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Abstract

We explore transfer learning models from a pre-trained graph convoluntional neural network
representation of molecules, obtained from SchNet,® to predict **C-NMR, pKa, and logS sol-
ubility. SchNet learns a graph representation of a molecule by associating each atom with an
“embedding vector” and interacts the atom-embeddings with each other by leveraging graph-
convolutional filters on their interatomic distances. We pre-trained SchNet on molecular energy
and demonstrate that the pre-trained atomistic embeddings can then be used as a transferable
representation for a wide array of properties. On the one hand, for atomic properties such as
micro-pK1 and **C-NMR, we investigate two models, one linear and one neural net, that inputs
pre-trained atom-embeddings of a particular atom (e.g. carbon) and predicts a local property
(e.g. ¥C-NMR). On the other hand, for molecular properties such as solubility, a size-extensive
graph model is built using the embeddings of all atoms in the molecule as input. For all cases,
qualitatively correct predictions are made with relatively little training data (< 1000 training
points), showcasing the ease with which pre-trained embeddings pick up on important chemical
patterns. The proposed models successfully capture well-understood trends of pK1 and solu-
bility. This study advances our understanding of current neural net graph representations and

their capacity for transfer learning applications in chemistry.

Keywords— Machine Learning, Molecular Representations, Transferable Representations, Transfer Learn-
ing, Molecular Descriptors, Graph Neural Networks, Graph Descriptors, Embeddings, Electronic Structure,

Chemical Properties, pKa, NMR, log$S, solubility

Introduction

Prediction of protonation constants (pKa), nuclear magnetic resonance (**C-NMR), and solubility (logS) has
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traditionally relied on either physics-based theoretical methods or empirical approaches. 1*722 While these

methods have provided valuable insights into molecular behavior, they often involve complex calculations
and may struggle to handle larger molecules accurately. In recent years, machine learning approaches 2333
have emerged as promising alternatives for predicting molecular properties. These approaches can generally
be divided into two categories: descriptor-based and end-to-end based.

Descriptor-based methods®? 38 involve deriving numerical descriptors or features from the molecular
structure that encapsulate important characteristics about the molecule. Common descriptors include molec-

ular fingerprints, 3%34°

which encode information about molecular substructures, and physiochemical proper-
ties®” such as molecular weight, polarizability,*! and hydrogen bonding potential. *> Descriptor-based models
can be trained using a diverse set of molecular properties to learn the relationships between these descriptors

and the target properties, such as pKa and **C-NMR chemical shifts. While descriptor-based approaches
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Figure 1: Schematic diagram of the GCNN SchNet 'i% and the subsequent transfer learning model.
Embedding vectors are trained on total energies of the QM98* dataset using SchNet, extracted and
used as input features for transfer learning on pKa, *C-NMR, etc.

have shown success in certain applications, they may face challenges in capturing more intricate molecular
interactions and non-linear relationships limiting their performance for complex molecular systems. While
results are controversial, #*4* there is plenty of support that shows that end-to-end graph-based predictions
can outperform descriptor-based ones.*°° Wu et. al. reported on MoleculeNet, a large benchmark for
molecular machine learning tasks, and the evaluation results illustrated that graph-based methods outper-
formed descriptor-based methods on most datasets.?® Graph-based methods are also exempt from rigorous

feature engineering, and do not need to be fine-tuned to suit a specific purpose. 547

In end-to-end graph-based approaches,® 59

molecules are represented as graphs, with atoms as nodes
and connections as edges, adhering more closely to the chemically intuitive representation of a molecule.
Approaches such as graph convolutional neural networks (GCNNs) %9 have been applied successfully
to predict molecular properties. A schematic representation of SchNet % a typical graph convolutional
neural network architecture is shown on the left part of Figure 1. The central objects of molecular GCNNS,
particularly in SchNet, are the atomwise embedding vectors, high-dimensional vectors, that are associated
to the nodes in the graph. In the end-to-end approach, no prior feature engineering is used to pre-design
these atomwise embedding vectors. They dynamically learn the relevant features of the molecule during the
training process via a concatenation of interactions with the other atoms’ embedding vectors.

Although GCNNSs have been originally designed to predict extensive molecular properties, such as poten-

tial energy 116%66768 their atomwise architecture makes them tailor made to predict atom-based properties
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of molecules, such as pKa and NMR shifts. 517546069 For instance, Xiong et al.>* compiled a large-scale pKa
dataset containing 16,595 compounds with 17,489 pKa values for use in their Graph-pKa model, giving a
mean absolute error of around 0.55 on their macro-pKa test set. In another work, Guan et al. designed
a graph-based neural net to predict 'H- and '*C-NMR chemical shits then tested it on the CHESHIRE
dataset to give an error of 1.23 ppm on chemical shifts, which is comparable to DFT functional accuracy.
Their algorithm was trained on 100,000 *H- and **C-NMR chemical shifts computed from DFT-optimized
structures, and then retrained on a smaller set of experimental NMR shifts to improve accuracy.

A common theme of graph-based neural nets is the requirement for large databases, this was a major
caveat found in the results of the MoleculeNet benchmark database which was used to compare performance
between various graph-based and descriptor-based algorithms.%° It was found that graph-based neural nets
struggle to handle smaller datasets and are outperformed by traditional descriptor-based methods in these
situtations. This is indeed a problem, as experimental determination of many properties in chemistry is
often a very time-consuming task, requiring expert knowledge and specialized instruments, making molecular
datasets often too small for graph-based algorithms.

Transfer learning is known to be a great remedy for this problem.”®"® Transfer learning leverages gen-
eralizable knowledge already contained within pre-trained graph-based molecular representations to retrain
(and accurately perform) on smaller datasets. This can be a great benefit when data is scarce as the ipnut
representation will come equipped with important features gained from the pre-training. Transfer learning
has been done for graph-based representations, even in the context of pKa, NMR and solubility predic-
tions. 5359697980 However, for each of these cases, it has been performed in a quasi-transfer way, whereby
an algorithm already trained on one of the properties (logS, NMR, or pKa) is retrained on a smaller and
more accurate dataset of that same property, usually an experimental database, to improve accuracy. For
instance, Vermeire and Green,®° train their graph-based neural network on computed solvation energies and
then retrain their network on a smaller dataset of experimental solvation energies to obtain better accuracy.

We test the limits of the transfer learning hypothesis in a more drastic way. We showed in a previous
work, 8! that the atomwise embedding vectors of the GCNN SchNet trained on molecular energies learns
crucial atom-based information about the chemical neighborhood that the atom resides in. This remarkable
feature of the trained model gives confidence that it can be used for transfer learning purposes towards a
much wider range of chemical properties. The ultimate goal is to reach for a general representation that can
handle just about any property, akin to how all molecular properties can be derived from the wave function
of a molecule. In machine learning statistical representations, this is referred to as “task diversity” and
it is recently being recognized as a general property of neural network models. "%¥2%3 Roughly put, it is a
statistical measure of how many samples are required to learn a representation (shared across tasks) and
use it to improve prediction on a new task. It has been used to derive statistical guarantees about the size

of samples required to transfer train on a new task. ™
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Fortunately, graph-based representations are often parsed in an atomwise manner making them directly
suitable for transfer learning on atomic/local properties of chemistry. This means that we do not necessarily
need to retrain an entire GCNN on a new molecular property but can transfer learn using simpler procedures
(linear regression, dense neural nets) directly on the atomistic embeddings. This opens up the opportunity
to use more interpretable and informative procedures. pKa and NMR are local properties and are therefore
well-suited to interface with the atom-based embedding vectors from SchNet.

However, it is also interesting to investigate transfer learning towards other extensive molecular proper-
ties, such as solubility. As the internal model of the GCNN SchNet is atom-based, it builds a model of the
energy of the molecule as an extensive sum of atomistic energy contributions. In the same vein for solubility,
there is the potential to obtain a learned atomistic interpretation predicting each atom’s contributions to

solubility using the logS parameter.

Methodology

Data

To obtain the embedding vectors, our input representation for transfer learning, we pre-trained a SchNet
neural network with six interaction layers, each with 128 atom basis and 128 convolutional filters. The
network employed 50 Gaussians with an interaction cutoff of 50 A to model the interatomic interactions
accurately. The QM9 dataset® was used to pre-train SchNet. This is a set of 134K small-sized organic
molecules (~ 5-10 A in size) with optimized conformations all computed using the B3LYP/6-31G(d,p) level
of density-functional theory. We trained on 100k molecules with total electronic energy at 0K as the target
property. And additional 10,000 data points were used for validation during the training process. The rest
of the set (20,000) was leftover for testing. The starting representation for transfer learning achieves a MAE
of 0.2 meV on the training set’s molecular energy, and 1 meV on the testing set’s molecular energy. Note
that more efficient GCNN training algorithms employ cutoff distances that are significantly shorter which
allowed to efficiently form neighbor interactions. This avenue was not chosen in our dataset, having such
a large cutoff distance was purposeful to maintain a global representation of molecules in the embedding
vectors. The extracted embeddings for QM9 molecules (and trained model) can be found at®.

For pKa transfer models, we curated a dataset of 601 clean data points from the high-confidence IUPAC
pK1 values.®¢ The selected molecules had high-confidence experimental pK1 values digitized from well-
established experimental datasets of pKa.8" 3% Our dataset includes only those that are labeled “Reliable,”
only first dissociation constants pKls, and only those experimentally determined in the range of 20°C to
30°C. This small but high-quality data set allowed us to transfer train our model effectively from the
embedding representation, and accurately predict pKa values.

In the case of *C-NMR transfer models, there is a lack of proprietary-free *C-NMR databases. To
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the best of our knowledge, NMRShiftDB2% 92 and recently the NP-MRD database®®, are the only well-
established large open-access '*C-NMR. databases. NMRShiftDB2 also allows users to input spectra, is
peer-reviewed by a board of reviewers, and also allows for *C-NMR prediction. We used the NMRShiftDB2
model on a subset of QM9 molecules (200 molecules). The model uses Hierarchically Ordered Spherical
Environment (HOSE) codes to describe atomic neighborhoods, ** a molecular descriptor that uses concentric
spheres to describe neighborhoods around atoms. Two atoms having the same neighborhoods will have the
same HOSE code. HOSE codes are trained on experimental *C-NMR data. We could not gain access to the
experimental NMR data from NMRShiftDB2 as the molecular files are not ordered according to *C-NMR
tabular values, but rather according to a labeled 2D sketch of the molecule, indexed differently from the xyz
file. This makes the available experimental NMR data relatively inaccessible to xyz-based ML algorithms.
While our approach provides an indirect predictor of experimental *C-NMR, it still provides a proof-of-
concept of task diversity, in other words, transfer learning from GCNNs that pre-trained on energy. We
employed the first 200 molecules of the QM9 dataset and the NMRShiftDB2 model to obtain our *C-NMR
targets.

For the logS training data, we accessed the Natural Products Magnetic Resonance Database (NP-
MRD).? This giant database contains ~100,000 natural products (of 20-40 atoms in size, notably much
larger than QM9 molecules) with many properties including logS solubility measurements. The database
also includes NMR, chemical shifts, however, we found that it exhibits the same data inaccessibility issues
as the NMRShiftDB2 database. From NP-MRD, we curated our own small dataset of 800 molecules that
contain only elements found in the QM9 database (H,C,N,O,F). These logS values are to be targets of a

size-extensive machine learning algorithm that learns them from the whole molecule’s atomistic embeddings.

Statistical Learning Methods

First, transfer learning was tested for atomistic properties such as pKa and NMR shifts. To maximize
interpretability of our models, We used a “bottom-up” approach to transfer learning, where we started with
simpler models and moved on to more complex. For the sake of self-containdedness, we begin along the lines
of previous work, 3! where we used a simple linear regression model to map atom-embeddings to the target
of interest. The selected atom type depended on the target property, for *C-NMR a carbon was the obvious
choice. For pKa, we could have chosen any atom near the deprotonation site such as the hydrogen itself or
an oxygen on the adjacent site. Since, our dataset contained mainly oxygen-type acids (such as carboxylic
acids and alcohols) it was appropriate to choose the oxygen atom embedding for the study, though we expect
the same results from hydrogen embeddings.

A second transfer learning model used a feedforward neural net to map atomistic embeddings to atomistic
properties. This neural net was made up of two layers (with “ReLu” activation in between), and a final

third linear layer to predict the target property. 200 nodes were used per layer. For each method the data
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Figure 2: Architecture of the atomwise neural network used to predict atomwise contributions from
embedding vectors and pooled to total molecular property.

was randomly split into training, validation, and testing data sets using a 6:2:2 ratio on the total data set.
The neural net was optimized using the Adam optimizer at a learning rate of 1 x 1072,

Finally for molecular properties, such as logS, we designed a third size-extensive transfer neural net. This
neural net takes in atomistic embeddings and predicts atomwise contributions to the logS while training
on the total logS property. Each atomwise neural net has two layers (with “ReLu” activation in between),
and a final third linear layer to predict the atomwise contribution. 200 nodes were used per layer for each
atomistic neural net. A diagram of the neural net is shown in Figure 2. Again, the data was randomly split
into training, validation, and testing datasets using a 6:2:2 ratio on the total data set. The neural net was

optimized using the Adam optimizer at a learning rate of 1 x 102.

Results & Discussion

Linear Transfer Learning — Embeddings to Atomistic pKa/NMR

First, we show the results of the linear model between embeddings and pKa/NMR. Figure 3a and 3b show
the fit and test results of the pKa model. The predictions of the models are labeled according to oxygen-
centric moieties, label key found in Figure 3c. 481 data points were used for training/validation and 120
data points for testing. The linear model gave a RMSE of 1.02 pKa units and 1.44 pKa units for the fit
and testing datasets, respectively. For "*C-NMR, Figure 4a and 4b show the linear fit and test results of
the model which are labeled according to carbon-centric moieties, label key found in Figures 4c. The linear

model gave a RMSE of 11.71 ppm and 15.09 ppm on training and testing datasets, respectively.
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Figure 3: Predictions vs ground truth values for (a) training data (481 datapoints) and (b) test data

(121 datapoints) from linear regression for pK1 from oxygen embeddings. Oxygen centered chemical
environment labels are given in (c).
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Figure 4: Predictions vs ground truth values for (a) training data (400 datapoints) and (b) test data
(100 datapoints) from linear regression for *C-NMR from carbon embeddings. Carbon centered

chemical environment labels are given in (c). 8
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The linear regression results for pK1/NMR are considerably accurate given the small size of the fitting
data used. In comparison to other studies, e.g. Mayer et al.?® who achieved a RMSE of 0.82 and 0.93 on their
pKa test sets after training their GCNN on 714,906 microstate pKa values from the CheMBL database, %
and further supplementing the training with transfer learning on 5,994 experimental pKa values. The pre-
transfer learning model of > had a RMSE of 0.97 and 1.13 on the two test sets used in the study. This is
accuracy is comparable to the one obtained in the present study with a minimal amount of datapoints. Han
et al. used an end-to-end graph convolutional neural net®' and managed to achieve a RMSE of 2.358 ppm
for *C-NMR chemical shifts on their test set, however, their study involved training set containing 32,609
of NMRShiftDB2 data points.

Qualitatively, the pK1/NMR values of the linear fit follow the expected chemical trend. For pK1,
carboxylic acids groups populate the lower pKa scale and alcohols populate the higher end of the pKa
scale. In middle part, there is a mix of carbamates, carbonates, and carbamides. These groups, particularly
carbamides, are often part of arromatic rings in the IUPAC dataset thus lowering their pKa to a range
that is more acidic than expected. The ability of the transfer model to predict this is evidence that the
models holds enough long-range information (such as an entire aromatic groups) to be able to qualitatively
differentiate when an acid is or is not part of an arromatic. The cutoff distance of 50 A in the pre-trained
model was important to include these non-local effects. In the linear NMR model, alkane groups populate
the lower region of the predictions, whereas highly deshielded groups (those with oxygens especially) are

shifted down the spectrum.

Non-linear Transfer Learning — Embeddings to Atomistic pKa/NMR

As a model with high intrinsic bias, linear regression is unlikely to provide a perfect model. In order to
introduce more variance, we introduce non-linearity via a simple 2-layer feedforward neural net that maps
each atomistic embedding to its local property. The training and testing results for both pKa and *C-NMR
can be seen in Figures 5 and 6. The train and test results gave a RMSE of 0.35 pKa units and 1.12 pKa
units for pKa, respectively, and 6.01 ppm and 12.8 ppm for **C-NMR, respectively. The results show much

improvement after non-linearity is introduced.

Size-Extensive Non-linear Transfer Learning — Embeddings to Solubility

Lastly, we tested the transferability of the entire molecular embedding representation to solubility. As
described in the methods section, we designed a neural net architecture that computes size-extensive contri-
butions from each embedding to a total logS (logarithm of solubility measured in mol/L). Each embedding
contributes an atomwise prediction that is summed to the total molecular solubility. The train and test
results on logS predicted by our atomwise neural net (on a curated set of the NP-MRD database) is shown

in Figure 7. The training RMSE is 0.02, whereas the testing RMSE is 0.67.
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Figure 5: Predictions vs ground truth values for (a) training data (481 datapoints) and (b) test
data (121 datapoints) from feed forward neural networks for pK1 from oxygen embeddings. Oxygen
centered chemical environment labels are given in Figure 3c.
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Figure 6: Predictions vs ground truth values for (a) training data (400 datapoints) and (b) test data
(100 datapoints) from feed forward neural networks for *C-NMR from carbon embeddings. Carbon

centered chemical environment labels are given in Figure4c.
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Figure 7: Predictions vs ground truth values for (a) training data (640 datapoints) and (b) test
data (160 datapoints) from a size-extensive atomwize neural network for logS solubility the entire
molecule
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The trained atomwise embeddings can then be visualized with Carbon-centred chemical environment
labels to show an interpretable perspective of the model’s decision-making in terms of each atom’s contribu-
tion to the total molecular solubility. This can be done by first performing a principal component analysis
(PCA) 9 on the embedding vectors which projects the data to a space that filters out the most important
dimensions. In Figure 8, we plot logS contribution from various atom-embeddings against the first principal
dimension value of the embedding. This allows us to see how various atom-embeddings contribute differently
to the logS depending on which functional group they come from.

Some interesting trends can be noted from Figure 8. In general, as expected, groups with less symmetry
contribute more to the total solubility prediction. For instance, it seems that carbons that have more
hydrogens around them are generally more soluble (higher logS value) than their unsaturated counterparts,
possibly due to the asymmetry the hydrogen introduces. In addition, groups with only one hetero-atom
around the carbon seem to be more soluble than groups with two/three hetero-atoms around the carbon.
This could be attributed to in enhanced polarizability of moieties with a single hetero-atom, whereas the
polarity can be neutralized with additional hetero-atoms, consequently bringing the solubility down. This
is most evident by the placement of tri-amine substituted carbon in Figure 8, which is apparently the least
soluble group according to the model.

Notably, the Graph-pKa model by Xiong et al.>* which predicts macro-pKa from the entire molecular
representation was also able to automatically deconvolute the macro-pKa into discrete micro-pKa values by
visualization of the atom-embeddings through a 3D PCA projection of the functional-group-labeled atom
embeddings. This effect, where the target molecular representation and a proposed atomistic representation
are simultaneously learned, has been noted in previous works but never extensively studied as a stand-alone

97;98

property of graph-based molecular representations, especially since it interfaces naturally for atomistic

systems. For example, Schiitt et al.®”

used a probe atom that acted as a test charge. This probe was used to
analyze the SchNet graph convolutional model in 3D space. From this, they were able to provide a spatial
heat map of the contributions to the potential energy for every point around the molecule. This effect is
not restricted to graph-based models as, for example, Rasmussen et al.%® found that they could also obtain
atomistic contributions from a random forest model trained on molecular descriptors for the logP solubility.

The atomistic model that is being probed in these works is built by the graph model during training and is

capturing correlations across the atoms in the molecule.

Conclusions

Transferable learning is a promising direction for GCNN-based machine learning models in chemistry as it
provides an opportunity to build and evaluate a possibly unified and complete (statistical) representation of
chemistry, one that can be used for a diverse set of tasks.

From previous work,®" we saw that embeddings recognize chemical environments with high accuracy

13

https://doi.org/10.26434/chemrxiv-2023-hfcm5 ORCID: https://orcid.org/0000-0001-7933-3227 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2023-hfcm5
https://orcid.org/0000-0001-7933-3227
https://creativecommons.org/licenses/by-nc/4.0/

0.4 . . : ,

PC 1

(a) logS vs PC 1 of carbon-embedding data.

/C /C /O 0
. —=C C—=CH '|
[ | a==q o =g o € Q m \ c—CcH C
c o c C/ \N
o)
N—CH: HaC, o—cH N~ HaC |
“ A ‘A < (] ’ N\ * c:
c c c I N o N
o] C N N
. / I,’ ’/ e i
¢  c— c—CH C/c/ M N/c/\ ® cm=om=c X C/cé
o N C N N
o] C N (0]
/ P / /1 i HsC
" O/Céz c—CH _d—c @ ch ] N/Cé 2 \o
o ¢ \C o
N o
/ o} o] 0
’ ’
He! / . ! /
¢ \N o c/C\/C HC/I\ v C/C/\ C//C\
o] o) C/ c C C

(b) Carbon-centric functional groups found in the curated NP-MRD database.

Figure 8: (a) The logS contribution of each carbon-embedding plotted against the first principal
component of the C-embedding, labeled according to C-centered functional group (b)
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and can give a measure of chemical and structural similarity between molecules. In this work, we expand
on this by showing that such a representation can generalize to predict a range of atomistic properties and
molecular properties using an intermediatte transfer learning approach that takes embeddings as atomistic
descriptors and predicts the associated atomistic/molecular property.

We tested the transferability of graph-built atomistic embedding representation to predict a diverse set
of chemical properties: pK1, *C-NMR, and logS. The results show some promise that pre-trained neural
network representations can indeed be used to model a larger range of chemical observables. Whereas
atomistic properties, such as pKa and "*C-NMR, the transfer models can be built directly on the atomistic
embeddings, molecular properties require the design of size-extensive transfer models to predict contributions
from each atom towards the total target molecular property.

In general while our results do not reach perfect accuracy, the datasets used in the study are very small,
which is a challenge for neural networks in general and graph-based ones in particular. Regardless of this
challenge, our transfer models find it easy to learn qualitative chemical information from energy-trained
embeddings on small datasets. Future work will expand on this by curating larger databases and further
finetuning the transfer models.

The search for a global statistical representation is important as it would standardize much of the
plethora of neural network representations (and neural network models) for chemistry and may allow chemists
to achieve a unified baseline (and generaly understood) model. The embedding representation is a clear
candidate for this search, as it is conceptually simple as an atom-based model, while also allowing for size-
extensive extensions to model a wider range of molecular properties whilst remaining interpretable to the

user of the model.
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