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In this work, we have extended the Madrid-2019 force-fieldS! to the Ferrous ion, Fe?*, using the

same parameters as for Mg>*. The Madrid-2019 force-field combines the TIP4P/2005 model of
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water>? with scaled charges for the ions. The proposed force-field parameters are collected in
Table 1 in the main text. Parameters for Mg?*, C1~ can be found in our previous work>! and those
of perchlorate from our recent work.>® Note that the canonical Madrid-2019 force-field>! uses a
scaled charge of 0.85 e. It is well-known that the Madrid-2019 force-field tends to overestimate the
viscosities of electrolytes in water (even for NaCl, KCI where contact ion pairs, but no complexes,
are formed), as described further in Sec [9] It has been proposed that lowering the charge to 0.8
reduces many of the discrepancies with experiments (and with 0.75 it is even possible to reproduce
the experimental results).>* For this reason, we have also performed analyses using a scaled charge
of 0.8. The change of the charge of the ions requires some adjustment of the Lennard-Jones (LJ)
parameters (simply replacing the charge and keeping the L.J parameters optimized for the g = 0.85
e model is not a good option®*). For the model with ¢ = 0.8 e, the value of ¢ for the C1-O,, was
taken from our previous work Ref.>* and the value of LJ o for the Fe** -0, or Mg?* —0,, was
optimized in this work, obtaining ¢ = 1.85 A, as shown in Table 1 in the main text.

Regarding FeCl, simulations, it is important to consider the possibility of Fe>* undergoing a
certain amount of hydrolysis in water. However, in this work, for the highest concentration (4 m),
the pH is about 5. Therefore, the concentration of H30" and Fe(OH)* is quite small (of the order
of about 10~ m) and can be neglected when performing simulations to describe this system.

We have used the molality scale, m, for concentrations (mol of salt per kg of water) as is
typically done in experimental studies, since the concentration then does not depend on the volume
of the system. Furthermore, in simulations we typically used 555 molecules of water to determine
the densities of the aqueous ionic solutions (and multiples of the same for viscosity simulations).
This is very convenient, since then 1 m or 2 m solutions are obtained with 10 or 20 molecules of

salt.

1.1 Simulation details

Simulations were performed using the GROMACS (version 2025.2)>> and LAMMPS (29 Aug
2024, Update 1)°% packages. Specific simulation details for GROMACS and LAMMPS are pro-

S3



vided in Sec. [[.1.1and Sec. respectively.

Densities were computed from NpT simulations, with 555 water molecules, run for 50 ns each.
Prior to production runs, the simulations were equilibrated for 10 ns.

For the viscosity calculations, each independent configuration contained 4440 water molecules,
within a box size corresponding to the averaged density for each concentration. Note that indepen-
dent configurations were created using the methodology described in Sec. [[.2] Viscosities were
computed from 8 — 15 independent simulation runs in the NVT ensemble, using both LAMMPS
and GROMACS, which were subsequently averaged (over a total of 16 — 30 independent simula-
tions). Each independent simulation was run for 40-50 ns (following a 4 ns simulation of simulated
annealing and subsequently a 20 ns period of equilibration).

The diffusion coefficient was calculated from unwrapped coordinate trajectories generated dur-

ing the viscosity calculations in the NVT ensemble. The Yeh-Hummer correction’

was applied
to the diffusion coefficients to account for finite-size effects.
A workflow for creating configurations, running LAMMPS simulations and calculating the vis-

cosity can be found at https://github.com/amritagos/electrolyte_workflow. Snapshots

and visuals were created using solvis (https://github.com/amritagos/solvis).

1.1.1 GROMACS

In GROMACS, simulations were performed in the NpT ensemble with a Nose-Hoover thermo-

5% and the barostat from Parrinello-Rahman.5?>1% The time step was of 2 fs. Ewald sums

sta
(PME) were used for the long-range electrostatic interactions in GROMACS. A long-range correc-
tion to the LJ part of the potential was added. The potential was truncated at 10 A. The shape of

the water molecules was constrained using the LINCS algorithm.*!' In the case of complexes, the

cation-anion distance was also frozen using LINCS (see also Sec]and Sec[3).
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1.1.2 LAMMPS

Analogous simulations in LAMMPS were performed using the Nose-Hoover thermostat®® and
Nose-Hoover barostat,>1? with a thermostat and barostat coupling constant of 200 fs and 5 ps,
respectively. Likewise, the timestep used was 2 fs. Long-range electrostatics were computed
using particle-particle particle-mesh (PPPM).>13 Similar to the protocol in GROMACS, long-range
corrections to the LJ terms were added, and a cutoff of 10 A was used. The SHAKE algorithmSl4
was used to constrain the shape of water molecules and to constrain the cation-anion distances in

complexes (see also SecH]and Sec[5)).

1.2 Configuration generation with complexes and energy minimization

As part of our new simulation strategy of studying transport properties at a static predetermined
complex population (see SecH]and Sec[5] for justification and validation), we perform simulations
in which we artificially maintain the desired complex population. This is accomplished by con-
straining the cation-anion distance in simulations of FeCl, and MgCl,. Concerning configuration
generation, usually it is trivial to create initial configurations using tools such as PACKMOL>1>
or Moltemplate.>1% However, especially for concentrated systems, and in the situations where we
insert complexes, configuration creation can be a slightly more involved process. In this work, a
monomer refers to a complex formed by one cation, coordinated with one Cl~ anion and some
additional molecules of water in the first solvation shell, while a dimer refers to a complex wherein
there are two Cl~ anions in the trans position of the octahedron, and some additional coordinating
water molecules (see Fig.2 in the main text). In the case of a "monomer" or "dimer" complex, a
unit consisting of a bonded metal ion and chloride, or a "triatomic" unit consisting of two chlo-
rides and one metal ion was created. Each species was randomly distributed in the simulation box,
keeping a tolerance of 3.0 A between complexes. A Python program was written for this purpose
which uses PACKMOL, Moltemplate and Atomic Simulation Environment (ASE),> under the
hood; see https://github.com/amritagos/confi. Certain typical file formats in LAMMPS

and GROMACS can also be converted using confi.
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Configurations were created in the manner described above in order to facilitate subsequent
energy minimization. Energy minimization with the aforementioned complexes was performed by
keeping the complexes frozen and only allowing the water molecules to move. However, in the
case of free cations and anions, all atoms were allowed to move. The energy was minimized in
two stages— first with 1000 steps of steepest descent, followed by a maximum of 10000 steps of

the conjugate gradient algorithm, with a step size of 0.001 fs.

1.3 Viscosity calculations from simulations

Using the Green-Kubo formalism, the viscosity is obtained from the expression:

V {o's}
n=1r /0 (Pp(7) Prp(0)) d, S1)

with kp the Boltzmann constant, V' is the volume, 7' is the temperature and P g are the non diagonal

components of the pressure tensor (i.e., A # 3) which are given as:

1 N
Pyp(t) = v ; mivy i(T)vp,i(T)

1 N
+ty Y (0 fpi(7) (52)
i=1

:Pfﬁ + Pfﬁ,

where v, ;, 13 ; and fj ; denote the 4 component of the velocity, position and force acting on
particle i respectively. The first term of Eq. (S2) is a kinetic term that depends on the masses of
the particles of the system, and the second term is a virial term that only depends on positions and
forces, but not on masses. The sum in Eq. is over the N particles of the system (water and
ions, in our case). The three non diagonal components and the terms % (Pix — Pyy) and % (Pyy —Py)
were used to get the correlation function of the pressure tensor as in the work of Gonzalez and
Abascal S8 The pressure tensor can be divided into a kinetic contribution K, and a potential energy

contribution U as shown in Eq. (S2). Therefore when using the Green-Kubo formula one has a KK
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Figure S1: Viscosities of MgCl, from experiments®? (filled red circles), model fitted to experi-
mental data points®!? (solid red line), along with a fit to experimental data points in the interval
3 m to 5 m (solid pink line). The experimental value of the viscosity used in this work at 4 m is
denoted by an open square. The inset shows a zoomed-in view close to 4 m.

contribution, a KU contribution and a UU contribution.

2 Experimental viscosities of MgCl,

As shown in Fig. [ST] individual experimental measurements (red circles) are scarce and rather
scattered. Therefore, Laliberte®!? has proposed a model that fits to the existing experimental data
(solid red line in Fig. [ST)). In this work, we have performed a detailed study at 4 m. Therefore, we
have also fitted to the experimental data in the range 3-5 m. Using the model from Laliberte>

and our own fit, we settle on a viscosity of 4.73 mPa-s for MgCl, at 4 m. Subsequently, we have

used this value in this work as the experimental value of MgCl,.

3 Justification for the Fe’* force-field parameters

Fig. [S2(a) presents the densities of FeCl, and MgCl, obtained from experiments, including the

experimental results of this work (see also Table 2 of the main text). As can be gleaned from
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Figure S2: (a) Experimental densities of FeCl; (light-blue symbols and blue symbols for results
from Laliberté and Cooper®>? and results from this work, respectively), as well as experimental
densities of MgCl, (red line). Assuming equal volumes for the FeCl, and MgCl; solutions, we
obtain the solid blue line as the predicted density of FeCl,. (b) Densities of FeSO4 and MgSO4
from experiments, and those scaled by assuming equal volumes. Densities of FeSO4 were taken
from Konigsberger et al.>2!, and those of MgSO, from Laliberté and Cooper>2Y.

Fig.[S2(a), the mass densities of FeCl, and MgCl, are clearly different.

Using the approximation of equal number densities (Eq. 1 in the main text), we can theoretically
estimate the mass density of FeCl,, using the experimentally calculated mass densities of MgCl,.
Fig.[S2](a) shows that the theoretically predicted mass densities of FeCl, (assuming that MgCl, and
FeCl; have the same number density) agree well with the densities from experiments. We show

that a similar approximation can be made for FeSO4 and MgSOy solutions in Fig. [S2(b).

This is a promising sign that the same force-field parameters as Mg>* could be used for Fe*.

Table S1: Metal — Oy, distances, dy—o,, (in A), and hydration free energies (in kcal/mol).

dmi_o, HFE
Mg* -0, 2.11+0.01> —437.4°

2.095%

2+
Fe™ 0w 5 09+0.04>

—439.8°

* a) From Uro§ Luin et al. 522 b) Collected
in Ohtaki and Radnai®?3, Marcus®24 c)
From Marcus®22

We believe that this is further justified by the fact that the experimentally measured cation-
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oxygen distanceS%° is similar for Mg?* and Fe?*, as shown in Table Table|S1|also presents the
hydration free energies, which are almost identical for both ions. Therefore, we surmise that the
cation-water interactions for both cations are similar, both in terms of the distance and magnitude
of the interaction energy. Following on this premise, we conclude that a suitable force-field for
Mg?* should work reasonably well for Fe?*.

Note that when the same force-field is used to describe Mg?* and Fe”*, despite having different
masses, classical simulations should necessarily yield the same thermodynamic properties such as
the hydration free energy, radial distribution functions, surface tension, activity coefficients and
freezing point depression. This is a consequence of using classical statistical thermodynamics.

However, transport properties are affected by the mass and are, therefore, expected to be different.

4 Justification for chosen cation-chloride distances and for rigid

bonds

Table S2: Bond length distances, dy—ci, (in A) in the metal ion chloride (M —Cl) complexes.

System dv—cl
Mg>-Cl 2.30% 2.55°
Fe>*-Cl 2.33¢
Fe3*-Cl 2.304

®

a) From a simulation study by
Zapalowski and Bartczak®*” b)
From an experimental study of
MgCl,(H,0)4 by Schmidt et al. 528
¢) From Uro§ Luin et al.®22 d)
From Lind>%°

It has been shown that when the metal-water oxygen distance (M-Oy) is similar for two
cations, their corresponding metal—-chloride (M—Cl) distances are also comparable. For example,
Kuppuraj et al.>*" demonstrated this relationship for the divalent cations Co>* and Fe**.

S311S32

Metal—chloride distances for a range of divalent metal ions are reported in Refs. and are

summarized in Table These data show that the M—Cl bond lengths for Fe>* and Mg?* fall
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within a narrow range.

On this basis, we adopt the same metal—chloride bond distance for both the Fe—Cl and Mg—
Cl complexes, setting M—Cl = 2.33 A. Note that, in our new simulation approach, cation-anion
distances are constrained to the same value using either the SHAKE®>!# or LINCS® algorithms.

We justify this new approach of freezing ion pairs in the following. The lifetime of the cation-
anion pair (complexes) in FeCl, and MgCl, is of the order of microseconds.®** Note that this
means that a chloride ion cannot leave the Fe>* or Mg?* cation within our simulation time scales.
However, insofar as the viscosity is concerned, a lifetime greater than ~ 100 ps could be effectively
considered "intransient" or "stable". This is because the Green-Kubo integral reaches a plateau, and
that indicates that the integrand, which gives the correlation function of the non-diagonal pressure
tensor components, goes to zero, as can be seen from the inset of Fig. 1 in the main text. Thus, if
the residence time of a cation and an anion is less than 100 ps (which is the case for aqueous NaCl,
KClI or RbCl), then it is a labile contact ion pair, and it is more useful to consider it as a fluctuation
within the configurational space.

As touched upon previously, the stability of long-lived complexes formed in FeCl, and MgCl,
implies that reaching the equilibrium chemical composition can take of the order of microseconds
to seconds (especially if the empirical force-field, or even an ab-initio simulation, mimics the
experimental relaxation times, in a realistic way, which is desirable). When using the Madrid-
2019 force-field, the formation of complexes is not observed even after 200 ns runs (i.e., the cation

and anion were not in contact, in both the initial and in the final configurations).

S Validation of simulation protocol with rigid cation-chloride

bonds

To assess the validity of the aforementioned simulation strategy, we analyzed the structures of
the solvation shell around free cations, monomers and dimers. The radial distribution functions

between Mg2+ and Oy, for free cations, monomers and dimers, at a concentration of 4 m are shown
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== Free cations; CN,; ,=6.0 === Dimers; CN, ,=3.96

Monomers; CNy 4=5.0

Figure S3: Radial distribution function between Mg”* and the oxygen atoms in water obtained
from simulations using free ions (red curve), the monomer complex (yellow curve), the dimer
complex (pink curve), and the water coordination number (CNp,0) at 4 m. The total coordination
number (including both the water molecules and chloride ions in the first solvation shell) is close
to 6.0 in all cases. Insets depict typical solvation shells for free cations, monomers and dimers.

in Fig. The expected solvation structure around both Mg?* and Fe?* is octahedral. 523534 If this
structure is retained by the monomers and dimers, the total coordination number should be close to
6.0. Since we obtain hydration numbers of 5.0 and 3.96 for monomers and dimers, respectively, as
shown in Fig. [S3] we can conclude that constraining the cation-chloride distance does not distort

the solvation shell around the cation.

6 Theoretically expected viscosity trends of FeCl, and MgCl,

From Fig.2 in the main text, it is evident that while the viscosities of MgCl, and FeCl; are similar
at low concentration, upto 2 m, they diverge greatly at higher concentration. From experiments,
the viscosity of FeCl, at 4 m is 4.17 mPa.s (Table 1 in the main text), compared to that of MgCl,

at the same concentration, equal to 4.73 mPa.s (see also Sec. 2). In the main text, we conclude that
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the formation of complexes (greater in FeCl, compared to MgCl,) is responsible for the observed
viscosity trends.

Here, we rule out other possible explanations of the trends. One could speculate that the differ-
ence in mass is responsible for the observed difference in viscosity, but there are several reasons to
surmise that this is not actually the case. The mass of the two most abundant components in both
solutions, water and chloride, is the same. The cation is the least abundant component, and the
mass of Fe is only 2.5 times larger than that of Mg.

Furthermore, we approximate the FeCl, and MgCl, solutions as effective Lennard-Jones sys-
tems, for the sake of a qualitative argument that further illustrates our point. Meier and cowork-
ers>>> have shown that, in a Lennard-Jones (LJ) system, the KK and KU integrals are much smaller
than the UU integral [see Egs. (SI)) and (S2)], which is the main contribution. For such an LJ sys-
tem, the viscosity, in reduced units, is universal (i.e., it does not depend on the masses) and it is
given in units of n* = no?/y/me. In other words, for two systems with the same LJ parameters,
the value of the viscosity is proportional to \/m. The average mass of a particle (performing the
average over molecules of water, cations and anions) in the 4 m FeCl, solution is 22.32 g/mol,
whereas in the MgCl, solution it is 20.46 g/mol. Thus, one would expect the viscosity of the FeCl,
solution to be about \/m = 1.05 (i.e., 5% larger) than that of MgCl,. However, in the
experiments, the viscosity of FeCl, is 12% lower than that of MgCly, resulting in a deviation from
the expected result of about 17%. Consequently, we conclude that the mass is not responsible for
the observed differences in experimental viscosity at high concentrations. Moreover, we believe
that the overestimation of viscosity obtained from our simulations for both MgCl, and FeCl; is not
explained by a known tendency of the Madrid-2019 model to overestimate viscosity (see Sec. 9]

for more details).
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7 Predictions of speciation from chemical equilibrium models

A popular (and free) program is Visual MINTEQ,>3° that enables the estimation of the population
of complexes at 4 m for FeCl, and MgCl,. This program uses the association constants (at infinite
dilution) recommended by NIST, and obtains the equilibrium population after solving the equation
of balance of mass, charge, iteratively, until all equilibrium constants and user-defined constraints
(the concentration, pH, etc) are satisfied. In principle, this seems like a reasonably sound strategy,
but these calculations can be sensitive to 1) the association constants, and 2) the activity model
used, such as the Specific Ion TheoryS37'S39 (SIT), Davies equationS40 , etc. As detailed in the
main text, experiments differ widely in the estimation of association constants.

The program clearly predicts complex formation in both MgCl, and FeCl; solutions. We em-
phasize that the quantitative complex populations predicted depend strongly on the chosen activity
model. However, independent of the activity model, Visual MINTEQ predicts higher association
in MgCl, compared to FeCl,, which goes against the expectation of less complex formation in

MgC12 5415543
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8 Densities from simulations

8.1 Simulations without complexes
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Figure S4: Densities of FeCl, obtained from simulations, for low concentrations upto 2 m, using
the proposed Madrid-2019°Y force-field for FeCl, (assuming free ions), and the 12-6-4 potential
model of Ref.>** for Fe>* and TIP4P-Ew water along with with the Joung-Cheatham parameters>+>
for chloride-water interactions (again for TIP4P-Ew). Unlike the Madrid-2019 force field, cross-
interactions are obtained using the Lorentz-Berthelot rules for the 12-6-4 potential. Experimental
densities in black are taken from Laliberté and Cooper™>2” The inset depicts a close-up view of the
data for very low molalities, with different ranges on both axes. The Madrid model with g = 0.80
e (cyan circles) uses the same parameters as those of the Madrid-2019 (g = 0.85 e) except for the
values of o for the C1-0Oy, and Mg—O,, interactions which are slightly different.

In Fig. [S4] we present the results for the density of FeCl,, obtained from simulations using the
proposed Madrid-2019 force-field, for low concentrations upto 2 m, where complexes are not
expected to form. We provide a comparison with a previously published model for Fe>* and water
as described by the TIP4P/Ew>40 model, the 12-6-4 potential of Li and Merz Jr>**, using Joung-
Cheatham parameters®* for the chloride — water interactions (chloride parameters specifically
designed for TIP4P-Ew) , and Lorentz-Berthelot mixing rules for cross-interactions. The densities
obtained with the 12-6-4 potential show a systematic positive deviation of about 2% from the

experimental densities, for concentrations up to 2 m. The agreement of the TIP4P/Ew>¢ and
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TIP4P/2005>4” water models with experimental data for the density of pure water (i.e., at zero
molality) is excellent, with deviations within 0.15%, as shown in the inset. It should be mentioned
that the force-field for Fe?* from Ref.>** was designed for the cation at infinite dilution and was

not tested at high concentrations of salt.

8.2 Simulations incorporating complexes

Table S3: Densities (p), in g/ cm? at 298.15 K and 1 bar, of FeCl, and MgCl, at 4 m, but with
varying o (percentage of free cations in the system), calculated using the Madrid-2019 force field
for both Fe?* and Mg2+. Note that a + o' = 100, since we assume that cations are either free or
that they participate in monomers.

System o o P

MgCl, 100 0 1.248
MgCl, 15 85 1.254
MgCl, 25 975 1.255
FeCl, 100 0 1.363
FeCl, 15 85 1.369
FeCl, 25 975 1370

In this work, we also study the effect of complex speciation on the densities. We define «,
o’ and a” as the percentage of free cations, monomers and dimers, respectively. Considering a
mixture composed of only free cations and monomers, we compare the values of densities for a
particular concentration (4 m) for both MgCl, and FeCly, as shown in Table [S3] We conclude
that the densities are relatively insensitive to complex formation, since the differences in densities
correspond to a difference of about 0.5%. We speculate that the density change caused by the
inclusion of chloride ions in octahedral solvation shells (compared to a situation in which only

water is in an octahedral solvation shell) is not significant.

9 Opverestimation of viscosities by Madrid-2019

The Madrid-2019 model has been known to slightly overestimate viscosities. However, we show

that this overestimation cannot explain the large deviation from experimental viscosities for MgCl,
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Figure S5: Viscosities of MgCl, (solid red line) and Mg(ClO4), from experiments (solid pink
line) and from simulations with the Madrid-2019 force-field (filled red and pink squares, respec-
tively). Simulation results at 4 m are from this work. Experimental results for Mg(ClOy4), are
from Blazquez et al.>? Filled magenta square: simulation results for the Madrid-2019 force field
of MgCl, at 4 m assuming that all cations form [Mg(H,0)4Cl,].

and FeCl,. For instance, in the case of NaCl, the error in the prediction, at 4 m, was ~ 0.4 mPa-s,
whereas for MgCl, it is ~ 2.5 mPa-s. In the same vein, we observe that in the case of Mg(ClO4),
(a solution which is somewhat similar to MgCl,) shown in Fig. [S5(b), the model overestimates the
viscosity by about 1 mPa:-s.

We argue that complex formation in FeCl, and MgCl, solutions, at higher concentrations,
causes the deviations in computed viscosities (from simulations wherein all cations are free). Ar-
tificially inserting complexes (such that all cations form "dimers" or [Mg(H,0)4Cl,] complexes)

brings the computed viscosity value closer to the experimental value, as shown in Fig.

10 Speciation effects on transport properties

The viscosity and diffusion coefficient obtained in simulations for 4 m solutions of FeCl, and
MgCl, are presented in Table [S4]

In Table[S5] we present the product of the Dy, and the viscosity of the system. This product is
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Table S4: Viscosity (in mPa-s) of FeCl, and MgCl, solutions at 4 m obtained from simulations.
a denotes the percentage of free cations in the system (only monomers are considered so that
o+ o = 100). The Yeh-Hummer correction®” is applied to the diffusion coefficients to account
for finite-size effects.

System & Dp,0 x10° (m?/s) 1 (mPa-s)

MgCl, 100 0.366 7.73(0.39)
MgClL 15 0.499 5.71(0.33)
MgCl, 2.5 0.522 5.56(0.42)
FeCl, 100 0.369 7.68(0.41)
FeCl, 15 0.496 5.87(0.30)
FeCl, 2.5 0.522 5.54(0.32)

Table S5: The product of the diffusion coefficient of water, and the viscosity of the solution
(Dy,0 % M), reported in units of 10'2x J/m, for FeCl, and MgCl, at 4 m. o denotes the per-
centage of free cations in the system. The Yeh-Hummer correction®” was applied to the diffusion
coefficients (shown in units of m? /s after being multiplied by 10°) to account for finite-size ef-
fects. Note that ot + o’ = 100, since we assume that cations are either free or that they participate
in monomers.

System o Dp,oXn

MgCl, 100 28
MgCl, 15 2.8
MgCl, 2.5 2.9
FeCl, 100 28
FeCl, 15 2.9
FeCl, 2.5 2.9

approximately constant and it is around 2.8(2) 10'? J/m.) This is interesting, since it shows that a
rough estimate of the viscosity can be obtained from the diffusion coefficient of water (a relatively

cheap calculation).

Table S6: Diffusion coefficient (x 10°m? /s) of the cations of FeCl, and MgCl, at 4 m using the
same force field for Fe>* and Mg?*. Results are shown for & = 100 (free ions, no monomers) and
for o0 = 2.5 (the majority of the cations is in the monomer form). Note that & + o’ = 100, since
we assume that cations are either free or that they participate in monomers.

o =100 oa=25

Dyp+ Dyprs Dycr

MgCl,  0.0955  0.15(5), 0.129(4)
FeCl, 0.0922  0.15(3), 0.130(2)
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The diffusion of the cations is shown in Table For o« = 100, the diffusion of Fe is smaller
than that of Mg (as expected from its higher mass). When monomers are formed, the diffusion
coefficient of the cation increases significantly both for the free cation and for the cation forming

the complex.

11 Back-of-the-envelope calculation for viscosities

Table S7: Changes in the viscosity 17 in mPa-s, of MgCl, at the concentration of 4 m with the degree
of association. Calculations are performed with the Madrid-2019 force field using the g = 0.8 e
model. Results are presented for free ions o« = 100, monomers o’ = 100 and dimers a” = 100

System a o d n

Free ion 100 0 0 5.33(0.3)
monomer complexes 0 100 0  4.12(0.3)
dimer complexes 0 0 100 3.90(0.3)

In the main text, we proposed a simple relation between the viscosity with 100% free ions, and
the distribution of complexes (, o’ and o)

Here, we estimate the coefficients of o’ and a” in Eq (2) in the main text, denoted by &’ and
6", respectively (the rate of change of viscosity with a” or a’). Therefore, for the g = 0.85 e and
q = 0.80 e Madrid-2019 models, we obtain 8’ = 0.020 mPa- s and 6’ = 0.010 mPa- s, respectively,
from the slopes of lines fitted to the data in Fig. 3 of the main text.

The value of 6" for the ¢ = 0.85 e model can be obtained from:

N(a=100,0/=0,a"=0) — N(0=0,0’=0, " =100)
100

Pa-s (S3)

7.73 —4.80
=——m
100
~0.029 mPa-s,

where the viscosity values were obtained for the g = 0.85 Madrid-2019 model.
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The value of 6" for the ¢ = 0.8 ¢ model can be obtained from:

N(0=100,0/=0,0"=0) — N(a=0,0'=0,""=100)
100

mPa-s (S4)

5.33-3.90
100

~0.014 mPa-s,

where the viscosity values were obtained for the ¢ = 0.8 ¢ Madrid-2019 model, collected in Ta-
ble

Furthermore, we provide justifications for the values taken for log K| and logK>. Values of
logK) (i.e., logarithm to base 10) and log K> for some divalent cations with many ligands can be
found in the monumental and trusted Lange’s Handsbook.>#® For Fe?*, the handbook only reports
log K and refers to the value of Martell and Smith 549 (equal to 0.36). However, the handbook does
provide the values of logK| and logK, for Fe**, equal to 1.48 and 0.65, respectively, as well as
those for Pb>*, equal to 1.62 and 0.82, respectively. Of course, the individual values depend on the
cation, but we observe that the approximation log K> ~ log K; — 0.8 seems reasonable. Intuitively,
this makes sense since the C1™-Cl~ electrostatic repulsion would make the formation of the second
complex somewhat less favorable (that means that the second equilibrium constant is similar to the
first and differs from it, at most, by an order of magnitude). In this experiment, we shall set all
activity coefficients to 1 (we stress, once again, that we are just attempting to do a qualitative
calculation). By assuming the value —0.20 for log K| from NIST, and —1.0 for log K>, we obtain
(for a 4 m solution of FeCly): ot =22, o' =56 and o¢” = 22 (Visual MINTEQ with the SIT model,
and without dimer formation included, would lead to @ = 29, which is not so different from our
value). By replacing the value n° for the model with ¢ = 0.8 (i.e 5.33 mPa-s for & = 100 ), and
using Eq. (6) from the main text with these values of &, &’ and o, one obtains 4.46 mPa-s for the
viscosity of FeCl,, which is not so different from the experimental value measured in this work
(equal to 4.17 mPa-s; see Table 1 in the main text). By assuming a log K| of —1.1 for MgCl, (i.e.,

0.9 below the value of FeCl,), and logK, = —1.1 — 0.8 = —1.9 we obtain, for a 4 m solution of
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MgCly: a = 64, o' =33, o” = 3. Similarly, we obtain 4.96 mPa-s for the viscosity of MgCl,,

which is very close to the viscosity of MgCl, from experiments (as shown in Fig. [ST).

12 Evaluation of the Jones-Dole coefficient of a force-field

The Jones-Dole equation describes the variation of the viscosity of electrolyte solutions quite well,
according to the relation:

n/Mw = 14+Avm+Bm+Cm* + ... (S5)

where 1 is the viscosity of the solution at molality m and n,, is the viscosity of pure water. The
coefficient A is always positive and rather small and is at least one order of magnitude smaller than
B. The term A captures the viscosity change due to Coulombic ion-ion interactions. The term B
originates from from ion-water interactions, and the term C represents the interactions between
hydrated ions and the formation of complexes. Determining A and B from simulations is a tour of
force, as it requires extremely long simulations to estimate the viscosity with very high accuracy at
low concentrations. In fact, there is only one paper in the literature>>" which rigorously evaluates
the Jones-Dole coefficients for certain popular force-fields of 1:1 electrolytes. In that work, B
coefficients were obtained by fitting the simulation results for concentrations between 0.1 and 1
m, while the values of A were not reported, since the associated statistical error was larger than
the absolute values. In this work, we estimate the B coefficients by using the simple expression

(obtained from Eq. (S3)) after neglecting the quadratic term):

B ~(n/nw—1-Aym)/m (S6)

Given that A << B, we use the experimental values of A to obtain B. The value of A is is ~
0.02 (kg/mol)'/2 for 2:1 electrolytes.S3! Furthermore, the results of Yue and PanagiotopoulosS>?
strongly suggest that the values of A of atomistic force-fields are very close to the experimental

ones. To evaluate B, a concentration which is low enough that the quadratic term contribution in
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the Jones-Dole equation (Eq. (S3))) can be neglected is needed. We shall use 0.6 m for MgCl, and
FeCl,. In fact, if one uses experimental results®? for n and 1, at 0.6 m for CaCl, and MgCl; in
Eq. (S6)), one obtains a value of B’ that is only 0.01 kg/mol higher than the experimental value of B
reported by Marcus®1"532 for these salts (0.01 kg/mol is also the experimental uncertainty of B).
The notation B’ just reflects that B’ (as given by Eq. (S6)) is an approximation of the true value of B
(although it is a good approximation as when implemented with experimental values of viscosities
since it deviates by only 0.01 kg/mol from the exact value of B).

In order determine the coefficient B’, we performed 24 independent simulations (at 0.6 m)
in the NVT ensemble (keeping the rest of the simulation details the same as those specified in
Sec. E[) of 20 ns each (i.e., we used a total simulation time of 480 ns to determine the viscosity
of one salt and force-field). The volume used in the NVT simulations was obtained from a NpT
run of 20 ns. The system contains 4440 molecules of water and the number of ions needed for
the required concentration, i.e., 0.6 m. Our estimated uncertainty for B’ is 0.03 kg/mol (obtained
from the uncertainties of the viscosities of the solutions and that of pure water plus that introduced
by Eq. (S6)). The viscosity of TIP4P/2005 water at 298.15 K and 1 bar is 0.866(3) mPa-s (the
experimental one is 0.890 mPa-s). Using the force-field described in the main text for the scaled
charge 0.8, we obtained (at 0.6 m and 298.15 K and 1 bar) a viscosity of 1.120(4) mPa.s for
FeCl, and of 1.097(4) for MgCl,. Therefore, we obtained B’ = 0.46(3) kg/mol for FeCl, and
B’ = 0.42(3) kg/mol for MgCl,.
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