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Abstract

The emergence of cation-anion species, or contact ion pairs, is fundamental to
understanding the physical properties of aqueous solutions when moving from the ideal, low-
concentration limit to the manifestly non-ideal limits of very high solute concentration or
constituent ion activity. We focus here on Zn halide solutions both as a model system and also as
an exemplar of the applications spanning from (i) electrical energy storage via the paradigm of
water in salt electrolyte (WiSE) to (ii) the physical chemistry of brines in geochemistry to (iii) the
long-standing problem of nucleation. Using a combination of experimental and theoretical
approaches we quantify the halide coordination number and changing coordination geometry
without embedded use of theoretical equilibrium constants. These results and the associated
methods, notably including the use of valence-to-core x-ray emission spectroscopy, provide new
insights into the Zn halide system and new research directions in the physical chemistry of

concentrated electrolytes.
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1. Introduction

The structure and resulting chemical and electronic properties of aqueous solutions is
central to the coupled experimental and theoretical development of physical chemistry.
Specifically, any comprehensive understanding must address the classic progression from ideal
dilute solutions with uncoordinated solute ions to, first, more concentrated cases requiring
nontrivial activity coefficients and sophisticated thermodynamic modeling to, finally, more
extreme cases with strong anion-cation coordination. (1-3) This sequence of conditions still bears
contemporary relevance both as a testing ground of, e.g., ab initio molecular dynamics, and also
for the accelerating importance of both traditional concentrated solutions and ionic liquids across

numerous fields of research and technology. (4-7)

We report a combined experimental and theoretical investigation of ion pairing in Zn-
halide aqueous solutions over their full accessible concentration range. This is, on one hand,
undeniably a model system that is highly amenable to modern theoretical treatments and, on the
other hand, is also deeply relevant for electrical energy storage, for geochemical processes, and
for the fundamental understanding of the dynamics and influence of ion association on

precipitation of solid phases. (8-15)

To begin, following the successful demonstration of rechargeable Zn-ion intercalation
chemistry and the introduction of the highly concentrated electrolyte concept, there is growing
interest in Zn-based multivalent aqueous chemistry (16-18) due to the higher energy density
promised by a multivalent battery and the nontoxicity and earth-abundance of Zn. (19, 20)

Significantly motivating the present work, recent studies (16, 21) of so-called ‘water-in-salt

2
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electrolytes’ (WiSE) for aqueous batteries have shown that the presence and extent of ion pairing
in an aqueous electrolyte plays a vital role in enlarging the electrochemical window of the
electrolyte, thus increasing stored energy density. This includes ZnCl, WiSE in Zn-ion batteries,
which show enhanced performance at high salt concentrations, both in pure and mixed salt
solutions. (12-15) The presence of ion-paired complexes, especially the tetrahedral ZnCly*
complex, at such high salt concentrations is believed to be essential to the improved performance.
However, neither the extent of ion pairing nor its exact correlation with the resulting

electrochemical properties are well understood.

In fact, the detailed occurrence of contact ion pairing in aqueous ZnCl, solutions remains
uncertain despite extensive prior work for a completely different reason: the physical chemistry of
geochemical brines. The solubilities of minerals are influenced by the type and concentration of
ligands present in the brine. Metal complexes with different ligands contribute to the overall
solubility in varying degrees and thus it is very important to understand the distribution of various
complexes in an aqueous solution. (9) As chloride is considered to be the dominant anion in most
natural hydrothermal solutions and furthermore as chloride complexes of Zn are considered the
main species responsible for Zn transport in such systems, the evolution of ion pairing in aqueous
ZnCl, is central to understanding the transport mechanisms for Zn in hydrothermal brines, (9, 22,

23) and its successful modeling can inform other geochemical processes.

Finally, the extent of ion association in complex aqueous solutions, particularly with
respect to the mechanisms of precipitation of solid phases, is an even broader topic with strong
and contentious contemporary interest. (10, 24-28) Linking the atomic-scale structure and
dynamics of the solution to the elementary reaction mechanisms by which nucleation occurs is an

inherently difficult problem due to the transient nature of nucleation reactions and intermediates
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involved in their formation and the range of different types of potential solutes in solutions (see
e.g., Wang et al., 2022 (29)). There is growing evidence that the longer-range solution structure,
i.e., outside the immediate first solvation shell, can induce changes in the reactivity of ion
complexes and subsequent phase selection and rates during nucleation reactions. (30, 31) This is
especially true at high concentrations, where classical notions about the nature of activity-
concentration relationships of solutes become invalidated. ZnCl, is a good test case for ideas about
extended networks of associated ions because it is known to have ion complexes and has a high
solubility that is facile for solution structure measurements. That being said, there remains broad
disagreement about the nature of the speciation and the degree and distribution of higher order
complex formation. (30) Given the uncertainties here, considerable benefit would accrue from a
firm characterization of the Zn'? first-shell coordination across the relevant range of
concentrations, ion activity, and even temperature. Such a result would serve as a powerful anchor
for theoretical treatment in the difficult, highly concentrated (and hence highly correlated) domain,
and also would be strong prior information for improved interpretation of extended x-ray

absorption fine structure (EXAFS).

Hence, in all cases the central questions surround the relative domains of thermodynamic
stability or coexistence for the variety of local coordinations of the Zn*? ion, as shown in Fig. 1
and Fig. SI-1 and tabulated in Table SI-1. For temperatures near ambient, several studies of Zn-
Cl solutions agree that (1) there is predominantly octahedrally-coordinated Zn(H,0)¢>" at low Zn
concentrations and low anion activity, and that (2) there is predominantly tetrahedrally-
coordinated ZnCl,> at very high anion activity.(8, 9) However, these works disagree on the
intermediate regime, in some cases suggesting that other moieties, such as partially-hydrated and

partially chlorinated Zn*? in a tetrahedral environment, can be thermodynamically favored. To
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this end, aqueous Zn-halide solutions have seen previous detailed study of the local and extended
solvation structure by EXAFS (9, 11, 32), XANES (22), x-ray diffraction (33, 34) and neutron

diffraction (35).

O 7n
@ Cl
@ O
. H

Figure 1. DFT-optimized Zn*? coordination structures for (a) Zn(H,0)s"2, (b) ZnCIl(H,0)s", (¢)
ZnCl,(H,0),, (d) ZnCl3(H,0), (¢) ZnCly2. In all cases, hybrid DFT based optimizations using the
PBEO exchange-correlation functional was performed with 40 explicit water molecules, while the
long-range solvation was treated implicitly. For clarity, the water molecules beyond the first shell

are not shown.

In the present work on ZnCl, and ZnBr, aqueous solutions we employ two complementary
experimental methods having direct sensitivity to the question of local coordination: XANES,
where we extend prior work to higher concentrations, and valence-to-core x-ray emission
spectroscopy (VTC-XES), being used here for the first time on this class of question. The VTC-
XES results, which measure the occupied density of states near the Fermi level, show
unambiguous, and quite significantly, an exclusive sensitivity to the first-shell coordination, unlike

XANES, which is also sensitive to the overall environment up to higher shells. This distinction is
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due to the locality of occupied states in this system as opposed to the delocalization of unoccupied
states — recall that Zn?" has no unoccupied 3d derived states, so there are no localized pre-edge

features in the XANES.

With support from time-dependent density functional theory (TDDFT), we find that the
VTC-XES allows inference of the number of chloride ligands per Zn ion, henceforth N, The
resulting proposed dependence of N¢; on Zn salt concentration or on total Cl concentration when
other salts are added is compared and contrasted with Classical Molecular Dynamics (CMD) and
lattice Monte Carlo (MC) calculations. Our study provides a new benchmark for ion pairing in Zn
halide systems while also presenting a new methodology for studying first-shell coordination in

concentrated solutions.

II. Methods

II.A. Materials and Solutions

For both the XES and XANES studies, aqueous solution samples of Zn(NOs),, ZnCl,, and
ZnBr,, often with added chloride salts (LiCI or NaCl) or bromide salts (LiBr), were prepared in air
by dissolving weighed amounts of respective salts in HPLC-grade water. For higher
concentrations, a magnetic stirrer was used for ~30 minutes to generate clear samples without
visual sign of undissolved solute. Aqueous solution samples of ZnO and Zn(OH), with added KOH
were similarly prepared in air. The anhydrous ZnCl, polycrystalline reference sample was prepared
in a glovebox starting with anhydrous ZnCl,. ZnO and Zn(OH), polycrystalline samples were
prepared in air. All reagents were purchased from standard vendors (Alfa-Aesar, Sigma Aldrich,

Fisher Scientific) in 99.9% purity or higher. For XES experiments, the solution samples were then
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loaded into thin-walled quartz capillaries (Charles Supper Corp.) closed with sealing wax. A
significant air space was included in the capillary to accommodate possible evolved gas during x-
ray irradiation. For XAS experiments, solutions were placed within PEEK holders of varying

thickness having polyimide windows and sealed with epoxy.

I1.B. X-ray Emission Spectroscopy (XES)

The XES measurements were performed with a laboratory-based x-ray emission
spectrometer, described in detail in Jahrman, et al. (36) The x-ray source has a Pd anode and was
operated at ~100 W power (35 kV and 2.8 mA). A Ge (555) spherically bent crystal analyzer had
favorable Bragg angles and energy resolution for the required energy range. The vertical capillary
sample holders were placed ~5 mm away from the Be exit window of the x-ray tube. Optimal
lateral placement with respect to the vertical entrance slit of the spectrometer was verified by the

method of Mortensen, et al. (37)

Each Zn XES scan spanned both the main Kf line and the valence-to-core (VTC) region.
Specifically, the scans were collected over the energy range 9550 — 9700 eV in 0.25-eV steps. We
use a 40 s integration time per point in a region spanning the VTC emission (9630 — 9680 eV) and
a shorter 4 s integration time per point in a lower-energy region spanning the main Kf3 peak (9550
— 9630 eV) and a higher-energy region (9680 — 9700 eV) taken to assist with background
subtraction. Total measurement times for each solution sample were typically 24 h for the CI-
containing solutions and 36 h for the Br-containing solutions. Comparison of early and later scans
shows no evidence of beam damage. The average sample temperature was ~42°C for Cl-containing

solutions and ~25°C for Br-containing solutions. The higher temperature of the Cl-containing
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solutions was due to heating from the end of the x-ray tube and was avoided for the Br-containing
studies by adding a fan blowing on the sample location. A few representative Cl-containing
solutions, especially in the intermediate concentration range where the temperature dependence is
expected to be the strongest and hence serve as the upper bound of the mismatch, were also
measured at 25°C. As shown in Fig. SI-2 there is only a small systematic difference between the
spectra measured at the two temperatures, resulting in <5% change in the inferred octahedral

contribution (discussed in detail below and in the results and discussion).

Frequent measurement of the Kf§ emission for a metallic Zn reference served as a check
against any monochromator drift and allowed correction for instrumental calibration across
multiple experiments, often separated by other uses of the spectrometer. The final energy scale is

consistent across all data sets to ~25 meV.

Processing of the XES data followed several steps. First, we subtracted a constant
background with value typically <5% of the count rate in the VTC region; this was due to stray
scatter of the primary x-ray radiation. We found the relative Zn Kf line shape and energy within
our measurements to be invariant across metallic Zn and all solutions studied, due to the filled
3d'% shells for Zn*2. A common shift in Bragg angle was thus applied to all the spectra to align
our measurements with the accepted absolute energy value of 9572 eV for the Kp line in

literature. (38)See Fig. SI-3.

The invariance of the Zn Kf3 spectra allows a unique approach to processing the VTC-
XES results, wherein the spectra were brought to a consistent molar scale via integral
normalization of the VTC-XES by the area under the Zn K spectral feature (specifically from
9550 — 9600 eV). The success of this normalization is prerequisite for any inference of the

relative population of different local coordinations of the Zn*? ion. The dominant error in cross-

8
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sample normalization of the VTC-XES will be from differences in the energy dependence of
penetration of excitation radiation and escape of fluorescence at the main K compared to the
VTC region, and we estimate this contributes less than 3% error to the relative normalization of

the valence-level emission with respect to the Kf3.

Enabled by the spectral normalization to a common mole-Zn scaled basis, a linear
combination analysis of the various solution concentration series was used to infer information
about the average number of chloride (or bromide) ligands per Zn ion. These fits were
performed in Python using the VTC-XES data between 9640 — 9660 eV. The analysis utilized
two solution end-point standards: a dilute ZnX, (X = Br or CI°) solution and a 1 m ZnX, solution

with a very high concentration of added LiX salt to achieve the highest accessible anion activity.

I1.C. X-ray Absorption Near Edge Structure (XANES)

X-ray absorption spectroscopy was performed at beamline 20-BM of the Advanced Photon
Source. Aqueous solutions of ZnCl,, ZnBr;,, LiCl, and LiBr of varying concentrations were placed
in PEEK cells with polyimide windows and sealed with epoxy. XAS measurements were acquired
in transmission mode by placing gas ionization chambers before (50% He, 50 % N,) and after
(100% N,) each sample. The incident beam was reduced to a spot size of 1 mm horizontal by 0.5
mm vertical by a toroidal mirror. Harmonic rejection was performed using a Rh-coated flat mirror
and detuning the incident beam by 15%. Spectra were acquired at the Zn K-edge and all spectra
were energy aligned to that of the first derivate peak of a Zn reference foil (9660.76 e¢V).(39)
Spectral background removal and normalization of the XAS spectra were performed within the

Athena software program.(40)
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The fact of background (per-atom or molar) normalization to the theoretical atomic
background, in analogy with the discussion of normalization of the VTC-XES above, enables the
attempt of a linear combination analysis of the different solution concentration series. The fits
were performed in Athena using the XANES data between 9655 — 9675 eV. This analysis utilized
two Zn K-edge solution standards: a dilute ZnX, (X = Br or CI") solution and a highly concentrated

5 m LiX solution with 0.25 m ZnX,.

IL.D. Density Functional Theory (DFT) & Time-Dependent Density Functional Theory

(TDDFT) Calculations

All ground-state (DFT) and excited-state (TDDFT) calculations were performed with the
NWChem quantum chemistry program.(41, 42). DFT-based optimizations of the
Zn*? coordination structures (Zn(H,0)s™2, ZnCI(H,0);*, ZnCly(H,0),, ZnCl3(H,0)-, and ZnCl,?)
were performed with Zn represented with the Stuttgart relativistic small core (RSC) effective core
potential (ECP) (43) and basis set, CI represented with the Stuttgart relativistic large core (RLC)
ECP (44) and basis and O and H atoms were represented with 6-31G* basis set.(45) All basis sets
and ECPs were accessed from the EMSL Basis Set Exchange. (45) The exchange-correlation was
treated with the global hybrid PBEO functional. (46) In all cases a ZnCl, cluster with 40 waters
was optimized while the long-range solvation was treated with implicit solvation (COSMO). (47)
The resulting first-shell structures are shown in Fig. 1. Similar process was followed for the Zn-

Br system, the resulting first-shell structures are shown in Fig. SI-1.

XANES and VTC-XES calculations were performed at the Zn K-edge for all optimized

solvated ZnCly clusters for comparison with the experimental spectra shown in Fig. 2. These

10
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calculations were performed at the TDDFT level of theory. The XANES were computed with the
TDDFT-based restricted excitation window approach, (48) which involves defining a model
subspace of single excitations from the relevant core orbitals to the unoccupied orbitals. The VTC-
XES were computed using the TDDFT-based protocol described in Reference (49). For these
calculations, the Zn atom in all the clusters was represented with the Sapporo-TZP-2012 all-
electron basis set(50) while the remaining atoms were represented as in the ground-state
calculations. To describe excitations beyond the dipole approximation, higher-order contributions

were included in the calculation of the oscillator strengths.

For comparison with experiment, all calculated XANES spectra were Lorentzian-
broadened by 0.6 eV and shifted with a single common energy offset (+205 eV) across all spectra
to align with the prominent XANES feature at 9670 eV for the Zn(H,0)s™ complex. Similarly,
for comparison with experiment the TDDFT VTC-XES results were broadened by 1.5 eV and
shifted with a single, common energy offset of 14.5 eV such that the tetrahedral spectral features
aligned with the corresponding features on experimental spectra. The spectral intensities of the
calculated VTC-XES were normalized using the area under the calculated main K3 peak, the same

process that was used for the experimental spectra (see section II.B. above).

ILE. Classical Molecular Dynamics Simulations and Models of Speciation

Classical Molecular Dynamics (CMD) simulations were performed using the LAMMPS
(51) software package in the canonical (NVT) ensemble and the isothermal-isobaric (NPT)
ensemble on a system containing zinc and/or lithium and chloride ions with SPC/E water. (52) The

forcefield for ZnCl, was taken from previous work. (30) For LiCl, two sets of forcefields were

11



Physical Chemistry Chemical Physics

utilized. (53, 54) Interactions in the solution were represented by combining the Lennard-Jones
potential and Coulombic interactions shifted to zero at 12 A, where the cross-terms were defined
using the Lorentz-Berthelot mixing rules (if they aren’t explicitly defined in the forcefield). The
particle-particle particle-mesh technique (55) was applied for long-range electrostatic force

calculations.

Briefly, the initial configurations were generated using Packmol (56) with a tolerance of 2
A. The equilibration of the system involved several steps. To begin, the system was equilibrated
at 300 K in NVT ensemble for 2 ns, then to enhance the sampling, the temperature was ramped up
to 1500 K and run for a further 5 ns. After the system was cooled down back to 300 K, the system
was equilibrated in NPT ensemble for 5 ns. Finally, the trajectories were harvested during a 50 ns

run in NVT ensemble.

To extend the results of the CMD simulations to a range of concentrations, the speciation
was estimated using the geochemical speciation software PHREEQC, version 2.15. (57) The
equilibrium constants for the formation of ZnCl*, ZnCl,, ZnCls", and ZnCls? from aqueous Zn*?
and Cl- were defined from the atomistic level simulation and the equilibrium concentration of each
species calculated via mass balance and mass actions equations. For speciation in sodium chloride,
aqueous Na* was added to the species considered but without interaction with zinc or zinc chloride
species. No other species were considered (i.e., the default databases were not used, but a custom
model chemistry was created to reflect only the reactions as defined in Rampal et al., 2021 (30)).
The average chloride per zinc was calculated by summing the concentrations of each individual
chloride-bearing species, multiplied by the number of chlorines in the species, and divided by the

total zinc concentration in the solution.

12
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Several assumptions were tested to determine the sensitivity of the results. First, two
different assumptions about activities were used, in the first, the activities for each species were
estimated from the Davies equation, where at low ionic strengths it resembles the Debye-Hiickel
activity-concentration relationship but at high ionic strengths (= 1 molal) the activity coefficients
start to increase by a factor twice the ionic strength. (58, 59) Alternately, no difference between
activity and concentration was considered. The different ways to treat the activities changed the
speciation differently at high and low ionic strengths, but did not substantively affect the maximum
number of chlorines per zinc atom predicted. Additional tests included using equilibrium constants
measured in 4.5 m versus 0.01 m solutions. Here, the equilibrium constants measured at 4.5 m
predicted a more rapid rise in the number of chorines per zinc with concentration than those
measured in 0.01 m solution, but both sets converged on the same number of chlorines per zinc at

high concentrations.

Lastly, the role of dimer formation was considered. These were found previously to
represent 5% of the ionic clusters in solution at 4.5 m ZnCl,, comprised dominantly of Zn,Cls
and Zn,Cl, moieties (each contain a bridging chloride separating the two zincs). (30) Adding these
species to speciation lowered the estimate of the maximum average number of chlorines per zinc
by ~10%, or 0.2 chlorines per zinc for pure ZnCl,. Based on the sum total of sensitivity analysis,

the predicted speciation from the CMD simulations is thought to be fairly robust using this method.

II.F. Monte Carlo Simulations

In an effort to efficiently treat the collective correlation of ions with increasing

concentration, a coarse-grained lattice Monte Carlo (MC) model was constructed that used

13
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intermolecular potentials derived from the CMD simulations. At high concentrations (e.g. > 4.5
m) the increasingly glass-like behavior of most electrolyte solutions results in equilibrium
timescales that are well beyond the reach of classical molecular dynamics. For this reason, MC is
one of the few methods that can be used to realistically model the speciation at these extreme
concentrations. For the CMD approach, the equilibrium constants derived from the MD trajectory
at 4.5 m ZnCl, were used to predict speciation at extreme concentrations. The appropriateness of
this assumption is unknown. Thus, MC potentially provides a significant improvement by directly
calculating speciation at extreme concentrations using realistic representations of all ion-ion

interactions that are increasingly important at short range.

The potential of mean force between all ion pairs in water were generated from an ensemble

average using CMD simulations. From this, the long-range Coulomb interaction of the form ¢,q i€
1y Was removed to extract the short-range interaction of pairs, ].(rl. j), where the dielectric

constant ¢ = 80 and ¢, is the ionic charge. The influence of the water was approximated by its
mean-field response to the ions. A periodic cubic lattice with lattice spacing 2 A and with 20 lattice
points in each Cartesian direction was constructed as the foundation of an approximate Monte
Carlo scheme. We populate the lattice with an initial concentration of ions, y,, ¢ = Zn or Cl,
randomly distributed with the full system charge neutral. Unoccupied sites represent a water
background. lons are constrained to be on lattice sites. The energy of the system, [ =

X< j(us,i‘ i(rij) + quqj/er;) Where interaction between periodic images is taken into account using

an Ewald technique. (60, 61)

Metropolis Monte Carlo relaxation of the system was performed at an effective temperature
of 300 K. Two types of moves were considered: ion-ion pair swaps and ion-vacancy swaps. The

system was propagated until fluctuations in energy reached a constant mean value. Configurations

14
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beyond this point were used as representative configurations of the ensemble to be used for

evaluating averages. Fig. SI-4 depicts the short-range potential and the location of lattice

interaction distances. From an ensemble of configurations, we were then able to calculate the

connectivity and population of coordinated ions, i.e., the relative occurrence of the different

hydrated and/or chlorinated moieties.

II1. Results and Discussion
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Figure 2. Comparison of VTC-XES (a) and (b) and XANES (c) and (d) between TDDFT theory
and experimental results. The peak around 9645 eV in the VTC-XES spectra labeled as KB in (a)

and (b) is attributed to the transitions from CI 3s-derived states to the Zn 1s orbital.

To begin, in Figure 2 we present the experimental and theoretical spectra for the endpoint
species at the lowest and highest ion activities of this study. For both the VTC-XES and XANES
spectra, the change from fully octahedrally coordinated Zn(H,O)s"? to nominally tetrahedrally
coordinated ZnCl,? is apparent. For instance, similar spectral features in the XANES for ZnCl,
solutions were reported in Liu et al., (22) and again similar features were observed in studies of
other metal-halide systems. (62-64) For VTC-XES, unique spectral features assigned to either
octahedral or tetrahedral symmetries in crystalline solids have been previously reported for Ti-
based crystalline compounds by Gallo et al. (65) We have further confirmed these distinct spectral
assignments for a series of Zn standards with supplementary measurements of ZnO, Zn(OH), 0.5
m ZnO + 6 m KOH solution and 0.1 m Zn(OH), + 6 m KOH solution, all of which have tetrahedral
coordination of the Zn*? ion and all of which show the same features, see Fig. SI-5. Again, the
extreme locality of VTC-XES is particularly well-suited to the problem of first shell coordination
and composition.

On the other hand, XANES theory only qualitatively matches the experimental spectra in
that it does predict the emergence of the sharp feature at 9666 eV, but it fails to correctly predict
the chemical evolution of the peak at 9669 eV. The VTC-XES predictions are stronger, with better
matching of peaks and intensities and correct identification of the Cl ligand peak (KB’ in the
figures). The theoretical spectra in Fig. 2 include not just the endpoint spectra, but also predictions

for tetrahedral moieties with intermediate composition, e.g., that contain both some water and

16
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some chlorine. Note that the progression from Zn(H,0)¢"? to ZnCly? is quite smooth as a function
of the number of Cl ions in the tetrahedral moiety for VTC-XES but is more bimodal for XANES.
This detail will play an important role in later discussion.

Next, in Figures 3 and 4 we present the experimental concentration series for the ZnCl,
and ZnBr;, systems, respectively. The spectral evolution follows Fig. 2, with the added point that
achieving apparently complete conversion to ZnCly? requires very high anion activity, here by
added chlorine salts, i.e., the 1:2 composition ratio of Zn to CI in the pure solutions is not

apparently abetted by widespread polymerization.
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Figure 3. (2) and (c¢): VTC-XES and Zn K-edge XANES measurements of ZnCl, aqueous solution

ranging from the dilute to the super-concentrated regime; (b) VIC-XES for 1 m ZnCl, with added
17
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Cl salt; (d) Zn K-edge XANES for 0.25 m ZnCl, solution with added Cl salt. The blue and red

arrows annotate peaks that correspond to octahedral and tetrahedral coordinations, respectively.
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Figure 4. (a) and (c): VTC-XES and Zn K-edge XANES measurements of ZnBr, aqueous solution

ranging from the dilute to the super-concentrated regime; (b) VTC-XES for 1 m ZnBr, with added
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Br salt; (d) Zn K-edge XANES for 0.25 m ZnBr;, solution with added Br salt. The blue and red

arrows annotate peaks that correspond to octahedral and tetrahedral coordinations, respectively.

An added detail in Figures 3 and 4 merits discussion. Recall that all u(E") are on a common
mole basis because of standard normalization by the atomic background, and that all VTC-XES
are also on a common mole basis because of our normalization via the integral of the K3 diagram
line intensity (see methods and Fig. SI-3), an approach that is justified by the filled 3d!° electronic
configuration of the Zn*? ion. Consequently, the existence of isosbestic (or, at least, quasi-
isosbestic) points in all panels of both figures is suggestive, but not conclusive, of a simple mixture
of the two endpoint moieties. This observation opens our inquiry into what details of the local
Zn*? coordination can be inferred from our results, and especially from the progression of results
as a function of anion activity. In this, we progress through systematically more complex models
for the Zn ion local environment, moving from a two-component model of only octahedral
Zn(H,0)6"? and tetrahedral ZnCl,2, to a model that allows for an intermediate series of partially
hydrated tetrahedral moieties, and finally to the question of possible polymerization.

Hence, in Fig. 5, we show the result of decomposing the measured spectra for pure ZnCl,
and pure ZnBr, solutions into a simple linear combination of the endpoint octahedral and fully
chlorinated/brominated tetrahedral extremes. The relatively rapid onset of significant tetrahedral
coordination with this conversion significantly saturating at ~3 — 5 m is obvious. The quality of
these one-parameter fits are excellent for the VTC-XES (Fig. SI-6 — Fig. SI-9) which, again, is
almost exclusively sensitive to the first coordination shell. By contrast, the fits are rather poor for
the XANES spectra at high concentrations (Fig. SI-10), where contributions from higher solvation

shell should be expected to break the basis of the local two-component model. That being said, it
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is important to note that the measured octahedral fraction even for the VTC-XES appears to be at
least slightly less than 0.5 (though within the estimated errors) at the highest concentration for both
pure solution studies. This result is unintuitive because it corresponds to an average Zn-Cl
coordination to be larger than two. It is worth noting that this equal segregation into octahedral Zn
with six waters and tetrahedral Zn with four chlorides has been found to exist in crystals having a

3:2:1 composition ratio between water, chloride, and zinc. (66)
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Figure 5. Linear combination analysis of XANES measurements and XES measurements for the
ZnCl, (a) and ZnBr; (b) concentration series, based on a simple two-endpoint model. The vertical
axis shows the nominal fraction of octahedral Zn*? if there are no intermediate tetrahedral

coordinations and if second-shell effects can be ignored.
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While the occurrence of nominally isosbestic points in the mole-normalized spectra of
Figures 3 and 4 suggests a simple two-component model, this is problematic. In fact, from a
thermodynamic standpoint, several prior studies (9, 22, 32, 67) of ZnCl, solutions as a function of
anion activity instead conclude that there must be some rich admixture of intermediate tetrahedral
moieties of the form Zn(H,0),.,C1,>*.

This brings us to the closely linked questions of (1) how to address the likely occurrence
of intermediate moieties in our interpretation of spectra and (2) the reason for the surprisingly good
VTC-XES fits for the one-parameter, two-component model, as per above and Fig. SI-6 — Fig. SI-
9. Referring back to Fig. 2, note the TDDFT predicted VTC-XES for the range of likely Zn*?
environments is quite smooth in the CI coordination number, x. Furthermore, because of a near-
degeneracy of the octahedral fingerprint and one of the peaks in the tetrahedral spectra, the spectra
for intermediate moieties are not very linearly independent from the endpoint spectra. While this
scenario prohibits determination of the relative concentrations of chlorinated moieties, it does
allow inference of the average number of chloride ligand (N¢|) coordinated per Zn*? ion via peak
fitting performed on the calculated VTC-XES spectra (Table SI-3) and the one parameter fit
results, see section 19 in the SI for a detailed treatment of this problem.

We present the inferred N¢ for both the pure solution study and the high CI concentration
study in Fig. 6. The results for both systems are impressively physical: the pure solution study
saturates at N, = 2, the maximum value consistent with an absence of polymerization subject to
the scale set when the high Cl concentration study reaches the assumed value N¢ = 4, 1.e., we have
assumed the endpoint, highest-Cl-concentration sample itself is dominated by ZnCl;2. We are
comfortable with this assumption (i) because of the spectral similarities between the endpoint

spectrum and the crystalline references, (ii) because of agreement with prior EXAFS study of
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D’Angelo et al. (32) and (iii) because of the intuitive consistency of the result N¢; = 2 for the pure

solution case. Very similar results occur for ZnBr,, see Fig. SI-11.

Number of CI- per Zn*?

Number of CI- per Zn™>

Fig. 6: Average number of Cl coordinated with Zn in the solution as a function of the total CI
concentration for (a) pure ZnCl, concentration series and (b) added salt series. The data from
D’Angelo et al. (32) used molarity scale with 1 M ZnCl, and added NaCl and hence have slightly
different Zn*? concentrations between data points in the molal scale in this figure. The lines in the

figure serve only as guides to the eye, except for the one labeled as “MD equilibrium constants”.

work, both experiment and theory, and therefore there is considerable value in seeking additional
perspectives on the Zn coordination, especially in the limit of high anion activity. For example,

D’Angelo et al. (32) agree with N¢; = 4 at high Cl ion activity, where this result is based entirely
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on EXAFS data to infer coordination number, i.e., the conclusion drawn is purely from a structural
point of view. On the other hand, Ruaya and Seward (23) disagree, finding a smaller estimate for
N from an indirect analysis inferring of Zn complexes from the solubility of another salt (AgCl)
and where the conclusion drawn is contingent on thermodynamic parameters.

This brings us to the classical molecular dynamics (CMD) simulations that we have
performed on the same chemical systems. Qualitatively, a key, significant similarity between the
CMD results and experiment is the observation of a relatively fast onset of substantial ion pairing
with a tendency to saturation at intermediate concentrations. For a quantitative comparison of the
CMD and experiment, in Fig. 6 we have included the curves for the average number of CI- ligands
that were derived from the equilibrium constants generated from the CMD 1D Potential of Mean
Force (PMF) calculations. The agreement for pure solutions is impressive: although theory
predicts an even faster onset of ion pairing, there is complete agreement about the occurrence of
saturation with two Cl- neighbors and an absence of any significant polymerization.

However, in Fig. 6b, the agreement between the CMD and experimental results for the
number of CI- is more problematic for the case with fixed Zn*? concentration and high CI- activity,
exactly where additional certainty about our experimentally motivated postulate that N =4 would
be most valuable. The CMD results do see, again, a quite strong drive toward ion pairing, but it
almost entirely excludes the occurrence of ZnCly2. For more detail, in Fig. 7 we show the predicted
relative populations of different Zn*2 moieties as a function of ZnCl, concentration (Fig. 7a) and
as a function of total Cl- concentration starting with 1 m ZnCl, and then adding supplemental CI-

salts (Fig. 7b).
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Figure. 7: Concentration dependent evolution of the concentrations of different moieties in pure
ZnCl, solution (a) and 1 m ZnCl, + LiCl (b), calculated using CMD-derived equilibrium constants

and assuming activities equal concentrations.

There are several potential sources for the discrepancy. First, it could be that the speciation
predicted from CMD derived equilibrium constants are being extrapolated to conditions beyond
their validity. As one test of this possibility, we ran explicit simulations of 1 m ZnCl, at multiple

concentrations of LiCl using existing force fields for lithium. (53, 54) These simulations, the
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results of which are included in the supporting information (Fig. SI-13), are consistent with the
results of the predicted speciation from the CMD in Figure 6, with a maximum of three chlorides
per zinc atom and consistent with speciation in prior CMD simulations (see Table SI-2 for a list).
This rules out any issues with the speciation calculations, or the specific parameterization of the
CMD force field. Second, there could be a systematic error in the speciation predicted by CMD.
At this time however, we do not have a specific basis to understand the origin of this error, except
to speculate that the extent of ion pairing is often overestimated in both formal charge and
electronic continuum correction models. (29, 68) It is not difficult to envision that these types of
errors could also result in a difficulty predicting correct stability of the zinc chloride tetramer.
Third, there could be unforeseen issues with the interpretation of the experiments leading to an
overestimation of the average number of chlorides surrounding the zinc. To get insight into this
we compare the TDDFT calculated VTC-XES spectra of monomer ZnCl;- complex with that of
dimer Zn,Cls~ complex with one shared Cl. (Fig. SI-14) It should be noted that in both cases
considered there are 3 Cl-ions coordinated with each Zn-ion. Our due diligence here was to confirm

that the VTC-XES spectra are not sufficiently sensitive to presence of dimers.

Lastly, and perhaps most tantalizingly, there could be an unforeseen effect of lithium and/or
sodium that influences the speciation of zinc chloride monomers that stabilizes zinc tetrachloride.
Such effects have been observed in complex, highly concentrated solutions before, especially in
their roles in solution dynamics and nucleation mechanisms (31) as well as aggregation phenomena
(69) in alkaline aluminate solutions. This would not necessarily be predicted using the explicit
simulations of the mixed solutions described in the supporting information (Fig. SI-13) since these

are relying on mixing terms to provide the interaction between the sodium or lithium and the zinc

25



Physical Chemistry Chemical Physics

chloride species. However, we find no difference between the experimental VTC-XES spectra

recorded for 1 m ZnCl, + 5 m LiCl and 1 m ZnCl, + 5 m NaCl solutions (see Fig. SI-15).

We turn briefly to the Monte Carlo (MC) simulation results in Figure 6a for the ZnCl,
solution. In the dilute region, the onset of ion pairing is even more rapid than the CMD results
while at higher concentrations there appears to be an incremental increase in the coordination just
above 16 m CI- (8 m ZnCl,). This apparent discontinuous nature of the Cl- association is not
unexpected for the coarse-grain lattice of MC that involves discrete ion-ion locations rather than a
continuum of sites as in CMD. We recall that MC is expected to be a much more accurate
representation of the equilibrium species at extreme concentrations since it provides a direct
accounting for the strong, short-range inter-ionic interactions that are based upon realistic pair
potentials while the CMD is an extrapolation of equilibrium constants derived from CMD 1D PMF
calculations at 4.5 m ZnCl,. In this regard, Figure 6a shows that the MC results are in somewhat
better agreement with experiment than the CMD results at concentrations above 4.5 m ZnCl,. MC
also convincingly proves, in a way that is not possible via CMD, that the use of realistic ion-ion
potentials yields at endpoint structure which saturates at Ny = 2. To some extent, the general
agreement between MC and CMD at high concentrations, justifies the use of CMD as an
approximation to this speciation. Finally, we note, for solutions with high Cl chloride
concentrations in Figure 6b, the MC results are incomplete above 6 m C1- due to challenge of

identifying coordination numbers on a lattice that are consistent with the continuum description.

Taken en masse, our combined experimental and theoretical results support several
conclusions of strong contemporary interest. First, aqueous solutions of Zn halide salts show a
quite rapid onset of ion pairing, and almost certainly exhibit a diverse population of partially

chlorinated tetrahedral coordinations. Second, we have considerable evidence for the satisfying
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result that N¢; = 2 for concentrated pure solutions, i.e., that there is full anion coordination without
polymerization. That being said, this inference is dependent on the assumption, made reasonable
by the observed spectra but at least partially disputed by the classical molecular dynamics
calculations, that solutions with lower Zn concentration and high anion activity fully reach N¢; =
4, i.e., are dominated by ZnCl4* species. Finally, the hyper-local sensitivity of VTC-XES in
solution, where second-shell coordination effects are yet even weaker than in a molecule or
compound, is greatly beneficial for the study of ion pairing on an element-specific basis and should

see broader future use.

IV. Conclusions

We report a combined experimental and theoretical treatment of ion pairing in Zn halide
(ZnX,, with X = Cl, Br) solutions over the full range of concentrations for pure solutions and over
the full range of ion activities for 1 m solutions with added halide salts. Making particular use of
the extreme local sensitivity of valence to core x-ray emission spectroscopy (VTC-XES) for this
problem, we provide a new method to infer the average number of halide atoms coordinated to
Zn*2, This finds a strong onset to ion pairing and saturation at two halide atoms in the first shell
for pure solutions but saturation at four halides, i.e., the ZnX,* complex, for added salt solutions.
Comparison to classical molecular dynamics finds generally good agreement with these results,
with the exception of a strong prediction against the formation of ZnX,*. This work informs
ongoing discussion of the thermodynamics of Zn halide brines, of the physical chemistry of
electrolytes for Zn halide batteries and suggests a broader use of VTC-XES for ion pairing studies

and other problems involving metal complex formation in solution.
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