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ELECTRUM: an electron configuration-based
universal metal fingerprint for transition metal
compounds

*ab

Markus Orsi(2*@ and Angelo Frei

Machine learning has experienced a drastic rise in interest and applications in all fields of chemistry, enabling
researchers to leverage large chemical datasets to gain novel insights. The success of machine learning-
driven projects in chemistry hinges on three key factors: access to robust and comprehensive datasets,
a well-defined objective, and effective molecular representations that convert chemical structures into
machine-readable formats. Transition metal complexes have lagged behind their organic counterparts
on all three of these avenues. The large diversity of structures, coordination numbers and modes have
made its translation to a machine-readable format an ongoing challenge. Here we introduce ELECTRUM,
an electron configuration-based universal metal fingerprint for transition metal compounds. Its
lightweight implementation enables the straightforward conversion of any transition metal complex into
a simple fingerprint. Utilising a novel dataset generated from the Cambridge Structural Database (CSD),
we demonstrate that ELECTRUM effectively captures the structural diversity of transition metal
complexes. By plotting nearest-neighbor relationships in ELECTRUM space, we reveal meaningful
clustering in two-dimensional representations. Furthermore, we use the ELECTRUM encoding to train
machine learning models on the prediction of metal complex coordination numbers from ligand
structures and metal identity alone. We show that on a subset of this data, we can train models to
predict the oxidation state of metal complexes. These case studies showcase the potential of ELECTRUM
as an easy-to-implement fingerprint for metal complexes. We rely on the community to further test,

rsc.li/digitaldiscovery validate, and improve it.

Introduction

The emergence of automated high-throughput synthesis and
testing in the chemical sciences has led to data-driven
approaches gaining significant traction, taking advantage of
the increased availability of data. Consequently, a wide array of
machine learning (ML) techniques has been developed to
extract insights from this data and tackle various bottlenecks in
materials and drug discovery processes. Many of these tech-
niques aim to identify potential new candidate compounds by
predicting critical physical, chemical, and/or biological
properties.'®* However, for ML approaches in chemistry to be
effective, a few criteria need to be fulfilled: (1) high-quality data
in the relevant domain must be available, (2) the objective
function must be clearly defined, and (3) molecules must be
translated to a machine-readable format that contains all
necessary molecular information for the model to learn the
objective function. Each of these criteria presents its own set of
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challenges. Although high-quality datasets of organometallic
compounds are becoming more accessible, they remain rela-
tively rare and are often smaller than those available for
medicinal chemistry. Moreover, defining clear objective func-
tions is challenging in areas like materials and drug develop-
ment where multiple properties need to be optimized
simultaneously.”**® Finally, the translation of molecules to
machine-readable formats has been addressed in many
different ways, including pharmacophore descriptors (CATS,>*
MXFP*?%) substructure and atom-pair descriptors (ECFP,**
Atom-Pair,”® MAP4C*®) as well as graph-based approaches.>” !
However, this progress has mostly been restricted to organic
molecules, which are mainly carbon-based and generally adhere
to covalency rules. In contrast, transition metal compounds
have largely been excluded from these methods due to their
diverse binding modes, oxidation states, and geometries, which
current approaches cannot comprehensively encode. Given the
widespread application of transition metal complexes in catal-
ysis, luminophores, materials, medicine, and more, a suitable
molecular representation that encompasses all these possible
compounds would be highly desirable.

In recent years, several notable efforts have been made in
this direction, primarily within the area of catalyst
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development.®*?* Although in some cases a single scalar
descriptor may suffice to correlate with the desired outcome,
higher-dimensional descriptors that incorporate experimentally
determinable or computationally derived properties of metal
complexes often yield better predictive performance.*® For
instance, MCDL-25 descriptors used in conjunction with artifi-
cial neural networks (ANNs) have been used to predict
quantum-mechanically  derived  properties of metal
complexes.*® Since then, the field has seen a broad expansion of
various encodings and machine learning models designed to
accelerate the discovery of inorganic materials and catalysts.*”*

All these approaches represent promising strides forward;
however, their implementation at scale and by non-experts is
not trivial. Graph-based encodings, although detailed, may
suffer from scalability and complexity issues, while string-based
representations often lack the ability to fully capture the
multifaceted chemistry of metal complexes. Other representa-
tions depend heavily on descriptors derived either experimen-
tally or through computationally intensive methods. Generally,
however, these representations all require a structure of the
compound available as a .mol or .xyz file to generate the
respective descriptors. Molecular fingerprints, in contrast,
provide an efficient and easily interpretable way to encode
essential structural features, offering excellent scalability and
versatility. They are widely employed in cheminformatics tasks
such as virtual screening and compound database searches due
to their simplicity and efficiency.

Based on this quandary and our own needs to have a suitable
descriptor for the prediction of the biological properties of
metal complexes® we have developed our own approach. Herein
we present the Electron Configuration-based Universal Metal
Fingerprint for transition metal compounds (ELECTRUM).
ELECTRUM takes into account the nature of any ligands coor-
dinated to the metal complex as well as the electronic properties
of the specific metal to generate a 598-bit fingerprint. Impor-
tantly, ELECTRUM fingerprints can be generated from simple
concatenated strings of the involved metal center and ligand
SMILES. We show that this fingerprint can be applied to a series
of classification tasks and provide a new CCSD dataset for the
prediction of transition metal complex coordination numbers.
Our hope is that ELECTRUM will be taken up, applied and
improved by the community going forward to provide
researchers with an easy to implement fingerprint for transition
metal-based ML projects.

Results and discussion
Fingerprint design

The effectiveness of molecular representations for metal
complexes can be significantly improved by explicitly incorpo-
rating ligand-specific information along with electronic prop-
erties of the central metal.*® Previously, we demonstrated that
bitwise summation of ECFP-like fingerprints for ligands
(Ligands fingerprint) within a metal complex effectively
captures ligand combinations; however, this approach was
limited because it only allowed comparisons among complexes
containing the same central metal.>* To overcome this
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limitation, we now extend this method by appending explicit
information about the electron configuration of the metal
center (Fig. 1). Consequently, generating ELECTRUM finger-
prints only requires the SMILES strings of individual ligands
along with the identity of the coordinating metal.

ELECTRUM fingerprints are calculated starting from the
metal and ligands, which are represented in SMILES format,
concatenated and separated by dots (“SMILES1.SMI-
LES2.SMILES3”). For each ligand, circular substructures are
extracted up to a radius of 2 bonds from each atom, capturing
the local chemical environments. The substructures are then
hashed to generate integer identifiers, which are folded using
a modulo operation to obtain a fixed-size vector representing
the ligand. In this study, we have opted for a bit size of 512,
which is lower than the typical bit sizes used for drug discovery.
We chose this size because ligand structures are typically small,
and a lower bit size is sufficient to encode metal complexes.
Additionally, we hypothesize that a lower feature number may
benefit machine learning models by reducing dimensionality.
Once the folded fingerprints for all ligands are obtained, they
are combined through bitwise summation. This procedure
retains information about both the complex and the individual
ligands, including instances where the same ligand appears
multiple times, as the bitwise summation reflects the cumula-
tive presence of substructures. Hence, there is no information
loss linked to repeated ligand appearance. Additionally,
compared to concatenation methods, bitwise summation
produces a permutation-invariant descriptor, better reflecting
the structural characteristics of metal complexes. Finally, we
append an 86-bit binary representation of the coordinating
metal's electron configuration to the ligand fingerprint, result-
ing in the final 598-bit ELECTRUM fingerprint.

One of ELECTRUM's key advantages is its low computational
cost relative to geometry-based descriptors and quantum-
derived features. Fingerprint generation scales linearly with
the number of atoms in the ligand set, O(N), as it involves
circular substructure enumeration and hashing, plus
a constant-time 86-bit electron configuration encoding for the
metal center. By contrast, many geometry-dependent methods
require full coordinate sets and, in some cases, geometry opti-
mization, which can scale superlinearly with system size. Even
3D descriptors derived directly from crystallographic coordi-
nates typically involve distance matrix computations with O(N?)
scaling. This difference in complexity makes ELECTRUM
particularly interesting for larger metal complexes or tasks
where high throughput is a priority. In more practical terms,
generation of 217 517 fingerprints (ligand radius = 2, ligand
fingerprint size = 512, full 86-bit electron-configuration
appended) on a single Apple M1 Pro chip (10-core CPU, 16 GB
RAM.) required 265 s (=4.4 min), corresponding to =0.0012 s
(1.2 ms) per complex. Timings correspond to a single process
run and include SMILES parsing, substructure enumeration,
hashing/folding and metal vector concatenation. Although not
directly comparable, many metal complexes descriptors require
the generation of high-quality 3D conformers. State-of-the-art
tools such as Architector*® can require =1 h per complex on
a single CPU core, highlighting that ELECTRUM can achieve

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Concept of ELECTRUM. The metal complex is divided into its ligands and the central metal. Each ligand is encoded using an ECFP-like
hashing and folding method, resulting in fingerprints that are combined bitwise to produce a 512-bit ligand fingerprint. This fingerprint is then
augmented with an 86-bit representation of the electron configuration of the coordinating metal, creating the final 598-bit ELECTRUM

fingerprint.

speedups of 10°-10° per complex compared to conventional 3D/
QM pipelines, making it better suited for early screening and
big data-driven discovery.

Next, we aimed to validate the usefulness of ELECTRUM
through a series of test cases. In each of these test cases, we
benchmarked ELECTRUM against two alternatives, (i) the
ligands fingerprint (Ligands) without metal encoding as
a negative control or (ii) the ligands fingerprint + a single scalar
metal identifier (Atomic). Additionally, for each fingerprint we
tested different ligand fingerprint bit-sizes of 256, 512 and 1024
bits.

Model selection

We chose a Multilayer Perceptron (MLP) neural network as our
model for this study.”” Given the demonstrated effectiveness of
artificial neural networks (ANNs) in predicting quantum-
mechanical properties®® and our successful use of MLPs in
prior research,® we chose this architecture to evaluate the
performance of the ELECTRUM fingerprint. Additionally, MLPs
are particularly well-suited for processing high-dimensional
input data, such as the 598-bit ELECTRUM fingerprints. The
model was implemented in Python using the scikit-learn
library. We configured the MLP with 5 hidden layers, with the

© 2025 The Author(s). Published by the Royal Society of Chemistry

number of neurons per layer decreasing from 512 to 256, 128,
64, and finally 32. For each task, we evaluated the model using
5-fold cross-validation, comparing performance on both true
and randomly scrambled labels. Using scrambled labels as
a negative control helps verify that the model's performance is
not due to chance or overfitting, ensuring it learns meaningful
patterns related to the target variable. For classification tasks,
we report the area under the receiver operating characteristic
curve (AUROC), area under the precision-recall curve (AUPRC),
accuracy, precision, recall, and F1 score, calculated as macro-
averaged metrics.

Test case 1: coordination number prediction. As a first test
case, we extracted a novel dataset from the CSD to evaluate the
ability of ELECTRUM to predict the coordination number of
transition metal complexes. For this, we filtered the CSD for
mononuclear metal complexes containing any of the following
elements: Bi, Cd, Ce, Cr, Co, Cu, Dy, Er, Eu, Gd, Ga, Ge, Au, Hf,
Ho, In, Ir, Fe, La, Pb, Lu, Mn, Hg, Mo, Nd, Ni, Nb, Os, Pa, Pt, Pr,
Re, Rh, Ru, Sm, Sc, Ta, Tc, Tb, Tl, Tm, Sn, Ti, W, V, Y, Zn, Zr.
Counterions removed, and utilizing RDKit's Mol-
FromSmiles function without sanitization, we generated work-
able molecule objects from the deposited SMILES. From these,
we created adjacency matrices using the networx library. We

were
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then removed the metal ion from the adjacency matrix and
converted the resulting network back to a molecule object and
then to SMILES format. This process resulted in concatenated
SMILES strings of all the ligands in each transition metal
complex. During this process, we also extracted and stored the
number and types of bonds between the metal and the ligands.
For the dataset, we chose to keep only the coordination
numbers for which at least 1000 examples were present to
ensure that each class had enough data for training the model
effectively. Through this, we obtained a dataset of 217518
transition metal complexes with their respective coordination
number.

The dataset contained 35 metals and 11 distinct coordina-
tion numbers, providing sufficient chemical diversity despite
large data imbalances. The metal counts are dominated by Cu,
Ru, Fe, Ni, and Pd (88657 entries, 40.8%, Fig. Sla), and the
coordination numbers by 6, 4, and 5 (164 496 entries, 75.6%,
Fig. Sib). These patterns likely reflect constraints in crystal-
lography and synthetic chemistry: certain metals and geome-
tries are both more synthetically accessible and more amenable
to single-crystal diffraction, leading to their over-representation
in the CSD. For instance, Pt(u) and Pd(u) complexes frequently
adopt square-planar (CN 4) geometries, while Ru(u), Re(i) and
Ir(m) complexes often occur in octahedral coordination. At the
same time, the dataset includes a wide range of less common
metal-coordination number combinations (Fig. Sic), ensuring
that ELECTRUM is evaluated across a structurally varied space
that also mirrors real-world data availability rather than an
artificially uniform distribution. The dataset and code is avail-
able on our GitHub repository.*

We encoded all complexes in the dataset using ELECTRUM
and computed nearest neighbor relationships based on the 598-
dimensional fingerprints. To visualize these relationships in
two dimensions, we employed TMAP visualization (Fig. 2).
TMAP is a visualization method that builds a minimum span-
ning tree from the k-nearest neighbor graph of input vectors,
which can be based on a user-defined distance metric. It acts as
a dimensionality reduction technique that preserves both local
and global relationships of high-dimensional data. This allows
the structure of the original space to be reflected in two-
dimensional layouts, where spatial proximity implies simi-
larity. In this study, we computed the k-nearest neighbor graph
of the ELECTRUM fingerprints using the Manhattan distance,
which guided how compounds were arranged in the final TMAP
plot. The TMAP visualization revealed clear clustering of
compounds according to their coordination numbers, indi-
cating that the ELECTRUM fingerprint effectively captures
structural similarities relevant to coordination. In earlier
studies, greater distances in low-dimensional visualizations
corresponded to difficulties in predicting specific properties.**
Consequently, a clear, structured clustering in such visualiza-
tions suggests that the high-dimensional fingerprint space
suitably captures relevant structural information. The clear
clustering observed in our TMAP visualization indicates that the
MLP model is likely capable of effectively learning to predict
coordination numbers from structural data encoded by ELEC-
TRUM fingerprints, as complexes with the same coordination
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number cluster closely together. The closer inspection of the
coordination number TMAP reveals that complexes are clus-
tered generally by ligand type first and by metal type second,
which makes sense when one considers that the ligand-part of
the fingerprint is clearly longer. An example is highlighted in
Fig. 2, with the core structure an iron cyclooctatetraene tri-
carbonyl complex (GABYEP). The highlighted examples show
that the surrounding structures feature quite similar iron tri-
carbonyl compounds with different types of ligands that
generally bond via w-orbitals. The reader is encouraged to
explore the interactive version of the TMAP which is accessible
on our GitHub repository.*

Although the coordination number can be directly extracted
from structural data, we use its prediction as a proxy to assess
whether ELECTRUM captures chemically meaningful features
of the coordination environment which are not explicitly
encoded in the fingerprint. In the prediction task, ELECTRUM
outperforms both baseline fingerprints (Ligands, Atomic)
across all evaluated metrics for coordination number prediction
(Table 1). The ROC AUC improves from 79.7% with the Ligands
fingerprint baseline to 85.7%; the PRC AUC rises from 44.3% to
58.9%; the precision increases from 64.7% (Ligands) and 67.3%
(Atomic) to 75.9% and recall improves from 62.3% and 64.9% to
73.4%. For all tested metrics, the performance gain from the
Ligand fingerprint to the Atomic fingerprint is modest, but the
improvement achieved by ELECTRUM is much larger, indi-
cating that inclusion of the full binary electron configuration of
the metal center provides significant additional predictive
signal beyond ligand identity alone. Overall, the good perfor-
mance metrics achieved in the predictive task, combined with
the well-structured CN-based clusters in the TMAP visualiza-
tion, indicate that ELECTRUM encodes relevant information
about metal-ligand connectivity even without explicitly repre-
senting the coordination bonds.

Test case 2: oxidation state prediction. Utilising a subset of
the Cambridge Structural Database (CSD) provided by Jensen
and co-workers* we generated a dataset of 38 778 monometal
complexes together with the oxidation state of the metal.>
Briefly, we took the intersection of the set provided by Jensen
and our own to ensure that all included compounds would
correspond to the criteria set out in the first test-case and have
a workable SMILES string for processing. Predicting the oxida-
tion state of transition metal complexes is a fundamental task
in inorganic chemistry and is essential for understanding
reactivity and other chemical properties. The dataset comprised
29 metals (Mn, Ag, Cu, Au, Re, Rh, Ir, Co, Tc, Y, Nb, Sc, V, Ta, Ru,
Cr, Pd, Pt, Mo, Ni, Fe, Ti, Os, Zn, Hg, Cd, Zr, W, Hf) spanning
seven oxidation states (0, +1, +2, +3, +4, +5, +6), providing broad
chemical coverage despite data imbalances. The metal distri-
bution is concentrated on a few elements, with Pd, Ni, Pt, Zn,
and Ru accounting for 18 803 complexes (48.0%, Fig. S2a).
Similarly, oxidation states +2, +1, and +4 constitute the majority
of the dataset, together covering 30542 entries (78.0%,
Fig. S2b). These patterns reflect well-known chemical prefer-
ences, for example, Pd(u), Pt(u), and Ni(u) complexes are ubig-
uitous in organometallic chemistry. The cross-tabulation of

metals and oxidation states (Fig. S2c) reveals strong

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

(Top) TMAP of 22000 compound subset of coordination number dataset, showing clustering of compounds based on ELECTRUM

fingerprint similarities and coordination numbers. (Bottom) Example dendritic structure with selected metal complex-structures shown.

Interactive version available on GitHub.*®

associations, with certain metals occurring almost exclusively in
a single oxidation state.

We encoded all complexes in the dataset using ELECTRUM
and computed nearest neighbor relationships based on the 598-
dimensional fingerprints. To visualize these relationships in
two dimensions, we employed TMAP visualization (Fig. 3).
Similar to the first test case, the TMAP revealed clear clustering

© 2025 The Author(s). Published by the Royal Society of Chemistry

of compounds according to their oxidation states. This indi-
cates that ELECTRUM effectively captures structural features
relevant to oxidation state, as compounds with the same
oxidation state are positioned close to each other in ELECTRUM
space. An example is highlighted in Fig. 3. The core structure is
a square planar palladium(u) pincer complex. Highlighted
examples around the core show that compounds that are
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Table1l Performance metrics for coordination number classification using the MLP model and ELECTRUM fingerprint (598 bits) compared to the
ligands fingerprint without metal encoding (Ligands) as a negative control and the ligands fingerprint + a single scalar metal identifier (Atomic).

Metrics for shorter and longer fingerprints can be found in the SI

Fingerprint ROC AUC PRC AUC Precision Recall F1

Ligands 79.7 £ 0.45 44.3 £ 0.10 64.7 £ 1.33 62.3 £ 0.90 63.3 £ 0.08
Atomic 81.1 £ 0.34 47.5 = 0.36 67.3 £+ 0.68 64.9 + 0.66 65.9 + 0.32
ELECTRUM 85.7 £ 0.63 58.9 £ 0.55 75.9 £ 0.48 73.4 = 1.26 74.5 £ 0.55

proximal in this space show both similar ligand structures as
well generally the same or similar oxidation states. The reader is
encouraged to explore the interactive version of the TMAP
which is accessible on our GitHub repository.*®

Overall, the oxidation state classification task demonstrated
very strong performance for ELECTRUM, with the ROC AUC
reaching 95.1%, PRC AUC 85.2%, and precision, recall, and F1
scores all exceeding 91% for true labels (Table 2). These results
represent a marked improvement over both Ligand and Atomic
fingerprints, indicating that explicit electron configuration
encoding provides substantial predictive value. The high recall
(91.2%) shows that the correct oxidation state is recovered for
the vast majority of cases, while the equally high precision
(92.5%) confirms that false positives are rare. The balanced F1
score (91.8%) highlights robust classification performance
across all oxidation state classes, despite class imbalance in the
dataset.

For context, while direct numerical comparison is not
possible due to different datasets and evaluation setups, our
results are in the same general performance range as other
state-of-the-art approaches. For example, Jablonka et al.>" report
oxidation state classification precision and recall above 95%
using models that incorporate also the local coordination
geometry. Similarly, the cell2mol framework of Vela et al*
achieves comparable overall -classification performance,
although their reported accuracy metric is not directly trans-
ferable to our reported metrics. In contrast to these methods,
ELECTRUM requires only 2D ligand SMILES strings and
a simple binary encoding of the metal's electron configuration,
and we performed no hyperparameter tuning in these experi-
ments. That ELECTRUM can approach the performance of
geometry-aware, fully optimised models under these
constraints suggests that it is able to capture chemically rele-
vant information about the coordination environment from
minimal input. Ultimately, the focus here is not on developing
a new state-of-the-art oxidation state predictor, but on using
these predictive tasks as proxies to demonstrate that ELEC-
TRUM encodes chemically meaningful features that can
support a broad range of downstream applications.

Test case 3: prediction of quantum mechanical properties.
As a final test case we downloaded the tmQMg dataset® which
contains 74 555 transition metal complexes annotated with 20
quantum mechanical properties. We matched the ligand
SMILES to our coordination number dataset and obtained
a final dataset of 63 466 annotated transition metals. On this
dataset, we tested the fingerprints using 1024-bit sizes for the
ligand fingerprint, which was the best performing in the

Digital Discovery

previous tasks. For all regression tasks we evaluated the R* in
a three-fold cross-validation.

Table 3 summarises the results for ELECTRUM alongside the
two baseline encodings: Ligands and Atomic fingerprints.
Across most properties, ELECTRUM outperforms both base-
lines, confirming the previous findings that the explicit metal
electron configuration encoding provides additional predictive
signal beyond ligand structure alone. The strongest perfor-
mance (R* > 0.80) is achieved for thermodynamic corrections
and extensive additive properties such as enthalpy and Gibbs
energy corrections, polarizability, and zero-point energy (ZPE)
corrections. These quantities are largely determined by the
overall atomic composition and bonding environment, features
that are captured by the combined ligand-metal representation.

Moderate performance is observed for orbital energy gaps
(R* = 0.58 for the HOMO-LUMO gap delta) while vibrational
frequencies, dipole moments, and frontier orbital energies
individually show lower R values (0.28-0.45), likely reflecting
their dependence on 3D geometrical effects and higher-order
electronic structure not explicitly represented in ELECTRUM.
The moderate but non-zero predictive power in these cases
suggests that some geometric and electronic effects are indi-
rectly reflected in the ligand and metal features, but without the
resolution achievable from 3D descriptors or quantum-derived
inputs.

Overall, these results confirm that ELECTRUM provides
a chemically meaningful representation capable of supporting
both classification and regression tasks. The variation in
performance across properties reflects the balance between
chemical information captured by the fingerprint and the
intrinsic complexity of the target. While state-of-the-art graph
neural networks and 3D descriptor-based approaches often
achieve higher accuracy for these properties (R* =~ 0.7-0.9 on
comparable datasets), these methods require substantially
more input information (e.g., optimized 3D geometries) and
computational effort. In contrast, ELECTRUM predictions are
obtained from 2D ligand SMILES and a simple metal electron
configuration encoding, with no geometry optimization or
quantum chemical preprocessing. Moreover, we did not
perform any hyperparameter tuning or model optimization for
these tasks, as the aim here is not to compete directly with
specialised prediction frameworks, but to demonstrate that
ELECTRUM encodes chemically meaningful information that
supports reasonable predictive performance across a range of
properties.

While this test case demonstrates that ELECTRUM captures
predictive signal for certain quantum mechanical properties, we

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dd00145e

Open Access Article. Published on 20 October 2025. Downloaded on 10/26/2025 9:52:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

View Article Online

Paper Digital Discovery
Oxidation State
I 0
E +1
I 2
+3
+4
45
Il 6
N
~
N
~
~
N
HiG O
N
Q |
Pld—l
AN
Hid CH,
Pd(ll)
AFUSOJ
Hid CH,
Pd(ll)
FULXIU
HiC CH
3 \N/ 3 OH,
a s
|
z Rh(ll1)
N I GAMCUS
NH,
Pd(Il)
NOHLIG
Fig. 3 (Top) TMAP of oxidation state dataset (39 166 compounds), showing clustering of complexes based on ELECTRUM fingerprint similarities

and oxidation states. Interactive version available on GitHub. (Bottom) Example dendritic structure with selected metal complex-structures

shown. Interactive version available on GitHub.*®

think a more interesting validation involves its application to
data-driven exploration of organometallic compounds with
experimentally relevant properties, such as catalytic or biolog-
ical activity. By generating chemically informative fingerprints
for large datasets, ELECTRUM can support high-throughput
virtual screening and the prioritization of candidates for

© 2025 The Author(s). Published by the Royal Society of Chemistry

synthesis and experimental evaluation. In this context, it is an
important next step to assess the value of ELECTRUM through
its ability to guide discovery workflows, where it is used to build
models in low-data regimes and to identify promising
compounds for experimental testing.
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Table2 Performance metrics for coordination number classification using the MLP model and ELECTRUM fingerprint (598 bits) compared to the
ligands fingerprint without metal encoding (Ligands) as a negative control and the ligands fingerprint + a single scalar metal identifier (Atomic).

Metrics for shorter and longer fingerprints can be found in the SI

Fingerprint ROC AUC PRC AUC Precision Recall F1

Ligands 79.8 £0.2 48.2 £ 0.8 66.8 £ 0.9 64.9 £ 0.3 65.7 £ 0.6
Atomic 82.2 + 0.5 54.0 £ 0.4 72.4 £ 0.2 69.2 + 0.7 70.6 = 0.4
ELECTRUM 95.1 £0.3 85.2 = 0.6 92.5 £ 1.2 91.2 £ 0.5 91.8 £ 0.4

Table 3 R?value on the prediction of quantum chemical properties of the tmQMg dataset using the MLP model and ELECTRUM fingerprint (598
bits) compared to the ligands fingerprint without metal encoding (Ligands) as a negative control and the ligands fingerprint + a single scalar metal
identifier (Atomic). Metrics for shorter and longer fingerprints can be found in the SI

Target Ligands Atomic ELECTRUM

Dipole moment delta 0.325 + 0.001 0.298 + 0.016 0.454 + 0.009
Dispersion energy delta 0.678 + 0.017 —1.624 + 1.657 0.288 + 0.062
Electronic energy delta 0.762 + 0.002 0.778 + 0.002 0.806 + 0.002
Enthalpy energy 0.300 £ 0.008 0.495 £ 0.009 0.521 & 0.026
Enthalpy energy correction 0.844 + 0.003 0.822 + 0.005 0.845 + 0.006
Entropy 0.794 £ 0.005 0.798 £+ 0.012 0.801 + 0.004
Gibbs energy 0.317 £ 0.011 0.510 £+ 0.018 0.519 £+ 0.015
Gibbs energy correction 0.843 + 0.006 0.783 + 0.049 0.844 + 0.002
Heat capacity 0.820 £ 0.006 0.819 £ 0.003 0.824 £ 0.006
Highest vibrational frequency 0.281 + 0.057 0.294 + 0.052 0.396 + 0.023
HOMO-LUMO gap delta 0.345 £ 0.003 0.154 £+ 0.039 0.582 £ 0.026
Lowest vibrational frequency 0.408 + 0.015 0.396 + 0.003 0.451 + 0.012
Polarisability 0.812 £ 0.004 0.808 £ 0.005 0.827 £ 0.004
TZVP dipole moment 0.398 £ 0.009 0.394 £ 0.009 0.434 £ 0.015
TZVP dispersion energy 0.798 + 0.007 0.733 + 0.051 0.782 + 0.014
TZVP electronic energy 0.299 £+ 0.019 0.487 £+ 0.021 0.520 & 0.023
TZVP HOMO energy 0.230 £+ 0.015 0.121 £+ 0.124 0.288 + 0.015
TZVP HOMO-LUMO gap 0.515 £ 0.005 0.470 £ 0.065 0.583 £ 0.020
TZVP LUMO energy 0.320 £ 0.003 0.240 £ 0.058 0.344 £+ 0.024
ZPE correction 0.846 £ 0.002 0.800 & 0.034 0.849 £ 0.004

Conclusion

With ELECTRUM, we introduce a fingerprint designed to over-
come the challenges of representing transition metal complexes
for machine learning applications. ELECTRUM can be gener-
ated using only the identity of the metal centre and the struc-
tures of the coordinating ligands. Despite this simplicity we
show that ELECTRUM can be used to predict both coordination
numbers and oxidation states of transition metal complexes
from real datasets derived from the CSD.

While the datasets, evaluation protocols, and property defi-
nitions used in the literature vary substantially, making direct
metric-to-metric comparison inappropriate, ELECTRUM's
performance sits within the range of state-of-the-art approaches
reported for related tasks. In oxidation state classification,
Jablonka et al.>* report precision and recall above 95% using
models that explicitly incorporate 3D geometric features of the
local coordination environment, and Vela et al's** cell2mol
framework achieves comparable overall classification accuracy
on crystallographic data. Earlier descriptor-based approaches
such as the MCDL-25 representation have also been used
successfully to predict quantum-mechanical properties of
metal complexes with artificial neural networks, but they

Digital Discovery

require either experimentally measured or computationally
derived descriptors for each complex, which can be costly to
obtain at scale. In our study, ELECTRUM achieves precision and
recall above 91% for oxidation state prediction without 3D
inputs or quantum-calculated descriptors, relying solely on 2D
ligand SMILES and a binary encoding of the metal's electron
configuration. Coordination number prediction likewise
exceeds 85% ROC AUC and 74% F1 score, despite being evalu-
ated on a much larger and more chemically diverse dataset than
those typically used for geometry-aware descriptors. These
comparisons suggest that ELECTRUM can approach the
predictive power of more computationally intensive, geometry-
or QM-dependent representations while requiring only minimal
structural information.

Because ELECTRUM fingerprints are computed directly from
ligand SMILES and a pre-tabulated electron configuration
vector, their generation cost scales linearly with the number of
ligands and does not require graph traversal of full 3D geome-
tries or descriptor lookups from expensive calculations. This
makes ELECTRUM particularly well-suited for large-scale “big
data” applications, such as screening millions of hypothetical
complexes or processing entire crystallographic databases,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where the simplicity of the encoding translates directly into
lower computational cost and shorter end-to-end ML pipelines.

Looking ahead, our goal is to further validate ELECTRUM
across additional datasets. In particular, we aim to use ELEC-
TRUM to train machine learning models aimed at predicting
the biological properties of transition metal complexes.* One
key limitation of ELECTRUM in its current form is its inability
to capture stereochemistry. For instance, the encoding for both
cisplatin and transplatin would result in the exact same
fingerprint in the current implementation. A promising avenue
to address this, without substantially compromising computa-
tional efficiency, would be to incorporate chiral tags on selected
ligand atoms involved in the metal coordination prior to
hashing. This approach would allow stereoisomers to produce
distinct fingerprints while preserving overall similarity and the
rapid performance that enables ELECTRUM to scale to large
datasets.

We hope to be able to expand ELECTRUM in the future to
encode the complex stereochemistry of metal complexes. We
surmise that the electron-configuration encoding of elements
could also be a useful starting point for message passing graph-
based approaches.

Author contributions

A. F. conceived of the ELECTRUM approach. M. O. and A. F.
generated the dataset. M. O. wrote the code. All authors
contributed to the manuscript writing.

Conflicts of interest

There are no conflicts to declare.

Data availability

Data for this article, including the coordination number,
oxidation state and tmQMg datasets are available at Frei Lab
GitHub repository: https://github.com/TheFreiLab/
electrum_val at https://doi.org/10.5281/zenodo.17205951.

Supplementary information is available. See DOI: https://
doi.org/10.1039/d5dd00145e.

Acknowledgements

A. F. thanks Prof. J.-L. Reymond for generously hosting and
supporting our research group and this project. A. F. gratefully
acknowledges funding from the Swiss National Science Foun-
dation Ambizione grant PZ00P2_202016 and support by the
University of Bern. M. O. is grateful for support by a European
Research Council Grant (885076).

References

1 M. Orsi and J.-L. Reymond, Can Large Language Models
Predict Antimicrobial Peptide Activity and Toxicity?, RSC
Med. Chem., 2024, 15(6), 2030-2036, DOIL 10.1039/
D4MDO00159A.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Digital Discovery

2 E. Zakharova, M. Orsi, A. Capecchi and J.-L. Reymond,
Machine Learning Guided Discovery of Non-Hemolytic
Membrane Disruptive Anticancer Peptides, ChemMedChem,
2022, 17(17), €202200291, DOI: 10.1002/cmdc.202200291.

3 M. Orsi, B. Shing Loh, C. Weng, W. H. Ang and A. Frei, Using
Machine Learning to Predict the Antibacterial Activity of
Ruthenium Complexes, Angew. Chem., Int. Ed., 2024,
€202317901, DOI: 10.1002/anie.202317901.

4 Z. Fralish, A. Chen, P. Skaluba and D. Reker, DeepDelta:
Predicting ADMET Improvements of Molecular Derivatives
with Deep Learning, J. Cheminf., 2023, 15(1), 101, DOL
10.1186/s13321-023-00769-x.

5 Y. Shi, D. Reker, J. D. Byrne, A. R. Kirtane, K. Hess, Z. Wang,
N. Navamajiti, C. C. Young, Z. Fralish, Z. Zhang, A. Lopes,
V. Soares, J. Wainer, T. von Erlach, L. Miao, R. Langer and
G. Traverso, Screening Oral Drugs for Their Interactions
with the Intestinal Transportome via Porcine Tissue
Explants and Machine Learning, Nat. Biomed. Eng., 2024,
8(3), 278-290, DOI: 10.1038/s41551-023-01128-9.

6 A. Ortiz-Perez, D. v. Tilborg, R. v. d. Meel, F. Grisoni and
L. Albertazzi, Machine Learning-Guided High Throughput
Nanoparticle Design, Digital Discovery, 2024, 3(7), 1280-
1291, DOI: 10.1039/D4DD00104D.

7 R. van der Meel, F. Grisoni and W. J. M. Mulder, Lipid
Discovery for mRNA Delivery Guided by Machine Learning,
Nat. Mater., 2024, 23(7), 880-881, DOI: 10.1038/s41563-024-
01934-9.

8 D. F. Nippa, K. Atz, R. Hohler, A. T. Miiller, A. Marx,
C. Bartelmus, G. Wuitschik, I. Marzuoli, V. Jost, J. Wolfard,
M. Binder, A. F. Stepan, D. B. Konrad, U. Grether,
R. E. Martin and G. Schneider, Enabling Late-Stage Drug
Diversification by High-Throughput Experimentation with
Geometric Deep Learning, Nat. Chem., 2024, 16(2), 239-
248, DOI: 10.1038/s41557-023-01360-5.

9 H. Chen and ]. Bajorath, Generative Design of Compounds
with Desired Potency from Target Protein Sequences Using
a Multimodal Biochemical Language Model, J. Cheminf.,
2024, 16(1), 55, DOI: 10.1186/5s13321-024-00852-x.

10 S. Luukkonen, H. W. van den Maagdenberg,
M. T. M. Emmerich and G. J. P. van Westen, Artificial
Intelligence in Multi-Objective Drug Design, Curr. Opin.
Struct.  Biol, 2023, 79, 102537, DOIL 10.1016/
j-sbi.2023.102537.

11 L. Saigiridharan, A. K. Hassen, H. Lai, P. Torren-Peraire,
O. Engkvist and S. Genheden, AiZynthFinder 4.0:
Developments Based on Learnings from 3 Years of
Industrial Application, J. Cheminf., 2024, 16(1), 57, DOL
10.1186/s13321-024-00860-x.

12 L. Mervin, A. Voronov, M. Kabeshov and O. Engkvist,
QSARtuna: An Automated QSAR Modeling Platform for
Molecular Property Prediction in Drug Design, J. Chem. Inf.
Model., 2024, 64(14), 5365-5374, DOL  10.1021/
acs.jeim.4c00457.

13 B. A. Koscher, R. B. Canty, M. A. McDonald, K. P. Greenman,
C. J. McGill, C. L. Bilodeau, W. Jin, H. Wu, F. H. Vermeire,
B. Jin, T. Hart, T. Kulesza, S.-C. Li, T. S. Jaakkola,
R. Barzilay, R. GoOmez-Bombarelli W. H. Green,

Digital Discovery


https://github.com/TheFreiLab/electrum_val
https://github.com/TheFreiLab/electrum_val
https://doi.org/10.5281/zenodo.17205951
https://doi.org/10.1039/d5dd00145e
https://doi.org/10.1039/d5dd00145e
https://doi.org/10.1039/D4MD00159A
https://doi.org/10.1039/D4MD00159A
https://doi.org/10.1002/cmdc.202200291
https://doi.org/10.1002/anie.202317901
https://doi.org/10.1186/s13321-023-00769-x
https://doi.org/10.1038/s41551-023-01128-9
https://doi.org/10.1039/D4DD00104D
https://doi.org/10.1038/s41563-024-01934-9
https://doi.org/10.1038/s41563-024-01934-9
https://doi.org/10.1038/s41557-023-01360-5
https://doi.org/10.1186/s13321-024-00852-x
https://doi.org/10.1016/j.sbi.2023.102537
https://doi.org/10.1016/j.sbi.2023.102537
https://doi.org/10.1186/s13321-024-00860-x
https://doi.org/10.1021/acs.jcim.4c00457
https://doi.org/10.1021/acs.jcim.4c00457
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dd00145e

Open Access Article. Published on 20 October 2025. Downloaded on 10/26/2025 9:52:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Digital Discovery

K. F. Jensen and K. F. Autonomous, Multiproperty-Driven
Molecular Discovery: From Predictions to Measurements
and Back, Science, 2023, 382(6677), eadi1407, DOIL: 10.1126/
science.adi1407.

14 R. GoOmez-Bombarelli, ]J. N. Wei, D. Duvenaud,
J. M. Hernandez-Lobato, B. Sanchez-Lengeling,
D. Sheberla, J. Aguilera-Iparraguirre, T. D. Hirzel,
R. P. Adams and A. Aspuru-Guzik, Automatic Chemical
Design Using a Data-Driven Continuous Representation of
Molecules, ACS Cent. Sci., 2018, 4(2), 268-276, DOI:
10.1021/acscentsci.7b00572.

15 F. Strieth-Kalthoff, H. Hao, V. Rathore, J. Derasp, T. Gaudin,
N. H. Angello, M. Seifrid, E. Trushina, M. Guy, J. Liu, X. Tang,
M. Mamada, W. Wang, T. Tsagaantsooj, C. Lavigne,
R. Pollice, T. C. Wu, K. Hotta, L. Bodo, S. Li,
M. Haddadnia, A. Wolos, R. Roszak, C. T. Ser, C. Bozal-
Ginesta, R. J. Hickman, J. Vestfrid, A. Aguilar-Granda,
E. L. Klimareva, R. C. Sigerson, W. Hou, D. Gahler, S. Lach,
A. Warzybok, O. Borodin, S. Rohrbach, B. Sanchez-
Lengeling, C. Adachi, B. A. Grzybowski, L. Cronin,
J. E. Hein, M. D. Burke and A. Aspuru-Guzik, Delocalized,
Asynchronous, Closed-Loop Discovery of Organic Laser
Emitters, Science, 2024, 384(6697), eadk9227, DOI: 10.1126/
science.adk9227.

16 P. Bannigan, Z. Bao, R. J. Hickman, M. Aldeghi, F. Hése,
A. Aspuru-Guzik and C. Allen, Machine Learning Models to
Accelerate the Design of Polymeric Long-Acting Injectables,
Nat. Commun., 2023, 14(1), 35, DOIL 10.1038/s41467-022-
35343-w.

17 F. Ren, X. Ding, M. Zheng, M. Korzinkin, X. Cai, W. Zhu,
A. Mantsyzov, A. Aliper, V. Aladinskiy, Z. Cao, S. Kong,
X. Long, B. H. M. Liu, Y. Liu, V. Naumov, A. Shneyderman,
I. V. Ozerov, J. Wang, F. W. Pun, D. A. Polykovskiy, C. Sun,
M. Levitt, A. Aspuru-Guzik and A. Zhavoronkov, AlphaFold
Accelerates Artificial Intelligence Powered Drug Discovery:
Efficient Discovery of a Novel CDK20 Small Molecule
Inhibitor, Chem. Sci., 2023, 14(6), 1443-1452, DOI: 10.1039/
D2SC05709C.

18 J. Jumper, R. Evans, A. Pritzel, T. Green, M. Figurnov,
O. Ronneberger, K. Tunyasuvunakool, R. Bates, A. Zidek,
A. Potapenko, A. Bridgland, C. Meyer, S. A. A. Kohl,
A. J. Ballard, A. Cowie, B. Romera-Paredes, S. Nikolov,
R. Jain, J. Adler, T. Back, S. Petersen, D. Reiman, E. Clancy,
M. Zielinski, M. Steinegger, M. Pacholska, T. Berghammer,
S. Bodenstein, D. Silver, O. Vinyals, A. W. Senior,
K. Kavukcuoglu, P. Kohli and D. Hassabis, Highly Accurate
Protein Structure Prediction with AlphaFold, Nature, 2021,
596(7873), 583-589, DOI: 10.1038/s41586-021-03819-2.

19 A. Nandy, C. Duan, M. G. Taylor, F. Liu, A. H. Steeves and
H. J. Kulik, Computational Discovery of Transition-Metal
Complexes: From High-Throughput Screening to Machine
Learning, Chem. Rev., 2021, 121(16), 9927-10000, DOI:
10.1021/acs.chemrev.1c00347.

20 N. Stahl, G. Falkman, A. Karlsson, G. Mathiason and
J. Bostrom, Deep Reinforcement Learning for
Multiparameter Optimization in de Novo Drug Design, J.

Digital Discovery

View Article Online

Paper

Chem. Inf. Model., 2019, 59(7), 3166-3176, DOIL: 10.1021/
acs.jcim.9b00325.

21 M. Reutlinger, C. P. Koch, D. Reker, N. Todoroff,
P. Schneider, T. Rodrigues and G. Schneider, Chemically
Advanced Template Search (CATS) for Scaffold-Hopping
and Prospective Target Prediction for ‘Orphan’ Molecules,
Mol Inf, 2013, 32(2), 133-138, DOIL  10.1002/
minf.201200141.

22 A. Capecchi, M. Awale, D. Probst and ].-L. Reymond,
PubChem and ChEMBL beyond Lipinski, Mol Inf., 2019,
38(5), 1900016, DOI: 10.1002/minf.201900016.

23 M. Orsi, D. Probst, P. Schwaller and J.-L. Reymond,
Alchemical Analysis of FDA Approved Drugs, Digital

Discovery, 2023, 2(5), 1289-1296, DOIL  10.1039/
D3DD00039G.
24 D. Rogers and M. Hahn, Extended-Connectivity

Fingerprints, J. Chem. Inf. Model., 2010, 50(5), 742-754,
DOL: 10.1021/ci100050t.

25 R. E. Carhart, D. H. Smith and R. Venkataraghavan, Atom
Pairs as Molecular Features in Structure-Activity Studies:
Definition and Applications, J. Chem. Inf. Comput. Sci.,
1985, 25(2), 64-73, DOI: 10.1021/ci00046a002.

26 M. Orsi and J.-L. Reymond, One Chiral Fingerprint to Find
Them All, J. Cheminf., 2024, 16(1), 53, DOI: 10.1186/513321-
024-00849-6.

27 K. Atz, F. Grisoni and G. Schneider, Geometric Deep
Learning on Molecular Representations, Nat. Mach. Intell.,
2021, 3(12), 1023-1032, DOI: 10.1038/542256-021-00418-8.

28 S. Raghunathan and U. D. Priyakumar, Molecular
Representations for Machine Learning Applications in
Chemistry, Int. J. Quantum Chem., 2022, 122(7), €26870,
DOI: 10.1002/qua.26870.

29 D. S. Wigh, J. M. Goodman and A. A. Lapkin, A Review of
Molecular Representation in the Age of Machine Learning,
Wiley Interdiscip. Rev.: Comput. Mol. Sci., 2022, 12(5), 1603,
DOI: 10.1002/wems.1603.

30 G. M. Jones, B. Story, V. Maroulas and K. D. Vogiatzis,
Molecular Representations for Machine Learning, American
Chemical Society, Washington, DC, USA, 2023, DOLI:
10.1021/acsinfocus.7e¢7006.

31 B. Huang and O. A. von Lilienfeld, Communication:
Understanding Molecular Representations in Machine
Learning: The Role of Uniqueness and Target Similarity, J.
Chem. Phys., 2016, 145(16), 161102, DOI: 10.1063/1.4964627.

32 S. Ahn, M. Hong, M. Sundararajan, D. H. Ess and M.-H. Baik,
Design and Optimization of Catalysts Based on Mechanistic
Insights Derived from Quantum Chemical Reaction
Modeling, Chem. Rev., 2019, 119(11), 6509-6560, DOI:
10.1021/acs.chemrev.9b00073.

33 V. L. Crugz, S. Martinez, J. Ramos and J. Martinez-Salazar, 3D-
QSAR as a Tool for Understanding and Improving Single-Site
Polymerization Catalysts. A Review, Organometallics, 2014,
33(12), 2944-2959, DOI: 10.1021/0m400721v.

34 C. B. Santiago, J.-Y. Guo and M. S. Sigman, Predictive and
Mechanistic Multivariate Linear Regression Models for
Reaction Development, Chem. Sci., 2018, 9(9), 2398-2412,
DOI: 10.1039/C7SC04679K.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1126/science.adi1407
https://doi.org/10.1126/science.adi1407
https://doi.org/10.1021/acscentsci.7b00572
https://doi.org/10.1126/science.adk9227
https://doi.org/10.1126/science.adk9227
https://doi.org/10.1038/s41467-022-35343-w
https://doi.org/10.1038/s41467-022-35343-w
https://doi.org/10.1039/D2SC05709C
https://doi.org/10.1039/D2SC05709C
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1021/acs.chemrev.1c00347
https://doi.org/10.1021/acs.jcim.9b00325
https://doi.org/10.1021/acs.jcim.9b00325
https://doi.org/10.1002/minf.201200141
https://doi.org/10.1002/minf.201200141
https://doi.org/10.1002/minf.201900016
https://doi.org/10.1039/D3DD00039G
https://doi.org/10.1039/D3DD00039G
https://doi.org/10.1021/ci100050t
https://doi.org/10.1021/ci00046a002
https://doi.org/10.1186/s13321-024-00849-6
https://doi.org/10.1186/s13321-024-00849-6
https://doi.org/10.1038/s42256-021-00418-8
https://doi.org/10.1002/qua.26870
https://doi.org/10.1002/wcms.1603
https://doi.org/10.1021/acsinfocus.7e7006
https://doi.org/10.1063/1.4964627
https://doi.org/10.1021/acs.chemrev.9b00073
https://doi.org/10.1021/om400721v
https://doi.org/10.1039/C7SC04679K
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dd00145e

Open Access Article. Published on 20 October 2025. Downloaded on 10/26/2025 9:52:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

35 R. Fu, R. J. Nielsen, W. A. I. Goddard, G. C. Fortman and
T. B. Gunnoe, DFT Virtual Screening Identifies Rhodium-
Amidinate Complexes As Potential Homogeneous Catalysts
for Methane-to-Methanol Oxidation, ACS Catal., 2014,
4(12), 4455-4465, DOI: 10.1021/cs5005322.

36 J. P. Janet and H. J. Kulik, Predicting Electronic Structure
Properties of Transition Metal Complexes with Neural
Networks, Chem. Sci., 2017, 8(7), 5137-5152, DOIL: 10.1039/
C7SC01247K.

37 J. C. Brammer, G. Blanke, C. Kellner, A. Hoffmann, S. Herres-
Pawlis and U. Schatzschneider, TUCAN: A Molecular
Identifier and Descriptor Applicable to the Whole Periodic
Table from Hydrogen to Oganesson, J. Cheminf., 2022,
14(1), 66, DOI: 10.1186/s13321-022-00640-5.

38 H. Kneiding, R. Lukin, L. Lang, S. Reine, T. B. Pedersen,
R. D. Bin and D. Balcells, Deep Learning Metal Complex
Properties with Natural Quantum Graphs, Digital Discovery,
2023, 2(3), 618-633, DOIL: 10.1039/D2DD00129B.

39 J. P. Janet, F. Liu, A. Nandy, C. Duan, T. Yang, S. Lin and
H. J. Kulik, Designing in the Face of Uncertainty:
Exploiting Electronic Structure and Machine Learning
Models for Discovery in Inorganic Chemistry, Inorg. Chem.,
2019, 58(16), 10592-10606, DOI: 10.1021/
acs.inorgchem.9b00109.

40 J. P. Janet, S. Ramesh, C. Duan and H. ]J. Kulik, Accurate
Multiobjective Design in a Space of Millions of Transition
Metal Complexes with Neural-Network-Driven Efficient
Global Optimization, ACS Cent. Sci., 2020, 6(4), 513-524,
DOI: 10.1021/acscentsci.0c00026.

41 J. P. Janet, C. Duan, A. Nandy, F. Liu and H. J. Kulik,
Navigating Transition-Metal Chemical Space: Artificial
Intelligence for First-Principles Design, Acc. Chem. Res.,
2021, 54(3), 532-545, DOI: 10.1021/acs.accounts.0c00686.

42 J. P. Janet and H. J. Kulik, Resolving Transition Metal
Chemical Space: Feature Selection for Machine Learning
and Structure-Property Relationships, J. Phys. Chem. A,
2017, 121(46), 8939-8954, DOI: 10.1021/acs.jpca.7b08750.

43 F. Liu, C. Duan and H. J. Kulik, Rapid Detection of Strong
Correlation with Machine Learning for Transition-Metal
Complex High-Throughput Screening, J. Phys. Chem. Lett.,
2020, 11(19), 8067-8076, DOI: 10.1021/acs.jpclett.0c02288.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Digital Discovery

44 A.F.Zahrt,].]. Henle, B. T. Rose, Y. Wang, W. T. Darrow and
S. E. Denmark, Prediction of Higher-Selectivity Catalysts by
Computer-Driven Workflow and Machine Learning,
Science, 2019, 363(6424), eaau5631, DOI: 10.1126/
science.aau5631.

45 ]J.J. Henle, A. F. Zahrt, B. T. Rose, W. T. Darrow, Y. Wang and
S. E. Denmark, Development of a Computer-Guided
Workflow for Catalyst Optimization. Descriptor Validation,
Subset Selection, and Training Set Analysis, J. Am. Chem.
Soc., 2020, 142(26), 11578-11592, DOIL: 10.1021/jacs.0c04715.

46 M. G. Taylor, D. J. Burrill, J. Janssen, E. R. Batista, D. Perez
and P. Yang, Architector for High-Throughput Cross-
Periodic Table 3D Complex Building, Nat. Commun., 2023,
14(1), 2786, DOI: 10.1038/541467-023-38169-2.

47 F. Rosenblatt, The Perceptron: A Probabilistic Model for
Information Storage and Organization in the Brain,
Psychol. Rev., 1958, 65(6), 386-408, DOI: 10.1037/h0042519.

48 https://github.com/TheFreiLab/electrum_val.

49 M. H. Rasmussen, M. Strandgaard, J. Seumer,
L. K. Hemmingsen, A. Frei, D. Balcells and J. H. Jensen,
SMILES All around: Structure to SMILES Conversion for
Transition Metal Complexes, J. Cheminf., 2025, 17(1), 63,
DOI: 10.1186/s13321-025-01008-1.

50 M. H. Rasmussen, M. Strandgaard, J. Seumer,
L. K. Hemmingsen, A. Frei, D. Balcells and J. H. Jensen
SMILES All Around: Structure to SMILES Conversion for
Transition Metal Complexes, ChemRxiv, 2024, preprint,
DOL: 10.26434/chemrxiv-2024-c660p.

51 K. M. Jablonka, D. Ongari, S. M. Moosavi and B. Smit, Using
Collective Knowledge to Assign Oxidation States of Metal
Cations in Metal-Organic Frameworks, Nat. Chem., 2021,
13(8), 771-777, DOIL: 10.1038/s41557-021-00717-y.

52 S. Vela, R. Laplaza, Y. Cho and C. Corminboeuf, Cell2mol:
Encoding Chemistry to Interpret Crystallographic Data, npj
Comput. Mater., 2022, 8(1), 1-8, DOIL: 10.1038/s41524-022-
00874-9.

53 H. Kneiding, R. Lukin, L. Lang, S. Reine, T. B. Pedersen,
R. D. Bin and D. Balcells, Deep Learning Metal Complex
Properties with Natural Quantum Graphs, Digital Discovery,
2023, 2(3), 618-633, DOI: 10.1039/D2DD00129B.

Digital Discovery


https://doi.org/10.1021/cs5005322
https://doi.org/10.1039/C7SC01247K
https://doi.org/10.1039/C7SC01247K
https://doi.org/10.1186/s13321-022-00640-5
https://doi.org/10.1039/D2DD00129B
https://doi.org/10.1021/acs.inorgchem.9b00109
https://doi.org/10.1021/acs.inorgchem.9b00109
https://doi.org/10.1021/acscentsci.0c00026
https://doi.org/10.1021/acs.accounts.0c00686
https://doi.org/10.1021/acs.jpca.7b08750
https://doi.org/10.1021/acs.jpclett.0c02288
https://doi.org/10.1126/science.aau5631
https://doi.org/10.1126/science.aau5631
https://doi.org/10.1021/jacs.0c04715
https://doi.org/10.1038/s41467-023-38169-2
https://doi.org/10.1037/h0042519
https://github.com/TheFreiLab/electrum_val
https://doi.org/10.1186/s13321-025-01008-1
https://doi.org/10.26434/chemrxiv-2024-c660p
https://doi.org/10.1038/s41557-021-00717-y
https://doi.org/10.1038/s41524-022-00874-9
https://doi.org/10.1038/s41524-022-00874-9
https://doi.org/10.1039/D2DD00129B
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dd00145e

	ELECTRUM: an electron configuration-based universal metal fingerprint for transition metal compounds
	ELECTRUM: an electron configuration-based universal metal fingerprint for transition metal compounds
	ELECTRUM: an electron configuration-based universal metal fingerprint for transition metal compounds
	ELECTRUM: an electron configuration-based universal metal fingerprint for transition metal compounds
	ELECTRUM: an electron configuration-based universal metal fingerprint for transition metal compounds
	ELECTRUM: an electron configuration-based universal metal fingerprint for transition metal compounds
	ELECTRUM: an electron configuration-based universal metal fingerprint for transition metal compounds
	ELECTRUM: an electron configuration-based universal metal fingerprint for transition metal compounds

	ELECTRUM: an electron configuration-based universal metal fingerprint for transition metal compounds
	ELECTRUM: an electron configuration-based universal metal fingerprint for transition metal compounds
	ELECTRUM: an electron configuration-based universal metal fingerprint for transition metal compounds
	ELECTRUM: an electron configuration-based universal metal fingerprint for transition metal compounds
	ELECTRUM: an electron configuration-based universal metal fingerprint for transition metal compounds


