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S1 Composition density of train/test data sets

In this work the data was randomly split into a train set and a test set with the proportion 80:20, respec-

tively. Figure S1 shows the composition density of the complete data set and the respective train and test

splits used in this work. It can be seen that a similar distribution on the infinite dilution activity coeffi-

cients values is being followed by the splits. This strengthens the interpretation of the results reported

for the test set as they lie in a similar range compared to the train set. In this work, we focus on studying

the interpolation performance of the proposed model instead of focusing on its extrapolation capabilities

in which case a better split can be used (e.g., scaffold splitting[1]).

Figure S1: Distribution of the infinite dilution activity coefficients considered in the complete data set

and the train and test splits used in this work.
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S2 Hyperparameters tuning

The hyperparameters of the proposed GNN-based model can be classified into the ones that were set

based on expert knowledge (Table S1) and the ones that were actually included into the tuning (Table

S2).

Table S1: Fixed hyperparameter values in this work based on expert knowledge.

Hyperparameter Value

Number of hidden layers in the (after global pooling) final MLP 2

Number of epochs 200

Batch size 32

Table S2: Hyperparameters determined by Bayesian optimization and their corresponding bounds

within the optimization problem.

Hyperparameter Value

Learning rate Categorical(0.0001, 0.001, 0.01)

Drop out probability Categorical(0.05, 0.1, 0.3, 0.5)

Number of convolutional layers Integer(low=2, high=5)

Convolutional hidden state dimensions Integer(low=16, high=64)

Neurons in hidden layer of the edges MLP ϕE Integer(low=16, high=64)

Neurons in first hidden layer of final MLP Integer(low=32, high=64)

Neurons in second hidden layer of final MLP Integer(low=16, high=32)

S2.1 Bayesian Optimization

The rest of hyperparameters that were not fixed by expert knowledge were determined solving a Bayesian

optimization problem. Here, a Gaussian process was trained using 7 initial samples distributed according

to a Sobol sequence. The acquisition function used was Expected Improvement, which can be written

under the Gaussian process as:

EI(x) =

(µ(x)− f(x+)− ξ) Φ(Z) + σ(x)ϕ(Z) if σ > 0

0 if σ = 0
(S1)

where x denotes the set of hyperparameters; µ(·) and σ(·) refer to the Gaussian process mean and

standard deviation prediction, respectively; the superscript + denotes the ”best” x that has been sampled

so far (i.e., x+ = argmaxf(x)); f(·) refers to the objective function to be maximized (in this work, the

negative of the mean absolute error (MAE) of the predictions on the validation data set); Φ(·) and ϕ(·)
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denote the cumulative distribution function and the probability density function, respectively; ξ is the

exploration parameter defined in this work as 0.01; and Z is defined by

Z =


µ(x)−f(x+)−ξ

σ(x) if σ > 0

0 if σ = 0
(S2)

The number of calls to the EI function was set to 70. Therefore, a total of 77 combinations of

hyperparameters were actually visited, from where 7 were defined by the initial Sobol sampling and the

remaining 70 were guided by the optimization. At each iteration, the GNN-based model was trained on

a different random split for train/validation keeping the proportion 90:10 constant. Finally, the hyperpa-

rameters leading to the lowest validation mean absolute error (MAE) were selected (Table S3).

Table S3: Optimal hyperparameters selected from the Bayesian optimization.

Hyperparameter Value

Learning rate 0.001

Drop out probability 0.1

Number of convolutional layers 5

Convolutional hidden state dimensions 30

Neurons in hidden layer of the edges MLP ϕE 64

Neurons in first hidden layer of final MLP 50

Neurons in second hidden layer of final MLP 25
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S3 Performance metrics

In this work, the following performance metrics were evaluated using the unscaled experimental activ-

ity coefficients γ∞k and the unscaled predicted coefficients γ∞k,pred, where the subscript k refers to the

corresponding binary system of the total N systems:

Mean Absolute Error (MAE):

MAE :=
1

N

N∑
k=1

| γ∞k − γ∞k,pred | (S3)

Standard deviation of the errors of prediction (SDEP):

SDEP :=

√∑N
k=1 (rk − µR)

2

N
(S4)

where rk :=| γ∞k − γ∞k,pred |; and µR := 1
N

∑N
k=1 rk.

Mean Squared Error (MSE):

MSE :=
1

N

N∑
k=1

(
γ∞k − γ∞k,pred

)2 (S5)

Root Mean Squared Error (RMSE):

RMSE :=

√√√√ 1

N

N∑
k=1

(
γ∞k − γ∞k,pred

)2
(S6)

Coefficient of determination (R2):

R2 := 1−

∑N
k=1

(
γ∞k − γ∞k,pred

)2

∑N
k=1

(
γ∞k − µγ

)2 (S7)

where µγ := 1
N

∑N
k=1 γ

∞
k .

Mean Absolute Percentage Error (MAPE):

MAPE :=
1

N

N∑
k=1

| γ∞k − γ∞k,pred |
γ∞k

(S8)
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S4 Additional results

S4.1 Histograms of comparison to the GNN-based models

The following histograms show the comparison between 7 mechanistic models (the Hildebrand model

was excluded due to its poor performance compared to the other ones) and the GNN single and GNN

ensemble according to the mentioned metrics. The performance reported for the GNN-based models

corresponds to the test set. The coverage percentage (CP) of molecules which can be predicted using

the corresponding method is shown as numbers in the bars.

Figure S2: Comparison according to the Standard deviation of the errors of prediction (SDEP). The

performance reported for the GNN-based models corresponds to the test set.
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Figure S3: Comparison according to the Mean Squared Error (MSE). The performance reported for the

GNN-based models corresponds to the test set.

S6



Figure S4: Comparison according to the Root Mean Squared Error (RMSE). The performance reported

for the GNN-based models corresponds to the test set.
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Figure S5: Comparison according to the coefficient of determination (R2). The performance reported

for the GNN-based models corresponds to the test set.
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S4.2 Parity plots comparing each mechanistic model to the corresponding GNN ensem-
ble model

Figure S6: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method, and the

comparison to HSP. The gray line corresponds to the perfect prediction. All the systems covered by

each method are included in the plot.

Figure S7: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method, and the

comparison to UNIFAC-Lyngby. The gray line corresponds to the perfect prediction. All the systems

covered by each method are included in the plot.
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Figure S8: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method, and the

comparison to UNIFAC. The gray line corresponds to the perfect prediction. All the systems covered by

each method are included in the plot.

Figure S9: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method, and the

comparison to COSMO-RS. The gray line corresponds to the perfect prediction. All the systems covered

by each method are included in the plot.
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Figure S10: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method, and the

comparison to Abraham. The gray line corresponds to the perfect prediction. All the systems covered

by each method are included in the plot.

Figure S11: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method, and the

comparison to MOSCED. The gray line corresponds to the perfect prediction. All the systems covered

by each method are included in the plot.
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S4.3 Parity plots comparing each mechanistic model to the corresponding GNN ensem-
ble model and hybrid GNN model

Figure S12: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method and hybrid

GNN, and the comparison to HSP. The gray line corresponds to the perfect prediction. All the systems

covered by each method are included in the plot.

Figure S13: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method and hybrid

GNN, and the comparison to UNIFAC. The gray line corresponds to the perfect prediction. All the

systems covered by each method are included in the plot.
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Figure S14: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method and hybrid

GNN, and the comparison to UNIFAC-Lyngby. The gray line corresponds to the perfect prediction. All

the systems covered by each method are included in the plot.

Figure S15: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method and hybrid

GNN, and the comparison to UNIFAC-Dortmund. The gray line corresponds to the perfect prediction.

All the systems covered by each method are included in the plot.
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Figure S16: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method and hybrid

GNN, and the comparison to Abraham. The gray line corresponds to the perfect prediction. All the

systems covered by each method are included in the plot.

Figure S17: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method and hybrid

GNN, and the comparison to MOSCED. The gray line corresponds to the perfect prediction. All the

systems covered by each method are included in the plot.
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S4.4 Comparison of models on the feasible systems in the test set

The table and plots contained in this subsection show exclusively the comparison between the different

models on the corresponding feasible systems contained in the test set. All the scores were calculated

using the actual unscaled γ∞i,j values.

Table S4: Comparison of the performance between the GNN ensemble and the main 7 mechanistic

models using only the feasible molecules of the corresponding method contained in the test dataset

(percentage of this overlap is shown in the table). Note that for R2 high values are desired while for

the other metrics low indicates a better performance. For each pair the best scores are shown as bold

numbers.

Model Overlap MAE SDEP MSE RMSE R2 MAPE

HSP 56.23% 10.38 35.47 1365.99 3.22 0.69 114

GNN HSP - 3.77 17.42 317.84 1.94 0.93 28

UNIFAC (Ly) 94.13% 9.95 57.24 3375.3 3.15 0.23 30

GNN UNIFAC (Ly) - 4.05 27.54 774.6 2.01 0.82 23

UNIFAC 94.13% 9.8 55.81 3210.33 3.13 0.27 29

GNN UNIFAC - 4.05 27.54 774.6 2.01 0.82 23

COSMO-RS 97.15% 8.88 52.18 2801.78 2.98 0.34 27

GNN COSMO-RS - 4.0 27.11 750.96 2.0 0.82 23

UNIFAC (Do) 94.66% 7.12 43.48 1941.19 2.67 0.54 25

GNN UNIFAC (Do) - 3.6 25.39 657.84 1.9 0.84 23

Abraham 44.66% 4.05 28.65 836.99 2.01 0.85 23
GNN Abraham - 4.94 35.87 1311.0 2.22 0.76 28

MOSCED 44.66% 3.52 14.93 235.2 1.88 0.2 23
GNN MOSCED - 1.68 5.26 30.47 1.3 0.9 28

S15



Figure S18: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method, and the

comparison to HSP. Only the feasible molecules for HSP in the test set are shown. The gray line corre-

sponds to the perfect prediction.

Figure S19: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method, and the

comparison to UNIFAC. Only the feasible molecules for UNIFAC in the test set are shown. The gray

line corresponds to the perfect prediction.
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Figure S20: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method, and the

comparison to UNIFAC-Lyngby. Only the feasible molecules for UNIFAC-Lyngby in the test set are

shown. The gray line corresponds to the perfect prediction.

Figure S21: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method, and the

comparison to UNIFAC-Dortmund. Only the feasible molecules for UNIFAC-Dortmund in the test set

are shown. The gray line corresponds to the perfect prediction.
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Figure S22: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method, and the

comparison to Abraham. Only the feasible molecules for Abraham in the test set are shown. The gray

line corresponds to the perfect prediction.

Figure S23: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method, and the

comparison to MOSCED. Only the feasible molecules for MOSCED in the test set are shown. The gray

line corresponds to the perfect prediction.
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Figure S24: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method, and the

comparison to COSMO-RS. Only the feasible molecules for COSMO-RS in the test set are shown. The

gray line corresponds to the perfect prediction.

Figure S25: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method and hybrid

GNN, and the comparison to HSP. The results are shown only for the systems defining the test set. The

gray line corresponds to the perfect prediction.
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Figure S26: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method and hybrid

GNN, and the comparison to COSMO-RS. The results are shown only for the systems defining the test

set. The gray line corresponds to the perfect prediction.

Figure S27: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method and hybrid

GNN, and the comparison to UNIFAC. The results are shown only for the systems defining the test set.

The gray line corresponds to the perfect prediction.
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Figure S28: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method and hybrid

GNN, and the comparison to UNIFAC-Lyngby. The results are shown only for the systems defining the

test set. The gray line corresponds to the perfect prediction.

Figure S29: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method and hybrid

GNN, and the comparison to UNIFAC-Dortmund. The results are shown only for the systems defining

the test set. The gray line corresponds to the perfect prediction.
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Figure S30: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method and hybrid

GNN, and the comparison to Abraham. The results are shown only for the systems defining the test set.

The gray line corresponds to the perfect prediction.

Figure S31: Parity plot of the predicted ln
(
γ∞ij

)
with the proposed GNN ensemble method and hybrid

GNN, and the comparison to MOSCED. The results are shown only for the systems defining the test set.

The gray line corresponds to the perfect prediction.
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S4.5 Comparison of models considering the complete dataset and test dataset

The plots contained in this subsection show a comparison between the predictions of the corresponding

GNN-based models on the test set and the predictions of the corresponding mechanistic models in the

complete dataset. All the scores were calculated using the actual unscaled γ∞i,j values. These results

enlarged the discussion contained in Section 3.2 of the main manuscript.

Figure S32: Density plots of the performance of the corresponding mechanistic models, the GNN

ensemble and the hybrid GNN-based model. ∆ln(γ∞ij ) = ln(γ∞ij )
exp − ln(γ∞ij )

pred, with (exp) being

the experimental values gathered from the literature, and (pred) represents the predicted values by the

corresponding method. Only errors in the range (-2,2) are shown. The gray central line shows the null-

error for comparison. The results are shown for the test set for both GNN-based models, and for the

complete dataset for the Mechanistic models.
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Figure S33: Mean absolute percentage error (MAPE) for the prediction of γ∞ij using the original mech-

anistic methods and the proposed GNN ensemble model and GNN-based hybrid model. Lower is better.

Error bars show 3 times the standard deviation of the means. The results are shown for the test dataset

in the case of GNN-ensemble and Hybrid GNN, and for the complete dataset for the Original models.
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S4.6 Ensemble size analysis

The size of the ensemble used in this work was determined by analyzing the performance of consecutive

inclusions of GNN models into an ensemble according to their performance in the train/validation set.

Figure S34 shows the decrements of the MAPE as more models are included into the ensemble. After

around 20 models the MAPE starts to stabilize. 30 models were included to ensure the robustness of the

predictions and to increase the significance of the provided error bars.

Figure S34: Comparison of the performance of GNN ensembles of different sizes on the train/validation

set. Notice that after around 20 models the MAPE starts to stabilize. 30 models were included to ensure

the robustness of the predictions and to increase the significance of the provided error bars.
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S4.7 Robustness analysis using 5-fold cross-validation

The table and the plots in this subsection show exclusively the comparison between the different models

on the corresponding feasible systems contained in the test set averaged across the 5-folds used for

cross-validation. Therefore, at each fold 20% of the data was reserved for testing while the rest was used

for training a single GNN. In this way, the robustness of the predictions is examined with respect to their

sensitivity to the random split taken. All the scores were calculated using the actual unscaled γ∞i,j values.

The following conclusions can be drawn:

• The GNN model achieves better performance scores (according to their mean value) for all met-

rics compared to all mechanistic models. The only exception to this is when compared to the

Abraham model, which achieves best performance than the GNN according to the mean values of

the following metrics: MAE, SDEP, RMSE and R2.

• The GNN model achieves lower standard deviation values compared to most mechanistic models

for the following metrics: MAE, SDEP and MSE. However, the mechanistic models achieve

lower standard deviation values in most comparisons on the following metrics: RMSE, R2 and

MAPE. While smaller standard deviation values correlates with a better robustness of the model,

the mean values have to be also considered when assessing the type of robustness that the user of

the model looks for. For instance, when looking at Figure S35, even though the spread of the GNN

predictions is higher than the mechanistic ones, the predicted values remained better overall. The

exception to this is the two specialized Abraham and MOSCED models.

• The overlap percentages are very similar to the percentage of systems covered (cf. Table 3 in the

manuscript) and the overlap for the reported test set (cf. Table S4 in this ESI). This shows that

the test set used for reporting the performance of the GNN model is indeed representative of the

complete dataset.

• Overall, the GNN model presents better or on-pair robustness performance than most of the mech-

anistic models and for the systems analyzed in this work. However, this trend is not observable

in the comparisons to the Abraham and MOSCED models, which have the smallest coverage of

systems among all (cf. Table 3 in the manuscript).
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Figure S35: Mean absolute percentage error (MAPE) for the prediction of γ∞ij using the best mecha-

nistic methods and the proposed GNN model. Lower is better. Error bars show one standard deviation

from the means. The results are shown only for feasible systems contained in the test set in a 5-fold

cross validation.

Figure S36: Root mean squared error (RMSE) for the prediction of γ∞ij using the best mechanistic

methods and the proposed GNN model. Lower is better. Error bars show one standard deviation from

the means. The results are shown only for feasible systems contained in the test set in a 5-fold cross

validation.
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217. Domańska, U., Krolikowska, M. Acree Jr., W.E., Baker, G.A., Activity coefficients at infinite dilu-

tion measurements for organic solutes and water in the ionic liquid 1-ethyl-3-methylimidazolium

tetracyanoborate. The Journal of Chemical Thermodynamics, 2011. 43(7): p. 1050-1057.
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