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A B S T R A C T

Thermodynamic modeling of oxidic systems is crucial in advancing various fields of science and technology.
Polyhedron Model (PM) estimates the standard enthalpy of formation and entropy of mixed oxides via the linear
summation of the thermodynamic properties of constituent polyhedra. Each polyhedron consists of a centered
cation with neighboring oxygen anions; hence, the model accounts for the interaction between anions and
cations. While second-order transitions have been considered in previous iterations of the model, the PM has
certain shortcomings, including neglect of variations in polyhedron volume, polyhedron distortion, inter-
polyhedron linkage, and second nearest-neighbor or higher-order interactions, which are not negligible. The
present work introduces the Modified Polyhedron Model (MPM), which aims to incorporate these contributions
through a neural network (NN) model to improve the accuracy of predictions for standard enthalpy of formation
(ΔHo298 K) and standard entropy (So298 K). This is possible by using the residuals from the PM as inputs to the NN
model, whose outputs are the calculated thermodynamic properties of compounds. The dataset consists of 155
compounds in the Li-Na-K-Ca-Mg-Mn-Fe-Al-Ti-Si-O system, classified by 20 polyhedra. The MPM considerably
reduces the error in predicting enthalpy of formation and entropy, improving the alignment with experimental
values across most analyzed compounds in comparison with the PM. These results suggest that the MPM can
significantly improve the predictability of thermodynamic properties for mixed oxides.

1. Introduction

Knowledge of the thermodynamic properties of oxides, including
enthalpy of formation (ΔHo298 K) and standard entropy (So298 K) is crucial
for analyzing multicomponent chemical reactions and phase equilibria
in various fields such as ceramics [1,2], glassmaking [3,4], pyrometal-
lurgy [5,6], and geology. For example, the Mineralogical Society of
America’s handbook of mineralogy lists 5663 species, many of which are
oxides [7]. However, thermodynamic data are available for only about
1100 and a full thermodynamic description for only a few hundred.
Many of these properties remain unknown due to experimental chal-
lenges, such as volatility, hygroscopic behavior, and lengthy equilibra-
tion times required for their synthesis [8].

Theoretical models based on ab initio calculations, such as Density
Functional Theory (DFT) [9,10] andMolecular Dynamics (MD) [11–13],
are an active area of research. Besides both being computationally
demanding [14], DFT struggles to predict thermodynamic properties at
temperatures different from 0 K. In the Born-Oppenheimer DFT
approach, nuclei are assumed to be fixed, which impacts the calculation

of temperature-dependent properties. On the other hand, Kohn-Sham
DFT requires tracking many high-energy electronic states to account
for thermal effects, which makes calculations extremely impractical
[15]. Empirical models have also been proposed to predict thermody-
namic properties. These models use group contribution-based methods
such as a summation of constituent elements [16], oxides [16–18],
iso-structural minerals [19], or components defined by their coordina-
tion numbers [20–25]. Most of the proposed empirical models are based
on additivity rules, modifications of structural analogs, or linear
regression-based correlations between thermodynamic properties and
structural data. The empirical approach makes them less computation-
ally expensive and, therefore, more easily applied to the prediction of
unknown enthalpy [26–29] and entropy [16,30,31]. Among them, the
Neumann-Kopp Rule (NKR) is widely used to calculate So298 K. This
model is based on the simple addition of the thermodynamic properties
of constituent oxides, and is used as a first approximation [17].

The Polyhedron Model (PM) was first used by Robinson and Hass
[32] to estimate the thermodynamic properties of constituent polyhedra
of silicate minerals and subsequently calculate their thermodynamic

* Corresponding author.
E-mail address: Elmira.moosavi@etsmtl.ca (E. Moosavi-Khoonsari).

Contents lists available at ScienceDirect

Calphad

journal homepage: www.elsevier.com/locate/calphad

https://doi.org/10.1016/j.calphad.2025.102848
Received 7 March 2025; Received in revised form 7 May 2025; Accepted 14 June 2025

https://orcid.org/0009-0003-3348-585X
https://orcid.org/0000-0001-7153-493X
https://orcid.org/0009-0003-3348-585X
https://orcid.org/0000-0001-7153-493X
mailto:Elmira.moosavi@etsmtl.ca
www.sciencedirect.com/science/journal/03645916
https://www.elsevier.com/locate/calphad
https://doi.org/10.1016/j.calphad.2025.102848
https://doi.org/10.1016/j.calphad.2025.102848
https://doi.org/10.1016/j.calphad.2025.102848
http://creativecommons.org/licenses/by/4.0/


Calphad 90 (2025) 102848

2

properties. PM extends Pauling’s rules for atomic arrangement in crys-
tals with ionic bonding and builds on the idea that First Nearest
Neighbor (FNN) bonding plays a crucial role in determining the struc-
ture and properties of ionic crystals [33]. PM is based on two key as-
sumptions [1]: ionic compounds can be divided into constituent
polyhedra, i.e., coordination sites where cations are bonded to sur-
rounding anions, which retain consistent properties across different
compounds, and [2] the thermodynamic properties of an ionic com-
pound can be estimated by the linear summation of the thermodynamic
properties of its constituent polyhedra.

There are important features underestimated by the PM such as [1]:
the polyhedron volume (i.e., the volume of a specific polyhedron may
vary across different compounds) [2], the polyhedron distortion (i.e., a
regular polyhedron is defined as a cluster with all anion-anion edges of
the same length and all anion-cation angles equal, which is not neces-
sarily present in every compound) [3], the inter-polyhedron linkage (i.
e., “linkage rigidity” depends on the shared anions among polyhedra)
[4], the excess mixing properties (i.e., the PM is simply based on me-
chanical mixing of polyhedra and Second Nearest Neighbors (SNN) or
longer-range interactions are not considered), and [5] the second-order
transitions (i.e., the magnetic and cation site order-disorder transitions
are important contributions in some compounds) [33]. Additionally, the
PM is only applicable in ionic compounds that can be divided into
distinct polyhedra (e.g., it cannot be applied to covalent sulfides and
sulfosalts) [33–35].

Holland et al. [21] improved the PM by incorporating
volume-corrected entropy and second-order transition contributions,
such as cation site and magnetic order-disorder transitions [36]. The
model was further expanded by Iglesia et al. [37] to predict the entropy
of carbonate minerals. Hinsberg et al. [22,23] also determined the
thermodynamic properties for 35 polyhedra, considering second-order
transition contributions, and concluded that the molar volume correc-
tions had no impact on the entropy results. Wu et al. [24] expanded the
model by including 48 silicates and 19 titanates and considering
second-order transition contributions, found that including molar vol-
ume into the entropy slightly improved the prediction by 0.10 %. The
PM demonstrated promise in estimating the standard enthalpy of for-
mation and entropy of mixed oxides within ±0.56 % and 3.50 % error
ranges, respectively.

Since the time of Holland [21] and the incorporation of
volume-corrected entropy and the second-order transition contributions
into the PM, there have been no improvements to the model structure to
address its limitations. The linearly regressed residuals from the PMmay
provide insights into the overlooked features [23,33,35]. Machine
learning (ML) models have enhanced predictions of physical properties,
such as transition and decomposition temperatures of inorganic com-
pounds [38,39]. The present work focuses on developing the next gen-
eration of PM, i.e., the Modified Polyhedron Model (MPM), for
enhancing the prediction of standard enthalpy of formation and entropy
of mixed oxides by incorporating a non-linear model into the PM. A
neural network (NN) model is used to increase the PM predictability by
taking the residuals of the PM as inputs.

2. Methodology

2.1. Polyhedron model

The PM assumes that thermodynamic properties can be calculated
from the linear summation of the thermodynamic properties of their
constituent polyhedra [32]. Therefore, the thermodynamic properties of
mixed oxides can be calculated using Equations [1,2]:

ΔHo298 K,i=
∑

n{i,j}ΔH298 K,j (1)

So298 K,i=
∑

n{i,j}S298 K,j (2)

where ΔHo298 K and So298 K are the standard enthalpy of formation and
entropy, i is the ionic compound, j is the constituent polyhedra and n{i,j}
is the stoichiometry of the constituent polyhedra. The thermodynamic
properties of polyhedra can then be estimated by linear regression based
on the properties of compounds that contain these polyhedra.

2.2. Second-order transition contributions

Oxides may contain second-order transition contributions such as
those caused by magnetic and cation site order-disorder, which affect
their thermodynamic properties. Second-order transitions are often
characterized by a sharp peak in heat capacity (CP) curves at a specific
critical temperature (Tc), indicating a significant increase in the energy
required to raise the temperature. These contributions cannot be
considered by PM, and if not extracted, they may lead to a decrease in its
predictability. Magnetic order-disorder transitions are commonly
observed in oxides containing transition metals, such as Fe2+, Fe3+, and
Mn2+ [23,24,40]. This type of transition can occur at temperatures
below room temperature, as seen in Ca3Fe2Si3O12 [41], CaFeSi2O6 [42],
and Fe2Si2O6 [43], or above room temperature, as in the cases of
magnetite (Fe3O4) [44], and hematite (Fe2O3) [45]. The cation site
order-disorder is related to changes in the distribution of cations within
the same crystal sublattice structure [36] and often occurs at high
temperatures [46].

The ideal excess contributions to entropy arising from phenomena
other than vibrational effects, such as magnetic (Smagneticmax ) and site order-
disorder (Ssitemax) [47], can be calculated using Equations [3,4], respec-
tively [28]:

Smagneticmax =R
∑

n In (2s+ 1) (3)

Ssitemax= − mR
∑

Xi ln Xi (4)

where s is the spin quantum number: 2, 5/2 and 5/2 for Fe2+, Fe3+ and
Mn2+, respectively, R is the gas constant, and n is the number of moles of
Fe2+, Fe3+, and Mn2+ in the compound. Also,m is the multiplicity of the
sublattice site where the cation mixing can occur, and Xi is the mole
fraction of species i in a specific sublattice.

For oxides with critical temperatures below 298 K, the maximum
(ideal) contributions to enthalpy of formation and entropy resulting
from second-order transitions must be considered for the calculation of
thermodynamic properties of polyhedra. These contributions can be
calculated using Equations [5,6,21,48]:

ΔHmax=
2
3
(
Smagneticmax Tc,mag + SsitemaxTc,sit

)
T ≤ 298 K (5)

Smax= Smagneticmax + Ssitemax T ≤ 298 K (6)

where Tc,mag and Tc,sit are the critical temperatures such as Curie, Néel,
and site disorder temperatures, respectively, in Kelvin.

For oxides with critical temperatures above 298 K, contributions
related to second-order transitions are calculated using Landau Theory,
as proposed by Holland [21], and can be expressed using Equations [7,
8]:

ΔHex− 298K=
(
2Smagneticmax Tc,mag

)
((
Qmag

)6

6
−

(
Qmag

)2

2
−
1
3

)

+
(
2SsitemaxTc,sit

)
(
(Qsit)6

6
−
(Qsit)2

2
−
1
3

)

T ≥ 298 K

(7)

Sex− 298K= S
magnetic
max

(
1 −

(
Qmag

)2)
+ Ssitemax

(
1 − (Qsit)2

)
T ≥ 298 K (8)

where:
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Qmag =
(

1 −
298.15
Tc,mag

)1
4

(9)

Qdis =
(

1 −
298.15
Tc,sit

)1
4

(10)

2.3. Data pre-processing

Data preprocessing was performed in three main steps [1]: data
splitting for training, cross-validation, and testing of the PM and MPM
[2]; calculation of the residuals from the PM; and [3] data scaling for the
NN models.

2.3.1. Data splitting
The data were split after subtracting the excess properties. It was

randomly divided into 90 % for training and cross-validation (i.e., the
train set), and 10 % for testing. This approach ensures that as much data
as possible is retained for the training set, while also providing a
representative sample for model evaluation on the test set. The 90 %
training data were further divided into 10 random folds to facilitate
cross-validation during the hyperparameter optimization process.

2.3.2. Residuals from PM
The residuals from the PM, ΔH0

298 K,res and S0298 K,res (where ‘res’ de-
notes residuals) serve as input data for the NN model. They were
calculated by subtracting the back-calculated values from the PM (here,
ΔH0

298 K,PM and S0298 K,PM) from the corresponding dataset values
(ΔH0

298 K,dataset and S0298 K,dataset), as given in Table A in the appendix,
using Equations [11,12]:

ΔH0
298 K,res=ΔH0

298 K,dataset − ΔH0
298 K,PM (11)

S0298 K,res = S
0
298 K,dataset − S

0
298 K,PM (12)

2.3.3. Data scaling
Scaling in NN models is often used to improve the training process

and overall performance. Faster convergence is achieved by scaling the
inputs into a consistent range, which also prevents the dominance of
larger values in the dataset, which could lead to poor learning [49]. In
the present work, a standard scaler was used in the feature matrix (i.e.,
polyhedra) for the training and cross-validation processes, as explained
by Equation [13]:

z=
x − u
s

(13)

where z is the standard score, x is the sample value, u is the mean of the
training samples and s is the standard deviation of the training samples.
This was repeated for the 18 features, each corresponding to a different
polyhedron. The use of a standard scaler in the feature matrix ensures
that each feature contributes equally to the training of the model.

For the output features (i.e., thermodynamic properties) in the
training and cross-validation steps, a Min-Max type scaler was used,
described by Equation [14]:

z=
10 x

xmax − xmin
(14)

where xmin and xmax are the minimum andmaximum values of the output
values, and x is the currently scaled sample. The min-max type scaler
used for the output features helps keep the output values within a fixed
range and avoids a larger distribution range.

2.4. Neural network model

Neural networks are a class of ML models that consist of layers of

interconnected nodes (neurons) that process the input weights, a bias,
and transform them to produce an output. Each node receives as inputs
either the input data for the first layer or the data processed as a
weighted sum from the previous layer outputs. Each input is associated
with a weight that indicates how much influence a particular input has
on the node’s output. The weighted sum is transformed by an activation
function, which introduces non-linearity into the model, and the result
of the activation function determines the node’s output [50]. In the
present work, the selected activation function for the input and hidden
layers is the hyperbolic tangential function (Tanh), where y = tanh(x),
as it is capable of considering both positive and negative values from the
features. For the output layer, a linear activation function (y = x) was
selected. During training, the model produces an output, and a loss
function calculates the error between the predicted output and the
dataset value. The network then adjusts the weights associated with
each node through backpropagation, which involves computing the
gradient of the loss function with respect to each weight and using
optimization techniques to update the weight in a direction that mini-
mizes the error. The selected optimizer in this work is Adam (Adaptive
Momentum), which has been shown to be robust in many works for
different areas of science and engineering [51].

2.4.1. Hyperparameter optimization and cross validation
Hyperparameter optimization involves selecting the best combina-

tion of hyperparameters, such as the learning rate, number of hidden
layers, and number of neurons, that yields the best performance. In the
present work, a grid search method was used to optimize the NN ar-
chitecture and learning rate. The learning rate was varied between 1 ×

10− 3 and 1 × 10− 4, while the number of hidden layers was set to 2, 3,
and 4. Additionally, each hidden layer consisted of 8, 16, 32, 64, and
128 neurons. Combining these parameters, a total of 30 NNmodels were
tested for each thermodynamic property, as shown in Fig. 1.

To obtain improved hyperparameters through iteration, a cross-
validation step was conducted for each architecture. This approach
consists of randomly splitting the train set into multiple folds, and the
model is then trained by excluding different folds each time [49,52]. For
example, in a 10-fold cross-validation approach, the model will be
trained with 9 of the 10 folds, and the remaining fold will be used for
validation. This method is often used to prevent overfitting by evalu-
ating how well the model generalizes to unseen data. A model that
performs well on the training data but poorly on the validation set is
likely overfitting [52,53].

2.5. Evaluation metrics

To evaluate the results produced at each step of the MPM, different
metrics need to be used. The coefficient of determination, denoted as R2,
measures how well the observed outcomes are replicated by the model.
It is calculated as shown in Equation [15]:

R2 =1 −

∑

i
(yi − ŷi)2

∑

i
(yi − yi)2

(15)

where yi are the real values, ŷi are the values calculated by the model,
and yi is the calculated mean of the real values.

The Mean Absolute Error (MAE) is the arithmetic average of the
absolute errors. The calculated MAE uses the same scale as the data
being analyzed. It is represented by Equation [16]:

MAE=

∑

i
|yi − ŷi|

n
(16)

Mean Square Error (MSE) measures the average of the squares of the
errors, while RMSE is the square root of MSE, providing an error metric
with the same units as the analyzed data. These metrics are more
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sensitive to outlier values. They are calculated using Equations [17,18]:

MSE=

∑

i
(yi − ŷi)2

n
(17)

RMSE=
̅̅̅̅̅̅̅̅̅̅
MSE

√
(18)

2.6. Prediction of output enthalpy of formation and entropy

For the prediction of thermodynamic properties of a new compound,
three main contributions are required [1]: linear contributions, arising
from lattice vibrations and can be calculated using PM, denoted as
ΔH0

298 K,PM and S0298 K,PM [2]; non-linear contributions, corresponding to
polyhedron volume, distortion, linkage, and mixing properties, calcu-
lated by the NN, denoted as ΔH0

298 K,res and S0298 K,res ; and [3]
second-order transitions, which account for magnetic and cation site
order-disorder effects (i.e., ΔHmax, Smax, ΔHex− 298K, Sex− 298K). Therefore,
enthalpy of formation and entropy can be expressed as follows:

ΔH0
298 K=ΔH0

298 K,PM + ΔH0
298 K,res + ΔHmax + ΔHex− 298K (19)

S0298 K= S
0
298 K,PM + S0298 K,res + Smax + S

ex
− 298K (20)

3. Results

3.1. Modified polyhedron model

Fig. 2 displays the sequential steps for developing the MPM, which
consists of two main parts: the traditional PM and the newly developed
NN model. The PM involves calculating the intrinsic thermodynamic
properties of polyhedra via multiple linear regression using the corre-
sponding thermodynamic properties of compounds included in the train
set. The NN model includes data splitting and scaling, cross-validation
for hyperparameter optimization, and training of the NN using the full
train set.

3.2. Data collection

One hundred fifty-five mixed oxides (binary and ternary) were

selected from the Li-Na-K-Ca-Mg-Mn-Fe-Al-Ti-Si-O system for the pre-
sent work. The thermodynamic properties were collected from FactSage
8.2 databases (i.e., FToxid, FactPS) and Hinsberg et al. [23] The ΔH0

298 K
and S0298 K values are listed in Table An under the columns labeled
“Database”. Additionally, the number of atoms per formula unit for each
compound is included in Table A. The excess values of enthalpy and
entropy were calculated using equations [5–10] based on the Tc found in
literature (See Table A in the appendix). Therefore, the values of
enthalpy of formation and entropy calculated after extracting the excess
properties using equations [21,22], respectively, are included in
Table An under the label “Dataset”.

ΔH0
298 K,dataset =ΔH0

298 K − ΔHmax − ΔHex− 298K (21)

S0298 K,dataset = S
0
298 K − Smax − S

ex
− 298K (22)

The compounds were classified into 18 polyhedra based on their
crystal sub-lattice structures (see Table B in the appendix). The poly-
hedra were used as the feature matrix for the NN model, resulting in 18
features.

3.3. Polyhedron model results

As explained in Section 2, this work uses the PM to first approximate
the thermodynamic properties of polyhedra and calculate the residuals
that serve as inputs for the NN models. Since the PM is based on the
linear summation of constituent polyhedra, it is possible to calculate the
properties of each polyhedron using linear regression. The derived
polyhedron thermodynamic properties are provided in Table 1, along
with the Standard Error (SE) of the coefficients, which serves as an in-
dicator of the uncertainty associated with estimating the values of each
coefficient [23,54].

3.4. Hyperparameter optimization

A grid search methodology was used to identify our best hyper-
parameters (e.g., hidden layers, number of neurons, learning rate), and
the results were evaluated using the MSE metric [49]. Fig. 3 shows the
hyperparameter optimization results for ΔH0

298 K,res and S0298 K,res. By

Fig. 1. Grid search representation of the neural network models used for each thermodynamic property.
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comparing Fig. 3(a) and (b), it is observed that the lowest MSE for
ΔH0

298 K,res cross-validation is achieved with 3 hidden layers, 32 neurons
per hidden layer, and a learning rate of 1 × 10− 4. For S0298 K,res
cross-validation, the best conditions are found using 2 hidden layers,
each with 128 neurons, and a learning rate of 1× 10− 4 (see Fig. 3(c) and
(d)). It is also worth noting that for both ΔH0

298 K,res and S0298 K,res, a lower
learning rate resulted in better performance, regardless of the NN
architecture.

3.5. Modified polyhedron model

Fig. 4 compares the PM andMPM for back-calculation of the train set
and prediction of the test set for ΔH0

298 K and S0298 K using our optimal

architectures identified during hyperparameter optimization. For
enthalpy of formation prediction, the PM shows the following metrics:

R2 = 99.83 %, MAE: 85.57 kJ mol − 1, MSE: 11.13 × 106
(
kJ mol − 1

)2
,

and RMSE: 106.64 kJ mol − 1, while the MPM shows the following
metrics: R2 = 99.94 %, MAE = 51.67 kJ mol − 1, MSE = 4.11 × 106
(
kJ mol − 1

)2
, and RMSE = 64.18 kJ mol − 1 (see Fig. 4(a)). This in-

dicates that the MPM reduced the MAE by 40 %, the MSE by 64 % and
the RMSE by 40 %. For the entropy prediction, the metrics for the PM
are: R2 = 94.14 %, MAE = 17.07 J mol − 1 K− 1, MSE = 462.54
(J mol − 1 K− 1)2, and RMSE = 21.51 J mol − 1 K− 1, while for the MPM,
the metrics are: R2 = 97.48 %, MAE = 9.83 J mol − 1 K− 1, MSE = 199.13
(
J mol − 1 K− 1

)2
, and RMSE = 14.11 J mol − 1 K− 1. In the case of the

entropy, the errors for the MPMwere lower, with MAE reduced by 42 %,
MSE by 57 %, and RMSE by 34 %. The improvement in the metrics for
both entropy and enthalpy of formation predictions suggests that the
MPM provides more accurate results compared to the PM.

Furthermore, larger errors observed in the PM train set compared to
the PM test set, as seen in Fig. 4(b), can be attributed to the specific
characteristics of the compounds randomly assigned to each set to avoid
selection bias. As such, the train set may include compounds with more
complex structural features, such as highly distorted polyhedra or un-
usually weak or strong linkages between polyhedra, while the test set
may contain compounds with more regular, average behavior. Since the
PM model does not explicitly account for such deviations from average
structural characteristics, higher residuals in the train set are to be ex-
pected in such cases.

4. Discussion

4.1. Residual analysis

Fig. 5 compares the residuals of both the PM and MPM, normalized
by the number of atoms in each compound (where the total number of
atoms, NAtoms, is the sum of cations and anions:

(
NAtoms =

∑
i>1NCi +

NO2− ). This normalization ensures that the data is not skewed by larger
molecules and highlights clear patterns. In the present work, the MPM
and PM have been applied only to mixed oxides (i.e., oxides containing

Fig. 2. Flowsheet for the Polyhedron Model (PM) and the modifications per-
formed in the present work, i.e., the Modified Polyhedron Model (MPM).

Table 1
Calculated enthalpy and entropy values for polyhedra and their standard error
coefficient, obtained from the PM.

Polyhedra ΔH298 K

(
J mol − 1

) ΔH298 K

SE
S298 K

(
J mol− 1 K− 1

) S298 K
SE

Ti-oct − 971,734 8424 49.98 1.55
Si-tet − 943,546 6008 42.12 1.10
Al-tet − 820,990 10,590 29.32 1.94
Al-oct − 832,110 10,976 28.16 2.01
Fe3+-oct − 391,021 12,863 50.45 2.36
Fe-tet − 318,517 58,181 41.70 10.70
Fe-oct − 269,696 24,458 43.38 4.49
Mn-tet − 369,908 91,465 45.40 16.80
Mn-oct − 455,059 13,496 56.02 2.48
Mg-tet − 604,846 24,784 28.14 4.55
Mg-oct − 613,754 14,829 25.61 2.72
Ca-oct − 686,195 20,171 44.91 3.70
Ca-multi − 692,760 8372 38.38 1.54
Li-tet − 329,563 17,133 20.95 3.14
Li-oct − 402,856 64,844 19.30 11.90
Li-multi − 330,589 11,107 19.49 2.04
Na-multi − 263,768 6643 43.91 1.22
K-multi − 282,861 8996 53.54 1.65
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Calphad 90 (2025) 102848

6

Fig. 3. Grid search for hyperparameter optimization of NN models: average MSE for (a) ΔH0
298 K,res cross-validation with learning rate of 1 × 10− 3, (b) ΔH0

298 K,res

cross-validation with learning rate of 1 × 10− 4, (c) S0298 K,res cross-validation with learning rate of 1 × 10− 3, and (d) S0298 K,res cross-validation with learning rate of 1
× 10− 4.

Fig. 4. Scatter plots comparing back-calculations from the train set and pre-
dictions from the test set with ground truth values: (a) enthalpy of formation,
(b) entropy, for both PM and MPM (Ground truth represents all data used for
training and testing).

Fig. 5. Comparison of normalized residuals between PM and MPM: (a)
enthalpy of formation and (b) entropy, calculated using the models developed
in this work.
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at least two different types of polyhedra. There is no limitation regarding
the minimum or maximum number of atoms. However, the minimum
number of atoms in the dataset for the present work happened to be five.
As seen in Fig. 5, the residuals tend to increase with fewer atoms. As
explained by Arias et al. [25] for PM, this behavior could be attributed to
the increased significance of second and higher-order cation-cation in-
teractions in smaller compounds. Such effects were considered by
implementing an NN in MPM, reducing the residuals. It should also be
noted that for a higher number of atoms, even though the error de-
creases, the availability of the data is very limited.

In Fig. 5(a), the highest residuals for the train set in terms of enthalpy
of formation decreased significantly from 51 kJ mol − 1 atom− 1 in the PM
to less than 18 kJ mol − 1 atom− 1 in the MPM. With the exception of
Ca3Ti2O6 (3CaO⋅Ti2O3) and Ca3Ti2O7 (3CaO⋅2TiO2), the residuals back-
calculated from the MPM were less than 15.83 kJ mol − 1 atom− 1.
Ca3Ti2O6 and Ca3Ti2O7 were the only two compounds in the train set
that showed residuals greater than 10 kJ mol − 1 atom− 1. In the training
matrix, both compounds are formed by 3 Ca-Multi and 2 Ti-Oct; how-
ever, the effect of different oxidation states of Ti (3+ and 4+) has been
neglected. Ti3+ and Ti4+ are both located in octahedral sites [55–57],
but Ti3+ has a slightly larger ionic radius than Ti4+ due to less
electron-electron repulsion between Ti and O. Such a change in valence
affects the Ti-O bond distance, which further changes the volume of the
Ti-Oct and influences the calculations performed by the MPM [58].
Including additional Ti3+ and Ti4+ octahedra as features to the MPM
might help to improve the model, in a similar way to what has been
conducted for Fe-Oct and Fe3+-Oct.

As shown in Fig. 5(a), for the enthalpy of formation test set, MPM
predictions yield errors generally below 16 kJ mol − 1 atom− 1, whereas
PM predictions show residuals that can exceed 20 kJ mol − 1 atom− 1. For
the enthalpy test set, MPM calculations for five compounds out of 16
compounds show a moderate increase in residuals compared to values
obtained from PM, as follows: NaFe2O3 (3.53 %), Ca2SiO4 (2.73 %),
CaAl2SiO6 (2.23%), Li2Ca4Si4O13 (1.27%), andMg6MnO8 (0.38%). The
values in parentheses indicate the percentage increase. In addition to
containing alkali elements, another common feature among these
compounds is the significant distortion of their constituent edge-sharing
octahedra, such as Ca-oct, Fe-oct, Fe+3-oct, Al-oct, Mg-oct and Mn-oct
[59–64]. This suggests that the NN model struggles to capture this
complex structural behavior, likely due to a lack of compounds with
similar structural features in the train set.

As illustrated in Fig. 5(b), the entropy residuals back-calculated by
MPM are always lower than 1.4 J mol − 1 K− 1 atom− 1. In contrast, the
residuals back-calculated by PM reach values as high as 8.5
J mol − 1 K− 1 atom− 1. The compounds with the highest deviations back-
calculated byMPM are Ca3Ti2O6 (3CaO⋅Ti2O3), Ca2MnO4 (2CaO⋅MnO2),
and MgTiO3 (MgO⋅TiO2). Similarly, to the explanation given for
enthalpy of formation, the model is not able to account for the effect of
oxidation state for a single polyhedron, such as in the case of Ti and Mn,
where both have a coordination number of 6 (Ti-Oct and Mn-Oct)
despite the difference in ionic radius for different valences. Although
the model uses Ti-Oct, Mn-Oct, and Mn-Tet for training, selected based
on crystal structure information, it does not differentiate between the
various valence states of Ti (i.e., +3 and+4) and Mn (i.e., +2 and+4) in
each compound. Therefore, the NN might not be able to properly
consider the effect of valence in certain cations, which affects the bond
distance and, in turn, the polyhedron volume. Similarly to what has been
proposed for the enthalpy of formation, the inclusion of new features
such as Ti3+ and Ti4+ octahedra and Mn2+ and Ti4+ octahedra could
enhance the predictivity of the model due to the possibility to differ-
entiate one valence from another.

As shown in Fig. 5(b), for the entropy test set, MPM predictions yield
errors generally below 2.53 J mol − 1 K− 1 atom− 1, whereas PM pre-
dictions show residuals that can exceed 4 J mol − 1 K− 1 atom− 1. The
compounds that did not improve were LiAl5O8, K2TiO3, and Li4Ti5O12,

among the total of 16 compounds tested. K2TiO3 and Li4Ti5O12 contain
Ti4+, which also showed high deviations in the train set and the pre-
dictions made for the enthalpy of formation. Furthermore, LiAl5O8 is an
unstable compound under standard conditions, which could affect the
comparison between the predictions made by MPM and the properties
reported in the literature [65]. Equally to what has been explained for
enthalpy of formation in Fig. 5(a), the previously mentioned compounds
might include complex behavior related to the valence or sublattice
structure that remains overseen by the MPM.

4.2. Comparison with experimental data

By comparing the enthalpy of formation calculations from MPM and
PM with experimental data (from the references listed in Table C, ap-
pendix), the differences in model precision become more apparent. The
experimental data were included in both the train and test sets. Addi-
tionally, enthalpy of formation values calculated by NKR are provided to
demonstrate the degree of deviation from experimental data.

Fig. 6 compares the experimental enthalpy of formation values for 49
compounds with the enthalpy values calculations from PM, MPM, and
NKR. Error bands of 1.2 % have been calculated based on the maximum
experimental uncertainty. In Figs. 6(a), 83 % of the MPM calculations
fall within the maximum experimental error range, while only 55 % of
the PM calculations do. In Fig. 6(b)–a comparison of RMSE values be-
tween MPM and PM shows that MPM has the smallest RMSE, which is
49 % lower than PM. The RMSE calculated for NKR was 189.31
kJ mol − 1.

Fig. 7 shows a comparison of the experimental entropy values for 51
compounds and the calculations performed by MPM, PM, and NKR. The
maximum experimental error range reported for entropy is 2.9 %, and
error bands corresponding to this value were calculated. In Figs. 7(a),
52% of the analyzed compounds in MPM fall within the 2.9 %maximum
experimental error range, while for PM, only 37 % of the analyzed
compounds fall within this range. The comparison of errors for the three
models in Fig. 7(b) shows that the RMSE for MPM is smaller compared to

Fig. 6. Comparison of enthalpy of formation calculations for mixed oxides from
MPM and PM with experimental values: (a) scatter plot, (b) RMSE metric
(values from NKR are also plotted).
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PM and NKR, reducing the error by 36 %. Furthermore, the RMSE re-
ported for NKR is 16.99 J mol − 1 K− 1. The MPM generally improves
accuracy by applying a NN correction to the PM model. However, for
certain compounds, an opposite behavior is observed. This has been
explained in detail in Section 4.1 for some of the compounds.

5. Conclusions

In this work, the Modified Polyhedron Model was developed by
combining neural networks with the polyhedron model to estimate the
thermodynamic properties of mixed oxides in the Li-Na-K-Ca-Mg-Mn-Fe-
Al-Ti-Si-O system. The key findings are summarized below:

• The MPM has achieved significant improvements in alignment with
values reported in the literature, reducing the Root Mean Square
Error (RMSE) for enthalpy of formation and entropy by 49 % and 36
%, respectively, compared to the PM.

• Approximately 83 % of the MPM calculations fall within the
maximum experimental error range for enthalpy of formation, while
52 % of the compounds fall within the maximum experimental error

range for entropy, both of which are higher than the values found for
PM (i.e., 53 % and 37 % for enthalpy of formation and entropy,
respectively).

• The RMSE’s for enthalpy of formation and entropy values calculated
by NKR are 189.31 kJ mol − 1 and 16.99 J mol − 1 K− 1, respectively.

Discrepancies in the predictions for certain Ti- and Mn-containing
oxides may arise from the model’s limited ability to distinguish be-
tween multiple oxidation states within a single polyhedron, an approach
currently applied only to Fe-octahedra. Explicitly representing oxidation
states such as Ti3+, Ti4+, Mn2+, and Mn4+ as distinct polyhedron fea-
tures could help resolve these inconsistencies. Additionally, incorpo-
rating features that capture polyhedron distortion may enhance the
model’s ability to reflect structural variations that significantly influ-
ence thermodynamic properties. Moreover, including features like
molar volume, which is strongly correlated with entropy but currently
underrepresented, could further improve prediction accuracy. As the
MPM is inherently data-driven, expanding the training set to encompass
a broader range of compounds and polyhedron configurations would
enhance both model robustness and generalization, which is currently
prevented by the lack of experimental data.
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Appendix A

Table A(a)
Thermodynamic and physical properties used for training, testing and validating the NN.“Dataset” values are after extracting the excess properties from the corresponding values in “Database”.

Name Formula N Tc
(K)

Smax
(
Jmol− 1K− 1

)
Sex− 298K(
Jmol− 1K− 1

)
Hmax
(
Jmol− 1K− 1

)
Hex− 298K(
Jmol− 1K− 1

)
Database ΔHo298 K(
Jmol− 1K− 1

)
Source Dataset

ΔHo298 K(
Jmol− 1K− 1

)

Database So298 K(
Jmol− 1K− 1

)
Source Dataset So298 K(

Jmol− 1K− 1
)

​ Al2Si2O7 11 ​ ​ ​ ​ ​ − 3211220.00 FToxid − 3211220.00 136.44 FToxid 136.44
Sillimanite Al2SiO5 8 2200 [21] 4.00 [21] 0.28 ​ 42.34 − 2587770.00 FactPS − 2587812.34 95.79 FactPS 91.50
​ Al2TiO5 8 ​ ​ ​ ​ ​ − 2577173.79 FToxid − 2577173.79 128.44 FToxid 128.44
​ Al4TiO8 13 ​ ​ ​ ​ ​ − 4194883.42 FToxid − 4194883.42 211.57 FToxid 211.57
Mullite Al6Si2O13 21 ​ ​ ​ ​ ​ − 6819209.98 FactPS − 6819209.98 274.90 FactPS 274.90
Gehlenite Ca2Al2SiO7 12 700 [21] 11.00 [21] 2.66 ​ 415.17 − 3985858.32 FToxid − 3986273.48 198.59 FToxid 184.93
​ Ca2Fe2O5 9 40 [23] 13.38 [23] ​ ​ ​ − 2131139.00 FToxid − 2131139.00 188.90 FToxid 175.52
​ Ca2FeSi2O7 12 40 [23] 13.38 [23] ​ ​ ​ − 3549097.20 FToxid − 3549097.20 215.08 FToxid 201.70
Akermannite Ca2MgSi2O7 12 ​ ​ ​ ​ ​ − 3866291.19 FToxid − 3866291.19 212.00 FToxid 212.00
​ Ca2Mn3O8 13 40 [23] 44.69 [23] ​ ​ ​ − 2971100.00 FToxid − 2971100.00 333.50 FToxid 288.80
​ Ca2MnO4 7 40 [23] 14.90 [23] ​ ​ ​ − 1899200.00 FToxid − 1899200.00 132.90 FToxid 118.00
Larnite Ca2SiO4 7 1710 [21] 10.00 [21] 0.91 ​ 138.21 − 2307513.66 FToxid − 2307651.87 119.65 FToxid 108.74
​ Ca3Al2O6 11 ​ ​ ​ ​ ​ − 3587266.85 FToxid − 3587266.85 204.17 FToxid 204.17
​ Ca3Al2Si3O12 20 ​ ​ ​ ​ ​ − 6634443.28 FToxid − 6634443.28 255.14 FToxid 255.15
Andradite Ca3Fe2Si3O12 20 150 [21] 29.79 [21] ​ 2979.34 ​ − 5769999.00 FToxid − 5772978.33 316.35 FToxid 286.55
​ Ca3MgAl4O10 18 ​ ​ ​ ​ ​ − 5971169.98 FToxid − 5971169.98 241.84 FToxid 241.84
Merwinite Ca3MgSi2O8 14 ​ ​ ​ ​ ​ − 4555779.10 FToxid − 4555779.10 251.77 FToxid 251.77
Rankinite Ca3Si2O7 12 ​ ​ ​ ​ ​ − 3950432.17 FToxid − 3950432.17 205.55 FToxid 205.55
Wollastonite Ca3Si3O9 15 ​ ​ ​ ​ ​ − 4904029.26 FToxid − 4904029.26 239.44 FToxid 239.44
​ Ca3SiO5 9 ​ ​ ​ ​ ​ − 2857014.90 FToxid − 2857014.90 235.64 FToxid 235.64
​ Ca3Ti2O6 11 ​ ​ ​ ​ ​ − 3579296.15 FToxid − 3579296.15 212.61 FToxid 212.61
​ Ca3Ti2O7 12 ​ ​ ​ ​ ​ − 3963479.98 FToxid − 3963479.98 234.72 FToxid 234.72
​ Ca4Mn3O10 17 40 [23] 44.69 [23] ​ ​ ​ − 4377500.00 FToxid − 4377500.00 339.50 FToxid 294.80
​ Ca4Ti3O10 17 ​ ​ ​ ​ ​ − 5619560.00 [23] − 5619560.00 325.00 [23] 325.00
​ CaAl12O19 32 ​ ​ ​ ​ ​ − 10704185.77 FToxid − 10704185.77 388.91 FToxid 388.91
​ CaAl2O4 7 ​ ​ ​ ​ ​ − 2324157.82 FToxid − 2324157.82 115.06 FToxid 115.06
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Table A(b)
Thermodynamic and physical properties used for training, testing and validating the NN. “Dataset” values are after extracting the excess properties from the corresponding values in “Database”.

Name Formula N Tc
(K)

Smax
(
Jmol− 1K− 1

)
Sex− 298K(
Jmol− 1K− 1

)
Hmax
(
Jmol− 1K− 1

)
Hex− 298K(
Jmol− 1K− 1

)
Database
ΔHo298 K(
Jmol− 1K− 1

)

Source Dataset
ΔHo298 K(
Jmol− 1K− 1

)

Database
So298 K(
Jmol− 1K− 1

)

Source Dataset
So298 K(
Jmol− 1K− 1

)

Anorthite CaAl2Si2O8 13 2300 [21] 11.00 [21] 0.74 ​ 111.13 − 4231594.26 FToxid − 4231705.39 200.18 FToxid 188.44
Ca-tschermaks CaAl2SiO6 10 ​ ​ ​ ​ ​ − 3296800.00 FToxid − 3296800.00 144.50 FToxid 144.50
​ CaAl4O7 12 ​ ​ ​ ​ ​ − 3999688.87 FToxid − 3999688.87 177.82 FToxid 177.82
Ca-walstromite (ps-
wolastonite)

CaCa2(Si3O9) 15 ​ ​ ​ ​ ​ − 4876519.68 FToxid − 4876519.68 260.80 FToxid 260.80

​ CaFe2O4 7 ​ ​ ​ ​ ​ − 1477615.00 FToxid − 1477615.00 145.86 FToxid 145.86
​ CaFe4O7 12 ​ ​ ​ ​ ​ − 2268796.10 FToxid − 2268796.10 264.80 FToxid 264.8
Hedenbergite CaFeSi2O6 10 31 [21] 13.38 [21] ​ 276.54 ​ − 2843455.80 FToxid − 2843732.33 170.29 FToxid 156.90
Diopside CaMgSi2O6 10 ​ ​ ​ ​ ​ − 3199746.68 FToxid − 3199746.68 142.50 FToxid 142.50
Monticellite CaMgSiO4 7 ​ ​ ​ ​ ​ − 2254211.50 FactPS − 2254211.5 108.30 FactPS 108.30
​ CaMn2O4 7 ​ ​ ​ ​ ​ − 1737300.00 FToxid − 1737300.00 111.00 FToxid 111.00
​ CaMn3O6 10 40 [23] 44.69 [23] ​ ​ ​ − 2245300.00 FToxid − 2245300.00 201.31 FToxid 156.62
​ CaMn4O8 13 40 [23] 59.59 [23] ​ ​ ​ − 2753317.00 FToxid − 2753317.00 291.57 FToxid 231.98
​ CaMnO3 5 40 [23] 14.90 [23] ​ ​ ​ − 1237000.00 FToxid − 1237000.00 101.75 FToxid 86.85
Perovskite CaTiO3 5 ​ ​ ​ ​ ​ − 1660630.02 FToxid − 1660630.02 93.63 FToxid 93.63
Sphene CaTiSiO5 8 ​ ​ ​ ​ ​ − 2597431.46 FToxid − 2597431.46 129.29 FToxid 129.29
Ferrocordierite Fe2Al4Si5O18 29 1800 [21] 26.76 [21] 1.73 ​ 350.20 − 8439257.19 FToxid − 8439607.39 463.49 FToxid 435.00
Ferrosillite Fe2Si2O6 10 40 [23] 26.76 [23] ​ 713.65 ​ − 2390739.52 FToxid − 2391453.16 191.76 FToxid 165.00
Fayalite Fe2SiO4 7 126 [66] 26.76 [66] ​ 2247.99 ​ − 1481938.53 FToxid − 1484186.51 150.93 FToxid 124.16
Ulvöspinel Fe2TiO4 7 120 [66] 26.76 [66] ​ 2140.94 ​ − 1515609.69 FToxid − 1517750.62 168.87 FToxid 142.10
​ Fe2TiO5 8 ​ ​ ​ ​ ​ − 1738786.72 FactPS − 1738786.72 171.96 FactPS 171.96
Fe-sapphirine (793) Fe3.5Al9Si1.5O20 34 40 [23] 46.83 [23] ​ 1248.88 ​ − 9834581.00 [23] − 9835829.88 504.20 [23] 457.36
Almandine Fe3Al2Si3O12 18 ​ ​ ​ ​ ​ − 5276337.00 FToxid − 5276337.00 336.30 FToxid 336.30
Ferropseudobrookite FeTi2O5 8 40 [23] 13.38 [23] ​ 356.82 ​ − 2152814.44 FToxid − 2153171.26 176.56 FToxid 163.18
Ilmenite FeTiO3 5 40 [23] 13.38 [23] ​ 356.82 ​ − 1233142.16 FToxid − 1233498.98 108.62 FToxid 95.24
​ K2Ca6Si4O15 27 ​ ​ ​ ​ ​ − 8555000.00 FToxid − 8555000.00 490.49 FToxid 490.49
​ K2MgSi5O12 20 ​ ​ ​ ​ ​ − 5922850.00 FToxid − 5922850.00 359.10 FToxid 359.10
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Table A(c)
Thermodynamic and physical properties used for training, testing and validating the NN. “Dataset” values are after extracting the excess properties from the corresponding values in “Database”.

Name Formula N Tc
(K)

Smax
(
Jmol− 1K− 1

)
Sex− 298K(
Jmol− 1K− 1

)
Hmax
(
Jmol− 1K− 1

)
Hex− 298K(
Jmol− 1K− 1

)
Database ΔHo298 K(
Jmol− 1K− 1

)
Source Dataset

ΔHo298 K(
Jmol− 1K− 1

)

Database So298 K(
Jmol− 1K− 1

)
Source Dataset So298 K(

Jmol− 1K− 1
)

Potassium disilicate K2Si2O5 9 ​ ​ ​ ​ ​ − 2503700.00 FToxid − 2503700.00 190.58 FToxid 190.58
​ K2Si4O9 15 ​ ​ ​ ​ ​ − 4342000.00 FToxid − 4342000.00 265.68 FToxid 265.68
Potassium metasilicate K2SiO3 6 ​ ​ ​ ​ ​ − 1543800.00 FToxid − 1543800.00 146.14 FToxid 146.14
​ K2Ti2O5 9 ​ ​ ​ ​ ​ − 2554500.00 FToxid − 2554500.00 202.92 FToxid 202.92
​ K2Ti3O7 12 ​ ​ ​ ​ ​ − 3522600.00 FToxid − 3522600.00 253.38 FToxid 253.38
​ K2Ti6O13 21 ​ ​ ​ ​ ​ − 6392300.00 FToxid − 6392300.00 404.76 FToxid 404.76
​ K2TiO3 6 ​ ​ ​ ​ ​ − 1555500.00 FToxid − 1555500.00 152.46 FToxid 152.46
​ K2TiSi2O7 12 ​ ​ ​ ​ ​ − 3433568.86 FToxid − 3433568.86 243.51 FToxid 243.51
​ K2TiSi4O11 18 ​ ​ ​ ​ ​ − 5262233.13 FToxid − 5262233.13 334.56 FToxid 334.56
​ K2TiSiO5 9 ​ ​ ​ ​ ​ − 2517743.73 FToxid − 2517743.73 197.98 FToxid 197.98
​ K3LiSiO4 9 ​ ​ ​ ​ ​ − 2128025.00 FToxid − 2128025.00 213.35 FToxid 213.35
​ K4CaSi3O9 17 ​ ​ ​ ​ ​ − 4745000.00 FToxid − 4745000.00 380.00 FToxid 380.00
​ K4CaSi6O15 26 ​ ​ ​ ​ ​ − 7509000.00 FToxid − 7509000.00 564.00 FToxid 564.00
​ K4SiO4 9 ​ ​ ​ ​ ​ − 2045900.00 FToxid − 2045900.00 245.47 FToxid 245.47
​ K6MgO4 11 ​ ​ ​ ​ ​ − 1696230.00 FToxid − 1696230.00 333.00 FToxid 333.00
​ K8CaSi10O25 44 ​ ​ ​ ​ ​ − 12580000.00 FToxid − 12580000.00 897.00 FToxid 897.00
​ K8Ti5O14 27 ​ ​ ​ ​ ​ − 7251500.00 FToxid − 7251500.00 660.32 FToxid 660.32
Leucite KAlSi2O6 10 938 [21] 18 [21] 3.13 ​ 481.44 − 3040080.00 FToxid − 3040561.44 198.50 FToxid 177.36
Hollandite KAlSi3O8 13 ​ ​ ​ ​ ​ − 3962900.00 FToxid − 3962900.00 239.68 FToxid 239.68
Microcline KAlSi3O8 13 ​ ​ ​ ​ ​ − 3962900.00 FToxid − 3962900.00 239.68 FToxid 239.68
Kalsilite KAlSiO4 7 ​ ​ ​ ​ ​ − 2123354.98 FToxid − 2123354.98 134.50 FToxid 134.51
Virgilite Li(AlSi2O6) 10 ​ ​ ​ ​ ​ − 3030516.96 FToxid − 3030516.96 154.20 FToxid 154.20
Petalite Li(AlSi4O10) 16 ​ ​ ​ ​ ​ − 4886099.88 FToxid − 4886099.88 209.60 FToxid 209.60
​ Li2Ca2Si2O7 13 ​ ​ ​ ​ ​ − 3970313.66 FToxid − 3970313.66 199.41 FToxid 199.41
​ Li2Ca3Si6O16 27 ​ ​ ​ ​ ​ − 8376100.00 FToxid − 8376100.00 407.61 FToxid 407.61
​ Li2Ca4Si4O13 23 ​ ​ ​ ​ ​ − 7236000.00 FToxid − 7236000.00 357.77 FToxid 357.77
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Table A(d)
Thermodynamic and physical properties used for training, testing and validating the NN. “Dataset” values are after extracting the excess properties from the corresponding values in “Database”.

Name Formula N Tc
(K)

Smax
(
Jmol− 1K− 1

)
Sex− 298K(
Jmol− 1K− 1

)
Hmax
(
Jmol− 1K− 1

)
Hex− 298K(
Jmol− 1K− 1

)
Database ΔHo298 K(
Jmol− 1K− 1

)
Source Dataset

ΔHo298 K(
Jmol− 1K− 1

)

Database So298 K(
Jmol− 1K− 1

)
Source Dataset So298 K(

Jmol− 1K− 1
)

​ Li2CaSiO4 8 ​ ​ ​ ​ ​ − 2313755.92 FToxid − 2313755.92 118.32 FToxid 118.33
​ Li2MgSiO4 8 ​ ​ ​ ​ ​ − 2249815.24 FToxid − 2249815.24 105.50 FToxid 105.50
Lithium disilicate Li2Si2O5 9 ​ ​ ​ ​ ​ − 2559998.98 FToxid − 2559998.98 122.59 FToxid 122.59
Lithium metasilicate Li2SiO3 6 ​ ​ ​ ​ ​ − 1647800.00 FToxid − 1647800.00 79.75 FToxid 79.75
Ramsdellite Li2Ti3O7 12 ​ ​ ​ ​ ​ − 3540500.00 FToxid − 3540500.00 200.00 FToxid 200.00
​ Li2TiO3 6 ​ ​ ​ ​ ​ − 1670671.00 FToxid − 1670671.00 91.63 FToxid 91.63
​ Li2TiSiO5 9 ​ ​ ​ ​ ​ − 2601549.99 FToxid − 2601549.99 130.21 FToxid 130.21
​ Li3NaSiO4 9 ​ ​ ​ ​ ​ − 2278209.00 FToxid − 2278209.00 136.70 FToxid 136.70
​ Li4SiO4 9 ​ ​ ​ ​ ​ − 2314400.00 FToxid − 2314400.00 117.00 FToxid 117.00
​ Li4Ti5O12 21 ​ ​ ​ ​ ​ − 6180810.00 FToxid − 6180810.00 328.08 FToxid 328.08
​ Li4TiO4 9 ​ ​ ​ ​ ​ − 2287300.00 FToxid − 2287300.00 126.24 FToxid 126.24
​ Li5AlO4 10 ​ ​ ​ ​ ​ − 2383984.00 FToxid − 2383984.00 128.00 FToxid 128.00
​ Li6Si2O7 15 ​ ​ ​ ​ ​ − 3923190.00 FToxid − 3923190.00 227.02 FToxid 227.02
​ Li8SiO6 15 ​ ​ ​ ​ ​ − 3515120.00 FToxid − 3515120.00 192.00 FToxid 192.00
Spodumene LiAl(Si2O6) 10 ​ ​ ​ ​ ​ − 3060,000 FToxid − 3060000.00 131.00 FToxid 131.00
Eucryptite LiAl(SiO4) 7 ​ ​ ​ ​ ​ − 2126524.1 FToxid − 2126524.10 96.60 FToxid 96.60
​ LiAl5O8 14 ​ ​ ​ ​ ​ − 4553500.99 FToxid − 4553500.99 149.75 FToxid 149.75
​ LiFeO2 4 40 [23] 13.38 [23] ​ ​ ​ − 750200.00 FactPS − 750200.00 75.31 FactPS 61.93
Cordierite Mg2Al4Si5O18 29 1800 [21] 20.00 [21] 1.73 ​ 261.72 − 9167727.00 FToxid − 9167988.71 417.97 FToxid 396.23
Enstatite (ortho-enstatite) Mg2Si2O6 10 ​ ​ ​ ​ ​ − 3090159.58 FToxid − 3090159.58 133.31 FToxid 133.31
Forsterite Mg2SiO4 7 ​ ​ ​ ​ ​ − 2177699.28 FToxid − 2177699.28 94.00 FToxid 94.00
Qandilite Mg2TiO4 7 40 [23] 6.00 [23] ​ 160.00 ​ − 2155788.22 FToxid − 2155948.22 116.17 FToxid 110.17
Pyrope Mg3Al2Si3O12 20 ​ ​ ​ ​ ​ − 6286547.45 FToxid − 6286547.45 266.35 FToxid 266.35
Sapphirine Mg4Al10Si2O23 39 ​ ​ ​ ​ ​ − 12790590.24 FToxid − 12790590.24 452.85 FToxid 452.85
​ Mg6MnO8 15 40 [23] 14.90 [23] ​ ​ ​ − 4184000.00 FToxid − 4184000.00 214.50 FToxid 199.60
​ MgAl2O4 7 ​ ​ ​ ​ ​ − 2300312.69 FactPS − 2300312.69 84.53 FactPS 84.53

J.A
.A
rias

H
ernandez

and
E.M

oosavi-Khoonsari



Calphad90(2025)102848

13

Table A(e)
Thermodynamic and physical properties used for training, testing and validating the NN. “Dataset” values are after extracting the excess properties from the corresponding values in “Database”.

Name Formula N Tc
(K)

Smax
(
Jmol− 1K− 1

)
Sex− 298K(
Jmol− 1K− 1

)
Hmax
(
Jmol− 1K− 1

)
Hex− 298K(
Jmol− 1K− 1

)
Database ΔHo298 K(
Jmol− 1K− 1

)
Source Dataset

ΔHo298 K(
Jmol− 1K− 1

)

Database So298 K(
Jmol− 1K− 1

)
Source Dataset So298 K(

Jmol− 1K− 1
)

Mg-tschermak MgAl2SiO6 10 ​ ​ ​ ​ ​ − 3181144.00 [23] − 3181144.00 139.80 [23] 139.80
​ MgSiO3 5 ​ ​ ​ ​ ​ − 1545079.79 FToxid − 1545079.79 66.65 FToxid 66.65
Karooite MgTi2O5 8 ​ ​ ​ ​ ​ − 2504887.10 FToxid − 2504887.10 137.34 FToxid 137.34
Geikielite MgTiO3 5 ​ ​ ​ ​ ​ − 1571552.11 FToxid − 1571552.11 74.55 FToxid 74.56
Mn-cordierite Mn2Al4Si5O18 29 1800 [21] 20 [21] 1.73 ​ 261.72 − 8747113.14 FToxid − 8747374.85 448.92 FToxid 427.18
Tephroite Mn2SiO4 7 40 [23] 29.79 [23] ​ 794.49 ​ − 1724663.63 FToxid − 1725458.12 163.19 FToxid 133.40
Tetragonal Mn2TiO4 7 77 [21] 29.79 [21] ​ 1529.39 ​ − 1745005.19 FToxid − 1746534.58 169.45 FToxid 139.65
​ Mn3Al2Si3O12 20 40 [23] 44.69 [23] ​ ​ ​ − 5662394.48 FToxid − 5662394.48 366.88 FToxid 322.19
Rhodonite Mn5Si5O15 25 40 [23] 74.48 [23] ​ 1986.22 ​ − 6607453.35 FToxid − 6609439.57 512.50 FToxid 438.01
​ MnAl2O4 7 40 [23] 14.90 [23] ​ ​ ​ − 2084283.00 FToxid − 2084283.00 113.36 FToxid 98.46
Pyroxmangite MnSiO3 5 40 [23] 14.90 [23] ​ 397.24 ​ − 1321490.67 FToxid − 1321887.91 102.50 FToxid 87.60
Mn-pseudobrookite MnTi2O5 8 40 [23] 14.90 [23] ​ 397.24 ​ − 2286501.14 FToxid − 2286898.38 163.66 FToxid 148.76
Pyrophanite MnTiO3 5 40 [23] 14.90 [23] ​ 397.24 ​ − 1363253.81 FToxid − 1363651.05 104.03 FToxid 89.13
​ Na10SiO7 15 ​ ​ ​ ​ ​ − 3179680.00 FToxid − 3179680.00 600.00 FToxid 600.00
​ Na2Ca3Si6O16 27 ​ ​ ​ ​ ​ − 8388448.00 FToxid − 8388448.00 396.00 FToxid 396.00
​ Na2Ca8Al6O18 34 ​ ​ ​ ​ ​ − 10889098.68 FToxid − 10889098.68 540.83 FToxid 540.83
​ Na2CaSi5O12 20 ​ ​ ​ ​ ​ − 5924256.79 FToxid − 5924256.79 351.74 FToxid 351.74
​ Na2CaSiO4 8 ​ ​ ​ ​ ​ − 2268059.45 FToxid − 2268059.45 110.64 FToxid 110.64
​ Na2FeO2 5 40 [23] 13.38 [23] ​ ​ ​ − 755435.00 FToxid − 755435.00 134.00 FToxid 120.61
​ Na2FeSiO4 8 40 [23] 13.38 [23] ​ ​ ​ − 1820259.00 FToxid − 1820259.00 180.08 FToxid 166.69
​ Na2Mg2Si6O15 25 ​ ​ ​ ​ ​ − 7442000.00 FToxid − 7442000.00 392.85 FToxid 392.85
​ Na2Mg5Si12O30 49 ​ ​ ​ ​ ​ − 14830968.25 FToxid − 14830968.25 733.59 FToxid 733.59
​ Na2MgSiO4 8 ​ ​ ​ ​ ​ − 2184549.00 FToxid − 2184549.00 144.91 FToxid 144.91
Sodium disilicate Na2Si2O5 9 ​ ​ ​ ​ ​ − 2470070.00 FToxid − 2470070.00 165.70 FToxid 165.70
​ Na2SiO3 6 ​ ​ ​ ​ ​ − 1560430.00 FToxid − 1560430.00 113.80 FToxid 113.80
​ Na2Ti2O5 9 ​ ​ ​ ​ ​ − 2531320.00 FToxid − 2531320.00 173.63 FToxid 173.63
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Table A(f)
Thermodynamic and physical properties used for training, testing and validating the NN. “Dataset” values are after extracting the excess properties from the corresponding values in “Database”.

Name Formula N Tc
(K)

Smax
(
Jmol− 1K− 1

)
Sex− 298K(
Jmol− 1K− 1

)
Hmax
(
Jmol− 1K− 1

)
Hex− 298K(
Jmol− 1K− 1

)
Database ΔHo298 K(
Jmol− 1K− 1

)
Source Dataset

ΔHo298 K(
Jmol− 1K− 1

)

Database So298 K(
Jmol− 1K− 1

)
Source Dataset So298 K(

Jmol− 1K− 1
)

​ Na2Ti3O7 12 ​ ​ ​ ​ ​ − 3484853.60 FToxid − 3484853.60 235.14 FToxid 235.14
​ Na2Ti6O13 21 ​ ​ ​ ​ ​ − 6325789.60 FToxid − 6325789.60 399.86 FToxid 399.86
​ Na2TiO3 6 ​ ​ ​ ​ ​ − 1554774.40 FToxid − 1554774.40 122.17 FToxid 122.17
​ Na2TiSi2O7 12 ​ ​ ​ ​ ​ − 3432843.30 FToxid − 3432843.30 216.56 FToxid 216.56
​ Na2TiSi4O11 18 ​ ​ ​ ​ ​ − 5261507.50 FToxid − 5261507.50 307.61 FToxid 307.61
​ Na2TiSiO5 9 ​ ​ ​ ​ ​ − 2517018.10 FToxid − 2517018.10 171.04 FToxid 171.04
​ Na3Fe5O9 17 ​ ​ ​ ​ ​ − 2899490.50 FToxid − 2899490.50 375.36 FToxid 375.36
​ Na3FeO3 7 40 [23] 13.38 [23] ​ ​ ​ − 1175870.69 FToxid − 1175870.69 133.43 FToxid 120.05
​ Na4Fe6O11 21 ​ ​ ​ ​ ​ − 3559339.00 FToxid − 3559339.00 490.54 FToxid 490.54
​ Na4FeO3 8 ​ ​ ​ ​ ​ − 1205000.00 FToxid − 1205000.00 212.62 FToxid 212.62
Sodium orthosilicate Na4SiO4 9 ​ ​ ​ ​ ​ − 2112000.00 FToxid − 2112000.00 198.81 FToxid 198.81
​ Na5FeO4 10 ​ ​ ​ ​ ​ − 1450245.79 FToxid − 1450245.79 240.62 FToxid 240.62
​ Na5FeSi4O12 22 ​ ​ ​ ​ ​ − 5691690.33 FToxid − 5691690.33 422.71 FToxid 422.71
Sodium silicate Na6Si2O7 15 ​ ​ ​ ​ ​ − 3623700.00 FToxid − 3623700.00 345.00 FToxid 345.00
Monophyllosilicate Na6Si8O19 33 ​ ​ ​ ​ ​ − 9187800.00 FToxid − 9187800.00 636.50 FToxid 636.50
​ Na8Fe2O7 17 ​ ​ ​ ​ ​ − 2710378.00 FToxid − 2710378.00 437.96 FToxid 437.96
​ Na8Ti5O14 27 ​ ​ ​ ​ ​ − 7218655.20 FToxid − 7218655.20 552.53 FToxid 552.53
​ NaAl9O14 24 ​ ​ ​ ​ ​ − 7858666.90 FToxid − 7858666.90 285.15 FToxid 285.15
​ NaAlO2 4 ​ ​ ​ ​ ​ − 1133190.00 FToxid − 1133190.00 70.40 FToxid 70.40
​ NaAlSi2O6 10 ​ ​ ​ ​ ​ − 3032892.02 FToxid − 3032892.02 144.77 FToxid 144.77
Albite NaAlSi3O8 13 950 [21] 16.00 [21] 2.75 ​ 421.79 − 3947955.44 FToxid − 3948377.22 214.32 FToxid 195.57
Nepheline NaAlSiO4 7 467 [21] 10.00 [21] 3.99 ​ 642.89 − 2113380.24 FToxid − 2114023.13 125.52 FToxid 111.53
​ NaFe2O3 6 ​ ​ ​ ​ ​ − 968000.00 FToxid − 968000.00 149.99 FToxid 149.99
​ NaFeO2 4 40 [23] 13.38 [23] ​ ​ ​ − 697308.16 FToxid − 697308.16 88.38 FToxid 75.00
Aegirine (Acmite) NaFeSi2O6 10 50 [21] 14.90 [21] ​ 496.56 ​ − 2590525.00 FToxid − 2591021.55 171.00 FToxid 156.10
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Table B(a)
List of compounds and their constituent polyhedra used in MPM.

Name Formula Ti-
oct

Si-
tet

Al-
tet

Al-
oct

Fe3-
oct

Fe-
tet

Fe-
oct

Mn-
tet

Mn-
oct

Mg-
tet

Mg-
oct

Ca-
oct

Ca-
multi

Li-
tet

Li-
oct

Li-
multi

Na-
Multi

K-
multi

Ref

​ Al2Si2O7 0 2 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 67
Sillimanite Al2SiO5 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 68
​ Al2TiO5 1 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 23
​ Al4TiO8 1 0 2 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 23
Mullite Al6Si2O13 0 2 0 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 24
Gehlenite Ca2Al2SiO7 0 1 2 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 23
​ Ca2Fe2O5 0 0 0 0 1 1 0 0 0 0 0 0 2 0 0 0 0 0 69
​ Ca2FeSi2O7 0 2 0 0 0 0 1 0 0 0 0 0 2 0 0 0 0 0 70
Akermannite Ca2MgSi2O7 0 2 0 0 0 0 0 0 0 1 0 0 2 0 0 0 0 0 23
​ Ca2Mn3O8 0 0 0 0 0 0 0 0 3 0 0 0 2 0 0 0 0 0 71
​ Ca2MnO4 0 0 0 0 0 0 0 0 1 0 0 0 2 0 0 0 0 0 72
Larnite Ca2SiO4 0 1 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 23
​ Ca3Al2O6 0 0 2 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 73
​ Ca3Al2Si3O12 0 3 0 2 0 0 0 0 0 0 0 0 3 0 0 0 0 0 74
Andradite Ca3Fe2Si3O12 0 3 0 0 2 0 0 0 0 0 0 0 3 0 0 0 0 0 23
​ Ca3MgAl4O10 0 0 0 4 0 0 0 0 0 1 0 0 3 0 0 0 0 0 75
Merwinite Ca3MgSi2O8 0 2 0 0 0 0 0 0 0 0 1 3 0 0 0 0 0 0 23
Rankinite Ca3Si2O7 0 2 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 23
Wollastonite Ca3Si3O9 0 3 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 23
​ Ca3SiO5 0 1 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 76
​ Ca3Ti2O6 2 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 77
​ Ca3Ti2O7 2 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 77
​ Ca4Mn3O10 0 0 0 0 0 0 0 0 3 0 0 0 4 0 0 0 0 0 78

Table B(b)
List of compounds and their constituent polyhedra used in MPM.

Name Formula Ti-
oct

Si-
tet

Al-
tet

Al-
oct

Fe3-
oct

Fe-
tet

Fe-
oct

Mn-
tet

Mn-
oct

Mg-
tet

Mg-
oct

Ca-
oct

Ca-
multi

Li-
tet

Li-
oct

Li-
multi

Na-
Multi

K-
multi

Ref

​ Ca4Ti3O10 3 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 24
​ CaAl12O19 0 0 6 6 0 0 0 0 0 0 0 0 1 0 0 0 0 0 79
​ CaAl2O4 0 0 2 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 80
Anorthite CaAl2Si2O8 0 2 2 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 23
Ca-tschermaks CaAl2SiO6 0 1 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 23
​ CaAl4O7 0 0 4 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 81
Ca-walstromite (ps-
wolastonite)

CaCa2(Si3O9) 0 3 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 23

​ CaFe2O4 0 0 0 0 2 0 0 0 0 0 0 0 1 0 0 0 0 0 82
​ CaFe4O7 0 0 0 0 4 0 0 0 0 0 0 0 1 0 0 0 0 0 83
Hedenbergite CaFeSi2O6 0 2 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 23
Diopside CaMgSi2O6 0 2 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 23
Monticellite CaMgSiO4 0 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 23
​ CaMn2O4 0 0 0 0 0 0 0 0 2 0 0 0 1 0 0 0 0 0 84
​ CaMn3O6 0 0 0 0 0 0 0 0 3 0 0 0 1 0 0 0 0 0 85
​ CaMn4O8 0 0 0 0 0 0 0 0 4 0 0 1 0 0 0 0 0 0 85
​ CaMnO3 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 86
Perovskite CaTiO3 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 23
Sphene CaTiSiO5 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 23
Ferrocordierite Fe2Al4Si5O18 0 5 4 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 23
Ferrosillite Fe2Si2O6 0 2 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 23
Fayalite Fe2SiO4 0 1 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 23
Ulvöspinel Fe2TiO4 1 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 24
​ Fe2TiO5 1 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 55
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Table B(c)
List of compounds and their constituent polyhedra used in MPM.

Name Formula Ti-
oct

Si-
tet

Al-
tet

Al-
oct

Fe3-
oct

Fe-
tet

Fe-
oct

Mn-
tet

Mn-
oct

Mg-
tet

Mg-
oct

Ca-
oct

Ca-
multi

Li-
tet

Li-
oct

Li-
multi

Na-
Multi

K-
multi

Ref

Fe-sapphirine (793) Fe3.5Al9Si1.5O20 0 1.5 4.5 4.5 0 0 3.5 0 0 0 0 0 0 0 0 0 0 0 23
​ Fe3Al2Si3O12 0 3 0 2 3 0 0 0 0 0 0 0 0 0 0 0 0 0 87
Ferropseudobrookite FeTi2O5 2 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 24
Ilmenite FeTiO3 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 24
​ K2Ca6Si4O15 0 4 0 0 0 0 0 0 0 0 0 0 6 0 0 0 0 2 88
​ K2MgSi5O12 0 5 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 2 89
Potassium disilicate K2Si2O5 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 24
​ K2Si4O9 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 24
Potassium
metasilicate

K2SiO3 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 23

​ K2Ti2O5 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 85
​ K2Ti3O7 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 56
​ K2Ti6O13 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 57
​ K2TiO3 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 90
​ K2TiSi2O7 1 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 85
​ K2TiSi4O11 1 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 85
​ K2TiSiO5 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 85
​ K3LiSiO4 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 3 91
​ K4CaSi3O9 0 3 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 4 92
​ K4CaSi6O15 0 6 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 4 93
​ K4SiO4 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 94
​ K6MgO4 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 6 95
​ K8CaSi10O25 0 10 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 8 96
​ K8Ti5O14 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 85

Table B(d)
List of compounds and their constituent polyhedra used in MPM.

Name Formula Ti-
oct

Si-
tet

Al-
tet

Al-
oct

Fe3-
oct

Fe-
tet

Fe-
oct

Mn-
tet

Mn-
oct

Mg-
tet

Mg-
oct

Ca-
oct

Ca-
multi

Li-
tet

Li-
oct

Li-
multi

Na-
Multi

K-
multi

Ref

Leucite KAlSi2O6 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 23
Hollandite KAlSi3O8 0 3 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 97
Microcline KAlSi3O8 0 3 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 23
Kalsilite KAlSiO4 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 23
Virgilite Li(AlSi2O6) 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 23
Petalite Li(AlSi4O10) 0 4 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 23
​ Li2Ca2Si2O7 0 2 0 0 0 0 0 0 0 0 0 0 2 1 0 1 0 0 98
​ Li2Ca3Si6O16 0 6 0 0 0 0 0 0 0 0 0 0 3 1 0 1 0 0 85
​ Li2Ca4Si4O13 0 4 0 0 0 0 0 0 0 0 0 0 4 0 0 2 0 0 85
​ Li2CaSiO4 0 1 0 0 0 0 0 0 0 0 0 0 1 2 0 0 0 0 99
​ Li2MgSiO4 0 1 0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 0 100
Lithium disilicate Li2Si2O5 0 2 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 24
Lithium metasilicate Li2SiO3 0 1 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 101
Ramsdellite Li2Ti3O7 3 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 23
​ Li2TiO3 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 24
​ Li2TiSiO5 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 102
​ Li3NaSiO4 0 1 0 0 0 0 0 0 0 0 0 0 0 1.5 0 1.5 1 0 85
​ Li4SiO4 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 103
​ Li4Ti5O12 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 104
​ Li4TiO4 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 105
​ Li5AlO4 0 0 1 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0 106
​ Li6Si2O7 0 2 0 0 0 0 0 0 0 0 0 0 0 3 0 3 0 0 107

Table B(e)
List of compounds and their constituent polyhedra used in MPM.

Name Formula Ti-
oct

Si-
tet

Al-
tet

Al-
oct

Fe3-
oct

Fe-
tet

Fe-
oct

Mn-
tet

Mn-
oct

Mg-
tet

Mg-
oct

Ca-
oct

Ca-
multi

Li-
tet

Li-
oct

Li-
multi

Na-
Multi

K-
multi

Ref

​ Li8SiO6 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0 0 108
Spodumene LiAl(Si2O6) 0 2 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 23
Eucryptite LiAl(SiO4) 0 1 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 23
​ LiAl5O8 0 0 2.5 2.5 0 0 0 0 0 0 0 0 0 0 1 0 0 0 85
​ LiFeO2 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 109
Cordierite Mg2Al4Si5O18 0 5 4 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 23
Enstatite (ortho-
enstatite)

Mg2Si2O6 0 2 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 23

(continued on next page)
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Table B(e) (continued )

Name Formula Ti-
oct

Si-
tet

Al-
tet

Al-
oct

Fe3-
oct

Fe-
tet

Fe-
oct

Mn-
tet

Mn-
oct

Mg-
tet

Mg-
oct

Ca-
oct

Ca-
multi

Li-
tet

Li-
oct

Li-
multi

Na-
Multi

K-
multi

Ref

Forsterite Mg2SiO4 0 1 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 23
Qandilite Mg2TiO4 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 24
Pyrope Mg3Al2Si3O12 0 3 1 1 0 0 0 0 0 0 3 0 0 0 0 0 0 0 24
Sapphirine Mg4Al10Si2O23 0 2 5 5 0 0 0 0 0 0 4 0 0 0 0 0 0 0 110
​ Mg6MnO8 0 0 0 0 0 0 0 0 1 0 6 0 0 0 0 0 0 0 111
​ MgAl2O4 0 0 0 2 0 0 0 0 0 1 0 0 0 0 0 0 0 0 112
Mg-tschermak MgAl2SiO6 0 1 1 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 23
​ MgSiO3 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 113
Karooite MgTi2O5 2 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 24
Geikielite MgTiO3 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 24
Mn-cordierite Mn2Al4Si5O18 0 5 4 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 23
Tephroite Mn2SiO4 0 1 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 23
Tetragonal Mn2TiO4 1 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 24
​ Mn3Al2Si3O12 0 3 0 2 0 0 0 0 3 0 0 0 0 0 0 0 0 0 74

Table B(f)
List of compounds and their constituent polyhedra used in MPM.

Name Formula Ti-
oct

Si-
tet

Al-
tet

Al-
oct

Fe3-
oct

Fe-
tet

Fe-
oct

Mn-
tet

Mn-
oct

Mg-
tet

Mg-
oct

Ca-
oct

Ca-
multi

Li-
tet

Li-
oct

Li-
multi

Na-
Multi

K-
multi

Ref

Rhodonite Mn5Si5O15 0 5 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0 0 23
​ MnAl2O4 0 0 0 2 0 0 0 1 0 0 0 0 0 0 0 0 0 0 114
Pyroxmangite MnSiO3 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 23
Mn-pseudobrookite MnTi2O5 2 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 24
Pyrophanite MnTiO3 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 23
​ Na10SiO7 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10 0 23
​ Na2Ca3Si6O16 0 6 0 0 0 0 0 0 0 0 0 0 3 0 0 0 2 0 115
​ Na2Ca8Al6O18 0 0 6 0 0 0 0 0 0 0 0 0 8 0 0 0 2 0 23
​ Na2CaSi5O12 0 5 0 0 0 0 0 0 0 0 0 0 1 0 0 0 2 0 23
​ Na2CaSiO4 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 2 0 116
​ Na2FeO2 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 2 0 23
​ Na2FeSiO4 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 2 0 117
​ Na2Mg2Si6O15 0 6 0 0 0 0 0 0 0 2 0 0 0 0 0 0 2 0 118
​ Na2Mg5Si12O30 0 12 0 0 0 0 0 0 0 5 0 0 0 0 0 0 2 0 85
​ Na2MgSiO4 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 2 0 119
Sodium disilicate Na2Si2O5 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 24
​ Na2SiO3 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 120
​ Na2Ti2O5 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 85
​ Na2Ti3O7 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 121
​ Na2Ti6O13 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 24
​ Na2TiO3 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 24

Table B(g)
List of compounds and their constituent polyhedra used in MPM.

Name Formula Ti-
oct

Si-
tet

Al-
tet

Al-
oct

Fe3-
oct

Fe-
tet

Fe-
oct

Mn-
tet

Mn-
oct

Mg-
tet

Mg-
oct

Ca-
oct

Ca-
multi

Li-
tet

Li-
oct

Li-
multi

Na-
Multi

K-
multi

Ref

​ Na2TiSi2O7 1 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 24
​ Na2TiSi4O11 1 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 23
​ Na2TiSiO5 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 122
​ Na3Fe5O9 0 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 3 0 123
​ Na3FeO3 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 3 0 124
​ Na4Fe6O11 0 0 0 0 6 0 0 0 0 0 0 0 0 0 0 0 4 0 23
​ Na4FeO3 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 4 0 125
Sodium
orthosilicate

Na4SiO4 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 24

​ Na5FeO4 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 5 0 126
​ Na5FeSi4O12 0 4 0 0 1 0 0 0 0 0 0 0 0 0 0 0 5 0 127
Sodium silicate Na6Si2O7 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 0 24
Monophyllosilicate Na6Si8O19 0 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 0 24
​ Na8Fe2O7 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 8 0 124
​ Na8Ti5O14 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0 24
​ NaAl9O14 0 0 4.5 4.5 0 0 0 0 0 0 0 0 0 0 0 0 1 0 128
​ NaAlO2 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 129
Jadeite NaAlSi2O6 0 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 130
Albite NaAlSi3O8 0 3 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 23
Nepheline NaAlSiO4 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 23
​ NaFe2O3 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 1 0 131

(continued on next page)
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Table B(g) (continued )

Name Formula Ti-
oct

Si-
tet

Al-
tet

Al-
oct

Fe3-
oct

Fe-
tet

Fe-
oct

Mn-
tet

Mn-
oct

Mg-
tet

Mg-
oct

Ca-
oct

Ca-
multi

Li-
tet

Li-
oct

Li-
multi

Na-
Multi

K-
multi

Ref

​ NaFeO2 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 85
Aegirine (Acmite) NaFeSi2O6 0 2 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 23

Appendix C

Table C(a)
Experimental references for ΔHo298 K and So298 K used for models’ comparison.

Name Formula Exp. ref. ΔHo298 K Exp. ref. So298 K

​ Al2Si2O7 [132] [132]
Sillimanite Al2SiO5 [133] ​
​ Al2TiO5 ​ [134]
​ Al4TiO8 ​ ​
Mullite Al6Si2O13 [135] ​
Gehlenite Ca2Al2SiO7 [135–137] [135,136,138]
​ Ca2Fe2O5 [139] ​
​ Ca2FeSi2O7 ​ ​
Akermannite Ca2MgSi2O7 [137,140] [138,140]
​ Ca2Mn3O8 ​ ​
​ Ca2MnO4 ​ ​
Larnite Ca2SiO4 [141–143] [135,141,144]
​ Ca3Al2O6 ​ [145]
​ Ca3Al2Si3O12 [146] ​
Andradite Ca3Fe2Si3O12 [41,147] [41,147]
​ Ca3MgAl4O10 ​ ​
Merwinite Ca3MgSi2O8 [148] [138]
Rankinite Ca3Si2O7 [142,149] [135,144]
Wollastonite Ca3Si3O9 [141,142] [135,141,150]
​ Ca3SiO5 [143] ​
​ Ca3Ti2O6 ​ ​
​ Ca3Ti2O7 ​ [134]
​ Ca4Mn3O10 ​ ​
​ Ca4Ti3O10 ​ ​
​ CaAl12O19 ​ ​
​ CaAl2O4 ​ ​
Anorthite CaAl2Si2O8 [141] [141,144]
Ca-tschermaks CaAl2SiO6 ​ ​

Table C(b)
Experimental references for ΔHo298 K and So298 K used for models’ comparison.

Name Formula Exp. ref. ΔHo298 K Exp. ref. So298 K

​ CaAl4O7 ​ [145]
Ca-walstromite (ps-wolastonite) CaCa2(Si3O9) ​ ​
​ CaFe2O4 ​ ​
​ CaFe4O7 ​ ​
Hedenbergite CaFeSi2O6 [151] [42,144,151]
Diopside CaMgSi2O6 [135] [150]
Monticellite CaMgSiO4 [148] ​
​ CaMn2O4 ​ ​
​ CaMn3O6 ​ ​
​ CaMn4O8 ​ ​
​ CaMnO3 ​ ​
Perovskite CaTiO3 [152] [153]
Sphene CaTiSiO5 ​ [154]
Ferrocordierite Fe2Al4Si5O18 [155] [155,156]
Ferrosillite Fe2Si2O6 ​ [43]
Fayalite Fe2SiO4 [141,157] [141,158]
Ulvöspinel Fe2TiO4 ​ [159]
​ Fe2TiO5 ​ [159]
Fe-sapphirine (793) Fe3.5Al9Si1.5O20 ​ ​
Almandine Fe3Al2Si3O12 [160] ​
Ferropseudobrookite FeTi2O5 ​ ​
Ilmenite FeTiO3 [152] [153]
​ K2Ca6Si4O15 ​ ​
​ K2MgSi5O12 ​ ​

(continued on next page)
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Table C(b) (continued )

Name Formula Exp. ref. ΔHo298 K Exp. ref. So298 K

Potassium disilicate K2Si2O5 ​ ​
​ K2Si4O9 ​ ​
Potassium metasilicate K2SiO3 ​ [161]
​ K2Ti2O5 ​ ​
​ K2Ti3O7 ​ ​
​ K2Ti6O13 ​ ​

Table C(c)
Experimental references for ΔHo298 K and So298 K used for models’ comparison.

Name Formula Exp. ref. ΔHo298 K Exp. ref. So298 K

​ K2TiO3 ​ ​
​ K2TiSi2O7 ​ ​
​ K2TiSi4O11 ​ ​
​ K2TiSiO5 ​ ​
​ K3LiSiO4 ​ ​
​ K4CaSi3O9 ​ ​
​ K4CaSi6O15 ​ ​
​ K4SiO4 ​ ​
​ K6MgO4 ​ ​
​ K8CaSi10O25 ​ ​
​ K8Ti5O14 ​ ​
Leucite KAlSi2O6 [141,162,163] [141,164]
Hollandite KAlSi3O8 ​ ​
Microcline KAlSi3O8 [141,162,165] [141,164,166]
Kalsilite KAlSiO4 [141,162,163] [141,164]
Virgilite Li(AlSi2O6) [141] ​
Petalite Li(AlSi4O10) [167] [167,168]
​ Li2Ca2Si2O7 ​ ​
​ Li2Ca3Si6O16 ​ ​
​ Li2Ca4Si4O13 ​ ​
​ Li2CaSiO4 ​ ​
​ Li2MgSiO4 ​ ​
Lithium disilicate Li2Si2O5 [169,170] [169]
Lithium metasilicate Li2SiO3 [169,170] [161,169]
Ramsdellite Li2Ti3O7 ​ ​
​ Li2TiO3 ​ [134,171]
​ Li2TiSiO5 ​ ​

Table C(d)
Experimental references for ΔHo298 K and So298 K used for models’ comparison.

Name Formula Exp. ref. ΔHo298 K Exp. ref. So298 K

​ Li3NaSiO4 ​ ​
​ Li4SiO4 [172] ​
​ Li4Ti5O12 ​ ​
​ Li4TiO4 ​ ​
​ Li5AlO4 ​ ​
​ Li6Si2O7 ​ ​
​ Li8SiO6 ​ ​
Spodumene LiAl(Si2O6) [141,163] [141,173]
Eucryptite LiAl(SiO4) [141,163] [173]
​ LiAl5O8 ​ ​
​ LiFeO2 ​ [139,171]
Cordierite Mg2Al4Si5O18 [133] [138,155]
Enstatite (ortho-enstatite) Mg2Si2O6 [174] ​
Forsterite Mg2SiO4 [133,141,174] [141]
Qandilite Mg2TiO4 [152] ​
Pyrope Mg3Al2Si3O12 [133] [175]
Sapphirine Mg4Al10Si2O23 ​ ​
​ Mg6MnO8 ​ ​
​ MgAl2O4 [133,174] [145]
Mg-tschermak MgAl2SiO6 ​ ​
​ MgSiO3 [174] ​
Karooite MgTi2O5 [152] ​
Geikielite MgTiO3 [152] [153]
Mn-cordierite Mn2Al4Si5O18 ​ ​
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Table C(e)
Experimental references for ΔHo298 K and So298 K used for models’ comparison.

Name Formula Exp. ref. ΔHo298 K Exp. ref. So298 K

Tephroite Mn2SiO4 [141,142] [141]
Tetragonal Mn2TiO4 ​ ​
​ Mn3Al2Si3O12 ​ ​
Rhodonite Mn5Si5O15 [141,142,157] [141]
​ MnAl2O4 ​ ​
Pyroxmangite MnSiO3 ​ ​
Mn-pseudobrookite MnTi2O5 ​ ​
Pyrophanite MnTiO3 ​ ​
​ Na10SiO7 ​ ​
​ Na2Ca3Si6O16 ​ ​
​ Na2Ca8Al6O18 ​ ​
​ Na2CaSi5O12 ​ ​
​ Na2CaSiO4 ​ ​
​ Na2FeO2 ​ ​
​ Na2FeSiO4 ​ ​
​ Na2Mg2Si6O15 ​ ​
​ Na2Mg5Si12O30 ​ ​
​ Na2MgSiO4 ​ ​
Sodium disilicate Na2Si2O5 [176] [176,177]
​ Na2SiO3 ​ [177]
​ Na2Ti2O5 ​ ​
​ Na2Ti3O7 ​ ​
​ Na2Ti6O13 ​ ​
​ Na2TiO3 ​ ​

Table C(f)
Experimental references for ΔHo298 K and So298 K used for models’ comparison.

Name Formula Exp. ref. ΔHo298 K Exp. ref. So298 K

​ Na2TiSi2O7 ​ ​
​ Na2TiSi4O11 ​ ​
​ Na2TiSiO5 ​ ​
​ Na3Fe5O9 ​ ​
​ Na3FeO3 ​ ​
​ Na4Fe6O11 ​ ​
​ Na4FeO3 ​ ​
Sodium orthosilicate Na4SiO4 [176] [176,177]
​ Na5FeO4 ​ ​
​ Na5FeSi4O12 ​ ​
Sodium silicate Na6Si2O7 [176] [176]
Monophyllosilicate Na6Si8O19 ​ ​
​ Na8Fe2O7 ​ ​
​ Na8Ti5O14 ​ ​
​ NaAl9O14 ​ ​
​ NaAlO2 ​ [139,171]
​ NaAlSi2O6 [178] [164]
Albite NaAlSi3O8 [141,165] [141,164,166]
Nepheline NaAlSiO4 [141] [141,164,179]
​ NaFe2O3 ​ [63]
​ NaFeO2 ​ [139,171]
Aegirine (Acmite) NaFeSi2O6 ​ ​

Data availability

Data will be made available on request.
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[88] E. Arroyabe, R. Kaindl, D.M. Többens, V. Kahlenberg, K2Ca6Si4O15—structural
and spectroscopical studies on a mixed tetrahedral–octahedral framework,
J. Solid State Chem. 182 (12) (2009) 3254–3261.

[89] A. Bell, C. Henderson, S. Redfern, R. Cernik, P. Champness, A. Fitch, et al.,
Structures of synthetic K2MgSi5O12 leucites by integrated X ray powder
diffraction, electron diffraction and Si MAS NMR methods, Acta Crystallogr. B50
(1994) 10.

[90] H.S. Khalsa, M.D. Smith, H.C. zur Loye, Crystal growth and structure
determination of K2TiO3: a five coordinate titanate, Mater. Res. Bull. 44 (1)
(2009) 91–94.

[91] R. Hoffmann, R. Hoppe, Ein lithosilicat K3LiSiO4=K3[LiSiO4], Z. Anorg. Allg.
Chem. 560 (1988) 11.

[92] E. Arroyabe, R. Kaindl, V. Kahlenberg, Structural and Raman spectroscopic
investigations of K4BaSi3O9 and K4CaSi3O9, Z. Anorg. Allg. Chem. 635 (2) (2009)
337–345.

[93] H. Liu, E. Hildebrandt, H. Krammer, V. Kahlenberg, H. Krüger, H. Schottenberger,
K4CaSi6O15—solving a 90-year-old riddle, J. Am. Ceram. Soc. 104 (12) (2021)
6678–6695.

[94] K. Bernet, R. Hoppe, Zur kristallstruktur von K4[SiO4], Z. Anorg. Allg. Chem. 589
(1990) 9.

[95] B. Darriet, M. Devalette, F. Roulleau, M. Avallet, Structure cristalline de K6MgO4,
Acta Crystallogr. 30 (11) (1975) 3.

[96] H. Liu, H. Krammer, V. Kahlenberg, H. Krüger, C. Hejny, E. Dachs, et al.,
K8CaSi10O25 – synthesis, in-situ high-temperature single-crystal diffraction and
heat capacity, J. Solid State Chem. 334 (2024).

[97] J. Zhang, J. Ko, R.M. Hazen, C.T. Prewitt, High-pressure crystal chemistry of
KAlSi3O8 hollandite, Am. Mineral. 78 (5–6) (1993) 493–499.

[98] V. Kahlenberg, E. Brunello, C. Hejny, H. Krüger, D. Schmidmair, M. Tribus, et al.,
Li2Ca2Si2O7: structural, spectroscopic and computational studies on a sorosilicate,
J. Solid State Chem. 225 (2015) 155–167.

[99] J.A. Gard, A.R. West, Preparation and crystal structure of Li2CaSiO, and
isostructual Li2CaGeO4, J. Solid State Chem. 7 (1973) 5.

[100] C. Jousseaume, A. Kahn-Harari, D. Vivien, J. Derouet, F. Ribot, F. Villain,
Structural and spectroscopic characterisation of Cr:Li2MgSiO4 (γ0), J. Mater.
Chem. 12 (5) (2002) 1525–1529.

[101] N.T. Han, V.K. Dien, M.-F. Lin, Excitonic effects in the optical spectra of Li2SiO3
compound, Sci. Rep. 11 (1) (2021) 7683.

[102] Y. Wu, Z. Xu, Y. Liu, J. Chen, L. Peng, O.J. Borkiewicz, et al., Electronic structure
of anode material Li2TiSiO5 and its structural evolution during lithiation, J. Phys.
Chem. C 125 (7) (2021) 3733–3744.

[103] Y. Deng, C. Eames, J.-N. Chotard, F. Lalère, V. Seznec, S. Emge, et al., Structural
and mechanistic insights into fast lithium-ion conduction in Li4SiO4–Li3PO4 solid
electrolytes, J. Am. Chem. Soc. 137 (28) (2015) 9136–9145.

[104] K. Kataoka, Y. Takahashi, N. Kijima, J. Akimoto, K-i Ohshima, Single crystal
growth and structure refinement of Li4Ti5O12, J. Phys. Chem. Solid. 69 (5) (2008)
1454–1456.

[105] R.P. Gunawardane, J.G. Fletcher, M.A. Dissanayake, R.A. Howie, A.R. West,
Crystal structure refinement of Li4TiO4 containing tetrahedrally coordinated Ti4+
and tetragonally packed oxide ions, J. Solid State Chem. 112 (1) (1994) 70–72.

[106] D. Okuda, H. Kobayashi, M. Ishikawa, Electrochemical characteristics of Co-
substituted alpha- and beta-Li5AlO4 as high-specific capacity positive electrode
materials, ACS Omega 5 (27) (2020) 16912–16918.
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