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Modern materials discovery using data-driven techniques relies heavily on large and structured
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databases of material compositions and properties; however, the majority of information regarding

experimentally synthesised materials lies buried within millions of scientific articles. Large language

models and agents have now made it possible to extract structured knowledge from scientific text,

but, despite several approaches designed for this aim, no highly accurate approach focused on com-

position and property extraction—the bare minimum for data-driven methods—to create machine

learning-ready databases without the need for human assistance has been developed. We therefore
developed ComProScanner, an autonomous multi-agent platform that facilitates the extraction, val-
idation, classification, and visualisation of machine-readable chemical compositions and properties
for comprehensive database creation. ComProScanner is a publisher-to-database framework which
incorporates publisher APIs bypassing the need to manually upload papers into the framework and

it is capable of scanning thousands of papers without human intervention. We evaluated our frame-

work using 100 journal articles against 10 different LLMs, including both open-source and proprietary

models, to extract highly complex compositions associated with ceramic piezoelectric materials and
corresponding piezoelectric strain coefficients (d33), motivated by the lack of a large dataset for such
materials. DeepSeek-V3-0324 outperformed all models with a significant overall accuracy of 0.82.
Even with this small journal sample, the vast majority of the piezoelectric materials we extracted

are not included in commonly available databases and we identified one system with a significantly

high piezoelectric coefficient. This framework provides a simple, user-friendly, readily usable package

for extracting highly complex experimental data buried in the literature to build machine learning or

deep learning datasets.

1 Introduction

Contemporary data-driven materials design heavily relies on
high-fidelity datasets in machine-readable formats, as the ef-
fectiveness of machine learning (ML) and deep learning (DL)
methodologies hinges on structured and computationally ac-
cessible data containing, at minimum, material compositions
and their corresponding physical properties. Over the past
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decade and a half, the establishment of computational databases
of high-throughput screened materials based on Density Func-
tional Theory (DFT) calculations, such as the Materials Project
(MP)m, JARVIS-DFT, AlexandriaB], and Open Quantum Mate-
rials Database (OQMD)E], together with experimental datasets
like the Cambridge Crystallographic Data Centre (ccDO)® or
High Throughput Experimental Materials (HTEM) database® and
dataset like ChemPile, has shifted research emphasis toward
data-driven materials design. Nevertheless, the preponderance of
experimental scientific knowledge regarding solid-state materials,
analogous to other domains, remains embedded within millions
of scientific journal articles. Extracting this wealth of informa-
tion into the structured, machine-readable formats required for
computational analysis presents a significant challenge that ne-
cessitates automated approaches.

Natural language processing (NLP) algorithms have demon-
strated remarkable advances in materials science applications,
from building toolkits and techniques for automated extraction
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of chemical information from the scientific literature, such as
ChemDataExtractor®,?, ChemicalTagger-’, BatteryBERT**, and
others. These tools and techniques have been implemented to
systematically structure the vast corpus of textual knowledge
in the field1"2% leveraging various techniques, including reg-
ular expression321, BiLSTM recurrent neural networks?2, and
smaller transformer-based language models like BERT?. These
approaches have successfully facilitated the extraction of entity
information from diverse sources, including battery materials lit-
erature’™% and chemical synthesis parameters documented in
methodology sections of scientific papers*®. Entity extraction,
and in particular named entity recognition (NER), has dominated
these research efforts. Researchers have applied domain-specific
labels such as “material” or “property” to specific textual ele-
ments, but require an additional post-processing step to construct
the relations between these entities, relations that prove essential
for training effective machine learning or deep learning models.
To exemplify, discrete entities such as “Cu,0” or “2.1 eV” were
targeted rather than establishing the relational connections be-
tween them (for example, “2.1 eV” represents the measurement
of the band gap for “Cu,0”), i.e., they do not implement relation
extraction (RE) techniques.

In the early 2020s, several end-to-end methods were de-
veloped that use a single machine learning model integrat-
ing both named entity recognition and relation extraction
(NERRE) 2426l These methodologies demonstrate efficacy in
relation extraction tasks; however, they remain fundamentally
limited to n-ary relation extraction frameworks that are com-
plex in architectural structure and struggle to extract all infor-
mation if the interconnection between various entities are too
high. Following the widespread adoption of various large lan-
guage models (LLMs), researchers have employed them success-
fully to extract information from journal articles, replacing tra-
ditional sequence-to-sequence approaches with more sophisti-
cated NERRE methods. Approaches ranging from pre-training4’
and fine-tuning LLMs48733 to prompt-engineering29‘32’37, zero-
shot 2280823338 and few-shot prompting??335758 a5 well as
Retrieval-Augmented Generation (RAG) methods®?4% have en-
hanced NERRE-level text extraction from materials science lit-
erature. Concurrently, LLM-powered agents have been utilised
for various chemistry and material science tasks, including ex-
tracting relevant information from journal articles#1742, predict-
ing new molecules or materials or their properties 3341 qutomat-
ing data handling®3"43>%7 enhancing reasoning and computa-
tional capabilities of LLMs4H/4344:46448 515565ing novel hypothe-
ses®? and even semi-automating experiments47 by integrating
expert tools. Several notable implementations have emerged in
this domain, such as Eunomia by Ansari et al. %, an AI agent
chemist for developing materials datasets by accessing compu-
tational databases and research papers, and, very recently the
multi-agent system nanoMINER“?, which combines LLMs and
multimodal analysis to extract information, though it is specif-
ically limited to nanomaterials. However, both Eunomia and
nanoMINER lack the capability to integrate Text and Data Min-
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ing (TDM) API keys” through the package, requiring users to pro-
vide the articles in PDF format by manually downloading them,
which represents a labour-intensive and time-consuming process
when dealing with large-scale datasets. Additionally,enumerating
all explicit chemical formulas from variable compositions (e.g.,
Pb;_K;NbsOg where x=0.1, 0.2 etc.) into distinct compounds
remains beyond the scope of these agentic systems. Recently, Wil-
helmi et al. published a comprehensive tutorial on using LLMs to
extract chemical data as structured output via various methods,
including prompting, RAG and agentic systems=". Nevertheless,
an easily configurable automated workflow that enables end users
to build, evaluate, and visualise datasets through information ex-
traction from journal articles has been lacking.

In this work, we present an autonomous multi-agent agile
framework, ComProScanner, for end users to extract, evalu-
ate, categorise and visualise machine-readable structured chem-
ical compositions and properties, combined with synthesis in-
formation from journal articles to create extensive databases.
When a research article contains chemical composition along with
the enquired property value either in full article text or tables,
the framework extracts structured JSON data™Y containing both
agent-extracted relevant information and journal article meta-
data obtained via APIs. The agent-extracted relevant informa-
tion comprises the chemical composition of the material and the
property value as key-value pairs, property unit, material family,
synthesis method, precursors used, brief synthesis steps highlight-
ing the key synthesis conditions and steps used, and characteri-
sation techniques employed. Our system combines LLM agents
with powerful tools, including RAG and a custom deep learning
model for extracting chemical compositions and properties only
when property values are available in articles. The workflow sup-
ports Elsevier, Springer Nature, IOP Publishing, and Wiley articles
via publishers’ TDM APIs or PDFs from local folders. ComPro-
Scanner enhances text-mining accuracy by providing flexible con-
textual parameters to agents while maintaining cost-effectiveness
through preliminary article filtering via keyword matching. The
system supports multiple configurable LLMs for both extraction
agents and RAG implementations. ComProScanner can be im-
plemented with fewer than 20 lines of Python code to extract
pre-defined structured data, provided that users have access to
the TDM APIs of the publishers. We evaluated the extraction per-
formance of ten LLMs using 100 articles containing piezoelectric
coefficient ds3 values, achieving overall accuracy exceeding 80%
across various models. Detailed evaluation methods and metrics
are presented in the Results and Discussion sections. Addition-
ally, we conducted cost versus accuracy comparisons to help users
identify economically suitable LLMs to build datasets without per-
forming their own evaluations.

« TDM agreements differ from standard academic subscriptions granted to institu-

tional libraries, as they specifically govern the scraping and downloading of large
volumes of content, which could potentially impact the operational performance of
publishers’ servers.
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Fig. 1 Overall workflow diagram of ComProScanner framework, separated in four distinct operational phases, distinguished with four different colour
regions: (a) metadata retrieval (yellow), (b) article collection (purple), (c) information extraction (green), and (d) evaluation, post-processing, and

dataset creation (brown).

2 Methods

ComProScanner is a highly configurable multiagent-based Python
package developed using CrewAI®2, a production-grade frame-
work for orchestrating Al agent workflows, supplemented with
custom Python scripts. Custom scripts have been strategically im-
plemented throughout the system to enhance cost-effectiveness
and accessibility for researchers engaged in data-driven materials
discovery.

ComProScanner’s workflow architecture comprises four distinct
operational phases: (a) metadata retrieval, (b) article collection,
(c) information extraction, and (d) evaluation, post-processing,
and dataset creation (see [Figure 1). We describe each phase in
turn below.

2.1 Metadata Retrieval

In this phase, ComProScanner finds metadata for relevant articles
associated with the enquired property, including DOI, publication
name, ISSN, Scopus ID, article title, article type, and publisher
name. This section of the program implements property-related
article metadata retrieval scripts that function as a Python wrap-
per for the Scopus Search API®®. The wrapper enables users to
specify primary keyword(s) for relevant metadata search while
providing the flexibility to incorporate additional keywords in
combination with the primary terms. In alignment with the ob-
jectives of the ComProScanner package, this module filters the
document formats to include only Articles and Letters, thereby
eliminating other document types such as Reviews or Conference
Papers that could potentially introduce duplicate compositions or

properties into the dataset.

2.2 Article Collection

This section of ComProScanner accesses full-text articles through
publisher-provided TDM APIs. The system currently supports au-
tomated extraction of articles from four major publishers via their
TDM API and manually downloaded PDF articles from all pub-
lishers (for further details, see section S1 of the Electronic Sup-
plementary Information (ESI)). The system implements prelim-
inary keyword-based filtration for the entire text of the article
through Python regular expressions (Python RegEx)2! to iden-
tify relevant articles mentioning the property, thereby optimis-
ing data management by avoiding text extraction from irrelevant
sources that would unnecessarily inflate the database size. Arti-
cles in which the required property is mentioned are organised
and stored in CSV format with dedicated columns correspond-
ing to specific article sections (abstract, introduction, experimen-
tal methods, computational methods, results and discussion, and
conclusion), with optional MySQL database* integration. Vector
databases are generated, along with CSV files, using the open-
source ChromaDB®> package when any of the specified relevant
keywords are detected within an article, facilitating future RAG
queries.

2.3 Information Extraction

The information extraction phase represented in detail in
ure 2| incorporates five specialised Al agents (Figure 2)), begin-
ning with a property identifier (the Materials Data identifier) that

Journal Name, [year], [vol.], 1 |3
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Fig. 2 Comprehensive workflow diagram of the CrewAl-based extraction system in ComProScanner, comprising five specialised agents. The process
begins with a property identifier agent ((a) RAG Crew) that leverages Retrieval-Augmented Generation (RAG) technology to filter relevant articles. The
remaining four agents are strategically organised into two parallel functional subgroups: one dedicated to composition data extraction ((b) Composition
Crew Set) and the other focused on synthesis information collection ((c) Synthesis Crew Set). Each subgroup implements a sequential two-agent
architecture—the first agent extracts raw data while the second performs formatting and standardisation. The workflow integrates two essential tools:
RAGTool for discriminating between mere property mentions and actual quantitative property values, and MaterialParserTool for accurate processing
of complex chemical formulations.

—
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utilises RAG technology under the RAG Crew. This initial filtering
significantly reduces API costs (or computational resource usage
for locally hosted LLMs) by eliminating articles that merely men-
tion the required property without containing actual property val-
ues. The four remaining agents are organised into two functional
subgroups: one dedicated to extracting composition-related data
(the Composition Crew Set) and another focused on collecting
synthesis information (the Synthesis Crew Set). Each subgroup
employs two sequentially ordered agents; the first extracts raw
data, while the second formats it. By default, the package uses
the provided keyword with some pre-set rules and instruction
for the agents. However, Notes can be appended to both agents
and tasks across all five agent components to provide supplemen-
tary instructions to the agents as additional context. For com-
plex compositions with multiple fractions denoted as variables
e.g., Na(;_,LizTiO3 where x=0.1, 0.3, 0.4, the system employs
material-parsers, a deep learning model developed by Foppiano
et al.?? as an agent tool that resolves the example into three
distinct compositions: Na(0.9)Li(0.1)TiO3, Na(0.7)Li(0.3)TiO3,
and Na(0.6)Li(0.4)TiO3. All extracted data are compiled into a
unified JSON format, which is subsequently integrated with the
corresponding article metadata’.

2.4 Evaluation, Post-processing, and Dataset Creation

The total extracted JSON data comprise two main segments:
(i) agent-extracted composition-property and synthesis data, (ii)
journal article metadata. A detailed description of each type
of agent-extracted data can be found in section S2 of the ESI
along with an example of complete extracted JSON data (Fig-
ure S1). ComProScanner offers a built-in comprehensive evalua-
tion framework, both agent-based and semantic-based, designed
to assess and visualise the extraction performance of LLM agents
with scientific rigour. The framework implements three distinct
categories of evaluation metrics: (a) custom weight-based accu-
racy metrics, (b) conventional classification metrics, and (c) nor-
malised classification metrics. The custom weight-based accuracy
enables users to assign differential priority values to specific ex-
tracted parameters; for instance, users can allocate greater em-
phasis to composition-property key-value pairs (weight of 0.3)
compared to synthesis steps (weight of 0.1) [see section S2 in the
ESI for all possible extracted parameters and their weight-based
emphasis], where the total weight for all extracted parameters is
1. If the weight for one parameter (e.g., composition-property)
is set to 1, keeping all other parameters 0, the accuracy will be
determined purely by the composition-property extraction per-
formance. Standard classification metrics include Precision, Re-

1 This new article metadata is collected for each specific article containing agent-

extracted information, differing from the previously collected metadata that con-
tained limited information for all related articles associated with the property key-
word used for metadata collection. This new comprehensive metadata includes a
wide range of information: DOI, article title, journal name, year of publication,
open access information, author list with their institutional details, and article key-
words. These data are obtained either via Elsevier’s ScienceDirect Article Metadata
API®Y (optional) or the Open Access Button’s free metadata API®Z developed by
OA.Works®™®
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call and F1-score, which are defined relative to the concepts of
true positive (TP), false positive (FP), and false negative (FN).
True positive can be defined as a correct value extracted by the
agent, false positive when the extracted value does not match the
ground truth (the actual text to be extracted), and false nega-
tive as a value that is expected but has not been extracted by the
agent. Both Precision and Recall can be represented as:

TP

Recall = ———— (@D

P . _
recision TP + FN

TP
TP+ FP’
From Precision and Recall, another metric, F1, can be calculated

using [Equation 2}

Fl— 2 x Precision x Recall
" Precision + Recall

2

Beyond standard classification metrics calculated using the aggre-
gate number of items across all evaluation articles, we have devel-
oped normalised classification metrics that consider each article
as a single evaluative unit, wherein each extracted item within an
article contributes a fractional importance to that article’s over-
all evaluation score. These normalised evaluation metrics were
specifically designed to ensure an equitable comparison between
articles with significant disparities in the quantity of extractable
information. The normalised metrics for all papers are calculated
using the modified Precision, Recall and F1-score,

N
Ei:1TPi/ni
N N
Zi:l TP; /n; + Zi:l FP;/n;
N
Zi:l TPi/ni
N N
Zi:lTPi/ni + Zi:l FNZ/n,

2 x Normalised Precision x Normalised Recall
Normalised Precision + Normalised Recall(5

Normalised Precision = 3)

€]

Normalised Recall =

Normalised F1 =

where, TP;,FP;,FN; = true positives, false positives, false nega-
tives for paper i, n; = total number of items in paper which can be
different for different papers i, and N = total number of papers.

Weight-based accuracy metrics, classification metrics and nor-
malised classification metrics all provide the flexibility to use
both semantic and agentic approaches for evaluation. The se-
mantic similarity method is used to match ground truth and
ComProScanner-extracted information for the semantic approach,
whereas LLM agents are instructed to match the ground truth and
ComProScanner-extracted information for the agentic approach.
Although the evaluation accuracy is expected to be higher for the
agentic approach, given that LLM agents will have better compari-
son ability than semantic comparison between two sentences, the
agentic evaluation can take more time and require significantly
large numbers of tokens if reasoning models are used for better
performance.

ComProScanner provides extensive visualisation capabilities of
the evaluation through a diverse array of graphical representa-
tions, including bar charts, radar plots, heat maps, histograms,
and violin charts, all readily accessible within the framework.
Additionally, the system offers pie charts and histogram plot-
ting functionalities to facilitate the analysis of data distribu-
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tion across composition families, precursors, and characterisation
techniques.

3 Results

Although the Materials Project contains the largest database of
piezoelectric materials®”, approximately 700 materials therein
have non-zero dss coefficients, which quantify the electric field
generated when a piezoelectric material is subjected to applied
strain. More critically, fewer than 50 materials are present in the
database with ds3 values exceeding 10 pC/N, where the highest
value reaches up to 738.47 pC/N. However, tens of thousands
of previous works, predominantly experimental, have been al-
ready conducted to identify materials with larger dss coefficients
through doping or other methods, yet these findings remain in the
literature in unstructured, non-machine readable formats. Thus,
considering the challenge of extracting composition-property re-
lationships from unstructured literature data as one of the most
significant tests for assessing ComProScanner’s ability, along with
synthesis data, we evaluated ceramic piezoelectric materials and
their corresponding piezoelectric ds3 coefficient values, across ten
different LLMs.

Metadata of articles related to piezoelectric materials were col-
lected based on piezoelectric, piezoelectricity, pyroelectric, pyroelec-
tricity, ferroelectric, and ferroelectricity as the main base keywords.
After collecting metadata with only base queries, combinations of
base queries and 18 additional keywords such as, advancements,
applications, ceramics, characterization, composites, crystals, etc.,
were used to collect a larger set of metadata that could contain
potential piezoelectric materials along with their corresponding
dss coefficient values. The complete list of the additional key-
words can be found in the supporting information® (see the
test_example.py script). Although metadata were collected for
all articles published between 1st of January 2019 and 17th of
March 2025, only Elsevier papers were considered for the evalua-
tion process, where only 3,916 papers mentioned ds3, accounting
for potential differences in formatting.

Subsequently, 100 test DOIs were selected, based on the pres-
ence of the composition-property data using the RAG agent,
whilst randomising the metadata order. For RAG and other
NLP tasks, text embedding plays a crucial part in ensuring the
efficiency of the models. The PhysBERT®Y model has demon-
strated superior accuracy compared to various sentence trans-
former and BERT models in identifying various physics and mate-
rials science specific vocabulary. However, to ensure that Phys-
BERT would perform better than the leading sentence trans-
former model, all-mpnet-base-v2 62, in our specific domain, the
thellert/physbert_cased model from Hugging Face was evaluated
against sentence-transformer’s all-mpnet-base-v2 model using 12
domain-specific synonyms based on abbreviated forms or chemi-
cal formulae and their corresponding full names or trivial names,
which are summarised in Table S1 in the ESI. The PhysBERT
model outperformed all-mpnet-base-v2 in all cases, with remark-
able performance differences ranging from highly significant im-
provements for terms such as DOS (density of states) with a co-

6 | Journal Name, [year], [vol.], 1

View Article Online
DOI: 10.1039/D5DD00521C

sine similari difference of 0.8338, to modest improvements for
common terms such as PVC (polyvinyl chloride) with a difference
of 0.0566. This satisfactory performance of PhysBERT encour-
aged us to adopt this model as the default embedding model for
storing article text data in the ChromaDB vector database for use
in the RAG tool illustrated in [Figure 2] For fair evaluation across
various models, the RAG environment was maintained consis-
tently, as described in detail in section S3 of the ESI.

Finally, extraction agents were used to extract information
for the piezoelectric materials only for the test DOIs. We se-
lected LLMs to enable a comparison between open-source mod-
els (Google’s Gemma-3-27B-Instruct®, DeepSeek’s DeepSeek-
V3—032464, Meta’s Llama-3.3-70B-Instruct, Llama-4-Maverick-
17B-Instruct®'® and Alibaba’s Qwen3-235-A22B iy Qwen-
2.5-72B-Instruct®®) and proprietary models (Google’s Gemini-
2.0-Flash®?, Gemini-2.5-Flash-Preview”?, and OpenAl's GPT-4o-
mini”Y, GPT-4.1-nano’?) at similar price points, after analysing
the cost-versus-accuracy ratio from the Chatbot Arena LLM
Leaderboard”®, where models had Arena scores exceeding 1250
and output costs below $1/1M tokens (for more details, see
section S4 and Figure S2 in the ESI). Additional instructions
were passed to the agents for better extraction performance
specific to piezoelectric materials and ds3 coefficients (see the
test_example.py script from supporting information 00y, Temper-
ature and maximum output tokens were set to 0.1 and 2048 re-
spectively, which are the default values for ComProScanner’s data
extraction function.

The normalised classification metrics (Precision, Recall, and
Fl-score) of different models, as described in the
[Post-processing, and Dataset Creation|sub-section above, for both
semantic and agentic approaches, are represented as grouped bar
charts for the model Llama-3.3-70B-Instruct (the best-performing
model when considering only normalised metrics) in
Semantic and agentic comparisons based on normalised metrics
for all other models can be found in section S5 along with asso-
ciated Figure S3 of the ESI. We used PhysBERT model for seman-
tic evaluation, the Gemini-2.5-Pro reasoning mode] 70
employed for agentic evaluation. Although normalised classifica-
tion metrics for both semantic and agentic evaluation show sim-
ilar trends, the agentic evaluation demonstrates superior perfor-
mance accuracy compared to semantic evaluation, which is un-
derstandable given that reasoning models such as Gemini-2.5-Pro
possess greater capability to compare sentence structures with
equivalent meanings. Given the superior accuracy demonstrated
by agentic evaluation, we focus on these results to identify the
best-performing models for practical implementation. As men-
tioned earlier, Llama-3.3-70B-Instruct outperforms all other mod-
els in normalised classification metrics with a Precision value of
0.80, Recall value of 0.81, and F1-score of 0.80 (Figure 3).

The confusion matrix (Figure 4) reveals distinct performance

has been

« Cosine similarity measures how similar two text embeddings (vectors) are by cal-

culating the cosine of the angle between them. This provides a score between -1
(completely dissimilar) and 1 (identical), which is useful for tasks such as text or
document clustering.
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Fig. 3 Normalised classification metrics (Precision, Recall, and Fl-score) for model Llama-3.3-70B-Instruct (best performing model considering only
normalised metrics) to showcase the performance of ComProScanner’s performance capability for the considered models using: semantic evaluation
through the PhysBERT model (red bars), and agentic evaluation through the Gemini-2.5-Pro reasoning model (blue bars).

patterns across the evaluated models for piezoelectric mate-
rials extraction taking into account all performance metrics.
DeepSeek-V3-0324 emerged as the top-performing model for
data extraction, demonstrating consistently high scores across
all metrics, with particularly strong performance in composi-
tion accuracy (0.90), Precision (0.84), Recall (0.83), and F1-
score (0.84). This model showed balanced performance with
an overall accuracy of 0.82 and robust synthesis accuracy of
0.75. The Qwen model family demonstrated competitive perfor-
mance, with both Qwen3-235B-A22B and Qwen-2.5-72B-Instruct
achieving comparable results. Notably, both models excelled in
composition accuracy (0.89-0.90) and maintained consistent per-
formance across Precision, Recall, and F1-score metrics (0.79-
0.85). Llama-3.3-70B-Instruct showed strong overall perfor-
mance with an accuracy of 0.76 and exceptional composition
accuracy (0.87). Google’s Gemini models presented mixed re-
sults. While Gemini-2.0-Flash achieved moderate performance
with balanced metrics, Gemini-2.5-Flash-Preview unexpectedly
underperformed compared to its predecessor, showing lower
scores across most metrics (0.61-0.71). Llama-4-Maverick-17B-
Instruct demonstrated notable strengths in specific areas despite
its overall lower performance, achieving commendable composi-

tion accuracy (0.83) and Precision (0.78). However, the model
struggled significantly with synthesis accuracy (0.55) and nor-
malised Precision (0.63). The most concerning performance was
observed with GPT-4.1-Nano, which consistently scored lowest
across all metrics, particularly struggling with normalised Preci-
sion (0.46). Similarly, Gemma-3-27B-Instruct showed subopti-
mal performance, with notable weaknesses in synthesis accuracy
and normalised Precision. We have also taken into consideration
the incorrect and hallucinated information extracted by the best-
performing model, i.e., DeepSeek-V3-0324. Although incorrect
extractions occasionally occur, the total number of hallucinated
extractions is significantly low (see Table S2 in the ESI). Inter-
estingly, although only compositions specific to the relevant work
were instructed to be extracted, compositions mentioned in that
specific article as part of a literature study were occasionally also
extracted. However, these nuances can be fine-tuned through ro-
bust prompt engineering for each specific task.

Furthermore, to compare ComProScanner’s variable parsing
ability with the original material-parsers tool developed by Foppi-
ano et al.@], we tested several examples from the test dataset
by processing them directly through material-parsers, with re-
sults summarised in Whilst ComProScanner outper-
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Table 1 Comparison of performance between material-parsers developed by Foppiano et al.?% and ComProScanner regarding variable substitution in

material compositions.

Digital Discovery

View Article Online
DOI: 10.1039/D5DD00521C

DOI

Item

Details

10.1016/j.jallcom.
2024.176609

Text

The 0.12Pb(Nil/3Ta2/3)03-xPbZr03-(0.88-x)PbTiO3 piezoelectric ceramics with
2 mol% MnO2 (abbreviated as PNT-XxPZ-PT-Mn, x = 0.41, 0.42, 0.43, 0.44) were
fabricated by the conventional solid-state reaction method

material-parsers

. 0.12Pb

. Ni1/3Ta2/3)02.59PbZr03-(0.87.59)PbTiO3
. Ni1/3Ta2/3)02.58PbZr03-(0.87.58)PbTiO3
. Ni1/3Ta2/3)02.57PbZr03-(0.87.57)PbTiO3
. Ni1/3Ta2/3)02.56PbZr03-(0.87.56)PbTiO3

ComProScanner

. 0.12Pb(Ni1/3Ta2/3)03-0.41PbZr03-0.47PbTiO3 + 2% MnO2
. 0.12Pb(Ni1/3Ta2/3)03-0.42PbZr03-0.46PbTiO3 + 2% MnO2
. 0.12Pb(Ni1/3Ta2/3)03-0.43PbZr03-0.45PbTiO3 + 2% MnO2
. 0.12Pb(Ni1/3Ta2/3)03-0.44PbZr03-0.44PbTiO3 + 2% MnO2

A WNR|ODNWDN -

10.1016/j.
jeurceramsoc.
2025.117193

Text

In this study, dense Pb(1-x)K2x[Nb0.96Ta0.04]206 (PKxNT, x = 0.05, 0.10, 0.15,
0.20) ceramics were prepared via the solid-state reaction method.

material-parsers

1.In

. Pb(0.95)K20.05[Nb0.96Ta0.04]206
. Pb(0.9)K20.10[Nb0.96Ta0.04]206
. Pb(0.85)K20.15[Nb0.96Ta0.04]206
. Pb(0.8)K20.20[Nb0.96Ta0.04]206

ComProScanner

. Pb0.95K0.1[Nb0.96Ta0.04]1206
. Pb0.9K0.2[Nb0.96Ta0.04]206
. Pb0.85K0.3[Nb0.96Ta0.04]206
. Pb0.8K0.4[Nb0.96Ta0.04]206

A wWNR|lUODNWN

10.1016/j.ceramint.
2024.09.282

Text

BaCO3 (99.8 %, Aladdin), TiO2 (99.0 %, McLean, Shanghai, China), SnO2 (99.9
%, Aladdin), CaCO3 (99.0 %, Sinopharm), Bi203 (99.9 %, McLean), Fe203 (99.0
%, Sinopharm) are used as raw materials, which were accurately weighed
according to a composition of (1-x) (Ba0.95Ca0.05) (Ti0.89Sn0.11)03-xBiFeO3
(BCTSO-xBFO, x = 0, 0.1, 0.5, 0.9 mol%) and milled with ethanol for 16 h.

material-parsers

1. BaCO3

. TiO2

. Sn02 (99.9 %, Aladdin

. CaCO3 (99.0 %, Sinopharm

. Bi203 (99.9 %, McLean), Fe203

. (1.0) (Ba0.95Ca0.05) (Ti0.89Sn0.11)03.0BiFeO3
. (0.9) (Ba0.95Ca0.05) (Ti0.89Sn0.11)02.9BiFe03
. (0.5) (Ba0.95Ca0.05) (Ti0.89Sn0.11)02.5BiFe03
9. (1.0) (Ba0.95Ca0.05) (Ti0.89Sn0.11)03.0BiFeO3
10. (0.9) (Ba0.95Ca0.05) (Ti0.89Sn0.11)02.9BiFe03
11. (0.5) (Ba0.95Ca0.05) (Ti0.89Sn0.11)02.5BiFe03
12. (0.1) (Ba0.95Ca0.05) (Ti0.89Sn0.11)02.1BiFe03
13. (-15.0) (Ba0.95Ca0.05) (Ti0.89Sn0.11)0-13.0BiFeO3

oONNOUThWN

10.1016/j.ceramint.
2024.10.314

ComProScanner 1. (Ba0.95Ca0.05)(Ti0.89Sn0.11)03
2. (Ba0.95Ca0.05)(Ti0.895n0.11)03 - (0.1)BiFeO3
3. (Ba0.95Ca0.05)(Ti0.89Sn0.11)03 - (0.5)BiFeO3
4. (Ba0.95Ca0.05)(Ti0.895n0.11)03 - (0.9)BiFeO3
Text Lead-free piezoelectric ceramics with the formula Bal-xSrxTi0.92Zr0.0803 [x = 0,

0.04, 0.08, 0.12, 0.16, 0.20 (mol)] were prepared using the solid-state reaction
technique.

material-parsers
& ComProScanner

. Ba1.0Sr0Ti0.92Zr0.0803

. Ba0.96Sr0.04Ti0.92Zr0.0803
. Ba0.92Sr0.08Ti0.92Zr0.0803
. Ba0.88Sr0.12Ti0.92Zr0.0803
. Ba0.84Sr0.16Ti0.92Zr0.0803
. Ba0.80Sr0.20Ti0.92Zr0.0803

AU WN -

8 | Journal Name, [year], [vol.], 1
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2024.117065

DOI Item Details
10.1016/i Text Pure CaBi2Nb209 and rare-earth thulium-substituted CaBi2Nb209 powders with
jeuréeramsj(; . nominal compositions of Cal-xTmxBi2Nb209 (CBN-100xTm) were prepared

through a solid-phase reaction method. To characterize the phase transition in
detail, a composition range of x = 0.01-0.05 was selected.

. CaBi2Nb209
. CaBi2Nb209

material-parsers

. Cal-xTmxBi2Nb209

ComProScanner

G P WOWONRWDN =

. CaBi2Nb209 - 1Tm
. CaBi2Nb209 - 2Tm
. CaBi2Nb209 - 3Tm
. CaBi2Nb209 - 4Tm
. CaBi2Nb209 - 5Tm

Actual resolved
compositions

G WN =

. Ca0.99Tm0.01Bi2Nb209
. Ca0.98Tm0.02Bi2Nb209
. Ca0.97Tm0.03Bi2Nb209
. Ca0.96Tm0.04Bi2Nb209
. Ca0.95Tm0.05Bi2Nb209

formed material-parsers in most cases (first three examples), both
tools successfully resolved the chemical formulae for relatively
straightforward compositions (fourth example), and both occa-
sionally failed, as demonstrated in the fifth example. Throughout
the entire test set, ComProScanner demonstrated superior per-
formance in most instances and equivalent performance in oth-
ers when compared to material-parsers, thereby validating Com-
ProScanner’s capabilities. Furthermore, we compared our frame-
work with similar existing frameworks, Eunomia®? and the ex-
traction agent by CMEG-IITR*®. ComProScanner outperformed
both frameworks in all metrics by significant values. More details
about the comparison can be found in section S6 of the ESI.

ComProScanner also offers built-in data distribution visualisa-
tion functions to represent various material families, synthesis
precursors, and characterisation techniques as either histograms
or pie-charts through a semantic clustering mechanism.
shows these data distributions, where similarity thresh-
olds of 0.8 (default in ComProScanner) were applied for mate-
rial families and precursors, while 0.78 was found to be best
for characterisation techniques during semantic clustering. The
resulting distributions reveal the prevalence of different com-
ponents in piezoelectric materials research across the evaluated
100 articles. In terms of material families, BaTiO5 dominates at
39.0%, followed by KNN (16.0%) and PZT (14.0%), with vari-
ous other compositions including CaBi2Nb209 (9.0%) and BNT-
based materials (3.0%) comprising the remainder. For synthe-
sis precursors, Bi203 is most frequently used (18.9%), followed
by Na2CO3 (13.3%) and TiO2 (10.2%), with a diverse range of
other precursors including various carbonates, oxides, and acids
distributed across smaller percentages. The characterisation tech-
niques show XRD as the predominant method (33.1%), which is
expected for crystalline phase analysis, followed by impedance
analysers (21.9%) for electrical property measurements, and fer-
roelectric test systems (8.3%) for specific piezoelectric character-
isation, with various other analytical techniques contributing to
comprehensive materials evaluation.

To visualise the relationships between the distribution of all

data types mentioned in the Methods section for the evaluated
dataset, a custom schema-based relationship graph has been con-
structed and visualised using the neo4j/# library within the Com-
ProScanner package (Figure 6). The schema defines hierarchi-
cal relationships between extracted compositional data, material
properties, synthesis parameters, and metadata. The produced
neo4j relationship graph from 100 test articles contains a total of
1,825 graph nodes, which are summarised in Table S2 of the ESI.
Cypher”? queries can be utilised to retrieve relational informa-
tion for specific nodes, for example, the inset of repre-
sents 10 random items among 79 compositions associated with
the BaTiO5 family across 100 test articles. Detailed information
about all nodes associated with the test data can be found in Table
S3 in the ESI.

4 Discussion

Although d33 was mentioned in 3,916 papers published within
the considered time period, only data from the 100 test pa-
pers were extracted for evaluation, as our aim here is to
introduce the robust data-extraction framework rather than
providing a dataset. However, with this limited dataset of
100 test samples, we identified a piezoelectric composition
Pb(In1/2Nb1/2)03-Pb(Mg1/3Nb2/3)03-PbTiO3 achieving 2090
pPC/N, which demonstrates the significance of this framework. On
top of this, over 99% of the extracted piezoelectric materials are
not in the Materials Project piezoelectric database, which em-
phasises the importance of ComProScanner for creating datasets
from materials information buried within the materials science
literature. When using ComProScanner to extract data for a use
case different to the piezoelectric materials described here, substi-
tuting the piezoelectric material and dss coefficient-related key-
words with one’s own choice of property keywords in the addi-
tional information maybe sufficient; however, one may need to
introduce further prompt engineering for better extraction per-
formance. During evaluation with one’s own data, despite being
superior in evaluation, the agentic approach can result in sub-
stantial costs, as the pricing of reasoning models is considerably

Journal Name, [year], [vol.], 1 l9
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Score

Metrics

Fig. 4 Confusion matrix from agentic evaluation, showcasing all 9 evaluation parameters, such as weight-based overall accuracy (average of composition
accuracy and synthesis accuracy), weight-based composition accuracy and weight-based synthesis accuracy, classification metrics (Precision, Recall,
and Fl-score), and normalised classification metrics (normalised Precision, normalised Recall, and normalised F1-score), across 10 different LLMs used

in this study.

higher than that of chat models. In such cases, to determine the
suitable model for data extraction, semantic evaluation can serve
as a cost-efficient approach.

For the piezoelectric materials considered, balanced perfor-
mance in each metric with an overall accuracy of 0.82 indicates
that DeepSeek-V3-0324 possesses the most reliable extraction ca-
pabilities for complex piezoelectric material data. The consistency
in various metrics for both Qwen models suggests these mod-
els are also well-suited for systematic materials data extraction
tasks. Llama-3.3-70B-Instruct’s results makes it particularly valu-
able for applications requiring high Precision in materials iden-
tification. However, its synthesis accuracy (0.65) is relatively
lower, indicating potential challenges in extracting complex syn-

10 | Journal Name, [year], [vol.], 1

thesis information. The counter-intuitive results from two Gem-
ini models suggests that model updates do not always guaran-
tee improved performance for domain-specific tasks. The results
for Llama-4-Maverick-17B-Instruct suggest it may be more suit-
able for composition-focused extraction tasks rather than com-
prehensive materials informatics applications. Poor performances
from GPT-4.1-Nano and Gemma-3-27B-Instruct highlight the im-
portance of model selection for materials informatics applica-
tions, where domain-specific performance can vary significantly
from general language tasks. The comparison between the orig-
inal material-parsers tool and ComProScanner demonstrates that
our package performs significantly more efficiently than material-
parsers when resolving complex chemical compositions contain-
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Fig. 5 Distribution of various data types across the evaluated 100 articles: (a) piezoelectric material families, (b) synthesis precursors, and (c)
characterisation techniques. Similarity thresholds of 0.8 were applied for families and precursors, whilst 0.78 was used for characterisation techniques
to group semantically similar items.
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generated and visualised using neo4j from composition-property and synthesis data as well as metadata information extracted from
100 articles using the ComProScanner package. The inset shows 10 randomly chosen items from the 79 compositions associated with
the BaTiO5 family node using cypher query.

ing variables.

Though LLM agents attempt to ensure consistent results across
runs, the underlying LLMs are nondeterministic by nature, which
forms the core limitation of any type of LLM-based approach; con-
sequently, results may vary slightly between runs. For the Mate-
rials Data identifier agent, the RAG question, chunk size, chunk
overlap, top k value, and RAG chat model may require adjustment
and testing according to the specific use case. Although manual
evaluation would serve as the optimal evaluation technique com-
pared to semantic and agentic approaches, it is not practical for
large dataset evaluation. With this consideration, semantic and
agentic approaches are incorporated into the framework, and de-
pending on the chosen reasoning model, evaluation results can
vary slightly.

ComProScanner establishes the essential foundation for the
next generation of Al in material science, creating a pathway to
develop extensive text-mined datasets from journal articles. The
framework we have developed enables a seamless, user-friendly
automated data extraction pipeline. However, OCR technology
or VLMs could be integrated with the framework in the future to
extract information from graphs or other image formats. Addi-

12 Journal Name, [year], [vol.], 1

tionally, flexibility to modify the structure of the extracted JSON
data could be incorporated into the framework to extract multiple
material properties.

5 Conclusions

Although researchers have attempted to automate the extraction
of structured information from journal articles, a user-friendly,
ready-to-use framework was lacking. Here, we have introduced a
multi-agent framework, ComProScanner to accomplish this task.
We assessed our framework using 100 scientific articles across 10
LLMs for highly complex ceramic piezoelectric material composi-
tions and corresponding ds3 coefficient values. We found Com-
ProScanner could extract extremely complex piezoelectric mate-
rial compositions with the optimal settings with DeepSeek-V3-
0324 achieving an overall accuracy of 0.82 and compositional
accuracy of 0.90. Both considered Qwen models (Qwen3-235B-
A22B and Qwen-2.5-72B-Instruct) and Llama-3.3-70B-Instruct
also demonstrated competitive performance with an average
composition-property accuracy ranging from 0.87-0.90. Surpris-
ingly Gemini-2.5-Flash-Preview underperformed compared to its
predecessor in most of the evaluation metrics. Correct assess-
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ment of these complex textual data is challenging, and must be
performed manually which is practically impossible for exten-
sive datasets. However, both semantic and agentic evaluation
suggest the potential application of ComProScanner for creating
vast datasets of complex material compositions and associated
properties, along with synthesis information. As demonstrated
by ComProScanner’s performance, LLM-based multi-agent frame-
works represent a promising approach for automated scientific
data extraction, potentially accelerating materials discovery and
database construction for data-driven research.

Author contributions

AR: conceptualisation, data curation, formal analysis, investiga-
tion, methodology, software, validation, writing — original draft.
EG: resources, supervision. JB: conceptualisation, formal analy-
sis, funding acquisition, investigation, resources, validation, writ-
ing — original draft, writing — review & editing, supervision. CG:
conceptualisation, formal analysis, funding acquisition, investi-
gation, resources, validation, writing — original draft, writing —
review & editing, supervision.

Conflicts of interest

There are no conflicts to declare.

Code and data availability

ComProScanner code is available at https://github.com/
slimeslab/ComProScanner for reuse and modification under
the MIT licence. To support long-term preservation and re-
producibility, a static snapshot of the repository corresponding
to the manuscript has been archived in Zenodo (DOI: https:
//doi.org/10.5281/zenodo.19033754), alongside the archived
version of the latest software release. All data pertaining to the
evaluation process can be found in the examples folder. The
Python package is hosted on the Python Package Index (PyPI)
at https://pypi.org/project/comproscanner/|for straightfor-
ward installation via pip. Comprehensive documentation detail-
ing package usage with custom configurations and all available
functions with their accepted arguments is available at https:
//slimeslab.github.io/ComProScanner!

Acknowledgements

AR and JB thank London South Bank University for financial and
legal support to obtain Elsevier, Wiley, and Springer Nature pub-
lisher’s TDM licences. CG thanks King’s College London for legal
support in obtaining IOP Publishing’s TDM licence. CG was sup-
ported by the EPSRC through a New Investigator Award [grant
number UKRI132].

References

1 A. Jain, S. P. Ong, G. Hautier, W. Chen, W. D. Richards,
S. Dacek, S. Cholia, D. Gunter, D. Skinner, G. Ceder et al.,
APL materials, 2013, 1,.

2 K. Choudhary, K. F. Garrity, A. C. Reid, B. DeCost, A. J. Biacchi,
A. R. Hight Walker, Z. Trautt, J. Hattrick-Simpers, A. G. Kusne,
A. Centrone et al., npj computational materials, 2020, 6, 173.

3 M. M. Ghahremanpour, P. J. Van Maaren and D. Van
Der Spoel, Scientific data, 2018, 5, 1-10.

Digital Discovery

View Article Online
DOI: 10.1039/D5DD00521C

4 J. E. Saal, S. Kirklin, M. Aykol, B. Meredig and C. Wolverton,
Jom, 2013, 65, 1501-1509.

5 F. H. Allen, Structural Science, 2002, 58, 380-388.

6 A. Zakutayev, N. Wunder, M. Schwarting, J. D. Perkins,
R. White, K. Munch, W. Tumas and C. Phillips, Scientific data,
2018, 5, 1-12.

7 A. Mirza, N. Alampara, M. Rios-Garcia, M. Abdelalim, J. But-
ler, B. Connolly, T. Dogan, M. Nezhurina, B. Sen, S. Tiruna-
gari, M. Worrall, A. Young, P. Schwaller, M. Pieler and K. M.
Jablonka, ChemPile: A 250GB Diverse and Curated Dataset
for Chemical Foundation Models, 2025, https://arxiv.org/
abs/2505.12534.

8 M. C. Swain and J. M. Cole, Journal of chemical information
and modeling, 2016, 56, 1894-1904.

9 D. M. Jessop, S. E. Adams, E. L. Willighagen, L. Hawizy and
P. Murray-Rust, Journal of cheminformatics, 2011, 3, 41.

10 L. Hawizy, D. M. Jessop, N. Adams and P. Murray-Rust, Jour-
nal of cheminformatics, 2011, 3, 1-13.

11 S. Huang and J. M. Cole, Journal of chemical information and
modeling, 2022, 62, 6365-6377.

12 E. Kim, K. Huang, A. Saunders, A. McCallum, G. Ceder and
E. Olivetti, Chemistry of Materials, 2017, 29, 9436-9444.

13 O. Kononova, H. Huo, T. He, Z. Rong, T. Botari, W. Sun,
V. Tshitoyan and G. Ceder, Scientific data, 2019, 6, 203.

14 S. Huang and J. M. Cole, Scientific Data, 2020, 7, 260.

15 O. Sierepeklis and J. M. Cole, Scientific Data, 2022, 9, 648.

16 Q. Dong and J. M. Cole, Scientific Data, 2022, 9, 193.

17 K. Cruse, A. Trewartha, S. Lee, Z. Wang, H. Huo, T. He,
O. Kononova, A. Jain and G. Ceder, Scientific data, 2022, 9,
234.

18 E. J. Beard and J. M. Cole, Scientific Data, 2022, 9, 329.

19 A. Trewartha, N. Walker, H. Huo, S. Lee, K. Cruse, J. Dagde-
len, A. Dunn, K. A. Persson, G. Ceder and A. Jain, Patterns,
2022, 3,.

20 L. Foppiano, P. B. Castro, P. Ortiz Suarez, K. Terashima,
Y. Takano and M. Ishii, Science and Technology of Advanced
Materials: Methods, 2023, 3, 2153633.

21 re — Regular expression operations, https://docs.python.
org/3/library/re.html, 2025, Accessed: 2025-03-19.

22 A. A. Sharfuddin, M. N. Tihami and M. S. Islam, 2018 Interna-
tional conference on Bangla speech and language processing
(ICBSLP), 2018, pp. 1-4.

23 J. Devlin, M.-W. Chang, K. Lee and K. Toutanova, BERT: Pre-
training of Deep Bidirectional Transformers for Language Un-
derstanding, 2019, https://arxiv.org/abs/1810.04805.

24 J. Giorgi, G. D. Bader and B. Wang, A sequence-to-sequence
approach for document-level relation extraction, 2022.

25 P.-L. H. Cabot and R. Navigli, Findings of the Association for
Computational Linguistics: EMNLP 2021, 2021, pp. 2370-
2381.

26 B. Townsend, E. Ito-Fisher, L. Zhang and M. May, Doc2Dict:
Information Extraction as Text Generation, 2021, https://
arxiv.org/abs/2105.07510.

Journal Name, [year], [vol.],1 |13


https://github.com/slimeslab/ComProScanner
https://github.com/slimeslab/ComProScanner
https://github.com/slimeslab/ComProScanner/blob/main/LICENSE
https://doi.org/10.5281/zenodo.19033754
https://doi.org/10.5281/zenodo.19033754
https://pypi.org/project/comproscanner/
https://slimeslab.github.io/ComProScanner
https://slimeslab.github.io/ComProScanner
https://arxiv.org/abs/2505.12534
https://arxiv.org/abs/2505.12534
https://docs.python.org/3/library/re.html
https://docs.python.org/3/library/re.html
https://arxiv.org/abs/1810.04805
https://arxiv.org/abs/2105.07510
https://arxiv.org/abs/2105.07510
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dd00521c

Open Access Article. Published on 25 March 2026. Downloaded on 3/25/2026 10:22:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

27

28

29

30

31

32

33

34

Digital Discovery

V. Mishra, S. Singh, D. Ahlawat, M. Zaki, V. Bihani, H. S.
Grover, B. Mishra, S. Miret, Mausam and N. M. A. Krishnan,
Foundational Large Language Models for Materials Research,
2025, https://arxiv.org/abs/2412.09560,

J. Dagdelen, A. Dunn, S. Lee, N. Walker, A. S. Rosen, G. Ceder,
K. A. Persson and A. Jain, Nature Communications, 2024, 15,
1418.

L. Foppiano, G. Lambard, T. Amagasa and M. Ishii, Science
and Technology of Advanced Materials: Methods, 2024, 4,
2356506.

M. P. Polak, S. Modi, A. Latosinska, J. Zhang, C.-W. Wang,
S. Wang, A. D. Hazra and D. Morgan, Digital Discovery, 2024,
3, 1221-1235.

Y. Ye, J. Ren, S. Wang, Y. Wan, H. Wang, 1. Razzak, B. Hoex,
T. Xie and W. Zhang, Construction and Application of Mate-
rials Knowledge Graph in Multidisciplinary Materials Science
via Large Language Model, 2024, https://arxiv.org/abs/
2404.03080.

K. M. Jablonka, Q. Ai, A. Al-Feghali, S. Badhwar, J. D. Bo-
carsly, A. M. Bran, S. Bringuier, L. C. Brinson, K. Choudhary,
D. Circi et al., Digital discovery, 2023, 2, 1233-1250.

Y. Zimmermann, A. Bazgir, Z. Afzal, F. Agbere, Q. Ai, N. Alam-
para, A. Al-Feghali, M. Ansari, D. Antypov, A. Aswad, J. Bai,
V. Baibakova, D. D. Biswajeet, E. Bitzek, J. D. Bocarsly,
A. Borisova, A. M. Bran, L. C. Brinson, M. M. Calderon,
A. Canalicchio, V. Chen, Y. Chiang, D. Circi, B. Charmes,
V. Chaudhary, Z. Chen, M.-H. Chiu, J. Clymo, K. Dabhad-
kar, N. Daelman, A. Datar, W. A. de Jong, M. L. Evans, M. G.
Fard, G. Fisicaro, A. S. Gangan, J. George, J. D. C. Gonza-
lez, M. Gotte, A. K. Gupta, H. Harb, P. Hong, A. Ibrahim,
A. Ilyas, A. Imran, K. Ishimwe, R. Issa, K. M. Jablonka,
C. Jones, T. R. Josephson, G. Juhasz, S. Kapoor, R. Kang,
G. Khalighinejad, S. Khan, S. Klawohn, S. Kuman, A. N.
Ladines, S. Leang, M. Lederbauer, Sheng-Lun, Liao, H. Liu,
X. Liu, S. Lo, S. Madireddy, P. R. Maharana, S. Mahesh-
wari, S. Mahjoubi, J. A. Mérquez, R. Mills, T. Mohanty,
B. Mohr, S. M. Moosavi, A. Moffhammer, A. D. Naghdi,
A. Naik, O. Narykov, H. Nésstrom, X. V. Nguyen, X. Ni,
D. OConnor, T. Olayiwola, F. Ottomano, A. B. Ozhan,
S. Pagel, C. Parida, J. Park, V. Patel, E. Patyukova, M. H.
Petersen, L. Pinto, J. M. Pizarro, D. Plessers, T. Pradhan,
U. Pratiush, C. Puli, A. Qin, M. Rajabi, F. Ricci, E. Risch,
M. Rios-Garcia, A. Roy, T. Rug, H. M. Sayeed, M. Scheidgen,
M. Schilling-Wilhelmi, M. Schloz, F. Schéppach, J. Schumann,
P. Schwaller, M. Schwarting, S. Sharlin, K. Shen, J. Shi, P. Si,
J. D’Souza, T. Sparks, S. Sudhakar, L. Talirz, D. Tang, O. Taran,
C. Terboven, M. Tropin, A. Tsymbal, K. Ueltzen, P. A. Unzueta,
A. Vasan, T. Vinchurkar, T. Vo, G. Vogel, C. Volker, J. Weinre-
ich, F. Yang, M. Zaki, C. Zhang, S. Zhang, W. Zhang, R. Zhu,
S. Zhuy, J. Janssen, C. Li, I. Foster and B. Blaiszik, Reflec-
tions from the 2024 Large Language Model (LLM) Hackathon
for Applications in Materials Science and Chemistry, 2025,
https://arxiv.org/abs/2411.15221,

M. P. Polak and D. Morgan, Nature Communications, 2024,
15, 1569.

14 | Journal Name, [yeat], [vol.], 1

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

View Article Online
DOI: 10.1039/D5DD00521C

N. Alampara, M. Schilling-Wilhelmi, M. Rios-Garcia, I. Man-
dal, P. Khetarpal, H. S. Grover, N. M. A. Krishnan and
K. M. Jablonka, Probing the limitations of multimodal language
models for chemistry and materials research, 2025, https:
//arxiv.org/abs/2411.16955.

D. Prasad, M. Pimpude and A. Alankar, Towards Develop-
ment of Automated Knowledge Maps and Databases for Mate-
rials Engineering using Large Language Models, 2024, https:
//arxiv.org/abs/2402.11323,

S. Gupta, A. Mahmood, P. Shetty, A. Adeboye and R. Ram-
prasad, Communications Materials, 2024, 5, 269.

C. Ekuma, Dynamic In-context Learning with Conversational
Models for Data Extraction and Materials Property Prediction,
2024, https://arxiv.org/abs/2405.10448.

J. Lala, O. O'Donoghue, A. Shtedritski, S. Cox, S. G. Ro-
driques and A. D. White, PaperQA: Retrieval-Augmented Gen-
erative Agent for Scientific Research, 2023, https://doi.org/
10.48550/arXiv.2312.07559.

P. R. Maharana, A. Verma and K. Joshi, Journal of Physics:
Materials, 2025, 8, 035006.

A. M. Bran, S. Cox, O. Schilter, C. Baldassari, A. D. White and
P. Schwaller, Nature Machine Intelligence, 2024, 6, 525-535.
M. Ansari and S. M. Moosavi, Digital Discovery, 2024, 3,
2607-2617.

H. Zhang, Y. Song, Z. Hou, S. Miret and B. Liu, HoneyComb:
A Flexible LLM-Based Agent System for Materials Science, 2024,
https://arxiv.org/abs/2409.00135.

M. D. Skarlinski, S. Cox, J. M. Laurent, J. D. Braza, M. Hinks,
M. J. Hammerling, M. Ponnapati, S. G. Rodriques and A. D.
White, Language agents achieve superhuman synthesis of scien-
tific knowledge, 2024, https://arxiv.org/abs/2409.13740.
R. Feng, Y. Liang, T. Yin, P. Gao and W. Wang, Agentic Assistant
for Material Scientists, 2025.

Y. Chiang, E. Hsieh, C.-H. Chou and J. Riebesell, LLaMP:
Large Language Model Made Powerful for High-fidelity Ma-
terials Knowledge Retrieval and Distillation, 2024, https://
arxiv.org/abs/2401.17244.

D. A. Boiko, R. MacKnight, B. Kline and G. Gomes, Nature,
2023, 624, 570-578.

S. Ghosh and A. Tewari, Computational Materials Science,
2026, 265, 114521.

R. Odobesku, K. Romanova, S. Mirzaeva, O. Zagorulko,
R. Sim, R. Khakimullin, J. Razlivina, A. Dmitrenko and
V. Vinogradov, npj Computational Materials, 2025, 11, 194.
M. Schilling-Wilhelmi, M. Rios-Garcia, S. Shabih, M. V. Gil,
S. Miret, C. T. Koch, J. A. Mdrquez and K. M. Jablonka, Chem-
ical Society Reviews, 2025, 1125-1150.

JSON: A Lightweight data-interchange format, 2025, https:
//wwu . json.org/json-en.html, Accessed: 2025-05-12.
crewAl: Framework for orchestrating role-playing, autonomous
Al agents, 2025, https://docs.crewai.com/, Accessed:
2025-05-12.

Scopus

Search API,

documentation/ScopusSearchAPI.wadl,

https://dev.elsevier.com/
2025, Accessed:

Page 14 of 23


https://arxiv.org/abs/2412.09560
https://arxiv.org/abs/2404.03080
https://arxiv.org/abs/2404.03080
https://arxiv.org/abs/2411.15221
https://arxiv.org/abs/2411.16955
https://arxiv.org/abs/2411.16955
https://arxiv.org/abs/2402.11323
https://arxiv.org/abs/2402.11323
https://arxiv.org/abs/2405.10448
https://doi.org/10.48550/arXiv.2312.07559
https://doi.org/10.48550/arXiv.2312.07559
https://arxiv.org/abs/2409.00135
https://arxiv.org/abs/2409.13740
https://arxiv.org/abs/2401.17244
https://arxiv.org/abs/2401.17244
https://www.json.org/json-en.html
https://www.json.org/json-en.html
https://docs.crewai.com/
https://dev.elsevier.com/documentation/ScopusSearchAPI.wadl
https://dev.elsevier.com/documentation/ScopusSearchAPI.wadl
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dd00521c

Page 15 of 23

Open Access Article. Published on 25 March 2026. Downloaded on 3/25/2026 10:22:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

54

55

56

57

58

59

60

61

62

63

2025-03-02.

MySQL, https://www.mysql.com/, 2025, Accessed: March 4,
2025.

Chroma, https://www.trychroma.com/, 2025, Accessed:
March 4, 2025.

ScienceDirect Article Metadata API, https://dev.elsevier.
com/documentation/ArticleMetadataAPI.wadl, 2025, Ac-
cessed: 2025-03-07.

Open  Access  Button  Metadata  API, https://
openaccessbutton.org/api, 2025, Accessed: 2025-03-
07.

OA.Works, https://oa.works/, 2025, Accessed: 2025-03-
07.

M. De Jong, W. Chen, H. Geerlings, M. Asta and K. A. Persson,
Scientific data, 2015, 2, 1-13.

A. Roy, ComProScanner, https://github.com/slimeslab/
ComProScanner, 2025, Accessed: 2025-10-26.

T. Hellert, J. Montenegro and A. Pollastro, PhysBERT: A
Text Embedding Model for Physics Scientific Literature, 2024,
https://arxiv.org/abs/2408.09574.
sentence-transformers, sentence-transformers/all-mpnet-base-
v2,
all-mpnet-base-v2,

https://huggingface.co/sentence-transformers/
2021,
sentence-transformers/all-mpnet-base-v2,
2025-07-22.

G. Team, A. Kamath, J. Ferret, S. Pathak, N. Vieillard,
R. Merhej, S. Perrin, T. Matejovicova, A. Ramé, M. Riv-
iere, L. Rouillard, T. Mesnard, G. Cideron, J. bastien
Grill, S. Ramos, E. Yvinec, M. Casbon, E. Pot, I. Penchey,
G. Liu, F. Visin, K. Kenealy, L. Beyer, X. Zhai, A. Tsit-
sulin, R. Busa-Fekete, A. Feng, N. Sachdeva, B. Cole-
man, Y. Gao, B. Mustafa, I. Barr, E. Parisotto, D. Tian,
M. Eyal, C. Cherry, J.-T. Peter, D. Sinopalnikov, S. Bhupati-
raju, R. Agarwal, M. Kazemi, D. Malkin, R. Kumar, D. Vi-
lar, 1. Brusilovsky, J. Luo, A. Steiner, A. Friesen, A. Sharma,
A. Sharma, A. M. Gilady, A. Goedeckemeyer, A. Saade,
A. Feng, A. Kolesnikov, A. Bendebury, A. Abdagic, A. Vadi,
A. Gyorgy, A. S. Pinto, A. Das, A. Bapna, A. Miech, A. Yang,
A. Paterson, A. Shenoy, A. Chakrabarti, B. Piot, B. Wu,
B. Shahriari, B. Petrini, C. Chen, C. L. Lan, C. A. Choquette-
Choo, C. Carey, C. Brick, D. Deutsch, D. Eisenbud, D. Cattle,
D. Cheng, D. Paparas, D. S. Sreepathihalli, D. Reid, D. Tran,
D. Zelle, E. Noland, E. Huizenga, E. Kharitonov, F. Liu,
G. Amirkhanyan, G. Cameron, H. Hashemi, H. Klimczak-
Plucinska, H. Singh, H. Mehta, H. T. Lehri, H. Hazimeh, I. Bal-
lantyne, 1. Szpektor, I. Nardini, J. Pouget-Abadie, J. Chan,
J. Stanton, J. Wieting, J. Lai, J. Orbay, J. Fernandez,
J. Newlan, J. yeong Ji, J. Singh, K. Black, K. Yu, K. Hui, K. Vo-
drahalli, K. Greff, L. Qiu, M. Valentine, M. Coelho, M. Rit-
ter, M. Hoffman, M. Watson, M. Chaturvedi, M. Moynihan,
M. Ma, N. Babar, N. Noy, N. Byrd, N. Roy, N. Momchey,
N. Chauhan, N. Sachdeva, O. Bunyan, P. Botarda, P. Caron,
P. K. Rubenstein, P. Culliton, P. Schmid, P. G. Sessa, P. Xu,
P. Stanczyk, P. Tafti, R. Shivanna, R. Wu, R. Pan, R. Rokni,
R. Willoughby, R. Vallu, R. Mullins, S. Jerome, S. Smoot,

https://huggingface.co/
Accessed:

64

65

Digital Discovery

View Article Online
DOI: 10.1039/D5DD00521C

S. Girgin, S. Igbal, S. Reddy, S. Sheth, S. Poder, S. Bhatna-
gar, S. R. Panyam, S. Eiger, S. Zhang, T. Liu, T. Yacovone,
T. Liechty, U. Kalra, U. Evci, V. Misra, V. Roseberry, V. Fein-
berg, V. Kolesnikov, W. Han, W. Kwon, X. Chen, Y. Chow,
Y. Zhu, Z. Wei, Z. Egyed, V. Cotruta, M. Giang, P. Kirk,
A. Rao, K. Black, N. Babar, J. Lo, E. Moreira, L. G. Martins,
O. Sanseviero, L. Gonzalez, Z. Gleicher, T. Warkentin, V. Mir-
rokni, E. Senter, E. Collins, J. Barral, Z. Ghahramani, R. Had-
sell, Y. Matias, D. Sculley, S. Petrov, N. Fiedel, N. Shazeer,
O. Vinyals, J. Dean, D. Hassabis, K. Kavukcuoglu, C. Fara-
bet, E. Buchatskaya, J.-B. Alayrac, R. Anil, Dmitry, Lepikhin,
S. Borgeaud, O. Bachem, A. Joulin, A. Andreev, C. Hardin,
R. Dadashi and L. Hussenot, Gemma 3 Technical Report, 2025,
https://arxiv.org/abs/2503.19786.

DeepSeek-V3-0324 Release, https://api-docs.deepseek.
com/news/news250325, 2025, Accessed: 2025-05-16.

A. Grattafiori, A. Dubey, A. Jauhri, A. Pandey, A. Kadian,
A. Al-Dahle, A. Letman, A. Mathur, A. Schelten, A. Vaughan,
A. Yang, A. Fan, A. Goyal, A. Hartshorn, A. Yang, A. Mitra,
A. Sravankumar, A. Korenev, A. Hinsvark, A. Rao, A. Zhang,
A. Rodriguez, A. Gregerson, A. Spataru, B. Roziere, B. Biron,
B. Tang, B. Chern, C. Caucheteux, C. Nayak, C. Bi, C. Marra,
C. McConnell, C. Keller, C. Touret, C. Wu, C. Wong, C. C. Fer-
rer, C. Nikolaidis, D. Allonsius, D. Song, D. Pintz, D. Livshits,
D. Wyatt, D. Esiobu, D. Choudhary, D. Mahajan, D. Garcia-
Olano, D. Perino, D. Hupkes, E. Lakomkin, E. AlBadawy,
E. Lobanova, E. Dinan, E. M. Smith, F. Radenovic, F. Guzman,
F. Zhang, G. Synnaeve, G. Lee, G. L. Anderson, G. Thattai,
G. Nail, G. Mialon, G. Pang, G. Cucurell, H. Nguyen, H. Kore-
vaar, H. Xu, H. Touvron, I. Zarov, I. A. Ibarra, I. Kloumann,
I. Misra, I. Evtimov, J. Zhang, J. Copet, J. Lee, J. Geffert,
J. Vranes, J. Park, J. Mahadeokar, J. Shah, J. van der Linde,
J. Billock, J. Hong, J. Lee, J. Fu, J. Chi, J. Huang, J. Liu,
J. Wang, J. Yu, J. Bitton, J. Spisak, J. Park, J. Rocca, J. John-
stun, J. Saxe, J. Jia, K. V. Alwala, K. Prasad, K. Upasani,
K. Plawiak, K. Li, K. Heafield, K. Stone, K. El-Arini, K. Iyer,
K. Malik, K. Chiu, K. Bhalla, K. Lakhotia, L. Rantala-Yeary,
L. van der Maaten, L. Chen, L. Tan, L. Jenkins, L. Martin,
L. Madaan, L. Malo, L. Blecher, L. Landzaat, L. de Oliveira,
M. Muzzi, M. Pasupuleti, M. Singh, M. Paluri, M. Kardas,
M. Tsimpoukelli, M. Oldham, M. Rita, M. Pavlova, M. Kam-
badur, M. Lewis, M. Si, M. K. Singh, M. Hassan, N. Goyal,
N. Torabi, N. Bashlykov, N. Bogoycheyv, N. Chatterji, N. Zhang,
O. Duchenne, O. Celebi, P. Alrassy, P. Zhang, P. Li, P. Vasic,
P. Weng, P. Bhargava, P. Dubal, P. Krishnan, P. S. Koura, P. Xu,
Q. He, Q. Dong, R. Srinivasan, R. Ganapathy, R. Calderer,
R. S. Cabral, R. Stojnic, R. Raileanu, R. Maheswari, R. Gird-
har, R. Patel, R. Sauvestre, R. Polidoro, R. Sumbaly, R. Taylor,
R. Silva, R. Hou, R. Wang, S. Hosseini, S. Chennabasappa,
S. Singh, S. Bell, S. S. Kim, S. Edunov, S. Nie, S. Narang,
S. Raparthy, S. Shen, S. Wan, S. Bhosale, S. Zhang, S. Van-
denhende, S. Batra, S. Whitman, S. Sootla, S. Collot, S. Gu-
rurangan, S. Borodinsky, T. Herman, T. Fowler, T. Sheasha,
T. Georgiou, T. Scialom, T. Speckbacher, T. Mihaylov, T. Xiao,
U. Karn, V. Goswami, V. Gupta, V. Ramanathan, V. Kerkez,
V. Gonguet, V. Do, V. Vogeti, V. Albiero, V. Petrovic, W. Chu,

Journal Name, [year], [vol.],1 |15


https://www.mysql.com/
https://www.trychroma.com/
https://dev.elsevier.com/documentation/ArticleMetadataAPI.wadl
https://dev.elsevier.com/documentation/ArticleMetadataAPI.wadl
https://openaccessbutton.org/api
https://openaccessbutton.org/api
https://oa.works/
https://github.com/slimeslab/ComProScanner
https://github.com/slimeslab/ComProScanner
https://arxiv.org/abs/2408.09574
https://huggingface.co/sentence-transformers/all-mpnet-base-v2
https://huggingface.co/sentence-transformers/all-mpnet-base-v2
https://huggingface.co/sentence-transformers/all-mpnet-base-v2
https://huggingface.co/sentence-transformers/all-mpnet-base-v2
https://arxiv.org/abs/2503.19786
https://api-docs.deepseek.com/news/news250325
https://api-docs.deepseek.com/news/news250325
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dd00521c

Open Access Article. Published on 25 March 2026. Downloaded on 3/25/2026 10:22:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Digital Discovery

W. Xiong, W. Fu, W. Meers, X. Martinet, X. Wang, X. Wang,
X. E. Tan, X. Xia, X. Xie, X. Jia, X. Wang, Y. Goldschlag,
Y. Gaur, Y. Babaei, Y. Wen, Y. Song, Y. Zhang, Y. Li, Y. Mao,
Z. D. Coudert, Z. Yan, Z. Chen, Z. Papakipos, A. Singh,
A. Srivastava, A. Jain, A. Kelsey, A. Shajnfeld, A. Gangidi,
A. Victoria, A. Goldstand, A. Menon, A. Sharma, A. Boesen-
berg, A. Baevski, A. Feinstein, A. Kallet, A. Sangani, A. Teo,
A. Yunus, A. Lupu, A. Alvarado, A. Caples, A. Gu, A. Ho,
A. Poulton, A. Ryan, A. Ramchandani, A. Dong, A. Franco,
A. Goyal, A. Saraf, A. Chowdhury, A. Gabriel, A. Bharambe,
A. Eisenman, A. Yazdan, B. James, B. Maurer, B. Leon-
hardi, B. Huang, B. Loyd, B. D. Paola, B. Paranjape, B. Liu,
B. Wu, B. Ni, B. Hancock, B. Wasti, B. Spence, B. Stojkovic,
B. Gamido, B. Montalvo, C. Parker, C. Burton, C. Mejia, C. Liu,
C. Wang, C. Kim, C. Zhou, C. Hu, C.-H. Chu, C. Cai, C. Tin-
dal, C. Feichtenhofer, C. Gao, D. Civin, D. Beaty, D. Kreymer,
D. Li, D. Adkins, D. Xu, D. Testuggine, D. David, D. Parikh,
D. Liskovich, D. Foss, D. Wang, D. Le, D. Holland, E. Dowl-
ing, E. Jamil, E. Montgomery, E. Presani, E. Hahn, E. Wood,
E.-T. Le, E. Brinkman, E. Arcaute, E. Dunbar, E. Smothers,
F. Sun, F. Kreuk, F. Tian, F. Kokkinos, F. Ozgenel, F. Caggioni,
F. Kanayet, F. Seide, G. M. Florez, G. Schwarz, G. Badeer,
G. Swee, G. Halpern, G. Herman, G. Sizov, Guangyi, Zhang,
G. Lakshminarayanan, H. Inan, H. Shojanazeri, H. Zou,
H. Wang, H. Zha, H. Habeeb, H. Rudolph, H. Suk, H. As-
pegren, H. Goldman, H. Zhan, I. Damlaj, I. Molybog, 1. Tu-
fanov, I. Leontiadis, I.-E. Veliche, I. Gat, J. Weissman, J. Ge-
boski, J. Kohli, J. Lam, J. Asher, J.-B. Gaya, J. Marcus, J. Tang,
J. Chan, J. Zhen, J. Reizenstein, J. Teboul, J. Zhong, J. Jin,
J. Yang, J. Cummings, J. Carvill, J. Shepard, J. McPhie,
J. Torres, J. Ginsburg, J. Wang, K. Wu, K. H. U, K. Sax-
ena, K. Khandelwal, K. Zand, K. Matosich, K. Veeraragha-
van, K. Michelena, K. Li, K. Jagadeesh, K. Huang, K. Chawla,
K. Huang, L. Chen, L. Garg, L. A, L. Silva, L. Bell, L. Zhang,
L. Guo, L. Yu, L. Moshkovich, L. Wehrstedt, M. Khabsa,
M. Avalani, M. Bhatt, M. Mankus, M. Hasson, M. Lennie,
M. Reso, M. Groshev, M. Naumov, M. Lathi, M. Keneally,
M. Liu, M. L. Seltzer, M. Valko, M. Restrepo, M. Patel, M. Vy-
atskov, M. Samvelyan, M. Clark, M. Macey, M. Wang, M. J.
Hermoso, M. Metanat, M. Rastegari, M. Bansal, N. San-
thanam, N. Parks, N. White, N. Bawa, N. Singhal, N. Egebo,
N. Usunier, N. Mehta, N. P. Laptev, N. Dong, N. Cheng,
O. Chernoguz, O. Hart, O. Salpekar, O. Kalinli, P. Kent,
P. Parekh, P. Saab, P. Balaji, P. Rittner, P. Bontrager, P. Roux,
P. Dollar, P. Zvyagina, P. Ratanchandani, P. Yuvraj, Q. Liang,
R. Alao, R. Rodriguez, R. Ayub, R. Murthy, R. Nayani, R. Mi-
tra, R. Parthasarathy, R. Li, R. Hogan, R. Battey, R. Wang,
R. Howes, R. Rinott, S. Mehta, S. Siby, S. J. Bondu, S. Datta,
S. Chugh, S. Hunt, S. Dhillon, S. Sidorov, S. Pan, S. Mahajan,
S. Verma, S. Yamamoto, S. Ramaswamy, S. Lindsay, S. Lind-
say, S. Feng, S. Lin, S. C. Zha, S. Patil, S. Shankar, S. Zhang,
S. Zhang, S. Wang, S. Agarwal, S. Sajuyigbe, S. Chintala,
S. Max, S. Chen, S. Kehoe, S. Satterfield, S. Govindaprasad,
S. Gupta, S. Deng, S. Cho, S. Virk, S. Subramanian, S. Choud-
hury, S. Goldman, T. Remez, T. Glaser, T. Best, T. Koehler,
T. Robinson, T. Li, T. Zhang, T. Matthews, T. Chou, T. Shaked,

16 | Journal Name, [year], [vol.], 1

66

67

68

69

70

View Article Online
DOI: 10.1039/D5DD00521C

V. Vontimitta, V. Ajayi, V. Montanez, V. Mohan, V. S. Kumar,
V. Mangla, V. Ionescu, V. Poenaru, V. T. Mihailescu, V. Ivanov,
W. Li, W. Wang, W. Jiang, W. Bouaziz, W. Constable, X. Tang,
X. Wy, X. Wang, X. Wu, X. Gao, Y. Kleinman, Y. Chen, Y. Hu,
Y. Jia, Y. Qi, Y. Li, Y. Zhang, Y. Zhang, Y. Adi, Y. Nam, Yu,
Wang, Y. Zhao, Y. Hao, Y. Qian, Y. Li, Y. He, Z. Rait, Z. DeVito,
Z. Rosnbrick, Z. Wen, Z. Yang, Z. Zhao and Z. Ma, The Llama 3
Herd of Models, 2024, https://arxiv.org/abs/2407.21783.
The Llama 4 herd: The beginning of a new era
of natively multimodal Al innovation, https://ai.meta.
com/blog/llama-4-multimodal-intelligence/, 2025, Ac-
cessed: 2025-05-16.

Q. Team, Qwen3 Technical Report, 2025, https://arxiv.
org/abs/2505.09388.

Qwen, :, A. Yang, B. Yang, B. Zhang, B. Hui, B. Zheng, B. Yu,
C. Li, D. Liu, F. Huang, H. Wei, H. Lin, J. Yang, J. Tu, J. Zhang,
J. Yang, J. Yang, J. Zhou, J. Lin, K. Dang, K. Lu, K. Bao,
K. Yang, L. Yu, M. Li, M. Xue, P. Zhang, Q. Zhu, R. Men, R. Lin,
T. Li, T. Tang, T. Xia, X. Ren, X. Ren, Y. Fan, Y. Su, Y. Zhang,
Y. Wan, Y. Liu, Z. Cui, Z. Zhang and Z. Qiu, Qwen2.5 Technical
Report, 2025, https://arxiv.org/abs/2412.15115,

Google, Introducing ~ Gemini  2.0: our  new
Al model  for the agentic era, https://
blog.google/technology/google-deepmind/
google-gemini-ai-update-december-2024/, 2024,
https://blog.google/technology/google-deepmind/
google-gemini-ai-update-december-2024/, Accessed:
2025-08-11.

G. Comanici, E. Bieber, M. Schaekermann, I. Pasupat,

N. Sachdeva, I. Dhillon, M. Blistein, O. Ram, D. Zhang,
E. Rosen, L. Marris, S. Petulla, C. Gaffney, A. Aharoni, N. Lintz,
T. C. Pais, H. Jacobsson, 1. Szpektor, N.-J. Jiang, K. Haridasan,
A. Omran, N. Saunshi, D. Bahri, G. Mishra, E. Chu, T. Boyd,
B. Hekman, A. Parisi, C. Zhang, K. Kawintiranon, T. Bedrax-
Weiss, O. Wang, Y. Xu, O. Purkiss, U. Mendlovic, I. Deu-
tel, N. Nguyen, A. Langley, F. Korn, L. Rossazza, A. Ramé,
S. Waghmare, H. Miller, V. Keshava, Y. Jian, X. Zhang,
R. A. Popa, K. Dhamdhere, B. Bratani¢, K. Kim, T. Koo,
F. Alet, Y. ting Chen, A. Nagrani, H. Muckenhirn, Z. Zhang,
C. Quick, F. Paveti¢, D. D. Nguyen, J. Carreira, M. Elabd,
H. Qureshi, F. Mentzer, Y.-Y. Yang, D. Eisenbud, A. Gulati,
E. Talius, E. Ni, S. Ghalebikesabi, E. Yvinec, A. Saade, T. Ul-
rich, L. Blanco, D. A. Calian, M. Huang, A. van den Oord,
N. Goyal, T. Chen, P. Rawlani, C. Schallhart, S. Lokhande,
X. Luo, J. Shan, C. Montgomery, V. Krakovna, F. Piccinini,
O. Barak, J. Cui, Y. Jia, M. Dektiarev, A. Kolganov, S. Huang,
Z. Chen, X. Wang, J. Austin, P. de Boursac, E. Sluzhaey,
F. Ding, H. Li, S. Bhupatiraju, M. Agarwal, S. Kwasiborski,
P. Sandhu, P. Siegler, A. Iscen, E. Ben-David, S. Butt, M. Al-
lamanis, S. Benjamin, R. Busa-Fekete, F. Hernandez-Campos,
S. Goldshtein, M. Dibb, W. Zhang, A. Marsden, C. Radebaugh,
S. Roller, A. Nayyar, J. Austin, T. Terzi, B. K. Shamanna,
P. Shaw, A. Singh, F. Luisier, A. Mendonga, V. Aggarwal,
L. Markeeva, C. Fantacci, S. Brin, H. Choe, G. Wang, H. Adam,
A. Dabush, T. Kiyono, E. Marcus, J. Cole, T. Weber, H. Lee,

Page 16 of 23


https://arxiv.org/abs/2407.21783
https://ai.meta.com/blog/llama-4-multimodal-intelligence/
https://ai.meta.com/blog/llama-4-multimodal-intelligence/
https://arxiv.org/abs/2505.09388
https://arxiv.org/abs/2505.09388
https://arxiv.org/abs/2412.15115
https://blog.google/technology/google-deepmind/google-gemini-ai-update-december-2024/
https://blog.google/technology/google-deepmind/google-gemini-ai-update-december-2024/
https://blog.google/technology/google-deepmind/google-gemini-ai-update-december-2024/
https://blog.google/technology/google-deepmind/google-gemini-ai-update-december-2024/
https://blog.google/technology/google-deepmind/google-gemini-ai-update-december-2024/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dd00521c

Page 17 of 23

Open Access Article. Published on 25 March 2026. Downloaded on 3/25/2026 10:22:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

R. Huang, A. Muzio, L. Kieliger, M. Le, C. Biles, L. Le,
A. Sharma, C. Yang, A. Lamp, D. Dopson, N. Hurley, Ka-
trina, Xu, Z. Shan, S. Song, J. Tan, A. Senges, G. Zhang,
C. You, Y. Jun, D. Raposo, S. Ricco, X. Yang, W. Chen,
P. Gupta, A. Szlam, K. Villela, C.-S. Ferng, D. Kasenberg,
C. Liang, R. Zhu, A. Narayanaswamy, F. Perot, P. Pucciarelli,
A. Shekhawat, A. Stern, R. Ingale, S. Karp, S. Bahargam,
A. Goedeckemeyer, J. Han, S. Li, A. Tacchetti, D. Yu, A. Chak-
ladar, Z. Zhang, M. E. Mahdy, X. Gao, D. Johnson, S. Phatale,
A. Piergiovanni, H. Lim, C. Farabet, C. Lebsack, T. Guidroz,
J. Blitzer, N. Duduta, D. Madras, S. Li, D. von Dincklage,
X. Li, M. Mahdieh, G. Tucker, G. Jawahar, O. Xiao, D. Tarlow,
R. Geirhos, N. Velan, D. Vlasic, K. Bullard, S. Park, N. Gupta,
K. Webster, A. Hitron, J. Mao, J. Eisenschlos, L. Prince,
N. D’Souza, K. Zheng, S. Nasso, G. Botea, C. Doersch, C. Unlu,
C. Alberti, A. Svyatkovskiy, A. Goel, K. Choromanski, P.-P.
Jiang, R. Nguyen, F. Flynn, D. Curko, P. Chen, N. Roth,
K. Milan, C. Habtegebriel, S. Narayan, M. Moffitt, J. Mar-
cus, T. Anthony, B. McMahan, G. Cheon, R. Liu, M. Barnes,
L. Lew, R. Santamaria-Fernandez, M. Upadhyay, A. Akula,
A. M. Hrafnkelsson, A. Caceres, A. Bunner, M. Sokolik, S. Put-
tagunta, L. Moore, B. Isik, J. Hartford, L. Chan, P. Shenoy,
D. Holtmann-Rice, J. Park, F. Viola, A. Salcianu, S. Rajayo-
gam, I. Stewart-Binks, Z. Wu, R. Everett, X. Xiong, P.-A. Man-
zagol, G. Leung, C. Saroufim, B. Pang, D. Wegner, G. Papa-
makarios, J. Palomaki, H. Pankov, G. Lai, G. Tubone, S. Zhao,
T. Strinopoulos, S. Neel, M. Wang, J. Kelley, L. Li, P. Xu, A. Vi-
jayakumar, A. D’olimpio, O. Levy, M. Nicosia, G. Rozhdestven-
skiy, N. Lao, S. Xie, Y. Katariya, J. Simon, S. Kumar, F. Hart-
mann, M. Kilgore, J. Lee, A. Mahendru, R. Ring, T. Hennigan,
F. Lang, C. Cherry, D. Steiner, D. Hwang, R. Smith, P. Wang,
J. Chen, M.-H. Yang, S. Kwei, P. Schlattner, D. Kim, G. P. Giri-
rajan, N. Momcheyv, A. Agarwal, X. Zhou, I. Safarli, Z. Garrett,
A. Pierigiovanni, S. Jauhari, A. R. Rochman, S. Vashishth,
Q. Yuan, C. Angermueller, J. Blanton, X. Song, N. B. Gun-
davarapu, T. Avrahami, M. Deines, S. Roy, M. Gupta, C. Sem-
turs, S. Vasudevan, A. S. Veerubhotla, S. Sharma, J. Jacob,
Z. Yang, A. Terzis, D. Karliner, A. Wright, T. Rojas-Esponda,
A. Brown, A. G. Roy, P. Dogra, A. Kapishnikov, P. Young,
W. Kan, V. K. Rajendran, M. Ivanova, S. Deshmukh, C.-H.
Ho, M. Kwong, S. Ginzburg, A. Louis, K. Sawhney, S. Petrov,
J. Xie, Y. Bai, G. Stoyanov, A. Fabrikant, R. Jayaram, Y. Li,
J. Heyward, J. Gilmer, Y. Wang, R. Soricut, L. Liu, Q. Duan,
J. Hayes, M. O’Brien, G. S. Tomar, S. Eiger, B. Fatemi, J. Hui,
C. Barros, A. Chukwuka, A. Butryna, S. Thakur, A. Huang,
Z. Pan, H. Tang, S. Cabi, T. Doshi, M. Bakker, S. Bagri, R. Ley-
Wild, A. Lelkes, J. Lees, P. Kane, D. Greene, S. Wu, J. Born-
schein, G. Surita, S. Hodkinson, F. Li, C. Hidey, S. Pereira,
S. Ammirati, P. Lippe, A. Kraft, P. Han, S. Gerlach, Z. Wang,
L. Panait, F. Han, B. Farris, Y. Bi, H. DeBalsi, M. Wang,
G. Tyen, J. Cohan, S. Zhang, J. Barber, D.-W. Chung, J. Kim,
M. Kunesch, S. Pecht, N. Akazawa, A. Friesen, J. Lyon, A. Es-
lami, J. Wu, J. Tan, Y. Song, R. Kumar, C. Welty, I. Akolzin,
G. Gibson, S. Augenstein, A. Pillai, N. Yuen, D. Phan, X. Wang,
I. Barr, H. Zen, N. Hua, C. Liu, Jilei, Wang, T. Bhatia,
H. Xu, O. Elyada, P. Kohli, M. Olsék, K. Chen, A. Mirhoseini,

Digital Discovery

View Article Online
DOI: 10.1039/D5DD00521C

N. Shazeer, S. Jakobovits, M. Tran, N. Ramsden, T. Bharti,
F. Alcober, Y. Li, S. Shetty, J. Chen, D. Kalashnikov, M. Nawhal,
S. Arik, H. Chen, M. Blokzijl, S. Gupta, J. Rubin, R. Swavely,
S. Bridgers, I. Gemp, C. Su, A. Suggala, J. Pluto, M. Cassin,
A. Vaucher, K. Ji, J. Cai, A. Audibert, A. Sinha, D. Tian,
E. Farkash, A. Hua, J. Chen, D.-H. Tran, E. Loper, N. Brich-
tova, L. McConnaughey, B. Sandhu, R. Leland, D. DeCarlo,
A. Over, J. Huang, X. Wu, C. Fan, E. Li, Y. Lei, D. Sharma,
C. Paduraru, L. Yu, M. Bosnjak, P. Dao, M. Choi, S. Kudugunta,
J. Adamek, C. Guia, A. Khodaei, J. Feng, W. Zeng, D. Welling,
S. Tata, C. Butterfield, A. Vlasov, S. El-Sayed, S. Mishra,
T. Sainath, S. Yang, R. Skerry-Ryan, J. Shar, R. Berry, A. Ra-
jendran, A. Kandoor, A. Burns, D. Jain, T. Stone, W. Park,
S. Wang, A. Cassirer, G. Wang, H. Kobayashi, S. Rogu-
lenko, V. Govindaraj, M. Rybinski, N. Olmert, C. Evans, P.-S.
Huang, K. Xu, P. Shah, T. Thurk, C. Sikora, M. Cai, J. Xie,
E. Dabir, S. Shah, N. Kalb, C. Zhang, S. Prabhakara, A. Sabne,
A. Myaskovsky, V. Raunak, B. Huergo, B. Neyshabur, J. Clark,
Y. Zhang, S. Krishnan, E. Cohen, D. Tewari, J. Lottes, Y. Ya-
mamori, Hui, Li, M. Elhawaty, A. M. Oflazer, A. Recasens,
S. Luo, D. Nguyen, T. Bos, K. Andra, A. Salazar, E. Chi,
J. Ko, M. Ginsberg, A. Andreassen, A. Ruoss, T. Davchey,
E. Davoodi, C. Liu, M. Kim, S. Ontanon, C. M. To, D. Jia,
R. Ke, J. Wang, A. Korsun, M. Ambar, I. Kornakov, I. Gian-
noumis, T. Creswell, D. Zhou, Y. Su, I. Watts, A. Zaks, E. El-
tyshev, Z. Feng, S. Mudgal, A. Kaskasoli, J. Love, K. Das-
gupta, S. Shleifer, R. Green, S. Seo, C. Lee, D. Webster,
P. Shroff, G. Raboshchuk, I. Leal, J. Manyika, S. Erell, D. Mur-
phy, Z. Xiao, A. Bulyenov, J. Walker, M. Collier, M. Kastelic,
N. George, S. Prakash, S. Sidhwani, A. Frolov, S. Hansen,
P. Georgiev, T. Sosea, C. Apps, A. Kamath, D. Reid, E. Cooney,
C. Magister, O. Riva, A. Go, P.-C. Chen, S. Krause, N. Levine,
M. Fornoni, I. Figotin, N. Roy, P. Mahmoudieh, V. Magay,
M. Madhavan, J. Miao, J. Ni, Y. Fujii, I. Chou, G. Scrivener,
Z. Tsai, S. Mcloughlin, J. Selier, S. Lefdal, J. Zhao, A. Kar-
markar, K. Chauhan, S. Goel, Z. Zhang, V. Jain, P. Haghani,
M. Dehghani, J. Scott, E. Farnese, A. 1li¢, S. Baker, J. Pawar,
L. Zhong, J. Camp, Y. Zeldes, S. Shetty, A. Iyer, V. Listik,
J. Guo, L. Tang, M. Geller, S. Bucher, Y. Ding, H. Shi, C. Muir,
D. Grewe, R. Eskander, O. Ponce, B. Gong, D. Gasaway,
S. Khan, U. Gupta, A. Filos, W. Kuo, K. Kloboves, J. Beattie,
C. Wright, L. Li, A. Jin, S. Mariserla, M. Patel, J. Heitkaem-
per, D. Krishnan, V. Sharma, D. Bieber, C. Frank, J. Lam-
bert, P. Caron, M. Polacek, M. Giménez, H. Choudhury, X. Yu,
S. Tavakkol, A. Ahuja, F. Och, R. Jenatton, W. Skut, B. Richter,
D. Gaddy, A. Ly, M. Bilenko, M. Umekar, E. Liang, M. Sev-
enich, M. Joshi, H. Mansoor, R. Lin, S. Sanghai, A. Singh,
X. Li, S. Vijayanarasimhan, Z. Abbas, Y. Bitton, H. Srinivasan,
M. R. Vuyyuru, A. Frommgen, Y. Sun, R. Leith, A. Castafio,
D. Strouse, L. Yan, A. Kyker, S. Kambala, M. Jasarevic, T. Sel-
lam, C. Jia, A. Pritzel, R. R, H. Chen, N. Clay, S. Gandhe,
S. Kirmani, S. Ebrahimi, H. Kirkwood, J. Mallinson, C. Wang,
A. Ozturel, K. Lin, S. Upadhyay, V. Cohen-Addad, S. Purser-
haskell, Y. Xu, E. Songhori, B. Seal, A. Magni, A. Gueta,
T. Zou, G. Guruganesh, T. Kagohara, H. Nguyen, K. Salama,
A. C. Ruiz, J. Frye, Z. Zhu, M. Lochbrunner, S. Osindero,

Journal Name, [year], [vol.],1 |17


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dd00521c

Open Access Article. Published on 25 March 2026. Downloaded on 3/25/2026 10:22:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Digital Discovery

W. Yuan, L. Lee, A. Prasad, L. N. Thiet, D. Calandriello,
V. Stone, Q. Feng, H. Ke, M. Voitovich, G. Sampemane,
L. Chiang, L. Wu, A. Bykovsky, M. Young, L. Vilnis, I. Das-
gupta, A. Chawla, Q. Cao, B. Liang, D. Toyama, S. Payrits,
A. Stefanoiu, D. Vytiniotis, A. Anand, T. Shen, B. Mitrevski,
M. Tschannen, S. Gollapudi, A. P. S, J. Leal, Z. Shen, H. Fu,
W. Wang, A. Kannan, D. Kukliansky, S. Yaroshenko, S. Grant,
U. Telang, D. Wood, A. Chronopoulou, A. Tifrea, T. Zhou,
Tony, N. én, M. Ersoy, A. Singh, M. Xie, E. Taropa, W. Han,
E. Agustsson, A. Sozanschi, H. Peng, A. Chen, Y. Drori,
E. Robles, Y. Gao, X. Dotiwalla, Y. Chen, A. Boral, A. Ben-
debury, J. Nham, C. Tar, L. Castro, J. Jiang, C. Liu, F. Halim,
J. Baek, A. Wan, J. Liu, Y. Cao, S. Dai, T. Acharya, R. Sun,
F. Xue, S. Joshi, M. Lustman, Y. Xian, R. Joshi, D. Karkha-
nis, N. Kassner, J. Hall, X. Ding, G. Song, G. Li, C. Zhu,
Y. Kulizhskaya, B. Ni, A. Vlaskin, S. Demmessie, L. Dery,
S. Zaiem, Y. Huang, C. Fan, F. Gimeno, A. Balashankar,
K. Kojima, H. Taitelbaum, M. Meng, D. Gharibian, S. Singla,
W. Chen, A. Slone, G. Chen, S. Rajayogam, M. Schumacher,
S. Kotecha, R. Blevins, Q. Wang, M. H. Taege, A. Morris,
X. Liu, F. Jamil, R. Zhang, P. Joshi, B. Ingram, T. Liechty,
A. Eleryan, S. Baird, A. Grills, G. Bansal, S. Han, K. Yalasangi,
S. Xu, M. A. Merey, 1. Gao, F. Weissenberger, I. Karpov, R. Ri-
achi, A. Anand, G. Prasad, K. Lamerigts, R. Hayes, J. Rogers,
M. Guo, A. Shenoy, Qiong, Hu, K. He, Y. Liu, P. Zablot-
skaia, S. Gubbi, Y. Chang, J. Pavagadhi, K. Kjems, A. Vadali,
D. Machado, Y. Li, R. Wang, D. Ghosh, A. Mehta, D. Alon,
G. Polovets, A. Tonioni, N. Kushman, J. D’sa, L. Zhuo, A. Wu,
R. Shah, J. Youssef, J. Ye, J. Snyder, K. Lenc, S. Buthpi-
tiya, M. Tung, J. Chang, T. Chen, D. Saxton, J. Lee, L. L.
Zhang, J. Qin, P. Radhakrishnan, M. Chen, P. Ambroszczyk,
M. Toksoz-Exley, Y. Zhong, N. Katz, B. O’'Donoghue, T. von
Glehn, A. G. Rosenthal, A. Swietlik, X. Zhao, N. Fernando,
J. Wei, J. Mei, S. Vassilvitskii, D. Cedillo, P. Awasthi, H. Zheng,
K. Kavukcuoglu, I. Laish, J. Pagadora, M. Brockschmidt, C. A.
Choquette-Choo, A. Byravan, Y. Lu, X. Chen, M. Chen, K. Lee,
R. Pasumarthi, S. Bhatnagar, A. Shah, Q. Wu, Z. Chen,
Z. Nado, B. Perz, Z. Jiang, D. Kao, G. Mallya, N. Vieillard,
L. Mei, S. Girgin, M. Jordan, Y. Ko, A. Agarwal, Y. Liu, Y. Al-
tun, R. de Liedekerke, A. Kementsietsidis, D. Peng, D. Liu,
U. Evci, P. Humphreys, A. Tarango, X. Deng, Y. Lewenberg,
K. Aydin, C. Wu, B. Mittal, T. Munkhdalai, K. Chatziprimou,
R. Benenson, U. First, X. Ma, J. Li, A. Joulin, H. Tomlin-
son, T. Zhang, M. Nasr, Z. Hong, M. Sander, L. A. Hendricks,
A. Sharma, A. Bolt, E. Vértes, J. Simsa, T. Levinboim, O. Ser-
cinoglu, D. Shukla, A. Wu, C. Swanson, D. Vainstein, F. Bu,
B. Wang, R. Julian, C. Yoon, S. Lebedev, A. Girgis, B. Bande-
mer, D. Dy, T. Wang, X. Chen, Y. Xiao, P. Lu, N. Ha, V. Ionescu,
S. Rowe, J. Matak, F. Lebron, A. Steiner, L. Jain, M. Faruqui,
N. Lacasse, G. Evans, N. Subramaniam, D. Reich, G. Vezzani,
A. Pandey, J. Stanton, T. Zhou, L. McCafferty, H. Griffiths,
V. Rieser, S. H. Yeganeh, E. Briakou, L. Huang, Z. Wei, L. Luo,
E. Jue, G. Wang, V. Cotruta, M. Khan, J. Park, Q. Guo, P. Li,
R. Rong, D. Antognini, A. Petrushkina, C. Tekur, E. Collins,
P. Bhatia, C. Kwak, W. Chen, A. Neelakantan, I. Odisho,
S. Peng, V. Nallatamby, V. Tulsyan, F. Pedregosa, P. Xu, R. Lin,

18 | Journal Name, [year], [vol.], 1

View Article Online
DOI: 10.1039/D5DD00521C

Y. Wang, E. Wang, S. Douglas, R. Tsarfaty, E. Gribovskaya,
R. Aravamudhan, M. Agarwal, M. Finkelstein, Q. Zhang,
E. Cole, P. Crone, S. Velury, A. Das, C. Sauer, L. Xu, D. Qin,
C. Gu, D. Marcus, C. Zheng, W. V. Gansbeke, S. Miryoosefi,
H. Sun, Y. Li, C. Chen, J. Yoo, P. Dubov, A. Tomala, A. Yu,
P. Wesolowski, A. Gunjan, E. Cao, J. Luo, N. Sethi, A. So-
cala, L. Graesser, T. Kocisky, A. BC, M. Chen, E. Lee, S. Wang,
W. Kong, Q. Xu, N. Tripuraneni, Y. Li, X. Yu, A. Porter, P. Voigt-
laender, B. Zhang, A. Vezer, S. York, Q. Wei, G. Cideron,
M. Kurzeja, S. Kim, B. Li, A. Pouget, H. Lee, K. Daugaard, Y. Li,
D. Uthus, A. Siddhant, P. Cavallaro, S. Ganapathy, M. Shah,
. Jagerman, J. Stanway, P. Mendolicchio, L. Xiao, K. Lee,
. Thompson, S. M. Phal, J. Chase, S. J. Lee, A. N. Reyes,
. Shrivastava, Z. Qin, R. Sukkerd, S. Odoom, L. Madmoni,
Aslanides, J. Herzig, E. Pochernina, S. Zhang, P. Barnes,
Ikeda, Q. Li, S. yiin Chang, S. Mohamed, J. Sproch,
. Powell, B. Samanta, D. Cevid, A. Kovsharov, S. B. Mallick,
. Tadepalli, A. Zheng, K. Ayoub, A. Noever, C. Reisswig,
. Xu, J. Oh, M. Matysiak, T. Blyth, S. Ashraf, J. Amelot,
. Severson, M. Bevilacqua, M. Sano, E. Dyer, O. Roval,
A. Sinha, Y. Zhong, S. Perel, T. Sabolic¢, J. Mauerer, W. Gierke,
M. Verzetti, R. Cabrera, A. Abdagic, S. Hemingray, A. Stone,
J. Lee, F. Ahmad, K. Raman, L. Shani, J. Lai, O. Firat, N. Wa-
ters, E. Ge, M. Shomrat, H. Gupta, R. Aggarwal, T. Hudson,
B. Jia, S. Baumgartner, P. Jain, J. Kovac, J. Jung, A. Zuzul,
W. Truong, M. Zadimoghaddam, S. Peng, M. Liang, R. Ster-
neck, B. Lakshminarayanan, M. Reid, O. Woodman, T. Zhou,
J. Wang, V. Coriou, A. Narayanan, J. Hoover, Y. Ma, A. Jin-
dal, C. Sanford, D. Reid, S. Ramaswamy, A. Kurakin, R. Zim-
mermann, Y. Lunts, D. Dena, Z. Borsos, V. Cohen, S. Zhang,
W. Grathwohl, R. Dadashi, M. Redshaw, J. Kessinger, J. Odell,
S. Bonacina, Z. Dai, G. Chen, A. Dubey, P. Sprechmann, M. Pa-
jarskas, W. Zhou, N. Ahuja, T. Thomas, M. Nikoltchev, M. Kec-
man, B. Mankalale, A. Ryabtsey, J. She, C. Walder, J. Shen,
L. Li, C. Parada, S. Panthaplackel, O. Kwon, M. Lawlor,
U. Prabhu, Y. Schroecker, M. Ranzato, P. Blois, I. Kemaey,
T. Yu, D. Lepikhin, H. Xiong, S. Sharifzadeh, O. Johnson,
J. Willcock, R. Yao, G. Farquhar, S. Basu, H. Shimokawa,
N. Anderson, H. Li, K. Pham, Y. Liang, S. Borgeaud, A. Mou-
farek, H. Kazawa, B. Kutzman, M. Sieniek, S. Smoot, R. Wang,
N. Axelsson, N. Fallen, P. Sundaram, Y. Zhai, V. Godbole,
P. Maniatis, A. Wang, I. Shumailov, S. Thangaraj, R. Crocker,
N. Gupta, G. Wu, P. Chen, G. Weisz, C. Smith, M. Seyedhos-
seini, B. Fang, X. Luo, R. Yogev, Z. Cankara, A. Hard, H. Ran,
R. Sukthankar, G. Necula, G. Liu, H. Cai, P. Banzal, D. Key-
sers, S. Ghemawat, C. Tao, E. Dunleavy, A. Chaudhary, W. Li,
M. Mikuta, C.-Y. Lee, T. Refice, K. Somandepalli, A. Fréchette,
D. Bahir, J. Karro, K. Rush, S. Perrin, B. Rosgen, X. Yang, C. H.
Hu, M. Alnahlawi, J. Mao-Jones, R. Garg, H. Nguyen, B.-O.
Batsaikhan, I. Iturrate, A. Levskaya, A. Singh, A. Kachra, T. Lu,
D. Petek, Z. Xu, M. Graham, L. Zilka, Y. Karov, M. Kostelac,
F. Liu, Y. Guo, W. Wang, B. Bohnet, E. Pitler, T. Bruguier,
K. Kinoshita, C. Anastasiou, N. Jha, T. Liu, J. Connor, P. Wallis,
P. Pham, E. Bailey, S. Li, H.-T. Cheng, S. Ma, H. Li, A. Mau-
rya, K. Olszewska, M. Warmuth, C. Koh, D. Paulus, S. R. Jon-
nalagadda, E. Piqueras, A. Elqursh, G. Brown, H. Shemtov,

WN®EYSO @

Page 18 of 23


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dd00521c

Page 19 of 23

Open Access Article. Published on 25 March 2026. Downloaded on 3/25/2026 10:22:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

L. Maggiore, F. Xia, R. Foley, B. Westberg, G. van den Driess-
che, L. B. Soares, A. Kar, M. Quinn, S. Zuo, J. Wu, K. Kastner,
A. Bortsova, A. Bai, A. Mikhalap, L. Zhou, J. Brennan, V. Ra-
masesh, H. Zhuang, J. Maggs, J. Schalkwyk, Y. Xu, H. Huang,
A. Howard, S. Brown, L. Xue, G. Shen, B. Albert, N. Jha,
D. Zheng, V. Krayvanova, S. A. Hombaiah, O. Lacombe, G. Va-
sudevan, D. Graur, T. Xie, M. Gandhi, B. Wang, D. Zelle,
H. Singh, D. Kim, S. Cevey, V. Ungureanu, N. Noy, F. Liu,
A. Xie, F. Feng, K. Tsihlas, D. Formoso, N. Vats, Q. Wellens,
Y. Wang, N. K. Bhumihar, S. Ghosh, M. Hoffman, T. Lieber,
O. Lang, K. Bhatia, T. Paine, A. Pyne, R. Votel, M. C. Elish,
B. Schillings, A. Panagopoulos, H. Yang, A. Raveret, Z. Ya-
hav, S. Liu, D. E. Badawy, N. Agrawal, M. Badawi, M. Mirza-
zadeh, C. Bromberg, F. Ye, C. Liu, T. Sholokhova, G.-C. Mu-
raru, G. Balasubramaniam, J. Malmaud, A. Carin, D. Mar-
tins, I. Jurenka, P. Botadra, D. Lacey, R. Singh, M. Schain,
D. Zheng, I. Guyon, V. Lavrenko, S. Lee, X. Zhou, D. Has-
sabis, J. Challagundla, D. Cheng, N. Mehta, M. Mauger,
M. Paganini, P. Mishra, K. Lee, Z. Li, L. Baugher, O. Skopek,
M. Chang, A. Zait, G. Menghani, L. Bellot, G. Han, J.-M. Sarr,
S. Chikkerur, H. Sahni, R. Anil, A. Narayanan, C. Thekkath,
D. Pighin, H. Strejcek, M. Velic, F. Bertsch, M. Tragut, K. Rong,
A. Parrish, K. Bailey, J. Park, I. Albuquerque, A. Bapna,
R. Venkataraman, A. Kosik, J. Griesser, Z. Deng, A. Andreeyv,
Q. Dou, K. Hui, F. Wei, X. Yu, L. Shu, A. Aharon, D. Barker,
B. Ghazi, S. Flennerhag, C. Breaux, Y. Liu, M. Bilotti, J. Wood-
ward, U. Alon, S. Winkler, T.-K. Huang, K. Andriopoulos,
J. G. Oliveira, P. Koanantakool, B. Akin, M. Wunder, C. N.
dos Santos, M. H. Bateni, L. Yang, D. Horgan, B. Chang-
pinyo, K. Amiri, M. Ma, D. Lee, L. Liang, A. Baddepudi,
T. Latkar, R. Hadsell, J. Xu, H. Mu, M. Han, A. Pope, S. Grover,
F. Kim, A. Bhagatwala, G. Sun, Y. Bansal, A. Globerson,
A. Nazari, S. Daruki, H. Soltau, J. Labanowski, L. E. Shafey,
M. Harvey, Y. Ahmad, E. Rosenfeld, W. Kong, E. Pot, Y.-X.
Tan, A. Wei, V. Langston, M. Prasetya, P. Velickovi¢, R. Kil-
lam, R. Strudel, D. Ni, Z. Zhu, A. Archer, K. Kopparapu,
L. Nguyen, E. Parisotto, H. Masoom, S. Addepalli, J. Grim-
stad, H. Hu, J. Moore, A. Hassidim, L. Hou, M. Raghavachari,
J. Lichtarge, A. R. Brown, H. Dib, N. Ponomareva, J. Fu,
Y. Zhang, A. Rahman, J. Iljazi, E. Leurent, G. Dulac-Arnold,
C. Du, C. Asawaroengchai, L. Jin, E. Gruzewska, Z. Ji, B. Uria,
D. D. Freitas, P. Barham, L. Beltrone, V. Campos, J. Yan,
N. Kovelamudi, A. Nguyen, E. Davies, Z. Wu, Z. Egyed,
K. Toutanova, N. Attaluri, H. Fei, P. Stys, S. Brahma, M. Izzard,
S. Velusamy, S. Lundberg, V. Zhuang, K. Sequeira, A. San-
toro, E. Amid, O. Aharoni, S. Ye, M. Sundararajan, L. Yu, Y.-C.
Ling, S. Spencer, H. Song, J. Djolonga, C. Kirov, S. Gupta,
A. Bissacco, C. Meyer, M. Bhutani, A. Dai, W. Wang, S. Liu,
A. Sreevatsa, Q. Tan, M. Wang, L. Kim, Y. Wang, A. Irpan,
Y. Xiao, S. Fort, Y. He, A. Gurney, B. Gale, Y. Ma, M. Roy,
V. Patraucean, T. Bilal, G. Ghiasi, A. Hosseini, M. Johnson,
Z. Li, Y. Tay, B. Beyret, K. Millican, J. Broder, M. Lunay-
ach, D. Swisher, E. Vusak, D. Parkinson, M. Tessler, A. M. Gi-
lady, R. Song, A. Dafoe, Y. Raimond, M. Yamaguchi, I. Karo,
E. Nielsen, K. Kilgour, M. Dusenberry, R. Mathews, J. Choi,

Digital Discovery

View Article Online
DOI: 10.1039/D5DD00521C

S. Qiao, H. Mehta, S. Potluri, C. Knutsen, J. Liu, T. Tan, K. Sen-
gupta, K. Gopalakrishnan, A. Toki, M. Chiang, M. Burrows,
G. Vesom, Z. Ahmed, 1. Labzovsky, S. Vashishtha, P. Singh,
A. Sharma, A. Ma, J. Xie, P. Talluri, H. Forbes-Pollard, A. Sel-
van, J. Wee, L. Matthey, T. Funkhouser, P. Gopavarapu, L. Pro-
leev, C. Li, M. Thomas, K. Kolipaka, Z. Jia, A. Kakarla,
S. Sunkara, J. Puigcerver, S. S. Sheth, E. Graves, C. Wang,
S. M. Khan, K. Kang, S. Buch, F. Zhang, O. Savant, D. Soergel,
K. Lee, L. Friso, X. Dong, R. Arya, S. Chandrakaladharan,
C. Schenck, G. Billock, T. Iyer, A. Bakalov, L. Baker, A. Ruiz,
A. Chandorkar, T. Trinh, M. Miecnikowski, Y. Zhou, Y. Huang,
J. Nie, A. Shah, A. Thapliyal, S. Haves, L. Wang, U. Sha-
ham, P. Morris-Suzuki, S. Radpour, L. Berrada, T. Strohmann,
C. Yan, J. Shen, S. Goenka, T. Warkentin, P. Devi¢, D. Belov,
A. Webson, M. Yenugula, P. Datta, J. Chang, N. Ghelani, A. Ku-
mar, V. Perot, J. Lo, Y. Song, H. Schmit, J. Chen, V. Bashlovk-
ina, X. Pan, D. Mincu, P. Roit, I. Edkins, A. Davis, Y. Li,
B. Horn, X. Li, P. K. S, E. Doi, W. Zhu, S. G. S. Padmanab-
han, S. Verma, J. Liu, H. Chen, M. Velimirovi¢, M. Reynolds,
P. Agrawal, N. Sukhanov, A. Modi, S. Goyal, J. Palowitch,
N. Khajehnouri, W. Lowe, D. Klinghoffer, S. Silver, V. Tran,
C. Schumann, F. Piccinno, X. Liu, M. Luci¢, X. Yang, S. Kumar,
A. Kannan, R. Kotikalapudi, M. Bansal, F. Fuchs, M. J. Hos-
seini, A. Abdelhamed, D. Bloxwich, T. Yu, R. Sang, G. Thorn-
ton, K. Gill, Y. Liu, V. Shejwalkar, J. Lin, Z. Yan, K. Han,
T. Buschmann, M. Pliskin, Z. Xing, S. Tatineni, J. Zhang,
S. Hsiao, G. Buttimore, M. Wu, Z. Li, G. Kovacs, L. Yeung,
T. Huang, A. Cohen, B. Brownfield, A. Nowak, M. Rodriguez,
T. Shi, H. van Hasselt, K. Cen, D. Ghoshal, K. Majmundar,
W. Yu, Warren, Chen, D. Sinopalnikov, H. Zhang, V. Gali¢,
D. Lu, Z. Zheng, M. Song, G. Wang, G. Citovsky, S. Gawde,
I. Galatzer-Levy, D. Silver, 1. Balazevic, D. Das, K. Majumder,
Y. Cong, P. Dutta, D. Tran, H. Wan, J. Yuan, D. Eppens,
A. Walton, B. Kim, H. Ragan, J. Cobon-Kerr, L. Liu, W. Wang,
B. Petrini, J. Rae, R. Shivanna, Y. Xiong, C. Lee, P. Co-
quinot, Y. Gu, L. Patel, B. Hechtman, A. Boag, O. Jankowski,
A. Wertheim, A. Lee, P. Covington, H. Noga, S. Sobell, S. Vas-
anth, W. Bono, C. Nagpal, W. Fan, X. Garcia, K. Soparkar,
A. Turker, N. Howard, S. Menon, Y. Chen, V. Verma, V. Pche-
lin, H. Rajamani, V. Dalibard, A. Ramalho, Y. Guo, K. Badola,
S. Bang, N. Rauschmayr, J. Proskurnia, S. Dasari, X. Chen,
M. Sushkov, A. Hauth, P. Sho, A. Singh, B. Chandra, A. Culp,
M. Dylla, O. Bachem, J. Besley, H. Zhao, T. Lillicrap, W. Wei,
W. A. Jishi, N. Niu, A. Rrustemi, R. L. Kaufman, R. Poplin,
J. Zhao, M. Truong, S. Bharadwaj, E. Hlavnova, E. Stick-
gold, C. Schmid, G. Stephanov, Z. Leng, F. Liu, L. Hussenot,
S. Dodhia, J. V. Franco, L. Katzen, A. Sharma, S. Cogan,
Z. Yang, A. Ray, S. Caelles, S. Yan, R. Kumar, D. Gillick,
R. Wong, J. Ainslie, J. Hoech, S. Arnold, D. Abolafia, A. Dra-
gan, B. Hora, G. Hu, A. Guseynov, Y. Lu, C. Leichner, J. Rao,
A. Goyal, N. Baddi, D. H. Diaz, T. McConnell, M. Bain, J. Aber-
nethy, Q. Yan, R. Schaeffer, P. Vicol, W. Thompson, M. G. Are-
nas, M. Bellaiche, P. Barrio, S. Zinke, R. Patana, P. Mehta,
J. Kearns, A. Ruderman, S. Pollom, D. D’Ambrosio, C. Hope,
Y. Yu, A. Gesmundo, K.-H. Lee, A. Rosenberg, Y. Zhou, Y. Li,
D. Garmon, Y. Wu, S. Huda, G. Fidel, M. Baeuml, J. Li, P. Kirk,

Journal Name, [year], [vol.],1 | 19


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dd00521c

Open Access Article. Published on 25 March 2026. Downloaded on 3/25/2026 10:22:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Digital Discovery

R. May, T. Tu, S. M. Carthy, T. Fukuzawa, M. Aperghis, C.-
K. Yeh, T. Yoshino, B. Li, A. Myers, K. Yao, B. Limonchik,
C. Ryu, R. Saxena, A. Goldin, R. Zhao, R. Rhodes, T. Zhu,
D. Tyam, H. Howard, N. Byrd, H. Ma, Y. Wu, R. Mullins,
Q. Wang, A. Amini, S. Baur, Y. Mao, S. Venugopalan, W. Song,
W. Ding, P. Collins, S. Reddi, M. Shum, A. Rusu, L. Zint-
graf, K. Chan, S. Goenka, M. Blondel, M. Collins, R. Pan,
M. Giustina, N. Chinaev, C. Schuler, C. Zheng, J. Valfridsson,
A. Loo, A. Yakubovich, J. Smith, T. Jiang, R. Munoz, G. Bar-
cik, R. Bansal, M. Yang, Y. Du, P. Duque, M. Phuong, A. Belias,
K. Lad, Z. Liu, T. Schuster, K. Duddu, J. Hu, P. Kunkle, M. Wat-
son, J. Tolins, J. Smith, D. Teplyashin, G. Bingham, M. Ritter,
M. Andreetto, D. Pitta, M. Patel, S. Viswanadha, T. Strohman,
C. Tonescu, J. Luo, Y. Kalley, J. Wiesner, D. Deutsch, D. Lock-
hart, P. Choy, R. Dangovski, C. Sitawarin, C. Graves, T. Lando,
J. van Amersfoort, N. Elue, Z. Huo, P. Moradi, J. Tarbouriech,
H. Michalewski, W. Ye, E. Kim, A. Druinsky, F. Altché,
X. Chen, A. Dwornik, D.-C. Juan, R. Moroshko, H. Toma,
J. Kahn, H. Qian, M. Sieb, I. Cai, R. Goldenberg, P. Ne-
trapalli, S. Raghuram, Y. Gong, L. Fan, E. Palmer, Y. Ma-
tias, V. Gabeur, S. Pathak, T. Ouyang, D. Metzler, G. Bacon,
S. Venkatachary, S. Thiagarajan, A. Cullum, E. Ofek, V. Sak-
enas, M. Hammad, C. Magalhaes, M. Daswani, O. Chang,
A. Popat, R. Li, K. Jalan, Y. Hou, J. Lipschultz, A. He, W. Jia,
P. G. Sessa, P. Kolhar, W. Wong, S. Singh, L. Haas, J. Whang,
H. Klimczak-Plucinska, G. Rotival, G. Chung, Y. Hua, A. Sid-
diqui, N. Serrano, D. Chen, B. Porter, L. Bai, K. Shivam,
S. Arora, P. Talukdar, T. Cobley, S. Bhardwaj, E. Gladchenko,
S. Green, K. Guu, F. Fischer, X. Wu, E. Wang, A. Singhal,
T. Matejovicova, J. Martens, H. Li, R. Patel, E. Kemp, J. Pan,
L. Wang, B. J. Chen, J.-B. Alayrac, N. Potti, E. Gemzer, E. Ie,
K. McKinney, T. Saeki, E. Chou, P. Lamblin, S. Mah, Z. Fisher,
M. Chadwick, J. Stritar, O. Sarvana, A. Hogue, A. Shtefan,
H. Hashemi, Y. Xu, J. Gu, S. Vikram, C.-C. Chang, S. Ramos,
L. Kilpatrick, W. Xi, J. Brennan, Y. Sun, A. Jindal, I. Gog,
D. Chen, F. Wu, J. Lee, S. Kopalle, S. Bhojanapalli, O. Vinyals,
N. Potikha, B. K. Ayan, Y. Yuan, M. Riley, P. Stanczyk,
S. Kishchenko, B. Wang, D. Garrette, A. Yang, V. Feinberg,
C. Carey, J. Azizi, V. Shah, E. Moreira, C. Shi, J. Feldman,
E. Salesky, T. Lampe, A. Pappu, D. Kim, J. Adler, A. Caciu-
laru, B. Walker, Y. Xu, Y. Blau, D. Scandinaro, T. Huang, S. El-
Husseini, A. Sinha, L. Ren, T. Tobin, P. Sundberg, T. Sohn,
V. Yadav, M. Ly, E. Xue, J. Xiong, A. S. Soudagar, S. Mon-
dal, N. Khadke, Q. Ren, B. Vargas, S. Bileschi, S. Chak-
era, C. Wang, B. Wang, Y. Halpern, J. Jiang, V. Sindhwani,
P. Petrov, P. Ponnuramu, S. V. Mehta, Y. Watanabe, B. Chan,
M. Wisniewski, T. Pham, J. Zhang, C. Li, D. de Cesare,
A. Khurshudov, A. Vasiloff, M. Tan, Z. Ashwood, B. Shahriari,
M. Majzoubi, G. Tanzer, O. Kozlova, R. Alazard, J. Lee-Thorp,
N. M. Phu, I. Tian, J. Ahn, A. Crawford, L. Lax, Y. Shang-
guan, I. Naim, D. Ross, O. Ferludin, T. Guo, A. Banino,
H. Soyer, X. Ju, D. Rogoziniska, I. Malhi, M. Valentine, D. Balle,
A. Kulshreshtha, M. Kula, Y. Song, S. Austin, J. Schultz,
R. Hirsch, A. Douillard, A. Reddy, M. Fink, S. Yue, K. Gupta,
A. Zhang, N. Rink, D. McDuff, L. Meng, A. Gyorgy, Y. Razeghi,
R. Liang, K. Osawa, A. Atias, M. Eyal, T. Hill, N. Grigoreyv,

20| Journal Name, [year], [vol.], 1

View Article Online
DOI: 10.1039/D5DD00521C

Z. Wang, N. Kulkarni, R. Soh, I. Lobov, Z. Charles, S. Lall,
K. Hashimoto, I. Kessler, V. Gomes, Z. Mariet, D. Driess,
A. Agostini, C. Akbulut, J. Hu, M. Ikonomidis, E. Caveness,
K. Audhkhasi, S. Agrawal, I. Bica, E. Senter, J. Mudigonda,
K. Chen, J. Ye, X. Wang, J. Svensson, P. Frianken, J. Newlan,
L. Lao, E. Schnider, S. Alabed, J. Kready, J. Emond, A. Ha-
lumi, T. Zaman, C. Ye, N. Raisinghani, V. Meshram, B. Chang,
A. S. Rawat, A. Stjerngren, S. Levi, R. Wang, X. Long,
M. Rasquinha, S. Hand, A. Mavalankar, L. Agubuzu, S. Roy,
J. Chen, J. Wilkiewicz, H. Zhou, M. Jastrzebski, Q. Hu, A. D.
Lago, R. S. Boppana, W.-J. Ko, J. Prendki, Y. Su, Z. Li,
E. Rutherford, G. R. Rao, R. Comanescu, A. Puigdomeénech,
Q. Chen, D. Petrova, C. Chan, V. Milutinovic, F. T. Fer-
reira, C.-Y. Cheng, M. Zhang, T. Dey, S. Yang, R. Sampath,
Q. Le, H. Zhou, C.-C. Lin, H. Lam, C. Kaeser-Chen, K. Hui,
D. Hirsch, T. Eccles, B. Mustafa, S. Rijhwani, M. Riviere, Y. Xu,
J. Wang, X. Geng, X. Si, A. Khare, C. Kim, V. Mirrokni, K. Lee,
K. Baatarsukh, N. Braun, L. Wang, P. LV, R. Tanburn, Yuvein,
Zhu, F. Li, S. Ariafar, D. Goldberg, K. Burke, D. Mirylenka,
M. Guo, O. Ronneberger, H. N. Vogel, L. Cheng, N. Shetty,
J. Jia, T. Jimma, C. Fry, T. Xiao, M. Sundermeyer, R. Bur-
nell, Y. Assael, M. Pinto, J. Chen, R. Sathyanarayana, D. Cho,
J. Lu, R. Agarwal, S. Basu, L. Gonzalez, D. Shah, M. Wei,
D. Mahaarachchi, R. Agrawal, T. Rissa, Y. Donchev, R. Leal-
Cavazos, A. Hutter, M. Mircea, A. Jacovi, F. Ahmed, J. Zhang,
S. Huy, B.-J. Chen, J. Kanerva, G. Desjardins, A. Lee, N. Parot-
sidis, A. Mujika, T. Weyand, J. Snoek, J. Chick, K. Chen,
P. Chang, E. Mahintorabi, Z. Wang, T. Powell, O. Keller,
A. Gupta, C. Sha, K. Garg, N. Heess, Agoston Weisz, C. Hardin,
B. Wydrowski, B. Coleman, K. Zainullina, P. Joshi, A. Epasto,
T. Spitz, B. Xiong, K. Zhao, A. Klimovskiy, I. Zheng, J. Fer-
ret, I. Yona, W. Khawaja, J.-B. Lespiau, M. Krikun, S. Shak-
eri, T. Cour, B. Li, I. Krivokon, D. Suh, A. Hofer, J. A. Abdal-
lah, N. Putikhin, O. Akerlund, S. Lattanzi, A. Kumar, S. Set-
tle, H. Srivastava, F. Campbell-Ajala, E. Rosseel, M. D. Istin,
N. Dikkala, A. Rao, N. Young, K. Lin, D. Bhaswar, Y. Wang,
J. S. Elias, K. Muralidharan, J. Keeling, D. Du, S. Gopal,
G. Dibb, C. Blundell, M. Delakis, J. Liang, M. T. Ribeiro,
G. Karadzhov, G. Garrido, A. Bapna, J. Cao, A. Sadovsky,
P. Tafti, A. Guez, C. Devin, Y. Di, J. Xing, Chuqiao, Xu, H. Lin,
C.-T. Chu, S. Ponda, W. Helmholz, F. Yang, Y. Gao, S. Ja-
vanmardi, W. Farhan, A. Ramirez, R. Figueira, K. C. Sim,
Y. Bahat, A. Vaswani, L. Yuan, G. Zhang, L. Rechis, H. Dai,
T. Oguntebi, A. Cordell, E. Rives, K. Tekelioglu, N. Kumar,
B. Zhang, A. Zhou, N. Savinov, A. Leach, A. Tudor, S. Gana-
pathy, Y. Zheng, M. Rossini, V. Axelrod, A. Autef, Y. Zhu,
Z. Zheng, M. Zhang, B. Sun, J. Ren, N. Tomasev, N. Kan-
nen, A. Sinha, C. Chen, L. O'Bryan, A. Pak, A. Kusupati,
W. Yang, D. Ramachandran, P. Griffin, S. Kim, P. Neubeck,
C. Schiff, T. Spalink, M. Ling, A. Nair, G.-Y. Joung, L. Deng,
A. Bhoopchand, L. Aroyo, T. Duerig, J. Griffith, G. Barth-
Maron, J. Ades, A. Haig, A. Taly, Y. Song, P. Michel, D. Orr,
D. Weesner, C. Tallec, C. G. Bostock, P. Niemczyk, A. Twigg,
M. Verma, R. Vallu, H. Wang, M. Gelmi, K. Sodhia, A. Chuklin,
O. Goldman, J. George, L. Bai, K. Zhang, P. Sirkovic, E. Ne-
horan, G. Pundak, J. Mu, A. Chen, A. Greve, P. Zacchello,

Page 20 of 23


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dd00521c

Page 21 of 23

Open Access Article. Published on 25 March 2026. Downloaded on 3/25/2026 10:22:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

D. Amos, H. Ge, E. Noland, C. Bishop, J. Dudek, Y. Namiki,
E. Buchatskaya, J. Li, D. Sadigh, M. Samsikova, D. Malkin,
D. Vincent, R. David, R. Willoughby, P. Meadowlark, S. Gao,
Y. Li, R. Apte, A. Jhindal, S. X. Lin, A. Polozov, Z. Wang,
T. Mery, A. GP, V. Yerram, S. Stevens, T. Liu, N. Fiedel, C. Sut-
ton, M. Johnson, X. Song, K. Baumli, N. Shabat, M. Moham-
mad, H. Liu, M. Selvi, Y. Zhou, M. H. Manshadi, C. ling Ko,
A. Chen, M. Bendersky, J. G. Mendez, N. Kothari, A. Zandieh,
Y. Huang, D. Andor, E. Pavlick, I. Brusilovsky, J. Harlalka,
S. Goldman, A. Lampinen, G. Li, A. Ushio, S. Gupta, L. Zhang,
C. K. Fu, M. Sewak, T. Denk, J. Borovik, B. Jou, A. Zipori,
P. Jain, J. Bai, T. Luong, J. Tompson, A. Li, L. Liu, G. Pow-
ell, J. Shen, A. Feng, G. Chole, D. Yu, Y. Chow, T. Yin,
E. Malmi, K. Xiao, Y. Pande, S. Paul, N. D. Santo, A. Dost-
mohamed, S. Guadarrama, A. Phillips, T. S. Pillai, G. Yona,
A. Ghafouri, P. Lahoti, B. Lee, D. Madeka, E. Sezener, S. Toku-
mine, A. Collister, N. D. Cao, R. Shin, U. Kalra, P. Beak,
E. Nottage, R. Nakashima, I. Jurin, V. Sehwag, M. Gaba,
J. Zeng, K. R. McKee, F. Pereira, T. Yakar, A. Panda, A. Dhar,
P. Zhong, D. Sohn, M. Brand, L. L. Sjoesund, V. Carpenter,
S. Lin, S. Thakoor, M. Wainwright, A. Chaugule, P. Srini-
vasan, M. Zhu, B. Orlando, J. Weber, A. Wahid, G. Baechler,
A. Suman, J. Mitrovi¢, G. Taubman, H. Yu, H. King, J. Dillon,
C. Yip, D. Varma, T. Izo, L. Bolelli, B. D. B. Pigem, J. D. Tra-
pani, F. Iliopoulos, A. Paszke, N. Ranka, J. Zou, F. Pongetti,
J. McGiffin, A. Siegman, R. Galt, R. Hemsley, G. Zuzié, V. Car-
bune, T. Li, M. Ott, F. de Chaumont Quitry, D. V. Torres,
Y. Chervonyi, T. Tsai, P. Eruvbetine, S. Yang, M. Denton,
J. Walker, S. Andaci¢, I. H. Shtacher, V. Premachandran,
H. T. Lehri, C. Baetu, D. Yates, L. Lamprou, M. linuma,
I. Mihailescu, B. Albrecht, S. Dave, S. Sargsyan, B. Perozzi,
L. Manning, C. Zhang, D. Vnukov, I. Mordatch, R. H. W.
Macherey, R. Kappedal, J. Stephan, A. Tripathi, K. Macherey,
J. Qian, A. Bhowmick, S. Azizi, R. Leblond, S. M. R. Garlapati,
T. Knight, M. Wiethoff, W.-C. Hung, A. Angelova, G. Evan-
gelopoulos, P. Janus, D. Paparas, M. Rahtz, K. Caluwaerts,
V. Sampathkumar, D. Jarrett, S. Noghabi, A. Miech, C. Ye-
ung, G. Clark, H. Prior, F. Zheng, J. Pouget-Abadie, I. Bhat-
tacharya, K. Krishna, W. Bishop, Z. Yuan, Y. Deng, A. Sathe,
K. Krasowiak, C. Chelba, C.-J. Hsieh, K. Vodrahalli, B. Liu,
T. Koppe, A. Khalifa, L. Litchev, P. Charoenpanit, R. Roberts,
S. Yadav, Y. Onoe, D. Ivanov, M. Mohabey, V. Birodkar, N. Rak-
icevi¢, P. Sermanet, V. Mehta, K. Subudhi, T. Choma, W. Ng,
L. He, K. Wang, T. Kementsietsidis, S. Gu, M. Gupta, A. Nys-
trom, M. Kazemi, T. Chung, N. Cano, N. Dhawan, Y. Wang,
J. Xia, T. Yacovone, E. Jia, M. Chen, S. Ivanov, A. Sheshan,
S. Dalmia, P. Stradomski, P. Yin, S. Haykal, C. Wang, D. Duan,
N. Bulut, G. Kochanski, L. MacDermed, N. Godbole, S. Weng,
J. Chen, R. Fellinger, R. Mehran, D. Suo, H. Husain, T. He,
K. Patel, J. Howland, R. Parker, K. Nguyen, S. Maddineni,
C. Rawles, M. Khan, S. Cohen-Ganor, A. Mandhane, X. Wu,
C. Kuang, I. Comsa, R. Ganeshan, H. Sedghi, A. Bloniarz,
N. W. Pierse, A. Briukhov, P. Mitrichev, A. Gergely, S. Zhan,
A. Zhou, N. Saxena, E. Lu, J. Dean, A. Gupta, N. Perez-
Nieves, R. Wu, C. McLean, W. Liang, D. Jindal, A. Tsitsulin,
W. Yu, K. Alarakyia, T. Schaul, P. Patil, P. Sung, E. Peake,

Digital Discovery

View Article Online
DOI: 10.1039/D5DD00521C

H. Yu, F. Behbahani, J. Co-Reyes, A. Ansell, S. Sun, C. Barbu,
J. Lee, S. Noury, J. Allingham, B. Piot, M. Sharma, C. Yew,
I. Korotkov, B. Xu, D. Brady, G. Petrovic, S. Mourad, C. Cui,
. Gupta, P. Schuh, S. Khanna, A. Goldie, A. Arora, V. Zubov,
. Stuart, M. Epstein, Y. Zhu, J. Liu, Y. Stuken, Z. Wang,
. Misiunas, D. Guo, A. Gill, A. Hartman, Z. Nabulsi, A. Roy,
. Faust, J. Riesa, B. Withbroe, M. Wang, M. Tagliasacchi,
. Marzoca, J. Noraky, S. Toropov, M. Mehrotra, B. Raad,
. Deur, S. Xu, M. Monteiro, Z. Wu, Y. Luan, S. Ritter, N. Li,
. Garnes, Y. He, M. Zlocha, J. Zhu, M. Hessel, W. Wu, S. R.
Babbula, C. Kawamoto, Y. Li, M. Hassen, Y. Wang, B. Wieder,
J. Freedman, Y. Zhang, X. Bai, T. Yu, D. Reitter, X. Sheng,
M. Wirth, A. Kini, D. Damen, M. Gao, R. Hornung, M. Voz-
nesensky, B. Roark, A. Kuncoro, Y. Zhou, R. Shah, A. Bro-
han, K. Chen, J. Wendt, D. Rim, P. K. Rubenstein, J. Halcrow,
M. Liu, T. Geri, Y. Sung, J. Shapiro, S. Bijwadia, C. Duvarney,
C. Sorokin, P. Natsev, R. Ingle, P. Gupta, Y. Maeng, N. Nde-
bele, K. Zhu, V. Anklin, K. Lee, Y. Liu, Y. Akuloy, S. Gupta,
G. Su, F. Prost, T. Liu, V. Kovalev, P. Moreno, M. Scholz,
S. Redmond, Z. Zhou, A. Castro-Ros, A. S. Pinto, D. Kharrat,
M. Yarom, R. Saputro, J. Bulian, B. Caine, J. Liu, A. Abdol-
maleki, S. Igbal, T. Misiunas, M. Sirotenko, S. Garg, G. Bensky,
H. Gui, X. Wang, R. Koster, M. Bernico, D. Huang, R. Thop-
pilan, T. Cohn, B. Golan, W. Zhou, A. Rosenberg, M. Fre-
itag, T. Gangwani, V. Tsang, A. Shukla, X. Ren, M. Giang,
C. Zou, A. Elisseeff, C. L. Lan, D. Dua, S. Lall, P. Shyam,
F. Garcia, S. Nguyen, M. Guzman, A. Maschinot, M. Mag-
gioni, M.-W. Chang, K. Gregor, L. Weerts, K. Venkatesan,
B. Damoc, L. Liu, J. Wassenberg, L. Ho, B. Roelofs, M. Ha-
dian, F.-X. Aubet, Y. Liang, S. Lachgar, D. Karmon, Y. Cheng,
A. Vazquez-Reina, A. Chen, Z. Dai, A. Brock, S. Agrawal,
C. Pang, P. Garst, M. Sanchez-Vargas, I. Rendulic, A. Ayyar,
A. Raznatovi¢, O. Ma, R. Vij, N. Sharma, A. Balakrishna,
B. Liu, I. Mackinnon, S. Baltateanu, P. Poklukar, G. Ibagon,
C. Ji, H. Jiao, I. Noble, W. Stokowiec, Z. Li, J. Dean, D. Lind-
ner, M. Omernick, K. Chiafullo, M. Dimarco, V. Rodrigues,
V. Selo, G. Honke, Xintian, Wu, W. He, A. Hillier, A. Mo-
hananey, V. Piratla, C. Ye, C. Malik, S. Riedel, S. Albanie,
Z. Yang, K. Vassigh, M. Bauza, S. Li, Y. Tao, N. Wichers,
A. Maksai, A. Ittycheriah, R. Mcilroy, B. Seybold, N. Good-
man, R. Datta, S. M. Hernandez, T. Shi, Y. Kochinski, A. Bu-
lanova, K. Franko, M. Sazanovich, N. FitzGerald, P. Kacham,
S. S. Raghvendra, V. Hellendoorn, A. Grushetsky, J. Salazar,
A. Lazaridou, J. Chang, J.-T. Peter, S. Kafle, Y. Dauphin,
A. Rao, F. Graziano, I. Shafran, Y. Liao, T. Ding, G. Yan,
G. Chu, Z. Fu, V. Roulet, G. Rasskin, D. Williams, S. Drath,
A
J.

T YR

. Mossin, R. Hoffmann, J. Orbay, F. Bertolini, H. Sheftel,

Chiu, S. Xue, Y. Kuang, F. Naeem, S. Nath, N. Nti, P. Cul-
liton, K. Krishnakumar, M. Isard, P. Sun, A. Chakrabarti,
N. Clement, R. Cohen, A. Wongpanich, G. Oh, A. Murthy,
H. Zheng, J. Hamrick, O. Bunyan, S. Ganesh, N. Gupta,
R. Frostig, J. Wieting, Y. Malkov, P. Marcenac, Zhixin, Lai,
X. Tang, M. Saleh, F. Zubach, C. Kulkarni, H. Zhou, V. Zayats,
N. Ding, A. Tripathi, A. Pramanik, P. Zochbauer, H. Ganapa-
thy, V. Misra, Z. Behrman, H. Vallet, M. Zhang, M. Sridhar,
Y. Jin, M. Babaeizadeh, S. Pdoder, M. Goel, D. Jain, T. Nasir,

Journal Name, [year], [vol.],1 | 21


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dd00521c

Open Access Article. Published on 25 March 2026. Downloaded on 3/25/2026 10:22:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

71

Digital Discovery

S. Mittal, T. Dozat, D. Ardila, A. Severyn, F. Pardo, S. Jerome,
S. Qin, L. Rouillard, A. Yazdanbakhsh, Z. Zhang, S. Agrawal,
K. Shivakumar, C. Lu, P. Kallakuri, R. Chhaparia, K. Rao,
C. Kwong, A. Fadeeva, S. Nigam, Y. Virin, Y. Zhang, B. Venka-
traman, B. Gunel, M. Wilson, H. Wang, A. Gupta, X. Xu,
A. A. Taiga, K. Mohamed, D. Fritz, D. Rodriguez, Z. Ghahra-
mani, H. Askham, L. Belenki, J. Zhao, R. Gupta, K. Jastrzeb-
ski, T. Kosakai, K. Katircioglu, J. Schneider, R. Panigrahy,
K. Bousmalis, P. Grabowski, P. Ramachandran, C. Hegde,
M. Rosca, A. S. Scarpati, K. Axiotis, Y. Xu, Z. Gleicher, A. H.
Michaely, M. Sharma, S. Jain, C. Hirnschall, T. Marian, X. Jia,
K. Mather, K. Gupta, L. Qiu, N. Nayakanti, L. Ionita, S. Zheng,
L. Loher, K. Shuster, I. Petrovski, R. Sharma, R. Chaabouni,
A. Yeh, J. An, A. Gupta, S. Schwarcz, S. Ellis, S. Conway-
Rahman, J. Snaider, A. Zhai, J. Atwood, D. Golovin, L. Peng,
T. I, V. Xia, S. Scellato, M. Malihi, A. Brazinskas, V.-D. Ion,
Y. Jun, J. Swirhun, S. Mariooryad, J. Sun, S. Chien, R. Co-
aguila, A. Brand, Y. Gao, T. Kwiatkowski, R. Aharoni, C.-C.
Lee, M. Zanié, Y. Zhang, D. Ethier, V. Nikolaev, P. Nair, Y. B.
Shalom, H. Fitoussi, J. Gupta, H. Liu, D. Cattle, T. Boluk-
basi, B. Murdoch, F. Huot, Y. Li, C. Hahn, U. Khandelwal,
F. Benzing, A. Conmy, A. Simanovsky, F. Beaufays, E. Wein-
stein, T. Chen, L. Leonhard and B. Ramabhadran, Gemini 2.5:
Pushing the Frontier with Advanced Reasoning, Multimodality,
Long Context, and Next Generation Agentic Capabilities, 2025,
https://arxiv.org/abs/2507.06261,

OpenAl, J. Achiam, S. Adler, S. Agarwal, L. Ahmad, I. Akkaya,
F. L. Aleman, D. Almeida, J. Altenschmidt, S. Altman,
S. Anadkat, R. Avila, I. Babuschkin, S. Balaji, V. Balcom,
P. Baltescu, H. Bao, M. Bavarian, J. Belgum, I. Bello,
J. Berdine, G. Bernadett-Shapiro, C. Berner, L. Bogdonoff,
O. Boiko, M. Boyd, A.-L. Brakman, G. Brockman, T. Brooks,
M. Brundage, K. Button, T. Cai, R. Campbell, A. Cann,
B. Carey, C. Carlson, R. Carmichael, B. Chan, C. Chang,
F. Chantzis, D. Chen, S. Chen, R. Chen, J. Chen, M. Chen,
B. Chess, C. Cho, C. Chu, H. W. Chung, D. Cummings, J. Cur-
rier, Y. Dai, C. Decareaux, T. Degry, N. Deutsch, D. Dev-
ille, A. Dhar, D. Dohan, S. Dowling, S. Dunning, A. Ecof-
fet, A. Eleti, T. Eloundou, D. Farhi, L. Fedus, N. Felix, S. P.
Fishman, J. Forte, 1. Fulford, L. Gao, E. Georges, C. Gibson,
V. Goel, T. Gogineni, G. Goh, R. Gontijo-Lopes, J. Gordon,
M. Grafstein, S. Gray, R. Greene, J. Gross, S. S. Gu, Y. Guo,
C. Hallacy, J. Han, J. Harris, Y. He, M. Heaton, J. Heidecke,
C. Hesse, A. Hickey, W. Hickey, P. Hoeschele, B. Houghton,
K. Hsu, S. Hu, X. Hu, J. Huizinga, S. Jain, S. Jain, J. Jang,
A. Jiang, R. Jiang, H. Jin, D. Jin, S. Jomoto, B. Jonn, H. Jun,
T. Kaftan, Lukasz Kaiser, A. Kamali, I. Kanitscheider, N. S.

22| Journal Name, [year], [vol], 1

72

73

74

75

View Article Online
DOI: 10.1039/D5DD00521C

Keskar, T. Khan, L. Kilpatrick, J. W. Kim, C. Kim, Y. Kim,
J. H. Kirchner, J. Kiros, M. Knight, D. Kokotajlo, Lukasz Kon-
draciuk, A. Kondrich, A. Konstantinidis, K. Kosic, G. Krueger,
V. Kuo, M. Lampe, . Lan, T. Lee, J. Leike, J. Leung, D. Levy,
C. M. Li, R. Lim, M. Lin, S. Lin, M. Litwin, T. Lopez, R. Lowe,
P. Lue, A. Makanju, K. Malfacini, S. Manning, T. Markov,
Y. Markovski, B. Martin, K. Mayer, A. Mayne, B. McGrew,

S. M. McKinney, C. McLeavey, P. McMillan, J. McNeil, D. Med-
ina, A. Mehta, J. Menick, L. Metz, A. Mishchenko, P. Mishkin,

V. Monaco, E. Morikawa, D. Mossing, T. Mu, M. Murati,
O. Murk, D. Mély, A. Nair, R. Nakano, R. Nayak, A. Nee-
lakantan, R. Ngo, H. Noh, L. Ouyang, C. O’Keefe, J. Pa-
chocki, A. Paino, J. Palermo, A. Pantuliano, G. Parascan-
dolo, J. Parish, E. Parparita, A. Passos, M. Pavlov, A. Peng,
A. Perelman, F. de Avila Belbute Peres, M. Petrov, H. P.
de Oliveira Pinto, Michael, Pokorny, M. Pokrass, V. H. Pong,
T. Powell, A. Power, B. Power, E. Proehl, R. Puri, A. Radford,
J. Rae, A. Ramesh, C. Raymond, F. Real, K. Rimbach, C. Ross,
B. Rotsted, H. Roussez, N. Ryder, M. Saltarelli, T. Sanders,
S. Santurkar, G. Sastry, H. Schmidt, D. Schnurr, J. Schulman,
D. Selsam, K. Sheppard, T. Sherbakov, J. Shieh, S. Shoker,
P. Shyam, S. Sidor, E. Sigler, M. Simens, J. Sitkin, K. Slama,
I. Sohl, B. Sokolowsky, Y. Song, N. Staudacher, F. P. Such,
N. Summers, I. Sutskever, J. Tang, N. Tezak, M. B. Thomp-
son, P. Tillet, A. Tootoonchian, E. Tseng, P. Tuggle, N. Turley,
J. Tworek, J. F. C. Uribe, A. Vallone, A. Vijayvergiya, C. Voss,
C. Wainwright, J. J. Wang, A. Wang, B. Wang, J. Ward, J. Wei,
C. Weinmann, A. Welihinda, P. Welinder, J. Weng, L. Weng,
M. Wiethoff, D. Willner, C. Winter, S. Wolrich, H. Wong,
L. Workman, S. Wu, J. Wu, M. Wu, K. Xiao, T. Xu, S. Yoo,
K. Yu, Q. Yuan, W. Zaremba, R. Zellers, C. Zhang, M. Zhang,
S. Zhao, T. Zheng, J. Zhuang, W. Zhuk and B. Zoph, GPT-
4 Technical Report, 2024, https://arxiv.org/abs/2303.
08774.

OpenAl, Introducing GPT-4.1 in the API, 2025, https://
openai.com/index/gpt-4-1/, Accessed: 22 July 2025.

W. L. Chiang, L. Zheng, Y. Sheng, A. N. Angelopoulos, T. Li,
D. Li, H. Zhang, B. Zhu, M. Jordan, J. E. Gonzalez and I. Sto-
ica, Chatbot Arena: An Open Platform for Evaluating LLMs by
Human Preference, 2024.

Neo4j, Inc., Neo4j, https://neodj.com/, 2025, https://
neo4j.com/, Accessed: 2025-08-11.

Neo4j, Inc., Cypher Manual: Introduction, https://neo4j.
com/docs/cypher-manual/current/introduction/, 2025,
https://neo4j.com/docs/cypher-manual/current/
introduction/) Accessed: 2025-08-11.

Page 22 of 23


https://arxiv.org/abs/2507.06261
https://arxiv.org/abs/2303.08774
https://arxiv.org/abs/2303.08774
https://openai.com/index/gpt-4-1/
https://openai.com/index/gpt-4-1/
https://neo4j.com/
https://neo4j.com/
https://neo4j.com/
https://neo4j.com/docs/cypher-manual/current/introduction/
https://neo4j.com/docs/cypher-manual/current/introduction/
https://neo4j.com/docs/cypher-manual/current/introduction/
https://neo4j.com/docs/cypher-manual/current/introduction/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dd00521c

Page 23 of 23 Digital Discovery

View Article Online

Data Availability Statement DO 10.1039/D5DD00521C

ComProScanner code is available at https://github.com/slimeslab/ComProScanner for
reuse and modification under the MIT licence. To support long-term preservation and
reproducibility, a static snapshot of the repository corresponding to the manuscript has
been archived in Zenodo (DOI: https://doi.org/10.5281/zenodo.19033754), alongside the
archived version of the latest software release. All data pertaining to the evaluation
process can be found in the examples folder. The Python package is hosted on the Python
Package Index (PyPl) at https://pypi.org/project/comproscanner/ for straightforward
installation via pip. Comprehensive documentation detailing package usage with custom
configurations and all available functions with their accepted arguments is available at
https://slimeslab.github.io/ComProScanner.
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