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Abstract

The osmotic/activity coefficients are one of the most fundamental and important
properties of electrolyte solutions. There is currently no reliable means of predicting
them from first principles without relying on extensive fitting to experimental data.
The alkali hydroxide aqueous electrolytes are a particularly important class of solutions
due to the crucial role they play in a vast range of applications. Here, for the first
time we predict the osmotic/activity coefficients of these solutions without any fitting
using a previously developed continuum solvent model of ion—ion interactions without
modifications. The feasibility of making these predictions with first principles molecular
simulation is also assessed. This work demonstrates the reliability of the continuum
solvent model and provides a plausible pathway to the fast and accurate prediction
of these important quantities for a wide range of electrolyte solutions. It also implies
that an explicit description of the structure of water molecules around ions may not

be required to predict important thermodynamic properties.
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Introduction

Aqueous alkali hydroxide solutions play a central role in a huge number of important ap-
plications. For example, aqueous alkali hydroxides are a standard electrolyte used in super-
capacitors due to their high conductivity! as well as the fact that they can enable pseudoca-
pacitance.?? The hydroxide ion is also thought to play a key role in water in salt electrolytes
where it can facilitate the formation of a beneficial solid electrolyte interphase.* Addition-
ally, hydroxide anions are involved in the chemical equilibria of a vast range of systems. For
instance, aqueous alkali hydroxides are a key component in a promising process for capturing
COy from air, where the use of potassium hydroxide instead of sodium hydroxide leads to
a significant performance improvement.® Similarly, the reactivity of hydroxide ions in bulk
and at the electrode interface is key to the electrocatalytic reduction of CO,.678

A fundamentally important property of these electrolytes is their osmotic/activity coef-
ficients. The activity coefficients can be directly related to the osmotic coefficients through
the Gibbs—Duhem Relationship. These coefficients determine a host of important proper-
ties. As the activity coefficients are key to determining the chemical potential they are also
key to predicting chemical equilibria and solubilities.® They are also an important mea-
sure of ion pairing,1%1! which is known to be important for determining conductivities and
many Hofmeister effects. %12 They are also crucial in determining reaction rates through the
Bjerrum-Bregnsted equation. '3

Given their importance, it is remarkable how little is known about the osmotic/activity
coefficients of these solutions. For example, we are not aware of any attempts to predict
these activity coefficients theoretically without relying on experimental fitting to the activ-
ity coefficients themselves. In fact using first principles methods to predict osmotic/activity
coefficients has seen little progress in many years. This means that in order to build thermo-
dynamic models of the huge range of practical systems where these equations are important,
systems of equations with parameters fitted to experiment have to be used. Gaps and relia-

bility problems with this experimental data mean that this approach is very problematic. 1415



Additionally, many of the experimental measurements of these quantities were performed
over a half century ago and, to the best of our knowledge, have not been revisited since
then.16 The reliability of these measurements is unclear considering the difficulty of carrying
them out and the underlying assumptions the measurements rely on. Additionally, rubidium
hydroxide osmotic/activity coefficients appear to have never been measured.

Careful simulation of hydroxide ions in water using sophisticated quantum Density Func-
tional Theory based Molecular Dynamics (DFT-MD) have been performed.!” 19 These simu-
lations provide a wealth of information about the atomistic details of these ions in water such
as the orientations and structures that the surrounding water molecules occupy. But these
methods have not been used to determine thermodynamic properties such as osmotic/activity
coefficients.

Here, we apply a relatively simple continuum solvent model (CSM), which was previously
applied to the alkali halide ions in water, to the alkali hydroxide salts in water. %2021 This
model can be directly applied with no modification and no new parameters. It is able
to reproduce the osmotic/activity coefficients of these electrolytes well. We also perform
DFT-MD simulations of the sodium hydroxide salt. These results show that there is a
significant dependence on which DFT functional is used. Additionally, the CSM gives better
experimental agreement for the osmotic/activity coefficients. This is significant as it indicates
that a simple continuum solvent models can be used to estimate properties that cannot or
have not been adequately determined experimentally quickly and easily. It also implies that
a detailed understanding of the atomistic structure of water molecules around an ion may
not be required to predict important thermodynamic properties with good accuracy. A

comparison of the behaviour of OH~ with fluoride is also provided.



Theory

Continuum solvent model

Methodological details for the CSM are provided in full in previous publications. 1:20:21 In

brief, the ion-ion interaction free energies are computed from the following expression:
1
W(T’) = X(WCOSM()(?“) + chav(r) + AWdiSp(T) + AWCT(T)) (1)

where Weoosmo(r) corresponds to the quantum mechanical ion-ion interaction calculated
with MP2 level of theory of the two ions combined with an approximate treatment of the
electrostatic effect of the surrounding continuum modelled using the conductor like screen-
ing model (COSMO). AW, (r) is a surface area dependent term aimed at approximately
accounting for cavity formation energy effects. AWy, () captures the loss of ion-water
dispersion interaction as the ions come into contact and AWer(r) is also a surface area de-
pendant term to correct for the neglect of charge transfer between the ion and the surrounding
solvent with the continuum solvent treatment. This whole interaction is also damped by a
factor A which aims to correct for the over-attraction caused by the charge transfer between
the two ions.

This Weosmo term depends on the orientation of the hydroxide ion relative to the alkali
cation. All of these terms are computed using previously published parameters and methods.
For instance, the cavity size and solvation free energy values for hydroxide are given in Ref 20
and for the cations are given in Ref. 11. Following Ref.?0 we use an isotropic approximation
for all of the terms. This means that only Weosmo(r) depends on the orientation of the
ions. In order to determine an isotropic version of Weosmo(r) we thermally average using
the following equation:2°

kgT
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We also have to adjust the potential slightly at large separation to match the Coulomb
attraction. We treat the like charge interactions with a simple Coulomb repulsion and hard
sphere repulsion determined by the ions crystal radii. Explicit modelling of like charge
interaction is neglected following Ref. 11 due to the fact that short range like ion interac-
tions make a small contribution to activity/coefficients in this low/moderate concentration

range. 22

Results & Discussion

The Weosmo(r) interaction for sodium hydroxide as a function of orientation is shown in
Figure 1. It shows a strong preference for the oxygen to orient towards the cation as expected

from the dipole moment on the hydroxide.

Figure 1: COSMO calculation of the interaction between sodium and hydroxide ions as a
function of orientation. 6 = 0 corresponds to the OH bond pointing towards sodium. The
Boltzmann averaged interaction is also provided.



The full potentials of mean force (PMFs) computed with the CSM for all the alkali
hydroxide electrolytes are shown in Figure 2. They show substantial energy cost to dehydrate
the ions and favourable contact ion pair formation for small ion pairs, qualitatively consistent

with the behaviour observed for alkali fluorides in water.1!
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Figure 2: Total short range interaction potentials for alkali hydroxide ion pairs calculated
using the CSM. (The long range Coulomb interaction has been subtracted)

This PMF computed with the CSM is an infinite dilution PMF'. It can be used to predict
osmotic coefficients using the Hyper—netted Chain (HNC) closure of the Ornstein—Zernike
(OZ) equation as described in the calculation details given below. The resulting predictions
are shown in Figure 3. The comparison with the activity coefficients is essentially the same.
Excellent agreement for sodium and potassium hydroxides is observed. This is remarkable
considering no fitting has been used to reproduce these and that these coefficients are no-
toriously sensitive to small differences in the PMF.2? Lithium agrees at low concentration
cesium is too high at most concentrations in comparison to experiment.

The experimental values used here are determined by the Pitzer equations, which are
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Figure 3: Osmotic coefficients of the alkali hydroxides calculated with the continuum solvent
model (dashed lines) compared with experiment as a function of concentration. (Symbols)



fitted to provide a close match to experimental measurements.'® However, as Pitzer points
out, it is worth noting that the measurement of these coefficients for hydroxides is challenging
and more difficult than for normal salts. While the values for NaOH are fairly consistent
in the literature. The values for lithium and cesium show some variation. This is due to
the reliance of amalgam mercury electrodes which can be unreliable or the use of electrolyte
mixtures which require modelling to extract these values. For example the value for cesium
hydroxide reported by Robinson and Stokes at 0.1 M is actually substantially higher than
the theoretical value determined here.? It would also be quite surprising if cesium hydroxide
was so similar to potassium given the large difference observed for the similar alkali fluoride
electrolytes. Additionally, rubidium appears to have never been measured. The values given
here constitute the first predictions of this quantity and demonstrate the utility of a simple
computational model of electrolyte solutions. These measurements are also very old at over
50 years new experiments to resolve the discrepancies in this old data and to provide a value
for the rubidium hydroxide electrolyte to test the models predictive ability would be very
useful.

The plot comparing the values at 0.5 M is prepared in Figure 4. This shows that the
agreement is almost as good for the hydroxide electrolytes as for the alkali halide ions with
a small overestimate for cesium and lithium.

Hellstrom and Behler '8 have performed molecular dynamics simulation of NaOH solution
using a neural network based force field (NN-MD) trained on DFT calculations. These
simulations are consistent with neutron scattering data. The structural details observed in
these simulations, such as the dehydration barrier width and height, are not well reproduced
with the CSM as previously reported for the case of NaCl?! and as expected due to the
significant approximation associated with the CSM.

The NN-MD simulation cannot be used to directly compute activities itself since the PMF
at infinite dilution is required and the box size needs to be more than 40 nm to correctly

reproduce the long range Coulomb interaction observed at infinite dilution.?? However, we
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Figure 4: Osmotic coefficients at 0.5 M calculated with the continuum solvent model com-
pared with experiment at 0.5 M. Alkali halides are in grey.



can compute the osmotic coefficients for the NN-MD approach using the protocol developed
in Ref.?! This approximates the infinite dilution PMF by using the Radial Distribution
Function (RDF) at the lowest concentration simulation and by taking its negative natural log
to and combining it with a long range Coulomb interaction beyond 7 angstroms. Then using
the same OZ solver as used for the CSM PMFs the osmotic coefficients can be calculated. As
shown in Figure 5, this protocol gives reasonable agreement with experimentally measured
osmotic coefficients although, as for the NaCl case, they becomes somewhat too large at
higher concentrations.?! Remarkably the CSM gives better agreement even than this much

more computationally expensive approach.
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Figure 5: Osmotic coefficients calculated with the neural net DFT method and the protocol
outlined previously in!'! compared with experiment and the CSM.

A challenge with using first-principles based simulations to determine this quantity that
there can be a substantial variation based on which DFT functional is used to run the simu-
lations. For example, Figure 6 shows the RDF computed using the revPBE-D3 functional to

simulate a sodium hydroxide solution compared with the RDF of the NN-MD potential.!®
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It is clear that there are substantial differences. These can be attributed to the fact that
it is know that uncorrected revPBE-D3 is too repulsive on the first hydration shell around
the sodium cation.?324 This results in the water molecules residing further away from the
sodium. This explains why the peaks in the NaOH PMF' are shifted by a similar amount
and why too much contact pair formation is observed relative to the NN-MD calculation.
Remarkalby, the NN-MD force field is trained using the RPBE-D3 DFT functional, which
should be very similar to revPBE-D3. It is therefore necessary to develop more sophis-
ticated methods of simulating electrolyte solutions with DFT-MD. For example, by using
higher level functionals or by including correction potentials adjusted to minimise the error

in higher level cluster calculations.?425

4 I I
—— NN-MD
— — DFT-MD (revPBE-D3)
3+ A :
\
- 5L
<2
1,

4
r (A)

Figure 6: Comparison of the Na-Cl RDF determined with two different first principles based
simulation methods. The NN-MD RDF is taken from Ref. 18 at 2.60 M. The DFT-MD is
at 2.3 M. Calculation details for DFT-MD are given below.

Finally, Figure 7 shows the characteristic V-shape plot of the osmotic/activity coefficients

of the alkali halide series which is indicative of the so called ‘law’ of matching water affini-
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ties.?6 This ‘law’ states that ions of similar hydration free energy have the strongest ion-pair
formation propensity, a strong ion pairing propensity leads to a lower osmotic coefficient,
hence the minimum in the osmotic coefficients when the solvation free energies of the cation
and anion match. This ‘law’ explains why fluoride salts follow a reverse trend to the other
halide anions, i.e., they pair most strongly with smaller cations. This reverse trend is also
observed for hydroxide and is reproduced with the model here. This is not surprising given
that hydroxide has a very similar solvation free energy and size compared with fluoride?°
and the key parameters which determine the ion-water interaction in the model are the ion
size and the total solvation free energy. However, there is a significant quantitative difference
between fluoride and hydroxide. The alkali hydroxide osmotic coefficients are higher than
the corresponding alkali fluorides, indicating that hydroxide has a less favourable interac-
tions with the alkali ions than fluoride. Interestingly, the strongest pair formation is for
LiOH where the cation and anion do not actually have matching water affinity, this demon-
strates the limitation of the ‘law’ of matching water affinity. In contrast, the model used
here reproduces this effect reasonably well.

Because the solvation free energy and the size are very similar for the fluoride and hy-
droxide ions, the reason for the difference in their osmotic coefficients is presumably not
attributable to a difference in the ion-water interaction. The reason instead, is due to the
fact that fluoride has a stronger direct short range interaction with the alkali cations than
hydroxide does. This effect is predicted by the COSMO calculations as shown in Figure 8§,
which compares the sodium hydroxide PMF with the PMF for sodium fluoride. It is clear
that the pairing is qualitatively similar but with the contact minimum somewhat higher for
the hydroxide case. This demonstrates the importance of including direct high level cal-
culation of ion—ion interactions in the model and shows that this may be more important
than including an atomically accurate description of the hydration structure around these
ions. This also demonstrates the importance of direct quantum mechanical calculation of

the ion-ion interaction, as a simple model would predict a stronger interaction for hydroxide

12
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Figure 7: Experimental osmotic coefficients at 0.5 M as a function of difference in solvation
free energy between the cation and the anion. Experimental values are filled in circles,
theoretical CSM values are open circles. Alkali halides are in grey.
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due to its dipole moment in contrast to the observation here. One possible explanation is the
weaker interaction is an entropic effect due to the strong angular dependance of the Na-OH

interaction compared with Na-F'.

1 2 3 4
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Figure 8: Short range interaction potential of sodium hydroxide compared with sodium
fluoride.

There are some contributions this model neglects such as long range charge dipole interac-
tions, which may not be accurately accounted for with the COSMO model. Additionally, the
corrections introduced to account for the neglect of charge transfer to the water molecules are
crude and could be improved through careful comparison and parameterisation with explicit
solvent quantum mechanical calculations. A detailed description of like charge interactions
should also be included. It is likely that additional improvements such as including this
effect would improve the performance of the theory further.

Nonetheless, the result presented here provides support for the notion that simple ap-
proximate models like the continuum solvent approximation can be useful for predicting

the properties of electrolyte solutions. The reason for this is that although the model only

14



requires two parameters, only one of which was explicitly parameterised to reproduce exper-
imental activity coefficients, it is possible that during the development of this model implicit
fitting could have occurred due to the subjective choices which were informed by what gave
better experimental agreement. This work is not subject to this problem as exactly the same
method and parameters developed and published previously were applied. This means that
there is no room for subjective choices to influence the predictions.

The final reason this result is significant is that the hydroxide ion contrasts remarkably
with the alkali halide ions. It is a polyatomic, anisotropic and polar molecule. The fact that
this model still works for this very different ion is good evidence of the model’s transferabil-
ity. The specific hydrogen bonding structures of water molecules around a hydroxide ion are
often emphasised implying that these are very important for determining this ion’s thermo-
dynamic properties. The success of this simple approach implies otherwise. This fact also has
implications more broadly for our understanding of what it is most important to understand
about water. Specifically, it is often assumed that knowing the explicitly resolved atomistic
details of the hydrogen bonding structure around solutes is essential to understand their
properties. However, this is contradicted by the fact that the osmotic/activity coefficients
of the hydroxide ion can be reproduced well using a simple model that ignores essentially all

of the details of the explicit water structure.

Conclusion

We have shown that the osmotic/activity coefficients of the alkali hydroxides ions can be
well reproduced using a simple and computationally cheap continuum solvent model without
any fitting parameters or modifications to the model. This is significant because of the
ubiquitous and important nature these electrolytes in a huge range of important phenomena
and applications. The good agreement of this model with experimental results indicates

that the model, which was previously developed for the alkali halide ions, is generalisable to

15



system different to the original ions it was developed for. It also implies that the details of
the specific hydrogen bond networks formed in water around the ions are potentially not as
important as other factors such as the direct quantum mechanical interaction between the

two ions.

Calculation Details

Continuum Solvent Model

The calculation details are very similar to those used in Ref. 27. We used the TURBOMOLE
package (v6.4)2829 with COSMO3%3! implemented. The def2-QZVPP32-35 basis sets, and
associated ECPs3637 were used for the alkali and hydroxide ions. The calculations were
performed both at the Hartree-Fock level using the DSCF program?® and at the MP2 level
using the RIMP2 program.39-41

The cavity sizes for the alkali ions adjusted to match solvation free energies were used
as given in Ref. 11 and the hydroxide cavity size was 1/79 A.20 COSMO’s RSOLV param-
eter was set to 0.84 A. The outlying charge correction was included although the ROUTF
parameter had to be reduced to 0.3, due to numerical error with the default value. The ep-
silon parameter was set to 116.95 to reproduce the correct 1/78.3 damping of the Coulomb
interaction. The ion—specific short-range interaction has a negligible dependence on this

parameter.

DFT-MD simualtion details

The system contains a four Na™ four OH ™ ions and 89 water molecules in a 14.33 A3 supercell.
This corresponds to a mole fraction of 0.045 and a Molarity of 2.3 M. NVT (at 300 K)
simulation was performed under periodic boundary conditions using CP2K simulation suite
(http:www.cp2k.org) with the QuickStep module for the DFT calculations.4? The protocol

given in Ref.,*3 using a double zeta basis set that has been optimized for the condensed
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phase?* in conjunction with GTH pseudopotentials*® using a 400 Ry cutoff for the auxiliary
plane wave basis is followed. A Nosé-Hoover thermostat was attached to every degree of
freedom to ensure equilibration. 46 The revised Perdew, Burke, and Ernzerhof functional with
Grimme dispersion correction was used. (revPBE-D3)4749 Data was accumulated for 190

ps following a 10 ps equilibration.

Osmotic coefficients calculation

We follow Ref. 50, which utilises the Hyper-netted Chain (HNC) closure of the Ornstein—
Zernike (OZ) equation to calculate the osmotic coefficients of electrolyte solutions at finite
concentration using the infinite dilution PMF. To do this we use the pyOZ program?®' devel-
oped by Lubos Vrbka, an iterative OZ equation solver. Following Ref. 52 and 22, we use a
concentration dependent form of the dielectric function of water to account approximately

for many-body effects that will become more important as the ion concentration increases:

78.3

() = 70100

(3)

where ¢ is the concentration of salt in Molarity, and 0.19 is a constant determined by fitting
to experimental data for six different salts and averaging.??
Experimental densities® 55 were used to convert osmotic coefficients to the Macmillan

Mayer scheme to enable comparison with the continuum solvent model values. %657
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