, these results show that the average coordination
number of Zn2+ is a poor proxy for the underlying dynamics of
the system: as we show in the following section, this apparently
rigid, thermally robust shell is in fact the time average of a
continuously fluctuating population of bound and unbound
ligands, whose individual residence times differ by more than
an order of magnitude.
Temperature-Dependent Diffusion

The structural picture established by RDF and CN analysis,
while essential, provides only a static snapshot of the
electrolyte. The dynamical behavior, how fast ions and solvent
molecules migrate through the medium, is equally critical for
understanding the electrochemical performance of the DEE,
yet it is precisely in this regime that both AIMD and CMD fall
short: AIMD trajectories are too short (∼50−100 ps) to reach
the diffusive regime for sluggish species such as Zn2+, while
CMD potentials lack the electronic polarization needed to

Figure 3. Coordination numbers CN(Zn2+−Cl−), CN(Zn2+−Ow), and CN(Zn2+−Ou) as a function of temperature, extracted by integrating the
corresponding RDFs up to the first minimum. The Zn2+ first-coordination shell retains a nearly constant total occupancy across 300−400 K, with a
slight increase in urea coordination at the expense of water and chloride at elevated temperatures.

Figure 4. Dynamical properties of the ZnCl2:urea:H2O (1:3:1) DEE computed from 1 ns MLMD trajectories (medium simulation box, 982
atoms). (a) Mean-square displacement (MSD) of Zn2+ as a function of lag time at five temperatures (300−400 K). Solid lines: MSD curves; dashed
lines of matching color: linear regression fits used to extract the diffusion coefficient D. (b) Self-diffusion coefficients D (log scale) as a function of
temperature for all species. The mobility hierarchy (H2O > urea ∼Cl− > Zn2+) reflects the distinct coordination environments of each species. (c)
Arrhenius plot of ln(D) versus 1000/T for the four species. Symbols: computed D values; lines: linear fits from which the activation energies Ea are
extracted (see text).
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capture the strong, directional coordination that governs ion
mobility in this system. The 1 ns MLMD trajectories reported
here bridge this gap, granting access to well-converged
diffusion coefficients and activation energies for all four
constituent species simultaneously (Figure 4).
The mean-square displacement (MSD) of each species was

computed from the center-of-mass trajectories of the
molecules/ions using the TRAVIS analyzer.27 For each
temperature, the MSD was evaluated up to a correlation
depth of 30% of the total trajectory length; a standard
precaution that ensures adequate statistical averaging while
avoiding the noise-dominated tail of the MSD; and the self-
diffusion coefficient D was extracted from the linear (Einstein)
regime by least-squares regression; full fitting parameters
(correlation depth, regression window) are given in the
Supporting Information. The complete set of MSD curves
for all species and temperatures is presented in Figure S6, and
the resulting diffusion coefficients are collected in Table S1 and
plotted in Figure 4. A representative subset of the Zn2+ MSD
curves is shown in Figure 4a; all of them display the expected
ballistic-to-diffusive crossover, confirming that the 1 ns
trajectories reach true Fickian diffusion at every temperature
studied. The diffusion coefficients increase monotonically with
temperature for all species and display a clear, consistent
mobility hierarchy (Table S1): H2O is consistently the most
mobile constituent (0.399 × 10−9 m2 s−1 at 400 K), followed
by urea (0.145 × 10−9 m2 s−1) and Cl− (0.089 × 10−9 m2 s−1),
with Zn2+ being the least mobile species (0.078 × 10−9 m2 s−1
at 400 K). This ordering is consistent with the coordination

environments identified from the RDF analysis: Zn2+ is
strongly coordinated by ∼2 Cl− and ∼1.4 urea oxygen atoms
in a tight first shell, imposing a large effective hydrodynamic
radius and correspondingly slow dynamics. Above 350 K, urea
diffuses faster than Cl−, likely because urea, despite
participating in the Cl−···H−N hydrogen-bond network,
retains rotational and conformational degrees of freedom
that accelerate its translational diffusion relative to the more
isotropically solvated chloride anion. Water, present in a
minority ratio (H2O:urea = 1:3) and less constrained by the
ionic coordination network, retains markedly higher mobility
at all temperatures, reaching diffusivities approximately five
times larger than Zn2+ at 400 K.
The activation energies extracted from the Arrhenius fits

(Figure 4c) are 19.9, 15.6, 24.6, and 26.9 kJ mol−1 for Zn2+,
Cl−, urea, and H2O, respectively. The lowest Ea belongs to Cl−
(15.6 kJ mol−1), consistent with its relatively labile and
geometrically flexible first solvation shell. Zn2+ presents an
intermediate value (19.9 kJ mol−1) that reflects the energetic
cost of partial desolvation of its tight first coordination shell
during translational motion. The highest activation energies
belong to urea (24.6 kJ mol−1) and H2O (26.9 kJ mol−1),
reflecting the energetic cost of disrupting the extended
hydrogen-bond network in which these species are embedded
before translational diffusion can occur. The ordering Ea(Cl−)
< Ea(Zn2+) < Ea(urea) < Ea(H2O) thus reflects a hierarchy of
structural constraints: ionic coordination for the cation and
anion and hydrogen-bond network disruption for the
molecular species.

Figure 5. Ligand-exchange dynamics at the Zn2+ coordination center in the ZnCl2:urea:H2O (1:3:1) deep eutectic electrolyte, computed from 1 ns
MLMD trajectories (medium box, 982 atoms). (a) Raw dimer existence autocorrelation functions (DACF) for Zn−Cl, Zn−O(urea), and Zn−
O(water) at 400 K, using cutoff distances of 295, 250, and 260 pm, respectively. (b) Residence times τ, extracted from polyexponential fits to the
DACF, as a function of temperature; open symbols (Zn−Cl) denote temperatures at which the DACF had not decayed sufficiently within the 500
ps correlation window for a reliable extrapolation, so these values represent lower bounds. (c) Arrhenius plot of ln(τ) versus 1000/T, with
activation energies Ea obtained by linear regression. (d) Potentials of mean force, PMF(r) = −RT ln g(r), at 400 K for the same three pairs. (e)
Population of Zn-Cln (n = 0−4) species as a function of temperature, from graph-based clustering of the Zn−Cl coordination network. (f)
Classification of ligand-exchange events into associative, dissociative, and interchange pathways at 400 K, after applying a 2 ps minimum-dwell filter
to suppress transient recoordination noise.
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Ligand-Exchange Dynamics at the Zn2+ Coordination
Center

The coordination numbers discussed above are time-averaged
occupancies; they say nothing about how long an individual
ligand remains bound to Zn2+ or by what pathway exchange
occurs. To resolve this kinetic dimension, we computed the
dimer existence autocorrelation function (DACF) for each
Zn−ligand pair, from which residence times and exchange
mechanisms were extracted. Figure 5 brings together five
complementary lines of evidence: the raw decay of ligand
association (Figure 5a), the resulting residence times and their
temperature dependence (Figure 5b,c), the underlying binding
energetics (Figure 5d), the population of Zn-Cln species
(Figure 5e), and the dominant exchange pathway (Figure 5f).
At 400 K, the raw DACF curves (Figure 5a) already convey

the central qualitative result: Cl− remains associated with Zn2+
for most of the 500 ps correlation window, decaying only to
C(t) ≈0.43, whereas both oxygen donors decay to near zero
within the same window, with O(water) lagging slightly behind
O(urea). This order-of-magnitude separation between an
essentially nonexchanging chloride and two comparatively
labile oxygen donors is the qualitative signature that the
quantitative analysis below makes precise.
The temperature dependence of the extracted residence

times (Figure 5b) confirms this picture. At 300 K, all three
ligands reside in a comparable range, between ∼1050 and
∼1360 ps, with Zn−Cl already the longest-lived. As the
temperature increases to 400 K, τ(O−urea) and τ(O−water)
decrease roughly 5-fold, to 215 and 276 ps, respectively, while
τ(Zn−Cl) shows no systematic decrease, fluctuating between
∼1100 and ∼1600 ps with no clear trend. Arrhenius analysis of
the two oxygen donors (Figure 5c) yields activation energies of
16.2 kJ/mol for O(urea) and 12.5 kJ/mol for O(water); the
lower value for water indicates that it is the more kinetically
labile ligand, consistent with its slightly longer, weaker Zn−O
bond relative to the more strongly Lewis-basic urea carbonyl
oxygen. The corresponding fit for Zn−Cl gives a formally
negligible activation energy (0.3 kJ/mol), but this should not
be read as evidence of temperature-insensitive binding:
because τ(Zn−Cl) exceeds the simulation window at every
temperature studied, the DACF never decays enough for the
extrapolated integral to be statistically reliable, and the
apparent flatness instead reflects this sampling limitation.
What can be stated with confidence is that chloride remains
essentially nonexchanging on the nanosecond time scale
accessible here, at all five temperatures. We note that, precisely
because chloride exchange is slow relative to the accessible
time scale, the Zn2+ first shell relaxes only gradually at the
lowest temperatures. A structural-convergence analysis (Sup-
porting Information, Section S6) confirms that the coordina-
tion environment is stationary to within 2% at 375−400 K and
evolves slowly, through physical ligand exchange rather than
numerical drift, at 300−350 K, so that the dynamical
properties reported here are unaffected by this low-temper-
ature relaxation.
The potentials of mean force (Figure 5d, shown at 400 K)

provide the energetic basis for this kinetic hierarchy. The Zn−
Cl well is the deepest of the three (−11.1 kJ/mol), followed by
Zn−Ow (−9.1 kJ/mol) and Zn−Ou (−9.0 kJ/mol); the
marginally deeper Zn−Ow well is consistent with its marginally
longer residence time relative to that of Zn−Ou. The barrier
separating the first and second coordination shells is
correspondingly higher for Zn−Cl than for either oxygen

donor, in qualitative agreement with its much longer residence
time. These barrier heights are, however, systematically larger
than the activation energies obtained from the dynamic DACF
analysis; this is expected since a one-dimensional radial PMF is
known to overestimate the true, multidimensional kinetic
barrier for ligand exchange, which can proceed via lower-
energy angular or concerted pathways not captured by a purely
radial coordinate. PMF curves are shown at a single reference
temperature because the apparent deepening of the well with
temperature in PMF units is largely a consequence of the
explicit RT prefactor rather than genuine structural reorganiza-
tion (Supporting Information).
The speciation analysis (Figure 5e) identifies ZnCl2 as the

dominant species at all temperatures (49.5−56.1% popula-
tion), in agreement with CN(Zn−Cl) ≈2 and with the
[ZnCl2]-type core motif inferred from mass-spectrometric
speciation studies of ZnCl2/urea melts. A substantial fraction
of Zn2+ centers, however, exist in bridged, multi-Zn clusters
connected through shared chloride ions; this fraction decreases
markedly with temperature, from 34.3% at 300 K to
approximately 13% at 400 K, indicating that thermal agitation
progressively breaks up chloride-bridged aggregates in favor of
more isolated, mononuclear ZnCl2 units. To resolve the
instantaneous Zn2+ environment beyond the chloride count,
each Zn2+ center was assigned at every trajectory frame to a
coordination motif ZnClxO(U)yO(W)z, defined by the number
of Cl−, O(urea), and O(water) donors within the first shell
(cutoffs of 295, 250, and 260 pm, respectively); the results are
shown in Figure S8. The dominant motif at all temperatures is
ZnCl2O(U)O(W) (a mixed tetrahedral environment with two
chlorides and one donor each from urea and water) coexisting
with ZnCl2O(U)2 and ZnCl3O(U) as major secondary species.
The motif populations shift systematically with temperature:
water-containing species decrease (ZnCl2O(W)2: 6.5 → 2.1%)
while urea-rich and chloride-rich species increase (ZnCl2O-
(U)2: 14.3 → 19.4%; ZnCl3O(W): 3.3 → 12.6%), in direct
correspondence with the CN(Zn−Ow) and CN(Zn−Ou)
trends of Figure 3.
Finally, classification of the individual exchange events

recorded in the DACF trajectories (Figure 5f) shows that
ligand substitution at Zn2+ proceeds predominantly through an
associative pathway (54.3% of events), in which the incoming
ligand coordinates before the outgoing one fully departs,
transiently raising the local coordination number above four.
Dissociative events, where a ligand departs before a
replacement arrives, account for a substantial secondary
fraction (38.5%), while interchange pathways with no
resolvable intermediate (7.3%) are comparatively rare. The
dominance of the associative mechanism is consistent with the
slight, temperature-driven increase in urea occupancy noted
above: rather than first vacating a site, incoming urea
molecules appear to displace water and chloride from an
already occupied shell.

■ CONCLUSIONS
Using a MACE machine-learning force field trained on density-
functional-theory data, we characterized the structure and
dynamics of a ZnCl2:urea:H2O deep eutectic electrolyte at the
molecular level over nanosecond time scales inaccessible to ab
initio simulation. The Zn2+ center adopts a tetrahedral, 4-fold
coordination shell shared among chloride, urea, and water,
whose total occupancy is essentially temperature-invariant;
however, this apparent rigidity conceals pronounced kinetic
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asymmetry. Chloride remains bound to Zn2+ for the full
duration of our trajectories, while water and urea exchange on
the 200−1000 ps time scale with modest activation energies,
predominantly through an associative mechanism in which the
incoming ligand displaces an existing one rather than waiting
for a vacancy. Speciation analysis identifies ZnCl2 as the
dominant solute species, coexisting with a population of
chloride-bridged multi-Zn clusters that diminishes with
temperature. Resolving the instantaneous coordination envi-
ronment further shows that ZnCl2OuOw, a mixed tetrahedral
motif with one urea and one water donor, is the single most
populated species at all temperatures and that the motif
distribution shifts progressively from water-containing to urea-
and chloride-rich environments as temperature increases.
Diffusion coefficients for all four species establish a mobility
hierarchy (H2O > urea > Cl− > Zn2+) that is directly consistent
with this coordination and exchange picture: species more
tightly and more persistently bound to Zn2+ diffuse more
slowly. Together, these results show that the transport
properties of ZnCl2-based electrolytes cannot be rationalized
from time-averaged structures alone and that ligand lability
(not just ligand identity) is a key variable for the rational
design of Zn-battery electrolyte formulations. Extending this
approach to other compositions and metal-halide chemistries is
a natural next step toward a predictive, molecular-level
framework for eutectic battery electrolytes.
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