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Abstract

Polyoxometalates are metal-oxo clusters whose charges, counter-ion environments,
structural forms, and reported material compositions are difficult to represent consis-
tently in digital form. This Data Descriptor presents POM-DB, a structure-aware and
computation-ready dataset that links POM-level formulae with elemental composi-
tions, molecular masses, charges, classification labels, structural identifiers, material
records, CAS Registry Numbers, literature provenance, released CML structure files,
and Weisfeiler-Lehman graph-kernel topology annotations. The dataset is provided
as a hierarchical JSON release with associated CML files, a schema, validation code,
and an exploratory web interface. It is intended for structure inspection, format con-
version, descriptor generation, structural classification, and data-driven reuse. Tech-
nical validation confirms schema conformity, formula parsing, mass recalculation,
charge completeness, identifier formatting, CML linkage, and material-level prove-
nance coverage.
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Highlights
* POM-DB contains 1936 curated POM-level structural records.
* Over 6300 material records capture salts, hydrates, and counter-ions.
* All 1936 POM records link to released CML structure files.

» Topology annotations are provided for all 1936 released records.
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1 Background & Summary

Polyoxometalates are discrete metal-oxo clusters formed mainly from early transition
metals such as molybdenum, tungsten, and vanadium. >*>*! Their chemistry spans a wide
range of nuclearities, compositions, charges, heteroatom substitutions, organic compo-
nents, counter-ion environments, hydration states, and redox states.'®'’”! This diversity
underpins applications in catalysis, energy-related chemistry, molecular electronics, and
biological or biomedical contexts.!"'°! It also makes POM chemistry difficult to represent
consistently in digital form. Recent work on data-driven POM chemistry has emphasised
that progress in this area requires curated records, structure-aware representations, and
reusable digital resources for chemical reasoning and discovery.!'*!

In neighbouring areas of materials chemistry, curated computation-ready datasets have
become enabling infrastructure for high-throughput modelling and data-driven discovery.
For metal-organic frameworks, the CoRE MOF database converted experimentally de-
rived MOF structures into a form suitable for molecular simulations, initially reporting
more than 4700 porous structures and later expanding to more than 14000 structures in
CoRE MOF 2019.54 For covalent organic frameworks, the CURATED COF workflow
provided cleaned, uniform, and reproducibly refined COF structures, including literature-
derived and DFT-optimised datasets for downstream adsorption modelling.””! Related
curated resources have also been reported for zeolite and open-framework materials, and
for specialised CSD subsets targeting MOF structures.!'®?*?l These examples show that
structure curation, format harmonisation, and provenance tracking are prerequisites for
reliable computational reuse.

Comparable dataset development in POM chemistry is more challenging because POM
records often combine cluster-level entities, full crystalline materials, counter-ions, sol-
vent or water content, charge states, and literature provenance in a single reported com-
position. A publication may describe a POM anion, a full crystalline material, a hy-
drated salt, a counter-ion-containing composition, a CAS-indexed material, and one or
more coordinate files. These layers are connected, but they are not identical. The diffi-
culty is further amplified by the information density of inorganic crystal structures and
by long-standing challenges in POM formula designation and nomenclature.!'"'>! Stan-
dard chemical identifiers such as InChl and InChIKey are valuable for chemical index-
ing, but inorganic and coordination compounds can present representation challenges that
are not always encountered for small organic molecules.!>”! For POMs, formula, charge,
bonding, protonation, metal substitution, counter-ion environment, and coordinate repre-
sentation may all be relevant to interpretation. Without an explicit data structure linking
these levels, formula search, charge comparison, molecular-mass calculation, provenance
tracking, structural comparison, and computational reuse become difficult.

A previous Data Descriptor reported a formula-centred polyoxometalate dataset compiled
from literature and database searches.!'*! Such formula-level curation is useful for inspect-
ing composition, charge, mass, and broad chemical coverage, but it cannot by itself sup-
port structure-level reuse, topology analysis, or coordinate-based descriptor generation.
POM-DB addresses this gap by linking POM-level molecular entities to CAS-indexed
material occurrences, DOI-linked literature provenance, crystallographic source evidence,
topology annotations, and released CML structure files derived from validated crystal-



lographic records (Fig. 1). The current release contains 1936 POM-level records, 6329
nested material records across a wide range of salt forms, hydration states, and counter-ion
variants, linked released CML files for all 1936 POM-level records, and deposited geome-
try and symmetry annotations for all released records. Aggregate structural statistics were
computed on a coordinate-bearing working subset. The dataset is intended to support
reuse in computational screening, formula parsing, data-driven modelling, cheminformat-
ics, structural classification, and provenance-aware inorganic chemistry applications. De-
tailed compositional, charge, mass, nuclearity, and structural statistics are reported in the
Data Records section.
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Figure 1: Dataset construction and record linking. a, POM-level clusters are linked to
reported material records, including CAS-indexed entries, DOI information,
formulae, counter-ions, ligands, metals, and solvent components. b, Crystal-
lographic motifs and molecular graph records are matched using DOI, com-
position, and connectivity checks to produce POM-DB records with identifiers,
provenance, composition, annotations, and released CML structure-file links.

2 Methods

Input data and discovery workflow

Candidate POM-containing records were identified through CAS SciFinder searches us-
ing compound-class queries targeting metal—oxo cluster compositions with molybdenum,
tungsten, vanadium, niobium, or tantalum as addenda elements.>>!! For each entry, the
POM-level component was extracted from the full material composition, and an inorganic
InChl string was generated to encode its molecular graph and charge. ?! Cross-comparison
of these InChl strings reduced the candidate pool to a set of unique POM entities. The
molecular graph of each unique POM was then matched against graphs generated from
crystallographic entries. A successful match required agreement in element composi-
tion, graph connectivity, and shared Digital Object Identifier. Records passing this multi-
constraint matching were subject to manual verification.
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The curation workflow combined SciFinder-derived molecular records with crystallo-
graphic structure evidence in a multi-stage pipeline. Raw SciFinder RDF exports were
merged, parsed into structured records, and separated into individual MOL files. Free-
text bibliographic entries were normalised to DOI-linked citations using Crossref queries.
POM products were deduplicated using reconnected inorganic InChl representations, as-
signed stable identifiers, and parsed to extract formulae, charges, bonding information,
and coordination descriptors. Crystallographic structures were retrieved from the Crystal-
lography Open Database using DOI-based lookup, from the Cambridge Structural Database
using refcode-based retrieval where required, and from DOI-linked online crystallographic
sources where available.®”! POM clusters were extracted from CIF files as isolated XYZ
working structures using graph traversal and distance-based bonding rules. SciFinder
MOL graphs were then matched to these coordinate-bearing working structures using
composition checks, graph matching, and geometry-aware alignment. Confirmed matches
were subsequently converted into the released CML-linked hierarchical JSON index. The
full script-level workflow, including file names, intermediate artefacts, and matching cri-
teria, is documented in the deposited workflow notes.

Coordinate-bearing structures used for symmetry analysis were processed through the
SYMMOL program to automatically determine the highest recognisable point-group sym-
metry for each cluster geometry.””] Records were included when they contained a polyox-
ometalate or polyoxometalate-related metal-oxo cluster entry with sufficient information
to assign a POM-level formula and at least partial provenance. Records were excluded
or flagged when the formula could not be parsed, the composition was not sufficiently
resolved, the structure file could not be associated with a POM-level entry, or the record
could not be linked to meaningful provenance.

Record model

The dataset uses a hierarchical record model. The top level is the POM entry, identified
by a stable record identifier such as POM_x1000. Each POM entry contains formula-
level, structure-level, topology-level, and identifier metadata. The nested pom_material
object is a keyed collection of one or more material records associated with the POM
entry. This structure allows one POM-level composition to be linked to reported material
records, for example different salts, hydration states, counter-ion combinations, solvent-
containing forms, or repeated database records. At the POM level, the dataset stores
a typographic display formula, a plain formula string for computational processing, el-
ement counts, molecular mass, charge, classification labels, InChl, InChIKey, released
CML structure-file references, and a topology_clustering block. Topology grouping
is based on a Weisfeiler-Lehman graph-kernel representation, which converts labelled
molecular graphs into graph features suitable for exact grouping and low-dimensional
comparison. > The topology_clustering block stores the WL hash, exact cluster as-
signment, cluster size, and PCA embedding coordinates. At the material level, the dataset
stores reported material formulae, product formulae, product element counts, product
molecular weights, CAS Registry Numbers, literature citations, DOI information where
available, and a primary material_reference metadata block. The DOI is an im-
portant part of the material-level record because it provides a direct link to the original



literature supporting the reported material and allows users to trace a POM-level entry to
the publication context in which the material was described. Released POM-level records
always include formula, composition, charge, identifiers, CML references, geometry,
symmetry, and a topology_clustering block.

Formula processing was designed to retain both human-readable and machine-readable
representations. The field pom_formula_display stores a display formula with typo-
graphic subscripts, superscripts, and charge notation. The field pom_formula plain
stores a plain formula string suitable for parsing and downstream processing. Element
counts were extracted from the plain formula representation and stored as dictionaries.
Molecular masses were calculated from the parsed element-count representation. Product-
level element counts and molecular weights were calculated separately where material-
level formula information was available, because reported materials may include counter-
ions, waters of crystallisation, solvent molecules, or organic components in addition to
the POM unit. Net charge was stored at the POM level where available or assigned during
curation. Charge values are represented numerically to support filtering, comparison, and
computational workflows. Labels were assigned to describe broad POM classes, such as
polyoxotungstate, polyoxomolybdate, and polyoxovanadate. These labels are
intended as practical classification aids.

Where available, POM-level records include InChl and InChIKey strings. These identi-
fiers were generated using the [IUPAC InChl reference implementation.!'"! The generated
identifiers were used to support comparison, matching, and retrieval of POM-level en-
tities. The InChl and InChlKey values are retained as calculated identifiers, and they
may be recalculated and updated in future releases as the inorganic InChl implemen-
tation develops further. These identifiers should be interpreted with care for inorganic
cluster chemistry, where formula, charge, bonding, counter-ion environment, and struc-
tural context may not always be captured with the same reliability as in small organic
molecules.”’! For this reason, the dataset treats InChl and InChIKey as useful retrieval
aids. The dataset also includes released CML structure files. These structure files support
downstream workflows such as structure inspection, conversion, descriptor generation,
topology analysis, and preparation for computational chemistry.

The primary dataset is exported as a hierarchical JSON file that preserves the nested re-
lation between POM-level and material-level records. The JSON representation is the
canonical released record structure. A flat relational representation is used internally
to support the web interface and summary analyses, but the archived JSON repository
remains the authoritative versioned source of record for citation, download, and repro-
ducible reuse. The dataset is organised to support findable, accessible, interoperable, and
reusable data practices.”’! The JSON structure is also compatible with later mapping to
richer markup or ontology-based representations, including Chemical Markup Language
and chemistry ontology frameworks.!'**°! For easier exploration, selected records can also
be searched through the Digital Chemistry POM Explorer. The web interface supports
interactive browsing and filtering by POM identifier, formula, label, InChl/InChIKey,
molecular mass, charge, material formula, product formula, CAS Registry Number, DOI,
citation, and elemental composition.

By “computation-ready” we mean that the deposited records and released CML struc-
ture files are suitable for coordinate inspection, molecular descriptor generation, chemical



format conversion, structural classification, and pipeline input without further manual pro-
cessing of the data format. The term does not imply that all structures are automatically
validated for quantum-chemical or force-field simulations, which may require additional
expert preparation steps such as proton placement, charge assignment, counter-ion selec-
tion, or geometry optimisation. Users intending to run electronic-structure or molecular-
dynamics calculations should verify the suitability of individual records for their specific
use case.

Data Records

The deposited dataset contains a computation-ready index of polyoxometalate records and
associated released CML structure files. Each POM-level record links formula, composi-
tion, molecular mass, charge, classification labels, InChl, InChIKey, material occurrences,
CAS Registry Numbers, DOI-linked literature provenance where available, topology an-
notations, and references to associated CML files. The current release contains 1936
POM-Ilevel records, 6329 nested material records in the released JSON, linked released
CML files for all 1936 POM-level records, and topology_clustering annotations for
all released records. Geometry and symmetry annotations are present for matched subsets
of records. A processed subset of 1616 coordinate-bearing working structures was used
for the aggregate structural summaries shown in Fig. 2e—g. This working subset should
therefore be interpreted as a source for descriptive structural statistics rather than as a
separate count of deposited JSON annotations.

The dataset is deposited on Zenodo.!'”! The repository contains the curated hierarchical
JSON file, the released CML files, the JSON schema, validation code, topology-analysis
code, dependency information, code and data licences, and a README file describing
the deposited resources. The JSON file is the canonical data record. The CML files are
the released coordinate representation linked from the JSON and provide structures for in-
spection, conversion, descriptor generation, and computational preparation. Internal XYZ
working structures were used in parts of the processing workflow and in some aggregate
geometry and symmetry analyses, but they are not the primary released structure-file rep-
resentation.

The released records show the expected chemical breadth of a POM-focused structural
dataset. Polyoxomolybdates and polyoxotungstates form the largest families, followed
by polyoxovanadates, with smaller numbers of polyoxoniobates and polyoxotantalates
(Fig. 2a). The element distribution reflects both the inorganic POM cores and the re-
ported material environments around them. Oxygen is present in all 1936 records, while
carbon and nitrogen occur in a large fraction of records, consistent with the frequent pres-
ence of organic ligands, organic counter-ions, and other organic components in reported
POM materials (Fig. 2b). The dataset also spans a wide charge and mass range, with
charges from —40 to +4 and molecular masses from 265 to 11486 Da. Overall, the re-
lease contains 249 neutral species, 1659 anionic species, and 28 cationic entries.

The metal-oxygen archetype plot gives a compact view of the structural range covered
by the coordinate-bearing subset (Fig. 2¢). It maps structures by addenda-metal count
and oxygen count, with the colour scale indicating the number of metal-oxygen edges.
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The plot shows that the dataset covers many different core sizes. As expected, larger
POM cores generally contain more oxygen atoms and more metal-oxygen connections,
although the spread within the plot also shows that nuclearity alone is not sufficient to
describe the structural diversity. Nuclearity (ny), defined here as the number of addenda
metal atoms per cluster, ranges from 3 to 54. Hexametalates (n,; = 6) are the most fre-
quent group with 497 entries, followed by dodecametalates (ny = 12, 252 entries) and
octadecametalates (ny = 18, 200 entries). The processed coordinate-bearing subset cor-
responds to 566 distinct structural archetypes, defined here by unique addenda-metal and
oxygen count combinations, with the number of metal-oxygen edges used as an additional
descriptor of connectivity density.

The central topology projection provides a complementary graph-based view of the re-
leased POM records (Fig. 2d). The WL-derived representation organises records by con-
nectivity pattern. The resulting point cloud forms a structured but partially overlapping
landscape, which is chemically reasonable because topology is not determined only by
addenda-metal identity. For example, POMs containing different addenda metals can still
share related connectivity patterns, while records within the same broad family can occupy
different regions if their graph structures differ. The representative exact topology clus-
ters placed around the projection illustrate recurring connectivity motifs and their mem-
ber counts. These examples illustrate how the WL representation can organise repeated
structural patterns across the dataset without relying on manual assignment of traditional
named archetypes.

The lower panels summarise geometry-derived properties for the 1616 coordinate-bearing
working structures (Fig. 2e—g). Average metal coordination values are concentrated near
six, consistent with the frequent occurrence of octahedrally coordinated addenda-metal
environments in POM structures. The metal-to-oxygen ratio distribution is centred in the
range expected for oxo-bridged metal-oxygen frameworks. The radius of gyration distri-
bution provides a compact measure of overall cluster size and spatial extent, with larger
values corresponding to more spatially extended clusters. Together, these distributions
describe the local coordination environment, metal-oxygen composition, and size range
of the coordinate-bearing working subset, and should be read as descriptive structural
statistics.

Repository structure

The repository is organised as a compact release package containing the canonical dataset,
schema, released structure files, and the small set of code files needed for validation and
topology analysis, as summarised in Table 1.

Data fields

The principal fields stored in the deposited records are summarised in Table 2, covering
the POM-level record, nested material-level entries, and the deposited topology annota-
tions. Geometry and symmetry annotations are included in the released records, and exact
machine-readable field names are defined in schema. json.
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Figure 2: Structural, compositional, and topological overview of POM-DB. a, Distri-
bution of POM families. b, Element prevalence across the released records. c,
Metal-oxygen archetype landscape, plotted by addenda-metal count and oxy-
gen count, with colour indicating the number of metal-oxygen edges. d, Cen-
tral WL-derived topology projection of the released POM records, with rep-
resentative exact topology clusters shown around the embedding. e, Average
metal coordination numbers for the 1616 coordinate-bearing working struc-
tures. f, Metal-to-oxygen ratios for the same working subset. g, Radius of
gyration distribution for the same working subset.



Table 1: Deposited files.

File or folder Format Contents
README .md Markdown Repository guide, reuse notes, and example
queries.
pom—db. json JSON Canonical hierarchical POM records
schema. json JSON Schema Field definitions and validation rules
cml/ CML Released structure files referenced by the dataset
records
codes/ Python / text Validation script, dependency list, optional topol-
ogy workflow, and code license
LICENSE, Text Dataset/documentation license and code license
codes/LICENSE
Table 2: Principal deposited fields.
Field Description
Record ID Stable identifier for each POM-level entry, for example POM_x1000.
Display formula Formula shown with typographic subscripts, superscripts, and charge

Plain formula
Element counts
Molecular mass
Charge

Labels

InChl

InChIKey

Released CML files
CCDC refcode

CCDC reference
COD reference

Material records
Material formula

Product formula

Product element counts

Product molecular
weight
CAS number

Citations
Material reference

notation.

Plain formula string used for machine processing.

Element-count dictionary for the POM-level composition.

Molecular mass calculated for the POM-level composition.

Net charge assigned to the POM-level record.

Broad classification labels such as polyoxotungstate, polyoxomolybdate,
or polyoxovanadate.

InChlI string associated with the POM-level structure, where available.
InChIKey associated with the POM-level structure, where available.
Released CML structure files associated with the POM-level entry.
Refcode in the Cambridge Structural Database for entries retrieved from
CSD.

URL to the corresponding CSD record, where available.

Identifier or URL for the corresponding Crystallography Open Database
entry, where available.

Nested material-level records linked to the POM-level entry.

Reported material formula including counter-ions, waters, solvent
molecules, or organic components where present.

Plain formula representation of the full reported material composition.
Element-count dictionary for the full reported material composition.
Molecular weight calculated for the full reported material composition.

CAS Registry Number associated with the material record, where
available.

Bibliographic provenance including citation text and DOI where available.
Primary reference block containing title, author, citation, and DOI
information.

Topology annotations — deposited for all released records

WL hash

Cluster index
Cluster label

Weisfeiler-Lehman graph hash used for exact topology grouping after
atom-type coarsening.

Integer index of the exact topology cluster.

Human-readable topology cluster label, for example c275.
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Field Description

Topology size Number of records in the exact topology cluster.

Core composition Compact coarsened core composition string for the topology group.
PCA coordinate 1 First PCA coordinate from the WL subgraph-feature embedding.
PCA coordinate 2 Second PCA coordinate from the WL subgraph-feature embedding.

Example record structure

A typical POM-DB entry is organised as a hierarchical record, with the POM-level entity
connected to one or more associated material records. The POM-level record stores the
curated cluster information, including formula representations, element counts, molecular
mass, charge, identifiers, crystallographic source metadata, linked structure files, topol-
ogy annotations, and deposited geometry and symmetry descriptors. The material records
store the reported material context, including material formulae, product formulae, molec-
ular weights, CAS Registry Numbers, and reference information. This general structure
keeps the curated POM entity and the experimentally reported material forms connected
while preserving them as distinct data layers, as shown in Fig. 3a.

This distinction is important because a POM-level entity and a reported crystalline ma-
terial are not necessarily the same chemical object. The record model can be explored
through the Digital Chemistry POM Explorer at https://digital-chemistry.io/pom/, which
allows users to search the dataset, inspect matching POM-level records, view molecular
structures, and access associated material-level information, as shown in Fig. 3b. The
web interface is intended as an access and inspection tool, while the deposited repository
remains the authoritative versioned dataset. A complete example record is provided in the
deposited README file, and formal field definitions are provided in schema. json.

3 Technical Validation

Technical validation was designed to assess whether the released package is internally
consistent, structurally well formed, traceable to source provenance, and reusable in down-
stream workflows. The deposited validation script performs release-level checks cover-
ing schema conformity, record-identifier integrity, formula parsing, element-count con-
sistency, molecular-mass recalculation, charge completeness, identifier formatting, CML
linkage and structure parsing, material-level provenance coverage, and annotation cover-
age. The principal release-level outcomes are summarised in Table 3.

All 1936 released records conform to the deposited schema and carry internally con-
sistent identifier, formula, charge, and annotation fields. Formula strings parsed suc-
cessfully for all records, the extracted element-count dictionaries matched the stored
contains_elements values in every case, and recalculated molecular masses agreed
with stored values to within 0.1 Da. All released cml/ references resolved and parsed
with matching record identifiers, non-empty atom arrays, and unique atom identifiers. All
6329 material records carry citation, CAS, and reference metadata, with 5997 including
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Figure 3: Record structure and interactive exploration. a, Hierarchical POM-DB
record model connecting a POM-level entry to material-level records, source
metadata, structure-file links, topology annotations, and deposited geometry
and symmetry descriptors. b, Digital Chemistry POM Explorer interface for
search, filtering, record inspection, molecular visualisation, and material-level
provenance lookup.
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at least one DOI. The geometry, symmetry, and topology_clustering blocks are
present for all 1936 released records.

Table 3: Technical validation outcomes for the deposited POM-DB dataset. Results are

reported for the released JSON/CML package.

Check

Outcome

Schema conformity
Record identifier integrity

Formula parsing
Element-count consistency
Mass recalculation

Charge completeness

InChl / InChIKey formatting

CML linkage and structure check

Material provenance metadata

DOI coverage
Geometry annotation coverage

Symmetry annotation coverage

Topology annotation coverage

1936 / 1936 records conform to the released schema
1936 / 1936 record identifiers are present, unique, and
aligned with the top-level JSON keys

All 1936 POM-level formula strings parsed success-
fully

1936 / 1936 parsed POM-level element-count dictio-
naries match the stored contains_elements values
1936/ 1936 stored masses agree with recalculated val-
ues to within 0.1 Da

1936 / 1936 records carry an explicit numeric charge
value

1936 / 1936 records carry correctly formatted InChl
and InChlIKey strings

1936 / 1936 CML references resolve and parse with
matching record identifiers, non-empty atom arrays,
and unique atom identifiers

6329 / 6329 material records carry citation, CAS, and
reference metadata

5997 / 6329 material records include at least one DOI
geometry is present for all 1936 / 1936 released
records

symmetry is present for all 1936 / 1936 released
records

topology_clustering is present for all 1936/ 1936
released records

4 Usage Notes

Users should distinguish POM-level records from material-level records. POM-level for-
mulae describe the curated cluster entity, whereas material-level records may include
counter-ions, waters of crystallisation, solvent molecules, organic components, and re-
peated literature occurrences. The released JSON links CML structure files for all 1936
POM-level records and includes geometry, symmetry, and topology_clustering
annotations for the full released record set. Aggregate geometry and symmetry summaries
in Fig. 2e-g were computed on a processed subset of 1616 coordinate-bearing working
structures and should therefore be read as descriptive structural statistics rather than as
separate release-count totals. Complete examples for loading and querying the dataset in
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Python are provided in the deposited README file, together with the SciFinder query
details and a minimal validation script reproducing the technical validation table.

The released CML files provide the public POM-level coordinate representation for struc-
ture inspection, descriptor generation, format conversion, structural classification, and
workflow input. They should not be interpreted as geometry-optimised, solution-phase,
or directly simulation-ready structures without further expert preparation. Electronic-
structure or molecular-dynamics calculations may require proton placement, charge as-
signment, counter-ion selection, solvent treatment, oxidation-state and spin-state assess-
ment, and geometry optimisation. POMs are polynuclear metal-oxo clusters that can
undergo partial reduction, with charge often delocalised across the metal-oxo framework.
As aresult, related redox or charge states may display only modest geometric differences.
Experimentally derived POM geometries can therefore provide useful starting structures
for modelling related charge states, provided that protonation, counter-ion environment,
oxidation-state distribution, spin state, and geometry relaxation are checked case by case.

5 Code Availability

A validation script (validate_dataset .py) and dependency list (requirements.txt)
are included in the public repository alongside pom-db. json, schema. json, and the
released CML files. The validation script reproduces the released package-level counts,
schema checks, formula-parsing checks, identifier-format checks, CML linkage and struc-
ture checks, and material-level provenance coverage checks. The validation code was
tested with Python 3.11, and the tracked package requirements are listed in requirements.txt.
Workflow documentation describes the RDF parsing, DOI normalisation, InChl-based
deduplication, CIF retrieval, MOL-structure matching, and final JSON assembly steps.
Some upstream acquisition steps depend on subscription resources, including SciFinder
and CSD, and are therefore documented for transparency rather than provided as fully
rerunnable public workflows. Crystallographic structure retrieval from the Cambridge
Structural Database requires a CSD licence.
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