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Dehydration-Driven Ion Aggregation and the Onset of Gelation in ZnCl, Solution

Alexei V. Tkachenko ,l’$ Chuntian Cao ,2 Amy C. Marschilok ,3 436 and Deyu Lu LY

lCenterfor Functional Nanomaterials, Brookhaven National Laboratory, Upton, New York 11973, USA
2Artiﬁ'cial Intelligence Department, Brookhaven National Laboratory, Upton, New York 11973, USA
3Interdisciplimzry Science Department, Brookhaven National Laboratory, Upton, New York 11973, USA
*Institute of Sustainability, Electrification and Energy (I:SEE), Stony Brook University,
Stony Brook, New York 11794, USA
SDepartment of Chemistry, Stony Brook University, Stony Brook, New York 11794, USA
6Department of Materials Science and Chemical Engineering, Stony Brook University,
Stony Brook, New York 11794, USA

® (Received 19 December 2025; accepted 24 July 2026; published 18 August 2026)

A minimal model of ionic aggregation in concentrated ZnCl, is developed, guided by molecular
dynamics simulations with a machine-learned potential. It explicitly incorporates solvent-site depletion,
correlated chloride binding, and allows for loops within Zn—Cl clusters. Dehydration drives two
coordination-controlled structural changes: a crossover at Z =2 from predominantly isolated
Zn-containing species to Cl-bridged clusters and the onset of gelation near Z =~ 3. The model reproduces
the concentration-dependent trends observed in the molecular dynamics simulations with two fitted
parameters, while the cluster-size distribution at the highest concentration is consistent with three-
dimensional percolation scaling over the accessible range of cluster sizes.
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L. INTRODUCTION

Highly concentrated “water-in-salt” (WIS) electro-
lytes exhibit a physicochemical behavior that lies well
outside the scope of classical dilute-ion descriptions.
Among them, ZnCl, stands out as one of the most soluble
inorganic salts containing a multivalent cation [1]. Its
exceptional solubility and anomalous properties are widely
attributed to the formation of stable multi-ion complexes
such as ZnCl3~. These complexes also enable highly
concentrated ZnCl, solutions to dissolve cellulose, a prop-
erty exploited since the 19th century [I]. Beyond its
importance as a model WIS system, ZnCl, is technologi-
cally relevant for next-generation zinc-ion batteries, which
were found to suppress the water-splitting reactions, help
regulate the morphologies of Zn plating, and improve the
Coulombic efficiency of Zn anodes [2].

Recent atomic simulations [3] suggest that Zn ion
aggregates can form in the WIS regime with a strong
impact on ion transport, yet the microscopic structure and
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connectivity of multi-ion aggregates in the WIS regime
remain poorly understood. This behavior is qualitatively
consistent with earlier theoretical models [4—6] that draw
analogies between ionic aggregation and classical Flory-
Stockmayer (FS) [7-9] theories to describe superconcen-
trated ionic solutions. In those models, ions and solvent
molecules are represented as patchy particles characterized
by a maximum number of bonds (“patches”), and bond
formation is taken to be independent among patches and
determined solely by the availability of unbound sites,
producing loopless Cayley-tree clusters with fixed degree
distributions.

In the present paper, we combine molecular dynamics
(MD) simulations based on a machine-learning inter-
atomic potential (MLIP) [3] with an analytic model to
uncover the mechanism behind ionic aggregation in ZnCl,
WIS electrolytes. Our minimal model is conceptually
related to the FS-based picture [4-9] but incorporates
several essential revisions motivated directly by our MD
results. First, we lift the Cayley-tree constraint and allow
loop formation, thereby going beyond the loopless FS
description and motivating a comparison of the simu-
lated cluster statistics with finite-dimensional percolation.
Second, we relax the assumption of independent bond
formation, specifically for chloride ligands, in order to
capture the substantial free-energy penalty associated with
forming a Cl-mediated Zn—Cl-Zn bridge. This correlated
binding produces qualitatively distinct behavior, including

Published by the American Physical Society
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the sharp coordination-driven crossover that we identify
as the aggregation threshold. Third, guided by the known
structure of Zn>* and CI~ hydration shells and supported
by MD, we allow the effective topological valence of
each species to differ between ion-ion and ion-water
interactions. Finally, we treat the availability of hydrogen
and oxygen sites of the water molecules as inde-
pendent degrees of freedom, consistent with classical
FS theory, but differently from the generic model of
McEldrew et al. [4].

We show that progressive dehydration drives ion asso-
ciation, producing two distinct structural changes. The
first, at an average Zn coordination number Z = 2, marks a
sharp crossover from simple Zn—Cl association to the
formation of branched Zn—Cl clusters in which chlorides
bridge multiple Zn’>* ions. The second is the onset of
gelation near Z =~ 3. At the highest simulated concentra-
tion, the broad cluster-size distribution is consistent with
proximity to a three-dimensional percolation threshold,
although the available system sizes and concentrations do
not permit a determination of the universality class.

II. MD-MLIP SIMULATIONS

The MD trajectories were generated in our previous
work [3] using a machine-learning interatomic potential
trained with DeePMD-kit [10] on the density-functional-
theory data using the SCAN functional [11-13] selected
through the DP-GEN active-learning workflow [14].
Simulations were performed in LAMMPS [15] for six con-
centrations in periodic boxes containing 1600-2000 atoms.
For each composition, three 100-ns trajectories were
collected in the NpT ensemble at 333 K and 1 bar after
2 ns of equilibration, using a 0.5-fs time step. At 333 K,
our SCAN MLIP reproduces the structure of ambient
water in the literature [16,17]. The calculated structure
factors of the ZnCl, solution agree well with available
x-ray-scattering data [3]; additional training and simula-
tion details are given in Supplemental Material [18].

The six aqueous ZnCl, compositions range from 1.05 m
(Zn:0O=1:53) to 30 m (Zn:0O = 1:1.85). Simulation
snapshots at representative concentrations are shown in
Fig. 1. The trajectories reveal that the first solvation shell
of Zn>* comprises both H,O and Cl~ ligands, with
coordination numbers varying from 4 to 6. Fully hydrated
Zn(H,0)2" is octahedral, while ZnCl;~ is tetrahedral.
Intermediate complexes Zn(H,0),Cl,, x + y = 4-6, form
distorted polyhedra whose chloride content increases with
concentration, reflecting progressive ligand substitution.
Because each Cl~ can bridge two Zn>* centers, partially
chlorinated solvation shells interconnect via shared chlor-
ides, forming extended Zn—Cl aggregates [1,19]. In the
WIS regime, these aggregates merge into polymer-like
ion networks spanning nanometer scales. This evolution
from discrete complexes to extended networks provides a

(@) 1:53 (1.05m)

(b) 1:8.5 (6.53m)

FIG. 1. MD simulation snapshots taken at different salt
concentrations. (a) salt-to-water molecular ratio ny = 1:53
(molality 1.05 m); (b) n, =1:8.5 (6.53 m); (¢c) ny,=1:3
(18.5 m); (d) ny, = 1:1.85 (30 m).

structural basis for the concentration dependence of ion
transport and for the onset of gelation.

III. MINIMAL MODEL
A. Bridging equilibrium

In our model (presented in full detail in Supplemental
Material [18]), each Zn?* provides four equivalent co-
ordination sites for C1~. Chlorides may be terminal (bound
to one Zn) or bridging (shared by two). The central
variables are the free-chloride fraction «, defined as the
fraction of all chloride ions that are not coordinated to
7Zn*t, the mean Zn—Cl coordination number Z, the bridg-
ing fraction p, and the salt-to-water molecular ratio
n, = C,/C,,, where C,; and C,, represent salt and water
concentrations, respectively. Terminal CI~ contributes one
Zn—Cl bond, while a bridge contributes two, giving the
coordination balance

Z=2(1—a)(1+ p). (1)

The conversion of two terminals into a bridge releases
one free chloride, as shown in Fig. 2(a), yielding the
equilibrium condition:

p l—a
K(1-p)? a

(@)

where the dimensionless constant K <« 1 encodes the
electrostatic and entropic penalties of bridging.
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FIG. 2. Schematic representation of the key processes in the
model. (a) Bridging reaction. (b) Hydration-dependent associa-
tion of Zn?>* and CI~ ions.

I~

Combining Egs. (1) and (2) gives

1
) TR @
Z(p) = —— D) 4)

1+ K(1—p)/p

As shown in Fig. 3, these relations reproduce the
observed evolution of a and p with Z across the simulated
concentration range.

Two regimes emerge with a sharp crossover at Z = 2.
For Z<2, a~1—2Z/2, and p~0, corresponding to

m a MD
Y p, MD
—— @, theory (K=0.0003)
—— p, theory (K=0.0003)
-+ a, theory (K=1x 107°)
-+ p, theory (K=1 x 10°%)
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FIG. 3. Theoretical relationships between p(Z) and a(Z)
compared with MD data (symbols) for K =3 x 107 (solid)
and K = 1079 (dotted).

dissociated ions and small clusters. For Z > 2, a~0,
and p~Z/2— 1, signaling extensive aggregation. This
reflects the large free-energy cost of Zn—CI-Zn bridging:
at low Z, the system favors isolated ions and single-Zn
clusters; but once Z = 2, chloride scarcity forces the
system to use bridges, driving rapid aggregation. We
therefore identify Z =2 as the aggregation threshold.
This crossover and the comparison in Fig. 3 are robust
when K is sufficiently small. Changing K from 3 x 10~ to
107 primarily narrows the crossover region near Z = 2
while leaving the predicted trends outside that region
nearly unchanged. Both curves provide a comparable
description of the MD data; the comparison is intended
to demonstrate robustness rather than a precise determi-
nation of K.

B. Dehydration-driven ion aggregation

The preceding argument explains why a sharp crossover
occurs at Z = 2, but it does not by itself guarantee that the
solution can reach this point prior to becoming saturated.
To illustrate the limitation, first consider a naive model in
which binding between free chloride and vacant Zn sites is
described by a single association constant K:

K[CI7][Zn — site] = [Cl], (5)

- 1—
kc,(4-z)=—2.

(6)

a

Here all bracketed quantities are number concentrations
and K has units of inverse concentration. In this naive,
nonbridging limit, [C1~] = 2aCy, [Zn — site] = (4 — Z)C,,
and [C];] = 2(1 — a)Cy; substitution into the first equation
cancels the common factor 2C, and yields the second
equation. Thus, no concentration factor is implicitly
absorbed into K. The free-chloride fraction a then
decreases only as 1/C,. At Z =2, Eqgs. (1) and (2) give
e \/E for K < 1. Reaching this value in the naive model

would require C, ~ 1/(K+/K), up to a numerical factor
of order unity. The required concentration is therefore
larger than the initial association scale 1/K by a factor of
order 1/+/K, giving an unrealistic estimate above 10> m
for the parameters relevant here.

The naive association model does not take into account
that at high enough salt concentration the availability of
water molecules for the hydration of free ions becomes a
limiting factor. To capture the separate scarcity of hydro-
gen donors (for anion hydration) and oxygen acceptors (for
cation hydration), we introduce two dimensionless coef-
ficients, yy and y, the solvent-site activity coefficients for
hydrogen and oxygen sites, respectively. They play the role
of activity coefficients for the respective solvent sites:
y = 1 indicates ideal availability; y < 1 indicates scarcity.
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We begin with O sites. A fully hydrated Zn>* ion has
so = 6 oxygen ligands in the first shell, while a tetrahedral
ZnCl, species has none. Thus, each Zn—Cl bond, on aver-
age, blocks s~ 3/2 oxygen-binding sites. If (1 —yq)C,,
denotes the population of O sites that are effectively
sequestered, a mass-action balance leads to

SZ)CS - (1 - yO)CW) = (1 - yO)CW‘
(7

Here the association constant Ky characterizes the
affinity of an O site of a water molecule for a Zn>*
ion. A similar relation can be written for yy, assuming that
hydration of a free Cl~ requires hy, H-donor sites and that
each Zn—Cl bond frees & of them. Because the CI~
hydration shell is less structured than that of Zn>*, we
take hy = 8 and treat s as a fitting parameter. From the
above balance equation, one obtains

KO e} Cw((SO -

Yo — Cx1+ ny(sZ — s0). (8)
Yo
€ hZ
yH——H~1+ns(——ho>, )
YH 2

with eg = 1/(KoC,,) < 1 and ey = 1/(2KyxC,,) < 1.

Associating a CI~ with a vacant Zn site releases s
oxygen sites and & hydrogen sites, as schematically shown
in Fig. 2(b):

Zn—site+Clm = Zn—-Cl+sO+ hH. (10)
Mass-action equilibrium gives

l—a «ng 4-7

a yiyh 1-p’

(1)

where x = Z*hKqulv_(Hh) is the dimensionless reduced
association constant; the factor 2" follows from the two
H-donor sites per water molecule. Combining Eqs. (11),
(2), and (4) yields the full dependence of Z, p, and « on n;.
Figure 4 compares the theoretical predictions.

Only two parameters, « and h, are adjusted in the
comparison with the MD data. The remaining parameters
are fixed by hydration-shell structure (sg =6, s = 3/2,
and hy = 8) or have weak effects in the relevant regime.
Changing K from 3 x 107 to 10~ mainly sharpens the
crossover near Z = 2, while varying e, and ey has little
effect when both are <0.01. The curves in Fig. 4 use k = 4
and h =4.45for K =10%0or h = 5.15 for K = 3 x 1074,
With the two fitted parameters, the model simultaneously
captures the concentration trends of Z, p, and a. In
Supplemental Material [18], we provide a detailed dis-
cussion of the model parameters, including their physical
estimates and sensitivity tests. In particular, the best-fit
value of « is shown to be consistent with known stepwise

a zZimo | | ] | g
—— Z, theory (K=0.0003) .=
- Z, theory (K=1x10"°)
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FIG. 4. Comparison of the theoretical mean Zn-Cl co-
ordination number Z [panel (a)], bridging probability p, and
free-chloride fraction a with MD simulations [panel (b)].

association constants for ZnCl, complexes after account-
ing, at a semiquantitative level, for the suppression of ion
association at high ionic strength [20-22].

C. Gelation criticality

Our system belongs to the broad class of gelation and
percolation models for branched-monomer networks.
Classical FS theory predicts gelation for monomers of
functionality f when the bond-formation probability
exceeds p, > p. = 1/(f —1). For ZnCl,, the relevant
functionality is f = 4, and the effective Zn—-Zn bonding
probability is Zp/4, which yields the gelation condition

Z(Z-2) > 8p,., (12)

Z.=1++/1+8p.. (13)

Using the FS value p. = 1/3 gives Z,~2.91 [7.8].
Because FS theory neglects loops, its threshold and cluster
statistics provide a mean-field reference rather than a
complete description of the simulated network [23]. For
comparison, bond percolation on the diamond lattice,
which also has functionality f =4, has p.~0.39 and
yields Z. =~ 3.03 [24]. At the highest concentration studied
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FIG. 5. Cluster-size distributions from MD simulations for
Zn—Cl aggregates at different concentrations, plotted on loga-
rithmic axes. The markers show the probability density as a
function of the number 7, of Zn>* ions per cluster. For the 30-m
electrolyte (Zn:O = 1:1.85), the distribution is broad and is
consistent, over the accessible intermediate-size range, with the
three-dimensional percolation reference f ~ n,>!°. The loopless
FS reference, f ~ "E:/ 2, is shown for comparison. The finite
simulation size and limited concentration sampling preclude an
independent determination of the exponent. PDF is defined as
probability density function.

(ng =1: 1.85 or 30 m), the mean coordination number
approaches this value. We therefore examine whether the
corresponding cluster-size distribution is consistent with
proximity to a percolation threshold.

Near a percolation transition, the cluster-size distribu-
tion is expected to exhibit an approximate power-
law regime, f(n)~n~" [23]. Loopless FS theory gives
trs = 5/2 [7.8], whereas three-dimensional percolation
has 7x2.19 [23,24]. Figure 5 shows the cluster-size
distributions obtained from the MD simulations. At the
highest concentration, the distribution is broad, extending
from isolated Zn’>* ions to aggregates containing approx-
imately 130 Zn?* ions. Over the accessible intermediate-
size range, the data are visually consistent with a power
law close to 7 =2.19 and are less steep than the FS
reference 7 =5/2. Because the simulations include a
single finite system at each of six concentrations, with
no finite-size scaling or independent exponent uncertainty,
this comparison should be interpreted as evidence con-
sistent with three-dimensional percolation-like behavior,
not as a determination of a universality class.

IV. DISCUSSION

The two coordination scales identified here describe
different physical phenomena. The crossover at Z = 2
follows from chloride bookkeeping in the presence of a

strong penalty for Zn—-Cl-Zn bridge formation: once
terminal coordination consumes nearly all available chlo-
ride, further growth of Z requires shared ligands and
therefore produces rapid cluster growth. Gelation near
Z =3, in contrast, is a collective connectivity condition
whose location depends on the effective bonding proba-
bility and loop formation. It should therefore not be inter-
preted as a second local chemical-equilibrium transition.

The model also provides a structural interpretation of
the concentration-dependent transport behavior reported
for the same simulated electrolytes [3]. Dehydration
reduces the population of free chloride ions while increas-
ing the size and connectivity of Zn-containing aggregates.
For aqueous Zn batteries, this highlights a trade-off:
reduced water activity can suppress water-driven side
reactions and modify Zn deposition, while the accompa-
nying ion association can reduce the mobility of indepen-
dent charge carriers [2,3]. The present equilibrium model
does not calculate transport coefficients or interfacial
kinetics, but the variables Z, p, and a provide compact
structural descriptors for connecting electrolyte composi-
tion to charge-carrier speciation.

In summary, our combined molecular dynamics simu-
lations and analytic modeling demonstrate that progressive
dehydration is the key microscopic driver of ion aggre-
gation and gelation in concentrated ZnCl, solutions. As
water becomes scarce, chloride ligands increasingly bridge
neighboring Zn?* centers, leading to a hierarchy of struc-
tural changes. The first occurs at an average coordination
number Z = 2, marking the crossover from isolated ionic
complexes ZnCl, to branched clusters containing multiple
Zn%t ions. The second, near Z =~ 3, is associated with the
onset of a connected Zn—Cl network analogous to the sol-
gel transition in branched polymer systems. The broad
cluster-size distribution at the highest simulated concen-
tration is consistent with near-critical three-dimensional
percolation behavior but does not by itself establish a
universality class.

These findings establish a direct connection between
local coordination chemistry and emergent mesoscale
connectivity in aqueous ZnCl,. They identify dehydration-
induced chloride bridging as the mechanism responsible
for the structural evolution observed in this system. Similar
competition between ion hydration and bridging may
operate in other highly concentrated electrolytes, but
establishing the range of applicability of this mechanism
will require tests in additional chemical systems.
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