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ABSTRACT: A systematic approach for understanding the pH-
dependent speciation of molecular metal-oxide nanoclusters beyond
ambient conditions, which combines computational predictions with X-
ray total scattering experiments, is presented. We demonstrate that
temperature-dependent water properties have a significant impact on
molecular energies derived from implicit solvent modeling and propose
an efficient correction strategy. Based on this, we expand our
methodology toward the elevated temperatures and pressures character-
istic of hydrothermal synthesis. Correlating these computational results
with experimental observations reveals a remarkable synergy between
the two approaches, which helps to differentiate closely related Experiment
polyoxometalates coexisting in solution. We find that qualitative trends
are directly reproduced computationally, while the intricate nature of
polyoxometalate speciation is best captured by adjusting computational predictions based on experimental insights. The derived
knowledge of the clusters present under various conditions enables us to rationalize the crystallization of h-MoO; at high
temperatures and very acidic pH. With this, our study highlights the potential of hybrid approaches for elucidating solution-based
oxide formation under extreme conditions.

B INTRODUCTION reaction networks underlying aqueous POM speciation, and
predict speciation diagrams under ambient conditions. As
visualized in Figure 1la, the initial version of POMSimulator
relies on both experimental and computational input. Density
Functional Theory (DFT) provides optimized molecular
geometries, electron densities, and the corresponding Gibbs
free energies. Experimental formation constants, K; are then
used for rescaling the computationally predicted K¢ values.
Beyond this version, statistical methods™® and the exploration
of universal scaling trends across various systems”' have
enabled advancements toward decoupling POMSimulator
from experimental data. Our method constructs the chemical
reaction networks representing the plethora of equilibria
computing.>~'* The self-assembly of POMs from solution involved ir.l POM speciatiog, and spbsquently build.s and
relies on vast reaction networks'® which are sensitive to ionic solves speciation nllodels. This makes it p 0A551ble to predl?t. the

. 16—18 abundance of specific clusters under a continuum of conditions
strength, temperature, redox agents, and counterions. (Fi 1b). Th thodol has b h to reliabl
Particularly pH and metal concentration lend themselves for 1gure - he MEodology has been Shown to reuavly

controlling POM speciation, which typically involves multiple predict pH- and concentration-dependent speciation for
coexisting clusters." The complexity of aqueous POM
chemistry makes it challenging to predict and rationalize the Received: March 18, 2025
reaction pathways involved in POM speciation.'” Therefore, Revised:  May 30, 2025
understanding their aqueous speciation under synthesis Accepted: June 2, 2025
conditions is essential for enhanced synthesis control. Published: June 17, 2025
We recently introduced a new computational method named
POMSimulator' > which enables us to handle the complex

Tailoring hydrothermal synthesis requires knowledge about the
species and chemical processes involved. For metal oxides
formation, these species frequently include discrete molecular
metal-oxo clusters. Specifically, aqueous solutions of fully
oxidized group V and VI transition metals, like VY, Mo"! or
WY, give rise to discrete metal-oxo clusters known as
polyoxometalates (POMs)." This umbrella term covers a
multitude of clusters, varying in size, shape, and chemical
composition. Accordingly, POM chemistry targets a wide field
of applications spanning from protein crystallography” and
medicine’ > over catalysis”~ "’ to energy storage."' Moreover,
magnetic POMs have been explored in the context of quantum
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Figure 1. (a) Simplified overview over the input needed for predicting isopolyoxomolybdate speciation with POMSimulator. (b) Output of

POMSimulator, exemplarily visualized in form of the predicted speciation diagram of an aqueous Mo""

solution with [Mo] = 1 M under standard

conditions. For more detailed schemes on the POMSimulator workﬂow, the reader is referred to our previous publications.'>'? (c) and (d) show

the influence of increasing temperature on (c) the dielectric constant
water, pK,,, assuming saturated vapor pressure

E:

* assuming a pressure of 100 bar, and (d) the autoprotolysis constant of
> (e) Schematic representation of the role the dlelectrlc constant of the solvent plays in the

calculation of molecular energies of dissolved clusters using a dielectric continuum model like COSMO.>® A more complete visualization of the

COSMO approach is shown in Figure S2.

isopolyoxometalates of Mo, W, V, Nb, and Ta,**** and for
heteropolyoxometalates (PMo)*° and (AsMo),*" based on the
aforementioned statistical treatments.

Up until now, POMSimulator has only been applied to
aqueous solutions under ambient conditions. However, the
properties of water change rapidly with respect to temperature
and, to a lesser degree, pressure.27 This effect is rooted in the
interaction between water molecules,28 since an increase in
temperature causes a drop in the number of hydrogen bonds
per water molecule.”” This change is reflected in the static
dielectric constant, &, of water which drops rapidly upon
heating, as Figure 1c shows.”* When approaching temperatures
of 150 — 250 °C, water thereby gradually adopts polarities akin
to organic solvents like acetonitrile or dimethylformamide.””
Simultaneously, its autoprotolysis constant (pK,,) decreases, as
shown in Figure 1d.”> Heating also entails a decrease in
viscosity’’ and density,”" shown in Figure S1a, which primarily
impacts diffusion-controlled reactions.”’

Hydrothermal synthesis capitalizes on this impact of
temperature and pressure on water.””** Commonly starting
from simple metal salt solutions, heat and pressure, ie.,
hydrothermal conditions, are applied to induce particle
nucleation. Rooted in geochemistry, the hydrothermal method
is a particularly successful route for the tunable synthesis of
oxide nanoparticles,”” including the oxides of metals which are
prone to POM formation.”* >’ The involvement of POMs and
POM:-related cluster species in the hydrothermal formation
pathways has been extensively demonstrated for tungsten
oxide-based materials.”*~*' Moreover, cluster speciation right
before tungsten oxide crystallization was found to facilitate
polymorph control.*’ These findings showcase the relevance of
studying POM speciation beyond ambient conditions.

Common experimental techniques for determining POM
speciation in solution include nuclear magnetic resonance
(NMR),?~* potentiometric titrations,">* mass spectrome-
try,"’ and vibrational spectroscopy.”*’ Moreover, the size and
shape distribution of clusters as well as their interactions can
be studied via small-angle X-ray scattering (SAXS).>°
Particularly Nyman and coworkers widely applied SAXS to
reveal valuable insights into POM speciation.”’ > In studying
small POMs with diameters of around 1 nm, the lower size
limit of SAXS has repeatedly been approached.”® This
limitation can be overcome through X-ray total scattering
(TS), which has been demonstrated as an efficient probe for
POM structures, both in combination with SAXS**>° and in
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stand-alone TS studies.”®*’ While SAXS probes cluster sizes in
the nm range, X-ray total scattering combined with pair
distribution function (PDF) analysis enables the assessment of
local atomic structures, from distances between neighboring
atoms (<3 A) up to insight into interatomic distances across a
few nm.*® Compared to conventional crystallography methods,
PDF analysis allows the study of structures regardless of
crystallinity, which makes in situ X-ray total scattering
particularly interesting for following material formation.”’
Accordingly, this experimental method plays a vital role in
investigating POM speciation during hydrothermal oxide
formation.”*~** However, these experiments entail advanced
data analysis, which hinges on identifying suitable structural
models.””

This bottleneck of experimental data analysis can be
addressed by supporting the analysis with computational
methods. For example, the AI/ML classifier POMFinder can
accelerate experimental data analysis by screening crystallo-
graphic databases for POM-like motifs that match an
experimental PDE.>® However, this approach solely relies on
structural characteristics and thereby neglects essential
chemical parameters such as pH in POM identification. This
impedes the differentiation of multiple coexisting POMs from
one novel cluster species. Chemically informed methodologies
like POMSimulator address exactly these limitations and
therefore hold immense potential for complementing exper-
imental studies with additional insight into the intricate
equilibria of POM speciation.

Here, we expand the established POMSimulator method-
ology to unravel the speciation of isopolyoxomolybdates
beyond ambient conditions. Our results emphasize the added
value derived from combining structural insights from X-ray
total scattering experiments with chemically informed
computational tools.

B METHODS

Computational Details. Our computational work relies
: 22 .
on a previously reported set™ of isopolyoxomolybdate
structures (73 species) referred to as “Mo set” in the following,
and the same subset of experimentally reported species as used
by Petrus et Bo for speciation and speciation phase diagram
simulation.”” The complete data set™ is accessible in the
ioChem-BD repository,60 as is all new data generated in this
61

work.
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For the geometries retrieved from the data set, we carried
out unconstrained geometry optimizations and frequency
calculations using the ADF 2019 software”” employing the
Perdew—Burke—Ernzerhof (PBE) functional®*®* and a TZP
basis set, including the Zero-Order Regular Approximation
(ZORA)®> for relativistic effects as well as the Conductor-
like Screening Model (COSMO)** for solvation using the
atomic radii from Klamt.””*® The frozen core was set to Large
for the optimization and frequency calculations, in consistency
with previous results.”” Single-point energy calculations with
varying solvation parameters and a Small frozen core were
employed to model high temperature effects. Experimental
formation constants (K;) were adjusted for temperature via eq
1, assuming a temperature-independent reaction free energy,
AG,. Reference values from Cruywagen were used (Table S1).

log K/(T) = —RTAG, (1)

We employed the open-source version of POMSimulator,
incorporating the temperature as a variable parameter.lg’69
Simulated pH values were restricted to a range of 0 — 10,
strictly avoiding limit regions (pH > 12) where the pH would
exceed the pK,, value of water at the highest temperature in the
study (125 °C). The ionic strength was set to 1.0 M.

Experimental Methods. Aqueous solutions of Na,MoO, -
2 H,O were prepared with a concentration of [Mo] = 1 M and
pH values of 1.6, 3.4, or 5.6. While ensuring Mo""
concentration control, the pH was adjusted with 6 M HCl
and determined using a HANNA HI 2020—02 pH meter.
Hydrochloric acid (37%) and Na,MoO, - 2 H,O (purity: <
99%) were purchased from VWR chemicals and Sigma-
Aldrich, respectively, and used as received. All solutions were
prepared within 2 h prior to the measurements.

Time Resolved X-ray Total Scattering Experiments.
The X-ray total scattering (TS) experiments were conducted at
the DanMAX beamline at MAXIV in Sweden using a
wavelength of 0.3542 A. We used the rapid acquisition PDF
(RA-PDF) method,”® where a large 2D area detector is placed
closely (~ 16.5 cm) behind the sample, to collect TS data in
situ with a time resolution of 10 s. We used a custom capillary
reactor described by Roelsgaard et al.:”* A thin silica capillary
(diameter: 0.7 mm, wall thickness: 0.09 mm) was fixed in a
custom steel frame and linked to steel tubing via Swagelok
fittings. After injecting the sample solutions into the capillary,
we applied 100 bar of pressure using a commercial high-
performance liquid chromatography (HPLC) pump. With a
hot-air blower located below the capillary, the temperature was
stepwise increased from ambient temperature, to 75 °C, and
125 °C. To ensure that equilibria were probed, we measured
for 3 min at ambient temperature and 10 min each at 75 °C
and 125 °C, as schematically depicted in Figure S3. Data
acquisition was paused while transitioning between temper-
atures with 100 °C/min.

Data Corrections and Integration. The 2D TS data
frames were calibrated and integrated using pyFAL™> We
subtracted scattering patterns of pure water in the setup under
the same conditions (p and T) as our sample solutions as
background. This subtraction as well as the data correction,
normalization, and Fourier transform involved in making PDFs
were done using PDFgetX3.”” The PDFs were obtained with
Tooly = 0.9, Quax = 14 A7) Quaxinse = 16.8 AY, and a nominal
composition of Na,MoO,. To minimize small-angle scattering
contributions, evident in Figure S4, Q,;, was set to 1.5 A™".

Instrumental parameters were determined using a Si standard
(Quamp = 0.0228 A7, Quo0q = 0.0012 A7),

Data Analysis. The DFT-derived molecular structures”*
used in POMSimulator function as structural models for our
PDF analysis. Whenever possible, cutouts from previously
reported crystal structures were used for comparison, as
detailed in the Supporting Information. Simulated PDFs were
calculated using DebyeCalculator’* and all cluster refinements
performed using Diffpy-CML”> Only the overall scale factor
was refined. Refinements of the crystalline phase were done in
PDFgui.”® We used Pearson correlation matrices to visualize
and quantify the similarity between all combinations of frames
in each PDF data set.”” All molecular structures were visualized
using the VESTA software.”®

B RESULTS AND DISCUSSION

The first step of the study was the expansion of POMSimulator
beyond ambient conditions. To this end, we discuss the
influence of temperature-induced solvent changes on molec-
ular Gibbs free energies, before moving on to the resulting
speciation predictions for isopolyoxomolybdates. Subsequent
analysis of X-ray total scattering data provided deeper insight
into the same system and served to assess the predictive power
of POMSimulator under hydrothermal conditions.

Computational Predictions. For exploring hydrothermal
conditions, we considered a temperature range from 25 to 125
°C at a high pressure of 100 bar, as used in the in situ TS setup.
Within the covered temperature range and at the target
pressure, the dielectric constant of water (&) almost halves, as
shown in Figure lc. Simultaneously, changes in density (p)
occur, which impact the solvent radius (R,,,), as shown in
Figure SI1. Both € and R
implicit solvent model approach COSMO,*® applied in this
work (Figure le and S2). Thus, the Density Functional Theory
(DFT) calculations needed for POMSimulator can be strongly
affected by temperature-dependent solvent properties. The
assessment and consideration of their impact is, therefore,
crucial for the reliable prediction of POM speciation at high
temperatures.

The strategy schematized in Figure 2 efliciently accounts for
temperature-induced solvent changes: single-point energy

oy are the key parameters in the

independent
from € and Ry,

Gibbs
free E

€and Ry,
corrected

Figure 2. Schematic representation of the calculation strategy used
throughout this study, which allows to efliciently consider temper-
ature- and pressure-dependent water properties in the calculation of
molecular Gibbs free energies. E,; is the electronic energy at ambient

temperature and pressure, and Ejj, the electronic energy computed
with water COSMO parameters at the target (T,P).

calculations at the stationary points are carried out with T-

and P-corrected & and R_,;, parameters to obtain reliable

electronic energies, E;;. To limit the computational cost, free
energy correction (G,,,,) terms are calculated from the original
(non-T,P-corrected) frequency calculations. The proposed
hybrid approach was shown to be viable for a test set
containing several isopolyoxomolybdates (see Section 1 of the
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Supporting Information). Moreover, we found that accounting
for the temperature dependence of COSMO parameters
significantly affects the formation energies of the probed
POMs (further discussed in Section 2 of the Supporting
Information). Since neither the temperature nor molecular
characteristics such as charge or size can be directly correlated
with the observed changes, they cannot be addressed via
simple extrapolation approaches. In summary, the proposed
strategy (Figure 2) is a reasonable approximation for the
correction of DFT-based energies in aqueous solutions at high
temperatures and pressures.

Using this strategy, we calculated the Gibbs free energies of
the “Mo set” (listed in Table S2), as well as water, the
hydronium ion and the Zundel pair (H;O,*/H,0,), across
three different temperatures (T = 25 °C, 75 °C, and 12$ °C)
and applied POMSimulator to predict the respective formation
constants. This enables us to consider not only the changes in
the stability of the molybdates, but also the changes in the
solvation of the proton. At this point, the concept of speciation
models comes into play. In the context of POMSimulator,
these models correspond to reaction subsets containing the
same number of species and equations (in mathematical terms,
a determined system of equations), so that each speciation
model represents a mechanistic proposal, with at least one
reaction leading to each cluster in the data set. A plethora of
speciation models contributes to POMSimulator results (here:
N, 0dels = 466k), each yielding one formation constant for each
molecular species (Ng,ees = 73). Accordingly, each set of
predicted constants has dimensions of Ngycces X Npodels-

To navigate the wide variety of generated models, two main
approaches have been followed to date. The first one selects
the “best” model based on a direct fit to experimental reference
values, assessed through the Root Mean Squared Error
(RMSE)."® Alternatively, statistical pipelines have been applied
to group similar models and average them.?® In this work, we
followed an intermediate approach: we preserved the RMSE-
based selection of models, aiming to easily compare our results
with the previously rezported speciation of molybdates under
ambient conditions,”> but included a certain degree of
variability by selecting the best n models and averaging their
speciation. We determined that n = 25 provided a good
balance between the number of speciation diagrams to solve,
which increases the overall cost, and the robustness of the
results, as detailed in Section 3 of the Supporting Information.

Applying the chosen averaging approach gives rise to
speciation phase diagrams (Figure 3), which show only the
most abundant cluster structure adopted by Mo"" at each
combination of pH and total Mo"" concentration. When
comparing Figure 3a—c, it becomes apparent that the pH/
concentration range at which polynuclear POM species occur
shrinks with increasing temperature. For example, a temper-
ature increase from 25 to 125 °C shifts the lowest
concentration at which POMSimulator predicts abundance of
diprotonated {Mo,} (“6”) from [Mo] = 107> M up to [Mo]
= 107> M, as evidenced by Figure 3a and c.

Moreover, increasing the temperature limits POM formation
to lower pH values, as evident from the stability regions of
{Mo,}. For 25 °C, unprotonated {Mo,} (“4”) is predicted as
prevalent until beyond pH = 6 (Figure 3a), while {Mo,}, this
time protonated (“5”), is only predicted below pH = S at 125
°C (Figure 3c).

Our predictions therefore imply that increasing temperature
stabilizes the monomer [MoO,]*” and its protonated forms
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Figure 3. Comparison of the speciation phase diagrams obtained by
averaging over the 25 best models at each temperature individually.
The probed temperatures include (a) 25 °C, (b) 75 °C, (c) 125 °C.
Each speciation phase diagram is a stacked representation of
numerous speciation diagrams like the one depicted in Figure 1b,
varying in [Mo] which is logarithmically plotted along the y-axis. The
most abundant cluster species, i.e., the one binding the largest share of
Mo at a given pH/[Mo] combination, is encoded using both a color
code and numbers.

relative to clusters of higher nuclearity. Furthermore, the phase
diagrams in Figure 3 indicate that the formation of {Mo;s} at
high temperatures requires increasingly high [Mo] and low pH
values.

Predicted Speciation at Experimental Conditions.
Linking the discussed phase diagrams with experiments
requires us to focus on one specific Mo"! concentration (i.e.,
one horizontal row in a phase diagram) matching the
experiments, i.e, [Mo] = 1 M (log;,[Mo] = 0.0).

Thus, the respective speciation diagrams (Figure 4)
correspond to the topmost row of the phase diagrams in
Figure 3. All predicted species are now depicted, providing a
different representation of the temperature-dependent trends
seen in Figure 3. Large cluster species get destabilized upon
heating, as exemplified by the onset of {Moss} formation
shifting from pH = 2.5 at 25 °C (Figure 4a) to pH ~ 1.5 at 125
°C (Figure 4c). Simultaneously, the [MoO,]*~ monomer
becomes dominant over a wider pH range, with its lower limit
expanding from pH = 6.5 down to pH = 5. This behavior
might be related to the reduced polarity of water under
hydrothermal conditions as well as the increased importance of
entropic effects at elevated temperatures, since both effects
disfavor the presence of highly charged, large POM species.
More ambiguous changes are seen in the distribution of {Mo,}
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Figure 4. Predicted POM speciation in a 1 M aqueous Mo"" solution
at various temperatures. These results are based on averaging the 25
best speciation models. The shown speciation diagrams for (a) 25 °C,
(b) 75 °C, and (c) 125 °C can be understood as another
representation of the topmost horizontal line of the corresponding
phase diagrams, shown in the respective subplots of Figure 3. Vertical
dotted lines highlight the pH values assessed experimentally. The
corresponding molecular ratios of all Mo"' species, used as scale
factors in the experimental data analysis, are shown for (d) 25 °C, (e)
75 °C, and (f) 125 °C and listed in Table S4.

and f-{Mog} species with varying degrees of protonation,
which suggests that their close resemblance in charge and
nuclearity hinders the reliable prediction of individual
stabilization trends.

To enable the experimental validation of POMSimulator
through direct comparison between predictions and exper-
imental results, we extracted the molecular ratios from each
speciation diagram in Figure 4 (details in Section 4 of the
Supporting Information). The resulting ratios, which function
as scale factors in the subsequent PDF analysis, are visualized
in Figure 4d-f and listed in Table S4.

Experimental Results. We collected time-resolved X-ray
total scattering of aqueous Na,MoO, solutions with a
concentration of [Mo] = 1 M using a total of nine
experimental conditions. To cover a wide pH range, we
probed pH values of 1.6, 3.4, and 5.8. Our experiments include
three different temperatures, namely ambient temperature
(amb. temp.), 75 °C, and 125 °C. All PDFs obtained for one
temperature/pH combination make up a data set. The
thermodynamics-based equilibria described by POMSimulator
can only be compared to experiments probing equilibria. We
confirm this by comparing the first and last frame of each data

set, which cover 3 min for ambient temperature data and 10
min for elevated temperatures.

The limited time span of our measurements does not allow
us to rule out slowly establishing equilibria. However, previous
work by Cruywagen et al. emphasizes the fast nature of
isopolyoxomolybdate self-assembly,”” which makes it plausible
that equilibria are probed. For all but one data set, our data
indicates that equilibria were already established when the first
PDF frame was collected, as evidenced by the negligible
features of the gray difference curves in Figure Sa-c.
Throughout our measurement, only the pH = 1.6 data
collected at 125 °C changes and the long correlation length of
the “Last” PDF for 125 °C in Figure Sa indicates heat-induced
crystallization. The formed structure was identified as h-
MoO;* (visualized in Figure S10a), as evidenced by Figure
5d, and remnants of the initial POM speciation are present up
until the end of the experiment (3 min at 125 °C). Details on
the h-MoOj crystallization are discussed in Section S of the
Supporting Information.

Along with the PDF comparison in Figure Sa-c, we used
Pearson Correlation matrices to quantify the similarity
between all possible pairs of PDFs within each data set. This
representation of our PDF data confirms that equilibria are
established under all sets of conditions except for pH = 1.6 at
125 °C, as evidenced by the correlation matrices of all nine
data sets collected in Figures S11—S13. Details on the matrix
covering the crystallization of h-MoO; (pH = 1.6, 125 °C) are
discussed in Section S of the Supporting Information. All other
Pearson Correlation matrices exhibit a lack of clear trends and
overall light colors, representing Pearson Correlation coef-
ficients close to 1, which stands for complete agreement
between two functions. For reference, a complete lack of
similarity would yield a coefficient of 0, yet the color code in
Figures S11 - S13 only spans from 0.9 to 1. While the overall
absence of significant changes agrees with the gray difference
curves in Figure Sa-c, individual frames differ noticeably from
their neighbors, as highlighted exemplarily for the pH = 5.8 at
125 °C data in Figure Se. These variations are linked to an
increased noise level in selected frames, as evidenced by the
PDF comparison in Figure S15, and can be attributed to beam
fluctuation.

In summary, high temperatures combined with a low pH
induced h-MoO;*° crystallization. Therefore, our data
indicates that equilibria were probed across all conditions
except pH = 1.6 at 125 °C, causing this data set to be excluded
from comparison with computational results. For improved
signal-to-noise ratio, we summed the remaining eight data sets
over their complete measurement time, i.e., over 3 or 10 min,
respectively.

With experimental data suitable for comparison with
computational predictions, the next step is to test our
structural models. Specifically, we investigated how reliable
the DFT-derived POM geometries are under the lens of X-ray
PDF compared to POM structures determined from single
crystal crystallography. Such structures are available for
unprotonated {Mo,}, f-{Mog}, and {Mo;s}. When comparing
simulated PDFs of the two sets of structures, we see significant
differences for the fS-{Mog}, and {Moss} pairs, especially
around the metal—-metal peaks at ~ 3.3 A and ~ 3.8 A, as
evidenced by Figure 6a. Nonetheless, equivalent structures
closely resemble each other, as evidenced by the visual
comparison in Figure SSc—f. The minor mismatches observed
in their PDFs may arise either from the geometry
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Figure S. First and last PDF frames of each data set as well as their difference for (a) pH = 1.6, (b) pH = 3.4, and (c) pH = 5.8. (d) PDF
refinement of h-MoO;™ to the final PDF for pH = 1.6 and T = 125 °C (fit range: 6 to 100 A). Scale factor, lattice parameters, crystallite size, and a
common isotropic displacement parameter of the Mo atoms were refined. Fit parameter results are listed in Table SS. (e) Pearson correlation
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identical PDFs yield a coefficient of 1 and complete lack of similarity yields a coefficient of 0. Analogous plots for the remaining eight data sets are
given in Figures S11—S13. The small vertical arrows in (e) highlight frames that differ from their neighbors, which are further assessed in Figure

S1S.

optimizations ending in local minima of the complex energy
landscape, or from slight differences between POM structures
in solution and in the solid state.

For {Mos}, we can directly determine which of the two
structural models describes the experimental {Mo;4} PDF best,
since the cluster is known to dominate solutions with low pH
values (pH ~ 1)" under ambient conditions. Particularly at ~
3.8 A, the solid-state structure of {Moss} describes the PDF
observed for pH = 1.6 at ambient temperature better, as
evidenced by Figure 6b. This confirms that the DFT-optimized
geometry of {Mo;s} corresponds to a local energy minimum,
caused by size and complexity of the cluster. Consequently, we
used the solid-state {Mo;s} structure for the PDF analysis.
However, POMSimulator adequately predicted the overall
solution behavior at ambient temperature (dominance of
{Mo;} at low pH and high concentrations), indicating that the
{Moss} geometry mismatch did not significantly impact the
respective DFT energy. Therefore, we refrained from changing
the {Mo,s} structure used for POMSimulator. Aside from
{Moss}, DFT-derived geometries were used for the PDF
analysis.

For this set of POM structures, we now assess which of them
can be structurally differentiated via X-ray PDFs. Some POMs
can be easily distinguished, as evidenced by Figure 6a where all
nine predicted species are compared based on their PDFs.
Initial visual comparison already reveals that {Mos} clearly
differs from {Mo,} and [M0O,]*". On the other hand, clusters
of the same nuclearity, such as {Mo,} clusters with different
degrees of protonation, give rise to highly similar PDFs. This is
in line with the intrinsically low scattering strength of protons
but also highlights that the impact of protonation on the Mo
positions of isopolyoxomolybdates is small.

These qualitative observations are underpinned by the
Pearson Correlation matrix in Figure 6¢, which confirms that
we cannot differentiate between protonation states (yellow

22752

blocks on diagonal) but should be able to distinguish PDFs of
POM differing in their nuclearity (darker off-diagonal blocks).

However, the mathematical comparison of two simulated
PDFs is only a simplified measure of distinguishability within
experimentally probed POM speciation, which typically
involves multiple coexisting clusters. In experimental data,
the nine predicted clusters are therefore primarily identified
based on the relative intensity of the three characteristic peaks
highlighted in Figure 6a. The prominent peaks at ~ 1.8 A
visible in Figure 6a stem from Mo—O distances, which can
range between 1.7 and 2.5 A.*** This distribution of distances
is reflected in the shown reference PDFs. While the monomer
only exhibits a peak at ~ 1.8 A, POMs of higher nuclearity also
include Mo—O distances of up to 2.5 A in length. This
variation is typical for Mo-based POMs.* Pairs of Mo atoms
in our POM geometries take on distinct distances of ~ 3.3 A
and ~ 3.8 A. The Mo—Mo reference lines in Figure 6a are
matched with the experimentally observed peak positions of ~
3.3 A and ~ 3.8 A (Figure 6b). When probing multiple cluster
species and counterions simultaneously, the identification of
more intricate PDF features of POMs can become challenging.
For example, the coexistence of {Moss} and f-{Mog} may
hinder reliable conclusions on the -{Mog} content in solution.
Moreover, minor structural variations and thermal vibrations
have to be considered as our PDF data probes a large
ensemble. In summary, the following comparison between
predicted and observed speciation will primarily hinge on the
characteristic peaks highlighted in Figure 6a. For Mo—O peak
intensities, the comparison also has to consider the intensity
distribution up to 2.5 A. Overall, different nuclearities should
be clearly distinguishable, while the degree of protonation is
not.

Comparison of Experiment and Simulation. Now, X-
ray total scattering results are directly compared to the
speciation predictions from POMSimulator. Based on the
predicted molecular ratios (Figure 4d—f), we constructed
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Figure 6. (a) Overview of the reference PDFs used for the
experimental data analysis, compared side-by-side, using the color
code introduced in Figure 4 for PDFs of all cluster structures included
in the speciation models. Additionally, black reference PDFs, marked
as “cryst.” are included, representing the unprotonated structures of
{Mo,}, f-{Mog}, and {Moss} in solid-state (structures detailed in the
Supporting Information). This enables direct comparison between
solid-state and DFT-derived POM PDFs. Dotted vertical lines
highlight the characteristic distances for Mo—O (1.8 A) and Mo—
Mo (3.3 A and 3.8 A) pairs. The shown plot covers an r-range from 1
to 7 A. Figure S16a compares the same data over a wider r-range. (b)
In-depth comparison between the solid-state and DFT-derived
{Mos¢} cluster via their PDFs. The experimental PDF of the pH =
1.6 sample at ambient temperature (summed over 3 min) is given for
comparison. (c) Pearson correlation matrix, quantifying and visual-
izing the similarity between all possible pairs of the reference PDFs,
shown in more detail in Figure S16b. The solid-state cutout of {Mos4}
was used here.

linear combinations of the simulated PDFs (Figure 6a). These
PDFs are then scaled by refining an overall scale factor. The
resulting R,, values, as well as the difference curves G(r)
G(r)co serve as indicators of how well the predicted PDF
describes the experimental data. For pH = 1.6, individual
simulated PDFs contributing to G(r) . are also shown to
emphasize the link between features in G(r),. and the
predicted speciation. Note that no structural parameters have
been refined throughout the following analysis, which in turn
prevents the determination of an error for the discussed peak
positions.

For pH = 1.6, POMSimulator reliably predicts the POM
speciation at ambient temperature, as evidenced by Figure 7a.
All key features of the experimental PDF are accounted for by
the calculated PDF. The peaks at ~ 2.4 A and ~ 3.2 A are
caused by the metal—oxygen distances in CI” and Na®
hydration shells,**™*° as confirmed by the experimental

give rise to the difference curves shown in light gray. The
experimental PDF of an aqueous NaCl solution (2M) is added for
reference.

reference PDF for NaCl, (2 M). The remaining mismatches
below 7 A can be attrlbuted to our use of one molecular
geometry per cluster type without additional structure
refinement. Upon increasing the temperature to 75 °C, we
expect a destabilization of {Moss} in favor of {Mo,} and
observe significant changes in the experimental PDF. More-
over, more pronounced differences between calculated and
experimental PDF arise, as evidenced by Figure 7b and
quantified by the R -increase between Figure 7a and b. The
experimental features between S and 10 A are not fully
described in Figure 7b. Instead, a close resemblance with the
corresponding r-range of the G(r)eXP in Figure 7a becomes
apparent. This observation indicates that the actual molecular
ratio of {Mos¢} exceeds the predicted one. Nevertheless, the
overall visual agreement between G(r)qe and G(r)e, is
satisfying. Furthermore, the 75 °C prediction captures the
relative intensities of the Mo—Mo peaks at ~ 3.3 A and ~ 3.8
A reasonably well, considering the presence of hydrated
counterions.

Generally, Figure 7 underpins the reliability of POMSimu-
lator between pH 1 and 2 regarding temperature-dependent
trends but also highlights the intrinsic uncertainty of our
approach regarding quantitative molecular ratios. Nonetheless,
the hybrid experimental/computational approach shows to be
capable of informing of this uncertainty. Contrasting
experimental insight with predicted speciation can moreover
deepen our understanding of gradual crystallization of h-
MoO;* observed for pH = 1.6 at 125 °C (Figure 5a and d).
Although the predictive power of POMSimulator is limited to
molecular species, it can help us deduce the underlying rational
of this crystallization. For pH = 1.6, POMSimulator predicts a
decrease from 56% {Mos4} at 25 °C to a negligible share of 2%
{Moss} remaining at 125 °C. Instead of {Moys}, f{Mog} is
predicted as most abundant for pH = 1.6 and 125 °C. The
experimental data in Figure Sa points toward a low abundance
of {Mos} in “First” frame of the pH = 1.6 at 125 °C data set,
indicated by the low intensity at ~ 3.8 A. Instead of the
characteristic second Mo—Mo peak of {Moss}, only a shoulder
is visible in this “First” frame, which experimentally confirms
the predicted destabilization of {Mos} at 125 °C. However,
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instead of an equilibrium dominated by fB-{Mog}, {Mo;s}
destabilization results in h-MoOj crystallization. This observa-
tion only occurred at pH = 1.6 and 125 °C, although large
POMs get destabilized upon heating throughout the probed
pH range. Accordingly, pH seems to play a crucial role in h-
MoO; formation. The impact of pH on cluster nuclearity is
linked to condensation reactions.”> A decrease in pH shifts the
corresponding equilibria toward a higher degree of con-
densation, reflected in an increased Mo/O ratio. Using this
measure to compare {Moss} (Moss0,1,(H,0);6%; Mo/O =
0.321) and B-{Mog} (MogO,'; Mo/O = 0.307) with h-
MoO; (Mo/O = 0.333) reveals that the predicted decom-
position of {Moss} into f-{Mog} would entail a decrease in
condensation degree, which is impeded by a low pH. Thus,
{Moss} destabilization combined with a high degree of
condensation induced by the low pH are likely key driving
forces behind the observed h-MoOj crystallization. While the
observed oxide formation reveals a decreased molybdate
solubility at pH = 1.6 and 125 °C, more general insights
into the complex link between POM fragmentation and
solubility are beyond our framework and scope.

For pH = 3.4, we observe an overall good agreement
between experimental and simulated data, as evidenced by
Figure 8a. Moreover, R, decreases with heating, which
suggests increasing agreement between prediction and experi-
ment. Visual inspection of Figure 8a reveals that this trend
primarily reflects how well the peak at ~ 3.3 A is accounted for.
At 125 °C, the intensity ratio of the experimental Mo—O (1.8
to 2.5) A and Mo—Mo (~ 3.3 A) peaks is best described by
the predicted speciation. Considering the presence of hydrated
Cl™ in solution, Cl—O pairs (~ 3.2 A) also contribute to this
ratio, although they are not considered in G(r).,.. Decoupling
the Cl—O contribution from the Mo—Mo peak at ~ 3.3 A is
not possible, due to a lack of insight into the effect of
hydrothermal conditions on the PDF of hydrated CI™ and the
close proximity of the two peak positions. To gain reliable
insight, it is therefore important to complement the
comparison of experimental and simulated PDFs (Figure 8a)
with a direct assessment of the experimentally observed trend
(Figure 8b).

Comparing the experimental PDFs across temperatures
reveals a decrease in intensity at ~ 3.3 A, as evidenced by in
Figure 8b. Specifically, the intensity ratio between the peak
intensities within 1.8 to 2.5 A (Mo—0) and the ~ 3.3 A (Mo—
Mo) peak drops. This indicates a decrease in average POM
nuclearity, if temperature-induced changes in the CI~
hydration shells are minor. Our experimental observations
therefore point toward a gradual loss of {Mo,} in favor of
smaller species, such as the monomer [M00O,]*”, when heating
the pH = 3.4 sample.

However, this trend is not captured by our computational
predictions, as evidenced by Figure 8a. In fact, the predicted
average POM nuclearity changes little across the probed
temperatures, as demonstrated by the side-by-side comparison
of the simulated PDFs from Figure 8a in Figure S17. In
contrast to our experimental data, the Mo—Mo/Mo—O ratio
remains close to unchanged between the three predicated
PDFs. Nonetheless, the general trend of our experimental
results at pH = 3.4 agrees well with our qualitative prediction
visualized in Figure 3: POMs of higher nuclearity get
destabilized in favor of smaller species when heating is applied.
The data in Figure 8b does not clearly indicate which smaller
species are present upon heating. While the heat-induced
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Figure 8. Comparison of the experimental and predicted PDFs at (a)
pH = 34 and (c) pH = 5.8 across all three temperatures. The
experimental data, G(r) ey, and predicted linear combination, G(r) e
give rise to the difference curves shown in light gray. The
experimental PDF of an aqueous NaCl solution (2M) and the
calculated PDF of the solid-state {Mo,} structure are added for
reference in (a) and (c), respectively. Direct comparison between the
experimental PDFs at (b) pH = 3.4 and (d) pH = 5.8 is facilitated by
overlaying the experimental data of all three temperatures directly on
top of each other. Ambient temperature is shown in black, 75 °C in
dark gray and 125 °C in light gray.

decrease in intensity at ~ 3.3 A points toward a decreasing
nuclearity, the increasing intensity ~ 4.5 A points toward
multinuclear clusters instead of a coexistence of monomer and
{Mo,} alone. This observation agrees with Raman results by
Noack et al,,”” indicating the presence of bi- and trimolybdate
species at 190 °C and [Mo""] = 0.2 M. Nevertheless, the
overall low intensity at ~ 4.5 A indicates a comparably low
concentration of such smaller POMs. In general, we find that
speciation prediction by POMSimulator is in itself consistent,
but that the incorporation of PDF analysis into the study
enables the identification of other minor species, enriching the
description of the system.

Quantitative agreement between prediction and experiment
is likely hindered by both computational and experimental
uncertainties. This includes that we assumed a constant pH for
our comparison, although temperature-induced pK,, changes
(Figure 1d) influence the pH of our studied solutions. For
example, Noack et al. observed pH changes from 5.4 to 5.8
when heating ammonium heptamolybdate solutions with
[Mo""] = 0.2 M from 20 to 190 °C.*” Similarly, uncertainties
in the experimental temperature calibration could affect the
comparison. Overall, the combined assessment of the pH = 3.4
experiment and prediction highlights that overarching trends in
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our predictions are reliable, which allows to derive valuable
insight, even if quantitative mismatches appear.

At pH = §.8, the prediction of POM speciation showed to be
more challenging than at the lower two pH values. None of the
three experimental PDFs is reasonably described by the
calculated PDFs, as evidenced by Figure 8c. The difference
curves in Figure 8c clearly exhibit PDF features matching the
fingerprint of {Mo,} clusters, which sets them apart from the
undescribed features in Figures 7 and 8a. Comparison with the
simulated PDF of solid-state {Mo,} underpins the impression
that POMSimulator underestimates the percentage of {Mo,}
present under the probed conditions. While 57% of the
speciation predicted for ambient temperature is comprised of
{Mo,}, only 2% {Mo,} are predicted at 75 °C. According to
POMSimulator, only monomer species should be present at
125 °C. Although these predictions significantly deviate from
our experimental observations, a gradually decreasing share of
{Mo,} is found in the experimental data as well, as the
intensity at ~ 3.3 A decrease with increasing temperature in
Figure 8d. As for the pH = 3.4 samples, this loss in Mo—Mo
peak intensity points toward a decreasing average POM
nuclearity, meaning a lower share of {Mo,} at higher
temperatures. The predicted trend, therefore, primarily
deviates from our experimental results in its magnitude.

The most likely cause for limited predictability at pH = 5.8 is
the lack of direct experimental insight into the molecular
geometries of species involved in {Mo,} formation. Accord-
ingly, the initial geometries for POMs comprised of two to six
metal atoms used in the POMSimulator workflow have to be
guessed. While these building blocks provide a reasonable
overall picture of the speciation, as discussed previously, their
postulation may still affect the prediction of how
[HxMOO4](2_")_ species transition into H,{Mo,} clusters.
Thus, it seems reasonable that this kind of “frontier” region
toward a neutral pH, where larger Mo clusters are not
dominant, is less accurately described by the theoretical
predictions. A deeper dive into the nature of these building
blocks would likely require the inclusion of multiple isomers
for each {Mo,} (n =2 — 6) cluster. This approach would have
to consider both transient species involved in the formation of
larger anions and more stable isomers of these small building
blocks, which more closely resemble larger experimentally
identified clusters. Accounting for all potentially involved
isomers would vastly increase the complexity of the reaction
network, yielding simulations much more costly or even
unfeasible. Yet again, it is the synergy between experiments and
theory which gives a more complete depiction of the
speciation.

All in all, the adapted POMSimulator workflow successfully
captures qualitative trends of temperature-dependent cluster
destabilization. Good agreement is reached for pH = 1.6,
whereas the experimentally observed speciation at pH = 5.8
encounters issues regarding the prediction of smaller Mo
clusters. However, combined with expert knowledge, the
predicted speciation significantly accelerates experimental data
analysis, as it provides a chemically informed reference point.

B CONCLUSIONS

The deep structural richness associated with pH-dependent
polyoxometalate self-assembly and speciation prompts for the
development and utilization of novel strategies to gain a better
understanding of the underlying processes. In this work, we
report, for the first time, the combination of a computational

tool to predict the speciation of POMs with X-ray total
scattering characterization techniques. This procedure has
been applied to the speciation of molybdates under hydro-
thermal conditions, determining the outcome of self-assembly
processes taking place at large pressures (100 bar) and at a
wide range of temperatures (25 — 125 °C).

From the theoretical point of view, we highlight the
fundamental importance of accounting for the effects of
temperature and pressure in the parametrization of implicit
solvation models, which strongly affect the predicted energies
and, consequently, the speciation and speciation phase
diagrams produced by POMSimulator. Moreover, the
possibility of predicting speciation diagrams simplifies the
nontrivial assignment of X-ray total scattering results, by
providing a solid initial guess across the whole pH range. On
the other hand, experimental insight into structural arrange-
ments clarifies phenomena that cannot be properly modeled
computationally, such as the crystallization of molybdenum
oxide happening at pH = 1.6 and 125 °C. All in all, this work
provides a robust foundation for further studies on
polyoxometalate speciation beyond ambient conditions,
confirming the synergy between experimental and theoretical
methods to shed light into intricate chemical problems.
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