Open Access Article. Published on 27 May 2025. Downloaded on 6/13/2026 10:32:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Digital
Discovery

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue,

{ ") Check for updates ‘

Cite this: Digital Discovery, 2025, 4,
1602

Received 19th April 2025
Accepted 13th May 2025

DOI: 10.1039/d5dd00160a

Precursor reaction pathway leading to BiFeO-
formation: insights from text-mining and chemical
reaction network analyses

Viktoriia Baibakova, {22 Kevin Cruse,® Michael G. Taylor,® Carolin M. Sutter-Fella, (22
Gerbrand Ceder,? Anubhav Jain® and Samuel M. Blau (2 *@

BiFeOs (BFO) is a next-generation non-toxic multiferroic material with applications in sensors, memory
devices, and spintronics, where its crystallinity and crystal structure directly influence its functional
properties. Designing sol—gel syntheses that result in phase-pure BFO remains a challenge due to the
complex interactions between metal complexes in the precursor solution. Here, we combine text-mined
data and chemical reaction network (CRN) analysis to obtain novel insight into BFO sol—gel precursor
chemistry. We perform text-mining analysis of 340 synthesis recipes with the emphasis on phase-pure
BFO and identify trends in the use of precursor materials, including that nitrates are the preferred metal
salts, 2-methoxyethanol (2 ME) is the dominant solvent, and adding citric acid as a chelating agent
frequently leads to phase-pure BFO. Our CRN analysis reveals that the thermodynamically favored
reaction mechanism between bismuth nitrate and 2ME interaction involves partial solvation followed by
dimerization, contradicting assumptions in previous literature. We suggest that further oligomerization,

rsc.li/digitaldiscovery

1 Introduction

Bismuth ferrite (BiFeOj3, or BFO) is a well-studied multiferroic
material with significant applications in sensors, memory
devices, and spintronics."” Perovskite BFO thin films have
attracted considerable interest as multiferroic perovskites and
a semiconductor alternative to lead-based perovskite solar cells.
The crystallinity and crystal structure of BFO are key factors
influencing its functional properties, which highlights the
importance of the synthesis process.>* Several methods,
including sol-gel, hydrothermal, and solid-state techniques,
have been employed to synthesize BFO.** Among these, sol-gel
synthesis is particularly advantageous for growing single-phase
films due to its ability to achieve uniform composition at the
molecular level.* In this process, precursor materials are mixed
in solution, followed by deposition, spin-coating, and temper-
ature treatment."”"°

However, challenges remain in designing sol-gel protocols
to achieve target outcomes.'®"* Achieving a pure crystalline BFO
phase is a topic of ongoing investigation, as even small changes
in sol-gel protocol conditions can lead to different struc-
tures.''® Variations in precursors, ratios, pH, temperature,
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facilitated by nitrite ion bridging, is critical for achieving the pure BFO phase.

time, pressure, atmosphere, and other factors can produce
a wide range of compounds, often resulting in BFO with
impurity phases or the formation of an amorphous phase.”***
While most parameters can be numerically analyzed and
sequentially optimized to identify cutoff values,>'* selecting
precursor materials for sol-gel BFO synthesis is not straight-
forward due to the complex underlying chemical interactions
within the precursor solution."»* For example, although the
most common sol-gel BFO precursor solution, comprising
nitrate salts and 2ME, has been experimentally studied,"** the
specific reaction pathways involved have yet to be explored from
a computational perspective.

To add insight into the impact of precursors on BFO phase
formation and the reactions occurring in the precursor solu-
tion, we propose the combined use of text-mining">'® and
Chemical Reaction Network (CRN) methods.”™ Our approach
is outlined in Fig. 1. Text-mining facilitates the extraction of
synthesis protocols and phase outcomes from scientific litera-
ture, providing a broad perspective on experimental trends.™* By
systematically analyzing 340 sol-gel synthesis recipes targeting
phase-pure BFO thin films, we identified key trends in the
choice of metal precursors, solvents, and additives as critical
factors influencing outcome phase. This text-mining analysis
further informs the selection of systems for CRN modeling® to
explore the underlying chemical reaction pathways at a molec-
ular level. Our study investigates the detailed reaction pathways
and intermediate structures involved in BFO synthesis,
modeling the energetics and viability of various synthesis

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Graphical abstract. To study the precursor solution, we used (a)
text mining and (b) chemical reaction networks (CRNs). (c) Integrating
text mining with CRNs provides insights into how precursor materials
influence the reaction pathway. We hypothesize that nitrate salts and
solvents that stabilize de-nitrated complexes promote dimerization.
The dimerization suggests that surfactants obstruct the reaction, and
our text-mining analysis supports this claim.

routes. Our findings highlight oligomerization and dimeriza-
tion as dominant mechanisms, challenging the previously
suggested hypothesis of a gradual nitrite-to-solvent replacement
pathway. Based on these insights, we propose optimizing
precursor materials by focusing on nitrate salts, selecting
solvents stabilizing de-nitrated complexes, and avoiding
surfactants.

This paper consists of the following parts. The Methods
section describes in-detail the text-mining techniques and CRN
analysis used to extract and model the synthesis data, as well as
assumptions made regarding structural representation. In the
Results section, we present the findings from the text-mining
analysis and CRN simulations, including trends in precursor
selection and reaction pathways. We emphasize the oligomeri-
zation pathway in the sol-gel process. In the Discussion section,
we interpret our findings in the context of existing studies,
explaining that nitrate salts and solvents that stabilize de-
nitrated complexes can enhance oligomerization while surfac-
tants tend to inhibit it, and explore the potential future impli-
cations of these results.

2 Methods

We used data-driven methods, text-mining and CRN, to study
the molecular reactions at play in the precursor solution for
BFO thin films. The general workflow is outlined in Fig. 1.

2.1 Text-mining

We used text mining to study the diversity of the precursor
solution composition and establish the link between precursor
materials and the resulting phase (Fig. 1a). We selected 178
scientific publications reporting sol-gel synthesis of BFO and
targeted phase-pure perovskite thin films through a multi-step
process. A keyword search of an in-house database containing
nearly 5 million materials science articles published between
2000 and 2020 identified 82196 papers discussing impurity
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phase formation. Chemical Named Entity Recognition was then
used to extract relevant materials, narrowing the focus to BFO.
Further filtering based on synthesis method and relevance to
sol-gel-derived BFO thin films resulted in 121 suitable articles.
To supplement our dataset with articles published after 2020,
we scraped Web of Science, filtering for papers on sol-gel
synthesis targeting BFO. This search yielded 57 additional
papers. Publication selection is described in detail in our
accompanying paper.**

Next, we manually extracted synthesis parameters and
outcomes for 340 synthesis descriptions. Due to the complexity
and variability of the synthesis descriptions and the limited
automated capabilities at the time, we chose human-driven
literature extraction which enabled us to capture nuanced
insight that programmatic text-mining could not yet achieve.
We extracted and tabulated all synthesis parameters mentioned
in the experimental sections of selected papers, such as
temperature, pH, time, concentration, etc.,, and performed
a comprehensive programmatic analysis in our accompanying
paper."* However, in this work, we focus on precursor materials
and output phases. To structure the data, we classified all
materials (according to the claims of the authors and in
a consistent way) into the following roles: metal source, solvent,
chelating agent, dehydrating agent, or surfactant. We then
conducted a statistical analysis to identify the most frequently
used materials in each category, labeling less frequent materials
as “other”. See ESIT for the full list of materials and details of
the analysis.

2.2 Assumptions about metal complexes

To describe the chemical reaction pathway for the BFO system
using a data-driven CRN approach, we made several assump-
tions about metal complexes. We focus solely on Bi due to its
similar chemical behavior with Fe* and to avoid computational
complexity associated with Fe's incomplete d-shell. The Bi-
metal ion core forms ionic and coordination bonds with inor-
ganic (nitrite ion, nitric acid) and organic (2MEgehyar ion, 2ME)
ligands. We assume a neutral precursor solution with Bi**
charge, resulting in complexes with three ionic ligands and
varying numbers of nonionic ligands. Ligands can be mono- or
bi-dentate, influencing coordination geometry. Based on data
from the Crystal Structure Database®“** (see ESI{), Bi** ions
coordinated with oxygen exhibit ligand-dependent coordination
with coordination number (CN) ranging from 4 to 9 and the
median CN of 6. Thus, we do not limit the CN but set an initial
coordination of 6 for bismuth nitrate. Water ligands were
excluded as they tend to form hydrogen bonds with organic
ligands rather than coordinate with Bi-metal centers, see ESL.

2.3 Chemical reaction network

A Chemical Reaction Network (CRN) is a mathematical frame-
work used to model and analyze chemical reactions, particularly
in complex systems where experimental observations are diffi-
cult. CRNs allow for systematic exploration of chemical inter-
action spaces, enabling the identification of feasible reaction
pathways and providing predictions of reaction outcomes.'”***

Digital Discovery, 2025, 4,1602-1611 | 1603
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A CRN consists of two main elements: a dataset of chemical
species (including reactants, reaction intermediates, and
products) and the reactions between them, characterized by
parameters such as free energy changes and activation barriers.
Thus, the reaction pathway is broken down into elementary
reaction steps occurring between intermediate species with
minimal changes in structure and composition in each
elementary step. This allows CRNs to model the entire reaction
landscape in detail and identify energetically favorable path-
ways.” The method is highly parallelizable and compatible with
modern computational architectures, offering resource-
efficient solutions for large-scale chemical systems and high-
throughput studies.****

To study the chemical reaction space of bismuth nitrate
dissolved in 2ME, we built a CRN (Fig. 1b) and used a BEP-type
approximation to relate the Gibbs free energy to the activation
energy as the reaction driving force. We started by preparing
a dataset of species for CRN including partial ligand exchanges:
we represented reactant molecules as molecular graphs using
SCINE Molassmebler* and iteratively generated intermediate
species toward the product (step 1). For each graph, we gener-
ated 3D conformers and pre-optimized them using Architector®”
and TBLite*® (step 2). We selected three lowest energy
conformers, optimized them and calculated thermodynamic
potentials using QChem?® and QuAcc® (step 3). We compiled
this information into a comprehensive dataset of species and
generated a dataset of reactions between them with High
Performance Reaction Generation (HiPRGen)* (step 4). Lastly,
we produced reaction pathway trajectories with Reaction
Network Monte Carlo (RNMC)** (step 5). See more details on
each step below. To handle structures with multiple Bi centers
and bridging ligands, we performed steps 1 and 3 of the
pipeline.

A chemical reaction network is defined by a set of species
and reactions, and each run of RNMC produces a trajectory by
selecting a reaction at every step; although no exhaustive
method can address the vast space of possible complexes and
reaction paths, the CRN approach captures as many possibili-
ties as feasible, surpasses previous methods, and provides new
insights.>*

2.3.1 Step 1-dataset of species, producing intermediates.
To populate the species dataset for CRN, we focused on Bi-O
bond patterns and first generated the reaction intermediates as
molecular graphs:** metal complexes with partial replacement
of nitrite ligands in [Bi(NOj);] with 2ME solvent ligands. The
latent molecular graph representation used only atomic bond
information, treating a metal complex as a list of bonded atomic
pairs without distinguishing between ionic and coordination
bonds. This simplified the representation of metal complexes,
making the algorithm more adaptable for different molecular
systems. Using the SCINE Molassembler*® package, we devel-
oped a fragmentation-recombination loop algorithm that
allowed us to generate reaction intermediate molecular graphs,
starting with the input molecular graph of [Bi(NO3);], see ESIT
for details. In the fragmentation stage, we iterate through all Bi-
O bonds in the input metal complex and break a single bond,
generating a molecular graph of a complex fragment. In the
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recombination stage, we form a new Bi-O bond in each frag-
ment graph either with existing ligands or by attaching another
ligand (2 ME, 2MEgcpyar i0n, nitrite ion, nitric acid). We
removed isomorphs, charged species, and graphs with tridental
ligands. To reduce computational load, we then discarded
intermediates: (1) with ionic 2MEgenyar attached only via
methoxy oxygen (-OCHj3), assuming the alkoxide oxygen (-O)
to be the preferred connection site; (2) with four or more nitrite
ligands (nitrite ion and nitric acid) or four or more solvent
ligands (2MEgenyar ion and 2ME). Since the used latent molec-
ular graph representation ignores bond lengths and angles, we
follow this step with 3D conformer generation.

2.3.2 Step 2-dataset of species, generation of 3D
conformers. To complete the generation of intermediate species
for the CRN dataset, we built 3D conformers from the latent
molecular graph representations created in the previous step.
The process of generating 3D configurations from molecular
graphs is inherently complex due to the existence of multiple
possible 3D conformers for a single graph. For this, we utilized
the Python Architector package,” which specializes in gener-
ating 3D conformers for organometallic compounds by
applying topological rules and incorporating experimental data
on metal complexes. While SCINE Molassembler*® also offers
3D molecule generation capabilities, Architector provides
enhanced functionality, including various relaxation methods
specifically designed for metal complexes, leading to more
accurate and reliable molecular structures. This approach also
helps mitigate the influence of input parameters on the selec-
tion of 3D conformers.

We converted Molassembler graphs into Architector's input
format: dictionaries listing the metal core, coordination
number (CN), and ligands in SMILES notation with bonding site
indexes (ligands listed in ESIT). We ran Architector with force-
field pre-optimization, the solvent set to “octanol” (approxi-
mating 2ME by dielectric constant), and requested 20 total
metal-center symmetries. We used the Sella optimizer (from the
Architector developer branch), which, although requiring 2-10
CPU node-hours per graph, yielded configurations more
consistent with the input molecular graph and lower in energy
compared to the default LBFGS optimizer.** We also set Archi-
tector to perform geometry relaxation with GFN2-xTB** and
selected the 3 lowest-energy conformers based on XTB energy
values for further DFT calculations. While satisfactory for this
task, this method lacks support for oligomeric complexes;
dimer structures were handled using SCINE Molassembler.

2.3.3 Step 3-dataset of species, free energy calculations. To
obtain Gibbs free energies for species in the dataset, we fol-
lowed the optimization-frequency-single point (opt-freq-sp)
calculation workflow, automating it with QuAcc.** Metal
complexes were generated with Architector (previous step), and
ligand molecules were assembled using Avogadro.*® We run
geometry optimizations using DFT at the wB97M-V/def2-
SVPD?***” level with the PCM solvation model*® in Q-Chem 6.0,*
employing a dielectric constant of 16.93 for 2ME and the default
PCM QChem parameters for all other settings. Although Q-
Chem optimizations required 10-20 CPU node-hours per
structure, inexpensive semi-empirical methods like XTB and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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TBLite*® were insufficient for our structures. We performed
vibrational analysis with TBLite at the GFN2-XTB level and dis-
carded species with imaginary frequencies. Comparison of
TBLite's enthalpy and entropy values with Q-Chem showed
a variance within 5% (see ESIt), while reducing resource usage
tenfold. We then refined energy values with single-point energy
calculations at the wB97M-V/def2-TZVPD level with PCM in Q-
Chem and used these to calculate Gibbs free energy values.

Overall, we collected a species dataset with the following
data: relaxed 3D molecule, energy, entropy, and enthalpy. We
note that during the geometry relaxations some bonds were not
preserved, and the molecule graphs were updated accordingly.

The species dataset for the CRN is illustrated in Fig. 2. The
fragmentation-recombination loop generated 809 unique
molecular graphs, which we reduced to 110 graph dictionaries
with ligand-based filtering as described earlier. Adding graph
dictionaries with higher Bi CN enhanced the dataset for the
potential product study (P). Architector produced a total of 1900
pre-optimized structures. Running DFT optimization of the
three lowest energy conformers resulted in 231 molecules with
unique molecular graphs. The optimized structures exhibit CN
ranging from 4 to 10 with a median of 6. The ratio of nitric to
2ME ionic ligands indicates a trend toward more structures
with 2ME ligands, consistent with the expected reaction direc-
tion. The study of potential products resulted in seven 3D
conformers with CN of 7 and 8, and free energy analysis
demonstrated that adding a fourth neutral 2ME ligand to Bi
coordinated with three 2ME ions is not thermodynamically
beneficial (see ESI}), corroborating earlier claims on similar
structures.*®

2.3.4 Step 4-building CRN. Finally, to establish a set of
chemical reactions and the relationships between reactants and
products in the Bi nitrate and 2ME solution chemical reaction
space, we built a CRN by systematically generating and filtering
possible reactions between species in our dataset. We utilized
the HiPRGen tool** with MPI4Py multi-node parallelization. We
loaded a dataset with species information (relaxed 3D molec-
ular structure, electronic energy, entropy, and enthalpy) into
HiPRGen and updated molecular graphs for relaxed geometries
using a Bi-O bond length cut-off of 3.4 Angstrom. Utilizing
HiPRGen's flexibility, we configured species and reaction filters
feasible for our task. Species filter rules included all dataset
species and fragments resulting from the breaking of one or two

809
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Fig. 2 Data flow in the generated CRN dataset follows the approach
outlined in steps 1-3 described in the methods section. The dataset
used in HiPRGen comprises 231 metal complexes with coordination
numbers (CN) ranging from 4 to 10 and various ratios of nitrite to 2ME
among the ionic ligands. ‘P’ denotes product structures.
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bonds. Elementary reaction filter rules allowed reactions with
AG <5 eV, discarded reactions with coexisting species (e.g., A+ B
— A + C as A can be removed to form the simpler B — C
reaction), rejected reactions separable by composition (e.g:,
when an A+ A — B+ C can be broken into A — Band A — C),
and permitted up to 4 total distinct bonds to be broken and
formed in a single step. With HiPRGen, we enumerated all
possible reactions between species and applied filters, dis-
regarding reactions that do not meet our criteria, see ESIT for
the list of the reactions. HiPRGen produced a total of 388
distinct reaction steps. We provide the full list of steps and their
rates of occurrence in the ESL ¥

2.3.5 Step 5-analyzing reaction pathways. To construct the
full reaction pathways and consumption rates from CRN, we use
the RNMC software.** We set the reaction barriers equal to the
change in free energy at room temperature, assigning zero
barriers to all energetically favorable reactions. We simulate the
initial conditions for the Monte Carlo simulation with a ratio of
bismuth nitrate to 2ME solvent molecules of 1 : 100. We run 100
trajectories of 10 000 steps each using GMC, Gillespie's next
reaction simulator.*

2.4 Dimer study

To find the dimer lowest energy configuration, we followed
steps 1-3 from the CRN box in Fig. 1 with several adjustments.
We started with the molecule graph for the dimer-ready struc-
ture: [Bi**(NOj3),(2ME )] determined in CRN analysis and con-
nected two such graphs in order to form the dimer molecule
graph using SCINE Molassembler. We built two different dimer
molecular graphs, bridging with one and two nitrite ions and
zero total charge, see ESIT for molecular graphs. Then, since
Architector does not support multi metal complexes, we used
SCINE Molassembler to generate 50 3D conformers and
randomly chose 10 for each dimer graph. We followed with opt-
freq-sp calculations in Q-Chem at the same level of theory as in
original CRN step 3, and 17 dimer conformers converged. We
chose the conformer with the lowest Gibbs free energy at room
temperature, see ESIt for the full list of conformer energies and
the lowest energy conformer XYZ.

3 Results

3.1 Text-mining

To study the diversity of precursor materials and establish
a connection with the resulting BFO material phases in reported
experiments, we text-mined 340 synthesis recipes targeting
phase-pure BFO and analyzed the collected dataset (see the
results of the text-mining analysis in Fig. 3). We categorized the
resulting phases into three groups: pure crystalline phase
(73%), impure crystalline phase (24%), and amorphous phase
(3%). Metal precursor nitrates are used in 94% of the recipes,
while the remaining 6% use other salts, which yield all three
phase outcomes. Thus, we could not observe a statistically
significant correlation between salt choice and phase outcome
from our data. Next, we incorporated solvents into the resulting
material phase analysis. Specifically, 2ME is used in 73% of

Digital Discovery, 2025, 4,1602-1611 | 1605
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(a) Precursor composition diagram from text-mined dataset. Vertical bars represent quantitative distribution of materials used in recipes.

(b) Phase outcomes for different precursor materials. Solvent with no other additives leads to phase-pure crystalline BFO in 90% of cases.
Addition of citric acid leads to a pure crystalline phase in 94% of cases. Acetic acid derivatives yield phase-pure BFO in 68% of cases. Overall

portion of recipes reporting pure crystalline phase is 73%.

recipes, and ethylene glycol is used in 16% of the recipes. There
are 50 recipes in our dataset that use only metal salts and
solvents without other additives, and in 90% of those cases, they
result in pure crystalline phase formation. These findings
suggest that 2ME is the preferred solvent and is optimal for
achieving a pure-phase crystalline BFO when no additional
materials are included.

Chelating agent citric acid, used in 12% of the recipes,
maintains high phase-pure crystalline BFO yield: among 40
recipes with salts, solvent, and citric acid (no additional
materials), 94% result in phase-pure BFO. In contrast, other
chelators such as more common acetic acid or nitric acid (used
in 34% and 5% of recipes respectively), show less consistent
results. Among 190 recipes that use acetic acid, glacial acetic
acid or acetic anhydride (which forms acetic acid after inter-
acting with water), only 68% lead to phase-pure BFO, while
29% yield impure crystalline phase. Among 18 recipes using
nitric acid, only 55% yield pure phase, and 45% result in
impurities formation. These findings suggest that citric acid is
a more reliable chelating agent for pure BFO synthesis
compared to acetic or nitric acid. Contrary to the expectations
that surfactants enhance phase-pure BFO formation,®** our
analysis shows that their inclusion decreases the likelihood of
achieving pure crystalline BFO phase: the fraction of recipes
using surfactants and reporting phase-pure, impure, and
amorphous phases is 66%, 31%, and 3% (with the overall
recipes outcome phases fractions being 73%, 24%, and 3%),
indicating that their role in phase purity enhancement is not
straightforward.

To summarize out text-mining analysis, for researchers
aiming to synthesize phase-pure BFO, we recommend using
nitrate precursors, 2ME as the solvent, and citric acid as the
chelating agent, while avoiding unnecessary additives that may
introduce complexity without clear benefits.'® Motivated by text-

1606 | Digital Discovery, 2025, 4, 1602-1611

mining results, we selected the most common precursor,
bismuth nitrate dissolved in 2ME, and performed a computa-
tional analysis of its reaction pathways. We apply CRN approach
to investigate the reaction path in detail in the context of
observations from text-mining.

3.2 Chemical reaction network

The CRN analysis of bismuth nitrate dissolved in 2ME, as
illustrated in Fig. 4, distills the complex CRN down to a handful
of critical reactions, capturing both expected and unexpected
pathways. Previous literature™* suggests that the complete
replacement of nitrite ligands with 2ME ligands, as shown in
Reaction (1), occurs before the formation of any oligomeric
species on the way towards crystallization:

[Bi’*(NO3)3] + 3:2ME — [Bi** (2MEgenyar)s] + 3HNO; (1)

Surprisingly, our calculations show that this overall reaction
is endergonic, with a change in Gibbs free energy of AG(1) =
+0.89 eV. However, the beginning of the path is energetically
favorable. We call the exergonic part of the pathway “partial
solvation”, in which one nitrite ligand is replaced by one solvent
ligand (see ESIT), as shown in Reaction (2):

[Bi*"(NO3)s] + 1:2ME — [Bi**(NO3)>(2MEgehyar)] + HNO; (2)

In the CRN, Reaction (2) is composed of three elementary
steps: solvation (3), H swap (4), acid detachment (5) as
described with Reactions (3)—(5):

Solvation:

[Bi(NO3);3] + 2ME) — [Bi(NO3)3;(2ME)]

© 2025 The Author(s). Published by the Royal Society of Chemistry
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[Bi(NO3)3(2ME)] — [Bi(NO3)2(2MEgenya:)(HNO3)]  (4)

Lo

Acid detachment:

[

[Bi(NO3)2(2MEgenyar)(ano3)] = [Bi(NO3)2(2MEgenyar)]
+ HNO; (5)

The process begins with the solvation of the initial bismuth
nitrate metal complex, where a neutral 2ME solvent molecule
attaches to the complex. The attachment of 2ME is energetically
favorable, with a solvation free energy of AG(3) = —0.22, indi-
cating good solubility, as expected. CRN analysis reveals that
the optimized complex, [Bi(NO3);(2ME)], has a CN of 8, with
2ME forming two Bi-O bonds. This bi-dentate interaction
significantly contributes to the stability of the complex.
Following the initial solvation, a proton transfer, i.e. H swap,
occurs from the hydroxyl group (-OH) of 2ME to a nitrite ligand.
This step has an associated free energy change of AG(4) =
+0.38 eV. Despite being energetically unfavorable (endergonic),
the overall free energy change relative to the initial state is AG =
+0.16, which is five times smaller than AG(1). Further, we know
that heat is required to drive this process forward, so the pres-
ence of an intermediate endergonic step is unsurprising.

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

>

Reaction Coordinate

Fig. 4 Reaction path energy profile based on CRN analysis. The full solvation path is expected based on previous hypotheses but is found to be
highly thermodynamically unfavorable. In contrast, the novel dimer path revealed by our analysis is thermodynamically favorable, suggesting

Subsequently, the byproduct nitric acid detaches from the
bismuth core with AG(5) < 0, leading to the formation of a new
complex, [Bi(NO3),(2MEgcnyar)], referred to as the “dimer-ready
structure” for reasons that will be clarified below. This structure
is characterized by the replacement of one nitrite ligand with
one solvent ligand, making it the final stable complex on the
expected solvation pathway that is energetically lower than the
initial state, see ESIT for the reaction report. After the formation
of the “dimer-ready structure,” the full solvation pathway
continues with the substitution of the remaining two nitrite
ligands with solvent molecules. However, these subsequent
steps are increasingly endergonic, with significant energy costs,
making the overall pathway thermodynamically unfavorable
and thus highly unlikely to occur.

However, as illustrated in Fig. 4, our CRN analysis reveals
that dimerization after partial solvation is exergonic, presenting
a novel alternative mechanistic route towards crystallization
that is vastly more thermodynamically favorable than the ex-
pected full solvation path. This “dimer path” can be described
as two “dimer-ready structures” joining together as denoted by
Reaction (6):

2[Bi(NO3)2(2MEgenyar)] = [Bio(NO3)4(2MEgenydr):] (6)
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where dimer formation is energetically favorable, with AG(6) =
—0.4. The dimer configuration we report features two Bi ions
asymmetrically bridged by a nitrite ligand and a solvent ion
ligand in a rhombic bonding motif. Additional Bi coordination
sites are partially occupied by nitrites and solvent ions. We note
that asymmetric bridging and rhombic bonding motifs were
also reported in experimental investigations on similar dimeric
complexes,*** supporting the viability of our discovered
pathway. Among the 17 tested dimer structures and all the
structures in the CRN dataset, the dimer structure exhibited the
lowest energy. In the context of reaction pathways, the dimer
structure was also the most stable product (see ESIT).

4 Discussion

Through text mining with the emphasis on phase-pure BFO, we
examined what precursor materials experimentalists select
based on expected behaviors in the solution, specifically the
selection of metal salt, solvent, chelating agent, dehydrating
agent, and surfactant. Solvents, typically volatile long organic
molecules, are expected to help with forming a dense, stable
polymeric precursor.”** Chelating agents, or chelators, are
organic acids which should possess specific ligands that have
high affinity and can bind/carry metal ions and are claimed to
increase gel viscosity and encourage the formation of oligo-
meric structures.»** Dehydrating agents are employed to remove
excess water by bounding it, thus promoting homogeneity of the
final gel.' The studies that employ surfactants commonly
motivate it by the assumption that they improve phase purity by
increasing gel homogeneity and promoting chemical reactions
in it.*

In our chosen precursor of study, Bi nitrate with 2ME as
motivated by text mining, the reaction path was previously
claimed to proceed as gradual replacement of nitrites with
solvent ligands within a single-metal complex.”** There have
been several experimental efforts where the BFO precursor was
studied with Fourier Transform Infrared Spectroscopy (FTIR)
for the bond presence before and after the reaction.” The
analysis indicated Bi-nitrite bonds before the reaction and Bi-
2ME bonds after. The possible reaction pathway was described
as the complete substitution of nitrite ligands with solvent for
each Bi complex via gradual ligand replacement.™** This route is
what we call “full solvation” and is described by Reaction (1).

We contradict an existing hypothesis that the chemical
reaction in BFO precursor occurs as a gradual replacement of
nitrite ligands with 2ME ligands within one complex. We find
this reaction to be overall endergonic with AG(1) = +0.89 eV,
making it energetically unfavorable. The estimated temperature
for this reaction to proceed, from the formula T = AHxn/ASixn,
is 300 °C, see ESI.t. However, while it was previously experi-
mentally demonstrated that the precursor requires heating for
bonds to change, the reported temperature was much lower -
about 90 °C." Further, our CRN analysis reveals that every step
of the “full solvation” route after the initial 2ME-nitrite swap is
energetically unfavorable.

We instead hypothesize that the chemical reaction in the
BFO precursor occurs through dimerization with both nitrite
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and solvent ligands coordinating Bi metal cores. Our CRN
analysis revealed the first step of the oligomerization chain:
formation of a dimer. The dimer configuration we report
exhibits asymmetrical bridges involving both nitrite ions and
solvent ions, consistent with a previous study which found that
Bi complexes form dimeric structures with asymmetrically
bridging ligands and additional coordination sites partially
occupied by solvent molecules.** This aspect of solvent
involvement aligns with the subproducts we identified by the
CRN. Hence, selecting the right precursor materials and their
treatment is crucial for successful oligomerization. Returning to
our findings, since we established dimerization as the prefer-
ential pathway in the precursor, we hypothesize that additives
may lead to deviations from this route and result in impurity
phase formation in BFO synthesis.

It was previously suggested that oligomer formation deter-
mines the structural motifs of the resultant BFO phase,"* and
our results are consistent with this statement. In the BFO
crystal, Bi-O-Bi bonds exhibit a rhombohedral arrangement
with oxygen ions fourfold coordinated with metals. This motif
can already be observed in the dimer structure as illustrated in
Fig. 5. Two “dimer-ready structures” are linked with Bi-nitrite-
Bi and Bi-2MEchyq~Bi bonds with oxygens following a similar
rhombohedral pattern. We expect that as more Bi complexes
participate, oligomerization proceeds, forming spatial
arrangement of bridges to bring oxygen ions to a fourfold
coordination state and BFO phase seeding.

To strengthen the connection between oligomerization and
the final phase structure, we compare our findings to related
studies reporting molecular dynamics (MD) simulations that
illustrated the bridging process and the formation of rhombo-
hedral crystal structural motifs. MD simulations showed that
[BigO4(OH)4]°* complexes in DMSO solution formed dimers via
nitrite ion bridges and oligomerized further into [BigOy(-
OH),](NO3)¢ clusters.?>*>**%¢ During the bridging process, two
complexes were linked with rapidly formed temporary Bi-
nitrite-Bi bonds with 1-3 nitrite bridges. Then these bonds
quickly rearranged into Bi-O-Bi rhombohedral motifs with
fourfold coordinated oxygen ions by Bi, characteristic to Bi,O;

BiFeO3 (BFO)

Dimer

0000

Fig. 5 Comparing rhombohedral motifs forming in the dimer struc-
ture during bridging and persisting in the BFO crystal.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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crystals.”” These observations align with our findings and
support our assertion that dimerization is the reaction pathway.

Next, we speculate on the potential implications of oligo-
merization being the favored pathway for the pure phase
BiFeO3 formation, and particularly the effect of specific additive
types in this process. We highlight that the following discussion
is speculative and represents our attempt to connect all
evidence reported in the literature, emphasizing that further
research is needed. Our text-mining analysis reveals that only
2ME, ethylene glycol, and citric acid consistently lead to a pure
phase (90 to 94% pure phase formation) while the addition of
acetic acid derivatives, nitric acid, and surfactants, on average,
decreasing the frequency of pure phase formation (66 to 68%).
Previous studies suggest that impurity or amorphous phase
formation may occur when competing chemical interactions are
present within the precursor system.' Building on this, we
hypothesize that the mentioned additives may initiate side
processes, diverting from oligomerization — a preferential
reaction pathway within the precursor solution, as shown in our
CRN analysis.

Our results suggest that an increase in nitrite ions would
favor oligomerization, as the driving force behind this process
has been attributed to the presence of free nitrite ions in solu-
tion.** Surprisingly, our text-mining analysis showed that, in
contrast to using pure nitrate salt, the addition of nitric acid
decreases the formation of a pure phase. The reasons for this
are unclear but may be related to excess nitrite competing with
the solvent's ability to stabilize de-nitrated complexes. Previous
MD simulations have shown that the ability of solvents to
interact with under-coordinated Bi ions after nitrite ions depart
is important for oligomerization.*»* See more discussion in
ESLT

The approach used in this work has several limitations.
Extracting synthesis recipes from natural texts is a challenging
task. A synthesis process is typically described in a concise
manner, frequently containing missing steps and experimental
parameters.'™** Also, the protocol complexity is not always
explicitly described. To obtain a high-quality dataset, we
extracted the synthesis recipes manually, which limited its size
and influenced the range of conclusions we could derive.
Advancements in automated text processing methods, such as
large language models (LLMs), have effectively increased the
volume of retrieved synthesis recipes; however, challenges
remain in handling the versatility of features.”

The CRN method used in this work has several limitations,
including: a minor trade-off in accuracy due to semi-empirical
methods to manage the computational demand of data prepa-
ration with advanced structures like metal complexes; the use of
the PCM solvation model; an inability to consider trimers due to
the exponential increase in configurational conformers; and the
inability to capture the complete chemical reaction pathway
from individual molecules to final crystal formation. The
primary limitation for this particular work is that we did not
model Fe, due to its complex d-shell structure, which is not
accurately accounted for by the semi-empirical methods used.
We hypothesize that the Fe mechanism is similar to that of Bi

© 2025 The Author(s). Published by the Royal Society of Chemistry
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based on experimental evidence. In the future, we hope these
limitations will be overcome as methods progress.

5 Conclusions

This study presents a text-mining analysis of 340 sol-gel
synthesis recipes for BFO precursor solution and crystallinity
outcomes. Our analysis identified nitrates as the predominant
metal salts and 2ME as the dominant solvent, with citric acid
frequently leading to phase-pure BFO. The use of acetic acid and
nitric acid as chelators resulted in variable phase purity, high-
lighting the complexity introduced by additional precursor
materials.

The CRN analysis uncovered the initial parts of the pathway
involved in the formation of BFO. The study found that the
commonly proposed full solvation route, involving the complete
replacement of nitrite ligands with 2ME ligands, is energetically
unfavorable. Instead, a more plausible mechanism involves
partial solvation followed by dimerization. Our findings explain
existing studies, proposing that oligomerization is facilitated by
nitrite ion bridging. This pathway aligns with experimental
observations and suggests that oligomerization plays an
important role in BFO phase seeding.

This work demonstrates the power of combining text-mining
with CRN analysis to uncover the underlying mechanisms of
complex synthesis processes.

This study has several future implications. Subsequent
studies should investigate the role of different solvents and
chelating agents in the synthesis of BFO, focusing on their
impact on the reaction pathways and final crystal structures.
The method described in this work can be applied to study
synthesis of other complex oxides, enhancing their crystallinity
and phase purity. Implementation of advanced text processing
methods and CRN expansion would help to scale up to larger
datasets and investigate more complex systems.
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