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1 | INTRODUCTION

Jordi Buils?3 |

Diego Garay-Ruiz?> | Mireia Segado-Centellas??3

Abstract

Elucidating the speciation (in terms of concentration versus pH) and understanding
the formation mechanisms of polyoxometalates remains a significant challenge, both
in experimental and computational domains. POMSimulator is a new methodology
that tackles this problem from a purely computational perspective. The methodology
uses results from quantum mechanics based methods to automatically set up the
chemical reaction network, and to build speciation models. As a result, it becomes
possible to predict speciation and phase diagrams, as well as to derive new insights
into the formation mechanisms of large molecular clusters. In this work we present
the main features of the first open-source version of the software. Since the first
report [Chem. Sci. 2020, 11, 8448-8456], POMSimulator has undergone several
improvements to keep up with the growing challenges that were tackled. After four
years of research, we recognize that the source code is sufficiently stable to share a
polished and user-friendly version. The Python code, manual, examples, and install

instructions can be found at https://github.com/petrusen/pomsimulator.
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Unlike other chemistry fields such as organic synthesis, where the

reactivity patterns and synthetic rules are particularly well-defined,

Polyoxometalates (POMs) are a distinguished family of molecular
nanoclusters typically formed by a combination of transition metals
(Mo, W, V, Nb, Ta) in high oxidation states and oxygen atoms. The
chemistry of these clusters is remarkably old, as the first POM was
discovered two centuries ago.! Despite this longevity, the field is still
far from entirely explored, and many new compounds are yet being
published every year. The application impact of POMs can be seen in
multiple areas such as catalysis,>® energy materials,* biochemistry,>®

medicine,”° and semiconductor devices.*>?

the formation routes of POMs are far less clear. Part of the problem is
because of the complex reactivity in solution of these molecular clus-
ters, which requires a precise and simultaneous control of pH, ionic
strength, temperature, total metal concentration, and additional reduc-
ing agents if needed. In fact, the speciation of these oxo-clusters still
draws considerable attention as it has a determinant role in the synthe-
sis of novel materials.® Ultimately, the reaction crude is crystallized to
yield the desired molecular clusters.** To cope with the intricate and

manually intensive characterization of the crystallographic data, novel
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automated protocols, such as POMFinder, are being developed.!®
Experiments have successfully shed light onto the nature of the species
in solution.***? Concerning the rationalization of this chemical phe-
nomenon, two decades ago a theory based on the concept of a dynamic
library of building blocks was developed to explain the formation of poly-
oxometalates.?®?* At present, this concept has transcended the domain
of polyoxometalates, and it has been recently proposed as a potential
interface between physics and biology.2%*

In the past few decades, computational chemistry methods have
also been applied to rationalize the formation of these molecular oxo-
clusters. The exploration of the potential energy surface has allowed
the identification of some intermediates and transition-state struc-
tures in the formation of POMs.?*2> Moreover, the use of ab initio
molecular dynamics simulations has also contributed to the understand-
ing of the reaction mechanisms.?® On the other hand, the field of reac-
tion mechanisms exploration is experiencing a change of paradigm
because of the development of several automated frameworks.?” 32 In
line with this emerging approach, we presented a computational
method four years ago aimed at predicting the aqueous speciation and
reaction mechanisms of POMSs.32 Since then, this methodology, that we
have named POMSimulator, has been applied to five families of isopo-
lyoxometalate clusters: molybdates, tungstates, vanadates, niobates,
and tantalates.>#3> We have also recently shown that it is possible to
use the reaction network generated with POMSimulator to perform
accurate microkinetic simulations,®® thus opening the door to model
recent kinetic experiments.3” 3% In this report we release an stable ver-
sion of POMSimulator code. We quickly revisit its theoretical back-
ground, detail the most relevant technical aspects, and provide a

recommendation guidance for its optimal usage.

2 | THEORETICAL BACKGROUND

POMSimulator is a methodology that addresses the aqueous specia-
tion and self-assembly of POMs in silico, relying on three main theo-
retical pillars: quantum mechanics based methods, graph theory, and
chemical equilibrium. By means of Density Functional Theory, the
Gibbs free energies are computed for a set of the metal-oxo clusters
at standard conditions (298 K and 1 atm). However, the design of the
molecular set is not trivial. It must contain a combination of experi-
mentally reported compounds and transient -hence undetected-
intermediates. Because of the building block nature of POMs, the
number of stable structural isomers (e.g., different ways of assem-

d.*° Moreover,

bling the metal-oxo framework) is severely reduce
we employ the electrostatic potential to determine the most likely
protonation sites of every species. For example, the results
showed in this work regard a total of 45 compounds. Apart from
the Gibbs free energies, our methodology also uses the molecular
connectivity. This is determined using the Quantum Theory of
Atoms in Molecules,** which represents a straightforward method
to deduce chemical bonds from the bond critical points in the elec-
tronic density directly. So far, POMSimulator has exclusively used

the Amsterdam Density Functional package*? because of its

CHEMISTRY

computational efficiency with GGA functionals and its implemen-
tation of the QTAIM electron density analysis method. Nonethe-
less, geometry optimizations and Gibbs free energy calculations
are ubiquitous in most quantum chemistry software, while molecu-
lar connectivity could also be determined by alternative methods
(e.g., atom distance thresholds or other implementations of
QTAIM). Therefore, we envision that open-source alternatives
such as ORCA*® and MOLCAS,** among others, may also be
employed in the near future.

Once the essential data for all the metal-oxo clusters in the set
has been gathered, the next step is to generate a reaction network
that interconnects the multiple species. To address this task, we rely
on the topological properties defined within Graph Theory. Molecules
are represented as molecular graphs g;, where atoms and bonds are
transformed into nodes and edges, respectively. Moreover, atomic
numbers are embedded as node attributes, and Gibbs free energies as
graph attributes. Consequently, it becomes possible to evaluate the
isomorphic property, which relates graphs that share a set or subset
of nodes and edges. The application of this property boils down to the
determination of all the potential chemical reactions for a given collec-
tion of compounds. For instance, unimolecular reactions involve the
evaluation of two molecular graphs, whereas bimolecular reactions
involve the consideration of three molecular graphs. To perform this
evaluation systematically, we define a so-called Isomorphic Matrix
which is expressed as a triangular matrix in Equation (1). The calculation
of this matrix is carried out by the generate_isomorphic_matrix function,
which allows generating and storing the Isomorphic Matrix as a separate
csv file -thus avoiding recalculating this matrix multiple times. We take
advantage of the fact that evaluating the isomorphism g; —g; versus
g;— g; Will essentially give the two directions of a same chemical reac-
tion. The matrix has two possible Boolean values, based on whether a
molecular graph pair is isomorphic (1, True) or not (0, False). For the
sets of molecular graphs that are confirmed to be isomorphic, an atom
count difference is employed to determine the reaction type (see
Equation 2). The most relevant reactions in the context of nucleation
of POMs are acid-base equilibria, condensation reactions, and addi-
tion reactions. It is noteworthy that as a raw approximation, it is possi-
ble to assume that all the molecular graphs are isomorphic (e.g., take
matrix 1 as it is) and only filter the reactions through stoichiometry

(more details in Section 3.1).
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The third pillar of POMSimulator is Chemical Equilibrium Theory. To
calculate the concentration of the molecular-oxo clusters at a given

pH using the chemical equilibrium reactions, it is necessary to solve an
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speciation model. This model essentially contains chemical reactions
plus the mass balance Equation (3). Each reaction is expressed as in
Equation (4), where concentrations are the dependent variables, and

the AG; is the independent variable.

N
Z”M,i[x]i_cozo ®
i—1

[Cl (D)€ /") A1 [B1 =0 @

Because the dependent terms are expressed as products, the subse-
guent system of equations becomes non-linear thus increasing the
complexity. However, there is a fundamental problem because the
number of reactions typically exceeds the number of compounds.
Therefore, the system is overdetermined as the number of equations
is greater than the number of variables. This evidence hinders the idea
of constructing a solvable speciation model with all the chemical reac-
tion network. To address this issue, we set up all the possible combi-
nations of chemical reactions, each of them leading to a different
speciation model. This approach ensures that the problem becomes
solvable, but at the cost of creating a computationally-demanding
task. Because the reaction sampling in the speciation models is crucial,
we implemented two assumptions to filter out chemically unsound
models:

1. Assumption I: Every speciation model must contain all the acid-
base equilibria. Thus, different speciation models will nonetheless
share the same set of protonation/deprotonation reactions. This
assumption is made based on the paramount role of pH in the
aqueous reactivity of POMs. Because the speciation of these
molecular-oxo clusters is very sensible to small changes in pH, it
becomes mandatory to account for this effect in every model. As a
consequence, the chemical reactions included in the speciation
models can be divided in acid-base (which are constant in all the
models) and nucleation reactions (which change from one model
to another).

2. Assumption II: The nucleation reactions of every speciation model
must consider all the nuclearities of the molecular set. In other
words, the condensation and addition reactions must account for
the formation of every nuclearity (i.e., POMs with the same num-
ber of metal and oxygen atoms) to avoid biasing the formation of
one type of clusters in front of others. Otherwise, we could end up
in a situation where one cluster is not formed, not because of
being thermodynamically unstable, but because there is no reac-

tion that leads to its formation in the speciation model.

To facilitate the comparison and evaluation of the simulated results,
we express the speciation data as formation constants, in line with
the convention used in experiments.*> The formation reaction is
defined in Equation 5, and it accounts for how many moles of refer-
ence molecules, [MO4}2’, and protons are needed to form one mole
of product. It is noteworthy that the reference compound is not

restricted to the monomer. For instance, in isopolyoxoniobates the

Lindgvist anion, [Nb6019]87, is taken as reference. Formation con-
stants are typically reported at a fixed value of ionic strength (see

Equation 6).
p [MO4)*~ +qH" 2 [HM,On]*~ +nH,0 (5)

(Apipm,005) - (@H,0)"
P

Kr =
(G[Mo4]2*) “(ap+ )q

(6)

The aqueous speciation of POMs also depends on the ionic strength.
Large values of | favor more charged species, and viceversa. To con-
sider the effective concentration of the species, aka activity, we rely on
a modified version of the classic Davies equation, which was proposed
in the Geochem software to expand its range of applicability.***” This
modification consisted in splitting the activity equation in two condi-
tions, as shown in Equation (7). Essentially, the function would remain
the same but it would only change two parameters: apo and Bg. For
instance, if | < 0.5 M, ap would be equal to 1/B, whereas By would be
equal to the product of 0.2, By and I. Instead, if I >0.5M, ag would be
equal to (3+|2|)-1078, and By to a constant value of 0.041. In this
manner, the second term would not increase exponentially if large

values of | were employed.

Vi
lo GC — A2 Y Byl
8107+ 1 14 B-a0- v 0
7
1<0.5M do :% Bo=0.2-A.7 @
1>0.5M do :(3-&-\z|)-10’8 Bp =0.041

The first report about POMSimulator was published in 2020, and dur-
ing these 4 years we have found a systematic yet intriguing feature. It
was discovered a posteriori that the formation constants obtained
through the simulations were overestimated respect to the values
reported in the experiments. That being said, it is rather well-
known that the reaction energies derived from DFT vyield equilib-
rium constants that are typically deviated from the reported
values.*® This is specially common for acid-dissociation constants,
where there is a broad literature available.*’ This deviation is com-
monly attributed to the poor modeling of the solvation energy of
the proton, which is present in both the K; and K; equations. There-
fore, the theoretical formation constants calculated with POMSimula-
tor need to be linearly scaled using experimental values. In our
previous studies, we have shown that this scaling step is very accurate
(R?2>0.9990 and Root Mean Squared Error, RMSE<1.0) and it unlocks
the quantitative prediction of unreported metal-oxo clusters. Even so,
the intrinsic dependence on experimental data is a clear limitation in
terms of applicability to other polyoxometalate systems. In our previ-
ous studies, we have noticed that the slope parameter appears to
be constant for the five isopolyoxometalate families studied so far.
Thus, Equation (8) shows a phenomenological expression for
a-hypothetical-universal scaling of the DFT constants. Although this
feature still demands further investigation, it has the potential of mak-

ing POMSimulator independent of available experimental data.
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logK™® ~0.3-logkP" + b (8)

3 | TECHNICAL DETAILS

In this section we will explain the most relevant technical aspects of
the software package. To do so, we employ as example a reduced set
of isopolyoxotungstates that we previously published.3* In this man-
ner we can complement the explanations with chemical plots. Besides,
the employed molecular set is also available in the release source
code. The main simulation file of POMSimulator is named as simula-
tion_tungstates.py. This file uses the functionalities that are implemen-
ted in the internal modules. Below we will detail the two most
important dependencies which correspond to the graph_module and

msce_module.

3.1 | Chemical reaction network

This part of the methodology depends entirely on the internal library
graph_module. 1t relies on standard Python dependencies, such as iter-
tools, multiprocessing and Numpy.>® Moreover, we employ the Net-
workX library to call the Graph Theory functionalities.®® The chemical
information parsed from the Amsterdam Density Functional output
files*? is passed to the Molecular_Graph() function which ultimately con-
verts all the molecules to molecular graphs. This step must be carefully
monitored because the bond connectivity derived from QTAIM can
contain bond artifacts. That is why we have implemented a functionality
that creates .mol files so that the user can double-check the bond con-
nectivity. Although this part may seem trivial, it plays a crucial role
ensuring that the isomorphism property is successfully employed.

The next step is to map the isomorphism property for all the
molecular graphs. However, this is a computationally demanding step
that may create a considerable bottleneck. Therefore, we have enabled
the possibility of not calling the isomorphism function, and approximate
the isomorphic matrix as the triangular matrix shown in Equation (1).
Nonetheless, a more rigorous approach involves the computation the
isomorphic matrix with the function Molecular_Graphs_to_Isomorphic_-
Matrix(). To alleviate the computational cost of this step, we have vec-
torized the mapping of the matrix. In this manner, it can run in parallel
according to the number of cores assigned in the input. Still, there will
be batches that will be solved faster than others, but if needed the user
can tweak function parameters to optimize the performance.

Once the isomorphic matrix has been calculated, it is used as a
grid for enumerating all the possible chemical reactions, calling the
function Isomorphism_to_ChemicalReactions(). The user must define
which are the reaction types of interest for the particular system. So
far, the package includes eleven reaction types which are summarized
in Table 1. As mentioned before, acid/base reactions are essential for
describing the pH dependent behaviour of polyoxometalates. Also,
hydration reactions must be considered because metal-oxo monomers
tend to expand their coordination sphere, from tetrahedral to trigonal

bipyramid or octahedral, by coordinating water ligands. Then, condensation

CHEMISTRY

TABLE 1 List of the 11 chemical reaction types implemented in
POMSimulator.

Reaction type Abbreviation Description
Protonation P R1+Hs503 — P+H40,
1 Water Hydration H20w1 Ry +H,O—P

2 Water Hydration H20w2 Ry +2H,0—P

1 Water Condensation Cwi R1+Ry; — P+H0

2 Water Condensation Cw2 R1+Ry —P+2H,0

3 Water Condensation Cw3 R1 +Ry; — P+3H,0

4 Water Condensation Cw4 R1+Ry; — P+4H,0
10 Water Condensation Cwi0 R1+R, — P4 10H,0
Addition A Ri+Ry—P
Hydroxylation HO Ry +He¢O3 — P+Hs03
Acid Hydrolysis H30 Ri+H30—P

reactions are the main driving force for the growth of POMs. There are
several types of condensation reactions because the nucleation pattern dif-
fers from one cluster to another. For instance, the most common pattern

corresponds to the Cw1 which would have this reaction associated:

HMO4 +HMO4 — M07 + H,0 (9)
In this particular case, a [MOzmy1]” growth pattern is followed. How-
ever, there are other cases where POMs can undergo distinct path-
ways, such as [Mp,Ozp,]°. For example, the Cw4 reaction type which

would have this reaction pattern associated:

HaMO4 + HyMO4(H20), — MpOg +4H,0 (10)

We also contemplate the addition reaction type, which is similar to
the condensation but no water molecules are released. Another
important reaction is hydroxylation, which was needed when model-
ing the speciation of alkaline-clusters such as isopolyoxoniobates and-
tantalates. The last reaction type implemented in the present version
is acid hydrolysis, which is a frequent process in acid-clusters such as
isopolyoxomolybdates, -tungstates, and -vanadates. It is worth
highlighting that so far the methodology only contemplates two main
families of transformations: proton/water acid equilibria, and nucle-
ation reactions. Redox reactions are not implemented yet, and further
modifications would have to be performed to adapt the core functions
to electron transfer processes.

The POMSimulator packages offers a script to plot the chemical
reaction network: plot_reac_map. Figure 1 shows the type of plot that
can be obtained with this functionality, depicting all the different
nuclearities in the CRN as nodes (in black) and the reactions as lines,

which can be colored according the reaction energy.

3.2 | Formation constants

One of the main functionalities of POMSimulator is the determination

of the formation constants of all metal oxides in the molecular set.
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FIGURE 1 Chemical reaction network of tungstates. Compounds

(black nodes) are positioned according to the number of tungstens
and oxygens. Reaction energies are colored according to whether it is
spontaneous (green) or not (red).

This is a major advantage against experimental characterizations,
which are often limited only to selected compounds in the reaction
network. These constants are essential for all further applications of
the method, as they are employed to assess the quality of speciation
models and therefore to select the best one, as well as for the genera-
tion of speciation and phase diagrams.

As introduced in previous section, formation constants will be
always referred to a single species selected as reference (Equation 5),
whose corresponding K¢ value will be zero. However, the reactions
that we have defined and are present in the model are not be referred
to this species, but do instead correspond to elementary processes in
the overall self-assembly (e.g., a dimerization of two Wy species to
form a W1, compound). Thus, to retrieve the desired K¢ values apply-
ing Equation (5) for each species, we should know the concentrations
of all the compounds in the reaction network, by solving the specia-
tion model.

Thus, it is necessary to solve a multi-species multi-equilibria prob-
lem. Each speciation model, as previously defined, produces a system
of non-linear equations (NLE) involving the concentrations of all species in
the molecular set. Therefore, for Ny, speciation models, it becomes nec-
essary to solve Ny, different sets of NLEs, sheerly increasing the com-
putational complexity of POMSimulator. The procedure, explained in
the following paragraphs, is outlined in Figure 2, and is carried out
through the function Speciation_from_Equilibrium in the msce_module.

If we define the equilibrium constant both in terms of a quotient
of activities (Equation 5) and in terms of the reaction energy
(Equation 11), we can define a non-linear equation (Equation 12). For
simplicity and from now on, although as shown in Equation (5) activi-
ties ax are used, we will represent terms as if they were concentra-
tions [X].

Model NLE system Concentrations
{} Solver» [Cy Cy C5 ...]
Model set
[Qp 0y O3 ..]
pH Activities
[Ko K Ky o] [ko ki ks ...]
Average formation Formation
constants constants

FIGURE 2 Schematic depiction of formation constant
determination in POMSimulator.

Kf:efAGO/RT (11)

[H«Mo 07, [H20]" e AG/RT _ (12)
M3 PIH

For all reactions in Table 1, the expression corresponding to
Equation (12) is encoded as a text string inside the DataBase module
of the program. These expressions are defined in terms of three
(monomolecular) or four (bimolecular) parameters, them being the
concentration of the product, the reaction energy in kcal mol~1, and
the concentration(s) of the reactant(s). Therefore, for a given specia-
tion model, the corresponding NLEs will be retrieved, setting up the
required indices for each species in the concentration vector as well
as the reaction energy. Also, an additional equation corresponding to
the mass balance of the metal atoms (Equation 3) is always included in
the system. Then, the equations are transformed from a string to a
Python object: while in the original version of the code this was done
at runtime, a precompilation of the corresponding object allowed us
to achieve a 15-to-20-fold speed-up of the code which greatly
increased its applicability to more complex systems. While even fur-
ther optimization, by for example linearizing the equilibrium constant
equations taking logarithms, would be highly desirable, the require-
ment for a mass balance equation hinders this approach.

The Scipy®? library is then used to solve the system of NLEs,
through the root function of the package, using an hybrid solver based
on the Powell method,>® and obtaining values for the concentrations
of all the species. In all cases, a vector of zeros is used as the initial
guess for the solver. Additionally, the accuracy of each solution result-
ing from Powell's algorithm is double-checked by applying an alterna-
tive Least Squares (LS) solver, and then comparing both results
through a linear regression. Only if the normalized RMSE of this
regression is below a user-specified threshold (between 0.1 and 1.0)
the solution is accepted. This process has to be repeated along a range
of different pH values, due to the strong dependency that the assem-
bly of POMs has on pH. Once we have gathered concentrations for
every compound at every pH point, we may determine their formation

constants in terms of the reference species. As the computed K
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values are likely to vary depending on pH, the average value across
the pH range is computed, assigning a single set of formation con-
stants for every speciation model.

As mentioned, applying this procedure for a large set of specia-
tion models can imply a quite large computational cost. One key opti-
mization from the original versions of the code was the
implementation of parallelization, solving different speciation models
in different CPU cores. Moreover, we have also implemented batches
of models, whose size can be tweaked by the user depending on the
available computational resources. For the tungsten set (18,432
models) provided with this software release, up to 0.60 models/
(s core) were solved in a Intel Core i9-12900K, resulting in a total
computation time of around 22 min for the complete dataset if
24 cores of the processor are used. The aforementioned equation pre-
compilation is essential to achieve those times: if the string-based
equations are directly evaluated, as it was done in the original versions
of the program, the solution rate reduces to 0.04 models/(s core), thus
requiring 5.5 h in the same hardware. Given that the number of speci-
ation models grows exponentially with the complexity of the reaction
network, the 15-fold speed-up is essential to be able to realistically

apply POMSimulator to other systems.

3.3 | Speciation and phase diagrams

Once we have computed the formation constants of all species for
each speciation model, we are now able to generate speciation and
phase diagrams. We need to select the best model. To do so, as stated
in Section 3, we perform linear regressions between the theoretical
constants and the experimental reference values. Previous results
have shown that there is an accurate linear correlation between these
pairs of values across the whole set of models. From there, we can
obtain the equation to scale the theoretical constants to better match
the experimental results. Moreover, we can sort the models according
to the RMSE values of these linear regressions. The speciation model
with the lowest RMSE value will be selected as the best model, as it
provides the closest match with experiments. Therefore, this model
will be used to generate both speciation diagrams and phase specia-
tion diagrams.

Once we have selected the formation constants from the best
model and scaled them accordingly, we will establish the formation
equilibrium for each species except for the reference compound. We
then need to calculate the stoichiometric coefficients for each forma-
tion reaction, and set up the corresponding expression for the
formation constant. From the equilibrium expression in Equation (6), we
will now simplify the notation, denoting the reference compound as Ref

and all other metal oxides as X;: see Equations (13), (14) and (15).

P;- [Ref] +Q; - [H30"] = [X]; +n; - [H20] (13)
__ K- H01"
Kfi - [Ref]Pi ] [H3O+}Qi (14)
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[X];- [H20]" ~ Ky, - [Ref]” - [Hs0*]¥ =0 (15)

At this point we will have N species in the molecular set and (N-1)
equations, due to the reference species having a formation constant
equal to zero.

Thus, we will set up the last equation of the NLE system, that cor-
responds to the mass balance (see Equation 3). If we fix a pH value
and consequently proton concentration, we can solve the system
of NLEs (Equation 16). For this reason, we establish a pH range,
and solve the NLE system throughout the whole set of pH values.
This results in an array of concentrations, containing the concen-
tration of all species at all pH values. The corresponding function
is named Speciation_from_Formation_singlemetal, belonging to
msce_module.

As with formation constants, we employ the hybrid solver imple-
mented in Scipy to solve Equation (16), with an initial guess of zeros
for all concentrations.

Xlo - [H20]™ —Kro- [Ref)™® - [H;0]* =0
X1, - [H20]™ — K¢ 1 - [Ref)™ - [H;07]% =0
4 (16)
X];- [H20]" — K¢, - [Ref|” - [H;0]% =0
Z[X]i +[Ref] —Co =0

From the array of concentrations, we can readily compute the molar
percentage of the metal %My; =100 wpmxi[X];/Co. In this way, we
have a more direct comparison with experimental results, as well as a
better representation of the abundance of larger oxo-clusters contain-
ing many metal atoms. An example of a speciation diagram %M vs pH
is showcased in Figure 3.

To generate the phase diagrams, we follow the same methodol-
ogy as per the speciation, repeating the process along a range of initial

metal concentration Cp. In this way, we determine many different

100 —
80 -
— [WO41?~
< 60 [H2We02218~
< = [HW;70241°~
(=)
40 - = 0-[H2W120401%~
—— [W1003,]*~
20 -
0 =
T T T T T T T T
0 2 4 6 8 10 12 14
pH
FIGURE 3 Speciation diagram for the tungsten system, at

298.15 K, 1 atm and 0.25 M ionic strength of NaCl. Each compound is
colored according to the legend.
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speciation diagrams, exploring how the speciation changes depending
on the initial amount of metal. Then, for each of these diagrams, we
can reduce the dimensionality by selecting the species with the
largest molar fraction at every pH value. In the end, we get the
most relevant species at each (Cq, pH) pair. Next, we may color each
pixel in the map according to the dominant species, retrieving the

phase diagram. An example for the tungsten system is collected in

Figure 4.
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FIGURE 4 Phase diagram for the tungsten system at 298.15 K,
1 atm and 0.25 M ionic strength of NaCl. Each compound is colored
according to the legend.

4 | INSPECTING THE INPUT FILE

POMSimulator offers some options that can be modified according to
the needs of each particular system. However, this flexibility can also
become an inconvenient when striving to determine which are the
ideal settings for achieving an optimal accuracy/time ratio. Along this
section, we will detail some of the most important parameters to

guide the user.

| ### HARDWARE-RELATED PARAMETERS
» cores = 2
s batch_size = 5

CODE SNIPPET 1 Hardware and paralellization-related
parameters in POMSimulator.

Code Snippet 1 contains basic parameters regarding the
parallelization of the code, namely the total number of cores
and the number of speciation models per batch, which will be
used when computing formation constants. It is worth
noting that the parallelization has only been implemented using
the cores of one same CPU; as opposed to using cores from
different CPUs.

Code Snippet 2 contains a set of key parameters related to the
chemical assumptions taken in POMSimulator to reduce the number

of reactions in the CRN and the final number of speciation models.

L HHH CHEMICAL PARAMETERS

> use_isomorphisms = True

; energy_threshold = 80

4+ proton_numb = 2

s reference = ['P’, "H20wl’,’H20w2’,

6 "Cwl’,"Cw2’,’Cw3’",

7 "Cw4’, "A’,’HO’,’"H30’]

s """ These parameters are not meant to

be routinely modified """
v conditions_dict = {
0 "proton_numb":proton_numb,
n "restrain_addition":1,
2 "restrain_condensation":1,
3 "include_dimerization":True,
4 "force_stoich":[11],
15 "adjust_protons_hydration":True}

CODE SNIPPET 2
in POMSimulator.

Main chemical parameters and assumptions

1. use_isomorphisms flags the utilization of isomorphisms to build the
CRN. When set to True, it is necessary to have previously run the
compute_isomorphism script in the Utilities folder. In this manner,
the isomorphic matrix will be already available. Else, the program
will use only stoichiometric criteria to define reactions.

2. energy_threshold sets a maximum value for reaction energies, disre-
garding processes that are too high in energy. It has been observed®®
that some endergonic reactions can become exergonic if we consider
the simultaneous effect of the protonation reactions: thus, some cau-
tion shall be taken when tweaking this parameter.

3. proton_number limits the maximum difference in the number of
protons between the two reactants in a nucleation reaction. This
restriction is based on the fact that two species with different
number of protons are unlikely to be found at the same value of
pH, and therefore are unlikely to interact.

4. reference establishes the reaction types that are to be mapped in
the isomorphic matrix. Protonation, condensation, and addition
reactions should always be selected, since they are the basis of
POM s reactivity. Only reactions appearing both in this list and in
the molecular set will be included in the CRN.

Then, conditions_dict contains additional constraints (e.g., chemical
assumptions) on the reactions considered in the network, which strongly

depend on the system under study.

1. restrain_addition. Limits the maximum size of the building blocks
employed in addition reactions. If set to 1, only additions involving
at least one monomer will be accepted.

2. restrain_condensation. Same as the previous one, but for condensa-
tion reactions.

3. include_dimerization. Allows addition and condensation reactions
between two equal building blocks, independently of previous

restrictions.
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4. force_stoich. Forces the acceptance of reactions leading to a spe-
cific stoichiometry, independently of energy, protonation or any
other threshold.

5. adjust_protons_hydration. If True, takes into account the degree of

hydration of POMs when handling the protonation threshold.

The parameters in Code Snippet 3 rule the calculation of formation

constants.

| ### FORMATION CONSTANT PARAMETERS
> I, CO = 0.25, 0.005

s min_pH, max_pH, grid = 0, 35, 70
4+ ref_compound = "W01004-0H’

CODE SNIPPET 3 Parameters related to formation constant
calculation in POMSimulator.

1. 1. lonic strength of the solution, selected according to the require-
ments of each particular system. It is worth reminding that ionic
strength values above 1 mol -L™! may become unstable due to the
limitation of the Davies-modified activity equation.

2. Cop. Initial molar concentration of the metal.

3. min_pH, max_pH and grid. pH range employed for the determina-
tion of formation constants. Due to the aforementioned mismatch
between experimental and computed constants, large pH ranges
shall be used at this step: from previous experience, values
between 0 and 35 for acidic POMs (W, Mo) and between O and
70 for amphoterous (V) and alkaline (Nb, Ta) POMs provide a good
coverage. The total number of values is marked by grid: the larger
this value, the more accurate but more time-demanding the deter-
mination will be.

4. ref_compound is the label for the selected reference compound for
formation constants (see Equation 6). If there is experimental data
available, we recommend to take the same reference compound so

that the data can be compared afterwards.

To favor that the results generated by POMSimulator are reproduc-
ible, when the main simulation file is run it generates a text file with
the values of all the parameters specified in the input and detailed in
Code Snippets 1 to 3.

5 | CONCLUSIONS AND OUTLOOK

We have presented the first open-source release of the software
package POMSimulator. This first version allows simulating the aque-
ous speciation of isopolyoxometalates from first-principle calculations.
By releasing a public version of the code, we aim at providing a tool
for complementing the discovery of novel polyoxometalates. More-
over, having an accessible version of the code means that other
researchers can modify the source code based on their particular

needs.

CHEMISTRY

At present, POMSimulator is being actively developed, and we
envision to incorporate further functionalities in the near future. Some

of these directions are:

1. Support of heteropolyoxometalates. So far the code only
works with isopolyoxometalates. To enable the exploration of
more complex clusters, such as the well-known phosphomolyb-
date anion, some modifications are needed in the source code,
such as an additional mass balance equation for the adden-
dum atom.

2. Statistical treatment. As mentioned throughout the manuscript,
the number of speciation models scales factorially with the
number of reactions and the complexity of the CRN. Conse-
quently, the computational cost associated to the resolution of
the entire set of models can be remarkably high. An alternative
approach that we are currently exploring relies on the stochas-
tic sampling of models, together with a statistical analysis to
classify the different types of models according to their specia-
tion behavior.

3. Redox reactivity. The current version of the code does not con-
sider any redox reaction (Table 1), even though POMs' metal
framework is prone to suffer changes in the oxidation states. The
addition of redox reactions would require fundamental changes in
the definition of the equations participating in the speciation
models (e.g., Nernst equation, electroneutrality).
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