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1 Effect of MLP structure on thermodynamic consistency

During the development of the MCM structure, we noticed different behavior in the prediction quality
and thermodynamic consistency of the models related to the final prediction MLP structure. Specif-
ically, we investigated MCM models with different MLP heads: multi-MLP, i.e., two independent
MLPs predicting In(vy1) and In(v2), respectively; multi-MLP with 1 shared layer; multi-MLP with 2
shared layers; and a single-MLP having shared layers only and two output neurons for the respec-
tive In(+;) predictions. Note that all models are trained with standard prediction loss, thus without
Gibbs-Duhem loss, and with ReLU as activation function.

Figure S1 presents the performance on activity coefficient predictions (Sla) and thermodynamic
consistency (S1b) in histograms for the different architectures. We further show the composition-
dependent errors in Figures Slc, S1d. The overall prediction accuracy and thermodynamic consistency
are very similar for all architectures. For the composition-dependent prediction accuracies, we also
observe similar values except for x; = 1, where the more intertwined MLPs, i.e., multi-MLP with
2 shared layers and the single-MLP show larger errors. Interestingly, the composition-dependent
thermodynamic consistencies show opposing behaviour for the different models. That is, the mutli-
MLP shows the lowest errors at boundary compositions (z; = 0 and z; = 1), whereas the single-MLP
performs best at intermediate compositions. The more separated multi-MLP with 1 shared layer
shows similar behaviour to the multi-MLP, and the more intertwined multi-MLP with 2 shared layers
matches the single-MLP behaviour.

Given these observations, we also implemented a version of the GNN with a single MLP and multi
MLPs with shared layers operating on the concatenated embeddings of the solvents. Please note that
these GNN adaptions do not preserve the input order permutation variance (cf. Section “Methods”
in the main text). In contrast to the MCM, we do not implement a multi-MLP but use the standard
architecture of the GNN, which, in fact, uses the same MLP with one output to make predictions for
In(y1) and In(72) in a sequential manner (cf.!), thereby having similar characteristics to the multi-
MLP MCM. Again, all models are trained with standard prediction loss and with ReLU as the MLP
activation function.

We show the performance histograms on activity coefficient predictions in Figure S2a and on ther-
modynamic consistency in Figure S2b for the GNN with different MLP architectures. The composition-
dependent errors are shown in Figures S2¢, S2d. We observe an analogous trend to the MCM: The

aggregated prediction accuracies and thermodynamic consistencies are on a similar level for the differ-
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Figure S1: Absolute prediction error and absolute deviation from Gibbs-Duhem differential equation
are illustrated in histograms (a,b) and composition-dependent plots (c,d) for MCM with different MLP

architectures trained with a standard loss function based on the prediction error and MLP activation

function: ReLU. The outlier thresholds (a,b) are determined based on the top 1 % of the highest

errors of MCM, multi-MLP.

Supplementary Information




35.0% 1 GNN, shared-MLP: 30.0% - GNN, shared-MLP:
MAE = 0.03, RMSE = 0.09, R? = 0.99 ‘ MAE = 0.10, RMSE = 0.21
o/ 4 .
30.0% GNN, multi-MLP, share 1 layer: 25 0% 1 GNN, multi-MLP, share 1 layer:
25.0% | MAE = 0.03, RMSE = 0.08, R? = 0.99 ‘ MAE = 0.09, RMSE = 0.19
o> o GNN, multi-MLP, share 2 layers:  20.0% GNN, multi-MLP, share 2 layers:
S 50.0%- MAE = 0.03, RMSE = 0.09, R2 = 0.99 - MAE = 0.09, RMSE = 0.17
A GNN, single-MLP: S s 09 | GNN, single-MLP:
L 15.0% MAE = 0.03, RMSE = 0.08, R = 0.99 2 0 MAE = 0.09, RM5E = 0.17
10.0% 1 *last bar indicates values > 0.26 10.0% *last bar indicates values > 0.77
5.0% - 5.0% 1
0.0% - . . . 2 0.0% - : : . . —=
0.00 0.05 0.10 0.15 0.20 0.25 0.1 03 04 05 06 07
Absolute prediction error Absolute Gibbs-Duhem error
(a) (b)
0.12 0.25
x  GNN, shared-MLP x  GNN, shared-MLP
0.10 1 x  GNN, multi-MLP, share 1 layer x  GNN, multi-MLP, share 1 layer
% GNN, multi-MLP, share 2 layers g 0.20 % GNN, multi-MLP, share 2 layers
< 0.051 GNN, single-MLP s GNN, single-MLP
s ¥
X € 0.15 -
c [}
.2 0.06 < % x
B a x
5 7 0109 *
@ 0.04 1 a & % x
a ¥ Q
0.02 1 ¥ o 0.05 1 %
Y
)‘3 %
ooot — 0000 00 0.00 1 — : : : : :
0.0 01 02 03 04 05 06 0.7 0.8 09 1.0 0.0 0.1 0.2 0.3 0.4 0.5
X1 min(xy, X32)
(c) (d)

Figure S2: Absolute prediction error and absolute deviation from Gibbs-Duhem differential equation
are illustrated in histograms (a,b) and composition-dependent plots (c,d) for the GNN with different
MLP architectures trained with a standard loss function based on the prediction error and MLP
activation function: ReLU. The outlier thresholds (a,b) are determined based on the top 1 % of
highest errors of GNN, shared-MLP.
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Table S1: Prediction accuracies and thermodynamic consistencies measured by root mean squared
error (RMSE) for comp-inter split (cf.!) by the GNN and MCM both with a single-MLP consisting
of shared hidden layers and two outputs for In(vy;) and In(y2). The models are trained with dif-
ferent hyperparameters: MLP activation function, Gibbs-Duhem loss weighting factor A\, and data
augmentation.

model setup GNN, single-MLP MCM, single-MLP
MLP act. A data augm. | RMSE¢est GD-RMSE¢es; GD-RMSEZS | RMSE¢es; GD-RMSE¢es; GD-RMSESY,
relu 0.0 False | 0.085 0.166 0193 |  0.103 0.244 0.189
softplus 0.0 False 0.080 0.099 0.156 0.090 0.176 0.107
1.0 False 0.076 0.032 0.278 0.089 0.044 0.057
1.0 True 0.077 0.019 0.022 0.093 0.026 0.024

ent architectures. However, considering the composition-dependent results, we observe that the more
intertwined MLPs show higher errors at the boundary compositions, while the separated MLPs show
higher errors at the intermediate compositions.

We further tested Gibbs-Duhem-informed neural networks with different MLP architectures on
the comp-inter split (cf. Section “Data set” in the main text). Table S1 shows the results for the
SolvGNN and MCM both having a single-MLP trained without and with Gibbs-Duhem loss. Similar
to the results presented in Section “Gibbs-Duhem-informed training” of the main text, we observe that
training with Gibbs-Duhem loss, here A = 1, and data augmentation can significantly increase the
thermodynamic consistency at similar levels of prediction accuracies compared to the models trained
without Gibbs-Duhem loss (A = 0). The results for varying MLP architectures, therefore, substantiate
the effectiveness of Gibbs-Duhem-informed neural networks.

Overall, our results thus indicate that the structure of the prediction MLP can have an influence on
the composition-dependent thermodynamic consistency, with Gibbs-Duhem-informed training being
beneficial independent of the MLP structure. It would be interesting to further investigate the effects

of the MLP structure on the Gibbs-Duhem consistency in future work.

2 Additional comparison of different activation functions

We show additional illustrations for comparing different activation functions, namely, ReLU, ELU,
and softplus. Specifically, we show comparisons of the different activations functions used in the MLP
of the GNN, the MCM, and the GNN\1.p, receptively, for the comp-inter split and considering three
different training setups: Figure S3: A = 0, Figure S4: A = 1 without data augmentation, Figure S5:

A =1 with data augmentation. The results correspond to Table 1 of the main text.
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Figure S3: Prediction accuracy (a) and thermodynamic consistency (b, ¢) for GNN, MCM, and
GNNyvrp trained with a standard loss function, i.e., A = 0, and with different MLP activation
functions.
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Figure S4: Prediction accuracy (a) and thermodynamic consistency (b, ¢) for GNN, MCM, and
GNNyvrp trained with Gibbs-Duhem-informed loss function and following hyperparameters: weight-
ing factor A = 1, data augmentation: false, and with different MLP activation functions.
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Figure S5: Prediction accuracy (a) and thermodynamic consistency (b, c¢) for GNN, MCM, and
GNNymrp trained with Gibbs-Duhem-informed loss function and following hyperparameters: weight-
ing factor A = 1, data augmentation: true, and with different MLP activation functions.
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3 Additional activity coefficient predictions with gradients

We provide further activity coefficient predictions and the corresponding composition-dependent gra-
dients with the evaluation of the Gibbs-Duhem differential constraint for the GNN, MCM, and
GNNymrp. Specifically, we show the ensemble results for the comp-inter split not presented in the
main text and further show the individual models for each of the five training runs associated with
the comp-inter split. The results shown in Section 3.1 correspond to models trained with the following
hyperparameters: MLP activation function: ReLLU, weighting factor A = 0, data augmentation: false.
The results shown in Section 3.2 correspond to models trained with the following hyperparameters:
MLP activation function: softplus, weighting factor A = 1, data augmentation: true; in Section 3.3,

we also show the ensemble results with the same setup but data augmentation: false.
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3.1 Standard training
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Figure S6: Activity coefficient predictions and their corresponding gradients with respect to the com-
position and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNN trained
with standard loss function and following hyperparameters: MLP activation function: ReLLU, weight-
ing factor A = 0, data augmentation: false. Results are from run 1 of comp-inter split.
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Figure S7: Activity coefficient predictions and their corresponding gradients with respect to the com-
position and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNN trained
with standard loss function and following hyperparameters: MLP activation function: ReLLU, weight-

X1+ 8ln(y1)/exy + (1= x1) - aln(yz)/axy

ing factor A = 0, data augmentation: false. Results are from run 2 of comp-inter split.
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Figure S8: Activity coefficient predictions and their corresponding gradients with respect to the com-
position and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNN trained
with standard loss function and following hyperparameters: MLP activation function: ReLLU, weight-
ing factor A = 0, data augmentation: false. Results are from run 3 of comp-inter split.
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position and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNN trained
with standard loss function and following hyperparameters: MLP activation function: ReLLU, weight-
ing factor A = 0, data augmentation: false. Results are from run 4 of comp-inter split.
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Figure S11: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by MCM trained with
standard loss function and following hyperparameters: MLP activation function: ReLU, weighting
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factor A = 0, data augmentation: false. Results are from run 1 of comp-inter split.
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Figure S12: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by MCM trained with
standard loss function and following hyperparameters: MLP activation function: ReLU, weighting
factor A = 0, data augmentation: false. Results are from run 2 of comp-inter split.
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Figure S13: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by MCM trained with
standard loss function and following hyperparameters: MLP activation function: ReLU, weighting
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factor A = 0, data augmentation: false. Results are from run 3 of comp-inter split.
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Figure S14: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by MCM trained with
standard loss function and following hyperparameters: MLP activation function: ReLU, weighting
factor A = 0, data augmentation: false. Results are from run 4 of comp-inter split.
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composition and the associated Gibbs-Duhem deviations for exemplary mixtures by MCM trained with
standard loss function and following hyperparameters: MLP activation function: ReLU, weighting

X1+ 8ln(y1)/exy + (1= x1) - aln(yz)/axy

factor A = 0, data augmentation: false. Results are from run 5 of comp-inter split.
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Figure S16: Activity coefficient predictions
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X1 -0ln(y1)/ax1 + (1 = x1) - aln(y)/ax1

and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNNyurp
ensemble trained with standard loss function and following hyperparameters: MLP activation function:
ReLU, weighting factor A = 0, data augmentation: false. Results are averaged from the five model
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Figure S17: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNNyrp
trained with standard loss function and following hyperparameters: MLP activation function: ReLU,
weighting factor A = 0, data augmentation: false. Results are from run 1 of comp-inter split.
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Figure S19: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNN trained
with standard loss function and following hyperparameters: MLP activation function: ReLLU, weight-
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ing factor A = 0, data augmentation: false. Results are from run 3 of comp-inter split.
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Figure S20: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNNyrp
trained with standard loss function and following hyperparameters: MLP activation function: ReLU,
weighting factor A = 0, data augmentation: false. Results are from run 4 of comp-inter split.
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Figure S21: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNNyrp
trained with standard loss function and following hyperparameters: MLP activation function: ReLU,
weighting factor A = 0, data augmentation: false. Results are from run 5 of comp-inter split.
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7 3.2 Gibbs-Duhem-informed training with data augmentation
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Figure S22: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNN ensemble
trained with Gibbs-Duhem-informed loss function and following hyperparameters: MLP activation
function: softplus, weighting factor A = 1, data augmentation: true. Results are averaged from the
five model runs of the comp-inter split.
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Figure S23: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNN trained
with Gibbs-Duhem-informed loss function and following hyperparameters: MLP activation function:
softplus, weighting factor A = 1, data augmentation: true. Results are from run 1 of comp-inter split.
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Figure S24: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNN trained
with Gibbs-Duhem-informed loss function and following hyperparameters: MLP activation function:
softplus, weighting factor A = 1, data augmentation: true. Results are from run 2 of comp-inter split.
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Figure S25: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNN trained
with Gibbs-Duhem-informed loss function and following hyperparameters: MLP activation function:
softplus, weighting factor A = 1, data augmentation: true. Results are from run 3 of comp-inter split.
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Figure S26: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNN trained
with Gibbs-Duhem-informed loss function and following hyperparameters: MLP activation function:
softplus, weighting factor A = 1, data augmentation: true. Results are from run 4 of comp-inter split.
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Figure S27: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNN trained
with Gibbs-Duhem-informed loss function and following hyperparameters: MLP activation function:
softplus, weighting factor A = 1, data augmentation: true. Results are from run 5 of comp-inter split.
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Figure S28: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by MCM trained
with Gibbs-Duhem-informed loss function and following hyperparameters: MLP activation function:
softplus, weighting factor A = 1, data augmentation: true. Results are from run 1 of comp-inter split.
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Figure S29: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by MCM trained
with Gibbs-Duhem-informed loss function and following hyperparameters: MLP activation function:
softplus, weighting factor A = 1, data augmentation: true. Results are from run 2 of comp-inter split.
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Figure S30: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by MCM trained
with Gibbs-Duhem-informed loss function and following hyperparameters: MLP activation function:
softplus, weighting factor A = 1, data augmentation: true. Results are from run 3 of comp-inter split.
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Figure S31: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by MCM trained
with Gibbs-Duhem-informed loss function and following hyperparameters: MLP activation function:
softplus, weighting factor A = 1, data augmentation: true. Results are from run 4 of comp-inter split.
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Figure S32: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by MCM trained
with Gibbs-Duhem-informed loss function and following hyperparameters: MLP activation function:
softplus, weighting factor A = 1, data augmentation: true. Results are from run 5 of comp-inter split.
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Figure S33: Activity coefficient predictions

comp-inter split.
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and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNNyurp
trained with Gibbs-Duhem-informed loss function and following hyperparameters: MLP activation
function: softplus, weighting factor A = 1, data augmentation: true.

Results are from run 1 of
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Figure S34: Activity coefficient predictions

comp-inter split.
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x1-aIn(y1)/axy + (1 — x1) - aln(y>)/ax1

and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNNyurp
trained with Gibbs-Duhem-informed loss function and following hyperparameters: MLP activation
function: softplus, weighting factor A = 1, data augmentation: true.

Results are from run 2 of
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Figure S35: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNNyurp
trained with Gibbs-Duhem-informed loss function and following hyperparameters: MLP activation
function: softplus, weighting factor A = 1, data augmentation: true.

comp-inter split.
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Results are from run 3 of
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Figure S36: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNNyurp
trained with Gibbs-Duhem-informed loss function and following hyperparameters: MLP activation

function: softplus, weighting factor A = 1, data augmentation: true. Results are from run 4 of
comp-inter split.

Supplementary Information 38



0.4

0.3

Inlyi)
o
N

0.0

—0.02

—0.04

In(yi)

—0.06

—-0.08

(1) CHLOROFORM / HEXANE

e
N
o

. MAE In(yy) = 0.02 E] 1.0 GD-MAE = 0.0043 el
MAE In(y,) = 0.01 g d
x i 0.25
%, g 0.5 =
X, £ < 5024
2 S
d 3 £0.23
£ o0 3%
o o
£0.22
. -05
0.21
0.20
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
X1 X1 X1, Y1
(2) 1-PROPANOL / FORMIC ACID
3 GD-MAE =0.0231 : 0.055
L] S -:
K 2 B 0.050
& § . 3 ™, K B
3 31 N s £0.045
3 . o
5 Y E
. 2
N 0040
. &
: 0.035
S -1
§ MAE In(yy) = 0.03 .
L MAE In(y,) = 0.03 ol 0.030
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
X1 X1 X1 Y1
(3) 2-THIABUTANE / BUTYLENEOXIDE
GD-MAE =0.0047 0.215
0.2
0.214
3 01 =0.213
*, 3 3
& , z 2
' ® 00 fonz
¥ ™,
0.211
o MAE In(y1) = 0.00 “a o1
3 MAE In(y,) = 0.00 :
. (y2) 0.210
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
x x1 X1
(4) CHLOROFORM / ACETONE
L5 GD-MAE =0.0165 0.30
1.0y °
° 0.29
05 <
. \-—\ 5028
2 S
= 00 @
s 5027
£ @
3 _o. 4
03 £0.26
-1.0
MAE In(y,) = 0.04 " 0.25
MAE In(y2) = 0.04 . -15 N 0.24
“00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
x x1 XL
(5) ETHANOL / WATER
= 0.08
MAE In(y1) = 0.05 GD-MAE =0.0427
. MAE In(y2) = 0.03
0 0.07
_ T
% £0.06
§72 /——’ E
3 y, 5
£ £ $0.05
-4 &
: 0.04
—6{ -
: 0.03
00 02 04 06 08 10 00 02 04 06 08 10
X1 X1 Y1
(6) ETHANOL / BENZENE
: MAE In(y,) = 0.05 o - 0.15
x MAE In(ys) = 0.03 /__,_—————f o
. s .
rd ~0.13
| - _10 5
. 3 Lo0.12
5 3-15 g
*, g Zo11
s, s %
-20 £0.10
-25 0.09
_30 GD-MAE = 0.0069 0.08
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
x1 x1 XLy
o aln(y)/oxa
» In(y:) X COSMO-RS: In(y1)
o alnlyz)/ox -
+ In(y;) ®W COSMO-RS: In(ys) yahexy —=— liquid —e— vapor

Figure S37: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNNyurp
trained with Gibbs-Duhem-informed loss function and following hyperparameters: MLP activation
function: softplus, weighting factor A = 1, data augmentation: true.

comp-inter split.
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n 3.3 Gibbs-Duhem-informed training without data augmentation
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Figure S38: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNN ensemble
trained with Gibbs-Duhem-informed loss function and following hyperparameters: MLP activation
function: softplus, weighting factor A\ = 1, data augmentation: false. Results are averaged from the
five model runs of the comp-inter split
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Figure S39: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNN ensemble
trained with Gibbs-Duhem-informed loss function and following hyperparameters: MLP activation
function: softplus, weighting factor A = 1, data augmentation: false. Results are averaged from the
five model runs of the comp-inter split.

41

Supplementary Information



74

GDI-GNNyvrp:

(1) CHLOROFORM / HEXANE

n 1.00
0.4 MAE /n(y1) =0.01 - GD-MAE =0.0036
. MAE In(y2) = 0.01 s 0.75
x*,
03 ‘}\ £ 0.50
", g X
~ 2 o025
Zo2 4 s
= a £ o0.00

)
)
)
N

o o
° =
[
o o
0N
S &

Pressure (bar)

© © o © o o o

NONONORN NN N

S &N B R O o

)

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.4 0.6 0.8 1
X1 X1 X1 Y1

(2) 1-PROPANOL / FORMIC ACID

3 0.055

5 F I 0.050
o “.r",

/'. 0.040

. s 01 <
—0.8 S -1 \_/ 0.035

& MAE In(y,) = 0.04
-L0{ & MAE In(y;) = 0.04 -21, GD-MAE =0.0222 0.030

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.4 0.6 0.8 1
x1 x1 X1 Y1

(3) 2-THIABUTANE / BUTYLENEOXIDE

In(y;)

o
o
o
N

Pressure (bar)
o
o
g
o

)

. GD-MAE =0.0027
02 % 0214

0.213

0.212

MAE In(y;) = 0.00 0.210

-0.08 MAE In(y2) = 0.00 -

Iny;)

& & b

° o o

a = N
x
-

aln(y;)/ax;
S o o
P o [

Pressure (bar)

)

N

N

]

0.209
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.
X1 X1 X1, Y1

(4) CHLOROFORM / ACETONE

o

E 0.30
05 -
0.29
0.0 =
5o0s So2s
2 s 2027
- s-1.0 2
o o
S Lo.26
-15 .
B 0.25
MAE In(y1) = 0.05 .
MAE In(y;) = 0.03 . -2.0 GD-MAE =0.0191 . 0.24
-0.8
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
x x X1y
(5) ETHANOL / WATER
Lsol = 0.08

MAE /n(y;) = 0.03 2 GD-MAE =0.0359 N

MAE In(y2) = 0.04 -—
. /—-’——f
3
s -4 F
£
= .

|
-
o
<4
o
@

,_.
N
o
o
® o o
Pressure (bar)
o o o 4
o o o o
& & 3

00 02 04 06 08 10 00 02 04 06 08 10
X1 X1, Y1
(6) ETHANOL / BENZENE
3.07 .
x MAE In(y;) = 0.03 o o
25l - MAE In(yz) = 0.01 /"“’_——i 0.14
. s ~0.13
20 -1 =
— . 3 £0.12
S15( % S . o
g Y £-20 go11
s 4
10 £o0.10
0.5 —301 - 0.09
0o e GD-MAE =0.0270 0.08
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
x1 x1 X1 y1
* aln(y1)/oxy

« nly)) X COSMO-RS: In(y;)

+  aln(yz)/ax —a— liqui ——
+ nly;) W COSMO-RS: In(y;) va)/ox liquid vapor

X1 -0ln(y1)/ax1 + (1 = x1) - aln(y)/ax1

Figure S40: Activity coefficient predictions and their corresponding gradients with respect to the
composition and the associated Gibbs-Duhem deviations for exemplary mixtures by the GNN ensemble
trained with Gibbs-Duhem-informed loss function and following hyperparameters: MLP activation
function: softplus, weighting factor A = 1, data augmentation: false. Results are averaged from the
five model runs of the comp-inter split.
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4 Additional results for Gibbs-Duhem error on external test set

Figure S41 shows the compositions-dependent GD-RMSE for the external test set for the GNN, MCM,

and GNNyrp with softplus activation for different training setups. The results correspond to the

Section “Effect on predictive quality and thermodynamic consistency” in the main text.
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Figure S41: Gibbs-Duhem root mean squared error for composition in the external test set for (a)
GNN, (b) MCM, (c) GNNyyrp with with softplus activation, A = 0 or 1, and data augmentation:
false or true. Models are trained on the comp-inter split.
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