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The speciation and reactivity of aqueous salt solutions are important for a wide variety of applications.
However, application of this information is inhibited by broad disagreement about composition, mecha-
nisms, and structure in concentrated solutions especially. Here, neutron diffraction with isotopic substi-
tution measurements on aqueous zinc chloride solutions are used to calibrate molecular dynamics
simulations that include effective electronic polarization. This allows us to probe the origin of speciation
and reactivity of zinc chloride-water ion complexes, ZnClx(H2O)y

2-x (x � 4 and y � 6), by comparing the
reactivity of species in concentrated (4.5 m) and dilute (0.01 m) conditions. Within the concentrated solu-
tion, it is found that the extended solvation environment is dominated by solvent-separated ion com-
plexes whose presence increases the free energy of activation for interconversion of species while
simultaneously enhancing their thermodynamic stability. This concentration-dependent reactivity and
stability suggests that other reactions, such as the nucleation of solid phases, will also be affected.

� 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The extent of ion association in concentrated aqueous salt solu-
tions is critically important to understand both equilibrium (e.g.,
speciation, activity-concentration relationships) and dynamic
(e.g., viscosity, diffusivity, and conductivity) processes. Moreover,
a consistent molecular picture that describes how associated ions
form the precursors for the nucleation of solid phase(s) from solu-
tion is still missing [1–5]. Arguments for the mechanism(s) of
nucleation as involving either simple ion-pairs or formation of
complex hydrated networks or clusters of solute species remain
highly debated [1,2,6–9]. The formation of ion complexes and the
kinetics of association appear to be the key to resolve the chemical
processes behind classical vs. non-classical nucleation [1,2,10,11].
A challenge in resolving this debate is that existing estimates of
the equilibrium constants for ion association (KA) found in thermo-
dynamic speciation databases are often fit parameters rather than
direct observations, derived after applying an activity-
concentration relationship model [12–14]. Despite the practical
usefulness of that approach, it loses the underlying atomic-scale
chemistry necessary to understand reaction mechanisms. A more
informative approach would be to consider ion complex formation
through metal–ligand (ML) (inter)exchange processes (L = anions
or water solvents) and incorporating the influence of extended sol-
vation environments on the ligand exchange reactions [15–19].
However, it is not well understood how specific solvation environ-
ments influence ion association reactions at this time. Especially at
high salt concentrations, the role of water/solvents is poorly under-
stood but is also simultaneously integral to determining reaction
mechanisms. Thus, the precise nature of the solvation environment
at the molecular scale is expected to affect the reactivity of the
solution (e.g., due to ion aggregation), control transport properties
(e.g., increase of viscosity, decrease of diffusivity and mobility) and
drive reaction outcomes (e.g., precipitation mechanisms and phase
selection).

In principle, atomic-scale simulations could deliver the mecha-
nistic and atomic-scale structural information necessary to resolve
the molecular speciation of ion association. However, well known
classical molecular dynamics models [20,21] used as written have

http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2021.116898&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.molliq.2021.116898
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wanghswen@gmail.com
mailto:stackag@ornl.gov
https://doi.org/10.1016/j.molliq.2021.116898
http://www.sciencedirect.com/science/journal/01677322
http://www.elsevier.com/locate/molliq


Table 1
Isotopic compositions for pairs in ZnCl2 solutions.

Solution pairs NDIS difference

4.53(2)* m zinc chloride in null water 3 partial structural factors�

4.51 m: (ZnnatCl2)1.0(nH2O)12.306
4.54 m: (Zn37Cl2)1.0(nH2O)12.225

Zn2+-Cl-, Cl--Ow, Cl--Cl-

*At the target concentration of 4.5 m, the scattering contrast on the Cl substitutions
is ~ 15.3 millibarns/sr/atom, i.e., ~33.6% of the total scattering. Thus, the concen-
tration imperfections by 0.03 m will result in ~ 0.1% errors in the measured
intensities.
� For regular neutron diffraction of ZnCl2 in D2O, a total of 10 partial structural
factors is measured.
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yielded poor agreement with the literature ion-pairing data [22],
attributed to lack of explicit parameterization of ion interaction
terms. In addition, our recent work suggests that the simple point
charge models that contain formal charges on the dissolved ions
may over-estimate the extent of ordering of the solvent and solutes
bound to the ion [23,24]. As an alternative to classical models,
ab initio computational models relieve the requirement for explicit
parameterization of ion interaction but face a different challenge in
that the time scales at which solutes equilibrate their solvation
structures are sometimes slower [25] than the time-scales that
can be practically simulated, even while using rare event methods.
Given the difficulties in making experimental estimates, the relia-
bility of computational models, and comparing these, it is therefore
not surprising that there are conflicting interpretations of the sta-
bility of specific ion pairs/clusters.

In this Article, we show that a significant improvement in the
solution structure can be achieved using high precision neutron
diffraction isotope substitution (NDIS) measurements to tune
electronic continuum correction molecular dynamics (ECC-MD)
simulations. The role of the extended solution structure in deter-
mining the reactivity of associated ions is then probed using both
direct simulation and a rare event method, well-tempered meta-
dynamics [26,27], that allows us to discover and compare the
reaction mechanisms and stability constants of ion association
reactions in both concentrated and dilute solutions. The specific
system we use is 4.5 m ZnCl2 in water, and we find that interac-
tions between aqueous Zn2+ with dissolved Cl- and water mole-
cules create a series of distinct coordination states, which can
be recognized as local ion complexes: ZnClx(H2O)y2-x (where, x
= 0–4 and y = 6–0). Interconversion of ion complexes occurs
through barriers that are many multiples of kBT in energy and
the barriers for their interconversion increase in the concentrated
solution. Reaction kinetics for interconversion are hindered, as
compared to more dilute conditions, while the thermodynamic
stabilities of the species are found to be concentration dependent.
Specifically, the second-shell water molecules and/or third-shell
solutes surrounding the as-formed ion complexes not only control
the fluctuation in local atomic connectivity that influences reac-
tion kinetics and mechanism, but also play an intimate role in
changing the thermodynamic stability of the complexes, evi-
denced by the changing association constants for complex
formation.

We chose to study the concentrated chloride solution paired
with high charge density metal-cation (Zn2+) in this work
because (i) formation of ion complexes is established at concen-
trations above ~ 2 m [28–32], and (ii) it is possible to perform
simultaneous manipulation of both 37Cl/natCl and D/natH isotopes
in the system which makes NDIS a unique approach that allows
only Cl--Ow solvation, Zn2+-Cl-, and Cl--Cl- correlations to be
observed. Additionally, the extensive experimental and computa-
tional studies, which include multiple experimental measure-
ments, have resulted in diverse and sometimes conflicting
pictures of the chemical structure of associated species and ther-
modynamic speciation in ZnCl2 solutions of similar concentration
[28,30,32–34]. Specific issues include that speciation models dis-
agree on relative proportions and types of ion complexes present
(e.g., zinc tri- and tetrachloride, ZnCl3- and ZnCl42-) [28,30] and
Pitzer activity coefficient models of ZnCl2 solutions vary widely
[35]. By combining and validating the ECC-MD simulations with
experimental Cl-NDIS data, it has allowed us to achieve a clear
picture of chemical speciation, equilibrium concentrations, asso-
ciation constants (KA) for ion-pair formation, and quantifying the
role of solvation structures in affecting reactivity. These lessons
have implications for the key chemical processes relating to min-
eral nucleation, growth, and dissolution in complex aqueous
solutions.
2

2. Materials and methods

2.1. NDIS and first-order difference analyses

A successful NDIS experiment depends first on obtaining two
high-quality samples that are identical in all respects, except the
isotope of one element has been changed. Secondly, a high-flux
neutron source (e.g., accelerator-based neutron source) containing
stable instrumentation is required, so that sufficient statistical
accuracy and reproducibility in the data can be achieved. For the
first factor, the chemical purity of the isotopically-labeled com-
pounds largely determines the quality of prepared solutions. In this
study, the source of 37Cl is in the form of Na37Cl salt powders, pro-
duced from the Stable Isotope Production Program at Oak Ridge
National Laboratory (ORNL). To extract 37Cl from Na37Cl salts,
cation exchange reactions using H+ loaded resins (AG 50 W-X12,
Dowex) were applied to convert dissolved Na37Cl to acidic H37Cl
solution. Zn metal pellets (99.99%, 10440, Alfa Aesar) were then
dissolved in excess H37Cl to produce aqueous solutions of Zn37Cl2.
Preparation of 4.5 m Zn37Cl2 in null water requires additional
purification steps, which include precipitation via evaporation
and resuspension in null water. To maintain consistent concentra-
tion/isotope content, identical preparation procedures were
applied to both isotopically labeled and naturally abundant sam-
ples. Detailed methods are given in Supplementary Material, Sec-
tion S1. Confirmation of the synthesis method by X-ray
diffraction and thermogravimetric Analysis-Mass Spectrometry is
shown in the Supplementary Material, Section S2. Table 1 summa-
rizes the stoichiometric composition of each prepared solution,
along with estimated scattering errors caused by concentration
imperfections.

Prepared solutions were sealed into quartz NMR tubes (507-PP-
7QTZ, Wilmad-LabGlass) and loaded in the sample shifter carousel
at the Nanoscale Ordered Materials Diffractometer (NOMAD) [36]
instrument at the Spallation Neutron Source (SNS), ORNL. For each
solution, scattering data were collected in 30 frames (30 mins. per
frame) at room temperature for a total of 15 h at 60 Hz setting. The
beamline’s auto-reduction software [36] was used to normalize
data and perform the NDIS first-order difference analyses. Details
on data reduction and difference analyses are provided in Supple-
mentary Material, Section S3. Briefly, the first-order difference
approach comprises: (i) subtraction between two total structure
factors F(q), from diffraction data involving Cl isotope substitutions
(generating a DFCl), and (ii) Fourier transformation of the as-
obtained DFCl intensities into the real-space signal, i.e., the first-
order difference RDF DGCl(r).
2.2. Molecular dynamics simulations

Molecular Dynamics simulations were carried out using
LAMMPS [37,38] and GROMACS [39–41] software packages in
canonical (NVT) and isothermal-isobaric (NPT) ensembles [42].
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GROMACS was used for ‘‘unbiased/direct” simulations (on the
microsecond time scales) and LAMMPS was used for well-
tempered metadynamics [27] (WTM) ‘‘biased” simulations (see
Supplementary Material, Section S5 for setup details). Results from
both packages broadly agreed. The initial configurations were gen-
erated using Packmol [43] software with a tolerance of 2 Å. Classi-
cal ‘‘unbiased” simulations were run for 5 microseconds at 1 atm
and 300 K with a timestep (ts) of 1 fs whereas ‘‘biased” simulations
were run for 300 ns. Comparisons to the experimental RDF data
were made following Wang et al.[23]. Briefly, the atomic or molec-
ular pair-wise correlations are obtained from the average atom
positions from the CMD simulations. These partial RDF’s are then
multiplied by their corresponding neutron-weighted scattering
coefficients to produce RDFs in accord with experimental observa-
tions (for detail methods see Supplementary Material S4).

After initial attempts using a formal charge force field, an elec-
trostatic continuum correction (ECC) model was used instead [31]
(comparison is presented in Supplementary Material, Section S5.1).
According to the ECC formalism, formal charge models overesti-
mate electrostatic interactions since the polarization and screening
effects innate to aqueous media are not accounted for [44], this can
lead to more ordering in the primary solvation shell and the bulk
structures than is observed experimentally (e.g., Supplementary
Material, Figure S6 and our previous work [24]). Previous studies
have focused primarily on the ion-pairing parameters, but that
method did not consider the second-order (Cl--Cl- and Cl--Ow)
interactions [31]. To address this issue, the ECC model [31,44] here
is implemented along with systematic changes to the Lennard-
Jones parameters to fit the ECC-MD simulation RDF to the experi-
mental Cl-NDIS data (see Supplementary Material, Section S5.1).

Potential of Mean Force (PMF) calculations were performed by
well-tempered metadynamics using the PLUMED 2.5 [45] plugin
with gaussian laid every 1000 timesteps, an initial height of 2.5 kJ/-
mol (� 1 kBT), and a bias factor of 8 (2D-PMF; Supplementary
Material, Section S5.2) or 5 (1D-PMF; Supplementary Material, Sec-
tion S5.3). Free energy surface calculations were performed in both
concentrated (4.5 m) and dilute (0.01 m) conditions, and their
comparison is displayed in Fig. 2 (for 2D-PMF) and Supplementary
Fig. 1. Structure of 4.5 m ZnCl2 aqueous solution, with comparison of experiment and
neutron diffraction with isotope substitution, NDIS (black curve) to tuned ECC-MD simul
into its molecular RDFs (shaded colored curves) containing each molecular unit, ZnCl+

solution. (b) Tuned ECC-MD simulation snapshot representing 4.5 m ZnCl2 solution with i
shells).
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Material, Figures S8 and S9 (for 1D-PMF). Speciation analyses (Sup-
plementary Material, Section S7) from unbiased simulations were
calculated by counting specific species over a 500 ns windowed
average. Separate speciation analyses were also performed from
biased simulations by taking the Boltzmann distribution of the
2D-PMF using the program Metadynminer [46]. Identification of
minimum energy paths for the interconversions of different spe-
cies and reaction mechanisms, incorporating two different
approaches (a nudge elastic band method and trajectory analysis)
are detailed in Supplementary Material, Section S8. Equilibrium
constants for ion association (KA) reactions were calculated by tak-
ing the ratio of the integrals of the product and reactant states in
the 1D-PMF (details in Supplementary Material, Section S9). Sup-
plementary Material, Section S10 depicts the composition of mul-
timer species and their propensity to occur at 4.5 m.

3. Results and discussion

3.1. NDIS with double isotopic substitutions and ECC-MD simulations

The nature and extent of contact ion-pairing and association
were examined in concentrated aqueous solutions of zinc chloride,
ZnCl2. Labeled Zn37Cl2(s) and naturally abundant ZnnatCl2(s) salts
were created and purified to keep the preparation of the two sam-
ples consistent in all possible respects while minimizing contami-
nants. These two salts were dissolved in null water
(nH2O = mixture of light and heavy water with a mole ratio of
0.64 H2O:0.36 D2O) to produce a pair of solutions that allow essen-
tially a double isotopic labelling, chlorine atom and hydrogen on
water (Table 1). The concept behind NDIS difference analysis is
to measure the diffraction of a pair of solutions that are identical
in all respects, except that the isotope of one of the elements (37-
Cl/natCl) is distinct in each solution. By relying on the dependence
of the neutron coherent scattering on the specific isotope, partial
structure factors with respect to just the chlorine atoms can be
obtained directly (Table 1). Details of the NDIS method are pro-
vided in Supplementary Material, Section S3, but in general are
similar to those in our previous work [23]. In the final, normalized,
simulation: (a) Comparison of normalized, Fourier-transformed RDF (DGcl
norm) from

ations (dashed red curve with open circles). The tuned ECC-MD RDF is decomposed
(yellow), ZnCl2 (green), ZnCl3- (Blue) and Zn2Cl3-5±1,0 (purple) present in 4.5 m ZnCl2
ts molecular species (van der Waals radius for each species is indicated with colored



Fig. 2. Free energy surfaces using Zn-Cl and Zn-OW coordination numbers as collective variables for concentrated (4.5 m) and dilute (0.01 m) ZnCl2 solutions. The stable states
(purple) along with the metastable states (dark blue) are connected by minimum energy paths (black dashed line) computed by the Nudge Elastic Band method. Each
successive exchange mechanism is characterized by Associative (A), Interchange Associative (IA), Interchange Dissociative (ID) or Dissociative (D) exchange, shown on each
free energy surface. MD trajectory snapshots for each type of molecular unit with van der Waal’s radius (colored surface) are depicted on top.
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Fourier-transformed radial distribution function (RDF DGCl),
shown in Fig. 1a, H(D)-bonding to chloride species (Cl--Hw) is not
seen because the D/natH isotopic ratio was matched to produce
the null-scattering water solvent. The other Zn2+-water or water-
water structural correlations are also not seen because the only dif-
ference in scattering arising from 37Cl/natCl isotopes cancels all
these contributions in the difference RDF DGCl. The advantage of
using null-scattering water as a second isotope substitution is that
it removes the Cl--Hw hydrogen bonding signal at ~ 2.3 Å [47,48]
and therefore eliminates the peak overlap that would interfere
with the Zn2+-Cl- (~2.2 Å) contact ion-pair [31,48–50]. As shown
in Fig. 1a, the observed DGCl (black curve) is simple enough that
individual peaks can be readily identified, specifically the clear
contact ion-pair signal for Zn2+-Cl- bonds at ~ 2.2 Å and another
broad peak centered at ~ 3.7 Å that contains the Cl--Cl- intramolec-
ular peaks for ion complexes containing multiple chlorides. The
first-shell Cl--Ow correlation at ~ 3.4 Å forms a shoulder on the
Cl--Cl- peak.

To better understand the contributions of specific ion com-
plexes to the experimental RDF peaks, the calculated RDFs derived
from a 5 ls long (2 ls equilibration, 3 ls production) ECC-MD sim-
ulation (see Supplementary Material, Section S7) are plotted
against the experimental data (Fig. 1a). Such a long equilibration
4

time is required because of the slow solvent exchange of the aque-
ous zinc ions and zinc chloride complexes; see Supplementary
Material, Figure S12 for a detailed plot of speciation of the system
as a function of simulated time. To fit the experimental data, the
Cl--Cl- and Zn2+-Ow pair interactions from the published ECC force
field [31] were modified to maximize the agreement in the inten-
sities and radial distances of the Zn2+-Cl-, Cl--Cl-, and Cl--Ow peaks
between the experimental and theoretical results. As illustrated in
Fig. 1a, the calculated total RDF DGCl (red dashed line and open cir-
cles) corresponds to Cl-NDIS data with three partial structure fac-
tors involved (i.e., atom–atom pair correlations of Cl--Ow, Zn2+-Cl-

and Cl--Cl-). There is overall good agreement in peak shapes for
Zn2+-Cl- and Cl--Cl- peaks and the modified force field also fits lit-
erature Cl-NDIS (on 4.0 m ZnCl2 in D2O) data quite well (see Sup-
plementary Material, Section S6). However, there are some
portions of the fit to the data that could be improved, such as the
Cl--Ow shoulder is somewhat overestimated by the force field
and the dip in scattering intensity at ~ 5 Å is not captured well.
While its origin is not completely clear, the latter feature has been
observed in previous chloride salt RDF experiments [51–54].
Regardless, the overall good agreement of the ECC-MD method
and experiment makes the ECC-MD a useful tool to understand
chemical speciation and reactivity in complex aqueous salt solu-
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tions that can be considered to give a fairly accurate portrayal of
the structure of the solution. To study these properties, we first
decomposed the calculated RDF DGCl into the contributions from
individual local ion complexes (shaded colored curves at the bot-
tom of the plot in Fig. 1a). In our view, these extracted ‘‘speciation
RDFs” centered around the metal-cations for the formation of ion-
paired molecular moieties, ZnClx(H2O)y2-x, are the most intuitive
way to present a complex solution structural RDF, as compared
to the traditional atom–atom pair correlations. This is because this
method readily deconvolutes the total RDF into the contributions
from the various molecular species that are present in the solution.
Based on the geometry of the defined molecular species, the speci-
ation RDF of, e.g., neutral-charged ZnCl2(H2O)2-30 molecules (Fig. 1),
contains two Zn2+-Cl- bonds (at ~ 2.2 Å), one Cl--Cl- (at ~ 3.8 Å), and
various numbers of Cl--Ow (at ~ 3.2 Å) intramolecular correlations.
Note that in order to associate the primary intramolecular correla-
tion for a given type of ion complex, the intermolecular interac-
tions for the complex to the surrounding environment also need
to be included in the speciation RDF calculation. In this way contri-
butions from other solvation water about the Cl- that are already
ion-paired to Zn2+ can be considered (see Supplementary Material
S5 for this method). Therefore, each speciation RDF shown in
Fig. 1a represents not only the neutron-weighted contributions
to the total observed DGCl intensity but also reflects the prevalent
chemical ion complex species in 4.5 m ZnCl2 solution.

The extracted coordination environments about the complexed
Cl- within the ECC-MD model and the agreement to the Cl-NDIS
experimental data suggest that the structure of 4.5 m ZnCl2 solu-
tion should be thought of as an assembled collection of ion com-
plexes (or molecules that differ by the local specific bonded
configurations), and the network of their molecular connectivity
ultimately describes the dynamics and chemical reactivity in solu-
tion. Specifically, 12% of ion complex species are in the form of Zn
(H2O)62+ (i.e., fully solvated Zn2+), but the remaining 88% are bonded
to 100% of the chlorine atoms, i.e., there is no free chloride
observed, Cl(H2O)6-8- . Among the zinc in ion pairs or complexes,
average populations consist of approximately 10% ZnCl(H2O)4-5+ ,
37% ZnCl2(H2O)2-30 , 32% ZnCl3(H2O)1-2- , with no observation of
ZnCl42- species from direct simulation (see Supplementary Material,
Figures S13 and S14 for the detailed distributions of species). A
snapshot of the solution structure is displayed in Fig. 1b, in which
the fully solvated state for each major type of the complexes is
color-coded. What can be seen in this snapshot is that the ion com-
plexes are in close proximity to each other but are usually sepa-
rated by water molecules in solvent-separated configurations. A
minority of chloride ions are found to be shared among multiple
zinc atoms at this concentration, but they are limited to clusters
containing only two zinc atoms, i.e., approximately 9% of species
are of the form Zn2Cl3-5(H2O)2-3±1,0. The neutron-weighted RDF con-
tributions from these dimeric clusters are color-coded in purple
in Fig. 1a, and the representative snapshot of these clusters is
shown in Fig. 1b. This finding contrasts somewhat to some previ-
ous findings in calcium carbonate[5,8] where extended networks
of ions directly bonded to each other have sometimes been found.

3.2. The stability of ion complexes and their reactivity

Beyond simple speciation, we can probe the reactivity of ion
complexes in concentrated aqueous solutions and evaluate the
strength of their interaction with the surrounding water molecules
and other ion complexes. To accomplish this, we examined the
coordination number of n(Cl-) and n(Ow) around Zn2+ centers. We
then used these two parameters as collective variables along our
biased ECC-MD well-tempered metadynamics simulations to cal-
culate the relative Helmholtz free energies, DA, of the ion com-
plexes and a nudged elastic band method [46,55] to calculate a
5

minimum free energy path (see Supplementary Material, Sec-
tion S8). The coordination numbers n(Cl-) and n(Ow) are defined
as the number of Cl- and Ow that are directly bonded to the Zn2+

center, and different molecular complexes ZnClx(H2O)y2-x can be
distinguished (details are provided in Supplementary Material,
Section S7). The derived free energy surface shown in Fig. 2a and
the minimum energy pathway between states (dashed line) clearly
indicate that, at a concentration of 4.5 m, there exist several stable
and metastable coordination states. The two most stable coordina-
tion states, as indicated by the cooler temperature colors at the
potential of mean force (PMF), are the tetrahedral molecules of
ZnCl2(H2O)20 and ZnCl3(H2O)- (referred to as (2,2) and (3,1) in the
Figure), followed by penta-coordinated ZnCl2(H2O)30 (2,3) species
and octahedral molecule of ZnCl(H2O)5+ (1,5) species. What is espe-
cially interesting in this plot is that the variability in water coordi-
nation numbers for a given number of chlorides in the ion complex.
That is, while the aqueous zinc, Zn(H2O)62+, and fully saturated
ZnCl42- are well-defined structures with fixed coordination num-
bers, all intermediate complexes can contain different numbers
of water molecules for a given number of chlorides and these vari-
ations are often stable. The flexible coordination number of the
intermediate species contrasts with the reactivity of dissolved alu-
minum [17] or magnesium [56,57] ions, where coordination num-
ber changes and solvent exchanges have been viewed as rate-
controlling processes such as for dissolution and growth of solid
phases [58]. If we follow the descriptions by Widmer et al. [59]
for other electrolyte systems, the coordination states at each free
energy minimum displayed in Figs. 2 and 3 with varying numbers
of water molecules and chlorine ions should be thought of as dis-
tinct chemical (molecular) species, whose stabilities, local connec-
tivity, and reaction pathways to the other species fundamentally
control the solution-phase structure and chemical reactions. Using
a Boltzmann distribution to obtain the speciation from the free
energy surface gives a subtly different speciation than the direct
simulation that is quoted above. Of specific note is that there is a
wider array of species found in the biased simulation, and that
the metadynamics-derived population suggested 2.7% of the zinc
should be ZnCl42- species which was not observed in the direct sim-
ulation at all (see Supplementary Material, Figures S13 and S14 for
comparison). The difference could be due to statistical sampling in
the direct simulation, i.e., 2.7% of zinc species corresponds to ~ 4
zinc atoms in a simulation of 150 zinc total, which is a small num-
ber. Another possibility is that despite the direct simulation
accounting for 5 ls of simulated time, it was perhaps not fully
equilibrated for minor species that also have higher activation
energies for their formation. A last possibility is that an unknown
sampling error may in effect enhance the apparent stability of
some species in the biased simulation. Regardless, the trends
between biased and unbiased simulations are similar and differ-
ences on the order of a few percent can be viewed as random
uncertainty in the true speciation of the simulations.

To ascertain the influence of the solvent molecules on reactivity
and the effect of the close proximity of the ionic complexes to each
other in concentrated solutions, we performed a ‘‘thought experi-
ment” by comparing the free energy surface in 4.5 m ZnCl2 to
the same type of calculation for dilute conditions (0.01 m;
Fig. 2b). In the dilute solution, the most stable state is clearly the
fully solvated Zn(H2O)62+ (0,6) species and the free energy barriers
to convert between species are noticeably smaller in dilute condi-
tions than in concentrated solutions (Fig. 2). This means a shorter
lifetime and dynamically faster reactions for the interconversions
of different species in dilute solutions. The differences in the Helm-
holtz free energies for the two solutions are quantified in Fig. 3, in
which the minimum energy pathways on the PMF surfaces in the
two solutions are overlaid, with the free energies (DA) and free
energy barriers to reaction (DA�) are shifted relative to the fully



Fig. 3. Comparison of the minimum energy paths for concentrated (red) and dilute (black) solutions. The reaction coordinate is defined at the base (in bold blue), representing
the Zn2+ coordination of each stable state (n(Cl-), n(H2O)). Free energies are relative to the Zn(H2O)62+ coordination state in each solution (such thatDA = 0 for Zn(H2O)62+). Blue
shaded portions show stable ion complexes separated by their respective free energy barriers (DA�), where the dotted lines illustrate the transition to each species. The blue
arrows and text represent the difference in Helmholtz free energies of stable ion complexes in the concentrated and dilute solutions.
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solvated Zn(H2O)62+ coordination state. The overall trend for DA in
the concentrated solution is towards progressively more favorable
free energies relative to Zn(H2O)62+, with the exception of forming
the last species in the series, ZnCl42-. However, the opposite trend
is observed in the dilute solution, where increasing numbers of
bound chlorides becomes less energetically favorable. Despite the
increased thermodynamic favorability of complex formation in
the concentrated solution, however, there is a significant increase
in the free energy barriers to reaction (DA�) relative to the dilute
solution. Particularly large DA� conversions are between Zn
(H2O)62+ (0,6) M ZnCl(H2O)5+ (1,5), ZnCl2(H2O)20 (2,2) M ZnCl3(H2O)-

(3,1), and ZnCl3(H2O)- (3,1) M ZnCl42- (4,0) species (Fig. 3). The
interconversions of the species in the concentrated solution nearly
uniformly display a higher activation free energy in concentrated
relative to dilute solution (as high as an increase of 47 kJ/mol in
the case of ZnCl3(H2O)- to ZnCl42-). The implications are that it is
more thermodynamically favorable to form ion complexes in the
concentrated solution, but the kinetics of complex formation and
dynamics of ligand exchange are expected to slow down dramati-
cally at the same time.

Beyond just the free energies, the minimum energy path (Fig. 2)
also reveals the reaction mechanism for breaking bonds from the
leaving water molecules and forming bonds to the entering anions
(or vice versa for dissociation of the ion complex). The pathways
from the well-tempered metadynamics are supported by individ-
ual observations of individual ligand exchange events during direct
simulation [60] (see Supplementary Material, Section S8). We clas-
sify the reaction mechanisms in the two salt solutions according to
the Langford-Grey ligand substitution reactions [16]. Differences
include, firstly, the (0,6)M (1,5) interconversion reaction is a disso-
ciative (D) type in dilute conditions but contains a more inter-
change dissociative (ID) character at 4.5 m concentration (Fig. 2).
The difference between these mechanisms is that during a disso-
ciative exchange mechanism, the Zn(H2O)62+ (0,6) complex loses a
single coordinating water molecule first, forming an intermediate
metastable species with decreased coordination number, i.e., a
(0,5) species (Fig. 2b), followed by gaining a chloride to form the
6

ZnCl(H2O)5+ (1,5) species. The interchange dissociative mechanism
(ID) does not have a discernible intermediate of lower coordination
number formed, in comparison, because the leaving and entering
ligands exchange simultaneously without forming a metastable
intermediate. The mechanism is further characterized as inter-
change dissociative (ID) rather than simple dissociative because
the ligands contain somewhat longer distances than their equilib-
rium lengths when they exchange. In contrast to the initial zinc
chloride ion pair formation, the (3,1) M (4,0) reaction is found to
have an ID mechanism character in both dilute and concentrated
conditions (Fig. 2). The (2,2) M (3,1) reaction is also an ID mecha-
nism in dilute solution but switches at 4.5 m to a mixed character
of associative (A)/interchange associative (IA) mechanism (Fig. 2).
For an A/IA mechanism of the (2,2) M (3,1) reaction, there is an
increase in the coordination of the complex (bond making) and a
formation of metastable penta-coordinated (3,2) species, which
then converts to the more stable (3,1) species (Fig. 2a). The inter-
conversion reaction in the (1,5)M (2,2) process is perhaps the most
interesting one because the reaction requires a change of total
coordination of the zinc ion from octahedral to tetrahedral geom-
etry (or reverse). At the elevated concentration, the process evi-
dently involves two separate desolvation (or solvation in reverse)
steps with IA type mechanism for chlorination in between
(Fig. 2). This results in the formation of relatively stable (1,4) and
(2,3) penta-coordinated compounds with small energy barriers
for (1,5) M (1,4) and (2,3) M (2,2) reactions, respectively (Fig. 3).
This observation suggests that the persistence of the penta-
coordinated species is important for the kinetic conversion
between octahedral and tetrahedral molecular entities at concen-
trated ZnCl2 solution. A similar penta-coordinate species has been
observed for aluminum, with the difference that the aluminum
requires deprotonation of one of the first shell waters to form a
penta-coordinate complex(14), whereas here there are multiple
stable penta-coordinate intermediate ion complexes that form,
(1,4) and (2,3), during the course of forming higher-order ion com-
plexes. Overall, however, we found that, beyond just the thermo-
dynamics and the activation free energies for complex formation,
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the reaction mechanism itself is also strongly affected by the
solute/solution structure and its surrounding environment in com-
plex aqueous solutions.
3.3. Thermodynamic association constants for complex formation.

As can be deduced from Figs. 2 and 3, the increased stability of
molecular compounds at elevated concentrations also changes the
thermodynamic association constants for complex formation (KA).
In the reaction expressions given in Table 2, log KA reflects the
affinity of a Cl- ligand to a particular type of ZnClx2-x complex
(x = 0–4). To compare to literature data, we ignore the number of
solvation waters in the ion complexes here.

Four KA values were extracted from a separate series of one-
dimensional well-tempered metadynamics simulations that used
Zn2+-Cl- distance as a reaction coordinate, and equilibrium con-
stants were calculated after integration of the Boltzmann distribu-
tion, following previous practice [61–63] (see Supplementary
Material, Section S9). It is readily apparent in Table 2 that the cal-
culated association constants change with respect to the concen-
tration of the solution (i.e., 0.01 m vs. 4.5 m). The formation of
mono- and dichloride species is more than an order of magnitude
more favorable in the concentrated solution relative to the dilute
one, while formation of tri- and tetrachloride species is enhanced
in the concentrated solution by almost a factor of four. In both con-
centrations, the formation constants for ZnCl20 and ZnCl3- are larger
and more positive, whereas ZnCl+ and ZnCl42- are less favorable.
This is consistent with the relative intensities of the Cl--Cl- and
Cl--Ow peaks in the NDIS shown in Fig. 1a, which indicate that a
majority of species include more than one chloride (and if any-
thing, the ECC-MD underestimates the average number of chlo-
rides in the ion complexes relative to the NDIS results). Our
findings contrast with the available literature equilibrium con-
stants where typically ZnCl+ or ZnCl2 are found to be the most com-
mon ion complex. Other multi-chloride ion complexes are either
found to be less favorable, or not included in the fit at all (Table 2).

An important question is to identify the phenomena responsible
for the concentration-dependent changes in the thermodynamic
stability, reactivity and mechanisms. We hypothesize that the
molecular basis for the observed changes in concentrated salt solu-
tion should arise from the short-range interactions and adjustment
of solvation environments around the formed complex entities in
the solution. As the dissolved salt concentration increases, the
complete hydration shell morphology could be perturbed by intro-
ducing competition for solvent molecules. The adjustments of an
ion complex to its local surrounding environment in response to
this competition would thus be reflected in thermodynamic stabil-
ity changes at increased concentrations. To test this hypothesis, in
Fig. 4, we calculated various atom–atom RDFs for different ion
complexes by sampling the trajectories of the biased ECC-MD sim-
ulations to find representative complexes in the local minima and
running a new short-term unbiased simulation starting with those
configurations. What is observed is that in the concentrated solu-
tions, there are abundant solute species in the second and third
Table 2
Association constants (KA) for complex formation calculated at 0.01 and 4.5 m, compared

Reaction

0.01 m* 4.5 m* 0.1–1.0 m[28]

Zn2+ + Cl- ⟷ ZnCl+ �0.67 +0.69 +0.20
ZnCl+ + Cl- ⟷ ZnCl20 +0.49 +1.50 +0.05
ZnCl20 + Cl- ⟷ ZnCl3- +0.68 +1.25 n.f.
ZnCl3- + Cl- ⟷ ZnCl42- �2.47 �1.91 n.f.

n.f. = not included in fit due to lack of data * This work.
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shells of each of the complexes of a given type that are missing
in the dilute solution. Particularly notice the first Zn2+-Zn2+ peak,
nearly constant and clearly present even for positively charged
clusters a,b, while the first Zn2+-Cl- peak decreases as the complex
becomes negatively charged. Thus, it is clear that the solution
structure at the high concentration changes the solvation environ-
ment of the ion complexes. The change in extended solvation envi-
ronment should therefore also be responsible for the observed
changes in thermodynamic stability of complexes, the increased
free energies of activation for interconversion of species, and shift
towards more associative reaction mechanisms for (2,2) M (3,1)
complexation reaction in concentrated solutions.
3.4. Perspectives on the structure of ion complexes and their
correlation to solid compounds

One aspect that is not captured in the above discussion thus far
is the propensity to form larger-scale ion clusters in the concen-
trated solution. As noted above, in Fig. 1, we find that 9% of species
contain more than one zinc atom (referred to as multimers), and
well-tempered metadynamics simulations utilizing a zinc-zinc
coordination number as a collective variable confirmed similar
amounts (See Supplementary Material, Section S10). The composi-
tion of these multimers is restricted to species of the form Zn2Cl3-
5(H2O)2-30,1± (where charge varies with the number of chlorines in the
complex). While these multi-zinc species are a minority at 4.5 m, it
is not clear if their population and composition will change at even
higher concentrations (solubility of ZnCl2 is on the order of ~ 30 m
at 25 �C [66]). However, we can compare these species to the crys-
tal structures of zinc chloride compounds, with the goal of deter-
mining if these are plausible precursors to the nucleation of solid
products. Firstly, in the anhydrous ZnCl2 polymorphs (a, b, c, and
d), all the Zn2+ cations are tetrahedrally coordinated to four Cl-

anions and are all corner-shared to form a ZnCl42- framework struc-
ture. ZnCl42- is a minority species at 4.5 m with only 2.7% predicted
by the biased simulations. Given these two observations, one
would consider that formation of zinc multimers in solution are
plausible precursors for nucleation of anhydrous ZnCl2 solids, espe-
cially since only the anhydrous phase is stable above 28 �C [67]. At
lower temperatures, hydrate crystals of ZnCl2 � R(H2O) (with
R = 1.33, 2.5, 3, 4, and 4.5) form [68]. For these, the 1.33-hydrate
solid is stable at room temperature and consists of chains of ZnCl42-

that are linked by a few octahedral ZnCl2(H2O)40 units whose Cl- are
shared and bridge the chains [69]. The coordination structure of
2.5-hydrate is composed of an isolated Zn2Cl4(H2O)50 complex
made from an octahedral ZnCl(H2O)5+ unit with the Cl- anion also
shared with a tetrahedral ZnCl42- unit. These two hydrous com-
pounds and anhydrous ZnCl2 structures support the idea that the
packing of monomeric complexes into bi-molecular ion clusters
or multimers are plausible precursors for the nucleation of the bulk
structures. In contrast, the structures of the 3- and 4.5-hydrates
consist solely of the isolated molecular units of Zn(H2O)62+ octahe-
dra and ZnCl42- tetrahedra, i.e., no multimers are present. Therefore,
it is not likely that increased polymerization leads to nucleation of
to those of a range of literature data.

log KA

0.1–3.0 m[30,32] ~0.1–1.5 m[33,34,64] 0.1–3.7 m [65]

+0.43 �0.19 +0.49
+0.18 +0.18 +0.62
�0.08 �1.4 +0.10
�0.33 �1.52 �0.51



Fig. 4. Atom-Atom radial distribution functions and schematics of extended solvation structures for selected ion complexes. Radial probabilities (g(r)) as a function of
distance from the zinc ion for (a) Zn(H2O)62+ (b) ZnCl(H2O)5+ (c) ZnCl2(H2O)20 and (d) ZnCl3(H2O)1- are extracted by running independent short-term, unbiased simulations that
start from species configurations harvested from minima in Fig. 2. Dashed lines represent those species in dilute solution (0.01 m) and solid lines represent concentrated
solution (4.5 m). The extended solvation structures of the ion complexes are illustrated using schematics using color circles for the locations of chlorine (blue), zinc (green)
and oxygen on water (red) with respect to the central zinc atom (black). Arrows correspond to the location of each species in the g(r).
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these phases. Interestingly, the formation pattern displayed here,
that of less highly-polymerized structures at increasingly lower
temperatures, is the opposite of that of silicate phases where
increasing temperatures favor less highly-polymerized structures.

In the 4.5 m solution, however, the two most stable coordinated
compounds are ZnCl3(H2O)1-2- and neutral ZnCl2(H2O)2-30 com-
plexes, not multimeric species. Since we observed an increased
activitation energy barrier for formation of higher order ion com-
plexes relative to the dilute solution, we hypothesize that the
extended solvation structure in concentrated solutions acts as a
source of frustration that works against polymerization and forma-
tion of crystallization precursors, such as pre-nucleation clusters
[1,2,5,7]. Similar arguments have been applied to explain the high
glass-forming ability of lithium chloride (LiCl) solutions [70,71]
and the high stability of supersaturated sodium thiosulfate (Na2S2-
O3) aqueous solutions [72]. In the LiCl case, it has been suggested
that the competition between short-range or local molecular struc-
tures (such as found here) vs. long-range structure or global bond
ordering (to form a stable crystal) in an aqueous system allows it to
bypass crystallization and vitrify upon cooling [70,71]. In the Na2-
S2O3 solutions, the presence of geometrically frustrated clusters
with long lifetimes prevents the formation of the thermodynami-
cally stable crystalline state [72]. Furthermore, broader recognition
of metal–ligand complex formation and constituent character in
aqueous solutions could allow us to develop new strategies in
chemical synthesis with targeted structures or reaction rates, such
as, introducing different or competing counterions to tailor the
preferred extended solvation structure of molecular complexes or
8

solute entities that control or promote crystallization processes
and their kinetics [73–75] by manipulating extended solvation
structures.
4. Conclusions

Overall, we revealed in this work that the extended solvation
environment and molecular connectivity of a concentrated ZnCl2
aqueous salt solution strongly influences the thermodynamic sta-
bility, kinetics and reaction mechanism for formation of ion com-
plexes. This suggests that equilibrium ‘‘constants” reported for
this and other concentrated aqueous systems may be, in fact,
dependent on the solute concentration at which they are mea-
sured. The ion complexes that form in the concentrated solution
are separated by solvent molecules for the most part. This con-
trasts to some networks previously reported where extensive
direct bonds between ions are found. In addition, the networks of
solvated ion complexes found in this complex solution also seem-
ingly inhibit nucleation of crystalline phases by increasing the
energy barriers to conversion between species. These findings
expand the current understanding of precipitating solids that
direct crystal nucleation, in that it suggests that specific solute con-
stituents compatible to the solid structure need to be present in
solution to facilitate their interaction for crystallization. A further
implication of this work is that the concentration-dependent
effects observed here are significant in complex solutions and per-
haps even ubiquitous throughout solution chemistry, albeit with
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high variability between different systems and species. These
extended solvation structure effects are not accounted for in typi-
cal classical non-ideality corrections, such as activity-
concentration effects.
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